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INTRODUCTION

Abstract

Obijective: This study tested the hypothesis that treatment with the glucagon-like
peptide-1/glucagon receptor agonist SAR425899 would lead to a smaller decrease in
sleeping metabolic rate (SMR; kilocalories/day) than expected from the loss of lean
and fat mass (metabolic adaptation).

Methods: This Phase 1b, double-blind, randomized, placebo-controlled study was con-
ducted at two centers in inpatient metabolic wards. Thirty-five healthy males and females
with overweight and obesity (age = 36.5 4 7.1 years) were randomized to a calorie-
reduced diet (—1000 kcal/d) and escalating doses (0.06-0.2 mg/d) of SAR425899 (n = 17)
or placebo (n = 18) for 19 days. SMR was measured by whole-room calorimetry.

Results: Both groups lost weight (—3.68 4+ 1.37 kg placebo; —4.83 + 1.44 kg
SAR425899). Those treated with SAR425899 lost more weight, fat mass, and fat free
mass (p < 0.05) owing to a greater achieved energy deficit than planned. The SAR425899
group had a smaller reduction in body composition-adjusted SMR (p = 0.002) as com-
pared with placebo, but not 24-hour energy expenditure. Fat oxidation and ketogenesis
increased in both groups, with significantly greater increases with SAR425899 (p < 0.05).
Conclusions: SAR425899 led to reduced selective metabolic adaptation and
increased lipid oxidation, which are believed to be beneficial for weight loss and

weight-loss maintenance.

Glucagon receptor (GCGR) activation seems to promote weight

loss via increased energy expenditure (EE) in preclinical models

The incretin hormones glucagon-like peptide-1 (GLP-1) and glucagon
have shown promise as weight-loss therapies. GLP-1 regulates nutri-
ent metabolism and decreases food intake. Significant weight loss
has been observed with administration of the long acting GLP-1
receptor (GLP-1R) agonists liraglutide [1] and semaglutide [2],
primarily by affecting satiety and food intake. Glucagon is another

satiety hormone that also regulates nutrient metabolism [3].

although the impact in humans is unclear [4-6]. Glucagon'’s action
through GCGR to promote weight loss may be though the inhibi-
tion of appetite or reduced food intake [7]. Given the actions of
GLP-1 and glucagon on energy intake (El) and expenditure, dual
agonists of GLP-1R and GCGR have been shown to produce
weight loss while avoiding the hyperglycemic effects of pure glu-

cagon agonism [6].
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SAR425899 AND REDUCED METABOLIC ADAPTATION

Loss of body energy stores (BES) is primarily driven by the follow-
ing: a reduction of EI [8, 9] and/or an increase in EE, and/or a reduction
in EE that is smaller than expected based on changes in body composi-
tion (reduced metabolic adaptation) [8-11]. It is now recommended
that next generation weight-loss agents should target not only weight
loss, but also a decrease in metabolic adaptation and an increase in fat
oxidation (FatOx), thus preventing the loss of fat free mass (FFM) [12].
The contribution of these metabolic parameters to the weight loss
induced by the dual activation of GLP-1R and GCGR is unknown.

Therefore, we evaluated effects of a novel dual GLP-1R/GCGR
agonist with higher potency for GLP1-R, SAR425899, on energy metab-
olism such as EE and FatOx [13, 14]. This short duration study imple-
mented the appropriate experimental paradigm to quantify the effect of
SAR425899 on 24-hour sleep metabolic rate (SMR; normalized to 24
hours) and substrate oxidation following multiple escalating subcutane-
ous doses over 19 days. We achieved this by using caloric restriction
with the goal of similar changes in weight and body composition in the
two groups so that we could adequately evaluate metabolic adaptation.
To address metabolic adaptation, we elected to use SMR because it has
the lowest interindividual variability as it is not affected by factors such
as physical activity, stress, and food consumption [15, 16]. We hypothe-
sized that a program of caloric restriction plus SAR425899, compared
with caloric restriction alone, would attenuate the expected fall in SMR
(reduced metabolic adaptation) and stimulate FatOx.

METHODS

The details of the study design were previously reported. Herein, we
briefly describe these components and provide details for aspects of
the study not reported elsewhere [17].

Design

This was a Phase Ib, two-center, double-blind, randomized, placebo-
controlled study that enrolled the first participant April 17, 2018, and
completed the last participant on December 14, 2018. Treatment dura-
tion was 19 days of SAR425899 with once daily dosing in the morning.
Dose escalations occurred after 4, 8, and 12 days of treatment after a
7-day run-in period (Supporting Information Figure S1). This trial
(NCT03376802) was approved by the Institutional Review Boards of
the two study sites: AdventHealth in Orlando, Florida, and Pennington
Biomedical Research Center in Baton Rouge, Louisiana. All potential par-

ticipants provided written informed consent.

