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Summary

Background Metabolic dysfunction-associated steatohepatitis (MASH) is a progressive liver disease associated with
significant morbidity and mortality, yet management options remain limited. Although glucagon-like peptide-1
receptor agonists such as semaglutide have shown benefits in metabolic health, their efficacy and safety in patients
with MASH require further elucidation.

Methods We systematically searched PubMed, Embase, the Cochrane Library, and ClinicalTrials.gov for randomized
controlled trials (RCTs) evaluating semaglutide in patients with MASH from inception through August 23, 2025. This
meta-analysis was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines.

Results A total of 22 RCTs involving 32,013 patients were included. Semaglutide significantly improved MASH
Resolution (RR=1.98, 95%Cl: 1.57 to 2.50) but did not yield significant improvement in Fibrosis Regression (RR=1.18,
95%Cl: 0.74 to 1.88). Semaglutide also reduced Liver Steatosis (WMD =-11.30%, 95%Cl:-18.70 to -3.91) and the
Enhanced Liver Fibrosis (ELF) score (WMD = -0.49, 95%Cl: -0.70 to -0.29). Significant reductions were observed

in liver enzymes, including alanine aminotransferase (ALT, WMD = -5.55 U/L, 95%Cl:-9.21 to -1.89) and aspartate
aminotransferase (AST, WMD = -3.85 U/L, 95%Cl: -7.67 to -0.03). Additionally, semaglutide improved weight
management, glycemic and lipid parameters, and reduced all-cause mortality (RR=0.82, 95%Cl: 0.74 to 0.91) and
cardiovascular risk (RR=0.83, 95%Cl: 0.75 to 0.92). Subgroup analyses revealed the greatest benefits in patients
receiving higher doses (> 2.0 mg weekly) and longer intervention durations (=12 months).
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Conclusion Semaglutide represents a promising pharmacotherapeutic option for MASH, demonstrating significant
improvements in histologic resolution, liver injury biomarkers, and metabolic parameters, particularly at higher doses
and longer intervention durations, though its effect on fibrosis regression remains limited.

Keywords Semaglutide, Metabolic dysfunction-associated steatohepatitis, Systematic review, Meta-analysis

Introduction

Metabolic dysfunction-associated steatohepatitis
(MASH), previously known as non-alcoholic steatohepa-
titis (NASH), represents the progressive inflammatory
form of metabolic dysfunction-associated steatotic liver
disease (MASLD) [1]. It is characterized by the accumu-
lation of fat, hepatocyte injury, and lobular inflammation.
Without intervention, MASH carries a significant risk
of progression to fibrosis and cirrhosis [2]. Importantly,
growing evidence recognizes MASH as an independent
risk factor for hepatocellular carcinoma (HCC), which
can develop even in the absence of advanced fibrosis or
cirrhosis [3]. As a condition affecting a substantial por-
tion of the global population, MASH has emerged as
a leading cause of chronic liver disease worldwide and
is strongly associated with obesity and type 2 diabetes
(T2DM), with contribute to increased cardiovascular
morbidity and mortality [4].

Currently, resmetirom, a thyroid hormone receptor
agonist, remains the only pharmacotherapy approved for
MASH. Nonetheless, many patients struggle to achieve
or maintain necessary lifestyle and weight-loss goals [5].
Although numerous biological targets are under investi-
gation, most potential agents have not shown strong effi-
cacy in late-phase clinical trial [6].

Glucagon-like peptide-1 receptor agonists (GLP-1 RAs)
have attracted considerable attention for their potential in
the management and prevention of MASH progression.
Their mechanisms of action, including promoting weight
loss, improving glycemic control, and exerting potential
direct anti-inflammatory and anti-fibrotic effects, align
closely with key pathogenic drivers of MASH [7]. Lira-
glutide, a first-generation GLP-1 RA, has demonstrated
efficacy in improving liver enzymes and facilitating the
histological resolution of MASH [8]. However, evidence
for other GLP-1 RAs, particularly regarding their dose-
response relationships and histological impacts, remains
limited and controversial [9].

Semaglutide, a second-generation GLP-1 RA, is distin-
guished by its superior efficacy in weight reduction and
glycemic control, coupled with its cardiovascular benefits
[10, 11]. Evidence from murine models and early human
studies suggests potent benefits on liver injury [12, 13].
However, phase 3 trials specifically in MASH populations
have been constrained by small sample sizes, varying and
heterogeneous endpoints, and short study durations,
leaving critical questions unanswered.

Crucially, the hepatoprotective effects of semaglutide
are not fully elucidated, particularly the optimal dos-
ing strategy and the intervention duration required for
hepatoprotective benefit in MASH. Furthermore, given
the pathophysiological overlap between metabolic condi-
tions, patients with obesity and T2DM represent a large
at-risk population for MASH [14]. Semaglutide is widely
used in these groups, and liver-related outcomes are fre-
quently reported as secondary endpoints in their RCTs
[14].

This context provides a unique opportunity to integrate
evidence across metabolic disorders through a pooled
meta-analysis, enabling a robust and hypothesis-gen-
erating examination of semaglutide’s effects on hepatic
and metabolic parameters. Therefore, we conducted this
comprehensive systematic review and meta-analysis to
synthesize available evidence from RCTs to clarify the
impact of semaglutide on liver outcomes, with particu-
lar emphasis on dose-response and intervention dura-
tion relationships. Our aim is to provide timely insights
into the potential clinical application of semaglutide for
MASH.

Methods

This research was conducted in compliance with the
PRISMA guidelines [15]. The protocol for the review was
registered with PROSPERO (number CRD 42023471198).

Search strategy

We systematically searched PubMed, Embase, the
Cochrane Library, and ClinicalTrials.gov from incep-
tion to July 23, 2024. An updated search was performed
on August 23, 2025. The search strategy was refined for
the update to adopt the latest MASLD/MASH nomen-
clature, ensuring optimal retrieval of recently published
studies. The complete search strategies for all databases
across both time points are detailed in Appendix 1 (initial
search) and Appendix 2 (updated search).

Selection criteria

The inclusion criteria for this analysis were formulated
according to the PICOS framework. We included RCTs
that enrolled adult patients (> 18 years old) with meta-
bolic dysfunction-associated steatohepatitis (MASH,
formerly known as NASH). Additionally, recognizing the
shared pathophysiological pathways between metabolic
diseases, cardiovascular diseases, and cancer [16-18],
studies conducted in populations with obesity or T2DM
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that reported predefined liver injury biomarkers and
metabolic parameters were also included for exploratory
analysis. All trials were required to have a follow-up of
at least 12 weeks with semaglutide at any dose, a com-
parator group receiving either placebo or active control,
and must have reported outcomes assessing liver injury
and safety. Editorials, letters, reviews, brief communi-
cations, and observational studies were excluded from
consideration.

Data extraction

Two authors (Ranran Kan and Siyi Wang) independently
screened the records using EndNote X9 (Clarivate) to
identify eligible studies. The extracted data included the
trial name, first author, publication year, sample size,
baseline characteristics of participants, details of the
intervention and comparator (including formulation,
dosage, and frequency), follow-up duration, and all rel-
evant outcome data. The extracted outcomes included
predefined hepatic parameters, cardiometabolic profiles,
and safety assessments. Any discrepancies encountered
during data extraction were resolved through discus-
sion and consultation with a third author (Danpei Li) to
achieve a consensus.

