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One-third of adults across the globe exhibit metabolic dysfunction-associated steatotic liver disease (MASLD)—formerly
known as nonalcoholic fatty liver disease (NAFLD). To date, MASLD is the fastest-growing etiology of chronic liver disease
and hepatocellular carcinoma (HCC). Besides the population with obesity, MASLD can also be found in lean populations,
accounting for 13% of the global population, especially Asians. Notably, individuals with lean MASLD face equal or higher
overall mortality rates compared to their non-lean counterparts. Risk modifiers encompass advanced age, hepatic fibrosis,
and type 2 diabetes mellitus (T2DM). Moreover, the population with lean MASLD is associated with an increased risk
of HCC, while their non-lean counterparts are more prone to cardiovascular outcomes and T2DM. Existing evidence
indicates a similar risk of liver-related events and extrahepatic cancer between the two groups. However, MASLD-related
genetic variants, such as PNPLA3 and TM6SF2, did not significantly affect mortality between the two populations. Still,
underreporting alcohol consumption and regional representation limits the study’s comprehensiveness. Longitudinal
studies and mechanistic explorations are needed to understand differences in lean versus non-lean MASLD populations.
This review highlights the need for awareness and tailored interventions in managing MASLD, considering lean individuals’
unique risks. (Clin Mol Hepatol 2025;31:74-89)
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INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease
(MASLD)—formerly known as nonalcoholic fatty liver dis-
ease (NAFLD)—affects approximately one-third of adults
worldwide and is considered the fastest-growing etiology of
chronic liver disease and hepatocellular carcinoma (HCC)
globally.”® MASLD elevates the risk of various conditions,
not only HCC but also cardiovascular disease (CVD) and
extrahepatic cancers.®® Despite being one of the most
prevalent chronic liver diseases, MASLD remains under-
recognized by the general public, policymakers, and the
global health community.""* Although MASLD is strongly
associated with components of metabolic syndrome, espe-
cially obesity,”® MASLD also manifests in individuals who
are not obese as defined by body mass index (BMI).>™"
Importantly, not all obese individuals develop MASLD;
MASLD also can be found in lean populations.” In this re-
view, we attempt to address this distinctive aspect of
MASLD, exploring its epidemiology, potential underlying
mechanisms, and disparities in long-term outcomes be-
tween lean and non-lean individuals with MASLD. Although
emerging studies increasingly use the definition of MASLD
over NAFLD, most currently available literature regarding
lean MASLD still use the diagnostic criteria for NAFLD.
Since studies were conducted before the nomenclature
change from NAFLD to MASLD, there is considerable over-
lap in the data pertaining to both entities.”®"® Several stud-
ies from Sweden, Hong Kong, and the United States have
identified a similarity between NAFLD and MASLD, as ap-
proximately 95—99% of patients with NAFLD present with
cardiometabolic risk factors, thereby fulfilling the criteria for
MASLD.'"®""'*2° Therefore, we proceed with our review arti-
cle by incorporating the term MASLD.

Definition of MASLD in lean population

Individuals are typically classified as lean if their BMI falls
below 25 kg/m? in Western populations and below 23 kg/m®
in Asians.?"** Although BMI serves as a convenient tool for
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the classification of obesity, it has limitations as it does not
account for fat distribution and metabolic status; lean indi-
viduals with high visceral adiposity and metabolic dysfunc-
tion can exist.”® Alternative methods such as waist circum-
ference, waist/hip ratio, and sagittal abdominal diameter
have been explored in research to assess body fat distribu-
tion.** Therefore, a more comprehensive obesity index
rather than BMI alone could be needed to determine the
actual “lean” MASLD.*?°

EPIDEMIOLOGY

Previous systematic review and meta-analysis compris-
ing nearly 540,000 individuals in 2023 revealed that
MASLD in lean individuals accounts for 13.1% of the global
population, while a slightly higher percentage of 15% was
observed in the Asian population.”” The higher lean
MASLD in Asians could be due to higher visceral adiposity
under the same BMI as other ethnicities.? Conversely, an-
other meta-analysis involving 101,028 individuals found
that the prevalence of MASLD was 70.0% in the overweight
population and 75.3% in the obese population.”® The sex
differences between males and females vary significantly
from study to study, with lean MASLD being higher in
males in some studies,”*' higher in females in others,***
or showing no differences.*** A previous prospective ob-
servational study revealed that almost one-third of individu-
als diagnosed with MASLD tested positive for ethyl gluc-
uronide, a marker indicative of alcohol consumption.36
Recently, MetALD was defined, denoting that both meta-
bolic factors and alcohol consumption play a role among
individuals with MetALD.*” Before the new nomenclature,
individuals with MetALD would have been combined into
either MASLD or alcohol-related liver disease, depriving
them of due attention to the other significant driver in their
advancing liver disease.*”” Until now, the epidemiology of
MetALD in lean individuals remains unclear. Future studies
are required.