Participants

Volunteers were generally healthy, weight stable males and females,
had body mass index (BMI) of 28 to 40 kg/m?, and were 18 to
50 years of age. Inclusion and exclusion criteria are provided in online
Supporting Information. Thirty-five participants were randomized.
Eighteen participants were randomly allocated to placebo and 17 to
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Study Importance
What is already known?

o Preclinical studies demonstrate that glucagon alone or in
combination with glucagon-like peptide-1 increases
energy expenditure and weight loss.

e Short-term studies in humans are equivocal regarding the
energy expenditure effects of glucagon.

What does this study add?

o We tested the hypothesis that, during weight loss, a
novel dual agonist of GLP-1 and glucagon receptors
(SAR425899) would lead to a smaller reduction in sleep-
ing metabolic rate (kilocalories/day) than predicted by
changes in body composition during weight loss (meta-
bolic adaptation).

e We found that SAR425899 led to reduced metabolic adap-
tation, increased fat oxidation, and enhanced ketogenesis

independent of the changes in body energy stores.

How might these results change the direction of
research?

e After accounting for changes in energy stores, SAR425899
leads to metabolic benefits (lower selective metabolic adap-
tation and increased fat oxidation) that may be important
for weight loss and weight-loss maintenance.

o Pending the development of an ideal combination of ago-
nists that is well tolerated, these metabolic benefits could
lead to improved weight loss and longer-term weight-loss

maintenance.

SAR425899. Study treatment discontinuation due to adverse events
(AEs) or personal reasons occurred for seven participants. This left
17 in the placebo group and 11 in the SAR425899 group for the phar-
macodynamic assessments presented herein (Consolidated Standards
of Reporting Trials [CONSORT] diagram provided in Supporting Infor-
mation Figure S2). Demographics, anthropometrics, and site enroll-
ment were similar between study completers and the people who
were randomized but who did not complete the study (Supporting

Information Table S1).

Randomization and dosing

Participants were randomized 1:1 centrally by the sponsor to the treat-
ment groups (SAR425899/placebo) using site and sex as stratification
factors. The following SAR425899 doses were administered subcutane-
ously: 0.06 mg from Day 1 to 4, 0.12 mg from Day 5 to 8, 0.16 mg from
Day 9 to 12, and 0.2 mg from Day 13 to 19. A placebo solution was
administered at equivalent volumes. The pen-type injector (TactiPen)
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was provided for each participant separately from the cartridge kits. A
double-blind design was implemented with cartridges (SAR425899 or
placebo) and pen devices being indistinguishable. Supporting Information

Table S2 provides pharmacokinetic data (secondary end point).

Safety and tolerability

To address our secondary objectives of safety and tolerability, AEs
were monitored throughout the study based on prior studies [18, 19]
via medical history, vital signs, physical examination, and standard lab-
oratory assessments (hematology, biochemistry, coagulation, urinaly-
sis). Safety assessments are detailed in online Supporting Information.

Nutrition intervention

Caloric restriction of the placebo group was necessary because of the
confounding effects of metabolic adaptation, which is defined as a

decrease in EE greater than predicted by the change in weight and

TABLE 1 Demographics and baseline characteristics

Placebo (n = 17)

Age (y), mean (SD) 36.1(7.3)
Sex, n (%)
Female 6(35.3)
Male 11 (64.7)
Race, n (%)?
White 8(50.0)
Black or African American 6(37.5)
Other” 2(12.5)
Ethnicity, n (%)
Hispanic or Latino 7 (41.2)
Not Hispanic or Latino 9 (52.9)

Not reported 1(5.9)

Weight (kg), mean (SD) 91.54 (12.15)
BMI (kg/m?), mean (SD) 30.33 (2.23)
Fat mass (kg), mean (SD) 33.6(6.1)
Fat free mass (kg), mean (SD) 57.9 (11.6)
HbA . (%), mean (SD) 5.477 (0.286)
Glucose (mmol/L), mean (SD) 5.261 (0.500)
Total cholesterol (mmol/L), mean (SD) 4,986 (1.098)
HDL (mmol/L), mean (SD) 1.167 (0.306)
LDL (mmol/L), mean (SD) 3.00 (0.90)
Triglycerides (mmol/L), mean (SD) 1.783 (0.920)

body composition [20-23]. To ensure the achievement of a 1000-kcal
deficit and similar weight loss, participants were housed in a metabolic
ward during the treatment period [13].

