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Glucagon-like Peptide-1 receptor Tie2þ cells are
essential for the cardioprotective actions of
liraglutide in mice with experimental myocardial
infarction
Brent A. McLean 1, Chi Kin Wong, M Golam Kabir, Daniel J. Drucker*
ABSTRACT

Objectives: Glucagon-like peptide-1 receptor (GLP-1R) agonists reduce the rates of major cardiovascular events, including myocardial infarction
in people with type 2 diabetes, and decrease infarct size while preserving ventricular function in preclinical studies. Nevertheless, the precise
cellular sites of GLP-1R expression that mediate the cardioprotective actions of GLP-1 in the setting of ischemic cardiac injury are uncertain.
Methods: Publicly available single cell RNA sequencing (scRNA-seq) datasets on mouse and human heart cells were analyzed for Glp1r/GLP1R
expression. Fluorescent activated cell sorting was used to localize Glp1r expression in cell populations from the mouse heart. The importance of
endothelial and hematopoietic cells for the cardioprotective response to liraglutide in the setting of acute myocardial infarction (MI) was
determined by inactivating the Glp1r in Tie2þ cell populations. Cardiac gene expression profiles regulated by liraglutide were examined using
RNA-seq to interrogate mouse atria and both infarcted and non-infarcted ventricular tissue after acute coronary artery ligation.
Results: In mice, cardiac Glp1r mRNA transcripts were exclusively detected in endocardial cells by scRNA-seq. In contrast, analysis of human
heart by scRNA-seq localized GLP1R mRNA transcripts to populations of atrial and ventricular cardiomyocytes. Moreover, very low levels of GIPR,
GCGR and GLP2R mRNA transcripts were detected in the human heart. Cell sorting and RNA analyses detected cardiac Glp1r expression in
endothelial cells (ECs) within the atria and ventricle in the ischemic and non-ischemic mouse heart. Transcriptional responses to liraglutide
administration were not evident in wild type mouse ventricles following acute MI, however liraglutide differentially regulated genes important for
inflammation, cardiac repair, cell proliferation, and angiogenesis in the left atrium, while reducing circulating levels of IL-6 and KC/GRO within
hours of acute MI. Inactivation of the Glp1r within the Tie2þ cell expression domain encompassing ECs revealed normal cardiac structure and
function, glucose homeostasis and body weight in Glp1rTie2�/� mice. Nevertheless, the cardioprotective actions of liraglutide to reduce infarct
size, augment ejection fraction, and improve survival after experimental myocardial infarction (MI), were attenuated in Glp1rTie2�/� mice.
Conclusions: These findings identify the importance of the murine Tie2þ endothelial cell GLP-1R as a target for the cardioprotective actions of
GLP-1R agonists and support the importance of the atrial and ventricular endocardial GLP-1R as key sites of GLP-1 action in the ischemic mouse
heart. Hitherto unexplored species-specific differences in cardiac GLP-1R expression challenge the exclusive use of mouse models for un-
derstanding the mechanisms of GLP-1 action in the normal and ischemic human heart.
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1. INTRODUCTION

