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We assessed the therapeutic contribution of the individual components of glucagon-like peptide-1
receptor (GLP-1R) and glucagon receptor (GCGR) agonists alone and in combination upon energy
homeostasis and glycemic control in diet-induced obese, diabetic nonhuman primates. The
pharmacological active dose ranges of selective agonists were established through a dose-finding
study, followed by a 6-week chronic study. Repeated subcutaneous administration of a selective
GCGR agonist (30 pwg/kg once daily) did not affect food intake or body weight, whereas the selective
GLP-1R agonist (3 pg/kg once daily) alone decreased energy intake by 18% and body weight by
3.8% =+ 0.9%. Combination of both agonists reduced significantly cumulative food intake by 27%
and body weight by 6.6% = 0.9%. Fasting plasma glucose (FPG) was improved by GLP-1R agonist
(baseline vs end of study, 176.7 = 34.0 vs 115.9 * 16.1 mg/dL). In contrast, groups exposed to GCGR
agonist experienced nonsignificant elevations of FPG. More accurate assessment of therapeutic
interventions on glucose homeostasis was tested by an IV glucose tolerance test. Glucose excursion
was significantly elevated by chronic GCGR agonist administration, whereas it was significantly
decreased in GLP-1R agonist-treated monkeys. In the combination group, a nonsignificant increase
of glucose excursion was seen, concomitantly with significantly increased insulin secretion. We
conclude that chronic glucagon agonism does not affect energy homeostasis in nonhuman pri-
mates. In combination with GLP-1R agonism, glucagon agonism synergistically enhances negative
energy balance with resulting larger body weight loss. However, adding GCGR to GLP-1R agonism
diminishes glycemic control in diabetic monkeys. Therefore, long-term therapeutic implications of
using GLP-1R/GCGR coagonists for weight management in diabetes warrants further scrutiny.
(Endocrinology 159: 3105-3119, 2018)

ariatric surgery is an effective therapeutic interven-
Btion for weight management of patients with obe-
sity, as well as a tentative cure of type 2 diabetes mellitus.
In people with type 2 diabetes mellitus, Roux-en-Y
gastric bypass surgery (RYGB) leads to complete reso-
lution of diabetes in ~80% of cases (1, 2). For this
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reason, pharmacotherapies mimicking the effects of
bariatric surgery on body weight homeostasis are cur-
rently pursued as a relevant and well-tolerated alternative
to effective weight management.

Bariatric surgery decreases body weight through
mechanisms beyond mechanical restriction. After either

Abbreviations: AUC, area under the curve; DIO, diet-induced obese; DPP-IV, dipeptidyl
peptidase-IV; FGF21, fibroblast growth factor 21; FPG, fasting plasma glucose; FPI, fasting
plasma insulin; G6Pase, glucose-6-phosphatase; GCGR, glucagon receptor; GLP-1,
glucagon-like peptide-1; GLP-1R, glucagon-like peptide-1 receptor; HMG-CoA, 3-
hydroxy-3-methylglutaryl-CoA; IVGTT, IV glucose tolerance test; KBI, Kunming Biomed
International; NEFA, nonesterified fatty acid; PCK1, phosphoenolpyruvate carboxykinase
1; PK, pharmacokinetic; qd, once daily; RYGB, Roux-en-Y gastric bypass surgery; s.c.,
subcutaneous; TEI, total energy intake; t-ketones, total ketones.
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RYGB or sleeve gastrectomy, nutrients more readily
access the upper intestine after ingestion, leading to ex-
aggerated postprandial secretion of gut hormones (3, 4).
Rapid resolution of type 2 diabetes mellitus in subjects
undergoing RYGB is mediated by an early postoperative
improvement of hepatic glucose clearance and a far
slower increase in peripheral glucose uptake (5, 6). Al-
though postprandial plasma glucose shows earlier peak
levels, 2-hour glucose tolerance is dramatically improved
after RYGB surgery as a result of improved B cell glu-
cose responsiveness and hepatic glucose uptake (7, 8). The
acute improvements of glycemia after RYGB are pre-
dominantly due to surgery-induced exaggeration of post-
prandial glucagon-like peptide-1 (GLP-1) secretion (9-11).

However, the weight loss experienced by patients
undergoing RYGB is not due solely to these postpran-
dial changes in plasma GLP-1 levels. Several endocrine
factors released from enteroendocrine L cells display
a changed postprandial release pattern after RYGB.
Oxyntomodulin is of particular interest, as its prandial
release is elevated >10-fold as a result of RYGB surgery
(12). It is an endogenous dual GLP-1 and glucagon re-
ceptor (GCGR) agonist whereas each single component
displays oppositely directed effects on glucose homeo-
stasis yet exhibits synergism on energy homeostasis (13,
14). Early clinical experience with oxyntomodulin pro-
vided convincing evidence that thrice daily subcutaneous
(s.c.) administration through 4 weeks provides robust
weight loss to obese otherwise healthy subjects (15, 16).

Oxyntomodulin has poor pharmacological proper-
ties, as it is subject to both proteolytic cleavage by
dipeptidyl-peptidase-4 and fast renal clearance (17).
Therefore, different strategies aiming at inventing stable
oxyntomodulin mimetics have been pursued during the
past decade. Common for these many approaches has
been to design peptides with agonistic properties on
GLP-1 receptors (GLP-1Rs) as well as GCGRs (so-called
GLP-1R/GCGR dual agonists). They are structurally
derived from oxyntomodulin (14, 18), glucagon (19, 20),
or exendin-4 (21).

In mice, chronic administration of GLP-1R/GCGR
dual agonists reduces body weight and glycemia with
higher efficacy than seen for selective GLP-1 agonists (22,
23). Interestingly, when selective GLP-1 and glucagon
agonists are coadministered to diet-induced obese (DIO)
mice they synergistically reduce body weight (24, 25),
suggesting that GLP-1R/GCGR dual agonists will mimic
oxyntomodulin as a superior weight loss agent vs GLP-
1R agonist. In mice, glucagon administration with or
without concomitant GLP-1 agonism also elevates en-
ergy expenditure (22). Similarly, short-lasting coinfusion
of subanorectic doses of GLP-1 and glucagon to healthy
overweight volunteers significantly reduces food intake
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(26), whereas the glucagon exerted effects on energy
expenditure do not always translate from mice to humans
(27, 28).

Several of the GLP-1R/GCGR dual agonist activities
have been taken into clinical development, but without
including strategies to demonstrate distinct contribu-
tion of the individual pharmacologies on the energy
homeostatic end points in a clinically relevant pop-
ulation. Furthermore, none of the published nonhuman
primate data with dual GLP-1R/GCGR coagonists could
conclude that the GCGR systems were activated at the
explored dose range (23). Therefore, we chose obese
diabetic nonhuman monkeys as a translationally relevant
preclinical model to assess metabolic effects of GLP-1 and
glucagon separately as well as in combination at relevant
pharmacological exposures.

