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Aim: We performed acute and chronic studies in healthy and diet-induced obese animals using

mouse-specific or monkey-specific dual GLP-1R/GCGR agonists to investigate their effects on

food intake, body weight, blood glucose control and insulin secretion. The selective GLP-1R

agonist liraglutide was used as comparator.

Methods: The mouse-specific dual agonist and liraglutide were tested in lean wild type, GLP-

1R knockout and diet-induced obese mice at different doses. A chronic study was performed in

DIO mice to investigate the effect on body weight, food consumption and total energy expen-

diture (TEE) in obese and diabetic monkeys with a focus on body weight and energy intake.

Results: The mouse-specific dual agonist and liraglutide similarly affected glycaemic control. A higher

loss in body weight was measured in dual agonist-treated obese mice. The dual agonist significantly

enhanced plasma glucose excursion in overnight fed GLP-1R−/− mice, probably reflecting a potent

GCGR agonist activity. It increased TEE and enhanced fat and carbohydrate oxidation, while liraglu-

tide produced no effect on TEE. In obese and diabetic monkeys, treatment with the monkey-specific

dual agonist reduced total energy intake to 60%-70% of baseline TEI during chronic treatment. A

decrease in body weight and significant improvement in glucose tolerance was observed.

Conclusions: In DIO mice and non-human primates, dual agonists elicited robust glycaemic

control, similar to the marketed GLP-1R agonist, while eliciting greater effects on body weight.

Results from DIO mice suggest that the increase in TEE is caused not only by increased fat oxi-

dation but also by an increase in carbohydrate oxidation.
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1 | INTRODUCTION

Glucagon-like peptide-1 receptor (GLP-1R) agonism is an established

approach for the treatment of type 2 diabetes (T2DM). Activation of

peripheral GLP-1 receptors promotes glucose-dependent insulin

secretion and reduces the rate of gastric emptying while central GLP-

1R activation reduces food intake, leading to consequential weight

loss. In the context of GLP-1R agonist-induced improvement of gly-
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caemic control, the addition of glucagon receptor agonism (GCGR)

appears contradictory, as the acute physiological response to gluca-

gon is counter regulatory to the glucose-lowering action of insulin.

Glucagon exerts its hyperglycaemic effects through a transient

increase of hepatic glucose production.1–6 However, the description

of oxyntomodulin as an endogenous and naturally occurring enter-

oendocrine peptidic hormone, activating both GLP-1R and GCGR,

inspired the development of dual GLP-1R/GCGR agonists.7,8 Oxynto-

modulin combines the anorectic and glucose-lowering effect of GLP-

1R agonists with the increased energy expenditure mediated by the

GCGR. Chronic infusion of oxyntomodulin in GLP-1R knock-out mice

(GLP-1R−/−) produced a decrease in body weight, but to a lower

extent as compared to wild-type (WT) mice. This revealed that the

anti-obesity effect of oxyntomodulin requires activation of both GLP-

1R and GCGR.9 Stimulation of both receptors reverses diet-induced

obesity (DIO) in high-fat fed mice10 and reduces body weight in over-

weight and obese human subjects.11 Recent research efforts have

focused on developing dual acting GLP-1R/GCGR agonists which

combine GLP-1-related reduction of appetite and food intake with

glucagon-related increase in energy expenditure12. Pre-clinical data

from rodents indicate that dual GLP-1R/GCGR agonists elicit greater

weight loss when compared to selective GLP-1R agonists.8 Similarly,

Lao et al. reported that their dual GLP-1R/GCGR agonist showed

higher weight loss in diet-induced obese rhesus monkeys and better

glucose control in diabetic rhesus monkeys than GLP-1R agonist gold

standard liraglutide.13 A recent report also indicates that administra-

tion of MEDI0382, a dual GLP-1R/GCGR agonist, at toxicological

doses, to lean and healthy cynomolgus monkeys led to significant

reduction in body weight.14 The impact on body weight results from

a significant suppression of energy intake but may also arise from

increased energy expenditure as observed in a sub-chronic study in

rats,15 in a multiple dosing study for 4 weeks in DIO mice8 and in

humans.16 Co-administration studies in humans confirmed that the

concomitant activation of GLP-1R mitigates the potential metabolic

risk and hyperglycaemic impact of GCGR activation. Notably, while

GCG infusion was accompanied by a rise in plasma glucose levels, co-

infusion of GLP-1 and GCG led to a rapid decrease in glucose, as a

result of a synergistic insulinotropic effect.17 While resting energy

expenditure was not affected by GLP-1 infusion, it rose significantly

with GCG alone and to a similar extent in combination with GCG and

GLP-1. In a follow-up study, GCG or GLP-1, given individually at sub-

anorectic doses, did not reduce food intake in humans. But co-

infusion at the same doses led to a significant reduction in food

intake and increased energy expenditure, and protected against

glucagon-induced hyperglycaemia.18 And several studies confirm that

GCG elicits thermogenic activity and significantly increases energy

expenditure.5,19–21

We recently reported that dual GLP-1R/GCGR agonists, which

are structurally based on the exendin-4 sequence, benefit from the

favourable physicochemical properties of exendin-4.22 These new

dual agonists carry a fatty acid side chain on position 14 to improve

half-life. In this paper, we focus on such dual agonists, with a recep-

tor activity ratio favouring the GLP-1R to ensure proper glucose con-

trol and show the pharmacological profile in mice and obese diabetic

NHP, which is, in our view, the most relevant translational model for

the human situation (Table 1). Because of the distinct species-

dependent variation in GCGR agonist activity observed in peptides,

we synthesized surrogates that were mouse- and monkey-specific

dual agonists with relative GLP-1R/GCGR activity preferences similar

to the human dual GLP-1R/GCGR agonist currently in clinical devel-

opment (see ClinicalTrials.gov, NCT02411825). Because of the over-

lapping pharmacology observed following activation of GLP-1 and

GCG receptors, GCGR target engagement to guide compound optimi-

zation poses an experimental challenge. The current studies were

therefore designed to demonstrate the acute effects of mouse-

specific dual agonists compared to the reference, that is, selective

GLP-1R agonist liraglutide in healthy WT and GLP-1R−/− mice. With

repetitive analysis of oxygen consumption and carbon dioxide pro-

duction during chronic treatment, we investigated substrate utiliza-

tion and were able to differentiate between fat and carbohydrate

oxidation in DIO mice. In addition to the monitoring of change in

body weight and food intake, total energy expenditure (TEE) and car-

bohydrate (CHO) and fat oxidation (FO) were determined in the

chronic setting. We further performed chronic studies in DIO non-

human primates to evaluate efficacy of monkey-specific dual agonist

on glucose control and body weight as well as to interrogate bio-

markers reflecting the distinct action of the dual approach.

