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Preface to ”Non-Alcoholic Fatty Liver Disease

Research 2016”

This book covers a selection of recent research topics and current review articles in the field of

nonalcoholic fatty liver disease (NAFLD) that have been published in a monographic Special Issue of

the IJMS journal entitled ”Non-Alcoholic Fatty Liver Disease Research 2016”.

We felt honored, and happily accepted to serve as Guest Editors for this monographic Special

Issue of the IJMS journal. The facts have shown that we did the right thing! It was indeed a

demanding job, which saw us committed for more than one year. However, this book is truly

gratifying for us and for all those prestigious Authors whose thirty-five contributions are published

here. We are proud of the participation of so many, highly qualified research groups and thus would

like to thank each and every one for the time and commitment they dedicated to this outstanding

editorial initiative. Similarly, we are also indebted to all Reviewers: if not for their expert opinions,

the monographic Special Issue and this book would never have come to light.

We believe that the research topics and articles included in this book reinforce the view that

the global health burden of NAFLD is not only restricted to progressive liver disease (nonalcoholic

steatohepatitis, cirrhosis, liver failure, liver transplantation and hepatocellular carcinoma), but also

embraces major extra-hepatic complications. In particular, the leading causes of death among patients

with NAFLD are cardiovascular disease, followed by non-liver malignancy and liver diseases.

Indeed, NAFLD is a multisystem disease, which plays an important role in the development of

cardiovascular disease, type 2 diabetes mellitus, chronic kidney disease and other cardiometabolic

disorders by disrupting the regulation of multiple metabolic and inflammatory pathways. Moreover,

NAFLD is also linked to other invalidating chronic diseases such as hepatitis C virus, HIV infections,

extra-hepatic cancers (mainly colo-rectal neoplasms), and chronic plaque psoriasis.

Collectively, we believe that the articles included in this book provide an updated, state-of-the-art

view on the aforementioned topics and testimony that NAFLD research has reached a considerable

scientific standard across the world and that most patients with NAFLD will benefit from it in

the foreseeable future. Based on the published data, more careful surveillance of patients with

NAFLD and aggressive management in a subset of them is highly recommended. However, further

research is urgently needed to better understand the genetic modifiers, the natural history, the

molecular pathogenesis of NAFLD and the biological mechanisms by which NAFLD may promote

the development of major hepatic and extra-hepatic complications. This promises also to disclose

novel and effective treatment strategies for this increasingly prevalent disease, which will ever

increasingly impact on the burden of global health in the near future.

Amedeo Lonardo, Giovanni Targher

Special Issue Editors
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NAFLD: Is There Anything New under the Sun?

Amedeo Lonardo 1,* and Giovanni Targher 2,*
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Ospedaliera Universitaria Integrata of Verona, 37126 Verona, Italy

* Correspondence: a.lonardo@libero.it (A.L.); giovanni.targher@univr.it (G.T.);
Tel.: +39-059-3961807 (A.L.); +39-045-8123748 (G.T.)

Received: 15 August 2017; Accepted: 10 September 2017; Published: 12 September 2017

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is an “umbrella” definition that encompasses a spectrum
of histological liver changes ranging from simple steatosis to nonalcoholic steatohepatitis (NASH)
with/without fibrosis, “cryptogenic” cirrhosis, and hepatocellular carcinoma (HCC), occurring in a
dysmetabolic milieu, though in the absence of excessive alcohol consumption and other competing
etiologies of chronic liver disease [1].

NAFLD has become a leading cause of end-stage liver disease necessitating liver transplantation
and a major cause of HCC in many regions of the world [2]. However, owing to its systemic nature,
NAFLD is also strongly associated with the metabolic syndrome [3,4] and excess cardiovascular
risk [5]. Over the last 20 years, the amount of scientific information on NAFLD has surged [6], owing to
the fact that NAFLD, being closely linked to the so-called “diabesity” epidemic [1], has become a
major public health problem imposing a substantial clinical and economic burden on many societies
worldwide [7,8].

On this background, we felt honored, and happily accepted, to serve as Guest Editors for a
monographic special issue of the IJMS journal entitled “Non-Alcoholic Fatty Liver Disease Research 2016”.
Facts have shown that we did the right thing! It was indeed a demanding job, which saw us committed
for more than 1 year. Finally, however, this monographic special issue is a true gratification for us
and for all those prestigious authors whose thirty-five contributions are published here. We are proud
of the participation of so many highly qualified research groups and thus would like to thank each
and every one for the time and commitment they dedicated to this outstanding editorial initiative.
Similarly, we are also indebted to all reviewers: if not for their expert opinions, this special issue would
never have come to light.

2. Epidemiology

Although NAFLD has reached pandemic proportions, understanding that there are certain
physiological and metabolic factors that can modulate the development and progression of this liver
disease may assist physicians in conducting a guided NAFLD screening among high-risk groups of
individuals [9,10].

Confirming this paradigm, Losekann et al. examined the prevalence of NASH and risk factors
for hepatic fibrosis in 250 patients with morbid obesity submitted to bariatric surgery at a referral
center in Southern Brazil [11]. The authors found that hepatic steatosis and NASH were present
in nearly 90% and 70% of cases, respectively. Hepatic fibrosis, which affected nearly 45% of these
patients, was significantly associated with older age and increased serum alanine aminotransferase and
triglyceride levels, thus identifying a subset of morbidly obese patients with more severe liver disease.
Finally, the diagnosis of cirrhosis was established in as many as 2% of cases [11]. Collectively, these data

Int. J. Mol. Sci. 2017, 18, 1955; doi:10.3390/ijms18091955 www.mdpi.com/journal/ijms1
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further support the notion that physicians should maintain a high index of suspicion that certain
high-risk patient groups, such as those with morbid obesity, are more likely to develop fibrosing NASH.

3. Diagnosis

By definition, NAFLD still remains a histological diagnosis that requires not only the
demonstration of a steatogenic liver disease but also the exclusion of alternative etiologies of chronic
liver disease, except for cardiometabolic ones [1,10]. However, given that liver biopsy is an invasive
procedure, is costly, and is not completely free of potential risks and acute complications, it cannot be
proposed to each individual patient in clinical practice. Moreover, various histological scoring systems
are now available. On these grounds, research has addressed multiple non-invasive biomarkers as
well as “pros” and “cons” of various histological scoring systems.

Lombardi et al. assessed whether, among the routinely available serum biomarkers, elevated levels
of serum uric acid and ferritin may play an additional role as predictors of NAFLD severity [12].
However, based on their revision of the literature, the authors concluded that the power of these two
serum biomarkers appears to be too low if considered alone, suggesting that they should best be
included in a wider perspective together with other biochemical and metabolic biomarkers in order to
predict liver damage noninvasively [12].

Bringing this topic further, Baratta et al. evaluated the role, if any, of the lysosomal acid lipase (LAL)
deficiency in diagnosing advanced NAFLD [13]. LAL is a key enzyme responsible for hydrolyzing the
cholesteryl esters and triglycerides. In children, Wolman disease is the early onset phenotype of LAL
deficiency which rapidly leads to death. Conversely, cholesterol ester storage disease (CESD) is a late
onset phenotype that occurs with hepatic steatosis, hepatomegaly, elevated serum aminotransferase
levels, and high low-density lipoprotein (LDL)-cholesterol, high triglycerides and low high-density
lipoprotein (HDL)-cholesterol levels. Natural history and clinical manifestations of the LAL deficiency
in adults are not well defined, and the diagnosis of this disease is often incidental. Based on their review
of the literature, Baratta et al. suggested a significant association between reduced LAL activity levels
and the pathogenesis and progression of NAFLD [13]. They also pointed out the clinical circumstances
under which reduced LAL activity levels should be suspected.

Consistent with these findings, Shteyer et al., by studying LAL activity levels in patients with
microvesicular, idiopathic cirrhosis or NAFLD found that a LAL activity level of 0.5 was the most
sensitive for detecting both histologic and non-invasive markers for liver disease severity in these
patients [14]. However, additional research is required to better elucidate whether LAL deficiency is a
cause or a consequence of advanced hepatic fibrosis, and whether LAL deficiency may be useful for
the diagnosis of fibrosing NAFLD.

Despite remarkable advances in non-invasive algorithms developed from tests based on
biochemical variables, imaging techniques, or liver stiffness evaluation, the diagnostic phenotype of
NAFLD and NASH continues to rely on liver tissue evaluation. NAFLD and NASH are two complex
entities, not only for clinical and basic scientists, but also for liver pathologists. Even though much
progress has been made, scoring methods gauge injury, but do not replace diagnostic assessment
and thus pathologists still need to be trained to identify diagnostic patterns of disease first, and then
to apply appropriate scoring systems. Dr. Brunt is among the most experienced liver pathologists
worldwide, given that her name is linked to the original proposal for grading and staging NAFLD,
which is largely utilized in clinical practice [15] as well as to the Clinical Research Network (CRN)
scoring system, which is more appropriate in the research setting [16]. It was, therefore, a pleasure
to read her comprehensive review addressing the “pros” and “cons” of the four existent histological
scoring systems of NAFLD (i.e., the Brunt proposal for grading and staging; the Clinical Research
Network-NASH scoring system; the Fatty Liver Inhibition of Progression (FLIP) algorithm, and the
Pediatric NAFLD histologic score), which have specific fields of applications [17]. We fully agree with
Dr. Brunt’s conclusions that, as we learn to better use these different histological scoring systems,
there remain the expectations for more “pros” and fewer “cons” [17].
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4. Genetics, Epigenetics, Pathophysiology, and Molecular Pathogenesis

Genetics plays an ever increasingly appreciated pathogenic role in NAFLD development and
progression, and an improved understanding of the molecular pathophysiology of NAFLD promises to
disclose novel molecular pathways to be manipulated through innovative intervention schemes [1,10].
This is the reason why a substantial proportion of the contributions included in this monographic
special issue are devoted to this specific topic.

Telomeres (i.e., repeat DNA sequences located at the terminal portion of chromosomes) shorten
during mitosis, thus protecting the tips of chromosomes. Chronic degenerative conditions associated
with high cell replication rate are associated with progressive telomere attrition which promotes DNA
destabilization and cell aging in mammals, but also disturbed nutrient sensing, which could lead to
the development of metabolic disorders such as NAFLD, cryptogenic cirrhosis, and type 2 diabetes
mellitus [18–20]. In an article by Donati et al., after extensively reviewing the literature the authors
concluded that modulation of telomerase or sheltering can be exploited to prevent NAFLD progression,
and to define specific treatments for different stages of liver disease [20].

In an article by Ban et al., the authors addressed extracellular vesicles (EVs) as a promising tool for
the non-invasive diagnosis of NAFLD [21]. The EVs are submicron membrane-bound structures that
play a key role in the cell-to-cell cross talks and are either secreted from stressed and activated cells or
formed during apoptosis. Based on the data published in the literature, the authors concluded that it
can be reasonably assumed that once EVs become a routinely measured parameter for the assessment
of NAFLD, their utility might be further projected to the treatment of the liver disease in its early
stages and, potentially, the reversal of NASH [21].

Nuño-Lámbarri et al. reviewed experimental pathology and human NAFLD [22]. These authors
further highlighted the importance of both oxidative/nitrative protein stress and mitochondrial
dysfunction, which play a major role in stimulating NAFLD damage, as well as the importance of novel
non-invasive biomarkers, such as retinol-binding protein-4, lumican, transgelin-2, and hemoglobin,
which also play a role in NAFLD pathogenesis [22].

Similar to the oxidative stress, lipidomic analysis also has double significance as a pathogenic
and diagnostic. For example, Gambino et al. reported that the elevated levels of serum free fatty acids
observed in patients with NAFLD were mainly due to the levels of palmitic and oleic acids (which are
the most abundant serum free fatty acids) as well as of those of serum linoleic acid and an imbalance
in the n-3/n-6 fatty acids ratio [23].

The gut-liver axis plays a major role in NASH pathogenesis [1]. Consistent with this view,
Houghton et al. identified gut microbiota as an emerging key element of personalized medicine and
nutrition, and extensively reviewed how lifestyle interventions (diet and physical exercise) may affect
gut microbiota, thus influencing the prognosis of NAFLD [24]. Similarly, Machado and Cortez-Pinto
also addressed those lines of evidence linking NAFLD with intestinal dysbiosis [25]. They discussed
that intestinal dysbiosis may promote the development of obesity through modulation of the energy
harvested from the diet, as well as through direct modulation of adipose tissue and hepatic metabolism.
Moreover, intestinal bacterial products and perturbed metabolism of choline and bile acids may be
hepatotoxic. Dysbiosis can weaken the intestinal barrier, thus allowing bacterial products to invade the
bloodstream and inducing systemic chronic inflammation and liver injury [25]. This impressive amount
of emerging data on gut microbiota fuels expectations, however, it conflicts with the inadequacy of
available studies which are small, heterogeneous, short-term, and do not properly address hepatic
histology/risk for progressive liver disease. Hence, the lack of solid evidence still precludes us
implementing probiotics in the management of NAFLD or NASH. Extensive preclinical studies
comparing different approaches in different animal models of NASH would be important, and fecal
microbiota transplantation also deserves further evaluation.

In an article by Aragonès et al., the authors analyzed the hepatic expression of patatin-like
phospholipase domain containing 3 (PNPLA3) and other lipid metabolism-related genes in 55
morbidly obese patients (undergoing bariatric surgery) with normal liver histology (n = 18), simple
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steatosis (n = 20), and NASH (n = 17). These authors found that, compared to patients with
normal liver histology, liver PNPLA3 expression was significantly increased in patients with NAFLD.
Notably, the hepatic expression of PNPLA3 was even greater in those with NASH. In addition, the
expression of the transcription factors liver X receptor (LXR)-α, peroxisome proliferator-activated
receptor (PPAR)-α, and sterol regulatory element binding transcription factor (SREBP)-2 was also
significantly associated with liver PNPLA3 expression. These findings are compatible with the notion
that PNPLA3 is closely related to hepatic fat accumulation, and plays a role in the development and
progression of NAFLD [26].

Petäjä and Yki-Järvinen reviewed the pertinent literature aimed at defining how much liver fat
content is normal depending on the methods available and at evaluating the cardiometabolic effects of
liver fat content as a function of different types of NAFLD (i.e., metabolic-related vs. genetic-related
NAFLD) [27]. Based on liver histology, normal liver fat content is defined as macroscopic steatosis
in less than 5% of hepatocytes. Based on proton magnetic resonance spectroscopy, normal liver
fat content has been defined as ≤5.6%, which corresponds to histologic liver fat of nearly 15%.
Whether or not these “normal values” of liver fat content are of clinical relevance with respect to
the future development of hepatic fibrosis remains uncertain. NAFLD is a heterogeneous disease.
While metabolic-related NAFLD is closely associated with metabolic syndrome features and an
increased risk of incident type 2 diabetes and cardiovascular disease, NAFLD caused by either the
PNPLA3 or the trans-membrane 6 superfamily member 2 (TM6SF2) genetic variants is usually not
accompanied by increased insulin resistance [27]. In other words, it appears that “not all NAFLD
forms were created equal” in terms of associated cardiometabolic risk [28]. Specifically, addressing the
pathogenesis of cardiovascular disease associated with NAFLD, Pisano et al. reported that elevated
ferritin levels and mild increased iron stores (i.e., a common finding in patients with NAFLD) may
contribute to the development of vascular damage. Moreover, iron depletion may protect from
accelerated atherogenesis in both experimental models and human studies [29].

In an article by Machado and Diehl, the authors reported on the Hedgehog (Hh) signaling
pathway, which is a known orchestrator of integrated regenerative response by the different
cellular players involved in wound-healing. The Hh pathway, which is usually quiescent in
the normal liver, will become activated during liver injury. Both experimental and clinical data
have consistently confirmed that activation of the Hh pathway mirrors the severity of NASH.
Consistently, direct inhibition of the Hh pathway via pharmacological route may prevent liver disease
progression in rodent NASH models and, in humans, the Hh pathway activity decreases as NASH
improves, thus supporting a promising role of the Hh pathway as a therapeutic target in NASH [30].

Caligiuri et al. reported on the complex and multifactorial nature of NASH pathogenesis,
which involves genetic and epigenetic factors; dietary factors; mitochondrial dysfunction and apoptosis;
necroptosis; endoplasmic reticulum stress; hypoxia; inflammation; Hh pathway; nuclear receptors;
pattern recognition receptors and inflammasomes; adipokines; and gut microbiome [31]. The authors
concluded that continuing research is key in providing new targets and biomarkers for the management
of NAFLD [31].

In an article by France et al., the authors examined the relationship between liver fat content and
indices of lipolysis, and determined whether the degree of lipolysis may reflect insulin resistance or
metabolic liver disease [32]. The authors found that glycerol was inversely related to liver fat content,
suggesting down-regulation of fatty acid trafficking consistent with the classical paradigm proposed
for NAFLD pathogenesis. Levels of ceruloplasmin were also inversely related to liver fat content,
which remains an unexplained finding [32].

5. Clinical Features and Comorbidities

When addressing clinical features and comorbidities, it must be re-emphasized that NAFLD is a
systemic disease [33–35] (Figure 1), which is strongly associated with an increased risk of incident fatal
and nonfatal cardiovascular events [5,36], and chronic kidney disease [36,37].
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Figure 1. Nonalcoholic fatty liver disease (NAFLD) as a systemic disorder. This figure depicts the
ever enlarging protean clinical spectrum of NAFLD. The variety and heterogeneity of the organ
systems involved in patients with NAFLD witnesses the systemic nature of this common liver disease.
(Modified from [36]).

The concurrence of chronic plaque psoriasis was almost anecdotally reported in three NAFLD
cases observed in 2001 [38], and has now turned into a solid line of research. On this background,
it can be better appreciated, as reported by Mantovani et al., that there is now substantial evidence
supporting a strong association between the presence and severity of NAFLD and chronic plaque
psoriasis, which argues for more careful evaluation and surveillance of NAFLD among patients with
psoriasis [39].

The initial paradigm of NAFLD being the “hepatic manifestation of the metabolic syndrome”
has undergone a significant evolution and now the relationship between NAFLD and the metabolic
syndrome is deemed to be mutual and bidirectional [3,4,36,40]. Wainwright and Byrne highlighted
that NAFLD predisposes to the development of metabolic syndrome features, which can, in their
turn, increase the risk of development and progression of NAFLD [41]. The authors went further
in discussing recent insights from studies of PNPLA3 and trans-membrane 6 superfamily member
2 (TM6SF2) genotypes, which may further contribute to understanding how and why metabolic
syndrome features and liver disease are linked in NAFLD [41].

In their comparative NAFLD-hepatitis C virus review of the literature, Ballestri et al. depicted the
liver as the “fourth musketeer” (Figure 2) involved in the pathogenesis of hepatic insulin resistance
and type 2 diabetes mellitus [42].

Further attesting to the strong relationship between NAFLD and metabolic syndrome features,
Perticone et al., by studying endothelium-dependent vasodilation in nearly 300 never-treated
hypertensive patients, suggested that NAFLD is an early marker of endothelial dysfunction in these
patients [43].
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Figure 2. Liver as the fourth “musketeer”. This figure identifies adipose tissue, skeletal
muscles, and pancreas as the three key organ systems controlling glucose homeostasis in humans.
Together with these three organ systems, the liver also plays a key role in glucose disposal in
health. Consistently, a large number of studies based on both the NAFLD and the hepatitis C
virus (HCV)-related liver disease spectrum have highlighted the pathogenic role of the liver in the
development of type 2 diabetes mellitus. (Modified from ref. [42]).

Clearly, if NAFLD is closely linked with both circulatory endothelial dysfunction and metabolic
syndrome features, one might anticipate that NAFLD may also predispose to the development of
chronic kidney disease (CKD). In their review of published and ongoing studies, Marcuccilli and
Chonchol addressed this interesting topic and concluded that there is now substantial evidence linking
NAFLD to CKD development [44]. The mechanisms underlying these two diseases are complexly
inter-woven; thus, additional experimental and clinical research is required, including data on both
liver and kidney histology. Of interest, lifestyle changes aimed at weight loss and increased physical
activity may prevent and benefit both diseases. Finally, physicians’ awareness may lead to screening
of CKD among patients with NAFLD and thus to earlier detection and treatment and to improved
outcomes in patients with NAFLD and spared organ transplantations [44].

In an article by Villela-Nogueira et al., the authors reviewed the published data on the association
between NAFLD and increased aortic stiffness, i.e., a marker of increased cardiovascular risk [45].
Although the underlying biological mechanisms linking NAFLD and increased arterial stiffness remain
largely unknown, they possibly involve shared pathways of chronic inflammation and imbalance in
adipokine profile [45].

Sanna et al. critically appraised key studies on NAFLD-associated extra-hepatic cancers and
speculated on how NAFLD may influence carcinogenesis at these sites [46]. Beyond the increased
risk of incident HCC, probably mediated by NASH, substantial epidemiological evidence is now
accumulating for a role of NAFLD as a possible risk factor for certain extra-hepatic cancers, particularly
in the gastrointestinal tract [46]. Based on the wealth of published data, health care providers
taking care of patients with NAFLD should be vigilant for any signs and symptoms suggestive
of cancer, particularly colorectal cancers, and promptly refer these patients for further assessment and
management whenever indicated.

6. Clinical Course and Natural History

The clinical course of NAFLD is characterized by the development of cardiovascular disease and
other metabolic comorbidities and by the possible progression of liver disease itself [1,47,48].

Calzadilla Bertot and Adams further highlighted that, although only a small proportion of
individuals with NAFLD will develop cirrhosis, the large proportion of the population affected by
NAFLD has led to predictions that NAFLD will become a leading cause of end-stage liver disease,
liver transplantation, and HCC over the next decade [49]. HCC may arise in non-cirrhotic livers in the
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setting of NAFLD and is closely associated with the presence of metabolic syndrome and male sex.
Along with metabolic syndrome features, other genetic and environmental factors also play a role in
the progression of NAFLD [49].

On this background, Gitto and Villa addressed a specific and often overlooked aspect.
These authors reported that following liver transplant both recurrent and de novo NAFLD can be
found, which usually follows an indolent course with very few cases of liver fibrosis progression [50].
Clinicians should therefore use the diagnosis of NAFLD in the post-liver transplant phase as a marker
of increased cardiovascular and CKD risks [50].

7. Pediatric Nonalcoholic Fatty Liver Disease

Compared to the disease as seen in adults, pediatric NAFLD has both similarities and
differences [51]. Temple et al. reported that NAFLD affects up to 20% of the general pediatric
age-group population, and it is projected to become the major cause of liver pathology, liver failure,
and liver transplantation in childhood and adolescence in Western countries over the next decade [52].
However, pediatric NAFLD remains an under-studied, under-recognized, and thus potentially
under-managed condition [52].

In their original study Pacifico et al. investigated whether overweight or obese children with
NAFLD suffered from impaired renal function, as determined by both estimated glomerular filtration
rate and urinary albumin excretion [53]. Data have indeed confirmed that children with NAFLD were
at risk for early renal dysfunction. Recognition of this risk in these young patients may help in halting
the progression of subclinical kidney disease [53].

8. NAFLD and Hepatitis C Virus

Historically, comparative studies of NAFLD vs. hepatitis C virus (HCV)-related liver disease have
been key in promoting an improved understanding of the pathogenesis and natural history of both
liver diseases [54–57].

According to Adinolfi et al., data have shown that hepatic steatosis was a feature of chronic HCV
infection and a potentially finalistic condition favoring the persistence and replication of HCV [58].
Hepatic steatosis might thus be a useful marker for identifying those HCV patients at higher risk
of liver disease progression, development of extra-hepatic diseases, and, possibly, reduced response
rate to novel antivirals [58]. Bringing this consolidated comparative analysis further, Shigefuku et al.
aimed at elucidating the difference in liver disease progression (measuring various fibrosis markers,
liver function, and hepatic tissue blood flow) in 139 patients with NAFLD and 152 patients with
chronic HCV [59]. The authors concluded that, compared to those with HCV-related liver disease,
patients with NAFLD exhibited significant changes in hepatic blood flow during the earliest stage of
hepatic fibrosis, suggesting that patients with NAFLD need to be followed carefully [59].

9. Management

It is now universally agreed that lifestyle changes (diet and physical activity) should be offered to
all patients with NAFLD and that treatment of all coexisting cardiometabolic risk factors will often
require multiple pharmacological interventions [1,10,60]. Regarding the management of NAFLD,
this monographic special issue includes two articles of clinical relevance and two experimental studies.

As regards the role of diet in humans, based on their review of published articles, Stachowska et al.
pinpointed that the action of nutrients may be affected by some gene polymorphisms [61].
Therefore, individualization of diet for patients with NAFLD and particularly the nutrient-induced
insulin output ratio in people sensitive to fat appears to be a useful tool for determining specific
nutritional strategies for patients with NAFLD [61]. Hernandez-Rodas et al., in their turn, extensively
reviewed the results of interventions in lifestyle, diet, and behavioral therapies and research results in
human, animal, and cell models [62].
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Finally, this single-topic special issue also includes two experimental studies. In the first one,
Walenbergh et al. reported that subcutaneous injection of 2-hydroxypropyl-β-cyclodextrin could be
a useful tool to improve intracellular cholesterol levels in the context of the metabolic syndrome in
a mouse model featuring hyperlipidemic low-density lipoprotein (LDL)-receptor knockout animals,
possibly through modulation of phytosterols and oxysterols [63]. In the second study, Ideta et al.
established a novel NAFLD model mouse, using monosodium glutamate and a high-fat diet, and
investigated the effect of teneligliptin (i.e., an oral dipeptidyl-peptidase-4 inhibitor) on the risk of
NAFLD progression [64]. They reported that this drug significantly attenuated hepatic lipogenesis by
activating 5′ adenosine monophosphate (AMP)-activated protein kinase (AMPK) and down-regulating
the expression of multiple genes involved in lipogenesis [64]. However, the clinical relevance of both
experimental studies [63,64] remains to be further evaluated.

10. Conclusions

We believe that the “Non-Alcoholic Fatty Liver Disease Research 2016” monographic special issue
of the IJMS journal further reinforces the notion that the global health burden of NAFLD is not only
confined to progressive liver disease, but also embraces major extra-hepatic complications. In particular,
the leading causes of mortality among patients with NAFLD are cardiovascular disease, followed by
non-liver malignancy and liver disease. Indeed, NAFLD is a multisystem disease, which by disrupting
the regulation of multiple metabolic and inflammatory pathways, plays an important role in the
development of cardiovascular disease, type 2 diabetes mellitus, and other metabolic disorders.

Collectively, the published papers provide testimony that NAFLD research has now reached an
elevated scientific standard and that most patients with NAFLD will benefit from it. For example,
based on the published data, close surveillance of most patients with NAFLD and aggressive
management in a subset of them is now highly recommendable. However, further research is
needed to better understand the genetic modifiers, natural history, molecular pathogenesis of NAFLD,
and biological mechanisms by which NAFLD may contribute to the increased cardiometabolic risk.
This promises also to disclose novel and effective treatment strategies for this increasingly prevalent
disease, which will ever increasingly impact on the burden of global health in the near future.
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Abstract: The aim was to investigate the prevalence of non-alcoholic steatohepatitis (NASH) and risk
factors for hepatic fibrosis in morbidly obese patients submitted to bariatric surgery. This retrospective
study recruited all patients submitted to bariatric surgery from January 2007 to December 2012 at
a reference attendance center of Southern Brazil. Clinical and biochemical data were studied as a
function of the histological findings of liver biopsies done during the surgery. Steatosis was present in
226 (90.4%) and NASH in 176 (70.4%) cases. The diagnosis of cirrhosis was established in four cases
(1.6%) and fibrosis in 108 (43.2%). Risk factors associated with NASH at multivariate analysis were
alanine aminotransferase (ALT) >1.5 times the upper limit of normal (ULN); glucose ≥ 126 mg/dL
and triglycerides ≥ 150 mg/dL. All patients with ALT ≥1.5 times the ULN had NASH. When the
presence of fibrosis was analyzed, ALT > 1.5 times the ULN and triglycerides ≥ 150 mg/dL were risk
factors, furthermore, there was an increase of 1% in the prevalence of fibrosis for each year of age
increase. Not only steatosis, but NASH is a frequent finding in MO patients. In the present study,
ALT ≥ 1.5 times the ULN identifies all patients with NASH, this finding needs to be further validated
in other studies. Moreover, the presence of fibrosis was associated with ALT, triglycerides and age,
identifying a subset of patients with more severe disease.

Keywords: NAFLD; NASH; morbidly obese; liver fibrosis

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) embraces a wide range of manifestations that includes
simple steatosis (SS), non-alcoholic steatohepatitis (NASH), cirrhosis and hepatocellular carcinoma [1,2].
The real prevalence of NASH is not known, as the disease is usually asymptomatic and that the
definitive diagnosis is possible only by the histopathological assessment [3,4]. In a study conducted in
a tertiary public hospital in south Brazil, the prevalence of NASH was 3.18% in obese patients without
diabetes mellitus (DM) [5].

Morbidly obese (MO) patients, defined as body mass index (BMI) ≥35 and experiencing
obesity-related health conditions or ≥40 kg/m2, are a subgroup with higher risk of NAFLD. In these
patients, the prevalence of NAFLD is estimated from 84% to 96% and of NASH from 25% to 55%.
In those with NASH, there is bridging fibrosis or cirrhosis at a rate of 12% and 2% respectively [4,6].
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This study aimed to estimate the prevalence of NASH and the risk factors for fibrosis in MO
patients submitted to bariatric surgery (BS).

2. Results

A total of 250 patients were evaluated; 200 (80%) were women, with an average age of
36.8 ± 10.2 years. The average BMI was 43.6 ± 5.2 kg/m2. Type 2 diabetes was identified in 12.8% and
arterial hypertension in 41.3%.

Simple steatosis was present in 226 (90.4%) patients and were classified as mild in 76 (30.4%);
moderate in 71 (28.4%) and severe in 79 (31.6%). NASH was diagnosed in 176 (70.4%) cases, being mild
degree in 120 (48.4%) cases; moderate in 50 (20%) cases, and severe in 6 (2.4%) cases. Fibrosis was
reported in 108 (43.2%) biopsies, 95 (38%) of them were mild; 2 (0.8%) moderate; and 7 severe (2.8%).
Cirrhosis was diagnosed in 4 (1.6%) cases.

The risk factors related to NASH in bivariate analysis (Table 1) were: Mean value of AST,
mean value of ALT, ALT ≥ 1.5 times the ULN, mean value of TG, TG ≥ 150 mg/dL and mean
value of glucose. All patients with ALT ≥1.5 times the ULN had NASH. After the adjustment by the
multivariate model, the following variables remain associated with NASH (Table 2): ALT > 1.5 times
the ULN; glucose ≥ 126 mg/dL and TG ≥ 150 mg/dL.

Some risk factors associated to fibrosis by bivariate analysis (Table 3) were the same as those
associated with NASH: Mean value of AST, mean value of ALT, ALT > 1.5 times the ULN, mean value
of TG, TG ≥ 150 mg/dL and mean value of glucose. In addition, glucose ≥ 126 mg/dL and age were
also associated with fibrosis. The mean age of patients with fibrosis was 40.0 ± 11.4 and without fibrosis,
34.8 ± 9.3 (p = 0.001). After the adjustment by the multivariate model (Table 2), the following variables
remain associated with fibrosis: ALT > 1.5 times the ULN, TG ≥ 150 mg/dL and age: For a year of age
increase, there is an increase of 1% in the prevalence of fibrosis (PR = 1.01; 95% CI = 1.00–1.02; p = 0.006).

Table 1. Bivariate analysis according to the presence of non-alcoholic steatohepatitis (NASH).

Variable * Total Sample With NASH Without NASH p

Age (years) 37.2 ± 10.6 (n = 183) 37.6 ± 11.0 (n = 141) 35.5 ± 9.0 (n = 42) 0.208
Female 153 (80.1) (n = 191) 113 (79) (n = 143) 40 (83.3) (n = 48) 0.661

BMI (kg/m2) 43.7 ± 5.2 (n = 191) 43.5 ± 5.0 (n = 143) 44.1 ± 5.7 (n = 48) 0.535
Ferritin (μ/L) 119 (67–208) (n = 169) 123 (75–239) (n = 128) 97 (58.5–173) (n = 41) 0.120

Iron (μ/L) 76.4 ± 25.2 (n = 163) 75.8 ± 24.1 (n = 125) 78.4 ± 29.1 (n = 38) 0.587
** AST (U/L) 24 (19–31) (n = 183) 25 (20–34) (n = 139) 21.5 (16.3–26.8) (n = 44) 0.007
** ALT (U/L) 29 (21–47.8) (n = 183) 32 (23–51) (n = 139) 25 (17–29.5) (n = 44) <0.001

ALT > 1.5 × U/L 28 (15.2) (n = 183) 28 (20.1) (n = 139) 0 (0.0) (n = 44) 0.002
Glucose (mg/dL) 103.7 ± 34.3 (n = 188) 106.7 ± 37.7 (n = 142) 94.5 ± 17.9 (n = 46) 0.036

Glucose ≥ 126 mg/dL 24 (12.8) (n = 188) 22 (15.5) (n = 142) 2 (4.3) (n = 46) 0.086
Platelets (103/mm3) 278.5 ± 68.6 (n = 172) 283.3 ± 64.8 (n = 131) 269 ± 68.8 (n = 41) 0.233

Total cholesterol (mg/dL) 193 ± 42 (n = 186) 196.6 ± 42.8 (n = 138) 182.9 ± 38.3 (n = 48) 0.052
LDL-C (mg/dL) 116 ± 41 (n = 186) 117.4 ± 41.1 (n = 138) 112 ± 41.1 (n = 48) 0.438
HDL-C (mg/dL) 48.9 ± 13.7 (n = 186) 48.4 ± 13.5 (n = 138) 50.2 ± 14.3 (n = 48) 0.427

TG (mg/dL) 122 (91–193) (n = 186) 134 (96–198) (n = 138) 105 (72–135) (n = 48) 0.004
TG ≥ 150 mg/dL 68 (36.3) (n = 186) 58 (42.0) (n = 138) 9 (18.8) (n = 48) 0.007

* Variables described by mean ± standard deviation, median (percentiles 25–75) or n (%); ** Normal values for
ALT: 14–42 U/L and for AST: 10–42 U/L; n = number of cases; NASH = nonalcoholic steatohepatitis; BMI = body
mass index; AST = aspartate aminotransferase; ALT = alanine aminotransferase; LDL-C = low density lipoprotein;
HDL-C = high density lipoprotein.
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Table 2. Multivariate analysis according to the presence of NASH and fibrosis.

Variables
NASH Fb

PR (95% CI) p PR (95% CI) p

ALT > 1.5 ULN 1.31 (1.22–1.41) <0.001 1.22 (1.00–1.48) 0.048
Glucose ≥ 126 mg/dL 1.16 (1.02–1.32) 0.022 1.22 (0.99–1.50) 0.058

TGs ≥ 150 mg/dL 1.15 (1.01–1.30) 0.035 1.24 (1.07–1.45) 0.005
Age * * 1.01 (1.00–1.02) 0.006

* did not present a p value <0.20 in the bivariate analysis.

Table 3. Bivariate analysis according to the presence of fibrosis.

Variable * With Fb Without Fb p

Age (years) 40.0 ± 11.4 (n = 83) 34.8 ± 9.3 (n = 100) 0.001
Female 67 (79.8) (n = 84) 86 (80.4) (n = 107) 1.000

BMI (kg/m2) 43.4 ± 5.4 (n = 84) 43.9 ± 5.0 (n = 107) 0.479
Ferritin (μ/L) 127 (81–293) (n = 73) 109 (56–97) (n = 96) 0.080

Iron (μ/L) 75.8 ± 22.5 (n = 73) 76.9 ± 27.4 (n = 90) 0.790
** AST (U/L) 25 (19–43) (n = 83) 24 (18–28) (n = 100) 0.040
** ALT (U/L) 30 (24–54) (n = 83) 26 (19–39) (n = 100) 0.008

** ALT > 1.5 × U/L 19 (22.9) (n = 83) 9 (8.9) (n = 100) 0.015
Glycemia (mg/dL) 110.9 ± 40 (n = 83) 98.0 ± 27.9 (n = 105) 0.014

Glycemia ≥ 126 mg/dL 17 (20.5) (n = 83) 7 (6.7) (n = 105) 0.009
Platelets (103/mm3) 273.6 ± 59.3 (n = 77) 285 ± 70.6 (n = 95) 0.261

Total cholesterol (mg/dL) 198.9 ± 42.3 (n = 80) 188.7 ± 41.4 (n = 106) 0.102
LDL-C (mg/dL) 116.3 ± 38.4 (n = 80) 115.8 ± 43.1 (n = 106) 0.934
HDL-C (mg/dL) 49.2 ± 14.2 (n = 80) 48.6 ± 13.3 (n = 106) 0.776

TG (mg/dL) 148.5 (100–199) (n = 80) 112.5 (83.8–158) (n = 106) 0.005
TG ≥ 150 mg/dL 40 (50) (n = 80) 27 (25.5) (n = 106) 0.001

* Variables described by mean ± standard deviation, median (percentiles 25–75) or n (%); ** Normal values
for ALT: 14–42 U/L and for AST: 10–42 U/L; n = number of cases; Fb = fibrosis; BMI = body mass
index; AST = aspartate aminotransferase; ALT = alanine aminotransferase; LDL-C = low density lipoprotein;
HDL-C = high density lipoprotein; TG = triglycerides.

3. Discussion

More recently, BS has become an accepted therapeutic option for MO patients and has been
associated with histological improvement of NAFLD [7–10]. When liver biopsies performed before
and after the weight loss caused by the surgery were compared, it was shown that this treatment
determines an improvement or stabilization of SS, NASH and fibrosis [9,10]. However, in cirrhosis, the
likelihood of regression is reduced and there is an increase in morbidity and mortality after BS [8–12].

In the present study, NAFLD was present in 90.4% of the MO patients submitted to BS. This result
is consistent with the literature that reports a prevalence varying between 84% and 96% of NAFLD [4,13].
In the same way, the degree of steatosis was uniformly distributed in 30.4%, 28.4% and 31.6%, as mild,
moderate and severe degree respectively, and NASH was found in approximately 70%, with a moderate
correlation with the degree of steatosis. Other authors found a prevalence of NASH between 55% and
60%, but in these cases, the histopathological diagnostic criteria were not homogeneous, which makes
the actual prevalence of NASH difficult to be established [3,11].

Bedossa et al. [14] proposed recently a score and algorithm for the histopathological definition
of NASH in patients with MO. Patients should be classified as having NASH only if they have
unequivocal hepatocyte ballooning. According to these criteria, a prevalence of NASH in 34% in
patients with MO was found, which is lower than the observed in other studies [3,11], including ours.
A possible explanation for this finding is that Bedossa et al. used more specific criteria for the diagnosis
of NASH. In the present study, fibrosis was present in 48.3% of patients; out of these, 38% were mild
and only 4.4% were considered severe. Although cirrhosis is not a contraindication for BS, there is a
risk of hepatic decompensation with rapid weight loss [15].
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New noninvasive clinical and biochemical markers of fibrosis in NASH have been evaluated [3].
Age, obesity, hypertension, DM, the levels of bilirubin and the ALT/AST ratio greater than 1 has
been associated with the presence of NASH or fibrosis [3,13,16–18]. Contrary to other studies [19,20],
the present results did not show a positive correlation of BMI with the degree of steatosis, NASH
and fibrosis. BMI does not always properly reflect the degree of visceral adiposity, significantly more
involved in the physiopathology of NAFLD. It is possible that there is a closer correlation between the
liver damage and the measure of abdominal circumference; however, this data was not evaluated in
the present study.

The results of the present study demonstrated that all patients whose ALT values were greater
than 1.5 times the ULN (15% of the sample) presented NASH, and ALT was also strongly associated
with fibrosis. This data can represent a cutoff and has not yet been reported in the literature for this
subgroup of patients.

This study showed an association among serum levels of TG and glucose with NASH.
These findings were already described in former studies concerning the risk factors of NASH [13,18,21].
In addition to high levels of TG, we found that the presence of fibrosis was also correlated with age;
this association has been described before [20,22]. Furthermore, an increase in age raises the prevalence
of fibrosis linearly.

Although several non-invasive markers for prediction of advanced fibrosis are available
(aspartate aminotransferase-to-platelet ratio index - APRI; NAFLD fibrosis score; body mass index,
ASL/ALT ratio and diabetes mellitus - BARD; FIB-4) [16,23–25], the present study suggests that
patients with MO and more advanced age, high levels of ALT and TG should best be submitted to a
full diagnostic evaluation such as liver biopsy to better assessment of hepatic damage.

In conclusion, this study showed a high prevalence of NASH in patients with MO and identifies a
subset of patients with a higher risk of more advanced disease.

4. Experimental Section

This is a retrospective cohort study, where MO patients were submitted to BS from 2007 to 2012
at the Obesity Treatment Center of a tertiary reference center (Santa Casa de Porto Alegre, SCPA)
in southern Brazil. Age, gender, the presence of comorbidities (diabetes, arterial hypertension) and
body mass index (BMI) were evaluated. The dosage of ferritin, aspartate (AST) and alanine (ALT)
aminotransferases, fasting glucose, platelets, total cholesterol, triglycerides (TG), high (HDL-C) and
low (LDL-C) density lipoproteins was done up to 90 days before procedure. These variables were
compared with the histological results of liver biopsies obtained in the trans-operative period.

Patients aged less than 18 years, those who presented serological markers for viral hepatitis,
as well as patients with other causes of chronic liver disease and history of alcohol intake >20 g/day
were excluded.

Liver biopsies were routinely stained with Hematoxylin-Eosin, Perls and Masson’s trichrome and
evaluated by the same liver pathologist who was blinded to the clinical data.

Simple steatosis (SS) was considered to be present over 5% of the sample and scored as suggested
by Brunt: Mild steatosis was defined when present in 5% to 33%; moderate steatosis when present in
33% to 66%, and severe steatosis when greater than 66% [26]. To diagnose NASH, steatosis associated
with hepatocyte ballooning and/or inflammatory infiltrate were the main findings, and was classified
using NAFLD Activity Score (NAS) as mild (A1), moderate (A2) and severe (A3), according to
classification described by the Pathology Committee of the NASH Clinical Research Network.
The degree of fibrosis (Fb) was classified as stage A1, when sinusoidal/discrete cellular Fb was
present; degree 1B, when sinusoidal/dense and diffuse Fb was identified; and 1c for portal Fb. Stage 2
was considered when there was pericellular/perisinusoidal associated with periportal Fb, and stage
3 in the presence of the anterior changes associated to bridging Fb. Finally, stage 4 corresponds to
cirrhosis [27]. In the statistical analysis, the degree of Fb was classified as mild (stages 1A, 1B, 1C);
moderate (stage 2); severe (stage 3) or cirrhosis (stage 4).
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The data were analyzed using the SPSS (Statistical Package for the Social Sciences) Inc.,
Chicago, IL, USA, version 18.0. The sample size supports a minimum difference between groups
of 20%, power of 85% and a significance level of 5%. To control confounding factors and analyze
the variables independently associated with NASH and fibrosis, the Poisson regression analysis was
applied. To evaluate the association, the prevalence ratio (PR) was used, with the 95% confidence
interval (CI) to estimate the risk in the population. To control the multicollinearity, two regression
models were made, one of them inserting the glycemia and the other the TG. The criteria for entering
the variable in the multivariate model was that it should have a value of p < 0.20 in the bivariate
analysis. To evaluate the association between the categorical variables, the Pearson chi-square test
was applied, and for the continuous or ordinal variables, the Spearman (rs) correlation test was used.
p values of <0.05 were considered significant. This study was approved by the Institutional review
board of SCPA. For this type of study formal consent was not required.
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Abstract: Nonalcoholic fatty liver disease (NAFLD), tightly linked to the metabolic syndrome (MS),
has emerged as a leading cause of chronic liver disease worldwide. Since it is potentially progressive
towards non-alcoholic steatohepatitis (NASH) and hepatic fibrosis, up to cirrhosis and its associated
complications, the need for predictive factors of NAFLD and of its advanced forms is mandatory.
Despite the current “gold standard” for the assessment of liver damage in NAFLD being liver biopsy,
in recent years, several non-invasive tools have been designed as alternatives to histology, of which
fibroscan seems the most promising. Among the different serum markers considered, serum uric acid
(SUA) and ferritin have emerged as possible predictors of severity of liver damage in NAFLD. In fact,
as widely described in this review, they share common pathogenetic pathways and are both associated
with hepatic steatosis and MS, thus suggesting a likely synergistic action. Nevertheless, the power of
these serum markers seems to be too low if considered alone, suggesting that they should be included
in a wider perspective together with other metabolic and biochemical parameters in order to predict
liver damage.

Keywords: SUA; liver damage; fibrosis; NASH; serum markers; oxidative stress; insulin resistance;
metabolic syndrome

1. Introduction

Nonalcoholic fatty liver disease (NAFLD), tightly linked to metabolic syndrome (MS), has emerged
as a leading cause of chronic liver disease worldwide with a rapidly growing prevalence in the general
population, ranging between 20% and 30%, and paralleling the epidemics of obesity and type 2 diabetes
mellitus (T2DM) all over the world [1,2]. NAFLD encompasses a clinical-pathologic spectrum of liver
diseases ranging from simple steatosis to nonalcoholic steatohepatitis (NASH), the more aggressive
form of NAFLD, which can progress to cirrhosis and its associated complications [3,4].

Unfortunately, the only validated method to diagnose NASH, the potentially evolving form of
NAFLD, is liver biopsy. Nonetheless, this procedure is limited by intra and inter-observer variability,
sampling errors and invasiveness, thus letting impossible its feasibility in such a large number of
patients with NAFLD. Several scores have been designed in the attempt to diagnose NASH and fibrosis
stage without histological data, but the debate on their real utility is still ongoing [5]. Fibroscan is
emerging as a reliable tool to identify fibrosis in a non-invasive way, but still the large “grey area” of
its results does not allow one to discriminate the entity of fibrosis in a large portion of patients with
NAFLD [6].

During the last few years, among the several parameters evaluated as possible predictors of
NAFLD, serum uric acid (SUA) and ferritin have emerged. In fact, increasing evidence has shown
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that SUA levels as well as high ferritin are associated with the metabolic insulin resistance syndrome,
higher body fat content and more severe liver damage.

2. Uric Acid

Serum uric acid (SUA) is a product of purine metabolism in humans and originates from
hypoxanthine after a double enzyme catalysis by xanthine oxidase (XO) in the liver. Its production
is regulated by the endogenous (nucleoproteins originating from cellular metabolism) and
exogenous (dietary) precursor proteins delivered to the liver, whereas its excretion is controlled
by the kidneys through renal plasma flow, glomerular filtration and proximal tubular exchange.
Therefore, an impairment in this balance, caused by either an over generation of uric acid, like in
MS and diets rich in fructose and purines or by a reduction in its excretion, as in acute renal failure
or consequent to some drugs (ciclosporin, ethambutol, pyrazinamide, and cytotoxic chemotherapy),
can lead to high SUA levels [7,8].

3. Serum Uric Acid and Metabolic Syndrome Clinical Manifestations

SUA is the most common and well-studied risk factor for developing gout. In addition,
beyond contributing to the pathogenesis of gout, arthritis, and chronic nephropathy, hyperuricemia is
associated with the so-called “cardio-metabolic diseases” including cardiovascular disease and all the
metabolic diseases associated with MS [9]. Several studies reported a significantly higher prevalence
of MS (up to 60%) and its components such as hypertension, hyperinsulinemia, hypertriglyceridemia
and diabetes in the hyperuricemic population, suggesting that hyperuricemia might be an indicator
for early diagnosis of MS and of its different clinical manifestations [10–12]. Moreover, a meta-analysis
of prospective cohort studies provided strong evidence that a high level of SUA is a risk factor for
developing T2DM in middle-aged and older people, independently of other established metabolic risk
features [13].

4. Serum Uric Acid and Nonalcoholic Fatty Liver Disease (NAFLD)

Lonardo et al. [14] firstly described an association between NAFLD and serum uric acid levels in
a small case-control study of Italian patients with ultrasound-diagnosed NAFLD.

The relationship between SUA and NAFLD was then confirmed in cross-sectional and prospective
studies in which SUA resulted to be an independent risk factor for NAFLD [15,16]. More recently in
two different meta-analyses of prospective studies including very large numbers of participants, it was
shown a significant higher risk of NAFLD in subjects with higher SUA compared to those with lower
levels. A linear dose-response effect between SUA and NAFLD was reported with each 1 mg increase
of SUA leading to 21% rise in NAFLD risk [17,18]. Moreover, in patients with established coronary
artery disease, hyperuricemia was reported to be a potent predictor of mortality in overweight or
obese patients in whom liver steatosis was highly prevalent [19].

The mutual relationship between NAFLD and SUA was shown in another study aimed at
exploring the causal relationship and underlying mechanisms linking NAFLD and hyperuricemia.
By analyzing prospectively a cohort of 5541 patients, NAFLD resulted strongly associated with the
risk of developing hyperuricemia over a period of seven years. In a second part of the same study,
xantine oxidase was demonstrated to be the mediator of this relationship through the activation of the
ucleotide-binding oligomerization domain-like (NOD-like) receptor family pyrin domain containing
3 (NLRP3) inflammasome [20] in both in HepG2 cells and mice, as explained in the next pharagraph.
However, a major limitation of these study designs is their inability to show the biological mechanisms
underpinning the association between SUA and NAFLD. Furthermore, experimental animal models
supporting this association do not always mirror human biology.

Interestingly, Sirota et al. [21] examined the association between SUA levels and NAFLD in
a large population-based study from the United States including 10,732 non-diabetic adults who
participated in the National Health and Nutrition Examination Survey 1988–1994. The Authors
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found that the odds ratio for NAFLD was significantly higher in patients with the highest SUA
values (3rd and 4th quartiles) compared to subjects in the lowest quartiles. In addition, after adjusting
for the known risk factors, uric acid (4th quartile) remained significantly associated with NAFLD.
Thus, they concluded that elevated SUA level is independently associated with ultrasound-diagnosed
NAFLD and with increasing severity of NAFLD as evaluated by ultrasonography. These data were in
line with previous results by Petta et al. [22] obtained in a group of patients with histologically proven
NAFLD. They had demonstrated that hyperuricemia was associated with histological features of liver
disease, representing an independent risk factor for higher grade of steatosis, lobular inflammation
and higher NAFLD Activity Score (NAS), the histological score routinely used for the diagnosis and
grading of NASH. Thus, these data confirm and extend the results obtained in Asiatic subjects also to
Caucasian patients, consolidating the relationship between NAFLD and SUA.

Finally, Afzali et al. [23], on the basis of the observation that elevated SUA levels strongly reflect
and may even cause oxidative stress, insulin resistance (IR), and MS, and that experimental, and in
in vitro models indicate that uric acid is able to induce inflammatory responses, all known risk factors
involved in the pathogenesis and in the progression of liver disease of different etiology, addressed
the question whether the baseline SUA level was associated with the incidence of hospitalization
or death due to cirrhosis. These authors analyzed 5518 participants from the first National Health
and Nutrition Examination Survey during a mean follow-up of 12.9 years (range 5.4–21 years) and
demonstrated that subjects with the higher uric acid values had a higher risk of cirrhosis related
hospitalization or death even after adjustment for important causes and risk factors of chronic liver
disease. In addition, patients with higher SUA levels had a greater probability of elevated serum ALT
and GGT. They suggested that the negative effect of SUA was mediated by the induction by uric acid
of endothelial dysfunction, IR, oxidative stress and systemic inflammation, which are known risk
factors for the development and progression of liver disease of different etiology. However, despite
this fascinating hypothesis, a major limitation of these results obtained in clinical studies is that the
direct demonstration in patients with NAFLD of the mechanisms underpinning the negative effect of
SUA is still missing.

5. Relationship between Uric Acid and NAFLD/Metabolic Syndrome: Possible Mechanisms

Accumulating clinical evidence suggests that hyperuricemia is strongly associated with
MS/NAFLD, and abnormal glucose metabolism and IR, as well as oxidative stress and NLRP3
inflammasome involvement, have been pointed out as possible linking conditions [11,24]. The possible
interactions of the different mechanisms involved are schematically depicted in Figure 1.

Figure 1. Pathogenetic pathways of the association between serum uric acid and NAFLD.
Abbreviations: SUA, serum uric acid; ROS, reactive oxygen species; ER, endoplasmic reticulum;
NAFLD, non-alcoholic fatty liver disease.

Furthermore, a very recent study by a Chinese group, has focused on the progression of NAFLD
in hyperuricemic subjects, showing a key role of perturbations of phospholipases, purine nucleotide
degradation and Liver X receptor/retinoid X receptor. In particular, they demonstrated an increase in
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oxidative stress and IR driven by an upregulation of phospatidic acid and cholesterol ester metabolism
and a downregulation of the acid uric precursor, namely inosin [25].

5.1. Interaction between Uric Acid and Insulin

Insulin acts on the proximal renal tubule fostering acid uric reabsorption and increasing renal
cellular metabolism, thus leading to hyperuricemia. Indeed, elevated SUA levels may prompt the
development of IR by reducing endothelial nitric oxide (NO) bioavailability and supply to cells [26].

In addition, in an experimental model, mice fed with hyperuricemia-inducing diet (HUA)
presented significantly lower insulin sensitivity and impaired glucose metabolism compared to
those with a standard diet, as well as higher levels of both serum and intrahepatic triglycerides.
In particular, hyperuricemia inhibited a protein kinase B (AKT) response to insulin by decreasing its
phosphorylation and conversely increasing the phosphorylation of the insulin receptor substrate-1
(IRS1) in liver, muscle and fat tissue, thus fostering the onset of IR. This effect seems to be secondary to
uric acid induced radical oxygen species (ROS) and activation of the NLRP3 inflammasome [27,28].
These data were confirmed also in HepG2 cell cultures exposed to different concentrations of uric
acid. Not surprisingly, administration of probenecid, a uric acid transport inhibitor into cells, or the
antioxidant N-acetylcisteine, diminished intracellular triglycerides accumulation and improved
insulin-signaling.

5.2. Uric Acid and Lipid Metabolism

Beyond hyperinsulinemia, uric acid is responsible of mitochondrial oxidative stress [29], sterol
regulatory element-binding protein 1 (SREBP-1) activation induced by endoplasmic reticulum
(ER) stress [30] and NLRP3 inflammasome involvement [31], all causative factors of lipid
metabolism impairment.

Moreover, evidence suggests that uric acid could originate from fructose metabolism, which is
well known for inducing hepatic steatosis being directly metabolized to triglycerides in the liver [32],
and be responsible for mitochondrial oxidative stress. In turn, SUA amplifies the lipogenic effect of
fructose by upregulating its metabolic enzymatic reactions [33]. In cultured HepG2 cellular lines
exposed to fructose, increased intracellular levels of uric acid and triglycerides were registered.
Interestingly, allopurinol effectively prevented the formation of uric acid after exposure to fructose [29].

5.3. Mitochondrial and Endoplasmic Reticulum (ER) Oxidative Stress

Oxidative stress plays a key-role in steatosis induced by uric acid. In the study by
Lanaspa et al. [29], cellular exposure to high SUA levels determined mitochondrial oxidative stress with
generation of ROS by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. As a result,
the activity of aconitase, an enzyme involved in the acid citric circle, was markedly reduced leading
to accumulation of citrate, a substrate for hepatic de novo lipogenesis and subsequent intracellular
fat generation.

Furthermore, ROS production promotes ER stress, which is determinant of fat accumulation
in steatosis. In fact, alterations in its homeostasis have been demonstrated in human HepG2 cells
and mice models of fatty liver [34,35]. ER is a site of protein folding and production of lipids and
sterols. If a perturbation in this compartment occurs, misfolded and unfolded proteins accumulate
and activate the unfolded protein response (UPR) signaling pathways, which regulate hepatic lipid
metabolism and promote fat accumulation in the liver because of the expression of genes encoding for
lipogenic enzymes driven by the transcriptional factor SREBP-1c. Uric acid has been shown to induce
the expression of unfolded response protein (URP)-inducible and to increase the cleavage of SREBP-1c
into the mature form and its nuclear translocation, thus enhancing the de novo lipogenesis. This data
has been shown in both HepG2 cells and primary mice hepatocytes [30].

Despite these data, acute elevations seem to provide antioxidant protection, and uric acid
contributes >50% of the antioxidant capacity of our organism. In fact, it has a direct effect on the
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inhibition of free radicals, protecting the cell membrane and DNA. The antioxidant activity of
SUA also occurs in the brain, being a protector for several disease such as multiple sclerosis and
neurodegenerative disease, as well as cardiac and renal toxicity [36]. Thus, an eventually beneficial
action could be speculated also on the liver.

In addition, there is still no consensus if uric acid is a protective or a risk factor; however, it seems
that the quantity and the duration of the concentration of the uric acid in the blood is essential for
this answer, possibly being the acute increase in its protective levels whereas chronic elevated levels
are dangerous.

5.4. The Ucleotide-Binding Oligomerization Domain-Like (NOD-Like) Receptor Family Pyrin Domain
Containing 3 (NLRP3) Inflammasome

Another factor which has been reported to be strongly involved in the pathogenesis of uric acid
toxicity is NLRP3 inflammasome, an intracellular multiprotein complex that is assembled and activated
by pathogen-associated and damage-associated molecular patterns with subsequent production of
pro-inflammatory and pro-fibrotic cytokines (IL-1β and IL-18). It plays a central role in obesity and
IR and has been involved in dyslipidemia and lipid accumulation in hepatocytes [28,31]. The NLRP3
inflammasome is activated by uric acid, both directly and indirectly through ROS production [37] and
recent evidence has demonstrated that it contributes to hepatic steatosis and insulin resistance in a
murine model [28]. This suggestion was confirmed in cultured HepG2 and L02 cellular lines, where
the NLRP3 inflammasome knock-down cells decreased the uric acid-induced hepatic free fatty acids
(FFAs) accumulation [31].

In conclusion, SUA is able to regulate lipid production and to foster the onset of metabolic
disorders and NAFLD through multifaceted pathways. Thereby, evidence is accumulating on the
benefit of lowering SUA levels in NAFLD by using drugs commonly employed in the treatment of
hyperuricemia, like allopurinol or probenecid.

6. Ferritin

Hyperferritinemia is a frequent finding in the general population, is detected in 30%–40% of the
patients with MS/NAFLD, and has been suggested as a marker of severity of the disease.

The difficulty in the interpretation of increased ferritin is related to the multiple causes that can
lead to its increase, initially identified as marker of iron overload, following the increase of transferrin
saturation, and also in the presence of severe hepatic necrosis. Furthermore, other more frequent
causes need to be considered, namely the presence of inflammation, since ferritin behaves as a protein
of acute phase and it can also be induced in the setting of systemic inflammation, like in rheumatologi,
infectious or neoplastic diseases, and alcohol abuse, where ferritin levels rapidly decrease with alcohol
abstinence. However, enlarging the most common cause of hyperferritinemia identified in the last
years is the presence of the MS, to which NAFLD is frequently associated.

7. Ferritin and Metabolic Syndrome Clinical Manifestations

Hyperferritinemia is detected in about one-third of patients with NAFLD and the MS and its
levels seem to be directly correlated with the severity of IR [38,39].

The first reports on the relationship between ferritin, IR/T2DM and the MS study in Europe
were published in the 1990s. In 1998, Ford et al. [40] reported the results of a case-control study in
Europe, demonstrating that subjects with hyperferritinemia had a 2.4-fold higher risk of developing
T2DM. In addition, Salonen [41] showed in a prospective study that increased ferritin levels precede
the development of diabetes and Kim obtained the same results in a very large cohort of Korean
subjects [42]. In addition, cross-sectional studies found that elevated ferritin levels were associated
with central obesity [43], hypertension [44], and dyslipidemia [45], all manifestations of the MS.
Moreover, Iwasaki highlighted an association between serum ferritin, visceral fat and subcutaneous
adiposity and suggested that serum ferritin concentration may be a useful indicator of systemic
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fat content and degree of IR [46]. In addition, Alam et al. [47] demonstrated that obesity led to
hyperferritinemia irrespective of actual body iron story, advocating a state of subclinical inflammation
responsible for high levels of ferritin.

Others demonstrated in population-based studies that moderate to markedly increased ferritin
concentrations represent a biological biomarker predictive of early death in a dose-dependent
manner [48]. Thus, even if in this study, information on the presence of liver steatosis was lacking, it is
very likely that ferritin may be a predictor of early death also in the setting of NAFLD.

8. Ferritin and NAFLD

The tight link between ferritin and insulin dysregulation was shown by Fernandez-Real [49],
who proposed ferritin as a marker of IR. Zelber-Sagi et al. [50]demonstrated that among different
metabolic features, insulin was the strongest predictor of increased serum ferritin levels and that the
association between serum ferritin and MS was mediated by NAFLD.

A French group coined the term of “dysmetabolic iron overload syndrome” (DIOS), to indicate subjects
with increased ferritin levels, with normal or only mildly increased transferrin saturation, in the
presence of liver steatosis, IR and two or more components of the MS, along with moderate hepatic iron
accumulation with the typical pattern of mixed parenchymal and mesenchymal iron deposition [51].
However, it was also observed that several patients with NAFLD, IR and manifestations of MS may
have increased ferritin even in the absence of increased iron stores.

In addition, Kim et al. [42] reported that serum ferritin levels predict incident non-alcoholic fatty
liver disease in healthy Korean men.

9. Relationship between Ferritin and NAFLD/Metabolic Syndrome: Possible Mechanisms

Numerous data demonstrate that hepatic iron accumulation could elicit the onset of metabolic
imbalance and liver damage and figure out the DIOS or more recently called “insulin-resistance
associated with iron overload syndrome”.

The liver has a central role in iron metabolism as it is the principle source of hepcidin,
the regulatory peptide hormone of iron homeostasis. In fact, in response to several stimuli,
like excessive iron deposits, inflammatory signals (IL-6) or ER-stress, hepcidin is overexpressed and
determines a reduction in iron intestinal absorption and an increase in iron retention from macrophage
and hepatocytes [52,53]. In addition, hepatocyte necrosis, with subsequent erythrophagocytosis
by macrophages, and the systemic inflammatory state induced by obesity and NAFLD itself,
may predispose individuals to increased hepcidin levels.

Many mechanisms linking iron and liver damage have been described. Firstly, iron,
once accumulated in the liver, causes oxidative stress through the Fenton and Haber–Weiss chemistry
with production of ROS and damage to membranes, proteins and DNA. Secondly, ferritin itself,
which is the expression of iron storage in the liver, behaves as a real pro-inflammatory cytokine directly
activating the hepatic stellate cells via Nuclear Factor κB (NFκB) cascade and inducing fibrogenesis [54].
Nevertheless, the role of hepatic iron and progression of liver disease is still to be fully elucidated.

In addition, very recent data suggest a possible role of splenic iron accumulation in promoting
liver damage. However, these results need further confirmations [55].

9.1. Pathogenesis of DIOS (Dysmetabolic Iron Overload Syndrome)

Several explanations for the correlation between high ferritin levels and NAFLD have been
proposed, namely IR, erythrophagocytosis by hepatic macrophages and dysregulation of proteins
and pathways involved in iron homeostasis. Among the latter, hepcidin seems to have a key role in
iron accumulation in NAFLD [56,57], as increased levels of this peptide have been detected in these
patients [58,59], as well in the paediatric NAFLD population [60]. Furthermore, an influence of genetic
factors has been considered, in particular the heterozygosis state of β-thalassemia and mutations in
the HFE gene responsible for hereditary hemochromatosis (HH) [38,61,62] (Figure 2).
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Figure 2. Pathogenetic pathways of the association between ferritin and NAFLD. Up arrow in the
boxes: increase; down arrow in the boxes: decrease.

9.2. Hyperferritinemia and Insulin-Resistance

The relationship between hyperferritinemia and IR seems to be mutual. In fact, early in vitro
studies have suggested that insulin might determine a rapid and marked stimulation of iron uptake
by fat cells, by a redistribution of transferrin receptors from an intracellular membrane compartment
to the cell surface [49]. On the other hand, systemic iron overload may prompt the onset of diabetes
mellitus (DM) consequent to an impairment in pancreatic β-cells function due to intra-parenchymal
iron deposition. In fact, because of oxidative stress, β-cells are less sensitive to glucose stimulation and
die by to apoptosis with consequent reduction in insulin production [63].

The effect of iron overload on glucose metabolism has been investigated in animal models. In a
study by Choi et al. [64], mice fed with a standard diet enriched in iron, presented higher levels
of ferritin, hepcidin and inflammatory cytokines, as well as a higher degree of IR and metabolic
dysregulations, mainly driven by an overexpression of genes involved in either gluconeogenesis
or lipogenesis. These features were exasperated in mice fed with high fat diet (HFD) enriched
with iron, suggesting a synergistic effect of fat and iron. The authors have speculated that insulin
stimulates ferritin synthesis via inflammatory pathways and enhances hepcidin expression. On the
other hand, iron interferes with insulin inhibition of glucose production by the liver and decreases
the hepatic extraction and metabolism of insulin, leading to peripheral hyperinsulinemia. These data
were confirmed by Dongiovanni et al. [65], who showed that an iron-enriched diet in mice led to
the development of IR, probably due to the secretion of adipokines by the visceral adipose tissue
consequent to iron accumulation.

Recent data by Vecchi et al. [66] further explored the relationship between glucose and iron
metabolism and showed a new regulatory pathway in iron homeostasis driven by gluconeogenic
stimuli and with the major actors being hepcdin and PPARGC1A, a transcriptional coactivator of genes
involved in gluconeogenesis. Therefore, in conditions like NAFLD, obesity and T2DM, persistently
activated gluceoneogenesis may result in overstimulation of hepcidin and iron accumulation.

The interplay between iron and insulin has been also confirmed by experimental data that showed
how iron depletion could elicit an over expression and higher affinity of insulin receptors, as well as an
increase in the expression of molecules involved in the intracellular signal cascade activated by insulin
receptors and of genes involved in glucose uptake [57].

9.3. Hyperferritinemia and Adipose Tissue

The adipose tissue behaves as an endocrine organ, which under a condition of chronic
inflammation, as in NAFLD, releases adipokines in the bloodstream, thus altering glucose and iron
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homeostasis and may determine a condition of subclinical inflammation itself [47,67]. Many adipokines
play a central role in this scenario, namely adiponectin, leptin and resistin [57]. Adiponectin, which is
an anti-steatotic and anti-inflammatory adipokine, is reduced in dysmetabolic conditions like NAFLD,
IR and T2DM, and seems to predict the severity of liver inflammation and fibrosis. In fact, it has the
capability of inducing the transcription of key genes in iron metabolism, like the hemeoxygenase-1
(HO-1), determining lower iron levels in hepatocytes, thus preventing apoptosis. Conversely, leptin,
an adipokine involved in the control of food intake and energy consumption, seems to upregulate
hepcidin synthesis, thus contributing to DIOS pathogenesis.

Finally, resistin is able to either impair glucose tolerance or reduce glucose uptake from muscular
tissue or induce an inhibitor of insulin signaling namely SOCS3 (Suppressor of cytokine signaling 3),
thus eliciting a condition of IR.

In line with this are the results by Beckry et al. [68] who have shown the ectopic expression of
hepcidin in white adipose tissue of obese individuals and that of leptin, usually increased in obese
subjects, was able to enhance hepcidin mRNA in vitro. In addition, Green et al. [69] have demonstrated
how isolated primary rat adipocytes exposed to iron become insulin-resistant decreasing insulin
mediated glucose transport and fostering lipolisis. On the other hand, a “portal vein theory” has been
proposed and comprises the concept that visceral adipose tissue and/or the gut release into the portal
vein increasing amounts of FFAs and pro-inflammatory factors, which, in turn, reach the liver and
contribute to the onset of hepatic IR and steatosis. However, further studies are needed for a better
comprehension of this casual link [70].

10. Hyperferritinemia and Severity of Liver Damage in NAFLD

Iron and ferritin have been hypothesized to foster the progression of organ damage,
including hepatic and cardiovascular diseases.

In 2001, our group showed that hyperferritinemia with normal transferrin saturation was a
hallmark of a glucose/lipid metabolism disorder and, when associated with multiple metabolic
abnormalities and iron overload, identified patients at risk for NASH. Interestingly, we observed that
patients in whom ferritin remained elevated despite lifestyle modifications (diet, weight loss, physical
activity) differed from those whose ferritin normalized, presenting the former a more severe liver
disease. We hypothesized that the increase of ferritin possibly reflected a synergistic induction of its
synthesis because of increased iron stores, hepatic steatosis and subclinical inflammation. In contrast,
when the increase in serum ferritin was a consequence only of altered lipid metabolism, it was
reversible with diet and unrelated to iron stores [71].

Since then, several other studies analyzed the relationship between ferritin, iron overload
and severity of liver damage in patients with NAFLD. Bugianesi et al. [38] demonstrated that
increased ferritin levels are markers of severe histologic damage, but not of iron overload and that
iron burden and HFE mutations do not contribute significantly to hepatic fibrosis in the majority
of patients with NAFLD. Manousou et al. [72] evaluated in 111 NAFLD patients the relationship
between serum ferritin and features of MS with respect to histological inflammation and/or fibrosis.
Interestingly, ferritin resulted a good predictor of advanced liver disease, with respect to both
NASH and fibrosis. In addition, Kowdley et al. [73] demonstrated that elevated serum ferritin
is an independent predictor of histologic severity and advanced fibrosis among patients with
NAFLD. He found in a cohort of 628 biopsy-proven NAFLD with hyperferritinemia that ferritin,
besides being significantly associated with markers of liver damage (elevated serum ALT, AST and
decreased platelets) and of iron overload (iron, transferrin-iron saturation and iron stain grade),
was associated with more severe histologic features of NAFLD, including steatosis, hepatocellular
ballooning, increased NAFLD Activity Score (NAS) and diagnosis of NASH. In addition, ferritin was
also independently associated with advanced hepatic fibrosis and with higher NAS, the latter even
among patients without hepatic iron deposition. The authors concluded that serum ferritin was useful
to identify NAFLD patients at risk for NASH and advanced fibrosis.
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These data were confirmed in a cohort of 108 Korean biopsy proven NAFLD patients in whom a
positive correlation between ferritin level, metabolic alterations, liver fibrosis and NASH was found.
Nevertheless, the association between ferritin and histology resulted weaker compared to another
serum marker resulting from hepatocytes apoptosis, namely fragmented cytokeratin-18 (CK-18) [74].

Conversely, Angulo et al. [75] retrospectively analyzed in 1404 NAFLD patients the accuracy
of serum ferritin in determining the presence and severity of liver fibrosis, and whether combining
non-invasive fibrosis scoring systems with serum ferritin analysis could increase the accuracy of those
tests. Although serum levels of ferritin correlated with more-severe liver fibrosis; however, either the
performance of ferritin resulted unsatisfactorily for any grade of fibrosis or the accuracy of the
non-invasive scores did not change with inclusion of serum ferritin. On the basis of adjusted multiple
logistic regression analysis, they concluded that serum ferritin levels alone had a low level of diagnostic
accuracy for the presence or severity of liver fibrosis in patients with NAFLD.

Similar results were reported by Yoneda et al. [76], who analyzed 1201 biopsy-proven NAFLD
patients previously enrolled into the Japan Study Group of NAFLD and belonging to a large
Japanese cohort database of NAFLD patients. By comparing serum ferritin levels and hepatic
histology, the authors showed that ferritin increased with increasing histological grade of steatosis,
lobular inflammation and ballooning and that at multivariate analyses it was independently associated
with steatosis grade and fibrotic stage. However, ferritin showed a suboptimal performance as
predictive test of any degree of liver fibrosis, possibly because several other factors including sex and
metabolic features could have interfered. The conclusion of the study was that serum ferritin had a
low diagnostic accuracy for detecting fibrosis in NAFLD patients when considered alone.

Nevertheless, ferritin has also been included in serum panels in order to detect liver damage
non-invasively. One of these is the NAFIC score, which relies on ferritin, insulin and type IV collagen
serum levels and which has been tested in a cohort of 147 biopsy-proven NAFLD and validated in
another cohort of 355 patients from nine hepatologic centers in Japan. A cut-off of two has been
identified to diagnose the presence of NASH in NAFLD patients, with a sensitivity and a specificity of
63% and 83%, respectively. Later, a new modified NAFIC score was created including higher insulin
values that presented a better diagnostic performance (sensitivity 74%, specificity 75% and Area under
Receiving Operating Characteristic—AUROC 0.801) [77].

Another score which includes ferritin as a variable is the FibroMeter NAFLD score. It consists of
a panel of serum markers and has been shown to have a high diagnostic accuracy for staging liver
fibrosis. In particular, in a study of 235 NAFLD patients, it showed an AUROC of 0.94 for significant
fibrosis (ěF2), 0.93 for severe fibrosis (F3), and 0.9 for cirrhosis [5,78].

In conclusion, increasing data aimed at pointing ferritin as possible predictive factor of liver
damage are accumulating. Despite conflicting and still not conclusive results, it could be speculated
that ferritin might be used as a surrogate marker, especially if combined with other metabolic and
biochemical variables, to identify a more severe liver disease, even if with an intermediate sensitivity
and specificity.

11. Does Hyperferritinemia Reflect Iron Overload?

In an attempt to clarify whether the increase in ferritin observed in patients with NAFLD reflects
iron overload, studies were performed to define a possible association between ferritin and both liver
siderosis and mutations in genes involved in iron metabolism. Interestingly, HFE mutations responsible
for hereditary hemochromatosis resulted non significantly associated either to liver siderosis or
hyperferritinemia and also liver damage did not result as being influenced by the presence of these
mutations [62]. Vice versa, liver damage defined either by more severe fibrosis or presence of NASH,
resulted as significantly associated with the presence of liver siderosis and β thalassemia traits [79].
However, the large majority of studies concluded that the increased ferritin values observed in patients
with NAFLD reflect increased iron stores and acquired and genetic factors predisposing individuals to
lipid and iron metabolism alterations in the presence of subclinical inflammation.
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12. Iron Depletion in Patients with Hyperferritinemia, Metabolic Alterations and NAFLD

Iron is known for causing oxidative stress through the Fenton and Haber–Weiss chemistry with
production of ROS and damage to membranes, proteins and DNA, thus being capable of inducing
liver damage and fibrosis. Ferritin is the primary iron-storage protein and serum ferritin concentration
has historically been used to predict severe fibrosis in chronic liver diseases.

Several studies showed that iron depletion therapy was followed by a reduction in plasma glucose
and by an improvement of insulin sensitivity. Facchini et al. in 2002 [80] demonstrated in a small
series of NAFLD patients, with and without increased ferritin levels, that iron removal in carbohydrate
intolerant patients with clinical evidence of nonalcoholic fatty liver disease was able to improve insulin
sensitivity in the short term (without changes in body weight). Fernandez-Real showed in a randomized
trial that blood letting in high-ferritin T2DM improved insulin sensitivity and secretion [81]. In addition,
Valenti et al. [82] demonstrated that iron depletion by venesection, in patients with moderate iron
overload associated with NAFLD, determined a decrease of both IR and transaminases, as well as of
ferritin levels.

Despite these encouraging data, confirmed also in following studies, the role of iron depletion
in the improvement in liver histology and the natural history of liver disease is still under definition
because of the lack of studies including a large number of patients.

13. Conclusions

NAFLD is recognized as the leading cause of chronic liver disease worldwide, and, in a percentage
of cases, it is potentially progressive towards advanced fibrosis and severe complications. As a
consequence, the need for predictive factors of NAFLD and especially of its progressive forms
is mandatory. In recent years, SUA and ferritin have emerged as possible predictors of hepatic
steatosis and liver damage. Interestingly, some studies have reported high SUA levels in patients with
hyperferritinemia and vice versa, thus suggesting a mutual relationship and a synergistic action [83–85].

In fact, as extensively depicted in this review, SUA and ferritin share common pathogenic
mechanisms, in particular oxidative stress and IR, and are associated with metabolic features, among
the latter obesity and T2DM are the most important. Therefore, it could be speculated that both
SUA and ferritin are the main actors in the multifaceted and complicated scenario of NAFLD and its
dysmetabolic features.

However, given that the majority of studies are based on observational data, well-designed
prospective studies including a large series of patients of different ethnicities are warranted before a
definite role of SUA and ferritin in the pathogenesis of NAFLD can be established. In addition, it could
be of interest to evaluate whether treating hyperuricemia and hyperferritinemia may lead to NAFLD
improvement, and, in turn, whether regression of NAFLD is accompanied by a normalization of SUA
and ferritin levels.
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Abstract: Lysosomal Acid Lipase (LAL) is a key enzyme involved in lipid metabolism, responsible for
hydrolysing the cholesteryl esters and triglycerides. Wolman Disease represents the early onset
phenotype of LAL deficiency rapidly leading to death. Cholesterol Ester Storage Disease is a late
onset phenotype that occurs with fatty liver, elevated aminotransferase levels, hepatomegaly and
dyslipidaemia, the latter characterized by elevated LDL-C and low HDL-C. The natural history and
the clinical manifestations of the LAL deficiency in adults are not well defined, and the diagnosis is
often incidental. LAL deficiency has been suggested as an under-recognized cause of dyslipidaemia
and fatty liver. Therefore, LAL activity may be reduced also in non-obese patients presenting
non-alcoholic fatty liver disease (NAFLD), unexplained persistently elevated liver transaminases or
with elevation in LDL cholesterol. In these patients, it could be indicated to test LAL activity. So far,
very few studies have been performed to assess LAL activity in representative samples of normal
subjects or patients with NAFLD. Moreover, no large study has been carried out in adult subjects
with NAFLD or cryptogenic cirrhosis.

Keywords: lysosomial acid lipase; non-alcoholic fatty liver disease; Wolman Disease; cholesterol ester
storage disease; hypercholesterolemia

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a spectrum of disorders characterized by excessive
hepatic fat accumulation that occurs in individuals in the absence of significant alcohol consumption
or chronic viral infection. NAFLD is the most common hepatic disease involving a growing number of
people worldwide. In the general population, the prevalence of NAFLD is about 20%–30%, and reaches
70%–90% in obese or diabetic patients [1]. The early stage of NAFLD is represented by simple steatosis,
where the main histologic finding is the presence of fatty liver; in some cases simple steatosis my
evolve in non-alcoholic steatohepatitis (NASH), where steatosis is associated with hepatocellular injury
and inflammation with or without fibrosis.
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Traditionally, NAFLD has been interpreted as a benign condition; however, more recent
evidence suggests that NAFLD may progress to advanced liver disease such as cirrhosis,
hepatocellular carcinoma, and end stage hepatic failure [2].

NAFLD is the result of many different pathogenic mechanisms which cause lipid accumulation
into hepatocytes [3], increased oxidative stress, pro-inflammatory changes [4], and eventually fibrosis
in a subset of individuals.

The mechanisms underlying the evolution of simple steatosis to NASH and/or liver cirrhosis are
not yet clarified, and the progression of NAFLD is not predictable.

Nowadays, NAFLD is a major cause of cryptogenic cirrhosis, whose prevalence has increased
over the last years especially in patients with a history of obesity and type 2 diabetes. NAFLD is
the third most common indication for liver transplantation in the United States and is projected to
eventually overtake the hepatitis C virus and alcoholic liver disease and to become the main cause of
liver transplants [5].

2. Non-Alcoholic Fatty Liver Disease and Cardiovascular Disease

Prospective studies suggested that, in patients with NAFLD, cardiovascular disease (CVD) is the
first cause of death [6]. Thus, atherosclerosis is the primary cause of morbidity for these subjects, and
many of them will be suffering from CVD before the development of liver-related complications [7].

The association between NAFLD and CV risk has been largely investigated [8], but a definite
explanation has not been provided. Among the proposed mechanisms, it has been suggested that
NAFLD, especially in its more advanced forms, might act itself as a stimulus for the release of
pro-atherogenic factors contributing actively to the onset of CVD [9].

The association of steatosis with different pro-atherogenic conditions is another plausible reason
accounting for an increased CV risk [10]. Thus, patients with NAFLD disclosed systemic signs of
atherosclerosis, such as increased carotid intima-media thickness and endothelial dysfunction [11].

Common metabolic disorders, such as dyslipidaemia, type 2 diabetes [12] and central obesity,
have been associated with both simple liver steatosis and progressive NASH.

Besides, it has been also suggested that fatty liver can be considered an hepatic consequence of the
insulin resistance related to the metabolic syndrome (MetS) [13,14], which is a highly pro-atherogenic
condition that involves approximately 20% of the non-diabetic population in the western countries
meeting the ATPIII diagnostic criteria [15].

Insulin resistance is a paramount pathophysiological moment in the MetS, and according to
the “two hit” hypothesis, is also considered to play a central role in the first stage of fatty liver
infiltration [16]. However, whether MetS with insulin resistance promotes fatty liver or whether
NAFLD itself induces chronic hyperinsulinemia by impaired insulin degradation, is still under debate.
The current opinion is that there is a strong bidirectional association between NAFLD and MetS [9].

However, not all NAFLD cases could be explained by insulin resistance; in fact, not all subjects
with MetS will develop NAFLD and not all subjects with NAFLD have MetS or will develop it.

PNPLA3 and Non-Metabolic NAFLD

Patatin-like phospholipase domain-containing protein 3 (PNPLA3) is a gene encoding a lipase
enzyme expressed in adipocytes. The mutation of PNPLA3, such as the PNPLA3 MM genotype,
showed to be strongly associated with the presence of NAFLD and NASH [17]. Patients with PNPLA3
MM genotype do not show classical metabolic features commonly described in NAFLD patients with
wild type genotype. In fact, normal peripheral and hepatic insulin sensitivity has been described in
NAFLD patients with PNLPA3 mutation [18,19].

In addition, NAFLD patients with PNPLA3 mutation showed a lower CV risk compared to
“metabolic” NAFLD patients, questioning as to whether NAFLD represents an independent CV
risk factor.
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3. Clinical Presentations of Genetic LAL Deficiency

Lysosomal Acid Lipase (LAL) deficiency is a rare autosomal recessive genetic disease characterized
by the accumulation of cholesteryl esters (CE) and triglycerides in many tissues, caused by mutations
of the gene encoding LAL, namely LIPA gene [20]. The most common LIPA gene mutation is the E8SJM
variant, and its frequency is 0.0025 in the general population; this translates into a carrier frequency of
about one in 200 in Western countries [21].

LAL deficiency is a heterogeneous disease and two main different phenotypes may be present;
the Wolman Disease represents the early onset of LAL deficiency and manifests itself during the
first six months of life, and it is rapidly fatal for the patient. Babies with LAL deficiency show
growth retardation associated with malabsorption, hepatosplenomegaly, severe liver dysfunction,
rapidly progressive anaemia and multi-organ failure. Adrenal calcification is the pathognomonic sign
of Wolman Disease. The survival beyond one year of age is very rare.

Cholesterol Ester Storage Disease (CESD) is a late onset phenotype that occurs with fatty
liver, elevated aminotransferase levels, hepatomegaly and dyslipidaemia characterized by elevated
low-density lipoprotein cholesterol (LDL-C) and low high-density lipoprotein cholesterol (HDL-C)
with or without triglyceride elevation. CESD may manifest in infancy, childhood or adulthood, and it
remains often unrecognized since symptoms can overlap with other conditions. Patients have a more
variable age of clinical presentation, ranging from five years to 44 years or over, and milder clinical
courses [22].

The natural history and the clinical manifestations of the disease in children and adults are less
well defined and the diagnosis is often incidental. Lipid abnormalities are common, and patients may
present early signs of systemic atherosclerosis. Moreover, hepatomegaly and microvescicular steatosis
with liver cell damage and splenomegaly are common features of the disease [23].

Clinical phenotype and the severity of LAL deficiency depend on the magnitude of the
residual enzymatic activity. Therefore, finding steatosis and NASH in non-obese patients with lipid
abnormalities may help in differentiating LAL deficiency from other metabolic causes of NAFLD such
as MetS, type 2 diabetes, hypertriglyceridemia and central obesity [24].

4. Liver Histology in LAL Deficiency

The relationship between LAL deficiency and histological liver alterations was investigated only
in subjects with CESD or Wolman Disease.

Based on available data, all patients with LIPA gene disorders have liver steatosis. Often, the
differential diagnosis with other causes of fatty liver can be difficult and a definitive diagnosis can be
done only by histological analysis of liver biopsy specimens.

In paraffin fixed specimen, the main feature is represented by a pervasive and homogeneous
microvescicolar steatosis, although this aspect is not specific for CESD [23]. Conversely, in unfixed
frozen samples, the finding of cholesterol ester crystals, using polarized light, is a distinctive feature of
CESD [25].

Recently, Hůlková H. et al. [25] provided a new immunohistochemistry method to better
identify CESD, in both paraffin-fixed and frozen biopsy specimen. The presence of luminal cathepsin
D and membrane lysosomal markers namely lysosomal-associated membrane protein 1 and 2,
and lysosomal integral membrane protein 2 around the lipid vacuoles, confirms the intra-lysosomal
lipid accumulation. Moreover, the presence of macrophage with intracellular ceroid accumulation
is another common histological finding in patients with CESD. The presence of this specific feature,
namely ceroid induction, localized in lysosomes from macrophage, but not in those from hepatocytes,
supports the diagnosis of CESD.
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5. The Role of LAL in Lipid Metabolism

LAL is a key enzyme involved in intracellular lipid metabolism and trafficking; it is responsible
for the intra-lysosomal hydrolysis of LDL CE and triglycerides into free cholesterol and free fatty
acids [26]. Therefore, the reduction of LAL activity determines intra-lysosomal lipid accumulation
and a consecutive reduction of free cholesterol in cytosol [27]. This can promote an increase of the
activity of the sterol regulatory element-binding proteins (SREBPs), leading to increased lipogenesis,
cholesterol biosynthesis and VLDL production. At the same time, there is also a reduction of the
expression of liver X receptors (LXRs) leading to reduced efflux of cholesterol and HDL production.
Therefore, abnormalities in serum lipids are induced.

The main evidence of lipid serum alterations, in LAL activity deficiency, derives from studies
performed in patients with homozygous genetic disorders for LIPA gene.

The most common lipoprotein alterations in patients with homozygous LAL deficiency are type
IIa (high LDL-C with normal triglycerides) and type IIb dyslipidaemias (high LDL-C and triglycerides),
combined with low HDL-C. In these patients, dyslipidaemia has been associated with accelerated
atherosclerosis. Therefore, in the presence of a type IIa dyslipidaemia, the differential diagnosis with
heterozygous familial hypercholesterolemia (HeFH) is very important but not always easy to perform.
The presence of family history for premature CVD and/or for hypercholesterolemia may contribute
to make FH diagnosis. By contrast, in the absence of diagnostic criteria for HeFH, diagnosis of LAL
deficiency should be suspected.

Further studies were carried out in heterozygous patients for LIPA gene mutation. A recent review
on patients with different LIPA mutations [23], reported an increase of total and LDL-C, and most
patients had a severe LDL-C elevation (>200 mg/dL). In 65 patients, HDL cholesterol was determined,
and, in 57 of those, it was found to be reduced. Premature atherosclerosis was also documented
in some patients. Based on the above study, it appears that the occurrence of lipid alterations and
of accelerated atherosclerosis is similar in patients with LAL deficiency due to homozygous and
heterozygous mutation of LIPA gene. LAL deficiency should more often be considered in dyslipidemic
patients with combined hyperlipidemia and low HDL-C.

Only one study explored lipid data in patients with non-genetic LAL activity reduction.
Authors reported a moderate elevation of total and LDL-C in NAFLD patients with lower LAL
activity. No differences were reported in HDL-C and triglycerides.

All the above data suggest a negative correlation between LAL activity and total and
LDL-C elevation.

6. The Role of LAL in Atherosclerosis

It has been recently hypothesized that changes in LAL activity could contribute to the
atherosclerotic process. The formation and accumulation of foam cells within wall arteries is a key
pathophysiological moment in the formation of atherosclerotic plaque [28].

Foam cells derived from oxidation of lipid products, mostly in the form of CE, that cannot be
metabolized upon LDL receptor pathway and are recognized and removed by scavenger receptors
expressed on macrophages and smooth muscular cells, leading to accumulation of cholesterol in
these cells [27]. Thus, CE are physiologically hydrolysed in the lysosomes by LAL to generate free
cholesterol, which, after being re-esterified in the endoplasmic reticulum, can form cytosolic lipid
droplets. The accumulation of free cholesterol in lysosomes during the atherosclerotic process could
inhibit LAL activity, causing accumulation of CE in cells. LAL is also present within the extracellular
space of atherosclerotic intima [29].

Physiopathology findings have been confirmed by interventional studies on mice with
recombinant human LAL, in which a reversal of atherosclerotic lesions have been observed [27].
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7. Who Should Be Tested for LAL Activity?

LAL activity reduction should always be suspected in non-obese patients presenting with NAFLD
and/or cryptogenic cirrhosis, unexplained persistently elevated liver transaminases or with elevation
in LDL-C and decreased HDL-C (Table 1). An accurate anamnesis is necessary to exclude potential
causes contributing to fatty liver, such as viral causes, alcohol abuse or the presence of familial
hypercholesterolemia [24].

In these patients, it could be indicated to test LAL activity, using the dried blood spot (DBS) test.
The DBS is a simple test used to determine LAL activity by comparing total lipase activity to lipase
activity in the presence of a highly specific inhibitor (Lalistat 2) of LAL. It allows the differentiation
of healthy subjects from affected individuals. All patients with LAL reduction (ď0.40 nmol/spot/h)
detected by DBS should perform genetic tests to detect LAL gene mutations [30].

Table 1. Clinical suspicion of lysosomal acid lipase (LAL) reduction.

Who Should Be Tested for LAL Activity?

Patients with unexplained:
‚Liver Dysfunction (ě1 of the following)

Persistent elevation of ALT
Presence of hepatomegaly

Hepatic steatosis
AND/OR

‚Dislipidemia (ě1 of the following)
High LDL-C (ě160 mg/dL–4.1 mmol/L)

Low HDL-C (ď40 mg/dL–1.0 mmol/L in males; ď50 mg/dL–1.3 mmol/L in females)

8. Current Research Status on LAL Activity and NAFLD

Very few studies have been performed so far to assess LAL activity in representative samples of
normal adult subjects or patients with NAFLD. Moreover, no large study has been carried out in adult
subjects with NAFLD, and prevalence of LIPA gene mutation in this setting is unknown. Only one
study investigated the clinical phenotype of patients with heterozygous mutations for LIPA genes.
However, this study was focused only on lipid panel results and did not show data about hepatic
condition or about other biochemical values [21].

In vitro, it has been demonstrated that several factors may modulate LAL activity [31].
In particular, enhanced LAL activity was associated with eicosanoids, gonadotropins and glucagon,
and reduced activity was correlated with Lp(a), LDL remnants and oxidized LDL concentrations.

We recently reported, for the first time, reduced blood LAL activity in adult patients with
NAFLD [32]. LAL activity was significantly reduced in 240 patients with NAFLD, as compared to
100 adult subjects [0.78 (0.61–1.01) vs. 1.15 (0.94–1.72) nmol/spot/h, p < 0.001]. NAFLD patients with
LAL activity below median had higher values of serum total cholesterol (p < 0.05) and LDL-C (p < 0.05),
and increased serum liver enzymes (ALT, p < 0.001; AST, p < 0.01; GGT, p < 0.01). We also observed a
progressive decrease of LAL activity from patients with simple steatosis [0.84 (0.62–1.08) nmol/spot/h,
p < 0.001 vs. HS] to those with biopsy-proven NASH [0.67 (0.51–0.77) nmol/spot/h, p < 0.001 vs. HS;
p < 0.001, among groups].

However, at present, there are no data on certain epigenetic modulation of LAL activity in vivo
models. Thus, studies are needed to better clarify mechanisms of epigenetic modulation of LAL activity
and their potential role as therapeutic targets. For example, we do not know if an intervention on
modifiable cardio-metabolic risk factors typically associated with NAFLD, such as metabolic syndrome,
overweight, increased oxidative stress, may have a role in modulating LAL activity.

In addition, it is not known if the improvement in LAL activity may translate into a reduction of
fatty liver content in adult NAFLD patients.
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9. Future Directions

Altogether these data indicated that modifications in LAL activity are associated with
dyslipidaemia and liver dysfunction [21]. In fact, both serum lipoprotein alterations and NAFLD are
common and share many possible pathophysiological mechanisms. Moreover, it is not surprising that
LAL activity reduction could be also an unrecognized contributing factor in the development and
progression of NAFLD to cryptogenic cirrhosis.

Therefore, the identification of clinical and metabolic risk factors, especially those modifiable,
which are able to modulate LAL activity, may have important clinical implications for the management
of patients with NAFLD. Moreover, future research should also address epigenetic modulation of
LAL activity and also take into consideration the effect of drug treatments. This would be particularly
important to better understand the contribution of LAL in the complex scenario of NAFLD.

Recently, Burton BK et al. reported an impressive reduction of hepatic fat content as assessed by
means of magnetic resonance imaging in patients with severe LAL deficiency treated for 20 weeks with
enzyme replacement therapy with Sebelipase alfa [33]. These findings were paralleled by improvement
in serum liver enzymes and lipid levels. The study was carried out in subjects with confirmed enzyme
activity-based diagnosis performed by dried blood spots using the inhibitor Lalistat 2. Almost 50% of
patients had bridging fibrosis at liver biopsy and 31% had cirrhosis.

These findings, together with those showing low LAL activity in patients with NAFLD and
NASH [32], suggest a strong association between impaired LAL activity and fatty liver pathogenesis
and progression. Thus, LAL activity seems to be linked to NAFLD through several mechanisms
including lipid metabolism alterations, intra-hepatic fat accumulation and pro-atherosclerotic functions
(Figure 1).

Figure 1. Putative mechanisms linking impaired LAL activity and NAFLD/NASH.

Finally, we speculate that LAL activity reduction may become a possible new target for the
treatment of NAFLD. In fact, enzyme-replacement therapy may soon be available. This treatment will
be indicated for patients with more severe, genetic LAL deficiency, where treatment will be lifesaving.
However, in a recent clinical trial lead on CESD patients, treatment with sebelipase was associated with
a significant reduction in fatty liver content in almost all treated patients [33]. Based on this evidence,
we may speculate that, in the future, enzyme-replacement therapy could be also indicated for less
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severe LAL deficiency, especially in patients with more advanced forms of NAFLD, such as those with
NASH or cryptogenic cirrhosis. Therefore, we believe that it is important to test NAFLD patients for
LAL activity to identify a subgroup of patients at higher risk for liver disease progression.
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Abstract: Fatty liver has become the most common liver disorder and is recognized as a major
health burden in the Western world. The causes for disease progression are not fully elucidated but
lysosomal impairment is suggested. Here we evaluate a possible role for lysosomal acid lipase (LAL)
activity in liver disease. To study LAL levels in patients with microvesicular, idiopathic cirrhosis and
nonalcoholic fatty liver disease (NAFLD). Medical records of patients with microvesicular steatosis,
cryptogenic cirrhosis and NAFLD, diagnosed on the basis of liver biopsies, were included in the study.
Measured serum LAL activity was correlated to clinical, laboratory, imaging and pathological data.
No patient exhibited LAL activity compatible with genetic LAL deficiency. However, serum LAL
activity inversely predicted liver disease severity. A LAL level of 0.5 was the most sensitive for
detecting both histologic and noninvasive markers for disease severity, including lower white blood
cell count and calcium, and elevated γ-glutamyltransferase, creatinine, glucose, glycated hemoglobin,
uric acid and coagulation function. Serum LAL activity <0.5 indicates severe liver injury in patients
with fatty liver and cirrhosis. Further studies should define the direct role of LAL in liver disease
severity and consider the possibility of replacement therapy.

Keywords: lysosomal acid lipase; cholesteryl ester storage disease; non-alcoholic liver disease;
non-alcoholic steatohepatitis; cirrhosis

1. Introduction

Fatty liver has become the most common liver disorder [1] and is recognized as a major health
burden in the Western world. The spectrum of histological abnormalities includes simple steatosis
(steatosis without other liver injuries) and nonalcoholic steatohepatitis in its more extreme forms [2].
Over 30% of adults in developed countries suffer from hepatic fat accumulation [3]. Among these
patients, 60% are diabetic, obese or morbidly obese [3–5].

The earliest stage of nonalcoholic fatty liver disease (NAFLD) consists of hepatic steatosis or lipid
deposition in the cytoplasm of hepatocytes [6,7]. Hepatic steatosis may progress to the more aggressive
necro-inflammatory form of NAFLD, nonalcoholic steatohepatitis (NASH) [2]. NASH patients,
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as compared to those with steatosis, have a much greater risk for developing liver cirrhosis, a significant
risk factor for development of hepatocellular carcinoma [7–9]. It is still unclear what leads to the
progression from simple steatosis to advanced liver disease. In some cases hepatic steatosis is merely
a marker for other diseases, such as microvesicular steatosis in metabolic diseases [10] and in viral
hepatitis [11].

An emerging cause for fatty liver and hepatic dysfunction is lysosomal acid lipase deficiency
(LAL-d). Pronounced LAL-d is a rare autosomal recessive storage disorder, leading to lysosomal
accumulation of lipids, predominately cholesteryl esters and triglycerides in various tissues and
cell types. In LAL-deficient hepatocytes increased levels of cholesterol lead to substantial increases
in very low-density lipoprotein (VLDL)-cholesterol production and secretion, the normal way
of exporting cholesterol from the liver. This in turn leads to enhanced low-density lipoprotein
(LDL)-cholesterol secretion and thus may be an important enhancer of hypercholesterolemia in
LAL-d [12]. LAL-d is classified as either Wolman disease (WD) or cholesteryl ester storage disease
(CESD), both characterized by very low LAL activity [13–15]. CESD usually has a later onset
than WD, and primarily affects the liver, with a wide spectrum of involvement ranging from
early onset disease with severe cirrhosis to later onset of slowly progressive hepatic disease with
survival into adulthood. Subsequently, complications of fatty liver disease with mixed hyperlipidemia
lead to accelerated atherosclerosis, which dominates the clinical picture. Moreover, CESD patients
exhibit many abnormalities that overlap with those in more common liver disorders such as
nonalcoholic fatty liver disease (NAFLD), making the diagnosis of CESD much more challenging.
Therefore, the importance of LAL-d in dyslipidemia and liver dysfunction was recently suggested
for the NAFLD spectrum [9]. Furthermore, low LAL activity has been reported only in patients with
NAFLD, underscoring the potential role of LAL in NAFLD [16].

The aim of the current study was to further evaluate LAL activity in patients with liver diseases
that may be attributed to LAL-d: fatty liver with microvesicular steatosis, cryptogenic cirrhosis
and NAFLD.

2. Results

2.1. Basic Characterization of the Study Population

Seventy-four patients diagnosed with cirrhosis according to the International Classification of
Diseases 9 (ICD9) classification, and having an available liver biopsy were identified. Sixty-three were
excluded due to clear etiology for their liver disease, thus not meeting the diagnostic criteria for
cryptogenic cirrhosis. Two of the remaining patients underwent liver transplantation and five others
declined to participate in the study. From the 15 patients with histology of microvesicular steatosis,
two were excluded due to other overt etiology and four patients refused to participate in the trial.
Nine NAFLD-patients with macrovesicular steatosis were also included. Altogether, the 22 patients
in the study were analyzed as one group and as two groups, designated as higher-risk for LAL-d
(13 patients, nine with microvesicular steatosis and four with cryptogenic cirrhosis) and lower-risk for
LAL-d (nine patients with metabolic syndrome and NAFLD).

The mean age of all 22 patients participating in the study was 32.4 ˘ 23.3 (range 3.0–71.8) years,
with similar distribution of males and females (Table 1). The ethnic origin of most participants was
Arab and the rest were defined as Ashkenazi or Sephardi Jews. The age of the high-risk group was
significantly lower (p = 0.001), while the rate of consanguinity and family history of fatty liver or
cirrhosis were higher in this group (p > 0.05). As expected, systemic blood pressure, body mass
index (BMI), and waist circumference were significantly higher in the low-risk group (p = 0.023–0.028,
p = 0.006 and p = 0.006, respectively).
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Table 1. Baseline characteristics of participants.

Parmeters Discriptors High Risk n = 13 Low Risk n = 9 Total n = 22 p

Age, years
Mean ˘ SD 17.2 ˘ 12.3 54.3 ˘ 17.1 32.4 ˘ 23.3 0.0001

Median 14.2 59.2 24.9 -
Range 3.0–39.9 21.7–71.8 3.0–71.8 -

Gender, Male, % - 61.5 44.4 54.5 0.666

Origin, %
Ashkenazi Jew 15.4 22.2 18.2 1.000
Sephardi Jew 7.7 11.1 9.1 -

Arab 76.9 66.7 72.7 -

Consanguinity, % - 58.3 22.2 42.9 0.184

Familial Fatty liver, % - 58.3 12.5 40 0.070

Familial Cirrhosis, % - 33.3 0 21.1 0.245

Smoking, % - 15.4 33.3 22.7 0.609

SBP, mmHg Mean ˘ SD 116.9 ˘ 10.3 128.2 ˘ 10.3 121.8 ˘ 11.6 0.028
Median 117.0 131.0 125.0 -

DBP, mmHg Mean ˘ SD 66.1 ˘ 14.8 77.9 ˘ 6.1 71.1 ˘ 13.1 0.023
Median 69.5 79.0 74.0 -

BMI, kg/m2 Mean ˘ SD 22.1 ˘ 6.8 33.4 ˘ 8.5 28.0 ˘ 89.5 0.006
Median 19.95 30.1 26.2 -

Waist C., m
Mean ˘ SD 0.79 ˘ 0.11 1.07 ˘ 0.16 0.98 ˘ 0.2 0.006

Median 0.80 1.01 0.95 -

SBP = Systolic blood pressure; DBP = Diastolic blood pressure; BMI = Body mass index; Waist C. = Waist
circumference; SD = Standard deviation; m = meters; n = number of patients. p Value calculated by: Fisher’s
Exact Test, Exact Significance (2-sided); Mann-Whitney Test, Exact Significance (2*(1-tailed Sig.)).

Differences between groups were found for several laboratory tests. Alkaline phosphatase serum
levels were significantly higher in the high-risk group (198.5 ˘ 76 vs. 94 ˘ 33. p < 0.001); this may
be attributed to the younger age of the patients in this group. In contrast, the low-risk group had
significantly higher levels of urea (8.3 ˘ 2 vs. 11.9 ˘ 2.9 p < 0.006), uric acid (234.8 ˘ 50 vs. 347 ˘ 66,
p < 0.006) and hematocrit (36.3 ˘ 5 vs. 41 ˘ 4, p < 0.03). A significant difference was also noted in
white blood cell count (WBC), glycated hemoglobin (HbA1c) and thyroid-stimulating hormone (TSH).
Abdominal imaging and liver histologic assessments showed higher fibrosis scorings in the high-risk
group (p = 0.01). However, imaging signs of portal hypertension and NAS biopsy scores were similar
(Table 2).

Table 2. Imaging and histologic characterization of participants.

Total (n = 22)
High Risk Study

Group (n = 13)
Low Risk Control

Group (n = 9)
Total

(n = 22)
p Value

Fatty liver, Imaging test, n 4 (31%) 9 (100%) 13 (59%) 0.002
Hepatomegaly, Imaging test, n 6 (46%) 2 (22%) 8 (36%) 0.380
Splenomegaly, Imaging test, n 6 (46%) 3 (33%) 9 (41%) 0.674

Hepatic Fibrosis, Imaging test, n 3 (23%) 1 (11%) 4 (18%) 0.616
Portal Hypertension, Imaging test, n 3 (23%) 1 (11%) 4 (18%) 0.616

Macrovesicular steatosis, Liver pathology, n 7 (54%) 2 (22%) 9 (41%) 0.620
Microvesicular steatosis, Liver pathology, n 7 (54%) 0 7 (32%) 0.044

Liver fibrosis score, mean ˘ SD 2.4 ˘ 1.1 1 ˘ 1.3 1.9 ˘ 1.3 0.01
NAS scoring, Liver pathology 2.8 ˘ 2 2.2 ˘ 2.2 2.6 ˘ 2 1.000

Imaging test = Ultrasound (US), Computed tomography (CT) or Magnetic resonance imaging (MRI); p value
calculated by Fisher’s Exact Test, Exact Significance (2-sided).

2.2. Lysosomal Acid Lipase (LAL) Activity

Mean LAL activity was 0.74 (median 0.8, ˘0.28) nmol/punch/h, and was similar in both
risk groups. Subsequently, the entire cohort was analyzed according to two LAL cutoffs: 0.5 and
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0.6 nmol/punch/h. Characterization of the cohort according to the cutoffs revealed similar composition
with respect to age, gender, origin, weight, MBI, waist circumference, smoking rate, consanguinity,
family history (of fatty liver or cirrhosis) and blood pressure (Table 3).

Table 3. Baseline characteristics of participants according to LAL cutoffs.

Parmeters Discriptors
LAL 0.5 Cutoff LAL 0.6 Cutoff

<0.5 ě0.5 p <0.6 ě0.6 p
(n = 6) (n = 16) (n = 7) (n = 15)

Age, years Mean ˘ SD 46.3 ˘ 18.4 27.2 ˘ 23.3
0.08

40.7 ˘ 22.4 28.5 ˘ 23.5
0.26Median 52.5 18.6 47.4 21.7

Males, n 2 10 0.34 3 9 0.65
Jew, n Ashkenazi 2 2

0.57
2 2

0.60Jew, n Sephardi 0 2 0 2
Arab, n Palestinian 4 12 5 11

Consanguinity , n 2 7 1.00 3 6 1.00
Familial Fatty liver, n 2 6 1.00 2 6 1.00
Familial Cirrhosis, n 0 4 1.00 0 4 0.53

Smoking, n 1 4 1.00 1 4 1.00

SBP, mmHg Mean ˘ SD 122.17 ˘ 9.95 121.60 ˘ 12.52
0.97

121.14 ˘ 9.48 122.07 ˘ 12.85
0.69Median 122.50 126.00 120.00 126.00

DBP, mmHg Mean ˘ SD 79.17 ˘ 8.59 67.93 ˘ 13.39
0.09

75.86 ˘ 11.75 68.79 ˘ 13.47
0.29Median 77.50 70.00 74.00 71.50

BMI, kg/m2 Mean ˘ SD 33.89 ˘ 12.77 25.66 ˘ 7.07
0.19

33.89 ˘ 12.77 25.66 ˘ 7.07
0.19Median 36.33 24.96 36.33 24.96

Waist C., m
Mean ˘ SD 1.16 ˘ 0.21 0.90 ˘ 0.13

0.08
1.16 ˘ 0.21 0.90 ˘ 0.13

0.08Median 1.19 0.94 1.19 0.94

SBP = Systolic blood pressure; DBP = Diastolic blood pressure; BMI = Body mass index; SD = Standard deviation;
m = meters; n = number of patients; Waist C. = Waist Circumference. p Value calculated by: Fisher’s Exact Test,
Exact Significance (2-sided); Mann-Whitney Test, Exact Significance (2*(1-tailed Sig.)).

Table 4 shows selected parameters that differed significantly when analyzed according to LAL
cutoffs. Significant differences were found for WBC, platelets (PLT), International Normalized Ratio
(INR), γ-glutamyltransferase (γGT), total protein, albumin, calcium, uric acid, creatinine, glucose
and HbA1c. Other parameters that were analyzed but were not significantly different included
hematological (hemoglobin, hematocrit (HCT)), biochemical (sodium, alanine aminotransferase
(ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), total bilirubin, direct bilirubin,
phosphorous, urea, triglycerides, low-density lipoproteins (LDL), high-density lipoproteins (HDL)
and total cholesterol), metabolic and inflammatory markers (TSH, vitamin D 25, ammonia, ferritin,
C-reactive protein (CRP)), as well as α-fetoprotein (αFP). A threshold of LAL <0.5 was found to
characterize six patients. All had marked macrosteatosis and hepatomegaly. LAL <0.5 identified
eight severity markers of liver disease, including low calcium levels, a low WBC, high creatinine
levels, high uric acid, high glucose and HbA1c, and high γGT and prolonged INR. The seven
patients with a LAL threshold <0.6 were the six mentioned above (for the LAL <0.5 threshold) and a
child from the high-risk group with severe microvesicular steatosis and liver fibrosis complicated by
portal hypertension. LAL <0.6 identified seven additional markers, including lower serum calcium,
total protein and platelets, and increased glucose, HbA1c, uric acid and INR.
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Abdominal imaging and liver histologi c characterization were also analyzed according to the
LAL cutoffs (Table 5). There were no significant differences between LAL-groups. However, in the
ě0.5 group the NAS score was significantly higher and the fibrosis score was marginally higher
compared to the <0.5 group (p = 0.06) (Table 5). In conclusion, the LAL 0.5 threshold was the most
sensitive for detecting both histologic and noninvasive markers for disease severity.

Table 5. Imaging and histologic characterization of participants according to LAL cutoffs.

LAL Cutoff
LAL 0.5 LAL 0.6

<0.5 (n = 6) ě0.5 (n = 16) p <0.6 (n = 7) ě0.6 (n = 15) p

Fatty liver, Image, n 4 9 1.0 4 9 1.0
Hepatomegaly, Image, n 2 6 1.0 3 5 1.0
Splenomegaly, Image, n 4 5 0.18 5 4 0.07
Cirrhosis Liver, Image, n 1 3 1.0 1 3 1.0

PTH, Image, n 2 2 0.29 3 1 0.08
NAS score 2.1 3.7 0.03 3.3 2 0.1

Fibrosis score 1.75 3 0.06 1.8 2.75 0.1

p = p-value, calculated by Fisher’s Exact Test, Exact Significance (2-sided); NAS: Nonalcoholic steatohepatitis
score, PTH = Portal Hypertension.

3. Discussion

Fatty liver disease is emerging as the leading liver disease with no current effective treatment.
Although in most cases a metabolic syndrome is the cause of hepatic steatosis, other causes of fatty
liver should also be considered. One of those diagnoses is lysosomal acid lipase deficiency (LAL-d),
which is hopefully soon to be treatable with encouraging results from enzyme replacement therapy
(Sebelipase Alfa, Kanuma®, New Haven, CT, USA). This was indeed our initial motivation for the
current study. We aimed to assess LAL activity in patients with liver disease in order to provide suitable
therapy. Thus, we measured levels of LAL in patients with cryptogenic cirrhosis, microvesicular
steatosis and nonalcoholic fatty liver disease (NAFLD) related to a metabolic syndrome. Although no
LAL-d was found, and no patient was eligible for enzyme replacement therapy, we did find that low
LAL activity was associated with liver disease severity.

Our initial aim in the study was to compare patients with higher likelihood of genetically-low
LAL activity (cryptogenic cirrhosis and microvesicular steatosis) to patients with NAFLD who we
thought would be less likely to have low LAL activity. However, Baratta et al. [16] reported recently
that patients with NAFLD have low LAL activity. As we could not find any statistical difference in
LAL levels when we compared the two groups, we concluded that our study supports the study by
Baratta et al. [16]. Subsequently, we analyzed our data according to two LAL levels. The analysis
revealed significant differences that could be attributed to liver disease severity. A LAL threshold of
0.5 identified six patients with significantly higher histologic scorings and eight noninvasive markers
(including low calcium levels and white blood cell count, and high creatinine, uric acid, glucose and
HbA1c, and γGT levels and prolonged INR). A LAL threshold of 0.6 detected seven patients with
seven markers (including low PLT count, calcium levels and total protein; prolonged INR; and high
uric acid, glucose and HbA1c), but could not differentiate on the basis of histologic severity.

The blood work that was found to be different in patients with low LAL activity levels signifies
indirect measures for liver disease severity. Low platelets and white blood counts serve as indirect
markers for cirrhosis because of portal hypertension and hypersplenism. An elevated creatinine level,
which is a marker of advanced liver disease and a strong predictor of survival in cirrhosis and [17]
hepatorenal syndrome patients [18–20], was also observed in the lower-risk LAL group. With respect
to insulin resistance, higher glucose and HbA1c levels were also observed for patients in the low
LAL group and may signify more advanced fatty liver disease [21]. Interestingly, higher γGT levels
were observed in the lower risk LAL group. This observation corresponds with the other disease
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severity markers, as γGT is regarded to be an independent predictive marker of morbidity and
mortality in cardiovascular-related disorders, including coronary arterial disease, and congestive
heart failure [17,22–25]. Higher uric acid levels may be a result of hypovolemia but also of advanced
liver injury, accompanied by malnutrition and protein breakup, or a secondary renal injury [21].
Furthermore, when assessing the NAS score we found higher scores for NASH and fibrosis at low
LAL levels. Taken together, all measures that were found to be different in the low LAL group signify
hepatic and overall disease severity.

The association between low LAL activity and severity of liver injury merits further discussion.
It may be considered that low LAL activity in patients with severe liver disease is merely a consequence
of an overall decrease in viable hepatocytes that leads to lower protein production. On the other hand,
various studies in animal models suggest that lower LAL activity may be part of the pathogenesis of
fatty liver disease. The mechanism of lipid accumulation in hepatocytes is not completely elucidated
but the role of lipases, including LAL is significant [26]. Autophagy is the key process in hepatic
lipid metabolism and steatosis [27], and is the common pathway for the other liver diseases included
in our study. Thus, other enzymes may be affected in our cohort. Nevertheless, the importance
of measuring LAL activity lies in the potential for treatment with enzyme replacement therapy.
Furthermore, the lysosomal-associated NK cells are crucial to prevent fibrosis progression in liver
diseases [28,29] and LAL decrease uncovers an additional possible mechanism.

The major limitation of the study is the number of patients and the age range. Despite these
limitations we still observed significant differences between the groups of patients with lower and
higher LAL activity. It is hard to draw clear conclusions from these observation but they may set a
basis for further studies to elucidate the role of LAL in each group of patients within a larger cohort.

4. Materials and Methods

4.1. Study Design

This study was conducted in the Liver Unit, Hadassah Medical Center, Jerusalem, Israel. The local
ethics committee of Hadassah Medical Center approved the study (application 920120061, 24/05/2012)
and written informed consent was obtained from all the participants or legal guardians in cases of
minors. Patients aged 1–75 years who underwent liver biopsy during the years 2006–2012 were
screened for the diagnosis of cryptogenic cirrhosis (according to ICD9 registration), microvesicular
steatosis (according to liver pathology reports) and NAFLD with macrovesicular steatosis.

Exclusion criteria included daily alcohol intake >10 g/day, exposure to any other hepatotoxic
agents, or evidence of other liver disease. Therefore, patients were excluded with the presence
of serum hepatitis B surface antigen (HBsAg), hepatitis C viral (HCV) antibodies, HCV RNA,
positive autoimmune serology, evidence for hemochromatosis, Wilson’s disease (low ceruloplasmin
serum levels and high liver tissue copper content) or α-1-antitrypsin disease (low α-1-antitrypsin
levels with suggestive biopsy). Abdominal ultrasound was performed to exclude masses, obstruction
of bile or blood vessels, but also provided features of liver steatosis and cirrhosis.

4.2. Study Groups

The cohort of patients was analyzed both as a whole group and as two groups: one consisting
of patients with cryptogenic cirrhosis or microvesicular steatosis, and a second consisting of patients
with NAFLD and macrovesicular steatosis.

4.3. Clinical Characterizations

Body mass index (BMI), blood pressure, waist circumference, concomitant diseases and
medications were recorded at the time of LAL evaluation. Any results of abdominal imaging
(Abdominal Ultrasound, Computerized Tomography and Magnetic Resonance) were documented,
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focusing on fatty liver appearance, hepatomegaly and splenomegaly and hepatic fibrosis
(irregular hepatic appearance).

4.4. NAFLD Activity Score (NAS)

This score represented the sum of scores for steatosis, lobular inflammation, and ballooning,
ranging from 0 to 8 according to Kleiner et al. [30]. Subjects with a NAS activity score of 0–2 were
considered as having NAFLD. Biopsies with an activity score of 3 or more were considered as NASH.
Fibrosis was ranked as follows: 0-none, 1-perisinusoidal or periportal, 2-perisinusoidal and periportal,
3-bridging fibrosis, 4-cirrhosis.

4.5. LAL Activity in Dried Blood Spots (DBS)

The test was performed as described previously by Hamilton et al. [31]. DBS values of
0.37–2.30 nmol/punch/h were interpreted as normal, 0.15–0.40 nmol/punch/h as carriers and
<0.03 nmol/punch/h as CESD patients.

4.6. Statistical Analysis

All clinical, laboratory, imaging and pathological parameters were compared between the
two groups using the t-test and the nonparametric Mann-Whitney U test. Categorical parameters were
compared using Fisher’s exact test. All statistical tests were bilateral and a p-value of 5% or less was
considered statistically significant.

5. Conclusions

In the current study we found that LAL activity correlates with hepatic steatosis and dysfunction.
Our findings suggest a possible role for LAL in the pathogenesis of liver dysfunction and future studies
may assist in finding subseta of patients who will benefit from enzyme replacement therapy. As our
cohort is small, further larger groups should be studied in order to substantiate our findings.
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Abstract: The diagnostic phenotype of nonalcoholic fatty liver disease (NAFLD)—in particular,
the most significant form in terms of prognosis, nonalcoholic steatohepatitis (NASH)—continues to
rely on liver tissue evaluation, in spite of remarkable advances in non-invasive algorithms developed
from serum-based tests and imaging-based or sonographically-based tests for fibrosis or liver stiffness.
The most common tissue evaluation remains percutaneous liver biopsy; considerations given to the
needle size and the location of the biopsy have the potential to yield the most representative tissue
for evaluation. The pathologist’s efforts are directed to not only global diagnosis, but also assessment
of severity of injury. Just as in other forms of chronic liver disease, these assessments can be divided
into necroinflammatory activity, and fibrosis with parenchymal remodeling, in order to separately
analyze potentially reversible (grade) and non-reversible (stage) lesions. These concepts formed the
bases for current methods of evaluating the lesions that collectively comprise the phenotypic spectra
of NAFLD. Four extant methods have specific applications; there are pros and cons to each, and this
forms the basis of the review.

Keywords: nonalcoholic fatty liver disease; nonalcoholic steatohepatitis; pathology

1. Introduction

The value of liver biopsy evaluation for diagnosis in clinical care and effectiveness of intervention
in clinical research in the field of nonalcoholic fatty liver disease (NAFLD) has remained unquestioned
as knowledge in the field has continued to grow over the course of the last three and a half decades
since the publication attributed as one of the early descriptions in humans [1]. Currently several clinical
algorithms based on serum-based tests can be used to predict the likelihood of NAFLD, nonalcoholic
steatohepatitis (NASH) or presence or severity of fibrosis, reviewed [2]. As well, sonographically-based
tests of liver “stiffness” and imaging-based tests for presence of hepatic fat are variably validated
and becoming more available [3]. The unquestioned value of all non-invasive testing is for patient
follow-up; in sophisticated hands, these tests also play a role in determination of need for liver biopsy,
as the latter, an invasive test with known low but potential risk of morbidity cannot be utilized
as a screening test [4]. The best noninvasive tests have been developed and validated against the
“gold-standard” of liver biopsy in order to produce equivalent information regarding the state of the
liver parenchyma.

Liver biopsy cannot be considered a “perfect” test, however, but the short-comings of this can
largely be overcome once understood. For instance, the consideration of sampling “error” [5] was
detailed in a study in 2005 that demonstrated differences in grade and stage by the blinded pathologist
even when biopsies were obtained from the identical location. However, as in most chronic liver
diseases, this “error” is likely a reflection of the disease heterogeneity of NAFLD, and must be
accounted for by providing sufficient numbers of subjects in clinical trials. Another less well-known
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short-coming of liver biopsy, particularly when done by radiologists, or in the setting of bariatric
surgery, is the use of appropriately sized (i.e., large-bore) needles, [6], and potential differences between
the right and left lobes of the liver. For instance, the subcapsular portal tracts in the left lobe are larger
and closer to the capsule than in the right lobe; if not aware of this, a pathologist can misinterpret the
seemingly enlarged portal structures from a left lobe biopsy for fibrotic portal structures, particularly
if a small bore needle has been used to obtain the biopsy. Determining histologic inflammation in
the liver parenchyma will not lead to valid results from a biopsy obtained in a surgical procedure,
as anesthesia alone will lead to parenchymal and perivenular collections of polymorphonuclear
leukocytes, collectively known as “surgical hepatitis”. Discerning which foci were present prior to
anesthesia, and which are due to surgical hepatitis is not possible. Further, if a study protocol includes
biopsy, agreement of exact location should be made in advance with all investigators so that pre and
post intervention biopsies are truly comparable. Finally, the interpreting pathologist’s expertise and
familiarity with the spectra of lesions in the disease process are factors to be considered in NAFLD,
as in any other form of liver disease [7,8].

Once the decision for liver biopsy has been made, whether for clinical (i.e., diagnostic or
prognostic) purposes, or for clinical trial protocol, the next steps involve the histopathologic
interpretation for diagnosis, and for semi-quantitative lesion evaluations, if requested, for protocol or
study purposes. Methods for these are the subjects of the remainder of this review.

2. Diagnosing Fatty Liver Disease in Liver Biopsy

Before any form of assessment of severity of injury or fibrosis can be applied, the pathologist
must be certain that the biopsy actually is diagnostic of the clinically presumptive disease; this basic
exercise applies to all forms of liver disease. NAFLD is an umbrella term applied to a range of
histopathologic phenotypes in adults, adolescents and children. It is important that the pathologist
report is limited to the findings noted, and count on the clinical team to put these together with all
information regarding possible etiologies that may present in a similar manner, including, for instance,
Wilson disease, other inborn errors of metabolism, and alcoholic liver disease. Discussed in detail in
recent reviews [9], they will be briefly summarized herein. In adults, prior to advanced fibrosis and
parenchymal remodeling (nodularity), the parenchyma shows varying degrees of steatosis within
the zone 3 hepatocytes (those around the terminal hepatic venule). The large and small droplet
steatosis is termed macrovesicular due to the fact it is either a single large droplet or several droplets
readily separable to the microscopic eye. Often, the two are co-existent in the same hepatocyte.
Thus, the term, “large and small droplet macrovesicular steatosis” is applied. When only steatosis
is present in the biopsy, the diagnostic term, NAFL, is given. For this, >5% of hepatocytes within
the biopsy must be occupied by this type of visible fat droplets. In a minority of cases, non-zonal
clusters of hepatocytes also have true microvesicular steatosis; an association was noted with greater
severity of disease in these cases in a large series from the NASH Clinical Research Network (CRN) [10].
The terminal “D” of NAFLD is removed by convention, as steatosis is considered non-progressive,
although exceptions have been noted in subjects, most of whom subsequently gain weight or the
metabolic status changed [11,12].

The second component of NAFLD is inflammatory cells; these may be seen within the acini
(aka lobules), or in portal tracts, or both. The inflammatory components of this disease are quite
complex, but with the routine hematoxylin and eosin stain to the pathologist’s view microscopically,
can be divided into mononuclear cells (lymphocytes, monocytes), eosinophils, polymorphonuclear
cells (pmn’s), and Kupffer cells. Even occasional plasma cells can be noted. Kupffer cells are pigmented,
enlarged and either singly or in clusters surrounding an apoptotic hepatocyte (microgranuloma) or a fat
droplet (lipogranuloma). Lipogranulomas often have an associated eosinophilic leukocyte, and when
adjacent to a terminal hepatic venule or within a portal tract, may also have collagen. Epithelioid or
caseating granulomatous inflammation are not features of NAFLD, and deserve further attention.
Pmn’s surrounding individual hepatocytes, referred to as “satellitosis”, are indicative of alcoholic

53



Int. J. Mol. Sci. 2016, 17, 97

hepatitis; clusters of pmn’s signify possible sepsis or may occur if the biopsy is obtained during a
surgical procedure when the patient is under anesthesia. Thus, caution is warranted when pmn
clusters are easily noted; attempting to “count” inflammatory foci in such a specimen is not advisable.

Portal inflammation consists of similar cell types as described above (except the macrophages are
not Kupffer cells) in varying degrees, including lipogranulomas. Other types of granulomatous
inflammation should be further evaluated. Bile duct injury may be seen, but should be
further evaluated. Marked portal inflammation and lymphoid aggregates, diffuse interface
activity, and plasma-cell rich infiltrates are all lesions that deserve further investigation.
Numerous polymorphonuclear leukocytes, when present, are typically present as cholangitis,
cholangiolitis/pericholangitis and indicate an extra-hepatic biliary process such as obstruction or
pancreatitis, or alcoholic liver disease. Canalicular bile plugs in zone 3 correlate with these findings
and warrant further investigation. Cholangiolar bile is indicative of sepsis. The combination of
macrovesicular steatosis and inflammation has been termed steatosis with inflammation; this is
not, however, diagnostic of steatohepatitis.

2.1. Nonalcoholic Steatohepatitis (NASH)

For the diagnosis of NASH, the most recognized form of injury in NAFLD with potential
to progress to fibrosis and cirrhosis and its complications, there is a requirement not only for
the steatosis and inflammation as described above, but also for a particular form of hepatocyte
injury known as ballooning. While some authorities have stated that steatosis with inflammation
and perisinusoidal fibrosis are adequate for a diagnosis of steatohepatitis, it is not clear that this
group of findings represents a lesion with actual potential of progression, or represents a step
in regression of steatohepatitis (i.e., loss of ballooning). The NASH CRN Pathology Committee
categorizes this within a set of lesions as “Borderline, Zone 3”, and specifies that hepatocellular
ballooning must be present for a diagnosis of steatohepatitis. NASH can be diagnosed in the absence
of fibrosis. The initial collagen deposition in adult NASH is in the perisinusoidal spaces in zone
3; with progression, fibrosis is additionally noted in periportal spaces, often associated with a
ductular reaction. More advanced fibrosis is indicated by bridging between vascular structures: central
veins to central veins (via perisinusoidal spaces); central–portal; portal–portal; with nodularity of
the intervening parenchyma. Cirrhosis is the final outcome of advanced fibrosis and remodeling.
Residual perisinusoidal fibrosis may or may not remain.

An intriguing and important concept in NASH is that with advanced disease, i.e., fibrosis and
architectural remodeling with bridging fibrosis and nodularity, and ultimately the vascular remodeling
of cirrhosis, the lesions of activity described above may or may not continue to be present.
Investigators have used this information to justify a correlation with the assignment of the diagnosis
of “cryptogenic cirrhosis” to cases in which no identifying lesions of active liver disease can be found.
In a strict sense, however, without a prior biopsy diagnosis of NASH, this may not be correct in all
cases. Many cases of cryptogenic cirrhosis, in fact, may be burned-out cirrhosis from other causes
such as prior alcohol abuse, autoimmune hepatitis, heterozygous α-1-antitrypsin liver disease, or even
more rare processes (e.g., keratin mutations). However, there are bona fide cases of burned-out NASH
in which there remain histologic “hints”: e.g., foci of perisinusoidal fibrosis, occasional ballooned
hepatocytes, rare Mallory–Denk bodies in a non-alcohol user. If there is a prior biopsy with NASH,
the “burned-out” cirrhosis is no longer “cryptogenic”, but is cirrhosis secondary to prior NASH.

2.2. Pediatric Nonalcoholic Fatty Liver Disease (NAFLD)

Pediatric NAFLD is known to be unique in its pre-cirrhotic histopathologic features. This has been
accepted since the seminal descriptions of Schwimmer et al. in 2005 [13], and validated subsequently
by others. Interestingly, as of yet, there is no accepted diagnosis of “steatohepatitis” in children,
although clearly the end results, cirrhosis and hepatocellular carcinoma, do occur. The initial findings
in children are of large droplet macrovesicular steatosis either in a periportal or panacinar distribution
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and when inflammation is present, it is more common in the portal collagen than in the lobules.
Ballooned hepatocytes are few if any. Portal expansion by fibrosis occurs initially, and perisinusoidal
fibrosis may or may never be seen. The categorization of Borderline, Zone 1 has been utilized by the
NASH CRN for the above-described lesions.

3. Grading and Staging the Lesions of NAFLD

Four current methods of semi-quantitatively evaluating histologic lesions of NAFLD are
summarized in Table 1; they include a proposal referred to as the “Brunt” system [14], the NASH CRN
Pathology Committee system for NAFLD Activity Score (NAS) and fibrosis score [15], the “Fatty Liver
Inhibition of Progression (FLIP)” algorithm [16,17] and a pediatric score based on weighted values for
the features of NAFLD, the Pediatric NAFLD Histologic Score [18]. The first was restricted to adults
and to NASH; the middle two can apply to the full range of NAFLD; the NASH CRN system alone
applies to adults and children.

3.1. Brunt Proposal for Grading and Staging

The proposal for grading and staging the lesions of NASH was made when the disease itself
was still being questioned as an entity other than surreptitious alcoholism; it was clear that further
work would not progress until a systematic method of analyzing the pathology was in place.
Thus, this proposal was just that: a first proposed method to separately analyze grade and stage,
similarly to what was being done with other forms of chronic hepatitis, but with adjustments for the
lesions of fatty liver disease [14]. There was systematic review of 52 adult biopsies from 51 clinically
diagnosed subjects with NASH with semi-quantitative assessment and notation of location of steatosis,
and ballooning; semi-quantitative assessment for lobular and portal inflammation and Periodic
Acid Schiff after diastase digestion (PASd) Kupffer cells, Mallory–Denk bodies, acidophil bodies,
iron, and glycogenated nuclei, lipogranulomas and locations of fibrosis, zone 3 perisinusoidal,
portal/periportal, and bridging. “Gestalt” diagnosis of severity of each case (mild, moderate,
severe) then followed. The “global grade” was based on review of the semi-quantitative lesions
and impression-based grades, and focused in particular on steatosis, hepatocellular ballooning,
zone 3 accentuation of injury. It was noted that the initial, and often persistent form of fibrosis
is perisinusoidal; this differs from the distinctly portal-based fibrosis of chronic hepatitis and biliary
fibrosis. The so-called “Brunt” method continued the paradigm of maintaining separation of grade
(lesions of activity) and stage (lesions of fibrosis and parenchymal remodeling), as had been established
by the systems for evaluation in chronic hepatitis [19]. The method of grading and staging was
written to be applied after the diagnosis of NASH had been rendered, and was considered a “global”
assessment such that grades 1–3, mild, moderate and severe, were evaluations of combinations of
steatosis, lobular and portal inflammation and ballooning. Hepatocyte ballooning was noted as the
major determinant of severity and steatosis amount was the least determinant; inflammation increased
with each grade. Fibrosis was scored according to the observed location and extent of collagen
deposition as described above. Grade and stage were noted to be disparate, as in chronic hepatitis
although none of the low stage biopsies showed severe steatohepatitis. Higher grade did correlate
with higher mean aspartate aminotransferase (AST), but not with alanine aminotransferase (ALT).
This system was created for NASH, and thus did not take into account the full spectrum of NAFLD,
nor did the system address lesions of pediatric NAFLD. Although the system has been widely utilized
and applied, it was never formally validated. It is, however, a useful benchmark for diagnosing NASH
as it highlighted the increasing severity of ballooning with increased severity of grade. This proposal
also documented the characteristic fibrosis of adult NASH.
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3.2. NASH Clinical Research Network (CRN) Scoring System

The National Institute of Digestive Diseases and Kidney (NIDDK) of the National Institutes
of Health (NIH) established the NASH Clinical Research Network (CRN) in order to undertake
multicenter observational and interventional trials. The Pathology Committee was tasked with
developing and validating a method for semi-quantitatively evaluating changes in histologic features
in these studies. The result was a feature-based system referred to commonly as the NAFLD
Activity Score (NAS) [15]. This is a score for lesions of activity based on carefully analyzed results of
32 twice-reviewed biopsies of adults and 18 once reviewed biopsies of children by a group of 9 liver
pathologists. The review consisted of 14 lesions of NAFLD (the same as above in similar fashion,
plus presence of foci of microvesicular steatosis, megamitochondria, and microgranulomas) and three
diagnostic categories: NASH, not NASH and borderline. The lesions that ultimately comprised the
NAS were determined by multiple logistic regression to correspond with the separately derived
diagnoses of NASH: macrovesicular steatosis, lobular inflammation and ballooning. The final NAS
was based on unweighted scores of each, and ranged from 0 to 8. As noted in Table 1, although the
lesion scores are unweighted, the fact that steatosis and lobular inflammation range from 0 to 3
whereas ballooning range from 0 to 2, gives steatosis more weight in the NAS. The separately derived
diagnoses of NASH mostly correlated with scores ě5; NAS < 3 had been diagnosed as not NASH.
Fibrosis stage was a modification of the Brunt system in order to account for pediatric portal-only
fibrosis (stage 1c); zone 3 delicate (1a) or dense (1b) fibrosis were created for the purpose of clinical
trials. The manuscript that presented the NAS described other observations of importance that remain
relevant today: the diagnosis does not rest solely on the presence of particular lesions; the score was not
created to replace a pathologist’s diagnosis or as a severity scale or to measure rapidity of progression,
but rather as a method of analysis in assessing overall histologic change. A subsequent study of
976 centrally reviewed adult biopsies from the NASH CRN highlighted the significance of separating
the pattern-based pathologists’ activity of diagnosis from the feature-based score [20]. Although there
was significant overlap between the diagnosis and the NAS, some details are worth re-iterating.
While 75% of definite steatohepatitis cases had NAS ě 5, 28% of borderline diagnoses and 7% of “not
NASH” also had NAS ě 5. Thus, for clinical trial entry, or for clinical management, if the NAS were
the basis of decision making, the latter and last cases would be “mis-categorized”. Further, and of
most importance, in a regression model, while both the diagnosis of steatohepatitis and the NAS were
statistically strongly associated with liver enzymes (ALT and AST) in both the one variable (either NAS
or NASH diagnosis) and two variable (both NAS and NASH diagnosis) models, and features of
Metabolic Syndrome, diabetes, and measures of insulin resistance, the homeostatic model assessment
of insulin resistance and the quantitative insulin sensitivity check index (HOMA-IR and QUICKI)
were associated with both in the one variable model, these latter features only remained statistically
associated with the diagnosis of steatohepatitis in the two variable model. Thus, the implication is
strong that not only are the particular histologic features of steatohepatitis important, but the overall
pattern of those features (i.e., the determination of diagnosis) is important in correlation with liver
injury, as well as underlying factors of the disease process.

3.3. Fatty Liver Inhibition of Progression (FLIP) Algorithm

A third approach to adult NAFLD scoring has been proposed and validated by Bedossa et al. [17];
the score was developed in 679 liver biopsies from morbidly obese patients undergoing bariatric
surgery with at least one metabolic complication (i.e., diabetes, hypertension, dyslipidemia or
obstructive sleep apnea), and validated in 60 liver biopsies of subjects with metabolic syndrome,
but not morbid obesity. The algorithm, subsequently tested for observer variability by two groups of
pathologists, a European study group, the Fatty Liver Inhibition of Progression (FLIP) pathology group,
and a pathology group of general pathologists with varying amounts of liver pathology training [16].
The score is based on two now recognized concepts; even though large droplet macrovesicular steatosis
is an obviously recognized, and required, feature of non-cirrhotic NAFLD, it is likely not a driver in
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progression of disease, thus, the feature should not carry much weight, if any at all, in a histologic
score. However, ballooning and lobular inflammation have been noted in several studies to be
significant features in progressive disease, thus, these should be more weighted as determinants of
progression. Thus, the “activity score” is derived from the combination of the semi-quantitative values
of the two [17]. The details for semi-quantitative scores differ slightly from prior methods: lobular
inflammation ranges from 0 to 2 (instead of 0–3), ballooning 0–2 (with descriptions of ballooning
as detailed in Table 1). As the final score is meant to represent a diagnosis, steatosis (Sx) must be
>0, activity (ballooning plus lobular inflammation (Ax) must be ě2, in which ballooning is at least 1.
Fibrosis is based on the NASH CRN scale, and reported as “F”. One of the primary advantages
of this score is the manner of reporting: by giving a subscore for each component of the SAF
(Steatosis + Activity + Fibrosis), the amount of steatosis and fibrosis are communicated and one may
make comparisons for the features with other biopsies from the same patient. Activity, the most
important of the scores is an additive score, so, similar to the NAS, one cannot determine how much
is ballooning and how much is lobular inflammation, thus, as with the NAS, improvement in either
would not be visible by the SAF alone. Increased values of the SAF correlated well with increased
values of serum AST and ALT. Correlations with known metabolic features of NAFLD/NASH, such as
markers of insulin resistance, were not reported for the different activity scores that discriminate
NAFLD and NASH.

The second study done by the FLIP pathologists and a group of community pathologists [16]
was done to test the validity of the SAF algorithm in non-bariatric subjects as well as to test the
usefulness of such an algorithm for practical use. Both groups of pathologists’ diagnoses improved
when the SAF was utilized and both groups had high kappa values when utilizing the SAF. One of
the discussed concepts was the challenge for pathologists to make the distinction(s) of NASH and
non-NASH in liver biopsy material, whereas use of an algorithm such as the SAF could mitigate
against the necessity of such. An example given was a case of steatosis with only fibrosis, but no
other features. Additionally, the graphic of the SAF score showed that it could be possible to have
S > 0 A1(B1 + L0) (i.e., steatosis > 0, activity score of 1 because of ballooning score of 1 but no lobular
inflammation) with a final diagnosis of “steatosis”. Both of these examples are troublesome and
highlight the oversimplification of the SAF on its own. The former could potentially fit into a
“borderline” category of either zone 1 or zone 3 depending on where the fibrosis is located and
the latter could fit into borderline zone 3, also depending if the ballooning and steatosis were in
zone 3. Alternatively, both could fit into examples of resolution of prior NASH, and one would want
to compare them with prior biopsies. Although both of the studies that proposed and discussed
the values of the SAF reiterated that it was not meant to replace a written pathology report, neither
mentioned the authors’ concepts of fundamentals of NASH diagnosis other than the presence of the
lesions in the SAF. Zonal localization and accentuation of lesions in adults and children were not
assessed, nor can they be, by the algorithm proposed.

3.4. Pediatric NAFLD Histologic Score

The final scoring system proposed is specifically for the pediatric group by Alkhouri et al. [18].
The score proposed was developed from 203 biopsies of children with NASH or “notNASH” according
to the pathologist’s diagnosis, and given NAS and fibrosis scores according to the NIDDK NASH CRN
system with the exception of adding a portal inflammation score of 0–2 for none, mild or moderate
portal inflammation. After logistic regression, each feature was weighted and a final Pediatric NAFLD
Histologic Score (PNHS) was developed that can be calculated by entering their values into the
website [21]. Both the training and validation sets had high area under receiver operating curve
(AUROC) values. Interestingly, 65.9% of NASH biopsies had ballooning, as did 4.4% of notNASH
biopsies, but 34.1% of NASH biopsies also were diagnosed as such without ballooning. The NAS
was greater in NASH biopsies than in notNASH biopsies (mean values 4.5 ˘ 1.4 vs. 2.2 ˘ 0.59,
p < 0.001), as expected, as was fibrosis >0 (p < 0.001). The score was developed in order to better reflect
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pediatric “NASH” than the term “borderline” steatohepatitis for both clinical care and clinical trials.
Whether it has been in use long enough to accomplish this goal or not cannot be clearly stated at this
time. The need to utilize a website for determination of a score and therefore a diagnostic category is
interesting and the goal worthwhile, but the concept is somewhat worrisome to diagnostic pathologists
as the suggestion that a calculated algorithm can actually replace the interpretative experience that
is involved in deriving a final diagnosis is not something one accepts with certainty. The “art” of
interpretation continues to play a role in all fields of medicine, regardless of the rigor with which it
is applied.

4. Conclusions

It is apparent that NAFLD and NASH are complex entities, not only for clinicians, basic scientists,
but also for diagnostic pathologists. Even though much progress has been made, it is worthwhile to
remember that scoring methods are measures of injury, but not replacements of diagnostic assessment,
and thus, pathologists need to first be trained to recognize patterns of disease, and then to apply
appropriate scoring systems. There are pros and cons to any scoring system for all disease processes,
as discussed above for NAFLD and NASH. As continued work is done, however, the expectations for
more “pros” and fewers “cons” remain.
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Abstract: Telomeres consist of repeat DNA sequences located at the terminal portion of chromosomes
that shorten during mitosis, protecting the tips of chromosomes. During chronic degenerative
conditions associated with high cell replication rate, progressive telomere attrition is accentuated,
favoring senescence and genomic instability. Several lines of evidence suggest that this process
is involved in liver disease progression: (a) telomere shortening and alterations in the expression
of proteins protecting the telomere are associated with cirrhosis and hepatocellular carcinoma;
(b) advanced liver damage is a feature of a spectrum of genetic diseases impairing telomere function,
and inactivating germline mutations in the telomerase complex (including human Telomerase Reverse
Transcriptase (hTERT) and human Telomerase RNA Component (hTERC)) are enriched in cirrhotic patients
independently of the etiology; and (c) experimental models suggest that telomerase protects from
liver fibrosis progression. Conversely, reactivation of telomerase occurs during hepatocarcinogenesis,
allowing the immortalization of the neoplastic clone. The role of telomere attrition may be particularly
relevant in the progression of nonalcoholic fatty liver, an emerging cause of advanced liver disease.
Modulation of telomerase or shelterins may be exploited to prevent liver disease progression, and to
define specific treatments for different stages of liver disease.