Methods

DIO monkeys (animals and housing conditions)

The monkey study was performed at Kunming Biomed
International (KBI), located in Yunnan Province, China. KBI
adhered to the Guide for the Care and Use of Laboratory
Animals (29), guidelines for the care and use of animals for
scientific purposes established by the Chinese National Advi-
sory Committee for Laboratory Animal Research, and safety
and quality assurance guidelines documented in the Guideline
for Experiments Document of Kunming Biomed International
(KBI-01-GE v2.0). This study was approved by the Institutional
Animal Care and Use Committee of KBIL.

Cynomolgus monkey (Macaca fascicularis) was selected as
the test species of choice for more meaningful results that were
translatable to humans. More than 50 monkeys were trained to
identify 10 monkeys for the dose-finding study and 32 mon-
keys for the repeat-dose chronic study. They all fulfilled the
following metabolic criteria: weight at least 8 to 16 kg and
a body fat content of >25%, age 12 to 20 years, fasting glu-
cose >110 mg/dL, and fasting insulin >70 pU/mL (in com-
parison lean monkeys of same age range: weight 5 to 8 kg,
fasting glucose ~70 mg/dL, and fasting insulin ~25 pU/mL).
The monkeys were individually housed in species- and size-
appropriate metabolic stainless steel caging with ad libitum
access to water and under controlled environmental conditions
with room temperature of 18°C to 29°C, relative humidity of
30% to 70%, and a minimum of 10 air changes per hour. A
time-controlled lighting system provided a regular 12-hour
light/12-hour dark diurnal cycle. Cages were cleaned at regular
intervals. The monkeys had three meals per day with a daily
energy intake of ~680 kcal (~2.85 M]J). All food was with-
drawn at 5:00 PM so that monkeys were fasted overnight.
Monkeys were provided with enrichment toys or devices at
all times. Animals were randomized by block stratification
into three homogeneous groups according body weight, fasted
plasma glucose, and %HDbA .

The three daily meals consisted of ~50 g of standard
monkey formula feed [extruded pellets, 3.1 kcal/g (12.98 k]/g):
protein 24%, fat 15%, carbohydrate 61%] in the morning
(9:00 AM to 10:00 AMm), one apple [150 g, ~80 kcal (33 kJ)] in the
afternoon (2:00 p™ to 3:00 pM), and 100 g of KBI proprietary
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high-fat diet feed in the evening [extruded pellets, 3.47 kcal/g
(14.5 kJ/g): protein 14%, fat (porcine) 34%, carbohydrate
52%, sucrose 35%, 4:00 pM to 5:00 pMm]. The total offered
amount of daily energy was ~680 kcal/d (2.85 MJ/d). All of the
food was withdrawn at 5:00 pMm; hence, all monkeys were al-
ways fasted overnight. After each feeding time period, all
the remaining food was withdrawn and intake was determined
by weighing the leftover food. Each batch of monkey chow
was delivered with an accompanying certificate of analysis
detailing nutritional composition and levels of specified con-
taminants (e.g., heavy metals, aflatoxin, and insecticides). Ad
libitum access to water through the main system was suspended
on days in which water intake was quantified.

Preparation of the selective receptor agonists

Both the GLP-1R and GCGR selective agonists were pre-
pared via Fmoc solid-phase synthesis, purified by reverse-phase
high-performance liquid chromatography using water/acetonitrile
(0.1% trifluoroacetic acid) gradients and transformed into their
acetate salts. The purified peptides were characterized by elec-
trospray mass spectrometry.

The rational design of novel peptides with dual activity on
the GLP-1 and GCGRs structurally derived from exendin-4 has
been described previously (20,22, 25). Following similar design
criteria, structural variants of exendin-4, carrying an unnatural
amino acid in position 2 to block dipeptidyl peptidase-IV (DPP-
IV) cleavage, and a fatty acid side chain in position 14 to extend
half-life via albumin binding, which showed selective agonism
either at the GLP-1R or the GCGR, were obtained (see Fig. 1).

The activity of the compounds at the GLP-1R and GCGR
was determined using functional assays that measure cAMP
response in HEK293 cell lines stably expressing mouse or
monkey GLP-1R or GCGR (Table 1). The cAMP content in
the cells was determined using a kit (Cisbio Corp.; catalog no.
62 AM4PE]) following the manufacturer’s instructions.

Dose-finding study

The purpose of the dose-finding study was to identify the
pharmacologically active dose range of selective GCGR and
GLP-1R agonists to be used for the subsequent repeat-dose
chronic study. Fifteen obese diabetic monkeys (M. fascicularis)
were selected with >8 kg of body weight and >8 years of age
and screened for their metabolic profiles. Monkeys were trained
for 4 weeks to habituate to blood draw procedure and for
presentation of the subscapular/cervical region for s.c. injection
of test substances with minimal physical restraint. Ten monkeys
(n = 5 per group) were selected for the 2-week dosing period,
which was performed in dose-escalation mode to find the
maximal tolerated dose. Dosing (s.c. injection) was performed
between 10:30 and 11:00 am, following breakfast. The GCGR
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agonist—treated group started with vehicle treatment from
day 1 to 3, 3 pg/kg from day 4 to 6, 10 pg/kg from day 7 to 9,
30 pg/kg from day 10 to 12, and 100 pg/kg from day 13 to 15.
The same dosing pattern was followed for the GLP-1R agonist.
GLP-1R agonist dosing in monkeys was increased from vehicle
to 0.3 pg/kg to 1 pg/kg to 3 pg/kg and to a maximal dose of
10 pg/kg. All monkeys were continuously monitored until end
of a 2-week washout period. Daily food intake measurement
was conducted and total energy intake (TEI) was calculated for
the entire duration of the study. Body weight measurements
were performed and recorded once weekly during the training
and washout periods and every 3 days during the dosing period.
On the first day of each dose step for the GCGR agonist and on
the third day of each dose step for the GLP-1R agonist, a
glucose profile was measured with blood sampling time points
of t = 0 (predose) and 1, 2, 3, 4, 6, 8, and 24 hours postdose.
The glucose profiling was performed under ad libitum fed
conditions and was shifted to day 3 for the GLP-1R agonist to
avoid confounding effects of the instantaneous and acute food-
suppressing impact of GLP-1R agonism.