2 | MATERIALS AND METHODS

2.1 | Animals and housing conditions – mouse
studies

All mouse-related experimental procedures were conducted in accor-

dance with the German Animal Protection Law, as well as according

to international animal welfare legislation and rules.

2.1.1 | DIO and lean mice

Mouse studies were performed in male diet-induced obese C57Bl/

6N mice or in female lean C57Bl/6N (WT) and female GLP1R knock-

out (GLP-1R−/−) mice. All mice were obtained from Jackson Labora-

tory (Bar Harbor, Maine). Homozygous GLP-1R−/− (CD1-GLPtm1Ddr)

mice were bred and raised at Jackson Laboratory according to Scroc-

chi et al.23 Because our GLP-1R−/− samples contain CD1, an outbred

strain, we used the related inbred strains SJL, SWR and FVB to repre-

sent the alleles found in CD1. These strains were compared to

C57BL/6J (B6) in a panel of polymorphic SNP markers (177 markers

covering chromosomes 1-19). The SNP analysis indicated that, in the

GLP-1R−/− colony, the percent of B6 is ~19.2% and the percent of

CD1 is ~80.8%.

Male C57Bl/6N mice were housed and pre-fed a high-fat diet

(ssniff adjusted to Teklad diet TD.97366 [E15797], EF HF purified

diet, ssniff Spezialdiäten; GmbH, Soest, Germany) for 18 weeks,

reaching a plateau in body weight of 40 to 50 g. All obese HFD-fed

mice were randomized and stratified for body weight prior to initia-

tion of the chronic study and separated into n = 8-16 mice per group

and cage (makrolon type 4).

For acute functional testing of glucose tolerance in an intraperi-

toneal tolerance test (ipGTT) female lean WT and GLP-1R−/− mice
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were used after fasting for 6 h, with n = 8 mice per group and cage

and approximately 30 g of body weight. The lean mice were main-

tained on standard control diet (E15796, ssniff Spezialdiäten GmbH,

Soest, Germany). Mice were housed in an environmentally controlled

room at 23�C and 12 h:12 h light dark cycle, with light on at

06:00 AM, and food and water offered ad libitum.

2.2 | Experimental design

2.2.1 | Intraperitoneal glucose tolerance test (ipGTT)
and glucose profile under fasted or fed conditions

For acute studies in female lean WT C57Bl/6 N and GLP-1R−/− mice,

mice were used for determination of glucose tolerance (n = 8 per

group). All mice were fasted for 6 hours. The mouse-specific dual

agonist or liraglutide was administered subcutaneously (s.c.) at doses

of 10, 30 or 100 μg/kg. Compounds were administered according to

kinetic profile 2 hours prior to the glucose bolus (2 g/kg body weight,

i.p.). Plasma samples for glucose analysis were taken at t = 0, 15,

30, 60, 120 and 180 minutes after glucose challenge. Insulin was ana-

lysed 15 minutes after the glucose challenge. All mice were re-fed

after last blood sampling. In addition, a glucose profile was obtained

under fed conditions with blood sampling at t = 0, 30, 60, 120, 240

and 360 minutes after compound administration.

2.2.2 | Indirect calorimetry

For the DIO mouse study (C57Bl/6 N mice), after body weight pla-

teaued in mice fed a high-fat diet, mice were injected with the

mouse-specific dual agonist or liraglutide at 50 μg/kg twice daily

(b.i.d.) for 32 days. A vehicle-treated group was included as a con-

trol. Body weight and food intake were recorded daily. On days

2, 16 and 30 oxygen consumption and carbon dioxide production

were determined via indirect calorimetry. For this measurement,

mice were transferred to calorimetry cages with n = 2 per cage for

acclimatization for 12 hours, followed by 24 hours of measurement

with ad libitum access to food and water. At the end of chronic

treatment, blood samples were collected from the tip of the tail

for determination of glucose and insulin, as well as retro-orbitally,

for determination of possible serum parameters, which is recom-

mended as an indicator of target engagement (ketone bodies,

FGF21).

The setting consisted of 17 cages, of which 16 were used for the

housing of mice during gas analysis. One cage served as a reference

for corrections of O2 and CO2 measurements. All mice were accus-

tomed to the special calorimetry cages at least 12 hours before the

measurement. O2 consumption and CO2 production were measured

every 16 minutes per cage for 1 minute (gas analyzers: Magnos

16 and Uras 14; ABB, Frankfurt/Main, Germany) and were recorded

automatically by computer. All values were expressed as means of

litre/d of VCO2 and VO2, respectively. For interpretation of substrate

utilization, the respiratory quotient (RQ) was calculated as the quo-

tient of VCO2/ VO2.
22

The Total Energy Expenditure was calculated according to the

formula:

TEE kJð Þ=16:17VO2 literð Þ+5:03VCO2 literð Þ−5:98N gð Þ: ð1ÞT
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Nitrogen loss was set constantly to 0.2 g/d. As the treated mice

differed in body mass and body composition, allometry of oxygen

consumption was achieved by correcting TEE per metabolic body

mass (kg0.75) per day.24,25 Fat and carbohydrate oxidation (FO and

CHO) were calculated according to Ferrannini26 and were modified27

by applying the following formulas:

FO gð Þ=1:72VO2 literð Þ−1:72VCO2 literð Þ−1:96N gð Þ, ð2Þ

and

CHO gð Þ= −2:97VO2 literð Þ+4:17VCO2 literð Þ−2:44N gð Þ, ð3Þ

and were expressed as g/day * kg-0.75. The resting metabolic rate

(RMR) or resting energy expenditure (REE) was determined by mea-

suring the 3 lowest VO2 values during the inactive (lights on) phase

of the mice, which reflects the resting situation of the animal. As the

current studies were not performed within the thermoneutral zone

(TNZ), the REE (RMR) differs clearly from the basal metabolic rate

(BMR), which is usually determined in thermoneutrality and in the

resting phase.

2.3 | Animals and housing conditions – monkey
study

The monkey study was performed at Kunming Biomed International

(KBI, Yunnan Province, China). KBI adheres to the guidelines for the

care and use of animals for scientific purposes established by the Chi-

nese National Advisory Committee for Laboratory Animal Research

(NACLAR) as well as the safety and quality assurance guidelines

documented in the Guideline for Experiments Document of Kunming

Biomed International (KBI-01-GE v2.0). These guidelines set out the

responsibilities of all parties involved in the care and use of animals

for scientific purposes, in accordance with widely accepted scientific,

ethical and legal principles. The guidelines stipulating the proposed

use of animals for scientific purposes must be evaluated by an Institu-

tional Animal Care and Use Committee (IACUC) in compliance with

the guidelines. This study was approved by the Institutional Animal

Care and Use Committee (IACUC) of KBI prior to the experimental

phase.

