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Abstract

IMPORTANCE Antibody blockade of activin type II receptor (ActRII) signaling stimulates skeletal
muscle growth. Previous clinical studies suggest that ActRII inhibition with the monoclonal antibody
bimagrumab also promotes excess adipose tissue loss and improves insulin resistance.

OBJECTIVE To evaluate the efficacy and safety of bimagrumab on body composition and glycemic
control in adults with type 2 diabetes and overweight and obesity.

DESIGN, SETTING, AND PARTICIPANTS This double-masked, placebo-controlled, 48-week, phase
2 randomized clinical trial was conducted among adults with type 2 diabetes, body mass index
between 28 and 40, and glycated hemoglobin (HbA1c) levels between 6.5% and 10.0% at 9 US and
UK sites. The trial was conducted from February 2017 to May 2019. Only participants who completed
a full treatment regimen were included in analysis.

INTERVENTIONS Patients were randomized to intravenous infusion of bimagrumab (10 mg/kg up
to 1200 mg in 5% dextrose solution) or placebo (5% dextrose solution) treatment every 4 weeks for
48 weeks; both groups received diet and exercise counseling.

MAIN OUTCOMES AND MEASURES The primary end point was least square mean change from
baseline to week 48 in total body fat mass (FM); secondary and exploratory end points were lean
mass (LM), waist circumference (WC), HbA1c level, and body weight (BW) changes from baseline to
week 48.

RESULTS A total of 75 patients were randomized to bimagrumab (n = 37; 23 [62.2%] women) or
placebo (n = 38; 12 [31.6%] women); 58 (77.3%) completed the 48-week study. Patients at baseline
had a mean (SD) age of 60.4 (7.7) years; mean (SD) BMI of 32.9 (3.4); mean (SD) BW of 93.6 (14.9) kg;
mean (SD) FM of 35.4 (7.5) kg; and mean (SD) HbA1c level of 7.8% (1.0%). Changes at week 48 for
bimagrumab vs placebo were as follows: FM, −20.5% (−7.5 kg [80% CI, −8.3 to −6.6 kg]) vs −0.5%
(−0.18 kg [80% CI, −0.99 to 0.63 kg]) (P < .001); LM, 3.6% (1.70 kg [80% CI, 1.1 to 2.3 kg]) vs −0.8%
(−0.4 kg [80% CI, −1.0 to 0.1 kg]) (P < .001); WC, −9.0 cm (80% CI, −10.3 to −7.7 cm) vs 0.5 cm (80%
CI, −0.8 to 1.7 cm) (P < .001); HbA1c level, −0.76 percentage points (80% CI, −1.05 to −0.48
percentage points) vs −0.04 percentage points (80% CI, −0.23 to 0.31 percentage points)
(P = .005); and BW, −6.5% (−5.9 kg [80% CI, −7.1 to −4.7 kg]) vs −0.8% (−0.8 kg [80% CI, −1.9 to 0.3
kg]) (P < .001). Bimagrumab’s safety and tolerability profile was consistent with prior studies.

CONCLUSIONS AND RELEVANCE In this phase 2 randomized clinical trial, ActRII blockade with
bimagrumab led to significant loss of FM, gain in LM, and metabolic improvements during 48 weeks
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Abstract (continued)

in patients with overweight or obesity who had type 2 diabetes. ActRII pathway inhibition may
provide a novel approach for the pharmacologic management of excess adiposity and accompanying
metabolic disturbances.

TRIAL REGISTRATION ClinicalTrials.gov number: NCT03005288

JAMA Network Open. 2021;4(1):e2033457. doi:10.1001/jamanetworkopen.2020.33457

Introduction

Overweight and obesity are present in more than half of patients seen in primary care settings and
are often accompanied by insulin resistance, chronic inflammation, and related comorbid diseases.1,2

Excess adiposity can be successfully managed with lifestyle programs that promote weight loss,3

although long-term success rates outside of specialized centers remain limited.4,5 Additionally, only
a small percentage of patients with severe obesity are candidates for bariatric surgical procedures.6

Combining lifestyle management with pharmacotherapy is increasingly recognized as an
effective and safe treatment option for many patients with obesity.3 Five medications have been
approved for long-term use by the US Food and Drug Administration (FDA),3 with 1 approval
rescinded recently,7 and several new weight loss drugs are in development.8 A novel potential
treatment for obesity and related metabolic disturbances is bimagrumab (BYM338; Novartis), a fully
human monoclonal antibody that binds to the activin type II receptor (ActRII) and, through that
mechanism, prevents the actions of natural ligands that negatively regulate skeletal muscle
growth.9,10 ActRII blockade in preclinical animal models also promoted actions outside of the skeletal
muscles, including effects on brown adipose tissue (BAT) differentiation and activity.9,10 A single
intravenous dose of bimagrumab in human participants not only increased lean mass but significantly
reduced total body fat mass (FM) and improved insulin sensitivity compared with placebo during a
10-week study period in healthy volunteers with insulin resistance who were not dieting.11 These
observations suggest that bimagrumab might represent a new approach for the treatment of
patients with obesity and related metabolic disturbances. The aim of the current phase 2 study was
to determine the efficacy and safety of bimagrumab on body composition and glycemic control in
adult patients with overweight or obesity and type 2 diabetes.

