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Nonalcoholic fatty liver disease (NAFLD) is known as the hepatic manifestation of the
metabolic syndrome, and while most patients develop simple steatosis, up to one-third can
develop nonalcoholic steatohepatitis (NASH). NASH is a chronic inflammatory condition
of the liver that can further progress to fibrosis and cirrhosis, which may eventually lead
to liver failure and death. In this Special Issue, 12 scientific contributions, including nine
reviews and three original research articles, address basic and clinical research on NASH
and its systemic complications. Articles were divided into three subtopics: (1) mechanistic
tools to investigate all disease aspects of NAFLD; (2) extrahepatic manifestations of NASH;
and (3) promising biomarkers to diagnose NASH and interventions to treat NASH.

Currently, the mechanisms by which inflammation is triggered within the context of
NASH are unknown. Consequently, therapeutic options are poor, non-invasive markers
to detect NASH do not exist and the long-term burden to society is constantly increasing.
Ultimately, there is an urgent need for a physiological “humanized” model that displays a
liver phenotype identical to human disease, including all stages and systemic characteristics.
In this Special Issue, Oligschläger et al. [1] provide an overview on the currently existing
murine models and describe the advantages, limitations and challenges in using each
model. While murine models are considered indispensable tools for studying chronic liver
disease pathology, the majority of the existing models do not demonstrate all the disease
stages or do not have the systemic characteristic of NASH. Therefore, selection of the model
is highly dependent on the research question. Furthermore, as NASH progression greatly
varies across different strains, it is often not sufficient to include only one model in each
study. Considering the ethical issues related to the use of animals in research, the high
costs and the low success rate of clinical trials which are based on murine models, great
effort has been put to develop surrogate to the animal testing. One of the most promising
recent and cost-effective alternative approaches is to employ machine learning and artificial
intelligence on organ-on-a-chip technology. Such a high-throughput approach allows for
the early identification of mechanisms leading to NASH and the assessment of the efficacy
and toxicity of novel treatments. De Chiara et al. [2] provide a wide overview of the new
implementation of organ-on-a-chip into the field of NAFLD, the current findings and
limitations. They further elaborate on the multiple opportunities which will enable us to
drastically limit the use of preclinical models and accelerate translational research in the
field of NASH. Recently, organ-on-a-chip has also been used as a model to investigate the
complex mechanisms which leads to the transition to hepatocellular carcinoma (HCC).
In this Special Issue, Ramai et al. [3] review the pathogenesis of NASH leading to HCC
and emerging pathological concepts. These mechanisms include the effects of cellular,
genetic, immunologic, metabolic, and endocrine pathways. Combing artificial intelligence
with complex organ-on-a-chip tools will allow us to investigate the interaction between
these pathways in a rapid and accurate manner and aid the development of personalized
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treatment to NASH, as well as HCC patients, as organ-on-a-chip technologies need to be
further developed before they will lead to the identifications of early and reliable diagnostic
methods. In the meanwhile, extensive efforts are put to establishing imaging modalities
for the identification of individuals at risk to develop advanced stage of NASH. Currently
there are several imaging modalities for the assessment of hepatic steatosis and fibrosis.
The extensive use in these imaging modalities within the context of NASH is described in
the review of Grat et al. [4]. However, identification of inflammation by these tools and
predication of the chance for complications based on early images remains a challenge. The
13C-aminopyrine breath test (ABT) evaluates the microsomal liver function and could be a
potential candidate to allow the discrimination between simple steatosis to NASH. Using
this approach, in this Special Issue, Verlinden et al. [5] aimed to evaluate a potential change
in liver function in NASH patients and to assess the diagnostic power to detect NASH. They
demonstrated that the microsomal liver function of patients with NASH is significantly
decreased, even in the absence of fibrosis. Nevertheless, while the 13C-aminopyrine
breath test show promise in diagnosis, they currently do not allow for predication of
local and extrahepatic systemic complications of NASH. Within this context, extracellular
vesicles (EVs) have gained increased attention due to their function as mediators of cellular
communication. In their review, Højland Ipsen et al. [6] provide an update on current
experimental and clinical findings of the role of EVs in NASH progression and point
towards the potential of EVs as disease markers and treatment targets. Within the same
context, leptin, an adipokine involved in energy homeostasis and lipid metabolism, has
also been investigated as a potential biomarker and as a target of treatment in the NAFLD
spectrum. Jiménez-Cortegana et al. [7] describe that the use of leptin is debatable, since
it has been shown to be an independent predictor of the presence or development of
NAFLD, while it has also been associated with hepatic steatosis and could promote the
induction of NASH or liver fibrosis in NAFLD patients. As a therapeutic option, the use of
leptin is controversial due to its proinflammatory properties but does highlight that the
development of leptin analogues and leptin sensitizers is promising. Overall, these recent
developments in preclinical and surrogate models as well as non-invasive tools to assess
NASH are expected to drastically accelerate the speed by which new knowledge regarding
NASH progression is gained as well as the identification of novel pharmaceutical target(s)
and accurate timing for treatment.

NAFLD comprises a wide range of liver disorders, from simple steatosis to NASH
and—if not treated—life-threatening complications such as cirrhosis and HCC. In addition
to effects on hepatic-related events, evidence also points towards a link of NAFDL/NASH
with extra-hepatic complications, including central nervous system (CNS) diseases. In
this Special Issue, Colognesi et al. [8] summarize the main correlations observed between
NAFLD/NASH and CNS dysfunctions, such as depression, cognitive impairments, de-
mentia and Alzheimer’s disease (AD), where an inflammatory state and oxidative stress
both play a pivotal role. Even though there are conflicting results whether there is a causal
relation between liver damage and the development of cognitive dysfunction, many sig-
naling pathways are altered in both NAFLD/NASH and CNS dysfunction, suggesting
that these diseases at least share a pathogenetic component. The pathology of NAFLD
has also been linked to a lower microbial diversity and an altered gut barrier integrity,
exposing the host to bacterial components and inducing immune responses and inflamma-
tion. Indeed, NASH patients have an increased intestinal permeability and a decreased
bacterial overgrowth, which correlated with the severity of steatosis. In addition, several
lines of evidence support increased intestinal permeability and bacterial translocation as
possible causes in the development of metabolic disease, such as the metabolic syndrome
and type 2 diabetes. As presented by Plaza-Díaz et al. [9] in this Special Issue, the potential
role of alterations in gut microbiota in NASH as biomarker for prognosis and diagnosis
is promising. Moreover, the involvement of microbiota as a potential target to treat for
NAFLD and NASH by supplementation of prebiotics and probiotics and fecal microbiota
transplantation is discussed.
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Dietary imbalances are increasingly recognized as the root cause of NASH-related
comorbidities and Simón et al. [10] describe in this Special Issue that a deficit in magnesium,
a micronutrient found in most green vegetables, legumes, peas, beans and nuts, might
aggravate NASH and its related diseases. The authors characterized the potential role that
magnesium might play in the development of liver diseases and metabolic syndrome. They
have demonstrated that magnesium supplementation is linked to reduced NASH-related
mortality and future studies to investigate the potential of magnesium as a therapeutic ap-
proach are warranted. Therapeutic options to treat NAFLD and NASH are often targeted to
improve glucose metabolism since dysregulations in glucose homeostasis are an important
driver in the pathogenesis of NASH. Previous studies demonstrated beneficial effects of
antiglycemic treatments in diabetic NASH patients, while not much is known concerning
their effect in a non-diabetic setting. In this Special Issue, Hupa-Breier et al. [11] investigate
the effect of long-acting GLP-1 agonist dulaglutide and sodium-glucose cotransporter 2
(SGLT-2) inhibitor empagliflozin and their combination in a non-diabetic mouse model
of NASH. Even though this GLP-1 agonist and SGLT-2 inhibitor did not prevent hepatic
steatosis, dulaglutide and the combination of dulaglutide with empagliflozin improved
glucose homeostasis and induced anti-inflammatory and anti-fibrotic pathways, which
could have important implications for the treatment of NASH. As described above, phar-
macological therapy often addresses NASH-associated co-morbidities, while treatments
targeting the liver itself are scarce. Mesenchymal stromal cell (MSC) transplantation has
been shown to ameliorate hepatic lipid load, tissue inflammation and fibrosis in rodent
animal models of NASH. However, the mechanisms of these MSCs are not known, which
is crucial to improve their therapeutic potential. In this Special Issue, Hsu et al. [12] trans-
planted bone marrow-derived MSCs into the livers of a NASH mouse model. The diet that
was used to induce NASH in this model was characterized by an impairment of the central
carbon and amino acid metabolism, which was probably the trigger for mitochondrial and
peroxisomal dysfunction. Transplanting MSCs in the host livers ameliorated lipid storage
and associated perturbance of tissue homeostasis likely by donating healthy mitochon-
dria to the hepatocytes, which provided oxidative capacity for lipid breakdown and thus
recovery of liver tissue.

While we have increased our mechanistic knowledge regarding the pathogenesis of
NASH within the last decade, treatment options are still limited and liver biopsies have
remained the gold standard for diagnosis. To achieve major clinical breakthrough for
NASH patients, it is not sufficient to use a single animal model since each model has
specific limitations. Furthermore, we should rely more on alternative models such as organ-
on-a-chip, which will enable us to explore unknown aspects of disease pathogenesis much
faster and serve as clinically relevant surrogates for murine models. Another important
direction to improve patient’s health is to pay more attention to extrahepatic, organ specific
and systemic effects, which are associated with NASH. This Special Issue describes several
metabolic disturbances related to NASH which should be monitored more closely in
in preclinical studies and in patient populations. As demonstrated in this issue, the
technological developments in disease models along with advanced mathematical data
analysis and the view of NASH as a systemic disease, already generated new opportunities
for the discovery of novel drugs and diagnostic tools to monitor diseases progression.

In summary, the articles in this Special Issue include an up-to-date overview of the
rapidly developing technologies, novel targets for intervention and insights in the field
in NASH. Additionally, these articles describe the major challenges in the field, strategies
to overcome them and suggestions for future directions. To improve patient’s outcome,
clinicians, as well as scientists with biomedical, nutrition, physics and mathematics back-
grounds, should join forces. Although challenges remain, the future of the field seems
promising as these novel technologies and developments are expected to lead to progress
in NASH.

Author Contributions: Conceptualization, writing—original draft preparation and writing—review
and editing, S.B. and R.S.-S. All authors have read and agreed to the published version of the manuscript.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is a spectrum of liver diseases ranging from
simple steatosis to non-alcoholic steatohepatitis, fibrosis, cirrhosis, and/or hepatocellular carcinoma.
Due to its increasing prevalence, NAFLD is currently a major public health concern. Although a
wide variety of preclinical models have contributed to better understanding the pathophysiology
of NAFLD, it is not always obvious which model is best suitable for addressing a specific research
question. This review provides insights into currently existing models, mainly focusing on murine
models, which is of great importance to aid in the identification of novel therapeutic options for
human NAFLD.

Keywords: NAFLD; mouse models; multifactorial disease; translational value

1. Introduction

Due to excess intake of fat- and/or sugar-enriched diets and a lack of exercise, overweight and
obesity are currently a major and continuously growing public health concern. Strongly associated with
the increasing trend in obesity is the metabolic syndrome (MetS), in which disturbed lipid homeostasis
and metabolic inflammation are taking the lead. Besides type 2 diabetes (T2D) and cardiovascular
diseases, MetS increases the risk of developing non-alcoholic fatty liver disease (NAFLD), the most
prevalent chronic liver disease worldwide [1]. The spectrum of NAFLD ranges from benign simple
steatosis [2] to steatohepatitis (NASH) and end-stage liver diseases. If steatosis is not managed in time,
resident liver cells (e.g., Kupffer and hepatic stellate cells) become activated and immune cells (mainly
macrophages) infiltrate the liver, a condition defined as NASH. This progressive form of NAFLD [3]
can further trigger hepatocyte damage with/without fibrosis and increase the risk of cirrhosis [4] and
hepatocellular carcinoma (HCC) [5]. In contrast to alcoholic liver disease- and viral hepatitis-induced
HCC, NASH-related HCC is currently the most rapid growing indication for liver transplant in HCC
patients [6].

Obviously, there is an urgent need for a reliable ‘humanized’ model that displays a liver phenotype
that is identical to human disease, with macrovesicular steatosis, lobular inflammation, hepatocellular
ballooning (including Mallory-Denk bodies), and fibrosis as predominant features. Subsequently,
an optimal NAFLD model should have the ability to further progress to advanced fibrosis, cirrhosis,
and ultimately HCC. Moreover, it should encompass MetS-related characteristics, such as obesity,
disturbed lipid, glucose and insulin metabolism, as well as systemic inflammation. So far, using a
wide variety of preclinical models, considerable efforts have recently been made to better understand
the pathogenesis of human NAFLD and/or related clinical questions. However, none of these models
resemble the complete human NAFLD spectrum, including related metabolic features that recapitulate
this chronic liver disease. For instance, several models, exposed to various dietary compositions, have
broadened our knowledge with regard to NAFLD progression, in particular early-onset low-grade
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inflammation. Alternative models (genetic or chemically-induced) provided insights into fibrotic
features of human NAFLD, one of the most important predictors of human NASH progression [7]. Other
models have been more suitable for testing therapeutic interventions in the context of NAFLD/NASH.
Nevertheless, there are still significant unmet needs with regard to non-invasive diagnostic methods,
therapeutic target identification, and drug development, which implies the need for robust preclinical
models [8]. In the current Review, we will provide an update on existing preclinical NAFLD models.
This Review focuses on rodents, mainly on mouse models, which are relatively low in costs and
therefore allow for studying metabolic and genetic drivers of NAFLD/NASH within a considerable
time frame. Moreover, these models serve as an important and well-controlled tool for preclinical drug
testing in a multisystemic environment.

2. Insights into Available Preclinical Models for Non-alcoholic Fatty Liver Disease

A wide variety of dietary, genetic, chemically-induced, and/or other rodent models ([8–16]) have
greatly advanced our understandings on NAFLD pathophysiology, as will be discussed in the following
sections (see also Figure 1, Table 1).

Figure 1. Brief schematic overview of existing preclinical models involving a variety of dietary, genetic,
chemical, and other factors to study non-alcoholic fatty liver disease (NAFLD).

2.1. Dietary Murine Models

Diet-induced obesity is known to be the most common risk factor for NAFLD in humans [17].
The experimental NAFLD/NASH models are often based on overnutrition, a condition that can be
induced by means of diets varying in macronutrient composition, amongst others.

6



Biomedicines 2020, 8, 28

One of the simplest ways of disturbing lipid metabolism, inducing steatosis and moderate NASH, is
by the administration of a regular high-fat diet (HFD; 60% fat, 20% proteins, 20% carbohydrates) [18,19].
For instance, feeding wild-type C57BL/6 mice a HFD for 10–12 weeks resulted in phenotypic changes
such as hyperlipidemia, hyperinsulinemia, and glucose intolerance [19,20]. Despite hepatic steatosis,
inflammatory cell infiltration was not present until 19 weeks of HFD intake [19]. While after long-term
(34–36 weeks) HFD feeding, significant increases in circulating liver enzyme levels, i.e., alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) were observed [19], these mice showed
only minor signs of inflammation and fibrosis [21], even after prolonged administration up to
50 weeks [19]. Yet, after chronic feeding (80 weeks) of HFD, which mimics lifetime HFD consumption
and enables proper design of treatment options, Velázquez et al. [17] demonstrated that mice displayed
obesity and insulin resistance. In addition, these mice were shown to develop NAFLD features,
including hepatic steatosis, cell injury, portal and lobular inflammation, hepatic ER stress, as well as
fibrosis [17]. In line with Chen et al. [22], which showed a deterioration in NAFLD when germ-free
mice were inoculated with the Firmicutes phyla, they also found increases in the Firmicutes phyla in
response to prolonged HFD [17]. Though intestinal permeability was not measured in this study, these
data pointed towards diet-induced gut-microbial dysbiosis [17], a well-known microbial event that
has been previously observed in NAFLD patients [23]. Yet, it is unclear whether a similar but shorter
dietary intervention would also provide insights into NAFLD progression [17].

In contrast to regular HFD, the atherogenic diet, composed of 1.25% cholesterol plus 0.5%
cholate, resulted in increased plasma and liver lipid levels and was shown to induce NASH with
hepatocellular ballooning in a time-dependent manner from 6–24 weeks [24]. Notably, the addition of
a high-fat component exacerbated the histologic severity of NASH, and resulted in hepatic insulin
resistance, oxidative stress, and activation of hepatic stellate cells [24]. Exposure to HFD containing
0.1–2.0% cholesterol (HFC) [25,26] for seven months in murine models, such as wild-type C57BL/6
mice, resulted in the development of obesity, hepatomegaly, hepatic steatosis, and varying degrees of
steatohepatitis [27].

Due to the variability in disease onset and limited development of fibrosis, a novel so-called
Amylin Liver NASH (AMLN) model was generated [28]. This model covers a high-fat/high-fructose
(40%/22%) diet containing trans-fatty acids (~18%) and high-cholesterol (2%), thereby better resembling
the Western-type diet and subsequent development of NASH features. Remarkably, only after
26–30 weeks of feeding an AMLN diet, wild-type C57BL/6 developed marked steatosis, moderate
lobular inflammation and hepatocellular ballooning [29]. However, when obese leptin-deficient ob/ob
mice were fed a similar AMLN diet for 12 weeks, mice displayed an accelerated and more pronounced
metabolic NASH phenotype as compared to wild-type C57BL/6 [29]. Indeed, it is well-known that
ob/ob mice, which carry a homozygous mutation in the leptin gene that protect it from binding to its
receptor, are susceptible to insulin resistance and T2D, thus being predisposed to metabolic features
resembling NAFLD [30]. Yet, spontaneous progression from simple steatosis to NASH and hepatic
fibrosis is rather prevented in these mice [31], pointing towards the need of a second stimulus.

More recently, according to the FDA-ban on trans-fats as food additives [32], another obesogenic
trans-fat-free diet substituted with saturated fat (palm oil) was explored [33]. This so-called Gubra
Amylin NASH (GAN) diet has a nutrient composition and caloric density (40% high-fat, 22%
high-fructose 2% high-cholesterol) similar to AMLN diet. Upon feeding ob/ob mice GAN diet for
16 weeks, animals displayed biopsy-confirmed liver lesions with features of fibrotic NASH. While
these features were similar to AMLN-fed ob/ob mice, GAN-fed ob/ob mice showed a more pronounced
weight gain and increased adiposity. In contrast, wild-type C57BL/6 mice required a prolonged feeding
period (28 weeks) of GAN diet to induce consistent fibrotic NASH. However, compared to AMLN diet,
GAN-fed wild-type mice had significantly greater body weight gain. Altogether, obesogenic GAN
diet induces hallmarks of fibrotic NASH in both models [33], suggesting its suitability for preclinical
therapeutic testing against NASH.
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Administering an alternative fast-food-like nutritional regime based on
high-fat/high-fructose/high-cholesterol (41%/30%/2%) was also shown to induce NASH in
various genotypes [34]. These models included wild-type C57BL/6, ob/ob mice as well as KK-Ay [35]
mice, the latter carrying a mutation in the Agouti gene that increases its susceptibility to human
NAFLD-like metabolic alterations [36]. Relevantly, Abe et al. [34] showed that ob/ob mice under
these conditions displayed more pronounced NAFLD activity score, fibrosis progression, obesity
and hyperinsulinemia compared to the other models. Given that the metabolic, histologic,
and transcriptomic features observed in ob/ob mice were similar to human NASH, this model may be
further explored as a potential preclinical tool to discover novel drugs for NASH [34].

Relevantly, Henkel et al. [37] explored the impact of long-term exposure (20 weeks) with a
high-caloric (43%) Western-type diet composed of soy-bean oil (high n-6-PUFA, 25g/100g) and 0.75%
cholesterol. In contrast to cholesterol-free HFD [38], dietary cholesterol in soybean oil resulted
in increased Kupffer cell activation and oxidative stress as well as hepatic steatosis, ballooning,
inflammation and fibrosis in wild-type C57BL/6 [37], which closely resembles clinical NASH features.
In line, when mice were fed an alternative high-caloric (45%) cholesterol-free HFD (composed of
lard (21g/100g)/soy-bean oil (3g/100g)/5% fructose in drinking water), only mild steatosis and no
signs of hepatic inflammation and fibrosis were observed [37]. Thus, in agreement with previous
studies [25,26,38–40], these findings indicate that the supplementation of dietary cholesterol triggers
experimental hepatic inflammation and fibrosis [37].

Other dietary variants were explored by Montandon et al. [41], comparing the high-fat
atherogenic diet (60% fat plus 1.25% cholesterol and 0.5% cholic acid) versus the commonly used
methionine/choline-deficient diet (MCD). In line with others [24,42], wild-type C57BL/6 mice fed
a cholesterol/cholate-rich diet showed increases in hepatic cholesterol and free fatty acids, while
MCD mice predominantly accumulated triglycerides in their livers [41]. Strikingly, MCD caused a
reduction in liver weights, whereas atherogenic diet did not [41]. Moreover, MCD increased hepatic
damage, lobular inflammation, lipogranulomas, tissue fibrosis, and liver enzymes compared to mice
fed a cholesterol/cholate-rich diet. In addition, transcriptional analyses revealed a dysregulation in
extracellular matrix remodeling and hepatic stellate cell activation in response to MCD, but not an
atherogenic diet [41]. Altogether, these data pointed towards a more severe form of NASH in MCD
mice [41], which was in line with previous studies showing that MCD triggered extensive hepatic
inflammation in rats [43] and mice [44–46] within a very short time frame. To overcome the lack of
severe hepatic fibrosis often observed in preclinical models, mice are commonly fed MCD [47] or a diet
low in/deficient for choline (CD) [48]. Although CD exacerbated fatty liver [48], MCD resulted in rapid
NASH development with severe liver fibrosis within 4–10 weeks, likely as a consequence of reduced
VLDL synthesis and hepatic-β oxidation [20]. While liver inflammation and elevated circulating liver
enzyme levels returned back to normal levels after switching the diet back to control within 16 weeks,
fibrosis and CD68-positive macrophages remained present [47].

It is also interesting to note that leptin-resistant db/db mice (which carry a mutation in the leptin
receptor gene [49] and lack the ability to spontaneously develop hepatic inflammation [35,50]) displayed
marked hepatic inflammation and fibrosis in response to feeding an MCD diet for four weeks [45].
These data suggest that, similar to ob/ob mice [31,51], db/db mice need a second stimulus to induce
NASH [45]. Nevertheless, it is noteworthy that all MCD models rather showed significant reductions
in weight, concomitant loss in liver mass and cachexia, as well as low serum levels of insulin, fasting
glucose, leptin and triglycerides, and a lack of insulin resistance [12,45,52]. Given that these preclinical
observations are opposite to the effects seen in overweight and obese individuals with NAFLD, these
data suggest that the use of MCD models as preclinical tools to represent human NAFLD is rather
limited [53]. Further, though ob/ob and db/db models serve as useful preclinical tools that mimic insulin
resistance as observed in humans, it should be kept in mind that these mice bear mutations that are not
prevalent in obese humans or NASH patients.
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Relevantly, compared to the MCD diet, mice on a choline-deficient L-amino acid-defined (CDAA)
diet developed a more severe degree of NASH and fibrosis, while not having any signs of weight
loss [54]. Yet, only after long-term feeding, i.e., 5–6 months with CDAA diet, wild-type C57BL/6 mice
displayed increased plasma lipid levels and HOMA-IR, pointing towards the development of insulin
resistance [55]. It is relevant to note that the combination of CDAA with HFD may be capable of
catalysing the development of NASH [54], though humanized features of metabolic disturbances will
be absent in this model [11,54].

The American lifestyle induced obesity syndrome (ALIOS) diet is also a frequently used diet,
in which high fat is combined with fructose-containing drinking water [56]. Compared to high
trans-fat diets without additional fructose, these mice showed increased body weight and reduced
insulin sensitivity, whereas no alterations in the degree of steatosis or liver transaminase levels were
observed [11,56]. Moreover, in response to ALIOS diet, some pro-fibrogenic genes were found to be
increased, while fibrosis was not detectable [56]. However, when mice were additionally administered
a low weekly dose of intraperitoneal carbon tetrachloride (CCl4), these animals were shown to develop
progressive stages of human fatty liver disease, ranging from simple steatosis to inflammation, fibrosis,
and cancer [57]. Nevertheless, one important limitation of ALIOS is related to its dietary composition,
as the amount of trans-fat per kilogram is greater than in commonly used fast foods [56].

Another promising model is the so-called diet-induced animal model of non-alcoholic fatty
liver disease (DIAMOND). This model is based on wild-type C57BL/6 mice that were crossed with
S129S1/svlmJ, a commonly used model to create mice with targeted mutations. After approximately
four months of Western-type diet (42% kcal fat, 0.1% cholesterol, 3.1 g/L d-fructose, 18.9 g/L d-glucose),
these mice have shown to recapitulate key physiological and metabolic features of human NASH [58].
However, a limitation of this dietary intervention is the high frequency of HCC development and
suppression of cholesterol synthesis, which is substantially different from the human situation [12,58].

While in response to a chow diet, MS-NASH mice [59] (formerly known as FATZO/Pco mice,
a cross between wild-type C57BL/6J and obesity-prone AKR/J mice [60]) spontaneously develop
obesity [61], feeding these mice a Western-type fructose-supplemented diet resulted in progressive
features of NAFLD/NASH [59,62]. Given the concomitant dysregulation in metabolic status, these
data point towards a novel tool for studying NAFLD with high translational value.

In summary, the above-described models have provided better insights into NAFLD/NASH
pathogenesis. Nevertheless, it is noteworthy that these models failed to consistently achieve the full
spectrum of human NASH, thereby limiting its preclinical validity.

2.2. Genetic Murine Models

Genetic animal models are essential for unravelling the underlying mechanisms related to
the progression of NAFLD. Besides obesogenic db/db [45] and ob/ob mice [31,51], other models
frequently used to study the total spectrum of human NAFLD and associated complications are based
on genetically-modified mice in which the murine ApoE gene is being substituted by the human
apolipoprotein E2 (APOE2) gene, referred to as the APOE2ki model [63]. Whereas wild-type C57BL/6
mice only developed simple steatosis in response to HFD, APOE2ki mice also displayed early-stage
hepatic inflammation [63]. Yet, it is important to note that the inflammatory response did not persist in
these mice [63]. Therefore, it is very likely that APOE2 gene is not the main gene responsible for the
development of hepatic inflammation [25,63].

Relevantly, a complete lack of the murine ApoE gene, i.e., ApoE-/- model [64], resulted in
hyperlipidemia after feeding these mice a high-fat diet [64]. Yet, under these conditions, mice
spontaneously developed atherosclerotic plaques, while lacking humanized lipoprotein profiles [64],
which suggests that this model is less suitable for human NAFLD research.

Remarkably, existing knowledge on the low-density lipoprotein receptor (Ldlr), an important
gene regulating the transport of non-modified lipids into macrophages, led to a major breakthrough in
the field of NASH [25,63]. By a complete depletion of the Ldlr, mice fed a HFC diet for 3–12 weeks
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were able to resemble lifestyle-induced sustained hepatic inflammation [63]. Moreover, these mice
displayed high levels of circulating LDL and low levels of HDL, thus closely mimicking the human
lipoprotein profile [63]. Hence, this model is considered a physiological model to investigate early
onset of NASH [25,63]. While the severity of fibrosis is rather mild, these mice have been shown to
develop more fibrosis compared to regular C57BL/6 mice on a similar diet [25,63].

A more recent study investigated the relation between prostaglandin E2 and the severity of
NASH, both in a clinical and preclinical context [65]. In general, prostaglandin E2, a member of the
prostaglandin family, is known to play an important role during the inflammatory processes [66,67]
in diseases such as rheumatoid arthritis and osteoarthritis [68]. However, its exact role in hepatic
inflammation remains unknown. Henkel et al. [65] showed that a deficiency in the expression of
enzymes responsible for murine prostaglandin E2 synthesis triggered a tumor necrosis factor α

(TNFα)-dependent inflammatory response in the liver, thereby increasing the severity of diet-induced
murine NASH. However, given that fibrosis and genotype-specific differences in macrophage infiltration
were rather absent [65], it is very likely that the timing of feeding intervention (20 weeks) was not
optimal to allow for advanced-stages disease development.

Another well-known model is based on a knock-in of the Patatin-like phospholipase
domain-containing 3 (PNPLA3) polymorphism [20], which was found to be present in approximately
one-fifth of our population [69,70]. PNPLA3 is a functional enzyme with acyltransferase and/or
lipase activity towards phospholipids and/or triglycerides and retinyl esters, respectively [71].
When mice, carrying a mutation at position 148 of the Pnpla3 gene were fed a high-sucrose diet,
animals displayed increased levels of triglycerides and fatty acids, resulting in increased hepatic
steatosis [72]. Nevertheless, no significant changes in hepatic inflammatory gene expression or fibrosis
were observed [72]. Furthermore, in response to HFD, the development of hepatic steatosis was
absent [72]. These data point towards diet as a primary trigger for PNPLA3-polymorphism-associated
hepatic steatosis [72], thereby not covering the full spectrum of NAFLD.

Similarly, hepatic knockdown of transmembrane 6 superfamily member 2 (Tm6sf2), a gene
responsible for regulating hepatic lipid metabolism and associated with increased susceptibility to
human NAFLD [73], resulted in increased hepatic fat content and decreased VLDL secretion [74].
Though the specific role of Tm6sf2 gene is not yet known, these data point towards its contribution to
NAFLD development, and hence, its translational applicability. Remarkably, a recent meta-analysis
showed that rs58542926 polymorphism significantly associated with chronic liver disease in the overall
population [73]. These novel data pointed towards the diagnostic ability of TM6SF2-polymorphism
to identify individuals at higher risk for developing NAFLD, cirrhosis, and HCC, as well as
alcohol-dependent liver disease [73].

Another recent study investigated the role of Gankyrin (Gank) [75], an oncogene frequently
expressed in several types of cancer [76] and a strong driver of liver proliferation. Using mice carrying
a liver-specific deletion in Gank, it was shown that feeding a HFD for 6–7 months prevented fibrosis
development in Gank-/- mice compared to HFD-fed wild-type mice [75]. While Gank-/- mice showed a
higher degree of hepatic steatosis compared to HFD-fed wild-type mice, it has been postulated that
hepatic steatosis protects the liver from fibrosis, and therefore liver proliferation could be a trigger for
hepatic fibrosis [75]. Hence, the therapeutic potential of inhibiting hepatic proliferation as a strategy
against NAFLD should be further investigated.

A more recent genetically-modified model that has become popular in NAFLD research is the
obese foz/foz mouse model, which carries an 11-base pair truncating mutation in the Alström gene
Alms1 [12,14,77]. Alms1 is widely expressed and disrupted by mutations in a human obesity syndrome,
referred to as Alstroöm syndrome [78]. When feeding a HFD within a time frame of ten months,
foz/foz mice displayed features of MetS, including obesity, hyperglycemia, hyperlipidemia, and insulin
resistance [77]. In addition, these mice spontaneously developed steatosis, hepatic inflammation,
and fibrosis [77]. Yet, while all foz/foz models have shown to develop obesity, some develop higher
NAFLD activity scores and/or fibrosis than others, implying that the severity of NASH in these mice
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is inconsistent [14]. Moreover, given that the exact role of Alms1 is not yet completely understood,
the translational character of this model is rather limited.

Another mouse model that spontaneously develops hepatic inflammation with rather a mild degree
of fibrosis is the lean polygenetic fatty liver Shionogi (FLS) [79,80]. Remarkably, when backcrossing
these mice with ob/ob mice, severe liver steatosis, inflammation, advanced fibrosis, and spontaneous
HCC appeared to develop [81]. Nevertheless, due to its uncontrollable heterogeneity in disease onset,
these models are scarcely used [82].

Other studies have used the hepatocyte-specific phosphatase and tensin homolog (PTEN)-deficient
mouse model as a model for NAFLD [83,84]. PTEN, which is a phosphatase with activities towards
both protein and lipids, was first discovered as a tumor suppressor protein [85]. More recently,
its function as a metabolic regulator, also in the liver, has received increasing attention [85]. Indeed,
PTEN-deficient mice were shown to display human-like lipid accumulation followed by liver fibrosis
and HCC [83,84]. Nevertheless, these mice do not exhibit obvious human-like NASH features, such as
increased circulating fatty acid levels and obesity, thereby limiting its translational potential.

In contrast, others studied the role of augmenter of liver regeneration (Alr) in the context of
NAFLD [86]. ALR, encoded by Growth Factor ERV1 homolog of Saccharomyces cerevisiae (Gfer), is an
ubiquitous and multifunctional protein [86] that plays a vital role in liver generation, via regulating
Natural Killer cell function [87], as well as other liver-related functions [88], including Kupffer cell
activation [89]. Though mice deficient for Alr were prone to develop excessive hepatic steatosis [86],
hepatic lipid accumulation was reversed at 4–8 weeks. Despite reversal of steatosis, mice developed
hepatic inflammation, including hepatocellular necrosis, ductal proliferation, and fibrosis, which
preceded dysplasia and HCC tumor development by nearly 60% one year after birth [11,86]. Hence,
this model could aid in better understanding the progression from hepatic necrosis, inflammation,
and fibrosis to carcinogenesis.

Another example is the melanocortin 4 receptor knockout (Mc4r-/-) mouse model [90]. MC4R
is a G protein-coupled receptor expressed in hypothalamic nuclei being involved in regulating food
intake and body weight [90]. Whereas chow-fed Mc4r-/- mice were shown to develop late onset
obesity, hyperphagia, and simple steatosis due to genetic mutation, feeding a HFD induced ballooning
degeneration, hepatic inflammation, and pericellular fibrosis [9]. In line with these results, using
MRI-based techniques, Yamada et al. [91] recently showed that Mc4r-/- mice fed a HFD for 20 weeks
developed obesity and NASH with clear signs of moderate fibrosis. Given their ability to functionally
mimic the human NASH disease state, this model holds potential for studying hepatic dysfunction
during advanced stages of NASH.

Alternative genetic models to study NASH progression and (spontaneously developing) HCC
are the Tsumura-Suzuki Obese Diabetes (TSOD) mice, keratin 18-, NF-κB essential modulator
(NEMO)-, and methionine adenosyltransferase 1A (MAT1a)-deficient models [92]. TSOD mice
spontaneously developed NAFLD-related features, including T2D, obesity, glucosuria, hyperglycemia,
and hyperinsulinemia without any special treatment [93]. Keratin 18 deficiency in mice serves as a model
of NASH-associated liver carcinogenesis [94]. Liver-specific deletion of NEMO triggered steatosis,
NASH, inflammatory fibrosis and subsequently HCC [95]. Mat1a gene deletion in mice impaired
VLDL synthesis and plasma lipid homeostasis, thereby contributing to NAFLD development [96]. Yet,
these models are generally less common and therefore less well-described in literature.

2.3. Chemically-induced Murine Models

As earlier described, alternative ways to explore the progression and/or regression of liver fibrosis
and subsequent development of cirrhosis is by targeting the liver with CCL4 [57] or other chemotoxins,
such as thioacetamide (TAA) [8,11,12]. For instance, biweekly administration of CCl4 for six weeks
led to increased circulating aminotransferase and alkaline phosphatase levels in Balb/C mice [97].
In addition, CCL4 caused a dose-dependent progression of liver fibrosis [97]. However, the exact
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pathophysiological mechanism underlying hepatic fibrogenesis, in particular the role of hepatic stellate
cells, requires further investigation.

More recently, co-administration of TAA and western-type diet for eight weeks in wild-type
C57BL/6 mice was shown to induce hepatic inflammation, severe diffuse fibrosis, and collagen
deposition [98]. Nevertheless, due to significant reductions in body weight, these models do not
optimally resemble humanized NASH etiology.

One prominent model developed to better understand the progression from NAFLD to HCC
is the STAM model, in which neonates received a low dose of streptozotocin, followed by a HFD
starting from four weeks of age [99]. At ~6 weeks, ~8–12 weeks, and ~16–20 weeks of age, these mice
developed inflammation and hepatocellular ballooning, progressive fibrosis, and HCC, respectively [99].
Concomitantly, these mice had reduced body weight and insulin levels compared to HFD-fed mice [99].
These data imply that NAFLD progression is likely an artificial process that does not accurately reflect
human disease pathology, thereby limiting its preclinical potential.

Similar to the clinical situation, many preclinical NAFLD studies in dietary and genetic models
demonstrated increased severity in males [100,101]. However, it should be noted that sex differences
may vary between models and genotypes [25,102]. For instance, we previously showed that female
Ldlr−/− and APOE2ki mice fed HFD displayed a very early hepatic inflammatory response [25].
Similarly, it was demonstrated that female C57BL/6 wild-type mice fed a high-fructose diet developed
greater hepatic inflammation despite having similar liver steatosis as compared to male mice [103].
Other studies showed that female juvenile NAFLD/NASH models displayed hepatic oxidative stress,
whereas male animals rather developed hepatic inflammation [104]. In line with these results, it was
more recently shown that high fat intake (60% kcal and 34.9% g fat, 20% kcal and 26.2% g protein,
and 20% kcal and 26.3% g carbohydrate) by juvenile female mice contributed to NAFLD development,
whereas similar fat intake by maternal-offspring (i.e., high-fat intake two weeks before conception and
during gestation and lactation) resulted in the successful establishment of NASH [105]. These data
suggest that maternal exposure, as well as the HFD component, contribute to the degree of NAFLD
disease severity in juvenile female offspring [105].

2.4. Other Murine Models

Besides a role for genetic and dietary factors in preclinical NAFLD development, recent focus
has also discretely shifted towards the relevance of housing conditions, thereby introducing a novel
concept of thermoneutral housing (30–32 ◦C) [106]. Compared to standard housing conditions, mice
housed under thermoneutral conditions were not only shown to induce a pro-inflammatory immune
response, but also to deteriorate HFD-induced NASH progression [106]. Additionally, mice displayed
increased intestinal permeability and alterations in gut microbiome, features mimicking the human
situation [106]. Although these hallmarks could also partially refute the sex bias that is often observed
in murine models of NAFLD, there were no signs of hepatic fibrosis, neither in male nor in female
C57BL/6 wild-type mice [106]. Altogether, these data propose that a dietary stimulus is prerequisite for
liver fibrosis development.

It is well-known that the liver is a central metabolic organ, whose functions are capable
of adapting to rhythmical changes of environment. Indeed, it has been previously shown that
circadian rhythm is driving oscillations in hepatic triglyceride levels, inflammation, oxidative stress,
mitochondrial dysfunction, and hepatic insulin resistance [107,108]. Moreover, it has been recently
suggested that chronic disruption of circadian rhythm may spontaneously induce the progression from
NAFLD to NASH, fibrosis, and HCC [20,109], similar to the human situation, pointing towards its
translational value.

Last but not least, there has also been increased awareness on the validity and reproducibility of
preclinical studies on NAFLD [110–112]. For instance, it has been shown that murine liver fibrosis
is affected by sampling variation [8]. More recently, Jensen et al. [2] demonstrated that feeding
wild-type C57BL/6 mice a high-fat/high-fructose/high-cholesterol diet (40%/20%/2%) for 16 weeks
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resulted in significant intraindividual differences in fibrosis score and several hepatic biomarkers.
Nevertheless, differences in sample variation were absent in other routinely used NAFLD rodent
models [2]. These data pointed towards the importance of standardizing sampling site location during
preclinical liver biopsy procedures, thereby supporting the ability to compare experimental outcomes
between individual murine NASH studies.

2.5. Rat NAFLD Models

In addition to the importance of murine models, preclinical studies on NAFLD pathogenesis are
also frequently performed using rats. Rat models are thought to be more susceptible to HFD, and
thus may display more severe and/or earlier histological features of NAFLD compared to mice [113].
A small selection of rat studies on NAFLD will be highlighted in this section.

Similar to mice, commonly used rat models refer to nutritional, genetic, and combined models
(extensively reviewed elsewhere [114,115]), of which Sprague–Dawley [116,117], Wistar [118], and/or
diabetic Zucker rats (fa/fa) [119] are well-known examples. For instance, Lieber et al. [120] and
others [117] reported that Sprague–Dawley rats on a HFD (71% fat/11% carbohydrates/18% proteins)
were able to develop insulin resistance, mild-to-marked steatosis, inflammation and/or fibrogenesis,
thereby reproducing key features of human NASH. Yet, when fed a standard Lieber–DeCarli diet
(35% fat, 47% carbohydrates, 18% proteins), rats displayed no signs of steatosis, inflammation, or
fibrosis [120]. Diabetic Zucker rats, a well-characterized model of NAFLD, displayed similar features as
its murine counterparts ob/ob and db/db mice, i.e., spontaneous development of severe obesity, steatosis,
and insulin resistance [11]. Moreover, it was shown that Zucker rats are in need of an additional
stimulus for onset of NASH [119]. Relevantly, when comparing 4 weeks of MCD diet between different
rat models (i.e., Wistar, Long–Evans, and Sprague–Dawley rats), the Wistar strain was associated with
the highest degree of hepatic fat accumulation [121], pointing either towards strain-dependency or the
impact of dietary exposure time.

Altogether, rat models are useful tools for providing additional valuable insights into the complex
pathogenesis of steatosis/NASH (but not HCC), even though dietary or chemical interventions in these
animals do not fully resemble the human situation.

3. Therapeutic Approaches in Preclinical NAFLD Models

In addition to exploring NAFLD etiology, preclinical models are critically important for testing
how potential therapeutic drugs can interfere with the progression of this chronic disease [115].

Previously, Zheng et al. [27] chronically exposed HFC-treated mice with Ezetimibe, which is known
to reduce plasma LDL by selectively binding to the intestinal cholesterol transporter Niemann–Pick type
C1-like 1. After four weeks of Ezetimibe, significant improvements in fatty liver were observed, which
were associated with a decrease in hepatic triglycerides, cholesteryl esters, and free cholesterol [27].
Additionally, chronic treatment with Ezetimibe resulted in significant reductions in plasma ALT activity,
pointing towards its ability to serve as a novel treatment for HFC-induced NAFLD [27].

Trevaskis et al. [51] treated HFD-induced wild-type C57BL/6 and ob/ob mice with GLP-1R agonist
AC3174, an exenatide analog. AC3174 treatment significantly reduced intrahepatic lipid accumulation,
plasma triglycerides, and ALT levels, likely due to its contribution in weight loss [51]. Additionally,
data suggested that AC3174 modestly improved the histological severity of fibrosis, which was
demonstrated by a decrease in liver collagen-1 protein. Altogether, these findings suggest that AC3174
may play a beneficial role in the treatment of key aspects of fibrotic NASH.

Domitrovic et al. [97] investigated the therapeutic effect of luteolin in the context of liver fibrosis.
Luteolin is a member of the flavonoid family, which has shown to exhibit hepatoprotective activity in
acute liver damage, amongst others [122]. Administration of luteolin to CCL4-treated mice resulted in
a dose-dependent reduction in hepatic fibrosis [97]. Although studies on the impact of luteolin in a
more chronic model of liver fibrosis are desired, these data pointed towards therapeutic application of
this drug in patients with hepatic fibrosis [97]. Similarly, in a study of Ganbold et al. [3], it was recently
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shown that administration of isorhamnetin, another natural flavonoid to human-like NASH mice,
resulted in improved steatosis, liver injury, and fibrosis, pointing towards its therapeutic potential
in NASH.

More recently, Khurana et al. [117] studied the role of inhibiting extracellular cathepsin D,
a lysosomal enzyme that plays a role in lipid-related disorders, including NAFLD [123,124]. Using
HFD-fed Sprague–Dawley rats, it was shown that inhibition of extracellular cathepsin D improved
hepatic steatosis and reduced plasma levels of insulin and hepatic transaminases [117]. These data
suggest that modulation of extracellular cathepsins may serve as a novel therapeutic modality for
NAFLD [117].

Gehrke et al. [125] recently investigated eight to ten week-old wild-type C57BL/6 male mice
that were fed an obesogenic diet (fructose/glucose supplementation in drinking water). In this study,
mice were either challenged with voluntary wheel running or were kept on a sedentary lifestyle
intervention [125]. Similar to well-known forced exercise models [126], voluntary wheel running
protected these mice from HFD-induced pro-inflammatory and pro-fibrogenic states, as shown by
decreased hepatic macrophage infiltration and improved fatty acid and glucose homeostasis. These
data were in line with Kawanishi et al. [126], showing that exercise training reduced macrophage
infiltration and adipose tissue inflammation by attenuating neutrophil infiltration in HFD-fed C57BL/6
mice. Thus, it is very likely that physical exercise exhibits beneficial effects and compensates for
shortcomings of certain therapeutic approaches [125,126].

Table 1. Overview of commonly used dietary, genetic, chemically-induced, and other murine models
of non-alcoholic steatohepatitis (NASH).

Type of Mouse Model
Treatment or
Intervention

Phenotypical Outcome and Relevance to
Human Disease

Author(s)

Dietary Models

High-fat diet (HFD) HFD containing 60% fat
administered to C57BL6/J

After 10-12w, induction of obesity, insulin
resistance and hyperlipidemia.
After long-term exposure (36w), no or only
minimal signs of inflammation and fibrosis.
After chronic feeding (80w), hepatic
steatosis, cell injury, portal & lobular
inflammation and fibrosis.

Velázquez et al. [17],
Ito et al. [19],
Chen et al. [20],
Vonghia et al. [21]

Atherogenic diet
Diet containing 1.25%
cholesterol and 0.5%
cholate

Increased plasma and liver lipid levels.
From 6–24 weeks, induction NASH with
hepatocellular ballooning in a
time-dependent manner.

Matsuzawa et al. [24]

High-fat atherogenic diet
HFD containing 1.25%
cholesterol and 0.5%
cholate

Exacerbated NASH features including
hepatic insulin resistance, oxidative stress,
activation of hepatic stellate cells.

Matsuzawa et al. [24],
Montandon et al. [41],
Larter et al. [42]

High-fat/high-cholesterol diet
(HFC)

HFC containing 21%
milk butter, 0.2%
cholesterol

After short-term HFC diet, only steatosis in
C57BL/6 mice.
Steatosis with severe inflammation in
female Ldlr-/- and APOE2ki hyperlipidemic
mice.
After seven days, severe hepatic
inflammation but no steatosis in male
hyperlipidemic mice.
After seven months, development of
obesity, hepatomegaly, hepatic steatosis and
varying degrees of steatohepatitis in
C57BL/6 mice.

Wouters et al. [25,26]
Zheng et al. [27]

High-fat/high-cholesterol/
high-fructose diet
(AMLN)

Diet containing 40%
high-fat and 22%
fructose, supplemented
with ~18% trans-fat and
2% cholesterol

After 26–30w, marked steatosis, moderate
lobular inflammation and hepatocellular
ballooning in C57BL/6 and ob/ob mice.

Clapper et al. [28],
Kristiansen et al. [29]

14



Biomedicines 2020, 8, 28

Table 1. Cont.

Type of Mouse Model
Treatment or
Intervention

Phenotypical Outcome and Relevance to
Human Disease

Author(s)

Gubra amylin diet (GAN)

High-fat (40 kcal-%, of
which 0% trans-fat and
46% saturated fatty acids
by weight), fructose
(22%), sucrose (10%),
cholesterol (2%)

After 8-16w, more pronounced weight gain
and a highly similar phenotype of
biopsy-confirmed fibrotic NASH in
C57BL/6 and ob/ob mice.

Boland et al. [33]

High-fat/high-fructose/
high-cholesterol

Composed of 41% fat,
30% fructose, 2%
cholesterol

Induction NASH in various models.
Abe et al. [34],
Kennedy et al. [35],
Suto et al. [36]

Soybean-oil-based
Western-type diet

Western-type diet
containing 25g/100 g
n-6-PUFA-rich soybean
oil +/- 0.75% cholesterol

After long-term exposure (20w), hepatic
steatosis, inflammation and fibrosis, weight
gain, insulin resistance, hepatic lipid
peroxidation and oxidative stress in
C57BL/6 mice.

Henkel et al. [37]

High-caloric cholesterol-free HFD

Composed of lard
(21g/100g)/soy-bean oil
(3g/100g)/5% fructose in
drinking water

Only mild steatosis.
No signs of hepatic inflammation and
fibrosis.

Wouters et al. [25,26],
Henkel et al. [37],
Subramanian et al. [38],
Mari et al. [39],
Savard et al. [40]

Choline-deficient diet

C57BL/6 mice were fed
HFD (45% of calories) for
8 weeks.
During the final 4 weeks,
diets were
choline-deficient (or
choline-supplemented)

Amplified liver fat accumulation, while
improved glucose tolerance. Raubenheimer et al. [48]

Methionine/choline-deficient
diet (MCD)

Diet lacking methionine
and choline, but
containing high sucrose
(40%) and moderate fat
(10%)

After 2w, severe steatohepatitis
with elevated serum AST and ALT levels.
After 10w, additional Kupffer cell
infiltration and irreversible fibrosis.
After 1.5-4w, no signs of insulin resistance.

Santhekadur et al. [12],
Montandon et al. [41],
Itagaki et al. [47],
Rinella et al. [52],
Al Rajabi et al. [53]

Choline-deficient L-amino
acid-defined diet (CDAA)

Choline-deficient
L-amino acid-defined
diet containing
carbohydrates (68,5%),
proteins (17,4%) and fats
(14%)

Within a few weeks, fatty liver followed by
mild features of NASH in C57BL/6J mice.
After >20w, mild-to-moderate fibrosis and
insulin resistance.

Van Herck et al. [11],
Matsumoto et al. [54],
Miura et al. [55]

Choline-deficient L-amino
acid-defined diet on high-fat diet
(CDAHFD)

Choline-deficient,
L-amino acid-defined,
HFD consisting of
60 kcal% fat and 0.1%
methionine by weight

Excessive liver fat accumulation, increased
circulating liver enzymes and progressive
hepatic fibrosis.

Matsumoto et al. [54]

High-fat/high-fructose diet
(ALIOS)

HFD with
fructose-containing
drinking water.
Additional
administration of a low
weekly dose of
intraperitoneal carbon
tetrachloride (CCl4)

After 16w, substantial steatosis with
necro-inflammatory changes and increased
ALT levels.
No difference in steatosis degree or ALT
levels if compared to without additional
fructose.
Development of progressive stages of
human-like fatty liver disease.

Tetri et al. [56],
Tsuchida et al. [57]

Diet-induced animal model of
non-alcoholic fatty liver disease
(DIAMOND)

High fat/carbohydrate
diet (Western diet) with
42% kcal from fat,
containing cholesterol
(0.1%), with a high
fructose/glucose solution
(23.1 g/L d-fructose
+18.9 g/L d-glucose)

After 16w, obesity, liver injury, dyslipidemia
and insulin resistance, sustained up to 52w.
Parent strains 129S1/SvImJ or C57BL/6
lacked insulin resistance and steatohepatitis
or developed delayed insulin resistance.

Santhekadur et al. [12],
Asgharpour et al. [58]
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Table 1. Cont.

Type of Mouse Model
Treatment or
Intervention

Phenotypical Outcome and Relevance to
Human Disease

Author(s)

High-fat diet + glucose/
fructose-enriched drinking water

Obesogenic diet
containing ((35.5% w/w)
crude fat (58 kJ%), 22.8
MJ/kg = 5.45 kcal/g) and
fructose (55% w/v) and
glucose (45% w/v)
enriched drinking water.
After 8 weeks of dietary
feeding, mice were
randomly assigned to a
voluntary wheel running
group or a sedentary
group.

Voluntary wheel running prevented
HFD-induced pro-inflammatory /
fibrogenic states in C57BL/6 mice.
Hepatic steatosis was prevented by
alterations in key liver metabolic processes.

Gehrke et al. [125]

Genetic Models

Leptin deficiency (ob/ob)

Leptin-deficient (ob/ob)
mice are predisposed to
develop NASH and
fibrosis, whereas not
when maintained on
regular chow diet.
Treatment with
high-fat/high-fructose/
high-cholesterol diet.

Lack the ability to spontaneously develop
hepatic inflammation.
After 12-26w, increased adiposity, total
cholesterol and elevated plasma liver
enzymes upon diet high in trans-fat (40%),
fructose (22%) and cholesterol (2%).
After treatment with
high-fat/high-fructose/high-cholesterol diet,
development of metabolic, histologic and
transcriptomic features similar to human
NASH.

Kristiansen et al. [29],
Abe et al. [34],
Trevaskis et al. [51]

Leptin resistance (db/db)

db/db mice are deficient in
the leptin receptor, with
dramatic elevations in
circulating leptin
concentrations.
Dietary intervention
with an MCD diet for 4
weeks.

Lack the ability to spontaneously develop
hepatic inflammation and thus needs to be
combined with a nutritional model for
NASH.
After 4w MCD diet, mice displayed marked
hepatic inflammation and fibrosis.

Kennedy et al. [35],
Sahai et al. [45],
Hummel et al. [50]

MS-NASH (FATZO/Pco) Mice spontaneous
development of obesity

After 20w of fructose-supplemented diet,
hepatic steatosis, lobular inflammation,
ballooning and fibrosis.

Sun et al. [62]

Apolipoprotein E2 knock-in
(APOE2)

Murine ApoE replaced
by the human APOE2
gene

After 12w of HFC, steatosis in conjunction
with early but not sustained hepatic
inflammation.

Wouters et al. [25,26],
Bieghs et al. [63]

ApoE deficiency (ApoE-/-)
Complete deficiency in
the murine ApoE gene

After 7w of Western diet, abnormal glucose
tolerance, hepatomegaly, weight gain and
full spectrum of NASH, while lacking
humanized lipoprotein profiles.

Schierwagen et al. [64]

Low-density lipoprotein receptor
deficiency (Ldlr-/-)

Complete deficiency of
the murine Ldl receptor,
an important gene
regulating the transport
of non-modified lipids
into macrophages

After 3-12w of HFC diet, resemblance to
lifestyle-induced early-onset hepatic
inflammation.
High and low levels of circulating LDL and
HDL, respectively, closely mimicked the
human lipoprotein profile.
Development of mild fibrosis.

Wouters et al. [25,26],
Bieghs et al. [63]

Microsomal prostaglandin E
synthase 1 (mPGES1)
deficiency

Mice with global deletion
of mPGES-133 were
backcrossed on C57BL/6J

TNFα-dependent inflammatory response in
murine liver.
Increased severity of diet-induced murine
NASH.

Henkel et al. [65]

Patatin-like phospholipase
domain-containing 3 (PNPLA-3)
knock-in

Mice carried I148M
mutation in the Pnpla3
gene and were fed a
high-sucrose or HFD diet
for 4 weeks

Accumulation of PNPLA3 on lipid droplets.
Development of hepatic steatosis. Smagris et al. [72]

Transmembrane 6 superfamily
member 2 knockdown
(mTm6s2-shRNA8)

Adeno-associated
virus-mediated short
hairpin RNA
knockdown of Tm6sf2 in
liver of C57BL/6J mice

Increased hepatic fat content and decreased
VLDL secretion, recapitulating the effects
observed in humans carrying the
TM6SF2-167Lys mutation

Kozlitina et al. [74]
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Human Disease

Author(s)

Gankyrin liver-specific knockout
(GLKO)

Cre-Alb mice were
backcrossed with
LoxP-Gank mice

Gankyrin generally drives liver
proliferation.
After 6-7 months of HFD, higher degree of
hepatic steatosis but prevention of fibrosis
development in GLKO mice compared to
wild-type mice.

Cast et al. [75]

Truncated mutation in Alström
(Alms1) gene
(foz/foz)

11-base pair truncating
mutation in the Alström
gene ALMS1.
Lack of knowledge
regarding the exact role
of Alms1

After 6 months of HFD, MetS features,
including obesity, hyperglycemia /
lipidemia and insulin resistance.
Mice spontaneously develop steatosis,
hepatic inflammation and fibrosis.

Santhekadur et al. [12],
Jiang et al. [14],
Arsov et al. [77]

Fatty liver Shionogi

Spontaneous
development of hepatic
inflammation with rather
a mild degree of fibrosis.
Uncontrollable
heterogeneity in disease
onset

Backcrossing with ob/ob mice resulted in
severe liver steatosis, inflammation,
advanced fibrosis and spontaneous HCC

He et al. [82]

Hepatocyte-specific phosphatase
and tensin homolog deficiency
(Pten-/-)

PTEN deficiency specific
in the liver

After 40w of age, steatosis, inflammation
and fibrosis in the liver.
After 74-78w of age, HCC was present in
83% of males and 50% of female mice.

Watanabe et al. [83],
Takakura et al. [84]

Augmenter of liver regeneration
knock-out (Alr-/-)

Liver-specific deletion of
augmenter of liver
regeneration

4-8w after birth, steatohepatitis with
hepatocellular necrosis, ductular
proliferation and fibrosis.
1y after birth, HCC in nearly 60% of the
mice

Van Herck et al. [11],
Gandhi et al. [89]

Melanocortin 4 receptor knockout
(Mc4r-/-)

Mice with targeted
disruption of
melanocortin 4 receptor,
which is a
seven-transmembrane G
protein–coupled receptor
that is expressed in the
hypothalamic nuclei

Development of simple steatosis.
Upon feeding HFD, development of
human-like NASH, including obesity,
insulin resistance and dyslipidemia.
After 20w HFD, obesity and NASH with
clear signs of moderate fibrosis, functionally
mimicking the human NASH disease state.

Itoh et al. [90],
Yamada et al. [91]

Chemically-induced Models

Carbon tetrachloride (CCL4) Biweekly injections of
CCl4

After 6w, increased circulating liver
enzymes and dose-dependent progression
of liver fibrosis in Balb/C mice

Domitrovic et al. [97]

Thioacetamide
(TAA)

Three times/week IP
injection thioacetamide
(75mg/kg) in
combination with
western-type diet

After 8w, hepatic inflammation, severe
diffuse fibrosis and collagen deposition in
C57BL/6 mice

Hansen et al. [8]
Van Herck et al. [11]
Santhekadur et al. [12]

Streptozotocin + high-fat diet
(STAM)

200 μg streptozotocin at
2 days after birth and
feeding ad libitum with
high-fat diet at 4 weeks
of age

Between 6-20w of age, hepatic
inflammation, hepatocellular ballooning,
progressive fibrosis and HCC.
Reduced body weight and insulin levels
compared to HFD-fed mice

Fujii et al. [99]

Other models

C57BL/6 background

Mice were housed in
separate specific
pathogen-free units
maintained at either
22◦C (standard) or
30-33◦C (thermoneutral)

After 24w of thermoneutral housing,
exacerbated HFD-driven NAFLD
pathogenesis.
Increased intestinal permeability and
alterations in gut microbiome, mimicking
the human situation.

Giles et al. [106]

C57BL/6 background

Juvenile NASH model:
immediately after
weaning, mice were fed
HFC diet for a total of 16
weeks (4, 8, 12 and 16
weeks of diet)

Hepatic oxidative stress in female juvenile
NAFLD/NASH models, whereas hepatic
inflammation in males

Marin et al. [104]
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C57BL/6 background

Juvenile NAFLD/NASH
model: HFD were
administered 2 weeks
before conception and
during gestation and
lactation

Offspring HFC intake resulted in NAFLD,
maternal-offspring fat intake contributed to
NASH in juvenile female mice

Zhou et al. [105]

Models with circadian oscillations
(e.g., Per1/2-/- or liver-specific
Bmal1 knockout mice)

The effects of feeding
time and circadian clocks
on murine liver

Circadian rhythm drives oscillations in
hepatic triglyceride levels, inflammation,
oxidative stress, mitochondrial dysfunction
and hepatic insulin resistance.
Chronic disruption of circadian rhythm
may spontaneously induce the progression
from NAFLD to NASH, fibrosis and HCC

Adamovich et al. [107],
Jacobi et al. [108],
Kettner et al. [109]

C57BL/6 background

Mice (and other rodent
models) were fed a
high-fat/high-fructose/
high-cholesterol for 16
weeks

Significant intraindividual differences in
fibrosis score and hepatic biomarkers
pointed towards the importance of
standardizing sampling site location during
preclinical liver biopsy procedures

Jensen et al. [2]

4. Clinical Relevance: Comparisons with Clinical Data

In general, NAFLD is considered the hepatic manifestation of MetS. Consequently, well-established
therapeutic compounds against T2D and impaired lipid metabolism are thought to exert beneficial
effects that mitigate the pathological features of NASH. One such example is the nuclear receptor
peroxisome proliferator-activated receptor (PPAR) (extensively reviewed elsewhere [127]), due to its
involvement in regulating lipid metabolism and inflammation. For instance, it was previously shown
that hepatic Pparα inversely correlated with insulin resistance and NASH severity [128]. Remarkably,
in this clinical study, histological improvements were positively associated with Pparα expression in
patients with NASH [128], pointing towards the therapeutic potential of PPARα-agonists. Fibrates,
which activate PPARα, are the most effective class of agents for lowering elevated triglyceride-rich
lipoproteins [129]. While fenofibrate did not ameliorate liver histology in biopsy-proven NAFLD,
a selective PPARα agonist, also known as Pemafibrate, did improve liver function in patients with
dyslipidemia [130], which was previously established in diet-induced murine models of NAFLD [131].

Another isoform of PPAR, PPAR-δ, is involved in dyslipidemia and activation of PPAR-δ by
means of a selective agonist, referred to as seladelpar (MBX-8025), beneficially affected plasma lipid
levels and showed favorable trends in insulin resistance and waist circumference in patients with
dyslipidemia [132]. More recently, these data were further supported using in-vivo studies, showing
that seladelpar improved glucose metabolism, as well as plasma and hepatic lipid levels in obese foz/foz
mice [133]. Collectively, these data pointed towards seladelpar as a potential novel therapy for NASH.

