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Metabolic dysfunction-associated steatohepatitis (MASH) is a chronic liver
disease strongly associated with cardiometabolic risk factors. Semaglutide, a
glucagon-like peptide-1receptor agonist, improves liver histology in MASH,
but the underlying signals and pathways driving semaglutide-induced MASH
resolution are not well understood. Here we show that, in two preclinical
MASH models, semaglutide improved histological markers of fibrosis
andinflammation and reduced hepatic expression of fibrosis-related and
inflammation-related gene pathways. Aptamer-based proteomic analyses

of serum samples from patients with MASH in a clinical trial identified 72
proteins significantly associated with MASH resolution and semaglutide
treatment, with most related to metabolism and several implicatedin
fibrosis and inflammation. Anindependent real-world cohort verified the
pathophysiological relevance of this signature, showing that the same 72
proteins are differentially expressed in patients with MASH relative to healthy
individuals. Taken together, these data suggest that semaglutide may revert
the circulating proteome associated with MASH to the proteomic pattern
observedin healthy individuals.

Semaglutide is a glucagon-like peptide-1receptor agonist (GLP-1IRA)
approved for the treatment of patients with type 2 diabetes (T2D)
who are not satisfactorily controlled through diet and exercise and
other glucose-lowering medications' and for weight management in
adults with overweight or obesity’. MASH is a severe form of metabolic
dysfunction-associated steatotic liver disease (MASLD) and is associ-
ated with chronicinflammation that causes progressive fibrosis, which
may lead to cirrhosis and/or hepatocellular carcinoma (HCC)**.Ina

phase2trial (NCT02970942) of 320 individuals with biopsy-confirmed
MASH, semaglutide treatment significantly increased the number
of patients with resolution of MASH versus placebo’. In an interim
analysis of the ongoing phase 3 ‘Effect of Semaglutide in Subjects
with Non-cirrhotic Non-alcoholic Steatohepatitis’ (ESSENCE) trial
(NCT04822181), once-weekly semaglutide 2.4 mg demonstrated
superiority versus placebo for improvement of histological activity
and fibrosis in participants with MASH and moderate to advanced
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Fig.1|Mediated (WL) and unmediated (WL-independent) treatment effect
on histological improvement with semaglutide versus placebo. Data were
based on complete-case on-treatment measurements (N = 249) for histological
parameters that showed a statistically significant effect of semaglutide. Data are

Favors semaglutide

shownas odds ratios (ORs) (center point) and 95% Cls. Mediator was WL at weeks
4,12,20,28,36,44,52, 62 and 72. Baseline confounders were age, T2D, fibrosis
stage, body weight and gender. WL, weight loss.

liver fibrosis®. In the present study, we investigated signals and path-
ways by which semaglutide may exert its beneficial effects in MASH,
with relation to body weight loss and other potential mechanisms of
histological improvement.

Results

Metabolic factors and histologic efficacy of semaglutide
Inaphase 2 trial involving patients with biopsy-confirmed MASH and
liver fibrosis stages 1-3, semaglutide 0.4 mg once daily resulted in
significantly greater weight loss (13% versus 1%) and higher rates of reso-
lution of steatohepatitis without worsening of fibrosis versus placebo
(59% versus17%) (P < 0.001) after 72 weeks of treatment’. To investigate
whether semaglutide improved liver histology solely through weight
loss or viamechanisms that may be separate from weight loss, amedia-
tion analysis using natural effects models was performed. Weight loss
directly mediated a substantial proportion of MASH resolution without
worsening of fibrosis (69.3% of total effect (95% confidence interval
(CI):35.8-124.9)) (Fig.1and Extended Data Fig.1). Consistent with this,
weight loss also directly mediated a major part of the improvement
in steatosis (82.8% (95% CI: 52.0-138.0)) and hepatocyte ballooning
(71.6% (95% Cl: 38.8-132.7)). Conversely, the observed improvement
in histologically assessed fibrosis was mediated through weight loss
to alesser extent (25.1% of total effect (95% Cl: -84.1t0 228.0)). This
finding indicates that, although weight loss is the predominant media-
tor of effect, factors other than weight loss may also play arole in the
histological improvements associated with semaglutide. Using the
same patient population from the phase 2 trial’, in addition to body
weight, semaglutide 0.4 mg was associated with significantly greater
improvementsin multiple cardiometabolic risk factors versus placebo
(Fig. 2a).In all patients evaluated on-treatment at week 72, a descrip-
tive analysis showed that changes in most of the assessed metabolic
measures were correlated with achieving resolution of MASH without
worsening of fibrosis (Fig. 2b—j).

Semaglutide effect on markers of hepatic steatosis

We further evaluated the effects of semaglutide on proteomic sur-
rogates of histological components of MASH. Serum samples were
collected from phase 2 trial participants after 72 weeks of treatment.
A SomaScan aptamer-based proteomics approach was employed
using a predefined suite of SomaSignal non-alcoholic steatohepa-
titis (NASH) tests validated against liver histology to grade/stage
steatosis, lobularinflammation, hepatocellular ballooning and liver
fibrosis comprising 12,14, 5 and 8 protein analytes, respectively’®
(Supplementary Table 1).

The SomaSignal test for steatosis showed a dose-dependent
response to semaglutide treatment (Fig. 3a and Extended Data
Fig. 2). In a subgroup of patients with predicted steatosis score >1 at
baseline, semaglutide significantly increased the proportion of indi-
viduals predicted to have resolution of steatosis (that is, S <1) after
72 weeks of treatment. For all semaglutide treatment arms, a statisti-
cally significant proportion of individuals achieved an improvement
inSomaSignal-defined steatosis after 72 weeks versus placebo (sema-
glutide 0.1 mg 26%, 0.2 mg 43%, 0.4 mg 55% and placebo 9%) (Fig. 3a).
Applying asensitivity analysis, estimated treatment ratios for individual
protein analytes were then determined. Of 12 proteins in the SomaSignal
test for steatosis, two (PTGR1 and GUSB) showed a statistically signifi-
cantlower abundance for semaglutide 0.4 mgversus placebo (Fig.3b).

Semaglutide effect on hepatic inflammation and ballooning
The SomaSignal tests for inflammation and ballooning showed a
dose-dependentresponsetosemaglutide treatment (Fig.3aand Extended
DataFig.2).Inasubgroup of patients with SomaSignal-predictedinflam-
mation stage >2 at baseline, semaglutide significantly increased the
proportion of participants estimated to have inflammation stage <2
after 72 weeks of treatment, with a clear dose-response relationship
(semaglutide 0.1 mg 53%, 0.2 mg 71%, 0.4 mg 82% and placebo 32%).
Similar findings were observed for SomaSignal-defined hepatocyte bal-
looning (semaglutide 0.1 mg 52%, 0.2 mg 65%, 0.4 mg 80% and placebo
29%) (Fig. 3a). A significant estimated treatment ratio for semaglutide
0.4 mg versus placebo was observed for three (PTGR1, AKR1B10 and
ADAMTSL2) out of five protein analytes for hepatocyte ballooning and
five (ACY1, TXNRD1, FCGR3B, ADIPOQ and RPN1) out of 14 proteins for
SomaSignal-defined lobular inflammation (Fig. 3b).

Semaglutide effect on markers of hepatic fibrosis

It isimportant to recognize that fibrosis stage is the product of an
altered equilibrium between fibrogenesis and fibrolysis. Although
the phase 2 clinical trial did not demonstrate significance over placebo
inachieving regulatory-defined histological improvement in fibrosis
stage at 72 weeks, this regulatory endpoint is based solely on histo-
logically demonstrating increased regression but does not capture
the clinical and biological relevance of reduced progression of fibrosis.
Dose-dependent reductions in liver stiffness assessed by FibroScan
and enhanced liver fibrosis test score were observed with semaglutide,
as were significant reductions in disease progression’. In the present
study, the SomaSignal test for fibrosis showed a dose-dependent
response to semaglutide treatment (Fig. 3a and Extended Data Fig. 2).
Inasubgroup with predicted fibrosis stage >2 at baseline, semaglutide
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Parameter Semaglutide 0.4 mg Placebo ETD/ETR (95% Cl) P value
Body weight, % -12.62 -0.32 -12.29 (-14.54 to -10.05) <0.0001
Estimated change from Waist circumference, cm -12.19 -1.27 -10.92 (-13.33 to -8.51) <0.0001
baseline to week 72 HbATc, % -1.22 0.04 -1.26 (-1.61 to -0.91) <0.0001
FPG, mmol L -2.21 -0.32 -1.88 (-2.65 to -1.11) <0.0001
HOMA-IR 0.52 0.88 0.60 (0.47-0.75) <0.0001
Adipo-IR 0.47 0.94 0.50 (0.38-0.65) <0.0001
hs-CRP, mg [ 0.39 0.93 0.42 (0.31-0.55) <0.0001
Eeti d rati HDL-C, mmol mg ' 1.08 1.01 1.07 (1.02-1.12) 0.0045
stimated ratio to 3
baseline at week 72 Non-HDL-C, mmol [ 0.87 0.92 0.95 (0.88-1.02) 0.1327
LDL-C, mmol ! 0.92 0.91 1.01(0.93-1.11) 0.7431
Triglycerides, mmmol ! 0.71 0.99 0.71(0.64-0.80) <0.0001
FFA, mmol L™ 0.70 1.01 0.70 (0.58-0.84) 0.0001
Total cholesterol, mmol ! 0.92 0.95 0.98 (0.92-1.03) 0.3677
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I Semaglutide 0.4 mg - MASH resolution

Fig. 2| Improvements in metabolic factors are correlated with MASH
resolution without worsening of fibrosis. a, On-treatment observations using
an MMRM. Data are partially presented in the primary publication. Differences
between semaglutide and placebo were assessed using a two-sided ¢-test. HbAlc
and FPG are reported in patients with T2D only, and HOMA-IR and Adipo-IR
(fasting plasma insulin x FFA) are reported in patients not treated with insulin

at baseline. b-j, Data for change from baseline are mean + s.e.m. and, for ratio

to baseline, geometric mean + s.e.m. calculated on alog scale and then back-
transformed. Data are from the on-treatment observation period for individuals
with available data (complete-case). b, Waist circumference (n=40,n=20,n=14
and n =49, respectively). c, HbAlcinindividuals with and without T2D (n =39,
n=20,n=14and n =48, respectively).d, FPGinindividuals both with and without
T2D (n=40,n=20,n=14and n =48, respectively).e,HDL-C (n=40,n =20,

I Semaglutide 0.4 mg - no MASH resolution

Placebo - MASH resolution Placebo - no MASH resolution

n=14and n =48, respectively).f,Non-HDL-C (n=40,n=20,n=14and n =48,
respectively). g, Triglycerides (n=40,n=20,n=14 and n = 48, respectively).

h, hs-CRP (n=40,n=20,n=14 and n=48, respectively).i, HOMA-IR in individuals
not treated with insulin at baseline (n =39,n=19, n=11and n = 40, respectively).
Jj,Adipo-IRinindividuals not treated with insulin at baseline (n =39,n=19,n=11
and n =39, respectively). Adipo-IR, adipose tissue insulin resistance (fasting
plasmainsulin x FFA); ETD, estimated treatment difference; ETR, estimated
treatment ratio; FFA, free fatty acids; FPG, fasting plasma glucose; HbAlc,
glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; HOMA-IR,
homeostatic model assessment of insulin resistance; hs-CRP, high-sensitivity
C-reactive protein; LDL-C, low-density lipoprotein cholesterol; s.e.m., standard
error of the mean.
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Fig. 3 | Improvements in MASH with semaglutide assessed by aptamer-based
SomasSignal NASH tests. a, Proportion of individuals with improvementin

each MASH component. Improvement was defined as a negative SomaSignal

test at week 72 inindividuals with a positive test at baseline. Proportions of
individuals withimprovement were compared between semaglutide and placebo
by alinear-by-linear association test for ordered data. ***P < 0.001. Analysis was
two-sided with estimated treatment ratios derived from a multivariable-adjusted
MMRM, with no adjustment for multiple testing. b, Volcano plots showing

the estimated treatment ratio of semaglutide 0.4 mg/placebo and associated
Pvalue for all individual markers included in each SomaSignal NASH test. For
each marker, the effect of semaglutide 0.4 mg versus placebo was tested in an
MMRM analysis. Statistically significant treatment ratios of semaglutide

