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Glucagon Receptor Antagonist for Heart Failure 
With Preserved Ejection Fraction
Chen Gao, Zhaojun Xiong, Yunxia Liu , Meng Wang, Menglong Wang , Tian Liu, Jianfang Liu , Shuxun Ren , Nancy Cao, 
Hai Yan, Daniel J. Drucker , Christoph Daniel Rau , Tomohiro Yokota, Jijun Huang , Yibin Wang

BACKGROUND: Heart failure with preserved ejection fraction (HFpEF) is an emerging major unmet need and one of the most 
significant clinic challenges in cardiology. The pathogenesis of HFpEF is associated with multiple risk factors. Hypertension 
and metabolic disorders associated with obesity are the 2 most prominent comorbidities observed in patients with HFpEF. 
Although hypertension-induced mechanical overload has long been recognized as a potent contributor to heart failure 
with reduced ejection fraction, the synergistic interaction between mechanical overload and metabolic disorders in the 
pathogenesis of HFpEF remains poorly characterized.

METHOD: We investigated the functional outcome and the underlying mechanisms from concurrent mechanic and metabolic 
stresses in the heart by applying transverse aortic constriction in lean C57Bl/6J or obese/diabetic B6.Cg-Lepob/J (ob/ob) 
mice, followed by single-nuclei RNA-seq and targeted manipulation of a top-ranked signaling pathway differentially affected 
in the 2 experimental cohorts.

RESULTS: In contrast to the post-transverse aortic constriction C57Bl/6J lean mice, which developed pathological features of 
heart failure with reduced ejection fraction over time, the post-transverse aortic constriction ob/ob mice showed no significant 
changes in ejection fraction but developed characteristic pathological features of HFpEF, including diastolic dysfunction, 
worsened cardiac hypertrophy, and pathological remodeling, along with further deterioration of exercise intolerance. Single-
nuclei RNA-seq analysis revealed significant transcriptome reprogramming in the cardiomyocytes stressed by both pressure 
overload and obesity/diabetes, markedly distinct from the cardiomyocytes singularly stressed by pressure overload or obesity/
diabetes. Furthermore, glucagon signaling was identified as the top-ranked signaling pathway affected in the cardiomyocytes 
associated with HFpEF. Treatment with a glucagon receptor antagonist significantly ameliorated the progression of HFpEF-
related pathological features in 2 independent preclinical models. Importantly, cardiomyocyte-specific genetic deletion of the 
glucagon receptor also significantly improved cardiac function in response to pressure overload and metabolic stress.

CONCLUSIONS: These findings identify glucagon receptor signaling in cardiomyocytes as a critical determinant of HFpEF 
progression and provide proof-of-concept support for glucagon receptor antagonism as a potential therapy for the disease.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Heart failure is a leading cause of death worldwide.1 
Among heart failure patients, a significant portion 
of them present with preserved ejection fraction 

(HFpEF) based on echocardiogram.2,3 In general, patients 
with HFpEF have comparable morbidity and mortality as 
patients with heart failure with reduced ejection fraction 
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(HFrEF).4 However, they are largely refractory to the cur-
rent standard therapies, and the total number of HFpEF 
cases is increasing globally, reaching nearly 50% of the 
total heart failure population in some regions.5 Given this 
unmet need, HFpEF is now recognized as the most sig-
nificant challenge in cardiology today.6

Besides some common pathological features of left 
ventricular diastolic dysfunction7 and hypertrophic remod-
eling, the clinical manifestations of HFpEF are actually 
quite heterogeneous and still poorly defined.8 Compar-
ing to the demographic features of HFrEF, patients with 
HFpEF are more often female and older.9 In addition, they 
share highly prevalent comorbidities, including obesity/
diabetes and hypertension,10,11 as well as atrial fibrillation12 
and chronic kidney diseases, among others. Thus far, the 
molecular features that differentiate HFpEF versus HFrEF 
remain elusive, and much of the underlying mechanisms 
specifically implicated in HFpEF are yet to be established. 

Nonstandard Abbreviations and Acronyms

αMHC-MCM	� alpha myosin heavy 
chain-mer-cre-mer

AMPK	� adenosine monophosphate 
activated protein kinase

Col1a1	 collagen 1 alpha 1
Col3a1	 collagen 3 alpha 1
GCGR	 glucagon receptor
GLP-1	 glucagon-like peptide-1
HFD	 high-fat diet
HFpEF	� heart failure with preserved ejection 

fraction
HFrEF	� heart failure with reduced ejection 

fraction
IRE1α	 inositol-requiring enzyme 1 alpha
L-NAME	 Nω-nitro-L-arginine methyl ester
ob/ob	 obese/diabetic B6.Cg-Lepob/J
SGLT2	 sodium glucose cotransporter
snRNA-seq	 single-nuclei RNA-sequencing
TAC	 transverse aortic constriction

Novelty and Significance

What Is Known?
•	 Heart failure with preserved ejection fraction (HFpEF) 

is a complex disease characterized by normal ejection 
fraction but profound diastolic dysfunction, cardiac 
hypertrophy, and fibrosis.

•	 HFpEF is a multi-factorial disease commonly associ-
ated with numerous risk factors, including aging, meta-
bolic disorders, and hypertension.