Participants consumed a weight-maintaining outpatient diet
until randomization [17]. After baseline measures and randomiza-
tion, both groups were placed in a 1000-kcal deficit per day [17].
Such a caloric deficit was a priori estimated to result in a reduction
of body weight of ~3 kg and fat mass (FM) of ~1.6 kg and a
decrease in 24-hour EE of ~350 kcal/d within 3 weeks of treat-
ment in both arms. This amount of weight loss is similar to what
has been observed in other studies with SAR425899 [13]. A fixed
calorie deficit was selected over other methods (fixed body weight
reduction or percentage calorie deficit) based on data from a vali-
dated mathematical model of human metabolism [24, 25], suggest-
ing more consistent change of body weight, FFM, and FM in
people with disparate body weight. The diet consisted of 15% pro-
tein, 30% fat, and 55% carbohydrates; 100% diet consumption
was required. Overall adherence (kilocalories presented vs.
weighed back unconsumed food) was 94% (Supporting Information

Table S3). Supporting Information Table S4 shows a list of allowed

SAR425899 (n = 11) All p value
35.7 (8.6) 36.0(7.7) 0.896
3(27.3) 9(32.1) 0.655
8(72.7) 19 (67.9)
3(27.3) 11 (40.7) 0.490
6(54.5) 12 (44.4)
2(18.2) 4(14.8)
2(18.2) 9(32.1) 0.327
7 (63.6) 16 (57.1)
2(18.2) 3(10.7)
93.76 (10.10) 92.41(11.24) 0.604
30.95 (2.55) 30.57 (2.34) 0.521
35.4(6.7) 34.3(6.3) 0.473
58.3(9.3) 58.0 (10.5) 0.931
5.236 (0.505) 5.380 (0.396) 0.173
5.126 (0.437) 5.208 (0.473) 0.458
4.759 (0.838) 4.897 (0.993) 0.542
1.246 (0.313) 1.198 (0.305) 0.515
2.55(0.84) 2.89 (0.79) 0.277
1.947 (2.000) 1.848 (1.411) 0.802

Note: Data presented for participants who completed baseline and post-treatment calorimetry visits (pharmacodynamic population). Variables are shown
as mean (SD) or n (%). Placebo vs. SAR425899 at baseline. Comparison by unpaired t test.
Abbreviations: HbA1, glycated hemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

®n = 16 for placebo group race variable.
bOther = unknown, multiple, or Asian.
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and disallowed beverages and seasonings. A sample menu is pro-
vided in Supporting Information Table S5 with extended methods

in online Supporting Information.

Energy requirements
Run-in period

Energy needs for the outpatient days (Days —7 through —4) were esti-
mated using the following equation (rounded to the nearest 100 kcal)
derived from doubly labeled water studies: 24-hour EE (kcal/d) = 1279 +
18.3(weight, kg) + 2.3(age, y) — 338(sex: 1 = female, 0 = male) [17, 26].
Energy requirements for the first calorimetry day (Day —3) were esti-
mated using the following equation derived from calorimeter studies:
24-hour EE (kcal/d) = 26.2(FFM, kg ) + 5.2(FM, kg) — 2.32(age, y) — 96
(African American) + 546 [27]. Within-day adjustments, if needed,
were made based on software predictions that were input into pub-
lished calorimetry equations [27]. Between-day adjustments were

based on the prior day.

Treatment period

Energy needs for the treatment period (Days 1-19) were esti-
mated using the following equation, assuming a 20% increased EE
on the metabolic ward compared with that in the calorimeters:
El = (EE in calorimeter [average Days -3, -2, —-1] x 1.2) —
1000 kcal [17].

Whole-body room indirect calorimetry

Standards for calorimetry operations used in our study are
described in Chen et al. [16] and calorimetry methods described in
Allerton et al. [17]. Briefly, 24-hour EE and related components
(SMR: primary end point; secondary end points: resting metabolic
rate; basal metabolic rate; thermic effect of food) and substrate oxi-
dation (respiratory exchange ratio [RER]; RER during sleep; RER
over a period of 24 hours [RER4.1]; RER during rest, basal RER;
oxidation rates [protein, carbohydrate, and fat]) were measured by
indirect calorimetry on three consecutive days during the run-in
period (Days —3, —2 and —1: baseline) and at the end of the treat-
ment period (Days 17, 18, and 19: post-treatment). Calorimeters at
both sites were previously cross validated, and the same calorime-
ter was used for each participant at baseline and post-treatment
[28]. Participants followed the activity schedule shown in Support-
ing Information Table Sé. Descriptions of all components of EE and
substrate oxidation measured are provided in online Supporting
Information. Twenty-four-hour urine was collected, urine volume
and collection duration were determined, and a sample analyzed

for nitrogen and ketone bodies.