0.4 mg/placebo were evaluated using a two-sided Bonferroni-adjusted family-
wise error rate of <0.1. Filled circles denote statistical significance; open circles
denote no statistical significance. The presence of duplicate genesinbis due to
two different targets covering the same gene and protein. ACP1, acid phosphatase
1, ACY1, aminoacylase-1; ADAMTSL2, a disintegrin and metalloproteinase

with thrombospondin motifs-like protein 2; ADIPOQ, adiponectin; AKR1B10,

aldo-keto reductase family 1 member B10; BPIFBI, bactericidal/permeability-
increasing-fold-containing family B member 1; C1orf198, uncharacterized
protein Clorf198; C7, complement component C7; CCL23, C-C motif chemokine
23; CNDP1, beta-Ala-His dipeptidase; CNN2, calponin-2; COLEC1], collectin-11;
CTCEF, transcriptional repressor CTCF; CTLA4, cytotoxic T-lymphocyte protein

4; ERN1, serine/threonine-protein kinase/endoribonuclease IRE1; FABP12, fatty
acid-binding protein 12; FCGR3B, low-affinity immunoglobulin gamma Fc region
receptor l1I-B; FCRL3, Fcreceptor-like protein 3; GH2, growth hormone 2; GRID2,
glutamate receptor ionotropic, 6-2; GSTZ1, maleylacetoacetate isomerase; GUSB,
B-glucuronidase; HEXB, -hexosaminidase B; INHBC, inhibin beta C chain; INSLS,
insulin-like peptide 5; KDR, vascular endothelial growth factor receptor 2; NFASC,
neurofascin; PCOLCE2, procollagen C-endopeptidase enhancer 2; PLOD3,
procollagen-lysine, 2-oxoglutarate 5-dioxygenase 3; PTGR1, prostaglandin
reductase 1; PYY, peptide YY; RECQL, ATP-dependent DNA helicase Q1; RPN1,
dolichyl-diphosphooligosaccharide-protein glycosyltransferase subunit 1;
SAA2, serum amyloid A-2 protein; TACSTD2, tumor-associated calcium signal
transducer 2; TXNRD], thioredoxin reductase 1; WNTS5A, protein Wnt-5a.

significantly increased the proportion of individuals with predicted
fibrosis <2 after 72 weeks of treatment with a clear dose-response
relationship. Consistently, the number of participants with a normali-
zation of SomaSignal-defined fibrosis increased across all treatment
arms with a clear dose-response relationship (semaglutide 0.1 mg
44%,0.2mg48%,0.4 mg57%and placebo 16%) (Fig.3a).Inasensitivity
analysis, four out of 11 protein analytes were significantly differentin
the semaglutide 0.4 mg group versus placebo: ADAMTSL2, NFASC,
COLECI1 and FCRL3 (Fig. 3b).

Overall, the greatest treatment effect was seen for SomaSignal-
defined steatosis, followed by inflammation, ballooning and fibrosis
(estimated greater reductions with semaglutide 0.4 mgversus placebo
atweek 72 of 64%, 62%,56% and 35%, respectively) (Extended Data Fig. 3).

Semaglutide effects on liver fibrosis: preclinical models

Togain deeper insightsinto the antifibrotic effects of semaglutide, we
used two established mouse models of MASH: diet-induced obesity
MASH (DIO-MASH) mice’ and choline-deficient L-amino acid-defined
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high-fat diet (CDA-HFD) mice'®". Like humans, DIO-MASH mice exhibit
metabolic features of MASH although with less pronounced fibrosis.
CDA-HFD mice represent a non-metabolic (that is, non-obese) model
of rapidly progressive steatohepatitis and liver fibrosis. In DIO-MASH
mice, there was widespread fibrosis at treatment onset, and fibrosis
was significantly reduced compared to pretreatment biopsies and ver-
sus vehicle-treated animals after 16 weeks or 24 weeks of semaglutide
treatment (Extended Data Fig. 4).In CDA-HFD mice, all mice were lean
throughout the study but exhibited persistent liver steatosis. Fibrosis
progressed during the treatment phase, and semaglutide significantly
improved fibrosis versus vehicle-treated animals. The improvement
in fibrosis with semaglutide was slightly less pronounced versus that
seen in DIO-MASH mice, whereas early markers of fibrosis showed
asustained effect over the treatment period (Picrosirius Red (PSR)
improved over time; type 1 collagen (Coll) was equally significant at
two timepoints; and a-smooth muscle actin (aSMA) lost effect over
time) (Extended Data Fig. 4).

We probed the liver transcriptome of DIO-MASH and CDA-HFD
mice againsta predefined set of genesrelevant for MASH. In DIO-MASH
mice, semaglutide decreased expression of inflammation markers
andinduced asustained downregulation of fibrosis-related collagens
as well as modulators of fibrosis, such as Timp-1, Timp-2 and MMP13,
supporting reduced fibrogenesis and increased fibrolysis in groups
treated with semaglutide versus vehicle (Extended Data Fig. 5a). In
CDA-HFD mice, semaglutide significantly reduced expression of genes
involved in collagen turnover (extracellular matrix remodeling) and
pro-inflammatory activity (inflammation signaling, monocyte recruit-
ment and inflammasome). A negligible effect was observed on lipid
metabolic genes (lipid metabolism and insulin signaling) (Extended
DataFig. 5b).

Semaglutide effect on cellular components of the liver
Consideringthe effects of semaglutide onliver pathology observedin
humans and mice, we assessed whether semaglutide could potentially
directly affect cells within the hepatic microenvironment using RNA
in situ hybridization and immunohistochemistry. Neither of these
assays detected any GLP-1receptor mRNA or protein expression in
human or mouse liver tissue samples. This included hepatocytes,
hepatic stellate cells, Kupffer cells, cholangiocytes and endothelial
cells, along with immune cells and macrophages found in the liver
tissue (Extended Data Fig. 6).

Semaglutide effect on circulating protein expression
Leveraging the full potential of the SomaScan serum proteomics plat-
form, we performed data mining to identify key proteins associated
with semaglutide treatment exposure inthe phase 2 trial. Applying the
least absolute shrinkage and selection operator (LASSO) procedure
including all 4,979 proteins in the SomaScan assay as input, a group
of semaglutide-responsive proteins emerged, consisting of asubset of
14 proteins that best profiled the changes in the semaglutide 0.4 mg
group (Fig. 4a). To obtain information on the signature’s fit in all trial
participants, we calculated the treatment effect from the average
LASSO coefficient for each of the 14 identified proteins. The resulting
models followed a clear dose response, showing least treatment effect
onthesignatureinthe placebo group and the highest inthe semaglutide
0.4 mggroup (Fig. 4b).

To determine the effect of semaglutide 0.4 mg versus placebo
on all SomaScan proteins, we tested for each of the 4,979 markers
in a mixed model and obtained significance for 279 proteins, which
included 13 of the previously identified 14 semaglutide-responsive
proteins (Fig. 4c). We next aimed to determine which biological pro-
cesses are represented by those proteins that significantly changed
with semaglutide treatment. We used the well-annotated hallmark gene
sets from the Molecular Signatures Database'>. A gene set enrichment
analysis was performed, and model estimates for the treatment ratio of

semaglutide 0.4 mgversus placebo at week 72 for all 4,979 proteinsin
the SomaScan assay were included. Effects on proteins with annotation
in 14 of the 50 hallmark gene sets were seen with semaglutide treat-
ment, most of which canbe linked to relevant biological pathways and
processesin the context of MASH (Extended Data Table1).

Semaglutide effect on proteins associated with MASH
resolution

We next sought to identify proteins that were statistical mediators of
the effect of semaglutide on MASH resolution. The analysis was based
onthepresence of MASH resolutionirrespective of treatment arm, with
baseline weightincluded as a confounding variable in the main media-
tionmodel. Weidentified a ‘treatment signature’ comprising 72 unique
proteins that was significantly associated with semaglutide 0.4 mgand
MASH resolution (Table 1). With the exception of FCGR3B, ADIPOQ and
RPN1for hepaticinflammationand ballooning, and FCRL3 for fibrosis,
thetreatmentsignature included all of the proteins in the SomaSignal
MASH tests that were significantly differentin the semaglutide 0.4 mg
group versus placebo. We found 45 of the 72 semaglutide signature
proteins to be represented in the Molecular Signatures Database
hallmark gene sets. Given the finding that weight loss accounted for
most of the beneficial effect of semaglutide in MASH, we ascertained
whether any of the 72 proteins remained significantly associated with
semaglutide-induced MASH resolution after accounting for weightloss.
Alinear regression model thatincluded weight change plus the full list
of confounders wasfitted in the placebo arm comparing change in pro-
teins versus weight loss. For 26 proteins, no association was observed
between weight loss and protein change in placebo patients. Thus,
these 26 proteins may reflect semaglutide-induced MASH resolution
that could be, atleastin part, separate from weight loss (Table 1); how-
ever, further investigation and independent validation are required.

Semaglutide reverses the MASH proteomic signature
Toinvestigate whether MASH affects the abundance of the 72 proteins
identified inthe treatment signature, we investigated serum levels from
asubset of participants in the Copenhagen Cohort of MASLD (CoCo-
MASLD, formerly known as the FLINC (Fatty Liver Disease in Nordic
Countries) cohort; ClinicalTrials.gov: NCT04340817, H-17029039)
whose datasetsincluded clinical measurements and archived samples.
SomasScan data analysis of 235 participants was available: 146 with
MASH and 89 healthy volunteers.

Analysis confirmed that the same 72 proteins identified in
semaglutide-treated patients with MASH were also differentially
expressed in patients with MASH relative to healthy individuals in
the independent cohort (Extended Data Fig. 7). By way of example,
we present data for several proteins of interest based on the follow-
ing rationale: SERPINC1 and APOF had among the highest treatment
ratios in the present work (Table 1). In previous proteomic analyses,
ACY1 had the strongest association for MASLD compared to popula-
tion controls®, and analysis of the LITMUS Metacohort identified
ADAMTSL2, AKR1B10, CFHR4 and TREM2 as significantly associated
with MASH and clinically significant fibrosis'.

