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Abstract

The epidemiology of nonalcoholic fatty liver disease goes hand-in-hand with the obesity pandemic. The
pathogenesis of fatty liver has shifted from an hepatocentric view to an adipocentric view, in which the overloaded
adipose tissue spills out lipids that spread to ectopic tissues and organs such as the liver, elicits inflammation,
and changes its adipokines profile promoting insulin resistance and the metabolic syndrome. Up to 40% of
nonalcoholic fatty liver disease (NAFLD) patients are not obese and up to 20% are actually lean. Furthermore
roughly 10% of lean subjects have NAFLD. In fact, adiposopathy can occur in patients with normal weight, and
it is associated with expansion of metabolically active visceral fat and a qualitatively different adipose tissue
that becomes overwhelmed after challenged by a mildly positive energy balance. This defines the concept of
personal fat threshold that when exceeded results in metabolic dysfunction. Overweight/obese persons have
higher probability of exceeding that threshold, explaining why adiposopathy/metabolic syndrome/NAFLD is
more frequent in the obese. In this article, the epidemiology, pathogenesis, and management of patients with lean
NAFLD are reviewed with an emphasis on reconciling the concepts of NAFLD in its relationship with adiposity and
of NAFLD in lean individuals.
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INTRODUCTION

Fatty liver disease is the most common liver disease worldwide'. The realization that liver steatosis may
progress to cirrhosis is credited to the Austrian pathologist Carl von Rokitansky in mid-nineteenth century.
Rokitansky also acknowledged that alcohol might not explain all types of fatty liver'”. The link with
obesity was well-established one century after, with the description of liver biopsies from 20 obese men by
Zelman". The designation “nonalcoholic steatohepatitis” (NASH) was first proposed by Ludwig 40 years
ago, and the more general “nonalcoholic fatty liver disease (NAFLD)” roughly 20 years ago™". In 2020,
an international group of experts changed the designation to “metabolic dysfunction-associated fatty liver
disease” (MAFLD), focusing on the positive association with the metabolic syndrome (MS) rather than
the negative association with alcohol, while acknowledging the possible concomitance of metabolic and
alcohol-associated liver disease, in the same patient"”.

NAFLD goes hand-in-hand with obesity and its associated co-morbidities, particularly the MS and its
components'”. The prevalence of both NAFLD and obesity are rising. Data from the Fifth National Health
and Nutrition Examination Survey (NHANES), in the US, showed that in the late 1980s, the prevalence of
obesity was 22% and of NAFLD 20%, whereas currently, it is 39% and 32%, respectivelylg]. In fact, obesity
increases the risk for NAFLD by 10-fold".

Not all patients with NAFLD are overweight or obese. In those patients, liver steatosis has been called
“lean-NAFLD” Lean-NAFLD was first recognized in studies from Asia"”, but it has gained relevance in

11]

Western populations as well".

New diagnostic criteria for MAFLD in lean persons were proposed'”, in which alcohol consumption is
not an exclusion criteria, but requires, evidence of hepatic steatosis and the presence of at least 2 of the
following metabolic abnormalities:

(1) Waist circumference (WC) > 102 and 88 cm in Caucasian men and women, respectively (or > 90 and 80 cm
in Asian men and women, respectively);

(2) Blood pressure > 130/85 mmHg or specific drug treatment;

(3) Plasma triglycerides = 150 mg/dL or specific drug treatment;

(4) Plasma high-density lipoprotein (HDL)-cholesterol < 40 mg/dL for men and < 50 mg/dL for women or
specific drug treatment;

(5) Prediabetes (i.e., fasting glucose levels 100-125 mg/dL, or 2-h post-load glucose levels 140-199 mg/dL
or HbA1c 5.7%-6.4%);

(6) Homeostasis model assessment (HOMA) of insulin resistance score > 2.5;

(7) Plasma high-sensitivity C-reactive protein level > 2 mg/L.

Research on lean-NAFLD is flourishing; however, many gaps in knowledge still subside: Does lean-NAFLD
always associate with metabolic dysfunction and hence can be classified as MAFLD? Does lean-NAFLD
follow the same fate as obesity-associated MAFLD? How should lean-NAFLD patients be managed? This
article is a comprehensive review of the pathogenesis and clinical relevance of lean-NAFLD that aims to
help clinicians in their daily practice.

EPIDEMIOLOGY

Roughly 20% of patients with hepatic steatosis present with normal body mass index (BMI) and 40% are
not obese"™"”. As such, lean-NAFLD represents a significant burden on the daily practice of hepatologists.

Epidemiological studies on lean-NAFLD present very heterogeneous data, which result from: (1) different
populations with different adipose tissue compartmentalization; (2) different definitions of lean (some
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studies consider normal weight, others non-obese, while studies in rural populations in Asia include a high
proportion of patients underweight""); and (3) different tools to diagnose liver steatosis. Most studies rely
on ultrasound to diagnose NAFLD, which has very low sensitivity for mild steatosis; others take advantage
of non-invasive scores such as fatty liver index, some quantify liver triglycerides content through magnetic
resonance spectroscopy, and several rely on liver biopsies. Those different diagnostic tools have known

. . . . . . [15]
variations 1in accuracies fOI' detectlng 11V€I' steatosis .