Glucagon-like peptide-1 (GLP-1) is an enteroendocrine peptide that
circulates at low levels in the inter-prandial state, with GLP-1 levels
rising transiently following food ingestion [1]. GLP-1 acts on pancreatic
endocrine cells to control islet hormone release and glucose homeo-
stasis [2]. GLP-1 also acts in the brain to inhibit gastrointestinal motility
thereby slowing the rate of nutrient absorption, and communicates
signals via the neuronal GLP-1 receptor (GLP-1R) to attenuate appetite,
resulting in weight loss with sustained administration of glucagon-like
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peptide-1 receptor agonists (GLP1RA) [3]. GLP-1 is essential for
glucose homeostasis as deletion of the Gcg gene encoding GLP-1 from
the gut [4], as well as both pharmacological antagonism or genetic
inactivation of the GLP-1R [5e7], produces dysregulated islet hormone
secretion and glucose intolerance.
The glucoregulatory and anorectic properties of GLP-1 action are
conserved in humans, including people with type 2 diabetes (T2D),
supporting pharmaceutical development of multiple degradation-
resistant short and long-acting GLP-1Rs for the treatment of T2D [2].
GLP-1 R A have proven to be useful agents for therapy of T2D, reducing
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glycosylated hemoglobin, while preventing weight gain or promoting
weight loss in the majority of treated subjects. Moreover, administration
of GLP-1RA at higher doses than those required for glucose-lowering
produces substantial weight loss, enabling approval of two different
GLP-1RA, liraglutide and semaglutide, for the therapy of obesity [3].
Beyond the control of metabolism, native GLP-1 reduces ischemic
injury of the heart in preclinical models through mechanisms requiring
the GLP-1R [8,9]. Conversely, mice with germline genetic inactivation
of the GLP-1R exhibit exhibited impaired ventricular function in
response to hypoglycemia or epinephrine administration [10]. Collec-
tively, these studies highlight the importance of the GLP-1R for the
cardiac response to stress or ischemic injury. Moreover, both native
GLP-1 and degradation-resistant GLP-1RA reduce cardiac injury and
preserve ventricular function in animals and humans [11e15].
Notably, these actions of GLP-1RA are attenuated in preclinical studies
by concomitant administration of the GLP-1R antagonist exendin (9e
39) [16,17], fostering considerable interest in the mechanisms linking
GLP-1R-dependent signaling to cardioprotection.
The translational importance of the cardiovascular actions of GLP-1RA
first identified in preclinical studies was bolstered by the results of
cardiovascular outcome trials (CVOTs) examining the safety of GLP-
1RA in people with T2D with risk factors for, or with established
cardiovascular disease. The results of these CVOTs have shown that
multiple GLP-1RA are safe to use in people with T2D at high risk for
major adverse cardiovascular events (MACE), principally stroke,
myocardial infarction, and cardiovascular death [18]. Moreover,
structurally distinct long-acting GLP-1RA reduced the rates of MACE
[18,19], including, in some trials, a notable reduction in rates of
myocardial infarction in people with T2D [20,21].
Despite translation of the cardioprotective actions of GLP-1RA from
animals to humans with T2D, the underlying mechanisms and sites of
action linking activation of the GLP-1R to protection of the ischemic
heart remain incompletely understood [22]. Moreover, the functional
importance and contributions of GLP-1Rs within and outside the heart,
for reduction of ischemic myocardial injury remains uncertain. We
previously demonstrated that GLP-1Rs targeted by myosin heavy
chain-Cre were not required for the acute cardioprotective actions of
liraglutide in the ischemic mouse heart [23]. Here we investigated the
cellular identity of Glp1r/GLP1R-expressing cells within the mouse and
human heart, localizing GLP1R expression to human cardiomyocytes
and Glp1r in the mouse ventricle, to endocardial endothelial cells. We
subsequently used the TEK receptor tyrosine kinase (also known as
Tie2) promoter to target the reduction of Glp1r expression within
endothelial cells, followed by induction of experimental MI in mice
treated with or without liraglutide. Our studies demonstrate an
important role for Tie2þ GLP-1Rþ cells in mediating acute liraglutide-
induced cardioprotection, in association with regulation of inflamma-
tory pathways in the mouse atrium.

2. MATERIALS AND METHODS

2.1. Animal housing
All animal procedures were approved by the Animal Care and Use
Subcommittee at the Toronto Centre for Phenogenomics (TCP) at the
Mount Sinai Hospital (Toronto, Canada). Mice were housed up to five per
cage on a 12-h light/dark cycle (7 ame7 pm) at 23 �C, with ad libitum
access to water and regular chow diet with 18% kcal from fat (Envigo).

2.2. Animal breeding
C57BL/6 J wildtype mice were obtained from an internal colony bred
within TCP. Mice with Glp1r deletion under the regulation of the Tie2
2 MOLECULAR METABOLISM 66 (2022) 101641 � 2022 The Author(s). Published by Elsevier GmbH. T
gene promoter (Tek) were generated by crossing Tg (Tek-Cre)1Ywa
mice (Tie2-Cre) (Jackson Laboratory 008863) with Glp1rfl/fl mice,
kindly provided by Dr. R. Seeley, University of Michigan [24]. Male mice
with a single Tie2-Cre allele and homozygous for Glp1rfl/fl were
crossed with female mice homozygous for Glp1rfl/fl mice to produce
Glp1rfl/fl (Glp1rTie2þ/þ) and Glp1rfl/fl /Tie2-Cre (Glp1rTie2�/e).

2.3. Liraglutide treatment
Dosing of liraglutide or saline (vehicle) was administered by subcu-
taneous injection (S$C.): 75 mg/kg of liraglutide twice daily (BID) in
4 ml/kg volume for 7 days prior to surgical myocardial infarction as
previously described [13]. The final dose was administered 1e2 h
prior to the surgical procedure.

2.4. Oral glucose tolerance test
For oral glucose tolerance testing, mice were fasted 5 h, and treated
with liraglutide, 75 mg/kg, or vehicle at the start of fasting. Oral glucose
(Sigma) was administered by gavage at 1.5 g/kg and a concentration of
0.15 g/ml glucose in water. Glucose was measured (Contour gluc-
ometer) from tail vein blood taken pre-dose (time 0), 10, 20, 30, 60,
90, and 120 min after glucose gavage.