•	 Glucagon is a potent regulator of glucose homeosta-
sis and insulin signaling, mostly through its receptor-
mediated regulation of glucose metabolism and insulin 
secretion in the liver and pancreas.

What New Information Dose This Article 
Contribute?
•	 Mechanical stress led to divergent pathological out-

comes in lean versus diabetic/obese mice. While the 
lean mice developed a prototypic cardiac phenotype 
of heart failure with reduced ejection fraction, the dia-
betic/obese mice showed characteristic features of 
HFpEF.

•	 Bulk and single-nuclei transcriptome data sets iden-
tified unique molecular signatures in cardiomyocytes 
associated with pressure overload, metabolic disorders, 
and the combination with particular differences in insu-
lin and glucagon signaling.

•	 We showed that targeted inhibition of glucagon signal-
ing ameliorated the pathogenic features of HFpEF.

HFpEF is an emerging disease with limited effec-
tive therapies relative to traditional heart failure with 
reduced ejection fraction. HFpEF is significantly 
associated with multiple risk factors, including aging, 
metabolic disorders such as diabetes and obesity, and 
hypertension. While each of these individual risk fac-
tors has been extensively studied for their contribu-
tions to cardiac pathology, their synergistic effects on 
the pathogenesis of HFpEF remain poorly studied. In 
this study, we found mechanical overload in lean mice 
developed prototypical features of heart failure with 
reduced ejection fraction, but in obese/diabetic mice, 
it promoted pathological features of HFpEF. Transcrip-
tome profiling from these hearts identified insulin sig-
naling and glucagon signaling as the top molecular 
pathways that differentiate heart failure with reduced 
ejection fraction versus HFpEF cardiomyocytes. Using 
a glucagon receptor antagonist and a mouse line of 
cardiomyocyte-specific knockout of the mouse gluca-
gon receptor gene (gcgr), we demonstrated that the 
glucagon receptor antagonist significantly ameliorated 
the pathogenesis of HFpEF, indicating its potential as 
a therapy for the disease.

TNFα	 tumor necrotic factor alpha
WT	 wild-type
Xbp1	 X-box binding protein 1
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Recent advances in both clinical and preclinical studies 
have provided some new insights into the pathogenesis 
of HFpEF.2,3,8,13–15 It is now well recognized that the onset 
of HFpEF requires multiple pathological insults. Among 
them, hypertension and metabolic disorders are the 2 most 
prominent comorbidities observed in patients with HFpEF, 
and their combined impact on HFpEF development has 
now been recapitulated in preclinical models.15–17 The 
pathological outcomes of either mechanical or metabolic 
stresses have been well studied separately. However, the 
molecular underpinning of their synergistic interaction in 
the pathogenesis of HFpEF has not been clearly dissected. 
It is apparent that multiple cell types in intact heart tissue 
contribute to the pathological process of HFpEF.18–20 The 
molecular pathways dysregulated in cardiomyocytes that 
contribute to HFpEF remain to be fully unmasked.

In the current study, we aim to capture and dissect the 
synergistic impact of mechanical and metabolic stresses 
in cardiomyocytes by applying pressure overload to hearts 
in either wild-type (WT) lean mice or B6.Cg-Lepob/J (ob/
ob) mice with preexisting obesity and metabolic disorders 
through transverse aortic constriction (TAC) surgery.21,22 
While the pressure-overloaded lean mice manifested char-
acteristic features of HFrEF, the obese mice subjected to 
the same mechanical overload developed heart failure more 
characteristic of HFpEF. Single-nuclei transcriptome profil-
ing of heart tissues revealed specific transcriptome signa-
tures in the cardiomyocytes associated with HFpEF versus 
HFrEF phenotypes and uncovered an unexpected role of 
cardiomyocyte-specific glucagon signaling in HFpEF devel-
opment. Using both genetic and pharmacological tools, we 
further demonstrated that inhibition of glucagon receptor 
signaling exerts a therapeutic effect in experimental HFpEF.

METHODS
Data Availability
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Detailed methods and materials, including detailed statis-
tical methods and the original uncropped gels for immunob-
lot results, are provided as part of Supplemental Material. 
Representative images or gels used in the final figures were 
selected from multiple samples, mostly at random (such as his-
tological sections) or cropped for clarity of presentation (such 
as immunoblot blot gels). All RNA-seq data sets are deposited 
with GEO accession number GSE270896.

RESULTS
Pathogenic Interaction Between Metabolic 
Disorder and Pressure Overload in Mice
To determine the functional interaction between meta-
bolic and mechanical stresses in the heart, we applied 
medium grade pressure overload in 8-week-old 
C57Bl/6J lean mice and age matched obese ob/ob 