Another strategy is based on insulin-sensing drugs, known as Thiazolidinediones, which target the
PPAR-γ isoform [134]. Examples of PPAR-γ agonists are lobeglitazone, pioglitazone, and rosiglitazone,
of which the latter two are currently off-label and off-market, respectively [127]. When diabetic patients
with NAFLD were treated with lobeglitazone, patients showed improvements in hepatic steatosis,
glycemic, and lipid profiles, as well as liver enzyme levels [134]. In line, it was shown that HFD-induced
obese mice treated with lobeglitazone improved glucose homeostasis as well as hepatic and plasma
lipid levels [135]. Hence, these data pointed towards lobeglitazone as a potential treatment option
for NAFLD.

Relevantly, the use of elafibranor (dual PPAR-α/δ agonist, clinical phase III trial) as a single drug
regime is thought to be promising with regard to NASH, as shown by significant improvements
of human NASH pathology without deteriorating hepatic fibrosis [136]. These data were further
corroborated by findings in rodent studies of NAFLD [137]. Additionally, the development of
anti-fibrotic therapies has recently received increasing attention [138]. Therefore, due to its multifactorial
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character, current treatment modalities should focus on both the reversal of NASH [139] and
fibrosis [138].

Strategies, which currently hold clinical potential in late-stage drug development, include specific
complementary agonists, i.e., for PPAR receptor subtypes and farnesoid X receptor (FXR) [139]. Using
AMLN diet-induced obese mice with biopsy-confirmed NASH, Roth et al. [139] demonstrated that
combined treatment with Elafibrinor and obeticholic acid (FXR agonist) significantly ameliorated
histological features of steatosis, inflammation and fibrosis. Additionally, compared to single regimens,
combined treatment targeted hepatic molecular mechanisms, thereby further improving NASH and
fibrogenesis [139].

To conclude, in addition to the selective—but relevant—approaches described above, additional
therapeutic options for NAFLD have been studied in preclinical and/or clinical settings [16], or are
currently under investigation.

5. Conclusions

Although current preclinical NAFLD models can be considered indispensable tools for studying
chronic liver disease pathology, it should be noted that the majority of existing rodent models mainly
focus on certain stages of the disease rather than the total spectrum. Additionally, it is noteworthy that
the NAFLD disease progression greatly varies across different strains [140]. Therefore, depending on its
research question, careful model selection is highly recommended. Such selection should also properly
consider sex, age, and hormonal status and must be based on prior knowledge, as it will have a large
impact on data interpretation and its translational potential. Thus, our common goal is to establish an
ideal preclinical model that—in addition to developing hepatic inflammation and fibrosis, along with
obesity, high cholesterol, and insulin resistance—also responds to promising therapeutic interventions.
This implies that future studies should continue focusing on recapitulating the multifactorial character
of human NAFLD in preclinical models.
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Abbreviations

ALIOS American Lifestyle Induced Obesity Syndrome
ALMS1 Alström
ALR Augmenter of liver regeneration
APOE2ki Apolipoprotein E2 knock-in
CCl4 Carbon tetrachloride
CD Diet deficient for/low in choline
CDAA Choline-deficient L-amino acid-defined diet
DIAMOND Diet-induced animal model of non-alcoholic fatty liver disease
FLS Fatty liver Shionogi
FXR Farnesoid X receptor
Gank Gankyrin
GFER Growth Factor ERV1 homolog of Saccharomyces cerevisiae
HCC Hepatocellular carcinoma
HFC High-fat/high-cholesterol diet
HFD High-fat diet
Ldlr Low-density lipoprotein receptor
MAT1a methionine adenosyltransferase 1A
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MC4R Melanocortin 4 receptor
MetS Metabolic Syndrome
MS-NASH Mice formerly known as FATZO/Pco
NAFLD Non-alcoholic fatty liver disease
NASH Non-alcoholic steatohepatitis
NEMO NF-κB essential modulator
PNPLA3 Patatin-like phospholipase domain-containing 3
PPAR Peroxisome proliferator-activated receptor
PTEN Phosphatase and tensin homolog
T2D Type 2 Diabetes
TAA Thioacetamide
TM6SF2 Transmembrane 6 superfamily member 2
TNFα Tumor necrosis factor α
TSOD Tsumura-Suzuki Obese Diabetes
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Abstract: Non-alcoholic fatty liver affects about 25% of global adult population. On the long-term,
it is associated with extra-hepatic compliances, multiorgan failure, and death. Various invasive
and non-invasive methods are employed for its diagnosis such as liver biopsies, CT scan, MRI, and
numerous scoring systems. However, the lack of accuracy and reproducibility represents one of the
biggest limitations of evaluating the effectiveness of drug candidates in clinical trials. Organ-on-chips
(OOC) are emerging as a cost-effective tool to reproduce in vitro the main NAFLD’s pathogenic
features for drug screening purposes. Those platforms have reached a high degree of complexity
that generate an unprecedented amount of both structured and unstructured data that outpaced our
capacity to analyze the results. The addition of artificial intelligence (AI) layer for data analysis and
interpretation enables those platforms to reach their full potential. Furthermore, the use of them do
not require any ethic and legal regulation. In this review, we discuss the synergy between OOC and
AI as one of the most promising ways to unveil potential therapeutic targets as well as the complex
mechanism(s) underlying NAFLD.

Keywords: NAFLD; extra-hepatic outcome; organ-on-a-chip; artificial intelligence

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is defined as a continuum of abnormalities
caused by lipid accumulation within the liver defined as hepatic steatosis. Fatty liver is
considered as the liver manifestation of metabolic syndrome when is accompanied by
simultaneously presence of three or more of the following features: high triglycerides,
hypertension, visceral obesity, insulin resistance and high cholesterol, in the absence or
reduced alcohol intake [1]. It ranges from non-alcoholic fatty liver (NAFL), characterized
by > 5% of steatotic hepatocytes, to its more advanced and aggressive form known as
non-alcoholic steatohepatitis (NASH). This latter form is characterized by extended liver
inflammation and often accompanied by fibrosis which may progress to cirrhosis and
hepatocellular carcinoma (HCC) (Figure 1). The strongest predictor of NAFLD/NASH
is central or visceral obesity, rather than general obesity, while the presence of advanced
fibrosis is the strongest predictor of mortality in those patients [2,3].

The global prevalence of NAFLD has been estimated around 25.24% with highest
peak of 30.45% in South America, whereas NASH ranges from 3 to 5% globally. These
numbers increase when other factors are considered, for example, the estimated preva-
lence of NAFLD and NASH in patients with type 2 diabetes mellitus rise up to 21.51%
and 43.63%, respectively, while 51.34% and 81.83% in people affected by obesity [4]. The
gold standard for the diagnosis of NAFLD/NASH is the liver biopsy although many
non-invasive methods—ultrasonography, computed tomography scan and magnetic reso-
nance imaging/spectroscopy—and various scores—NAS score, FIB-4, fatty liver index and
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NAFLD fibrosis score—are considered valid alternatives [5–8]. However, this potpourri of
techniques, the intra- and inter-variability of pathologists in liver biopsies evaluation [9],
and the non-standardized site location of biopsies [10] interfere with the inclusion of pa-
tients in clinical trials, but most important, compromise the possibility to assess the efficacy
of treatments in clinical trials.

Figure 1. Representation of natural progression of Non-alcoholic fatty liver disease.

In the last 10 years, many technologies such as tissue engineering, sensing, and
microfluidics are converging to build more sophisticated organ(s)-on-a-chip (OOC). The
aim is to reproduce in vitro the physiological conditions for drug screening purposes in
order to increase the success rate of clinical trials [11]. This system ranges from multicellular
to multiorgan set-up in both healthy and diseased disposition, where the responses to
perturbation/treatment can be monitored in real-time regardless from the mechanisms
of action. The OOCs are changing the translational science paradigm being an extremely
cost-effective surrogate to the animal testing with a far higher predictive power and shorter
time of response. The impact of these tools is the ability to assess at same time the efficacy
and toxicity of new treatments giving important insights about their biological activity.
Those platforms are designed to deeper investigate the mechanism(s) of action of a specific
disease, its early detection, as well as the effectiveness of a drug and its potential side effects.
The OOCs are reaching a level of complexity comparable with real organs allowing the
early identification of crucial features of NAFLD to intervene efficiently. The new OOCs 2.0
are high-throughput devices where mini-tissues in three-dimensional (3D) are subjected to
a microfluidic regimen and integrated with a sensor platform capable of collecting massive
amount of data in real time [12–14]. Just to give an idea, over 200 Gigabytes of data can be
generated by a single time-lapse experiment of 72 h where three images of 10,000 cells (one
brightfield plus two fluorescent bands) for six timepoints/hours at two Megabytes/each
are taken. Another example is the over millions of datapoints that can be easily collected
from a 384 wells microfluidic platform in real-time [15]. Unfortunately, at moment the data
generated by these platforms have far outpaced our capacity to process and analyze them
creating an important analytic bottleneck.

One of the most promising approaches is to employ machine learning and artificial
intelligence to metabolize these unprecedent amount of data. Although traditional machine
learning offers advanced data processing capabilities, the advent of its most important
component, the deep learning, made possible to analyze massive unstructured data such
as images, drug-target interactions and computational biology [16–19]. These AI-based
techniques employ algorithms that learn without direct programming overcoming the
limitation of human recognition boosting human knowledge in various fields.

In this review we will discuss: (i) the implication of other organs in the progression
of the disease; (ii) how the recent advances in OOCs field might improve the knowledge
on early onset of NAFLD; (iii) how the artificial intelligence could help in tasks such as
classifying known NAFLD-associated features while identifying new ones.
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2. Extra-Hepatic Outcomes: NAFLD as Multiorgan Disease

In the past years, various lines of investigation have proved that NAFLD extends
beyond the liver paving the way to multiorgan failure, and eventually death (Figure 2).

Figure 2. Incidence of extra-hepatic complication in non-alcoholic fatty liver disease.

In the meta-analysis of Targher et al. [20], 64% of patients with NAFLD are at risk of
cardiovascular disease (CVD), which represents the first cause of death. The outcomes
range from non-fatal to fatal CVD complications such as angina, stroke, and myocardial
infarction [21]. Obesity and other metabolic disorders like insulin resistance, atherogenic
dyslipidemia, increased uric acid, reduced vitamin D, and impaired fibrinolysis are com-
mon risk factors of NAFLD and CVD [22].

Following CVD, the most frequent cause of death among NAFLD patients are the
extra-hepatic malignancies, where colorectal cancer in males and breast cancer in females
are the most prevalent types [23]. Specifically, Mantovani et al. [24] showed that in male
patients with NAFLD, the prevalence of colorectal adenomas is 20.4% as opposed to 15.8%
in those without NAFLD whilst the prevalence of colorectal cancer is 2.4% for NAFLD
vs 1.97% without NAFLD [25]. On the other hand, NAFLD has been concurrently found
associated with breast cancer in 45.2% of the female cohort vs the 16.4% of the controls [26].
Other evidence confirmed that visceral obesity, metabolic syndrome, and insulin resistance
contribute to colorectal cancer progression [27], while disturbances in insulin metabolism,
hormonal imbalance and inflammation are associated to higher risk of breast cancer [28].

Sarcopenia—referred as progressive and generalized loss of skeletal muscle mass
and strength—is one more extra-hepatic complication that recently has been linked to
NAFLD [29]. Between 30–70% of NAFLD patients with cirrhosis suffer sarcopenia [30],
which increase the risk of worse outcomes in post-hepatic transplanted patients. Those
patients have higher rates of mortality compared to non-sarcopenic patients [31]. Hence,
sarcopenia is listed as exclusion criteria for a liver transplant [32].

Kidneys can be also affected by NAFLD. The decreased glomerular filtration rate
and proteinuria, specific for chronic kidney disease (CKD), have been found in 20–55% of
patients with NAFLD in contrast to 5–35% in patients without NAFLD. Moreover, there
is a strong correlation between the stage of NAFLD and the severity of CKD [32]. Last
evidence links the increased release of proinflammatory and prothrombotic molecules due
to NAFLD to the promotion of vascular and renal injury [33].
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The brain is also non-exempted from NAFLD-induced damage. Studies have associ-
ated NAFLD and cerebrovascular events (CVE), although data are frequently inconclusive.
For example, El Azeem et al. observed CVE in 36% of NAFLD patients [34]. The associated
complications were the asymptomatic brain lesions, alterations in cerebral perfusion and
activity, cognitive impairment, brain aging, and increased risk of both ischemic and hemor-
rhagic stroke [35]. NAFLD and cerebrovascular accidents share some risk factors such as
type II diabetes and obesity mainly related to metabolic syndrome [36]. Furthermore, recent
findings indicate that the chronic inflammatory environment and ammonia generated by
NAFLD might lead to microglia activation causing micro and macrovascular damage in
the brain [37–39].

Other minor complications linked to NAFLD are skin-related (such as psoriasis),
obstructive sleep apnea, osteoporosis, hormonal dysregulation (as polycystic ovary), male
sexual disfunction, hypothyroidism, periodontitis, urolithiasis, etc. [40].

In NAFLD, multiple pathways are concurrently dysregulated. The liver homeostasis is
chronically compromised by low level of inflammation and lipid accumulation. However,
how this propagates to the other organs or vice versa the failure of other organs exacerbates
the liver damage is still unknown. Further work is still urgently needed to elucidate the
mechanism of interorgan cross talk in order to develop the right pharmaceutical target(s)
or identify the right timing for treatment.

3. Organ-on-a-Chip 2.0

The organ-on-a-chip (OOC) revolutionized the way how the drug screening process
was done, mimicking and miniaturizing the physiologic environment of almost any organ.
In the last five years, these platforms have become more sophisticated thanks to a multidis-
ciplinary approach. Three are the critical components of those platforms: the 3D tissue, the
microfluidic, and the integrated sensing system.

The first of them is the three-dimensional structure obtained by mixing cells with
a biomaterial in a pre-specified structure. In vivo, the liver is structured in hexagonal
functional units defined lobules of 1–2 mm in size. At center of each lobule there is a large
vein called “central vein” that drain blood from the small vessels (capillary) (Figure 3).
At six corners, the lobules are delimited by the portal triad composed of bile duct, portal
vein and hepatic artery. The cells placed between these two structures are organized
according to their function. They are divided in non-parenchymal cells, composed by
Kupffer cells (KC), liver sinusoidal endothelial cells (LSEC), and hepatic stellate cells (HSC)
and parenchymal cells, hepatocytes, that constitute roughly the 20% and 80% of the liver
mass, respectively. While the functions of non-parenchymal cells span from maintaining
the structural organization of the liver (HSC) to regulate exchange with blood (LSEC) and
immune response (KC), the function of parenchymal (hepatocytes) is to perform most of the
metabolic jobs such as decomposition and synthesis of sugars and fats, ammonia removal
and synthesis of bile acids. The place where the hepatocytes are located between the portal
triad and central vein is extremely important for the body and it is known as zonation [41].
The environment of the cells closer to portal triad is rich in oxygen and glucose because the
cells perform the processes that are more energetically demanding, such as glycolysis, bile
acid production and xenobiotic metabolism. The mid-lobule hepatocytes are specialized in
modulation of insulin growth factors and iron metabolism while the cells in the proximity of
central vein are dedicated to gluconeogenesis, β-oxidation and cholesterol metabolism [41].

The cellular organization of the liver represents an essential factor for the hepatocytes’
optimal working condition but, at same time, the most significant challenge for the mimetic
tissue engineering. In fact, when these cells are taken out from this configuration, they
rapidly lose their polarization, capacity to replicate as well as some of the liver-specific
functions. One of the first approach oriented towards the preservation of functionality
of hepatocytes was made in the 1991 when Dunn et al. demonstrated that primary rat
hepatocytes growth on collagen substrate were able to maintain polarity and release
albumin, transferrin, and urea for two weeks. Once a second layer of collagen was added
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on top of these hepatocytes, those functions were prolonged for six weeks [42]. A different
approach to prolong the hepatocytes’ phenotype, has been adopted by Suurmond et al.
that cocultured hepatocytes, endothelial and Kupffer cells in 3D spheroids maintained
in inter-connected honeycomb wells [43]. Interestingly, the presence of endothelial cells
improves the function of hepatocytes—increase in urea albumin secretion—but not any
other further improvement was induced by Kupffer cells. Conversely, the presence of the
Kupffer cells determined an increase in lipid accumulation, and release of Tumor Necrosis
Factor-α (TNFα) and Interleukin-6 (IL-6). These examples show that both the interaction
with non-parenchymal cells and the presence of extracellular matrix are essential to recreate
a useful in vitro model of NAFLD. Others crucial factors often neglected in many studies
are the cell density and the contact with other cell types [44–46].

Figure 3. Schematic representation of liver lobule. The liver is composed of hexagonal functional unit known as lobule
homogeneous throughout all the liver. Hepatic stellate cells give structural support to the endothelial cells which regulate
the exchange with blood. Kupffer cells are the macrophage of the liver and responsible for the initial immune response in
case of an insult. The hepatocytes represent the metabolic factory of the liver and organized according to their function.
This anatomical configuration is the main challenge of tissue engineering.

Recently, giant steps towards the replacements of extracellular matrix with synthetic
biocompatible polymers have been made. These biopolymers with controlled diffusion
properties mimic natural tissue stiffness, making it possible to keep hepatocytes’ phenotype
and functions for a longer time. The most studied materials for tissue engineering are
based on natural origins like gelatin, alginate, and cellulose [47–49] or synthetic materi-
als such as poly L-lactic acid, poly (lactic-co-glycolic acid) and polycaprolactone [50–52].
Many variables, under the operator’s control, concur in the design and fabrication of these
three-dimensional biopolymers. Porosity and stiffness are the essential variables to build a
functional 3D structure compatible with cell viability and functionality [47]. The optimal
pore size allows the cells to attach, interact, and form aggregates [53–55]. On the other
hand, the scaffold must prevent the cells from escaping as well as constitute some sort
of protection against the host’s immune system in case of implantation. Stiffness instead
affects cell adhesion, motility, and polarization (referred to as the cell’s ability to differen-
tiate in space and function). Generally, a healthy human liver has a stiffness that ranges
from 3 to 8 kPa which can increase about 30% when fibrosis and fibrosis-related processes
are in place [56]. Overall, rigid materials, with a stiffness that resemble the fibrotic state,
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enhance hepatocytes attachment, proliferation, mobility, and dedifferentiation [57,58]. It is
biological plausible because of the intense cellular recruitment that takes place surrounding
the damaged/fibrotic area where a high number of undifferentiated cells are needed to
replace the dead ones. On the other hand, gene expression and the release of soluble
markers of liver functionality, increase in hepatocytes encapsulated in soft substrates [48].

Microfluidic and shear stress have been shown to improve cell phenotype in vitro. An
OOC is by definition a microfluidic cell culture device fabricated using microchip manufac-
turing techniques. These tools are provided with continuously perfused chambers where
living cells are arranged to simulate tissue- and organ-level physiology. These devices
produce tissue and organ functionality not possible with conventional 2D or 3D culture
systems by recapitulating the body’s physicochemical microenvironments and vascular
perfusion. Control of fluid flow in chips has proved enormously useful. Viscous forces dom-
inate over inertial ones at small length scales, then the flow is laminar if the ‘microfluidic’
channel’s diameter is less than about one millimeter. Laminar flow allows the generation
of physical and chemical gradients, which have been exploited for non-invasive study of
directional cell migration [59–61], cardiac tissue formation [62], nerve axon outgrowth [63],
and graded metabolic [64], differentiation [65], and neurotoxin [66] responses, as well as
analysis of subcellular structure [59] and cell-cell junctional integrity [67]. Fluid shear
stresses can be controlled independently of physical and chemical gradients by altering
flow rates or channel dimensions [68,69] and separating cells from the flow path using a
nano porous membrane [68] or micro-engineered posts that restrict cell passage [70]. Fluid-
mechanical computational models can be applied to optimize microchannel geometry and
enhance oxygen and nutrient delivery, thereby increasing cell survival and function [68].

Accurate representation of in vivo organ physiology and drug pharmacokinetics can be
achieved in OOC devices through precise control of cellular microenvironments; however,
quantitative information extraction is equally essential. OOC integrated with new sens-
ing technology allows easier intra- and extracellular measurements across different tissues.
Biosensors are analytical devices consisting of a biological component (enzyme, receptor,
oligonucleotide, cell, antibody, etc.) in intimate contact with a physical transducer that convert
the biorecognition process into a measurable signal (electrical or optical) (Figure 4).

 

Figure 4. Examples of sensor platforms that can be integrated with organ-on-a-chip. Electrochemical biosensors measure
the change of potential, current, conductance, or impedance induced by the immunoreaction. Optical biosensors determine
the change in the optical properties of interaction between analyte and receptor. Mechanical biosensors assess the angular
deflection due to molecular binding.
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Because of its simplicity electrochemical transduction is the oldest and most common
methods used in biosensors. They can determine the level of biomarkers by measuring the
change of potential, current, conductance, or impedance caused by the immunoreaction.
From all possible electrochemical transduction systems those based on recording ampero-
metric signal generated after an enzymatic reaction have seen greatest development [71].
Amperometric biosensors are based on the measurement of the current generated by ox-
idation/reduction of redox species at the electrode surface, which is maintained at an
appropriate electric potential. The current observed has a linear relationship with the
concentration of the electroactive species. The electrode is usually constructed of platinum,
gold, or carbon.

Optical transducers are based on various technologies involving optical phenomena,
which are the result of an interaction of analyte with receptor. This group may be further
subdivided according to the optical properties that have been applied in sensing (i.e.,
absorbance, reflectance, luminescence, fluorescence, refractive index, and surface plasmon
resonance (SPR), and light scattering). The plasmon resonance is an evanescent electro-
magnetic field generated at the surface of a metal conductor (usually Ag or Au) when
excited by the impact of light of an appropriate wavelength at a particular angle (α). Since
distinct SPR prototypes (Biacore, IASys, etc.) have appeared in the market, a significant
number of applications of this principle have been reported during the last years. Recently,
localized surface plasmon resonance (LSPR) has been confirmed as a perfect candidate for
OOC integration [72].

Microcantilever (MCL) translate molecular recognition of biomolecules into nanome-
chanical motion that is commonly coupled to an optical or piezo-resistive read-out detector
system. Microcantilever sensors rely on their deflection to indicate sensing. Thus, molecular
adsorption onto the sensing element shifts the resonance frequency and changes its surface
forces (surface stress). Surface stress due to conformation change of proteins and other
polymers has been a recent focus of MCL research. MCL that respond to conformational
change-induced surface stress are promising transducers of chemical information and are
ideal for developing microcantilever-based biosensors. (Figure 4).

OOCs can be employed to study the crosstalk between different cell populations of the
same organ allowing further understanding of complex metabolic diseases. Current OOCs
assays heavily rely on fluorescence microscopy and have mainly been used for specialized
proof-of-concept studies, for example, in angiogenesis [73–75], in electrophysiology [76,77],
and in pharmacological modulation of cell growth [76,78,79]. However, fluorescent la-
belling is a qualitative method and end-point assay losing all the real-time changes in
metabolic behavior of the cells. There are few examples of OOCs where 3D functional
tissues are integrated with an in-built sensor platform. Some lab-on-chip assays allow to
measure parameters, such as oxygen concentration [80–82], pH level [83,84], and glucose
consumption [85]. The use of antibodies add specificity to the sensors in detecting biomark-
ers, such as insulin or IL6 from complex biological media [71,86]. These biosensors are
based on redox or enzymatic reactions that imply incubation and washing steps therefore
limiting the value of the data acquired and not providing real-time information. Ideally, the
next OOC platforms equipped with sophisticated built-in sensors would provide real-time
data at cellular level.

4. Artificial Intelligence and NAFLD

Since 1970, when the potential of applying artificial intelligence technology in clinical
setting was discussed, only few AI solutions were successfully employed. The main tasks
performed were literature mining, automated experiments, and data collection [87–90]. For
the following 20 years, there was a general loss of interest towards AI solutions in medicine
known as “AI winter” that lasted until the end 90′s when “big data” became available.
According to the website ClinicalTrials.gov, the ongoing clinical trials using big data and
artificial intelligence are 3417 and 405, respectively.
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AI is the ability of a computer-based machine to apply a pre-determined set of rules
(algorithm) to solve a specific task. By definition, these machines have the capacity to
accurately predict a determined outcome or even take a decision that mitigates that outcome
in a timely fashion. Both capabilities are prerogative of most human beings. To succeed in
their task, these machines need to process a set of initial values (input) to generate a different
set of values (output) thanks to a task-tailored algorithm. AI technology is a collection of
physical (e.g., intelligent prostheses for handicapped people, robot performing surgeries)
and virtual (e.g., predictive models that guide the clinicians’ decisions) applications. The
Electronic Health Records (EHR) keep records of both practice and clinical management
of patients during episodes of patient care and represents the primary reason of the
tremendous upsurge of the virtual retrospective studies [91] (Figure 5).

 

Figure 5. Electronic Health Records (EHR) workflow.

Whilst computers can be programmed to perform better and more efficient tasks
compared with humans, we are years far from AI tools capable to replace the latter in
the medical practice, and more specifically, in the decision-making process. Machine
learning, and its most powerful component deep learning, are crucial to make a machine
able to acquire, analyze and interpret data in humanly fashion. The three most common
approaches used are unsupervised, supervised, and reinforced learning [92]. The difference
between the first two is the presence or not of a clean and labelled dataset to train the
algorithm in order “to learn”. The limitation of these two approaches is the need of
large dataset to train properly the algorithm, in case of supervised learning, and the low
accuracy for the unsupervised. Differently, a reinforced algorithm interacts continuously
with environment getting a feedback from it [93,94]. Every time it performs a task, it gets
back an index, generally higher for the success and lower for the failure of the task. In that
way, the algorithm modify itself to tend always to the higher index possible. However, this
can lead to longer waiting time (Figure 6).

Nowadays, we are just mining massive amount of data to get insights about diseases.
The next and closer step is to carry out predictive analysis to detect the early onset of
the disease or at least identify its stronger risks factors. However, in medicine the main
limitations are (i) the short follow-up of the patients—that reduce the predicting power
of the models applied—and (ii) the inclusion during the analyses of potential hidden
cofounding factors—that limit the matched-pair in clinical trial design causing a failure
of the study. So far in NAFLD, only few papers have attempted to apply and implement
the use of AI and machine learning mainly for its diagnosis. For example, Han Ma
et al. investigated 11 machine learning (ML) techniques in a cross-sectional study of
2522 patients with NAFLD (assessed by ultrasonic examination), coming up with the
conclusion that “users could focus only in five features—body weight, triglycerides, alanine
aminotransferase, gamma-glutamyl transpeptidase, and levels of serum uric acid—that
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contribute to the NAFLD phenotype”. In this study, the Bayesian network model gave
the best performance (the Bayesian network model consists in a graphical scheme where
the nodes or features are connected each other according to causal relationship among
them) [95]. A different approach has been used by Heinemann et al. where they attempt
to automate the Kleiner score—ballooning, inflammation, steatosis, and fibrosis as main
histopathological features—for the diagnosis of NASH for NAFLD/NASH models using
a whole slide of liver rat and mouse stained by Masson’s trichrome. Four models of
convolutional neural networks for image classification have been employed. Although it
seems a very interesting approach, it is very difficult to apply to human [96]. First, this
approach needs years of validation performed by expert pathologists to train the algorithm
properly. Second, the high variability of the human evaluation of liver biopsies already in
place using standard features. Third, the human biopsy is a tiny portion of tissue which
most of the time is not representative of the whole organ.

Figure 6. Supervised, Unsupervised, and reinforced learning applications for organ-on-a-chip.

Despite the advantages in applying AI for the diagnosis or treatment of patients,
many challenges still exist in the quality and quantity of the collected data. First, the
reduced number of samples affect the consistency and accuracy of the analysis. Second, the
implementation of AI in medicine is faster than the ethical and legal regulation of the field.
From this point of view, the biggest issues are data privacy, safety, and transparency [97].

5. In Vitro NAFLD Features Recognition: The Synergy between OOC and AI

The application of AI to the OOCs enables to analyze parameters that could not be
considered so far for the study of NAFLD. Furthermore, their low in cost and automation
propel them from engineering research into to any biomedical fields. With incredibly fast
progress of OOCs in mimicking the complexity of native anatomical structures, many deep
learning techniques developed for human can be applied. Deep learning is the biggest part
of machine learning techniques and it is employed to recognizes pattern from the data using
many levels of interpretation of unstructured data (images, text etc.). Its main limitation is
the use of big training dataset that, in case of OOCs, is resolved using single cells images.
For example, Guo et al. developed a high-throughput single cell lipid screening using an
optofluidic time-stretch quantitative phase microscopy [98,99]. The combination of the
quantitative phase imaging and machine learning allows the physical classification of cells

37



Biomedicines 2021, 9, 248

(shape, area etc.) with high accuracy. This system can spot rare or even unknown events
without a training dataset (unsupervised learning) and applicable to various fields. For
example, it could be employed to study the kinetic of di- and triglyceride accumulation in
spheroids of primary human hepatocytes trough imaging [100]. The rationale would be
the understanding of fat trafficking inside the cells and its timing.

In another example, Blasi et al. demonstrated that it is possible to determine the
cells’ DNA content, live or fixed, using brightfield and darkfield images obtained via
imaging flow cytometry. Moreover, the cells’ mitotic phase can be also assessed [101].
The machine learning algorithm is trained against a dataset specific for the cell type
or the interested feature. An interesting application would be the assessment of the
in vitro regenerative capacity of hepatocytes according to their cell cycle phase. In fact, in
patients with NAFLD, liver regeneration is compromised making these patients not optimal
recipient for a transplanted organ [102]. One more study conducted by Chu et al. employed
a machine learning based control system for microfluidic microencapsulation [103]. This
system assesses via real-time the quality of the microencapsulation using spheroids images.
This technology could be very useful to spot abnormal spheroids in a 3D printing high
throughput platform therefore increasing the reproducibility for drug screening purposes.

These are only three examples of new technologies built for machine and deep learning
techniques that might be applicable to identify the early pathological phenotypic changes
of the cells or evaluate the efficacy of drugs candidates. On the other hand, many are the
algorithm generated to analyze old data or applicable to old technologies. For example,
Das et al. used light microscopic image acquisition from stained slides to extract 96 features
to discriminate between Plasmodium-infected and non-infected erythrocytes [104]. The
ability to discriminate the healthy or diseased status according to the shape would be
extremely interesting in evaluating the change in shape in hepatic stellate cells strictly in
contact with hepatocytes [105].

In another example, Mirsky et al. employed interferometric phase microscopy to
develop a machine learning based classification method for sperm analyses and charac-
terization [106]. The algorithm was able to extract 89 custom-designed features. This
technology could be easily applicable to measure the degree of lysosomal permeabilization
in hepatocytes upon treatment with saturated and unsaturated lipids [107]. This would
give important insight about cell death. Ko et al. combines the nanofluidic technology
with machine learning to discriminate between patients suffering of pancreatic cancer and
healthy subject [108]. Although few human samples were analyzed, this study showed the
potential of combining different technologies, in this case, nanofluidic, exosome screening
and machine learning to better characterize patients in order to improve the success/failure
ratio of clinical trial and/or treatment effectiveness.

6. Body on a Chip: An Exponential Growth in Complexity

The liver is the shield of the body protecting it from endogenous and exogenous
substances. Once it fails in its function, many other organs are subjected to a continuous
pathogenic signal that inexorably will lead to their failure, on a short time (acute) or a long
time (chronic), if not neutralized. However, little information is available about the actors
and their kinetic in pathogenesis of NAFLD.

Very few multiple organs on a chip have been developed in the last years to unveil
the crosstalk between organs during the pathology. For example, Lee and Sung built
a gut-liver on a chip to study the lipid accumulation as well as a potential treatment
for reducing it [109]. Although the model is based on the use HepG2 (hepatoma cell
line)—phenotypically and genotypically very different from healthy hepatocytes—they
showed the importance of proinflammatory cytokine Tumor Necrosis Factor-α on the gut
absorption permeability of the lipids. Interestingly, TNFα per se, did not exert any effect
on the lipid’s accumulation in liver cells. On the same line, Ahluwalia et al. cocultured
hepatic, endothelial, and different amount of adipose cells in an interconnected tissue
models for the study of obesity and its lipid-related molecules and pro-inflammatory
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markers [110]. They showed the increase of pro-inflammatory markers such as Interleukin-
6 and Monocyte chemoattractant protein-1 in endothelial and liver cells when connected to
adipose tissue demonstrating the adipose tissue as an important source of inflammatory
cytokine production.

These are only two examples of multiple organs interaction under the high load lipids
intake regimen. However, a far more complex platform is necessary to identify both the
players and the temporal role of them during the pathogenesis and progression of NAFLD.
Real-time sensing system that targets concurrently multiple proteins and soluble factors
and a computer-aided system to help in the analysis and interpretation would dramatically
transform these platforms in the next few years. More important than a technological
transition, it is the interaction of different fields such as biology, physiology, medicine, and
engineering that will allow the full comprehension of the data generated by these platforms.

7. Conclusions

NAFLD is a multifactorial disease with unknown cause(s). Machine and deep learning
are mainly used to improve the performance of OOCs. At the moment, the real job of these
techniques is to reduce the dimensionality of the large number of variables or measure-
ments to allow us to extrapolate useful information. The marriage between OOCs and
artificial intelligence overcome the risk to apply AI-based application directly to human
and therefore no need of ethical approval. In the next 10 years, artificial intelligence will
turn these devices output in a real-time source of clinically relevant information improving
medical decision. It is not too far to imagine a multi-organ on a chip completely con-
trolled by algorithm that regulates the fluidic, the injection of treatments the measurement
while correlates and interprets the outcome at same time. The combination of these two
technologies will allow to analyze not only standard but also new features helping the phar-
maceutical companies for screening of massive number of molecules in very short period.
Furthermore, it will give a more exhaustive information compared with the traditional
methods so far employed such as: discovering synergy between treatments, finding more
effective concentrations, unveiling, and reducing potential side effect of drugs. From the pa-
tient’s point of view, the incorporation of these new OOCs could improve the stratification
of recruited patients in clinical trials, saving cost and time, accelerating the development of
precision medicine, and helping the clinicians in the diagnostic.
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Abstract: Non-alcoholic steatohepatitis (NASH) is a chronic and progressive form of non-alcoholic
fatty liver disease (NAFLD). Its global incidence is increasing which makes NASH an epidemic
and a public health threat. Due to repeated insults to the liver, patients are at risk for developing
hepatocellular carcinoma (HCC). The progression of NASH to HCC was initially defined according
to a two-hit model which involved the development of steatosis, followed by lipid peroxidation
and inflammation. However, current research defines a “multi-hit” or “multi-parallel hit” model
which synthesizes several contributing pathways involved in progressive fibrosis and oncogenesis.
This perspective considers the effects of cellular, genetic, immunologic, metabolic, and endocrine
pathways leading up to HCC which underscores the complexity of this condition. This article will
provide an updated review of the pathogenic mechanisms leading from NASH to HCC as well as an
exploration of the role of biomarkers and screening.

Keywords: non-alcoholic steatohepatitis; hepatocellular carcinoma; pathogenesis

1. Introduction

Non-alcoholic steatohepatitis (NASH) is a chronic and progressive disease which leads
to the accumulation of fatty deposits in the liver (steatosis) and subsequent inflammation [1].
NASH is a progression of non-alcoholic fatty liver disease (NAFLD) which is an umbrella
term used to describe various forms of fatty liver disease in patients without alcohol
consumption [2]. The prevalence of NALFD is increasing globally and is estimated to
be about 25% [3]. However, this number is likely an underrepresentation, and the true
prevalence of NALFD is much higher. Moreover, the prevalence of NAFLD among patients
with diabetes is 56%, while the overall prevalence of NASH in diabetics is approximately
37% [4].

Globally, NASH has an incidence rate of 5.3 per 1000 and a hepatocellular carcinoma
(HCC) incidence rate among patients diagnosed with NASH of 0.44 per 1000 persons [4].
Furthermore, in the US, NASH accounts for 18% of all HCC cases (an eightfold increase
from 2002 to 2017) [5]. Being that NASH is on the rise, and given its significant risk for
developing HCC, it is important to fully understand the mechanisms behind this progres-
sive disease to derive more targeted therapies [6]. This article reviews the pathogenesis of
NASH leading to HCC and emerging pathological concepts.
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2. NASH and Liver Fibrosis

There are multifactorial insults that combine to induce cellular damage and activate
cell death which leads to progressive liver disease. Persistence of these insults ultimately
leads to activation of hepatic stellate cells, collagen deposition, and hepatic fibrogenesis
(scar formation) [7]. Fibrosis in adults with noncirrhotic NASH is perisinusoidal, usually
seen initially in acinar zone 3 [8]. Progressive scarring can develop followed by bridging
fibrosis and cirrhosis [8].

In a systematic review and meta-analysis of paired liver biopsy studies, two distinct
subsets of liver fibrosis were identified: rapid progressors (progression of stage 0 to bridging
fibrosis or cirrhosis) and slow progressors (progression from stage 0 to stage 1 or 2 fibrosis) [9].
From this study, 20% of patients who developed interval fibrosis progression were classified as
a rapid progressor. Furthermore, in patients with NASH and baseline F0 fibrosis, the annual
fibrosis progression rate was on average 7.1 years to progress to stage 1, which was about
half the average time for patients with NAFLD. From this meta-analysis, 40 (34.5%) patients
developed progressive fibrosis, 45 (38.8%) patients remained stable, and 31 (26.7%) patients
had improvement in fibrosis [9]. Thus, patients with NASH are at high risk for developing
rapid liver disease. This poses serious public health implications for liver-related morbidity
and mortality, especially in the absence of disease-modifying therapy.

3. Risk Factors for Fibrosis Progression

It is well known that NAFLD is strongly associated with metabolic syndrome, which in-
cludes obesity, dyslipidemia, hypertension, and increases the risk for developing type 2
diabetes melitus (T2DM) [10]. A 2020 cross-sectional study showed that progression of
fibrosis stage in NASH was more likely to occur among obese patients [11]. In patients
who progressed to the next stage or advanced stage fibrosis (141 patients), 59% had obesity,
57% had either hypertension, dyslipidemia, T2DM, or cardiovascular diseases.

The progression of NASH is less predictable than other forms of chronic liver disease.
Lifestyle changes including weight reduction, physical exercise, and nutrient composition
is vital to slowing the progression of liver fibrosis [12]. A mouse study compared metabolic
and histological effects of a diet on the basis of composition and showed that a fast-food
diet (high cholesterol, high saturated fat, and high fructose) administered for 6 months
led to features of metabolic syndrome and NASH with progressive fibrosis [13]. In a
study where 13 individuals were subjected to high-calorie fast-food meals, elevated serum
alanine aminotransferase (ALT) levels and increased steatosis were found within a period
of 4 weeks [14]. Additionally, Wei et al. demonstrated that fibrotic response was driven by
high dietary fat. In C57Bl/6J mice models, choline-deficient, amino acid-defined (CDAA)
diets with increasing fat content (10–60% by calories) were associated with steatohepatitis
with robust fibrosis and ductular proliferation that progressed to cirrhosis and HCC within
24 weeks. [15]. However, Pompili et al. showed that a high carbohydrate–low fat diet was
equally as harmful as a high fat diet alone [16].

These differences in diet may account for different rates of progressive liver disease.
However, the current literature appears to indicate that carbohydrates (such as fructose)
act in a synergistic fashion with diets rich in fat content (i.e., Western diet) to increase liver
lipid accumulation, induce inflammation, and fibrosis [17].

This effect of diet in combination with oxidative stress was further exacerbated with
long-term liver X receptor (LXR) agonist stimulation/expression [18]. LXR is an oxysterol-
activated nuclear receptor involved in the control of major metabolic pathways for choles-
terol homeostasis and lipogenesis where its expression has been correlated with intrahepatic
inflammation and fibrosis [19].

Conversely, Schuppan et al. highlighted the role of lifestyle changes, such as weight
loss, physical exercise, and a healthier nutrient composition on inflammation and fibrosis
in NASH [12]. It demonstrated that an intensive weight loss program in 293 patients
with NASH, 261 of whom were biopsied after 52 weeks, led to resolution of NASH in
25%, and reduced fibrosis in 19%. In those patients who lost ≥10% of body weight,
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NASH resolved in 90% and fibrosis improved in 45% [13]. Follow up studies on morbidly
obese patients that underwent bariatric surgery demonstrated that the extent of weight loss
can also correlate with the degree of resolution of NASH and even fibrosis regression [12].
Overall, these studies highlight the contribution of dietary composition and body weight
in the development or regression of NASH and progressive fibrosis.

Of note, while NAFLD/NASH is defined by the absence of alcohol, however, a large
proportion of patients consume mild to moderate amounts of alcohol. In a longitudinal
study of 285 participants, Ajmera et al. reported that modest alcohol use was associated
with less improvement in steatosis and level of aspartate transaminase, as well as lower
odds of NASH resolution, compared with no use of alcohol [20]. However, a review of the
literature has demonstrated conflicting results [21].

4. From “Double-Hit” to “Multi-Hit”

The first modern mechanism of NASH transformation to HCC was thought to have
occurred via a “two-hit hypothesis” [22–24]. Initially, patients with obesity and/or T2DM
develop insulin resistance [25]. Animal models have shown that high fat diets induce
obesity-related insulin resistance and the release of inflammatory signals via toll-like
receptor (TLR4) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)
pathways [26]. Chronic insulinemia impairs skeletal muscle and hepatic insulin signaling
which promotes hepatic steatosis [27]. Moreover, excessive amounts of free fatty acids are
produced from insulin-resistant adipose tissues via lipolysis. This creates a perpetual cycle
of insulin resistance, accumulation of fatty acid metabolites, and steatosis [28].

The first hit is the development of steatosis, followed by lipid peroxidation caused
by oxidation and inflammation of the liver, leading to necroinflammation and fibrosis,
and ultimately HCC. Peroxidation of lipids found in cell membranes may lead to necrosis
and megamitochondria [29]. The end products of this process include 4-hydroxynonenal
and malondialdehyde (MDA) which activates hepatic stellate cells. Hepatic stellate cells
are primarily capable of collagen production which crosslinks cytokeratins to produce
Mallory bodies as well as promote chemotaxis of neutrophils [30–32]. MDA is also capable
of inflammation by activating NF-κB which is a cell mediator in the expression of proin-
flammatory cytokines and adhesion molecules such as TNF-a, IL-8, intercellular adhesion
molecule 1, and E-selectin [33,34].

However, many patients with steatosis never progress to fibrosis. This suggests that
in addition to the “first hit,” a “second hit” is needed for the development of necroinflam-
mation. Potential sources for this “second hit” include increased expression of CYP2E1
which can generate free radicals [35]. This inductive process is mediated in non-alcoholics
by ketones and fatty acids (i.e., high fat diet) [36]. In patients with obesity and steatosis,
the progression to fibrosis is accelerated by rapid weight loss during dieting, intestinal
bypass surgery, surgical stress, alcohol intake, and T2DM, all of which increases free fatty
acids in the liver.

The high concentration of free fatty acids in the liver provides a source of oxidative
stress by peroxisomal b-oxidation which leads to the production of hydrogen peroxide.
In the presence of iron, highly reactive hydroxyl radicals are released which contributes to
mitochondrial damage and the precipitation of NASH/liver fibrosis [37–40]. This source of
oxidative stress is required for initiating enough lipid peroxidation to overcome normal
cellular defense mechanisms and produce necroinflammation [41,42].

Furthermore, diets with unbalanced polyunsaturated fatty acids (PUFA) have been
linked to NALFD. Long term consumption of a Western diet which is high in saturated
fat, omega-6 fatty acids and sugar (especially fructose), while deficient in omega-3 fatty
acids, contributes to the development and progression of NAFLD [43]. Lower ratios of
omega-6 to omega-3 have been shown to have a direct effect on Wnt signaling, decreasing
expression of pro-inflammatory genes, and exhibiting less liver injury [44].

Diets high in sugars have been implicated in liver tumorigenesis. Qiao et al. reported
that glucose induced advanced glycosylation end product-specific receptor (AGER) which
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was critical for liver tumorigenesis. Hyperglycemia appears to support cell proliferation,
colony-formation capacity, and in vivo tumor growth while inhibiting apoptosis in HCC
cells as well as other cancer types [45]. Furthermore, a follow-up study demonstrated that
inadequate maintenance of blood glucose in patients with T2DM was a significant risk
factor for HCC recurrence [46].

While still highly popularized, the simplicity of this hypothesis undermines the
complex nature of NASH to HCC carcinogenesis. Further research has been done which
has suggested a “multi-hit” or “multi-parallel hit” theory that takes into consideration
several theorized models, all of which play a role in the oncogenesis of HCC [23]. There are
currently four additional proposed prongs to the multi-hit theory which includes genetics,
immunologic, metabolic, and endocrine pathways (Figure 1).

Figure 1. Risk factors and proposed mechanisms for non-alcohol steatosis (NASH) progression to hepatocellular carci-
noma (HCC).

4.1. Genetic Mechanism

Genetic modifiers have been shown to play a role in the pathogenesis of liver fibrosis
in NASH. Two genes have been well established with proposed mechanisms: patatin-like
phospholipase domain-containing protein 3 (PNPLA3) and transmembrane 6 superfamily
member 2 (TM6SF2) [47,48]. PNPLA3 is an adiponutrin that is found in intracellular
membrane fractions within hepatocytes and has lipolytic activity [49]. PNLPA3 has been
established as having a direct association with hepatic steatosis, steatohepatitis, elevated
plasma liver enzyme levels, hepatic fibrosis, and cirrhosis [50–53]. PNLPA3 also has a role in
retinol metabolism and production by hepatic cells, which likely has a role in inflammation
of the liver [54]. It has been observed in mice and human models that diets high in
fat and carbohydrate create an anabolic milieu thereby upregulating PNPLA3 [55–58].
Perttilä et al. showed that glucose exerts an indirect effect on PNPLA3 via carbohydrate
response element-binding protein (ChREBP) in hepatocyte [59]. PNPLA3 expression is
upregulated by both insulin and glucose [60].

Knockout PNPLA3 mice models on a high fat diet have reduced liver fat content
despite the high fat diet. This suggests that the PNPLA3 gene plays a profound role in lipid
esterification and lipogenesis in the liver [61,62]. In a 2018 study, it was shown that PNPLA3
mediates the transfer of polyunsaturated fatty acids from triglycerides to phospholipids
in hepatocytes [63]. In other words, elevated PNPLA3 protein levels lead to lipogenesis
thereby increasing the amount of fat content within the liver. Conversely, reducing PNPLA3
expression levels could potentially attenuate its negative effect on hepatic lipolysis [64].
However, some studies have cited contrary evidence [65]. This suggest that previous
research may have unknown confounding variables such as up or down stream regulators
and compensatory mechanisms which need to be further defined.
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On the other hand, TM6SF2 is believed to function as a lipid transporter which
may interact with proteins involved in intestinal absorption [66]. Studies using confocal
microscopy have demonstrated localization of GFP tagged TM6SF2 to the endoplasmic
reticulum and Golgi compartment. Knockout TM6SF2 in-vitro experiments showed re-
duced secretion of triglyceride-rich lipoproteins and Apo-B [67]. As a result, there was
increased lipid droplet number and size. Alternatively, overexpression of TM6SF2 showed
decreased number and size of lipid droplets. In vivo studies further support this pheno-
typic expression of TM6SF2. Overall, these studies suggest that TM6SF2 regulated lipid
influx and efflux depending on its deletion, mutation, or overexpression.

Individuals carrying the minor (T) allele of TM6SF2 rs58542926 (167K) appear prone
to developing NAFLD with advanced fibrosis and so are more likely to experience liver-
related disease rather than cardiovascular morbidity [68]. Alternatively, carriage of the
C-allele is associated with dyslipidemia and cardiovascular disease with a lower incidence
of NASH [69]. Nevertheless, further studies with associated human genetic variants will
greatly inform our understanding of the pathophysiology and interrelationship between
NASH and stages of fibrosis.

Dysregulation in the synthesis of fatty acids is associated with NASH. Prior stud-
ies have shown that FADS1 is a regulator of hepatic lipid composition [70]. However,
Chiappini et al. showed concomitant increase in saturated and unsaturated long chain
fatty acids (LCFA) with significant decrease in polyunsaturated very long chain fatty acids
(VLCFA) from impaired activity of FADS1, independent of obesity [71]. Such metabolic
alterations may generate broad effects since LCFA is a substrate for the synthesis of
eicosanoids and phospholipids, and a precursor for the synthesis of lipid signaling pro-
inflammatory molecules [72–74].

It is important to note the role of microRNA (miRNA). Prior studies have shown that
miRNA is associated with NASH [75]. There has also been miRNA that have correlated
with distinct pathways which leads to the oncogenesis of hepatocellular carcinoma [76].
When cross-referencing both miRNA for NASH and HCC, no distinct miRNA was found,
but common pathways have been identified [77]. For example, in mice models there are
distinct miRNA associated with the phosphatase and tensin homolog (PTEN) protein in the
NASH and HCC pathway [78]. In mice models, those that were PTEN deficient developed
steatosis, hepatomegaly, and HCC [79]. Mutual pathways leading to a disease state for both
NASH and HCC further develop the idea that there is not only a link but the possibility for
association or progression of one disease state to the next.

While there are specific genetic mutations that have clinically significate roles in the
oncogenesis of HCC, there is another component that cannot be overlooked—DNA damage
repair and response. DNA damage is a daily occurrence within the human genome from
various internal and external processes that persistently lead to DNA damage. In the
setting of improper repair with inadequate or overstimulated response there is potential
for HCC to develop.

In various mice models for studying NASH, it has been shown that as oxidative
damage increases, DNA repair enzymes decrease in direct proportions. This logically
suggests that DNA repair deficiency can lead to NASH and potentially HCC. This has a
more profound impact clinically as patients with inherited or acquired DNA repair enzyme
dysfunction leads to susceptibility to NASH and progression to HCC [80]. For example,
ataxia-telangiectasia mutated (ATM) kinase deficiency leads to a syndrome known as
ataxia-telangiectasia. The ATM is known for its contribution to DNA genomic stability
and role in DNA repair [81–83]. When ATM is no longer functional it has been seen in
mice models that develop steatosis and fibrosis and as established is well known inciting
factor for the development of HCC [84]. In study by Schults et al., the authors were able
to evaluate liver biopsy specimens and determine that the specimens that expressed a
high degree of inflammation, also expressed a reduction in DNA damage repair, further
supporting the hypothesis that DNA repair plays a role in HCC progression [85].
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Another protein being currently studied in DNA-dependent protein kinase (DNA-PK)
plays a role in the repair of DNA breaks, and interestingly plays a role in lipogenesis as
well [86]. DNA-PK is interesting—while in ATM there is a downregulation leading to more
DNA damage, in DNA-PK there is upregulation which leads to DNA damage. DNA-PK
works when both strands in the DNA molecule break DNA-PK which forces the two broken
strands back together in a process called non-homologues end joining [87]. Since DNA-PK
does not correct for any missing nucleotides and sequences when recombining the strands,
this leads to an error prone process. DNA-PK results in upregulation of DNA repair;
as DNA-PK repairs, DNA is also prone to cause DNA error leading to DNA mutations
and unstable cells thereby leading to HCC [88,89]. There are studies being done that are
evaluating whether patients with NASH-associated HCC with DNA-PK upregulation are
found to have a worse response to localized chemoembolization therapy [90]. With this
information, there are current studies being done to determine targeted therapy to down-
regulate DNA-PK activity in patients with HCC, with preliminary data with in vivo and
in vitro studies suggesting suppression of DNA-PK as a promising therapy [91].

While we have described the major and established genetic players in NASH and
HCC, other genes have been identified which require further investigation. Desterke et al.
identified 25 genes that are commonly found to be dysregulated during steatosis progres-
sion to NASH and cancer [92]. Furthermore, Nwosu et al. identified 634 metabolic-related
genes mostly (n = 350) downregulated and involved in physiologic hepatocyte metabolic
functions (e.g., xenobiotic, fatty acid, and amino acid metabolism) and upregulated (n = 284)
in glycolysis, pentose phosphate pathway, nucleotide biosynthesis, tricarboxylic acid cycle,
oxidative phosphorylation, proton transport, membrane lipid, and glycan metabolism [93].
These genes are potentially relevant targets for clinical studies, however, they require
additional investigation.

4.2. WNT/β-Catenin Signaling

In those patients that display insulin resistance and hyperinsulinemia, there is an
increase in serum insulin and insulin-like growth factor. Insulin and insulin growth factor-1
(IGF-1) bind to respective receptors which leads to the activation of two distinct pathways,
downstream PI3K and MAPK pathways [94,95]. It has been established that PI3K and
MAPK pathways play a role in oncogenesis by induction of cell proliferation and inhibition
of apoptosis. Furthermore, downstream of MAPK leads to activation of Wnt/β-catenin
which leads to fibrosis and HCC [96].

Interestingly, mice with wild-type or mutant β-catenin are not able to develop sponta-
neous liver cancer [97,98]. As a result, inactivation of β-catenin alone is not sufficient to
develop HCC. However, β-catenin activation may work in tandem with other oncogenic
pathways including insulin/IGF-1/IRS-1/MAPK, H-RAS, MET, AKT and chemicals to pro-
mote HCC [99–101]. Other epigenetic modifications may also contribute to the activation of
Wnt/β-catenin signaling, including hypermethylation of Wnt antagonists, deacetylation of
histones in the AXIN2 promoter, and downregulation of microRNAs negatively regulating
Wnt/β-catenin signaling.

Lastly, while not fully understood, it is important to note the tumor microenvironment
and the role of autophagy. Autophagy is an evolutionary conservative intracellular mecha-
nism involved in diverse liver physiology and pathology. Unlike other tissues or organs,
autophagy in the liver leads to synthesis of adipose tissue which leads to NASH [102–104].
Activation of autophagy inhibited proliferation of HepG2 cells in blocking GOC3/Wnt/B-
catenin signaling [105,106]. Furthermore, autophagy can induce Monocarboxylate trans-
porter 1 (MCT1) expression which is involved in lactic acid transport and H+ clearance
in cancer cells, by activating Wnt/β-catenin signaling. Overall, this process leads to
metastasis and glycolysis in HCC cells [107]. In addition, pharmacological inhibition of
v-ATPase/autophagy blocks HCC cell proliferation (Table 1).
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Table 1. Pathways contributing to the development of hepatocellular carcinoma (HCC) from non-alcoholic steatohepatitis
(NASH).

Pathway Primary Mechanism

Cellular Steatosis followed by lipid peroxidation

Genetic Elevated PNPLA3 protein levels facilitate lipogenesis
Decreased TM6SF2 levels reduce lipid efflux, increase lipid droplet number and size

Immunologic Cytokine release recruit Kupfer cells and contribute to NASH
Decreased NK cells associated with infiltration of monocyte-derived macrophages

Metabolic Insulin and IGF-1 signaling associated with PI3K and MAPK activation of Wnt/β-catenin along with
epigenetic modifications facilitate fibrosis

Endocrine Androgens stimulate transcription of cell cycle-related kinase (CCRK) which upregulate β-catenin

Another important aspect in the Wnt pathway is the role of exosomes. Prior studies
have shown an association between exosomes and Wnt signaling in the migration of gastric
and colon cancer cells [108–111]. However, it is unclear whether Wnt signaling plays a
critical role in the invasion and migration of liver cancer and warrants further investigation.

4.3. Immunological Pathway

The next prong that needs to be evaluated is the immune response in the setting
of liver injury from reactive oxygen species (ROS). When ROS disrupt the mitochondria
and lipid peroxidation, this leads to a release of inflammatory markers including tumor
necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), leptin, and adiponectin [91]. In patients
with insulin resistance, there are reduced levels of adiponectin which directly leads to an
increase in angiogenesis and decrease in apoptosis, thereby increasing the risk of NASH
conversion to HCC [112,113].

The role of the adaptive immune system is still very unclear, but several mouse models
have been developed. Two studies have shown that CD8+ and CD4+ T-lymphocytes are
involved in liver damage and subsequent oncogenesis [114,115]. Furthermore, as more
liver damage occurs from steatosis, Kupfer Cells are activated which recruit other cells
thereby contributing to NASH [116,117]. On the other hand, natural killer cells are activated
by ligands and cytokines (CD107a and cytokine production of IFN-γ, TGF-β and IL-10)
have been associated with a protective role in liver disease [116,118].

Mice that were induced to have macrovesicular steatosis, necro-inflammation and
fibrosis in the liver showed increase numbers of NK cells in the liver but decreased in the
spleen [119]. In NK cell-deficient Nfil3-/- mice, similar levels of TG and macrovesicular
steatosis was observed, but more inflammatory infiltration and increased collagen deposi-
tion were found in the liver. Furthermore, the depletion of NK cells caused a significant
increase in the infiltration of monocyte-derived macrophages [120]. Overall, the data
suggest that intrahepatic NK cells play a protective role against the fibrosis progression
in NASH [121].

Sonic Hedgehog genes have been shown to play a major role in liver repair through the
mobilization of hepatic precursor cells [122]. In studies where SHH signaling is impaired,
improper liver repair leads to the conversion of NASH to HCC [101]. Further studies
are needed to define the pathophysiological role of the adaptive immune system in the
development and progression of NASH into HCC.

4.4. Endocrine Pathway

The final prong in this multi-hit model for the oncogenesis of NASH to HCC is the
endocrine pathway. As previously reported above, middle-age men had the highest inci-
dence of NASH to HCC, which derives the question of whether gender-specific hormones
play a role in NASH and HCC (Figure 2). Reports have shown that patients with hypothy-
roidism might lead to NASH, cirrhosis and potentially liver cancer via the development
of hyperlipidemia and obesity [123]. Similarly, patients with growth hormone deficiency
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have a metabolic-syndrome-like phenotype that is also associated with the development
of NASH [123]. Polycystic ovary syndrome is a common endocrine disorder that is often
associated with insulin resistance, the metabolic syndrome, altered levels of liver enzymes
and the development of NASH [123].

 
Figure 2. Role of androgens and estrogens in tumorigenesis. AR: androgen receptor, CCRK: cell cycle-related kinase.

In addition, adrenal failure is increasingly reported in patients with end-stage liver
disease and in patients who have received a liver transplant, which suggests a bidirectional
relationship between liver and endocrine functions [123]. Recent findings support a role of
dehydroepiandrosterone sulfate deficiency in the development of advanced NASH [123].
In an early study from 1995, it was proposed that male androgens promote HCC compared
to estrogen which suppresses the development of HCC [124]. In 2012 it was determined that
androgens stimulate the transcription of cell cycle-related kinase (CCRK) which upregulates
β-catenin [125]. Murine studies with knockout CCRK showed suppressed hepatic lipid ac-
cumulation, inflammation and tumorigenicity in NASH and HCC models. Mechanistically,
obesity-induced pro-inflammatory and upregulated CCRK expression led to the activation
of the mTORC1 pathway crucial for lipid/glucose homeostasis, immunosuppression, and
tumorigenesis [126]. The data suggest that CCRK functions as a major signaling hub in
obesity-associated hepatic oncogenesis [123].

5. GALAD Score and Role of Biomarkers

The GALAD score was originally curated by Johnson et al. with the goal of establishing
a quantitative model for the development of HCC in chronic liver disease patients [127].
The score measures five variables including gender, age, α fetoprotein, AFP-L3%, and des-
carboxy-prothrombin. In a validation study in 2016, the GALAD score had a sensitivity
of 85.6% and a specificity of 93.3%. The GALAD score showed a superior detection rate
of early-stage HCC and AFP-negative tumors [128]. In patients with NASH, the GALAD
score has also been shown to detect HCC independent of cirrhosis or stage of HCC with a
sensitivity of 91.2% and a specificity of 95.2% [129].

Other novel biomarkers have become potential candidates for HCC screening. In an
animal model study, two potential markers—serum glycoprotein osteopontin and dickkopf-1—
were determined [130]. Another potential marker is circulating tumor DNA (ctDNA) which
can be used to determine if specific genetic mutations have occurred [131]. The ctDNA would
be for common pathways involved in HCC oncogenesis such as p53 signaling, the Wnt–β-
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catenin pathway, chromatin remodeling, responses to oxidative stress (for example, KEAP1 and
NFE2L2) or telomere maintenance pathways [96]. Additionally, circulating miR-122, (a liver-
specific miRNA) responsible for liver homeostasis, has emerged as a sensitive biomarker for
liver injury [132]. A few genes have also been discovered that can become hypomethylated or
hypermethylated and can be detected via ctDNA of these genes; there are three currently pro-
posed in the involvement of HCC oncogenesis: GSTP1, RASSF1 and LINE [133–135] (Table 2).

Table 2. Possible biomarkers used for the detection of hepatocellular carcinoma (HCC).

Biomarker Role in HCC Development

Osteopontin Glycoprotein of the extracellular matrix, overly expressed in HCC

Dickkopf-1 Inhibitor of Wnt/β-catenin signaling, overly expressed in HCC

miR-122 Marker of liver injury; suppressed in HCC

GSTP1 Negatively correlated with tumor size and overall survival

RASSF1 Positively correlated with longer overall survival and better prognosis

LINE-1 Hypomethylation associated with shorter overall survival

GSTP1 has been negatively correlated with tumor size and serum alpha-fetoprotein
(AFP) in HCC patients while higher GSTP1 levels have been associated with longer overall
survival and better prognosis [136]. RASSF1 has been shown to be hypermethylated and
can be used as a biomarker to distinguish HCC from other liver neoplasms [137]. LINE-1
hypomethylation was shown to be associated with shorter overall survival [137].

Furthermore, the emergence of machine learning-based approaches opens a new
avenue for early diagnosis of NASH and HCC. Chiappini et al. demonstrated using mouse
models that machine learning based on prediction analysis of microarrays was able to
identify lipid signatures related to NASH (21 lipids out of 149 in the liver and 14 lipids out
of 155 in the serum) [138]. Further clinical and cost-effective studies are needed to validate
these potential biomarkers in the diagnosis and prognosis of this condition.