2.5. Surgical myocardial infarction
Experimental myocardial infarction (MI) was induced via permanent
ligation of the left anterior descending (LAD) coronary artery in 10e12-
week-old male mice as described previously [13]. Sham-operated
mice underwent the same procedure by moving the suture under-
neath the LAD coronary artery but without tying off the vessel. The
surgeon was blinded to the genotypes and treatment for all surgeries.
Mice with perioperative mortality on the day of surgery, generally
within the first hour reflecting problematic intubation, were excluded
from the study. Necropsy of subsequent mortality events consistently
revealed evidence for cardiac rupture as indicated by a large blood clot
in the thoracic cavity.

2.6. Echocardiography
Echocardiography ultrasound for the assessment of LV function was
performed in isoflurane-anesthetized mice (2e3%) (30e40 MHz;
Vevo770, VisualSonics) with body temperature maintained on a heated
platform and continually monitored via anal probe. The operator was
blinded to the genotype and treatment of all mice for ultrasound
measurements and subsequent analysis.

2.7. Necropsy
For non-surgical cohorts and 4-week post MI cohorts, mice were
euthanized by CO2 inhalation. Blood was collected by cardiac puncture
and mixed with 10% v/v TED (5000 KIU/ml Trasylol, 1.2 mg/ml EDTA,
0.1 nmol/l Diprotin A). Blood was spun at 12,000 g for 5 min for
plasma collection. Tissues for RNA analysis were collected by snap
freezing in liquid nitrogen. For histology analysis, infarcted hearts were
rinsed in phosphate buffered saline (PBS) followed by 1 M KCl to arrest
the heart in diastole, followed by fixation in 10% neutral buffered
formalin. For 3-hrs post infarcted and sham operated cohorts, mice
were euthanized immediately after echocardiography measurements
under isoflurane anesthesia.

2.8. Heart sub-region dissection
For isolation of cardiac sub-regions, non-infarcted hearts were rinsed
in PBS and a cannula passed through the aorta into the LV. Methylene
blue dye (1% w. v. in PBS) was injected into the LV chamber and
incubated for 5 min. Subsequently, the heart was cut on the short axis,
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rinsed in PBS and frozen in Optimal Cutting Temperature (OCT) me-
dium. With minimal sample thawing, a dissecting microscope was
used to scrape endocardial and LV free wall, mid-myocardial samples
from cryosection slides for subsequent RNA analysis.

2.9. Fluorescence activated cell sorting (FACS) cytometry
For isolation of cardiac cells, mice were anesthetized with Avertin
(intraperitoneal injection: 250 mg/kg or sufficient to cause lack of toe-
pinch response). Hearts were perfused via aortic cannulation and
cardiomyocyte and non-cardiomyocyte fractions were prepared from
adult mouse ventricles as described [25]. Ventricles were digested
using 1.5 mg/ml collagenase II (Worthington Biochemicals, Lakewood,
NJ; Cat# LS004176). Following sedimentation of isolated car-
diomyocytes via centrifugation at 20g for 3 min, the supernatant was
collected and centrifuged at 300 g for 5 min to pellet non-
cardiomyocytes. Isolated cells were washed with cold FACS buffer
(PBS with 2 mM ethylenediaminetetraacetic acid (EDTA), 25 mM ((4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid))HEPES, 2%v/v fetal
bovine serum) followed by Fc blocking for 15 min followed by a 30 min
incubation with florescent conjugated antibodies. Cells were sorted
with a MoFlo Astrios Cell Sorter (Beckman) into FBS-coated tubes,
pelleted and frozen for RNA analysis.

2.10. RNA isolation, qPCR
Frozen tissues or cells were homogenized in Tri Reagent (MRC) using a
TissueLyser II (Qiagen) followed by RNA purification according to
manufacturer directions and precipitation with ethanol. 500e1000 ng
total RNA was treated with DNase1 (Thermo Fisher Scientific,
EN0521), and cDNA was synthesized using random hexamers and
SuperScript III (Thermo Fisher Scientific, 1,808,044). Quantitative PCR
used TaqMan Fast Advanced Master Mix (Thermo Fisher), Taqman
probes (Supplemental table 1) on a QuantStudio 5 system (Thermo
Fisher). Relative gene expression was calculated by the 2-DDCT
method using Ppia as the reference gene.

2.11. Cytokine measurements
Terminal blood plasma cytokines were measured with the V-PLEX
Proinflammatory Panel 1 Mouse Kit (Mesoscale, K15048D) and a 10-
cytokine panel for IFN-g, IL-1b, IL-2, IL-4, IL-5, IL-6, KC/GRO, IL-10,
IL-12p70, and TNF-a.

