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GDF8 and activin A blockade protects
against GLP-1–induced muscle loss while
enhancing fat loss in obese male mice and
non-human primates

JasonW.Mastaitis , DanielGomez, JoséG.Raya,Diana Li, SooMin,Michael Stec,
Sandra Kleiner, Toya McWilliams, Judith Y. Altarejos , Andrew J. Murphy ,
George D. Yancopoulos & Mark W. Sleeman

Glucagon-like peptide-1 receptor agonists act via appetite suppression and
caloric restriction. These treatments can result in significant muscle loss, likely
due to evolutionary mechanisms protecting against food scarcity as muscle is a
major energy utilizer. One mechanism that reduces muscle mass involves acti-
vation of type II activin receptors, ActRIIA/B, which yield profound muscle
growth in humans when blocked. We previously demonstrated GDF8, also
knownasmyostatin, andactivinAare the twomajorActRIIA/B ligandsmediating
muscle minimization. Here, we report that dual blockade can also prevent
muscle loss associatedwithglucagon-likepeptide-1 receptor agonists– andeven
increasemusclemass – in both obesemice andnon-humanprimates;moreover,
this muscle preservation enhances fat loss and is metabolically beneficial. These
data raise the possibility that supplementing glucagon-like peptide-1 receptor
agonist treatment with GDF8 and activin A blockade could greatly improve the
quality of weight loss during the treatment of obesity in humans.

The dramatic increase in obesity over the past several decades has also
contributed to epidemics in numerous obesity-related health condi-
tions, including diabetes, liver disease, kidney disease, and cardiovas-
cular complications1,2. Glucagon-like peptide-1 receptor agonists (GLP-
1 RAs) present an important new treatment option for patients with
obesity, and act primarily by decreasing caloric intake through appe-
tite suppression. However, the profound weight loss observed with
GLP-1 RA treatment (as well as other approaches resulting in weight
loss through appetite suppression, such as bariatric surgery) raises
some concerns. First of all, up to 40% of GLP-1 RA-induced weight loss
can be due to loss of leanmass3–5. In addition, less than 30% of patients
remain on treatment for more than a year6–8, and treatment dis-
continuation typically results in rapid weight regain4,9,10, with the
majority of this gain attributed to increases in fat mass11–13. The initial
muscle loss seen with GLP-1 RA treatment – as well as the ongoing
replacement of muscle with fat with treatment cycles involving

treatment interruptions – can result in unfavorable changes in body
composition in patients with obesity that can have profoundly nega-
tive repercussions, and can exacerbate obesity-related metabolic and
health concerns14–16. Thus, approaches to prevent loss of lean mass,
when used in combination with weight-loss therapies which suppress
appetite and cause caloric restriction, could provide important
benefits.

Muscle loss during caloric restriction is likely due to mechanisms
that evolved to protect against food scarcity, since muscle is a major
energy sink17, decreasing muscle mass helps minimize energy expen-
diture during caloric restriction. There have been substantial insights
into the mechanisms regulating muscle size in adults. The best-
characterized mechanism involves activation of type II activin recep-
tors (ActRIIA/B) in muscle; blocking these receptors can result in
profound muscle growth in animals and humans18–22. However, as
ActRIIA/B receptors mediate many diverse biologic processes by

Received: 4 April 2024

Accepted: 23 April 2025

Check for updates

Regeneron Pharmaceuticals, Tarrytown, NY, USA. e-mail: Mark.Sleeman@regeneron.com

Nature Communications |         (2025) 16:4377 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-9991-3509
http://orcid.org/0000-0002-9991-3509
http://orcid.org/0000-0002-9991-3509
http://orcid.org/0000-0002-9991-3509
http://orcid.org/0000-0002-9991-3509
http://orcid.org/0000-0003-2764-6074
http://orcid.org/0000-0003-2764-6074
http://orcid.org/0000-0003-2764-6074
http://orcid.org/0000-0003-2764-6074
http://orcid.org/0000-0003-2764-6074
http://orcid.org/0000-0003-4152-4081
http://orcid.org/0000-0003-4152-4081
http://orcid.org/0000-0003-4152-4081
http://orcid.org/0000-0003-4152-4081
http://orcid.org/0000-0003-4152-4081
http://orcid.org/0000-0002-3329-0919
http://orcid.org/0000-0002-3329-0919
http://orcid.org/0000-0002-3329-0919
http://orcid.org/0000-0002-3329-0919
http://orcid.org/0000-0002-3329-0919
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59485-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59485-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59485-9&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59485-9&domain=pdf
mailto:Mark.Sleeman@regeneron.com
www.nature.com/naturecommunications