6. Screening and Cost

NAFLD is a global epidemic and is becoming the leading cause of chronic liver
disease worldwide, with an estimated prevalence of approximately 20–30% in Western
populations [3,139]. However, this estimate is largely underrepresented, and the true
prevalence is likely higher. As the rates of T2DM and obesity increase worldwide, it is
expected that NAFLD will become more common. NAFLD-related cirrhosis is currently the
third most common indication, after hepatitis C and alcoholic cirrhosis, and is anticipated
to become the leading indication for liver transplantation in the USA within the next one
to two decades [140]. However, given the current trajectory and scale of this epidemic,
NAFLD/NASH threatens the future of liver transplantations due to a lack of viable organs
to meet the demand [141,142].

Additionally, long-term mortality studies in NAFLD patients during 28 years of follow-
up showed a 69% (standardized mortality ratio (SMR) = 1.69; 95% confidence interval [CI],
1.24–2.25) higher risk of death compared to a matched cohort [143]. The main factor leading
to early mortality and morbidity in NAFLD patients is the development of advanced
fibrosis [144]. Hence, it is crucial to investigate and consider this condition during its early
stages prior to fibrotic changes. Identifying patients with NASH in earlier stages of fibrosis
is supported by several smaller studies and a recent meta-analysis that demonstrated a
1.41-, 9.57-, 16.69- and 42.3-fold increase in liver-related mortality, in subjects with stage 1,
2, 3 and 4 fibrosis, respectively [145].

Given the increased mortality rate associated with advanced fibrosis, a form of practi-
cal routine screening of NAFLD is necessary to improve patient outcomes. The standard
for definitive diagnosis of NAFLD/NASH is performed by liver biopsy to assess for steato-
sis, inflammation, and fibrosis. However, the invasiveness of liver biopsy prevents its

53



Biomedicines 2021, 9, 184

routine use, hence, better and less invasive diagnostic modalities are needed to detect
NAFLD/NASH. The use of biomarkers and non-invasive assessments of liver disease can
be initially used in screening for NAFLD, NASH, and early fibrosis, as they have been
shown to be reliable predictors of liver-related outcomes and overall mortality [146].

Currently, there is no standard medical therapy with proven efficacy available for
treating NAFLD/NASH [147]. Most patients are advised to engaged in lifestyle and dietary
modifications. Due to its wide prevalence and rising incidence, the diagnosis and treatment
of NASH is costly. In the US, the annual economic burden of NAFLD is estimated to be
USD 103 billion, where NASH accounted for about USD 15.4 billion [148]. Without taking
into consideration the cost of treatment, the 10-year burden is estimated to surpass USD 1
trillion. Thus, the importance of consensus in screening and treatment guidelines is needed.
However, no guidelines exist among professional organizations to recommend screening.

7. Summary

NASH is a growing global epidemic and public health threat. Concomitantly, the inci-
dence of HCC is projected to increase worldwide [120]. Our review shows several pathways
by which NASH progresses to HCC. It underscores the complexity of this disease and the
effects of cellular, genetic, immunologic, metabolic, and endocrine pathways. However,
over the last decade there has been progress in identifying pharmacological targets as well
as potential biomarkers. However, the rapidity at which this disease is rising supersedes
scientific momentum. As a result, further work is needed if we are to understand and
develop methods for decreasing steatosis, rates of fibrosis, and HCC.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH)
are becoming some of the major health problems in well-developed countries, together with the
increasing prevalence of obesity, metabolic syndrome, and all of their systemic complications. As the
future prognoses are even more disturbing and point toward further increase in population affected
with NAFLD/NASH, there is an urgent need for widely available and reliable diagnostic methods.
Consensus on a non-invasive, accurate diagnostic modality for the use in ongoing clinical trials is
also required, particularly considering a current lack of any registered drug for the treatment of
NAFLD/NASH. The aim of this narrative review was to present current information on methods used
to assess liver steatosis and fibrosis. There are several imaging modalities for the assessment of hepatic
steatosis ranging from simple density analysis by computed tomography or conventional B-mode
ultrasound to magnetic resonance spectroscopy (MRS), magnetic resonance imaging proton density
fat fraction (MRI-PDFF) or controlled attenuation parameter (CAP). Fibrosis stage can be assessed
by magnetic resonance elastography (MRE) or different ultrasound-based techniques: transient
elastography (TE), shear-wave elastography (SWE) and acoustic radiation force impulse (ARFI).
Although all of these methods have been validated against liver biopsy as the reference standard and
provided good accuracy, the MRS and MRI-PDFF currently outperform other methods in terms of
diagnosis of steatosis, and MRE in terms of evaluation of fibrosis.

Keywords: NASH; NAFLD; liver stiffness; liver steatosis; controlled attenuation parameter; transient
elastography; MRI PDFF; MR spectroscopy

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a chronic liver condition with globally increasing
incidence rates. It is associated with the worldwide increasing prevalence of overweight, obesity,
and metabolic syndrome, and is becoming one of the most important health system issues in
the developed countries [1,2]. NAFLD, which is defined as an excessive accumulation of fat in
hepatocytes, may progress to non-alcoholic steatohepatitis (NASH), and further into fibrosis, with
all of its complications—the development of liver cirrhosis, portal hypertension, and hepatocellular
carcinoma [3]. It has also been proven that patients with NAFLD have a higher risk for the occurrence of
cardiovascular incidents [4–6] and increased risk for developing chronic kidney disease [7]. Remarkably,
it is estimated that up to 35% of citizens of the United States of America (USA) are affected by NAFLD,
which makes it the most prevalent liver disease in the USA [8]. Accordingly, end-stage liver disease in
the course of NASH has already become one of the most common indications for liver transplantation
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in the USA. Importantly, recent analyses predict a further increase in the prevalence of NASH, with
more than 60% of Americans estimated to be affected by the year 2030 [9,10]. Therefore, major effects
on the access to liver transplantation, pre-transplant-mortality, wait-list dynamics, and the general
outcomes of liver transplant recipients are expected. As grafts with excessive fat accumulation are
not suitable for transplantation, increasing prevalence of NASH influences the donor pool. Recently
various techniques, such as hypothermic oxygenated machine perfusion, have been proposed to
improve the quality of grafts (Figure 1).

 

Figure 1. Liver allograft with extensive steatosis undergoing hypothermic oxygenated machine
perfusion. Image from the authors’ department.

Histopathological evaluation of liver biopsy still remains the gold standard for the diagnosis of
NAFLD and NASH. Liver biopsy is also used as the reference standard for the assessment of other
methods, despite several disadvantages. Due to the invasive character, it is associated with the risk of
potentially severe complications. Further, the costs of frequent liver biopsies are relatively high [11–13].
What is more, some authors suggest that the results might be misleading, as the specimen may not
be representative of the whole organ, especially in relatively benign changes. Therefore, alternative
non-invasive methods of more representative assessment of liver steatosis have been proposed and
validated in the recent years. Ideally, those should be non-invasive, widely available and cost-effective.
As there are many ongoing clinical trials on new therapies for patients with NAFLD and NASH, new
methods should be particularly characterized by the clinical utility to perform regular follow-up in
order to verify treatment results. Moreover, it should also enable precise quantitative evaluation of the
current status of liver parenchyma.

This is a narrative review aimed at presenting the current information on various methods used
for the assessment of liver steatosis and fibrosis. Further, available data on their prognostic role in
patients with NAFLD are discussed. The choice of the articles for this narrative review was made
after evaluation by the authors following screening of abstracts in the PUBMED database, using the
following search terms: “NASH diagnosis”, “NAFLD diagnosis”, “liver steatosis”, “liver spectroscopy”,
“PDFF”, “proton density fat fraction”, “computed tomography liver steatosis”, “liver elastography”,
“controlled attenuation parameter”.
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2. Techniques Using Computed Tomography

Computed tomography (CT) scans provide valuable information on the extent of liver steatosis,
basing on the analyses of the organ density. The most basic techniques, which are simply based either
on the measurement of the liver density on non-contrast enhanced scans or comparisons between the
density of the liver to the density of the spleen [14], can accurately detect liver steatosis exceeding
20%, but fail to provide sufficient accuracy in patients with hepatic steatosis of lesser extent [15].
In a metanalysis performed by Bohte et al., the overall specificity of CT in the diagnosis of any liver
steatosis (with biopsy used as the reference standard) was as low as 46–72%, with the lowest accuracy
observed for mild forms of fat accumulation. Currently, there are no algorithms for precise and accurate
quantitative assessment of fat content in the liver tissue. Therefore, the use of CT seems rather limited
to general stratification of patients and it is not a suitable diagnostic modality in long term follow-up;
for example, in patients undergoing treatment for NAFLD/NASH. Even extensive steatosis of more
than 50% of hepatocytes can present with a density higher than the standard cut-off of 40 Hounsfield
units, as shown on Figure 2.

Nevertheless, several variations of the standard scanning technique have been proposed in order
to enhance the diagnostic accuracy of the CT scans. One is the use of a standardized calibration
phantom, placed beneath the patients back during the CT examination. In a recent study from 2020,
Guo et al. provided evidence that the utilization of this protocol enables the calculation of hepatic
steatosis far more accurately, with sensitivity and specificity of 76% and 85%, respectively, for the
detection of mild steatosis (involving at least 5% of hepatocytes), and 85% and 98%, respectively, for the
detection of moderate steatosis (involving at least 14% of hepatocytes) [16]. The clinical usefulness
of this method is especially supported by relatively high positive and negative predictive values of
78% and 83%, respectively, for mild steatosis, and 82% and 97%, respectively, for moderate steatosis.
Importantly, this technique needs to be adjusted for particular type of CT scanner, as the basic liver
density in Hounsfield units may differ between different manufacturers.

Computed tomography fails to detect early stages of liver fibrosis, and can only show signs
of advanced stages, for example nodular shape of the liver, evidence of portal hypertension etc.
Nevertheless, some authors have proposed advanced algorithms for the assessment of liver fibrosis
on CT scans—for example, analysis of liver texture [17], analysis of the nodularity of the liver
surface [18,19] or incorporating data from the CT into an multiparametric tool (data from the CT
scans combined with laboratory tests) [20]. All of these have succeeded in providing good accuracy,
especially in higher stages of fibrosis. In a study of 556 patients, Lubner et al. created a model based
on a combination of four factors indicating liver texture, which provided and area under the receiver
operating curve of 0.82, 0.82 and 0.86 for the diagnosis of any (≥F1), significant (≥F2), and severe (≥F3)
fibrosis, respectively [17]. While liver surface nodularity analysis provided excellent areas under the
curve for the detection of both mild and severe fibrosis, the findings seem limited by almost identical
cut-off values of 2.8, 2.77 and 2.9 for significant (≥F2) fibrosis, severe (≥F3) fibrosis and cirrhosis (F4),
respectively [19]. Although the corresponding cut-offs were more separated in another study on liver
surface nodularity, the overlapping values in patients with different stages of fibrosis remained as a
major limitation of its clinical utility [18]. Regarding inclusion of computed tomography features into
a multiparametric model, a combination of nine factors assessed on CT with Fibrosis-4 score [21] and
aspartate transaminase-to-platelets ratio index [22] was proposed. It resulted in moderate improvement
in the diagnostic accuracy with respect to mild (F1), moderate (F2), and severe (F3) fibrosis in a study
performed on 469 patients, yet with hepatitis C virus infection [20].
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Figure 2. Non-contrast enhanced computed tomography scan of a patient with (a) 60% of hepatic
steatosis (b) 80% of hepatic steatosis. In both cases simple measurement of the liver density was not
suggestive on such severe changes. Images from the authors’ department.

In addition to evaluation of the status of liver parenchyma, many studies have shown that
computed tomography is a good diagnostic modality for the purpose of analyzing patients’ body
composition, in particular the amount of visceral and subcutaneous fat, and this may be especially
important in patients dealing with obesity (which is the case in the vast majority of NASH/NAFLD
patients), as the simple Body Mass Index (BMI) has been shown to provide insufficient accuracy [23].
For instance, in a study performed on 76 patients with liver cirrhosis, more than 20% of patients with
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normal body mass index had an increased amount of adipose tissue, whereas 40% of overweight patients
were found to have normal amount of adipose tissue [24]. The amount of fat tissue may be measured on
a single CT scan (usually on the level of the body of the third lumbar vertebra), based on the threshold
of Hounsfield units, which is a fast and easy technique. There is no consensus on the optimal cut-off
points. What is more, some authors define their proposed cut-off values as simple area (not adjusted
for the height), which can significantly impair wide use in different populations. Notably, even in
homogeneous populations, the cut-off values differ significantly; for example, in different studies on
the Korean population, authors proposed values for the visceral fat area ranging from 92.6 cm2 to
140 cm2 for men and from 75 to 100 cm2 for women [25–29]. The measurement can be also propagated
on the whole abdominal scans (manually or by using advanced algorithms) [30,31] to calculate the
whole visceral fat tissue volume. It is, however, unclear, whether evaluation of the latter provides any
benefits over single-scan assessments and this should be elucidated further, yet the arguments for
the use of volume over surface analyses include: independence from bowel movement and patients’
breathing, individual constitutional characteristics or bowel capacity. Previous studies have shown that
excess amounts of fat tissue (both visceral and subcutaneous) play an important role in carcinogenesis,
and also in hepatocellular carcinoma (HCC) [24,32]. Therefore, it seems reasonable to routinely evaluate
the amount of fat tissue in patients undergoing CT scans, especially in a group of NASH patients,
who can progress to liver cirrhosis and develop HCC.

Obviously, one of the biggest disadvantages of CT scans is patient exposure to radiation, which
precludes its regular, repeated, and life-long use, for example during regular follow-up for the
assessment of NAFLD progression. However, CT scans are much more available than the MR scans
and their cost is lower. What is more important, many patients are undergoing computed tomography
for other indications, and the assessment of hepatic steatosis can be performed at the same time to
provide additional, valuable clinical information.

3. Magnetic Resonance Imaging Techniques

New techniques in magnetic resonance imaging (MRI) have been proven to provide good specificity
and sensitivity in detecting liver steatosis and are now the reference standard to which other diagnostic
imaging modalities should be compared. The most promising method with excellent results and—very
importantly—standard examination technique, not requiring any additional equipment, is the chemical
shift-encoded MRI proton density fat fraction (MRI-PDFF). The examination can be performed on both
1.5 T and 3.0 T scanners [33,34], which are widely available at most hospitals. The technique is usually
based on acquisition of 6-echo chemical-shift-encoded gradient-echo sequences, but it has been shown
that acquisition of less—for example 2 or 4 echo sequences—provides nearly identical results. However,
in some cases—for instance in patients with iron deposition in the liver parenchyma—the results may
be influenced in case of dual-echo or triple-echo methods, which is not the case with multi-echo [35].
MRI-PDFF method has been validated in comparison to magnetic resonance spectroscopy [34,36–38]
and also provides excellent intra-examination repeatability [34] and inter-examination repeatability [39].
Importantly, the results are highly comparable among different fields and scanner manufacturers [40].

A recent meta-analysis by Gu et al., including studies with biopsy as the reference standard,
has shown that MRI-PDFF provides excellent diagnostic accuracy, with a sensitivity of 93% for the
detection of any grade of steatosis (defines as affecting at least 5% of hepatocytes) and a corresponding
specificity of 94% [41]. Further, utilization of MRI-PDFF enables classification into different grades
of hepatic steatosis with sensitivity and specificity of 74% and 87–90%, respectively, regarding the
diagnosis of higher-grade steatosis. Another study performed by Middleton et al. has shown that
MRI-PDFF performs well also in terms of monitoring patients during treatment, in particular in the
assessment of discrete changes in liver steatosis in patients with decrease or increase in steatosis
grade [42]. Importantly, the MRI-PDFF assessment was highly concordant with liver biopsy assessment
regarding changes in liver histology, as 71% of patients with increasing steatosis were diagnosed as
such with MRI-PDFF. Further, MRI-PDFF assessment showed an improvement in 91% of patients
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with decreasing steatosis. Only minor changes in MRI-PDFF assessment were noted in patients with
stable histopathological findings. Figure 3 presents an example of two MRI-PDFF examinations in one
patient, showing improvement in the degree of hepatic steatosis.

Figure 3. Example of proton density fat fraction liver maps in the same patient before and after
treatment. Improvement in the liver steatosis and reduction in liver size is visible. (a) pre-treatment
color-scale map (b) post-treatment color-scale map (c) pretreatment gray-scale map (d) post-treatment
grey-scale map. Figure from Reeder SB, et al. Quantitative Assessment of Liver Fat with Magnetic
Resonance Imaging and Spectroscopy. J. Magn. Reson. Imaging 2011, 34, 729–749 [43].

Although performing very well in terms of analyzing the amount of fat in the liver tissue,
MRI-PDFF does not succeed in evaluating other variables that are clinically relevant. A study by
Wildman-Tobriner et al. on patients taking part in clinical trials aimed at NAFLD/NASH has shown
that the MRI-PDFF values overlap between patients with and without fibrosis, as well as between
those with high and low NASH activity scores (NAS ≥ 4). Thus, MRI-PDFF does not seem to allow for
discrimination between patients with mild and severe changes in histopathological examination [44].
Importantly, evaluation of steatosis using MRI-PDFF was compromised in case of concomitant fibrosis,
with the correlation coefficient for the rate of hepatic steatosis and MRI-PDFF in patients with liver
fibrosis of 0.60 as compared to the corresponding R of 0.86 in case of no fibrosis [45]. Therefore,
MRI-PDFF should be cautiously interpreted in patients with either imaging or clinical suspicion of
liver fibrosis.

Magnetic resonance spectroscopy (MRS) allows us to calculate steatosis by directly measuring
chemical composition of tissue in a chosen voxel, basing on the signal strength from each component
(protons from water and fat) [46,47]. It is a well-established and accurate method of non-invasive
liver fat quantification that has been validated and served as the reference standard in numerous
studies [48–54]. A metanalysis performed by Bohte et al. (with histology used as a reference) has
shown that the specificity of MRS in terms of detection of mild steatosis is 92% and increases up to
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96% for the detection of more advanced fatty accumulation (>25%, >30% or >33%, depending on the
study) [15]. These results are in line with a more recent study by Chiang et al., in which the MRS
findings were compared to histological examinations in living liver donors with the reported sensitivity
and specificity rates of the MR spectroscopy of 95% and 98%, respectively [55]. However, MRS requires
sophisticated post-processing methods (spectral analysis), which substantially limits the accessibility
to this method, as not every scanner is equipped with this modality. Figure 4 presents an example
of liver spectroscopy, with a voxel representing the analyzed region and a corresponding spectrum.
Moreover, in contrast to MRI-PDFF, which enables mapping of the whole organ, MRS analyses involve
only a small portion of the liver parenchyma. The latter is therefore susceptible for sampling errors,
similar to what liver biopsy is criticized for. The MRI-PDFF method is also less dependent on patient
compliance. As the acquisition time for MRI-PDFF is shorter than that in the MRS, it is easier for the
patient to remain still without breathing and it is also less time consuming in general [36,56].

Figure 4. Example of spectroscopic examination: (a) voxel located in the right lobe (b) corresponding
spectrum. Figure from Borra RJ, et al. Nonalcoholic fatty liver disease: rapid evaluation of liver fat
content with in-phase and out-of-phase MR imaging. Radiology 2009, 250, 130–136 [57].

Magnetic resonance elastography (MRE) enables non-invasive assessment of hepatic fibrosis and
is currently considered the most accurate non-invasive modality for its assessment, with a very good
reproducibility and repeatability [58,59]. In a pooled analysis performed by Singh et al., the mean
area under the receiver operating characteristics curve (with 95% confidence interval) values for
diagnosing any (≥F1), significant (≥F2) or severe (≥F3) fibrosis and cirrhosis (F4) were 0.86 (0.82–0.90),
0.87 (0.82–0.93), 0.90 (0.84–0.94) and 0.91 (0.76–0.95), respectively [60]. These results were confirmed
in another pooled analysis from 2020, by Liang Y. et al., in which the reported corresponding area
under the receiver operating characteristics curve values were 0.89, 0.93, 0.93, and 0.95, respectively.
The sensitivity rates in that study for of detection mild, significant, and severe liver fibrosis, and liver
cirrhosis were 77%, 87%, 89%, and 94%, respectively, with the corresponding specificity rates of 90%,
86%, 84%, and 75%, respectively [61]. MRE also has its major disadvantages, including its high cost
and insufficient availability, especially due to the fact that MR scanners are not regularly equipped with
the elastography module. Nevertheless, MR elastography provides very good results and corresponds
well to the fibrosis stage as assessed by the histopathological examination of liver biopsies. An example
of magnetic resonance elastography is presented in Figure 5 [62].
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Figure 5. An example of liver stiffness measurement by magnetic resonance elastography (a) anatomic
images (b) confidence map of an elastogram (c) wave image data (d) elastogram with free drawn region
of interest. Figure from Chang, W., et al., Liver Fibrosis Staging with MR Elastography: Comparison of
Diagnostic Performance between Patients with Chronic Hepatitis B and Those with Other Etiologic
Causes. Radiology 2016, 280, 88–97 [62].

The stiffness of healthy liver parenchyma in MRE is reported to be between 2.05 to 2.12 kPa [59],
and the cut-off for normal liver stiffness is proposed to be set at 2.5 kPa [63]. However, the proposed
cut-off values for discriminating between particular stages of fibrosis slightly differ among various
studies and authors, with some authors also suggesting that the actual cut-off values may also be
dependent upon the type of underlying liver disease. Chang et al., in their study on patients with
chronic liver disease and healthy living liver donors, have shown that the MR elastography findings
corresponded well with the stage of fibrosis with the areas under the receiver operating characteristics
curve values ranging between 0.92 and 0.97. However, the actual liver stiffness value pointing towards
the presence of cirrhosis remarkably differed between patients with hepatitis B virus infection (3.67 kPa)
and those with other liver diseases (4.65 kPa) [62].

Liver stiffness can also be assessed by magnetic resonance with the use of diffusion weighted
imaging (DWI); however, the results are inferior to MR elastography [64–66]. A meta-analysis by
Wang et al. has shown that the sensitivity of MRE is 94% in detection of significant (≥F2) and 96%
in detection of severe fibrosis (≥F2), remarkably higher than the corresponding values observed for
DWI of 77% and 84%, respectively [66]. Some authors try to combine the DWI MR method with
serum markers to increase the diagnostic accuracy, and the results show that this may be a reasonable
alternative in cases where standard MRE is not available [67]. The authors of that study combined the
DWI MR with the aspartate aminotransferase–to–platelet radio index (APRI) [22] and the Fibrosis-4
score, known as the FIB-4 [21]. This increased the diagnostic performance for discrimination between
fibrosis grades 0–1 and 2–4: the area under the curve for DWI only was 0.72 and increased to 0.81
and 0.78 after addition of APRI and FIB-4, respectively. The performance to discriminate severe
fibrosis (grades 0–2 versus 3–4) also increased −0.79 for DWI only, 0.83 for DWI + APRI, and 0.81 for
DWI + FIB-4.

Standard abdominal MR examinations also allows the calculation of the amount of visceral and
subcutaneous adipose tissue; however, due to the fact that the scanned area is usually limited to the
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liver and does not cover the whole abdominal cavity, it might be impossible to calculate all of the
volumes (for example whole volume of visceral fat tissue).

4. Ultrasound Based Techniques

Liver steatosis can be detected on a regular B mode ultrasound; however, the diagnostic accuracy is
low. Signs of liver steatosis on ultrasound typically comprise hyperechoic, bright liver (the echogenicity
of the liver is usually compared to the echogenicity of the kidney), posterior attenuation or impaired
visualization of intrahepatic vessels.

Studies have shown that the diagnosis of moderate or severe grades of liver steatosis by ultrasound
is characterized by sensitivity and specificity rates of 80–91% and 87–98%, respectively. Nevertheless,
these values drop to as low as 53% and 77%, respectively, when detecting steatosis of any grade [68–72].

Controlled attenuation parameter (CAP) is a relatively new method introduced by the Fibro-Scan.
It measures liver attenuation to assess the degree of liver steatosis. The results are presented as
dB/m (ranging from 100–400) and according to the manufacturers’ recommendation reflect the degree
of steatosis [73,74]. This method has emerged relatively recently, with the first clinical studies
published in 2010 [75], but has gained widespread acceptance and has been validated in numerous
studies. Particularly good diagnostic accuracy of CAP was reported in a multicenter prospective
study performed on the Chinese population (CAP measurements were compared with biopsy as a
reference standard), with areas under the receiver operating characteristics curve of 0.92, 0.92 and
0.88 for detection of steatosis of at least 5%, 34%, and 67%, respectively [76]. These results are in line
with another prospective study performed on Korean population, which reported the corresponding
values for CAP of 0.885 for the detection of mild steatosis (sensitivity 73.1%, specificity 95.2%), 0.894 for
detection of moderate steatosis (sensitivity 82.4%, specificity 86.1%) and 0.800 for detection of severe
steatosis (sensitivity 77.8%, specificity 84.1%) [77]. The clinical utility of using CAP as a reference for
the assessment of liver steatosis is largely limited by the low positive predictive value. In a study by
Ferraioloi et al., the positive predictive values for the detection of mild or moderate steatosis using CAP
cut-offs of 219 dB/M and 296 dB/M, respectively, were both below 60% despite relatively large areas
under the receiver operating characteristics curve of 0.76 and 0.82, respectively [78]. A meta-analysis
performed by Shi KQ et al. has consistently shown that CAP has good sensitivity and specificity,
however the authors of the study concluded, that it should not be widely used as a standard method
of steatosis assessment due to insufficient accuracy [79]. The positive and negative predictive vales of
CAP ranged between 78–80% and 78–84%, depending on the stage of steatosis aimed for detection.
Another meta-analysis by Karloas et al. has shown a good accuracy for the diagnosis of any or moderate
steatosis with area under the receiver operating characteristics curve for >S0 and >S1 of 0.823 and
0.865, respectively [80]. A metanalysis by Pu et al. from 2019 also provided confirmation of acceptable
sensitivity and specificity of CAP in detection of moderate and severe steatosis, yet pointed towards
several factors, including age and body mass index, as potentially influencing its accuracy [81].

CAP has been shown to provide inferior diagnostic accuracy in comparison to MRI-PDFF in
a study comparing these two methods with a biopsy reference: area under the receiver operating
characteristics curve for MRI-PDFF in detection of any steatosis was 0.99 as compared to significantly
lower value of 0.85 observed for CAP [82]. These results were also confirmed by another prospective
study, which showed even lower value for CAP (0.77 versus 0.99 for MRI-PDFF) [83].

One of the biggest limitations of the use of CAP measurement was the M probe depth, which was
not sufficient for obese patients. The manufacturer responded to that problem by introducing the XL
probe, allowing for measurement in more overweight patients. The accuracy of measurements with
the M and XL probe seem similar [84–86]. Although being an easy and relatively cheap method, CAP
has also serious limitations when assessing patients with ascites and obesity, which substantially limits
it use in the NAFLD/NASH patients, as vast majority of them is overweight.

Fibroscan device also allows the measurement of the liver stiffness by using the transient
elastography technique (TE). There are some reports suggesting that although TE provides very good
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results, the accuracy in patients with NAFLD/NASH might be decreased. This is because the liver
stiffness measurement can be affected by CAP values, particularly with respect to overestimation of
the degree of liver fibrosis in the steatotic liver. Therefore, some authors have proposed different
cut-off values for NAFLD patients when diagnosing fibrosis in TE [73,87]. In particular, high risk
of false positive TE results with respect to detection of significant (F2–F4) and severe (F3–F4) liver
fibrosis was noted for the liver stiffness ranges of 8.5–10.5 kPa and 10.1–12.5 kPa, respectively, in case
of CAP of 300 to 339 dB/M, and 8.5–11.6 kPa and 10.1–13.6 kPa, respectively, in case of CAP exceeding
340 dB/M [73]. As both liver stiffness measurement by TE and steatosis measurement by CAP are
available in the Fibroscan, the adjustment of the cut-off values can be done quickly and easily. However,
the results of other studies are conflicting. In a recent study by Eddowes et al. performed on 450
patients with biopsy as reference, the accurate assessment of liver fibrosis and steatosis was reported
with no negative influence of steatosis on the measurement of liver stiffness [88]. Although being a
cheap, widely available, and easily performed technique, TE has inferior accuracy when comparing
to magnetic resonance elastography. The area under the receiver operating characteristics curve for
detection of any fibrosis (≥F1) using MRE was 0.82, which was significantly higher than that calculated
for TE (0.67) [82]. Figure 6 presents an example of steatosis and fibrosis assessment (Fibroscan) with
controlled attenuation parameters and transient elastography.

Figure 6. Examples of steatosis assessment by controlled attenuation parameter and liver stiffness
assessment by transient elastography (Fibroscan) (a) in a patient with severe liver steatosis (grade
3) and severe fibrosis (F3) (b) in a patient with no liver steatosis (grade 0) and no liver fibrosis (F0).
Images courtesy of Dr. Maciej Janik and Prof. Piotr Milkiewicz from the Liver and Internal Medicine
Unit, Medical University of Warsaw.

Another two methods of fibrosis assessment include the shear wave elastography (SWE) and
acoustic radiation force impulse (ARFI), both of which can be integrated in regular ultrasound devices.
SWE and ARFI have some notable disadvantages, such as the necessity to perform the measurement
with patient holding breath. The results may also be influenced by the experience of the performing
physician and in case of a recent food intake [89]. All the three methods provide results which are
highly correlated with the fibrosis grade and have relatively good accuracy in detecting fibrosis.
In a study comparing SWE, TE and ARFI performed by Casinotto et al., all three methods showed
very similar diagnostic characteristics for the detection of corresponding grades of liver fibrosis [90].
Similar results were obtained by Lee et al., who also reported the similar ability of TE, SWE and ARFI in
the diagnosis of liver fibrosis in a population of Asian NAFLD patients [91]. However, in another study,
SWE was shown to provide superior results to TE in the accuracy of detecting any fibrosis, as well as
discriminating between different fibrosis grades with areas under the receiver operating characteristics
curve for SWE and TE for different fibrosis grades as follows: 0.86 and 0.80, respectively, for any
fibrosis (≥F1); 0.88 and 0.78, respectively, for significant (≥F2) fibrosis; 0.93 and 0.83, respectively,
for severe (≥F3) fibrosis; and 0.98 and 0.92, respectively, for cirrhosis (F4) [92]. Another study also
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showed superiority of SWE over TE and ARFI in diagnosing grade F2 or F3 of fibrosis, but without
statistical difference regarding diagnosing mild fibrosis (F1) or cirrhosis (F4) [93]. Figure 7 presents an
example of liver stiffness measurement by shear-wave elastography.

Figure 7. Examples of fibrosis assessment by shear wave elastography (a) in a patient with severe
liver fibrosis (F3) (b) in a patient with cirrhosis (F4). Images courtesy of Dr. Maciej Janik and Prof.
Piotr Milkiewicz from the Liver and Internal Medicine Unit, Medical University of Warsaw.

5. Dual-Energy X-ray Absorptiometry

Dual energy X-ray absorptiometry is a quick, relatively inexpensive and safe method of body
composition assessment. Due to its clinical usefulness, it has gained wide acceptance and has
been proposed in guidelines for the assessment of sarcopenia and obesity in the elderly population
(European Working Group on Sarcopenia in Older People Consensus) [94,95]. Interestingly, some
authors have proposed the implementation of special algorithms into the DXA examination to assess
the liver fat amount. Bazzocchi et al. proposed placing a region of interest (ROI) in the location of
the liver to calculate the amount of hepatic fat and have shown good correlation with liver steatosis
assessed by biopsy (� = 0.610–0.619; p < 0.001), with an area under the curve ranging from 0.929 to
0.551 (depending upon sex and BMI category) [96].

6. Predictive Role of Imaging Methods in Patients with NAFLD

Patients with NAFLD are at high risk of developing systemic complications of the disease.
This includes, in particular, the development of cardiovascular diseases and occurrence of cardiovascular
events in case of underlying pathologies. In a 2014 study based on more than two thousand middle-aged
adults without any known liver or heart disease, liver attenuation on computed tomography of less
than 40 Hounsfield units, indicative of hepatic steatosis, was associated with approximately 30% more
frequent occurrence of coronary artery calcifications and approximately 70% more frequent occurrence
of abdominal aortic calcifications [97]. However, this significant association disappeared following
adjustment for the amount of visceral fat, pointing towards the pivotal role of the latter as a major
contributor to the development of atherosclerosis. Attenuation of the liver under 40 Hounsfield units
on computed tomography scans was also found to be associated with subclinical cardiac remodeling
and dysfunction in another population-based study, yet this was also largely attributable to increased
amount of visceral adipose tissue [98]. These findings were recently supported by the results of the
CARDIA study, in which the association between attenuation of the liver under 40 Hounsfield units and
several structural and functional heart features lost significance following adjustment for obesity [99].
The same parameter predicted the presence of coronary microvascular dysfunction, which was an
independent prognostic factor for the occurrence of a composite cardiovascular event end-point [100].
Notably, hepatic steatosis and fibrosis assessed on TE and CAP were similarly related to the presence
of diastolic myocardial dysfunction in a study by Lee et al. [101]. Increased liver stiffness, as indicated
by the results of SWE, increased the ability to predict the presence of coronary heart disease [102].
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An analysis performed on 50 overweight adolescents revealed that intrahepatic fat content assessed
on magnetic resonance spectroscopy was significantly associated with dyslipidemia independently of
visceral fat content, as indicated by its positive correlation with plasma triglycerides, triglyceride to
high-density lipoprotein ratio, or small dense low-density lipoprotein concentration, among others [103].
Further, the results of large cross-sectional Kangbuk Samsung Health Study comprising more than
100 thousand individuals pointed towards hepatic steatosis assessed on ultrasound as a significant
predictor of the presence of coronary artery calcifications [104]. Increased prevalence of coronary
artery calcifications in patients with ultrasound evidence for hepatic steatosis was independent of the
presence of obesity.

Multiparametric evaluation of MR enabled prediction of the occurrence of liver-related clinical
events in a study of 112 patients performed by Pavlides et al. [105]. More specifically, the use of liver
inflammation and fibrosis score derived from analysis of T1 and T2 sequences led to the categorization
of patients into subgroups based on the risk of developing clinical complications, with score values
under 2 being characterized by a 100% negative predictive value. Additional MR analysis of hepatic
iron and fat content further increased the predictive capacity of the model. In more than a thousand
patients with severe liver fibrosis in the course of NAFLD, the baseline liver stiffness value was
strongly associated with the occurrence of both decompensation of liver function and hepatocellular
carcinoma, along with liver-related mortality [106]. Subgroup analysis from the same study performed
by Petta et al. additionally provided evidence for the prognostic significance of the changes in liver
stiffness measurement on TE by at least 20% with respect to those clinical outcomes and, furthermore,
overall patient survival. Similarly, MRE-assessed liver stiffness exceeding 6.48 kPa was found to be
predictive for the occurrence of liver function decompensation, with higher liver stiffness values also
observed in patients with ascites, encephalopathy, and esophageal variceal bleeding [107].

7. Conclusions

Although there are several noninvasive, accurate methods of the assessment of hepatic steatosis
or fibrosis, liver biopsy is currently the only method that allows for the precise assessment of both, and
moreover also the assessment of the inflammatory process. However, given that the prevalence of
obesity, metabolic syndrome and NAFLD is and will be increasing in the upcoming years, alternative,
widely accessible and noninvasive methods need to be introduced. Brief summary on the use of
imaging techniques on detection of liver steatosis and fibrosis is shown on Figures 8 and 9, respectively.
Computed tomography only enables the diagnosis of higher grades of hepatic steatosis; however, new
algorithms have been proposed to improve the diagnostic ability. Magnetic resonance spectroscopy
provides highly reliable results, but its use is limited due to sophisticated postprocessing.

Proton density fat fraction MRI and the controlled attenuation parameter are the most promising
techniques—MRI-PDFF with its ability to reliable quantify the fat percentage and the CAP, with low-cost
machines, that can easily be used in outpatient clinics for initial screening purposes. Together with
noninvasive methods of liver stiffness measurement, especially the magnetic resonance elastography or
TE and SWE, those methods might be of crucial significance in distinguishing patients with moderate or
severe changes for further assessment with liver biopsy. Computed tomography, magnetic resonance
and transient elastography should be interpreted with respect to predicting patients’ clinical outcomes.
Tables 1 and 2 present a summary of diagnostic parameters of different methods for steatosis and
fibrosis assessment.
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Figure 8. Summary of the imaging techniques for the assessment of liver steatosis.

 

Figure 9. Summary of the imaging techniques for the assessment of liver fibrosis.
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Table 1. Summary of the diagnostic parameters of different methods of steatosis assessment.

Proposed Cut-Off Sensitivity % Specificity %

Computed tomography
simple density measurement

any steatosis (grade 1–3) n/a 22–712 [14,15] 86–98 [14,15]
moderate steatosis (grade 2–3) 40 HU 60–82 [14,15] 88–98 [14,15]

phantom calibration [16]
any steatosis (grade 1–3) n/a 76% [16] 85% [16]

moderate steatosis (grade 2–3) n/a 85% [16] 98% [16]

Magnetic resonance
spectroscopy

any steatosis (grade 1–3) n/a 77–95 [15,53,55,56] 81–98 [15,53,55,56]
moderate steatosis (grade 2–3) n/a 41–91 [15,53,56] 85–99 [15,53,56]

proton density fat fraction
any steatosis (grade 1–3) n/a 86–97 [35,36,41–45] 82–100 [35,36,41–45]

moderate steatosis (grade 2–3) n/a 61–84 [35,36,41–45] 83–96 [35,36,41–45]

Ultrasound based techniques
simple visual assessment
any steatosis (grade 1–3) subjective assessment 53–82 [15,68–72] 76–90 [15,68–72]

moderate steatosis (grade 2–3) 78–91 [15,68–72] 77–98 [15,68–72]
controlled attenuation parameter

any steatosis 214–289 dB/m [76–80] 66–92 [76–81] 52–96 [76–81]
moderate steatosis 233–311 dB/m [76–80] 60–93 [76–81] 70–92 [76–81]

n/a—Not applicable; HU—Hounsfield Units.

Table 2. Summary of the diagnostic parameters of different methods of fibrosis assessment.

Proposed Cut-Off Sensitivity % Specificity %

Computed tomography
experimental algorithms

any fibrosis (≥F1) n/a 65–78 [18,19] 88–100 [18,19]
significant fibrosis (≥F2) n/a 68–80 [18,19] 80–97 [18,19]

severe fibrosis (≥F3) n/a 83–89 [18,19] 84–85 [18,19]
cirrhosis (F4) n/a 90–98 [18,19] 80–85 [18,19]

Magnetic resonance
elastography

any fibrosis (≥F1) 1.77–5.02 kPa [60–62] 75–81 [60–62] 77–100 [60–62]
significant fibrosis (≥F2) 2.38–5.37 kPa [60–62,64] 79–97 [60–62,64] 81–100 [60–62,64]

severe fibrosis (≥F3) 2.43–5.97 kPa [60–62,64] 83–100 [60–62,64] 84–95 [60–62,64]
cirrhosis (F4) 2.74–6.7 kPa [60–62,64] 88–100 [60–62,64] 75–95 [60–62,64]

diffusion weighted imaging
any fibrosis (≥F1) n/a 75–86 [64–66] 71–94 [64–66]

significant fibrosis (≥F2) n/a 67–92 [64–66] 61–91 [64–66]
severe fibrosis (≥F3) n/a 48–90 [64–66] 65–100 [64–66]

cirrhosis (F4) n/a 75–100 [64–66] 60–72 [64–66]

Ultrasound based techniques
acoustic radiation force impulse

any fibrosis (≥F1) 1.35 m/s [93] 61 [93] 96 [93]
significant fibrosis (≥F2) 0.95–1.38 m/s [90,91,93] 46–90 [90,91,93] 36–91 [90,91,93]

severe fibrosis (≥F3) 1.15–1.53 m/s [90,91,93] 59–90 [90,91,93] 63–90 [90,91,93]
cirrhosis (F4) 1.3–2.04 m/s [90,91,93] 44–90 [90,91,93] 67–90 [90,91,93]

transient elastography
any fibrosis (≥F1) 6.7–8 kPa [92,93] 65–83 [92,93] 83–91 [92,93]

significant fibrosis (≥F2) 6.2–9.8 kPa [90–93] 60–90 [90–93] 45–92 [90–93]
severe fibrosis (≥F3) 8–12.5 kPa [90–93] 57–90 [90–93] 61–92 [90–93]

cirrhosis (F4) 9.5–16.1 kPa [90–93] 65–92 [90–93] 62–92 [90–93]
shear wave elastography

any fibrosis (≥F1) 6.5–7.8 kPa [92,93] 68–84 [92,93] 91–100 [92,93]
significant fibrosis (≥F2) 6.3–8.7 kPa [90–93] 71–90 [90–93] 50–92 [90–93]

severe fibrosis (≥F3) 8.3–10.7 kPa [90–93] 71–91 [90–93] 71–90 [90–93]
cirrhosis (F4) 10.1–15.1 kPa [90–93] 58–97 [90–93] 72–93 [90–93]

n/a—Not applicable.
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NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis
MRS magnetic resonance spectroscopy
MRI-PDFF magnetic resonance imaging proton density fat fraction
CAP controlled attenuation parameter
MRE magnetic resonance imaging
TE transient elastography
SWE shear wave elastography
ARFI acoustic radiation force impulse
CT computed tomography
BMI body mass index
HCC hepatocellular carcinoma
NAS NASH activity score
DWI diffusion weighted imaging
APRI aminotransferase-to-platelet ratio index
FIB-4 Fibrosis-4 score
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Abstract: The incidence of non-alcoholic fatty liver disease (NAFLD) is rising across the globe, with the
presence of steatohepatitis leading to a more aggressive clinical course. Currently, the diagnosis
of non-alcoholic steatohepatitis (NASH) is based on histology, though with the high prevalence of
NAFLD, a non-invasive method is needed. The 13C-aminopyrine breath test (ABT) evaluates the
microsomal liver function and could be a potential candidate. We aimed to evaluate a potential
change in liver function in NASH patients and to evaluate the diagnostic power of ABT to detect
NASH. We performed a retrospective analysis on patients suspected of NAFLD who underwent a
liver biopsy and ABT. 440 patients were included. ABT did not decrease in patients with isolated
liver steatosis but decreased significantly in the presence of NASH without fibrosis and decreased
even further with the presence of significant fibrosis. The predictive power of ABT as a single test for
NASH was low but improved in combination with ALT and ultrasonographic steatosis. We conclude
that microsomal liver function of patients with NASH is significantly decreased, even in the absence
of fibrosis. The ABT is thus a valuable tool in assessing the presence of NASH; and could be used as a
supplementary diagnostic tool in clinical practice.

Keywords: NASH; steatohepatitis; aminopyrine; microsomal; liver function; breath test

1. Introduction

Together with the obesity epidemic, incidences of non-alcoholic fatty liver disease (NAFLD)
are rising across the globe. NAFLD is defined as an accumulation of fat in >5% of hepatocytes
ocurring in the absence of significant alcohol consumption or any other cause of so-called “secondary”
liver steatosis or disease. NAFLD includes two pathologically distinct conditions with different
prognoses: isolated steatosis or non-alcoholic fatty liver (NAFL) and non-alcoholic steatohepatitis
(NASH), which implies the presence of cell damage and inflammation. The latter covers a wide
spectrum of disease severity, including fibrosis, cirrhosis and hepatocellular carcinoma [1].
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The 13C-aminopyrine breath test (ABT) has been widely used to evaluate microsomal hepatocellular
function. Historically, it was the first breath test proposed for the assessment of patients with
liver disease and is one of the most frequently utilized and most extensively validated tests for
investigating microsomal liver function. The principle of the ABT is based on the selective metabolism
of 13C-aminopyrine in the liver by the cytochrome P450 mono-oxygenase system of the microsomes [2].
In these microsomes, 13C-aminopyrine undergoes 2-step N-demethylation and the appearance of 13CO2

in breath after administration means that the administered substance underwent microsomal liver
oxidation [3,4]. Because N-demethylation of 13C-aminopyrine has been shown to be the rate-limiting
step, it has been assumed that the ABT reflects the activity of the cytochrome P450-dependent
mono-oxygenase system and gives a global assessment of this system. It has been demonstrated that
the N-demethylation of aminopyrine is catalyzed most efficiently by CYP2C19 and CYP2C8, followed
by CYP2D6, 2C18, 1A2 and 2B6; and to a lesser extent by CYP2C9, 2A6, 1A1 and 3A4 [5,6]. Aminopyrine
metabolism is mostly dependent on hepatic metabolic capacity (functional hepatic mass) rather than
on portal blood flow [7]. The ABT has been shown to quantitively reflect the severity of cirrhosis,
as assessed by other liver function tests [8], and the degree of fibrosis in chronic hepatitis [9–11].

Liver function assessment by breath tests based on several metabolic pathways has been studied
in the context of NAFLD, mostly to non-invasively diagnose and stage the disease. These studies
overall indicate a reduction of liver function in patients with NASH, though included only small
groups of patients with significant fibrosis to cirrhosis in the NASH group, making it impossible to
differentiate between the effect of NASH and the effect of fibrosis [4,12–15].

In this study, we aimed to evaluate a change in liver function measured by the ABT in relation
to the presence of steatosis, steatohepatitis and fibrosis and the different degrees of severity hereof
in a large, prospectively included cohort representing the whole spectrum of disease. Additionally,
we aimed to evaluate the diagnostic power of the ABT to detect NASH and fibrosis.

2. Methodology

2.1. Study Group

We performed a single-center, retrospective study at the Antwerp University Hospital, a tertiary
referral center on patient data consecutively collected between 2002 and 2018. Patients visiting the
Obesity Clinic or the Hepatology Clinic due to overweight (BMI 25–29.9 kg/m2), obesity (BMI≥ 30 kg/m2)
or elevated liver enzymes with a suspicion of NAFLD (according to a pre-defined set of criteria)
were included when both liver biopsy and ABT were performed. Each patient underwent a standard
metabolic work-up combined with a liver-specific program (including ABT as a standard procedure),
both approved by the Ethics Committee of the Antwerp University Hospital and requiring written
informed consent of the patient (Reference 6/25/15, Belgian Registration Number B30020071389) [16].

2.2. Metabolic Work-Up

The metabolic work-up included a detailed questionnaire and a clinical examination with
anthropometry. Height was measured to the nearest 0.5 cm and body weight was measured with a
digital scale to the nearest 0.2 kg. BMI was calculated as weight in kilograms over height in meters
squared. Waist circumference was measured at the mid-level between the lower rib margin and the iliac
crest. A blood analysis included blood cell count, coagulation tests, electrolytes, kidney function tests,
lipid profile (total and high density lipoprotein (HDL) cholesterols and triglycerides (TG)), liver tests
(alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma glutamyl transpeptidase
(GGT), alkaline phosphatase (ALP), total bilirubin and fractions), high-sensitive C-reactive protein
(CRP), creatinine kinase, total protein, protein electrophoresis, glucose, insulin and thyroid function.
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2.3. Hepatological Work-Up

The liver-specific program included additional blood analyses to exclude the classical aetiologies
of liver disease (e.g., viral hepatitis and autoimmune disease): s-choline-esterase, carcino-
embryonic antigen, α-foetoprotein, anti-nuclear factor, anti-neutrophil cytoplasm antigen antibodies,
anti-smooth muscle antibodies, anti-mitochondrial antibodies, anti-liver–kidney microsome antibodies,
serum copper and ceruloplasmin, α-1-antitrypsin, anti-hepatitis B core antibodies, hepatitis B surface
antigen, anti-hepatitis C virus antibodies. Patients underwent a Doppler ultrasound of the abdomen
with parameters of liver and spleen volume and liver vascularization and steatosis grading of the
liver based on the Saverymuttu score (ultrasound steatosis, USS, scored 0–3) [17]. USS was scored as:
isoechogenicity of the liver and the spleen: 0; slight increase in liver echogenicity, a slight exaggeration
of liver and kidney echo discrepancy and relative preservation of echoes from the walls of the portal
vein: 1; aforementioned abnormalities accompanied by loss of echoes from the walls of the portal
veins, particularly from the peripheral branches, a greater posterior beam attenuation and a greater
discrepancy between hepatic and renal echoes: 2; aforementioned abnormalities accompanied by a
greater reduction in beam penetration, loss of echoes from most of the portal vein wall, including the
main branches, and a large discrepancy between hepatic and renal echoes: 3. Patients also underwent
a liver-spleen scintigraphy and an ABT.

2.4. Aminopyrine Breath Test

The ABT was carried out at home by the patients at rest after an overnight fasting. The 13C-labelled
aminopyrine was ingested orally together with water. Aminopyrine is absorbed rapidly and almost
completely and breath samples were taken at 0, 30, 60, 90 and 120 min [18]. Peak excretion (ABTpeak)
was determined and cumulative excretion (ABTcum) was calculated. Values are expressed as percentage
of the administered dose per hour (%dose/h) or the calculated percentage of the administered
dose over two hours (%dose/120 min). The analysis of the ABT was performed in the clinical
laboratory of the Antwerp University Hospital and was executed by the Automated Breath 13C Isotope
Ratio Mass Spectrometer (Sercon, Crewe, UK). Normality values of the ABT are >5.4 %dose/h and
>8.1 %dose/120 min for peak and cumulative excretion, respectively, based on the available literature
and local experience [19].

2.5. Liver Biopsy

Liver biopsy was considered indicated in the presence of one or more of the following criteria:
persistent abnormal liver tests (AST and/or ALT and/or GGT and/or ALP according to local lab
upper limits of normal), ultrasound abnormality of the liver (enlarged liver, steatotic liver [17]),
signs of liver disease on liver-spleen scintigraphy [20] and abnormal ABT [21]. A separate informed
consent for liver biopsy was required. In patients who subsequently were referred to bariatric
surgery, the liver biopsy was performed peri-operatively. The remaining patients were proposed for
percutaneous or transjugular liver biopsy. The liver biopsy specimen was stored in formalin aldehyde.
Haematoxylin–eosin stain, Sirius red (Fouchet) stain, periodic acid Schiff stain after diastase, reticulin
stain (Gordon–Sweets), and Perl’s iron stain were routinely performed on all biopsies and subsequently
analysed by a team of experienced pathologists and hepatologists. Biopsies were re-assessed in
batch by an experienced pathologist and this reading was used for further analysis. The diagnosis
of NASH required the association of some degree of steatosis, some degree of ballooning, and some
degree of lobular inflammation [1,22,23]. The different features were scored according to the NASH
Clinical Research Network Scoring System [24]. Steatosis was graded as follows: less than 5% of liver
parenchyma: 0; 5–33%: 1: 33–66%: 2; more than 66%: 3; Lobular inflammation was scored as: no foci:
0; less than two foci per x200 field: 1; 2–4 foci per x200 field: 2; more than four foci per x200 field:
3. Ballooning was scored as: none: 0; few ballooned cells: 1; many cells/prominent ballooning: 2. Fibrosis
was staged: none: 0; perisinusoidal or periportal: 1; perisinusoidal and portal/periportal: 2; bridging
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fibrosis: 3; cirrhosis: 4. The NAFLD Activity Score (NAS) was calculated as the unweighted sum of
the scores for steatosis, ballooning, and lobular inflammation [24]. The length of the biopsy and the
number of portal tracts were equally so reported by the pathologist. NASH was defined as the presence
of steatosis (≥1), inflammation (≥1) and ballooning (≥1). Borderline NASH was defined as the presence
of NASH and a NAS of 3-4. Definite NASH was defined as the presence of NASH and a NAS ≥ 5.

2.6. Patient Groups

Patients were excluded from further analysis if they had significant alcohol consumption (>20 g/day
for women and >30 g/day for men using self-reported alcohol consumption levels) [25], or if another
liver disease was diagnosed. Based on liver biopsy, the study population was divided into different
subgroups: patients without signs of steatosis (S = 0) or liver fibrosis: noNAFLD; patients without
significant fibrosis (F0–F1), with signs of steatosis (S ≥ 1), and either with the absence of NASH [NAFL
(non-alcoholic fatty liver)] or with the presence of NASH (activity and ballooning ≥ 1) (NASH-noF);
and patients with significant fibrosis (NAFLD-F).

2.7. Statistical Analysis

The data analyses were performed with SPSS version 25.0 software (IBM Corporation, Armonk,
NY, USA). Descriptive statistics were produced for patient characteristics. The distribution of
normality was evaluated by the Kolmogorov-Smirnov test and additional visual appraisal of the W-W
probability plot. Significant differences in variables between the subgroups were ascertained using
independent samples t-test for normally distributed continuous variables, the Mann–Whitney U tests
for non-normally distributed continuous variables and the Chi-square test for categorical variables.
Significant correlations were determined using the Spearman’s rho test. Binary logistic regression
analyses were carried out for peak excretion and cumulative excretion of the 13C-ABT. Other variables
that were significantly correlated with NASH were included in multivariate logistic regression analyses.
A backward elimination method was used to achieve a predictive model for both peak excretion and
cumulative excretion separately. Area Under the Receiver Operating Curves (AUC) were generated
using the ABT and the predictive models as test variables. AUC values were interpreted as follows:
fail (50–60%), poor (60–70%), fair (70–80%), good (80–90%) or excellent (90–100%) [26,27]. Single
cut-off values were chosen based on the highest sum of sensitivity and specificity (Youden index).
Two-cut offmodel values were chosen based on 90% specificity and 90% sensitivity. AUROC curves
of different tests within the same population were compared according to Delong (MedCalc version
14.12.0, MedCalc Software, Ostend, Belgium) [28]. p < 0.05 was considered statistically significant.

3. Results

3.1. Patient Characteristics

Four hundred and forty patients with a reliable liver biopsy and ABT were included. The total
population had an average age of 46.1 years (SD 13.4), median BMI of 37.6 kg/m2 (IQR 33.3; 41.7) and a
gender distribution of 63.6%/36.4% female to male ratio. All patients (440) were classified according to
the different patient groups: noNAFLD (71; 16.1%), NAFL (72; 16.2%), NASH-noF (176; 40.0%) and
NAFLD-F (121; 27.5%).

3.2. NoNAFLD, NAFL, NASH-noF

Characteristics of the different subgroups are represented in Table 1. There was no statistical
difference of the ABTpeak and ABTcum between noNAFLD and NAFL. The ABTpeak and the ABTcum
of NASH-noF were, however, significantly lower compared to both the noNAFLD and the NAFL
group (Figure 1).

In the NASH-noF group, there was a trend for a decreased ABTpeak and ABTcum between
patients with borderline NASH and definite NASH, though these differences did not reach statistical
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significance [9.20 (6.58; 11.45) vs. 7.65 (5.50; 10.48) %dose/h for ABTpeak (p = 0.077); and 12.90 (10.00;
16.55) vs. 10.95 (8.55; 15.13)%dose/120 min for ABTcum (p = 0.085), respectively].

In this population, significant positive correlations (Spearman’s rho, p < 0.05) were found between
ABTpeak and ALT (0.127), LDL cholesterol (0.124), serum albumin (0.182), and smoking (0.282) and
significant negative correlations between ABTpeak and BMI (−0.199), waist (−0.157), platelet count
(−0.161), steatosis grade (−0.164), lobular inflammation (−0.181), ballooning (−0.136), NAS score
(−0.193) and USS (−0.136).

As for ABTcum, significant positive correlations were found with age (0.124), LDL cholesterol
(0.132), albumin (0.185) and smoking (0.240) and significant negative correlations between ABTcum
and BMI (−0.225), waist (−0.179), platelet count (−0.165), steatosis grade (−0.177), lobular inflammation
(−0.195), ballooning (−0.158), NAS score (−0.214), fibrosis stage (−0.123) and USS (−0.145).

Figure 1. ABTpeak and ABTcum are given for the four subgroups. There was no statistical difference of
the ABTpeak and ABTcum between noNAFLD [10.20 (7.20; 13.30) %dose/h and 15.30 (10.30; 19.70) %dose/
120 min, respectively] and NAFL [9.55 (6.95; 12.03) %dose/h and 14.10 (11.20; 18.48) %dose/120 min,
respectively]. The ABTpeak and the ABTcum of NASH-noF [8.60 (6.20; 11.00) %dose/h and 12.10 (8.90;
16.10) %dose/120 min, respectively] were significantly lower compared to both the noNAFLD and the
NAFL group. The ABTpeak and the ABTcum of NAFLD-F [6.80 (4.00; 9.30) %dose/h and 9.90 (5.85;
13.45) %dose/120 min, respectively] were significantly lower compared to all three other subgroups.

The correlation between fibrosis stage and ABTcum in this group without significant fibrosis is
most likely due to the confounding effect of NAS score, which was, as might be expected, lower in the
NAFL and noNAFLD groups which consisted of less patients with fibrosis stage 1. When analysing
this NASH-noF group, no difference of ABT could be observed between patients with fibrosis F0 or F1
[F0 8.4 (6.1–11.6) and F1 8.6 (6.3–10.2), p = 0.423; and F0 12.2 (8.9–16.5) and F1 12.1 (8.9–14.7), p = 0.535,
for ABTpeak and ABTcum respectively]. In this group, there was no correlation between fibrosis stage
and ABTpeak (p = 0.803) or ABTcum (p = 0.833).

3.3. Prediction of NASH in Non-Significant Fibrosis

In the combined groups of noNAFLD, NAFL and NASH-noF, a significant correlation (p < 0.05)
could be found between the presence of NASH and age (0.155), waist (0.156), AST (0.227), ALT (0.268),
ABTpeak (−0.174), ABTcum (−0.202) and USS (0.425). When separating ABTpeak and ABTcum,
a remaining significant correlation could be found after logistic regression for ALT, USS and ABTpeak;
and for ALT, USS and ABTcum. ALT and USS were significantly correlated with the NAS score
(p < 0.00001, Spearman’s rho 0.314 and 0.557, respectively). USS and ALT were significantly higher in
the group of definite NASH compared to the group of borderline NASH.
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Based on these data, two models were created to predict the presence of NASH:

PredABTpeak for NASH = −1.617+ (0.025 × ALT) + (0.909 x USS) + (−0.094 × ABTpeak)
PredABTcum for NASH = −1.457 + (0.025 × ALT) + (0.901 × USS) + (−0.075 × ABTcum)

AUROCs for the prediction of NASH and definite NASH for ABTpeak, ABTcum, ALT, USS as
single tests and for the predictive models are represented in Table 2. The predictive models were
significantly better (p < 0.01) than ABTpeak, ABTcum and ALT individually for the prediction of NASH
and definite NASH, but not significantly better than USS (p > 0.05).

Table 2. AUROC to predict the presence of NASH and definite NASH.

Test NASH Definite NASH

ABTpeak 0.601 (0.539–0.663) 0.612 (0.544–0.681)
ABTcum 0.617 (0.555–0.679) 0.620 (0.553–0.687)

ALT 0.655 (0.595–0.715) 0.669 (0.604–0.734)
USS 0.744 (0.688–0.800) 0.772 (0.717–0.827)

PredABTpeak 0.785 (0.734–0.835) 0.814 (0.765–0.863)
PredABTcum 0.787 (0.737–0.837) 0.819 (0.770–0.867)

AUROC (represented with 95% confidence interval) to predict the presence of NASH and definite NASH for
ABTpeak, ABTcum, ALT and US steatosis separately, and the predictive models PredABTpeak and PredABTcum
combining ALT, USS and ABT.

Based on the predictive model of the ABTcum which showed a slightly higher AUROC than
ABTpeak, we proposed cut-off values to determine the presence of NASH or definite NASH in
Table 3. The predicted model was positively correlated to the presence of NASH. The higher the value,
the higher the likelihood of NASH.

Table 3. Cut-off values to predict the presence of NASH and fibrosis.

Cut-Off Value Sens Spec PPV NPV

NASH 0.2575 72.60% 71.60% 75.30% 68.70%
Def NASH 0.2575 87.60% 61.80% 38.10% 92.50%

Sign F 13.25 73.60% 51.40% 36.50% 83.70%
Adv F 10.1 63.50% 69.90% 30.00% 90.50%

Cirrhosis 5.05 51.50% 95.30% 52.80% 96.00%

NASH >1.1210 82.90%
No NASH <−0.6185 80.00%

Def NASH >1.1346 64.10%
No def NASH <0.0120 93.30%

Sign F <7.05 53.70%
No sign F >17.45 86.50%

Adv F <7.05 46.30%
No adv F >18.25 90.70%

Cirrhosis <6.55 30.50%
No cirrhosis >19.45 94.70%

Cut-off values to predict the presence of NASH in patients without significant fibrosis; and to predict fibrosis in the
whole population with sensitivity, specificity, positive predictive value and negative predictive value. One and two
cut-offmodels were created for each parameter. Using 1 cut-off, the PPV for definite NASH was low (78/162, 38.1%),
but of those misclassified as definite NASH, 52% had borderline NASH. Using 2 cut-offs, the PPV for definite NASH
was better (41/64, 64.1%), and with 61% of those misclassified having borderline NASH. Using two cut-off values
can lead to patients with an indeterminate value. This “indeterminate” classification was present in 54%, 36%, 65%,
68% and 74% of cases for NASH, definite NASH, significant fibrosis, advanced fibrosis and cirrhosis, respectively.
Def, definite NASH; Sign F, significant fibrosis; Adv F, advanced fibrosis; Sens, sensitivity; Spec, specificity; PPV,
positive predictive value; NPV, negative predictive value.
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3.4. Significant Fibrosis

This group consisted of 121 patients with 38.8% F2, 33.9% F3 and 27.3% F4 (i.e., cirrhosis); 28.1%
did not have NASH, borderline NASH was present in 19.8% and definite NASH in 52.1% of these
cases. In patients with significant fibrosis, ABTpeak and ABTcum are no longer significantly correlated
to the presence of NASH (rho −0.104, p = 0.258 and rho −0.072, p = 0.435, respectively) nor to the
NAS score (rho −0.053, p = 0.566 and −0.020, p = 0.825, respectively). In this population, fibrosis stage
has a stronger (inverse) correlation with ABTpeak (rho −0.366, p < 0.0001) and ABTcum (rho −0.347,
p = 0.0001). Fibrosis stage is, however, inversely correlated to the NAS score (rho −0.203, p = 0.025).

