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ABSTRACT

Glucagon is a crucial regulator of glucose and lipid metabolism as well as whole-body energy balance. Thus, modulation of glucagon receptor
(GCGR) activity in the context of single-molecule multi-receptor co-agonists has become an emerging therapeutic target against obesity and
obesity-associated metabolic dysfunction. To better elucidate the role of GCGR-signaling when paired with incretin receptor signaling or on its
own, we developed, LY3324954, a GCGR agonist with improved potency and selectivity as compared to the native glucagon peptide. LY3324954
also exhibited extended pharmacokinetic (PK) profile in DIO mice, rats, dogs, and monkeys. When administered every 72 h, LY3324954 treatment
stimulated transient glucose and insulin excursions in lean mice. In diet-induced obese mice, LY3324954 treatment stimulates energy
expenditure, weight loss, and a reduction of adiposity in a dose-dependent manner. Benefit to whole-body lipid homeostasis was likewise
observed in these mice. Taken together, these studies characterize a long-acting and potent GCGR-agonist and its regulation of glucose and lipid
metabolism as well as whole-body energy balance following both acute and chronic treatment in mice.

� 2024 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Glucagon (GCG) is a 29-amino acid peptide released from a-cells of
the pancreatic islet [1,2]. Its stimulation of hepatic glycogenolysis and
gluconeogenesis has characterized glucagon as a counterregulatory
hormone [1,2]. Accordingly, acute, high-dose glucagon injections are
life-saving therapy against insulin-induced hypoglycemia. However,
glucagon also regulates metabolic actions (as reviewed in [1])
including, amino acid catabolism, lipolysis [3e8], ketogenesis [9], fatty
acid oxidation [10,11], satiety [12e16], thermogenesis [17,18], energy
expenditure [19,20], and bile acid metabolism [21,22].
Glucagon-mediated improvements in lipid and energy metabolism
would be of great value to patients with the metabolic syndrome.
Consistent with these actions, the addition of glucagon receptor (GCGR)
agonism to incretin hormones in long acting, single molecule, multi-
receptor co-agonists show superior therapeutic efficacy in metaboli-
cally compromised rodent models as well as early phase clinical trials
[23e27]. Importantly, these compounds which contain full GCGR-
agonism, lack GCGR-associated hyperglycemic side-effects due to
the engagement of GLP-1R and GIPR when studied in obese animals
[23e27]. However, GCGR activity has long been associated with dia-
betes and obesity-associated glucose dysregulation [28]. Thus, it is
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important to optimize GCGR agonists to maximize metabolic and weight
loss benefits while minimizing impairments to glucose homeostasis.
Emerging evidence supports that glucagon’s metabolic actions may not
exclusively counteract insulin action [29e31]. We and others have
reported enhanced insulin sensitivity following glucagon or GCGR-
agonism [29,30,32,33]. Glucagon also acts in an incretin manner,
enhancing glucose-stimulated insulin secretion via direct effects on the
pancreatic beta-cell [29,34,35]. Thus, while GCGR-signaling clearly
augments the anti-obesity effects of incretin-based therapies, it may
concurrently benefit insulin sensitivity and secretion. Moreover, a
deeper understanding of themetabolic effects stimulated by long-acting
agonists will be important to optimize these molecules for maximum
energetic benefits while minimizing impairments to glucose
homeostasis.
Data herein describes the preclinical validation of a novel GCGR-
agonist, LY3324954, in lean and diet-induced obese mice. This pep-
tide is a glucagon analog with modifications to enhance PK profile,
stability in solution formulation, receptor specificity, and receptor
engagement. Thus, this molecule represents a new tool to interrogate
the physiology induced by protracted GCGR-agonism. Moreover, these
studies may inform the biology shaped by therapies that engage GCGR-
signaling.
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2. MATERIALS & METHODS

2.1. Animal models
All studies were approved by and performed according to the guide-
lines of the Institutional Animal Care and Use Committee of the Uni-
versity of Alabama at Birmingham or of Eli Lilly and Company, and the
Guide for the Use and Care of Laboratory Animals by the National In-
stitutes of Health. Mice were single or group-housed on a 12:12-h
lightedark cycle (light on from 0600 to 1800 h) at 22 �C in con-
stant humidity with free access to food and water, except as noted.
Gcgr-floxed mice were generated as previously described [29,36].
AAV8-TGB-iCre (2 � 1011 GC/mouse, no. VB1724; Vector BioLabs)
was used to establish adult inducible, hepatic Gcgr knockout
(iGcgrDLiver mice). 2*1011 genome copies (GC) per mouse of AAV-Cre
or AAV-eGFP (CreThryoxine-binding globulin;VB1743; Vector BioLabs) were
induced via retro-orbital delivery and treatment was started 14d after
induction. C57Bl/6 mice for studies detailed in Figures 1, 4e6, and
Supplemental Fig. 2 were obtained from Taconic (Cambridge City,
Indiana) and maintained in Eli Lilly and Co. facilities on high fat diet
(HFD, Teklad D95217, 39.7 kcal% fat) with a 12:12-h lightedark cycle
(light on from 2200 to 1000 h) at 24 �C in constant humidity with free
access to food and water. C57Bl/6J mice for studies detailed in
Figures 2 and 3, and Supplemental Fig. 3 were obtained from Jackson
Labs and maintained in UAB facilities. Mice for Figures 2 and 3 were
fed a standard chow (Teklad LM-485, 5.6% fat) while mice for
Supplemental Fig. 3 were fed HFD with sucrose (D12331 Research
Diets, 58.0 kcal% fat) for 12w to establish DIO.