Methods

Trial Design and Oversight
This phase 2 randomized clinical trial was conducted at 9 sites in the United States and United
Kingdom from February 2017 through May 2019. A list of sites and principal investigators is provided
in eAppendix 1 in Supplement 1. Approval was obtained from the institutional review board at each
site, and participants provided written informed consent prior to participation. The trial protocol and
statistical analysis plan are available in Supplement 2. The study was designed, implemented, and
reported in accordance with the International Council for Harmonisation guidelines for Good Clinical
Practice, in compliance with applicable local regulations, and with the ethical principles established
in the Declaration of Helsinki.12 An external data monitoring committee reviewed safety data from
the study at regular intervals. This study is a primary analysis reported in line with the Consolidated
Standards of Reporting Trials (CONSORT) reporting guideline.

Trial Participants
Patients with type 2 diabetes were eligible for inclusion if they were aged 18 to 75 years; had a
glycated hemoglobin (HbA1c) between 6.5% and 10.0% (to convert to proportion of total
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hemoglobin, multiply by 0.01), body mass index (BMI; calculated as weight in kilograms divided by
height in meters squared) between 28 and 40, and stable body weight between 65 and 140 kg; were
not taking antidiabetic therapy at the time of screening or were receiving stable metformin
monotherapy, dipeptidyl peptidase 4 (DPP4) inhibitor monotherapy, or combination therapy of
metformin and a DPP4 inhibitor. These medications were allowed because of their generally weight-
neutral effect. The upper limit of body weight was restricted to 140 kg and a capped dose was
selected for body weights greater than 120 kg because of the uncertainty of the effect of greater
body weight and body composition on the exposure and safety profile of bimagrumab.

Major exclusion criteria included conditions related to safety; diabetes other than type 2 or
history of severe hypoglycemic episodes; abnormal liver function tests or abnormal lipase or amylase
levels; known history of severe liver disease or conditions with hepatotoxic potential; clinically
significant cardiovascular conditions; malignant neoplasms; or history of any type of bariatric surgery.
A complete list of inclusion and exclusion criteria is provided in eAppendix 2 in Supplement 1.

Trial Procedures
Eligible patients were randomized in a 1:1 ratio to receive either bimagrumab (10 mg/kg up to a
maximum of 1200 mg in 5% dextrose solution) or placebo (5% dextrose solution) via 30-minute
intravenous infusion, every 4 weeks for 48 weeks (12 doses) (Figure 1A). Allocation was randomized
with parallel assignment intervention model and quadruple masking (participant, clinician,
investigator, outcomes assessor).

Patients returned to the study site on day 14 for safety and tolerability monitoring and were
asked to return for dosing and pharmacokinetic samples on selected days and for efficacy
evaluations every 4 weeks during the treatment period (Figure 1A). The treatment period ended
approximately 4 weeks after the last dose administration. After completion of the treatment period,
patients had a follow-up period of 8 weeks, with regular monitoring for safety and efficacy.

Patients met with a registered dietitian in person at each monthly study visit, beginning with the
screening visit and continuing until the end of treatment. Additionally, patients had virtual diet
check-in visits in between monthly study visits. At each visit, a 24-hour diet recall was obtained to
guide dietary counselling. Patients were advised to follow a calorie-restricted (ie, 500 calorie daily
reduction) diet containing approximately 45% to 50% of calories as carbohydrate; 20% to 25%,
protein; and 30%, fat. Participants received counselling for physical activity and were encouraged to
follow the American Diabetes Association walking program guidelines.13,14 These interventions were
initiated at screening, after eligibility was confirmed.