Obesity [o E VY 15 VA B

Physical activity

Physical activity level (PAL) while in the calorimeter was calculated as
follows: PAL = 24-hour EE/RMR.

Body composition

Dual-energy x-ray absorptiometry scanning (Lunar iDXA; GE Health-

care) was carried out in the fasted state according to standardized

procedures (secondary end point).

—
>
N
=
2.
=
=

-2

-4

Change from Baseline (kg)

=)

0 4 8 12 16 20 EOS
Fat Mass
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)

0 4 8 12 16 20 EOS

FIGURE 1 SAR425899 leads to greater weight and fat mass
reductions. (A) Weight was evaluated at baseline, at Days 5, 9,

16, and 20, and at EOS (6-8 days after last dose and end of calorie-
restricted diet). Body composition (by dual-energy x-ray
absorptiometry) was evaluated at baseline and at Days 1, 16, and
20: (B) fat mass; (C) fat free mass. Comparisons done by repeated
measures multivariate ANOVA (n = 17 placebo; n = 11
SAR425899). *Significant difference from baseline at p < 0.05.
"Group difference at p < 0.05. "'Group difference at p < 0.01.
Placebo, open box; SAR425899, gray box. EOS, end of study
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Clinical labs and biomarkers

The following pharmacodynamic circulating biomarkers were mea-
sured (secondary end points): fasting plasma glucose, hemoglobin A,
lipid biomarkers (free fatty acids, triglycerides, total cholesterol, high-
density lipoprotein/low-density lipoprotein cholesterol), ketone bod-
ies (blood and urine), and leptin.

Statistical analyses

Sample size assessment was based on the primary end point of
the study to compare the change from baseline to end of treat-
ment in SMR (kilocalories/day) between SAR425899 and placebo.
The calculation was performed for a one-sided test with type |
error level a = 0.05. A value of approximately 50 kcal/d was
expected for the SD for change from baseline in SMR. For power
calculation, SD between 45 and 55kcal/d and effect sizes
between 36 and 84 kcal/d were used based on in silico trial simu-

lations using existing validated models [24, 29, 30] using

SAR425899 Phase 1 trial data as input [13]. With 12 evaluable
participants per treatment arm, if the true SD was as much as
50 kcal/d and the effect size 60 kcal/d, the power was expected
to be 88.5%.

Multivariate ANOVA of repeated measures was used to
compare differences between calorimetry days at baseline
with a group interaction factor for EE components, substrate
oxidation rates including RER variables, and El. The between-day

coefficient of variation (CV) was calculated for each individual variable:

CV—\/ZT((ZTMZ) _ <<Z*1<M>2/K>>/N(K—1) (N = number of

participants; K = number of days measured [3]; M = measured value
each day) and relative CV (%CV, [CV/mean]) [31].

The primary analysis of SMR change from baseline was based
on a linear mixed model with treatment and stratification factors
(site and gender) as class effects, SMR at baseline and change in
body weight as covariates, participant as a random effect, and
study day as a repeating factor. Treatment difference for change

from baseline was based on corresponding contrasts and

TABLE 2 Circulating metabolic biomarkers at baseline and post-intervention

Placebo (n = 17)

SAR425898 (n = 11) p value

Variable BASELINE, mean (SD)  POST, mean (SD)
HbA (%) 5.48(0.29) 5.39(0.28)
Glucose (mmol/L) 5.26 (0.50) 5.14 (0.35)
Total cholesterol (mmol/L) 4.99 (1.10) 4.48 (1.09)
HDL (mmol/L) 1.17 (0.31) 1.08 (0.28)
LDL? (mmol/L) 57.7 (65.4) 53.9 (62.4)
Triglycerides (mmol/L) 1.78 (0.92) 1.27 (0.64)

Free fatty acids® (mmol/L) 0.439 (0.127) 0.464 (0.160)
Leptin (ug/L) 44.7 (35.9) 31.4 (25.5)

BASELINE, mean (SD) POST, mean (SD) Time Time x group

5.24 (0.50) 5.07 (0.35) 0.004 0.357
5.13(0.44) 4.79 (0.37) 0.012 0.222
4.76 (0.84) 4.07 (0.99) <0.0001 0.397
1.25(0.31) 1.04 (0.21) <0.0001 0.074
65.4 (56.6) 61.2(57.4) 0.115 0.929
1.95 (2.00) 1.03(0.75) 0.0002 0.232
0.398 (0.164) 0.612(0.161) 0.005 0.020
46.0 (29.3) 28.3(17.2) <0.0001 0.495

Note: Variables are shown for baseline (Day 1) and post-treatment (Day 20; POST). Time and time x group comparisons done by repeated measures

multivariate ANOVA.

