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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

xi
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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 miliei, 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
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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].

Nufio-Lambarri 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 Aragones 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)-«, peroxisome proliferator-activated
receptor (PPAR)-«, 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 PNPLAS3 is closely related to hepatic fat accumulation, and plays a role in the development and
progression of NAFLD [26].

Petdja and Yki-Jarvinen 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
PNPLAS3 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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Glucose Homeostasis

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-B-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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HCC Hepatocellular Carcinoma

Hh Hedgehog

LAL Lysosomal Acid Lipase

NAFLD Nonalcoholic Fatty Liver Disease

NASH Nonalcoholic Steatohepatitis

PNPLA3 Patatin-Like Phospholipase Domain Containing 3
TM6SF2 Trans-Membrane 6 Superfamily Member 2



Int. J. Mol. Sci. 2017, 18, 1955

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Italian Association for the Study of the Liver (AISF). AISF position paper on nonalcoholic fatty liver disease
(NAFLD): Updates and future directions. Dig. Liver Dis. 2017, 49, 471-483.

Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of
nonalcoholic fatty liver disease-Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology
2016, 64, 73-84. [CrossRef] [PubMed]

Ballestri, S.; Zona, S.; Targher, G.; Romagnoli, D.; Baldelli, E.; Nascimbeni, F.; Roverato, A.; Guaraldi, G.;
Lonardo, A. Nonalcoholic fatty liver disease is associated with an almost twofold increased risk of
incident type 2 diabetes and metabolic syndrome. Evidence from a systematic review and meta-analysis.
J. Gastroenterol. Hepatol. 2016, 31, 936-944. [CrossRef] [PubMed]

Ballestri, S.; Nascimbeni, F; Romagnoli, D.; Lonardo, A. The independent predictors of
non-alcoholic steatohepatitis and its individual histological features. Insulin resistance, serum uric acid,
metabolic syndrome, alanine aminotransferase and serum total cholesterol are a clue to pathogenesis and
candidate targets for treatment. Hepatol. Res. 2016, 46, 1074-1087. [PubMed]

Targher, G.; Byrne, C.D.; Lonardo, A.; Zoppini, G.; Barbui, C. Non-alcoholic fatty liver disease and risk of
incident cardiovascular disease: A meta-analysis. J. Hepatol. 2016, 65, 589-600. [CrossRef] [PubMed]
Lonardo, A.; Loria, P; Argo, C.; Caldwell, S. Perspectives on cellular dysfunction in nonalcoholic
steatohepatitis: A case of “multiorganelle failure”? Proceedings of a virtual workshop on nonalcoholic
steatohepatitis. Expert Rev. Gastroenterol. Hepatol. 2011, 5, 135-139. [CrossRef] [PubMed]

Farrell, G.C.; Wong, V.W.; Chitturi, S. NAFLD in Asia—As common and important as in the West. Nat. Rev.
Gastroenterol. Hepatol. 2013, 10, 307-318. [CrossRef] [PubMed]

Younossi, Z.M.; Blissett, D.; Blissett, R.; Henry, L.; Stepanova, M.; Younossi, Y.; Racila, A.; Hunt, S.;
Beckerman, R. The economic and clinical burden of nonalcoholic fatty liver disease in the United States and
Europe. Hepatology 2016, 64, 1577-1586. [CrossRef] [PubMed]

Lonardo, A.; Bellentani, S.; Argo, C.K.; Ballestri, S.; Byrne, C.D.; Caldwell, S.H.; Cortez-Pinto, H.; Grieco, A.;
Machado, M.V.; Miele, L.; et al. Epidemiological modifiers of non-alcoholic fatty liver disease: Focus on
high-risk groups. Dig. Liver Dis. 2015, 47, 997-1006. [CrossRef] [PubMed]

European Association for the Study of the Liver (EASL); European Association for the Study of Diabetes
(EASD); European Association for the Study of Obesity (EASO). EASL-EASD-EASO Clinical Practice
Guidelines for the management of non-alcoholic fatty liver disease. J. Hepatol. 2016, 64, 1388-1402.
Losekann, A.; Weston, A.; de Mattos, A.; Tovo, C.; de Carli, L.; Espindola, M.; Pioner, S.; Coral, G.
Non-alcoholic steatohepatitis (NASH): Risk factors in morbidly obese patients. Int. ]. Mol. Sci. 2015,
16, 25552-25559. [CrossRef] [PubMed]

Lombardji, R.; Pisano, G.; Fargion, S. Role of serum uric acid and ferritin in the development and progression
of NAFLD. Int. . Mol. Sci. 2016, 17, 548. [CrossRef] [PubMed]

Baratta, F; Pastori, D.; Polimeni, L.; Tozzi, G.; Violi, E; Angelico, E; del Ben, M. Does Lysosomial acid
lipase reduction play a role in adult non-alcoholic fatty liver disease? Int. J. Mol. Sci. 2015, 16, 28014-28021.
[CrossRef] [PubMed]

Shteyer, E.; Villenchik, R.; Mahamid, M.; Nator, N.; Safadi, R. Low serum lysosomal acid lipase activity
correlates with advanced liver disease. Int. J. Mol. Sci. 2016, 17, 312. [CrossRef] [PubMed]

Brunt, EM.; Janney, C.G.; Di Bisceglie, A.M.; Neuschwander-Tetri, B.A.; Bacon, B.R. Nonalcoholic
steatohepatitis: A proposal for grading and staging the histological lesions. Am. ]. Gastroenterol. 1999,
94, 2467-2474. [CrossRef] [PubMed]

Kleiner, D.E.; Brunt, EM.; van Natta, M.; Behling, C.; Contos, M.J.; Cummings, O.W.; Ferrell, L.D.; Liu, Y.C,;
Torbenson, M.S.; Unalp-Arida, A.; et al. Nonalcoholic steatohepatitis clinical research network. Design and
validation of a histological scoring system for nonalcoholic fatty liver disease. Hepatology 2005, 41, 1313-1321.
[CrossRef] [PubMed]

Brunt, E. Nonalcoholic fatty liver disease: Pros and cons of histologic systems of evaluation. Int. . Mol. Sci.
2016, 17, 97. [CrossRef] [PubMed]

Kirchner, H.; Shaheen, F.; Kalscheuer, H.; Schmid, S.M.; Oster, H.; Lehnert, H. The telomeric complex and
metabolic disease. Genes 2017, 8, 176. [CrossRef] [PubMed]



Int. J. Mol. Sci. 2017, 18, 1955

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Laish, I.; Mannasse-Green, B.; Hadary, R.; Konikoff, EM.; Amiel, A.; Kitay-Cohen, Y. Aneuploidy and
asynchronous replication in non-alcoholic fatty liver disease and cryptogenic cirrhosis. Gene 2016, 593,
162-166. [CrossRef] [PubMed]

Donati, B.; Valenti, L. Telomeres NAFLD and chronic liver disease. Int. ]. Mol. Sci. 2016, 17, 383. [CrossRef]
[PubMed]

Ban, L.; Shackel, N.; McLennan, S. Extracellular vesicles: A new frontier in biomarker discovery for
non-alcoholic fatty liver disease. Int. J. Mol. Sci. 2016, 17, 376. [CrossRef] [PubMed]

Nufio-Lambarri, N.; Barbero-Becerra, V.; Uribe, M.; Chavez-Tapia, N. Mitochondrial molecular
pathophysiology of nonalcoholic fatty liver disease: A proteomics approach. Int. J. Mol. Sci. 2016, 17,
281. [CrossRef] [PubMed]

Gambino, R.; Bugianesi, E.; Rosso, C.; Mezzabotta, L.; Pinach, S.; Alemanno, N.; Saba, F.; Cassader, M.
Different serum free fatty acid profiles in NAFLD subjects and healthy controls after oral fat load. Int. J.
Mol. Sci. 2016, 17,479. [CrossRef] [PubMed]

Houghton, D.; Stewart, C.; Day, C.; Trenell, M. Gut microbiota and lifestyle interventions in NAFLD. Int. |.
Mol. Sci. 2016, 17, 447. [CrossRef] [PubMed]

Machado, M.; Cortez-Pinto, H. Diet microbiota obesity and NAFLD: A dangerous quartet. Int. ]. Mol. Sci.
2016, 17, 481. [CrossRef] [PubMed]

Aragones, G.; Auguet, T.; Armengol, S.; Berlanga, A.; Guiu-Jurado, E.; Aguilar, C.; Martinez, S.; Sabench, E;
Porras, J.; Ruiz, M.; et al. PNPLA3 expression is related to liver steatosis in morbidly obese women with
non-alcoholic fatty liver disease. Int. J. Mol. Sci. 2016, 17, 630. [CrossRef] [PubMed]

acquired and genetic NAFLD—A systematic review. Int. |. Mol. Sci. 2016, 17, 633. [CrossRef] [PubMed]
Lonardo, A.; Ballestri, S.; Targher, G. “Not all forms of NAFLD were created equal”. Do metabolic
syndrome-related NAFLD and PNPLA3-related NAFLD exert a variable impact on the risk of early carotid
atherosclerosis? Atherosclerosis 2017, 257, 253-255. [CrossRef] [PubMed]

Pisano, G.; Lombardji, R.; Fracanzani, A. Vascular damage in patients with nonalcoholic fatty liver disease:
Possible role of iron and ferritin. Int. . Mol. Sci. 2016, 17, 675. [CrossRef] [PubMed]

Verdelho Machado, M.; Diehl, A. Role of hedgehog signaling pathway in NASH. Int. ]. Mol. Sci. 2016, 17, 857.
[CrossRef] [PubMed]

Caligiuri, A.; Gentilini, A.; Marra, F. Molecular pathogenesis of NASH. Int. ]. Mol. Sci. 2016, 17, 1575.
[CrossRef] [PubMed]

France, M.; Kwok, S.; Soran, H.; Williams, S.; Ho, J.; Adam, S.; Canoy, D.; Liu, Y.; Durrington, P. Liver fat
measured by MR spectroscopy: Estimate of imprecision and relationship with serum glycerol, caeruloplasmin
and non-esterified fatty acids. Int. ]. Mol. Sci. 2016, 17, 1089. [CrossRef] [PubMed]

Lonardo, A.; Bellini, M.; Tondelli, E.; Frazzoni, M.; Grisendi, A.; Pulvirenti, M.; Della Casa, G. Nonalcoholic
steatohepatitis and the “bright liver syndrome”: Should a recently expanded clinical entity be further
expanded? Am. J. Gastroenterol. 1995, 90, 2072-2074. [PubMed]

Byrne, C.D.; Targher, G. NAFLD: A multisystem disease. ]. Hepatol. 2015, 62 (Suppl. 1), 547-564. [CrossRef]
[PubMed]

Petta, S.; Valenti, L.; Bugianesi, E.; Targher, G.; Bellentani, S.; Bonino, F.; Special Interest Group on
Personalised Hepatology of the Italian Association for the Study of the Liver (AISF). A “systems medicine”
approach to the study of non-alcoholic fatty liver disease. Dig. Liver Dis. 2016, 48, 333-342. [CrossRef]
[PubMed]

Adams, L.A.; Anstee, Q.M.; Tilg, H.; Targher, G. Non-alcoholic fatty liver disease and its relationship with
cardiovascular disease and other extrahepatic diseases. Gut 2017, 66, 1138-1153. [CrossRef] [PubMed]
Targher, G.; Byrne, C.D. Non-alcoholic fatty liver disease: An emerging driving force in chronic kidney
disease. Nat. Rev. Nephrol. 2017, 13,297-310. [CrossRef] [PubMed]

Lonardo, A_; Loria, P.; Carulli, N. Concurrent non-alcoholic steatohepatitis and psoriasis. Report of three
cases from the POLI. ST. ENA study. Dig. Liver Dis. 2001, 33, 86-87. [CrossRef]