To ensure comparability and enable pooled analysis of
semaglutide dosages across studies that employed differ-
ent administration frequencies, all doses were converted
to a weekly equivalent. For the trials utilizing daily sub-
cutaneous administration, the daily dose was multiplied
by seven to calculate the weekly equivalent (e.g., a daily
dose of 0.2 mg was converted to 1.4 mg/week). This
standardization was applied because the majority of the
included trials used a once-weekly dosing regimen, and
this approach allows for a consistent dose-response anal-
ysis across the entire dataset.

Outcomes

Primary outcomes

The co-primary outcomes of this meta-analysis were
the changes in gold-standard histological endpoints in
patients with confirmed MASH: (1) MASH Resolution,
defined an NAS of 0 for ballooning and 0 to 1 for inflam-
mation; (2) Fibrosis Improvement, defined as at least a
1-stage reduction on the MASH CRN fibrosis scale [19].

Secondary outcomes

Secondary outcomes were comprehensive and included
several key domains. Liver-related outcomes comprised
non-invasive biomarkers of liver injury, specifically
changes in Liver Steatosis assessed by magnetic reso-
nance imaging proton density fat fraction (MRI-PDFF)
[20], alterations in Liver Stiffness measured via magnetic
resonance elastography (MRE) in kPa, as well as changes
in the Fibrosis Test Score (FTS) and the enhanced liver

Page 3 of 16

fibrosis (ELF) score. Additionally, serum levels of the liver
enzymes alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), and gamma-glutamyl transferase
(GGT) were evaluated. Metabolic parameters of inter-
est covered changes in body weight control, lipid profile
parameters and glycemic measures.

Safety outcomes

Safety outcomes encompassed the incidence of death,
cardiovascular events, any-cause adverse events lead-
ing to treatment discontinuation, gastrointestinal
events, as well as specific events including cholelithiasis,
pancreatitis.

Risk of bias and quality assessment

The methodological quality and risk of bias were evalu-
ated using the Cochrane Risk of Bias tool for randomized
trials (RoB 2.0) [21]. This tool enables a structured assess-
ment across five key domains: (1) the randomization pro-
cess; (2) deviations from the intended interventions; (3)
missing outcome data; (4) measurement of the outcome
and (5) selection of the reported result. Two reviewers
independently performed the assessments, and any dis-
crepancies were resolved through discussion or consulta-
tion with a third author to reach consensus.

The overall certainty of evidence for primary outcomes
was assessed using the GRADE approach [22]. Evidence
from randomized trials starts as high certainty but can be
downgraded based on five domains: risk of bias, incon-
sistency, indirectness, imprecision, and publication bias.
Any discrepancies were resolved by consensus.

Data analysis and statistical methods

Continuous outcomes were summarized as weighted
mean differences (WMDs) with 95% confidence intervals
(CIs), while dichotomous outcomes as risk ratios (RRs)
with 95% ClIs. All meta-analyses were performed using
the DerSimonian-Laird random-effects model to account
for potential clinical and methodological heterogeneity
among studies. The choice of this model considered the
variation in dosing and study designs, while acknowledg-
ing its sensitivity to small-study effects given the wide
range of trial sizes included. Heterogeneity was quanti-
tatively assessed using the I statistic, with values greater
than 50% indicating substantial heterogeneity, consistent
with established guidelines [23].

Univariable meta-regression was performed to exam-
ine the association between prespecified covariates
(including weekly dose, baseline BMI, study design, and
intervention duration) and protective effects for key liver
outcomes (containing at least ten studies). The adjusted
R? statistic was calculated to estimate the proportion of
between-study variance explained by each covariate.
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Predefined subgroup analyses were conducted to inves-
tigate potential sources of heterogeneity and evaluate the
influence of semaglutide dosing and intervention dura-
tion. Subgroups were stratified by the following: weekly
semaglutide dose (lower tertile: < 1.0 mg; mid tertile:
1.0-1.9 mg; upper tertile: > 2.0 mg), intervention dura-
tion (short-term: < 12 months; long-term: > 12 months),
baseline BMI (<35 vs. > 35 kg/m?), baseline body weight
(<95 vs. 2 95 kg), study design (double-blind vs. open-
label), control type (placebo vs. active drug), diagnos-
tic method (biopsy vs. non-biopsy), and disease status
(T2DM, MASH, or MASH with cirrhosis).

In our dose-response analysis, we used natural cubic
splines to address potential non-linearities, chosen for
their stable boundary estimates and reduced extrapola-
tion bias in limited-dose studies. We placed knots at the
33rd and 67th percentiles (0.7 mg and 1.6 mg) to balance
flexibility and overfitting. Model fit was assessed with the
Akaike Information Criterion (AIC), and non-linearity
was tested using a likelihood ratio test against a linear
meta-regression.

Publication bias was assessed through visual inspection
of funnel plots and Egger’s regression test for outcomes
with at least ten studies. To evaluate the robustness of the
findings, sensitivity analysis was performed by sequen-
tially excluding individual studies and recalculating the
pooled estimates. Additionally, to address potential
clinical heterogeneity, we conducted sensitivity analyses
restricted to studies enrolling exclusively patients with
histologically confirmed MASH. For each liver outcome,
we compared the results from the main analysis (includ-
ing all eligible studies) with those from the sensitivity
analysis (restricted to histologically confirmed MASH
populations). Heterogeneity was reassessed using the I
statistic within this subgroup. All statistical analyses were
performed using STATA version 16.0 and RevMan ver-
sion 5.4 software (Cochrane Collaboration, Oxford, UK).

Results

Search results and characteristics of studies

A total of 4,141 records were identified through system-
atic database searches. After the removal of duplicates
and initial screening, 22 RCTs [24—45] met the eligibility
criteria and were included in the final meta-analysis (Fig.
1). The baseline characteristics of the included studies
are summarized in Table 1. These trials enrolled a total
of 32,013 participants, with 17,560 assigned to sema-
glutide groups and 14,453 to control groups. The inter-
vention duration ranged from 12 to 104 weeks. Among
the included trials, five utilized a daily dosing regimen
[28, 33, 38, 39, 45], one trial incorporated both daily and
weekly administration schedules [26], and the remaining
sixteen employed weekly administration. For trials using
daily subcutaneous semaglutide [28, 45], the doses were
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recalculated as weekly doses for further analysis. Further-
more, seven studies utilized an open-label design[24-26,
29, 31, 40, 42]. Among these, only one trial employed a
placebo comparator [26], while the remaining six utilized
active-control agents.

Risk of bias assessment

The risk of bias assessment for the included trials, per-
formed using the Cochrane RoB 2.0 tool, is summarized
in Fig. 2. Most studies were judged to be at low risk of
bias across key domains, including the randomization
process, measurement of outcomes, and selection of the
reported result. A slightly higher prevalence of concerns
was observed in the domain of “deviations from intended
interventions”, which primarily due to the open-label
design of several large-scale trials. The risk of bias due to
missing outcome data was generally low across studies,
with only a few trials raising some concerns in this area.
Overall, the majority of studies were assessed as having a
low risk of bias, supporting the robustness and validity of
the meta-analytic results. Detailed study-level presenta-
tion is provided in Appendix 3.