Abbreviations:

BMI, body mass index; CVD, cardiovascular disease; Cl, confidence interval; FLI, fatty liver index; HCC, hepatocellular carcinoma; HR, hazard ratio; MASLD, metabolic
dysfunction-associated steatotic liver disease; MetALD, metabolic dysfunction and alcohol-related steatotic liver disease; NAFLD, nonalcoholic fatty liver disease; SNPs,

single nucleotide polymorphisms; T2DM, type 2 diabetes mellitus
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LONG-TERM OUTCOMES IN LEAN MASLD

Overall and cause-specific mortality of lean
MASLD compared to non-lean MASLD

Whether individuals with lean MASLD experience higher
mortality rates than those with non-lean MASLD has re-
mained controversial for decades. Accumulated evidence
indicates that individuals with lean MASLD exhibit equal or
higher overall mortality rates than their non-lean counter-
parts. The mortality rates of the population with lean
MASLD compared to the population with non-lean MASLD
are summarized in Supplementary Table 1. Regarding
MASLD diagnostic methods, studies that employed histolo-
gy-based diagnosis indicated no difference in overall mor-
tality between the two populations.***** In contrast, stud-

ies using non-invasive test-based®>***

or imaging-
based®**® diagnosis showed higher overall mortality in the
lean MASLD population compared to their non-lean coun-
terparts. In other words, half of the longitudinal studies

have noted that individuals with lean MASLD had higher

Overall mortality rate
| Confidence interval of effect size

overall mortality rates than those with non-lean
MASLD. 045464850525 wjith the most extended median fol-
low-up of 22.4 years, Golabi et al.*® highlight a higher risk
of mortality in lean individuals compared to non-lean indi-
viduals in the United States. Meanwhile, Nabi et al.*® pro-
spectively observed this trend with 3.6 years of median fol-
low-up in the French population. Of note, both studies have
the advantage of inclusively enrolling various ethnic popu-
lations, compared to other indigenous-based studies, thus
better representing a long-term clinical course of MASLD in
the general population.*®*® Furthermore, in recent years,
besides the imaging-based approach and the gold-stan-
dard liver biopsy, the implementation of well-validated
score-based tools for MASLD diagnosis, such as fatty liver
index (FLI),***"%%% Jiver accumulation product,”" and liver
fat score,””® has enabled clinicians and researchers world-
wide to carry out retrospective studies utilizing their own or
other countries’ national databases. This includes the larg-
est sample size of 2.24 million lean and non-lean individu-
als with MASLD in South Korea,* followed by 150,296 pa-
tients with MASLD in the United Kingdom. Notably, most

B Effect size of each study Forest Plot
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)
Overall 143 115 177 0.00 ""'

)
Model: Random-effects model .
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Heterogeneity: Tau-squared = 0.18, H-squared = 30.18, I-squared = 0.97
Homogeneity: Q = 481.91, df = 20, p-value = 0.00

Test of overall effect size: z = 3.24, p-value = 0.00

Axis is shown using log scale

Total subjects 3,139,341 (Lean 201,245 subjects and non-lean 2,938,096 subjects)

Figure 1. Forest plots of the overall mortality rate in lean MASLD compared to non-lean MASLD. MASLD, metabolic dysfunction-associ-

ated steatotic liver disease.
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studies using scored-based diagnosis for MASLD collec-
tively contribute to statistical evidence favoring increased
mortality rates in lean individuals.>****%*

However, nearly half of the studies have shown that the
mortality rates of the two groups were not significantly dif-
ferent.3*3***7%" One study by Wakabayashi et al.”’ oppos-
es these trends. Dissimilar to other studies that used FLI
for participant recruitment (showing increased mortality

)% or were conducted within the

rates in lean individuals
same ethnicity (observing equal mortality rates between
lean and non-lean),®**** this retrospective study had a rel-
atively short median follow-up duration of 4.2 years.” It is
reasonable to consider whether the median follow-up dura-
tion determines the disparity in mortality risk between indi-
viduals with lean and non-lean MASLD. Notably, the medi-
an follow-up years of the included studies with increased
mortality rates in lean individuals is 8.9 years (interquartile
range [IQR] 4.8—13.7),"20485052% \hile for other studies
with equal mortality rates between the two populations, it is
6.7 years (IQR 4.5-11.3).%%447%" Together, this pattern

.*° that lean indi-

corroborates the postulation by Eslam et a
viduals are less likely to be afflicted by adverse outcomes
during the early clinical course. However, with long-term
follow-up, lean individuals progressively exhibit an increase
in complications and overall mortality relative to their non-
lean counterparts.® Therefore, to effectively prevent the
long-term outcomes of MASLD in lean individuals, particu-
larly mortality, comprehensive follow-ups with treatments
are required from the early years after diagnosis.