2.3.1 | DIO monkeys

The cynomolgus monkey (Macaca fascicularis) was selected as the

test species of choice for more meaningful results that were translat-

able to humans. A total of 51 monkeys were trained in order to iden-

tify 30 monkeys [n = 8-10 per group] that were used in the chronic

treatment phase and fulfilled the following metabolic criteria: weight

at least 8 to 16 kg, age 12 to 20 years, fasting glucose >110 mg/dL

and fasting insulin >70 μU/mL. During the progression of the study,

2 individual monkeys in the vehicle-treated group were excluded

from data analysis because of aggressive progression of diabetes. All

monkeys used in the study were KBI F2 generation and were born

and raised in the KBI breeding facilities. Monkeys were individually

housed in species- and size-appropriate metabolic stainless steel cag-

ing, with ad libitum access to water and under controlled environ-

mental conditions with room temperature of 18 to 29�C, relative

humidity of 30%-70% and a minimum of 10 air changes/hour. A

time-controlled lighting system was used (lights on 7:00 AM to

7:00 PM) to provide a regular 12-hour light/12-hour dark diurnal

cycle. Cages were cleaned at regular intervals for maintenance of

hygiene during the entire study period. Monkeys were provided

3 meals per day, consisting of approximately 50 g of standard mon-

key formula feed (extruded pellets, 3.1 Kcal/g: protein 24%, fat 15%,

carbohydrate 61%) in the morning (9:00 AM-10:00 AM), one apple

(150 g, ~80 Kcal) in the afternoon (2:00 PM-3:00 PM), and 100 g of

KBI proprietary high-fat diet feed in the evening (extruded pellets,

3.47 Kcal/g: protein 14%, fat (porcine) 34%, carbohydrate 52%,

sucrose 35%, 4:00 PM-5:00 PM). The total offered amount of daily

energy was ~680 Kcal/d. All food was withdrawn at 5:00 PM; hence,

all monkeys were fasted overnight. After each feeding, all remaining

food was withdrawn and intake was determined by weighing the left-

over food. Each batch of monkey chow was delivered with an accom-

panying certificate of analysis, detailing nutritional composition and

levels of specified contaminants (eg, heavy metals, aflatoxin and

insecticides). Ad libitum access to water was suspended on days

when water intake was quantified (Days −6 to −4, Days 1 to 77). Ani-

mals were provided with ad libitum access to water via a 500-mL

water bottle with a drinking valve attachment and availability was

monitored throughout the day. Water lost from the bottle was col-

lected in a drip tray beneath the drinking valve. Monkeys were pro-

vided with up to 5000 mL of water per day, which was added as

needed between 6:00 PM and 7:00 PM, prior to the dark period. Water

samples were routinely analysed for specified microorganisms and

environmental contaminants. There were no known contaminants

present in the diet or water that could confound the data generated

in this study. Monkeys were provided with enrichment toys or

devices at all times. Enrichment items were changed weekly for all

study animals according to KBI SOP. Enrichment items included: plas-

tic chew toys, plastic balls, food puzzles and foraging trays. Animals

were stratified by randomized block stratification into 3 homogenous

groups according to body weight, fasted plasma glucose and %

HbA1c.

2.4 | Experimental design

For the DIO monkey study, animals were trained for 3 weeks to

habituate them to the blood-draw procedure and for presentation of

the subscapular/cervical region for s.c. injection of compounds with

minimal physical restraint. Behavioural signs were recorded continu-

ously, including vocalizations, willingness to present arm for blood

draw, necessity of restraint during blood draw and reactions toward

technical staff. Body weight measurements were performed by trans-

ferring the monkeys into smaller cages to a calibrated weighing scale.

The run-in period, from Day −49 to −1, was used for basal meta-

bolic profiling (Day −25), ivGTT (Day −32), as well as for safety blood

sampling (Day −44, −40, −3), while the training procedure was contin-

ued. Animal selection and stratification was done according to a strat-

ified block randomization approach from Day −17 to −1, based on

blood glucose and insulin.

Administration of a monkey-specific dual GLP-1R/GCGR agonist,

liraglutide or vehicle was performed subcutaneously during the dos-

ing period from Day 1 to 70, including a dose-ramping period from
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Day 1 to Day 10. During the entire dosing period, food and water

intake was monitored daily and body weight was measured every

3 to 4 days. Metabolic profiling for glucose and insulin was repeated

during the dosing period on Day 43, while ivGTT was repeated on

Day 46 of chronic treatment. On the day of ivGTT, compounds were

administered 2.5 hours before the glucose bolus (0.5 g/kg body

weight) was injected intravenously. For the procedure, animals were

sedated with 10 mg/kg ketamine (i.m.). In total, 7 serial blood samples

(1.0 mL each) were collected at 1, 3, 5, 10, 20, 40 and 60 minutes fol-

lowing the end of the i.v. glucose bolus.

2.4.1 | Intravenous glucose tolerance test (ivGTT) in NHP

On the treatment ivGTT days, all dosing commenced at 2.5 hours

before i.v. glucose bolus, that is, ivGTT time = 0 minutes. Dosing

began at 6:30 AM and continued in a staggered manner until all mon-

keys were dosed. Animals were sedated (10 mg/kg ketamine, i.m.)

and removed from the home cage, weighed and transported to the

procedure room. Vital signs were recorded and confirmed within nor-

mal parameters prior to initiating the ivGTT.

Animals were placed on their sides and carefully secured to the

procedure table using tether cords. Animals were also placed on heat-

ing blankets and covered throughout the procedure. A 50% glucose

solution was prepared according to body weight (0.5 g/kg body

weight), that is, 1 mL of solution per kg body weight, and the final

solution was filtered through a 22-μm microfilter. The sampling site

was cleaned using betadine (iodine) and 70% alcohol solutions and

1.0 mL of baseline blood was collected by venipuncture from the

upper cephalic vein via an i.v. butterfly needle using a syringe. The

50% glucose solution bolus was administered over 30 seconds;

t = 0 minutes began at the end of the bolus administration. A total of

7 serial blood samples (1.0 mL each) were collected at 1, 3, 5, 10,

20, 40 and 60 minutes from the end of the i.v. glucose bolus. All

blood samples were collected into chilled K2EDTA tubes, and centri-

fuged within 30 minutes of collection at 4�C.