Chronic dosing study

Pharmacologically active doses were then investigated in a
repeat-dose chronic study. A metabolic profile of >50 monkeys
of >8 kg of body weight, >8 years of age, fasting glucose
of >110 mg/dL, and fasting insulin of >70 pU/mL was per-
formed. There was a run-in period during which monkeys were
injected subcutaneously with vehicle once daily (qd). Food
intake (calculated as TEI) and water intake were measured daily
along with twice-weekly body weight evaluation and baseline
value determination for metabolic biomarkers, safety bio-
markers, IV glucose tolerance test (IVGTT), liver biopsy for
gene expression analysis, and profile for glucose, insulin, fi-
broblast growth factor 21 (FGF21), and ketone bodies. Thirty-
two trained monkeys (n = 8 per group) were selected for the
chronic dosing period and stratified for body weight, fasting
plasma glucose (FPG), and fasting plasma insulin (FPI) and
insulin response from baseline during the IVGTT.

All treatments were administered subcutaneously qd for
6 weeks (4 weeks evaluation plus 2 weeks run-out). The dosing
period was designed as a four-arm, dose-ramping study, and
monkeys were treated with either vehicle, the selective GCGR
agonist, the selective GLP-1R agonist, or a combination of both
GLP-1R and GCGR agonists. The initial dose was administered
daily from days 1 to 3; then the dose was increased on days 4 to
6, with a further increase to the maintenance dose from day 7 to
the run-out period. The selective GCGR agonist was initially
administered at 3 pg/kg, then 10 pg/kg, with a maintenance
dose of 30 pg/kg. The GLP-1R agonist was increased from
0.3 pg/kg to 1 pg/kg to the maintenance dose of 3 pg/kg. The

No 1 15 20 25 30 35
glucagon H [s|o|g|T[E|T[s|D]Y [S]|K]Y] [D |s|R[R[A]l@ [DlE[viQw femNT| [ | ][] [ [ ]| ||
exendin-4 H [G|[e|c]|T][F][T]s]D] BEE e [E[A]VIrR [L]E]l [E]w [L|K]|N]G|[G [P|s|[s[dAa [P]rP[P[s[NH2

GLP-1Ragonist |H |s|E|[G|T|F|T|s|D|V
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Figure 1. Amino acid sequences of glucagon, exendin-4, and the selective GLP-1R and GCGR agonists. Amino acids that are identical between
glucagon and exendin-4 are colored green, residues unique to glucagon are shown in yellow, and residues unique to exendin-4 are colored
gray. Additional modifications that have been introduced to enhance selectivity or metabolic stability are shown in orange. Residue 14 in both
GLP-1R and GCGR agonists is modified by addition of a C16 fatty acid (palmitic acid) at the e-amino group of lysine using a y-glutamic

acid spacer.
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Table 1.
Mouse or Monkey GLP-1 or Glucagon Receptor

In Vitro Receptor Agonist Potencies (CAMP Production) in HEK-293 Cell Lines Stably Expressing

Mouse Receptors

Monkey Receptors

GLP-1R GCGR GLP-1R GCGR
Peptide [ECso (pM)] [ECso (PM)] [ECso (PM)] [ECso (pM)]
Exendin-4 0.4 >108 0.6 >108
Glucagon 43.9 0.4 30.8 1.5
GLP-1R agonist 1.0 54,600 0.6 >108
GCGR agonist 396 1.3 484 34

combination treatment was administered as two separate in-
jections of the GCGR and GLP-1R agonist: 3 and 0.3 pg/kg,
followed by 10 and 1 pg/kg, and then increased to 30 and 3 pg/
kg. TEI and water intake were monitored daily and body weight
was measured every 3 to 4 days. Metabolic profiling for glu-
cose and insulin were performed during the dosing period on
days 10 and 42, whereas IVGTT was performed on day 31 of
the chronic treatment.

After the dosing period, monkeys followed a 2-week run-out
period with continued s.c. treatment of vehicle or test articles
(administered at the maintenance dose). The run-out period was
performed to investigate treatment-related impact on glucose
tolerance, body composition, and liver-related gene expression
without taking TEI and body weight development into account.
However, TEI and water intake were measured daily and body
weight twice weekly, and an IVGTT and liver biopsy were
performed. A dual energy x-ray absorptiometry scan (Hologic
Discovery QDR Series; Discovery Wi; Hologic, Bedford, MA)
was conducted twice during the study—once during the run-in
period (day —19/—18) and once during the run-out period (day
+31). Plasma profiles for glucose, insulin, total ketone bodies,
and FGF21 levels were measured on three occasions: day —11
(baseline), day +10 (end of dose ramping), and on day +28 (end
of evaluation period). Blood samples for pharmacokinetic (PK)
analysis were collected on day +28 directly before and 1, 2, 5, 8,
and 22 hours after dosing.

Liver biopsy for target gene expression for
glucagon-related genes

Liver biopsy was performed from all animals under anes-
thesia (ketamine, 5 to 10 mg/kg IM). To avoid any impact on
TEI and body weight development, the biopsy was determined
once during the run-in period and during the run-out period at
least 1 week after the IVGTT. Two to three liver tissue samples
(at ~0.5 to 1.0 cm per sample) were obtained. Hepatic gene
expression of glucose-6-phosphatase (G6Pase), phosphoenol-
pyruvate carboxykinase 1 (PCK1), and FGF21 were studied to
test validity and feasibility of biomarkers for GCGR target
engagement. The tissue punches were immediately transferred
into prelabeled 1.5-mL RNAase-free tubes containing RNA-
later solution (Merck Life Sciences Co., Ltd, Shanghai, China).
The tissues in RNAlater were kept at 2°C to 8°C overnight and
all remaining RNAlater solution was carefully removed from
the tube and tissues were stored at —80°C. Gene expression was
determined by relative quantitation using the 2~ **“T method to
compare the fold change of treatment compared with baseline.
It measures the cycle threshold difference between target gene
and two housekeeping genes (GAPDH and RPL37A) and
compares the cycle threshold difference values of treatment
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samples to baseline samples to calculate 2742€T, The study was
finalized with a 4-week washout period with continued and
close monitoring of food intake, body weight, and metabolic
profiling during the recovery phase.

IVGTT

On IVGTT treatment days (day -19/-18, baseline; and day
+31, run-out) all dosing commenced 2.5 hours before IV glu-
cose bolus, that is, IVGTT time 0 hours. A 50% glucose so-
lution was administered (1.0 mL of solution per kg of body
weight) during 30 seconds, and seven serial blood samples
(1.0 mL each) were collected at 1, 3, 5, 10, 20, 40, and
60 minutes from the end of the IV glucose bolus.

