
Alimentary Pharmacology & Therapeutics, 2025; 62:1089–1099
https://doi.org/10.1111/apt.70382

1089

Alimentary Pharmacology & Therapeutics

CLINICAL TRIAL OPEN ACCESS

Effects of Resmetirom on Metabolic-Dysfunction Associated 
Steatohepatitis in Patients With Weight Loss and/or 
Diabetes Taking Glucagon-Like Peptide-1 Receptor Agonists 
and Other Diabetes Therapies: A Secondary Analysis of the 
MAESTRO-NASH Trial
Mazen Noureddin1,2  |  Mary Rinella3  |  Rebecca Taub4  |  Dominic Labriola4  |  Raul C. Camacho4  |  Naim Alkhouri5   |  
Rohit Loomba6   |  Meena B. Bansal7

1Houston Methodist Hospital, Houston, Texas, USA  |  2Houston Research Institute, Houston, Texas, USA  |  3University of Chicago, Pritzker School of 
Medicine, Chicago, Illinois, USA  |  4Madrigal Pharmaceuticals, West Conshohocken, Pennsylvania, USA  |  5Summit Clinical Research, San Antonio, 
Texas, USA  |  6MASLD Research Center, University of California at San Diego, La Jolla, California, USA  |  7Icahn School of Medicine at Mount Sinai, 
New York, New York, USA

Correspondence: Mazen Noureddin (noureddinmd@houstonresearchinstitute.com)

Received: 18 July 2025  |  Revised: 4 August 2025  |  Accepted: 14 September 2025

Handling Editor: Grace L-H Wong 

Funding: This work was supported by Madrigal Pharmaceuticals.

Keywords: fibrosis improvement | GLP-1 receptor agonists | MASH resolution | resmetirom | weight loss

ABSTRACT
Background: MAESTRO-NASH, a randomised, double-blind, placebo-controlled, 54-month phase 3 trial evaluating the effi-
cacy of resmetirom in patients with biopsy-confirmed metabolic-dysfunction associated steatohepatitis (MASH) and liver fibro-
sis achieved primary endpoints of MASH resolution with no worsening of fibrosis, and ≥ 1-stage improvement in fibrosis with no 
worsening of MASH at 52-weeks.
Aims: The effects of resmetirom (80 or 100 mg) versus placebo were evaluated on Week 52 histological and biomarker endpoints 
in relation to background treatment with sodium-glucose cotransporter 2 inhibitors (SGLT2i), GLP-1 receptor agonists (GLP-1 
RA), and/or ≥ 5% weight loss at Week 52.
Methods: At baseline, 13%–17% of patients (all with type 2 diabetes mellitus [T2DM]) were on stable GLP-1 RA or SGLT2i ther-
apy. Changes in liver histology, MRI-proton density fat fraction (MRI-PDFF), and liver stiffness were examined after 52 weeks 
of treatment.
Results: No weight loss above baseline occurred with GLP-1 RA or SGLT2i therapy. SGLT2 and GLP-1 RA treated patients 
showed similar rates of MASH resolution and fibrosis improvement in combination with resmetirom as patients not on these 
therapies. Resmetirom-treated patients (100 mg) with weight loss (≥ 5%) compared with those with weight loss < 5% had higher 
rates of MASH resolution (56.6% vs. 33.8%), fibrosis improvement (40.6% vs. 31.5%), MRI-PDFF reduction (−69% vs. −46%), and 
liver stiffness reduction after 52 weeks of treatment (−4.6 kPa vs. −2.3 kPa).
Conclusions: The efficacy of resmetirom on multiple MASH endpoints was not impacted by background SGLT2i or GLP-1 RA 
treatment. Weight loss (≥ 5%) enhanced the efficacy of resmetirom.
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Trial Registration: MAESTRO-NASH Clini​calTr​ials.​gov number, NCT03900429

1   |   Introduction

Metabolic dysfunction-associated steatohepatitis (MASH, for-
merly known as nonalcoholic steatohepatitis [NASH] [1]) is the 
active, progressive form of metabolic dysfunction-associated 
steatotic liver disease (MASLD, formerly known as nonalco-
holic fatty liver disease [NAFLD]), defined as the presence of 
5% or more hepatic steatosis with inflammation and hepatocyte 
injury (e.g., ballooning), with or without fibrosis [2]. MASH is 
associated with increased cardiovascular risk, including cardio-
vascular death [3]. Additionally, patients with MASH with more 
advanced fibrosis (F3, F4) have increased liver-related morbidity 
and mortality, especially in the setting of cirrhosis, where the 
development of hepatocellular carcinoma and liver decompen-
sation result in a common indication for liver transplantation 
[4–7]. MASH imparts a significant economic burden on the 
healthcare system, with an estimated 6.65 million patients with 
MASH in the United States alone [8]. The number of cases of 
MASH with clinically significant fibrosis in the United States is 
expected to increase to 11.7 million by 2050 [9].

Thyroid hormone receptor (THR)-β, which is preferentially ex-
pressed in the liver relative to THR-α [10], mediates beneficial 
actions in MASH such as de-lipidation of the liver, improvement 
in hepatic mitochondrial function and biogenesis [11], and re-
duction of liver inflammation and fibrosis [12]. Resmetirom, 
a liver-directed THR-β selective agonist [13], was approved in 
2024 by the Food and Drug Administration according to sub-
part H criteria for the treatment of adults with MASH with mod-
erate to advanced liver fibrosis (consistent with F2–F3), based 
on the resolution of MASH and improvement in liver fibrosis at 
Week 52 in the MAESTRO-NASH trial [14]. MAESTRO-NASH 
is ongoing and will assess clinical benefit at 54 months. Phase 
1, 2 and 3 trials with resmetirom have demonstrated reduction 
of hepatic and/or circulating lipids in healthy volunteers [15], 
familial hypercholesterolemia [16], MASLD [17], and patients 
with MASH [14, 18]. These studies demonstrated resmetirom's 
safety, and also that selectivity for THR-β and liver targeting 
led to the absence of toxicities on heart and bone associated 
with THR-α.