Mantovani, A.; Gisondi, P.; Lonardo, A.; Targher, G. Relationship between non-alcoholic fatty liver disease
and psoriasis: A novel hepato-dermal axis? Int. ]. Mol. Sci. 2016, 17, 217. [CrossRef] [PubMed]

Lonardo, A.; Ballestri, S.; Marchesini, G.; Angulo, P.; Loria, P. Nonalcoholic fatty liver disease: A precursor of
the metabolic syndrome. Dig. Liver Dis. 2015, 47, 181-190. [CrossRef] [PubMed]

10



Int. J. Mol. Sci. 2017, 18, 1955

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Wainwright, P.; Byrne, C. Bidirectional relationships and disconnects between NAFLD and features of the
metabolic syndrome. Int. ]. Mol. Sci. 2016, 17, 367. [CrossRef] [PubMed]

Ballestri, S.; Nascimbeni, F; Romagnoli, D.; Baldelli, E.; Targher, G.; Lonardo, A. Type 2 Diabetes in
non-alcoholic fatty liver disease and hepatitis C virus infection—Liver: The “Musketeer” in the spotlight.
Int. J. Mol. Sci. 2016, 17, 355. [CrossRef] [PubMed]

Perticone, M.; Cimellaro, A.; Maio, R.; Caroleo, B.; Sciacqua, A.; Sesti, G.; Perticone, F. Additive effect of
non-alcoholic fatty liver disease on metabolic syndrome-related endothelial dysfunction in hypertensive
patients. Int. J. Mol. Sci. 2016, 17, 456. [CrossRef] [PubMed]

Marcuccilli, M.; Chonchol, M. NAFLD and chronic kidney disease. Int. J. Mol. Sci. 2016, 17, 562. [CrossRef]
[PubMed]

Villela-Nogueira, C.; Leite, N.; Cardoso, C.; Salles, G. NAFLD and increased aortic stiffness: Parallel or
common physiopathological mechanisms? Int. ]. Mol. Sci. 2016, 17, 460. [CrossRef] [PubMed]

Sanna, C.; Rosso, C.; Marietti, M.; Bugianesi, E. Non-alcoholic fatty liver disease and extra-hepatic cancers.
Int. J. Mol. Sci. 2016, 17, 717. [CrossRef] [PubMed]

Ballestri, S.; Nascimbeni, F.; Romagnoli, D.; Baldelli, E.; Lonardo, A. The role of nuclear receptors in the
pathophysiology, natural course, and drug treatment of NAFLD in humans. Adv. Ther. 2016, 33, 291-319.
[CrossRef] [PubMed]

Lonardo, A.; Sookoian, S.; Chonchol, M.; Loria, P.; Targher, G. Cardiovascular and systemic risk in
nonalcoholic fatty liver disease—Atherosclerosis as a major player in the natural course of NAFLD.
Curr. Pharm. Des. 2013, 19, 5177-5192. [CrossRef] [PubMed]

Calzadilla Bertot, L.; Adams, L. The natural course of non-alcoholic fatty liver disease. Int. ]. Mol. Sci. 2016,
17,774. [CrossRef] [PubMed]

Gitto, S.; Villa, E. Non-alcoholic fatty liver disease and metabolic syndrome after liver transplant. Int. J.
Mol. Sci. 2016, 17, 490. [CrossRef] [PubMed]

Crespo, M.; Lappe, S.; Feldstein, A.E.; Alkhouri, N. Similarities and differences between pediatric and adult
nonalcoholic fatty liver disease. Metabolisn 2016, 65, 1161-1171. [CrossRef] [PubMed]

Temple, J.; Cordero, P; Li, J.; Nguyen, V.; Oben, ]. A Guide to non-alcoholic fatty liver disease in childhood
and adolescence. Int. J. Mol. Sci. 2016, 17, 947. [CrossRef] [PubMed]

Pacifico, L.; Bonci, E.; Andreoli, G.; di Martino, M.; Gallozzi, A.; De Luca, E.; Chiesa, C. The impact of
nonalcoholic fatty liver disease on renal function in children with overweight/obesity. Int. ]. Mol. Sci. 2016,
17,1218. [CrossRef] [PubMed]

Lonardo, A.; Adinolfi, L.E.; Loria, P; Carulli, N.; Ruggiero, G.; Day, C.P. Steatosis and hepatitis C virus:
Mechanisms and significance for hepatic and extrahepatic disease. Gastroenterology 2004, 126, 586-597.
[CrossRef] [PubMed]

Targher, G.; Bertolini, L.; Padovani, R.; Rodella, S.; Arcaro, G.; Day, C. Differences and similarities in early
atherosclerosis between patients with non-alcoholic steatohepatitis and chronic hepatitis B and C. J. Hepatol.
2007, 46, 1126-1132. [CrossRef] [PubMed]

Lonardo, A.; Adinolfi, L.E.; Restivo, L.; Ballestri, S.; Romagnoli, D.; Baldelli, E.; Nascimbeni, F.; Loria, P.
Pathogenesis and significance of hepatitis C virus steatosis: An update on survival strategy of a successful
pathogen. World ]. Gastroenterol. 2014, 20, 7089-7103. [CrossRef] [PubMed]

Rinaldi, L.; Nascimbeni, F.; Giordano, M.; Masetti, C.; Guerrera, B.; Amelia, A.; Fascione, M.C.; Ballestri, S.;
Romagnoli, D.; Zampino, R.; et al. Clinical features and natural history of cryptogenic cirrhosis compared to
hepatitis C virus-related cirrhosis. World ]. Gastroenterol. 2017, 23, 1458-1468. [CrossRef] [PubMed]
Adinolfi, L.; Rinaldi, L.; Guerrera, B.; Restivo, L.; Marrone, A.; Giordano, M.; Zampino, R. NAFLD and
NASH in HCV infection: Prevalence and significance in hepatic and extrahepatic manifestations. Int. J.
Mol. Sci. 2016, 17, 803. [CrossRef] [PubMed]

Shigefuku, R.; Takahashi, H.; Nakano, H.; Watanabe, T.; Matsunaga, K.; Matsumoto, N.; Kato, M.; Morita, R.;
Michikawa, Y.; Tamura, T.; et al. Correlations of hepatic hemodynamics liver function and fibrosis markers
in nonalcoholic fatty liver disease: Comparison with chronic hepatitis related to hepatitis C virus. Int. J.
Mol. Sci. 2016, 17, 1545. [CrossRef] [PubMed]

Lonardo, A.; Ballestri, S.; Targher, G.; Loria, P. Diagnosis and management of cardiovascular risk in
nonalcoholic fatty liver disease. Expert Rev. Gastroenterol. Hepatol. 2015, 9, 629-650. [CrossRef] [PubMed]

11



Int. J. Mol. Sci. 2017, 18, 1955

61.

62.

63.

64.

Stachowska, E.; Ryterska, K.; Maciejewska, D.; Banaszczak, M.; Milkiewicz, P.; Milkiewicz, M.; Gutowska, L;
Ossowski, P.; Kaczorowska, M.; Jamiol-Milc, D.; et al. Nutritional strategies for the individualized treatment
of non-alcoholic fatty liver disease (NAFLD) based on the nutrient-induced insulin output ratio (NIOR).
Int. J. Mol. Sci. 2016, 17, 1192. [CrossRef] [PubMed]

Hernandez-Rodas, M.; Valenzuela, R.; Videla, L. Relevant aspects of nutritional and dietary interventions in
non-alcoholic fatty liver disease. Int. J. Mol. Sci. 2015, 16, 25168-25198. [CrossRef] [PubMed]

Walenbergh, S.; Houben, T.; Hendrikx, T.; Jeurissen, M.; van Gorp, P.; Vaes, N.; Damink, S.; Verheyen, E;
Koek, G.; Liitjohann, D.; et al. Weekly treatment of 2-hydroxypropyl-B-cyclodextrin improves intracellular
cholesterol levels in LDL receptor knockout mice. Int. J. Mol. Sci. 2015, 1, 21056-21069. [CrossRef] [PubMed]
Ideta, T.; Shirakami, Y.; Miyazaki, T.; Kochi, T.; Sakai, H.; Moriwaki, H.; Shimizu, M. The DIPEPTIDYL
peptidase-4 Inhibitor teneligliptin attenuates hepatic lipogenesis via AMPK activation in non-alcoholic fatty
liver disease model mice. Int. . Mol. Sci. 2015, 16, 29207-29218. [CrossRef] [PubMed]

® © 2017 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
BY

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

12



International Journal of

7
Molecular Sciences m\D\Py

Article

Non-Alcoholic Steatohepatitis (NASH): Risk Factors
in Morbidly Obese Patients

Alexandre Losekann !, Antonio C. Weston 2, Angelo A. de Mattos !, Cristiane V. Tovo !,
Luis A. de Carli 2, Marilia B. Espindola 2 Sergio R. Pioner 2 and Gabriela P. Coral 1*

1 Post-Graduation Program, Hepatology at Universidade Federal de Ciéncias da Satide de Porto

Alegre (UFCSPA), Porto Alegre 90.050-170, Brasil; alosekann@gmail.com (A.L.);
angeloamattos@gmail.com (A.A.M.); cris.tovo@terra.com.br (C.V.T.)

2 Centro de Tratamento da Obesidade (CTO), Hospital Santa Casa de Misericérdia de Porto Alegre,
Porto Alegre 92.010-300, Brasil; drweston@terra.com.br (A.C.W.); luizdecarli@plugin.com.br (L.A.C.);
mariliae@brturbo.com.br (M.B.E.); srpioner@terra.com.br (S.R.P.)

*  Author to whom correspondence should be addressed; g.coral@terra.com.br;

Tel.: +55-51-3214-8158; Fax: +55-51-3214-8238.

Academic Editors: Amedeo Lonardo and Giovanni Targher
Received: 15 August 2015; Accepted: 14 October 2015; Published: 23 October 2015

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/m?, 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/m?. 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 4
Age (years) 37.2 4 10.6 (n = 183) 37.6 +11.0 (n = 141) 35.5+9.0 (n =42) 0.208
Female 153 (80.1) (1 = 191) 113 (79) (n = 143) 40 (83.3) (n = 48) 0.661
BMI (kg/m?) 43.7 £5.2 (n =191) 43.5 4 5.0 (1 = 143) 441 +5.7 (n =48) 0.535
Ferritin (/L) 119 (67-208) (1 = 169) 123 (75-239) (1 = 128) 97 (58.5-173) (n = 41) 0.120
Iron (u/L) 76.4 & 25.2 (n = 163) 75.8 £24.1 (n = 125) 784 +£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>15xU/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 (10°/mm?) 278.5 4+ 68.6 (n = 172) 283.3 4= 64.8 (n = 131) 269 4 68.8 (n = 41) 0.233
Total cholesterol (mg/dL) 193 + 42 (n = 186) 196.6 4 42.8 (n = 138) 182.9 + 38.3 (1 = 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 (1 =138) 50.2 4 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 1 (%); ** 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 14

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) (1 = 107) 1.000

BMI (kg/m?) 434 + 5.4 (n = 84) 43.9 £ 5.0 (n = 107) 0.479

Ferritin (11/L) 127 (81-293) (1 = 73) 109 (56-97) (n = 96) 0.080

Iron (u/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) (1 = 100) 0.040

** ALT (U/L) 30 (24-54) (n = 83) 26 (19-39) (1 = 100) 0.008

** ALT>1.5 x U/L 19 (22.9) (n = 83) 9 (8.9) (n =100) 0.015

Glycemia (mg/dL) 110.9 + 40 (1 = 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 (10% /mm?) 273.6 +59.3 (n =77) 285 =4 70.6 (1 = 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 4 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) (1 = 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: 1042 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 Al, 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 14, 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 ef 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.