Keywords: telomere; telomerase; liver disease progression; nonalcoholic fatty liver disease; cirrhosis;
hepatocellular carcinoma

1. Introduction

In humans, telomeres consist of thousands copies of six base repeats (TTAGGG) located
at the extremities of the chromosomes that protect chromosomes tips from end-to-end fusion,
rearrangement and translocation. Telomere length is progressively shortened at each mitosis, due to the
inability of the DNA polymerase complex to replicate the very 51 end of the lagging strand (attrition).
For this reason, telomere shortening may function as a “mitotic clock” to sense somatic cells aging.
When telomeres become critically short, a DNA-damage program is activated, leading to apoptosis
or cell senescence. On the contrary, immortal cells (cancer, stem and germ cells) constitutionally
express telomerase, a ribonuclear enzymatic complex associated with telomeres that is responsible
for stabilizing telomere length by synthesizing new DNA sequences and adding them to the end
of the chromosomes during DNA replication [1]. Telomerase comprises two essential components:
Telomerase reverse transcriptase (hTERT) and its RNA template, the telomerase RNA component
(hTERC). Dyskerin complex binds to hTERC, in order to protect it and to stabilize the telomerase
complex. It includes four nucleolar proteins: Dyskerin (DKC1) and Nucleolar protein family A member
1, 2 and 3 (NOLA1-NOLA2-NOLA3) [2–4]. Besides telomerase, the Shelterin complex, which binds
specifically to telomeres, plays a fundamental role in the protection of chromosome ends facilitating
telomerase-based telomere elongation [5]. It is composed of six core proteins: the telomeric repeat
binding factors 1 and 2 (TRF1-TRF2) that bind telomeric double strand DNA, the protection of telomeres
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1 (POT1), which binds the 31 telomeric region of single strand DNA avoiding the degradation by
nuclease, and the TRF-1 interacting protein 2 (TIN2), the POT1-TIN2 organizing protein (TPP1) and the
repressor/activator protein 1 (RAP1), that interact with the other proteins bound to telomere stabilizing
the complex (Figure 1; [6,7]). Mutations of proteins involved in maintenance and repair of telomeres
are responsible for telomeropathies [8,9]: a spectrum of progressive genetic diseases exemplified in
the most severe cases by dyskeratosis congenita (DKC), whose common autosomal recessive form
is caused by mutations in DKC1. They are degenerative and age-dependent diseases, characterized
by premature senescence of the stem cell compartment, determining increased risk of organ failure
and cancer, with possible involvement of the hematopoietic compartment, lungs, mucous membranes,
skin, and also the liver. Consistently, loss-of-function mutations in hTERT and hTERC may cause a
spectrum of familial liver diseases [10]. Telomere length is a strong hereditable tract and telomere
shortening is accentuated in chronic degenerative condition associated with high cell replication rate.
Thus, involvement of telomeres and telomerase mutations seems to be important in predisposition
to liver disease progression towards hepatocellular carcinoma (HCC). Indeed, the incidence of HCC
increases with age, and, in particular, in nonalcoholic fatty liver disease (NAFLD), where there is a
strong aggregation of familial cases [11].

 

Figure 1. Model representing the telomeres associated proteins. Telomerase (including hTERT (red)
and hTERC (green)) represents the principal catalytic subunit. The Shelterin complex is anchored by
binding of the proteins TRF1 and TRF2 to double-stranded telomeric repeats. TRF1 and TRF2 are
bridged to the single-stranded telomeric-repeat G-strand DNA-binding protein POT1 through TIN2
and TPP1. Additionally, shelterin RAP1 binds directly to TRF2. Dyskerin complex involving NOLA
proteins, interacts and stabilizes the non-overlapping regions of hTERC.

2. Telomerase and Telomere Diseases

2.1. Telomere Shortening Related to Cellular Senescence Characterizes Human Cirrhosis

The role of ageing in liver fibrosis progression has been largely demonstrated, and older age
and duration of liver disease remain the major and more validated risk factors for liver disease
progression, together with male gender and alcohol abuse [12,13]. Cellular ageing is generally
referred to as replicative senescence, a condition strictly linked to telomerase and telomere biology.
Indeed, telomere shortening limited the replicative capacity of cells and the number of cells
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participating in tissue regeneration. Thus, the regenerative potential of an organ depends on the
size of the population of cells with sufficient telomere reserves required for cell proliferation.
Consistently, in chronic disease associated with tissue regeneration, such as cirrhosis, an elevated
regenerative pressure is generated on the proliferating subpopulation of cells, which undergoes several
rounds of cell division that, in turn, accelerate the rate of telomere shortening [14]. When telomeres
become critically short, a DNA damage program is activated, leading to cell senescence or apoptosis
(due to the Hayflick limit), further reducing the number of cell with regenerative capacity.

Several lines of evidence correlate shortened telomeres with liver fibrosis. Kitada et al. [15] first
described a progressive reduction of telomere length during liver disease progression. Urabe et al. [16]
confirmed these data and described telomerase re-activation in poorly differentiated HCC, consistently with
an increase of telomere length compared to those well differentiated. In the normal liver, progressive
telomere shortening has been correlated with age. Consistently, reduction of telomere length in cirrhotic
tissue was more marked in patients who developed cirrhosis at younger age [17]. Additionally, reduction
of telomere length is considered a hallmark of cirrhotic tissue independently of the etiology of liver disease
(e.g., viral hepatitis, autoimmune hepatitis, alcohol abuse . . . ) [18]. Thus, excessive telomere shortening,
caused either by telomerase gene mutations or acquired factors, may impair the hepatocyte regenerative
ability in response to chronic injury, facilitating fibrosis progression [19,20]. A causal role of telomere
shortening in fibrosis progression has been experimentally demonstrated in telomerase deficient mice.
After three generations, these mice developed shortened telomeres and displayed diminished capacity
for liver regeneration, and with accelerated development of cirrhosis after liver injury. On the contrary,
overexpression of TERT activity improved liver function and protected mice from development of hepatic
steatosis and fibrosis [21].

Consistently, shortened telomere length in cirrhotic patients was correlated with the expression
of known markers of cellular senescence, such as β-galactosidase, p16, p21 and p53 not only in
hepatocytes but also in non-parenchymal cells, such as biliary cells [22,23]. The p53 protein represents
the key regulator point for various signaling pathways of senescence: p53 phosphorylation and
consequent activation inhibits cell division primarily inducing p21 expression, which, in turn, activates
pRb through inhibition of a cyclin-dependent kinase (Cdk) complex. The activated pRb inhibits the
transcription of E2F target genes that are required for cell cycle progression. pRB can alternatively be
activated by p16, another Cdk inhibitor, that typically accumulates in senescent cells [23].

Cellular senescence may have a dual role in liver disease: in a first phase, it seems to contribute to
liver impairment by reducing the hepatocytes and progenitor cell population, while, in a second phase,
the subsequent senescence of HSC (epatic stellate cells) due to long-standing activation of fibrogenesis
may protect from further fibrosis progression [24–26]. In particular, progression of human fibrosis is
often characterized by a state of chronic inflammation that results in a condition of cell death and tissue
regeneration, involving also a massive expansion of hepatic progenitor cells in order to restore the
lost hepatocytes. Ductular reaction typical of this condition has been shown to produce chemotactic
stimuli for induction of inflammatory cells and activation of pro-fibrotic hepatic stellate cells (HSC).
Moreover, due to the epithelial to mesenchymal transition, progenitors and biliary epithelial cells may
provide a portion of myofibroblasts, contributing to fibrosis progression [27]. When the wound is
filled, the activated HSC undergo apoptosis or cellular senescence and consequently are eliminated by
immune cells. In this way, HSC induce the recruitment of other immune cells at the site of tissue injury
that, in turn, help in arresting liver fibrosis progression. However, it has recently been shown that later,
senescent HSC may favor HCC development by secreting pro-carcinogenic mediators (the senescence
associated secretory program: SASP) [28].

2.2. Telomerase Mutations Are Hallmarks of Liver Fibrosis

Genetic studies have proven that mutations in telomerase represent the underlying cause of
accelerated telomere shortening and organ failure in some rare human diseases, including some
forms of DKC [29], which may be characterized by liver injury and development of complications
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of portal hypertension. Moreover, evidence suggests that telomere attrition is also involved in liver
disease progression in humans. Indeed, a spectrum of familial liver disease with autosomal dominant
transmission and incomplete penetrance has been associated with inheritance of hTERT and hTERC
mutations [10,30]. In these pedigrees, liver disease was characterized by development of steatosis,
with possible progression to cirrhosis and HCC. Furthermore, a significant enrichment of missense
mutations in the hTERT and hTERC genes was observed in 7% of patients and one patient, respectively,
of a US cohort including 134 patients with cirrhosis of different etiologies (NAFLD, but also alcohol
abuse and Hepatitis C virus infection), as compared to healthy controls. These mutations impaired
hTERT enzymatic activity, as they were associated with reduced telomere length in the peripheral blood
of patients and reduced telomerase activity in vitro [19]. These data were substantially confirmed in a
larger series of 521 German patients with cirrhosis, of whom 3% carried functional hTERT mutations
again independently from the etiology of the liver disease [31]. These observations indicate that, in at
least a proportion of patients who developed cirrhosis, fibrosis progression may be favored by genetic
risk variants facilitating telomere shortening and cell senescence in the presence of triggering factors.

2.3. Telomere Shortening Induces Genomic Instability in Hepatocellular Carcinoma (HCC)

Thus, telomere shortening is a hallmark of cirrhosis, the main risk factor for the development
of liver cancer [32]. The state of chronic inflammation characteristic of injured liver, results per se
in oxidative DNA damage leading to genomic and epigenomic alterations, pushing cells toward a
malignant phenotype. Deregulation of key oncogenes and tumor-suppressor genes, such as TP53,
β-catenin, ErbB receptor family members and p16(INK4a) have been observed both in early and advance
HCC. Impaired function of p53 most likely induces alterations in DNA damage response machinery,
resulting in loss of DNA repairing and avoiding cellular apoptosis, thus contributing to an increased
mutation rate. Moreover, aberrant DNA methylation patterns have been reported in the earliest stages
of hepatocarcinogenesis, and to a greater extent in tumor progression. Finally, karyotypic analysis of
HCCs revealed that recurrent regions of copy number change and allelic imbalances are present in 90%
of cases, thus highlighting the possibility for new cancer gene targets reside in these loci [33,34]. In this
context, telomere shortening may favor carcinogenesis by directly facilitating genomic instability.
Telomere shortening plays a pivotal role in inducing genomic alteration first favoring chromosomes
segregation defect. Indeed, shortened telomeres have been associated with the typical karyotipic
alterations in HCC (chromosome 8 alterations), especially in the presence of TP53 mutations [33,35].

Moreover, loss of hTERT has been shown to affect the overall configuration of chromatin and
to diminish the capacity for DNA repair of double strand breaks (DSB) [36]. Therefore, current data
suggest a model whereby telomere shortening drives chromosomal instability during early stages
of hepatic carcinogenesis, while telomerase re-activation is involved in malignant progression, as it
restores chromosomal stability necessary for cellular immortalization.

2.4. Elongation of Telomeres and Telomerase Complex Reactivation during Advance Hepatocarcinogenesis

While the majority of tumors display shortened telomeres compared to non-neoplastic tissues,
nevertheless telomere lengthening has been observed in various tumors at advanced stage, including
colorectal, and head and neck cancers [37]. In HCC tissues, long telomeres and increased telomerase
activity were also shown to be a significant reflection of poor prognostic factors, associated with
clinicopathological features of aggressive behavior [38]. Indeed, HCC tumor progression is associated
with the reactivation of telomerase, which is necessary for the immortalization of the neoplastic
clone [39,40]. Accordingly, hTERT was found upregulated in dysplastic liver nodules and to be more
than 10-fold induced in overt HCC tissue compared to the surrounding non-neoplastic tissue [41]
independently from the etiology of liver disease [42].

On the contrary, a specific gene signature of the Shelterin complex has been identified for each
cause of liver disease. Indeed, Shelterin overexpressed in HCC developed upon HCV infection or
in the presence of alcohol abuse, and displayed a diminished expression in HCC developed upon
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HBV infection [5]. In particular, longer telomeres have been observed in HCCs expressing markers
of stemness, such as CK19, EpCAM and CD133, generally considered more aggressive than the
conventional, negative for these markers [43,44]. It is known that there is heterogeneity in the
expression patterns of stemness-related markers within the same tumors. Interestingly, the analysis of
telomere length among different cells according to EpCAM expression status has shown that longer
telomeres were present in HCC tumor cells that expressed EpCAM, compared to tumor cells that were
EpCAM-negative [45]. Additionally, stemness–related markers were correlated with the expression
of the Shelterin proteins. Increased TPP1, TRF2, RAP1, and POT1 expression were observed in HCC
tissues expressing “stemness”-related markers compared to conventional HCCs, and their expression
was correlated with poorer prognosis and reduced disease-free survival [45]. On the other hand,
shortened telomeres and low POT1 expression have been observed in HCCs expressing HepPar1,
a marker of hepatocytes differentiation. Additionally, Kim et al. [46] demonstrated that TPP1 expression
was correlated with hTERT expression, supporting previous findings indicating TPP1 as a positive
regulator of telomere maintenance that may represent a good target for cancer therapy as it plays a
dominant role in the recruitment of hTERT to telomeres.

Elongation of telomere may also be due to higher expression of DKC1 in HCC compared to
noncancerous liver tissue where the level of the protein was absent or very low. DKC1 expression has
been validated as an independent risk factor for adverse overall mortality, and it was correlated with
advanced HCC clinical stage (grade III–IV) and recurrence independently of hTERT expression [47].
Considering that DKC1 is the direct and conserved transcriptional target of c-myc responsible for
proliferative activity of cancer cells [48], this suggests that the role of DKC1 on cancer progression may
be independent of its involvement in telomerase complex function.

Additionally, elongation of telomeres in 7% of HCC cases is associated with alternative
lengthening of telomeres (ALT), the telomerase-independent telomere maintenance mechanism,
which is thought to be dependent on homologous recombination. The ALT-positive cells are
characterized by telomere length heterogeneity, as well as increased chromosomal instability [49].

2.5. Mechanisms of Reactivation of Telomerase in HCC Tissue

Several mechanisms have been shown to lead to telomerase activation during hepatic
carcinogenesis. hTERT promoter mutations have been described as the most frequent somatic
genetic alteration in HCC, with an overall frequency of 60% in Western countries, in particular
in patients with chronic HCV infection [50,51]. Interestingly, these somatic mutations occur not
only in cancer tissue but in 6%–19% of the cases have been observed also in the early cirrhotic
tissue, while usually somatic mutations in oncogene or oncosuppressor genes occur in a more
advanced stage of tumorigenesis [51,52]. These promoter mutations represent the most important
mechanism of reactivation of telomerase during hepatocarcinogenesis. Indeed, they create new binding
sites for specific transcription factors, which consequently induce hTERT overexpression [53,54].
No promoter mutations have been individuated in studies involving cholangiocarcinoma [52] and
hepatoblastoma [55], while a minority of patients affected by hepatocholangiocarcinoma presented
these kinds of mutations. This evidence suggests that telomerase involvement is dependent on
the origin of the cancer cells [56]. In HCC, due to HBV infection, the reactivation of telomerase is
generally due to the insertion of the HBV virus in hTERT gene, more frequently in the promoter [57,58].
Integration of HBV was detected in 22% of the HBV positive samples, whereas hTERT focal
amplification, another mechanism likely inducing increased telomerase activity, in 6.7% of the cases.
In the same study, hTERT promoter mutations were mutually exclusive with HBV genome integration
in the hTERT locus and were almost mutually exclusive with hTERT focal amplifications [59].

2.6. Telomerase Promotes Hepatic Carcinogenesis by Multiple Pathways

Besides telomere protection and maintenance, several in vitro and in vivo studies in which
hTERT has been exogenously expressed revealed novel telomerase functions in tumorigenesis
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independently of hTERC [60]. First, hTERT can act as a transcription factor in the Wnt-β-catenin
signaling pathway, regulating the expression of Wnt target genes, which play a role in tumorigenesis.
Indeed, hTERT interacts with BRG1, a chromatin remodeler binding to β-catenin and involved in the
Wnt signaling [61], and promotes the expression of several β-catenin target genes in a BRG1-dependent
way. Consistently, hTERT was found to interact with the same promoter elements recognized
by BRG1 and β-catenin [62]. Actually, the relationship between hTERT and the Wnt-β-catenin
pathway is bidirectional: indeed, β-catenin deficient human cell lines showed shorter telomere
and reduced telomerase activity, and hTERT appears as a direct target of β-catenin through the
binding to TCF4 transcription factor [63]. Furthermore, hTERT and BRG1 interact with nucleostemin,
a GTP-binding protein overexpressed in stem cells and cancers [64], which is essential to drive
transcriptional programs relevant for the maintenance of the cancer stem cells phenotype [65]. In this
case, hTERT contributes to tumorigenesis increasing the proportion of stem cells within a tumor.

Further functions of hTERT in tumorigenesis are related to its localization in mitochondria.
Here, telomerase plays a role as an RNA-dependent RNA polymerase (RdRP) paired to a mitochondrial
non-coding RNA, the mitochondrial RNA processing endoribonuclease (RMRP) [66]. hTERT represents
the only RdRP identified in mammals and hTERT-RMRP complex leads to the production of
double-stranded RMRP RNA molecules, subsequently processed into 22-nucleotide siRNAs by
RNA-induced silencing complex (RISC) [66]. Since RMRP has several cellular functions, including
mRNA cleavage of cell cycle genes [67], hTERT may influence cellular proliferation, both increasing
cell division and reducing apoptosis, independently of activation of Wnt signaling.

Finally, hTERT can increase cancer cell fitness, improving mitochondrial activity and resistance
to apoptosis. Indeed, mt-TERT, through its reverse transcriptase domain, can provide mt-DNA
replication and repair using mt-tRNAs as the template [68]. Additionally, Sahin et al. [60,69] noticed
that Tert and Terc late generation knockout mice showed a p53-mediated repression of peroxisome
proliferator-activated receptor gγ coactivator-1 α and β (Pgc-1α and Pgc-1β), the master regulators of
mitochondrial physiology and metabolism, resulting in altered mitochondrial biogenesis and function
and increased reactive oxygen species.

2.7. Telomeres and Nonalcoholic Fatty Liver Disease (NAFLD)

Following the epidemic of obesity and type 2 diabetes, NAFLD is becoming the most frequent
liver disease in Western countries. Established risk factors for disease progression in NAFLD include
older age and presence of features of the metabolic syndrome, such as obesity, insulin resistance,
and hypertension. However, progression of liver disease to cirrhosis and HCC is generally limited to the
subgroup of patients who developed non-alcoholic steatohepatitis (NASH), a condition characterized
by active inflammation and fibrosis [70]. Genetic factors have also been shown to influence disease
progression in NAFLD. Besides the most validated factors influencing lipid metabolism, such as the
I148M variant of PNPLA3, the influence of variants involved in fibrogenesis has recently been described.

Genetic data indicate that NAFLD is commonly observed in patients with telomeropathies,
suggesting that steatosis may either be a consequence of hepatocellular senescence, as also observed
in animal models, or a trigger for liver disease progression [10,21]. Fibrosis stage and liver
disease progression are also strictly linked to cell senescence. Consistently, hepatocyte expression
of p21, playing a pivotal role in the induction and maintenance of cellular senescence, was
associated with fibrosis stage in NAFLD and increase liver related morbidity and mortality [71].
Additionally, the rs762623 variant in the promoter region of Cyclin-dependent Kinase 1A (CDKN1A) gene,
encoding for p21 protein, was associated with the development but not the progression of fibrosis
in NAFLD independently from well-recognized PNPLA3 I148M status [72]. This polymorphism has
been associated with reduced p21 expression by abolishing an E2F transcription factor binding site.
Thereby these data suggest that CDKN1A rs762623 G > A polymorphism favors HSC proliferation by
limiting p21 induction, due to DNA damage and telomere shortening, but it may not predispose to
severe fibrosis because it antagonizes cellular senescence [73]. Interestingly, CDKN1A variants have
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previously been described in association with rapid progression of idiopathic pulmonary fibrosis,
another degenerative condition characterized by cellular senescence and impairment of telomeres [74].

Telomere attrition may also be involved in mediating cancer susceptibility in NAFLD. We reported
the occurrence of HCC in NAFLD in a family where a novel missense hTERT mutation was
segregated with idiopathic familial pulmonary fibrosis and NAFLD. This rare Glu668Asp variant
located in the motif 3c of the reverse transcriptase domain of the protein likely led to reduced
telomeres length by directly interfering with hTERT enzymatic activity [75]. This finding suggested
us to investigate the presence of hTERT germline coding mutations in a cohort of patients who
developed HCC without recognized risk factors (cryptogenic) or were affected only by NAFLD,
which, in the absence of other predisposing conditions, is per se a relatively weak risk factor
for progressive liver disease. We observed a highly significant enrichment of germline coding
mutations in NAFLD HCC. In fact, 10% of NASH HCC were carriers of mutations, while no
mutations were identified in 30 NASH cirrhosis and in healthy controls. The rare mutations
modifying the sequence of the protein identified (three missense and one frameshift) were located
in the N-terminal domain of interaction with hTERC or in the catalytic domain, likely impairing
the activity of the telomerase complex. However, the relatively small number of patients
analyzed did not allow for correlation of the presence of hTERT mutations with HCC prognosis.
Additionally, in the same study, we found that telomeres are progressively shortened in peripheral
blood leukocytes of NAFLD HCC patients compared to cirrhosis and controls [76]. These data
point out a possible causal role for telomere attrition and telomerase mutations in influencing
susceptibility towards HCC in NAFLD patients. As telomere shortening was not always correlated
with the presence of hTERT mutations, this suggests that mutations in other genes contributing
to the maintenance of telomeres or epigenetic mechanisms may result in a similar phenotype
(genetic heterogeneity) and contribute to the phenotypic expression of heterozygous hTERT mutations.

3. Conclusions

Telomeres and telomerase play an important role in the onset and progression of liver disease
independently of the underlying etiology. However, the role of telomere attrition and cell senescence
is most likely magnified in NAFLD, where genetic risk factors and ageing have a large impact on
the predisposition to advanced liver damage in combination with acquired risk factors. The role
of telomeres in the pathogenesis of liver disease may be explained by the following hypothesis.
Triggering factors, such as obesity and insulin resistance in the case of NAFLD, induce a condition
of chronic hepatic damage and regeneration characterized by progressive hepatocytes telomere
shortening and senescence. When hepatocytes reach senescence, liver regeneration decreases, but
chronic damage remains. Concomitantly, other cell types, such as HSCs, become activated and
form fibrotic tissue in area of hepatocyte loss. In this context, germline hTERT loss-of-function
mutations accelerate telomere shortening, favoring fibrosis development and thus creating a favorable
microenvironment for cancer onset. Moreover, telomere attrition and germline hTERT loss-of-function
mutations may exert a direct pro-carcinogenic effect by promoting genomic instability, both inducing
telomere shortening and impairing telomerase activity in DNA repair and chromatin organization [36].
Within this context, the presence of heterozygous mutations does not prevent the reactivation of the
telomerase wild type allele at later stages of carcinogenesis, which is necessary for the indefinite
replication of the neoplastic clone (Figure 2).

Several studies suggest the use of telomerase inhibitors for HCC treatment. These molecules will
hopefully be able to arrest early tumor growth by blocking telomerase, having an almost immediate
effect since they likely act on a phenotype of still short telomeres [77]. Moreover, they could arrest
inflammatory and HSC telomerase activity, and, consequently, telomere elongation, which has been
described as a feature of cirrhotic tissue surrounding tumors [18], thus having a beneficial effect
both on the cirrhotic and the cancer tissue. Additionally, inhibition of telomerase may enhance
chemosensitivity of cancer cells to chemotherapeutic agents [78]. Vice versa, treatment based on
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molecules that activate telomerase may be useful at the first stage of liver disease and in patients
carrying telomerase complex mutations, in order to permit tissue regeneration by avoiding hepatocyte
telomere shortening and senescence. This could be exploited by transplantation of liver cells engineered
for hTERT gene expression, by directly delivering hTERT to the organ, or by small molecules enhancing
telomerase activity. However, to date, it is not known how to manage both the carcinogenic potential
of hTERT-immortalized hepatocytes, and the hepatotoxicity linked to gene delivery [77].

 

Figure 2. Hypothesis for telomeres’ role in pathogenesis of nonalcoholic fatty liver disease (NAFLD)
progression toward cirrhosis and hepatocellular carcinoma (HCC). The model shows that, in the
presence of triggering acquired risk factors such as obesity and insulin resistance, the liver undergoes
cycle of damage and regeneration that requires telomerase re-activation. However, degenerative chronic
conditions lead to telomere shortening and fibrosis progression towards cirrhosis, the main risk factor
for HCC. In carriers of telomerase germline loss-of-function mutations, this process is accelerated
due to telomerase inability to elongate telomeres, thus impairing tissue regeneration. Moreover,
telomerase mutations may have a direct pro-carcinogenic effect by inducing genomic instability.
Finally, telomere re-elongation in cancer tissue was triggered by different mechanisms, among which,
overexpression of hTERT is necessary for the immortalization of the neoplastic clone.

Interestingly, both the inhibition and the activation of telomerase may be useful in different stages
of liver disease, and, at the same time, may have important side effects due also to the impairment
of the physiological expression of this gene in other organs and tissues. Thus, how to act in order to
modulate telomerase activity remains controversial. Further studies are necessary in order to better
understand the impact of telomeres and telomerase on the different levels of liver disease progression,
and consequently how to act to prevent telomerase related damage.
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Abbreviations

The following abbreviations are used in this manuscript:

NAFLD Non-alcoholic fatty liver disease
HCC Hepatocellular carcinoma
hTERT Human telomerase Reverse Transcriptase

hTERC Human telomerase RNA Component
DKC1 Dyskerin
NOLA1-NOLA2- NOLA3 Nucleolar protein family A member 1, 2 and 3
TRF1-TRF2 Telomeric repeat- binding factors 1 and 2
POT1 Protection of telomeres 1
TIN2 TRF-1 interacting protein 2
TPP1 POT1-TIN2 organizing protein
RAP1 repressor/activator protein 1
pRb Retinoblastoma 1
Cdk Cyclin-dependent kinase
E2F Transcription factor E2F
ErbB Epidermal Growth Factor Receptor family members
INK4a Cyclin-dependent kinase inhibitor 2A
K19 Keratin 19
EpCAM Epithelial Cell Adhesion Molecule
ALT Alternative Lengthening of Telomeres
BRG1 SWI/SNF related, matrix associated, actin dependent regulator of

chromatin, subfamily a, member 4
TCF4 Transcription factor 4
RdRP RNA-dependent RNA polymerase
RMRP RNA component of mitochondrial RNA processing endoribonuclease
siRNA Silencing RNA
RISC RNA-induced silencing complex
Pgc-1α/β Peroxisome proliferator-activated receptor γ coactivator-1 α/β
NASH Non-alcoholic steatohepatitis
CDKN1A Cyclin-dependent kinase inhibitor 1A
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Abstract: In recent years, the global burden of obesity and diabetes has seen a parallel rise in
other metabolic complications, such as non-alcoholic fatty liver disease (NAFLD). This condition,
once thought to be a benign accumulation of hepatic fat, is now recognized as a serious and prevalent
disorder that is conducive to inflammation and fibrosis. Despite the rising incidence of NAFLD,
there is currently no reliable method for its diagnosis or staging besides the highly invasive tissue
biopsy. This limitation has resulted in the study of novel circulating markers as potential candidates,
one of the most popular being extracellular vesicles (EVs). These submicron membrane-bound
structures are secreted from stressed and activated cells, or are formed during apoptosis, and are
known to be involved in intercellular communication. The cargo of EVs depends upon the parent cell
and has been shown to be changed in disease, as is their abundance in the circulation. The role of EVs
in immunity and epigenetic regulation is widely attested, and studies showing a correlation with
disease severity have made these structures a favorable target for diagnostic as well as therapeutic
purposes. This review will highlight the research that is available on EVs in the context of NAFLD,
the current limitations, and projections for their future utility in a clinical setting.

Keywords: biomarkers; diagnosis; exosomes; extracellular vesicles; microvesicles; NAFLD;
non-alcoholic steatohepatitis (NASH); steatosis; steatohepatitis

1. Introduction

Obesity is rapidly evolving into a global pandemic, and poses a significant healthcare and
socioeconomic burden. Its increased prevalence in both developed and developing nations has seen
a rise in other serious metabolic complications, such as cardiovascular disease, type 2 diabetes mellitus
and non-alcoholic fatty liver disease (NAFLD). Although diabetes is a common risk factor for NAFLD
progression and vice versa [1–4], lean or non-diabetic patients also develop NAFLD [5–7], and so
biochemical rather than anthropometric parameters would likely be of greater utility in diagnosis or
prognosis of the disease.

To address this issue, the World Gastroenterology Organisation (WGO) recently published a set
of comprehensive guidelines on the assessment and management of NAFLD [8], with emphasis on the
distinction between simple steatosis and non-alcoholic steatohepatitis (NASH). The latter represents
the advanced manifestation of the NAFLD spectrum whereby inflammation and fibrosis are also
present, and is a condition which is much easier to identify than simple steatosis. However, limitations
with current diagnostic methods, such as unreliable imaging techniques and serum markers, have
meant that tissue biopsy remains the gold standard for NASH diagnosis [9–14]. Irrespective of this,
biopsy is a highly invasive procedure and subject to variability through sampling error [15–17].
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Moreover, it cannot predict disease progression, and, for this reason, there is increasing emphasis on
the identification of stable non-invasive markers specific for liver disease progression.

At this stage, effective early detection is poor as patients usually do not report symptoms
until they have progressed to NASH or cirrhosis. Serum biochemistry that reveals elevated liver
transaminases in the absence of excessive alcohol consumption or other liver disease is the most typical
indicator of NAFLD, while anthropometric data such as a high body mass index (considered obese if
above 35 kg/m2) may warrant further screening for visceral fat accumulation in the liver [8]. It must
nonetheless be stressed that despite the increased likelihood, not all obese individuals will develop
NAFLD/NASH, and so probing for markers of steatosis in global metabolic disorders should therefore
address what is known about the mechanisms of disease within the target organ. Ideal marker
candidates should reflect not only the presence of NAFLD, but also the severity of disease, which is
vital for early diagnosis as well grading progression [13].

This review aims to introduce the concept of using circulating cell-derived vesicles as novel
markers of NAFLD, with an emphasis on their role in diagnosis and the assessment of disease
pathology. Drawing on recent evidence from the literature, the paradigm of “marker versus mediator”
will be discussed, as well as insight into their potential as therapeutic targets.

2. Novel Biomarkers in Liver Disease

In the latter half of the last century, shedding of vesicles from the cell membrane was identified
as an inconsequential by-product of cell degradation [18,19]. However, clinical studies supported
by research findings have recently pointed to the regulated secretion of these extracellular vesicles
and their role in intercellular communication. Moreover, the abundance as well as the phenotype of
circulating vesicles is reported to change in many disease states, including liver diseases [20–23] and
metabolic disorders such as diabetes and obesity [24–27]. As such, much interest has been invested in
characterising these structures for their potential utility in diagnostics, especially for conditions where
this is otherwise notoriously difficult, such as NAFLD.

2.1. Extracellular Vesicles: What Are They?

Extracellular vesicles (EVs) are collectively represented by three subclasses of membrane-bound
structures that are distinguished based on their size, typical markers, and biogenesis [28–30]
(see Figure 1). Exosomes are the smallest vesicles, usually below 100 nm in diameter, and are formed
within multivesicular bodies (MVB) that release their contents into the interstitium upon fusion
with the cell membrane. These exocytosed EVs are characterised by their expression of membrane
tetraspanins, most notably CD63, as well as the endosomal sorting complex required for transport
(ESCRT)-associated protein Alix, both of which reflect the MVB origin of exosomes [29,31,32].

In contrast, microvesicles (MVs) are shed directly from the cell membrane by a “budding” process
and typically range in size from around 100 to 1000 nm, although these values are somewhat arbitrary
and subclass overlap may exist [29]. MVs are identified by the expression of phosphatidylserine (PS)
on their surface, which is indicative of their release from activated or apoptotic cells. In these cells
PS is externalized, whereas in quiescent cells the membrane PS has a cytosolic orientation [33,34].
Most studies utilise the fact that Annexin V—a soluble protein used in the detection of apoptotic
cells—binds with high affinity to PS and is therefore a useful marker of the MV subclass. Meanwhile,
some groups have argued that a majority of circulating MVs are in fact PS-negative, whilst others
have proposed that measurement of lactadherin may be a more sensitive alternative to Annexin
V [35–37]. Despite ongoing controversies in their characterisation, both EV populations have ultimately
been shown to impart functional properties of their parent cells through the transfer of proteins,
mRNAs, and particularly microRNAs (or miRNAs) that are subsequently involved in epigenetic
regulation [38,39].
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Figure 1. Extracellular vesicle characterisation. Cells respond to a variety of stimuli that cause
inflammation and metabolic stress, which result in their activation, impaired functioning, or
apoptosis. This mechanism drives the release of extracellular vesicles (EVs), which signal to
paracrine or distal effectors the condition of the cell microenvironment. Effector cells may, in turn,
respond by selectively imparting regulatory molecules—small nucleic acids (mRNA and miRNA),
lipids, and proteins—contained within EVs, that are taken up by the recipient cell. The EV subclasses
are identified by membrane markers that denote the site of their biogenesis. Exosomes typically express
endosomal membrane proteins, such as tetraspanins, while microvesicles are understood to contain
phosphatidylserine. These lipoproteins are normally oriented towards the cytosol to maintain the cell
membrane asymmetry, but during conditions that stimulate EV release, the molecules become everted.
Abbreviations: ESCRT = endosomal sorting complex required for transport; MVB = multivesicular
body; PS = phosphatidylserine.

Finally, apoptotic bodies represent the largest EV subclass in terms of their size, ranging from
one to four microns. Since this is comparable with platelets, studies that use size exclusion techniques
to isolate circulating EVs, such as ultracentrifugation or filtration, will usually lose this population
of vesicles with larger contaminants [40]. Furthermore, as apoptotic bodies are formed during the
compartmentalization of apoptotic cells, they are generally assumed to be inert particles destined for
phagocytosis, although their horizontal gene-transfer capacity has been documented [41,42].

2.2. Role of Extracellular Vesicles in Liver Disease

Almost all cell types ubiquitously release low levels of extracellular vesicles. In normal physiology,
most circulating EVs are derived from platelets and endothelial cells, and have been shown to be
important in common haemostatic events such as coagulation [43]. While vesicles of the same origin
have been implicated in disease complications of a pro-coagulative nature [44,45], there is still a
paucity of knowledge regarding the dynamics of EV secretion by different cell types and in particular
how the secreted EVs interact to advance the pathogenesis of a given disease. Controlled in vitro
experiments have provided the most direct lines of evidence for EV regulation, including how
the stimulus for release may affect their phenotype [46]. There is a wealth of research using liver
injury models to explore EV-mediated fibrosis [47–49], transcriptomic signalling [50–54], and targeted
immunotherapy [55–57] in artificial cell culture systems. However, in vivo studies present an added
degree of complexity due to the difficulty of identifying liver specific EVs within the circulating pool.
For this reason, most studies have opted to focus on circulating vesicle characterisation and their
temporal changes in relation to liver disease development [58–63], while others have pointed to roles
in extrahepatic cancer metastasis to the liver [64–66], although functional relationships have yet to
be explored.
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Some groups have approached the study of EVs from a more organ-targeted perspective, assessing
their role as paracrine mediators. Most of these studies evaluate the effect of EVs in fibrogenesis,
for example, the shuttling of pro-fibrogenic connective tissue growth factor (CTGF) between hepatic
stellate cells on the one hand [47], or the CTGF inhibiting miRNA-214 between stellate cells and
hepatocytes or adjacent stellate cells on the other hand [48]. Immune-mediated modulation has also
been suggested; one study had demonstrated a role for T cell-derived EVs in the induction of stellate
cell fibrolytic activity, as defined by an increase in the gene expression of matrix metalloproteinases
(MMPs) [49]. The findings concluded that this response from the stellate cells was likely mediated
by the homodimeric interaction of CD147 at the EV-cell interface. A pro-inflammatory glycoprotein,
CD147 had previously been implicated in liver disease pathogenesis by our group [67,68] as well
as having a well document role in tumour metastasis, which more recently had been attributed to
EV-mediated translocation [69–71]. Secreted vesicles have also been linked to paracrine signalling
in the tumour microenvironment, whereby miRNAs shuttled from hepatoma cells were able to
modulate protein expression in adjacent hepatocytes and to increase their proliferative potential [50,51].
Silencing of these miRNAs, in turn, had abrogated the pro-tumorigenic effects, while another study
had suggested a role for liver stem cell-derived EVs in miRNA-mediated tumour suppression [52].

2.3. Markers or Mediators of Liver Disease?

Taken together, this body of evidence highlights the growing expanse of EV research pertaining
to liver disease, and on the contrary, a relative paucity of data regarding the involvement of EVs in
NAFLD progression to NASH. Additionally, it introduces the “marker versus mediator” paradigm
when addressing the functionality of EVs. This plays an important role in EV analysis; for instance,
in the context of NAFLD, global changes in the circulating pool (marker) may not reflect the local
interactions within specific tissues, such as the liver, that drive pathogenesis at these sites (mediator).
However, a circulating profile that is unique to a given disease etiology would still substantiate the use
of EVs as non-invasive diagnostic markers, a concept that is discussed further in the section below.

3. Studies in Non-Alcoholic Fatty Liver Disease

Liver research involving EVs as disease mediators faces a number of inherent challenges. The most
important of these is finding a link between the circulating EV populations and a specific contribution
from the liver. From a biomarker perspective, it could be argued that a quantitative or phenotypic
change in circulating EVs with disease may validate their diagnostic utility, especially if these changes
are intensified with NAFLD progression (see Table 1). Unfortunately, given the complex biological
determinants of EV secretion, rather than a linear relationship we are more likely to see dynamic
responses from different tissues during the course of pathogenesis (see Figure 2). For a start, NAFLD is
not an isolated condition and, generally speaking, occurs as a complication of other metabolic disorders
where global insulin resistance is also present. Therefore, multiple tissues may be affected by the
resulting oxidative stress and fatty acid flux, which in turn promotes the activation of immune
cells and their migration to these sites. Consequently, the extrahepatic release of EVs may in fact
mask the pathogenesis of NAFLD. For this reason, and the lack of a specifically hepatic molecular
marker, ideal studies should examine the circulating EVs against their liver-derived counterparts,
where possible.
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Table 1. Extracellular vesicle markers in non-alcoholic fatty liver disease (NAFLD) studies.

Vesicle Source Marker(s) Key Study Findings Citation

Circulating

Lymphoid cells
CD4
CD8

Va24/Vb11

Enriched in NAFLD, positively correlated with
serum ALT and liver biopsy [72]

Myeloid cells CD14
CD15

Variable; CD14+ (monocyte origin) enriched in
NAFLD, positively correlated with serum ALT;

CD15+ (neutrophil origin) opposite trend
[72]

Erythrocytes TER119 Comprise the majority of circulating EVs
during Western diet [73]

Platelets CD41
CD62P

Conflicting data for abundance in NAFLD;
reduced with statin intervention [72,74]

Liver

ASGPR1
CES1

miR-122
miR-192

Enriched in NAFLD; miR-122 and miR-192
correlated with decreased liver expression [75–77]

Endothelial CD144 Enriched in NAFLD; reduced with
statin intervention [74]

Tissue
derived

Adipose

adiponectin
IL-6

MCP-1
MIF

Enriched in adipose origin; with the exception
of adiponectin, enriched in visceral versus

subcutaneous adipose
[78]

Hepatocytes Vanin-1 Enriched in steatotic hepatocytes (HepG2 cells
treated with palmitate) [76]

Abbreviations: ALT = alanine transaminase; ASGPR1 = asialoglycoprotein receptor 1; CES1 = (liver)
carboxylesterase 1; IL-6 = interleukin 6; iNKT = invariant natural killer T [cell]; MCP-1 = monocyte chemotactic
protein 1; MIF = (macrophage) migration inhibitory factor; NAFLD = non-alcoholic fatty liver disease;
Va24/Vb11 = T cell receptor covariants a24/b11.

Figure 2. Extracellular vesicle roles in non-alcoholic fatty liver disease (NAFLD). EVs are involved
in intercellular communication within the liver tissue, between hepatic cells as well as other tissues
involved in mediating NAFLD pathogenesis, such as adipose and circulating (liver-homing) leukocytes.
Collectively, these EVs are involved in a dynamic response that may exacerbate tissue injury, as well
as promoting repair and matrix remodelling. Abbreviations: CTGF = connective tissue growth factor;
HSC = hepatic stellate cell; MMP = matrix metalloproteinase.

3.1. Animal Studies

The fact that such issues remain to be addressed can be explained by the relative infancy of this
field of research. To date, there are fewer than a dozen studies to have documented a role for EV
signalling in a model of NAFLD, the earliest reported as late as 2009 in mice [79]. To better define a
role for EVs in the development of hepatic steatosis, researchers have sought to replicate the clinical
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observations in rodent models of NAFLD, simulated by administering a choline-deficient diet (CDD)
or high-fat diet (HFD) ad libitum for several weeks, the latter of which more accurately reflects the
development of human metabolic syndrome. It should also be noted, that while CDD animals have
comparable liver triglycerides to HFD animals, and a much more rapid progression to hepatic fibrosis,
other typical changes such as increased body weight and fat depots, insulin resistance, and elevated
fasting glucose and fatty acids are not observed [80]. This is due to the fact that, while HFD feeding
increases lipid production, choline deficiency results in mitochondrial dysfunction and hence prevents
the normal breakdown of lipids [81]. In saying that, contrary to what would be expected, EV studies
in rodent models of NAFLD showed similar trends for both diets (see Table 2).

Table 2. Important findings for extracellular vesicles in the context of NAFLD.

Key Study Findings Disease Model Vesicle Source Methods Citation

Rodent

NAFLD-inducing diet increases
circulating EV abundance

HFD
CDD plasma FC [74–76]

Circulating EV abundance
correlates with NAFLD

progression
CDD plasma FC [75,76]

NAFLD-inducing diet increases
circulating liver-derived EVs

HFD
CDD

plasma
serum RT-qPCR [75–77]

NAFLD-inducing diet changes
circulating EV contents CDD plasma LCMS

WB [75,76]

NAFLD-inducing diet changes
circulating EV interactions with

cells
HFD plasma FC [79]

Human

Circulating EV abundance
correlates with NAFLD

progression
NASH plasma FC [72]

Circulating EV contents can
distinguish NAFLD from other

liver diseases
NASH plasma

serum
FC

microarray [72,82]

Abbreviations: CDD = choline deficient diet, EV = extracellular vesicle, FC = flow cytometry, HFD = high-fat
diet, LCMS = liquid chromatography with mass spectrometry, NAFLD = non-alcoholic fatty liver disease,
NASH = non-alcoholic steatohepatitis, RT-qPCR = real-time quantitative polymerase chain reaction,
WB = western blot.

In the original study, Deng and colleagues described a phenomenon in their chronic HFD model
whereby circulating EVs that were adoptively transferred to healthy animals were engulfed by myeloid
cells that subsequently accumulated in the liver [79]. This phenotype was not observed when EVs were
transferred from animals on a normal chow diet, which may suggest a selective, EV-driven mechanism
for hepatic inflammation as a concomitant to steatosis. While these findings are yet to be reproduced,
other groups have instead begun to more comprehensively examine the profile of circulating EVs to
better understand their temporal regulation, contents, and possible intervention strategies. Indeed it
was shown that vesicles tend to increase on a background of NAFLD, and do so in a time-dependent
manner, according to data obtained from flow cytometry experiments [74–76].

To evaluate how the liver contributes to this population, EVs were assessed for their expression
of miRNA-122, a molecule that is enriched in mammalian livers and is shown to be involved in
early NAFLD progression [83–85]. Consistent with previous findings, rodent studies confirmed an
increase in circulating EV-associated miRNA-122 accompanied by a decrease in the liver expression of
this molecule [75–77]. Furthermore, one study demonstrated that when miRNA-122 was trafficked
in EVs, it was not associated with its protein binding partner Argonaute 2, a phenomenon that is
otherwise typically observed in non-disease conditions [75]. While other miRNAs and proteins were
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not correlated against disease severity, Povero and colleagues had employed mass spectrometry to
identify an EV-specific proteome in NAFLD that was distinct from healthy controls [75]. These findings
complement a previous study done by the group, in which they confirm a role for EV-bound Vanin-1
in hepatocyte vesicle uptake by an endothelial cell line, with subsequent angiogenic behaviour that is
only observed when EVs are derived from hepatocytes subjected to lipotoxic stress [76].

Taken together, these studies establish a solid foundation for understanding the role of EVs in
NAFLD, however, some notable limitations exist. Firstly, changes in EV phenotype were not correlated
against histological severity of liver disease, which would otherwise give some insight into their
prognostic value. Furthermore, perhaps an emphasis on distinguishing NAFLD from other underlying
liver pathologies would give EVs a stronger diagnostic utility, as had been addressed in the clinical
studies below.

3.2. Human Studies

The pioneering study to involve human subjects was published three years later by Kornek and
colleagues, who for the first time had suggested a correlation between the circulating abundance of
leukocyte-derived EVs and disease severity, as determined by liver transaminase levels, biopsy grade,
and NAFLD activity score (NAS) [72]. These findings still provide the most compelling evidence in
clinical samples for the prognostic value of EVs in NASH development, and have been extensively cited.
The authors have additionally noted a distinction between the circulating NAFLD EV profile and that
seen in hepatitis C patients. This is further supported by another study where transcriptomic analysis
revealed that serum exosome-derived miRNAs are capable of differentiating multiple aetiologies
of liver disease, as well as disease from normal liver controls [82]. Similar to the first study, it was
shown that the expression level of some miRNAs was regulated either positively or negatively with
histological features of disease, such as inflammation and fibrosis. However, these results were limited
to the cohort with chronic hepatitis and no such data was available for NAFLD progression to NASH.

More recent studies have described the modulation of hepatocyte and stellate cell activity by
EVs isolated from visceral (peritoneal) adipose tissue. While the subjects did not necessarily present
with NAFLD, the ex vivo experimental designs instead aimed to establish a role for EVs in potentially
mediating this disease. As such, Kranendonk and colleagues showed that adipocyte EVs from
non-obese patients were capable of interfering with insulin signalling and gluconeogenesis when
directly exposed to a hepatocyte cell line [78]. Furthermore, the concentration of EVs correlated
positively with expression of liver transaminases, which supports the evidence for their role in
hepatocyte dysfunction. In another study, albeit on a smaller scale, adipose tissue isolated from
obese patients released EVs in culture that subsequently altered the gene expression of an MMP
inhibitor, TIMP-1, in both hepatocytes and stellate cells [86]. Collectively, these findings suggest
a novel mechanism of NAFLD pathogenesis by EVs through adipocyte-mediated hepatic cell stress
and tissue remodelling.

4. Understanding the Role of Secreted Vesicles

With the urgency to develop a non-invasive biomarker for the diagnosis and staging of NAFLD,
research into the biology of extracellular vesicles has provided an opportunity to explore a novel
mechanism of disease pathogenesis that can also be harnessed as a clinical tool. However, there is
still a long way to go before EV-related assays will have translational utility. Besides the obvious
question of disease and tissue specificity, current techniques used in the isolation and characterisation
of EVs remain laborious, and suffer from a lack of standardization, as well as high variability. It will
undoubtedly take a few years before the processing of EVs from blood and other bodily fluids as
“liquid biopsies” becomes economically viable, reproducible and validated. Until then we are unlikely
to see their use in routine clinical practice.

While much can be learned from the studies described in this review, the concept of analysing
EVs in the context of NAFLD is still very much a small niche in the literature. One reason could be the
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limitations mentioned above, or a focus on more accessible biochemistries such as liver transaminases
and soluble miRNA-122. But then why look at circulating EVs? Perhaps the answer lies in their
active role in disease; they may not only confirm the presence of NAFLD, but also give an insight
into which tissues are interacting and how this is driving pathogenesis. It has been shown that
adipose tissue EVs taken from obese individuals are capable of signalling to hepatic cells to remodel
their extracellular milieu, while these cells in turn may communicate via EVs with the sinusoid to
promote angiogenesis [76,86]. Circulating vesicles have also been implicated in the innate immune
response that accompanies steatosis, pointing to a role in the progression from early NAFLD to
NASH [72,79]. From a physiological perspective, it makes sense to encapsulate certain molecules
that are otherwise prone to enzymatic degradation, especially in a complex or unpredictable disease
environment. However, if preservation of these molecules within EVs leads to a heightened stimulation
of inflammatory cells, as previously suggested, this mechanism may in turn be responsible for the
exacerbation of tissue injury.

Whether EVs can be considered as friend or foe in metabolic diseases is still a grey area, and likely
depends on the tissue of origin. Their use as a biomarker is further complicated by the possibility of
temporal fluctuation or waning, as is seen with liver enzymes in models of NAFLD [87,88], which limits
their predictive value. Furthermore, high-powered micrographs of liver sections have shown that
hepatic EVs are predominantly located in the perisinusoidal region [75,76], which may indicate
their entrapment in the liver, contrary to previous findings described in this review and also within
the same studies. This idea is supported by the fact that the sinusoidal endothelium undergoes
defenestration with progressive fibrosis, as well as aging [89], which may restrict the normal flux
of vesicles and macromolecules within the liver. Alternatively, the accumulation of fibrous tissue
in the perisinusoid may also limit the passage of EVs, or provide selective permeability to smaller
vesicles. However, whether this is a protective mechanism or passive consequence of disease is yet to
be elucidated.

What Does the Future Hold?

The multifaceted nature of EVs suggests that these structures may have potential value beyond
their use as circulating biomarkers in NAFLD. For instance, cancer studies have explored the transfer
of oncogenes and an oncogenic phenotype through EV uptake in cell culture models [41,90,91],
which may provide a target for therapeutic intervention. Indeed, it was shown that incubating
hepatoma cells with various anti-cancer drugs promoted the secretion of immunogenic EVs that were
capable of enhancing natural killer (NK) cell responses [55,56]. Conversely, exposing macrophages
to such drugs may induce the release of EV-derived miRNAs, which suppress cancer growth by
epigenetic regulation [57]. This concept has been extended to NAFLD models, where it was found
that administering cholesterol-lowering drugs to high-fat fed rodents can attenuate the release of EVs,
however the exact implication of this was not discussed, except for a potential reduction in liver cell
death [73,74].

Another approach is to use the vesicles themselves as a mode or target of therapy, not simply a
marker of injury. This idea has been investigated since the late 1980s, whereby synthetic EVs were used
as a vehicle for drug delivery in both in vitro and in vivo models of liver injury [92,93]. It is also possible
that in the future, endogenous EVs may be harvested for similar purposes, providing an efficient
technique for tissue-specific delivery of molecules. The advantage of this autologous transfer system is
that the vesicles are less likely to be rejected by the patient, however still sufficiently immunogenic to
elicit a response [79].

5. Conclusions

With the rapid advancement of technology, it can be expected that once EVs become a routine
parameter for assessment of disease status—of especial value in conditions that are difficult to diagnose,
such as NAFLD—their utility may be further projected to the treatment of disease in its early stages,
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and potentially the reversal of chronic disorders like NASH. While there is still a long way to go,
for the time being it is important to focus on controlling the underlying metabolic disorders through
traditional intervention methods and lifestyle changes, which would also slow the progression of its
comorbidities. However, detection of NAFLD and its staging continues to be a problem with invasive
techniques such as biopsy being the gold standard. For this reason, EV analysis has promise as a
non-invasive diagnostic tool.
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ESCRT endosomal sorting complex required for transport
EV extracellular vesicle
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HFD high-fat diet
HSC hepatic stellate cell
IL-6 interleukin 6
iNKT cell invariant natural killer T cell
LC-MS/MS liquid chromatography with tandem mass spectrometry
MCP-1 monocyte chemotactic protein 1
MIF [macrophage] migration inhibitory factor
miRNA microRNA
MMP matrix metalloproteinase
MV microvesicle
MVB multivesicular body
NAFLD non-alcoholic fatty liver disease
NAS NAFLD activity score
NASH non-alcoholic steatohepatitis
NK cell natural killer cell
PS phosphatidylserine
RT-qPCR real-time quantitative polymerase chain reaction
TEM transmission electron microscopy
TIMP-1 tissue inhibitor of metalloproteinase 1
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References

1. Hui, E.; Xu, A.; Bo Yang, H.; Lam, K.S. Obesity as the common soil of non-alcoholic fatty liver disease and
diabetes: Role of adipokines. J. Diabetes Investig. 2013, 4, 413–425. [CrossRef] [PubMed]

2. Bugianesi, E.; Vanni, E.; Marchesini, G. NASH and the risk of cirrhosis and hepatocellular carcinoma in type
2 diabetes. Curr. Diabetes Rep. 2007, 7, 175–180. [CrossRef]

83



Int. J. Mol. Sci. 2016, 17, 376

3. Williams, K.H.; Shackel, N.A.; Gorrell, M.D.; McLennan, S.V.; Twigg, S.M. Diabetes and nonalcoholic fatty
liver disease: A pathogenic duo. Endocr. Rev. 2013, 34, 84–129. [CrossRef] [PubMed]

4. Adams, L.A.; Harmsen, S.; St Sauver, J.L.; Charatcharoenwitthaya, P.; Enders, F.B.; Therneau, T.; Angulo, P.
Nonalcoholic fatty liver disease increases risk of death among patients with diabetes: A community-based
cohort study. Am. J. Gastroenterol. 2010, 105, 1567–1573. [CrossRef] [PubMed]

5. Feng, R.N.; Du, S.S.; Wang, C.; Li, Y.C.; Liu, L.Y.; Guo, F.C.; Sun, C.H. Lean-non-alcoholic fatty liver disease
increases risk for metabolic disorders in a normal weight chinese population. World J. Gastroenterol. 2014, 20,
17932–17940. [PubMed]

6. Kumar, R.; Rastogi, A.; Sharma, M.K.; Bhatia, V.; Garg, H.; Bihari, C.; Sarin, S.K. Clinicopathological
characteristics and metabolic profiles of non-alcoholic fatty liver disease in indian patients with normal
body mass index: Do they differ from obese or overweight non-alcoholic fatty liver disease? Indian J.
Endocrinol. Metab. 2013, 17, 665–671. [CrossRef] [PubMed]

7. Younossi, Z.M.; Stepanova, M.; Negro, F.; Hallaji, S.; Younossi, Y.; Lam, B.; Srishord, M. Nonalcoholic fatty
liver disease in lean individuals in the united states. Medicine 2012, 91, 319–327. [CrossRef] [PubMed]

8. LaBrecque, D.R.; Abbas, Z.; Anania, F.; Ferenci, P.; Khan, A.G.; Goh, K.L.; Hamid, S.S.; Isakov, V.;
Lizarzabal, M.; Penaranda, M.M.; et al. World gastroenterology organisation global guidelines: Nonalcoholic
fatty liver disease and nonalcoholic steatohepatitis. J. Clin. Gastroenterol. 2014, 48, 467–473. [CrossRef]
[PubMed]

9. Deffieux, T.; Gennisson, J.L.; Bousquet, L.; Corouge, M.; Cosconea, S.; Amroun, D.; Tripon, S.; Terris, B.;
Mallet, V.; Sogni, P.; et al. Investigating liver stiffness and viscosity for fibrosis, steatosis and activity staging
using shear wave elastography. J. Hepatol. 2015, 62, 317–324. [CrossRef] [PubMed]

10. Khov, N.; Sharma, A.; Riley, T.R. Bedside ultrasound in the diagnosis of nonalcoholic fatty liver disease.
World J. Gastroenterol. 2014, 20, 6821–6825. [CrossRef] [PubMed]

11. Myers, R.P.; Pomier-Layrargues, G.; Kirsch, R.; Pollett, A.; Beaton, M.; Levstik, M.; Duarte-Rojo, A.; Wong, D.;
Crotty, P.; Elkashab, M. Discordance in fibrosis staging between liver biopsy and transient elastography
using the FibroScan XL probe. J. Hepatol. 2012, 56, 564–570. [CrossRef] [PubMed]

12. Myers, R.P.; Pomier-Layrargues, G.; Kirsch, R.; Pollett, A.; Duarte-Rojo, A.; Wong, D.; Beaton, M.; Levstik, M.;
Crotty, P.; Elkashab, M. Feasibility and diagnostic performance of the FibroScan XL probe for liver stiffness
measurement in overweight and obese patients. Hepatology 2012, 55, 199–208. [CrossRef] [PubMed]

13. Pais, R.; Charlotte, F.; Fedchuk, L.; Bedossa, P.; Lebray, P.; Poynard, T.; Ratziu, V.; Group, L.S. A systematic
review of follow-up biopsies reveals disease progression in patients with non-alcoholic fatty liver. J. Hepatol.
2013, 59, 550–556. [CrossRef] [PubMed]

14. Zelber-Sagi, S.; Yeshua, H.; Shlomai, A.; Blendis, L.; Leshno, M.; Levit, S.; Halpern, Z.; Oren, R. Sampling
variability of transient elastography according to probe location. Eur. J. Gastroenterol. Hepatol. 2011, 23,
507–514. [CrossRef] [PubMed]

15. Athyros, V.G.; Katsiki, N.; Karagiannis, A.; Mikhailidis, D.P. Statins and nonalcoholic fatty liver disease:
A bright future? Expert Opin. Investig. Drugs 2013, 22, 1089–1093. [CrossRef] [PubMed]

16. Angulo, P. Long-term mortality in nonalcoholic fatty liver disease: Is liver histology of any prognostic
significance? Hepatology 2010, 51, 373–375. [CrossRef] [PubMed]

17. Arun, J.; Jhala, N.; Lazenby, A.J.; Clements, R.; Abrams, G.A. Influence of liver biopsy heterogeneity and
diagnosis of nonalcoholic steatohepatitis in subjects undergoing gastric bypass. Obes. Surg. 2007, 17, 155–161.
[CrossRef] [PubMed]

18. Wolf, P. The nature and significance of platelet products in human plasma. Br. J. Haematol. 1967, 13, 269–288.
[CrossRef] [PubMed]

19. Dalton, A.J. Microvesicles and vesicles of multivesicular bodies versus “virus-like” particles. J. Natl.
Cancer Inst. 1975, 54, 1137–1148.

20. Bala, S.; Petrasek, J.; Mundkur, S.; Catalano, D.; Levin, I.; Ward, J.; Alao, H.; Kodys, K.; Szabo, G.
Circulating microRNAs in exosomes indicate hepatocyte injury and inflammation in alcoholic, drug-induced,
and inflammatory liver diseases. Hepatology 2012, 56, 1946–1957. [CrossRef] [PubMed]

21. Kornek, M.; Schuppan, D. Microparticles: Modulators and biomarkers of liver disease. J. Hepatol. 2012, 57,
1144–1146. [CrossRef] [PubMed]

84



Int. J. Mol. Sci. 2016, 17, 376

22. Lemoinne, S.; Thabut, D.; Housset, C.; Moreau, R.; Valla, D.; Boulanger, C.M.; Rautou, P.E. The emerging
roles of microvesicles in liver diseases. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 350–361. [CrossRef]
[PubMed]

23. Royo, F.; Falcon-Perez, J.M. Liver extracellular vesicles in health and disease. J. Extracell. Vesicles 2012, 1.
[CrossRef] [PubMed]

24. Ferrante, S.C.; Nadler, E.P.; Pillai, D.K.; Hubal, M.J.; Wang, Z.; Wang, J.M.; Gordish-Dressman, H.; Koeck, E.;
Sevilla, S.; Wiles, A.A.; et al. Adipocyte-derived exosomal miRNAs: A novel mechanism for obesity-related
disease. Pediatr. Res. 2015, 77, 447–454. [CrossRef] [PubMed]

25. Goichot, B.; Grunebaum, L.; Desprez, D.; Vinzio, S.; Meyer, L.; Schlienger, J.L.; Lessard, M.; Simon, C.
Circulating procoagulant microparticles in obesity. Diabetes Metab. 2006, 32, 82–85. [CrossRef]

26. Nomura, S.; Inami, N.; Shouzu, A.; Urase, F.; Maeda, Y. Correlation and association between plasma platelet-,
monocyte- and endothelial cell-derived microparticles in hypertensive patients with type 2 diabetes mellitus.
Platelets 2009, 20, 406–414. [CrossRef] [PubMed]

27. Wang, Y.; Chen, L.M.; Liu, M.L. Microvesicles and diabetic complications—Novel mediators,
potential biomarkers and therapeutic targets. Acta Pharmacol. Sin. 2014, 35, 433–443. [CrossRef] [PubMed]

28. Akers, J.C.; Gonda, D.; Kim, R.; Carter, B.S.; Chen, C.C. Biogenesis of extracellular vesicles (EV):
Exosomes, microvesicles, retrovirus-like vesicles, and apoptotic bodies. J. Neuro-Oncol. 2013, 113, 1–11.
[CrossRef] [PubMed]

29. Cocucci, E.; Meldolesi, J. Ectosomes and exosomes: Shedding the confusion between extracellular vesicles.
Trends Cell Biol. 2015, 25, 364–372. [CrossRef] [PubMed]

30. Kreimer, S.; Belov, A.M.; Ghiran, I.; Murthy, S.K.; Frank, D.A.; Ivanov, A.R. Mass-spectrometry-based
molecular characterization of extracellular vesicles: Lipidomics and proteomics. J. Proteome Res. 2015, 14,
2367–2384. [CrossRef] [PubMed]

31. Hurley, J.H.; Odorizzi, G. Get on the exosome bus with ALIX. Nat. Cell Biol. 2012, 14, 654–655. [CrossRef]
[PubMed]

32. Pols, M.S.; Klumperman, J. Trafficking and function of the tetraspanin CD63. Exp. Cell Res. 2009, 315,
1584–1592. [CrossRef] [PubMed]

33. Schutters, K.; Reutelingsperger, C. Phosphatidylserine targeting for diagnosis and treatment of human
diseases. Apoptosis Int. J. Program. Cell Death 2010, 15, 1072–1082. [CrossRef] [PubMed]

34. Spronk, H.M.; ten Cate, H.; van der Meijden, P.E. Differential roles of tissue factor and phosphatidylserine in
activation of coagulation. Thromb. Res. 2014, 133, S54–S56. [CrossRef] [PubMed]

35. Albanyan, A.M.; Murphy, M.F.; Rasmussen, J.T.; Heegaard, C.W.; Harrison, P. Measurement of
phosphatidylserine exposure during storage of platelet concentrates using the novel probe lactadherin:
A comparison study with annexin V. Transfusion 2009, 49, 99–107. [CrossRef] [PubMed]

36. Connor, D.E.; Exner, T.; Ma, D.D.; Joseph, J.E. The majority of circulating platelet-derived microparticles fail
to bind annexin V, lack phospholipid-dependent procoagulant activity and demonstrate greater expression
of glycoprotein Ib. Thromb. Haemost. 2010, 103, 1044–1052. [CrossRef] [PubMed]

37. Dasgupta, S.K.; Guchhait, P.; Thiagarajan, P. Lactadherin binding and phosphatidylserine expression on cell
surface-comparison with annexin A5. Transl. Res. J. Lab. Clin. Med. 2006, 148, 19–25. [CrossRef] [PubMed]

38. Quesenberry, P.J.; Goldberg, L.R.; Aliotta, J.M.; Dooner, M.S.; Pereira, M.G.; Wen, S.; Camussi, G.
Cellular phenotype and extracellular vesicles: Basic and clinical considerations. Stem Cells Dev. 2014,
23, 1429–1436. [CrossRef] [PubMed]

39. Xiong, W.; Sun, L.P.; Chen, X.M.; Li, H.Y.; Huang, S.A.; Jie, S.H. Comparison of microRNA expression profiles
in HCC-derived microvesicles and the parental cells and evaluation of their roles in HCC. J. Huazhong Univ.
Sci. Technol. Med. Sci. 2013, 33, 346–352. [CrossRef] [PubMed]

40. Witwer, K.W.; Buzas, E.I.; Bemis, L.T.; Bora, A.; Lasser, C.; Lotvall, J.; Nolte-’t Hoen, E.N.; Piper, M.G.;
Sivaraman, S.; Skog, J.; et al. Standardization of sample collection, isolation and analysis methods in
extracellular vesicle research. J. Extracell. Vesicles 2013, 2. [CrossRef] [PubMed]

41. Bergsmedh, A.; Szeles, A.; Henriksson, M.; Bratt, A.; Folkman, M.J.; Spetz, A.L.; Holmgren, L.
Horizontal transfer of oncogenes by uptake of apoptotic bodies. Proc. Natl. Acad. Sci. USA 2001, 98,
6407–6411. [CrossRef] [PubMed]

42. Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef]
[PubMed]

85



Int. J. Mol. Sci. 2016, 17, 376

43. Lynch, S.F.; Ludlam, C.A. Plasma microparticles and vascular disorders. Br. J. Haematol. 2007, 137, 36–48.
[CrossRef] [PubMed]

44. Ogasawara, F.; Fusegawa, H.; Haruki, Y.; Shiraishi, K.; Watanabe, N.; Matsuzaki, S. Platelet activation in
patients with alcoholic liver disease. Tokai J. Exp. Clin. Med. 2005, 30, 41–48. [PubMed]

45. Stravitz, R.T.; Bowling, R.; Bradford, R.L.; Key, N.S.; Glover, S.; Thacker, L.R.; Gabriel, D.A. Role of
procoagulant microparticles in mediating complications and outcome of acute liver injury/acute liver
failure. Hepatology 2013, 58, 304–313. [CrossRef] [PubMed]

46. Bernimoulin, M.; Waters, E.K.; Foy, M.; Steele, B.M.; Sullivan, M.; Falet, H.; Walsh, M.T.; Barteneva, N.;
Geng, J.G.; Hartwig, J.H.; et al. Differential stimulation of monocytic cells results in distinct populations of
microparticles. J. Thromb. Haemost. 2009, 7, 1019–1028. [CrossRef] [PubMed]

47. Charrier, A.; Chen, R.; Chen, L.; Kemper, S.; Hattori, T.; Takigawa, M.; Brigstock, D.R. Exosomes mediate
intercellular transfer of pro-fibrogenic connective tissue growth factor (CCN2) between hepatic stellate cells,
the principal fibrotic cells in the liver. Surgery 2014, 156, 548–555. [CrossRef] [PubMed]

48. Chen, L.; Charrier, A.; Zhou, Y.; Chen, R.; Yu, B.; Agarwal, K.; Tsukamoto, H.; Lee, L.J.; Paulaitis, M.E.;
Brigstock, D.R. Epigenetic regulation of connective tissue growth factor by microRNA-214 delivery in
exosomes from mouse or human hepatic stellate cells. Hepatology 2014, 59, 1118–1129. [CrossRef] [PubMed]

49. Kornek, M.; Popov, Y.; Libermann, T.A.; Afdhal, N.H.; Schuppan, D. Human t cell microparticles circulate
in blood of hepatitis patients and induce fibrolytic activation of hepatic stellate cells. Hepatology 2011, 53,
230–242. [CrossRef] [PubMed]

50. Kogure, T.; Lin, W.L.; Yan, I.K.; Braconi, C.; Patel, T. Intercellular nanovesicle-mediated microRNA transfer:
A mechanism of environmental modulation of hepatocellular cancer cell growth. Hepatology 2011, 54,
1237–1248. [CrossRef] [PubMed]

51. Kogure, T.; Yan, I.K.; Lin, W.L.; Patel, T. Extracellular vesicle-mediated transfer of a novel long noncoding
RNA TUC339: A mechanism of intercellular signaling in human hepatocellular cancer. Genes Cancer 2013, 4,
261–272. [CrossRef] [PubMed]

52. Fonsato, V.; Collino, F.; Herrera, M.B.; Cavallari, C.; Deregibus, M.C.; Cisterna, B.; Bruno, S.; Romagnoli, R.;
Salizzoni, M.; Tetta, C.; et al. Human liver stem cell-derived microvesicles inhibit hepatoma growth in scid
mice by delivering antitumor microRNAs. Stem Cells 2012, 30, 1985–1998. [CrossRef] [PubMed]

53. Momen-Heravi, F.; Bala, S.; Kodys, K.; Szabo, G. Exosomes derived from alcohol-treated hepatocytes
horizontally transfer liver specific miRNA-122 and sensitize monocytes to LPS. Sci. Rep. 2015, 5, 9991.
[CrossRef] [PubMed]

54. Takahashi, K.; Yan, I.K.; Kogure, T.; Haga, H.; Patel, T. Extracellular vesicle-mediated transfer of long
non-coding RNA ror modulates chemosensitivity in human hepatocellular cancer. FEBS Open Bio 2014, 4,
458–467. [CrossRef] [PubMed]

55. Lv, L.H.; Wan, Y.L.; Lin, Y.; Zhang, W.; Yang, M.; Li, G.L.; Lin, H.M.; Shang, C.Z.; Chen, Y.J.; Min, J. Anticancer
drugs cause release of exosomes with heat shock proteins from human hepatocellular carcinoma cells that
elicit effective natural killer cell antitumor responses in vitro. J. Biol. Chem. 2012, 287, 15874–15885. [CrossRef]
[PubMed]

56. Xiao, W.; Dong, W.; Zhang, C.; Saren, G.; Geng, P.; Zhao, H.; Li, Q.; Zhu, J.; Li, G.; Zhang, S.; et al. Effects of the
epigenetic drug MS-275 on the release and function of exosome-related immune molecules in hepatocellular
carcinoma cells. Eur. J. Med. Res. 2013, 18, 61. [CrossRef] [PubMed]

57. Zhang, J.; Shan, W.F.; Jin, T.T.; Wu, G.Q.; Xiong, X.X.; Jin, H.Y.; Zhu, S.M. Propofol exerts anti-hepatocellular
carcinoma by microvesicle-mediated transfer of miR-142–3p from macrophage to cancer cells. J. Transl. Med.
2014, 12, 279. [CrossRef] [PubMed]

58. Li, Y.; Zhang, L.; Liu, F.; Xiang, G.; Jiang, D.; Pu, X. Identification of endogenous controls for analyzing serum
exosomal miRNA in patients with hepatitis B or hepatocellular carcinoma. Dis. Markers 2015, 2015, 893594.
[CrossRef] [PubMed]

59. Sugimachi, K.; Matsumura, T.; Hirata, H.; Uchi, R.; Ueda, M.; Ueo, H.; Shinden, Y.; Iguchi, T.; Eguchi, H.;
Shirabe, K.; et al. Identification of a bona fide microRNA biomarker in serum exosomes that predicts
hepatocellular carcinoma recurrence after liver transplantation. Br. J. Cancer 2015, 112, 532–538. [CrossRef]
[PubMed]

60. Sun, L.; Hu, J.; Xiong, W.; Chen, X.; Li, H.; Jie, S. MicroRNA expression profiles of circulating microvesicles
in hepatocellular carcinoma. Acta Gastro-Enterol. Belg. 2013, 76, 386–392.

86



Int. J. Mol. Sci. 2016, 17, 376

61. Wang, H.; Hou, L.; Li, A.; Duan, Y.; Gao, H.; Song, X. Expression of serum exosomal microRNA-21 in human
hepatocellular carcinoma. BioMed Res. Int. 2014, 2014, 864894. [CrossRef] [PubMed]

62. Brodsky, S.V.; Facciuto, M.E.; Heydt, D.; Chen, J.; Islam, H.K.; Kajstura, M.; Ramaswamy, G.;
Aguero-Rosenfeld, M. Dynamics of circulating microparticles in liver transplant patients. J. Gastrointest.
Liver Dis. 2008, 17, 261–268.

63. Freeman, C.M.; Quillin, R.C., 3rd; Wilson, G.C.; Nojima, H.; Johnson, B.L., 3rd; Sutton, J.M.; Schuster, R.M.;
Blanchard, J.; Edwards, M.J.; Caldwell, C.C.; et al. Characterization of microparticles after hepatic
ischemia-reperfusion injury. PLoS ONE 2014, 9, e97945. [CrossRef] [PubMed]

64. Costa-Silva, B.; Aiello, N.M.; Ocean, A.J.; Singh, S.; Zhang, H.; Thakur, B.K.; Becker, A.; Hoshino, A.;
Mark, M.T.; Molina, H.; et al. Pancreatic cancer exosomes initiate pre-metastatic niche formation in the liver.
Nat. Cell Biol. 2015, 17, 816–826. [CrossRef] [PubMed]

65. Eldh, M.; Olofsson Bagge, R.; Lasser, C.; Svanvik, J.; Sjostrand, M.; Mattsson, J.; Lindner, P.; Choi, D.S.;
Gho, Y.S.; Lotvall, J. MicroRNA in exosomes isolated directly from the liver circulation in patients with
metastatic uveal melanoma. BMC Cancer 2014, 14, 962. [CrossRef] [PubMed]

66. Wang, X.; Ding, X.; Nan, L.; Wang, Y.; Wang, J.; Yan, Z.; Zhang, W.; Sun, J.; Zhu, W.; Ni, B.; et al.
Investigation of the roles of exosomes in colorectal cancer liver metastasis. Oncol. Rep. 2015, 33, 2445–2453.
[CrossRef] [PubMed]

67. Calabro, S.R.; Maczurek, A.E.; Morgan, A.J.; Tu, T.; Wen, V.W.; Yee, C.; Mridha, A.; Lee, M.; d’Avigdor, W.;
Locarnini, S.A.; et al. Hepatocyte produced matrix metalloproteinases are regulated by CD147 in liver
fibrogenesis. PLoS ONE 2014, 9, e90571. [CrossRef] [PubMed]

68. Lee, A.; Rode, A.; Nicoll, A.; Maczurek, A.E.; Lim, L.; Lim, S.; Angus, P.; Kronborg, I.; Arachchi, N.;
Gorelik, A.; et al. Circulating CD147 predicts mortality in advanced hepatocellular carcinoma.
J. Gastroenterol. Hepatol. 2016, 31, 459–466. [CrossRef] [PubMed]

69. Sidhu, S.S.; Mengistab, A.T.; Tauscher, A.N.; LaVail, J.; Basbaum, C. The microvesicle as a vehicle for emmprin
in tumor-stromal interactions. Oncogene 2004, 23, 956–963. [CrossRef] [PubMed]

70. Millimaggi, D.; Mari, M.; D’Ascenzo, S.; Carosa, E.; Jannini, E.A.; Zucker, S.; Carta, G.; Pavan, A.; Dolo, V.
Tumor vesicle-associated CD147 modulates the angiogenic capability of endothelial cells. Neoplasia 2007, 9,
349–357. [CrossRef] [PubMed]

71. Zhang, W.; Zhao, P.; Xu, X.L.; Cai, L.; Song, Z.S.; Cao, D.Y.; Tao, K.S.; Zhou, W.P.; Chen, Z.N.; Dou, K.F.
Annexin A2 promotes the migration and invasion of human hepatocellular carcinoma cells in vitro by
regulating the shedding of CD147-harboring microvesicles from tumor cells. PLoS ONE 2013, 8, e67268.
[CrossRef] [PubMed]

72. Kornek, M.; Lynch, M.; Mehta, S.H.; Lai, M.; Exley, M.; Afdhal, N.H.; Schuppan, D. Circulating microparticles
as disease-specific biomarkers of severity of inflammation in patients with hepatitis c or nonalcoholic
steatohepatitis. Gastroenterology 2012, 143, 448–458. [CrossRef] [PubMed]

73. Baron, M.; Leroyer, A.S.; Majd, Z.; Lalloyer, F.; Vallez, E.; Bantubungi, K.; Chinetti-Gbaguidi, G.; Delerive, P.;
Boulanger, C.M.; Staels, B.; et al. PPARα activation differently affects microparticle content in atherosclerotic
lesions and liver of a mouse model of atherosclerosis and NASH. Atherosclerosis 2011, 218, 69–76. [CrossRef]
[PubMed]

74. Ajamieh, H.; Farrell, G.C.; McCuskey, R.S.; Yu, J.; Chu, E.; Wong, H.J.; Lam, W.; Teoh, N.C. Acute atorvastatin
is hepatoprotective against ischaemia-reperfusion injury in mice by modulating enos and microparticle
formation. Liver Int. 2015, 35, 2174–2186. [CrossRef] [PubMed]

75. Povero, D.; Eguchi, A.; Li, H.; Johnson, C.D.; Papouchado, B.G.; Wree, A.; Messer, K.; Feldstein, A.E.
Circulating extracellular vesicles with specific proteome and liver microRNAs are potential biomarkers for
liver injury in experimental fatty liver disease. PLoS ONE 2014, 9, e113651. [CrossRef] [PubMed]

76. Povero, D.; Eguchi, A.; Niesman, I.R.; Andronikou, N.; de Mollerat du Jeu, X.; Mulya, A.; Berk, M.;
Lazic, M.; Thapaliya, S.; Parola, M.; et al. Lipid-induced toxicity stimulates hepatocytes to release angiogenic
microparticles that require vanin-1 for uptake by endothelial cells. Sci. Signal. 2013, 6, ra88. [CrossRef]
[PubMed]

77. Csak, T.; Bala, S.; Lippai, D.; Satishchandran, A.; Catalano, D.; Kodys, K.; Szabo, G. MicroRNA-122
regulates hypoxia-inducible factor-1 and vimentin in hepatocytes and correlates with fibrosis in diet-induced
steatohepatitis. Liver Int. 2015, 35, 532–541. [CrossRef] [PubMed]

87



Int. J. Mol. Sci. 2016, 17, 376

78. Kranendonk, M.E.; Visseren, F.L.; van Herwaarden, J.A.; Nolte-’t Hoen, E.N.; de Jager, W.; Wauben, M.H.;
Kalkhoven, E. Effect of extracellular vesicles of human adipose tissue on insulin signaling in liver and muscle
cells. Obesity 2014, 22, 2216–2223. [CrossRef] [PubMed]

79. Deng, Z.B.; Liu, Y.; Liu, C.; Xiang, X.; Wang, J.; Cheng, Z.; Shah, S.V.; Zhang, S.; Zhang, L.; Zhuang, X.; et al.
Immature myeloid cells induced by a high-fat diet contribute to liver inflammation. Hepatology 2009, 50,
1412–1420. [CrossRef] [PubMed]

80. Raubenheimer, P.J.; Nyirenda, M.J.; Walker, B.R. A choline-deficient diet exacerbates fatty liver but attenuates
insulin resistance and glucose intolerance in mice fed a high-fat diet. Diabetes 2006, 55, 2015–2020. [CrossRef]
[PubMed]

81. Anstee, Q.M.; Goldin, R.D. Mouse models in non-alcoholic fatty liver disease and steatohepatitis research.
Int. J. Exp. Pathol. 2006, 87, 1–16. [CrossRef] [PubMed]

82. Murakami, Y.; Toyoda, H.; Tanahashi, T.; Tanaka, J.; Kumada, T.; Yoshioka, Y.; Kosaka, N.; Ochiya, T.;
Taguchi, Y.H. Comprehensive miRNA expression analysis in peripheral blood can diagnose liver disease.
PLoS ONE 2012, 7, e48366.

83. Lagos-Quintana, M.; Rauhut, R.; Yalcin, A.; Meyer, J.; Lendeckel, W.; Tuschl, T. Identification of tissue-specific
microRNAs from mouse. Curr. Biol. CB 2002, 12, 735–739. [PubMed]

84. Barad, O.; Meiri, E.; Avniel, A.; Aharonov, R.; Barzilai, A.; Bentwich, I.; Einav, U.; Gilad, S.; Hurban, P.;
Karov, Y.; et al. MicroRNA expression detected by oligonucleotide microarrays: System establishment and
expression profiling in human tissues. Gen. Res. 2004, 14, 2486–2494. [CrossRef] [PubMed]

85. Yamada, H.; Ohashi, K.; Suzuki, K.; Munetsuna, E.; Ando, Y.; Yamazaki, M.; Ishikawa, H.; Ichino, N.;
Teradaira, R.; Hashimoto, S. Longitudinal study of circulating miR-122 in a rat model of non-alcoholic fatty
liver disease. Clin. Chim. Acta Int. J. Clin. Chem. 2015, 446, 267–271. [CrossRef] [PubMed]

86. Koeck, E.S.; Iordanskaia, T.; Sevilla, S.; Ferrante, S.C.; Hubal, M.J.; Freishtat, R.J.; Nadler, E.P. Adipocyte
exosomes induce transforming growth factor β pathway dysregulation in hepatocytes: A novel paradigm
for obesity-related liver disease. J. Surg. Res. 2014, 192, 268–275. [CrossRef] [PubMed]

87. Itagaki, H.; Shimizu, K.; Morikawa, S.; Ogawa, K.; Ezaki, T. Morphological and functional characterization
of non-alcoholic fatty liver disease induced by a methionine-choline-deficient diet in c57bl/6 mice. Int. J.
Clin. Exp. Pathol. 2013, 6, 2683–2696. [PubMed]

88. Verma, S.; Jensen, D.; Hart, J.; Mohanty, S.R. Predictive value of alt levels for non-alcoholic steatohepatitis
(NASH) and advanced fibrosis in non-alcoholic fatty liver disease (NAFLD). Liver Int. 2013, 33, 1398–1405.
[CrossRef] [PubMed]

89. Fraser, R.; Cogger, V.C.; Dobbs, B.; Jamieson, H.; Warren, A.; Hilmer, S.N.; le Couteur, D.G. The liver sieve
and atherosclerosis. Pathology 2012, 44, 181–186. [CrossRef] [PubMed]

90. Redzic, J.S.; Kendrick, A.A.; Bahmed, K.; Dahl, K.D.; Pearson, C.G.; Robinson, W.A.; Robinson, S.E.;
Graner, M.W.; Eisenmesser, E.Z. Extracellular vesicles secreted from cancer cell lines stimulate secretion of
MMP-9, IL-6, TGF-β1 and emmprin. PLoS ONE 2013, 8, e71225. [CrossRef] [PubMed]

91. He, M.; Qin, H.; Poon, T.C.; Sze, S.C.; Ding, X.; Co, N.N.; Ngai, S.M.; Chan, T.F.; Wong, N.
Hepatocellular carcinoma-derived exosomes promote motility of immortalized hepatocyte through transfer
of oncogenic proteins and RNAs. Carcinogenesis 2015, 36, 1008–1018. [CrossRef] [PubMed]

92. Farazuddin, M.; Dua, B.; Zia, Q.; Khan, A.A.; Joshi, B.; Owais, M. Chemotherapeutic potential of
curcumin-bearing microcells against hepatocellular carcinoma in model animals. Int. J. Nanomed. 2014, 9,
1139–1152.

93. Laakso, T.; Edman, P.; Brunk, U. Biodegradable microspheres VII: Alterations in mouse liver morphology after
intravenous administration of polyacryl starch microparticles with different biodegradability. J. Pharm. Sci.
1988, 77, 138–144. [CrossRef] [PubMed]

© 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

88



 International Journal of 

Molecular Sciences

Review

Mitochondrial Molecular Pathophysiology
of Nonalcoholic Fatty Liver Disease:
A Proteomics Approach

Natalia Nuño-Lámbarri 1,†, Varenka J. Barbero-Becerra 1,†, Misael Uribe 2 and

Norberto C. Chávez-Tapia 1,2,*

1 Traslational Research Unit, Médica Sur Clinic & Foundation, Mexico City 14050, Mexico;
nnunol@medicasur.org.mx (N.N.-L.); vbarberob@medicasur.org.mx (V.J.B.-B.)

2 Obesity and Digestive Diseases Unit, Médica Sur Clinic & Foundation, Mexico City 14050, Mexico;
muribe@medicasur.org.mx

* Correspondence: nchavezt@medicasur.org.mx; Tel.: +525-55-424-7200 (ext. 6850)
† These authors contributed equally to this work.

Academic Editor: Amedeo Lonardo
Received: 23 December 2015; Accepted: 19 February 2016; Published: 15 March 2016

Abstract: Nonalcoholic fatty liver disease (NAFLD) is a chronic liver condition that can progress
to nonalcoholic steatohepatitis, cirrhosis and cancer. It is considered an emerging health problem
due to malnourishment or a high-fat diet (HFD) intake, which is observed worldwide. It is well
known that the hepatocytes’ apoptosis phenomenon is one of the most important features of NAFLD.
Thus, this review focuses on revealing, through a proteomics approach, the complex network of
protein interactions that promote fibrosis, liver cell stress, and apoptosis. According to different
types of in vitro and murine models, it has been found that oxidative/nitrative protein stress leads to
mitochondrial dysfunction, which plays a major role in stimulating NAFLD damage. Human studies
have revealed the importance of novel biomarkers, such as retinol-binding protein 4, lumican,
transgelin 2 and hemoglobin, which have a significant role in the disease. The post-genome era has
brought proteomics technology, which allows the determination of molecular pathogenesis in NAFLD.
This has led to the search for biomarkers which improve early diagnosis and optimal treatment and
which may effectively prevent fatal consequences such as cirrhosis or cancer.

Keywords: proteomics; NAFLD; mitochondrial dysfunction

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a clinicopathological condition that is commonly
associated with dyslipidemia, insulin resistance, cardiovascular disease, obesity metabolic syndrome
and type 2 diabetes mellitus (T2DM) [1]. Moreover, the liver is targeted by signals from other tissues,
including adipose tissue, the gut and its microbiota [2], comprising a wide spectrum of liver damage,
ranging from simple steatosis to steatohepatitis [3], which is a major health problem affecting an
estimated 25% of the adult population worldwide. Although NAFLD is highly prevalent on all
continents, the highest prevalence rates were reported in South America (31%) and the Middle East
(32%) while the lowest prevalence was reported in Africa (14%). Also, the prevalence between the
United States and Europe is similar, and an interesting finding was the relatively high prevalence
found in the Asian population (27%) [4].

NAFLD can progress to nonalcoholic steatohepatitis (NASH) in 12%–40% of cases. NASH can
be distinguished by the presence of hepatocyte ballooning, apoptosis, inflammatory infiltrates,
and collagen deposition. Over a period of 10–15 years, 15% of patients with NASH will exhibit
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progression to liver cirrhosis. Annually, 4% of hepatic decompensation is generated by cirrhosis that
has not been caused by viral hepatitis, while the overall risk of generating cancer in 10 years is 10% [5].

Currently, proteomics are an essential approach that have improved the study of the complex
pathogenesis of NAFLD, becoming more outstanding since they have been applied in the health
sciences and industry [6] and being useful in the determination of pathophysiology and identifying
new markers for disease diagnosis [7].

Proteomics provide essential information of the biologically active entity named protein,
which includes its post-translational modifications and interactions with other proteins [8].
Proteomic techniques are primarily based on electrophoresis and mass spectrometry [9]. In recent
years, genomics, proteomics, and bioinformatic techniques have been developed synergistically and
have experienced a surprising development, which has brought about major advances in medicine.

1.1. Identification of Specific Proteins through in Vitro Studies

In vitro models are necessary for elucidating the mechanisms of liver damage in NAFLD, as they
are for understanding the complex network of cellular interactions, apoptosis and oxidative stress,
the mechanisms that lead to mitochondrial damage which promotes fibrosis.

Hepatic oxidative stress and injury are mechanisms associated with polyploidy, which is one
of the most dramatic changes that can occur in the genome [10]. A hepatocyte NAFLD model has
shown that oxidative stress triggers the activation of a G2/M DNA damage checkpoint, preventing
the activation of the cyclin B1/CDK1 complex, which causes an inefficient progression through the
S/G2 phases, suggesting that polyploidy in mononuclear cell populations is an early event in NAFLD
development [11].

During liver injury, perpetuation of the insult induces progressive deterioration of hepatic damage
with the production of extracellular matrix (ECM) remodeling components, which contribute to
uncontrolled ECM turnover [12], leading to an excessive accumulation of extracellular proteins,
proteoglycans, and carbohydrates that ends in a pathological state that is called fibrosis [13].
Components of the fibrotic liver ECM had been previously cataloged by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS–PAGE) separation and mass spectrometry (GeLC-MS)–based
proteomics approaches [14]. An in vitro liver fibrosis model using mass spectrometry analysis in
cell-derived ECM identified 61 structural or secreted ECM proteins (48 proteins for a hepatic stellate
cell line, LX-2, and 31 proteins for human foreskin fibroblasts) [14]. Several proteins identified in this
study have been linked with fibrotic processes that occur in the liver and other organs; fibrillin, which
was previously implicated in the activation of transforming growth factor β (TGF-β) storage, was
among those proteins [15]. Furthermore, two new fibrotic constituent proteins identified in this
study, CYR61 and Wnt-5a, were also validated in the fibrotic liver [14]. GELC-MS–based proteomics
coupled to an ECM-enrichment strategy in an in vitro model of liver fibrosis may be a valuable tool for
determining the mechanisms underlying fibrosis and for the identification of novel therapeutic targets
or biomarkers.

Fibrosis is not the only mechanism of liver damage; apoptosis has also been studied since it is
one of the most important features of NAFLD [16]. The participation of certain proteins, such as
cytochrome b5, annexin A5 and A6, and protein disulfide isomerase fragments, has been confirmed in
murine and human cell apoptosis models [17]. On the other hand, it has been reported that cholesterol
induces Bax and caspase-3 [18], which may be important proteins for apoptosis; however, cholesterol
did not increase the expression of p53 and Bcl-2 in steatotic cells, suggesting an important role for cell
death mechanisms in hepatocytes [19].

Furthermore, proteomic techniques could be useful in other scenarios such as liver regeneration;
an analysis was performed through label-free quantitative mass spectrometry in which human
embryonic stem cells were differentiated into hepatocyte-like cells to investigate the effects of the
cell secretome, which demonstrated that hepatocyte-like cells derived from stem cells contribute
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to the recovery from injured liver tissue in mice by delivering trophic factors that support liver
regeneration [20].

The application of this strategy to different in vitro disease models may therefore significantly
improve identifying specific proteins, and provide the first step toward elucidating the mechanisms
which underlie fibrosis and novel therapeutic targets or biomarkers.

1.2. In Vivo NAFLD Studies

Obesity is related to several diseases, such as NAFLD and NASH, being linked to mitochondrial
dysfunction and deficiency of nitric oxide (NO). Chronic consumption of a high-fat diet (HFD)
in a murine model induces NASH, and it is accompanied by profound changes in mitochondrial
bioenergetics. Conversely, HFD decreased the activity of cytochrome c oxidase and increased
sensitivity to the NO-dependent inhibition of mitochondrial respiration [21]. According to HFD
intake, a densitometry analysis revealed that 22 proteins were significantly altered, whereas 67 proteins
remained unchanged. The last events are a bit far from proposing a mechanism; however, this response
could be considered as a regulatory mechanism according to the microenvironment where it develops
(Figure 1) [21].

 

Figure 1. Mitochondrial proteins altered by high-fat diet.

Chronic exposure of mice to a HFD induces hepatic steatosis, modifying the liver mitochondrial
proteome, including changes in proteins related to oxidative phosphorylation, protein folding, and lipid
and sulfur amino acid metabolism [21]. Mitochondrial dysfunction may be generated by high
concentrations of reactive oxygen species (ROS) which inhibit the respiratory chain and integrity
of mitochondrial DNA and also contribute to organelle toxicity, the suppression of fatty acid oxidation
and the rise in lipid peroxidation [22].

Liver steatosis may be due to an excess of fatty acids (FA), glucose, lipotoxicity, or insulin resistance
(IR), and it induces de novo lipid synthesis by the activation of nuclear receptors such as sterol regulatory
element-binding protein 1 (SREBP-1), carbohydrate-responsive element-binding protein (ChREBP-1),
and peroxisome proliferator-activated receptor γ (PPARγ) [23]. Moreover, PPARγ activation increased
cellular free FA uptake, exceeding the adaptive pathways of hepatic lipid export and catabolism,
suggesting an adipogenic transformation of hepatocytes [24]. The presence of steatosis is tightly
associated with chronic hepatic inflammation, an effect mediated in part by activation of the
Ikκ-b/NF-κB signaling pathway.

A murine model of steatosis induced with a HFD increases NF-κB activity, which is associated
with the elevated hepatic expression of pro-inflammatory cytokines such as TNF-α and IL-1 which are
activated by ROS created by lipid peroxidation, responsible not only for promoting insulin resistance
and Kupffer cell activation, but also for mediating cholesterol and triglyceride metabolism [25,26].

TNF-α act upon leukocyte infiltration in the liver, contributing to intracellular oxidative stress
and mitochondrial dysfunction; in fact, TNF receptor adaptor proteins initiate the phosphorylation
of mitogen-activated protein kinases (MAPK 1), which in turn activate c-Jun N-terminal kinases
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(JNK) [27]. Prolonged activation of the downstream signaling molecule JNK was found to promote
inflammation and apoptosis [28], amplifying hepatocyte damage [29].

Studies in JNK2 knockout mice indicated that this protein might be important for caspase
8 activation and apoptosis mitochondrial pathways in response to TNF-α [30]. Treatment with
anti-TNF-α antibodies improved mitochondrial respiration and inflammation, and alleviated hepatic
steatosis in mouse models of NASH [31]. Also, it has been seen that Gegenqinlian decoction (GGQLD),
a Chinese herbal medicine, can decrease serum elevated TNF-α levels, being an optimal approach
for managing lipid metabolic, inflammatory, and histological abnormalities via the PPARγ/TNF-α
pathway in NAFLD [26].

Mitochondria adjust to lipid accumulation in hepatocytes raising the levels of β-oxidation;
nevertheless, increased substrate transfer to the mitochondrial electron transport chain leads to a
rise in ROS production and finally insulin resistance, playing an important role in hepatic lipid
metabolism [32]. In a murine model study, with the use of gel electrophoresis (DIGE) and MALDI-TOF
techniques, 95 proteins were identified to exhibit significant changes during the development of
NAFLD, whereas protein down-regulation was observed for enoyl coenzyme A hydratase (ECHS1),
which catalyzes the second step of the mitochondrial β-oxidation of fatty acids, probably because
of HFD-related hepatic steatosis [33]. These findings suggest an important role for ECHS1 in lipid
accumulation in in vivo NAFLD models [34].

Furthermore, the HFD-mediated decrease in ATP synthase subunits (F1α and β) may also
compromise mitochondrial energy conservation; these findings, together with a decrease in the
content of malate and pyruvate dehydrogenase, which are key mitochondrial metabolism enzymes,
provide strong evidence supporting the occurrence of bioenergetics dysfunction in response to chronic
exposure to a HFD, which can be linked to NAFLD liver proteome changes [35]. Moreover, some
proteins associated with acetyl-CoA intake and oxidative stress are molecular markers of hepatic
steatosis in ob/ob mice that have been identified by liver mitochondrial 2D-DIGE proteomics [36].
Also, a comparative study of liver mitochondrial proteomics, using Ingenuity Pathway Analysis
software (IPA; Ingenuity Systems, Mountain View, Redwood City, CA, USA), found that among the
1100 protein analyzed, aldehyde dehydrogenase 2 (ALDH2), and 3-hydroxy-3-methylglutaryl-CoA
synthase 2 (HMGCS2) were altered [37]. In summary, analysis of sub-mitochondrial and cellular
proteomes indicates that metabolic adaptations occurring in hypertriglyceridemic mice hepatocytes
induce an enhanced acetyl-CoA, glycerol-3-phosphate, ATP and Nicotinamide adenine dinucleotide
phosphate (NADPH) availability for de novo triglyceride (TG) biosynthesis. They also strongly suggest
that the cytosol of HuApoC-III mouse hepatocytes is the subject of an important oxidative stress,
probably as a result of free fatty acid (FFA) over-accumulation, iron overload and enhanced activity of
some ROS-producing catabolic enzymes [38].

Also, the increase of intracellular triacylglycerols may be promoted by the inhibition of lipoprotein
assembly and secretion [23]. Recently it has been found that fetuin A is an adaptor protein for
saturated fatty acid–induced activation of Toll-like receptor 4 signaling, promoting lipid-induced
insulin resistance; also, fetuin B secretion from the liver is increased by steatosis and diminishes
glucose lowering through insulin-independent mechanisms [39].

It is important to study alcoholic fatty liver disease (AFLD) since it shares some hepatocyte
injury mechanisms with NAFLD. AFLD appears in 90% of people who consume ě60 mg per day of
alcohol; however, both have the deterioration of mitochondrial functions because of protein nitration
in common [40]. Under normal conditions, these function capacity alterations can be managed by
properly using the antioxidant host defense system and by the removal of nitrated proteins, which can
serve as a defense mechanism against nitroxidative stress–related harmful consequences [35].

Peroxynitrite and protein nitration were suggested to be the main causes of acute and chronic
AFLD injury models [41]. Also, several mouse models have been used to evaluate the effect of protein
nitration on nitroxidative stress [42]. For instance, the role of protein nitration has been studied in
mouse strains with ablated genes that are involved in the regulation of superoxide and NO levels [43]
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in which the identification of peptides that originate from nitrated proteins can be performed using
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) [44,45].

Moreover, knockout inducible nitric oxide synthase (iNOS) mice with a Lieber–De Carli ethanol
liquid diet exhibit a markedly decreased level of nitrated proteins, which confers resistance to AFLD
and, together with protein nitration, inhibits complex I (NADH ubiquinone oxidoreductase) and
complex V (ATP synthase) activities in models of acute and chronic alcohol exposure [46,47].

The authors suggest that these damaging effects are probably caused by protein nitration, as the
administration of iNOS inhibitors and peroxynitrite scavengers, such as uric acid, ameliorated the
ethanol-induced nitration and the inhibition of activity and mitochondrial depletion of ATP synthase.
In addition, the deletion of superoxide dismutase 2 (SOD2) would scavenge superoxide and block
peroxynitrite formation, yielding the extension of mitochondrial DNA depletion, whereas SOD2
over-expression yielded opposite outcomes [47].

On the other hand, cytosolic SOD1 also exhibits a protective role against ethanol-mediated hepatic
damage [48]. In SOD1-deficient mice, the levels of protective hepatic ATP content and SOD2 expression
were decreased, whereas oxidative damage and nitro-Tyr formation were elevated in response to
ethanol feeding, thus leading to greater hepatic injury [41]. Up to this point, evidence suggests that
hepatic mitochondria from ethanol-fed murine models are more sensitive to NO and reactive nitrogen
species. It seems that after ethanol exposure, mitochondrial liver dysfunction might develop a cytosolic
antioxidant defense, which could be an important feature of chronic hepatotoxicity damaging the
proteome and genome [49].

In regards to the inflammatory response, it is important to mention that ethanol hepatotoxicity
was significantly prevented through a mechanism that involves a decrease in tumor necrosis factor α
(TNF-α) formation, in hepatocytes isolated from alcohol-fed rats, through the SDS–PAGE technique [50].
It was not surprising that TNF-α knockout mice exhibited a significantly less severe ethanol-mediated
hepatotoxicity, markedly accompanied by lower levels of protein Tyr nitration [51].

The Fernandez-Checa group have shown that mitochondrial free cholesterol loading in
steatohepatitis sensitizes to TNF and Fas through mitochondrial glutathione (GSH) depletion [31].
Protein Tyr nitration and its functional consequences might explain the role of protein nitration in
promoting many forms of liver disease, including AFLD and NAFLD [52]. The levels of protein
nitration are correlated with the increased levels of hepatic transaminases, steatosis, and necrosis [43].
It is also very important to study the NO bioavailability throughout the course of NAFLD. In an HFD
mouse model, it was shown that NO contents were initially increased, causing mitochondrial damage
accompanied by alterations in mitochondrial proteins, such as thiolase, complex I (NADH ubiquinone
oxidoreductase), aldehyde dehydrogenase 2 (ALDH2), and complex V (ATP synthase); in contrast,
NO levels decreased at later stages of NAFLD [43]. NO might be an encouraging inflammatory
regulatory marker according to the NAFLD damage stage.

1.3. Human Studies

Based on the hypothesis that liver injury in NAFLD and NASH is caused by protein effectors,
as described for the in vitro and in vivo models, human studies are critical because they may help
establish biomarkers that can be used for an earlier diagnosis and more effective treatments.

Dr. Feldstein’s group reported that extracellular vesicle (EV) proteomes carry a selective
antigenic composition that might be used to diagnose NAFLD non-invasively. They analyzed cell
death, inflammation, and antioxidant and pathological angiogenesis in steatotic mice, finding that
some functional activities of oxidoreductase, hydrolase, endopeptidase inhibitors, signal transducers
and lipid binding proteins were abundantly expressed in EVs [53]. Another study in patients
with simple steatosis showed that a group of cytochrome P450 family proteins, such as CYP2E1,
CYP4A11, and CYP2C9, are upregulated, being associated with lipid droplets (LDs). On the other hand,
mitochondrial proteins were found to be downregulated, suggesting that these enzymes are involved in
NAFLD development and mitochondrial dysfunction. Increased adipose differentiation-related protein
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(ADRP) and fatty acid synthase (FAS) mRNA and protein expression were found to be upregulated in
the LD fractions of patients with steatosis. It has been recently recognized that in fatty liver disease,
the LD-associated protein 17β-HSD13 expression was upregulated [54].

There are several molecules that have been associated with liver damage progression. For instance,
two important proteomic studies in adult patients using liver tissue and serum respectively, with and
without NAFLD, revealed an increased expression of lumican (a keratan sulphate proteoglycan
involved in collagen cross-linking and epithelial–mesenchymal transition) [55]. The expression of
lumican was similarly abundant in obese patients with normal liver histology and in obese patients
with simple steatosis; however, it was over-expressed in mild progressive NASH patients [56].
Thus, lumican is expressed differentially across the progressive stages of NAFLD, and not just in
patients with moderate to advanced fibrosis, raising the possibility of over-expressed hepatic lumican
as an early marker of a profibrotic state in patients with NAFLD [57]. Also, fatty acid-binding protein 1
(FABP-1) is another protein involved in multiple biological functions, such as intracellular fatty acid
transport, cholesterol and phospholipid metabolism, which plays an important facilitative role in
hepatic fatty acid oxidation [58,59]. FABP-1 is relatively over-expressed in patients with simple steatosis
compared with those with obesity; however, throughout the NAFLD stages, it was observed that
FABP-1 was significantly under-expressed in patients with mild and progressive NASH [60].

A novel analysis of hepatic peptides performed on an electrospray ionization mass spectrometry
(ESI-MS) biosystem (an analytical technique that can provide both qualitative (structure) and
quantitative (molecular mass or concentration) information on analyte molecules after their conversion
to ions) [61] was conducted on several phenotypes of fatty liver disease, where 1362 hepatic
proteins were assessed. Several proteins were consistently abundant among study groups, whereas
albumin, hemoglobinβ, hemoglobinα, dihydropyrimidinase, enolase, the metal-transport protein
ATX1, and HSP gp96 were likely differentially abundant because of the biological effects of increased
hepatic lipid content or inflammation [56]. Furthermore, it has been observed that serum and hepatic
TNF-α levels are elevated in patients with NAFLD, correlating with the animal models which had
already been studied. Conversely, inhibition of TNF-α signaling improves insulin resistance (IR) and
histological parameters of NAFLD [26].

In another study which involved NAFLD patients who underwent bariatric surgery, quantified
protein peak intensity levels were selected from SELDI-TOF mass spectrometry [62]; the results
revealed that fibrinogen γ was elevated, playing a role in blood clotting and serving as a depot
for active fibroblast growth factor receptor 2 (FGF2) in the blood, and it may be connected to liver
fibrosis [63]. However, the role of fibrinogen γ in NAFLD remains speculative and needs to be well
defined. Moreover, this study involves patients with varying stages of NAFLD. Several protein
biomarkers were identified and classified from priority 1 to 4, according to quality identification (ID);
priority 1 proteins have the greatest likelihood of correct ID (multiple unique sequences identified),
such as transgelin 2, retinol-binding protein 4, lumican, and paraoxonase 1, among others [62].

Importantly, it seems that each protein may have biological significance in the microenvironment
in which it is expressed. For instance, the fibrinogen β chain, retinol-binding protein 4 (RBP4),
serum amyloid P component, lumican, transgelin 2, and CD5 antigen-like exhibit differential levels
of expression among patient groups and present a global success rate of 76%, whereas complement
component C7, the insulin-like growth factor acid labile subunit, and transgelin 2 present a global
success rate of 90% wherein they are characterized by simple steatosis and NASH and are able to
accurately differentiate between control subjects and patients with all forms of NAFLD [62]. RBP4 is
an important protein synthesized by the liver and adipose tissue, carrying vitamin A in the blood; it
has been involved in the development of IR and has been related to increased NAFLD severity [64].

NAFLD development has been associated with elevated serum hemoglobin levels,
being independent of body mass index, type 2 diabetes, and other metabolic diseases [29,65]. One of the
potential explanations for the observed associations between increased hemoglobin and NAFLD may
be related to oxidative stress, catalyzed by iron excess accumulation and probably causing thrombosis,
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leading to hepatocyte injury [66,67]. The relationship between serum hemoglobin and NAFLD may be
partially modulated by haptoglobin levels, which act as an antioxidant binding to free hemoglobin
and inhibiting the hemoglobin-induced oxidative damage [65]. Furthermore, excessive erythrocytosis
increased hemoglobin in NAFLD subjects without a diagnosis of metabolic syndrome (MS), and this
should be considered in the selection of cases for histological assessment of disease severity and
progression [68]. On the other hand, Lixin Zhu et al. showed that in NASH, hemoglobin is highly
expressed and synthesized in hepatocytes, being released into the circulatory system and providing a
possible explanation for serum free hemoglobin [69]. Therefore, hemoglobin measurements should
be considered part of the clinical evaluation markers for severity of liver damage in patients with
NAFLD [67,70].

Finding clinical biomarkers that have arisen from proteomic technologies, which reveal
biological reactions and could distinguish NAFLD from NASH, is of great importance (Table 1).
However, accurate human studies which involved protein analysis related to mitochondrial
dysfunction are lacking. Oxidative-nitrated stress proteins play a major role in stimulating damage in
various hepatic diseases, including AFLD and NAFLD mediated by ethanol. As these proteins are
essential for normal mitochondrial function, protein nitration might lead to irreversible modification
of the respiratory-chain proteins [29].

2. Conclusions

In vitro studies are the basis for elucidating the pathogenic network that is involved in
NAFLD, which is interesting because of the recognition of some proteins involved in liver fibrosis.
Conversely, in vivo studies have focused on the bioenergetics dysfunction caused by chronic exposure
to HFD, which can be linked to changes in protein interactions in the liver proteome between NAFLD
and NASH (Figure 2) [14]. Human studies have revealed the importance of novel proteins that were
identified as having a high rate of confidence in the presence of NAFLD and NASH and seem to
emerge as good marker candidates (Table 1). Deeper and more accurate human studies will be required
to identify the network of complex proteomes that underlies the pathogenesis related to mitochondrial
dysfunction, where its functional consequences might explain the pathophysiological mechanism
which follows many forms of liver diseases.

Figure 2. Activation and inhibition of different proteins in NAFLD.
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Table 1. Proteins involved in NAFLD and potential markers for NAFLD.

Research Context Protein Implications and Findings Study Year

Cell Cycle
Cyclin B1

CDK1

Polyploidy in mononuclear cell
populations is an early event in

NAFLD development.
Gentric, Maillet et al. [11] 2015

Fibrosis

Fibrillin
TGF-β
CYR61
Wnt-5a

Lumican
Fibrinogenγ

FGF2

Mechanisms underlying
fibrotic processes.

Early marker of a profibrotic state in
patients with NAFLD.

Lorena, Darby et al. [15] 2004

Rashid, Humphries et al. [14] 2012

Fitzpatrick and Dhawan [57] 2014

Younossi, Baranova et al. [63] 2005

Apoptosis

Cytochrome b5
Annexin A5
Annexin A6

Bax
Caspase 3
Caspase 8

Important role for cell death
mechanisms in hepatocytes.

Jayaraman, Roberts et al. [17] 2005

Yamaguchi, Chen et al. [18] 2004

Zhu, Xie et al. [19] 2014

Sabapathy, Hochedlinger et al. [30] 2004

Lipid synthesis

SREBP-1 ChREBP-1
PPARγ

Acetyl-CoA
Glycerol-3-phosphate

Fetuin A
Fetuin B

Adaptive pathways of hepatic lipid
export and catabolism.

Hepatocytes are subjected to an
important oxidative stress.

Promote lipid-induced
insulin resistance.

Anderson and Borlak [23] 2008

Al Sharif, Alov et al. [24] 2014

Ehx, Gerin et al. [38] 2014

Inflammation

NF-κB
TNF-α

IL-1
MAPK1

JNK

Promote insulin resistance, Kupffer
cells activation, cholesterol and

triglyceride metabolism, intracellular
oxidative stress.

Cai, Yuan et al. [25] 2005

Wang, Liu et al. [26] 2015

Lim, Dillon et al. [29] 2014

β-Oxidation ECHS1 Lipid accumulation in NAFLD. Zhang, Yang et al. [33] 2010

Lewis, Hagstrom et al. [34] 2002

Oxidative stress

ALDH2
HMGCS2

Hemoglobin
Haptoglobin

Acetyl-CoA consumption and
oxidative stress as molecular markers

of hepatic steatosis.
Catalyze the accumulation of

iron in excess.

Douette, Navet et al. [36] 2005

Peinado, Diaz-Ruiz et al. [37] 2014

Antioxidants
SOD2
SOD1

Protective role in mitochondrial DNA
depletion, and hepatic ATP content.

Mansouri, Tarhuni et al. [47] 2010

Kessova, et al. [48] 2003

Lipid droplets
CYP2E1 CYP4A11

CYP2C9

Enzymes involved in mitochondrial
dysfunction and the development

of NAFLD.
Su, Wang et al. [54] 2014

Lipid metabolism FABP-1

Intracellular fatty acid transport,
cholesterol and phospholipid

metabolism, and plays an important
facilitative role in hepatic fatty

acid oxidation.

Binas and Erol Higuchi [58] 2007

Kato et al. [59] 2011

Cyclin-dependent kinase 1 (CDK1), Transforming growth factor beta (TGFβ), Cysteine-rich angiogenic
inducer 61 (CYR61), Wingless-Type MMTV Integration Site Family, Member 5A (Wnt-5a), Fibroblast Growth
Factor 2 (FGF2), BCL2-Associated X Protein (Bax), Sterol regulatory element-binding protein 1 (SREBP-1),
Carbohydrate-responsive element-binding protein 1 (ChREBP-1), Peroxisome proliferator-activated receptor
gamma (PPARγ), Nuclear factor κB (NF-κB), Tumor necrosis factor α (TNF-α), Interleukin 1 (IL-1),
Mitogen-activated protein kinase 1 (MAPK1), c-Jun N-terminal kinase (JNK), Enoyl-CoA hydratase short chain 1
(ECHS1), Aldehyde dehydrogenase 2 (ALDH2), 3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2),
Superoxide dismutase 1 (SOD1), Superoxide dismutase 2 (SOD2), Cytochrome P450 family 2 subfamily E
member 1 (CYP2E1), Cytochrome P450 family 4 subfamily A member 11 (CYP4A11), Cytochrome P450 family 2
subfamily C member 9 (CYP2C9) and Fatty acid binding protein 1 (FABP-1).
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Abstract: Background: Free fatty acid (FFA) metabolism can impact on metabolic conditions, such as
obesity and nonalcoholic fatty liver disease (NAFLD). This work studied the increase in total FFA
shown in NAFLD subjects to possibly characterize which fatty acids significantly accounted for the
whole increase. Methods: 21 patients with NAFLD were selected according to specified criteria.
The control group consisted of nine healthy subjects. All subjects underwent an oral standard fat load.
Triglycerides; cholesterol; FFA; glucose and insulin were measured every 2 h with the determination
of fatty acid composition of FFA. Results: higher serum FFA levels in NAFLD subjects are mainly due
to levels of oleic, palmitic and linoleic acids at different times. Significant increases were shown for
docosahexaenoic acid, linolenic acid, eicosatrienoic acid, and arachidonic acid, although this was just
on one occasion. In the postprandial phase, homeostatic model assessment HOMA index positively
correlated with the ω3/ω6 ratio in NAFLD patients. Conclusions: the higher serum levels of FFA in
NAFLD subjects are mainly due to levels of oleic and palmitic acids which are the most abundant
circulating free fatty acids. This is almost exactly corresponded with significant increases in linoleic
acid. An imbalance in the n-3/n-6 fatty acids ratio could modulate postprandial responses with more
pronounced effects in insulin-resistant subjects, such as NAFLD patients.

Keywords: nonalcoholic fatty liver disease; free fatty acids; insulin resistance

1. Introduction

Free fatty acid (FFA) metabolism can widely impact on metabolic health. Several metabolic
conditions, such as obesity, insulin resistance, type 2 diabetes, and non-alcoholic steatohepatitis,
are associated with increased total concentrations of serum free fatty acids [1,2]. Nonalcoholic fatty
liver disease (NAFLD) encompasses a spectrum of conditions characterized histologically by hepatic
steatosis in individuals without significant alcohol consumption and negative viral, congenital and
autoimmune liver disease markers. Hepatic lipid accumulation results from an imbalance between
lipid availability and lipid disposal [3,4]. In this context, the composition of serum FFA has been poorly
studied so far, especially in the postprandial state [5]. High levels of saturated fatty acids (SFA) were
reported to increase coronary risk [6,7].

The liver is the main organ regulating fatty acid metabolism. Several sources supply the liver
with a continuous flux of fatty acids [8]. In particular, in the fasting state free fatty acids coming from
the lipolysis in adipose tissue fuel the liver. In the fed state, there are two major forms of dietary
fatty acids which are available to the liver. In esterified forms, fatty acids are carried to the liver by
triacylglycerol–rich chylomicron remnant particles and, as FFA, they stem from the so called spillover
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mechanism: in the spillover mechanism, FFA are released from chylomicron triacylglycerol by the
activity of lipoprotein lipase (LPL, n. EC 3.1.1.34) in peripheral tissues, mainly adipose tissue [9].
Moreover, hepatic “de novo” lipogenesis (DNL) from non-lipid precursor increases the content of fatty
acid in the liver.

After SFA exposure, in vitro experiments had shown that different cell types were induced
to synthetize proinflammatory cytokines; they were more prone to apoptosis and had impaired
insulin signaling [10,11]. By contrast, the exposure of monounsaturated fatty acids does not seem to
trigger apoptosis [12]. Different signaling mechanisms were suggested in order to explain how SFA
triggers apoptosis in hepatic cells. Endoplasmic reticulum (ER) stress, mitochondrial dysfunction, Jun
N-terminal kinase (JNK) signaling and lipotoxicity are the main molecular mechanisms through which
fatty acids exert their deleterious effects on the human metabolism. Wistar rats fed with a diet high
in saturated fats showed liver damage and hepatic ER stress [13]. ER stress was due to a decreased
fluidity of the lipid bilayer for abnormal incorporation of saturated phospholipids [14]. Excess of
unesterified SFA is assembled into saturated phospholipid species leading to stiffening of cellular
membranes [15]. Dysregulation of mitochondrial metabolism is due to an imbalance between the
glycolytic fluxes and tricarboxylic acid (TCA) cycle since palmitate inhibits glycolytic flux and up
regulates TCA cycle and anaplerotic fluxes [16]. The altered mitochondrial metabolism generates an
elevated level of reacting oxygen species (ROS) stimulating apoptosis. An accelerated mitochondrial
metabolism was observed in NAFLD patients [17]. Additionally, under either ER stress or oxidative
stress, molecular signaling arises from JNK activation. Palmitate-induced JNK phosphorylation can be
reversed in hepatic cells with administration of antioxidants [18]. SFA shows also a high degree of
lipotoxicity. For instance, ceramide synthesis was associated with apoptosis in a hemopoietic precursor
cell line [19] and with insulin resistance [20]. In this context, circulating FFAs, which should provide the
substrate for triacylglycerol formation, may turn out to be cytotoxic in certain circumstances, such as
under insulin resistance. NAFLD is characterized by elevated serum concentration of FFAs, hepatocyte
apoptosis, progressive inflammation and fibrosis. In this work, we investigated the composition of
circulating FFA in normal and NAFLD subjects during fasting and after a standard oral lipid load.
Cultured hepatocytes incubated with FFA of various lengths demonstrated an inverse correlation
between FA chain lengths and NAFLD induction [21].

The aim of our work was to study in depth the well-known significant increase in total free fatty
acids shown in NAFLD subjects, and to possibly characterize which fatty acids significantly accounted
for the whole increase, with specific regard to their classification (saturated, n-3, n-6 polyunsaturated
fatty acids).

2. Results

Main basal features of the patients and control subjects are reported in Table 1. After oral fat load
in NAFLD patients, triglycerides reached their maximum peak after around 4 h and they circulated at
higher levels than in control subjects. The differences were significant at all times (Figure 1a). The trend
of FFA over a 4 h period after the oral fat load is different between NAFLD patients and control subjects
(Figure 1b). NAFLD patients showed higher FFA levels than control subjects from baseline through
the end of the oral fat load with significant differences at times 60, 150, 180 and 210 min.

Table 1. Subjects baseline physical characteristics and fasting blood measurements.

Parameters Control Group (n = 9) NAFLD Group (n = 21) p

Age (year) 27 ˘ 2 40 ˘ 9 0.001
BMI (kg/m2) 21 ˘ 2 28 ˘ 4 0.002

Systolic blood pressure (mmHg) 119 ˘ 4 125 ˘ 8 0.049
Waist (cm) 73 ˘ 6 94 ˘ 8 0.000001

Diastolic blood pressure (mmHg) 80 ˘ 0 82 ˘ 9 0.615
Glucose (mg/dL) 91 ˘ 5 98 ˘ 11 0.097

Triglycerides (mg/dL) 59 ˘ 19 100 ˘ 49 0.021
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Table 1. Cont.

Parameters Control Group (n = 9) NAFLD Group (n = 21) p

Cholesterol (mg/dL) 168 ˘ 27 182 ˘ 34 0.306
HDL-Chol (mg/dL) 54 ˘ 13 42 ˘ 8 0.007
HDL2-Chol (mg/dL) 20 ˘ 8 12 ˘ 4 0.003
HDL3-Chol (mg/dL) 34.22 ˘ 5 30 ˘ 5 0.072
LDL-Chol (mg/dL) 107 ˘ 27 125 ˘ 29 0.139

FFA (mmol/L) 0.73 ˘ 0.41 1.07 ˘ 0.59 0.131
sdLDL (mg/dL) 21 ˘ 11 31 ˘ 18 0.127

c-Peptide (pM/mL) 0.54 ˘ 0.13 0.92 ˘ 0.35 0.004
Insulin (μU/mL) 6.28 ˘ 1.99 12.7 ˘ 7.68 0.021

AST (U/L) 20 ˘ 4 33 ˘ 10 0.002
ALT (U/L) 16 ˘ 4 64 ˘ 30 0.001
GGT (U/L) 14 ˘ 12 80 ˘ 74 0.021
ALP (U/L) 51 ˘ 21 75 ˘ 23 0.016
HOMA-IR 1.42 ˘ 0.49 3.16 ˘ 2.13 0.024

QUICKI index 0.367 ˘ 0.02 0.333 ˘ 0.03 0.008

Abbreviations: HDL-Chol, High density lipoprotein-Cholesterol; HDL2-Chol, High density lipoprotein
2-Cholesterol; HDL3-Chol, High density lipoprotein 3-Cholesterol; LDL-Chol, Low density
lipoprotein-Cholesterol; FFA, free fatty acids; sdLDL, small dense low-density lipoproteins;
AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma-glutamyltransferase;
ALP, alkaline phosphatase; HOMA-IR, homeostatic model assessment-insulin resistance; QUICKI index,
quantitative insulin sensitivity check index.
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Figure 1. Time courses for total plasma triglycerides (box a) and free fatty acids (box b) concentrations
during the oral fat meal in control (filled diamonds) and nonalcoholic fatty liver disease (NAFLD)
(filled squares) subjects. Values are expressed as mean ˘SEM. * p < 0.05, ** p < 0.01.
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The trend of glycemia is dotted in Figure 2a and it shows a slight decrease from baseline to
90 min both in NAFLD and control group and then a constant course up to 240 min with a statistically
significant difference at 210 min. Insulin curve showed in NAFLD patients a major peak at 30 min and
higher levels than in control subjects. At all times, except at 180 min, there were statistically significant
differences (Figure 2b).
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Figure 2. Time courses for glucose (box a) and insulin (box b) concentrations during the oral fat meal
in control (filled diamonds) and NAFLD (filled squares) subjects. Values are expressed as mean ˘ SEM.
* p < 0.05, ** p < 0.01.

Fatty acid values are given as percentage contents (mmol/100 mmol total fatty acids) since the
between-individual variations in the molar concentration of total serum FFA is very high [22]. Figure 3
shows the trends of saturated fatty acids lauric (12:0) (a), myristic (14:0) (b) and stearic (18:0) (STA)
(c) which did not present significant statistical differences between the two groups.
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Figure 4 shows the trends of oleic acid (18:1n-9) (OLA) eluted with palmitic acid (16:0) (PAL),
a saturated fatty acid. Oleic and palmitic acids amounts reached their peak at 180 min in NAFLD
patients and were statistically higher in NAFLD patients than in control subjects at times 60, 150,
and 210 min.

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0' 30' 60' 90' 120' 150' 180' 210' 240'

m
M

/1
00

 m
M

minutes 

OLEIC + PALMITIC acids

NAFLD

CONTROL

Figure 4. Change in plasma levels of oleic + palmitic acid during the oral fat meal in control
(filled diamonds) and NAFLD (filled squares) subjects. Values are expressed as mean ˘ SEM. * p < 0.05.

The monounsaturated palmitoleic acid (16:1n-7) fell from baseline to 90 min in NAFLD subjects
and from baseline to 150 min in control subjects. Then, in both group palmitoleic acids rose
progressively up until the end of the test. No significant differences were observed between NAFLD
and control subjects (Figure 5a).
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Figure 5. Change in plasma levels of palmitoleic (box a), linoleic (box b) eicosatrienoic (box c),
DHA + linolenic (d) and arachidonic (e) acids during the oral fat meal in control (filled diamonds) and
NAFLD (filled squares) subjects. Values are expressed as mean ˘ SEM. * p < 0.05, ** p < 0.01.

Linoleic acid (18:2n-6) (LNA) throughout the fat load showed significant differences at times 60,
150, 180, 210, and 240 min between NAFLD and control subjects (Figure 5b).

Eicosatrienoic acid (20:3n-9) in NAFLD patients had higher levels than in control subjects with
significant differences from 150 min to the end of the fat oral test (Figure 5c).

Docosahexaenoic (22:6n-3) (DHA) and linolenic acids (18:3n-3) (ALA), two polyunsaturated fatty
acids, are significantly increased in NAFLD patients at 150 and 180 min, compared to control subjects
(Figure 5d).

Arachidonic acid (20:4n-6) (ARA) showed an almost flat trend in both NAFLD and control group
with a significant difference at 60 min (Figure 5e).

The n-3/n-6 ratio measured at every time is not statistically different between control and NAFLD
groups. HOMA-IR was higher in NAFLD subjects compared to the control subjects (3.16 ˘ 2.13 vs.
1.42 ˘ 0.49, p = 0.024). HOMA index positively correlated with the n-3/n-6 ratio at time 210 and
240 min in NAFLD patients (r = 0.55, p = 0.0122 and r = 0.47, p = 0.035, respectively) (Figure 6a,b).

 
(a) 

Figure 6. Cont.
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(b) 

Figure 6. Correlation between homeostatic model assessment HOMA index and n-3/n-6 ratio at time
210 min in NAFLD patients (box 6a); correlation between HOMA index and n-3/n-6 ratio at time
240 min in NAFLD patients (box 6b); Figure 6a: PUFA n-3/n-6 at 210 min vs. HOMA in NAFLD;
r = 0.54883, PUFA n-3/n-6 at 210 min; Figure 6b: PUFA n-3/n-6 at 240 min vs. HOMA in NAFLD;
r = 0.47351, PUFA n-3/n-6 at 240 min.

3. Discussion

Free fatty acids derived from the diet can directly enter the circulation through spillover into
the plasma FFA pool [23]. Other potential sources of fats causing fatty liver include adipose tissue
from where non-esterified fatty acids flow to the liver, de novo lipogenesis and through the uptake of
intestinally derived chylomicron remnants [24]. After a fatty meal, the FFA profile mirrors that of the
meal [25]. We performed an abbreviated 4-hour postprandial fat load which was a valid surrogate for
longer oral fat loads [26].

In the postprandial phase, the high insulinaemia and triglyceridemia observed in NAFLD patients
confirms the insulin resistance state in these subjects [27]. Insulin does not suppress hormone-sensitive
lipase in adipose tissue as in healthy subjects; therefore, in the postprandial phase, adipocyte-derived
FFA mix with fatty acids coming from the diet and they can reach the liver.

The peak of triglycerides starts at around 4 h after the fatty meal in NAFLD subjects whilst
in control subjects the peak is reached earlier. That means a delayed clearance of triglyceride-rich
lipoproteins in NAFLD patients [28].

FFA levels are high in NAFLD patients compared to normal subjects with a trend similar to that
of oleic and palmitic acid levels (Figures 1b and 4). This study shows that the higher serum levels of
free fatty acids in NAFLD subjects are mainly due to levels of oleic (n9) and palmitic acids (reported as
unique value in the data presented) which are the most abundant circulating free fatty acids (60, 150,
and 210 min after the oral fat load) (Figures 1b and 4). Almost at the same time, linoleic acid (n6) levels
increase significantly (60, 150, 180, 210, 240 min) (Figure 5b). Significant increases were also shown
for docosahexaenoic acid (n3), linolenic acid (n-3) (Figure 5d), eicosatrienoic acid (n-9) (Figure 5c),
and arachidonic acid (n6) (Figure 5e), although just on one occasion.

High levels of oleic and palmitic acids have molecular implications: oleic acid is the preferred
substrate for the synthesis of triglycerides, and cholesteryl esters [29]. Palmitic acid is the substrate
for isoforms 1 and 6 of fatty acid elongase (Elov-1 and Elov-6) which are converted into stearic
acid [30]. Stearic acid is rapidly converted to oleic acid by the enzyme stearoyl-CoA 9-desaturase
(SCD, No. EC 1.14.19.1) in mammalian cells [31]. A single double bond between carbon 9 and 10 is
introduced in the chain of palmitic and stearic acids to be converted to palmitoleate and oleate,
respectively [24]. The cellular ratio of oleic and stearic acids can affect membrane fluidity and
signal transduction leading to an altered composition of membrane phospholipids, triglycerides
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and cholesterol esters [32]. Subjects exhibiting a hypertriglyceridemic response to a low-fat,
high-carbohydrate diet show an increase in the oleic to stearic acids ratio [33].

Eicosatrienoic acid is significantly increased towards the end of the test in NAFLD subjects
(Figure 5c). This increase is unlikely to be due to the meal composition since eicosatrienoic acid is
of a negligible amount in dairy cream. Rather, eicosatrienoic acid might be derived from oleic acid
metabolism [34].

Linolenic and DHA acids are two PUFA n-3 that coelute in our HPLC method. They significantly
increase in NAFLD subjects at time 150 and 180 min. Humans have the ability to metabolize linolenic
acids to their longer chain DHA even if this conversion is less than 1% in adults [35]. Further studies
are needed to verify its physiological functions. The competition between n-3 and n6 fatty acids
for the same enzymes and transport systems might explain why linoleic acid showed a flat trend
throughout the test, even though they were found at higher concentrations in NAFLD patients than in
control subjects.

The n-3/n-6 ratio measured every 30 min is not statistically different even if the ratio is slightly
higher in control subjects than in NAFLD patients. When the n-3/n-6 ratio was correlated with
HOMA-IR, it was found that HOMA index positively correlated with the n-3/n-6 ratio at times
210 and 240 min only in NAFLD patients (Figure 6a,b). Therefore, subjects who have a basal insulin
resistance have higher n-3/n-6 ratio towards the end of the test as if higher n-3 fatty acids could worsen
the clearance of triglycerides in NAFLD subjects. On the contrary, in healthy subjects with optimal
insulin sensitivity, n-3 fatty acids could have beneficial influence on the lipid clearance. Our data seem
to be in contrast with previous studies suggesting that increasing consumption of n-3 PUFA could
improve lipid metabolism both in the fasting and postprandial states [36] even if modifying the n-3/n-6
polyunsaturated fatty acid ratio of a high-saturated fat challenge did not acutely change postprandial
triglyceride response in men with metabolic syndrome [37]. It is likely for n-3 PUFA to need more
than 8 h to exert beneficial effects in subjects with an impaired lipid metabolism [35]. Amount and
type of dietary fatty acids can influence postprandial response [38]. Therefore, an imbalance in the
n-3/n-6 fatty acids ratio could modulate postprandial response with more pronounced effects in
insulin resistant subjects, such as NAFLD patients.

This preliminary study has some limitations due to the reduced number of control subjects
available for the study which prevents us from matching by age, sex, BMI and also by physical activity
on daily bases. The patients enrolled should be matched for a de novo clinical investigation to expand
these preliminary results.

4. Experimental Section

4.1. Subjects

Twenty-one patients (ethics committee of University Hospital San Giovanni Battista of Torino,
00096648, 30 December 2009) with NAFLD (mean age ˘ SD, 40 ˘ 9 years, BMI 27.5 ˘ 3.9 kg/m2)
attending our Liver Unit were selected according to the following criteria: persistently (at least 12
months) elevated aspartate aminotransferases (AST) and alanine aminotransferases (ALT) in the
absence of significant alcohol consumption (defined as <20 in men and <10 g/day in women);
ultrasonographic presence of bright liver without any other liver or biliary tract disease. At
ultrasounds, the diagnosis of NAFLD was based on four parameters: diffuse hyperechoic echotexture
(“bright liver”), increased liver echotexture compared with the kidneys, vascular blurring and deep
attenuation. Control subjects had a normal ultrasound liver scan.

Conditions known to be associated with fatty liver were ruled out by the following exclusion
criteria: a Body Mass Index (BMI) ě35 kg/m2; positive serum markers of viral, autoimmune or
celiac disease; abnormal copper metabolism or thyroid function indices; a diagnosis of diabetes
mellitus based on plasma glucose ě126 mg/dL in fasting conditions or ě200 mg/dL at +2 h on
a standard oral glucose tolerance test, serum total cholesterol ě220 mg/dL, serum triglycerides
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ě160 mg/dL. The patients did not take drugs known to be steatogenic or to affect glucose metabolism
and were not exposed to occupational hepatotoxins. The control group consisted of 9 healthy subjects
(mean age ˘ SD, 27 ˘ 2 years, BMI 21.2 ˘ 1.6 kg/m2) with normal liver enzymes and abdomen
ultrasound scan (see Table 1).

4.2. Oral Fat Load

NAFLD patients and controls underwent a standard oral fat load to investigate the metabolism of
triglyceride-rich lipoproteins and FFAs. The standard fat load consisted of a mixture of dairy cream
(38% fat) and egg yolk for a total energy content of 745.22 Kcal. The fat meal was composed of 79.96 g
fats, whose 54.32 g was of saturated fatty acids, 21.80 g of monounsaturated fatty acids, 2.82 g of
polyunsaturated fatty acids, and 0.45 g of cholesterol. The Table 2 shows the amounts of the most
represented fatty acids in the fat meal given to every participant.

Table 2. Fatty acid composition of lipid mixture prepared for the oral fat load.

Fatty Acids 200 g Dairy Cream (38% fat) NO. 1 Egg Yolk Total Fat Load

C12:0 (g) 3.02
C14:0 (g) 9.18 0.013
C16:0 (g) 21.40 1.020
C18:0 (g) 7.54 0.630

Total SFA (g) 52.75 1.67 54.32
C18:1 (g) 18.00 1.30

Total MUFA (g) 20.48 1.33 21.81
C18:2 (g) 1.52 0.650
C18:3 (g) 0.20 0.019
C20:4 (g) 0.120

Total PUFA (g) 2.07 0.74 2.82
Total fat (g) 75.30 4.66 79.96

Cholesterol (mg) 228.00 213.92 441.92
Proteins (g) 1.60 2.53 4.12

Carbohydrates (g) 2.28 2.28
Kcal 693.20 52.02 745.22

The fat load was consumed during a period of 5 min; subjects kept fasting and strenuous
activity was forbidden during the test, since exercise can reduce postprandial lipemia. A catheter
(Venflon Viggo AB, Helsingborg, Sweden) inserted in the antecubital vein and kept patent during
the test was used to draw blood samples at baseline and every 30 min for 4 h for biochemical
determinations. Blood samples were collected in tubes containing EDTA as anticoagulant and plasma
was immediately frozen. All subjects provided their informed consent for the study, which was
conducted in conformance with the Helsinki Declaration.

4.3. Biochemical Analyses

Serum glucose was measured by the glucose oxidase method (Sentinel, Milan, Italy) with an
intra-assay variation coefficient of 1.07% and an inter-assay variation coefficient of 2.33%.

Triglycerides (Tg) and cholesterol (Chol) were assayed by enzymatic colorimetric assays
(Sentinel, Milan, Italy) with an intra-assay variation coefficient of 2.99% and an inter-assay variation
coefficient of 3.46% for triglycerides and with an intra-assay variation coefficient of 2.2% and an
inter-assay variation coefficient of 3.38% for cholesterol.

HDL-Chol was determined by enzymatic colorimetric assay after precipitation of LDL and VLDL
fractions using heparin-MnCl2 solution and centrifugation at 4 ˝C [39], and it had an intra-assay
variation coefficient of 2.5% and an inter-assay variation coefficient of 4.1%.

HDL2- and HDL3-Chol levels were determined according to Gidez et al. [40]: HDL2 and HDL3

lipoproteins were separated after precipitation of Apo B-containing lipoproteins with heparin-MnCl2,
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and HDL2 particles were further precipitated with dextran sulphate. HDL3-Chol was determined in
the supernatant. HDL2-Chol was obtained by subtracting HDL3-Chol from total HDL-Chol.

LDL-Chol was measured with a standardized homogeneous enzymatic colorimetric method in
order to avoid triglycerides effects on LDL-Chol determination (Sentinel, Milan, Italy).

QUICKI was calculated from fasting glucose and insulin values as previously reported [41].
HOMA was calculated using units of millimoles per liter for glucose and microunits per milliliter

for insulin [42].
The determination of fatty acid composition of free fatty acids was performed by high performance

liquid chromatography (HPLC) coupled with a fluorescence detector [43]. This procedure enables
the analyses of the content and profile of free fatty acids in total lipids extract. For free fatty acids’
analyses, we prepared an acidified sample mixture containing a small volume of serum and 10% acetic
acid. The mixture was applied onto C18 minicolumn and the column was washed with 10% acetic
acid. The fatty acids were eluted with ethyl ether. The ether phase was evaporated and dried under
vacuum at room temperature; the residue was dissolved into the derivatization solution containing the
labeling fluorescent compound. A very small volume was injected in a HPLC reverse phase column
and the free fatty acids profile was obtained within 45 min. Concentrations of each free fatty acid were
obtained from a calibration curve made of 10 fatty acids run at 5 levels.

4.4. Statistical Analysis

Data were expressed as means ˘ SD. Between-group comparisons (NAFLD vs. control groups)
were performed by using independent “t-test”. To assess correlations between data, the Pearson
correlation coefficient was calculated. Differences were considered statistically significant at p < 0.05.

5. Conclusions

The postprandial lipid metabolism in NAFLD subjects is very complex and partially understood.
Although the excessive flow of FFA from adipose tissue, especially from abdominal obesity (Table 1),
to the liver is considered to be the most important trigger of the NAFLD, little is known about the type
of free fatty acids reaching the liver. In literature, there are few data dealing with levels of different
circulating free fatty acids, but these data were usually measured only at baseline and come from small
groups of subjects [5]; however, they confirmed a significant increase of oleic, palmitoleic and palmitic
acids at baseline.

Taking into account the results coming out of this study, it would seem advisable for NAFLD
subjects to not only follow a saturated fatty acid-free diet, but also be careful not to consume large
amounts of n-3/n-6 PUFA. Obviously, these preliminary data should be further confirmed with larger
clinical trials which could help to develop tailored nutritional interventions aimed to improving lipid
metabolism in NAFLD subjects with the use of dynamic tests.
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Abstract: The human digestive system harbors a diverse and complex community of microorganisms
that work in a symbiotic fashion with the host, contributing to metabolism, immune response and
intestinal architecture. However, disruption of a stable and diverse community, termed “dysbiosis”,
has been shown to have a profound impact upon health and disease. Emerging data demonstrate
dysbiosis of the gut microbiota to be linked with non-alcoholic fatty liver disease (NAFLD).
Although the exact mechanism(s) remain unknown, inflammation, damage to the intestinal
membrane, and translocation of bacteria have all been suggested. Lifestyle intervention is
undoubtedly effective at improving NAFLD, however, not all patients respond to these in the
same manner. Furthermore, studies investigating the effects of lifestyle interventions on the gut
microbiota in NAFLD patients are lacking. A deeper understanding of how different aspects of
lifestyle (diet/nutrition/exercise) affect the host–microbiome interaction may allow for a more
tailored approach to lifestyle intervention. With gut microbiota representing a key element of
personalized medicine and nutrition, we review the effects of lifestyle interventions (diet and physical
activity/exercise) on gut microbiota and how this impacts upon NAFLD prognosis.
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1. Non-Alcoholic Fatty Liver Disease (NAFLD)

Non-alcoholic fatty liver disease (NAFLD) represents a spectrum of liver disease including simple
steatosis, non-alcoholic steatohepatitis (NASH), fibrosis and cirrhosis, in the absence of excessive
alcohol consumption [1]. NAFLD is the leading aetiology of liver disease [2], although factors leading to
the development of NAFLD and progression to more advanced liver disease are poorly understood [3].
NAFLD is strongly associated with metabolic syndrome and its features including insulin resistance,
obesity, hyperlipidemia, low high density lipoproteins (HDL), and hypertension and is considered the
hepatic manifestation of the metabolic syndrome [4].

The incidence of NAFLD is closely associated with dietary intake and lack of physical
activity, which typically manifests in obesity [5]. NAFLD is further accompanied by excess risk
of type 2 diabetes mellitus (T2DM) and cardiovascular disease (CVD) [6]. The multifactorial aetiology
of NAFLD is determined by both the patient’s genetics and the environmental factors to which
they are exposed, which may account for the substantial inter-patient variability common to
the disease [7]. Although genetic polymorphisms have been attributed to account for a small
portion of the patient inter-variability, there are additional contributing factors that have also been
identified, spanning epigenetics, hormones, nutrition and physical inactivity [5,7]. Despite advances
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in NAFLD pathology, the reasons for the large inter-patient variability in progression remains
incompletely understood. Consequently, a potential new diagnostic and therapeutic target receiving
considerable attention is the collection of microorganisms that reside the gastrointestinal (GI) system.
Despite humans being >99% identical genetically, the collection of bacteria, fungi, archea, virus, and
phage are hugely diverse and highly individual from one person to the next. Termed the gut microbiota,
bacteria in the gut alone accounts for around 70% of the total bacteria in the body and include 500–1000
different bacterial species [8–11].

Bacterial evolutionary linages are represented by phylogenetic trees, demonstrating the
relatedness of bacteria to one another, classified from life, domain, kingdom, phylum, class, order,
family, genus and finally species. The majority of research into gut microbiota has focused on phylum
(Firmicutes, Bacteroidetes, etc.), genus (Bacteroides, Lactobacillus, etc.), and species (Roseburia spp. and
Eubacterium spp.).

2. Gut Microbiota

Historical evidence spanning eight decades has demonstrated a link between the bacteria
in the GI system and the liver, present from early fetal life and throughout life [8,12]. The gut
microbiota in a healthy individual has been shown to be stable, absent of clinical manipulation
(e.g., antibiotics), provided that a healthy diet and physical activity, combined with a healthy lifestyle
(e.g., limited alcohol, not smoking, etc.) are maintained [13–18]. A healthy balance of bacteria in the GI
system ensures that the gut microbiota works in a symbiotic nature with the host and its functions
include maintaining a supply of essential nutrients, metabolism, immune response and intestinal
architecture [19]. However, a change in the diversity leading to a reduced abundance of beneficial
bacteria, with increased prevalence of potentially pathogenic bacteria can occur, which has been termed
“dysbiosis” [17]. Dysbiosis of the gut microbiota has been associated with many disease states from
early infancy [20], through childhood [21] and into adulthood [18]. Thus, manipulation of the gut
microbiome to ensure a non-dysbiotic state offers attractive therapeutic for a range of conditions and
overall health status.

Synonymous to NAFLD, inter-patient variability of the gut microbiota is well recognized,
with each individual harboring a unique collection of microorganisms from the thousands that can
potentially colonize, primarily from the phyla Firmicutes, Bacteroides and Actinobacteria [15,22].
Until recently, the majority of research published focused on these phyla, specifically the Firmicutes and
Bacteroides, which are dominant in the gut microbiota from year three of life. However, recent advances
in the throughput and affordability of deoxyribonucleic acid (DNA) sequencing technologies and
associated bioinformatics [23] has facilitated an increased understanding of the pathophysiology of a
number of diseases and adverse health conditions including obesity, metabolic syndrome, diabetes
and cardiovascular disease [18,24–26], all of which are closely associated with NAFLD [4].

3. Gut Microbiota and NAFLD

NAFLD is a complex disease and with advances in the pathology of the disease new
pharmacotherapy treatments are being developed [27,28]. However, lifestyle interventions accompanied
by weight loss of between 5% and 10% remain the cornerstone of treatment [27,29]. The effectiveness
of lifestyle changes are unprecedented with improvements in metabolic control and liver histology,
and when accompanied by greater than 10% weight loss NASH resolution, fibrosis regression and
reductions NAFLD activity score [30,31]. However, the difficulty in implementing and maintaining these
lifestyle interventions in clinical practice in NAFLD is well documented, with randomized long-term
studies lacking [32,33].

Due to the intimate relationship between liver and GI tract, it is unsurprising that gut microbiota
dysbiosis has been linked with hepatic fat accumulation, and all stages of NAFLD in both animals
and humans [7,34–41]. Although the exact mechanism linking the gut microbiota with NAFLD
development and progression remains unknown, potential explanations include bacterial overgrowth,
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gut leakiness, increased endotoxemia absorption, and inflammation [3,36,42–45]. The increased
knowledge of the gut microbiota in recent years has enhanced the understanding of the metabolic and
immunological potential and microbial–host interactions, primarily in gut, but also in the liver and
other organs. The role and identity of microbial produced metabolites and their direct function locally
in the gut and also at other body sites remains unknown. However, increasing evidence suggests
the gut microbiota as a genuine target for therapeutic interventions in the management of NAFLD
(Figure 1) [8,19].

 

Figure 1. Impact of lifestyle interventions on gut microbiota and non-alcoholic fatty liver disease
(NAFLD) and its risk factors ((  and arrows denote increase or decrease in variables, respectively).

This review provides an overview of gut microbiota and its relationship with NAFLD by
reviewing published data on how diet, nutrition and exercise modulate the gut microbiota and
the liver. The purpose of this review is to assess the impact that lifestyle interventions (excluding
pharmaceutical and surgical) have on gut microbiota and how this may interact with NAFLD
development and progression.

4. Lifestyle Interventions in NAFLD

As the incidence of NAFLD increases [1], the individual and societal burden of its management
weigh heavily on health care systems throughout the world, and the need for treatments to combat
this is crucial [46]. Although the understanding of NAFLD has increased considerably in the last
20 years, the exact cause of why some people develop more severe forms of NAFLD is not fully
understood. The development of NAFLD results from two key factors: (1) greater calories consumed
compared to those expended; and (2) genetic susceptibility. Although genetic susceptibility cannot be
altered (excluding epigenetic changes), calories consumed and expended can be modified, and has
led to a large body of research undertaken investigating the impact of various lifestyle modification
interventions [27,29]. Lifestyle interventions that lead to a reduction in weight and/or an increase in
physical activity/exercise have consistently been shown to reduce hepatic lipids, improve glucose
control and insulin sensitivity [29], and more recently improve liver histology [30,31]. The control
of calories consumed vs. those expended may incorporate a number of interventions including
exercise/physical activity independent of weight loss [47–49], diet modification [50–52] or diet and
exercise/physical activity [30,31,53,54]. However, why some patients respond to interventions,
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and others do not is unknown. Modulation of the gut microbiota through the various lifestyle
modifications discussed here may provide an insight into the inter-patient variability observed in
NAFLD, and improve the number of people who may respond to specific lifestyle interventions to
treat NAFLD.