responding to over a dozen ligands23–25, there are potential concerns
involving chronic long-term blockade of these receptors as a ther-
apeutic approach to increase muscle mass. We and others have
previously demonstrated that growth differentiation factor-8 (GDF8;
also known as myostatin) and activin A (ActA) are the two major
ligands mediating the muscle-minimization actions of ActRIIA/B
receptors22,26–30. We generated fully human antibodies to specifically
block GDF8 (trevogrumab) and ActA (garetosmab), and showed that
combining these blocking antibodies results inmuch greater increases
inmuscle than either of the antibodies individually, with dual blockade
matching the muscle growth induced by broader ActRIIA/B pathway
blockade in both mice and non-human primates (NHPs)28,31; thus dual
blockade of GDF8 and ActA provides for a more specific approach for
attacking the ActRIIA/B muscle minimization pathway. In an accom-
panying manuscript (Gonzalez Trotter et al.32 this issue), we have
extended these findings to human volunteers without obesity and
further showed that the profound muscle increases induced by
blocking both GDF8 and ActA in humans are also accompanied by a
loss of fat.

Here, we explored whether GDF8 and ActA also mitigate the loss
of lean mass associated with caloric restriction induced by accom-
panying GLP-1 RA treatment. We report that dual blockade with our
fully human GDF8 and ActA blocking antibodies during GLP-1 RA-
treatment of obese mice and NHPs preserves lean mass, while also
increasing fat loss and improving metabolic measures. These findings
indicate that GDF8 and ActA are key regulators of muscle loss during
caloric restriction, and that blocking these negative regulators of
muscle mass during the treatment of obesity with GLP-1 RAs could
provide profound and wide-ranging benefits.

Results
Dual blockade of GDF8 and ActA during GLP-1 RA-induced
weight loss in obese mice preserves lean mass while also
increasing fat loss
To test whether dual blockade of GDF8 and ActA could help attenuate
loss of lean mass during GLP-1 RA-induced weight loss, we tested our
antibody combination in diet-induced obese (DIO) mice during treat-
ment with the GLP-1 RA semaglutide (approved by the US Food and

Drug Administration as a therapeutic for obesity and diabetes with the
brand names of Ozempic andWegovy); our fully human antibodies are
fully active against the highly conserved mouse orthologs of both
GDF8 and ActA, and semaglutide also retains full activity in mice. To
generate obesemice, 6- 7-week-oldmicewereplaced on a 60%high-fat
diet for 27 weeks. At this point, baseline body composition was mea-
sured by quantitative NMR (qNMR), and mice were sorted into four
groups based on total body fat. The four groups were subsequently
subjected to 4 weeks of (1) control treatment, (vehicle); (2) semaglu-
tide treatment, (Sema); (3) GDF8 andActAblocking antibodies on their
own (α-MSTN/α-ActA); and (4) a combination of Sema with blocking
antibodies to GDF8 and ActA (Sema +α-MSTN/α-ActA); body weights
and body composition were assessed throughout the study (Fig. 1a–c
and Supplementary Fig. S1). Both the Sema and the Sema + α-MSTN/α-
ActA groups showed significant and similar reductions in body weight
compared to the control group over the 28-day treatment period; the
α-MSTN/α-ActA group showed only a modest numerical and non-
significant body weight decrease from the control group (Fig. 1a).
Despite the similarly large decreases in body weight, the Sema group
showed significant lean mass loss compared to the control group
during the 4-week treatment period, while the Sema + α-MSTN/α-ActA
groupwasnot only protected against this leanmass loss, but alsohada
significant increase in lean mass (Fig. 1b). As previously shown in non-
obese mice, NHPs28, and humans (accompanying paper), the α-MSTN/
α-ActA group also had significant increases in lean mass (Fig. 1b).
Importantly, the Sema + α-MSTN/α-ActA group – which had similar
body weight reduction but increased lean mass compared to Sema
alone – also had markedly greater losses in fat mass, almost twice that
seen with Sema alone (Fig. 1c). These data indicate that semaglutide
alone results in weight reduction involving both fat and leanmass loss,
while adding α-MSTN/α-ActA to semaglutide results in similar weight
reduction but with profoundly beneficial effects on body composition
– not only by preserving/increasing lean mass but also by markedly
increasing fat loss. Despite having minimal effects on body weight,
treatment with α-MSTN/α-ActA alone also showed beneficial shifts in
the lean/fat body composition in obese mice as previously shown in
non-obese mice, NHPs, and humans (Fig. 1c)28,31 and accompanying
manuscript. Obesity in mice, as in humans, is associated with

a

-7 0 7 14 21 28
-25

-20

-15

-10

-5

0

5

Bo
dy

W
ei

gh
t

(%
ch

an
ge

fro
m

ba
se

lin
e)