Abbreviations: HbA,, glycated hemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

2n (placebo) = 17 and n (SAR425899) = 10.
Pn (placebo) = 16 and n (SAR425899) = 9.

TABLE 3 Evaluation of factors related to changes in body energy stores

Placebo
29,197 + 7198
—13,927 4 5884
43,123 + 2145

El variable
El intervention (kcal/19 days)
Change in energy stores (kcal)

EE balance (kcal)

SAR425899 Difference p value
23,609 + 8408 5588 + 2974 0.09

—19,678 + 6568 5752 4 2382 0.03
43,287 + 2666 —164 + 3422 0.96

Note: El intervention is the total energy intake over the 19-day study period. The change in energy stores represents the change of the body energy
storage pools (in kilograms) based on measured fat mass and fat free mass (9300 [kcal/kg] x fat mass change [kg]) — (1100 [kcal/kg] x fat free mass
change [kg]). EE balance represents the difference between El and change in energy stores (El — change in energy stores). Data are shown as mean =+ SD.
Comparison between placebo and SAR425899 done by an independent sample t test.

Abbreviations: EE, energy expenditure; El, energy intake.
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FIGURE 2 Baseline and post-intervention values and relative changes in EE components adjusted for body composition. (A-E) SMR,
24-hour EE, RMR, BMR, and TEF, respectively, at baseline and post-treatment. The reduction in SMR was lower in the SAR425899 group.
(F) Percentage changes in the same components. There was smaller percentage change in SMR in the SAR425899 group. Gray and white
squares and bars represent means and SEM for the SAR425899 and placebo groups, respectively. Comparisons of least-square mean
absolute change done by repeated measures multivariate ANOVA and percentage change by independent sample t tests. *#p < 0.01, for
time x group effect. *p < 0.05, **p < 0.01, for time effect in both groups. 'p < 0.05, for group effect. Placebo, open box/bar; SAR425899,
gray box/bar. BMR, basal metabolic rate; EE, energy expenditure; RMR, resting metabolic rate; SMR, sleeping metabolic rate; TEF thermic

effect of feeding
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FIGURE 3 Sleeping and 24-hour metabolic adaptation. Scatterplots are measured vs. predicted (A) 24-hour EE and (C) SMR at baseline to
generate the regression equations used to estimate 24-hour EE and SMR at baseline and post-treatment (average of Days 17-19). (B,D) Metabolic
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reported with point estimate, two-sided 90% confidence interval
(Cl), and corresponding one-sided p value. Similar analyses were
conducted for the remaining EE components and substrate oxida-
tion variables. Changes in weight and body composition from base-
line were calculated and adjusted to baseline values. Percent
differences were calculated for all components of EE, and indepen-
dent sample t tests were performed to compare differences between
groups.

Metabolic adaptation was also evaluated by generating
regression equations to predict EE from baseline body composi-
tion variables (FFM and FM) and used using equations to predict
baseline and post-treatment 24-hour EE and SMR. Metabolic
adaptation was calculated with the following equation: (Estimated
EEpost-treatment — Estimated  EEpaseline) — (Measured  EEpost-treat-
ment — Measured EEpageline) [32].

We calculated EE balance (EEbal) using daily El and the change
of body energy storage pools (kg) via the following equation [33]:

EEbal = El — pFFMAFFM — pFMAFM

where pFFM = 1100 kcal/kg is the energy density of FFM and
pFM = 9300 kcal/kg is the energy density of body FM [34].

RESULTS
Population characteristics

The study population consisted of females and males with a mean
(SD) age of 36.0 (7.7) years and a higher percentage of males enrolled
in the study (67.9%). The population was diverse, with 40.7% White,
44.4% Black, 14.8% Asian, unknown, multiple, or other, and 32.1%
Hispanic or Latino ethnicity. The baseline clinical characteristics indi-
cate that we enrolled a population with overweight and obesity with-
out evidence of diabetes or dyslipidemia, other than slightly elevated
triglycerides. There were no differences in baseline characteristics
between groups (Table 1).