3.5. All Patients

In our entire population, both ABTpeak and ABTcum were independently positively correlated
with smoking and serum albumin concentration and negatively correlated with BMI, the presence of
NASH and fibrosis stage. Fibrosis was positively correlated with NAS (rho 0.311, p < 0.0001) and the
presence of NASH (rho 0.222, p < 0.0001).

ABTpeak and ABTcum decreased significantly between each fibrosis stage; 9.1 (6.50; 11.80) and
13.40 (9.40; 17.35) for F0–1; 7.80 (6.20; 9.90) and 11.50 (8.80; 14.10) for F2; 6.70 (4.20; 9.40) and 9.50 (6.15;
13.80) for F3; and 3.50 (1.75; 6.80) and 5.00 (2.55; 10.80) for F4, respectively. Differences of ABTpeak and
ABTcum for each fibrosis stage are represented in Figure 2.

Figure 2. ABTpeak and ABTcum are given for every fibrosis stage in all patients. There is a significant
difference of ABTpeak between F2–F4 (p < 0.0001) and F3–F4 (p = 0.008), but not between F2–F3
(p = 0.133). There is a significant difference of ABTcum between F2–F4 (p < 0.0001) and F3–F4 (p = 0.013),
but not between F2–F3 (p = 0.119). The ABTpeak and ABTcum are both significantly higher for F0–1
compared to F2 (p < 0.05), F3 (p < 0.001) and F4 (p < 0.0001).

ABTpeak showed an AUROC of 0.612 (0.559–0.666), 0.674 (0.618–0.731), 0.718 (0.648–0.788)
and 0.782 (0.682–0.882) for the prediction of NASH, significant fibrosis, advanced fibrosis and
cirrhosis, respectively. ABTcum showed an AUROC of 0.616 (0.0566–0.673), 0.676 (0.619–0.732), 0.719
(0.650–0.788) and 0.769 (0.667–0.872) for the prediction of NASH, significant fibrosis, advanced fibrosis
and cirrhosis, respectively.

Based on the ABTcum which showed a slightly higher AUROC than ABTpeak, we proposed
cut-off values to determine the presence of significant fibrosis, advanced fibrosis or cirrhosis in Table 3.

4. Discussion

The 13C-aminopyrine breath test has traditionally been used to estimate functional liver reserve
in advanced liver disease. In this study, we demonstrate that non-alcoholic steatohepatitis, even in
the absence of significant fibrosis, is associated with a significant impairment of hepatic microsomal
function as measured by the 13C-aminopyrine breath test. In the fibrotic NAFLD population, the effect
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of fibrosis on ABT excretion was more important than the effect of inflammation. The ABT can be used
as a tool in the prediction of the presence of NASH or fibrosis in the appropriate setting.

Fibrosis has been shown to be the strongest predictor of outcome in NAFLD, which does, however,
not equal that it is as such the driver of disease progression [29]. Progression of NALF to bridging
fibrosis concurs with transition to NASH and several longitudinal studies have recently confirmed
the direct relationship between evolution in disease activity and hepatic inflammatory changes on
one hand and the evolution in fibrosis on the other hand. NASH resolution was also shown to be
the strongest predictor of fibrosis regression [30,31]. Similarly, SAF activity appeared to be strongly
correlated with liver fibrosis stage, further supporting the concept of disease activity as the driving
force of disease progression [32,33]. These observations demonstrate that NASH and fibrosis are
closely linked.

Multiple serum biomarkers have been evaluated for the prediction of the presence and/or severity
of NASH, though most biomarkers failed to demonstrate accuracy. Plasma cytokeratin 18 fragment
levels are a marker of hepatocyte apoptosis and represent the most extensively evaluated biomarker of
steatohepatitis, although the accuracy is modest. To date, non-invasive tests cannot reliably be used
solely for the diagnosis of NASH [34,35]. More extensive research has been performed on non-invasive
tools to asses liver fibrosis, though most scores for fibrosis are mainly developed and validated to
exclude advanced fibrosis, and do not allow the reliable categorisation of individual liver fibrosis
stages [34].

The ABT has mostly been studied in the setting of cirrhosis and end stage liver disease. Smaller
studies have previously shown a significant decrease of liver function in NASH patients, measured
by isotope breath tests, though these studies were confounded by a limited population size and the
inclusion of patients with significant fibrosis to cirrhosis in the NASH groups [4,12–15].

In this study, we included a large population of patients at risk of NAFLD, by the presence of
overweight or obesity, allowing us to investigate the effect of NASH in patients without significant
fibrosis and thus isolating the steatohepatitis effect. We observed a significant decrease of microsomal
liver function in patients with NASH compared to patients with NAFL and overweight patients
without liver steatosis. Liver function was not different between the latter two groups indicating
that isolated steatosis does not significantly decrease microsomal liver function. Within the NASH
population there was a trend of a decreased ABT excretion between patients with borderline NASH and
definite NASH, though these differences did not reach statistical significance. Overall, this indicates
that steatohepatitis as such is associated with a significant decrease in microsomal hepatocyte function,
which is relevant for our understanding of the pathophysiology of NASH.

Although extraction of aminopyrine seems to be independent of portal blood flow, a role for
changes in the microcirculation that have shown to occur early in the development of NASH, even in
the non-fibrotic stage, might indirectly play a role [36–39]. These changes are hypothesised to cause
centrolobular hypoxia by aggravating the physiological portocentral oxygen gradient [40]. Hypoxia
has been shown to impact on liver microsomal function, so these mechanisms could offer an additional
explanation for the presence of microsomal dysfunction early in disease development.

People with overweight or obesity and other components of the metabolic syndrome are at risk of
developing fatty liver which is characterized by the presence of large vacuoles of lipids within the cytosol.
In addition to macrovacuolar steatosis, NASH implies the presence of cell damage and inflammation
and is histologically characterized by microvesicular steatosis, portal and lobular inflammation, and the
presence of hepatocyte injury in the form of ballooning and apoptosis. All these processes ultimately
stimulate fibrogenesis. At least three major events are involved in the progression of fatty liver to
NASH, including overproduction of ROS (reactive oxygen species) and RNS (reactive nitrogen species),
lipotoxicity and increased release of proinflammatory and profibrogenic cytokines [41]. These changes
impact the microsomal activity and are probably responsible for the decreased microsomal liver
function that we observed. Studies with animals and human tissue have also shown an alteration of
CYP 450 enzyme activity. CYP3A, a CYP which only plays a minimal role in the ABT, is downregulated,
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presumably by obesity, elevated proinflammatory cytokines, noncytokine components and oxidative
stress [42]. Some CYPs might not only be influenced by the presence of NASH, but could also play
a causative role. It has been shown that CYP2E1 (which has no role in ABT) is overexpressed in
non-alcoholic steatosis [43]. It is hypothesized that in the case of fat mobilisation as in diabetes mellitus,
the hyperketonemia and other small organic molecules are both substrates and inducers of CYP2E1
that will lead to non-alcoholic fatty liver disease. This overexpressed CYP2E1 exhibits a high capacity
to produce free radicals that are probably the cause of liver damage and lipid peroxidation in obese
type 2 diabetes patients [44].

Since NASH seems to be the driving force for fibrosis development, its diagnosis is paramount,
and the ABT could potentially help by discriminating isolated steatosis from NASH. The rising
prevalence of NAFLD and the known disadvantages of liver biopsy (sampling error, cost, morbidity
and mortality) illustrate the need for new non-invasive diagnostic techniques. Our current results
suggest that ABT can indeed be helpful in the differentiation between patients with NASH and those
with NAFL in patients without significant fibrosis. This test is non-invasive, innocuous, easy to
administer and samples are transportable, which allows its use in primary and secondary care.

In our group without significant fibrosis, the ABT as a single test had rather poor predictive power,
though when including ALT and USS into a predictive model, the predictive power strongly increased.
A potential limitation of the use of this model in clinical practice could, however, be hampered by
the absence of reliable tools to exclude significant fibrosis. Liver steatosis and ALT have both been
related to the presence of NASH. Previous research has shown a correlation between the extent of
steatosis (evaluated histologically or ultrasonographically) and the presence of NASH [45–47]. In line
with our results, Ballestri et al. showed higher USS values in patients with NASH than in those with
steatosis; and higher values in patients with definite NASH than in those with borderline NASH [48].
Although normal ALT does not exclude the presence of NASH, studies have shown that ALT levels
are independently associated with NASH, even in patients with normal ALT, indicating that even a
minor elevation in ALT level, albeit within normal limits, can reflect the presence of NASH-related
liver damage [49].

Tribonias et al. found similar results with a substantial impairment of hepatic microsomal
function as assessed by a simple non-invasive ABT in NASH patients including, however, patients
with significant fibrosis in the NASH group [4]. Compared to our results, they found a higher AUROC
[0.741 (0.576–0.905)] for ABTcum to diagnose the presence of NASH, though 25% of their NASH
population was cirrhotic compared to 8% in our NASH population. More importantly, 31% of our
patients with advanced fibrosis lost the combination of characteristics necessary for the diagnosis of
NASH. This is in line with the general observation that with the progression of fibrosis, the characteristic
triad of NASH and perisinusoidal fibrosis becomes less prominent or disappears [50].

In our study, we observed, apart from the effect of NASH on microsomal function, a decreasing
ABT excretion with each fibrosis stage, which is in line with current literature. Previous reports support
this observation and show that ABT results are associated with the severity of liver disease, and that
they have a prognostic role in predicting death from liver failure in cirrhotic patients [21,51]. Moreover,
we observed that from the moment significant fibrosis is present, the statistically significant influence
of NASH on the ABT excretion can no longer be observed.

In our entire population, the predictive power of the cumulative ABT value was mostly higher
than the peak ABT value, though not statistically significant. ABT proved to be a poor predictor of
significant fibrosis as a single test with an AUROC of 0.676 for ABTcum. The power increased to a fair
test to predict the presence of advanced fibrosis and cirrhosis with an AUROC of 0.719 and 0.769 for
ABTcum, respectively.

Our findings clearly indicate that both steatohepatitis and fibrosis are associated with impairment
of microsomal function. This implies that both these aspects should be taken into account when
assessing the accuracy of the ABT as a non-invasive marker of disease. The mixing-up of both aspects
may in part explain overall low accuracy and conflicting results in the literature.
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ABT is not the only breath test used to investigate hepatic function. 13C breath tests can explore
either microsomal, cytosolic or mitochondrial hepatocellular subfunctions [2]. Previous research
has shown that these other 13C breath tests are also capable of distinguishing patients with various
degrees of liver disease from normal subjects, as well as distinguishing patients with compensated
cirrhosis from those with decompensated cirrhosis. Banasch et al. used a 13C-methionine breath test to
evaluate mitochondrial dysfunction. They showed in patients without significant fibrosis a difference
of mitochondrial function between borderline and definite NASH, which was no longer present in
patients with significant fibrosis [52]. In the borderline NASH group, however, 15% had significant
fibrosis compared to 43% in the definite NASH group (and only 9% in the NAFL group). Correlation
analyses confirmed the synergistic negative effect of NASH activity and fibrosis on individual breath
test outcome. NASH activity and fibrosis were correlated as was observed in our study.

Miele et al. performed 13C-octanoate breath tests (OBT) in patients with NAFLD and demonstrated
the relationship between the presence of fibrosis and the impairment of liver function, expressed by
lower OBT results than those of controls [53]. Park et al. showed that the 13C-caffeine breath test,
another test for microsomal function, reflected the extent of hepatic fibrosis in NALFD and was an
independent predictor of significant fibrosis in these patients. They showed impaired liver function in
NASH patients, but induced by the presence of significant fibrosis, as they found no correlation with
steatosis or inflammation [14].

In our study, ABT results were found to have an inverse correlation with BMI, which is consistent
with previous findings as increasing BMI has been repeatedly shown to be associated with worse liver
histologic lesions in the NAFLD patients [4,54].

A weakness of our study is the fact that the majority of patients were obese, but the sample included
relatively few diabetic patients. The generalizability of the findings to NAFLD patients with a different
metabolic profile hence needs to be studied. Furthermore, there is the confounding effect of patient
characteristics on the ABT and the cross-sectional nature of the study. Enzymatic functions explored by
the ABT may be influenced by hormones, malnutrition, heart or renal failure, sex or xenobiotics such
as medication or smoking [2]. No data concerning menstrual cycle or exogenous female sex hormones
were obtained during our diagnostic work-up. Smoking induces CYP450 enzymes (primarily CYP1A2);
hence a higher peak and cumulative excretion can be expected in smokers [55]. In our non-fibrotic
population, smoking was independently correlated with ABT values, though smoking habits did not
differ between our subpopulations. In the literature, older age and female gender are correlated with
lower ABT values, which could not be observed in our population [56]. Genetic polymorphisms in
CYPs are a major cause of the inter individual variation in drug metabolism. Several of the CYPs
important for the aminopyrine metabolisation (such as CYP2C19, 2D6, 1A2, 2C9, 2A6) are known to be
functionally polymorphic [44]. Rapid metabolisers will have higher ABT results compared to slow
metabolisers. In this study, determination of CYP polymorphisms was not performed. Most likely it
will not have influenced our findings due to the large subgroups. The strength of our study is first
of all the large patient population, which allows us to compare groups independent from the impact
of significant fibrosis and which decreases the confounding effect of ABT influencers in individual
patients. Furthermore, a large proportion of the patients came in for a problem of overweight or obesity
and underwent a liver assessment without a priori suspicion of liver disease. This implies that all
patients underwent ABT, and not only those selected because of elevated liver tests or other indicators
of liver disease, avoiding a lot of potential bias of which many biopsy-proven NAFLD cohort studies
suffer. This methodological approach more closely resembles the context of use in which biomarkers
for NAFLD will be used in the future and reinforces the validity of these results and their relevance for
routine clinical practice.

To confirm our results, more studies should be performed in large patient groups without the
confounding factor of significant or advanced fibrosis. Other compounds than aminopyrine can be
used to assess the decreased microsomal function in NASH patients, such as caffeine, phenacetin
or methacetin.
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The observations in this study open new possibilities for the use of the ABT in NAFLD. The ABT
can be incorporated in the diagnostic toolset for NASH (in our model, together with ALT and USS) or
fibrosis assessment. A decreased microsomal liver function in patients with NASH might indicate a
decreased metabolism of xenobiotics, which has a major impact considering the high global prevalence
of NASH. Future studies of NASH medication should take this into account. The ABT could be used
to monitor disease progression of inflammation in the absence of fibrosis. Furthermore, the ABT could
be an additional tool the evaluate the potential improvement upon (new) therapeutic interventions.

5. Conclusions

The present study shows a decreased microsomal function in NASH patients without significant
fibrosis compared to patients with simple steatosis, as assessed by ABT. Fibrosis, when present, has a
stronger impact on ABT excretion compared to inflammation and decreases ABT excretion with each
fibrosis stage. ABT might be a useful tool for the decision to conduct a liver biopsy in the NAFLD
patients and potentially also for the prospective monitoring of disease progression or of the potential
benefits after therapeutic interventions.
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Abstract: Nonalcoholic fatty liver disease (NAFLD) is becoming the leading chronic liver disease,
negatively affecting the lives of millions of patients worldwide. The complex pathogenesis involves
crosstalk between multiple cellular networks, but how the intricate communication between these
cells drives disease progression remains to be further elucidated. Furthermore, the disease is not
limited to the liver and includes the reprogramming of distant cell populations in different organs.
Extracellular vesicles (EVs) have gained increased attention as mediators of cellular communication.
EVs carry specific cargos that can act as disease-specific signals both locally and systemically. Fo-
cusing on NAFLD advancing to steatohepatitis (NASH), this review provides an update on current
experimental and clinical findings of the potential role of EVs in hepatic inflammation and fibrosis,
the main contributors to progressive NASH. Particular attention is placed on the characteristics of
EV cargos and potential specificity to disease stages, with putative value as disease markers and
treatment targets for future investigations.

Keywords: nonalcoholic fatty liver disease; nonalcoholic steatohepatitis; extracellular vesicles

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) affects 25% of the world’s population and
encompasses a spectrum of hepatic conditions ranging from hepatic steatosis (termed
NAFL) to inflammation (NASH), which can progress to fibrosis and ultimately cirrhosis [1].
Perplexingly, while considered a progressing disease, only up to 30% of NAFLD patients
develop NASH, and it remains unclear what factors cause some patients to progress
while others do not [1]. Hepatic lipid levels are increased in the early disease stages
and are linked to the pathogenesis of the disease. Lipids such as free fatty acids, free
cholesterol, diacylglycerols, ceramides, and phospholipids accumulate in hepatocytes with
cell-damaging effects through lipotoxicity [2]. These lipotoxic hepatocytes are then capable
of triggering and sustaining an inflammatory signaling cascade, proposedly through the
release of extracellular vesicles (EVs) [2]. EVs are a small heterogeneous collection of
particles released by cells and are characterized into three broad categories based on their
size and biogenesis (Figure 1). Exosomes originate from the endosome and are the smallest
EVs (30–150 nm in diameter). Microvesicles are larger (100–1000 nm in diameter) and
are formed by the outward budding of the plasma membrane. Lastly, apoptotic bodies
(50–5000 nm in diameter and usually in the large end of the scale) are released by dying
cells [3,4]. However, differences in the techniques used to isolate EVs can make it hard
to discriminate specific subpopulations, and consequently this review will not focus on
specific subpopulations and collectively refer to all as EVs [5].
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Figure 1. Lipotoxic hepatocytes release extracellular vesicles (EVs). Lipotoxic hepatocytes release
EVs of various sizes and origins that can be subdivided into exosomes, microparticles, and apoptotic
bodies. Exosome biogenesis is initiated by the inward budding of the endosomal membrane resulting
in the formation of MVBs. These MVBs can then fuse with the plasma membrane, which releases
the exosomes into the extracellular space. Both microparticles and apoptotic bodies result from the
direct outward budding of the plasma membrane, with the latter from apoptotic cells [6]. MVB:
multivesicular bodies. NASH: nonalcoholic steatohepatitis. Large, yellow circles: Intracellular lipid
vesicles in hepatocyte; Black circle: Hepatocyte nucleus.

EVs facilitate cell-to-cell communication by delivering a specific cargo to recipient
cells. The EV cargo is dynamic, and its content of nucleic acids, proteins, and lipids
depends on the cell of origin and the status of that cell [5]. By delivering their cargos,
EVs can promote or inhibit specific signaling pathways in the recipient cell and alter its
phenotype, thereby playing an important role in disease development including NAFLD
and progression to NASH. Whereas healthy hepatocytes produce EVs needed for cell
survival and proliferation, stressed lipotoxic hepatocytes enhance the release of EVs that
are able to promote disease progression by facilitating inflammation and fibrogenesis [7]. In
this way, EVs contribute to hepatic inflammation via the recruitment of circulating immune
cells and to hepatic fibrosis through the activation of hepatic stellate cells (HSCs), hereby
promoting NASH progression [2]. The dynamic and varied cargos of EVs also suggest that
they may act in different ways at different disease stages [6]. However, the role of EVs
in cellular communication is intricate, and our understanding of EV function in NAFLD
is rapidly changing. This review summarizes recent findings of EVs involvement in two
of the major events in NAFLD progression: inflammation and fibrosis. We focus on the
specific cargo mediating these effects in order to highlight potential therapeutic targets and
potential disease biomarkers.

2. NASH Pathogenesis in Brief

The progression from a stage of bland steatosis to hepatic inflammation hallmarks
the development of NASH. Lipotoxicity results in endoplasmic reticulum stress, lysoso-
mal dysfunction, inflammasome activation, and cell death that collectively promotes the
inflammation and infiltration of circulating immune cells [2]. The immunogenic envi-
ronment of NASH is extremely complex and comprised of several cell types including
monocytes, macrophages, neutrophils, natural killer cells, natural killer T cells, and T cells,
infiltrating the liver and releasing a plethora of proinflammatory and -fibrogenic signaling
molecules that promote disease progression and enhance the recruitment of additional
immune cells in a self-sustaining feedforward loop [8]. Ultimately, chronic inflammation
and injury signals activates HSCs which otherwise lie quiescent in the liver [9]. Activated
HSCs are the primary cell type responsible for hepatic fibrosis and are characterized by
increased proliferation and migration in addition to enhanced the production and deposi-
tion of extracellular matrices [9,10]. At the same time, they interact with infiltrating and

100



Biomedicines 2021, 9, 93

resident immune cells as well as other hepatic cells to maintain a proinflammatory and
-fibrogenic milieu [10]. Liver injury, including NAFLD, also results in the capillarization
of liver sinusoidal endothelial cells (LSECs) with the ensuing loss of both fenestration
and LSEC differentiation [11]. Concomitantly, LSECs become unable to suppress HSC
activation, which further promotes fibrosis [12]. Ultimately, the development of hepatic
fibrosis hallmarks a more serious stage of the disease associated with a substantial increase
in mortality [13].

NAFLD is not restricted to the liver. Intercellular and interorgan communication
is central to disease development and progression and to the association with several
serious co-morbidities in humans such as type 2 diabetes, cardiovascular disease, and
adipose tissue dysfunction [14–16]. Although, the liver seems to actively contribute to a
reprogramming of distant cell populations and the promotion of disease development in
other organ systems, the precise nature of the crosstalk between the affected organs is not
fully understood [17]. A more in-depth knowledge of the cellular communications network
involved in NAFLD progression not only constitutes an important research objective,
but may also constitute an attractive therapeutic option, e.g., by manipulating specific
networks, blocking progression and/or promoting the resolution of disease.

3. EVs as Mediators of NASH Progression

3.1. EVs Promote Inflammation

The chemotaxis, adhesion, and infiltration of circulating immune cells with subsequent
establishment of a proinflammatory phenotype are crucial features in NASH, which is
maintained by both tissue resident Kupffer cells (especially in early disease stages) and
bone marrow-derived macrophages [17,18]. NAFLD research has consequently targeted the
determination of factors that leads to the activation and recruitment of these immune cells,
of which EVs are gaining increased attention [18]. The injection of circulating EVs isolated
from high-fat-fed mice with NAFLD into chow-fed mice led to the hepatic accumulation of
immature myeloid cells and increased levels of alanine and aspartate aminotransferase,
linking EV signaling to alterations in hepatic health [19]. In contrast, EVs isolated from
the chow-fed control mice did not elicit a similar response, implicating a proinflammatory
role of EVs following the ingestion of an unhealthy diet [19]. This could be important in
NASH, as patients are reported to ingest unhealthy diets high in fat and sugar, similar
to diets used to induce hepatic steatosis in animal models [20]. Supporting a key role in
inflammation, EVs are linked to immune cell chemotaxis. In vitro, lipotoxic hepatocytes
increased EV production and released EVs containing C-X-C motif chemokine ligand
10 (CXCL10) through a mixed linage kinase 3 (MLK-3)-dependent mechanism [21]. These
EVs increased the migration of bone marrow-derived macrophages in vitro, which could
subsequently be blocked by CXCL10-neutralizing antisera. In vivo, CXCL10 knockout
decreased hepatic macrophage infiltration in a murine model of diet-induced NAFLD [21].
Interestingly, the migratory induction by CXCL10 was more potent when packaged into
EVs compared to the free chemokine, highlighting a role of EV signaling in the pathogenesis
of NALFD [21] (Figure 2). Substantiating the clinical relevance of these findings, increased
circulating levels of CXCL10 have been reported in NASH patients compared to in both
patients with only steatosis and healthy controls [22]. Additionally, both MLK-3 and
CXCL10 expressions were increased in the livers of NASH patients [21,22].
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Figure 2. EVs as mediators of disease progression in NASH. EVs released by lipotoxic hepatocytes
contain CXCL10, TRAIL, ceramides, mtDNA, oxidized mtDNA, integrin β1, and miR-192-5p that
induce monocyte/macrophage chemotaxsis and promote a proinflammatory phenotype. Subse-
quently, activated immune cells release a plethora of cytokines and growth factors that activate
hepatic stellates cells, thereby promoting fibrosis. Hepatic stellate cells may also be directly activated
by miR-128-3p in VNN-1-expressing EVs and by EVs containing miR-192. Fibrosis is further facili-
tated by hepatocyte EVs carrying miR-1 and VNN-1 to liver sinusoidal endothelial cells resulting
in angiogenesis, which is an important step in fibrosis. Likewise, portal fibroblasts may induce
angiogenesis by releasing EVs containing VEGF. The hepatic stellate cells also actively contribute
to disease progression via EV release, which reprogram recipient liver sinusoidal endothelial cells
causing changes in their gene expression profile towards capillarization. Furthermore, liver sinu-
soidal endothelial cells may also promote hepatic stellate cell activation through EVs containing
SphK1 and S1P, while the stellate cells themselves may initiate a self-sustaining signaling mechanism
by releasing PDGFRα-enriched EVs. CXCL10: C-X-C motif chemokine ligand 10; mtDNA: mitro-
chondrial DNA; PDGFRα: platelet-derived growth factor receptor α. S1P: sphingosine-1-phosphate.
SphK1: sphingosine kinase 1. TRAIL: tumor necrosis factor-related apoptosis-inducing ligand. VEGF:
vascular endothelial growth factor. VNN1: vanin 1.

EVs may also contain bioactive lipid species (Figure 2). Lipotoxicity in cultured
hepatocytes-induced stress in the endoplasmatic reticulum (ER) was mediated by inositol
requiring enzyme 1α (IRE1α) and caused release of EVs enriched in C16:0 ceramide [23].
When added to murine bone marrow-derived macrophages in vitro, the ceramide metabo-
lite sphingosine-1-phosphate (S1P) promoted macrophage migration, which could be
blocked by sphingosine kinase (SphK) that catalyzes the formation of S1P inhibitors and
S1P receptor inhibitors, supporting a link between lipotoxicity and macrophage recruitment
in NAFLD [23]. The inhibition of S1P signaling reduced hepatic inflammation and fibrosis
in a mouse model of NASH, further supporting the role of cytotoxic lipids in promoting the
disease [24]. In humans, the ceramide content in EVs was reported to be higher in patients
with steatosis or NASH compared to in obese controls, and ceramide concentrations were
nominally higher in NASH patients compared to in patients with only steatosis [23]. IRE1α
activation also increased ceramide synthesis, resulting in augmented EV production and
increased hepatic macrophage accumulation in mice with NAFLD [25]. Moreover, the
intravenous injection of these EVs enhanced hepatic macrophage accumulation in other-
wise healthy mice [25]. Collectively, this suggests a mechanistic link between EVs released
via IRE1α activation and subsequent ceramide synthesis and the hepatic infiltration of
macrophages in NAFLD/NASH [25].

The progressing oxidative stress and lipid overload in NASH eventually lead to mito-
chondrial dysfunction and potential oxidative damage to the mitochondrial DNA [26,27].
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EVs from obese patients with liver injury (elevated alanine aminotransferase) contained
increased levels of oxidized mitochondrial DNA compared to from lean controls [28].
These EVs and the isolated mitochondrial DNA could activate toll-like receptor 9, which
belongs to a family of receptors that are widely implicated in NASH [18,28]. Total or
lysosome-expressing cell-specific knockout of toll-like receptor 9 (e.g., in Kupffer cells and
infiltrating macrophages) protects against NASH, suggesting an additional connection
between EVs and the progression of inflammation [28]. Following chemotaxis, the adhe-
sion of arriving immune cells to LSECs constitutes a critical step in NASH-related liver
inflammation, in which immune cells must pass through the fenestrated capillary wall to
enter the hepatic parenchyma. EVs derived from in vitro cultured lipotoxic hepatocytes
contained integrin β1, which has been shown to contribute to cell adhesion [29]. These
lipotoxic hepatocyte-derived EVs appeared to enhance the adhesion of primary mouse
monocytes to liver endothelial sinusoidal cells, hereby promoting the monocyte infiltration
of the liver parenchyma [29]. Corroborating these findings, anti-integrin β1 treatment
attenuated hepatic inflammation by decreasing monocyte trafficking to the liver in mice
with diet-induced NASH [29].

In addition, EVs contribute to hepatic inflammation by inducing a proinflammatory
phenotype in recipient cells (Figure 2). Accordingly, ER stress in cultured lipotoxic hep-
atocytes prompted the production of EVs through the ligand-independent activation of
death receptor 5 (DR5) and rho-associated, coiled-coil-containing protein kinase 1 (ROCK1)
pathways [30,31]. These EVs contained more than 2000 proteins including tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL), which in turn was able to activate DR5
possibly promoting further EV production [31]. The activation of DR5 on macrophages by
TRAIL-containing EVs in vitro stimulated the NF-κB pathway to induce a proinflamma-
tory phenotype characterized by the increased production of IL6 and IL1β [31]. Likewise,
EVs isolated from NASH patients induced similar effects on macrophages in vitro [31].
These findings support the link between hepatocyte lipotoxicity and macrophage-mediated
inflammation and suggest the inhibition of ROCK1-facilitated EV release as a therapeutic
target in NASH [31].

In addition to lipids, cytokines, and oxidized molecules, EVs also transport a diverse
range of noncoding cargos including miRNAs, which can alter gene transcription in
recipient cells. In both patients and animal models of NASH, EVs contained increased
amounts of miR-192-5p compared to in healthy controls and expressed markers (ASGPR1
and CYP2E1) consistent with a hepatocyte origin [32]. In vitro, EVs released by lipotoxic
hepatocytes were taken up by macrophages and delivered miR-192-5p [32]. Subsequently,
miR-192-5p promoted macrophage activation by signaling through Rictor (rapamycin-
insensitive companion of mammalian target of rapamycin) to reduce the phosphorylation
of Akt and FoxO1, ultimately resulting in the transcription of proinflammatory genes
(iNOS, IL6, and TNFa) [32]. EVs released from lipotoxic hepatocytes were taken up by
other hepatocytes and macrophages, leading to NLRP3 inflammasome activation and IL1β
secretion in vitro [33]. Thus, lipotoxicity also sustains hepatic inflammation by facilitating
the production of EVs that can reprogram hepatocytes and macrophages. As mentioned,
the oxidative stress and oxidization of mitochondrial DNA play a role in the recruitment
of inflammatory cells to the liver, but may also contribute directly to the activation of
macrophages. Accordingly, the treatment of primary hepatocytes with H2O2 enhanced the
production of EVs enriched with mitochondrial DNA that in turn induced the expression of
inflammatory genes (Tnfa, Il1b, and Il6) in macrophages in vitro [34]. Notably, the activation
of IL22 signaling altered EV cargos by decreasing the amount of mitochondrial DNA
in vitro and in vivo suggesting that increased IL22 may be protective for NASH progression
and potentially valuable as a therapeutic target [34]. In support, a phase 2a open-label
study found that IL22 therapy (n = 18) was effective against alcoholic steatohepatitis [35].
Collectively, these results support a clear relationship between hepatocyte lipotoxicity
and the subsequent development of hepatic inflammation. Importantly, a range of these
studies have reported induced lipotoxicity without overt cell death, which is similar to
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the pathogenesis in vivo [21,23,31]. Thus, they underline a direct link between sublethal
injury/stress induced by cytotoxic lipids in hepatocytes and the proinflammatory response
as necessary for disease progression towards NASH.

3.2. EVs Promote Fibrosis

The risk of all-cause mortality and liver-related events increases with fibrosis progres-
sion (i.e., fibrosis stage) in patients with NAFLD [13]. Consequently, the development of
fibrosis and the underlying mechanisms constitute a critical therapeutic target and end-
point in NAFLD research, with HSCs assumed as a pivotal role. Similar to inflammation,
the links between lipid-laden hepatocytes and HSC activation remains poorly understood.
EVs isolated from the plasma of high fat-fed NAFLD mice activated HSCs in vitro and
increased mRNA levels of fibrosis-related genes Col1a1, Col3a1, Mmp2, and Timp1 [36].
However, the EV cargo, which mediated this effect, was not characterized [36].

HSC activation is associated with decreased peroxisome proliferator-activated re-
ceptor γ (PPARγ) expression, while PPARγ agonists can reduce liver fibrosis in NASH
patients [37]. miR-128-3p regulates PPARγ, and the expression of this miRNA was in-
creased in the livers of both high fat- and choline-deficient amino acid-defined animal
models of NAFLD [38]. Interestingly, lipotoxic hepatocytes released EVs containing in-
creased levels of miR-128-3p, and these EVs suppressed PPARγ expression and promoted
HSCs migration, proliferation, and activity in vitro [38]. The uptake of EVs was, partly,
dependent on vanin-1 expression on the EV surface, with vanin-1-neutralizing antibodies
leading to a decreased HSC activation in vitro and exemplifying the therapeutic potential
of targeting EVs in the treatment of NASH [38] (Figure 2). The microarray analysis of EVs
released by cultured lipotoxic hepatocytes identified 314 differentially regulated miRNAs
compared to healthy hepatocytes [39]. In vitro, EVs from these lipotoxic hepatocytes in-
creased the expression of the fibrogenic genes ACTA2 (αSMA), TGFB, and COL1A1 in HSCs,
and this effect was, at least partially, mediated by miR-192 [39]. IL17 has been implicated
in liver fibrosis, but the initial cellular origin and underlying signaling pathways are not
yet fully elucidated, although EVs are likely to play a role [40]. Accordingly, EVs from
CCl4-treated hepatocytes promoted CCL20 and IL17A production in HSCs by signaling
through toll-like receptor 3 in vitro. In response to CCL20/IL17A, IL17A production was
substantially enhanced in γδ T cells [40].

Angiogenesis is mediated by LSECs and correlates positively with the degree of liver
fibrosis in patients with NASH [41,42]. Located in the space of Disse, LSECs are anatomi-
cally situated close to HSCs and may play a role in their activation, although it is currently
unclear how this takes place. Human umbilical vascular endothelial cells exposed to EVs
released from lipotoxic hepatocytes increased migration and tube formation in vitro [43].
Similarly, derived EVs also promoted angiogenesis in vivo in mice [43]. In contrast, EVs
isolated from mice fed a high fat and high carbohydrate diet did not induce angiogenesis
in vitro [43]. However, mice in the latter study developed less severe NASH, indicating that
proangiogenic EVs are only produced at later disease stages, at least in mice. Nevertheless,
the angiogenic effects of the EVs were found to be dependent on EV internalization medi-
ated by vanin-1 [43] (Figure 2). In conjunction with the role of vanin-1-positive EVs in HSC
activation, these results support that vanin-1-positive EVs may be explored as therapeutic
targets in NASH [38,43]. Clonally-derived rat HSCs activated by platelet-derived growth
factor (PDGF)-BB in vitro produced EVs containing both sonic and indian hedgehog and
induced gene expression changes associated with capillarization and nitric oxide in primary
LSECs, thereby potentially contributing to the vascular changes associated with liver fibro-
sis [44]. Cytotoxic lipids transported by EVs also affect fibrogenesis. Similarly, circulating
EVs containing increased levels of SphK1 and SP1 were found in mice with CCl4-induced
liver fibrosis [45]. EVs from SphK1-overexpressing LESCs contained increased levels of
SphK1 and SP1 and induced HSC migration in vitro [45]. This accentuates that EVs can
function as mediators of lipotoxicity and that they are able to transfer harmful lipid species
to recipient cell populations, leading to changes in expression patterns and phenotypes
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supporting EVs as central in the LSEC–HSC communication network. In healthy primary
hepatocytes, EVs deliver SphK2, which increases S1P synthesis in recipient hepatocytes
and promotes proliferation and liver regeneration following ischemia/reperfusion injury
or partial hepatectomy [46]. This further supports the EVs role as dynamic vehicles of
signal transfer between cell populations in the liver and implies SphK-/S1P signaling to be
context-dependent [46].

The communication between vasculature and myofibroblasts (such as HSCs) is not
unidirectional as a portal myofibroblasts signal to endothelial cells and promotes angiogen-
esis via EVs containing vascular endothelial growth factor A both in vivo and in vitro [47].
Furthermore, the expression of the portal myofibroblast marker COL15A1 was increased
in liver samples from patients with NASH and advanced fibrosis (bridging/cirrhosis),
but not in patients with mild–moderate fibrosis or bland steatosis compared to in healthy
controls [47]. COL15A1 expression correlated with the endothelial marker von Willebrand
factor, suggesting a link between fibrosis and angiogenesis [47]. Thus, EV-mediated an-
giogenesis may be an important contributor to the fibrogenesis from the portal areas in
NASH (Figure 2). Still, fibrosis initially has a centrivenular origin in adult NASH, and the
vast majority of myofibroblasts are derived from HSCs in NAFLD. HSCs rather than portal
myofibroblats may, therefore, be a more relevant target for future antifibrotic treatments in
NASH [9,48]. HSCs are not only affected by EVs released by other cells, but also release EVs
that serve in a paracrine manner to activate additional HSCs and promote fibrosis. In vitro,
EVs released by activated HSCs contained 337 different proteins associated with extracellu-
lar spaces or matrices and collagens, whereas quiescent HSCs produced EVs containing
only 46 proteins that mainly associated with histones and keratins [49]. EVs extracted from
activated HSCs enhanced the expression of fibrogenic genes (connective tissue growth
factor (Ctgf/Ccn2), Col1a1, and Acta2 (αSMA) in quiescent HSCs in vitro. Conversely, EVs
from quiescent HSCs decrease fibrogenic gene expression in activated HSCs [49]. Cul-
tured quiescent HSCs have also been shown to produce twist-related protein 1-containg
EVs in turn promoting miR-214 expression [50]. These EVs inhibited the expression of
CTGF in recipient HSCs, thereby ablating fibrogenic signaling [50]. Conversely, miR-214
and twist-related protein 1 levels were much lower in EVs isolated from activated HSCs
in vitro, which could make these EVs less effective for suppressing fibrogenic signaling [50].
Moreover, levels of miR-214 and miR-199a-5p were increased in EVs from quiescent HSCs
compared to from activated HSCs in vitro [51,52]. EVs released by quiescent HSCs and
subsequently internalized by activated HSCs decrease the expression of markers of activa-
tion/fibrogenesis (CTGF/CCN2, COL1A1, and ACTA2 (αSMA)) in vitro [51,52]. Hence,
EV-transported miRs seems to be important factors in the regulation of the HSC phenotype
and hepatic fibrosis.

PDGF induces HSC proliferation and migration by binding to PDGF receptors [53].
PDGF plays a central role in NASH and is secreted by several cell types implicated
in disease development and progression, including Kupffer cells, monocyte-derived
macrophages, and biliary epithelial cells [53]. PDGF receptor α was enriched in circu-
lating EVs isolated from cirrhotic patients with alcoholic-related liver disease, and in vitro
cultured HSCs treated with PDGF-BB release PDGFRα-enriched EVs in a Src homology
2 domain tyrosine phosphatase 2 (SHP2)-dependent manner [54]. These EVs promoted
migration of cultured HSCs and enhanced liver fibrosis when administrated to CCl4-treated
or bile duct-ligated mice [54]. Subsequent inhibition of SHP2 ameliorated fibrosis [54].
Mechanistically, SHP2 induced mTOR signaling, in turn inhibiting HSC autophagy and
promoting the release of profibrogenic EVs [54]. This highlights an important role of au-
tophagy in HSC-mediated liver fibrosis [55]. Together, these results illustrate a role of HSCs
in the paracrine signaling associated with hepatic fibrosis and suggest that the activation
of HSCs leads to qualitative and quantitative changes in their EV cargos, which can alter
other HSCs and drive fibrosis progression. Conversely, an altered EV cargo may reduce
HSC activation and inhibit profibrotic signaling.

105



Biomedicines 2021, 9, 93

4. EVs May Promote NASH via Organ Crosstalk

The detrimental effects of NASH are interlinked with other organ systems between
which considerable crosstalk occurs. Accordingly, NASH is not only associated with
increased risk of liver-related mortality, but also with cardiovascular death, type 2 diabetes
mellitus, and chronic kidney disease [56]. However, the interplay between the liver and
other organs in NAFL and NASH remains poorly understood. Recent reports suggest
the liver as central in altering expression patterns in distant organs in response to lipid
overload [57]. In mice, high-fat feeding leads to an accumulation of lipids in the liver prior
to the accumulation in adipose tissue [57]. The increase in intrahepatic lipids leads to a
geranylgeranyl diphosphate synthase (Ggpps)-dependent secretion of hepatocyte-derived
EVs that enhanced lipid accumulation in preadipocytes in vitro [57]. This effect was
mediated, at least in part, by the miRNA let-7e-5p, which enhanced adipocyte lipogenesis
while decreasing fatty acid oxidation and increasing lipid accumulation. Furthermore, the
adipose tissue fat mass decreased significantly in high fat-fed mice with liver-specific Ggpps
knockout [57]. This seminal study emphasizes a role of the liver–adipose tissue axis and
organ-to-organ signaling during NAFLD as well as a crucial role of hepatocyte-derived
EVs in promoting metabolic adaptation in adipose tissue. Furthermore, EVs released
by human subcutaneous and omental adipose tissue ex vivo inhibited insulin-mediated
Akt phosphorylation in hepatocytes in vitro, suggesting the existence of a bidirectional
communication between adipose cells and hepatocytes [58]. Cultured lipotoxic hepatocytes
released EVs containing more than 500 differentially regulated miRNAs with a marked
upregulation of miR-1. Subsequent in vitro and in vivo studies found that these EVs
facilitate the crosstalk between the liver and vascular endothelium in NAFLD [59]. The
EVs from lipotoxic hepatocytes delivered miR-1 to endothelial cells leading to endothelial
inflammation and atherosclerosis, and the inhibition of miR-1 decreased the inflammation
and the size of atherosclerotic lesion in high fat-fed ApoE−/− mice, directly linking NAFLD-
induced lipotoxicity to cardiovascular disease through the composition of EV cargos [59].

5. EVs as Biomarkers in Patients with NASH

At present, the diagnosis of NASH relies almost exclusively on histopathological
features assessed in liver biopsies. The procedure is costly, invasive and prone to sample
variability, thereby constituting a major limiting factor in NASH research [60]. Although
other diagnostic tools such as imaging techniques and serum markers are available and
show promise, they are not unequivocally associated with disease progression, and there is
a clear and urgent need to develop additional noninvasive procedures for accurate NASH
diagnosis and longitudinal monitoring of disease development [61,62]. Since EVs are
released to the circulation, they may well constitute an attractive option for a noninvasive
diagnostic marker (Table 1).

Table 1. Cargos of circulating EVs as biomarkers in patients diagnosed with NAFLD.

Study Design & NAFLD Diagnosis Cellular Source EV Cargo

Cirrhotic NASH (n = 25, F4), pre-cirrhotic
NASH (n = 25, F3) and healthy control

(n = 25). Biopsy [63]

Total circulating and hepatocyte
(ASGPR1- or SLC27A5-positive)

Proteomic signature of circulating EVs
differentiates advanced NASH (F3 + F4) from

healthy controls (AUROC = 0.77) and
precirrhotic from cirrhotic NASH

(AUROC = 0.80)

NAFLD (n = 67) vs. HCV patients (n = 42)
or healthy controls (n = 44). Biopsy [64]

iNKT (Vα24/Vα11 positiv) or
macrophages/monocytes (CD14+)

Number of iKT EVs to differentiate NAFLD
from controls

(AUROC= 0.92) and HCV (AUROC = 0.97)
Number of CD14+ EVs differentiate NAFLD

from controls (AUROC = 0.83) and HCV
(AUROC > 0.99)
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Table 1. Cont.

Study Design & NAFLD Diagnosis Cellular Source EV Cargo

Advanced NAFLD, fibrosis 3 and 4 (n = 9)
vs. early NAFLD, fibrosis 0–2 (n = 17).

Biopsy [65]

Leukocytes (CD14+ or CD16+)
Endothelial cells (either

CD105+ CD31+ CD41/CD42−,
CD105+ CD31− CD41/CD42−, or

CD105− CD31+ CD41/CD42−)

↓ Number of leucocyte and endothelial cell
EVs in advanced NAFLD

NASH with mild (F1–2) fibrosis (n = 17)
vs. steatosis (n = 8). Biopsy [29] Not examined ↑ Integrin β1 in NASH

NASH F0–1 fibrosis (n = 16) vs. bland
steatosis (n = 16) or obese controls

(n = 11). Biopsy for some [23]
Not examined

↑ C16:0 ceramides and S1P in bland steatosis
and NASH.

Nominally increased in NASH vs. bland
steatosis

Obese/high ALT (n = 9) vs.
obese/normal ALT (n = 19) or

lean/normal ALT (n = 19). Elevated ALT
[28]

Hepatocyte (ARG1 positive, CD41
negative) ↑ mtDNA in obese with high ALT

NASH (n = 47), steatosis (n = 30) and
health controls (n = 19). Biopsy [66] Not examined

↑ miRNA-122, -192 and -375 in NASH vs.
steatosis or healthy controls

miRNA-122 could to a degree identify NASH
(AUROC = 0.71) and fibrosis (AUROC = 0.61)

Advanced NAFLD (n = 3) vs. early
NALFD (n = 3). Biopsy [39] † Not examined ↑ miRNA-122 and -192 in advanced NAFLD

NASH (n = 31) vs. healthy controls
(n = 37). Biopsy [32]

Hepatocyte (ASPPR1 and CYP2E1
positive) ↑ miR-192-5p in NASH

NASH (n = 12), hepatitis B (n = 4) and
controls (n = 24). Biopsy [67] Not examined

miRNA panel (miR-1225-5p, -1275, -368, -762,
320c, -451, -1974, -630, -1207-5p, -720, -1246,
and -486-5p) distinguish NASH from HBV
and controls with accuracies of 87.5% and

88.9%, respectively

NAFLD/NASH (n = 34) vs. healthy
controls (n = 19). Biopsy [68] Not examined

↑ miRNA-16, -34a, and -122 in
NAFLD/NASH

miRNA-16 (AUROC = 0.96) and miRNA-122
(AUROC = 0.93) differentiates NAFLD from

healthy controls
† Early NALFD = grade 1 steatosis, grades 0–1 fibrosis. Advanced NAFLD = grade 2 steatosis, grades 2–3 fibrosis [39]. ALT: alanine
aminotransferase; AUROC: Area under the receiver operating characteristics curve EVs: extracellular vesciles; iNKT: invariant natural
killer T cells; NAFLD: nonalcoholic fatty liver disease; NASH: nonalcoholic steatohepatitis. Up and down arrows: Increased and decreased
markers, respectively.

Compared to in healthy controls (n = 25), the number of circulating EVs was increased
in NASH patients with cirrhosis (n = 25, F4) and also nominally increased in precirrhotic
(n = 25, F3) NASH patients [63]. Hepatocyte-specific EVs (ASGPR1- or SLC27A5-positive)
accounted for 20% of the circulating EVs and ASPGR1-positive EVs correlated with fibrosis
stage, NAFLD fibrosis score, and the enhanced liver fibrosis (ELF) score (designed to
diagnose severe fibrosis (grades 3 and 4)). In addition, the total number of hepatocyte EVs
could identify clinically relevant portal hypertension in cirrhotic patients (AUROC = 0.79).
Finally, the authors identified proteomic signatures in EVs that enabled a differentiation
between advanced NASH (pooled F3 and F4) and healthy controls (AUROC = 0.77) and be-
tween precirrhotic and cirrhotic NASH (AUROC = 0.80) [63]. This supports that the protein
cargo of circulating EVs may be specifically related to the disease stage and may therefore
be used to diagnose and stage patients with NASH. Kornek et al. analyzed circulating
EVs for six different cell surface markers belonging to major immune cell populations
involved in liver inflammation and fibrosis [64]. The number of circulating EVs from
invariant natural killer cells and CD14+ monocytes/macrophages differentiated patients
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with NAFLD (n = 67) from patients with hepatitis C (n = 42) and healthy controls (n = 44)
and may represent a novel diagnostic tool for not only separating NAFLD patients from
healthy individuals, but also differentiating between various chronic liver diseases [64].
In patients with NAFLD and advanced fibrosis (n = 9, grades 3 and 4), the numbers of
circulating leucocyte and endothelial cell EVs were decreased compared to in NAFLD
with no/mild fibrosis (n = 17, grades 0–2) [65]. Furthermore, adding either CD14+ or
CD16+ EVs to the ELF score improved its diagnostic potential [65]. In plasma from patients
with alcohol/hepatitis C virus-related cirrhosis (n = 91) compared to in healthy controls
(n = 30), EVs from leuko-endothelial (CD31+/CD41−), lymphocyte (CD4+), and erythro-
cyte (CD235a+) were increased, and EV-bound cytokeratin-18 correlated positively with
liver disease activity (Child-Pugh score and Model for End-Stage Liver Disease (MELD)
score) [69]. Likewise, circulating cytokeratin-18 levels (not EV-associated) were also found
to be increased in patients with NASH (n = 41) compared to in patients without NASH
(n = 54) and could be applied diagnostically (AUROC = 0.86) [70]. Constituting another
potential biomarker, EV-associated integrin β1 expression was shown to promote disease
progression by facilitating monocyte recruitment, and these EVs were also increased in
patients with NASH and mild (F1–2) fibrosis compared to in patients with steatosis [29].

In accordance with the central role of lipids in NAFLD, C16 ceramide and S1P con-
centrations were increased in EVs isolated from patients with steatosis and even further
in patients with NASH and none/mild (F0–1) fibrosis compared to in obese controls [23].
Mitochondrial DNA was also increased in EVs from obese patients with elevated alanine
aminotransferase levels compared to from lean controls [28]. However, aminotransferase
levels poorly predict NAFLD/NASH, and additional studies are needed to investigate
the potential of EVs expressing mitochondrial DNA as markers in patients with biopsy-
confirmed disease. EV-associated miRNA levels may also be useful in identifying patients
with NASH. A small study reported higher levels of miRNA-122 and -129 in advanced
(n = 3) compared to in early (n = 3) NAFLD [39]. EVs from patients with NAFLD/NASH
(n = 34) contained higher levels of miRNA-16, -34a, and -122 compared to from healthy
controls (n = 19), and EV miRNA-16 and -122 could differentiate between NASH and
controls (AUROC = 0.96 and 0.93, respectively) [68]. Likewise, miRNA-122, -192, and
-375 were enriched in EVs from patients with NASH (n = 47) compared to from those
with steatosis (n = 30) or healthy controls (n = 19), and EV miRNA-122 could, to some
degree, predict NASH (AUROC = 0.71) and fibrosis (AUROC = 0.61) [66]. EV miR-192-5p
levels were higher in NASH patients (n = 31) compared to in healthy controls (n = 37)
and could be investigated further as a NASH biomarker [32]. The microarray analysis of
“exosome rich fractionated RNA” from patients with NASH (n = 12), hepatitis B (n = 4),
and controls (n = 24) identified a panel of 12 miRNAs, which could differentiate NASH
from both controls and hepatitis B patients [67].

6. Conclusions

EVs released into the local hepatic environment and to the systemic circulation may
directly contribute to the development and progression of NASH. Central to the production
of these EVs are lipotoxic hepatocytes, and the EVs released by these cells provide a tangible
link between the initial lipid accumulation in NAFLD and the subsequent development
of hepatic inflammation and fibrosis. Why some cells succumb to the detrimental effects
of lipotoxicity and the initiate production of EVs is a target for future investigations.
Likewise, the susceptibility of recipient cells of uptake of lipotoxic EVs may also constitute
an important checkpoint in disease progression. However, the role of EVs as signal carriers
appears central in facilitating disease progression and reprogramming of cell populations
in NAFLD/NASH.

Author Contributions: Conceptualization, D.H.I. and P.T.-N.; writing of the original draft prepara-
tion, D.H.I.; writing of review and editing, D.H.I. and P.T.-N. All authors have read and agreed to the
published version of the manuscript.

108



Biomedicines 2021, 9, 93

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

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

References

1. 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]

2. Ibrahim, S.H.; Hirsova, P.; Gores, G.J. Non-alcoholic steatohepatitis pathogenesis: Sublethal hepatocyte injury as a driver of liver
inflammation. Gut 2018, 67, 963–972. [CrossRef] [PubMed]

3. Doyle, L.M.; Wang, M.Z. Overview of Extracellular Vesicles, Their Origin, Composition, Purpose, and Methods for Exosome
Isolation and Analysis. Cells 2019, 8, 727. [CrossRef] [PubMed]

4. Dorairaj, V.; Sulaiman, S.A.; Abu, N.; Murad, N.A.A. Extracellular Vesicles in the Development of the Non-Alcoholic Fatty Liver
Disease: An Update. Biomolecules 2020, 10, 1494. [CrossRef] [PubMed]

5. Szabo, G.; Momen-Heravi, F. Extracellular vesicles in liver disease and potential as biomarkers and therapeutic targets. Nat. Rev.
Gastroenterol. Hepatol. 2017, 14, 455–466. [CrossRef] [PubMed]

6. Huang-Doran, I.; Zhang, C.-Y.; Vidal-Puig, A. Extracellular Vesicles: Novel Mediators of Cell Communication in Metabolic
Disease. Trends Endocrinol. Metab. 2017, 28, 3–18. [CrossRef]

7. Hernández, A.; Arab, J.P.; Reyes, D.; Lapitz, A.; Moshage, H.; Banales, J.M.; Arrese, M. Extracellular Vesicles in NAFLD/ALD:
From Pathobiology to Therapy. Cells 2020, 9, 817. [CrossRef]

8. Narayanan, S.; Surette, F.A.; Hahn, Y.S. The Immune Landscape in Nonalcoholic Steatohepatitis. Immune Netw. 2016, 16, 147–158.
[CrossRef]

9. Mederacke, I.; Hsu, C.C.; Troeger, J.S.; Huebener, P.; Mu, X.; Dapito, D.H.; Pradere, J.-P.; Schwabe, R.F. Fate tracing reveals hepatic
stellate cells as dominant contributors to liver fibrosis independent of its aetiology. Nat. Commun. 2013, 4, 2823. [CrossRef]

10. Schuppan, D.; Surabattula, R.; Wang, X.Y. Determinants of fibrosis progression and regression in NASH. J. Hepatol. 2018, 68,
238–250. [CrossRef]

11. Miyao, M.; Kotani, H.; Ishida, T.; Kawai, C.; Manabe, S.; Abiru, H.; Tamaki, K. Pivotal role of liver sinusoidal endothelial cells in
NAFLD/NASH progression. Lab. Investig. 2015, 95, 1130–1144. [CrossRef] [PubMed]

12. Deleve, L.D.; Wang, X.; Guo, Y. Sinusoidal endothelial cells prevent rat stellate cell activation and promote reversion to quiescence.
Hepatology 2008, 48, 920–930. [CrossRef] [PubMed]

13. Taylor, R.S.; Taylor, R.J.; Bayliss, S.; Hagström, H.; Nasr, P.; Schattenberg, J.M.; Ishigami, M.; Toyoda, H.; Wong, V.W.; Peleg, N.; et al.
Association between Fibrosis Stage and Outcomes of Patients With Nonalcoholic Fatty Liver Disease: A Systematic Review and
Meta-Analysis. Gastroenterology 2020, 158, 1611–1625.e2. [CrossRef] [PubMed]

14. 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]

15. Labenz, C.; Huber, Y.; Michel, M.; Nagel, M.; Galle, P.R.; Kostev, K.; Schattenberg, J.M. Impact of NAFLD on the Incidence of
Cardiovascular Diseases in a Primary Care Population in Germany. Dig. Dis. Sci. 2020, 65, 2112–2119. [CrossRef]

16. Ghorpade, D.S.; Ozcan, L.; Zheng, Z.; Nicoloro, S.M.; Shen, Y.; Chen, E.; Blüher, M.; Czech, M.P.; Tabas, I. Hepatocyte-secreted
DPP4 in obesity promotes adipose inflammation and insulin resistance. Nature 2018, 555, 673–677. [CrossRef]

17. Gehrke, N.; Schattenberg, J.M. Metabolic Inflammation-A Role for Hepatic Inflammatory Pathways as Drivers of Comorbidities
in Nonalcoholic Fatty Liver Disease? Gastroenterology 2020, 158, 1929–1947.e6. [CrossRef]

18. Parthasarathy, G.; Revelo, X.; Malhi, H. Pathogenesis of Nonalcoholic Steatohepatitis: An Overview. Hepatol. Commun. 2020, 4,
478–492. [CrossRef]

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

20. Younossi, Z.; Anstee, Q.M.; Marietti, M.; Hardy, T.; Henry, L.; Eslam, M.; George, J.; Bugianesi, E. Global burden of NAFLD and
NASH: Trends, predictions, risk factors and prevention. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 11–20. [CrossRef]

21. Ibrahim, S.H.; Hirsova, P.; Tomita, K.; Bronk, S.F.; Werneburg, N.W.; Harrison, S.A.; Goodfellow, V.S.; Malhi, H.; Gores, G.J. Mixed
lineage kinase 3 mediates release of C-X-C motif ligand 10-bearing chemotactic extracellular vesicles from lipotoxic hepatocytes.
Hepatology 2016, 63, 731–744. [CrossRef] [PubMed]

22. Zhang, X.; Shen, J.; Man, K.; Chu, E.S.; Yau, T.O.; Sung, J.C.; Go, M.Y.; Deng, J.; Lu, L.; Wong, V.W.; et al. CXCL10 plays a key
role as an inflammatory mediator and a non-invasive biomarker of non-alcoholic steatohepatitis. J. Hepatol. 2014, 61, 1365–1375.
[CrossRef] [PubMed]

109



Biomedicines 2021, 9, 93

23. Kakazu, E.; Mauer, A.S.; Yin, M.; Malhi, H. Hepatocytes release ceramide-enriched pro-inflammatory extracellular vesicles in an
IRE1alpha-dependent manner. J. Lipid Res. 2016, 57, 233–245. [CrossRef] [PubMed]

24. Mauer, A.S.; Hirsova, P.; Maiers, J.L.; Shah, V.H.; Malhi, H. Inhibition of sphingosine 1-phosphate signaling ameliorates murine
nonalcoholic steatohepatitis. Am. J. Physiol. Gastrointest. Liver Physiol. 2017, 312, G300–G313. [CrossRef]

25. Dasgupta, D.; Nakao, Y.; Mauer, A.S.; Thompson, J.M.; Sehrawat, T.S.; Liao, C.-Y.; Krishnan, A.; Lucien, F.; Guo, Q.; Liu, M.; et al.
IRE1A Stimulates Hepatocyte-derived Extracellular Vesicles That Promote Inflammation in Mice with Steatohepatitis. Gastroen-
terology 2020, 159, 1487–1503.e17. [CrossRef] [PubMed]

26. Ipsen, D.H.; Lykkesfeldt, J.; Tveden-Nyborg, P. Molecular mechanisms of hepatic lipid accumulation in non-alcoholic fatty liver
disease. Cell. Mol. Life Sci. 2018, 75, 3313–3327. [CrossRef]

27. Léveillé, M.; Estall, J.L. Mitochondrial Dysfunction in the Transition from NASH to HCC. Metabolites 2019, 9, 233. [CrossRef]
28. Garcia-Martinez, I.; Santoro, N.; Chen, Y.; Hoque, R.; Ouyang, X.; Caprio, S.; Shlomchik, M.J.; Coffman, R.L.; Candia, A.; Mehal,

W.Z. Hepatocyte mitochondrial DNA drives nonalcoholic steatohepatitis by activation of TLR9. J. Clin. Investig. 2016, 126,
859–864. [CrossRef]

29. Guo, Q.; Furuta, K.; Lucien, F.; Sanchez, L.H.G.; Hirsova, P.; Krishnan, A.; Kabashima, A.; Pavelko, K.D.; Madden, B.; Al-
huwaish, H.; et al. Integrin beta1-enriched extracellular vesicles mediate monocyte adhesion and promote liver inflammation in
murine NASH. J. Hepatol. 2019, 71, 1193–1205. [CrossRef]

30. Cazanave, S.C.; Mott, J.L.; Bronk, S.F.; Werneburg, N.W.; Fingas, C.D.; Meng, X.W.; Finnberg, N.; El-Deiry, W.S.; Kaufmann, S.H.;
Gores, G.J. Death receptor 5 signaling promotes hepatocyte lipoapoptosis. J. Biol. Chem. 2011, 286, 39336–39348. [CrossRef]

31. Hirsova, P.; Ibrahim, S.H.; Krishnan, A.; Verma, V.K.; Bronk, S.F.; Werneburg, N.W.; Charlton, M.R.; Shah, V.H.; Malhi, H.; Gores,
G.J. Lipid-Induced Signaling Causes Release of Inflammatory Extracellular Vesicles From Hepatocytes. Gastroenterology 2016, 150,
956–967. [CrossRef] [PubMed]

32. Liu, X.; Pan, Q.; Cao, H.; Xin, F.; Zhao, Z.; Yang, R.; Zeng, J.; Zhou, H.; Fan, J.-G. Lipotoxic Hepatocyte-Derived Exosomal
MicroRNA 192-5p Activates Macrophages Through Rictor/Akt/Forkhead Box Transcription Factor O1 Signaling in Nonalcoholic
Fatty Liver Disease. Hepatology 2020, 72, 454–469. [CrossRef] [PubMed]

33. Cannito, S.; Morello, E.; Bocca, C.; Foglia, B.; Benetti, E.; Novo, E.; Chiazza, F.; Rogazzo, M.; Fantozzi, R.; Povero, D.; et al.
Microvesicles released from fat-laden cells promote activation of hepatocellular NLRP3 inflammasome: A pro-inflammatory link
between lipotoxicity and non-alcoholic steatohepatitis. PLoS ONE 2017, 12, e0172575. [CrossRef] [PubMed]