Notably, epidemiological studies were performed before the new designation of MAFLD; as such, alcohol
intake was excluded, and patients may not fulfill the diagnostic criteria of MAFLD. Because of this, the
designation “lean NAFLD” is used in this review.

The definition of normal weight using BMI varies depending on the racial background of the individual.
Caucasians are considered as having normal weight when BMI is 18.5-25 kg/m” with overweight being 25-
30 kg/m’ and obese being > 30 kg/m""", However, lower BMI cutoffs are applied to Asians because a specific
BMI reflects a higher percentage of body fat and higher health risk compared to Caucasians'”. Accordingly,
in Asians, normal weight is considered when BMI is < 23 kg/m’, with overweight being 23-25 kg/m’
and obese being > 25 kg/m"™".

Although studies have shown a wide range of prevalence of NAFLD in lean individuals (from as low as
5% to as high as 26%), two recent meta-analysis showed that roughly 10% of lean adults have NAFLD.
The prevalence rises to 16% in non-obese adults"*"". Interestingly, the prevalence of lean-NAFLD
gradually increased from 5.6% (95%CI: 3.6-8.8) in studies before 2000 to 12.6% (95%CI: 8.8-17.9) in
studies after 2011"". The prevalence of NAFLD is around 4 times lower in the lean population compared
to the overweight/obese population""”*", Asians seem to have a higher prevalence of lean-NAFLD,
and African Americans lower"*”, which might be explained, at least to some extent, with different
compartmentalization of fat depots and intrinsic differences in adipose tissue structure/function in
individuals with different racial backgrounds[%].

Regarding the association with metabolic features, lean patients with NAFLD seem to have an intermediate
phenotype between healthy subjects and obese patients with MAFLD'">'**"**
and insulin resistance (IR), type-2 diabetes mellitus (T2DM), hypertension, and hyperuricemia. The
lipid profile, however, appears to be similar between lean and obese patients with NAFLD, with similar

levels of total cholesterol and triglycerides, although lean patients tend to present higher levels of HDL

1[20,27,29,30]

, regarding glucose intolerance

cholestero

On the other hand, a risk factor for NAFLD in lean subjects seems to be - besides older age - the presence
of MS components (which seems to have an even stronger impact than in obese)”". In particular,
hypertriglyceridemia associates with a 2-fold increased risk for hepatic steatosis in lean"***?, Furthermore,
baseline hypertriglyceridemia or T2DM were predictors of incident lean-NAFLD in longitudinal
studies™ .

Even though they are in the normal weight range, history of weight gain over 10 kg since early adulthood
increased the risk for NAFLD 2.5-fold in lean individuals*". Furthermore, patients with lean-NAFLD tend
to present higher BMI as compared to lean subjects without NAFLD"™. Interestingly, a Japanese study
showed a linear increase on the prevalence of NAFLD with increasing BMI, starting at 18 kg/m’ until
28 kg/m™**"**
Korea and Sri-Lanka, showed that body weight changes were indicators for the development or regression
of ultrasound-defined NAFLD"***. Apparently, the lower the body fat (excluding underweight), the lower
is the susceptibility for developing NAFLD.

. Similarly, two longitudinal community-based studies in non-obese subjects, from South
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Figure 1. Pathogenesis of lean-NAFLD. NAFLD: nonalcoholic fatty liver disease

More important than BMI, a poor surrogate for adiposity, is central obesity which seems to predispose
individuals to lean-NAFLD. In fact, lean patients with NAFLD tend to have higher WC as compared to
lean subjects without NAFLD"”. When comparing lean NAFLD with obese NAFLD, expectedly lean
subjects present with lower WC. However, lean patients with NAFLD present similar waist-to-hip (WTH)
ratio”™ but higher visceral adiposity indexes as compared to obese patients”. This can be explained by
the poor accuracy of WC for visceral adipose tissue (VAT). In fact, WC is determined by both visceral and

abdominal subcutaneous fat"”.

Lastly, in lean individuals, higher ferritin and hemoglobin levels seem to be associated with NAFLD, which
suggest iron overload and oxidative stress as a cofactor to lipotoxicity in this subset of patients”*",

PATHOPHYSIOLOGY

Hepatic steatosis, in lean individuals, can be induced by different mechanisms [Figure 1]:

(1) The visceral adipose tissue spills over fatty acids that reach the liver, and promotes an inflammatory
milieu, producing adipokines that are diabetogenic and steatogenic™”;

(2) The liver itself is prone to steatosis, for example, as a consequence of genetic traits that modulate the
metabolism and export of lipids'”;

(3) Malnutrition and malabsorptive diseases induce hepatic steatosis

(4) The bowel induces hepatic steatosis through direct and indirect effects of a steatogenic and pro-
inflammatory intestinal microbiota*”;