2.2. Peptides
Insulin (Humulin� R) was obtained from Eli Lilly and Co. GCGR agonist,
IUB288, was synthesized as previously described [37]. GCGR agonist,
LY3324954, was synthesized at Eli Lilly and Company using Fmoc/tBu
solid-phase peptide synthesis (SPPS) methods and solubilized in
20 mM TriseHCl buffer at pH 8.0.

2.3. Pharmacokinetic analyses
The pharmacokinetics of LY3324954 were characterized in DIO mice,
rats, dogs, and monkeys following a single subcutaneous adminis-
tration. Plasma samples were analyzed for LY3324954 using a qual-
ified liquid chromatography/mass spectroscopy method (LC/MS) at Q2
Solutions (Ithaca, NY, USA). LY3324954 and an analog internal stan-
dard were extracted from plasma by protein precipitation. A Thermo Q-
Exactive, high resolution instrument, with a Supelco Discovery BioWide
Pore C5-3 3 mm, 5 � 0.1 cm column were combined to allow for LC/
MS detection. The range of quantification was from 10 nM to 1000 nM.

2.4. Cell based assays
Whole cell cAMP assays were performed in HEK293 cells expressing
either the human or mouse GCGR as previously described [27]. The
rat GCGR cAMP experiments were performed similar to assays pre-
viously reported for the mouse GCGR [27], albeit using HEK293 cells
stably expressing the rat receptor (NP_742088). Briefly, cell lines
were incubated for 30min with LY3324954 or controls in growth
media supplemented with casein or HSA (1.0%) and intracellular
cAMP was quantitatively determined. The amount of cAMP (nM)
generated per well was converted to percent of the maximal
response observed with either GCG, GLP-1(7e36)NH2, or GIP(1e42)
NH2. Hepatocyte glucose output studies were performed using
2 MOLECULAR METABOLISM xxx (xxxx) xxx � 2024 Published by Elsevier GmbH. This is
human induced pluripotent stem cell derived hepatocytes (Cellular
Dynamics) as previously described [27].

2.5. Glucose tolerance tests
Glucose tolerance tests (GTT) were performed in 5 h fasted mice by i.p.
injection of glucose (2 g/kg, 25% wt/vol D-glucose [Sigma] in 0.9% wt/
vol saline). Blood glucose was determined by Contour glucometer
(Ascensia Diabetes Care, 9545C).

2.6. Body composition and indirect calorimetry
Body weight and food intake measurements were collected twice a
week. Body composition was measured using magnetic resonance
spectroscopy (EchoMRI, Echo Medical Systems). Combined indirect
calorimetry was conducted as previously described (TSE Systems,
Chesterfield, MO) [27]. Briefly, animals were placed in TSE Pheno-
Master/LabMaster calorimeter for 3 days of acclimation and all the
experiments were performed at (27 �C). Daily water and food intake
were measured via the PhenoMaster/LabMaster system. Heat and
respiratory exchange ratio (RER) were measured by indirect calorim-
etry using an open-circuit calorimetry system. RER is the ratio of the
volume of CO2 produced (VCO2) to the volume of O2 consumed (VO2).
Heat was calculated with full body weight considered:

VO2 ¼ FlowML � (V1þV2)/N2Ref � Animal weight � 100)

VCO2 ¼ FlowML � dCO2/Animal weight � 100)

Heat ¼ (CVO2 � VO2þCVCO2 � VCO2)/1000;

where CVO2 ¼ 3.941; CVCO2 ¼ 1.106.
Home cage locomotor activity was determined using a multidimen-
sional infrared light beam system.

2.7. Biochemical assays
Blood urea nitrogen (BUN), alanine aminotransferase (ALT), and
aspartate aminotransferase (AST) were measured in plasma from
mice described in Figures 4e6 and analyzed using the Roche Cobas
8000 clinical chemistry analyzer with a c502 chemistry module.
Plasma was collected from trunk blood in the presence of 20 m L of
EDTA (0.5 M, Invitrogen) and insulin was measured using ELISA (Cat.
#90080, Crystal Chem, Elk Grove Village, IL). Lipids in plasma and
tissue samples from 2 h fasted mice were determined using Infin-
ity� Triglycerides (Thermo Scientific #TR22421) and Infinity�
Cholesterol (Thermo Scientific #TR13421). Hepatic lipid measure-
ments were conducted following extraction as previously described
[38,39].