5. Diet and Gut Microbiota

Exposure to environmental factors plays a significant role in the pathophysiology of NAFLD [6],
particular dietary intake [55]. A regular healthy balanced diet has been shown to maintain a stable
and healthy gut microbiota and reduce the risk of numerous diseases [56,57]. Recent evidence
has emphasized the importance of calorie excess, in contrast to macronutrient content, as a major
contributor to weight gain [58]. This is particularly important given the highly calorific content of
the Western diet (high in fat and carbohydrates), which is associated with an altered gut microbiota
and increased risk of developing obesity and NAFLD [35,46,59]. Although there are some conflicting
findings, a strong association has been reported between obesity and changes in the gut microbiota,
which may be responsible for enhanced energy harvest, weight gain and metabolic syndrome [60–62].
The link between the diet and the composition and function of the gut microbiota is unsurprising given
that dietary components provide nutrients for bacteria, which then produce metabolites involved
in energy balance, metabolism, immune response and the pathophysiology of NAFLD [63–65].
Indeed, bacteria in the gut are responsible for the digestion and production of many essential vitamins
and minerals. The link between diet, gut microbiota, and health has been elegantly shown in animal
models. Animals that were switched from low fat/fiber rich plant diets, to high fat/high sugar
diets had significant increases in Bacilli and Erysipelotrichi from the Firmicutes phylum, which were
associated with a significant decrease in the abundance of members of the Bacteroidetes phylum [66].
Furthermore, the role of the gut microbiome alone in causing obesity, independent of diet, was first
demonstrated by Ley et al. [67] who showed mice transplanted an “obese microbiota” would have
significantly greater weight gain than mice transplanted with a “lean microbiota”. The substantial
impact of the diet has also been shown in humans, where a rural African diet (high in fiber and
vegetables) had a higher relative abundance of Bacteroidetes and a lower relative abundance of
Firmicutes compared with the urban European diet (high in fat and sugar, low in fiber and vegetables).
Even more interesting was that the samples from Africa had two bacterial species (Prevottela and
Xylanibacter) that were not detectable in the European samples. Further evidence has been reported
when comparing a control diet vs. diets high in non-digestible carbohydrates, where the authors
reported that the non-digestible carbohydrates produce significant changes in the composition of the
gut microbiota within a number of days [62].

Although there are contrasting results in the specific bacterial taxa that are modulated through
the diet, the key message is that the diet is able to have a direct and long-term impact on the gut
microbiota composition and function, which has a profound implication for health. Any modulation
of the diet, such as an increase in non-digestible carbohydrates and/or weight loss has the potential
to alter the gut microbiota and potentially disease phenotype, such as NAFLD. This approach of
modulating the gut microbiota by modifying the dietary components (fats, proteins and carbohydrates),
probiotics (living microorganisms that provide health effects on the host), and prebiotics (ingredients
that are selectively fermented and modulate the changes in both the composition and activity of
the gut microbiota) has been established for some time, although the links between specific bacteria
with disease and mechanisms are often lacking [68]. This paper will now report the impact that
macronutrients (fats, proteins and carbohydrates), probiotics and prebiotics manipulation has on the
gut microbiota and the NAFLD phenotype.

6. Fat

Although the exact pathophysiology of NAFLD is unknown, the accumulation of lipids in the
liver is a key pre-requisite for development and progression [69]. The cause of lipid accumulation in the
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liver is complex, but has been linked with an influx of fatty acids from fat depots, de-novo lipogenesis,
and excess dietary fat intake, leading to steatosis. Increased fat intake is a common finding in NAFLD
patients [70,71], thus regulation of fat intake has been highlighted as potential target for therapeutic
intervention to reduce hepatic lipids [72]. Contrasting results have been reported in human studies
that have used a high fat diet to increase hepatic lipid content [73,74], whereas others have reported
no effect of a high fat diet on hepatic lipids [75,76]. The lack of consistency is likely to be due to the
duration of the studies (10 days–3 weeks) and the various forms of fat used (saturated, polyunsaturated
(PUFA) and mono-unsaturated (MUFA)). Furthermore, in a regular Western style diet the high fat
content is normally supplemented by high carbohydrates and therefore it may be the combination of
fat and carbohydrates that stimulate the development and progression of NAFLD [77]. The Western
diet associated with NAFLD has also been associated with gut microbiota dysbiosis, which represents
a potential source for the inter-patient variability observed in NAFLD, and progression from simple
steatosis to NASH [36,78].

Although the exact mechanisms of how high fat diets lead to the development of NAFLD
through gut microbiota modulation are unknown, research has predominantly focused on gut barrier
function [77], leaky gut, endotoxemia, gut derived toxins and inflammation [45,79]. Despite the links
between high fat diets, NAFLD, and the gut microbiota, there is a need to identify specific microbial
changes that may be causative, which would highlight potential targets for diagnosis and treatment.
The majority of studies investigating the impact that a high fat diet can have on the gut microbiota
have been based around changes in the Firmicutes:Bacteroidetes ratio. This was firstly shown by
Turnbaugh, et al. [80] in germ free mice that were fed a high fat diet and failed to develop obesity.
Once inoculated with the microbiota from a mouse fed a high fat diet, the mice had increased weight,
hepatic lipogenesis, fat deposition and insulin resistance, which was associated with an increase in
Firmicutes and a subsequent decrease in Bacteroidetes [80]. This has subsequently been supported
by decreases in Eubacterium rectale, Blautia coccoides, Bifidobacteria sp. and Bacteroides sp. [81–84].
Although these studies have identified that the gut microbiota is modulated with a high fat diet,
the changes reported are limiting in their specificity (phylum changes rather than species), and the
exact mechanism(s) linking these changes with NAFLD require further investigation.

There have been a number of mechanisms that have been identified to play a role in gut microbiota
dysbiois associated with a high fat diet and the development of NAFLD including gut barrier
dysfunction and translocation of microbes from the gut. Increased endotoxemia and inflammation
in human [85–87] and animal studies [81,88–90] further suggests insulin resistance to be a key to the
development of NAFLD and NASH [90,91]. High fat diets have also been shown to modulate the levels
of Gammaproteobacteria and Erysipelotrichi, which have been shown to lead to choline deficiency,
liver fat accumulation and NASH [65,92–94]. In addition, the ability of high fat diets to alter the gut
microbiota and subsequently bile acids metabolism and synthesis by alleviating farnesoid X receptor
(FXR) [95–97]. Although not exhaustive, the mechanisms discussed here have all been shown to have
a direct impact upon the liver, therefore modulation of the gut microbiota in the presence of a high fat
diet may offer the potential to reduce the risk and development of NAFLD.

The obvious treatment may be to put NAFLD patients on a low fat diet which have been
shown to be effective in weight loss, reduce liver fat, improve metabolic control and modulate the
gut microbiota [10,30,98]. However, managing and maintaining such diets can be difficult [32,33].
A number of alternative options for patients who may struggle with converting to a low fat diet include
changing the form of fat consumed and increasing non-digestible carbohydrates. MUFA, PUFA and
n-3 PUFA have been incorporated into dietary studies and shown to restore aspects of the high
fat gut microbiota dysbiosis, including changes in Clostridia, Enterobacteriales, Bifidobacterium and
Lactobacillus casei (Table 1) [99,100]. Although these studies do not report how these changes link with
NAFLD, potential explanations may include reduced gut leakiness and inflammation, although these
were not confirmed. In human studies, increases in MUFA, PUFA and n-3 PUFA have been shown to
reduce hepatic lipid content and improve metabolic control in NAFLD patients [73,100], potentially due
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to increase fatty acid oxidation, redistribution of fatty acids and down regulation of gene expression of
sterol regulatory element binding protein 1 (SREBP1-c) and factor for apoptosis (FAS). It is important to
emphasize that the changes reported here did not influence weight, therefore suggesting the changes
in the gut microbiota and hepatic lipids are diet driven rather than weight loss.

The use of non-digestible carbohydrates has been researched for a number of years and shown to
be an effective treatment for increasing satiety, reducing blood glucose, insulin resistance, fat digestion
and inducing weight loss [101]. Furthermore, non-digestible carbohydrates are effective in modulating
gut microbiota and maintaining a healthy GI system [64]. However, the impact upon the gut microbiota
in the presence of a high fat diet and mediators of NAFLD are lacking. Arabinoxylan and chitin-glucan
have been shown to be effective at modulating the gut microbiota by increasing Bifidobacteria and
restoring the abundance of Bacteroides-Prevotella spp., Roseburia spp., and Clostridium cluster fourteen a
(XIVa) that were reduced following a high fat diet (Table 1). These changes in the gut microbiota were
also supported by reductions in body fat, hepatic lipids, serum and hepatic cholesterol and insulin
resistance, independent of calories consumed [102,103]. There is also evidence that, in the presence
of high fat diets, chitosan and arabinoxylan are able to increase fat, bile acids and cholesterol in the
feces. These studies suggest that non-digestible carbohydrates are able to modulate the gut microbiota,
even in the presence of a high fat diet, potentially by binding to fat/cholesterol or inhibiting pancreatic
lipase [101,104,105].

Table 1. Significant bacterial changes following dietary manipulation in the presence of high fat intake.
XIV; fourteen, Ò and Ó denote increase or decrease in variable, respectively.

Intervention/Treatment
Model
Used

Non-Microbiome Changes Bacterial Changes Reference

Polyunsaturated fatty acids Cells Inhibit growth of mucus Ò Lactobacillus casei [99]

Oleic acid and n-3 fatty
acids (EPA and DHA) Mice

Ó Body Weight Ò Clostridial cluster XIV [100]
Ò Enterobacteriales

Ò Firmicutes
Ó Bifidobacterium

Arabinoxylans Mice

Improved gut barrier function Ò Prevotella spp. [102]
Ó Circulating inflammatory markers Ò Roseburia spp.

Ó Adipocyte size Ò Bifidobacterium
Ó Body weight gain
Ó Serum cholesterol

Ó Hepatic cholesterol
Ó Insulin resistance

Chitin-Glucan Mice

Ó Body weight gain Ò Clostridial cluster XIV [103]
Ó Fat Mass

Ó Fasting Glucose
Ó Hepatic Lipids

Ó Cholesterol

Although a low fat diet may be preferable for patients with NAFLD, such a considerable change
from an established lifestyle will be difficult for patients with NAFLD to incorporate. It is also
important to recognize that, in general, a reduction in fat intake is typically accompanied by an
increase in carbohydrate content. The data here suggest that changing the type of fat ingested and
incorporating a larger proportion of non-digestible carbohydrates into the diet may be effective
modulating the gut microbiota, reducing hepatic lipids and ameliorating risk factors associated
with NAFLD. However, further work is required to assess the impact of diet on the gut microbiota
specifically and further human intervention studies in patients with NAFLD are required to assess this.

7. Carbohydrates

Carbohydrates provide a crucial energy source for the host and gut microbiota [25].
Carbohydrate fermentation, specifically non-digestible carbohydrates, is a core activity of the human
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gut microbiota, driving the energy and carbon economy of the colon [106]. The move towards the
Western style diet, which is high in processed carbohydrates and low in non-digestible carbohydrates,
has been attributed to the rise and prevalence of obesity and NAFLD in these demographics [8,65,107].
This was recently confirmed in a meta-analysis where fructose was linked with poor liver health,
although this was confounded by excessive energy intake, which is likely to be due to high fructose
intake [108].

Excessive intake of calories in NAFLD is associated with sugar intake, with fructose being
identified as having a crucial role to play (potentially due to altered hormone release). With regard
to NAFLD, excess fructose, which is primarily metabolized in the liver, is linked to elevated
steatosis [109–111]. Fructose has also been suggested to be a key driver in alteration of gut
microbiota, potentially causing dysbiosis, as well as increased intestinal permeability and endotoxins
in portal blood [112,113]. Notably, such factors have been previously reported in NAFLD [114].
Increased endotoxins and inflammatory cytokines have been identified to be part of the multiple hits
hypothesis that exposes the liver to inflammation and injury [91]. Furthermore, endotoxemia is also
linked with activation of Kupffer cells through toll like receptor dependent mechanisms, weight gain,
poor metabolic control and increased plasma triglycerides, hepatic lipogenic enzymes and hepatic
steatosis [111,113,115–118].

Replacing non-digestible carbohydrates with simple carbohydrates, such as fructose, will alter
the substrate made available to the gut microbiota and ultimately affect the metabolic outputs and
the microbial composition [67,106,119]. Numerous studies have reported that reducing non-digestible
carbohydrates in the diet significantly reduces the levels of Roseburia spp. and Eubacterium rectale
subgroup of cluster XIVa from the Firmicutes phylum and bifidobacteria from the Actinobacteria
phylum [98,120]. More recently, the same group have also shown that increasing the levels
of non-digestible carbohydrates can increase levels of Ruminococcus bromii (phylum:Firmicutes),
however, these changes were dependent on the individuals initial microbiota profile [62]. These changes
reflect the impact that non-digestible carbohydrates have on gut microbiota and subsequent health
implications, although studies linking carbohydrates intake, such as non-digestible carbohydrates and
fructose, with specific bacterial changes in NAFLD are lacking.

There are few studies investigating the effects of high carbohydrate intake similar to the Western
diet on the gut microbiota composition. Ferrere, et al. [121] reported increased relative abundance
of the class Erysipelotrichi (phylum:Firmicutes) following high fructose diet. Turnbaugh, Backhed,
Fulton and Gordon [84] also reported that a high carbohydrate diet was able to increase the relative
abundance of bacteria from the class Mollicutes (phylum:Firmicutes) and enrich genes that encode
fructose metabolism, but reduce genes required for starch and sucrose metabolism. The authors
suggested that the increase in Mollicutes might reduce microbial diversity, including a reduction in
the relative abundance of the genus Bacteroides (phylum:Bacteroidetes), which is associated with poor
health [61]. However, in humans Boursier, Mueller, Barret, Machado, Fizanne, Araujo-Perez, Guy,
Seed, Rawls, David, Hunault, Oberti, Cales and Diehl [7] reported increased levels of Bacteroides in
NASH patients compared to controls, which suggests that the data which we extrapolate from animal
models require validation in human populations. Further studies should ascertain the effect of high
fructose diets on specific bacteria to potentially identify targets for treatment.

The cornerstone of NAFLD treatment is weight loss, through diet and/or physical
activity/exercise, which is effective in improving both liver histology [30] and modulating the gut
microbiota [10,31]. In recent years a reduction in calories in the form of carbohydrates has been
prevalent in many fad diets. Although initially effective for weight loss, such diets also have a
substantial impact upon the gut microbiota and short chain fatty acids (SCFA) [98]. SCFA contribute
around 10% of our daily energy requirements and provide a hospitable environment for cross
feeding between microbial communities [108]. Specifically, a reduction in butyrate and butyrate
producing bacteria has been shown in such diets, which may have detrimental effects on the GI
structure and immune response [98,106,120]. An alternative would be to increase the amount of
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non-digestible carbohydrates consumed, which has been shown to be effective in maintaining a healthy
gut microbiota [67] and ameliorating obesity and insulin resistance, which appear to be necessary for
the development of NAFLD [122,123]. Furthermore, SCFA, including butyrate have been shown to
contribute towards maintaining epithelial integrity, gut motility, hormone secretion, reducing appetite
and inflammation [106], all of which are associated with NAFLD [122,123]. Increased intake of
non-digestible carbohydrates has also been shown to improve glucose uptake, adipokine profile,
and alter colonic fermentation, although the latter was only confirmed with breath tests [124].
Oligofructose specifically has also been shown to induce weight loss, reduce calories consumed
and improved glucose uptake [125]. The authors also reported reductions in grehlin and increased
peptide YY response, which have both been associated with changes in the gut microbiota following
dietary intervention [126,127].

Further treatments to combat the detrimental effects of a high carbohydrate diet may involve
increased protein intake, Vitamin E, and cinnamon [128–131]. All of which have been shown to be
effective in reducing weight gain, body fat, adipocyte size, insulin resistance and hepatic steatosis.
Although these all show promise, there are currently no data on whether these may be able to
modulate the gut microbiota in NAFLD patients and should be explored further. Increased intake of
carbohydrates, specifically fructose, is undoubtedly linked with NAFLD, due to either metabolism in
the liver or through increasing calories consumed. Replacement of these simple carbohydrates with
non-digestible carbohydrates provides potential to have a direct impact upon gut microbiota dysbiosis
and have a positive effect on mediators of NAFLD.

8. Protein

Like carbohydrate, an increase in protein in the diet at the expense of carbohydrates and fat had
been utilized in a number of fad diets to facilitate weight loss [132]. However, the effect that protein
may have on the gut microbiota in humans, and specifically NAFLD are lacking. Furthermore, the
small number of studies investigating the effects of high protein diets have predominantly focused
on the products produced during fermentation [64]. This is surprising given the amount of protein
that reaches the colon in a healthy diet (12–18 g), which would be expected to rise in a high protein
diet [133], and provide nutrients for bacterial proliferation. Although an essential macronutrient,
excess protein has been linked with potentially damaging effects on the gut microbiota and intestinal
structure through toxic substances produced [64,133–135]. The small number of studies that have
reported the impact that high protein diets have on the gut microbiota have reported high levels of
Clostridium spp. and Bacteroides spp., with concurrent reductions in Bifidobacterium spp., Roseburia spp.,
and Eubacterium spp. [136,137]. The reductions in Bifidobacterium spp., Roseburia spp., and Eubacterium
spp. bacterial species are associated with butyrate production, endotoxemia, mucus barrier function,
and insulin sensitivity [81,136]. This suggests that the decreases in these bacteria may be detrimental
to health and increase the risk of NAFLD [35–37,40,138,139].

Various animal models have been used to investigate the impact of protein on the gut microbiome
with the main findings summarized in Table 2. In cats the authors utilized a high protein/low
carbohydrate and a moderate protein and carbohydrate diet for eight weeks [140]. Ordination analysis
of this data demonstrated that increases in the abundance of genre Clostridium, Faecalibacterium,
Ruminococcus, Blautia and Eubacterium were clustered with plasma triglycerides. Contrastingly, piglets
fed a high protein diet showed little microbial change, except reductions in Faecalibacterium prausnitzii,
but were shown to have a higher increase in colonic permeability and higher cytokine secretion [141].
Whether this small change in bacteria can be directly attributed to the bacterial changes remains to
be seen. However, the differing animal models and protein sources may account for the difference
reported here. Further animal data from chickens and rats fed diets high in protein showed reductions
in hepatic lipids and adipose tissue [142–144]. More recently, high protein diets have been shown
to be effective for reducing hepatic lipids, blood lipids, body fat, CVD risk and improve insulin
sensitivity and anti-oxidative potential [132,145–149]. Potential explanations for these results have
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been linked with increased satiety, increased energy expenditure, reduced hepatic lipid oxidation,
cell death, hormone release in the GI system and bile acid metabolism [126,127,150], all of which are
associated with the pathophysiology of NAFLD [123].

Table 2. Significant bacterial changes following high protein intake (Ò and Ó denote increase or decrease
in variable, respectively).

Intervention/Treatment Model Used Non-Microbiome Changes Bacterial Changes Reference

High Protein/Moderate Carbohydrates High
Protein/Low Carbohydrates Obese Men

Ò Branch chain amino acids Ó Roseburia [137]
Ò Phenylacetic acid Ó Eubacterium

Ò N-nitroso compounds
Ó Butyrate

Ó Phenolic acids

High Protein/Low Carbohydrates Kittens

Ò Clostridium [140]
Ò Faecalibacterium
Ò Ruminococcus

Ò Blautia
Ò Eubacterium

High Protein Piglets
Ò Branch chain amino acids Ó Faecalibacterium prausnitzii [141]

Ò Colonic Permeability
Ò Cytokine Secretion

Although there has been no direct link between the gut microbiota, NAFLD, and a high protein
diet, there is evidence that an excess of 36 g/day of protein was identified as a risk factor for increasing
the risk of NAFLD [111]. Furthermore, in T2DM an increase in protein intake resulted in reduced
insulin sensitivity, increased gluconeogenesis and increase glucagon [151,152].

Overall, there are contrasting evidence on whether diets high in protein may be an effective
treatment for gut microbiota modulation and NAFLD management. Discrepancies are likely
due to differing study designs, including the source of protein (animal vs. plant protein),
varying manipulations of the diets (protein to carbohydrate and fat ratios) populations sampled
(Healthy, NAFLD, T2DM, obese, etc.) and study duration. The optimal benefits of diets high in
protein to modulate the gut microbiota and aid with NAFLD management strategies should be
explored further.

9. Prebiotics and Probiotics

Given the connection between the gut microbiota, diet, and health [65,84], coupled to issues with
sustained dietary modification, an alternative approach utilizes pre- and probiotics to indirectly or
directly confer beneficial colonizers of the GI, respectively [153]. Although there are various definitions,
prebiotics is most commonly referred to as ingredients that are selectively fermented and modulate the
changes in both the composition and activity of the gut microbiota [68,154]. Probiotics are different in
that they are living (viable) microorganisms which have the ability to provide health effects on the
host when provided in adequate amounts, similar to the bacteria that are already present [155].

10. Prebiotics

Fructans are the most extensively studied prebiotics and have been linked with modulation of
the gut microbiota (summarized in Table 3), resulting in positive health benefits. In animal models,
the administration of prebiotics increased 18 potentially beneficial species, notably Bifidobacterium
spp. (Phylum: Actinobacteria) and Bacteroidetes [156–158]. Changes in gut microbiota are also
associated with appetite regulation, improved glucose tolerance, increased satiety, reduced ghrelin,
plasma triglycerides, oxidative stress and inflammation and calories consumed [82,158–160].

Further animal data have demonstrated that prebiotics are able to reduce hepatic lipids,
cholesterol, plasma triglycerides and increase the SCFA propionate [161–163]. Daubioul, Rousseau,
Demeure, Gallez, Taper, Declerck and Delzenne [161] suggested that the improved lipid profile
and hepatic lipids were due to changes in the gut microbiota, which ultimately altered metabolites
of fermentation. Alterations in the acetate:propionate ratio has been shown to reduce lipogenesis
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and account for the reductions in hepatic lipids. Although the authors suggest that the changes in
SCFA are due to modulation of the gut microbiota, the authors failed to measure specific bacteria,
focusing rather on the metabolites. It is intriguing that increased SCFA production, specifically butyrate
and propionate, protect against diet-induced obesity in mice [164]. However, such studies underscore
the need to understand the complex interplay between microbial–host interaction in gut and to which
extent the bacterial community is causing the phenotypes observed.

In human cohorts, where systematic study is challenging, studies elucidating the exact effects
and mechanisms of prebiotics on the gut microbiota and resulting microbial–host interaction are
lacking. Studies in healthy and T2DM patients have provided similar results, reporting increased
satiety and reduced ghrelin, body weight, glucose, and inflammation [125,157,165,166]. There is a
need for studies investigating the effects of prebiotics in NAFLD. In a small pilot study in biopsy
confirmed NASH patients, Daubioul, et al. [167] reported that prebiotics had a positive impact on liver
aminotransferases and insulin, but no effects on plasma triglycerides. A recent study reported that
prebiotics were effective at significantly reducing inflammatory cytokines, liver aminotransferases,
insulin sensitivity and steatosis in NASH patients [168]. Notably, the study compares lifestyle alone
with lifestyle and prebiotics, thus it is difficult to ascertain how much affect the prebiotics with no other
lifestyle interventions alone would have. As with existing animal data, such studies lack analysis of the
gut microbiota and thus relating potential mechanisms to changes in the gut microbiota is not possible.

A recent meta-analysis analyzing 26 randomized controlled trials concluded that prebiotics were
effective in increasing satiety and improving insulin sensitivity [169]. While specific effects of prebiotics
on the gut microbiota remain poorly understood, the majority of studies have reported increases in
Bifidobacteria [170–173]. Dewulf, et al. [174] also reported an increase in Bifidobacteria, as well as
increased levels of Faecalibacterium prausnitzii and reductions in Bacteroides intestinalis, Bacteroides
vulgatus and Propionibacterium, which they associated with endotoxemia, although they failed to report
any changes in plasma endotoxemia. Although these studies demonstrate promise that prebiotics may
be used as a potential treatment for NAFLD, further work is required to investigate additional overall
changes in the gut microbiome. Rapid advances in NGS and other ‘omic technologies offer promise for
more systematic understanding of entire treatment mechanisms. In addition, there are currently no
studies that have reported the effects of prebiotics on hepatic lipids or liver histology, and evidence
linking specific bacteria with the pathophysiology of NAFLD is lacking.

Table 3. Significant bacterial changes following prebiotic consumption (Ò and Ó denote increase or
decrease in variable, respectively).

Intervention/Treatment Model Used Non-Microbiome Changes Bacterial Changes Reference

Prebiotic Diet Mice

Improved Glucose Tolerance Ó Firmicutes [162]
Improved Leptin Sensitivity Ò Bacteroidetes

Ò GLP-1 Changed 102 taxa
Ò L-cell GLP-1

Ó Fat Mass
Ó Oxidative Stress

Ó Inflammation

Prebiotics—Xylo-oligosaccharide and inulin Human

Ò Butyrate Ò Bifidobacterium [164]
Ò Propionate

Ó Acetate
Ó P-creso

Ó Lipopolysaccharides

Prebiotics—β2-1 Fructans Human Ò Bifidobacterium [172]

Prebiotic—Galactooligosaccharides (GOSs) Human
Ò Phagocytosis Ò Bifidobacterium [173]

Ò Natural killer cells
Ó Inflammation

Prebiotic—Galactooligosaccharides (GOSs) Human

Ó Inflammation Ò Bifidobacterium [174]
Ó IgA

Ó Calcoprotectin
Ó Cholesterol

Ó Insulin
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Table 3. Cont.

Intervention/Treatment Model Used Non-Microbiome Changes Bacterial Changes Reference

Prebiotics—Inulin type fructans Human

Ó Fat Mass Ò Bifidobacterium [175]
Ó Plasma Lactate Ò Faecalibacterium prausnitzi

Ó Phosphatidylcholine Ó Bacteroides intestinalis
Ó Bacteroides vulgatus
Ó Propionibacterium

11. Probiotics

Probiotics have been suggested as a potential treatment for patients with NAFLD, due to
their apparent ability to modulate the gut microbiota (Table 4) and impact upon metabolic control,
inflammation, lipid profile and intestinal permeability [155,175], and have been systematically
reviewed in detail elsewhere [176]. However, the exact mechanisms of how probiotics are able to
do this are not fully understood. Although not exhaustive, proposed mechanisms include direct
microbe-to-microbe interaction and competition with pathogenic bacteria potentially leading to
eradication and a healthy balance of gut microbiota [62,177]. Furthermore, probiotics have been
shown to be effective at improving epithelial barrier integrity [178] and stimulating the host immune
response [179,180].

One of the first studies to investigate the use of probiotics was conducted over 10 years ago
in mice. The authors demonstrated that a course of a common brand of probiotics called VSL#3,
which included Streptococcus thermophiles, Lactobacillus (species: acidophilus, delbrueckii, casei and
plantarum) and Bifidobacterium (species: breve, longum and infantis) over four weeks was as effective
as an anti-TNF antibody at improving liver histology, reducing hepatic lipids, and reducing serum
alanine aminotransferase [181]. Importantly, the authors also reported a reduction in pro-inflammatory
cytokines and hepatic insulin resistance resulting from modulation of the gut microbiota, although they
failed to assess this. This early study into probiotics demonstrates potential for ameliorating
multiple hits that are associated with the pathophysiology and development of NAFLD [69,91].
Subsequent to this pioneering study, further animal work has reported that probiotics are effective
at reducing cholesterol, low density lipoproteins (LDL), very low density lipoproteins (VLDL),
triglycerides [182,183], fat depots [184], hepatic lipid content [185–187], steatotic and peroxidase
factors and liver aminotransferase [188,189]. There is also evidence demonstrating improvements in
hepatic insulin resistance and metabolic control [81,186,190,191]

There is also a body of evidence that has reported reduced inflammation and endotoxemia
following probiotic administration period. An exaggerated and damaging inflammatory response
occurs in a range of conditions and current evidence associates dysbiosis of the gut microbiota with
inflammation, although it is unclear if this is cause or effect. This is especially prevalent in the case
of the mucosa and tight protein junctions, where pathogenic bacteria cause damage and increase gut
permeability leading to chronic inflammation and endotoxemia [155,192]. Direct modulation of the gut
microbiota with viable organisms in probiotics has been shown to reduce hepatic inflammation [188],
circulating inflammatory markers [181,191,193], endotoxemia in portal blood [194] and provide
essential nutrients for maintaining intestinal epithelium integrity [178,195].

Although these data do imply that probiotics may play a role in the therapeutic
management of NAFLD, human data are lacking. In obese children who were non-compliant
to lifestyle interventions, probiotics significantly reduced alanine aminotransferase (ALT) and
anti-peptidoglycan-polysaccharide antibodies, but did not reduce liver fat [196]. In three well-designed
randomized controlled studies, the authors observed that probiotics high in Lactobacillus gasseri reduced
abdominal adiposity and serum lipids [197–199]. However, the duration of these studies was relatively
short and the effects on liver steatosis and specific bacterial changes were not reported.

Similar results have been shown in patients with liver disease, where probiotics have been
shown to be effective at restoring neutrophil phagocytic capacity in cirrhosis and reducing IL-10,
IL-6 and TNF-α secretion and toll like receptor expression [200,201]. More specifically, in NAFLD,
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the administration of probiotics resulted in a significant reduction liver aminotransferase [202,203],
although no changes in hepatic lipids, liver histology or gut microbiota were reported.

The majority of the studies discussed suggest that gut microbiota modulation following
consumption of probiotics was responsible for the beneficial effects observed. Early animal data
from Cani, Neyrinck, Fava, Knauf, Burcelin, Tuohy, Gibson and Delzenne [81] demonstrated that
supplementing mice on a high fat diet with Bifidobacterium restored the levels of Bifidobacterium
comparable to controls on a normal chow fed diet. More recently Bifidobacteria added to animal
feed has been shown to increase the abundance of Bifidobacterium and Clostridiaceae and reduce
the abundance of Enterobacteria and Eubacteriaceae [184,187,191,193,204]. The changes in bacterial
diversity discussed here were also supported by reductions in inflammatory cytokines, endotoxemia,
hepatic lipids and gut permeability.

Table 4. Significant bacterial changes following probiotic consumption (Ò and Ó denote increase or
decrease in variable, respectively).

Intervention/Treatment Model Used Non-Microbiome Changes Bacterial Changes Reference

Probiotic—oligofructose and Bifidobacterium species Mice
Ó Endotoxemia Ò Bifidobacterium [81]

Improved glucose tolerance

Probiotic—Bifidobacterium longum Rat

Ó Endotoxemia Ò Bifidobacterium [185]
Ó Inflammation

Ó Intestinal myeloperoxidase
Ó Body Weight
Ó Fat Depots

Ó Systolic Blood Pressure
Improve insulin sensitivity

Probiotic—Bifidobacterium longum or Lactobacillus
acidophilus Rat

Ó Hepatic Lipids Ò Bifidobacterium longum [188]
Ò Lactobacillus acidophilus

Probiotic—Bifidobacterium pseudocatenulatum Mice

Ó Cholesterol Ò Bifidobacterium [192]
Ó Triglycerides Ó Enterobacteria

Ó Glucose levels
Ó Insulin resistance

Ó Leptin
Ó Inflammation

Ó Hepatic Lipids

Probiotic—Bifidobacterium pseudocatenulatum Mice

Ó Inflammation Ó Firmicutes [194]
Ó Endotoxemia Ó Proteobacteria

Ó B cells
Ó Macrophages
Ó Cholesterol

Ó Body Weight Gain
Ó Triglycerides

Ó Insulin resistance

Probiotic—Bifidobacterium breve Mice
Ò Propionate Ò Clostridiaceae [205]

Ó Eubacteriaceae

Although existing data suggest probiotics represent a safe and effective treatment option for
NAFLD, there are instances where probiotics were ineffective, such as in Crohn’s disease [205] and
Helicobacter infections [206]. Such results may simply represent inefficiency of the probiotics selected
for these studies and it is plausible different probiotic combinations may yield different results.
It should be noted that probiotics are regarded as safe, with little data showing any adverse effects
of supplementation. As each disease is uniquely complex, so too must the probiotic selected for
treatment, with better characterization of the disease mechanism informing the specific probiotics to
use [62]. Important considerations also include the route of administration, dosage, how often to take
the treatment, and for how long. As we better understand the most effective means of administering
probiotics as well as which specific combinations of bacteria to use, the efficacy of treatment should
become apparent. In the era of personalized medicine it is feasible that each NAFLD patient can have
their gut microbiota profile determined, allowing probiotics to be tailored to the individual.

12. Exercise

Exercise is well recognized for its health benefits and its ability to attenuate the risk of CVD,
obesity, mental disorders, diabetes and intestinal diseases [207,208]. More specifically exercise
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has been shown to be effective at modulating hepatic steatosis and its mediators, improve body
composition, liver and adipose tissue insulin sensitivity independent of weight loss [29,47–49,209].
Furthermore exercise (both endurance and high intensity) training has been shown to attenuate
inflammation and improve insulin secretion by upregulating glucagon-like peptide-1 secretion in
the GI tract and pancreas [209–211]. Despite the strong associations among exercise, liver health,
metabolic control and inflammation, evidence linking exercise, the gut microbiota and NAFLD in
humans is lacking. Understanding the interplay between the triad and resulting mechanisms in
NAFLD will be fundamental to translating therapeutics into clinical practice.

In a recent study, Clarke, et al. [212] investigated the effects of effects of exercise in rugby players
compared sedentary overweight and obese controls. The authors observed that the highly active rugby
players had a significantly more diverse gut microbiota and lower levels of inflammatory and metabolic
markers compared to the controls. Specifically, the authors identified increased relative abundance of
Firmicutes, Proteobacteria and reduced relative abundance of Bacteroidetes. These observations are
based on extremities of a population with vastly different diet and calorie consumption, thus linking
findings directly to the gut microbiota is challenging [18,213]. The authors acknowledge these
confounding variables, stating future studies must be well designed in an attempt to isolate the
effects that exercise may have on the gut microbiota.

Although animal models do not offer a direct comparison with humans, the control over
interventions allows an excellent model to develop disease states and may make it easier to tease
out the impact that exercise alone may have on the gut microbiota. To date, there are no animal
studies looking specifically at exercise and the gut microbiota in an animal model of NAFLD.
There are, however, a number of other animal studies that have investigated the effects of exercise
on the gut microbiota in type 2 diabetes [214], obesity, CVD [215], high fat intake [216,217] and low
activity levels [218], which are all risk factors for the development and progression of NAFLD [5,6],
summarized in Table 5.

Table 5. Significant bacterial changes following exercise (Ò and Ó denote increase or decrease in
variable, respectively).

Intervention/Treatment Model Used Non-Microbiome Changes Bacterial Changes Reference

Controlled treadmill running Mice

Ò Lactobacillus spp. [215]
Ò Clostridium leptum (C-IV)
Ó Clostridium cluster (C-XI)

Ó Bifidobacterium spp

Controlled treadmill running Rat

Ó Blood Lactate Ò Allocaculum [216]
Ò Pseudomonas
Ò Lactobacillus
Ó Streptococcus

Ó Aggregatibacter
Ó Sutturella

Voluntary wheel running Mice

Ó Body Weight Ò Bacteroidetes [217]
Ó Body Fat Ó Firmicutes

Ó Blood glucose Ó Actinobacteria
Ò Heart:Body Weight
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Table 5. Cont.

Intervention/Treatment Model Used Non-Microbiome Changes Bacterial Changes Reference

Controlled wheel running Mice
Ó Streptococcus [218]
Ó Bacteroidetes

Ò Firmicutes

Voluntary wheel running Rat

Ó Body Fat Ó Firmicutes [219]
Ò Lean Body Mass Ò Cyanobacteria

Ó Non-esterified fatty acids Ò Proteobacteia
Ó Cholesterol

Voluntary wheel running Rat
Ò Cecal size and weight Ò SM7/11 [220]
Ò Butyrate production Ò T2-87

Ó Body Weight

Voluntary and forced treadmill running Mice

Ó Body Weight Ò Dorea [221]
Ò Anaerotruncus

Ò Nautilia
Ò Coprococcus
Ò Oscillospira
Ó Turicibacter

Ó Moryella
Ó Prevotella

Voluntary wheel running Mice
Ó Body Weight Ò Enterococcsceae [222]

Ò Staphylococcsceae
Ó Erysipelotrichaceae

Voluntary wheel running Rat

Ò Body Weight Ò B. Coccoides-E Rectale [223]
Ò Serum Leptin Ò Lactobacillus
Ó Serum Ghrelin Ó Clostridium

Ó Enteroccocus
Ó Prevotella

Ó Bacteroides

Voluntary wheel running Rat

Ò Body Weight Ó Rikenellaceae g_AF12 [224]
Ò Lean Body Mass Ó Rikenellaceae g

Ó Desulfovibrio spp
Ò Blautia spp
Ò Turicibacter

Ò Anaerostipes spp
Ò Methanosphaera

Single Peak Exercise Test Human
Ò Bacteria in blood Ò Actinobacteria [225]

Ò Firmicutes

The first animal study to investigate the effects of exercise on the gut microbiota was performed
nearly a decade ago using rats who voluntarily exercised for five weeks [219]. Rats that exercised
had a distinctly different bacterial cluster from the sedentary rats, with a significant increase in
bacterial producing bacterium (SM7/11 and T2-87). The exercised mice also consumed fewer calories,
had reduced body weight and an in increase in butyrate. Both voluntary and forced exercise has since
been shown to elicit significant clustering and increased richness of the gut microbiota, with distinctive
changes in the abundance of genus Lactobacillus, Bifidobacterium, Dorea, Turicibacter, Anaerotruncus and
species Enterococcus faecium when compared with sedentary animals [220–222].

The role of genetic and epigenetic predisposition is unclear, but the gut microbiota evolves
with the host from birth [8,12]. Therefore, early manipulation of the microbiota may have beneficial
effects later in life. Genetically altered rats with low activity levels from birth had a greater shift
in bacterial diversity when compare to the highly active rats [218]. Furthermore, this extenuated
increase in bacterial diversity in the low activity rats was supported by a greater improvement in body
composition and serum lipid profile, when compared with the highly active mice. The beneficial effects
of exercise early in life suggests that even in those with a genetic predisposition to be sedentary may
be able to modulate their gut microbiota and risk factors for NAFLD. Further evidence was presented
when exercising juvenile and adults rats [223]. Juvenile rats had greater shifts in bacterial composition
when compared with the exercising adult rats, which were closely related to body composition of the
rats. These studies together suggest that early stimulus and the activity predisposition (low vs. high)
may be involved in characterizing gut microbiota phenotypes.

Further exercise studies have investigated the effects of exercise on the gut microbiota in
hypertension, obesity and diabetes, which are all closely associated with NAFLD [6]. Petriz, Castro,
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Almeida, Gomes, Fernandes, Kruger, Pereira and Franco [215] exercised obese and hypertensive
rats five times per week for four weeks and observed altered composition and diversity of the
gut microbiota, with specific increases in Allobaculum in hypertensive rats, and Pseudomonas and
Lactobacillus in the obese rats. In a similar exercise intervention, Lambert, Myslicki, Bomhof, Belke,
Shearer and Reimer [214] exercised diabetic and control mice and compared them with matched
sedentary controls. The authors observed a significant increase in the abundance of several Firmicutes
species and reductions in the abundance of Bacteroides spp., which had previously been reported
in humans [212]. The only human study to look at the acute effects of exercise on gut microbiota
was performed in patients with myalgic encephalomyelitis/chronic fatigue syndrome compared to
healthy controls [224]. The authors reported that following a single maximal exercise bout the gut
microbiota of patients was significantly altered in comparison with controls. Furthermore the patients
had a significantly larger level of bacteria recovered in the blood when compared with the healthy
controls. Although the authors only conducted a single bout of exercise, they suggest that the altered
gut microbiota led to an increase in bacterial translocation and may contribute to worsening myalgic
encephalomyelitis/chronic fatigue syndrome. The increased bacteria in the blood may be due to
an increase in inflammatory cytokines (IL-6, IL-8, IL-1β, and TNF-α), which have been shown to be
required to initiate villus injury and reduce intestinal barrier function [210]. However, the authors
failed to report on inflammation, and it must be pointed out that the exercise performed was
maximal, which would not be routinely performed. Despite this there is a large body of evidence
demonstrating that exercise is able to reduce inflammation [211], hepatic lipids [29], and improves
metabolic control [47,209,225,226]. However, further work would need to compare different modalities
of exercise and intensities to assess their impact on the gut microbiota, liver fat, metabolic control,
inflammation and patients health.

Inter-study variability has been reported by Petriz, Castro, Almeida, Gomes, Fernandes, Kruger,
Pereira and Franco [215], who reported increased relative abundance of Allobaculum, Pseudomonas and
Lactobacillus. However, Liu, Park, Holscher, Padilla, Scroggins, Welly, Britton, Koch, Vieira-Potter and
Swanson [218] reported increased relative abundance of Christensenellaceae, Helicobacteraceae and
Desulfovibrionaccae, and Choi, Eum, Rampersaud, Daunert, Abreu and Toborek [221] reported
increased relative abundance of the family Enterococcaceae and decreased relative abundance
of Erysipelotrichaceae.

Possible reasons for discrepancy reported between studies may include; varying disease type
and status amongst studies, exercise intervention duration and/or intensity, diet incorporated
(ranging from high fat diet to regular animal chow) and body composition changes. Of particular
note, the varying methods and technologies used to extract and sequence the 16S rRNA gene creates
potential sources of bias between studies.

Exercise does appear to be able to modulate the gut microbiota and reduce the risk of NAFLD,
however, the mechanism(s) remain unknown. Potential mechanisms include: (1) increased butyrate
production, which is linked with colonic epithelial cell proliferation and modulation of mucosal
immunity and exclusion of pathogens [215,219,227]; (2) increased primary bile acid secretion and
cholesterol turnover [228]; (3) growth of beneficial bacteria [221]; and (4) increased core body
temperature and reduced blood flow to the GI system reducing gut transit time and substrate delivery
to the microbiota [218,229,230]. Although the exact mechanism remains elusive and methodological
bias hinders direct cross-study comparisons, existing data indicate that exercise may be able to
modulate the composition, diversity and relative abundance of the gut microbiota in NAFLD patients.
Further investigation of the impact of exercise on gut microbiota is required and may address why
some patients respond to exercise and some do not.

13. Conclusions

The gut microbiota has been studied for decades, however, recent developments in 16S rRNA
gene sequencing, coupled to advances in computational processing of data has enhanced our

130



Int. J. Mol. Sci. 2016, 17, 447

understanding of the microbial–host interactions [23]. The gut microbiota has been associated with a
range of diseases, from obesity, metabolic syndrome, diabetes, and cardiovascular disease [18,24–26]
to NAFLD [7,34,36–41]. However, existing studies are largely focused on profiling the bacterial
community and fail to provide functional information between the gut microbiota and the host.
Ultimately, it still remains unknown whether the gut microbiome is causing the disease, or simply an
effect of disease pathophysiology.

This review reveals that diet, pre/probiotics, and exercise play a significant role in the function
and diversity of the gut microflora. To date, studies have predominantly focused on pre-clinical
models, which have limitations in the transferability of their data to humans. Although much is known,
significant questions about how lifestyle therapies may influence the gut microbiota as a therapeutic
target for NAFLD care. However, the links between the gut microbiota and NAFLD should continue
to be explored to:

(1) better understand inter-patient variability;
(2) develop potential biomarkers for NAFLD development and progression;
(3) understand the mechanism(s) linking the gut microbiota and NAFLD;
(4) develop an understanding of how aspects of lifestyle interventions interact with the gut

microbiota and how this may impact upon health; and
(5) tailor prebiotics and probiotics to influence health for each individual.

Furthermore, although these lifestyle interventions clearly impact upon NAFLD, understanding of
how they interact with the gut microbiota and NAFLD is lacking and requires longitudinal studies with
large sample sizes. For example, the diet has been shown to modulate the gut microbiota in days [62],
but these changes are generally reversed in a similar time frame. Therefore, we need to understand
the best mechanisms for modulating the long-term establishment of a healthy gut microbiota and the
resulting health implications this may have.

As technologies are increasingly developed and the associated costs are reduced, there is huge
potential to systematically determine the importance of both the presence of certain bacteria and
their ultimate function is a given community. For understanding such complex processes and
interaction at the microbe and host levels, there is a need to integrate multiple techniques in a systems
biology approach. A focus on large-scale collaborative studies that explore many relevant biological
samples to comprehensively determine disease mechanisms and therapeutic efficiency is necessary.
This represents an important time for life sciences and the prospect of advances in diseases such as
NAFLD is promising.
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Abstract: Recently, the importance of the gut-liver-adipose tissue axis has become evident.
Nonalcoholic fatty liver disease (NAFLD) is the hepatic disease of a systemic metabolic disorder that
radiates from energy-surplus induced adiposopathy. The gut microbiota has tremendous influences
in our whole-body metabolism, and is crucial for our well-being and health. Microorganisms precede
humans in more than 400 million years and our guest flora evolved with us in order to help us face
aggressor microorganisms, to help us maximize the energy that can be extracted from nutrients, and
to produce essential nutrients/vitamins that we are not equipped to produce. However, our gut
microbiota can be disturbed, dysbiota, and become itself a source of stress and injury. Dysbiota may
adversely impact metabolism and immune responses favoring obesity and obesity-related disorders
such as insulin resistance/diabetes mellitus and NAFLD. In this review, we will summarize the
latest evidence of the role of microbiota/dysbiota in diet-induced obesity and NAFLD, as well as the
potential therapeutic role of targeting the microbiota in this set.

Keywords: nonalcoholic fatty liver disease; microbiota; diet; obesity; dysbiota; probiotics

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) refers to the ectopic accumulation of fat in the liver.
In its primary form, NAFLD is the hepatic manifestation of metabolic dysfunction associated with
energy surplus-induced adiposopathy. The term adiposopathy has only recently been introduced in
the medical lexicon and translates the adipose tissue dysfunction that occurs, in susceptible individuals,
as a consequence of chronic positive caloric balance and sedentary lifestyle [1]. The true significance of
hepatic steatosis as a contributing player in obesity-induced dysmetabolism and global metabolic and
cardiovascular health is still unclear [2]. Regarding liver health, although most patients will present
stable, non-progressive disease, the high prevalence of this condition explains why NAFLD is the
number one cause of chronic liver disease in Western world and will predictably be the number one
cause of end-stage liver disease in the near future [3].

Little more than a decade ago, a major breakthrough linked the gut microbiota to the pathogenesis
of obesity and NAFLD [4]. Since then, medical research in the field has flourished exponentially.
However, huge gaps in knowledge still preclude us to have effective therapeutic strategies for obesity
and NAFLD that act through modulation of gut microbiota.

The gut microbiota comprises 10 to 100 trillion microbes. The gut microbiota is composed
by bacteria, archea, virus, and fungi, being dominated by four main phyla of bacteria:
Firmicutes, Bacterioidetes, Actinobacteria, and Proteobacteria, which represent more than 95% [5,6].
The collective genome of the gut microbiota, referred to as a microbiome, contains at least 100 times
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more genes than the human genome [6]. Those extra genes are crucial to maintain our homeostasis.
In fact, the gut microbiome is enriched in several genes important for glycans and aminoacids
metabolism, xenobiotics metabolism, methanogenesis, and biosynthesis of vitamins [6]. This explains
why the gut microbiota contributes to host nutrition, bone mineral density, modulation of the immune
system, xenobiotics metabolism, intestinal cell development and proliferation, and protection against
pathogens [7].

One important question still not fully answered is if there is a core microbiota common to humans.
In fact, although culture-based studies suggest that healthy humans would share the same gut bacterial
species, culture-independent studies showed that each individual harbors a unique collection of
bacterial strains and species [7,8]. Not only gut microbiota is specific to individual, it is also highly
resilient, promptly returning to baseline after perturbation [7,9–11]. However, recovery may be
impaired with recurrent perturbation [12]. Interestingly, despite the unique individual gut microbiota,
humans share similar functional gene profiles, implying a core functional microbiome [8].

The composition of the gut microbiota is regulated by (a) external factors such as vaginal versus
cesarean section delivery, breast feeding, antibiotics, pre/probiotics, diet, hygienic habits, and random
chance resulting in a colonization cascade; (b) interaction with the host such as genetics, Paneth cell
function, mucus composition, secretion of antimicrobial peptides; and (c) interaction between microbes,
which can result in competition or cooperation [5,13,14].

In this review, we will summarize the latest research on the interplay between diet, gut microbiota,
obesity, and fatty liver disease. We will also discuss the evidence of microbiota-targeting approaches
in the treatment of NAFLD.

2. Microbiota and Obesity

The first clue on the role of the microbiota in the pathogenesis of obesity came from
Backhed et al. [4] studies. They compared body weight gain in germ free mice and conventionally
raised mice, and found that the latter gained more weight, with increased adipose tissue and body fat
percentage, which could not be explained by different diet intake. Importantly, metabolic status was
worse in conventionally raised mice, with higher leptin levels, lower insulin sensitivity and greater
fat accumulation in the liver. Further supporting the concept that body weight was regulated by gut
microbiota, transplantation of microbiota harvested from conventionally raised mice into germ free
mice resulted in an increase in body weight and decrease in insulin sensitivity [4]. Moreover, the same
group showed that, not only germ-free mice were leaner than conventionally raised mice, they were
also resistant to western-type high-fat diet induced obesity [15]. Lastly, studies on animal models
showed us that not all microbiota has the same effect on metabolism, and raised the possibility of an
obesity-specific microbiota. In fact, transplantation of microbiota harvested by either genetically-obese
ob/ob mice [16] or high-fat diet induced obese mice [17] into germ free mice mimicked the obese
insulin resistant phenotype. Supporting the animal data, a small human study in male patients with
the metabolic syndrome submitted to autologous or allogenic (from a lean donor) intestinal microbiota
via duodenal tube, showed improvement in insulin sensitivity when the donor was lean [18].

Since then, several groups tried to characterize the obese-associated microbiota. Studies in either
genetically or diet-induced obese mice showed differences in the microbiota when comparing with
lean mice. Obese mice consistently showed a decrease in Bacterioidetes and an increase in Firmicutes
(particularly from the class Millicutes) [19–21]. This increase in Firmicutes associated with an increase
in enzymes able to breakdown indigestible polysaccharides from diet and producing short chain fatty
acids (SCFA) [19]. Obese mice also presented an increase in methanogenic Archea, which associates
with a lower hydrogen partial pressure and optimization of bacterial fermentation [19].

Studies in human obesity showed lower microbial diversity and similar differences in the intestinal
microbiota as suggested by animal studies [22–24].

In summary, there is an obesity-associated gut microbiota, and obesity can be infectiously
transmitted by transplant of that microbiome, suggesting that it is the microbiota itself that promotes
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obesity. Supporting this concept, a prospective study in children showed that the risk of being
overweight at seven years old could be predicted by the composition of gut microbiota at six months
old, which associated with lower prevalence of Bifidobacterium and higher of Staphylococcus aureus [25].

Obese mice waste less energy in the stools as compared to lean mice, and as little as a 20%
decrease in fecal Bacterioidetes associates with 150 Kcal decrease in energy harvest from the diet [26].
The microbiota can modulate body weight through several mechanisms. One such mechanism is the
differential fermentation of indigestible carbohydrates in SCFA: butyrate, propionate, and acetate [27].
Overall, colonic-derived SCFA account for 10% of harvested energy from the diet, with acetate being
the main source of energy [28]. Butyrate and propionate are considered anti-obesogenic, and acetate
mainly obesogenic. Interestingly, while acetate and propionate are mainly produced by the phylum
Bacterioidetes, butyrate is mainly produced by Firmicutes (the most important belonging to clostridial
lusters IV and XIVa: Faecalibacterium prausnitzii, Eubacterium rectale, and Rosuberia intestinalis) [29,30].
Butyrate is a major source of energy for colonocytes, increasing intestinal health and potentially
decreasing gut permeability and preventing metabolic endotoxemia [31]. Butyrate also seems to
positively affect insulin sensitivity through stimulation of the release of the incretins glucagon-like
peptide-1 (GLP-1) and gastric inhibitory polypeptide (GIP) [32]. Both butyrate and propionate
can increase the expression of the anorexigenic adipokine leptin [33]. Other beneficial effects of
propionate are inhibition of resistin expression by the adipose tissue [34] and inhibition of cholesterol
synthesis through inhibition of acetyl-CoA synthetase and via buffering fatty acids to gluconeogenesis
in detriment of cholesterol synthesis [27]. On the other hand, acetate is the most substantially
absorbed SCFA, and is a substrate for lipogenesis and cholesterol synthesis in the liver and adipose
tissue [27]. Finally, SCFA bind to specific receptors in the gut, liver, and adipose tissue, GRP43 and
GRP41, which seem to have anti-inflammatory and metabolic actions that protect from obesity [28].
Interestingly, supplementation of oral butyrate in mice fed a Western diet, partially prevented liver
steatosis and inflammation, while having no effect on obesity [35].

Gut microbiota can also decrease the intestinal expression of the adipose tissue lipoprotein lipase
inhibitor fasting induced adipose factor (Fiaf), also known as angiopoietin-like factor IV (ANGPTL4).
The net result is increased uptake of fatty acids in the adipose tissue and liver, favoring expansion
of the adipose tissue and hepatic steatosis. Microbiota also prevents the beneficial action of Fiaf
in the expression of peroxisome proliferator-activated receptor (PPAR)-1α coactivator (PGC) and
fatty acids oxidation [15,36]. Other mechanisms by which gut microbiota promote obesity are an
increase in mucosal gut blood flow enhancing nutrients absorption [37]; inhibition of adenosine
monophosphate-activated protein kinase AMPK in the liver and muscle, and consequently inhibiting
peripheral fatty acids oxidation and insulin resistance [15]; and modulation of the pattern of conjugated
bile acids and its function in lipid absorption [38].

Obesity itself may also change the microbiota, independently of the diet. For example,
leptin, an adipokine whose levels are increased in obesity, has a direct role regulating the gut microbiota
composition, through the modulation of antimicrobial peptides secretion by Paneth cells in the gut [39].
As such, a vicious circle between microbiota and adiposity promotes further worsening of obesity.

3. Microbiota and Nonalcoholic Fatty Liver Disease (NAFLD)/Nonalcoholic Steatohepatitis (NASH)

NAFLD strongly associates with obesity. The aggregate data suggests that the gut microbiota
may play a significant role in the pathogenesis of obesity, as such it would be logical to think that the
gut microbiota also plays a role in the development of NAFLD and its progressive form, nonalcoholic
steatohepatitis (NASH). Indeed, that seems to be the case. Transplanting harvested microbiota from
conventionally raised mice to germ free mice, besides increasing body weight, it also increases the
fat content in the liver [4]. Furthermore, treatment with antibiotics protected from hepatic steatosis
in different dietary and genetic obese rodent models [40,41]. However, the association between gut
microbiota and NAFLD goes beyond the association with obesity.
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Several studies in animal models and patients with NAFLD or NASH showed an association with
small bowel overgrowth and increased intestinal permeability [42–49]. Brun et al. [45], compared two
strains of genetically obese mice, leptin deficient ob/ob and leptin-resistant db/db, with lean control
mice. They found that obese mice had increased intestinal permeability with lower intestinal resistance
and profound changes in the cytoskeleton of cells in the intestinal mucosa. In association with
increased gut permeability, obese mice, as compared to lean mice, had higher circulating levels
of inflammatory cytokines and portal endotoxemia. Finally, hepatic stellate cells from obese mice
expressed higher levels of the lipopolysaccharide (LPS) co-receptor CD14, and responded with a
more inflammatory and fibrogenic phenotype after stimulation with LPS [45]. Furthermore, a study
compared NAFLD patients with healthy subjects, and found that patients with NAFLD had an
increased susceptibility to develop increased intestinal permeability after a minor challenge with low
dose aspirin [46]. Concordant with those observations, obesity and NAFLD associates with metabolic
endotoxemia, i.e., increased blood levels of lipopolysaccharide (LPS), a component of the wall of
Gram-negative bacteria that binds to specific receptors, toll like receptor-4 (TLR-4), and can promote
hepatic and systemic inflammation [47,49,50]. Verdam et al. [51] also showed an increase in plasma
antibodies against LPS in patients with NASH as compared to healthy controls, which progressively
increased with increased severity of liver disease. The role of LPS is highlighted by the study by
Cani et al. [50] in which LPS injections in mice simulated the effects of a high-fat diet, in terms of
weight gain, insulin resistance, and development of NAFLD. Furthermore, mice deficient in TLR-4 are
not only protected from LPS-induced obesity and NAFLD, but also from high-fat diet-induced obesity
and NAFLD [50], as well as NAFLD and NASH in different rodent models [47,52–54].

Perturbations in the metabolism of bile acids seem to have a prominent role in the pathogenesis of
NAFLD [55]. Bile acids are not only critical in the absorption of fat, they are also signaling molecules
with actions in their own metabolism, as well as energy, lipoproteins, and glucose metabolism, through
its receptors farsenoid X receptor FXR and TGR5. There is a known mutual influence between bile
acids and gut microbiota. Bile acids have potent antimicrobial properties [56]. On the other hand,
the gut microbiota increases the diversity of bile acids through the deconjugation, dehydrogenation,
and dehydroxylation of primary bile acids. In fact, conventionally raised mice, as compared to germ
free mice presented a decrease in tauro-conjugates (which are potent FXR antagonists and hence
positive regulators of bile acids synthesis), while maintaining levels of the more toxic cholic acid [57].

Recently, two studies elegantly demonstrated that NAFLD could be a transmissible disease,
through gut microbiota. Le Roy et al. [58] fed mice with high fat diet for 16 weeks, and while most of the
animals developed NAFLD, insulin resistance, and systemic inflammation (dubbed responders), some
mice did not develop NAFLD or insulin resistance (dubbed non-responders). When they transplanted
germ free mice with microbiota harvested from those animals, they obtained a metabolic and liver
phenotype only if the donors were responders. Furthermore, mice with a genetic deficiency of the
inflammasome in the gut exhibited a perturbed gut-innate immunity and an abnormal gut microbiota
with increased Bacterioidetes (particularly from the family Porphyromondaceae) and decreased
Firmicutes. Those mice developed worse liver damage when fed NASH-inducing diets, with increased
steatosis, inflammation, and aminotransferases levels, as compared to their wild type counterparts.
Interestingly, co-housing those transgenic mice with wild type mice turned the latter more sensitive
to the diet-inducing NASH, effect that was abrogated by concomitant treatment with antibiotics [59].
Lastly, de Minicis et al. [60] modulated gut microbiota through high-fat diet (which induced an increase
in Proteobacteria), before submitting mice to bile duct ligation. Those mice developed worse fibrosis
than chow diet fed mice. They simulated the increased susceptibility to fibrosis by transplanting gut
microbiota from high-fat diet fed mice, which was even worse when they selectively transplanted
Gram-negative bacteria.

The gut microbiota also seems to have a role in NAFLD-associated hepatocarcinogenesis.
Yoshimoto et al. [61] showed that, in different animal models of obesity, dysbiota associates with
increased deoxycholic acid reaching the liver through the enterohepatic circulation. This bile acid was
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able to produce a senescence phenotype in hepatic stellate cells that induced a secretory profile able to
promote inflammation and tumorigenesis.

Several studies in adult patients, have tried to evaluate if the presence of NAFLD associates
with a specific dysbiota [62–67] (Table 1). Those are small studies, with different populations and
controls and often without histological diagnosis. Furthermore, statistical significance was achieved in
different categories in the taxonomic hierarchy. Though NAFLD/NASH seems to share some of the
microbiota specificities associated with obesity, at the phylum level, only one study found NASH to be
associated with a decreased percentage of Bacterioidetes [63]. The two studies that compared patients
with NAFLD with healthy controls found an increase of the genus Lactobacillus, and a decrease in the
family Ruminococcaceae in NAFLD patients [64,67]. Regarding the association with Lactobacillus, it is
surprising, since several species from this genus are frequently used as probiotics. Lactobacillus are
lactic acid bacteria that can inhibit pathogens, enhance the epithelial barrier function, and modulate
immune responses [68], actions that would seem protective in the pathogenesis of NAFLD/NASH.
However, Lactobacillus may associate with the production of volatile organic compounds such as acetate
and ethanol [69], which may be important in the pathogenesis of obesity and NAFLD [64]. In fact,
the genus Lactobacillus comprises over 180 species and a wide variety of organisms; while some can
only produce lactic acid from the fermentation of sugars (e.g., L. acidophilus and L. salivarius), other can
also produce ethanol (e.g., L. casei, L. brevis and L. plantarum). Again, the decrease of Ruminococcaceae
may also translate to a decrease in the production of SCFA such as butyrate, since many bacteria
from that family produce butyrate [70]. A decrease in butyrate-producing bacteria, such as the
genus Faecalibacterium [70] has also been associated with NASH, as compared to healthy controls [65].
As compared to healthy subjects, patients with NAFLD also showed increased percentage of bacteria
from the genera Escherichia and pathogenic Streptococcus, both known to potentially induce persistent
inflammation in the intestinal mucosa, and to be associated with inflammatory bowel disease [71,72].
In accordance, patients with NAFLD exhibited higher expression of proinflammatory cytokines in the
intestinal mucosa [67]. Some Escherichia species also produce ethanol, which can further increase gut
permeability. In fact, children with NASH also displayed increased levels of Escherichia bacteria in
their stools [73].

Spencer et al. [62] evaluated an interaction between choline metabolism and microbiota in the
development of NAFLD. They studied 15 inpatient women and submitted them to depletion of
choline. They found that differences in two classes of bacteria (decrease in Gammaproteobacteria and
increase in Erysipelotrichi), in association with genetic polymorphisms in phosphatidylethanolamine
N-methyltransferase (PEMT, a key enzyme in the choline metabolism), could predict the susceptibility
to develop NAFLD with choline depletion. This is highly relevant, because the median choline
intake in the United States is half the recommended dose (recommended dose: 550 mg per day) [74].
Gut microbiota can further promote choline depletion by hydrolyzing choline to trimethylamine, which
can be further metabolized in the liver into the toxic compound trimethylamine N-oxide (TMAO).
Interestingly, feeding mice with high fat diet is known to shift the gut microbiota into a choline
degradation profile [75].

In patients with NAFLD, the presence of NASH associated with an increase in the genus
Bacteroides [66]. This skew in favor of Bacteroides may translate to an increase in the toxic bile deoxycholic
acid, which is known to induce apoptosis in hepatocytes and to be increased in patients with
NASH [76,77]. Furthermore, Bacteroides has been associated with an increase in branched-chain fatty
acids derived from aminoacids fermentation, which have diabetogenic potential [78]. Lastly, in patients
with NAFLD, the presence of significant fibrosis also associated with increased content of the genus
Ruminococcus, which is difficult to interpret, since it is a highly heterogeneous genus including both
potentially beneficial and detrimental species [66]. Nevertheless, some species from the Ruminococcus
genus are pro-inflammatory and able to produce ethanol [79–81], two potential pathogenic mechanisms
in the progression of NAFLD.
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NAFLD and particularly NASH also seem to associate with specific changes in the oral microbiota.
Yoneda et al. [82] studied 150 patients with NAFLD (of those 102 with NASH) and 60 healthy controls,
and found that infection with Porphyromonas gingivalis (the major cause of periodontitis) tripled
the risk for NAFLD and quadrupled the risk for NASH, independent of ge and metabolic syndrome.
In 10 patients with NAFLD, treatment of periodontitis prompted an improvement in liver enzymes [82].
Furthermore, in patients with NASH, positive immunohistochemistry for P. gingivalis associated with
increased fibrosis [83]. In mice fed high-fat diet, infection with P. gingivalis associated with endotoxemia
and increased blood levels of proinflammatory cytokines, as well as worse liver disease, including
worse fibrosis [82,83].

In summary, gut microbiota can contribute to the development and progression of NAFLD via
several mechanisms: (a) modulation of energy homeostasis and energy harvested from diet with
associated obesity and dysmetabolism [4,26]; (b) modulation of intestinal permeability promoting
endotoxemia as well as other microbe products that promote systemic and hepatic inflammation [50];
(c) modulation of the choline metabolism (required for very low density lipoproteins VLDL synthesis
and export of lipids from the liver) [75]; (d) generation of endogenous ethanol as well as other
toxic products such as TMAO [73,84–86]; and (e) modulation of bile acids homeostasis and FXR
function [87,88] (Figure 1).

Figure 1. Nonalcoholic fatty liver disease (NAFLD) associated mechanisms of intestinal dysbiota.

4. Diet and Microbiota

Both the quality and quantity of our diet strongly modulate the gut microbiota. Different
diets associate with different compositions of the microbiota. De Fillipo et al.’s [89] work beautifully
translates this concept. They compared the fecal microbiota of European children (who ate a modern
Western diet) with children from a rural African village of Burkina Faso (which ate a high-fiber
diet, similar to the ancient diet soon after the birth of agriculture). Children from Burkina Faso
had a decreased Firmicutes/Bacterioidetes ratio, a higher percentage of bacteria from the genera
Prevotella and Xylanibacter (known to be equipped with enzymes in the degradation of indigestible
carbohydrates), and a decrease in the proinflammatory Enterobacteriaceae, Shigella and Escherichia.
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They also had higher amounts of SCFA in the stools. This study suggests that gut microbiota coevolved
with the polysaccharide rich diet in order to maximize energy intake from fibers [89].

How quickly can a change in the diet induce differences in the microbiome? In mice, we can
induce changes in the gut microbiome after just one single day on a different diet [17]. Studies
in humans also showed diet-driven changes in the intestinal microbiota occurring as early as in
three to four days [90]. In a clinical study, David et al. [91] were able to induce differences in
microbiota, that would be metabolically more fit to the type of diet administered, entirely animal
or entirely plant products, in just five days. Furthermore, volunteers placed on a three-day high
or low-calorie diet, showed that even this short-term increase in energy intake, associated with an
increased Firmicutes/Bacterioidetes ratio, correlated with a decrease in the proportion of energy loss in
the stools [26]. Indeed, diets enriched in fibers associate with an increase in the fecal loss of energy [92].
However, after stopping the diet, microbiota quickly returned to the basal state, translating the high
resilience of our gut flora. Similarly, a dietary intervention in obese or overweight subjects, consisting
of administering an energy-restricted high protein diet during six weeks, increased the diversity of
species in the gut, along with decreased adiposity, which reverted to basal levels after the diet was
stopped [93]. In contrast, long-term diets were able to induce more profound changes in the microbiota
than short-term ones [94].

Chronic high-fat diet feeding in mice is known to change gut microbiota with progressive increase
in Firmicutes and decrease in Bacterioidetes [20,21]. One important question regarding diet-induced
changes in the microbiota is whether it is the composition of the diet or the number of calories ingested
that has an effect on gut flora. Also, is diet or obesity itself the important factor for our gut health?
Several lines of evidence suggest that both quantity and quality of the diet modulate gut microbiota.
Mice deficient in resistin-like molecule β are resistant to high-fat diet induced obesity, however they
still shift their gut microbiota with a decrease in Bacterioidetes and increase in Firmicutes as well
as Proteobacteria, in response to those diets, in a similar way as their wild type counterparts [95].
This suggests that it is diet and not obesity, the critical factor determining the gut microbiota. On the
other hand, when genetically obese leptin resistant mice were pair-fed with wild type mice, they
still maintained the same differences in gut microbiota as genetically obese leptin resistant mice
fed ad libitum [39]. This suggests that leptin itself (and hence the obesity state) may modulate gut
microbiota independently of the diet.

Suggesting a critical effect on the composition of the diet, different formulations of high-fat
diet, with different percentages of saturated and polyunsaturated fatty acids, seem to have different
effects on the gut microbiota. Feeding mice with diets with higher percentage of saturated fatty
acids not only seemed to associate with worse weight gain and hepatic steatosis, it also induced
more profound changes in the microbiome, with a decrease in diversity and an increase in the
Firmicutes/Bacterioidetes ratio [96]. Concordant with the concept of diet composition and gut
microbiota crosstalk, mice were fed with either low-fat diet for 35 weeks (remaining lean), high-fat diet
for 35 weeks (becoming and remaining obese), low-fat diet for 12 weeks followed by restricted intake
of low-fat diet for 23 weeks (to maintain a 20% reduction in body weight), or high-fat diet for 12 weeks
followed by restricted intake of high-fat diet for 23 weeks (in order to gain weight and then maintain
a 20% reduction in body weight) [97]. The authors found that, regardless of weight status, low-fat
diets induced the higher abundance of Firmicutes due to two species from the genus Allobaculum,
and the high-fat diets induced the higher abundance of non-Allobaculum Firmicutes, Bacterioidetes
and Mucispirillum. The aggregate animal data suggest a contribution of the quality of the diet versus
the caloric intake in the composition of the gut microbiota.

Similar conclusions regarding the importance of quality versus quantity of the diet, can be taken
from a study on obese volunteers that ate one of two isocaloric diets: low carbohydrates/high fat or
high carbohydrates/low fat [98]. While the former diet associated with a decrease in fecal SCFA and
Bifidobacterium, the latter associated with an increase in total anaerobes in fecal samples.
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Fava et al. [99] studied subjects at increased risk for the metabolic syndrome. Those subjects
were given a high saturated fat diet for four weeks and, subsequently, randomized for one of
the following diets: high saturated fat diet, high monosaturated fat (MUFA)/high glycemic index
diet, high MUFA/low glycemic index diet, high carbohydrate/high glycemic index diet and high
carbohydrate/low glycemic index diet. They found that high carbohydrate diets (low fat) increased
fecal Bifidobacterium and improved glucose metabolism, however if the diet had high glycemic index, it
associated with an increase in fecal Bacteroides (which were associated with NASH in patients with
NAFLD [66]), and if the glycemic index were lower, it associated with an increase in Faecalibacterium
prausnitzii (which seems beneficial in protecting from NASH [65]). Furthermore, high saturated fat
diets associated with increased fecal SCFA content. In conclusion, the Fava et al. [99] study beautifully
translates that different compositions of isocaloric diets can modulate the gut microbiota, with potential
impact in the risk for the development of the metabolic syndrome and NASH.

Studies in mice showed that high-fat diets could increase fecal content of hydrogen sulfide
producing bacteria such as from the family Desulfovibrionaceae. This is a relevant effect since
hydrogen sulfide is toxic to colonocytes, perturbing intestinal barrier function and increasing
endotoxemia [100]. Another important association was made with Akkermansia muciniphila, a specific
type of mucin-degrading bacteria that improves intestinal barrier. Akkermansia muciniphila levels were
shown to decrease after high fat diet [101].

Recently, different groups showed that bariatric surgery might induce weight loss not necessarily
by a decrease in food intake and through malabsorption, but also by modulating the gut microbiota.
Obese patients submitted to bariatric surgery experienced profound changes in the gut microbiota
that correlated with weight loss, including: an increase in diversity, decrease in Firmicutes and
methanogenic Archea, with concurrent increases in Bacterioidetes and Gammaproteobacteria,
as well as a decrease in lactic acid bacteria such as Lactobacillus and Bifidobacterium [102–104].
Indeed, causality between modulation of gut microbiota and weight loss was proved by Liou et
al. [105] Transfering the gut microbiota from mice that underwent bariatric surgery into non-operated
germ-free mice, resulted in weight loss, decreased body and liver fat, as compared to germ-free mice
receiving gut microbiota from mice submitted to sham surgery.

More recently, bile acids entered the equation between bariatric surgery, altered microbiota and
weight loss. In fact, bariatric surgery is known to associate with increased circulating levels of bile
acids and FXR signaling [106–109]. Suggesting a role of bile acids through FXR signaling, FXR deficient
mice submitted to high-fat diet induced obesity and subsequent bariatric surgery (vertical sleeve
gastrectomy), were less prone to sustained weight loss after surgery, with compensatory increase in
food intake within three to five weeks [110]. Also, they did not improve glycemic control after surgery.
Interestingly, as compared to wild type mice, in FXR deficient mice, bariatric surgery had an attenuated
ability to modulate the gut microbiota, with no inhibition of Bacteroides and maintaining a decrease in
Roseburia (known to also be decreased in human type 2 diabetes mellitus).

5. Microbiota as a Therapeutic Target

We can intervene in order to modulate our gut microbiota either giving commensal organisms
known to improve our health status (dubbed probiotics), giving carbohydrates that stimulate the
growth of potential beneficial commensals (dubbed prebiotics), or by giving a mix of both (dubbed
symbiotics). In this review we will focus on the evidence on probiotics and symbiotics, since data on
prebiotics alone are less robust.

Probiotics can potentially be beneficial in the treatment of NAFLD/NASH through several
mechanisms: (a) competition with pathogenic species and antimicrobial effect modulating IgA
secretion; (b) anti-inflammatory effect with inhibition of pro-inflammatory cytokines production;
(c) increased gut satiety signals such as induction of YY peptide and inhibition of orexigenic ghrelin;
(d) promotion of intestinal epithelium integrity and improvement of intestinal barrier; (e) decreased
harvesting of energy from non-digestible carbohydrates; (f) decreased production of ethanol and other
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volatile organic compounds; (g) increased production of Fiaf; (h) decreased fatty acid oxidation in the
liver; (i) insulin-sensitizing effect via synthesis of GLP-1; (j) modulation of bile acids and cholesterol
metabolism; as well as (k) modulation of choline metabolism [13,111,112].

Due to the high resilience of our gut microbiota that easily tends to return to baseline after
perturbation, interventions aimed to modulate the gut microbiota are deemed to early relapse to the
initial dysbiota state after stopping the intervention, unless long-term approaches are used.

Several pre-clinical studies evaluated the role of probiotics in protecting from obesity and/or
the metabolic syndrome, in different rodent models of obesity [113–117]. The studies are difficult
to compare because not only are the models used different, the probiotics used are also different.
While not all studies achieved a decrease in body weight and adiposity [117], all showed some
metabolic benefit. Similarly, clinical studies in obese patients used different probiotics [118–122].
Those studies had small sample sizes and many of them were uncontrolled interventions [118,120,121].
Not all interventions achieved an improvement in body weight [118] or in metabolic profile [119,121].
While small pilot studies on prebiotics applied to obese patients did modify the gut microbiota [123]
and improved lipid profile, in general those interventions failed to achieve weight loss or improvement
in the glucose metabolism [124–126].

Probiotics have also been studied as a therapeutic tool for NAFLD/NASH. Three preclinical
studies in mouse models of NAFLD associated with genetic and/or diet-induced obesity evaluated
the role of a probiotic preparation, VSL#3. VSL#3 contains eight bacterial species from the genera
Bifidobacterium, Lactobacillus, and Streptococcus salivarius subsp. thermophilus. This intervention
improved steatosis, aminotransferases levels, serum lipids and insulin resistance [127–129].
Additionally, mice fed methionine-choline diet, a model of severe NASH not associated with obesity or
the metabolic syndrome, developed less liver fibrosis when treated with VSL#3 [130]. Other probiotics
also showed beneficial effects in animal models of NAFLD/NASH [131–139].

In humans, only small short-term pilot studies evaluated different probiotic/symbiotic
preparations as a therapeutic approach for NAFLD (Table 2) [140–147]. However, the expectations
on probiotics as a therapeutic tool in NAFLD are so high, that there are more systematic reviews and
meta-analysis [13,112,148–154] on the topic than primary studies itself. Most studies did find a decrease
in aminotransferases levels and hepatic steatosis after a short-term intervention. However, in terms
of dysmetabolism, these studies failed to show benefit in anthropometric parameters and effect on
lipid and glucose metabolism was not consistent among studies. Eslamparast et al. [146] noninvasively
assessed liver fibrosis with transient elastography, pre- and post-intervention. They performed a
randomized clinical trial, compared to placebo in 26 patients with NAFLD in each arm. They used a
probiotic mixture that included different species from Lactobacillus, Bifidobacterium, and Streptococcus
genera, as well as two different yeasts. After seven months of therapy, they did achieve a difference
between probiotic and placebo arms in liver fibrosis, favoring the probiotic arm. One randomized
clinical trial, with 36 patients with NASH in the probiotic group and 36 in the control group, performed
liver biopsy pre and post-intervention [143]. After six months of treatment with Zirfos (a symbiotic
with B. longum), patients in the symbiotic group, as compared to the placebo group, profited in
terms of hepatic steatosis, but had no advantage in hepatocellular ballooning, liver inflammation,
or liver fibrosis.

In summary, though promising, the evidence for the use of probiotics in the treatment
of NAFLD/NASH is still insufficient. Studies are small, with short-term interventions,
different formulations, different compositions of probiotics/symbiotics, and different durations of
treatment. Also, most studies lack liver biopsy. The one study that systematically performed liver
biopsy pre- and post-intervention failed to demonstrate significant differences between probiotics and
placebo in important histological endpoints such as hepatic inflammation and fibrosis [143].
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6. Conclusions

Obesity-associated NAFLD is the hepatic pandemic of our century. The gut microbiota has a huge
impact in the pathogenesis of obesity and its metabolic complications, as well as in the development and
progression of NAFLD. Gut dysbiosis promotes obesity through modulation of the energy harvested
from the diet, as well as through direct modulation of adipose tissue and hepatic metabolism. Bacterial
products may be toxic, two examples being ethanol and TMAO. Dysbiota may also perturb choline
and bile acid metabolism, with detrimental effects in the liver. Furthermore, gut dysbiota can perturb
the intestinal barrier, and bacterial products may induce systemic toxicity, including hepatic toxicity,
that favors proinflammatory states and liver injury.

Several lines of evidence link NAFLD to dysbiosis; for example NAFLD associates with small
bowel bacterial overgrowth, increased intestinal permeability, and endotoxemia. Also, in animal
models of NAFLD/NASH, as well as in patients, the composition of the gut microbiota tends to be
different from healthy subjects. Lastly, in animal models, NAFLD can be a transmissible disease by
fecal microbiota transplantation from donors prone to develop NAFLD.

Taken into consideration the acknowledged role of gut dysbiosis in the pathogenesis of
NAFLD/NASH, there are huge expectations on the role of probiotics/symbiotics in modulating
the gut microbiota and hence having a therapeutic role in NAFLD. Despite the enthusiasm on
the field, the available studies are small, heterogeneous, short-term, and do not properly address
hepatic histology/risk for progressive liver disease. Hence, the lack of solid evidence, still precludes
us implementing probiotics in the management of NAFLD/NASH. Extensive pre-clinical studies
comparing different approaches in different animal models of NASH would be important to
better delineate large multicentric well-designed, well-powered studies in patients with NASH.
Other strategies for modulating the gut microbiota, such as fecal microbiota transplantation may
merit further study.
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Abstract: Recent reports suggest a role for the Patatin-like phospholipase domain-containing protein
3 (PNPLA3) in the pathology of non-alcoholic fatty liver disease (NAFLD). Lipid deposition in the
liver seems to be a critical process in the pathogenesis of NAFLD. The aim of the present work was
to evaluate the association between the liver PNPLA3 expression, key genes of lipid metabolism,
and the presence of NAFLD in morbidly obese women. We used real-time polymerase chain reaction
(PCR) analysis to analyze the hepatic expression of PNPLA3 and lipid metabolism-related genes in
55 morbidly obese subjects with normal liver histology (NL, n = 18), simple steatosis (SS, n = 20),
and non-alcoholic steatohepatitis (NASH, n = 17). Liver biopsies were collected during bariatric
surgery. We observed that liver PNPLA3 expression was increased in NAFLD than in NL. It was also
upregulated in SS than in NL. Interestingly, we found that the expression of PNPLA3 was significantly
higher in severe than mild SS group. In addition, the expression of the transcription factors LXRα,
PPARα, and SREBP2 was positively correlated with PNPLA3 liver expression. Regarding rs738409
polymorphism, GG genotype was positive correlated with the presence of NASH. In conclusion,
our results show that PNPLA3 could be related to lipid accumulation in liver, mainly in the
development and progression of simple steatosis.

Keywords: PNPLA3; morbid obesity; non-alcoholic fatty liver disease; simple steatosis; fatty acid
metabolism; non-alcoholic steatohepatitis

1. Introduction

Non-alcoholic fatty liver disease (NAFLD), the most common liver disease in Western countries,
is characterized by the accumulation of excess triglycerides (TG) in hepatocytes and is associated
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with or anticipates the metabolic syndrome and its individual features, including visceral obesity,
hyperlipidemia, and type 2 diabetes mellitus (T2DM) [1]. NAFLD includes a range of diseases from
simple fatty infiltration (simple steatosis (SS)), fat accumulation, and inflammation (non-alcoholic
steatohepatitis (NASH)) to liver fibrosis/cirrhosis [2]. General prevalence of NAFLD is 25.24%, with the
highest prevalence in the Middle East and South America. This prevalence is particularly high in obese
adults (80%–90%), patients with T2DM (30%–50%), and up to 90% in patients with hyperlipidemia [3].
NAFLD is usually diagnosed by abdominal ultrasonography in subjects without any apparent liver
alteration who do not consume excessive alcohol [4]. Some studies have shown that insulin resistance
(IR) promotes not only the recruitment of free fatty acids (FAs) in liver from the serum pool, but
also the accumulation of intrahepatic FA, which indicates that IR is, among other mechanisms,
crucial to the pathogenesis of NAFLD/NASH. In this regard, some authors have attempted to
explain the pathophysiology of NAFLD by advancing the “multiple parallel hits hypothesis” [5].
However, the specific process responsible for the development and progression of NAFLD is still an
open question. While SS is considered a relatively benign condition with little risk of progression,
NASH may progress to cirrhosis and, in a small percentage of patients, to hepatocellular carcinoma
(HCC) [6]. In fact, there is increasing evidence to indicate a complex interplay between environmental
genetic factors that predispose the progression of NAFLD [7].

Patatin-like phospholipase domain-containing protein 3 (PNPLA3), which is also known as
adiponutrin, is mainly expressed in hepatocytes but also in adipocytes [8]. The protein is one of the
candidates potentially related to NAFLD susceptibility. Regarding PNPLA3 lipase activity against
TG and acylglycerol transacetylase activity, its expression is responsible for energy mobilization and
the storage in lipid droplets [9,10]. Additionally, it is highly modulated by nutritional stimuli at
transcriptional and posttranscriptional levels [11].

In 2008, Romeo et al. [12] reported that a PNPLA3 single nucleotide polymorphism at residue
148 in the DNA sequence, resulting in a substitution of isoleucine for methionine (I148M, rs738409),
was a genetic determinant of NAFLD. Since then, the correlation between the PNPLA3 148M variant
and NAFLD has been investigated in considerable detail. Multiple studies have demonstrated a link
between the PNPLA3 148M variant and the development and progression of NAFLD, including liver
fibrosis [13–18]. Recently, it has been reported that PNPLA3 148M elevates retinyl-palmitate content
in human hepatic stellate cells providing evidence for a potential link between the PNPLA3 variant,
human hepatic retinoid metabolism, and chronic liver disease [19,20]. All this research indicates that
this variant is a potential modifier of NAFLD. Nevertheless, its role in the NAFLD development and
the specific molecular mechanisms has not been fully elucidated.

Lipid deposition in the liver seems to be a critical mechanism in the pathogenesis of NAFLD,
so its regulatory processes need to be elucidated if the progression of NAFLD is to be controlled.
Although these potential regulatory mechanisms are multiple, one of them affecting TG remodeling
could be PNPLA3 [21–23].

On the basis of this data, the aim of our work was to study the relationship between the liver
expression of PNPLA3 and the presence of NAFLD in morbidly obese women. Furthermore, as lipid
metabolism seems to be involved in the pathogenesis of NAFLD, we investigated the association
between the hepatic expression of PNPLA3 and the expression of the main lipid metabolism-related
genes. Finally, in order to explore the impact of the PNPLA3 genetic variant on the presence of NAFLD,
we determined the relationships between the rs738409 polymorphism in the PNPLA3 gene and the
severity of the disease.

2. Results

2.1. General Characteristics of Cohort

Our morbidly obese women (MO) cohort was sub-classified according to liver pathology study
into normal liver (NL, n = 18), simple steatosis (SS, n = 20), and non-alcoholic steatohepatitis
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(NASH, n = 17) (Table 1). We found no significant differences regarding age and anthropometrical
measurements between the three groups studied. With regard to biochemical analysis, glucose levels
were significantly increased in the SS and NASH groups compared to the NL group (p = 0.017 and
p = 0.010). Glycosylated hemoglobin (HbA1c) levels were also higher in SS than in NL (p = 0.039).
Our results showed that aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activity
were higher in the NASH group than in the NL group (p = 0.001 and p ď 0.001) and that ALT was
increased in NASH compared to SS (p = 0.001).

Table 1. General characteristics of the studied cohort classified according to the liver pathology.

Variables

Morbidly Obese Subjects (n = 55)

NL (n = 18) SS (n = 20) NASH (n = 17)

Mean ˘ SD Mean ˘ SD Mean ˘ SD

Age (years) 48.6 ˘ 10.9 50.4 ˘ 11.0 47.8 ˘ 13.0
Weight (kg) 120.5 ˘ 19.3 120.4 ˘ 18.1 116.6 ˘ 15.5

BMI (kg/m2) 50.1 ˘ 7.6 48.8 ˘ 8.5 47.0 ˘ 4.8
WC (cm) 130.0 ˘ 17.9 129.5 ˘ 12.9 129.4 ˘ 12.0

Glucose (mg/dL) 94.2 ˘ 22.6 133.9 ˘ 50.6 * 138.7 ˘ 49.1 *
Insulin (mUI/L) 12.1 ˘ 7.8 18.6 ˘ 12.3 20.1 ˘ 16.4

HbA1c (%) 5.2 ˘ 0.9 6.5 ˘ 1.7 * 6.3 ˘ 1.6
HOMA2-IR 1.6 ˘ 0.9 2.8 ˘ 1.4 2.8 ˘ 2.1

HDL-C (mg/dL) 44.5 ˘ 9.8 36.8 ˘ 11.3 37.1 ˘ 5.9
LDL-C (mg/dL) 99.0 ˘ 27.3 100.9 ˘ 29.3 104.4 ˘ 31.2

Total cholesterol (mg/dL) 173.03 ˘ 35.53 169.55 ˘ 34.04 174.81 ˘ 33.66
Triglycerides (mg/dL) 136.5 ˘ 58.4 193.1 ˘ 128.6 174.0 ˘ 81.1

AST (U/L) 23.5 ˘ 12.3 40.2 ˘ 33.9 64.9 ˘ 35.8 *
ALT (U/L) 22.1 ˘ 8.5 37.6 ˘ 22.9 67.0 ˘ 33.4 *,#

GGT (U/L) 26.6 ˘ 23.5 27.6 ˘ 14.8 53.7 ˘ 59.5
ALP (U/L) 61.9 ˘ 12.4 74.1 ˘ 20.3 79.9 ˘ 29.7

ALP: alkaline phosphatase; ALT: alanine aminotransferase; AST: aspartate aminotransferase; BMI: body mass
index; GGT: gamma-glutamyltransferase; HbA1c: glycosylated hemoglobin; HDL-C: high density lipoprotein
cholesterol; HOMA2-IR: homeostatic model assessment 2-insulin resistance; LDL-C: low density lipoprotein
cholesterol; NASH: morbidly obese subjects with steatohepatitis; NL: morbidly obese subjects with normal
liver; SS: morbidly obese subjects with simple steatosis; WC: waist circumference. One-way ANOVA with
post-hoc Tukey test was used to compare variables between groups. * indicates statistically significant differences
respect NL group (p < 0.05); # indicates statistically significant differences respect SS group (p < 0.05). Data are
expressed as mean ˘ SD.

2.2. Determination of Patatin-Like Phospholipase Domain-Containing Protein 3 (PNPLA3) Liver Expression

We analyzed PNPLA3 liver expression in MO women in relation to the presence of NAFLD.
The results showed that PNPLA3 expression was a significant 72% greater in MO NAFLD women than
in MO women with NL (MO NAFLD: 3.6 ˘ 2.2 and MO NL: 2.1 ˘ 0.8, p = 0.001). Furthermore, when we
classified the MO cohort into NL, SS, and NASH, we observed that the expression of PNPLA3 was
significantly higher in SS than in NL (p = 0.006, Figure 1A). There were no differences between NL
or SS and NASH (p = 0.380 and p = 0.170, respectively). It is important to note that, in our work,
any patient with steatohepatitis had fibrosis in the liver histology, so we could not perform correlations
between fibrosis staging and PNPLA3 liver expression.

In addition, in order to explore the increased expression of PNPLA3 in simple steatosis,
we classified the SS group into grades: mild (n = 9), moderate (n = 5), or severe SS (n = 6). We
found that the expression of PNPLA3 was significantly increased in the severe group compared to the
mild SS group (p = 0.020, Figure 1B).
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Figure 1. Hepatic expression of PNPLA3 gene in morbidly obese women according to the liver
histopathology (A) and subclassifying the SS group into: mild, moderate, or severe SS (B). A.U.:
arbitrary units; NASH: morbidly obese women with steatohepatitis; NL: morbidly obese women with
a normal liver; SS: morbidly obese women with simple steatosis. ANOVA test was used to determinate
differences between groups. p < 0.05 are considered statistically significant.

2.3. Correlations between the Expression of PNPLA3 and Biochemical Variables, Histopathological Parameters
and Genes Involved in Lipid Metabolism and Inflammation in Liver from Morbidly Obese Subjects

When we analyzed the associations between PNPLA3 expression and parameters related to
glucose metabolism and lipid profile, we observed a direct correlation between circulating levels of
triglycerides and PNPLA3 expression in the whole study cohort (r = 0.272, p = 0.046).

Regarding histopathological features, we only found a direct association between PNPLA3
expression and degree of steatosis in the total MO group (r = 0.441, p = 0.001).

In order to clarify whether PNPLA3 was associated with hepatic lipid metabolism, we studied
the correlation between PNPLA3 expression and lipid metabolism related genes in liver from the
MO cohort. In the lipogenic and fatty acid oxidation pathways, hepatic liver X receptor (LXRα) and
peroxisome-proliferator-activated receptor α (PPARα) expression correlated directly with PNPLA3
expression in the total morbidly obese group (r = 0.671, p = 0.008 and r = 0.640, p = 0.008; Table 2).
We also showed a positive association between PNPLA3 and both the transcription factor sterol
regulatory element binding protein 2 (SREBP2) (r = 0.412, p = 0.032) and lipocalin 2 (LCN2) (r = 0.570,
p = 0.032) in the whole population.

Interestingly, when we analyzed the relationship between the expression of these genes in the
SS subgroup, we observed that both LXRα and PPARα correlations were stronger (LXRα: r = 0.806,
p = 0.016; PPARα: r = 0.796, p = 0.024).

2.4. rs738409 Genotype Distribution in Morbidly Obese Subjects

The distribution of the studied genetic polymorphism is shown in Table 3, as are comparisons
between NL, SS, and NASH patients. The G allele was more frequent (66.6%) than the C allele (33.3%)
in the whole population. No individuals were homozygous for the C allele. The genotype frequencies
of the rs738409 polymorphism showed significant variations between NL, SS, and NASH patients
(p = 0.021). In addition, the GG genotype was correlated with the presence of NASH (r = 0.382,
p < 0.001). However, the allele frequencies did not show statistically significant differences (p = 0.145).
Regarding clinical and biochemical variables, the GG genotype was only associated with increased
body mass index (BMI) (r = 0.300, p = 0.032). There was no association between PNPLA3 genetic
variant and its hepatic expression (p = 0.478).
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Table 2. Correlations between PNPLA3 expression and genes related to de novo lipogenesis, FA
oxidation, FA transport and uptake, inflammation, adipocytokines, and cholesterol metabolism in
livers from MO women and those sub-classified as SS in the MO cohort.

Variables
MO PNPLA3 (n = 55) SS PNPLA3 (n = 20)

r p-Value * r p-Value *

De Novo Lipogenesis

SREBP1c ´0.016 0.920 0.130 0.906
LxRα 0.671 0.008 0.806 0.016
ACC1 ´0.025 0.920 0.090 0.906
FAS ´0.021 0.920 0.114 0.906

Fatty Acid Oxidation

PPARα 0.640 0.008 0.796 0.024
CPT1α 0.134 0.576 ´0.233 0.906
CROT 0.200 0.466 0.098 0.906

Cholesterol Metabolism

ABCA1 0.016 0.920 ´0.189 0.906
SREBP2 0.412 0.032 0.361 0.784

Transport and Uptake FA

FABP4 ´0.371 0.285 0.464 0.784
ABCG1 0.099 0.713 ´0.074 0.906

Inflammation

IL6 ´0.379 0.285 ´0.012 0.980
TNFα 0.227 0.576 0.089 0.906
LCN2 0.570 0.032 0.466 0.784

Adipokines

RESISTIN 0.209 0.576 0.124 0.906
ADIPOR2 ´0.245 0.576 0.491 0.784

ABCA1: ATP-binding cassette transporter A1; ABCG1: ATP-binding cassette transporter G1; ADIPOR2:
adiponectin receptor; ACC1: acetyl-coenzyme A carboxylase 1; CROT: carnitine O-octanoyltransferase ; FA: fatty
acid; FABP4: fatty acid binding protein 4; FAS: fatty acid synthase; IL6: interleukin 6; LCN2: lipocalin 2;
LXRα: liver X receptor; MO: morbidly obese women; PPARα: peroxisome-proliferator-activated receptor α;
SREBP1c: sterol regulatory element binding protein 1c; SREBP2: sterol regulatory element binding protein 2;
SS: simple steatosis; TNFα: tumor necrosis factor. Bold numbers indicate statistically significant correlations
(p-value < 0.05). * p-Value adjusted by the Benjamini–Hochberg method [24].

Table 3. The distribution of rs738409 polymorphism in morbidly obese women according to
liver histology.

Groups
Genotype, n (%) Allele, n (%)

CG GG C G

NL (n = 16) 12 (75) 4 (25) 12 (37.5) 20 (62.5)
SS (n = 18) 15 (83.3) 3 (16.6) 15 (41.7) 21 (58.3)

NASH (n = 17) 7 (41.2) 10 (58.8) 7 (20.6) 27 (79.4)

CG: individuals carrying the genotype (CG); GG: individuals carrying the genotype (GG); C: Allele C;
G: Allele G; NASH: morbidly obese subjects with steatohepatitis; NL: morbidly obese subjects with normal
liver; SS: morbidly obese subjects with simple steatosis.

3. Discussion

In an own previous work, we demonstrated a downregulation of the lipogenic pathway related to
the severity of steatosis in a cohort of women with morbid obesity [25]. As PNPLA3 seems to be related
with the accumulation of hepatic TG, in the present study, we examined the relationship between
the liver expression levels of PNPLA3, the key lipid metabolism-related genes expression, and the
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clinicopathological factors in a cohort of morbidly obese women with NAFLD. In our study, 36% and
31% of morbidly obese women were diagnosed with SS and NASH, respectively, using the diagnostic
gold standard liver biopsy. Our findings show that PNPLA3 liver expression was increased in morbidly
obese women with NAFLD. It is important to note that we have demonstrated a clear relationship
between PNPLA3 and the degrees of SS, suggesting a direct correlation between PNPLA3 and the
severity of steatosis.

Nowadays, more than 50 studies on the genotyping of PNPLA3 have confirmed the association
between the 148M variant and the full range of NAFLD, including simple steatosis, steatohepatitis,
cirrhosis, and hepatocellular carcinoma. PNPLA3 148M has been shown to be related to an increased
risk of NAFLD across multiple ethnic groups [26–34]. The aim of the present work was to compare
the hepatic expression of PNPLA3 in a cohort of morbidly obese women presenting a normal liver
or NAFLD. We showed that the hepatic expression of PNPLA3 in morbidly obese women with
NAFLD was higher than in MO women with NL. Consistent with our work, Kotronen et al. [8]
described a direct correlation between PNPLA3 liver expression and liver fat content measured by
magnetic resonance. It is important to note that our study confirms this finding in biopsy-proven
NAFLD. Regarding steatosis degree, recent studies observed that a variant of this protein has an
association with moderate-to-severe steatosis [35,36]. Although these studies analyzed only a variant
of PNPLA3, not its liver expression, their results are in agreement with ours. A recent interesting
work by Donati et al. [37] has demonstrated that PNPLA3 rs2294918 E434K diminished PNPLA3
expression and protein levels, lessening the effect of the rs738409 polymorphism on the predisposition
to steatosis liver injury. Moreover, the authors suggested that this PNPLA3 variant had a codominant
negative effect on TG mobilization from lipid droplets. Regarding non-alcoholic steatohepatitis,
a DNA microarray study in human liver revealed an upregulation of PNPLA3 in NASH vs. healthy
controls [38]. Nevertheless, Kitamoto et al. [39] described lower PNPLA3 mRNA levels in the liver of
patients with an advanced grade of NAFLD (with fibrosis) compared with those with mild NAFLD.
However, we were not able to reproduce any of these findings. Perhaps the differences in the groups
studied in these works regarding age, gender, BMI, or race can explain these discrepancies.

Because PNPLA3 has previously been reported to influence lipid metabolism in animal models
and in in vitro studies [40,41], we evaluated the interplay of PNPLA3 liver expression with the
expression of the main lipid metabolism-related genes. In the current first human study in this sense,
PNPLA3 expression positively correlated with LXRα, PPARα, and SREBP2 liver expression. All these
proteins are transcription factors that relate to response elements found in a various genes that are
associated with lipid turnover including their own genes [42]. Specifically, LXRα belong to the nuclear
hormone receptor superfamily of ligand-activated transcription factors as SREBP1 which, in liver,
serve as lipid sensors and regulate the expression of main genes which modulate the cholesterol and
FA metabolism [43]. Regarding NAFLD, interaction between LXR and SREBP1 is a crucial step in
the molecular cascade of events characterizing steatogenesis [44]. In this regard, Huang et al. [41]
determined that the overexpression of the three SREBP family members (SREBP1a, 1c, and 2) increases
liver PNPLA3 expression in mice. They also found that PNPLA3 expression was regulated by SREBP1c
and LXRα. Similar results were described by Dubuquoy et al. [45], who showed that, in the mouse
liver, PNPLA3 gene expression was under the direct transcriptional control of SREBP1c in response
to insulin. However, at variance with murine studies, we were not able to find any association with
SREBP1, one of the key genes related to de novo lipogenesis. Moreover, Mancina et al. [34] conducted
a study to evaluate the contribution of de novo lipogenesis to liver fat accumulation in the PNPLA3
I148M genetic variant of NAFLD. They showed a dissociation between hepatic de novo lipogenesis
and liver fat content due to the PNPLA3 148M allele, suggesting that increased de novo lipogenesis
is not a main feature in all subjects with steatosis. However, these authors have not studied the
hepatic expression of PNPLA3. Regarding the positive relationship between PPARα and PNPLA3, it is
known that PPARα seems to control the expression of genes regulating peroxisomal/mitochondrial
β-oxidation [46]. In this context, perhaps the induction of fatty acid catabolism might act as a defense
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mechanism, preventing hepatocellular fat accumulation [47]; in other words, it might represent
an inefficient physiological response to counteract steatosis by promoting the β-oxidation of fatty
acids in the hepatocytes. In our study, the association between PNPLA3 and SREBP2 may suggest
a novel association with cholesterol metabolism in humans. Currently, experimental and human
evidence has related to altered hepatic cholesterol metabolism and free cholesterol accumulation to
the pathogenesis of steatosis and liver damage [48]. Specifically, Min et al. [49] have demonstrated
dysregulated cholesterol metabolism in NAFLD, which may contribute to disease severity through
activation of SREBP2 and 3-Hydroxy-3-Methylglutaryl-CoA Reductase (HMGCR).

In the present work, we observed an interesting association between liver PNPLA3 expression
and the liver expression of LCN2 in the severely obese women group, which has not been previously
described. In one of our previous studies, we described increased liver LCN2 expression in NAFLD,
and this expression positively correlated with SS [50]. Additionally, in this work, an increased
regulation of LCN2 expression was detected in in vitro experiments with HepG2 cells under harmful
conditions. Perhaps, as some authors have suggested, LCN2 is a protective molecule [51]—in this case,
against the development of NAFLD.

Moreover, we did not find any relationship between PNPLA3 liver expression and other
adipocytokines studied, probably because the molecular function of PNPLA3 is related to cellular
lipid accumulation in the liver more than with inflammation [52]. Unexpectedly, we did not find any
relationship with the expression of genes related to transport and the uptake of fatty acids. Perhaps this
mechanism of liver accumulation of fatty acids has a lower contribution in humans, as we and other
authors have previously shown [25,38].

Finally, to explore the effect of the PNPLA3 genetic variant with a potential impact on NAFLD,
we determined the relationship between the rs738409 polymorphism in the PNPLA3 gene and the
severity of disease. In this sense, we found that the GG genotype, encoding I148M, was directly
correlated with the presence of NASH. Our results are similar to recent studies that showed a
relationship between this genetic variant and the severity of NAFLD [12,13,15,53]. Consistent with
our results, Kotronen et al. [8] observed that there were no differences in the hepatic PNPLA3 mRNA
expression between different PNPLA3 genotype carriers.

We should point out the following drawbacks of our study. The main limitation of this work
is an adjusted sample size and the lack of evaluation of protein expression. Additionally, the study
is cross-sectional. We could not prove a causal link between PNPLA3 expression and NALFD
development. However, our study cohort of morbidly obese women has revealed clear relationships
between the expression of PNPLA3 and NAFLD, without the interference of gender or age.
Thus, our findings cannot be extrapolated to men or other obesity groups such as normal-weight or
over-weight women.

4. Materials and Methods

4.1. Subjects

The study was approved by the ethics committee of the Hospital Joan XXIII
(23c/2015, Tarragona, Spain), and all subjects gave written informed consent. We included
55 Caucasian MO women (BMI > 40 kg/m2). Liver biopsies were obtained during planned laparoscopic
bariatric surgery and were performed for clinical indications.

The diagnosis of NAFLD was made using the following criteria: (1) liver pathology; (2) an intake
of less than 10 g of ethanol/day; and (3) appropriate exclusion of other liver diseases.

The body weight of all women had not fluctuated more than 2% for at least 3 months prior
to bariatric surgery. The exclusion criteria were: (1) concurrent use of medications known to
produce hepatic steatosis; (2) patients using hypolipemiant treatment; (3) diabetic subjects who
were receiving insulin or on medication likely to influence endogenous insulin levels; (4) menopausal
or post-menopausal women; (5) women undergoing contraceptive treatment and subjects receiving
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contraceptive treatment; (6) patients who had an acute illness, current evidence of acute or chronic
inflammatory or infectious diseases, or malignant diseases.

4.2. Liver Pathology

Liver samples were processed by two experienced hepatopathologists using methods previously
described [54,55]. Simple steatosis (SS) was graded as follows: Grade 1 or mild SS: more than 5% and
less than 33% of hepatocytes affected; Grade 2 or moderate SS: 33% to 66% of hepatocytes affected; or
Grade 3 or severe SS: more than 66% of hepatocytes affected. Moreover, the minimum criteria for the
steatohepatitis diagnosis included the presence of either ballooning cells and lobular inflammation or
perisinusoidal/pericellular fibrosis in zone 3 of the hepatic acinus.

According to liver pathology, women were sub-classified into: (1) normal liver (NL) histology
(n = 18); (2) simple steatosis (SS) (micro/macrovesicular steatosis without inflammation or fibrosis,
n = 20); (3) non-alcoholic steatohepatitis (NASH) (Brunt Grades 1–3, n = 17).

4.3. Biochemical Analyses

Each of our patients was evaluated with a complete physical, anthropometrical, and biochemical
assessment. BMI was calculated as body weight divided by height squared (kg/m2). Fasting glucose,
insulin, HbA1c, HDL-C, LDL-C, TG, and transaminases were measured using a conventional
automated analyzer after overnight fasting. Insulin resistance was calculated using HOMA2-IR [56].

4.4. RNA Isolation and Real-Time PCR

Liver samples were preserved in RNAlater (Sigma, Barcelona, Spain) for 24 h at 4 ˝C and then stored
at ´80 ˝C. Total RNA was extracted by using an RNeasy mini kit (Qiagen, Barcelona, Spain). And was
reverse transcribed by the High Capacity RNA-to-cDNA Kit (Applied Biosystems, Madrid,
Spain). Real-time quantitative PCR was carried out with the TaqMan Assay predesigned by
Applied Biosystems for the detection of PNPLA3 (Hs00228747_m1), ABCA1 (Hs01059118_m1),
ABCG1 (Hs00245154_m1), ADIPOR2 (Hs00226105_m1), ACC1 (Hs00167385_m1), CROT (Hs00221733_m1),
FABP4 (Hs00609791_m1), FAS (Hs00188012_m1), IL6 (Hs00985639_m1), LCN2 (Hs00194353_m1), LXRα

(Hs00173195_m1), PPARα(Hs00947538_m1), RESISTIN (Hs00220767_m1), SREBP1c (Hs01088691_m1),
SREBP2 (Hs01081784_m1), TNFα(Hs99999043_m1), and 18S ribosomal RNA (4352930E), which was used
as the housekeeping gene. All reactions were performed in duplicate using the 7900HT Fast Real-Time
PCR systems (Applied Biosystems).

4.5. Genotyping

Subjects were genotyped for the rs738409 polymorphism using the TaqMan 51 allelic
discrimination assay (TaqMan SNP Genotyping Assay C 7241 10, Applied Biosystems,).
Amplifications were carried out using the 7900HT Sequencing Detection System for continuous
fluorescence monitoring.

4.6. Statistical Analysis

We used the SPSS/PC+ statistical package for Windows (version 22.0; SPSS, Chicago, IL, USA).
One-way ANOVA with a post-hoc Tukey test was carried out to determine differences between groups.
The correlations between variables was analyzed using Pearson’s method (parametric variables) and
Spearman’s test (non-parametric variables). Allele and genotype frequencies were evaluated with the
χ-squared test. p-Values <0.05 were considered to be statistically significant.

5. Conclusions

The main results of our study show that liver PNPLA3 expression is increased in NAFLD patients
and is particularly associated to severity of steatosis. Moreover, PNPLA3 expression is correlated with
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the expression of main cholesterol and hepatic lipid metabolism-related genes. Further human studies
are required to confirm these associations.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) covers a spectrum of disease ranging from simple
steatosis (NAFL) to non-alcoholic steatohepatitis (NASH) and fibrosis. “Obese/Metabolic NAFLD”
is closely associated with obesity and insulin resistance and therefore predisposes to type 2 diabetes
and cardiovascular disease. NAFLD can also be caused by common genetic variants, the patatin-like
phospholipase domain-containing 3 (PNPLA3) or the transmembrane 6 superfamily member 2
(TM6SF2). Since NAFL, irrespective of its cause, can progress to NASH and liver fibrosis, its definition
is of interest. We reviewed the literature to identify data on definition of normal liver fat using liver
histology and different imaging tools, and analyzed whether NAFLD caused by the gene variants is
associated with insulin resistance. Histologically, normal liver fat content in liver biopsies is most
commonly defined as macroscopic steatosis in less than 5% of hepatocytes. In the population-based
Dallas Heart Study, the upper 95th percentile of liver fat measured by proton magnetic spectroscopy
(1H-MRS) in healthy subjects was 5.6%, which corresponds to approximately 15% histological liver
fat. When measured by magnetic resonance imaging (MRI)-based techniques such as the proton
density fat fraction (PDFF), 5% macroscopic steatosis corresponds to a PDFF of 6% to 6.4%. In contrast
to “Obese/metabolic NAFLD”, NAFLD caused by genetic variants is not associated with insulin
resistance. This implies that NAFLD is heterogeneous and that “Obese/Metabolic NAFLD” but
not NAFLD due to the PNPLA3 or TM6SF2 genetic variants predisposes to type 2 diabetes and
cardiovascular disease.

Keywords: insulin resistance; liver fat; obesity; PNPLA3; TM6SF2

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is defined as steatosis not caused by excess
alcohol intake (>30 g/day in men and >20 g/day in women), hepatitis B or C, autoimmune
hepatitis, iron overload, drugs or toxins [1]. It covers a spectrum from simple steatosis (NAFL)
to non-alcoholic steatohepatitis (NASH) and cirrhosis [1,2]. NASH is characterized, in addition to
steatosis, by ballooning necrosis, mild inflammation and possibly fibrosis, and can only be diagnosed
using a liver biopsy [3].

Several longitudinal studies have shown that NAFLD increases the risk of and mortality
from type 2 diabetes and cardiovascular disease [4]. Fibrosis stage is considered to be the most
important histological feature predicting advanced liver disease [5,6]. It has been recently shown,
however, that NAFL defined as macroscopic steatosis in more than 5% of hepatocytes progresses to
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NASH and fibrosis [7–9], as hypothesized by earlier indirect evidence [10]. Thus, NAFL predicts both
metabolic and liver complications of NAFLD. It is therefore of interest to define normal liver fat content
in humans.

Although NAFLD commonly coexists with obesity, insulin resistance and type 2 diabetes [11],
common genetic causes also exist. A variant in patatin-like phospholipase domain-containing
3 (PNPLA3) (rs738409 [G], encoding I148M) confers susceptibility to NAFL, NASH and
fibrosis (“PNPLA3 NAFLD”) [12]. Genetic variation in transmembrane 6 superfamily member
2 (TM6SF2) (rs58542926 [T], encoding E167K) is also increases liver fat and the risk of NASH
(“TM6SF2 NAFLD”) [13]. These two conditions do not appear to be characterized by insulin resistance,
although both genetic and metabolic causes of NAFLD may exist in the same person [14]. If so, then
these types of NAFLD would not predispose to type 2 diabetes and cardiovascular disease.

The ensuing review will focus on defining normal liver fat content and discussing how liver fat
content is related to insulin sensitivity in “Obese/Metabolic NAFLD” and the common genetic forms
of NAFLD.

2. Definitions of Normal Liver Fat

2.1. Biochemical and Histologic Definitions

The biochemical standard for normal triglyceride content in the human liver is 5.5% of triglyceride
of wet liver tissue weight [15,16]. Histologically, the liver is considered steatotic when ě5% of
hepatocytes in a tissue section stained with hematoxylin and eosin contain macrovesicular steatosis [17–20].
Steatosis is graded by the pathologist from 0 to 3 based on its severity: grade 0 (normal) = <5%, grade
1 (mild) = 5%–33%, grade 2 (moderate) = 34%–66%, and grade 3 (severe) = ě67% of hepatocytes
characterized by macroscopic steatosis [17]. As discussed below, these percentages seem quite different
from those obtained by proton magnetic resonance spectroscopy (1H-MRS) (Table 1).

Table 1. Definitions of normal liver fat using different approaches.

Study Year N Subjects Normal Value

Biochemical

Laurell S [21] 1971 3 Healthy subjects 2.0 g/100 g of dry tissue weight

Donhoffer H [15] 1974 107 Unselected cadavers 5.5 g/100 g of wet tissue weight

Histology

Kleiner DE [17] 2005 576 + 162 Adults and children Macroscopic fat in <5% of hepatocytes

Brunt EM [3] 2011 976 Adults Macroscopic fat in <5% of hepatocytes

Bedossa P [19] 2012 679 Morbidly obese
adults Macroscopic fat in <5% of hepatocytes

CT

Piekarski J [22] 1980 100 Healthy subjects 50–57 HU or 8–10 HU higher than spleen
1H-MRS

Szczepaniak LS [23] 2005 345 Population-based,
healthy subjects <5.56%

Petersen KF [24] 2006 170 Healthy subjects <3.0%

MRI-PDFF

Fishbein MH [25] 1998 28 Healthy subjects <9.0%

US

Joseph AE [26] 1978 60 Adults referred to
gastroenterologist Absense of echogenicity or brightness of the liver

Saveymuttu SH [27] 1985 490 Adults referred to
gastroenterologist Absense of echogenicity or brightness of the liver

1H-MRS, proton magnetic resonance spectroscopy; CT, computed tomography; HU, Houndsfield Unit;
MRI-PDFF, magnetic resonance imaging-determined proton density fat fraction; US, ultrasound.
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2.2. Proton Magnetic Resonance Spectroscopy (1H-MRS)

Steatosis can most accurately be measured using 1H-MRS [28]. This technique enables sampling
of a large volume fraction of the liver compared to a biopsy [29,30] and provides an accurate and
reproducible measurement of liver fat content [30]. However, 1H-MRS is expensive, as it requires use of
magnetic resonance imaging (MRI) scanner and special expertise to perform proton magnetic resonance
spectroscopy (1H-MRS) at the time of MRI scanning. 1H-MRS has been used in one population-based
study, the Dallas Heart Study (DHS), to define normal liver fat content [23]. In this study, 1H-MRS was
performed on 2349 subjects, of which 345 were considered healthy based on the following criteria:
no history of liver disease or risk factors for hepatic steatosis (alcohol consumption ď30 g/day
in men, ď20 g/day in women, body mass index (BMI) <25 kg/m2, normal fasting serum glucose,
non-diabetic and normal serum alanine aminotransferase (ALT) (ď30 IU/L in men, ď19 IU/L in
women)). The upper limit of normal liver fat content was defined based on the upper 95th percentile
in the healthy subjects and was 5.56% [23].

The 1H-MRS studies determine the hepatic triglyceride content rather than the percentage of
hepatocytes with macroscopic lipid droplets. The relationship between 1H-MRS and histological
liver fat content has been analyzed in two small studies, which included 13 [31], 12 [32] and 50 [33]
subjects. In the first two studies, the 1H-MRS-determined normal liver fat in the DHS, i.e., the 5.56%
value corresponded to 15.7% [31] and 13.9% [32] of hepatocytes with macroscopic steatosis. On the
third study, histological grade 1 (5%–33% macroscopic liver fat) corresponded to 11% (7%–14%),
grade 2 (33%–66%) to 18% (14%–23%) and grade 3 (>66%) to 25% (10%–28%) 1H-MRS liver fat [33].
1H-MRS-measured liver fat corresponds well to triglyceride content measured in a liver biopsy (r = 0.90,
p < 0.001) [34]. These data show that the technique used to define normal liver fat influences the
normal value.

2.3. Magnetic Resonance Imaging (MRI)

Hepatic steatosis can be diagnosed with MRI using an out-of-phase and in-phase imaging
technique developed by Dixon WT et al. [35]. This method involves acquisition of MR images
at echo times in which fat proton and water proton signals are either out-of-phase (water and
fat signals cancel) or in-phase (water and fat signals add up) [35–37]. Once the out-of-phase and
in-phase images are acquired by using constant calibration and other scanner settings, a quantitative
fat signal fraction can be calculated from the hepatic signal [38]. Modified versions of the early
Dixon method have been introduced. These include the hepatic fat fraction by Fishbein MH et al.
which uses fast gradient echo techniques [25,39] and correlates well with histological liver fat content
(r = 0.77, p < 0.001). The newer MRI-determined proton density fat fraction (PDFF) technique provides
a quantitative, standardized and objective MRI measurement of hepatic fat based upon inherent
tissue properties [40,41]. The MRI-PDFF method is reproducible and correlates closely with 1H-MRS
(r = 0.99) [33,42] and liver histology (8.9%–9.4% at grade 1, 15.8%–16.3% at grade 2, and 22.1%–25.0%
at grade 3, p < 0.0001) [33,43,44]. With this technique, the 5% macroscopic liver fat determined by
histology corresponds to a PDFF value of 6% to 6.4% [45,46].

2.4. Ultrasound (US)

Ultrasound (US) is an inexpensive and widely available tool to visualize the liver and its fat
content. Hepatic steatosis appears as a diffuse increase in parenchymal brightness and echogenicity on
US images, and is often compared to hypoechogenity of the kidney cortex. Most studies score steatosis
semiquantitatively as “mild”, “moderate” and “severe” based upon the visual assessment of hepatic
echogenicity [27,47–49]. Lack of standardization precludes accurate comparison of data acquired by
different machines and investigators. US lacks sensitivity in obese subjects [50] and in subjects with low
liver fat content [51]. The sensitivity of diagnosing fatty liver increases from 55% to 80% when liver fat
increases from 10%–20% to over 30% [51]. A recent study [52] suggested that the optimum sensitivity

180



Int. J. Mol. Sci. 2016, 17, 633

for US was achieved at a 1H-MRS-measured liver fat content greater than 12.5%. A meta-analysis of 44
studies comprising 4720 subjects concluded that US has a sensitivity of 85% and a specificity of 94%
for detecting 20%–30% macroscopic steatosis [53]. The sensitivity and specificity were 65% and 81%
for detecting 0%–5% steatosis and 93% and 88%, respectively, for detecting >10% steatosis.

Xia MF et al. created an equation for accurate quantification of liver fat content using US in
Chinese subjects [54]. A tissue-mimicking phantom was used as a standard and the US hepatic/renal
ratio was measured to calculate liver fat content in 127 subjects, in whom liver fat was also measured
using 1H-MRS. The adjusted R2 for the model was 80%. The optimal cut-off for the US-measured liver
fat content to diagnose hepatic steatosis was 9.15%, which yielded a sensitivity and specificity of 95%
and 100%, respectively. The utility of this technique in other ethnic groups which are more obese than
the Chinese in the face of a similar amount of liver fat [55,56] remains to be tested.

2.5. Computed Tomography (CT)

Hepatic steatosis can also be assessed by using computed tomography (CT) by comparing
attenuation of the liver parenchyma to that of the spleen [57]. Tissue fat deposition lowers attenuation,
hence fatty areas are less dense and appear darker than the non-fatty tissues [22]. The attenuation value
in the healthy liver is 50 to 57 Houndsfield Units (HU) and 8 to 10 HU higher than that of spleen [22].
It decreases by 1.6 HU for every 1 mg of triglycerides per gram of liver tissue [58]. In subjects with
steatosis, the mean attenuation value of the liver is lower than that of the spleen, and the liver appears
darker than the spleen. Attenuation values less than 40 HU in the liver or 10 HU less in the liver than
in the spleen are indicative of marked hepatic steatosis (>30%). Smaller fractions of fatty infiltration
cannot be accurately and reliably assessed [59,60].

3. Non-Alcoholic Fatty Liver Disease (NAFLD) and Insulin Sensitivity

3.1. Insulin Resistance in “Obese/Metabolic NAFLD”

In subjects with NAFLD and the metabolic syndrome (MetS), i.e., in “Obese/Metabolic NAFLD”,
liver fat is closely correlated with direct measures of insulin resistance such as the inability of insulin
to suppress hepatic glucose production [61], and indirect measures such as fasting serum insulin
and the product of fasting insulin and glucose (Homeostasis model assessment for insulin resistance
[HOMA-IR]) [62]. Indeed, liver fat correlates better with fasting insulin than with liver enzymes
such as serum ALT and aspartate aminotransferase (AST) [63,64]. This close association between
fasting insulin and liver fat is physiologically feasible as the main action of insulin after an overnight
fast is to restrain hepatic glucose production. The inability of insulin to suppress hepatic glucose
production increases fasting glucose, which stimulates insulin secretion leading to hyperglycemia
and hyperinsulinemia.

Lipolysis is the main source of fatty acids used for synthesis of intrahepatocellular triglycerides [65,66].
Liver fat is closely correlated with the ability of insulin to suppress lipolysis [67,68]. The ability of
insulin to suppress very low density lipoprotein (VLDL) production is also impaired in NAFLD,
which contributes to hypertriglyceridemia and a low high density lipoprotein (HDL) cholesterol
concentration. Damaged hepatocytes release increased amounts of C-reactive protein (CRP)
and coagulation factors, which could contribute to increased risk of cardiovascular disease and
atherothrombotic vascular disease (Figure 1).

Any obese person with NAFLD and features of the MetS can be considered to have
“Obese/Metabolic NAFLD” irrespective of genetic risk factors. The most recent proposal defines
the MetS in 10 different ways [69]. The presence of any three out of five features (hypertriglyceridemia,
low HDL cholesterol, hyperglycemia, hypertension, increased waist circumference) is required for
diagnosis of the MetS [69]. For clinical practice, this definition still remains the best tool to diagnose
insulin resistance, although the extent to which the 10 different definitions increase the risk of endpoints
such as type 2 diabetes and cardiovascular disease is unclear. Measurement of fasting insulin and
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glucose concentrations and their calculation of their product HOMA-IR might seem more attractive
direct tools to measure insulin sensitivity in subjects with NAFLD. The problem with this approach is
that insulin assays are not internationally standardized and give highly variable results [70].

 

 

Figure 1. Schematic representation of causes and consequences of “Obese/Metabolic NAFLD”
(top) and “TM6SF2 NAFLD” and “PNPLA3 NAFLD” (bottom). Abbreviations: BMI, body
mass index; CHD, coronary heart disease; DM, diabetes mellitus; FFA, free fatty acids; fS,
fasting serum; HCC, hepatocellular carcinoma; HDL, high density lipoprotein; MCP-1, monocyte
chemoattractant protein-1; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatits;
LDL, low density lipoprotein; P, plasma; PNPLA3, patatin-like phospholipase domain-containing 3; S,
serum; TM6SF2, transmembrane 6 superfamily member 2; TNF-α, tumor necrosis factor-α.

3.2. “Patatin-Like Phospholipase Domain-Containing 3 (PNPLA3) NAFLD” and Insulin Sensitivity

Approximately 30% of Europids and several other ethnic groups carry the PNPLA3 I148M
variant [12]. The association between the PNPLA3 gene variant and NAFLD [12] has been replicated
in over 50 studies, including eight genome wide association studies [71–73]. In a meta-analysis
carriers of the I148M variant had 73% more liver fat, a 3.2-fold higher risk of necro-inflammation
and a 3.2-fold greater risk of developing fibrosis than the non-carriers [71]. In a meta-analysis
comprising 12 Asian studies, the risk of NAFLD was 1.9-fold increased in carriers compared to
non-carriers [72]. Recent meta-analyses have also shown that this gene variant increases the risk of
cirrhosis by 1.9-fold [74] and hepatocellular carcinoma (HCC) by 1.8-fold [75].

In vitro, the PNPLA3 I148M gene variant abolishes intrahepatocellular lipolysis [76,77] and
by acting as a lysophosphatidic acid acyl transferase stimulates triglyceride synthesis from long
unsaturated fatty acids containing coenzyme A (CoA) more than from saturated fatty acid CoAs [78].
The contribution of each these mechanisms to function of the PNPLA3 gene variant in the human
liver is uncertain. It is clear, however, that the human liver lipidome markedly differs between
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“Obese/Metabolic NAFLD” and “PNPLA3 NAFLD” [14]. The increase in liver fat in the carriers of the
PNPLA3 I148M gene variant is due to polyunsaturated triglycerides, whereas in “Obese/Metabolic
NAFLD” the concentration of saturated triglycerides and insulin resistance-inducing ceramides is
increased [14].

Table 2 summarizes the 14 studies that include data on insulin sensitivity in carriers and
non-carriers of the I148M variant [12,79–91]. Carriers of the PNPLA3 I148M variant had more liver fat
in their liver than non-carriers. Insulin sensitivity as evaluated by HOMA-IR [62], the hyperinsulinemic
clamp technique, fasting or post-glucose insulin and glucose concentrations did not, however, differ
between carriers and non-carriers of the gene variant. These studies included obese and non-obese,
diabetic and non-diabetic as well as pediatric cohorts. Serum triglycerides were either similar or lower
in variant allele carriers as compared to non-carriers, consistent with lack of insulin resistance (Table 2).

3.3. “Transmembrane 6 Superfamily Member 2 (TM6SF2) NAFLD” and Insulin Sensitivity

Approximately 7% of all subjects carry the TM6SF2 E167K variant. This gene variant increases
the risk of NAFLD, independent of genetic variation in PNPLA3 at rs738409, obesity and alcohol
intake [92]. A recent meta-analysis reported that carriers of the TM6SF2 E167K gene variant have
a 2.1-fold higher risk of NAFLD than non-carriers [93]. They also had lower circulating total and low
density lipoprotein (LDL) cholesterol, and triglyceride concentrations than non-carriers [93].

Four in vitro studies have examined the mechanism by which the TM6SF2 E167K gene variant
could increase liver fat. Recombinant adeno-associated viral vectors expressing short hairpin RNAs
were used to reduce Tm6sf2 transcripts in the mouse liver, which increased hepatic triglyceride content
three-fold [92]. TM6SF2 knock-out mice developed hepatic steatosis and had a three-fold reduced
plasma VLDL triglyceride levels due to decreased lipidation [94]. In another study, TM6SF2 small
interfering RNA inhibition also decreased export of triglyceride-rich lipoproteins and lipid droplet
content in human hepatoma cell lines (Huh7 and HepG2) [95]. Overexpression of TM6SF2 in Huh7 cells
reduced cellular triglyceride content [96]. Transient overexpression of human TM6SF2 in mice using a
liver-targeting adenovirus containing the human TM6SF2 coding region increased, while knockdown
of endogenous TM6SF2 decreased circulating total cholesterol [96]. In the latter study, no change in
hepatic fat content was observed. This was hypothetized to be due to the transient exposure, compared
to the lifetime exposure of humans carrying the gene variant [96].

Table 3 summarizes seven studies that have reported data on liver fat content and insulin
sensitivity in carriers and non-carriers of TM6SF2 E167K gene variant [13,81,92,97–100]. In all but one
of these studies, carriers had a significantly higher liver fat content as determined by 1H-MRS, MRI,
histology or US [13,92,97–100] than non-carriers. Insulin sensitivity, as determined by HOMA-IR or
from oral glucose tolerance test measures did not differ between carriers and non-carriers. Triglyceride
concentrations were either lower [81,98,100] or similar [13,97,99] but also in one study higher [92] in
TM6SF2 E167K variant allele carriers compared to non-carriers.
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4. Materials and Methods

We performed a systematic search using PubMed and Medline on two topics. For definitions
of normal liver fat, we used the following search terms and their combinations: “normal liver
fat”, “liver histology”, “liver biopsy” and “liver triglycerides”, “liver H-MRS”, “liver MRI”, “liver
MRI-PDFF”, “liver CT”, “liver ultrasound” and received 526 matches. Thirty-three studies included
data on normal liver fat content or compared liver fat measured using different techniques. To
review the association between insulin resistance and genetic NAFLD, we searched for studies
using the following search terms: “PNPLA3” or “TM6SF2” and “insulin resistance”, “euglycemic
(hyperinsulinemic) clamp”, “fasting glucose”, “fasting insulin”, “HOMA-IR”, “oral glucose tolerance
test” and included studies which compared results between carriers and non-carriers of PNPLA3
I148M or TM6SF2 E167K gene variants. A total of 124 matched were found. Of these, 22 studies
were informative with respect to liver fat content and insulin resistance between genotypes, and were
thus included.

5. Conclusions

Normal liver fat content based on liver histology can be defined as macroscopic steatosis in
less than 5% of hepatocytes. With 1H-MRS, normal liver fat in the population-based DHS was
defined as less or equal than 5.56% [23], which corresponds to histologic liver fat of approximately
15% [31,32]. Definitions of normal liver fat content thus depend on the method used. There is also no
prospective evidence that these normal values are of clinical relevance with respect to the development
of liver fibrosis.

Although NAFLD has often been regarded simply as the hepatic manifestation of the MetS, it
is now clear that NAFLD is heterogeneous. While “Obese/Metabolic NAFLD” is associated with
NAFLD and features of the MetS and an increased risk of type 2 diabetes and cardiovascular disease,
NAFLD caused by I148M variant in PNPLA3 and the E167K variant in TM6SF2 is not accompanied by
insulin resistance. Thus, lack of insulin resistance does not exclude NAFLD and not all patients with
NAFLD are at increased risk of type 2 diabetes and cardiovascular disease. Given that both the MetS
and the genetic variants in PNPLA3 and TM6SF2 are common, there are also many individuals with
“double trouble NAFLD” [14].

Future Research and Uncertainties

Although NAFL defined as macroscopic steatosis affecting >5% of hepatocytes predicts fibrosis [7–9],
it is unknown how various degrees of steatosis predict liver outcomes. Such information would help
the clinician to decide which patients to refer to the hepatologist. The same applies to the non-invasive
markers of NAFL proposed to be used by the recent European NAFLD guideline if imaging tools are
not available [101]. This guideline also recommended testing for the I148M gene variant in “selected
cases and in clinical trials”. The latter might be helpful in identifying patients with NAFLD who are
at risk for advanced liver disease but who lack features of the MetS and are therefore not at risk for
cardiovascular disease or type 2 diabetes. A cost–benefit analysis of this suggestion is warranted.
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Abbreviations

1H-MRS proton magnetic resonance spectroscopy
ALT alanine aminotransferase
AST aspartate aminotransferase
BMI body mass index
BMI-SDS body mass index standard deviation score
CHD coronary heart disease
CoA coenzyme A
CT computed tomography
DM diabetes mellitus
DHS Dallas Heart Study
FFA free fatty acids
fS fasting serum
HDL high density lipoprotein
MCP-1 monocyte chemoattractant protein-1
HCC hepatocellular carcinoma
HDL high density lipoprotein
HOMA-IR homeostasis model assessment for insulin resistance
LDL low density lipoprotein
MetS metabolic syndrome
MRI magnetic resonance imaging
NAFL non-alcoholic fatty liver
NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis
OGTT oral glucose tolerance test
P plasma
PDFF proton density fat fraction
PNPLA3 patatin-like phospholipase domain-containing 3
TM6SF2 transmembrane 6 superfamily member 2
TNF-α tumor necrosis factor-α
US ultrasound
VLDL very low density lipoprotein
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Abstract: Non Alcoholic Fatty Liver Disease (NAFLD) is the most common chronic liver disease
in Western countries. Recent data indicated that NAFLD is a risk factor by itself contributing
to the development of cardiovascular disease independently of classical known risk factors.
Hyperferritinemia and mild increased iron stores are frequently observed in patients with NAFLD
and several mechanisms have been proposed to explain the role of iron, through oxidative stress and
interaction with insulin metabolism, in the development of vascular damage. Moreover, iron depletion
has been shown to decrease atherogenesis in experimental models and in humans. This review presents
the recent evidence on epidemiology, pathogenesis, and the possible explanation of the role of iron
and ferritin in the development of cardiovascular damage in patients with NAFLD, and discusses the
possible interplay between metabolic disorders associated with NAFLD and iron in the development
of cardiovascular disease.

Keywords: NAFLD; ferritin; iron; cardiovascular disease; metabolic syndrome

1. Introduction

Non Alcoholic Fatty Liver Disease (NAFLD), the most common chronic liver disease in Western
countries, was previously indicated as the hepatic expression of the metabolic syndrome (MetS) having
shared many similar clinical manifestations [1]. More recently it has been proposed that NAFLD
precedes the development of type 2 diabetes and metabolic syndrome [2], significantly increasing
the risk of incident type 2 diabetes [3] even in non-overweight subjects [4]. Recent evidence links
NAFLD to increases of cardiovascular risk, and further studies reveal that the first causes of death in
NAFLD patients are cardiovascular disease (CVD) [5–8] and cancer [5,9–11], and not just liver diseases.
NAFLD is also considered by recent studies to be a risk factor in itself to the development of CVD
independently of classical known risk factors [12]. Increased ferritin and body iron stores are frequently
observed in patients with NAFLD [13,14]. Iron, through oxidative stress and interaction with insulin
metabolism [15], can promote the development of vascular damage. Moreover, iron depletion has been
reported to decrease atherogenesis in experimental models and in humans [16,17].

2. Ferritin, Insulin Resistance, Metabolic Syndrome, and NAFLD

Growing evidence proposes a correlation between serum ferritin, insulin resistance,
and NAFLD [18,19]. Several studies reported a link between high ferritin levels and MetS [20], and its
single components [21], with a linear increase with the increasing number of MetS components [20].
Liver fat accumulation is considered to be one of the first pieces of evidence in the development of
insulin resistance, and a strong association between NAFLD, insulin resistance, and MetS features has
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been demonstrated [19,22,23]. The association between ferritin and components of the MetS has been
suggested to be related to an undiagnosed NAFLD. Zelber-Sagi et al. [24] demonstrated that insulin
was the strongest predictor of increased serum ferritin levels and, vice versa, ferritin has been proposed
as a marker of insulin resistance [25].

The evidence that increased ferritin levels precede the development of diabetes was demonstrated
in prospective studies [26,27], however, it is not well defined if increased ferritin (expression of body
iron accumulation) could induce metabolic alteration. In chronic liver disease hyperferritinemia may be
caused by an augmented release of the protein from injured hepatocytes. Pro-inflammatory cytokines,
in fact, stimulate the synthesis of ferritin, which is an acute phase reactant [28]. In patients with NAFLD
(in whom ferritin and body iron are frequently increased [13,29]) inflammation, metabolic alterations,
and hepatocytes necrosis may coexist with a mild iron overload, all leading to hyperferritinemia [30,31].
In addition, even a small amount of hepatic iron accumulation combined with other cofactors can increase
oxidative stress responsible for liver cell necrosis, activation of hepatic stellate cells, and fibrosis [19,32],
implying that iron could also play a role in the progression from “benign” fatty liver to non-alcoholic
steatohepatitis (NASH). The same mechanisms determining liver damage might act in the vessel walls.

Epidemiological studies indicated that ferritin not only is a marker of insulin resistance but also is
one of the strongest risk factors for the progression of carotid atherosclerosis [33,34]. Confirming this
observation, the removal of iron by phlebotomy was found to improve insulin resistance, liver function
tests [13,35], and atherosclerosis [36]; however, mainly due to the small sample size of the studies,
the impact of phlebotomy in NAFLD is still debated [37].

3. Iron and Atherosclerosis

The role of iron in the development and progression of atherosclerosis has been reported in several
papers. Iron deposition, especially in macrophages of arterial walls, is increased in atherosclerotic
lesions [14,38], and has been proposed as a marker of cardiovascular risk [16]. The role that iron plays in
atherosclerosis has been hypothesized to be an increase in vascular oxidative stress and acceleration of
arterial thrombosis [39]; this could be caused by the induction of oxidative stress catalysis, promotion of
insulin resistance [15], decreased plasma antioxidant activity, increased low-density lipoprotein (LDL)
oxidation [40], and enhanced macrophage activation determining oxidized LDL uptake [41].

Iron depletion in experimental models has been shown to decrease atherogenesis [17],
while, in humans, blood donation has been associated with decreased risk for myocardial infarction [26],
and phlebotomy has been suggested to decrease the progression of peripheral vascular disease [42].

A worse cognitive performance in patients with metabolic alterations—as a potential consequence
of vascular damage, or directly as a neurodegenerative alteration—has been described in relation to iron
status in animal models, and more recently in humans as well [43]. In insulin resistant obese patients a
worse cognitive performance was found related with brain iron load in the caudate, lenticular nucleus,
hypothalamus, and hippocampus (by magnetic resonance imaging (RMI)) and with increased hepatic
iron concentration. It is possible to hypothesize that in presence of insulin resistance, the excess of iron,
being highly reactive and promoting the generation of hydroxyl radicals, may cause both metabolic
distress in the liver and alterations in some target brain areas [44].

4. Iron and Carotid Plaques: Arterial Iron Promotes Plaque Instability

Through the use of electron paramagnetic resonance spectroscopy Stadler et al. [45] were able
to quantify iron in ex vivo carotid lesions and in healthy human arteries and, in doing so, found that
iron in the carotid lesions was higher than in healthy subjects. They also found a correlation between
cholesterols and iron accumulation in the lesions.

Lapenna et al. [14] in studying ex vivo carotid endo-arterectomy specimens found a significant
correlation between serum ferritin and low molecular weight iron. Yuan et al. and Li et al. [46,47]
suggested that iron found in atherosclerotic vascular tissue, generated mostly by erythrophagocytosis,
could interact with lipoproteins in macrophages and be responsible for increased oxidative stress and
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their transformation into foam cells in the presence of an atherogenic environment. Thus the increase
of iron in macrophages might contribute to vulnerability of human atheroma. Moreover, Li et al.
reported, in ex vivo human carotid atherosclerotic lesions [48], the positive correlation of transferrin
receptor 1 (TfR1) expression and macrophage infiltration, ectopic lysosomal cathepsin L, and ferritin
expression and they suggested that the expression of TfR1 and ferritin in CD68 positive macrophages
was correlated with the severity of human carotid plaques.

5. Ferritin and Atherosclerosis

Ferritin is considered a marker of atherosclerosis progression [33] and a relationship has
been proposed between its levels and carotid atherosclerosis [34] in epidemiological studies.
Moreover, ferritin was found associated with carotid intima-media thickness (IMT), and with the
presence of carotid plaques in a large cohort of NAFLD patients [49]. In this paper the authors described
a stronger association of ferritin with plaques rather than with increased IMT, hypothesizing that iron,
by favoring endothelial damage and thrombosis [39], can promote the development of atherosclerotic
complications. In NAFLD ferritin can reflect oxidative stress, inflammation, and hepatic necrosis.
This protein has been found strongly associated not only with parameters influencing iron stores,
such as sex, age, alcohol, and genetic factors (i.e., HFE mutations), but also with metabolic alterations
defining the metabolic syndrome. However, a correlation was described between ferritin and vascular
damage that was independent from factors associated with metabolic syndrome [50–52].

These data were recently confirmed in a Chinese population study in which serum ferritin was
found significantly increased in patients with abnormal glucose metabolism and related with IMT
progression [53].

6. HFE Gene Mutations in NAFLD and Atherosclerosis

Several studies analyzed the role of HFE mutations in patients with NAFLD and iron overload.
Valenti et al. [29] demonstrated that carriers of the C282Y mutation have lower insulin release
and develop NAFLD in the presence of less severe metabolic abnormalities. This suggests that
heterozygosis for the HFE mutation (responsible for mild iron overload) may trigger the clinical
NAFLD manifestation [29]. More controversial is the role of HFE mutations in the development of
atherosclerotic damage. In fact, while the atherogenetic role of iron has been reported (as observed
in macrophages of arterial walls in atherosclerotic lesions [40,41] and in the beneficial effect of iron
depletion on vascular damage [17], a lack of association between HFE mutations with vascular damage
has been reported [54]. A faster clearance of iron from arterial lesions could be caused by a decrease of
Hepcidin, which could facilitate iron export from macrophages [49].

7. Hepcidin, Macrophage Iron, and Vascular Damage

Hepcidin, mainly produced in the liver, is defined as the key hormone regulating iron balance [55].
Hepcidin provides a defense mechanism against pathogens during inflammation by inhibiting iron
recycling from macrophages and iron absorption from enterocytes. Also, in patients with metabolic
disease, such as NAFLD, the deregulation of hepcidin expression/activity contributes to increased iron
stores [56]. Subclinical inflammation and obesity can induce Hepcidin [57] and cause iron trapping in
macrophages [58] in the presence of an atherogenic environment. Excessive iron in macrophages could
be responsible for increased oxidative stress and transformation into foam cells. Sullivan et al. [16]
suggested that increased hepcidin may generate iron induced atherogenesis and cardiovascular
damages (Figure 1).
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Figure 1. Simplified pathophysiological mechanisms of iron induced vascular damage through
fatty liver.

Experimental Models

Findings from animal models of atherosclerosis and from studies of human atherosclerotic plaques
provide evidence that elevated arterial iron levels may cause atherosclerosis. Both animal studies and
clinical evidence indicate that in the presence of iron deficiency (i.e., anemia) that iron can be mobilized
from arterial plaques to be used in erythropoiesis with consequent iron reduction in the plaques.

Valenti et al. [59] reported the effect of the manipulation of intracellular iron on the release of
atherogenic cytokines in human differentiating monocytes of patients with NAFLD, with Metabolic
Syndrome, and with mild iron overload by treatment cells with iron salts or with hepcidin.
Macrophages, but also the smooth muscle and the endothelial cells treated with iron salts, increased
the release of the macrophage chemo attractant protein (MCP-1), an atherogenic chemokine that
plays an important role in both the initiation and progression of atherosclerosis. Moreover, the iron
salt treatment increased the IL-6 a proinflammatory cytokine involved in the acute phase response,
independently of oxidative stress. IL-6 serum levels have been reported to correlate with vascular
risk and with the inflammation within atherosclerotic plaques [60]. In addition it has been found that
higher MCP-1 represents a negative prognostic factor in acute coronary syndromes [61]. The effect
of hepcidin on MCP-1 release was similar to that of iron salts as it blocked cellular iron export.
Furthermore, in patients with NAFLD and MetS, the iron-dependent induction of MCP-1 and IL-6
was found associated with the severity of vascular damage as it promoted macrophage activation by
iron and may be involved in the pathogenesis of vascular damage progression. These results have also
been observed in monocytes of healthy subjects in which iron treatment determined the induction of
MCP-1 transcription and release, suggesting that this depicted a physiological response to increased
intracellular iron availability [49].

8. Iron Depletion and Atherosclerosis

It has been reported that iron depletion decreases atherogenesis in experimental models [17].
In addition, iron reduction by frequent blood donations was found to be associated with decreased
intima-media thickness [36] and decreased risk of myocardial infarction [26]. Thus, iron reduction
potentially offers a benefit in atherosclerotic vascular disease acting as an anti-inflammatory process.
However, the role of blood donation on cardiovascular diseases is not yet defined. The Nebraska Diet
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Heart Study [62], has established a relationship between blood donation and risk of cardiovascular
events. This study evaluated the cardiovascular events in 655 individuals who had donated at
least one unit of blood in the preceding 10 years and in 3200 who had not. The results indicated
that, compared to non-donors, the blood donors showed a significant reduction of events such as
myocardial infarction, angina, or stroke. They also had fewer cardiovascular procedures and less use
of nitroglycerin. Nevertheless, it is not possible to rule out that blood donors have less cardiovascular
events in connection to them being in apparently good enough health to be eligible to donate blood.
The beneficial effect of blood donations on cardiovascular disease has been debated in a number of
epidemiological studies [13,35–37]. Interestingly, Zacharski et al. [42], in a multicenter prospective
trial conducted in veteran participants with peripheral arterial disease, showed that the beneficial
effect of phlebotomy was present only in younger patients. This suggests that levels of body iron
stores might be operative in the early phase of atherosclerosis, while hypercoagulability and diabetes
mellitus in later-stages of the diseases. Low body iron may protect against atherosclerotic CVD through
different ways: (1) limiting oxidation of LDL cholesterol [63]; (2) decreasing the clinical activity of
myeloperoxidase [64]; (3) increasing high density lipoprotein (HDL) and apolipoprotein A (ApoA) [65];
(4) improving nitric-oxide mediated, endothelium-dependent vasodilation [66], and, finally, improving
insulin sensitivity [67].