(5) External factors induce hepatic steatosis such as drugs (for example, amiodarone, methotrexate, and
tamoxifen);

(6) Other liver diseases may predispose to steatohepatitis (for example, hepatitis C particularly genotype 3,

Wilson’s disease, and inborn errors of metabolism)[“].
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NAFLD is in intimate association with obesity and is characterized by features of adiposopathy'*.
However, adiposopathy may exist even with normal BMI, associating with an expansion of VAT, the so-
called metabolically obese normal weight (MONW)"“*”!, Adiposopathy may also occur in association with
a lipodystrophic phenotype, which can be genetic (rare genetic lipodystrophy disorders have an estimated
prevalence of one in a million™™) or acquired [for example, an adverse effect of highly active antiretroviral
therapy in patients infected with human immunodeficiency virus (HIV)"™"].

Metabolically obese normal weight

BMI is an imperfect measurement of obesity/adiposity because it does not take into consideration
body composition (for example, differences in adipose and muscle mass), or the different patterns of
fat distribution'”. MONW refers to subjects with normal weight according to BMI, but with associated
cardiometabolic abnormalities such as IR, altered lipid profile, and/or hypertension[sol. The estimated
prevalence of MONW is around 20% in normal weight subjects”". The prevalence seems to gradually
increase from Caucasians to African American, Hispanics, and Asians””. The prevalence of MONW
increases with age and with increasing BMI, even in the normal range[sol. Importantly, MONW is
associated with a 3-fold increase in all-cause mortality, T2DM, and cardiovascular events, resembling obese
or overweight subjects with associated metabolic dysfunction”. MONW might explain a high fraction
of patients with lean-NAFLD"”. The unsolved question is why normal weight patients develop metabolic
features of overweight/obese patients. There seems to be a “personal fat threshold” independent of BMI,
that when exceeded results in metabolic dysfunction™”. In fact, MONW subjects may have normal body fat
percentage, but different compartmentalization of fat, with central obesity, and particularly with increased
visceral fat. Indeed, epidemiological studies demonstrate a strong association between the MONW
phenotype and visceral adiposity[“].

VAT, that is intra-abdominal adipose tissue, accounts for 7%-15% of total body fat””, and expands when
subcutaneous adipose tissue (SAT) surpasses its capability to adapt to a positive caloric balance®™. VAT is
morphologically and metabolically distinct from SAT. Adipocytes in VAT respond to energy surplus with
cell hypertrophy, with enlarged adipocytes presenting decreased ability to further store lipids, enhanced
lipolytic response, and blunted insulin-inhibition of lipoprotein lipase, demonstrating adipose tissue IR
Unlike abdominal SAT, VAT is drained by the portal vein which allows exposure of the liver directly to
high concentrations of free fatty acids (FFA) and glycerol from oversized visceral adipocytes”"’. In fact,
while in lean healthy subjects the VAT contributes to only 5-10% of the FFA that reach the portal vein, in
subjects with expanded VAT, its contribution can increase to 50%°*. FFAs that reach the liver contribute
to the accumulation of ectopic fat in the liver and promote hepatic IR"”. In the liver, FFAs activate nuclear
receptors such as peroxisome proliferator activated receptor (PPAR)-a and hepatic nuclear factor, which
profoundly modulate hepatic lipid metabolism, promoting the synthesis and export of triglycerides,
and exp[la]ining the strong association between hypertriglyceridemia and NAFLD, particularly in lean-
NAFLD™".

The oversized VAT is prone to cell death and inflammation with macrophage infiltration™™, which are
responsible for local deregulation of adipokine secretion - with increased production of tumor necrosis
factor (TNF)-a and interleukin-6, and decreased production of the insulin-sensitizer and anti-inflammatory
adiponectin - and a systemic metabolic inflammatory state, further exacerbating IR

Epidemiological studies showed that VAT was an independent risk factor for NAFLD, whereas BMI was
not'® . Furthermore, there seems to be a dose-response association between VAT and prevalence of
NAFLD'. In contrast, between SAT and NAFLD, a negative association was even described*". Similarly,
longitudinal studies showed that VAT expansion was associated with incident NAFLD, whereas SAT
expansion was associated with NAFLD regression'*”
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Studies on lean-NAFLD showed similar associations between hepatic steatosis and both central obesity and
visceral fat”***"*"!, Interestingly, lean-NAFLD patients present lower levels of adiponectin than their lean
healthy counterparts. Furthermore, even though lean-NAFLD patients tend to have lower levels of leptin
compared to overweight/obese NAFLD patients, which translates to lower body fat, they have similar levels
of adiponectin, suggesting similar adipose tissue malfunction and adiposopathy****"".