Analytical procedure for blood samples

Whole-blood samples were collected from a peripheral vein
after an overnight fast according to the specified time points
indicated above and transferred directly into potassium EDTA
tubes. Plasma was separated by centrifugation at 2500g for
10 minutes at 4°C within 30 minutes of collection and ap-
portioned into at least three aliquots. Two plasma aliquots were
retained for glucose, insulin, total ketones (t-ketones), HO-
butyrate, FFA, and FGF21 analyses. Glucose, HO-butyrate,
and t-ketones were analyzed using the Roche C311 or C501
biochemical analyzer, insulin was analyzed by a Cobas e 411
immunology analyzer, and FGF21 (200 pL of plasma) was
analyzed by ELISA.

Statistical analysis

All data are presented as mean = SEM. Depending on
homogeneity of variances, analysis was performed either on
raw data for homogeneous variances or on rank-transformed
values in the case of heterogeneous variances. Statistical sig-
nificance was considered as P < 0.05. A one-way ANOVA for
factor treatment followed by a Dunnett multiple comparison
test vs vehicle was used for the parameters change in fat mass,
change in HbA;., 2 22T values of gene expression param-
eters, and body weight loss for each specific day of the study. A
two-way ANOVA with repeated measures on one factor,
followed by a Dunnett test vs vehicle, was used for the pa-
rameters food consumption and rank-transformed FGF21 for
specific days of the study. A two-way ANOVA with repeated
measures on one factor, followed by a Dunnett test vs baseline
values, was applied for the parameters body weight, rank-
transformed FPG, rank-transformed area under the curve
(AUC) for glucose and AUC for insulin. Multiple two-way
analysis for each specific treatment with repeated measures
on two factors followed by a Winer analysis for factor study
day were used for the parameters rank-transformed glucose



doi: 10.1210/en.2018-00399

profile, insulin profile, and ketone bodies profile of the study
in obese monkeys. For the dose-finding study in obese mon-
keys, only a descriptive statistical analysis was used. All an-
alyses were performed using SAS (version 9.2) under HP-UX
via internal interface software EverStat v6.0.12.

Results

Dose-finding study

The pharmacologically active doses of the GLP-
1R and GCGR agonists were determined in a dose-
escalation paradigm where dose was increased every
3 days with a focus on TEI and blood glucose levels. For
the GCGR agonist-treated group, no clinical signs were
observed. In the GLP-1R agonist—treated group, one
monkey showed persistently poor food intake after
dosing at the 10 pg/kg (qd) dose during the washout
period. This monkey became hypoglycemic and was
therefore gavaged with blended food on day 18. There-
after, food consumption recovered and normalized. An-
other monkey was observed to have watery stool in the
morning of day 18 during the washout period, but
spontaneously recovered without any treatment. No other
abnormal clinical signs were noted in any animals during
the entire observation period.

No statistically significant effect on TEI was observed
in monkeys administered escalating doses of the selective
GCGR agonist (3 pgkg — 10 pgkg — 30 pgkg —
100 pg/kg qd; Supplemental Fig. 1). In contrast, TEI was
significantly reduced in monkeys treated with escalating
doses of the selective GLP-1R agonist (0.3 wg/kg — 1 g/
kg — 3 pg/kg — 10 pg/kg), with TEI reduced by 47.7% =
13.4% (mean = SEM) at 3 pg/kg and 80.7% * 6.8% at
10 pg/kg dose levels. This high reduction of TEI excluded
the highest dose of GLP-1R agonist for the chronic dosing.

Glucose profiling data revealed a dose-dependent
increase from baseline in the selective GCGR agonist—
treated monkeys at the two highest dose steps (30 pg/kg
and 100 pg/kg qd; Supplemental Fig. 2). At the 30 pg/kg
dose, blood glucose increased (38.9% = 6.5%) within
1 hour after treatment and normalized during the fol-
lowing hours. At the 100 wg/kg dose, blood glucose
increased (101.2% =+ 17.6%) within 2 hours of treat-
ment and stayed elevated (73.7% = 19.4%) for 8 hours
after treatment. This strong increase of blood glu-
cose excluded the highest dose of GCGR agonist for
chronic treatment.

Treatment with the GLP-1R agonist decreased plasma
glucose levels in a dose-dependent manner with highest
reduction observed at the 3 pgkg (—30.4% = 5.0%
within 2 hours) and 10 pg/kg (—26.1% * 6.4%) dose
levels. Mean baseline FPG values were >100 mg/dL in
both groups. No significant differences in FPG were
observed in the GCGR agonist—treated monkeys (not
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shown). In contrast, significant reduction in FPG com-
pared with baseline was seen in GLP-1R agonist-treated
monkeys at the highest two dose levels (3 and 10 pg/kg
qd). Mean glucose values were significantly lower on day
13(118.8 = 13.5 mg/dL, P < 0.05) after GLP-1R agonist
treatment at 3 wg/kg and on day 14 (95.8 = 7.5 mg/dL,
P < 0.05) after treatment at 10 pg/kg compared with the
baseline values (183.8 * 30.9 mg/dL).

From the results of the dose-finding prestudy and
observed clinical findings during the washout period,
GCGR and GLP-1R agonists at dose levels of 30 and
3 pg/kg, respectively, were selected for the subsequent
repeat-dosing chronic study.

Chronic study

The major indicator for tolerability during the mul-
tiple dose efficacy study in cynomolgus monkeys was
the impact on TEI and accompanying body weight
loss. Data from three monkeys that were prema-
turely terminated from the study were excluded [one
from each group: vehicle, GCGR (predosing period),
and GLP-1R).

Monkeys in the vehicle group exhibited TEI ranging
from 500 to 600 kcal/d (2.09 to 2.51 M]J) throughout the
study period. Increasing the dose for the GCGR agonist
from 3 to 10 wg/kg to the maintenance dose of 30 pg/kg
(s.c., qd) did not affect TEI compared with the vehicle
controls (Fig. 2). The selective GLP-1R agonist signifi-
cantly reduced TEI acutely during the last dose step on
day +7 to day +9 from 1 pg/kg to the maintenance dose of
3 pg/kg (P < 0.001) and tended to attenuate TEI during
progression of the study. However, cumulative energy
intake revealed an overall reduction to 13,196 *+ 911 kcal
(55.2 £ 3.8 M]J), which corresponds to 18% less energy
intake compared with vehicle controls. Coadministration
of 10 pg/kg GCGR agonist and 1 pg/kg GLP-1R agonist
produced a significant reduction in TEI [420.2 =+
60.6 kcal/d (1.76 + 0.25 M]); day +4 to day +6, P < 0.05].
This effect was amplified by the maintenance dose and TEI
decreased t0239.9 = 61.2 kcal/d (1.00 = 0.26 M]J) on day
+8 (P < 0.0001). The impact of the maintenance com-
bination doses of GLP-1 and GCGR agonists on TEI
diminished only slightly during the progression of study
period, showing significant differences vs vehicle controls
in dosing periods day +10 to 12 (P < 0.01), day +13 to 20
(P < 0.05), and day +21 to 29 (P < 0.05) and a reduction
of cumulative intake to 11,680 * 1,184 kcal (48.9 =
5.0 MJ), which corresponds to a reduction of —27%.
Hence, combination of both agonists showed persistent
reduction of TEI throughout the study.