Levels of SERPINCI1 and APOF in the independent cohort were
reduced in patients with MASH versus healthy individuals (Fig. 5a,b,
left panel). In patients from the phase 2 trial, semaglutide treatment
increased the levels of both proteins frombaseline to week 72 (Fig. 5a,b,
right panel). In contrast to SERPINC1 and APOF, levels of ADAMTSL2
and ACYlwereelevated in patients with MASH versus healthy individu-
als from the independent cohort (Fig. 5c,d, left panel) but decreased
after semaglutide treatment (Fig. 5¢,d, right panel). The same pat-
tern was observed for AKR1B10, CFHR4 and TREM2 identified in the
LITMUS Metacohort™ (a lesser effect for CFHR4 was attributed to
minimal differences between healthy individuals and those with MASH
and the relatively high baseline value for placebo) (Extended Data
Fig.8). Comparing treatment signature changesin semaglutide-treated
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Fig. 4| Semaglutide treatment effect on biomarkers included in the aptamer-
based SomaScan assay. a, Heatmap showing the 14 markers found to constitute
the aptamer-based proteomic signature of semaglutide treatment. Data mining
was performed using the repeated LASSO procedure including all 4,979 markers
inthe SomaScan assay as input. For each marker, change from baseline at
week 72 was used as predictor variable. The heatmap shows individual changes
in protein expression from baseline to week 72 on an arbitrary scale. b, Box plot
showing the treatment effect of placebo and semaglutide 0.1 mg, 0.2 mgand
0.4 mgon the 14-marker proteomic signature of semaglutide. The treatment
effect was calculated from the average LASSO coefficients for each of the 14
markers and is presented on an arbitrary scale. The number of patientsis the on-
treatment population for each treatment group. a.u., arbitrary units. ¢, Volcano
plot showing the estimated treatment ratio of semaglutide 0.4 mg/placebo
atweek 72 and associated Pvalue for all 4,979 individual markers included in
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the SomaScan assay. For each marker, the effect of semaglutide 0.4 mg versus
placebo was tested inan MMRM analysis. Statistically significant treatment ratios
of semaglutide 0.4 mg/placebo were evaluated using a two-sided Bonferroni-
adjusted family-wise error rate of <0.1. Blue dots denote statistical significance;
gray dots denote no statistical significance. Red circles show the 14 markers
included in the proteomic signature of semaglutide treatment (see b). ACAN,
aggrecan core protein; ADAMTSL2, a disintegrin and metalloproteinase with
thrombospondin motifs-like protein 2; CD163, scavenger receptor cysteine-rich
type 1protein M130; CHAD, chondroadherin; CRISP2, cysteine-rich secretory
protein 2; LECT2, leukocyte cell-derived chemotaxin-2; MLN, promotilin;
PNLIPRP], inactive pancreatic lipase-related protein1; PRSS2, trypsin-2; PRSS3,
trypsin-3; PTGRI, prostaglandin reductase 1; REG3A, regenerating islet-derived
protein 3 alpha; RET, (REarranged during Transfection) receptor tyrosine kinase;
SHBG, sex hormone-binding globulin.

patients with MASH to protein expression levels in patients with MASH
relative to healthy individualsin theindependent cohort, semaglutide
appeared to reverse the altered levels of the 72 proteins in MASH to
the pattern observed in healthy individuals (Extended Data Fig. 7 and
Tablel).

Discussion

Achieving resolution of MASH implies that any potential treatment
should have a meaningful impact on inflammation, cellular damage
and fibrogenesis®. Here we show that semaglutide achieved significant
dose-dependentimprovementsin aptamer-based SomaSignal-defined
tests for steatosis, inflammation, ballooning and fibrosis that cor-
relate with histological components of MASH’. A deeper SomaScan
analysis identified 72 unique proteins that were significantly associ-
ated with MASH resolution and semaglutide treatment. Notably, a
treatment-associated proteomic signature in MASH has not previ-
ously beenreported. Notably, too, the treatment signature comprises
proteins previously identified as being associated with chronic liver
disease. Withthe exception of 11 proteins in the semaglutide treatment
signature, the remaining 61 proteins were identified as significantly
associated with MASLD diagnosis compared to population controlsin
a proteomic analysis by Sveinbjornsson et al.”> (Table 1). Additionally,

two-thirds of the proteinsin the semaglutide treatment signature were
found to be associated with cirrhosis (for example, fibrotic burden)
versus population controls®. Ina cross-sectional proteo-transcriptomic
analysis reported by the LITMUS consortium, most of the proteins
identified as being significant for MASH versus non-MASH were also
found in the semaglutide treatment signature and, to a lesser extent,
alsofor F3-F4 versus FO-F2 (ref.14) (Table1). The inverse correlationin
most ofthe 72 proteins identified inanindependent real-world cohort
versus the phase 2b trial cohort suggests that semaglutide may reverse
the MASH proteomic phenotype to one similar to healthy individuals.
This parallels the preclinical work of Rakipovski et al.” who reported
thatsemaglutide significantly reversed expression of genesin pathways
relevant to the pathogenesis of atherosclerosis in aortic tissue.

The mechanistic basis of semaglutide-induced MASH resolution
hasbeen variably attributed to effects on weight and inflammation as
well as reductions in metabolic dysfunction and lipotoxic effects™ %,
The present work supports these findings but also raises the possibil-
ity that additional mechanisms may contribute to the overall thera-
peutic effect. Mediation analysis suggested that 26 of the 72 proteins
in the treatment signature may contribute to semaglutide-induced
MASH resolutioninamanner that may not be fully explained by weight
loss. Itisacknowledged, however, that more detailed interrogation of

Nature Medicine | Volume 31| September 2025 | 3128-3140

3133


http://www.nature.com/naturemedicine

//doi.org/10.1038/s41591-025-03799-0

https

Article

g esejeydsoyd
A A 8L00 67S'S uonejouue jlewyey o S¥dLd 208s ur101d-au1so.A) adA1-101da0ay ¥9-6709
A A A A A €100 8500 uolnejouueiewley oN LAOVY S6 |-esejhoeoulwy L-€vee
wsljogeaw (Bnip) onoiqousy
Aemyled £G4
A A A A A (e]¥e)e} LoLo 1) asuodsal usbosis] ¥Xoda L8LLS asejonpal asojNjAX-] 6/L-8SLLL
9SBUIWESPO)0AD
A A A A A 8000 G800 wslogelow swsH aol4 L7801 -9seJajsuelijAopiwiuiod ¢-€126
A A A A A 8000 850 uonejouuedeweyoN g1SLAvVay 6L.6 g u19101d )-S1AVAY C¢9-6LE9
Buneubis 51v1s/¢-l
uswe)dwo)
A 8000 €Cr's uone)nbeoy LONIdY3S [4ci4 l[I-ulquioiynuy 09-7vee
A A A A A 8000 GSO'0  wsiogeiaw (Bnip) onoiqousx 1491d 676¢C L @sejonpal uipue|Beisoid S-L1961
uonejAioydsoyd aAnepixo 1epuoyo0W ‘aseusboipAyep
A 8000 6810 wsljogeiaw pioe Ajjed IAQYOY L€  VOO-|AoeOlI0ads uleyo-BuojAloA  612-29Z6L
A A A 8000 ¢600 uonejouuedjiewley oN 9HAv o€l 9 aseuabolpAyap joyooly 81-90¢8L
eIxodAH
A A A A A 8000 €L0°0 sIsAj00A1D 4001V 6cC  desejopieeleydsoydsig-esoroniy  glL-G818L
€ Jaquiaw
A A A A A 8000 viLo uoljejouue lew)ey oN EVLPIV LL6TC asejonpal apAyYapIe Lg UIXOIeRY LL-eL18l
wslogelaw (Bnip) onoiqousy
wsljoqelaw pioe Ae4
A A A A 8000 €900 1) asuodsal usbolis] HAoN 8GEL aseuaboipAysp-g asoomB-4an G-GS/L1
SISAj00A1D
A A A 8000 ISI'0 siselsoswloy 10191831040 asno 066¢ asepluoinon)6-el1eg ¢-¢9aSL
uolejAloydsoyd annepixQ
SISAj00A1D
wsljoqelaw pioe Ane4 el puoyooyw
8000 9810 sisauabodipy CHAW 6Ly ‘aseusBboipAyap aleey 9¢-vessL
wslogeiaw (Bnip) onoiqousy
A A A A 8000 G/00 wshogelaw pioe Aney OlHav 9cl Ol aseusboipAyap10yodly  ¥62-GZSSL
A A 8000 vILO  wsnogelaw (Bnip) onolqousy 1S30 9901 | 9sea1s91AX0qued JaNIT  ¥9L-/8YSL
olwise|dolAo
A A A 8000 7600  Aemyied SOY Buneubis |0I0IN LAYNXL 96¢L ‘L 8se10Npal UIXopaloly L V1-L96€L
aWOSIX049d
wsljogelaw pioe Ane4
A A A A 8000 €800 wsijogelsw pioe aig LVIHATV ¥4 | oseuabolpAysp jeunsy 8-G9¢lLL
,1}H0Yy0d
SNLITul
»3HOYod  paynuspl
SNALITU! z-04 SApms
paynuapl aunaseqsa o Sisoubeip jasaud
V>SYNSA p-g49b6e1s o SISOY4IIo AISYWYsm  aypuisso)
ISYN 0} SIS0Iql 10} UMM pajeroosse pajeloosse WBrom
eoylubls  jueoyiubis Anuesiyiubis Anueosyiubis wouy qoNend oneil aweu auab alauab al
suia10.d sui1a104d suialold suia10.d ajeiedag paisnipe-yqad uswieas) sdeweH zanu3 zanu3 aweujnj ueosewos

uonnjosal HSYIA U0 10340 apinjBewas ayl yum pajeloosse Ajjuedijiubis aJe eyl Aesse UBDSEWOS aY) W0y suidlold | L @1qeL

3134

Nature Medicine | Volume 31| September 2025 | 3128-3140


http://www.nature.com/naturemedicine

//doi.org/10.1038/s41591-025-03799-0

https

Article

wisfogelsw (BnJp) onolqousy

A A A A (ke)e} 8800 eIxodAH Ldg4 €0¢C L osejeydsoydsig-g’|-os010n.4 0¢-902L
(umop) ssuodsai AN
uonisuen
JewAyoussaw-ol-1enayidl ¢ adA) . 01deoal
A (rde)e} 18L'e sisojdody €49491L 670L £19Q J010B} LIMOIB Bulwiojsuel] €-600€
wsljogelaw (Bnip) onoiqousy
uolejAioydsoyd aAnepIxo asejonpal
A A A A A 1200 Lelo sisauaBodipy JOd LyvS 0GP d dWOoIYo01A0-HdAVYN 6C-leLT
(dn) esuodsai AN olwse|dolAo
A Lco'0 ¢8Lo asuodsal uijo.d papiojun LSYVL 1689 ‘asebl) YN¥3-auluoaly| G1-9818L
1elpUOyOOHW
‘aselajsueiijAsouspe
A 1200 ¥6¢°0 uohejouuesjiewey oN avAIN §¢99ce apiwelp-o’e pioe olulIA()qoD 6-€8LLL
A A A A (¥40)0] 680°0 uoliejouue sjiewey oN ViHav vel v 8seusbolpAysp 104ooly €C-96¢€LL
wisljogelsw ploe Ane4 01]0S031AD
A A 1200 [44X%0] siseisoauloy 101918104y [4\ o) 6¢ ‘aseJajsuelnA1eoe yo-1A1eoy 68-LreLL
TN S1961€1 DAN
LA s1961€1 DAIN Jelpuoyoolw
A A 1200 9910 BuneuBis Loi0)N 13dSH 9€eee ‘uiel04d yooys 1eay eay-0L 8-0SLLL
01]0SO1AD
A 1200 GSL'0 s1ob1e1 4z3 LLINHS 079  ‘esessjsuelnjAylswAxolpAy suussg GZ-7E€2L
A A A A 1200 G80'0  Wwsljogelaw (Bnip) onolqousy Sy Sev aseA) ajeuroonsoululbly 8-LvelL
A A A A A 0¢00 600 uolielouue slewney oN aoH 180€ aseuabAxolp-z’| lesiiusbowoH €£€-2€86
LYOLI
A A A A 0¢00 S0Lo uoliejouuejiewyjey oN /1991l 889€/zL9€ x91dwoo |-e19q :|-eydje ulbau| 7-€0S€
Jelpuoyoolw
A A A A 0¢00 i1%e} uoliejouue slewney oN WLVO 8¢9C ‘aseJajsuelioulpiwie sUIA1D cl-88lsl
A A A A 0200 9v0'L uonejouueiew)ey oN 40dv 6l 4 uleloidodnody  0€-0LETL
0D leqwiawl
A A A A A 0c00 S60°0 uofiejouue siewney oN 7oLV 60LL L Alwiey 9se10NPaI 019X-0P)Y S-/6€8L
A 0c¢00 €8l0 uoliejouuesjiewey oN ClLIN 78699 CLIN aseplwe-e6awQ £€-808LL
A A 6100 S60°0 wshogelsw ploe Aney  LyvY06dSH ozee eydieosdsH €5-G29C
6100 (4446} uofiejouuesjiewljjey oN €100V 9G8GG €1 9Sel91sa0Iy) Y SWAZUS0D-)Aoy LL-SL9/1L
wJoy
A A 6100 SoLo s1sAj02A1D 19Ad 9e8g 1o ‘esejdioydsoyd usbooAn L-LyvLL
;1 H0Yy0d
SNALITU
»HOYyod  paynuapl
SNALLITU! z-04 Apms
paynuapl aunaseq sa o Sisoubeip juasaud
v>SYNSA t-€d496e1s ¢ SISOY41o QISVNYum 3y} uisso)
YISVYN 10} SISO} 10) YlM pajelioosse pajeloosse WyBram
jueoyuBls  jueoyubis Anueoiiubis Anueoyiubis wouy Jonend onel aweu auab ajousb ai
sui104d sula104d suialoid sul@lold  9leledag polsnipe-ygd uswieal) JdewjeH zanu3j zanu3j aweujnj ueogewos

uonNjosal HSYIN UO 10940 apin)Bewas ayl yUm paleloosse Ajjuediiubis ale 1ey) Aesse UBDSBWIOS 3Y} WOJ) SUIdloid | (pPeanunuod) | ajqeL