2.12. Bulk RNA sequencing
RNA samples were subjected to bulk RNA sequencing (RNA-seq) as
described before [26]. Samples were prepared into mRNA libraries
using TruSeq stranded mRNA library preparation kit (Illumina) and
sequenced on a NovaSeq (Illumina) with a read length of 2 � 200 bp.
An average of 18 million uniquely mapped reads was obtained per
library. Reads were aligned to mm10 using the STAR aligner [27].
Count tables generated were subjected to DESeq2 for differential
expression analysis [28] and Webgestalt for gene set enrichment
analysis [29]. Differential expression was defined as adjusted p
value < 0.05. All raw data and a count table for all samples were
deposited into the gene expression omnibus database with the
accession number GSE217736.

2.13. Single cell RNA sequencing analysis
The Tabula Muris datasets were used to examine mouse heart Glp1r
expression [30]. Two published single cell RNA-seq data sets were
analyzed for human GLP1R expression in the normal and ischemic
heart [31,32]. For the mouse datasets, Seurat 4.1.1 was used for the
analysis and generation of all plots [33]. For the human datasets,
MOLECULAR METABOLISM 66 (2022) 101641 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
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uniform manifold approximation and projection (UMAP) and violin plots
were generated using Scanpy 1.9.1 [34].

2.14. Histology
Mice were anesthetized using avertin (250 mg/kg i. p. injection) and
the chest cavity was opened following which an apical injection of 1 M
KCl arrested the heart in diastole. Perfusion-fixation was achieved
using 4% buffered formalin, and hearts were post-fixed in formalin,
embedded in paraffin, sectioned at 6 mm, and stained with Masson’s
Trichrome or hematoxylin and eosin (H&E) as previously described
[23,35]. Cardiac morphometry was carried out using Aperio Image-
Scope Viewer software (Aperio Technologies) and digital planimetry.
Infarcted/scarred LV area was calculated as a % of total LV area.

2.15. Statistics
Data were represented as mean � standard deviation. Student’s t
tests and two-way ANOVA tests were performed in GraphPad Prism
to calculate statistical significance wherever appropriate. Wilcoxon
tests corrected for multiple testing were performed in Scanpy to
identify GLP1R as a marker in ventricular cardiomyocytes from the
myogenic region. A two-tailed student’s t test was used for com-
parison between two groups with a single variable of genotype or
treatment. For experiments involving variables of both genotype and
treatment, a two-way ANOVA was performed and multiple compar-
ison test (Bonferroni’s multiple comparison test). P � 0.05 was
considered statistically significant.