Meta-analysis of primary outcomes
Resolution of MASH. Pooled analysis of three RCTs
comprising 1,191 participants demonstrated that sema-
glutide was associated with a significantly higher rate
of MASH resolution compared to control (RR = 1.98,
95%CI: 1.57 to 2.50, P < 0.00001; Fig. 3A). The heteroge-
neity among studies was low (2= 20%, P = 0.29).
Improvement in Liver Fibrosis. In contrast, the
pooled result for improvement in liver fibrosis (defined as
® 1-stage reduction) did not reach statistical significance
(RR = 1.18, 95%CI: 0.74 to 1.88, P = 0.49; Fig. 3B). Sub-
stantial heterogeneity was observed across the three tri-
als for this outcome (*= 77%, P = 0.01).

Meta-analysis of liver-related secondary outcomes
Non-invasive biomarkers of liver pathology

Liver Steatosis showed a significant reduction with
semaglutide compared to control (WMD = -11.30%,
95%CI: —18.70 to —3.91, P=0.003; Fig. 4A). However, sub-
stantial heterogeneity was observed among these studies
(P=94%, P < 0.00001). For Liver Stiffness, the pooled
result did not show a statistically significant difference
(WMD = -0.88 kPa, 95%CI: -1.91 to 0.15, P=0.09; Fig.
4B), with high heterogeneity (I*=85%, P < 0.0001). Simi-
larly, the Fibrosis Test Score (FTS) did not demonstrate
a significant protective effect (WMD = -0.26, 95%CI:
-0.63 to 0.11, P=0.17; Fig. 4C), also with consider-
able heterogeneity (I>=88%, P=0.0003). In contrast, the
Enhanced Liver Fibrosis (ELF) score was significantly
reduced in patients receiving semaglutide (WMD =
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PRISMA 2020 flow diagram for new systematic reviews which included searches of databases and registers only

Records removed before screening:
Duplicate records removed (n=2,781)
Records marked as ineligible by
automation tools (n=23)

Records removed for other reasons
(n=0)

Records excluded
(n=1,006)

Reports not retrieved
(n=62)

Reports excluded:

Clinical trial ongoing (n=6)
Inappropriate study design (n=8)
Animal studies (n=37)

Non-English language (n=109)
Lack of comparison groups (n=8)
Not RCTs (n=12)

No sufficient data (n=66)

Inclusion criteria not satisfied (n=2)

[ Identification of studies via databases and registers J
DS
Records identified from:
5 Databases (n=4,141)
= ® PubMed (n=905)
3 ® Embase (n=1,669)
£ ®  Cochrane Library (n=916) — >
H ®  Update PubMed (n=135)
2 ®  Update Embase (n=398)
® Update Cochrane Library (n=118)
Records screened >
(n=1,337)
A4
Reports sought for retrieval
> (n=331)
=
¢
A \ 4
Reports assessed for eligibility
(n=269) >
N~—
\ 4
3 Studies included in review
s (n=21)
° Reports of included studies
£ (n=22)*

From: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated
guideline for reporting systematic reviews. BMJ 2021;372:n71. doi: 10.1136/bmj.n71
*One additional RCT (Sanyal et al, 2025) was included upon reviewer suggestion during revision.

Fig. 1 PRISMA Flow Diagram of Study Selection Process

-0.49, 95%CI: -0.70 to —0.29, P<0.00001; Fig. 4D), with
substantial heterogeneity (I” =76%, P=0.006).

Liver enzymes

A total of ten studies involving 4,007 patients dem-
onstrated a statistically significant reduction in ALT
with semaglutide (WMD = -5.55 U/L, 95%CI: -9.21 to
-1.89, P=0.003; F=90%; Fig. 5A). A significant change
was observed in AST (WMD = -3.85 U/L, 95%CI:
-7.67 to -0.03, P=0.05; ’=87%; Fig. 5B). However,
pooled analysis did not show a significant reduction in

GGT levels (WMD = -8.70 U/L, 95%CI: —18.69 to 1.29,
P=0.09; P=85%; Fig. 5C).

Meta-regression analysis

To explore potential sources of heterogeneity, pre-speci-
fied meta-regression analyses were performed for ALT in
Table 2, which had the largest number of available studies
(n=10). Weekly semaglutide dose emerged as a signifi-
cant effect modifier (Coefficient: —4.14, 95%CI: -7.89 to
-0.40; P=0.032), accounting for 23.3% of the between-
study variance. Higher baseline BMI was also significantly
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Table 1 (continued)

Comparator, Trial Outcomes

Mean BMI, Diabetes Semaglu-
(%)

kg/m?

Mean Male,

Study Population

Masking
arms

No. of

Source

dura-

mg

tide, mg

(%)

age,

patients

tion,

week
32

Liver Steatosis, ELF, ALT, AST,

Metabolic Outcomes

efinopegdu-
tide 10 s.c,,

Qw

1.0s.c,Qw

331

343

55.2

2 MASH (MRI) 49.5

145 Open-label

Romero-Gomez
2023 [40]

Metabolic Outcomes
Metabolic Outcomes

68

Placebo

245s.c,Qw
05,1.0s.c,

0.0
Qw

460 210 384

Obesity
T2DM

2
3

Double-blind
Open-label

803
308

Rubino 2021 [41]
Seino 2018 [42]

30

sitagliptin

100.0

763 254

583

100 (oral), Qd

Placebo

Metabolic Outcomes

68

245s.c,Qw

0.0

190 380

46.0

Obesity

Double-blind

611

Wadden 2021

[43]

Metabolic Outcomes

68

Placebo

24 sc, Qw

42.8% for

259 379

46.5

1,961 Double-blind 2 Obesity

Wilding 2021 [44]

prediabetes

559

(2025) 17:439

MASH Resolution, Improvement

72

Placebo

24 5sc, Qw

57.1 345

56.0

800 Double-blind 2 MASH (Biopsy)

Sanyal 2025 [32]

of Fibrosis Stage, Liver Stiffness,

ELF, ALT, AST, Metabolic Outcomes

*Combined therapy for NASH included cilofexor and firsocostat, a nonsteroidal farnesoid X receptor (FXR) agonist and an investigational liver-directed acetyl-CoA carboxylase (ACC) inhibitor respectively

T2DM, type 2 diabetes mellitus; MASH, metabolic dysfunction-associated steatohepatitis; MRI, magnetic resonance imaging; CVD, cardiovascular disease; NAS, non-alcoholic fatty liver disease activity score; FTS, fibrosis

test score; ELF, enhanced liver fibrosis score; ALT, alanine aminotransferase; AST, aspartate transaminase; GGT, gamma glutamyl transferase
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associated with greater reductions in ALT (Coefficient:
-2.00, 95%CI: —5.06 to —1.06; P=0.017), explaining 19.5%
of the variance. Other covariates, including baseline
body weight, mean age, blinding status, and control type,
demonstrated minimal influence on heterogeneity (all
P>0.05; adjusted R*<6.5%). An exploratory meta-regres-
sion of AST, which included 9 studies, yielded consistent
findings regarding the influence of weekly dose. Detailed
results are provided in the Supplementary Table 1.

