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Body Weight Reduction, Improved Glycemic Control, and Normalization of Liver Fat

Were Associated With Resolution of MASH and Fibrosis Improvement: A Post Hoc
Analysis From the SYNERGY-NASH Trial

Background : In a phase 2 trial
of MASH, tirzepatide resolved
MASH in up to 62% and
improved fibrosis in up to 55%

of participants

Objective : To explore the
relationship between metabolic
and histological responses in
participants with MASH from
the SYNERGY-NASH frial

Research Design

¢ Participant-level post hoc
analysis of 154 participants who
completed the study from the
phase 2 52-week SYNERGY-

and stage 2 or 3 fibrosis
* All treatment groups pooled
for responder analysis
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Adipo-IR, adipose tissue insulin resistance index; PDFF, proton density fat fraction.

ARTICLE HIGHLIGHTS

® Why did we undertake this study?

In patients with metabolic dysfunction—associated steatohepatitis (MASH), tirzepatide was superior to placebo for MASH resolution in the
SYNERGY-NASH trial. We hypothesized that hepatic histological responses may be associated with metabolic improvements in patients with

MASH.

® What is the specific question we wanted to answer?
Are weight or HbA,. reductions associated with histological improvements in participants with MASH from the SYNERGY-NASH trial?

® What did we find?

In the overall study population, responders for both MASH resolution and fibrosis improvement had greater reductions in weight, HbA4;, and
normalization of liver fat compared with nonresponders.

® What are the implications of our findings?

These findings provide new insight into the clinical benefits of tirzepatide, suggesting that improvements in weight, glycemic control, and liver fat

potentially contribute to disease modification in MASH.
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OBJECTIVE

To explore the relationship between metabolic and histological responses in a phase 2
trial of tirzepatide in metabolic dysfunction—associated steatohepatitis (MASH).

RESEARCH DESIGN AND METHODS

This is a participant-level post hoc analysis of the 52-week, double-blind, random-
ized, placebo-controlled SYNERGY-NASH trial (NCT04166773). Participants (n = 190)
with MASH and stage 2/3 fibrosis were randomly assigned to receive tirzepatide
(5, 10, or 15 mg) or placebo once weekly. The primary end point was MASH resolu-
tion without worsening of fibrosis. Secondary end points included fibrosis improve-
ment by at least one stage without worsening of MASH. Metabolic changes were
evaluated in responders and nonresponders for histological end points in 154 partici-
pants who completed the study on treatment.

RESULTS

At baseline, 59% had type 2 diabetes and mean BMI was 35.7 kg/m>. Compared
with nonresponders, greater body weight reductions were observed in responders
for MASH resolution (—16.0% vs. —7.0%; P < 0.001) and for fibrosis improvement
(—13.6% vs. —9.8%; P = 0.023). Reductions in HbA, . were greater for MASH res-
ponders (—1.2% vs. —0.6%; P < 0.001) and fibrosis responders (—1.2% vs. —0.7%;
P = 0.004) than for nonresponders. Compared with nonresponders, greater im-
provements in liver fat and measures of adipose tissue insulin sensitivity (adipose
tissue insulin resistance index and adiponectin) were observed with MASH res-
ponders (P < 0.001). In causal mediation analyses, normalization of liver fat was a
significant mediator of both MASH resolution and fibrosis improvement.

CONCLUSIONS

In this post hoc exploratory analysis, MASH resolution and fibrosis improvement
were associated with body weight reduction, improved glycemic control, and
normalization of liver fat. Weight reduction and metabolic improvements with
tirzepatide treatment potentially contributed to disease modification in MASH.
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Metabolic dysfunction—associated steato-
hepatitis (MASH) is the progressive form
of metabolic dysfunction—associated stea-
totic liver disease (MASLD) (1-3). MASH is
strongly associated with obesity, type 2
diabetes (T2D), insulin resistance, dyslipi-
demia, and hypertension and increases
the risk of liver-related complications,
including cirrhosis, hepatic decompen-
sation, hepatocellular carcinoma and
death (1). T2D is a recognized inde-
pendent risk factor for the transition
from simple hepatic steatosis to fibrotic
MASH and subsequent progression to
liver-related complications (4—6). Body
weight reduction of at least 10%, achieved
by either lifestyle modification or bariatric
surgery, is associated with MASH resolu-
tion and regression of liver fibrosis (7-9).