Calorimetry data were collected over 3 days at baseline and post-
treatment (Supporting Information Figure S1). Baseline EE, RER, El,
and substrate oxidation parameters are shown in Supporting Informa-
tion Table S7. As expected, EE components and RER were not signifi-
cantly different between groups over the three measurements at
baseline (pre-treatment). At baseline, RER,4., reflected the provided
diet (food quotient = 0.885). There was a between-day difference in
RER,4., and a trend in basal RER (p < 0.0001 and 0.047, respectively),
but the absolute change was quite small, had minimal variation
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between days, remained within the expected substrate oxidation
based on food quotient, and was not biologically meaningful [35]. El,
substrate oxidation (carbohydrate and fat), and urinary ketones dif-
fered slightly between days in both groups (p = 0.008, <0.0001,
<0.0001, and <0.05, respectively), but there was no significant differ-
ence between treatment groups.

SAR425899 safety and tolerability in the safety
population

No serious AEs or severe treatment emergent AEs (TEAEs) were
reported during the study. TEAEs leading to permanent treatment dis-
continuation (Supporting Information Table S8) were reported in both
the placebo group and the SAR425899 group. Gastrointestinal disor-
ders were observed in 9/18 (50.0%) participants in the placebo group
and 15/17 (88.2%) participants in the SAR425899 group. Particularly,
the frequency of vomiting was high for the SAR425899 group (58.8%
of all participants exposed to SAR425899), with no such events in the
placebo group. The most frequently reported TEAEs, reported by 23
participants in either the placebo group or the SAR425899 group (for
the safety population), can be found in Supporting Information

Table S8 and AEs by primary organ class can be found in Supporting

Information Table S9. Additional details on AE assessments are pro-

vided in online Supporting Information.

Weight loss is greater, and body composition profile is
more favorable, with SAR425899 owing to a greater
deficit in El

Under conditions of calorie restriction, the mean (SD) change from
baseline for body weight (adjusted for baseline weight) on Days
5, 9, 16, and 20 was —2.11 (1.11), —2.51 (1.35), —3.10(1.39), and
—3.68 (1.37) kg for placebo and —1.85 (1.17), —2.56 (1.41), —3.99
(1.46), and —4.83(1.44)kg for SAR425899 (p <0.0001 and
p = 0.002 for time and interaction time x group effects, respec-
tively; Figure 1A). The mean (SD) change from baseline for FM
and FFM (kilograms) at Days 16 and 20 was —1.5(0.5) kg and
—2.4(1.2) kg for SAR425899 and —1.0 (0.5) kg and —1.8 (0.8) kg
for placebo, respectively (p < 0.0001 and p = 0.01 for time and inter-
action time x group effects, for FM; p < 0.0001 and p = 0.02 for
time and interaction time x group effects, for FFM; Figure 1B,C).
Multiple comparisons between groups and time points revealed sig-
nificant between-group differences for weight and FM only
(Figure 1A,B).
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FIGURE 5 SAR425899 leads to an increase in FatOx and circulating ketone bodies. FatOx and CarbOx rates were calculated for all EE
components: (A,E) sleep metabolic rate; (B,F) total daily EE (24 hours); (C,G) resting; (D,H) and basal. FatOx was higher in the SAR425899 group
for sleep, 24 hours, resting, and basal. CarbOx over 24 hours was higher in the placebo group. Absolute values of (I) acetoacetic acid and

(J) B-hydroxybutyrate at baseline and post-intervention. There was an increase in both groups, with a greater increase in the SAR425899 group.
(K) There was also a greater percent change in the SAR425899 group in both ketones. Gray and white squares represent means and SEM for the
SAR425899 and placebo groups, respectively. Comparisons of least-square mean absolute change done by repeated measures multivariate
ANOVA and percent change by independent sample t tests. #p < 0.05 and #**p < 0.01, for time x group effect; **p < 0.01 and ***p < 0.001, for
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As expected with caloric restriction and weight loss, there were leptin, that were similar in both groups (Table 2). Free fatty acids were
significant improvements in several metabolic parameters between increased in both groups (p = 0.005) with a significantly greater
Day 1 and Day 20, including glycemic control, plasma lipids, and increase in the SAR425899 group (p = 0.02; Table 2).
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We next evaluated the potential impact of unintended factors on
the changes in body weight and body composition. We planned an
energy deficit between baseline and the treatment period of
1000 kcal/d for both groups. As expected, there was a significant
daily reduction in El from baseline, approximating 1000 kcal in each
group (p < 0.05; Supporting Information Figure S3A). There were no
statistically significant differences in El between groups over the
19-day intervention period (Supporting Information Figure S3A;
Table 3). However, there was a trend toward a higher daily change in
El in the SAR425899 group than planned (placebo —989 [489] kcal/d;
SAR425899 —1442 [667] kcal/d; p = 0.07). We found no significant
differences in PAL between placebo and SAR425899 (Supporting
Information Figure S3B).