mice by performing TAC surgery using a 25G size needle 
(Figure 1A). The status of obesity and hyperglycemia in 
the ob/ob mice was demonstrated by weight measure-
ments and glucose tolerance tests23 (Figure S1). Longi-
tudinal assessment of cardiac function was performed 
by serial echocardiogram (Figures S2 and S3). After 
6 weeks of pressure overload, the lean mice began to 
show a significant decrease in ejection fraction (Fig-
ure S3A; Figure 1B, 1D, and 1F). In contrast, the ob/ob 
mice showed a preserved ejection fraction for the entire 
duration of the experiment (Figure S3B; Figure 1C, 1E, 
and 1F). Instead, the ob/ob mice developed significant 
deterioration in diastolic function in response to pressure 
overload, as manifested in altered E/e’ ratio (Figures S2, 
S3C, and S3D; Figure 1G). Using more sensitive car-
diac strain imaging analysis, we detected no significant 
changes in radial strain or diastolic strain or their cor-
responding strain rates in the post-TAC lean mice rela-
tive to the sham group at 3 weeks post-TAC (Figure 1H 
through 1K). However, the ob/ob mice showed signifi-
cant decreases in radial strain peak percent, diastolic 
radial strain peak percent, and their corresponding strain 
rates at this time point (Figure 1H through 1K). There-
fore, the ob/ob mice developed significant contractile 
dysfunction in response to pressure overload, particularly 
at diastolic level, with a preserved ejection fraction. By 
invasive hemodynamic analysis at 10 weeks post pres-
sure overload (Figure 2A through 2D), we observed that 
TAC significantly increased end-systolic pressure in both 
lean and ob/ob mice (Figure 2E). The obese mice exhib-
ited a trend of higher left ventricle end-diastolic pres-
sure over the lean mice under either sham or post-TAC 
conditions (Figure 2F). In addition, the ob/ob mice devel-
oped higher levels of dP/dtmax and dP/dtmin, likely due to 
increased stiffness and myocyte hypertrophy (Figure 2G 
and 2H). Indeed, the ob/ob mice showed significantly 
elevated end-diastolic pressure-volume relationship 
slope and relaxation time (tau) over the lean mice fol-
lowing pressure overload, both key hemodynamic param-
eters for myocardial stiffness (Figure 2I and 2J). Overall, 
the obese mice displayed worse diastolic dysfunction in 
response to pressure overload in comparison with the 
lean mice, albeit with a preserved ejection fraction.

At the tissue level, the ob/ob mice developed more 
severe cardiac hypertrophy, as demonstrated by higher 
heart weight (Figure 3A), left ventricle weight (Figure 3B), 
and enlarged cardiomyocyte sizes (Figure 3C and 3D). 
The ob/ob mice also had a significantly higher level of pul-
monary edema (Figure 3E). Treadmill testing revealed that 
10 weeks of TAC significantly decreased exercise capac-
ity in lean WT mice by 13% compared with the Sham. 
On the contrary, the ob/ob mice had markedly reduced 
exercise capacity at basal compared with the lean mice, 
which further deteriorated by 44% after pressure overload 
(Figure 3F). Furthermore, the pressure-overloaded ob/ob 
mouse hearts also displayed elevated oxidative stress in 
myocardium (Figure 3G and 3H). Lastly, pressure overload 
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induced the expression of Nppb in both lean and ob/ob 
hearts. However, the pressure-overload triggered Nppb 
induction was much higher in the lean mice than in the ob/
ob mice, consistent with some clinical observations that 
pro-brain natriuretic protein may not be a useful biomarker 
to distinguish HFpEF from HFrEF24,25 (Figure 3I).

Metabolic Disorder Aggravated Pressure 
Overload-Induced Cardiac Fibrosis and 
Inflammation
Clinically, heart failure with preserved ejection fraction 
is associated with systematic and local inflammation as 

Figure 1. Moderate pressure overload-induced diastolic cardiac dysfunction in obese mice.
A, Schematic view of experimental design. B through E, Representative echocardiogram images (M-Mode) for wild-type (WT) and obese/diabetic 
B6.Cg-Lepob/J (ob/ob) mice at baseline and 10 weeks post-transverse aortic constriction (TAC). F, Ejection fraction of WT and ob/ob mice at 
baseline and 10 weeks post-TAC. P=0.015 between WT sham baseline and WT-TAC 10 weeks postsurgery. G, Mitral valve E/e’ of WT and ob/ob 
mice at baseline and 10 weeks post-TAC. P=0.0057 between ob/ob TAC baseline and ob/ob TAC 10 weeks postsurgery. H, Radial strain peak 
percent (PK%) of WT and ob/ob mice at 3 weeks post sham or TAC operation. I, Diastolic radial strain PK% of WT and ob/ob mice 3 weeks post 
sham or TAC operation. J, Radial strain rate in WT and ob/ob mice 3 weeks post sham or TAC operation. K, Diastolic radial strain rate of WT and 
ob/ob mice 3 weeks post sham or TAC operation. Aligned rank transform (ART)-ANOVA followed by Tukey’s test was used for statistical analysis 
for F through K. NS indicates not significant; and PV loop, pressure volume loop.
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well as fibrotic remodeling in cardiac tissue.26–29 At the 
histological level, ob/ob hearts showed elevated car-
diac fibrosis without concurrent pressure overload, and 
the degree of fibrotic remodeling further deteriorated 
after pressure overload (Figure S4). At the molecular 
level, pressure-overloaded ob/ob hearts showed higher 
expression of genes associated with inflammation and 
fibrosis, including Crp (C-reaction protein), tumor necrotic 
factor alpha (Tnfa), collagen (Col3a1), and prothrombin 
(F2; Figure 3J through 3M). Consistent with previous 
observations in a mouse model of HFpEF,16,30 the spliced 
Xbp1 (X-box binding protein 1) level (a measurement of 
IRE1α [inositol-requiring enzyme 1 alpha] activity) was 
selectively reduced in the ob/ob post-TAC heart relative 
to the lean post-TAC mouse hearts, while other ER stress 
markers were not affected (Figure S5). In summary, pres-
sure overload in combination with obesity led to signifi-
cant remodeling characterized by fibrosis, inflammation, 
and oxidative stress, consistent with the common fea-
tures observed in HFpEF.18,26,27,31–35