Pump 

*

Day

*

*

*

^
^

^

-7 0 7 14 21 28
-10

-5

0

5

10

15

Le
an

M
as

s
(%

c h
an

ge
fr o

n
ba

se
lin

e)

Day

Pump 

* #

* #
* # * #

* * 

* * 

#
# #

-7 0 7 14 21 28
-80

-60

-40

-20

0

Fa
tM

as
s

(%
ch

an
ge

fro
n

ba
se

lin
e)

Day

Pump 
* * 

* 
* 

* 

* 
* 

* 

* ^ ^

Vehicle

Sema
�-MSTN + �-ActA

Sema + �-MSTN + �-ActA

b c

0

10

20

30

40

50

Li
ve

rf
at

ar
ea

(%
of

w
ho

le
tis

su
e)

*
#
^

d e f

Vehicle Sema �-MSTN + �-ActA �-MSTN + �-ActA
Sema +

50�m0

100

200

300

400

Li
ve

rT
rig

ly
ce

rid
es

(m
g/

g)

** ****
*

Fig. 1 | Myostatin and activin A blockade induce additive fat mass loss with
semaglutide in DIOmice.Male diet-induced, obese C57Bl/6micewere treated for
four weeks with control antibody (white circles, n = 7), Sema (blue squares, n = 8),
α-MSTN/ (orange triangles, n = 7) or Sema+α-MSTN/α-ActA (purple diamonds,
n = 8). a Body weight, b lean mass, and c fat mass in percent change from baseline
as measured by EchoMRI. d, e Terminal liver fat area and triglyceride content.

f Representative H&E images from each group. Data are presented asmean± SEM.
a–c * P <0.05 vs. vehicle, # P < 0.05 vs. Sema, ^ P <0.05 vs. α-MSTN/α-ActA by two-
way RM ANOVA. d * P <0.05 vs. vehicle, # P <0.01 vs. Sema, ^ P <0.01 vs. α-MSTN/
α-ActA by one-way ANOVA. e * P <0.05, ** P <0.01, **** P <0.0001 vs. vehicle by
one-wayANOVA.α-MSTN: anti-myostatin antibody,α-ActA: anti-activin a antibody,
sema: semaglutide.
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detrimental effects in the liver, including increases in liver fat and
triglycerides; while all three treated groups had benefits as assessed by
looking at liver fat area and triglycerides, the Sema +α-MSTN/α-ActA
combination (which had the largest decreases in overall body fat
composition) also had the largest benefits in terms of these liver
measures (Fig. 1d–f).

To independently confirm and extend these observations, we
repeated the above study with the same treatments in obese mice and
(1) confirmed similar effects of the various treatments on body weight
(Supplementary Fig. S2a); (2) confirmed that, as expected, the sema-
glutide treatment groups (with and without concomitant α-MSTN/α-
ActA) involved similar decreases in caloric intake (Supplementary
Fig. S2b); and (3) and confirmed the above qNMR assessments of the
changes in lean and fat mass (Supplementary Fig. S2c, d)

Dual blockade of GDF8 and ActA during GLP-1 RA-treatment of
obese, cynomolgus monkeys preserves/increases lean mass,
while also increasing fat loss
To determine whether the above findings in obese mice would trans-
late to obese primates, we performed a 20-week study in obese
cynomolgus monkeys fed a high-fat, high-fructose diet. The primary
endpoints for this study were change in body weight and body com-
position (assessed by dual x-ray absorptiometry [DXA] scanning for
total mass, fat mass, and leanmass), and we also assessed food intake,
glycated hemoglobin (HbA1c%), and lipid profiles. Baseline data for the
cohort is in Supplementary Table S1, and groups and dosing are listed
in Supplementary Table S2. Semaglutide was dosed for the full period,
while antibody dosing with the α-MSTN and α-ActA antibodies was
started in Week 2 as an add-on to semaglutide and dosed through
Week 12 (and was presumed to have more durable actions due to the

extended half-life of the antibodies). Animals who did not receive
semaglutide or antibodies received a corresponding vehicle injection
on the same day as the dosed animals throughout the study. A schema
with the study design is depicted in Supplementary Fig. S3.