34. Hwang, S.; He, Y.; Xiang, X.; Seo, W.; Kim, S.; Ma, J.; Ren, T.; Park, S.H.; Zhou, Z.; Feng, D.; et al. Interleukin-22 Ameliorates
Neutrophil-Driven Nonalcoholic Steatohepatitis Through Multiple Targets. Hepatology 2020, 72, 412–429. [CrossRef]

35. Arab, J.P.; Sehrawat, T.S.; Simonetto, D.A.; Verma, V.K.; Feng, D.; Tang, T.; Dreyer, K.; Yan, X.; Daley, W.L.; Sanyal, A.; et al. An
Open-Label, Dose-Escalation Study to Assess the Safety and Efficacy of IL-22 Agonist F-652 in Patients With Alcohol-associated
Hepatitis. Hepatology 2019, 72, 441–453. [CrossRef]

36. McCommis, K.S.; Hodges, W.T.; Brunt, E.M.; Nalbantoglu, I.; McDonald, W.G.; Holley, C.L.; Fujiwara, H.; Schaffer, J.E.; Colca, J.R.;
Finck, B.N. Targeting the mitochondrial pyruvate carrier attenuates fibrosis in a mouse model of nonalcoholic steatohepatitis.
Hepatology 2017, 65, 1543–1556. [CrossRef]

37. Skat-Rordam, J.; Ipsen, D.H.; Lykkesfeldt, J.; Tveden-Nyborg, P. A role of peroxisome proliferator-activated receptor gamma in
non-alcoholic fatty liver disease. Basic Clin. Pharmacol. Toxicol. 2019, 124, 528–537. [CrossRef]

38. Povero, D.; Panera, N.; Eguchi, A.; Johnson, C.D.; Papouchado, B.G.; Horcel, L.d.; Pinatel, E.M.; Alisi, A.; Nobili, V.; Feldstein,
A.E. Lipid-induced hepatocyte-derived extracellular vesicles regulate hepatic stellate cell via microRNAs targeting PPAR-gamma.
Cell. Mol. Gastroenterol. Hepatol. 2015, 1, 646–663e4. [CrossRef]

39. Lee, Y.-S.; Kim, S.Y.; Ko, E.; Lee, J.-H.; Yi, H.-S.; Yoo, Y.J.; Je, J.; Suh, S.J.; Jung, Y.K.; Kim, J.H.; et al. Exosomes derived from
palmitic acid-treated hepatocytes induce fibrotic activation of hepatic stellate cells. Sci. Rep. 2017, 7, 1–10. [CrossRef]

40. Seo, W.; Eun, H.S.; Kim, S.Y.; Yi, H.; Lee, Y.; Park, S.; Jang, M.; Jo, E.; Kim, S.C.; Han, Y.; et al. Exosome-mediated activation of
toll-like receptor 3 in stellate cells stimulates interleukin-17 production by gammadelta T cells in liver fibrosis. Hepatology 2016,
64, 616–631. [CrossRef]

41. Kitade, M.; Yoshiji, H.; Noguchi, R.; Ikenaka, Y.; Kaji, K.; Shirai, Y.; Yamazaki, M.; Uemura, M.; Yamao, J.; Fujimoto, M.; et al.
Crosstalk between angiogenesis, cytokeratin-18, and insulin resistance in the progression of non-alcoholic steatohepatitis. World J.
Gastroenterol. 2009, 15, 5193–5199. [CrossRef] [PubMed]

42. Hammoutene, A.; Rautou, P.-E. Role of liver sinusoidal endothelial cells in non-alcoholic fatty liver disease. J. Hepatol. 2019, 70,
1278–1291. [CrossRef] [PubMed]

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

44. Witek, R.P.; Yang, L.; Liu, R.; Jung, Y.; Omenetti, A.; Syn, W.; Choi, S.S.; Cheong, Y.; Fearing, C.M.; Agboola, K.M.; et al. Liver
cell-derived microparticles activate hedgehog signaling and alter gene expression in hepatic endothelial cells. Gastroenterology
2009, 136, 320–330.e2. [CrossRef]

45. Wang, R.; Ding, Q.; Yaqoob, U.; De Assuncao, T.M.; Verma, V.K.; Hirsova, P.; Cao, S.; Mukhopadhyay, D.; Huebert, R.C.; Shah,
V.H. Exosome Adherence and Internalization by Hepatic Stellate Cells Triggers Sphingosine 1-Phosphate-dependent Migration. J.
Biol. Chem. 2015, 290, 30684–30696. [CrossRef]

110



Biomedicines 2021, 9, 93

46. Nojima, H.; Freeman, C.M.; Schuster, R.M.; Japtok, L.; Kleuser, B.; Edwards, M.J.; Gulbins, E.; Lentsch, A.B. Hepatocyte exosomes
mediate liver repair and regeneration via sphingosine-1-phosphate. J. Hepatol. 2016, 64, 60–68. [CrossRef]

47. Lemoinne, S.; Cadoret, A.; Rautou, P.; El Mourabit, H.; Ratziu, V.; Corpechot, C.; Rey, C.; Bosselut, N.; Barbu, V.; Wendum,
D.; et al. Portal myofibroblasts promote vascular remodeling underlying cirrhosis formation through the release of microparticles.
Hepatology 2015, 61, 1041–1055. [CrossRef]

48. Bedossa, P. Histological Assessment of NAFLD. Dig. Dis. Sci. 2016, 61, 1348–1355. [CrossRef]
49. Li, X.; Chen, R.; Kemper, S.; Brigstock, D.R. Dynamic Changes in Function and Proteomic Composition of Extracellular Vesicles

from Hepatic Stellate Cells during Cellular Activation. Cells 2020, 9, 290. [CrossRef]
50. Chen, L.; Chen, R.; Kemper, S.; Charrier, A.; Brigstock, D.R. Suppression of fibrogenic signaling in hepatic stellate cells by

Twist1-dependent microRNA-214 expression: Role of exosomes in horizontal transfer of Twist1. Am. J. Physiol. Gastrointest. Liver
Physiol. 2015, 309, G491–G499. [CrossRef]

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

52. Chen, L.; Chen, R.; Velazquez, V.M.; Brigstock, D.R. Fibrogenic Signaling Is Suppressed in Hepatic Stellate Cells through Targeting
of Connective Tissue Growth Factor (CCN2) by Cellular or Exosomal MicroRNA-199a-5p. Am. J. Pathol. 2016, 186, 2921–2933.
[CrossRef] [PubMed]

53. Tsuchida, T.; Friedman, S.L. Mechanisms of hepatic stellate cell activation. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 397–411.
[CrossRef]

54. Kostallari, E.; Hirsova, P.; Prasnicka, A.; Verma, V.K.; Yaqoob, U.; Wongjarupong, N.; Roberts, L.R.; Shah, V.H. Hepatic stellate
cell-derived platelet-derived growth factor receptor-alpha-enriched extracellular vesicles promote liver fibrosis in mice through
SHP2. Hepatology 2018, 68, 333–348. [CrossRef] [PubMed]

55. Gao, J.; Wei, B.; De Assuncao, T.M.; Liu, Z.; Hu, X.; Ibrahim, S.H.; Cooper, S.A.; Cao, S.; Shah, V.H.; Kostallari, E. Hepatic stellate
cell autophagy inhibits extracellular vesicle release to attenuate liver fibrosis. J. Hepatol. 2020, 73, 1144–1154. [CrossRef] [PubMed]

56. 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]

57. Zhao, Y.; Zhao, M.-F.; Jiang, S.; Wu, J.; Liu, J.; Yuan, X.-W.; Shen, D.; Zhang, J.-Z.; Zhou, N.; He, J.; et al. Liver governs adipose
remodelling via extracellular vesicles in response to lipid overload. Nat. Commun. 2020, 11, 1–17. [CrossRef]

58. Kranendonk, M.E.; Visseren, F.L.; Van Herwaarden, J.A.; Hoen, E.N.N.; De Jager, W.; Wauben, M.H.; Kalkhoven, E. Effect
of extracellular vesicles of human adipose tissue on insulin signaling in liver and muscle cells. Obesity 2014, 22, 2216–2223.
[CrossRef] [PubMed]

59. Jiang, F.; Chen, Q.; Wang, W.; Ling, Y.; Yan, Y.; Xia, P. Hepatocyte-derived extracellular vesicles promote endothelial inflammation
and atherogenesis via microRNA-1. J. Hepatol. 2020, 72, 156–166. [CrossRef]

60. Spengler, E.K.; Loomba, R. Recommendations for Diagnosis, Referral for Liver Biopsy, and Treatment of Nonalcoholic Fatty Liver
Disease and Nonalcoholic Steatohepatitis. Mayo Clin. Proc. 2015, 90, 1233–1246. [CrossRef]

61. Mayo, R.; Crespo, J.; Martínez-Arranz, I.; Banales, J.M.; Arias, M.; Mincholé, I.; De La Fuente, R.A.; Jimenez-Agüero, R.; Alonso,
C.; De Luis, D.A.; et al. Metabolomic-based noninvasive serum test to diagnose nonalcoholic steatohepatitis: Results from
discovery and validation cohorts. Hepatol. Commun. 2018, 2, 807–820. [CrossRef] [PubMed]

62. Yang, M.; Xu, D.; Liu, Y.; Guo, X.; Li, W.; Guo, C.; Zhang, H.; Gao, Y.; Mao, Y.; Zhao, J. Combined Serum Biomarkers in
Non-Invasive Diagnosis of Non-Alcoholic Steatohepatitis. PLoS ONE 2015, 10, e0131664. [CrossRef] [PubMed]

63. Povero, D.; Yamashita, H.; Ren, W.; Subramanian, M.G.; Myers, R.P.; Eguchi, A.; Simonetto, D.A.; Goodman, Z.D.; Harrison, S.A.;
Sanyal, A.J.; et al. Characterization and Proteome of Circulating Extracellular Vesicles as Potential Biomarkers for NASH. Hepatol.
Commun. 2020, 4, 1263–1278. [CrossRef] [PubMed]

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

65. Welsh, J.A.; Scorletti, E.; Clough, G.F.; Englyst, N.A.; Byrne, C.D. Leukocyte extracellular vesicle concentration is inversely
associated with liver fibrosis severity in NAFLD. J. Leukoc. Biol. 2018, 104, 631–639. [CrossRef]

66. Pirola, C.J.; Fernandez Gianotti, T.; Castano, G.O.; Mallardi, P.; San Martino, J.; Mora Gonzalez Lopez Ledesma, M.; Flichman,
D.M.; Mirshahi, F.; Sanyal, A.J.; Sookoian, S.C. Circulating microRNA signature in non-alcoholic fatty liver disease: From serum
non-coding RNAs to liver histology and disease pathogenesis. Gut 2015, 64, 8001–8002. [CrossRef]

67. Murakami, Y.; Toyoda, H.; Tanahashi, T.; Tanaka, J.; Kumada, T.; Yoshioka, Y.; Kosaka, N.; Ochiya, T.; Taguchi, Y.-H. Comprehen-
sive miRNA expression analysis in peripheral blood can diagnose liver disease. PLoS ONE 2012, 7, e48366. [CrossRef]

68. Cermelli, S.; Ruggieri, A.; Marrero, J.A.; Ioannou, G.N.; Beretta, L. Circulating microRNAs in patients with chronic hepatitis C
and non-alcoholic fatty liver disease. PLoS ONE 2011, 6, e23937. [CrossRef]

69. Rautou, P.; Bresson, J.; Sainte-Marie, Y.; Vion, A.; Paradis, V.; Renard, J.; Devue, C.; Heymes, C.; Letteron, P.; Elkrief, L.; et al. Abnormal
plasma microparticles impair vasoconstrictor responses in patients with cirrhosis. Gastroenterology 2012, 143, 166–176.e6. [CrossRef]

70. Tamimi, T.I.A.-R.; Elgouhari, H.M.; Alkhouri, N.; Yerian, L.M.; Berk, M.P.; Lopez, R.; Schauer, P.R.; Zein, N.N.; Feldstein, A.E. An
apoptosis panel for nonalcoholic steatohepatitis diagnosis. J. Hepatol. 2011, 54, 1224–1229. [CrossRef]

111





biomedicines

Review

Role of Leptin in Non-Alcoholic Fatty Liver Disease

Carlos Jiménez-Cortegana 1,†, Alba García-Galey 1,†, Malika Tami 1, Pilar del Pino 2, Isabel Carmona 2,

Soledad López 1, Gonzalo Alba 1 and Víctor Sánchez-Margalet 1,*

Citation: Jiménez-Cortegana, C.;

García-Galey, A.; Tami, M.; del Pino,

P.; Carmona, I.; López, S.; Alba, G.;

Sánchez-Margalet, V. Role of Leptin

in Non-Alcoholic Fatty Liver Disease.

Biomedicines 2021, 9, 762. https://

doi.org/10.3390/biomedicines9070762

Academic Editor: Ronit Shiri-Sverdlov

Received: 24 May 2021

Accepted: 17 June 2021

Published: 30 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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 (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Medical Biochemistry and Molecular Biology, School of Medicine,
Virgen Macarena University Hospital, University of Seville, 41073 Seville, Spain; cjcortegana@us.es (C.J.-C.);
albaggaley97@gmail.com (A.G.-G.); mali_k@hotmail.es (M.T.); slopez9@us.es (S.L.); galbaj@us.es (G.A.)

2 Unit of Digestive Diseases, Virgen Macarena University Hospital, 41073 Seville, Spain;
pilardelpino4@gmail.com (P.d.P.); icarmonasoria@gmail.com (I.C.)

* Correspondence: margalet@us.es
† Both authors should be considered as first authors.

Abstract: Non-alcoholic fatty liver disease (NAFLD), which affects about a quarter of the global
population, poses a substantial health and economic burden in all countries, yet there is no approved
pharmacotherapy to treat this entity, nor well-established strategies for its diagnosis. Its prevalence
has been rapidly driven by increased physical inactivity, in addition to excessive calorie intake
compared to energy expenditure, affecting both adults and children. The increase in the number of
cases, together with the higher morbimortality that this disease entails with respect to the general
population, makes NAFLD a serious public health problem. Closely related to the development
of this disease, there is a hormone derived from adipocytes, leptin, which is involved in energy
homeostasis and lipid metabolism. Numerous studies have verified the relationship between per-
sistent hyperleptinemia and the development of steatosis, fibrinogenesis and liver carcinogenesis.
Therefore, further studies of the role of leptin in the NAFLD spectrum could represent an advance in
the management of this set of diseases.

Keywords: fatty liver; steatohepatitis; obesity; metabolic syndrome; leptin

1. Introduction

Leptin is a 16 kDa adipocyte-derived hormone described for the first time by Zhang et al.
(1994) as the product of the obese (Ob) gene [1], although its existence was predicted
some decades before in leptin-deficient (ob/ob) and leptin receptor-deficient (db/db)
mice [2,3]. Leptin primary amino acid sequences show differences in vertebrates, while
secondary and tertiary structures are similar [4] and alike to the long-chain helical cytokine
family, which includes interleukin (IL) 6, IL-11 (interleukin 11), G-CSF (granulocyte-colony
stimulating factor) or oncostatin M, among many others [5].

Leptin is characterized by having pleiotropic effects due to the great variety of leptin
receptors (known as Ob-R or LEPR), thus being able to affect many biological processes at
different levels. The six existing spliced Ob-R forms are called Ob-Ra, Ob-Rb, Ob-Rc, Ob-Rd,
Ob-Re and Ob-Rf, and belong to the class I cytokine superfamily [6,7] but differ from each
other in the lengths of their cytoplasmic regions [8]. The most important leptin receptor
is the long isoform Ob-Rb since it can fully transduce activation signals into the cell [9],
including signaling pathways such as Janus kinase (JAK) 2/signal transducer and activator
of transcription (STAT) 3, insulin receptor substrate (IRS)/phosphatidylinositol-3 kinase
(PI3K), or Src homology 2 domain-containing phosphatase 2 (SHP2)/mitogen-activated
protein kinase (MAPK) [10].

This adipokine, leptin, is mostly recognized for playing a key role in the central con-
trol of both energy metabolism [11] and obesity [12], but also has important regulatory
functions in different physiological systems and diseases, such as reproduction [13], bone
physiology [14], autoimmunity [15], and cancer [16], among many others [17]. Moreover,
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in the last few decades, data from experimental models and both observational and inter-
ventional studies have shown that leptin plays a role in non-alcoholic fatty liver disease
(NAFLD) [18], a clinicopathologic entity which develops in the absence of excessive alcohol
consumption (typically defined as <20 g per day in women and <30 g per day in men)
and comprises a spectrum of diseases, that include steatosis, non-alcoholic steatohepatitis
(NASH), hepatic fibrosis, cirrhosis, and hepatocellular carcinoma (HCC) [19].

Today, several problems are associated with NAFLD. This entity is the leading cause
of liver disease worldwide and its prevalence is increasing [20], affecting both adults and
children [21]. Most patients are asymptomatic for a long time, making it difficult to identify
and manage NAFLD and its progression and, in most cases, the disease is detected in
advanced stages [22,23]. In addition, there is no authorized effective pharmacological
treatments to improve patient outcomes [24]. Therefore, the need to increase research
efforts on effective diagnostic and prognosis is essential, suggesting leptin is a powerful
tool in the disease. For all those reasons, the purpose of this article is to review the existing
literature to better understand the role of leptin in the NAFLD spectrum and to take this
hormone into account as a possible clinical non-invasive biomarker or target of treatment
for this disease.

2. Non-Alcoholic Fatty Liver Disease (NAFLD): Characteristics and Signaling
Pathways of Leptin Receptor

NAFLD is a clinicopathologic entity comprising a broad spectrum of liver diseases
ranging from simple steatosis to NASH, a more aggressive form of NAFLD and associated
with varying degrees of hepatic fibrosis, cirrhosis, and HCC [25]. NAFLD has been rapidly
driven by daily life, including actions such as sedentarism or excessive caloric intake
compared to energy expenditure, affecting about 25% of the world population [19,20,26].
This pathological condition is detected in approximately 90% of obese (body mass index,
BMI ≥ 30 kg/m2) and 25% of lean patients (BMI 20.0–24.9 kg/m2) and can be affected
by other factors (e.g., age, sex, and race) [27]. The highest rates of NAFLD are in South
America (31%) and the Middle East (32%), followed by Asia (27%), the United States
(24%), Europe (23%), and Africa (14%) [28]. This makes NAFLD in the leading cause of
liver disease worldwide and will probably become the most common indication for liver
transplantation and the most frequent etiology of HCC in the following decades [21,27].

NAFLD is also considered the hepatic component of the metabolic syndrome, whose
prevalence is increasing worldwide at the same time as obesity and type 2 diabetes-mellitus
(T2DM) [29,30]. In fact, the Latin American Association for the Study of the Liver (ALEH)
recommended the renaming of NAFLD to “Metabolic Dysfunction Associated Fatty Liver
Disease (MAFLD)”, and the adoption of positive criteria to diagnose the disease, inde-
pendently of alcohol intake or other liver diseases. By contrast, the American Association
for the Study of Liver Diseases (AASLD) required that there is no significant alcohol
consumption or coexisting etiologies of chronic liver disease [23,31,32].

The pathogenesis of NAFLD entail a complex interplay between environmental factors,
obesity, changes in the microbiota and predisposing genetic variants that result in altered
lipid homeostasis and hepatocyte triglyceride accumulation [19]. In turn, NAFLD is mainly
related to metabolic syndrome and adipokines, which not only contribute to pathogenesis,
but are also involved in the progression to NASH and cirrhosis [30,33]. In this sense, the
physiological role of leptin in the liver was known before this adipokine was discovered,
as both db/db and ob/ob mice were shown to present alterations in the liver function,
including steatosis [34,35]. Table 1 summarizes research articles related to human NAFLD
throughout this review.
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Table 1. Overview about reviewed research articles in human non-alcoholic fatty liver disease (NAFLD) spectrum.

Author (Year) Country No Patients Conclusions

Jacobs et al. (2011) [29] Netherlands 434

Insulin resistance (IR) mediated between 75–80% of
the association of the metabolic syndrome with

alanine aminotransferase, as well as suggesting that
IR, adipose tissue inflammation and endothelial

dysfunction may contribute to NAFLD progression.

Hossain et al. (2015) [36] Bangladesh 110

IR was independently associated with serum leptin
levels irrespective of adiposity and glycemic status

in male prediabetic subjects. In addition, serum
leptin was increased in the female patients,

accompanied by pancreatic beta cell dysfunction and
IR. However, their relationship with NAFLD was

not affected by the degree of adiposity.

Cernea et al. (2018) [37] Romania 159

Hepatic steatosis was positively correlated with
serum leptin and leptin resistance, and negatively

with serum Ob-R. Leptin/Ob-R, and leptin
resistance did not made a significant contribution to

hepatic fibrosis.

Angulo et al. (2004) [38] U.S.A. 88

There was no association between serum leptin and
hepatic fibrosis. However, there was a correlation

between leptin with more advanced NAFLD-related
liver fibrosis.

Chitturi et al. (2002) [39] Australia 36 patients and
47 controls

Hyperleptinemia in NASH was correlated with
some factors (e.g., age and extent of hepatic

steatosis), but not with inflammation or
fibrotic severity.

Ataseven et al. (2006) [40] Turkey
45 patients (23

cirrhosis + 22 HCC)
and 25 controls

In cirrhosis and HCC patients there was a decrease
of serum leptin levels due to, at least partly, the

presence of nutritional and metabolic abnormalities,
including malnutrition, and high ghrelin levels.

Naveau et al. (2006) [41] France 209
Serum leptin was independently correlated with

steatosis and may play an important role in severity
of fibrosis.

Ockenga et al. (2007) [42] Germany 40 liver cirrhosis
+ 31 controls

Patients had bound leptin and soluble leptin
receptor levels significantly increased compared

with controls, without changes in free leptin.

Ertle et al. (2011) [43] Germany 162 NAFLD/NASH posed a risk factor for HCC, even in
the absence of cirrhosis.

Leptin Receptor Signaling and NAFLD

Leptin acts by binding to its receptors. Specifically, Ob-Rb isoform is the main leptin
receptor as it provokes signaling cascades [31]. After the binding between leptin and Ob-Rb
in hepatic cells, intracellular signaling is initiated and JAK2 phosphorylation and activation
is allowed. Thus, three tyrosine residues (Tyr985, Tyr1077 and Tyr1138) located in the
intracellular domain of Ob-Rb are phosphorylated by JAK2. Tyr985 induces SHP2 signal-
ing pathway and the activation of MAPK, Tyr1077 mediates the activation of STAT5, and
Tyr1138 activates both STAT5 and STAT3 [30,44–48]. Subsequently, STAT3 leads to increased
gene expression of suppressors of cytokine signaling (SOCS)-3, which acts as a negative
feedback inhibiting both leptin and insulin signaling. SOCS-3 overexpression causes resis-
tance to those hormones. Therefore, SOCS-3 downregulation could be a potential approach
to prevent and/or treat hepatic diseases [46,49,50]. JAK2 activity is also modulated by
phosphorylation of both IRS1 and IRS2, and activation of PI3K, which is essential for leptin
to exert its effect on food intake. Likewise, adenosine monophosphate-activated protein
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kinase (AMPK) activity is stimulated by leptin in peripheral tissues promoting catabolic
pathways such as fatty acid oxidation or glucose transport and inhibited in the brain to
regulate food intake through a series of hypothalamic neuropeptides [49]. Phosphatidyl
inositol 3-Kinase/PI3K/Akt/mammalian target of rapamycin (mTOR) is also activated,
improving insulin sensitivity in the liver by suppressing hepatic glucose production [51].
Figure 1 outlines leptin signaling pathways and their implications in the NAFLD spectrum.

 

Figure 1. Leptin signaling pathways in the NAFLD spectrum. Leptin/Ob-Rb interaction activates different pathways via
JAK2 phosphorylation. The consequent signaling cascade can exert a disruptive role through the activation and phospho-
rylation of some component implied in this signaling network, such as signal transducer and activator of transcription
(STAT)3, STAT5, mitogen-activated protein kinase (MAPK) or AKT/mammalian target of rapamycin (mTOR) pathways,
thus favoring some malignancies of the NAFLD spectrum.

Leptin and other inflammatory adipokines such as IL-6 or TNF-α (Tumor nechrosis
factor) promote insulin resistance, which has been extensively described in the pathophys-
iology of NAFLD during the last few decades [52–54], as it provokes the inhibition of
lipid oxidation together with increased synthesis of fatty acids and triglycerides [19,36,37].
Specifically, leptin could antagonize some insulin functions by modifying the sensitivity of
adipocytes to the inhibitory action that insulin exerts on lipid accumulation, decreasing the
binding capacity of insulin receptors in the liver, and inhibiting insulin secretion in pancre-
atic islets [36–38]. Hyperleptinemia damages pancreatic β-cells and inhibits JAK2/PI3K
signaling in obese patients with T2DM and NAFLD. This signaling pathway is known as
the “leptin-insulin pathway” and under normal conditions is activated to regulate glucose
metabolism. In addition, hyperleptinemia increases the expression of sterol regulatory
element-binding protein 1 (SREBP-1) in the liver, causing lipogenesis [55]. In addition,
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Sahin-Efe et al. (2018) demonstrated that leptin levels were increased in patients with
T2DM, thus being a risk predictor for the development of this disease [56].

Moreover, some pathologies can cause NAFLD. This is the case of congenital or ac-
quired lipodystrophy, which is characterized by the total or partial absence of subcutaneous
adipose tissue and promotes ectopic accumulation of fat in other locations, including the
liver, which leads to severe insulin resistance and the development of NAFLD [57,58].
Patients with lipodystrophy are treated with leptin recombinant treatments, such as me-
treleptin, approved by the United States Food and Drug Administration (FDA) and the
Japanese Pharmaceuticals and Medical Devices Agency, since it improves many associated
metabolic disorders such as insulin sensitivity, glucose tolerance, hypertriglyceridemia
or NAFLD [59–61]. At the same time, work is being done on the development of leptin
analogues, leptin receptor agonists or drugs that act on downstream leptin pathways [62].

3. Leptin in the NAFLD Spectrum

NAFLD comprises a set of liver diseases, some of them irreversible. NAFLD de-
velopment is divided into three main steps: simple steatosis, NASH, and liver cirrhosis.
However, NAFLD can eventually trigger in HCC. Simple steatosis is caused by factors such
as high-fat and/or high sugar diet, obesity, T2DM, and other metabolic diseases, while
NASH can be developed by inflammation and hepatocyte apoptosis. If liver fibrosis is
provoked in this step, cirrhosis (and possibly HCC) will be also developed [63]. In the
following sections we are going to review the role of leptin in the pathogenesis of NAFLD,
which is summarized in Figure 2.

3.1. Leptin and Hepatic Steatosis

Hepatic steatosis has different degrees of severity related to liver damage in NAFLD:
from simple steatosis to NASH, which is the most important disease in the NAFLD spec-
trum, since its prevalence is estimated to be approximately 1.5–6.5% in the general pop-
ulation, and considerably increasing this percentage in obese individuals [20]. Although
most patients present isolated steatosis, about one third develop NASH, which confers a
higher risk of progression to more advanced stages of NAFLD. In this step, inflammation
develops when triglycerides levels exceed hepatic physiological adaptive mechanisms that
leads to the process of lipotoxicity by which reactive oxygen species (ROS), endoplasmic
reticulum stress and hepatocellular injury are produced. In turn, liver cell injury activates
the immune and apoptotic pathways, leading to cell death. This event is also one of the
main drivers for the development of fibrosis and cirrhosis over time [64].

Hepatic steatosis can be caused by both aberrant lipid and glucose metabolism. One of
leptin functions is to limit the storage of triglycerides in adipocytes and non-adipose tissues
including the liver, thereby preventing lipotoxicity. Under normoleptinemia conditions,
leptin exerts an anti-steatotic effect and improves insulin sensitivity by suppressing hepatic
glucose production and lipogenesis [50,65]. This explains the improvement or prevention of
hepatic steatosis development in ob/ob mice, linked to leptin administration [66]. Similarly,
the anti-steatosis action of leptin has been observed in non-obese mice with uncontrolled
type 1 diabetes mellitus (T1DM), in which such treatment induces a significant reduction
of lipogenic and cholesterogenic transcription factors and decreases the lipids located in
plasma and different tissues [67]. In this regard, one anti-steatotic mechanism carried out by
leptin is to regulate components of the lipid synthesis in the liver, such as the transcription
factor carbohydrate responsive element binding protein (ChREBP) [68].

Leptin has also been suggested to have a synergistic effect when used together with in-
sulin, probably inhibiting the production of very low-density lipoproteins (VLDL) [10,67,69].
According to this, leptin has been shown to improve insulin resistance and hepatic steatosis
in lypodystrophic mice [70]. Hackl et al. (2019) showed that brain leptin protects from
ectopic lipid accumulation and could be a therapeutic strategy to improve obesity-related
steatosis [71]. Moreover, this disease has been shown to alleviate upregulating leptin levels

117



Biomedicines 2021, 9, 762

by using metformin [72] and through leptin signaling pathways by using a modification of
Samjunghwan, an herbal formula used in traditional Korean medicine [73].

 

Figure 2. Role of leptin in the NAFLD spectrum. Leptin has been demonstrated to have antisteatotic
effects, although this hormone could also contribute to worsening of hepatic steatosis under certain
circumstances such as hyperleptinemia. In addition, leptin is involved in the pathogenesis of NAFLD
by promoting NASH and liver fibrosis. However, the role of leptin in NAFLD-related cirrhosis and
NAFLD-related hepatocellular carcinoma is unknown, but there is much evidence to confirm the
protumoral role of this adipokine in liver malignancies Table 1.

By contrast, high leptin levels have also been associated with hepatic steatosis and
NAFLD pathogenesis since a high percentage of NAFLD patients have been observed
to suffer obesity, which is closely related with hyperleptinemia [47,50,74]. The failure of
elevated leptin levels to correct hepatic steatosis lies in the generation of a state of resistance
to this hormone. Several mechanisms, including phosphorylation of Tyr985 in Ob-Rb and
increased expression of SOCS-3, attenuate leptin signaling and promote a cellular resis-
tance to leptin in obesity, which predominantly take place in the arcuate nucleus [75]. The
severity of hepatic steatosis correlates with leptin levels, especially in patients with high
BMI. In the case of lean patients with NAFLD, there are a number of genetic factors that
seem to contribute to the development of steatosis rather than leptinemia, and these are
hypobetalipoproteinemia and some metabolic disorders such as cystic fibrosis or celiac dis-
ease [76]. In addition, leptin has been reflected to have a pathogenic role in hepatic insulin
resistance and/or a failure of the antisteatotic actions [39]. Cernea et al. (2018) observed
an increased prevalence of NAFLD steatosis in T2DM patients [37]. Along the same lines,
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Pavlidis et al. (2011) showed that steatosis grade at baseline was significantly greater as
leptin concentrations increased in chronic hepatitis C patients [77] and Eshraghian et al.
(2020) demonstrated for the first time that alterations in adiponectin, leptin and insulin
resistance were correlated with hepatic steatosis in liver transplant recipients [78].

3.2. Leptin, Non-Alcoholic Steatohepatitis (NASH), and Fibrosis

In NAFLD, most patients have simple steatosis, but those with NASH can advance
to the next step of the disease, which is fibrosis. The mechanisms of progression from
simple steatosis to NASH are not entirely clear, but some factors are known to be involved
in the process [79], including an inflammation caused by the incomplete oxidation of
hepatic accumulated lipids, which generates toxic metabolites and produces apoptosis of
hepatocytes, thus activating inflammatory cells [80]. If inflammation becomes chronic, then
fibrosis will be developed [81]. Related to this, leptin could promote NAFLD by playing its
well-known role in the inflammatory process [17].

Advanced fibrosis implies an increased risk for developing other NAFLD-related
complications, such as cirrhosis and HCC. For that reason, an early diagnosis of patients
with advanced fibrosis is crucial [82]. In this sense, leptin has been shown to be a con-
tributing factor in fibrogenesis [60]. Rotundo et al. (2018) showed that leptin levels were
simultaneously increased with the degree of liver fibrosis, especially in patients with a
high BMI, while their lean counterparts had lower rates of fibrosis and inflammation [76].
Some studies have reported that Ob-R on Kupffer cells (KC) and sinusoidal endothelial
cells increases the expression of matrix remodeling enzymes, which induce the fibrosis
cascade in hepatic stellate cells (HSC). Specifically, in KC leptin upregulates the expression
of TGF- β, which is likely to contribute to HSC activation via paracrine signaling [18,76,83].

Activated HSC also contribute to increase inflammation and liver fibrosis by releasing
TGF-β1, angiopoietin-1, VEGF (vascular endothelial growth factor), and collagen-I. In
addition, HSC appear to produce leptin, and have also been proposed to express Ob-Rb,
which establishes a vicious cycle by stimulating proliferation and preventing apoptosis
of HSC and thus affecting hepatic inflammation and fibrosis [18]. KC can be activated
by leptin via peroxynitrite-mediated oxidative stress [84], which promotes CD8+CD57+

T cells, found in NASH progression [85]. Also, prolonged hyperleptinemia may result in
HSC, KC, and sinusoidal cell activation, that could trigger both the proinflammatory and
profibrogenic cascade [50].

3.3. Leptin and Liver Cirrhosis

According to several studies with small sample sizes, progression from NASH to liver
cirrhosis can occur in up to 25% of patients. This high disease burden has led to an increase
in the number of NASH-related transplants, possibly becoming in the leading cause of liver
transplantation worldwide in coming decades, displacing the hepatitis C virus [86]. Up to
now, leptin concentration in patients with NAFLD-related cirrhosis has not been studied.
However, leptin is known to induce VEGF on HSC, contributing to the irreversibility of
cirrhosis and, potentially, to NASH progression [87].

There are references in other types of liver cirrhosis about leptin, in which this hor-
mone has been demonstrated to be in both high [88] and low [40] levels. Even leptin
has also been found to be uncorrelated with the existence of cirrhosis in alcoholic liver
disease [41]. Interestingly, Ockenga et al. (2007) analyzed in vivo hepatic substrate and
leptin metabolism in 40 patients with liver cirrhosis and 31 healthy controls, showing that
patients had bound leptin and soluble leptin receptor levels significantly increased when
compared with controls, without changes in free leptin, suggesting a different role for those
components in both metabolic and inflammatory processes in cirrhotic patients [42].

3.4. Leptin and Hepatocellular Carcinoma

Obesity and T2DM are cancer promoters and, in coexistence with NAFLD, the aggres-
sive potential can be underestimated. HCC is the neoplasm most closely related to obesity
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in men. In this regard, HCC incidence increased by 3% per year in the last decade, unlike
other malignancies also associated with obesity, such as breast or colon cancer, whose
incidences remained stable or decreased. In part, this fact may be explained by the increase
in the prevalence of NASH [89]. NAFLD patients have been shown to develop HCC in both
early and late stages of the disease, being more common in the latter, providing evidence for
a potential association between NAFLD and HCC [90]. The mechanisms of HCC develop-
ment in a cirrhotic liver include destruction of hepatocytes due to chronic injury, and their
subsequent regeneration and compensatory cyclic proliferation. NAFLD patients usually
present insulin resistance which, together with hepatic steatosis and chronic low-grade
inflammation, favors the creation of an ideal environment for tumor development and
growth [91].

In HCC there are some established risk factors, including chronic hepatitis B, chronic
hepatitis C, alcohol consumption, and NAFLD, all of them potentially linked to leptin [92].
As with NAFLD-related cirrhosis, there no clinical studies that analyze the role of leptin
in NAFLD-related HCC. However, the procarcinogenic role of leptin in HCC patients
seems clear. Additionally, high leptin levels alone are also considered to increase the risk
of HCC [93]. In fact, in vitro studies suggest that this hormone is increased during the
proliferation, migration, and invasiveness of HCC cells through activation of PI3K/AKT
signaling pathways, mainly in obese patients [44] and have been demonstrated to take
part in the angiogenesis process [94], as well as both JAK2/STAT and ERK pathways [95].
In line with this, a lack of leptin action has been shown to reduce the angiogenic process
in experimental steatohepatitis [96]. Leptin also upregulates the expression of VEGF by
oxygen-independent activation of hypoxia-inducible factor 1alpha (HF1α) in HSC [97].
Moreover, the analysis of circulating leptin levels has been found to be increased in both
cirrhotic and non-cirrhotic patients regardless of the previous pathology [98], including
NASH [43]. In this regard, more studies have also reported the role of leptin and Ob-R as a
critical regulator in HCC development and progression [94,99,100].

However, Elinav et al. (2006) suggested a beneficial role of leptin in HCC murine
models since this hormone decreased tumor size and improved survival [101]. In the
same year, similar conclusions were drawn by analyzing both leptin and Ob-Rb in HCC
patients [102,103]. Despite this, there is sufficient evidence to suggest the critical role of
leptin in liver carcinogenesis, that may also be potentially fostered by NAFLD progression.

4. Concluding Remarks

NAFLD is a worldwide health problem due to its increasing prevalence, so the research
on its diagnosis, follow-up, and subsequent treatment has become essential. Moreover,
NAFLD requires a multidisciplinary approach given its high risk of cardiovascular morbid-
ity and mortality. In this sense, there is an urgent need for non-invasive diagnostic methods
to replace liver biopsy, so that early diagnosis and treatment monitoring is possible in a
large part of the population. Leptin, due to its direct relationship with body fat levels and
insulin resistance, has been shown to be an independent predictor of the presence or devel-
opment of NAFLD. This adipokine has been shown to have antisteatotic effects, although
it has also been associated with hepatic steatosis and may promote more advanced stages
of NAFLD that include NASH and liver fibrosis. The role of leptin in both NAFLD-related
cirrhosis and HCC has never been studied. Its functions in other liver cirrhosis remains
controversial. However, there is much evidence to establish the protumoral role of this
hormone in HCC derived from other liver diseases.

Treatment with leptin has proven to be effective in patients with congenital leptin
deficiency; however, its use in the rest of the affected subjects remains controversial, which
highlights the importance of continuing the line of research on the development of leptin
analogues that conserve the antisteatotic effect and lack proinflammatory and profibrogenic
action, as well as leptin sensitizers, or their synergistic effect when associated with different
drugs. While further observational studies and large clinical trials with long-term follow-
up are needed to fully evaluate the efficiency of the use of this adipokine, leptin could be

120



Biomedicines 2021, 9, 762

used as an interesting biomarker in the diagnosis and follow-up of NAFLD, including the
combination of leptin level measurement together with metabolic analyses, lipid profile,
and glucose levels.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) and its complication non-alcoholic steatohepatitis
(NASH) are important causes of liver disease worldwide. Recently, a significant association
between these hepatic diseases and different central nervous system (CNS) disorders has been
observed in an increasing number of patients. NAFLD-related CNS dysfunctions include cognitive
impairment, hippocampal-dependent memory impairment, and mood imbalances (in particular,
depression and anxiety). This review aims at summarizing the main correlations observed between
NAFLD development and these CNS dysfunctions, focusing on the studies investigating the
mechanism(s) involved in this association. Growing evidences point at cerebrovascular alteration,
neuroinflammation, and brain insulin resistance as NAFLD/NASH-related CNS manifestations.
Since the pharmacological options available for the management of these conditions are still
limited, further studies are needed to unravel the mechanism(s) of NAFLD/NASH and their central
manifestations and identify effective pharmacological targets.

Keywords: non-alcoholic fatty liver disease; NAFLD; steatohepatitis; NASH; cognitive impairment;
memory dysfunction; Alzheimer’s disease; neurodegeneration

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is considered the hepatic manifestation of metabolic
syndrome and is associated with progressive hepatocellular lipid accumulation, mostly of triglycerides,
up to more than 10% of liver weight [1]. This disease comprises a wide range of liver disorders,
from simple non-alcoholic fatty liver (NAFL) to non-alcoholic steatohepatitis (NASH) and, if not
treated, can lead to threatening complications such as cirrhosis and hepatocellular carcinoma [2].
Generally, NAFLD is considered a benign and reversible condition, although one-third of NAFLD
patients eventually progress to NASH, which is characterized by inflammation and hepatocellular
injury [3]. While the causes involved in the establishment of NAFLD have been largely investigated,
the main factors controlling the progression of NAFLD toward NASH remain pretty much unknown
and are currently intensively studied. Many experimental evidences suggested that lipotoxicity,
proinflammatory mediators, and oxidative stress may have a central role in this process [3], which can
occur in the presence or absence of a high amount of dietary fat ingestion [1]. Moreover, the consumption
of imbalanced diets (e.g., excessive fat and sugar intake), as well as the alteration of gut microbiome are
involved in NAFLD development and progression [4–6]. In particular, high fat and high sugar diets,
besides promoting the deposition of fat in the liver, could modify microbiome composition and affect
gut barrier integrity, facilitating bacterial translocation and inflammation. Inflammation and oxidative
stress have also shown to play a pivotal role in extrahepatic diseases, including many different central
nervous system (CNS) diseases such as, for instance, Alzheimer’s disease (AD). Accordingly, extensive
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evidences obtained in the last years have revealed that NAFLD may represent a risk factor for CNS
impairment [7].

Several observations suggest that a correlation may exist between metabolic liver diseases,
such as NAFLD and NASH, and CNS disorders, starting from the increased risk of developing AD,
mild cognitive impairment (MCI), and dementia in patients with dyslipidemic disorders, and an
association with neurodegeneration and cognitive deficits has been observed in patients with metabolic
syndrome-related diseases such as type 2 diabetes mellitus (T2DM) and obesity [3].

In this review, we want to point the attention to depression and mild and severe cognitive
impairment, which are becoming a serious health threat, and in recent years have been associated to
NAFLD and NASH.

2. Cognitive Dysfunction and Brain Abnormalities

2.1. Depression

Depression is one of the most common CNS diseases involved in adult premature death and it is
characterized by specific cognitive and somatic abnormalities over time. The common symptoms of
patients with depressive disorders are mood imbalances or anhedonia [8], which are also associated
with social dysfunction and cognitive and functional impairment [9].

Since depression is known to be associated with chronic liver disease (CLD) [10,11], and considering
that nearly 30% of patients with NAFLD show major depressive disorder (MDD) with a prevalence
higher than the general population [12], it is plausible to hypothesize that a correlation exists between
NAFLD and depression. However, controversial results have been obtained by the different studies that
tried to validate this hypothesis (Table 1). While dated population-based studies reported that NAFLD
is absolutely not correlated to depressive disorders [10], other studies conducted in the same period or
more recently reported the existence of a possible association between depression and NAFLD [12,13].
In particular, the study of Youssef and collaborators provided robust evidence of the correlation between
depressive symptoms and hepatocyte ballooning, one of the main hallmarks of NAFLD progression,
even after the adjustment for potential confounding factors such as age, sex, ethnicity, body mass
index (BMI), diabetes mellitus, systemic hypertension, smoking, alcohol consumption, and anxiety
symptoms. Indeed, a multivariate data analysis showed more severe hepatocyte ballooning in patients
with mood disorders, validating the hypothesis of a NAFLD role in depressive symptoms [13].
Accordingly, Tomeno and collaborators suggested a correlation between the severity of steatosis and
MDD comorbidity in NAFLD patients. These findings were confirmed by higher levels of serum
markers of liver dysfunction such as aspartate aminotransferase (ALT), alanine aminotransferase (AST),
γ-glutamyl transpeptidase (GGT), and high-sensitivity C-reactive protein (hs-CRP) in NAFLD patients
affected by MDD [12]. Although the results of these pioneering studies need to be confirmed by other
investigations, they pointed the attention on the relationship between NAFLD severity and MDD.

For a better understanding of the liver disease influence on depressive disorders, preclinical
evaluations were performed in animal models of NASH to verify the presence of behavioral mood
changes in these models. The forced swimming test was used in one of these studies to assess
depressive-like behavior, like despair and anhedonia, in rats. Rats with NASH showed a lack of
struggle to escape, in contrast with their normal attitude. This result demonstrated that NASH rats
were affected by a sense of hopelessness, which is normally associated with depression [14].
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Depression and anxiety have been associated not only with NAFLD, but they have also shown to
be strictly involved in pathological features typical of NAFLD progression to NASH, such as insulin
resistance and inflammation. The study of Elwing and collaborators tried to evaluate the correlation
between these mood disorders and liver histological features. Their findings provide evidence that
depression is directly associated with hepatic inflammatory markers, suggesting its active role in
NASH progression [11]. One recent study investigated the possible changes of brain tissue volumes in
NAFLD patients. They found a significant reduction of white and gray brain volumes and an increased
volume of lateral ventricles, with respect to healthy patients. This ulterior remark suggests a higher
risk of depression in NAFLD-diagnosed patients [15].

2.2. Cognitive Impairment

Mild cognitive impairment (MCI) is defined as an impairment in cognition more severe
than that generally associated with normal memory and cognitive changes merely due to aging
(clinically considered as “age-related cognitive decline”). However, this condition is less problematic
than dementia or other cognitive deficits which significantly impair daily functions [16]. Among the
different cognitive features which could be impaired, we will focus on memory, social functioning,
visuospatial function, and executive functioning.

As far as metabolic syndrome and its components are concerned, including liver manifestations as
NAFLD/NASH, many recent population-based studies have suggested their involvement in cognitive
impairment, from mild ones up to dementia [17]. Although there are studies providing evidences that
metabolic syndrome [18,19] and NASH [3,14] are associated with cognitive deficits, whether NAFLD
may lead to cognitive impairment remains controversial (Table 2).

One of the first studies suggesting the presence of functional and cognitive impairment in NAFLD
patients was a study by Elliott and collaborators [20]. The main conclusion they achieved was that
NAFLD patients had a significantly worse cognitive function with respect to controls, supporting the
idea that NAFLD may influence cognitive features.

A lead study in this field has been performed by Seo and collaborators and confirmed the hypothesis
of the independent association between NAFLD and cognitive impairment after the analysis of the
data obtained from the Third National Health and Nutrition Examination Survey (NHANES III).
The authors considered patients with cognitive impairment, excluding possible confounding factors
(e.g., BMI, waist circumference, diabetes mellitus, hypertension, hypercholesterolemia, history of acute
myocardial infarction, heart failure, and stroke) and considering factors known to affect cognition,
such as cardiovascular disease. They observed an increase of liver enzymes, surrogate marker of NAFLD
presence and progression to NASH, even without histological signs of advanced liver dysfunction [21].

It is well known that screening tools like the Montreal Cognitive Assessment (MoCA) are quite
useful and more sensitive than others for diagnosing forms of cognitive decline in old adults and
patients with MCI [22]. Celikbilek and collaborators utilized for the first time the Turkish version of the
MoCA test to investigate whether patients with NAFLD show more probability to manifest cognitive
impairment than healthy subjects. The results showed a correlation between liver dysfunction and
cognitive impairment, in particular, in the visuospatial and executive function domains, both associated
with the prefrontal cortex (PFC) [23].

Recent studies tried to assess which brain region(s) may be affected by NAFLD and reported
that these patients were characterized by lower levels of metabolic activity in some brain areas,
e.g., PFC, hippocampus, and amygdala, due to low levels of dopamine in the PFC and cerebellum and
of noradrenaline in the striatum [14]. Taken together, these observations validate the hypothesis of
NAFLD implication in cognitive impairment.
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Another study investigated the possible correlation between cognitive status and NAFLD using
the MoCA test, finding a lower MoCA score and a reduction in white and gray brain volumes in
NAFLD patients [15]. In combination with the reduced gray and white volumes, these authors found
an increase of lateral ventricles volumes, justifying the constant total brain volume in presence of
different cognitive situations between the tested group. The main conclusion achieved by this study is
that patients with NAFLD have a risk four times higher of manifesting lower cognitive abilities and
depleted cognitive performance and deficit, and also confirmed the higher concentration of AST in
NAFLD patients with cognitive deficit [15]. The correlation between higher levels of AST and ALT
and poorer cognitive function, especially in visuospatial memory, was also supported by a recent
population-based study conducted by An and collaborators [24].

Besides these results, there are also studies that found no correlation between NAFLD per se
and cognitive impairment, as found in a cross-sectional study by Weinstein et al. [25], who associated
poorer cognitive function (mainly in the executive areas) with an increased risk of advanced liver
fibrosis but not NAFLD. These results suggest that the association between NAFLD and cognition may
be influenced by the specific cognitive brain domains studied and also by the type of liver dysfunction.

Finally, to which extent sleep apnea and chronic intermittent hypoxia, which are known to
result in cognitive impairment [26] and also to be associated with the metabolic syndrome and
NAFLD/NASH [27], contributes to the cognitive impairment found in NAFLD still remains to
be elucidated.

2.3. Neurodegenerative Diseases: Alzheimer’s Disease

Alzheimer’s disease is a neurodegenerative disorder which may derive from MCI progression [22]
and it is characterized by the progressive atrophy of cortical and medial temporal structures, CNS areas
involved in memory and learning deficits [28]. It belongs to a series of neurodegenerative disease
provoking pathophysiological brain changes via accumulation of misfolded proteins, in particular,
peptide variants of amyloid-β (Aβ). Progressive protein deposition causes amyloid and senile plaques
formation with synaptic dysfunction, dendritic spines loss, and neuronal death [7].

The AD etiology remains unclear, but there are many possible mechanisms, other than aging,
proposed to explain its development. Recently, a number of studies provided evidence of a strict
correlation between metabolic syndrome-associated diseases, such as diabetes mellitus and NAFLD,
and neurodegenerative disorders, like AD [29]. Indeed, de la Monte and collaborators introduced the
concept that AD could be considered a neurodegenerative disorder mediated by insulin resistance,
since similar abnormalities were found in both pathologies [28]. NAFLD is known to be associated with
a dysregulated lipid metabolism and increased cellular oxidative stress, and these same characteristics
are present in AD, underlining their possible interconnection. Furthermore, epidemiological data
suggested that dyslipidemic and insulin-dependent diseases play a key role as cofactors of AD
pathogenesis [3].

The hypothesis of a correlation between AD and NAFLD is very recent, and most studies are
performed in animal models and not in human patients. One aspect implicated in the development
of metabolic syndrome, NAFLD, and potentially AD is the consumption of a high fat diet (HFD).
A number of experimental studies used this type of diet in animal models to verify whether an
association exists between AD and metabolic syndrome related diseases [30]. One of the first studies
conducted in mice chronically fed with HFD showed a time-dependent decline in brain weight with
respect to controls. Subtle histopathological abnormalities like neuronal loss foci and cellular apoptosis
were also found in brain tissue, pointing to a correlation between HFD-induced NAFLD and mild
neuropathological brain lesions [31]. Kim and collaborators evaluated the possible impact of NAFLD
in AD pathogenesis, using an AD transgenic mouse model. Their findings suggested an acceleration in
neurodegeneration and in Aβ plaque formation after HFD-induced acute inflammation and NAFLD
development [30]. The fact that HFD and fructose-rich diets may quicken AD cognitive decline has
also been confirmed in recent experimental studies [32–34].
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A population-based study was carried out to assess whether different biological markers, together
with neuropsychological evaluations, could provide a robust method to measure MCI and early AD
progression (Table 3). The authors of this study considered different covariates in their evaluations,
such as age, sex, BMI, years of education, and APOE ε4 status, and the results they obtained suggested
that ALT and AST to ALT ratio, whose levels increased in NAFLD patients, were directly associated
with poor cognition and greater Aβ deposition in brain areas [35].

Currently, there is a great interest in confirming the existence of a correlation between NAFLD
and AD, probably because these diseases are widespread worldwide, and an effective pharmacological
treatment is still missing for both of them. New approaches are in the phase of optimization, as suggested
by Karbalaei and collaborators, who used a systems biology method to investigate the genes involved
in both NAFLD and AD pathophysiological pathways, providing another evidence of their reciprocal
interconnection [36].

Table 3. Principal clinical study reported on the Alzheimer’s disease and NAFLD connection.

Study
Settings and

Study Design
Subjects Methods

Results and
Conclusions

Nho et al.
(2019) [35] Cohort study 1581 participants

aged around 70

Evaluation of cerebrospinal fluid
biomarkers and brain atrophy

(magnetic resonance), and scores for
executive functioning and memory

Increased ALT and
AST to ALT ratio in AD
patients were linked to

poor cognition.

3. Molecular and Pathophysiological Pathways Connecting NAFLD/NASH to Cognitive Impairment

The pathogenesis of NAFLD and NASH is a quite complex process involving multiple pathways
and risk factors, first of all being diet imbalances. The progressive lipid deposition in the liver leads to the
alteration of lipid metabolism/lipid peroxidation, insulin resistance, oxidative stress, and inflammatory
damage. This promotes a state of peripheral insulin resistance and low-grade systemic inflammation.
For this reason, an increasing amount of evidence suggests that NAFLD and NASH not only affect liver
function, but also induce multiple extrahepatic manifestations that also involve the central nervous
system, e.g., depression, cognitive impairment, AD, and dementia. Moreover, emerging evidence has
demonstrated the link between microbiome composition and gut impairment, and the development
of both liver diseases and cognitive dysfunctions [37,38]. It could be hypothesized that the same
detrimental stimuli that lead to NAFLD and NASH in the liver could induce cognitive impairment or
AD-type neurodegeneration in the brain.

Many signaling pathways are demonstrated to be altered in both NAFLD/NASH and CNS
dysfunction (depression, cognitive impairment, dementia, and AD), suggesting that these diseases
share, at least in part, the same pathogenetic mechanisms. Some studies reported conflicting results and
whether there is a causal relation between liver damage and the development of cognitive dysfunction
or if steatosis triggers for other subsequent deleterious pathogenetic mechanisms remains to be fully
understood [23,39].

The main pathways involved in the NALFD/NASH-related brain dysfunction are summarized in
Figure 1. Three are the main pathological aspects accounted to link NAFLD/NASH to cognitive impairment,
i.e., cerebrovascular alteration, neuroinflammation, and brain insulin resistance. Accordingly, the study
of Karbalaei et al. suggested three putative groups of genes involved in both AD and NAFLD related
to carbohydrate metabolism, long fatty acid metabolism, and interleukin signaling pathways [36].

One of the first brain area affected by early stage chronic liver diseases is the cerebellum; then,
brain injury could progress to the hippocampus or prefrontal cortex (PFC), brain areas crucial for
cognition, memory, learning, and mood regulation [40–43].
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Figure 1. Main pathophysiological pathways involved in NAFLD/NASH and cognitive impairment.

The histological analysis of NASH patients’ cerebella revealed the presence of parenchymal
microthrombi, neurodegeneration in the Purkinje layer, and glial alteration in the molecular layer,
in addition to the activation of microglia and astrocytes of white matter. Some of these features
are also observed in some neurodegenerative and vascular diseases, e.g., AD, vascular dementia,
and atherosclerosis [44].

Petta and collaborators observed in NAFLD patients the presence of cerebral lesions in PFC white
matter, whose prevalence increases as liver function worsens, e.g., in NASH and advanced fibrosis,
probably due to the proinflammatory and proatherogenic state typical of these advanced stages of liver
diseases [45]. This is coherent with the fact that liver steatosis is characterized by a proinflammatory
state that promotes atherosclerosis, endothelial dysfunction, platelet, and microglia activation in the
brain. These alterations induce micro- and macrovascular damage, which is responsible for clinical and
subclinical cerebrovascular dysfunctions [39]. The activation of inflammatory pathways characteristic
of NAFLD and NASH induces the production and release of some inflammatory, prothrombotic,
and oxidative stress mediators, e.g., the cytokines IL6, TNFα, and IL1β. Moreover, the increased
production of reactive oxygen species could sustain the inflammatory cascade, further increasing
IL6 release, neuroinflammation, and neurodegeneration [30]. It has been demonstrated that the
peripheral inflammation observed in NASH patients may lead to endothelial damage and formation
of microthrombi in the brain parenchyma, leading to neuroinflammation. It has been hypothesized
that this phenomenon can be due to infiltrating CD4+ T lymphocytes that have been observed in
the cerebellar meninges of these patients [44]. In addition, Ghareeb and collaborators observed
an alteration in neurotransmitter activities induced by NAFLD, in addition to oxidative stress and
metabolic dysfunction, and suggested that this may represent a risk factor for cognitive dysfunction
and neurodegeneration [46]. In detail, they observed an increased activity of acetylcholine esterase
(AChE) and monoamine oxidase (MAO) in NAFLD liver and brain tissues with respect to controls,
accompanied to an increase of ATPase activity, and the inflammatory markers IL6 and TNF-α in
the brain.

The Western diet (WD), a diet rich in fat and sugar, is considered one of the main risk factors
for NAFLD/NASH, and its implication in the context of neuropsychiatric disorders and cognitive
decline is a raising evidence. In the brain, it has been observed that WD is able to increase the
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activity of the endocannabinoid (eCB) system in the limbic areas controlling emotions, due to the
increase of phospholipidic n-6/n-3 PUFA ratio in neuronal membranes and of n-6 PUFAs in the
cytoplasm of hippocampal neurons. Cytoplasmatic n-6 PUFAs could be transformed into eCBs,
lipid mediators binding to CB1 receptors (CB1R), reducing GABA release from interneurons located
in CA1 area and altering theta oscillations. As a consequence of these alterations, WD could lead
to an increase vulnerability to neuropsychiatric disorders and cognitive decline [47]. Moreover,
an excessive consumption of fructose, a monosaccharide mainly used as sweetening agent in soft
drinks, in addition to systemic metabolic alterations, was able to induce oxidative stress, thereby causing
lipid peroxidation and protein nitrosylation in the hippocampus and reducing the expression of synaptic
proteins, leading to impaired synaptic function, thus affecting learning and memory in a long-lived
animal model [48]. Accordingly, many reports investigating the association between obesity and
cognitive impairment have reported that the consumption of high-fat and high-sugar diet is able to
increase oxidative stress, inflammation, and AChE activity, leading to cerebrovascular changes and
neuronal loss in the hippocampus, disrupt myelination and axonal transmission, and decrease of
dopamine (DA) and serotonin (5-HT) in the hippocampus, two of the key neurotransmitters involved
in learning and memory processes [33,34,49,50].

Several pieces of evidence have demonstrated that unhealthy diets, e.g., the Western diet or high
fructose intake, could greatly influence gut microbiome composition by decreasing anti-inflammatory
autochthonous bacteria and increasing proinflammatory pathological ones. This affects intestinal
permeability (“leaky gut”) and leads to an increase of LPS/endotoxin entry into portal and systemic
circulation [38]. This process could worsen liver steatosis and induce NASH progression by causing a
widespread pro-inflammatory status. CNS function can also be impaired by these events through the
gut–brain axis [51–53]. These studies further suggest the key role of the consumption of unbalanced
diets and gut dysbiosis in the development of NAFLD/NASH, cognitive impairment, and AD.

An interesting review on the influence of liver dysfunction on AD progression suggested that
chronic liver diseases may worsen amyloid burden due to an imbalance in peripheral amyloid-β (Aβ)
clearance, leading to higher Aβ circulating levels. This can be due to a low hepatic expression of
low-density lipoprotein receptor-related protein 1 (LRP-1), necessary for Aβ clearance, consequent to
liver dysfunction and chronic inflammation. Furthermore, these features were proposed to negatively
affect blood–brain barrier (BBB) integrity, thus contributing to a vicious cycle in Aβ clearance [7].

An impaired Wnt/β-catenin signaling pathway was reported to be involved in the pathogenesis
of depression and AD [54,55]; thus, the dysregulated expression of proteins of this pathway observed
in NAFLD rats could also be responsible for related cognitive impairment [56].

Another study demonstrated that the behavioral and cognitive impairments observed in rats with
NAFLD could be linked to an imbalance of nesfatin-1 and copine 6 in the hippocampus and PFC [56].
Nesfatin-1 is able to regulate appetite, glucose, and energy metabolism, but also plays a role in mood
and cognitive function [57,58]; thus, its increased plasma levels in NAFLD could be responsible for the
observed cognitive dysfunction. Copine 6, a calcium sensor, plays an important role in brain-derived
neurotrophic factor (BDNF)-dependent changes in dendritic spines, regulating neurotransmission,
and promoting synaptic plasticity, learning and memory [59,60]. A decrease of copine 6 expression
was related to depression-like behavior and immune activation and was also observed in NAFLD
rats [56,61]. Another hypothesized mechanism leading to an increased risk of dementia and cognitive
dysfunction in NAFLD/NASH subjects is related to chronic hyperglycemia and brain insulin resistance.
It has been proposed that peripheral insulin resistance could trigger cognitive function through a
liver–brain axis of neurodegeneration due to an excessive peripheral production of neurotoxic lipids,
e.g., ceramides and nitrosamines, that pass across the blood–brain barrier (BBB) and affect neuronal
activity, particularly in the hippocampus and PFC [3]. In the CNS, insulin orchestrates a network of
pro-growth and pro-survival signals by activating intracellular pathways, e.g., insulin and insulin-like
growth factor type 1 (IGF-1) signaling, thus promoting mitogenesis, cell survival, energy metabolism,
and motility. Studies using different experimental models have demonstrated that NASH could
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increase the hepatic production of ceramides, nitrosamines, and related molecules, causing insulin
resistance, oxidative stress, and brain injury. Liver-derived cytotoxic lipids enter the circulation,
activate proinflammatory cytokine-mediated injury, and disrupt endothelial cell-to-cell junctions,
thus increasing BBB permeability and penetrating in the CNS. Moreover, myelin degradation further
increases endogenous ceramide production, exacerbating brain insulin resistance, neuroinflammation,
oxidative stress, and neurotransmitter paucity, thus leading to neurocognitive deficits [3,31,62].

Recent evidences have demonstrated a close correlation between the alteration of gut microbiota
(dysbiosis) and NASH development due to the increased intestinal permeability to lipopolysaccharide
(LPS) that activates Toll-like receptor 4 (TLR4) of hepatic Kupffer cells (KCs) and hepatic stellate cells
(HSCs), triggering the pro-inflammatory cytokine cascade that induces and maintains NASH. In the
brain, the LPS-activated inflammatory cascade induces a decrease in BDNF expression, reduces the
number of viable cells in the pyramidal layer, and promotes neurodegeneration and atrophy of
hippocampal neurons, thus affecting CNS function and causing degenerative dementia and cognitive
impairment [63].