Because differences in El were quantitatively different between
groups, we evaluated the change in BES in relationship to El by cal-
culating EEbal [33]. This approach uses the principle of energy bal-
ance under conditions of weight loss (El = EE + change in BES) and
re-arranges the equation to solve for EE to determine whether El
was a factor in the differences in BES [36]. Similar to changes in
weight and body composition, the change in BES was significantly
higher in the SAR425899 group (p = 0.03). However, we found that
EEbal was quantitatively similar between the groups (p = 0.96;
Table 3).

Reduced metabolic adaptation with SAR425899

As expected from body weight loss, SMR declined in both treatment
groups from baseline until the end of treatment (p < 0.001; Support-
ing Information Figure S4A). Although participants in the SAR425899
group lost more weight than the placebo group, the decrease from
baseline for SMR (on-treatment calorimeter days, +SD) was larger in
the placebo group compared with SAR425899 (p = 0.002; Figure 2A)
after adjusting for changes in body composition (lean mass and FM).
The SMR percentage decrease from baseline for SAR4256899
adjusted for change in body composition was statistically significantly
smaller than for placebo (p = 0.001; Figure 2F). Similar results were
obtained when adjusting for baseline body weight and change in body
weight (Supporting Information Figure S5A-S5B). There were signifi-
cant reductions in other EE components over time (Supporting Infor-
mation Figure S4B-S4D), but there were no differences between
groups or after adjustment for body composition (Figure 2B-E).

To further evaluate differences in metabolic adaptation, we used
regression equations to predict EE from baseline body composition
variables (Figure 3A,B) and found that SAR425899 treatment led to
an equivalent metabolic adaptation for 24-hour EE (Figure 3C) but a
blunting of metabolic adaptation during sleep (Figure 3D).

Increased FatOx and ketogenesis with SAR425899

We found that RER,4.;, and all subcomponents decreased in both

groups toward the end of treatment (Figure 4A-D). These changes

were significantly greater with SAR425899 than with placebo. For
example, although both groups started with an RERy4., of 0.89, the
placebo group decreased to 0.85 [0.02] and the SAR425899 group
decreased to 0.80 [0.03] (p < 0.05; Figure 4B).

To further define the role of substrate oxidation with SAR425899
treatment, we evaluated FatOx and carbohydrate oxidation (CarbOx)
across all EE parameters. The SAR425899 group had significantly
higher FatOx during sleep, total daily FatOx (24 hours), and FatOx
during the basal and resting EE periods (p = 0.01, 0.001, 0.002, 0.003,
respectively; Figure 5A-D). The only difference in CarbOx was over
24 hours, where placebo had higher CarbOx than SAR425899, likely
owing to the shift to FatOx in the SAR425899 group (p = 0.006;
Figure 5E-H).

Ketone bodies (acetoacetic acid and B hydroxybutyrate) were
increased in both groups (time effect; p < 0.01 and <0.001 for acetoa-
cetic acid and B hydroxybutyrate; Figure 5I,J). The increase in both
ketone bodies was significantly higher in the SAR425899 group
(p < 0.01, respectively, for interaction of time x group; Figure 5I,J).
The percent change in both ketone bodies was significantly greater
for SAR425899 (p < 0.05; Figure 5K).

The differences observed in FatOx and ketogenesis could have
been due to a larger energy imbalance in the SAR425899 group. After
adjusting for change in energy stores, these differences between
groups remained significant (46.0 [4.8] vs. 26.0 [3.8] g/d, p = 0.005;
280.0 [60.8] vs. 75.4 [49.7] pmol/L, p = 0.02; and 226.8 [58.5] vs.
27.8 [46.1] pmol/L, p = 0.02 for SAR425899 vs. placebo and 24-hour
FatOx, B-hydroxybutyrate, and acetoacetic acid, respectively; Sup-
porting Information Figure S6).