Incretin-based therapy has demon-
strated beneficial effects in MASH. In
a phase 3 trial, a higher proportion of
participants treated with semaglutide,
a glucagon-like peptide 1 (GLP-1) agonist,
achieved MASH resolution and improve-
ment in liver fibrosis compared with pla-
cebo (10). A phase 2 trial of survodutide,
a GLP-1 and glucagon receptor agonist,
demonstrated significant improvement
in MASH without worsening of fibrosis
compared with placebo (11). Tirzepatide,
a glucose-dependent insulinotropic poly-
peptide (GIP) and GLP-1 receptor ago-
nist, demonstrated resolution of MASH
without worsening of fibrosis in up to
62% of patients with MASH and signifi-
cant fibrosis in the phase 2 SYNERGY-
NASH trial (12). Moreover, all doses of
tirzepatide were associated with im-
provement of fibrosis without worsen-
ing of MASH, although no adjustments
were made for multiple comparisons (12).
Interestingly, the percentage of responders
for both histological end points, stratified
by categories of percentage weight reduc-
tion and presented in a supplementary
figure in the report, suggested an associ-
ation between histological response and
the magnitude of weight loss, warranting
further in-depth assessment (12).

In clinical trials of patients with T2D
and/or obesity, tirzepatide treatment was
associated with significant weight reduc-
tion, improvements in glycemic control
and insulin resistance, and reductions in
visceral and subcutaneous abdominal adi-
pose tissue (13—17). Given these multiple
beneficial metabolic effects, we hypothe-
sized that hepatic histological responses

to tirzepatide may be associated with
metabolic improvement in patients with
MASH. Therefore, the aim of these par-
ticipant-level exploratory analyses was
to assess the relationship between meta-
bolic and histological responses in patients
with fibrotic MASH in the SYNERGY-NASH
trial. In addition, we assessed whether
these associations were influenced by
T2D status.

RESEARCH DESIGN AND METHODS

Study Design and Participants
SYNERGY-NASH (NCT04166773) was a
phase 2, multicenter, double-blind, ran-
domized, placebo-controlled, 52-week
trial conducted at 130 sites in 10 countries.
The study design, protocol, and principal
findings have been reported previously
(12,18). Briefly, randomized participants
were 18 to 80 years of age, with or with-
out T2D, and had a BMI of 27-50 kg/m?>.
A histological diagnosis of MASH with
stage 2 or 3 fibrosis was confirmed by
two central pathologists based on a liver
biopsy performed at or within 6 months
of screening. A nonalcoholic fatty liver
disease (NAFLD) activity score (NAS) of
>4 was required, with at least 1 point
for each subcomponent (steatosis, he-
patocellular ballooning, and lobular
inflammation), using the nonalcoholic
steatohepatitis (NASH) Clinical Research
Network scoring system. Key exclusion
criteria included other chronic liver dis-
eases; cirrhosis; evidence of hepatic
decompensation; alcohol consumption
exceeding 14 or 21 standard drinks
per week for women and men, respec-
tively; and uncontrolled T2D (i.e., HbA;.
>9.5%). Doses of glucose-lowering agents
were required to be stable for at least
3 months (6 months for thiazolidine-
diones) prior to study entry. Patients
treated with insulin, a GLP-1 receptor
agonist, or other medications with po-
tential to result in weight gain or loss
were excluded from the study. The primary
outcome was resolution of MASH without
worsening of fibrosis after 52 weeks
of treatment with tirzepatide. Several
secondary end points were assessed;
this analysis considered the secondary
end point of an improvement in fibro-
sis stage by at least one stage without
worsening of MASH.

All participants provided written in-
formed consent for participation in the
study. The protocol was approved by
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local institutional ethical review boards at
each participating site and was conducted
according to International Conference
on Harmonization Good Clinical Practice
guidelines and the principles of the Decla-
ration of Helsinki.

Randomization and Masking
Participants were randomly assigned
(2:1:1:1) to receive a once-weekly sub-
cutaneous injection of tirzepatide (main-
tenance doses of 5, 10, or 15 mg) (Eli
Lilly and Company, Indianapolis, IN) or
placebo by use of an interactive web-
response system with stratification by
T2D status and geographic region. The
starting dose of tirzepatide or placebo
was 2.5 mg, which was increased by
2.5 mg every 4 weeks, in a blinded man-
ner, until the target maintenance dose
was achieved.

Procedures

All participants in this post hoc analysis
underwent the previously described trial
procedures (12,18). These analyses fo-
cused on results obtained at baseline
and after 52 weeks of treatment for liver
histology; magnetic resonance imaging
(MRI) used to measure liver fat content
(proton density fat fraction [PDFF] and
liver fibro-inflammation [iron-corrected
T1 image (cT1)]); vibration-controlled
transient elastography (VCTE) (Fibro-
Scan) used to measure liver stiffness;
body weight; and fasting blood sam-
ples to measure levels of glucose, HbA,.,
insulin, C-peptide, lipids, free fatty acids,
liver enzymes, and biomarkers of MASH
disease activity and liver fibrosis, includ-
ing the Enhanced Liver Fibrosis (ELF)
test, N-terminal type Ill collagen pro-
peptide (PRO-C3), and noninvasive test 4
(NIS4) score.