In addition, iron depletion has been demonstrated to improve insulin resistance [13] in NAFLD,
while more controversial is the beneficial effect on liver histology in NASH [68,69]. About one third of
patients with NAFLD and MetS have been reported to have dysmetabolic iron overload syndrome [70],
and both venesection therapy (in the absence of weight loss) and dietary treatment have been shown
to improve ferritin, metabolic parameters, and liver enzymes [70,71].

An imbalance of the homoeostatic mechanisms—including the interaction of iron with hepcidin,
ferritin, insulin, and with adipokines and pro-inflammatory molecules—causes parenchymal
siderosis that contributes to organ damage such as pancreatic β-cell dysfunction, liver fibrosis,
and atherosclerotic plaque growth and instability. Vice versa, iron depletion could exert beneficial
effects, not only in NAFLD patients with mild iron overload but also in healthy frequent blood
donors [72].

9. Dietary Iron, Microbiota, and CVD

Elements such as dietary macronutrients, particularly the types of fats and carbohydrates,
are known factors in the etiology of type 2 diabetes, a metabolic disease closely related with NAFLD,
while more controversial is the effect of dietary iron. Iron is a transitional metal, strong pro-oxidant,
and catalyzer of several cellular reactions that result in the production of reactive oxygen species,
thereby consequently increasing the level of oxidative stress. Graham et al. [73] reported an increase
in liver cholesterol biosynthesis in mice caused by high dietary iron, showing how iron could
influence cholesterol levels and cause the development of fatty liver disease. In addition, the high
dietary cholesterol promotes the development of fatty liver in guinea pigs which in turn leads to the
dysregulation of iron metabolism because of damaged liver [74]. Iron dextran increased oxidative
stress, which was associated with the altered expression of genes related to lipid metabolism and
therefore contributing to hyperlipidemia [75]. The observations, obtained in animal models, that iron
can modulate lipid metabolism and therefore be associated with liver and vascular damage are
very promising but not yet consolidated in humans. Also, the effect of dietary iron is not well
established [76] in humans, although the intake of heme iron before and during pregnancy has been
reported to correlate with the onset of diabetes, a well-known risk factor for CVD [77]. Interestingly,
iron deficiency also has been reported to be associated with increased CVD risk. Iron deficiency
is associated with thrombocytosis due to the lack of inhibition of thrombopoiesis with consequent
increases of thrombotic complications as reported in iron-deficient children and adults [78]. In addition
iron deficiency (causing anemia) increases the risk of heart failure by causing tissue ischemia with
consequent increased oxidative stress, which could damage myocardial cells [79].
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An updated review of cross-sectional, longitudinal, and intervention studies [79] evaluating the
relation between iron and cardiovascular risk indicated that concentrations of iron within normal
ranges does not have dangerous effects. In contrast, elevated amounts of non-protein-bound iron
(free Fe), which has been reported to increase circulating homocysteine [80–82], seems to play a role
in atherosclerosis. Free Fe catalyzes the formation of oxygen free radicals and oxidized low-density
lipoprotein, which are well-established risk factors for vascular damage, thereby supporting the
hypothesis that circulating homocysteine could be in part a surrogate marker for free Fe [83].
However, different iron types might act differently on the cardiovascular risk. Higher dietary intake
of heme iron was found to be associated with increased cardiovascular risk; this association was not
observed with non-heme and total iron intake [84]. De Oliveira Otto et al. [85] in a population study
analyzing diet micronutrients indicated that dietary intake of non-heme iron was inversely associated
with homocysteine, whereas high red meat intake (a predominant source of heme iron) was found to
be associated with C-reactive protein. In addition, it is possible that the intake of nutrients containing
non-heme iron (which is found in vegetables, cereals, and fruits) is more common in individuals with
a healthy lifestyle (e.g., non-smokers and physically active individuals), while heme iron (abundant in
red meat), which was found to be associated with insulin resistance, increased oxidative stress and
CVD (Figure 2). In addition, red meat is also rich in choline and carnitine, both processed by enteric
microbiota, and found to be related with atherosclerosis [86,87]. Dose-response analyses revealed a 7%
increase in the risk of cardiovascular disease for each 1 mg/day increase in dietary heme iron [84].

Figure 2. Effect of dietary iron overload on metabolic alterations, insulin resistance, and atherosclerosis.
The downward arrows mean decrease and upward arrows mean increase. FFA: free fatty acid.

A clinically important association between bacterial infection and CVD has been reported [88].
One of the possible mechanisms in the pathogenesis of atherosclerosis could be represented by the host
immunological response of extravascular tissues and/or vascular walls to bacterial agents. It is known
that gut microbiota may interfere with the host metabolism by promoting multiple functions, from
development of the intestinal immune system to hepatic and energy metabolism. More recently it has
been reported that specific forms of gut microbiota are present in the blood of patients with diabetes and
atherosclerotic plaques, thus gut microbiota could represent an environmental risk factor for CVD [89].
Gut microbiota could have a direct proatherogenic influence in atherosclerosis plaque colonization
through the bloodstream after events that affect the gut barrier. Both aberrant microbiota profiles
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and the flux of metabolites derived from gut microbial metabolism of choline, phosphatidylcholine,
and L-carnitine have been found to be associated with metabolic disease, and contribute directly to
cardiovascular diseases. However, although recent data on the role of microbiota in the development
of NAFLD and progression to NASH are promising, particularly in animal models, conclusive results
in humans on the effect of microbiota are still missing. Oral iron intake or food rich in heme iron could
alter gut microbial composition and function providing one explanation for increased vascular disease
risk [90].

10. Conclusions

In patients with NAFLD, hyperferritin and mild increases in body iron store are frequently
detected and associated with vascular damage. Different mechanisms have been proposed to explain
the atherogenic role of iron leading to increases in vascular oxidative stress and the acceleration of
arterial thrombosis. Inflammation, metabolic alterations, and hepatocytes necrosis may coexist with
a mild iron overload, all leading to hyperferritinemia, which is considered to be an independent
predictor of cardiovascular damage. Iron depletion, achieved by phlebotomy, has been reported to
improve insulin resistance and to reduce cardiovascular risk and damage. Finally, dietary strategies,
which modulate the gut microbiota and different metabolic activities, could represent efficacious tools
for reducing cardiovascular risk.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is the number one cause of chronic liver disease
in the Western world. Although only a minority of patients will ultimately develop end-stage liver
disease, it is not yet possible to efficiently predict who will progress and, most importantly, effective
treatments are still unavailable. Better understanding of the pathophysiology of this disease is
necessary to improve the clinical management of NAFLD patients. Epidemiological data indicate that
NAFLD prognosis is determined by an individual’s response to lipotoxic injury, rather than either the
severity of exposure to lipotoxins, or the intensity of liver injury. The liver responds to injury with
a synchronized wound-healing response. When this response is abnormal, it leads to pathological
scarring, resulting in progressive fibrosis and cirrhosis, rather than repair. The hedgehog pathway
is a crucial player in the wound-healing response. In this review, we summarize the pre-clinical
and clinical evidence, which demonstrate the role of hedgehog pathway dysregulation in NAFLD
pathogenesis, and the preliminary data that place the hedgehog pathway as a potential target for the
treatment of this disease.

Keywords: nonalcoholic fatty liver disease; hedgehog pathway; wound-healing response

1. Introduction

Nonalcoholic fatty liver disease (NAFLD), the ectopic accumulation of fat in the liver that is
unrelated to excessive alcohol consumption, is the liver pandemic of our century. NAFLD affects
roughly one billion subjects worldwide [1]. When steatosis is accompanied by cell death and
inflammation it is dubbed nonalcoholic steatohepatitis (NASH). The main risk factors for
NAFLD/NASH are obesity and its associated metabolic disorders, such as type 2 diabetes mellitus
and the metabolic syndrome [2]. Energy surplus overcomes the reservoir capacity of the adipose
tissue, leading to ectopic accumulation of fat in the cardiovascular system, the pancreas and the
liver [3]. The majority of individuals affected with NAFLD have non-progressive, isolated steatosis;
about a quarter will develop NASH, and fewer than 10% will progress to liver cirrhosis and end-stage
liver disease [4]. However, due to the high prevalence of NAFLD, it is already the second cause of
liver transplantation in the US [5], and the most rapidly growing cause of liver transplantation in
patients with hepatocellular carcinoma [6]. These epidemiological data have huge implications for the
management of NAFLD: To follow and/or treat all individuals with NAFLD would be impractical
and pointless. On the other hand, we clearly need to identify those at risk for severe liver-related
morbidity and mortality. Our aim should be to identify this high-risk subpopulation in an effective,
non-invasive, simple, and inexpensive way. Ideally, we should also have an effective treatment to
apply. Recent epidemiological studies have demonstrated that neither the severity of steatosis, nor the
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presence of hepatocellular injury (i.e., NASH), independently predict which NAFLD patients will
develop bad liver outcomes [7–9]. On the other hand, NAFLD prognosis strongly correlates with the
presence and severity of liver fibrosis [7,8]. Liver fibrosis is a manifestation of defective regeneration
and thus, whether or not liver injury is repaired effectively is a better determinant of liver outcome than
the severity of the insult (steatosis), or the severity of the injury (hepatocellular ballooning and NASH),
per se. Lipotoxic insults that damage the liver trigger a wound-healing response to regenerate normal
hepatic architecture and function. This process involves coordinated actions of different cell types,
such as epithelial cells, progenitor cells, matrix-producing cells, endothelial cells and inflammatory
cells, which collaborate to restrain toxicity and match the increased metabolic demands required to
remodel the matrix, replace lost liver cells, and regenerate functional liver mass. Inability to assemble
a wound-healing response may lead to liver failure. However, an overly exuberant response leads
to excessive fibrogenesis and promotes scarring that may progress to cirrhosis and its complications.
In fact, a study evaluating hepatic gene expression in patients with NAFLD showed that the most
important difference between patients with mild NAFLD and NAFLD with advanced fibrosis was
up-regulation of several genes in tissue repair and regeneration [10]. Therefore, understanding the
mechanisms governing the wound-healing response is critical to develop therapeutic strategies that
optimize liver repair to permit full recovery from fatty liver damage. The hedgehog pathway is
a pivotal maestro of the wound-healing response, and its actions are conserved across different organs,
including the skin [11], lung [12], kidney [13], pancreas [14] and liver [15]. Because hedgehog is the
best characterized pathway that mediates liver fibrosis in NAFLD, we will summarize the role of
hedgehog in the pathogenesis and progression of NAFLD, in this review.

2. The Hedgehog Signaling Pathway

The hedgehog (Hh) pathway was first identified by Nüsslein-Volhard and Wirschaus, in a genetic
screen in Drosophila melanogaster [16]. Flies deficient in Hh had developmental defects in the cuticle,
displaying a layer of disorganized hair-liked bristles that resembled the mammal hedgehog. Hh is
a morphogen, and as such, its effect on cell fate depends on its local concentration. Hh diffuses
to the extracellular matrix and thus, cells closer to the Hh-producing cells are exposed to high
concentrations of Hh ligands [17]. Hh ligands (Sonic hedgehog, Shh; Indian hedgehog, Ihh; and Desert
hedgehog, Dhh) are produced as 45 kDa precursor proteins, and undergo autocatalytic cleavage.
The resultant N-terminal fragment has intrinsic cholesterol transferase activity, which promotes
cholesterol lipidation of the active N-terminal fragment. Cholesterol modification is very important
for Hh activity, promoting its retention in plasma membrane lipid rafts where Hh ligands interact
with other lipids. A member of the membrane-bound O-acyltransferase (MBOAT) protein family,
skinny hedgehog (SKI), mediates a second lipidation with palmitic acid. Palmitoylation is necessary
for full ligand activity, as well as for long-distance movement [18]. Release of Hh from producing cells
occurs in one of three ways: a process facilitated by the protein Dispatched, through assembly in very
low-density lipoproteins (VLDL), or through exosomes [18].

All three mammalian Hh ligands have similar affinity for Hh binding proteins. They are equipotent
in some but not all cell types, denoting overlap but also some specificity in their action [19]. Shh and
Ihh are expressed widely, though Shh is the predominant ligand in the proximal gut, and Ihh in the
hindgut. Dhh expression, however, is restricted to the nervous tissue and testis [20].

The cellular receptor for Hh is the 12-transmembranar protein Patched (Ptch). Ptch exists in
two isoforms: Ptch-1, which is the one definitely involved in the activation of the Hh pathway, and
Ptch-2, which seems to be expressed independently of pathway activity [21]. Three co-receptors
enhance ligand-receptor interaction: CAM-related down-regulated by oncogenes (Cdo), brother of
Cdo (Boc), and growth arrest-specific (GAS)-1 [17].

Cells in the resting state express Ptch that exerts a repressing effect on Smoothened (Smo).
When Hh ligand binds to Ptch, it eliminates the repressing effect on Smo, allowing activation
of the hedgehog pathway, through regulation of the processing and stability of Gli transcription
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factors. In short, when Smo is inactive, Gli factors are either degraded or processed in inactive forms.
In contrast, when Smo is active, full-length Gli factors (or processed active forms) are stabilized and
can accumulate/translocate to the nucleus, where they act as transcription factors.

In the absence of Hh ligand, Gli couples to a suppressor protein complex composed by fused
kinase (Fu), suppressor of Fused (Sufu) and Costal-2 (Cos) [20,22]. This complex sequesters Gli in
the cytoplasm promoting its sequential serine phosphorylations by protein kinase A (PKA), glycogen
synthase kinase (GSK)-3β, and members of casein kinase-1 (CK1) family. Phosphorylation enhances
binding of Gli to β-transducin repeat-containing protein (βTrCp), which targets Gli for ubiquitination
and subsequent proteasome degradation. Partial degradation generates an inhibitor Gli-peptide that
can translocate to the nucleus and repress transcription. Active Smo allows dissociation of Sufu from
Gli [23]. Full-length Gli-protein can then translocate to the nucleus, where it acts as a transcription
factor. Important known target genes are: vascular endothelial growth factor (VEGF), angiopoietin-1
and -2 (in endothelial cells); snail, twist-2, FoxF1, α-smooth muscle actin (α-SMA), vimentin, interleukin
(IL)-6 (in fibroblasts/myofibroblasts); and Sox-2, Sox-9 and Nanog (in stem/progenitor cells) [20].

Gli proteins belong to the Kruppel-like family of transcription factors with highly conserved
zinc finger DNA-binding domain [21]. Mammals have three Gli proteins: Gli-1, Gli-2 and Gli-3,
which behave differently. Gli-1 and Gli-2 transcription profiles overlap, but are not identical [21].
Unlike the other Gli factors, Gli-1 is not proteolytically processed to a repressor form. Gli-1 is also
a direct transcriptional target of Gli-2 [24]. Gli-3 acts mainly as a transcription repressor, with very
efficient proteolytic processing, whereas Gli-2 acts mainly as a transcription activator, with an extremely
inefficient proteolytic processing [25].

The activation of Hh signaling through Smo seems to require the presence of primary cilia.
Primary cilia are small, immotile cilia, elaborated in interphase by most quiescent, differentiated
cells [26]. Primary cilia are made of polymerized tubulin, and consist of the basal body (that derives
from the mother centriole at the end of cell division), and the filamentous axoneme that protrudes into
the extracellular space.

In resting cells, Smo resides in intracytoplasmic vesicles outside of the primary cilia. Hh binding
removes Ptch from the primary cilia, allowing Smo to accumulate in the cilia membrane. Smo can
then move along the cilia from the base to the tip, in a kinesin motor protein-based transport system,
which is facilitated by the ciliary Bardet-Biedl syndrome proteins (BBS) and intraflagellar transport
proteins (IFP). At the tip of the cilia, Smo enables removal of Gli from the inhibitor complex with Sufu.
Free Gli then moves along the cilia in a retrograde fashion via a dynein motor protein-based transport
system, which is facilitated by BBS, IFP and Kif7. Full length Gli ultimately translocates from the
cytoplasm to the nucleus, where it acts as a transcription factor [20] (Figure 1).

The Hh pathway has several intrinsic mechanisms of negative regulation that limit sustained
activation. For example, Gli, the main effector in the Hh pathway, increases the expression of important
inhibitors of the pathway. In fact, three direct Gli-target genes are Ptch, hedgehog-interacting protein
(Hip) and Foxa2, all of them can inhibit Hh pathway activity. Ptch constitutively suppresses Smo,
Hip binds to Hh and prevents ligand from engaging Ptch so that Smo cannot be de-repressed; and Foxa2
suppresses Gli-2 transcription, thereby depleting cells of the factor that drives transcription of Gli-1,
the main activator of Hh target gene expression [27].

In addition to the aforementioned “canonical” Hh signaling pathway, two types of non-canonical
Hh signaling have been described: type 1 is Ptch-dependent (but Smo-independent) and type 2 is
Smo-dependent (but does not require Hh interaction with Ptch) [21,22]. In type 1 signaling, binding
of Hh ligand to Ptch prevents Ptch from directly interacting with, and activating, caspases [28], and
thus has an anti-apoptotic effect. In addition, the interaction promotes proliferation by preventing
Ptch from blocking cyclin B translocation into the nucleus [29,30]. In type 2 signaling, Smo behaves
as a 7-transmembrane protein that has a G-protein-coupled receptor (GPCR)-like function and
acts independently of Gli and of the primary cilia [31]. The GPCR-like functions of Smo engage
a calcium-AMP kinase axis that induces a Warburg-like glycolytic metabolic reprogramming in muscle
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and adipose tissue [32]. Smo GPCR-like activity also stimulates small GTPases that promote cytoskeletal
rearrangement allowing migration of fibroblasts, and tubulogenesis in endothelial cells [33–35].

Figure 1. Hedgehog signaling pathway and the primary cilia. (A) In the absence of Hedgehog
(Hh) ligand, Gli localizes in the cytoplasm as part of an inhibitory complex with Fused kinase
(Fu) and Suppressor of Fused (SuFu), which allows the sequential phosphorylation by several
kinases: Protein kinase A (PKA), glycogen synthase-3β (GSK3β) and casein kinase-1 (CK1).
Thereafter, ubiquitination by Skip-Cullin-F-box (SCF) protein/β-Transducing repeat Containing Protein
(TrCP) primes the phosphorylated Gli to limited proteosomic degradation, exposing the N-terminal
repressor domain (GliR), which translocates to the nucleus and represses; (B) When Hh ligand binds to
Ptch, it releases the inhibitory effect of Ptch on Smo that localizes in cytoplasmic vesicles. Smo then
undergoes anterograde movement along the cilia, directed by kinesin and facilitated by the ciliary
proteins Bardet-Biedl syndrome proteins (BBS) and intraflagellar transport proteins (IFP). At the tip of
the cilia, Smo releases Gli from the suppressor complex, allowing it to move along the cilia, directed
by dynein proteins. Unphosphorylated Gli undergoes limited proteosomal degradation, exposing the
C-terminal activator domain (GliA), which translocates to the nucleus promoting gene transcription.

Finally, Gli-2 transcription/activation can be induced by Hedgehog-ligand independent
pathways, including transforming growth factor (TGF)-β, phosphatydilinositol 3-kinase (PI3K)/AKT,
Ras and mitogen-activated protein kinases (MAPK)/extracellular signal-regulated kinases (ERK) [22].
Osteopontin, besides being a target gene of Gli, also inhibits GSK3β, thereby promoting Gli activation [36].

3. Hedgehog Pathway and the Wound Healing Response

The Hh pathway is a recognized maestro of the wound healing response [37]. The wound-healing
response is a coordinated reaction to liver injury that aims to overcome the loss of hepatic
structure and function that results when liver cells die. Injured or fatty hepatocytes cannot mount
an adequate proliferative response to replace these cells [38], and hence progenitor cells are crucial
for sick livers to regenerate. Progenitors in the liver (similar to other populations of stem/progenitor
cells [39]) are sensitive to Hh [40–43]. Indeed, Hh activation enhances progenitor cell viability and
proliferation, whereas Hh inhibition promotes progenitor differentiation or cell death by apoptosis [40,44].
Another conserved wound healing response that occurs after liver injury is the development of
an inflammatory reaction, which is also strongly regulated by the Hh pathway. For example, hepatic
NKT cells respond to Hh with improved viability and proliferation, and acquire a profibrogenic
phenotype that includes up-regulating their expression of IL-13 [45]. Hh also directly induces M2
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pro-fibrogenic polarization of macrophages/Kupffer cells, further crafting a pro-fibrogenic liver
microenvironment [46]. Another important player in the wound healing response is the hepatic
stellate cell (HSC), the main source of myofibroblasts in the liver [47]. HSC not only produce the
extracellular matrix necessary to maintain hepatic architecture during injury, they are a rich source of
paracrine trophic substances that act on all other cell types involved in the healing response [37],
and have recently been shown to function as progenitor cells themselves [48]. Excessive HSC
activation may lead to anomalous matrix deposition that causes progressive fibrosis. Hh enhances
HSC survival by inhibiting apoptosis, promotes HSC proliferation, and stimulates HSC to undergo
an epithelial to mesenchymal-like transition in order to acquire a myofibroblastic phenotype [49].
Lastly, liver sinusoidal endothelial cells respond to Hh with capillarisation of hepatic sinusoids and
vascular remodeling; perpetuation of this response favors the development of portal hypertension [50].

Whereas in the healthy liver the expression of Hh ligands is barely detected [40], Hh pathway
activation increases proportionally to the severity and duration of the liver insult [42,51]. During injury,
several cell types up-regulate expression of Hh ligands. For example, Hh production is virtually
absent in healthy hepatocytes, but injured ballooned hepatocytes are a major source of Hh ligands in
NAFLD [51–53]. Other sources of Hh ligands during a regenerative/repair response in the liver are
inflammatory cells [45,46], activated ductular/progenitor cells [54] and HSC [49,55,56].

Although the hedgehog pathway seems important in wound-healing response/regeneration in
different systems besides the liver, such as kidney, skin, cardiovascular system [57], a recent report in
the lung showed that the hedgehog pathway may be important in maintaining adult lung quiescence
and is down-regulated in response to epithelial injury [58]. These data demonstrate how complex this
exciting pathway is, and further research is needed to clarify its function in liver health and repair.

Figure 2. The role of Hedgehog on the wound-healing response. Energy surplus leads to fat
accumulation in the hepatocytes, which promote oxidative stress, endoplasmic reticulum (ER) stress
and cell death. The injury of hepatocytes is promoted by an inflammatory state, among other factors,
favored by a deregulated gut microbiota and increase in lipopolysaccharide (LPS). Injured and dying
hepatocytes release hedgehog ligands (Hh) that act on the immune system increasing inflammation,
in stellate cells and progenitors cells activating them and inducing fibrogenesis and pathways of
hepatocarcinogenesis. Once started, the regenerative/repair response perpetuates through crosstalk
between the different cell types involved.
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In summary, the wound-healing response depends on coordinated cross-talk among different
cell types. Injured hepatocytes produce Hh ligands that attract and activate inflammatory cells.
Infiltrating inflammatory cells, in turn, up-regulate their expression of Hh ligands and begin to
produce profibrogenic cytokines, such as IL-13 and transforming growth factor (TGF)-β. These factors,
not only activate myofibroblasts, but also are toxic to hepatocytes, further increasing hepatocyte injury
and Hh ligand production [43]. Hh ligands also activate progenitor cells, inducing a ductular reaction.
Activated ductular/progenitor cells up-regulate expression of chemokines/cytokines such as CXCL16
and platelet-derived growth factor (PDGF), which recruit more inflammatory cells and promote
accumulation of myofibroblasts [59,60]. Hh ligands also activate HSC, causing their transdifferentiation
into myofibroblasts and thus, promoting a fibrogenic response. If this initially adaptive response is not
appropriately constrained, excessive activation of HSC/myofibroblasts promotes progressive fibrosis,
and excessive proliferation of relatively immature liver epithelial cells represses regeneration of fully
functional hepatocytes, leading to liver failure and carcinogenesis (Figure 2).

4. The Role of Hedgehog in Animal Models of NASH

Activation of the Hh pathway is a conserved feature of chronic liver disease, and NAFLD/NASH
is no exception. Different rodent animal models of NAFLD show activation of the Hh pathway,
demonstrated by increased expression of Hh ligands and Hh-producing cells, with accumulation of
nuclear Gli-2 positive cells and increased expression of Gli-target genes such as osteopontin [42,53,61–65].
Furthermore, the activation of the Hh pathway is proportional to liver injury, namely to hepatocyte
injury/apoptosis, ductular reaction and, most importantly, fibrosis [42,53,65].

Lipotoxic dying hepatocytes are a main source of Hh ligands that can trigger the repair response
during NAFLD/NASH. In vitro models of lipotoxicity demonstrated up-regulation of Hh ligands
in hepatocytes incubated with saturated fatty acids and lysophospholipid [65,66]. The mechanism
leading to Hh ligand expression has not been clearly demonstrated. However, agents that can induce
endoplasmic reticulum stress or activation of the NFkB pathway mimic the lipotoxic phenotype [52,67].

In animal models of NASH, the Hh-responsive progenitor population expands, and Hh-stimulated
HSC undergo epithelial-to-mesenchymal transdifferentiation into myofibroblasts acquiring
a pro-fibrogenic phenotype [42,61]. Activated ductular progenitor cells and myofibroblasts, in turn,
up-regulate their production of Hh ligands, and release pro-inflammatory and chemotactic cytokines,
such as osteopontin and CXCL-16 [60,63]. Immune cells are recruited, namely NKT cells, which have
a pivotal role in NASH pathogenesis. Active NKT cells, in its turn, secrete more Hh ligands and
profibrogenic cytokines, such as IL-13, perpetuating the disease progression [62,68].

Genetically modified mice, with heterozygous deficiency of Ptch (Ptch+/´), which display
an overly active Hh pathway, develop worse liver disease when submitted to a NASH-inducing
diet [61–63]. In contrast, genetically modified mice with conditional liver-specific inhibition of Smo,
were protected from liver injury and liver fibrosis in different dietary models of NASH, despite
similar accumulation of ectopic fat in the liver [37,69]. A recent study took advantage of a transgenic
mouse with transposon encoding Shh hydrodinamically delivered to the liver to extend knowledge
about hedgehog’s role in NASH progression. Although this approach achieve expression of Shh in
only 2%–5% of hepatocytes, it was sufficient to induce spontaneous liver fibrosis after 6 months and
hepatocellular carcinoma after 13 months [70]. Hh ligands stimulate and increase proliferation of
progenitor cells, as well as immune cells and hepatic stellate cells. As such, ductular progenitor cells,
immune and hepatic stellate cells are Gli-2-positive (i.e., Hh-responsive). Remarkably, 30%–50% of
hepatocytes also exhibited nuclear Gli-2 expression. This finding challenges current dogma in the field,
which posits that healthy hepatocytes cannot respond to Hh because they do not express primary cilia.

Different laboratories, studying different rodent models of diet-induced NASH, showed that
pharmacological inhibition of Smo (vismodebig or LDE225) decreased activation of hedgehog pathway
and consistently improved liver inflammation and fibrosis [61,69,71]. Those results place the Hh
pathway as a potential therapeutic target in NASH.
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5. The Hegdehog Pathway in Human NASH

The prevalence of human NAFLD is increasing worldwide in association with globalization of
western lifestyles characterized by physical inactivity and overfeeding with predilection to sugar and
fat enriched food. Roughly one fourth of the U.S. population has hepatic steatosis, however only
a minority (2%–5%) will progress to NAFLD-related liver cirrhosis and end-stage liver disease [4].
Importantly, we still lack an effective treatment for this disease, which explains why NASH-related
cirrhosis has become the second leading cause for liver transplantation in the US [5]. Liver prognosis
is dictated by the fidelity of the wound healing response, with deregulated wound-healing promoting
development of progressive fibrosis [7,8]. Hh is a crucial factor involved in this abnormal response to
injury. Not only is Hh the best characterized fibrogenic pathway in animal models of NASH, but there
is also strong human data that highlight its role in the pathogenesis of human cirrhosis.

Although isolated steatosis does not stimulate Hh pathway activation, steatohepatitis-related
hepatocyte injury triggers Hh ligand production, and in human NASH the intensity of activation of the
Hh pathway parallels the severity of liver disease. Hh pathway activity has been demonstrated
to correlate with portal inflammation, hepatocellular ballooning, and markers of liver repair
(e.g., numbers of hepatic progenitor cells and myofibroblasts) in NAFLD patients. More importantly,
Hh activation correlates with the severity of fibrosis [51,61]. The major source of Hh ligands seems
to be injured ballooned hepatocytes. In fact, the number of Shh expressing ballooned hepatocytes
strongly correlates with fibrosis severity [51,72]. Furthermore, the number of Shh expressing ballooned
hepatocytes also correlates with the severity of the ductular reaction, which strongly associates with
fibrogenesis and carcinogenesis [73,74].

In the pediatric population, NAFLD can occur with a similar histology as in adults, or it can
present a unique histology that is characterized by less hepatocellular ballooning but a predominantly
portal phenotype, i.e., intense ductular proliferation, portal inflammation and fibrosis. A tremendous
increase in the number of portal Gli-2 positive cells has been demonstrated in this pediatric pattern of
NASH [75] and it occurs most often in pre-pubertal children, paralleling the kinetics of hepatic Hh
expression, which is high in children and falls after adolescence [76].

Recently, a post hoc evaluation of the PIVENS (Pioglitazone, Vitamin E for Non-alcoholic
Steatohepatitis) trial, analyzed pre- and post-treatment liver biopsies from 30 patients randomized to
vitamin E and 29 to placebo [77]. Loss of Shh expressing hepatocytes strongly correlated with treatment
response in terms of aminotransferases levels, hepatocyte ballooning, ductular reaction, presence
of NASH and, most importantly, fibrosis stage [77]. This evidence linking reduced Hh activity with
improvement of NASH in humans complements and extends the aforementioned work in preclinical
models which showed that pharmacological strategies that directly decreased Hh activity abrogated
NASH progression.

The roles of canonical and non-canonical pathways in liver disease in general and NASH in
particular is still a matter of debate. Whereas progenitor cells clearly express primary cilia and thus
can engage the canonical Hh pathway, it has been suggested that HSC, immune cells and hepatocytes
do not express primary cilia, and hence Gli-2 activation/Gli-1 expression would be the result of
non-canonical pathways [78,79]. In addition, type 2 non-canonical Smo-dependent RhoA/Rho kinase
activation of HSC has been suggested to play a role in hepatic fibrogenesis [80]. Further research is
needed to clarify the relevance of these different signaling cascades to better delineate a treatment
strategy. To date, the most studied inhibitors of the Hh pathway in vitro and in animal models of NASH
are cyclopamine and vismodegib, both strong Smo antagonists, which bind Smo and inhibit of its
ciliary localization [81]. Interestingly, although HSC are sensitive to factors that induce non-canonical
Hh pathway activation, they are also highly responsive to Hh ligands, antibodies against Hh and to
both cyclopamine and vismodegib [49,55,56]. Furthermore, while healthy hepatocytes do not respond
to cyclopamine, murine hepatocytes isolated after partial hepatectomy respond to cyclopamine with
increased proliferation [82]. This suggests that the presence of a primary cilium may be a dynamic
event, depending on the cell cycle phase and maybe in response to injury [83].
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The aggregate data in animal models and human NASH strongly suggest that modulation of
the Hh pathway may be a treatment for NASH that prevents fibrosis progression. As such, patients
that would most benefit from treatment would be the ones that already have liver fibrosis to prevent
progression to cirrhosis and its complications. This approach is particularly appealing because several
Hh inhibitors have already been approved by the FDA to treat other diseases such as basal cell
carcinoma [84] and, thus, the time lag between preclinical/clinical research and treatment of actual
NASH patients should be short.

6. Conclusions

NASH-associated cirrhosis occurs when the liver reacts to lipotoxicity with a deregulated
wound-healing response that is maladaptive. The liver must repair and regenerate when confronted
with injury or death will ensue, just as Prometheus’ survival depended upon his liver’s ability to
regenerate after being eaten by Zeus’ eagle. When the eagle repeatedly eats the liver or when the
repair/regenerative response cannot be shut down even when the satiated eagle stops eating the
liver, the protracted wound-healing response leads to progressive fibrosis and carcinogenesis. The Hh
pathway is a known maestro orchestrating an integrated regenerative response by the different cellular
players involved in wound-healing. The Hh pathway is hibernating in the normal liver, but it wakens
during injury, and the intensity of its activation is a reflection of the severity of liver injury. Data from
animal models and human NASH have consistently confirmed that Hh pathway activation correlates
with the severity of liver disease. More importantly, direct pharmacological inhibition of the Hh
pathway prevents disease progression in different rodent models of NASH and Hh pathway activity
decreases with improvement of NASH in humans. These findings position the Hh pathway as
a potential therapeutic target in NASH, the hepatic pandemic of our century for which development
of an effective treatment is a priority for hepatologists worldwide.
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Abbreviations

BBS Bardet-Biedl syndrome proteins
Boc brother of Cdo
Cdo CAM-related downregulated by oncogenes
Cos Costal-2
CK1 casein kinase-1
Dhh Desert hedgehog
Fu fused kinase
GAS-1 growth arrest-specific-1
GPCR G-protein-coupled receptor
GSK glycogen synthase kinase
Hh hedgehog
Hip hedgehog-interacting protein
HSC hepatic stellate cell
IFP intraflagellar transport proteins
Ihh Indian hedgehog
IL interleukin
MBOAT membrane-bound O-acyltransferase
NAFLD nonalcoholic fatty liver disease
NASH nonalcoholic steatohepatitis
PDGF platelet-derived growth factor
PKA protein kinase A
Ptch Ptched
Shh Sonic hedgehog
SKI skinny hedgehog
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SMA smooth muscle actin
Smo smoothened
Sufu suppressor of fused
TGF transforming growth factor
TrCp transducing repeat-containing protein
VEGF vascular endothelial growth factor
VLDL very low-density lipoproteins
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Abstract: Nonalcoholic steatohepatitis (NASH) is the main cause of chronic liver disease in the
Western world and a major health problem, owing to its close association with obesity, diabetes,
and the metabolic syndrome. NASH progression results from numerous events originating within
the liver, as well as from signals derived from the adipose tissue and the gastrointestinal tract.
In a fraction of NASH patients, disease may progress, eventually leading to advanced fibrosis,
cirrhosis and hepatocellular carcinoma. Understanding the mechanisms leading to NASH and its
evolution to cirrhosis is critical to identifying effective approaches for the treatment of this condition.
In this review, we focus on some of the most recent data reported on the pathogenesis of NASH and
its fibrogenic progression, highlighting potential targets for treatment or identification of biomarkers
of disease progression.

Keywords: fibrosis; inflammation; chemokines; genetics; microbiota; pattern-recognition receptors;
nuclear receptors; hepatic stellate cells; macrophages

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is an expanding health problem, which varies
in prevalence among ethnic groups, occurring with an estimated global prevalence of 25% [1].
NAFLD associates with obesity, insulin resistance or type 2 diabetes and other metabolic abnormalities,
such as dyslipidemia and hypertension, collectively termed metabolic syndrome. In high risk populations,
the prevalence of NAFLD may be as high as 70%–90% [2,3]. NAFLD covers a spectrum of pathological
abnormalities. Although most patients have simple steatosis, around 7%–30% develop nonalcoholic
steatohepatitis (NASH), that in at least a third of cases progresses to advanced fibrosis or cirrhosis.
The tendency to develop hepatic steatosis differs among ethnic groups, with African-Americans having
a lower (24%) and Hispanics a higher (45%) frequency of the disease than Americans of European
descent (33%). The causes for these ethnic differences in prevalence of hepatic steatosis and liver injury
are not entirely understood.

NASH is characterized by hepatocellular damage, inflammation and fibrosis [4,5]. In general,
simple steatosis is considered a less severe form of NAFLD, although recent data indicate a possible risk
of progression [6,7]. In contrast, NASH is a significant risk factor for the development of cirrhosis and
hepatocellular carcinoma [8–10]. Although NASH was first documented more than 30 years ago [11],
its pathogenesis is still not fully elucidated. Initially, a two-hit hypothesis, based on appearance of
steatosis (first hit), followed by a second hit leading to inflammation, hepatocyte damage, and fibrosis,
was proposed by Day and James [12]. While accumulation of triglycerides is necessary for the
development of NASH, they may actually have a protective role against hepatocytes lipotoxicity,
which is mainly induced by fatty acids and derived metabolites such as diacylglycerols, acylcarnitines
or ceramides [13,14]. In addition, it is still unclear whether NASH develops sequentially, on the
grounds of a fatty liver, or it is rather a de novo response to a lipotoxic environment. The multiparallel
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hypothesis proposed more recently [15] suggests that NASH is the result of numerous conditions
acting in parallel, including genetic predisposition, abnormal lipid metabolism, oxidative stress,
lipotoxicity, mitochondrial dysfunction, altered production of cytokines and adipokines, gut dysbiosis
and endoplasmic reticulum stress. According to this hypothesis, hepatic inflammation in NASH may
even precede steatosis. As more contributing factors are continuously identified, a more complex
picture of NASH pathogenesis is emerging [16] (Figure 1).

Figure 1. Outline of the pathogenesis of NASH. Signals generated inside the liver as a consequence
of increased lipid accumulation, together with signals derived from extrahepatic organs cooperate
to induce inflammation and fibrosis. FFA, free fatty acids; PAMPs, pathogen-associated molecular
patterns; ER, endoplasmic reticulum; ROS, reactive oxygen species; HSC, hepatic stellate cell.

2. Genetic Factors

The relevance of genetic factor in the context of NASH has been recently and elegantly outlined
by twin studies [17]. A long list of genes potentially implicated in NAFLD appearance and progression
has been reported, and these data have been the subject of a recent review [18].

A significant association with a SNP was identified in patatin-like phospholipase domain-
containing 3 (PNPLA3) on chromosome 22. The variant (rs738409 c.444 C>G, p.I148M), a non-synonymous
cytosine to guanine mutation resulting in isoleucine to methionine conversion, correlates with increased
hepatic lipid content and predisposes to fatty liver-associated liver disease, from simple steatosis to
steatohepatitis, fibrosis and hepatocellular carcinoma [19,20]. PNPLA3 encodes for a 481 amino acid
protein, whose role has not been fully elucidated. It appears to function as acylglycerol hydrolase,
acting on triacylglycerol, diacylglycerol, and monoacylglycerol [21,22]. Additional evidence indicates
that PNPLA3 also acts as lysophosphatidic acid acetyltransferase [23,24]. Overexpression of the
I148M variant in mouse liver promotes accumulation of triacylglycerol, increased synthesis of
fatty acids and impaired hydrolysis of triacylglycerol [25]. Moreover, the PNPLA3 genotype has
been reported to influence liver storage of retinol and retinol serum levels in obese subjects [26],
suggesting a potential role of PNPLA3 in regulating retinol metabolism and hepatic stellate cell (HSC)
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biology [27]. Remarkably, PNPLA3 has been recently shown to be expressed in hepatic stellate cells [28].
Interestingly, the prevalence of the PNPLA3 I148M allele varies considerably among different ethnic
groups, with the highest frequency in Hispanics (0.49), and lower frequencies in European Americans
(0.23) and African-Americans (0.17) [20]. This is in agreement with the different prevalence of NAFLD
in the three ethnic groups.

Carriage of a non-synonymous genetic variant in TM6SF2 (rs58542926 c.449 C>T, p.E167K)
on chromosome 19 (19p13.11) has been reported to correlate with steatosis and increased risk of
advanced fibrosis in NAFLD patients [29,30], independently of other factors, including diabetes,
obesity, or PNPLA3 genotype. The minor allele frequency in one of the NAFLD populations tested
was 0.12, compared to a frequency of 0.07 in a reference population. TM6SF2, is a transmembrane
protein localized in endoplasmic reticulum (ER) and ER–Golgi compartments and functions as
a lipid transporter [31]. The amino acid change E167K causes loss of function of TM6SF2 protein.
Studies performed in cell lines showed that downregulation of TM6SF2 reduces lipoproteins and
apolipoprotein B (APOB) levels, and increases hepatic deposition of triglycerides and the amount and
size of lipid droplets. In contrast, the size and number of lipid droplets diminishes when TM6SF2 is
overexpressed, indicating that TM6SF2 plays a role in regulating hepatic lipid efflux [29,31].

A broad spectrum of other genes has been associated with NAFLD. Polymorphism was reported
in genes involved in carbohydrate and lipid metabolism, insulin-induced pathways, as well as
inflammatory response, oxidative stress and fibrogenesis. A study by Dongiovanni et al. reported that
non-synonymous SNPs in ectoenzyme nucleotide pyrophosphate phosphodiesterase 1 (ENPP1 or PC1)
(rs1044498, K121Q) and insulin receptor substrate-1 (IRS1) (rs1801278, Q972R), are associated with
insulin resistance, through impairment of insulin receptor-mediated pathways, such as reduced AKT
activation, and promote fibrosis in NAFLD patients [32].

A functional non-synonymous variant (rs1260326, P446L) of glucokinase regulatory protein
(GCKR) has also been associated with NAFLD [33]. This variant produces a GCKR with defective
inhibitory function, leading to increased glucokinase activity and hepatic glucose uptake [34].
The resultant unimpeded hepatic glycolysis reduces glucose levels, inducing malonyl-CoA synthesis,
a substrate for lipogenesis that causes liver fat deposition and impairs mitochondrial β-oxidation.
A polymorphism in the solute carrier family 2 member 1 gene (SLC2A1), a glucose transporter, has been
reported in NAFLD subjects. SLC2A1 downregulation in hepatocytes results in lipid accumulation
and oxidative stress [35].

Several genes involved in oxidative stress have been investigated. Two reports correlated the
C282Y variant in hemochromatosis gene (HFE) with NASH and higher susceptibility to more severe
disease, as fibrosis or cirrhosis [36,37]. However, these findings have not been confirmed by other
studies [38–40]. Very recently, the rs641738 genotype at the MBOAT7-TMC4 locus, encoding for
the membrane bound O-acyltransferase domain-containing 7 was associated with more severe liver
damage and increased risk of fibrosis in patients with NAFLD. This effect has been ascribed to changes
in remodeling of the hepatic phosphatidylinositol acyl-chain [41].

3. Epigenetics

Epigenetic changes consist in modifications at the transcriptional level affecting gene expression
and phenotype. A number of epigenetic aberrations have been associated with NAFLD pathogenesis,
causing alterations in lipid metabolism, insulin resistance (IR), dysfunction of endoplasmic reticulum
(ER) and mitochondria, oxidative stress and inflammation [42]. The different epigenetic pathways
potentially involved in NAFLD are summarized in Figure 2.

Aberrant DNA methylation is a major epigenetic process in NAFLD development and progression
to NASH [43]. It occurs through methyltransferases (DNMTs) that catalyze the conversion of
cytosine to 5-methylcytosine [44], leading to gene silencing. It has been reported that mice fed with
a methyl-deficient diet show reduced levels of hepatic S-adenosylmethionine (SAM), associated with
methylation of genes involved in DNA damage and repair, lipid and glucose metabolism and
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fibrosis progression [45]. In agreement, food-derived methyl donors, such as folate, betaine and
choline, responsible for SAM synthesis, counteract DNA methylation [46] whereas folate deficiency
correlates with enhanced fatty acid synthesis and hepatic accumulation of triglycerides (TG) via
DNA methylation [47]. Methyl donor supplementation reverts liver lipid deposition induced by
high fat/high sucrose-diet, lowering global hepatic DNA methylation and methylation levels of the
promoter regions of different regulatory factors [48]. Betaine has been demonstrated to diminish
the methylation levels of the promoter of microsomal triglyceride transfer protein (MTP), enhancing
hepatic TG export and ameliorating liver steatosis in mice administered a high-fat diet (HFD) [43].
In addition, epigenetic changes of peroxisome proliferator-activated receptor gamma (PPARγ) in the
liver of NAFLD patients seems to promote IR [49].

Figure 2. Epigenetic pathways implicated in the pathogenesis of NASH. The major pathways and their
main effectors are depicted.

Although most epigenetic alterations are transient, DNA methylation can be inherited from
parents [50]. It has been reported that maternal Western diet during prenatal time can increase the
susceptibility to NAFLD of male progeny [51]. Novel evidence indicates that mitochondrial DNA
(mtDNA) methylation may also play a role in NAFLD pathogenesis [52,53]. Liver methylation of
NADH dehydrogenase 6 (MT-ND6) correlates with NAFLD severity, resulting in significantly lower
expression of MT-ND6 mRNA in NASH than in patients with simple steatosis [54].

Histone acetylation, regulated by histone acetyltransferases (HATs) and histone deacetylases
(HDACs), has been extensively associated with NAFLD [55,56]. High-fat maternal diet was shown to
lead to depletion of fetal hepatic HDAC1, suggesting that diet-induced maternal obesity can alter fetal
chromatin via histone modifications [55]. Carbohydrate-responsive element-binding protein (ChREBP),
an activator of lipogenic and glycolytic pathways involved in NAFLD progression, is regulated by
the HAT activator p300. Glucose-activated p300 induces ChREBP hyperacetylation, stimulating its
transcriptional activity and hepatic lipogenesis in mice, and p300 overexpression is associated with
steatosis and IR [56].

NAFLD has been also correlated with histone methylation. Lipid accumulation in the liver of HFD
mice has been associated with H3K4 and H3K9 histone trimethylation of peroxisome proliferator-activated
receptor alpha (PPARα) and lipolysis-related genes [57]. In addition, trans-generational changes in histone
methylation promote lipogenesis and ER stress, acting on endoplasmic reticulum oxidoreductin 1α
(ERO1α) and liver X receptor α (LXRα) [58].
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Sirtuins (SIRTs) belong to the silent information regulator-2 family. SIRT1 deacetylation has been
recognized as a regulatory mechanism for several proteins involved in NAFLD pathogenesis [59]
and low SIRT1 expression has been observed in NAFLD models [60]. In addition, SIRT1-mediated
regulation of fetal metabolome and epigenome has been reported under maternal HFD [61]. SIRT3 is
localized in mitochondria and regulates fatty acid oxidation. SIRT3 knockout mice fed HFD develop
hepatic steatosis and IR [62].

MicroRNAs (miRNAs) modulate gene expression via post-transcriptional mechanisms,
regulating the main cellular processes, such as lipid metabolism, inflammation, apoptosis, cell growth
and differentiation. In the last few years, aberrant miRNA expression has been reported in a number
of diseases including metabolic disorders [63,64], whereas an increasing number of dysregulated
miRNAs, implicated in fatty acid synthesis, uptake and storage of triglycerides or oxidation,
have been recently identified in NAFLD [65] (Table 1). Among these, miR-122, which negatively
regulates hepatic lipogenesis, is reduced in NASH patients [66] whereas miR-34a, that induces
β-oxidation and inhibits synthesis of fatty acids via a sirtuin1/5′ adenosine monophosphate-activated
protein kinase/3-hydroxy-3-methylglutaryl-CoA reductase (SIRT1-AMPK-HMGCR) mechanism,
is upregulated in NAFLD patients [67]. miRNA-33a has been recently reported to participate
in NASH development, counteracting cholesterol 7alpha-hydroxylase (CYP7A1). Sterol response
element-binding protein 2 (SREBP2) binds to its own gene promoter to induce miR-33a, which leads
to a decrease in cholesterol efflux to HDL and bile acid synthesis in Cyp7a1-tg mice [68]. In addition,
miR-33a inhibits CYP7A1 and bile acid synthesis to inhibit cholesterol catabolism.

Table 1. Modulation of miRNA expression relevant to NAFLD/NASH. Δ indicates up- (↑) or
downregulation (↓). CYP7A1: cholesterol 7α1-hydroxylase; SREBP2: sterol response element-binding
protein 2; SIRT1: sirtuin1; AMPK: 5′ adenosine monophosphate-activated protein kinase; HMGCR:
3-hydroxy-3-methylglutaryl-CoA reductase; FAS: fatty acid synthase; ACC: Acetyl-CoA carboxylase;
mTOR: mammalian target of rapamycin; ROS: reactive oxygen species; RAC1: Ras-related C3
botulinum toxin substrate 1; ?: mechanism and/or target unknown.

miR Δ Disease Model Role
Validated/

Predicted Target
Reference

33a ↑ NASH Mouse Liver Cholesterol and bile
acid homeostasis CYP7A1, SREPB2 [68]

34a ↑ NAFLD/NASH Human Biopsies Lipid homeostasis SIRT1-AMPK-
HMGCR [67,69]

103a2 ↑ NAFLD Human Biopsies Insulin signaling,
metabolism, inflammation ? [30,70]

160b ↑ NAFLD Human Biopsies Insulin signaling ? [30]

122 ↓ NASH HFD mice/
Human Biopsies

Lipid and cholesterol
metabolism

HMGCR, FAS,
SREBP1/2, ACC [66,71]

301a-3p ↑ Steatosis/
NAFLD/NASH Human Biopsies ? ? [69]

375 ↓ NAFLD/NASH/
Cirrhosis Human Biopsies ? ? [69]

576-5p ↑ NAFLD Human Biopsies
Insulin signaling,

metabolic homeostasis,
inflammation

mTOR signaling,
ephrin B signaling,
ROS production,

RAC1

[70]

892a ↑ NAFLD Human Biopsies Kupffer cell activation ? ? [70]

I137 ↑ NAFLD Human Biopsies ? ? [70]

1282 ↓ NAFLD Human Biopsies Insulin signaling,
metabolism, inflammation ? [70]

3663-5p ↑ NAFLD Human Biopsies Insulin signaling,
metabolism, inflammation ? [70]

3924 ↑ NAFLD Human Biopsies Insulin signaling,
metabolism, inflammation ? [70]
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More recently, other dysregulated miRNAs have been identified in NAFLD livers [70].
Among these, the most significantly upregulated (miR-103a-2, miR-106b, miR-576-5p, miRPlus-I137,
miR-892a, miR-1282, miR-3663-5p, and miR-3924) play critical roles in insulin signaling, metabolism
homeostasis, inflammation and cancer. In particular, miR-576-5p influences multiple pathways implied
in NAFLD, including mammalian target of rapamycin (mTOR), a kinase modulated by insulin that
induces hepatic lipogenesis through a PPARγ-dependent mechanism [72]. miR-576-5p also regulates
eukaryotic translation initiation factor 4 (eIF4), p70S6 kinase (p70S6K) and phosphatidylinositol-
4,5-bisphosphate 3-kinase (PI3K), pathways associated with insulin action and metabolic control.
Moreover, a direct target of miR-576-5p is the small GTPase RAC1, which promotes lipotoxicity
via c-Jun N-terminal kinase (JNK) activation. RAC1 is negatively modulated by miR-576-5p,
triggering a protective effect against NAFLD progression [72]. Finally, in a study conducted in
biopsy-staged NAFLD patients, increased miR-301a-3p and miR-34a-5p and decreased miR-375
significantly correlated with disease progression [69].

4. Dietary Factors

Lifestyle changes focusing on weight loss remain the keystone of NAFLD and NASH treatment [73].
Recent reports indicate that lifestyle modifications based on decreased energy intake and/or increased
physical activity during 6–12 months cause improvement in biochemical and metabolic parameters
and reduce steatosis and inflammation [74]. Conversely, increased consumption of sugar-sweetened
food and beverages has been associated with NAFLD development and progression. High intake of
fructose, used as food and drink sweetener, is implicated in NAFLD pathogenesis through several
mechanisms. In addition, a fructose-enriched diet contributes to induce liver fibrosis in animal models
of NASH [75]. Via the portal vein, dietary fructose reaches the liver in high concentrations, exerting
a lipogenic action by activation of the transcription factors SREBP1 and ChREBP and subsequent
induction of acetyl-CoA carboxylase (ACC) 1, fatty acid synthase (FAS) and stearoyl-CoA desaturase
1 (SCD1) [76]. These effects persist in liver-specific insulin receptor knockout mice, indicating that
fructose stimulates lipogenesis independently of insulin signaling [77]. Fructose-induced de novo
lipogenesis (DNL), enhancing malonyl-CoA concentration, inhibits mitochondrial β-oxidation and
decreases mitochondrial ATP production [78]. In addition, fructose stimulates lipogenesis by inducing
ER stress and subsequently activating the transcription factor X-box binding protein 1 (XBP1), which,
in turn, upregulates lipogenic enzymes, as demonstrated in mice fed with a 60% fructose diet [79].
In concomitance, phosphorylation of fructose to fructose-1-phosphate leads to depletion of hepatic
ATP and increase in ADP and inosine monophosphate (IMP), which is converted to uric acid [80],
that promotes steatosis inducing mitochondrial oxidative stress [81]. Generation of reactive oxygen
species (ROS) is also induced by fructose metabolism [82], and nutrient-derived ROS have been
associated with enhanced steatosis via insulin-independent PI3K pathway [83]. Moreover, upregulating
ketohexokinase, fructose potentiates its own metabolism and ketohexokinase inhibition leads to
decreased fatty liver and reduced liver inflammation in high-fat/high-sucrose fed mice [84]. Finally,
fructose-induced metabolic disorders can be mediated by epigenetic changes, such as alterations in
genomic or mitochondrial DNA (mtDNA) methylation [85,86].

Dietary iron overload has been recently implicated in NASH pathogenesis. A study by
Handa et al. [87] shows that dietary iron excess leads to a severe NASH phenotype in an obese,
diabetogenic mouse model characterized by oxidative stress, inflammation and ballooning.
Different molecular mechanisms are involved, including upregulation of cytokines (interleukin 6, IL-6,
tumor necrosis factor α, TNFα) and immune mediators (Toll-like receptor 4, TLR4, inducible nitric
oxide synthase, NOS, interferon gamma, IFNγ), and induction of inflammasome related factors
(NOD like receptor 3, NLRP3, interleukin 18, IL-18) and genes associated with lipid metabolism.
Moreover, emerging evidence indicates that hepatic copper (Cu) deficiency is associated with NAFLD
development and progression. In an experimental rat model, a Cu deficient diet coupled with
high sucrose intake provoked NASH, even in the absence of obesity or severe steatosis. Rats fed
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low-Cu/high-sucrose diet displayed enhanced liver expression of lipogenic enzymes, such as ATP
citrate lyase (ACLY) and FAS, and of inflammatory and pro-fibrogenic factors (TNFα, C–C motif
chemokine CCL2, CCL3), together with hepatic stellate cell activation. While low Cu alone promotes
lipid peroxidation, as indicated by increased levels of malondialdehyde (MDA), its combination with
high sucrose (or fructose), that causes a further reduction of hepatic Cu, causes insulin resistance
and liver damage, with hepatocyte ballooning and occurrence of Mallory-Denk bodies. In addition,
Cu deficiency influences Fe retention and partitioning in animals as well as in NAFLD patients [88].

Several lines of evidence correlate hepatic free fatty acids (FFAs) and free cholesterol (FC)
accumulation to NAFLD pathogenesis. Dysregulation of lipid homeostasis plays an essential role
in NAFLD pathogenesis, induced by a surplus of dietary free fatty acids, enhanced DNL and
augmented lipolysis [89]. Rather than total hepatic fat content, the role of specific lipid classes
in the development and progression of NAFLD is emerging [90]. In particular, accumulation of
different lipids as well as upregulation of distinct enzymes mediating DNL was found to be associated
with macrovesicular or microvesicular steatosis, the latter correlating with mitochondrial dysfunction
and NAFLD [91]. Among toxic lipids, saturated fatty acids have been shown to be elevated in
NASH patients [92] and induce inflammation and hepatocyte apoptosis by activating JNK and
mitochondrial pathways. Other lipids having a role in NAFLD include ceramide, diacylglycerol
(DAG) and sphingosine [90,93–96]. In particular, DAG and ceramide impair insulin capability to
stimulate glycogen synthesis and suppress gluconeogenesis, through protein kinase-C epsilon (PKCε)
activation [97]. In contrast, unsaturated fatty acids do not affect cell viability and an increase in their
content leads to enhanced hepatic synthesis of TG. In turn, TG accumulation is not toxic but may
protect the liver from the excessive deposition of toxic TG precursors [98,99]. Omega-3 polyunsaturated
fatty acids (PUFAs) plasma levels are reduced in patients with NASH. However, pharmacologic
supplementation did not induce an amelioration of the histologic picture of NASH [100], and in
an experimental model it was even associated with more severe damage [101].

Emerging evidence underscores the role of cholesterol as a prominent risk factor for
the pathogenesis of NAFLD/NASH. In humans a progressive increase in hepatic FC during
NAFLD progression to NASH has been observed [102,103]. In experimental models increase
in dietary cholesterol has been shown to promote hepatic inflammation and fibrosis [104–106],
whereas a cholesterol-free diet ameliorates NASH [107]. The molecular mechanisms underlying FC
accumulation during NASH development are multiple and only partially elucidated. Current data
indicate that cholesterol homeostasis is dysregulated in NAFLD, due to an increase in cholesterol
synthesis and uptake or dysfunction in cholesterol metabolism. Accordingly, the activity of two key
regulators of cholesterol synthesis, HMGCR and SREBP2, is elevated in NASH patients [103,108,109].
Similarly, expression analysis of genes involved in cholesterol metabolism reveals a number of altered
pathways in individuals with NASH [108].

Cholesterol uptake from lipoproteins is mediated by different proteins, including the low
density lipoprotein receptor (LDLR) and the scavenger receptor class B type I (SR-BI) [110]. Hepatic
uptake of LDL-cholesterol occurs via the scavenger receptor pathway in unrestrained manner,
leading to deposition of cholesterol crystals in hepatocytes and generation of foamy Kupffer cells,
two critical features of NASH [111,112]. Intracellular accumulation of free cholesterol represents
a key event for inflammasome activation and inflammatory response [112] and sensitizes cells to
transforming growth factor beta (TGF-β), TNF-α and Fas, leading to liver damage and disease
progression [104,113]. Moreover, LDL cholesterol can be oxidized to oxidized low-density lipoprotein
(oxLDL) cholesterol, which has been found in high concentrations in the plasma of NASH patients [114]
and induces proinflammatory cytokine secretion accumulating in lysosomes of Kupffer cells [111,112].
Recently, a reduced efflux of FC has been observed in injured (foam) hepatocytes of NAFLD patients,
associated with reduced expression of ATP-binding cassette sub-family G member 8 (ABCG8),
which regulates cholesterol excretion trough the bile [108]. In addition, decreased expression of
CYP7A1 and CYP27A responsible for cholesterol transformation into bile acids (BA) has been found
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in human NAFLD/NASH [108], as well as in a rat model of NASH induced by dietary cholesterol
overload [115].

Oxysterols, the oxidative products of cholesterol generated during bile acid synthesis, have
been described to induce liver damage through mitochondrial impairment. A study by Bellanti
et al. [116] shows that mice fed high fat/high cholesterol (HF/HC) exhibit high levels of toxic
oxysterols, such as triol, and oxidative stress and mitochondrial dysfunction associated with NASH.
Accordingly, Huh7 and primary rat hepatocytes co-exposed to triol and palmitic or oleic acid, undergo
apoptosis, mediated by impaired mitochondrial respiratory chain [116]. Finally, besides the effects
on liver, cholesterol contributes to NASH pathogenesis also by stimulating inflammatory reactions in
other tissues, such as adipose tissue and arterial wall, representing a key factor in the multiparallel
scenario concurring to NASH [117,118].

5. Mitochondrial Dysfunction and Apoptosis

Oxidative stress has been recognized as a major factor in the pathogenesis of NASH. Based on
the evidence that a high amount of intracellular ROS are generated in mitochondria and ROS
overproduction is elicited in the presence of respiratory chain disruption, mitochondrial impairment
has been suggested as a main event in NASH development [83,119,120]. Along these lines, structural
and functional defects in mitochondria have been reported in patients with NASH [121,122].

Several mechanisms contribute to mitochondrial impairment and subsequent hepatic cell
injury during NASH, mainly associated with lipotoxicity. It has been shown that, following lipid
accumulation, water and calcium influx in mitochondria is increased, due to lower phosphorylation
of the voltage dependent anion channel (VDAC) in the mitochondrial outer membrane, resulting in
cytochrome c release and cell death [123]. Lipotoxic effects in mitochondria are also mediated
by JNK; high concentrations of palmitate cause mitochondrial dysfunction and apoptosis through
phosphorylation of Sab (SH3BP5), a mitochondrial outer membrane substrate of JNK [124],
whereas free cholesterol accumulation in the liver of NASH mice induces mitochondrial permeability,
ROS production and apoptosis through JNK1. An emerging role for NAD+ in mitochondrial stress
induction during NASH development has been recently shown. Gariani et al. demonstrated
that mice fed high-fat/high-sucrose exhibit impaired mitochondrial function associated with lower
hepatic NAD+ levels [125]. Conversely, NAD+ repletion displays a protective effect against NAFLD,
probably mediated by the induction of mitochondrial unfolded protein response (UPRmt), an adaptive
mechanism dependent on the histone deacetylases SIRT1 and SIRT3, aimed to enhance mitochondrial
activity and hepatic β-oxidation [126]. Furthermore, recent studies have suggested a role for coenzyme
Q (CoQ), which is essential for mitochondrial respiration, in NAFLD development and progression to
NASH [127–130]. Abnormal concentrations of CoQ have been found in plasma and liver of NAFLD
patients [131] and perturbation in CoQ metabolism was observed in experimental NAFLD during
disease progression [132,133].

Other key inducers of mitochondrial dysfunction are lysosomal permeabilization, which is
frequently observed in NAFLD patients and associated with caspase activation [134], and ROS
generation. CYP2E1 promotes oxidative stress, inflammation and protein modifications, by hydrolyzing
molecules such as fatty acids and ethanol into toxic metabolites, including ROS, which cause respiratory
chain disruption and mitochondrial damage [135], resulting in hepatocyte injury and progression to
NASH [136].

6. Necroptosis

Necroptosis is a recently described cell death mechanism, morphologically comparable to
necrosis, but consisting in definite biochemical pathways that occur in a programmed mode [137]
and are potentially involved in inflammatory disorders, including liver diseases. Necroptosis can be
initiated by activation of multiple signals, such as toll-like receptors, death receptors and others,
which lead to the assembly of the necrosome, a multiprotein complex consisting in caspase-8,
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Fas-Associated protein with Death Domain (FADD), cellular FLICE/caspase 8-like inhibitory protein
(cFLIP), and receptor-interacting proteins 1 and 3 (RIP1 and RIP3) [138]. RIP1–RIP3 interaction initiates
necroptotic signaling [139]; RIP3 phosphorylates mixed lineage kinase domain-like protein (MLKL),
which oligomerizes and translocates to the plasma membrane causing irreversible membrane damage
and consequent cell death [140]. In specific cell setting, RIP3 can mediate necroptosis independently
of RIP1 [141–143]. In other cell contexts, a RIP3 dependent ROS production may play an additional
role [144,145].

Recently, necroptosis has been proposed as a novel mechanism in the pathogenesis of NAFLD
both in humans and experimental models. Gautheron et al. found that RIP3 was overexpressed and
mediated liver inflammation, activation of hepatic progenitor cells/cholangiocytes and liver fibrosis
in NASH patients and in the methionine/choline-deficient (MCD) mouse model of steatohepatitis.
They observed that RIP3 induces JNK activation, leading to release of pro-inflammatory mediators,
such as CCL2, that further sustain RIP3-dependent signaling, cell death, and liver fibrosis.
RIP3-induced pathways were blocked by caspase-8. [146]. A study by Afonso et al. [147] confirmed that
hepatic levels of RIP3 are significantly augmented in steatohepatitis and showed that RIP3-dependent
MLKL activation is increased in the liver of NAFLD patients as well as in MCD-induced experimental
NASH. Moreover, lack of RIP3 ameliorates liver injury, steatosis, inflammation and fibrosis in
experimental NASH.

7. Endoplasmic Reticulum Stress

ER stress has been implicated in a number of liver diseases, including NASH. ER dysfunction,
ATP depletion or other stimuli induce the unfolded protein response (UPR), an adaptive mechanism
directed to avoid luminal accumulation of defective proteins and apoptosis initiation. In NAFLD,
a cross-talk between insulin signaling and UPR has been reported, involving XBP–1/PI3K interaction
and consequent XBP-1 nuclear translocation [148]. Other pathways activated by cellular response
to ER stress involve JNK, an activator of inflammation and apoptosis implicated in NAFLD
progression to NASH [90] and SREBP-1c, which induces liver fat accumulation, worsening ER
stress [149]. In vitro studies show that exposure of hepatic cells to a lipotoxic concentration of
palmitate, a saturated fatty acid (SFA), is associated with ER calcium depletion, ROS accumulation
and apoptosis [92,150,151]. In fact, increased SFA incorporation in ER membrane, as well as altered
phosphatidylcholine/phosphatidylethanolamine ratio, induces disruption of ER membrane and
impairment of sarcoendoplasmic reticulum calcium ATPase (SERCA) function, causing a net calcium
efflux from ER stores and its subsequent translocation to the mitochondria, with dysregulation of
mitochondrial metabolism and oxidative stress. Accordingly SERCA activity is impaired in obese
livers [152] and overexpression of SERCA in obese mice improve hepatic ER stress, indicating that
SERCA plays a crucial role in lipotoxic-induced ER stress and, indirectly, in mitochondrial
dysfunction [152].

8. Hypoxia

In experimental NASH, hypoxia causes alterations in lipid homeostasis, upregulating genes
involved in lipogenesis, such as SREBP-1c, PPARγ, ACC1 or 2 and downregulating genes implied in
lipid metabolism, such as PPARα and carnitine palmitoyltransferase-1 (CPT-1) [153]. Besides lipid
metabolism, insulin signaling is also affected and under hypoxic conditions hepatic upregulation of
inflammatory cytokines and profibrogenic genes was observed [154]. Moreover, reduced oxygen
availability induces secretion of adipokines and inflammatory cytokines in adipose tissue [155],
contributing to alter lipid metabolism and glucose homeostasis [156,157]. These effects are mediated by
hypoxia-inducible transcription factors (HIF-1α and HIF-2α) that regulate cellular response to oxygen
deficiency and can be also activated by other stimuli, including oxidative stress or inflammatory
signals [158]. In particular, HIF-1α transcription is induced by nuclear factor kappa-B (NF-κB),
and NF-κB activity is crucial for HIF-1α accumulation under oxygen deprivation [159]. Furthermore,
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hypoxia has been reported to modulate inflammation by regulating TLR expression and function
through HIF-1 [160,161]. Along these lines, it is conceivable that the proinflammatory state observed in
obese NAFLD patients may be enhanced by hypoxia, due to a positive feedback mechanism involving
HIF-1α and NF-κB, explaining the exacerbation of liver injury in NAFLD subjects in the presence of
obstructive sleep apnea-hypopnea syndrome (OSAHS) [162].

9. Inflammation

Inflammation represents a crucial aspect in NASH pathogenesis. Overload of toxic lipids,
mainly FFA, causes cellular stress and induces specific signals that trigger hepatocyte apoptosis,
the prevailing mechanism of cell death in NASH, correlating with the degree of liver inflammation
and fibrosis [163]. Signaling pathways induced by key death receptors, such as TNF-related
apoptosis-inducing ligand (TRAIL-R), Fas and tumor necrosis factor receptor (TNFR), are upregulated
in NASH, indicating they may have a role in promoting inflammation and chemokine secretion.
Although the precise role of Fas and TNFR in NASH in vivo is still controversial, it has been shown
that lack of TRAIL-R is protective, as TRAIL-R-deficient mice display reduced steatosis, inflammation
and fibrosis in association with lower hepatocyte apoptosis [164]. Moreover, prolonged ER stress and
mitochondrial dysfunction, two critical events in NAFLD, have been reported to induce apoptosis
through TRAIL-R/caspase 8 [165].

Different types of immune cells are recruited and/or activated to the site of injury, contributing to
NAFLD development and progression. Kupffer Cell (KC) activation is critical in NASH and precedes
the recruitment of other cells [166]. Lanthier et al. [167] have shown that KC depletion increases insulin
sensitivity and ameliorates inflammation and fibrosis. Depending on the settings, different polarization
forms have been described for KCs, mainly classified in two phenotypes: M1, pro-inflammatory and
M2, considered primarily immunoregulatory [168]. However, markers of both M1 and M2 forms can
be expressed at once [169]. Differentiation of KCs towards a M1 phenotype is principally driven by
pathogen-associated molecular patterns (PAMPs) that, interacting with TLRs, induce the secretion of
various cytokines, such as IL-1β, IL-12, TNF-α, CCL2 and CCL5, concurring to further hepatocyte
damage and release of damage-associated molecular patterns (DAMPs). DAMPs, in turn, act on TLRs
amplifying KCs activation and inflammation. In addition, some cytokines (i.e., CCL2 and CCL5),
induce HSC activation, initiating a fibrogenic response [170]. Activation of KCs in NAFLD is also
triggered by toxic lipids, that upregulate TLRs and augment the response to lipopolysaccharide
(LPS) [171]. KCs displaying the M2 phenotype produce several factors with anti-inflammatory
properties, as IL-4, IL-10, IL-13 and TGF-α [168,169], but different subtypes have been identified
with diverse actions. Although it has been reported that induction of peroxisome proliferator-activated
receptor delta (PPARδ) drives KCs toward the M2 form, reducing obesity-induced insulin resistance in
mice [172], the role of M2 KCs in NAFLD is still not elucidated [168].

Despite potent antimicrobial and phagocytic properties, neutrophils display scarce specificity.
Excess of neutrophil recruitment in NASH crucially contributes to hepatocyte damage, inflammation
and fibrosis, through the release of different factors [173,174], including cytotoxic enzymes as
myeloperoxidase and elastase. Myeloperoxidase-deficient mice show moderated NASH, associated
with lower hepatic secretion of inflammatory cytokines [175]. Similarly, deletion of neutrophil elastase
attenuates liver inflammation in experimental NAFLD [176].

Dendritic Cells (DCs) counteract sterile inflammation acting as antigen-presenting cells and
eliminating cell debris and apoptotic cells. Studies aimed to establish DCs’ function in NASH have
shown controversial results [177]. An anti-inflammatory and antifibrotic role of DCs in NASH
is suggested by the fact that liver depletion of these cells exacerbates inflammation and fibrosis.
According to the study by Henning et al liver infiltrating DCs activate and secrete IL-6, TNF-α and
CCL2 [178]. In contrast, other findings report that avoiding the accumulation of DCs subtypes
expressing high levels of inflammatory factors limits liver injury in experimental NASH [179].
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Natural Killer (NK) cells in the liver are stimulated through several receptors upon interaction
with other hepatic cells. In NASH, activation of NK can be achieved by a broad number of ligands
and cytokines, but the role of these cells in NAFLD pathogenesis is still controversial [180,181].
Two different phenotypes of NKT cells have been recently associated with liver disease, acting in
opposite modes during sterile inflammation: proinflammatory type I and protective type II cells [182].
Although NKT type I cells can be activated by lipids, suggesting their possible involvement in NAFLD,
NKT-deficient mice fed HFD are more prone to steatosis and weight gain than wild type mice [183].
In addition, adoptive transfer of NKT cells in leptin-deficient mice ameliorates glucose metabolism
and diminishes fatty liver [184]. Furthermore, depletion of NKT can result in activation of KC and
secretion of IL-12 [184]. Conversely, clinical studies performed in patients with different stages of
NAFLD demonstrate that NKT cells tend to increase in the liver during disease progression [185].
According to these data, NKT cells seem to be depleted in early NAFLD to enhance in the later phases,
participating in inflammation and fibrosis [186].

10. Hedgehog

Hedgehog (Hh) is a well-characterized factor implied in the fibrogenic process of several organs,
including the liver. Hh pathway activation is proportional to the severity and persistence of injury [187],
induces a cascade of events concurring to wound healing response and involves various cell types,
including damaged ballooned hepatocytes, inflammatory cells (mainly NKT cells and macrophages),
ductular/progenitor cells and HSCs [188].

The Hh pathway was associated with severe NASH in a gene profiling study where patients with
different severity of the disease were included [189]. In experimental NASH, the Hh pathway leads to
proliferation and activation of ductular progenitor cells and HSC, that, in turn, produce Hh ligands
and, consequently, soluble mediators such as osteopontin and CXCL-16, responsible for immune
cells recruitment and damage progression [190,191]. Moreover, Patched-heterozygous deficient mice,
characterized by hyperactivation of the Hh pathway, show exacerbation of the disease following
a NASH-inducing diet, whereas liver-specific inhibition of Smo prevents diet-induced liver damage
and fibrosis, despite hepatic lipid accumulation [190].

Caspase-2 has been recently identified as a critical factor in NASH pathogenesis,
mediating hepatocyte lipoapoptosis. Hepatic caspase-2 was found to be increased both in human
and experimental NASH, in association with profibrogenic factors, such as Hh-related genes.
When challenged with a HF diet or fed a MCD diet, caspase-2 knockout mice showed lipid-induced
hepatic apoptosis, together with decreased activation of Hh signaling and fibrosis [192].

In NAFLD patients, Hh activity and Hh ligands’ expression correlates with the degree of
fibrosis [193] and elevated Hh activation is associated with hepatocyte ballooning, high presence
of progenitor cells and myofibroblasts and portal inflammation [187]. In agreement with these findings,
the Pioglitazone vs. Vitamin E vs. Placebo for treatment of NASH (PIVENS) trial demonstrated that
amelioration of NASH in response to treatment was associated with a marked decrease of Sonic Hh
ligand (Shh) expressing hepatocytes [194].

11. Nuclear Receptors

Nuclear receptors are ligand-dependent transcription factors that regulate glucose and lipid
metabolism in the liver. Nuclear receptors are divided into seven subfamilies named as NR0-NR6 [195]
and NR1 subfamily is of particular importance in NAFLD. This latter group of nuclear receptors
is retained in the nucleus and heterodimerizes with the retinoid X receptor (RXRα) [195,196] and
includes: NR1C1-3 (the peroxisome proliferator-activated receptors, PPARα, β, γ), NR1H2-3 (the liver
X receptors, LXRα, β), NR1H4 (the farnesoid X receptor, FXRα), NR1I2 (the constitutive androstane
receptor, CAR), and NR113 (the pregnane X receptor, PXR). PPARs inhibit inflammation in the
obese state acting on NF-κB and AP1 transcription factor and regulate metabolism by inducing
transcription of adiponectin (PPARγ) and fibroblast growth factor-21 (FGF21) (PPARα and FXR) [195].
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PPARα regulates β-oxidation and cholesterol removal during the fasting state or when metabolism
increases in adipose and/or muscle tissues [195]. Hepatic PPARα expression decreases in NAFLD
leading to steatosis, but is enhanced following diet and exercise [197,198].

In animal models of steatosis and steatohepatitis, the use of PPARα activators improves the
disease [199,200]. In addition, several studies in mice suggest that induction of both PPARβ/δ and
PPARγ ameliorates steatosis [201,202]. Indeed, animals treated with PPARα activators show less
weight gain than controls, lower levels of epididymal fat, and are protected from atherosclerosis [203].
PPAR activation may also ameliorate fibrosis, since NASH patients treated with pioglitazone (a PPARγ
agonist) had improved fibrosis biomarkers [204]. Recent studies show that PPARγ downregulates
adipocyte endothelial nitric oxide synthase (eNOS), a molecule that contributes to IR and development
of NASH [205]. Since the use of selective PPARα agonists has proven quite ineffective against
NAFLD [197] the use of mixed receptor agonists (PPARα and PPARβ/γ) is underway in the therapy
for NASH patients and recent results have been reported [206].

PXR, expressed in many tissues but mainly in the liver [207], is released not only by hepatocytes,
but also by Kupffer and stellate cells [208]. Two polymorphisms of this gene have been associated
with augmented severity of NAFLD: rs7643645/G and rs2461823 [209], whereas a variant encoding
a short dominant negative PXR isoform, which inhibits the full-length isoform activity, has been
recently described [210]. PXR regulates various genes involved in xenobiotic and drug metabolism,
including enzymes [211] that play a role in the oxidative metabolism of lipophilic compounds such as
steroids, fatty acids, bile acids, drugs, retinoids, and xenobiotics. PXR activation has been associated
with increased severity of steatosis, obesity, insulin resistance and hypercholesterolemia as it enhances
hepatic fatty acid uptake and lipogenesis, while it decreases β-oxidation [212,213]. The role of PXR in
experimental NAFLD is more complex. While PXR knockout mice are resistant to obesity, they show
impaired glucose tolerance, hyperleptinemia and hypoadiponectinemia, together with elevated fasting
glucose levels [212]. Recently, it was shown that PXR activation inhibits the production of many
NF-κB target genes and increases the production of secreted interleukin-1 receptor antagonist (IL-1RA),
reducing the effects of LPS-induced inflammation [214].

Human CAR1-3, expressed mainly in liver and intestine and to a lower extent in other
tissues [215], is implicated in protection against toxic food or contaminants [216]. CAR is also associated
with lipid metabolism and inflammation in NAFLD. CAR increases in the liver in the fed state,
reducing hepatic steatosis, inflammation, insulin resistance and hypercholesterolemia [217]. In animal
models, treatment with an agonist of CAR ameliorates diet-induced obesity, hepatic steatosis and
diabetes [218]. Moreover, in knockout mice for the low density lipoprotein receptor (LDLR),
activation of CAR reduces triglycerides and cholesterol plasma levels [219]. Recently, it has been
reported that activated CAR translocates into the nucleus and functions as an adaptor protein to
recruit PGC1α to the Cullin1 E3 ligase complex for ubiquitination. The interaction between CAR
and PGC1α also induces the degradation of PGC1α and suppression of gluconeogenesis both in vitro
and in vivo [220]. CAR can induce carcinogenesis in mice, although this effect has not observed in
humans [221]. Indeed, CAR activation in humans may have antiproliferative effects, as demonstrated
by a recent report showing that CAR-deficient HepaRG cells have increased expression of proliferative
genes [222].

FXR, highly expressed in liver, kidney, intestine, and adrenals, inhibits the expression of
CYP7A1 and sterol 12-α-hydroxylase (CYP8B1), genes involved in bile acid synthesis from cholesterol.
Besides its central role in bile acid metabolism, FXR activation also regulates the expression of
various genes involved in glucose, lipid, and lipoprotein metabolism, crucial in NAFLD [223].
Hepatic FXR inhibits fatty acid synthesis and uptake and upregulates beta oxidation, regulating
lipid homeostasis [224]. In NAFLD patients and in animal models, activation of FXR by obeticholic
acid (OCA) decreases both steatosis and obesity [225,226]. In HF/HC diet-treated mice, the FXR
agonist GW4064 decreased the expression of the hepatic lipid transporter CD36, reducing hepatic
steatosis and weight gain [227]. FXR can regulate insulin resistance as recently demonstrated in
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NASH patients treated with OCA, which improves insulin sensitivity [228]. Similarly, OCA treatment
in Zucker (fa/fa) rats improves insulin sensitivity, and GW4064 treatment, in HF/HC diet mice,
reduces hyperinsulinemia and hyperglycemia [226]. Besides OCA and GW4064, further potential
novel therapeutic targets in NASH are currently in phase II clinical development [229].

Intestinal activation of FXR reduces weight gain, liver glucose production and steatosis,
stimulating human fibroblast growth factor-19 (FGF19). This factor inhibits CYP7A1 resulting
in an inhibition of liver bile acid synthesis. Indeed, administration of FGF19 in mice and rats
animal models increases fat oxidation and decreases liver triglycerides and glucose levels [230,231].
Recent studies show that activation of intestinal FXR by feraxamine inhibits weight gain induced by
diet, hepatic glucose production and steatosis. These effects are mediated by fibroblast growth factor-15
signaling, without interfering with hepatic FXR activation [232]. Intestinal FXR agonism promotes
adipose tissue browning and reduces obesity and insulin resistance, suggesting that tissue-specific
activation of FXR may be a novel approach to treat NAFLD. Activation of intestinal FXR affords
hepatoprotection by restoring hepatic homeostasis, regulating cellular proliferation and decreasing
hepatic fibrosis and inflammation [233].

12. Pattern Recognition Receptors and the Inflammasomes

Toll-like receptors are highly conserved receptors that recognize endogenous danger signals,
such as molecules released by damaged cells (damage-associated molecular patterns, DAMPs)
or exogenous danger signals, as gut-derived pathogen-associated molecules (pathogen-associated
molecular patterns, PAMPs) [234,235]. Due to the high liver exposure to danger signals via the portal
system, TLR-induced pathways play a central role in activation of hepatic cells, primarily Kupffer
cells, but also hepatocytes and HSC. As pattern recognition receptors (PRR), TLRs act as defense
mechanism, but are also implicated in the pathogenesis of NASH [236,237]. Among NAFLD-related
TLRs, TLR2 interacts with a broad range of PAMPs, including peptidoglycan, a surface component of
Gram-positive bacteria [238], which appears to be increased in NAFLD [239]. Importantly, inhibition of
TLR2 signaling prevents insulin resistance in HFD mice [240], whereas TLR2-deficient mice fed HFD
display reduced levels of inflammatory cytokines and do not develop NASH [241].

The role of TLR5 in NAFLD pathogenesis is still unclear, as only a correlation with dysbiosis
and metabolic syndrome has been reported [242,243]. TLR9, an intracellular receptor, is activated
by unmethylated DNA, typically express in viruses and bacteria but rare in mammalian cells.
TLR9 downstream signaling involves IL-1, and is associated with NASH severity and fibrosis [244].
A study conducted in an experimental model of colitis, with high portal levels of LPS, shows increased
TLR9 liver expression, associated with hepatic steatosis, inflammation, and fibrosis [245].

The crucial role of TLR4 in NAFLD pathogenesis has been demonstrated in TLR4-deficient
mice, that display lower levels of inflammatory mediators and fail to develop NAFLD or insulin
resistance [246]. TLR4 plays a major role in linking innate immunity with inflammatory response
and the function of TLR4 in Kupffer cells is well characterized [247]. TLR4 is primarily activated by
Gram-negative bacterial lipopolysaccharides (LPS), leading to overexpression of cytokines, chemokines
and antimicrobial molecules [248,249]. LPS/TLR4 interaction, that requires LPS-binding protein
and two co-receptors (CD14 and myeloid differentiation protein 2, MD2), activates downstream
pathways in a myeloid differentiation factor (MyD)88-dependent or independent fashion [250].
The MyD88-dependent pathway signals through IκB kinase (IKK)/NF-κB and mitogen activated
protein kinase (MAPK)/AP-1, inducing the expression of pro-inflammatory cytokines (TNF-α, IL-1β,
IL-6 and IL-12) and genes implicated in the immune response [250]. The MyD88-independent cascade
involves IFNs [250]. ROS production and subsequent activation of the unfolded protein response are
also induced in TLR4-activated Kupffer cells, representing an additional mechanism triggered by TLRs
in NAFLD progression [251].

Besides Kupffer cells, TLR4 is expressed by other hepatic cells, including HSCs, hepatocytes
and cholangiocytes and LPS/TLR4 axis plays a critical role in the pathogenesis and progression
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of fatty liver diseases, as demonstrated by increased levels of portal endotoxins and TLR4 hepatic
expression in experimental NASH [252,253]. Based on its expression in HSC, a direct role of TLR4 in
liver fibrogenesis has been suggested. According to this hypothesis, the expression of chemokines and
adhesion molecules, as well as TGF-β-mediated signaling, are positively modulated by TLR4 [254],
while two TLR4 polymorphisms, protective against fibrosis, are associated with a lower apoptotic
threshold for HSC [255].

TLR4-mediated inflammatory response can also be elicited by DAMPs released by necrotic
cells, such as high mobility group box 1 (HMGB1) or phospholipids. These molecules stimulate
monocyte and Kupffer cells to secrete inflammatory mediators (Figure 3). It is noteworthy that, in the
presence of high glucose, TLR4 activation and downstream signaling can be triggered by FFA [256],
clarifying, at least in part, the mechanism by which saturated fatty acids, frequently enhanced in
plasma of obese patients, have toxic effects [257].

Figure 3. Inflammasomes and the liver. In steatosis, hepatic damage leads to generation of damage-
associated molecular pattern (DAMPs), while alterations in microbiota lead to increased availability
of pathogen-associated molecular patterns (PAMPs). DAMPs and PAMPs act on receptors localized
on liver cells leading to activation of different inflammasomes and release of cytokines implicated in
NASH. NLRP3: NOD-like receptor family, pyrin domain containing 3; AIM2: Abscent in melanoma 2.

An important role in NASH pathogenesis has been recently ascribed to the nucleotide
oligomerization domain (NOD)-like receptors (NLRs). NLR activation in response to DAMPs or
PAMPs leads to the assembly of inflammasome, a multiprotein complex required for caspase-1
activity and initiation of inflammatory signals. Full activation of inflammasome, mediated by PRRs
via NF-κB, can be induced by a broad spectrum of signals, such as uric acid, ROS, ATP [258] and
mitochondrial DNA [259], and results in secretion of mature IL-1 and IL-18 [260,261]. These cytokines,
acting on different cell types, elicit inflammatory signals in liver as well as in the adipose tissue
and intestine, triggering steatosis, insulin resistance, inflammation and cell death [262]. A role
for inflammasomes in NAFLD development and progression to NASH has been shown both in
humans and animal models [263,264]. Activation of NLRP3 inflammasome has been reported in
MCD diet-induced steatohepatitis [265], as well following protracted HF/HC/HS feeding [266].
Moreover, NLRP3 gain of function correlates with liver fibrosis. Conversely, absence of this receptor
appears to improve metabolic activity [267] and diet-induced steatohepatitis [268], although a study
by Henao-Mejia et al. [269] demonstrated that lack of NLP3 promotes gut dysbiosis and chronic
inflammation. Activation of NLRP3 inflammasome has been associated with hepatocyte pyroptosis,
a recently described, inflammasome-mediated cell death mechanism [268,270].

Hepatocyte damage leads to secretion of intracellular molecules, DAMPs, acting as danger signals
capable to recruit and/or activate immune cells and initiate an inflammatory response in the absence
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of pathogens, a mechanism referred as sterile inflammation [271,272]. Several DAMPs have been
identified, including nuclear and mitochondrial DNA, purine nucleotides (ATP, UTP), nuclear factors
as HMGB1 and uric acid [180,273]. Besides mitochondrial DNA, which activates TLR9, a number
of mitochondrial components have been shown to play a part in sterile inflammation [274,275],
including formyl-peptides, ATP and ROS, that act by inducing inflammasome activation [276–278].
High concentrations of extracellular ATP, as a consequence of cell death, result in inflammasome
activation and IL-1β production, via P2X7 receptor [279]. As binding of ATP to P2X7 provokes pore
formation in the plasma membrane, allowing bacterial products to enter the cells, ATP plays a role
also in pathogen-associated molecular pattern-induced inflammation [280].

HMGB1 is a constitutively expressed nuclear protein that induces transcriptional activation [281],
and is released in response to different stimuli, such as PAMPs and DAMPs [282,283]. HMGB1 interacts
with a broad spectrum of receptors (TLR4, TLR2, TLR9, and RAGE) exerting proinflammatory actions
in complex with other factors, as single stranded DNA, LPS and IL-1β [284].

In its crystal form, uric acid induce inflammatory response by inflammasome activation in
a receptor-independent manner, causing phagosome burst and spill of cytosolic proteases [285].
In some settings, DAMPs can be also secreted independently of apoptosis. HMGB1 production can
occur by activated macrophages in response to LPS, TNF, and TGFβ [286]. Moreover, secondary necrosis,
due to impaired efferocytosis, may contribute to release of intracellular components amplifying the
inflammatory response.

13. Adipokines

Adipose tissue is recognized as an endocrine organ that secretes adipokines, which are peptides
with autocrine, paracrine and endocrine functions, controlling systemic metabolism and energy
homeostasis [287]. Among these, leptin and adiponectin are involved in the pathogenesis of
NAFLD and progression to NASH, leptin being identified as a profibrogenic adipokine [285,288].
Adipose tissue also produces other molecules (including classical cytokines), mostly released by
endothelial or immune cells, such as TNF-α and IL-6 [289]. Adiponectin has in general a beneficial
impact on NAFLD [290], while others, as resistin, TNF-α and IL-6 possibly have an adverse impact.
In particular, adiponectin reduces IR and shows anti-steatotic and anti-inflammatory properties,
while TNF-α increases IR and displays pro-inflammatory effects [291,292]. In physiologic conditions,
cytokine-adipokine interplay is finely regulated, but in some setting, such as increased adipose
tissue mass, the critical balance between cytokines and adipokines is compromised, leading to
chronic inflammation, IR and NAFLD [292]. Leptin, an adipokine which plays a major role in energy
homeostasis, is mainly produced by adipose tissue, but it is also synthesized in other organs [293].
Consequent to an increase in adipose tissue mass, leptin is upregulated, acting as compensatory
factor in preserving insulin sensitivity and exerting anti-steatotic effects. Nevertheless, if adipose
tissue continues to augment, the compensatory mechanism fails, with a sustained rise in IR and
hepatic steatosis [294]. Leptin-mediated dual action has been demonstrated in experimental NAFLD,
as in early disease leptin exerts a protective effect by inhibiting hepatic glucose production and
de novo lipogenesis through stimulation of fatty acid oxidation, while as NAFLD proceeds, it acts
as a pro-fibrogenic and inflammatory factor [294]. Novel evidence indicates that leptin-mediated
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase increases the levels of miR21, which is
a key regulator of TGF-β signaling. The rise in miR21 increases TGF-β and SMAD2/3-SMAD4 nuclear
colocalizations, whilst repressing SMAD7 [295]. In addition, leptin reduces PPAR-γ expression in
HSCs, promoting hepatic fibrosis [296]. A recent study, conducted by Heinrich et al., shows that leptin
resistance contributes to obesity in null mice mutated for carcinoembryonic antigen cell adhesion
molecule 1 (CEACAM1) [297]. CEACAM1 is a molecule that induces insulin clearance [298] and
reduces fatty acid synthesis in liver in the presence of insulin resistance, hepatic steatosis and visceral
obesity [299]. Furthermore, (Cc1−/−) mice develop hyperleptinemia, firstly related to the augmented
visceral obesity, followed by hyperphagia and reduced physical activity. These effects are possibly
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due to leptin resistance and elevated hypothalamic fatty acid synthase activity, that could, in turn,
be mediated by both central and peripheral factors [297].

Adiponectin is one of the most abundant adipokines, and is also produced by hepatocytes in
response to liver injury [300]. It exhibits anti-steatotic and antiapoptotic actions on hepatocytes and
exerts anti-inflammatory and anti-fibrotic effects acting on HSC, Kupffer and sinusoidal cells [301].
Adiponectin amounts drop when adipose mass increases, but the underlying mechanism is not
completely elucidated. It may involve adipose tissue hypoxia, oxidative stress [155,302] and increased
inflammatory mediator levels [303]. Another potential factor linking adipocyte hypertrophy to reduced
adiponectin synthesis is mitochondrial dysfunction [304]. Recent reports show that 11β-hydroxysteroid
dehydrogenase type1 (11β-HSD1) expression increases in hypertrophic adipocytes and this could be
responsible for mitochondrial dysfunction and reduced adiponectin synthesis.

After NASH progression towards cirrhosis, circulating adiponectin seems to increase [305],
probably due to two main mechanisms: a decrease in hepatic clearance of adiponectin and/or
a compensatory mechanism aimed to buffer the hyper-secretion of inflammatory cytokines.
Recent studies show that in the compensated late stage of NASH, circulating adiponectin is associated
with hepatic lipid loss [306]. These data reinforce the theory that adiponectin may be involved in the
“burnt-out NASH”, characterized by the loss of hepatic lipids, often observed in advanced fibrosis
and cirrhosis.

Adipose tissue (mainly visceral) and liver (mainly hepatocytes) are the principal producers of
chemerin [307]. Chemerin concentrations, which are generally higher in obesity and IR and drop
after weight loss, may modulate insulin resistance and inflammatory responses [308]. Animal models
of obesity and IR (ob/ob and db/db mice) display increased chemerin expression [309,310]. A recent
study conducted in NAFLD subjects show that circulating levels of chemerin positively correlate with
body mass index (BMI) and are also higher in individuals with impaired glucose tolerance (IGT) or
type 2 diabetes. In MCD-induced NASH, hepatic levels of chemerin tend to increase. In human NASH,
liver chemerin mRNA is upregulated in respect to healthy controls, but similar levels have been found
also in steatosis [311].

14. Microbiota

Accumulating evidence indicates that dysregulation of microbiota components are involved
in various liver diseases, including NAFLD and NASH, through obesity predisposition,
metabolic alterations and liver inflammation. Gut microbiota produces extra energy for the host,
processing polysaccharides to short-chain fatty acids (mainly acetate, propionate, and butyrate) [312]
and stimulating lipogenesis. A potential role of specific gut microbiome has been suggested in the
pathogenesis of NAFLD, as obese mouse models host 50% less Bacteroides and more Firmicutes
compared to lean control [313], and germ-free mice show significantly greater increase in body
fat following colonization with an “obese microbiome” [313]. Conversely, a recently described
bacterium, Akkermansia muciniphila, has been associated with a non-obese phenotype both in
humans and animal models, and HFD mice administered with Akkermansia show reduced adipose
tissue inflammation and increased glucose tolerance [314,315]. The intestinal microflora produces
enzymes that metabolize dietary choline, a cell membrane component regulating lipid transport
in liver, into methylamines, toxic compounds responsible for inflammation and liver injury [316].
Aberrant microbiota could induce triglyceride accumulation and promote NASH both reducing
choline and increasing methylamines [317].

Alterations in bile acid metabolism have been reported during NAFLD development.
Intestinal bacteria can modify bile acid pool through the conversion of cholic and chenodeoxycholic
acid into secondary bile acids, influencing lipid and glucose homeostasis. In addition,
abnormal microbiota can impair bile acid receptor signaling, such as FXR and the G-protein-coupled
bile acid-activated receptor TGR5 [318,319], affecting hepatic de novo lipogenesis and very low-density
lipoprotein VLDL export [320] as well as glucose metabolism [321,322].
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Endogenous ethanol is produced by several microbiome species. Ethanol induces hepatotoxicity
stimulating Kupffer cells to produce nitric acid and cytokines, whereas ethanol metabolites promote
triglyceride accumulation and oxidative stress in the liver. In addition, ethanol impairs gut mucosal
permeability inducing endotoxemia. Enhanced breath ethanol content was found in ob/ob mice and
it was abolished by antibiotic treatment [323]. Increased ethanol levels were also detected in obese
individuals and in children with NASH [324].

The gut microflora plays an important role in the development and function of the host immune
system [325]. Through the portal circulation, liver is directly exposed to gut-derived products, being the
first line of defense against bacterial toxins. Enhanced levels of circulating LPS and endotoxins have
been detected in rodents with diet-induced NAFLD and in NASH patients, respectively. LPS, the active
component of endotoxins, interacts with LPS-binding protein and the CD14 receptor, activating TLRs
and, consequently, the inflammatory cascade that involves stress-activated protein kinases, JNK,
p38, interferon regulatory factor-3 (IRF-3) and NF-κB, pathways implicated in insulin resistance and
triglycerides synthesis [252,325].

Finally, a correlation between small intestinal bacterial overgrowth (SIBO) and NAFLD has been
observed in clinical and experimental studies [237,326,327]. Bacterial overgrowth in the small intestine,
as well as qualitative microbiome abnormalities can impair the barrier functions of the intestinal
mucosa, leading to enhanced mucosa permeability and subsequent translocation of endotoxin to the
bloodstream [328,329]. Therefore, increased gut permeability represents an additional mechanism in
NASH pathogenesis, acting through the accumulation of endotoxin and bacterial metabolites in liver
and subsequent induction of inflammatory responses, via activation of pattern recognition receptors.

15. Perspectives

Extensive information has accumulated in the past few years on the molecular mechanisms
underlying the development of steatohepatitis. This has been paralleled by a number of clinical
trials exploring novel approaches, in part derived from preclinical data. Continuing research in this
field will be instrumental in providing new targets and biomarkers for the management of this very
prevalent condition.
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Abstract: Magnetic resonance spectroscopy (MRS) is a non-invasive method for quantitative
estimation of liver fat. Knowledge of its imprecision, which comprises biological variability and
measurement error, is required to design therapeutic trials with measurement of change. The role
of adipocyte lipolysis in ectopic fat accumulation remains unclear. We examined the relationship
between liver fat content and indices of lipolysis, and determine whether lipolysis reflects insulin
resistance or metabolic liver disease. Imprecision of measurement of liver fat was estimated from
duplicate measurements by MRS at one month intervals. Patients provided fasting blood samples
and we examined the correlation of liver fat with indices of insulin resistance, lipolysis and metabolic
liver disease using Kendall Tau statistics. The coefficient of variation of liver fat content was 14.8%.
Liver fat was positively related to serum insulin (T = 0.48, p = 0.042), homeostasis model assessment
(HOMA)-B% (T = ´0.48, p = 0.042), and body mass index (BMI) (T = 0.59, p = 0.012); and inversely
related to HOMA-S% (T = ´0.48, p = 0.042), serum glycerol (T = ´0.59, p = 0.014), and serum
caeruloplasmin (T = 0.055, p = 0.047). Our estimate of total variability in liver fat content (14.8%)
is nearly twice that of the reported procedural variability (8.5%). We found that liver fat content
was significantly inversely related to serum glycerol but not to non-esterified fatty acids (NEFA),
suggesting progressive suppression of lipolysis. Reduction of caeruloplasmin with increasing liver
fat may be a consequence or a cause of hepatic steatosis.

Keywords: fatty liver; NEFA; glycerol; lipolysis; insulin; magnetic resonance spectroscopy

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is associated with the histological finding of hepatic
steatosis or steatohepatitis and has a number of causes [1–4]. Steatosis is defined as a liver fat content
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of greater than 5% [3,5], and may be detected by ultrasonography in patients investigated for abnormal
serum transaminase levels. It is a common finding in patients with hypertriglyceridaemia and is
frequently accompanied by insulin resistance and other features of metabolic syndrome. Although the
condition is usually benign, 10% of patients do progress to nonalcoholic steatohepatitis (NASH),
of whom 25% may proceed to cirrhosis [2].

Magnetic resonance spectroscopy (MRS) is a non-invasive and effective method in assessment
of hepatic fat accumulation with high diagnostic accuracy and correspondence with histopathologic
grade being demonstrated [6]. Imprecision in the measurement of liver fat content by MRS comprises
biological variability and measurement error. It is an important consideration in the design of
therapeutic trials aiming to measure change in liver fat content. We estimated imprecision from
duplicate measurements at an interval of one month and compared our estimate with variability
reported after immediate repetition of MRS in 10 individuals with similar characteristics. Although it
has been suggested that accumulation of liver fat in metabolic syndrome is driven by increased
hepatic fatty acid delivery due to adipocyte insulin resistance [7], raised levels of non-esterified fatty
acids (NEFA) are not always found in hepatic steatosis [8]. We investigated the relationship between
liver fat and indices of lipolysis and metabolic liver disease as these have the potential to influence
biological variability.

2. Results

The distribution of differences between duplicate liver fat measurements was sufficiently normal
(Shapiro–Wilk 0.7612) to calculate imprecision from the differences, with coefficient of variation 14.8%.
The median body mass index (BMI) was 30.8 kg/m2 (range 20.2–40.4) with 2 patients having a BMI
<25 kg/m2. MR image of the abdomen and a spectrum from the liver from one patient are shown
in Figure 1. Both water and triglyceride signals are visible at high signal-to-noise. Median liver
fat content was 44 g¨ kg´1 water (range, 10–332). Triglycerides were greater than 1.7 mmol¨ L´1 in
10 out of 11 patients. Hyperinsulinaemia was present in all patients although only one had a fasting
plasma glucose in the impaired glucose tolerance range >6.1 mmol¨ L´1 and one in the diabetes range
at 7.5 mmol¨ L´1. Nine patients had supra-normal β cell function with (homeostasis model assessment
(HOMA)-B% >100%) and all patients had impaired insulin sensitivity (HOMA-S% < 100%, median
43.9% and range 13.3–91.9). Table 1 shows the correlation of metabolic parameters related to insulin
resistance, alcohol intake, ferritin, iron studies, α-1 antitrypsin (A1AT), and caeruloplasmin with the
average of the two liver fat measurements.

Figure 1. Transverse magnetic resonance (MR) image through the abdomen and localised MR spectrum
recorded from the 2 ˆ 2 ˆ 2 cm voxel placed over the liver. The frequency axis of the spectrum is
expressed in parts per million (ppm).
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Table 1. Kendall Tau rank correlation between liver fat and metabolic parameters.

Measurement Tau p Value

BMI kg¨ m´2 0.59 0.012
NEFA umol¨ L´1 ´0.22 0.3

Glycerol umol¨ L´1 ´0.59 0.014
Glucose mmol¨ L´1 0.13 0.5

Insulin mU¨ L´1 0.48 0.042
HOMA-S% ´0.48 0.042
HOMA-B% 0.48 0.042

Triglyceride mmol¨ L´1 0.37 0.1
Caeruloplasmin g¨ L´1 ´0.55 0.047

Iron umol¨ L´1 0.15 0.5
TIBC umol¨ L´1 0.24 0.3

Iron % saturation of TIBC 0.31 0.2
Ferritin μg¨ L´1 0.4 0.1

Alcohol units/week ´0.17 0.5
A1AT g¨ L´1 ´0.22 0.3

BMI: body mass index, NEFA: non-esterified fatty acids, HOMA-S%: homeostatic model assessment—insulin
sensitivity, HOMA-B%: homeostatic model assessment—β cell function, TIBC: total iron binding capacity,
A1AT: α-1 antitrypsin.

The correlations between insulin, glycerol, and caeruloplasmin and liver fat are illustrated in
Figure 2. Insulin (Figure 2a) and HOMA-B% were positively related to liver fat whereas HOMA-S%
was inversely related (these are identical because insulin concentration is a component of all three
and the ranked pairs of observations in this small series, by chance, are the same). NEFA and glycerol
(Figure 2b) were inversely related to liver fat, but this inverse correlation was only significant for
glycerol. The median NEFA was 302 umol¨ L´1 with range 138–491 umol¨ L´1, and all were in the
lower half of the reference range (130–1050 umol¨ L´1). Glycerol (reference range 27–37 umol¨ L´1) had
a wider range of 10–210 umol¨ L´1 and median 90 umol¨ L´1 reflecting suppression with high liver fat
and high levels with low liver fat. Glucose, triglycerides, alcohol intake, ferritin, iron, % iron binding
capacity, and A1AT were not related to liver fat but caeruloplasmin (Figure 2c) was inversely related.
One patient had a caeruloplasmin level below the lower reference interval but Wilson’s disease was
excluded by follow-up studies. There were no differences in liver fat content between the following
groups: “untreated with statins or fibrates”, “statin monotherapy” or “fibrate monotherapy” (p = 0.5),
or between groups either taking or not taking Omacor (p = 0.2).

Figure 2. Cont.
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Figure 2. Relationship of insulin (a); glycerol (b); and caeruloplasmin (c) with liver fat content.

3. Discussion

Our data on repeat MRS at one month intervals showed a coefficient of variation of 14.8%,
which is higher than the coefficient of variation of 8.5% observed between repeat MRS taken at
10 min intervals [5]. This difference likely reflects the technical challenge of repositioning the subject
and reproducing conditions of the scan after one month. This would also have been contributed by
alterations in hepatic adiposity in the subjects during the time period. It is important to take account
of the overall imprecision of repeated measurements of liver fat in the design of therapeutic trials.
Duplicate measurements improved the estimate of liver fat content in this study.

In this group of patients, we found no evidence of increased lipolysis despite increasing insulin
resistance with increasing liver fat content. Higher liver fat content was significantly associated with
lower serum glycerol but not NEFA. Glycerol was suppressed to quite low levels with increasing
liver fat. In fact, in the subject with liver fat >30 g¨ kg´1 water, glycerol was almost completely
suppressed. NEFA levels are in the lower half of the reference range with a downward trend as liver
fat increased. It is interesting that the relationship between liver fat and glycerol is stronger than
that of NEFA. Glycerol is regarded as a better reflection of adipocyte lipolysis than NEFA because,
unlike NEFA, once released it cannot be taken up by the adipocyte again [9]. Our findings, therefore,
do not accord with the hypothesis that increased delivery of NEFA secondary to adipocyte insulin
resistance causes ectopic hepatic fat accumulation [1]. Indeed, the role of increased lipolysis in ectopic
fat accumulation has been questioned in a previous study [8], with an alternative mechanism of
diversion of chylomicron fatty acid to ectopic storage sites due to dysfunctional adipose tissue being
proposed. It is suggested that this occurs with down regulation of NEFA trafficking and preservation
of serum NEFA. Furthermore, obese subjects have been shown to have a reduction in NEFA release
per unit of adipose tissue with no difference in NEFA levels compared with lean controls, and have
reduced adipose tissue lipolysis [10].

The range of liver fat found in our subjects was similar to that found in the Dallas Heart Study [5].
Despite fatty liver having been reported by ultrasonography, 6 patients had a level of liver fat below
the 95th centile of 5.6 g¨ kg´1 water cut-off established in a sub-set of the Dallas Heart Study’s
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population without risk factors for fatty liver and normal serum transaminase levels. This may reflect
the qualitative nature of hepatic ultrasound assessment of liver fat but may also reflect variability in
liver fat content, particularly at near normal levels. Our subjects were not required to fast for the MRS
because this has been shown not to contribute to variability [5].

The observed negative relationship of caeruloplasmin with hepatic steatosis is unexplained.
Transferrin, A1AT, and caeruloplasmin are acute phase proteins, all of which increases with
inflammation. Decreasing caeruloplasmin is, therefore, unlikely to reflect the inflammatory component
of steatohepatitis. The decrease in caeruloplasmin could reflect reduced secretion of holoprotein due to
failure to incorporate copper, an occurrence similar to that in Wilson’s disease, decreased synthesis,
and increased catabolism. Our results are consistent with a recent report demonstrating reduced hepatic
copper related to the severity of steatosis in patients with NAFLD [11]. Furthermore, a reduction in
caeruloplasmin measured as copper oxidase activity has been noted in alcoholic liver disease implying
reduced incorporation of copper into caeruloplasmin [12]. The role of hepatic copper in steatosis
remains undefined. One of our patients had a false positive caeruloplasmin test for Wilson’s disease
with a value below the lower limit of the reference range, suggesting a potential need to adjust the
cut-off in the context of NAFLD.

4. Materials and Methods

4.1. Subjects

We recruited eleven patients (10 males and 1 female) attending the lipid outpatient clinic who
had elevated serum alanine transaminase (ALT) levels and established hepatic steatosis demonstrated
by ultrasonography. Their baseline characteristics are shown in Table 2.

Table 2. Baseline characteristics of study participants.

Population Characteristics Median (Range) Reference Range

Gender (n = 11) 10 males/1 female -
Age 51 (32–67) -

BMI kg¨ m´2 29.6 (20.2–40.4) <25% *

Alcohol (units)
3 (Male) 0–24

5 (Female) 0–14
TC mmol¨ L´1 5.7 (4.6–8.5) <4.0 *

HDL mmol¨ L´1 Female 1.26 Female > 1.2 *
Male 1.34 (0.2–1.49) Male > 1.0 *

TG mmol¨ L´1 2.7 (0.6–6.0) <1.7 *
NEFA umol¨ L´1 302 (138–491) 130–1050

Glycerol umol¨ L´1 90 (10–210) 27–137
Insulin mU¨ L´1 17.2 (8.3–87.4) 3.4–6.4 **

Glucose mmol¨ L´1 5.6 (5.0–7.5) <6.1
HOMA-S% 43.9 (13.3–91.9) 100%
HOMA-B% 126.4 (92.6–254.5) 100%

Liver fat g¨ kg´1 water 44.0 (10.0–332.0) <5.6 (95th centile)
ALT U¨ L´1 56 (19–119) 5–40

Iron umol¨ L´1 20.2 (10.2–28.1) 7–29
TIBC umol¨ L´1 65 (50–74) 45–70
Iron % of TIBC 33 (17.6–49.4) <50% ***
Ferritin μg¨ L´1 187 (41.4–549.7) 15–200

Caeruloplasmin g¨ L´1 0.31 (0.2–0.39) 0.25–0.63
A1AT g¨ L´1 1.32 (1.07–1.95) 1.0–2.0

BMI: body mass index; TC: total cholesterol; HDL: high density cholesterol; TG: triglyceride;
NEFA: non-esterified fatty acids; HOMA-S%: homeostatic model assessment—insulin sensitivity; HOMA-B%:
homeostatic model assessment—β cell function; ALT: alanine transaminase; TIBC: total iron binding
capacity; A1AT: α-1 antitrypsin; Reference ranges are 95th % confidence intervals unless otherwise indicated.
* Clinic target levels; ** Interquartile range; *** British Society for Haematology Guideline 2000 on screening
for haemochromatosis.
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A diagnosis of fatty liver was made by exclusion. The presence of biliary obstruction or other
structural abnormalities were excluded on ultrasonography. Autoimmune liver disease, chronic
hepatitis and metabolic liver disease were excluded by the presence of normal immunoglobulin levels,
absence of autoantibody markers, negative serological tests for hepatitis B and C, and measurements
of serum ferritin, iron saturation, caeruloplasmin, and α-1 antitrypsin (A1AT). No patient had any
clinical manifestations of Wilson’s disease. Excess alcohol consumption (greater than 24 units per
week for men and 14 units per week for women) was excluded on detailed history. Patients treated
with hypoglycaemic agents were excluded. The study was restricted to subjects with ALT levels less
than three times the upper limit of normal (120 U¨ L´1). All patients were following a cardioprotective
diet and were also provided with advice regarding recommended levels of physical activity which
comprises 150 min of moderate intensity aerobic physical activity or 75 min of high intensity aerobic
physical activity per week in combination with muscle-strengthening activities for at least 2 days
a week. Drug treatment was unchanged for six months prior to and during the study. Daily drug
treatment was targeted at treatment of combined dyslipidaemia and consisted of no treatment (N = 3),
statin monotherapy (Simvastatin 10 mg o.d., Simvastatin 40 mg o.d. and Atorvastatin 80 mg o.d.)
(N = 3), statin in combination with Omacor (Atorvastatin 80 mg o.d. with Omacor 2 g per day) (N = 1),
fibrate monotherapy (Fenofibrate 160 mg o.d. and 200 mg o.d.) (N = 2), fibrate in combination
with Omacor (Fenofibrate 267 mg o.d. with Omacor 2 g per day) (N = 1), and Omacor monotherapy
(4 g per day) (N = 1). None of the patients were on thyroxine, β blockers, thiazolidinediones or thiazide
diuretics. All patients provided blood samples in clinic following a minimum of 12 h fasting and had
their height and weight measured, which was used to calculate their body mass index (BMI) as weight
(kg) ˆ height (m´2).

4.2. Laboratory Methods

Serum total cholesterol, high density lipoprotein cholesterol (HDL), triglycerides, iron, total iron
binding capacity (TIBC), % iron saturation of TIBC, and fluoride oxalate plasma glucose were measured
routinely using the standard laboratory protocols of the Department of Clinical Biochemistry at the
Central Manchester University Hospital NHS Foundation Trust (CMFT) using a Roche Modular P
Analyzer. Serum caeruloplasmin was measured by a nephelometric assay on the Beckman Array
Analyser using a Beckman calibrator. Serum ferritin was measured using the standard laboratory
protocol of the Department of Clinical Haematology at CMFT on a Beckman Access Analyser with
reagents supplied by Beckman Coulter. Serum glycerol was measured using Sigma Aldrich GPO PAP
reagents and serum NEFA were measured using Wako NEFA C ACS-ACOD reagents (Wako Chemicals
GmbH, Neuss, Germany) on a Roche Cobas Mira analyzer (Roche, Basel, Switzerland). Serum insulin
was measured by an “in house” method using a polyclonal anti-porcine insulin, raised in guinea-pig
obtained from Diagnostics Scotland, Carluke, Scotland, UK and using 125I labeled Insulin (DSL-1620,
185kBq, DSL Ltd.) obtained through Oxford Bio-Innovation Ltd., Bicester, UK. HOMA-S% and
HOMA-B% were calculated using the Oxford University Calculator HOMA2 2004 [13].

4.3. Estimation of Liver Fat

Two MRS of the liver were performed, at one month intervals, in each patient using a Philips
1.5 Tesla Achieva MR scanner (Amsterdam, The Netherlands). After subjects were positioned to allow
access to an area free of blood vessels, fully relaxed (repetition time, TR = 6 s) and localised 1H MR
spectra were obtained from a 2 ˆ 2 ˆ 2 cm volume using PRESS localization without water suppression
(echo time, TE = 23 ms, 32 averages). T2 relaxation times (the time constant for decay of transverse
components of magnetisation (Mxy)) for water and fat were estimated from a series of 5 spectra
recorded in each session (8 averages, TR = 1600) at TE values of 23, 50, 100, 150, and 200 ms.
Analysis of the spectra was performed using the AMARES routine in the jMRUI deconvolution
software (MRUI consortium) [14], which provided a ratio of intracellular triglyceride to water. The ratio
was corrected for T2 relaxation time differences between water and fat [15,16]. In order to provide
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consistency between serial scans, the second scan performed after a one month interval was obtained
in a similar position with the aid of the first scan. The MRS procedure was well tolerated with only
one patient experiencing claustrophobia.

4.4. Statistical Methods

The standard deviation of MRS estimates of liver fat was calculated from the differences between
the two scans as

‘
[
ř

(differences2)/22]. The normality of the distribution of differences was assessed
using the Shapiro–Wilk W test. All other data are expressed as median (range) because of their
non-parametric distribution. Correlation between variables was calculated as the Kendall Tau rank
statistic with a 2 tailed probability of <0.05 being regarded as significant. The Kruskal Wallace one
way analysis of variance test was used to assess the differences in liver fat content between 3 groups
defined by drug treatment as: “no statin or fibrate treatment”, “statin monotherapy”, and “fibrate
monotherapy”, which were mutually exclusive, and between 2 groups defined as “Omacor treated” or
“not Omacor treated”.

The study was designed to estimate the variability of sequential measures of liver fat to inform
power calculation for future studies. The estimate was considered sufficiently robust after 11 patients,
after review by our statistician.

5. Main Messages

Variability of repeat scans performed one month apart is nearly twice that observed with
immediate repetition, and should be taken into account in the design of interventional trials with
liver fat content as the endpoint. Glycerol is inversely related to liver fat content suggesting down
regulation of fatty acid trafficking consistent with the new paradigm for the pathogenesis of fatty liver.
Caeruloplasmin is inversely related to liver fat content, which is as yet unexplained.
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Abstract: The physiopathology of fatty liver and metabolic syndrome are influenced by diet, life style
and inflammation, which have a major impact on the severity of the clinicopathologic outcome of
non-alcoholic fatty liver disease. A short comprehensive review is provided on current knowledge of
the pathophysiological interplay among major circulating effectors/mediators of fatty liver, such as
circulating lipids, mediators released by adipose, muscle and liver tissues and pancreatic and gut
hormones in relation to diet, exercise and inflammation.

Keywords: fatty liver; insulin resistance; free fatty acids; cholesterol; adiponectin; leptin; insulin;
glucagon; glucagon-like peptide 1; ghrelin; irisin; selenoprotein P

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is associated with a wide pathological spectrum, ranging
from indolent liver fat storage, associated with an asymptomatic benign clinical course, to progressive
cardiovascular, metabolic and/or liver and kidney diseases with higher cancer risks. Insulin resistance
(IR) plays a pivotal role in the pathogenic switch of fatty liver. IR as a hallmark of metabolic
syndrome stems from the complex dimensional interplay among inflammation and key circulating
mediators, organs and tissues, genetic background and major conditioning factors, such as lifestyle
(i.e., diet and physical activity). Here, we review the current knowledge on the dynamics of
major circulating effectors/mediators of fatty liver, such as circulating lipids, released compounds
from adipose, muscle and liver tissues and pancreatic and gut hormones in relation to lifestyle
(i.e., diet and exercise) and inflammation. As renal function is frequently altered in patients with
NAFLD, contributing to organ damage progression, the interplay with renal pathophysiology has also
been addressed for circulating effectors/mediators other than pancreatic hormones.
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2. Circulating Lipids

2.1. Free Fatty Acids (FFA)

Circulating FFA, which represent the major source of hepatic fat accumulation in patients with
NAFLD, are mainly derived from adipose tissue lipolysis and partly from lipoprotein spill over and
are the major fuel substrate for all tissues, except brain during fasting. Thus, their plasma levels are
high during fasting and decline after feeding because of the anti-lipolytic action of insulin. In the
presence of adipose tissue insulin resistance, FFA levels are high, despite high levels of circulating
insulin, because of the resistance to the anti-lipolytic action of this hormone [1,2]. FFAs are involved in
the pathogenesis of different metabolic disorders associated with insulin resistance, and different forms
of FFA have different implications in cardio-metabolic disorders, ranging from protective to harmful
effects [3–7]. Plasma FFAs are reabsorbed in various organs where, if not oxidized, they accumulate
under the form of triglycerides within intra-cytoplasmic lipid droplets, and some lipid intermediates,
such as or diacyl-glycerols (DAG), promote cell lipotoxicity and mitochondrial dysfunction (Figure 1).
Hepatic FFAs can be exported as very low density lipoproteins (VLDL), which can contribute to high
circulating triglycerides and low density lipoproteins (LDL), reduced high density lipoproteins (HDL)
and an increased risk of atherosclerosis [8].

2.1.1. FFA and Diet

Consistent with the above evidence is that a higher saturated fatty acid (SFA) intake was
associated with increased cardiovascular risk [9], whereas a higher intake of polyunsaturated fatty
acids (PUFA) showed a protective effect [10], even if contradictory data arose from studies assessing
the impact of PUFA supplementation on cardiovascular outcomes [11]. From a practical point of view,
a recommended diet should be rich in PUFA and low in SFA.

2.1.2. FFA and Exercise

FFA mobilization and oxidation are higher during low and prolonged versus short and high
intensity exercise [12]. In fact, during high intensity exercise, most energy is derived from glucose,
while the highest use of FFA as a substrate occurs during low intensity exercise (25% of VO2 max).

2.1.3. FFA and Inflammation

Elevated plasma FFA levels, affected also by diet and exercise and resulting from obesity
or high-fat feeding, can cause insulin resistance, as well as low-grade inflammation [13].
Recently, the activation of the c-Jun terminal kinase (JNK) pathway by SFA was demonstrated in in vivo
investigations [14], contributing to the development of hepatic steatosis and insulin resistance, as
well as activation of pro-inflammatory M1 macrophages. Other in vitro studies showed that palmitate
may induce endoplasmatic reticulum (ER) and oxidative stress in hepatocytes [15] and trigger the
inflammasome via the activation of macrophages through TLR2/1 dimerization [16]. On the contrary,
the contribution of unsaturated fatty acids (e.g., oleate, linoleate) to insulin resistance is still debated;
they seem unable to affect the cell, but can impact TG storage [17]. Finally, FFAs are the source of
diacyl glycerol (DAG), triglycerides and other metabolites, such as ceramides, which are synthesized
in the ER of hepatocytes from long-chain SFA, as a substrate [18]. Ceramides were shown to be
lipotoxic to pancreatic cells and involved in hepatic insulin resistance [19], but direct evidence of
their pro-apoptotic role on hepatocytes is missing [20]. Increased hepatic ceramides and saturated
TG and FFA were found in patients with NAFLD [21]. ER stress contributes to NASH progression,
and saturated FFAs were shown to induce an ER stress response in hepatocytes and increased levels of
ER stress in patients with NAFLD/NASH [22].
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2.1.4. FFA and Nonalcoholic Fatty Liver Disease (NAFLD)

The above-mentioned effect of FFA on insulin resistance and low grade inflammation can explain
the link between FFA and NAFLD/NASH. Recent in vitro and in vivo studies support the hypothesis
that FFAs, which are not esterified and compartmentalized in lipid droplets, may induce irreversible cell
damage and trigger pro-inflammatory signaling pathways (lipotoxicity), either alone or in combination
with other lipid metabolites [23–25]. In addition, other in vitro and in vivo studies have shown that
inhibiting hepatic TG synthesis results in an amelioration of hepatic steatosis, but exacerbates liver cell
damage due to an increased intra-hepatic accumulation of FFAs [26]. All together, these observations
suggest a possible protective role for increased hepatic TG synthesis against FFA-mediated cell toxicity.

Figure 1. The key metabolic players and the major pathogenic pathways involved in NAFLD.
Fatty liver is considered to be the hepatic component of metabolic syndrome. Systemic insulin
resistance reduces adiponectin and increases leptin concentrations, while adipose tissue lipolysis
is not suppressed (as shown with the “//” symbol), despite high circulating insulin levels, and plasma
FFA concentration is increased. Increased glucagon levels have also been reported in NAFLD patients.
The altered insulin/glucagon ratio promotes DNL, glycogenolysis and gluconeogenesis in the liver,
thus increasing hepatic glucose production and hepatic insulin resistance. Several hormones secreted
by the gastrointestinal tract regulate glucose/lipid metabolism, as well as food intake and, thus,
might be implicated in the development of NAFLD. Impaired GLP-1 secretion and decreased levels
of GLP-1 receptors have been reported in the liver of subjects with NAFLD, which further impair
hepatic glucose and lipid metabolism. Ghrelin modulates appetite and insulin secretion, and an
increased acylated/deacylated ghrelin ratio exerts anti-inflammatory properties.The liver secretes
several hepatokines, including SeP, which further enhance insulin resistance, increase the production
of small LDL particles that induce atherosclerosis and promote oxidative stress. Adipose tissues
secrete adipokine-like leptin and adiponectin that are involved in the modulation of inflammation,
fatty acid oxidation and energy expenditure, insulin resistance and insulin secretion. Myokines can
also affect glucose and lipid metabolism, e.g., irisin, of which secretion is stimulated by exercise
and induces thermogenesis, although its role has not yet been completely elucidated. Small red
arrows versus the top: indicate increased concentrations; small red arrows versus the bottom: indicate
reduced concentrations.
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2.1.5. FFA and Kidney

The same mechanisms advocating FFA in the pathogenesis of NAFLD/NASH could also
be involved in chronic kidney disease (CKD), where the lipotoxicity of FFAs in kidney cells,
and in particular on podocytes [27], via ER stress, could explain the pathogenic role of obesity in
CKD. Additionally in CKD, although polyunsaturated FAs (such as linoleic acid) probably play a
protective role on the kidneys, saturated FFAs, such as palmitic acid, are responsible for intracellular
lipotoxicity [28,29].

2.2. Cholesterol

Cholesterol is a major lipotoxic molecule, critical in the development of experimental and human
metabolic disorders, such as atherosclerosis [30,31]. Different lines of evidence have reported that
the accumulation of LDL in vessels make macrophages and smooth muscle cells able to convert
esterified cholesterol into cholesterol [31–33]. When intra- and extra-cellular accumulation of cholesterol
cannot be removed HDL mediated mechanisms, this leads to the generation of cholesterol crystals
that, in turn, promote cell death, intima injury and atherosclerotic plaque destabilization [31].
The Seven Countries Study clearly reported a strong link between circulating total cholesterol levels,
cardiovascular mortality and diet, with a higher intake of both refined sugar and fat being associated
with poor outcomes [31], while dietary fibers have a protective effect [33,34].

2.2.1. Cholesterol and Diet

The influence of cholesterol-free diets on cholesterol serum levels is controversial, in spite of
the very large number of different cholesterol-free diet programs [35]. One major reason for this may
be the fact that the impact of different diet components on plasma lipid composition is mediated
by gut microbiota [36]. The interactions between gut microbiota and dietary lipids in regulating
liver and plasma lipid composition, liver gene expression and hepatic cholesterol metabolism were
recently shown in germ-free and normally-raised mice [36]. In a study on mice fed lard, gut microbiota
increased hepatic, but not serum, levels of cholesterol and cholesteryl esters, while, in mice fed fish oil,
neither hepatic nor serum levels of cholesterol and cholesteryl esters were affected [36].

2.2.2. Cholesterol and Exercise

Considering the effect of exercise on cholesterol levels [37], available evidence suggests the
particular effectiveness of higher-intensity aerobic exercise [38] and moderate-intensity resistance
training [39], with a dose-response relationship between activity levels and increases in HDL
cholesterol. However, in order to observe a reduction in plasma cholesterol with exercise training,
a reduction in caloric intake and dietary fat during the exercise training program, resulting in a decrease
in body weight/body fat, is important [40].

2.2.3. Cholesterol and Inflammation

Cholesterol accumulation in macrophages leads to the induction and secretion of two
major inflammatory cytokines, tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6),
which induce inflammation via NLRP3 (nucleotide-binding domain, leucine-rich-containing family,
pyrin domain-containing-3) activation and the production of IL1-β and C-reactive protein, suggesting
that excess ER cholesterol triggers endogenous cellular events. This proinflammatory activity can
explain the link between high cholesterol levels, cholesterol deposition in atherosclerotic plaques and
vascular damage [41].

2.2.4. Cholesterol and NAFLD

Lipidomic analyses of NAFLD have demonstrated that, apart from triglycerides, there is also
an accumulation of free cholesterol (FC) without a similar increase in cholesterol esters (CE) in both
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NAFLD and NASH [42] (Figure 1). Again, the above-mentioned cholesterol-related proinflammatory
mechanisms, involved in vascular damage, have been also linked to cholesterol-mediated liver damage
in NASH [31–33]. Along this line, multiple and complex alterations occur in the pathways of cholesterol
homeostasis in both NAFLD and NASH [43]. Consistently, statin use has been associated with possible
protection from hepatic damage and fibrosis in NAFLD [44].

2.2.5. Cholesterol and Kidney

Several findings suggest the role of systemic and renal lipids in kidney disease development
and progression [45]. In fact, lipid loaded cells (i.e., foam cells) are frequently observed in
many progressive nephropathies, such as in experimental diabetic kidney disease (DKD) and in
focal segmental glomerular sclerosis (FSGS) or minimal change nephropathy in humans [46–48].
Secondly, the high prevalence, in African American subjects, of genetic variants of the APOL1 gene,
encoding apolipoprotein L1 (a component of HDL), may explain the high susceptibility to nephropathy,
in particular to FSGS, of this ethnic group [49]. Finally, some interventions that interfere with
lipid accumulation in glomerular cells (podocytes) are effective in reducing kidney damage in some
experimental kidney diseases [50]. Although no clear benefit of statin use on chronic kidney disease
(CKD) occurrence and/or progression has been demonstrated in a clinical setting [51], the mechanism(s)
by which cholesterol might play a causal role in CKD may be more complex than that which is only
related to serum cholesterol concentration; again, involving its ability to activate pro-inflammatory
mechanisms already involved in atherosclerosis and NASH [45].

3. Adipose Tissue Released Compounds

3.1. Adiponectin

Adiponectin is a cytokine that is mostly produced by adipocytes, its expression being primarily
determined by adipocyte size and insulin sensitivity, with larger, insulin-resistant adipocytes being
less productive [52,53]. It is a “protective” adipocytokine, involved in the regulation of glucose and
lipid metabolism, as well as in inflammation inhibiting NF-κB and TNF-α production in macrophages;
consistent with these data, its serum concentrations are inversely related to obesity and diabetes [54].
Adiponectin levels are inversely related to insulin resistance and are lower in obese subjects and
patients with established insulin resistance, e.g., in type 2 diabetes, NAFLD/NASH and hypertension.

3.1.1. Adiponectin and Diet

High-fat, but not low fat, diets were associated with increased adiponectin levels, whereas a
modest increase was reported with n-3 polyunsaturated fatty acids (PUFA) supplementation [55];
however, on the contrary, conjugated linoleic acid supplementation showed a reduction in adiponectin
levels [55]. In mice, a high-carbohydrate diet was shown to increase adiponectin levels [56], and in
humans, Rezvani et al. reported a significant increase of adiponectin levels during the consumption of
glucose, but not fructose [57]. Some evidence suggests that adiponectin production by adipocytes is
regulated via insulin-stimulated glucose utilization [58].

3.1.2. Adiponectin and Exercise

Mild or moderate physical activity does not change adiponectin levels, though a positive effect
was reported with longer exercise [59]. Consistently, increased serum adiponectin levels paralleled
the improvement of carotid vascular function in obese individuals undergoing intense exercise and
moderate caloric restriction [60].

3.1.3. Adiponectin and Inflammation

While the impact of diet and exercise on adiponectin is controversial, the anti-inflammatory
activity of this adipokine, able to inhibit NF-κB and TNF-α production in macrophages, is well
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established (Figure 1); consistent with these data, its serum concentrations are inversely related
to obesity and chronic metabolic disorders, such as insulin resistance and diabetes. In contrast,
adiponectin levels are elevated in classic chronic inflammatory/autoimmune diseases unrelated
to increased adipose tissue, such as rheumatoid arthritis, systemic lupus erythematosus (SEL),
inflammatory bowel disease, type 1 diabetes (T1D) and cystic fibrosis [61].

3.1.4. Adiponectin and NAFLD

Due to the above-mentioned insulin sensitizing and anti-inflammatory activity of adiponectin,
its plasma levels are decreased in patients with NAFLD and are associated with fat content [62].
After treatment with thiazolidinediones, adiponectin values increase in NASH as a sign of improvement
of hepatic steatosis, necroinflammation and, most importantly, fibrosis [63].

3.1.5. Adiponectin and Kidney

Adiponectin, due to its insulin sensitizing and anti-inflammatory activities, has a protective role
on the kidney [64]. In fact, low adiponectin levels were associated with increased albumin urinary
excretion and histological evidence of kidney damage, both in experimental and clinical studies [65–67].
At odds with these findings, in CKD, the levels of adiponectin are often increased. Whether this finding
represents a compensatory phenomenon or just the consequence of the reduced renal clearance of a
relatively small molecule (30 kD) and/or of an altered signaling at cellular levels is still a matter of
debate [68–70].

3.2. Leptin

Leptin is a cytokine that is primarily secreted from adipose tissue, with a critical role in
the regulation of body weight and fat mass. In obese mice, leptin causes weight loss, increasing
energy expenditure and fatty acid oxidation, reducing appetite and triglyceride synthesis and
counteracting the lipogenic action of insulin [71]. Its role in humans is less clear-cut; only patients
with lipodystrophy have a beneficial effect when treated with leptin, while obese subjects do not lose
weight. Circulating leptin is strongly associated with both subcutaneous and visceral fat [72], and
different studies have hypothesized that obesity might induce a state of leptin resistance. High leptin
levels are associated with reduced insulin secretion, increased gluconeogenesis and reduced glucose
uptake, leading to hyperglycemia and ultimately contributing to increased insulin resistance [73–75]
(Figure 1). Leptin may negatively affect the cardiovascular system by exerting potential atherogenic,
thrombotic and angiogenic activities, as well as, even if with contrasting data, leading to cardiac
hypertrophy [76].

3.2.1. Leptin and Diet

A higher energy storage is directly related to serum leptin levels [71]. Considering different types
of fatty acids: SFAs are associated with increased leptin levels, whereas MUFA and PUFA have an
opposite effect [71]. Finally, fiber and higher protein intake increase leptin sensitivity, which induces
central satiety [71].

3.2.2. Leptin and Exercise

Available evidence suggests that, while acute and short-term physical activity do not affect leptin
levels, longer exercise (at least 60 min) is associated with increased energy expenditure that could lead
to leptin decrease [59]. Accordingly, the adiponectin/leptin ratio results as an independent predictor
of carotid intima-media thickness (CIMT) alterations [77].
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3.2.3. Leptin and Inflammation

Leptin may exert pro-inflammatory activity by the impairment of NO-related vassal relaxation,
via increased oxidative stress, and by increased endothelin expression [54,78], by potentiating the
effect of angiotensin II, which, in turn, increases leptin synthesis by inducing pro-inflammatory
cytokines (e.g., TNF-α, IL-6 and MCP-1 receptor) by increasing the expression of adhesion molecules
(e.g., VCAM-1, ICAM-1 and E-selectin). These features could explain why hyperleptinemia is observed
in many chronic inflammatory diseases [79,80], such as atherosclerosis, and how it can participate
in damage.

3.2.4. Leptin and NAFLD

A recent meta-analysis indicates that circulating leptin levels are higher in patients with NAFLD
than in controls, and higher serum leptin levels were associated with an increased severity of
NAFLD [81]. This is in agreement with the above-mentioned evidence of inflammatory-mediated
damage related to leptin and potential involvement in NASH pathogenesis.

3.2.5. Leptin and Kidney

Leptin is cleared from circulation by glomerular filtration and metabolic degradation in renal
tubules, which accounts for the elevated levels of leptin in CKD patients [79]. Given its anoxygenic and
pro-inflammatory activities, leptin might contribute to malnutrition and inflammation, often observed
in CKD patients, and a consistently higher risk of cardio-vascular morbidity and mortality [80,82,83].
Again, common inflammatory pathways could account for the role of leptin in kidney damage.

4. Pancreatic Hormones and NAFLD

4.1. Insulin

Insulin is secreted by the pancreas in response to changes in glucose concentrations that occur
after a meal or after hormone release, such as catecholamines or glucagon [2]. Insulin tightly regulates
glucose metabolism and plasma concentrations, on the one hand, by promoting glucose uptake in
skeletal muscle and liver (for glucose oxidation or glycogen storage), in adipose tissue (where glucose
is utilized for triglyceride synthesis) and, on the other hand, by suppressing hepatic glucose production.
Insulin also acts on lipid metabolism, as it promotes fatty acid re-esterification into triglycerides in
adipose tissue and liver, but also inhibits peripheral adipose tissue lipolysis (Figure 1). Thus, the role
of insulin in the development of NAFLD is crucial. In the presence of insulin resistance, the pancreas
is stimulated to increase insulin secretion to overcome the defect in peripheral glucose uptake and
to decrease hepatic glucose production. Since the pancreas releases secreted insulin into the portal
vein and the liver clears most of it, the amount of insulin that reaches the liver is much higher than in
the periphery. Thus, when hepatic glucose production rates are high in the presence of high insulin
values, it is recognized as a sign of hepatic insulin resistance [84]. Insulin mainly acts in suppressing
hepatic glycogenolysis, rather than gluconeogenesis; however, until “hepatic autoregulation” is
maintained, fasting glucose concentrations remain within normal ranges (Figure 1). When hepatic
autoregulation is lost, both components of hepatic glucose production (i.e., glycogenolysis and
gluconeogenesis) are increased and assist in the development of fasting hyperglycemia and type
2 diabetes [85]. Finally, different evidence supports a bidirectional link between insulin resistance and
chronic inflammation. However, this topic is not the main goal of the present paper, while being the
object of a huge debate in the literature, as reported in different reviews [86–88].

4.1.1. Insulin and Diet

A carbohydrate-rich diet (with a high glycemic index) determines higher glucose excursion and
triggers a higher insulin secretion rate. Moreover, both lipids and amino acids determine increased
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insulin secretion; oral amino acids elicit a stronger and sustained insulin secretion, as compared to
amino acids given intravenously [89]. In addition, lipids have an incretin effect, and a diet high
in saturated fats determines insulin resistance and a higher glucose-stimulated insulin secretion
(GSIS) [90]. A sustained increase in plasma free fatty acids by long-term intralipid infusion increases
GSIS, but this response was found to be impaired in non-diabetic subjects, genetically predisposed to
develop type 2 diabetes [91].

4.1.2. Insulin and NAFLD

Insulin promotes de novo lipogenesis (DNL) and glyceroneogenesis [25] (Figure 1). Both pathways
are increased in NAFLD, even in non-diabetic patients, contributing to the synthesis of hepatic
triglycerides and the promotion of hepatic steatosis [92]. In addition, patients with NAFLD have
increased hepatic synthesis of palmitate through DNL, and this increases the risk of lipotoxicity and
cell damage [25,93]. Finally, insulin, in the context of insulin resistance, prompts fibrogenesis by stellate
cells [94,95]. Most patients with NAFLD have normal fasting glucose concentrations, but high levels of
fasting insulin and high hepatic insulin resistance. Thus, it is not surprising that NAFLD is a major
risk factor for the development of type 2 diabetes.

4.1.3. Insulin and Exercise

Exercise increases the demand of glucose in the periphery (muscle), and thus, there is a demand
for increased endogenous glucose production (EGP). However, since glucose is immediately used by
the muscle to produce ATP, glucose concentrations are usually stable, and thus, there is no stimulus
for an increase in insulin secretion. However, other hormones, such as glucagon and catecholamine,
are increased during exercise and stimulate EGP [12,96].

4.2. Glucagon

Glucagon is produced and secreted from alpha cells located in clusters of endocrine cells, in
the islets of Langerhans, distributed throughout the pancreas [97]. Glucagon secretion is found to
be increased, not only in diabetes, but also in several insulin resistant states, including NAFLD [98].
The role of glucagon is opposite that of insulin (Figure 1); glucagon stimulates glucose production
via activation of hepatic glycogenolysis and gluconeogenesis by inhibition of glycolysis [98]. It also
regulates fatty acid metabolism via stimulation of peripheral lipolysis, reduction of malonyl-CoA and
stimulation of fatty acid oxidation [99]. However, the most recent data indicate that glucagon is also
involved in amino acid metabolism, both because amino acids can stimulate glucagon secretion and
because glucagon can stimulate protein metabolism [98].

4.2.1. Glucagon and Diet

Glucose is the most important regulator of pancreatic glucagon secretion. In normal glucose
tolerant (NGT) subjects, when glucose concentrations are high, glucagon secretion is suppressed, and
when there are low glucose concentrations, glucagon secretion is increased, securing an essential
supply of energy (i.e., glucose) to the central nervous system and muscles. In patients with diabetes,
glucagon concentrations are elevated in the fasting state and fail to decrease appropriately, or even
increase, during an oral glucose tolerance test (OGTT) or after ingestion of a mixed meal [100–102].
Certain amino acids, such as glutamine, alanine and arginine, are also important glucagon secretors,
with the latter being the most potent stimulatory amino acid [103,104]. Fat intake also increases
glucagon secretion [105].

4.2.2. Glucagon and NAFLD

Since glucagon stimulates lipolysis and reduces lipogenesis [99], glucagon was proposed as a
therapy option for hepatic steatosis [106]. Similarly, it was thought that the reduction of glucagon
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signaling, i.e., via the use of glucagon receptor antagonists, might lead to the accumulation of lipids
in the liver [107]. However, more recent studies [108] have shown that glucagon receptor knockout
mice have reduced hepatic lipid contents compared with wild-type mice. The impact of glucagon on
NAFLD has not been elucidated. Junker and colleagues [109] have shown that patients with NAFLD
have fasting hyperglucagonemia, independent of their glucose tolerance status. According to the
authors, this finding suggests that NAFLD might be involved in the generation of hyperglucagonemia
in T2D, which is supported by several animal studies [110].

4.2.3. Glucagon and Exercise

Exercise induces an increase in glucagon secretion in order to increase hepatic glucose production
and gluconeogenesis. However, although pancreatic hormones are important in the stimulation of
EGP during low or moderate intensity exercise, during strenuous exercise (i.e., 80% VO2 max), EGP is
increased, mainly because of increased catecholamine, while changes in glucagon and insulin are not
necessary to stimulate the increase in Ra [96].

4.2.4. Glucagon and Inflammation

Patients with trauma, burns or sepsis normally exhibit increased plasma levels of glucagon,
in order to promote gluconeogenesis, increase circulating glucose and compensate for the energetic
demand of the body during these extreme situations [111]. Interestingly, significant increases of both
glucagon and inflammatory mediators occur after a high fat high carbohydrate meal, as compared
with an American Heart Association-recommended meal [112]. Plasma IL-6, a pro-inflammatory
cytokine, is elevated in physiological and pathophysiological settings where glucagon is also elevated,
such as exercise [113], diabetes [114] and inflammatory stress [115]. Tweedell et al. have demonstrated
that IL-6-deficient (IL-6-KO) mice have a blunted glucagon response to acute inflammation compared
with their wild-type littermates, while glucagon response is completely rescued by intravenous
replacement of IL-6 [116]. Consistent with this, Ortega and colleagues demonstrated that, in patients
with altered glucose tolerance, but not in NGT subjects, circulating glucagon levels were associated
with inflammatory mediators, such as IL-6 [111].

5. Gut Released Hormones

5.1. GLP-1

Glucagon-like peptide 1 (GLP-1) is an incretin hormone produced mainly by the L-cells of the
gut in response to food intake. GLP-1 has an important role in the regulation of glucose metabolism,
since it potentiates insulin secretion and inhibits glucagon release [117,118] (Figure 1). GLP-1 exerts its
effect through binding to GLP-1 receptors, which are mainly expressed in the pancreas and brain, but
also in the heart, liver, colon and kidney [117]. Other effects of GLP-1 include the central suppression of
appetite and the induction of satiety by delaying gastric emptying [117,119]. Other than these classical
activities, GLP-1 seems to be able to modulate the function of different key organs by interacting with
GLP-1 receptors present in the lung, stomach, liver, colon, kidney and heart. Consistent with these data,
growing evidence suggests a direct protective effect of GLP-1 on the cardiovascular system [117,119].

5.1.1. GLP-1 and Diet

GLP-1 release can be stimulated by mixed meals or individual nutrients, including glucose and
other sugars, fatty acids, essential amino acids and dietary fiber. Oral, but not intravenous, glucose
administration stimulates GLP-1 secretion in humans [120].
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5.1.2. GLP-1 and Exercise

Exercise-related studies have shown that healthy people have increased levels of incretin
hormones, such as GLP-1, after physical activity [121]. Lee et al. showed higher GLP-1 levels after
high intensity vs. low intensity exercise, with matched energy expenditures [122].

5.1.3. GLP-1 and Inflammation

GLP-1 receptor agonists (GLP-1RAS) have anti-inflammatory effects in different cell types,
including human umbilical vein endothelial cells, glomerular endothelial cells, monocytes
and macrophages [123,124]. GLP-1 levels decreased for a mean duration of 7.5 months in a
retrospective analysis of 110 obese patients with T2D who were treated with liraglutide [125].
Consistently, TNF-α induced systemic inflammation and reduced GLP-1 concentrations, thereby
reducing the suppression of endogenous glucose production (EGP) during GLP-1 infusion [126].

5.1.4. GLP-1 and NAFLD

In vitro studies have shown that human hepatocytes express the GLP-1 receptor [127,128].
In liver tissue, the expression of GLP-1 receptors is controversial [117], but Svegliati-Baroni was
able to demonstrate that, in human livers of subjects with NASH, both the expression and protein
content of GLP-1R were decreased compared to subjects without NASH [128]. In subjects with hepatic
steatosis, open-label studies have shown that exenatide may improve liver enzymes and decrease
steatosis when assessed by magnetic resonance spectroscopy (MRS) [129,130] and even improve
histology [131]. A recent study by Armstrong et al. has shown that, after 48 months of double blind
treatment with liraglutide vs. placebo (the LEAN study), 39% of patients receiving liraglutide vs. 9% of
those receiving placebo had a resolution of definite non-alcoholic steatohepatitis with no worsening in
fibrosis [132]. Among the mechanisms that lead to the improvement in liver histology were significant
weight loss, reduced FFA flux to the liver, reduced de novo hepatic DNL and the above-mentioned
anti-inflammatory activities [133] (Figure 1). All in all, these findings qualify GLP-1RA as a potential
candidate for the treatment of NAFLD.