DISCUSSION

To address the EE effects of dual GLP-1/GCGR agonism, we con-
ducted a metabolic ward study under rigorous environmental controls
that were intended to clamp El. We observed a greater weight loss
and reduction in FM with SAR425899 plus caloric restriction versus
caloric restriction alone. This greater change in BES was at least partly
due to our inability to clamp El equivalently between groups. Despite
this limitation, we found intriguing metabolic effects of SAR425899
that could be important drivers for weight loss. Specifically, we found
a statistically significantly smaller reduction in SMR, but not 24-hour
EE, with SAR425899 (before and after adjustment for change in body
weight and body composition). The SMR results are an indication of
reduced metabolic adaptation with SAR425899. We also found
greater FatOx and ketogenesis that were not due to the greater
changes in weight and body composition. These metabolic effects of
SAR425899 are important concepts for the further development of
weight-loss therapies because both low EE and low FatOx are risk fac-
tors for weight gain that impair loss of FM [12, 37].

Both preclinical and short clinical studies of the dual GLP-1R/
GCGR agonist oxyntomodulin have shown increases in total, resting,
and/or activity related EE [10, 38]. Neither of those studies used
weight loss through calorie restriction to quantify changes in EE
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without confounding from greater metabolic adaptation in the treated
group. The absolute difference in SMR over an 8-hour sleep period was
~34 kcal/d. The absolute sleep metabolic adaptation for the placebo
group was 61 + 60 kcal/d whereas in the SAR425899 group it was
—31 + 79 kcal/d. This suggests that ramping up of EE during sleep may
account for some of the metabolic benefits with SAR425899 treat-
ment. Because of the small effect on SMR, we conclude that the clinical
relevance of this result remains an open question. This conclusion is
supported by a study showing that SAR425899 is a weak GCGR ago-
nist, suggesting that the GLP-1/GCGR ratio in SAR425899 may require
additional optimization [39]. We found that the greater change in BES
in the SAR425899 group was at least partially explained by differences
in El based on a calculation of EEbal. This implies that the observed
BES differences were likely attributable to the El differences. There-
fore, our hypothesis of a role of glucagon agonism on increased EE is
not entirely supported by our data, in line with our previous findings
[4, 5].

Despite the limited impact of SAR425899 on EE, the blunted
metabolic adaptation observed in the SAR425899 group may be
important for weight-loss maintenance [12]. Our findings are sup-
ported by our recent study in which we observed reduced metabolic
adaptation to be a distinguishing phenotype in people who meet their
predicted weight-loss targets versus those who do not [40].

We postulated that the reduced metabolic adaptation we saw
with GLP-1R/GCGR agonism under conditions of caloric restriction
might be coupled with substrate switching. RER,4., and other sub-
components decreased in both groups toward the end of treatment,
demonstrating a shift toward lipid oxidation. The change from base-
line was roughly twofold higher under treatment with SAR425899
compared with placebo (22.8 vs. 50.9 g/d). This difference represents
an improved negative fat energy balance of 196 g of fat per week. In
line with increased flux through the lipolytic and FatOx machinery,
there was an 886% increase in -hydroxybutyrate in the SAR425899
group (vs. a 121% increase in placebo) and a 109% increase in the
SAR425899 group in acetoacetic acid (vs. a 16% increase in placebo).
Impaired FatOx is part of the obesity phenotype [41-43] and a key
barrier to weight-loss maintenance [44, 45]. Importantly, this
increased FatOx and ketogenic metabolic profile was independent of
the greater changes in weight and body composition in the
SAR425899 group. Therefore, our results suggest that, unlike caloric
restriction [41], SAR425899 improves impairments in FatOx, and this
might contribute to weight-loss success under certain conditions [12].

There were several limitations of our study. There were more drop-
outs in the SAR425899 group, which could have biased our results.
This is unlikely given that the baseline characteristics of the people
who were randomized but did not complete the study were similar to
those who completed the study. We also only found metabolic adapta-
tion effects to the study drug on SMR and not 24-hour EE. Whether
this selective adaptation response is meaningful in long-term weight-
loss maintenance using this drug cannot be addressed in this study. We
did not have a GLP-1R arm in the study, making it difficult to know

whether the observed changes are due to the presence of GCGR.

CONCLUSION

In conclusion, we uncovered effects of SAR425899 on metabolic
pathways that are relevant for weight loss and weight-loss mainte-
nance: a selective reduction in metabolic adaptation and a quantita-
tively relevant increase in FatOx with a parallel increase in
ketogenesis. We propose that an optimal combination of GLP-1 and
GCGR agonism may translate to greater weight-loss success in condi-
tions in which El is not clamped. Continued development of incretin-
based weight-loss therapeutics would, therefore, represent a fruitful

area for continued research.O
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