Molecular Signaling in Pressure-Overloaded 
Lean Versus Obese Heart
We performed both bulk and single-nuclei RNA-
sequencing (snRNA-seq) analyses from the 4 experi-
mental cohorts, including WT lean sham, lean post-TAC 
(WT-TAC), ob/ob sham, and ob/ob post-TAC. Principal 

component analysis from bulk RNA-seq of the left ven-
tricles (Figure 4A) revealed a global shift in transcrip-
tome profiles in the ob/ob heart compared with the 
lean mouse heart under basal conditions. In contrast, 
a transcriptome shift at a different dimension was also 
observed in the lean mouse heart after pressure over-
load (mostly reflected in the first principal component 
for mechanical stress). Interestingly, the global transcrip-
tome profile in the ob/ob mouse heart with pressure 
overload was significantly different from either ob/ob at 
baseline or lean post-TAC but appeared to be shifted at a 
converging point between the 2 (Figure 4A), suggesting 
potential contributions from metabolic and mechanical 
stresses. To investigate the specific pathways affected 
in cardiomyocytes, nuclei from 2 male hearts of each 
experimental group at 8 weeks post-TAC/Sham were 
harvested and subjected to snRNA-seq. The major car-
diac cell types were identified based on clustering and 
marker genes, including endothelial cells, fibroblasts, car-
diomyocytes, and macrophages (Figure S6; Figure 4B). 
Gene expression profiles in cardiomyocytes were com-
pared between lean and ob/ob hearts before and after 
pressure overload (Figure 4C). Among the significantly 
upregulated pathways in the ob/ob post-TAC versus 
lean post-TAC cardiomyocytes, insulin resistance and 
glucagon signaling were identified as the most enriched 
pathways (Figure 4D). For the downregulated genes, 
the top-ranked pathways differentiating the 2 conditions 

Figure 2. Hemodynamic evidence of diastolic heart failure in pressure-overloaded obese mice.
A through D, Pressure-volume loops for wild-type (WT) sham (A), WT-transverse aortic constriction (TAC; B), obese/diabetic B6.Cg-Lepob/J 
(ob/ob) sham (C), and ob/ob TAC (D) mice 10 weeks post-operation. E, Catheter analysis of end-systolic pressure (Pes) in WT and ob/ob mice 
10 weeks post sham or TAC operation. F, Catheter analysis of end-diastolic pressure (Ped) in WT and ob/ob mice 10 weeks post sham or TAC 
operation. G, Catheter analysis of dP/dt max in WT and ob/ob mice 10 weeks post sham or TAC operation. H, Catheter analysis of dP/dt min in 
WT and ob/ob mice 10 weeks post sham or TAC operation. I, Relaxation time constant (tau) in WT and ob/ob mice 10 weeks post-TAC or sham 
operation. J, End-diastolic pressure-volume relationship (EDPVR) in WT and ob/ob mice 10 weeks post-TAC or sham operation. Aligned rank 
transform (ART)-ANOVA followed by Tukey’s test was used for statistical analysis for E through J. LV indicates left ventricle.
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were mitochondrial respiratory activities and cardiac con-
tractility (Figure S7). The top 10 upregulated genes in 
ob/ob post-TAC versus lean post-TAC cardiomyocytes 
were instead markedly downregulated in lean post-TAC 
versus lean-sham (Figure 4E). In contrast, the top 10 
downregulated genes in ob/ob post-TAC versus lean 

post-TAC were markedly induced in lean post-TAC ver-
sus lean-sham (Figure 4F). Similarly, opposite changes in 
expression were observed for top genes from the insulin 
resistance and glucagon signaling pathways (Figure 4G 
and 4H). Therefore, single-nuclei transcriptome profiling 
revealed diametric effects of pressure overload in lean 