2.4.2 | Treatments

Liraglutide, a selective GLP-1R agonist, was chosen as the positive

control compound. It was purchased directly from Novo Nordisk dis-

tributors in Beijing and Kunming and stored at 4�C in accordance

with requirements of the manufacturer. Victoza pens contain liraglu-

tide at a concentration of 6 mg/mL. For the monkey study, the solu-

tion was diluted to the desired concentrations of 100, 200 and

400 μg/mL using the vehicle solution. Liraglutide was dosed during

the dose-ramping period from 10 (Day 1-3) to 20 (Day 4-6) to 30 μg/

kg (Day 7-9) and was maintained at 40 μg/kg s.c. (in 0.1 mL/kg of for-

mulation) from Day 10 to completion of the study.

2.4.3 | Mouse- and monkey-specific dual GLP-1R/GCGR
agonist peptides

In a recent publication we described the rational design of dual GLP-

1/glucagon receptor agonists.22 Because of its favourable physico-

chemical and metabolic stability properties, the marketed GLP-1R

agonist exendin-4 was used as the starting point for the design.

Structural elements of glucagon were engineered into exendin-4,

resulting in a hybrid peptide with potent dual GLP-1/glucagon recep-

tor activity. A d-serine residue was introduced into position 2 to

avoid DPP4-mediated degradation.28 In addition, a palmitic acid had

been attached at the ε-amino group of a lysine residue using a

γ-glutamic acid spacer, a strategy that has been successfully proven

to prolong half-life,29 for example, in the case of liraglutide, via oligo-

merization and reversible albumin binding. As a result of these design

activities, the “mouse dual agonist” was obtained. Subcutaneous

administration of this peptide (1 mg/kg) in healthy mice showed a

half-life of 3.2 hours, similar to that of liraglutide (3.6 hours) but with

a lower exposure.22

Further modifications of the peptide structure in positions 14 to

20 and 28 led to the “monkey dual agonist”. Both the mouse and

monkey dual agonists have a receptor activity ratio favouring the

(mouse and monkey) GLP-1R. Liraglutide, developed by Novo Nor-

disk, is a marketed chemically modified GLP-1 analog, which carries a

fatty acid sidechain in position 20, leading to a half-life of 13 hours in

humans following subcutaneous injection.30 It was used as a compar-

ator compound for our studies. Amino acid sequences of these pep-

tides are shown in Table 1.

GLP-1 and glucagon were purchased from Bachem (Bubendorf,

Switzerland). Liraglutide was used from a prefilled pen (Victoza, Novo

Nordisk). The mouse- and monkey-specific dual GLP-1R/GCGR ago-

nists were prepared at Sanofi by Fmoc solid-phase synthesis and

purified by reverse-phase high-performance liquid chromatography

using water/acetonitrile (0.1% trifluoroacetic acid) gradients. The

purified peptides were characterized by electrospray MS. For the

monkey in vivo study, the peptide was transformed into its

acetate salt.

2.4.4 | Determination of mouse and monkey GLP-1R and
GCGR potency

Agonist activity of compounds at the receptors was determined by func-

tional assays measuring cAMP response of HEK-293 cell lines stably

expressing human, mouse or monkey GLP-1R or GCGR (Table 1). Levels

of cAMP produced were determined using a kit from Cisbio Corp. (cat.

no. 62AM4PEJ, Codolet, France) based on HTRF (Homogenous Time

Resolved Fluorescence) as per the manufacturer’s instructions.

The monkey-specific dual GLP-1R/GCGR agonist was provided

directly from Sanofi to KBI in pre-prepared vials of 2 mg. The com-

pound quantity in each vial was diluted with a PBS vehicle volume

adjusted for the specific mass of peptide in each vial. Each formula-

tion vial was prepared and used on the same day of dosing. The

monkey-specific dual agonist was dosed during the dose-ramping

period from 1 (Day 1-3) to 2 (Day 46) to 3 μg/kg (Day 7-9) and was

maintained at 4 μg/kg s.c. (in 0.05 mg/kg of formulation) from Day

10 to completion of the study.

2.4.5 | PK measurements in obese diabetic monkey study

Blood samples for PK analysis were collected on Day 43, directly

before and 1, 2, 4, 8 and 22 hours post dosing. The samples were

transferred directly into potassium ethylene diamine tetra-acetic acid

(EDTA-2 K) tubes. Plasma was separated by centrifugation at 2500×g

for 10 minutes at 4�C. Plasma samples were analysed after protein
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precipitation via liquid chromatography mass spectrometry (LC/MS)

for the dual agonist and by ELISA for liraglutide.

2.5 | Statistical analysis

All data are presented as means � SEM. A 1-way analysis of variance

for factor treatment or 2-way analysis including factor time were used,

followed by Dunnett’s test for multiple comparisons vs the vehicle or

the high-fat diet control group, and separately for comparison of the

dual agonist and the reference liraglutide. Statistical significance was

considered with P < .05. All analyses were performed using SAS (ver-

sion 9.2) under HP-UX via interface software EverStat V6.0-alpha5.

3 | RESULTS

3.1 | Acute and multiple dose studies with mouse-
specific dual GLP-1R/GCGR agonist in mice

The simultaneous activation of GLP-1 and glucagon receptors

(GCGR) was investigated in acute and chronic studies. In acute stud-

ies, the anti-diabetic effect was tested by measuring the 6-hour fed

glucose profile and glucose tolerance in an intraperitoneal glucose

tolerance test (ipGTT).

In the 6-hour glucose profile obtained under continuous ad libitum

feeding conditions, the mouse-specific dual GLP-1R/GCGR agonist and

selective GLP-1R agonist liraglutide were administered at 10, 30 or

100 μg/kg to healthy C57Bl6/N mice. Liraglutide significantly reduced

blood glucose levels at 6 hours, but only at the 30 μg/kg

(−13.7 � 1.9%; P < .01) and 100 μg/kg (−26.0 � 3.0%; P < .001) dose

levels. In contrast, the dual agonist reduced glucose at all dose levels

tested, reaching −25.5 � 3.2% at 10 μg/kg, −31.0 � 2.0% at 30 μg/kg

and −36.9 � 1.8% at 100 μg/kg after 6 hours (Figure 1).

The same experimental design performed in GLP-1R−/− mice

revealed a transient dose-dependent increase in glucose in dual agonist-

treated mice 30 minutes after compound administration, reaching statisti-

cal relevance at 100 μg/kg (P < .001) (Figure 1). No significant difference

in blood glucose was observed 6 hours after treatment. As expected, lira-

glutide treatment did not affect blood glucose in GLP-1R−/− mice.

In an ipGTT, a significant, dose-dependent improvement in glu-

cose tolerance was observed for both drug treatment groups in

C57Bl6/N mice at the lowest dose injected (10 μg/kg). However, at

selected doses, liraglutide was less effective than the dual agonist, as

observed for the area under the curve calculations (Figure 2).