3135

Nature Medicine | Volume 31| September 2025 | 3128-3140


http://www.nature.com/naturemedicine

//doi.org/10.1038/s41591-025-03799-0

https

Article

Buneubis o101\

A SE00 G800 sissuabodipy ¥dao 098S asejonpal suiplisidolpAyia L-£SCLL
A A A 7€00 8800 uonejouue djiewey oN LV1SO 8€6¢C LV oselajsuell-g suolyiein|o 8-8ELLL
A A 7€00 600 LAS19BIE1DAN  19VOBdSH 9cee £190-06 dSH u19101d 3o0ys 1eaH SL-L9¥S
€0 Jaquiaw
A A A A 7€00 GBLO  wslogelsw (Bnip) onoigousy €LV 7798 L Ajlwey asejonpal 0193-0p)y L-LLELL
A A A 0€00 6CLY uonejouuedjiewliey oN avHO LOLL ulsypeolpuoyn 7-09v€El
0€00 (0]hr4 uonejouuediewljey oN COMA L9GSLE uuoig  80L-80€SL
wslogelaw (Bnip) onoiqousy
Buneubis §1v1S/z-1I
A A A 6¢00 ¢600 sisauabodipy HV4 v8le 9se190€0)908)AlBWINS v-vevil
wslogelaw (6nip) onoiqousy
awosIxoJad
uolejAloydsoyd anniepixQ
Buneubis [0101N
sISA100A1D
wsljogeaw pioe Ale4
wsljoqeaw pioe alg olwse|dolAo
A 9¢00 SoLo sisauabodipy LHAI LyE  (dAVN)aseusboipAysp 21enioos| 9¢-8€€8L
A A 9¢00 86617 uohejouuesjiewney oN asoNN 0L6LEL ASONN Joydaoas uLiieN ¢eL0e9l
ZA s18b1e1 DAIN
Buneubis [2103N
91e) asuodsai uaboulsy
A A A 9¢00 0800 asuodsal usboipuy ados ¢S99 aseusBboipAysp j01iqi0S Sv-LyvSl
A 9¢00 LSL'0 uonejouuedieuljjey oN €1e6d1 0vS6 £9Id 9SLI0NPBIOPIX0 BUCUIND Le-8vLLL
aselajsuel}jAivoe-N
A A G200 GLro uonejouuediewley oN LIVNdNO L7879 a1eydsoyd-g auiwesoon|o 6-7S6€L
uolnejAloydsoyd aanepixo
wsljogelaw pioe Ane4 Jelpuoyooyw
A A A 200 €10 sissusbodipy LSHO3 68l ‘asejelpAy yoQ-1Aou3 L-£8LL1L
oLg Jequiaw
A A A A ¢00 LLOO (umop) Bueubis SyyX oLgLeiv 910LS L Alwiey 9se10NpPal 019X-0p)Y 8€-18091L
el puoyoolw
A A A 200 G510 uonejAloydsoyd annepixo LIYOV 3¢ ‘9selaySUBIIAI9OE YOO-1A190Y G6-/6161
asuodsai uisoid papiojun
A A A €200 ¢LO0 Buneubis LoJoIA L1VSd 8966C aselajsueljoulwe sulissoydsoyd ccresl
1 H0Yy0d
SNINLLITW!
»3MOYyod  paynuapl
SNLITul ¢-04 Apms
paynuapl aunaseqsa o Sisoubelp juasaid
V>SYNSA  p-g49b6e1s o SISOY441o ISV Yum  ayuisso)
YISVYN 10} SISOIqI}10) YlIM pajeloosse pajeloosse WybBrom
jueoyluBls  jueoyiubis Anuesiyiubis Anueoyiubis wouy qonend oneil aweu auab alauab al
sui910.d sul910.d suijoid sui910.d ojesedag paisnipe-ya4 usuneas) Jdew)jeH zanu3j zanu3j aweujlny ueosewos

uoIIN|0Sa1 HSYIN U0 109440 apiiniBewas ayl Yum pajeloosse Ajjuedljubis aJe 1ey) Aesse UBOSBWOS 3Y) WO SUIS104d | (Panunuod) | a1qer

3136

Nature Medicine | Volume 31| September 2025 | 3128-3140


http://www.nature.com/naturemedicine

//doi.org/10.1038/s41591-025-03799-0

https

Article

's9A ‘A ‘G uonduosuel JO JO1BAIIOR PUE J90oNpPsuUel] [eubls ‘G1y1S ‘sa10ads usBAX0 9A110BS1 ‘SOY ‘SNJIA BUIODIES 181 UBISIIY ‘SYYY ‘g Upjnajiaiul ‘g-] ‘sisoiqy ‘4 'sso] 1ybiam
Joj BuuNoooE Jelje uolNIosal HSYIAN Paonpul-apliniBewas Yim paieioosse Ajuedliubls se payyuspl suidlold, ‘enien b, “ogade)d snsien Bui 0 eplimBewss, ‘500 UBY1 SS8] Sem 8NnjeA 4 Uohelpaw ay) ‘sufeioid g/ 104 'senjeA 4 uolielpaw paisnipe-ya4d
81ndwod pue Buiissy a)diynwi 1oy Isnfpe 03 pasn sem 18 19 led AQ poyiawi 8y “indul se pasn alam suieioid ||y "UolIN|0sal HSYIA U0 apiinjBewss Jo 108448 8y} d1elpaul eyl sebueyd olwosloid Ajlauspl 0} pawllojied sem sisAjeue uoieipswl |edIsseo

A A A 8700 6150 uoliejouue ylewley oN ¢N1ST1O 78079 g-uiusjuhsied £-C888l
| uidoud
A A A [V00 6/98 uolejouue yiewyey oN 1d¥dITNd [0S peie)al-ased) oneasoued aanoeu| GZ-1299
eIxodAH
91e) 8suodsal uabouis3 Z uoud
/Y00 ¥50°€ AjJes ssuodsai usbois] GNDD 6£88 Aemuyied Buneubis-s1qlonpul-L 1 NM /-26E€9
10108}
A JA7{0)0) c08’l uoljejouue dJiewliey oN 4ANAdO 6VSLYY olydosjoinau sulwedop eigais) ¢S-c96v
A A LVO0 [0]0)740) (umop) asuodsai AN N1V GSr8 unoemy 11-66¥SL
uonisueny
1ewAyoussaw-0l-enayidl
A G700 899C aoeyIns jeoldy LSYO 6192 | uie104d o1j109ds-1s8.11E YIMOID 2T-€97S
asejAioydsoydolid
A A G700 45140] asuodsai usbolpuy Ldvn S99 sulwesoxay}A190e-N-dan z-08Ss€l
A A A A €v0'0 L6C0 uoljejouuelewyey oN 1103700 6868L L1-Uunos) 0o Yv-0Evry
A A A A €v0'0 08lL0 wsljogeisw pioe Ajjeq ZA4O 6crl 8Se10NPaIopIXo suouIind LC-€86€L
syebiel 423
€r00 SseLro sisauaBodipy oV ¥0Z  1eHpUOyOOlIW ‘Z aseuly dlejAuspy ¢e-89¢l1L
eIxodAH
A A [4740)o] r4Ne} SISEISOBWOY 1049183104yD o041V 0€¢ O osejopje 8ieydsoydsig-as03oni 0¢-9/86
A [4740)¢] as8’L uonejouueieuljey oN LITAXO r9ves8e | 9selaysue}Aso)Ax apisoon|o 1-6¢¢8
L¥O'0 ele uoliiejouue lew)ey oN arvIN3IS 60S0L gp-uroydewsg 1G-G086
700 LEOC uohjejouue diewey oN dAVO 0¢8 £€-17 uteio1d |eusioBqIUY Si7-18vSL
A A A 6€00 8800 Siselsoswioy j0191s9104D YHav Lcl 7 8seusboipAysp 104od)y L€-9C€8
aseusbolpAysp-1
A A A LEOO LLLO wsljogejswl pioe alg 1ALy 8L.9 plolols-e19q-G-0xo-g 1-86€8L
A S€00 €88'C (umop) BueuBis Sy oina 68659 ¢ Bojowoy eyap uisiold 6-65€6
A A A S€00 1810 uonoun(eoldy OSViN viLET ulosejoinaN 69-6LLL
aWOSIX049d
Buneubis L0101\
wsljogelaw pioe Ane4
SISEISO9WOY 0191591040
wsljogeiaw pioe ajig | 9SEISWOSI-BY|9p
A GE00 2910 asuodsai usbolipuy Lail e aleydsoydip-jAusiuados| [-TLLLL
;1 H0Yy0od
SNALLITUW!
»MOYyod  paynuapl
SNNLITU! z-04 -Apms
paynuapl aunaseqsa o Sisoubelp jasaud
>SVYNSA  {-gd49beis ¢ SISOY410 AISYWYsm  3ypuisso)
YISVYN 10} SISO} 10) YlM pajeloosse pajeloosse yBram
jueoyluBls  jueoylubis Anuesiiubis Anueoyiubis wouy qonend onei aweu auab ajousb ai
suialoid suiloid sulajoid suial0.d ajeiedag paisnipe-yg4 wuLwieall JdewneH zanug zanu3 aweu]ny ueogewos

uonnjosal HSYIN UO 10940 apin)Bewas ayl yUm paleloosse Apuesijiubis ale 1ey) Aesse UBDSBWIOS 3Y} WOJ) SuIdloid | (panunuod) | a1qeL

3137

Nature Medicine | Volume 31| September 2025 | 3128-3140


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-025-03799-0

a b
17.8 q 0.75 14.0 0.75
17.6 1 0.50 q 13.5 9 0.50
2 =
E =)
S 174+ & 0.25- 130 T 025
[T o —~
@ o 2 1254 &
2 17.2 = 04 o Ke) 0+
2 O ~ =
= z 8 120 o)
2 104 & 0251 = g -0.251
= » Q M5
<
& 16.8 - -0.50 -0.50
1.0 |
-0.75 - -0.75 -
16.6 7 105 -
; . . : ; . . :
16.4 - 0 28 52 72 10.0 - o] 28 52 72
Healthy MASH Time since randomization Healthy MASH Time since randomization
(weeks) (weeks)
-8 Semaglutide 0.4 mg —+ Semaglutide 0.1mg —4— Semaglutide 0.2 mg Placebo
c d
12.5 4 0.75 16 0.75
0.50 0507
12.0 ~ R 15 4
2 0254
5 5 0251 § ol
T M5+ > 5 144 -
~ = w o)
o) < 0+ >4 Q -0.25 1
o | 3 =
= i ) i =
< 1o 2 S . S -0.50 -|
@ S -0.25 = 6]
= < > <
s a O -0.75 -
< 105 A < < 124
a3 -0.50 A 1004
=4 .
10.0 4 -0.75 14 -1.25 -
; . . : ; . . :
9.5 - 0 28 52 72 10 0 28 52 72
Healthy MASH Time since randomization Healthy MASH Time since randomization
(weeks) (weeks)