Figure 3. Cardiac remodeling in obese and pressure-overloaded mice.
A, Heart weight/tibia ratio of wild-type (WT) and obese/diabetic B6.Cg-Lepob/J (ob/ob) mice 10 weeks post sham or transverse aortic 
constriction (TAC) operation. B, Left ventricle weight/tibia ratio of WT and ob/ob mice 10 weeks post sham or TAC operation. C and D, Cardiac 
hypertrophic status measured by wheat germ agglutinin (WGA) staining (C) and cross-sectional area quantification (D) for WT and ob/ob 10 
weeks post sham or TAC operation, n=3 for each sham and n=6 for each TAC group. E, Wet minus dry lung weight to tibia length ratio in WT and 
ob/ob mice 10 weeks post sham or TAC operation. F, Running distances measured from exercise endurance tests for WT and ob/ob mice 10 
weeks post-TAC or sham operation. G and H, Representative images of oxyblot (top) and oriole staining (bottom) for protein loading control (G) 
and quantification (H) from WT and ob/ob cardiac tissue 10 weeks post sham or TAC operation. Aligned rank transform (ART)-ANOVA followed 
by Tukey’s test was used for statistical analysis for (A), (B), (D), (E), (F), and (H). I through M, Quantitative reverse transcription PCR (RT-PCR) 
analysis of Nppb (I), Crp (J), Tnfa (K), Col3a1 (L), and F2 (M) expression in WT and ob/ob moue hearts 10 weeks post sham or TAC operation. 
Two-way ANOVA followed by an least significant difference (LSD) test was used for statistical analysis. HW indicates heart weight.
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Figure 4. Transcriptome signature in obese and pressure-overloaded mouse hearts.
A, Transcriptome signature in lean vs obese/diabetic B6.Cg-Lepob/J (ob/ob) heart at basal vs post-pressure overload using principal component 
analysis for all detected genes. B, The Uniform Manifold Approximation and Projection (UMAP) distribution of different cell types from the 
snRNA-seq analysis. C, The UMAP distribution of total cardiomyocytes from the aforementioned WT_TAC (heart failure with reduced ejection 
fraction [HErEF]) and Ob_TAC (heart failure with preserved ejection fraction [HFpEF]) hearts. D, Top 10 Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways of up regulated genes in cardiomyocytes of Ob_TAC vs WT_TAC in the snRNA-seq data. E, Dot plots showing 
the expression profile of the top 10 upregulated genes of Ob_TAC vs WT_TAC. F, Dot plots showing the expression profile of the top 10 
downregulated genes in Ob_TAC vs WT_TAC. G, Dot plots showing insulin resistance pathway genes (as shown in D) expression profiles across 
cardiomyocytes from the 4 conditions. H, Dot plots showing the glucagon signaling pathway genes (as shown in D) expression profile across 
cardiomyocytes from the 4 conditions. AMPK indicates adenosine monophosphate activated protein kinase; CM, cardiomyocyte; TAC, transverse 
aortic constriction; and WT, wild-type.
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versus obese cardiomyocytes, particularly affecting insu-
lin and glucagon signaling. This differential impact on 
insulin signaling was consistent with differential patterns 
of gene expression downstream of insulin signaling, 
including Irs1, Rictor, Mtor, and Rptor (Figure 5A through 
5D), as well as insulin stimulated AKT serine/threonine 
kinase 1 phosphorylation (Figure 5E and 5F). Hence, 
coexisting metabolic disorders may potentially contribute 
to and alter the deleterious effect of pressure overload 
by suppressing insulin signaling while augmenting gluca-
gon signaling in the heart.

Glucagon Receptor Inhibition Blocks the Onset 
of Pathological Manifestation of HFpEF
Glucagon-mediated signaling has been demonstrated 
to have a direct and pathogenic role in heart,36,37 but its 
impact on HFpEF has not been reported. REMD2.59 is 
a highly specific and potent glucagon receptor antago-
nist.37 Weekly injection of REMD2.59 or placebo was 
administered in ob/ob sham or TAC-operated mice at 
the onset of pressure overload for 10 weeks (Figure 6A). 

REMD2.59 significantly improved systemic glucose 
metabolism (Figure S8). Echocardiography showed 
REMD2.59-treated ob/ob mice had improved diastolic 
function without significant changes in ejection frac-
tion (Figure S9; Figure 6B and 6C) and reduced cardiac 
hypertrophy (Figure 6D through 6G). However, there 
was only a trend in Nppb reduction and exercise capacity 
improvement in the REMD2.59-treated groups (Figure 
S10). Notably, while the combined stress of obesity and 
pressure overload altered the expression of insulin sig-
naling, including Irs1, Rictor, Mtor, and Rptor, treatment 
with REMD2.59 reversed these changes (Figure 6H 
through 6K). Lastly, we observed a modest decrease in 
oxidative stress, but not nitrosative stress, in myocardial 
tissue treated with REMD2.59 (Figure 6L; Figure S11).

Glucagon Receptor Antagonist as a Therapy for 
HFpEF
Next, we explored the therapeutic potential of targeting 
glucagon signaling as a treatment for established HFpEF 
in a mouse model that recapitulates many of the clinical 

Figure 5. Pressure overload exacerbated insulin signaling defects in the obese mouse heart.
A through D, Quantitative real-time PCR (RT-PCR) analysis of gene expression for (A) Irs1, (B) Rictor, (C) Mtor, and (D) Rptor in wild-type (WT) 
and obese/diabetic B6.Cg-Lepob/J (ob/ob) mice cardiac tissue 10 weeks post sham or transverse aortic constriction (TAC) operation. Student 
t test was used for statistical analysis. E and F, Representative immunoblot (E) and quantification (F) of downstream proteins of insulin signaling 
pathway in WT and ob/ob mice hearts post sham or TAC operation with and without insulin treatment. Aligned rank transform (ART)-ANOVA, 
followed by Tukey test, was used for statistical analysis.