Subgroup analysis
Pre-specified subgroup analysis by weekly dosage dem-
onstrated a potential dose-response trend (Fig. 6). The
highest efficacy was observed in the high-dose group
(= 2.0 mg/week: WMD = -12.21 U/L, 95%CI: -21.85
to -2.57; P=0.01), followed by a modest and non-sig-
nificant reduction in the mid-dose group (1.0-1.9 mg/
week: WMD = -2.48 U/L, P=0.16). The low-dose group
(< 1.0 mg/week) showed negligible change (WMD =0.29
U/L, P=0.79). The test for subgroup differences was sta-
tistically significant (P=0.03), supporting a significant
monotonic dose-response relationship

Additional subgroup analyses were performed to inves-
tigate potential sources of heterogeneity and identify
clinically relevant effect modifiers (Table 3). Greater ALT
reductions were observed in participants with higher
baseline BMI (> 35 kg/m% WMD = -15.06 U/L) or body
weight (= 95 kg; WMD = -11.62 U/L). Trial design influ-
enced outcomes, with double-blind, placebo-controlled
trials showing stronger protective effects (WMD = -7.93
U/L) than open-label or active-comparator studies. The
most pronounced and homogeneous effect was observed
in the subgroup of trials with biopsy-confirmed MASH
patients (WMD = -14.50 U/L; > = 0%). Furthermore,
longer intervention duration (> 12 months) was associ-
ated with a markedly greater reduction in ALT (WMD =
-11.61 U/L) compared to shorter-term studies. Although
an exploratory analysis suggested a potential trend
toward greater efficacy with increasing disease sever-
ity, the finding for the MASH-cirrhosis subgroup (based
on a single study [35]) must be interpreted with extreme
caution.

Dose-response analysis

To elucidate the dose-response relationship between
semaglutide and ALT reduction, we compared a linear
meta-regression model with a natural cubic spline model.
The spline model demonstrated a substantially better fit,
as indicated by a lower Akaike Information Criterion
(AIC=97.1 vs. 108.1) and a higher log-likelihood (log-
Lik = -43.5 vs. -51.0). A likelihood ratio test confirmed
significant non-linearity (LRT =15.0, P=0.0006), reveal-
ing that the association is not strictly linear but follows a
complex pattern (Fig. 7)
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Fig. 2 Summaries of the Risk of Bias (RoB) Assessment of the Included Studies
A. Resolution of MASH
Semaglutide Control Risk Ratio Risk Ratio
tudy or Subgrou Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Loomba et al, 2023 16 47 5 24 6.6% 1.63[0.68, 3.92]
Newsome et al, 2021 135 240 17 80 22.8% 2.65[1.71, 4.10] .
Sanyal et al, 2025 336 534 91 266 70.7% 1.84 [1.54, 2.20] il
Total (95% CI) 821 370 100.0% 1.98 [1.57, 2.50] -
Total events 487 113
o Tal2 = 001+ ChiZ = - - 12 = 200 i i t }
Heterogeneity: Tau? = 0.01; Chi? = 2.49, df = 2 (P = 0.29); I = 20% 02 05 1 2 5

Test for overall effect: Z = 5.82 (P < 0.00001)

B. Improvement in liver fibrosis

Favours [Control] Favours [Semaglutide]

Semaglutide Control Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Loomba et al, 2023 5 47 7 24 14.4% 0.36 [0.13, 1.03] |
Newsome et al, 2021 124 240 33 80 41.9% 1.25[0.94, 1.67] T
Sanyal et al, 2025 197 534 60 266 43.7% 1.64 [1.28, 2.10] L
Total (95% Cl) 821 370 100.0% 1.18 [0.74, 1.88] >
Total events 326 100

e Tan? = . ehiz = = = 2= 779 t } t } : :
Heterogeneity: Tau? = 0.11; Chi? = 8.55, df =2 (P = 0.01); ?=77% 01 02 05 1 2 5 10

Test for overall effect: Z = 0.69 (P = 0.49)

Favours [Control] Favours [Semaglutide]

Fig. 3 Forest Plot of Effects of Semaglutide on MASH Resolution (A) and Improvement in Fibrosis (B)

Model-based predictions at specific doses showed min-
imal ALT reduction at lower doses (0.5 mg: —-0.69 U/L,
95%CI: -2.96 to 4.34; 1.0 mg: -2.06 U/L, 95%CI: —-6.37 to
2.24). The effect became more pronounced at interme-
diate doses, with the maximum reduction observed at
2.4 mg (-11.4 U/L, 95%CI: -16.7 to —6.1). At higher doses
(2.8 mg), the benefit plateaued (-3.54 U/L, 95%CI: —10.6
to 3.5), suggesting that the optimal effect is achieved
around 2.4 mg without further improvement beyond this

point. These findings indicate a non-linear association,
with the most substantial benefit occurring at moderate
doses.

Meta-analysis of metabolic parameters

Weight Loss. Semaglutide was associated with a sig-
nificant reduction in body weight (WMD = -6.28 kg,
95%CI: -9.01 to -3.55; Fig. S1A). Patients also exhibited
notable decreases in BMI (WMD = -2.80, 95%CI: —4.10
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A. Steatosis
Semaglutide Control Mean Difference Mean Difference
_ Study or Subgroup Mean SD Total Mean SD Total Weight IV. Random, 95% Cl IV, Random.95%CI
Flint et al, 2021 -10.14 2.78 34 -27 375 33 29.9% -7.44 [-9.02, -5.86] =
Loomba et al, 2023 -3.5 5.09 47 -0.57 4.84 24  29.4% -2.93 [-5.35, -0.51] Rl
Newsome et al, 2021 -30.12 60.2 240 -25 39.87 80 17.4% -5.12[-16.71, 6.47] I
Romero-Gomez et al, 2023 -40.9 27.9 73 -9.42 16.16 72 23.3% -31.48[-38.89, -24.07] -
Total (95% Cl) 394 209 100.0% -11.30 [-18.70, -3.91] =g
Heterogeneity: Tau? = 46.94; Chi2 = 53.13, df = 3 (P < 0.00001); I2 = 94% _5’0 25 0 2‘5 5‘0
Test for overall effect: Z = 2.99 (P = 0.003) Favours [Semaglutide] Favours [Control]
B. Stiffness
Semaglutide Control Mean Difference Mean Difference
Study or Subgroup Mean SD_Total Mean SD_Total Weight IV, Random, 95% CI 1V, Rgng%m, 95% Cl
Alkhouri et al, 2022 -3.16 82.13 21 0.74 57.72 87 0.1% -3.90[-41.06, 33.26]
Flint et al, 2021 -0.2 0.23 34 -005 0.1 33 36.8%  -0.15[-0.23,-0.07]
Loomba et al, 2023 -0.63 2.2 47 -02 0.23 34 324% -0.43 [-1.06, 0.20]
Newsome et al, 2021 -3.64 7155 240 2.14 90.91 80 0.2% -5.78 [-27.66, 16.10]
Sanyal et al, 2025 -38 482 534 -16 548 266 30.5% -2.20 [-2.98, -1.42] u
Total (95% CI) 876 500 100.0% -0.88 [-1.91, 0.15] ¢
(PN 2 = . Chiz = = .12 = 850 + t t t
_I:ettte;ogeneltyl.] T?fu : 2351 ?,:' = _2;.32, df =4 (P <0.0001); I = 85% 50 25 0 25 50
estforoverall effect: 2= 1.68 (P =10.09) Favours [Semaglutide] Favours [Control]
C.FTS
Semaglutide Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl 1V, Random, 95% Cl
Alkhouri et al, 2022 -0.03 0.08 21 -0.03 0.08 87 41.3% 0.00 [-0.04, 0.04] ]
Flint et al, 2021 -0.19 1.06 34 0.26 1.06 33 23.2% -0.45 [-0.96, 0.06] - i
Newsome et al, 2021 -043 0.97 240 0.01 0.9 80 35.6% -0.44 [-0.67, -0.21] =
Total (95% Cl) 295 200 100.0% -0.26 [-0.63, 0.11] -
Heterogeneity: Tau? = 0.09; Chi? = 16.27, df = 2 (P = 0.0003); |2 = 88% ‘ t ‘ f
Test f Il effect: Z = 1.39 (P = 0.17 -2 4 0 1 4
est for overall effect: Z = 1.39 (P = 0.17) Favours [Semaglutide] Favours [Control]
D. ELF
Semaglutide Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight [V. Random, 95% Cl IV, Random, 95% CI
Alkhouri et al, 2022 -0.56 0.55 21 0.1 0.7 87 21.2% -0.66 [-0.94, -0.38] -
Newsome et al, 2021 -0.47 0.77 240 0.1 0.7 80 27.0% -0.57 [-0.75, -0.39] =
Romero-Gomez et al, 2023 -05 0.9 73 -04 07 72 221% -0.10 [-0.36, 0.16] i
Sanyal et al, 2025 -0.7 09 534 -01 095 266 29.7% -0.60 [-0.74, -0.46] -
Total (95% CI) 868 505 100.0%  -0.49 [-0.70, -0.29] >
Heterogeneity: Tau? = 0.03; Chi? = 12.35, df = 3 (P = 0.006); I = 76% 2 1 s 1 2