Fig. 5| Changein protein levels of participants with MASH treated with
semaglutide compared to protein levels in healthy volunteersinan
independent real-world observational cohort. a. Left-hand panel shows
abundance of SERPINC1 from healthy individuals and those with MASH in the
independent cohort. Center of box plot is median; box boundary s first and
third quantiles; upper whisker is third quantile plus 1.5 IQR; and lower whisker
is first quantile minus 1.51QR, where IQR is the third quantile minus the first
quantile (healthy, n = 89; MASH, n =146). The right-hand panel shows the effect

of semaglutide treatment on SERPINC1 levels in patients with MASH from a

phase 2 trial population (semaglutide 0.1 mg (n = 80), semaglutide 0.2 mg
(n=78), semaglutide 0.4 mg (n = 82) and placebo (n=80)).b-d, As forabut
showinglevels of APOF, ADAMTS2 and ACY1, respectively. No technical replicates
were used. Data are presented as mean +s.e.m. ADAMTSL2, a disintegrin

and metalloproteinase with thrombospondin motifs-like protein 2; APOF,
apolipoprotein F; ACY1, aminoacylase-1; IQR, interquartile range; SERPINC1,
serpin family Cmember 1. s.e.m., standard error of the mean.

these specific proteins is required to fully establish any effect sepa-
rate from weight loss. Given the lack of GLP-1receptor expression on
hepatocytes”, which is corroborated in the present work in human
and mouse liver tissue samples, the beneficial effects observed with
semaglutide support an extrahepatic mechanismofactionoraninter-
mediate signaling effect fromthe periphery to the liver. Studies in mice
have highlighted potential for asmallinvolvement of GLP-1receptors
in intrahepatic T cells, endothelial cells and circulating monocytes;
however, the precise location and functionalimportance of these cell
types for the beneficial actions are unknown?°?,

The weight loss effects of semaglutide are well described in
humans and mechanistically informative animal studies and involve
broadly expressed brain GLP-1 receptors that mediate effects to
increase satiety, reduce hunger and change food choice and prefer-
ence”. Theeffects that reduce inflammation are less wellunderstood,
but some T cells, and Brunner’s glands in the intestine, express GLP-1
receptors'®*>* Moreover, two independent populations of neuronsin
the dorsal vagal complex and nucleus tractus solitarius are important
for the control of peripheral inflammation, and both express GLP-1
receptors that are targeted by semaglutide®**. In the present work,
semaglutide reduced expression of inflammation markers and genes

involved in pro-inflammatory activity in mouse models of MASH. As
noted above, SomaSignal NASH tests for lobular inflammation and
hepatocyte ballooning demonstrated a significant dose-dependent
effect of semaglutide in samples from humans. This finding is sup-
portedinthe phase 2b trialinwhich anumerically greaterimprovement
in lobular inflammation and hepatocyte ballooning was observed in
participants treated with semaglutide versus placebo.

Inflammation is a major driver of liver fibrosis, and the primary
risk of MASH is progressive fibrosis leading to cirrhosis. In the present
work, SomaSignal NASH tests demonstrated improvement in predicted
liver fibrosis. Although weight loss accounted for a major part of his-
tological improvement of MASH with semaglutide, particularly for
improvements in disease activity, observed improvement in fibrosis
was mediated by weight loss to a lesser extent. In both DIO-MASH
and CDA-HFD mice, we found significant changes in markers of early
and late fibrosis as well as extracellular accumulation of collagen.
The effect of semaglutide in the DIO-MASH model is tightly associ-
ated with weight loss and reduced liver steatosis and demonstrates
the potential for GLP-1RA treatment to improve both metabolic and
histologic aspects of MASH, including fibrosis regression linked to
body weight.Inthe non-obese CDA-HFD model, fibrosisimprovement
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obtained after prolonged treatment is indicative of disease-modifying
mechanisms largely unrelated to body weight and systemic metabolic
alteration. This findingis noteworthy given that an antifibrotic effectis
observedinamouse model with no or minimal systemic metabolic dis-
easedespitethelack of GLP-1receptorsintheliver. Liver transcriptome
analysis further revealed downregulation of fibrosis-related genes
with semaglutide treatment in both mouse models. Taken together,
these observations support an antifibrotic effect of semaglutide via
modification of systemic biological processes. Notably, in ESSENCE,
a significantly higher proportion of patients receiving semaglutide
2.4 mgshowed animprovementin liver fibrosis without any deteriora-
tioninsteatohepatitis versus placebo (36.8% versus 22.4%; P < 0.001),
clarifying the effect of semaglutide on liver fibrosis®.

Patients with MASH have cardiometabolic risk factors and are at
highrisk for liver fibrosis and atherosclerotic cardiovascular disease®.
Thus, therapeutic strategies to prevent liver fibrosis and atheroscle-
rotic cardiovascular disease are required for the treatment of MASH?.
Preclinicaland clinical evidence have demonstrated a cardiovascular
protective effect of semaglutide in individuals with diabetes” and
separately inindividuals with obesity®®. Within this context, the present
work identified ADAMTSL2 and ACY1 as two aptamer-based protein
mediators significantly associated with semaglutide-induced MASH
resolution that are implicated in cardiovascular disease and fibrosis.
ADAMTSL2 regulates the extracellular microenvironment?, is associ-
ated withmyocardial fibrosis** and adverse outcomes in patients with
heart failure® and was shown to be a biomarker to identify significant
and advanced fibrosis in patients with MASLD in the LITMUS Meta-
cohort™. ACY1is associated with myocardial fibrosis in mouse heart
failure®, is overexpressed inliver tissue from humans with obesity and
MASLD™, has the strongest association for MASLD diagnosis versus
population controls” and may be a biomarker for predicting future
development of T2D*. Thus, ACY1appears to play an interconnected
role in metabolic diseases that are risk factors for cardiovascular dis-
ease and MASH.

APOF and SERPINCl areimplicated in lipid metabolism and tumo-
rigenesis, respectively. APOF controls plasma and hepatic lipoprotein
metabolism®* and has been identified as a potential biomarker for
progression of non-alcoholic fatty liver disease'. APOF is selectively
expressedintheliver and may be a candidate biomarker for liver status
inMASH. SERPINC1acts as asuppressor of HCC*. Given theincreased
riskof HCCinindividuals with MASH, there may be downstream clini-
calimplications associated with semaglutide-induced modulationsin
HCC-specific pro-carcinogenic genes. Although clinical evidenceis lim-
ited, GLP-1RAs were associated with alower risk of first-time diagnosis
of HCC versus non-GLP-1RA glucose-lowering medications in patients
with T2D*. Future work is warranted to examine long-termassociations
of semaglutide with HCC incidence in patients with T2D and obesity.

Our work has several strengths. The proteomic analysis was per-
formed at multiple timepoints on biosamples from participants in a
randomized controlled trialin MASH, the results of which are reflected
inreal-world proteomic data. The identified treatment signature has a
high degree of overlap not only with SomaSignal MASH tests validated
against biopsy results but also with proteomic analyses from other
large-scale population-based studies in MASLD and MASH, suggest-
ingthat the findings are generalizable. Additionally, animal data were
derived from proven preclinical models of MASH.

Our work also has limitations. Although preclinical data have
provided some insights into potential mechanisms, we acknowledge
that neither of the mouse models fully replicates the histopathological
features of human MASH". Our clinical results are based on samples
derived from participants in a phase 2b trial. It is not possible, at this
time, to validate our findings in the phase 3 ESSENCE trial population
giventhe ongoing nature of the trial and the availability of only interim
data on histological endpoints. However, evaluating a correlation of
proteomic signature to clinical endpoints may be feasible once the

ESSENCE trial is complete. Although we report changes inabundance
of proteins significantly associated with semaglutide-induced MASH
resolution, the aptamer-based proteomics assay is semiquantita-
tive, and so absolute concentrations of proteins are not evaluated.
Despite applying a widely accepted statistical approach to evaluate
the effect of body weight on treatment response, the analysis reports
semaglutide-induced weight loss only (that is, weight loss is a proxy for
the changesinbody composition that are causally linked to treatment
response). It remains to be seen whether findings can be transferred
tootherinterventions that resultinasimilar reduction of body weight
through a different change in body composition. However, with the
effect of semaglutide-induced weight loss on histological outcome
(that is, the indirect/mediated effects) being lower than the effect of
randomizing participants to semaglutide or placebo on the histol-
ogy outcomes (that is, the total effects), we think that this provides a
rationale for the existence of additional factors beyond weight loss, but
further investigations are required to test this hypothesis. Although
every participant received nutritional and physical activity counseling,
we did not collect information on dietary factors or physical activity.
Lastly, improved diet and exercise might have improved histology
without weight change.

Insummary, our data suggest that semaglutide may achieve reso-
lution of MASH predominantly viaweight loss but also through modu-
lation of metabolic and inflammatory pathways that exert indirect
effects on hepatic tissue, which include mechanisms of fibrogenesis,
with some of the explored protein aptamers implicated in cardiovas-
cular disease and cancer risk. The ability of semaglutide to modulate
or reverse multiple pathogenic pathways in complex disease may be
one of its defining characteristic features.
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Methods

Phase 2b clinical trial

Thedataand analyses derive from a 72-week, multicenter, randomized,
parallel-group trial of semaglutide versus placebo, the results of which
were published in detail previously®. In brief, this trial involved 320
adult participants (18-75 years of age (20-75 years of age in Japan)),
with or without T2D and a body mass index higher than 25 kg m2 at
screening with histological evidence of MASH (defined as the presence
of atleastgrade1steatosis, lobularinflammation and hepatocyte bal-
looning with an overall non-alcoholic fatty liver disease activity score
(NAS) of 4 or higher) and a fibrosis stage of F1, F2 or F3 based on the
Kleiner fibrosis classification. NAS and the fibrosis stage were assessed
centrally by two independent expert hepatologists who were blinded
to treatment assignment, patient characteristics and each other’s
assessment. In case of different opinions on any variable, diagnostic
agreement was reached through a consensus call.

Liver-related exclusion criteria were documented causes of
chronic liver disease other than MASH, in particular hepatitis B (includ-
ing positive hepatitis B surface antigen), hepatitis C (including positive
HCV-RNA) and alcoholicliver disease or known or suspected abuse of
alcohol (>20 g per day for women or >30 g per day for men), alcohol
or narcotics dependence assessed by the Alcohol Use Disorders Iden-
tification Test (AUDIT questionnaire), liver transplantation, elevated
liver tests (liver enzymes >5 times the upper normal limit, elevated
total bilirubin (>1.5 mg dI™) and international normalized ratio >1.3)
and treatment with vitamin E or pioglitazone that has not been at a
stable dose in the period for 90 days prior to screening or from his-
torical baseline biopsy until screening, respectively. Glucose-related
and obesity-related exclusion criteria included glycated hemoglobin
(HbAIc) >10% at screening, treatment with GLP-1IRAs or sodium/glu-
cose co-transporter 2 inhibitors in the period from 90 days prior to
screening or from historical baseline biopsy until screening, treatment
with any other glucose-lowering agent not stable in the period from
28 days prior to screening or from historical baseline liver biopsy until
screening, participation in an organized weight reduction program,
previous surgical treatment for obesity and any treatment with amedi-
cation that could promote weight loss.

Participants, stratified by geographic region, T2D status and
fibrosis stage, were randomized toreceive semaglutide atamaximum
dose of 0.1 mg (n=80), 0.2 mg (n=78) or 0.4 mg (n=82) or placebo
(n=280) viaonce-weekly subcutaneous injection for 72 weeks. Biopsy
samples obtained at screening were used as baseline for histologic
variables, and an additional biopsy was obtained at week 72. In addi-
tionto per-protocol laboratory analyses, human biosamples for future
analysis were retained, as long as participants had signed a separate
informed consent form. Stored fasting serum from participants was
used to perform large-scale proteomic profiling using the SomaScan
multiplex affinity assay.

This trial accorded with the ethical principles of the Declaration
of Helsinki and was consistent with the International Conference on
Harmonization of Good Clinical Practice and applicable regulatory
requirements. The protocol was approved by the institutional review
board and ethics committee at each participating trial site’. Partici-
pants provided written informed consent for use of biosamples for
future research, and the ethics committees approved the specific use
of the biosamples.