5.1.5. GLP-1 and Kidney

The effects of GLP-1 on glucose metabolism and inflammation, again, can indirectly benefit the
kidney. Furthermore, incretin may also have direct renal effects, since its specific receptors have
been described both in renal tubular and in glomerular cells [123,134]. One potential mechanism by
which GLP-1 may play a nephro-protective role is its natriuretic activity, due to the direct inhibition
of two key sodium transporters (Na-hydrogen exchanger-3 and sodium-glucose co-transporter-2) at
the tubular level [124]. Furthermore, GLP-1 might also have a positive hemodynamic effect on the
kidney by its stimulating and inhibitory effects on atrial natriuretic peptide (ANP) and angiotensin 2,
respectively [125].

5.2. Ghrelin

Ghrelin is a hormone that is mainly derived from the stomach and duodenum, with a key role
in growth hormone release and in food intake control by inducing appetite and controlling energy
expenditure [135]. Ghrelin molecules are present as two major endogenous forms, an acylated form,
which is the biologically-active form of ghrelin (AG), and a de-acylated form (DeAG) that does not bind
to ghrelin receptors [136]. AG is secreted before a meal and disappears more rapidly from plasma than
total ghrelin, with an elimination half-life of 9–13 vs. 27–31 min. The main organ that secretes ghrelin
is the stomach, where 65%–90% of the circulating ghrelin is synthesized, followed by the small bowel,
and in small amounts by other organs, including liver, pancreas, hypothalamus, kidney, liver, fat,
muscle and heart (Figure 1). Ghrelin O-acyltransferase (GOAT), the enzyme responsible for acylation,
was found to be involved in glucose metabolism, insulin resistance, lipid metabolism dysfunction
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and inflammation [137,138]. GOAT is expressed in several organs, mainly in the gastrointestinal tract,
but also in the central nervous system, pancreas, heart, kidney, muscle, tongue, testis, thymus and
adipose tissue, but not in the liver.

5.2.1. Ghrelin and Diet

Ghrelin levels (both AG and DeAG) increase with prolonged food deprivation and prior to meal
time, while decreases in weight gain, adiposity and in the post-prandial phase with a magnitude
proportional to caloric intake and macronutrient content [135,139,140]. GOAT expression and activity
and, thus, the availability of AG are modified by dietary lipids, in particular by the availability of short
and medium chain fatty acids [138]. Specifically, in a trial using isocaloric beverages, mostly containing
fat or carbohydrates or proteins, the lipid drink was the least effective, and the protein drink was the
most effective in lowering ghrelin levels, while the carbohydrate drink induced the largest drop in
ghrelin levels and was then followed by a significant rebound [141]. Van Name et al. studied the AG
response to glucose and fructose beverage in lean and obese adolescents (IS or IR). They found that
AG levels were suppressed after either glucose or fructose consumption in lean subjects. In obese IS
subjects, AG suppression was higher after glucose as compared to fructose consumption, whereas in
obese IR subjects, suppression of AG was blunted following fructose consumption [142]. Thus, it would
appear that, in addition to obesity in adolescents, the presence of insulin resistance further limits
the capacity of fructose to suppress this key orexigenic hormone and may continue to promote
hunger and overconsumption of fructose (or other calories), particularly in obese adolescents who are
insulin resistant.

5.2.2. Ghrelin and Exercise

Contradictory results exist on the effect of physical activity on ghrelin levels. Short-term running,
cycling or rowing exercise do not alter plasma total ghrelin [143–145]. On the other hand,
Mackelvie et al. showed that daily exercise for five consecutive days (1-h sessions of aerobic exercise)
is associated with an increase in plasma concentrations of AG, independent of the acute effect of
exercise and from changes in weight or markers of insulin sensitivity. In addition, the increase in AG
was more pronounced in normal weights compared with overweight subjects and was associated
with an increase in markers of appetite [146]. However, Shiiya et al. report that plasma AG, but not
DeAG levels, are suppressed during acute moderate exercise (cycle exercise for 60 minutes at 50% of
VO2 max) [146]. From a clinical point of view, this seems more reasonable since exercise increases
appetite and exercise is associated with an increase in ghrelin levels (total or acylated form). However,
more studies are needed to address the links between different forms of exercise, type, intensity and
duration and ghrelin yield.

5.2.3. Ghrelin and Inflammation

Ghrelin, and especially AG, exert anti-inflammatory activity by reducing the production
of pro-inflammatory cytokines, such as IL-1, IL-6 and TNF-α, via suppression of NF-κB [137].
The anti-inflammatory properties of ghrelin are consistent with the evidence from murine models that
ghrelin prevents diabetes [139] and has a protective cardiovascular effect. These anti-inflammatory
properties of ghrelin prompt the ghrelin-GOAT system as a promising new target for the treatment
of NASH [137]. AG can improve cardiac function by increasing cardiac output, ameliorating
cardiac contractility, acting on cardiac remodeling, reducing pulmonary hypertension, reducing fatal
arrhythmia after myocardial infarction and leading to vasodilation [139,147–150].

5.2.4. Ghrelin and NAFLD

Whether ghrelin levels are altered in NAFLD is still controversial, as Marchesini et al. [151]
reported low total ghrelin levels, while Mykhalchyshyn et al. [152] found high serum levels of AG
in NAFLD compared to controls. However, the above-mentioned effects of ghrelin on energy and
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lipid metabolism, IR, inflammation and apoptotic cell death, which are common to both obesity and
NAFLD, highly suggest its interplay with NAFLD/NASH pathogenesis [137].

5.2.5. Ghrelin and Kidney

In CKD, increased levels of total ghrelin, but not of AG, are frequently observed, due to the
reduced metabolic clearance of the total (mainly DeAG) by failed kidneys. The consequently-reduced
AG/DeAG ratio might contribute to inflammatory and malnutrition status, which is typical in many
CKD patients [153,154].

6. Muscle Released Compounds

6.1. Irisin

Irisin is a recently-discovered myokine, encoded by the FNDC5 gene; it is implicated in the
regulation of energy homeostasis and metabolism and the interactions between skeletal muscle
and other tissues (Figure 1). Irisin can induce the differentiation of white adipose into brown
adipocytes, along with upregulation of uncoupling protein 1 (UCP1) expression and an increase
in heat production [155,156]. Accordingly, circulating irisin can increase total energy expenditure,
thus reducing obesity and insulin resistance [155,156].

6.1.1. Irisin and Diet

Results of studies on the effect of diet on irisin concentrations are not unanimous. Some studies
report that irisin is not affected by food intake [157], while others indicate that irisin levels are positively
associated with increasing fruit intake and negatively associated with meat consumption [158].
Finally, an inverse association between irisin and higher caloric intake has been shown [159].

6.1.2. Irisin and Exercise

The reported relationship between irisin and exercise are also contradictory. Some reports have
claimed increased irisin serum levels in subjects who exercise [156], while a recent meta-analysis
reported that chronic exercise training leads to significantly-decreased circulating irisin levels in
randomized controlled trials only, with evidence remaining inconclusive in some other studies [160].

6.1.3. Irisin, NAFLD and Inflammation

To the best of our knowledge, there is only one study in which lower irisin levels were
independently associated with higher intrahepatic triglyceride content, as assessed by 1H magnetic
resonance spectroscopy [161]. However, in a recent study by Polyzos and colleagues [162], irisin levels
were slightly higher in patients with NAFLD and significantly higher in NAFLD patients with portal
inflammation, as compared to those without portal inflammation. Contrasting data on higher or lower
serum irisin levels in relation with metabolic disorders, diet and exercise are worth further investigation
and could be mostly due to the inaccuracy and lack of standardization of commercially-available
ELISA assays. Mechanisms underlying the protective metabolic effects of irisin are not well understood
and seem to be mostly related to higher induced energy expenditure and not to anti-inflammatory
activities, such as NF-κB inactivation [157–159].

6.1.4. Irisin and Kidney

CKD patients have been reported to have lower, normal or higher energy expenditures than
normal healthy people. The discrepancy among the different studies may be due to many factors related
to the type of CKD stage, different therapies and also other, as of yet, unrecognized factors [163,164].
In this complex picture, a recent paper reported an inverse relationship between serum irisin levels
and intima-media thickness in dialysis patients [165]. It is also well known that malnourished CKD
patients have a worse outcome compared, not only with normally-nourished, but even obese CKD
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patients. Irisin levels have been found to be lower in CKD patients, and its concentrations were directly
dependent on renal function and were related to the components of metabolic syndrome [166,167].
Furthermore, higher irisin levels were associated with sarcopenia in peritoneal dialysis patients [165].
On the basis of these considerations, irisin has been suggested as a candidate for the malnutrition
status, often found in the more advanced stages of CKD. However, as for liver diseases, the role and
the mechanisms by which irisin affects CKD remain to be further investigated.

7. Liver-Released Compounds

7.1. Selenoprotein P

Selenoprotein P (SeP; encoded by SEPP1 in humans) is a secretory protein produced mainly by the
liver [168,169] that functions as a selenium transporter from the liver to the rest of the body [170,171].
SeP functions as a hepatokine that contributes to insulin resistance in type 2 diabetes [172] (Figure 1).
Importantly, the RNA interference-mediated knockdown of SeP improves insulin resistance and
hyperglycemia in a mouse model of type 2 diabetes, suggesting the suppression of SeP production in
the liver [173].

7.1.1. Selenoprotein P and Diet

SeP serum levels are directly correlated with the selenium (Se) diet supply (up to 0.1 mg/kg),
and Se plays a pivotal role in homeostasis, with its inextricable U-shaped link with health status.
Additional selenium intake may benefit people with low levels, whereas it may adversely affect those
with adequate-to-high selenium levels. Individuals with serum or plasma selenium concentration of
122 μg/L or higher should not be supplemented with selenium [174].

7.1.2. Selenoprotein P and Exercise

SeP serum levels represent the biologically-active body Se-pool that was shown to slowly decrease
during basic training in both trained and untrained individuals [175].

7.1.3. Selenoprotein P and Inflammation

SeP acts as an intracellular antioxidant in phagocytes, modulating inflammatory response via
switching macrophage differentiation from M1 to M2 and, of consequence, limiting pathogenicity
and oxidative damage [176,177]. On the other hand, SeP serum levels were shown to be lowered by
acute-phase inflammatory response [178,179]. A systemic inflammatory response produces cytokines,
inhibiting the expression of SEPP1 and reducing selenium levels; pro-inflammatory cytokines,
downregulating the SELP promoter in vitro, can, overall, reduce the anti-inflammatory effects of
SeP [180]. The interplay between SeP and inflammation may be the link of such a molecule with
atherosclerosis, and some controversial epidemiologic data in type 2 diabetes exist [181]. Higher serum
levels, inversely related to adiponectin and hepatic SeP concentrations, were reported in patients
with type 2 diabetes, with a direct and independent link between SeP and both serum C-reactive
protein levels and carotid intima-media thickness, while lower SeP expression was observed in
murine adipocytes [173,182,183]. Differences in diabetes-related inflammation and the U-shaped
association between SeP and type 2 diabetes risk, mimicking the U-shaped link of Se with health
status, might explain some of the apparently contradictory epidemiologic findings. All of these data
are worthy of further studies and validation, but indicate the key role of SeP in inflammatory-related
cardiovascular alterations.

7.1.4. Selenoprotein P and NAFLD

SeP was found to be increased in NAFLD patients after correction for confounding factors [184].
However, the role of SeP in NAFLD remains to be well elucidated, even if they are able to act,
as mentioned earlier, by their ability to modulate inflammatory response and insulin resistance.
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In addition, different evidence suggests that metformin improves systemic insulin sensitivity through
the regulation of SeP production, suggesting a novel potential therapeutic approach to treating type 2
diabetes [185].

7.1.5. Selenoprotein P and Kidney

SeP is the major carrier transporting selenium to target tissues and organs, including kidneys,
were it is taken up by mechanisms, which are dependent, by specific receptor-related proteins [186].
According to Reinhardt and colleagues, in patients with CKD, SeP concentrations increase with
impaired renal function (even after correction for age and CRP concentrations), whereas SeP
concentrations are significantly lower in dialysis patients [187]. The reasons for the discrepant SeP
concentrations among the stages of chronic renal failure are not yet completely defined, though the
increased inflammatory status in dialysis patients [188] could play an important pathogenic role.

7.2. Fetuin-A

Human Fetuin-A/a2-Heremans-Schmid glycoprotein is an abundant 59-kDa serum glycoprotein,
produced principally by the liver (thus, it can be classified as a “hepatokine”), and adipose tissue [189].
It works as a natural inhibitor of insulin receptors in the liver and skeletal muscle [190] and also
exerts pro-adipogenic effects and suppresses adiponectin release [191]. Deletion of Fetuin-A improves
insulin resistance and dyslipidemia and enhances glucose clearance in mice [192], whereas with
genetic variants in humans, Fetuin-A has been associated with type 2 diabetes [193] and is linked with
insulin action in adipocytes [194]. Serum Fetuin-A levels have been shown to correlate with metabolic
syndrome and its main features [191].

7.2.1. Fetuin-A and Diet

In the general population, circulating Fetuin-A was decreased by alcohol intake and milk/dairy
product intake, whereas meat and fish had no effect [195]. Resveratrol and curcumin intake may
decrease Fetuin-A release [196].

7.2.2. Fetuin-A and Exercise

Short-term exercise training has been shown to reduce Fetuin-A levels, contributing to
improvement in hepatic insulin sensitivity, especially in patients with NAFLD [197], although evidence
concerning other exercise regimens is still controversial [198].

7.2.3. Fetuin-A and Inflammation

Fetuin-A does not seem to be directly regulated by inflammation, and no correlation was observed
between hepatic inflammation and serum levels in patients with NAFLD [199].

7.2.4. Fetuin-A and NAFLD

Increased Fetuin-A has been reported in obese children and lean adults with NAFLD [199,200].
In patients with NAFLD, Fetuin-A levels were associated with the severity of steatosis, were influenced
by genetic risk factors for hepatic fat accumulation and also correlated with insulin resistance and
metabolic syndrome features [199]. Consistent with the above-mentioned lack of interplay between
Fetuin-A and inflammatory response, no correlation was observed between hepatic inflammation and
serum Fetuin-A levels in patients with NAFLD [189]. Fetuin-A could affect NAFLD/NASH because it
is implicated in the development of insulin resistance and accelerated atherogenesis associated with
fatty liver [199,201].
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7.2.5. Fetuin-A and Kidney

Fetuin-A is also an inhibitor of vascular calcification, is progressively reduced in patients with
renal failure and may modulate the progression of atherosclerosis in patients with chronic kidney
disease [202].

8. Conclusions

Recent years have brought a great deal of new insights into the complex and dynamic interplay
among the multiple effectors/mediators of fatty liver disease. Genomic, meta-genomic and metabolic
profiling technologies and other top-down systems biology approaches are well suited for studies
of metabolic syndrome and fatty liver disease. The appropriate analysis and interpretation of
the physiopathological signatures require a new system of approaches to study and stratify the
multifaceted clinical profiles of fatty liver and metabolic syndromes. Bio-statistical modeling will help
to identify and combine genomic and meta-genomic determinants of the metabolic pathways and
protein interaction networks. Similarly, the systems approach will help to stratify and re-define clinical
phenotypes assessing the multiple nature of disease susceptibility and progression. The integration of
metabolomic with genomic and meta-genomic markers will improve the understanding of metabolic
syndrome and fatty liver disease, and the combined molecular and clinic-pathologic stratification of
individuals with metabolic syndrome will allow redefining risks and prognoses, as well as identifying
new diagnostic criteria, new markers of disease progression and new endpoints of clinical trials for
specific groups of individuals with fatty liver.

Author Contributions: All authors contributed in preparing the draft; All authors revised the draft; All authors
approved the final version of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

AG acylated ghrelin
AMPK adenosine monophosphate-activated protein kinase
ANP atrial natriuretic peptide
BAT brown adipose tissue
BMI body mass index
CIMT carotid intima-media thickness
CKD chronic kidney disease
CRP C-reactive protein
DAG diacyl glycerol
DeAG des-acylated ghrelin
DKD diabetic kidney disease
DNL de novo lipogenesis
ELISA enzyme-linked immunosorbent assay
FC free cholesterol
FFA free fatty acid
FNDC5 fibronectin type III domain-containing protein 5
FoxO3a forkhead box O3a
FSGS focal segmental glomerular sclerosis
GLP-1 glucagon-like peptide 1
GLP-1R glucagon-like peptide 1 receptor
GNG gluconeogenesis
GOAT ghrelin-ghrelin O-acyltransferase
(Oct)-1 organic cation transporter
IR insulin resistance
IS insulin sensitive
JNK c-Jun terminal kinase
LDL low density lipoprotein
MRS magnetic resonance spectroscopy
MS metabolic syndrome
MUFA monounsaturated fatty acids
NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis
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NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells
NGT normal glucose tolerance
NLRP3 nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing-3
NO nitric oxide
OGTT oral glucose tolerance test
PUFA polyunsaturated fatty acids
SC subcutaneous
Se selenium
SeP selenoprotein P
SEPP1 selenoprotein P, plasma 1
SFA saturated fatty acids
T2D type 2 diabetes
TLR toll like receptors
TNF-α tumor necrosis factor-α
UCP1 uncoupling protein 1
VS visceral
VLDL very low density lipoprotein
WAT white adipose tissue
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Abstract: Over the past 10 years, it has become increasingly evident that nonalcoholic fatty liver
disease (NAFLD) is a multisystem disease that affects multiple extra-hepatic organ systems and
interacts with the regulation of several metabolic and immunological pathways. In this review we
discuss the rapidly expanding body of clinical and epidemiological evidence supporting a strong
association between NAFLD and chronic plaque psoriasis. We also briefly discuss the possible
biological mechanisms underlying this association, and discuss treatment options for psoriasis that
may influence NAFLD development and progression. Recent observational studies have shown that
the prevalence of NAFLD (as diagnosed either by imaging or by histology) is remarkably higher
in psoriatic patients (occurring in up to 50% of these patients) than in matched control subjects.
Notably, psoriasis is associated with NAFLD even after adjusting for metabolic syndrome traits
and other potential confounding factors. Some studies have also suggested that psoriatic patients
are more likely to have the more advanced forms of NAFLD than non-psoriatic controls, and that
psoriatic patients with NAFLD have more severe psoriasis than those without NAFLD. In conclusion,
the published evidence argues for more careful evaluation and surveillance of NAFLD among patients
with psoriasis.

Keywords: nonalcoholic fatty liver disease; NAFLD; nonalcoholic steatohepatitis;
management; psoriasis

1. Introduction

Psoriasis is a chronic, immune-mediated, inflammatory skin disease that affects approximately
2%–3% of the adults in the general population of Western countries [1,2]. This disease is known for
its typical cutaneous manifestations; described as well-demarcated, erythematous oval plaques with
adherent silvery scales. However, recent studies have also linked psoriasis with multiple comorbid
conditions, including arthritis, uveitis, inflammatory bowel diseases, depression, osteoporosis,
cardiovascular disease and metabolic syndrome [3].

In parallel, nonalcoholic fatty liver disease (NAFLD) is the most frequent liver disease worldwide,
affecting an estimated 30% of the adult population in developed countries [4,5]. NAFLD and the
metabolic syndrome are mutually and bi-directionally associated, as these two pathologic conditions
share insulin resistance as a common pathophysiological mechanism [6–8]. NAFLD encompasses

Int. J. Mol. Sci. 2016, 17, 217; doi:10.3390/ijms17020217 www.mdpi.com/journal/ijms287



Int. J. Mol. Sci. 2016, 17, 217

a spectrum of pathologic conditions ranging from simple steatosis to nonalcoholic steatohepatitis
((NASH) featuring steatosis associated with inflammatory changes, hepatocellular ballooning and
pericellular fibrosis), to advanced fibrosis and cirrhosis. NAFLD is projected to become the most
common indication for liver transplantation in the United States by 2030 [5,9]. However, over the past
10 years, it has become increasingly clear that NAFLD is not only associated with increased liver-related
mortality or morbidity, but also is a multisystem disease affecting a variety of extra-hepatic organ
systems, including the heart and the vascular system [9,10]. Cardiovascular disease represents the
primary cause of mortality in NAFLD patients [9,10].

In this updated review we will discuss the clinical evidence supporting a link between NAFLD
and chronic plaque psoriasis, and the putative mechanisms underlying this association. We will also
briefly discuss some of the therapeutic options for psoriasis that may influence NAFLD development
and progression. We extensively searched PubMed database to identify original articles published
through December 31st 2015, using the following key-words “nonalcoholic fatty liver disease” or
“NAFLD” combined with “chronic plaque psoriasis”, “psoriasis” or “psoriatic treatment”.

2. Epidemiology, Clinical Manifestations and Pathogenesis of Psoriasis

Psoriasis is a chronic, recurrent, immune-mediated inflammatory disease of the skin,
affecting approximately 2%–3% of the general adult population in many parts of the world [1].
The prevalence of this disease in adults ranges from approximately 1% (United States) to 8.5%
(Norway). The incidence estimate varies from approximately 80/100,000 person-years (United States) to
230/100,000 person-years (Italy) [1]. Epidemiological studies suggest that the prevalence of psoriasis
varies according to increasing age and is more common in countries more distant from the equator [1].
However, additional studies are needed to better understand the epidemiology of psoriasis and trends
in incidence over time.

Psoriasis manifests as raised, irregularly round and well-demarcated erythematous lesions that
are usually covered by silver scales (Figure 1).

Psoriatic lesions are distributed symmetrically on the scalp, elbows, knees, lumbo-sacral area and
in the body folds. Psoriatic lesions are frequently symptomatic with pruritus by far the most bothersome
skin symptom reported by the patients, even for those with limited disease, followed by scaling and
flaking. Psoriasis may have a negative impact on the physical, emotional and psychosocial wellbeing
of affected patients. About one third of patients have symptoms of arthritis, which might be very
disabling in the more severe cases [11]. Psoriasis is also frequently associated with multiple metabolic
co-morbidities, including abdominal overweight or obesity, type 2 diabetes, metabolic syndrome and
NAFLD [3,12,13].

The exact aetiology of psoriasis is largely unknown. However, strong evidence indicates that
psoriasis is a chronic inflammatory skin disease, occurring against a predisposing genetic background.
The pathogenesis of psoriasis is complex, with a combination of genetic and environmental factors playing
an integrated role [2]. The contribution of genetic factors to the pathogenesis of psoriasis is extensive,
with the human leukocyte antigen (HLA)-C*06 showing the most significant association, although
genome-wide association studies have identified more than 35 psoriasis risk gene regions primarily
involved in innate and adaptive immunity [14]. A deregulated cytokine network occurs in psoriasis,
leading to the release of multiple pro-inflammatory mediators from immune cells, which in turn induce
increased keratinocyte proliferation [15]. Psoriasis is thought to be a T cell-driven disease, with the Th1
and Th17 cell populations playing a major role. These immune cells produce a variety of pro-inflammatory
cytokines, including tumour necrosis factor (TNF)-α, interleukin (IL)-6, IL-17, IL-22 and interferon-gamma,
resulting in abnormal differentiation and proliferation of keratinocytes, blood vessels dilatation and
inflammatory infiltration of leukocytes into the dermis and epidermis [15,16]. A number of environmental
factors have been also identified as possible triggers of psoriasis, including physical traumas (known as
Koebner’s phenomenon), bacterial infections, stressful life events or use of some drugs, such as interferon
α and lithium salts [2,15]. However, more precise identification of genetic and environmental factors that
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are potentially involved in the development of psoriasis will help to better elucidate the pathogenesis of
this disease and identify new targets for a more specific and effective treatment.

 

Figure 1. Psoriatic lesions on the elbows.

3. Epidemiological Evidence Linking Nonalcoholic Fatty Liver Disease (NAFLD) to Psoriasis

Given the strong relationship of the metabolic syndrome with both psoriasis [3,12,13] and
NAFLD [4–6], it is perhaps not surprising that these two latter diseases may coexist within the
same individual.

In a case report published in 2001 Lonardo et al. [17] were the first to describe three cases of
concurrent psoriasis vulgaris and NASH, diagnosed on biopsy. All patients were obese and had other
features of the metabolic syndrome. Similarly, Matsumoto et al. [18] described a case of a young obese
psoriatic man with NASH that improved after hypocaloric diet.

As detailed in Table 1, after these pioneering case reports, multiple observational (cross-sectional and
case-control) studies have recently assessed whether NAFLD (as diagnosed either by ultrasonography
or by histology) is associated with psoriasis [19–27].
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Table 1. Principal studies examining the relationship between NAFLD and psoriasis (ordered by
publication year).

Authors, Year
(Reference)

Study Characteristics NAFLD Diagnosis Main Findings

Gisondi et al.
2009 [19]

Cross-sectional:
130 consecutive Italian
patients with chronic
plaque psoriasis and 260
healthy controls matched
for age, sex and BMI

Ultrasonography

Prevalence of NAFLD was remarkably higher in psoriatic
patients than in matched controls (47% vs. 28%; p < 0.001).
Patients with psoriasis and NAFLD were more likely to have
metabolic syndrome and had higher serum C-reactive protein
concentrations and greater severity of psoriasis according to
PASI score than those with psoriasis alone. At multivariate
linear regression analysis, NAFLD was associated with higher
PASI score (standardized β coefficient 0.19, p = 0.03),
independent of age, sex, BMI, psoriasis duration and
alcohol consumption

Miele et al.
2009 [20]

Retrospective,
case-control: 142 Italian
patients with psoriasis
and 125 non-psoriatic
patients with
biopsy-proven NAFLD
comparable for age
and BMI

Ultrasonography
and biopsy

Prevalence of NAFLD was 59.2% in the cohort of psoriatic
patients. In these patients NAFLD was significantly associated
with metabolic syndrome and psoriatic arthritis. Compared
with the non-psoriatic NAFLD cohort, psoriatic patients with
NAFLD were likely to have more severe NAFLD reflected by
either non-invasive NAFLD Fibrosis score or AST/ALT ratio >1

Madanagobalane
et al. 2012 [21]

Cross-sectional:
333 Indian psoriatic
patients and 330 controls
matched for age, sex
and BMI

Ultrasonography
and liver enzymes

Prevalence of NAFLD was higher in psoriatic patients than in
matched controls (17.4% vs. 7.9%; p < 0.005). Psoriatic patients
with NAFLD had more severe psoriasis than those without
NAFLD. In a subset of participants, psoriatic patients had more
severe forms of NAFLD than non-psoriatic patients with
NAFLD (as estimated by non-invasive fibrosis markers)

van der Voort
et al. 2014 [22]

Cross-sectional:
population-based cohort
of 2292 Dutch elderly
participants
(the Rotterdam Study)

Ultrasonography

Prevalence of psoriasis was 5.1% (by a validated algorithm).
Prevalence of NAFLD was higher in psoriatic patients than in
participants without psoriasis (46.2% vs. 33.3%, p = 0.005).
Psoriasis was associated with NAFLD (OR 1.70, 95% CI 1.1–2.6,
p = 0.01), independent of age, sex, alcohol consumption,
pack-years and smoking status, metabolic syndrome, and serum
ALT levels

van der Voort
et al. 2015 [23]

Cross-sectional:
population-based cohort
of 1535 elderly
participants
(the Rotterdam Study) of
whom 74 (4.7%)
had psoriasis

Ultrasonography
and transient
elastography
(Fibroscan)

Prevalence of NAFLD was higher in subjects with psoriasis than
in those without psoriasis (44.3% vs. 34%, p < 0.05). Moreover,
prevalence of advanced liver fibrosis was 8.1% in psoriatic
patients compared with 3.6% in the control group (p < 0.05).
Multivariate logistic regression analysis revealed that the risk of
advanced liver fibrosis remained higher in psoriatic patients
after adjustment for age, sex, alcohol consumption, serum ALT
levels, presence of metabolic syndrome and hepatic steatosis
(OR 2.57, 95% CI 1.0–6.6)

Gisondi et al.
2015 [24]

Cross-sectional:
124 Italian patients with
psoriasis and
79 healthy controls

Ultrasonography

Prevalence of NAFLD was higher in psoriatic patients than in
controls (44% vs. 26%, p < 0.001). NAFLD fibrosis score was also
higher in psoriatic patients (p < 0.001). Multivariate regression
analysis revealed that psoriasis was associated with higher
NAFLD fibrosis score, independent of age, sex, BMI,
hypertension and pre-existing diabetes

Abedini et al.
2015 [25]

Cross-sectional:
123 Iranian patients with
psoriasis and 123 healthy
controls matched by age,
sex and BMI

Ultrasonography

Prevalence of NAFLD was higher in psoriatic patients than in
matched controls (65.6% vs. 35%, p < 0.01). Multivariate logistic
regression analysis revealed that PASI score, waist
circumference, hypertension and serum aminotransferase levels
independently predicted the ultrasonographic severity
of NAFLD

Roberts et al.
2015 [26]

Cross-sectional:
103 United States adult
patients with a diagnosis
of psoriasis or
psoriatic arthritis

Ultrasonography
and biopsy
(available in
a subgroup of
52 patients)

The overall prevalence of NAFLD was 47%. The prevalence of
NASH was 22% in those who underwent liver biopsy. Psoriatic
patients with NAFLD had higher mean PASI scores than those
without NAFLD

Candia et al.
2015 [27]

Systematic review and
meta-analysis:
7 case-control
studies included

Ultrasonography
and liver enzymes

Psoriatic patients had an increased risk of prevalent NAFLD
compared with control subjects (6 studies, n = 267,761 patients,
OR 2.15, 95% CI 1.6–2.9, p < 0.05). The risk of prevalent NAFLD
was higher in patients with psoriatic arthritis (3 studies, n = 505
patients, OR 2.25, 95% CI 1.4–3.7, p < 0.05) and in those with
moderate-to-severe psoriasis compared with patients with mild
psoriasis (2 studies, n = 51,930 patients, OR 2.07, 95% CI 1.6–2.7,
p < 0.05)

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index;
CI, confidence interval; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis;
PASI, psoriasis area and severity index; OR, odds ratio.
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For instance, in a case-control study involving 130 consecutive patients with chronic plaque
psoriasis (none of whom treated with methotrexate or other potentially hepato-toxic drugs) and
260 matched healthy controls, Gisondi et al. [19] have documented that NAFLD prevalence was
almost two times higher among psoriatic patients than among control individuals (47% vs. 28%,
p < 0.001). This difference remained significant (37% vs. 21%; p < 0.01), even after excluding subjects
with mild-moderate alcohol consumption (i.e., those who drank less than 30 grams of alcohol per day).
Patients with psoriasis and NAFLD were also more likely to have higher circulating levels of C-reactive
protein, IL-6 and lower adiponectin levels than those without NAFLD. Furthermore, NAFLD was
associated with a greater clinical severity of psoriasis as estimated by the Psoriasis Area and Severity
Index (PASI) score after adjusting for many cardio-metabolic risk factors [19]. This score measures
the severity of psoriatic lesions (evaluating the degree of erythema, thickness, and scaling of psoriatic
plaques in four separate body areas) based on area coverage and plaque appearance.

In another retrospective study Miele et al. [20] found a NAFLD prevalence of 59.2% in an
outpatient cohort of 142 adults with psoriasis. Although there were no differences in PASI score
between psoriatic patients with or without NAFLD, those with NAFLD were more likely to have
psoriatic arthritis and more severe NAFLD as estimated non-invasively with the NAFLD fibrosis score.
Unfortunately, data on liver biopsy were available only for five psoriatic patients, but revealed that
three of these patients had histologically proven NASH.

Interestingly, in a large population-based cohort study which included 2292 elderly individuals
of whom 5.1% had psoriasis, van der Voort et al. [22] documented that the prevalence of NAFLD
on ultrasonography was greater among psoriatic patients than among the reference group without
psoriasis (46.2% vs. 33.3%, p = 0.005). Notably, multivariate regression analysis revealed that psoriatic
participants were 70% more likely to have NAFLD than those without psoriasis (odds ratio (OR) 1.70,
95% confidence interval (CI) 1.1–2.6, p = 0.01), independent of metabolic syndrome and other common
NAFLD risk factors. In a subsequent analysis of the same cohort, the authors have also reported that
the prevalence of advanced hepatic fibrosis, as detected by transient elastography, was greater among
those with psoriasis than among those without this disease (8.1% vs. 3.6%, p < 0.05), and that psoriatic
patients were twice as likely to have advanced hepatic fibrosis, irrespective of common risk factors
(adjusted-OR 2.57, 95% CI 1.0–6.6) [23]. Similarly, in a smaller case-control study, Gisondi et al. [24]
reported that the NAFLD fibrosis score (i.e., a non-invasive scoring system that identifies advanced
hepatic fibrosis) was higher in psoriatic patients than in control subjects, and psoriasis predicted
advanced liver fibrosis, independently of coexisting metabolic syndrome features and other potential
confounding factors.

Recently, in a cross-sectional study involving 103 United States middle-aged adult patients with
psoriasis or psoriatic arthritis recruited over a 24-month period, Roberts et al. [26] found that the
prevalence of ultrasound-diagnosed NAFLD was 47%, whereas that of NASH was 22% among those
(n = 52) who underwent liver biopsy. Moreover, similarly to previous studies, the authors also found
that psoriatic patients with NAFLD had significantly higher PASI scores than those without this disease.

Finally, a recent systematic review and meta-analysis of seven case-control studies confirmed that
psoriatic patients had a two-fold increased rate of prevalent NAFLD compared with non-psoriatic
control individuals, and that this risk was higher among those with either more severe psoriasis
or psoriatic arthritis. Interestingly, the significant relationship between psoriasis and NAFLD was
consistent in all studies included in this meta-analysis and was maintained even when the studies
of lower methodological quality (due to poorly documented diagnosis of NAFLD or insufficient
adjustment for potential confounding variables) were excluded from the analysis [27]. However, it is
important to note that the cross-sectional nature of the above-mentioned studies does not permit
to ascertain the temporality and causality of the association between NAFLD and psoriasis [19–27].
Future follow-up studies are required to improve our understanding of this topic.
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That said, the data available to date show that NAFLD prevalence is very high in patients
with psoriasis (affecting up to 50% of these patients), independent of coexisting metabolic syndrome
components. In addition, the relatively advanced stage of NASH revealed by the biopsies from psoriatic
patients suggests the possibility of an increased risk of long-term liver-related complications in this
patient population. Thus, the current evidence argues for more careful monitoring and evaluation of
the presence of NAFLD in people with chronic plaque psoriasis.

4. Potential Biological Mechanisms Linking Psoriasis and NAFLD

To date, the underlying mechanisms linking NAFLD to psoriasis are complex and not fully
understood. However, identification of the pathophysiological mechanisms linking these two diseases
is of clinical relevance because it may offer the promise for novel pharmacological approaches.

Psoriasis and NAFLD share multiple inflammatory and cytokine-mediated mechanisms and
are part of an intriguing network of genetic, clinical and pathophysiological features. Indeed, it is
possible to assume that the mechanisms underlying the association between NAFLD and psoriasis are
multifactorial (involving both genetic and environmental factors) and often overlap with metabolic
abnormalities, which frequently coexist in psoriatic patients.

The schematic Figure 2 shows the possible links between expanded visceral adipose tissue,
steatotic liver and psoriatic skin, and the signals passing between these three organs.

Although the liver is a key regulator of glucose metabolism, and is the leading source of
multiple inflammatory and coagulation factors [5,9,28], the close inter-relationships of psoriasis
and NAFLD with visceral obesity and insulin resistance make it very difficult to distinguish the
individual contribution of NAFLD to the inflammatory and metabolic manifestations of psoriasis.
Although the studies available in the literature do not allow to clearly determine the directionality
of the association between NAFLD and psoriasis, it is conceivable that several pro-inflammatory
cytokines (e.g., IL-6, IL-17, TNF-α) that are locally over-produced by lymphocytes and keratinocytes
into the skin of psoriatic patients may contribute, at least in part, to the pathogenesis of systemic
insulin resistance [29,30], and that psoriatic patients with greater insulin resistance are the ones who
get NAFLD. Undoubtedly, an expanded and inflamed (dysfunctional) visceral adipose tissue plays a
key role in the development of insulin resistance, chronic inflammation and NAFLD, possibly through
the secretion of multiple factors, such as increased release of non-esterified fatty acids, increased
production of various hormones and pro-inflammatory adipocytokines (including also TNF-α, IL-6,
leptin, visfatin, and resistin), and decreased production of adiponectin [9,31–34]. In the presence
of obesity and insulin resistance, there is an increased influx of non-esterified fatty acids to the
liver. There is now substantial evidence that non-esterified fatty acids play a key role in directly
promoting liver injury by increasing intra-hepatic oxidative stress and by activating inflammatory
pathways [9,31–34]. The central role of hepatocyte cytokine production in NAFLD progression is
supported by studies showing that cytokines may replicate all of the histological features associated
with NASH, including neutrophil chemotaxis, hepatocyte necrosis and stellate cell activation [9,31–34].
It is possible to assume that the increased release of non-esterified free fatty acids from the expanded
and dysfunctional adipose tissue, in presence of insulin resistance, may also exert a deleterious impact
on inflammatory skin lesions in psoriasis. However, to our knowledge, there are currently no reliable
data regarding a direct pathogenic role of non-esterified fatty acids in the pathogenesis of psoriasis.
Further studies are required to better elucidate this topic.
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Figure 2. Possible mechanisms linking expanded and inflamed (dysfunctional) visceral adipose
tissue, psoriasis and nonalcoholic fatty liver disease. Abbreviations: CRP, C-reactive protein;
IL-6, interleukin-6; IL-17, interleukin-17; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic
steatohepatitis; PAI-1, plasminogen activator inhibitor-1; TGF-β, transforming growth factor-β; TNF-α,
tumor necrosis factor-α.

To date, accumulating evidence indicates that NAFLD, especially its necro-inflammatory and
progressive form (NASH), may exacerbate insulin resistance, predisposes to atherogenic dyslipidemia
and releases a myriad of pro-inflammatory, pro-coagulant, pro-oxidant and pro-fibrogenic mediators
(e.g., C-reactive protein, IL-6, fibrinogen, plasminogen activator inhibitor-1, transforming growth
factor-β) that may play important roles in the pathophysiology of psoriasis [5,9,31,35]. It is possible to
hypothesize that the release of these pro-inflammatory, pro-oxidant and pro-atherogenic mediators
from the steatotic and inflamed liver (which is also one of the most important mechanisms by which
fatty liver directly contributes to the development of cardiovascular disease and type 2 diabetes [5,9,36])
may adversely influence the severity of psoriasis by increased keratinocyte proliferation, increased
inflammation, and up-regulation of various vascular adhesion molecules. Experimentally, it has been
also shown that induction of oxazolone-induced skin inflammation is more evident in NAFLD mice
than in normal mice; oxazolone challenge significantly increases ear thickness, ear weight, nuclear
factor-κB activity, and histological features of skin inflammation in NAFLD mice as compared to
normal mice [37]. The oxazolone-induced skin inflammation model is not specifically designed to
study the pathogenesis of psoriasis. Nevertheless, this simple mouse model of NAFLD-enhanced
skin inflammation might be used to evaluate new therapeutic strategies for treatment of NAFLD with
associated skin inflammation and also to understand the nexus between these two co-morbidities.

5. Treatment for Psoriasis and Its Potential Implications for NAFLD

Detailed discussion of treatment options for psoriasis is beyond the scope of this review and
have been recently discussed elsewhere [38]. There are numerous treatment options against psoriasis
and they are classified as topical, systemic or phototherapy. Systemic drugs such as methotrexate,
cyclosporine and acitretin are indicated for moderate-to-severe psoriasis, especially when the disease is

293



Int. J. Mol. Sci. 2016, 17, 217

either widespread or resistant to topical therapy. In the case of intolerance, inefficacy or contraindication
to either phototherapy or conventional systemic treatments, patients with psoriasis are eligible for
newer biological agents, which include TNF-α antagonists (etanercept, adalimumab and infliximab),
the anti-IL-2/23 monoclonal antibody ustekinumab, and the anti-IL-17 monoclonal antibodies
secukinumab and ixekizumab [38].

From a clinical perspective, understanding whether psoriatic patients have underlying
metabolic comorbidities, including NAFLD, is important to ensure that treatment is safe [38,39].
Indeed, while phototherapy or topical treatments are not expected to cause significant changes in
metabolic parameters and liver function tests, some pharmacological treatments may negatively
influence metabolic comorbidities (including NAFLD) or exert interactions with drugs that are
commonly used to treat them [39].

In particular, methotrexate should be administered with caution in the presence of obesity, type 2
diabetes or NAFLD because of the increased risk of drug-induced hepatic fibrosis [40–42]. Indeed,
psoriatic patients with type 2 diabetes or obesity are at higher risk of developing hepatic fibrosis during
methotrexate treatment compared with those without such metabolic comorbidities [39]. The liver
injury induced by methotrexate appears to mimic NAFLD histologically. So, drug induced liver injury
should be always considered in a patient with hepatic steatosis who has been previously treated with
methotrexate [40,41]. Similarly, cyclosporine should be used cautiously among psoriatic patients with
coexisting metabolic syndrome. This drug may worsen type 2 diabetes, exacerbate arterial hypertension
and predispose to atherogenic dyslipidemia and hyperuricemia [38,43]. Moreover, the drug interaction
between cyclosporine and statins may also increase the risk of rhabdomyolysis [44]. In some cases,
cyclosporine may induce liver injury and cholestasis with increased levels of serum aminotransferases,
bilirubin and alkaline phosphatase [38,43]. However, cyclosporine-induced hepatitis is a relatively
rare event that is less common than nephrotoxicity and occurs more frequently among liver-transplant
patients. Acitretin is a vitamin A derivative that has been used to treat psoriasis since the early 1980s.
The use of acitretin is limited by its potential adverse effects (e.g., muco-cutaneous effects, dyslipidemia
and hepatotoxicity). These effects may be reduced by using lower doses of acitretin or in combination
with other therapies [43,45].

Biologic drugs represent a major advancement in the treatment of psoriasis [38].
Generally, biologic agents do not seem to negatively affect metabolic parameters and serum liver
enzyme levels as conventional systemic treatments can. Indeed, the drug survival of biologics
is higher than that of conventional treatments because they are better tolerated in the longer
term. Although the effects of TNF-α inhibitors on insulin sensitivity are a matter of intense
debate [38,43,46], preliminary evidence suggests that treatment with etanercept (i.e., a TNF-α
inhibitor) may improve both plasma glucose levels and insulin resistance indices [47], and that
patients with psoriasis or rheumatoid arthritis receiving TNF-α inhibitors exhibit a lower risk of
new-onset type 2 diabetes compared with those receiving other non-biological disease-modifying
anti-rheumatic drugs [48]. Clinically meaningful dyslipidemia has been rarely reported in patients
receiving etanercept or other TNF-α antagonists, so that it is not a serious concern in routine clinical
practice [49]. A significant body weight gain, mainly due to increased fat mass, has been also
documented among psoriatic patients receiving TNF-α antagonists [38,39,43], whereas it is not
observed among those receiving the anti-IL-12/23 monoclonal antibody ustekinumab [50]. Mild
to moderate elevations in serum transaminases may be observed in some patients receiving TNF-α
antagonists (especially infliximab [51]), but they usually return to normal after discontinuation of
the drug [38,43,52]. In a small clinical trial, Campanati et al. [53] have recently compared the effect
of a 24-week treatment with etanercept versus phototherapy on serum markers of hepatic fibrosis in
89 overweight patients with psoriasis and NAFLD. Notably, they found that there were significant
improvements in the aspartate aminotransferase-to-alanine aminotransferase ratio, serum C-reactive
protein levels and insulin resistance indices only among psoriatic patients receiving etanercept.
This finding suggests that etanercept is more efficacious to reduce the risk of hepatic fibrosis than
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phototherapy, and that this effect might be mainly dependent on its metabolic and anti-inflammatory
properties. However, additional studies with more accurate and direct measures of hepatic fibrosis
are needed to further examine this topic. Recently, preliminary evidence has suggested that NAFLD
might also be a side effect of TNF-α inhibitor treatment in some cases, and that previous methotrexate
exposure and patatin-like phospholipase domain-containing protein-3 (PNPLA3) genotype might be
the most important risk factors [54]. Even though only few cases have been reported in the literature,
TNF-α inhibitors may induce autoimmune hepatitis, granulomatous hepatitis, and reactivation of viral
hepatitis [38,52].

Finally, similarly to patients with NAFLD, lifestyle interventions (hypocaloric diet, exercise and
avoiding alcohol consumption) are the mainstay treatment for the majority of psoriatic patients
because they may also improve the response to pharmacological treatments for psoriasis [38,39,43].
It is known that the risk of psoriasis and its clinical severity are closely associated with the degree of
overweight/obesity of this patient population. Although weight loss alone may be insufficient for
maintaining skin disease remission in obese patients with psoriasis [55], some recent intervention
trials have demonstrated that treatment with a low-energy diet showed a trend towards significant
improvement in PASI scores among overweight or obese patients with psoriasis, and that body weight
reduction in psoriatic patients receiving either low-dose cyclosporine or biologics increased the efficacy
of these drugs [56–58]. A recent systematic review and meta-analysis including four small randomized
clinical trials with either pioglitazone or rosiglitazone that examined the efficacy of glitazones on
psoriasis severity has concluded that pioglitazone may exert some positive effect on psoriasis [59].
However, the clinical significance of this effect and role of this drug in management of psoriatic patients
deserve further study.

There are as yet few proven therapies available for patients with NAFLD and NASH,
and current therapeutic strategies are specifically directed towards improving features of the metabolic
syndrome [5,9,36]. Pioglitazone has the best evidence-based data for NASH treatment. To date,
however, lifestyle changes are the more effective therapeutic option that is sharable between patients
with NAFLD and those with psoriasis. To our knowledge, no randomized clinical trials have specifically
examined the effects of chronic treatment with the newer biologic agents on histologic features of
NAFLD. Therefore, additional studies are required to evaluate the best approach to management of
NAFLD among patients with psoriasis.

6. Conclusions

Although the published evidence is restricted to observational (cross-sectional and case-control)
studies [17–27], a growing body of clinical evidence suggests a strong relationship between NAFLD
and psoriasis. Published studies indicate that NAFLD is a very frequent condition among adult
patients with psoriasis (affecting up to 50% of these patients) and that patients with psoriasis and
NAFLD are more likely to have metabolic syndrome and a more severe degree of skin disease than
their counterparts without NAFLD. In addition, psoriatic patients are at higher risk of developing the
more severe forms of NAFLD (i.e., about a quarter of these patients may develop NASH during
the course of the disease). However, further research is required to ascertain whether NAFLD
is merely an epiphenomen of coexisting metabolic syndrome features, or is an independent risk
factor for the development and progression of psoriasis. Additional studies are also needed to better
elucidate the putative biological mechanisms linking NAFLD with psoriasis. Specific mediators of
this novel “hepato-dermal axis” need to be further investigated in order to discover innovative drugs
and treatments.

In the meantime, given the strong association between NAFLD and psoriasis, we believe that
health care providers following psoriatic patients should be mindful of this potentially progressive
liver disease that is commonly observed among psoriatic patients. The presence of NAFLD should be
also taken into consideration when choosing pharmacological treatment, as some conventional drugs
for psoriasis are potentially hepatotoxic.
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These findings imply that psoriatic patients should be routinely screened for NAFLD and that
consideration should be given to referring these patients to a hepatologist for further evaluation.
The optimal method of screening is presently unknown. However, given the intrinsic limitations of
serum liver enzyme levels as initial screening test for NAFLD, we think liver ultrasound and transient
elastography combined with the use of the NAFLD fibrosis score or other non-invasive fibrosis scoring
systems are useful as first-line options in identifying patients with suspected NASH to submit to
biopsy among those with psoriasis [60–62]. Moreover, all these patients should be followed regularly
to monitor the development of liver-related, metabolic and cardiovascular complications [63].
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Abstract: Non-alcoholic fatty liver disease (NAFLD) represents a wide spectrum of liver disease from
simple steatosis, to steatohepatitis, (both with and without liver fibrosis), cirrhosis and end-stage
liver failure. NAFLD also increases the risk of hepatocellular carcinoma (HCC) and both HCC and
end stage liver disease may markedly increase risk of liver-related mortality. NAFLD is increasing in
prevalence and is presently the second most frequent indication for liver transplantation. As NAFLD
is frequently associated with insulin resistance, central obesity, dyslipidaemia, hypertension and
hyperglycaemia, NAFLD is often considered the hepatic manifestation of the metabolic syndrome.
There is growing evidence that this relationship between NAFLD and metabolic syndrome is
bidirectional, in that NAFLD can predispose to metabolic syndrome features, which can in turn
exacerbate NAFLD or increase the risk of its development in those without a pre-existing diagnosis.
Although the relationship between NAFLD and metabolic syndrome is frequently bidirectional,
recently there has been much interest in genotype/phenotype relationships where there is a disconnect
between the liver disease and metabolic syndrome features. Such potential examples of genotypes
that are associated with a dissociation between liver disease and metabolic syndrome are patatin-like
phospholipase domain-containing protein-3 (PNPLA3) (I148M) and transmembrane 6 superfamily
member 2 protein (TM6SF2) (E167K) genotypes. This review will explore the bidirectional relationship
between metabolic syndrome and NAFLD, and will also discuss recent insights from studies of
PNPLA3 and TM6SF2 genotypes that may give insight into how and why metabolic syndrome
features and liver disease are linked in NAFLD.

Keywords: NAFLD; metabolic syndrome; insulin resistance; PNPLA3

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a considerable public health concern, and is the
commonest cause for chronic liver disease in the developed world [1,2]. Worldwide prevalence of
NAFLD is estimated to be in the region of 20% in the general population [3]. NAFLD represents
a disease spectrum ranging from hepatic steatosis, to non-alcoholic steatohepatitis, to cirrhosis,
end-stage liver failure and hepatocellular carcinoma. The accepted definition of NAFLD is a hepatic
triglyceride content of greater than 5.5%, as determined from analysis of the Dallas Heart Study
cohort [4]. The metabolic syndrome is a collection of underlying risk factors for cardiovascular disease
with an estimated prevalence in the USA of 34% [5].
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The relationship between NAFLD, obesity, insulin resistance and type 2 diabetes is a complex
one. NAFLD has traditionally been considered to be the hepatic manifestation of the metabolic
syndrome, due to the close association between NAFLD and the various component features of
the metabolic syndrome such as abdominal obesity, hypertension, elevated fasting plasma glucose,
raised serum triglycerides and low high-density lipoprotein cholesterol (HDL-C) concentrations.
Many epidemiological studies have demonstrated an association between NAFLD and the metabolic
syndrome [6–8].

There is now a growing body of evidence supporting the idea that there is a bidirectional
relationship between NAFLD and features of the metabolic syndrome, with insulin resistance being
the central pathophysiological process common to both conditions. As such there currently exists and
“chicken and egg” debate in the literature regarding the temporal relationship between NAFLD and
the metabolic syndrome, with no clear consensus about which is considered to generally occur first.
A recent study has demonstrated a reciprocal causality between NAFLD and metabolic syndrome in a
Chinese population, with metabolic syndrome being found to have a greater effect on incident NAFLD
in terms of causality than NAFLD does on incident metabolic syndrome [9].

In addition to this there are recognised situations whereby there is an apparent disconnect between
NAFLD and insulin resistance/metabolic syndrome features, and these generally arise as a result
of particular genetic polymorphisms such as in the patatin-like phospholipase domain-containing
protein-3 (PNPLA3) gene.

This review will attempt to review the available evidence regarding the bidirectional relationship
between NAFLD and components of the metabolic syndrome, as well as to explore the potential
disconnects that may exist between the two due to genetic variability and inherited metabolic disease.

2. Association between NAFLD and Components of the Metabolic Syndrome

There have been various diagnostic criteria available for the diagnosis of metabolic syndrome, and
these have changed subtly over recent years. The most commonly used criteria are those published by
the International Diabetes Federation in 2009. It should be noted that these most recent criteria advocate
using population- and country- specific definitions for abdominal obesity [10]. Table 1 outlines the
various diagnostic criteria available.

NAFLD can occur in individuals who are not obese [11,12], however this is more unusual and
generally NAFLD is closely related to increased central adiposity. NAFLD is commonly associated
with all of the component features of the metabolic syndrome, and nearly two thirds of people with
obesity and type 2 diabetes demonstrate hepatic steatosis [13,14]. One study identified hepatic steatosis
via ultrasonography in 50% of patients with hyperlipidaemia [15]. NAFLD is also associated with
arterial hypertension and cross-sectional studies have demonstrated that approximately 50% of people
with essential hypertension also have NAFLD [16,17]. Importantly, in those people with NAFLD the
presence of multiple features of the metabolic syndrome is associated with more severe liver disease
and a higher likelihood of progression to NASH and cirrhosis [18,19].
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3. NAFLD as a Risk Factor for and Precursor to the Metabolic Syndrome

There is evidence to suggest that NAFLD, rather than being simply the hepatic manifestation of
the metabolic syndrome, may in fact be a necessary first step in its development.

When the link between NAFLD and insulin resistance was initially described by Day et al, it was
proposed as part of a “two hit hypothesis” [20]. Here, the “first hit” was increased triglyceride
accumulation as a result of insulin resistance and increased delivery of free fatty acids to the liver,
followed by a “second hit” of hepatic oxidative stress resulting in increased lipid peroxidation. This was
said to then lead inexorably to hepatocyte injury, inflammation and fibrosis, with the potential for
progressive liver damage. It has subsequently been suggested that pathogenesis of NAFLD may in fact
reflect “multiple parallel hits” which all contribute to an environment of hepatic inflammation with
the involvement of cytokines and adipokines from extrahepatic tissues such as the gut and adipose
tissue [21].

From a basic science perspective, there is reason to believe that hepatic lipid accumulation could
be a cause and a perpetuating factor for the development of insulin resistance. There is currently
much interest in fully elucidating the role that protein kinase C-ε (PKC-ε) may play in this relationship.
An elegant study conducted by Samuel et al investigated PKC-ε and how it may link NAFLD and
insulin resistance [22]. They observed that rats that were fed a 3 day high-fat diet developed marked
hepatic steatosis and hepatic insulin resistance as determined by hyperinsulinaemic-euglycaemic
clamp studies. Here, PKC-ε was activated but other forms of PKC were not. Crucially, the authors then
went on to attenuate the expression of PKC-ε using an anti-sense oligonucelotide directed at PKC-ε
and they noted that this protected the rats from steatosis-induced hepatic insulin resistance and also
reversed defects that they had observed in insulin receptor signalling function. It should be noted
that both hepatic diacylglycerol and triacylglycerol content were not affected by this intervention
suggesting that the hepatic lipid accumulation is a prerequisite for insulin resistance. This relationship
has also been investigated in humans, in a study of 37 obese non-diabetic individuals awaiting bariatric
surgery [23]. Here it was observed that hepatic diacylglycerol content from liver biopsy specimens
was the strongest predictor of insulin resistance and accounted for 64% of the variability in insulin
sensitivity. Hepatic diacylglycerol content was strongly correlated with activation of PKC-ε. Given this
evidence, a model has emerged whereby increases in liver diacylglycerol content result in activation of
PKC-ε, translocation of PKC-ε in the cell membrane, inhibition of hepatic insulin signalling and the
resulting generation and maintenance of hepatocyte insulin resistance.

More recently there has been interest in the hepatokine, fetuin B. This compound has been shown
to be increased in obese rodents [24]. It has also been shown that overnutrition in experimental mice
results in hepatic steatosis, and this alters the hepatocyte protein secretion profile leading to increased
secretion of fetuin B [25]. The authors of this study went on to further study the effects of fetuin
B in vivo and observed that injecting recombinant fetuin B intraperitoneally into mice significantly
impaired glucose tolerance when compared with controls. In addition to this, silencing fetuin B gene
expression using short hairpin RNA was found to increase glucose tolerance. As such, fetuin B provides
an example of how hepatic steatosis can be linked to the development of insulin resistance and thus
the metabolic syndrome. Other hepatokines such as FGF21 and selenoprotein P are thought to be play
a role in the pathophysiology of insulin resistance with action on the liver and other tissues, however it
is less clear how they fit into the relationship between hepatic steatosis and the metabolic syndrome.

It is known that most people with NAFLD also have insulin resistance, however most do not
exhibit all of the features of the metabolic syndrome [26]. This could indicate that hepatic steatosis is
required as a prerequisite for the development of further metabolic disease such as altered glucose
and lipid metabolism. There is now a significant body of clinical evidence for NAFLD preceding,
and being a strong risk factor for, development of the metabolic syndrome and its various components.
A large prospective cohort study looked at 17,920 individuals from a Han Chinese population and
followed them up over a 6 years period [27]. These individuals did not have metabolic syndrome at
baseline, and the authors identified NAFLD as an independent risk factor for its development with
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an adjusted hazard ratio of 1.55 (95% confidence intervals 1.39–1.72). This observation of NAFLD
as an independent risk factor for the development of the metabolic syndrome has also been made
in a variety of other populations such as North American [28], western Australian [29], Korean [30],
Japanese [31] and south Indian [32].

A large prospective cohort study of over 22,000 Korean men demonstrated that NAFLD is
an independent risk factor for incident arterial hypertension, and that risk increases with severity
of NAFLD [33]. This study replicated the findings of an earlier, smaller prospective study which
demonstrated that NAFLD was an independent risk factor for the development of prehypertension [34].
Another prospective cohort study examined 1521 people and stratified them on the basis of their
fatty liver index score (a surrogate marker of hepatic steatosis) [35]. It was observed that NAFLD,
as diagnosed using fatty liver index score, was an independent risk factor for incident arterial
hypertension. Finally, a retrospective cohort study of 11,448 individuals without hypertension revealed
that the development of incident fatty liver disease over a five years period was associated with
increased risk of incident hypertension [36].

A retrospective study of a Korean occupational cohort of 13,218 individuals observed that
development of new fatty liver was associated with incident diabetes [37]. There are many prospective
studies in the literature that demonstrate that NAFLD, and the surrogate markers with which it
is associated, is a key risk factor and precursor for the development of type 2 diabetes [29,38–46].
Table 2 summarises the characteristics of these key studies.

Of particular interest is a longitudinal cohort study in which the authors followed up
358 individuals (109 with NAFLD, 249 without NAFLD) over an 11 years period [29]. After excluding
those who had type 2 diabetes at baseline, they observed that those with NAFLD were
significantly more likely to develop diabetes during the follow up period than those without.
Similarly, they observed the same regarding who would go on to develop the metabolic syndrome.
Also, a retrospective study of a Korean occupational cohort of 12,853 individuals demonstrated that
the clustering of insulin resistance, overweight/obesity and hepatic steatosis markedly increased risk
of incident type 2 diabetes [47]. The fully adjusted odds ratio for those with all 3 factors and risk of
incident diabetes at 5 years follow-up was 14.13 (95% confidence intervals 8.99–22.21).

In addition to this, a meta-analysis has been performed recently which concluded that the presence
of NAFLD doubles an individual’s risk of developing type 2 diabetes in later life [48]. It would seem
that there may be subsets of patients with NAFLD that have different levels of risk of type 2 diabetes,
with one small study suggesting that the presence of biopsy-proven NASH is a greater risk factor than
steatosis alone [41]. This is consistent with the accepted notion that individuals with nonalcoholic
steatohepatitis (NASH) will tend to have a greater burden of metabolic disease.
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4. Metabolic Syndrome as an Initiating or Aggravating Factor for Liver Disease

In addition to the evidence from the literature that NAFLD may predispose individuals to
developing or worsening insulin resistance and the metabolic syndrome, there is also growing evidence
that insulin resistance may contribute to progressive liver damage.

Of particular interest is the role played by plasminogen activator inhibitor 1 [49]. PAI-1 is a
member of the serine protease inhibitor family, and acts as a key mediator in the fibrinolytic system.
In tissues with a significant degree of fibrosis, concentrations of PAI-1 are elevated leading to an
inhibition of tissue proteolytic activities, a decreased rate of collagen degradation and increased tissue
fibrogenesis [49]. Increased PAI-1 levels are associated with obesity, insulin resistance, type 2 diabetes
and dyslipidaemia [50,51]. Specifically it has been shown that PAI-1 concentrations measured in
subcutaneous adipose tissue biopsy samples from individuals with nascent metabolic syndrome are
significantly higher than those in control samples [52]. It has also been observed in a human hepatocyte
cell line that tumour necrosis factor α (TNF-α) is able to induce the expression of PAI-1, leading to
increased hepatic fibrosis and atherosclerosis in insulin-resistant individuals [53]. There is also a
wealth of evidence in the literature regarding the role of PAI-1 in initiating and perpetuating hepatic
fibrosis [49]. As such this provides evidence of a causative role for insulin resistance and obesity in the
generation of ongoing hepatic fibrosis.

In addition to this, there is evidence that other inflammatory cytokines originating from white
adipose tissue as a result of obesity and insulin resistance may play a significant role in hepatic fibrosis
and inflammation. It has been known for some time that white adipose tissue is not metabolically
inert but is a complex organ that can become active in the obese, insulin-resistant state leading to the
production of various pro-inflammatory cytokines [54,55]. These cytokines include interleukin-1β
(IL-1β), interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-18 (IL-18), complement component 3 (C3),
TNF-α, PAI-1, adiponectin, leptin, resistin, apelin, vaspin and visfatin. There is evidence that these
inflammatory mediators could play a role in the progression of liver disease from “simple” steatosis
to NASH [56,57], and also that they may stimulate the differentiation of stellate cells in the liver into
myofibroblast-like cells resulting in a more fibrogenic environment [58]. IL-1β, IL-6 and TNF-α are
traditionally considered to be pro-inflammatory cytokines, and are all thought to play a role in the
pathogenesis of NASH and its associated fibrosis [59,60]. More recently it has been suggested that
the balance of pro- and anti-inflammatory mediators can lead to alterations in the gut microbiota and
that this may have a significant impact on the progression of hepatic steatosis to NASH [61]. It has
also been suggested that apoptosis of hepatocytes could be an important factor in liver damage and
specifically progression to NASH [62,63]. Recent findings indicate that patients with a higher degree
of insulin resistance exhibit greater evidence for apoptosis of hepatocytes in liver biopsy specimens of
morbidly obese individuals, and it has been speculated that this may be mediated by inflammatory
cytokines [64]. These studies all provide evidence for a causative link between insulin resistance and
hepatic damage mediated in part by inflamed, endocrinologically-active adipose tissue.

There is also clinical evidence that insulin resistance and the metabolic syndrome can cause
a worsening of liver disease. A retrospective study of 103 individuals with NAFLD examined
histological findings from paired liver biopsy specimens with an average interval of 3 years [65].
The authors observed marked variability in the progression of histological features of NAFLD between
the 2 time points, but noted that those individuals with diabetes were at higher risk than non-diabetic
people for progression of fibrosis. It is also established in the literature that metabolic syndrome and
type 2 diabetes are strongly associated with severe liver disease such as cirrhosis and hepatocellular
carcinoma [66–69]. It appears from the literature that individuals with type 2 diabetes and NAFLD
combined are at markedly greater risk of more severe liver disease than those with NAFLD alone,
and their liver-related mortality is greater.

There are a variety of cross-sectional studies available that demonstrate that metabolic syndrome
and its components are associated with an increased risk of NAFLD in a variety of populations
including North American [70], Mexican [71], Taiwanese [72] and Japanese [26]. However, given the
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cross-sectional nature of these studies they do not provide real evidence of a causative link. Of interest
is a recent longitudinal prospective cohort study of 15,791 Han Chinese individuals followed up
over a 6 years period [73]. They observed 3913 new cases of NAFLD in this population, and risk
of incident NAFLD was markedly higher in those with metabolic syndrome. After adjusting for
possible confounding factors such as age, diet, sex, smoking status and level of physical activity,
the hazard ratio for incident NAFLD was found to be 1.94 (95% confidence intervals 1.78–2.13).
The authors also observed that hazard ratios for incident NAFLD increased the more components of
the metabolic syndrome were present at baseline, reaching 3.51 (95% confidence intervals 3.15–3.91)
when 3 components were present as compared with individuals who exhibited no metabolic syndrome
components. Figure 1 summarises the bidirectional relationship between hepatic steatosis and the
metabolic syndrome with regards to the various aspects described above.

 

Figure 1. Schematic demonstrating the bidirectional interactions between hepatic steatosis and
metabolic syndrome and aspects of how these are mediated. DAG: diacylglycerols; PKC-ε: protein
kinase C-ε; PAI-1: plasminogen activator inhibitor-1.

5. Evidence for a Disconnection between Hepatic Steatosis and Metabolic Syndrome

Despite the clear bidirectional causal links between NAFLD and the metabolic syndrome, there are
certain situations where this appears to not be the case. In such scenarios there is a clinical disconnect
between NAFLD and insulin resistance. Several groups have demonstrated that it is possible
experimentally to induce either insulin resistance or hepatic steatosis individually without the presence
of the other. The first evidence that hepatic steatosis could occur independently of insulin resistance
was published in 2007 [74]. Here mice were raised which over-expressed acyl-CoA:diacylglycerol
acyltransferase 2 (DGAT 2), an enzyme which acts to catalyze the final step of hepatic triglyceride
biosynthesis. These mice were observed to develop marked hepatic steatosis in the absence of
any abnormalities in plasma glucose and insulin levels, glucose and insulin tolerance, or infusion
rates during hyperinsulinaemic euglycaemic clamp experiments. A subsequent study investigated
variability in the DGAT2 gene to see if this relationship could also be found in humans. The authors
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investigated 187 individuals from south Germany, and observed 2 single nucleotide polymorphisms
(SNPs) in DGAT2 that were associated with smaller decreases in liver fat following an exercise
programme than wild type genotype [75]. There were no observed changes in insulin sensitivity
among the different genotypes and thus the authors concluded that DGAT2 may play a role in
mediating a disconnection between insulin resistance and hepatic steatosis. Additionally, it has been
observed that inhibiting secretion of very low density lipoprotein (VLDL) from the liver by a genetic
modification or diet-induced choline deficiency in a mouse model results in accumulation of hepatic
triglyceride without causing insulin resistance [76,77].

More recently, there has been much interest focused on the patatin-like phospholipase
domain-containing protein-3 (PNPLA3) gene, which encodes for a protein called adiponutrin. The exact
role of this adiponutrin is currently unclear, however it is recognised as being a membrane-associated
protein expressed in hepatic and adipose tissue that possesses lipogenic and lipolytic activities.
There is evidence to suggest that it is located in lipid droplets and may play a role in triglyceride
hydrolysis [78]. PNPLA3 gene expression is upregulated following the post-prandial insulin spike, and
downregulated following fasting. It was reported in 2008 that a particular allele in PNPLA3 (I148M
or rs738409) was strongly associated with increased hepatic steatosis and hepatic inflammation,
with individuals homozygous for I148M exhibiting twice the level of hepatic fat content than
non-carriers [79]. Interestingly, it was also observed that I148M carrier frequency was highest in
Hispanic populations who are thought to have highest susceptibility to NAFLD, and regression
analysis demonstrated that the presence or absence of this PNPLA3 variant along with another (453I)
accounted for 72% of the observed ethnic differences in levels of hepatic steatosis from the Dallas Heart
Study. It was subsequently reported that the I148M variant has a marked effect on enzyme activity
and results in a disruption to normal hydrolysis of triglycerides leading to impaired secretion of very
low density lipoproteins (VLDL) [80,81]. Interestingly, it has subsequently been demonstrated that the
association between the I148M variant and NAFLD in independent of insulin sensitivity as measured
by hyperinsulinaemic euglycaemic clamp, as well as central obesity [82,83]. Therefore the PNPLA3
I148M variant provides an example of how hepatic steatosis can occur in humans independently of
insulin resistance and the metabolic syndrome.

A similar scenario has been identified more recently with the transmembrane 6 superfamily
member 2 (TM6SF2) gene. TM6SF2 is expressed largely in the liver and intestine and is thought
to play a key role in the regulation of hepatic fat metabolism and the secretion of triglyceride-rich
lipoproteins. As with PNPLA3, it is thought to be located in lipid droplets and siRNA inhibition is
associated with increased hepatocellular triglyceride concentration and lipid droplet lipid content [84].
Variation in this gene has been shown to be associated with susceptibility to NAFLD independently
of variation in PNPLA3, with the variant being identified as E167K or rs58542926 [85]. The allele
frequency of this variant was shown to be 7.2% in European populations. A subsequent study of
361 individuals, including 226 patients with biopsy-proven NAFLD, has shown that this variant has
a modest effect on NAFLD susceptibility and is associated with a slightly higher risk of developing
NASH [86]. A further study of 1074 individuals demonstrated an association between this variant and
advanced fibrosis and cirrhosis that occurred independently of potential confounding factors such
as age, BMI, presence of type 2 diabetes and PNPLA3 genotype status [87]. However, it should be
noted that 2 studies looking at this variant in Japanese [88] and Chinese [89] populations of individuals
with biopsy-proven NAFLD failed to show an association between it and fibrosis stage or general
histological severity. The Japanese study had relatively small numbers with 211 individuals and
just 2 who were homozygous for E167K, and it should be noted that both of these studies focused
on a single ethnic group that may not be directly applicable to other populations. A meta-analysis
of 10 published studies looked at the relationship between the E167K variant and the presence of
NAFLD in a total of 5537 study participants [90]. This revealed a carrier frequency of up to 7%,
and demonstrated a moderate effect on the risk of developing NAFLD with an odds ratio of 2.13
(95% confidence interval 1.36–3.30). Crucially, it has been shown in a recent Finnish study that this
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variant is associated with preserved insulin sensitivity and a lack of hypertriglyceridaemia suggesting
that this represents a distinct subtype of NAFLD similar to that associated with the PNPLA3 I148M
variant [91]. Figure 2 demonstrates the relationship between the 2 described genetic variants and the
lipid droplet within the hepatocyte.

Figure 2. Interaction between PNPLA3 and TM6SF2 variants and lipid metabolism in the hepatic
lipid droplet. TAG; triacylglycerol; DAG; diacylglycerol; MAG; monoacylglycerol; VLDL; very low
density lipoprotein; DGAT; diglyceride acyltransferase; ATGL; adipose triglyceride lipase; HSL;
hormone sensitive lipase.

Further evidence for a dissociation between hepatic steatosis and insulin resistance may be found
in the case of familial hypobetalipoproteinaemia (FHBL). Patients with FHBL have very low or absent
levels of apolipoprotein B and this leads to an impairment of very low density lipoprotein export from
the liver and consequently intra-hepatic accumulation of triglyceride. Amaro et al. [92] investigated a
small number of overweight or obese patients with FHBL and observed that these individuals had
greater insulin sensitivity than BMI- and hepatic triglyceride content-matched subjects with NAFLD
alone. The authors speculate that this would support the assertion that hepatic steatosis is a marker
rather than a cause of the metabolic syndrome, however this was a very small study and it is not clear
how applicable these findings are to the wider population of people with NAFLD. It has also been
observed that lysosomal acid lipase deficiency (LAL-D), a rare autosomal recessive inherited condition,
can lead to hepatic steatosis in the absence of metabolic syndrome [93].

There is also evidence that adipose triacylglycerol lipase (ATGL) may play a role in a potential
dissociation between insulin resistance and hepatic steatosis [94]. ATGL acts to initiate hydrolysis of
stored lipid by selectively cleaving triacylglycerols and not diacylglycerols or monoacylglycerols.
Knock-out studies have demonstrated that ATGL-deficient mice experience a marked hepatic
steatosis [95] and similarly overexpression of the ATGL gene leads to a reduction in liver fat in
mice [96]. One study investigated the effects of ATGL gene manipulation on insulin sensitivity in
mice, and here the authors observed that while ATGL knock-out mice do develop marked hepatic
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steatosis this does not result in any changes to their hepatocyte insulin sensitivity [97]. Hepatic ATGL
overproduction in the same mice resulted in reduced hepatic steatosis, and interestingly the authors
did observe a mild increase in insulin sensitivity although this was not sufficiently large to result in
improvements in fasting glucose concentrations or insulinaemia.

Further insights into a possible disconnection between hepatic steatosis and insulin resistance can
be gained by looking at disorders of fatty acid oxidation. In health, fasting stimulates gluconeogenesis
in the liver fuelled by oxidation of fatty acids. If fatty acid oxidation is impaired this can lead
to fasting hypoglycaemia and accumulation of lipids resulting in hepatic steatosis [98]. In such
situations individuals will exhibit enhanced glucose tolerance, therefore exhibiting the disconnection.
This occurs in numerous inborn errors of fatty acid oxidation such as medium chain acyl-CoA
dehydrogenase deficiency (MCADD) and carnitine palmitoyl transferase II (CPT-2) deficiency [99].
Additionally, peroxisome proliferator-activated receptor alpha (PPARα) stimulates the expression
of many genes involved in fatty acid oxidation. Experimental mice who have undergone PPARα
knock-out develop marked hepatic steatosis after being exposed to a high fat diet, and after fasting
demonstrate hypoglycaemia and increased insulin sensitivity [100].

6. Conclusions

It is clear from the literature that there is a complicated causal relationship between NAFLD and
the metabolic syndrome. NAFLD is considered by many to represent the hepatic manifestation of the
metabolic syndrome however rigidly sticking to this dogma does not appreciate the complexity of the
relationship. Clearly the two clinical entities share many aspects of their pathophysiology, and insulin
resistance is at the centre of both. There is sufficient evidence now for not only reciprocal causality
between these disease states, but also each acting as a perpetuating or exacerbating factor for the other.

There are, however, many aspects of the interactions between NAFLD and the metabolic syndrome
that are yet to be fully elucidated, and this is clearly demonstrated by the situations where there is
an apparent disconnect or dissociation between them. Arguably, the hepatic steatosis that occurs
in these situations due to genetic variation and inborn errors of metabolic can be considered a
separate clinical entity to that which is associated with insulin resistance and the metabolic syndrome.
However, focusing on the mechanisms that underlie these observations of dissociation could prove
valuable for identifying new therapeutic targets in metabolic disease.
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Abbreviations

The following abbreviations are used in this manuscript:

NAFLD Non-alcoholic fatty liver disease
PNPLA3 Patatin-like phospholipase domain-containing protein-3
TM6SF2 Transmembrane 6 superfamily member 2 protein
HDL-C High density lipoprotein cholesterol
NASH Non-alcoholic steatohepatitis
PKC-ε Protein kinase C-ε
FLI Fatty liver index
PAI-1 Plasminogen activator inhibitor-1
TNF-α Tumour necrosis factor-α
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IL Interleukin
DAG Diacylglycerols
DGAT Diacylglycerol acyltransferase
SNP Single nucleotide polymorphism
VLDL Very low density lipoprotein
TAG Triacylglycerol
MAG Monoacylglycerol
ATGL Adipose triglyceride lipase
HSL Hormone sensitive lipase
FHBL Familial hypobetalipoproteinaemia
BMI Body mass index
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Abstract: The pathogenesis of type 2 diabetes (T2D) involves chronic hyperinsulinemia due to
systemic and hepatic insulin resistance (IR), which if uncorrected, will lead to progressive pancreatic
beta cell failure in predisposed individuals. Non-alcoholic fatty liver disease (NAFLD) encompasses
a spectrum of fatty (simple steatosis and steatohepatitis) and non-fatty liver changes (NASH-cirrhosis
with or without hepatocellular carcinoma (HCC)) that are commonly observed among individuals
with multiple metabolic derangements, notably including visceral obesity, IR and T2D. Hepatitis C
virus (HCV) infection is also often associated with both hepatic steatosis and features of a specific
HCV-associated dysmetabolic syndrome. In recent years, the key role of the steatotic liver in the
development of IR and T2D has been increasingly recognized. Thus, in this comprehensive review we
summarize the rapidly expanding body of evidence that links T2D with NAFLD and HCV infection.
For each of these two liver diseases with systemic manifestations, we discuss the epidemiological
burden, the pathophysiologic mechanisms and the clinical implications. To date, substantial evidence
suggests that NAFLD and HCV play a key role in T2D development and that the interaction of T2D
with liver disease may result in a “vicious circle”, eventually leading to an increased risk of all-cause
mortality and liver-related and cardiovascular complications. Preliminary evidence also suggests that
improvement of NAFLD is associated with a decreased incidence of T2D. Similarly, the prevention of
T2D following HCV eradication in the era of direct-acting antiviral agents is a biologically plausible
result. However, additional studies are required for further clarification of mechanisms involved.

Keywords: epidemiology; cirrhosis; clinical implications; direct acting antivirals; fibrosis;
insulin resistance; hepatocellular carcinoma; NASH; pathophysiology

1. Introduction

1.1. Definitions

Type 2 diabetes (T2D) identifies the more prevalent category of diabetes mellitus and is due to a
progressive insulin secretory defect in the background of insulin resistance (IR) [1]. T2D is typically
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found in obese and overweight middle-aged individuals though the age of its initial manifestation has
now been observed shifting towards adolescents and even children [2].

Non-alcoholic fatty liver disease (NAFLD) describes a cluster of hepatic disorders predominantly
(though not exclusively) characterized by fatty changes with or without ballooning degeneration
and fibrosis (i.e., simple steatosis, steatohepatitis (NASH) and advanced fibrosis), which may evolve
into cirrhosis (NASH-cirrhosis will typically lose fatty changes) and hepatocellular carcinoma (HCC);
NAFLD is commonly observed in insulin-resistant, dysmetabolic individuals without excessive alcohol
consumption and other competing etiologies of liver disease [3,4]. There is now compelling evidence
that NAFLD is a multisystem disease associated with a wide range of extra-hepatic manifestations,
notably including, among others, IR, dysglycemia and premature atherosclerosis [5,6].

Hepatitis C virus (HCV) is a small enveloped RNA virus belonging to the genus Flaviviridae, of
which six different genotypes are recognized and which is transmitted via the parenteral route [7].
In several countries there have been two major HCV epidemics. The first one (mostly sustained by
genotype 1 HCV) took place in the 1960s as a result of HCV being transmitted via medical procedures.
The second one (predominantly due to genotype 3 HCV) occurred in the 1980s owing to needle-sharing
practices among intravenous illicit drug users [7].

The natural course of HCV infection is variable and modulated by the interaction of host and
viral factors. Of concern, the chronicity rate following acute infection approximates 85%, giving way to
dreadful sequelae, such as chronic hepatitis, cirrhosis, end-stage liver failure and HCC [7]. Similarly to
NAFLD, HCV infection is increasingly identified as a systemic disease which may be conducive to
metabolic disorders (including IR and T2D) and premature atherosclerosis [8].

1.2. Epidemiology and Burden of Type 2 Diabetes

The world prevalence of T2D was estimated to be 6.4% in 2010 and is projected to rise to 7.7% in
2030 [9]. Recent estimates of T2D prevalence in the main five European countries (France, Germany,
Italy, Spain and UK) ranged from 4.8% in Italy to 8.9% in Germany, with rates increasing steadily
over the past two decades in all these countries. Of concern, in these European countries the total
direct medical costs of T2D in 2010 were estimated to range from 5.45 billion euros in Spain to 43.2
billion euros in Germany, with hospitalizations due to T2D-related complications accounting for
the greatest proportion of these costs [10]. In the USA, T2D now affects up to 8%–10% of adults in
the general population in whom it increases up to four-fold the risk of major cardiovascular events
and is the leading cause of blindness, chronic kidney failure and non-traumatic lower extremity
amputations [11]. In 2007, T2D posed on society a cost as high as 174 billion dollars in the USA [12].
Of concern, this already alarming prevalence of T2D is predicted to be increasing in all age groups,
making it urgent for clinicians, researchers and health authorities to gain a better understanding of the
pathophysiology of T2D aimed at preventing the further spread of its disastrous pandemic [13].

1.3. Liver and Type 2 Diabetes: Historical Overview

In the past, clinicians and pathologists viewed the hepatic fatty changes as a histological correlate
of the coexistence of T2D and obesity (the so-called “diabesity”) [14], a conclusion which has been fully
supported by contemporary studies [15]. Stated otherwise, the liver was essentially regarded as a
target organ affected by either concurrent or pre-existent “diabesity”.

More recently, however, this perspective has been fully overturned. Several studies have now
exhaustively proven that hepatic steatosis precedes the development of T2D and Metabolic Syndrome
(MetS) in a large proportion of cases [16–18]. In tandem, epidemiological evidence has also suggested
that HCV infection almost doubles the risk of incident T2D compared to both HBV infection and
virus-free individuals [19]. This is of outstanding interest given that HCV infection is a systemic
disease [20] that often exhibits hepatic histological changes of variable severity, including hepatic
steatosis, which makes it conceptually similar to NAFLD [7,21]. Excitingly, a cure for HCV has recently
become available with direct acting antivirals [22–24].
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Collectively, all the above findings support the notion that there is a causal, bi-directional link
between NAFLD and T2D [25]; that HCV infection is a diabetogenic condition [19]; and that T2D is
potentially preventable by curing NAFLD [26] and HCV infection [27].

1.4. Aim of the Review and Evidence Acquisition

The liver, the skeletal muscle and the pancreas are the anatomic basis of IR and they have
collectively been alluded as the “three musketeers” [28]. Along with these three organs, the adipose
tissue is the “fourth musketeer” which is implicated in the pathogenesis of IR (Figure 1) [29]. Over the
last decade, the liver has been put in the spotlight of research and our group has been gaining
particular interest in the association between the steatotic liver and risk of incident T2D. Accordingly,
the main purpose of this article was to review data linking T2D with either NAFLD or HCV infection.
For each of these two liver diseases, we will discuss systematically the epidemiological burden,
the pathophysiologic mechanisms and the clinical implications.

Figure 1. The “four musketeers” fighting for maintaining glucose homeostasis. Under normal conditions,
muscle and pancreas improve glycemic control. However, an expanded adipose tissue will usually
lead to dysglycemia. Similarly, fatty changes occurring in the liver will result in the development of
insulin resistance. Hence, this review article puts the liver in the spotlight.

In order to retrieve pertinent articles, the PubMed database was extensively searched for reports
published through 31 January 2016. To this end, we used the following keywords “nonalcoholic
fatty liver disease” or “NAFLD” combined with “insulin resistance”, “type 2 diabetes” or “diabetes”.
The same keywords were used to identify those articles in which “insulin resistance”, “type 2 diabetes”
or “diabetes” were combined with either “HCV” or “hepatitis C virus”.

The selection of articles was performed based on agreement among the authors. Cross-references
were taken in consideration based on the authors’ judgment.

2. NAFLD and Type 2 Diabetes

2.1. Epidemiology

The wide spectrum of the extra-hepatic manifestations and correlates of NAFLD includes
cardiovascular diseases (CVD), chronic kidney disease, colorectal cancer, obstructive sleep apnea
syndrome, psoriasis, endocrine disorders, notably including IR/T2D, thyroid dysfunction, polycystic
ovarian syndrome and osteoporosis (Figure 2) [5,6,30–36]. Epidemiological data fully support a
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bi-directional relationship between NAFLD and T2D [25]. Stated otherwise, NAFLD is associated
with established T2D in cross-sectional studies and precedes the development of T2D in follow-up
studies [3,16,18].

 

Figure 2. The spectrum of extra-hepatic manifestations and correlates of both non-alcoholic fatty liver
disease (NAFLD) and hepatitis C virus (HCV) infection: type 2 diabetes is a shared feature. This figure
illustrates the concept that NAFLD and HCV infection are two systemic diseases whose spectrum of
clinical manifestations tends to overlap significantly. Type 2 diabetes is a feature shared among the
various pathologic conditions included in the NAFLD clinical spectrum [5,6,30–36] as well as in the
clinical spectrum of chronic HCV infection [8,37,38].

2.1.1. NAFLD as a “Manifestation” of Type 2 Diabetes

A consistent body of epidemiological evidence supports the conclusion that NAFLD is strongly
associated with T2D and that T2D is a major modifier of the epidemiological features of NAFLD [3,39].
For example, the prevalence of NAFLD (assessed by ultrasonography) is approximately 25%–30%
in the general adult population, and men outnumber women by 20% to 40%. In patients with
T2D, the prevalence of NAFLD is considerably higher (occurring in up to 75% of these patients),
and, remarkably, T2D abrogates sex differences among patients with NAFLD [3,39]. The prevalence of
NAFLD in patients with T2D ranges widely from 45% to 75% in large hospital-based studies and from
30% to 70% in population-based studies; this wide inter-study variability is largely due to differences
in the ethnicity, population characteristics and criteria adopted for the diagnosis of diabetes [39]. The
prevalence of histologically diagnosed NASH, i.e., the more rapidly progressive form of NAFLD [40],
is estimated to occur in 2%–3% of the general adult population [6]; conversely, it ranges from 56% to
76% in hospital-based studies [41,42] and from 22% to 83% in outpatient cohort-based studies among
individuals with T2D [15,43,44]. Notably, a recent study reported a high prevalence of NAFLD (76%)
and NASH (56%) in obese T2D patients with normal serum aminotransferase levels [42]. The finding
that many T2D patients with NAFLD have fairly normal serum transaminase concentrations is not
reassuring given that NASH, advanced fibrosis and even cirrhosis may occur in such patients with
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“normal” serum aminotransferases [39,45,46]. Taken together, these studies suggest that the “normal”
range of serum liver enzymes needs to be lowered to capture more NAFLD cases.

2.1.2. NAFLD as a Precursor of Type 2 Diabetes

Accumulating data from observational prospective studies indicate that NAFLD (as diagnosed
by serum liver enzymes or imaging) is strongly associated with an increased incidence of both
T2D and MetS [3,45]. Two large meta-analytic studies have provided further evidence for a strong
association between NAFLD and increased risk of incident T2D [17,18]. The first of such meta-analyses,
published by Musso et al., [17] found an approximately two-fold increased risk of incident T2D among
patients with NAFLD. The second one, recently published by our group, confirmed that NAFLD was
associated with an almost two-fold increased risk of developing both T2D and MetS over a median
period of five years. Worryingly, our meta-analysis is first in suggesting that the risk of developing
MetS was much higher in those in whom NAFLD was identified by ultrasonography compared
to those in whom NAFLD was identified based on abnormal liver enzymes [18]. In agreement
with these findings, a retrospective cohort study by Sung et al. [47] showed that individuals in
whom ultrasonography-assessed NAFLD developed or worsened over five years had a marked
increase in T2D risk, suggesting that more severe NAFLD is associated with a higher risk of incident
T2D [47]. Conversely, individuals in whom NAFLD resolved over five years did not show an increased
T2D risk [47]. Similarly, a recent retrospective study reported a strong and independent association
between NAFLD improvement and reduced incidence of T2D [48]. Moreover, another recent study
has shown that non-overweight individuals with NAFLD had a substantially increased risk of
incident T2D compared with both overweight and non-overweight NAFLD-free individuals [49].
Finally, the Multi-Ethnic Study of Atherosclerosis [50] has shown that NAFLD, assessed by computed
tomography, was associated with an increased risk of incident T2D independent of common risk
factors of T2D.

To date, there is a paucity of published data regarding the association between biopsy
proven-NAFLD and the risk of incident T2D or MetS. In a retrospective cohort of 129 Swedish adults
with histologically confirmed NAFLD and elevated liver enzymes, the baseline prevalence of T2D
was 8.5% and approximately 80% of cases developed T2D (58%) or pre-diabetes (20%) at the end of a
14-year follow-up period [51].

In conclusion, a large body of epidemiological evidence supports the notion that the prevalence
of NAFLD is remarkably increased in patients with T2D and that NAFLD is closely associated with an
increased risk of incident T2D and MetS.

2.2. Pathophysiology

The pathogenic mechanisms linking NAFLD and T2D encompass a complex cross-talk among
different organ systems, notably including the gut and the nervous system further to the previously
alluded “four musketeers”: the adipose tissue, the skeletal muscle, the liver and the pancreas.

2.2.1. Remodeling of White Adipose Tissue

Excess visceral adiposity is a key factor in connecting NAFLD and T2D. The expansion of
white adipose tissue (WAT) is associated with hypoxia and adipocytes necrosis [52–55]. The former
causes the release of hypoxia inducible factor 1α (HIF1α), while adipocytes necrosis induces
infiltration and M1-polarization of macrophages, thus producing WAT dysfunction, inflammation
and fibrosis [53,55–62]. Such a WAT remodeling causes a dysregulation of multiple endocrine
and lipid storage functions [54,62]. Dysfunctional WAT, in its turn, is associated with an
imbalanced cytokine release, i.e., over-production of multiple pro-inflammatory adipocytokines,
such as tumor necrosis factor (TNF)-α and monocyte chemoattractant protein-1/C-C chemokine
receptor-2 (MCP-1/CCR-2), and reduction of adiponectin, which contribute to worsen local and
systemic metabolic derangements [62–72]. Increased interstitial fibrosis in WAT limits adipose
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tissue expandability [52,53,62]. Reduction in lipid storage capacity also contributes to ectopic lipid
accumulation in the liver, skeletal muscles and pancreas where lipotoxicity triggers multiple pathways
that hinder insulin signaling [53,62,73,74]. All of these mechanisms may contribute to the development
of IR in the adipose tissue with its inherent failure to suppress adipose lipolysis that results in an
overflow of free fatty acids (FFAs) to the liver [74].

2.2.2. Role of Skeletal Muscle and Brown Adipose Tissue

Muscle IR, due to intra-myocellular lipid accumulation, occurs early in the course of T2D. It has
been suggested that intra-myocellular diacylglycerol (DAG) accumulation activates protein kinase C-θ
(PKCθ), which impairs insulin signaling, impeding muscle glucose uptake and leading to increased
delivery of glucose to the liver, where it becomes substrate for hepatic de-novo lipogenesis (DNL) [74–77].
Accordingly, it has recently been shown that skeletal muscle steatosis is associated with NAFLD [78].

The myokines, i.e., cytokines produced by the skeletal muscle, have been recently identified
as another piece in the interplay linking NAFLD to T2D. Irisin is produced by the skeletal
muscle in response to physical exercise and exerts beneficial metabolic effects by recruiting brown
adipose tissue (BAT) and triggering thermogenesis [79,80]. Evidence has recently shown that BAT is
recruitable post-natally within either WAT or skeletal muscle [81–85]. BAT, through the expression of
uncoupling C protein-1 (UCP-1), generates heat and regulates energy expenditure, lipid and glucose
metabolism [81,86,87]. For these reasons, both irisin and BAT could be potential targets for the
treatment of obesity-related complications. Interestingly, low levels of irisin have been associated with
NAFLD and T2D in humans, thus confirming the important role of this myokine in the regulation of
energy homeostasis and preservation of a healthy metabolism [88–90].

2.2.3. Intrahepatic Fat Accumulation, Hepatic Insulin Resistance and Hepatokines

In NAFLD, steatogenesis results mainly from increased hepatic esterification of FFAs originating
from dysfunctional/inflamed WAT (60%), DNL (25%) and diet (15%) [91,92]. Increased lipolysis drives
hepatic lipid synthesis through esterification of FFAs and stimulates hepatic gluconeogenesis [92–94],
thus promoting hepatic IR [74,95]. Muscle IR increases glucose delivery to the liver, thus enhancing
DNL. Moreover, dietary monosaccharides, particularly fructose, directly promotes hepatic lipogenesis
by increasing sterol regulatory element binding protein 1c (SREBP1c), carbohydrate-responsive
element-binding protein (chREBP), peroxisome proliferator-activated receptor (PPAR)-γ coactivator
1-β, and liver X receptor expression [74,96–101].

The resulting intrahepatic ectopic storage of lipids has been specifically associated with
hepatic IR [74,102]. However, hepatic triglyceride accumulation per se is not always harmful.
Experimentally, the inhibition of diacylglycerol acyltransferase 2 (DGAT2), an enzyme devoted
to hepatocyte triglyceride biosynthesis, decreases hepatic steatosis, but increases markers of lipid
peroxidation/oxidant stress, hepatic lobular necro-inflammation and fibrosis [103]. Several lines
of evidence support that intrahepatic diacylglycerol (DAG), via activation of PKCε, and ceramides,
by impairing Akt2 action and inducing endoplasmic-reticulum stress and mitochondrial dysfunction,
are the two major lipid mediators of hepatic IR [74,102,104–114]. Also intracellular localization of lipids
in the liver matters [102]. A common single-nucleotide polymorphism of patatin-like phospholipase
domain-containing protein 3 (PNPLA3), a lipid droplet protein with triglyceride lipase activity,
has been strongly associated with NAFLD, but not with IR [114–120]. This dissociation between
hepatic steatosis and IR is likely due to the accumulation of metabolically inert polyunsaturated
triacylglycerols in lipid droplets caused by the PNPLA3 I148M variant [114,121,122]. Other underlying
mechanisms clearly implicated in the development of hepatic IR and in the progression of NAFLD
are low-grade chronic inflammation, elevated production of reactive oxygen species, activation of
unfolded protein response and endoplasmic-reticulum stress, activation of Jun N-terminal kinase
(JNK)-1, increased hepatocyte apoptosis and lipo-autophagy [25,92,102,123–127].
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Finally, the liver releases several endocrine mediators, the so-called hepatokines, able to
impact glucose metabolism, insulin action and secretion. Fetuin-A, which is abundantly secreted by
steatotic hepatocytes, mediates IR by inhibiting the insulin receptor, reducing adiponectin expression,
and enhancing WAT inflammation and dysfunction, and is independently associated with T2D
development [128–132]. More recently, also fetuin-B has emerged as a potentially major player
in T2D pathogenesis. Indeed, in their seminal study, Meex et al. [133], have shown that 32 hepatokines
are differently secreted in steatotic versus non-steatotic hepatocytes. By inducing inflammation and
IR in macrophages and skeletal muscles, these changes in the secretory products may contribute to
the development of metabolic dysfunction in other cell types. These authors have identified higher
levels of fetuin-B in the altered hepatokine secretory profile of steatotic livers in obese patients, and
have also experimentally demonstrated that fetuin-B impairs insulin sensitivity in myotubes and
hepatocytes and causes glucose intolerance in mice [133]. Fibroblast growth factor (FGF)-21 acts as a
potent activator of glucose uptake and inhibitor of WAT lipolysis, recruits BAT and is associated with
obesity, NAFLD and T2D [134–140]. Finally, serpinB1 increases pancreatic β-cell proliferation and its
deficiency leads to maladaptive β-cell proliferation in IR [141,142].

2.2.4. Gut-Liver Axis

Compelling evidence links gut microbiota, intestinal barrier integrity and NAFLD. Dysbiosis and
impaired gut permeability favor the occurrence of endotoxemia and toll like receptor (TLR) 4-mediated
inflammation, thereby contributing to the development of IR and other metabolic complications in
obese individuals [143–145]. Other interactions between the gut and the liver may occur through the
production of multiple gut hormones and the entero-hepatic circulation of bile acids that activate
farnesoid X receptor in the liver [26].

Although further research is needed, these findings underline the importance of NAFLD as a
precursor for the development of hepatic and systemic IR. However, the presence of long-standing IR
per se is not sufficient to lead to the development of T2D. Gluco-lipotoxicity and genetic factors
are additional requirements, which induce T2D through the development of pancreatic β-cell
failure [25,74,146].

2.3. Clinical Implications

2.3.1. NASH and Fibrosis

Several studies have shown that T2D patients with NAFLD are at a high risk of NASH and
cirrhosis [39,147–149]. Data from cross sectional studies [15,150–153] and longitudinal retrospective
studies with sequential liver biopsies [154–156] clearly indicate that T2D strongly predicts fibrosis
severity and progression in NAFLD patients. Consistently, two studies have demonstrated that poor
glycemic control was associated with an increased risk of fibrosis in NASH [157,158].

Interestingly, one study showed that T2D and IR were strongly associated with NASH and severe
fibrosis in patients with normal serum liver enzymes [159]. This finding provides further evidence to
the clinical wisdom that “normal” serum liver enzyme levels are not a sufficient reason for excluding
from liver biopsy those “high-risk” patients in whom advanced liver disease is strongly suggested
by non-invasive evaluation. To this end, transient elastography and semi-quantitative ultrasound or
non-invasive clinical scores (such as the US-FLI, the NAFLD fibrosis or the Fib4 scores) may be used in
most patients with T2D [39,45,160,161].

2.3.2. Cirrhosis and Hepatocellular Carcinoma

Many studies have reported T2D as an established risk factor for cirrhosis [162,163] and
HCC [164–166]. Worryingly, a significant proportion of NAFLD patients with HCC have no evidence
of cirrhosis [164], implying that they have escaped the normal surveillance strategies implemented in
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patients with cirrhosis of viral or alcoholic origin, and thus are diagnosed too late to receive radical
treatment [167,168].

The presence of NAFLD among patients with T2D is also an important risk factor of increased
all-cause and cause-specific mortality. Patients with T2D have an increased mortality risk from
cirrhosis of any aetiology [39]. Accordingly, a recent cohort study showed that, compared to the
age- and sex-matched general population, patients with T2D had a two- to three-fold higher risk
of dying of non-viral and non-alcoholic chronic liver disease, largely attributable to NAFLD [169].
Consistently, a recent Scottish national retrospective cohort study reported that T2D was associated
with an increased risk of hospital admissions or deaths for all common chronic liver diseases and,
among them, NAFLD had the strongest association with T2D [170]. In agreement, a retrospective
USA cohort study on 132 NAFLD patients found that T2D patients with NAFLD were at risk for
the development of poor clinical outcomes, such as increased all-cause and liver-related mortality
or morbidity after adjusting for potential confounding factors [162]. Finally, NAFLD was associated
with a two-fold increased risk of all-cause mortality (mainly due to malignancy (33%), liver-related
complications (19%) or ischemic heart disease (19%)) in a cohort study of 337 T2D patients followed-up
for a mean period of 11 years [171].

2.3.3. Atherosclerosis

Accumulating evidence indicates that NAFLD is strongly associated not only with liver-related
morbidity or mortality, but also with an excess risk of CVD, which is the most common cause of
death in T2D [39]. Several studies have reported a strong association between NAFLD and early
subclinical or advanced atherosclerosis among patients with and without T2D [172]. These findings
have been further confirmed by multiple prospective studies that showed an increased risk of fatal
and non-fatal CVD events in patients with and without T2D, independently of several cardiometabolic
risk factors [39,172–174]. The association between NAFLD and risk of CVD mortality has been
further supported by a milestone meta-analysis [17], although some recent follow-up studies are
conflicting [172,175].

Emerging evidence also indicates that NAFLD is independently associated with the development
of microvascular diabetic complications, i.e., chronic kidney disease and advanced diabetic
retinopathy [5].

Collectively, the above-mentioned studies convincingly show that T2D is strongly associated with
an increased risk of progressive NAFLD and an excess risk of overall and cause-specific mortality,
including not only liver-related but also CVD-related mortality. These findings fully support careful
monitoring and screening for NAFLD and/or advanced fibrosis among patients with T2D.

3. HCV and Type 2 Diabetes

3.1. Epidemiology

3.1.1. HCV and Diabetes: A Non-chance Association

The notion that cirrhosis is a potentially diabetogenic condition dates back to as early as 1906 [176].
More recently, such a view was confirmed in the pre-HBV and pre-HCV age [177]. It was more
than 20 years ago that Allison et al., [178] by comparing the rates of T2D among cirrhotic patients
undergoing evaluation for liver transplantation, showed that T2D prevalence was 50% in patients with
HCV-related versus 9% in those with non-HCV-related cirrhosis. Since that pioneering report, this topic
has developed into a major line of research and, at the time of this writing, more than 1340 articles can
be retrieved [179].
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3.1.2. The Burden

Licensing of oral direct acting antivirals (DAA), which deliver sustained virological response
(SVR) rates >90%, has led to the revolutionary expectation that HCV infection will possibly be the first
chronic viral infection totally eradicated [22]. However, such an inference is premature and, for the time
being, HCV still infects from 150,000,000 to 185,000,000 people worldwide, namely up to 2.8% of the
world population [180,181]. Moreover, in developing countries, the case-finding and management have
not improved in tandem, suggesting that continued refinement of epidemiology, cost-utility models
and targeted diagnostic strategies remain an unmet need [182]. Worldwide, chronic HCV infection
remains a significant public health burden, given that it can lead to cirrhosis in approximately 15% to
20% of those infected within 20 years, resulting in end-stage liver disease and HCC [182]. In Europe,
although the iatrogenic HCV transmission was enormously reduced over the last 20 years, transmission
related to intravenous recreational drug use is on the increase, especially in Eastern Europe, and the
high HCV prevalence in the migrant populations is a challenge [183]. Moreover, HCV-related morbidity
and mortality are projected to increase in Europe until 2030 [183]. In the USA, up to 35% of patients on
the liver-transplant waiting list are infected with HCV, and global HCV-associated mortality estimates
approximate 500,000 deaths per year [184,185].

3.1.3. Extra-Hepatic Manifestations of HCV Infection: Type 2 Diabetes

The clinical spectrum of chronic HCV infection is not limited to liver disease but also includes
major extra-hepatic conditions, affecting eyes, salivary glands, skin, kidneys, genital tract, endocrine,
neurologic, cardiovascular and immune systems (Figure 2) [8,37,38].

Among the extra-hepatic manifestations of HCV, a mutual and bi-directional relationship
connects T2D with HCV infection. HCV infection is more common in patients with T2D than in
those without T2D and, conversely, T2D abounds among patients with chronic HCV infection [177].
That said, however, the usual clinical scenario depicts a vignette in which, in predisposed individuals,
HCV infection precedes and accelerates the development of new-onset T2D by approximately
10 years [38,186]. This finding suggests that HCV infection observed in T2D patients does not result
from the risk of HCV infection associated with medical procedures in the highly medicalized T2D
population but is the primary event which may adversely affect the subsequent development of
T2D [187].

3.1.4. Heterogeneity in the Distribution of HCV and Type 2 Diabetes and Differential Features of
Hepatitis C-Associated Dysmetabolic Syndrome and MetS

There are 170,000,000 individuals with T2D worldwide, namely the same number of individuals
with HCV infection [177]. However, HCV infection has undergone epidemiological diffusion in certain
age groups and geographical areas as a result of specific lifestyle risk behaviors or transmission via
medical practices, whereas T2D reaches its zenith among 45-to-64 year old individuals, particularly
in obese and sedentary individuals [177]. Stated otherwise, the epidemiological distribution of
HCV infection and T2D does not identify the same geographical areas and groups of individuals.
Accordingly, screening campaigns to identify either HCV infection among T2D patients or T2D among
those with HCV infection are not justifiable at this time and more accurate strategies are needed in
screening selected cohorts of individuals [188].

Finally, it should be pointed out that while T2D is a prominent feature of the MetS
which is bi-directionally associated with NAFLD [3], HCV infection is also associated with a
specific hepatitis C-associated dysmetabolic syndrome (HCADS), which was first described by
Lonardo et al. [189]. Table 1 schematically compares the main features of the MetS with those of
the HCADS [3,7,168,190–193].
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Table 1. Metabolic Syndrome versus Hepatitis C-Associated Dysmetabolic Syndrome (HCADS)—A
comparison at a glance.

Criteria Metabolic Syndrome HCADS Reference(s)

T2D Yes Yes [3]
Hypertension Yes Yes [3]

Visceral Obesity Yes Preliminary evidence suggests that HCV patients
have abdominal fat distribution [3]

Atherogenic dyslipidemia Yes Acquired, reversible hypocholesterolemia [6]

Hepatic steatosis
Not included among diagnostic criteria but

often found as a concurrent or
precursor finding

In chronic HCV patients, steatosis is two- to
three-fold more prevalent than in chronic hepatitides

of other etiologies. HCV genotype 3 is associated
with a higher prevalence and more severe steatosis

[3,6]

Hyperuricemia Not included in diagnostic criteria but often
associated on pathophysiological grounds Strongly associated with severity of steatosis [3,190]

Accelerated atherogenesis
Whether the full-blown MetS adds to the risk

of its individual components, particularly
T2D, is controversial

Individuals with HCV infection (particularly those
with T2D and hypertension) have an excess of

cardiovascular morbidity and mortality
[3,191]

HCC risk
Both the MetS and T2D increase the risk of

HCC. This likely results via NAFLD/NASH
even in non-cirrhotic livers

Concurrent T2D and chronic HCV infection lead to
increased risk of HCC. Steatosis and

overweight/obesity possibly play a role
[168,192,193]

3.2. Pathophysiology

3.2.1. HCV Increases T2D Risk via Insulin Resistance

Consistent with the development of new-onset T2D observed in the setting of NAFLD, HCV
promotes a state of IR that leads, over time, to pancreatic beta-cell dysfunction, eventually culminating
in the irreversible damage of such cells and the development of overt T2D [177].

3.2.2. IR Associated with HCV: Antigens, Sites and Determinants

HCV antigens, such as the core protein, play a key role in determining post-receptor defects
causing IR by interfering with the AKT signaling pathway via cytokines (such as TNF-α and
interleukin-6) and the suppressors of cytokine signaling [194–197]. Strong evidence suggests that the
site of IR is not only hepatic but also extra-hepatic [198], predominantly in the skeletal muscle, correlates
with subcutaneous, rather than visceral adiposity, and is independent of liver fat content [199].
These findings conflict with the notion that HCV predominantly infects hepatocytes and suggest
that either HCV-infected hepatocytes release a soluble mediator capable of inducing IR in skeletal
muscles [38] or, alternatively, that HCV directly infects myocytes. This latter hypothesis appears to be
conceptually sustainable based on the findings of a recent case-control study, which provided evidence
for a significant association between inclusion body myositis and HCV infection [200].

3.2.3. T2D in the Setting of the HCADS

T2D is not the only metabolic disease observed in the setting of HCV infection. Over time,
several features of what is now alluded to as the HCADS have been increasingly identified.
For example, hepatic steatosis, which is one of such features, was first identified as a distinct disease
entity [7,21,201]. Data comparing hepatic steatosis due to varying viral (HIV-related) and non-viral
(NAFLD) steatogenic disorders suggest that IR is a prominent feature specifically associated with HCV
infection [202].

Over time, several features have been added to the initial description of the
HCADS [203–205], which, presently, is deemed to characterize hyperuricemia, reversible
hypocholesterolemia, IR, hypertension and visceral obesity [189]. Collectively, these dysmetabolic
disorders may best be interpreted as a Darwinian survival strategy favoring the survival of HCV at the
expenses of the host’s metabolism [189]. The finding of expanded visceral adipose tissue in patients
with HCV infection is consistent with the hepatic and extra-hepatic origin of IR discussed above
and prompts further research as to the potential ability of HCV infection to localize directly within
adipocytes [206,207].
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3.3. Clinical Implications

3.3.1. Risk of Fibrosis

A consistent body of evidence supports the notion that T2D is closely associated with fibrosis in the
setting of chronic HCV infection [188]. More recently, a large study conducted in USA in approximately
10,000 patients with hepatitis C found that age, sex, race, HCV genotype, HIV co-infection,
alcohol abuse, antiviral therapy and T2D were independently associated with the risk of cirrhosis [208].
Moreover, a recent meta-analysis of 14 studies, involving 3659 participants with HCV infection,
reported a significant association between IR and advanced hepatic fibrosis among patients with HCV
genotype 1 infection but not among those with HCV genotype 3 [209]. These findings are consistent
with those of previous studies reporting that IR was strongly associated with HCV genotypes 1
and 4 [210,211].

3.3.2. Risk of Hepatocellular Carcinoma

Population-based studies fully support T2D being as an emerging risk factor for HCC [192]. In a
recent meta-analysis, Dyal et al., [193] have reported that concurrent T2D is strongly associated with
an increased risk of HCC among chronic HCV patients. It may be argued, however, that, in these
patients, T2D may either be a proxy of more advanced metabolic derangement which leads to excess
fibrosis via NASH or that T2D per se exposes these individuals to higher risk of developing HCC
via increased oxidative stress and hormonal changes (e.g., IR, increased IGF-1 and activation of the
renin-angiotensin-aldosterone system) [193,212,213].

An Italian study conducted in 163 consecutive HCV-positive patients with cirrhosis followed-up
for a median period of 10.7 years found that HCV genotype 1b was strongly associated with a higher
risk of developing HCC [214].

Further studies are needed to control accurately for all viral and host’s confounders, such as
genotype, obesity and ethnicity, given that an improved understanding of HCC risk factors may
provide specific areas of targeted interventions to reduce HCC risk in chronic HCV patients [193].

3.3.3. Risk of Atherosclerosis

The strong association between HCV infection and T2D development is one of the most important
mechanisms that may lead to accelerated atherogenesis in chronic HCV patients [215]. Three studies
showed that HCV infection is a strong risk factor for carotid subclinical atherosclerosis [216–218].
Consistent with the notion that HCV infection is a systemic disease, the risk of major CVD events is
higher in patients with HCV infection than in HCV-negative controls, independently of traditional CVD
risk factors and other potential confounding variables [219,220]. In a recent meta-analysis conducted
on 22 studies, Petta et al. [191] showed that patients with chronic HCV infection had an increased
risk of CVD-related morbidity and mortality, especially those with T2D and hypertension. On these
grounds, all chronic HCV patients should be non-invasively screened for atherosclerosis [215].

4. Conclusions

Among the “four musketeers” fighting for controlling glucose homeostasis, the liver is now in
the spotlight of basic, epidemiological and clinical investigations (Figure 1). Indeed, by reviewing
the role of HCV and NAFLD in the development of T2D, we found that there is a substantial body
of evidence indicating that the liver plays a pathogenic role in T2D development and that the close
inter-connections connecting T2D with liver disease may result in a “vicious circle” eventually leading
to an excess risk of liver-related and CVD complications (Figure 3).
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Figure 3. Non-alcoholic fatty liver disease, hepatitis C virus infection and type 2 diabetes: the
“vicious circle”. The liver plays a pathogenic role in the development of type 2 diabetes both in
the context of non-alcoholic fatty liver disease and hepatitis C virus infection through the development
of systemic and hepatic insulin resistance, partly mediated by the release of multiple pro-inflammatory
cytokines, diabetogenic hepatokines and reactive oxygen species. If left uncorrected, insulin resistance
will eventually lead to progressive pancreatic beta cell failure in predisposed individuals. Moreover, the
strong interconnection between type 2 diabetes and liver disease may result into a “vicious circle” [25]
eventually leading to liver disease progression with an excess risk of liver-related, i.e., cirrhosis and
hepatocellular carcinoma (HCC), and cardiovascular complications, i.e., atherosclerosis.

NAFLD and HCV infection are two multisystem diseases whose spectrum of clinical
manifestations, seemingly as a result of their sharing hepatic steatosis and IR as prominent features
(Figure 2) [205], tends to overlap more and more. Basic research is very active in the arena of NAFLD
pathophysiology and extrapolation of notions from the NAFLD to the HCV research field appears to
be justified and potentially fruitful [21].

However, several questions remain largely unanswered. For instance: is NAFLD treatment able
to reduce the development of T2D and its major complications? Based on preliminary evidence [47,48]
one may be tempted to answer affirmatively, though this remains to be fully proven by studies ad hoc.
Does T2D impair SVR in the era of new direct-acting antivirals? While T2D was associated with a
lower SVR rate following interferon-based therapy [7], regimens based on new direct-acting antiviral
agents do not appear to be affected by coexisting T2D [221]. Moreover, whether HCV eradication
may also have an impact on the future morbidity and mortality due to T2D is a clinically relevant and
biologically plausible outcome. However, further studies with new direct-acting antivirals are needed
to ultimately settle this issue [27].

In the meantime, it is important to underline that lifestyle changes are the mainstay of treatment
for all patients with NAFLD and T2D [173,222]. It has been reported that a combination of educational,
behavioral and motivational strategies may help patients with NAFLD in achieving lifestyle
changes [223–225]. Preliminary evidence also suggests that body weight reduction may improve
liver histology in those patients in whom HCV infection is associated with hepatic steatosis [226].
However, future studies are required to better define effective weight loss strategies in these patients.
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CVD cardiovascular disease
DAA direct acting antivirals
DAG diacylglycerol
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FGF-21 fibroblast growth factor 21
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HCV hepatitis C virus
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Abstract: Metabolic syndrome (MS) is characterized by an increased risk of incident diabetes and
cardiovascular (CV) events, identifying insulin resistance (IR) and endothelial dysfunction as key
elements. Moreover, non-alcoholic fatty liver disease (NAFLD) is bidirectionally linked with MS as a
consequence of metabolic and inflammatory abnormalities. We addressed the question if the evolution
in NAFLD might worsen endothelium-dependent vasodilating response in MS hypertensives. We
recruited 272 Caucasian newly-diagnosed never-treated hypertensive outpatients divided into three
groups according to the presence/absence of MS alone or in combination with NAFLD. MS and
NAFLD were defined according to the National Cholesterol Education Program-Adult Treatment
Panel III (NCEP-ATPIII) and non-invasive fatty liver index, respectively. We determined IR by using
the homeostasis model assessment (HOMA) index. Vascular function, as forearm blood flow (FBF),
was determined through strain-gauge plethysmography after intra-arterial infusion of acetylcholine
(ACh) and sodium nitroprusside. MS+NAFLD+ group showed worse metabolic, inflammatory and
vascular profiles compared with MS´NAFLD´ and MS+NAFLD´. HOMA resulted in being the
strongest predictor of FBF both in the MS+NAFLD´ and in the MS+NAFLD+ groups, accounting for
20.5% and 33.2% of its variation, respectively. In conclusion, we demonstrated that MS+NAFLD+
hypertensives show a worse endothelium-dependent vasodilation compared with MS+NAFLD´,
allowing for consideration of NAFLD as an early marker of endothelial dysfunction in hypertensives.

Keywords: endothelial dysfunction; non-alcoholic fatty liver disease; metabolic syndrome;
cardiovascular disease and risk; arterial hypertension

1. Introduction

Metabolic syndrome (MS) is a clinical condition characterized by a clustering of hemodynamic and
metabolic risk factors including raised blood pressure (BP), atherogenic dyslipidemia, raised fasting
glucose and central obesity [1]. All of these factors are interrelated and associated with an increased
risk for incident diabetes and cardiovascular (CV) diseases [2,3]. Although the pathogenesis of MS
remains not completely clarified, insulin resistance (IR) is believed to play a pivotal pathophysiological
role in its development [4].

It is well recognized that endothelial dysfunction, primarily characterized by a reduced nitric
oxide (NO) bioavailability, is an early step in the continuum of the atherosclerotic process. In addition,
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there are several lines of evidence demonstrating that it is a strong and independent predictor of CV
events in different settings of patients [5,6], and that it is able to predict the appearance and progression
of subclinical organ damage [6–9]. On the other hand, some experimental and clinical data have
demonstrated that NO-mediated vasodilation is impaired in patients with IR [10–12], representing a
possible pathogenetic mechanism linking MS to increased CV risk.

Non-alcoholic fatty liver disease (NAFLD) is bidirectionally linked with MS (13) as a consequence
of the inflammatory and metabolic processes characterizing this condition. In keeping with this,
previously published data demonstrated a strong relationship between IR and NAFLD [13–16]. It is
plausible that, in visceral obesity, present in the MS, the excess of portal or intra-peritoneal fat promotes
the appearance and progression of NAFLD by directly increasing the flux of free fatty acids to the
liver [16]. Moreover, we recently reported that hypertensive patients with NAFLD show a significantly
reduced endothelium-dependent vasodilation compared with hypertensives without NAFLD [17],
confirming that the presence of more risk factors in the same setting of patients differentiates the risk
profile of each subject.

However, at this moment, there are no data demonstrating if NAFLD has an additive effect in
worsening endothelial function in subjects with MS. Thus, we designed the present study with the aim
to demonstrate the additive effect of both MS and NAFLD on endothelium-dependent vasodilating
response in hypertensive subjects.

2. Results

2.1. Study Population

Characteristics of the whole study population, stratified according to the presence/absence of
MS alone or in combination with NAFLD, are reported in Table 1. In comparison with MS+NAFLD´
patients, subjects in the MS+NAFLD+ group had significantly higher body mass index (BMI) and
waist circumference. With regards to hemodynamic parameters, MS+NAFLD+ group showed higher
systolic BP and pulse pressure (PP) values. As expected, MS+NAFLD+ patients exhibited higher
gamma-glutamyltransferase (GGT), aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) values, and a worse metabolic and inflammatory profile, compared to the MS+LS´ group.

Table 1. Clinical, biochemical and hemodynamic characteristics of subjects in whole study population
and in different groups.

Variables All (n = 272) MS´NAFLD´ (n = 101) MS+NAFLD´ (n = 78) MS+NAFLD+ (n = 93) p

Gender, M/F 148/124 63/38 37/41 48/45 0.110 *
Age, years 48.8 ˘ 9.3 47.2 ˘ 8.6 49.9 ˘ 10.3 49.9 ˘ 9.1 0.082

Smoking, n (%) 17 (17.3) 17 (16.8) 14 (17.9) 16 (17.2) 0.960 *
BMI, kg/m2 30.1 ˘ 5.4 26.2 ˘ 2.5 31.2 ˘ 4.8 33.3 ˘ 5.6 ‡ <0.0001

Waist circumference, cm 100.5 ˘ 14.2 90.2 ˘ 10.8 104.1 ˘ 13.2 108.5 ˘ 11.6 ‡ <0.0001
Systolic BP, mm Hg 141 ˘ 17 129 ˘ 13 145 ˘ 17 150 ˘ 14 ‡ <0.0001
Diastolic BP, mm Hg 89 ˘ 11 83 ˘ 10 92 ˘ 12 92 ˘ 10 <0.0001

PP, mm/Hg 52 ˘ 14 46 ˘ 15 52 ˘ 13 59 ˘ 14 ‡ <0.0001
Total cholesterol, mg/dL 197 ˘ 33 186 ˘ 26 204 ˘ 32 205 ˘ 37 <0.0001
HDL-cholesterol, mg/dL 47 ˘ 14 53 ˘ 16 43 ˘ 10 43 ˘ 11 <0.0001

Triglyceride, mg/dL 132 ˘ 63 107 ˘ 42 134 ˘ 65 156 ˘ 81 <0.0001
GGT, U/L 31 ˘ 15 21 ˘ 7 26 ˘ 8 47 ˘ 11 ‡ <0.0001
AST, U/L 37.7 ˘ 24.1 19.4 ˘ 4.6 30.8 ˘ 18.3 63.9 ˘ 20.9 ‡ <0.0001
ALT, U/L 39.4 ˘ 27.4 18.8 ˘ 6.2 31.2 ˘ 16.5 69.2 ˘ 22.7 ‡ <0.0001

Serum Creatinine, mg/dL 0.9 ˘ 0.2 0.9 ˘ 0.3 0.9 ˘ 0.2 0.9 ˘ 0.2 0.162
e-GFR, mL/min/1.73 m2 94.7 ˘ 20.6 97.1 ˘ 21.3 93.1 ˘ 18.7 92.9 ˘ 25.6 0.287

FP glucose, mg/dL 99.5 ˘ 19.6 90.1 ˘ 8.3 102.2 ˘ 21.9 107.9 ˘ 21.9 <0.0001
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Table 1. Cont.

Variables All (n = 272) MS´NAFLD´ (n = 101) MS+NAFLD´ (n = 78) MS+NAFLD+ (n = 93) p

FP insulin, mU/mL 13.7 ˘ 6.3 10.3 ˘ 4.7 14.5 ˘ 6.0 16.8 ˘ 6.4 ‡ <0.0001
HOMA 3.4 ˘ 1.9 2.3 ˘ 1.0 3.6 ˘ 1.5 4.5 ˘ 2.2 ‡ <0.0001

hs-CRP, mg/dL 4.3 ˘ 2.7 3.2 ˘ 1.5 4.2 ˘ 3.0 5.7 ˘ 2.9 ‡ <0.0001
FBF, mL¨ 100¨ mL´1 of

tissue¨ min´1

Basal 3.1 ˘ 0.7 3.2 ˘ 0.9 3.0 ˘ 0.6 3.0 ˘ 0.7 0.238
ACh, % of increase 328 ˘ 141 413 ˘ 136 327 ˘ 127 236 ˘ 91 ‡ <0.0001
SNP, % of increase 500 ˘ 120 507 ˘ 128 498 ˘ 121 496 ˘ 114 0.799

* : X2 test. ‡ : = p < 0.05 by Bonferroni MS+NAFLD´ Vs MS+NAFLD+. ACh: acetylcholine;
ALT alanine aminotransferase; AST: aspartate aminotransferase; BMI: body mass index; BP: blood pressure;
PP: pulse pressure; hs-CRP: high sensitivity C-reactive protein; e-GFR: estimated glomerular filtration rate;
FBF: forearm blood flow; FP: fasting plasma; GGT: gamma glutamyl transferase; HDL: high density lipoprotein;
HOMA: homeostasis model assessment of insulin resistance; SNP: sodium nitroprusside.

2.2. Endothelium–Dependent and –Independent Vasodilation

The baseline forearm blood flow (FBF) did not differ among the three groups (Table 1).
Intra-arterial infusion of achetylcholine (ACh) significantly increased FBF in a dose-dependent manner
in all groups. The FBF values at the three incremental doses of ACh were 6.9 ˘ 3.0, 10.5 ˘ 4.6
and 16.3 ˘ 6.5 mL¨ 100 mL´1 of tissue¨ min´1, 5.2 ˘ 2.2, 8.1 ˘ 3.9 and 12.7 ˘ 4.3 mL¨ 100 mL´1 of
tissue¨ min´1 and 4.8 ˘ 1.8, 6.9 ˘ 2.4 and 10.2 ˘ 3.7 mL¨ 100 mL´1 of tissue¨ min´1 for MS´NAFLD´,
MS+NAFLD´ and MS+NAFLD+ groups, respectively.

As expected, the endothelium-dependent maximal vasodilating response to ACh was significantly
(p < 0.0001) reduced in both MS+NAFLD´ and MS+NAFLD+ groups in comparison with
MS´NAFLD´ group (Figure 1). In addition, MS+NAFLD+ patients showed a worse ACh peak
percent increase when compared to the MS+NAFLD´ group (Table 1). On the contrary, all patients
showed a normal endothelium-independent vasodilation to sodium nitroprusside (SNP) infusions,
without any significant difference among groups.

 
Figure 1. Responses of forearm blood flow (FBF) to intra-arterial infusions of acetylcholine (ACh) and
sodium nitroprusside (SNP) in different groups.

Finally, in the logistic regression model (Figure 2), patients with both MS and NAFLD had the
highest risk for decreased FBF (OR = 14.81; 95% CI = 6.99–31.38; p < 0.0001), whereas the group with
MS alone had an almost doubled risk (OR = 2.53; 95% CI = 1.32–4.86; p = 0.005).
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Figure 2. Graphic report of the logistic regression analysis for decreased forearm blood flow.

2.3. Correlational Analysis

A linear regression analysis was performed to test the correlation between FBF and different
covariates in the whole study population and in different groups (Table 2). FBF was inversely correlated
with homeostasis model assessment (HOMA) (r = ´0.584, p < 0.0001), high sensitivity C-reactive
protein (hs-CRP) (r = ´0.528, p < 0.0001), waist circumference (r = ´0.521, p < 0.0001), BMI (r = ´0.505,
p < 0.0001), PP (r = ´0.477, p < 0.0001), systolic BP (r = ´0.466, p = <0.0001) and age (r = ´0.319;
p < 0.0001).

In the MS-NAFLD- group, FBF was significantly correlated with PP (r = ´0.371, p < 0.0001),
systolic BP (r = ´0.361, p ď 0.0001), HOMA (r = ´0.362, p < 0.0001), hs-CRP (r = ´0.329, p < 0.0001),
age (r = ´0.282; p = 0.002), BMI (r = ´0.279, p = 0.002) and waist circumference (r = ´0.186, p = 0.031).

In patients with MS alone, the main covariates related with endothelial-dependent vasodilation
were HOMA (r = ´0.464, p < 0.0001), hs-CRP (r = ´0.446, p < 0.0001), waist circumference (r = ´0.436,
p < 0.0001), BMI (r = ´0.406, p < 0.0001), PP (r = ´0.344, p = 0.001), age (r = ´0.305; p = 0.003) and systolic
BP (r = ´0.193, p = 0.045). Finally, when considering MS and NAFLD together, FBF was inversely
correlated with HOMA (r = ´0.616, p < 0.0001), hs-CRP (r = ´0.522, p < 0.0001), waist circumference
(r = ´0.454, p < 0.0001), BMI (r = ´0.414, p < 0.0001), PP (r = ´0.344, p = 0.002), systolic BP (r = ´0.273,
p = 0.013) age (r = ´0.249; p = 0.022).

Variables reaching statistical significance, with the addition of smoking and gender as dichotomic
values, were inserted in a stepwise multivariate linear regression model to determine the independent
predictors of FBF (Table 3). In the whole population, HOMA was the strongest predictor of FBF,
accounting for 33.7% (p < 0.0001) of its variation. In addition, the other independent predictors were:
PP, waist circumference, hs-CRP, BMI and age accounting for 8.8%, 5.5%, 3.5%, 1.8%, 1.0% of its
variation, respectively.

In subjects without MS and NAFLD, pulse pressure was the most important predictor of FBF,
justifying about 12.9% (p < 0.0001) of its variation, followed by HOMA (9.9%), hs-CRP (6.8%) and
age (4.2%).

Of interest, HOMA was the strongest predictor of FBF in patients with MS alone and MS in
combination with NAFLD, accounting for 20.5% (p < 0.0001) and 33.2% (p < 0.0001) of its variation,
respectively. Other independent predictors of the endothelial-dependent vasodilation in MS+NAFLD´
group were waist circumference and hs-CRP accounting for a further 8.2% and 6.1% of its variation,
respectively. Finally, in the MS+NAFLD+ group, hs-CRP, waist circumference and age add another
11.7%, 7.7% and 3.1% of FBF variation, respectively.
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3. Discussion

The results of our study, obtained in a well characterized cohort of newly-diagnosed never-treated
hypertensive patients, demonstrate that the endothelium-dependent vasodilation, evaluated by
strain-gauge plethysmography, was significantly reduced in MS+NAFLD+ patients in comparison with
patients with only MS. Furthermore, MS+NAFLD+ patients showed a worse metabolic, inflammatory
and hemodynamic profile. In particular, patients with NAFLD exhibited greater values of both BMI
and waist circumference compared with those without; this is not surprising, since it is well known that
obese subjects have a high risk for NAFLD [18] attributable, at least in part, to visceral fat accumulation
and consequent increased flux of free fatty acids to the liver [16]. Moreover, the excessive intrahepatic
triglyceride content further impairs insulin sensitivity of these subjects, thus creating a vicious circle
explaining the observed metabolic and hemodynamic alterations. This is supported by the finding that,
in the linear regression analysis, the main covariate related to FBF was PP in MS´NAFLD´ group,
while, in the other groups, FBF resulted primarily related to HOMA, regardless of the highest BP values.
Moreover, HOMA resulted in being the strongest predictor of FBF both in the MS+NAFLD´ and in
the MS+NAFLD+ groups, accounting for 20.5% and 33.2% of its variation, respectively. These findings
are in agreement with previously published data, confirming the presence of a relationship between
impaired endothelium-dependent vasodilation and hypertension [5], as well as a negative effect
of MS on vascular function. This is not surprising, since both the hemodynamic and metabolic
risk factors configuring the MS are all associated with endothelial dysfunction and, consequently,
with the risk of CV events. IR, a condition that can be considered the leitmotiv underlying the MS,
plays a key role also in the appearance and progression of vascular damage, from the endothelial
dysfunction to the atherosclerotic plaque. Moreover, IR is also strongly associated with NAFLD,
a condition that can be considered as an epiphenomenon of the interaction between the inflammatory
and metabolic factors featuring the MS. Since both endothelial dysfunction and IR are characterized
by a reduced endothelial-NO synthase (eNOS)-derived NO bioavailability, it is plausible that the
link between NAFLD and endothelial dysfunction could be represented by an altered NO balance.
In fact, recent published data [19] demonstrated that NO produced by eNOS, plays a key role in
liver physiology and pathophysiology, contributing to the maintenance of liver homeostasis; on
the contrary, NO derived from inducible-NO synthase (iNOS) is particularly produced under many
pathological conditions, and is able to modify many structural liver proteins. In several pathological
conditions, such as IR, NO production is shifted from eNOS- to iNOS-derived, with consequent
increase in reactive nitrogen species and free radicals. In particular, Pasarin et al. [20] demonstrated
that the IR exhibited by a rat model of steatotic liver is particularly expressed at the liver endothelium,
thus relating IR to iNOS induction; this IR precedes inflammation, fibrosis or other features of advanced
liver disease. In keeping with this, it can be supposed that the impairment of both insulin-induced
and ACh-dependent vasodilation seen in peripheral vessels of insulin resistant patients can be also
observed in the liver vasculature, thus giving a plausible explanation of many events occurring in
the disease progression from NAFLD to cirrhosis [21]. In fact, while insulin acts as a vasodilator
agent in physiological conditions, throughout the mediation of NO bioavailability, this property
resulted in impaired IR status, due to a combined defect in both insulin-mediated glucose transport
and in insulin-stimulated endothelial vasodilation, derived from a fault in the phosphatidylinositol
3 kinase/Akt pathway. [22]. Moreover, the findings of the present study strengthen previously
published data by our group [17], demonstrating a significant reduction in endothelium-dependent
vasodilation evaluated by strain-gauge plethysmography in hypertensives with associated NAFLD,
compared with hypertensives without NAFLD. All these data, taken together, endorse the close link
between IR and NAFLD observed in other pathological conditions such as type-2 diabetes mellitus,
obesity, and other metabolic alterations [14,23,24]. Finally, our data, obtained in a well-characterized
population of hypertensive patients, are in agreement with those obtained by Targher and co-workers
in diabetic patients, demonstrating that non-alcoholic fatty liver disease significantly increases CV risk
in this setting of patients [25].
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This study has several potential limitations. First of all, the small sample size and the
cross-sectional design impose the data obtained to be confirmed in wider trials. Another limitation is
that the diagnosis of NAFLD was performed by using the non-invasive fatty liver index (FLI) instead of
liver biopsy that represents the gold standard. In fact, FLI is poorly correlated with liver histology [26],
is no better than waist circumference in predicting NAFLD [27], and the pathophysiological information
from the NAFLD arena cannot be directly extrapolated and applied to “liver steatosis” of undefined
etiology (probably a mixture of alcoholic and nonalcoholic fatty liver disease), although some authors
believe that steatosis per se may enhance CV risk [28]. Finally, in this study, we determined IR by using
the HOMA index that does not allow for discrimination between peripheral or central IR.

In conclusion, we demonstrated that hypertensive patients with both MS and NAFLD
show a worst endothelium-dependent vasodilation compared with hypertensives with MS alone,
thus enhancing the crucial role of IR in the multifactorial pathway, in which cooperate both
metabolic and hemodynamic factors, leading from endothelial dysfunction to the atherosclerotic
plaque formation.

Thus, our results have an important clinical implication since allow to consider NAFLD not only
as an organ damage consequent to IR, but also a simple and early marker of endothelial dysfunction in
essential hypertension, contributing to better stratify CV risk in this setting of patients.

4. Materials and Methods

4.1. Study Population

The study population consisted of outpatients evaluated at the University Hospital of Catanzaro.
We recruited 272 Caucasian newly-diagnosed never-treated hypertensive outpatients (148 males and
124 females) divided into three groups according with the presence or absence of MS alone or in
combination with NAFLD (MS´NAFLD´, MS+NAFLD´, MS+NAFLD+). All patients participated
in the CATAnzaro MEtabolic RIsk Factors Study (CATAMERIS) [29] and underwent physical
examination and review of their medical history. None of the patients had history or clinical
evidence of chronic hepatitis, alcoholism, coronary artery disease, valvular heart disease, peripheral
vascular disease, coagulopathy, or any disease predisposing to vasculitis or Raynaud’s phenomenon.
A complete anthropometric assessment was performed by measurements of height, weight, and waist
circumference according to a standardized protocol. BMI was calculated as kilograms per square meter,
and the waist was measured at its smallest point with the abdomen relaxed.

The MS was defined according to NCEP-ATPIII [1]. The presence of NAFLD was detected
calculating the non-invasive FLI, as suggested by Bedogni et al. [30], according to the formula:

FLI = (e 0.953*loge (triglyceride) + 0.139*BMI + 0.718*loge (GGT) + 0.053*waist circumference ´ 15.745)/(1 + e
0.953*loge (triglyceride) + 0.139*BMI + 0.718*loge (GGT) + 0.053*waist circumference ´ 15.745) * 100.

FLI values ě60 are significant to rule in fatty liver as detected by ultrasonography. The protocol
was approved by the Local Ethical Committee, and all participants gave their informed written
consent before the study procedures. All the investigations of this research protocol were performed in
accordance with the principles of the Declaration of Helsinki.

4.2. Biochemical Assays

All laboratory determinations were obtained after 12 fasting h. Enzymatic methods were used
to measure fasting blood glucose, total and HDL-cholesterol, and triglyceride (Roche Diagnostics,
Mannheim, Germany). ALT and AST levels were measured using the α-ketoglutarate reaction;
GGT levels with the L-γ-glutamyl-3-carboxy-4-nitroaniliderate method. Serum insulin was measured
through a highly specific radioimmunoassay using two monoclonal antibodies; intra-assay coefficient
of variation (CofV) 2.1%, inter-assay CofV 2.9%. hs-CRP was measured by a high-sensitivity
turbidimetric immunoassay (Behring, Marburg, Germany). Creatinine measurements were performed
by use of the Jaffe methodology and the uricase/peroxidase (uricase/POD; Boehringer Mannheim,

348



Int. J. Mol. Sci. 2016, 17, 456

Mannheim, Germany) method implemented in an auto-analyzer. Renal function was evaluated by
estimated glomerular filtration rate (e-GFR) by using the Chronic Kidney Disease – Epidemiology
(CKD-EPI) equation [31]. Insulin sensitivity was estimated by using the HOMA index, calculated
according to the formula: HOMA = [insulin (μU/mL) ˆ glucose (mmol/L)]/22.5. The HOMA
index has a strict correlation with the measurement of insulin sensitivity obtained directly from the
euglycemic clamp [32,33].

4.3. Blood Pressure Measurements

Clinical BP readings were obtained with a mercury sphygmomanometer in the left arm of
patients lying supine, after 5 minutes of quiet rest. Each patient underwent a minimum of three BP
measurements on three separate occasions at least two weeks apart. The average of the last two of
three consecutive measurements obtained at intervals of three minutes was considered as baseline
BP. Systolic and diastolic BP corresponded with the first appearance (phase I) and the disappearance
(phase V) of Korotkfoff sounds, respectively. According to current guidelines, patients with a clinical
BP ě 140 mmHg systolic and/or 90 mmHg diastolic were defined as hypertensive [34].

4.4. Forearm Blood Flow Measurements

All studies were performed at 09:00 A.M. after overnight fasting, with the subjects lying supine in
a quiet air-conditioned room (22–24 ˝C). Subjects continued their regular diet, but were advised to stop
caffeine, alcohol and smoking at least 24 h before the study. Forearm volume was determined by water
displacement. A 20-gauge polyethylene catheter (Vasculon 2) was inserted, under local anesthesia
and sterile conditions, into the brachial artery of the non-dominant arm for both BP evaluation
(Baxter Healthcare Corp., Deerfield, IL, USA) and drug infusion. This arm was elevated above the
level of the right atrium, and a mercury-filled elastic strain-gauge, connected to a plethysmograph
(model EC-4, D.E. Hokanson, Issaquah, WA, USA) calibrated to measure the percent change in volume
which was, in turn, connected to a chart recorder to obtain FBF measurements, was placed on the
widest part of the forearm. To exclude venous outflow, a cuff placed on the upper arm was inflated to
40 mmHg with a rapid cuff inflator (model E-10, Hokanson, Issaquah, WA, USA). The hand blood flow
was excluded by inflating a wrist cuff to BP values 1 min before each measurement. The antecubital
vein in the opposite arm was cannulated. The FBF was measured as the slope of the change in the
forearm volume [35]. The mean of at least three measurements was obtained at each time point.

4.5. Vascular Function

For the present study, we used the protocol previously described by Panza et al. [36],
and subsequently used by our group [5–9,11,12,37]. For each patient, we obtained measurements of
FBF and BP during intra-arterial infusion of saline, ACh and SNP at increasing doses. ACh (Sigma,
Milan, Italy) was diluted with saline immediately before infusion. SNP (Malesci, Florence, Italy)
was diluted in 5% glucose solution immediately before each infusion and protected from light with
aluminium foil. To reach a stable baseline before data collection, all participants rested for 30 min
after artery cannulation; measurements of FBF were repeated every 5 min until stable. We assessed
endothelium-dependent and endothelium-independent vasodilation by a dose–response curve to
intra-arterial ACh infusions (7.5, 15, and 30 μg/mL per min, each for 5 min) and SNP infusions (0.8, 1.6,
and 3.2 μg/mL per min, each for 5 min), respectively. To avoid any bias related to drug infusion, the
sequence of administration of ACh and SNP was randomized. The drug infusion rate, adjusted for the
forearm volume of each subject, was 1 mL/min.

4.6. Statistical Analysis

Differences for clinical and biological data were compared by using analysis of variance (ANOVA),
Bonferroni post hoc t-test and chi-square test, as appropriate. The vasodilating responses to ACh and
SNP were compared by one-way ANOVA and, when analysis was significant, the Bonferroni post hoc
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t-test was applied. A logistic regression analysis was performed to test the risk for decreased FBF
(defined by values <300 mL¨ 100 mL´1 of tissue¨ min´1) in presence of NAFLD and MS.

Linear regression analysis was performed to correlate FBF with the following covariates:
age, waist circumference, BMI, systolic BP, diastolic BP, PP, total and LDL- and HDL-cholesterol,
triglyceride, hs-CRP, HOMA. To define the independent predictors of FBF, variables reaching statistical
significance were inserted in a stepwise multivariate linear regression model. Moreover, to avoid a
possible colinearity, we considered only HOMA and not fasting glucose and insulin.

Parametric data are reported as mean ˘ SD. Significant differences were assumed to be
at p < 0.05. All comparisons were performed using the statistical package SPSS 21.0 for Mac
(Manufacturer, City, Country).
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ACh achetylcholine
SNP sodium nitroprusside
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver
disease in developed countries and it is now considered a risk factor for cardiovascular disease.
Evidence linking NAFLD to the development and progression of chronic kidney disease (CKD) is
emerging as a popular area of scientific interest. The rise in simultaneous liver-kidney transplantation
as well as the significant cost associated with the presence of chronic kidney disease in the
NAFLD population make this entity a worthwhile target for screening and therapeutic intervention.
While several cross-sectional and case control studies have been published to substantiate these
theories, very little data exists on the underlying cause of NAFLD and CKD. In this review, we will
discuss the most recent publications on the diagnosis of NAFLD as well new evidence regarding
the pathophysiology of NAFLD and CKD as an inflammatory disorder. These mechanisms include
the role of obesity, the renin-angiotensin system, and dysregulation of fructose metabolism and
lipogenesis in the development of both disorders. Further investigation of these pathways may lead
to novel therapies that aim to target the NAFLD and CKD. However, more prospective studies that
include information on both renal and liver histology will be necessary in order to understand the
relationship between these diseases.

Keywords: non-alcoholic fatty liver disease; chronic kidney disease; non-alcoholic steatohepatitis;
inflammation; review

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver disease
worldwide [1]. It is defined as the accumulation of fat (>5%) in liver cells in the absence of
excessive alcohol intake or other causes of liver disease including autoimmune, drug-induced, or
viral hepatitis [2]. The histologic spectrum of NAFLD ranges from simple steatosis to non-alcoholic
steatohepatitis (NASH), liver fibrosis, and cirrhosis [2]. This disease reportedly affects up to 30% of
the general population in Western countries, especially in patients with metabolic syndrome, obesity,
and type II diabetes [3]. Given the high prevalence of this disease, it has recently been associated
with hepatocellular carcinoma (HCC) [3]. In addition, NASH as the primary indication for liver
transplantation has increased from 1.2% to 9.7% in the last decade [3]. NAFLD is considered to be
an independent risk factor for cardiovascular disease and there is accumulating evidence to support
a causative role in the development of chronic kidney disease (CKD) [3].

In addition to NAFLD, CKD represents a significant health burden in the Western adult population,
and it affects over 25% of individuals older than 65 years [4]. CKD is defined as decreased estimated
glomerular filtration (eGFR) and/or the presence of significant proteinuria (>500 mg) [5]. In the
United States, over 400,000 people currently receive some form of renal replacement therapy, and this
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number is expected to reach 2.2 million by 2030 [6]. However, less than half of CKD patients
develop end stage renal disease due to the high risk of mortality associated with cardiovascular
events [7]. Furthermore, the incidence of simultaneous liver-kidney transplantation continues
to increase exponentially over the last five years [3]. An analysis of the United Network Organ
Sharing (UNOS) database during the years 2002–2011, revealed that 35% of patients transplanted for
NAFLD-related cirrhosis progressed to stage 3b-4 CKD within two years after liver transplantation in
comparison to 10% of patients transplanted for other etiologies [8]. Despite these findings, CKD often
goes unrecognized and in the Third National Health and Nutrition Survey (NHANES III), among all
individuals with moderately decreased GFR (<60 mL/min; Stage 3), the awareness is approximately 8% [9].

The similarity in traditional risk factors for CKD including hypertension, obesity, dyslipidemia,
and insulin resistance make it difficult to determine a causational relationship with NAFLD adjusting
for “hepatorenal” and “cardiorenal” features [5]. While a multitude of cross-sectional and longitudinal
studies exist, there is still very little prospective data linking NAFLD to CKD. In addition, underlying
mechanisms related to inflammation, oxidative stress, and fibrogenesis are currently being investigated
in the development of kidney injury in the presence of fatty liver disease [5]. In this review, we will
examine new data on the diagnosis of NAFLD, current evidence linking NAFLD to CKD, and
new studies revealing the underlying pathophysiology and potential treatments of these globally
burdensome diseases.

2. Diagnosis and Screening

2.1. Imaging

Liver biopsy remains the gold standard of diagnosis for NAFLD or NASH.
Histologic classifications range from simple steatosis to advanced periportal or perisinusoidal
fibrosis [10]. However, a considerable proportion of patients are not diagnosed with NAFLD by
biopsy, and this method is unreliable secondary to subjectivity of histologic interpretation as well
as sample bias related to patchiness of its distribution in the liver [10]. Ultrasonography remains
the recommended first-line imaging modality for diagnosing hepatic lipid accumulation in clinical
practice. This method of screening is limited if >30% of hepatocytes are steatoic given its reliance
of echogenicity or contrast [5]. A recent meta-analysis has shown that the overall sensitivity and
specificity of ultrasonography for the detection of moderate to severe fatty liver compared to histology
were 84.8% and 93.6% [11].