End Points
The primary end point was change from baseline to week 48 in total body FM measured by dual
energy x-ray absorptiometry (DXA).11 The secondary and exploratory efficacy end points at week 48
included change in diabetes status (HbA1c level, homeostatic model assessment [HOMA2],
quantitative insulin sensitivity check [QUICKI], and Matsuda Index)15-17; body weight and BMI; waist
circumference and waist-to-hip ratio; body composition, including DXA-measured bone mineral-free
lean mass, magnetic resonance imaging (MRI)–derived hepatic fat fraction,18 and subcutaneous and
abdominal visceral adipose tissue (eAppendix 3 in Supplement 1)19; metabolic status,11,20,21 including
the prespecified end points for exploring treatment effects of bimagrumab on metabolic biomarkers
and cardiovascular risk factors (serum lipid levels, high-sensitivity C-reactive protein [hsCRP] level,
interleukin 6 level, leptin level, adiponectin level, and blood pressure); and physical performance,
including hand grip strength by dynamometry.22 The MRI studies were optional according to patient
tolerance and their fit within the imaging system’s magnet. Safety and tolerability end points
included the frequency and severity of adverse events, vital signs, electrocardiography, clinical
laboratory measurements, antibimagrumab antibodies, and immunogenicity.
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Statistical Analysis
All primary and secondary analyses were performed using a longitudinal mixed-effects model, with
up to 12 measurements per individual in the mixed-effects model. This model had treatment group,
time, and time × treatment group interaction as fixed effects. The baseline value of the dependent
variable as well as baseline BMI were included in the model as covariates. An unstructured within-
patient covariance was used. Missing observations were considered missing at random, and no
imputation for missing data was used. Per the statistical analysis plan (Supplement 2), a sensitivity
analysis was conducted to gauge the influence of a possible nonrandom missingness assumption on
the primary end point (eAppendix 2 in Supplement 1). Least squares mean (LSM) estimates of the
difference between treatment and placebo were computed at each point and reported with 2-sided
80% CIs as well as 1-sided P values for a treatment difference favoring bimagrumab compared with
placebo. The use of the 10% 1-sided level of significance was driven by the study sponsor’s internal
decision-making and willingness to accept a liberal standard of evidence for declaring success and
continuing the drug development effort.

Figure 1. Trial Design, Screening, Randomization, and Treatment

Screening, randomization, and treatmentB

Intervention
 (48 weeks)

Follow-up
 (8 weeks)

Screening
baseline 
(3 weeks)

Trial designA

Weeks

EoT
assessments

EoS
Dosing time points

0 2 4 8 12b 16 20 24b 28 32 36b 40 44b 48b 52b 56b

Nondosing
site visit

4 weeks x 12 doses

Caloric restriction: 500 kcal/day deficit, 1.2 g/kg/day protein
Exercise: ADA walking program

Bimagrumab 10 mg/kg intravenous (maximum 1200 mga)

Placebo

322 Participants assessed for eligibility

244 Excluded
212 Did not meet inclusion criteria

7 Declined to participate
25 Other reasons 

78 Randomized

39 Allocated to bimagrumab intervention
37 Received allocated intervention

2 Did not receive allocated intervention

39 Allocated to placebo intervention
38 Received allocated intervention

1 Did not receive allocated intervention

27 Completed intervention

5 Withdrew due to participant decision

10 Discontinued intervention
5 Had adverse events

27 Analyzed

1 Use of prohibited concomitant medication

2 Excluded
1 No valid PK concentration measurement

30 Analyzed

1 Use of prohibited concomitant medication

2 Excluded
1 Excluded from PD analysis for cardiovascular

reasons

32 Completed intervention

5 Withdrew due to participant decision

6 Discontinued intervention
1 Had protocol deviation

ADA indicates American Diabetes Association; EoS,
end of study; EoT, end of treatment; PD,
pharmacodynamics; and PK, pharmacokinetic.
a Five patients had dosage capped.
b PK visits.
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A sample size of 68 recruited patients was targeted to enable at least 48 completers, with a
maximum dropout rate of 20%. The sample size was chosen to provide 70% power to meet a
primary end point at week 48 consisting of 2 criteria: (1) the difference between bimagrumab and
placebo in total body FM would have to be significant at a 1-sided level of 10% and (2) the point
estimate of the least square difference between bimagrumab and placebo total body FM would have
to exceed 5 percentage points measured relative to the mean FM at baseline.

As a supportive analysis, the proportions of patients who reached at least 5% fat and weight
loss were presented by treatment group. Statistical analyses were performed with the use of SAS
version 9.4 (SAS Institute).