Glucagon-like peptide-1 (GLP-1) receptor agonists (RA) such as li-
raglutide [19] and semaglutide [20], and other GLP-1 RA combina-
tions (e.g., with glucose-dependent insulinotropic polypeptide [21] 
or glucagon [22] receptor agonists) have been investigated in phase 
2 trials with positive effects in patients with MASH and fibrosis. 
Semaglutide recently demonstrated improvements in both resolu-
tion of steatohepatitis and fibrosis reduction in a phase 3 MASH 
trial [23] and recently received accelerated approval by the Subpart 
H mechanism in the US for the treatment of noncirrhotic MASH 
with moderate to advanced liver fibrosis. Because GLP-1 receptors 
are not expressed in liver [24], the potential mechanism of action 
in MASH relates to indirect actions to reduce body weight, insu-
lin resistance, and metabolic dysfunction [25]. Beneficial effects of 
weight loss through lifestyle modification or bariatric surgery on 
biomarkers and histology have been shown across the spectrum of 
MASLD/MASH [26–28]. Other T2DM therapies including SGLT2i 

and pioglitazone have shown beneficial effects in patients with 
MASH [29, 30].

In this randomised, double-blind, placebo-controlled, phase 
3 trial evaluating the efficacy of resmetirom in patients with 
biopsy-confirmed MASH and fibrosis, a pre-specified analysis 
of the effects of resmetirom (80 or 100 mg) or placebo on a back-
ground of stable GLP-1 baseline therapy (for at least 6 months 
prior to randomization) or sodium-glucose cotransporter 2 in-
hibitors (SGLT2i) therapy and the effect of ≥ 5% weight loss on 
liver histology endpoints was evaluated.

2   |   Methods

2.1   |   Clinical Trial Information

This study used liver biopsy samples from the Phase 3, double-
blinded, randomised, placebo-controlled MAESTRO-NASH trial 
(NCT03900429) in adults with biopsy-confirmed MASH. The de-
sign, eligibility criteria, and results have been reported elsewhere. 
Briefly, patients were selected for screening based on having three 
or more metabolic risk factors and a FibroScan VCTE of ≥ 8.5 or 
an eligible recent liver biopsy. As defined in the statistical analysis 
plan, the primary analysis population included 966 patients with 
baseline fibrosis stages of F1B (moderate fibrosis), F2 (moderate 
fibrosis), or F3 (advanced fibrosis) and meeting criteria for NASH 
(NAFLD Activity Score ≥ 4) based on central pathologist scoring 
from two readers [31]. As noted [14], the protocol, which is avail-
able along with the statistical analysis plan with the full text of 
this article at NEJM.​org, was approved by the institutional review 
board and ethics committee at each participating site. The trial 
was and continues to be conducted in accordance with the prin-
ciples of the Declaration of Helsinki, the International Council for 
Harmonisation Good Clinical Practice guidelines, and all relevant 
regulations. All patients provided written informed consent. Of the 
966 randomised patients, 647 had type 2 diabetes mellitus (T2DM) 
and 319 did not. Weight was required to be stable (< 5% change in 
3 months). Doses of GLP-1 RA and SGLT2i were required to be sta-
ble for ≥ 6 months and ≥ 30 days, respectively, prior to eligibility bi-
opsy. All patients on GLP-1 RA or SGLT2i were on doses approved 
for T2DM during the conduct of the trial. The study population is 
shown in Figure 1.

2.2   |   Statistical Analysis

Descriptive statistics (percentages, means with standard de-
viation [SD], medians [Q1, Q3], and least squared [LS] means 
with 95% confidence intervals [CI]) were provided to summarise 
data. A mediation analysis was conducted to separate the con-
tributions of percent change in weight at Week 52 and study 
treatment (resmetirom vs. placebo) for NASH resolution and fi-
brosis improvement. Odds ratios and 95% confidence intervals 
were estimated for percent change in body weight and direct 
treatment effect and their combined effect using the logistic re-
gression method described by Samoilenko et al. [32] using the 

http://clinicaltrials.gov
http://nejm.org
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R package ‘ExactMed’. Baseline characteristics are provided for 
the primary population. Tables show effects in the primary pop-
ulation and the biopsy completer population (patients with both 
a baseline and week 52 biopsy).

3   |   Results

3.1   |   Patients

The demographic and clinical characteristics of randomised 
patients (n = 966) at baseline according to T2DM and T2DM 
treatments GLP-1 RA, SGLT2i, insulin, and pioglitazone 
use are shown in Table  1. Patients taking GLP-1 RAs were 
required to be on stable doses for at least 6 months; doses of 
other T2DM medications could be modified up to 30 days prior 
to randomization in order to achieve optimal HbA1c control. 
Mean HbA1c was 7.0% at baseline in the patients with T2DM, 
and there was little change during the study [14]. At baseline, 
13%–17% of patients (all of whom had T2DM) in the treatment 
groups were on stable T2DM doses of GLP-1 RA (80 mg resme-
tirom, n = 54; 100 mg resmetirom, n = 41; placebo, n = 42). The 
most common were various doses of liraglutide (~15%), 0.5 to 
1 mg semaglutide (~25%), and 0.75 to 1.5 mg dulaglutide (~33%). 
Another T2DM therapy associated with weight loss and poten-
tial benefit in MASH included 11%–17% of patients on SGLT2i 
(80 mg resmetirom, n = 55; 100 mg resmetirom, n = 39; pla-
cebo, n = 36), with stable treatment. In the randomised pop-
ulation, 39 patients were on both a GLP-1 RA and SGLT2i, 
34 of whom had biopsies at Week 52 (biopsy completers). 
Approximately 18% of patients with T2DM were on insulin, 