During the run-in period, both arms initially treated with sema-
glutide only for 2 weeks (Sema; Sema+α-MSTN+α-ActA) showed simi-
lar reductions in their body weight (Fig. 2a), food intake (Fig. 2b), and
total, fat, and lean mass (Fig. 2c–e; absolute values given in Supple-
mentary Fig. S4) compared to the vehicle-treated arms (Vehicle;
Vehicle+α-MSTN+α-ActA). Shortly after adding the antibody treat-
ments at the 2-week timepoint, the two semaglutide arms continued to
parallel each other in terms of body weight (Fig. 2a) and total mass
(Fig. 2c) but began to diverge in terms of fat (Fig. 2d) and lean mass
(Fig. 2e). The Sema+α-MSTN +α-ActA arm began to show progres-
sively greater fat loss than the Sema arm, and progressively greater
increases in lean mass (Fig. 2e); in the absence of Sema, the α-
MSTN +α-ActA arm hadmodest increases in body weight (Fig. 2a) and
food intake (Fig. 2b), accompanied by modest decreases in fat mass
(Fig. 2d) and the largest increase in lean mass (Fig. 2e). Directionally,
these findings in obese monkeys reflected the above observations in
obesemice. In terms ofmetabolic parameters, all the treated arms had
beneficial changes in theirHbA1c%, low-density lipoprotein cholesterol
(LDL-C), and high-density lipoprotein cholesterol (HDL-C) levels, with
the Sema+α-MSTN+α-ActA arm, which showed the largest combina-
tion of fat decrease and lean mass increase, showing the biggest ben-
eficial changes (Fig. 3a–d and Supplementary Fig. S5).

Discussion
While GLP-1 RAs are powerful anti-obesity medications (AOMs), they
do raise some serious concerns – most notably, up to 40% of the
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Fig. 2 | Myostatin and activin A blockade induce additive fat mass loss with
GLP-1R agonism in obese non-human primates. Male, obese cynomolgus mon-
keys were treated for 20 weeks with control antibody (white circles, n = 10), Sema
(blue squares,n = 9),α-MSTN/α-ActA (orange triangles,n = 8)or Sema +α-MSTN/α-
ActA (purple diamonds, n = 10). a Body weight, expressed as percent change from
baseline. b Daily total energy intake (TEI) expressed as a seven-day average in
kilocalories (kcal) for each group. Each time point represents the daily average of

the previous seven days ± SEM. c–e Total mass, fat mass, and lean mass measured
by DXA scanning and expressed as percent change from baseline. Data are pre-
sented as mean± SEM. Panels a-e: * P <0.05 vs. vehicle, # P <0.05 vs. Sema, ^
P <0.05 vs. α-MSTN+α-ActA, $ P <0.05 vs. Sema +α-MSTN+α-ActA, + P <0.05 vs.
baseline for the last timepoint of each group. Stats by two-way repeated measures
ANOVA. α-MSTN: anti-myostatin antibody, α-ActA: anti-activin a antibody, sema:
semaglutide, DXA dual energy x-ray absorptiometry.
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profound weight loss induced by these agents can be due to loss of
lean mass3–5 and prior studies have shown that a significant portion of
this lean mass is muscle33–35. In addition, many patients do not stay on
these treatments for more than a year and can rapidly regain much of
their body weight, with almost all of the regained weight due to
fat3,6,10,36. Thus, initial treatment with GLP-1 RAs can result in negative
effects on body composition – with profound loss of muscle – while
treatment interruptions and treatment cycling can further exacerbate
this problem14–16. Unfortunately, decreasing muscle in individuals with
obesity may have profoundly negative metabolic consequences and
exacerbate many obesity-related health conditions5. While it has been
shown that moderate exercise can lead to healthier weight loss with
GLP1-RAs37,38, it is difficult to get patients to adhere to such regimens
outside of controlled trials. In addition, there is some evidence that
patients started on GLP-1 RAs may actually decrease their physical
activity39. Thus, widespread use of GLP-1 RAs may result in widespread
public health concerns, particularly in individuals with obesity and low
lean muscle mass (OLLMM) and the elderly40.