2.8. Statistics
All data are represented as mean and SEM. Statistical significance was
determined using the unpaired Student’s t-tests or, where appropriate,
one-, two-, or three-way ANOVA with multiple comparisons Tukey post-
test. ANCOVA was used to evaluate EE changes with respect to lean
mass or total body weight. Hill Slope analyses were used to calculate
EC50, while Top and Bottom (all % stimulation (cAMP)) refer to the upper
and lower plateaus in theses analyses. Significance in all analyses was
assigned when p < 0.05. Statistical analyses were completed using
GraphPad Prism version 9.2 (GraphPad Software, San Diego, CA) or
SPSS Statistics (IBM) for Macintosh with the exception of PK.
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: LY3324954 structure and receptor activity. Schematic of LY3324954 primary structure (A). Dose dependent activation (cAMP production) of mouse (B), rat (C), and
human (D) GCGR-expressing HEK293 cells when treated with native GCG, IUB288, or LY3324954. Dose dependent activation of human GCGR-expressing HEK293 cells in the
presence of medium containing albumin (HSA; E). Glucagon- and LY3324954-stimulated glucose output from human IPSC-derived hepatocytes (F). LY3324954 pharmacodynamics
in mouse and rat (G). All data are represented as mean � SEM. Panels BeF (n ¼ 8e13) independent replicates; panel G mice (n ¼ 4) and rat (n ¼ 3).
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Figure 2: Metabolic response to chronic, long-acting GCGR agonism in lean mice. Blood glucose in response to LY3324954 challenge (day 1, A). Daily body weight (B) and ad
libitum blood glucose (C) in LY3324954 treated (10 nmol/kg s.c.) mice. Blood glucose in response to second LY3324954 treatment (day 4, D). LY3324954 stimulated glycemic
response (E) and area under the curve (AUC) analyses (F) of day 1 or day 4 treatment. Mice treated via sc injection on days 1 and 4 of study. All data are represented as
mean � SEM (n ¼ 7) in 10e12-week-old C57Bl/6J mice injected at ZT7 of the light-phase. *p < 0.05, **p < 0.01, and ****p < 0.0001 as analyzed by two-way RM-ANOVA
(AeE), or standard two-way ANOVA (F).
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Pharmacokinetic parameters were calculated by noncompartmental
analysis using Phoenix WinNonlin Version 6.4.

3. RESULTS

3.1. Development of LY3324954 a long-acting and selective GCGR
agonist
In an effort to generate a potent, selective, long acting GCGR agonist
with enhanced molecule properties, we developed LY3324954.
LY3324954 (Figure 1A) is a glucagon analog that contains two non-
coded amino acid residues at positions 2, and 16. In addition, the
peptide backbone is conjugated to a C18 fatty diacid moiety via a
4 MOLECULAR METABOLISM xxx (xxxx) xxx � 2024 Published by Elsevier GmbH. This is
linker/spacer at the position 20 lysine residue, enabling albumin
binding as a pharmacokinetic half-life extension strategy while
providing desired pharmacological properties.
We validated the activity of LY3324954 at the GCGR via cAMP pro-
duction in a series of concentration-response studies (Figure 1BeE
and Table 1). LY3324954 stimulated cAMP production was assessed
from mouse, rat, and human GCGR and was compared to the native
glucagon peptide (GCG 1e29) or the known GCGR agonist IUB288 (a
C16 fatty monoacid GCGR agonist). All three species of GCGR were
more potently activated (i.e., a smaller EC50) by LY3324954 than
GCG, but less than IUB288 (Table1). When these studies were
repeated in media containing 1% human serum albumin, we
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: Insulinotropic response to LY3324954 and Glucose Tolerance in lean mice. Plasma insulin excursion in response to day 1 (A) and day 4 (B) of LY3324954 treatments
(10 nmol/kg s.c.) and insulin AUC (C). Day 7 fasting blood glucose (D), glucose tolerance test (E, 2 g/kg bw i.p.) and GTT AUC (F). Fasting blood glucose (G, n ¼ 11), LY3324954
stimulated glucose excursion (H), and LY3324954 stimulated AUC (I) in control and iGcgrDLiver mice. Mice treated via sc injection on days 1 and 4 of study. All data are represented
as mean � SEM. Panels aef (n ¼ 6e7) in 10e12-week-old C57Bl/6J mice from Figure 2 injected at ZT7 of the light-phase. Panels HeI (n ¼ 5e6) in 10e12-week-old control
and iGcgrDLiver mice. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 as analyzed by two-way RM-ANOVA (A,B,E,H), standard two-way ANOVA (C, I), or student’s t-
test (D,F,G).
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Figure 4: Dose dependent weight loss to LY3324954 treatment in DIO mice. Daily % body weight change (A) and % body weight loss (B) of LY3324954 treated DIO mice. Daily (C)
and total (D, 14d) home cage food intake in response to LY3324954 treatment. Day 14 fat mass (E), fat mass change (F, d0-d14), lean mass (G) and lean mass change (H, d0-d14)
in LY3324954 treated DIO mice. Dashed vertical lines in panels A and C indicate treatment days. All data are represented as mean � SEM, (n ¼ 4e5) in 22e24-week-old C57Bl/
6J mice maintained on HFD for 12 w and injected at ZT11.5 of the light-phase. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs vehicle as analyzed by two-way
RM-ANOVA (A,B,D) or one-way ANOVA (C,EeH).
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observed a right-shift in the concentration-response of LY3324954,
and IUB288; consistent with the fatty acid modification and albumin
binding of these peptides (Figure 1E). Additional studies in cells
specifically expressing the GLP-1R or GIPR demonstrated a high
degree of selectivity for the GCGR (Supplemental Figs. 1aeb). Of
6 MOLECULAR METABOLISM xxx (xxxx) xxx � 2024 Published by Elsevier GmbH. This is
note, LY3324954 was more selective than IUB288 at the GLP-1R.
(w1,700-fold selective vs w100-fold selective). To assess
engagement of the endogenously expressed human GCGR, we
modeled glucose output from induced pluripotent stem cell (IPSC)-
derived hepatocytes. Incubation with LY3324954 produced similar
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 5: Low dose LY3324954 stimulates weight loss independent of caloric intake in DIO mice. Daily absolute body weight (A) and % body weight change (B) of LY3324954
treated DIO mice (24 nmol/kg sc, every 72 h). Daily food intake (C) and total (15d) food (D) intake measured in TSE calorimeter in response to LY3324954 treatment. Absolute fat
mass (E) and body composition change (F) in LY3324954 treated DIO mice. Dashed lines indicate treatment days. All data are represented as mean � SEM, (n ¼ 5e6) in 22e24-
week-old C57Bl/6J mice maintained on HFD for 12 w and injected at ZT11.5 of the light-phase. *p < 0.05 and ****p < 0.0001 vs vehicle as analyzed by two-way RM-ANOVA
(AeC,E) or student’s t-test (D,F).
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glucose accumulation in conditioned media as native glucagon
(Figure1F).
To determine the PK profile, LY3324954 was assessed in DIO mice,
rats, dogs, and monkeys following a single subcutaneous adminis-
tration. Consistent with the albumin binding effects of acylation, pro-
longed PK profile of this peptide was observed. Half-life was calculated
between 6.5 and 49 h depending upon species (Figure 1G, Table 2). Of
note, LY3324954 half-life in rats was 13 h, approximately 2-times
longer than that of IUB288 as previously measured in the same spe-
cies [37]. Together these data demonstrate considerable time exten-
sion engineering compared with the approximate 3e6-minute half-life
of native glucagon in humans.