and very few were on pioglitazone. At baseline, patients on 
GLP-1 RA and SGLT2i had a higher percentage of F3 patients 
(67.9, 67.7 vs. 52.7%) with more metabolic (HbA1c: 7.1 or 7.2 vs. 
5.7%) and cardiovascular features (hypertension: 84.7, 87.7 vs. 
67.4%; dyslipidemia: 85.4 or 84.6 vs. 54.2%); more common sta-
tin use (61.3 or 66.2 vs. 30.4%); and at baseline, lower LDL-C 
and liver enzymes (ALT: 45.6 or 48.3 vs. 62.1 U/L; AST: 34.3 
or 34.7 vs. 45.7 U/L) than non-diabetic patients. There were 
no differences in baseline body weight (103.7 vs. 99.7 kg) or 
MRI-PDFF (16.5 vs. 16.1%), and no meaningful differences in 
other baseline characteristics between patients on GLP-1 RA 
or SGLT2i therapy. Patients on insulin therapy had generally 
poorer T2DM control, with only 30% achieving HbA1c ≤ 7% 
at baseline compared to 57% in the combined population of 
patients with T2DM.

3.2   |   Effects of T2DM Treatments on Week 52 
Histology and MRI-PDFF Endpoints

An intention-to-treat analysis in which patients with missing 
Week 52 biopsies are considered non-responders demonstrated 
consistent relative responses (Tables in Supplement) and did not 
demonstrate an increase in discontinuations in any group.

Patients on GLP-1 RA (n = 81) had 26.5% (placebo-corrected % 
difference [95% CI], 16.9% [1.9%, 31.9%]) and 39.1% (30.5% [12.8%, 
48.3%]) response rates for MASH resolution in the resmeti-
rom 80 and 100 mg treatment groups, respectively (Figure 1A; 
Table  S1), compared with resmetirom patients not on GLP-1 
RA (n = 261): 32.0% (21.3% [12.4%, 30.1%]) and 37.9% (28.3% 

FIGURE 1    |    MASH resolution with no worsening of fibrosis and fibrosis improvement (reduction by at least one stage with no worsening of the 
MASH) in T2DM patients in presence or absence of GLP-1 RA (A and B) or SGLT2i (C and D). Pbo, placebo; Res, resmetirom.



1092 Alimentary Pharmacology & Therapeutics, 2025

T
A

B
L

E
 1

    
|    

D
em

og
ra

ph
ic

 a
nd

 c
lin

ic
al

 c
ha

ra
ct

er
is

tic
s o

f p
ri

m
ar

y 
po

pu
la

tio
n 

an
d 

su
bg

ro
up

s a
t b

as
el

in
e.

N
o 

T
2D

M
 (N

 =
 31

9)
T

2D
M

 (N
 =

 64
7)

G
L

P-
1 

R
A

 (N
 =

 13
7)

SG
LT

2i
 (N

 =
 13

0)
In

su
li

n 
(N

 =
 11

8)

≥
 5%

 W
ei

gh
t 

lo
ss

 a
t w

ee
k 

52
 (N

 =
 14

1)

<
 5%

 W
ei

gh
t 

lo
ss

 a
t w

ee
k 

52
 (N

 =
 69

5)

A
ge

 (y
ea

rs
) M

ea
n 

(S
D

)
53

.7
 (1

2.
3)

58
.1

 (9
.9

)
56

.2
 (9

.2
)

58
.3

 (8
.6

)
58

.2
 (9

.4
)

56
.8

 (1
0.

8)
56

.6
 (1

0.
7)

Fe
m

al
e 

n 
(%

)
17

0 
(5

3.
3)

37
2 

(5
7.

5)
84

 (6
1.

3)
69

 (5
3.

1)
68

 (5
7.

6)
88

 (6
2.

4)
38

0 
(5

4.
7)

W
hi

te
 n

 (%
)

29
4 

(9
2.

2)
56

9 
(8

7.
9)

12
3 

(8
9.

8)
11

1 
(8

5.
4)

10
8 

(9
1.

5)
12

6 
(8

9.
4)

61
8 

(8
8.

9)

H
is

pa
ni

c 
or

 L
at

in
o 

n 
(%

)
63

 (1
9.

7)
14

1 
(2

1.
8)

23
 (1

6.
8)

30
 (2

3.
1)

21
 (1

7.
8)

29
 (2

0.
6)

14
9 

(2
1.

4)

T2
D

M
 n

 (%
)

0
64

7 
(1

00
)

13
7 

(1
00

)
13

0 
(1

00
)

11
8 

(1
00

)
10

0 
(7

0.
9)

45
7 

(6
5.

8)

D
ur

at
io

n 
of

 T
2D

M
 

(y
ea

rs
) M

ed
ia

n 
(Q

1,
 

Q
3)

0
6.

2 
(2

.9
, 1

1.
9)

8.
7 

(5
.0

, 1
4.

1)
9.

0 
(5

.2
, 1

5.
7)

11
.6

 (6
.4

, 2
0.

2)
6.

8 
(2

.0
, 1

0.
5)

6.
8 

(3
.1

, 1
2.

3)

H
yp

er
te

ns
io

n 
n 

(%
)

21
5 

(6
7.

4)
53

9 
(8

3.
3)

11
6 

(8
4.

7)
11

4 
(8

7.7
)

10
1 

(8
5.

6)
10

3 
(7

3.
0)

55
9 

(8
0.

4)

D
ys

lip
id

em
ia

 n
 (%

)
17

3 
(5

4.
2)

51
6 

(7
9.

8)
11

7 
(8

5.
4)

11
0 

(8
4.

6)
10

5 
(8

9.
0)

99
 (7

0.
2)

49
9 

(7
1.

8)

Th
yr

ox
in

e 
re

pl
ac

em
en

t n
 (%

)
40

 (1
2.

5)
90

 (1
3.

9)
25

 (1
8.