When we combined all literature to perform an updated
meta-analysis of overall mortality between individuals with
lean MASLD and non-lean MASLD, the results favored
higher mortality rates among individuals with lean MASLD,
with a pooled hazard ratio (HR) of 1.43 (95% confidence
interval [Cl] 1.15-1.77, Fig. 1).%**%"® The detailed method-
ology and article selection process are shown in Supple-
mentary Material 1 and Supplementary Figure 1. Keywords
used for meta-analysis are listed in Supplementary Materi-
al 2.

Some of the studies above have further investigated
cause-specific mortality, subdividing them into 1) liver-relat-
ed mortality, 444464954 2) CVD-related mortality, %4469
and 3) cancer-related mortality®>****** (Supplementary Ta-
ble 1). So far, there have been only two reports, by Wijarn-
preecha et al."® and Wakabayashi et al.*, that comprehen-

http://www.e-cmh.org
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sively note all three major causes of mortality in individuals
with MASLD. Meanwhile, the others focused on the specific
causes, especially liver-related and cancer-related mortali-
ties. Most studies point out that the lean population tends
to have a higher risk of both liver-related®****** and can-
cer-related mortalities®>**®°
counterpart. In terms of CVD-related mortality, the existing
evidence is inconclusive as to whether the lean or non-lean
population is more inclined to afflict CVD-related mortali-
ty'30,39,44,46,
utes to the disparities in mortality rates between individuals
with lean and non-lean MASLD.

Line Summary: Disparities in overall mortality were not-
ed, with non-lean MASLD populations showing a survival
advantage over their lean counterparts after long-term fol-
low-ups.

compared with its non-lean

#9%5 1t is still uncertain which major cause contrib-

Risk modifiers for mortality between lean
MASLD and non-lean MASLD

Given that the pathogenesis of MASLD in both lean and
non-lean individuals is intertwined with genetic, cardiovas-
cular, and sociodemographic risk factors, unraveling the
disparities in disease progression and long-term outcomes
between the two groups is highly complicated.® As previ-
ous systematic reviews with meta-analysis initially pointed
out, the prevalence of MASH and hepatic fibrosis was low-
er in lean MASLD compared with non-lean MASLD.' Al-
though individuals with lean MASLD and non-lean MASLD
shared altered metabolic and cardiovascular profiles,**®’
waist circumference, BMI, and HOMA index were risk fac-
tors for disease progression, particularly in individuals with
lean MASLD.’ It is essential to investigate how these differ-
ences affect long-term outcomes in both groups. To date,
available evidence shows that an increase in
age,3°‘33’38’“’42‘44 30,38,42-44,48
type 2 diabetes mellitus (T2DM)%**%*%*%° are the most ex-
plored and shared risk modifiers associated with higher
overall mortality rates in both lean and non-lean individuals
with MASLD. Moreover, the effect of aging on increasing
risk of overall mortality from MASLD was collectively ob-
served in studies employing histology-based diagno-

advanced hepatic fibrosis, and

sis. 33414244 Aside from these risk modifiers, other cardio-
vascular risks, including hypertension,**** increased waist
circumference,” and reduced muscle strength,” were also
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related to higher overall mortality rates, particularly in the
population with lean MASLD. In contrast, individuals with
non-lean MASLD who exhibited metabolic abnormalities
(dyslipidemia, dysglycemia, or both) had higher mortality
compared to those without metabolic abnormalities; how-
ever, this trend was not observed in individuals with lean
MASLD.*”

Next, the role of sociodemographic factors, such as bio-
logical sex, race and ethnicity, education level, and history
of HCC, in modifying overall mortality rates in the popula-
tion with lean MASLD is still debatable.*****"** Among
these, a history of HCC may be an essential risk modifier
for predicting overall survival likelihood in the lean popula-
tion.* HCC is one of the leading causes of death in
MASLD.*>® Unlike other HCC etiologies, apart from hepati-
tis B virus, MASLD can progress to HCC without cirrhosis
and is one of the most prevalent causes of HCC in the ab-
sence of cirrhosis.>® Moreover, the possibility of recurrent
HCC in patients with MASLD was equal between those
with and without cirrhosis.®® However, the mechanistic
pathway between a history of HCC and overall mortality in
only lean patients but not the entire MASLD population re-
mains unknown.