Metabolicsyndrome

/ il
. - /’\\ /
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w1 ————

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-13 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 theumatologi,
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 ef al. [S0]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 ef 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 kB (NFkB) 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 3-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.
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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 3-cells function due to intra-parenchymal
iron deposition. In fact, because of oxidative stress, 3-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

25



Int. J. Mol. Sci. 2016, 17, 548

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 (>F2), 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 [ 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 (PNPLAS3) 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 ESSJM
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, Hiillkova 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
ITa (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 Ila 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].

37



Int. ]. Mol. Sci. 2015, 16, 2801428021

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 (<0.40 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:

eLiver Dysfunction (>1 of the following)
Persistent elevation of ALT
Presence of hepatomegaly

Hepatic steatosis
AND/OR
eDislipidemia (>1 of the following)
High LDL-C (>160 mg/dL-4.1 mmol/L)
Low HDL-C (<40 mg/dL-1.0 mmol/L in males; <50 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).

i : improvin i q
Epigenetic modulation: causing Impaired LAL P! g Thera;?eutu: ap_::roaches.
- Obesity? activity - Weight loss?
- Statin?

- Oxidative st ?
xidative stress - Sebelipase alfa?

Multi-organ fat Lipid metabolism Systemic
accumulation alterations atherosclerosis
NAFLD/ Cardio-metabolicrisk factors:
- Metabolic Syndrome
NASH - Type 2 diabetes
7

Liver-related Increased
complications cardiovascular risk

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 y-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 Riskn =13 Low Riskn=9 Total n = 22 p
Mean + SD 172+ 123 543 +17.1 324 +233 0.0001

Age, years Median 14.2 59.2 249 -

Range 3.0-39.9 21.7-71.8 3.0-71.8 -
Gender, Male, % - 61.5 444 54.5 0.666
Ashkenazi Jew 15.4 222 18.2 1.000

Origin, % Sephardi Jew 7.7 11.1 9.1 -

Arab 76.9 66.7 72.7 -
Consanguinity, % - 58.3 222 429 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. mmH Mean + SD 116.9 +10.3 1282 +10.3 121.8 +11.6 0.028

! 8 Median 117.0 131.0 125.0 -
DBP. mmH. Mean + SD 66.1 + 14.8 779 + 6.1 71.1+13.1 0.023

’ 8 Median 695 79.0 740 -
Mean + SD 221+68 334 +85 28.0 + 89.5 0.006

2 + + + +

BMI, kg/m Median 1995 30.1 26.2 -
Waist C.. m Mean + SD 0.79 +0.11 1.07 £ 0.16 0.98 + 0.2 0.006

v 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 (HbAlc) 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.

High Risk Study Low Risk Control Total

Total (s = 22) Group (1 =13) Group (n=9) (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 24+11 1+£13 19+13 0.01
NAS scoring, Liver pathology 28+2 22+22 26+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.

LAL 0.5 Cutoff LAL 0.6 Cutoff
Parmeters  Discriptors <05 =05 » <06 >0.6 »
(n=6) (n=16) n=7) (n=15)
Mean + SD 463 + 184 2724233 407+224 285+ 235
Age, years Median 525 186 0.08 474 217 0.26
Males, 1 2 10 034 3 9 0.65
Jew, n Ashkenazi 2 2 2 2
Jew, n Sephardi 0 2 0.57 0 2 0.60
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
Mean+SD 12217 +9.95 121.60 + 12.52 12114 +948  122.07 + 12.85
SBEmmHg e dian 12250 126.00 0.97 120.00 126.00 0.69
Mean+SD  79.17+ 859  67.93 + 13.39 7586 + 1175  68.79 + 1347
DB mmHg e dian 77.50 70.00 0.09 74.00 71.50 0.29
Mean +SD 3389 + 1277  25.66 + 7.07 3389+ 1277 25.66 + 7.07
) + + + + +
BMI kg/m” "y fedian 36.33 24.96 0.19 36.33 24.96 019
. Mean+SD  116+021 090+ 0.13 116 +021 090+ 0.13
Waist C.om -y e dian 119 0.94 0.08 119 0.94 0.08

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), y-glutamyltransferase (yGT), total protein, albumin, calcium, uric acid, creatinine, glucose
and HbAlc. 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 a-fetoprotein («FP). 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 HbAlc, and high yGT 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, HbAlc, uric acid and INR.
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Abdominal imaging and liver histologi ¢ characterization were also analyzed according to the
LAL cutoffs (Table 5). There were no significant differences between LAL-groups. However, in the
>0.5 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
<05(n=6) >05(Mn=16) p <0.6(Mn=7) >0.6(n=15 14

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 21 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 ef 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
HbAlc, and yGT 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 HbA1lc), 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 HbAlc levels were also observed for patients in the low
LAL group and may signify more advanced fatty liver disease [21]. Interestingly, higher yGT levels
were observed in the lower risk LAL group. This observation corresponds with the other disease
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severity markers, as yGT 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 a-1-antitrypsin disease (low «-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.

Acknowledgments: This study was supported by grants from the Israel Scientific Foundation (ISF), the Chief
Scientist of the Israeli Ministry of Health, and the Israel-American Bi-national Scientific Foundation (BSF) awards.

Author Contributions: Eyal Shteyer and Rifaat Safadi conceived and designed the experiments; Rivka Villenchik,
Mahmud Mahamid and Nidaa Nator recruited the patients; Eyal Shteyer, Rivka Villenchik and Rifaat Safadi
analyzed the data; Eyal Shteyer, Rivka Villenchik and Rifaat Safadi wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bellentani, S.; Marino, M. Epidemiology and natural history of non-alcoholic fatty liver disease (NAFLD).
Ann. Hepatol. 2009, 8, S4-S8. [PubMed]

2. Sun, B,; Karin, M. Obesity, inflammation, and liver cancer. ]. Hepatol. 2012, 56, 704-713. [CrossRef] [PubMed]

3. Machado, M.V.; Cortez-Pinto, H. Non-alcoholic fatty liver disease: What the clinician needs to know.
World ]. Gastroenterol. 2014, 20, 12956-12980. [CrossRef] [PubMed]

4. Gupte, P; Amarapurkar, D.; Agal, S.; Baijal, R.; Kulshrestha, P.; Pramanik, S.; Patel, N.; Madan, A.;
Amarapurkar, A. Non-alcoholic steatohepatitis in type 2 diabetes mellitus. J. Gastroenterol. Hepatol. 2004, 19,
854-858. [CrossRef] [PubMed]

5. Del Gaudio, A.; Boschi, L.; del Gaudio, G.A.; Mastrangelo, L.; Munari, D. Liver damage in obese patients.
Obes. Surg. 2002, 12, 802-804. [CrossRef] [PubMed]

6.  Baffy, G.; Brunt, EM.; Caldwell, S.H. Hepatocellular carcinoma in non-alcoholic fatty liver disease:
An emerging menace. . Hepatol. 2012, 56, 1384-1391. [CrossRef] [PubMed]

7. Cohen, ].C.; Horton, ].D.; Hobbs, H.H. Human fatty liver disease: Old questions and new insights. Science
2011, 332, 1519-1523. [CrossRef] [PubMed]

8. Michelotti, G.A.; Machado, M.V.; Diehl, AAM. NAFLD, NASH and liver cancer. Nat. Rev. Gastroenterol. Hepatol.
2013, 10, 656-665. [CrossRef] [PubMed]

49



Int. J. Mol. Sci. 2016, 17,312

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Reiner, Z.; Guardamagna, O.; Nair, D.; Soran, H.; Hovingh, K.; Bertolini, S.; Jones, S.; Cori¢, M.; Calandra, S.;
Hamilton, J.; ef al. Lysosomal acid lipase deficiency—An under-recognized cause of dyslipidaemia and liver
dysfunction. Atherosclerosis 2014, 235, 21-30. [CrossRef] [PubMed]

Bernstein, D.L.; Hulkova, H.; Bialer, M.G.; Desnick, R.J. Cholesteryl ester storage disease: Review of the
findings in 135 reported patients with an underdiagnosed disease. J. Hepatol. 2013, 58, 1230-1243. [CrossRef]
[PubMed]

Haga, Y,; Kanda, T.; Sasaki, R.; Nakamura, M.; Nakamoto, S.; Yokosuka, O. Nonalcoholic fatty liver disease
and hepatic cirrhosis: Comparison with viral hepatitis-associated steatosis. World ]. Gastroenterol. 2015, 21,
12989-12995. [CrossRef] [PubMed]

Ginsberg, H.N.; Le, N.A_; Short, M.P.; Ramakrishnan, R.; Desnick, R.]. Suppression of apolipoprotein B
production during treatment of cholesteryl ester storage disease with lovastatin. Implications for regulation
of apolipoprotein B synthesis. ]. Clin. Investig. 1987, 80, 1692-1697. [CrossRef] [PubMed]

Aslanidis, C.; Ries, S.; Fehringer, P.; Buchler, C.; Klima, H.; Schmitz, G. Genetic and biochemical evidence
that CESD and Wolman disease are distinguished by residual lysosomal acid lipase activity. Genomics 1996,
33, 85-93. [CrossRef] [PubMed]

Saito, S.; Ohno, K.; Suzuki, T.; Sakuraba, H. Structural bases of Wolman disease and cholesteryl ester storage
disease. Mol. Genet. Metab. 2012, 105, 244-248. [CrossRef] [PubMed]

Pagani, F.; Pariyarath, R.; Garcia, R.; Stuani, C.; Burlina, AB.; Ruotolo, G.; Rabusin, M.; Baralle, FE.
New lysosomal acid lipase gene mutants explain the phenotype of Wolman disease and cholesteryl ester
storage disease. J. Lipid Res. 1998, 39, 1382-1388. [PubMed]

Baratta, F.,; Pastori, D.; del Ben, M.; Polimeni, L.; Labbadia, G.; di Santo, S.; Piemonte, F.; Tozzi, G.; Violi, F,;
Angelico, F. Reduced lysosomal acid lipase activity in adult patients with non-alcoholic fatty liver disease.
EBioMedicine 2015, 2, 750-754. [CrossRef] [PubMed]

Jiang, S.; Jiang, D.; Tao, Y. Role of y-glutamyltransferase in cardiovascular diseases. Exp. Clin. Cardiol. 2013,
18, 53-56. [PubMed]

Li, G.; Shi, W.; Hug, H.; Chen, Y.; Liu, L.; Yin, D. Nonalcoholic fatty liver disease associated with impairment
of kidney function in nondiabetes population. Biochem. Med. 2012, 22, 92-99. [CrossRef]

Lau, T.; Ahmad, ]. Clinical applications of the model for end-stage liver disease (MELD) in hepatic medicine.
Hepat. Med. 2013, 5, 1-10. [PubMed]

Hartleb, M.; Gutkowski, K. Kidneys in chronic liver diseases. World |. Gastroenterol. 2012, 18, 3035-3049.
[CrossRef] [PubMed]

Miyake, T.; Kumagi, T.; Furukawa, S.; Tokumoto, Y.; Hirooka, M.; Abe, M.; Hiasa, Y.; Matsuura, B.; Onji, M.
Non-alcoholic fatty liver disease: Factors associated with its presence and onset. J. Gastroenterol. Hepatol.
2013, 28, 71-78. [CrossRef] [PubMed]

Lee, D.S.; Evans, ]J.C.; Robins, SJ.; Wilson, PW.; Albano, I; Fox, C.S.; Wang, TJ.; Benjamin, EJ;
D’Agostino, R.B.; Vasan, R.S. v Glutamyl transferase and metabolic syndrome, cardiovascular disease,
and mortality risk: The framingham heart study. Arterioscler Thromb. Vasc. Biol. 2007, 27, 127-133. [CrossRef]
[PubMed]

Onat, A; Can, G.; Ornek, E.; Cicek, G.; Ayhan, E.; Dogan, Y. Serum y-glutamyltransferase: Independent
predictor of risk of diabetes, hypertension, metabolic syndrome, and coronary disease. Obesity 2012, 20,
842-848. [CrossRef] [PubMed]

Liu, C.F; Zhou, WN.; Fang, N.Y. y-Glutamyltransferase levels and risk of metabolic syndrome:
A meta-analysis of prospective cohort studies. Int. J. Clin. Pract. 2012, 66, 692-698. [CrossRef] [PubMed]
Nakchbandi, I.A. Osteoporosis and fractures in liver disease: Relevance, pathogenesis and therapeutic
implications. World ]. Gastroenterol. 2014, 20, 9427-9438. [PubMed]

Czaja, ML]. Autophagy in health and disease. 2. Regulation of lipid metabolism and storage by autophagy:
Pathophysiological implications. Am. J. Physiol. Cell Physiol. 2010, 298, C973-C978. [CrossRef] [PubMed]
Singh, R.; Kaushik, S.; Wang, Y.; Xiang, Y.; Novak, I; Komatsu, M.; Keiji, T.; Cuervo, AM.; Czaja, M.].
Autophagy regulates lipid metabolism. Nature 2009, 458, 1131-1135. [CrossRef] [PubMed]

Melhem, A.; Muhanna, N.; Bishara, A.; Alvarez, C.E.; Ilan, Y.; Bishara, T.; Horani, A.; Nassar, M.;
Friedman, S.L.; Safadi, R. Anti-fibrotic activity of NK cells in experimental liver injury through killing
of activated HSC. J. Hepatol. 2006, 45, 60-71. [CrossRef] [PubMed]

50



Int. J. Mol. Sci. 2016, 17,312

29.