GLP-1 RAs primarily work via appetite suppression and the
resulting caloric restriction induces muscle loss which is likely the
result of mechanisms that evolved to promote survival during periods
of food scarcity. Sincemuscle is a major energy utilizer17,41, minimizing
muscle mass during caloric restriction can substantially reduce energy
expenditure, thus sparing energy for the maintenance of other more
critical organ systems42–44. Prior research into the mechanisms that
regulate muscle mass in adults have highlighted the importance of the
ActRIIA/B receptor systems, as blocking these receptors can result in
profound muscle growth in adult animals and humans19,21,22. However,
since these receptors mediate the diverse biologic actions of more
than a dozen ligands23–25, there are potential concerns with broad
ActRIIA/B blockade as an approach to maintain or increase muscle
growth. We and others previously demonstrated GDF8 and ActA are
the twomajor ligands whichmediate the muscleminimization actions
of the ActRIIA/B receptors in non-obese mice and NHPs22,28,30, and we
have further shown that dual blockade of GDF8 and ActA led to much
larger increases in muscle mass than blocking either ligand individu-
ally, and that dual blockade matched the muscle growth actions of
broader ActRIIA/B blockade28, similar to effects seen when using a
dominant-negative type II receptor or pro-domains of GDF8 and
activins22,26,27. In an accompanying manuscript, we extended these
findings to humans without obesity (Gonzalez Trotter et al.32 this
issue).We now show that dual blockade of GDF8 and ActA can prevent
muscle loss (and even result in muscle gain) during the caloric
restriction and weight loss imposed by GLP-1 RA treatment, in both
obese mice and NHPs; these findings indicate that the ActRIIA/B
receptor system in muscle – responding specifically to these two
ligands – is largely responsible for the muscle loss associated with

caloric restriction. Moreover, the muscle effects promoted by dual
GDF8 and ActA blockade during GLP-1 RA treatment are associated
with increased fat loss aswell as beneficialmetabolic effects in obesity-
related health measures associated with diabetes, liver, and cardio-
vascular diseases; these include decreases in liver fat, decreases in
glycated hemoglobin, and improvements in lipid profiles. A recent
publication describes similar results with broad ActRIIA/B receptor
blockade during GLP-1 RA-induced weight loss in obese mice, i.e.,
prevention of muscle loss with increased fat loss, resulting in multiple
metabolic benefits45. We speculate that the mechanism for the addi-
tional fat loss is a concurrent increase in energy expenditure coming
from the muscle. The food intake of our αGDF8/αActA control group
was unchanged from the vehicle in our NHP study (Fig. 2b), yet that
group still lost 25% fat mass over 20 weeks (Fig. 2d). However, our
αGDF8/αActA group did not lose fat in the first six weeks of the study,
in contrast to the GLP-1 treated groups, which had a sharp decline in
parallel with their food intake. Instead, the αGDF8/αActA group had a
slow, steady decline similar to the fat loss seen in the multiple-dose
portion of the clinical manuscript (Gonzalez Trotter et al.32 this
issue). Thus, we feel this can only be explained through a change in
energy expenditure, and, since skeletal muscle is the primary target of
GDF8, we hypothesize the change in energy expenditure is coming
from this compartment.

One limitation of this study is we only tested our antibody com-
bination with GLP-1 in male mice and monkeys. While we have not
tested the full combination in females, we have tested GDF8 and ActA
blockade in lean female monkeys28 and in postmenopausal women in
our Phase 1 clinical study in the accompanying manuscript (Gonzalez
Trotter et al.32 this issue). In both studies, GDF8 and ActA blockade
produce significant lean mass gain, as well as fat loss in humans. While
we did not test our antibodies with GLP-1 in female mice or monkeys,
we know the individual components work in both genders and expect
the full combination with GLP-1 in females would work similarly well.