Statistical Analyses

The efficacy analysis set, with any insulin-
rescued participants removed, was used
in these post hoc statistical analyses. Only
participants who completed the study
with both baseline and postbaseline
measures were analyzed. All treatment
groups were pooled for responder ver-
sus nonresponder status for the primary
end point of resolution of MASH and no
worsening of fibrosis and the second-
ary end point of fibrosis improvement
by at least one stage with no worsen-
ing of MASH. Baseline characteristics are
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presented for all participants included
in these post hoc analyses and based
on participants’ T2D status and re-
sponder status for both histological
end points.

We used t tests and y? tests to com-
pare continuous and categorical varia-
bles, respectively. A t test was used to
compare the week 52 change or percent
change from baseline for body weight
and metabolic measures in histological
responders versus nonresponders. Meta-
bolic measures assessed included HbA,,
fasting triglyceride levels, and insulin sen-
sitivity according to the adipose tissue
insulin resistance index (Adipo-IR) (com-
puted with fasting free fatty acids and
insulin levels), HOMA of insulin resis-
tance (HOMA2-IR) (computed with fasting
glucose and insulin levels), and adipo-
nectin. Correlations between percent-
age change of weight or change in HbA,.
and changes in imaging and serum bio-
markers of MASH disease activity and
fibrosis were assessed. Histograms and
smoothed density curves for tirzepatide-
treated participants (all doses pooled)
are presented to illustrate the rela-
tionship between percent change in
body weight and responder status for
histologic end points.

Correlations between the primary
or secondary histologic end points and
percent change in weight and other
metabolic factors were evaluated with
and without adjustment for percent change
of weight. Causal mediation analyses were
conducted to investigate the mediating ef-
fects of changes in metabolic parameters
on the relationship between treatment
(pooled tirzepatide vs. placebo) and the
primary and secondary histological out-
comes (19-22), and the percentage me-
diated by the metabolic measure was
estimated (19). Detailed methods are
provided in the Supplementary Material.

Data and Resource Availability

A statement on data and resource avail-
ability is provided in the Supplementary
Material.

RESULTS

Baseline Characteristics

In the SYNERGY-NASH trial, 190 partici-
pants were randomly assigned to treat-
ment with once-weekly tirzepatide 5 mg
(n = 47), 10 mg (n = 47), 15 mg (n =
48), or placebo (n = 48). The population

for these post hoc analyses comprised
154 participants who completed study
treatment, had an end-of-treatment liver
biopsy, and were not treated with
insulin.

Analyzed participants had mean age
of 55 years and BMI of 35.7 kg/m?%; 59%
had T2D and 57% had stage 3 fibrosis.
Compared with participants without T2D,
those with T2D were significantly older
(56.7 vs. 52.4 years), had higher mean
HbA1. (7.15% vs. 5.70%) and serum tri-
glyceride levels (187 mg/dL vs. 155 mg/dL),
and had higher prevalences of hyper-
tension (78% vs. 48%) and dyslipide-
mia (75% vs. 48%). In contrast, participants
with T2D had lower mean ALT (57 units/L
vs. 67 units/L) and AST (45 units/L vs.
56 units/L) than non-T2D participants
(Supplementary Table 1). The most com-
mon glucose-lowering agent was metfor-
min, predominantly in participants with
T2D (76%) (Supplementary Table 2). Lipid-
lowering therapy was taken by 59% and
27% of participants with T2D and those
without T2D, respectively (Supplementary
Table 3).

Baseline characteristics for respond-
ers versus nonresponders for the primary
outcome of MASH resolution without
worsening of fibrosis did not differ sig-
nificantly except that nonresponders
had higher mean ELF (9.98 vs. 9.65) and
cT1 (933.57 vs. 887.67 ms) values than
responders (Supplementary Table 4).
For the secondary outcome of fibrosis
improvement by at least one stage with
no worsening of MASH, nonresponders
were significantly more likely than res-
ponders to have stage 3 fibrosis (66%
vs. 48%) and higher mean values for
fibrosis biomarkers, including Fibrosis-4
score (1.72 vs. 1.43), PRO-C3 (148.54 vs.
111.81 pg/L), ELF (10.06 vs. 9.56), and
VCTE liver stiffness measurement (13.21
vs. 10.15 kPa) (Supplementary Table 5).
For both outcomes, baseline weight, BMI,
diabetes status, glycemic control, meas-
ures of insulin sensitivity, fasting lipid
levels, and adipokines did not differ be-
tween responders and nonresponders.