30.

31.

Gur, C; Doron, S.; Kfir-Erenfeld, S.; Horwitz, E.; Abu-Tair, L.; Safadi, R.; Mandelboim, O. NKp46-mediated
killing of human and mouse hepatic stellate cells attenuates liver fibrosis. Gut 2012, 61, 885-893. [CrossRef]
[PubMed]

Kleiner, D.E.; Brunt, E.M.; van Natta, M.; Polimeni, L.; Labbadia, G.; di Santo, S.; Piemonte, F.; Tozzi, G.;
Violi, F; Angelico, F. Design and validation of a histological scoring system for nonalcoholic fatty liver
disease. Hepatology 2005, 41, 1313-1321. [CrossRef] [PubMed]

Hamilton, J.; Jones, 1.; Srivastava, R.; Galloway, P. A new method for the measurement of lysosomal acid
lipase in dried blood spots using the inhibitor Lalistat 2. Clin. Chim. Acta 2012, 413, 1207-1210. [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
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

51



International Journal of

7
Molecular Sciences m\D\Py

Review

Nonalcoholic Fatty Liver Disease: Pros and Cons of
Histologic Systems of Evaluation

Elizabeth M. Brunt

Department of Pathology and Immunology, Washington University School of Medicine, Campus Box 8118,
St. Louis, MO 63110, USA; ebrunt@wustl.edu; Tel.: +314-747-0143

Academic Editors: Amedeo Lonardo and Giovanni Targher
Received: 15 December 2015; Accepted: 7 January 2016; Published: 13 January 2016

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
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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 «-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 >5; 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 > 5, 28% of borderline diagnoses and 7% of “not
NASH” also had NAS > 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 (Ay) must be >2, 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 Ay +10) (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 (W"TERT) and human Telomerase RNA Component ('"TERC)) 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 5" 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 (WTERT) 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-NOLAZ3) [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 3’ 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 #”TERT and h'TERC 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 h\TERC.

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 3-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 "”TERT 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 "'TERT 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 #"TERT 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,
B-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 h'TERT 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, h'TERT 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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HBYV 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 HepParl,
amarker 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-1V) 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 h'TERT 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, h'TERT promoter mutations were mutually exclusive with HBV genome integration
in the hTERT locus and were almost mutually exclusive with h'TERT 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 h'TERC [60]. First, hTERT can act as a transcription factor in the Wnt-p-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 3-catenin and involved in the
Wnt signaling [61], and promotes the expression of several (3-catenin target genes in a BRG1-dependent
way. Consistently, h"TERT was found to interact with the same promoter elements recognized
by BRG1 and (-catenin [62]. Actually, the relationship between hTERT and the Wnt-f-catenin
pathway is bidirectional: indeed, B-catenin deficient human cell lines showed shorter telomere
and reduced telomerase activity, and hTERT appears as a direct target of -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 (RARP) paired to a mitochondrial
non-coding RNA, the mitochondrial RNA processing endoribonuclease (RMRP) [66]. hTERT represents
the only RARP 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 gy coactivator-1 o and 3 (Pgc-1 and Pgc-1f3), 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
[148M 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 15762623 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 h'TERT mutation was
segregated with idiopathic familial pulmonary fibrosis and NAFLD. This rare Glu668Asp variant
located in the motif 3¢ 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 h'TERT 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 "'TERT 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 h"TERT 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 h'TERT 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 h'TERT loss-of-function
mutations accelerate telomere shortening, favoring fibrosis development and thus creating a favorable
microenvironment for cancer onset. Moreover, telomere attrition and germline #'TERT 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 h'TERT 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 h"TERT-immortalized hepatocytes, and the hepatotoxicity linked to gene delivery [77].
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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 ’'TERT 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

RARP RNA-dependent RNA polymerase

RMRP RNA component of mitochondrial RNA processing endoribonuclease

siRNA Silencing RNA

RISC RNA-induced silencing complex

Pgc-1a/B Peroxisome proliferator-activated receptor y coactivator-1 o/

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/m?) 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

CD4 Enriched in NAFLD, itively correlated with

Lymphoid cells CD8 che ALT P"; hve ch." clatedw [72]
Va24/Vb11 serum and liver biopsy

D14 Variable; CD14* (monocyte origin) enriched in

Myeloid cells D15 NAFLD, positively correlated with serum ALT; [72]
CD15* (neutrophil origin) opposite trend
Erythrocytes TER119 Comprise the ma]orlty of c1rFulat1ng EVs 73]
. . during Western diet
Circulating
CD41 Conflicting data for abundance in NAFLD;
Platelets CD62P reduced with statin intervention (72,741
ASGPR1
Liver CES1 Enriched in NAFLD; miR-122 and miR-192 [75-77]
v miR-122 correlated with decreased liver expression
miR-192
Endothelial CD144 Enriched 1n'N{%FLD; re(':luced with [74]
statin intervention
adiponectin Enriched in adipose origin; with the exception
. IL-6 . . . I
i Adipose of adiponectin, enriched in visceral versus [78]
Tissue MCP-1 subcutaneous adipose
derived MIF

Hepatocytes Vanin-1 Enriched in steatotic hepatocytes (HepG2 cells 1761

treated with palmitate)

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.
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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

endothelial cell

. )
increased MMP
expression (fibrolysis) leukocyte

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.
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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
NAFLD-inducing diet increases HFD
circulating EV abundance CDD plasma FC [74-76]
Circulating EV abundance
correlates with NAFLD CDD plasma FC [75,76]
progression
NAFLD-inducing diet increases HFD plasma
Rodent circulating liver-derived EVs CDD serum RT-qPCR - [75-77]
NAFLD-inducing diet changes LCMS
circulating EV contents CDbD plasma WB 175,761
NAFLD-inducing diet changes
circulating EV interactions with HFD plasma FC [79]
cells
Circulating EV abundance
correlates with NAFLD NASH plasma FC [72]
Human progression
Circulating EV contents can lasma FC
distinguish NAFLD from other NASH p . [72,82]
serum microarray

liver diseases

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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ASGPR1 asialoglycoprotein receptor 1

CDD choline-deficient diet

CES1 carboxylesterase 1

CTGF connective tissue growth factor

ESCRT endosomal sorting complex required for transport
EV extracellular vesicle

EC flow cytometry

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-gPCR real-time quantitative polymerase chain reaction
TEM transmission electron microscopy

TIMP-1 tissue inhibitor of metalloproteinase 1

WB western blot

WGO World Gastroenterology Organisation
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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  (TGF-f) 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].

[ e synthase, F1 p || 3-Hydroxy-3 y-Consynthase2 |

I Malate deHase I n ATP synthase, F1 o

Pyruvate deHase B

| Rieske iron-sulfur polypeptide 1 |

I Ubiquinol- cytochrome c reductase |

Sacarosine de Hase
]
a-Methylacyl-CoA racemase

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 y (PPARy) [23]. Moreover, PPARY 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
Ikk-b/NF-kB signaling pathway.

A murine model of steatosis induced with a HFD increases NF-«B activity, which is associated
with the elevated hepatic expression of pro-inflammatory cytokines such as TNF-o 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-« 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 J]NK 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-o [30]. Treatment with
anti-TNF-« antibodies improved mitochondrial respiration and inflammation, and alleviated hepatic
steatosis in mouse models of NASH [31]. Also, it has been seen that Gegenginlian decoction (GGQLD),
a Chinese herbal medicine, can decrease serum elevated TNF-« levels, being an optimal approach
for managing lipid metabolic, inflammatory, and histological abnormalities via the PPARy/TNF-«
pathway in NAFLD [26].

Mitochondria adjust to lipid accumulation in hepatocytes raising the levels of 3-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 3-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 (Flo and () 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 >60 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 o
(TNF-«) formation, in hepatocytes isolated from alcohol-fed rats, through the SDS-PAGE technique [50].
It was not surprising that TNF-o 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 173-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, hemoglobinf, hemoglobine, 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-« levels are elevated in patients with NAFLD, correlating with the animal models which had
already been studied. Conversely, inhibition of TNF-« 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 y 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 vy 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 f 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

Invitro 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.

Protein
disulfide
Isomerase

Anexin A5,A6
citochrome B5

Pyruvate dehydrogenase

ATP synthase F1a,f
ECH
Malate

.

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
Cyelin B1 Polyploidy in mononuclear cell
Cell Cycle }éDKl populations is an early event in Gentric, Maillet ef al. [11] 2015
NAFLD development.
Fibrillin Lorena, Darby et al. [15] 2004
TGF-f3
CsRéﬁl Mechanisms underlying Rashid, Humphries et al. [14] 2012
Fibrosis Wnt-5a fibrotic processes. ) Fitzpatrick and Dhawan [57] 2014
Lumican Early marker of a profibrotic state in
o patients with NAFLD. Younossi, Baranova et al. [63] 2005
Fibrinogeny
EGE2
Cytochrome b5 Jayaraman, Roberts et al. [17] 2005
Annexin A5 ;
Avoptosis Annexin A6 Important role for cell death Yamaguchi, Chen et al. [15] 2004
POP Bax mechanisms in hepatocytes. Zhu, Xie et al. [19] 2014
(C,:SEZS: 3 Sabapathy, Hochedlinger et al. [30] 2004
SREBP-1 ChREBP-1 Adaptive pathways of hepatic lipid Anderson and Borlak [23] 2008
PPARy export and catabolism. " y y
Livid hesi Acetyl-CoA Hepatocytes are subjected to an Al Sharif, Alov et al. [24] 2014
ipid synthesis Glycerol-3-phosphate important oxidative stress.
Fetuin A Promote lipid-induced Ehx, Gerin et al. [38] 2014
Fetuin B insulin resistance.
NF-«B Promote insulin resistance, Kupffer Cai, Yuan et al. [25] 2005
TNF-a cells activation, cholesterol and -
Inflammation IL-1 triglyceride metabolism, intracellular Wang, Liu et al. [26] 2015
MAPK1 oxidative stress. Lim, Dillon et al. [29] 2014
JNK
B-Oxidation ECHS1 Lipid accumulation in NAFLD. Zhang, Yang et al. [33] 2010
Lewis, Hagstrom et al. [34] 2002
ALDH2 Acetyl-CoA consumption and Douette, Navet et al. [30] 2005
HMGCS2 oxidative stress as molecular markers
Oxidative stress Hemoglobin of hepatic steatosis. Peinado, Diaz-Ruiz et al. [37] 2014
Haptoglobin Catalyze the accumulation of
iron in excess.
Antioxidant SOD2 Protective role in mitochondrial DNA Mansouri, Tarhuni et al. [47] 2010
ntioxidants . .
SOD1 depletion, and hepatic ATP content. Kessova, et al. [48] 2003
Enzymes involved in mitochondrial
Lipid droplets CYPZ(];:YlI?Z\éI;LlAH dysfunction and the development Su, Wang et al. [54] 2014
of NAFLD.
Intracellular fatty acid transport, Binas and Erol Higuchi [58] 2007
cholesterol and phospholipid
Lipid metabolism FABP-1 metabolism, and plays an important Kato et al. [59] 2011

facilitative role in hepatic fatty
acid oxidation.