In GLP-1R−/− mice, injection of the dual agonist (10 or 30 μg/kg)

significantly increased glucose excursion in the ipGTT (15 minutes

after glucose bolus) (Figure 2) (P < .01). Increasing the dual agonist

dose to 100 μg/kg increased glucose excursion compared to vehicle-
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treated controls, but the increase did not reach statistical significance.

Liraglutide did not affect the ipGTT in GLP-1R−/− mice.

We used indirect calorimetry to assess whether chronic engagement

of the GCGR was associated with an increase in energy expenditure. The

mouse-specific dual agonist was compared to either control or liraglutide

(both peptides administered at 50 μg/kg b.i.d., s.c.). Throughout the initial

4 days of dosing, both liraglutide and the dual agonist decreased daily

food intake compared to vehicle-treated mice. The reduced energy

intake returned to pre-treatment levels on day 5 with both drugs. Thus,

cumulative food intake for the remainder of the study period was similar

among all groups (Figure 3 A). Both groups treated with drugs continu-

ously lost body weight, although food consumption normalized on day

5 of treatment (Figure 3 B). However, in liraglutide-treated mice, body

weight loss was lower and reached a plateau earlier than observed in the

dual agonist-treated mice (Figure 3 C). At the end of the study, liraglutide

treatment elicited −12.9% � 1.4% change in body weight as compared

to −21.1% � 2.1% elicited by the dual agonist.

This superior weight loss effect of the dual GLP-1R/GCGR agonist

vs selective GLP-1R agonism was further investigated with concomitant

measurement of O2 consumption and CO2 production on days 2, 16 and

30. Two single studies were performed with mouse-specific dual agonist

or liraglutide (administered at 50 μg/kg b.i.d.) and compared with vehicle-

treated control mice for each treatment group. We observed a metabolic

switch from primarily fat oxidation during acute treatment to a more

“mixed fuel” and substrate utilization during chronic treatment in the dual

agonist treated mice. The initial appetite suppressing impact of both the

dual agonist and liraglutide was reflected by a fasting-induced decrease in

TEE (Figure S1 in Appendix S1). Also, vehicle-treated controls react with

lowered CHO, mainly as a result of adaptation to the measurement envi-

ronment. Energetic requirements are maintained by fat oxidation (FO) of

endogenous fat depots. In contrast to liraglutide, the dual agonist signifi-

cantly increased CHO during chronic treatment, which was accompanied

by a significant increase in TEE on days 16 and 30 (Figure 4; day 16 not

shown). Liraglutide increased TEE during prolonged treatment to a lesser

extent than the dual agonist, but TEE was still significantly elevated com-

pared to vehicle-treated mice. We focused the analysis of substrate utili-

zation on the nocturnal phase during which mice typically are active and

consume energy. Compared to liraglutide and vehicle, the dual agonist-

treated mice displayed elevated CHO and FO throughout the chronic

study, leading to a significant and persistent increase in TEE (Figure 5).

Liraglutide and the dual agonist increased REE during the chronic

treatment period relative to their obese controls. After hypometabolic
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adaptation with lowered REE compared to controls on day 2 of treat-

ment, dual agonism led to an increase by 25% on day 16 and by 9.8%

on day 30 vs liraglutide, which increased REE by 8.0% on day 16 and

by 12.4% on day 30.

In search of a GCGR agonist-associated target engagement bio-

marker, liver glycogen content, total plasma ketone bodies and

plasma FGF21 levels were measured. Seven days of treatment with

the dual agonist (50 μg/kg, b.i.d.) led to a significant reduction in liver

glycogen (Figure 6 A) (P < .001), whereas 7 days of treatment with lir-

aglutide (50 μg/kg, b.i.d.) did not reduce, but rather slightly increased,

liver glycogen content (P < .05). Serum ketone bodies increased sig-

nificantly in dual agonist-treated mice (Figure 6 B) (P < .01) without

any observed change in liraglutide-treated mice. Plasma FGF21 levels

showed a trend toward an increase in dual-agonist-treated vs

liraglutide- or vehicle-treated mice (Figure 6 C).

3.1.1 | Chronic and multiple-dose study with monkey-
specific dual GLP-1R/GCGR agonist in obese and diabetic
non-human-primates (NHPs)

We used the impact on total energy intake and the accompanying

body weight loss as the major indicators of tolerability during the

multiple-dose efficacy study in cynomolgus monkeys (Macaca fascicu-

laris). To facilitate chronic treatment at the maximum tolerated dose,

dose escalation was performed every third day. A monkey-specific

dual GLP-1R/GCGR agonist, similar in its relative receptor-activity

preference to the mouse-specific dual agonist, was compared to the

selective GLP-1R agonist liraglutide (Table 1). Mean body weights of

the 3 groups varied between 10.8 and 11.7 kg. During the run-in

period (prior to initiation of treatment) the mean TEI of all groups

was approximately 550 Kcal/d. Liraglutide induced a moderate but

non-significant decrease in food intake throughout the dose escala-

tion period, from days 1 to 3 (10 μg/kg) until day 10 (40 μg/kg)

onwards. The maximal reduction of TEI was approximately 25% dur-

ing the initial dosing days for the highest dose, and this recovered

slowly but continuously (Figure 7). NHPs treated with the monkey-

specific dual GLP-1R/GCGR agonist showed stronger effects on TEI,

following the escalation steps of 1 to 2 to 3 μg/kg and the mainte-

nance dose of 4 μg/kg. Each dose step of the dual agonist produced

a significant reduction in TEI compared to vehicle-treated, but also to

liraglutide-treated, monkeys when escalating the dose to 1 and 3 μg/

kg. From day 10 and onwards, the dual agonist induced a significant

decrease in TEI when compared to vehicle (P < .01), whereas the
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drop in TEI was not statistically significantly different from that of lir-

aglutide. The maximal reduction in TEI was approximately 50% and

recovered only moderately until the end of the study. While vehicle-

treated monkeys lost 2.3% � 0.8% of body weight during the study,

liraglutide treatment led to a significant weight loss of 5.1% � 1.1%

(P < .001). The monkey-specific dual GLP-1R/GCGR had the highest

impact on body weight and decreased body weight by 8.2% � 1.2%

(P < .001) (Figure 8).

During the entire study period, metabolic profiling was per-

formed at different time points (Figures S2 and S3 in Appendix S1).

Plasma levels of glucose, insulin, ketone bodies, and FGF21 were ana-

lysed on day −25, the first day on maintenance dose (day +10) and

close to the end of chronic treatment (day +43). These values were

all measured prior to performing the functional intravenous glucose

tolerance test (ivGTT), which was done on days +46/+47.