The body weight in vehicle-treated monkeys was
stable during the study (Table 2; Fig. 3). GCGR ago-
nist treatment did not affect body weight in the obese
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Figure 2. TEI of obese and diabetic M. fascicularis (n = 7 to 8 per group) during the chronic, repeat-dose study. To facilitate chronic treatment
with the maximum tolerated dose of GLP-1R agonist (3 wg/kg s.c., qd) and GCGR agonist (30 wg/kg s.c., qd), dose ramping was conducted
every third day in three dose steps (d1, day +1 to +3; d2, day +4 to +6; and d3, day +7 to run-out period). Values are mean * SEM. **P <

18 21 24 27 30

0.001, GLP-1R agonist vs obese control; 3P < 0.05, 35p < 0.01, 85P < 0.0001, combination vs obese control.

monkeys (baseline, 11.3 = 0.6 kg; end of dosing period,
11.2 = 0.6 kg).

Monkeys treated with the GLP-1R agonist alone
showed a modest but significant decrease in body weight
with a loss of —3.8% = 0.9% on day 29 (Fig. 3; P < 0.05 vs
vehicle controls). Absolute values revealed a statistically
significant reduction from day +11 until the end of the dosing
period compared with baseline values on day 1 (P < 0.001).

The combination group had a relative weight change
of —6.6% = 0.9% on day 29 (Fig. 3; P < 0.0001 vs
vehicle controls). In both GLP-1R agonist—containing
groups, weight loss was significantly higher compared
with vehicle controls, which was observed for the com-
bination group immediately after the last dose ramping
step on day +7 and for the GLP-1R agonist group on day
+18. Furthermore, the combination treatment elicited a
significantly greater impact on body weight reduction as
compared with the GLP-1R monotherapy (P < 0.05 on
day +18 to day +29).

All drug-treated groups showed a loss in fat mass
compared with vehicle-treated controls, which was not
statistically significant (Table 3).

Glucose values were reasonably stable during the
study period in the vehicle group (Fig. 4). Similarly, in-
sulin measurements were stable, but demonstrated an
increase during the day due to feeding.

In the GCGR agonist group, glucose increased sig-
nificantly 2 and 5 hours after dosing on day +28 com-
pared with baseline (P < 0.01). Insulin measurements
demonstrated an increase during the day due to feeding
again without a statistically significant difference be-
tween day +28 and baseline.

In contrast, treatment with GLP-1R agonist decreased
glucose on day +10 and day +28 compared with baseline
(P < 0.05 at 0 to 8 hours on day +28 compared with
baseline). The GLP-1R agonist reduced glucose levels to
~90 mg/dL at 2 hours on day +28. Insulin was decreased on
both days (P < 0.001 at 2 hours on day +28 vs baseline).

Table 2.

Baseline Values Obtained During the Run-in Period From Day —11 to +1 Prior Start of Treatment

Vehicle Control (n = 7)

GCGR Agonist (n = 7)

GLP-1R Agonist (n = 7) Combination (n = 8)

Body weight, kg 10.8 = 0.35
TEl, kcal/d; MJ/d

HbA,., mmol/mol; % 51.1 = 10.4; 6.8 = 0.95

11.3 £ 0.62
535.0 £ 33.5;2.24 = 0.14 536.1 £ 28.2;2.24 = 0.12 561.2 = 31.7; 235 = 0.13 530.1 £ 39.8; 2.22 = 0.17
469 £ 9.4, 6.4 = 0.86

10.8 = 0.48 11.1 £ 0.5

604 +87,7.7 = 0.8 46.8 £ 8.6; 6.4 = 0.79

FPG, mg/dL 1724 = 27.9 1741 = 204 1829 = 25.9 182.4 = 31.7
FPI, pU/mL 250.8 = 74.5 329.6 = 78.9 462.0 £ 166.5 317.5 = 100.3
Total ketone bodies, pmol/L 63.8 = 10.1 42.8 = 5.1 79.0 £ 27.6 67.6 = 14.5
Plasma FGF21, pg/mL 300.6 = 116.2 196.2 = 97.9 92.6 £ 25.6 1135 = 255
NEFA, mmol/L 0.27 = 0.06 0.25 £ 0.04 0.35 £ 0.05 0.32 £ 0.05

Values are mean * SEM.

Abbreviations: FPI, fasting plasma insulin; NEFA, nonesterified fatty acid.
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Figure 3. Body weight development as relative change during dosing period. Individual body weights taken on day +1 (before dosing and
before breakfast) were designated as the baseline values and measured values were expressed as percentage change of baseline (d1, day +1 to
+3; d2, day +4 to +6; and d3, day +7 to run-out period). Values are mean * SEM; n = 7 to 8 per group. *P < 0.05, GLP-1R agonist vs vehicle
control: 8P < 0.05, %8P < 0.01, 555P < 0.001, combination vs vehicle control.

In the combination group glucose measurement showed
a significantly lower value at 0 hours (P < 0.001) whereas
insulin was significantly elevated 5 hours after dosing
(Fig. 4; P < 0.01;).

Total ketone bodies were reasonably stable in the
vehicle control group. In GCGR agonist—treated mon-
keys, ketone bodies increased 8 and 22 hours after
treatment on day +28 (P < 0.05 and P < 0.001, re-
spectively). In GLP-1R agonist-treated monkeys, ketone
bodies tended to be higher for the first 2 hours on day +10
compared with baseline, but were at almost the same
levels from 5 to 22 hours on three occasions. No sig-
nificant differences were measured after 28 days of
chronic treatment. In the combination group total ketone
bodies were elevated on days +28 at 0 and 22 hours after
dosing compared with baseline (Fig. 4; P < 0.001) and
even more on day +10.

In several plasma samples, levels of FGF21 were below
the detection limit of the analytical assay. The average

FGF21 plasma protein values on all three occasions
for the vehicle and GCGR agonist-treated group
were <2000 pg/mL. However, FGF21 plasma protein
demonstrated some daily rhythm in the vehicle group,
especially on day +10 and day +28 (Fig. 4) differently
from the baseline profile. Clearly elevated FGF21 plasma
protein was observed on day +10 in the GLP-1R agonist
group, with highest FGF21 plasma protein (>3000 pg/
mL) at 2 hours on day +10. Plasma FGF21 was also
elevated on days +10 and +28 in the combination group,
with highest FGF21 plasma protein (>3000 pg/mL) at 1
and 2 hours on day +28 (P < 0.001 vs vehicle at 1 and
2 hours).