Results

Patients
Study start date was February 1, 2017, and the final data collection date for primary outcome
measurement was March 21, 2019. Of the 322 patients screened, 75 were randomized and received
in a 1:1 ratio either bimagrumab 10 mg/kg (37 participants) or placebo (38 participants) (Figure 1B). An
additional 3 individuals were randomized, but they withdrew from the study prior to receiving the
first dose of study medication. Major reasons for screening failure were HbA1c level outside of
required range (73 individuals), medical condition or laboratory finding out of range (30 individuals),
low serum testosterone in men (27 individuals), and other (17 individuals). Overall, 58 patients
(77.3%) completed the study. The reasons for study withdrawal included participant decision (11
individuals), adverse event (4 individuals), lost to follow-up (1 individual), and protocol violation (1
individual).

Demographic characteristics (Table 1) were similar between the 2 groups, except that 23
participants (62.2%) in the bimagrumab group were women, compared with 12 (31.6%) in the
placebo group. As a result, baseline body weight was lower in patients in the bimagrumab vs placebo
groups (mean [SD], 90.1 [14.2] kg vs 96.9 [15.0] kg). Baseline BMI, total body FM, and HbA1c levels
did not differ between groups. Background diabetes therapy (Table 1) was balanced between groups,
with most patients treated with metformin. One exception was that 6 patients (16.2%) in the
bimagrumab group were not on background diabetes therapy at study entry vs 2 patients (5.3%) in
the placebo group.

Primary Efficacy End Point
At week 48, total body FM decreased 20.5% (−7.49 kg; 80% CI, −8.33 to −6.64 kg) in the
bimagrumab group and 0.5% (−0.18 kg; 80% CI, −0.99 to 0.63 kg) in the placebo group, with a
difference in total body FM of 7.31 kg (80% CI, −8.48 to −6.14; P < .001) (Table 2 and Figure 2). The
percentage of patients who lost at least 5% of total body FM in the bimagrumab vs placebo group at
week 48 was 96% (25 of 26 patients) vs 21% (6 of 29 patients); at least 10% total body FM, 92% (24
of 26 patients) vs 10% (3 of 29 patients); and at least 15% total body FM, 77% (23 of 26 patients) vs
10% (3 of 29 patients). This difference was significant between treatment groups (P < .001).

Secondary, Exploratory, and Supportive End Points
Results for key secondary and exploratory efficacy end points are shown in Table 2. At week 48, the
bimagrumab group gained 3.6% of lean mass (1.70 kg; 80% CI, 1.14 to 2.26 kg) compared with −0.8%
(−0.4 kg; 80% CI, −1.0 to 0.1 kg) in the placebo group (P < .001), and body weight decreased by 6.5%
(−5.90 kg; 80% CI, −7.08 to −4.71 kg) compared with a 0.8% decrease (−0.8 kg; 80% CI, −1.9 to 0.3
kg) in the placebo group (P < .001). The relatively large between-group total body FM and body
weight differences at 48 weeks were accompanied by directionally similar differences in BMI (−2.19
[80% CI, −2.60 to −1.78] vs −0.28 [80% CI, −0.67 to 0.11]; P < .001), waist circumference (−9.0 cm
[80% CI, −10.3 to −7.7 cm] vs 0.5 cm [80% CI, −0.8 to 1.7 cm]; P < .001), waist-to-hip ratio (−0.05
[80% CI, −0.06 to −0.04] vs 0.01 [0.00 to 0.02]; P < .001), hepatic fat fraction (−7.00% [80% CI,
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−8.58% to −5.43%] vs −2.33% [80% CI, −4.16% to −0.51%]; P = .01), subcutaneous adipose tissue
(−1.71 L [80% CI, −2.40 to −1.03 L] vs −0.52 L [−1.30 to 0.26 L]; P = .07), and abdominal visceral
adipose tissue (−1.52 L [80% CI, −2.42 to −0.62 L] vs −0.01 L [−1.05 to 1.03 L]; P = .08). At week 48,
17 of 26 patients (65.4%) receiving bimagrumab achieved at least 5% weight loss vs 3 of 29 (10.3%)
receiving placebo (2-sided P < .001).

Due to the asymmetrical sex distribution in the 2 randomized groups, we conducted a
subanalysis for lean mass and FM, comparing treatment and placebo groups for men and women
separately. The reduction in FM at week 48 was similar for men and women (placebo-corrected fat
loss for women: −18.4%; −6.20 kg; 80% CI, −8.60 to −3.81 kg; P = .003; for men: −22.1%; −7.53 kg;
80% CI, −8.94 to −6.13 kg; P < .001.) The placebo-corrected change in lean mass in patients treated
with bimagrumab was greater for men (5.1%; 2.76 kg; 80% CI, 1.66 to 3.85 kg; P = .002) vs women
(2.5%; 0.98 kg; 80% CI, −0.15 to 2.11 kg; P = .26).