The differentiation between upper and lower body fat has unraveled interesting new concepts on the
metabolic consequences of body fat distribution"”". SAT can be divided into upper body fat, which refers to
abdominal subcutaneous fat, and lower body fat, which refers to gluteofemoral subcutaneous fat. Data from
the Third NHANES, in the US, showed that normal weight subjects with upper body obesity (defined by
an increased WTH ratio) had the highest all-cause mortality rate, more than doubling both normal weight
and overweight/obese subjects without upper body obesity, and being matched only by overweight/obese
that also had upper body obesity””. Unlike abdominal/upper body fat, femoral/lower body subcutaneous
fat seems to be an independent protective factor for cardiometabolic diseases and mortality[7l‘73’74]. In
fact, abdominal SC fat depots are physiologically different from femoral SC fat depots. Abdominal SAT
demonstrates a rapid diet-derived fat uptake and high lipid turnover responsive to adrenergic activation.
Femoral SAT, on the contrary, has a low lipid turnover and is more efficient in storing fat, mounting a
hyperplasic response (recruiting new adipocytes from precursors rather than enlarging the adipocytes as
occurs in abdominal SAT) to a caloric challenge[”’], and being less susceptible to inflammation". Upper
and lower body fat are under different epigenetic control of genes involved in adipocyte differentiation,
with higher expression of TBX5 and HOXAS5 in upper SAT and higher expression of HOTAIR in lower
SAT". Noteworthy, polymorphisms in genes that regulate adipocyte differentiation such as CCDC92,
DNAH10, and L3MBTL3, associate with lower body fat, and paradoxically with IR, T2DM, and coronary
heart disease. This suggests that subjects with predisposed limited storage capacity of peripheral adipose
tissue, are more susceptible to IR and to cardiometabolic diseases"”

Concordant with a role of decreased lower body fat in the susceptibility to NAFLD in lean individuals, WC
and WTH ratio are better predictors for incident lean-NAFLD as compared to BMI™*"™".

Sarcopenia
Sarcopenia, that is, loss of skeletal muscle mass and function, seems to confer susceptibility to NAFLD".
Sarcopenia may help explain the occurrence of hepatic steatosis in patients with BMI within the normal

range, since BMI cannot differentiate between fat deprived nor muscle mass deprived subjects.

Data from the Korean National Health and Nutrition Examination Survey (KNHANES) showed that
sarcopenia associates with NAFLD and liver fibrosis, independent of obesity and IR"”. Other studies and
recent meta-analysis corroborated that data®*”. Furthermore, skeletal muscle mass seems to be lower in
lean versus obese patients with NAFLD™,

The relationship between sarcopenia and metabolic dysfunction goes both ways. IR and chronic
inflammation promotes myosteatosis""”, which exacerbates muscle catabolism. On the other hand,

sarcopenia (and disturbed myokines secretion) promotes IR and hepatic steatosis'*”

IR and T2DM promote muscle depletion and dysfunction through several mechanisms: (1) FFAs released
by an insulin resistant adipose tissue inhibit the growth hormone/insulin growth factor-1 axis, decreasing
its protective effect on muscle regeneration"™; (2) myosteatosis associates with a blunted activation of
muscle peroxisome proliferator-activated receptor gamma coactivator-1a and an increase in oxidative
stress resulting in mitochondrial dysfunction””; and (3) an increase in gluconeogenesis drives proteolysis.
Obesity and NAFLD associate with a small grade inflammatory state, with an increase in proinflammatory
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cytokines such as TNF-a and interleukin-6 that stimulate proteolysis/muscle catabolism further

contributing to sarcopenia[”]

On the other hand, myosteatosis induces IR through FFA modulation of p38 mitogen-activated protein
kinase™. The muscle is the primary organ responsible for insulin-mediated glucose disposal, hence a
decrease in muscle mass translates in impaired glucose metabolism, with postprandial hyperglycemia””’
Sarcopenia also decreases the tolerance to exercise, further decreasing energy expenditure, exacerbating

94]

energy surplus, and promoting weight gain and IR"".

Myokines also have an important role in the pathogenesis of NAFLD. Irisin is an exercise-inducible
myokine that promotes transdifferentiation of white into brown adipose tissue, with upregulation of
uncoupling proteins, resulting in an increase in heat production, energy expenditure, and weight loss".
In the liver, irisin has direct anti-steatogenic effects through activation of PPAR-a and upregulation of
fibroblast growth factor (FGF)-21"™. Accordingly, a study in obese patients showed a negative correlation
between irisin and hepatic steatosis severity[%]. Myostatin is a myokine whose expression is downregulated
by exercise”. Myosin has a negative impact on sarcopenia, since it promotes proteolysis and inhibits
muscle regeneration and function””. Myostatin also has metabolic actions, promoting adipose tissue
expansion through direct effects on the adipose tissue and indirectly through downregulation of irisin”**"*""
Lastly, myostatin has fibrogenic properties through direct action on hepatic stellate cells™", Interestingly,
myostatin levels correlate with liver steatosis in lean subjects. Increased myostatin levels are also seen in
end-stage liver disease”, and associate with mortality in patients with liver cirrhosis"*.