Because of exclusion of 2 monkeys in the vehicle group, who

became insulin-dependent during the study, baseline mean glucose

values (162.9 � 36.9 mg/dL) for the vehicle-treated monkeys were

slightly lower compared to the treatment groups (213.9 � 23.2 mg/dL

for the monkey-specific dual GLP-1R/GCGR agonist and

233.6 � 28.3 mg/dL for the liraglutide-treated group). Nevertheless,

plasma glucose and insulin levels of the vehicle-treated monkeys

included in the study remained unchanged throughout the study

period. Treatment with escalating doses of liraglutide led to a drop

in blood glucose from >230 mg/dL to levels between 150 and

170 mg/dL, which were maintained throughout the study period.

The monkey-specific dual agonist had a significantly greater effect

on blood glucose lowering compared to liraglutide. After administra-

tion of the monkey-specific dual GLP-1R/GCGR agonist blood glu-

cose initially decreased to below 100 mg/dL and then gradually

returned to values of approximately 120 mg/dL (Figure S2 in Appen-

dix S1). Monitoring fasting plasma glucose (FPG) on selected study

days (days −3 and +1: both basal values; days +17, +24, +38 and

+45: during chronic treatment) confirmed these results (Table 2).

Fasted glucose values after initiation of treatment were obtained on

day +17 and were compared to fasted glucose on day +1. FPG

values were determined directly before breakfast. While the dual

agonist significantly decreased FPG throughout the study period

from 228.6 � 22.5 mg/dL (day +1, determined as basal) to

127.1 � 14.5 mg/dL (day +45), liraglutide showed a significant

decrease only on days +17 and +38, not decreasing below

170.2 � 21.1 mg/dL. In contrast, plasma glucose values for the

vehicle-treated monkeys remained at the same level of approxi-

mately 170 mg/dL throughout the study period.
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Circulating levels of insulin in obese, diabetic and insulin-resistant

monkeys were similar during the run-in phase and increased during

feeding times to approximately 600 μU/mL. No further increases

were seen upon treatment with liraglutide or with the monkey-

specific dual GLP-1R/GCGR agonist. Upon chronic treatment, insulin

secretion strongly decreased in the liraglutide-treated NHP’s and a

further decrease was apparent in the dual agonist-treated NHP’s,

probably reflecting improved insulin sensitivity.

PK analysis on day 43 showed that the 40 μg/kg daily dose of lir-

aglutide translated into ~6-fold higher compound levels than the

4 μg/kg daily dose of the monkey-specific dual agonist (Cmax of

279 � 51 ng/mL vs 43 � 7 ng/mL, respectively) (Table 3). Circulating

levels of liraglutide in the obese monkeys are therefore somewhat

higher than the levels reported for liraglutide 3 mg in human clinical

studies (Liraglutide 3.0 mg for Weight Management, NDA 206-321,

FDA Briefing Document), underlining the relevance of the chosen

doses for liraglutide.

For the investigation of surrogate biomarkers for GCGR activity

in monkeys, ketone bodies and FGF21 plasma protein were measured

(Figure S3 in Appendix S1). Individual total ketone bodies showed an

increase in dual agonist-treated monkeys from 37.2 to 85.2 μmol/L

during baseline measurement to >200 μmol/L on day +10, which was

the last escalation step of dose-ramping. Values were significantly

elevated compared to the vehicle group, varying from 32.9 to

84.9 μmol/L at day +10, or liraglutide-treatment, varying from 64.1 to

124.1 μmol/L. This could be attributed to the reduced food intake of

two monkeys, with less than 75 Kcal/day in the dual agonist group,

which subsequently led to fasting-induced elevation of total ketone

bodies. However, after 43 days of daily treatment, no differences

could be detected. Also, FGF21 levels showed a trend toward ele-

vated levels on day +10, as well as at the end of chronic treatment.

While values varied between 300 and 1100 pg/mL over 24 hours in

the vehicle-treated group, maximal levels of FGF21 for liraglutide-

treated monkeys were in the range of 1300 pg/mL and, for the

monkey-specific dual GLP-1R/GCGR agonist-treatment, approxi-

mately 2100 pg/mL.

The impact of treatment on β-cell function and insulin secretion

was tested by ivGTT after overnight fasting of the monkeys. Baseline

values were measured on day −32/−31, the impact of chronic treat-

ment was investigated on days +46/+47. Because of the diabetic

conditions of the monkeys, the t = 0 minute glucose values were in

the hyperglycaemic range, and insulin values were elevated above

100 μU/mL (Figure 9). The ivGTT data of vehicle-treated monkeys

were stable during the study, concerning both glucose and insulin. In

the compound-treated groups there were obvious differences

between baseline and treatment tests for glucose, as well as for insu-

lin measurements. In all compound-treated groups, first-phase insulin

secretion was restored, and an early insulin peak was observed after

i.v. glucose challenge. The most obvious results were obtained for the

dual GLP-1R/GCGR agonist (Figure 9). Glucose excursion was
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significantly decreased (AUC glucose, −26.6% � 9.0% mean � SEM;

P < .05). Insulin secretion revealed a highly variable, but not statisti-

cally relevant, increase (individual AUC insulin varying from −39.6%

to >26 000%). Glucose excursion of liraglutide-treated monkeys

showed a slight, but statistically non-significant, decrease (AUC glu-

cose, −10.3% � 2.4%) and, again, a highly variable, but not significant,

elevation in insulin secretion (individual AUC insulin varying from

−58.0% to >560%) (Figure 9).

On day −25%, HbA1c measurements were performed to obtain

baseline values and also on day +43 following chronic treatment.

While % HbA1c in the vehicle-treated group slightly deteriorated dur-

ing the study period (increase from 6.4% � 0.5% to 6.9% � 0.5%)

and liraglutide treatment only moderately improved % HbA1c

(8.3% � 0.6% at baseline to 7.8% � 0.6%), a significant decrease and,

therefore, improvement in % HbA1c was observed in NHPs treated

with the monkey-specific dual GLP-1R/GCGR agonist (Figure 10).

The baseline value of 8.0% � 0.7% decreased to 6.1% � 0.4% on day

+43. For estimating long-term effects of treatment with dual agonists,

we measured aspartate aminotransferase (AST) as a liver-specific bio-

marker and alanine aminotransferase (ALT) as an indicator of liver

damage on day 32 of chronic treatment in DIO mice and during the

run-out period on day 43 in the obese and diabetic monkey study

(Table SA). No statistically relevant change, but rather a decrease,

was monitored for AST, while ALT was significantly reduced in DIO

mice treated with the mouse-specific dual agonist. No impact of

treatment was monitored in diabetic and obese monkeys.