In total, 94% (n =302) of participants completed the trial (that
is, accomplished the final trial visit), and 89% (n = 285) completed
treatment. In 87% (n =277) of randomized participants, liver biopsy at
week 72 was available to evaluate the primary endpoint of resolution of
MASH and the confirmatory secondary endpoint of improvement of
atleast onefibrosis stage and no worsening of MASH. Outcomes were
calculated with missing values imputed as non-responders.

Among participants included in this trial, 61% (n=193) were
women, 78% (n =248) were White and 13% (n =40) were Hispanic or

Latino. Intotal, 51% (n =163) of trial participants were enrolled in Europe
and Australia, 36% (n =116) in North Americaand 13% (n = 41) in Japan.

Baseline demographics and disease characteristics were gen-
erally similar across treatment groups. Mean participant age was
55 years; mean body weight was 98.4 kg; and mean body mass index
was 35.8 kg m™. One hundred sixty-five out of 320 randomized patients
(52%) had a body mass index of 35 kg m™ or higher.

Mediation analysis of the contribution of weight loss to MASH
improvement

Toinvestigate whether semaglutide improved liver histology through
weight loss or via mechanisms separate from weight, mediation
analyses using natural effects models were performed. The analyses
were based on complete-case on-treatment measurements (N = 249)
for histological parameters that showed a statistically significant
effect of semaglutide. Changes from baseline in weight at all nine
scheduled visits were used as a mediator. The model was adjusted
for baseline body weight, fibrosis stage, T2D status, age and gender.
The analyses assessed the mediated (weight-loss-dependent) and
non-mediated (after adjusting for weight change—that is, separate
from weight loss) effects of treatment on liver histology. Results
are presented as the mediated proportion—that is, the indirect/
weight-loss-dependent effect divided by the total effect, with cor-
responding Cls. Covariates were imputed using single imputation
based on predicted value/response from amixed model for repeated
measurements (MMRM). The mediation analysis was performed
using the ‘medflex’ packageinR.

Correlation between MASH resolution and improvement in
features of the metabolic syndrome

Changes in features of the metabolic syndrome at week 72 are pre-
sented by treatment and MASH resolution response at week 72 using
descriptive statistics based on the on-treatment observation period.
To investigate the efficacy of semaglutide on the metabolic and
inflammatory features, post-baseline changes were analyzed using
an MMRM, with baseline diabetes status, baseline fibrosis stage and
diabetes-by-fibrosis interaction as factors (HbAlc, fasting plasma
glucose, homeostatic model assessment of insulin resistance, adipose
tissue insulin resistance and non-high-density lipoprotein cholesterol
could notbeincludedin the diabetes-by-fibrosis interaction as factors)
and baseline body weight and baseline value of the feature as covari-
ates, all nested within visit. All scheduled post-baseline assessments
during the on-treatment period were used in the model.

SomaScan proteomic profiling and SomaSignal NASH tests in
participants with biopsy-confirmed MASH

Serum samples for future use were obtained at four timepoints in the
phase 2 trial: at baseline and after 28, 52 and 72 weeks of treatment.
For some participants, samples were not shipped to SomaLogic for
analysis due to lack of consent or availability of samplesin the storage
facility upon the cutoff date for the use of samples. After preprocessing
and quality control of the SomaLogic data, atotal of 10 serum samples
failed. Thus, 1,088 serum samples were included in the SomaLogic
analyses, representing 293 of the enrolled 320 participants.

SomaScan assay. The SomaScan protein array v.4 profiled 4,979 differ-
ent proteins. Standard preprocessing of the SomaScan array data was
performedinaccordance with guidance from SomalLogic. Therelative
fluorescence units (RFU) from each sample were normalized based on
(1) hybridization controls oneach microarray to correct for systematic
variability in hybridization and (2) median signal based on all features
for each dilution to correct for variability across plates according to
the SomaScan Data Standardization guidelines (SomaScan Data Stand-
ardization and File Specification Technical Note (SSM-020)). AllRFUs
were natural logarithm transformed for uniformity.
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SomasSignal NASH tests. The protein expression levels measured
using the SomaScan protein array were used for the multi-protein
SomaSignal NASH tests. The SomaSignal NASH tests provide catego-
rizations of participants for each of the four MASH components: stea-
tosis, hepatocyte ballooning, lobular inflammation and fibrosis. An
overview of the individual proteins from the SomaScan protein array
thatareincludedin each of the four SomaSignal NASH tests is presented
inSupplementary Table 1. SomaSignal NASH tests used predicted prob-
abilities (continuous score from 0 to 1), with the higher the predicted
probability, the higher the likelihood of elevated NAS component and
fibrosis stage. Predicted probability was used to categorize the test as
positive or negative based on a decision threshold of 0.5 (validated
for identification of stage: steatosis >1, inflammation >2, ballooning
>1and fibrosis >2). Ina subgroup analysis, changesin predicted prob-
abilities were analyzed by an MMRM based on on-treatment data. The
proportion of patients with improvement was defined as negative
SomasSignal NASH test (predicted probability <0.5 on a 0-1scale) at
week 72.

Individual SomaScan markers changing with semaglutide treat-
ment. An MMRM was used with treatment, baseline diabetes status,
baseline fibrosis stage and diabetes-by-fibrosis interaction as fac-
tors and baseline body weight and baseline value of the biomarker as
covariates, all nested within visit. Statistical significance was based
on a Bonferroni-adjusted alpha level of 0.1 for the treatment ratio at
week 72 of semaglutide 0.4 mg once daily/placebo.

Semaglutide proteomic signature. A protein signature was devel-
oped for the semaglutide treatment effect (0.4 mg versus placebo;
response variable in model). Data mining using the (repeated) LASSO
procedure was done using all biomarkers as input. For each marker,
change from baseline at week 72 was used (predictor variables).
The average area under the concentration time curve for classifying
semaglutide 0.4 mg versus placebo from internal cross-validation
was 0.92.

Effect of semaglutide on Hallmark gene sets. A gene set enrichment
analysis was performed. As input, model estimates were used for the
treatmentratio at week 72, semaglutide 0.4 mg/placebo, for all 4,979
protein biomarkers.

Biomarkers mediating the semaglutide effect on MASH resolu-
tion. To identify protein biomarkers that statistically mediate the
effect of semaglutide on MASH resolution, two models were fitted
for all 4,979 proteins. First, we used a linear regression model of
semaglutide treatment versus protein change at week 72. Second,
we used a logistic regression model of protein change versus MASH
resolution, both at week 72. The same covariates were included as in
the MMRM. Pvalues from both models were combined, following the
classical framework for causal mediation, to compute a false discovery
rate (FDR)-adjusted mediation P value following the procedure by
Daietal.”.

Protein mediators of the semaglutide effect on MASH resolu-
tion separate of weight loss. We used two procedures to identify
whether the protein mediators for the effect of semaglutide on
MASH resolution are separate from change in body weight. First,
alinear regression was fitted for the association of protein change
versus change in body weight, both at week 72. The same covari-
ates were included as in the MMRM. We used a P> 0.05 threshold to
indicate independence. Second, we repeated the above procedure
using two models that included baseline body weight and weight
change at week 72 as covariates in the model. Markers that had
P <0.05 for both models were considered to mediate separate from
body weight.

Change in proteomic mediators in participants with
biopsy-confirmed MASH in the independent cohort
Theindependent CoCoMASLD cohort comprised patients with MASLD
referred to a single gastroenterology department in Denmark. The
patient subsetincluded theinitially recruited patients who underwent
abiopsy and were included in proteomic analyses as well as healthy
controls. Patients were diagnosed as having MASH based on histo-
pathological evaluation. The pathologists provided NASH Clinical
Research Network scores for steatosis and fibrosis but only yes/no
for lobular inflammation and ballooning. Hence, the patients could
not be assigned a NAS. Patients were diagnosed with MASH when all
three features (steatosis, lobular inflammation and ballooning) were
observedintheliver biopsy

TheSomaScan v.4.1(7k) platform was used to generate SomaLogic
data from serum samples. RFU computed by adaptive normalization
by maximum likelihood were provided by the vendor. Samples that did
not pass vendor quality control thresholds were removed. Likewise,
aptamers classified as non-human or non-proteins or with median RFU
below the lower limit of detection were excluded from the analysis.
Differential gene expression analysis was performed using the limma
v.3.52.1 R package™. A linear model was fit using ImFit on log, RFU
while adjusting for age, sex, body mass index and diabetes status. The
eBayes function was used to compute moderated ¢-statistics by setting
trend and robust parameters to true. Cls were computed using the
limma ‘topTable’ function, setting a Bonferroni-corrected threshold
of 0.05. Aptamer log, fold changes and corresponding Cls were joined
with the results from the mediation analysis based on SomalLogic
sequence identifiers. Box plots of protein abundance across healthy
and MASH samples were based onlog, RFU after removing effects from
gender, age, diabetes and body mass index using the limma function
‘RemoveBatchEffect’.

Semaglutide treatment in DIO-MASH and CDA-HFD mice:
effects of treatment duration on liver fibrosis

The Danish Animal Experiments Inspectorate approved all experi-
ments, whichwere conducted using internationally accepted principles
forthe use of laboratory animals (license no. 2013-15-2934-00784 and
no. 2018-15-2934-00784 (Gubra) and no. 2017-15-0201-01215 (Novo
Nordisk)). Each animal wasidentified by animplantable subcutaneous
microchip (PetID Microchip; E-vet).

DIO-MASH studies. C57BL/6JRj mice (5-6 weeks old) were obtained
from Janvier Labs and housed in a controlled environment (12-hour
light/dark cycle, 21+ 2.0 °C, humidity 50 + 10%). Mice had ad libitum
access to tap water and Gubra Amylin NASH diet (4.49 kcal g™, 40 kcal
% fat; of these, 46% saturated fatty acids by weight, 22% fructose, 10%
sucrose, 2% cholesterol; Research Diets, D09100310) for 34 weeks for
the efficacy trial. In both DIO-MASH studies, a group was maintained
on regular mouse chow (2.85 kcal g%; Brogaarden, Altromin 1324) for
comparison. A liver biopsy was taken from the mice 4 weeks before
treatment start, as described in detail previously® . In brief, for pre-
treatment liver biopsy, mice were anesthetized withisoflurane; asmall
abdominalincisionin the midline was made; and theleftlateral lobe of
theliver was exposed. A cone-shaped wedge of liver tissue (50-100 mg)
was excised from the distal part of the lobe. The cut surface of the liver
was closed by electrosurgical bipolar coagulation using an electrosurgi-
calunit (ERBEVIO100C; ERBE). The liver wasreturned to the abdominal
cavity; theabdominal wall was sutured; and the skin was stapled. Intra-
peritoneal carprofen (5 mg kg™) was administered at the time of surgery
and at postoperative days 1 and 2. After the procedure, animals were
single-housed and allowed to recover for 4 weeks prior to treatment
start. Only mice with steatosis score 3 or mice with fibrosis score >1
and steatosis score >2 were included in the efficacy trial, as outlined by
Kleiner etal.””.Included animals were then randomized into treatment
groups based on mean baseline PSR area% 1 week before dose start.
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CDA-HFD diet study. Male C57BL/6JRj mice (7-8 weeks old) were
obtained from Taconic and housed in a controlled environment
(12-hour light/dark cycle, lights on at 6:00, 21 +1.0 °C, humidity
45-65%). Mice had ad libitum access to tap water and either chow
or a high-caloric CDA-HFD diet (kcal %: fat 60%, carbohydrates 20%;
5.2 kcal g'; Research Diets, AO6071302) for 6 weeks prior to treat-
ment start.

Semaglutide treatment in DIO-MASH and CDA-HFD mice
Formulations. Semaglutide and vehicle were prepared at Novo Nordisk
inMalgv, Denmark. Vehicle was PBS containing 0.007% polysorbate 20,
50 mM phosphate and 70 mM sodium chloride, at pH 7.4.