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 18, 2024

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.124.324706
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.124.324706
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.124.324706
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.124.324706
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.124.324706


Original





 R
esearch






622    August 16, 2024� Circulation Research. 2024;135:614–628. DOI: 10.1161/CIRCRESAHA.124.324706

Gao et al Glucagon Receptor Inhibition for HFpEF

Figure 6. Glucagon receptor antagonism improves diastolic cardiac function in obese and pressure-overloaded mice.
A, Schematic view of experimental design. B, Ejection fraction of obese/diabetic B6.Cg-Lepob/J (ob/ob) animals treated with vehicle or 
REMD2.59 at indicated time points measured by echocardiography. C, Mitral valve E/e’ ratio of ob/ob animals treated with vehicle or REMD2.59 
at indicated time points measured by echocardiography. D, Heart weight (HW)/tibia ratio in ob/ob animals treated with vehicle or REMD2.59 
10 weeks post sham or transverse aortic constriction (TAC) operation. E, Left ventricle (LV) weight/tibia ratio of ob/ob mice post-TAC or sham 
operation with different injection. F and G, Representative wheat germ agglutinin (WGA) staining (F) and cross-sectional area quantification 
(G) for cardiomyocytes in the left ventricle of ob/ob mice with REMD2.59 or vehicle treatment 10 weeks post sham or TAC operation. n=4 for 
each sham group, n=7 for TAC+Veh, and n=9 for TAC+REMD2.59. Aligned rank transform (ART)-ANOVA followed by Tukey’s test was used 
for statistical analysis for (B), (C), (D), (E), and (G). H through K, Real-time PCR analysis of Irs1 (H), Rictor (I), mTor (J), and Rptor (K) expression 
in vehicle or REMD2.59-treated ob/ob mice. n=3 biological samples for each group. Two-way ANOVA, followed by Tukey test, was used for 
statistical analysis. L, Oxyblot analysis for LV samples from ob/ob sham, ob/ob TAC, and ob/ob TAC with REMD2.59 injection.
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Figure 7. Glucagon receptor antagonism improves diastolic cardiac function in nitrosative stress-induced HFpEF mice.
A, Schematic view of experimental design. Eight-week-old C57Bl/6J mice were treated with a high-fat diet (HFD) and Nω-nitro-L-arginine methyl 
ester (L-NAME) for 9 weeks before being injected with vehicle or REMD2.59 daily for 5 weeks. B, Representative echo images showing mitral 
valve and tissue Doppler. C, Ejection fraction (EF) for control, HFD+L-NAME, or HFD+L-NAME+REMD2.59 mice at indicated time points. D, 
E/e’ ratio for control, HFD+L-NAME, or HFD+L-NAME+REMD2.59 mice at indicated time points. E and F, Glucose tolerance test (E) and area 
under the curve (F) performed in control, HFD+L-NAME, and HFD+L-NAME+REMD2.59-treated mice 5 weeks post-treatment. P=0.022 for (E) 
using Friedman test. One-way ANOVA, followed by Tukey test, was used for statistical analysis for (F). G and H, Heart weight (Continued )
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features of the disease.16 We treated 8-week-old lean 
mice with a high-fat diet (HFD) together with Nω-nitro-
L-arginine methyl ester (L-NAME) for 9 weeks to allow 
the development of HFpEF phenotype as previously 
described.16 These HFpEF mice were then random-
ized for weekly systemic administration of REMD2.59 
or vehicle for an additional 5 weeks (Figure 7A). 
REMD2.59 administration attenuated HFD-induced 
body weight gain (Figure S12). Remarkably, REMD2.59 
treatment significantly reversed HFD+L-NAME–induced 
cardiac diastolic dysfunction without impact on ejection 
fraction based on serial echocardiography analysis (Fig-
ure 7B through 7D, Figures S13 and S14). Administra-
tion of REMD2.59 significantly improved the glucose 
homeostasis measured by the glucose tolerance test 
(Figure 7E and 7F). Treatment with REMD2.59 also 
attenuated cardiac hypertrophy, leading to a reduced 
heart weight/tibia ratio (Figure 7G), without improv-
ing the status of pulmonary congestion (Figure 7H). At 
molecular levels, we did not observe significant changes 
in expression for hypertrophic marker gene, including 
atrial natriuretic peptide and brain natriuretic protein 
(Figure S15A through S15C). Neither did we observe 
any significant improvement in exercise endurance level 
based on treadmill analysis (Figure S15D). However, we 
have indeed observed a significant decrease in nitrosa-
tive stress status upon REMD 2.59 treatment (Figure 7I 
and 7J). Lastly, cardiac fibrotic marker genes, including 
Col1a1 (collagen 1 alpha 1) and Col3a1 (collagen 3 
alpha 1), were significantly reduced (Figure 7K and 7L). 
Taken together, systemic inhibition of glucagon signaling 
using REMD2.59 improved cardiac diastolic function in 
established HFpEF.