Other methods of diagnosis include magnetic resonance imaging (MRI), which can assess decreased
liver signal intensity, and proton magnetic resonance spectroscopy, which is used for measuring the
area under the lipid spectrum relative to water spectrum [12]. These diagnostic techniques are excellent
for assessing the quantitative severity of liver fat accumulation, however, they cannot discriminate
simple steatosis from lipid accumulation associated with inflammation and fibrosis (i.e., NASH) [12].
According to systematic review, simple steatosis and NASH are considered different disease states each
with its own pathogenesis and cardiovascular risk. In addition, it may be possible that NASH can occur
in the absence of simple steatosis and the pathogenesis leading to the progression to fibrosis/cirrhosis
is still not entirely clear [13]. Nevertheless, NASH is often progressive, with development of advanced
fibrosis in 30%–40% of patients, cirrhosis in 15%–20%, and liver failure in 2%–4% [5].

Another modality for the assessment of NAFLD that has recently gained popularity is the use of
transient elastography (TE; Fibroscan®, Echosens, Paris, France), which measures liver stiffness using
an ultrasound probe [14]. A new physical parameter based on the properties of ultrasonic signals
acquired by this machine has been recently developed to assess liver steatosis known as the controlled
attenuation parameter (CAP) score. [14]. A recent study measured the CAP score on 62 patients
with CKD stage III and IV in order to quantify liver steatosis and concluded that 53 patients had
NAFLD with a positive correlation between severity of liver steatosis and serum creatinine (p < 0.01).
Limitations included the cross-sectional format of this investigation, which does not allow conclusions to
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be causal, as well as the absence of a control group of non-steatotic patients, or confirmation of findings
by liver biopsy in comparison to CAP score [14]. This study determined that that the severity of liver
steatosis is negatively correlated with kidney function, and it documents the value of ultra-sonographic
elastography as an effective non-invasive screening method for the diagnosis of NAFLD [14].

2.2. Liver Enzymes and Biomarkers

In addition to imaging, many investigators have explored the use of serum tests in NAFLD ideally
for diagnosis, monitoring progression, response to therapeutic intervention, and determining the
prognosis of the disease. Mildly elevated serum aminotransferase levels are the primary abnormality
seen in patients with NAFLD, however, liver enzymes (LFTs) may be normal in up to 78% of patients
with NAFLD [15]. A recent study published by Mikolasevic and associates examined the use of liver
enzymes versus CAP score in the detection of NAFLD in patients with CKD and coronary artery
disease (CAD). This was a cross-sectional study of 202 patients with CKD, end-stage renal disease
(ESRD), renal transplant recipients (RTRs) and patients with proven CAD matched against individuals
without elevated LFTs and normal kidney function [15]. According to the CAP findings, 76.9% of CKD
patients, 82% ESRD patients, 74% RTRs, and 69.1% CAD patients had CAP > 238 decibels to milliwatt
(dB.m) and thus by definition NAFLD. However, the results demonstrated that LFTs correlated with
liver stiffness acquired with TE only in CAD patients, and therefore is not a reliable marker of the
detection of NAFLD in patients with renal disease [15].

While several other biomarkers have been implicated in the diagnosis and screening of NAFLD,
there is still a lack of reproducibility in their clinical application. Tumor necrosis factor (TNF-α),
which plays an important role in insulin resistance through inhibition of the tyrosine kinase activity
of the insulin receptor, has recently gained attention for its potential value [16]. One study reported
that patients with NASH had significantly higher serum TNF-α than those with simple steatosis,
while another recent study further stated that patients with NASH had higher levels of TNF-α
messenger ribonucleic acid (mRNA) than healthy controls with a sensitivity 66.7% and a specificity
74.1% [16]. Still, there are no known studies reporting the relationship of TNF-α as a marker of
both NAFLD and CKD. Other potential biomarkers include interleukin-6 (IL-6), adiponectin, and
pentraxin-3 (PTX3) are also under investigation [16].

The development of panels has also shown promise in non-invasive testing for NAFLD. There are
scoring systems available for the prediction of the presence NASH as well as for prognosis of advanced
fibrosis (see Table 1) [17–25]. Diagnostic panels are thought to be more applicable for patients with
a BMI > 35 and the presence of hypertension as well as age >50 years [26]. FIB-4 score is a prognostic
panel composed of age, alanine aminotransferase (ALT), aspart aminotransferase (AST), and platelet
count [27]. A recent study published in Hepatology Intl. compared these scoring systems in an effort
to identify the presence of CKD in patients with NAFLD. A total of 755 patients diagnosed with
NAFLD by ultrasound were assessed for glomerular filtration rate, AST to ALT ratio, AST to platelet
ratio, FIB-4 score, NAFLD fibrosis score, and BARD score [27]. The results revealed that a cut-off
value of 1.100 for FIB-4 score gave a sensitivity of 68.85% and a specificity of 71.07% for predicting
CKD, and only the FIB-4 score, older age, higher uric acid level, and elevated diastolic blood pressure
were independent predictors of CKD in comparison to the other scoring panels [27]. While this study
was cross-sectional and limited by ultrasound diagnosis of NAFLD, the investigators concluded that
a high noninvasive fibrosis score is associated with an increased risk of prevalent CKD, and that FIB-4
is the better predictor than other fibrosis scores in excluding the presence of CKD in patients with
NAFLD [27]. Ideally, a combination of non-invasive imaging and serum biomarkers will be verified
for practical application in the clinical detection of both NAFLD and CKD.
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Table 1. Non-alcoholic fatty liver disease (NAFLD) prognostic panels for fibrosis.

Reference Test Components PPV% NPV%

Rosenberg [17] Original European
Liver Fibrosis Panel age, HA, TIMP1, PIIINP for score ď1 80 98

Ratziu [18] BAAT score BMI ě 28 kg/m2 age ě 50 years, ALT ě 2 ˆ ULN triglycerides
ě 1.7 mmol/L

33 100

Ratziu [19] Fibrotest α2 macroglobulin, haptoglobin, GGT, Total bilirubin, apolipoprotein A1 54 90

Angulo [20] NAFLD Fibrosis Score age, hyperglycemia, BMI, platelet count, albumin, AAR 56 93

Harrison [21] BARD BMI ě 28 kg/m2, AAR ě 0.8, diabetes 43 96

Cales [22] Fibrometer NAFLD glucose, AST, ferritin, ALT, body weight, age 87.9 92.1

Shah [23] FIB4 index age, ALT, AST, platelet count 43 90

Sumida [24] NAFIC score serum ferritin (ě200 ng/mL for female, ě300 ng/mL for male), fasting
insulin ě 10 32 96

Younossi [25] NAFLD Diagnostic
Panel diabetes, gender, BMI, triglycerides, apoptotic and necrotic CK18 fragments 57.7 85

This table demonstrates various prognostic panels for predicting the severity of fibrosis in NAFLD with respect
to their positive predictive value (PPV) and negative predictive value (NPV) as determined by each study
and its components. Abbreviations: BAAT=body mass index, aspart aminotransferase, age, triglycerides,
HA = hyaluronic acid, TIMP1 = tissue inhibitor of matrix metalloproteinase, PIIINP = N-terminal propeptide of
type III procollagen, BMI = body mass index, ALT = alanine aminotransferase, ULN = upper limit of normal ,
BARD = body mass index, aspart aminotransferase, alanine aminotransferase, diabetes, GGT = gamma-glutamyl
transpeptidase, AAR = aspart aminotransferase alanine aminotransferase ratio, AST = aspart transaminase,
CK18 = creatinine kinase 18.

3. Epidemiologic Evidence Linking Chronic Kidney Disease (CKD) to Non-Alcoholic Fatty Liver
Disease (NAFLD)

As stated above, the similarity in risk factors for NAFLD and CKD including obesity, diabetes,
and hypertension make it difficult to delineate a direct association between the diagnosis of fatty
liver disease and the development and progression of renal disease. A recent meta-analysis of
thirty-three studies for a total of over two-thousand participants found that NAFLD was associated
with an increased prevalence odd ratio (OR) 2.12, 95% confidence interval (CI), 1.69–2.66 as well
as incidence hazard ratio (HR) 1.79, 95% CI 1.65–1.95 of CKD [28]. In Table 2, there several large
cross-sectional as well as case control studies of patients with NAFLD showing the prevalence of
CKD between 4%–40% (see Table 2) [29–50]. In addition, there appears to be a correlation between
the severity of NAFLD and the progression of CKD [51]. However, nearly half of these studies use
ultrasound for the diagnosis of NAFLD or NASH as opposed to biopsy [29–50]. Other limitations
include the use of Modification of Diet in Renal Disease (MDRD) and the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) algorithms to calculate eGFR, neither of which are reliable
in the presence of obesity or cirrhosis [5]. There is also substantial variability in the patient groups
studied in regards ethnicity, age, risk factors, and selection bias using hospital based cohorts that often
represent a population with advanced disease [29–50]. Fortunately, the majority of the studies found
a correlation between NAFLD and CKD with adjustment for these factors, as well as co-morbidities
such as insulin resistance and metabolic syndrome [29–50].

While the prevalence of CKD in NAFLD appears to be substantial, studies that examine the
incidence of CKD in NAFLD are not as robust [5]. The Valpolicella Heart Diabetes Study of 1760 patients
with type 2 diabetes with preserved kidney function followed over a six-year period found an increased
incidence of CKD in patients with NAFLD (HR 1.49; CI 95%, 1.1–2.2) independent of sex, age,
blood pressure, duration of diabetes and smoking [31]. Additionally, a retrospective study on a
cohort of 8329 non-diabetic, non-hypertensive men with normal kidney function revealed that NAFLD
was associated with an increased incidence of CKD (HR 1.60; CI 95%, 1.3–2.0) over a three year period
after adjustment for age, cholesterol, and other factors [31]. However, both of these studies also used
ultrasound for the diagnosis of NAFLD [31,32]. Finally, none of these studies have used renal biopsy to
examine the pathology of their CKD. In the future, randomized studies with larger cohorts of patients
and longer follow-up and histologically confirmed fatty liver disease are needed to verify a causal
relationship between NAFLD and CKD.
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4. Mechanisms Linking NAFLD to CKD

According to the Center for Disease Control (CDC), more than one-third of U.S. adults are
obese [52]. This epidemic affects over 78 million people with co-morbidities of insulin resistance,
diabetes, and atherosclerosis leading to an estimated annual medical cost of 147 billion dollars [52].
The liver is the key regulator of glucose and lipid metabolism as well as the main source of inflammatory
elements thought to be involved in the development of cardiovascular and kidney disease [5]. It is
known that obesity is an independent risk factor for CKD and it is associated with the development of
proteinuria and pathologic findings of podocyte hypertrophy and focal segmental glomerular sclerosis
even in the absence of diabetes and hypertension [53]. In addition, studies have shown that obesity
as well as metabolic syndrome is a strong predictor of the development of NAFLD [54]. While the
complex “crosstalk” among adipose tissue, the liver, and kidneys make it difficult to delineate the
specific processes underlying NAFLD as a cause of CKD, it is not surprising that these diseases may
be linked. Mounting evidence on liver-kidney interactions including; altered renin-angiotensin system
(RAS) activation, impaired antioxidant defense, and damaged lipogenesis is currently emerging as
a major area of research (Figure 1) [51]. Understanding these mechanisms may lead to modifiable risk
factors and therapeutic targets for the prevention and treatment of NAFLD and CKD.

 

Figure 1. This figure demonstrates the various mechanisms associated with non-alcoholic fatty liver
disease (NAFLD) and chronic kidney disease (CKD). The liver-kidney crosstalk in NAFLD includes
altered renin-angiotensin system (RAS) and activated protein kinase (AMPK) activation, impaired
antioxidant defense, and excessive dietary fructose intake, which affects renal injury through altered
lipogenesis and inflammatory response. In turn, 8 the kidney reacts promoting further RAS activation,
increased angiotensin II (ANGII) and uric acid production in a vicious cycle leading to fibrosis [20].

4.1. AMPK, Fetuin-A, and Adiponectin

The role of the energy sensor 51-AMP activated protein kinase (AMPK) and its regulation
of fetuin-A and adiponectin in liver and kidney fat cells is currently an area of investigation in
animal models as well as human subjects [53]. Fetuin-A is a serum protein mediated through
AMPK as an important promoter of insulin resistance found in both podocytes and hepatocytes [53].
Observations in fetuin-A null mice include resistance to weight gain when challenged with a high fat
diet and increased insulin levels [55]. Similarly in humans, higher fetuin-A levels are associated with
obesity and found in patients with NAFLD and CKD [55]. Adversely, adiponectin, which is regulated
by fetuin A, is present in low levels with similar characteristics of elevated body mass index and
hypertriglyceridemia [56]. Interestingly, therapeutic maneuvers including caloric restriction, exercise,
and insulin sensitizing medications are associated with declines in levels of serum fetuin-A, increases in
adiponectin levels, and stimulation of AMPK [53]. Although direct causation cannot be implied,
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it appears that increased caloric intake and adiposity initiates an inflammatory cascade through AMPK,
fetuin-A, and adiponectin between fat cells in the liver and kidney leading to end-organ damage [53].

4.2. Renin-Angiotensin System (RAS) in NAFLD and CKD

The renin-angiotensin system (RAS) is also believed to play a key role in the pathogenesis of
NAFLD and CKD. Adipocytes express all components of RAS and contribute up to 30% of circulating
renin, angiotensin converting enzyme (ACE), and angiotensin II (AngII) [51]. The kidney and liver
also express RAS constituents, and experimental studies support a role for both systemic and local
activation of AngII in NAFLD and CKD. In the liver, AngII promotes insulin resistance, de novo
lipogenesis, and pro-inflammatory cytokine production such as interleukin-6 (IL-6) and tumor growth
factor-β (TGF-β) [51]. These processes are thought to trigger fibrogenesis contributing to the entire
spectrum of histological changes seen with NASH [51]. In the kidney, RAS activation plays a key
role in determining renal ectopic lipid deposition which is known to cause oxidative stress and
inflammation through hemodynamic effects of glomerular efferent arteriole vasoconstriction leading
to glomerulosclerosis [57]. In addition, a process known as the ACE2-Ang (1–7)-Mas receptor axes
whose activity is known to oppose that of AngII has been shown in animal models to inhibit liver
fibrosis [58]. The role of the RAS system in the liver and kidneys makes it a prime target for blockade
in an attempt to attenuate fibrosis in NAFLD and CKD.

4.3. Fructose Metabolism in NAFLD and CKD

Based on the NHANESIII study, over 10% of Americans’ daily calories are from fructose and
consumption in high fructose corn syrup (HFCS) has increased 8% over the last decade especially
amongst adolescents [59]. Several observational studies have implicated HFCS in the incidence
and severity of NAFLD and CKD [51]. Fructose acts independently of calorie excess by initiating
fructose phosphorylation to fructose-1-phosphate by fructokinase in the liver, ultimately leading
to the accumulation of uric acid [51]. Research investigations support that uric acid promotes the
development and progression of NAFLD and CKD via hepatocyte ATP depletion, which causes
enhanced hepatic and renal lipogenesis, mitochondrial ROS generation, endothelial dysfunction and
pro-inflammatory cytokine secretion similar to overexpression of RAS [51]. Mouse models unable
to metabolize fructose are protected from obesity, metabolic syndrome, and a reduction in fructose
intake or uric acid production improved experimental NAFLD and CKD [60]. Also in a recent study of
341 adult NAFLD patients, investigators evaluated whether increased fructose consumption correlates
with the development of NAFLD and found that after controlling for age, gender, BMI, and total calorie
intake, increased daily fructose consumption was associated with lower steatosis grade and higher
fibrosis stage in comparison to groups (p < 0.05) [61]. Finally, a meta-analysis examined four studies
that assess the association between consumption of artificially sweetened soda verses regular soda and
CKD and concluded the pooled risk reduction of CKD in patients consuming artificially sweetened
soda was 1.33 (95% CI 0.82–2.15) [62]. Limitations in this study include its retrospective nature,
which cannot imply causation as well as variability in types of soda consumed [62]. Future prospective
studies on human subjects and limitations of fructose as well as reductions in uric acid levels in patients
with NAFLD and CKD are necessary to confirm these hypotheses.

4.4. Impaired Oxidative Stress

As stated above increased oxidative stress is believed to play a key role in the pathogenesis of
NAFLD and CKD. Nuclear erythroid related factor-2 (Nrf2), which is expressed ubiquitously in human
tissues with its highest expression in the liver and kidney, upregulates the transcription of numerous
antioxidant and detoxification enzymes by binding to their antioxidant response elements [63].
Experimental data support a key protective role for Nrf2 against NAFLD and CKD using wild-type
and Nrf2-null mice fed a high fat diet. Their specimens were analyzed for pathology as well as for fatty
acid content and revealed the wild-type mice had increased hepatic fat deposition without fibrosis

360



Int. J. Mol. Sci. 2016, 17, 562

while the Nrf2-null mice had significantly more hepatic steatosis and substantial inflammation [63].
Based on these results, several natural and artificial Nrf2 activators are being evaluated in the treatment
of diabetic CKD patients in the “Bardoxolone ethyl and kidney function in CKD with type 2 diabetes
(BEAM)” study and previously in the “Bardoxolone methyl evaluation in patients with chronic kidney
disease and type 2 diabetes: the occurrence of renal events (BEACON)” trial [64,65]. Mechanisms
linked to fibroblastic growth factor 21, gut microflora, and other proteins such as sirtuin-1 are also
showing promise in the development of CKD in NAFLD [51].

5. Therapeutic Interventions in NAFLD and CKD

Based on the newer mechanisms discussed as well as aims at reducing insulin resistance,
several therapeutic interventions for the treatment of NAFLD are currently under investigation.
The mainstay of management of for NASH is lifestyle intervention, which includes diet and exercise
with a 5%–10% weight reduction associated with improvement in hepatic steatosis [5]. While there
are very few studies examining the use of medications and behavioral modification in both NAFLD
and CKD, the shared cardiometabolic risk factors and underlying pathophysiology may make these
therapies applicable to both diseases.

RAS blockade using angiotensin converting enzyme inhibitors (ACE-) and angiotensin receptor
blockers (ARBs) has been studied in NAFLD and CKD. Limited data from 223 patients in
three randomized controlled trials in NAFLD suggests that ARBs attenuate steatosis, insulin resistance,
and inflammatory markers independent of reduction in blood pressure [51]. In addition, telmisartan
which is an ARB with peroxisome proliferator activated receptor [PPAR]-γ-regulating activity was
compared to the use of valsartan in the Fatty Liver Protection by Telmisartan (FANTASY Trial) and
found to cause reduction in necroinflammation, NAFLD activity score, fibrosis stage in NASH, as well
as microalbuminuria [66]. Not surprisingly, the use of these medications in CKD has been extensively
evaluated and based on the Collaborative Study Group Trial and several others, the use of ACE- and
ARBs in patients with CKD with proteinuria is now a level one recommendation by Kidney Disease
Outcomes Quality Initiative (KDOQI) [67]. A recent cross-sectional study of 191 patients with CKD III,
IV, ESRD, and renal transplant recipients (n = 68) treated with ACE- or ARBs for >1 year and examined
liver stiffness with the use of TE and a CAP score to evaluate whether CKD patients receiving these
medications have a lower frequency of NAFLD [68]. Investigators determined that CKD-NAFLD
patients taking ACE-I or ARBs had lower degree of liver stiffness in comparison to the patients not on
medications (p = 0.0005) [68]. However, there was no statistical significance in degree of fibrosis or
grade of steatosis in the two groups based on CAP score [68].

Evidence from recent clinical trials suggests that insulin-sensitizing agents including
thiazolidinediones (TZDs) such as pioglitazone are beneficial in the treatment of NAFLD. As stated
above, pioglitazone is associated with a decline in levels of serum fetuin-A and concomitant increase
in adiponectin levels resulting in decreased insulin resistance [53]. A recent meta-analysis using
only liver biopsy studies, found that TZDs as well as pentoxyifylline, which has shown in vitro
to inhibit proinflammatory cytokines as well as reduce fibrogenesis, are superior to placebo for
improving steatosis and lobular inflammation [69]. This review also examined studies on obeticholic
acid (OCA), a semi-synthetic bile acid analogue and vitamin E, both which have been used in the
treatment of NAFLD and revealed improvement in ballooning degeneration and fibrosis in comparison
to placebo [69]. While many of these studies have a small cohort of patients and the histological
endpoints were not standardized, the American Association for the Study of Liver Disease (AASLD)
published guidelines recommending the use of vitamin E and pioglitazone in non-diabetic adults with
biopsy-proven NASH [69].

Pharmacologic treatments related to disordered cholesterol metabolism and insulin resistance
including statins, fibrates, metformin, and glucagon-like peptide (GLP-1) analogues have shown
potential benefit in adult patients with NAFLD and NASH [5]. However, the effects of these
treatments are improvement in liver enzymes, decreased plasma glucose and weight loss without
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changes in histologic staging of the disease. There are three major post-hoc analysis reviewing the
use of statins including the “Greek Atorvastatin and Coronary-Heart-Disease Evaluation” (GREACE),
and “Incremental Decrease in End Points Through Aggressive Lipid Lowering” (IDEAL) trials that
showed a significant reduction in cardiovascular disease events in patients with NAFLD/NASH [70,71].
Also, the GREACE study, revealed normal liver enzymes with the use of atorvastatin versus usual care
in a three year follow-up period [51]. Therefore, it appears that the use of statins may also be safe
in this patient population. Finally, lifestyle interventions including exercise, weight loss, and gastric
bypass surgery will decrease hepatic fat content and inflammation, however, require significant effort
and often financial burden on individual patients [5]. However, these may be worthwhile efforts in
patients with early steatosis in order to prevent progression of to NAFLD with CKD. Novel therapies
including translational approaches based on the mechanisms discussed, as well as more traditional
methods need to be evaluated in large randomized controlled trials for their potential value in the
treatment of both NAFLD and CKD.

6. Conclusions

Based on the data presented as well as several other ongoing trials, there is substantial evidence
linking NAFLD to the development of CKD. It is clear that the mechanisms underlying these
diseases are complexly inter-woven requiring additional investigation with animal and human models.
Furthermore, prospective studies on NAFLD and CKD must include information on hepatic and renal
histology. Preventative measures including lifestyle modification aiming toward weight loss and
physical activity may be of benefit in both diseases. Furthermore, physician awareness for screening of
CKD in NAFLD may lead to earlier detection and treatment of this disease leading to better outcomes
in patients with liver steatosis as well as more advanced fibrosis requiring organ transplantation.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) has become the leading cause of chronic liver
diseases worldwide. Liver inflammation and fibrosis related to NAFLD contribute to disease
progression and increasing liver-related mortality and morbidity. Increasing data suggest that NAFLD
may be linked to atherosclerotic vascular disease independent of other established cardiovascular
risk factors. Central arterial stiffness has been recognized as a measure of cumulative cardiovascular
risk marker load, and the measure of carotid-femoral pulse wave velocity (cf-PWV) is regarded as
the gold standard assessment of aortic stiffness. It has been shown that increased aortic stiffness
predicts cardiovascular morbidity and mortality in several clinical settings, including type 2
diabetes mellitus, a well-known condition associated with advanced stages of NAFLD. Furthermore,
recently-published studies reported a strong association between NAFLD and increased arterial
stiffness, suggesting a possible link in the pathogenesis of atherosclerosis and NAFLD. We sought
to review the published data on the associations between NAFLD and aortic stiffness, in order
to better understand the interplay between these two conditions and identify possible common
physiopathological mechanisms.

Keywords: non-alcoholic fatty liver disease; steatohepatitis; liver fibrosis; arterial stiffness;
pulse wave velocity

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is currently the most prevalent chronic liver disease
worldwide and the most frequent cause of abnormal liver enzymes in daily practice [1]. It is clearly
related to metabolic syndrome, and its association with progressive liver fibrosis leading to cirrhosis
and hepatocellular carcinoma has also been well established [2–5]. In addition to liver disease,
NAFLD is also associated with extrahepatic diseases. Type 2 diabetes mellitus, an increasingly prevalent
disease worldwide, is currently regarded as one of NAFLD‘s main risk factors, and it correlates with the
severest histological aspects of NAFLD, with a growing prevalence of hepatocellular carcinoma [6–9].
Furthermore, NAFLD has also been linked to increased cardiovascular risk. A recent meta-analysis
showed a 57% increase in overall mortality in patients with NAFLD, not only related to liver disease,
but also due to cardiovascular disease (CVD) [10].

Regarding epidemiological aspects, NAFLD affects nearly 20% of the population worldwide,
with its highest prevalence being described in South America (35%) and in Middle East (32%) [11].
In patients with associated risk factors, such as morbidly obese patients, NAFLD prevalence can
achieve rates as high as 80% [12].
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The spectrum of NAFLD encompasses a group of distinct liver diseases. Excluding alcohol
ingestion greater than 20 g/day in women and 30 g/day in men and additional specific causes of
steatosis, such as drug-induced and malnutrition among others, NAFLD ranges from simple steatosis,
defined when at least 5% of hepatocytes are affected by fat; steatohepatitis (NASH), which comprises
inflammation with ballooning; and ultimately, fibrosis, evolving to cirrhosis and its complications,
such as hepatocellular carcinoma [13,14].

Increased arterial stiffness is an established cardiovascular risk marker in several clinical settings
and had been proposed to reflect the cumulative burden of cardiovascular risk factors on the vascular
wall [15,16]. Moreover, some recent studies have reported strong associations between increased aortic
stiffness and NAFLD, particularly at its more advanced stages [17]. Hence, the aim of this review is to
provide a comprehensive overview of previous studies assessing relationships between NAFLD and
increased arterial stiffness in order to better understand the interplay between these two conditions
and identify possible common physiopathological mechanisms.

2. Cardiovascular Risk and Non-Alcoholic Fatty Liver Disease (NAFLD)

Growing evidence has shown that NAFLD may be closely related to atherosclerotic vascular
disease over and beyond other well-known cardiovascular risk factors [18,19]. Cardiovascular disease
is the most common cause of mortality among patients with NAFLD [20,21]. Kim et al., in 4023 individuals
without any suspicion of liver disease or coronary artery disease, described that increased coronary
artery calcification scores were associated with the presence of NAFLD, independent of traditional risk
factors and of visceral adiposity, suggesting that NAFLD might be a risk factor for coronary artery
disease [22]. A recent meta-analysis showed that NAFLD was associated with increased carotid-artery
intima media thickness, impaired flow-mediated vasodilatation, increased arterial stiffness and
increased coronary artery calcification. These associations were all independent of known risk factors
and metabolic syndrome traits in a wide range of patient populations [23]. Further, the Framingham
Heart study observed, among 3014 participants who performed a multidetector computed tomography
(CT)-scan, that there was a significant association between NAFLD and coronary artery calcium and
a trend towards a significant association between hepatic steatosis and previous clinical cardiovascular
disease [24]. In a cohort of 755 healthy males who performed 18F-fluorodeoxyglucose (FDG) positron
emission tomography with computed tomography, patients with NAFLD showed elevated carotid
FDG uptake, besides an augmented carotid intima media thickness. These findings hinted that they
might be at an increased risk of having inflammatory atherosclerotic plaques in the carotid arteries [25].
Targher et al. also demonstrated that patients with steatohepatitis when compared to those with simple
steatosis and to controls had a greater carotid artery intima media thickness. Moreover, the same
study showed that the histologic severity of nonalcoholic steatohepatitis was also related to carotid
artery intima media thickness, regardless of traditional cardiovascular risk factors, insulin resistance
and metabolic syndrome elements [26]. In resume, there is well-established evidence of associations
between NAFLD and clinical and pre-clinical cardiovascular diseases.

Nevertheless, the physiopathological mechanisms underlying the associations between NAFLD
and cardiovascular disease development are much debated, but still largely unsettled. Yoneda et al.
showed, for the first time, elevated levels of high-sensitivity C-reactive protein (hs-CRP) in patients with
biopsy-proven NASH, implying there may be a shared pathway between the severity of liver disease
and the levels of hs-CRP, a well-known marker of cardiovascular risk [27]. Some studies observed that
intrahepatic messenger RNA expression of C-reactive protein, interleukin-6 or plasminogen activator
inhibitor 1 (PAI-1) was associated with the severest forms of NAFLD, mostly steatohepatitis [27–29].
Wieckoswska et al. correlated interleukin-6 liver expression with plasma levels and liver histology in
patients with NASH and diabetes, hinting at a possible link between NAFLD and insulin resistance [28].
Similarly, Thuy et al. demonstrated an association between PAI-1, ingestion of a fructose-enriched
diet and NAFLD [29]. Cigolini et al. also showed that increased PAI-1 was correlated with liver
steatosis, implying that it might be mediated by concomitant alterations in plasma triglycerides and
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insulin concentrations [30]. In the same direction, Targher et al. reported that levels of fibrinogen
and PAI-1 activity were higher in men with NASH, as well as plasma hs-CRP levels. They also had
lower adiponectin levels compared to overweight men without steatosis with comparable visceral
adiposity, suggesting that nonalcoholic steatohepatitis may be a factor for a more atherogenic risk
profile besides its contribution to visceral adiposity [31]. In this setting, adiponectin concentrations
may play a role [32–34]. Higher adiponectin levels were associated with a minor risk of myocardial
infarction on a nested case control study among 18,225 male participants [33]. Low adiponectin levels
are frequently observed in patients with NAFLD. We evaluated cytokine levels in 84 diabetic patients
with biopsy-proven NAFLD: patients with NASH or with advanced fibrosis had equal cytokine levels
to those without NASH or with absent/light fibrosis, except for lower serum adiponectin levels [34].

3. Prognostic Markers: The Role of Fibrosis

The conundrum of NAFLD is to identify patients whose disease will progress and impact survival.
The natural history of NAFLD is a dynamic process that has been frequently revised. NAFLD has
been considered a stable disease that seldom leads to advanced fibrosis. In a long-term follow-up
study, only 1% of patients with simple steatosis presented cirrhosis, whereas among those with NASH,
11% developed cirrhosis and 7.3% died from a liver-related cause after 15.6 years of follow-up [35].
Overall liver-related survival was reduced in Swedish subjects with NAFLD and NASH, particularly
in those with significant liver fibrosis, whereas bland steatosis was not associated with any increase in
mortality risk, compared to the Swedish general population, followed for a median of 21 years [36].
Thus, current studies support the concept that the presence and severity of liver fibrosis on liver biopsy
is the main surrogate marker of long-term prognosis. Hence, it would be important to implement
accurate non-invasive markers to identify fibrosis to help to manage high risk patients.

Besides identifying early fibrosis, the recognition of patients who might be at risk for fibrosis
progression is of utmost importance in order to define the best management for this specific
population. Studies with paired biopsies identified clinical and biochemical aspects that helped
in risk stratification regarding fibrosis progression. A recent meta-analysis [37], which included
11 cohort studies with biopsy-proven NAFLD (150 with simple steatosis and 261 with NASH),
described that arterial hypertension and a low AST/ALT ratio at baseline predicted liver fibrosis
progression. In this meta-analysis, two subgroups of patients were identified according to the rate
of fibrosis progression: rapid and slow progressors. The first group comprised 21.1% of patients
who had Stage 0 fibrosis at baseline, but in an average of 5.9 years developed fibrosis Stages 3 or 4.
The majority of patients were categorized in the second group, which consisted of patients who
had low fibrosis progression rate, changing their subsequent biopsies by one or two stages. Two of
four studies in the systematic review observed that patients with a higher steatosis grade were more
likely to develop progressive fibrosis. Remarkably, in this meta-analysis, no association was found
between baseline severity of necroinflammation and risk of progressive fibrosis. This led to the concept
that both patients with simple steatosis and with NASH may develop progressive liver fibrosis [37].
However, comparing patients with simple steatosis and NASH at baseline who had no fibrosis at
baseline (F0), the rate of fibrosis progression was twice faster in patients with NASH (0.14 vs. 0.07
stages). Hence, although fibrosis progression was observed in both groups, it was slower in the simple
steatosis group. Nevertheless, these findings differ from those reported in a previous meta-analysis
of patients with NASH [38]. It estimated an overall fibrosis progression of 0.03 stages per year, and
only age and inflammation on initial biopsy were predictors of progression to advanced fibrosis.
Otherwise, in a review of 70 patients with untreated NAFLD who performed two liver biopsies with
an interval of more than one year, a significant proportion of patients with NAFLD progressed towards
well-defined NASH with bridging fibrosis, especially if metabolic risk factors deteriorated [39]. In this
study, even mild inflammation or fibrosis could be considered as prognostic markers, increasing the
risk of progression when compared to steatosis alone [39]. It is thus important to define two distinct

369



Int. J. Mol. Sci. 2016, 17, 460

situations in NAFLD that is simple steatosis, which seems to have a benign course with slower liver
fibrosis progression, and steatosis with inflammation that could point to a progressive disease [40].

4. Aortic Stiffness and NAFLD

Arterial stiffness is the consequence of a complex interaction between stable and dynamic
effects in structural and cellular components of the vascular wall. These vascular changes result from
hemodynamic forces and extrinsic factors, like hormones, salt and glucose regulation. Arterial stiffness
depends on the structural and geometric properties of the arterial wall and on the distending
pressure. Its main determinants are aging and blood pressure [41,42]. Increased arterial stiffness
occurs in a heterogeneous pattern predominantly on central segments, sparing peripheral arteries [43].
The stability, resiliency and compliancy properties of the vascular wall rely on two important
scaffolding proteins: collagen and elastin. The quantity of such molecules is generally kept stable
by a slow, but dynamic interplay of production and degradation. Deregulation of this balance,
which may be stimulated by an inflammatory milieu, may lead to overproduction of altered collagen
and reduced quantities of normal elastin, leading to increased arterial stiffness [44]. Prevalent diseases,
such as arterial hypertension and diabetes mellitus in conjunction with ageing, augment these
vascular alterations that worsen artery stiffening in different and synergistic ways. The evaluation
of carotid-femoral pulse wave velocity (cf-PWV) can be easily obtained and is regarded as the gold
standard method of assessing central aortic stiffness [40]. Further, increased aortic stiffness has
been shown to predict cardiovascular morbidity and mortality in individuals with end-stage renal
disease [45], hypertension [46], diabetes [47] and in general population-based samples [48,49].

Several previous studies [50–65], resumed in Table 1, have evaluated the relationships between
NAFLD and arterial stiffness. All studies, except two of them [64,65], had cross-sectional designs,
and all confirmed an association between increased arterial stiffness and NAFLD (mainly detected
by ultrasonography), independent of other traditional cardiometabolic risk factors. Of note, one of
these studies [56] demonstrated that the association between NAFLD and increased arterial stiffness
was already present at adolescence. In this study, on a 17-year old population cohort from Australia,
two groups were categorized according to their metabolic profile as a “high risk” and a “low risk”
metabolic cluster. Central PWV was evaluated in both group, and NAFLD was diagnosed by abdominal
ultrasound. Males and females with NAFLD in the presence of the metabolic cluster had greater PWV.
They concluded that NAFLD was associated with increased arterial stiffness only in the presence
of the “high risk” metabolic cluster, suggesting that arterial stiffness associated with NAFLD was
linked to the presence of an adverse metabolic profile in adolescents [56]. However, because of their
cross-sectional designs, no causal deductions could be drawn, only mere correlations. Of note, only
three studies were performed in patients with NAFLD confirmed by histologic evaluation [52,57,62].
Sunbul et al. [57] evaluated in 100 biopsy-proven NAFLD patients the relation among arterial stiffness
measures and the histological severity of NAFLD and epicardial fat thickness. Among the included
patients matched to 50 control individuals, 33% were diabetic, and 55% fulfilled the criteria for
metabolic syndrome. Measurements of arterial stiffness using cf-PWV and the augmentation index
(AIx) were performed, and epicardial fat thickness was assessed by echocardiography. Patients with
NAFLD showed significantly higher aortic PWV (7.0 ˘ 1.1 vs. 6.2 ˘ 0.8 m/s, p < 0.001) and AIx values
(22.2% ˘ 13.1% vs. 17.4% ˘ 12.3%, p = 0.02) compared to controls, after adjusting for all potential
confounders. Their results corroborated that NAFLD patients had an increased arterial stiffness, which
was independently related to the severity of the liver fibrosis and increased epicardial fat thickness [57].
Otherwise, Ozturk et al. [62], evaluating 61 biopsy-proven NAFLD patients and 40 matched controls,
found significant associations between NAFLD and aortic stiffness, independent of the presence
of metabolic syndrome; but no correlation with histological liver fibrosis or inflammatory activity.
Chen et al. [60] also described the association of advanced fibrosis with subclinical atherosclerosis
in 2550 participants with ultrasound-diagnosed NAFLD. In this study, the NAFLD fibrosis score
was calculated to assess the severity of the fibrosis of NAFLD patients. An NAFLD score >0.676
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indicated the presence of advanced fibrosis in their study. The indicators of early atherosclerosis in
the study were the carotid intima media thickness, carotid plaques and brachial-ankle pulse wave
velocity (ba-PWV). They found that advanced fibrosis indicated by the NAFLD score was associated
with carotid intima media thickness, with the presence of carotid plaques and with increased arterial
stiffness, independent of usual cardiometabolic risk factors and insulin resistance [60]. There are only
two longitudinal studies [64,65] evaluating the progression of arterial stiffness and the presence of
NAFLD. The first one [64], with two arterial stiffness evaluations, employed brachial-ankle PWV,
hence measuring principally peripheral arterial stiffness. It was accomplished in 1225 individuals
on a five-year follow-up. This study concluded that individuals with NAFLD at first evaluation
(diagnosed by ultrasonography) had a faster arterial stiffening than individuals without NAFLD,
regardless of the concomitance of metabolic syndrome. We [65] performed serial cf-PWV measurements
and evaluated liver fibrosis by transient elastography in 291 diabetic patients with NAFLD over a
median follow-up of seven years. We observed that both a high aortic stiffness at the second cf-PWV
examination (odds ratio (OR): 3.0; 95% confidence interval (CI): 1.3–7.2; p = 0.011) and a further
augment in aortic stiffness (OR: 2.1; 95% CI: 1.0–4.3; p = 0.046) pointed to the increased likelihood of
presenting advanced liver fibrosis on transient elastography examination [65]. Thus, it is possible that
the chronological longitudinal associations between NAFLD and arterial stiffness may be bidirectional:
NAFLD may hasten arterial stiffness progression, whilst increasing aortic stiffness may lead prior
NAFLD in the direction of advanced liver fibrosis [65].
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5. NAFLD and Arterial Stiffness: Is There an Interplay?

Many studies evaluated if NAFLD contributed to other outcomes, such as cardiovascular
mortality; and most of them demonstrated an association, but no causality could be shown [20].
Liver disease and atherogenesis might be mediated by inflamed visceral adipose tissue. In this scenario,
the liver might play a role of both the target of the resulting systemic abnormalities and as the source
of many proatherogenic variables. In this setting, nonalcoholic steatohepatitis might contribute to
the pathogenesis of cardiovascular disease in two ways: first, through the systemic release of several
inflammatory, prothrombotic and oxidative-stress substances and, second, through the contribution of
nonalcoholic fatty liver disease to insulin resistance and atherogenic dyslipidemia.

Insulin resistance is the utmost important factor that triggers the development of NAFLD.
This notwithstanding, insulin resistance is probably one of the mechanisms that is also linked to
increased arterial stiffness. Both chronic hyperglycemia, as well as hyperinsulinemia have been
demonstrated to increase the local activity of the renin-angiotensin-aldosterone system and also the
expression of the angiotensin type I receptor in the vascular milieu, leading to hypertrophy of vascular
wall and fibrosis [66–68]. Due to insulin resistance, the proliferative effects of hyperinsulinemia
prevails and promotes an impairment of phosphatidylinositol 3 (PI3)-kinase-dependent signaling
responsible for the acute metabolic effects of insulin; still preserving the activity of growth
promoting mitogen-activated kinase pathways [69]. Triglyceride in the liver has been considered as
an epiphenomenon being a marker of a dysmetabolic state, not adding directly to the genesis of the
extrahepatic manifestations of this complication.

Omelchenko et al. evaluated the relation between the levels of adiponectin and arterial stiffness
parameters using pulse wave velocity (PWV) and the arterial augmentation index (Aix) in NAFLD
patients [58]. In their study, adiponectin was positively correlated with Aix (r = 0.467; p < 0.0001) and
with PWV (r = 0.348; p = 0.011), in spite of a weak correlation coefficient. In a multiple linear regression
analysis, adiponectin persisted as a significant predictor of abnormal PWV after controlling for age
and gender, suggesting an active role of adiponectin in the pathophysiology of vascular disease in
NAFLD patients [58]. Remarkably, it was observed by Kim et al. [53] that NAFLD and arterial stiffness
have been related even in the absence of arterial hypertension, diabetes and metabolic syndrome.
Abdominal ultrasound and brachial-ankle pulse wave velocity (ba-PWV) were investigated in
4467 individuals. NAFLD individuals were classified in non-NAFLD, mild and moderate-to-severe
NAFLD groups, respectively. The NAFLD group had higher levels of ba-PWV. NAFLD was
independently associated with increased ba-PWV (ě1366 cm/s), independent of multiple covariates
(OR: 1.24 and 95% CI: 1.05–1.46). Subgroup analyses revealed that there was a significant association
between NAFLD and increased ba-PWV only in individuals without metabolic syndrome (OR: 1.27
and 95% CI: 1.07–1.51). The multivariate linear regression models for the overall study population and
for individuals without metabolic syndrome also showed a significant association between NAFLD
and the absolute values of ba-PWV; however, the result for individuals with metabolic syndrome did
not demonstrate an association [53]. This might point to the possibility that NAFLD pathogenetic
mechanism per se could be linked to abnormal arterial stiffness not requiring the coexistence of
metabolic syndrome for its occurrence. Recently, Chou et al. [61] investigated 4860 subjects who were
categorized into normal glucose tolerance, pre-diabetes and newly-diagnosed diabetes groups and,
after excluding known diabetes, the independent relationship between non-alcoholic fatty liver disease
and arterial stiffness. The severity of non-alcoholic fatty liver disease was divided into mild and
moderate-to-severe. Increased arterial stiffness was defined as brachial-ankle pulse wave velocity
(ba-PWV) >1400 cm/s. They concluded that the effect of NAFLD on arterial stiffness was apparent in
subjects with normal glucose tolerance, but not in diabetes and pre-diabetes [61].

In resume, the possible biological mechanisms linking NAFLD and increased arterial stiffness
remain largely unknown, but possibly involve common pathways of chronic low-grade inflammation
and adipokines imbalance [70,71]. More prospective studies, including diabetic and non-diabetic
patients, are necessary to investigate whether there are causal relationships between them. On the
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other hand, aortic stiffness, ideally measured by carotid-femoral PWV, may be a useful tool to identify
high-risk patients concerning both cardiovascular and liver disease. Its use as a prognostic marker
may help define better strategies to slow the progression of both liver and cardiovascular disease.
In the future, prospective studies with serial PWV and liver disease severity evaluation may confirm
its utility in assessing improvement in both scenarios1 outcomes.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is a leading cause of chronic liver disease but the
second cause of death among NAFLD patients are attributed to malignancies at both gastrointestinal
(liver, colon, esophagus, stomach, and pancreas) and extra-intestinal sites (kidney in men, and breast
in women). Obesity and related metabolic abnormalities are associated with increased incidence
or mortality for a number of cancers. NAFLD has an intertwined relationship with metabolic
syndrome and significantly contributes to the risk of hepatocellular carcinoma (HCC), but recent
evidence have fuelled concerns that NAFLD may be a new, and added, risk factor for extra-hepatic
cancers, particularly in the gastrointestinal tract. In this review we critically appraise key studies on
NAFLD-associated extra-hepatic cancers and speculate on how NAFLD may influence carcinogenesis
at these sites.

Keywords: fatty liver; colorectal cancer; adipokines; gut microbiota

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is one of the most common causes of chronic liver
disease worldwide, with an estimated global prevalence of 25% in adults and around 10% in
children [1–3]. The term NAFLD includes two distinct conditions with different histologic features
and prognoses: non-alcoholic fatty liver (NAFL) and non-alcoholic steatohepatitis (NASH) [4];
the presence of steatohepatitis and significant fibrosis are considered harbingers of adverse outcomes
in individuals with NAFLD and are associated with an increased risk for morbidity and mortality
through hepatic and non-hepatic complications [5–7]. In descending order, the majority of deaths
in patients with NAFLD are, first, attributed to cardiovascular events, and, second, to malignancies
at both gastrointestinal (liver, colon, esophagus, stomach, and pancreas) and extra-intestinal site
(kidney in men, and breast in women), while end-stage liver disease is the third cause of death [8,9].
NAFLD is traditionally considered the hepatic manifestation of metabolic syndrome (MetS) and an
impressive body of evidence indicates an increased general risk of cancer in subjects with MetS,
particularly in the gastrointestinal tract. In this setting, NAFLD can either share common risk factors
(i.e., obesity and type 2 diabetes) or actively mediate some pathogenic mechanism, as in the case of liver
cancer (hepatocellular carcinoma, HCC). Excluding the latter one, colorectal cancer (CRC) has been
consistently associated with NAFLD thus far [10,11]. The mechanisms underlying the link between
NAFLD and risk of neoplasms are not fully elucidated but they probably stem from the bidirectional
relationship between NAFLD and MetS [12–14]. In this review we critically appraise the key studies
on the association between NAFLD and extra-hepatic cancers and speculate on how NAFLD may
influence carcinogenesis at these sites.
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2. Nonalcoholic Fatty Liver Disease (NAFLD) and Colorectal Cancer

The association between NAFLD and CRC is the best investigated in literature (details are
summarized in Table 1). Almost all of the studies showed a higher prevalence of colorectal lesions
in patients with NAFLD compared to patients without. Hwang and colleagues presented the
first evidence for an association of NAFLD with an increased rate of colorectal adenomatous
polyps [15]. In their study, a population of 2917 participants was investigated via colonoscopy,
abdominal ultrasonography, and liver tests. The prevalence of NAFLD was 41.5% in the adenomatous
polyp group versus 30.2% in the control group; with multivariate analysis, NAFLD was associated
with a three-fold increased risk of colorectal adenomas. This preliminary finding was confirmed in a
large retrospective cohort study of 5.517 Korean women, where a two-fold increase in the occurrence
of adenomatous polyps and a three-fold increase in the risk of colorectal cancer was found in patients
with NAFLD compared to controls. However, the presence of NAFLD had no influence on the
prognosis of colorectal cancer and, in particular, on the disease recurrence during follow-up [16].
Among NAFLD patients, those with histological diagnosis of NASH harbinger the most increased
risk for CRC. In a cross-sectional study patients with NAFLD, diagnosed by both proton magnetic
resonance spectroscopy and liver biopsy, had a significantly higher rate of colorectal adenomas (34.7%
vs. 21.5%) and advanced neoplasms (18.6% vs. 5.5%) than healthy controls [17]. Almost half of NAFLD
patients with advanced neoplasm had right-sided colorectal carcinoma. Importantly, CRC was more
often found in patients with NASH compared to those with simple steatosis (51.0% vs. 25.6% and
34.7% vs. 14.0%). NASH remained associated with a higher risk of both adenomas (Odds Ratio (OR)
4.89) and advanced neoplasms (OR 5.34) even after adjusting for demographic and metabolic risk
factor, thus, the authors concluded that screening colonoscopy should be strongly recommended
in these patients [17]. In the largest study performed so far in Europe, male patients with NAFLD
had significantly more colorectal adenomas and early colorectal cancers compared to those without
NAFLD [18]. Multivariate regression analysis confirmed an independent association of colorectal
adenomas with NAFLD (OR 1.47) [17]. Data stemming from cross-sectional studies have also been
replicated longitudinally. In a prospective study where 1522 subjects underwent paired colonoscopies,
while the index colonoscopy was negative in all of them, the incidence of de novo adenoma development
was increased by 45% in those with NAFLD [19]. Lastly, a Danish cohort study evaluating the global
risk of cancer in hospitalized patient showed an increased risk of CRC in those with fatty liver compared
to the general population, but no difference was noticed between alcoholic and non-alcoholic fatty
liver [20].

In contrast, only two studies failed to demonstrate an increased incidence of colorectal adenomas
in patients with NAFLD compared to healthy controls [21,22]. The first one found a higher burden
of adenomas in patients with NAFLD, but data did not reach a statistical significance, probably for
the smaller sample size and the younger median age. The second one remarkably showed a lower
prevalence of CRC in NAFLD patients but a higher risk for CRC in the presence of insulin resistance;
however it is well known that both raised alanine aminotransferase (ALT) levels and ultrasound can
underestimate the diagnosis of NAFLD.

Overall, it appears that NAFLD patients are more likely to have multiple polyps [23], more
often localized more in the right and transverse segments of colon [17,23]; importantly, patients with
histologic diagnosis of NASH are at higher risk for adenomatous polyps with high grade dysplasia
(HGD) compared to those with simple fatty liver [17]. The relationship between NAFLD and CRC
once again emphasizes the importance of a healthy lifestyle to prevent and treat the MetS and its
systemic manifestations. Certainly these data suggest that NAFLD patients should undergo a closer
surveillance for CRC risk according to screening guidelines [24]. If the evidence of this association
will be further confirmed in larger population studies, probably these patients should be screened in
advance and total colonoscopy considered as the preferred screening method, as neoplasms are more
commonly found in the proximal colon [19,24].
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3. NAFLD and Cancers in Other Sites

The association of NAFLD with other extra-hepatic cancers is less proven. In the previously-
mentioned Danish study all-cancers risk was increased by 70% in subjects with fatty liver, either
alcoholic or non-alcoholic [20]; however, those with NAFLD had a higher risk of pancreatic and kidney
cancer (standardized incidence ratio (SIR) 3; 95% confidence interval (CI) 1.3–5.8 and SIR 2.7; 95%
CI 1.1–5.6, respectively), malignant melanoma (SIR 2.4; 95% CI 0.8–5.6) and cancer metastases from
primary unspecified sites (SIR 6.3; 95% CI 1.3–18.4), while those with alcoholic fatty liver had a higher
risk for lung and breast cancer (SIR 2.2; 95% CI 1.7–2.8 and SIR 1.5; 95% CI 0.9–2.2, respectively).
The latter observation contrasts with another study where a higher prevalence of breast cancers was
observed in patients with ultrasound diagnosed NAFLD compared with healthy controls (63% vs. 48%,
respectively) [26]. The burden of data available is currently too limited to draw definite conclusions
about a specific role of NAFLD, as the link can be mediated by visceral obesity, which in turn is strongly
associated to fatty liver in the so-called “central-axis” of obesity. A recent review summarized the
well-recognized role of visceral obesity in the onset and development of various cancers [27], including
CRC [28–31], esophageal [32–38] and pancreatic cancer [39], breast [40], thyroid [41], and probably
prostate cancer [42]. What is currently unknown is whether both NAFLD and visceral obesity are just
markers of an increased risk of cancers or also active players in this process. With this caveat in mind,
we will briefly examine the association between NAFLD, visceral obesity, and cancers other than CRC.

3.1. Esophageal and Gastric Cancer

Esophageal cancer is the eighth most common form of cancer worldwide, and the World Cancer
Research Fund has identified obesity as a major risk factor, able to increase the risk up to four-fold
compared with lean populations [43]. Several more recent studies suggest a stronger impact of visceral
fat distribution rather than body mass index (BMI) per se [37,44,45], but no study specifically examined
hepatic fat. Strikingly, the association between visceral obesity and esophageal adenocarcinoma is
independent of gastro-oesophageal reflux disease (GORD), and possibly mediated by adipose tissue
insulin resistance and chronic inflammation [32,46,47]. A possible direct link between NAFLD and
gastric cancer has been suggested in a recent study, performed on 1840 patients undergoing upper
endoscopies over a six-month time frame; despite the limited number of gastric cancer diagnosed,
the prevalence of NAFLD in subjects with gastric cancers was higher compared to the average in the
Turkish population [48].

3.2. Pancreatic Cancer

In 2007 the World Cancer Research Fund/American Institute for Cancer Research (WCRF)
definitively established the association between pancreatic cancer and overweight/obesity.
A meta-analysis published in 2012 showed a linear increase between pancreatic cancer risk and
waist circumference, with a relative risk (RR) of 1.11 (95% CI 1.05–1.18) for every 10 cm increase,
and waist-to-hip ratio, with a RR of 1.19 (95% CI 1.09–1.31) for every 0.1 unit increment [39]. In a
meta-analysis performed in 2012, MetS has been identified itself as a neoplastic risk factor, with a RR
of 1.58 (p < 0.0001) for pancreatic cancer in female gender, possibly mediated by decreased physical
activity, consumption of high-calorie dense foods, high dietary fat intake, low fiber intake, and
oxidative stress [49]. As for esophageal cancer, NAFLD can be implicated in this association, although
no direct evidence is yet available.

3.3. Renal Cancer

In addition to smoking and dietary habits, whose association with renal cancer is well established,
some of the components of MetS, such as obesity and hypertension, have been recognized etiological
factors and listed in specialist guidelines [50,51]. In a large study of seven European cohorts, high level
of a metabolic risk score, based on the combination of BMI, blood pressure, and plasma levels of
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glucose, total cholesterol and triglycerides, was linearly and positively associated to higher incidence
of renal cell cancer (risk increase per standard deviation of metabolic risk score increment: 43% in men
and 40% in women) [52]. In patients with cT1a renal cell carcinoma visceral fat, assessed by computed
tomography (CT) scan, is strongly associated with Fuhrman grade, the most frequently used neoplastic
nuclear grading system for kidney, and is an independent predictor of high-grade renal cell carcinoma
(RCC) [53]. In a study performed on 118 consecutive patients undergoing surgical treatment for RCC,
adiponectin levels are inversely proportional to the severity of disease, with the lower levels in patients
with metastatic cancer [54].

3.4. Breast Cancer

The association between breast cancer risk in postmenopausal women and components of MetS
has been provided by several large studies [49,55–57]. In combined analyses of two case-control
study on 3869 postmenopausal women with breast cancer and 4082 postmenopausal control cases,
authors registered a higher neoplastic risk in women with MetS than those without (OR 1.75; 95% CI
1.37–2.22). In the analysis of distribution of cases and controls according to individual components
of the syndrome, the resulting corresponding odds ratios were 1.33 (95% CI 1.09–1.62) for diabetes,
1.19 (95% CI 1.07–1.33) for hypertension, 1.08 (95% CI 0.95–1.22) for hyperlipidemia, 1.26 (95% CI
1.11–1.44) for BMI ě 30 kg/m2, and 1.22 (95% CI 1.09–1.36) for waist circumference ě88 cm [56]. In a
study on 2092 patients, surgically treated for stage I–III invasive breast cancer in the previous five years
and followed-up over 2.8 years on average, MetS appeared a major determinant of the occurrence of
additional related events, such as specific mortality, presence of distant metastasis, or local recurrences
and incidence of contralateral breast cancer [58]. Although each component was associated with an
increased risk of cancer recurrence, the risk associated with the full syndrome was the highest, likely to
be the expression of a general dysmetabolic condition rather than of a specific trait.

3.5. Prostate Cancer

The link between dysmetabolic factors, NAFLD and prostate cancer is controversial. In a
systematic review and meta-regression analysis, including 31 cohort and 25 case-control, for every
five kg/m2 increment in BMI, authors described a 1.05 relative risk (95% CI 1.01–1.08), higher in
patients with progressed diseases than localized diseases [59]. Two studies specifically investigated
the role of NALFD. In the first one, NAFLD was found to be protective against neoplastic recurrence
after radical prostatectomy for prostate cancer in 293 consecutive patients [60]. The NAFLD group
showed significantly longer time-to-recurrence compared with patients without NAFLD both in the
training and validation set (hazard ratio: 0.33 and 0.22; 95% CI 0.16–0.69, and 95% CI 0.11–0.43,
respectively). The second one analyzed the development of malignancies and the specific site of
disease in 1600 US-defined NAFLD subjects and in 1600 matched hepatitis C virus (HCV)-infected
patients: prostate cancer developed in 12.6% of NAFLD compared to 3.5% in HCV patients [61],
and the incidence of prostate cancer in NAFLD was higher than in the general population.

4. Putative Role of Insulin Resistance and Gut Microbiota in the Development of Extra-Hepatic
Cancers in NAFLD

Although the most extensive evidence of a possible mechanistic link between NAFLD and
extra-hepatic carcinogenesis currently comes from data on the pro-inflammatory and pro-carcinogenic
effects of insulin resistance (IR), gut microbiota has been recently identified as a novel and intriguing
player in the development of obesity, NAFLD and several types of cancer (details are summarized
in Table 2). Patients with NAFLD are characterized by dysbiosis [62] and the liver stays at the
cross-road of the complex interaction between changes in microbiota composition, IR, inflammation,
and carcinogenesis [63,64]. Dysbiosis has been found in patients with colon cancer [65] and the
possible correlation has been widely studied. Quantitative and qualitative alterations of gut microbiota
lead to increased intestinal permeability through several mechanisms, including the regulation
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of tight junctions, such as zonulin-1, and occluding by toll like receptor 2 (TLR2) in the ileum.
These alterations favor the translocation of bacterial metabolites and activation of TLRs via the
recognition of microorganism-associated molecular patterns (MAMPs) and can promote tumorigenesis
through the reduced release of the inflammasome-derived interleukin 18 (IL-18) and the increased IL-6
signaling which, in turn, protects normal and premalignant cells from apoptosis [11,66,67].

Table 2. Putative mechanisms linking NAFLD and extra-hepatic cancers.

Mechanism Effects Extra-Hepatic Site

Insulin resistance

Ò IGF-1 axis Proliferative and anti-apoptotic
effects

Prostate/colorectal/lung/Breast cancers,
Barrett’s esophagus, esophageal

adenocarcinoma

Dysfunctional adipose tissue

Ó adiponectin/caspase activation
Ó adiponectin/TNF-α

Ò leptin/MAPK
Ò resistin/NF-κB

Anti-apoptotic effects
Proliferation and angiogenesis

Invasiveness, motility,
lamellipodia formation

Gastrointestinal and extra-intestinal cancer
Gastrointestinal and extra-intestinal cancer
Colon/breast cancer, Barrett’s esophagus,

esophageal adenocarcinoma
Breast/gastrointestinal and non-small cell

lung cancers

Inflammation

IL-6/JAK/STAT3 and IL-6/MAPK
TNF-α/Wnt/β-catenin

Proliferation
Angiogenesis, differentiation and

metastasis development

Renal/gastric/colorectal cancers
Colorectal cancer

Gut microbiota

MAMPs/TLRs
Inflammasome-derived IL-18

Inflammation
Anti-apoptotic effects

Colon cancer
Colon cancer

IGF-1, insulin growth factor-1; IL, interleukin; MAMPs, microorganism-associated molecular patterns; MAPK,
mitogen-activated protein kinase; NF-κB, nuclear factor-κ B; STAT3, signal transducer and activator of
transcription 3; TLRs, toll-like receptors; TNF-α, tumor necrosis factor-α.

It is well known that host diet significantly impacts on gut microbial composition. Diet-induced
NAFLD may be mediated by the myeloid differentiation factor 88 (MyD88)-dependent pathway [68].
This factor is an adaptor molecule, essential for the signaling through TLRs. It is recruited
after the interaction among the microorganism-associated molecular patterns (MAMPs) and TLRs
(particularly TLR4) and promotes the transcription of several pro-inflammatory cytokines through the
activation of NF-κB or c-Jun NH2-terminal kinase (JNK) leading to the induction of IR. Loss-of-function
mutation or knockout mice in TLR4 prevents IR induced by obesity underlying the important role of
this receptor in the modulation of the innate immune system.

NAFLD and visceral adipose tissue are the main components of the axis of central obesity.
In this setting, low-grade chronic inflammation and insulin resistance (IR) create a microenvironment
suitable for cancer development through the stimulation of the insulin growth factor-1 (IGF-1) axis
by hyperinsulinemia [9,69–71]. Through its proliferative and anti-apoptotic effects, this pathway can
boost mutations favoring carcinogenesis [72,73]. Elevated serum levels of IGF-1 have been associated
with prostate [74,75], colorectal [76], lung [77], and breast cancer [78]. Importantly, the insulin/IGF
system is able to influence the risk of Barrett’s esophagus and of esophageal adenocarcinoma [37,79,80],
although there is no full agreement about this [81].

Several adipokines, involved in the modulation of metabolism, inflammation and fibrogenesis,
can also be involved in carcinogenic processes. Adiponectin has anti-carcinogenic effects mediated by
its ability to stop colon cancer cell growth through the AMPc-activated protein kinase (AMPK) and to
induce a caspase-dependent pathway resulting in endothelial cell apoptosis. Adiponectin can also
directly inhibit tumor necrosis factor α (TNF-α), involved in tumor cell proliferation and angiogenesis.
Since NAFLD patients have reduced serum levels of adiponectin, the above described mechanisms

385



Int. J. Mol. Sci. 2016, 17, 717

represent an interesting link between NAFLD and cancer development at both gastrointestinal and
extra-intestinal site.

The pro-carcinogenic effects of leptin, especially in the presence of low adiponectin levels,
have been widely investigated. In obese animal models, leptin acts as a growth factor for CRC at
early stages through the activation of signal transducer and activator of transcription 3 (STAT 3)
pathway [82]. In human colon cancer cells leptin is able to promote motility and invasiveness
by activation of mitogen-activated protein kinase (MAPK) pathway [83]. A case-cohort study in
post-menopausal women with CRC demonstrated that high plasma concentrations of leptin were
associated with an increased risk for CRC [84]. In obese subjects the combination of high leptin
and low adiponectin levels may also increase the risk of Barrett’s esophagus [85–90] and esophageal
adenocarcinoma by enhanced cell proliferation and reduced apoptosis via extracellular signal-regulated
kinase (ERK), p38 MAPK, phosphatidylinositol 31-kinase/Akt, and Janus kinase-2 (JAK2)-dependent
activation of cyclooxygenase-2 (COX-2) and prostaglandin E2 (PGE2). The association between leptin
serum levels and the size of breast tumors has been summarized in a recent review [91]; higher leptin
levels are related to a more aggressive disease, presence of metastasis and a lower survival rate [92]
mostly in obese patients [93].

Finally, resistin can also be linked to obesity-related malignancies via activation of nuclear factor-κ
B (NF-κB) pathway and amplification of the procarcinogenic effects of interleukin (IL)-1, IL-6 and
TNF-α [94]. To date, a putative role of resistin has been suggested in breast cancer [94], non-small cell
lung cancer [95] and in gastrointestinal tumors [96].

The low-grade chronic inflammation associated with IR also favors macrophages recruitment
and massive release of several proinflammatory cytokines, such as IL-6 and TNF-α, into the systemic
circulation. IL-6 induces the Janus kinase/signal transducer and activator of transcription (JAK/STAT)
and MAPK pathways, stimulating cell proliferation and tumor progression, while TNF-α influences
cancer angiogenesis, metastasis development and cell survival, growth, and differentiation [97–99].
Animal models have shown a relationship between TNF-α and several malignancies [100–102]
including colorectal cancer [103]. Obese mice have higher TNF-α levels in the colonic mucosa,
leading to β-catenin stabilization and increased transcription of the downstream Wnt pathway
gene c-Myc [104]. IL-6 has been linked to renal cell carcinoma [105], gastric cancer [106], and
colorectal cancer [107,108], through its modulation of several genes involved in proliferation, survival,
and angiogenesis [109].

In consideration of the above described mechanisms, the increased risk of gastrointestinal cancers
associated to NAFLD does not appear causal, although more extensive studies are required to
demonstrate a direct link between NAFLD and cancers at various sites.

5. Conclusions

NAFLD is a complex multifactorial disease closely interrelated with obesity and type 2 diabetes,
and shares with them a significant increased risk of several types of cancer. Beyond the risk of HCC,
clearly mediated by NASH, substantial evidence is accumulating for a role of NAFLD as independent
risk factor for cancers, particularly in the gastrointestinal tract. Once again, these preliminary, but
intriguing, data convey that NAFLD patients require a multidisciplinary evaluation with a particular
attention to the development of extra-hepatic complications. Further studies are necessary to better
define high-risk NAFLD patients and effective screening strategies, but we encourage health care
providers taking care of NAFLD patients to be vigilant for any signs and symptoms of cancer,
particularly colorectal, and refer the patients for further assessment and management.
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Abbreviations

AMPK AMPc-activated protein kinase
CI confidence interval
COX-2 cyclooxygenase 2
CRC colorectal cancer
ERK extracellular signal-regulated kinase
HCC hepatocellular carcinoma
HGD high grade dysplasia
IBD inflammatory bowel disease
IGF insulin growth factors
IL interleukin
IR insulin resistance
LT liver transplant
MAMPs microorganism-associated molecular patterns
MAPK mitogen-activated protein kinase
MetS metabolic syndrome
mTOR mammalian target of rapamycin
NAFL non-alcoholic fatty liver
NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis
NF-kB nuclear factor-κ B
OR odds ratio
PGE2 Prostaglandin E2
RR relative risk
SIR standardized incidence ratio
STAT3 signal transducer and activator of transcription
TNF-α tumor necrosis factor α
US ultrasound
JAK2 Janus kinase-2
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is the most prevalent form of chronic liver
disease in the world, paralleling the epidemic of obesity and Type 2 diabetes mellitus (T2DM).
NAFLD exhibits a histological spectrum, ranging from “bland steatosis” to the more aggressive
necro-inflammatory form, non-alcoholic steatohepatitis (NASH) which may accumulate fibrosis to
result in cirrhosis. Emerging data suggests fibrosis, rather than NASH per se, to be the most important
histological predictor of liver and non-liver related death. Nevertheless, only a small proportion of
individuals develop cirrhosis, however the large proportion of the population affected by NAFLD has
led to predictions that NAFLD will become a leading cause of end stage liver disease, hepatocellular
carcinoma (HCC), and indication for liver transplantation. HCC may arise in non-cirrhotic liver in
the setting of NAFLD and is associated with the presence of the metabolic syndrome (MetS) and
male gender. The MetS and its components also play a key role in the histological progression of
NAFLD, however other genetic and environmental factors may also influence the natural history.
The importance of NAFLD in terms of overall survival extends beyond the liver where cardiovascular
disease and malignancy represents additional important causes of death.

Keywords: nonalcoholic fatty liver; non-alcoholic steatohepatitis; fibrosis; hepatocellular carcinoma;
cirrhosis; non-cirrhotic

1. Introduction

The prevalence of non-alcoholic fatty liver disease (NAFLD) parallels that of obesity, which has
steadily risen throughout the world over the past thirty years [1]. The natural history of NAFLD
in some individuals, is to progress to end-stage liver disease. Thus, NAFLD is projected to become
the leading cause of liver related morbidity and mortality within 20 years and a leading indication
for liver transplantation in the next few years [2]. Although the potential for NAFLD to progress to
both cirrhosis and hepatocellular carcinoma (HCC) has been recognized for decades, more recent
insights have helped define the magnitude of risk of progression and led to the understanding that
NAFLD is a leading cause of cryptogenic cirrhosis [3–6]. More recently, accumulating evidence has
also led to the hypotheses that even steatosis and mild inflammation can progress to fibrosis and
HCC [7–9]. Nevertheless, the natural history of NAFLD remains incompletely defined, with key
knowledge gaps including the lack of understanding behind the substantial inter-individual variation
in disease progression and outcomes and understanding of the links between NAFLD and HCC. In this
review we provide an up to date assessment of the natural history of NAFLD and emerging evidence
that may impact the management of this disease in the future.
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2. Histological Course of Non-Alcoholic Fatty Liver Disease (NAFLD)

Non-alcoholic fatty liver disease (NAFLD) encompasses a histological spectrum from
non-alcoholic fatty liver (NAFL), which is characterized by steatosis with no or minor inflammation,
to non-alcoholic steatohepatitis (NASH) where inflammation and ballooning is present, with or
without fibrosis. The natural history of NASH tends to parallels the more aggressive histological
picture, with prospective cohort studies demonstrating a higher rate of morbidity and mortality
compared to NAFL, particularly when fibrosis is present [10,11]. Nevertheless, a limited amount of
high-quality prospective data on the progression of NAFLD exists, particularly in the primary-care
setting, where routine biochemical indices do not accurately reflect disease activity or progression.
Paired liver biopsy studies from tertiary care cohorts provide valuable information however are limited
in their generalizability due to selection bias.

At least 12 studies have analysed the progression of steatosis, steatohepatitis, and fibrosis in
NAFLD cohorts by utilizing paired liver biopsies [7,9,11–20]. These studies suggest that one third
of patients with NAFL and NASH have progressive fibrosis and 20% will have some regression
over an average follow-up between 2.2 and 13.8 years [7,9,11–23]. The rate of fibrosis progression is
characteristically slow with a recent meta-analysis determining an average progression of one stage
to take 7.7 years [24]. Nevertheless, the rate of progression is twice as high in NASH subjects
and a sub-group of both NASH and NAFL patients may progress rapidly from no fibrosis to
advanced fibrosis over an average six year period [8,9]. In contrast to fibrosis progression over time,
features of steatosis, inflammation and ballooning tend to reduce which is paralleled by reduction in
amino-transaminase levels [12]. Factors that may influence the histological progression of NASH are
illustrated in Table 1, Figure 1 and outlined below.

Table 1. Risk factors for fibrosis progression in non-alcoholic fatty liver disease (NAFLD): Results from
paired liver biopsy studies.

Study Author,
Year

n
Mean/Median (Standard

Deviation or Range)
Follow up in Years

Predictors of Fibrosis Progression
Odds Ratio

(95% CI)

Adams (2005) 103 3.2 (˘3.0)
Diabetes 1.48

Fibrosis stage 0.80
BMI (per kg/m2) 1.04

Fassio (2004) 22 4.3 (3.0–14.3) Obesity NR

Argo (2009) * 221 5.3 (1.0–21.3)
Age 0.98 (0.96–0.99)

Any inflammation at initial biopsy 2.5 (1.4–4.3)

Wong (2010) 52 3, NR
High LDL 2.7 (1.2 to 6.1)

High waist circumference 1.3 (1.1 to 1.5)

Sorrentino (2010) 149 6.4
Fibronectin immunohistochemistry 14.1 (6.9–32.3)

Hypertension 4.8 (2.7–18.2)
HOMA-IR > 10 1.9 (1.6–12.1)

Pais (2013) 70 3.7 (˘2.1) ˆ steatosis grade NR

Chan (2014) 35 6.4 (˘0.8) nil -

McPherson (2014) 108 6.6 (1.3–22.6)
At baseline biopsy FIB 4 score 2.1 (1.1–3.9)

At follow up biopsy FIB 4 score 3.1 (1.4–6.8)
Diabetes 6.25 (1.88–20)

Singh (2015) ** 411 NR
Hypertension 1.94 (1.00–3.74)

Low AST:ALT ratio at baseline biopsy ´0.08 (´0.16–0.00)

* A systematic review comprising 10 studies; ** A meta-analysis including 11 cohort studies;
ˆ Progression defined by progression from non-alcoholic fatty liver (NAFL) to non-alcoholic steatohepatitis
(NASH), occurrence of bridging fibrosis or at least one point increase in the NAFLD activity score (NAS) score
from <5 to 5, or greater; NR = Not reported; HOMA–IR = homeostasis model of assessment-insulin resistance.
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Figure 1. Progression of non-alcoholic fatty liver disease (NAFLD) to non-alcoholic steatohepatitis
(NASH) with or without fibrosis, cirrhosis, and hepatocellular carcinoma. Data adapted form [7–9] and [24].

3. Predictors of Progressive Fibrosis in Non-Alcoholic Steatohepatitis (NASH)

3.1. Sex

No consistent relationship between sex and fibrosis has been found in NASH, with cross-sectional
studies reporting conflicting findings [25,26]. The relationship between sex and fibrosis may be
influenced by menopausal status; cross-sectional studies have found men and post-menopausal
women to have a higher risk of fibrosis compared with pre-menopausal women, and early menopause
and duration of menopause to be associated with a higher risk of fibrosis [27,28].

3.2. Race and Ethnicity

Hispanic patients have an increased prevalence of NAFLD compared to Caucasians; however,
there appears to be no difference in degree of liver injury between these ethnic groups [29,30].
In contrast, Asian patients may be prone to more severe histological changes including ballooning,
whereas African-Americans may have less severe histology, although factors such as diet may be
confounding this relationship [31–33].

3.3. Genetic Polymorphisms

Polymorphisms in the PNPLA3 and TM6SF2 genes are common in the general population with
minor allele frequencies of 20%–50% and 10%, respectively [34]. The rs738409 and rs58542926 single
nucleotide polymorphisms (SNP’s) of these respective genes have been identified by genome-wide
association studies to be associated with an increased risk of NAFLD, as well the presence of more
severe liver histology (i.e., NASH and fibrosis) [34–38]. One study of over 1000 individuals with biopsy
proven NAFLD, demonstrated these SNPs were associated with a 40% to 88% increased risk for
advanced (F2-4) fibrosis after adjustment for age, sex, and metabolic variables [34]. Similarly, a SNP in
the IFNL4 gene, which is associated with response to interferon based treatment in chronic hepatitis C,
has also been associated with fibrosis in NAFLD and has been amalgamated into a predictive score in
conjunction with other clinical factors [39].

3.4. Age

Cross-sectional studies have demonstrated increasing age to be consistently associated with more
severe fibrosis in NASH patients; however, this may reflect the cumulative sum of metabolic exposures
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and longer duration of NAFL/NASH in these populations [26,40,41]. In contrast, longitudinal studies
have not consistently demonstrated age to impact the rate of fibrosis progression [24].

3.5. Metabolic Features

Diabetes and obesity have demonstrated to be predictive of a higher rate of fibrosis progression in
some but not all longitudinal studies [7–9,12,22]. An increase or decrease in body mass index over time,
has been associated with progression or resolution of liver fibrosis respectively in NAFLD patients and
the emergence of diabetes also appears to parallel fibrosis progression, whereas improved glycemic
control parallels fibrosis improvement [7–9,22]. One meta-analysis examining the full spectrum of
NAFLD found hypertension to be a risk factor for fibrosis progression, however an earlier meta-analysis
limited to NASH patients did not [24,42].

3.6. Histological Factors

The degree of hepatic steatosis does not appear to predict disease progression in NASH.
The degree of inflammation however, has been associated with progression to advanced fibrosis
in a meta-analysis, but not in any single cohort study [24].

4. Clinical Course of NAFLD

4.1. Liver Cirrhosis, Decompensation, and Liver Related Mortality

Overall, the risk of progression to cirrhosis and decompensation in NAFLD patients is low with
a population based study demonstrating an incidence of 3.1% for both end-points over a mean 7.6 year
follow-up [43]. Nevertheless, the risk of cirrhosis may be underestimated given the lack of systematic
evaluation for its development in the community.

The risk of progression to end-stage liver disease is influenced by the severity of underlying
liver histology; the majority of patients with NAFLD have simple steatosis, however, up to 30% of
patients may have NASH [44] and are at greater risk. Several studies with up to 20 years follow-up,
have demonstrated that the risk of progression to cirrhosis in patients with simple steatosis is between
0% and 4% [6,45,46]. In contrast, estimates of progression to cirrhosis in NASH patients varies with
10% developing decompensated liver disease over 13 years [11] and 25% developing cirrhosis over
nine years [11]. The rate of progression is clearly heavily influenced by the underlying fibrosis stage,
with NASH patients without fibrosis at significantly lower risk compared to those with advanced
fibrosis. Progression to advanced fibrosis and cirrhosis is not uniform in all patients and metabolic
factors such as presence of glucose intolerance and Type 2 diabetes mellitus (T2DM) may play a key
role in this progression [47,48].

Once cirrhosis has developed, the risk of developing a major complication of portal hypertension
is 17%, 23%, and 52% at one, three, and 10 years, respectively [49]. The survival of patients with
NASH cirrhosis falls markedly once decompensation occurs, with a median survival of approximately
two years [50]. Today, NAFLD is the second commonest etiology for listing for liver transplantation,
and on the trajectory of becoming the most common cause [51–54]. Notably, the burden of NAFLD
related cirrhosis may be under-estimated, as the histological signs of steatohepatitis may no longer be
present at the cirrhotic stage of disease [55]. Caldwell et al. noted that a large proportion of patients
with cryptogenic cirrhosis had been exposed to metabolic risk factors [4] and almost half of the cases
of “cryptogenic” cirrhosis could ultimately be traced to the end-stage evolution of NASH [39].

Compared with individuals of the general population of the same age and gender, those with
NAFLD have a lower than expected survival, at a standardized mortality ratio from 1.34 to 1.69
according to American and Swedish studies [11,12]. The increase in mortality hazard is likely in part,
to be related to increased liver related mortality, with liver death the third commonest cause of death
in two large cohort studies [11,12].
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4.2. Non-Liver Related Death

NAFLD is associated with a significantly higher overall mortality compared to the age and
sex-matched general population, which in part is likely related to excess vascular as well as liver-related
death. Cross-sectional population-based studies and meta-analysis have demonstrated NAFLD to be
independently associated with predictors of cardiovascular disease including endothelial dysfunction,
arterial stiffness and myocardial dysfunction [56–59]. Notably, NAFLD results in hepatic insulin resistance,
increased fasting glucose levels and an atherogenic lipid profile [60], and NASH is associated with increased
levels of inflammatory pro-atherogenic cytokines, hyper-coagulable factors, and adhesion molecules [61].

Supporting these observations, analysis of over 11,000 participants in the NAHNES study
conducted between 1989 and 2004 with median follow up of 14.5 years, demonstrated increased (69%)
overall mortality in NAFLD patients with advanced fibrosis assessed by means of NAFLD fibrosis
score, APRI and FIB 4. The increase in mortality in this subgroup was largely driven by cardiovascular
disease (CVD) (adjusted hazard ratio 2.7 to 3.5) [62]. Other cohort studies have suggested that other
sub-groups of NAFLD patients, such as those with type 2 diabetes [63] or men with an elevated
gamma-glutamyl transpeptidase [57], may have an increased risk of CVD events compared to subjects
without NAFLD. Thus, there may be other genetic or environmental factors that modify the association
between NAFLD and CVD. Lastly, severity of liver histology may stratify risk of cardiovascular
mortality with Ekstedt and colleagues demonstrating that subjects with simple steatosis did not have
an increased risk of all-cause death or death related to CVD, but those with NASH were twice as likely
to die from CVD compared to the reference general population (15.5% vs. 7.5%) over a mean follow-up
period of 13.7 years [64].

5. Evolving Concepts

5.1. NAFL vs. NASH

A pioneer research published in 2006 compared the levels of serum concentrations of transforming
growth factor-beta1 (TGF-β1) a marker of fibrosis, and ferritin between NAFL, and NASH patients [40].
No differences in the serum levels of TGF-β1 and ferritin were found between NAFL and NASH
groups. Authors suggested that both NAFLD spectrums share common aspects regarding their
progression and NAFL perhaps not so benign. Recent reports suggest NAFL may not be as benign as
previously thought, with evidence of progression to advanced fibrosis, challenging the paradigm that
risk of fibrosis progression is dichotomized according to the presence or absence of NASH (Table 2).
Wong et al. [7] reported in a prospective study of paired liver biopsies taken a median three years apart,
that 58% of patients with histological NAFLD activity score (NAS) <3 (i.e., non-NASH) increased their
activity score and 28% had fibrosis progression at three years. Fibrosis progression was seen in 20% to
30% of patients with both low and high NAS scores. Twenty-three per cent of patients with simple
steatosis developed NASH in 3 years.

A retrospective study analysing a database of 70 NAFLD patients with paired biopsies showed
that patients with NAFL can evolve towards well-defined steatohepatitis, and in some of them,
bridging fibrosis after a follow-up of less than 5 years. The presence of mild lobular inflammation
or any amount of fibrosis substantially increased the risk of histological progression in the mid-term
while those with steatosis alone are at lowest risk [8]. More recently McPherson et al. [9] in the DELTA
study included 108 patients with paired liver biopsies over a median of 6.6 years; they found overall
that NAFLD had a variable natural history with 42% of patients having progression of fibrosis and
18% having regression of fibrosis. Of those with NAFL at the index liver biopsy, 44% progressed to
NASH and 37% had progression of fibrosis, including 6 patients who developed stage three fibrosis.

Lastly, Singh et al. conducted a systematic review and meta-analysis of 11 studies involving
411 patients with paired liver biopsies [24]. Patients with both NAFL and NASH were found to develop
progressive liver fibrosis, although the rate of fibrosis progression was higher in those with NASH than
NAFL (one-stage progression over 7.1 years vs. 14.3 years, respectively). Collectively, these studies
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suggest that overall NAFL has a more indolent rate of progression than NASH; however, there is
considerable heterogeneity, with one quarter of NAFL patients developing bridging fibrosis over
a relatively short time period. Currently, reliable histological and clinical predictors of disease
progression are lacking, however it appears that worsening metabolic disease (weight gain, diabetes)
frequently parallels the histological progression [8,9].

Table 2. Fibrosis stage as predictor of liver related complications, death, and overall mortality.

Study Author, Year
NAFLD

Patients (n)

Mean
Follow up

(Years)

Histological
Subgroup (N)

Cirrhosis and
Liver Related

Complications HR

Liver Related
Mortality HR

Overall
Mortality HR

Ekstedt et al., 2015 229 26.4
NAS 0–8

10.8 3.3 3.28Fibrosis stage 3–4
n = 16

Younossi et al., 2011 257 12.1
Fibrosis stage 3–4 - 5.68 -

n = NR

Angulo et al., 2015 619 12.6

Fibrosis stage

F1 n = 141 * 2.38 - 1.88
F2 n = 85 * 7.51 11.2 2.89
F3 n = 53 * 13.78 85.79 3.76
F4 n = 18 * 47.46 - 10.9

* Results derived from a multivariate model including age, sex, race, BMI, diabetes, hypertension, statin use,
site, and smoking. HR (hazard ratio).

5.2. Prognostic Significance of NASH vs. Fibrosis

The prognosis of an individual patient with NAFLD is highly variable. A greater likelihood
of progressive disease was initially described in those patients with NASH, which is often defined
according to the NAFLD activity score (NAS score). The NAS is the unbalanced sum of steatosis,
ballooning, and lobular inflammation [10], and was originally developed as a tool for assessing efficacy
in clinical trials, however has been applied more widely to define NASH and assess histological activity.

Recent evidence coming from prospective cohort studies suggest that fibrosis predicts liver
and non-liver related mortality more reliably than NAS or its individual components [64–66].
A study by Younossi et al. of 209 NAFLD patients with a median follow up of 12 years found that
advanced fibrosis was the only histological lesion independently associated with liver-related mortality
(hazard ratio = 5.68, 95% confidence interval (1.5–21.4) [66] More recently Ekstedt and colleagues
analysed a cohort of 229 biopsy proven NAFLD patients followed for a mean of 26.4 years [62].
Overall, NAFLD patients had an increased mortality compared with a matched reference population
with NAFLD subjects with fibrosis stage three or four at baseline having the worst prognosis (HR 3.3,
CI 2.27–4.76, p < 0.001). In contrast patients with a high NAS (5–8) without severe fibrosis did
not have increase mortality compared with reference population. Finally, Angulo et al. conducted
an international multicentre cohort study to determine the long term prognostic significance of
histologic features of NAFLD [65]. This study confirmed that fibrosis stage rather than NASH, was the
most important histological feature associated with overall survival and liver-related complications.
Notably, even patients with mild fibrosis (stage 1) had a greater hazard for overall mortality compared
to those with no fibrosis, although only those with moderate fibrosis (stage F2 and above) had a
greater risk of liver related complications such as ascites, encephalopathy or varices. These studies
emphasize the need to assess fibrosis routinely in all patients with NAFLD to assess their prognosis
and, thus, need for monitoring and liver targeted treatment.

6. Hepatocellular Carcinoma (HCC)

6.1. HCC in NAFLD

HCC is the six most common cancer worldwide, the third most common cause of cancer
related death and has a globally rising incidence [67,68]. Several studies have demonstrated an
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association between MetS, T2DM as well as obesity, with HCC, suggesting that NAFLD is playing
a significant role in the rising incidence of HCC [67,69,70]. The potential mechanisms relating MetS,
obesity, diabetes, NAFLD, and HCC, particularly in the absence of cirrhosis, are probably related
to the pathogenesis of the underlying disease rather than to fibrosis alone. A fertile soil for liver
carcinogenesis include insulin resistance and hepatic steatosis promoting adipose tissue-derived
inflammation, hormonal changes (adipokines), oxidative stress, lipopoxicity, and stimulation of
insulin-like growth factor [21,69,70]. Gut microbiome, diet, and genetics are increasingly important
factors. Intestinal dysbiosis associated with obesity modify the gut microbiome and promotes the
release of endotoxins [22]. High-fat diets and high fructose intake can worsen the cytokine pattern and
promote lipoperoxidation [70]. Genetics contributes to increase the risk of HCC, mainly through the
PNPLA3 rs738409 variant [23].

NASH was found to be the third most common risk factor for HCC in a U.S. veterans population
of 1500 with HCC diagnosed over a six year period [71]. Nevertheless, HCC remains an uncommon
complication of NAFLD and heavily influenced by the presence or absence of underlying cirrhosis.
For example, one Japanese study of 6508 individuals with ultrasound diagnosed NAFLD, found the
HCC incidence to be only 0.2% after eight years, however subjects with advanced fibrosis determined
by the AST-Platelet Ratio Index, had a 25-fold increase in risk [72]. Of concern however, are emerging
reports of the development of HCC in non-cirrhotic patients; however, the magnitude of this risk
remains to be defined [73–75].

6.2. HCC in NAFLD Cirrhosis

The cumulative incidence of HCC in NASH cirrhosis ranges between 2.4% and 12.8% over
a 3.2–7.2 year period, and the cumulative HCC mortality in NAFLD/NASH cohorts is 0%–3% over
5.6–21 years [76]. A large series of 195 NAFLD cirrhosis patients from the Cleveland Clinic found
the annual incidence of HCC to be marginally lower than a comparative population of hepatitis C
cirrhosis patients (2.6% vs. 4.0%, p = 0.09) [77]. These findings have been replicated in other American
and Japanese cohorts [50,78]. All these studies performs a defined protocol excluding other etiologies
of HCC including Hepatitis C and Hepatitis B virus infection. Risk factors for HCC development in
the NASH population included diabetes, age, any previous alcohol consumption and the presence of
intra-hepatic iron [77,79]. Interestingly, the use of metformin in patients with type 2 diabetes has been
associated with a reduced risk of HCC, suggesting that this risk factor may be modifiable [80].

Once HCC develops in NAFLD cirrhotic patients, survival appears to be shorter survival than
patients with HCV-HCC [81]. This may be related to patients with HCC resulting from NAFLD being
older, having larger tumours, and being less likely to be diagnosed by surveillance compared with
HCC caused by viral hepatitis [82–84]. Nevertheless, among patients that have liver function and
tumours eligible for curative HCC treatment, overall survival is similar or better that comparable
patients with hepatitis C or alcohol induced cirrhosis [81,84].

6.3. HCC in NAFLD without Cirrhosis

The development of HCC in non-cirrhotic patients with NAFLD is increasingly reported with
cross-sectional studies demonstrating between 15% and 50% of cases being diagnosed without
cirrhosis [73,81,85,86]. Moreover, HCCs have been reported to arise in subjects without evidence
of NASH or fibrosis but just simple steatosis [83]. A minority of these cases may be related to
transformation of hepatic adenomas, whereas the majority appear to be related to risk factors for
NAFLD, namely the MetS, obesity, and diabetes [87]. Several studies have also suggested that HCC
originating in non-cirrhotic patients with NASH and/or the metabolic syndrome, are more likely to be
male [85–87].

Not surprisingly, HCC associated with non-cirrhotic NAFLD is less likely to be detected during
surveillance and thus is more likely to be more advanced when compared to HCC in cirrhosis
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patients [68,81,84]. Nevertheless, survival is equivalent or better in non-cirrhotic NAFLD patients
when compared to subjects with cirrhotic-HCC, likely due to preserved liver function.

7. Conclusions

NAFLD is common in the general population, however the natural history and impact on
patient morbidity and mortality is widely divergent. Metabolic factors, such as diabetes, obesity,
and hypertension, as well as common genetic polymorphisms in the PNPLA3 and TM6SF2 genes,
influence the severity of underlying liver histology and, thus, are likely to impact on risk of developing
cirrhosis and HCC. Recent studies have demonstrated NAFL in addition to NASH, may lead to
progressive fibrosis and have emphasized the importance of fibrosis level in determining future
mortality risk. A greater understanding of the factors that alter the natural history of NAFLD will lead
to better prognostication and targeting of NAFLD populations at greatest risk for specific therapies.

Acknowledgments: Luis Calzadilla Bertot has been awarded a scholarship from the Liver Foundation of
Western Australia.

Author Contributions: Luis Calzadilla Bertot and Leon Anton Adams reviewed the literature and wrote the article.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

NAFLD Nonalcoholic fatty liver disease
T2DM Type 2 Diabetes mellitus
NASH Nonalcoholic steatohepatitis
HCC Hepatocellular carcinoma
MetS Metabolic syndrome
NAFL Nonalcoholic fatty liver
SNP’s Single nucleotide polymorphisms
CVD Cardiovascular disease
NAS NAFLD activity score
TGF-β1 Transforming growth factor-beta1

References

1. NCD-RisC. Trends in adult body mass index in 200 countries from 1975 to 2014. Lancet 2016, 387, 1377–1396.
2. Ray, K. NAFLD–The next global epidemic. Nat. Rev. Gastroenterol. Hepatol. 2013, 10, 621. [CrossRef] [PubMed]
3. Powell, E.E.; Cooksley, W.G.E.; Hanson, R.; Searle, J.; Halliday, J.W.; Powell, W. The natural history of

nonalcoholic steatohepatitis: A follow-up study of forty-two patients for up to 21 years. Hepatology 1990, 11,
74–80. [CrossRef] [PubMed]

4. Caldwell, S.H.; Oelsner, D.H.; Iezzoni, J.C.; Hespenheide, E.E.; Battle, E.H.; Driscoll, C.J. Cryptogenic cirrhosis:
Clinical characterization and risk factors for underlying disease. Hepatology 1999, 29, 664–669. [CrossRef] [PubMed]

5. Poonawala, A.; Nair, S.P.; Thuluvath, P.J. Prevalence of obesity and diabetes in patients with cryptogenic
cirrhosis: A case-control study. Hepatology 2000, 32, 689–692. [CrossRef] [PubMed]

6. Teli, M.R.; James, O.F.; Burt, A.D.; Bennett, M.K.; Day, C.P. The natural history of nonalcoholic fatty liver:
A follow-up study. Hepatology 1995, 22, 1714–1719. [CrossRef] [PubMed]

7. Wong, V.W.-S.; Wong, G.L.-H.; Choi, P.C.-L.; Chan, A.W.-H.; Li, M.K.-P.; Chan, H.-Y.; Chim, A.M.; Yu, J.;
Sung, J.J.; Chan, H.L. Disease progression of non-alcoholic fatty liver disease: A prospective study with
paired liver biopsies at 3 years. Gut 2010, 59, 969–974. [CrossRef] [PubMed]

8. Pais, R.; Charlotte, F.; Fedchuk, L.; Bedossa, P.; Lebray, P.; Poynard, T.; Ratziu, V.; LIDO Study Group.
A systematic review of follow-up biopsies reveals disease progression in patients with non-alcoholic
fatty liver. J. Hepatol. 2013, 59, 550–556. [CrossRef] [PubMed]

9. McPherson, S.; Hardy, T.; Henderson, E.; Burt, A.D.; Day, C.P.; Anstee, Q.M. Evidence of NAFLD
progression from steatosis to fibrosing-steatohepatitis using paired biopsies: Implications for prognosis and
clinical management. J. Hepatol. 2015, 62, 1148–1155. [CrossRef] [PubMed]

401



Int. J. Mol. Sci. 2016, 17, 774

10. Angulo, P.; Hui, J.M.; Marchesini, G.; Bugianesi, E.; George, J.; Farrell, G.C.; Enders, F.; Saksena, S.; Burt, A.D.;
Bida, J.P.; et al. The NAFLD fibrosis score: A noninvasive system that identifies liver fibrosis in patients with NAFLD.
Hepatology 2007, 45, 846–854. [CrossRef] [PubMed]

11. Ekstedt, M.; Franzén, L.E.; Mathiesen, U.L.; Thorelius, L.; Holmqvist, M.; Bodemar, G.; Kechagias, S.
Long-term follow-up of patients with NAFLD and elevated liver enzymes. Hepatology 2006, 44, 865–873.
[CrossRef] [PubMed]

12. Adams, L.A.; Sanderson, S.; Lindor, K.D.; Angulo, P. The histological course of nonalcoholic fatty liver
disease: A longitudinal study of 103 patients with sequential liver biopsies. J. Hepatol. 2005, 42, 132–138.
[CrossRef] [PubMed]

13. Angulo, P.; Keach, J.C.; Batts, K.P.; Lindor, K.D. Independent predictors of liver fibrosis in patients with
nonalcoholic steatohepatitis. Hepatology 1999, 30, 1356–1362. [CrossRef] [PubMed]

14. Bacon, B.R.; Farahvash, M.J.; Janney, C.G.; Neuschwander-Tetri, B.A. Nonalcoholic steatohepatitis:
An expanded clinical entity. Gastroenterol.-Orlando 1994, 107, 1103–1109.

15. Evans, C.; Oien, K.; MacSween, R.; Mills, P. Non-alcoholic steatohepatitis: A common cause of progressive
chronic liver injury? J. Clin. Pathol. 2002, 55, 689–692. [CrossRef] [PubMed]

16. Fassio, E.; Álvarez, E.; Domínguez, N.; Landeira, G.; Longo, C. Natural history of nonalcoholic steathepatitis:
A longitudinal study of repeat liver biopsies. Hepatology 2004, 40, 820–826. [CrossRef] [PubMed]

17. Harrison, S.A.; Torgerson, S.; Hayashi, P.H. The natural history of nonalcoholic fatty liver disease: A clinical
histopathological study. Am. J. Gastroenterol. 2003, 98, 2042–2047. [CrossRef] [PubMed]

18. Hui, A.; Wong, V.S.; Chan, H.Y.; Liew, C.T.; Chan, J.Y.; Chan, F.L.; Sung, J.Y. Histological progression of
non-alcoholic fatty liver disease in Chinese patients. Aliment. Pharmacol. Ther. 2005, 21, 407–413. [CrossRef] [PubMed]

19. Lee, R.G. Nonalcoholic steatohepatitis: A study of 49 patients. Hum. Pathol. 1989, 20, 594–598. [CrossRef]
20. Ratziu, V.; Giral, P.; Charlotte, F.; Bruckert, E.; Thibault, V.; Theodorou, I.; Khalil, L.; Turpin, G.; Opolon, P.;

Poynard, T. Liver fibrosis in overweight patients. Gastroenterology 2000, 118, 1117–1123. [CrossRef]
21. Duan, X.F.; Tang, P.; Li, Q.; Yu, Z.T. Obesity, adipokines and hepatocellular carcinoma. Int. J. Cancer 2013,

133, 1776–1783. [CrossRef] [PubMed]
22. Henao-Mejia, J.; Elinav, E.; Jin, C.; Hao, L.; Mehal, W.Z.; Strowig, T.; Thaiss, C.A.; Kau, A.L.; Eisenbarth, S.C.;

Jurczak, M.J.; et al. Inflammasome-mediated dysbiosis regulates progression of NAFLD and obesity. Nature
2012, 482, 179–185. [CrossRef] [PubMed]

23. Oliveira, C.P.; Stefano, J.T. Genetic polymorphisms and oxidative stress in non-alcoholic steatohepatitis
(NASH): A mini review. Clin. Res. Hepatol. Gastroenterol. 2015, 39, S35–S40. [CrossRef] [PubMed]

24. Singh, S.; Allen, A.M.; Wang, Z.; Prokop, L.J.; Murad, M.H.; Loomba, R. Fibrosis progression in nonalcoholic
fatty liver vs. nonalcoholic steatohepatitis: A systematic review and meta-analysis of paired-biopsy studies.
Clin. Gastroenterol. Hepatol. 2015, 13, 643–654. [CrossRef] [PubMed]

25. McPherson, S.; Stewart, S.F.; Henderson, E.; Burt, A.D.; Day, C.P. Simple non-invasive fibrosis scoring
systems can reliably exclude advanced fibrosis in patients with non-alcoholic fatty liver disease. Gut 2010,
59, 1265–1269. [CrossRef] [PubMed]

26. Hossain, N.; Afendy, A.; Stepanova, M.; Nader, F.; Srishord, M.; Rafiq, N.; Goodman, Z.; Younossi, Z.
Independent predictors of fibrosis in patients with nonalcoholic fatty liver disease. Clin. Gastroenterol. Hepatol.
2009, 7, 1224–1229. [CrossRef] [PubMed]

27. Yang, J.D.; Abdelmalek, M.F.; Pang, H.; Guy, C.D.; Smith, A.D.; Diehl, A.M.; Suzuki, A. Gender and
menopause impact severity of fibrosis among patients with nonalcoholic steatohepatitis. Hepatology 2014, 59,
1406–1414. [CrossRef] [PubMed]

28. Klair, J.S.; Yang, J.D.; Abdelmalek, M.F.; Guy, C.D.; Gill, R.M.; Yates, K.; Unalp-Adrida, A.; Lavine, J.; Clark, J.;
Diehl, A.M.; et al. A longer duration of estrogen deficiency increases fibrosis risk among postmenopausal
women with nonalcoholic fatty liver disease. Hepatology 2016. [CrossRef] [PubMed]

29. Lomonaco, R.; Ortiz-Lopez, C.; Orsak, B.; Finch, J.; Webb, A.; Bril, F.; Louden, C.; Tio, F.; Cusi, K. Role of
ethnicity in overweight and obese patients with nonalcoholic steatohepatitis. Hepatology 2011, 54, 837–845.
[CrossRef] [PubMed]

30. Bambha, K.; Belt, P.; Abraham, M.; Wilson, L.A.; Pabst, M.; Ferrell, L.; Unalp-Arida, A.; Bass, N. Ethnicity and
nonalcoholic fatty liver disease. Hepatology 2012, 55, 769–780. [CrossRef] [PubMed]

31. Mohanty, S.R.; Troy, T.N.; Huo, D.; O’Brien, B.L.; Jensen, D.M.; Hart, J. Influence of ethnicity on histological
differences in non-alcoholic fatty liver disease. J. Hepatol. 2009, 50, 797–804. [CrossRef] [PubMed]

402



Int. J. Mol. Sci. 2016, 17, 774

32. Solga, S.F.; Clark, J.M.; Alkhuraishi, A.R.; Torbenson, M.; Tabesh, A.; Schweitzer, M.; Diehl, A.M.;
Magnuson, T.H. Race and comorbid factors predict nonalcoholic fatty liver disease histopathology in
severely obese patients. Surg. Obes. Relat. Dis. 2005, 1, 6–11. [CrossRef] [PubMed]

33. Kallwitz, E.R.; Guzman, G.; TenCate, V.; Vitello, J.; Layden-Almer, J.; Berkes, J.; Patel, R.; Layden, T.J.;
Cotler, S.J. The histologic spectrum of liver disease in African-American, non-Hispanic white, and Hispanic
obesity surgery patients. Am. J. Gastroenterol. 2009, 104, 64–69. [CrossRef] [PubMed]

34. Liu, Y.L.; Reeves, H.L.; Burt, A.D.; Tiniakos, D.; McPherson, S.; Leathart, J.B.; Allison, M.E.; Alexander, G.J.;
Piguet, A.C.; Anty, R.; et al. TM6SF2 rs58542926 influences hepatic fibrosis progression in patients with
non-alcoholic fatty liver disease. Nat. Commun. 2014, 5, 4309. [CrossRef] [PubMed]

35. Romeo, S.; Kozlitina, J.; Xing, C.; Pertsemlidis, A.; Cox, D.; Pennacchio, L.A.; Boerwinkle, E.; Cohen, J.C.;
Hobbs, H.H. Genetic variation in PNPLA3 confers susceptibility to nonalcoholic fatty liver disease. Nat. Genet.
2008, 40, 1461–1465. [CrossRef] [PubMed]

36. Valenti, L.; Al-Serri, A.; Daly, A.K.; Galmozzi, E.; Rametta, R.; Dongiovanni, P.; Nobili, V.; Mozzi, E.;
Roviaro, G.; Vanni, E.; et al. Homozygosity for the patatin-like phospholipase-3/adiponutrin I148M
polymorphism influences liver fibrosis in patients with nonalcoholic fatty liver disease. Hepatology 2010, 51,
1209–1217. [CrossRef] [PubMed]

37. Eslam, M.; Hashem, A.M.; Romero-Gomez, M.; Berg, T.; Dore, G.J.; Mangia, A.; Chan, H.L.; Irving, W.L.;
Sheridan, D.; Abate, M.L.; et al. FibroGENE: A gene-based model for staging liver fibrosis. J. Hepatol. 2016,
64, 390–398. [CrossRef] [PubMed]

38. Yki-Järvinen, H. Non-alcoholic fatty liver disease as a cause and a consequence of metabolic syndrome.
Lancet Diabetes Endocrinol. 2014, 2, 901–910. [CrossRef]

39. Neuschwander-Tetri, B.A.; Clark, J.M.; Bass, N.M.; van Natta, M.L.; Unalp-Arida, A.; Tonascia, J.; Zein, C.O.;
Brunt, E.M.; Kleiner, D.E.; McCullough, A.J.; et al. Clinical, laboratory and histological associations in adults
with nonalcoholic fatty liver disease. Hepatology 2010, 52, 913–924. [CrossRef] [PubMed]

40. Tarantino, G.; Conca, P.; Riccio, A.; Tarantino, M.; di Minno, M.N.; Chianese, D.; Pasanisi, F.; Contaldo, F.;
Scopacasa, F.; Capone, D. Enhanced serum concentrations of transforming growth factor-β1 in simple fatty
liver: Is it really benign? J. Transl. Med. 2008, 6, 72. [CrossRef] [PubMed]

41. Adams, L.A.; Lymp, J.F.; Sauver, J.S.; Sanderson, S.O.; Lindor, K.D.; Feldstein, A.; Angulo, P. The natural
history of nonalcoholic fatty liver disease: A population-based cohort study. Gastroenterology 2005, 129,
113–121. [CrossRef] [PubMed]

42. Williams, C.D.; Stengel, J.; Asike, M.I.; Torres, D.M.; Shaw, J.; Contreras, M.; Landt, C.L.; Harrison, S.A.
Prevalence of nonalcoholic fatty liver disease and nonalcoholic steatohepatitis among a largely middle-aged
population utilizing ultrasound and liver biopsy: A prospective study. Gastroenterology 2011, 140, 124–131.
[CrossRef] [PubMed]

43. Dam-Larsen, S.; Becker, U.; Franzmann, M.B.; Larsen, K.; Christoffersen, P.; Bendtsen, F. Final results of
a long-term, clinical follow-up in fatty liver patients. Scand. J. Gastroenterol. 2009, 44, 1236–1243. [CrossRef] [PubMed]

44. Matteoni, C.A.; Younossi, Z.M.; Gramlich, T.; Boparai, N.; Liu, Y.C.; McCullough, A.J. Nonalcoholic fatty liver
disease: A spectrum of clinical and pathological severity. Gastroenterology 1999, 116, 1413–1419. [CrossRef]

45. El-serag, H.B.; Tran, T.; Everhart, J.E. Diabetes increases the risk of chronic liver disease and hepatocellular carcinoma.
Gastroenterology 2004, 126, 460–468. [CrossRef] [PubMed]

46. Loomba, R.; Abraham, M.; Unalp, A.; Wilson, L.; Lavine, J.; Doo, E.; Bass, N.M. Association between diabetes,
family history of diabetes, and risk of nonalcoholic steatohepatitis and fibrosis. Hepatology 2012, 56, 943–951.
[CrossRef] [PubMed]

47. Hui, J.M.; Kench, J.G.; Chitturi, S.; Sud, A.; Farrell, G.C.; Byth, K.; Hall, P.; Khan, M.; George, J. Long-term
outcomes of cirrhosis in nonalcoholic steatohepatitis compared with hepatitis C. Hepatology 2003, 38, 420–427.
[CrossRef] [PubMed]

48. Sanyal, A.J.; Banas, C.; Sargeant, C.; Luketic, V.A.; Sterling, R.K.; Stravitz, R.T.; Shiffman, M.L.; Heuman, D.;
Coterrell, A.; Fisher, R.A.; et al. Similarities and differences in outcomes of cirrhosis due to nonalcoholic
steatohepatitis and hepatitis C. Hepatology 2006, 43, 682–689. [CrossRef] [PubMed]

49. Singal, A.K.; Guturu, P.; Hmoud, B.; Kuo, Y.-F.; Salameh, H.; Wiesner, R.H. Evolving frequency and outcomes
of liver transplantation based on etiology of liver disease. Transplantation 2013, 95, 755–760. [CrossRef] [PubMed]

403



Int. J. Mol. Sci. 2016, 17, 774

50. Agopian, V.G.; Kaldas, F.M.; Hong, J.C.; Whittaker, M.; Holt, C.; Rana, A.; Zarrinpar, A.; Petrowsky, H.;
Farmer, D.; Yersiz, H.; et al. Liver transplantation for nonalcoholic steatohepatitis: The new epidemic.
Ann. Surg. 2012, 256, 624–633. [CrossRef] [PubMed]

51. Charlton, M.R.; Burns, J.M.; Pedersen, R.A.; Watt, K.D.; Heimbach, J.K.; Dierkhising, R.A. Frequency and
outcomes of liver transplantation for nonalcoholic steatohepatitis in the United States. Gastroenterology 2011,
141, 1249–1253. [CrossRef] [PubMed]

52. Wong, R.J.; Aguilar, M.; Cheung, R.; Perumpail, R.B.; Harrison, S.A.; Younossi, Z.M.; Ahmed, A.
Nonalcoholic steatohepatitis is the second leading etiology of liver disease among adults awaiting liver
transplantation in the United States. Gastroenterology 2015, 148, 547–555. [CrossRef] [PubMed]

53. Caldwell, S.H.; Crespo, D.M. The spectrum expanded: Cryptogenic cirrhosis and the natural history of
non-alcoholic fatty liver disease. J. Hepatol. 2004, 40, 578–584. [CrossRef] [PubMed]

54. Long, M.T.; Wang, N.; Larson, M.G.; Mitchell, G.F.; Palmisano, J.; Vasan, R.S.; Hoffmann, U.; Speliotes, E.K.;
Vita, J.A.; Benjamin, E.J.; et al. Nonalcoholic fatty liver disease and vascular function: Cross-sectional analysis
in the Framingham heart study. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 1284–1291. [CrossRef] [PubMed]

55. Huang, R.C.; Beilin, L.J.; Ayonrinde, O.; Mori, T.A.; Olynyk, J.K.; Burrows, S.; Hands, B.; Adams, L.A.
Importance of cardiometabolic risk factors in the association between nonalcoholic fatty liver disease and
arterial stiffness in adolescents. Hepatology 2013, 58, 1306–1314. [CrossRef] [PubMed]

56. VanWagner, L.B.; Wilcox, J.E.; Colangelo, L.A.; Lloyd-Jones, D.M.; Carr, J.J.; Lima, J.A.; Lewis, C.E.;
Rinella, M.E.; Shah, S.J. Association of nonalcoholic fatty liver disease with subclinical myocardial remodeling
and dysfunction: A population-based study. Hepatology 2015, 62, 773–783. [CrossRef] [PubMed]

57. Oni, E.T.; Agatston, A.S.; Blaha, M.J.; Fialkow, J.; Cury, R.; Sposito, A.; Erbel, R.; Blankstein, R.; Feldman, T.;
Al-Mallah, M.H.; et al. A systematic review: Burden and severity of subclinical cardiovascular disease among
those with nonalcoholic fatty liver; should we care? Atherosclerosis 2013, 230, 258–267. [CrossRef] [PubMed]

58. Anstee, Q.M.; Targher, G.; Day, C.P. Progression of NAFLD to diabetes mellitus, cardiovascular disease
or cirrhosis. Nat. Rev. Gastroenterol. Hepatol. 2013, 10, 330–344. [CrossRef] [PubMed]

59. Vanni, E.; Marengo, A.; Mezzabotta, L.; Bugianesi, E. Systemic complications of nonalcoholic fatty liver
disease: When the liver is not an innocent bystander. Semin. Liver Dis. 2015, 35, 236–249. [CrossRef] [PubMed]

60. Kim, D.; Kim, W.R.; Kim, H.J.; Therneau, T.M. Association between noninvasive fibrosis markers and mortality among
adults with nonalcoholic fatty liver disease in the United States. Hepatology 2013, 57, 1357–1365. [CrossRef] [PubMed]

61. Haring, R.; Wallaschofski, H.; Nauck, M.; Dorr, M.; Baumeister, S.E.; Volzke, H. Ultrasonographic hepatic
steatosis increases prediction of mortality risk from elevated serum gamma-glutamyl transpeptidase levels.
Hepatology 2009, 50, 1403–1411. [CrossRef] [PubMed]

62. Ekstedt, M.; Hagström, H.; Nasr, P.; Fredrikson, M.; Stål, P.; Kechagias, S.; Hultcrantz, R. Fibrosis stage is the
strongest predictor for disease-specific mortality in NAFLD after up to 33 years of follow-up. Hepatology
2015, 61, 1547–1554. [CrossRef] [PubMed]

63. Adams, L.A.; Ratziu, V. Non-alcoholic fatty liver—Perhaps not so benign. J. Hepatol. 2015, 62, 1002–1004.
[CrossRef] [PubMed]

64. Younossi, Z.M.; Stepanova, M.; Rafiq, N.; Makhlouf, H.; Younoszai, Z.; Agrawal, R.; Goodman, Z.
Pathologic criteria for nonalcoholic steatohepatitis: Interprotocol agreement and ability to predict
liver-related mortality. Hepatology 2011, 53, 1874–1882. [CrossRef] [PubMed]

65. Angulo, P.; Kleiner, D.E.; Dam-Larsen, S.; Adams, L.A.; Bjornsson, E.S.; Charatcharoenwitthaya, P.; Mills, P.R.;
Keach, J.C.; Lafferty, H.D.; Stahler, A.; et al. Liver fibrosis, but no other histologic features, is associated with
long-term outcomes of patients with nonalcoholic fatty liver disease. Gastroenterology 2015, 149, 389–397.
[CrossRef] [PubMed]

66. Bruix, J.; Gores, G.J.; Mazzaferro, V. Hepatocellular carcinoma: Clinical frontiers and perspectives. Gut 2014,
63, 844–855. [CrossRef] [PubMed]

67. Dyson, J.; Jaques, B.; Chattopadyhay, D.; Lochan, R.; Graham, J.; Das, D.; Aslam, T.; Patanwala, I.; Gaggar, S.;
Cole, M.; et al. Hepatocellular cancer: The impact of obesity, type 2 diabetes and a multidisciplinary team.
J. Hepatol. 2014, 60, 110–117. [CrossRef] [PubMed]

68. Baffy, G.; Brunt, E.M.; Caldwell, S.H. Hepatocellular carcinoma in non-alcoholic fatty liver disease:
An emerging menace. J. Hepatol. 2012, 56, 1384–1391. [CrossRef] [PubMed]

404



Int. J. Mol. Sci. 2016, 17, 774

69. Park, E.J.; Lee, J.H.; Yu, G.-Y.; He, G.; Ali, S.R.; Holzer, R.G.; Österreicher, C.H.; Takahashi, H.; Karin, M.
Dietary and genetic obesity promote liver inflammation and tumorigenesis by enhancing IL-6 and
TNF expression. Cell 2010, 140, 197–208. [CrossRef] [PubMed]

70. Zámbó, V.; Simon-Szabó, L.; Szelényi, P.; Kereszturi, E.; Bánhegyi, G.; Csala, M. Lipotoxicity in the liver.
World J. Hepatol. 2013, 5, 550–557. [PubMed]

71. Mittal, S.; Sada, Y.H.; El-Serag, H.B.; Kanwal, F.; Duan, Z.; Temple, S.; May, S.B.; Kramer, J.R.; Richardson, P.A.;
Davila, J.A. Temporal trends of nonalcoholic fatty liver disease-related hepatocellular carcinoma in the
veteran affairs population. Clin. Gastroenterol. Hepatol. 2015, 13, 594–601. [CrossRef] [PubMed]

72. Kawamura, Y.; Arase, Y.; Ikeda, K.; Seko, Y.; Imai, N.; Hosaka, T.; Kobayashi, M.; Saitoh, S.; Sezaki, H.;
Akuta, N.; et al. Large-scale long-term follow-up study of Japanese patients with non-alcoholic fatty liver
disease for the onset of hepatocellular carcinoma. Am. J. Gastroenterol. 2012, 107, 253–261. [CrossRef] [PubMed]

73. Ertle, J.; Dechene, A.; Sowa, J.P.; Penndorf, V.; Herzer, K.; Kaiser, G.; Schlaak, J.F.; Gerken, G.; Syn, W.K.;
Canbay, A. Non-alcoholic fatty liver disease progresses to hepatocellular carcinoma in the absence of
apparent cirrhosis. Int. J. Cancer 2011, 128, 2436–2443. [CrossRef] [PubMed]

74. White, D.L.; Kanwal, F.; El-Serag, H.B. Association between nonalcoholic fatty liver disease and risk for
hepatocellular cancer, based on systematic review. Clin. Gastroenterol. Hepatol. 2012, 10, 1342–1359. [CrossRef] [PubMed]

75. Ascha, M.S.; Hanouneh, I.A.; Lopez, R.; Tamimi, T.A.; Feldstein, A.F.; Zein, N.N. The incidence and risk
factors of hepatocellular carcinoma in patients with nonalcoholic steatohepatitis. Hepatology 2010, 51,
1972–1978. [CrossRef] [PubMed]

76. Yatsuji, S.; Hashimoto, E.; Tobari, M.; Taniai, M.; Tokushige, K.; Shiratori, K. Clinical features and outcomes
of cirrhosis due to non-alcoholic steatohepatitis compared with cirrhosis caused by chronic hepatitis C.
J. Gastroenterol. Hepatol. 2009, 24, 248–254. [CrossRef] [PubMed]

77. Sorrentino, P.; D’Angelo, S.; Ferbo, U.; Micheli, P.; Bracigliano, A.; Vecchione, R. Liver iron excess in patients
with hepatocellular carcinoma developed on non-alcoholic steato-hepatitis. J. Hepatol. 2009, 50, 351–357.
[CrossRef] [PubMed]

78. Singh, S.; Singh, P.P.; Singh, A.G.; Murad, M.H.; Sanchez, W. Anti-diabetic medications and the risk of
hepatocellular cancer: A systematic review and meta-analysis. Am. J. Gastroenterol. 2013, 108, 881–891.
[CrossRef] [PubMed]

79. Piscaglia, F.; Svegliati-Baroni, G.; Barchetti, A.; Pecorelli, A.; Marinelli, S.; Tiribelli, C.; Bellentani, S.;
Bolondi, L.; Zoli, M.; Malagotti, D.; et al. Clinical patterns of hepatocellular carcinoma (HCC) in non
alcoholic fatty liver disease (NAFLD): A multicenter prospective study. Hepatology 2015, 47, e36–e37.

80. Marrero, J.A.; Fontana, R.J.; Su, G.L.; Conjeevaram, H.S.; Emick, D.M.; Lok, A.S. NAFLD may be a common
underlying liver disease in patients with hepatocellular carcinoma in the United States. Hepatology 2002, 36,
1349–1354. [CrossRef] [PubMed]

81. Guzman, G.; Brunt, E.M.; Petrovic, L.M.; Chejfec, G.; Layden, T.J.; Cotler, S.J. Does nonalcoholic fatty liver
disease predispose patients to hepatocellular carcinoma in the absence of cirrhosis? Arch. Pathol. Lab. Med.
2008, 132, 1761–1766. [PubMed]

82. Reddy, S.K.; Steel, J.L.; Chen, H.W.; DeMateo, D.J.; Cardinal, J.; Behari, J.; Humar, A.; Marsh, J.W.; Geller, D.A.;
Tsung, A. Outcomes of curative treatment for hepatocellular cancer in nonalcoholic steatohepatitis versus
hepatitis C and alcoholic liver disease. Hepatology 2012, 55, 1809–1819. [CrossRef] [PubMed]

83. Leung, C.; Yeoh, S.W.; Patrick, D.; Ket, S.; Marion, K.; Gow, P.; Angus, P.W. Characteristics of hepatocellular
carcinoma in cirrhotic and non-cirrhotic non-alcoholic fatty liver disease. World J. Gastroenterol. 2015, 21,
1189–1196. [CrossRef] [PubMed]

84. Calle, E.E.; Rodriguez, C.; Walker-Thurmond, K.; Thun, M.J. Overweight, obesity, and mortality from cancer
in a prospectively studied cohort of U.S. adults. N. Engl. J. Med. 2003, 348, 1625–1638. [CrossRef] [PubMed]

85. Paradis, V.; Zalinski, S.; Chelbi, E.; Guedj, N.; Degos, F.; Vilgrain, V.; Bedossa, P.; Belghiti, J.
Hepatocellular carcinomas in patients with metabolic syndrome often develop without significant liver
fibrosis: A pathological analysis. Hepatology 2009, 49, 851–859. [CrossRef] [PubMed]

405



Int. J. Mol. Sci. 2016, 17, 774

86. Liu, T.C.; Vachharajani, N.; Chapman, W.C.; Brunt, E.M. Noncirrhotic hepatocellular carcinoma: Derivation
from hepatocellular adenoma? Clinicopathologic analysis. Mod. Pathol. 2014, 27, 420–432. [CrossRef] [PubMed]

87. Yasui, K.; Hashimoto, E.; Komorizono, Y.; Koike, K.; Arii, S.; Imai, Y.; Shima, T.; Kanbara, Y.; Saibara, T.;
Mori, T.; et al. Characteristics of patients with nonalcoholic steatohepatitis who develop hepatocellular carcinoma.
Clin. Gastroenterol. Hepatol. 2011, 9, 428–433. [CrossRef] [PubMed]

© 2016 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

406



 International Journal of 

Molecular Sciences

Review

Non-Alcoholic Fatty Liver Disease and Metabolic
Syndrome after Liver Transplant

Stefano Gitto and Erica Villa *

Department of Gastroenterology, Azienda Ospedaliero-Universitaria and University of Modena and Reggio
Emilia, Via del Pozzo 1, 41124 Modena, Italy; stefano.gitto@studio.unibo.it
* Correspondence: erica.villa@unimore.it; Tel.: +39-059-422-5308

Academic Editors: Amedeo Lonardo and Giovanni Targher
Received: 16 March 2016; Accepted: 28 March 2016; Published: 2 April 2016

Abstract: Liver transplant is the unique curative therapy for patients with acute liver failure or
end-stage liver disease, with or without hepatocellular carcinoma. Increase of body weight, onset of
insulin resistance and drug-induced alterations of metabolism are reported in liver transplant
recipients. In this context, post-transplant diabetes mellitus, hyperlipidemia, and arterial hypertension
can be often diagnosed. Multifactorial illnesses occurring in the post-transplant period represent
significant causes of morbidity and mortality. This is especially true for metabolic syndrome.
Non-alcoholic steatosis and steatohepatitis are hepatic manifestations of metabolic syndrome and after
liver transplant both recurrent and de novo steatosis can be found. Usually, post-transplant steatosis
shows an indolent outcome with few cases of fibrosis progression. However, in the post-transplant
setting, both metabolic syndrome and steatosis might play a key role in the stratification of morbidity
and mortality risk, being commonly associated with cardiovascular disease. The single components
of metabolic syndrome can be treated with targeted drugs while lifestyle intervention is the only
reasonable therapeutic approach for transplant patients with non-alcoholic steatosis or steatohepatitis.

Keywords: liver transplant; multifactorial disease; metabolic syndrome; non-alcoholic fatty liver
disease; non-alcoholic steatohepatitis

1. Introduction

Liver transplant (LT) represents the curative treatment for patients with acute liver failure,
end-stage liver disease and/or non-resectable hepatocellular carcinoma worldwide. After surgery,
transplanted patients often develop an increase of body weight, insulin resistance (IR) and metabolic
alterations [1]. Multifactorial disease such as diabetes mellitus (DM), hyperlipidemia and arterial
hypertension are common complications after LT, all negatively affecting quality of life, morbidity and
mortality [1]. Consolidated immunosuppressant drugs such as corticosteroids, calcineurin inhibitors
(CNIs) (cyclosporine (CSA) and tacrolimus (TAC)) and mammalian target of rapamycin inhibitors
(mTORs) (such as sirolimus (SIR)) play a key role in the metabolic balance, favoring hyperglycemia,
arterial hypertension and hyperlipidemia [2]. In this context, a significant amount of transplanted
patients fulfill the criteria of metabolic syndrome (MS) which is strongly associated with an
increased cardiovascular risk [1]. Since non-alcoholic fatty liver disease (NAFLD) and non-alcoholic
steatohepatitis (NASH) are considered the liver expression of MS, it is not surprising that both recurrent
and de novo NAFLD/NASH can be found after LT [3]. Although post-LT steatosis shows an indolent
outcome in terms of fibrosis progression, NAFLD/NASH should be considered for the stratification
of morbidity and mortality risk of transplant patients. Notably, cardiovascular disease represents
the major cause of death unrelated to liver disease and the third most common cause of mortality
among transplant patients, accounting for 12%–16% of deaths. Today, targeted drugs for MS and
NAFLD/NASH do not exist. Clinicians can use specific drugs against the single components of MS
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while a strong improvement of behavior in terms of diet and aerobic exercise is the only reasonable
approach for recurrent or de novo NAFLD/NASH [1].

This review article focuses on the current literature regarding the main metabolic diseases affecting
transplanted patients, the clinical impact of post-LT MS and NAFLD/NASH and, finally, the feasible
therapeutic strategies.

2. Multifactorial Disease after Liver Transplant

The majority of transplant patients develop a rise in body weight after surgery. The highest
weight increase occurs after the first six months and at one and three years from LT, and the median
weight gain is 5.1 and 9.5 kg, respectively. Notably, at one and three years, 24% and 31% of transplant
patients become obese [4]. However, the above-cited authors [4] reported that the vast part of enrolled
patients were also obese before LT. Considering only patients who were not obese at the time of surgery,
15.5% at one year and 26.3% at three years had a body mass index (BMI) >30 [4]. In a further study,
23 patients were followed for nine months after LT. At the end of the study, 87 of the subjects were
overweight or obese with a significant increase in fat mass and a minor improvement in lean mass [5].
Another study [6] showed progressive weight gain in the first year after LT, with one-third of patients
becoming obese at the end of observation. Considering a follow-up of four years, overweight and
obesity were found in 58% and 21% of cases and high BMI before LT was the main risk factor of post-LT
obesity [7].

In this context, DM, hyperlipidemia and arterial hypertension can be often diagnosed after LT [1]
(see Table 1).

Table 1. Multifactorial conditions affecting transplant patients.

Disease Incidence Risk Factors References

Diabetes mellitus 10%–64%
Male gender, high pre-LT BMI, family history, hepatitis
C, older age, immunosuppressants, rapamycin gene
polymorphisms, TCF7L2 gene polymorphisms (donor)

[8–11]

Hyperlipidemia 45%–69%
Diet, older age, high BMI, DM, renal impairment,
immunosuppressants, low-density lipoprotein
receptor gene polymorphism (donor)

[12–15]

Arterial hypertension 50%–100% Obesity, older age, impaired glycemia,
immunosuppressants [9,16,17]

LT: liver transplant; BMI, body mass index; TCF7L2, Transcription factor 7-like 2; DM, diabetes mellitus.

Post-LT DM is associated with more significant morbidity with respect to pre-LT disease,
determining an increased risk of post-operative infection and cardiovascular events [8,18].
The incidence of post-LT DM ranges from 10% to 64% [9]. Ahn et al. [19] showed that among
74 patients transplanted with post-LT DM, post-LT DM was transient in 56.8%, while in the others
it was persistent. Although the underlying mechanisms are not yet clear, the main risk factors for
the onset of post-LT DM are the following: male gender, high pre-LT BMI, positive family history,
hepatitis C virus infection, older age, high dosage of immunosuppressant drugs and rapamycin gene
polymorphisms [8]. A meta-analysis confirmed that male gender, high pre-LT BMI and positive family
history are predictive of post-LT DM development [10]. Transcription factor 7-like 2 (TCF7L2) protein
regulates cell proliferation and differentiation modifying the insulin secretion [20]. Notably, it was
reported that polymorphisms of the TCF7L2 gene in LT donors are another independent risk factor of
post-LT DM [11].

Among transplanted patients, a percentage ranging from 45% to 69% develops hyperlipidemia,
which is a significant risk factor for cardiovascular morbidity and mortality [12]. Increased nutrient
intake, older age, body weight, presence of DM, renal impairment, immunosuppressive drugs,
such as steroids, CSA, TAC, and SIR, are risk factors for post-LT hyperlipidemia [13,14].
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Interestingly, the polymorphism of the low-density lipoprotein receptor gene in the donor may facilitate
the development of hyperlipidemia in the recipient [15].

Arterial hypertension, an uncommon feature in subjects with chronic liver disease, arises in
50%–100% of patients after LT [9,16]. Post-LT hypertension usually develops in the first six months
after LT as a consequence of systemic vasoconstriction, elevation in plasma endothelin-1 concentrations,
and increased arterial stiffness [21]. Occurrence of post-LT hypertension is favored by obesity and
older age and is often associated with impaired glycemia. Moreover, it is well known that both CNIs
and corticosteroids have negative effects on pressure control [17].

3. Metabolic Impact of Immunosuppressant Drugs

It is well known that immunosuppressive agents might exert negative metabolic effects [22]
(see Table 2).

Table 2. Most used immunosuppressant drugs and main metabolic side effects.

Drug Side Effects References

Corticosteroids
Increased fat depositions, decreased fat oxidation, increased
proteolysis, reduced protein synthesis, IR, hyperlipidemia, sodium
retention, NAFLD

[23–25]

CSA Decreased energy metabolism and muscle mass, weight gain,
hyperlipidemia, arterial hypertension [26–30]

TAC DM, hyperlipidemia, arterial hypertension [10,27–30]

SIR Decreased muscle mass, hyperlipidemia, glycemic alteration [31–33]

CSA: cyclosporine; TAC: tacrolimus; SIR: sirolimus; IR, insulin resistance; NAFLD, non-alcoholic fatty liver
disease; DM, diabetes mellitus.

Corticosteroids represent a key component of the immunosuppressant protocol in the first months
after LT but are also necessary in the long-term management of patients transplanted for autoimmune
or cholestatic liver disease. Corticosteroids show dose-related metabolic side effects. They increase
appetite and fat depositions, drop fat oxidation, and lead to increased proteolysis and reduced
protein synthesis [23,24]. Moreover, high doses of corticosteroids determine the rise of both IR and
gluconeogenesis [25]. Corticosteroids also negatively alter lipid metabolism and steroid-free protocols
might lead to a significant decrease in hypertriglyceridemia [34]. Corticosteroids also influence
mineralocorticoid metabolism, causing sodium retention. Interestingly, steroids directly correlate
with NAFLD/NASH occurrence in liver allografts [35].

CNIs may negatively affect energy metabolism and muscle mass [26] and CSA represents
an independent predictor of post-LT weight gain [36]. Through a meta-analysis including 10 studies,
Li et al. [10] demonstrated that TAC is an independent risk factor for post-LT DM. Regarding lipid
metabolism, CSA has a more negative effect in comparison with TAC. The incidence of hyperlipidemia
is higher in patients treated with CSA than with TAC (14% versus 5% and 49% versus 17%) [27,28].
CNIs also favor the onset of arterial hypertension determining arterial vasoconstriction. Among CNIs,
TAC seems to have a lesser impact on arterial pressure in comparison to CSA, but data are not
conclusive [29,30]. As expected, minimizing the use of CNIs improves their metabolic profile and,
consequently, the long-term outcome of patients [37,38].

SIR increases triglyceride production, being the most dangerous immunosuppressant in terms
of lipid alteration. Among patients treated with SIR, 55% develop hyperlipidemia [31]. In addition,
SIR alters the insulin signaling pathway [31] and negatively affects muscle mass status [32].
Recently, Zimmermann et al. [33] conducted a study involving 92 transplant patients, reporting
that patients treated with mTORs were at higher risk of hyperlipidemia and glycemic alteration with
respect to patients under CNIs.
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4. Metabolic Syndrome after Transplant

The definition of MS includes a combination of at least three of the following factors:
arterial hypertension, IR, hypertriglyceridemia, low high-density lipoprotein and obesity [39]. In the
post-LT period, MS can be found in 50%–60% of patients. MS represents a relevant risk factor for
atherosclerosis and cardiovascular disease, which are the main causes of post-LT morbidity and
mortality [39]. Interestingly, the prevalence of post-LT MS is about twice that of the general North
American population [40]. Older age, obesity, pre-LT DM, genetic polymorphisms in the living
donor and the use of high-dosage immunosuppressive drugs are risk factors for post-LT MS [9].
Sprinzl et al. [41] analyzed a cohort of 170 transplant patients with a follow-up of two years. The authors
showed that de novo MS was present in one-third of patients and glycosylated hemoglobin ě5% and
arterial hypertension were independent risk factors for it. Moreover, the authors demonstrated a
negative dose-dependent role for steroids. It was also confirmed that in the post-LT period, MS could
be considered as a link toward NAFLD/NASH. Interestingly, it was reported that changes in intestinal
microbiota might also play a relevant role in the development of MS after LT [42]. Fussner et al. [43]
retrospectively analyzed 455 consecutive LT recipients with a long follow-up (8–12 years), suggesting
that increased BMI was a strong predictor of MS at one year from the LT. Consequently, the authors
suggested that preventing weight gain in the early months after LT might decrease the probability of
MS. However, the authors suggested that older age, post-LT DM, prior family history of cardiovascular
disease, altered serum troponin, but not MS, were independent predictors of cardiovascular events.
It has to be underlined that specific treatments for MS are not yet available, while the only feasible
way to manage it is to treat its single components [44].

5. Post-Transplant Non-Alcoholic Fatty Liver Disease

In the pre-LT period, NAFLD and NASH represent the liver expression of altered metabolic status
being associated in a large number of cases to IR, dyslipidemia and obesity. Considering the significant
prevalence of metabolic diseases after LT, it is clear why both recurrent and de novo NAFLD/NASH
can be found in transplant patients [41].

Burra et al. [45] reported that NASH recurrence ranges from 20% to 40%, this wide variability
depending on the methodology used for the diagnosis. Notably, in the majority of cases the outcome
of recurrent NAFLD/NASH is harmless, without an evolution toward cirrhosis [46]. Nevertheless,
patients with recurrent NAFLD/NASH more frequently show cardiovascular disease and worse
infection-related morbidity and mortality. This is evident considering that the recurrence of NASH is
associated with DM, weight gain, and dyslipidemia [47]. Interestingly, genetic predisposition might
play a role in the recurrence of NAFLD and NASH. The presence of the rs738409-G allele of the
Patatin-like phospholipase in the LT recipients represents an independent risk factor for post-LT
obesity, DM and steatosis [48,49].

The leading risk factors for the development of de novo NAFLD/NASH are the following:
obesity, hyperlipidemia, DM, arterial hypertension, TAC-based immunosuppression, pre-LT alcoholic
cirrhosis and liver graft steatosis [50]. Sprinzl et al. [41] analyzed the association between MS and
post-LT NAFLD/NASH. Mixed vesicular steatosis was observed in 34.1% of patients. Hepatic steatosis
was mild, moderate, and severe in 16.5%, 7.1%, and 2.9% of cases. Among patients with MS and
steatosis, NASH was diagnosed only in 5.4% of patients, confirming that post-LT metabolic liver
disease might be relevant not as a primary liver disease but as an indicator of cardiovascular risk.
Remarkably, NAFLD/NASH patients showed higher triglyceride levels, elevated uric acid and higher
BMI with respect to patients with MS but without liver disease. The authors demonstrated that obesity
and dyslipidemia but not arterial hypertension and DM favored the onset of NAFLD/NASH among
transplanted patients with MS. Another interesting assumption was that a BMI greater than 28.9 was
the only specific risk factor for histological NASH. Mikolasevic et al. [51] identified the association
between NAFLD/NASH and the development of post-LT cardiovascular and chronic kidney disease.
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Consequently, according to these authors, diagnosing NAFLD/NASH in the post-LT period might
improve the stratification of cardiovascular and kidney damage risk.

6. Therapeutic Approach against Post-Transplant Dysmetabolism

The knowledge of pathogenesis is central for understanding the rationale of the therapeutic
approach against MS and NAFLD/NASH. The onset of IR represents a true turning point. In fact,
IR determines a status of chronic inflammation that favors the other metabolic alterations [52].
The molecular basis of IR depends on both genetic and non-genetic mechanisms. IR determines a chain
of events involving inflammation, hypercoagulability, and atherogenesis. Notably, IR occurs firstly
in the vascular structures, and this is one of the main reasons for its association with cardiovascular
disease [53]. Regarding the NAFLD/NASH, the latest proposed model is the “multiparallel hits” [54].
According to this hypothesis, many events happen in parallel, and all are potential therapeutic targets.
The main pathological characters are IR, oxidative stress, adipose and pancreatic tissues, altered lipid
metabolism, bile acids, gut microbiota, and bacterial endotoxins.

As we reported, transplant patients often develop IR and an increase in body weight [1].
Interestingly, Kouz et al. [55] demonstrated that in patients transplanted for NASH-cirrhosis, most of
the weight gain occurs in the first year after LT, while the increase of the weight is more progressive
in subjects with a different etiology. However, regardless of the kind of pre-LT liver disease,
after LT a relevant increase in dietary intake can be found, especially in patients with pre-LT severe
dietary restrictions, gastrointestinal symptoms or anorexia. In detail, from the pre-LT period to one
year after LT, calories rise from 27 to 32 kCal/kg and proteins from 0.8 to 1.3 g/kg per day [56].
Richardson et al. [5] showed that in overweight or obese transplant patients, more significant energy
intake, higher consumption of both proteins and carbohydrates and doubled intake of fat can be found
with respect to the pre-LT period.

The feasible pharmacological tools for treating the single metabolic disease, associated or not
with NAFLD/NASH, should be used with caution for the possible drug-drug interactions [57].
Notably, a single drug for post-LT MS is not available. Based on these considerations, the main
intervention after surgery should be a strong lifestyle control for both prevention and treatment of
MS. However, the only randomized trial of exercise and dietary counseling after LT published in 2006
did not show a real advantage with this approach [58]. In this study, 151 liver transplant patients,
randomized into exercise and dietary counseling or usual care, showed a similar increase in body
weight, fat mass and lean mass. It should be underlined that full adherence to exercise and nutrition
was obtained only in 37% of subjects.

Many drugs have been proposed for the treatment of NAFLD/NASH, but lifestyle intervention
should be the first-line therapy. In particular, lifestyle modification is the standard of care according
to the Italian, European, Asian-Pacific and North American guidelines [59–62]. The main targets for
the usefulness evaluation should be a weight loss of 7% and 150 min/week of physical activity [63,64].
In particular, a weight loss of 7% has been seen to significantly decrease fat accumulation and
reduce necroinflammation in non-transplanted patients with NAFLD/NASH [63]. Markedly, aerobic
and resistance physical activity have an independent positive effect in decreasing fat in the liver,
regardless of the weight loss [65,66]. Furthermore, clinicians should take into account that the physical
activity per se improves cardio-respiratory fitness [67,68]. Vitamin E and pioglitazone represent the
first-line pharmacological options. Both vitamin E and pioglitazone improve fat accumulation and
liver inflammation. However, the use of vitamin E is limited to patients without DM and it has
no clear effects on fibrosis. On the other hand, pioglitazone shows a negative impact on patients’
weight. In addition, the long-term safety of these drugs is uncertain. Many other drugs such as
metformin, ursodeoxycholic acid, statins, pentoxifylline, and orlistat have been tested in pilot studies
or randomized clinical trials with few results in terms of efficacy. Telmisartan, a safe antihypertensive
drug, is an emerging drug with an interesting preliminary effect on NAFLD/NASH. It seems to have a
positive impact on IR, liver steatosis, inflammation, and fibrosis [52]. As recently reported in a review
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article by Lassailly et al. [69], many other drugs are in progress for the treatment of NAFLD/NASH,
including obeticholic acid, liraglutide and elafibranor. Authors also suggest that bariatric surgery may
be successful in well-selected obese patients with NAFLD/NASH.

Concerning the transplanted patient, none of the cited therapeutic options have been validated.

7. Conclusions

Starting in the first months after surgery, transplant patients tend to develop overweight or
obesity, IR and, consequently, multifactorial diseases. Consequently, a high prevalence of multifactorial
disease such as DM, hyperlipidemia and arterial hypertension can be found. All these metabolic
features negatively influence the outcome of transplant patients in terms of quality of life, morbidity
and mortality.

All the main immunosuppressant drugs, such as corticosteroids, CSA, TAC and SIR, favor the
onset of metabolic alterations. Corticosteroids are surely very important in the first months after LT
but also in the long-term in selected cases. They lead to weight gain and fat accumulation negatively
affecting lipid, glycemic and pressure profiles. Moreover, they directly increase the risk of steatosis
development. CNIs have a negative metabolic impact since they increase weight gain and reduce
muscle mass. TAC seems to be superior compared to CSA concerning the metabolic risk in terms
of the alteration of lipid and arterial pressure. It should be the first choice among CNIs. SIR is the
immunosuppressant with the worst lipid profile. Moreover, SIR shows a worse glycemic profile with
respect to CNIs and has a negative effect on the muscle mass status. The choice of immunosuppressant
is central and related to many aspects and evaluations such as the cardiovascular and renal risks.
In general, one of the main aims of clinicians should be to minimize the dosage of immunosuppressants.
This last assumption is true especially in the long-term period and in patients with pre-LT etiology
different from autoimmune or cholestatic disease and without a history of graft rejection.

The presence of criteria for MS is frequent in the post-LT period and represents the main indicator
of cardiovascular-related morbidity and mortality. NAFLD and its progressive form, represented by
NASH, can be considered the liver expression of MS. Indeed, both recurrent and de novo NAFLD can
be diagnosed in transplanted patients. The hepatic outcome of steatosis after surgery is generally
not very aggressive, with few percentages of advanced fibrosis, in comparison with the pre-LT
phase. However, together with MS, steatosis is a relevant indicator of increased cardiovascular
risk. This assumption is important if we consider that cardiovascular disease is found in 10.6%,
20.7%, and 30.3% of recipients at one, five, and eight years from the LT [43]. Interestingly, post-LT
NAFLD/NASH is also associated with an increased risk of infections and renal injury.

Clinicians might definitely use the diagnosis of NAFLD in the post-LT period as an indicator
of increased cardiovascular and renal risk. Transplant patients with a first diagnosis of NAFLD
should be closely monitored regarding peripheral atherosclerotic signs and kidney function. In this
direction, the development of diagnostic algorithms with the use non-invasive tools is warranted.
Karlas et al. [70] demonstrated that modern non-invasive liver graft assessments such as hepatic
ultrasound and transient elastography might be able to properly detect both steatosis and graft fibrosis.

Specific therapeutic options against post-LT MS or NAFLD are not available.
Targeted pharmacological tools can be used for each component of MS. So far, a strong behavioral
change in terms of diet and aerobic exercise is the only reasonable approach for transplant patients for
both primary and secondary care. Transplant patients should be educated starting from the first weeks
after surgery for preventing the development of multifactorial diseases, MS and metabolic liver illness.
A well-done stratification of the cardiovascular risk should be developed as soon as possible after
LT. In the next years, the genetic study of recipients and donors might improve the quality of organ
allocation, decreasing the metabolic complications after LT.
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Abstract: Non-Alcoholic Fatty Liver Disease (NAFLD) is now the most prevalent form of chronic liver
disease, affecting 10%–20% of the general paediatric population. Within the next 10 years it is expected
to become the leading cause of liver pathology, liver failure and indication for liver transplantation in
childhood and adolescence in the Western world. While our understanding of the pathophysiological
mechanisms underlying this disease remains limited, it is thought to be the hepatic manifestation of
more widespread metabolic dysfunction and is strongly associated with a number of metabolic risk
factors, including insulin resistance, dyslipidaemia, cardiovascular disease and, most significantly,
obesity. Despite this, ”paediatric” NAFLD remains under-studied, under-recognised and, potentially,
undermanaged. This article will explore and evaluate our current understanding of NAFLD in
childhood and adolescence and how it differs from adult NAFLD, in terms of its epidemiology,
pathophysiology, natural history, diagnosis and clinical management. Given the current absence of
definitive radiological and histopathological diagnostic tests, maintenance of a high clinical suspicion
by all members of the multidisciplinary team in primary and specialist care settings remains the most
potent of diagnostic tools, enabling early diagnosis and appropriate therapeutic intervention.

Keywords: NAFLD; steatosis; obesity; children; adolescent

1. Introduction

Non-Alcoholic Fatty Liver Disease (NAFLD) encompasses a spectrum of chronic liver disease,
characterised by excessive hepatic fat accumulation (steatosis) in the absence of significant alcohol
consumption, occurring with or without hepatic inflammation and fibrosis [1]. Simple or bland
hepatic steatosis describes the abnormal accumulation of fat in >5% of hepatocytes, without evidence
of hepatocellular injury or fibrosis. A significant proportion of patients with hepatic steatosis,
however, progress to a more advanced form of the disease, Non-Alcoholic Steatohepatitis (NASH),
where steatosis coexists with hepatocellular injury and inflammation, which can precipitate hepatic
necrosis, fibrosis and cirrhosis, as well as a significantly increased risk of hepatocellular carcinoma [1–3].

NAFLD is thought to be a hepatic manifestation of more widespread and underlying metabolic
dysfunction and is strongly associated with a number of metabolic risk factors, including insulin resistance,
dyslipidaemia, cardiovascular disease and, most significantly, obesity [2,4,5]. Our understanding of the
pathophysiological mechanisms underpinning these relationships, however, remains incomplete.
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While detailed clinico-pathological descriptions of NAFLD in adults can be found in the
literature as far back as the 1850s, the first case of paediatric NAFLD was reported in 1983 by
Moran et al. [6,7]. It is now the most prevalent form of chronic liver disease in childhood and
adolescence, affecting approximately 10%–20% of the general paediatric population. Within the next
10 years, paediatric NAFLD is expected to become the most prevalent cause of liver pathology,
liver failure and indication for liver transplantation in childhood and adolescence in the Western
world [8–13].