Significant improvements in metabolic markers were observed in the bimagrumab group vs the
placebo group (48-week HbA1c level: −0.76% [80% CI, −1.05% to −0.48%] vs 0.04% [80% CI,
−0.23% to 0.31%]; P = .005; 36-week QUICKI: 0.01 [80% CI, 0.01 to 0.01] vs 0.00 [80% CI, 0.00 to
0.00]; P = .03). The difference between the bimagrumab and placebo group for 36-week HOMA2
and 48-week Matsuda Index were not significant (Table 2). We did not observe any significant
changes in the use of background diabetes medications (metformin or DPP4 inhibitor).

Treatment with bimagrumab did not result in significant changes in serum lipid or hsCRP levels
from baseline to week 48 (eTable 1 in Supplement 1). Serum leptin and interleukin 6 levels decreased
and adiponectin levels increased in patients treated with bimagrumab compared with those who
received placebo (eTable 2 and eFigure 1 in Supplement 1). Hand grip strength was lower in the
bimagrumab group at baseline, as expected because of the imbalance in the groups by sex, and there

Table 1. Baseline Characteristics of the Patientsa

Characteristic

No. (%)

Bimagrumab (n = 37) Placebo (n = 38) Total (N = 75)
Age, mean (SD) [range], y 60.7 (7.5) [46-73] 60.2 (8.0) [42-76] 60.4 (7.7) [42-76]

Sex

Women 23 (62) 12 (32) 35 (47)

Men 14 (38) 26 (68) 40 (53)

Race

Black or African American 6 (16) 9 (24) 15 (20)

Other 1 (3) 0 1 (1)

White 30 (81) 27 (71) 57 (76)

Asian 0 1 (3) 1 (1)

Unknown 0 1 (3) 1 (1)

Ethnicity

Hispanic or Latino 27 (73) 25 (66) 52 (69)

Not Hispanic or Latino 9 (24) 12 (32) 21 (28)

Not reported 1 (3) 1 (3) 2 (3)

Weight, mean (SD) [range], kg 90.1 (14.2) [66-115] 96.9 (15.0) [73-131] 93.6 (14.9) [66-131]

Height, mean (SD) [range], cm 165.6 (10.5) [148-188] 170.9 (10.0) [148-190] 168.3 (10.5) [148-190]

BMI, mean (SD) [range] 32.7 (3.2) [28-40] 33.1 (3.5) [28-40] 32.9 (3.4) [28-40]

Waist-to-hip ratio,
mean (SD) [range]

0.98 (0.07) [0.84-1.13] 0.99 (0.06) [0.83-1.10] 0.99 (0.07) [0.83-1.13]

HbA1c level, mean (SD) [range], % 7.99 (1.03) [6.6-10.1] 7.66 (0.95) [6.4-10.2] 7.82 (1.00) [6.4-10.2]

Body FM, mean (SD) [range], kg 35.6 (7.6) [21-49] 35.3 (7.5) [23-58] 35.4 (7.5) [21-58]

Background therapy

Metformin only 31 (84) 34 (89) 65 (87)

DPP4 inhibitor only 0 0 0

Metformin and DPP4 inhibitor 0 2 (5) 2 (3)

No medication 6 (16) 2 (5) 8 (11)

Abbreviations: BMI, body mass index (calculated as
weight in kilograms divided by height in meters
squared); DPP4, dipeptidyl peptidase-4; FM, fat mass;
HbA1c, glycated hemoglobin.

SI conversion factor: To convert HbA1c to proportion of
total hemoglobin, multiply by 0.01.
a Safety analysis set.
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was no treatment effect (eTable 3 in Supplement 1). Dietary intake based on 24-hour recall did not
change from baseline to week 48 in either treatment group. Pharmacokinetic results are reported in
eTable 4 in Supplement 1.

Table 2. Major End Points

End Point

Change (80% CI) [Participants, No.]a

P valueBimagrumabb Placebob Differenceb

Primary

FM, kg −7.49 (−8.33 to −6.64) [26] −0.18 (−0.99 to 0.63) [29] −7.31 (−8.48 to −6.14) <.001

Secondary

Lean mass, kg 1.70 (1.14 to 2.26) [26] −0.44 (−0.97 to 0.09) [29] 2.14 (1.36 to 2.93) <.001

Body weight, kg −5.90 (−7.08 to −4.71) [26] −0.79 (−1.92 to 0.33) [30] −5.10 (−6.74 to −3.47) <.001

BMI −2.19 (−2.60 to −1.78) [26] −0.28 (−0.67 to 0.11) [30] −1.91 (−2.48 to −1.34) <.001

Waist circumference, cm −9.00 (−10.3 to −7.68) [26] 0.45 (−0.79 to 1.69) [30] −9.46 (−11.3 to −7.64) <.001