MASH Resolution Responders

Overall, there were 80 responders (52%)
(tirzepatide, n = 76; placebo, n = 4) and
74 (48%) nonresponders (tirzepatide, n =
44; placebo, n = 30) for the primary out-
come of MASH resolution without wors-
ening of fibrosis. Responders achieving

this outcome had a significantly greater
mean percent decrease from baseline in
body weight compared with nonresponders
(—16.0% [SE 1.1] vs. —7.0% [1.1]; P <
0.001) (Fig. 1A). This finding was statistically
significant in both the T2D population
(-14.3% [1.3] vs. —6.5% [1.4]; P <
0.001) (Fig. 1B) and the non-T2D pop-
ulation (—19.3% [1.9] vs. —7.6% [1.6];
P < 0.001) (Fig. 1C). Greater reductions in
HbA,. were observed in responders com-
pared with nonresponders for the overall
population (—1.2%, [SE 0.1] vs. —0.6%
[0.1]; P < 0.001) (Fig. 1D), the T2D popu-
lation (—1.5% [SE 0.1] vs. —0.9% [0.2];
P = 0.007) (Fig. 1E), and the non-T2D
population (—0.6% [0.1] vs. —0.3% [0.1];
P = 0.020) (Fig. 1F). Among participants
with T2D, MASH responders were more
likely to achieve a normal HbA,. of <5.7%
compared with MASH nonresponders
(64.0%, [SE 6.8] vs. 35.9% [7.7]; P =
0.009) and those who achieved HbA;.
of <5.7% were more likely to be MASH
responders compared with participants
with HbA;. >5.7% at week 52 (69.6%
[SE 6.8] vs. 41.9% [7.5]); P = 0.009)
Supplementary Fig. 1). Participant-level
changes from baseline in weight and
HbA,. at week 52 by responder status
are presented with waterfall plots in
Supplementary Figs. 2 and 3, respectively.
Greater reductions in fasting triglyceride
levels were observed for responders
compared with nonresponders for the
overall population (—20.4% [SE 4.3]
vs. —6.5% [3.9]; P = 0.018) (Fig. 1G)
and the T2D population, (—24.0% [3.2]
vs. —5.8% [6.3]; P = 0.007) (Fig. 1H)
but not for the non-T2D population
(Fig. 1/). Compared with nonrespond-
ers, responders had greater percent
reductions in liver fat (MRI-PDFF) in
the overall population (—62.4% [3.2]
vs. —22.9% [8.1]; P < 0.001) (Fig. 1J),
the T2D population (—59.6% [4.4] vs.
31.1% [9.3]; P = 0.003) (Fig. 1K), and
the non-T2D population (—67.2% [4.0]
vs. —13.7% [13.6]; P < 0.001) (Fig. 1L).

Greater improvements in measures of
insulin sensitivity were observed in MASH
responders compared with nonrespond-
ers (Fig. 2). Mean percent decrease
from baseline in Adipo-IR was signifi-
cantly greater for responders compared
with nonresponders for the overall pop-
ulation (—52.4% [SE 4.7] vs. —13.7%
[7.7]); P < 0.001) (Fig. 2A), the T2D pop-
ulation (—46.4% [6.6] vs. —5.3% [12.0];
P = 0.002) (Fig. 2B), and the non-T2D
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Figure 1—Change in metabolic parameters among the overall (A, D, G, J), T2D (B, E, H, K), and non-T2D (C, F, I, L) populations by responder status
for the primary end point of resolution of MASH and no worsening of fibrosis. All treatment groups (including placebo) were pooled for the re-
sponder vs. nonresponder analysis of meeting each of two histologic end points. Data are observed means (error bars represent the SE).
*P < 0.05; **P < 0.01; ***P < 0.001 vs. nonresponder, by t test using the efficacy analysis set excluding one insulin-rescued participant.

population (—64.5% [4.4] vs. —23.2
[8.9]; P < 0.001) (Fig. 2C). The reduc-
tion in HOMAZ2-IR was significantly greater
in responders than in nonresponders only
in the non-T2D population (—38.1% [SE
8.4] vs. —13.7% [6.8]; P = 0.028) (Fig. 2F).
Greater increases in adiponectin were
observed for responders compared with
nonresponders in the overall popula-
tion (53.4% [SE 6.9] vs. 14.6% [3.4];
P < 0.001) (Fig. 2G), the T2D population
(47.3% [7.3] vs. 17.0% [4.9]; P = 0.002)
(Fig. 2H), and the non-T2D population
(64.3% [14.0] vs. 11.8 [4.6]; P < 0.001)
(Fig. 21).