3. RESULTS

The GLP-1R has been localized to the atria and ventricles in the mouse
and human heart, although the precise cardiac cell types displaying
GLP1R/Glp1r expression remain uncertain [30,36,37]. We interrogated
publicly available single cell RNA sequencing (scRNA-seq) datasets to
identify the specific cardiac cell types that express Glp1r/GLP1R. First,
we analyzed the mouse heart data generated by the Tabula Muris
consortium using FACS coupled with SMART-seq2. This dataset
contained major cardiac cell types including cardiomyocytes, fibro-
blast, endothelial cells, smooth muscle cells, endocardial cells, im-
mune cells, and neurons (Figure 1A,B). Expression of Glp1r was
restricted to a single cluster annotated to endocardial cells that express
Npr3; no other populations in the dataset expressed Glp1r at an
appreciable level (Figure 1C).
Next, we analyzed published human scRNA-seq datasets to compare
and contrast Glp1r/GLP1R expression in the mouse and human heart.
We examined two scRNA-seq datasets totaling over 650,000 cells: one
covers all major cell types in the adult human heart [31], and another
describes the transcriptomes of ventricular cells from subjects with MI
[32]. Consistent with previous findings in mice [37], GLP1R was
expressed primarily in atria of the human heart; however, the
expression was attributed to cardiomyocytes (positive for RYR2) rather
than endothelial cells (Figure 1D,E). Consistent with previous analyses
of human cardiac RNA in atria and ventricles using PCR [37], atrial
cardiomyocytes expressed higher levels of GLP1R than ventricular
cardiomyocytes (Figure 1D). These findings are also consistent with
the detection of GLP1R in the human sinoatrial node by in situ hy-
bridization [37]. Other cardiac cell types, including endothelial cells,
expressed very low levels of GLP1R (Figure 1D,E). Endocardial endo-
thelial cells, as marked by NPR3, did not co-localize with human
GLP1R expression as seen in mice (Figure 1D,E). Notably, GLP1R
expression in human ventricular cardiomyocytes was significantly
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http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 1: Mouse and human heart GLP1R expression analyzed from published single cell RNA sequencing datasets. (A) A UMAP plot showing the annotation of the mouse heart
cells from the Tabula Muris scRNA-seq dataset [30]. (B) A dot plot of marker genes specifying each population in the Tabula Muris heart dataset. (C) Expression of Glp1r and Npr3
in various mouse heart cell populations as shown by the Tabula Muris dataset. (D) The dataset from [31] was used for these panels. UMAP plots showing the annotation of the
human heart cell atlas (leftmost), followed by expression of GLP1R, NPR3, and RYR2 in the dataset. (E) The dataset from [32] was used for these panels. UMAP plots showing the
annotation of the ventricular cells from MI subjects (leftmost), followed by expression of GLP1R, NPR3, and RYR2 in the dataset. (F) Left: an annotation of the dataset from [32]
segregated by conditions of MI. Right: GLP1R expression in the ventricular cardiomyocytes segregated by conditions of MI. GLP1R was significantly enriched in the myogenic region
over other regions as tested by Wilcoxon tests corrected for multiple testing. The conditions of ventricular regions were described as reported [32] and as follows: the myogenic
region was the control/unaffected region, the ischemic region was ventricular area affected by recent MI, and the fibrotic region was ventricular area that was healing posteMI. (G)
The dataset from [31] was used for these panels. UMAP plots showing the annotation of the human heart cell atlas (leftmost), followed by expression of GIPR, ADIPOQ, ABCC9,
GLP2R, GCGR, and PDGFRA in the dataset. Abbreviations: EC: endothelial cell. Adipo: adipocyte. SMC: smooth muscle cell. Peri: pericyte. ACM: atrial cardiomyocyte. VCM:
ventricular cardiomyocyte. CM: cardiomyocyte. RYR2: ryanodine receptor 2.
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enriched in ventricular cardiomyocytes from the myogenic region as