MASLD-related single nucleotide polymorphisms (SNPs)
have been found in gene-encoding enzymes governing lip-
id metabolism.>*** The effect of gene variants and risk of
steatohepatitis and fibrosis may be influenced by modera-
tors such as age, sex, BMI, and diabetes.®® Existing litera-
ture indicates that the genetic risk of well-identified
MASLD-specific SNPs, including the missense variant
PNPLA3 (rs738409: GG),*** the missense variant TM6SF2
(rs58542926: CC),*® and the splice-donor variant HS-
D17B13 (rs6834314: AT/TT),* might not significantly affect
overall mortality in individuals with lean MASLD compared
with non-lean MASLD. Accumulated evidence suggests
that the roles of PNPLA3 and TM6SF2 in the pathogenesis
of MASLD might not differ between lean and non-lean sta-
tus, while studies on HSD17B13 in this context are scant.®
New reports on PNPLA3 and TM6SF2 indicate that other
genetic modifiers likely drive discrepancies in overall mor-
tality between the two populations.**** Recently identified
variants associated with MASLD in lean individuals, such
as GCKR (rs780093: CT/TT and rs780094: CT/TT),
TBC1D1 (rs2279028: AG/GG), HFE (rs1800562: GA/AA),
SLC17A3 (rs9348697: CT/TT), and FTO (rs1421085: CC,

78 https://doi.org/10.3350/cmh.2024.0631

rs3751812: TT, rs8050136: AA, and rs9939609: AA), still
lack information on how they relate to not only overall mor-
tality but also other long-term outcomes.® These variants
are worth exploring as they could lead to novel therapeutic
developments.

In contrast to overall mortality, the understanding of risk
factors associated with mortality attributed to CVD and
cancer remains incomplete. Initially, Zou et al.*® observed
that increasing age, male sex, and advanced hepatic fibro-
sis were associated with mortality from both CVD and can-
cer. In addition to CVD-related and cancer-related mortality,
risk factors associated with liver-related mortality, such as
age and advanced hepatic fibrosis, seem reasonable but
still need to be confirmed with more evidence.

Line Summary: Although many risk factors associated
with mortality from MASLD, particularly increasing age,
have been identified, performing a meta-analysis was not
feasible due to the limited number of studies and high het-
erogeneity.

Cardiovascular outcomes and risk modifiers of
cardiovascular events in lean MASLD

Individuals with MASLD experience mortality from CVD,
liver complications, or cancer rather than healthy individu-
als.”” Nevertheless, the disparity in acquiring those morbid-
ities between the lean and non-lean populations could
shed light on how to prevent disease progression and its
long-term complications. Individuals with lean MASLD tend
to experience cardiovascular outcomes equal to or less
than those with non-lean MASLD. This trend was consis-
tently observed in studies with histology-based?®** 468
and imaging-based®"******7® diagnoses, while an inconclu-
sive trend was noted in studies employing score-based di-
agnosis.*®*****% gypplementary Table 2 outlines the car-
diovascular outcomes in individuals with lean MASLD
compared to those with non-lean MASLD.

According to the included literature, cardiovascular out-
comes encompass 1) the development of CVD risk fac-
tors—including T2DM, hypertension, dyslipidemia, chronic
kidney disease, dysglycemia, and hyperuricemia, as well
as 2) CVD events, including coronary artery disease, pe-
ripheral arterial disease, and stroke. In terms of cardiovas-
cular outcomes, our meta-analysis showed that individuals
with lean MASLD exhibit a lower risk of T2DM (pooled HR

http://www.e-cmh.org



0.71, 95% CI 0.57-0.89, Fig. 2A) and overall cardiovascular
outcomes, including development of CVD risk factors and
CVD events (pooled HR 0.84, 95% CI 0.71-0.99, Fig. 2B)
than those with non-lean MASLD. Supplementary Figure
2A-D illustrated forest plots of the risk of hypertension
(Supplementary Fig. 2A), dyslipidemia (Supplementary Fig.
2B), chronic kidney disease (Supplementary Fig. 2C), and
coronary artery disease (Supplementary Fig. 2D), respec-
tively. Currently, there is no sufficient literature to investi-
gate the association between lean MASLD and each CVD

Type 2 diabetes mellitus
| Confidence interval of effect size
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risk factor or CVD event.