Fibrosis Improvement Responders

There were 77 responders (50%) (tirze-
patide, n = 67; placebo, n = 10) and 77
nonresponders (50%) (tirzepatide, n = 53;
placebo, n = 24) for the secondary end
point of improvement in fibrosis stage by
at least one stage without worsening of
MASH. Participants achieving this out-
come had a significantly greater mean
percent decrease from baseline in body
weight compared with nonresponders in
the overall population (—13.6% [SE 1.1]
vs. —9.8% [1.2]; P = 0.023) (Fig. 3A) and
the T2D population (—13.7% [SE 1.4] vs.
—7.7% [1.4]; P = 0.003) (Fig. 3B) but not

in the non-T2D population (Fig. 3C).
Greater reductions in HbA;. (% units)
were observed in responders compared
with nonresponders in the overall popu-
lation (—1.2% [SE 0.1] vs. —0.7% [0.1];
P =0.004) (Fig. 3D) and the T2D popula-
tion (—1.6% [0.2] vs. —0.9 [0.2]; P =
0.002) (Fig. 3E) but not in the non-T2D
population (Fig. 3F). There were no signifi-
cant differences among fibrosis responders
and nonresponders regarding achievement
of HbA;. <5.7% (Supplementary Fig. 1).
Participant-level changes from base-
line in weight and HbA,. at week 52 by
responder status are presented with
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Figure 2—Change in insulin resistance serum biomarkers among the overall (A, D, G), T2D (B, E, H), and non-T2D (C, F, I) populations by responder
status for the primary end point of resolution of MASH and no worsening of fibrosis. All treatment groups (including placebo) were pooled for the
responder vs. nonresponder analysis of meeting each of two histologic end points. Data are observed means (error bars represent the SE).
*P < 0.05; **P < 0.01; ***P < 0.001 vs. nonresponder, t test using the efficacy analysis set excluding one insulin-rescued participant.

waterfall plots in Supplementary Figs. 2
and 3, respectively. Greater increases in
fasting adiponectin levels were observed
for responders compared with nonres-
ponders in the T2D population (44.2%
[SE 7.7] vs. 22.5% [5.1]; P = 0.025) (Fig.
3H), but this was not statistically signifi-
cant in the overall population (Fig. 3G)
or the non-T2D population (Fig. 3/). No
significant differences in mean percent
changes in Adipo-IR, HOMAZ2-IR, triglycer-
ides, or liver fat (MRI-PDFF) were ob-
served between fibrosis responders and
nonresponders (Supplementary Fig. 4).

Normalization of Liver Fat

For the outcome of MASH resolution
without worsening of fibrosis, 65.6%
of responders achieved MRI-PDFF <5%
compared with 16.1% of nonresponders
(P < 0.001) (Supplementary Fig. 5).
Similarly, for the outcome of fibrosis im-
provement by at least one stage without

worsening of MASH, 57.6% of respond-
ers achieved MRI-PDFF <5% compared
with 27.9% of nonresponders (P = 0.001)
(Supplementary Fig. 6). Additionally, par-
ticipants achieving MRI-PDFF <5% were
significantly more likely to achieve MASH
resolution and fibrosis improvement
by at least one stage than participants
not achieving this threshold (82.4% vs.
31.9%, P < 0.001; and 66.7% vs. 36.2%,
P < 0.001, respectively). These findings
were statistically significant for the T2D and
non-T2D populations for both outcomes.

Relationships With Changes in Body
Weight and Metabolic Measures

To explore the relationship between his-
tological responses and changes in body
weight or other metabolic factors, we
performed correlation analyses. We found
that changes in body weight (r = —0.43),
HbA, (r = —0.30), Adipo-IR (r = —0.36), tri-
glycerides (r = —0.19), and adiponectin

(r = 0.38) were significantly (P < 0.05)
correlated with MASH resolution and
changes in weight (r = —0.18) and HbA;.
(r = —0.24) were significantly (P < 0.05)
correlated with fibrosis improvement
(Supplementary Tables 6 and 7). When
adjusting for percent change of weight, the
correlation between change in Adipo-IR
and MASH resolution remained statisti-
cally significant (r = —0.19; P = 0.0298);
changes in HbA;. (r = —-0.16; P =
0.0539) and adiponectin (r = 0.13; P =
0.1196) had strong trends but did not
reach statistical significance, and the
correlation with triglycerides was not
significant (P = 0.4979). Interestingly,
the correlation between change in HbA,.
and fibrosis improvement remained sta-
tistically significant after adjusting for
percent change in weight (r = —0.18; P =
0.0256).