opposed to those from the ischemic or fibrotic regions, suggesting
human cardiomyocyte GLP1R expression may be perturbed under
pathological conditions such as ischemic injury (Figure 1F).
For comparative purposes, we next examined expression of other
glucagon-related class B G protein coupled receptors in these human
heart datasets. Expression of glucose-dependent insulinotropic peptide
receptor (GIPR) was detected in three cardiac populations: ventricular
and atrial cardiomyocytes (marked by RYR2 as in Figure 1D), adipo-
cytes (marked by ADIPOQ), and pericytes (marked by ABCC9)
(Figure 1G). Unlike GLP1R, expression of GIPR in ventricular car-
diomyocytes did not differ among myogenic, ischemic, and fibrotic
Figure 2: Glp1r is enriched in heart ventricle endothelial cells in healthy and infarcted h
digestion of the heart ventricles; (A) Cardiomyocyte (CM) depleted cell fractions (non-CM) w
cells), CD45þ (immune cells), CD140aþ (fibroblasts). Cells negative (Neg) for these marke
distinguished cells from debris. (B) Gene expression analysis was performed in FACS collect
tissue (Atr) for expression of Glp1r and macrophage marker Adgre1, smooth muscle mark
immune cells are recruited to the heart after myocardial infarction, at 2e3 days after myo
fractions first gated as nucleus positive (Draq5þ), live (DAPI-) and stained for CD31þ, CD45
cells (Neg). (D) Gene expression analysis was performed for Glp1r, and marker genes Adgre
relative to Ppia.

MOLECULAR METABOLISM 66 (2022) 101641 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
regions (data not shown). Expression of glucagon-like peptide 2 re-
ceptor (GLP2R) was found in PDGFRA-expressing human cardiac fi-
broblasts (Figure 1G), and some of these cardiac fibroblasts also
expressed low levels of the glucagon receptor (GCGR) (Figure 1G).
To determine the identity of cell types expressing the Glp1r in the
mouse cardiac ventricle, the predominant site of ischemic cardiac
injury, using techniques independent of RNA-seq, we subjected hearts
to enzymatic digestion through perfusion into the coronary arteries.
Cardiomyocyte (CM) enriched fractions, whole left ventricle (LV) tissue
and grouped whole atria (Atr) tissue were collected. FACS analysis of
non-CM LV derived cells was performed to collect major cell types:
CD31þ endothelial cells, CD140aþ fibroblasts, CD45 immune cells
earts. Ventricular cell suspensions were collected after coronary perfusion, enzymatic
ere subjected to FACS cytometry, collecting major cell populations: CD31þ (endothelial
rs as well as dead cells staining 7-AADþ were also collected; Hoechst nuclear staining
ed cells as well as CM enriched fractions, whole left ventricle tissue (LV) and whole atria
er Acta2 and ventricular CM marker Myl2 (n ¼ 4e5). (C) To determine if Glp1r positive
cardial infarction, hearts were subjected to perfusion digestion as above, with non-CM
þ cells subdivided as F4/80þ/� (macrophage marker) and remaining negative stained
1, neutrophil marker Ly6g and T-cell marker Cd3g (n ¼ 6). Gene expression values are
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and cells negative (Neg) for CD31, CD140a and CD45 (Figure 2A).
Additionally, dead/dying cells positive for 7-AAD were collected for
completeness. Glp1r expression in FACS collected cells was enriched
only in CD31þ endothelial populations (Figure 2B); Acta2 and Myl2 are
markers for vascular smooth muscle and ventricular myocytes,
respectively (Figure 2B). To investigate the possibility that
Glp1rþ immune cells may localize to the heart following myocardial
infarction, we performed FACS on non-CM ventricular cells from hearts
2e3 days post myocardial infarction surgery. We subdivided CD45þ
Figure 3: Glp1r expression is localized to mouse endocardial endothelial cells. Ventricular
addition to CD31þ cells subdivided by markers for endocardial endothelial cells (EEC) VEG
LY6Chi, CD31med. (B) Gene expression analysis of FACS collected cells for Glp1r, marker gen
blue were cryosectioned and blue endocardium (End) and LV free wall, mid-myocardium
Glp1r, Kdr, Npr3 and Dpp4 (n ¼ 9). Gene expression values are relative to Ppia.