Waist-to-hip ratio −0.05 (−0.06 to −0.04) [26] 0.01 (0.00 to 0.02) [30] −0.06 (−0.08 to −0.04) <.001

HbA1c, % −0.76 (−1.05 to −0.48) [26] 0.04 (−0.23 to 0.31) [30] −0.80 (−1.20 to −0.41) .005

HOMA2, week 36 −0.09 (−0.44 to 0.25) [25] 0.57 (0.24 to 0.90) [27] −0.66 (−1.14 to −0.18) .08

QUICKI, week 36 0.01 (0.01 to 0.01) [26] 0.00 (0.00 to 0.00) [30] 0.01 (0.00 to 0.01) .03

Matsuda Index 3.15 (2.39 to 3.91) [26] 1.78 (1.05 to 2.51) [28] 1.37 (0.31 to 2.43) .01

Exploratory

Hepatic fat fraction, %

Week 24 −4.60 (−6.07 to −3.12) [18] 0.23 (−1.61 to 2.08) [11] −4.83 (−7.20 to −2.46) .006

Week 48 −7.00 (−8.58 to −5.43) [5] −2.33 (−4.16 to −0.51) [5] −4.67 (−7.09 to −2.25) .01

Abdominal SAT, L

Week 24 −0.97 (−1.37 to −0.56) [18] −0.14 (−0.65 to 0.37) [11] −0.83 (−1.48 to −0.18) .05

Week 48 −1.71 (−2.40 to −1.03) [5] −0.52 (−1.30 to 0.26) [4] −1.19 (−2.23 to −0.15) .07

Abdominal VAT, L

Week 24 −1.49 (−1.69 to −1.29) [18] 0.22 (−0.03 to 0.48) [11] −1.71 (−2.04 to −1.39) <.001

Week 48 −1.52 (−2.42 to −0.62) [5] −0.01 (−1.05 to 1.03) [4] −1.51 (−2.87 to −0.14) .08

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by
height in meters squared); FM, body fat mass; HbA1c, glycated hemoglobin; HOMA2,
homeostasis model assessment; QUICKI, quantitative insulin sensitivity check index
(calculated as 1/[log{fasting insulin, μU/mL}] + log{fasting glucose, mg/dL}); SAT,
subcutaneous adipose tissue; VAT, visceral adipose tissue.

SI conversion factor: To convert HbA1c to proportion of total hemoglobin, multiply
by 0.01.

a Change from baseline to week 48, unless otherwise noted, in the end point.
b This model has change from baseline FM in kilograms as the dependent variable and

treatment group, time, and a time × treatment group interaction as fixed effects.
Baseline FM and baseline BMI values were included in the model as covariates. Time
was modeled as a categorical variable. An unstructured within-participant covariance
was used.

Figure 2. Effect of Bimagrumab on Total Body Fat Mass
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Safety and Adverse Events
Nine serious adverse events were reported in 6 patients: 2 events in 1 patient in the bimagrumab
group (elevated lipase and epigastric pain with normal pancreas and no evidence of acute
pancreatitis on imaging, later diagnosed as cholelithiasis), 2 events in 2 patients in the placebo group
(cellulitis and thermal burn in 1 patient; acute coronary syndrome and acute myocardial infarction in
the other), 1 event each in 2 patients in the bimagrumab group (pancreatitis and pneumonia), and 1
event in 1 patient in the placebo group (worsening gastroparesis) (Table 3). The patient with
pancreatitis was hospitalized, and the event was considered serious by the investigator.

Adverse events were reported by 31 of 37 patients (83.8%) in the bimagrumab group and 31 of
38 (81.6%) in the placebo group. Mild diarrhea and muscle spasms were the most frequently
reported adverse events by patients in the bimagrumab group. The frequency of diarrhea was
highest after the first dose (9 patients) and diminished thereafter (eFigure 2 in Supplement 1). Only 1
patient in the bimagrumab group and none in placebo group reported the development of acne,
although this adverse event has been identified in some prior studies with bimagrumab.10,22