2)
17

 (1
3.

1)
17

 (1
4.

4)
21

 (1
4.

9)
87

 (1
2.

5)

St
at

in
 n

 (%
)

97
 (3

0.
4)

37
6 

(5
8.

1)
84

 (6
1.

3)
86

 (6
6.

2)
83

 (7
0.

3)
64

 (4
5.

4)
34

9 
(5

0.
2)

G
LP

-1
 R

A
 n

 (%
)

n/
a

13
7 

(2
1.

2)
13

7 
(1

00
)

39
 (3

0.
0)

44
 (3

7.
3)

20
 (1

4.
2)

10
3 

(1
4.

8)

SG
LT

2i
 n

 (%
)

n/
a

13
0 

(2
0.

1)
39

 (2
8.

5)
13

0 
(1

00
)

38
 (1

3.
6)

15
 (1

0.
6)

10
0 

(1
4.

4)

G
LP

-1
 R

A
 a

nd
 S

G
LT

2i
 

n 
(%

)
0

39
 (6

.0
)

39
 (2

8.
5)

39
 (3

0.
0)

16
 (1

3.
6)

4 
(2

.8
)

31
 (4

.5
)

D
ur

at
io

n 
of

 G
LP

-1
 

R
A

 o
r S

G
LT

2i
 (d

ay
s)

 
M

ed
ia

n 
(Q

1,
 Q

3)

n/
a

n/
a

66
0 

(3
75

, 1
22

9)
65

1 
(2

84
, 8

11
)

n/
a

n/
a

n/
a

Pi
og

lit
az

on
e 

n 
(%

)
0

11
 (1

.7
)

1 
(0

.7
)

3 
(2

.3
)

1 
(0

.8
)

1 
(0

.7
)

8 
(1

.2
)

In
su

lin
 n

 (%
)

0
11

8 
(1

8.
2)

44
 (3

2.
1)

38
 (2

9.
2)

11
8 

(1
00

)
9 

(6
.4

)
92

 (1
3.

2)

W
ei

gh
t (

kg
) M

ea
n 

(S
D

)
10

1.
5 

(2
2.

8)
10

0.
3 

(2
2.

7)
10

3.
7 

(2
4.

3)
99

.7
 (2

2.
4)

10
2.

6 
(2

2.
8)

10
0.

3 
(2

4.
4)

99
.9

 (2
1.

9)

BM
I (

kg
/m

2 )
 M

ea
n 

(S
D

)
35

.4
 (6

.8
)

35
.8

 (6
.8

)
36

.6
 (6

.9
)

35
.4

 (6
.1

)
36

.3
 (6

.4
)

35
.6

 (7
.2

)
35

.4
 (6

.5
)

LD
L-

C
 (m

g/
dL

) M
ea

n 
(S

D
)

11
8.

5 
(3

8.
4)

99
.0

 (3
6.

9)
93

.8
 (3

4.
6)

94
.6

 (3
9.

0)
95

.9
 (4

0.
1)

10
6.

4 
(4

0.
3)

10
5.

2 
(3

8.
6)

H
O

M
A

-I
R

 M
ea

n 
(S

D
)

9.
4 

(8
.8

)
12

.0
 (1

1.
7)

12
.9

 (1
2.

0)
9.

3 
(5

.9
)

11
.7

 (1
1.

4)
13

.9
 (1

6.
9)

10
.5

 (9
.0

)

(C
on

tin
ue

s)



1093Alimentary Pharmacology & Therapeutics, 2025

N
o 

T
2D

M
 (N

 =
 31

9)
T

2D
M

 (N
 =

 64
7)

G
L

P-
1 

R
A

 (N
 =

 13
7)

SG
LT

2i
 (N

 =
 13

0)
In

su
li

n 
(N

 =
 11

8)

≥
 5%

 W
ei

gh
t 

lo
ss

 a
t w

ee
k 

52
 (N

 =
 14

1)

<
 5%

 W
ei

gh
t 

lo
ss

 a
t w

ee
k 

52
 (N

 =
 69

5)

H
bA

1c
 (%

) M
ea

n 
(S

D
)

5.
7 

(0
.6

)
7.

0 
(1

.0
)

7.
4 

(1
.0

)
7.

2 
(1

.0
)

7.
6 

(0
.9

)
6.

6 
(1

.1
)

6.
5 

(1
.1

)

H
bA

1c
 ≤

 7%
 n

 (%
)

0
37

0 
(5

7.
2)

71
 (5

1.
8)

62
 (4

7.7
)

35
 (2

9.
7)

63
 (6

3.
0)

25
8 

(5
6.

5)

10
-y

ea
r A

SC
V

D
 R

is
k 

Sc
or

e 
M

ea
n 

(S
D

)
9.

5 
(7

.4
)

17
.5

 (1
2.

7)
14

.5
 (1

0.
8)

16
.0

 (1
0.

6)
18

.4
 (1

3.
6)

14
.8

 (1
1.

3)
14

.8
 (1

1.
9)

C
re

at
in

in
e 

(m
g/

dL
) 

M
ea

n 
(S

D
)

0.
81

 (0
.2

)
0.

78
 (0

.2
)

0.
75

 (0
.2

)
0.

77
 (0

.2
)

0.
78

 (0
.2

)
0.

79
 (0

.2
0)

0.
78

 (0
.1

9)

eG
FR

 (m
L/

m
in

/1
.7

32 )
 

M
ea

n 
(S

D
)

97
.8

 (2
2.

6)
98

.5
 (2

3.
0)

10
0.

5 
(2

3.
5)

99
.4

 (2
3.

1)
97

.9
 (2

3.
5)

96
.1

 (2
4.

0)
99

.1
 (2

2.
7)

hs
C

R
P 

(m
g/

L)
 M

ed
ia

n 
(Q

1,
 Q

3)
3.

5 
(1

.7,
 6

.6
)

3.
4 

(1
.5

, 7
.0

)
3.