Significant (P < 0.001) direct linear
correlations were observed between
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Figure 3—Change in metabolic parameters among the overall (A, D, G), T2D (B, E, H), and non-T2D (C, F, I) populations for the secondary end point
of fibrosis improvement by at least one stage without worsening of MASH. All treatment groups (including placebo) were pooled for the responder
vs. nonresponder analysis of meeting each of two histologic end points. Data are observed mean (error bars represent the SE). *P < 0.05;
**p < 0.01; ***P < 0.001 vs. nonresponder, by t test using the efficacy analysis set excluding one insulin-rescued participant.

reductions in body weight and reduc-
tions in liver fat (MRI-PDFF; r = 0.653),
liver fibro-inflammation (MRI-cT1; r =
0.614), NAS score (r = 0.616), ALT (r =
0.468), AST (r = 0.372), ELF (r = 0.410),
Pro-C3 (r = 0.394), NIS4 (r = 0.566), and
liver stiffness (VCTE; r = 0.216, P =
0.008) (Supplementary Fig. 7). Signifi-
cant (P < 0.001) direct correlations were
also observed between reductions in HbA;.
(%) and reductions in liver fat (r = 0.469),
liver fibro-inflammation (r = 0.379), NAS
score (r = 0.406), ALT (r = 0.302), AST
(r = 0.255; P = 0.002), ELF (r = 0.346),
Pro-C3 (r = 0.261; P = 0.001), and liver
stiffness (VCTE; r = 0.242, P = 0.003)
(Supplementary Fig. 8). Finally, percent
changes in adiponectin and Adipo-IR
were inversely correlated (r = —0.26;
P =0.0023).

Causal Mediation Analyses of Metabolic
Factors on Tirzepatide Effect

To further assess the metabolic mediators
of the tirzepatide treatment effect, we

performed exploratory causal mediation
analyses (Fig. 4). We found that body
weight, percent change in liver fat, and
normalization of liver fat were significant
(P < 0.05) mediators of the tirzepatide
treatment effect on MASH resolution
without worsening of fibrosis. Although
the odds of MASH resolution with tirze-
patide treatment versus placebo was re-
duced when accounting for changes in
weight or liver fat, the unmediated tir-
zepatide treatment effect for this end
point remained statistically significant.
Changes in Adipo-IR (P = 0.070) and adi-
ponectin (P = 0.051) approached statis-
tical significance as mediators, but this
was not the case for changes in HbA,.
and triglycerides (P > 0.3). For the end
point of fibrosis improvement without
worsening of MASH, only normalization
of liver fat was a statistically significant
mediator. After accounting for normaliza-
tion of liver fat, the unmediated tirzepatide
treatment effect was not statistically
significant. Change in HbA,. approached

statistical significance as a mediator (P =
0.114), but this was not the case for
change in weight, Adipo-IR, triglycerides,
or adiponectin (P > 0.5 for all).

Finally, in separate mediation analy-
ses, change in weight was a significant
mediator of changes in liver fat (P <
0.001) and HbA;. (P = 0.007). The rela-
tionships between percent change in
body weight and responder status of
participants achieving histologic end points
are illustrated with smoothed density
curves in Supplementary Fig. 9.

CONCLUSIONS

These participant-level exploratory anal-
yses of data from the SYNERGY-NASH
trial expand upon previous findings of a
higher proportion of MASH resolution and
fibrosis improvement observed with the
GIP/GLP-1 receptor agonist tirzepatide,
compared with placebo, among partici-
pants with MASH and fibrosis stages 2 or
3 (12). The present analysis demonstrates
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Figure 4—Causal mediation analyses of the mediating effects of changes in metabolic measures after tirzepatide treatment for 52 weeks on
MASH resolution with no worsening of fibrosis (A) and fibrosis improvement with no worsening of MASH (B). The dashed line indicates an odds
ratio equal to 1. The odds ratio with 95% Cls and P values are provided for the natural direct effects (unmediated; tirzepatide treatment effect
not explained by the metabolic mediator), natural indirect effects (mediated; effect mediated by the metabolic measure), and total effects.
A logarithmic scale is used due to the wide 95% Cls, but the x-axis numbers reflect the odds ratios. The percentages mediated by the metabolic
measures, calculated using the formula of VanderWeele and Vansteelandt (19), are shown with P values. *P < 0.05, **P < 0.01, ***P < 0.001.

PBO, placebo.

that achievement of both of these histo-
logic end points was associated with
larger mean reductions in body weight
and HbA,., normalization of liver fat, and
improvements in adipose tissue insulin
sensitivity, compared with nonresponders.

Body weight reduction is associated
with improvement in histological lesions
of MASH and liver fibrosis induced by
lifestyle modification (9), bariatric surgery
(7,8), or incretin-based therapy, including
semaglutide, survodutide, or tirzepatide
(10-12). This study demonstrates that in
the SYNERGY-NASH trial, reductions in

body weight were significantly correlated
with reductions in hepatic fat content (MRI-
PDFF), liver fibro-inflammation (MRI-cT1),
MASH disease activity (NAS score), and
improvements in biomarkers of fibrosis,
including ELF, PRO-C3, NIS4, and liver
stiffness (VCTE). These observations sug-
gest that body weight reduction with
tirzepatide treatment may play a key
role in MASH resolution and fibrosis
improvement. However, the relationship
between percent change of weight and
histological responder status was less ap-
parent for fibrosis improvement (Fig. 4).