3.2. Glycemic response to LY3324954 in lean mice
The robust activation of GCGR and stimulation of hepatocyte glucose
output led us to assess the glycemic response to LY3324954 in naïve,
MOLECULAR METABOLISM xxx (xxxx) xxx � 2024 Published by Elsevier GmbH. This is an open access a
www.molecularmetabolism.com
chow-fed, lean C57Bl/6J mice over 7d. Subcutaneous injection
(10 nmol/kg) of LY3324954 increased blood glucose 30 and 60 min
after injection as compared to vehicle treated mice (Figure 2A). This
glucose excursion was cleared by 120min and similar glycemia was
observed over the next 2 h. Based on the protracted PK of LY3324954
(Figure 1G and Table 2), we administered a second s.c. injection 72 h
later (i.e., day 4, depicted as dashed lines in Figure 2BeC) measuring
body weight and glycemia every 24 h throughout the study. As ex-
pected from our prior studies evaluating chronic GCGR agonism in
chow-fed mice [37], LY3324954-treatment did not alter body weight
(Figure 2B). LY3324954 administration increased day 2 ad libitum
glycemia as compared to vehicle-treated controls with a similar trend
observed on day 5 (p ¼ 0.100, Figure 2C). Interestingly, elevated
glycemia on day 2 was followed by 2 days of reduced blood glucose
(Figure 2C). Glycemic response to the second injection peaked at
30 min but was followed by a period of reduced glycemia at 180min as
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 6: Indirect calorimetry during LY3324954 treatment in DIO mice. Energy expenditure (AeC) and locomotor activity (D) during 14d LY3324954 treatment (24 nmol/kg sc,
every 72 h) of mice from Figure 5. Dark phase energy expenditure on days 6, 9, and 12 (B, treatment days) and day 6 expenditure correlated to fat free mass (C). Circulating FGF21
on day 15 of treatment (E). Respiratory exchange ratio (RER) during 14d LY3324954 treatment (F) and light phase RER on days 2, 5, 8, 10, 11, and 14 (G). Data in panels AeB and
DeG are represented as mean � SEM, (n ¼ 5) in 22e24 week-old C57Bl/6J mice maintained on HFD for 12 w and injected at ZT11.5 of the light-phase. *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001 as analyzed by two-way RM-ANOVA (A, D, F), student’s t-test (B, E, G), or ANCOVA (C).
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compared to vehicle control mice (Figure 2D). Moreover, as compared
to the excursion observed on day 1, the LY3324954 induced glucose
excursion was reduced on day 4, as was the area under the curve
(Figure 2EeF). Together these data support the chronic in vivo regu-
lation of glucose homeostasis following LY3324954 activation of the
GCGR.