Whereas mean * SEM baseline HbA ;. levels were
similar for vehicle (6.8% = 0.9%; 51.1 * 10.4 mmol/
mol), GCGR agonist (6.4% * 0.9%; 46.9 = 9.4 mmol/
mol), and combination (6.4% * 0.8%; 46.8 =
8.6 mmol/mol) groups, it was higher for the GLP-1R
agonist group (7.7% * 0.8%; 60.4 = 8.7 mmol/mol).

Table 3. Total Fat Mass and Relative Change on Day —19/—18 (Baseline) and on Day +31 During

Run-out Period

Total Fat Mass (g)

Group Dose (ng/kg) n  Day —19 / —18 (Baseline) Day +31 Relative Change (%)
Vehicle control 7 5012 = 341 4623 * 264 —7.05 = 3.00
GCGR agonist 30 7 5524 = 212 5308 = 262 —-4.02 £ 2.03
GLP-1R agonist 3 7 4977 = 317 4401 = 249 —11.16 £ 2.57
Combination (GCGR agonist plus 30+ 3 8 4937 * 317 4214 + 284 —-14.76 = 1.39

GLP-1R agonist)

Values are mean * SEM.
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Figure 4. Plasma profiling for glucose, insulin, total ketone bodies, and FGF21, measured on day —11 [baseline: white circles, vehicle group;
white squares, GCGR agonist; white triangles, GLP-1R agonist; white inverted triangles, combination treatment], day +10 [end of dose-ramping:
gray circles, vehicle group; gray squares, GCGR agonist; gray triangles, GLP-1R agonist; gray inverted triangles, combination treatment], and

on day +28 [end of dosing period: black circles, vehicle group; black squares, GCGR agonist; black triangles, GLP-1R agonist; black inverted
triangles, combination treatment]. Values are mean = SEM; n = 7 to 8 per group for glucose, insulin, and total ketone bodies; n = 2 to 8 per
group for FGF21. *P < 0.05, ***P < 0.001, GLP-1R agonist vs baseline; *P < 0.05, **#P < 0.001, GCGR agonist vs baseline; 58P < 0.01,

885p < 0.001, combination vs baseline.

Absolute change after chronic treatment vs baseline
was highest for the GLP-1R agonist-treated monkeys
(—=1.8% * 0.3%, —19.6 = 3.2 mmol/mol) shown in
Fig. 5. Compared with vehicle-treated monkeys, a sig-
nificant reduction was observed (P < 0.01 vs vehicle),
which was even more pronounced when compared with
GCGR agonist-treated monkeys (+0.03% = 0.3%,
+46.9 = 9.4 mmol/mol, P < 0.001 vs GCGR).

The impact of the selective GLP-1R agonist on %
HbA . was diminished when administered in combina-
tion with the selective GCGR agonist in the combination
group (—0.76% * 0.12%, —8.3 = 1.3 mmol/mol),
showing no significant reduction compared with vehi-
cle controls and no significant reduction compared with
the GCGR agonist-treated groups (P = 0.0844).

FPG was significantly reduced only in the GLP-
1R agonist-treated monkeys compared with baseline
(baseline: 176.7 * 34.0 mg/dL vs run-out: 115.9 *
16.1 mg/dL, P < 0.00). FPG at ¢ = 0 for the GCGR
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agonist—treated monkeys was significantly elevated from
136.9 = 21.2 (baseline) to 213.7 *+ 28.2 mg/dL (run-out)
(P < 0.001). The combination-treated monkeys showed
FPG values that were not significantly elevated from
151.6 * 21.3 (baseline) to 193.5 = 33.5 mg/dL (run-
out), but clearly diminished the beneficial impact of GLP-
1R agonist alone.

The IVGTT data of vehicle-treated monkeys were
stable during the study for both glucose and insulin
measurements (Fig. 6). Glucose excursion during IVGTT
was considerably increased in the GCGR agonist group
compared with baseline. Calculating the AUC (AUCgjycose
in mg/dL-min) revealed an increase of +22.1% = 4.3%
(P < 0.001). In GLP-1R agonist—treated monkeys the
AUCqgucose Was significantly decreased by —23.3% =
1.1% (P < 0.0001). Plasma insulin levels were increased in
both treatment groups; however, values were only sig-
nificantly elevated in the GLP-1R agonist group (AUC;,,.
sulin +88.0% * 25.6%, P < 0.001). In the combination
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Figure 5. Change in HbA;. (%) values determined on day —13
(baseline) to day +29 of treatment. Absolute change after chronic
treatment was calculated as A%HbA vs baseline. Baseline values
varied between 6.4% and 7.6%. Values are mean = SEM; n =7 to
8 per group. **P < 0.01, vs vehicle; 35P < 0.01, vs GLP-1R agonist;
##p < 0.001, vs GCGR agonist.

group, compared with baseline IVGTT values, a slight but
statistically nonsignificant increase was observed in glu-
cose excursion (AUCgjycose +8.6% * 7.8%, not signifi-
cant), but insulin secretion was significantly increased

https://academic.oup.com/endo 3113

(AUC usuiin +246.3% = 57.6%, P < 0.0001). For in-
vestigation of B cell responsivity, an acute insulin response
analysis for AUC values at 0 to 10 minutes corresponding
to first phase insulin secretion was performed. Only
the combination group showed a significantly improved
responsivity to the glucose bolus (P < 0.01).

Hepatic gene expression fold change of Gé6Pase,
PCK1, and FGF21 in liver tissue samples comparing run-
in and run-out periods did not differ significantly be-
tween treatment groups (Fig. 7).

Whereas the GLP-1R agonist showed similar exposure in
both single- and combination-treated animals on day +28,
the exposure of the GCGR agonist was somewhat higher in
the combination-treated than the single-treated animals
(Table 4), although combination administration was done
as two single injections of the individual agonists at different
injection sites. Similar observations were made on day +10
(data not shown). Although we have to encounter reports
describing potential interaction between two concomitant
administered peptides on their metabolism, we cannot ex-
clude that coadministration of the GLP-1R agonist in-
terfered with clearance of the GCGR agonist.
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Figure 6. An IVGTT was conducted twice during the study, once during the run-in period (day —19/—18, baseline) and once during the run-out
period (day +31). All dosing commenced at 2.5 hours before the end of IV glucose bolus administration, that is, IVGTT time O (t = 0). Dosing
began at 6:30 am and continued in a staggered manner until all monkeys were dosed. Values are mean = SEM, n = 7 to 8 per group.
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Figure 7. Hepatic gene expression fold change of G6Pase, PCK1, and FGF21 obtained from liver biopsy during run-out period compared with
run-in period. Values are mean = SEM; n = 7 to 8 per group.
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Discussion oxyntomodulin mimetics on whole-body energy ho-

o ' . meostasis. Several dual GLP-1R/GCGR agonists have
Oxyntomodulin is an endogenous dual peptide agonist, advanced to clinical trials, but without clear demon-

as it exerts agonist activity on both GLP-1R and GCGR stration of engagement of the individual receptors. Thus,
(30). The current study was undertaken to investigate the it is possible that reported data from nonhuman primates
roles of the individual pharmacological components of (23) as well from early clinical experimentation merely
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Table 4. PK Profile (ng/mL) on Day +28 of Treatment of GCGR and GLP-1R Agonist Administered Alone or as
Double Injection at Two Injection Sites (Combination Treatment)