Test for overall effect: Z = 4.66 (P < 0.00001)

Favours [Semaglutide] Favours [Control]

Fig. 4 Forest Plot of Effects of Semaglutide on Liver Steatosis (A), Stiffness (B), FTS (C), and ELF (D). FTS, fibrosis test score; ELF, enhanced liver fibrosis score.

to —1.51; Fig. S1B) and waist circumference (WMD =
-6.44 cm, 95%CI: -7.82 to —5.06; Fig. S1C).

Glycemic Control. Semaglutide administration
resulted in statistically significant reductions in FPG
(WMD = -0.41 mmol/L, 95%CI: -0.74 to -0.09; Fig. S2A)
and HbA,_  (WMD = -0.53%, 95%CI: -0.78 to —0.29; Fig.
S2B).

Lipid Profiles. Semaglutide was associated with
favorable changes in serum lipid concentrations (Fig.
$3-§4), including significant reductions in TG (WMD =
-0.53 mmol/L, P=0.01), LDL (WMD = -0.03 mmol/L,
P<0.00001), and VLDL (WMD -0.55 mmol/L,
P=0.01), as well as a significant increase in HDL
(WMD=0.67 mmol/L, P<0.00001). No significant
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A.ALT
Semaglutide Control Mean Difference Mean Difference
_ Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% Cl
Alkhouri et al, 2022 -7 47.58 21 941 61.29 87 2.0% -16.41[-40.49,7.67] I
Davies et al, 2021 -75 62.18 807 6 62.12 403 10.1% -13.50[-20.93, -6.07]
Flint et al, 2021 -0.2 067 34 0 067 33 17.2% -0.20 [-0.52, 0.12]
Frias et al, 2021 -5.42 2209 469 -526 2165 470 15.6% -0.16 [-2.96, 2.64] T
Kimura et al, 2023 -10.7 135 18 29 226 13 5.0% -7.80 [-21.58, 5.98] G
Loomba et al, 2023 -20.2 34.14 47 19 274 24 46% -22.10[-36.78,-7.42] - =
Nauck et al, 2016 -1.25 792 270 -1.09 5.8 46  16.4% -0.16 [-2.08, 1.76] T
Newsome et al, 2021 -24.41 7326 240 -11.22 84.62 80 26% -13.19[-33.92,7.54] L
Romero-Gomez et al, 2023 -22.5 14.91 73 -23.38 22.69 72 11.4% 0.88 [-5.38, 7.14] B i
Sanyal et al, 2025 -222 215 534 -81 2326 266 15.0% -14.10[-17.44,-10.76] =
Total (95% CI) 2513 1494 100.0% -5.55[-9.21, -1.89] <&
Heterogeneity: Tau? = 20.30; Chi? = 91.02, df = 9 (P < 0.00001); I> = 90% _5*0 25 . 2‘5 5‘0
Test for overall effect: Z = 2.97 (P = 0.003) Favours [Semaglutide] Favours [Control]
B. AST
Semaglutide Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight [V. Random. 95% CI IV. Random. 95% CI
Davies et al, 2021 -25 4505 807 -2 47.89 403 12.1% -0.50 [-6.11, 5.11] -
Flint et al, 2021 -0.19 049 34 0 049 33 16.3% -0.19 [-0.42, 0.04]
Frias et al, 2021 -3.09 4264 469 -3.56 46.97 470 11.9% 0.47 [-5.27, 6.21] S
Kimura et al, 2023 59 113 18 62 143 13 8.2% 0.30 [-9.06, 9.66] I
Loomba et al, 2023 -16 21.39 47 1.5 23.87 24 6.7% -17.50[-28.84, -6.16] -
Nauck et al, 2016 -2.95 1223 270 -241 11.49 46 14.2% -0.54 [-4.17, 3.09] i i
Newsome et al, 2021 -16.93 68.12 240 -5.76 77.22 80 32% -11.17[-30.16,7.82] = = I
Romero-Gomez et al, 2023  -10.41 8.48 73 -11.15 10.9 72 14.6% 0.74 [-2.44, 3.92] i3
Sanyal et al, 2025 -31.1 322 534 -12.7 3511 266 12.7% -18.40[-23.43,-13.37] —
Total (95% CI) 2492 1407 100.0% -3.85[-7.67, -0.03] L 4
Heterogeneity: Tau? = 23.33; Chi? = 60.96, df = 8 (P < 0.00001); I = 87% _5‘0 25 s 2’5 5=O
Test for overall effect: Z = 1.98 (P = 0.05) Favours [Semaglutide] Favours [Control]
C.GGT
Semaglutide Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Alkhouri et al, 2022 -22  32.36 21 -27.3 57.98 87 13.8% 5.30 [-13.14, 23.74] T
Davies et al, 2021 9.5 64.6 807 -5 6858 403 22.3% -4.50 [-12.54, 3.54] L
Flint et al, 2021 -0.28 0.5 34 0 0.5 33 26.0% -0.28 [-0.52, -0.04] b
Kimura et al, 2023 -39.2 101 18 -12.7 33.8 13 3.4% -26.50 [-76.65, 23.65] -
Loomba et al, 2023 -29.9 103.54 47 12.2 250.36 24 0.9% -42.10[-146.55, 62.35]
Newsome et al, 2021  -23.54 89.68 240 -2.03 92.08 80 10.9% -21.51 [-44.66, 1.64] ]
Sanyal et al, 2025 -29.8 474 534 -9 514 266 22.8% -20.80[-28.17,-13.43] -
Total (95% CI) 1701 906 100.0% -8.70 [-18.69, 1.29] &
s 2 = . 2 = - - ]2 = 0, T T T T
Heterogeneity: Tau? = 99.97; Chi? = 36.04, df = 6 (P < 0.00001); I> = 83% 200 -100 0 100 200

Test for overall effect: Z=1.71 (P = 0.09)

Fig. 5 Forest Plot of Effects of Semaglutide on ALT (A), AST (B), and GGT (C

glutamyl transferase.

changes were observed in TC (WMD = -0.44 mmol/L,
P=0.49) or FFA (WMD = -0.01 mmol/L, P=0.93).