Advanced age®®® and smoking® were considered risk
modifiers for the development of CVD risk factors in the to-
tal population with MASLD. Moreover, Lan et al.>* observed
that individuals with lean MASLD who had hypertension,
rather than those without, had an increased risk of devel-
oping other CVD risk factors. In addition, according to the
hypothesis proposed by Eslam et al.*®, given that an obese
phenotype of MASLD is considered a sign of poorer meta-
bolic adaptation, while an obesity-resistant or lean pheno-

B Effect size of each study Forest Plot
“® Estimated overall effect size  — - Overall effect size value
No-effect value T Estimated overall confidence interval
0.711193
ID HR Lower Upper p-value Weight Weight (%) i
Younes 0.54 0.29 1.00 0.05 7.33 9.88 — :
Biswas 016 0.02 120 0.07 0.92 1.28 !
|
Hirose 0.59 035 1.01 0.05 8.86 11.95 —
Iritani 089 045 175 074 6.35 8.57 : =
Aneni 096 075 123 075 18.41 24.84 : _._
Li 0.94 059 149 079 10.61 14.31 | -~
|
Fukuda 0.55 0.36 0.84 001 1175 15.85 —._‘_
Niriella 0.59 0.36 0.96 0.03 9.90 13.36 T :
|
|
Overall 071 057 0.89 0.00 ;—*—q
1
Model: Random-effects model 0.0 0.5 1.0 15 2.0

Heterogeneity: Tau-squared = 0.04, H-squared = 1.63, I-squared = 0.39
Homogeneity: Q = 12.06, df = 7, p-value = 0.10

Test of overall effect size: z =-2.93, p-value = 0.00

Axis is shown using log scale

Cardiovascular outcome (CVD risk factors and CVD events)
| Confidence interval of effect size

Total subjects 8,223 (Lean 1,326 subjects and non-lean 6,897 subjects)

B Effect size of each study Forest Plot
“® Estimated overall effect size  ~ - Overall effect size value
No-effect value I Estimated overall confidence interval 0.836172
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Ishido 060 019 185 037 280 2.09
:
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1
Model: Random-effects model 0 1 10

Heterogeneity: Tau-squared = 0.03, H-squared = 2.34, |-squared = 0.57
Homogeneity: Q = 18.06, df = 9, p-value = 0.03

Test of overall effect size: z =-2.07, p-value = 0.04

Axis is shown using log scale

0

Total subjects 208,100 (Lean 9,481 subjects and non-lean 198,619 subjects)

Figure 2. Forest plots of the cardiovascular outcome and liver-related outcomes in lean MASLD compared to non-lean MASLD. (A) Type
2 diabetes mellitus. (B) Cardiovascular outcome. (C) Hepatocellular carcinoma. (D) Liver-related events. MASLD, metabolic dysfunction-

associated steatotic liver disease; CVD, cardiovascular disease.
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type is a consequence of better metabolic adaptation, the
detection of hepatic fibrosis in lean individuals with MASLD
thus indicates severe metabolic maladaptation. It is not
surprising that lean individuals with MASLD and hepatic fi-
brosis tend to develop CVD risk factors more frequently
than those with non-lean MASLD, with or without hepatic
fibrosis, during follow-ups.*’

In terms of CVD events, Kawanaka et al.*® and Waka-
bayashi et al.* reported that, in the Japanese population,
lean MASLD patients with advanced age (over 60 years)
had an increased risk for CVD events, similar to non-lean
MASLD patients with advanced age. This finding suggests
that advanced-aged patients with MASLD, regardless of
lean or non-lean phenotypes, require close monitoring for
CVD events. Wakabayashi et al.* also noted that other risk
modifiers for CVD events included T2DM, hypertension,

Hepatocellular carcinoma

B Effect size of each study

“® Estimated overall effect size
No-effect value

| Confidence interval of effect size
— = Overall effect size value
T Estimated overall confidence interval

and dyslipidemia in lean MASLD. In parallel with the evi-
dence confirming that smoking can induce CVD events in a
dose-dependent manner,” lean individuals who are current
smokers tend to have a higher risk of CVD events than
those without.* Regarding the development of T2DM, ad-

vanced hepatic fibrosis™ and increased abdominal obesi-
71,75

ty
male sex was associated with an increased T2DM risk for
both lean and non-lean individuals with MASLD.”®

Line Summary: Overall, lean populations with MASLD
tend to develop cardiovascular outcomes, particularly type
2 diabetes mellitus, less frequently than their non-lean
counterparts. Similar to overall mortality, increasing age
imposes a risk for cardiovascular outcomes in individuals
with MASLD.