Our clinical manuscript also details the safety of the individual
antibodies administered alone and in combination. Both antibodies
were well-tolerated with no newly identified safety concerns, and with
the most frequently reported adverse events (AEs) being headache
(which occurred in all groups), muscle spasms,mouth ulcerations, and
upper respiratory tract infections. These latter AEs were more com-
mon in the anti-ActA and combination groups, and while these are
difficult to assess in rodents and primates, we did not observe any of
these in any of our preclinical in vivo studies. Myostatin deficiency has
been studied in many species including mice, dogs, sheep, cattle and
humans46–50. Germline deletion of myostatin is viable and in several
species shows a benefit not only in increased muscularity, but also in
metabolic parameters51,52. Muscle spasms are an on-target effect of
blocking this pathway, as they are also seen with the Type II receptor
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Fig. 3 | Addition of Myostatin and activin A blockade to semaglutide further
improves glucose, HbA1c%, LDL-C andHDL-C.Male, obese cynomolgusmonkeys
were treated for 20 weeks with control antibody (white circles, n = 10), Sema (blue
squares, n = 9),α-MSTN/α-ActA (orange triangles, n = 8), or Sema+α-MSTN/α-ActA
(purple diamonds, n = 10). Clinical chemistry results for a fasting glucose
b hemoglobin A1c (HbA1c%), c low-density lipoprotein (LDL-C), and d high-density

lipoprotein (HDL-C). Blood for all values was taken in themorning before breakfast.
All data points are mean ± SEM. * P <0.05 vs. vehicle, # P <0.05 vs. Sema, ^ P <0.05
vs. α-MSTN+α-ActA, + P <0.05 vs. baseline for the last timepoint of each group.
Stats by two-way RMANOVA.α-MSTN: anti-myostatin antibody,α-ActA: anti-activin
a antibody, sema: semaglutide, DXA dual energy x-ray absorptiometry.
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blocker, bimagrumab18,21, and were only seen in combination groups.
In contrast, germline deletion of INHBA in mice is neonatally lethal,
demonstrating the necessity of activin signaling during development53.
Furthermore, activin mediates FSH release from the pituitary and is
necessary for childbirth25, and there is also a recent publication sug-
gesting myostatin also regulates FSH levels in rodents54.

During much of evolutionary history, when food scarcity and
caloric deprivation was a major evolutionary pressure, mechanisms
evolved to minimize muscle size and thus decrease non-essential
energy expenditure42,44,55. In much of the modern world, in which the
population is now exposed to widely available and vastly excessive
calories as well as to increasingly sedentary lifestyles56–59, these ancient
survival-ensuring mechanisms are not merely irrelevant, but actually
counter-productive and contribute to the obesity epidemic; it is dis-
advantageous to decrease muscle mass and associated energy
expenditure during weight loss efforts that rely on caloric restriction.
While GLP-1 RAs have provided an important new weapon for those
suffering from profound obesity, they unfortunately trigger the same
counter-productive mechanisms as other weight-loss efforts, which
rely on caloric restriction, resulting in muscle loss, which limits the fat
loss andmetabolic benefit. Our findings that dual GDF8/ActA blockade
preservesmuscle duringGLP-1 RA-inducedweight loss, thus increasing
fat loss and associated metabolic benefits, has the potential to greatly
amplify the benefits of GLP-1 RA treatment. In summary, supple-
menting GLP-1 RA-induced weight loss with simultaneous blockade of
GDF8 and ActA can increase lean mass and muscle, yielding increased
fat loss and widespread metabolic benefits and thus improving the
quality and functional response to GLP-1 RA-induced weight loss.

Methods
The research described in this section complies with all the ethical
guidelines of the individual institutions where the studies were con-
ducted, identified at the end of each section listed here. This manu-
script abides by the ARRIVE guidelines for reporting animal
experiments.

Statistics and reproducibility
Sample sizes are described in each section, as well as how randomi-
zation was conducted for each study. No sample size calculation was
performed for any study, however, for all studies, we typically start
with an n = 10, which is usually sufficient to see statistically different
changes between the groups, as well as a sufficient sample size for
subsequent analyses on tissues and serum. Any data exclusions are
described in their respective section. Noblindingwas used in the initial
mouse study, though the CROs conducting the second mouse study
and the NHP study were blinded to the antibodies we supplied. One-
way or two-way repeated measures ANOVA were used to analyse all
studies.

Data collection and analysis
Microsoft Excel Ver. 16.82 was used for data collection. Prism 10 was
used for data analysis.