Cardiomyocyte-Specific Contribution of 
Glucagon Signaling to Cardiac Diastolic 
Dysfunction
Identification of glucagon signaling changes in cardiomy-
ocytes through snRNA-seq analysis raised an interesting 
question on its systemic versus cardiomyocyte-specific 
role in the pathogenesis of HFpEF. To investigate the 
cardiomyocyte cell-autonomous effect of glucagon sig-
naling in heart failure, we generated a mouse line with 
tamoxifen-inducible cardiomyocyte-specific knockout 
glucagon receptor (Gcgr-cKO), which carries both the 
floxed Gcgr allele (Gcgrfl/fl)38 and cardiomyocyte-specific 
inducible Cre (αMHC-MCM).39,40 Following tamoxifen 
treatment to enable Cre-mediated inactivation of Gcgr in 
cardiomyocytes (Figure 8A and 8B), the mice were fed 

with a HFD for 4 weeks, followed by pressure overload, 
while the HFD was continued for an additional 8 weeks. 
Inactivation of the Gcgr gene in cardiomyocytes does 
not significantly impact the bodyweight gain following 
the HFD challenge (Figure 8C). The ejection fraction 
was not affected across all genotypes and treatment 
conditions (Figure 8D). However, the diastolic function 
in the Gcgr-cKO hearts was significantly improved ver-
sus the control (Gcgrfl/fl) mice (Figure 8E), supporting a 
direct contribution of cardiomyocyte GCGR signaling to 
cardiac diastolic dysfunction. Inactivation of Gcgr does 
not impact the heart or left ventricle size based on tis-
sue weights (Figure 8F and 8G) but modestly improves 
the exercise intolerance level measured by running dis-
tance (Figure 8H). Although we did not observe any sig-
nificant changes in oxidative stress or nitrosative stress 
status in the Gcgr-cKO mouse hearts compared with 
their controls (Figure S16), we observed a significant 
reduction of stress-induced pathological marker gene 
expression in the Gcgr-cKO heart (Figure 8I through 
8K). Interestingly, cardiac specific deletion of Gcgr also 
marginally improved systemic glucose homeostasis 
under chronic HFD (Figure 8L and 8M; Figure S17), 
pointing to the potential impact of cardiac glucagon 
signaling on systemic metabolic regulation. This line of 
genetic evidence further demonstrated the therapeutic 
potential of glucagon receptor antagonism to improve 
diastolic dysfunction associated with HFpEF.

DISCUSSION
In this study, we investigated the potential synergistic 
interactions between mechanical overload and meta-
bolic stress in the heart by combining moderate pres-
sure overload in lean versus obese mice with diabetes. 
We found pressure overload led to divergent pathologi-
cal outcomes in lean versus diabetic/obese mice. While 
the lean mice developed prototypic features of HFrEF 
following pressure overload, the obese mice developed 
significant diastolic dysfunction and hypertrophic remod-
eling with preserved ejection fraction. Transcriptome 
profiling clearly indicated divergent molecular impacts 
from mechanical versus metabolic stresses in the heart 
and the interaction between the 2 in generating the 
cardiac pathological features associated with HFpEF. 
Using snRNA-seq profiling, we further identified dis-
tinct molecular signatures in the pressure-overloaded 
cardiomyocytes of obese versus lean mice. Pathway 
enrichment analysis revealed specific induction of insulin 
resistance and glucagon signaling in the cardiomyocytes 

Figure 7 Continued.  (HW)/tibia (G) and lung weight/tibia (H) ratio among the 3 different treated groups. I and J, S-nitrosylation blot (I) and 
quantification (J) for left ventricle tissues among the 3 different treated groups. K and L, Real-time PCR analysis of Col1a1 (K) and Col3a1 (L) 
among the control, HFD+L-NAME, and HFD+L-NAME+REMD2.59-treated groups. N=5 to 8 in each group. Aligned rank transform (ART)-
ANOVA, followed by Tukey test, was used for statistical analysis for (C), (D), (G), (H), and (J) One-way ANOVA, followed by Tukey test, was used 
for statistical analysis for (K) and (L). HFpEF indicates heart failure with preserved ejection fraction.
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of pressure-overloaded obese mice. The pathogenic 
significance of this finding was demonstrated by a sig-
nificant improvement in cardiac diastolic function and 
remodeling from genetic or pharmacological inhibition of 
the glucagon receptor in 2 independent preclinical mod-
els of HFpEF.

The phenotypic outcome observed from simultane-
ous mechanic and metabolic overload supports the 
well-established paradigm underlying the pathogen-
esis of HFpEF, which is clearly a complex syndrome 

caused by multiple insults, such as hypertension and 
metabolic disorders associated with obesity and insulin 
resistance.3,18,41 The pathological features observed in a 
pressure-overloaded heart with an obese/diabetic back-
ground are consistent with the results observed in a heart 
treated with a HFD plus L-NAME.16 Consistently, Xbp1 
activity was also reduced in the ob/ob post-TAC hearts, 
implicating it as a potential converging signaling in the 
pathogenic process of HFpEF. The shared efficacy of 
glucagon receptor antagonist in 2 preclinical models of 