Cyclin-dependent kinase 1 (CDK1), Transforming growth factor beta (TGFf), 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 (PPARy), Nuclear factor kB (NF-«B), Tumor necrosis factor o (TNF-x), 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 (ALDH?2), 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).

Acknowledgments: This study was supported by the Médica Sur Clinic and Foundation. It is it appreciated the
assistance received by Victor Medina Lopez in the correction and improvement of this article.

Author Contributions: Natalia Nufio-Lambarri and Varenka J. Barbero-Becerra wrote the article; Misael Uribe
and Norberto C. Chavez-Tapia revised and corrected the final version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

96



Int. ]. Mol. Sci. 2016, 17,281

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Ballestri, S.; Zona, S.; Targher, G.; Romagnoli, D.; Baldelli, E.; Nascimbeni, F.; Roverato, A.; Guaraldi, G.;
Lonardo, A. Nonalcoholic fatty liver disease is associated with an almost two-fold increased risk of
incident type 2 diabetes and metabolic syndrome. Evidence from a systematic review and meta-analysis.
J. Gastroenterol. Hepatol. 2015. [CrossRef]

Petta, S.; Valenti, L.; Bugianesi, E.; Targher, G.; Bellentani, S.; Bonino, E; Special Interest Group on
Personalised Hepatology of the Italian Association for the Study of the Liver (AISF). A “systems medicine”
approach to the study of non-alcoholic fatty liver disease. Dig. Liver Dis. 2016, 48, 333-342. [PubMed]
Lomonaco, R.; Sunny, N.E.; Bril, E; Cusi, K. Nonalcoholic fatty liver disease: Current issues and novel
treatment approaches. Drugs 2013, 73, 1-14. [CrossRef] [PubMed]

Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L., Wymer, M. Global epidemiology of
non-alcoholic fatty liver disease-meta-analytic assessment of prevalence, incidence and outcomes. Hepatology
2015. [CrossRef] [PubMed]

Fuchs, M. Non-alcoholic Fatty liver disease: The bile Acid-activated farnesoid x receptor as an emerging
treatment target. J. Lipids 2012, 2012, 934396. [CrossRef] [PubMed]

Enriquez, J. Genomics and the world’s economy. Science 1998, 281, 925-926. [CrossRef] [PubMed]
Blackstock, W.P; Weir, M.P. Proteomics: Quantitative and physical mapping of cellular proteins.
Trends Biotechnol. 1999, 17, 121-127. [CrossRef]

Gerold, G.; Bruening, J.; Pietschmann, T. Decoding protein networks during virus entry by quantitative
proteomics. Virus Res. 2015. [CrossRef] [PubMed]

Larbi, N.B.; Jefferies, C. 2D-DIGE: Comparative proteomics of cellular signalling pathways. Methods Mol. Biol.
2009, 517, 105-132. [PubMed]

Celton-Morizur, S.; Desdouets, C. Polyploidization of liver cells. Adv. Exp. Med. Biol. 2010, 676, 123-135.
[PubMed]

Gentric, G.; Maillet, V.; Paradis, V.; Couton, D.; L'Hermitte, A.; Panasyuk, G.; Fromenty, B.; Celton-Morizur, S.;
Desdouets, C. Oxidative stress promotes pathologic polyploidization in nonalcoholic fatty liver disease.
J. Clin. Investig. 2015, 125, 981-992. [CrossRef] [PubMed]

Mormone, E.; George, J.; Nieto, N. Molecular pathogenesis of hepatic fibrosis and current therapeutic
approaches. Chem. Biol. Interact. 2011, 193, 225-231. [CrossRef] [PubMed]

Riedman, S.L. Mechanisms of hepatic fibrogenesis. Gastroenterology 2008, 134, 1655-1669. [CrossRef]
[PubMed]

Rashid, S.T.; Humphries, ].D.; Byron, A.; Dhar, A,; Askari, ].A.; Selley, ].N.; Knight, D.; Goldin, R.D.;
Thursz, M.; Humphries, M.]. Proteomic analysis of extracellular matrix from the hepatic stellate cell line
LX-2 identifies CYR61 and Wnt-5a as novel constituents of fibrotic liver. J. Proteome Res. 2012, 11, 4052-4064.
[CrossRef] [PubMed]

Lorena, D.; Darby, L. A.; Reinhardt, D.P.; Sapin, V.; Rosenbaum, J.; Desmouliére, A. Fibrillin-1 expression in
normal and fibrotic rat liver and in cultured hepatic fibroblastic cells: Modulation by mechanical stress and
role in cell adhesion. Lab. Investig. 2004, 84, 203-212. [CrossRef] [PubMed]

Williams, K.H.; Vieira De Ribeiro, A.J.; Prakoso, E.; Veillard, A.S.; Shackel, N.A.; Brooks, B.; Bu, Y.;
Cavanagh, E.; Raleigh, J.; McLennan, S.V,; et al. Circulating dipeptidyl peptidase-4 activity correlates
with measures of hepatocyte apoptosis and fibrosis in non-alcoholic fatty liver disease in type 2 diabetes
mellitus and obesity: A dual cohort cross-sectional study. ]. Diabetes 2015, 7, 809-819. [CrossRef] [PubMed]
Jayaraman, A.; Roberts, K.A.; Yoon, J.; Yarmush, D.M.; Duan, X.; Lee, K.; Yarmush, M.L. Identification of
neutrophil gelatinase-associated lipocalin (NGAL) as a discriminatory marker of the hepatocyte-secreted
protein response to IL-1f3: A proteomic analysis. Biotechnol. Bioeng. 2005, 91, 502-515. [CrossRef] [PubMed]
Yamaguchi, H.; Chen, J.; Bhalla, K.; Wang, H.-G. Regulation of Bax activation and apoptotic response to
microtubule-damaging agents by p53 transcription-dependent and -independent pathways. J. Biol. Chem.
2004, 279, 39431-39437. [CrossRef] [PubMed]

Zhu, C; Xie, P; Zhao, F.; Zhang, L.; An, W.; Zhan, Y. Mechanism of the promotion of steatotic HepG2 cell
apoptosis by cholesterol. Int. J. Clin. Exp. Pathol. 2014, 7, 6807-6813.

97



Int. ]. Mol. Sci. 2016, 17,281

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Woo, D.H.; Kim, S.K.; Lim, HJ.; Heo, J.; Park, H.S.; Kang, G.Y.; Kim, S.E.; You, H.].; Hoeppner, D.J.; Kim, Y.;
et al. Direct and indirect contribution of human embryonic stem cell-derived hepatocyte-like cells to liver
repair in mice. Gastroenterology 2012, 142, 602-611. [CrossRef] [PubMed]

Eccleston, H.B.; Andringa, K.A.; Betancourt, A.M.; Betancourt, A.L.; Mantena, S.K.; Swain, TM.; Tinsley, H.N.;
Nolte, R.N.; Nagy, T.R.; Nagy, G.A.; et al. Chronic exposure to a high-fat diet induces hepatic steatosis,
impairs nitric oxide bioavailability, and modifies the mitochondrial proteome in mice. Antioxid. Redox Signal.
2011, 15, 447-459.

Garcia-Ruiz, C.; Fernandez-Checa, ].C. Mitochondrial glutathione: Hepatocellular survival-death switch.
J. Gastroenterol. Hepatol. 2006, 21, S3-S6. [CrossRef] [PubMed]

Anderson, N.; Borlak, J. Molecular mechanisms and therapeutic targets in steatosis and steatohepatitis.
Pharmacol. Rev. 2008, 60, 311-357. [CrossRef] [PubMed]

Al Sharif, M.; Alov, P; Vitcheva, V.; Pajeva, L; Tsakovska, I. Modes-of-action related to repeated dose toxicity:
Tissue-specific biological roles of PPARYy ligand-dependent dysregulation in nonalcoholic fatty liver disease.
PPAR Res. 2014, 2014, 432647. [CrossRef] [PubMed]

Cai, D.; Yuan, M.; Frantz, D.F,; Melendez, P.A.; Hansen, L.; Lee, ].; Shoelson, S.E. Local and systemic insulin
resistance resulting from hepatic activation of IKK- and NF-«B. Nat. Med. 2005, 11, 183-190. [CrossRef]
[PubMed]

Wang, Y.L.; Liu, L.J.; Zhao, W.J.; Li, ].X. Intervening TNF-o via PPARy with gegenqinlian decoction in
experimental nonalcoholic fatty liver disease. Evid. Based Complement. Altern. Med. 2015, 2015, 715638.
[CrossRef] [PubMed]

Schwabe, R.E,; Brenner, D.A. Mechanisms of Liver Injury. I. TNF-a-induced liver injury: Role of IKK, JNK,
and ROS pathways. Am. ]. Physiol. Gastrointest. Liver Physiol. 2006, 290, G583-G589. [CrossRef] [PubMed]
Chen, Y.R;; Wang, X.; Templeton, D.; Davis, R.J.; Tan, T.H. The role of c-Jun N-terminal kinase (JNK) in
apoptosis induced by ultraviolet C and y radiation. Duration of JNK activation may determine cell death
and proliferation. J. Biol. Chem. 1996, 271, 31929-31936. [CrossRef] [PubMed]

Lim, ].W,; Dillon, J.; Miller, M. Proteomic and genomic studies of non-alcoholic fatty liver disease—Clues in
the pathogenesis. World |. Gastroenterol. 2014, 20, 8325-8340. [CrossRef] [PubMed]

Sabapathy, K.; Hochedlinger, K.; Nam, S.Y.; Bauer, A.; Karin, M.; Wagner, E.E. Distinct roles for J]NK1
and JNK2 in regulating JNK activity and c-Jun-dependent cell proliferation. Mol. Cell 2004, 15, 713-725.
[CrossRef] [PubMed]

Mari, M.; Caballero, F,; Colell, A.; Morales, A.; Caballeria, J.; Fernandez, A.; Enrich, C.; Fernandez-Checa, J.C.;
Garcia-Ruiz, C. Mitochondrial free cholesterol loading sensitizes to TNF- and Fas-mediated steatohepatitis.
Cell Metab. 2006, 4, 185-198. [CrossRef] [PubMed]

Gusdon, A.M.; Song, K.X.; Qu, S. Nonalcoholic fatty liver disease: Pathogenesis and therapeutics from a
mitochondria-centric perspective. Oxid. Med. Cell. Longev. 2014, 2014, 637027. [CrossRef] [PubMed]
Zhang, X,; Yang, J.; Guo, Y.; Ye, H.; Yu, C; Xu, C.; Xu, L.; Wu, S.; Sun, W.; Wei, H.; et al. Functional proteomic
analysis of nonalcoholic fatty liver disease in rat models: Enoyl-coenzyme a hydratase down-regulation
exacerbates hepatic steatosis. Hepatology 2010, 51, 1190-1199. [CrossRef] [PubMed]