3.3. LY3324954 stimulated insulin secretion in lean mice
Glucagon and GCGR-agonists are known stimulators of insulin
secretion [29,34,35]. Of note, GCGR signaling stimulates hepatic
glucose production [1] and b-cell GCGR-signaling enhances glucose-
stimulated insulin secretion [29,34,35]. Consistent with these re-
ports, we expected that LY3324954 would stimulate insulin secretion.
As anticipated, LY3324954 treatment stimulated a subtle increase in
insulin excursion (p ¼ 0.0019, interaction of time by treatment)
following the initial treatment in lean mice (Figure 3A,C). However,
8 MOLECULAR METABOLISM xxx (xxxx) xxx � 2024 Published by Elsevier GmbH. This is
when circulating insulin was assessed in response to the second
treatment (day 4), we observed a robust increase as compared to both
d4 vehicle-treated or d1 LY3324954 treated mice (Figure 3BeC). This
elevated level of circulating insulin likely contributed to the reduced
glycemic excursion in response to the second LY3324954 treatment.
To assess the effect of chronic GCGR-agonism on glucose homeo-
stasis, we conducted an i.p. glucose tolerance test (ipGTT; 2 g/kg bw).
This ipGTT was administered on day 7 in the place of the next
LY3324954 treatment. We chose this strategy as it would allow us to
separate the chronic effects of GCGR agonism from the increase in
circulating insulin we observed following each LY3324954 treatment.
We observed a trend for reduced fasting (5 h) glycemia between
LY3324954 and vehicle-treated mice (p ¼ 0.0973, Figure 3D).
Consistent with this trend, we uncovered enhanced glucose tolerance
in LY3324954-treated mice as compared to vehicle-controls
(Figure 3EeF).
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1 e Agonist-specific glucagon receptor activation by species.

Glucagon 1-29 IUB288 LY3324954

Mouse GCGR
Bottom 1.231 0.1452 �1.327
Top 113.0 114.2 118.0
Log EC50 �10.60 �11.57 �11.05
HillSlope 1.347 1.504 1.283
EC50 2.504e-011 2.687e-012 8.941e-012
Rat GCGR
Bottom �0.2761 �0.2635 0.01722
Top 99.55 103.6 95.61
Log EC50 �9.855 �10.77 �10.16
HillSlope 1.430 1.351 1.365
EC50 1.396e-010 1.701e-011 6.858e-011
Human GCGR
Bottom �0.1430 �0.3287 0.4969
Top 93.91 107.2 96.27
Log EC50 �8.698 �10.38 �9.262
HillSlope 1.251 1.140 1.317
EC50 2.003e-009 4.168e-011 5.472e-010
Human GCGR in presence of 1% albumin
Bottom �0.07247 �0.5594 �0.2627
Top 101.0 102.6 93.22
Log EC50 �8.490 �8.685 �6.888
HillSlope 1.256 1.156 1.289
EC50 3.235e-009 2.064e-009 1.295e-007

Table 2 e Mean pharmacokinetic parameters of LY3324954 following a
single subcutaneous dose.

Species Dose Tmax Cmax AUC0-inf T1/2 CL/F

nmol/kg (hour) (nmol/L) (hr*nmol/L) (hour) (mL/hr/kg)

DIO mouse (n ¼ 4) 300 6 668 11899 6.5 25
Rat (n ¼ 3) 100 8 425 11692 13 8.8
Dog (n ¼ 3) 39 14 303 28077 49 1.4
Monkey (n ¼ 2) 50 9 425 31821 44 1.6

Abbreviations: Tmax ¼ time to maximum concentration, Cmax ¼ maximum plasma
concentration, AUC0-inf¼ area under the curve from 0 h to infinity, T1/2¼ elimination
half-life, CL/F ¼ clearance/bioavailability.
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3.4. LY3324954 acts via hepatic GCGR to regulate glucose
metabolism in mice
We have previously used hepatic Gcgr deficiency (GcgrDLiver) to show
that the glucagon analog, IUB288, regulates glucose homeostasis via
hepatic GCGR [22,29,30,39]. As a final validation, we assessed
LY3324954 in iGcgrDLiver mice. To generate iGcgrDLiver mice we
induced AAV-Cre (CreThryoxine-binding globulin;VB1743; Vector BioLabs) in
Gcgrflox/flox mice and treatment was started 7d after induction. Litter-
mate Gcgrflox/flox mice induced with AAV-eGFP were used as controls.
Consistent with conditional hepatic Gcgr knockout [29,36], iGcgrDLiver
Table 3 e Effects of LY3324954 dose response on biochemical indices in DIO

Vehicle 1 nmol/kg 3 nmol/kg

Blood glucose (mg/dL) 156.4 � 9.05 152.9 � 2.92 152.1 � 3.63 1
BUN (mg/dL) 18.98 � 0.72 20.32 � 0.40 21.36 � 0.84 1
Creatinine (mg/dL) 0.116 � 0.007 0.118 � 0.009 0.102 � 0.006 0
ALT (IU/L) 145.8 � 37.20 70.6 � 18.06* 60.2 � 9.04* 6
AST (IU/L) 163.8 � 23.88 119 � 12.48 119 � 10.01 1
Chol (mg/dL) 206 � 15.18 208.8 � 13.69 196.2 � 9.28 1
Trig (mg/dL) 53.96 � 8.93 62.48 � 8.66 66.94 � 13.13 6
Liver trig (mg/g) 157 � 50.08 143.5 � 35.26 110.7 � 27.17 3

Samples collected approximately 24 h after the last LY3324954 injection, at the end of the

MOLECULAR METABOLISM xxx (xxxx) xxx � 2024 Published by Elsevier GmbH. This is an open access a
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mice were characterized by suppressed ad libitum glycemia as
compared to control mice (Figure 3G). Importantly, iGcgrDLiver mice
were resistant to LY3324954 mediated elevations in blood glucose
following acute LY3324954 administration (10 nmol/kg s.c.;
Figure 3HeI). Thus, LY3324954 appears to stimulate acute increases
in glycemia via mechanisms requiring the liver GCGR.