Sarcopenia and expansion of VAT act synergistically in the pathogenesis and progression of NAFLD. In
patients with NAFLD, a decrease in muscle mass and increase in VAT are associated with worsening of
steatosis and, more importantly, progression of liver fibrosis"*"

Genetics

In 2008, a genome wide association study unraveled a polymorphism in patatin-like phospholipase domain-
containing protein 3 (PNPLA3), rs738409 C>G, encoding the substitution of isoleucine for methionine at
position 148 (1148M), which associates with increased risk for hepatic steatosis disconnected from obesity
or the MS"*™, Subsequent studies found that polymorphism is also associated with steatohepatitis,
advanced fibrosis. and progression to hepatocellular carcinoma"” ™",

PNPLA3 (adiponutrin) is a membrane-bound protein highly expressed in the liver and adipose tissue,
that regulates remodeling of lipid droplets on hepatocytes and hepatic stellate cells. Diet can modulate
PNPLA3 expression. Carbohydrates upregulate”'""'*, whereas unsaturated fatty acids suppress PNPLA3
expressi[on][m]. The rs738409 variant results in the accumulation of a dysfunctional adiponutrin on lipid
droplets ™.

Regarding the role of PNPLA3 rs738409 on lean-NAFLD, studies consistently found an increased G allele
frequency on lean-NAFLD patients as compared to lean healthy subjects, mirroring studies on MAFLD"".
Some studies also found an increased G allele or GG phenotype in lean vs. obese NAFLD patients™**"*")
though not all studies reproduced those ﬁndingsm’“’“’”ﬂ. An Italian study, albeit did not find a difference
between G allele frequencies in lean or obese NAFLD, found that this variant is associated with disease
severity (presence of steatohepatitis and significant fibrosis) only in lean patients”"*. Two meta-analyses
failed to find a difference in G allele between lean and obese patients with NAFLD"*", which indicates
that variants in PNPLA3 might not be a major factor in the development of lean-NAFLD. Of note, Asian
studies showed higher differences in the PNPLA3 variant in lean-NAFLD as opposed to overweight/obese
NAFLD"™"”, suggesting interplay between racial background and PNPLA3 phenotype in the development of
lean-NAFLD.
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Transmembrane-6 superfamily-2 (TM6SF2) is another gene that regulates lipid metabolism and has been
implicated on the pathogenesis of NAFLD. TM6SF2 modulates intestinal cholesterol absorption and
clearance, hepatic cholesterol biosynthesis and secretion, as well as the flux of triglycerides from lipid
droplets to the synthesis and secretion of very low-density lipoproteins (VLDL) from the liver“'*". A
variant of TM6SF2, rs58542926 C>T, possesses a substitution of glutamate for lysine at position 167 (E167K),
and is a loss-of-function variant that increases the risk of NAFLD and hepatocellular carcinoma, albeit
decreasing circulating lipids and protecting from cardiovascular disease!”" ">,

Regarding the association between TM6SF2 rs58542926 and lean-NAFLD, two studies found a higher
prevalence of the T allele in lean compared to overweight/obese patients with NAFLD"'****. However,
others could not reproduce those findings”**”.

Cholesteryl ester transfer protein mediates the exchange of triglycerides from triglycerides-rich lipoproteins
to HDL, allowing reverse cholesterol transport from peripheral tissues back to the liver. Two variants,
1s12447924 and rs12597002, are associated with NAFLD in lean individuals, but not obese individuals, in

[127]

an Australian cohort .

SREBP-2 regulates cholesterol biosynthesis, uptake, and excretion. The SREBP-2 polymorphism rs133291

is associated with increased risk of NAFLD and steatohepatitis in non-obese, non-diabetic patients without

the MS, once again helping to explain a dissociation between NAFLD and metabolic disturbances and
., [128]

obesity

Lastly, a variant in phosphatidylethenolamine N-methyltransferase (PEMT), rs7946 C>T was associated
with lean-NAFLD and unhealthy lipid profile with an increase in low-density lipoproteins (LDL) and
a decrease in HDL"**"*", PEMT catalyzes de novo synthesis of choline, which is required for the export
of hepatic triglycerides as VLDL™". Accordingly, patients with lean-NAFLD have low hepatic PEMT
expression[m]

It would be interesting to evaluate whether lean patients with NAFLD have an increased risk of carrying at
least one of the above different risk alleles as compared to overweight/obese NAFLD.

Microbiota

Microbiota may have a strong role on the development of NAFLD in lean subjects. When comparing

the microbiota from lean and overweight/obese patients, significant differences have been consistently
[43,126,133]

reported .