Lewis, D.L.; Hagstrom, J.E.; Loomis, A.G.; Wolff, ].A.; Herweijer, H. Efficient delivery of siRNA for inhibition
of gene expression in postnatal mice. Nat. Genet. 2002, 32, 107-108. [CrossRef] [PubMed]

Pessayre, D.; Mansouri, A.; Fromenty, B. Nonalcoholic steatosis and steatohepatitis. V. Mitochondrial
dysfunction in steatohepatitis. Am. ]. Physiol. Gastrointest. Liver Physiol. 2002, 282, G193-G199. [CrossRef]
[PubMed]

Douette, P; Navet, R.; Gerkens, P.; de Pauw, E.; Leprince, P,; Sluse-Goffart, C.; Sluse, FE. Steatosis-induced
proteomic changes in liver mitochondria evidenced by two-dimensional differential in-gel electrophoresis.
J. Proteome Res. 2005, 4, 2024-2031. [CrossRef] [PubMed]

Peinado, ].R.; Diaz-Ruiz, A.; Frithbeck, G.; Malagon, M.M. Mitochondria in metabolic disease: Getting clues
from proteomic studies. Proteomics 2014, 14, 452-466. [CrossRef] [PubMed]

Ehx, G.; Gérin, S.; Mathy, G.; Franck, F.; Oliveira, H.C.; Vercesi, A.E.; Sluse, F.E. Liver proteomic response
to hypertriglyceridemia in human-apolipoprotein C-III transgenic mice at cellular and mitochondrial
compartment levels. Lipids Health Dis. 2014, 13, 116. [CrossRef] [PubMed]

98



Int. ]. Mol. Sci. 2016, 17,281

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Meex, R.C.; Hoy, A.J.; Morris, A.; Brown, RD.; Lo, J].C.Y.; Burke, M.; Goode, R.J.A.; Kingwell, B.A_;
Kraakman, M.].; Febbraio, M.A; et al. Fetuin B is a secreted hepatocyte factor linking steatosis to impaired
glucose metabolism. Cell Metab. 2015, 22, 1078-1089. [CrossRef] [PubMed]

Ray, S.; Khanra, D.; Sonthalia, N.; Kundu, S.; Biswas, K.; Talukdar, A.; Saha, M.; Bera, H. Clinico-biochemical
correlation to histological findings in alcoholic liver disease: A single centre study from eastern India. J. Clin.
Diagn. Res. 2014, 8§, MC01-MCO05. [CrossRef] [PubMed]

Larosche, I; Lettéron, P.; Berson, A.; Fromenty, B.; Huang, T.T.; Moreau, R.; Pessayre, D.; Mansouri, A.
Hepatic mitochondrial DNA depletion after an alcohol binge in mice: Probable role of peroxynitrite and
modulation by manganese superoxide dismutase. |. Pharmacol. Exp. Ther. 2010, 332, 886-897. [CrossRef]
[PubMed]

McKim, S.E.; Gébele, E.; Isayama, F.; Lambert, ].C.; Tucker, L.M.; Wheeler, M.D.; Connor, H.D.; Mason, R.P.;
Doll, M.A_; Hein, D.W,; et al. Inducible nitric oxide synthase is required in alcohol-induced liver injury:
Studies with knockout mice. Gastroenterology 2003, 125, 1834-1844. [CrossRef] [PubMed]

Abdelmegeed, M.A_; Song, B.]. Functional roles of protein nitration in acute and chronic liver diseases.
Oxid. Med. Cell. Longev. 2014, 2014, 149627. [CrossRef] [PubMed]

Sanyal, A.J.; Campbell-Sargent, C.; Mirshahi, F.; Rizzo, W.B.; Contos, M.].; Sterling, R.K.; Luketic, V.A_;
Shiffman, M.L.; Clore, ].N. Nonalcoholic steatohepatitis: Association of insulin resistance and mitochondrial
abnormalities. Gastroenterology 2001, 120, 1183-1192. [CrossRef] [PubMed]

Rodriguez-Suarez, E.; Mato, ].M.; Elortza, F. Proteomics analysis of human nonalcoholic fatty liver.
Methods Mol. Biol. 2012, 909, 241-258. [PubMed]

Venkatraman, A.; Shiva, S.; Wigley, A.; Ulasova, E.; Chhieng, D.; Bailey, S.M.; Darley-Usmar, V.M. The role
of iNOS in alcohol-dependent hepatotoxicity and mitochondrial dysfunction in mice. Hepatology 2004, 40,
565-573. [CrossRef] [PubMed]

Mansouri, A.; Tarhuni, A.; Larosche, I.; Reyl-Desmars, F.; Demeilliers, C.; Degoul, E; Nahon, P.; Sutton, A_;
Moreau, R.; Fromenty, B.; et al. MnSOD overexpression prevents liver mitochondrial DNA depletion after
an alcohol binge but worsens this effect after prolonged alcohol consumption in mice. Dig. Dis. 2010, 28,
756-775. [CrossRef] [PubMed]

Kessova, 1.G.; Ho, Y.S.; Thung, S.; Cederbaum, A.I. Alcohol-induced liver injury in mice lacking Cu,
Zn-superoxide dismutase. Hepatology 2003, 38, 1136-1145. [CrossRef] [PubMed]

Venkatraman, A.; Landar, A.; Davis, A.J.; Chamlee, L.; Sanderson, T.; Kim, H.; Page, G.; Pompilius, M.;
Ballinger, S.; Darley-Usmar, V.; et al. Modification of the mitochondrial proteome in response to the stress of
ethanol-dependent hepatotoxicity. J. Biol. Chem. 2004, 279, 22092-22101. [CrossRef] [PubMed]

Zelickson, B.R.; Benavides, G.A.; Johnson, M.S.; Chacko, B.K.; Venkatraman, A.; Landar, A.; Betancourt, A.M.;
Bailey, S.M.; Darley-Usmar, V.M. Nitric oxide and hypoxia exacerbate alcohol-induced mitochondrial
dysfunction in hepatocytes. Biochim. Biophys. Acta 2011, 1807, 1573-1582. [CrossRef] [PubMed]

Smathers, R.L.; Galligan, ].J.; Stewart, B.J.; Petersen, D.R. Overview of lipid peroxidation products and
hepatic protein modification in alcoholic liver disease. Chem. Biol. Interact. 2011, 192, 107-112. [CrossRef]
[PubMed]

Charbonneau, A.; Marette, A. Inducible nitric oxide synthase induction underlies lipid-induced hepatic
insulin resistance in mice: Potential role of tyrosine nitration of insulin signaling proteins. Diabetes 2010, 59,
861-871. [CrossRef] [PubMed]

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]

Su, W.; Wang, Y.; Jia, X.; Wu, W.; Li, L,; Tian, X; Li, S.; Wang, C.; Xu, H.; Cao, J.; et al. Comparative proteomic
study reveals 173-HSD13 as a pathogenic protein in nonalcoholic fatty liver disease. Proc. Natl. Acad.
Sci. USA 2014, 111, 11437-11442. [CrossRef] [PubMed]

Krishnan, A.; Li, X.; Kao, W.Y.; Viker, K.; Butters, K.; Masuoka, H.; Knudsen, B.; Gores, G.; Charlton, M.
Lumican, an extracellular matrix proteoglycan, is a novel requisite for hepatic fibrosis. Lab. Investig. 2012, 92,
1712-1725. [CrossRef] [PubMed]

9



Int. ]. Mol. Sci. 2016, 17,281

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Charlton, M.; Viker, K.; Krishnan, A.; Sanderson, S.; Veldt, B.; Kaalsbeek, A.J.; Kendrick, M.; Thompson, G.;
Que, F,; Swain, J.; et al. Differential expression of lumican and fatty acid binding protein-1: New insights
into the histologic spectrum of nonalcoholic fatty liver disease. Hepatology 2009, 49, 1375-1384. [CrossRef]
[PubMed]

Fitzpatrick, E.; Dhawan, A. Noninvasive biomarkers in non-alcoholic fatty liver disease: Current status and
a glimpse of the future. World . Gastroenterol. 2014, 20, 10851-10863. [CrossRef] [PubMed]

Binas, B.; Erol, E. FABPs as determinants of myocellular and hepatic fuel metabolism. Mol. Cell. Biochem.
2007, 299, 75-84. [CrossRef] [PubMed]

Higuchi, N.; Kato, M.; Tanaka, M.; Miyazaki, M.; Takao, S.; Kohjima, M.; Kotoh, K.; Enjoji, M.; Nakamuta, M.;
Takayanagi, R. Effects of insulin resistance and hepatic lipid accumulation on hepatic mRNA expression
levels of apoB, MTP and L-FABP in non-alcoholic fatty liver disease. Exp. Ther. Med. 2011, 2, 1077-1081.
[PubMed]

Veerkamp, J.H.; van Moerkerk, H.T. Fatty acid-binding protein and its relation to fatty acid oxidation.
Mol. Cell. Biochem. 1993, 123, 101-106. [CrossRef] [PubMed]

Ho, C.S.; Lam, C.W,; Chan, M.H.; Cheung, R.C.; Law, LK,; Lit, L.C.; Ng, K.F,; Suen, M.W.; Tai, H.L.
Electrospray ionisation mass spectrometry: Principles and clinical applications. Clin. Biochem. Rev. 2003, 24,
3-12. [PubMed]

Bell, L.N.; Theodorakis, J.L.; Vuppalanchi, R.; Saxena, R.; Bemis, K.G.; Wang, M.; Chalasani, N.
Serum proteomics and biomarker discovery across the spectrum of nonalcoholic fatty liver disease.
Hepatology 2010, 51, 111-120. [CrossRef] [PubMed]

Younossi, Z.M.; Baranova, A.; Ziegler, K.; del Giacco, L.; Schlauch, K.; Born, T.L.; Elariny, H.; Gorreta, F.;
VanMeter, A.; Younoszai, A. A genomic and proteomic study of the spectrum of nonalcoholic fatty liver
disease. Hepatology 2005, 42, 665-674. [CrossRef] [PubMed]

Janke, J.; Engeli, S.; Boschmann, M.; Adams, F; Bohnke, J.; Luft, EC.; Sharma, A.M.; Jordan, J. Retinol-binding
protein 4 in human obesity. Diabetes 2006, 55, 2805-2810. [CrossRef] [PubMed]

Yu, C; Xu, C; Xu, L; Yu, J; Miao, M.; Li, Y. Serum proteomic analysis revealed diagnostic value of
hemoglobin for nonalcoholic fatty liver disease. ]. Hepatol. 2012, 56, 241-247. [CrossRef] [PubMed]

Jiang, Y.; Zeng, J.; Chen, B. Hemoglobin combined with triglyceride and ferritin in predicting non-alcoholic
fatty liver. |. Gastroenterol. Hepatol. 2014, 29, 1508-1514. [CrossRef] [PubMed]

Akyuz, U.; Yesil, A; Yilmaz, Y. Characterization of lean patients with nonalcoholic fatty liver disease:
Potential role of high hemoglobin levels. Scand. ]. Gastroenterol. 2015, 50, 341-346. [CrossRef] [PubMed]
Yilmaz, Y.; Senates, E.; Ayyildiz, T.; Colak, Y.; Tuncer, I.; Ovunc, A.O.; Dolar, E.; Kalayci, C. Characterization of
nonalcoholic fatty liver disease unrelated to the metabolic syndrome. Eur. J. Clin. Investig. 2012, 42, 411-418.
[CrossRef] [PubMed]

Liu, W.; Baker, S.S.; Baker, R.D.; Nowak, N.J.; Zhu, L. Upregulation of hemoglobin expression by oxidative
stress in hepatocytes and its implication in nonalcoholic steatohepatitis. PLoS ONE 2011, 6, €24363. [CrossRef]
[PubMed]

Trak-Smayra, V.; Dargere, D.; Noun, R.; Albuquerque, M.; Yaghi, C.; Gannagé-Yared, M.H.; Bedossa, P.;
Paradis, V. Serum proteomic profiling of obese patients: Correlation with liver pathology and evolution after
bariatric surgery. Gut 2009, 58, 825-832. [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
BY

(CC BY) license (http://creativecommons.org/licenses /by /4.0/).