Experimental design
The objective of this study was to evaluate whether blockade of two
mediators of muscle atrophy, myostatin and activin A, would lead to
improvedbody composition in combinationwithGLP-1.Wefirst tested
this combination in two studies using a DIO mouse model to assess
changes in adipose, skeletal muscle mass, and liver fat. To follow-up
those studies and assesswhether the results translated from rodents to
primates, we conducted a 20-week study in obese, male cynomolgus
monkeys testing GLP-1R agonism with both myostatin and activin A
inhibition. Changes in body weight, body composition, and food
intake were the primary endpoints. Changes in body weight, body
composition, and food intake were the primary endpoints. Grouping,

dosing, the number of animals in each study, and statistical analysis are
either described below or in the figure legends.

Compounds
Trevogrumab (also known as REGN1033 or α-MSTN) and garetosmab
(REGN2477, α-ActA) are fully human recombinant immunoglobulin
(Ig) G4 monoclonal antibodies which specifically bind and inhibit
myostatin and ActA (as well as INHBA-containing heterodimers,
including activins AB and AC), respectively. The pre-clinical develop-
ment of these antibodies has been published elsewhere28,31. The
semaglutide used in the mouse studies was Ozempic (Novo Nordisk,
#00169413212), while the semaglutide used in the NHP study was
manufactured by Celtek Peptides for non-clinical use by Regeneron
Pharmaceuticals, Inc.

Diet-induced obese mouse studies
Diet and grouping. The initial study used male C57Bl/6 mice
6–7 weeks old obtained from Taconic. Mice were housed 4–5 per cage
on a 12-h light/dark cycle with free access to food and water and fed a
high-fat diet ad libitum (Research Diets, D12492; 60% fat by calories)
for 27 weeks prior to the study start. Body composition was measured
using an EchoMRI-100 qNMR body composition analyzer, and mice
were sorted into four groups based on body weight and body fat
percentage. This study was conducted with permission from and in
accordance with the rules of the Regeneron Pharmaceuticals Institu-
tional Animal Care and Use Committee (IACUC).

The second study was conducted at Gubra (Hørsholm, Denmark)
using male C57Bl/6JRJ mice, 41 weeks old, obtained from Janvier
(France). Mice were single-housed on a 12-h light/dark cycle with free
access to food and water and fed a high-fat diet ad libitum (Research
Diets, D12492; 60% fat by calories) for 36weeks prior to the study start.
Body composition was measured using an EchoMRI-100 body com-
position analyzer, and mice were sorted into four groups based on
body weight and body fat percentage. This study was conducted with
permission and in accordance with Gubra’s bioethical guidelines; all
experiments were licensed by the Danish Animal Experimentation
Council.

For both mouse studies, mice were kept at a temperature of
21–22 °C with controlled humidity between 30–70%. Animals were
monitored for welfare daily, and euthanasia was by cardiac puncture
after isoflurane anesthesia.

Osmotic pump implantation. On Day 0, all mice were implanted
subcutaneously with an Alzet Model 2004 minipump, where the
stainless-steel cannula was replaced with PEEK tubing (DURECT Cor-
poration, Cat# 0002496) to allow for further body composition
scanning. Pumps were filled with either semaglutide at 0.833mg/mL
(to allow for 7 µg/day infusion) or saline vehicle and primed at 37 °C for
at least 40 h.

Antibody treatment and body composition. For the initial mouse
study, antibody treatments were given subcutaneously on days 0, 4, 7,
14, and 21. Mice received either 10mg/kg each of α-MSTN/α-ActA or
20mg/kg of an IgG4 control. Groups were as follows: saline/control
antibody (n = 8), Saline/α-MSTN + α-ActA (n = 7), Sema/control anti-
body (n = 7), and Sema /α-MSTN +α-ActA (n = 8). Body composition by
qNMR was measured on days 5, 12, 19, and 26 of the study. Body
weights before both dosing and body composition. Mice were eutha-
nized on day 28 or 29 of the study. The liver was removed and divided,
with halffixed in 70% formalin, sectioned, stainedwithH&E, and the fat
content was quantified using Halo 3.6 software. The other half of the
liver was flash frozen in liquid nitrogen, triglycerides were extracted
using a method described previously60. Briefly, snap-frozen liver
samples wereweighed and homogenized in chloroform:methanol (2:1)
solution, followed by the addition of saline and centrifugation at
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10,000 rpm to achieve phase separation. The organic phase (bottom
layer) was transferred into a new tube and evaporated with nitrogen
gas. The dried lipids were then solubilized with chloroform:Triton X-
100 (3:1) solution. Triglyceride content was measured using Infinity
Triglycerides reagent (Thermo Fisher Scientific, #TR22421) according
to the manufacturer’s instructions and normalized to wet tissue
weight.