A multicenter study recruited patients from Italy and Australia, and found that lean-NAFLD, compared
to non-lean NAFLD and controls, had an altered fecal microbiota profile. Lean patients had enrichment
of the genera Erysipelotrichaceae UCG-003, Ruminococcus, Clostridium sensu stricto 1, Romboutsia, and
Ruminococcaceae UCG-008, and an impoverishment of Ruminiclostridium and Streptococcus, as compared
to non-lean patients**. This microbiota profile of lean patients seems to promote the formation of
bile acids, and hence to associate with increased levels of secondary bile-acids, as well as FGF-19. This
increase in bile acids and FGF-19 could explain a metabolic adaptation to an obesogenic diet, promoting
a peripheral increase in energy expenditure. On the other hand, as compared to healthy subjects, lean-
NAFLD patients showed impoverishment of species believed to be protective against hepatic steatosis such
as Marvinbryantia and Christensellenaceae R7 group, and enrichment of Dorea species that have previously
been associated with NASH"*.,

Other studies found impoverishment of potentially protective bacteria such as Faecalibacterium and
Lactobacillus™. Faecalibacterium prausnitzii are butyrate-producing bacteria with known immune-
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modulation and anti-inflammatory properties that have already been implicated in the pathogenesis of
NAFLD™".

A Japanese study also found that lean-NAFLD patients more frequently carry an HLA haplotype
(HLA-B*54:01) that modulates gut microbiota towards an impoverishment of bacteria potentially protective

against progression to cirrhosis, such as the phylum Vernucomicrobia and the genus Akkermansia™**"*".

Another way gut dysbiosis can promote hepatic steatosis is through the enrichment of bacteria, such as
Weissella confusa that can produce ethanol through the fermentation of glucose and fructose**"”. A first
pass effect of ethanol in the liver would abrogate systemic metabolic effects in patients harboring ethanol-
producing microorganisms in the gut.

Studies regarding the use of probiotics on NAFLD do not specifically evaluate lean patients, are small sized,
use different combinations of probiotic agents, and do not evaluate hard outcomes such as liver biopsy.
However, a recent meta-analysis suggests a benefit of probiotics in the treatment of patients with NAFLD,

. . . . . [138]
1nduc1ng an 1mprovement m hver enzymes

Lifestyle

A South Korean study evaluated a cohort of patients from the KNHANES, and found a high carbohydrate
energy ratio and lower than moderate-level physical activity to be predictors of lean-NAFLD"*"
Carbohydrates are known to downregulate PNPLA3, which may partially explain its steatogenic
effect™"""? A caveat of this finding is that the type of carbohydrates consumed in Asia, where rice is the
major carbohydrate, is likely not the same as in Western populations, hence it is difficult to extrapolate
these findings to non-Asians*”. High fructose intake has also been associated with lean-NAFLD"*"". Lean
patients that develop NAFLD consume more than double added sugar than lean subjects without NAFLD.
Of note, most of the added sugar, in lean-NAFLD patients, comes from soft drinks and juices. Indeed, the
prevalence of excessive soft drink consumers is 4 times as higher in lean-NAFLD patients than healthy lean
subjects*".

Lean-NAFLD patients tend to eat high-cholesterol diets. Both European and Asian cohorts showed
lean-NAFLD patients to consume more cholesterol and less polyunsaturated fatty acids, as compared to
healthy lean subjects, even without an excessive caloric intake'®'*". Cholesterol has steatogenic effects,
since it promotes fatty acids synthesis and de novo lipogenesis through activation of SREBP-1c¢ and liver

X-receptor-a[“]

Even though lean-NAFLD patients by definition have normal weight, they tend to adopt an intermediate
obesogenic lifestyle. In fact, lean subjects that gain weight, over 10 kg, in their adulthood have a 2.5 fold
increased risk of developing NAFLD, even when maintaining a normal BMI™", Probably in patients that
develop NAFLD, those 10 extra kilograms surpass their “personal fat threshold”"™” inducing adiposopathy
and its associated comorbidities.

Malabsorption

NAFLD is the most frequent hepatic manifestation of small bowel diseases with malabsorption such as
inflammatory bowel disease (IBD) and celiac disease. We must consider these diagnoses in patients with
lean-NAFLD, since 3% of patients with NAFLD have underlying celiac disease, which is 3 times the overall
prevale[nc]e of celiac disease**™*”. If we consider lean-NAFLD, the prevalence of celiac disease raises to up
to 15% .

Overall, the reported prevalence of hepatic steatosis in patients with IBD is roughly 40%"*. Also celiac
disease patients, even when in a gluten-free diet, present 3 times higher prevalence of hepatic steatosis
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as compared to healthy matched controls"***", Interestingly, the risk of hepatic steatosis in non-obese
celiac disease patients was almost 6 times higher than in weight-matched controls"*”. It seems that the
more severe the malabsorption the higher the risk of hepatic steatosis. Indeed, patients with IBD that are
underweight have 4 times higher prevalence of hepatic steatosis (up to 85%) than the ones with normal
weight. Hepatomegaly, severity of steatosis, and elevation of aminotransferases are also more severe'*"

One important mechanistic link between bowel diseases and NAFLD is gut dysbiosis and increased
intestinal permeability that may promote steatosis and inflammation in the liver*’. Furthermore,
malnutrition might lead to an impaired function of liver mitochondria and a loss of peroxisomes, which

are important to maintain the normal liver function"*”

Lastly, intestinal failure/parenteral nutrition-associated fatty liver disease is a different entity, in which liver
histology is characterized by steatosis (often microsteatosis) in association with cholestasis. This form of
fatty liver disease is associated with rapid and frequent progression to steatohepatitis and end-stage liver
failure. Mechanistically, it associates with choline deficiency, which impairs lipid metabolism resulting in
reduced synthesis of phospholipids and reduced export of hepatic lipids'*.