Despite this, ”paediatric” NAFLD remains under-studied, under-recognised and, potentially,
undermanaged [14]. Important gaps remain in our overall approach to screening, diagnosis,
management and follow-up, particularly during the transition between paediatric and adult clinical
services [15]. More accurate epidemiological and pathophysiological data derived from larger
longitudinal cohort studies are needed in order to better determine the true prevalence and natural
history of paediatric NAFLD among different ethnic groups, aiding the selection and widespread
implementation of more effective therapeutic interventions [13,16]. Recognition, first, of the occurrence
of NAFLD in the paediatric population and, second, the differences in its clinical presentation,
pathophysiology, histology and prognosis when compared to adult disease, is of critical importance.

2. Clinical Presentation of Paediatric Non-Alcoholic Fatty Liver Disease (NAFLD)

Although cases of paediatric NAFLD and NASH-related cirrhosis have been reported in
patients as young as 2 and 8 years old, respectively, most usually present clinically above the
age of 10 years. The mean age of diagnosis is 11–13 years old [11,12,17]. However, NAFLD often
remains asymptomatic until significant damage to the liver and/or other systems has occurred or
coincident acute liver injury manifests worse clinical outcomes than would otherwise be expected or
NAFLD-associated comorbidities, including insulin resistance and Type II Diabetes Mellitus, develop.
Diagnosis, therefore, is often incidental on physical examination or routine blood testing, accounting
for approximately 7%–11% of abnormal liver function tests (LFTs) and 74% of liver biopsies in obese
patients with metabolic risk factors [8,9].

Children may also report non-specific symptoms, including abdominal pain due to
stretching of the liver capsule, fatigue, irritability, headaches and difficulty concentrating [12,14].
Hepatomegaly may be appreciated on manual palpation in up to 50% of cases but can be difficult to
discern in obese patients. Acanthosis nigricans, a clinical marker of hyperinsulinemia that can manifest
on the back of the neck, intertriginous areas or joints, has been reported in 33%–50% of children with
biopsy-proven NAFLD [8,9,11,17,18].

A landmark study of 742 autopsy specimens from children in San Diego County (CA, USA)
between 1993 and 2003 found evidence of NAFLD in 17.3% of children aged 15–19 years old [9]. This is
consistent with other more recent studies [11,19,20], including one involving 995 adolescents aged
17 years old, which reported a prevalence of NAFLD of greater than 15% [21]. The true prevalence
of paediatric NAFLD, however, is difficult to determine and may be even higher, given the marked
variations in the populations studied, in terms of age, ethnicity, the diagnostic parameters applied and
clinical bias with regards to the ”appropriateness” of diagnosing NAFLD in children, as well as the
general paucity of research.

Certainly, the prevalence of NAFLD in childhood and adolescence has greatly increased
in recent decades, in the wake of rising levels of childhood obesity [22]. Paediatric NAFLD is
strongly associated with a number of metabolic risk factors, including increased insulin resistance,
dyslipidaemia, cardiovascular disease and, most significantly, visceral adiposity [12,22–24]. A number
of studies now suggest the prevalence of NAFLD in overweight and obese youth to be up to
70%, compared to 7% in those of normal weight [25,26]. Severe obesity (>95th centile for age and
gender-adjusted body mass index) is also associated with more adverse clinical outcomes and greater
risk of progression to NASH and cirrhosis in childhood [14].
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Below 3 years of age, obesity does not usually produce hepatic steatosis and, as such, its
incidence may well indicate more severe underlying metabolic dysfunction with worse prognosis [17].
Therefore, ‘brightness’ of the liver on ultrasound or increased aminotransferases in this age group
requires a detailed clinical workup, to exclude many rare metabolic or systemic diseases that may also
present with hepatic steatosis, collectively referred to by some authors as the ”NASH trash bin” [17].

While simple steatosis carries a minimal risk of cirrhosis and liver failure in adults, it appears
to follow a more aggressive course in paediatric cases, with many children progressing to NASH
and hepatic fibrosis either in childhood or early adulthood [27,28]. Paediatric patients with more
advanced fibrosis on liver biopsy tend to have more hepatic complications and a worse prognosis,
particularly regarding the risk of cirrhosis [29]. A high clinical suspicion should therefore be maintained,
particularly in children more than 10 years old who are overweight or obese and have a waist
circumference above the 95th centile, in the context of other metabolic risk factors, abnormal LFTs and
a family history of severe NAFLD [17].

Some studies have suggested, however, that normal-weight individuals with NAFLD appear to
present at a younger age than those who are overweight or obese and demonstrate a decreased
association with components of the metabolic syndrome, such as hypertension and insulin
resistance [30,31]. This has given rise to the controversial hypothesis that paediatric NAFLD might,
in fact, represent a group of related but pathophysiologically distinct clinical phenomenologies.

2.1. NAFLD and Obesity

The single greatest risk factor for paediatric NAFLD is obesity, with an estimated prevalence in
overweight and obese youth of 50%–80% compared to 2%–7% in children of normal weight [25,26].
A recent cross-sectional study of 182 obese sedentary children and adolescents demonstrated a positive
correlation between increased abdominal fat and the incidence of NAFLD, independently of insulin
resistance and dyslipidaemia [32]. Central obesity has also been shown to reliably predict evidence of
NAFLD on ultrasound and aminotransferase elevation in a cohort of more than 11,000 obese patients
aged 6–18 years old [33]. A further study by Manco et al. [34] reported that 92% of paediatric NAFLD
patients had a Body Mass Index (BMI) higher than the 85th centile and 84% had a waist circumference
greater than the 90th centile. Moreover, significant correlation between waist circumference, total fat mass
and intra-abdominal adipose tissue and the incidence of NAFLD was also reported in a cross-sectional
study of 145 patients aged 11–17 years [10]. Waist circumference may, therefore, represent an interesting
and reliable screening tool in paediatric NAFLD.

While obesity is thought to cause an overabundance of circulating free fatty acids, increasing
hepatic steatosis, as well as contributing to the development of insulin resistance, the exact
pathophysiological mechanisms by which obesity increases the risk of paediatric NAFLD remain poorly
understood [14,35]. Indeed, not all children who are obese develop NAFLD, suggesting that other
factors may inform risk such as the preferential deposition of visceral, as opposed to subcutaneous,
adipose tissue [6,36].

Visceral adipose tissue is the primary source of hepatic fat in adults, contributing 59% of the
triglyceride found in the liver; the main component of fat accumulation in NAFLD [9]. Increasing
evidence also suggests that adipose tissue fulfils important and distinct endocrine functions, producing
multiple pro-inflammatory adipocytokines, including TNF-α, IL-6, leptin and adiponectin, which are
implicated in the clinical manifestation of NAFLD and its progression to NASH and cirrhosis [37,38].
Pentoxifylline, a phosphodiesterase inhibitor and non-specific TNF-α pathway antagonist, has been
shown to promote a reduction in serum Alanine Aminotransferase (ALT) levels and improvement
of the histological features of NASH in adult patients [12,39]. Other TNF-α inhibitors, such as
infliximab, a selective chimeric monoclonal antibody against TNF-α, and resveratrol, a polyphenol
with anti-inflammatory activity, have shown interesting results in adult clinical trials [12,39].

Furthermore, abdominal visceral adipose tissue has peculiarities of its own, including higher
lipolysis and greater release of adipokines [32]. There is also evidence to suggest that, as the adipose
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bed expands, adipocytes suffer from a micro-hypoxic environment, due to insufficiency of its vascular
network, resulting in cell injury and death and consequent upregulation of the pro-inflammatory
cascade [9]. Circulating adipokines also appear to promote specific patterns of lipid storage and
metabolic stress, which in turn activate signalling cascades that induce oxidative stress and trigger a
local and/or systemic inflammatory response [35]. However, visceral adipose mass is much less
developed in children, compared with adults, though it accumulates rapidly with weight gain,
particularly in males. It has, therefore, been suggested that subcutaneous adipose tissue, although less
metabolically active than visceral adipose tissue, may play a greater role in paediatric NAFLD [6,36].
Indeed, recent reports describe specific differences in the distribution of subcutaneous adipose tissue
between adolescents with NAFLD and those without. These differences are apparent from three years
old but not at birth, suggesting that the first three years of life might represent a critical window in
which various interactions between genetic, environmental, epigenetic and metabolic factors contribute
to the future risk of NAFLD [6] (Figure 1).

 

Figure 1. Obesity and Non-Alcoholic Fatty Liver Disease (NAFLD). Abbreviations: NAFLD:
non-alcoholic fatty liver disease; NASH: non-alcoholic steatohepatitis.

2.2. Hepatic Complications of NAFLD

Non-Alcoholic Steatohepatitis (NASH) is commonly considered a more advanced form of NAFLD,
where steatosis coexists with hepatocellular injury and inflammation, precipitating hepatic necrosis,
fibrosis and cirrhosis and a significantly increased risk of hepatocellular carcinoma [1,19]. NASH
significantly increases both overall and liver-related mortality, with the most common causes of
death being cirrhosis and liver failure, neoplasia, sepsis, variceal haemorrhage and cardiovascular
disease [11]. Long-term follow-up studies have shown that, in adults, NASH increases overall mortality
by 35%–58% compared with age and sex-matched controls, while liver-related mortality is increased
9–10 fold [40–42]. NAFLD is, by far, the most common cause of hepatic fibrosis and cirrhosis in
adults and children with unexplained or cryptogenic increases in serum alanine aminotransferase.
However, advanced fibrosis can readily coexist with normal serum aminotransferase levels and has
been reported in up to a third of patients with isolated simple steatosis [11].

2.2.1. Fibrosis

Approximately 25% of paediatric patients will progress to NASH, though the risk increases
significantly in the context of obesity [43]. For example, a recent study of 24 severely obese bariatric
adolescent patients found 63% had definitive NASH and a further 25% had ”borderline” NASH [44].
Hepatic fibrosis has been documented retrospectively in more than one third of adult patients with
NASH [11]. In a national multi-centre study, advanced fibrosis was reported at the time of diagnostic
liver biopsy in nearly one in seven children with NAFLD [43]. Another study reported similar findings,

421



Int. J. Mol. Sci. 2016, 17, 947

with 17% of children with NAFLD having advanced fibrosis. After adjusting for fibrotic confounders,
NASH appears to have a fibrotic potential similar to that of chronic Hepatitis C [11,45]. The main
predictors of the severity of fibrosis are increasing age, BMI > 28–30 kg/m2, hypertension, the degree
of insulin resistance and diabetes [11]. Hepatic fibrosis also appears more prevalent in adolescents
with severe obesity (83% vs. 29% in adults), further suggesting that paediatric patients, especially those
who are obese, tend to follow a more aggressive clinical course than adults with NAFLD [14].

2.2.2. Cirrhosis

After 10 years, the risk of cirrhosis in adult patients with NASH is 15%–25%. Once cirrhosis
is established, 30%–40% of these die within another 10 years [23]. Current evidence suggests that
children have similar risks of progressing from NASH to decompensated end-stage liver disease,
requiring transplantation [44].

End-stage NASH is a frequent and important cause of cryptogenic cirrhosis, mainly because
hepatic fat accumulation and evidence of hepatocellular injury can disappear at this advanced stage;
a phenomenon sometimes referred to as ”burned out” NASH [11]. It has been shown that if a diagnosis
of NASH were made on the basis of past or present exposure to metabolic risk factors, such as obesity,
diabetes and hypertension, when histological signs are lacking, approximately 30%–75% of cryptogenic
cirrhosis could be attributed to ”burned-out” NASH. Liver failure is often the first presentation of
patients with cirrhotic NASH and usually occurs after 7–10 years in adults but due to its quicker
development, it may occur even more rapidly in paediatric cases [11].

2.2.3. Hepatocellular Carcinoma

Hepatocellular carcinoma can occur in both cirrhotic and, it appears, non-cirrhotic NASH.
Its prevalence is greater still in obese or diabetic NAFLD patients [46,47]. In a study cohort of
285,884 boys and girls in Copenhagen who were followed for over three decades, higher body
mass index (BMI) in childhood was associated with an increased risk of primary liver cancer in
adulthood [48]. The hazard ratio (95% CI) of adult liver cancer was 1.20 (1.07–1.33) and 1.30 (1.16–1.46)
per unit BMI z-score at 7 and 13 years, respectively. Similar associations were found for boys and
girls for hepatocellular carcinoma only, across years of birth, and after accounting for diagnoses
of viral hepatitis, alcohol-related disorders and biliary cirrhosis [48]. There is also, likely, a chronic
underestimation of the proportion of NASH progressing towards end-stage liver disease, as many
patients are no longer listed because of the co-occurrence of associated diseases, including obesity,
cardiovascular disease and diabetes [11].

2.3. Extra-Hepatic Complications of NAFLD

While NAFLD is not a formal component of the diagnostic criteria for the metabolic syndrome,
they do share common major risk factors, including central obesity, high serum triglycerides and
high-density lipoprotein cholesterol (HDL-C), hypertension and insulin resistance, as well as altered
glucose and lipid metabolism. Nearly 90% of NAFLD patients have at least one feature of the metabolic
syndrome and up to 33% meet the complete diagnosis [4,18,49].

What is clear is that patient outcomes worsen when both conditions co-occur in an apparently
synergistic manner [4,24,35,44] The presence of the metabolic syndrome, also, is a strong clinical
predictor of NASH, particularly in overweight and obese paediatric patients [19,32]. This has led
some to describe paediatric NAFLD in terms of either the hepatic manifestation or precursor of
the metabolic syndrome [12,44,49]. Others, however, have suggested that both conditions may feed
into one another, creating a vicious cycle of worsening metabolic disease, likely indicative of more
widespread underlying metabolic dysfunction [35]. However, while we might infer that there exists
significant overlap between the pathophysiological mechanisms that underlie these two conditions,
their nature and extent remain poorly understood [4,18,49].
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2.3.1. Cardiovascular Disease

NAFLD is an independent risk factor for coronary artery disease, as well as being strongly
associated with a number of other cardiovascular risk factors, including multi-organ insulin resistance,
dyslipidaemia and impaired flow-mediated vasodilatation [50]. Significant carotid atherosclerosis
has been shown to occur 5–10 years earlier in patients with NAFLD than in those without and,
in cases of biopsy proven NAFLD, hepatic steatosis is associated with increased carotid artery
intima-media thickness and the presence of carotid plaques [11]. Biochemical surrogates of NAFLD,
γ-glutamyl transferase (GGT) and ALT, predict the incidence of coronary artery disease and other
cardiovascular disease, which is further elevated in NAFLD patients who suffer co-morbidly with
diabetes mellitus [11]. Furthermore, in adults, NAFLD has been associated with myocardial insulin
resistance, altered cardiac energy metabolism, abnormal left ventricular structure and impaired
diastolic function; the duration and severity of these abnormalities in cardiac function likely
contributing to the increased risk of heart failure and cardiovascular mortality in obese patients
and, particularly, those with NAFLD [50]. Indeed, adult patients with NAFLD are at a significantly
higher risk of cardiovascular mortality than the general population, with cardiovascular disease being
the most common cause of death in NAFLD patients [11,44].

Cardiac functional abnormalities have also been reported in obese adolescents that were
independent of traditional cardiac risk factors (i.e., high systolic and diastolic pressures, total and
low-density lipoprotein cholesterol and BMI) and correlated with insulin resistance [50]. One study
assessing 50 children with biopsy-proven NAFLD using 24 h blood pressure monitoring and Doppler
echocardiography parameters reported instances of cardiac dysfunction that were detectable in early
NAFLD and were linked to no other cardiovascular or metabolic alteration other than liver damage.
Left ventricular hypertrophy was present in 35% of patients, concentric remodelling in 14% and left
atrial dilatation in 16%. Furthermore, children with simple steatosis showed lesser cardiac alterations
than NASH patients [51]. Pacifico et al. [52] went on to demonstrate that even asymptomatic obese
children with NAFLD exhibit early left ventricular diastolic and systolic dysfunctions, becoming
more severe in patients with NASH. Hence, as NAFLD advances, the extent of cardiovascular
dysfunction increases, with several other studies demonstrating greater endothelial dysfunction,
an early proatherogenic lesion, and carotid intima thickness in NASH than in simple steatosis.

Elsewhere, Nobili et al. [53] have demonstrated that the severity of liver injury is strongly
associated with the presence of a more atherogenic lipid profile, in terms of triglyceride/high density
lipoprotein cholesterol (HDL), total cholesterol/HDL and low density lipoprotein (LDL)/HDL ratios.
A further study of 548 children with a high triglycerides/HDL ratio reported an increased risk of
insulin resistance that correlated independently, with more advanced NAFLD [54].

2.3.2. Insulin Resistance and Type II Diabetes Mellitus

Insulin Resistance (IR) is the most common metabolic abnormality associated with NAFLD and,
perhaps, the most useful indicator of disease severity and progression in adults and children [19,49].
The severity of IR is strongly associated with the amount of hepatic fat accumulation, independently of
global and intra-abdominal adiposity and the prevalence of NAFLD is greater in patients with
hyperglycaemia and type II diabetes, with evidence of NAFLD present on ultrasound in up to 70% of
clinical cases [14,32].

The key question remains, however, as to whether this relationship is causal or whether hepatic
fat accumulation is, itself, a consequence of insulin resistance. On the one hand, hepatic steatosis and
impairment reduces insulin clearance and, over time, greater insulin resistance [11]. Indeed, in NAFLD,
steatosis and hepatic IR have been shown to occur in advance of peripheral IR, suggesting that the
former is the primary defect in the development of the latter. Hepatic steatosis has, in turn, been shown
to exacerbate insulin resistance by interfering with the phosphorylation of insulin receptor substrates,
with the amount of hepatic steatosis correlating with the severity of IR [11,12].
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On the other hand, insulin is an anabolic hormone that promotes glucose uptake in the liver,
skeletal muscle and adipose tissue [9,10,12]. Increasing insulin resistance precipitates a reduction in
glucose uptake by the liver and a compensatory increase in circulating levels of insulin. This drives
increased hepatic and peripheral glycogenesis and lipogenesis, via sterol regulatory binding element
(SREBP-1c) mediated upregulation of several prolipogenic genes, as well as impairing hepatocytic
fatty acid metabolism [9,10,12]. As a result, circulating free fatty acids become increasingly abundant,
most being taken up by the liver, where they are invariably processed into triglycerides and deposited
within the cytoplasm of hepatocytes in large triglyceride-filled vacuoles, manifesting hepatic steatosis.
As insulin resistance develops, high serum glucose levels also activate the carbohydrate responsive
element binding protein, which further promotes lipogenesis and hepatic fat deposition [9].

It has also been suggested, therefore, that insulin resistance and hyperglycaemia may induce
fibrosis directly or via upregulation of connective tissue growth factor, the generation of advanced
glycation end products or through upregulation of pro-inflammatory cytokine production [11,55].

Controversially, others have sought to describe hepatic steatosis in terms of an adaptive,
albeit imperfect, hepatic response to hepatic stress that forestalls the onset of NASH, albeit one that,
in children, appears less effective and more prone to its own complications [9,11,56]. Indeed, Choi and
Diehl suggested that the formation of lipid droplets may actually be protective by sequestering toxic
free fatty acids in the form of triglycerides but, that when this buffer exceeds its capacity, certain free
fatty acids begin to exert their toxic effect [57]. Work done in mice demonstrated that when triglyceride
synthesis was inhibited, hepatic fat accumulation decreased but liver damage worsened, as measured
by necroinflammation and fibrosis [58]. Conversely, up-regulation of diacylglycerol O-acyltransferase
2 (DGAT2) resulted in increased hepatic steatosis and was associated with a significant increase in liver
inflammatory markers. Free fatty acids and their lipotoxic intermediates have been implicated in the
promotion of inflammation, endoplasmic reticular stress, mitochondrial dysfunction and oxidant stress.
These processes are injurious to hepatocytes, which, in turn, release pro-inflammatory cytokines and
reactive oxygen species as they die, driving further hepatic inflammation [9]. Therefore, we are forced
to consider whether steatosis, while a useful biomarker of ongoing injurious and fibrotic mechanisms
resulting in disease progression, should be considered at all a therapeutic target and whether such
interventions are in actual fact more damaging [11]. Instead, Wanless and Shiota [59] postulated that
extracellular fat accumulation after hepatocyte necrosis might also impair hepatic blood flow through
hepatic veins but this remains unproven.

2.3.3. Other Endocrine Disorders

There is evidence to suggest that other endocrine disorders, such as hypothyroidism,
hypogonadism, hypopituitarism and polycystic ovary syndrome, independently of obesity,
are important risk factors for NAFLD [11,60,61]. Several studies have addressed the association
between thyroid dysfunction and NAFLD. Pacifico et al. [62] were the first to provide evidence of such
a link between NAFLD, thyroid function and the metabolic syndrome in childhood, demonstrating a
positive correlation between thyroid function tests, thyroid stimulating hormone (TSH) in particular,
and the incidence of NAFLD in overweight and obese children, independently of visceral adiposity.
Subsequently, Torun et al. [61] showed that TSH levels significantly increase in accordance with the
extent of steatosis on ultrasound and ALT and BMI.

3. The Pathogenesis of NAFLD

Traditionally, the pathogenesis of NAFLD has been described in terms of a two-hit hypothesis,
where hepatic steatosis sensitises the liver to the effects of oxidative stress and the action of various
pro-inflammatory cytokines, which would, over time, drive the development of necroinflammation,
fibrosis and, ultimately, cirrhosis [11,12]. However, increasing evidence of the complexity and
inter-relatedness of numerous pathophysiological mechanisms, both hepatic and extra-hepatic,
implicated in the development and progression of NAFLD, has precipitated a change in thinking.
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The now widely accepted “multiple-hit model” instead approaches NAFLD in terms of a hepatic
manifestation of more widespread metabolic dysfunction, brought about through the interaction of
numerous genetic and environmental factors, as well as changes in cross-talk between different organs,
including adipose tissue, the pancreas, gut and liver [4,6,12,44]. Obesity and insulin resistance have
repeatedly been suggested as the first “true” hits.

The development of NAFLD in children, in particular, it seems is characterised by an intricate
network of interactions between resident hepatic and recruited cells, such as Kupffer cells, T cells
and hepatic stellate cells, which drive disease progression alongside other infiltrating inflammatory
cell-derived factors released either as a direct result of hepatic steatosis, hepatocyte injury and apoptosis
or as an indirect response to hepatic damage and/or gut-derived bacterial products acting on Toll-like
pattern recognition (TLR) receptors [63,64]. Indeed, dysregulation of pro-inflammatory cytokines
and adipokines are almost universally detected in NAFLD patients, while endoplasmic reticular,
mitochondrial and cytokine-mediated oxidative stress and hepatocytic apoptosis appear to contribute
to the development of NASH [65–67]. TLR antagonists may also, in time, prove effective therapeutic
agents for NASH; a potential that mandates further study [12].

Hepatic Stellate cells are considered the main extracellular matrix-producing cells during NASH
development and are activated following hepatocyte injury and apoptosis, mediating the development
of hepatic fibrosis and, if activation is chronic, cirrhosis. Hepatic Progenitor Cells (HPC), the resident
stem cell population within the liver, have recently been shown to be expanded in paediatric
NAFLD [66]. They appear to play a role in the liver’s response to oxidative stress, their levels correlating
with fibrosis and NASH progression [66]. Furthermore, HPCs can undergo an epithelial-mesenchymal
transition, resulting in a profibrogenic myofibroblast-like cell population, a process involving the
Hedgehog signalling pathway [68].

Kupffer Cells are important regulators of the biological exchanges between hepatocytes and other
liver cells, engaging and sustaining the action of neutrophils, natural killer T lymphocytes (NKT)
and blood monocyte-derived macrophages, as well as phagocytosing and removing microorganisms,
apoptotic cells and cell debris themselves, processing and presenting antigens to attract cytotoxic
and regulatory T cells, contributing to adaptive immunity. Increasing evidence suggests that they
fulfil many diverse roles in the pathogenesis and progression of NAFLD, including the regulation of
immune tolerance and lipid homeostasis [63,69]. Indeed, Stienstra et al. [70] further demonstrated the
integral role of Kupffer cells in regulating hepatic triglyceride storage and the promotion of hepatic
steatosis via IL-1β-mediated suppression of perioxisome proliferator-activated receptor-α (PPAR-α)
activity, while others have reported that Kupffer cell depletion, in a murine experimental model of
NASH, prevented hepatic fat accumulation and liver damage [63].

Several studies have described subsequent changes in the frequency and/or functionality of
peripheral T cell subpopulations, manifesting an altered phenotype of infiltrating and circulating
immune cells that appears to be distinct between adult and paediatric NASH [64]. Several studies have
reported a predominance of CD8+ T cells over CD4+ and CD20+ subpopulations undergoing activation
in paediatric NASH, in association with increased levels of IFN-γ within the hepatic microenvironment,
a high number of infiltrating neutrophils in correlation with Reactive Oxygen Species (ROS) generation
in peripheral neutrophils and further alterations in the phenotype and functionality of circulating
lymphocytes and neutrophils compared with age-matched controls. By contrast, CD8+ cells were a
minor component of Natural Killer (NK) and NKT cells in adult NASH [19,64]. The molecular and
immunological phenomenology of these systems both locally and systematically, in both paediatric
and adult NASH, are complex and are only just beginning to be recognised, let alone understood.

Increasing evidence suggests that dysregulation of the autonomic nervous system innervation
of the liver fulfils a critical role in the progression of simple steatosis to NASH and cirrhosis.
Indeed, Hepatic Stellate Cell (HSC) autonomic receptors are reportedly upregulated in the livers
of adult NAFLD patients and may represent another potential target for future anti-fibrotic
therapies [71,72].
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3.1. Genetics of Paediatric NAFLD

Over the last decade, with the advent of next-generation sequencing technologies, polymorphisms
associated with the incidence and severity of paediatric NAFLD have been identified in numerous
genes involved in lipid metabolism, insulin sensitivity, oxidative stress, regulation of the immune
system and the development of fibrosis [4,73]. Furthermore, evidence of the strong genetic contribution
to the pathogenesis of paediatric NAFLD comes from reports familial clustering of metabolic risk
factors, including obesity, insulin resistance and type II diabetes. One study of children with
biopsy-proven NAFLD, for example, reported that 59% of their siblings and 78% of their parents were
found to have evidence of hepatic steatosis on MRI, significantly more than in relatives of age and
BMI-matched children without NAFLD [74].

The prevalence and genetic variants associated with NAFLD also vary between different
ethnic groups, likely affecting the heritability of metabolic risk factors that contribute to individual
susceptibility to the disease [75]. Hispanic children demonstrate the highest prevalence of NAFLD
(36%), greater than that of Afro-Caribbeans (14%), Asians (10.2%) and non-Hispanic whites (8.6%)
despite these populations exhibiting similar obesity rates [13]. Hispanic patients have also been
shown to be at higher risk of type II diabetes and tend to display more features of the metabolic
syndrome than non-Hispanic whites, which may further contribute to their greater risk. It has also
been suggested that differences in body fat distribution among Afro-Caribbean children, who notably
have more subcutaneous fat and less visceral fat and consequently a lesser predisposition towards
hepatic fat accumulation, may explain their lower prevalence of NAFLD. Indeed, visceral adiposity is
less associated with NAFLD among Afro-Caribbean adolescents than among non-Hispanic whites.
Furthermore, insulin resistance appears less tightly linked to visceral adiposity in Afro-Caribbean
children with NAFLD and tends to be more associated with the extent and severity of liver damage.
Conversely, the extent to which the relationship between insulin resistance and NAFLD severity varies
between Hispanics and non-Hispanic whites appears negligible [13,75].

A recent genome-wide association study (GWAS) conducted by the Genetics of Obesity-Related
Liver Disease Consortium identified robust associations between polymorphisms of the genes neurocan
(NCAN), lysophospholipase-like 1 (LYPLAL1), glucokinase regulatory protein (GCKR) and protein
phosphatase 1 regulatory subunit 3b (PPP1R3B) and NAFLD in adults of European ancestry [76].
However, Palmer et al. [16] reported that the allele frequency and effect size of PNPLA3 rs738409,
NCAN rs2228603, LYPLAL1 rs12137855, GCKR rs780094 and PPP1R3B rs4240624 varied between adult
patients of African and Hispanic ethnicity. Hernaez et al. [77] also reported a lack of consistency of these
variants in the NHANES III study population of multiple ethnicities. Another GWAS conducted by
Romeo et al. [78] also found that the PNPLA3 rs738409 variant was seen more commonly in Hispanics
than in other ethnic groups and was associated with increased liver fat and hepatic inflammation,
whereas PNPLA3 rs6006460 was seen more commonly in Afro-Caribbeans and correlated with lesser
hepatic fat accumulation. This has been confirmed by another study of 83 obese children using MRI to
quantify hepatic lipid content [79]. Further studies have also shown PNPLA3 rs738409 to be associated
with greater hepatic steatosis and disease severity, as well as earlier clinical presentation [55,80].

The fat mass and obesity associated (FTO) gene variant rs9939609 has also been associated
with increased risk of NAFLD and the Melanocortin 4 Receptor (MC4R) rs12970134 variant with
increased ALT levels, independently of BMI, in children aged 7–18 years old with NAFLD [81].
Other genetic variants associated with NASH, hepatic fibrosis and the severity of liver damage
in both adults and children have been described in genes involved in lipid metabolism, such as
adiponutrin/patatin-like phospholipase domain-containing 3 (PNPLA3), Lipin 1 (LPIN1), adipoprotein
C3 (APOC3), endocannabinoid receptor CB2, as well as the hereditary hemochromatosis (HFE)
gene [55,82]. For example, PNPLA3 rs738409 has been associated with the presence and severity
of hepatic steatosis in numerous studies, independently of insulin resistance or inflammatory changes,
lobular inflammation and perivenular fibrosis in both adult and paediatric NAFLD [55,77,80,83].
Other genes associated with progression to NASH relate to oxidative stress and include the rs4880
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variant of manganese-dependent superoxide dismutase (SOD2) gene, the rs1801278 variant of insulin
receptor substrate-1 (IRS-1) and the rs3750861 variant of tumour suppressor gene Kruppel-like factor 6
(KLF-6) [55].

Our understanding of the mechanisms by which variation in these genes affects the incidence and
progression of NAFLD, however, remains limited. PNPLA3, for example, is most robustly expressed in
the liver. Its expression appears to be directly related to nutritional intake, being down-regulated in the
fasting state and upregulated during feeding. In vitro and mouse models have shown that SREBP-1,
which is activated by insulin, induces PNPLA3, which then promotes lipogenesis and modulates
glucose homeostasis [84]. Additionally, cytochrome P450 oxidative enzyme family 2 subfamily E
member 1 (CYP2E1) is a risk factor for oxidative stress and may be implicated in NAFLD [85,86].
Polymorphism of the cytokine Interleukin 6 (IL-6) have been associated with serum of liver damage
markers [87]. Variants in the UGT1A1 gene (Gilbert syndrome) have also been shown to contribute to
increased bilirubin levels, thus reducing the risk for NAFLD onset and development [88].

Accumulating evidence also suggests the involvement of the endocannabinoid system in NAFLD,
which has many diverse roles in humans. For example, in studies of obese children with steatosis and
biopsy-proven NAFLD, a functional variant of the otherwise hepatoprotective cannabinoid receptor 2
(CB2), Q63R, was associated with elevated serum aminotransferase levels [89]. Others have suggested
that the CB2 Q63R variant fulfils a critical role in modulating hepatic inflammation in obese children,
manifesting an increased susceptibility to liver damage in these patients [82].

Given that the effect of genetic variants tends to be more pronounced in children than in adults,
due to a lack of confounding long-term environmental exposures, the investigation of relevant
genetic variants associated with paediatric NAFLD, whilst not, at present, consequent to our clinical
approach, may prove instructive for both paediatric and adult disease as our understanding of their
pathophysiological role increases.

3.2. Maternal Diet, Intrauterine Growth and Neonatal Diet

In recent years, the critical role of maternal physiology and metabolism during the perinatal,
foetal and even pre-conceptual phases of development in predisposing the unborn towards developing
NAFLD within their own lifetimes and making it more likely that they will progress to NASH, has
become ever more apparent [69,90–92].

This phenomenon, referred to as developmental programming, appears to be driven by the
complex interaction of diverse communities of epigenetic modifications at key genes, which change
the phenotypic characteristics of different cell types, hence the offspring’s metabolic profile [93].
Recent evidence even suggests that, in addition to the effects of epigenetic programming upon first
generation offspring, subsequent generations may also be affected [94].

A greater understanding of the molecular phenomenology underlying maternal epigenetic
programming in obesity may well lead to the development of effective therapeutic interventions
that may be targeted during key developmental windows to ameliorate the risk of maternal obesity
and maternal diet to the unborn. Several studies have now demonstrated that controlled maternal
weight loss prior to pregnancy is effective in reducing their offspring’s lifetime risk of developing
NAFLD, which is of particular relevance in the context of the rising global prevalence of obesity among
women of childbearing age [94]. However, specific and coherent guidelines regarding when and how
to effectively intervene in clinical practice have yet to be defined.

Several studies have also found an association between intrauterine growth restriction (IUGR)
and obesity, dyslipidaemia, hepatic steatosis and steatohepatitis [4,95]. Although the pathogenic
mechanisms underlying these relationships remain unclear, they are also thought to have their origins
in adverse foetal epigenetic programming [93,94]. Similarly, while some studies have suggested that
breastfeeding may be protective against the development of NASH in childhood, this likely depends
greatly upon the physiological profile of the maternal source [4,96]. Others have also suggested that
rapid weight gain, particularly in the first 3 months of post-natal life, rather than small birth size in

427



Int. J. Mol. Sci. 2016, 17, 947

and of itself, might increase the risk of NAFLD in childhood and later life, although further study is
required to determine safe trends of neonatal weight gain [96].

3.3. Gender Differences and Puberty

In adults, numerous studies report that the prevalence of NAFLD, specifically simple steatosis,
is twice as great in men as in women. While the exact reasons for these gender differences remain
unclear, some have suggested that they might be explained by differences in fat distribution,
serum lipid profile or a protective action of oestrogens and other hormonal differences between
the sexes [14,97]. There are, however, no apparent gender differences in the risk of progression to
NASH in adult or paediatric patients, although some studies have suggested that boys are more likely
to develop a periportal paediatric pattern of NASH than girls [68].

However, in childhood and adolescence, gender differences appear to be more complex,
with some studies supporting a higher risk in boys, similar to that in adults, while others do not.
Instead, gender disparity with regards to NAFLD prevalence appears to increase with age and has
been attributed to the physiological alterations that occur at the onset of puberty impacting the
pathogenesis of this disease. Indeed, there is increasing evidence that associates rising levels of sex
hormones during puberty with modification of diverse biological processes, including adipocyte
development and function [4,24]. For example, animal studies have indicated that oestrogens reduce
the severity of oxidative stress, impair hepatocellular mitochondrial function and inhibit hepatic stellate
cell activation and fibrogenesis, which might significantly affect the development and progression
of NAFLD by modifying the hepatic and systemic responses to hepatocellular injury [98–100].
Furthermore, the diminishing disparity in NAFLD prevalence between the genders, especially after
middle age, has been widely noted, with some attributing it to hormonal changes that occur around
menopause [101].

It has also been suggested that the rise in serum oestrogen levels in both boys and girls during
puberty might also contribute to the reduced severity of NAFLD, particularly the more benign clinical
course of simple steatosis, in adults. For example, in one study of 186 children with biopsy-proven
NAFLD, after adjusting for confounders, patients at or beyond puberty were less likely to have
high-grade steatosis, severe portal inflammation, borderline steatohepatitis (zone 1) or a high stage of
fibrosis than patients who had not entered puberty [102]. There is also evidence to suggest that steatosis,
inflammation and fibrosis are less severe during and after puberty among NAFLD patients [102].

3.4. Dysregulation of Hedgehog Signalling Pathway in NAFLD

Deregulation of the Hedgehog (Hh) Signalling Pathway, which morphologically orchestrates
organogenesis during development, also appears to have a role in the pathogenesis and progression
of NAFLD in adults and children [68]. While in the healthy adult this pathway is usually silent, it is
reactivated when hepatic injury stimulates the production of Hh ligands, triggering the growth of
various cell types involved in wound-healing, including resident hepatic immune cells, hepatic stellate
cells and hepatic progenitor cells. While effective Hh signalling is necessary for injured mature livers
to regenerate, prolongation or upregulation of this pathway’s activity has been linked to chronic
inflammation, fibrosis and liver cancer [68].

Others have demonstrated that damaged or ballooned hepatocytes produce Hh ligands in adults
with NASH, whose previous levels correlated with numbers of Hh-responsive cells within the liver
and the severity of inflammation and fibrosis [103]. Whether or not similar mechanisms exist in
children remains unclear but highly plausible, given that children generally harbour greater numbers
of Hh-producing cells and Hh-responsive cells than adults and that these populations have been
shown to expand even in response to relatively minor parenchymal injury, which may make them
especially vulnerable to insults that stimulate liver damage and may even go some way towards
explaining why simple steatosis has a much less benign course in children than in adults and why
advanced fibrosis/cirrhosis can occur relatively rapidly [68].
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Moreover, as hepatic development is not completed until adolescence, changes in the clinical
presentation and course of NAFLD prior to and during adolescence, the latter being more in line
with the adult pattern of disease, may reflect changes in the liver’s vulnerability to derangement of
Hh pathway signalling [68]. It has even been suggested that age, gender and/or pubertal status
may reciprocally influence Hh pathway activity in children, modulating the liver’s response to
steatosis and hepatocyte injury and hence the histological features of paediatric NAFLD [12,68].
For example, in contrast to the adult liver, the periportal compartment of prepubescent male livers,
where fibrosis characteristic of paediatric NAFLD is observed on histological analysis, exhibits high Hh
pathway activity. Hh-mediated repair responses also appear to be more robust and readily engaged
in prepubescent boys with NAFLD, which may explain why they display a much greater disease
prevalence than girls [68].

Hh pathway activation also stimulates hepatic stellate cells to become myofibroblastic and
function as the major collagen matrix-producing cells in response to liver injury. There is further
evidence to suggest that, even once liver injury has dissipated and these cells revert to a quiescent state,
they remain ”primed” to more readily reacquire their myofibroblastic and fibrogenic characteristics
upon subsequent hepatic injury, which may further contribute to the aggressive pattern of paediatric
NASH [104].

4. Making the Diagnosis

Paediatric NAFLD remains underdiagnosed due to a lack of recognition, under-appreciation of
its associated complications or questions regarding the appropriateness of such a diagnosis in children
by healthcare professionals. Far from being a process of exclusion, as it has often been described both
clinically and in the literature, the diagnosis of NAFLD should be actively considered in all overweight
or obese children >10 years old, particularly in the context of hypertension, evidence of hepatomegaly,
acanthosis nigricans, insulin resistance and Type II diabetes mellitus [8,12,17,19,60].

Differential diagnosis should first be based on the clinical features, then on blood tests, imaging
techniques, and, finally, liver biopsy (Figure 2), which is currently considered the gold standard
for the diagnosis of NAFLD [17], facilitating differentiation between simple steatosis and NASH,
determining the presence and severity of hepatic fibrosis and providing prognostic information
regarding the potential for disease progression [11,19,49]. Any evidence of hepatic steatosis in children
<10 years old, with or without elevated liver function tests (LFTs), hepatomegaly or splenomegaly,
is of particular concern and should be assessed comprehensively and expediently in order to
exclude other aetiologies, including infectious hepatitis, autoimmune hepatitis, Wilson’s disease,
haemochromatosis, α-1 antitrypsin deficiency and other monogenic causes of impaired fatty acid
metabolism or lysosomal or peroxisomal storage. Despite being much less common in the paediatric
population, Alcohol-induced Fatty Liver Disease must also be excluded and should not be discounted
out of hand, even in young children [9,11,19,43,49].

Positive serum autoantibodies (anti-mitochondrial and anti-nuclear) are often present in paediatric
NAFLD patients (~20%), even in the absence of autoimmune hepatitis, although their clinical
significance remains unclear [12]. NAFLD is also often associated with abnormalities in iron
metabolism, raising intra-hepatic free iron alongside mildly elevated serum ferritin and transferrin,
in the absence of genetic haemochromatosis, seemingly mediated by pro-inflammatory adipokines.
As such, liver biopsy is required in order to assess hepatic iron concentration and exclude significant
hepatic injury and fibrosis, in patients with suspected NAFLD who demonstrate persistently elevated
serum ferritin and increased transferrin saturation, especially in the context of homozygote or
heterozygote C282Y mutations in the HFE gene [4,19,105]. Furthermore, due to its high prevalence,
NAFLD can readily co-occur with other chronic liver diseases, worsening clinical outcomes that,
otherwise, can be improved by concurrently treating the metabolic risk factors underlying NAFLD,
such as obesity and insulin resistance [11,19].
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Figure 2. Diagnostic tools for children and adolescent NAFLD. Abbreviations: NAFLD: non-alcoholic
fatty liver disease; DM: diabetes mellitus; ALT: alanine aminotransferase; AST: aspartate aminotransferase;
TG: triglycerides; FFA: free fatty acids; Chol: cholesterol.

Although possessing limited sensitivity, abdominal ultrasound and liver function tests remain
the first choice in diagnosing NAFLD in children [11,19]. As such, while not recommended in the
general paediatric population, biannual screening for elevated serum alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) should be undertaken in all obese patients above 10 years old,
as well as those whose BMI falls between the 85th and 94th centiles and have associated metabolic
risk factors. However, as a result of the pathophysiological and clinical differences between paediatric
and adult NAFLD, diagnostic algorithms and risk prediction scores, such as the NAFLD activity
score, which were developed for use in adults, are of limited utility in children and should not be
relied upon [9,29]. Furthermore, radiological and histopathological findings should be interpreted
with caution, as serum aminotransferase levels remain normal in the majority of paediatric cases,
irrespective of disease severity and the often negligible levels of hepatic steatosis in advanced paediatric
NASH rendering hepatic ultrasound insensitive. Even liver biopsy is not always reliable in paediatric
NAFLD due to steatotic lesioning within the liver being less diffuse and characterised by much more
subtle histopathological changes [17,19,106].

In the absence of definitive radiological and histopathological diagnostic tests, maintenance
of a high clinical suspicion in both primary and specialist care settings and by all members of the
multidisciplinary team remains the most potent of diagnostic tools, enabling early diagnosis and
appropriate therapeutic intervention designed to stymie disease progression.

4.1. Alternative Classification System

The term ‘Non-alcoholic’, although originally intended to clearly differentiate the aetiology of
this disease from Alcohol-Induced Fatty Liver Disease, is often extremely unhelpful and perpetuates
the false assumption among healthcare professionals that paediatric NAFLD represents a diagnosis
of exclusion. Furthermore, what constitutes the threshold of ”significant” alcohol consumption,
particularly in paediatric cases, remains moot. Others have, therefore, suggested the adoption of
”Obesity-induced Liver Disease” as a replacement term but this could also prove misleading, given that,
while obesity is the single greatest risk factor for this disease, NAFLD can develop in normo-weight
children [27,35,107]. Such terminology is also likely to be the focus of significant social stigma, which is
of particular concern in younger and more emotionally and psychologically vulnerable patients,
potentially affecting their engagement with clinical services.
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In light of the significant pathophysiological overlap between NAFLD and Alcohol-induced Fatty
Liver Disease, it may be more helpful to think of “Fatty” Liver Disease or, less pejoratively, “Steatotic”
Liver Disease (SLD) in terms of ”primary”, “secondary”, ”mixed” and “complex” aetiological
subtypes. As such, “Primary” or “Type 1” SLD would encompass what is currently referred to
as “Non-alcoholic Fatty Liver Disease”, which represents the phenotypic manifestation of underlying
metabolic dysfunction in the absence of other causes of liver injury. “Secondary” or “Type 2” SLD
would describe pathology resulting from a number of medical or surgical conditions or drug intake,
including alcohol. In such cases where metabolic dysfunction and significant alcohol consumption
coincide, the term “Mixed” or “Type 3” SLD could be used and, where Steatotic Liver Disease coincides
with another form of chronic liver disease, such as autoimmune hepatitis, “Complex” or “Type 4” SLD.
Thus, by appropriately reviewing the clinical nomenclature, we might better emphasise the importance
of the diagnostic, pathophysiological, therapeutic and prognostic relationships between NAFLD and
other chronic liver diseases in childhood and adolescence, as well as clearly directing intervention to
improve clinical outcomes.

4.2. Serum Biomarkers for Liver Damage

Elevated levels of various circulating biomarkers have been described in patients with NAFLD,
including AST and ALT, cytokeratin 18 (CK-18) fragments, apolipoprotein A1, total bilirubin,
hyaluronic acid, C-reactive protein, fibroblast growth factor-21, interleukin 1 receptor antagonist,
adiponectin, and TNF-α [83]. However, at present, there remains no readily available biomarker that
reliably differentiates between simple steatosis and NASH.

Aminotransferases, AST and ALT, are the most commonly referenced serum biomarkers for liver
damage in a wide variety of liver diseases, including NAFLD. They are easily obtained, low in cost and
elevated levels have been associated across numerous studies with the presence and severity of NAFLD
in adults [9,11,22,101]. Furthermore, in one multicentre study of 176 children, AST and GGT were
predictive of both NAFLD and NASH but lacked the discriminatory power to accurately and reliably
delineate cases of NASH from simple steatosis [108]. However, consensus as to what constitutes
“normal” aminotransferase levels in children has yet to be established. Indeed, another study of 502
18–64 year olds with NAFLD demonstrated progressive decline of ALT levels with advancing age,
while AST remained stable, suggesting that ALT elevation in childhood may be less diagnostically
useful than in adult disease [101]. Most importantly, several studies have reported that up to two
thirds of children with NASH did not display elevated serum ALT and AST levels, even in more
advanced disease [109–112]. While normal AST and ALT levels do not exclude severe liver damage
or fibrosis in paediatric NAFLD, when elevated they should inspire a high level of clinical suspicion,
particularly in overweight or obese patients with a family history of NAFLD and, thus, may still be of
significant use as a screening tool [9,74].

Elevated serum CK-18 fragments, markers of hepatocyte apoptosis, have demonstrated
robust association with the incidence and severity of NASH in both adults and children [113].
Wieckowska et al. [114], for example, reported a strong positive correlation between CK-18 in plasma
obtained from patients with suspected NAFLD at the time of liver biopsy and hepatic damage.
Plasma CK-18 levels were also markedly increased in patients with NASH compared to those with
simple steatosis, and were capable of accurately predicting NASH. These observations have been
reproduced in subsequent studies, collectively suggesting CK18 levels to have a sensitivity of 78%
and specificity of 87% for steatohepatitis in patients with NAFLD [115]. However, CK-18 would likely
only be of use once the diagnosis of NAFLD had been made, as hepatocyte apoptosis is not unique
to NAFLD. Furthermore, despite its significant clinical potential, CK-18 is not, at the present time,
readily available and a standardised cut-off has yet to be established.

Total Bilirubin was also found by Puri et al. [116] to inversely correlate with the prevalence of
NASH in children, which it is thought may reflect some anti-oxidative protective effect of bilirubin
within the liver.
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Finally, serum lipid profile, including total cholesterol, while potentially reflective of abnormal
lipid metabolism that may contribute to NASH, has yet to be adequately investigated in paediatric
liver disease. As such, its sensitivity, specificity and clinical utility remain unclear [53,117].
However, analysis of molecular lipid concentrations in blood samples taken from 679 adults found
that those with NAFLD displayed increased triglycerols with low carbon number and double-bond
content, while lysophosphotidylcholines and either phospholipids were diminished [118]. A serum
lipid signature comprising these three molecular lipids had a sensitivity of 69.1% and a specificity of
73.8% in the subsequent validation series. Further investigation is required to validate these results in
children, however.

4.3. Abdominal Ultrasound

Abdominal ultrasound is the most commonly used imaging modality for NAFLD, both clinically
and in research [10,12]. It has been shown to be an effective means of identifying pure hepatic
steatosis and mild NASH in children and has led to a great increase in findings of NAFLD in recent
years. Its relatively low cost, wide availability and safety also make it an ideal screening tool [10,17].
In NAFLD, the liver is usually enlarged and appears echogenic, or “bright”, which indicates
fatty accumulation within the parenchyma. However, it is unable to quantify the true extent of
steatosis and its sensitivity diminishes significantly in cases where hepatic fat accumulation remains
below 30%, in individuals who are severely obese (BMI > 40) and in severe NASH [9,44,119].
Ultrasound is unable to reliably differentiate between simple steatosis and steatohepatitis or exclude
fibrosis. Accurately differentiating between focal steatosis or steatohepatitis and hepatic tumours or
inflammatory vascular conditions is also challenging, given their close resemblance to one another
on ultrasound and the potential for steatosis to obscure the imaging of other hepatic lesions [106,119].
However, while the focal manifestations of NAFLD may be characterised by poorly delineated
margins and similar contrast enhancement with normal liver parenchyma, they do not exert a mass
effect on the surrounding tissue and, at least in adults, favour certain topographical configurations,
mainly occurring adjacent to the falciform ligament or ligamentum venosum, in the porta hepatis
and gallbladder. Whether such distributions of focal fatty lesions hold true in paediatric NAFLD,
however, remains to be established [11,119]. Furthermore, atypical focal fatty liver sparing can
also mimic hepatic neoplasia, manifesting round or oval-shaped phenomena with clear margins.
The diagnostic efficacy of abdominal ultrasound is also greatly dependent upon operator proficiency
and lacks standard methods of interpretation for paediatric NAFLD, underscoring the importance of
considering the wider clinical picture throughout the diagnostic process and selection of appropriate
therapeutic intervention.

4.4. Magnetic Resonance Imaging

Unlike abdominal ultrasound, MRI exhibits high sensitivity and specificity for paediatric NAFLD
and is able to differentiate, even in severely obese patients, between simple steatosis and NASH [17,20].
It is also able to quantify the distribution and severity of even mild steatosis and fibrosis throughout
the entire liver and with moderate to strong correlation with histological grading in children and
adults [28,120,121]. However, the relatively high cost of MRI, as well as the need for sedation in young
children prohibits widespread use in clinical practice and, as such, it remains primarily a research tool.
It is also, at present, unable to assess the extent of inflammation or cirrhosis in the liver parenchyma
but rather identifies the consequences of chronic liver disease, such as hepatosplenomegaly and
portal hypertension.

4.5. Other Imaging Techniques

While Computerised Tomography (CT) offers greater sensitivity than abdominal ultrasound in
detecting the presence and extent of hepatic fat accumulation in NAFLD, the high radiation exposure
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it encumbers prohibits routine use in young children [20,121]. Furthermore, it also lacks the sensitivity
required to detect mild steatosis and small changes in fat content over time.

Transient Elastography is able to detect hepatic fibrosis in paediatric NAFLD, using a technique
similar to abdominal ultrasound to measure hepatic “stiffness” non-invasively. However, at present,
it cannot reliably determine the extent or severity of hepatic fibrosis, particularly in its early stages,
as both steatosis and inflammatory activity also marginally increase liver stiffness. This technique also
suffers from diminished sensitivity and specificity in severely obese patients [122,123].

4.6. Liver Biopsy and Histopathology

Liver biopsy remains the gold standard for diagnosing NAFLD, differentiating between simple
steatosis and NASH and determining the severity of liver damage, inflammation and fibrosis [19,29].
It also allows the clinician to rule out other causes of liver pathology, especially in cases of significant
liver damage where abdominal ultrasound demonstrates reduced sensitivity and specificity.
However, it is invasive and, as such, carries significant risks that render it unsuitable for use
as a screening tool, particularly in children. It is also expensive and subject to sampling error,
where subsequent histopathological analysis is unrepresentative of the liver as a whole. As such,
even a normal liver biopsy cannot fully exclude NAFLD and should always be considered in context
of the wider clinical picture.

The key decision pertains as to when biopsy is indicated and when it is not. In each case,
the clinician must weigh the potential risks associated with biopsy against the likelihood that it will
impact clinical management. Ideally, this would mean that we should only biopsy children who are
at significant risk of NASH. However, our incomplete understanding of the natural history of this
disease, at present, confounds any attempt to reliably stratify patients according to such risk, as the
alteration of clinical outcomes based on the severity of histology at baseline remains unknown [124].
Nevertheless, current guidelines published by the American Association for the Study of Liver Diseases
(AASLD) recommend that liver biopsy should only be undertaken in patients younger than 10 years old
with a family history of severe NAFLD, the presence of hepatosplenomegaly at physical examination
and abnormal laboratory results, encompassing transaminasaemia, insulin resistance, absence of
autoantibodies and inconclusive results from biochemical tests for severe/progressive liver disease [19].

While children with NAFLD may exhibit the same morphological lesions as adults, these
are often more subtle and can be absent altogether [44]. Hepatocyte ballooning, for example,
which describes the enlargement of hepatocyte diameter by a factor of 1.5–2 and the main
morphological feature of hepatocellular damage in adult NASH, is often not observed in paediatric
cases. Similarly, the distinctive clarification and rarefication of hepatocyte cytoplasm and the
inclusion therein of eosinophilic cytoskeletal peptide aggregates, referred to as Mallory Denk bodies,
so characteristic of adult NASH, is relatively uncommon [11,12,19].

The distribution of fatty accumulation and fibrotic lesioning within the liver also differs
between paediatric and adult disease. Adult NAFLD is characterised by microvacuolar periportal
or panacinar hepatocellular steatosis, portal inflammation, portal fibrosis and perisinusoidal fibrosis.
In contrast, paediatric NAFLD is characterised by macrovacuolar, azonal hepatocellular steatosis,
portal inflammation and portal fibrosis [44,125].

Inflammation is characteristic of NASH across all age groups and comprises mixed inflammatory
cells which infiltrate the hepatic parenchyma, including lymphocytes, histiocytes, Kupffer cells (KC)
and granulocytes [63,64]. While, in adults, lobular inflammation is nearly universal and portal
inflammation associated with more severe/advanced cases of NASH, portal inflammation is more
typical of paediatric cases, providing further evidence that childhood disease follows a more severe
course [125]. Furthermore, while isolated steatosis or steatosis with lobular inflammation without
signs of hepatocellular injury are considered part of the wider spectrum of NAFLD in adults and
insufficient evidence to suggest NASH, in children, where signs of hepatocellular injury are less
obvious, this distinction is less clear. However, Schwimmer and others go on to describe both patterns of
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NAFLD in children, suggesting that factors other than age might determine the histological appearance
of the disease [125]. Although the mechanistic underpinnings of this phenomenon remain unclear,
Swiderska-Syn et al. [68] hypothesised that the Hedgehog pathway, which is involved in the fibro-ductal
response, may effect such differences.

4.7. Non-Invasive Diagnostic Scoring Systems

The invasiveness, cost, morbidity and impracticality of liver biopsy in at-risk patients and
especially in children has driven the development of non-invasive clinical risk prediction scores.
However, many have yet to be validated in the paediatric population. Non-invasive hepatic fibrosis
scores, AST/ALT, NFS and Fib-4 or AST/platelet ratio were developed for use in adults but have
performed poorly in diagnosing significant fibrosis in children with NAFLD [29,126]. The paediatric
NAFLD fibrosis index (PNFI) is calculated from the patient’s age, waist circumference and triglyceride
levels and aims to predict liver fibrosis in children [126]. However, although it provides a good positive
predictive value, its negative predictive value for ruling out fibrosis is sub-optimal. Several studies
have suggested that the enhanced liver fibrosis (ELF) score, an algorithmic composite of serum
markers of liver fibrosis, including hyaluronic acid, amino terminal propeptide of collagen type III
and the tissue inhibitor of metalloproteinase, can be used to accurately predict fibrosis in children
with NAFLD [126,127]. While the potential of these scores is great, their clinical utility remains,
at present, unclear.

5. Management of Paediatric NAFLD

There is, currently, a lack of consensus as to how NAFLD in childhood and adolescence
should be managed in clinical practice [65]. However, it is clear that effective therapeutic strategies
should recognise that this is a multifactorial disease in which metabolic dysfunction is widespread,
multifaceted, interdependent and is founded upon the interaction between numerous genetic and
environmental forces. As such, therapeutic intervention should be adapted to each patient in context of
their existing co-morbidities and how they might best be managed, including obesity, hyperlipidaemia,
insulin resistance, Type II diabetes mellitus and cardiovascular disease. High clinical suspicion,
enabling appropriate referral to paediatric gastroenterology, early diagnosis and intervention,
has consistently been shown to be effective in improving overall quality of life for the patient, as well
as reducing their long-term cardiovascular and hepatic morbidity and mortality [14,24,128].

First-line interventions should focus on appropriately reducing central obesity and insulin
resistance, primarily through dietary modification and increased physical exercise in order to effect
therapeutic weight loss [129]. Depending on the extent of hepatic fibrosis, patients with NASH may
also benefit from pharmacological therapies designed to slow or reverse disease progression [24].
Unlike in adults, where simple steatosis appears benign and, thus, pharmacological intervention is not
recommended, in children the evidence suggests that it tends to follow a more aggressive course and,
as such, pharmacological intervention, although not currently recommended, may be prudent before
the transition to NASH occurs (Figure 3).

An approach that combines reducing visceral adiposity, insulin resistance and hyperinsulinemia
with the prevention or reversal of hepatocellular damage appear to be the most successful rather
than employing one or other of these strategies in isolation. The efficacy of any intervention
should be assessed after a six-month period and, if ineffective, additional therapeutic options might
then be considered, including pharmacological therapy or surgical intervention [24,65,128,130,131].
The development of comprehensive, evidence-based and internationally accepted clinical guidelines
specifically for paediatric NAFLD will depend upon rectification of the current paucity of research
and lack of robust epidemiological data. Nevertheless, they should emphasise the importance of the
multidisciplinary team and the effective management of metabolic risk factors, as well as improving
the interconnectedness of diverse health disciplines, especially during the transition from paediatric
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to adult clinical services and in those patients at the extreme end of the obesity spectrum, in whom
non-surgical therapies for weight loss are currently non-existent.
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Figure 3. Management of paediatric NAFLD.

Sleep shortage as a result of lifestyle, as well as major sleep disorders, such as sleep apnea
and insomnia, have also been associated with NAFLD and may benefit from more active clinical
consideration and therapeutic intervention. While the nature of these pathological relationships,
remains the subject of much debate, various metabolic or endocrine effects in the context of obesity are
thought to play a role [30].

5.1. Diet and Physical Exercise

Western diet, which is characterised by a hyper-caloric intake high in fats and simple sugars,
precipitates a rapid increase in post-prandial plasma glucose and insulin levels, increasing hepatic
de novo-lipogenesis, steatosis, insulin resistance, central obesity and the risk of NAFLD [21,132].
The Western Australian Pregnancy (Raine) Cohort Study (n = 995), for example, found that a Western
dietary pattern at 14 years old was associated with an increased frequency of NAFLD at 17 years,
independent of sex, dietary misreporting, family income, frequency of physical activity and sedentary
behaviour [132]. As most paediatric patients with NAFLD are obese, addressing their obesity by
means of dietary modifications, including reduction of caloric, fat and fast-release carbohydrate intake,
as well as increasing physical exercise in order to effect weight loss should be considered the first-line
of any effective interventional strategy. Indeed, current AASLD guidelines recommend limiting overall
dietary fat intake to less than 5% of total caloric intake, while limiting trans-fats to <1% and saturated
fats to <7% [74].

Numerous studies have shown that even a moderate reduction in weight, 5% in steatosis and 10%
in NASH, has the potential to reduce hepatic steatosis, improve insulin sensitivity and significantly
improve clinical outcomes in adults [14,19,44]. However, its effectiveness in patients with pre-existing
NASH-induced hepatic fibrosis remains uncertain. Although few in number, paediatric studies seem
to support these findings. One study in children with biopsy-proven NAFLD demonstrated that a
reduction of 20% or more over 12 months precipitated significant improvement in serum ALT and
steatosis in 68% of children [133]. Another study of 53 paediatric patients with NAFLD also reported
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significant reduction of steatosis, inflammation and hepatocyte ballooning on liver biopsy following
similar lifestyle interventions [131].

Improvements may even be possible in a much shorter timeframe. Indeed, a recent Danish
study of 117 obese children demonstrated marked improvement in their insulin sensitivity, liver fat
accumulation and serum aminotransferase levels in two thirds of the cohort after only ten weeks
of dietary intervention and one hour of moderate exercise daily [134]. Moreover, patients with
NAFLD undertook less physical exercise than age and sex-matched controls and only 20%–33%
of them met current recommendations for physical activity [135–137]. Physical activity correlates
inversely with hepatic steatosis, independently of changes in body weight or dietary intake, increases
insulin sensitivity and reduces central obesity, even in the absence of dietary alteration [11].
Furthermore, the extent of these changes appears, while apparent even in the short-term, to be
proportional to the intensity and duration of lifestyle modification [135,138]. There is also evidence
in adults to suggest that vigorous exercise is more beneficial than longer intervals of moderate
exercise [139].

The minimum amount of weight loss necessary to improve clinical outcomes for patients with
NASH, however, remains unclear. The current lack of specific clinical guidelines regarding which
dietary modifications or physical exercise regimes would be most effective in inducing metabolic
and histological improvement in children with NAFLD, beyond achieving weight loss in overweight
children, perturbs a more systematic and evidence-based approach to the clinical management of this
disease [19,24,65]. That said, any diet, whether alone or in conjunction with increased physical activity,
that facilitates weight loss can effectively reduce hepatic steatosis, provided that the patient adheres to
it. Early dietary intervention in childhood is especially important, given that dietary patterns formed
in childhood tend to be retained into adulthood [132].

Lifestyle modification, however, can be difficult for younger patients to engage with and
maintain long-term, particularly in the context of negative perceptions of dietary intervention and
the prescription of physical exercise in children, among patients and their parents [9]. As such,
lifestyle intervention should be tailored towards patients as individuals, taking account of the cultural
and socioeconomic determinants of diet and exercise habits, as well as differences in patient perceptions
of obesity and body image, particularly in adolescence, before setting clear and achievable goals
derived by the patient and clinician in partnership. The adoption of similar lifestyle modifications by
family members and, in some cases, behavioural therapy may aid compliance [15]. More effective and
straightforward tools for monitoring day-to-day quality and quantity of dietary intake and physical
activity in childhood, as well as greater efforts to educate and provide guidance for parents and their
children regarding maintaining a healthy diet and the importance of physical activity are needed [140].

5.1.1. Dietary Fructose

Besides the control of total caloric intake, the consumption of certain micronutrients, such as
fructose, which is a constituent of sucrose, corn syrup, fruit juice, soft-drinks and various sweeteners,
should also be reduced. Unlike glucose, fructose is metabolised exclusively in the liver and
is preferentially shunted into the de novo-lipogenesis pathway via glyceraldehyde-3-phosphate,
contributing to increased triglyceride synthesis and hepatic steatosis [141,142]. It has also been
suggested that fructose may interact with nuclear transcription factors, such as sterol response element
binding protein-1c, precipitating alterations in the expression of genes involved in liver glycolysis and
lipogenesis [143]. It may also promote liver injury in NAFLD by causing bacterial overgrowth and
increased intestinal permeability, precipitating endotoxemia and subsequent initiation of inflammation
but this has yet to be proven [142,143].

In adults and in rodents, fructose has also been associated, particularly in the context of a high-fat
diet, with a higher risk of NAFLD and increased liver fibrosis [21,44,142]. Moreover, the severity of
hepatic steatosis and inflammation in rats fed fructose-enriched diets tends to be more severe than in
controls [144]. Human studies also report greater fructose consumption in adult NAFLD patients and
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greater soft drink consumption and fasting serum triglyceride levels in children with NAFLD relative
to controls [142]. Indeed, fructose consumption has dramatically increased in recent years and has also
been associated with increased central obesity, dyslipidaemia and insulin resistance, all independent
risk factors for NAFLD [27,145].

5.1.2. Vitamin D

Vitamin D plasma levels have also been shown to inversely correlate with NASH and fibrosis
in children and adolescents [146,147]. Furthermore, Vitamin D deficiency is more common in obese
patients than those of normal weight and was shown to be associated with the incidence of NAFLD,
liver steatosis, necroinflammation and fibrosis in adults [146,148].

Vitamin D receptors regulate the expression of numerous genes, some of which are involved
in glucose and lipid metabolism, and are widely distributed throughout the liver [146,148]. In rats
exposed to obesogenic diet, Vitamin D deficiency exacerbates NAFLD through the activation of Toll-like
receptors and is associated with insulin resistance, hepatic inflammatory markers and oxidative
stress [149].

Growing evidence also suggests that low serum Vitamin D is associated with insulin resistance and
Type II diabetes and that appropriate Vitamin D supplementation can improve insulin sensitivity [150].
However, in the Western Australian Pregnancy (Raine) Cohort, others have reported the association
of low Vitamin D levels with evidence of NAFLD on ultrasound at 17 years of age was independent
of adiposity and insulin resistance [146]. As such, screening for Vitamin D deficiency in adolescents
otherwise considered at high risk of NAFLD may be appropriate. Further clinical and experimental
investigation of this phenomenon, as well as the benefits of dietary supplementation, is warranted [146].

5.1.3. ω-3 Fatty Acids

Experimental models in animals and adults have shown that long chain ω-3 fatty acids,
known important regulators of hepatic gene transcription, can decrease hepatic steatosis, improve insulin
sensitivity and cardiovascular disease and decrease markers of inflammation [24,151,152].

Elsewhere, dietary depletion of polyunsaturated fats, such as ω-3, has been associated with
the pathogenesis of NAFLD, while its progression has been associated with high circulating and
hepatic levels of saturated fatty acids and industrial trans-fats. As such, limiting daily consumption
of foods high in saturated fatty acids, while supplementing ω-3 intake may have a role in NAFLD
treatment [9,153,154].

It is thought that the beneficial effects of ω-3 supplementation may be secondary to
their known anti-inflammatory, antithrombotic, antiarrhythmic, hypolipidaemic and vasodilatory
properties. There is evidence to suggest that they might also improve lipid profiles,
lowering triglyceride serum levels, decreasing insulin resistance, hepatic steatosis and cytokine
synthesis [153]. For example, dietary supplementation with docosahexaenoic acid (DHA), the major
dietary long-chain polyunsaturated (ω-3) fatty acid, which exerts a potent anti-inflammatory
effect through the G protein-coupled receptor 120 (GPR-120), has been associated with significant
improvement in the histological parameters of NAFLD, including NAFLD activity score, hepatocyte
ballooning and steatosis in children, after 18 months [154]. Interestingly, hepatic progenitor cell
proliferation was also reduced in correlation with these same histological parameters, as were the
numbers of inflammatory macrophages on biopsy, while GPR-120 expression in hepatocytes was
markedly increased. As such, it was suggested that DHA might also modulate hepatic progenitor cell
activation, hepatocyte survival and macrophage polarisation through interaction with GPR-120 and
NF-κB repression [154]. Another study also described that, after 6 months of ω-3 supplementation,
hepatic echogenicity and insulin sensitivity were significantly improved in children with NAFLD,
although no change in serum ALT or BMI was observed [155]. More recently, another RCT reported the
use of probiotics and ω-3 fatty acids showed encouraging early results, with improvement of serum
liver enzymes but without validating liver histology [156]. AASLD guidelines currently state that it
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would be premature to recommend ω-3 fatty acids for the specific treatment of NAFLD or NASH but
they may be considered first-line therapeutic agents to treat hypertriglyceridaemia in patients with
NAFLD [19].

5.2. Alcohol

Heavy alcohol consumption is a risk factor for chronic liver disease and should be avoided
in patients with simple steatosis and NASH [19]. There is even evidence to suggest that regular
consumption of smaller quantities of alcohol (below 20 g/day) may be harmful [30]. However, there are
no studies reporting the effect of ongoing alcohol consumption on disease severity or natural history
of NAFLD or the risk of liver cancer in childhood and adolescence in the long-term.

5.3. Bariatric Surgery

Bariatric surgery has been shown to significantly improve weight and comorbid disease in
patients with NAFLD. It encompasses a range of restrictive procedures, which promote satiety and
delayed gastric emptying, including adjustable gastric banding and sleeve gastrectomy, malabsorptive
procedures, including biliopancreatic diversion, and combinatorial procedures, such as Roux-en-Y
gastric bypass [11,14,19,157].

At present, bariatric surgery is only recommended for severely obese adolescents with significant
steatohepatitis in whom therapeutic lifestyle intervention has been unsuccessful [14,157]. In such
patients, it has been shown to significantly reduce the extent and severity of hepatic injury, steatosis
and systemic inflammation, as well as having broader metabolic benefits, improving insulin
sensitivity, positively modifying levels of circulating adipokines and the intestinal microbiome,
particularly in the case of malabsorptive procedures [14]. Furthermore, it has been suggested that
malabsorptive procedures might also have additional effects on gut hormone profiles, reducing ghrelin,
enhancing Glucagon-like peptide-1 (GLP1) secretion and facilitating early ileal exposure to nutrients,
alongside reduced expression of peptide YY (PYY) and oxyntomodulin obesity-related genes and
altered bile metabolism [14,158].

However, despite a large body of evidence suggesting histological improvement secondary
to weight loss in adults, bariatric surgery in NASH patients of any age group remains
controversial [11,12,14,19,159]. Indeed, a lack of randomised controlled studies, small sample sizes
variable inclusion criteria, incomplete longitudinal follow-up and lack of clear identification of
confounding factors, such as insulin resistance led the Cochrane meta-analysis to conclude that
the impact of bariatric surgery on NASH in childhood and adolescence is unconvincing [160]. As such,
current AASLD guidelines state that while bariatric surgery is not contraindicated in otherwise eligible
obese patients, it is “not an established option for NASH treatment” [19].

Reports of de novo progression of NASH and even hepatic fibrosis and cirrhosis following bariatric
surgery are also highly controversial [14]. Although some have sought to attribute this phenomenon
to a state of “heightened metabolic stress”, in other surgical series, massive weight loss was shown to
improve steatohepatitis and fibrosis. In this case, overall improvement was found to be dependent on
the degree of insulin resistance, although long-term histological outcomes were not assessed [14,161].

Given the more aggressive nature of simple steatosis in paediatric disease, some have suggested
that more earnest clinical intervention to reduce weight loss, including consideration of bariatric
surgery, may be beneficial, even before the transition to steatohepatitis, in patients who are severely
obese [12,28,159,160]. Further standardisation of eligibility criteria for surgery in the paediatric
population, as well as studies on the safety and long-term efficacy of this approach, are warranted.

5.4. Pharmacological Intervention

Our understanding of the molecular pathogenesis of NAFLD remains limited and so current
pharmacological intervention consists of strategies aimed at decreasing the incidence and severity of
metabolic risk factors, such as obesity, insulin resistance, dyslipidaemia, as well as some drugs that
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target the major molecular pathways involved in the pathogenesis and progression of this disease of
which we are aware, such as decreasing hepatic damage mediated by oxidative stress [67].

The aim of therapy is to forestall and, in some cases, reverse the progression of NAFLD to
end-stage liver disease [11,162]. In particular, there remains a need for effective pharmacological
therapies for children who do not adhere to or are unresponsive to lifestyle modification, in order to
avoid severe organ damage [9,12].

Given the more aggressive clinical course of paediatric as opposed to adult NAFLD,
targeted pharmacological intervention, although not presently recommended, may be prudent even
before evidence of the transition to NASH is observed [11,14,19,28,68].

Collaboration between hepatologists and other relevant specialties, including endocrinology,
paediatrics, dietetics, cardiology and primary care should be encouraged in order to optimise treatment,
particularly in the current absence of clear clinical guidelines for pharmacological intervention in
paediatric NAFLD.

5.4.1. Insulin Sensitizers

Insulin resistance and Type II diabetes mellitus are strongly associated with the incidence,
severity and progression of NAFLD in the paediatric population. As such, drugs that can improve
insulin sensitivity have a key role in the prognostication and therapeutic management of this disease,
potentially reversing even advanced liver damage and hepatic fibrosis, improving long-term clinical
outcomes [24].

Metformin, an oral insulin-sensitising agent, lowers hepatic glucose production and promotes
glucose uptake in the periphery and, when given in 500 mg doses twice daily for 24 weeks,
has been shown to reduce hepatic steatosis on magnetic resonance spectroscopy and ALT levels
in non-diabetic children with biopsy-proven NASH [163]. That said, while the Treatment of NAFLD
in Children (TONIC) trial, in which a large non-diabetic paediatric cohort was used to compare
metformin with Vitamin E therapy, found metformin to be no more effective than a placebo in
achieving a sustained decrease in ALT levels, it did show significant improvement in hepatocyte
ballooning [164]. Current AASLD guidelines do not recommend the prescription of metformin for
NAFLD in non-diabetic paediatric patients [19]. Its effectiveness at doses higher than 500 mg twice
daily, however, remains unknown. Moreover, specific guidelines for prescribing metformin in children
and adolescents with NAFLD and Type II Diabetes are needed.

Pioglitazone, a Peroxisome-Proliferator Activated Receptor-γ (PPARg) agonist, increases insulin
sensitivity and reduces hepatic fat content by promoting the redistribution of triacylglycerols from
the liver and muscle to adipose tissue [19,24]. Therefore, while they have shown great promise
in studies of adult NAFLD, their use often results in weight gain. Their safety and therapeutic
efficacy in children, however, has yet to be determined and, indeed, there is a general reluctance
to prescribe thiazolidinediones in paediatric patients, due to the potential side effects of long-term
therapy, which include cardiotoxicity, fluid retention, osteoporosis and, as in adults, obesity [24].

Only glitazones have consistently shown some benefit in the treatment of patients with NASH in
randomised-controlled trials [19,128]. Recent research suggests that pioglitazone can improve hepatic
steatosis and inflammation, as well as reducing aminotransferase levels and histological evidence
of hepatocyte injury in patients with biopsy-proven NASH [24,165,166]. However, the majority of
patients in these trials were non-diabetic and, furthermore, the treatment had no apparent effect on the
extent or severity of hepatic fibrosis.

Incretin mimetics and dipeptidyl peptidase-4 (DPP-4) inhibitors, which increase insulin secretion,
decrease fatty acid oxidation and lipogenesis and improve hepatic glucose metabolism, may also
have a role in NAFLD therapeutics [12,165–167]. DPP-4 is an enzyme implicated in the degradation
of circulating GLP1, an incretin secreted in response to food intake that stimulates insulin secretion
and inhibits glucagon release. Studies conducted in animals and adult humans have demonstrated
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the efficacy of GLP-1 receptor agonists, which were resistant to DPP-4 degradation, and DPP-4
inhibitors [12,167–169].

Suppressors of the renin-angiotensin system, such as losartan, reportedly improve insulin
sensitivity and adipokine production/release and prevent hepatic stellate cell activation by exerting
preventative effects on hepatic inflammation and fibrogenesis [12,168,170]. However, because of their
contraindications, there is no available data on their therapeutic effects in children.

5.4.2. Weight Loss Drugs

Orlistat, an enteric lipase inhibitor, is the only FDA approved therapy for weight loss in
adolescents. It is moderately effective in achieving short-term weight loss but is limited in young
patients due to adverse gastrointestinal side effects. However, despite several studies reporting
improved ALT levels and hepatic steatosis in patients with NAFLD, others have failed to demonstrate
histological improvement on biopsy. As such, their use in NAFLD remains controversial [171,172].

5.4.3. Statins

Patients with simple steatosis and NASH are at increased risk of cardiovascular disease,
with several studies having demonstrated this to be the most common cause of death in NAFLD.
Effective therapeutic intervention in NAFLD, therefore, should encompass stratification of patients in
terms of cardiovascular risk factors, including dyslipidaemia, and the appropriate clinical management
thereof [11,19,27].

Despite general reluctance to prescribe statins to treat dyslipidaemia in patients with suspected
or established chronic liver disease and the not uncommon occurrence of elevated aminotransferases
in patients receiving statins, serious liver injury as a direct consequence of their use is rarely seen
in clinical practice. Indeed, the risk of serious hepatic injury in patients with chronic liver disease,
including NAFLD, does not appear to exceed that of patients without [173,174]. The evidence in
children, however, remains less certain.

Several studies have thus far reported that statins can significantly improve liver biochemistries
and cardiovascular outcomes in patients with elevated liver enzymes likely due to NAFLD.
However, there remain no randomised-controlled trials with histological endpoints to support this
either in simple steatosis or in NASH [11,174]. While current AASLD guidelines state that statins can
be used to treat dyslipidaemia in adult patients with simple steatosis and NASH [19], their prescription
in paediatric patients remains controversial.

5.5. Antioxidant Therapies

Oxidative stress is considered a key mechanism of hepatocellular injury and the progression
of simple steatosis to NASH in children [88,175]. Given that, within hepatocytes, reactive oxygen
species (ROS) are mostly generated in the mitochondria, some have suggested that, in hepatic steatosis,
increased intracellular fatty acid levels may act as an overabundant substrate for mitochondrial
malfunctioning, increasing ROS and, downstream, inflammatory cytokine and adipokine production,
as well as, via their oxidation by peroxisomal acyl-CoA oxidases, the production of hydrogen peroxide,
another reactive oxygen species [176,177].

Ordinarily, various enzymatic antioxidant mechanisms protect the liver from such oxidative
injury, which in NAFLD, it seems, are simply overwhelmed. Therefore, the employ of antioxidant
therapies would be expected to break this chain of lipid peroxidation and restore the endogenous
antioxidant/oxidant equilibrium, halting the progression of NASH [148,178].
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5.6. Vitamin E

Vitamin E therapy has been shown to reduce histological evidence of hepatic steatosis,
inflammation and hepatocyte ballooning, as well as a reduction in aminotransferase levels in patients
with NASH [148]. It has even been associated with the clinical resolution of steatohepatitis in adult
NAFLD patients, although it does not appear to affect the extent or severity of hepatic fibrosis once it
is established [179]. Studies in children have also reported improvement of liver function and glucose
metabolism following a 12-month regime of Vitamin E (600 IU/day) and ascorbic acid (500 mg/day)
in combination with dietary modification and physical exercise [133].

More recently, the NASH Clinical Research Network’s Treatment of NAFLD children (TONIC)
trial, reported a modest benefit on hepatocyte ballooning following Vitamin E therapy in
combination with similar lifestyle modifications in 8–17 year olds with biopsy proven NASH [164].
While aminotransferase levels were unaffected, statistically significant improvement of the NAS score
and resolution of NASH with Vitamin E therapy was also observed over the following two years [164].
However, whether similar improvements can still be achieved in the absence of concurrent lifestyle
modification remains controversial, as does the appropriate dosing of antioxidant therapies, including
Vitamin E, in children. Indeed, there is some concern as to whether or not Vitamin E therapy increases
all-cause mortality, as well as the risk of certain cancers, when administered in high doses [180].

While the most recent EASL guidelines advocate Vitamin E as a first-line pharmacotherapy in
non-diabetic adults with biopsy proven NASH, the AASLD 2005 guidelines suggest that although
Vitamin E also appears to be beneficial in non-diabetic children with NASH, confirmatory studies are
needed before its use can be recommended in clinical practice. Furthermore, due to a similar lack
of evidence, its use is not supported in diabetic patients with NASH, NAFLD without liver biopsy,
NASH cirrhosis or cryptogenic cirrhosis at any age [11,19,148,162].

5.7. Ursodeoxycholic Acid

Ursodeoxycholic acid is one of the most widely used cytoprotective and antioxidant agents, able
to protect hepatocytes from bile salt-mediated mitochondrial injury, as well as activating anti-apoptotic
signalling pathways, fulfilling diverse immunomodulatory functions, in theory, stabilising cellular
and organelle membranes in patients with NASH [24,181,182].

In children, a randomised controlled trial of ursodeoxycholic acid in combination with vitamin E
therapy induced long-term improvements in liver function tests [183]. However, in another study of
obese children with NAFLD, it was ineffective both alone and when combined with dietary intervention
in decreasing serum ALT or the appearance of steatosis on ultrasound [184]. In another study in
children, high doses of this acid induced a significant reduction in aminotransferase levels, although
this was not the case with lower doses [185]. That said, its histological impact and therapeutic
dose-threshold, as well as its effect on disease progression remains unclear. For example, in another
study, two years of low-dose ursodeoxycholic acid in combination with vitamin E therapy was reported
to improve biochemical and histological biomarkers [186]. Thus, the potential of ursodeoxycholic acid
for reversing liver damage in paediatric NAFLD requires further attention.

5.8. Probiotic Therapy

Persistent cross-talk among the gut, the immune system and the liver appears to play an
increasingly pivotal role in the pathogenesis and progression of NAFLD [63,64,154]. Emerging evidence
suggests that specific nutrients are capable of increasing intestinal permeability to bacterial endotoxins,
which, in turn, stimulate an immune-mediated inflammatory response from liver-resident cells,
precipitating a profibrogenic phenotype. Several studies have also shown that the composition of
the gut microbiome differs in NASH patients differs from that of obese patients without NASH and
normoweight controls, specifically displaying a greater abundance of gram-negative bacteria [56,149].
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Loguercio et al. [187] reported reduced hepatic injury and improved liver function tests following
probiotic treatment in patients with various forms of chronic liver disease, including NAFLD.
More recently, probiotic therapy in obese children with lactobacillus has been associated with
significant improvement in serum aminotransferases and anti-peptidoglycan polysaccharide antibody
levels, irrespective of BMI and visceral fat [188]. Further studies, have suggested that probiotics
may reduce liver inflammation and improve gut epithelial barrier function. Probiotic therapy,
therefore, represents a promising tool for the treatment of NAFLD in children by restoring the normal
balance of gut microbiota [12,189].

Farnesoid X receptors (FXR), which are expressed in the bowel and liver, have also been implicated
in the pathogenesis of NAFLD by mediating control of lipid and glucose homeostasis and bacterial
flora growth and may, therefore, represent a novel therapeutic target [12,190].

6. Conclusions

Non-Alcoholic Fatty Liver Disease (NAFLD) is now the most common form of chronic liver
disease, affecting 10%–20% of the general paediatric population and 50%–80% of those who are
obese [27,35]. Within the next 10 years, it is expected to become the leading cause of liver pathology,
liver failure and indication for liver transplantation in childhood and adolescence in the Western
world [19,29,49,117]. Despite this, “paediatric” NAFLD remains under-studied, under-recognised and,
potentially, undermanaged. Important gaps remain in our overall approach to screening, diagnosis,
management and follow-up, particularly during the transition between paediatric and adult clinical
services and in those patients at the extreme end of the obesity spectrum, in whom non-surgical
therapies for weight loss are currently non-existent [9,11,44].

The importance of raising clinical and public awareness of NAFLD in childhood and adolescence,
as well as addressing widespread misconceptions regarding its prevalence, natural history and
prognosis among healthcare professionals at all stages of their training and in light of emerging
evidence, cannot be overstated. The strong association between paediatric NAFLD and metabolic risk
factors, including insulin resistance, dyslipidaemia, cardiovascular disease and, most significantly,
obesity, highlights the need for greater interconnectedness and collaboration between diverse
clinical specialties and the potential for significantly improving patient outcomes through targeted
dietary modification, reduction of caloric intake, increased physical exercise and, where appropriate,
pharmacological therapy [9,21,67,131].

The current paucity of research in paediatric NAFLD has perpetuated a limited understanding
of its pathophysiology and hampered the selection and development of more effective therapeutic
interventions since this disease was first described in children in the mid-1970s. More accurate
epidemiological data derived from longitudinal and larger cohort studies will be needed in order to
determine the true prevalence of NAFLD in childhood and adolescence and allow the development
of more accurate risk prediction scores to augment clinical screening and surveillance, as well as
comprehensive clinical guidelines specifically for the diagnosis and management of paediatric disease,
which are currently lacking.

By appropriately reviewing the nomenclature, we might better emphasise the importance of
the clinicopathological relationships between NAFLD and other chronic liver diseases in childhood
and adolescence.

In the absence of definitive radiological and histopathological diagnostic tests, maintenance
of a high clinical suspicion in both primary and specialist care settings and by all members of the
multidisciplinary team remains the most potent of diagnostic tools, enabling early diagnosis and
appropriate therapeutic intervention.
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Abbreviations

LD Linear dichroism
AASLD American Association for the Study of Liver Diseases
ALT Alanine Aminotransferase
AMPK AMP-activated Protein Kinase
APOC3 Adipoprotein C3
AST Aspartate Aminotransferase
BMI Body Mass Index
CB2 Cannabinoid Receptor 2
CK-18 Cytokeratin 18
CT Computerized Tomography
CYP2E1 Cytochrome P450 family 2 subfamily E member 1
DGAT2 Diacylglycerol O-Acyltransferase 2
DHA Docosahexaenoic Acid
DPP-4 Incretin Mimetics and Dipeptidyl Peptidase-4
EASL European Association for the Study of the Liver
ELF Enhanced Liver Fibrosis
FTO Fat Mass and Obesity associated
FXR Farnesoid X Receptor
GCKR Glucokinase Regulatory Protein
GGT γ-glutamyl Transferase
GLP1 Glucagon-Like Peptide-1
GRP-120 G Protein-coupled Receptor 120
GWAS Genome-Wide Association Study
HDL High-Density Lipoprotein
HPC Hepatic Progenitor Cells
HSC Hepatic Stellate Cells
IL-6 Interleukin 6
IR Insulin Resistance
IRS-1 Insulin Receptor Substrate-1
IUGR Intrauterine Growth Restriction
KC Kupffer Cells
KLF-6 Kruppel-Like Factor 6
LDL Low Density Lipoprotein
LFTs Liver Function Tests
LPIN1 Lipin 1
LYPLAL1 Lysophospholipase-Like 1
MC4R Melanocortin 4 Receptor
NAFLD Non-Alcoholic Fatty Liver Disease
NASH Non-Alcoholic Steatohepatitis
NCAN Neurocan
NKT Natural Killer T lymphocytes
PNFI Pediatric NAFLD Fibrosis Index
PNPLA3 Adiponutrin/Patatin-like Phospholipase Domain-containing 3
PPARg Peroxisome-Proliferator Activated Receptor-γ
PPP1R3B Protein Phosphatase 1 Regulatory Subunit 3b
PYY Peptide YY
ROS Reactive Oxygen Species
SLD Steatotic Liver Disease
SOD2 Manganese-dependent Superoxide Dismutase
SREBP1c Sterol Regulatory Binding Element
TNF-α Tumor Necrosis Factor α
TONIC Treatment of NAFLD in Children
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Abstract: The association between nonalcoholic fatty liver disease (NAFLD) and chronic kidney
disease has attracted interest and attention over recent years. However, no data are available in
children. We determined whether children with NAFLD show signs of renal functional alterations,
as determined by estimated glomerular filtration rate (eGFR) and urinary albumin excretion.
We studied 596 children with overweight/obesity, 268 with NAFLD (hepatic fat fraction ě5% on
magnetic resonance imaging) and 328 without NAFLD, and 130 healthy normal-weight controls.
Decreased GFR was defined as eGFR < 90 mL/min/1.73 m2. Abnormal albuminuria was defined as
urinary excretion of ě30 mg/24 h of albumin. A greater prevalence of eGFR < 90 mL/min/1.73 m2

was observed in patients with NAFLD compared to those without liver involvement and healthy
subjects (17.5% vs. 6.7% vs. 0.77%; p < 0.0001). The proportion of children with abnormal albuminuria
was also higher in the NAFLD group compared to those without NAFLD, and controls (9.3% vs. 4.0%
vs. 0; p < 0.0001). Multivariate logistic regression analysis revealed that NAFLD was associated with
decreased eGFR and/or microalbuminuria (odds ratio, 2.54 (confidence interval, 1.16–5.57); p < 0.05)
independently of anthropometric and clinical variables. Children with NAFLD are at risk for early
renal dysfunction. Recognition of this abnormality in the young may help to prevent the ongoing
development of the disease.

Keywords: nonalcoholic fatty liver disease; renal function; obesity; children

1. Introduction

Concurrent with the epidemic of obesity across the world, nonalcoholic fatty liver disease
(NAFLD) is becoming one of the most prevalent chronic liver disorders in both adults and children.
It is now known that NAFLD is not only a risk factor for hepatic failure and hepatic carcinoma, but it
is also associated with a spectrum of extrahepatic diseases generally linked to metabolic syndrome
(MetS) such as type 2 diabetes, and cardiovascular disease [1,2]. Recent studies in the pediatric
obese population have demonstrated that the prevalence of prediabetes and MetS is significantly
increased in subjects with increased hepatic fat content, and that liver steatosis, independently of
visceral and intramyocellular lipid content, is a key determinant of the impairment of liver, muscle,
and adipose insulin sensitivity [3,4]. Several studies have reported associations between NAFLD and
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subclinical atherosclerosis and between NAFLD and cardiac function alterations, independently of
established risk factors [5–7]. In addition, emerging evidence suggests that subjects with NAFLD have
an increased risk of chronic kidney disease (CKD), defined by a decline in the estimated glomerular
filtration rate (eGFR) and/or microalbuminuria and/or overt proteinuria [8–12]. However, no data are
available in children regarding a possible association between NAFLD and impaired renal function.
Recognition of the influence of NAFLD on renal function in the early age would enable us to better
understand the association of NAFLD and CKD, since there is less potential for confusion with
adult-onset complications.

Thus, in this study we sought to determine whether children with overweight/obesity and
NAFLD show signs of renal functional alterations, as assessed by eGFR and urinary albumin
excretion, compared to children with overweight/obesity but without NAFLD as well as to healthy
normal-weight controls.

2. Results

2.1. Clinical and Laboratory Data from the Study Population

Clinical and laboratory data from the study population are presented in Table 1. None of the
enrollees had type 2 diabetes mellitus. Patients with NAFLD were on average older than those without
NAFLD and healthy controls, and had higher waist circumference (WC) as well as higher values
for systolic and diastolic blood pressure (BP), higher triglycerides, aspartate aminotransferase (AST),
alanine aminotransferase (ALT), uric acid, fasting glucose, insulin levels and homeostasis model
assessment of insulin resistance (HOMA-IR) values, and lower high-density lipoprotein-cholesterol
(HDL-C) concentrations. Patients with NAFLD had significantly lower whole-body insulin sensitivity
index (WBISI) than those without NAFLD. Obese children with NAFLD and obese subjects without
NAFLD had significantly higher eGFR compared to healthy controls (median, 115 (interquartile range,
104–134) and 115 (96–132) vs. 108 (100–118) mL/min/1.73 m2; p < 0.0001), whereas no differences
were found between patients with and without NAFLD. However, a greater frequency of reduced
eGFR (<90 mL/min/1.73 m2) was observed in obese subjects with NAFLD compared to obese children
without liver involvement and healthy controls (17.5% vs. 6.7% vs. 0.77%, respectively; p < 0.0001).
The proportion of children with microalbuminuria was also higher in the NAFLD group compared to
obese children without liver involvement and healthy controls (9.3% vs. 4.0% vs. 0; p < 0.0001). None of
the participants had eGFR < 60 mL/min/1.73 m2 or macroalbuminuria. Compared to healthy controls,
the prevalence of hyperfiltration was higher in the obese cohort, regardless of liver involvement
(Table 1).

To analyze the variables associated with decreased eGFR and/or microalbuminuria, we performed
a logistic regression analysis in the cohort of subjects with overweight/obesity. NAFLD (odds ratio
(OR), 2.34; 95% confidence interval (CI), 1.31–4.16; p < 0.01) was associated with abnormal renal
function independently of age, gender, and pubertal status. After further adjustment for body mass
index-standard deviation (BMI-SD) score, WC, hypertension, low HDL-C values, elevated triglycerides,
and glucose impairment, results did not substantially change (Table 2).
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2.2. Findings in Children with Biopsy-Proven Nonalcoholic Fatty Liver Disease (NAFLD)

To investigate the association of renal dysfunction further with advanced stages of NAFLD such
as steatohepatitis (NASH), we analysed the data obtained in the small subgroup of 41 patients who
underwent liver biopsy. Definite-NASH was diagnosed in 26 (63.4%) children, while not-NASH in
15 (36.5%). Compared to children without NASH, those with NASH had significantly lower eGFR
(median, 88 (83–107) vs. 123 (110–130) mL/min/1.73 m2; p < 0.01). In addition, more children with
NASH had eGFR of <90 mL/min/1.73 m2 and/or microalbuminuria than those without NASH (17/26
(65.4%) vs. 6/15 (40.0%); p < 0.01).

3. Discussion

Early recognition of impaired renal function, in particular reduced GFR, is crucial to prevent
serious complications [13]. Large epidemiologic studies have found a robust relationship between
obesity and risk for CKD [14–16]. In a community-based sample of 2585 adult individuals with renal
disease at baseline and a mean follow-up of 18.5 years, BMI was reported to determine a significant
increase in the odds of developing kidney disease by 23% (OR, 1.23; 95% CI, 1.08–1.41) per standard
deviation unit [14]. In 9685 adults participating to the Hypertension Detection and Follow-Up Program,
free of CKD at baseline, the incidence of CKD was 28%, 31%, and 34%, respectively, in the ideal body
mass index, overweight, and obese groups, after a follow-up of five years [15]. After adjustment
for variables, such as age, gender, race, diabetes mellitus, mean baseline diastolic BP, and slope
of diastolic BP, at baseline both overweight (OR, 1.21; 95% CI, 1.05 to 1.41) and obesity (OR, 1.40;
95% CI, 1.20 to 1.63) were associated with increased incident CKD odds at year 5 [15]. In addition,
a retrospective cohort study of 320,252 adults, who were followed for 15 to 35 years, showed that a
high BMI (ě25.0 kg/m2) determined who is at high risk of developing end-stage renal disease [16].
Taken together, these studies indicate that higher BMI in adults is a risk factor for the development of
new onset kidney disease. Several possible pathophysiologic pathways may underlie this association.
One possibility is that particular characteristics of obesity may account for the association between
obesity and CKD. Indeed, obesity constitutes a complex syndrome involving metabolic traits and other
factors that may interact with other environmental factors, leading to an increased risk for developing
kidney disease. Clustering of these traits defines MetS, which has been reported to be consistently
associated with CKD in cross-sectional studies [17,18].

NAFLD has been recently found to be an additional feature of MetS, with the main underlying
cardiometabolic risk factors of the syndrome being abdominal obesity and insulin resistance [19,20].
Of note, insulin resistance is not only a metabolic determinant for the development of NAFLD but is
also a predictor of incident CKD [21,22]. In addition, atherogenic dyslipidemia and type 2 diabetes are
established risk factors for CKD [23,24]. As a consequence, many authors have concluded that NAFLD
may have a pathogenic role in the development of CKD. The results of a recent meta-analysis have
shown that (1) there is a positive relationship between NAFLD and an increased risk of CKD in adults;
(2) the severity of liver disease is associated with an increased risk and severity of CKD; and (3) these
relationships are maintained even after taking account of the well-known risk factors for CKD, and are
independent of whole body/abdominal obesity and insulin resistance [8].

In our study, we investigated the influence of NAFLD on kidney function in a large pediatric
population. This is the first study to demonstrate that overweight/obese children with NAFLD
have a greater frequency of eGFR of <90 mL/min/1.73 m2 as well as of microalbuminuria than
overweight/obese children without NAFLD. Furthermore, in the small number of children with
biopsy-proven NAFLD we were able to show that the decline in renal function was greater in those
with NASH. It is important to point out that subjects with obesity represent a particular population
in whom early renal lesion consists of hyperfiltration. In fact, in line with previous studies [25–27],
one of the main findings of this study was that children with overweight/obesity compared to
normal-weight subjects had a higher prevalence of hyperfiltration, regardless of liver involvement.
Glomerular hyperfiltration is well-recognized as an early renal injury occurring in a number of

458



Int. J. Mol. Sci. 2016, 17, 1218

clinical conditions, including diabetes, hypertension, and obesity [28]. Hyperfiltration is hypothesized
to be a precursor of intraglomerular hypertension responsible for albuminuria. GFR then declines
progressively as albuminuria increases which may cause, in the long run, end-stage renal failure [28].
Thus, in obese patients with NAFLD, we should pay attention for minor impairment on renal function,
since hyperfiltration may mask a pathological decline in renal function.

The most plausible explanation for our findings is that the renal abnormalities in
overweight/obese children with NAFLD may reflect the coexistence of underlying metabolic risk
factors including higher BP, more dyslipidemia, and more insulin resistance compared to children
without liver involvement. However, because in our study the presence of NAFLD remained
significantly associated with decreased eGFR and/or microalbuminuria after taking account of
traditional metabolic traits, we cannot rule out the possibility that NAFLD might at least in
part contribute to the development of renal dysfunction independently of shared cardiometabolic
risk factors.

The strength of our study includes a large sample size and an extensive and complete analysis
of metabolic variables. Nonetheless, some limitations require consideration. First, the cross-sectional
design of the study precludes the establishment of causal relationship between NAFLD and abnormal
kidney function. Second, we used an estimated GFR instead of a directly measured GFR to define
renal function. The gold standard technique is clearance of inulin, but practical problems limit the
application of this cumbersome methodology in children because of the necessity for steady-state
infusion, and a urine sampling with a bladder catheter. Other tests for determining GFR are clearance
of alternative exogenous markers such as iothalamate, which are also complex and difficult to do in
routine clinical practice. Recent studies in children have reported current eGFR creatinine- and/or
cystatin C-based equations to be reliable methods to assess kidney function, with some variations
depending on the GFR ranges and the BMI classes [29–31]. The updated Schwartz formula has been
shown to be accurate for estimating GFR when compared to inulin clearance as well as to iothalamate
clearance in children and adolescents, with a wide range of renal function [29,30]. Moreover, obesity
has not been found to affect GFR as estimated by Schwartz formula [31]. Finally, we measured
creatinine concentration by kinetic colorimetric compensated technique, whereas in the updated
Schwartz formula, it was determined by an enzymatic method. The two methods, however, are highly
correlated [29].

In conclusion, our present study suggests that obese children with NAFLD are at risk for early
renal dysfunction. Recognition of this abnormality in the young may be important because treatment
to reverse the process is most likely to be effective if applied earlier in the disease process.

4. Materials and Methods

4.1. Study Subjects

This observational cross-sectional study included 596 children and adolescents with
overweight/obesity who were consecutively recruited at the outpatient Clinics (Hepatology, Lipid and
Nutrition) of the Department of Pediatrics, Sapienza University of Rome, Italy, between 2007 and 2015.
Two hundred and sixty eight subjects met the criteria for the diagnosis of NAFLD (i.e., hepatic fat
fraction (HFF) ě5% on magnetic resonance imaging (MRI)) [32]. In all enrollees, hepatic virus infections
(hepatitis A–E and G, cytomegalovirus, and Epstein–Barr virus), autoimmune hepatitis, metabolic
liver disease, α-1-antitrypsin deficiency, cystic fibrosis, Wilson’s disease, hemochromatosis, and celiac
disease were excluded using appropriate tests [6,7]. In 41 of the NAFLD patients, due to persistent
elevations in ALT concentrations, a liver biopsy was performed. The other 328 participants had
HFF < 5% on MRI, normal levels of aminotransferases, and no evidence of chronic liver diseases
(see above). Use of hepatotoxic drugs, as well as a history of type 1 or 2 diabetes, smoking and chronic
alcohol intake were also exclusion criteria. None of the subjects had a history or known clinical,
laboratory, and imaging signs of renal disease.
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The study also included a total of 130 apparently healthy normal-weight school students drawn
from four randomly selected schools in the Rome area. All students were invited to take part in a pilot
study whose objective was the prevention of cardiovascular disease in childhood. Eligibility criteria
included age- and gender-specific BMI; no history of renal and liver diseases as well as of alcohol
consumption and smoking; normal liver ultrasound, and normal biochemical values.

All study subjects had a complete physical examination, as reported in detail elsewhere [5,6].
The degree of obesity was quantified using Cole’s least mean-square method, which normalizes the
skewed distribution of BMI and expresses BMI as SD score [33].

The study protocol was reviewed and approved by the Ethics Committee of Policlinico Umberto I
Hospital, Rome, Italy. Written informed consent was obtained from the parents, or guardians of the
children included in this study, in accordance with principles of Helsinki Declaration.

4.2. Laboratory Mmeasurements

Blood samples were taken from all study subjects, after an overnight fast, for estimation of
glucose, insulin, urea nitrogen, creatinine, uric acid, total cholesterol, HDL-C, triglycerides, ALT, AST,
and gamma-glutamyl transferase. An oral glucose tolerance test was performed for all overweight/obese
children using 1.75 g/kg of glucose up to a maximum of 75 g. Two-hour post-load glucose and insulin
were analyzed. Insulin resistance was calculated by the HOMA-IR. Insulin sensitivity was calculated by
the WBISI with reduced time points according to the following formula: 10,000/

‘
(fasting glucose ˆ

fasting insulin ˆ 2 h post-load glucose ˆ 2 h post-load insulin) [34].
All analyses were performed on COBAS 6000 (Roche Diagnostics, Risch-Rotkreuz, Switzerland).

Creatinine concentrations were measured by the kinetic colorimetric compensated Jaffé method using
the Roche platform and the CREJ2–creatinine Jaffé Gen.2 assay (Roche Diagnostics, Identification
number, 0769282), which was isotope-dilution mass spectrometry standardized, traceable to National
Institute of Standards and Technology creatinine standard reference material (SRM 914 and SRM 967).
Urinary albumin was determined on 24 h urine collections by the turbidimetric immunoassay ALBT2
(Roche Diagnostics, Identification number, 0767433).

eGFR was calculated using the updated Schwartz formula: 0.413 ˆ height (cm)/serum creatinine
(mg/dL) [35].

4.3. Liver Ultrasound Eexamination and Magnetic Resonance Imaging

Liver ultrasound was performed by a single operator. Hepatic steatosis was diagnosed on the
basis of the following features: a diffuse increase in echogenicity (a bright liver), liver to kidney contrast,
deep beam attenuation, vascular blurring, and loss of definition of the diaphragm [36]. The amount
of HFF was measured by MRI using the two-point Dixon method as modified by Fishbein [37],
as previously described and validated [32,38].

4.4. Liver Biopsy

Liver biopsy was performed in 41 subjects because of persistent elevation in ALT. The clinical
indication for biopsy was either to assess the presence of nonalcoholic steatohepatitis (NASH) or
to determine the presence of other independent or competing liver diseases. The main histologic
features of NAFLD were scored using the NASH Clinical Research Network criteria [39]. Biopsies were
categorized into not-NASH and definite-NASH.

4.5. Definitions

Overweight and obesity were defined according to age- and gender-specific cut-off points of BMI
defined by the International Obesity Task Force criteria as proposed by Cole et al. [33]. Elevated BP was
defined as systolic or diastolic BP ě 90th percentile for age, gender, and height [40]. Impaired fasting
glucose was defined as glucose ě5.6 mmol/L. High waist circumference (WC), high triglycerides,
and low HDL-C were defined using the cut-off proposed by Cook et al. [41]. Insulin resistance
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was defined by 90th percentile of HOMA-IR for age and gender in our population of healthy
normal-weight children. Abnormal albuminuria was defined as a 24-h urinary albumin excretion
rate ě30 mg (i.e., microalbuminuria was diagnosed if the 24-h albumin excretion rate was 30–299 mg
and macroalbuminuria if the 24-h albumin excretion rate was ě300 mg) [42]. As recommended by
Kidney Disease Improving Global Outcomes (KDIGO) guidelines, eGFR categories were classified
as follows: normal or high ě90 mL/min/1.73 m2; mildly decreased, 60–89; mildly to moderately
decreased, 45–59; moderately to severely decreased, 30–44; severely decreased, 15–29; and kidney
failure <15 [42]. In the absence of an agreement in the literature, we defined glomerular hyperfiltration
as eGFR > 95th percentile of that observed in our population of healthy normal-weight subjects
(i.e., eGFR > 139 mL/min/1.73 m2).

4.6. Statistical Analysis

Statistical analyses were performed using the SPSS package (version 22.0, SPSS Inc.,
Chicago, IL, USA). Data are reported as means and standard deviations for normally distributed
variables, or as median and interquartile range for non-normally distributed variables.
Differences between study groups in quantitative variables were evaluated by one-way analysis
of variance (ANOVA) or Kruskal–Wallis test, as appropriate. Proportions were compared by the chi
square test. Logistic regression analysis was used to assess the independent association of NAFLD
with abnormal kidney function, after adjustment for age, gender, pubertal status, BMI-SD score, WC,
hypertension, low HDL-C values, elevated triglycerides, and glucose impairment.
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Abstract: The aim of this paper is to review and up to date the prevalence of hepatitis C virus
(HCV)-associated non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH)
and their significance in both accelerating progression of HCV-related liver disease and development
of HCV-associated extrahepatic diseases. The reported mean prevalence of HCV-related NAFLD
was 55%, whereas NASH was reported in 4%–10% of cases. HCV genotype 3 directly induces
fatty liver deposition, namely “viral steatosis” and it is associated with the highest prevalence and
degree of severity, whereas, HCV non-3 genotype infection showed lower prevalence of steatosis,
which is associated with metabolic factors and insulin resistance. The host’s genetic background
predisposes him or her to the development of steatosis. HCV’s impairment of lipid and glucose
metabolism causes fatty liver accumulation; this seems to be a viral strategy to optimize its life cycle.
Irrespective of insulin resistance, HCV-associated NAFLD, in a degree-dependent manner, contributes
towards accelerating the liver fibrosis progression and development of hepatocellular carcinoma
by inducing liver inflammation and oxidative stress. Furthermore, NAFLD is associated with the
presence of metabolic syndrome, type 2 diabetes, and atherosclerosis. In addition, HCV-related
“metabolic steatosis” impairs the response rate to interferon-based treatment, whereas it seems
that “viral steatosis” may harm the response rate to new oral direct antiviral agents. In conclusion,
a high prevalence of NAFLD occurs in HCV infections, which is, at least in part, induced by the
virus, and that NAFLD significantly impacts progression of the liver disease, therapeutic response,
and some extrahepatic diseases.

Keywords: HCV-associated NAFLD; insulin resistance; liver fibrosis; HCC; metabolic syndrome;
diabetes; atherosclerosis

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a condition characterized by fatty liver accumulation
with a spectrum of liver damage ranging from simple steatosis to non-alcoholic steatohepatitis
(NASH). The latter accounted for one third of cases [1] and it is a common cause of chronic liver
diseases, including cirrhosis and hepatocellular carcinoma (HCC) [2]. NAFLD is strictly associated
with metabolic syndrome in the general population and can be considered as a multisystem disease
associated with inflammation, oxidative stress, and insulin resistance with an increasing risk of type 2
diabetes mellitus, cardiovascular diseases, and chronic kidney diseases [1]. Moreover, irrespective of
metabolic syndrome, recently, several host genetic backgrounds have been reported as potential risk
factors for development of NAFLD [1].
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NAFLD is a prominent feature of chronic hepatitis C virus (HCV) infection [3]. Both viral and
host factors contribute to the development of steatosis. NAFLD in HCV genotype 3 infected patients
is strictly associated with serum viral load [3–7], thus steatosis in this setting is considered to be
of viral origin and it is namely “viral steatosis”; whereas in HCV non-3 genotype infected patients,
NAFLD is mainly linked to host factors such as body mass index (BMI), obesity, particular visceral
obesity [8], insulin resistance, and type 2 diabetes mellitus, and it is called “metabolic steatosis”.
Accordingly, liver steatosis localization in HCV non-3 genotypes infected patients is similar to that
observed in NAFLD/NASH (i.e., mostly in the centrolobular zone (acinar 3)) [9], whereas in genotype 3
infection steatosis is localized mainly in the periportal zone (acinar 1) [10]. With respect to the sustained
virologic response rate to interferon-based treatment, a substantial difference in the behavior of the two
types of HCV-associated NAFLD has been reported. Metabolic steatosis significantly reduces response
rate to interferons [6,11–14], whereas virologic steatosis does not impact the interferon response rate
and it even disappears following HCV clearance with reappearance in relapse cases [5,15]. In addition,
HCV-related metabolic steatosis is strictly associated with insulin resistance; although HCV per sé
induces insulin resistance, which predates the development of steatosis, that, in turn, aggravates
insulin resistance [16,17]. Furthermore, it has been demonstrated that HCV-associated steatosis
induces hepatic and systemic inflammation and oxidative stress [18,19].

The mechanisms by which HCV induces steatosis are complex and specific for genotype 3
(viral steatosis) and non-3 genotypes (metabolic steatosis). However, the two forms of steatosis
share some mechanisms and overlapping conditions may occur. Recently, we reviewed the main
molecular mechanisms by which HCV induces steatosis [20] and in Figure 1 the chief genotype-specific
mechanisms are reported.

 

Figure 1. Schematically are illustrated the mains HCV genotype-specific molecular mechanisms
of steatogenesis. Abbreviations used: HCV: hepatitis C virus; BMI: body mass index;
MTP: microsomal triglyceride transfer protein; PPAR-α: peroxisome proliferator-activated receptor α;
SREBPs: sterol regulatory element-binding proteins; ROS: reactive oxygen species; SOCS3: suppressor
of cytokine signaling 3; FFA: free fatty acid; FAS: fatty acid synthase; PTEN: phosphatase and
tensin homolog.
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Chronic HCV infection is considered a systemic disease and there is evidence that steatosis may
change the natural history of both HCV-related hepatic and extrahepatic diseases, and that host genetic
backgrounds may promote HCV-associated steatosis and progression of liver disease.

In this paper we reviewed the prevalence and associated factors which promote NAFLD/NASH
in chronic HCV infections and the evidence that highlights the role of steatosis in both accelerating the
progression of HCV-related liver disease and the development of HCV-associated extrahepatic diseases.

2. Prevalence of NAFLD/NASH and Associated Conditions in Chronic HCV Infection

In chronic HCV infection, NAFLD has been reported with a mean prevalence of about 55%,
ranging from 40% to 86% [3,5,6,21–30] depending on HCV genotype and local prevalence of metabolic
syndrome. HCV genotype 3 infected patients showed the highest prevalence of steatosis (up to 86%),
whereas in HCV genotype 1 and 2 the mean reported prevalence was about 40% and 50%, respectively.
The above reported prevalence of NAFLD-associated to HCV infection is higher than the rates observed
in non-HCV infected subjects in the general population (i.e., 20%–30%) [31], and of the rates reported for
other hepatic diseases, such as HBV infection (about 22%) and autoimmune hepatitis (about 16%) [17].

Data on the prevalence of NASH in chronic hepatitis C cases are less consistent than those
reported for NAFLD. The published data reported an occurrence of NASH from 4% to 10% [25,32–35].
Risk factors associated with development of HCV-associated NASH include BMI and, for HCV
genotype 1, triglyceride and HDL-cholesterol levels, whereas for genotype 3, aspartate transaminase
levels are a contributing factor [35,36].

A strict association between HCV-associated NAFLD and insulin resistance has been reported.
However, insulin resistance can be both a direct consequence of HCV infection and a result of NAFLD,
and vice versa [17]. Overall, insulin resistance has been reported with high prevalence in chronic
hepatitis C infection cases (up to 80%) and it is commonly observed in HCV non-3 genotypes infected
patients, whereas it is not a feature of HCV genotype 3 infection [19].

Overweight and obese BMI levels significantly contribute to the development of HCV-associated
NAFLD, in particular, it has been demonstrated that visceral obesity has a preeminent role [2].
Visceral obesity plays an important role in the regulation of glucose and lipid metabolism in chronic
HCV infection. In HCV-infected patients with visceral obesity, it has been reported that there are
increased levels of pro-inflammatory cytokines (IL-6 and TNF-α) that inhibit insulin signaling and the
secretion of adiponectin, which results in corresponding consequences for the development of liver
steatosis and insulin resistance [37]. The latter represents the pathophysiological link between steatosis
and the metabolic syndrome. Despite chronic HCV patients showing a high prevalence of insulin
resistance, an overall low prevalence of full-blown metabolic syndrome was reported [38]. Patients with
HCV-associated steatosis presented a higher prevalence of metabolic syndrome than those without
steatosis, but a lower prevalence than that observed in NAFLD patients [38]. However, HCV infection
is associated with multiple metabolic derangements, which has been termed hepatitis C associated
dysmetabolic syndrome (HCADS) [20]. Such metabolic derangements are characterized by insulin
resistance, hypocholesterolemia, hyperuricemia, and altered body fat distribution [20].

It has been demonstrated that oxidative stress occurs with high prevalence in chronic HCV
infection (e.g., greater that 60% [18]), and that it contributes to the development of NAFLD in HCV
non-3 genotypes, but not in “viral steatosis” associated with HCV genotype 3 infections.

The host’s genetic background has an important impact on the development of NAFLD in
chronic HCV infections. It has been demonstrated that microsomal triglyceride transfer protein (MTP)
polymorphism (493GT) was associated with a higher prevalence of NAFLD in HCV genotype 3 [39];
methylene tetrahydrofolate reductase (MTHFR) polymorphism (C677T) [40] was correlated with an
increased prevalence of NAFLD in chronic HCV infections as well as an increased risk to develop
severe steatosis (i.e., 6-fold higher for hosts with a MTHFR “CT” genotype and 20-fold higher for
those with a “TT” genotype) [40]. The patatin-like phospholipase domain-containing 3 (PNPLA3)
gene, in particular, its I148M variant, has been linked with an increased prevalence of HCV-related
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NAFLD and with visceral obesity [41,42]. Recently, we demonstrated that the TM6SF2, E167K variant,
contributes to liver steatosis in chronic hepatitis C [43].

3. HCV-Induces Steatosis: Is It a Finalistic Condition?

A characteristic feature of HCV infections is the strict association between viral factors and host
metabolic factors (i.e., lipid and glucose metabolism), which are involved in the development of liver
steatosis. Experimental and clinical evidence showed that HCV core proteins, in a genotype-specific
manner, cause hepatic fat accumulation by activating SREBP-1 and 2 [44], inhibiting MTP activity [45],
impairing peroxisome proliferator-activated receptor (PPAR) expression, and promoting de novo lipid
synthesis [46], which harms assembly, excretion, and uptake of very low density lipoprotein (VLDL).

The interaction between HCV and the host’s lipid metabolism seems to be crucial for the viral
life cycle. It is reported that triglyceride-rich VLDL represents an essential role in the assembly and
secretion of HCV. Elements of infective HCV circulate in patient sera as lipo-viro particles (LVPs)
in association with ApoB- and ApoE-containing lipoproteins, which suggests the association of
viral particles with LDL and VLDL. It was reported that the interaction with the LDL receptor is
important for HCV entry into hepatocytes [47]. Similarly, synthesis of farnesyl pyrophosphate and
geranylgeranyl pyrophosphate are essential for HCV replication [48]. On the bases of this evidence it
has been hypothesized that the abnormalities of hepatic lipid content are essential to perpetuate the
HCV life cycle [49].

4. HCV-Associated Steatosis and Progression of Liver Damage

One important question was to define if NAFLD/NASH could impact hepatic fibrosis
progression in chronic hepatitis C infections through modifying the natural history of liver damage.
Earlier cross-sectional studies demonstrated an association between NAFLD and advanced liver
fibrosis [3,8] as well as an association between NAFLD and liver inflammation, which was also strictly
associated with progression of fibrosis [50]. Such data were confirmed by prospective studies using
paired liver biopsies. A study by Westin et al. [25] that featured paired liver biopsies for98 HCV
patients showed that steatosis, especially in genotype 3, was an independent factor associated with
fibrosis progression. Similarly, Castera et al. [28] evaluated the fibrosis progression in 96 chronic
hepatitis C patients by means of paired liver biopsy with a mean interval of four years, and found that
steatosis was an independent factor associated with fibrosis progression via performing a multivariate
analysis (odds ratio (OR) = 4.7%–95% CI = 1.3–10.8; p = 0.0001). In addition, Cross et al. [51] also used
multivariate analysis tin a study involving 112 chronic hepatitis C patients with serial liver biopsy to
show that fibrosis progression was associated with steatosis (OR: 14.3; 95% CI: 2.1–1110; p = 0.006).

Twenty-eight other cross-sectional or prospective studies, carefully reviewed by Lonardo et al. [20],
evaluated the association between steatosis and fibrosis confirming that steatosis is strictly associated
with liver fibrosis in chronic HCV infections. However, there were some studies that reported an
association between steatosis and liver fibrosis that was genotype-dependent [7,25,29,51,52].

A meta-analysis, including data from 10 centers in Europe, Australia, and North America for
3068 individuals with chronic hepatitis C, analyzed the independent factors associated with liver
fibrosis [53]. The meta-analysis showed that steatosis was independently associated with liver fibrosis
(OR: 1.66; 1.27–2.18: p < 0.001) and with liver inflammation. The data of the meta-analysis also reinforce
the hypothesis that inflammation is the link between steatosis and liver fibrosis progression.

It is important to underline that there were a marginal number of studies that were
not able to demonstrate an association between liver fibrosis and steatosis [22,29,53–56].
The discrepancy of such results may be explained by differences in study design, patient demographic
characteristics, differences in histological grading of steatosis/fibrosis, type of statistical analysis
performed, and confounding variables, in particular, insulin resistance which has been reported
to be independently associated with both steatosis and liver fibrosis progression [53,57–59].
Overall, the majority of the studies evaluated the role of steatosis without considering insulin resistance
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or vice versa, due to the overlapping conditions, thus their independent role in the progression of liver
fibrosis has not yet been adequately assessed. However, Moucari et al. [60] evaluated 500 patients
with chronic hepatitis C and the multivariate analysis showed that both steatosis (adjusted OD 1.95,
1.24–3.06, p = 0.004) and insulin resistance (adjusted OD: 1.80, 1.15–2.81, p = 0.009) were independently
associated with advanced liver fibrosis. Hu et al. [61], in a retrospective study including 460 patients
with chronic hepatitis C, also showed that grade 2 and 3 levels of steatosis were independently
associated with liver fibrosis.

The mechanisms by which steatosis and insulin resistance induce progression of liver fibrosis seem
to be different. On the basis of the data within the literature [17,52,62,63], in Figure 2 we schematically
reported such mechanisms. Both steatosis and insulin resistance activate connective tissue growth
factor (CTGF), but steatosis does so by increasing inflammation [17,53] while insulin resistance does so
by increasing glucose and insulin levels [62,63].

 

Figure 2. Schematic representation of factors and mechanisms involved in the progression of liver
fibrosis in chronic hepatitis C patients. HCV: hepatitis C virus: CTGF: connective tissue growth factor.

Fartoux et al. [64] showed that the cumulative probability of progression of fibrosis in mild chronic
hepatitis C during a follow up period of more than 90 months was strictly associated with the presence
of steatosis. In Fartoux’s study, patients with less than 5% steatosis showed a negligible progression of
liver fibrosis; patients with steatosis greater than 30% showed the highest (and statistically significant)
progression of fibrosis (p < 0.0001), and patients with steatosis between 5% and 30% showed an
intermediate progression of liver fibrosis.

It has been reported that similar to patients with HCV-associated NAFLD, those with NASH
showed advanced fibrosis [32]. The data seem to suggest that the biological significance of
NASH-associated with HCV infection is similar to that observed for cases with a high-degree
of steatosis.

In conclusion, there is significant evidence that steatosis is strictly associated with faster
progression of liver fibrosis in chronic hepatitis C. The fibrogenic effect of HCV-associated steatosis

468



Int. J. Mol. Sci. 2016, 17, 803

seems to be multi-factorial involving pro-inflammatory cytokines, oxidative stress, insulin resistance,
glucose levels, and increased susceptibility to apoptosis.

There is experimental and clinical evidence supporting a role of HCV-related steatosis in the
development of HCC. In experimental models, using transgenic mice, HCV core proteins showed a
causative role in the development of steatosis and HCC [65–68]. The experimental evidence has been
confirmed in the majority of clinical studies performed [67,69–76]. Both retrospective and prospective
studies, with only a few exceptions, showed that HCV-related steatosis was strictly associated with
the development of HCC and that the amount of fatty liver deposition was an important risk factor
for HCC [67,69–76]. Thus, HCV patients with the highest degree of steatosis carry a higher risk of
HCC. Accordingly, HCV genotype 3 infection has been reported to convey the highest risk to develop
HCC [67]. However, at present, direct evidence supporting a role for viral steatosis in inducing HCC is
lacking. It has also been shown that patients with HCV-related steatosis and diabetes have an enhanced
risk of HCC [77]. The data underline the necessity to increase surveillance for HCC in patients with
HCV-related steatosis and advanced liver disease.

It seems that HCV-related steatosis may influence the development of HCC by several mechanisms.
Among these, it has been suggested that oxidative stress may have a role through reactive oxygen
species inducing mutagenesis [78] and both insulin resistance and lipid metabolic alterations are
considered hepato-carcinogenic factors in HCV-related steatosis [79].

5. HCV-Associated Steatosis, Diabetes, Metabolic Syndrome, and Atherosclerosis

HCV infection is associated with an increased risk of type 2 diabetes [80]; HCV patients
showed a 12 times higher risk to develop type 2 diabetes [81]. Similarly, diabetes patients had a
5–10 times increased risk of being HCV positive [82]. It has been demonstrated that, in predisposed
individuals, chronic HCV infection accelerates the appearance of type 2 diabetes by at least 10 years [81].
The mechanism involved in HCV-induced diabetes is insulin resistance, which is strictly associated
with both viral infection and steatosis. It has been reported that 75% of HCV patients with diabetes
have steatosis [83] and that HCV-related steatosis is associated with diabetes [53]. Thus, HCV-related
steatosis may influence diabetes by aggravating insulin resistance. Otherwise, it is also possible that
both insulin resistance and type 2 diabetes can increase or aggravate steatosis in chronic HCV infection.

The presence of steatosis, insulin resistance, and diabetes are associated with advanced liver
fibrosis, HCC, and poor outcome of chronic hepatitis C infections [84–86].

The prevalence of metabolic syndrome in chronic hepatitis C patients was about 5% and was
similar to that observed in the general population [37]. However, metabolic syndrome was significantly
higher in patients with HCV-related steatosis as compared with HCV patients without steatosis
(13.3% vs. 1.8%) [50]. The data indicate that in chronic hepatitis C patients the presence of liver steatosis
predicts metabolic syndrome.

There is a consistent body of literature demonstrating that chronic HCV infection is a risk factor for
atherosclerosis, cardiovascular diseases, and related forms of mortality [18]. It has been demonstrated
that HCV may live and replicate within carotid plaque [87]. Moreover, chronic HCV infection
is associated with many pro-atherogenic conditions such as inflammation, hypoadiponectinemia,
hyperhomocysteinemia, increased oxidative stress, insulin resistance, and diabetes [18]. HCV-related
steatosis was associated with the above reported pro-atherogenic conditions [50]. Thus, it was
anticipated that hepatic steatosis might predict the presence of atherosclerosis in chronic hepatitis C
patients. Accordingly, it has been demonstrated that in HCV patients, steatosis is an independent
factor associated with the highest prevalence of atherosclerosis [50]. Steatosis predicted, with a good
specificity (81.7%) and sensitivity (74.2%), both early (intima-media thickness) and advanced (plaques)
lesions of carotid atherososclerosis. It has been suggested that steatosis may modulate atherogenic
factors; such as inflammation and metabolic elements favoring the development of atherosclerosis and
that patients with HCV-associated steatosis should be screened for atherosclerosis [50].
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6. HCV-Associated Steatosis and Response to Antiviral Treatments

HCV-related “metabolic steatosis” has been reported as a negative predictor of response to
interferon-based antiviral therapy in genotypes 1 and 2 infections [6,11–14]. In this setting of treatment,
patients with “viral steatosis” associated with HCV genotype 3 infection were considered easy to treat.

In the last few years, the new oral direct antiviral agents (DAAs) are becoming the standard of HCV
treatment. The impact of steatosis on DAAs treatment has been scantly evaluated. However, there is
an agreement that the HCV genotype 3 showed lower response rate to DAAs and now it has been
considered to be difficult to treat. It has been proposed that steatosis could partly explain the lower
response rate in HCV genotype 3 infections [88]. Thus, specific studies are needed to evaluate the
impact of steatosis and metabolic factors on the response rate of the new DAAs.

7. Conclusions

The data demonstrate that hepatic steatosis is a feature of chronic HCV infections and that
liver fatty accumulation seems to be a finalistic condition favoring the persistence and replication
of HCV. HCV-associated steatosis, in a degree-dependent fashion, producing hepatic inflammation
and oxidative stress, induces a more rapid progression of liver fibrosis and increases the risk of the
development of HCC. HCV-associated steatosis also influences the development of some extrahepatic
manifestations of chronic HCV infection such as diabetes, metabolic syndrome, and atherosclerosis.
In addition, the presence of steatosis impairs the response rate to interferons based anti-HCV treatments
and could have a role in the lower response rate observed in HCV genotype 3 treated with new DAAs.
Thus, steatosis should be regarded as a marker to individuate patients at higher risk of progression of
HCV-associated liver disease, development of extrahepatic diseases, and lower therapeutic response
rate, perhaps even in the era of new DAAs.
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Abstract: The progression of chronic liver disease differs by etiology. The aim of this study was to
elucidate the difference in disease progression between chronic hepatitis C (CHC) and nonalcoholic
fatty liver disease (NAFLD) by means of fibrosis markers, liver function, and hepatic tissue blood
flow (TBF). Xenon computed tomography (Xe-CT) was performed in 139 patients with NAFLD
and 152 patients with CHC (including liver cirrhosis (LC)). The cutoff values for fibrosis markers
were compared between NAFLD and CHC, and correlations between hepatic TBF and liver function
tests were examined at each fibrosis stage. The cutoff values for detection of the advanced fibrosis
stage were lower in NAFLD than in CHC. Although portal venous TBF (PVTBF) correlated with
liver function tests, PVTBF in initial LC caused by nonalcoholic steatohepatitis (NASH-LC) was
significantly lower than that in hepatitis C virus (C-LC) (p = 0.014). Conversely, the liver function tests
in NASH-LC were higher than those in C-LC (p < 0.05). It is important to recognize the difference
between NAFLD and CHC. We concluded that changes in hepatic blood flow occurred during the
earliest stage of hepatic fibrosis in patients with NAFLD; therefore, patients with NAFLD need to be
followed carefully.

Keywords: nonalcoholic steatohepatitis; chronic hepatitis C; liver function; hepatic hemodynamics;
WFA+-M2BP
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH) are
increasingly recognized as common clinicopathological entities that occur in individuals without
significant alcohol use [1]. The former is believed to have a benign clinical course, whereas the
latter represents a form of liver injury that carries a risk for progressive fibrosis, liver cirrhosis
(LC), and hepatocellular carcinoma (HCC) [2,3]. Due to the obesity epidemic and the increasing
prevalence of metabolic syndrome, NAFLD and its progressive form, NASH, are seen more commonly
in different parts of the world [4,5]. NAFLD has become a serious public health issue not only in
Western countries, but also in many Asian countries, including Japan [6–8]. NASH is characterized
by parenchymal injuries, including macrovesicular steatosis, ballooning degeneration, Mallory-Denk
bodies, and inflammation in hepatic lobes [9]. On the other hand, chronic hepatitis C (CHC) is
characterized by portal tract infiltration of dense aggregates of lymphocytes with follicle formation,
and mild macrovesicular steatosis can be seen in lobules, particular in periportal hepatocytes [10,11].
Thus, the manner of fibrosis progression in NASH is different from that in CHC. Although there is
currently no validated test involving serum biomarkers available to diagnose NASH, and histologic
evaluation with a liver biopsy remains the gold standard, and screening for fibrosis is recommended
in patients with suspected NASH. However, liver biopsy has some clinical problems related to
its invasiveness and complications. On the other hand, there are validated tests with serum
biomarkers available to diagnose the stage of hepatic fibrosis (e.g., Wisteria floribunda agglutinin
positive Mac-2-binding protein (WFA+-M2BP), hyaluronic acid (HA), 7S domain of type IV collagen,
tissue inhibitor of metalloproteinase-1 (TIMP-1), type III procollagen N peptide (PIIIP), FIB4-index, etc.).
Recently, WFA+-M2BP has been reported to be a useful marker for staging in patients with NAFLD [12]
and CHC [13,14]. Especially in CHC patients, WFA+-M2BP can be a useful surrogate marker not only
as a fibrotic marker, but also for the risk of HCC development [13,14]. However, there are few reports
about WFA+-M2BP on the basis of the etiology of chronic liver disease (CLD).

Since the liver receives blood flow from both the portal vein and hepatic artery, which account
for 70% and 30%, respectively, this double blood supply mechanism is a specific characteristic of the
liver. The portal vein receives the blood supply from the intestine, which engages in metabolism as a
functional vessel. Xenon-CT has been established as a non-invasive technique to visualize tissue blood
flow (TBF) in the neurosurgical field [15,16]. Xe-CT can also be applied to obtain separate measurements
of hepatic arterial and venous blood flow to detect changes in hepatic blood flow (HBF). We previously
reported that PVTBF and total hepatic TBF (THTBF) decrease with the progression of liver fibrosis in
patients with CHC [17,18] and NAFLD [19,20]. However, few reports have addressed the association
between HBF and liver function; no report has examined the progression of liver function according
to the etiology of CLD. Moreover we previously reported that hepatic TBF in patients with liver
cirrhosis varied according to the etiology of the disease and there is a close correlation between liver
function and hepatic blood flow in patients with alcoholic liver cirrhosis [21,22]. In the present study,
we investigated the difference in the fibrosis markers between patients with initial chronic hepatitis
and those with advanced chronic hepatitis in NASH and CH-C. Furthermore, we attempted to clarify
the relationship between hepatic TBF and liver function. It is extremely important to understand the
characteristics of CLD progression for the management and treatment of CLD. The aim of this study
was to elucidate the difference in disease progression between CHC and NAFLD in CLD by comparing
the cutoff values for fibrosis markers and the associations of liver function and HBF.

2. Results

2.1. The Cutoff Value and Diagnostic Ability of Each Fibrosis Marker in NAFLD Patients

The receiver operating characteristic (ROC) curve and the area under the ROC (AUC) for each
fibrosis marker predict definitive advanced fibrosis. The AUC values of WFA+-M2BP, TIMP-1, HA,
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PIIIP, platelet count (Plt), FIB4-index, aspartate aminotransferase-platelet index (APRI), AST/ALT
ratio, and ICG-R15 were 0.70, 0.50, 0.87, 0.58, 0.74, 0.77, 0.62, 0.75, and 0.74, respectively (Table 1).

Table 1. The cutoff value and diagnostic ability of each fibrosis marker in NAFLD patients.

NAFLD (n = 58)

Fibrosis Markers Cutoff AUROC Sensitivity Specificity

WFA+-M2BP C.O.I 1.06 0.70 75 67
TIMP-1 ng/mL 242.0 0.50 50 68

HA ng/mL 58.9 0.87 80 86
PIIIP ng/mL 11.4 0.58 50 74

Platelet count ×104/μL 17.7 0.74 67 80
FIB-4 Index – 1.95 0.77 67 78

APRI – 3.25 0.62 50 70
AST/ALT ratio – 0.82 0.75 75 78

ICG-R15 % 10.5 0.74 67 64

Stage 0–2 (n = 46) vs. Stage 3–4 (n = 12). AUROC, area under the receiver operating characteristic curve;
NAFLD: nonalcoholic fatty liver disease.

2.2. The Cutoff Value and Diagnostic Ability of Each Fibrosis Marker in CHC Patients

The ROC curve and the area under the ROC (AUC) for each fibrosis marker predict
definitive advanced fibrosis. The AUC values of WFA+-M2BP, TIMP-1, HA, PIIIP, Plt, FIB4-index,
APRI, AST/ALT ratio, and ICG-R15 were 0.89, 0.84, 0.87, 0.71, 0.82, 0.87, 0.82, 0.62, and 0.86,
respectively (Table 2).

Table 2. The cutoff value and diagnostic ability of each fibrosis marker in CHC patients.

CHC (n = 72)

Fibrosis Markers Cutoff AUROC Sensitivity Specificity

WFA+-M2BP C.O.I 3.28 0.89 84 85
TIMP-1 ng/mL 297.6 0.84 88 72

HA ng/mL 116.5 0.87 79 79
PIIIP ng/mL 10.6 0.71 74 64

Platelet count ×104/μL 13.9 0.82 74 75
FIB-4 Index – 3.19 0.87 89 79

APRI – 5.41 0.82 79 79
AST/ALT ratio – 0.76 0.62 63 53

ICG-R15 % 11.5 0.86 84 76

Stage 0–2 (n = 53) vs. Stage 3–4 (n = 19). AUROC, area under the receiver operating characteristic curve;
CHC: chronic hepatitis related to hepatitis C virus.

2.3. Liver Function and Hepatic TBF in Each Stage of NAFLD Patients

Liver function and hepatic TBF in each stage of NAFLD patients are shown in Table 3.
With fibrosis progression, Alb, ChE, TC, PT, Plt, PVTBF, and THTBF decreased significantly
(p < 0.001, r = −0.47; p < 0.001, r = −0.52; p < 0.01, r = −0.26; p < 0.001, r = −0.69; p < 0.001,
r = −0.66; p < 0.001, r = −0.32; p < 0.01, r = −0.22, respectively). On the other hand, with fibrosis
progression, ICG-R15, HA, and WFA+-M2BP increased significantly (p < 0.001, r = 0.58; p < 0.001,
r = 0.78; p < 0.001, r = 0.50, respectively).
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2.4. Liver Function and Hepatic TBF in Each Stage of CHC Patients

Liver function and hepatic TBF in each stage of CHC patients are shown in Table 4. With fibrosis
progression, Alb, Ch-E, TC, PT, Plt, PVTBF, and THTBF decreased significantly (p < 0.001,
r = −0.67; p < 0.001, r = −0.65; p < 0.001, r = −0.64; p < 0.001, r = −0.69; p < 0.001, r = −0.74; p < 0.001,
r = −0.56; p < 0.001, r = −0.48, respectively). On the other hand, with fibrosis progression, ICG-R15,
HA, and WFA+-M2BP increased significantly (p < 0.001, r = 0.39; p < 0.001, r = 0.76; p < 0.001,
r = 0.62, respectively).

2.5. Correlation between Hepatic TBF and Liver Function in NAFLD Patients

Correlations between hepatic TBF, as measured by Xe-CT and liver function in NAFLD patients,
are shown in Table 5. There were significant correlations between PVTBF and Alb, ChE, TC, PT, ICG-R15,
HA, and Plt (p < 0.001, r = 0.53; p < 0.001, r = 0.46; p < 0.001, r = 0.29; p < 0.001, r = 0.40; p < 0.001, r
= −0.25; p < 0.05, r = −0.17; p < 0.01, r = 0.25, respectively). There were also significant correlations
between HATBF and ChE and HA (p < 0.05, r = 0.21; p < 0.05, r = 0.21, respectively). There were
significant correlations between THTBF and ChE, TC, and ICG-R15 (p < 0.001, r = 0.39; p < 0.001,
r = 0.34; p < 0.05, r = 0.21, respectively). There were significant correlations between the P/A ratio and
ChE, TC, and PT (p < 0.001, r = 0.37; p < 0.001, r = 0.42; p < 0.05, r = 0.17, respectively) (Table 5).

Table 5. Correlations of liver function and hepatic tissue blood flow in NAFLD.

TBF
PVTBF HATBF THTBF P/A Ratio

p-Value * r p-Value * r p-Value * r p-Value * r

Alb (g/dL) <0.001 0.53 NS −0.04 NS 0.02 NS 0.14
ChE (IU/L) <0.001 0.46 <0.05 0.21 <0.001 0.39 <0.001 0.37
TC (mg/dL) <0.001 0.29 NS 0.16 <0.001 0.34 <0.001 0.42

PT (%) <0.001 0.40 NS −0.06 NS 0.02 <0.05 0.17
ICG-R15 (%) <0.01 −0.25 NS 0.09 <0.05 0.21 NS −0.01
HA (ng/mL) <0.05 −0.17 <0.05 0.21 NS 0.03 NS 0.06
Plt (×104/μL) <0.01 0.25 NS −0.02 NS 0.07 NS 0.05

* The Pearson product-moment correlation coefficient was used to examine correlations between TBF parameters
and liver function tests. TBF: tissue blood flow; NS: not significant; P/A ratio: portal flow/hepatic arterial
flow ratio.

2.6. Correlation between Hepatic Blood Flow and Liver Function in CHC Patients

Correlations between hepatic blood flow and liver function in CHC patients are shown in Table 6.
There were significant correlations between PVTBF and Alb, ChE, TC, PT, ICG-R15, HA, and Plt
(p < 0.001, r = 0.50; p < 0.001, r = 0.66; p < 0.001, r = 0.66; p < 0.001, r = 0.70; p < 0.001, r = −0.36;
p < 0.001, r = 0.37; p < 0.001, r = 0.37, respectively). There was also a significant correlation between
HATBF and PT (p < 0.05, r = 0.18). There were significant correlations between THTBF and Alb, ChE,
TC, PT, and Plt (p < 0.001, r = 0.42; p < 0.001, r = 0.55; p < 0.001, r = 0.67; p < 0.001, r = 0.37; p < 0.001,
r = 0.35, respectively). There were significant correlations between the P/A ratio and Alb and ChE
(p < 0.01, r = 0.21; p < 0.001, r = 0.34; p < 0.01, r = 0.27, respectively) (Table 6).
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Table 6. Correlations of liver function and hepatic tissue blood flow in CHC.

TBF
PVTBF HATBF THTBF P/A Ratio

p-Value * r p-Value * r p-Value * r p-Value * r

Alb (g/dL) <0.001 0.50 NS −0.05 <0.001 0.42 <0.01 0.21
ChE (IU/L) <0.001 0.66 NS 0.12 <0.001 0.55 <0.001 0.34
TC (mg/dL) <0.001 0.66 NS 0.10 <0.001 0.67 <0.01 0.27

PT (%) <0.001 0.70 <0.05 0.18 <0.001 0.37 NS 0.09
ICG-R15 (%) <0.001 −0.36 NS 0.07 NS 0.10 NS 0.05
HA (ng/mL) <0.001 0.37 NS −0.13 NS −0.10 NS 0.06
Plt (×104/μL) <0.001 0.37 NS 0.07 <0.001 0.35 NS 0.07

* The Pearson product-moment correlation coefficient was used to examine correlations between TBF parameters
and liver function tests; TBF: tissue blood flow; NS: not significant; P/A ratio: portal flow/hepatic arterial
flow ratio.

2.7. Comparison of Each TBF at Initial LC (Child-Pugh A) in NASH-LC and C-LC

PVTBF and THTBF were significantly lower in NASH-LC than in C-LC (p = 0.014, p = 0.048,
respectively). Hepatic arterial TBF (HATBF) did not differ significantly between the groups (Figure 1).

Figure 1. Comparison of each TBF at initial LC (Child-Pugh A) in NASH-LC and C-LC. PVTBF and
THTBF are significantly lower in NASH-LC than in C-LC (p = 0.014, p = 0.048, respectively). HATBF
is not significantly different between the LC groups. NS: not significant; PVTBF: portal venous
tissue blood flow; HATBF: hepatic arterial tissue blood flow; THTBF: total hepatic tissue blood flow;
NASH-LC: liver cirrhosis related to nonalcoholic steatohepatitis; C-LC: liver cirrhosis related to hepatitis
C virus.

2.8. Comparison of Each Liver Function Test at Initial LC (Child-Pugh A) in NASH-LC and C-LC

Alb, Ch-E, TC, and Plt were significantly higher in NASH-LC than in C-LC (p = 0.016, p = 0.016,
p = 0.004, p = 0.021, respectively). PT and ICG-R15 were not significantly different between the
groups (Figure 2).
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Figure 2. Comparison of each liver function test at initial LC (Child-Pugh A) in NASH-LC and C-LC.
Albumin, cholinesterase, total cholesterol, and platelet count are significantly higher in NASH-LC
than in C-LC (p = 0.016, p = 0.016, p = 0.004, p = 0.021, respectively). NS: not significant; NASH-LC:
liver cirrhosis related to nonalcoholic steatohepatitis; C-LC: liver cirrhosis related to hepatitis C virus;
Alb: albumin; ChE: cholinesterase; TC: total cholesterol; PT: prothrombin time; Plt: platelet count;
ICG-R15: retention rate of indocyanine green 15 min after administration.

2.9. Comparison of Typical Cases at Initial LC (Child-Pugh A) in NASH-LC and C-LC

Figure 3 shows cases of the advanced fibrosis stage in NASH and CHC. An 85-year-old
Japanese man (case 1) was pathologically diagnosed with Stage 4 NASH (Brunt’s classification [23]).
His clinical features were also obviously LC-like (e.g., thrombocytopenia, HCC, and esophagogastric
varices). His fibrosis markers were increased, reflecting advanced liver fibrosis. A 75-year-old
Japanese man (case 2) was pathologically diagnosed with stage 3 CHC (Desmet’s classification [24]).
The WFA+-M2BP was significantly lower in NASH-LC than in CHC (Figure 3). In this way,
the cutoff values of fibrosis markers, including WFA+-M2BP, might differ by the etiology of liver
disease. The present results showed that the cutoff values (WFA+-M2BP, TIMP-1, HA, and FIB-4
index) to detect the advanced fibrosis stage were lower in NAFLD than in CHC (Tables 1 and 2).
Furthermore, the diagnostic reliability to detect the advanced fibrosis stage was lower in NAFLD than
in CHC (Tables 1 and 2). The reason for this is that the manner of fibrosis progression differs between
NASH and CHC. With fibrosis progression, PVTBF gradually decreases in both CHC and NASH.
However, PVTBF decreases at an earlier stage in NAFLD than in CHC. This might be attributed to the
different manner of fibrosis between NASH and CHC.
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Figure 3. Cases of advanced fibrosis stage in NASH and CHC. Figure 3 shows cases of the advanced
fibrosis stage in NASH and CHC. An 85-year-old Japanese man (case 1) was pathologically diagnosed
with Stage 4 NASH (Brunt’s classification [23]). His clinical features were also obviously LC-like
(e.g., thrombocytopenia, hepatocellular carcinoma, and esophagogastric varices). His fibrosis markers
were increased to reflect advanced liver fibrosis. A 75-year-old Japanese man (case 2) was pathologically
diagnosed with stage 3 CHC (Desmet’s classification [24]). In case 2, TBF was evaluated in the whole
liver excluding the region of hepatocellular carcinoma. The WFA+-M2BP of the NASH-LC case was
significantly lower than that of the CHC case. TBF was evaluated in both cases. PVTBF and the P/A
ratio are lower in NASH-LC (case 1) than in CHC (case 2).

3. Discussion

A definite diagnosis of NASH requires liver biopsy, though various non-invasive measures are
under development [6]. NASH is characterized by parenchymal injury, including macrovesicular
steatosis, ballooning degeneration, Mallory-Denk bodies, and inflammation in hepatic lobes [9].
Fibrosis begins in zone 3 or the centrilobular area of the hepatic lobule. Periportal and bridging fibrosis
develop with progression of the disease, and once cirrhosis is established, features of steatohepatitis
and perisinusoidal fibrosis may be obscured. It is well known that exercise, itself, is an important
factor to treat NASH and, therefore, the role of exercise should be emphasized. Exercise, in fact,
improves NASH-related fibrosis markers (collagen 1α1 mRNA, p < 0.05 and fibrosis score, p < 0.01)
and the inflammation score; exercise increases the hepatic stellate cell senescence marker CCN1 [25,26].