3 
(1

.4
, 6

.2
)

3.
9 

(1
.7,

 6
.0

)
4.

3 
(1

.9
, 7

.2
)

3.
4 

(1
.6

, 8
.0

)
3.

3 
(1

.5
, 6

.5
)

EL
F 

M
ea

n 
(S

D
)

9.
7 

(0
.9

)
9.

5 
(0

.8
)

9.
5 

(0
.8

)
9.

7 
(0

.8
)

9.
7 

(0
.8

)
9.

8 
(0

.9
)

9.
7 

(0
.9

)

Fi
br

oS
ca

n 
V

C
TE

 (k
Pa

) 
M

ed
ia

n 
(Q

1,
 Q

3)
11

.0
 (9

.1
, 1

4.
6)

12
.0

 (9
.7,

 1
5.

5)
12

.0
 (9

.8
, 1

5.
5)

11
.2

 (9
.6

, 1
3.

9)
11

.9
 (9

.6
, 1

4.
6)

11
.9

 (9
.2

, 1
4.

7)
11

.4
 (9

.4
, 1

4.
9)

Fi
br

oS
ca

n 
C

A
P 

(d
B/

m
) 

M
ea

n 
(S

D
)

34
2.

1 
(3

9.
6)

35
0.

3 
(3

6.
4)

35
1.

8 
(3

6.
2)

34
8.

8 
(3

6.
1)

35
5.

6 
(3

4.
8)

34
6.

1 
(3

9.
1)

34
7.

9 
(3

8.
0)

M
R

I-
PD

FF
 (%

) M
ea

n 
(S

D
)

18
.4

 (7
.0

)
17

.4
 (6

.6
)

16
.5

 (6
.0

)
16

.1
 (6

.5
)

16
.4

 (6
.1

)
17

.6
 (6

.8
)

17
.8

 (6
.7

)

M
R

E 
(k

Pa
) M

ed
ia

n 
(Q

1,
 Q

3)
3.

3 
(2

.7,
 3

.9
)

3.
5 

(2
.9

, 4
.2

)
3.

4 
(3

.0
, 4

.0
)

3.
4 

(3
.0

, 4
.1

)
3.

3 
(2

.9
, 4

.0
)

3.
4 

(3
.0

, 4
.0

)
3.

4 
(2

.8
, 4

.0
)

A
LT

 (U
/L

) M
ea

n 
(S

D
)

61
.2

 (3
6.

3)
51

.3
 (2

9.
4)

45
.3

 (2
2.

2)
47

.9
 (2

3.
1)

45
.6

 (2
2.

1)
54

.2
 (2

9.
5)

54
.6

 (3
2.

3)

A
ST

 (U
/L

) M
ea

n 
(S

D
)

45
.1

 (2
5.

3)
38

.2
 (2

1.
8)

33
.7

 (1
6.

4)
34

.4
 (1

4.
2)

35
.1

 (1
6.

8)
40

.0
 (1

9.
9)

40
.3

 (2
3.

6)

N
A

S 
at

 sc
re

en
in

g,
 ≥

 5 
n 

(%
)

26
3 

(8
2.

4)
54

4 
(8

4.
1)

11
0 

(8
0.

3)
10

1 
(7

7.7
)

99
 (8

3.
9)

12
1 

(8
5.

8)
57

8 
(8

3.
2)

Fi
br

os
is

 st
ag

e 
at

 b
as

el
in

e 
n 

(%
)

1B
16

 (5
.0

)
33

 (5
.1

)
6 

(4
.4

)
4 

(3
.1

)
8 

(6
.8

)
7 

(5
.0

)
35

 (5
.0

)

2
13

0 
(4

0.
8)

18
9 

(2
9.

2)
35

 (2
5.

5)
37

 (2
8.

5)
32

 (2
7.

1)
42

 (2
9.

8)
22

5 
(3

2.
4)

3
16

8 
(5

2.
7)

41
5 

(6
4.

1)
93

 (6
7.

9)
88

 (6
7.7

)
77

 (6
5.

3)
92

 (6
5.

2)
42

2 
(6

0.
7)

4
5 

(1
.6

)
10

 (1
.5

)
3 

(2
.2

)
1 

(0
.8

)
1 

(0
.8

)
0

13
 (1

.9
)

A
bb

re
vi

at
io

ns
: A

LT
, a

la
ni

ne
 a

m
in

ot
ra

ns
fe

ra
se

; A
SC

V
D

, a
th

er
os

cl
er

ot
ic

 c
ar

di
ov

as
cu

la
r d

is
ea

se
; A

ST
, a

sp
ar

ta
te

 a
m

in
ot

ra
ns

fe
ra

se
; B

M
I, 

bo
dy

 m
as

s i
nd

ex
; C

A
P,

 c
on

tr
ol

le
d 

at
te

nu
at

io
n 

pa
ra

m
et

er
; e

G
FR

, e
st

im
at

ed
 g

lo
m

er
ul

ar
 

fi
ltr

at
io

n 
ra

te
; E

LF
, e

nh
an

ce
d 

liv
er

 fi
br

os
is

; H
bA

1c
, h

ae
m

og
lo

bi
n 

A
1c

; H
O

M
A

-I
R

, H
om

eo
st

at
ic

 M
od

el
 A

ss
es

sm
en

t o
f I

ns
ul

in
 R

es
is

ta
nc

e;
 h

sC
R

P,
 h

ig
h-

se
ns

iti
vi

ty
 C

-r
ea

ct
iv

e 
pr

ot
ei

n;
 k

Pa
, k

ilo
pa

sc
al

s; 
LD

L-
C

, l
ow

-d
en

si
ty

 li
po

pr
ot

ei
n 

ch
ol

es
te

ro
l; 

M
R

E
, m

ag
ne

tic
 re

so
na

nc
e 

el
as

to
gr

ap
hy

; M
R

I-
PD

FF
, m

ag
ne

tic
 re

so
na

nc
e 

im
ag

in
g 

pr
ot

on
 d

en
si

ty
 fa

t f
ra

ct
io

n;
 N

A
S,

 N
A

FL
D

 a
ct

iv
ity

 sc
or

e;
 T

2D
M

, t
yp

e 
2 

di
ab

et
es

 m
el

lit
us

; V
C

TE
, v

ib
ra

tio
n 

co
nt

ro
lle

d 
tr

an
si

en
t 

el
as

to
gr

ap
hy

.