4 | DISCUSSION

Oxyntomodulin was originally characterized as a bioactive

enteroglucagon,31 with activity at the glucagon receptor (GCGR), but

was subsequently demonstrated to also have insulinotropic activity

through activation of the GLP-1 receptor (GLP-1R).32 Oxyntomodulin

is generated by intestinal L-cells, as well as by brainstem neurons,

from posttranslational processing of the preproglucagon peptide.33

Subsequent clinical studies of oxyntomodulin demonstrated signifi-

cant efficacy concerning weight loss, resulting from the combined

reduction of energy intake and increase of energy expenditure.11,16

As natural gastrointestinal hormones such as GLP-1, glucagon or oxy-

ntomodulin are rapidly degraded by serum proteases and are renally
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cleared, a number of stabilized oxyntomodulin analogs,10,28,34 as well

as GLP-1R/GCGR dual agonists based on glucagon,8,12,14,35–37 have

been described as therapeutic agents for the management of obesity

and associated metabolic disorders such as type 2 diabetes. However,

the apparent challenge associated with translating the beneficial

weight loss associated with a dual GLP-1R/GCGR agonist is to curb

the potential glucose-elevating effects associated with excess gluca-

gon pharmacology. The challenge for dual GLP-1R/GCGR agonists is

to establish the optimal ratio of GLP-1R activation and GCGR agon-

ism adequate to trigger increased energy expenditure without

unwanted activation of counter-regulatory responses that lead to

continuous elevation of plasma glucose. This would place a greater

burden on already stressed β-cells and will probably lead to detrimen-

tal exhaustion of the β-cells following chronic administration.38

Day and colleagues39 recommended that the relative ratio of

GLP-1R and GCGR dual agonism must be chosen carefully for each

species. A rather GLP-1R-biased agonistic ratio leads to weight loss

and glucose lowering. On the other hand, extensive enhancement of

the relative GCGR agonistic potency yielded greater weight loss but

at the expense of considerable glucose elevation.39

GCGR agonism is subject to considerable species variation. To

assure optimal translational predictability we have designed several

species-specific dual GLP-1R/GCGR agonists based on exendin-4,

which carry a fatty acid side chain for half-life elongation. They are

characterized by somewhat higher agonist activity on the GLP-1R

compared to the GCGR to ensure proper glucose control. The data

presented here have been generated with mouse- and monkey-

specific dual GLP-1R/GCGR agonists, which share pharmacological

properties with SAR425899, the clinical GLP-1R/GCGR candidate

(manuscript in preparation).

As a selective GLP-1R agonist comparator, we chose the current

market leader in the class liraglutide. It has a profile similar to the

studied dual agonists, in terms of GLP-1R activity as well as half-life

and exposure in the studied species.22 The current studies were thus

designed to investigate key metabolic end points, as well as an array

of biomarkers of potential specificity for receptor activation following

acute treatment or over 30 days of multiple dosing with potent dual

GLP-1R/GCGR agonists. The investigations performed with GLP-

1R(−/−) mice clearly showed that the mouse-specific agonist is a

potent dual acting agonist, elevating blood glucose in case of invalid

GLP-1 receptor response. Therefore, the results are in line with data

published by Lynch and colleagues,35 showing that the glucose

homeostasis and insulin-releasing action of a dual GLP-1R/GCGR

agonist is dependent on GLP-1R activation.

4.1 | Contribution of energy expenditure to
beneficial body weight control

An increase in energy expenditure leading to a beneficial impact on

reduction in body weight in humans remains controversial. We
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TABLE 2 Fasted plasma glucose (mg/dL) in obese and diabetic monkeys (M. fascicularis) on days −3 (basal), +1 (basal), +17, +24, +38 and +45

(all treatment). Values are given as mean � SEM, n = 8-10/group

Compounds tested

Day −3 (basal) Day +1 (basal) Day +17 Day +24 Day +38 Day +45

Fasting plasma glucose [mg / dL]

Vehicle 170.1 � 26.3 173.9 � 23.5 177.8 � 27.0 175.0 � 24.5 168.3 � 25.1 176.5 � 22.0

Dual agonist 211.3 � 23.1 228.6 � 22.5 138.1 � 15.4* 145.6 � 14.9* 124.3 � 15.8* 127.1 � 14.5*

Liraglutide 226.3 � 14.6 233.4 � 15.7 182.3 � 18.0* 194.4 � 19.8 170.2 � 21.1* 200.0 � 15.9#

*P < .05 vs baseline. #P < .05 vs dual agonist.
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performed indirect calorimetry studies, illustrating a switch of sub-

strate preference during chronic treatment with dual GLP-1R/GCGR

agonists, starting with preferred fat oxidation and gradually increasing

carbohydrate oxidation. The incidence of increased oxygen consump-

tion and energy expenditure during chronic treatment of DIO mice

with dual GLP-1R/GCGR agonists is not novel and has been shown

TABLE 3 Plasma drug concentration (ng/mL) on day 43/44 after administration of 4 μg/kg s.c. of monkey-specific dual GLP-1R/GCGR agonist

and 40 μg/kg s.c. of liraglutide

Hours post dosing

Compounds tested

0 1 2 4 8 22

Plasma drug concentration [ng / mL]

Monkey dual agonist 10.6 � 3.89 27.6 � 5.48 37.5 � 6.73 43.2 � 6.95 37.7 � 5.82 14.3 � 3.89

Liraglutide 87.8 � 17.2 145.0 � 24.6 206.0 � 36.7 279.0 � 51.0 184.0 � 31.4 93.7 � 19.9

Values are are given as mean � SEM, n = 8-10/group.
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in previous studies.8,35 While Day and colleagues8 observed a ten-

dency toward a decreased respiratory exchange ratio (RER or RQ,

respiratory quotient), Lynch et al. claimed that RER remained

unchanged.35 Our results confirmed the latter observations during

chronic treatment. While vehicle-treated mice showed an RER at

0.78 � 0.003, which reflected the high-fat diet and preferred fat oxi-

dation, the dual agonist-treated mice did not differ from that, with an

RER at 0.79 � 0.002. However, as the elevated fat oxidation should

decrease RER further, the increased carbohydrate oxidation appar-

ently compensates for the expected decrease in the case of a dual

mouse-specific agonist. The increased energy expenditure could be

linked, only in part, to increased locomotor activity,35,40 but others

did not report an elevation in spontaneous physical activity.8 How-

ever, our results can provide further clarification by matching the

increased energy expenditure to the additional carbohydrate oxida-

tion obtained from GCGR-stimulated carbohydrate release from

hepatic storage.