A recent study of Higarza and collaborators demonstrated that a high-fat, high-cholesterol
diet induces not only NASH but also dysbiosis, decreasing microbial short chain fatty acid (SCFA)
production and increasing ammonia. Since hyperammonemia has been correlated to neuroinflammation
and cognitive impairment, these authors suggested that diet-induced dysbiosis disrupts brain
metabolism and function, factors contributing to the behavioral deficits observed in NASH. Additionally,
they observed an increased DA catabolism in this NASH model, causing a drop of DA levels in the
PFC and an increase of DOPA/DA ratio in the cerebellum. This suggests that insulin resistance could
lead to dopaminergic dysfunction and a reduction of mitochondrial oxidative activity [14].

4. Pharmacological Strategies to Improve NAFLD/NASH-Related Cognitive Impairment

Although the increasing prevalence of NAFLD/NASH has made the need of effective treating
options a priority, no therapy for NAFLD patients has been yet approved, and weight loss and increased
physical activity remain the two gold standard interventions [64]. Several pharmacological agents
have been studied and/or are in the pipeline for their effect on metabolic targets, the anti-inflammatory
pathway, or fibrogenesis. Four agents (a PPARα/δ agonist, a FXR agonist, a CCR2/CCR5 antagonist,
and an ASK1 inhibitor) are undergoing phase III clinical trials to be evaluated for their ability to
reduce insulin resistance and the proinflammatory cascades responsible for NASH progression [65].
In this context, the development of a pharmacological option active also on the brain manifestations
of NAFLD/NASH is a great challenge for scientists. Some interventions have been proposed in the
last few years; nevertheless, their real usefulness as clinical pharmacological treatments needs to be
further demonstrated.

Since insulin resistance is a distinctive feature of both steatohepatitis and AD, some studies
have proposed the use of insulin-sensitizing agents, such as PPAR agonists, that are able to
activate insulin-responsive genes and their signaling pathways to treat liver and brain insulin
resistance-mediated diseases [66]. Early treatment with PPAR agonists has shown to effectively
prevent brain atrophy, neurodegeneration, and its associated learning and memory impairment,
preserving neurons expressing the insulin receptor and IGF receptor and maintaining cholinergic
homeostasis and myelin expression [67,68]. Their antioxidant activity in the CNS was also reported to
further sustain their therapeutic use in the content of oxidative stress-related diseases such as NAFLD,
NASH, and AD.

Other studies demonstrated that in early stage AD patients, an improvement or stabilization of
their cognitive impairment was obtained with intranasal insulin administration, leading to increased
brain insulin levels [69–72].

Some studies have reported that chromium picolinate is able to improve insulin sensitivity by
reducing glucose and insulin levels in overweight or obese subjects, and to increase HDL cholesterol
and decrease LDL levels, thus controlling metabolic syndrome risk factors [73,74]. Moreover, this agent
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could improve cognitive function in elderly people, reducing semantic interference on learning,
recall, and memory [75,76]. These positive effects on the insulin signaling pathway, both at the
systemic and central level, suggest the use of chromium picolinate as a dietary supplement in
NAFLD-related cognitive impairment and AD, even though clinical studies need to be performed to
support this hypothesis.

The use of dietary supplements is widely exploited to support the dietary interventions in patients
with metabolic syndrome, obesity, and NAFLD. A recent study on resveratrol, a polyphenol naturally
present in grapes, blueberries, raspberries, and mulberries, has reported the improvement of both
liver metabolic dysfunction and behavioral and cognitive impairments in a rat model of NAFLD [77].
Resveratrol administration to NAFLD rats is able to ameliorate the imbalanced expression of copine 6,
p-catenin, and p-GSK3β in the hippocampus and PFC, restoring normal protein levels and improving
the altered Wnt/β-catenin signaling pathway. This study further supports previous evidences on the
effect of resveratrol in reducing Aβ plaque formation associated with AD [78].

Another study investigating the effect of Curcuma derivatives demonstrated their ability in
improving high-fat and high-sugar diet-induced obesity, oxidative stress, memory impairment,
and neurodegeneration. These effects have been attributed to the antioxidant properties and
anticholinesterase activity of curcuminoids and terpenoids present in the tested extract. Furthermore,
they increased serotonin and dopamine levels, exerting neuroprotection of hippocampal neurons [79].

Since several pieces of evidence suggested that liver steatosis may negatively affect cognitive
performance in AD subjects, n3-PUFA supplementation can be considered as an option to improve
NAFLD-related brain dysfunction, since these fatty acids are able to improve liver n3/n6 PUFA imbalance
and modulate many neuronal functions, protecting them from oxidative stress and inhibiting signaling
pathways responsible for tau phosphorylation in AD and dementia patients [80].

As stated before, the gut–brain axis and dysbiosis could play a role in the cognitive impairment
of NAFLD and NASH patients. Starting from the observation that probiotics have demonstrated to
improve NASH by decreasing LPS-induced pro-inflammatory cytokines, such as IL6 and TNF-α [81],
a study of Mohammed et al. investigated the effect of Lactobacillus plantarum (LP EMCC-1039)
administration on cognitive performance and liver function in dysbiosis-induced NASH in rats.
LP EMCC-1039 supplementation was correlated to an improvement of cognitive function in these
animals due to the modulation of TLR4/BDNF signaling pathway, and an increase of viable cells and of
the thickness of the pyramidal layer was observed [63].

5. Conclusions

In conclusion, increasing evidences suggest that a correlation exists between NAFLD/NASH and
CNS diseases or dysfunctions such as depression, MCI, AD, and dementia. Growing evidences point at
cerebrovascular alteration, neuroinflammation, and brain insulin resistance as NAFLD/NASH-related
CNS manifestations. Unfortunately, the pharmacological options available for the management of
these conditions are still limited, both in number and in efficacy. Further experimental and clinical
studies are needed to gain new insights about the mechanism(s) of NAFLD/NASH and their central
manifestations and identify effective pharmacological targets, after the comprehension of the complex
mechanisms involved in the NAFLD/NASH, including the regulation of the gut–brain axis by diet and
microbiome composition.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is an increasing cause of chronic liver illness
associated with obesity and metabolic disorders, such as hypertension, dyslipidemia, or type 2 dia-
betes mellitus. A more severe type of NAFLD, non-alcoholic steatohepatitis (NASH), is considered
an ongoing global health threat and dramatically increases the risks of cirrhosis, liver failure, and
hepatocellular carcinoma. Several reports have demonstrated that liver steatosis is associated with the
elevation of certain clinical and biochemical markers but with low predictive potential. In addition,
current imaging methods are inaccurate and inadequate for quantification of liver steatosis and do not
distinguish clearly between the microvesicular and the macrovesicular types. On the other hand, an
unhealthy status usually presents an altered gut microbiota, associated with the loss of its functions.
Indeed, NAFLD pathophysiology has been linked to lower microbial diversity and a weakened
intestinal barrier, exposing the host to bacterial components and stimulating pathways of immune
defense and inflammation via toll-like receptor signaling. Moreover, this activation of inflammation
in hepatocytes induces progression from simple steatosis to NASH. In the present review, we aim to:
(a) summarize studies on both human and animals addressed to determine the impact of alterations
in gut microbiota in NASH; (b) evaluate the potential role of such alterations as biomarkers for
prognosis and diagnosis of this disorder; and (c) discuss the involvement of microbiota in the current
treatment for NAFLD/NASH (i.e., bariatric surgery, physical exercise and lifestyle, diet, probiotics
and prebiotics, and fecal microbiota transplantation).

Keywords: non-alcoholic steatohepatitis; intestinal permeability; microbiota; probiotics; physical
exercise; fecal microbiota transplantation

1. Introduction

Non-alcoholic fatty liver disease (NAFLD), which is characterized by an increase in fat
accumulation in the form of micro and macro vacuoles of lipids into hepatocytes (named
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steatosis), is the most common liver disorder worldwide [1]. Steatosis is classified as mild
(5–33%), moderate (34–66%), or severe (more than 66%) [2] depending on the fat number
in vacuoles within the cytoplasm of hepatocytes. Additionally, other histopathological
features should be taken into account in the presence of steatosis including inflammation,
fibrosis, and ballooning degeneration [3]. Indeed, NAFLD comprises a large pathological
spectrum ranging from simple steatosis to steatohepatitis with a variable degree of fibrosis
and cirrhosis [4]. Importantly, liver steatosis is also a critical part of the evaluation of donors’
livers because it is very frequent and may negatively impact recipient outcomes [3,5].

The worldwide prevalence of NAFLD varies widely from 20% to 30% [6] in west-
ern countries and increases with age [7]. This disease represents a major health problem
because it is associated with the risk of progression to liver cirrhosis, liver cancer, and
even increased cardiovascular and solid neoplasm risk [8]. Metabolic syndrome (MetS)
is a cluster of metabolic abnormalities including glucose intolerance/insulin resistance,
abdominal obesity, atherogenic dyslipidemia, increased blood pressure, a proinflammatory,
and a prothrombotic state [9]. MetS provokes the alteration of the metabolic homeostasis of
several organs including the liver [10]. The development of NAFLD is strongly associated
with MetS given the fact that approximately 90% of the patients with NAFLD have more
than one feature of MetS [9]. Glucose and triglycerides, both considered key components
of MetS, are overproduced by the fatty liver [11]. In addition, insulin resistance is implied
in failure in the formation and utilization of free fatty acids, which ultimately induces
steatosis [12]. The liver is therefore a key player of metabolic abnormalities associated
with MetS [11]. Unfortunately, obesity and type 2 diabetes (T2DM) are frequently ob-
served in the general population. Evidence suggests that insulin resistance is the major
factor associated with steatosis and potentially steatohepatitis, which may precede the
development of T2DM. In fact, subjects suffering from NAFLD typically meet the diag-
nostic criteria for MetS [13]. However, not all patients with these conditions have NAFLD
and not all patients with NAFLD suffer from one of these conditions [14]. In this regard,
approximately 10% to 25% of people suffering NAFLD can progress to non-alcoholic steato-
hepatitis (NASH) [7], a more serious form of NAFLD which notably raises the possibilities
of progression to cirrhosis and hepatocellular carcinoma (HCC). Besides, it is estimated
that 10–15% of patients with NASH will develop HCC [15]. Bearing in mind the afore-
mentioned, NAFLD in general and particularly NASH are ongoing global problems for
public health systems. Nevertheless, the exact reason why some patients only develop
steatosis and others progress to develop steatohepatitis and fibrosis is not completely
understood [14]. It is probably the result of multiple metabolic abnormalities in the setting
of a genetic predisposition, being the initial step of the accumulation of fat in the hepato-
cytes. When chronic NAFLD appears, lobular inflammation and hepatocellular damage
can occur, leading to NASH. Moreover, NASH can be described as a necro-inflammatory
complication of persistent hepatic steatosis [4]. In recent years, it has been mentioned and
described that NAFLD might result from multiple hits with parallel consequences, such
as gut and adipose tissue-derived factors [16]. The “first hit” is characterized by insulin
resistance, leading to the accumulation of fat in hepatocytes, augmented lipid peroxidation
and absolute free fatty acid uptake in the liver, free fatty acid synthesis from cytosolic sub-
strates, the formation of triglycerides, and decreased apolipoprotein B-100 synthesis [17].
The “second hit” occurs through oxidative stress, which describes the progression to liver
fibrosis. Reactive oxygen species can stimulate hepatocellular injury through the inhibition
and inactivation of mitochondrial respiratory chain enzymes, membrane sodium chan-
nels, and glyceraldehyde-3-phosphate dehydrogenase. Reactive oxygen species promote
lipid peroxidation, Fas Ligand induction, and cytokine production, adding fibrosis and
hepatocellular injury [17]. Tumor necrosis factor-alpha (TNF-α) is up-regulated in NASH,
which stimulates other pro-inflammatory cytokines such as interleukin (IL)-6, transforming
growth factor beta (TGF-β), and platelet-derived growth factor, as well as augments insulin
resistance [18]. On the other hand, a second and most recent theory is the “Multiple-hit”
theory, which suggests that inflammation occurs before steatosis in environmentally and
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genetically predisposed individuals [19]. The “multiple hit” hypothesis contemplates
multiple factors operating in genetically predisposed subjects to provoke NAFLD; such
factors comprise insulin resistance, nutritional factors, hormones secreted from the adipose
tissue, genetic and epigenetic factors, and gut microbiota [20].

Other alterations in gut microbiota (i.e., overnutrition, genetic factors or inadequate
lifestyle patterns) [21] have also been reported to promote the development of NAFLD/NASH
by mediating inflammation, insulin resistance, bile acids, and choline metabolism [22].
Increased intestinal permeability may be associated with inflammatory changes in NASH
due to the strong link between the two processes [23]. The activation of inflammation
due to both dysbiosis and alterations in intestinal permeability via toll-like receptor (TLR)
signaling in hepatocytes induces progression from simple steatosis to NASH [24]. Further-
more, endotoxin levels were observed to be higher in NAFLD patients with severe fibrosis
than in those with mild fibrosis, revealing that the mechanism of fibrotic progression via
the endotoxin in NAFLD may be closely associated with gut permeability. Additionally,
in patients with NASH, a higher prevalence of small intestinal bacterial overgrowth [25]
has been associated with higher levels of TNF-α [26] related to increased expression of
TLR-4 on CD14-positive monocytes and higher plasma IL-8 levels [27]. However, neither
the pathophysiology of NAFLD/NASH nor the gut microbiota alterations in these patients
have been totally characterized, although modulation of the gut microbiota should be a
sustainable strategy to manage NAFLD/NASH and comorbidities. Accordingly, strategies
such as weight loss via diet and routine modifications are positive commendations to
ameliorate liver damage [28]. On the other hand, physical exercise is an additional tool
with potential benefits to microbiota composition, gut barrier integrity, and the metabolic
profile, including a reduction in the adiposity profile and improvement of inflammation
and immune parameters [28].

Concerning diagnosis, liver biopsies remain the gold standard for histological eval-
uation despite their limitations, invasiveness, and economic cost [29]. More accurate,
cheaper, and non-invasive methods are needed for determining the extent of steatosis and
its potential in progressing to a more severe status.

The present review summarizes human and animal studies aimed to determine the
impact of the gut microbiota alterations in NASH and their suitability as biomarkers for
prognosis and diagnosis. Finally, we discuss the implication of microbiota in the current
treatments for NAFLD/NASH.

2. Diagnosis and Monitoring of NAFLD/NASH

NASH is the active form of NAFLD, with hepatic necroinflammation and faster
fibrosis progression. The increasing number of patients that develop NASH-related end-
stage liver disease makes it mandatory to establish NAFLD and NASH biomarkers for
prognostication and selection of patients for treatment and monitoring [30]. Therefore, it is
of critical importance to take into account histological characteristics such as the degree of
steatosis, necroinflammation, and fibrosis to evaluate NAFLD patients [30].

Nowadays, liver biopsies remain the gold standard for histological evaluation, al-
though both invasive and non-invasive methods are currently used to detect and track
NAFLD and NASH [30]. Liver biopsies are used by clinicians to measure how much bal-
looning, inflammation, and scarring have occurred in the liver using different scoring scales
and algorithms to classify the stages of NAFLD [31]. Nonetheless, this technique presents
limitations such as the potential of sampling errors, interpretation of the histopathology,
and unsuitability for continuous monitoring and invasiveness [30]. To note, non-invasive
imaging techniques have improved over time and may be used to help determine the
progression of steatosis, fibrosis, and liver stiffness [31]. Examples of well-established tech-
niques are conventional ultrasonography (the most commonly used to identify fatty liver),
computed tomography, or magnetic resonance imaging as well as newer imaging tech-
nologies, such as ultrasound elastography, quantitative ultrasound techniques, magnetic
resonance elastography, and magnetic resonance-based fat quantitation techniques [32]. On
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the other hand, standard liver function tests (e.g., elevated liver-associated enzymes such
as aspartate aminotransferase and alanine aminotransferase) have shown low sensitivity
and specificity as steatosis markers, graft rejection, liver injury, and a poor correlation with
the severity of histopathological findings [33]. Researchers have also addressed developing
several types of biomarkers including hormones, pro-inflammatory cytokines and proteins,
adipokines, and carrier proteins [34]. For instance, plasma cytokeratin 18 fragment levels
are related to hepatocyte apoptosis, representing the most extensively evaluated biomarker
of steatohepatitis, although the accuracy is modest. In addition, several gene polymor-
phisms (such as PNPLA3 and TM6SF2) have been shown to correlate with NAFLD and
its severity [30].

In this regard, PNPLA3 is the first locus to be reproducibly and strongly related to
susceptibility to steatosis and fibrosis/cirrhosis in liver diseases [35]. Indeed, the PNPLA3
polymorphism, rs738409[G] coding for I148M, induces a decrease in enzymatic activity
in the hydrolysis of emulsified triglycerides in hepatocytes [36]. The PNPLA3 protein
is a lipase that acts in triglycerides in hepatocytes and in hepatic stellate cells (in retinyl
esters). PNPLA3 polymorphism, rs738409[G], provokes the loss of its function and triglyc-
eride accumulation in hepatocytes [35]. By contrast, the present lack of high-throughput
studies focused on proteomics or metabolomics to establish novel and reliable diagnostic
biomarkers for NAFLD hampers epidemiologic studies [7].

In summary, current biomarkers for detecting, classifying, and tracking different
features of NAFLD and NASH (namely, steatosis, necroinflammation, or fibrosis) present
limitations due to their lack of accuracy, reproducibility, responsiveness, feasibility or
economic cost. This shows the need for more effective, less invasive, and more affordable
methods for determining the extent of steatosis and its potential in progressing to a more
severe status. Thus, all these challenges have increased the interest in developing novel
methods for the diagnosis (biomarkers, gut microbiota, among others) and prediction of
the different stages of NAFLD/NASH.

3. Microbiota and Non-Alcoholic Steatohepatitis

The microbiome involves all of the genetic information inside the microbiota defined
as “the full collection of microbes, i.e., bacteria, fungi, virus, etc., that naturally exists
within a particular biological niche such as an organism, soil or a body of water, among
others” [28,37]. Indeed, the word “microbiome” is also referred to as the metagenome of
the microbiota [38]. The mutual communication between the microbiota and the liver is
performed through the portal vein, which transports gut-derived products to the liver, and
the feedback of bile and antibodies from the liver to the intestine [28,37].

The mucus barrier composition is determined by the microbiota as indicated through
studies on germ-free mice that when colonized with the microbiota acquire similar mucus
from donors [39]. This probably is due to the capability of goblet cells to sense the presence
of bacterial products and to produce Muc2 after triggering the NLRP (Nucleotide-binding
oligomerization domain, leucine-rich repeat and pyrin-domain containing proteins)-6-
inflammasome pathway [40]. Besides, studies performed in animals have shown alterations
in TLR signaling related to the leaky gut syndrome by the action of bacterial lipopolysac-
charide (LPS). In humans, modifications in the profile of the gut microbiota associated with
alterations in intestinal permeability have also been related to liver disease [28]. In conse-
quence, metabolites produced by the microbiota, the immune system, and the liver show a
strategic function in the pathogenesis of alcoholic liver disease and NAFLD/NASH [37].
Gut barrier impairment (which induces intestinal permeability) is the dynamic variable
that enables portal influx of pathogen-associated molecular patterns (PAMPs), e.g., LPS,
and microbiome-derived metabolites to the liver, activating a pro-inflammatory cascade
that exacerbates hepatic inflammation [41].

Metagenomic analyses reveal that NASH and cirrhosis are related to changes in the
gut microbiota composition [42,43]. In particular, it has been shown that Eubacterium
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rectale and Bacteroides vulgates enhancement is associated with NAFLD, probably through
damaging metabolic intermediaries in the altered microbiome of the host [44].

Patients with NASH showed augmented intestinal permeability and decreased intesti-
nal bacterial overgrowth that are correlated with the severity of steatosis [45]. Likewise,
mice deficient in junctional adhesion molecule A (Jam-A), an essential constituent of
tight junctions that regulate the paracellular route of solutes avoiding molecules such
as LPS cross the epithelium [46], are also more susceptible to NASH development [47].
Some authors have reported that just below the epithelium there is another cellular
barrier-dominated gut vascular barrier that senses the entry to the liver and portal circula-
tion [48,49]. Enteric pathogens such as Salmonella typhimurium have proven tactics to evade
this gut vascular barrier via delaying the WNT/b-catenin signaling pathway [50]. In this
regard, preventing the gut vascular barrier disruption with obeticholic acid treatment might
prevent the development of NASH [50]. In addition, a recent study in a heterodimeric
integrin receptor has shown that by blocking this integrin receptor known as α4β7, the
recruitment of CD4+ T cells to the intestine and liver not only reduces hepatic inflammation
and fibrosis but also protects the metabolic imbalances related to NASH [51].

Under healthy conditions, the gut microbiota composition is mostly stable, showing
dissimilarities mainly at the species level. However, studies in humans revealed that the
microbiota differs in patients with NASH. Accordingly, Enterobacteria and Proteobacteria
present increased abundance relative, whereas anti-inflammatory bacterial strains such as
Faecalibacterium prausnitzii are diminished [52]. In addition, important variables are related
to the gut microbiota in the characterization of NASH, such as the serum bile acid profile
and the hepatic gene expression pattern that support an increased bile acid production in
NASH patients [53].

A better understanding of the patient microbiota interactions and the response to
different actions/managements will be essential for the enhancement of NASH therapies
and the elaboration of novel approaches targeting the alterations in microbiota associated
with NASH.

4. Research Studies on Gut Microbiota and Non-Alcoholic Steatohepatitis

The global burden of NASH is high, affecting one in four adults and presenting a sub-
stantial geographic variation in prevalence [54]. Liver-detailed mortality of NASH patients
was estimated to be 15.44/1000 person-years. Moreover, the impact of NASH as a cause of
liver-related mortality may increase several-fold as the age at onset of disease decreases
not just to childhood but to the in-utero state [55]. Indeed, this may potentially increase the
duration and progression of liver disease. Another important factor is genetic susceptibility
which means and unquestionable causal issue, e.g., despite the much lower daily caloric
intake in Central and South America than in North America and western Europe, the
prevalence of NASH is higher in these regions probably due to the association of this
population with an increased prevalence of the rs738409 G allele of the PNPLA3 gene [56].

4.1. Animal Studies

Animal studies have mostly been performed in rodents, revealing a potential causal
role of gut microbiota in NAFLD. Several studies performed in animal models evaluating
the implication of several genes in microbiota alteration and NASH pathogenesis have
been recently reported. For instance, hepatic MyD88 regulates the production of bioactive
lipid compounds that are implicated in glucose, inflammation, and lipid metabolism. The
deletion of MyD88 in mice fed with a normal diet provoked changes in the gene expression,
plasma, and liver metabolome. Moreover, gut microbes similar to those reported have been
observed in diet-induced obesity and diabetic subjects [57].

On the other hand, it is well known that Sirtuin 3 (SIRT3) shows a defensive function
against NAFLD by refining hepatic mitochondrial dysfunction [58,59]. SIRT3 knockout
mice fed with a chow diet or high-fat diet were used to evaluate the relationship between
gut microbiota and SIRT3 in NAFLD development. Results from this study showed that

147



Biomedicines 2021, 9, 145

SIRT3 deletion accelerated gut microbial dysbiosis after a high-fat diet with augmented
levels of Desulfovibrio and Oscillibacter and reduced Alloprevotella abundance. In addition,
these mice had augmented LPS levels and dysfunction of cannabinoid receptor 1 and 2
expressions in both the colon and the liver, which were significantly linked to the variations
observed in gut microbiota [58].

The disruption of the gene F11r encoding Jam-A has showed deficiencies in intestinal
epithelial permeability in mice fed with a normal diet or a diet high in saturated fat,
fructose, and cholesterol. Mice with F11r gene knockout developed NASH features and
increased levels of inflammatory microbial taxa related to Firmicutes and Proteobacteria
compared with wild type mice [47].

To note, contemporary studies have proposed a key function for the inflammasome/
caspase-1 in NASH development. Knockout mice (caspases 1/11 and Nlrp3) were eval-
uated with a standard fat diet or a high-fat diet. Caspases 1/11 knockout mice were
predisposed to hepatic steatosis irrespective of the type of diet received. The lack of
caspases 1/11 was also linked to higher hepatic triacylglycerol levels. Additionally, in-
creased levels of Proteobacteria and a higher Firmicutes/Bacteroidetes ratio were found in
the gut of caspases 1/11 knockout mice nourished with a high-fat diet [60]. To evaluate
the implication of Nlrp3 in the development of NAFLD, Nlrp3 knockout mice were fed
with a Western-lifestyle diet with fructose in drinking water or a chow diet. Knock-out
Nlrp3 mice showed increased peroxisome proliferator-activated receptor-γ2 expression and
triglyceride contents, greater adipose tissue inflammation and histological liver damage,
as well as dysbiotic microbiota with bacterial translocation, related to an increase in TLR4
and TLR9 hepatic expression. After antibiotic treatment, the abundance of Gram-negative
species and translocation of bacteria were reduced, and adverse effects were repaired
both in the liver and adipose tissue [61]. Higher TLR4, TLR9, MyD88, Casp1, and NLPR3
expression levels were also found in animals that received a high-fat and choline-deficient
diet. Concerning the composition of gut microbiota, the number of operational taxonomic
units and the Bray-Curtis dissimilarity index were significantly different compared with
the control group [62].

A recent study [63] reported that bile acids modulated through microbial modulation
were critical to normalize obesity-induced metabolic disorders in hamsters. In addition,
these authors found that the elimination of the gut microbiota increased hepatic bile acid
synthesis and inhibited the microbial dihydroxylation and deconjugation in the gut [63].
Mice fed with either a low-fat diet with casein or a high fat-diet with casein, fish, or mutton
protein were analyzed. The different types of protein in the high-fat diet significantly
impacted the gut microbiota composition, with changes in Prevotellaceae UCG-003, Ru-
minococcaceae UCG-005, Desulfovibrio, the Lachnospiraceae NK4A136 group, Lactobacillus,
and Akkermansia, intestinal inflammatory gene expression, serum endotoxin level, and
changes in nine metabolites associated with hepatic MetS [64]. The hepatocyte-specific loss
of the bacterial wall sensor nucleotide-binding oligomerization domain-containing (NOD)
2 transformed the gut microbiota composition, augmenting Clostridiales and diminishing
Erysipelotrichaceae, among other taxa, verifying that NOD2 protects diet-induced NAFLD
in mice [65]. Rats fed a high-fat and choline-deficient diet (a well-established nutritional
model of NASH) showed a significantly higher delta Lee index, abdominal adipose tis-
sue, and abdominal circumference, as well as other biochemical parameters compared to
control standard diet animals. In this line, the methionine–choline-deficient diet induced
steatohepatitis and a decrease in the gut microbiota diversity although these changes in gut
microbiota differ from those observed in human subjects with NASH [66]. Using a different
nutritional model, a high-fat high-cholesterol diet stimulated fatty liver, steatohepatitis,
fibrosis, and NAFLD–HCC development, while a high-fat low-cholesterol diet induced
only hepatic steatosis in mice. Microbiota composition was also altered in this model,
showing an increase in Mucispirillum, Desulfovibrio, Anaerotruncus, and Desulfovibrionaceae
and low levels of Bifidobacterium and Bacteroides in the high-fat high-cholesterol diet-fed
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group. In addition, dietary cholesterol induced changes in gut bacterial metabolites with
augmented levels of taurocholic acid and decreased 3-indole propionic acid [67].

The recognized translational model for NAFLD/NASH, i.e., Leiden mice [68,69],
was used by Gart et al. to test several energy-dense diets. Animals were fed with chow,
butterfat–fructose, lard fat–sucrose, or a diet with lard fat–sucrose and fructose water.
General variations in microbiota were detected in all groups as well as modifications in
plasma short-chain fatty acids (SCFAs) [70].

On the other hand, proton pump inhibitors have been shown to stimulate the progres-
sion of alcoholic liver disease, NAFLD, and NASH in mice by growing Enterococcus spp.
and Enterococcus faecalis [71].

Germ-free mice received microbiota from four donors subjected to different diets, i.e.,
(1) control diet, (2) high-fat diet-responders, (3) high-fat diet non-responders, and (4) a
quercetin-supplemented high-fat diet to investigate changes in NAFLD development. The
high-fat diet non-responders and quercetin-supplemented high-fat diet groups had higher
levels of Desulfovibrio and Oscillospira, diminished levels of Bacteroides and Oribacterium,
higher stimulation of hepatic bile acid transporters, and suppression of hepatic lipogenic
and bile acid synthesis genes. The authors suggested a hepatoprotective effect in the
high-fat diet non-responders and of the quercetin-supplemented high-fat diet [72].

Initial infant gut colonization through microbes plays an important role in immunity
and metabolic function [73]. Germ-free mice were colonized with stool microbes from
2-week-old human infants born to obese or normal-weight mothers. The stool from
infants had higher hepatic gene expression for endoplasmic reticulum stress and innate
immunity together with periportal inflammation histological signs, similar to pediatric
cases of NAFLD. These results postulate useful data supporting the role of maternal
obesity-associated infant dysbiosis in children with obesity and NAFLD [73].

Bearing in mind all the aforementioned, studies in animals seem to be a good tool to
explore the implication of microbiota in NAFLD/NASH even when many limitations to
extrapolating information to humans have to be considered. Overall, animal models are
very helpful to shed light on the effect of alterations in the gut microbiota in hepatic disease,
especially when NAFLD patients present different severities, heterogeneous lesions, and
variable demographic characteristics (e.g., age, sex, or ethnicity). Additionally, the complex-
ity of human behavior, diet, physical activity, environment, psychological stress, or genetics
affects the gut microbiota, which may lead to discrepancies and controversial results.

Although animal models of NAFLD/NASH do not always show all the histological
alterations compared with humans (e.g., hepatocyte ballooning) and the microbiota are not
strictly the same between species, the effect of an unbalanced microbiota on hepatic disease
or the possibly of providing proof of concept may be more reasonable through appraisal of
experimental models. Moreover, animal studies have advantages such as reduced biological
variation or easy housing and monitoring or control of the diet/environment—all factors
with a great impact on the microbiota profile.

4.2. Human Studies (Adults and Children)

It has been described that the relationship between Bacteroides and a Western-type
diet has a pro-inflammatory effect related to the pathogenesis of NASH [44]. In addition,
it is known that patients with NAFLD show a different bacterial community with lower
biodiversity compared with healthy individuals [74]. Non-virulent endotoxin-producing
strains of pathogenic species overgrowing in the gut of patients with obesity can act as
contributory agents for the initiation of NAFLD. The most important molecular mechanism
is mediated through the TLR4 receptor; this receptor can modulate the different steps in
NAFLD evolution and related metabolic disorders [75]. Concerning the NASHmicrobiota
association, Bacteroides abundance was significantly increased in NASH patients, whereas
Prevotella was reduced. Ruminococcus was higher in patients with fibrosis, and the Bacteroides
relative abundance was independently related to NASH. Alterations in metabolic pathways
were associated with carbohydrate, lipid, and amino acid metabolism [76].
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Metagenomic analyses of diagnosed patients with NAFLD, NASH, and obesity com-
pared with control individuals revealed an increase in Actinobacteria and reduced Bac-
teroidetes in NAFLD patients. In NASH patients, low Oscillospira levels were related to
high Dorea and Ruminococcus and high 2-butanone and 4-methyl-2-pentanone levels [42].
In the same line, another study reported decreased Bacteroidetes and Ruminococcaceae
as well as increased Lactobacillaceae and Veillonellaceae and Dorea abundances in NAFLD
patients [77]. In addition, in patients with advanced fibrosis, serum and fecal bile acid
quantities increased, with serum glycocholic acid fecal deoxycholic acid levels associated
with Bacteroidaceae and Lachnospiraceae [78]. In concordance with these results, Ruminococ-
caceae and Veillonellaceae were the central microbiota related to fibrosis severity in non-obese
subjects, and bile acids and propionate were elevated in non-obese patients with signifi-
cant fibrosis [79]. In the same line, a prospective cross-sectional study was conducted to
characterize the differences between non-obese adults with and without NAFLD in fecal
microbiota. It revealed that NAFLD patients presented additional Bacteroidetes and fewer
Firmicutes that produced SCFAs, and 7α-dehydroxylating bacteria decreased. By contrast
Gram-negative bacteria were predominant in NAFLD patients [80].

In children with NAFLD, alanine aminotransferase activity and concentrations of
some inflammation and insulin resistance markers were significantly higher in plasma as
well as other variables related to the bacterial response. By contrast, soluble CD14 serum,
D-lactate plasma levels, and small intestinal bacterial overgrowth did not vary [81]. In
a study performed in one hundred and twenty-five children and adolescents who were
overweight and obese aged 10–18 years and 120 children and adolescents matched for age,
those with obesity and who were overweight presented intestinal dysbiosis (37.6%), and
62.4% were small intestinal bacterial overgrowth negative. Children with combined obesity
or who were overweight and with a positive small intestinal bacterial overgrowth showed
indications of impaired liver function (i.e., high levels of aminotransferases, aspartate
aminotransferases, alanine aminotransferase) as well as hypertension and MetS [82]. Low
alpha diversity has also been related to a high hepatic fat fraction in adolescents. The most
important taxa associated with these changes were Bilophila and Paraprevotella [83].Table 1
summarizes the principal information from gut microbiota and non-alcoholic steato-
hepatitis studies.

Table 1. Main information from gut microbiota and non-alcoholic steatohepatitis studies.

Reference Animal Model/Study Population Main Changes/Microbiota Alterations

Chen et al., 2019 [58] Knockout of SIRT3 HFD in mice

Impairment of dysbiosis after a HFD with
↑Desulfovibrio, Oscillibacter and ↓Alloprevotella

abundances, ↑ LPS levels and dysfunction,
↑cannabinoid receptor 1 and 2 expressions in the

colon and liver

Rahman et al., 2016 [47] Knockout of the F11 receptor gene in mice
Developed NASH features, ↑levels of

inflammatory microbial taxa related to
Firmicutes and Proteobacteria

de Sant’Ana et al., 2019 [60] Knockout mice (caspases 1/11 and Nlrp3 HFD)
↑Proteobacteria and Firmicutes/Bacteroidetes
ratio were found in the gut of caspases 1/11

knock-out mice

Pierantonelli et al., 2017 [61] Nlrp3 knock-out mice

After antibiotic treatment, the abundance of
Gram-negative species and translocation of

bacteria were reduced, and adverse effects were
repaired both in the liver and adipose tissue

Sun et al., 2019 [63] Hamsters
Microbial modulation of bile acids was

modulated, which was key in ameliorating
obesity-induced metabolic disorders
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Table 1. Cont.

Reference Animal Model/Study Population Main Changes/Microbiota Alterations

Ahmad et al., 2020 [64] Mice C57BL/6J HFD

HFD induced changes in Prevotellaceae UCG-003,
Ruminococcaceae UCG-005, Desulfovibrio, the

Lachnospiraceae NK4A136 group, Lactobacillus,
and Akkermansia

Cavallari et al., 2020 [65] Mice (NOD2 knockout) ↑Clostridiales and ↓Erysipelotrichaceae, NOD2
protection of NAFLD features

Schneider et al., 2019 [66] Rats with NASH induced by a
methionine–choline deficient diet

↓gut microbiota diversity (different from that
observed in human NASH subjects)

Zhang et al., 2020 [67] Mice, C57BL/6 male, high-fat
high-cholesterol diet

↑Mucispirillum, Desulfovibrio, Anaerotruncus, and
Desulfovibrionaceae and ↓Bifidobacterium

and Bacteroides

Gart et al., 2018 [70] Leiden mice
General variations in microbiota

modifications in plasma and short-chain
fatty acids

Llorente et al., 2017 [71] Sublytic Atp4aSl/Sl mice, Proton
pump inhibitors

↑progression of liver disease, ↑ Enterococcus spp.,
↑Enterococcus faecalis

Petrov et al., 2019 [72] Germ-free mice, High-fat diet non-responder,
Quercetin-supplemented HFD

↑Desulfovibrio and Oscillospira, ↓Bacteroides and
Oribacterium, ↑stimulation of hepatic bile

acid transporters
↓hepatic lipogenic and bile acid synthesis genes

Boursier et al., 2016 [76] Humans, NASH patients, NASH
patients+ fibrosis ↑Bacteroides abundance ↓Prevotella,↑Ruminococcus

Del Chierico et al., 2017 [42] Humans with NASH
↓Oscillospira levels related to ↑Dorea and
Ruminococcus and high 2-butanone and

4-methyl-2-pentanone levels

Adams et al., 2020 [78] Human patients with advanced fibrosis

↑serum and fecal bile acid quantities
Serum glycocholic acid fecal deoxycholic acid

levels were associated with Bacteroidaceae
and Lachnospiraceae

Lee et al., 2020 [79] Fibrosis in non-obese human subjects

Fibrosis severity associated with Ruminococcaceae
and Veillonellaceae, ↑bile acids and propionate

were elevated in non-obese patients with
significant fibrosis

Belei et al., 2017 [82]
Children with combined obesity or who were
overweight and had positive small intestinal

bacterial overgrowth

Impaired liver function, Hypertension,
Metabolic syndrome

Stanislawski et al., 2018 [83] Adolescents
↓alpha diversity related to a high hepatic fat
fraction in adolescents. Altered Bilophila and

Paraprevotella levels

Abbreviations: HFD, high-fat diet; LPS, lipopolysaccharide; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis;
Nlrp3, NLR family pyrin domain containing 3; NOD2, nucleotide-binding oligomerization domain containing protein 2; SIRT3, NAD-
dependent deacetylase sirtuin-3; ↑means increment; ↓means reduction.

5. Strategies to Treat Non-Alcoholic Steatohepatitis and the Implication for
the Microbiota

NASH is one of the most recurrent causes of cirrhosis. Since the number of approved
drugs and their effectivity are limited, it is fundamental to look for beneficial methods that
can lead to the prevention or reversal of the progression of NASH [84,85]. In addition, the
modulation of gut microbiota brings added benefits by itself or in combination with other
interventions (i.e., diet, exercise, bariatric surgery, probiotics administration, etc.). This
is a field of growing interest for the scientific community widely approached in the last
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years by the authors. In the present section, we remark on some studies and results in this
regard.

5.1. Bariatric Surgery

Bariatric surgery is effective in obesity care and causes prolonged weight loss with
potential decreases in hepatic fat, inflammation, and fibrosis [86,87]. A systematic review
and meta-analysis [88] in 2008 considered the effects on histology after bariatric surgery
in NAFLD patients. The authors concluded that fibrosis, steatohepatitis, and steatosis
features were enhanced in most patients succeeding weight loss after bariatric surgery.
Most studies described favorable effects on steatosis, and more than half of the studies
revealed significant enhancements in histological inflammation. Recently, a systematic
review and meta-analysis included forty-three studies divided into behavioral weight loss
programs, pharmacotherapy, and bariatric surgery studies with 2809 participants. The
authors concluded there is a dose-response association with liver inflammation, ballooning,
and NAFLD or NASH resolution; however, there were incomplete data of a dose-response
association with NAFLD activity score or fibrosis [89].

Evidence shows that the gut microbiota is a key mediator of the metabolic beneficial
effects and weight loss observed after bariatric surgery. In this line, significant changes
in the microbiota and related genes have been reported after this procedure [90–92]. For
instance, a study performed on obese patients reported increased gut microbial diversity
and alterations in the relative abundances of 31 species after being submitted to bariatric
surgery [93]. Suggested mechanisms for the reported changes in microbiota are (1) food
choices and preferences, reduction of food consumption, and nutrient malabsorption or
diet therapy after surgery; (2) Changes in bile acids that alter the 7α-dehydroxylation
capacity of the intestinal microbiota and impair the synthesis of the secondary bile acids;
(3) changes in hormones related to both energy metabolism and microbiota such as leptin
and ghrelin; (4) pH changes along the stomach induced by bariatric surgery. In this sense,
a high pH can strongly affect microbiota (e.g., Bacteroidetes decrease due to pH changes
after bariatric surgery, while Firmicutes and Actinobacteria increase) [94].

5.2. Physical Exercise as a Potential Treatment for NAFLD/NASH

Given the lack of pharmacologically approved treatment, physical activity and exercise
is one of the most promising modifiable lifestyle components related to NAFLD/NASH
development [95–97]. Indeed, physical inactivity is related to the progression of the dis-
ease [98,99], being one of the main problems for these subjects. Previous studies suggest
that physical exercise benefits the prevention of several metabolic risk factors related
to NAFLD, such as insulin resistance, dyslipidemia, and hypertension, reducing intra-
hepatic lipids [100]. In this line, the most extensive and simple outcome related to the
benefits of exercise is weight loss, with the potential to attenuate or reverse the course
of disease [100,101]. Despite this, physical exercise provides benefits to the management
of NALFD even in the absence of weight loss, suggesting other mechanisms by which
the exercise confers benefits against NAFLD/NASH [100,102]. In terms of metabolism,
physical exercise generates a proliferation of angiogenic factors and proliferation of en-
dothelial cells which induce an increase in capillarization, which favors the consumption
of fatty acids, reducing their entry into the liver [103]. This type of disease is commonly
associated with obese and diabetic people; therefore, it is of vital importance to lose weight,
given that there is evidence that excess liver fat (independent of NASH) is associated
with increased cardiometabolic risk [104]. Although there is no precise training program,
it is known that physical exercise is capable of modulating hepatic steatosis, improving
insulin sensitivity or affecting body composition of patients with NAFLD/NASH [105],
even without dietary intervention [100].
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Microbiota Role in the Relationship of Physical Exercise with NAFLD/NASH

Physical exercise has been demonstrated to impact the composition and functional
capacity of microbiota with potential health benefits [106–109]. Thus, it appears that the
benefits of physical exercise could have a common link through the intestinal microbiota.
The taxonomic changes in the microbiome through physical exercise have been analyzed in
depth [106]. Although the field remains to be further investigated, a recent study pointed
out these changes in the intestinal microbiota caused by exercise could be beneficial for
NAFLD patients [96]. Thus, the principal evidence is provided by studies on obesity or
diabetic patients, suggesting a close relationship with NAFLD/NASH patients. Indeed,
it was reported that such alterations in the intestinal microbiota were associated with
improved circulating insulin, LDL cholesterol, liver mass, and liver triglycerides [110]. In
rodent models, a high-fat diet induced gut microbiota dysbiosis and reduced the relative
abundance of Parabacteroides, Flavobacterium, and Alkaliphilus [96]. Moreover, the practice of
physical exercise corrected the imbalanced microbiota composition, reaching similar values
to the control, which could be associated with a protective effect against early obesity
and NAFLD [96]. In addition, physical exercise programs did show increased relative
abundances of Verrucomicrobia and decreased Proteobacteria in overweight women [111], as
well as a decrease in the Firmicutes/Bacteroidetes ratio in T2DM patients [112].

In addition, the concomitant effect of exercise on the gut in NAFLD/NASH patients
would be related to the close relationship between the gut and liver. The microbiome
and metabolites of the gut can directly reach the liver, being modulated by the gut barrier
permeability, which is profoundly affected in these patients, as we discussed in our previous
study [28]. The effects of physical exercise on endotoxemia and metabolites related to the
gut are also potential mechanisms related to improvements in NAFLD/NASH [112,113].
For example, physical exercise increased the abundance of SCFAs, butyrate, and other
SCFAs [109]. Furthermore, exercise exerts an effect on other gut-derived metabolites related
to hepatic metabolism such as bile acid, choline, and ethanol [113]. On the other hand,
exercise restores these genetic capacities to the level of control mice, possibly contributing
to improved metabolic alterations, including NAFLD [114]. This improvement is mainly
related to a decrease in the expression of genes involved in lipid metabolism, such as
SREBP-1c, FAT/Cd36, and C/EBPa [96]. Interestingly, a recent study compared the effect
of exercise vs. caloric restriction in obesity-prone HFD-fed rats, showing that only physical
exercise increased insulin sensitivity and achieved greater LDL reduction, mainly due to
exercise-induced microbiome modifications [110]. Indeed, these changes could be due to a
reduced abundance of the Bacteroidales S24-7 and Rikenellaceae families, which positively
correlated with liver triglycerides [110]. However, the direct influence of physical exercise
on changes in the microbiome has not been studied extensively in NAFLD/NASH patients.
A recent study extensively discussed the effect of physical exercise on the microbiome in
NAFLD/NASH [113]. Nonetheless it has not been defined what type of training generates
a greater effect, possibly due to the fact that moderately intense physical activity may
quickly lead to a reduction in intrahepatic lipid contents [115].

In summary, physical exercise has been shown to improve hepatic steatosis in NAFLD
and should be included as part of the clinical care of all patients, with several metabolic
mechanisms proposed. In addition, despite physical exercise being one of the proposed
mechanisms, the effect of the specific role of exercise on microbiota in NAFLD/NASH
must be clarified. However, it seems that total exercise duration and amount might be
important for ameliorating liver steatosis [116]. Thus, the principal recommendation is
achieving the recent physical activity recommendation, which consists of 150–300 min
of moderate–intensive physical activity per week, with the inclusion of both aerobic and
muscle-strengthening activities. In addition, individuals should start with small amounts
of physical activity, and some physical activity is better than none, especially for those
not currently meeting these recommendations; further, reducing sedentary behaviors
are recommend [113,117,118].
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5.3. Diet Calorie-Restricted and the Mediterranean Diet

Modification of host-microbiota interactions with personalized nutrition is a new ther-
apeutic opportunity for both disease control and prevention. The function and composition
of the intestinal microbiota are formed from infancy when the individual is colonized by
bacteria from the parents and the immediate environment, a route that strongly impacts
the microbiota composition in adulthood [119,120]. On the other hand, it is well known
that high-fat, high-sugar, hypercaloric diets raise the hepatic steatosis risk [121]. Weight
loss accomplished through caloric restriction decreases hepatic inflammation and fibrosis
and reduces NASH [122]. Studies have shown that a weight loss of 7–10% ends in improve-
ments in the nonalcoholic fatty liver disease activity score, and a weight loss of ≥ 10%
produces a resolution of 90% for NASH, 45% fibrosis regression, and a 100% steatosis
resolution [122]. Diet calorie-restriction is the most essential element in NASH nutritional
interventions [123]. The Mediterranean diet was recommended for NAFLD patients by
the recent European Association for the Study of the Liver; the European Association
for the Study of Diabetes; and the European Association for the Study of Obesity Clini-
cal Practice Guidelines [124] since this diet may contribute to partially restore a healthy
gut microbiota [125,126].

5.4. Probiotic Supplementation

There is an interaction between the intestinal microbiota, related metabolites, and
inflammation factors which control the progression and development of NAFLD. In conse-
quence, modulation of the gut microbiota by probiotics appears to be a safe and sustainable
strategy for the treatment of NASH. Probiotic supplementation significantly diminished
inflammatory biomarkers such as TNF-α and C-reactive protein in NAFLD patients [127].
A systematic review conducted to evaluate the microbiome targeted in NAFLD patients
included twenty-one randomized clinical trials; nine evaluated probiotics, and 12 evaluated
synbiotics. Probiotic and synbiotic treatments were related to a significant decrease in
alanine aminotransferase activity and liver stiffness measurement through elastography as
well as augmented odds of progress in hepatic steatosis [128].

In NASH patients, oligofructose increased Bifidobacterium, which was inversely as-
sociated with obesity and plasma LPS [129]. The intake of a probiotic cocktail produced
changes in the microbiota profile (specifically altering the abundance of pathogenic Enter-
obacteria) and feces’ structure, findings that were associated with the improvement of liver
inflammation [130]. Accordingly, Lactobacillus reuteri and metronidazole either alone or in
combination with metformin were administered to rats with NASH showing beneficial
effects on the lipid profile, oxidative stress, liver function, autophagic, and inflammatory
biomarkers compared with animals treated only with metformin. In addition, gut mi-
crobiota changes were observed in the abundances of Firmicutes and Bacteroidetes and
propionate, butyrate, and acetate ratios with the amendment of insulin resistance [131].

5.5. Fecal Microbiota Transplantation

Fecal microbiota transplantation (FMT) has been prevalent in recent years. FMT is
the transplantation of useful bacteria from feces of healthy donors into the gastrointestinal
tract of patients to repair the equilibrium of intestinal microbiota [132,133]. The procedure
includes the compilation of filtered stools collected from either a healthy donor or from the
recipient himself (autologous FMT) at a specific time before the initiation of disease and
associated dysbiosis and its connection to the intestinal tract of a patient suffering from a
certain medical condition [134]. FMT is efficient and successful treatment in Clostridium
difficile infection (CDI) in humans [135,136]. In 2010, the United States Infectious Diseases
Society of America and Society for Healthcare Epidemiology of America suggested FMT as
a treatment plan for CDI in their clinical guidelines [137]. A recent study in patients with
NAFLD has shown that FMT did not improve insulin resistance or hepatic proton density
fat fraction, but FMT was able to reduce small intestinal permeability in patients [138].
Besides, there are several studies registered on FMT and liver disease on the clinicaltrials.
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gov webpage; regarding NASH and FMT, there are five studies with complete registration
data, three of them with not recruiting status yet from Spain, the United States and India,
and the other two with an unknown status from the United States and India.

6. Future Perspectives

Nowadays, NAFLD/NASH has risen to pandemic proportions mainly due to our
sedentary lifestyle and Westernized diets with an increasing number of patients developing
NASH-related end-stage liver disease. Although NAFLD has become a common disease,
its exact cause has not been elucidated, and it is almost certainly not the same in every
patient; even the mechanism whereby some patients progress to NASH is still unclear. All
this is hampered by the fact that current methods of diagnosis present several limitations
and are invasive (e.g., liver biopsy), expensive, inaccurate, or inadequate (e.g., techniques
based on image acquisition), or have a low predictive potential (e.g., biochemical markers).
In consequence, there is an urgent need for a better understanding of the underlying
pathophysiology and diagnosis procedure of NASH. New approaches must consider other
NAFLD/NASH-related parameters whose levels and/or alterations would account for the
diagnosis, prognostication, and selection of patients for treatment and monitoring.

In recent years, several authors have evaluated whether patients suffering from
liver disease present a distinctive microbiota profile. The results extracted from the text
undoubtedly highlight differences in the microbiota profile of patients compared with
healthy individuals that have been associated with both severity and progression of the
hepatic disease. Nevertheless, the current knowledge is still limited and sometimes the
sample size is relatively small. To our knowledge, to date, all the authors reported the
differences/changes found as “potential biomarkers” and there are no microbiota-related
biomarkers currently used in clinical practice. In consequence, more research is needed
to validate and establish trustworthy and more precise microbiota-related biomarkers. In
our view, results need to show higher reproducibility, eliminating discrepancies in patient
cohorts, animal models, comparison groups, or health baseline status.

Nevertheless, and despite the broad heterogeneity of basic and clinical research on
NASH and its systemic complications performed (e.g., bariatric surgery, physical exercise
and lifestyle, diet, probiotics or fecal microbiota transplantation), the studies all highlight
the crucial role of gut microbiota to maintain the homeostasis of the organism and the
implication of the gut–liver axis in the pathogenesis of liver diseases NAFLD, NASH, and
HCC and acute liver failure. Moreover, specific microbiota profiles linked to these disorders
have been suggested. Microbiota also shift hepatic metabolism through the regulation
of hepatic gene expression (Figure 1). Thus, alterations in gut microbiota are emerging
as an important tool for determining the occurrence and progression of NAFLD/NASH.
Moreover, it is mandatory to take advantage of the current advances in metagenomics
techniques. The new knowledge together with proteomics and metabolomics results would
be immensely helpful to establish cheaper, novel, and reliable diagnostic biomarkers.

To conclude, the current restrictions in pharmacological treatments for NAFLD/NASH,
the limitations of current biomarkers for diagnosis and progression, together with the ad-
vancement in the knowledge of NAFLD/NASH microbiota show the need to open a new
window the scientific community must explore. New approaches in this sense might pro-
vide possible answers in both basic and clinical research to basic questions about prognosis,
diagnosis, and monitoring of this huge economic and global health burden.
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Abstract: Non-alcoholic steatohepatitis (NASH) is characterized by an abnormal hepatic lipid accu-
mulation accompanied by a necro-inflammatory process and a fibrotic response. It comprises from
10% to 30% of cases of patients with non-alcoholic liver disease, which is a global health problem
affecting around a quarter of the worldwide population. Nevertheless, the development of NASH is
often surrounded by a pathological context with other comorbidities, such as cardiovascular diseases,
obesity, insulin resistance or type 2 diabetes mellitus. Dietary imbalances are increasingly recognized
as the root cause of these NASH-related comorbidities. In this context, a growing concern exists about
whether magnesium consumption in the general population is sufficient. Hypomagnesemia is a
hallmark of the aforementioned NASH comorbidities, and deficiencies in magnesium are also widely
related to the triggering of complications that aggravate NASH or derived pathologies. Moreover,
the supplementation of this cation has proved to reduce mortality from hepatic complications. In the
present review, the role of magnesium in NASH and related comorbidities has been characterized,
unraveling the relevance of maintaining the homeostasis of this cation for the correct functioning of
the organism.

Keywords: non-alcoholic steatohepatitis (NASH); magnesium (Mg2+); obesity; insulin resistance
(IR); type 2 diabetes mellitus (T2DM); hypertension; cardiovascular diseases (CVD)

1. Introduction

1.1. Non-Alcoholic Steatohepatitis: An Overview

Non-alcoholic steatohepatitis, or NASH, is a term used to define a pathophysiological
stage of the liver characterized by an abnormal lipid accumulation (steatosis), inflam-
mation, hepatocellular damage and fibrosis development [1]. NASH is included in the
group of conditions that define the spectrum of non-alcoholic fatty liver disease (NAFLD),
together with non-alcoholic fatty liver (NAFL or steatosis) and cirrhosis [2]. NAFLD has
an estimated prevalence of 25% in the worldwide population, whereas NASH is estimated
to affect 3–12% of the global population [3]. The highest rates of NAFLD are reported in
South America and the Middle East, followed by Asia, USA and Europe, and they are
expected to increase within the next years due to current lifestyle and dietary habits [3,4].
Remarkably, the development of NAFLD/NASH has been widely characterized as a risk
factor for the development of hepatocellular carcinoma (HCC), contributing to 10–12% of
cases in Western populations, and 1–6% of cases in Asian populations [5,6]. HCC is the
second leading cause of cancer-related death and the fifth most common type of cancer
worldwide [7]. Furthermore, both NASH and NAFLD patients usually present an elevated
risk not only of liver-related morbidity and mortality, but also other metabolic comorbidi-
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ties, such as insulin resistance (IR) and type 2 diabetes mellitus (T2DM), hypertension and
cardiovascular diseases (CVD) or obesity [3].

The liver plays a key role in the metabolism of all biomolecules, but perturbations
in lipid balance lead to the development of steatosis. In NAFLD, the genetic background
or nutritional imbalances lead to a downregulation of the pathways involved in hepatic
lipid clearance: (i) very-low-density lipoprotein (VLDL) secretion and (ii) fatty acid ox-
idation (FAO) or an upregulation in those that promote hepatic lipid content as (iii) de
novo lipogenesis (DNL) and (iv) fatty acid (FA) uptake [8]. Although steatosis is usually
considered a “brand” condition, chronic abnormal lipid deposition together with other hep-
atic insults or even other events beyond the liver, that include, for example, gut dysbiosis
and adipose tissue inflammation, contribute to the development of NASH. In this context,
the most common lipid-derived complications comprise of the excessive development of
reactive oxygen species (ROS) and oxidative stress, the appearance of endoplasmic retic-
ulum stress (ERS), mitochondrial dysfunction with subsequent decreased FAO capacity,
and the production of lipotoxic species, which are of relevance [2,9]. These hits promote
the development of liver fibrosis, characterized by an excessive extracellular matrix (ECM)
deposition because of a chronic damage and a wound healing response [10]. In such an
environment, hepatocytes suffer from an inflammatory and apoptotic signaling that leads
to their death [11], activating Kupffer cells (KCs) to promote the release of inflammatory
cytokines [12] and hepatic stellate cells (HSCs) to secrete ECM components [13].

1.2. Nutritional Imbalances in Non-Alcoholic Steatohepatitis: A Potential Role of Magnesium

Unhealthy nutritional habits and dietary imbalances are beginning to be recognized as
the root cause of many diseases. Particularly, it was previously mentioned that NASH has
metabolic perturbations that are the most common cause of development [14]. High-fat and
high-sugar diets, such as the Western diet, lead to an increased fatty acid uptake by the liver
and adipose tissue while promoting hepatic DNL [15]. Although an excessive calorie intake
leads to the spread of overweight and obesity worldwide, currently affecting 38% of the
worldwide population and expected to increase in the coming years [16], unhealthy dietary
habits are also often accompanied by some imbalances in certain nutrients. In particular,
deficiencies in dietary micronutrients have been identified.

Magnesium, or Mg2+ in its free form, is a micronutrient widely distributed in the food
supply, both in plant and animal foods. Most green vegetables, legumes, peas, beans and
nuts are rich in magnesium, as are some shellfish and spices. The daily recommended intake
(DRI) for elemental magnesium is age-dependent, and lower for women (e.g., 19–30 years:
310 mg; 31 years and older: 320 mg) than men (e.g., 19–30 years: 400 mg; 31 years and
older: 420 mg). Magnesium DRI increases for pregnant women and lactation periods.
The cation is absorbed in the duodenum and ileum by both active and passive processes,
and this process is affected by different nutrients, such as fiber content [17]. Under healthy
conditions, the kidney plays a central role in magnesium homeostasis. In the last few
years, a growing concern has emerged about the defective magnesium consumption in
the general population, as, according to the National Health and Nutrition Examination
Survey (NHANES), 79% of US adults do not meet the DRI of the cation [18].

Mg2+ is the most predominant divalent cation in the cell, with concentrations ranging
from 5–20 mM, and extracellular Mg2+ accounts for only 1% of the total content in the
organism [19,20]. Magnesium plays a role as cofactor in more than 300 enzymatic reactions,
especially in those involving adenosine-triphosphate (ATP) or guanosine triphosphate
(GTP), where the cation forms ATP-Mg or GTP-Mg stable complexes required for many
biological processes such as glucose stabilization, lipogenesis, protein synthesis, nucleic
acids synthesis, coenzymes activity or methylation, among others [19]. The maintenance of
magnesium homeostasis is crucial for the correct development of the organism, whereas
perturbations have been related to the triggering of an inflammatory response, mitochon-
drial dysfunction and the decrease of the antioxidant capacity [21]. These alterations in
such biological processes have been reported to occur in comorbidities associated with
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NASH such as obesity, hypertension, CVD and/or the development of IR or T2DM. Indeed,
perturbations in Mg2+ homeostasis have been reported, not only in liver pathologies but
also in concomitant systemic complications [22–24].

In the present review we aim to highlight the relevance of Mg2+ homeostasis and the
development of systemic complications accompanying NASH.

2. Magnesium and Systemic Complications during Non-Alcoholic Steatohepatitis

2.1. Magnesium in Non-Alcoholic Fatty Liver Disease and Cancer

The spread of unhealthy lifestyle habits, together with inadequate nutritional behavior,
are making NAFLD and the pathologies comprised in its spectrum the leading cause of
chronic liver disease worldwide. Although, to date, the role of Mg2+ in the development of
NASH has not been explored in depth, a clinical study showed a protective effect of Mg2+

intake in patients with liver diseases. Remarkably, an increased intake of 100 mg (25–33%
increase of the daily recommended intake) showed a 49% reduction of liver-derived mor-
tality [25], suggesting a possible role of the cation depletion in the development of liver
diseases. Related to cirrhosis, the most severe stage of the pathologies that comprise the
spectrum of NAFLD, decreased hepatic magnesium levels have been reported to promote
collagen deposition in the liver, a hallmark of liver fibrosis [26,27]. The role of the cation is of
relevance in the mitochondria from hepatocytes, where low intramitochondrial magnesium
content has been described in cirrhosis with the subsequent decreased ATP production and
increased hepatocellular damage [28]. The role of protein kinase Cε (PKCε) and its relation-
ship with Mg2+ has also been characterized, as hypomagnesemia leads to a deficient PKCε

translocation and subsequent fibrinogen and collagen deposition [29]. There is an existing
link between low intrahepatic magnesium levels and an increased inflammatory response,
as under low hepatic Mg2+ content, an over-activation of leukocytes and macrophages
has been characterized, together with the recruitment of more inflammatory cells to the
liver [30]. Moreover, the supplementation of this cation has been proposed as anti-cirrhotic
therapy, because in vivo studies have demonstrated its protective effect [31].

As aforementioned, the development of NASH and other pathologies ranging in
NAFLD may increase the risk of developing HCC. Related to this, the biological functions
of the cation have been characterized, as Mg2+ plays a key role in DNA synthesis. Therefore,
hypomagnesemia leads to dysfunctions in DNA damage repair mechanisms, modulation
of cell cycle progression, cell proliferation and differentiation, and apoptosis with the
subsequent tumor growth promotion and metastasis of the tumor [32,33]. Although
molecular mechanisms that link hypomagnesemia and tumor development have not been
elucidated yet, an in vitro study suggests a possible relationship between magnesium
levels and a dysregulation of mitogen-activated protein kinase (MAPK)/extracellular
signal-related kinase (ERK) signaling [34].

Finally, a continuous magnesium loss has been related to alcohol consumption [35],
leading to the aggravation of alcoholic liver disease [26]. Related to this, Mg2+-deficient liv-
ers show an increased KC activation through the toll-like receptor type 4 (TLR4), promoting
ROS generation [36] and pro-inflammatory cytokine release [37]. Remarkably, Mg2+ supple-
mentation in patients with alcoholic steatohepatitis prevents the progression of the disease,
reducing the transaminases levels in serum and decreasing liver-related morbidity [38].