100



International Journal of K\
Molecular Sciences M D\Py
Article

Different Serum Free Fatty Acid Profiles in NAFLD
Subjects and Healthy Controls after Oral Fat Load

Roberto Gambino *, Elisabetta Bugianesi, Chiara Rosso, Lavinia Mezzabotta, Silvia Pinach,
Natalina Alemanno, Francesca Saba and Maurizio Cassader

Department of Medical Sciences, University of Turin, C.so Dogliotti 14, 10126 Torino, Italy;
elisabetta.bugianesi@unito.it (E.B.); crosso3@cittadellasalute.to.it (C.R.); lavinia.mezzabotta@unito.it (L.M.);
silvia.pinach@unito.it (S.P.); natalina.alemanno@unito.it (N.A.); francescasaba85@yahoo.it (E.S.);
maurizio.cassader@unito.it (M.C.)

* Correspondence: roberto.gambino@unito.it; Tel. /Fax: +39-011-633-5493

Academic Editors: Amedeo Lonardo and Giovanni Targher
Received: 24 February 2016; Accepted: 23 March 2016; Published: 31 March 2016

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 w3/ w6 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 (1 =9) NAFLD Group (1 = 21) p

Age (year) 27 £2 40 £9 0.001

BMI (kg/m?) 2142 28 +4 0.002

Systolic blood pressure (mmHg) 119 + 4 125 +8 0.049
Waist (cm) 73+6 94+ 38 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 (1 =9) NAFLD Group (n = 21) 14
Cholesterol (mg/dL) 168 + 27 182 + 34 0.306
HDL-Chol (mg/dL) 54 +13 4248 0.007
HDL,-Chol (mg/dL) 20+8 12+4 0.003
HDL3-Chol (mg/dL) 3422 +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 (WU/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 142 +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; HDL,-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 3. Change in plasma levels of saturated lauric (box a), myristic (box b) and stearic (box ¢) acid
during the oral fat meal in control (filled diamonds) and NAFLD (filled squares) subjects. Values are
expressed as mean + SEM. 105
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Figure 4 shows the trends of oleic acid (18:11-9) (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.
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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 (16:11-7) 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 (20:31-9) 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 (22:61-3) (DHA) and linolenic acids (18:31-3) (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).
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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;
7 = 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 né 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/ mz)
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) >35 kg/m?; 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 >126 mg/dL in fasting conditions or >200 mg/dL at +2 h on
a standard oral glucose tolerance test, serum total cholesterol >220 mg/dL, serum triglycerides
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>160 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/m?) 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-MnCl, 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%.

HDL,- and HDL3-Chol levels were determined according to Gidez et al. [40]: HDL, and HDL3
lipoproteins were separated after precipitation of Apo B-containing lipoproteins with heparin-MnCl,
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and HDL, particles were further precipitated with dextran sulphate. HDL3-Chol was determined in
the supernatant. HDL,-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 Cig 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 “f-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.

Acknowledgments: Funded by FP7/2007-2013 under grant agreement No. HEALTH-F2-2009-241762 for the
project FLIP and by PRIN 2009ARYX4T.

Author Contributions: Roberto Gambino conceived of the study, performed HPLC analyses and participated in
its design and coordination and helped to draft the manuscript; Elisabetta Bugianesi was involved in the planning
of the study and commented on the draft manuscript; Chiara Rosso was involved in the planning of the study
and selection of subjects; Lavinia Mezzabotta was involved in the planning of the study and selection of subjects;
Silvia Pinach carried out biochemical analyses and commented on the draft manuscript; Natalina Alemanno
carried out biochemical analyses; Francesca Saba performed HPLC analyses; Maurizio Cassader was involved
in the planning of the study and commented on the draft manuscript; All authors read and approved the
final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

112



Int. J. Mol. Sci. 2016, 17,479

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Kooner, ].S.; Baliga, R.R.; Wilding, J.; Crook, D.; Packard, C.J.; Banks, L.M.; Peart, S.; Aitman, T.J.; Scott, J.
Abdominal obesity, impaired nonesterified fatty acid suppression, and insulin-mediated glucose disposal
are early metabolic abnormalities in families with premature myocardial infarction. Arterioscler. Thromb.
Vasc. Biol. 1998, 18, 1021-1026. [CrossRef] [PubMed]

Zoratti, R.; Godsland, LE; Chaturvedi, N.; Crook, D.; Crook, D.; Stevenson, ].C.; McKeigue, PM. Relation of
plasma lipids to insulin resistance, nonesterified fatty acid levels, and body fat in men from three ethnic
groups: Relevance to variation in risk of diabetes and coronary disease. Metabolism 2000, 49, 245-252.
[CrossRef]

Musso, G.; Gambino, R.; Cassader, M. Recent insights into hepatic lipid metabolism in non-alcoholic fatty
liver disease (NAFLD). Prog. Lipid Res. 2009, 48, 1-26. [CrossRef] [PubMed]

Musso, G.; Gambino, R.; de Michieli, E; Biroli, G.; Faga, E.; Pagano, G.; Cassader, M. Association of liver
disease with postprandial large intestinal triglyceride-rich lipoprotein accumulation and pro/antioxidant
imbalance in normolipidemic non-alcoholic steatohepatitis. Ann. Med. 2008, 40, 383-394. [CrossRef]
[PubMed]

De Almeida, I.T.; Cortez-Pinto, H.; Fidalgo, G.; Rodrigues, D.; Camilo, M.E. Plasma total and free fatty acids
composition in human non-alcoholic steatohepatitis. Clin. Nutr. 2002, 21, 219-223. [CrossRef] [PubMed]
Seidelin, K.N.; Myrup, B.; Fischer-Hansen, B. n-3 fatty acids in adipose tissue and coronary artery disease
are inversely related. Am. J. Clin. Nutr. 1992, 55, 1117-1119. [PubMed]

Musso, G.; Gambino, R.; Pacini, G.; de Michieli, F; Cassader, M. Prolonged saturated fat-induced,
glucose-dependent insulinotropic polypeptide elevation is associated with adipokine imbalance and liver
injury in nonalcoholic steatohepatitis: Dysregulated enteroadipocyte axis as a novel feature of fatty liver.
Am. J. Clin. Nutr. 2009, 89, 558-567. [CrossRef] [PubMed]

Marinou, K.; Adiels, M.; Hodson, L.; Frayn, K.N.; Karpe, E; Fielding, B.A. Young women partition fatty acids
towards ketone body production rather than VLDL-TAG synthesis, compared with young men. Br. |. Nutr.
2011, 105, 857-865. [CrossRef] [PubMed]

Nelson, R.H.; Basu, R.; Johnson, C.M.; Rizza, R.A.; Miles, ].M. Splanchnic spillover of extracellular
lipase-generated fatty acids in overweight and obese humans. Diabetes 2007, 56, 2878-2884. [CrossRef]
[PubMed]

Hardy, S.; El-Assaad, W.; Przybytkowski, E.; Joly, E.; Prentki, M.; Langelier, Y. Saturated fatty acid
induced-apoptosis in MDA-MB-231 breast cancer cells—A role for cardiolipin. J. Biol. Chem. 2003, 278,
31861-31870. [CrossRef] [PubMed]

Musso, G.; Gambino, R.; Durazzo, M.; Biroli, G.; Carello, M.; Faga, E.; Pacini, G.; de Michieli, F.; Rabbione, L.;
Premoli, A.; et al. Adipokines in NASH: Postprandial lipid metabolism as a link between adiponectin and
liver disease. Hepatology 2005, 42, 1175-1183. [CrossRef] [PubMed]

Okere, I; Chandler, M.; McElfresh, T.; Rennison, ].H.; Sharov, V.; Sabbah, H.N.; Tserng, K.T.; Hoit, B.D.;
Ernsberger, P.; Young, M.E.; et al. Differential effects of saturated and unsaturated fatty acid diets on
cardiomyocyte apoptosis, adipose distribution, and serum leptin. Am. J. Physiol. Heart Circ. Physiol. 2006,
291, H38-H44. [CrossRef] [PubMed]

Wang, D.; Wei, Y.R.; Pagliassotti, M.]. Saturated fatty acids promote endoplasmic reticulum stress and liver
injury in rats with hepatic steatosis. Endocrinology 2006, 147, 943-951. [CrossRef] [PubMed]

Spector, A.A.; Yorek, M.A. Membrane lipid-composition and cellular function. J. Lipid Res. 1985, 26,
1015-1035. [PubMed]

Borradaile, N.M.; Han, X; Harp, ].D.; Gale, S.E.; Ory, D.S.; Schaffer, J.E. Disruption of endoplasmic reticulum
structure and integrity in lipotoxic cell death. J. Lipid Res. 2006, 47, 2726-2737. [CrossRef] [PubMed]
Satapati, S.; Sunny, N.E.; Kucejova, B.; Fu, X.; He, T.T.; Méndez-Lucas, A.; Shelton, ].M.; Perales, J.C.;
Browning, J.D.; Burgess, S.C. Elevated TCA cycle function in the pathology of diet-induced hepatic insulin
resistance and fatty liver. J. Lipid Res. 2012, 53, 1080-1092. [CrossRef] [PubMed]

Sunny, N.E.; Parks, E.J.; Browning, ].D.; Burgess, S.C. Excessive hepatic mitochondrial TCA cycle and
gluconeogenesis in humans with nonalcoholic fatty liver disease. Cell Metab. 2011, 14, 804-810. [CrossRef]
[PubMed]

113



Int. J. Mol. Sci. 2016, 17,479

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Nakamura, S.; Takamura, T.; Matsuzawa-Nagata, N.; Takayama, H.; Misu, H.; Noda, H.; Nabemoto, S.;
Kurita, S.; Ota, T.; Ando, H.; et al. Palmitate induces insulin resistance in H4IIEC3 hepatocytes through
reactive oxygen species produced by mitochondria. |. Biol. Chem. 2009, 284, 14809-14818. [CrossRef]
[PubMed]

Paumen, M.B.; Ishida, Y,; Muramatsu, M.; Yamamoto, M.; Honjo, T. Inhibition of carnitine
palmitoyltransferase I augments sphingolipid synthesis and palmitate-induced apoptosis. J. Biol. Chem.
1997, 272, 3324-3329. [CrossRef] [PubMed]

Summers, S.A. Ceramides in insulin resistance and lipotoxicity. Prog. Lipid Res. 2006, 45, 42-72. [CrossRef]
[PubMed]

Maeda, K.; Cao, H.; Kono, K.; Gorgun, C.Z.; Furuhashi, M.; Uysal, K.T; Cao, Q.; Atsumi, G.; Malone, H.;
Krishnan, B.; et al. Adipocyte/macrophage fatty acid binding proteins control integrated metabolic responses
in obesity and diabetes. Cell Metab. 2005, 1, 107-119. [CrossRef] [PubMed]

Yli-Jama, P.; Meyer, H.E.; Ringstad, J.; Pedersen, J.I. Serum free fatty acid pattern and risk of myocardial
infarction: A case-control study. J. Intern. Med. 2002, 251, 19-28. [CrossRef] [PubMed]

Miles, J.M.; Park, Y.S.; Walewicz, D.; Russell-Lopez, C.; Windsor, S.; Isley, W.L.; Coppack, S.W.; Harris, W.S.
Systemic and forearm triglyceride metabolism: Fate of lipoprotein lipase-generated glycerol and free fatty
acids. Diabetes 2004, 53, 521-527. [CrossRef] [PubMed]