3.5. Bi-weekly LY3324954 treatments reduce obesity in diet-
induced obese (DIO) mice
We have previously reported the anti-obesity effects of GCGR-agonism
[22,37,38]. However, GCGR-agonism in those studies was stimulated
via IUB288, requiring daily injection. The extended duration of action of
LY3324954 allowed us to explore the anti-obesity effects of GCGR-
agonism with reduced disturbance to the mice. We conducted a
dose response study searching for doses of LY3324954 that would
reduce body weight absent of reduced food intake. Prior to treatment
C57Bl/6 mice were maintained on 60% high-fat diet (HFD; D12492) for
16 weeks to induce rapid DIO. Mice were switched to 39.7% HFD
(TD95217) for 4-8w prior to treatment to facilitate greater dietary sugar
and a physiology more relevant to human obesity [40]. Mice were
treated every 3d while body weight and food intake were measured
daily. We observed a dose-dependent decrease in body weight at
doses greater than 30 nmol/kg (Figure 4AeB and Supplemental
Fig. 1c). Trends for reduced food intake at higher doses suggest
that reduced food intake was likely contributing to this weight loss
(Figure 4CeD). Fat mass, and the change in fat mass from day 0e14,
were likewise reduced as the LY3324954 dose was increased
(Figure 4EeF). Absolute lean mass was similar to that of vehicle-
treated control mice, regardless of LY3324954 dose (Figure 4G),
while the change in lean mass in grams (Figure 4H) or % lean mass
loss (Supplemental Fig. 1d) from day 0e14 was greater at 100 and
300 nmol/kg doses. Plasma analysis at study termination (d14)
showed the expected increase in glycemia at higher doses, as well as
robust suppression of ALT, plasma cholesterol, and liver triglycerides
(Table 3).
Consistent with other GCGR-agonists, LY3324954 stimulated weight
loss at doses �10 nmol/kg (Figure 4B; p < 0.01, 2-way ANOVA).
However, unlike the weight loss associated with daily-dosed GCGR-
agonists (e.g., IUB288, Supplemental Fig. 3a), food intake was not
suppressed until LY3324954 was administered at 100 nmol/kg or
more (Figure 4CeD), suggesting the changes in body weight observed
at lower doses are due to increased energy expenditure. Thus, indirect
calorimetry was conducted in DIO C57Bl/6 mice following 7d of
acclimation. Mice were treated with LY3324954 (24 nmol/kg bw) or
vehicle every 3d (dashed vertical lines Figure 5AeC) for the duration of
a 15d study. This dose was chosen to maximize the energy expen-
diture effect of GCGR-agonism, while treating below the threshold for
mice.

10 nmol/kg 30 nmol/kg 100 nmol/kg 300 nmol/kg

71.7 � 9.15 243.1 � 13.63** 258.4 � 33.15*** 173.4 � 15.86
8.78 � 2.20 18.08 � 1.32 18.54 � 1.65 15.32 � 2.40
.094 � 0.005 0.084 � 0.004* 0.098 � 0.004 0.09 � 0.008
8.75 � 18.03* 45.4 � 5.84** 42.4 � 3.64** 52.2 � 12.21**
69.8 � 24.37 144.0 � 5.82 107.4 � 11.63* 169.8 � 41.02
58.4 � 21.06 130.8 � 8.51** 102.8 � 8.33**** 63.2 � 4.57****
2.38 � 9.65 84.88 � 19.33 61.32 � 13.16 96.14 � 21.66
7.43 � 13.38* 14.22 � 3.94** 6.49 � 0.90** 7.52 � 0.60**

light cycle, and under ad libitum conditions in n ¼ 5 mice/group.

rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9

111
112
113
114
115
116
117
118
119
120
121
122
123
124

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Original Article

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

MOLMET102073_proof ■ 28 November 2024 ■ 10/
its hypophagic action. LY3324954 stimulated weight loss was inde-
pendent of changes in food intake (Figure 5AeD), yet reduced fat mass
and fat-free mass from day 0 to day 15 (Figure 5EeF).
Consistent with isocaloric weight loss, we observed increased energy
expenditure in LY3324954-treated DIO mice (Figure 6AeC). Specif-
ically, LY3324954 treatment increased energy expenditure across the
14d treatment period (p ¼ 0.0003, time by treatment interaction).
Moreover, there was a robust response to treatments on days 6, 9, and
12, suggesting a progressive accumulation of the molecular processes
that drive this expenditure (Figure 6AeC). Energy expenditure was not
correlated with either lean mass (Figure 6C) or body weight
(Supplemental Fig. 2) suggesting these co-variates were insufficient to
explain the increased expenditure. As in our prior studies with IUB288
[22], energy expenditure did not increase immediately after the first
LY3324954 injection but appears to build over the first week of
treatment (Figure 6A). Whether this is due to the biology of GCGR
signaling, or the pharmacodynamics of these long acting GCGR-
agonists is unknown. Home-cage activity was not altered by treat-
ment (Figure 6D); however, we did observe a robust increase in
circulating FGF21 (Figure 6E), which likely contributed to the increased
energy expenditure [22,37,38]. Together these data support that low
doses of LY3324954 reduce body weight and adiposity via increased
energy expenditure in DIO mice.
Respiratory exchange ratio (RER; VCO2/VO2) was also measured during
this 14d treatment. Like energy expenditure, LY3324954 treatment
elevated RER in the hours immediately after treatment (Figure 6F).
Intriguingly, we observed reduced light-phase RER on 6 of the 14 days
measured (Figure 6G). This suggests that GCGR-agonism enhances
carbohydrate oxidation in the periods immediately following treatment,
but also enhances lipid oxidation during the animal’s resting period,
where food intake is naturally lower.
Upon study termination we assessed circulating factors contributing to
glucose and lipid homeostasis. As expected, we observed elevated
blood glucose in LY3324954-treated mice (Table 4). Plasma tri-
glycerides were likewise elevated, but liver triglycerides were
considerably reduced (Table 4). Plasma cholesterol levels were also
reduced suggesting that lipid homeostasis is benefited by chronic
GCGR agonism in this DIO model (Table 4). Consistent with improved
liver function, circulating ALT was reduced and AST was unchanged by
LY3324954 treatment (Table 4). LY3324954 treatment also reduced
BUN and creatinine levels in these mice (Table 4).
In a subsequent cohort of DIO mice, we evaluated the anti-obesity
effects of LY3324954 (10 nmol/kg; bi-weekly) as compared to
IUB288 (10 nmol/kg; daily). Consistent with Figure 4, this LY3324954
dose had no effect on food intake, but stimulated weight loss in DIO
mice (Supplemental Figs. 3aeg). Weight loss in IUB288-treated mice
Table 4 e Effects of 24 nmol/kg LY3324954 on biochemical indices in DIO
mice.

Vehicle 24 nmol/kg

Blood glucose (mg/dL) 161.2 � 13.17 217.8 � 13.57*
BUN (mg/dL) 22.90 � 2.28 18.30 � 1.40*
Creatinine (mg/dL) 0.122 � 0.005 0.100 � 0.003*
ALT (IU/L) 130.5 � 14.08 69.00 � 14.12*
AST (IU/L) 127.7 � 5.67 124.0 � 21.00
Chol (mg/dL) 218.0 � 5.07 144.0 � 8.16****
Trig (mg/dL) 33.03 � 4.82 54.18 � 4.18**
Liver trig (mg/g) 264.5 � 11.22 50.87 � 8.09****

Samples collected approximately 24 h after the last LY3324954 injection, at the end of
the light cycle, and under ad libitum conditions in n ¼ 6 mice/group.
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was similar over the first 10d of the study (Supplemental Fig. 3c). The
two treatments separated in the final days (d11-16) as IUB288 reduced
food intake (Supplemental Figs. 3aeg). Both treatments induced a
subtle decrease in lean mass; however, this effect was only significant
with IUB288 treatment (Supplemental Fig. 3h).
Similar to effects in lean mice (Figure 2), subcutaneous injection
(10 nmol/kg) of LY3324954 increased blood glucose 30 and 60 min
after a single injection (Day 1; Supplemental Fig. 3i). This excursion
was similar that observed in the IUB288-treated mice. Similar effects
were also observed on Day 4 (Supplemental Fig. 3k). Plasma insulin
from study termination (day 16) uncovered reduced circulating insulin
in both LY3324954- and IUB288-treated mice as compared to vehicle
controls. Together these data support a role for enhanced insulin action
and confirm our earlier reports on chronic GCGR-agonism.