DIO-MASH study. In the efficacy study, animals were administered
vehicle or semaglutide 123 pg kg™ (n =16) daily for 8, 16 or 24 weeks.
Vehicle-dosed chow-fed mice (n = 10) served as additional controls.

Dosing was performed subcutaneously once daily in a volume of
5mlkg™. To reduce initial gastric discomfort, the dose was increased
through daily increments until reaching the target dose on treatment
day 5. The 123 pg kg™ once-daily dose aimed to result in weight loss
similar to that froma clinical dose of 2.4 mg/weekly, with adjustments
for species differences in half-life. Body weight was monitored daily
during the intervention period.

CDA-HFD study. CDA-HFD mice were randomly allocated to groups
and treated with vehicle or semaglutide 20 pg kg™ (n =15) for 6 weeks
or 12 weeks. A group of CDA-HFD mice was euthanized at treatment
start to determine baseline levels of MASH (n =10, baseline group).
Vehicle-dosed chow-fed mice (n = 5) served as additional controls. Body
weight was monitored every 3 days during the intervention period.

Sampling and histology

For histological analysis, a full-thickness slab of the left lateral lobe
was fixed in 10% neutral buffered formalin and routine processed to
paraffin blocks.

Liver histology and image analysis

Paraffin-embedded liver tissue was sectioned (nominal 4-pm thickness)
and mounted on SuperFrost Plus slides. Sections of liver tissue were
stained with hematoxylin and eosin (H&E), PSR, anti-aSMA (Abcam,
ab124964 (0.4 pg ml™) and ab5694 (0.2 pg mi™)) or anti-typel collagen
(Southern Biotech; Collal, 1310-01 (4 pg ml™)) using standard proce-
dures*°. Quantitative histomorphometry was applied using digital
imaging software (Visiomorph, Visiopharm). Fractional (%) area of liver
fat (macrosteatosis) was determined on H&E-stained sections. PSR,
«SMA and Collal immunostaining was expressed as a fraction of the
total parenchymal area without steatosis by subtracting the fraction
of fatarea determined on adjacent H&E-stained sections.

Next-generation RNA sequencing

Allgroupsfinishing the treatment phase were includedin RNA sequenc-
ing analysis. Liver samples of 20 + 10 mg were taken from the left lateral
lobe, snap frozen in liquid nitrogen and stored at =70 °C. RNA was
purified usinga NucleoSpinKit (Macherey-Nagel). Purified RNA (10 ng
to 1 pg) from each sample was used to generate a cDNA library using
an NEBNext Ultrall Directional RNA Library Prep Kit for lllumina. The
cDNA library was then sequenced on a NextSeq 500 using NextSeq
500/550 High OutputKit V2 (Illumina).

The sequencing data were aligned to the mm10 (GRCm38) tran-
scriptome, obtained from the Ensembl database, using STAR v.2.7.3a.
Read counts were quantified by salmon v.1.2.0; read quality of the
datawas evaluated using FastQC 0.11.9 and Picard; and the intergroup
and intragroup variability was evaluated using principal component
analysis and hierarchical clustering. Differential gene expression was
assessed by the R package DESeq2.

GLP-1receptor expressionin mouse and human liver

Human liver biopsies. Twenty-six human diagnostic, formalin-fixed,
paraffin-embedded histological liver needle biopsies were retrieved
fromthearchives at Aalborg Hospitalin Denmark. The study was con-
ducted in accordance with the ethical standards of the 1964 Declara-
tion of Helsinki and its later amendments. It was checked that the
participants had not stated in the Tissue Application Register (Vaevs-
anvendelsesregisteret) at the Danish Data Protection Agency that
biobanked material must not be used for research. The biopsies were
fully anonymized, and it was not possible to identify the donors of the
biobanked material.

GLP-1receptor expression was assessed in human liver biopsies
as described previously**** with some modifications. In short, the
sections were microwave-treated in TEG buffer (pH 9.0) (Ampliqon)
for15 minutes and allowed to cool for 15 minutes. Slides were rinsed in
tap water and treated with 1% H,0, in Tris-buffered saline for 15 minutes
and rinsed in Tris-buffered saline followed by avidin/biotin blocking.
Thesections were pre-incubated with 0.5% TNB blocking buffer (Perki-
nElmer) for 2 hours and incubated with the validated GLP-1 receptor
monoclonal antibody (Mab 3F52) at 5 pg ml™ (ref. 43) overnightat 4 °C
in 0.5% TNB blocking buffer. The next day, sections were incubated
with VECTASTAIN ABC (Vector Laboratories) and developed with DAB+
(Enzo Life Sciences). Slides were washed with Tris-buffered saline with
0.05% Tween between incubations.

In situ hybridization was performed on the human liver biop-
sies on a Ventana Discovery Ultra automation system (Ventana Medi-
cal Systems) using an RNAscope VS Universal HRP/AP Kit (Advanced
Cell Diagnostics) and the specific GLPIR probe, RNAscope 2.5 VS
Probe-Hs-GLPIR (Advanced Cell Diagnostics, cat. no. 519829).
Positive (peptidylprolyl isomerase B, NM_011149.2) and negative
(Bacillus Subtillis, dihydropicolinate reductase, EF191515) in situ
hybridization control probes were employed for assay validation in
all analyses.

Mouse liver. In mice, GLP-1receptor expression was assessed using
immunohistochemistry in three liver lobes from each of one chow/
vehicle dosed and four DIO-NASH vehicle or CDA-HFD vehicle mice.
Thetissues were analyzed on the Ventana Discovery Ultraautomation
system (Ventana Medical Systems) for GLP-1receptor expression using
rabbit-anti-mGLPIR (Abcam, ab218532, lot: GR3231665-2) ata concen-
tration of 2.7 pg mi™. In brief, 5-pm sections were baked at 60 °C for
32 minutes and then deparaffinized at 72 °C for 24 minutes. Pretreat-
mentinbuffer CClwasat 95 °C for 16 minutes, followed by incubation
in HRP block for 12 minutes. After application of primary antibody,
slides were incubated at 37 °C for 60 minutes and then detected with
anti-rabbit HQ at 35 °C for 24 minutes, followed by anti-HQ HRP 35 °C
for 16 minutes. Chromogen (Purple) was applied for 32 minutes, and
then sections were counterstained with Hematoxylin Il for 8 minutes
and with bluing reagent for 4 minutes. Pancreas, duodenum, stomach
and kidney were used as positive control tissues using the same auto-
mated immunohistochemistry protocol.

Statistics and reproducibility. The phase 2 clinical trial was powered
toshowadifferencein proportions of 28% on primary endpoint MASH
resolution and no worsening of fibrosis between once-daily sema-
glutide 0.4 mg (assumed 45% response) and placebo (assumed 17%
response). The study was randomized (1:1:1:1: placebo; semaglutide
0.1 mg; semaglutide 0.2 mg; semaglutide 0.4 mg), and investigators
and patients were blinded. For the proteomics analysis, no formal
power calculation was conducted. However, all statistical proteom-
ics analyses were rigorously adjusted for multiple testing using the
FDR procedure. No datawere excluded. For the mediation analysis on
the histology endpoints evaluating change in body weight as media-
tor, data were based on complete-case on-treatment measurements
to evaluate the mechanistic action of semaglutide in MASH (hence,
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data outside the on-treatment observation period were excluded).
The estimated effects are presented along with 95% Cls (that is, not
adjusted for multiplicity). The preclinical studies were powered based
onpower calculations on the endpoints with highest variability (alanine
aminotransferase and Coll area %) in previous studies. DIO-MASH
animals with steatosis score >2 and afibrosis stage of >1, based on liver
biopsy taken 4 weeks before treatment start, were included. Animals
were randomized into treatment groups on percentage fractional
area of fibrosis (PSR staining) in the pretreatment biopsy. CDA-HFD
animals were allocated to treatment groups without randomization.
An age-matched control group on regular chow diet was included,
without randomization. Data from animals that did not finish the study
were excluded.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Access request proposals can be found at https://www.
novonordisk-trials.com/. Data must not be used for commercial
purposes. RNA sequencing data obtained from the DIO-MASH and
CDA-HFD animal studies will be publicly available in the Gene Expres-
sion Omnibus (https://www.ncbi.nlm.nih.gov/geo/) under their respec-
tive datarepository accession numbers: GSE294629 and GSE294630.
Details regarding the hallmark gene set collection are provided in ref.
12. Data are available at https://www.gsea-msigdb.org/gsea/msigdb/.
Source data are provided with this paper.

Code availability

Code for preprocessing SomaScan proteomics data, performing statis-
tical analyses and generating figures is available viaZenodo at https://
doi.org/10.5281/zenodo.13356055 (ref. 44). R v.4.3.1is available at
https://cran.r-project.org/bin/windows/base/old/4.3.1/.
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Extended Data Fig. 1| Weight loss effect of semaglutide on MASH resolution
(a), steatosis improvement (b), hepatocyte ballooning (c) and liver fibrosis
improvement (d). Data based on complete-case on-treatment measurements.
Scatter points show responder rates for five weight-loss categories. Enlarged
data points show the overall mean body-weight loss versus overall responder
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rate. Outcome model: logistic regression at week 72. Mediators: weight loss at
weeks 4,12,20,28,36,44,52, 62 and 72. Baseline confounders: age, gender, type
2 diabetes status, fibrosis stage and body weight. MASH, metabolic dysfunction-
associated steatohepatitis; WL, weight loss.
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Extended Data Fig. 2| SomaSignal NASH tests for steatosis (a), inflammation replicates were used. Error bars are geometric means with standard error of the
(b), ballooning (c) and fibrosis (d) show a dose-dependent response to mean. MASH, metabolic dysfunction-associated steatohepatitis; N, number of
semaglutide treatment. The full population was analyzed. No technical observations; OD, once daily; Sema, semaglutide.
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Extended Data Fig. 3| Treatment effects in the semaglutide 0.4 mg component of MASH, the number of patients at week 28, 52 and 72 was 63, 65 and
group versus the placebo group at weeks 28, 52 and 72 for each of the four 67, respectively. MASH, metabolic dysfunction-associated steatohepatitis; OD,

SomasSignal NASH tests. Mixed model for repeated measurements. Data are once daily.
presented as estimated treatment ratio and 95% confidence intervals. For each
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Extended Data Fig. 4| Semaglutide treatment in DIO-MASH and CDA-HFD
mice: effects of treatment duration on liver fibrosis. Effects of once-daily
subcutaneous semaglutide on fibrogenesis/fibrosis markers aSMA (a, d), Col-l a1l
(b, ) and PSR (c, f) in DIO-MASH mice (a-c) and CDA-HFD mice (d-f). DIO-MASH:
Open symbols show pretreatment values. Chow vehicle (grey triangles) for

24 weeks (n=9), MASH vehicle and semaglutide 123 pg/kg for 8 weeks (n=16
[black triangles] and n =16 [light blue circles], respectively), 16 weeks (n =16
[black triangles] and n =16 [blue rectangles]), and 24 weeks (n =15 [black
triangles] and n =15 [dark blue square]). Differences between semaglutide

and DIO-MASH vehicle were assessed using Welch’s unpaired t-test, two tailed.