Co-infusion of native glucagon and GLP-1 revealed that benefi-

cial effects on food consumption, body weight and glucose control

could be achieved, compared to treatment with mono-agonists.17,18 It

was further shown that resting energy expenditure was not affected

by GLP-1 infusion alone, but rose significantly when human volun-

teers were treated with glucagon alone and, to a similar extent, in

combination with GLP-1. The increase of REE in both liraglutide- and

dual GLP-1R/GCGR agonist-treated mice in the current study pre-

sumably implies a higher relative metabolic contribution of lean mass

and metabolically active organs as well as increased heat loss through

a relatively greater surface area. Whether this is specific to mouse

metabolism or could be translated into human metabolism will be a

future topic for investigation.

Dakin and colleagues15 reported that repeated twice-daily intra-

cerebroventricular (ICV) administration of oxyntomodulin for 7 days

caused an inhibition of food intake in rats. Treated animals gained

less weight than controls, but exhibited increased core body tempera-

ture, suggesting enhanced energy expenditure. This hyperthermic

reaction was maintained throughout the entire study period. A con-

comitant pair-fed group exhibited a significant hypothermic response

compared to saline-injected ad libitum-fed controls. Our measure-

ments, covering the acute impact of treatment up to chronic effects

with switching metabolism, confirm these data. As a result of contin-

ued GCGR stimulation, the mouse-specific acute adaptation of

metabolism for energy saving and homeostasis changes to

hypermetabolism, leading to a negative energy balance and greater

body weight loss. Baggio and colleagues41 underlined the notion that

anorectic effects by acute oxyntomodulin ICV infusion were pre-

served in GCGR−/− mice but abolished in GLP-1R−/− mice, while oxy-

gen consumption was reduced acutely by exendin-4 but not by

oxyntomodulin in wild-type mice. In humans, a four-hour continuous

infusion of potent GLP-1R- or GCGR-activating peptides with short

half-lives, mimicking an acute treatment, could not confirm additional

effects on resting energy expenditure.42 Thus far, no published

reports indicate the potential of measuring energy expenditure in

non-human primates, and it therefore remains hypothetical whether a

dual agonism of GLP-1R and GCGR also elevates REE or TEE in

NHPs. Nevertheless, it has been unequivocally shown that oxynto-

modulin, the endogenous dual GLP-1R/GCGR agonist, reduces

energy intake and body weight in overweight and obese human sub-

jects. A pre-prandial 3-times daily injection of oxyntomodulin over a

four-day period increased energy expenditure while reducing energy

intake.15 Also, co-administration of a GLP-1 agonist with a glucagon

infusion resulted in an increase of energy expenditure in humans.16

But these human studies infused GCG for only 45 to 210 minutes. A

recently published study investigated whether sustained hypergluca-

gonaemia affects energy expenditure and hepatic glucose production

in humans.43 While no difference in RER, carbohydrate or fat oxida-

tion could be measured, GCG-induced stimulation of energy expendi-

ture was sustained for a minimum of 12 hours. However, the extent

of increase in response to the dose of GCG used was of only marginal

significance, and was of longer duration when insulin secretion was

inhibited by somatostatin. Serum FGF21 levels were suppressed even

during GCG infusion, indicating that circulating FGF21 was not

involved in the increased energy expenditure. Our findings in diabetic

and obese monkeys support this result and are in conflict with previ-

ous studies,44,45 indicating that GCG administration significantly

increased plasma FGF21 concentration and that glucagon is a

required factor for FGF21 synthesis.46 However, whether the physio-

logical switch of endogenous nutrient utilization observed in mice

translates to humans, and whether this correlates with the circulating

FGF21 level, remains an open question and the possibility cannot be

excluded.

Daily administration of the monkey-specific dual GLP-1R/GCGR

agonist at a 10-fold lower dose compared to the selective GLP-1R

agonist liraglutide (4 vs 40 μg/kg, s.c.) in the present obese NHP

study caused greater body weight loss. Body weight reduction was

greater despite a 6-fold lower exposure of the dual agonist at the

highest dose tested. The findings demonstrate that liraglutide must

be administered at a much higher dose to be equi-effective to the

monkey-specific dual GLP-1/GCGR agonist.

Henderson and colleagues14 have previously reported body

weight loss in cynomolgus monkeys with the dual GLP-1/GCGR ago-

nist MEDI0382. However, the studies were conducted in lean and

healthy monkeys as part of toxicological testing with MEDI0382

administered s.c. at doses well above the pharmacological range. In

this manuscript we report for the first time the translatability of dual

GLP-1R/GCGR pharmacology from DIO mice to obese, diabetic and

insulin resistant DIO monkeys following acute and chronic dosing.

Our results are in accordance with a preliminary meeting report from
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Lao and colleagues13 that showed superior pharmacological proper-

ties of a dual GLP-1R/GCGR agonist as compared to GLP-1R monoa-

gonist liraglutide. We observed a diminishing impact of a dual GLP-

1R/GCGR agonist on TEI reduction in monkeys similar to that

observed in mice, while body weight loss continued. Glycaemic con-

trol was also assessed in the monkeys. We observed a decrease in

fed plasma glucose values that translated into a 1.86% reduction in

HbA1c compared to baseline at the end of the study (liraglutide,

−0.41%). Nevertheless, a reliable biomarker demonstrating GCGR

activity could not be identified; gluconeogenetic liver genes as PCK1

or G6Pase did not change in comparison to liraglutide treatment (data

not shown). Also, hepatic FGF21 gene expression was not different

during chronic treatment with the monkey surrogate. As elevated

total ketones, most likely reflecting the acute impact of the last dose-

escalation step on day 10, disappeared completely on day 43 of

chronic treatment with a high maintenance dose, it does not seem

reasonable to use it as a potential predictor of GCGR stimulation

(Figures S2 and S3 in Appendix S1). Rather, plasma levels of FGF21

and ketone bodies indicate a change in fuel utilization. To what

extent these variables reflect specific GCGR target engagement or

are, rather, a consequence of an acute negative energy balance is at

present unclear. Therefore, in the absence of available data concern-

ing energy expenditure, the search for a specific GCGR-induced bio-

marker in mice and non-human primates continues.

Our results from the DIO mice studies on body weight with a

mouse-specific dual GLP-1R/GCGR agonist do not result exclusively

from reduced food intake. We propose that our observations regard-

ing a mechanism-related switch of substrate oxidation can be of fur-

ther therapeutic benefit, and might explain the superior effect of dual

GLP-1R/GCGR agonists for body weight and glucose control in obese

and diabetic patients.
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