T
A

B
L

E
 1

    
|    


(C

on
tin

ue
d)



1094 Alimentary Pharmacology & Therapeutics, 2025

[19.4%, 37.3%]). Resmetirom patients on GLP-1 RA had 28.6% 
(18.5% [3.8%, 33.2%]) and 20.3% (10.5% [−4.2%, 25.2%]) response 
rates for fibrosis improvement compared with resmetirom pa-
tients not on GLP-1 RA: 28.9% (14.9% [6.1%, 23.7%]) and 31.6% 
(17.6% [8.8%, 26.4%]), (Figure  1B). Patients on SGLT2i (n = 77) 
had 36.2% (24.3% [6.0%, 42.5%]) and 43.3% (31.1% [11.6%, 50.6%]) 
response rates for MASH resolution in the 80 and 100 mg resme-
tirom groups, respectively, compared with resmetirom patients 
not on SGLT2i (n = 265): 28.5% (18.5% [10.1%, 26.8%]) and 36.9% 
(28.4% [19.7%, 37.2%]), Figure  1C, Table  S2. Resmetirom pa-
tients on SGLT2i had 22.3% (3.3% [−13.0%, 19.7%]) and 28.3% 
(9.2% [−9.1%, 27.5%]) response rates for fibrosis improvement 
compared with resmetirom patients not on SGLT2i: 31.1% (19.3% 
[10.8%, 27.7%]) and 29.6% (18.1% [9.8%, 26.4%]), (Figure 1D). In 
the 80 and 100 mg resmetirom groups, respectively, patients on 
insulin (n = 93) compared to those not on insulin (n = 425) had 
somewhat lower response rates for MASH resolution (15.6% and 
28.1% vs. 33.7% and 40.6%) and fibrosis improvement (20.3% and 
25.0% vs. 30.7% and 30.5%, Table S3). Thirty-nine patients were 
on both GLP-1 RA and SGLT-2i and showed no meaningful dif-
ferences in response from patients with T2DM on either alone or 
on background therapy.

Resmetirom's fibrosis and MASH responses on biopsy correlated 
with MRI-PDFF reduction [14]. Comparison of resmetirom's ef-
ficacy to decrease MRI-PDFF in patients without T2DM versus 
patients with T2DM, patients on or not on GLP-1 RA, SGLT2i, or 
insulin had similar decreases in MRI-PDFF in all comparisons 
(Figure 2; Table S4).

3.3   |   Safety and Tolerability Evaluated in Patients 
According to GLP-1 RA Therapy

No notable differences in safety and tolerability were observed 
between treatment groups on a GLP-1RA or not on a GLP-1RA. 
Expected gastrointestinal adverse events such as diarrhoea and 
nausea were generally higher in the resmetirom groups indepen-
dent of GLP-1RA use (Table S5).

3.4   |   Impact of Weight Loss on Week 52 Histology, 
MRI-PDFF and VCTE Endpoints

Weight loss has been shown to improve responses on liver biopsy 
in patients with MASH, including patients treated with resmeti-
rom [14, 18]. Reflecting that GLP-1 RA therapy was stable (at least 
6 months), the percentages of patients on GLP-1 RA treatment 
in MAESTRO-NASH with ≥ 5% (14%) and < 5% (16%) weight 
loss were equivalent. Week 52 median body weight changes in 
patients on GLP-1 RA were −1.8%, −1.5% and −1.9% in placebo, 
80 mg, and 100 mg, respectively. Week 52 median body weight 
changes in patients on SGLT2i were −1.9%, −0.5%, and −2.3% in 
placebo, 80 and 100 mg, respectively. Patients on insulin had a 
numerically smaller fraction (~10%) who lost ≥ 5% body weight.

The numbers of patients who lost ≥ 5% weight in the study ac-
cording to treatment were evaluated. The percentages of pa-
tients with ≥ 5% weight loss in the placebo, 80 and 100 mg of 
resmetirom groups were 12.7% (35 of 276), 17.1% (44 of 258), and 
21.4% (53 of 248), respectively. The median weight loss was 7% in 
the ≥ 5% weight loss groups.

In the 80 and 100 mg resmetirom groups, respectively, patients 
achieving ≥ 5% weight loss had 50.0% (placebo-corrected % dif-
ference [95% CI], 22.0% [2.9%, 41.2%]) and 56.6% (28.4% [10.3%, 
46.5%]) response rates for MASH resolution (Figure 3A; Table S6) 
compared to resmetirom patients with < 5% weight loss who had 
27.6% (20.4% [14.1%, 26.7%]) and 33.8% (26.5% [20.1%, 32.9%]) 
response rates for MASH resolution (Figure  3B). In the 80 and 
100 mg resmetirom groups, respectively, patients achieving ≥ 5% 
weight loss had 38.6% (11.2% [−6.8%, 29.1%]) and 40.6% (12.0% 
[−5.0%, 29.0%]) response rates for fibrosis improvement compared 
to patients with < 5% weight loss who had 27.6% (13.0% [6.3%, 
19.7%]) and 31.5% (16.7% [9.9%, 23.5%]) response rates for fibrosis 
improvement. Achieving ≥ 5% weight loss in the placebo group re-
sulted in 31.4% and 27.1% response rates for MASH resolution and 
fibrosis improvement, respectively, compared to placebo patients 
with < 5% weight loss who had 7.9% and 14.9% response rates for 
MASH resolution and fibrosis improvement, respectively.