On the other hand, fibrosis begins in zone 1 or the periportal area of the hepatic lobule in
patients with CHC. CHC is characterized by a portal tract that is infiltrated by dense aggregates
of lymphocytes with follicle formation, and mild macrovesicular steatosis can be seen in lobules,
particularly in periportal hepatocytes [10,11]. Moreover, it has been reported that daily use of
recreational drugs, in particular cannabis, has a deleterious effect on the speed of progression of
fibrosis and steatosis in patients suffering from chronic hepatitis C [27]. There are other differences
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between NAFLD and CHC. Previous reports indicated that at the early stages of CLD the numbers of
liver monocytes/macrophages were elevated without the evidence of local proliferation, supporting a
role for infiltrating monocyte-derived macrophages in disease progression in patients with both
CHC and NAFLD. However, CHC and NAFLD differentially affected the circulating monocyte
phenotype, suggesting that unique injury-induced signals may contribute to the intrahepatic monocyte
recruitment and the systemic activation state. Moreover, it was also shown that monocyte function
was similarly impaired in patients with both CHC and NAFLD, particularly in advanced disease [28].
Thus, the manner of fibrosis progression resulting from inflammation could be different between
NASH and CHC.

The results of present study showed the relationship between liver function and PVTBF
(Tables 5 and 6). PVTBF was well correlated with hepatic synthesis capacity, which included Alb, ChE,
TC, and PT. The reason why liver function tests in NASH was better than that in CHC is suggested
the excess energy intake and lipid hypermetabolism [29]. ICG-R15 is the indicator which reflects liver
function [30] and the presence of portal hypertension. Furthermore ICG-R15 is well correlated to
the hepatic tissue blood flow [31]. Lisotti et al. reported that the ICG-R15 test is an effective tool for
assessment of portal hypertension in patients with compensated cirrhosis [30]. We confirmed that
the hemodynamic changes occurred earlier in NAFLD relative to CHC. For example, 15% of ICG-R15

correspond to the stage 3 in NASH and LC in CHC (Tables 3 and 4). Yamazaki reported that the
average of ICG-R15 was 15.4% in which the presence of esophageal varices cases [32], and their data,
supported our results.

Alteration in hepatic microcirculation in human donor livers with steatosis was first reported
during organ retrieval before mobilization by Seifalian et al. [33] using laser Doppler flowmetry.
A significant decrease in hepatic microcirculation in liver donors with steatosis was observed in
comparison with that in normal liver donors [34]. Experimental studies in animal models with
fatty liver showed that steatosis led to reduce hepatic blood flow and microcirculation, and that
there was an inverse correlation between the degree of steatosis and both total hepatic blood flow
and flow in the microcirculation [30]. The severity of fatty infiltration has a greater effect on the
microcirculation than on total hepatic blood flow [35,36]. In spite of steatosis alone, hepatic blood
flow reduced. Moreover, hepatic blood flow reduced with fibrosis development, in addition to
steatosis [37]. Fat-laden hepatocytes are swollen, and in steatohepatitis, further swelling occurs due
to the ballooning of hepatocytes, causing sinusoidal distortion, as visualized by in vivo microscopy,
reducing intrasinusoidal volume and microcirculation [38].

In addition to steatosis, a mechanism of decreasing portal blood flow other than steatosis
has been reported in NAFLD. In livers with perfusion from cafeteria diet-fed rats, there was
increased portal pressure and decreased endothelium-dependent vasodilation. This was associated
with decreased Akt-dependent endothelial nitric-oxide synthase (eNOS) phosphorylation and NOS
activity. They demonstrated in a rat model of the metabolic syndrome that hepatic endothelial
dysfunction occurs before the development of fibrosis and inflammation [39]. Ying-Ying Yang et al.
reported that hyperleptinemia increases hepatic endocannabinoid production, promotes hepatic
fibrogenesis, enhances the hepatic vasoconstrictive response to endothelin-1, and aggravates hepatic
microcirculatory dysfunction. These events subsequently increase intrahepatic resistance and portal
hypertension in NASH cirrhotic rats [40].

The present data show that the liver function was better in initial NASH-LC than in C-LC.
However, because PVTBF was lower in NASH than in C-LC, portal hypertension might occur
at an earlier stage in NASH than in CHC. In fact, portal hypertension occurs without LC in
NASH [41–43]. Mendes et al. investigated the prevalence of portal hypertension in NAFLD patients,
and found that clinical signs of portal hypertension, including esophageal varices, splenomegaly,
portosystemic encephalopathy, and ascites, were present in 25% of patients at the time of diagnosis.
Furthermore, portal hypertension can occur in a small proportion of patients with mild or no fibrosis
and is associated with the extent of steatosis [44]. Brunt et al. reported that hepatic fibrosis in
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NAFLD patients was found in the pericellular space around the central vein and in the presinusoidal
region in zone 3 in the early stage [23]. The pericellular fibrosis in the early stage of NAFLD patients
may lead to an elevated portal vascular resistance and result in a change of hepatic blood flow [45].
Therefore, we considered that the hemodynamic changes occurred earlier in NAFLD relative to CHC.

In this study, there are two limitations, such as sampling error during liver biopsy and by
permeation of Xe gas. Xe-CT cannot monitor the exact result in the patients with chronic lung
disease (e.g., chronic obstructive pulmonary disease, lung cancer) and heart failure, because Xe gas
is taken up by the lung via the respiratory tract. On the contrary, we believe that there are also
many strong points of Xe-CT which objectively and repeatedly measure hepatic blood flow with
reproducibility. Moreover, we have safely performed a Xe-CT for patients with acute or chronic renal
failure because there are no complications associated with the contrast agent, such as allergic reactions
and radiocontrast nephropathy.

Thus, in the present study, the difference between NAFLD and CHC was investigated based
on TBF, fibrosis markers, and liver function. In conclusion, compared to C-LC, PVTBF decreased
significantly in the Child-Pugh A stage of NASH-LC, indicating that portal hemodynamic changes
could occur earlier in NASH-LC without impaired liver function. Therefore, patients with NASH
should be monitored carefully for portal hypertensive complications in the early fibrosis stage.

4. Materials and Methods

4.1. Patients

Between October 2001 and March 2016, 730 patients underwent Xe-CT at the St. Marianna
University School of Medicine Hospital. Of the 730 patients, 291 with NAFLD and CHC were enrolled
in this study. Liver biopsy was performed for 118 of the 139 NAFLD patients and 106 of the 152 CHC
patients. During hospitalization for three days, Xe-CT was performed before or after each liver biopsy.
The NAFLD patients included 80 men and 59 women, with a mean age of 53.2 ± 11.2 years and a
mean body mass index (BMI) of 28.5 ± 4.9 kg/m2. The CHC patients included 75 men and 77 women,
with a mean age of 59.9 ± 11.2 years and a mean BMI of 23.2 ± 3.7 kg/m2 (Table 7).

Table 7. Characteristics of patients.

Group NAFLD CHC

Number of cases 139 152
Sex (Male/Female) 80/59 75/77

Age (years) 53.2 ± 11.2 59.9 ± 11.2 *
BMI (kg/m2) 28.5 ± 4.9 23.2 ± 3.7 *

Staging for fibrosis

NAFL/NASH Stage 1/2/3/4 +
Child A/Child B,C

Stage 0,1/2/3/4 +
Child A/Child B,C

(Brunt’s classification)
15/47/30/15/25/7

(Desmet’s classification)
45/29/21/30/27

Number of cases ** 58 72
Mild fibrosis group (Stage 0–2) 46 53

Advanced fibrosis group (Stage 3–4) 12 19

* p < 0.05 (unpaired t-test); ** In this study, 58 samples of NAFLD and 72 samples of CH-C were enrolled.
The blood sample was taken on the day of the liver biopsy.

The diagnosis of NAFLD was based on: (1) substantial alcohol consumption (>20 g/day
for women or >30 g/day for men); (2) pathological findings showing characteristics of NAFLD
(large-droplet fat deposits, hepatocyte ballooning, inflammatory cell infiltration, and fibrosis around
the central vein); and (3) the exclusion of other liver diseases, such as viral hepatitis, autoimmune liver
disease, and drug-induced liver injury. The diagnosis of CHC was based on anti-HCV antibodies and
HCV-RNA. Patients were excluded for the presence of other causes of liver disease, acute illness,
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acute or chronic inflammatory or infective diseases, an end-stage malignant disease, or other
confounding conditions. Liver biopsy was performed through the right intercostal space under
ultrasonography-guided liver biopsy using a 16-gauge needle biopsy kit (Quick-Core® biopsy needle
set; Cook Medical, Bloomington, IN, USA). The aims of liver biopsy were to assess fibrosis and
steatosis and to exclude other liver disease. Histological diagnosis was confirmed by two experienced
pathologists who were blinded to the clinical data. There were 15 patients with nonalcoholic fatty
liver (NAFL) who had no fibrosis and inflammatory cell infiltration. The patients with NASH were
evaluated on the basis of Brunt’s classification [21,46,47], while those with CHC were evaluated on
the basis of Desmet’s classification [22]. Staging fibrosis in NASH based on Brunt’s classification:
Stage 1: zone 3 perivenular perisinusoidal/pericellular fibrosis, focal or extensive; Stage 2: as above
with focal or extensive periportal fibrosis; Stage 3: bridging fibrosis, focal or extensive; and Stage 4:
cirrhosis. Staging fibrosis in CHC based on Desmet’s classification: Stage 0: lack of fibrosis; Stage 1:
fibrosis confined to portal tract; Stage 2: bridging fibrosis; Stage 3: bridging fibrosis with structural
distortion; and Stage 4: cirrhosis. Clinical liver cirrhosis was defined by the presence of a portosystemic
shunt or ascites.

4.2. Xe-CT Theory and Imaging Protocol

As described in previous publications, 25% stable Xe gas was used in conjunction with an AZ-726
Xe gas inhalation system (Anzai Medical, Tokyo, Japan) [48,49]. The wash-in and wash-out periods
were both 4 min. The entire liver was CT-scanned at 1-min intervals at four levels, including the
porta hepatis (nine scans in total, including the baseline scan). Using an AZ-7000W image processing
system (Anzai Medical), PVTBF and HATBF were calculated, and PVTBF and HATBF maps were
created. THTBF was calculated as the sum of PVTBF and HATBF, and THTBF maps were also created.
The time course change rate for the arterial Xe concentration, which was needed to calculate PVTBF and
HATBF, was derived using the time course of the Xe concentration in splenic tissue. An Aquilion CT
scanner (Toshiba Medical Systems, Tokyo, Japan) was used, with exposure factors of 120 kV, 150 mA,
and 13.8 mGy. All examinations were performed with the patients in the fasting state. Informed
consent was obtained from each patient. All study protocols were reviewed and approved by the
ethics committee at our institution (approval No. 480, 18 September 2001), and conformed to the ethics
guidelines of the 1975 Declaration of Helsinki (Allen, 1991).

4.3. Liver Function Tests and Fibrosis Markers

Liver function tests were measured on admission. Liver function tests included the following
parameters: albumin (Alb) (g/dL), cholinesterase (ChE) (IU/L), total cholesterol (TC) (mg/dL),
prothrombin time (PT) (%), Plt (×104 μL−1), hyaluronic acid (HA) (ng/mL), Wisteria floribunda
agglutinin positive Mac-2-binding protein (WFA+-M2BP) (C.O.I.), and the retention rate of indocyanine
green 15 min after administration (ICG-R15) (%). ICG (Diagnogreen®, Daiichisankyo Pharmaceutical
Co., Tokyo, Japan; 0.5 mg/kg body weight) was administered via a peripheral vein, and venous blood
was sampled before and 15 min after injection. Specimens were analyzed for ICG concentrations on a
spectrophotometer (HITACHI, Tokyo, Japan) at 805 nm.

4.4. Measurements of TIMP-1, HA, PIIIP, and WFA+-M2BP

For all patients in the cohort, the blood sample was taken on the day of the liver biopsy at the
St. Marianna University School of Medicine Hospital. All samples were processed to separate serum
and stored at −80 ◦C. At the time of blood withdrawal, all patients underwent liver biopsy. In this
study, 58 samples of NAFLD and 72 samples of CHC were enrolled (Table 7). TIMP-1, HA, and PIIIP
were measured using a fully automatic immunoanalyzer (Sysmex Co., Hyogo, Japan). WFA+-M2BP
quantification was measured based on a lectin-Ab sandwich immunoassay using a fully automatic
immunoanalyzer, HISCL-2000i (Sysmex Co., Hyogo, Japan) [50].
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4.5. Statistical Analysis

Each parameter is expressed as the mean ± standard deviation (SD). Spearman’s rank correlation
coefficient was used to examine correlations of TBF with progression of fibrosis. The Pearson
product-moment correlation coefficient was used to examine correlations between TBF parameters
and liver function tests. To assess the utility of each fibrosis marker to distinguish the advanced
fibrosis stage, the sensitivity and specificity were calculated for each value, and then ROC curves were
constructed by plotting the sensitivity against the reverse specificity (1-the specificity) for each value.
We used Student’s t-test, which was two-tailed and performed by the statistical software GraphPad
Prism (GraphPad Software, San Diego, CA, USA). p-Values of <0.05 were considered significant.

5. Conclusions

It is important to recognize the difference between NAFLD and CHC. We concluded that changes
in hepatic blood flow occurred during the earliest stage of hepatic fibrosis in patients with NAFLD
and, therefore, patients with NAFLD need to be followed carefully.
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CT computed tomography
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HATBF hepatic arterial tissue blood flow
HBF hepatic blood flow
HCV hepatitis C virus
ICG-R15 retention rate of indocyanine green 15 min after administration
LC liver cirrhosis
MRI magnetic resonance imaging
NAFLD nonalcoholic fatty liver disease
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P/A portal flow / hepatic arterial flow ratio
PVTBF portal venous tissue blood flow
PIIIP type III procollagen N peptide
ROI region of interest
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TBF tissue blood flow
THTBF total hepatic tissue blood flow
TIMP-1 tissue inhibitor of metalloproteinase-1
US ultrasonography
WFA+-M2BP Wisteria floribunda agglutinin positive Mac-2-binding protein
Xe-CT Xenon computed tomography
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Abstract: Nutrients play a fundamental role as regulators of the activity of enzymes involved in liver
metabolism. In the general population, the action of nutrients may be affected by gene polymorphisms.
Therefore, individualization of a diet for individuals with fatty liver seems to be a fundamental step in
nutritional strategies. In this study, we tested the nutrient-induced insulin output ratio (NIOR), which
is used to identify the correlation between the variants of genes and insulin resistance. We enrolled
171 patients, Caucasian men (n = 104) and women (n = 67), diagnosed with non-alcoholic fatty
liver disease (NAFLD). From the pool of genes sensitive to nutrient content, we selected genes
characterized by a strong response to the NIOR. The polymorphisms included Adrenergic receptor
(b3AR), Tumor necrosis factor (TNFα), Apolipoprotein C (Apo C III). Uncoupling Protein type I
(UCP-1), Peroxisome proliferator activated receptor γ2 (PPAR-2) and Apolipoprotein E (APOEs).
We performed three dietary interventions: a diet consistent with the results of genotyping (NIOR (+));
typical dietary recommendations for NAFLD (Cust (+)), and a diet opposite to the genotyping results
(NIOR (´) and Cust (´)). We administered the diet for six months. The most beneficial changes
were observed among fat-sensitive patients who were treated with the NIOR (+) diet. These changes
included improvements in body mass and insulin sensitivity and normalization of blood lipids.
In people sensitive to fat, the NIOR seems to be a useful tool for determining specific strategies for
the treatment of NAFLD.

Keywords: NAFLD; NAFLD diet; insulin sensitivity; NIOR; reduction of body mass; fat reduction;
liver fat
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the most frequently diagnosed liver diseases
in the industrialized world—approximately 20%–30% of nations’ populations are affected by it [1,
2]. With the increase in obesity, NAFLD has become a major risk factor for cirrhosis (and other
diseases, e.g., cardiovascular diseases) [3]. Multiple trials have demonstrated that weight loss reduces
histological steatosis (intrahepatic fat content) and the amount of serum enzymes [4].

One of the key causes of NAFLD is an improper diet based on caloric oversupply, the excessive
intake of fats, and, at the same time, the low intake of grains, fruits, vegetables, proteins and ω-3 fatty
acids [2]. This pattern of nutrition leads to the development of hyperinsulinemia, insulin resistance
and obesity [2,5–7]. Therefore, on the one hand, nutrition is a major cause of NAFLD, but on the other,
it presents an effective form of treatment [5,8,9].

In NAFLD, nutrition can be characterized by an appropriate choice of active nutrients that
can play a regulatory role in metabolism. Nutrients regulate the activity of enzymes involved in
metabolic processes, acting at the level of the proteome and metabolome and functioning as sensors
that influence metabolic pathways [10–12]. Importantly, the same nutrient may have different
influences on given people due to genetic polymorphisms found in the population [12]. The interactions
between nutrients, genetic factors (polymorphism/mutations) and health are the subject matter of
nutrigenomics [12]. This field of science aims to establish personalized nutrition strategies for the
prevention and treatment of lifestyle diseases [12,13]. It can be assumed that if the action of nutrients is
affected by polymorphisms, it is advisable to search for methods of individualizing a patient’s nutrition.
Therefore, in this study, we focused on testing a tool that could be used for the individualization
of nutrition in patients with NAFLD. The specific tool used in this study was the nutrient-induced
insulin output ratio (NIOR), which was selected to determine the genotype-phenotype interaction [14].
The NIOR has already been used to identify a correlation between the variants of genes (associated with
the metabolism of carbohydrates and fat) and the output of insulin and the development of
diet-induced insulin resistance. Using the NIOR, we identified the carriers of the alleles of gene
variants characterized by a reduced tolerance to fat or carbohydrates in the diet. The pool of genes
associated with NIOR includes glucose-sensitive genes, such as genes for Adrenergic receptors (b3AR),
Tumor necrosis factor (TNF-α) and Apolipoprotein C (APOC3) [14]. The variants of these genes are
described in the literature as being responsible for an increased risk of developing insulin resistance
(gene b3AR, rs 4994) [15], the induction and development of insulin resistance and metabolic syndrome
(gene TNF-α, rs 1800629) [16] and severe forms of hyperlipidemia (gene APOC3, rs 5128) [17].

Fat-sensitive genes associated with NIOR include the genes of Uncoupling Protein type I
(UCP-1, rs 1800592), Peroxisome proliferator-activated receptor γ 2 (PPAR-γ2, rs 18012820) and
Apolipoprotein E (ApoE). Selected variants of these genes are responsible for the regulation of
body weight and the concentration of plasma high density lipoprotein (Type 1 uncoupling protein
(UCP1)) [18], an increased risk of metabolic syndrome by the regulation of energy homeostasis
and glucose (Peroxisome proliferator activated receptor γ2 PPAR-γ2 gene) [19], the furthering of
insulin-resistance, the development of hyperlipidemia and hypertriglyceridemia and the progression
of coronary heart disease (APOE rs 405509, rs 7412 rs 429358) [17].

The aim of this study was to determine whether the NIOR can be useful in planning the
individualized nutrition of patients with NAFLD and whether its use contributes to a more effective
inhibition of NAFLD progression, defined as a reduced degree of hepatic steatosis and improved
biochemical and anthropometric parameters.
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2. Results

2.1. The Analysis of the Data Using Model 1

2.1.1. Changes in Anthropometric Parameters after Six Months Depending on the Type of Diet

The most beneficial changes in body composition were observed among patients treated with
the NIOR (+) diet (Table 1). The body mass reduction, the reduction in waist circumference, and the
reduction in fat mass were significant.

Weight reductions were also recorded in the Cust (+) group, but in comparison to NIOR (+),
the reduction in fat content was less significant (´3.40 ˘ 6.27, p < 0.002 vs. ´0.66 ˘ 3.67, p < 0.02)
(Table 1). In Cust (+) patients, negative changes associated with the loss of lean body mass and arm
circumference were also recorded (Table 1).

Slight changes in body mass, waist circumference, and hip circumference were observed in the
group contrary to NIOR (´) and Cust (´) (called CONTRA in Table 1).

The analysis of changes between these groups provided interesting results. The most significant
changes were observed when NIOR (+) and NIOR (´) and Cust (´) were compared (CONTRA NIOR
(´) and Cust (´)). Between these groups, there were significant differences in the reduction of body
mass (´6.79 ˘ 4.79 kg, NIOR (+) vs. ´2.56 ˘ 2.88 kg NIOR (´), p < 0.026), BMI (´2.41 ˘ 1.73 kg/m2

NIOR (+) vs. ´0.83 ˘ 1.04 kg/m2 NIOR (´), p < 0.015), fat mass (´5.39 ˘ 6.19, p < 0.006 NIOR (+) vs.
´0.136 ˘ 2.97 NIOR (´), p < 0.007) and fat content (´2.45 ˘ 7.01 NIOR (+) vs. ´0.88 ˘ 3.00 NIOR (´),
p < 0.005) (Table 1).

Between the groups Cust (+) and NIOR (+), we observed a significant difference in the reduction
of fat mass (´3.40 ˘ 6.27 kg Cust (+) vs. ´5.39 ˘ 6.19 kg NIOR (+), p < 0.04) (Table 1).

Between the groups Cust (+) and Cust (´), we found a difference in arm circumference change
(´1.45 ˘ 1.60 cm Cust (+) vs. 1.05 ˘ 3.01 cm Cust (´), p < 0.04) (Table 1).

2.1.2. Changes in Biochemical Parameters after Six Months in Model 1

One of the most important objectives to achieve during nutritional therapy in patients
with NAFLD is a reduction in insulin resistance [20]. This effect was measured by determining.
The homeostatc model assessment HOMA IR and HOMA B (used to estimate the improved β-cell
“function”) [21]. HOMA IR under normal physiological conditions is 1.0; higher values indicate
peripheral insulin resistance or resistance of hepatic origin [22,23]. Patients in all groups were
characterized by insulin resistance at the beginning (Table 1). The highest average HOMA IR value
was observed for the NIOR (´) and Cust (´) groups. The reduction in HOMA IR in both of these
groups reached ´2.64 ˘ 4.57, p < 0.05. The initial HOMA IR in NIOR (+) patients was 3.76 ˘ 1.94.
The recorded reduction in HOMA IR after six months was ´1.34 ˘ 1.86, p < 0.05 (Table 1).

Additionally, the normalization of blood lipids (total cholesterol, triglyceride (TG), low density
lipoprotein (LDL), high density lipoprotein (HDL) is an important element of nutritional therapy.
Positive trends toward blood lipid normalization were observed in all types of diets (Table 1).

2.1.3. A Significant Reduction in the Degree of Fatty Liver Disease Was Observed in Patients with a
Diet Selected According to NIOR

In the NIOR (+) group, the average reduction in the degree of fatty liver disease was ´1.31 ˘ 1.01,
p < 0.002. The difference in the reduction of fatty liver disease was significant between the NIOR (+)
and NIOR (´) groups, p < 0.04—Mann-Whitney U test (Table 1).
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2.2. The Data Analysis in Model 2

Individuals from Different Groups Who Had a Similar Range of Reduction in Body Weight
Obtained Different Reductions in Hepatic Steatosis and Other Parameters

Only individuals in the NIOR (+) group showed improvement in the degree of hepatic steatosis
(Figure 1, Table S1).

Figure 1. Changes in biochemical blood parameters in Model 1 and 2Note: All data represent the mean
(standard deviation).

The analysis of the differences between the groups showed that the reduction in hepatic steatosis
in the NIOR (+) group significantly differed from that observed in the NIOR (´) group (Mann-Whitney
U test, p < 0.04). A similar significant difference between groups was observed for hyaluronic acid,
with levels differing significantly between the Cust (+) and NIOR (+) groups (´26.45 ˘ 17.72 NIOR (+)
vs. ´1.94 ˘ 5.4 Cust (´) and NIOR (´), Mann-Whitney U test, p < 0.005).

3. Discussion

Obesity and insulin resistance present a considerable challenge in the nutrition plans of patients
with NAFLD [24,25]. Current dietary guidelines are based on epidemiological data showing a link
between diets enriched in saturated fatty acids and in fructose and the development of insulin
resistance [26]. However, the response to diet differs depending on individual variations in genetic
and metabolic phenotypes. Therefore, it is important to personalize patients’ diets, taking into account
their genetic predispositions [13,14].

One potentially interesting tool is the nutrient-induced insulin output ratio (NIOR). The NIOR
makes it possible to categorize patients (gene variant carriers) into two groups: phenotypically
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sensitive to glucose or fat in the diet. The polymorphisms of genes associated with the NIOR have
previously been associated with the severity of metabolic syndrome and susceptibility to the effects
of nutrients [14–19]. In our work, we examined polymorphisms (linked with NIOR) according to
their impact on the output of insulin after a meal [14]. The usefulness of NIOR as a potential tool
to individualize diets was examined through the introduction of quantitative changes in nutrients
(fat or simple carbohydrates), consistent with the results of genetic tests. To exclude the impact of
polymorphisms themselves, some people were randomly assigned to a group in which the key nutrient
contents were chosen in quantities contrary to the indications of genetic research.

The second important objective of this study was to create a nutritional plan that would be
accepted by the respondents for an extended period of time. We succeeded in obtaining the results
of a half-year-long diet, resulting in an acceptable reduction in the content of the tested nutrients in
the diet.

We showed that a selection of nutrients consistent with the indications of the NIOR contributed
to an effective reduction in hepatic steatosis in both Model 1 and Model 2. This is a very important
result, as fat droplets accumulating in hepatocytes are considered the main hepatotoxic factor, inducing
hepatic steatosis and fibrosis [27–29]. The reduction of lipid content in the liver, therefore, means
a reduction in the intensity of fibrosis [27], which is marked by hyaluronic acid content in the
blood [28,29]. Such a reduction in hyaluronic acid was recorded in all groups, but the largest decline
in hyaluronic acid content was found in the NIOR (+) group, regardless of the research model (Table 1
and Figure 1).

Additionally, individual selections of nutrients based on the NIOR were intended to contribute to
the reduction of fat mass (Table 1). The results seem to confirm the usefulness of NIOR for the efficient
reduction in body fat mass and fat content when comparing the NIOR (+) and NIOR (´) groups.
It seems that the reduction of fat mass and fat tissue was most effective in the group in which the
amount of dietary fat or dietary sugar was adjusted to gene polymorphisms. Of note is that there was
no significant effect of NIOR on the reduction of insulin resistance between groups. The HOMA IR ratio
was effectively reduced in all groups, regardless of the type of diet (Table 1). Fats are components that
play a crucial role in the progression of NAFLD [27,30–34]. The positive changes in the liver were the
result of a decrease in the fat content of the diet, especially among fat-sensitive polymorphism carriers
(Table 1 and Figure 1). Our study confirms the results of other authors, e.g., Marina et al. [31], who
found that fat (in different contents in the diet—20% vs. 55% the total daily energy expenditure (TDEE)
caused minor effects in the content of intra-abdominal fat and intrahepatic lipids. In another study
(a short-term intervention), a three-week isocaloric low-fat diet (20% TDEE ) decreased intrahepatic
lipids by 13%, whereas a high fat diet (55% TDEE) increased the amount of lipids in the liver by up to
17% [30]. Unfortunately, both studies were limited to a short period of observation [30,31].

Though our study was longer, it suffered from a significant limitation, which was the exclusion of
variants sensitive to simple sugars (after six months, only one person remained—Figure 2). This was
a substantial loss because simple sugars, especially fructose (a common nutrient in western diets),
is reported to be associated with an increased risk of NAFLD [35–37]. Although the consumption of
fructose is high and continues to be on the rise [38], there are still no conclusive results that indicate
a connection between the high intake of fructose and NAFLD [35,37]. The available evidence is not
sufficiently robust to draw conclusions regarding the effects of fructose, high fructose corn syrup
(HFCS) or sucrose consumption on NAFLD [37].

It seems that the lack of clear associations between the consumption of simple sugars and hepatic
steatosis can result from yet another important variable, i.e., gender. Research from 2014 shows that
the severity of hepatic steatosis may be significantly influenced by feeding patterns associated with
gender [27]. Unfortunately, our study cannot be included in the discussion in this area. Slightly more
severe hepatic steatosis was shown in our analysis of diets before the initiation of the prescribed diet.
The analysis of the FFQ results indicates a lack of a relationship between the consumption of products
containing large amounts of sugars and the degree of hepatic steatosis among our respondents,

497



Int. J. Mol. Sci. 2016, 17, 1192

regardless of gender (unpublished results). Understanding the specific interaction between nutrients
and dietary needs and maintaining this balance is extremely important in providing treatment for
NAFLD [39,40].

4. Materials and Methods

4.1. Patients

A group of 171 eligible participants, Caucasian men (n = 104) and women (n = 67) diagnosed
with NAFLD, were prospectively enrolled in the study (Figure 2). Of the 171 total recruited patients,
only 166 confirmed patients with NAFLD met the inclusion criteria. We conducted the measurements
at the beginning of the study and at check points conducted at the first visit, after the first month,
the second month and after six months—the final check point (Figure 2).

 

Before Assessed for eligibility  (n = 171)

SNP analysis 
(n = 166)

Excluded (n = 5)
Combination of two or more polymorphisms 
indicating the simultaneous sensitivity to fat 

and carbohydrates

Diet opposite to genotyping results
CONTRARY NIOR (NIOR(-))  (n = 60) including:
42 individuals who got diet opposite to fat sensitivity 

(increased total fat content)
18 individuals who got diet opposite to carbohydrates 

sensitivity (increased carbohydrate content)

Diet opposite to customary diet
CONTRARY Cust (Cust (-)) (n = 14) including:

13 individuals who got low fat diet 
1 person  who got low carbohydrate diet 

After 4th visit, after 6 months of diet 

Two models of statistical analysis 

Statistical Model 1
CONTRA NIOR (NIOR (-)) (n = 34)

24 individuals who got diet opposite to fat sensitivity 
(increased total fat content)

10 individuals who got diet opposite to carbohydrates 
sensitivity (increased carbohydrate content)

CONTRA Cust (Cust(-)) (n = 4)
4 individuals who got diet opposite to fat sensitivity

0 individuals who got diet opposite to carbohydrates sensitivity 
Statistical Model 2 

(n = 12)

Statistical Model 1
NIOR (+) (n = 19)

fat sensitive variants (n = 18)
carbohydrate sensitive variant  (n = 1)

Statistical Model 2
(n = 15)

Statistical Model 1
Cust (+)  (n = 12)

Statistical Model 2 n=14

Diet consistent with NIOR NIOR (+)  
(n=64)

fat sensitive variants  (n=56)
carbohydrate sensitive variants  (n=8)

Customary diet

Cust (+)  (n = 28)

Allocation

Figure 2. Flowchart for the selection of individuals from the nutrient-induced insulin output ratio
(NIOR) cohort. Participants entering subsequent phases of the study as well as dropouts out are
indicated in the total. NIOR (+) represents individuals consuming a diet consistent with the results of
genotyping; Cust (+), individuals consuming a diet comprising the typical dietary recommendations
for non-alcoholic fatty liver disease (NAFLD); NIOR (´) and Cust (´), individuals consuming a diet
contrary to the genotyping results.

The exclusion criteria included the following: diabetes mellitus (DMII); infection with either
HBV (Hepatitis B Virus) or HCV (Hepatitis C Virus); obesity (body mass index (BMI) >30 kg/m2);
high levels of physical activity (>3000 kcal/week in leisure-time physical activity); changes in physical
activity during the dietary intervention; use of statins; any condition that could limit the mobility
of the participant; not being able to attend control visits; vegetarianism or a need for other special
diets; the excessive consumption of alcohol (ě20 g in women and ě30 g in men, per day); and other
drug addiction.
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Physical activity was assessed during the first visit and in subsequent appointments using the
International Physical Activity Questionnaire (IPAQ) [41]. In this study we recommended moderate
activity and we advised our patients not to change physical activity during the time of intervention.
The degree of fatty liver disease was assessed by a trained physician according to the Hamaguchi
score [42], using a high-resolution B-mode abdominal ultrasound scanner (Acuson X300, Simens,
San Jose, CA, USA).

The study protocol was approved by the ethics committee of the Pomeranian Medical University
(Szczecin, Poland, 25 01 2010 KB-0012/09/10) and conformed to the ethical guidelines of the 1975
Declaration of Helsinki. The volunteers provided written informed consent before the study.

4.2. The Anthropometric Data

Anthropometric assessments were performed routinely during each of the four visits. The study
included measurements of height (m), body weight (kg), skinfold thickness (mm), arm circumference
(cm), waist circumference (cm) and hip circumference (cm). The measurements of body weight and
height were obtained by means of medical scales with a stadiometer. Body mass index was calculated
according to these measurements (BMI = body weight (kg)/square of height (m)) [24,43]. Using a
medical tape measure, waist circumference was measured (midway between the bottom edge of
the ribs and the iliac crest) as was hip circumference. Based on these measurements, WHR was
calculated (WHR = waist circumference (cm)/hip circumference (cm)) [24]. A caliper was used to
measure skinfold thicknesses: biceps, triceps, subscapular and abdominal skinfolds. In addition,
in each subject, body composition was measured with a multifrequency bioimpedance meter,
BIA-101 (Akern, Bioresearch SRL, PONASSIEVE, Florence, Italy).

4.3. Methods and Experimental Design

A randomized parallel controlled clinical trial with three dietary interventions was performed:

1. A diet consistent with the results of genotyping, called NIOR (+);
2. A diet with typical dietary recommendations for NAFLD, called Cust (+) [8];
3. A diet opposite to genotyping results, called (NIOR (´) and Cust (´) (CONTRA NIOR and Cust)

(Figure 3).

 

Figure 3. Baseline treatment characteristics. NIOR (+) represents individuals consuming a diet
consistent with the results of genotyping; Cust (+), individuals consuming a diet comprising the typical
dietary recommendations for NAFLD; NIOR (´) and Cust (´), individuals consuming a diet contrary
to the genotyping results.
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4.4. Allocation to Groups

The patients were randomly assigned to the NIOR (+) group. They represented:

(a) a single polymorphism indicative of sensitivity to carbohydrates or fats
(b) more than one polymorphism indicative of sensitivity to carbohydrates or to fats

(e.g., two polymorphisms indicative of sensitivity to fat)

Only eight patients from the NIOR (+) group had polymorphisms indicative of sensitivity
to carbohydrates. Unfortunately, these people dropped out of the study at various stages of the
study. Only one carrier of sensitivity to carbohydrates completed the study (19 patients remained in
the group).

Persons with a combination of two or more polymorphisms indicating simultaneous sensitivity
to fat and carbohydrates were excluded from the study.

4.5. Dietary Intervention

4.5.1. General Recommendation

The diet was calculated individually according to the patient’s caloric needs. Individuals with a
BMI indicating that they were overweight or obese received a reduced caloric diet of 500 kcal/day.
People with a BMI within the normal range were given a normocaloric diet that allowed them to
maintain their current body weight.

The total daily energy expenditure (TDEE) was calculated using the direct measurement of resting
metabolic rate (RMR). RMR was measured during the first visit and in subsequent follow-up visits
with a Fitmate apparatus (Pro, COSMED). The activity factor (AF) was determined in accordance with
the generally accepted norm (TDEE = AF ˆ RMR). The caloric content of the diet was adjusted during
visits to the changing values of the patient’s TDEE.

All patients received weekly menus and guidelines on the timing of meals throughout the day,
their composition and the size of the portions. Menus were prepared in the form of a daily plan for the
seven days of the week and included guidance on the timing during the day of the five meal times.

The recommended sources of fat included vegetable fats, with a predominance of rapeseed oil
and olive oil. It was permissible to use butter and margarine. Animal fats such as lard were excluded.

The recommended sources of carbohydrates included products with a low and medium glycemic
index (GI). These included whole wheat bread, whole wheat pasta, cereal and brown rice. Sweets were
excluded from the diet.

The recommended protein sources comprised poultry, fish (oily fish three times a week),
fermented dairy products (two times a day), eggs (four to five times a week), lean cottage cheese,
and cheese with a reduced fat content. Pork fat and offal products were excluded from the diet.
The amount of fruit and vegetables recommended in the diets included three portions of vegetables and
two portions of fruit. The amount of fluid intake was calculated to be 35 mL/kg of actual body weight.

4.5.2. Recommendations Based on the Nutrient-Induced Insulin Output Ratio (NIOR)

(a) NIOR (+) patients received dietary recommendations with a reduced fat content (20% TDEE when
NIOR polymorphisms showed sensitivity to fat) or reduced carbohydrate content (55% of TDEE,
including <5% of sugars, when the polymorphisms showed sensitivity to simple carbohydrates).

(b) Cust (+) patients received dietary advice with the following nutrient content: fat content at 30%
of TDEE and carbohydrates at 55% of TDEE (including 10% of simple carbohydrates).

(c) NIOR (´) patients, when they had “fat-sensitive” gene variants, received dietary
recommendations that increased total fat content up to 30% of TDEE.

When participants had sugar-sensitive variants of genes, they received an increased amount of
carbohydrates (10% simple carbohydrates).
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Cust (´) patients were randomly assigned to groups with a reduced fat content or lower
carbohydrate content.

4.5.3. Dietary Control

Nutrition patterns were analyzed with a Food Frequency Questionnaire (FFQ) and a 72 h food
diary (including two working days and one day free of work) during the first visit. At all check
points, the patients brought their completed 72 h food diary. The amounts consumed were recorded in
household units, by volume or by measuring with a ruler. The dietary records were validated by a
nutritionist according to a corresponding food table and nutrient database (Table 2).

4.6. Laboratory Analyses

After overnight fasting, venous blood was collected into tubes containing anticoagulant
Ethylenediaminetetraacetic acid (EDTA).

Blood samples were centrifuged at 3500 rpm for 10 min at 4 ˝C within 2 h of collection.
Standard blood biochemical analyses were carried out at the University Hospital Laboratory
(Szczecin, Poland). Hyaluronic acid was determined with an ELISA kit (Wuhan EIAab Science,
A1710 Guangguguoji, Wuhan, China).

4.7. Genotyping

From the pool of genes sensitive to nutrient content, we selected genes that were characterized
by a strong response to the oral glucose tolerance test after 75 g of glucose or after a high-fat meal.
These included the b3-adrenergic receptor (b3AR), tumor necrosis factor (TNF-α) and apolipoprotein
C III (apo CIII) [14].

From the pool of carbohydrate-sensitive genes, we selected Type 1 uncoupling protein (UCP-1),
peroxisome proliferator-activated receptor γ 2 (PPAR-Y2) and apolipoprotein E (ApoE).

DNA from mononuclear peripheral blood was isolated using a DNeasy Blood and Tissue kit (Qiagen,
Valencia, CA, USA). Genotypes were determined by the real-time polymerase chain reaction using TaqMan®

Genotyping 36 g Assays for polymorphisms, including b3AR rs4994 (Applied Biosystems Assay ID
C___2215549_20); TNF-rs1800629 (C___7514879_10); Apo C III-rs5128 (C___8907537_1); Ucp-1-rs1800592
(C___8866368_20); PPAR-2-rs 1801282 (C___1129864_10); APOE-rs 405509 (C____905013_10); APOE-rs7412
(C_904973_10); and APOE-rs429358 (C___3084793_20). Fluorescence data were analyzed with allelic
discrimination—7500 Software v 2.0.2 (Foster City, CA, USA).

4.8. Statistical Analysis

Statistica 7.1 software (Statsoft, Poznań, Poland) was used for the statistical analysis, and all
results are expressed as the mean ˘ standard deviation. As the distribution, in most cases, deviated
from normal (Shapiro-Wilk’s test), non-parametric tests were used: Wilcoxon tests were used for
comparisons among groups and Mann-Whitney U tests were used for comparisons between groups.
A p < 0.05 was considered significant.

Two Models of Statistical Analysis

Model 1 included the analysis of the results of the anthropometric and biochemical measurements
with the criterion of the dietary recommendations that were adopted by the patients throughout
the study (six months). The caloric value of the patients’ menus was estimated during checkups,
which took place after one, two and six months, based on their 72 h diaries. The patients who were
included in the statistical analysis followed the diet carefully (which was estimated based on menus in
relation to the recommended caloric content ˘200 kcal/day). Patients who exceeded that value at any
stage of the study were excluded from the statistical analysis in Model 1.
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Model 2 included the analysis of the anthropometric and biochemical results with the criterion of
weight loss in the range of 8–10 kg over six months. We excluded patients who were characterized by
normal weight at the beginning of the experiment from this analysis.

5. Conclusions

It seems that by introducing an individual nutrition and genotyping plan that takes into account
the normal supply of calories, nutrients, proteins, and micro- and macronutrients, we are able to
prevent problems that result from the progression of disease. Therefore, individualization, understood
as the work of a dietitian with the patient, seems to be a therapeutic necessity, and the nutrient-induced
insulin output ratio in people sensitive to fat seems to be n useful tool for determining specific strategies
for patients with NAFLD.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/17/7/
1192/s1.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is the main cause of liver disease worldwide.
NAFLD is linked to circumstances such as type 2 diabetes, insulin resistance, obesity, hyperlipidemia,
and hypertension. Since the obesity figures and related comorbidities are increasing, NAFLD has
turned into a liver problem that has become progressively more common. Currently, there is no
effective drug therapy for NAFLD; therefore, interventions in lifestyles remain the first line of
treatment. Bearing in mind that adherence rates to this type of treatment are poor, great efforts
are currently focused on finding novel therapeutic agents for the prevention in the development of
hepatic steatosis and its progression to nonalcoholic steatohepatitis and cirrhosis. This review presents
a compilation of the scientific evidence found in the last years showing the results of interventions
in lifestyle, diet, and behavioral therapies and research results in human, animal and cell models.
Possible therapeutic agents ranging from supplementation with vitamins, amino acids, prebiotics,
probiotics, symbiotics, polyunsaturated fatty acids and polyphenols to interventions with medicinal
plants are analyzed.

Keywords: NAFLD; lifestyle; diet; exercise; vitamins; amino acids; prebiotics; polyunsaturated fatty
acids; polyphenols; medicinal plants

1. Introduction

The burden of nonalcoholic fatty liver disease (NAFLD) has a clinical significance in the
health system and is a public health problem affecting about a third of the Western population [1].
NAFLD afflicts 30% of the adult population [2] and the majority of obese individuals [3], making
obesity the main promoter disease condition. In the pediatric population, NAFLD has also begun to
be a relevant problem in public health due to the etiology and pathogenesis are not fully understood,
the significant increase in prevalence and the impact of its progression in level of hepatic dysfunction
and associated diseases such as diabetes and cardiovascular diseases [4]. Traditionally, the NAFLD has
been considered the hepatic manifestation of the metabolic syndrome. However, recently, researchers
indicated that this conventional view of NAFLD is outdated and it has been suggested that NAFLD
is a precondition to the development of type 2 diabetes mellitus and metabolic syndrome [5].
Lonardo et al. [5] in a systematic review found that in 28 longitudinal studies provided sufficient
evidence to consider NAFLD as a risk factor for the emergence of future metabolic syndrome and in
19 longitudinal studies reported that NAFLD precedes the metabolic syndrome and is a risk factor
for its development [5]. Liver steatosis is mainly a consequence of excess caloric intake and lack of
physical activity, which points to the correction of unhealthy lifestyles as first step to follow in the
prevention and handling of NAFLD. When such intervention is inefficient or inadequate, then drug
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therapy becomes the second strategy; however, the efficacy and safety of the proposed drug treatments
for treating NAFLD are still unclear [6].

2. Lifestyle Intervention and NAFLD

Today, the therapeutic strategies are aimed at reducing the incidence of risk factors involved in the
progression of the hepatic disease and comorbidities associated with NAFLD [7]. Nowadays, all the
international guidelines report that lifestyle changes that include diet are the only therapeutic approach
recommended (Figure 1). As can be observed in Table 1, a variety of human trials and reviews have
evaluated the effects of lifestyle interventions in NAFLD. There are limited data on details of how much
and how fast weight loss through diet modification must be attained [8], and, besides, extrahepatic
and benefits in the liver granted by weight loss are not well explained [9]. The quality and speed
of weight loss have been reported to be important, but not explicitly beneficial [10]. In this regard,
a moderate weight loss in the same way that physical activity induces a reduction in insulin resistance,
and both behaviors are considered as the current therapeutic strategy for patients with NAFLD
who are overweight or obese. However, it has been observed that liver biochemistry (alanine
aminotransferase (ALT) serum) and the hepatic steatosis share is modified in the presence of dietary
treatment, but inflammation and fibrosis are unchanged [9]. Likewise, physical inactivity and type of
physical activity are factors that have different effects on the health of the liver and the achievement
and maintenance of a healthy body weight. In this regard, vigorous physical exercise reduces insulin
resistance, helps maintain weight loss over time and improves hepatic histology. However, mild or
moderate exercise intensity does not provide a significant benefit over protection in the development
of NAFLD [11]. Similarly, intervention studies looking to increase adherence to the Mediterranean diet
and level of physical activity have reported that adherence to the Mediterranean diet is considered a
significant predictor of changes in liver fat content in patients with fatty liver, who are non-alcoholic
and overweight and that the effect of the diet is gradual and favorable and it is independent of other
changes in lifestyle; so the qualitative profile of the intervention from the diet is responsible for the
benefits and instead the concurrent weight loss is negligible [12]. Therefore, weight loss and calorie
restriction can be a poor approach for the problem of metabolic liver disease, since other factors like
the quality of food, lifestyle and exercise, have a significant impact on non-alcoholic fatty liver and
these have been less studied.

Figure 1. Interventions for the prevention and treatment of non-alcoholic fatty liver disease (NAFLD).
Abbreviations: n-3 PUFAs, n-3 polyunsaturated fatty acids; SAFAs, saturated fatty acids.
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Since there is no consensus about weight loss in the NAFLD treatment, Ghaemi et al. [13]
implemented a pilot study that assessed the effects of weight loss on characteristics of NAFLD and
associated conditions. For this purpose, 44 NAFLD patients received a diet including a reduction in
the daily intake from 1000 to 500 kcal, with a distribution with respect to the total caloric value of 30%
fat, 15% protein and 55% carbohydrate for six months. At the end of follow-up period, patients were
classified as adherent or non-adherent to treatment according to a weight loss ≥5% or <5% of initial
body weight, respectively. After the intervention, 56.8% of patients were classified as adherent group
and the 43.2% as non-adherent group, and significant reductions were found in the adherent group in
relation to diastolic blood pressure (80.2 to 76.9 mmHg) and the serum levels of total cholesterol (TC),
low-density lipoprotein LDL cholesterol (LDL-C), triglycerides (TGs), alanine aminotransferase (ALT),
aspartate aminotransferase (AST) and gamma-glutamyl transpeptidase (GGT) activities. These results
suggest that reduction in weight is a good therapeutic strategy for obese patients with NAFLD,
which reach a weight loss of 9.7% of initial body weight after six months of dietary therapy [13].
Similarly, a systematic review of the impact of non-surgical treatments currently available for
liver disease and NASH was conducted in order to determine the metabolic risk in publications,
which included a total of 78 randomized trials (30 in nonalcoholic steatohepatitis (NASH) and 40
in NAFLD) [14]. It was found that weight loss was safe, improved the cardiometabolic risk profile,
and that a weight loss of ≥7% recovered the histological features of the disease; however, this weight
loss was only achieved in less than 50% of patients [14].

The interventions focused on changes in lifestyle are considered a key element for the treatment of
NAFLD and metabolic syndrome, and although the optimal strategy has not been developed, and that
weight loss and exercise are essential, the long-term sustainability of any intervention is a key factor
for this to be successful [15]. While interventions aimed at weight loss are recommended, the reduction
in weight by dietary restriction is on average unsustainable in the long term, considering that weight
loss usually returns to the initial weight over time [16]. Therefore, appropriate strategies to reduce
NAFLD that not only include weight loss are necessary, physical activity being an important factor
playing a protective healthy role in NAFLD [17] (Figure 1).

Few studies have demonstrated the efficacy of physical activity, in combination with a diet
and weight loss. In a prospective study of 141 individuals with NAFLD who were approached in
interventions in lifestyle with mild or moderate intensity, those who increased or maintained their
physical activity at a level of 150 min/week or more had greater improvement in liver enzymes,
regardless of changes in the weight [18]. In another study of 44 patients who completed a regular
exercise program, serum ALT was normalized in 55% of patients, whereas 34% that did not meet the
exercise program did not present any standardization [19]. Even small gains in fitness and physical
activity can have significant health benefits for patients with NAFLD, as found when practiced training
exercise by a very short period (4 weeks) attained decreased liver lipids in obese patients without
changes in body weight [20].

However, as the success in changing lifestyle is influenced by personal beliefs
and values, it becomes complex to encourage patients to make changes in unhealthy
behaviors. Accordingly, behavioral and psychological strategies are considered necessary [6].
Behavioral treatments are global therapeutic approaches that give patients practical tools to achieve
their goals of intake and exercise [21]. Few studies have evaluated the effects of behavioral approaches
in patients with NAFLD; two out of 10 were controlled trials [22]. These studies compared the effects
of Vitamin E and Orlistat against behavioral treatments, and both were in favor of the behavioral
approach, with an added effect of Orlistat in weight loss. More recently, intensive interventions of
lifestyles in patients with different backgrounds of disease (28 with suspected of fatty liver) were
shown to be more effective than the prescription of a dietary standard, both in terms of weight loss
and in liver enzymes [23].

Few randomized controlled trials (RCTs) have evaluated the effectiveness of treatments for
NAFLD in pediatric population. At present, weight loss by controlling caloric intake, the improvement
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in the quality of diet and exercise are considered the first line of treatment [24]. An analysis of
the current management of pediatric NAFLD showed bariatric surgery and drug treatment with
Orlistat and insulin sensitizers are not recommended as first or second line treatment for NAFLD.
Thus, interventions focused on changes in lifestyle through diet and exercise remain the first line
treatment of NAFLD in children population [5]. Trials have shown that treatments with cysteamine
bitartrate, probiotics, polyunsaturated fatty acids (PUFAs) and pentoxifylline have beneficial effects.
However, few RCTs with powered statistical that have evaluated the impact of these treatments
on histological changes. In the case of vitamin E, it was shown to have beneficial effects and was
able to improve liver morphology in children with non-alcoholic steatohepatitis. In conclusion, in
pediatric patients the interventions in lifestyle are the first choice of treatment and vitamin E should be
considered for children with demonstrated NASH or for those at risk of NASH who have failed to the
first choice of treatment. While other therapies show promising results, large RCTs with persuasive
endpoints are needed [5].

Table 1. Studies on lifestyle interventions in non-alcoholic fatty liver disease (NAFLD).

Intervention Findings Reference

Weight loss ≥5% of initial body weight

Significant reduction in systolic blood pressure, total
cholesterol, low-density lipoprotein cholesterol,
triglycerides, alanine aminotransferase (ALT),
aspartate aminotransferase, and γ-glutamyl
transferase in the adherent group (weight loss ≥5%
of initial body weight)

[13]

Weight loss (≥7%)
Weight loss is safe and improves liver histology and
cardiometabolic profile, but it is only achieved in
<50% of patients

[16]

Increasing or maintaining the level of
physical activity in 150 min/week or more

Greater improvement in levels of liver enzymes,
independently of changes in weight [18]

Complete a regular exercise program ALT normalization [19]

Training exercises for 4 weeks Reduction in liver lipids in obese patients even in the
absence of changes in body weight [20]

Intensive lifestyle interventions
Intensive lifestyle interventions were more effective
than the prescription of dietary standard, both in
weight loss and in liver enzymes

[23]

Review of the current management of
pediatric NAFLD

Lifestyle interventions should be the first line
treatment for pediatric NAFLD. Vitamin E could be
considered for those with non-alcoholic
steatohepatitis (NASH) demonstrated by biopsy or
those at risk for NASH where the first line therapy
has failed. Other therapies require large RCTs in
pediatric population

[5]

3. Dietary Interventions

Various changes in dietary intake have occurred in recent years, which are characterized by an
increase in energy intake (24%) due to enhancements in the consumption of flour, cereal products,
added sugar and fats, and/or in total fat and fruit intake [25]. The use of corn syrup or high fructose as
sweeteners in beverages has increased to comprise 41% of the total sweeteners, with added sucralose
accounting for 45%, changes that have undoubtedly helped to increase the prevalence of NAFLD, in
association with enhanced obesity and fructose intake from soft drinks [26]. Consequently, a number of
diet interventions in different models of NAFLD have been evaluated, as shown in Table 2. In Addition,
given the high prevalence of NAFLD in adolescents and its close relationship with cardiovascular
disease (CVD), it is imperative to implement strategies focused on prevention through diet and changes
in lifestyle, and the validation of effective treatment options [27].

3.1. Caloric Restriction and Macronutrient Distribution

With the central point that insulin resistance is one of the main problems in NAFLD, a diet
with low carbohydrate intake could be considered a reasonable treatment option for these patients
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(Figure 1). Similarly, studies have reported the benefits of a diet with caloric restriction independent
of macronutrients distribution [28], and soy products also have been considered as an important
component in the diet for the treatment of NAFLD in the animal model [29], since soy isoflavones
increase the antioxidant capacity and reduce hepatic lipid deposits [30]. The latter effect may be related
to inhibition of lipogenic transcription factor sterol regulatory element binding protein 1c (SREBP-1c)
and activation of peroxisome proliferator-activated receptor alpha (PPAR-α), upregulating fatty acids
(FA) oxidation enzymes in the liver [30]. Kani et al. [31] evaluated the effects of a diet low in calories and
low in carbohydrate containing soy in patients with NAFLD through a RCT of 45 patients with NAFLD
who received three different diets: The low calorie diet (restriction of 200–500 calories according to the
requirements of each participant and a distribution of 55% of calories from carbohydrates, 15% from
proteins and 30% from fat), the low-calorie and low-carbohydrate diet (the same calorie restriction
but the distribution was 45% carbohydrates, 35% fat and 25% protein), or a diet low in carbohydrates
and in calories, containing soy (the same calorie restriction, the distribution was 45% carbohydrates,
35% fat and 25% protein, but 30 g of soy nut was incorporated instead of 30 g of red meat) for 6 weeks.
It was found that changes in both weight and in lipid profile were not significantly different between
the 3 groups, but the low-calorie, low-carbohydrate containing soy diet could reduce further the
levels of serum ALT, AST, fibrinogen, and of the lipid peroxidation indicator malondialdehyde (MDA),
over those achieved by the low-calorie diet [31].

Few studies have evaluated the relationship between protein intake and NAFLD.
Protein supplements have offered short-term benefits against hepatic steatosis and lipid profile in
sedentary and obese women [32]. In this regard, the research focus has been on the functional properties
of soy intake and nitrogen, because soy protein has been shown to be successful in this scenario [33].
In this respect, dietary recommendations in NAFLD patients are 1.000/1.200 kcal/day for overweight
women and 1.200/1.600 kcal/day for overweight men. Ideal diet: 50% carbohydrates, 30% lipids
(7%–10% saturated fatty acids), and 20% proteins. Diets are developed to provide a calorie deficit of
approximately 500 kcal from usual food consumption causing a weight loss of 0.5–1.0 kg/week [34].
Facts interventions with this type of diet (25% of the caloric value from fat (7% saturated fat, 10%
monounsaturated fat and 8% polyunsaturated fat), 35% from protein (animal and plant) and 40% from
carbohydrates (50% from whole grains, sugar 25 g and 20 g protein/day)) show that the body mass
index (BMI), waist circumference, and body fat mass remained relatively stable, whereas high-density
lipoprotein HDL cholesterol (HDL-C) increased significantly and TC, LDL-C, VLDL cholesterol
(VLDL-C), TGs, AST, GGT, alkaline phosphatase (ALP), fasting blood glucose, and glycosylated
hemoglobin (HbA1c) decreased significantly [34]. When stratify patients according to the increase or
reduction in BMI, an association between weight loss and liver profit reflected through the ALP and
ALT markers was found, and the AST/ALT ratio was observed, with failure to show any changes in
patients that increased their weight. Multivariate analysis showed that waist circumference, ferritin,
TGs and markers of glucose homeostasis were the parameters most associated with liver enzymes [34].

Studies in an animal model with high-protein diets have also been developed, evaluating whether
a high-protein diet prevents the development of steatosis in C57BL/6 male mice with or without
pre-existing liver failure, using diets including low-fat or high-fat, low in protein (11% protein) or high
in protein (35% protein), high fat/high protein (42% fat and 35% protein), or high fat/low protein
(42% fat and 11% protein) for 3 weeks [35]. The results indicate that diets high in protein decreased the
hepatic lipid content to ~40% of the corresponding low protein diets, high protein diets being more
effective in this regard that reducing energy intake by 80%, which were able to reverse the steatosis
induced by pre-existing diet. Compared to diets with low protein, mice fed high protein diets showed
increased mitochondrial oxidative capacity and elongation of long chain fatty acids (LCFA), a selective
enhancement in plasma branched chain amino acids (BCAA) levels, stellate cells diminution, and a
trend towards reduced inflammation [35].
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3.2. Fructose Restriction

The fructose intake in American adolescents (mainly as soft drink) representing the 12% of daily
calories, this high fructose intake exceeds current recommendations and is considered as one of the
components dietary responsible for promoting NAFLD in this demographic group [36]. In studies of
short-term feeding in experimental animals and humans, fructose intake increases the accumulation of
fats in the liver and of TGs in plasma due in part to increased de novo lipogénesis [37]. In this sense,
it has been seen that patients with NAFLD have a fructose intake 2-fold greater than the average
intake in control patients, according to population studies, exhibited significant increases in the hepatic
mRNA expression of fructokinase and FA synthase, suggesting a high pro-lipogenic potential with
consequent ATP depletion that can promote necroinflammation [38]. Also, fructose is involved in
oxidative damage through the reduction of antioxidant defense and improvement in the production
of reactive oxygen species (ROS) [39]. Both lipid overload and oxidative stress promote the fructose
as a triggering factor in the onset and progression of NAFLD [40]. Dyslipidemia, insulin resistance
and oxidative damage induced by high fructose intake may contribute to increased risk of CVD that
is evident in patients with NAFLD [41]; it makes lack direct evidence demonstrating the benefits of
the restriction of fructose in the liver steatosis and CVD. An intervention double-blind, controlled,
randomized trial in 24 Hispanic-American adolescents with overweight who had a frequent intake
of sweet drinks and a content of liver fat greater than 8% as determined by magnetic resonance
spectroscopy, showed that when patients were submitted to take only beverages with fructose or
glucose only (33 g of sugar that match the standard amount of sugar in a typical drink) for four weeks,
no significant changes in liver fat or body weight in either group were found. However, in the glucose
drinking group there was a significant progress in adipose tissue insulin sensitivity, high-sensitivity
C-reactive protein (hs-CRP), and in LDL oxidation, suggesting that fructose reduction improves
markers of CVD despite the lack of recovery in hepatic steatosis [27].

3.3. Mediterranean Diet

The Mediterranean diet has been extensively investigated in terms of benefits with regard to
cardiovascular risk reduction and improved insulin sensitivity. However, studies have specifically
examined their effects on NAFLD are scarce.

Protective effects have been attributed to the Mediterranean diet because of the high
intake of antioxidants; vegetables are the main source of phenolic compounds on this diet.
Moreover, polyunsaturated fatty acids of the n-3 series from fish regulate haemostatic factors that
induce protection against a variety of chronic diseases, and besides, the olive oil represents a high intake
of monounsaturated fatty acids and a good source of phytochemicals, and some protective properties
of the Mediterranean diet on human health have been granted to the polyphenols present in wine [42].
A recent meta-analysis showed that n-3 PUFAs found in the Mediterranean diet were beneficial
in reducing hepatic steatosis [43]. In order to evaluate whether intervention with Mediterranean
diet could improve insulin sensitivity in individuals with NAFLD and reduce steatosis to a greater
extent than current dietary recommendations, 12 nondiabetic subjects (six males and six females) with
biopsy-proven NAFLD were enrolled for a transverse randomized dietary intervention for 6 weeks.
All participants were subjected to the Mediterranean diet and to a control diet (low in fat and high in
carbohydrates) in a random order with a period of six weeks of washing between each of the diets. As a
result, the weight loss was not different between the two types of diet; there was a significant reduction
in relative hepatic steatosis after the Mediterranean diet compared to control diet, with improved
insulin sensitivity being observed only with the Mediterranean diet [44]. However, this diet should be
further investigated in subjects with NAFLD since the size of the groups evaluated was very small in
this investigation.
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Table 2. Studies on dietary interventions in non-alcoholic fatty liver disease (NAFLD).

Intervention Model Conclusions Reference

Diets restricted in calories and
carbohydrates with soy protein addition Human

Intervention can have beneficial effects on
serum levels of liver enzymes,
malonaldehyde and fibrinogen in patients
with NAFLD

[31]

Low calorie diet rich in proteins Human

A protein diet is associated with improved
lipid profile, glucose homeostasis, and
improved liver enzymes in NAFLD,
independently of decreases in body mass
index (BMI) or in body fat mass

[34]

High protein diet Animal

The high-protein diet prevents and reverses
the steatosis, regardless of fat and
carbohydrate intake, and is more efficient
than a 20% reduction in energy intake

[35]

Soft drinks with fructose compared to
glucose sodas Human

Reducing fructose improves several
important factors to cardiovascular disease,
despite the lack of appreciable
improvement in hepatic steatosis in
overweight adolescents

[27]

Mediterranean diet Human

The Mediterranean diet reduces hepatic
steatosis and improves insulin sensitivity in
insulin-resistant people with NAFLD
compared to current dietary
recommendations, even in the absence of
weight loss

[44]

4. Therapeutic Agents

As mentioned above, fatty liver is mainly generated from the excessive caloric intake and lack of
physical activity, pointing to correction of unhealthy styles as the first line approach in the prevention
and treatment of NAFLD, which when this intervention is insufficient, drug therapy becomes a
strategic line [6] (Figure 1). Because weight loss has been reported to have a low rate of success in
the long term [45], research has focused on the development and validation of new dietary therapies
aimed at preventing the hepatic steatosis and its progression to NASH [46]. The challenge for the
development of therapies for NASH is related to the complexity of the disease, which is directly
associated with to visceral obesity, dyslipidemia, hyperglycemia, insulin resistance, and oxidative
stress [47,48]. Effective treatments are needed in order to prevent progression of simple steatosis to
chronic liver disease [49], considering that fatty liver disease is a reversible condition which if not
treated early can lead to a terminal liver disease [50]. Although the pathophysiology of NASH is still
not fully understood and the treatments available are not entirely satisfactory, therapies that limit liver
injury and the occurrence of inflammation and fibrosis are particularly attractive for this condition [51].
Currently, it is a great challenge for the pharmaceutical industry to develop a combined therapy
that is effective in NAFLD patients exhibiting obesity, insulin resistance, dyslipidemia, and oxidative
stress. Therefore, serious efforts have been directed to explore novel therapeutic agents that may
be directed to multiple targets [52], natural products extracted from medicinal plants being rich
sources of biologically active substances having effects on health benefits and disease prevention in
humans [53]. Accordingly, current investigations have focused on herbal extracts and natural products
with antihyperlipidemic and hepatoprotective effects against NAFLD [54], particularly potential
sources of antioxidants [55] (Table 3).

4.1. Amino Acid Supplementation Interventions

4.1.1. Tryptophan

Earlier studies conducted in hens have suggested that supplementation with the amino
acid tryptophan (Trp) reduces hepatic lipid accumulation [56]. Recently, the influence of Trp
supplementation on NAFLD induced by a fructose-rich diet was studied in C57BL/6J mice,
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as precursor of serotonin, a regulator of the intestinal motility and permeability [51]. Under these
conditions, NAFLD underlying lipid accumulation and increased portal plasma lipopolysaccharide
(LPS) concentrations, resulted in derangement of intestinal barrier functions, as evidenced by depressed
expression of the tight-junction protein occluding and the serotonin re-uptake transporter (SERT),
changes that were attenuated or abolished by Trp. The authors suggested that modulation of the
intestinal barrier and the serotonergic system by Trp supplementation may be of importance as a
protective mechanism against development of NAFLD in mice [57], although further studies are
required to validate this proposal in humans.

4.1.2. Glutamine

In recent years, glutamine was shown to improve hepatic ischemia-reperfusion injury,
alcohol-induced liver injury, and gut-derived endotoxemia, promoting resistance to oxidative stress,
reducing inflammatory cytokine release, and regulating immune reactions [58]. Assessment of the
influence of glutamine on NAFLD induced in rats by a high fat diet (HFD) revealed that hepatic
steatosis was accompanied by significant increased liver lipid peroxidation, tumor necrosis factor α
(TNF-α) levels, and of p65 NF-κB expression, with concomitant glutathione (GSH) depletion.

Glutamine supplementation reduced the oxidative status of the liver and inhibited NF-κB
expression, in association with improvement of hepatic steatosis, suggesting a protective effect of
glutamine in NAFLD [58].

4.1.3. L-Carnitine Intervention

L-carnitine plays a critical role in lipid metabolism as it acts as an essential cofactor for β-oxidation
of PUFAs by facilitating their transport into the mitochondrial matrix associated with carnitine
palmitoyltransferase I (CPT-I) activation, thus converting fat into energy [59]. In recent years,
L-carnitine has been proposed as a treatment option for various diseases including liver disease [59].
Using a NASH model mouse subjected to either HFD, HFD plus L-carnitine, or HFD with α-tocopherol,
L-carnitine induced an enhancement in the hepatic expression of genes implicated in the transport of
long chain PUFAs, mitochondrial β-oxidation, and antioxidant enzymes, with suppression of markers
of oxidative stress and inflammatory cytokines in NASH, changes that were similar to those elicited by
α-tocopherol. It was concluded that L-carnitine acts as a protective agent to prevent progression of
NASH by favoring mitochondrial β-oxidation and redox systems [59].

4.2. n-3 Polyunsaturated Fatty Acids (n-3 PUFAs) Interventions

The n-3 PUFAs are crucial structural components of cellular lipids, substrates for the biosynthesis
of physiological mediators, and signaling molecules regulating liver lipid metabolism. The latter
feature is achieved by (i) transcriptional activation of the expression of enzymes involved in FA
oxidation acting as ligands of PPAR-α; and (ii) suppression of de novo lipogenesis by down-regulation
of SREBP-1c [60]. Therefore, n-3 PUFA depletion in the liver of NAFLD patients favoring FA and
TGs formation over FA oxidation [61] points n-3 PUFAs as specific anti-steatotic drugs for NAFLD
(Figure 1) [62]. A systematic review by Parker et al. [43] on studies pertaining to the effect of n-3
PUFA supplementation in NAFLD patients, including 9 reports and 355 individuals who were
administered either n-3 PUFA treatment or placebo, confirmed a significant reduction in hepatic
lipid content. Although there was significant heterogeneity between studies, pooled data suggest
that supplementation of n-3 PUFAs reduces liver fat, an effect that persists when data from RCTs are
analyzed; however, the optimal dose remains to be established. Interestingly, n-3 PUFAs also improved
circulating liver functions markers, TGs and TNF-α level, and hepatic microcirculatory function [43].
It was suggested that future designs of RCTs quantifying the magnitude of the effects of n-3 PUFA
supplementation on liver fat are necessary [43], which are also important for liver inflammation and
fibrosis outcomes [63].
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Studies in pediatric patients with NAFLD have also been developed, the most prominent being
the RCT of Nobili et al. [64] using docosahexaenoic acid (DHA) treatment (250 and 500 mg/day) versus
placebo in 60 pediatric patients with NAFLD, with evaluation of the changes in the fat liver content
by ultrasonography after 6, 12, 18 and 24 months of intervention, and changes in TGs, ALT, BMI,
and the homeostatic model assessment (HOMA) index of insulin resistance. Data reported indicate
that DHA decreased liver fat content after 6 months of supplementation, an effect that persists up
to 24 months and is equally effective at the two dosages studied, when compared with the placebo
group. Furthermore, TGs were lower in DHA-treated children than in controls at any time intervention,
ALT was lower in groups with 12 months of DHA treatment onwards, and HOMA was lower in the
group given 250 mg DHA/day versus placebo group at 6 and 12 months [64], in agreement with the
positive outcomes reported in adult NAFLD patients.

4.3. Vitamin Supplementation Interventions

4.3.1. Niacin

Niacin is the precursor of nicotinamide coenzymes acting either as oxidants (NAD(P)+) in catabolic
processes or as reductants (NADPH) in anabolic reactions or in the recovery of the reduced form of
antioxidant components, thus decreasing oxidative stress [65]. It has been used for the treatment of
dyslipidemia and CVD [66], and proposed to prevent hepatic steatosis and delay NASH induced by
HFD [67]. This proposal was tested in Sprague-Dawley rats fed either a standard rodent diet, HFD,
or HFD containing 0.5% or 1.0% niacin for 4 weeks. Under these conditions, niacin supplementation
in the HFD significantly decreased the content of liver fat, liver weight, liver oxidative products,
preventing fatty liver [67]. While niacin had no effect on the mRNA expression of enzymes related to
FA synthesis and oxidation including acetyl CoA carboxylase 1 (ACC-1), FAS, and CPT-1, and lipogenic
transcription factor SREBP-1c, it significantly down-regulated the mRNA and protein expression and
the activity of diacylglycerol acyltransferase (DGAT), a key enzyme in triglyceride synthesis, thus in
agreement with its receding effect on steatosis [67].

4.3.2. Vitamin E

Natural vitamin E is fat soluble tocopherol comprising eight isomers including four tocopherols
and four tocotrienols, RRR-α-tocopherol being the most abundant and with the highest biological
activity, which is mainly related to antioxidation by avoid the propagation of free radical reactions at
the cell membrane level [68,69]. The potential role of vitamin E in preventing fat infiltration in the liver
was assessed in Wistar rats fed either a standard diet (SD), a diet high in cholesterol and saturated
fat (HCSF), or a diet high in cholesterol and saturated fat with added of water soluble vitamin E
(10 IU/kg/day; HCSF-E) for ten weeks. The results indicate that vitamin E exerted hypolipidemic and
hepatoprotective effects, as evidenced by the lower levels of total cholesterol found in HCSF-E treated
rats over the HCSF group, in addition to lower serum glutamic oxaloacetic transaminase (SGOT) and
steatosis scores at the end of the study compared with the initial values [70]. However, no significant
differences between the different experimental groups were observed in relation to blood glucose and
serum lipids [70]. In addition, it has been found that when vitamin E is supplied for a period of 2 years
to patients with NAFLD, the histological features of the disease improve but, in turn, an increase in
insulin resistance and plasma levels of TGs was observed [14].

4.4. Interventions with Prebiotics, Probiotics, and Synbiotics

Current evidence suggests that the accumulation of triglycerides in the liver responds not only to
obesity, but also, the intestinal microbiota plays a key role in the development of insulin resistance,
fatty liver, fibrosis and necroinflammatory score, and thereby becomes an endogenous factor that
favors the development of NAFLD [71,72]. The link between the liver-intestinal axis and NAFLD is
associated with bacterial overgrowth in the small intestine and increased intestinal permeability [73].

514



Int. J. Mol. Sci. 2015, 16, 25168–25198

The intestine has a complex array of species of microorganisms, wherein the concentration and type
of these microorganisms is mainly influenced by the host genotype and availability nutrient [74].
The liver is susceptible to exposure to intestinal bacterial-derived products through a functional and
anatomical connection with the intestinal lumen via the portal vein system [75]. The contribution
of the microflora in the progression of NAFLD is given mainly by the improvement in hepatic
oxidative stress as a result of increased ethanol production and LPS in the intestinal lumen, and the
subsequent release of inflammatory cytokines from the inflammatory cells [76]. High concentrations of
cytokines may increase intestinal permeability via disruption of intercellular tight junctions, resulting
in progressive inflammation and fibrosis within the liver [77], TNF-α plays a critical role in both insulin
resistance and uptake by the liver of inflammatory cells in NAFLD [78]. In recent years, it became
clear that a high degree of inflammation due to metabolic endotoxemia has an implication in various
diseases, including that induced by high fructose intake that changes the intestinal microbiota and
intestinal barrier permeability, resulting in increased bacteria derived LPS [79]. As the various species
of the gut microbiota are involved in different intestinal biological functions, such as the defense
against colonization by opportunistic pathogens, development of a suitable gut architecture can
contribute to immune system homeostasis [80]. In this respect, it has been found that manipulating the
enteric flora may represent a key therapeutic strategy in the treatment of NASH. Intake of probiotics
(living microorganisms), prebiotics (oligosaccharides), and symbiotics (mixture of probiotics and
prebiotics) has been reported by their ability to modify the composition of the microbiota and thereby
restore the microbial balance. So, exert benefits for health protection [81] (Figure 1).

Animal model studies have shown that probiotics can reduce the progression of NAFLD.
Among these, one study evaluated the effect of supplementation with the mixture VSL Pharmaceuticals,
Inc., Ft. Lauderdale, FL, USA (VSL#3); a probiotic containing 450 billion bacteria in various strains
(three types of bacteria: Streptococcus, Bifidobacterium and Lactobacillus), to ob/ob mice for a period
of four weeks and showed that in response to supplementation was observed a reduction in hepatic
fatty acid content, in liver inflammation and, in addition to an improvement in the insulin resistance
in the liver [82]. It has also been shown that treatment with probiotics lead to a direct reduction
in the release of pro-inflammatory cytokines by a down-regulation in the activity of transcription
factor NF-κB [83]. In the model of NASH induced by HFD in rats, the treatment with VSL#3
resulted in a reduction in the expression of markers of lipid peroxidation, TNF-α, inducible nitric
oxide synthase (iNOS) and cyclooxygenase 2 (COX-2), when compared with the control group [84].
Similarly, treatment with VSL#3 resulted in a minor insulin resistance in liver and adipose tissue, thus
counteracting the development of NASH and atherosclerosis in genetically dyslipidemic ApoE(−/−)
mice [85]. Moreover, Ritze et al. [86] studied whether supplementation with Lactobacillus rhamnosus
(LGG) could alleviate experimental NAFLD in C57BL/J6 mice, through administration of fructose
via drinking water containing 30% fructose with or without LGG at a concentration of 5 × 107

colony-forming units (cfu) per g body weight. Upon completion of the intervention period, it was
found that treatment with LLG generated an increase of beneficial bacteria in the small intestine as
well as a restoration in the duodenal tight-junction protein concentration and reduced of portal LPS
levels. In addition, attenuation in the hepatic mRNA expression of TNF-α, interleukin-8 (IL-8), and
IL-1β, liver fat accumulation, and portal ALT levels were observed in animals fed the high fructose
diet plus LGG [86]. Similar studies with Lactobacillus casei strain Shirota (LcS) given orally to mice
fed a methionine-choline-deficient diet (MCD) that reduces lactic acid bacteria such as Lactobacillus
and Bifidobacterium in feces, increased not only the LcS subgroup but also the lactic acid types,
with concomitant suppression of MCD-diet-induced NASH development [87].

In agreement with experimental studies [82], the use of the probiotic VSL#3 in NAFLD patients
for 2 to 3 months improved routine liver damage tests and oxidative stress-related indicators,
without improvement in pro-inflammatory cytokines, suggesting that manipulation of intestinal
flora should be taken into consideration as adjunctive therapy in NAFLD [88]. Two randomized
placebo-controlled double-blind studies showed a significant decrease in liver AST with the
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administration of probiotics in children [89] and in adults [90]. Also, symbiotic studies have been
developed in humans, which are included in a recent meta-analysis reporting favorable results
in four RCTs, two of which involved the use of symbiotic by co-treatment of probiotics with
fructo-oligosaccharides (FOS), the latter prebiotics being potentially promoters of the growth of
beneficial bifidobacteria in the intestinal tract [91]. It is noteworthy that one of the previous trials in
patients with NASH including liver biopsies showed improvement in liver histology after 6 months of
symbiotic treatment containing Bifidobacterium longum and FOS [92]. With the intention of defining
whether treatment with symbiotics imply greater effectiveness on changes in lifestyle for the treatment
of NAFLD, Eslamparast et al. [78] designed a RCT with 52 NAFLD patients treated with either a
symbiotic or placebo for 28 days, concomitantly with diet and physical activity recommendations.
It was found that symbiotic supplementation with lifestyle modification is a better strategy than
life style adjustment alone in NAFLD treatment, leading to attenuation of markers of liver damage,
inflammation, and fibrosis [78].

4.5. Interventions with Polyphenols

Polyphenols are natural compounds produced by plants comprising a heterogeneous group of
agents characterized by hydroxylated phenyl moieties. Among them, two types of compounds are
distinguished, namely (i) flavonoids containing a common diphenylpropane skeleton (e.g., flavonoids,
flavones, flavonols, flavanols, isoflavones, proanthocyanidins, and anthocyanins); and (ii) non
flavonoids mainly comprising mono-phenols alcohols (e.g., hydroxytyrosol), or stilbene phenolic acids
(e.g., resveratrol) [93]. Several polyphenols have beneficial actions on human health, with potential
mechanisms including (i) non-specific antioxidant action due to the existence of a phenol group capable
of scavenging free radicals (Figure 1); and (ii) certain mechanisms focused on interactions of particular
structural characteristics of polyphenols with proteins or defined membrane domains [94].

4.5.1. Resveratrol, Catechin and Quercetin

The cardioprotective, anti-cancer, and anti-inflammatory properties of resveratrol have been
well characterized, a polyphenol that has been reported to present suitable protective effects on
the liver against the hepatic lipid accumulation in response to a HFD [95]. The beneficial effects
attributed to resveratrol have been awarded mainly to its antioxidant and anti-inflammatory effects
that exert protective tissues such as the liver, kidney and brain against a variety of damage caused
by oxidative stress and inflammation [96], raising the proposal that resveratrol can be used in the
treatment for metabolic disorders including fatty liver disease [97]. In this context, resveratrol was
reported to activate sirtuin 1 (SIRT1) with the consequent stimulation of AMP-activated protein kinase
(AMPK) [98] through phosphorylation mediated by liver kinase B1 (LKB1) that protects against liver
lipid accumulation by down-regulation of FAS expression induced by high glucose [97]. Similarly,
resveratrol also blocks the expression of SREBP-1 through the SIRT1/forkhead box O1 (FOXO1)
pathway leading to a lipid-lowering effect in HepG2 cells treated with palmitate [99]. A recent
randomized, double-blind, placebo-controlled study assessed the scope of resveratrol supplementation
in 50 individuals with NAFLD over subjects given placebo for 12 weeks, both groups being
subjected to lifestyle improvement. In both groups, the anthropometric measurements, liver enzymes,
and degree of steatosis improved. However, resveratrol supplementation was associated with a
significant reduction in liver ALT, inflammatory cytokines, NF-κβ activity, serum cytokeratin 18, and
grade of hepatic steatosis, compared to placebo-supplemented group. The authors concluded that
resveratrol supplementation along with lifestyle modification is a better treatment for NAFLD than
lifestyle improvement alone, which is mainly due to attenuation of inflammation and hepatocyte
apoptosis [100]. Diminutions in hepatic inflammation and lipogenesis are also observed in HFD fed
mice given 30 mg resveratrol/kg/day for 60 days over control values, as evidenced by significant
decreases in mRNA expression of either TNF-α, interleukin-6 (IL-6) and NF-κB or the lipogenic factors
PPAR-γ, SREBP-1, and ACC-1 [101].
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Epidemiological evidence has reported that intake of green tea (Camellia sinensis) may protect
against liver injury due to inverse association with lipid profile and serum ALT [102]. While this
approach has not yet been confirmed through RCTs in humans, epigallocatechin gallate (EGCG),
the main polyphenol catechin in green tea, have been shown to generate a reduction in hepatic lipid
accumulation and serum monocyte chemoattractant protein-1 (MCP-1) levels, in a mouse model of
diet-induced NASH [103]. Liver protection against HFD-induced NASH in rats was also attained by a
green tea extract after 8 weeks supplementation, as shown by an increase in glutathione status related
with the inhibition of liver and adipose tissue inflammatory responses mediated by NF-κβ [46].

Quercetin is a flavonoid present in the human diet with a variety of preventive effects in typical
human diseases [104], through mechanisms that include a down-regulation in the activation of NF-κB,
inducible nitric oxide synthase expression in IL-1β activated rat hepatocytes [105] and also in the
improvement in hepatic damage in rats with biliary obstruction [106]. Other significant beneficial
effects of quercetin include a reduction in plasma concentrations of oxidized LDL in patients with
overweight [107] and a decreased hepatic steatosis induced by Western diet in C57BL/6J mice [108]
and attenuation of inflammation and fibrosis in a mouse model of NASH by MCD [51].

4.5.2. Proanthocyanidins and Anthocyanidins

Proanthocyanidins from grape seeds (GSP) are a complex mixture of polyphenolic bioflavonoids
having high antioxidant activity, with preventive effects in some forms of cancer and oxidative
injury [109]. In a recent study, the effects of GSP and the insulin sensitizer metformin were assessed
individually or in combination in a diet-induced NAFLD in Wistar rats subjected to a high fat and high
fructose diet (HFFD) [110]. GSP (100 mg/kg/day) and metformin (50 mg/kg/day) were given orally
once a day and for the combined treatment, GSP and metformin was administered at 4 h intervals.
HFFD resulted in an abnormal plasma lipid profile, with liver inflammation and steatosis, hepatic TGs
levels being reduced by 69%, 23%, and 63% after GSP, metformin, and combined treatment, respectively.
Accordingly, GSP reduced the mRNA expression of SREBP-1c and increased that of PPAR-α more
effectively compared to metformin in HFFD-treated rats; however, no additive effect restoring lipid
levels was observed when GSP and metformin were combined [110].

Anthocyanidins (ACNs) are hydrosoluble flavonoids within the polyphenol class, which are
responsible for the red, purple, and blue colors of many flowers, cereal grains, fruits,
and vegetables [111]. ACNs alleviate hyperglycemia, modulate endothelial function, and reduce
inflammation [112], and are able to modulate lipid metabolism and fat deposits in various tissues
including the liver [113]. Since the impact of ACNs on NAFLD is not well defined, a literature
search grouping experimental in vitro and in vivo models and human trials was conducted [111].
Although the interpretation of the evidence from in vitro studies is hampered by differences in cell
models, experimental protocols, and molecular pathways evaluated, most studies are consistent in
that ACNs reduced hepatocellular accumulation of lipids by inhibiting lipogenesis and possibly
by promoting lipolysis. In addition, interpretation of the data from in vivo studies is difficult,
due to the large difference in experimental models of NASH used and the utilization of animals
exposed to either synthetic ACNs (e.g., Cyanidin-3-o-β-glucoside) or to extracts of foods rich in
ACNs (e.g., sweet potato, berries, and oranges). Nonetheless, these studies reported an improvement
in systemic and hepatic insulin resistance and serum lipids, sometimes related to weight loss and
increased PPAR-α activation inducing lipolysis and diminished lipogenesis, thus decreasing hepatic fat
content [111]. Finally, a clinical trial enrolling 48 adult borderline hepatitis patients with increased liver
enzymes supplemented with 200 mg ANCs of purple sweet potato (PSP) or placebo twice a day for 8
weeks showed that ACNs are associated with reduced levels of liver enzymes, particularly GGT [114].
Although this feature was not associated with liver damage and liver fat was not confirmed by direct
imaging, the researchers suggest that the PSP beverage can offer potential activity hepatoprotective
against oxidative stress [114]. The final conclusion of the literature search by Valenti et al. [111] is
that ACNs can prevent the progression of liver damage related to NAFLD by three independent

517



Int. J. Mol. Sci. 2015, 16, 25168–25198

mechanisms, namely, inhibition of lipogenesis by decrease of SREBP-1c, lipolysis promotion by
induction of PPAR-α activity, and reduction of oxidative stress, pointing to foods rich in ACNs as a
promising strategy for preventing NAFLD and its complications, however future RCTs are needed to
test their hepatoprotective efficacy in NAFLD [113].

4.6. Medicinal Plants Interventions

For centuries, products made from natural herbs derived from Traditional Chinese Medicine
have been used to treat almost all types of diseases in China [115]. Natural products extracted from
medicinal plants are rich sources of biologically active substances and have desirable effects on health
benefits and disease prevention in humans [53]; therefore, an increasing number of investigations has
been focused on extracts of herbs or natural products with anti-hyperlipidemic and hepatoprotectives
effects against NAFLD. Considering the above and also that the use of medicinal herbs is becoming
increasingly common for handling of NAFLD, Liu et al. [50] conducted a systematic review in order
to evaluate both beneficial and detrimental effects of them. The study included 77 randomized trials
covering 6753 participants with fatty liver disease, the average sample size was 88 participants per test,
and 75 different herbal products were evaluated including single herb products, commercially available
proprietary medicinal herbs, and combination formulas prescribed by physicians. It was found that
(i) six trials showed a statistically significant effect on hepatic B-ultrasound; (ii) four trials showed
a significant increase on liver/spleen computed tomography ratio; and (iii) forty two trials showed
reduction in AST levels, forty nine trials in ALT, three trials in ALP, and thirty-two in GGT levels in the
herbal group. Overall, these findings indicate that herbal medicines may have positive consequences
on fatty liver disease, However, there is insufficient evidence to recommend these medicinal herbs
for the management of NAFLD because of the high risk of bias and lack of homogeneous data in
studies [50].

4.6.1. Tamarindus Indica Linn

At present time, Tamarindus indica Linn is one of the most important resources of plants for
supply of foods and materials [52]. Considering that the seed coat of tamarind contains polyphenols
including tannins, anthocyanins, and anthocyanidin oligomers, Sasidharan et al. [52] evaluated the
ameliorative potential of seed coat of Tamarindus indica (ETS) extracts on HFD-induced NAFLD in rats.
At dosages of 45, 90, and 180 mg/kg ETS significantly attenuated the pathological changes associated
with NAFLD induced by HFD, namely, hepatomegaly, elevated liver lipids and lipid peroxides,
serum ALT levels, free fatty acids, and macro and micro hepatic steatosis. In addition, ETS treatment
markedly reduced body weight and adiposity, probably acting in part through anti-obesity, insulin
sensitizing, and antioxidant mechanisms [52].

4.6.2. Salvia-Nelumbinis Naturalis (SNN)

Salvia-Nelumbinis naturalis (SNN) formulae (initially called Jiangzhi Granula) was designed,
in which Salvia as being the principal element and Nelumbinis, Rhizoma Polygoni Cuspidati,
Herba Artemisiae Scopariae the ancillary components [115]. In a study of in vivo and in vitro model the
researchers found that intervention with SNN components in HepG2 cells decreased lipid accumulation
and in rats the SNN extract improved the steatohepatitis and conferred a normal lipoproteinemia
profile in rats fed high-calorie diet, where the effectiveness of the extract SNN to improve liver function
and insulin sensitivity was comparable with medications such as simvastatin and pioglitazone [115].

4.6.3. Ostol Treatment

Ostol is the active compound of Cnidium monnieri extract. Ostol has been described by its
anti-inflammatory and cytoprotective effects to promote the oxidation of fat. In an animal model of
fatty liver in rats, the ostol treatment induced a decrease in fasting glucose levels and hepatic fat content,
besides, resulted in improved insulin resistance [116]. Another study reported that treatment with ostol
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decreased liver fat content by increasing in the hepatic expression of PPAR-α/γ [117]. Similarly, in a
model of NASH, ostol treatment led to an increase in the activation of superoxide dismutase (SOD) and
decrease in oxidative stress [118]. Nam et al. [119] treated rats Sprague-Dawley with HFD plus ostol
(20 mg/kg) 5 times a week and found that compared with the group only HFD, HFD plus ostol group
showed a significant decrease in intrahepatic fat (39.4% versus 21.0%), the expression of SREBP-1c,
FAS and intrahepatic stearoyl CoA desaturase-1 (SCD-1) significantly decreased and the expression of
PPAR-α was also significantly higher [119].

4.6.4. Sapindus Mukorossi Gaertn

Studies by Chinese have reported Sapindus mukorossi Gaertn skin is rich in saponins and has
properties to regulate fat metabolism and to grant protection to the endothelial cells of blood vessels.
However, researchs to provide detailed information about the efficacy of Sapindus mukorossi Gaertn
in the prevention and treatment of NAFLD are scarce [120]. Peng et al. [120] evaluated in a rat model
of NAFLD treatment with an alcohol extract of Sapindus mukorossi Gaertn (AESM) in high dosage
(0.5 g/kg), moderate dosage (0.1 g/kg) and low dose (0.05 g/kg). The researchers found that high
doses of AESM could relieve AST, ALT, TC, triglycerides, LDL-C, GGT, and also raise HDL-C. Also,
the morphology of liver tissue and liver cells began to be normal with this treatment [120].

4.6.5. Sasa Borealis (SBS)

The medicinal benefits of Sasa Borealis Bamboo are mainly given by antidiabetic effects in
improving insulin secretion as well as for their hypoglycemic and hypolipidemic, anti-obesogenic
and antioxidants effects [121]. For Bamboo, the clinical use for the treatment of hypertension,
atherosclerosis, cardiovascular disease and cancer has been reported [122]. However, there have
been few studies that have investigated the effects of dietary supplementation with extracts of cane
Sasa borealis (SBS) in NAFLD. A recent study examined the effect of supplementation with SBS
(150 mg/kg/day) in the presence of a HFD for a cycle of action of 5-week in rats and found that the
body weight, liver weight, TGs, TC and lipid accumulation in the liver was significantly lower in the
HFD plus SBS group compared with only HFD group. Also in the group supplemented with SBS,
the transcription factor PPAR-α is increased significantly and conversely SREBP-1c was suppressed in
a meaningful way, in addition, supplementation with SBS lead to a significant reduction in hepatic
levels of PPAR-γ mRNA, FAS, ACC1, and enzyme diacylglycerol and acyltransferase-2 (DGAT-2) [121].
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4.6.6. Silimarin

Milk thistle has been known for over 2000 years as a herbal medicinal that has been traditionally
used for a variety of pathologies. It has been particularly used for handling to diseases related to the
liver and gallbladder. Silibum marianum (Latin term for the plant) and its seeds are rich in a variety of
natural compounds called flavonolignans. Silimarin is known as a mixture of these compounds, which
is extracted after being processed with ethanol, methanol and acetone and contains mainly silibin A,
silibin B, taxofolin, isosilibin A, isolsilibin B, silichristin A, silidianin, and other compounds in smaller
concentrationes. Apart from its use in liver and gallbladder disorders, milk thistle has recently gained
attention due to its hypoglycemic and hypolipidemic properties [123]. Loguercio et al. [124] carried
out a multicenter, phase III, doubled-blind critical trial to asses RA (comprises the silybin phytosome
complex (silybin plus phosphatidylcholine) coformulated with vitamin E) in individuals with NAFLD
histologically documented. The participants were distributed (1:1) to receive active treatment (RA;
active components: silybin 94 mg, phosphatidylcholine 194 mg, vitamin E acetate 50% (α-tocopherol
30 mg) 89.28 mg) or placebo (P; extrawhite saccharine replacing active components) with a daily dose
of 2 times orally and for a period of 12 consecutive months, and the authors found that patients treated
with RA showed relief in values of transaminases (AST, ALT) and GGT, insulin resistance and different
histological features of the liver [124]. Similarly, a recent study compare the metabolic effects of the
Mediterranean diet versus the diet associated with silybin, phosphatidylcholine and vitamin E complex
(RE complex) in overweight patients with NAFLD and reported that the treatment for six months
with the Mediterranean diet and the RE complex, exhibited improvement not only in anthropometric
parameters (reduction in BMI and waits circumference) but also in insulin resistance and hepatic fat
accumulation [125].

4.7. Miscellaneous Therapeutic Agents’ Interventions in NAFLD: Astaxanthin, Cinnamon, and Coffee

Astaxanthin (ASTX) is a xanthophyll carotenoid this primarily in marine animals, among them
in salmon and crustaceans [126], which is a potent antioxidant acting as a free radical scavenger
including ROS [127] and peroxyl radicals, thus protecting PUFAs in biological membranes from
lipid peroxidation [128]. Seeking to define an effective dose of dietary treatment with ASTX to
address metabolic dysfunctions, male C57BL/6J mice were fed a HFD (35%) and were treated
with 0, 0.003%, 0.01% or 0.03% of ASTX (w/w) for 12 weeks [129]. At the highest dosage used,
ASTX significantly decreased plasma TGs, AST, and ALT concentrations, and increased expression of
endogenous antioxidants genes in liver was observed, with lower sensitivity of isolated splenocytes to
LPS stimulation, thereby suggesting that ASTX can have a role in preventing of obesity-associated
metabolic disturbances and inflammation [129].

Askari et al. [130] designed a RCT to evaluate the effects of cinnamon supplementation in patients
with NAFLD, involving 55 patients with NAFLD randomized supplemented either with 2 cinnamon
capsules (each capsule containing 750 mg of cinnamon) or placebo capsule daily for 12 weeks, and all
patients were instructed to implement a balanced diet and physical activity. Under these conditions,
the treatment group exhibited significantly decreased HOMA, fasting blood glucose, TC, LDL-C,
TGs, ALT, AST, GGT, hs-CRP, however, the serum levels of HDL-C and in both groups remained
unaltered [130].

The coffee is regarded as the most consumed beverage worldwide. A recent large prospective
study showed that consumption of pure and decaffeinated coffee is associated with decreased all-cause
death [131]. Similarly, it has been reported that the intake of coffee reduces the risk of advanced
liver disease and complications associated with this [132], and equally of hepatocellular carcinoma
independent of the etiology [133]. However, despite the above benefits, the molecular mechanisms
that contribute to the protective effect of coffee are not well clarified. In this regard, a study evaluated
the effects of the administration of decaffeinated espresso coffee versus placebo in rats fed with HFD
and changes in the proteomic profile of the liver. It was found that rats receiving HFD plus placebo
developed periacinar steatosis, lobular inflammation, and average fibrosis; while those receiving HFD
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plus coffee exhibited only average steatosis. Coffee consumption increased the hepatic expression
of chaperones of the endoplasmic reticulum and induced the expression of master regulators of
redox state. In addition, coffee intake was associated with decreased expression of the α-subunit
flavoprotein electron transfer, an element of the mitochondrial respiratory chain related with de novo
lipogénesis [134].

5. Conclusions and Projections

Currently, an effective pharmacological therapy for the NAFLD treatment is not available.
Lifestyle interventions involving diet and exercise remain the first line treatment (Figure 1),
however, the weight loss long term has a low success rate as well as dietary restrictions adherence.
This situation has prompted the exploration of new therapeutic agents for the prevention of hepatic
steatosis and the progression of the disease. Scientific evidence of potential therapeutic agents remains
lacking, partly because of the lack of clinical trials with based on evidence of liver histopathology data,
but also due to the fact that NAFLD is a multifactorial disease involving deep and complex metabolic
changes in the liver, which are in close relationship with other tissues such as adipose tissue and
skeletal muscle, making the possibility of successfully respond to monotherapy unlikely. This situation
points to the need for new therapeutic approaches considering the assessment of the effectiveness of
combined bioactive compounds that have proven hepatoprotective actions, in order to find possible
additive or potentiating effects in the prevention and treatment of NAFLD. In addition, it would be of
importance to consider the effects of therapeutic agents in conjunction with other non-pharmacological
therapies, such as those focused on behavioral therapies and surgical procedures, to evaluate the
usefulness of complementary mechanisms of actions on NAFLD outcomes.
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Abstract: Recently, the importance of lysosomes in the context of the metabolic syndrome has
received increased attention. Increased lysosomal cholesterol storage and cholesterol crystallization
inside macrophages have been linked to several metabolic diseases, such as atherosclerosis and
non-alcoholic fatty liver disease (NAFLD). Two-hydroxypropyl-β-cyclodextrin (HP-B-CD) is able
to redirect lysosomal cholesterol to the cytoplasm in Niemann-Pick type C1 disease, a lysosomal
storage disorder. We hypothesize that HP-B-CD ameliorates liver cholesterol and intracellular
cholesterol levels inside Kupffer cells (KCs). Hyperlipidemic low-density lipoprotein receptor
knockout (Ldlr−/−) mice were given weekly, subcutaneous injections with HP-B-CD or control
PBS. In contrast to control injections, hyperlipidemic mice treated with HP-B-CD demonstrated a
shift in intracellular cholesterol distribution towards cytoplasmic cholesteryl ester (CE) storage and
a decrease in cholesterol crystallization inside KCs. Compared to untreated hyperlipidemic mice,
the foamy KC appearance and liver cholesterol remained similar upon HP-B-CD administration,
while hepatic campesterol and 7α-hydroxycholesterol levels were back increased. Thus, HP-B-CD
could be a useful tool to improve intracellular cholesterol levels in the context of the metabolic
syndrome, possibly through modulation of phyto- and oxysterols, and should be tested in the future.
Additionally, these data underline the existence of a shared etiology between lysosomal storage
diseases and NAFLD.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) describes several stages of liver disease characterized
by no or little alcohol use, and is currently viewed as the precursor of the metabolic syndrome [1].
Initially, the excessive buildup of fat inside the liver, also referred to as steatosis, is a benign and
reversible condition. However, later stages of NAFLD are characterized by liver inflammation,
the formation of irreversible scar tissue (fibrosis-cirrhosis) and severe end-stage liver disease [2].
Currently, the prevalence of NAFLD is estimated to grow as a direct result of the global obesity
epidemic [3]. Better insights into the mechanisms that cause NAFLD are required in order to develop
novel therapeutic interventions.

Under healthy circumstances, lipoproteins are endocytosed by macrophages and initially directed
to the endolysosomal compartment where further processing will take place. Subsequently, cholesterol is
transferred from the lysosomes to the cytoplasm. Interestingly, previous studies from our group revealed
that during hyperlipidemic conditions in mice, such as NAFLD, cholesterol is not transported into
the cytoplasm, but rather accumulates inside lysosomes of the Kupffer cells (KCs). In addition to a
resistance of cholesterol efflux from the lysosome, we observed increased cholesterol crystals in the livers
of these mice [4,5]. These cholesterol crystals are so-called cholesterol deposits, formed upon excessive
cholesterol uptake. Similar to our data, lysosomal cholesterol storage and cholesterol crystallization
inside macrophages was also observed during atherosclerosis [6]. Therefore, the suggestion was raised
that both these metabolic diseases share disease mechanisms and could be referred to as acquired
lysosomal storage disorders [7,8]. A classical lysosomal storage disorder, such as Niemann-Pick type
C (NPC) disease, is caused by a mutation in either the Npc1 or Npc2 gene, which encodes for a key
protein that is responsible for cholesterol transport from the lysosomes to the cytoplasm. As a result,
NPC disease patients demonstrate progressive accumulation of cholesterol inside lysosomes that
severely damages almost all organs, leading to neurological disease, liver dysfunction and eventually
premature death [9]. Notably, increased lysosomal cholesterol accumulation in Npc1−/− mice could be
reversed by the administration of two-hydroxypropyl-β-cyclodextrin (HP-B-CD) and normalized the
cholesterol metabolism in nearly every organ of the body [10–14]. Thus far, the effect of HP-B-CD on
the cholesterol metabolism during NAFLD has never been studied.

The aim of the current study was to investigate whether HP-B-CD treatment is able to modify
the cholesterol metabolism in the liver, as well as inside the KCs, in an established hyperlipidemic
low-density lipoprotein receptor knockout (Ldlr−/−) mouse model. Unlike wildtype mice, the Ldlr−/−

mice demonstrate a human-like lipoprotein profile characterized by mildly elevated cholesterol
levels which is mostly carried in the intermediate-density lipoprotein (IDL)/LDL fractions [15].
Additionally, recent research demonstrated that the presence of steatosis and hepatic inflammation is
persisted for a long period of time, and even progressed into liver fibrosis [16]. The resemblance with
a human-like lipoprotein profile, the sustained hepatic inflammatory response and the development
of fibrosis makes hyperlipidemic Ldlr−/− mice an excellent mouse model to study the onset and
progression of NAFLD. We hypothesized that HP-B-CD ameliorates liver cholesterol and intracellular
cholesterol levels inside KCs. Once a week, we administered HP-B-CD to Ldlr−/− mice fed a high-fat,
high-cholesterol (HFC) diet. Mice receiving phosphate-buffered saline (PBS) were used as a control.
After HP-B-CD treatment, we found that lysosomal cholesterol levels and cholesterol crystallization
were decreased inside KCs compared to control-treated hyperlipidemic mice. In contrast, no changes
in the total level of liver cholesterol and KC area were seen. These data indicate for the first time
that HP-B-CD could be a useful tool to improve intracellular cholesterol levels in the context of the
metabolic syndrome.
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2. Results

2.1. No Difference in Liver and Plasma Cholesterol Levels upon HP-B-CD Treatment

The mean spleen and liver weight in the HFC group was increased compared to chow,
but remained similar upon weekly HP-B-CD treatment for a 12-week time period (Figure 1A). In line
with these data, liver and plasma cholesterol levels were significantly higher upon HFC feeding than
after 12 weeks of regular chow. However, no differences in cholesterol concentrations were found
between PBS and HP-B-CD-treated mice on an HFC diet (Figure 1B). Thus, these data indicate that
HP-B-CD has no effect on organ weight and cholesterol concentrations in plasma and liver.

 

Figure 1. Relative spleen, liver weights and cholesterol levels. (A) Relative spleen and liver weights
after 12-weeks of regular chow or HFC diet in Ldlr−/− mice with and without HP-B-CD treatment;
and (B) Cholesterol levels were analyzed in liver as well as plasma of Ldlr−/− mice after 12 weeks
of regular chow or HFC diet. TC: total cholesterol. Data are expressed as mean ± SEM (n = 10 for
the chow-fed mice; n = 12 for the mice fed an HFC diet without treatment; n = 12 for the HFC-fed
mice receiving HP-B-CD treatment). * Significantly different from chow. * and *** indicate p < 0.05,
and 0.001, respectively.

2.2. Foamy KC Appearance Is Similar between Control- and HP-B-CD-Injected Mice

To determine whether HP-B-CD affects the foamy appearance of KCs, liver sections were
stained against CD68, a marker specifically for macrophages. As expected, HFC feeding increased
the area of the KCs, compared to mice fed regular chow. No difference in CD68-positive area was
observed between PBS- and HP-B-CD-injected mice on an HFC diet (Figure 2A). These data were
confirmed upon quantification of the CD68-positive area of these livers (Figure 2B) and gene expression
analysis of Cd68 (Figure 2C), which both demonstrated no difference in the CD68 expression after
HP-B-CD. To summarize, the HFC diet leads to a foamy KC appearance and was not affected upon
HP-B-CD treatment.
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Figure 2. Hepatic CD68 expression. (A) Representative histological pictures of the CD68 staining
(original magnification, 200×) performed on liver sections of chow, PBS-injected and HP-B-CD-injected
HFC-fed mice; (B) Quantification of the percentage CD68-positive area; (C) Hepatic gene expression
analysis of Cd68. Gene expression data are shown relative to chow. Data are expressed as mean
± SEM (n = 10 for the chow-fed mice; n = 12 for the mice fed an HFC diet without treatment;
n = 12 for the HFC-fed mice receiving HP-B-CD treatment). * Significantly different from chow.
*** indicates p < 0.001.

2.3. HP-B-CD-Treated Mice Demonstrate Decreased Lysosomal Cholesterol Accumulation and
Cholesterol Crystallization

Electron microscopy was performed to investigate the effect of HP-B-CD on redirecting lysosomal
cholesterol to the cytoplasm and cholesterol crystallization. Livers were fixed and stained for acid
phosphatase (ACPase), a marker for lysosomes. As demonstrated in Figure 3A, KCs of the non-treated
HFC group displayed increased lysosomal cholesterol accumulation and cholesterol crystals compared
to KCs of HP-B-CD-treated mice upon HFC feeding (Figure 3B). In the latter group, cholesterol
droplets were mainly observed inside the cytoplasm. Scoring electron microscopy pictures of
approximately 50 KCs from both HFC groups confirmed that lysosomal cholesterol was significantly
decreased, while cytoplasmic cholesteryl ester (CE) droplets were increased upon HP-B-CD treatment.
Moreover, mice administered HP-B-CD had less cholesterol crystals inside their KCs compared to
control PBS-injected mice after a 12-week HFC diet (Figure 3C). These results suggest that HP-B-CD is
able to redirect cholesterol from the lysosomes to the cytoplasm.
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Figure 3. Effect of HP-B-CD on intracellular cholesterol distribution and cholesterol transporters.
Representative electron microscopy pictures of Kupffer cells (KCs) of HFC-fed Ldlr−/− mice without
(A) and with HP-B-CD treatment (B). Lysosomes are indicated in black by ACPase staining. KCs are
depicted by the dashed line. Arrows point to cholesterol crystals; (C) Scoring of lysosomal cholesterol,
cytoplasmic cholesteryl ester (CE) droplets and cholesterol crystals after 12 weeks of HFC diet. In total,
40 to 50 KCs were scored per HFC group and an average score was calculated. Gene expression
levels of the cholesterol transporters Abca1 (D) and Npc2 (E) in oxLDL-loaded BMDM with or
without HP-B-CD treatment. The in vitro results are the mean ± SEM from two separate experiments
performed in triplicate. * Significantly different from control. *, ** and *** indicate p < 0.05, 0.01 and
0.001, respectively.

Previous studies found that it is mainly oxidized LDL (oxLDL) that tends to accumulate inside
the lysosomes of Ldlr−/− mice and in cultured macrophages [5,17]. To show that HP-B-CD is
able to modify lysosomal oxLDL, we isolated bone marrow-derived macrophages (BMDM) from
wildtype mice and stimulated these with oxLDL. Subsequently, BMDM were treated with HP-B-CD
(0.3%) or with control medium. Upon HP-B-CD treatment, gene expression of ATP-binding cassette
transporter A1 (Abca1), a key regulator of cholesterol efflux, was elevated compared to control treatment
(Figure 3D). Additionally, the gene expression of Niemann-Pick type C2 (Npc2), an intracellular
lysosomal cholesterol transporter responsible for cholesterol transport out of the lysosome, was also
elevated after HP-B-CD treatment compared to control (Figure 3E). These data demonstrate the ability
of HP-B-CD to lower lysosomal oxLDL levels.
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2.4. Campesterol and 7α-Hydroxycholesterol Are Increased after HP-B-CD Treatment

To obtain a better understanding in the cholesterol metabolism after HP-B-CD treatment,
we analyzed campesterol, a phytosterol, and 7α-hydroxycholesterol (7aOH), an oxysterol,
in the livers of control chow-fed and non-treated and HP-B-CD-treated HFC-fed mice.
Hepatic campesterol and 7aOH levels were dramatically reduced upon an HFC diet compared to
chow. Interestingly, campesterol and 7aOH were significantly increased after HP-B-CD treatment,
although the elevation was minimal (Figure 4A,B).

 

Figure 4. Hepatic levels of campesterol and 7α-hydroxycholesterol (7aOH). Campesterol (A) and 7aOH
(B) were analyzed in liver pieces of Ldlr−/− mice after 12 weeks of regular chow or HFC diet. Data are
expressed as mean ± SEM (n = 10 for the chow-fed mice; n = 12 for the mice fed an HFC diet without
treatment; n = 12 for the HFC-fed mice receiving HP-B-CD treatment). * Significantly different from
chow. * and *** indicate p < 0.05 and 0.001, respectively.

3. Discussion

Currently, no registered therapeutic interventions against NAFLD are available. Previous studies
from our group suggest that lysosomal cholesterol accumulation can be considered as a key mechanism
for the pathogenesis of NAFLD in mice. As such, we tested HP-B-CD, a compound known to redirect
cholesterol from the lysosomes to the cytoplasm in the context of lysosomal storage diseases, to improve
the cholesterol metabolism in an established hyperlipidemic mouse model to study NAFLD [16].
Unlike total hepatic cholesterol levels, we now show that it is the intracellular localization of cholesterol
in hyperlipidemic mice that is improved after HP-B-CD treatment. Our novel data demonstrate that
HP-B-CD reduces lysosomal cholesterol accumulation and cholesterol crystallization in KCs during
hyperlipidemic conditions. Moreover, these data underline the shared etiology between lysosomal
storage diseases and NAFLD.

Lysosomal cholesterol accumulation could be efficiently overcome by the administration of
HP-B-CD to Npc1−/− mice and cells deficient for the Npc1 gene [10,13]. In the current study, a
similar dosage (20% w/v, 4000 mg per kg body weight) and product (H107, Sigma-Aldrich) of
HP-B-CD was administered subcuteanously as described in previous in vivo studies [11–14,18] and
showed to decrease lysosomal cholesterol storage and increase cytoplasmic CE droplets inside KCs.
Thus, HP-B-CD was able to reduce lysosomal cholesterol in a lysosomal storage disease and fatty
liver disease and suggests a shared disease mechanism. Lysosomal cholesterol accumulation in
macrophages is an underlying mechanism in diseases associated with the metabolic syndrome, such as
atherosclerosis and NAFLD [4,7,8]. Unlike non-oxidized LDL that accumulates in lysosomes of NPC
mice, recent evidence points toward the specific lysosomal trapping of oxLDL in Ldlr−/− mice and
in cultured macrophages [5,17,19,20]. Besides NAFLD, increasing attention has been directed to the
crucial role of oxLDL in the pathogenesis of various metabolic diseases, including atherosclerosis [7]
and diabetes [21]. However, thus far, oxLDL has been shown to be highly resistant to removal from
the lysosome [22] and to intracellular degradation [23]. As such, the ability of HP-B-CD to liberate

535



Int. J. Mol. Sci. 2015, 16, 21056–21069

lysosomal cholesterol in Ldlr−/− mice is an exciting opportunity for the amelioration of various
metabolic diseases underlying lysosomal oxLDL accumulation.

HP-B-CD has cholesterol-binding capacities and normalizes cholesterol homeostasis in Npc1
deficient cells [24]. Upon absorption, HP-B-CD has been shown to be distributed over several
tissues including the liver [25]. In line, numerous studies demonstrated a clear improvement in
liver function of Npc1−/− mice after subcutaneous administration of HP-B-CD [11–14,26]. Much to
our surprise, no changes in plasma and liver cholesterol levels and the foamy KC appearance were
found in HP-B-CD-treated mice compared to their control. A possible explanation for these data is
that cholesterol storage inside lysosomes is much less extreme in the Ldlr−/− model compared to
the Npc1−/− mice fed an HFC diet. Therefore, the effect of HP-B-CD on total cholesterol levels, and
also liver weight, in the Ldlr−/− model is not significant. In line with our observations, Taylor et al.
demonstrated that HP-B-CD treatment does not lead to increased cholesterol levels in urine and
plasma, leaving HP-B-CD to liberate lysosomal cholesterol for further processing within the cytosolic
compartment only [27]. However, these results may be related to the fact that HP-B-CD was injected
only one single time in the latter study.

In line with the unaffected plasma and liver cholesterol levels between HP-B-CD- and
control-treated mice, we could not detect any differences in the foamy KC appearance. This is a
striking result, since the amount of cholesterol crystals were lowered in mice treated with HP-B-CD
compared to PBS and suggest that foamy KCs do not correlate with cholesterol crystallization.
This is contrary to the current view that foamy macrophages are strongly associated with cholesterol
crystallization [5,28–30]. Of note, cholesterol crystallization occurs within lipid-loaded lysosomes and
not in the cytoplasm, hereby confirming that the actual formation of cholesterol crystals is dependent
on lysosomal cholesterol levels [31]. Indeed, in line with a decreased level of lysosomal cholesterol,
we observed less cholesterol crystallization. Altogether, these data indicate that there is dissociation
between foam cell formation and cholesterol crystallization.

Despite much effort, the exact mechanism by which HP-B-CD normalizes cholesterol homeostasis
is still under debate. After injection, HP-B-CD has the ability to be internalized into the lysosomes
of cells via bulk phase endocytosis and release sequestered cholesterol from the lysosome into
the cytosol [32]. Due to the unique structure of HP-B-CD, it can serve as a cholesterol sink,
extract cholesterol and trap cholesterol in the presence of high cholesterol concentrations. However,
during low cholesterol levels, HP-B-CD rather acts as a cholesterol shuttle, transporting cholesterol
between membranes. Other evidence points towards HP-B-CD as a compound that extracts cholesterol
from cell membranes by which the resulting HP-B-CD-cholesterol complex is then cleared via
the kidneys.

In the current study, we have found that the HFC diet leads to a dramatic reduction of liver
campesterol compared to chow. In the plasma, campesterol can be considered as a surrogate
marker for intestinal cholesterol absorption, and likely has the same function when found in the
liver [33]. Intestinal cholesterol absorption, and thus campesterol, is likely to be inhibited during
consumption of a high fat diet, as a protective mechanism to prevent excess plasma cholesterol levels.
Our data are in line with other studies pointing towards an inverse correlation between campesterol
and BMI/obesity [34,35]. Likewise, elimination of overweight by lifestyle interventions normalized
intestinal cholesterol absorption [33]. Campesterol and 7aOH in the liver were elevated upon HP-B-CD
administration. While the molecular mechanisms behind this observation are not clear, it is known
that both campesterol and 7aOH are liver X receptor (LXR) agonists which serve as an intracellular
sensor of cholesterol content and mobilize cholesterol to the plasma membrane upon activation [36].
Thus, the upregulation of campesterol and 7aOH levels upon HP-B-CD could possibly contribute to the
improved intracellular cholesterol trafficking observed upon administration of HP-B-CD. Despite the
upregulation of campesterol and 7aOH upon HP-B-CD treatment, we did not observe a decrease in
plasma and liver cholesterol. This observation can be explained by the fact that dietary phytosterols,
including campesterol, have been shown to increase the affinity and efficiency of the LDLR for adequate
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cholesterol removal [37]. Since our study was performed in Ldlr−/− mice, campesterol was not able
to enhance efficiency of the LDLR. Moreover, these results indicate that lysosomal cholesterol levels
were reduced independent of the LDLR and support the view of campesterol and 7aOH being an
LXR-agonist. Thus, campesterol and 7aOH levels were upregulated upon HP-B-CD and possibly
improved intracellular cholesterol trafficking via LXR signaling.

4. Experimental Section

4.1. Mice, Diet and Injections

The mice were housed under standard conditions and given free access to food and water.
All experiments were approved by the Committee for Animal Welfare of Maastricht University and
performed according to Dutch regulations. Eleven to twelve-week old female Ldlr−/− mice on a
C57/Bl6 background were either fed regular chow (n = 10) or an HFC diet (n = 12 per HFC group
with and without HP-B-CD treatment) for 12 weeks. The effects of HP-B-CD were investigated by
giving weekly subcuteanous injections at the start of the HFC diet with 4000 mg per kg of body weight
of 20% w/v HP-B-CD (H107, Sigma-Aldrich GmbH, St. Louis, MO, USA) (n = 12). PBS was used for
control injections. The HFC diet contained 21% milk butter, 0.2% cholesterol, 46% carbohydrates and
17% casein. Collection of blood and tissue specimens, biochemical determination of lipids in plasma,
liver histology, electron microscopy, acid phosphatase (ACPase) enzyme cytochemistry, RNA isolation,
complementary DNA synthesis and quantitative polymerase chain reaction were determined as
described previously [4,5,38–41]. Pieces of liver were used for quantification of liver cholesterol and
the hepatic levels of campesterol and 7α-hydroxycholesterol as described previously [42].

4.2. CD68 Staining

For the CD68 staining, six microscopical views (200× magnification) of each liver were obtained.
Adobe Photoshop CS2 v.9.0 was used to analyze CD68-positive (red) pixels as well as total unstained
tissue pixels of each microscopical picture. Subsequently, these data were used to calculate the
percentage of CD68-positive area.

4.3. Scoring of Lysosomal Lipid Droplets, Cytoplasmic CE Droplets and Cholesterol Crystals

Electron microscopy was performed by an expert in the electron microscopical field of the liver.
By using electron microscopy pictures, analysis of lysosomal cholesterol was performed by scoring
the area of lysosomal lipid droplets, those that are inside ACPase-positive lysosomes indicated by
the black membrane, and the area of cytoplasmic CE droplets in 40 to 50 KCs from each HFC group.
Each KC was scored between 0 and 6; 0 indicated no lipid droplets inside lysosomes or no cytoplasmic
CE droplets, whereas an extremely large area of lysosomal lipid droplets or cytoplasmic CE droplets
was scored with a 6. Subsequently, the average lysosomal cholesterol and cytoplasmic CE area per KC
was calculated. The scoring and the average calculation for cholesterol crystallization were performed
similarly; the score 0 indicated no cholesterol crystals, while 5 indicated the highest area of cholesterol
crystals and was performed as described previously [29].

4.4. Bone Marrow-Derived Macrophages

Bone marrow-derived macrophages (BMDM) were isolated from the tibiae and femurs of wildtype
C57BL/6 mice. Cells were cultured in RPMI-1640 (GIBCO Invitrogen, Breda, The Netherlands) with
10% heat-inactivated fetal calf serum (Bodinco B.V. Alkmaar, The Netherlands), penicillin (100 U/mL),
streptomycin (100 μg/mL) and L-glutamine 2 mM (all GIBCO Invitrogen), supplemented with 20%
L929-conditioned medium (LCM) for 8–9 days to generate BMDM. After attachment, macrophages
were seeded at 350,000 cells per well in 24-well plates and incubated for 72 h with oxLDL (25 μg/mL;
Alfa Aesar: J65591, Wardhill, MA, USA), followed by a treatment with or without 0.3% HP-B-CD
(H107, Sigma-Aldrich GmbH, St. Louis, MO, USA). Then cells were washed and stimulated with
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lipopolysaccharide (100 ng/mL) for 4 h. Finally, cells were lysed and further processed for gene
expression analysis.

4.5. Statistical Analysis

Data were analyzed by two-tailed, unpaired, t-tests using GraphPad Prism, version 4.0 for Windows
(GraphPad Software Inc., La Jolla, CA, USA). Data are represented as mean ± standard error of mean
(SEM) and considered significant at p < 0.05 (* p < 0.05; ** p < 0.01 and *** p < 0.001, respectively).

5. Conclusions

Unlike total liver cholesterol, administration of HP-B-CD improves intracellular cholesterol
localization inside KCs of NAFLD-susceptible Ldlr−/− mice. Therefore, HP-B-CD could be a
useful tool to improve intracellular cholesterol levels and cholesterol crystals in the context of the
metabolic syndrome and should be tested in the future. Further studies are necessary to determine
the novel role of oxysterols and phytosterols in improving intracellular cholesterol trafficking.
Additionally, these data underline the existence of a shared etiology between lysosomal storage
diseases and NAFLD.
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Abstract: Non-alcoholic fatty liver disease (NAFLD), which is strongly associated with metabolic
syndrome, is increasingly a major cause of hepatic disorder. Dipeptidyl peptidase (DPP)-4 inhibitors,
anti-diabetic agents, are expected to be effective for the treatment of NAFLD. In the present study, we
established a novel NAFLD model mouse using monosodium glutamate (MSG) and a high-fat diet
(HFD) and investigated the effects of a DPP-4 inhibitor, teneligliptin, on the progression of NAFLD.
Male MSG/HFD-treated mice were divided into two groups, one of which received teneligliptin
in drinking water. Administration of MSG and HFD caused mice to develop severe fatty changes
in the liver, but teneligliptin treatment improved hepatic steatosis and inflammation, as evaluated
by the NAFLD activity score. Serum alanine aminotransferase and intrahepatic triglyceride levels
were significantly decreased in teneligliptin-treated mice (p < 0.05). Hepatic mRNA levels of the
genes involved in de novo lipogenesis were significantly downregulated by teneligliptin (p < 0.05).
Moreover, teneligliptin increased hepatic expression levels of phosphorylated AMP-activated protein
kinase (AMPK) protein. These findings suggest that teneligliptin attenuates lipogenesis in the
liver by activating AMPK and downregulating the expression of genes involved in lipogenesis.
DPP-4 inhibitors may be effective for the treatment of NAFLD and may be able to prevent its
progression to non-alcoholic steatohepatitis.

Keywords: AMPK; DPP-4 inhibitor; lipogenesis; non-alcoholic fatty liver disease; NAFLD;
SREBP1c; teneligliptin

1. Introduction

Obesity is considered to be a serious health problem, as it frequently causes various medical
concerns, including type 2 diabetes mellitus (T2DM), cardiovascular diseases, dyslipidemia and many
types of cancer [1]. Non-alcoholic fatty liver disease (NAFLD), which is strongly associated with
obesity, has become one of the most common causes of chronic liver disease in developed countries.
The clinical importance of NAFLD is illustrated by its high prevalence (6.3%–33%, with a median of
20%) in the general population [2]. NAFLD is defined as a chronic hepatic status with fat accumulation
in the liver after the exclusion of secondary causes of hepatic fat accumulation, such as remarkable
alcohol consumption, autoimmune or viral hepatitis and certain medications [3]. Some patients with
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NAFLD develop a more serious disease condition, non-alcoholic steatohepatitis (NASH), and 10%–15%
of patients with NASH develop liver cirrhosis, leading to hepatocellular carcinoma (HCC) [4–6].
The incidence of HCC due to NASH is almost the same as that due to chronic hepatitis C virus [7],
which suggests that chronic liver damage or liver carcinogenesis associated with NAFLD/NASH are
critical healthcare problems that should be resolved.

NAFLD is strongly associated with several aspects of metabolic syndrome, i.e., obesity,
dyslipidemia (primarily increased triglycerides), insulin resistance and concomitant glucose
intolerance, including T2DM [6,8,9]. Therefore, improvement of these medical conditions may
be beneficial to ameliorate NAFLD. For instance, pitavastatin, a drug used for the treatment
of dyslipidemia, improved liver steatosis and decreased serum levels of free fatty acid (FFA)
and alanine aminotransferase (ALT) in obese and diabetic db/db mice [10]. In the same strain of
mice, treatment with green tea catechins, which have characteristics facilitating the prevention of
metabolic syndrome, attenuated liver steatosis and suppressed chronic inflammation in the liver [11].
In addition, metformin, an anti-diabetic agent, markedly improve insulin resistance and inhibited
obesity-related liver tumorigenesis in db/db mice [12]. Recently, it was reported that NAFLD is a
strong determinant for the development of metabolic syndrome [13,14], suggesting that interventions
purposing to ameliorate NAFLD are appropriate for the prevention and treatment of metabolic
syndrome and related diseases.

Intestinal hormone incretins, such as glucagon-like peptide-1 (GLP1), regulate blood glucose
levels by promoting insulin secretion in pancreatic β cells, as well as decreasing glucagon secretion
in pancreatic α cells. Following their secretion from the intestines, incretins are rapidly decomposed
by dipeptidyl peptidase (DPP)-4. DPP-4 inhibitors prevent GLP1 from decomposing, and this leads
to appropriate secretion of insulin and glucagon from the pancreas. Therefore, DPP-4 inhibitors
are commonly used in practice as medicinal agents for T2DM [15,16]. Recently, incretins have been
reported to have various bioactivities, not only in pancreas cells, but also outside the pancreas [17].
Moreover, several studies have revealed the potential roles of incretin-based therapies, including DPP-4
inhibitors and GLP-1 receptor agonists, in the treatment of NAFLD [18,19]. DPP-4 inhibitors may be
able to attenuate the pathology of NASH, because patients with NAFLD/NASH have increased DPP-4
activity, which correlates with the histological severity of NASH [20–22].

Monosodium glutamate (MSG)-treated animals exhibit obesity and metabolic dysfunction [23–25].
In the present study, we established a novel mouse model of NAFLD by injecting them with MSG and
then feeding them a high-fat diet (HFD); these mice display obesity and severe fatty changes in the
liver with an early onset. Using this model, we evaluated the preventive and therapeutic efficacy of
teneligliptin, a DPP-4 inhibitor, on NAFLD and investigated the underlying mechanisms.

2. Results and Discussion

2.1. Results

2.1.1. General Observations

At the end of the experiment, there were no significant differences in body weight or relative
weight of organs, including the liver and white adipose tissue (periorchis and retroperitoneum),
between the two groups (Table 1). No significant difference was seen in the amount of food ingested
by the two groups during the experiment. No clinical symptoms of adverse event by teneligliptin were
observed throughout the experiment. Histopathological examination also displayed no toxicity due to
teneligliptin treatment in important organs, including the liver, kidney and spleen (data not shown).
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Table 1. Body, liver and fat weights of the experimental mice.

Measurement Item Control Teneligliptin

Body weight (g) 83.4 ˘ 7.1 a 80.7 ˘ 8.3
Liver weight (g) 5.5 ˘ 1.4 5.1 ˘ 0.8

Liver-to-body weight ratio 0.066 ˘ 0.013 0.063 ˘ 0.016
White adipose tissue b (g) 2.8 ˘ 0.7 2.8 ˘ 1.1

a Mean ˘ SD; b white adipose tissue of the periorchis and retroperitoneum.

2.1.2. Effects of Teneligliptin on the Histopathology of the Experimental Mouse Liver

The hematoxylin and eosin (H&E)-stained liver sections showed fatty degeneration, inflammation
and hepatocellular ballooning in both groups. Macrovesicular fat deposits and glycogen storage were
observed in the livers of both groups, but teneligliptin treatment attenuated fat accumulation in the
experimental mice (Figure 1A). Liver sections were histologically evaluated using the NAFLD activity
score (NAS) system [26]. The total NAS in Group 2 was significantly decreased compared to that
in Group 1 (Figure 1B). When comparing each scoring factor in the NAS system, hepatic steatosis
and inflammation were significantly attenuated in Group 2 compared to those in Group 1 at this
experimental time point (14 weeks of age) (Figure 1C). Liver fibrosis was not detected in either group.

Figure 1. Effects of teneligliptin on hepatic histopathology in experimental mice. (A) Hematoxylin and
eosin (H&E) staining of liver sections from experimental mice. Representative photomicrographs of
the liver sections of MSG/high-fat diet (HFD)-administered mice treated with or without teneligliptin.
Bar, 100 μm; (B,C) The NAFLD activity score (NAS) was determined based on histopathological
analysis (steatosis, inflammation and ballooning). Ctrl, control. TNL, teneligliptin. The values are
expressed as the mean ˘ SD. * p < 0.05 versus the control group.

2.1.3. Effects of Teneligliptin on the Intrahepatic Triglyceride Levels and the Activation of
AMP-Activated Protein Kinase in the Livers of Experimental Mice

Triglyceride levels in the liver were significantly decreased in the teneligliptin-treated group
(Figure 2A). This was consistent with histological findings of attenuated hepatic steatosis in the livers
of mice in the group treated with teneligliptin, as evaluated by Oil Red O-stained liver sections
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(Figure 2B). Moreover, teneligliptin administration significantly increased the hepatic expression levels
of phosphorylated (i.e., activated) AMPK (p-AMPK) protein (Figure 2C), which may be associated
with the improvement of liver steatosis [27].

2.1.4. Effects of Teneligliptin on the Expression Levels of Acetyl-CoA Carboxylase, Fatty Acid
Synthetase, Sterol Regulatory Element-Binding Protein 1c and Elongation of Very Long Chain Fatty
Acid-Like Family Member 6 mRNA in the Livers of Experimental Mice

We determined the mRNA expression levels of Acc, Fas, Srebp1c and Elovl6 to elucidate the
effects of teneligliptin on lipid metabolism in the livers of experimental mice. As shown in Figure 3,
the expression levels of Acc, Fas and Srebp1c, which regulate lipogenesis [28,29], were significantly
decreased in the mice treated with teneligliptin when compared to those without teneligliptin.
In addition, teneligliptin administration also decreased the hepatic expression levels of Elovl6, which is
also one of the key molecules controlling fatty acid metabolism and lipotoxicity [28].

Figure 2. Effects of teneligliptin on hepatic steatosis and the levels of AMPK and p-AMPK in the livers of
experimental mice. (A) Hepatic lipids were extracted from liver samples, and intrahepatic triglyceride
(TG) levels were measured (n = 6); (B) steatosis in frozen liver sections from experimental mice treated
with or without teneligliptin was analyzed with Oil Red O staining. Bar, 100 μm; (C) Total proteins
were extracted from the livers of experimental mice, and the expression levels of AMPK and p-AMPK
proteins were examined by Western blot analysis using the respective antibodies. GAPDH served as a
loading control (left panel). Band intensities were quantified using densitometry. After the average of
band intensity ratios of p-AMPK to GAPDH and AMPK to GAPDH were calculated in each sample,
the ratios of these calculated values, which was expressed as p-AMPK/AMPK, were determined
(right panel). Similar results were obtained in repeat experiments. The values are expressed as the
mean ˘ SD. * p < 0.05 versus the control group.
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Figure 3. Effects of teneligliptin on the expression levels of genes related to lipogenesis in the livers of
experimental mice. Total RNA was isolated from the livers of the experimental mice (n = 6), and the
expression levels of Acc, Fas, Srebp1c and Elovl6 mRNAs were examined using quantitative real-time
RT-PCR with specific primers. The values are expressed as the mean ˘ SD. * p < 0.05 versus the
control group.

2.1.5. Effects of Teneligliptin on Biochemical Parameters

Blood samples were collected from the inferior vena cava at sacrifice after six hours of fasting for
chemical analyses. The levels of serum ALT were significantly reduced by teneligliptin administration.
On the other hand, other parameters, including FFA, glucose, insulin and triglyceride, were not
significantly different between the groups (Table 2).

Table 2. Serum parameters in serum of the experimental mice. FFA, free fatty acid.

Measurement Item Control Teneligliptin

FFA (μEQ/mL) 2091.0 ˘ 328.9 a 1550.4 ˘ 267.5
Glucose (mg/dL) 295.2 ˘ 108.2 528.0 ˘ 102.0
Insulin (ng/mL) 2.3 ˘ 0.9 2.14 ˘ 1.8

ALT (IU/L) 239.8 ˘ 20.4 162.0 ˘ 16.5 b

Triglyceride (mg/mL) 56.4 ˘ 32.2 65.2 ˘ 9.3
a Mean ˘ SD; b significantly different from the control group by the Welch t-test.

2.2. Discussion

The incidence of NAFLD/NASH is expected to continue to increase because of the global
obesity epidemic. Therefore, efficacious therapeutic medications and preventive strategies for
NAFLD/NASH are required. The novel animal model used in our present study is considered
to reflect the pathological conditions in human NAFLD/NASH characterized by macrovesicular
steatosis and chronic liver inflammation and is thought to be a practical and feasible model for
investigating NAFLD and for testing preventive and therapeutic modalities that can suppress the
progression of simple hepatic steatosis into NASH. In addition, this mouse model has the advantage of
developing NAFLD with earlier onset compared to other animal models reported previously [11,23,30].
Although NAFLD/NASH has been considered as a hepatic manifestation of metabolic syndrome,
it was recently found that NAFLD appears to be a precursor and a strong risk factor for the future
development of metabolic syndrome [13,14]. A previous report by Misu et al. [31] suggested this
reciprocal causality by demonstrating that the serum level of selenoprotein P, which is a liver-derived
secretory protein and which is higher in subjects with NAFLD [32], causes insulin resistance. From this
point of view, it is considered an appropriate action to intervene in ameliorating NAFLD by various
medications, including the DPP-4 inhibitors, for the prevention and treatment of metabolic syndrome
and related diseases.

DPP-4 inhibitors are commonly used in practice as medical agents for T2DM [15,16]. The present
study clearly demonstrated that teneligliptin, a DPP-4 inhibitor, suppresses lipogenesis and steatosis in
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the liver of NAFLD model mice generated by administering MSG and HFD, whereas body weight and
white adipose tissue weight were not reduced by this condition. We consider that the positive effect of
teneligliptin on hepatic steatosis is associated, at least in part, with the suppression of the expression
of specific genes, including Srebp1c, Acc and Fas, which play a key role in de novo lipogenesis [29].
Srebp1c is a key lipogenic transcription factor abundantly present in the mammalian liver [33]. It has
been reported that hepatic gene expression of Srebp1c is increased in subjects with NAFLD as compared
to those without [34]. In addition, treatment with linagliptin, the other DPP-4 inhibitor, also decreased
liver expression of Srebp1c and Fas and, thus, improved steatosis in a mouse model of diet-induced
obesity [35]. These reports may suggest that targeting lipogenic molecules, such as Srebp1c and Fas,
with a DPP-4 inhibitor is a promising strategy for improving hepatic steatosis.

Among various agents investigated and thought to be candidates targeting NAFLD, the effects
on fibrosis, ballooning degeneration, steatosis and lobular inflammation are analyzed in a recent
publication comparing vitamin E, thiazolidinediones (TZDs), pentoxifylline and obeticholic acid
(OCA) [36]. The effects of these agents are different; pentoxifylline, TZDs and OCA have ameliorating
effects on lobular inflammation, but vitamin E has no effect on that compared to placebo. Furthermore,
only pentoxifylline shows no effect on ballooning [36]. According to the results in our present study
displaying the effects of teneligliptin on histopathology in the liver, teneligliptin could ameliorate
hepatic steatosis and inflammation, but not ballooning in the NAS system (Figure 1). This might
be because the major effect of teneligliptin as well as pentoxifylline [37] on NAFLD is inhibition of
lipogenesis in the liver.

In the present study, the teneligliptin-treated group showed the tendency of a higher serum
glucose level. This is assumed to be due possibly to the effect of fasting before sacrifice. In the feeding
state, the serum glucose level must be lower than that in the control group, because the effect of this
medicine on the serum glucose level has already been proven in experiments in the drug development
process, as well as in clinical practice. Furthermore, in the feeding state, serum incretin levels appear
to be higher in the teneligliptin-treated group, and it can be suspected that serum glucose metabolism
was relatively dependent on the functions of incretins, including the functions that induce insulin
secretion from the pancreas and enhance the insulin signaling pathway in the hepatocyte [17], due to
the continuous influence of the DPP-4 inhibitor. Then, in the fasting state at sacrifice, intestines did not
secrete incretins, leading probably to the relatively higher glucose levels shown in teneligliptin-treated
mice. Although the serum levels of incretins and insulin, as well as glucose in the feeding state were
not measured in our study, the levels of these might be able to let us interpret those unexpected data.

AMPK is a key regulator of energy balance and nutrient metabolism [38]. In the liver, AMPK has
been demonstrated to inhibit cholesterol and triglyceride biosynthesis by reducing the activities
of Srebp1c and Fas [27]. AMPK activation also promotes fatty acid β-oxidation by inactivation of
ACC activity [39]. Moreover, GLP-1 suppresses hepatic lipogenesis through the activation of the
AMPK pathway [40]. Other studies reported by Svegliati-Baroni et al. [41] and Lee et al. [42] also
demonstrate that enhanced AMPK signaling due to GLP-1 activation can lead to inhibiting hepatic
steatosis. Therefore, AMPK is considered to be a therapeutic target for NAFLD/NASH associated
with metabolic syndrome [27]. In the present study, teneligliptin treatment significantly increased
the levels of phosphorylated AMPK in the livers of NAFLD model mice (Figure 2C). These findings
suggest that teneligliptin may attenuate lipogenesis in hepatocytes through the activation of AMPK
and, subsequently, downregulation of Srebp1c and Fas (Figure 3). These findings are also consistent
with the results of a previous report showing that AMPK inhibition resulted in elevated cleavage
and transcription of hepatic Srebp1c in insulin-resistant mice [27]. In our study, it can be considered
that teneligliptin elevated the level of GLP-1 due to attenuating the effect of the DDP-4 inhibitor and
then enhanced AMPK in hepatocytes through the GLP-1 receptor (GLP-1R). The levels of GLP-1 and
other incretins, however, were not determined in this study, as mentioned above. In addition, it is still
controversial whether GLP-1R is present or responsible for the GLP-1 signal in the hepatocyte [43].
Moreover, there may be direct effects of DPP-4 inhibitors on hepatic steatosis through AMPK activation
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or other signaling pathways. Further investigations are required in order to clarify the effect of DPP-4
inhibitors and incretins on lipid metabolism in the hepatocyte.

One of the key mechanisms of incretin-based therapies, including DPP-4 inhibitors, for improving
liver steatosis is the reduction of FFA [44] and improvement of glucose metabolism [15,16].
Therefore, we initially expected that teneligliptin would attenuate liver steatosis in the MSG/HFD-treated
mice by improving these metabolic abnormalities. However, serum levels of FFA, glucose, insulin and
triglycerides were not decreased by treatment with teneligliptin in the present study. We speculated
that this was likely due to the study protocols, because MSG plus HFD treatment induced very severe
obesity and steatosis within a short period of time. The present experimental condition (10 weeks of
treatment with teneligliptin) may have been insufficient to obtain anti-diabetic effects, which is one of the
limitations of the present study. Another limitation is that plasma levels of GLP-1 were not measured,
and therefore, inhibition of DPP-4 by teneligliptin was not evaluated. We also did not assay the plasma
DPP-4 activity or concentration. Therefore, future long-term studies should be conducted to confirm
that teneligliptin improves liver steatosis by decreasing serum levels of FFA and improving glucose
metabolism, focusing on the serum levels of GLP-1 and the activity of DPP-4 in several animal models.

3. Experimental Section

3.1. Animals and Chemicals

ICR mice were obtained from Charles River Japan (Kanagawa, Japan), and their newborns
were employed in the study. MSG was purchased from Wako Pure Chemical (Osaka, Japan).
CRF-1, a basal diet and HFD were from Oriental Yeast (Tokyo, Japan). Teneligliptin (Tenelia™) was
kindly provided by Mitsubishi Tanabe Pharma Corporation (Tokyo, Japan). We fully complied with
the Guidelines Concerning Experimental Animals issued by the Japanese Association for Laboratory
Animal Science [45] and exercised due consideration to minimize pain and suffering.

3.2. Experimental Procedure

MSG was administered into the neonatal ICR mice at birth as a single-dose subcutaneous injection
(4 mg/g body weight). Among these mice, males were divided into two groups at 4 weeks of age: the
MSG/HFD group (n = 6, Group 1) and the MSG/HFD/teneligliptin-treated group (n = 6, Group 2).
The mice in Group 2 were administered teneligliptin (30 mg/kg per day) in the drinking water from
4 weeks of age. The treatment dose of teneligliptin was determined according to the data from the
animal experiments in the drug development process. Although the dose was relatively higher than
that for humans in clinical practice, no notable adverse effect was observed in the treatment with
the dose for the experimental animal in the process. Both groups were fed HFD from 4–14 weeks
of age. At the termination of the experiment (14 weeks of age), all animals were sacrificed by CO2

asphyxiation to analyze hepatic histopathology.

3.3. Histopathological Examination

Maximum sagittal sections of three hepatic sublobes were used for histopathological examination.
For all experimental mice, 4 μm-thick sections of formalin-fixed and paraffin-embedded livers were
stained with H&E for conventional histopathology. The histological features of the liver were evaluated
using the NAS system [26].

3.4. Clinical Chemistry

Blood samples were collected from the inferior vena cava at sacrifice after 6 h of fasting for
chemical analyses. Unfortunately, one blood sample could not be taken properly in the sampling
procedure in each group; therefore, 5 blood samples in each were used to analyze. The serum
concentrations of glucose (BioVision Research Products, Mountain View, CA, USA), triglycerides
(Wako Pure Chemical), FFAs (Wako Pure Chemical) and insulin (Shibayagi, Gunma, Japan) were
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measured as previously reported [46]. ALT was measured using a standard clinical automatic analyzer
(Type 7180; Hitachi, Tokyo, Japan).

3.5. RNA Extraction and Quantitative Real-Time Reverse Transcription-PCR Analysis

Total RNA was extracted from the mice livers using the RNeasy Mini Kit (QIAGEN, Venlo,
The Netherlands). cDNA was synthesized from 0.2 μg of total RNA with the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). A quantitative real-time reverse
transcription-PCR (RT-PCR) analysis was applied using a LightCycler Nano (Roche Diagnostics,
Indianapolis, IN, USA) and FastStart Essential DNA Green Master (Roche Diagnostics). The sequences
of specific primers for amplifying eElovl6, Fas, Acc, Srebp1c and 18S genes were obtained by
Primer-BLAST [47] (Table 3). The expression level of each gene was normalized to that of 18S.

Table 3. Primer sequences.

Genes 51-Primer 31-Primer

Acc GGCTCAAACTGCAGGTATCC TTGCCAATCCACTCGAAGA
Elovl6 CAGCAAAGCACCCGAACTA AGGAGCACAGTGATGTGGTG

Fas GCTGCTGTTGGAAGTCAGC AGTGTTCGTTCCTCGGAGTG
Srebp1c CTGGAGCTGCGTGGTTT GCCTCATGTAGGAATACCCTCCTCATA

18s CCATCCAATCGGTAGTAGCG GTAACCCGTTGAACCCCATT

3.6. Hepatic Lipid Analysis

Approximately 200 mg of frozen liver samples were homogenized, and lipids were extracted
using Folch’s method [48]. The triglyceride levels in the liver were measured with the Triglyceride
E-test Kit (Wako Pure Chemical), as previously reported [49]. To visualize the intrahepatic lipids,
Oil Red O staining was performed based on the standard protocol for frozen liver sections.

3.7. Protein Extraction and Western Blot Analysis

Total protein was extracted from the mice livers, and equivalent amounts of proteins (10 μg/lane)
were examined by Western blot analysis [11]. Primary antibodies were obtained from Cell Signaling
Technology (Beverly, MA, USA), including AMPK (#2603), p-AMPK (#2535) and GAPDH (#2118).
The antibody for p-AMPK was used to detect the phosphorylation site at Thr172 in the activation
loop. GAPDH served as the loading control. The intensities of the bands were quantified with NIH
Image software ver. 1.62 (Bethesda, MD, USA). After the average of band intensity ratios of p-AMPK
to GAPDH and AMPK to GAPDH was calculated in each sample, the ratio of these calculated values,
which was expressed as p-AMPK/AMPK, were determined.

3.8. Statistical Analysis

The results are presented as the means ˘ SD and were analyzed using JMP software Version 10
(SAS Institute, Cary, NC, USA). Differences among the two groups were analyzed by Welch’s t-test.
The differences were considered significant at p-values of less than 0.05.

4. Conclusions

Teneligliptin, the DPP4 inhibitor, improved the histopathological appearance of the liver and
decreased intrahepatic triglyceride levels in an NAFLD model mouse, which was associated with
downregulation of hepatic lipogenesis-related genes due to AMPK activation. Interestingly, the hepatic
Dpp-4 mRNA expression level is significantly higher in patients with NAFLD compared to healthy
subjects [50]. The results of the present study, together with those of previous reports [19,21,22],
have prompted us to conduct a clinical trial to determine the effectiveness of DPP-4 inhibitors for the
prevention and treatment of NAFLD.
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