Overall, 8 adverse events leading to study discontinuation occurred in 5 patients in the
bimagrumab group and none in the placebo group. Pancreatitis occurred in 1 patient, Helicobacter
pylori infection occurred in 1 patient, muscle spasms occurred in 2 patients, and 1 patient experienced
an increase in serum lipase (reported twice) along with upper abdominal pain and cholelithiasis.
Treatment with bimagrumab resulted in no clinically meaningful changes from baseline to week 48
in vital signs, electrocardiogram findings, or mean values of most hematology and biochemistry
measures. Patients treated with bimagrumab had decreased levels of follicle stimulating hormone
and urate and increased levels of creatine kinase (eTable 5 in Supplement 1). Early, transient
elevations were observed in levels of serum lipase (10.8% increase in bimagrumab vs 5.3% in
placebo), amylase (5.4% increase in bimagrumab vs 0% in placebo), alanine aminotransferase (2.7%
increase in bimagrumab vs 0% in placebo), aspartate aminotransferase (2.7% increase in
bimagrumab vs 0% in placebo), alkaline phosphatase (2.7% increase in bimagrumab vs 0% in
placebo), and γ-glutamyl transferase (2.7% increase in bimagrumab vs 0% in placebo) (eTable 5 and
eFigure 3 in Supplement 1). Two patients from the bimagrumab group had drug-induced,
nonneutralizing antidrug antibodies without impact on the exposure level of bimagrumab.

Discussion

The current study confirms and extends earlier reports showing that antibody blockade of ActRII
with bimagrumab in human participants leads to a marked loss in FM, an increase in lean mass, and

Table 3. Adverse Eventsa

Adverse event

Patients, No. (%)

Bimagrumab group Placebo group
Death 0 0

Serious adverse events 3 (8) 3 (8)

Any adverse event 31 (84) 31 (82)

Adverse event leading to study discontinuation 5 (14) 0

Most frequent adverse eventsb

Diarrhea 15 (41) 4 (11)

Muscle spasms 15 (41) 1 (3)

Upper respiratory tract infection 6 (16) 5 (13)

Lipase level increased 4 (11) 2 (5)

Headache 0 5 (13)

Hypertension 3 (8) 1 (3)

Nausea 4 (11) 0

Rash 2 (5) 2 (5)

a Adverse events were any untoward medical
occurrence in a patient who provided written
informed consent for participation in the study until
the end of study visit.

b Incidence greater than 5%.
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improvement in a range of metabolic biomarkers.11,22 In the current study, patients with type 2
diabetes who had overweight or obesity lost 20.5% of their total body FM, had a 3.6% increase in
lean mass, and had a decrease of 0.76 percentage points in their HbA1c levels following 48 weeks of
monthly bimagrumab doses combined with a lifestyle intervention. By contrast, patients receiving
placebo who also received the lifestyle intervention had an increase in total body FM of 0.5%, a lean
mass reduction of 0.8%, and a decrease of 0.04 percentage points in HbA1c levels. The combined
loss in total body FM and gain in lean mass led to a net 6.5% reduction in body weight in patients
receiving bimagrumab compared with a 0.8% weight gain in their counterparts receiving placebo.
Relative to placebo, weight loss with bimagrumab was greater than 7%, a level greater than the 1-year
FDA threshold of 5% for registration of new medicines for treating obesity and overweight.23

The specific mechanisms linking ActRII inhibition with marked reductions in FM are largely
unknown, although the receptor is recognized as present on adipocytes in addition to myocytes.9,24

No white adipose tissue reduction was detected in preclinical studies involving multiple species,
indicating that this pathway behaves differently in humans.9 However, ActRII inhibition in a rodent
model regulated BAT differentiation and activated myoglobin and peroxisome proliferator-activated
receptor γ coactivator coregulators, leading to mitochondrial enhancement and an increase in energy
expenditure.9 Garito et al11 extended these observations in a small sample of human participants
without diabetes but with insulin resistance who were evaluated 10 weeks after a single dose of
bimagrumab (n = 10) or placebo (n = 6). Compared with placebo, total body FM decreased
significantly by 7.9%, BAT volume decreased (although not significantly), and thermogenic capacity
remained stable in patients treated with bimagrumab. These early studies need to be extended with
larger samples and the exploration of other potential mechanisms that could account for the marked
effects of ActRII blockade on FM.

The mechanisms of improved insulin sensitivity, as observed with ActRII inhibition by
bimagrumab in the current study, are also largely unknown. Both myostatin knockout and
sequestration by soluble ActRII improved insulin sensitivity in preclinical animal models.25,26 Insulin
sensitivity improved by approximately 20% (by hyperinsulinemic-euglycemic clamp) to 40% (by
intravenous glucose tolerance test) in the patients with insulin resistance treated with bimagrumab
in the study by Garito et al.11 Effects on adipose tissue and ectopic fat compartments (eg, hepatic fat),
known to be associated with insulin resistance, combined with increments in skeletal muscle mass,
as observed in the current and earlier clinical studies,27,28 may account for some of the beneficial
anatomic changes (eg, waist circumference, waist-to-hip ratio) and improvements in biomarkers of
insulin sensitivity (eg, QUICKI and HOMA2) brought about with bimagrumab treatment. The 0.76
percentage point reduction in HbA1c level in the current study is higher or similar to that observed
with other antidiabetic medicines, such as pioglitazone (0.2 percentage points)29 and dapagliflozin
(0.58-0.89 percentage points).30