Hepatic steatosis as a manifestation of other liver diseases

NAFLD is more frequent in overweight/obese subjects as compared to lean subjects. Hence, other liver
diseases that increase liver fat should be actively excluded in lean subjects who present with hepatic
steatosis. Chronic viral hepatitis (particularly hepatitis C virus genotype 3""*") and Wilson’s disease can
present with liver steatosis. Celiac disease should be systematically excluded since the prevalence of celiac
disease in lean-NAFLD can reach up to 15%"*", Cystic fibrosis should also be investigated, particularly in
young patients with history of recurrent infections.

Inborn errors of metabolism should be suspected in young patients with atypical facial appearance, low
stature, severe metabolic derangements (such as severe hyper- or hypolipidemia, hypoglycemia, and
metabolic acidosis), and other organs involvement, with particular attention for muscle abnormalities,
kidney disease (particularly tubulopathy), cardiovascular, and neurological symptoms'**

Lysosomal acid lipase (LAL)-deficiency is a rare autosomal recessive lysosomal disease that can present
in the adulthood. It manifests by hepatosplenomegaly, dyslipidemia, and hepatic steatosis"**". Its clinical
course is characterized by early onset atherosclerosis with severe cardiovascular disease, and rapidly
progressive liver disease. Indeed, liver cirrhosis and end-stage liver disease may develop within 3 years of
the clinical onset. Liver biopsy presents mixed macro- and microvesicular steatosis, and the presence of
birefringent cholesteryl ester crystals is pathognomonic. Diagnosis can be made with determination of
LAL activity in dry blood sample. Albeit a rare disease (estimated prevalence of 1:40000 to 1:300000), an
enzyme replacement therapy (sebelipase-alpha) is available. As such, it is worthwhile to investigate LAL-
deficiency in young lean-NAFLD patients with severe hypercholesterolemia (LDL higher than 160 mg/dL
or 130 mg/dL in patients taking lipid-lowering drugs; and HDL lower than 40 mg/dL in men and 50 mg/dL
in women), with cryptogenic cirrhosis, or with liver biopsy that shows microvesicular steatosis' """, In fact,

one third of patients with microvesicular steatosis or cryptogenic cirrhosis may have LAL-deficiency'*".

Glycogen storage diseases might be misdiagnosed as lean-NAFLD because glycogen and fat accumulation
in the liver may be undistinguishable by ultrasonography'*". Some types of glycogen storage diseases may
present a milder phenotype that can manifest only in adulthood, particularly types I, III, VI and IX. Besides
symptoms related to hypoglycemia, these diseases may present with hepatosplenomegaly, that can progress
to liver cirrhosis, hyperlipidemia (particularly hypertriglyceridemia), recurrent infections, myopathy, and

kidney affection with tubular dysfunction and Fanconi-Bickel syndrome'*".
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Hypobetalipoproteinemia is a common autosomal dominant disease that is characterized by defective
transport of triglycerides from the liver, causing intrahepatic accumulation. Mutations in ApoB and
. . . . . . . [155] . . .
microsomal triglyceride transfer protein can induce hepatic steatosis . Hypobetalipoproteinemia
associates with hypotriglyceridemia, absence of cardiometabolic dysfunction/IR"*", severe forms of

NAFLD, and even hepatocellular carcinoma'”.

CLINICAL FEATURES AND PROGNOSIS

Patients with lean-NAFLD may present the whole spectrum of liver disease, from isolated steatosis to liver
cirrhosis, hepatocellular carcinoma, and end-stage liver disease. Most epidemiological studies suggest that
liver histology might be less severe in lean patients as compared to overweight/obese patients with NAFLD/
MAFLD"*""1*2#%%] This finding, however, may be biased as clinicians might have a lower threshold to
perform liver biopsy in lean patients with hepatic steatosis, in whom it may be clinically relevant to exclude
other diseases. As such, liver biopsy may be performed in patients with milder forms of liver injury.
In a community-based Hong Kong cohort, non-obese NAFLD presented lower liver stiffness (4.6 kPa
vs. 5.6 kPa) despite similar intrahepatic triglycerides content. However, the percentage of advanced
fibrosis, defined by liver stiffness > 9.6 kPa, was similar™. Indian studies also showed similar prevalence
of steatohepatitis and advanced fibrosis in lean and overweight/obese NAFLD patients”*'*". An Austrian
study of 466 liver biopsies, on the contrary, found worse liver injury with more severe fibrosis and more

prevalent cirrhosis in lean patients"*”

Central obesity/VAT expansion was the most transversal risk factor for advanced fibrosis in different
epidemiological studies on lean-NAFLD"". In fact, each 10-cm” increase in VAT is associated with a
20% increased risk for significant fibrosis®. Other risk factors seem to be T2DM, hypertriglyceridemia,
hypertension[“s], and higher levels of hemoglobin (suggesting mild iron overload and hence increased

. . [163,164]
oxidative stress) ",

Lean subjects with NAFLD have a 3-fold increased risk for incident T2DM, even in the absence of MS. The
risk for de novo T2DM seems similar to overweight/obese NAFLD patients™****"

An analysis of the Third NHANES, showed that compared to healthy lean subjects, lean patients with
ultrasound-diagnosed NAFLD had a 50% increase in all-cause mortality and over a two-fold increase in

cardiovascular mortality[l“].