These findings suggest differential impacts
of the magnitude of body weight change
with tirzepatide for MASH resolution
compared with fibrosis improvement.
Of note, nonresponders for fibrosis im-
provement had higher baseline fibrosis
stage and liver stiffness measures, consis-
tent with greater severity of liver disease.
In this trial, the response to tirzepatide
treatment appeared to be dose-dependent
for MASH resolution but not for fibro-
sis improvement (12). This suggests ei-
ther a ceiling effect for the relationship
between body weight reduction and
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fibrosis improvement or that a longer
exposure to treatment or greater body
weight reduction is needed to observe
a potential dose-response relationship.
A higher percentage of patients with
MASH had an improvement of fibrosis
5 years after bariatric surgery than after
1 year (7). In the 72-week A Study of Tir-
zepatide (LY3298176) in Participants With
Obesity or Overweight (SURMOUNT-1) trial
of tirzepatide in participants with obesity,
additional body weight reduction was
observed beyond 52 weeks (15). Further
studies with larger sample size and longer
duration are needed to determine whether
body weight reduction could be used as a
predictor of histological response.

The effect of improved glycemic con-
trol on the histological response to treat-
ment of fibrotic MASH has been studied
less extensively. The present analysis
demonstrates that beyond associations
between the reduction in HbA;. and
both MASH resolution and fibrosis im-
provement, reductions in HbA;. were
significantly correlated with reductions
in hepatic fat content (MRI-PDFF), liver
fibro-inflammation (MRI-cT1), MASH dis-
ease activity (NAS score), and improve-
ments in biomarkers of fibrosis, including
ELF, PRO-C3, and liver stiffness (VCTE).
This suggests that improvement in glyce-
mic control may contribute to im-
provement of MASH. These findings
are consistent with those of a retro-
spective study reporting an association
between glycemic control and severity
of ballooned hepatocytes and steatosis
in patients with MASLD (23). This possi-
bility is also supported by the high pro-
portion of patients with T2D who were
MASH responders who achieved a nor-
mal HbA;. of <5.7%, which is usually
considered a marker of diabetes remis-
sion. Similarly, achievement of an HbA,.
<5.7% was associated with a higher
odds of MASH resolution. These obser-
vations are consistent with epidemio-
logical data demonstrating that T2D is a
risk factor for progressive disease in
MASH (4-6). However, in the causal me-
diation analysis, change in HbA;. was
not a statistically significant mediator of
the treatment effect of tirzepatide on both
MASH resolution and fibrosis improvement.

MASH resolution was associated with
significant improvements in markers of
insulin sensitivity. A greater reduction
in Adipo-IR and a greater increase in

plasma adiponectin were observed in
the responders for MASH resolution com-
pared with nonresponders in the overall,
T2D, and non-T2D populations. These
findings are consistent with improved ad-
ipose tissue insulin sensitivity. However,
the changes in Adipo-IR and adiponectin
did not reach statistical significance in
the causal mediation analysis, potentially
due to a lack of statistical power. The
mean reduction in HOMA2-IR (a marker
of whole-body insulin resistance) was
greater in responders for MASH resolu-
tion compared with nonresponders but
reached statistical significance only in the
subgroup without T2D, likely due to high
variability in the fasting insulin levels in
participants with T2D treated with a vari-
ety of glucose-lowering medications. In
the T2D population, the greater reduc-
tion in serum triglyceride levels among
MASH resolution responders compared
with nonresponders is consistent with
improved insulin sensitivity. Previous
studies in T2D reported improvements
in insulin sensitivity with tirzepatide treat-
ment as assessed by HOMA2-IR (13,17)
and insulin clamp studies (24). The associ-
ation between markers of adipose tissue
insulin resistance and MASH resolution is
in line with studies highlighting the im-
portance of dysfunctional adipose tissue
in MASLD and previous pharmacological
studies in participants with MASH report-
ing associations between improvement
in adipose tissue insulin sensitivity and
liver histology (25—29). GIP receptors are
present in adipose tissue; preclinical stud-
ies demonstrate that activation of these
receptors increases lipoprotein lipase
activity, which promotes postprandial
triglyceride clearance while also aug-
menting insulin-dependent glucose up-
take (30). Improvements in adipose tissue
insulin sensitivity contribute to improved
whole-body insulin sensitivity and reduc-
ing triglyceride levels by suppression of li-
polysis (30,31). Moreover, improved lipid
storage in white adipose tissue may result
in a reduction in hepatic fat content de-
position (32). Consistent with this hypoth-
esis, normalization of liver fat content
(i.e., MRI-PDFF <5%) in SYNERGY-NASH
was strongly associated with histological
response for both end points in the over-
all, T2D, and non-T2D populations. To-
gether these observations support the
hypothesis that tirzepatide is contributing
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to MASH resolution in part through GIP
receptor agonism in adipose tissue.