For the second mouse study, antibody treatments were given
subcutaneously on days 0, 4, 7, 14, and 21 of the study. Baseline body
composition was measured by qNMR, and mice were sorted into four
groups (n = 10 each) basedon total body fat andbodyweight.α-MSTN/
α-ActA antibodieswere dosed at 10mg/kg each. The control groupwas
given 20mg/kg of an IgG4. Sema was dosed daily in the morning at
10 nmol/kg with the other groups receiving an equal volume dose of
saline. Food intake was weighed daily, with all groups allowed to feed
ad libitum. Body weights, food intake, and body composition were
measured throughout the study. Mice were euthanized on days 27 and
28 of the study.

Diet-induced obese non-human primate study
Animals and grouping. The study was conducted at Kunming Biomed
International (KBI), which adhered to the guidelines for the care and
use of animals for scientific purposes. This study was approved by the
IACUC of KBI prior to the experimental phase, under IACUC protocol
number KBI K001121061-01,01. Animals were individually housed in
stainless steel cages for the duration of the study under a controlled
environment that was set to maintain a temperature of 18–24 °C,
relative humidity of 30–70%, and a 7:00 AM–7:00 PM light/dark cycle.
Monkeys were given welfare checks daily, and feces were monitored
for gastrointestinal problems. Food intake (in kilocalories) and water
intake (in milliliters) were also monitored daily and recorded. Six days
of daily food and water intake were averaged for the baseline readings
of those parameters prior to dosing. After the study, monkeys were
returned to the colony. Euthanasia and full autopsies were performed
only upon recommendation from the veterinarian.

Sixty-four male obese monkeys (Macaca fascicularis, 8–23 years
of age; average age of the cohort: 17.7 ± 3.4 years) naïve to human Ig
were initially screened by a physical examination,metabolic and safety
clinical chemistry profiling, hematology, DXA (using a GE Lunar iDXA
scanner) for body composition, and a liver biopsy for nonalcoholic
fatty liver disease plus fibrosis (NAS + ) scoring. Animals were required
to have body fat > 25%, fasting glucose ≥ 100mg/dL to ≤ 350mg/dL,
and a liver NAS + score > 4 with a steatosis score of > 2. From this
cohort, 55 animals were selected to move to a diet transition from the
high-fatdiet onwhich theyweremaintained to ahigh-fat, high-fructose
diet, which would exacerbate any liver disease. Animals were main-
tained on this diet for 6 weeks, after which they underwent baseline
screening for the study with an additional physical examination,
metabolic and safety clinical chemistryprofiling, hematology, andDXA
for body composition.

A final cohort of 40 monkeys was selected and balanced across
four groups (eachn = 10basedonbodyweight andpercent body fat, as
measured by DXA). Secondary parameters were fasting glucose and
total lean mass. Each group had a mean starting body weight of
10.0 ± 0.4 kg (mean± SEM) and an average percent body fat of
28.8 ± 0.14%. Thebaseline characteristicsof thefive groups are listed in
Supplementary Table S1.

Compounds and treatment groups. Grouping and dosing for the
study are listed in Supplementary Table S2, and a schema of the design
is shown in Supplementary Fig. S2.

All compounds were dosed subcutaneously. Sema was given
twice per week for 20 weeks, starting on Day 0 of the study at 10μg/
kg, and no titration of Sema was given due to the low dose regimen.
Groups given α-MSTN/α-ActA were dosed weekly at 50mg/kg

starting Week 2 of the study until Week 12. All dosing was completed
byWeek 20. The number of animals listed in Supplementary Table S2
represents the final number at the end of the study. There were four
deaths which occurred during the study; one animal died after being
given a first dose of vehicle, that animal was replaced by one of the
backup monkeys for which we had baseline data; three others died
during the study, one from the semaglutide control group, two from
the α-MSTN/α-ActA control group. All data from thosemonkeys were
excluded from the averages unless otherwise noted.

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

Data availability
Source data for the main text and Supplementary Figures have been
made available as downloadable Excel files. Regeneron materials
described in this manuscript, or comparable alternatives, may be
available to academic researchers upon request through our portal:
https://regeneron.envisionpharma.com under a material transfer
agreement. Questions about sharing of materials should be sent to
preclinical.collaborations@regeneron.com. Source data are provided
in this paper.
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