Three long-term follow-up studies evaluated the outcome of patients with biopsy-confirmed lean-
NAFLD""**! one of them was presented as a poster™*. A recent meta-analysis including the 2 published
studies suggested that lean-NAFLD patients had 28% and 78% lower odds of overall mortality and liver-
related mortality, respectively. However, the cardiovascular death rate was similar, compared to obese
patients with MAFLD"?. The Asian published study followed 307 NAFLD patients for up to 5 years and
did not find a difference in clinical events between lean and non-lean. The majority of the events were
cardiovascular. Only 6 deaths occurred, all of them in obese patients. Furthermore, relevant liver events
were limited to 2 cases of hepatocellular carcinoma and one of liver failure, again all obese patients™'”. The
European published study followed 646 patients for up to 20 years"*”. They found no difference on overall
mortality in lean versus non-lean NAFLD patients, but lean patients presented an increased risk for severe
liver disease compared to overweight and similar to risk compared to obese patients. Of note, 58% of lean
patients who developed severe liver disease had no or mild fibrosis (Fo-2) at baseline*". The unpublished
study is an international cohort of 1,900 patients and found that even though lean-NAFLD patients had
milder histology at baseline, they had lower liver-transplant free survival than non-lean patients.
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MANAGEMENT
[167]

The main treatment in MAFLD is lifestyle modification in order to lose weight targeting normal weight ™.
Lean-NAFLD patients already have normal weight, should weight loss be pursued? What would be the
target weight loss?

Epidemiological studies taught us that even in the normal weight range, the lower the BMI, the lower
the risk for NAFLD"*"**. Also, lean patients with NAFLD frequently present with VAT expansion™. The
concept that everyone has their own personal fat threshold”” suggests that weight loss decreasing adiposity
below the fat threshold might be beneficial metabolically and to the liver. In fact, in a small study with 20
lean-NAFLD patients, any weight loss was associated with steatosis improvement, and being above 5%

corporal weight was associated with improvement in NAFLD activity score"*"

Exercise should be highly encouraged. Exercise, particularly aerobic exercise, seems to preferentially target
VAT over SAT"®". Also a significant decrease in VAT can occur even without significant weight loss"””.
Patients should be advised to perform aerobic exercise below current recommendations for overweight/
obese, with at least 150 min per week of moderate intensity exercise (for example, brisk walking, light
jogging, or stationary ergometer usage)"”"".

Cardiometabolic risk factors should be aggressively treated. Of note, incretin-based therapy may be more
effective in overweight/obese because it associates with weight loss"”. On the contrary, thiazolidinediones
promote adipocyte differentiation and fat cell hyperplasia in adipocytes in subcutaneous compartments,
and may be more effective in MONW patients™”,

Lastly, modulation of gut microbiota in the treatment of lean-NAFLD should be further explored, giving
the known role of gut dysbiota in its pathogenesis.

CONCLUSION

Lean-NAFLD is a frequent condition in the daily practice of hepatologists. Efforts should be made to
differentiate between lean MAFLD and other conditions that are also associated with hepatic steatosis,
such as other liver diseases (for example, chronic viral hepatitis and Wilson’s disease), small bowel diseases
with malabsorption (for example, celiac disease and Crohn’s disease), and inborn errors of metabolism (for
example, LAL-deficiency).

Patients with lean MAFLD have a disorder of the adipose tissue, despite their normal weight. Each
individual might have his own personal fat threshold that when exceeded results in adipose tissue
malfunction, cardiometabolic disturbances, and ectopic fat accumulation in the liver. The personal
fat threshold is dependent on the different compartmentalization of the adipose tissue (visceral vs.
subcutaneous and upper vs. lower body fat) as well as intrinsic properties of the adipose tissue that allow it
to deal with fat challenges (hypertrophic vs. hyperplasic responses to energy surplus).

Patients with lean-NAFLD/MAFLD can have the whole spectrum of liver disease from isolated steatosis
to liver cirrhosis and end-stage liver disease. Although studies evaluating the prognosis of lean NAFLD/
MAFLD are scarce, lean patients probably do not have a more benign prognosis as overweight/obese
patients.

Management of patients with lean NAFLD/MAFLD should follow the same principles as for non-lean
patients. Lifestyle modifications should be advised in order to address visceral fat. Weight loss might be
beneficial even in patients with normal BMI, for whom their personal fat threshold falls below the upper
normal BMI cutoft.
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