FIGURE 2    |    Relative (median) hepatic fat reduction at Week 52 in various subgroups of patients on resmetirom (80 or 100 mg) or placebo. See 
Table S4 for Ns.
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A mediation analysis revealed that the percent change in weight 
at Week 52 does not contribute to the benefits of resmetirom rel-
ative to placebo on MASH resolution (odds ratio [95% CI], 1.08 
[1.00, 1.17]) or fibrosis improvement (1.04 [0.99, 1.09], Figure 3C 
and Table  2). Both doses of resmetirom maintained favorable 
differences on MASH resolution and fibrosis improvement with 
< 5% weight gain (Table S7). The small numbers of patients with 
≥ 5% weight gain precluded an assessment; however, the 100 mg 
dose appeared to maintain a difference from placebo for MASH 
and fibrosis improvement.

Both doses of resmetirom elicited reductions in MRI-PDFF rel-
ative to placebo, independent of weight loss (Table S8). Patients 
achieving ≥ 5% weight loss showed additional reductions in 
MRI-PDFF between Weeks 16 and 52 irrespective of treatment 
(Figure  4A; Table  S8), whereas patients who achieved < 5% 
weight loss showed no further reductions in MRI-PDFF at Week 
52 compared with Week 16 in any treatment groups (Figure 4C). 
In the resmetirom groups, 90.9% and 97.7% of patients (40 of 
44 and 52 of 53 patients in the 80 and 100 mg groups, respec-
tively) who achieved ≥ 5% weight loss had a ≥ 30% reduction in 
MRI-PDFF (Figure 4B). In the resmetirom groups, 72.7%–87.8% 
of patients (32 of 44 and 47 of 53 patients in the 80 and 100 mg 
groups, respectively) who achieved ≥ 5% weight loss had a ≥ 50% 
reduction in MRI-PDFF (Table S6) by Week 52.

Both doses of resmetirom elicited reductions in liver stiffness 
measurements (VCTE) relative to placebo, independent of weight 
loss [14], but percentages with reductions were greater in patients 
who achieved ≥ 5% weight loss (Figure 5A; Table S9). A responder 
analysis for patients achieving ≥ 5% weight loss showed that 
43.9% (18 of 41 patients), 64.7% (33 of 51 patients), and 54.5% (18 
of 33 patients) in the 80 mg resmetirom, 100 mg resmetirom, and 
placebo groups, respectively, achieved a 25% reduction in VCTE 
(Figure 5B). For patients achieving < 5% weight loss, 43.9% (86 of 
196 patients), 44.8% (82 of 183 patients), and 25.3% (56 of 221 pa-
tients) in the 80 mg resmetirom, 100 mg resmetirom, and placebo 
groups, respectively, achieved a ≥ 25% reduction in VCTE.

Evaluation of other markers such as hsCRP, which is elevated 
in patients with obesity and MASH (Table 1), showed a trend to 
reduction in hsCRP in patients with ≥ 5% weight loss relative to 
patients without 5% weight loss that was independent of treat-
ment with any T2DM agent, resmetirom, or placebo.

4   |   Discussion

Approximately 2/3 of patients with biopsy-confirmed MASH 
with moderate to advanced liver fibrosis also have T2DM [33], 
as reflected in the MAESTRO-NASH baseline population 

FIGURE 3    |    MASH resolution with no worsening of fibrosis and fibrosis improvement (reduction by at least one stage with no worsening of 
MASH) in patients with (A) or without (B) ≥ 5% weight loss, and mediation analysis: Odds ratios (OR) with 95% confidence intervals for the total 
effect of resmetirom versus placebo, as well as the direct treatment effect and the indirect effect mediated through the percent change in weight at 
Week 52 on both MASH resolution and fibrosis improvement (C). CI, confidence interval; OR, odds ratio; Pbo, placebo.



1096 Alimentary Pharmacology & Therapeutics, 2025

characteristics. Of those patients with T2DM in MAESTRO-
NASH, 21% were on stable treatment with a GLP-1 RA, 20% with 
an SGLT2i, a small number were on both, and about 18% were 
on insulin. T2DM was reasonably controlled at baseline and 
throughout the 52-week study with a mean HbA1c at baseline 
of 7.0% and 57% with baseline HbA1c ≤ 7% [14] and there were 
no differences between the resmetirom and placebo groups. Of 
note, given the long duration of the MAESTRO-NASH trial, the 
eligible and enrolled population were excluded from having ad-
vanced cardiovascular or renal disease, including heart failure 
or renal failure. Nonetheless, ASCVD risk scores were high, 
denoting significant CV risk, a known comorbidity of MASH. 
Resmetirom significantly lowers atherogenic lipids as well as 
steatosis and inflammation and has the potential to provide CV 
benefit in MASH patients, particularly those with T2DM who 
have elevated CV risk. Both SGLT2i and GLP-1 RA have been 
shown to provide long-term CV and renal benefits, including 
lowering of events in cardiovascular outcome trials and reducing 
progression of heart failure and renal disease [34, 35]. The safe 
and efficacious use of combinations of these agents with resme-
tirom is an important outcome of this subpopulation analysis.

Once MASH progresses to clinically significant fibrosis (stages 
F2 and F3), the risk of adverse clinical outcomes markedly in-
creases [4–6], especially among patients with T2DM [36]. In 
MAESTRO-NASH, a sizable proportion of patients on stable 
GLP-1 RA treatment still had significant MASH (80% with 
NAS ≥ 5) and clinically meaningful fibrosis (26% were F2, 68% 
were F3). Baseline hepatic fat content was not different in pa-
tients on GLP-1 RA or SGLT2i therapy. Patients in MAESTRO-
NASH were on SGLT2i or GLP-1 RA doses used for T2DM 
(most T2DM doses of semaglutide or dulaglutide per week). No 
weight loss above background was observed in the GLP-1 RA 
or SGLT2i treated patients, and GLP-1 RA and SGLT2i treated 
patients with T2DM showed similar MASH resolution and 

fibrosis improvement rates and MRI-PDFF responses in com-
bination with resmetirom as patients with T2DM not on these 
agents. These results demonstrate that the addition of resmeti-
rom to GLP-1 RA (T2DM doses) or SGLT2i treatment with stable 
weight has no additional benefits beyond the significant benefits 
of resmetirom alone.