Blood Pressure. Semaglutide led to modest but sig-
nificant reductions in both SBP (WMD = -3.57 mmHg,
95%CI: -4.70 to -2.44, Fig. S5A) and DBP (WMD =
-0.87 mmHg, 95%CI: -1.39 to -0.34, Fig. S5B).

).

Favours [Semaglutide]

Safety and adverse events

Favours [Control]

ALT, alanine aminotransferase; AST, aspartate transaminase; GGT, gamma-

Treatment Discontinuation. The incidence of treat-
ment discontinuation due to adverse events was 12.17%
in the semaglutide group compared to 6.94% in the con-
trol group (RR=1.60, 95%CI: 1.27 to 2.02, P<0.0001; Fig.
S5C).

Mortality. Semaglutide was associated with a signifi-
cantly lower risk of all-cause mortality compared to con-
trol (RR=0.82, 95%CI: 0.74 to 0.91, P=0.0002; Fig. S6A),
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Table 2 Univariable Meta-Regression analyses exploring sources
of heterogeneity for the change in ALT

Covariate  No. of Coefficient 95% Cl P-value Ad-
studies justed
R* (%)
Dose of 10 —4.14 (-7.89 0.032* 23.31
semaglu- to
tide, mg/w —040)
Baseline 10 —2.00 (-5.06 0.017* 19.51
BMI, kg/m? to
—1.06)
Baseline 10 —-047 (=151 0326 6.22
weight, kg t0 0.57)
Mean age,y 10 —-0.94 (-2.87 0.296 291
to 1.00)
Double- 10 =5.71 (=18.19 0323 1.83
blind (Yes 10 6.78)
vs. No)
Active- 10 5.71 (-6.78 0323 1.83
control (Yes to
vs. No) 18.19)
Baseline 10 3.02 (-5.08 0415 -2.95
HbA, ., % to
11.11)
Baseline 10 146 (=5.28 0637 -13.14
FPG, t0 8.20)
mmol/L
Durationof 10 —0.08 (=037 0622 -11.98
interven- t0 0.21)
tion, w
Sample size 10 <0.01 (-0.01 0.870 -2149
10 0.01)

ALT, alanine aminotransferase; Cl, confidence interval; BMI, body mass index;
HbAI1c, glycated hemoglobin; FPG, fasting plasma glucose

The dependent variable for all analyses was the mean difference in ALT

Coefficient represents the change in the ALT mean difference per unit increase
in the covariate. A negative coefficient indicates a greater reduction in ALT is
associated with higher values of the covariate

*P<0.05,** P<0.01, *** P<0.001, **** P<0.0001

with no heterogeneity among studies (I”=0%). However,
management with semaglutide was associated with a
slightly higher risk of any Adverse Events (RR=1.05,
95%ClI: 1.01 to 1.09, P=0.006; Fig. S6B), though with sub-
stantial heterogeneity (I”=82%). Furthermore, the risk
of Cardiovascular Disorders was significantly reduced
in the semaglutide group (RR=0.83, 95%CI: 0.75 to 0.92,
P=0.0006; Fig. S6C), with low heterogeneity (I* =27%).

As expected, Gastrointestinal Disorders occurred
more frequently with semaglutide than control
(RR=2.11, 95%CI: 1.61 to 2.77, P<0.00001; Fig. S7A).
A small but significant increase was also observed in
the risk of Gallbladder-Related Disorders (RR=1.28,
95%CI: 1.01 to 1.63, P=0.04; Fig. S7B). However, no sta-
tistically significant difference was found in the incidence
of Pancreatitis between the semaglutide and control
groups (RR=0.79, 95%CI: 0.52 to 1.21, P=0.28; Fig. S7C),
with no heterogeneity (I = 0%).
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Subgroup analyses based on weekly dose and inter-
vention duration revealed consistent safety outcomes
for semaglutide, with no significant differences across
subgroups (all P>0.05). However, trends showed a dose-
dependent increase in gastrointestinal disorder risk (RR
ranging from 1.52 to 2.70) and greater cardiovascular
protection at higher doses (RR=0.76). Long-term use (>
12 months) led to a notable reduction in all-cause mor-
tality (RR=0.82) and cardiovascular events (RR=0.83)
without increasing discontinuation rates compared to
short-term use.

Sensitivity analyses

Leave-one-out sensitivity analysis was conducted to eval-
uate the robustness of the pooled estimates for key liver-
related outcomes (Fig. S8). The results demonstrated
that the significance and direction of the overall effects
remained largely consistent across most endpoints.

Notably, the estimate for Improvement in Fibrosis was
sensitive to the exclusion of the study by Loomba et al.
(2023) [35]. When this trial was omitted, the summary
effect size increased and the CI narrowed, indicating that
its inclusion had a moderating influence on the overall
pooled estimate. Conversely, the result for Liver Steatosis
was sensitive to the exclusion of Flint et al. (2021) [28].
Removal of this study led to a substantial decrease in
the point estimate, rendering the result statistically non-
significant. Additionally, the result for Liver Stiffness was
sensitive to the exclusion of Sanyal et al. (2025) [32], with
a more pronounced improvement observed after omit-
ting this trial.

No other outcome, including MASH Resolution,
serum-based fibrosis markers (FTS and ELF), liver
enzymes (ALT, AST, GGT), showed substantial changes
in effect size or direction upon the removal of any single
study. The stability of these results reinforces the reliabil-
ity of the meta-analytic findings for these endpoints.

To address potential clinical heterogeneity arising
from variations in patient populations, we performed
sensitivity analyses restricted to trials with histologically
confirmed MASH patients (Supplementary Table S5).
Restricting the analysis to this homogeneous subgroup
substantially reduced heterogeneity for several outcomes.
Notably, for liver steatosis, ALT, AST, and ELF, the I val-
ues decreased to 0%, indicating that the high heterogene-
ity observed in the main analyses was largely attributable
to differences in diagnostic confirmation across studies.
The effect estimates remained consistent in direction for
most outcomes, supporting the robustness of the pri-
mary findings.

Publication bias
Publication bias was assessed using funnel plots and
Egger’s regression test for meta-analyses containing more
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A. Subgroup analysis of treatment effect on ALT level by Semaglutide weekly dosage