A novel feature of bimagrumab is the expansion of the lean mass (ie, skeletal muscle)
compartment in the presence of negative energy balance and weight loss. Decrements in lean mass
are typically observed with low calorie dieting, partially offset only when the weight loss program
includes a moderate or high intensity exercise prescription.31,32 An important goal of obesity
treatment is that there should be minimal loss of lean tissues and their associated functions. Diets,
exercise programs, and weight loss medications are often judged in the context of the relative loss of
lean tissues they impose. Some diets are accompanied by large losses of lean components and severe
functional deficits, even sudden death.33 Uniquely, ActRII blockade with bimagrumab not only
limited the loss of lean mass but also increased the mass of this compartment by nearly 4% after 4
monthly doses. Additional studies are needed to gain insights into the functional implications of lean
mass expansion during the course of weight loss and weight maintenance programs.

Because under usual circumstances the proportion of weight loss brought about by behavioral
means alone or with medications is approximately 25% lean mass,34 bimagrumab efficacy for weight
loss cannot be judged in the usual FDA context. Total body FM loss with bimagrumab alone was 8.3%
of body weight and, combined with a projected lean loss (assuming one-fourth of weight loss is
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composed of lean mass)34 rather than gain, would approach 10%. A weight loss of this magnitude at
48 weeks would meet or exceed the levels currently recognized for medications approved for
treating obesity and overweight and exceeds that of several popular weight loss diets.35,36 Moreover,
the distribution of body fat loss in patients treated with bimagrumab was highly favorable, with
reduction of abdominal visceral adipose tissue and waist circumference that was nearly twice that
observed in a recently published study of patients with type 2 diabetes treated with an intensive
lifestyle program and the glucagon-like peptide 1 agonist liraglutide.37 These observations highlight
the importance of moving away from body weight as a primary efficacy marker of drugs to more
metabolically relevant end points, such as total body FM.

Overall, adverse effects and events were balanced between the bimagrumab and placebo
groups, although more patients in the bimagrumab group experienced transient elevations of
pancreatic and liver enzymes, which tended to subside after the first dose of bimagrumab. The
etiology of these elevations is unclear but could be related to mobilization of adipocyte triglycerides
and amino acids as a new metabolic equilibrium is reached during early bimagrumab dosing. Further
studies are needed to determine whether weekly administration of an available subcutaneous
formulation may alleviate these transient elevations by permitting a more gradual achievement of a
new steady state. Regarding pancreatitis, more than 1000 adults have been enrolled in the clinical
program, with a total of 2 cases of acute pancreatitis reported, 1 from the current study and the other
unpublished. Additional studies are needed to explore the etiology of pancreatitis.

Limitations
This study has limitations. The sample size in this phase 2, proof-of-concept study was modest, and
the protocol was limited to patients with type 2 diabetes who had overweight or obesity. Moreover,
there was a gender imbalance across the groups, with more women randomized to bimagrumab and
more men to placebo. However, if anything, this imbalance may have led to an underestimation of
the lean mass gain in the bimagrumab treatment group. The completion rate in our study was 77%;
this is higher than that of many randomized clinical trials using pharmacotherapy for treating obesity,
in which, on average, up to one-half of participants discontinue participation by 1 year.38

The possibility exists that the lean mass gains we observed in participants who received
bimagrumab were caused by fluid or water accumulation rather than muscle protein accretion.
Although we did not measure total body water or muscle water content, we are unaware of any
effects of bimagrumab on water balance in this study or in earlier related studies. We thus view our
lean mass estimates as representing normally hydrated skeletal muscle, and this assumption can be
tested in future in-depth phase 2 studies. Additionally, the etiology of the changes in energy balance
underlying the weight loss remains unknown.

Conclusions

In this study, 48 weeks of exposure to bimagrumab, an antibody inhibitor of ActRII, was safe and
effective for treating the excess adiposity and metabolic disturbances of adult patients with obesity
and type 2 diabetes. While antibody blockade or knockout of ActRII in animal models is accompanied
by marked increases in skeletal muscle mass, this study confirms that inhibition of this receptor in
human participants leads to not only increases in lean mass but profound decreases in body fat, along
with improvements in glycemic control. Inhibition of ActRII may provide a novel pathway for the
pharmacologic management of excess adiposity and accompanying metabolic disturbances.
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