were risk modifiers in the lean population. Notably, fe-
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Figure 2. Continued.
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Liver-related outcomes and risk modifiers of
liver-related outcomes in lean MASLD

Meanwhile, liver-related outcomes include HCC and liver-
related events—such as cirrhosis, liver fibrosis, liver de-
compensation, and portal hypertension. Supplementary
Table 3 summarizes the liver-related outcomes in patients
with lean MASLD compared to those with non-lean
MASLD. In terms of MASLD diagnosis methods, studies
employing histology-based®*®*"**44%% and imaging-
based®™"® diagnoses showed no differences in liver-relat-
ed outcomes, whereas studies using non-invasive test-
based diagnosis*®*?*****" suggested a higher risk of liver
complications. Regarding meta-analysis, as shown in Fig-
ure 2C, the population with lean MASLD exhibited an in-
creased risk of HCC (pooled HR 1.49, 95% CI 1.12-1.99)
compared to those with non-lean MASLD. Although a lower
BMI characterizes individuals with lean MASLD, it does not
necessarily indicate better metabolic health. For liver-relat-
ed events, our meta-analysis showed that compared to in-
dividuals with non-lean MASLD, the risk of liver-related
events (pooled HR 1.97, 95% CI 0.96—-4.03) did not signifi-
cantly differ in those with lean MASLD (Fig. 2D). When we
divided by each liver-related event, liver fibrosis, liver de-
compensation, and cirrhosis did not significantly differ be-
tween individuals with lean MASLD and non-lean MASLD
(Supplementary Fig. 3A—C). Consistent with the develop-
ment of CVD risk factors, insufficient evidence exists to de-
termine the association between lean MASLD and liver-re-
lated events. In the near future, more extensive cohort
studies are required to investigate this issue further.

Advanced age was observed as a risk factor for liver-re-
lated events in individuals with MASLD, especially in the
lean population.®**"***° This finding is especially concem-
ing for the aging population in many parts of the world, in-
cluding the rise in the prevalence of MASLD.”**° Additional-
ly, prior research reported that apart from evidence of
advanced hepatic fibrosis,” higher hepatic steatosis,” and
a sign of hepatocyte injury like an increased ratio of aspar-
tate aminotransferase by alanine aminotransferase,* CVD-
risk factors, including T2DM*** and dyslipidemia,* were
also associated with an increased risk of liver-related
events in both lean MASLD and non-lean MASLD. In addi-
tion, male sex and smoking were considered risk modifiers
for the development of liver-related events.” Some studies
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also found that the development of hepatic fibrosis was as-
sociated with a higher fat-mass to fat-free mass ratio in in-
dividuals with MASLD, regardless of lean or non-lean sta-
tus.”® Regarding genetic risk, a recent report noted that
PNPLAS3 (rs738409: GG), TM6SF2 (rs58542926: CC), and
HSD17B13 (rs6834314: AT/TT) might not have a significant
effect on advanced fibrosis in individuals with lean MASLD
after adjustment by multivariate analysis.”® Additionally, Vi-
lar-Gomez et al.®® found that another variant of HSD17B13
(rs72613567: AT/AA) may act as a protective factor against
steatohepatitis and fibrosis, particularly in non-lean MASLD
female patients with at least class 2 obesity or T2DM. This
variant warrants further study in the lean MASLD popula-
tion in the future.

Line Summary: Lean populations with MASLD are in-
clined to develop HCC more frequently than non-lean pop-
ulations with MASLD, while the risk for liver-related events
is not significantly different between the two groups.

Extrahepatic cancer-related outcomes and
risk modifiers of extrahepatic cancer-related
outcomes in lean MASLD

88 there is sufficient

Similar to other metabolic diseases,
evidence regarding the association between MASLD and
increased risk of extrahepatic cancer.*>® This risk repre-
sents an approximately 1.2-fold increase in individuals with
MASLD compared to those without it.5”*® Moreover, extra-
hepatic cancers in MASLD are over 8-fold more frequent
than HCC and not associated with liver fibrosis stage.® Liu
et al.” note that the longer patients have MASLD, especial-
ly from a young age, the higher their risk of developing
cancer later in life is. However, there is a lack of compre-
hensive analysis of cancer risk discrepancies and their
modifiers between the lean and non-lean populations.