Semaglutide

Control

Mean Difference Mean Difference

__Study or Subgroup Mean SD Total Mean SD_Total Weight IV, Random, 95% Cl IV, Random, 95% CI
2.8.1 Lower tertile (<1.0 mg per week)
Nauck 2016 0.1mg 1.23 8.93 47  -1.09 5.8 10 8.8% 2.32[-2.09, 6.73] =
Nauck 2016 0.2mg 0.24 6.55 43 -1.09 5.8 9 89% 1.33 [-2.94, 5.60] i 1§
Nauck 2016 0.4mg -1.81 9.54 48 -1.09 5.8 9 86% -0.72 [-5.37, 3.93] T
Nauck 2016 0.8mg -26 7.38 85 -1.09 5.8 9 9.0% -1.51[-5.61, 2.59] =
Newsome 2021 0.7mg -20.72 78.82 80 -11.22 84.62 27 0.6% -9.50[-45.79, 26.79] - I
Subtotal (95% CI) 303 64 35.9% 0.29 [-1.88, 2.46] [
Heterogeneity: Tau? = 0.00; Chi? = 2.24, df = 4 (P = 0.69); I* = 0%
Test for overall effect: Z =0.26 (P = 0.79)
2.8.2 Mid tertile (1.0-1.9 mg per week)
Davies 2021 1.0mg -8 659 403 6 6212 202 4.4% -14.00[-24.71,-3.29] -
Frias et al, 2021 -5.42 2209 469 -526 2165 470 10.0% -0.16 [-2.96, 2.64] T
Kimura et al, 2023 -10.7 135 18 29 226 13  3.1% -7.80[-21.58, 5.98] = " Ir
Nauck 2016 1.6mg -4.07 8.13 47  -1.09 5.8 9 87% -2.98 [-7.43, 1.47] =
Newsome 2021 1.4mg -21.32 67.84 78 -11.22 84.62 27 0.6% -10.10[-45.39, 25.19] —
Romero-Gomez et al, 2023 -22.5 14.91 73 -23.38 22.69 72 73% 0.88 [-5.38, 7.14] il
Subtotal (95% CI) 1088 793 34.2% -2.48 [-5.96, 1.01] L i
Heterogeneity: Tau? = 6.31; Chi? = 8.12, df =5 (P = 0.15); I> = 38%
Test for overall effect: Z =1.39 (P = 0.16)
2.8.3 Upper tertile (==2.0 mg per week)
Alkhouri et al, 2022 -7 47.58 21 941 61.29 87 1.3% -16.41[-40.49, 7.67] B
Davies 2021 2.4mg -7 58.31 404 6 6212 201 4.6% -13.00 [-23.30, -2.70] -
Flint et al, 2021 -0.2 067 34 0 067 33 11.0% -0.20 [-0.52, 0.12]
Loomba et al, 2023 -20.2 34.14 47 19 274 24 29% -22.10[-36.78,-7.42] -
Newsome 2021 2.8mg -30.95 73.06 82 -11.22 84.62 26 0.6% -19.73[-55.90, 16.44] - = 1
Sanyal et al, 2025 -222 215 534 -81 2326 266 9.6% -14.10[-17.44,-10.76] -
Subtotal (95% CI) 1122 637 30.0% -12.21[-21.85, -2.57] >
Heterogeneity: Tau? = 96.48; Chi? = 83.08, df = 5 (P < 0.00001); 1> = 94%
Test for overall effect: Z = 2.48 (P = 0.01)
Total (95% CI) 2513 1494 100.0% -4.00 [-6.89, -1.12] ¢*
Heterogeneity: Tau? = 19.66; Chi? = 94.82, df = 16 (P < 0.00001); I2 = 83% 2 — _5‘0 5 5‘0 ” 00‘

Test for overall effect: Z =2.72 (P = 0.007)
Test for subaroup differences: Chiz = 7.24. df = 2 (P = 0.03). 12 = 72.4%

Favours [Semaglutide] Favours [Control]

Fig.6 Subgroup Analysis of the Reduction in ALT Comparing Semaglutide and Controls Categorized by the Weekly Dosage. ALT, alanine aminotransferase.

than ten studies (Fig. S9-S11). Visual inspection revealed
generally symmetrical funnel plots for most outcomes,
suggesting a low risk of substantial publication bias. This
was corroborated statistically by Egger’s tests, which were
non-significant for all outcomes except the incidence of
adverse events (P=0.016; Fig. S11A). The presence of
potential small-study effects for adverse events is likely
attributable to their high and variable incidence rates
across trials of differing sizes and designs, rather than to
selective publication.

Certainty of evidence (GRADE)
The overall certainty of evidence for the primary liver-
related outcomes was assessed using the GRADE
approach (Appendix 4). For the critical outcome of
MASH Resolution, the evidence was rated as high cer-
tainty, indicating strong confidence that the estimated
effect is close to the true effect. Similarly, the evidence for
the reduction in ALT levels was also assessed as high cer-
tainty, supported by a clear dose-response gradient and a
strong association.

For Improvement in Fibrosis, the certainty was
moderate, downgraded one level due to substantial

heterogeneity. The evidence for Liver Steatosis was rated
as moderate certainty, downgraded for risk of bias and
heterogeneity. Similarly, evidence for Liver Stiffness and
the ELF score was of moderate certainty, each down-
graded one level for risk of bias. However, the evidence
for the FTS was assessed as low certainty, downgraded
twice due to risk of bias and considerable heterogeneity.

Discussion

This systematic review and meta-analysis provide com-
prehensive evidence that semaglutide confers signifi-
cant benefits across multiple clinical domains in patients
with MASH. The therapy is associated with meaning-
ful improvements in key histological endpoints, non-
invasive biomarkers of liver injury, and cardiometabolic
parameters. A central finding of this analysis is that the
therapeutic efficacy of semaglutide is substantially influ-
enced by semaglutide regimen and baseline patient char-
acteristics. Our dose-response analysis further revealed a
non-linear relationship, with the most pronounced effects
observed at doses around 2.4 mg, indicating an optimal
range for ALT reduction. Additionally, longer interven-
tion durations and higher baseline BMI were associated
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Table 3 Subgroup analyses of hepatoprotective effect on ALT level
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12 Test for subgroup differences

Subgroups No. of studies Effect estimate (95% Cl)
Overall effect 10 —5.55(=9.21 to —1.89)
By baseline BMI

BMI< 35 7 —3.33(-7.01t0 0.35)
BMI > 35 3 —15.06 (-21.38to —8.75)
By baseline weight

Body weight <95 kg 4 -0.20(-0.52t0 0.11)
Body weight > 95 kg 6 —11.62(-18.92 to —4.34)
By intervention duration

Short-term (<12 m) 5 —0.26 (—1.78t0 1.27)
Long-term (= 12 m) 5 —-11.61(-21.30to —1.93)
By study design

Double-blind 6 —7.93 (=13.14t0 -2.72)
Open-label 4 —042 (—2.92 t0 2.08)

By control group

Placebo 6 —793 (-13.14t0 -2.72)
Active control 4 —042 (—2.92 t0 2.08)

By disease progression

T2DM (high-risk) 4 —3.30(=7.69to 1.10)
MASH 5 —6.60 (-1543t0 2.22)
MASH-cirrhosis 1% —22.10 (=36.78 to —7.42)
By MASH diagnosis**

By biopsy 4 —14.50 (-17.68 to —11.31)
Non-biopsy 2 —0.20 (—=17.24 to —0.38)

90%
91% Chi*=9.90, df=1 (P=0.002)
0%
0% Chi*?=942,df=1 (P=0.002)
75%
0% Chi*=5.15,df=1 (P=0.02)
95%
94% Chi*=6.48,df=1 (P=0.01)
0%
94% Chi*=6.48,df=1 (P=0.01)
0%
77% Chi*=5.91,df=2 (P=0.05)
94%

Not applicable

0%
0%

Chi*=76.57,df=1 (P<0.00001)

Data are presented as weighted mean difference (WMD) with 95% confidence interval (Cl). Significant results (P <0.05) are highlighted in bold

*This subgroup analysis is considered exploratory due to the inclusion of only one study within this category; the findings are hypothesis-generating and require

validation in future research

** This subgroup includes only trials where all participants had biopsy-confirmed MASH, thereby reducing diagnostic heterogeneity and focusing on the core

population of interest
Cl, confidence interval; df, degrees of freedom

Dose—Response Relationship of Semaglutide

o

iR
)
X

=20 1

Predicted Change in ALT (U/L)

1 2
Semaglutide Weekly Dose (mg)

Fig. 7 Non-Linear Lose-Response Relationship between Semaglutide
Weekly Dose and ALT Reduction Modeled Using Natural Cubic Splines

with greater benefits. The safety profile was consistent
with the known class effects of GLP-1 RAs. This synthesis
offers a timely and evidence-based overview of semaglu-
tide’s multifaceted role in the management of MASH and

its associated metabolic comorbidities, providing crucial
insights for clinical practice and future research.