Havel, RJ.; Hamilton, R.L. Hepatic catabolism of remnant lipoproteins: Where the action is.
Arterioscler. Thromb. Vasc. Biol. 2004, 24, 213-215. [PubMed]

Griffiths, A.J.; Humphreys, S.M.; Clark, M.L.; Fielding, B.A.; Frayn, K.N. Immediate metabolic availability of
dietary fat in combination with carbohydrate. Am. J. Clin. Nutr. 1994, 59, 53-59. [PubMed]

Weiss, E.P; Fields, D.A.; Mittendorfer, B.; Dorien Haverkort, A.M.; Klein, S. Reproducibility of postprandial
lipemia test and validity of an abbreviated 4-h test. Metabolism 2008, 57, 1479-1485. [CrossRef] [PubMed]
Musso, G.; Gambino, R.; De Michieli, F; Cassader, M.; Rizzetto, M.; Durazzo, M.; Faga, E.; Silli, B.; Pagano, G.
Dietary habits and their relation to insulin resistance in nonalcoholic steatohepatitis. Hepatology 2003, 37,
909-916. [CrossRef] [PubMed]

Cassader, M.; Gambino, R.; Musso, G.; Depetris, N.; Mecca, F.; Cavallo-Perin, P.; Pacini, G.; Rizzetto, M.;
Pagano, G. Postprandial triglyceride-rich lipoprotein metabolism and insulin sensitivity in nonalcoholic
steatohepatitis patients. Lipids 2001, 36, 1117-1124. [CrossRef] [PubMed]

Ntambi, ].M.; Miyazaki, M. Regulation of stearoyl-CoA desaturases and role in metabolism. Prog. Lipid Res.
2004, 43, 91-104. [CrossRef]

Inagaki, K.; Aki, T.; Fukuda, Y.; Kawamoto, S.; Shigeta, S.; Ono, K.; Suzuki, O. Identification and expression
of a rat fatty acid elongase involved in the biosynthesis of C18 fatty acids. Biosci. Biotechnol. Biochem. 2002,
66, 613-621. [CrossRef] [PubMed]

Sampath, H.; Ntambi, ]. M. The fate and intermediary metabolism of stearic acid. Lipids 2005, 40, 1187-1191.
[CrossRef] [PubMed]

Sun, Y.; Hao, M.M.; Luo, Y.; Liang, C.P; Silver, D.L.; Cheng, C.; Maxfield, ER.; Tall, A.R. Stearoyl-CoA
desaturase inhibits ATP-binding cassette transporter Al-mediated cholesterol efflux and modulates
membrane domain structure. J. Biol. Chem. 2003, 278, 5813-5820. [CrossRef] [PubMed]

Attie, A.D.; Krauss, RM.; Gray-Keller, M.P.; Brownlie, A.; Miyazaki, M.; Kastelein, J.J.; Lusis, A.J.;
Stalenhoef, A.E; Stoehr, ].P.; Hayden, M.R.; et al. Relationship between stearoyl-CoA desaturase activity and
plasma triglycerides in human and mouse hypertriglyceridemia. J. Lipid Res. 2002, 43, 1899-1907. [CrossRef]
[PubMed]

Le, H.D.; Meisel, J.A.; de Meijer, V.E.; Gura, KM.; Puder, M. The essentiality of arachidonic acid and
docosahexaenoic acid. Prostaglandins Leukot. Essent. Fatty Acids 2009, 81, 165-170. [CrossRef] [PubMed]
Brenna, J.T.; Salem, N, Jr.; Sinclair, A.J.; Cunnane, S.C. a-Linolenic acid supplementation and conversion to
n-3 long-chain polyunsaturated fatty acids in humans. Prostaglandins Leukot. Essent. Fatty Acids 2009, 80,
85-91. [CrossRef] [PubMed]

Roche, H.M.; Gibney, M.]. Effect of long-chain n-3 polyunsaturated fatty acids on fasting and postprandial
triacylglycerol metabolism. Am. J. Clin. Nutr. 2000, 71, 232s-237s. [PubMed]

Tulk, H.; Robinson, L. Modifying the 1n-6/n-3 polyunsaturated fatty acid ratio of a high-saturated fat
challenge does not acutely attenuate postprandial changes in inflammatory markers in men with metabolic
syndrome. Metabolism 2009, 58, 1709-1716. [CrossRef] [PubMed]

114



Int. J. Mol. Sci. 2016, 17,479

38.

39.

40.

41.

42,

43.

Song, Z.; Yang, L.; Shu, G.; Lu, H; Sun, G. Effects of the n-6/n-3 polyunsaturated fatty acids ratio on
postprandial metabolism in hypertriacylglycerolemia patients. Lipids Health Dis. 2013, 12, 181-188. [CrossRef]
[PubMed]

Warnick, G.R.; Albers, J.]. A comprehensive evolution of the heparin manganese precipitation procedure for
estimating high density lipoprotein cholesterol. J. Lipid Res. 1978, 29, 65-76.

Gidez, L.I; Miller, G.J.; Burnstein, M.; Slagle, S.; Eder, H.A. Separation and quantitation of subclasses of
human plasma HDL by a single precipitation procedure. J. Lipid Res. 1982, 23, 1206-1216. [PubMed]

Katz, A.; Nambi, S.S.; Mather, K.; Baron, A.D.; Follmann, D.A.; Sullivan, G.; Quon, M.]J. Quantitative insulin
sensitivity check index: A simple, accurate method for assessing insulin sensitivity in humans. J. Clin.
Endocrinol. Metab. 2000, 85, 2402-2410. [CrossRef] [PubMed]

Matthews, D.R.; Hosker, J.P.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.F,; Turner, R.C. Homeostasis model
assessment: Insulin resistance and (3-cell function from fasting plasma glucose and insulin concentrations in
man. Diabetologia 1985, 28, 412—419. [CrossRef] [PubMed]

Matsuzawa, T.; Mishima, K.; Nishii, M.; Ito, M. Serum fatty acids analysis by high performance liquid
chromatography, after enzymatic hydrolysis and isolation by Sep-Pak C18 minicolumn. Biochem. Int. 1987,
15, 693-702. [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/).

115



International Journal of

7
Molecular Sciences m\D\Py

Review

Gut Microbiota and Lifestyle Interventions in NAFLD

David Houghton %, Christopher J. Stewart 2, Christopher P. Day 1-* and Michael Trenell -*

1 Institute of Cellular Medicine, Newcastle University, Newcastle upon Tyne NE4 6BE, UK;

chris.day@newcastle.ac.uk
Alkek Center for Metagenomics and Microbiome Research, Department of Molecular Virology and
Microbiology, Baylor College of Medicine, Houston, TX 77030, USA; Christopher.Stewart@bcm.edu
Liver Unit, Newcastle upon Tyne Hospitals NHS Trust, Freeman Hospital,
Newcastle upon Tyne NE7 7DN, UK
*  Correspondence: david. houghton@ncl.ac.uk (D.H.); michael.trenell@newcastle.ac.uk (M.T.);

Tel.: +44-191-208-6935 (M.T.); Fax: +44-191-208-8264 (D.H.); +44-191-208-5685 (M.T.)

Academic Editors: Giovanni Targher and Amedeo Lonardo
Received: 29 February 2016; Accepted: 15 March 2016; Published: 25 March 2016

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.

Keywords: NAFLD; gut microbiota; lifestyle; diet and exercise

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].
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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, 1 and | denote increase or decrease in variable, respectively.

Intervention/Treatment I\I/Ij(;g;l Non-Microbiome Changes Bacterial Changes Reference
Polyunsaturated fatty acids Cells Inhibit growth of mucus 1 Lactobacillus casei [99]
| Body Weight 1 Clostridial cluster XIV [100]
Oleic acid and n-3 fatty Mi 1 Enterobacteriales
acids (EPA and DHA) 1ce 1 Firmicutes
| Bifidobacterium
Improved gut barrier function 1 Prevotella spp. [102]
| Circulating inflammatory markers 1 Roseburia spp.
| Adipocyte size 1 Bifidobacterium
Arabinoxylans Mice | Body weight gain
| Serum cholesterol
| Hepatic cholesterol
| Insulin resistance
| Body weight gain 1 Clostridial cluster XIV [103]
| Fat Mass
Chitin-Glucan Mice | Fasting Glucose

| Hepatic Lipids
| 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 (1 and | denote increase or decrease
in variable, respectively).

Intervention/Treatment Model Used Non-Microbiome Changes Bacterial Changes Reference
1 Branch chain amino acids | Roseburia [137]
High Protein/Moderate Carbohydrates High b I\I]Pl?tenylacenc acid d | Bubacterium
Protein/Low Carbohydrates Obese Men T N-nitroso compounds
| Butyrate

| Phenolic acids

t Clostridium [140]
1 Faecalibacterium
1 Ruminococcus

High Protein/Low Carbohydrates Kittens 1 Blautia
t Eubacterium
1 Branch chain amino acids | Faecalibacterium prausnitzii [141]
High Protein Piglets 1 Colonic Permeability

1 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 (1 and | denote increase or
decrease in variable, respectively).

Intervention/Treatment Model Used Non-Microbiome Changes Bacterial Changes Reference
Improved Glucose Tolerance | Firmicutes [162]
Improved Leptin Sensitivity 1 Bacteroidetes
1 GLP-1 Changed 102 taxa
Prebiotic Diet Mice 1 L-cell GLP-1
| Fat Mass

| Oxidative Stress
| Inflammation

 Butyrate * Bifidobacterium [164]
1 Propionate
Prebiotics—Xylo-oligosaccharide and inulin Human | Acetate
| P-creso
| Lipopolysaccharides
Prebiotics—f2-1 Fructans Human 1 Bifidobacterium [172]

1 Phagocytosis 1 Bifidobacterium [173]
Prebiotic—Galactooligosaccharides (GOSs) Human 1 Natural killer cells
| Inflammation

| Inflammation * Bifidobacterium [174]
1 IgA
Prebiotic—Galactooligosaccharides (GOSs) Human | Calcoprotectin
| Cholesterol
| Insulin
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Table 3. Cont.

Intervention/Treatment Model Used Non-Microbiome Changes Bacterial Changes Reference
| Fat Mass 1 Bifidobacterium [175]
| Plasma Lactate 1 Faecalibacterium prausnitzi
Prebiotics—Inulin type fructans Human | Phosphatidylcholine | Bacteroides intestinalis

| Bacteroides vulgatus
| 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-« 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 (1 and | denote increase or
decrease in variable, respectively).

Intervention/Treatment Model Used  Non-Microbiome Changes Bacterial Changes Reference
Probiotic—oligofructose and Bifidobacterium species Mice 4 Endotoxemia 1 Bifidobacteriiun 181
Improved glucose tolerance
| Endotoxemia * Bifidobacterium [185]

| Inflammation
| Intestinal myeloperoxidase
Probiotic—Bifidobacterium longum Rat | Body Weight
| Fat Depots
| Systolic Blood Pressure
Improve insulin sensitivity

Probiotic—Bifidobacterium longum or Lactobacillus R | Hepatic Lipids 1 Bifidobacterium longum [188]
acidophilus at * Lactobacillus acidophilus

| Cholesterol 1 Bifidobacterium [192]
| Triglycerides | Enterobacteria
| Glucose levels
Probiotic—Bifidobacterium pseudocatenulatum Mice | Insulin resistance
| Leptin
| Inflammation
| Hepatic Lipids

| Inflammation | Firmicutes [194]
| Endotoxemia | Proteobacteria
| Bcells
| Macrophages
| Cholesterol
| Body Weight Gain
| Triglycerides
| Insulin resistance

Probiotic—Bifidobacterium pseudocatenulatum Mice

1 Propionate 1 Clostridiaceae [205]

Probiotic—Bifidobacterium breve Mice | 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, ef 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 spe