The extrahepatic cancer risks in individuals with lean
MASLD compared to those with non-lean MASLD are sum-
marized in Supplementary Table 4. The risk of any can-
cers—including hepatic and extrahepatic—is slightly in-
creased in individuals with lean MASLD compared to their
counterparts with a pooled HR of 1.2 (95% CI 1.1-1.3) (Fig.
3A). While the increased risk of developing HCC in individ-
uals with lean MASLD has been highlighted earlier, the in-
cidence of extrahepatic cancers appears to be comparable
between individuals with lean and non-lean MASLD, re-
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gardless of the diagnostic methods used, whether histolo-
gy->>%4%34 or non-invasive test-based.******** Although a
recent study pointed out that individuals with lean MASLD
have higher incidence rates of extrahepatic cancer than
those with non-lean MASLD,® our meta-analysis indicated
that there was no significant difference in the risks of extra-
hepatic cancers (pooled HR 1.14, 95% CI 1.00-1.29,
I’=56%; P=0.05) between individuals with lean MASLD and
those with non-lean MASLD (Fig. 3B). However, after per-
forming sensitivity analysis by removing one study at a
time, we found that lean MASLD had a statistically signifi-
cant higher risk of extrahepatic cancer after removing the
study by Fan et al.** with the pooled HR of 1.24 (1.21-1.26),
[’=0%, P-value<0.001. This is likely secondary to the het-
erogeneity of the study by Fan et al.*® compared with all in-

cluded studies. No statistical significance was seen after
removing other studies from the pooled analysis. Several
studies reported that individuals with lean MASLD, com-
pared to their non-lean counterparts, tend to have a higher
risk of obesity-related cancers.***** However, due to dif-
ferences in the definitions of obesity-related cancer across
465354 and the lack of available HR,*® a meta-analy-
sis regarding this topic was not able to be performed at this
time.

However, whether MASLD directly contributes to the de-
velopment of extrahepatic cancer remains unknown. Re-
gardless of BMI-defined obesity between lean and non-

studies

lean individuals, insulin resistance is often found in
MASLD, contributing to metabolic dysfunction and playing
a pivotal role in the pathogenesis of cancer later in life.%*'

Any cancer
B Effect size of each study | Confidence interval of effect size Forest Plot
“® Estimated overall effect size  — - Overall effect size value
No-effect value T Estimated overall confidence interval 1-20?39
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Heterogeneity: Tau-squared = 0.00, H-squared = 1.00, I-squared = 0.00
Homogeneity: Q = 0.56, df = 1, p-value = 0.45

Test of overall effect size: z = 4.17, p-value = 0.00

Axis is shown using log scale
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0
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Figure 3. Forest plots of extrahepatic cancer-related outcomes in lean MASLD compared to non-lean MASLD. (A) Any cancer. (B) Extra-
hepatic cancer. MASLD, metabolic dysfunction-associated steatotic liver disease.
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Another question remains to be answered: whether extra-
hepatic cancer is equally caused by insulin resistance® in
both lean and non-lean populations. Similar to a risk modi-
fier of mortality, cardiovascular outcomes, and liver-related
events, some reports observed that old age was a risk fac-
tor for developing extrahepatic cancers, obesity-related
cancers, and digestive system cancers in the lean popula-
tion with MASLD.**** Additionally, hypertension was found
to be associated with digestive system and obesity-related
cancers.> However, little is known about the risk modifiers
for extrahepatic cancer in MASLD in both lean and non-
lean populations.

Line Summary: Individuals with MASLD, whether lean or
non-lean, share a similar risk of extrahepatic cancer, which
is associated with increasing age.

In addition, to assess whether combining overweight and
obese patients as non-lean individuals or separating them
affected the robustness of our meta-analysis, sensitivity
analysis was performed. The corresponding forest plots of
the outcomes of interest in individuals with lean MASLD
compared to those with overweight MASLD, as well as in-
dividuals with lean MASLD compared to those with obesity
MASLD, including 1) overall mortality rate, 2) cardiovascu-
lar outcomes, 3) HCC, liver decompensation, and cirrhosis,
4) extrahepatic cancer and any cancer risk, are illustrated
in Supplementary Figures 4 and 5, respectively.

LIMITATIONS OF CURRENT STUDY AND FU-
TURE RESEARCH PERSPECTIVES

Although our review article highlights disparities in out-
comes between populations with lean and non-lean
MASLD, there were a few studies comparing clinical out-
comes between populations with lean and non-lean
MASLD. Multiple studies have highlighted a similarity be-
tween NAFLD and MASLD, with about 95—-99% of individu-
als with NAFLD exhibiting cardiometabolic risk factors that
meet the criteria for MASLD.'®""'*? |n addition, overall mor-
tality rates do not show a significant difference between
MASLD and NAFLD."® A recent review article reported that
the natural histories of NAFLD and MASLD are identical,
exhibiting no differences in liver-related outcomes, sug-
gesting that they may be used interchangeably.®® While
NAFLD and MASLD share similar characteristics such as
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clinical profiles, non-invasive biomarker levels, and mortali-
'%"® no study has yet specifically compared
these parameters and outcomes in populations between