By incorporating data from the recently published
trial by Sanyal et al. [32], this meta-analysis provides the
first pooled evaluation of semaglutide’s effects on gold-
standard histological outcomes in MASH, demonstrat-
ing a robust promotion of MASH Resolution despite the
absence of significant improvement in Fibrosis Regres-
sion. This discrepancy may stem from the relatively short
intervention duration in many included trials, which is
likely insufficient to reverse established fibrotic lesions.
These findings are consistent with multiple studies [32,
45, 46], its capacity to reverse liver fibrosis remains
limited and appears less prominent compared with
other therapeutic regimens [47]. Consequently, further
research is essential to clarify semaglutide’s potential role
in fibrosis modification, particularly through exploration
of combination therapies with antifibrotic agents.

The differential effects of semaglutide on the resolution
of MASH compared to fibrosis regression warrant further
scholarly examination. Semaglutide exhibits a significant
capacity to resolve steatohepatitis, largely attributable to
its substantial metabolic advantages, anti-inflammatory
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properties, and direct benefits to hepatocyte health.
However, its efficacy in addressing established fibrosis
appears limited. This discrepancy aligns with the current
pathophysiological understanding that fibrosis regres-
sion requires not only the removal of injurious triggers
(which semaglutide effectively provides) but also the
active degradation of the collagenous scar tissue itself
[48]. The mechanisms underlying fibrosis resolution,
such as reprogramming or apoptosis of activated hepatic
stellate cells, may not be sufficiently targeted by GLP-1
RA alone [49]. This understanding underscores the need
to investigate combination therapies. Co-administration
of semaglutide with agents possessing direct anti-fibrotic
activity (e.g., FXR agonists, ASK1 inhibitors, or monoclo-
nal antibodies against pro-fibrotic pathways) represents a
promising strategic direction [50].

Our investigation into heterogeneity revealed that
the hepatoprotective effect of semaglutide was modi-
fied by several potential factors, with enhanced efficacy
observed in patients with higher baseline BMI and body
weight, underscoring its role in addressing metabolic
drivers of MASH. In addition, previous study has shown
that in patients with T2DM, the effect of semaglutide is
slightly lower than that in patients without diabetes [51],
indicating that individualized management strategies
may enhance the therapeutic effect of semaglutide. The
consistency of effects was also affected by trial design,
with the most consistent effects seen in double-blind,
placebo-controlled trials involving biopsy-confirmed
MASH patients, highlighting the importance of rigorous
phenotyping and potential biases in open-label studies.
The sensitivity analyses restricted to histologically con-
firmed MASH populations revealed that clinical hetero-
geneity in diagnostic methods contributed significantly
to the statistical heterogeneity observed in several out-
comes. This underscores the importance of standardized,
biopsy-based patient selection in future trials to yield
more precise estimates of treatment effects.

The inclusion of patients with T2DM or obesity without
confirmed MASH improves generalizability but demands
outcome-specific interpretation. Histologic benefits (par-
ticularly MASH resolution) are supported primarily by
evidence from biopsy-confirmed MASH populations,
limiting their extrapolation to broader metabolic cohorts.
Conversely, metabolic improvements were consistent
across all patient types, suggesting broader applicabil-
ity. For biomarkers like ALT, our preliminary exploratory
subgroup analyses provide crucial distinction: a signifi-
cant reduction was evident in the overall pool, but the
effect was markedly stronger and highly homogeneous in
trials enrolling biopsy-confirmed MASH patients (WMD
= -14.50 U/L; I = 0%) compared to those with high-risk
conditions like T2DM (WMD = -3.30 U/L; I> = 77%; P
for interaction < 0.00001). This gradient of response, from
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general metabolic improvement to specific liver injury
reduction, underscores that the clinical implications of
semaglutide are profoundly outcome-dependent and
must be interpreted within the context of the underlying
patient population. Further refinement by fibrosis stage
or exploration of oral semaglutide was constrained by
limited data, underscoring the need for future targeted
studies.

Laboratory parameters, including liver enzymes and
serum lipid profiles, provide readily accessible and clini-
cally useful biomarkers, although they are not direct sur-
rogates for histological activity in MASH. While these
markers do not fully capture core pathological features
such as lobular inflammation or fibrosis, they offer valu-
able complementary information regarding systemic
metabolic improvements and hepatobiliary injury. Pre-
vious studies have indicated that elevated liver enzyme
levels are closely associated with disease progression
in MASH [52]. Additionally, dyslipidemia, particularly
hypertriglyceridemia, has been recognized as an inde-
pendent predictor of MASH [53]. The inclusion of these
laboratory parameters as secondary or exploratory end-
points enables a more comprehensive evaluation of
semaglutide’s multifaceted effects and aligns well with
real-world clinical monitoring practices.

The comprehensive safety profile of semaglutide offers
a balanced perspective on its clinical use. Although sema-
glutide is associated with significant cardioprotective
effects and a reduction in all-cause mortality, it also leads
to a higher incidence of gastrointestinal adverse events,
as well as an increased risk of gallbladder-related disor-
ders. These findings emphasize the importance of patient
counseling, careful monitoring during therapy initiation,
and long-term vigilance in clinical practice. Overall, the
risk-benefit profile supports semaglutide as a safe and
effective therapeutic option when adverse effects are pro-
actively managed.

Limitations

Several limitations may affect the results of our study.
Firstly, significant heterogeneity was observed across
included studies, which likely stems from differences
in patient populations, such as the prevalence of dia-
betes and obesity, diagnostic criteria, and trial design.
Additionally, the substantial disparity in the sizes of
the included trials (ranging from approximately 100
to over 17,000 participants) introduces a potential for
small-study bias. Although a random-effects model was
employed, this bias may persist if smaller studies report
systematically larger effect sizes than larger, potentially
more robust trials. Although subgroup and meta-regres-
sion analyses were conducted, considerable heterogene-
ity persisted for some outcomes, suggesting that pooled
estimates should be interpreted with caution. Secondly,
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the limited number of trials and variations in dosing
regimens also restricted the precision of dose-response
analyses. Notably, the conversion of daily to weekly dos-
ing equivalents, while necessary for harmonization, may
not fully reflect pharmacokinetic differences and thus
could introduce misclassification. Thirdly, although the
overall risk of bias was generally low, some concerns
were identified, particularly regarding deviations from
intended interventions in open-label trials. Furthermore,
the GRADE assessment indicated that the certainty of
evidence was from moderate to low for several outcomes,
due largely to imprecision and study design limitations.
Finally, the inclusion of trials involving patients with
obesity or T2DM, though hypothesis-generating and
pathophysiological relevant, introduces clinical hetero-
geneity that may affect the generalizability of findings to
dedicated MASH populations. Further large-scale, dou-
ble-blind trials with longer follow-up and more homoge-
neous patient cohorts are needed to confirm these results
and better establish the optimal intervention duration
and dosing strategy for semaglutide in MASH.

Conclusion

Semaglutide represents a promising pharmacotherapeu-
tic option for MASH, demonstrating significant improve-
ments in histologic resolution, liver injury biomarkers,
and metabolic parameters, particularly at higher doses
and longer intervention durations, though its effect on
fibrosis regression remains limited.
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