CDA-HFD: Chow vehicle for 12 weeks (n = 5[grey triangles]), baseline prior to
treatment (n =10 [grey circles]), CDA-HFD vehicle or semaglutide 20 pg/kg for

6 weeks (n=15[black triangles] and n =13 [blue circles], respectively) and

12 weeks (n =15 [black triangles] and n =12 [dark blue triangles], respectively).
Differences between semaglutide and CDA-HFD vehicle were assessed using
Welch’s unpaired t-test, two tailed. Data are presented as mean values + s.e.m.
aSMA, asmooth muscle actin; CDA-HFD, choline-deficient L-amino acid-defined
high-fat diet; Col-1a1, a-1type I collagen; DIO, diet-induced obesity; MASH,
metabolic dysfunction-associated steatohepatitis; PSR, Picrosirius Red; s.e.m.,
standard error of the mean.
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Extended Data Fig. 5| Heatmap depicting relative levels (log fold change) of
differentially expressed selected candidate genes associated with MASH and
fibrosis in semaglutide-treated DIO-MASH mice (a) and CDA-HFD mice (b). The
liver transcriptome was probed against a selected set of genes involved in lipid
metabolism, insulin signaling, FXR signaling, inflammation signaling, monocyte
recruitment, hepatocellular cell death and stellate cell activation. Upregulated
(red color gradient) and downregulated (blue color gradient) gene expressionin

individual pathways as compared to the corresponding control group. *P < 0.05
versus DIO-MASH vehicle (a) and CDA-HFD vehicle (b). Pvalues corrected for
multiple testing using the Benjamini and Hochberg method. CDA-HFD, choline-
deficient L-amino acid-defined high-fat diet; DIO, diet-induced obesity; FXR,
farnesoid X receptor; MASH, metabolic dysfunction-associated steatohepatitis;
W, week.
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Extended DataFig. 6 | No evidence of GLP-1receptor expression in mouse

and humanlliver. a, Assessment of GLP-1receptor protein expression in mouse
tissue samples by immunohistochemistry. Representative photomicrographs

of sections of positive control tissues from C57BIl/6 normal mouse (pancreas,
stomach, duodenum and kidney) all showed immunoreactive cell populations.
Samples of normal liver (chow; n =1) and livers from DIO-MASH (n = 4) and
CDA-HFD mice (n =4) are all devoid of GLP-1receptor immunoreactivity. Scale
bars, 50 pum (control tissues and bottom images of liver) or 250 pm (top images
ofliver). b, Assessment of GLP-1receptor mRNA and protein expression in human

liver by RNAscope in situ hybridization (top row) and immunohistochemistry
(bottom row) on human tissue samples. Representative photomicrographs of
sections of normal-range liver biopsies (n = 6) and liver biopsies from individuals
with MASH and mild fibrosis (n = 7), moderate to severe fibrosis (n = 6) or
cirrhosis (n = 7). Normal-range human pancreas sample served as a positive
control for GLP-1receptor expression (left). Scale bars, 50 um. CDA-HFD,
choline-deficient L-amino acid-defined high-fat diet; DIO, diet-induced obesity;
GLP-1, glucagon-like peptide-1; MASH, metabolic dysfunction-associated
steatohepatitis.
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Extended Data Fig. 7| Change in protein levels in participants with MASH the current work are highlighted in orange and green. The vertical axis represents
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Extended DataFig. 8| Change in AKR1B10, TREM2 and CFHR4 protein levels
in participants with MASH treated with semaglutide compared with protein
levels in healthy volunteers in anindependent real-world observational
cohort. a. Left-hand panel shows abundance of AKR1B10 from healthy
individuals and those with MASH in the independent cohort. Center of boxplot is
median, box boundary is first and third quantile, upper whisker is third quantile
plus 1.51QR and lower whisker is first quantile minus 1.5 IQR, where IQR is third
quantile minus first quantile (healthy, n = 89; MASH, n = 146).

Theright-hand panel shows the effect of semaglutide treatment on AKR1B10
levels in patients with MASH from a phase 2 trial population (semaglutide
0.1mg[n=80], semaglutide 0.2 mg[n = 78], semaglutide 0.4 mg[n=82]and
placebo [n =80]).band c, as for panel abut showing levels of TREM2 and CFHR2,
respectively. Data are presented as mean +s.e.m. MASH, metabolic dysfunction-
associated steatohepatitis; RFU, relative fluorescence units; s.e.m., standard
error of the mean.
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Extended Data Table 1| Effects of semaglutide versus placebo on 14 hallmark gene sets in individuals with MASH receiving
once-daily subcutaneous semaglutide 0.4 mg or placebo for 72weeks

Hallmark name Process type | Description Number | Direction of FDR-
of genes® | regulation® | adjusted
P value
FATTY ACID . .
METABOLISM Fatty acid metabolism 82 1 <0.0001
OXIDATIVE Oxidative phosphorylation 55 <0.0001
PHOSPHORYLATION and citric acid cycle l :
XENOBIOTIC - -
METABOLISM Metabolism of xenobiotics 99 l <0.0001
BILE ACID Metabolic . .
METABOLISM Biosynthesis of bile acids 27 l <0.001
GLYCOLYSIS Glycolysis and 103 ! <0.01
gluconeogenesis
HEME Heme metabolism and .
METABOLISM erythroid lineage 63 I <0.05
CHOLESTEROL .
HOMEOSTASIS Cholesterol homeostasis 33 l <0.05
MYC TARGETS V1 MYC targets, variant 1 91 l <0.05
Proli .
MYC TARGETS V2 MYC targets, variant 2 13 l <0.1
REACTIVE OXYGEN Reactive oxygen species 25 <01
SPECIES PATHWAY pathway l )
Pathway . -
Response to hypoxia;
HYPOXIA HIFIA targets 106 l <0.1
ADIPOGENESIS Devel Adipocyte develop 69 l <0.0001
MTORC1 . . . .
SIGNALING Signaling mTORCTI signaling 95 l <0.0001
PEROXISOME Cellular Peroxisomes 36 ! <0.05
component

A gene set enrichment analysis was performed using the hallmark gene set collection of 50 gene sets generated from the Molecular Signatures Database. Model estimates (from a mixed
model for repeated measures analysis) for the treatment ratio of semaglutide 0.4mg/placebo at week 72 for all 4,979 protein biomarkers in the SomaScan assay were included in the analysis.
Statistically significant effect of semaglutide 0.4mg versus placebo was defined as an FDR-adjusted P value (g value)<0.2. Only gene sets with significant treatment effect of semaglutide
0.4mg versus placebo are shown. As an example, the top-ranked enriched hallmark gene set was fatty acid metabolism. The table shows that the gene set is downregulated, meaning that
genes/proteins in this pathway are expressed less in patients treated with high-dose semaglutide compared to placebo. ?Included in the analysis *"Semaglutide 0.4 mg versus placebo. HIF1A,
hypoxia-inducible factor 1-alpha; MASH, metabolic dysfunction-associated steatohepatitis; MTORC1, mammalian target of rapamycin complex 1.
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(DIO-MASH) and GSE294630 (CDA HFD). Details regarding the hallmark gene set collection are provided in ref. 12. Data are available at https://www.gsea-
msigdb.org/gsea/msigdb/.
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Reporting on sex and gender The proteomics analyses in this phase 2 semgalutide trial were not stratified by gender due to the limited sample size of the
phase 2 study. In a previous publication (Maretty L, et al. Proteomic changes upon treatment with semaglutide in individuals
with obesity. Nature Medicine 31;267-277 (2025)) in the much larger phase 3 STEP trial of semaglutide for weight
management, we found no evidence that gender modified the effect of semaglutide.

Reporting on race, ethnicity, or  Not applicable
other socially relevant

groupings

Population characteristics Among participants in the phase 2 trial, 61% (n = 193) were women, 78% (n = 248) were White, and 13% (n = 40) were
Hispanic or Latino. Mean participant age was 55 years, mean body weight was 98.4 kg, and mean body mass index was 35.8
kg/m2. 165 out of 320 randomized patients (52%) had a body mass index of >35.

Recruitment Reported in previously published phase 2b study (Newsome PN, et al. N Engl J Med 2021;384:1113-1124)

Ethics oversight The protocol was approved by the institutional review board and ethics committee at each participating trial site. The

protocol was made available for the following publication;
Newsome PN, et al. N Engl J Med 2021;384:1113-1124 and can be downloaded here https://www.nejm.org/doi/full/10.1056/
NEJM0a2028395#apl
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Sample size 320 adult participants were included in the phase 2b clinical trial. For SomaScan® proteomic profiling and SomaSignal® NASH tests, 1,088
serum samples were included representing 293 of the enrolled 320 subjects.

Data exclusions  For some participants, samples were not shipped to Somalogic® for analysis due to lack of consent or availability of samples in the storage
facility upon the cut-off date for the use of samples. Following pre-processing and quality control of the Somalogic® data, a total of 10 serum
samples failed.

Replication No explicit replication of the presented findings was performed. However, SomaScan® proteomic data were obtained from a subset of
participants in the Copenhagen Cohort of MASLD (CoCoMASLD, formerly known as FLINC [Fatty Liver Disease in Nordic Countries] cohort;
ClinicalTrials.gov: NCT04340817, H-17029039) whose data sets included clinical measurements and archived samples. SomaScan® data
analysis of 235 participants were available: 146 with MASH and 89 healthy volunteers.

Randomization  Samples were derived from a phase 2b clinical trial in which participants were randomized to receive semaglutide at doses of 0.1 mg, 0.2 mg
or 0.4 mg or placebo via once-weekly subcutaneous injection for 72 weeks. Please refer to the original publication for further details on
randomization (Newsome PN, et al. N Engl J Med 2021;384:1113-1124).

Blinding The phase 2b clinical trial was double blinded. Please refer to the original publication for further details on blinding (Newsome PN, et al. N
EnglJ Med 2021;384:1113-1124). In the current work, adaptive normalization by maximum likelihood was used for the SomaScan® proteomic
data as recommended by Somalogic. Relative fluorescence units (RFU) from each sample were normalized based on hybridization controls on
each microarray to correct for systematic variability in hybridization, and median signal based on all features for each dilution to correct for
variability across plates according to the SomaScan® Data Standardization guidelines (SomaScan® Data Standardization and File Specification
Technical Note [SSM-020]). All RFUs were natural logarithm transformed for uniformity.
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Antibodies
Antibodies used Anti-aSMA (#ab124964 [0.4 pg/ml]; #ab5694 [0.2 ug/ml], Abcam, Cambridge, UK), or anti-type | collagen (Collal, #1310-01[4 ug/ml],
Southern Biotech, Birmingham, AL, USA), Abcam ab218532 rabbit-anti-mGLP1R, lot: GR3231665-2 at a concentration of 2.7 ug/ml
Validation Validation citation: Pyke, C., et al. GLP-1 receptor localization in monkey and human tissue: novel distribution revealed with

extensively validated monoclonal antibody. Endocrinology 155, 1280-1290 (2014)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals CDA HFD mice were 9-10 weeks on initiation of dietary induction and 15-16 weeks old at the start of treatment. DIO-MASH animals
were 5-6 weeks at the start of diet intervention and 34-35 weeks old at the start of treatment.

Wild animals No wild animals were used

Reporting on sex The study used only male mice. We have performed similar experiments with female mice, and they reproduce the disease
phenotype to a slightly milder degree and show a similar response to treatment.

Field-collected samples  No field collected samples were used

Ethics oversight Danish Animal Experiments Inspectorate

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Phase 2b study - NCT02970942

Study protocol The protocol was made available for the following publication; Newsome PN, et al. N Engl J Med 2021;384:1113-1124 and can be
downloaded here https://www.nejm.org/doi/full/10.1056/NEJM0a2028395#ap1

Data collection With respect to data collection from human biosamples, the study protocol states; "The samples will be stored at a bio-repository
after end of trial and until marketing authorisation approval or until the research project terminates, but no longer than 15 years
from end of trial after which they will be destroyed

Outcomes Primary endpoint: > NASH resolution without worsening of fibrosis after 72 weeks. Resolution of NASH was defined by
comprehensive interpretation by two independent pathologists (central reading) blinded to treatment allocation
and with complete resolution captured by terms such as “no fatty liver disease” or “simple steatosis or isolated steatosis” and
defined by the NASH Clinical research network (CRN) as “no more than mild residual inflammatory cells and no
ballooning”. Worsening of fibrosis was defined as an increase of at least one stage of the Kleiner fibrosis classification
Supportive secondary efficacy endpoints were; 1) at least one stage of liver fibrosis improvement with no worsening of NASH after 72
weeks (worsening defined as an increase of at least one stage of either lobular inflammation or hepatocyte ballooning according to
NASH CRN criteria); 2) Change from baseline to week 72 in NAFLD activity score (NAS); 3) Change from baseline to week 72 in
Fibrosis-4 score, ALT, AST and GGT.
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