ty outcomes,

non-lean and non-lean MASLD populations because some
lean NAFLD certainly may not be lean MASLD. This limita-
tion could affect the interpretation of comparative findings
when transitioning from the NAFLD classification to the
new MASLD classification. Regarding MASLD diagnosis
methods, our findings showed some inconsistent trends in
disease outcomes among histology-, imaging-, and non-in-
vasive test-based methods. Although liver biopsy has the
highest accuracy in diagnosing MASLD, it is challenging to
generalize limited populations with liver biopsy. The overall
trends and meta-analysis results of disease outcomes
were somewhat influenced by the heterogeneity of the vari-
ous diagnostic methods, limiting our findings’ generalizabil-
ity. Despite these limitations, the accumulated evidence
with systematic review and meta-analysis highlights that
the population with lean MASLD experiences a higher risk
of overall mortality, as well as both hepatic and extrahepat-
ic cancer, compared to their non-lean counterparts. In con-
trast, the population with non-lean MASLD faces a higher
risk of overall cardiovascular outcomes and T2DM than the
population with lean MASLD. Furthermore, in terms of risk
modifiers, an increasing age imposes a risk of morbidities
and mortality in both lean and non-lean individuals with
MASLD, indicating the need for awareness of complication
monitoring in older adults with MASLD. However, as prior
research has explored risk modifiers in overall MASLD pa-
tients or only in the lean population, determining which
modifier preferentially influences each long-term outcome
of MASLD in the lean population compared to the non-lean
population requires further longitudinal studies with mecha-
nistic exploration. Recently, some in vivo models of lean
MASLD have been established, including, but not limited
to, leucine-rich tetratricopeptide repeat-containing protein
(LRPPRC)-knockout mice as well as dietary-induced lean-
MASLD mice, such as those on choline-deficient, methio-
nine-deficient, and high-fat-high-fructose diets.**** These
mimicking models can potentially elucidate the disparity of
some maodifiers between lean and non-lean MASLD in hu-
mans. In terms of the gut microbiota, the gut microbial pro-
files, dominated by Proteobacteria, of individuals with
MASLD differ from those of a healthy population, indicating
that gut dysbiosis is involved in the pathogenesis of
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MASLD.***” Furthermore, lean and non-lean populations
with MASLD exhibit different dysbiotic profiles, suggesting
that the characteristics of gut microbes are crucial in deter-
mining MASLD phenotype.*®*® This was also confirmed by
fecal transplantation from healthy individuals to patients
with MASLD, as after the treatment, the lean individuals
showed more attenuated steatotic livers than their non-lean
counterparts.99 However, there is limited evidence for
whether differences in gut microbiota between lean and
non-lean populations determine long-term outcomes in
both groups. Exploring how gut dysbiosis in terms of both
microbes per se and their metabolites differently drives
MASLD in lean and non-lean populations could be pivotal
to filling gaps in our understanding of MASLD phenotypes.
Underreporting of alcohol consumption is a considerable
issue, potentially resulting in the misclassification of pa-
tients with steatotic liver disease as MASLD when they
should be classified as alcohol-related liver disease or
MetALD.®"® Given that both diseases have different out-
comes compared to MASLD, the CVD and cancer effects
observed in this study could be more or less attributed to
alcohol, as it is associated with various CVDs.""* In addi-
tion, numerous factors beyond BMI, exemplified by body
fat percentage, that could impact the differences were not
thoroughly examined, particularly in the elderly, who often
have a discordance between BMI and body fat."*"" Lastly,
the small representation of certain regions, such as the
Eastern Mediterranean and Africa, necessitates more evi-
dence.

CONCLUSION

This review article reveals significant disparities between
populations with lean and non-lean MASLD. Notably, lean
individuals with MASLD face higher risks of overall mortali-
ty, HCC, and overall cancer-related outcomes compared to
their non-lean counterparts. Individuals with non-lean
MASLD, in contrast, are at greater risk for cardiovascular
outcomes and T2DM. Additionally, increasing age consis-
tently emerges as a significant risk modifier for morbidities
and mortality in both populations. Future longitudinal stud-
ies and solid mechanistic explorations are essential to de-
lineate how risk modifiers influence long-term outcomes in
lean versus non-lean MASLD populations. This could lead
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to development of targeted therapeutic strategies and ulti-
mately improve patient care for MASLD.
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