In summary, even though several studies suggest the relationship between hypomag-
nesemia and the development of liver diseases (Figure 1), to date there is no evidence that
characterizes the relationship between the cation and NASH, so it could be a research topic
of interest.
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Figure 1. Schematic representation of the contribution of decreased and increased magnesium levels
to the development of liver diseases. Abbreviations: PKCε: protein kinase Cε; MAPK: mitogen-
activated protein kinase; ERK: extracellular signal-related kinase; KC: Kupffer cell; ROS: reactive
oxygen species.

2.2. Magnesium in Overweight and Obesity

Overweight and obesity are complex and multifactorial diseases that affect over 1/3 of
the world population. Similar to the epidemiology of NASH and NAFLD, these conditions
are expected to even increase to a 38% prevalence of overweight and a 20% prevalence of
obesity by 2030 [39]. Obesity is defined by an excessive body weight, in consequence of an
excessive adiposity or body fatness. Healthy individuals show a body mass index (BMI)
comprised between 18.5 and 24.99, whereas the BMI of overweight patients is between 25
and 29.99. Regarding the obese population, they can be classified into three subgroups:
class I (BMI from 30 to 34.99), class II (BMI from 35 to 39.99) and class III (BMI higher than
40) [39]. Obesity greatly increases the risk of developing other chronic diseases such as
those mentioned in the present manuscript: liver diseases (NASH/NAFLD), IR, T2DM,
hypertension and CVD. Indeed, the development of NASH and overweight/obesity seem
to follow a parallel direction. The risk of developing metabolic-derived liver complications
has been reported to be two-fold higher in obese patients when compared with healthy
non-obese patients [40].

Related to the possible role that Mg2+ perturbations may have in the development
of alterations in obesity, hypomagnesemia has been identified in serum from obese pa-
tients [41]. Remarkably, a higher consumption of the cation is associated with a lower BMI,
waist circumference and serum glucose levels in patients [42]. Related to the effect of the
supplementation of the magnesium cation, it has been reported to improve the metabolic
profile of normal-weight metabolically obese individuals in several parameters such as
blood pressure (BP), fasting glucose and serum triglyceride levels [43]. Other studies have
associated low magnesium concentrations with chronic inflammatory stress related to obese
subjects, where hypomagnesemia enhances tumor necrosis factor (TNF) and interleukin-6
(IL-6) expression that might even contribute to the aggravation of other pathologies such
as hepatic ones [44]. Additionally, Mg2+ consumption prevents the induction of obesity
in in vivo models, suggesting a pivotal role of the cation in maintaining energy home-
ostasis [45]. However, other studies highlight the relevance of accompanying magnesium
supplementation with a protein-sparing modified low-calorie diet in order to avoid the
loss of the cation from the organism, as the supplementation alone cannot obtain this
goal [46]. Nevertheless, the supplementation of the cation has been deeply characterized to
improve the metabolic profile of obese individuals by decreasing the amount of low-density
lipoprotein (LDL) and increasing high-density lipoprotein (HDL) levels [47].

Finally, other studies have focused on the impact of magnesium modulation in the
adipocyte. It has been known for a long time that the adipocyte is not only a simple
storage depot for body energy, but in fact an endocrine organ playing a very relevant role
in obesity [48]. Interestingly, magnesium supplementation has been shown to result in
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a shift by increasing the frequency distribution of large adipocytes whereas magnesium
deficiency did not modify adipocyte size but increased their number in in vivo models of
obesity [49]. This is far more relevant considering that the age-related changes in adipose
tissue lipid storage may lead to the proliferation of adipocytes in order to sustain lipid
accumulation, making more difficult the loss of adipose tissue in elder patients [49]. In fact,
the adipose tissue expansion by adipocyte proliferation has been characterized to be feasible
for promoting obesity development [50] and magnesium levels appear to modulate this
adipocyte proliferation.

Overall, hypomagnesemia can contribute to the development of obesity, whereas
supplementation with the Mg2+ cation appears to prevent and reduce obesity prevalence
by targeting inflammation and adipocyte proliferation (Figure 2).

Figure 2. Schematic representation of the contribution of decreased and increased magnesium levels
to the development of overweight or obesity. Abbreviations: TNF: tumor necrosis factor; IL-6:
interleukin-6; LDL: low-density lipoprotein; HDL: high-density lipoprotein.

2.3. Magnesium in Insulin Resistance and Type 2 Diabetes Mellitus

Insulin Resistance (IR) and type 2 Diabetes mellitus (T2DM) constitute together with
obesity the main worldwide global epidemics, termed “diabesity”. Whereas the preva-
lence rates of IR syndrome have been reported to be 3–16%, with a higher incidence in
white populations, the global prevalence of T2DM has been estimated to be 6.3% of the
world’s population, being higher in elder patients [51]. IR is primarily an acquired con-
dition related to an excessive body fat, being characterized by a deficient response to
insulin leading to the reduction of glucose incorporation in the liver, adipose tissue and
muscle. Therefore, glucose levels in serum increase and the pancreas synthesizes more
insulin in order to overcome this perturbation. IR precedes the development of T2DM
by 10–15 years of chronicity, in the case of a persistent hyperglycemia and an impaired
insulin secretion [52]. The elevated levels of endogenous insulin are associated with IR and
results in weight gain, which exacerbates IR in turn, fueling a vicious cycle that persists,
with pancreatic β-cells that cannot meet the insulin demand. Furthermore, the deficient
glucose incorporation by the three aforementioned tissues (adipose tissue, liver and mus-
cle) has an impact in promoting hepatic gluconeogenesis through the impaired insulin
secretion [52]. Likewise, this promotes DNL, contributing to steatosis development and
blunting hepatic homeostasis.

Hypomagnesemia in both IR and T2DM patients has been described, as they often
show not only a reduced intake of the cation but they also present an augmented urinary
loss [22,53]. As mentioned earlier, urinary excretion of magnesium by the kidneys is
very pertinent, and both hyperglycemia and hyperinsulinemia in T2DM increase urinary
excretion and decrease tubular Mg2+ reabsorption [54]. T2DM patients in particular have
also been characterized to present alterations in the status of the cation, especially in
poorly controlled glycemic patients [55]. For instance, it has been estimated that around
50% of T2DM patients suffer from hypomagnesemia [56]. Related to this, more elevated
glycated hemoglobin levels, as a marker of chronic T2DM development, are frequently
observed in those elder patients that are more prone to suffer from hypomagnesemia [23].
The development of hepatic nephropathy as a T2DM-derived complication is also promoted
under hypomagnesemia conditions [57]. Related to the molecular mechanisms that connect
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magnesium and the development of IR/T2DM, the cation plays a role as a co-factor
in the phosphatidylinositol-3-kinase/protein kinase B (PI3K/AKT) pathway by which
insulin exerts its role in peripheral tissues [58]. The transition from a transient IR stage
to T2DM development might imply hypomagnesemia as a potential mediator, as Mg2+

deficiencies have been reported to alter the pancreatic insulin recreation by disrupting the
normal activity of β-cells [59]. In β-cells, the insulin secretion is mainly controlled by the
GLUT2/glucokinase (GK) tandem that acts as a glucose sensor and Mg2+ directly affects the
GK activity [56]. Thus, hypomagnesemia impacts the ATP-sensitive K+ (KATP) channels
that depolarize the β-cell membrane for the insulin release, leading to an uncontrolled
insulin secretion [59]. Furthermore, hypomagnesemia may also reduce insulin sensitivity
by promoting oxidative stress and/or inflammation as free radicals are often increased
in T2DM [60] and pro-inflammatory cytokines such as IL-6 decrease the expression of
GLUT4 and the activity of the PI3K pathway responsible in insulin-mediated signaling [61].
Remarkably, the effect of Mg2+ perturbations over insulin resistance development has been
reported to be reversible, so that the recovery of normal levels of the cation could solve the
pathology [62]. In this context, Mg2+ supplementation shows a significant improvement in
plasma glucose, lipoprotein and triglycerides profile and BP in diabetic patients [63].

Therefore, as summarized in Figure 3, a depletion of magnesium, favored by the
reduced intake as well as its continuous excretion by the urinary system together with a
decreased reabsorption, may contribute to IR and T2DM development. On the contrary,
the supplementation of the cation has been shown to exert a protective effect both on IR
and T2DM.

Figure 3. Schematic representation of the contribution of decreased and increased magnesium
levels to the development of insulin resistance and type 2 diabetes mellitus. Abbreviations: PI3K:
phosphatidylinositol-3-kinase; AKT: protein kinase B.

2.4. Magnesium in Hypertension and Cardiovascular Diseases (CVD)

Hypertension is a growing health concern that over a decade ago was already esti-
mated to affect around 31.1% of the global population (1.39 billion patients) [64]. This condi-
tion is characterized by an elevated BP and can be caused by many risk factors, such as high
sodium intake, low potassium intake, obesity, alcoholic consumption, physical inactivity
and an unhealthy diet [64]. Hypertension can be classified into stage 1 and stage 2 hyperten-
sion if systolic pressure is between 130–140, or higher than 140, respectively. Interestingly,
elevated glucose levels caused either by IR or T2DM are also a risk factor of developing this
condition [65]. Apart from being a major public health problem, hypertension is a major
risk factor for the development of CVDs as it promotes left ventricular hypertrophy [66].
CVDs are by far the leading cause of death in the world, with 17.9 million deaths in 2015,
which is expected to be at 22.2 million deaths by 2030 [67]. Concerning the different alter-
ations that comprise the spectrum of CVDs, the most relevant are coronary artery disease,
cerebrovascular disease, peripheral artery disease and aortic atherosclerosis [68]. Similar to
hypertension, unhealthy lifestyle habits such as smoking, alcohol consumption and dietary
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imbalances highly increase the risk of developing CVDs [69]. Moreover, cardiovascular
mortality is the most important cause of metabolic syndrome-related deaths.

Regarding the involvement of magnesium perturbations in the development of hyper-
tension and cardiovascular diseases, there are several works than point out a relationship
between the two conditions. Similar to the other conditions previously mentioned, the sup-
plementation of the cation reduces BP in case of IR, pre-T2DM and other non-communicable
chronic diseases [70]. Remarkably, a higher effect is observed in those patients with the
most elevated BP [71]. Additionally, Mg2+ deficiencies are related to a reduction in en-
dothelial functionality, a risk factor for atherosclerosis [24,72], while the supplementation
regulates vascular tone and calcification, preventing atherogenesis and thrombosis develop-
ment [73]. The cation is essential for many physiological, biochemical and cellular processes
that regulate cardiovascular function, modulating vascular smooth muscle tone and the
endothelial function [24]. Investigators also have characterized that Mg2+ plays a role in
the proliferation and migration of endothelial and vascular muscle cells, the modulation of
neuronal excitation and intracardiac conduction, as well as the myocardial contraction [73].
During cardiac potential, Mg2+ plays a role in the depolarization–repolarization processes,
in that Mg2+ depletion alters electrocardiogram activity [74]. Low serum levels of the cation
are related to increased atherosclerosis, coronary artery disease, arrhythmias and heart
failure [73]. Correlated to this, lower intracellular levels of Mg2+ in skeletal muscle are
related to aortic distensibility [75] and the appearance of arrhythmias [76]. The cation has
been also reported to be essential for maintaining cell membrane potential, mitochondrial
integrity from cardiomyocytes and to play a role in anti-oxidative pathways. [77]. Patients
with T2DM that show perturbations in Mg2+ levels show alterations in echocardiographic
indices and increased heart volume [78]. Similar to other studies in obese, IR or T2DM
patients, the supplementation of Mg2+ in patients with CVD has also been reported to exert
a protective role [77]. Houston and colleagues characterized that Mg2+ acts as a calcium
channel blocker, increasing the production of nitric oxide (NO), improving endothelial
dysfunction and inducing vasodilatation [79]. Additionally, scientific evidence highlights
the relationship between Mg2+ deficiencies and an elevated risk of stroke [24]. Regarding
the mechanisms that contribute to the aforementioned processes related to hypomagne-
semia, the development of oxidative and inflammatory stress is of relevance [22], together
with the contribution of the lipid profile and the increased susceptibility of lipoproteins
to peroxidation [80]

Overall, magnesium appears to play a role in the development of CVDs as deficiencies
in the cation are related to atherogenesis and perturbations in skeletal muscle functionality
(Figure 4).

Figure 4. Schematic representation of the contribution of decreased and increased magnesium levels
to the development of hypertension and cardiovascular diseases.

3. Discussion

Between the systemic complications that normally accompany NASH development,
obesity, IR and TD2M, hypertension and CVDs are the most common and relevant [3].
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Indeed, it is evident that a relationship exists among all of them, as the development of
one pathology is often accompanied by another. The development of NASH is frequently
the consequence of a chronic overweight or obese state, whereas the metabolic disorders’
consequence of obesity lead to dysregulations that disturb glucose homeostasis, leading
to IR or T2DM. In the meantime, elevated glucose levels in serum are also another cause
of hypertension, where dysregulations in lipid metabolism lead to atherogenesis and
promote the development of CVDs. In such an environment, the existence of an oxida-
tive and inflammatory stress condition contributes to the development or aggravation of
all aforementioned pathologies. Related to this, the role of Mg2+ deficiencies has been
widely characterized.

Although NASH and related pathologies have their own specific complications,
studies about the role of magnesium point in the same direction. Low magnesium concen-
trations have been related to many liver pathologies as cirrhosis, liver cancer or alcoholic
liver disease. Moreover, hypomagnesemia is related to the development of a higher
BMI—characteristic of obesity development—a higher risk of developing T2DM, and the
development of atherogenesis and alterations in the cardiac muscle that lead to CVDs.
Indeed, in the case of the pancreas, the cation has been characterized to play a role in
insulin secretion by β-cells so that the loss of Mg2+ could contribute to the transition from
IR to T2DM [59] and, in the meantime, decrease the insulin response from peripheral
tissues [61]. Cardiomyocytes and endothelial cells in the cardiovascular system also require
the cation for their correct functioning [77,79]. Another common feature of the cation in
all of the conditions is the fact that the supplementation of the subjects, either in vivo or
in clinical samples, prevents the development of such conditions. It must be mentioned
that the role of the cation in NASH development has not been totally elucidated to date.
However, the supplementation of the cation reduces the risk of liver-related death [25]
so a positive effect is expected. Similarly, such supplementation also exerts a protective
role over obesity, IR or T2DM and CVD development. Herein, the aforementioned role of
Mg2+ in the prevention of oxidative and inflammatory stress could be a common mecha-
nism. Moreover, considering the impact of mitochondrial dysfunction in the NASH-related
comorbidities, other potential underlying mechanisms include the role of magnesium in
the regulation of mitochondrial function. Finally, as the Mg2+ content can influence Ca2+

levels, and, for example, it has been shown that T2DM may cause endothelial dysfunction
by remodeling the intracellular Ca2+ toolkit [81], this mechanism should be taken into
account when investigating the protective roles of Mg2+ in IR, T2DM, CVD, and other
NASH-related comorbidities.

On the one hand, considering the preventive role of the supplementation of Mg2+,
the encouragement of the global population by health authorities to increase their nu-
tritional intake of Mg2+ may reduce the prevalence of the pathologies mentioned in the
present work. This can be achieved either by supplementation or by promoting the con-
sumption of magnesium-rich food, such as green vegetables, nuts, seeds and unprocessed
cereals [82]. Considering the information from NHANES that reveals that 79% of the adult
population does not fulfill the DRI of 300–400 mg/day, this is a key point that preventive
actions should focus on [18]. The potential effectivity of magnesium supplementation may
be a research topic of interest towards the development of therapies. Thus, it would be
interesting to evaluate its properties in either preclinical or clinical studies.

On the other hand, the physicochemical properties of the cation make essential the
activity of Mg2+ transporters that allow its flux across cell membranes participating in
the processes of intake, excretion and reabsorption [83]. In this aspect, although several
transporters such as the cyclin M family (CNNM), magnesium transporter 1 (MagT1),
MRS2 or the solute carrier family 41 (SLC41) have been characterized [84–86], their poten-
tial role in the development of NASH and related comorbidities remains largely unknown.
CNNMs have been associated with a number of genetic diseases affecting ion flux and
cancer development via their association with phosphatases of regenerating liver (PRL) [87],
whereas deficiencies in MagT1 have been linked to immunodeficiencies [88]. Otherwise,
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mutations in MRS2 have been linked to demyelination [89] and SLC41 are related to abnor-
mal locomotor functioning [90]. Related to the role of perturbations of Mg2+ homeostasis
in the development of several diseases in which immune responses or essential biological
processes are altered, the role of these proteins might be a research topic of interest for
therapy development against NASH or related morbidities.
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Abstract: Dysregulation of glucose homeostasis plays a major role in the pathogenesis of non-
alcoholic steatohepatitis (NASH) as it activates proinflammatory and profibrotic processes. Beneficial
effects of antiglycemic treatments such as GLP-1 agonist or SGLT-2 inhibitor on NASH in patients
with diabetes have already been investigated. However, their effect on NASH in a non-diabetic
setting remains unclear. With this aim, we investigated the effect of long-acting GLP1-agonist
dulaglutide and SGLT-2 inhibitor empagliflozin and their combination in a non-diabetic mouse model
of NASH. C57BL/6 mice received a high-fat-high-fructose (HFHC) diet with a surplus of cholesterol
for 16 weeks. After 12 weeks of diet, mice were treated with either dulaglutide, empagliflozin
or their combination. Dulaglutide alone and in combination with empagliflozin led to significant
weight loss, improved glucose homeostasis and diminished anti-inflammatory and anti-fibrotic
pathways. Combination of dulaglutide and empagliflozin further decreased MoMFLy6CHigh and
CD4+Foxp3+ T cells. No beneficial effects for treatment with empagliflozin alone could be shown.
While no effect of dulaglutide or its combination with empaglifozin on hepatic steatosis was evident,
these data demonstrate distinct anti-inflammatory effects of dulaglutide and their combination with
empagliflozin in a non-diabetic background, which could have important implications for further
treatment of NASH.

Keywords: liver disease; non-alcoholic steatohepatitis; GLP-1 agonist; SGLT-2 inhibitor; type 2 dia-
betes; innate immune system; adaptive immune system; metabolic syndrome

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the most common liver diseases
worldwide, which affects nearly 25% of the global adult population, and the incidence is
even further increasing [1]. NAFLD includes non-alcoholic fatty liver (NAFL) as well as the
more severe form, non-alcoholic steatohepatitis (NASH). A hallmark of both pathological
states is the accumulation of fat in more than 5% of hepatocytes. In addition to steatosis,
NASH includes also hepatocyte injury and inflammation, which can lead to end-stage
liver cirrhosis and its associated complications [2]. Furthermore, NASH is a significant risk
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factor for the development of hepatocellular carcinoma [3]. However, a majority of the
patients are dying due to cardiovascular events, which might be explained in part by the
specific pathogenesis of NASH [4].

The main risk factors for NASH are central obesity, dyslipidemia, insulin resistance
and type 2 diabetes mellitus (T2DM). Therefore, it was recently proposed to change the
nomenclature into “metabolic associated fatty liver disease” (MAFLD) [5].

Therapeutic options in patients with NASH are still rare, but urgently needed. Cur-
rently, loss of weight and physical activity are the only established therapeutic strategies [6].
As glucose homeostasis is an important driver in the pathogenesis of NASH, antiglycemic
treatments such as GLP-1 agonists have already been successfully tested for treatment of
NASH in diabetic patients. GLP-1 agonists stimulate glucose-dependent insulin secretion
and suppress hepatic glucagon production. They further delay gastric emptying and
decrease the appetite, therefore leading to weight loss [7]. Inhibitors of the sodium-glucose
cotransporter 2 (SGLT-2) such as empagliflozin are the latest novel class of anti-diabetic
drugs. By inhibition of the renal SGLT-2 transporter, they prevent glucose reabsorption and
therefore improve the blood glucose level and reduce glucotoxicity [8]. Some studies could
already show some short-term beneficial effects of the early SGLT-2- inhibitors in patients
with diabetes and NASH [9]. The combination of both GLP-1 agonist and SGLT-2-inhibitor
already showed remarkable improvements of the metabolic condition in the treatment of
T2DM [8] and therefore seems to be a promising therapy concept for NASH and diabetes.
However, there is insufficient evidence for both anti-diabetic agents and its combination
regarding the effectiveness of NASH in a non-diabetic background and their distinct path-
omechanism [10]. Therefore, further studies are urgently needed. To this end, we tested
the new long-acting GLP-1 agonist dulaglutide and the SGLT-2 inhibitor empagliflozin
alone or in combination in a mouse model of NASH.

2. Materials and Methods

2.1. In Vivo Animal Model

Animal care and all animal experiments were executed according to protocols ap-
proved by the animal welfare commission of the Hannover Medical School, local ethics
Animal Review Board (Niedersaechsisches Landesamt für Verbraucherschutz und Lebens-
mittelsicherheit/LAVES, Oldenburg, Germany (protocol 13/1152, 12.06.2013 and protocol
17/2456, 27.06.2017) and in accordance with the ARRIVE guidelines.

We used 6–8-week-old C57BL/6HanJ Ztm mice. Animals were fed a high-fat-high-
carbohydrate (HFHC) diet with a surplus of cholesterol (Ssniff EF R/M D12330 mod.*/
surwit + 1% Cholesterol; Diet#: E15771-34, S3542-E005; Ssniff, Soest, Germany) with
45 g/L 55% Fructose/45% Sucrose (Sigma, Darmstadt, Germany) in the drinking water
for 16 weeks. After 12 weeks of the diet, pharmacological treatment was started with
either dulaglutide (10 nmol/kg, Eli Lilly, Bad Homburg, Germany) [11], empagliflozin
(10 mg/kg, Boehringer Ingelheim, Ingelheim am Rhein, Germany)) [12], a combination
of dulaglutide and empagliflozin or vehicle. Further details regarding the in vivo animal
model are provided in the Supplementary Data.

2.2. Serum Analysis

After 16 weeks of HFHC diet, an intraperitoneal glucose-tolerance test (IPGTT) was
performed. Further details are provided in the Supplementary Data. For serum analysis,
blood samples were collected via a retro orbital withdrawal. Aspartate aminotransferase
(AST) and alanine transaminase (ALT) were determined by photometric enzyme activity
assays by the Olympus AU400 Chemistry Analyzer (OLY-AU400, Hamburg, Germany)
using 40–50 μL of murine serum as described before [13].

2.3. Liver Triglycerides

Frozen liver was minced into pieces and homogenized in standard diluent (Cayman
Chemical, Ann Arbour, Michigan, USA) with 20 μg/mL Leupeptin (Serva Electrophoresis

178



Biomedicines 2021, 9, 353

GmbH, Heidelberg, Germany) via a rod-homogenizer for 10–15 s. Homogenates were
centrifuged at 4 ◦C for 10 min at 10,000× g. Supernatant was aliquoted for triglyceride
and protein quantification. Colorimetric detection and quantitation of total protein was
performed using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific Waltham,
Waltham, MA, USA). Triglyceride in supernatant was detected via the Cobas® 8000 modular
analyzer (HITACHI/Roche, Basel, Schweiz).

2.4. Histology

Murine liver was fixed in formalin and embedded in paraffin. Paraffin-embedded
sections (2 μm) were stained with haematoxylin and eosin (H&E) for assessment of liver
histology, with periodic-acid Schiff reaction (PAS) for assessment of glycogen accumu-
lation and with silver for evaluation of fibrosis. Afterwards, they were graded with
the NAFLD-activity score (NAS). In short, sections were graded for lobular inflamma-
tion, hepatocyte ballooning and steatosis [14]. Grading was done by a blinded pathol-
ogist, who is experienced in the scoring of human NASH. Histological images were ac-
quisited with the ZEISS Imager.M1. -microscope (ZEISS, Oberkochen, Germany), ZEISS
Plan.Apochromat (20 er/08 + 10/0,45) objective (ZEISS, Oberkochen, Germany) and ZEISS
Axiocam 506 mono camera (ZEISS, Oberkochen, Germany). ZEISS ZEN v2.3. blue edition
(2011) software (ZEISS, Oberkochen, Germany) was used for acquisition as well as for
further image processing.

2.5. Flow Cytometry

Livers and spleens were perfused with PBS and dissected from mice. Organs were then
minced using a nylon cell strainer (70 μm, BD Falcon, Franklin Lakes, NJ, USA) and washed
with phosphate-buffered saline supplemented with 2% fetal calf serum. Afterwards,
spleens were lysed in red blood cell lysis buffer (Sigma-Aldrich, Munich, Germany).
Intrahepatic leucocytes and monocytes were isolated by using 40/70%- percoll density
gradients (Percoll, GE Healthcare, Chicago, IL, USA). Subsequently, cells were stained
with fluorochrome-conjugated antibodies for multicolor fluorescence-activated cell sorting
(FACS) analysis. Detailed information about the antibodies used are provided in the
Supplementary Data. All acquisitions were done with a LSRII SORP interfaced to DIVA
software (BD Biosciences, San Jose, CA, USA).

2.6. Real-Time PCR

For real-time PCR, the TaqMan Gene Expression Assay was used. Please see the
Supplementary Data for a detailed list of assays. For amplification, the PreAmp master
Mix (Fluidigm, PN 1005580, South San Francisco, CA, USA) was used. Amplification was
performed according to the manufacturer’s guidelines. For PCR, the 48.48 Dynamic Array
TM IFC, Assay loading reagent (Fluidigm, PN 85000736), GE Sample Loading Reagent
(Fluidigm, PN 85000735, 85000746) and the Master Mix (TaqMan Gene Expression Master
Mix, Applied Bioscience, PN 4369016, Thermofisher, Waltham, MA, USA) were used.
RT-PCR was performed according to the manufacturer’s guidelines.

2.7. Stool Analysis

Fresh stool was collected from every animal after 16 weeks of HFHC diet. For stool
collection, mice were set into a clean plastic cage and fresh stool was collected and imme-
diately put on dry ice. Afterwards, stool was stored at −80 ◦C until further preparation.
DNA preparation and bioinformatic analyses were performed according to the methods
described before [15]. Further details are listed in the Supplementary Data [16–19].

2.8. Statistics

Statistical analysis was performed with GraphPad Prism v5.0. The unpaired Student
2-tailed t-test with Welsh-correction was applied for comparisons of differences between
the means of two groups. Non-parametric Mann–Whitney test was applied for comparing
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the NAS-Score. The trapezoidal rule was used to determine the area under the curve
(AUC). p-values <0.05 were considered as significant. All results are presented as mean
with standard error of the mean (SEM). Graphs were created using the GraphPad Prism
v5.0 program and Power Point v2010.

For analysis of the RT-PCR, the Fluidigm Real-Time PCR Analysis Software V.3.0.2 was
used. Data were normalized by the mean values of the housekeeping genes glyceraldehyde-
3-phosphate dehydrogenase (Gapdh) and actin β (actb) from the genes of interest. Heat
map and principal component analysis (PCA) of the –delta Ct values were performed via
the using Qlucore Omics Explorer v3.3 (Qlucore, Lund, Sweden). For analysis p-values
were set to ≤0.049 for two group comparisons (t-test) and for multigroup comparisons
(F-test) (ANOVA) (p < 0.05 and q < 0.2). *, difference significant with p < 0.05. **, difference
significant with p < 0.01 ***, difference highly significant with p < 0.001. A p-value > 0.05
was considered to be not significant (ns).

3. Results

3.1. Dulaglutide Corrected Obesity and Reduced Adipose Tissue

Weight loss is the most important treatment option for NASH so far and therefore
an important aim of potential therapeutical treatments. After 16 weeks of HFHC diet and
4 weeks of treatment (Figure 1a), we analyzed the body weight and body composition of the
mice. Here, both treatment with dulaglutide as well as its combination with empagliflozin
led to significant weight loss during the time of treatment and significantly reduced the
total bodyweight at the end of treatment compared to saline control and treatment with
empagliflozin alone (Figure 1b). In line with this finding, dulaglutide significantly reduced
the amount of white adipose tissue (WAT), brown adipose tissue (BAT) and visceral
adipose tissue (VAT) compared to saline control (Figure 1c). Also, the combined treatment
significantly reduced WAT and VAT, but had no additional effect compared to dulaglutide
(Figure 1c). Treatment with empagliflozin had no influence on the bodyweight or subset
of adipose tissue. Therefore, both dulaglutide and combined treatment are effective for
weight loss and reduction of adipose tissue.

3.2. Combination of Dulaglutide and Empagliflozin Markly Improved Glycemic Control.
Dulaglutide Improved Hyperglycemia and Diminished AST-Elevation

Although there were no differences in the basal fasting glucose levels, dulaglutide
accelerated glucose reduction after injection, so that these mice reached basal fasting glu-
cose levels at the end of the test compared to saline vehicle-treated mice (Figure 2a). Also,
the AUC glucose was significantly reduced (Figure 2b). The combined treatment of du-
laglutide and empagliflozin further improved glycemic control via reduced basal fasting
glucose levels as well as over the course of glucose test compared to either dulaglutide
or empagliflozin alone (Figure 2a). Interestingly, empagliflozin had no effect on hyper-
glycemia. Therefore, these data show that dulaglutide and combination of dulaglutide and
empagliflozin improve the metabolic function even in a non-diabetic setting.
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Figure 1. Body composition (a) C57BL/6 mice received a high-fat-high-fructose (HFHF) diet for a total of 16 weeks,
additional pharmacological therapy administered for the last 4 weeks (week 13–16). (b) Body weight and relative weight
change after 16 weeks of HFHC diet. (c) Body fat composition was analyzed by weight determination of white adipose
tissue (WAT), brown adipose tissue (BAT) and visceral adipose tissue (VAT) after sacrification. Data are presented as mean
± SEM. C57BL/6 Dulaglutide: n = 10, C57BL/6 Saline vehicle: n = 10, C57BL/6 Empagliflozin: n = 10, C57BL/6 Natrosol:
n = 10; C57BL/6 Dula + Empa: n = 9. Unpaired t-test with Welsh-correction was used for comparison between two groups.
* p < 0.05; ** p < 0.01; *** p < 0.001 was used for comparison of Dulaglutide vs. Saline vehicle; + p < 0.05; ++ p < 0.01;
+++ p < 0.001 was used for comparison of Dula + Empa vs. Saline vehicle, ◦ p < 0.05; ◦◦ p < 0.01; ◦◦◦ p < 0.001 was used for
the comparison of Dula + Empa vs. Empagliflozin.

181



Biomedicines 2021, 9, 353

 

Figure 2. Metabolic parameters and transaminases (a) Intraperitoneal (i.p) glucose tolerance test. The trapezoidal rule was
used to determine the area under the curve for glucose (AUC glucose). (b) Biochemical analyses of alanine (ALT) and
aspartate (AST) transaminases in blood serum. Data are presented as mean ± SEM. Unpaired t-test with Welsh-correction
was used for comparison between two groups. C57BL/6 Dulaglutide: n = 10, C57BL/6 Saline vehicle: n = 10, C57BL/6
Empagliflozin: n = 10, C57BL/6 Natrosol: n = 10; C57BL/6 Dula + Empa: n = 9; * p < 0.05; ** p < 0.01; *** p < 0.001 was used
for comparison of Dulaglutide vs. Saline vehicle + p < 0.05; ++ p < 0.01; +++ p < 0.001 was used for comparison of Dula +
Empa vs. Saline vehicle ◦ p< 0.05; ◦◦ p < 0.01; ◦◦◦ p < 0.001 was used for the comparison of Dula + Empa vs. Empagliflozin
# p < 0.05, ## p < 0.01, ### p < 0.001 was used for comparison of Dulaglutide vs. Dula + Empa.

We further analyzed the treatment effect on transaminases levels as a marker for hepa-
tocyte damage. Here, treatment with dulaglutide alone significantly reduced the aspartate-
aminotransferase (AST). Neither the treatment with empagliflozin nor the combined treat-
ment influenced AST levels. No significant changes in the alanine-aminotransferase (ALT)
levels were detected (Figure 2B).

3.3. No Histological Apparent Treatment Effects after Development of Moderate NASH

After 16 weeks of HFHC diet, the histological development of NASH was analyzed
by an experienced pathologist. Paraffin-embedded liver sections were stained with haema-
toxylin and eosin (H&E) for assessment of liver histology, periodic-acid Schiff reaction
(PAS) for assessment of glycogen accumulation and silver staining for evaluation of fibrosis
(Figure S1A). All animals developed moderate steatosis, mild inflammation and mild
ballooning, which defines NASH with a median NAS Score 3–4 (Figure S1B). No significant
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changes have been detected after any of the treatments according to the total NAS-score.
All animals developed mild periportal fibrosis with a median score of 0–1 (Table S1), but no
significant treatment effect was seen. Furthermore, we measured the intrahepatic triglyc-
eride content. Surprisingly, the liver triglyceride content was not affected by any treatment
(Figure S1C).

3.4. Combination of Dulaglutide and Empagliflozine Attenuates Activation of Innate and Adaptive
Immune System

As both the adaptive and innate immune system play an important role in the
pathogenesis of NASH, we analyzed the intrahepatic subsets of immune cells using flow-
cytometry. Although no significant changes regarding the adaptive immune system were
seen for each single treatment (Figure 3a and Figure S2), the combined treatment decreased
the number of Foxp3+ regulatory T (Treg) cells compared to single treatment with em-
pagliflozin as well as control mice (Figure 3a). There was no difference in the expression
of CD62L (L-Selectin) on CD4+ and CD8+ cells, which is an adhesion molecule of the
selectin family, which mediates lymphocyte homing and might induce proinflammatory
processes [20] (Figure S2a). Furthermore, no difference in the subsets of Ki67+ cells have
been detected (Figure S2a).

 

Figure 3. Flow cytometry analyses of the innate and adaptive immune system (a) Flow cytometry analyses of the adaptive
immune system focusing on the intrahepatic subsets of CD4+ T cells and CD8+ T cells (b) Analyses of s of intrahepatic liver
macrophages. Data are presented as mean ± SEM. Unpaired t-test with Welsh-correction was used for comparison between
treatment and control group. C57BL/6 Dulaglutide: n = 10, C57BL/6 Saline vehicle: n = 10, C57BL/6 Empagliflozin: n = 10,
C57BL/6 Natrosol: n = 10; C57BL/6 Dula + Empa: n = 9. * p < 0.05; ** p < 0.01; *** p < 0.001 was used for comparison of
Dulaglutide vs. saline vehicle. + p < 0.05; ++ p < 0.01; +++ p < 0.001 was used for comparison of Dula + Empa vs. Saline
vehicle. ◦ p < 0.05; ◦◦ p < 0.01; ◦◦◦ p < 0.001 was used for the comparison of Dula + Empa vs. Empagliflozin.

In the subset of the cytokine production of intrahepatic lymphocytes, we could see
a significant reduction in CD8+IL17+ cells as wells as a trend (p = 0.09) towards reduced
CD4+IFNgamma+ after combined treatment compared to empagliflozin (Figure S2b). In-
terestingly, empagliflozin also decreased the amount of CD8+TNFalpha+. The lower Treg
numbers might be further indicating lower intrahepatic IL-2 availability.
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Macrophages are important drivers of chronic inflammation in the liver and contribute
to the progression from simple steatosis to steatohepatitis. Polarization of monocyte-
derived macrophages (MoMF) into the pro-inflammatory macrophages (MoMFLy6Chigh)
is influenced by various stimuli such as fatty acids or signals from the gut–liver axis [21].
Therefore, it is important that the combined treatment with dulaglutide and empagliflozin
significantly diminished the amount of proinflammatory MoMFLy6Chigh compared to
empagliflozin and control group. Conversely, the amount of MoMFLy6Cneg cells were
significantly increased after combined treatment (Figure 3b). Kupffer cells are involved in
both activation of pro-inflammatory macrophages as well as integration of signals from the
gut-liver axis and lipid metabolism. Both dulaglutide as well as the combined treatment
significantly reduced the amount of Kupffer cells compared to saline vehicle (Figure 3b),
which is associated with diminished inflammation. In summary, combined pharmacolog-
ical treatment significantly attenuated the pro-inflammatory reaction of the innate and
adaptive immune system and is even more effective than any of the single treatments.

3.5. Dulaglutide and Combined Treatment Diminished Pro-Inflammatory Pathways and
Attenuated Pro-Fibrotic Pathways, whereas Empagliflozin Enhanced Pro-Inflammatory and
Pro-Fibrotic Pathways

To determine the genetic effects of drug treatment on the pathogenesis of lipid
metabolism, inflammation and development of fibrosis, we analyzed 22 genes, which rep-
resent key transcripts in the pathways of inflammation, fibrosis and fatty acid metabolism.
Genes that were expressed significantly different upon PCA analysis were plotted in a
heat map (Figure S3) as well as in diagrams to visualize changes in the pathways of
inflammation, inflammasome, lipid metabolism and fibrosis (Figure 4a–d). Although du-
laglutide did not induce histological changes, we could demonstrate anti-inflammatory
and anti-fibrotic effects on a molecular level as it significantly decreased the expression of
the pro-inflammatory markers CCL2, CD11c, TNF and IL-1 beta as well as the expression
of the pro-fibrotic marker TIMP-1 compared to Saline vehicle (Figure 4a–d). Surprisingly,
treatment with empagliflozin revealed pro-inflammatory and pro-fibrotic effects due to
increased expression of the pro-inflammatory markers NLRP-3, CCL2, TLR-9 and TLR-4,
CD11c, CD36 and enhancement of FABP-4 and collagen (Figure 4a–d) compared to vehicle.

Comparing the combined treatment with empagliflozin-mono, expression of pro-
inflammatory markers CCL-2, CD11c, TGIF-2 as well as pro-fibrotic markers TIMP-1 and
collagen was significantly decreased, suggesting a dominant effect of the dulaglutide treat-
ment (Figure 4a–d). The expression of SREBF-1 increased after treatment with dulaglutide
and empagliflozin. Although no changes between the dulaglutide group and combined
treatment group could be detected, the combined treatment also significantly diminished
the expression of pro-inflammatory as well as pro-fibrotic markers.
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Figure 4. Gene expression. Normalized gene expression representing pathways of inflammation, inflammasome, fibrosis
and lipid metabolism. Genes that were expressed significantly differently upon PCA were exemplarily chosen to visualize
changes in the pathways of (a) inflammation, (b) inflammasome, (c) lipid metabolism and (d) fibrosis. Unpaired t-test
with Welsh-correction was used for comparison between treatment and control group. One-way ANOVA with Tukey’s
multicomparison test was used for differences between treatment groups. C57BL/6 Dulaglutide: n = 10, C57BL/6 Saline
vehicle: n = 10, C57BL/6 Empagliflozin: n = 10, C57BL/6 Natrosol: n = 10; C57BL/6 Dula + Empa: n = 9. * p < 0.05;
** p < 0.01; *** p < 0.001 was used for comparison of Dulaglutide vs. Saline vehicle. # p < 0.05; ## p < 0.01; ### p < 0.001 was
used for comparison of Empagliflozin vs. Natrosol. + p < 0.05; ++ p < 0.01; +++ p < 0.001 was used for comparison of Dula +
Empa vs. Saline vehicle. ◦ p < 0.05; ◦◦ p < 0.01; ◦◦◦ p < 0.001 was used for the comparison of Dula + Empa vs. Empagliflozin.

3.6. Microbiome Diversity Is Enhanced by Dulaglutide and Combination of Dulaglutide
and Empagliflozine

Besides lipid and glucose metabolism, the gut–liver axis also contributes to the pro-
gression of NASH. In particular, microbiome dysbiosis causes flux of microbial endotoxins
to the liver, which then further promotes pro-inflammatory and pro-fibrotic processes [22].
Therefore, we analyzed the changes in the microbiome after treatment. In total, we ana-
lyzed 18,656 reads per sample and could classify six different phyla and 47 different genera.
Only 0.02% of reads could not be assigned at phylum level.

Alpha diversity on genus level was significantly augmented after dulaglutide treat-
ment compared to the saline control group in both Shannon- and Simpson-diversity index
(Figure 5a). Also, combined treatment enhanced microbiome dysbiosis compared to saline
vehicle. On phylum level, significant differences in beta diversity could be observed when
comparing dulaglutide treatment with the saline vehicle (Figure 5b). Interestingly, an
increase of Bacteriodetes and a concomitant lower abundance of Firmicutis were seen, which
are both related to lower insulin resistance and obesity in humans and mice. Additionally,
the increase of Bacteriodetes and concomitant reduction of Firmicutis was also seen after
empagliflozin treatment and combined treatment.
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Figure 5. Microbiome diversity (a) Analysis of the genus diversity of intestinal microbiota using the Shannon H score. Data
are presented as mean ± SEM. Unpaired t-test with Welsh-correction was used for comparison between treatment and
control group. (b) Detailed composition of the phylum diversity. C57BL/6 Dulaglutide: n = 10, C57BL/6 Saline vehicle:
n = 10, C57BL/6 Empagliflozin: n = 10, C57BL/6 Natrosol: n = 10; C57BL/6 Dula + Empa: n = 9. * p < 0.05; ** p < 0.01;
*** p < 0.001 was used for comparison of Dulaglutide vs. Saline vehicle. + p < 0.05; ++ p < 0.01; +++ p < 0.001 was used for
comparison of Dula + Empa vs. Saline vehicle.

Analyses of microbiome similarities were performed on genus level. Here, we could
show significant differences between the dulaglutide-group and the control group. Deter-
mination of the relative abundance of different genera, treatment with dulaglutide as well
as treatment with empagliflozin and combined treatment were associated with significant
differences in the relative abundance of different genera (Table S2). However, there are
more differences between combined treatments with empagliflozin than with dulaglutide,
which underlines the dominant effect of dulaglutide.

To summarize, we could show significant improvement of microbiome dysbiosis
after dulaglutide treatment and its combination with empagliflozin, which correlates with
diminished activation of pro-inflammatory and pro-fibrotic pathways in our previous
analyses.
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4. Discussion

To our knowledge, this is the first study investigating the effects of the new, long-
acting GLP-1 agonist dulaglutide and the SGLT-2 inhibitor empagliflozin alone and in
combination in a dietary mice model for non-alcoholic steatohepatitis.

Dulaglutide corrects obesity and improves glycemic control even in a non-diabetic
mouse model and therefore improves important risk factors for the pathogenesis of NASH.
The combination therapy with GLP-1 agonist and SGLT-2 inhibitor is meant to be a promis-
ing treatment as their effects are supplementary.

A few studies have already examined this combination and have shown beneficial
effects on glycemic control and body weight in humans [23]. In our study, we could confirm
beneficial effects of combined treatment on glycemic control compared to monotherapy
with GLP-1. However, the effect of the combination on the HbA1c- reduction in the
mentioned study was less than the additive effect of SGLT-2 inhibition alone plus GLP-1-
agonist alone.

Furthermore, our data clearly demonstrated anti-inflammatory effects of both du-
laglutide and the combination of dulaglutide and empagliflozin. A previous study also
demonstrated strong anti-inflammatory effect of GLP-1 agonist as an important pathway to
improve NASH. Furthermore, they postulated that this effect might be partly independent
from body weight reduction and glycemic improvement [24].

In our study, the anti-inflammatory effects are mediated by various pathways. Kupffer
cells, the resident macrophages of the liver, play a critical role in the onset of NASH, as their
activation results in the release of various inflammatory mediators, such as chemokine (C-C
motif) ligand (CCL2) and TNF alpha [25]. CCL-2 mediates the recruitment of MoMF. These
MoMFs can be further divided into proinflammatory monocytes (MoMF Ly6Chigh) and anti-
inflammatory monocytes (MoMF Ly6Clow). In NASH, proinflammatory MoMF strongly
promote chronic inflammation and therefore play a critical role in pathogenesis of NASH.
In line with the decrease of Kupffer cells, we observed a decrease of CCL2-gene expression
in the liver as a marker for decreased inflammation. In addition, the expressions of TNF
alpha and IL1beta were significantly decreased after dulaglutide treatment. Previously it
was shown that GLP-1 agonist liraglutide modulated the Kupffer cell M2-polarization and
inhibits inflammasome activation, which might contribute to the anti-inflammatory effect
of dulaglutide [26]. Additionally, another study investigating liraglutide in NASH showed
improvement of ER stress, which might also contribute to the anti-inflammatory action of
GLP-1 agonists [27].

Importantly, we could show an even stronger attenuation of pro-inflammatory acti-
vation of innate and adaptive immune system marked by decreased Treg population as
well as decreased pro-inflammatory macrophages (MoMF Ly6Chigh) and Kupffer cells in
a combined treatment group. Although our data did not show any significant effect of
empagliflozin on innate immunity, a previous study in a diabetic mouse model showed
improvement of inflammation and insulin resistance by reduction of pro-inflammatory
macrophages [28]. Therefore, the combination of dulaglutide and empagliflozin has addi-
tive effects on pro-inflammatory process.

Previous animal and human studies already suggested that the gut microbiome plays
an important role in the pathogenesis of NASH as the flux of microbial endotoxins to the
liver further promotes pro-inflammatory and pro-fibrotic processes [29]. Most importantly,
reduced microbial diversity and an increase of bacteria belonging to the Firmicutes phylum
as well as decreased of Bacteriodetes seem to be associated with NASH [30]. Therefore, the
increased Firmicutes:Bacteriodetes ratio, which is mostly pronounced in the saline vehicle
group of our study, might be associated with NAFLD development. In the current study,
Firmicutes are the very dominant phylum and are even more dominant compared to other
studies [30], with a very low overall abundance of Bacteriodetes. In particular, lack of
Bacteriodetes in the saline group is surprising. As other studies demonstrated microbiome
dysbiosis after high-salt diet [31], the application of saline might also influence the micro-
biome and explain this finding. Most important, we could show a significant improvement
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of microbiome diversity after dulaglutide treatment and in particular with an increased
relative abundance of Bacteriodetes, but also after combined treatment. Previous studies
showed a correlation between weight loss and increase of abundance of Bacteriodetes as well
as an association between improvement of metabolic situation and increase of Bacteriodetes
after GLP-1 treatment [32]. Furthermore, the significant increase of Akkermansia spp. after
dulaglutide treatment might be in correlation to improvement of the metabolic situation
as Akkermansia spp., which is a mucin-degrading short fatty acid-producing species, is
decreased in obesity and showed negative correlation to markers of gut permeability and
inflammation [29]. However, the gut microbiome in mice might also be influenced by
different environmental factors such as diet [33], which should be considered in terms of in-
terpretation. In summary, the improvement of microbiome dysbiosis after dulaglutide and
combined treatment consorts the improvement of metabolic dysfunction and strengthens
their anti-inflammatory effects. Furthermore, the combination showed even stronger anti-
fibrotic effects by downregulation of Col1a1 and TIMP-1. Although we could demonstrate
significant attenuation of anti-inflammatory and anti-fibrotic pathways, no improvements
on the intrahepatic steatosis and the histological outcome of NASH were detected for any
of the treatments. Regarding the intrahepatic steatosis, previous data suggest that GLP-1
agonists improve hepatic steatosis by reduction of de novo lipogenesis and improving
insulin signaling pathways [34]. However, we could not show any significant effect of
dulaglutide on hepatic steatosis nor in pathways of lipogenesis. In line with our findings,
quantitative hepatic steatosis in mice model of NASH using MCD diet was also unaffected
by GLP-1 treatment [35], although GLP-1 treatment attenuated hepatic inflammation. How-
ever, it has to be mentioned that MCD diet induces NASH by different pathways compared
to HFHC diet used in our model [36] and might not be suitable to represent the common
features of the metabolic syndrome. On the other hand, another study investigating GLP-1
agonist in diabetic mice models showed significant improvement of intrahepatic steatosis,
but only mild histological improvement of inflammation [37]. Furthermore, improvement
of hepatic steatosis seems to be associated with the amount of weight loss.

As insulin resistance promotes dysregulation of peripheral lipolysis and de novo
lipogenesis, which then leads to accumulation of free fatty acids in the liver [2], the effects
of GLP-1 agonists on hepatic steatosis might be less prominent when hyperinsulinemia
and hyperglycemia are not present and seem not to be directly correlated with their anti-
inflammatory properties. Furthermore, the degree of effectiveness of GLP-1 agonists seems
to be according to the manifestation of diabetes and obesity, which is important to take into
account when comparing different mouse models.

A shortcoming of the study might be the moderate histological manifestation of
NASH in this mice model. It is well known from other forms of hepatitis, e.g., autoimmune
hepatitis, that histological changes follow biochemical improvements, but months later.
Therefore, a prolonged duration of diet as well as a prolonged duration of treatment might
be required to determine the histological effects.

The pathogenesis of NASH is a complex interaction between environmental factors
and genetic determinants. On the one hand, this complex interplay could not be completely
represented by a single animal model [36]. However, on the other hand animal models
are extremely helpful to analyze distinct pathways without interference as such analyses
are not possible in the human setting. Therefore, our animal model could reflect distinct
pathways in the pathogenesis of NASH in a non-diabetic setting.

Beyond weight loss and improvement of insulin resistance, the positive effects of
GLP-1 agonists also seem to be multifactorial-mediated with additional pleiotropic effects,
especially on improvement of cardiovascular disease. As our mouse model replicates only
moderate features of the metabolic syndrome in a non-diabetic setting, some pleotropic
effects of GLP-1 agonist might not be present in our model.

Previous meta-analysis of human studies investigating the impact of GLP-1 agonist in
NASH showed promising results with improvement of hepatic steatosis, histological reso-
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lution of NASH and decrease of transaminases [38,39]. However, it should be mentioned
that the majority of the patients were diabetic.

Previous studies with a lesser amount of diabetic patients [40,41] could show improve-
ment of metabolic parameters and resolution of NASH, but could not show histological
improvement of fibrosis, which is in line with our findings. Therefore, the beneficial effects
of GLP-1 agonist might be more pronounced in patients with diabetes. Furthermore, as
GLP-1 agonists mainly improve the underlying harmful metabolic dysfunction first, the
entire long-term improvement of NASH and fibrosis might require even more prolonged
treatment and follow-up period.

We could not detect any effect of empagliflozin treatment, neither on the metabolic
situation nor on the histological outcome of NASH. Instead, empagliflozin significantly
increased expression of pro-inflammatory and pro-fibrotic genes. These data are partly
unexpected, as previous data from human and animal studies with SGLT-2 inhibitors
showed improvement of NASH [42]. To rule out technical issues, the pharmacological
effect of empagliflozin was proven by increased glucosuria after empagliflozin treatment
(Figure S4). The absent effect on body weight can partly be explained by the mild total
weight gain in both oral gavage treatment groups, so that the daily oral gavage might
also decrease the overall food intake. So far, empagliflozin has been only tested for NASH
in a streptozotocin-induced NASH-mouse model [12], where it showed improvement of
hepatic steatosis and fibrosis. Compared to our mouse model, the streptozotocin-induced
mouse model provides a severe diabetic phenotype, but without any other features of the
metabolic syndrome. A recently published study in patients without diabetes also revealed
no significant reduction of hepatic steatosis after empagliflozin treatment compared to
the control group [43]. In contrast to other anti-diabetic agents, SGLT- inhibitors are inde-
pendent of beta-cell function as they inhibit the sodium-glucose cotransporter 2 (SGLT-2)
in the proximal tubulus of the kidney [8,44]. In human studies, the glucose-lowering
effect of empagliflozin is more potent in patients with higher HbA1c-values [45]. In line
with our findings, recent clinical trials of SGLT-2 inhibitors in non-diabetic patients with
chronic kidney disease or heart failure have also demonstrated divergent results regarding
the metabolic effects in non-diabetic patients [46,47] meaning that the metabolic effects in
non-diabetic patients are not as strong as in diabetic patients [48], although they had similar
preserved cardiorenal protection. Overall, the effect and indication of SGLT-2-inhibitors
for non-diabetic patients in regard to NASH should be critically reviewed and therefore,
further studies are needed. So far, the combination of GLP-1 agonist and SGLT-2- inhibitors
has been successfully tested in patient with type 2 diabetes [49–51], where combination
therapy further improved hyperglycemia and obesity. This is mainly explained by their
synergistic mechanism of action. While GLP-1 agonists stimulate insulin secretion and
suppress glucagon production, SGLT-2-inhibitors improve hyperglycemia by enhanced
glucosuria [8].

Nevertheless, the additive effect was less pronounced in using lower dosing and
more pronounced in severe diabetic situations in these studies. Therefore, the lack of
treatment effects by empagliflozin might explain the limited effect of combined treatment
compared to dulaglutide-mono treatment with only slightly additional effects on the
one hand. On the other hand, one study could show that the SGLT-2-inhibitors induced
increase of endogenous glucose production could not be suppressed by combination
with GLP-1 agonist [52], which might attenuate the additional benefits, in particular in a
non-diabetic situation.

Furthermore, in the studies mentioned above, no additional effects on lipid level were
detected. As dyslipidemia is an important risk factor for development of steatohepatitis,
in particular in the absence of diabetes, this might also contribute to the marginal benefit
on NASH.

Further limitation of the study might be the lack of an equal control group for the com-
bined treatment. However, comparing both control groups for the individual treatments,
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we could not see any significant differences. Therefore, we might expect a similar outcome
after a combined treatment with saline and Natrosol compared to single treatment.

In conclusion, our results did demonstrate no beneficial effects of empagliflozin on
the development of NASH in a non-diabetic setting. Furthermore, these data suggest
that GLP-1 agonists and SGLT-2 inhibitors are less effective for the prevention of hep-
atic steatosis in a non-diabetic background compared to previous studies. Nevertheless,
the study demonstrates important anti-inflammatory effects of dulaglutide and the com-
bination of dulaglutide and empagliflozine by modulating pro-inflammatory immune
response and microbiome dysbiosis. As development of hepatic fibrosis is strongly trig-
gered by inflammation, this might have important implications for the treatment of NASH,
e.g., in combination with anti-steatotic treatment. Therefore, further studies are needed
to investigate the long-term impact of both agents on NASH and hepatic fibrosis in a
non-diabetic background.
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Abstract: Mesenchymal stromal cell (MSC) transplantation ameliorated hepatic lipid load; tissue
inflammation; and fibrosis in rodent animal models of non-alcoholic steatohepatitis (NASH) by as yet
largely unknown mechanism(s). In a mouse model of NASH; we transplanted bone marrow-derived
MSCs into the livers; which were analyzed one week thereafter. Combined metabolomic and
proteomic data were applied to weighted gene correlation network analysis (WGCNA) and subsequent
identification of key drivers. Livers were analyzed histologically and biochemically. The mechanisms
of MSC action on hepatocyte lipid accumulation were studied in co-cultures of hepatocytes and
MSCs by quantitative image analysis and immunocytochemistry. WGCNA and key driver analysis
revealed that NASH caused the impairment of central carbon; amino acid; and lipid metabolism
associated with mitochondrial and peroxisomal dysfunction; which was reversed by MSC treatment.
MSC improved hepatic lipid metabolism and tissue homeostasis. In co-cultures of hepatocytes and
MSCs; the decrease of lipid load was associated with the transfer of mitochondria from the MSCs
to the hepatocytes via tunneling nanotubes (TNTs). Hence; MSCs may ameliorate lipid load and
tissue perturbance by the donation of mitochondria to the hepatocytes. Thereby; they may provide
oxidative capacity for lipid breakdown and thus promote recovery from NASH-induced metabolic
impairment and tissue injury.

Keywords: non-alcoholic steatohepatitis (NASH); tunneling nanotubes (TNTs); primary hepatocytes;
organelle transfer; mesenchymal stromal cells
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1. Introduction

Obesity is a prevalent health problem worldwide, which has been attributed mainly to
Western-style diets in combination with reduced physical activity. It is often associated with metabolic
co-morbidities, such as diabetes type 2 and non-alcoholic fatty liver diseases (NAFLD), the latter of
which has a global prevalence of 24% and is currently the leading cause of chronic liver disease in
Europe and in the USA [1]. NAFLD may progress from simple steatosis to chronically inflammatory
diseases like non-alcoholic steatohepatitis (NASH), cirrhosis, and hepatocellular carcinoma (HCC) [2,3].
On the cellular level, hepatocyte mitochondrial, peroxisomal and microsomal oxidation of fatty acids,
and basal lipophagy [4] are involved in the utilization of hepatic lipids. However, impairment
of lipid metabolism may cause an imbalance of utilization and storage, eventually contributing
to hepatocyte lipid overload. Lipotoxicity induces endoplasmic reticulum (ER) stress, leading to
calcium release from the ER, thus raising cytosolic calcium levels, which in turn interferes with
protective autophagy and inhibits the breakdown of lipids, thus aggravating cellular lipid overload [5].
In addition, mitochondrial dysfunction is contributing to the pathogenesis of NAFLD by favoring
hepatic lipid storage, and by promoting the production of reactive oxygen species (ROS) as well as
lipid peroxidation [6–8]. Besides mitochondrial β-oxidation, peroxisomes are involved in long-chain
fatty acid β-oxidation and microsomes in ω-oxidation of fatty acids. Like mitochondrial impairment,
dysfunction of peroxisomal and microsomal fatty acid metabolism contributes to the pathogenesis of
NASH by favoring lipid storage and production of ROS, respectively [9,10].

Pharmacological therapy may address NASH-associated co-morbidities like diabetes [11], yet,
liver transplantation in NASH patients has been shown to reduce the risk of progression into HCC [12,13].
Indeed, NASH features the second most common indication for liver transplantation in the USA [1,14].
However, the invasiveness of organ transplantation, lifelong immune suppression, the shortage of
donor livers, and eventually the high costs altogether fostered the search for alternative therapy
approaches [15,16]. Mesenchymal stromal cells (MSCs) have been demonstrated to ameliorate NASH
in rodent animal models [17–19]. Transplantation of hepatocyte-like cells derived from human bone
marrow mesenchymal stromal cells (MSCs) alleviated lipid load, ameliorated hepatic inflammation as
well as fibrosis, and enhanced proliferation of host hepatocytes in an experimental model of NASH in
the immunodeficient mouse [20]. In line, transplantation of MSCs decreased fibrosis and activation of
hepatic stellate cells in mouse and rat liver cirrhosis triggered by carbon tetrachloride (CCl4) [21,22].
MSC restored ammonia and purine metabolism in a mouse model of acute liver failure [23], improved
acute liver injury caused by acetaminophen [24], and enhanced liver regeneration in mice and rats after
extended hepatectomy [25,26]. Clinically, the application of MSC ameliorated inborn errors of liver
metabolism, such as ornithine carbamoyltransferase deficiency [27], decreased the severe bleeding
complications in a hemophilia A patient [28], and improved liver function in cirrhotic patients [29–31].
However, some studies revealed only transient or even negligible effects of MSC treatment of liver
diseases [32,33]. Thus, the identification of the mechanisms involved in MSC action is crucial to
improve the therapeutic potential of MSCs.

Here, we showed in a mouse model of NASH and in co-cultures of fat-laden hepatocytes and
MSCs that MSCs shifted pathological lipid storage to utilization likely by the transfer of MSC-derived
functional mitochondria to the hepatocytes.

2. Experimental Section

2.1. Experimental Design

Xenotransplantation of human bone marrow-derived mesenchymal stromal cells was performed in
immunodeficient Pfp/Rag2−/− mice (C57BL6, B6.129S6-Rag2(tm1Fwa)Prf1(tm1Clrk)N12. Taconic; Ejby,
Denmark). At the age of 12 weeks, male mice were either fed a NASH−inducing methionine-choline-
deficient diet (MP Biomedicals, Eschwege, Germany), or kept on a standard rodent chow. After five
weeks of feeding, all mice underwent 1/3 partial hepatectomy and received 1.5 × 106 human MSCs
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(differentiated into the hepatocytic lineage) via splenic injection as described before [34]. PBS served as
the vehicle control. The four resulting groups represented +NASH+MSC, +NASH-MSC, -NASH+MSC,
and -NASH-MSC. The procedures for the isolation and hepatocytic differentiation of MSCs from human
bone marrow have been described in detail previously [35], and were approved by the Institutional
Ethics Review Board Leipzig (Ethik-Kommission an der Medizinischen Fakultät der Universität Leipzig;
file no. 282/11-lk; 1 December 2016). After surgery, respective feeding regimes were continued for
another week until mice were sacrificed, and livers harvested. Mice were housed under controlled
conditions at a 12-h light/dark cycle, at an ambient temperature of 22 ± 2 ◦C, and humidity of 50%–60%.
All experimental procedures involving animals were approved by the federal authorities of Saxony
(Saxon State Directorate Chemnitz; file no. TVV_54_16; 2 May 2017) and followed the guidelines of the
animal welfare act.

2.2. Proteome and Metabolome Analyses

2.2.1. Liver Metabolite and Protein Extraction and Preparation for Protein Quantification by Stable
Isotope Labeling of Mammals (SILAM)

Frozen liver tissue samples (100–200 mg) were homogenized with a ball mill in 500 μL of lysis
buffer A (40 mM Tris base, 7 M urea, 4% CHAPS, 100 mM dithiothreitol (DTT), 0.5% (v/v) biolyte).
Benzonase was added and the homogenates were incubated at room temperature for 20 min and
afterwards centrifuged at 12.000× g for 20 min at 30 ◦C. The resulting supernatant was collected,
and the pellet was again extracted using 500 μL of lysis buffer B (40 mM Tris base, 5 M urea, 2 M
thiourea, 4% CHAPS, 100 mM DTT, 0.5% (v/v) biolyte). After centrifugation, the supernatants of
the first and the second extraction were combined. Then, 50 μL of the combined supernatants were
desalted to 50 mM ammonium bicarbonate by centrifugal filtration using filtration units (molecular
weight cutoff of 10 kDa, Vivacon 500, Sartorius Group, Göttingen, Germany). The permeate was
applied for metabolomics analyses. The protein concentrations in the retentate were determined using
a detergent-compatible colorimetric protein assay (660 nm Protein Assay, Thermo Scientific–Pierce,
Dreieich, Germany). Analogously, a protein extract of a liver of a 13C6-lysine-labeled black6 mouse
(13C6-lysine, 97%, Cambridge Isotope Laboratories, Inc., Tewksbury, MA, USA) was prepared as an
isotope-labeled standard.