Few MASH studies have compared
histological responses in participants
with T2D with those who do not have
T2D. Therefore, we investigated the
association between metabolic factors
and histological response by T2D sta-
tus. This is particularly relevant in the
context of incretin-based therapies, be-
cause indirect comparisons of clinical
trial and real-world data have suggested
that patients with T2D lose less body
weight compared with those without
T2D in response to treatment with sem-
aglutide (33-35) and tirzepatide (15,16).
In participants included in the present
analyses, placebo-adjusted body weight
reduction with tirzepatide 15 mg was
nonsignificantly (P = 0.128 for inter-
action term) lower in participants
with T2D (—14.5%) versus those without
T2D (—22.5%). The associations between
MASH resolution response and change
in body weight and metabolic factors
(HbA;., Adipo-IR, and adiponectin) were
observed in both T2D and non-T2D
groups, suggesting a robust association
between these metabolic parameters and
MASH resolution independently of T2D
status. However, the association between
fibrosis improvement response and
changes in metabolic parameters such
as HbA;., body weight, and adiponectin
were driven mainly by significant asso-
ciations in the T2D group and were not
observed in the non-T2D group. This
suggests that metabolic dysfunction may
be a larger contributor to hepatic fibrosis
for individuals with T2D than in those
without T2D. Alternatively, it is possible
that, among responders for fibrosis im-
provement at 52 weeks, patients with
T2D may have an enhanced and early
metabolic response compared with pa-
tients without T2D. However, these
emerging hypotheses need confirma-
tion in studies with larger sample size
and longer treatment duration.

An important question is whether tir-
zepatide-associated effects in MASH are
related only to weight reduction and
other metabolic improvements. Although
the odds of meeting the end point of
MASH resolution without worsening of
fibrosis with tirzepatide versus placebo
were reduced after controlling for reduc-
tion in body weight or for improvements
in HbA4,, liver fat, Adipo-IR, adiponectin,
or triglycerides, the unmediated treatment
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effect of tirzepatide versus placebo re-
mained statistically significant (Fig. 4). This
finding suggests that reduction in body
weight and metabolic improvements
contribute to MASH resolution but do
not completely account for the treat-
ment effects observed with tirzepatide
in MASH. Given the complex patho-
physiology of MASH, it is possible that
other factors not measured in our study,
such as changes in systemic inflamma-
tion, may contribute to the effect of tir-
zepatide in MASH. In contrast, the odds
of fibrosis improvement with tirzepatide
versus placebo were no longer statisti-
cally significant after controlling for
changes in weight, HbA,., liver fat, or
Adipo-IR (Fig. 4). These findings are con-
sistent with the hypothesis that tirzepa-
tide may have an indirect antifibrotic
effect in the liver. However, studies with
larger sample sizes are needed to con-
firm these findings.

Key limitations of this study include
that this was a post hoc exploratory
analysis of a single trial with a relatively
small sample size that may have limited
the statistical power of the mediation
analyses. No adjustments were made for
multiple comparisons. Furthermore, it was
a per-protocol analysis, because only par-
ticipants who completed the study with
both baseline and postbaseline measures
were included. The results, therefore, are
preliminary and can only be regarded as
hypothesis generating. Second, the trial
duration was too short to fully assess the
effects of weight reduction and metabolic
improvements on fibrosis regression and
major adverse liver outcomes.

In conclusion, this post hoc explor-
atory analysis of the SYNERGY-NASH trial
data demonstrated strong associations
between responses for both MASH reso-
lution and fibrosis improvement and im-
provements in body weight, glycemic
control, liver fat normalization, and bio-
markers of insulin resistance, particularly
adipose tissue insulin resistance. These
observations support the hypothesis that
metabolic improvements associated with
tirzepatide treatment contribute to dis-
ease modification in MASH. Of note,
several therapies are currently under
development for the treatment of MASH;
they target various pathways that do not
necessarily induce weight reduction or gly-
cemic control improvement. Indeed, the
first U.S. Food and Drug Administration—
approved therapy for MASH, resmetirom,

does not induce weight reduction or
glycemic control improvement (36). More in-
vestigations are warranted to fully decipher
the relationship between metabolic and his-
tological improvements in patients with fi-
brotic MASH treated with tirzepatide.
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