The beneficial effects of weight loss through lifestyle modifica-
tion on biomarkers and liver histology have been shown across 
the entire spectrum of MASLD [26, 27]; hence, nutrition and ex-
ercise counselling remain part of current non-pharmacological 
recommendations for the treatment of MASLD/MASH [37]. The 
observation that patients treated with placebo or resmetirom 
with ≥ 5% weight loss had higher response rates for both histo-
logical endpoints (compared with patients with < 5% weight loss) 
is in line with evidence that lifestyle modification provides his-
tological benefits. Mediation analysis indicated that resmetirom's 
improvement in NASH and fibrosis relative to placebo is not me-
diated by percent change in weight at Week 52. However, in the 
overall study, ≥ 5% weight loss was observed more frequently in 
patients treated with resmetirom when compared with placebo-
treated patients, representing approximately 22% of those treated 
with resmetirom compared with 12% treated with placebo.

For patients treated with resmetirom, a ≥ 5% weight loss was 
associated with higher rates of MASH resolution and fibrosis 
improvement in resmetirom-treated patients compared with 
resmetirom-treated patients without weight loss, suggesting that 
relatively small amounts (≥ 5%) of weight loss enhance the effects 
of resmetirom on MASH resolution and liver fibrosis improve-
ment. The effects on MRI-PDFF in ≥ 5% resmetirom weight loss 
patients were also noteworthy, with more than 95% achieving 
≥ 30% liver fat reduction, a predictive marker for both fibrosis im-
provement and NASH resolution in resmetirom-treated patients. 
Non-invasive tests and surrogates for fibrosis improvement, in-
cluding liver stiffness reduction, also showed robust responses, 
particularly in patients with ≥ 5% weight loss on resmetirom. 
Although the mechanism of resmetirom-mediated enhancement 
of weight loss relative to placebo is unknown, a hypothetical re-
duction in the hepatic inflammasome that is elevated in MASH 
patients [38] could potentiate weight loss. For example, it is 
known that the anti-inflammatory effects of some diets [39] or 
medications [40, 41] can help facilitate weight loss.

The 72-week readout of ESSENCE, a phase 3 trial in patients 
with MASH and F2/F3 fibrosis, demonstrated that a weekly 
dose of 2.4 mg semaglutide achieved both NASH resolution and 
fibrosis improvement endpoints [23]. Approximately 10% weight 
loss was achieved in the semaglutide arm associated with ap-
proximately 50% of patients with a 30% reduction of PDFF. In 
alignment with resmetirom-treated patients who had ≥ 5% 
weight loss in MAESTRO-NASH, the combination of resmeti-
rom and higher weight-loss doses of GLP-1 RA may have the 
potential to achieve additional benefits on MASH with fibrosis 
compared with either therapy alone.

Limitations of the study that may impact the generalizability 
of the findings include a relatively small number of subjects in 
each treatment group on GLP-1 RA, specifically semaglutide, or 
SGLT2i, and small numbers of patients with weight loss. In ad-
dition, only patients stably dosed with SGLT2 or GLP-1 therapies 

TABLE 2    |    Mediation analysis of the impact of percent change 
in weight at Week 52 on MASH resolution and fibrosis improvement 
comparing resmetirom (combined doses) to placebo treatment.

Effect on MASH 
resolution

Resmetirom 
compared 
to placebo

Nominal pOR (95% CI)

Weight loss 
independent

4.64 (2.95, 7.31) < 0.0001

Weight loss 
dependent

1.07 (0.99, 1.15) 0.0762

Total effect 4.97 (3.14, 7.86) < 0.0001

Effect on fibrosis 
improvement

Weight loss independent 2.67 (1.81, 3.93) < 0.0001

Weight loss dependent 1.03 (0.99, 1.07) 0.1340

Total effect 2.76 (1.87, 4.06) < 0.0001

Note: N = 777, five subjects (two in 80 mg resmetirom and three in placebo) were 
missing Week 52 body weight data.
Abbreviations: CI, confidence interval; OR, odds ratio.
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were studied. This was not a combination study in which the 
simultaneous concomitant de novo treatment of resmetirom and 
a T2DM agent was tested. Therefore, the effect of weight loss on 
MASH/fibrosis due to the GLP-1 RA (or SGLT2i) plus resmeti-
rom was not evaluated.

In summary, for patients with T2DM, the rates of MASH resolu-
tion and fibrosis improvement were comparable between those 
who were treated with GLP-1 RA and SGLT2i and resmetirom 
and those who received resmetirom alone. Relatively small 
amounts (≥ 5%) of weight loss enhance the effects of resmetirom 

FIGURE 4    |    Relative (median) hepatic fat reduction at weeks 16 and 52 and percentage of patients achieving 30% reduction in hepatic fat in pa-
tients on resmetirom (80 or 100 mg) or placebo with ≥ 5% weight loss (A and B) or < 5% weight loss (C and D) at Week 52. Pbo, placebo; W, week.

FIGURE 5    |    Absolute Fibroscan VCTE reduction (A) and percentage of patients achieving a ≥ 25% improvement or worsening in VCTE (B) in pa-
tients with ≥ 5% or < 5% weight loss at Week 52 according to treatment.
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on MASH resolution, liver fibrosis improvement, and non-
invasive tests of efficacy, suggesting a potential complementary 
mechanism to increase response rates to resmetirom treatment.
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