4. DISCUSSION

Results presented here characterize LY3324954, a novel GCGR-
agonist, in lean and diet-induced obese mice. These data add to the
accumulating reports of GCGR-agonists and their metabolic effects.
GCGR activity was previously assumed to oppose insulin actions,
resulting in many attempts to antagonize this receptor [41]. However,
emerging observations suggest that GCGR stimulation may integrate
with insulin [29,32]. Intriguingly, GLP1/GCGR and GLP1/GIP/GCG multi-
agonists display the lipolytic and thermogenic properties of GCGR
agonism [23,24,27,42]. However, the incretin actions of GIPR and GLP-
1R agonism in these peptides control the hyperglycemic effect of
glucagon [23,24,27,42]. Importantly, these peptides also have longer
half-lives than native glucagon. The temporal regulation of GCGR
activation may influence this crosstalk, thus optimized tools to probe
GCGR action will be of great value. Our findings here support that
GCGR-agonists with extended duration of action, administered on a
biweekly basis, retain the metabolic benefits observed in shorter-
acting peptides.
This study utilized multiple rodent and humanized cell models to
expand our understanding of extended GCGR signaling on energy
balance and glucose homeostasis. We and others have previously
reported the effects of GCGR agonism to enhance insulin secretion
[29,43]. Glucagon is known to enhance glucose-stimulated insulin
secretion (GSIS) via direct agonism of both b-cell GCGR and b-cell
GLP-1R (reviewed in [43]). While both receptors are sufficient for this
incretin-like response, GLP-1R activation appears to be the dominate
pathway for glucagon’s insulinotropic actions [43]. In the current report
we show that the GCGR agonist LY3324954 stimulated transient
glucose excursions in lean and DIO mice. These excursions were were
dependent on hepatic GCGR signaling and accompanied by increased
circulating insulin in lean mice. This is of interest as prior reports
suggest that kidney gluconeogenesis is sufficient to compensate for
complete ablation of hepatic glucose production (via hepatic deletion of
the glucose-6-phosphatase gene) [44]. Future tracer-based studies
are needed to elucidate the contribution of kidney gluconeogensis in
LY3324954-mediated glucose homeostasis.
Intriguingly, LY3324954-stimulated glucose excursions appear to
diminish with subsequent dosing. Conversely, LY3324954-associated
insulin excursions in lean mice increased with additional exposures.
Importantly, this treatment did not induce steady-state hyperglyce-
mia, but rather mice displayed trends for reduced fasting glycemia
and enhanced glucose tolerance on study-day 7. Thus, we interpret
these findings to suggest that GCGR-agonism enhances insulin
secretion and improves glucose homeostasis, even with longer-acting
GCG peptides.
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The anti-obesity effects of GCGR agonism are gaining considerable
appreciation [45]. Consistent with these effects, LY3324954 reduced
body weight and fat mass in a dose-dependent manner. It is of great
interest whether the well-established catabolic effects of GCGR ago-
nism on amino acids [46] will translate to reduced skeletal muscle
mass and function. We did not observe profound changes in absolute
lean mass in our studies, even at the highest doses. It should be noted
that changes day 0 to day 14 lean mass (Dg) were detected at doses of
100 and 300 nmol/kg. Conversely, the considerable effects of GCGR-
agonism to reduce fat mass suggest that an effective dose that targets
fat mass loss and preserves lean mass can be expected. This hy-
pothesis is supported by the observation of LY3324954 stimulated
energy expenditure and subsequent weight loss in the absence of
reduced food intake. This observation is of interest as increased
expenditure is usually accompanied by increased caloric intake. Our
data support that the benefits of GCGR-stimulated energy expenditure
are absent of changes to food intake, at lower doses, and may be
enhanced when some degree of hypophagia is concurrently induced.
Increased energy expenditure following GCGR-agonist, IUB288, is
dependent on hepatic GCGR expression [22]. This regulation involves
direct effects of the liver via Farnesoid X Receptor (FXR) as well as
liver-brain signaling transmitted via FGF21 signaling at its receptor, b-
Klotho, in neurons of the brain [22,38]. Whether IUB288 or any other
peripherally delivered GCGR-agonist stimulates direct signaling via
neuronal GCGR or the roles of other potential thermogenic signals (e.g.,
epinephrine, T3, T4) have yet to be elucidated. We expect that
LY3324954 stimulates similar hepatic and extrahepatic signaling, and
together these findings suggest a mechanistic benefit of glucagon
receptor agonism in the context of multi-agonist that reduce food
intake [24,27].
Beyond energy expenditure and reduction of fat mass our study
confirmed a profound lipid-lowering effect in LY3324954 treated DIO
mice. DIO mice exhibit increased liver triglycerides, dyslipemia
(including increased circulating cholesterol), and insulin resistance; all
components of Metabolic dysfunction-associated steatotic liver dis-
ease (MASLD). LY3324954-induced reductions in circulating choles-
terol and liver tiglycerides were coupled to considerable reduction in
the liver transaminase ALT. Together this cluster of markers support a
reversal of MASLD in the DIO mouse.
Gcgr is expressed in kidney nephrons with the greatest levels of
expression and activity localized to the thick ascending limbs where
they may act to regulate renal urea, electrolyte, potassium and glucose
homeostasis [47]. BUN and Creatinine levels are elevated in obesity
[48,49] yet were suppressed by LY3324954 treatment; suggesting that
the benefits of chronic GCGR-agonism may extend to kidney function
as has been recently implicated [50]. While reduced creatinine may
suggest kidney dysfunction BUN was also reduced and thus, the BUN/
Cr ratio in LY-treated mice was similar to that of controls (p ¼ 0.14).
We interpreted these data to support a normal physiologic adaptation
to increased GCGR-signaling.
This study also used a known, long-acting GCGR-agonist, IUB288.
Although less potent at the GCGR, LY3324954 has a longer half-
life and better selectivity than IUB288. Regardless of these phar-
macological differences, both GCGR-agonists exhibited similar
stimulation of acute glucose excursion and profound anti-obesity
effects in DIO mice. Intriguingly, the weight loss in LY3324954
at this dose was independent of changes in food intake. This
subtle difference may be associated with the reduced activity of
this peptide at the GLP-1R or with the protracted activation of the
GCGR.
MOLECULAR METABOLISM xxx (xxxx) xxx � 2024 Published by Elsevier GmbH. This is an open access a
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These current findings add to the reagents targeting GCGR activity.
These peptides allow for nuanced interrogation of GCGR-dependent
physiology. Consistent with this benefit, our studies bolster the
emerging appreciation of GCGR in the regulation of energy balance,
lipid, and glucose metabolism. Collectively these studies provide
deeper mechanistic understanding to the benefits observed in GCGR-
based coagonists [23e25,27,42]. Our studies also provide additonal
insight for the application of bihormonal (GCG and insulin), bionic
pancreas devices [51]. In sum, these data suggest that extended GCGR
agonism (e.g., LY3324954) retains the metabolic benefits of short-
acting peptides and is useful for interrogation of mechanisms under-
lying long-acting glucagon-based therapies.
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APPENDIX A. SUPPLEMENTARY DATA

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.molmet.2024.102073.
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