6 MOLECULAR METABOLISM 66 (2022) 101641 � 2022 The Author(s). Published by Elsevier GmbH. T
immune cells with the macrophage marker F4/80. Expression of
macrophage, neutrophil and T-cell markers Adgre1, Ly6g and Cd3g
were enriched in the expected fractions, but only CD31þ endothelial
fractions were enriched for Glp1r (Figure 2C,D).
As Glp1r promoter-directed transgenic reporter expression was
detected within a few endothelial cells localized to the mouse endo-
cardium [38], we next assessed the localization of endogenous Glp1r
mRNA transcripts within endothelial cells of the cardiac endocardium
by FACS. We utilized markers for endocardial endothelial cells (EEC)
endothelial cells were subdivided by FACS cytometry: (A) CD31-cells were collected in
FR2low, LY6Clow and CD31hi, and remaining ventricular endothelial cells (EC) VEGFR2hi,
es Kdr and Npr3, and Dpp4 (n ¼ 4). (C) Hearts with LV chamber stained with methylene
(Myo) was collected. Gene expression from dissected cryosections was performed for
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VEGFR2low, LY6Clow and CD31hi, and remaining ventricular endothelial
cells (EC) VEGFR2hi, LY6Chi, CD31med (Figure 3A) to probe cell fractions
for Glp1r expression [39]. qPCR detected Glp1r mRNA transcripts
within ventricular endocardial endothelial cells, consistent with relative
enrichment of Npr3 [40] and Dpp4 [41] in the same fractions
(Figure 3B). We next stained mouse LV chambers with methylene blue
to identify endocardium (End; stained blue) and LV free wall, mid-
myocardium (Myo; unstained) for anatomical isolation and analysis
of gene expression (Figure 3C). Consistent with the data from FACS,
Glp1r, Npr3, and Dpp4 but not Kdr (encoding VEGFR2) mRNA tran-
scripts were enriched in the endocardium, relative to the myocardium
(Figure 3D). Together with the Tabula Muris data described above,
Glp1r expression in the mouse heart is highly enriched within endo-
cardial cells.
To determine the potential mechanisms and pathways regulated by
liraglutide in the mouse heart, we performed bulk RNA sequencing
(RNA-seq) on the infarcted and non-infarcted regions of the left
ventricle, as well as the left and right atrium, isolated from C57BL/6 J
mice 3 days after induction of experimental MI. The transcriptomes of
each heart region segregated into its own group. Liraglutide did not
grossly affect the transcriptome of any of these regions, as shown by
the principal component analysis (Figure 4A). Surprisingly, liraglutide
treatment did not result in differential expression of genes in the
infarcted or non-infarcted regions of the left ventricle (Figure 4B). In
contrast, 266 genes were differentially expressed in the atria of
liraglutide-treated mice with MI, with 78 genes downregulated and
188 genes upregulated (Figure 4B; Supplemental Table 2). Gene set
enrichment analysis for Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways on these differentially expressed genes categorized
them broadly into pathways denoting immune function regulation,
which were negatively enriched; and pathways in endoplasmic retic-
ulum stress, which were positively enriched (Figure 4C).
We verified the two mostly significantly enriched KEGG pathways, (1)
“Cytokine-cytokine receptor interaction” and (2) “Protein processing in
endoplasmic reticulum”, with a heat map showing that these two
terms encompassed atrial genes most significantly altered in response
to liraglutide (Figure 4D). Genes associated with the pathway
“Cytokine-cytokine receptor interaction” include various chemokines
(Cxcl2, Cxcl3, Ccl4), cytokines (Il6, Lif, Osm), and myeloid markers
(Cd14, Tlr2, Thbd) (Figure 4D; Supplemental Table 2). Liraglutide also
induced numerous genes encoding heat shock proteins (Hspa1a,
Hspa1b, Hspa1l, Dnaja1, Dnajb1) and structural proteins (Flnc, Myl2,
Myh7b, Acta1) in the atria (Figure 4D; Supplemental Table 2). Although
many of these genes were potently upregulated in infarcted LV as
compared to non-infarcted LV, liraglutide only modified their expres-
sion in atria (Figure 4D).
To replicate the apparent anti-inflammatory effect of liraglutide on
atrial gene expression, we performed qPCR on independent cohorts of
liraglutide-treated animals to validate the findings of differentially
expressed genes identified from the RNA-seq experiments. Liraglutide
downregulated the atrial expression of Cd14, Thbd (thrombomodulin),
and Nfkb1, while upregulating Flnc (Filamin C, Figure 4E). Similarly,
liraglutide down-regulated levels of inflammation- and tissue injury-
related genes such as Tlr2, Osm, Lif, Has1, and Cxcl3 (Figure 4E).
Il6 was down-regulated in both the LV and LA (Figure 4F). To assess
whether the putative ant-inflammatory actions of liraglutide were
evident beyond cardiac tissue, we measured levels of a number of
cytokines in peripheral blood. Notably, circulating levels of IL-6 and
Keratinocyte chemoattractant (KC)/human growth-regulated oncogene
(KC/GRO) were reduced 3 h after induction of myocardial infarction in
liraglutide-treated mice (Figure 4G).
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Given the localization of Glp1r expression to mouse cardiac endocardial
endothelial cells, we next ascertained the suitability of using
Glp1rTie2�/e mice for functional analysis of the importance of the
cardiac endothelial Glp1rþ cell population. We first assessed Glp1r
expression in different tissues of Glp1rTie2�/e mice previously gener-
ated in our laboratory [42]. Levels of Glp1r were modestly reduced in
Brunner’s glands, an abundant site of Glp1r expression, and virtually
extinguished in the mouse lung and heart (Figure 5A). Moreover, levels
of Glp1r were markedly reduced in the LV (Figure 5A). Echocardio-
graphic assessment of basal cardiac function revealed normal
ejection fraction, heart rate and LV dimensions in Glp1rTie2þ/þ vs.
Glp1rTie2�/e mice (Figure 5B). Moreover, metabolic assessment of
glucose tolerance and body weight revealed no genotype differences,
and similar improvements in glucose tolerance and reductions in body
weight were detected following liraglutide administration in chow-fed
Glp1rTie2þ/þ vs. Glp1rTie2�/e mice (Figure 5C,D). Hence, Glp1rTie2�/e