Time After Dosing, h 0 1 2 5 8 22

GCGR agonist 0906 16.6 = 4.0 21.8 £ 6.7 19.4 = 6.3 123+ 43 1.7 +1.0
GLP-1R agonist 1.5+15 86 = 1.5 11816 115*+26 82 3.2 25=*+25
GCGR agonist (combination) 55+ 17 594 £ 54 755 £ 6.9 61.8 9.8 41.8 + 8.2 7.1 %£22
GLP-1R agonist (combination) 05*x04 88+ 1.2 10.8 1.2 10.1 £ 0.9 7112 0.7 =05

Values are mean * SEM; n = 6 to 8 per group.

reflect pharmacological effects expected to result from
exposure to a highly potent GLP-1 agonist with efficacy
on body weight similar to what has been reported for use
of high-dose semaglutide (31).

The current study brings insights to how chronic
exposure to pharmacological doses of selective glucagon
agonists affects energy homeostasis in nonhuman pri-
mates. Contrasting to data obtained from acute glucagon
exposure studies in humans (26), we found that chronic
exposure to selective glucagon agonism has no detectable
impact on energy homeostasis in nonhuman primates, as
body weight and food consumption were maintained
throughout the study. However, the resulting GCGR
agonist exposure was sufficiently high to elicit diabeto-
genic efficacy, as seen in the GCGR-treated monkeys.
Even in combination with a GLP-1R agonist its beneficial
antiglycemic impact was diminished.

Earlier reports summarizing data from short-term
clinical interventions with either single injections or
short-term infusions have shown glucagon to negatively
impact energy homeostasis, as it was both anorectic and
moderately increased energy expenditure (32, 33). De-
spite numerous studies demonstrating short-term effects
of glucagon on feeding in rodents and humans, we found
that continuous glucagon agonist exposure exerts min-
imal anorectic effects. Rather, in line with glucagon’s
physiological role as a potential promotor of increased
energy expenditure in rodents (34, 35), a logical coun-
terregulatory response to chronic glucagon exposure
would be increased appetite.

Continuous exposure to glucagon may lead to de-
sensitization. Thus, short-term infusion of a moderate
glucagon dose lost efficacy on splanchnic glucose pro-
duction in humans irrespective of the presence of insulin
(36). However, as we presently observed continuously
elevated glycemia during concomitant exposure to the
GCGR agonist, it seems unlikely that tachyphylaxis to
glucagon signaling emerges in nonhuman primates and
therefore probably cannot explain its lack of effects on
body weight.

In contrast to GLP-1 agonists, glucagon, at the doses
studied, impacts neither appetite nor gastric motility (27).
Therefore, it seems unlikely that glucagon has a role as a

true satiety signal but may rather cause acute anorexia
as a result of its impact on glycogenolysis and ketone
body formation. In rats and rabbits, glucagon is more
anorectic when delivered into the portal vein, and the
effect is lost upon vagotomy (34, 35). Vagal afferents may
respond to acute changes in glycogenolysis and this signal
may impact feeding. Similarly, studies in rats show that
anorectic effects of 3-OH-butyrate are dependent on
intact vagal nerve (37). As glucagon minimally impacts
glycogenolysis in a fed state with ample hepatic insulin
exposure, its potential anorectic effects should be more
pronounced during states of negative energy balance.
This is in line with our current observations demonstrating
a more pronounced drop in feeding of nonhuman primates
when the glucagon agonist is coadministered with the GLP-
1R agonist.

In mice, chronic exposure to glucagon agonists in-
duces negative energy balance, most likely through an
increase in energy expenditure. However, short-term
clinical infusion studies of glucagon have shown mixed
results with no or minimal elevation of whole-body
energy expenditure in healthy volunteers (26-28, 33).
In an overnight infusion study, continuous exposure to
~80 pmol/L glucagon elevated energy expenditure by 50
to 70 kcal/d (0.21 to 0.29 M]) in healthy volunteers (33).
Whether such supraphysiological glucagon exposure
(twofold to threefold higher levels than fasting glucagon)
is sufficient to contribute meaningfully to negative energy
balance is unclear. As all animals in the current study
were subjected to a fixed caloric diet, it seems unlikely
that the applied dose of GCGR agonist dose when given
alone impacted energy expenditure because no weight
loss vs placebo was detected.

To our knowledge, this is the first study to clearly
deconvolute chronic exposure pharmacology of indi-
vidual components of dual GLP-1R/GCGR agonists in
nonhuman primates. Recently data from a toxicology
assessment of dual GLP-1R/GCGR agonist in lean
nondiabetic monkeys was published (23). However,
apart from showing a robust dose-dependent weight loss,
that study neither reported 24 hour glycemic profile nor
hepatic gene expression, making it impossible to qualify
that the dual agonist actually engaged GCGR pathways.
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In light of the negligible effects of chronic glucagon ag-
onist exposure on body weight, it was surprising to
observe a clear synergy of GLP-1 and glucagon agonist
combination on energy homeostasis. Therefore, it seems
fair to conclude that synergistic effects of GLP-1 and
GCGR signaling on body weight are obtained by the
combination of a robust anorectic agent with an agent
moderately preventing the decrease in energy expen-
diture normally associated with persistent negative en-
ergy balance occurring with use of anorectic agents. The
magnitude of the weight loss is, perhaps, surprising.
Although a small reduction of food intake was seen in
the cohort receiving the GLP-1R/GCGR combination vs
the GLP-1R group, this is too small to explain the
much larger drop in body weight observed. In the ab-
sence of reliable technology to measure energy expen-
diture in nonhuman primates, we propose to validate
this assumption through a well-controlled clinical trial. A
combination of GLP-1R and GCGR agonism seemingly
exerts very favorable synergism on body weight and
hepatic fuel storage.