2.2.2. In-Gel Tryptic Digestion and Liquid Chromatography-Tandem Mass Spectrometry (GeLC-MS/MS)

Protein mixtures were mixed with 0.5 M Tris-HCl buffer (pH 6.8) containing 40% (v/v) SDS,
20% (v/v) glycerol, 2% (v/v) bromophenol-blue, and 10% (v/v) 2-mercaptoethanol. After heating for
5 min at 95 ◦C, a 1-D-SDS-PAGE was carried out using Laemmli’s protocol. Proteins were stained
with Coomassie Brillant Blue G-250 and each lane was cut into 10 pieces of equal size. Gel pieces
were washed twice in 200 μL of ACN/50 mM ABC (ammonium bicarbonate, Fluka (Thermo Fisher
Scientific, Dreieich, Germany), 1:1, (v/v)) for 10 min at room temperature (RT). Reduction and alkylation
of disulfide bonds were performed by adding 10 mM dithiothreitol/10 mM ABC (Thermo Fisher
Scientific, Dreieich, Germany) for 30 min at RT followed by incubation in 100 mM iodacetamide/10 mM
ABC (Sigma-Aldrich, Taufkirchen, Germany) for 30 min at RT in the dark. After another washing
step in 10 mM ABC for 10 min at RT, proteins were digested by incubating each gel slice with
300 ng of trypsin (Promega, Mannheim, Germany) in 50 mM ABC at 37 ◦C overnight. Proteolysis
was quenched by 10% formic acid and proteolytic peptides were extracted. Samples were dried
by vacuum centrifugation and resuspended in 20 μL of 0.1% formic acid. Extracted peptides were
analyzed by online reversed-phase nanoscale liquid chromatography tandem mass spectrometry on a
NanoAcquity UPLC system (Waters Corporation, Milford, MA, USA) connected to an LTQ-Orbitrap XL
ETD (Thermo Fisher Scientific, Waltham, MA, USA) and equipped with a chip-based nano ESI source
(TriVersaNanoMate, Advion, Ithaca, NY, USA) as described previously [36]. Protein identification
and relative quantification were performed using Proteome Discoverer (version 1.4, Thermo Scientific,
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Bremen, Germany). Oxidation (methionine) and acetylation (protein N-termini) were used as variable
modifications, while carbamidomethylation (cysteine) was set as a fixed modification. A database
search was carried out by the search engine MASCOT against the UniProt mouse reference proteome
(www.uniprot.org, 05-2014). Relative protein quantification was performed based on the measured
ratios (treated mouse vs. isotopically labeled mouse standard) of all lysine-containing peptides.
Fold changes (FCs) between different groups were calculated in reference to the internal control.

2.2.3. Metabolome

Targeted metabolomics was conducted using the AbsoluteIDQ p150 kit (BIOCRATES Life Sciences
AG, Innsbruck, Austria) as described before [26]. In brief, metabolites were extracted from the livers
as descripted above, and prepared according to the manufacturer’s protocol [37]. Multiple reaction
monitoring was carried out on an Agilent 1100 series binary HPLC system (Agilent Technologies,
Waldbronn, Germany) coupled to a 4000 QTRAP (AB Sciex, Darmstadt, Germany) via a TurboIon
spray source. The data evaluation for the quantification of metabolite concentrations was performed
with the MetIQ software package.

2.3. Combined Analysis and Visualization of Proteome and Metabolome Data

2.3.1. Weighted Gene Correlation Network Analysis (WGCNA)

FCs of proteins and metabolites were analyzed in R-3.5.0 with the use of several packages [38–46].
Hierarchical clustering was conducted with Euclidean distance measure. To unravel changes for single
proteins and metabolites, the data were filtered for analytes that were quantified at least in duplicate
for the particular comparison, and the Student’s t-test was performed for analytes that were identified
at least in triplicate (Supplementary Material file 1, FCs and p-values proteomics, FCs and p-values
metabolomics). For WGCNA, the average log2-transformed FCs of proteins and metabolites that were
quantified at least in duplicate over all data sets (406 proteins and 148 metabolites) were scaled to
integer values between 0 and 100 (Supplementary Material file 1, WGCNA data). The networks were
constructed across all the measured samples with the R package WGCNA [47] as described before [48].
The used trait matrix, containing the different comparisons, may be found in the Supplementary
Material file 1, WGCNA trait matrix. The soft power threshold for WGCNA was set to 18 to arrive
at the network adjacency. The Topology Overlap Matrix (TOM) was created using a cut height of
0.15 and a minimum module size of 25. The analysis identified 11 modules of co-expressed analytes,
identified with different colors. A summary of the analytes that were assigned to each module can be
found in the Supplementary Material file 1, WGCNA module contents. Finally, for each of the obtained
modules, significantly enriched KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways were
determined using R-3.5.0 [49–51] without defining a p-value threshold. For this purpose, the mouse
database was used as background [52]. Lists of all enriched pathways for each module can be found in
the Supplementary Material file 1, WGCNA KEGG results.

2.3.2. Identification of Key Drivers

Identification of trait-specific key drivers was performed based on the WGCNA results as described
before [48]. Therefore, module- and trait-specific gene significances and module memberships
were calculated for each analyte. Key drivers were assumed to be analytes with absolute gene
significance ≥0.75 and absolute module membership ≥0.75 (Supplementary Material file 1, WGCNA
key drivers). Gene names (Supplementary Material file 1, FCs and p-values proteomics) and KEGG
pathways (Supplementary Material file 1, KEGG pathway mapping) were assigned to proteins
using the DAVID Bioinformatics Resources 6.8 [53]. Thus, key drivers for the observed effects
were identified. From the whole proteome, proteins that are related to mmu03320: PPAR signaling
pathway, mmu04975: Fat digestion and absorption, mmu04610: Complement and coagulation
cascades, mmu00190: Oxidative phosphorylation, mmu00480: Glutathione metabolism, mmu04932:
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Non-alcoholic fatty liver disease (NAFLD), mmu04146: Peroxisome, mmu00061: Fatty acid biosynthesis,
mmu00062: Fatty acid elongation, mmu01212: Fatty acid metabolism, and mmu00071: Fatty acid
degradation were extracted for deeper insights into effects (Supplementary Material file 2, Figure S1).

2.4. Immunohistochemistry

A comprehensive list of antibodies used throughout this study is given in Supplementary Material
file 2, Table S1. Mouse livers were fixed in 4% paraformaldehyde overnight and embedded in paraffin.
Slices of 1 μm were dewaxed and rehydrated by standard procedures. Heat-mediated epitope retrieval
was done in either citrate buffer (pH 6.0) or Tris-EDTA buffer (pH 9.0) for 30 min. Endogenous
peroxidases were blocked with 3% hydrogen peroxide/methanol for 20 min followed by a 60-min
blocking step in 5% BSA/0.5% Tween20, and additionally a 15-min avidin and 15-min biotin block
(SP-2001, Avidin-Biotin Blocking Kit, Vectorlabs, Eching, Germany). Primary antibodies against Cyp2e1
(1:200, ab28146, abcam, Cambridge, UK) and 4-HNE (1:500, HNE11-S, Alpha Diagnostic International,
San Antonio, TX, USA) were applied overnight at 4 ◦C, subsequently coupled to biotin-labelled secondary
goat anti-rabbit antibody (1:200, 111-065-003, Dianova, Hamburg, Germany), and visualized by the
Vectastain Elite ABC Kit (PK-6100, Vectorlabs, Eching, Germany) followed by DAB chromogen (Thermo
Fisher Scientific, Dreieich, Germany) incubation. Hematoxylin was used as a nuclei counterstain.
For immunofluorescence, slices were blocked in 5% goat serum/PBS (ccpro, Oberdorla, Germany) for
20 min and in 5% BSA/0.5% Tween20 for 60 min. Sections were subsequently incubated with primary
antibodies against CD36 (1:100, NB400-144, Novusbio, Wiesbaden-Nordenstadt, Germany), E-cadherin
(1:200, BD 610182, eBioscience, Heidelberg, Germany), and β-catenin (1:500, BD 610154, eBioscience,
Heidelberg, Germany) overnight at 4 ◦C. Corresponding secondary antibodies, i.e., goat anti-rabbit
AlexaFlour 568 (1:200, A11036, Life Technologies, Ober-Olm, Germany) to CD36, goat-anti-mouse Cy3
(1: 300, 115-165-003, Dianova, Hamburg, Germany) to E-cadherin, and goat anti-mouse AlexaFlour
488 (1:300, 115-545-003, Dianova, Hamburg, Germany) to β-catenin, were applied for 1 h at room
temperature followed by nuclear staining with DAPI (1:1000, Carl Roth GmbH + Co. KG, Karlsruhe,
Germany) for 5 min, respectively. Slides were mounted with 50% glycerol solution and lacquer,
and images taken using the Zeiss Axio Observer.Z1 microscope. For the co-stain of human mitochondria
in mouse hepatocytes, antigen retrieval using dewaxed slices was performed by heating for 30 min
in citrate buffer (14,746, SignalStain unmasking solution, Cell Signaling Technology, Frankfurt/Main,
Germany) and subsequent cooling on ice for 30 min. After two washings in PBS, slices were blocked for
80 min using 5% goat serum and 0.3% TritonX-100 in PBS. Primary antibodies against mouse cyclophilin
A (1:100, 2175, Cell Signaling Technology, Frankfurt/Main, Germany) and anti-human mitochondria
(1:200, MAB 1273, Millipore, Darmstadt, Germany) were added overnight at 4 ◦C, and slices washed
3 times with PBS thereafter. The first secondary antibody (1:200 goat anti-mouse Cy3; 115-165-003,
Dianova, Hamburg, Germany) was added for 60 min at room temperature and slices were washed
2 times for 10 min each with PBS. The second secondary antibody (1:500 goat anti-rabbit AlexaFluor 488,
4412, Cell Signaling Technology, Frankfurt/Main, Germany) was added for 60 min at room temperature.
After 3 washings for 5 min each with PBS, nuclei were stained with DAPI and slides finally mounted
with 50% glycerol solution and lacquer. Images were taken using the Zeiss Axio Observer.Z1 microscope
equipped with ApoTome.2 at 40×magnification.

2.5. Western Blotting

In total, 30–40 mg of liver tissue were lysed in RIPA buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS,
1% Triton X-100, 1 mM EDTA+EGTA, 0.5% Na-deoxycholate, pH 7.5) supplemented with protease
inhibitors (Roche, Mannheim, Germany). Crude lysates were centrifuged at 13,000 rpm for 15 min and
the clear supernatant was collected. The protein concentration was determined by the bicinchoninic
acid assay. Then, 50 μg of protein were subjected to standard SDS gel electrophoresis and blotted onto
PVDF membranes. Non-specific binding was blocked with 5% skim milk (vinculin), or 5% BSA (PPARα,
CD36) in Tris-buffered saline Tween-20 (TBS-T) for two hours. The primary and secondary antibodies
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used were as follows: anti-PPARα (1:1000, MAI-822 Thermo Fischer Scientific, Dreieich, Germany),
anti-CD36 (1:1000, NB400-144, Novusbio, Wiesbaden-Nordenstadt, Germany), anti-Vinculin (1:3000,
05-386, Merck, Darmstadt, Germany), anti-rabbit-HRP (1:7500, BD 554021, eBioscience, Heidelberg,
Germany), and anti-mouse-HRP (1:7500, BD 554002, eBioscience, Heidelberg, Germany). Blots were
developed using the enhanced chemiluminescence Prime reagent kit (GE Healthcare, Buckinghamshire,
UK). Vinculin was used for the normalization and calculation of the relative abundances.

2.6. Quantification of Liver Triglyceride Content

In total, 100 mg of liver tissue were homogenized in 1 mL of 5% Igepal (I3021, Sigma-Aldrich,
Taufkirchen, Germany) using a pestle and mortar. Samples were heated for 4 min at 95 ◦C in a
thermomixer, cooled at room temperature, heated again, and then centrifuged using a microcentrifuge
at maximal speed. Supernatants were collected and diluted 1:10 with distilled water. Then, 25 μL
of the samples were pre-warmed at 37 ◦C for 1–5 min and subjected to the Triglyceride Assay
Kit-Quantification (ab65336, Abcam, Berlin, Germany), essentially as described by the supplier.

2.7. Isolation of Primary Mouse Hepatocytes and Co-Culture with Hepatocytic Differentiated MSCs

Primary hepatocytes (HCs) were isolated from male Pfp/Rag2−/− mouse livers by the two-step
liver perfusion with collagenase (NB4G, Serva Electrophoresis GmbH, Heidelberg, Germany) as
described [54]. HCs and hepatocytic differentiated MSCs at the cell number ratios as indicated were
initially seeded onto collagen-coated dishes at a total cell density of 40,000 cells/cm2 and grown for 3 h
in minimal essential medium (MEM) (Merck, Darmstadt, Germany) containing 2% fetal calf serum
(FCS) (Gibco, Darmstadt, Germany) to allow for attachment. The medium was replaced by either
standard hepatocyte growth medium (HGM, [55]) supplemented with EGF and HGF (20 ng/mL each)
serving as the control, or two different steatosis-inducing media: methionine-choline-deficient (MCD,
c.c.pro Oberdorla, Germany) or HGM supplemented with 0.5 mM palmitic acid (C16:0). To identify
potential paracrine effects mediated by the MSCs, conditioned media were collected from MSCs,
hepatocytes, and co-cultures of both after 2 days of culture, centrifuged at 270× g to remove cell debris,
and subsequently used to treat hepatocytes under control (HGM) and treatment conditions (MCD or
C16:0) for an additional 1 and 2 days. Phase contrast pictures were captured with a Primovert inverted
microscope with the Zen software (Zeiss, Jena, Germany).

2.8. Cell Labeling with Fluorescent Vital Dyes

To highlight MSCs in co-culture with hepatocytes using a fluorescence microscope, MSCs in
suspension were pre-labeled prior to seeding with either 5-(and 6)-carboxyfluorescein diacetate
succinimidyl ester (CFSE; Ex/Em: 494/521) or CellTrace Yellow (Ex/Em: 546/579) at a final concentration
of 5 μM by shaking in the dark at 37 ◦C for 30 min. Cells were subsequently washed with PBS containing
20% of FCS, followed by two washes with 5% FCS [56]. Fluorescent dyes as mentioned above were
from Thermo Fisher Scientific, Dreieich, Germany. To label mitochondria, MSCs in suspension were
stained with 500 nM of MitoTracker Deep Red (Ex/Em: 644/665) or 150 nM of MitoTracker Red CMXRos
(Ex/Em: 579/599) in PBS at 37 ◦C for 45 min with gentle shaking, followed by 3 washes with PBS.
MitoTracker dyes were kindly provided by Prof. Dr. Lea Ann Dailey and Dr. Lysann Tietze, Institute
of Pharmacy, University of Halle-Wittenberg, Halle, Germany. Labeled cells in suspension were kept
in the dark on ice prior to further use.

2.9. Fluorescence Staining after Cell Fixation

Cells grown on coverslips were fixed with 3.7% formaldehyde at room temperature for 15 min,
followed by 3 washings with PBS. Neutral triglycerides and lipids were labeled with Oil red O (ORO) as
previously described [57]. For immunostaining, fixed cells were permeabilized with 0.1% Triton X-100
for 5 min at RT, followed by blocking with PBS containing 5% BSA for 1 h and additional blocking with
5% normal goat serum for 1 h. Cells were further stained with the mouse anti-human mitochondria
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antibody (1:400, MAB1273, Millipore, Darmstadt, Germany), or the rabbit anti-apoptosis-inducing factor
(AIF) antibody (1:400, Rabbit mAb 5318, Cell Signaling Technology, Frankfurt/Main, Germany, kindly
provided by Prof. Dr. Gabriela Aust, Department of Visceral, Transplant, Thoracic and Vascular Surgery,
University of Leipzig Medical Center, Leipzig, Germany) in 1% BSA overnight at 4 ◦C. The following
day, cells were incubated with goat anti-mouse antibodies conjugated with Cy3 (115-165-003, Dianova,
Hamburg, Germany) or goat anti-rabbit antibodies conjugated with Alexa Fluor 488 (A11008, Thermo
Fisher Scientific, Dreieich, Germany). To visualize cell morphology and discriminate between MSCs
and hepatocytes, cells were stained with 0.1% CytoPainter Phalloidin-iFlour405 (ab176752, Abcam,
Berlin, Germany) in 1% BSA in PBS for 1.5 h at RT to label F-actin. Where indicated, nuclei were
counterstained with 1 μg/mL of 4,6-diamidino-2-phenylindole (DAPI).

2.10. Image Capture and Analysis

Images were taken using the Zeiss Axio Observer.Z1 inverted microscope at 20×magnification,
or with ApoTome.2 at 40×. Lipid content was quantified by image analysis using the ImageJ software
(ImageJ 1.42, National Institutes of Health, Bethesda, MD, USA). Results were normalized as the
percentage amount of stain/100 HCs out of 6-10 microscopic visual fields per group. Results from
4 independent experiments are expressed as mean ± standard deviation (SD). Pictures of time-lapse
live cell imaging were captured at an interval of 15 min using a laser scanning confocal microscope
(Leica Microsystems, Wetzlar, Germany) at a magnification of 20×. One-μm-thick sections were
acquired with a total z volume of 25 μm, and the maximum intensity projections are presented
(cf. Figure 5B,C, and Supplementary Material file 2, Figure S6A–C).

2.11. Morphological Subtyping of Mitochondria

The cells were stained with 150 nM of MitoTracker Red CMXRos as described under ‘Cell
labeling with fluorescent vital dyes’, followed by fixation. Pictures were captured using the Zeiss Axio
Observer.Z1 inverted microscope equipped with ApoTome.2 with a 40× objective. Intact cells were
cropped using Adobe Photoshop CS6 (v. 13.0, München, Germany). On average, the mitochondrial
morphology of 18.31 hepatocytes and 12.58 MSC per group was analyzed by the automatic subtyping
and quantification software MicroP, as developed and described by Peng et al. [58].

2.12. RNA Isolation, cDNA Synthesis and PCR

RNA was isolated using the QIAzol Lysis Reagent (Qiagen, Hilden, Germany). The cDNA was
synthesized using the Maxima H Minus First Strand cDNA Synthesis Kit (Thermo Fischer Scientific,
Dreieich, Germany). PCR was carried out using the PCR Master Mix (2×) (Thermo Fischer Scientific,
Dreieich, Germany) and appropriate primer pairs as listed in Supplementary Material file 2, Table S2.
PCR products were separated in Tris/borate/EDTA (TBE) agarose gels and quantified with ImageJ.
Beta-2-microglobulin (B2M) was used for normalization.

2.13. Statistical Analysis

Results are shown as means ± standard deviation (SD) from 3–7 livers in each group run in
analytical duplicates unless otherwise indicated. Statistical comparisons, if not otherwise indicated,
were made using either the paired t-test or two-way ANOVA. Differences between groups were
considered significant at a p value of ≤0.05.

3. Results

We and others have shown that the transplantation of mesenchymal stromal cells into mice suffering
from NASH attenuated the lipid load, reduced inflammation, and resolved fibrosis [18,34,59,60]. Yet,
the mechanism behind remained mainly elusive. Here, we aimed by omics approaches in combination
with network analyses to identify pathways and key players in NASH, which were affected by MSC
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treatment. Potential mechanisms of MSC action as deduced from the WGNCA were investigated in
co-cultures of hepatocytes and MSCs.

3.1. WGCNA Suggests a Shift from Lipid Storage to Utilization by MSCs

Based on the protein and metabolite intensities, which were obtained by applying untargeted
proteomics and targeted metabolomics to mouse livers, ratios were calculated for the following
comparisons to get insights into the mechanisms of the MSC treatment: +NASH-MSC vs. -NASH-MSC,
+NASH+MSC vs. -NASH-MSC, -NASH+MSC vs. -NASH-MSC, +NASH+MSC vs. +NASH-MSC,
+NASH-MSC vs. -NASH+MSC, and +NASH+MSC vs. -NASH+MSC. Those values were used for
further analyses.

By WGCNA, co-expressed proteins and metabolites were summarized into modules, followed by
correlation of the obtained module eigengenes (modules first principal component) with traits. In total,
11 modules were identified and the results of the correlation with selected traits are shown in Figure 1A,
while the complete module–trait correlation can be found in Supplementary Material file 2, Figure S2.
For each of the obtained modules, significantly enriched pathways were determined using KEGG
(Kyoto Encyclopedia of Genes and Genomes, Supplementary Material file 1, WGCNA KEGG results).
Anti-correlations for NASH and MSCs are observable for the magenta, turquoise, black, and blue
module, showing significant (p-value ≤ 0.05) enrichment of KEGG pathways related to amino acid
biosynthesis and central carbon metabolism (Supplementary Material file 2, Figure S2). Additionally,
in the case of +NASH-MSC vs. -NASH-MSC and +NASH+MSC vs. +NASH-MSC, the described
anti-correlation was observable but for the red, brown, green, green-yellow, yellow, and purple
module that also showed significant enrichment of pathways connected to amino acid metabolism and
central carbon metabolism, and in addition also to fatty acid degradation and metabolism as well as
peroxisome proliferator-activated receptor (PPAR) signaling. The PPAR signaling showed the highest
enrichment in the brown module, which positively correlated with +NASH-MSC vs. -NSH-MSC and
negatively with +NASH+MSC vs. +NASH-MSC. This indicates that proteins that are assigned to this
pathway in KEGG tended to show increased abundances upon NASH and decreased abundances
upon MSC treatment. Interestingly, the comparison of +NASH+MSC vs. -NASH-MSC did not lead to
high correlations, neither in the brown module containing PPAR signaling pathway-related proteins,
nor in most of the other modules, indicating that the MSCs were successfully used to treat NASH,
resulting in expression profiles similar to what was observable in the control group (Figure 1A).

Furthermore, a key driver analysis was conducted for the traits NASH and +NASH+MSC vs.
+NASH-MSC based on the WGCNA results (Supplementary Material file 1, WGCNA key drivers).
This analysis allowed the identification of analytes that were highly connected to the particular
modules and traits, suggesting their critical role as mediators for the observed effects (Supplementary
Material file 2, Figure S3). KEGG pathways were assigned to all, within this study, identified proteins
(Supplementary Material file 1, KEGG pathway mapping) to identify the functions of the selected key
drivers. Thereby, we focused on the following KEGG pathways: Non-alcoholic fatty liver disease
(NAFLD), PPAR signaling pathway, fat digestion and absorption, complement and coagulation
cascades, oxidative phosphorylation, glutathione metabolism, peroxisome, fatty acid biosynthesis,
fatty acid elongation, fatty acid metabolism, and fatty acid degradation (Supplementary Material
file 2, Figure S1). Figure 1B shows Log2(FCs) and p-values for a selection of the obtained key drivers.
Apparently, metabolites gave information about NASH effects and more importantly also about effects
upon MSC treatment. This was also true for the identified key driver proteins that furthermore gave
insights into affected pathways. Proteins that were identified to be key drivers were mainly related
to cellular stress (e.g., Sod2, Gstm2, Mgst1, Gstp1), as indicated by their contribution to the KEGG
pathways glutathione metabolism and peroxisome. Furthermore, lipid metabolism was affected
(e.g., Apob, Fasn), with an assignment of key drivers to fat digestion and absorption as well as fatty
acid biosynthesis and metabolism. Interestingly, several of the identified key drivers showed opposite
Log2(FCs) for +NASH+MSC vs. +NASH-MSC compared to the other investigated ratios, indicating
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that the MSC treatment of NASH compensated the NASH effects. In summary, the WGCNA showed
an anti-correlation of NASH effects and effects upon MSC treatment as well as only minor effects for
the MSC-treated NASH as compared to the control group. This indicated that MSCs reversed NASH
effects, which was also confirmed by the expression profiles of the identified key drivers.

 
Figure 1. Integrative analysis of proteome and metabolome. (A) Correlations of WGCNA-created
modules with relevant traits. Based on this, key drivers for the traits NASH and +NASH+MSC vs.
+NASH-MSC were identified; (B) Log2(FCs) and p-values for selected key drivers; (C) Log2(FCs)
and p-values are presented for selected candidates, which showed differences, albeit not significant
throughout, between +NASH-MSC and +NASH+MSC. Significances are indicated with asterisks
(p-value ≤ 0.05: *, p-value ≤ 0.01: **, p-value ≤ 0.001: ***). Euclidean clustering was applied to all
heatmaps shown.

The hepatic acute-phase reaction is the defense response of the liver to injury, trauma,
or inflammation [61]. It is associated with an increase of the expression of ‘positive’ acute-phase
proteins (APP) on the expense of the ‘negative’ APPs [61]. The proteome analysis showed that the
APPs Serpina1c (alpha-1-antitrypsin), which can be assigned to complement and coagulation cascades
in KEGG, and several Mup (major urinary proteins) were significantly increased in +NASH-MSC livers
as compared to control livers (Figure 1C). This increase was ameliorated in NASH livers receiving
MSCs to levels comparable to the control group. Moreover, analysis of differentially expressed
proteins revealed that compared to healthy (-NASH-MSC) control livers, +NASH-MSC livers showed
a marked decrease in the expression of mitochondrial proteins Ndufa7 (NADH dehydrogenase 1 alpha
subunit 7, KEGG: Oxidative phosphorylation, NAFLD), Cox2 (cytochrome c oxidase subunit 2, KEGG:
Oxidative phosphorylation, NAFLD), and Hadh (hydroxyacyl-CoA dehydrogenase, KEGG: Fatty acid
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elongation, degradation, and metabolism). Ndufa7 and Cox2, as parts of complexes I and IV of the
respiratory chain, and Hadh, as a key factor in the metabolism of short-chain fatty acids, are directly
involved in mitochondrial β-oxidation and energy production. In addition, cytosolic proteins Acsl5
(long-chain fatty acid-CoA (Coenzyme A) ligase 5, KEGG: Fatty acid biosynthesis, degradation,
and metabolism, PPAR signaling pathway, peroxisome) and Fabp1 (liver-specific fatty acid-binding
protein 1, KEGG: PPAR signaling pathway, fat digestion and absorption) were increased in+NASH-MSC
livers, indicating the stimulation of fatty acid activation towards triglyceride synthesis. Furthermore,
the peroxisomal Acaa1a (acetyl-coenzyme A acyltransferase 1, KEGG: Fatty acid degradation and
metabolism, PPAR signaling pathway) showed decreased abundances in NASH livers, which might
be associated with the reduction of peroxisomal lipid oxidation. In addition, the fat digestion and
absorption-related proteins Apoa4 (apolipoprotein A4) and Apob (apolipoprotein B100) showed
the opposite behavior in +NASH-MSC livers compared to MSC-treated NASH livers, with Apoa4
being decreased in NASH livers compared to controls, whilst Apob was increased. This indicates an
impairment of lipoprotein secretion (Figure 1C). Taken together, in the NASH livers, lipid metabolism
seemed to be shifted from utilization to storage. As a hallmark of NASH, liver lipid deposition
is increased due to the excess provision of fatty acids from the adipose tissue in conjunction with
the impairment of hepatocyte mitochondrial β-oxidation, involving a decrease in respiratory chain
activity [62], and impairment of the secretion of triglycerides via very low density lipoproteins (VLDL).
The latter has been shown to be hampered due to decreased expression of the microsomal triglyceride
transfer protein (MTTP), a chaperone involved in VLDL assembly [63]. The proteomic changes as
described above and the decrease in serum and increase in liver triglycerides, respectively, as shown in
our previous study in this NASH model [34], may suggest that the impairment of fatty acid oxidation
and triglyceride secretion contributed, at least in part, to hepatosteatosis and inflammation in livers
of the MCD diet-fed mice and amelioration by MSC treatment. Since mitochondrial impairment
might be a major cause of lipid accumulation, we anticipated that MSC treatment might improve
mitochondrial function.

Since MSCs, besides others, reversed the NASH-induced decrease of Acaa1a, and PPAR signaling
was among the significantly enriched pathways in the modules that showed an anti-correlation between
+NASH-MSC vs. -NASH-MSC and +NASH+MSC vs. +NASH-MSC, we speculated that this pathway
could play a role in the attenuation of pathological lipid storage in NASH livers. Thus, we analyzed
the expression of the peroxisome proliferator-activated receptor alpha (PPARα), the key regulator of
peroxisomes and liver lipid metabolism [64]. Semi-quantitative Western blot analysis revealed that
PPARα was suppressed to low levels in +NASH-MSC livers. Upon MSC transplantation, PPARα
was re-expressed, albeit to a significantly lower extent than in controls (-NASH-MSC), corroborating
that peroxisomal lipid metabolism may potentially contribute to MSC-mediated lipid clearance
(Figure 2A). In addition to the uptake by Fatp1, fatty acids are transported into hepatocytes by the
fatty acid translocase CD36. Semi-quantitative Western blot analysis of CD36 revealed that expression
was upregulated in +NASH-MSC as compared to -NASH-MSC livers, which was not impacted
by MSC treatment (Figure 2A). As verified by fluorescence immunohistochemistry, it seemed that
predominant peripheral, presumably membranous localization of CD36 in+NASH-MSC livers changed
to predominant cytoplasmic localization in +NASH+MSC-livers (Figure 2B). Since translocase activity
of CD36 is associated with membrane localization [65], the cytoplasmic shift by MSC treatment might
indicate the attenuation of fatty acid uptake.
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Figure 2. Expression of CD36 and PPARα in MCD-treated mice with and without MSC application.
(A) Upregulation of CD36 expression and downregulation of PPARα in NASH livers and partial
reversal by MSCs as shown by semiquantitative Western blot analysis of liver cytosolic extracts from
6 different animals in each group. Vinculin was used for normalization. Values represent means ± SEM
and significant differences as indicated by the p-values over the horizontal lines were identified by
applying the Student’s t-test for unpaired values; (B) fluorescent immunohistochemical detection of
CD36 in representative liver slices of+NASH-MSC livers and after treatment with MSC (+NASH+MSC).
Scale bar 100 μm.

In summary, we reason that MSC alleviated the lipid burden in NASH livers by the improvement
of lipid utilization by mitochondria in conjunction with the mutual balance of fatty acid import and
lipid export.

3.2. Improvement of Tissue Homeostasis by MSCs

NASH is associated with an increased expression of Cyp2e1, a cytochrome P450 family member
involved in the metabolism of polyunsaturated fatty acids [66]. The enzyme produces reactive oxygen
species, leading to lipid peroxidation and formation of the byproduct 4-hydroxynonenal (4-HNE) [67].
To evaluate, whether oxidative stress was increased in NASH livers, we analyzed 4-hydroxynonenal
(4-HNE) and Cyp2e1 by immunohistochemistry. In control livers, Cyp2e1 was zonally expressed
in pericentral hepatocytes both untreated (-NASH-MSC) and treated with MSCs (-NASH+MSC),
which was paralleled by weak zonal detection of 4-HNE. In NASH livers, both Cyp2e1 and 4-HNE
were increased particularly in perivenous regions displaying a high fat content. Treatment with MSCs
lowered both again to levels comparable to controls (Figure 3A), suggesting that MSCs ameliorated
oxidative stress associated with enhanced lipid oxidation in NASH livers.
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Figure 3. Liver tissue deterioration in MCD-treated mice and reversal by MSCs. (A) Immunohistochemical
detection of Cyp2e1 and 4-HNE reveals an increase in perivenous localization in NASH livers,
and restoration of zonation to nearly normal by MSC treatment. Pictures are representative for 3 different
animals out of each group. White “holes” represent lipid droplets in NASH livers (original magnification
10×). The insets show lower magnifications for an overview impression (original magnification 5×).
(B) luorescent immunohistochemical detection of adherens junction proteins β-catenin (green fluorescence)
and E-cadherin (red, yellow in the overlay) indicates periportal zonation of E-cadherin, which is lost in
NASH livers and restored by treatment with MSCs. Pictures are representative for 3 different animals out of
each group. Scale bar 100 μm. (C) Hepatic triglycerides in control (-NASH) and in MCD diet-fed (+NASH)
mice either treated without (-MSC) or with (+MSC) human bone marrow-derived MSCs. Values are
means ± SD from 5 animals in each group. The horizontal line indicates the significant difference between
the +NASH-MSC and the +NASH+MSC group at p = 0.036. In addition to Johnson transformation,
an ANOVA was performed p = 0.0001, post-hoc Dunett T p = 0.024.

Liver function is strongly dependent on the polar orientation of hepatocytes along the sinusoids,
i.e., facing the bile canaliculi with their apical and the sinusoids with their basolateral side. Chronic
liver damage induces hepatocyte epithelial-mesenchymal transitions (EMTs) with a loss of hepatocyte
polarity and eventually functionality [68]. The periportal expression of E-cadherin (E-cad), indicative
for the epithelial organization of the hepatic parenchyma, was abrogated in NASH mouse livers as
shown before [69]. Here, we confirmed this finding by immunohistochemical detection of E-cad and
β-catenin (β-cat) co-localizing in the cell membrane at adherens junctions. In -NASH-MSC livers,
both proteins were co-localized in periportal hepatocytes, indicating intact adherens junctions and
hepatocyte polarity. In +NASH-MSC livers, however, periportal enrichment of E-cad was abrogated.
Treatment with MSCs restored cell–cell contacts, and periportal expression of E-cad re-appeared
co-localizing with β-catenin, comparable to -NASH-MSC control livers (Figure 3B). Consistent with
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the improvement of tissue homeostasis, MSC treatment lowered hepatic triglycerides significantly by
about 40% (Figure 3C).

Taken together, MSCs thus supported restoration of tissue homeostasis by the alleviation of
NASH-associated pathomechanisms like lipid load, oxidative stress, acute damage response, and EMT,
corroborating results shown previously [34]. Since the WGNCA and key driver analysis suggested
that the metabolic overload might be due to mitochondrial impairment, these data might corroborate
the hypothesis that the MSCs might restore mitochondrial function.

3.3. MSCs Decreased Hepatocyte Lipid Load In Vitro

In order to study MSCs’ effects on fat-laden hepatocytes (HCs) in more detail, we established an
in vitro model of hepatocyte steatosis by growing primary mouse HCs in steatosis-inducing medium,
i.e., methionine-choline-deficient medium (MCD) or hepatocyte growth medium (HGM) supplemented
with palmitic acid (C16:0). HGM served as a control. The mouse hepatocyte cultures in HGM and MCD
medium were initially characterized in terms of the functional maintenance of hepatocyte-specific
metabolism. No differences of urea synthesis were observed between the culture of cells in HGM or
MCD medium. As expected [70,71], the synthesis rate decreased after one day of culture and then
remained stable until 5 days of culture. The expression of selected lipid metabolism genes did not
show obvious differences between culture in HGM or MCD medium. Changes over time were similar
under all conditions tested. The expression of albumin was equal at each point in time, and under
both culture conditions, indicating that the MCD medium did not affect hepatocyte-specific functions
(Supplementary Material file 2, Figure S4A,B). Lipid content was quantified after 3 days of culture
by image analysis of lipids after staining with Oilred O (ORO) (Figure 4A). Compared with the
HGM group, MCD and C16:0 triggered a significant increase in the accumulation of lipids by 1.71-
and 2.28-fold, respectively (Figure 4B). To gain further insight into the mechanisms involved in the
amelioration of lipid load in livers of NASH mice by MSC treatment, HCs were co-cultured with MSCs
at ratios of HCs to MSCs of 1:0, 10:1, 5:1, 1:1, or 0:1, and grown in HGM (Figure 4C), MCD (Figure 4D),
or C16:0 (Figure 4E) for an additional 3 days. To note, the morphology of nuclei featured differences
between HCs and MSCs, with the former displaying round-shaped and mostly binuclear with
intensive DAPI staining and prominent nucleoli, and the latter presenting with oval-shaped nuclei
and weaker DAPI staining. This clear distinction allowed us to readily discriminate between HCs
and MSCs using fluorescence microscopy. Furthermore, the ORO staining in MSCs was undetectable
under all treatment conditions (Figure 4C–E(e)), indicating that the MSCs did not accumulate lipids.
When HCs were co-cultured at decreasing HC to MSC ratios, a decrease in ORO staining was observed
(Figure 4C–E(a–d)). Co-culture of HCs and MSCs at a ratio of 1:1 significantly decreased the lipid load
in HC from 12.56% ± 2.7 to 6.51% ± 2.39 when cultured in HGM, from 24.46 % ± 8.75 to 7.62% ± 4.18
in MCD medium, and from 28.67% ± 6.66 to 17.00% ± 2.65 in C16:0 (Figure 4F), suggesting that the
MSCs supported lipid degradation in the hepatocytes. The expression of the mRNAs of Acaa1a,
Acaa1b, and PPARα was higher in co-cultures in MCD medium as compared to hepatocytes alone
(Supplementary Material file 2, Figure S4C), indicating that the MSCs also improved functional features
in the mouse hepatocytes. This corroborated data in vivo showing a correction of lipid metabolism by
MSC treatment.

207



Biomedicines 2020, 8, 350

Figure 4. Induction of lipid droplet formation in cultured hepatocytes (HCs) by steatosis-inducing
medium and reversal by MSCs in co-culture. Primary HCs were either cultured in HGM medium or
treated with steatosis-inducing MCD medium or HGM supplemented with 0.5 mM palmitic acid (C16:0)
for 3 days. (A) Visualization of hepatocyte lipids with Oil red O (red) and (B) quantification. HCs
cultured (a) alone or together with MSCs at ratios of HCs to MSCs of (b) 10:1, (c) 5:1, (d) 1:1, or (e) 0:1
were grown for 3 days either in (C) HGM, or in (D) MCD, or in (E) HGM supplemented with C16:0.
(C–E) lipid stain and (F) quantification. Nuclei were counterstained with DAPI (blue). Conditioned
media were collected from either HC (1:0) or MSC (0:1) mono-cultures, or co-culture (ratio 1:1) and
transferred to HCs grown for an additional (G) 1 or (H) 2 days in either HGM, MCD medium, or HGM
supplemented with C16:0. The lipid stain with Oil red O was quantified by image analysis and the results
from 3 independent cell cultures were normalized as the percentage amount of stain/100 hepatocytes
and expressed as mean ± SD. Statistical comparisons were made using unpaired t-tests, and differences
between groups were considered significant if the p-value was ≤0.05. *: p ≤ 0.05; **: p ≤ 0.01. Scale bar
100 μm. MSCs: human bone marrow-derived mesenchymal stromal cells; HCs: mouse primary
hepatocytes; HGM: hepatocyte growth medium; MCD: methionine-choline-deficient medium.

MSCs may exert their effects via paracrine mechanisms involving soluble factors [72,73], or via
extracellular vesicles [74]. Therefore, conditioned media (HGM, MCD, or C16:0) were collected
separately from HCs, MSCs, and co-cultures of both after 48 h of culture. The media were subsequently
added to HCs grown for 2 days in corresponding media and hepatocyte lipid load was determined
after another 1 (Figure 4G) or 2 days (Figure 4H) by image analysis of ORO-stained lipid droplets.

A significant decrease in lipid accumulation in HCs was observed only when HCs were grown
in HGM and treated with conditioned medium from co-cultures for one additional day (Figure 4G).
The effect was no longer observed the day after (Figure 4H). No other condition revealed a lipid-reducing
effect of the conditioned media, implicating that the lipolytic effect of MSCs in HCs was largely not
mediated by soluble factors derived from MSCs, suggesting that direct cell-to-cell communication
was required.

3.4. MSCs Communicated with Hepatocytes via Tunneling Nanotubes in a Microtubule-Dependent Manner

Irrespective of the growth in different media, MSCs communicated directly with hepatocytes
in co-cultures via long filopodium-like tubes originating from the MSCs and touching the HCs or
other MSCs (Figure 5A). These tubes were enriched in F-actin (cf. Figure 6A), one of the indispensable
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features of tunneling nanotubes (TNTs), thus potentially classifying them as TNTs. Using a live
cell analysis system, we observed that the formation of TNTs was achieved by cell–cell contact
between the MSCs and the targeted cell, followed by subsequent moving of the MSCs apart and
leaving a tubular structure behind (Supplementary Material file 2, Figure S5). TNTs are known to
exchange molecular and corpuscular messages between cells, and mitochondria are common cargos of
TNTs [75–77]. To understand the direction of communication between HCs and MSCs, the MSCs were
pre-labeled with MitoTracker Deep Red FM and CellTrace™Yellow prior to co-culture. The pre-labeling
procedure was toxic to the HCs. Therefore, pre-labeled MSCs were co-cultured with HCs and the
whole culture was stained with CellTrace™ CFSE the next day to serve as a counterstain (Figure 5B,C).
The results unraveled a bi-directional cargo exchange between HCs and MSCs. The net speed of
cargo transportation from HCs to MSCs (Figure 5B) and from MSCs to HCs (Figure 5C) was 627 and
1656 nm/min, respectively.

 
Figure 5. TNT-mediated cargo exchange between HCs and MSCs. (A) On day 1 of co-culture, the TNT
structures (red arrows) derived from MSCs were readily detectable by phase contrast microscopy
in cultures grown under all tested conditions. Scale bar 100 μm. Corresponding movies may be
opened in Supplementary Material file 3; (B) The delivery of cargos from HCs to MSCs and (C) from
MSCs to HCs was monitored by co-culture of HCs and MSCs pre-labeled with CellTrace™ Yellow and
MitoTracker™ Deep Red FM (pseudo-colored green and red, respectively). The whole culture was
stained with CellTrace™ CFSE (pseudo-colored white) and the pictures were captured using time-lapse
confocal imaging. When the first picture was taken, this time point was designated as time 0, to which
the other time points refer. The direction of movement of cargos in the TNTs is indicated by the red
arrows. Scale bar 100 μm. Higher magnification images are available in Supplementary Material file 2,
Figure S6A–C. Corresponding movies may be opened in Supplementary Material file 4.
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Figure 6. TNTs between HCs and MSCs are used to transport mitochondria. (A) Human MSC-derived
mitochondria, stained in red with the anti-human-specific antibody against human mitochondria,
are delivered to co-cultured mouse hepatocytes (mostly bi-nucleated). F-actin was stained with
Phalloidin-iFluor 488 (green), nuclei with DAPI. Scale bar; 100 μm. Right panel: Computational
enlargement of an area as shown on the left panel; (B) Mouse and human mitochondrial
apoptosis-inducing factor (AIF) (green) and human mitochondria (red) were detected by fluorescent
immunocytochemistry using species-specific antibodies, and cells were further stained with
MitoTracker™ Deep Red FM (white). (a) and (b) show higher magnification pictures (computational
enlargements) of circled areas shown in the panels on the left. Scale bar 100 μm.

To note, though the MSCs were pre-labeled with MitoTracker to visualize the potential movement
of mitochondria in TNTs, the observability was limited by the magnification and the photostability of the
fluorophore. Therefore, we confirmed the involvement of human mitochondria in TNT transportation
by using the anti-human mitochondria antibody, clearly indicating the transport of MSC-derived
human mitochondria into the mouse hepatocytes via TNTs (Figure 6A; Supplementary Material file 2,
Figure S7A). In addition, our preliminary data also show that human peroxisomes were delivered
towards HCs via the TNTs (Supplementary Material file 2, Figure S7B).

The anti-AIF (anti-apoptosis-inducing factor) monoclonal antibody detects the mitochondrial
antigen AIF of both mouse and human origin. AIF does not necessarily locate in the mitochondria; it is
also released to the cytoplasm in response to mitochondrial membrane permeabilization [78]. In the
co-culture of human MSCs and mouse hepatocytes, AIF staining was mainly enriched in HCs. Yet,
also in the MSCs, AIF was detectable in patches and a weaker staining in the MSC mitochondrial
network (Figure 6B). The origin and nature of the AIF in the MSCs was further confirmed by using
the anti-human mitochondria antibody and MitoTracker. The patchy AIF in the MSCs co-localized
with MitoTracker but was negative for anti-human mitochondria staining (Figure 6B(a,b)), suggesting
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that these structures were derivatives of mitochondria of mouse origin. At present, we cannot say
that mouse mitochondria in the MSCs were delivered via the TNTs, but the results corroborate the
assumption of a bi-directional exchange between HCs and MSCs. The functional meaning, however,
remains elusive and needs further investigations.

To further confirm the character of the TNTs and unravel potential functional consequences,
we examined the expression of relevant molecular motors or proteins by RT-PCR using human-specific
primers in association with the two most studied cytoskeleton proteins related to TNT delivery, tubulin
(representing microtubule-based transport) and actin (representing actin-based transport). Compared
with MSC mono-cultures, the mRNA expression of human microtubule-associated proteins, namely Ras
homolog family member T1 (Rhot1, also known as mitochondrial Rho GTPase 1; MIRO1) and kinesin
family member 5B (KIF5B), were upregulated in co-cultures (Figure 7A). However, neither inducers
of actin-based TNTs, RAS like proto-oncogene A (RALA) and TNFα-induced protein 2 (TNFAIP2),
were altered. The results implied that in the co-culture with mouse hepatocytes, human MSCs may
facilitate the expression of the microtubule-related but not actin-related gene expression to foster
human MSC-derived TNT-dependent cargo transport.

Figure 7. Expression of factors involved in (A) microtubule- and actin-based tubular transport,
(B) hepatocyte lipid utilization, and (C) mitochondria biogenesis. Expression levels were analyzed
by RT-PCR using species-specific primer pairs (blue/light blue columns for the use of human (h)
primers, black/grey columns for the use of mouse (m) primers) and mRNA levels normalized with
beta-2-microglobulin. Results are expressed as mean± SD. Statistical comparisons from 3-5 independent
cell cultures were made using the 2-way ANOVA test after log transformation, and differences between
groups were considered significant if the p value was ≤0.05 (*). h: human; m: mouse; RHOT: Ras
Homolog Family Member T1, also known as mitochondrial Rho GTPase 1 (MIRO1); KIF5B: kinesin
family member 5B; RALA: RAS like proto-oncogene A; TNFAIP2: TNFα-induced protein 2; PPARGC1A:
PPARα coactivator 1α, also known as PGC1α; HMOX1: heme oxygenase-1; TFAM: mitochondrial
transcription factor A; PPARA: peroxisome proliferator-activated receptor α.

3.5. MSCs May Have Enhanced Lipid Utilization in HCs by Eliciting Oxidative Capacity

We hypothesized that the transportation of organelles from MSCs to HCs may promote lipid
utilization in HCs in two ways: 1) By the activation of the key regulators of lipid utilization, like,
e.g., peroxisome proliferator-activated receptor α (PPARA), and/or 2) by increasing the lipid-oxidizing
capacity in HCs by the increase in the amount of MSC-derived mitochondria. To discriminate
between human and mouse effects, we used species-specific primer pairs in RT-PCR experiments.
The expression of mouse PPARA, but not human PPARA, was significantly higher in co-culture than in
HC mono-culture (Figure 7B), corroborating the gene array results as shown above (Supplementary
Material file 2, Figure S4C) and further suggesting that MSCs may elicit the utilization of lipids
and fatty acids in HCs. Next, we analyzed the expression of markers involved in mitochondria
biogenesis like PGC1α, mitochondrial transcription factor A (TFAM), and heme oxygenase-1 (HMOX1)
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by species-specific RT-PCR to discriminate between mouse and human effects. Only the expression
of mouse PGC1α (PPARGC1A; PPARγ coactivator 1 α), a regulator of mitochondria biogenesis,
was significantly enhanced in co-cultures with MSCs as compared with HCs alone (Figure 7C).
Albeit not significantly, there was a trend of higher expression of mTFAM, while mHMOX1 was even
decreased if affected at all. No human markers of mitochondria biogenesis were changed in co- vs.
mono-cultures (Figure 7C). Therefore, also taking the results as shown in Figure 8A,B into account,
it may be suggested that the MSCs might promote mitochondria biogenesis in the mouse hepatocytes.
This, however, needs further confirmation.

Figure 8. Profiling of cell-type-specific mitochondria in co-cultures of mouse hepatocytes and human
MSCs. On day 1 of co-culture, fluorescence images of cells stained with MitoTracker Red CMXRos were
analyzed for the (A) number and (B) area of mitochondria and percentages of mitochondria subtypes
(C) in HCs and (D) in MSCs using the software MicroP. The statistical comparisons from 4 independent
cell cultures were made using the 2-way ANOVA test. Results are expressed as mean ± SD. Statistical
comparisons were made using unpaired t-tests, and differences between groups were considered
significant for the p-values *: p ≤ 0.05; ***: p ≤ 0.001. (E) The globular morphology of MSC mitochondria
was confirmed (cf. also Supplementary Material file 2, Figure S7) in MSCs co-cultured with HCs in
HGM or MCD medium. The mitochondria were stained (pseudo-colored in green) and the picture was
merged with the light microscopy image. Scale bar 50 μm. mo: mono-culture; co: co-culture.
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Neither the number (Figure 8A) nor the area (Figure 8B) of mitochondria in MSCs and HCs were
altered by any treatment. Yet, albeit not significant, there was a trend of higher mitochondria numbers
in HCs when co-cultured with MSCs, both in HGM and in MCD medium, suggesting that MSCs might
increase the number of mitochondria in HCs, in line with data shown in Figure 7C. The percentage of
one of the mitochondrial subtypes, small globules, was significantly decreased in HCs when cultured
in MCD medium, which was reversed in part in co-cultures with MSCs (Figure 8C). When cultured
in MCD medium, the percentage of small globules was significantly increased in MSCs, suggesting
that this condition might increase specific subtypes of mitochondria in MSCs (Figure 8D). Taking into
consideration the mitochondrial globular shape as shown in Figure 6A in co-cultures of HCs and MSCs,
it was very obvious that preferentially small dotted (small globules) MSC-derived mitochondria were
detectable in TNT bridging to HCs (Figure 8E).

Taken together, these results show that MSCs may deliver mitochondria (and bona fide
peroxisomes) to HCs, which might support lipid breakdown both by providing oxidative capacity
and by support of the hepatocytes’ own capacity of lipid utilization potentially by the support of
mitochondria biogenesis. However, the mutual interactions between recipient and donor mitochondria
and the impact on the recipient lipid metabolism remains to be further elucidated.

3.6. Human BM-MSCs Delivered Mitochondria to Mouse Hepatocytes In Vivo

In order to show that human mitochondria from transplanted MSCs were delivered to mouse
hepatocytes after hepatic transplantation in vivo, liver slices were co-stained with an anti-mouse-specific
cyclophilin and the anti-human-specific mitochondria antibody. Image analysis using the Zeiss Axio
Observer.Z1 microscope equipped with ApoTome.2 showed that human mitochondria were only
detectable in livers, which received human MSC transplants (Figure 9A). Signals co-localized with
cyclophilin (Figure 9B), clearly indicating that donor human MSC-derived mitochondria were delivered
to the host mouse hepatocytes. At this point in time, these results would be in line with the hypothesis
that the delivery could involve TNTs as demonstrated in vitro (cf. Figure 6A).

Figure 9. Cont.
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Figure 9. Human MSC-derived mitochondria in mouse hepatocytes of animals receiving MSC
transplants. Here, 2-μm slices of mouse livers either fed the control (-NASH) or the MCD diet
(+NASH) and treated without (-MSC) or with (+MSC) human bone marrow-derived MSC were
co-stained with the anti-mouse cyclophilin or the anti-human mitochondria antibody and images
captured using the Zeiss Axio Observer.Z1 microscope equipped with ApoTome.2 with a 40× objective.
(A) Black and white images of pictures shown in (B) indicate human mitochondria (lower panels) in
livers, which were transplanted with human MSCs. Non-transplanted livers (upper panels) were
void of signals; (B) Immuno-fluorescent co-stain of mouse cyclophilin (green channel), and human
mitochondria (red channel) indicating human mitochondria in mouse hepatocytes; nuclei were stained
with DAPI (blue).

4. Discussion

4.1. Pathobiochemical Consequences of Changes in Metabolic Protein Expression and Correction by MSCs

Based on the proteomics and metabolomics data, the WGCNA predicted a MCD diet-induced
deregulation of central carbon and amino acid metabolism likely associated with mitochondrial
dysfunction, which were reversed by MSC treatment, rendering most of the affected metabolic
pathways not significantly different from controls.

NASH is characterized by the accumulation of triglycerides in hepatocytes, a predominant sign
of metabolic impairment. In the MCD model of NASH, it has been shown that VLDL secretion is
inhibited due to the attenuated expression of the chaperone microsomal triglyceride transfer protein
(MTP), which is essential for the proper folding of apolipoprotein B (ApoB) [79]. Here, we showed that
ApoB was slightly increased, likely due to the accumulation of the non-functional protein, while the
expression of ApoA4, involved in VLDL secretion [80], was downregulated. The increased expression
of hepatocyte fatty acid transporters Fatp1 and CD36 fostered fatty acid uptake and together with the
perturbance of lipid (lipoprotein) secretion likely caused an imbalance of lipid metabolism favoring
storage over secretion. In addition to the attenuation of triglyceride secretion, the utilization of fatty
acids by mitochondrial β-oxidation seemed to be impaired by the downregulation of proteins of the
respiratory chain as obvious from the key driver analysis. Further, at the individual level of expressed
genes, Acaa1a and b, involved in peroxisomal fatty acid oxidation, were downregulated, indicating
an additional impairment of peroxisomal lipid utilization. In total, these findings are consistent with
NASH-induced changes in central carbon and amino acid metabolism (as side reactions associated
with glycolysis and the tricarboxylic acid cycle [81]) promoting lipid storage due to failure of lipid
utilization and secretion as commonly observed in rodent NASH models and in humans [82–84].
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Taken together, the pathobiochemical changes in the mouse liver upon MCD diet feeding are in
line with major features of NASH as described [85,86]. In the study presented here, MSCs ameliorated
the hepatic lipid load consistent with the improvement of NASH-induced metabolic changes as
unraveled by WGCNA. To our knowledge, this is the first study to show the impact of MSCs on key
metabolic pathways involved in the pathogenesis of NASH. However, the molecular and/or cellular
mechanism(s) engaged remain open. Since it is conceivable that the MSCs did not impact on each
individual biochemical pathway separately, or even by different mechanisms, it may be assumed that
the MSCs primarily attenuated the hepatocyte lipid load by a unique mechanism, and consecutively
improved overall metabolic homeostasis.

4.2. Histopathological Consequences of Hepatocyte Lipid Load and Improvement by MSCs

The accumulation of lipids in hepatocytes is associated with an overproduction of reactive oxygen
species (ROS) that progressively exceeds the cellular detoxification capabilities. Microsomal Cyp2e1 is
a major site of fatty acid metabolism, which has been found to be elevated in fatty liver diseases in
humans and rodents [66]. Cyp2e1 plays a critical part in the pathogenesis of NASH by the production of
ROS, which foster protein and lipid peroxidation associated with cellular stress and damage [67]. This is
in line with our findings of increased Cyp2e1 and elevated 4-HNE as a byproduct of lipid peroxidation
in the NASH livers. As identified by the key driver analysis in the NASH livers, the upregulation of
proteins involved in protection from oxidative stress like Mgst1 and Gstp1 [87] may be interpreted as an
adaptive response to increased oxidative stress, while downregulation of proteins like Sod2 involved
in mitochondrial superoxide detoxification may even aggravate oxidative stress and mitochondrial
impairment [88].

Alpha-1-antitrypsin and major urinary proteins increased in the NASH livers, indicative for the
onset of the acute-phase reaction, the hepatic defense response to injury and inflammation. Likewise,
the expression and localization of the cell adhesion proteins E-cadherin and β-catenin changed in the
NASH as compared to control livers, indicative for the perturbation of the epithelial organization of
the hepatic parenchyma. Epithelial-mesenchymal transitions in the liver have been attributed to be
essential in regeneration of the liver after injury [89]. Hence, tissue deterioration in the NASH livers
may indicate regeneration due to hepatocellular death.

MSC ameliorated oxidative stress, inflammation, and tissue damage, corroborating our previous
results showing regression of fibrosis and cell death as well as attenuation of inflammatory pathways [20],
consistent with findings demonstrating resolution of inflammation, fibrosis, and lipid load in rodent
models of NASH [90,91]. The mechanisms behind, however, remain elusive. Again, it is unlikely that
the MSCs impacted on single individual pathways involved in the perturbation of tissue homeostasis
by different modes of action. Therefore, we hypothesize that the overall improvement of tissue
homeostasis secondarily followed the attenuation of the hepatocyte lipid load. This implies that
metabolic improvement preceded the restoration of tissue architecture, which was likely to be achieved
by the regenerative capacity of the liver itself.

4.3. Mitochondrial Transfer by MSCs May Attenuate Hepatocyte Lipid Load

Previous reports including mouse datasets into WGCNA approaches identified mitochondrial
dysfunction as a key event in the pathogenesis of NASH [92], consistent with our data that aberrant
expression of mitochondrial proteins may drive mitochondrial dysfunction. Indeed, in consequence
of insulin resistance, the increased flux of free fatty acids from the adipose tissue to the liver has
long been suggested as a major cause of the metabolic overload and eventually dysfunction of
mitochondria in the pathogenesis of NASH [7,8,93]. Based on these facts, we hypothesized that the
improvement of mitochondrial function in the host liver by transplanted MSCs may play a central
role in the amelioration of lipid load in the NASH livers. In the in vitro experiments, we observed
a physical long-distance connection between MSCs and hepatocytes. These protrusions contained
filamentous actin and carried whole organelles, features that have been specifically attributed to
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phenomena called tunneling nanotubes (TNTs) [94,95]. TNTs are thin membranous structures mediating
direct intercellular communication between non-adjacent cells. They have been shown to transport
subcellular components, e.g., mitochondria and lysosomes as well as plasma membrane components,
mRNA, electrical signals, and calcium ions [96]. Our in vitro data present evidence for a transfer of
mitochondria from MSCs to the hepatocytes via TNTs. Since the steatosis-inducing media used here
is known to cause mitochondrial dysfunction associated with excess lipid storage, ROS generation,
and cytotoxicity [97,98], the donation of functional mitochondria by the MSCs might contribute to the
attenuation of lipid load in the hepatocytes. Hence, we suggest that the transferred mitochondria may
compensate for a lack of oxidative phosphorylation capacity and thereby improve lipid utilization,
which is in line with the lipid-lowering effect of MSCs as shown both in vitro and in vivo. Our work
does not provide direct evidence that the delivery of mitochondria is involved in the reduction of
triglycerides in hepatocytes. We used inhibitors of the respiratory chain and microtubule assembly in
order to demonstrate correction of hepatocyte metabolism by MSC-derived donor mitochondria. Yet,
most of the inhibitors were toxic to the hepatocytes, thus not allowing to discriminate between toxicity
and specific effects on targets to be inhibited. It may not be excluded that part of the hepatocyte lipid
resources may be metabolized by the MSC transplants. This would require the transfer of lipids to the
MSCs, which we neither observed in vitro nor in vivo. Additionally, MSCs may have stimulated lipid
breakdown in the host hepatocytes to release free fatty acids, which then could be metabolized by the
MSCs. This would require some paracrine mechanisms, which, however, we may exclude, because
MSC-derived conditioned medium was not effective. In addition, MSCs did not accumulate lipids
in vitro, indicating that their lipid metabolism might be different from the hepatocytes. Indeed, in their
niche, MSC energy metabolism may primarily rely on anaerobic glycolysis rather than oxidative
phosphorylation [99]. Our results are consistent with data shown in a high-fat diet-fed mouse model,
in which MSC transplants improved mitochondrial morphology and metabolic performance in the
host liver [100]. This may describe a general mechanism of MSC action, since stem cell-derived
donor mitochondria increased oxidative phosphorylation and ATP generation, and reduced ROS
production in host cells like, e.g., myeloma cells [101], macrophages [102], cardiomyocytes [103],
and airway epithelial cells [104]. Thus, the concept of MSC-derived mitochondrial transfer to improve
recipient cell oxidative metabolism is now well established [105]. However, in our model of NASH,
mechanistic questions remain open: How are diseased mitochondria cleared from the hepatocytes
(e.g., by mitophagy)? Which are the mechanisms protecting the donated healthy mitochondria? How is
the pool of donor mitochondria replenished in donating MSC? These questions are topics of our
current work.

In our mouse model, we saw that MSC transplants entered the liver parenchyma primarily at
the periportal area of the liver sinusoid, resulting in zonal enrichment of the MSCs [20]. For this
animal model, we calculated that a 1% repopulation of the hepatic parenchyma by transplanted
MSCs may be achieved, i.e., 6.6 × 105 transplanted cells in the host liver [106]. Assuming that a
cell on average may contain 1500 mitochondria [107], this cell number corresponds to 9.9 × 108

donor mitochondria. A mouse liver contains 66 × 106 hepatocytes [108] corresponding to 9.9 × 1010

mitochondria. In conclusion, 1% on average of all mitochondria in a mouse hepatocyte ought to be of
human MSC donor origin. This is in the same order of magnitude as shown in a co-culture model
of human bone marrow-derived MSCs and myeloma cells, which improved cellular respiration in
the range of 10–50% depending on the cell line under investigation [101]. If we assume in a simple
approximation that this increase would solely contribute to lipid degradation and oxidation, this would
account for the decrease in hepatocyte lipid content as shown here in vivo and in vitro of roughly 40%.
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5. Conclusions

Metabolically, the diet-induced NASH was characterized by an impairment of the central carbon
metabolism likely due to mitochondrial and peroxisomal dysfunction. The enhancement of membrane
transporters of fatty acids may have increased fatty acid uptake. In association with the impairment of
utilization and lipoprotein secretion, the enhancement of triglyceride synthesis and storage may follow.
MSCs, transplanted into a mouse host liver, ameliorated lipid storage and associated perturbance
of tissue homeostasis likely by the donation of healthy mitochondria to the hepatocytes via TNTs,
thus providing oxidative capacity for lipid breakdown and eventually restoration of tissue homeostasis.
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