Figure 8. Glucagon receptor cardiomyocyte-specific deletion impacts diastolic dysfunction in obese and pressure-overloaded 
mice.
A, Three-month-old mice with Gcgrfl/fl,mer-cre-mer (Gcgr-cKO) or control genotype (Gcgrfl/fl) were treated with tamoxifen (TMX) for 2 weeks before 
being treated with high-fat diet (HFD). Four weeks later, TAC was performed with a 25G needle and followed up for 8 weeks. B, Expression 
of Gcgr mRNA in the heart and liver tissues of control and Gcgr-cKO mice was measured by quantitative real-time PCR (qRT-PCR). Two-way 
ANOVA, followed by Tukey test, was used for statistical analysis. C, Bodyweights (BW) of male control and Gcgr-cKO mice at different time 
points post-transverse aortic constriction (TAC). Repeated ANOVA was used for statistical analysis. D, Ejection fraction. E, E/e’ measured by 
echocardiogram. F, Heart weight normalized to tibial length. G, Left ventricle weight normalized to tibial length. H, Running distance on treadmill 
for control and Gcgr-cKO mice 8 weeks post-TAC. I through K, Relative expression levels of cardiac genes including Nppa (I), Nppb (J), and 
Col1a1 (K) normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in post-TAC control and Gcgr-cKO hearts; Student t test was 
used for statistical analysis. L and M, Glucose tolerance test (L, P=0.003) and area under the curve (M) for control and Gcgr-cKO male mice 5 
weeks post-HFD. Repeated ANOVA was used for statistical analysis for (L). Two-way ANOVA, followed by Tukey test, was used for statistical 
analysis for (B), (D), and (E). Student t test was used for analysis for (I), (J), (K), and (M). Data in (F), (G), and (H) were analyzed via Mann-
Whitney U test.
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HFpEF further supports the validity of glucagon signal-
ing as an important underlying mechanism for the patho-
genesis of the disease. Therefore, pressure overload in 
obese mice might be useful as an additional preclinical 
model of HFpEF, along with several others reported in 
rodents and large animals.42–44

Although the insulin resistance signal is to be 
expected considering the presence of global insulin 
resistance in the ob/ob mice, the significant induction 
of glucagon signaling in obese and pressure-overloaded 
cardiomyocytes is somewhat unexpected and intrigu-
ing. Glucagon’s canonical function is to counterbalance 
the glucose-lowering effects of insulin in the liver and 
pancreas.45 Although the expression level of glucagon 
receptor (GCGR) in the heart is low relative, recent stud-
ies suggest that the cell-autonomous effect of glucagon 
and glucagon receptor-mediated signaling in cardiomyo-
cytes can significantly aggravate cardiac dysfunction 
and remodeling in injured heart.38 Other studies have 
also suggested glucagon receptor antagonism could 
improve cardiac function in diabetic mice by promoting 
the AMPK (adenosine monophosphate activated pro-
tein kinase) signaling pathway.46 Our results indicate 
that cardiomyocyte-specific glucagon receptor signaling 
has a clear impact on cardiac diastolic dysfunction and 
molecular reprogramming. However, the extent of hyper-
trophy was not significantly impacted by glucagon recep-
tor inactivation in cardiomyocytes. In contrast, when the 
glucagon receptor antagonist was administered through 
systemic delivery, both diastolic dysfunction and cardiac 
hypertrophy were markedly reversed in association with 
the improvement of systemic glucose metabolism. These 
results indicate that the cardiomyocyte-specific impact 
of glucagon may be limited to contractile regulation, par-
ticularly at a diastolic level, while systemic glucagon sig-
naling is also important for hypertrophic remodeling.

The underlying mechanism for glucagon-mediated con-
tractile regulation in cardiomyocytes is entirely unknown 
and should be further explored. More importantly, SGLT2 
(sodium glucose cotransporter) inhibition is an emerging 
new therapy for heart failure and has demonstrated excit-
ing cardioprotective effects against adverse outcomes 
in patients with both HFrEF and HFpEF.47,48 However, 
SGLT2 inhibition leads to elevated glucagon produc-
tion,49,50 which can be of questionable benefit for heart 
failure efficacy. Glucagon antagonism is an emerging new 
treatment currently being tested in clinics for type 1 dia-
betes with promising preliminary outcomes.51 Therefore, 
our preclinical data reported here would support the con-
sideration of a combination therapy of glucagon receptor 
antagonism and SGLT2 inhibition or GLP-1 (glucagon-
like peptide-1) receptor agonism for HFpEF associated 
with both hypertension and obesity/diabetes.52

The results from our current study should also be inter-
preted with full recognition of the following limitations. The 
study was performed on mostly young animals, missing a 

key risk factor for HFpEF, that is, aging, and transcriptome 
profiling was only performed on male samples. The con-
tribution of other nonmyocyte cardiac components, such 
as fibroblasts, endothelial cells, and macrophages, is yet 
to be further studied. In particular, the cell-cell interaction 
in response to mechanical and metabolic stresses may 
play important roles in the synergistic outcome observed 
in intact hearts.53–58 Our study was performed over a 
10-week period of time, still relatively short compared 
with the long-term therapeutic interventions required for 
clinical applications. Lastly, the key mechanistic question 
of downstream targets of glucagon signaling in cardio-
myocytes remains to be elucidated. Clinically, HFpEF 
has always been recognized as a multi-organ syndrome, 
and the remarkable benefits observed from REMD2.59 
treatment may be contributed by its effects on multiple 
organs outside the heart. Nevertheless, the current study 
revealed an important synergistic impact of metabolic and 
mechanical stresses in cardiomyocytes. Uncovering the 
underlying mechanisms will be key to better understand-
ing the complex pathogenic process of heart failure with 
preexisting metabolic disorders.
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