Under conditions of ample availability of glucose,
chronic glucagon exposure permanently elevates he-
patic glucose production (38). The chronic presence of
a glucagon agonist partially offset the glucose-lowering
efficacy otherwise obtained with selective GLP-1R
agonists in nonhuman primates. As many individuals
struggling with obesity and excess hepatic fat deposition
are dysglycemic, identification of the optimal target
population for GLP-1R/GCGR dual agonists is war-
ranted and more research is needed on the suitability of
GLP-1R/GCGR dual agonists for weight management
in people with type 2 diabetes mellitus. Nonhuman
primates chronically exposed to dual GLP-1R/GCGR
agonism maintained the same response to IV glucose
but with markedly elevated insulin secretion. In con-
trast, the cohort treated with the selective GCGR agonist
alone developed impaired glucose tolerance with minimal
elevation of insulin response. Thus, an apparent hyper-
responsive B cell population may have contributed to
maintenance of glycemia with combination therapy. It is
possible that chronic exposure to a GLP-1R agonist could
have mediated this effect, as GLP-1R agonists have been
suggested to exert trophic effects on 8 cells (39). The
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currently employed peptide has comparable potency/
efficacy compared with native glucagon. It is likely
that GCGR agonists with lesser potency are more suit-
able partners for GLP-1R agonists in designing the op-
timal GLP-1R/GCGR dual agonists for therapeutic use in
patients who are obese with type 2 diabetes mellitus.
Relative hyperglucagonemia and impaired hepatic
insulin sensitivity, leading to persistently elevated noc-
turnal glucose production, is a common feature of type 2
diabetes mellitus (38). Glucagon’s ability to persistently
stimulate hepatic glucose production under nonfasting
conditions may constitute a safeguard against exces-
sive hepatic energy storage, ultimately promoting non-
alcoholic fatty liver disease. Recent clinical experiences
with a GCGR antagonist have confirmed that both el-
evated body weight and excessive hepatic lipid deposition
can occur upon chronic blockade of GCGR signaling
(40). Combining GCGR agonism with GLP-1R-induced
anorexia promotes faster clearance of hepatic glycogen
depot and resulting hepatic B-oxidation of fatty acids.
In nonhuman primates, combination of GLP-1R and
GCGR agonism led to moderate but significant keto-
genesis, suggesting clearance of body lipids (see Table 5).
Rodent studies have confirmed the beneficial effects of
GLP-1R/GCGR dual agonism on liver lipids, leading to a
resolution of nonalcoholic steatohepatitis (41).
Although mobilization of liver triglycerides can con-
tribute to glucagon-mediated ketogenesis, the acutely
preferred substrate for hepatic ketone body formation is
adipocyte-derived nonesterified fatty acids (NEFAs) (42).
In nonhuman primates, GCGR agonist exposure trig-
gered peripheral lipolysis as evidenced by elevation of
plasma NEFAs, but GCGR-induced ketogenesis was
only observed during concomitant GLP-1R agonist ad-
ministration. Thus, despite persistent GCGR agonist
exposure and resulting elevated plasma levels of NEFAs,
concurrent ketogenesis did not occur at neutral energy
balance. Mitochondrial 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) synthase is the rate-limiting
enzyme promoting hepatic ketogenesis. The activity of
HMG-CoA is negatively impacted by succinyl-coenzyme A
levels, explaining why conditions characterized by rela-
tively high flux of tricarboxylic cycle intermediaries are
not associated with ketogenesis despite the availability

Table 5.

Free Fatty Acids as 6 Values From Baseline on Day —10 to Day +28 During Dosing Period

GCGR Agonist (n = 7)

GLP-1R Agonist (n = 7) Combination (n = 8)

Change in free fatty acids, mmol/L

+0.28 = 0.03°?

+0.01 = 0.04 +0.26 = 0.07%¢

Values are mean * SEM.

P < 0.001 vs baseline.

bp < 0.01 vs GLP-1R agonist-treated monkeys.
P < 0.01 vs baseline.
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of NEFA substrates (43). Unfortunately, the small
liver biopsies obtained from nonhuman primates did
not allow for analysis of hepatic glycogen, lipids, and
tricarboxylic acid cycle intermediaries, so it was not
possible to elucidate whether long-term GCGR agonist
exposure at body weight neutrality leads to excess ac-
cumulation of liver lipids.

Because GCGR agonists lose efficacy on body weight,
glycemia, and lipid metabolism in FGF21 knockout mice,
it has been proposed that FGF21 is a constitutive re-
quirement for glucagon to exert its physiological ef-
fects on energy homeostasis (44, 45). However, FGF21 is
not necessarily a specific downstream mediator and
hence biomarker of GCGR-mediated pharmacology.
Liver-derived FGF21 has been proposed as a starvation
signal released by hepatocytes under physiological cir-
cumstances and characterized by decreased hepatic fuel
storage (46). Several conditions characterized by nega-
tive energy balance, including GLP-1R agonist-induced
weight loss, have been associated with elevations of
plasma FGF21 levels (47, 48). In line with this, we ob-
served significant elevations of plasma FGF21 in both
GLP-1R agonist— and in GLP-1R/GCGR agonist-treated
nonhuman primates after 28 days of therapy. In contrast,
24 hour plasma profile of ketone bodies and FGF21
remained unaffected in nonhuman primates treated with
the selective GCGR agonist. As judged by its effect on
glycemia, the GCGR agonist dose was clearly pharma-
cologically active, confirming that GCGR agonism alone
does not regulate FGF21. This is in line with a recent
glucagon infusion study in healthy volunteers in which
13 hours of hyperglucagonemia had no impact on plasma
levels of FGF21 (33). Rather, the current study showed
that plasma levels of FGF21 were tightly associated
with hepatic ketogenesis, supporting a key regulatory
role of hepatic PPARa-mediated transactivation upon
hepatic FGF21 secretion (49). For these reasons, we
conclude that plasma FGF21 levels are not useful as a
specific biomarker of GCGR target engagement.

A decade ago, diabetologists would have consid-
ered utilization of a GCGR agonist-based therapeutic
agent for weight management and diabetes therapy
outright irrational. However, observations made initially
from bariatric surgery—induced alterations of the enter-
oendocrine response to feeding and the advent of longer-
acting oxyntomodulin mimetics have challenged this
otherwise counterintuitive application of GCGR ago-
nists. The current study has shown that GCGR agonism
administered together with GLP-1R agonism triggers
pharmacological synergies on energy homeostasis not
observed when the two agonists are injected alone.
To capture most of the metabolic advantages follow-
ing bariatric surgery, the future challenge will be to

https://academic.oup.com/endo 3117

design new polypharmacologically active molecular
entities encompassing the optimal balance between rel-
evant enteroendocrine peptides, such as GLP-1, gluca-
gon, glucose-dependent insulinotropic polypeptide, and
neuropeptide Y.
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