mice do not exhibit physiological perturbations in cardiac structure,
energy homeostasis, and the acute metabolic response to liraglutide.
We next ascertained whether the acute cardioprotective actions of
liraglutide in mice with coronary artery ligation-induced myocardial
ischemia were preserved in Glp1rTie2�/e mice. Consistent with pre-
vious findings [13,23], liraglutide increased the survival of Glp1rTie2þ/þ

mice with acute myocardial infarction (Figure 6A). In contrast, lir-
aglutide failed to increase the survival of Glp1rTie2�/e mice with
ischemic cardiac injury (Figure 6A). In keeping with these observations,
the ejection fraction was increased in liraglutide-treated Glp1rTie2�/e

mice but not in Glp1rTie2�/e mice, when assessed 28 days following
coronary artery ligation (Figure 6B). Moreover, left ventricular infarct
area was reduced in liraglutide-treated 1rTie2þ/þ mice but not in
Glp1rTie2�/e mice (Figure 6C,D). These data reveal the dependence of
liraglutide on haematopoietic and endothelial GLP-1Rs within the
Tie2þ expression domain for its acute cardioprotective effects in mice
with ischemic myocardial injury.

4. DISCUSSION

Here we studied the distribution of expression of cardiac GLP-1R mRNA
transcripts, localizing GLP1R mRNA to human atrial and ventricular
cardiomyocytes, and Glp1r mRNA to mouse endocardial endothelial
cells. Functionally, we observed that the GLP-1RA liraglutide pre-
dominantly regulated atrial, rather than ventricular gene expression, in
the normal or ischemic mouse heart. Moreover, the acute car-
dioprotective actions of liraglutide were attenuated in mice with genetic
ablation of endothelial cell Glp1r expression. These findings extend our
understanding of the acute cardioprotective actions of GLP-1RA in the
ischemic mouse heart, and highlight species-specific differences in
cellular localization of cardiac GLP-1R expression.
Assignment of mechanisms linking native GLP-1 to cardioprotection is
challenged by observations that native GLP-1 and GLP-1 metabolites
may act through GLP-1R-independent pathways to regulate endothelial
and mitochondrial activity in the setting of acute cardiovascular injury
[43e45]. Nevertheless, the majority of degradation-resistant GLP-1RA
utilized clinically do not generate the identical spectrum of GLP-1
metabolites and are unlikely to activate non-canonical pathways
linked to engagement of soluble adenylate cyclase and mitochondrial
substrate metabolism [45]. Moreover, the major cardiovascular actions
of GLP-1RA, including control of heart rate, blood pressure, and plasma
lipids, are mediated via the canonical GLP-1R, and are markedly
attenuated in Glp1r�/�mice treated with multiple GLP-1RA [36,46,47].
Consistent with the acute studies presented here, we previously
demonstrated that Glp1rTie2�/� mice retain normal metabolic
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 4: Effects of Liraglutide treatment at 3 h post myocardial infarction. 7 day pre-treatment (B.I.D. 75 mg/kg Liraglutide (Lira) or vehicle (Veh)) was performed and tissue from
left ventricle (LV) infarct and non-infarct regions, and pooled left and right atria was collected 3 h s after myocardial infarction for analysis by RNA sequencing (RNA-seq). (A)
Principal component analysis demonstrates global transcriptional differences between LV infarct, LV non-infarct and atria. (B) Volcano plots show differentially gene expression in
atria but not in LV infarct or LV non-infarct. Upward arrows denote genes upregulated in the Lira group and downward arrows denote genes downregulated in the Lira group. (C)
Gene set enrichment analysis reveals significant negative enrichment for KEGG pathways in cytokine and immune functions and positive enrichment for KEGG pathways for
endoplasmic reticulum stress. (D) A heat map showing all differentially expressed atrial genes significantly enriched in the KEGG pathways 1) “Cytokine-cytokine receptor
interaction” and 2) “Protein processing in endoplasmic reticulum”. The expression was ranked from most downregulated (the top) to most upregulated (the bottom). The genes
corresponding to their KEGG pathway were bracketed, and an enrichment plot showing the enrichment score for the pathway was shown. LV non-infarct and LV infarct were also
shown to demonstrate the specific effect of Lira in atria. (E and F) In new cohorts of mice, qPCR was used to confirm Lira effects seen in RNA-seq, with left atria (LA) and right atria
(RA) collected separately. Genes in LA that are significantly changed by Lira. (G) Blood plasma was collected and analyzed for cytokines IL-6 and KC/GRO (n ¼ 9e12).

Original Article
responses to GLP-1RA, including reduction of lipids and atheroscle-
rosis, with chronic administration of semaglutide [42].
Multiple studies demonstrate that structurally distinct GLP-1RA pro-
duce acute cardioprotection in the ischemic mouse and rat heart,
8 MOLECULAR METABOLISM 66 (2022) 101641 � 2022 The Author(s). Published by Elsevier GmbH. T
findings generally sensitive to blockade with GLP-1R antagonists such
as exendin (9e39) [22,48]. Intriguingly, N-terminally truncated and C-
terminal fragments of the native GLP-1 peptide also generate acute
cardioprotection, independent of the canonical GLP-1R by acting
his 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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Figure 5: Tie2-Cre targeted Cre recombinase eliminates Glp1r mRNA from the heart. (A) Gene expression for Glp1r for Glp1rTie2þ/þ vs. Glp1rTie2�/� mice in Brunner’s gland (BG),
lung, heart atria (n ¼ 5e7) and left ventricle (LV) (n ¼ 9e11). (B) Echocardiography was used to measure LV ejection fraction (EF), heart rate (HR) and LV chamber dimension at
end systole and end diastole (n ¼ 7e9). After 3 days of 75 mg/kg Liraglutide B.I.D., (C) oral glucose tolerance (n ¼ 4e7) and (D) bodyweight change (n ¼ 8e13).
through mitochondrial pathways [43e45]. Nevertheless, exendin-4-
based GLP-1RA such as exenatide and efpeglenatide reduce MACE
events in human CVOTs, yet do not give rise to C-terminal cleavage
products identical to those within the native GLP-1 sequence [21,49].
Moreover, the cardioprotective gene expression profile induced by
liraglutide in the mouse heart is abolished in Glp1r�/� mice [13].
Collectively these findings favor an important role for the canonical
GLP-1R in transducing the cardioprotective actions of GLP-1RA.
The available data suggests that GLP-1Rs localized to the atria are
functionally important for the increase in heart rate in mice, rats, and
humans treated with GLP-1RA [50,51], findings reflecting simulta-
neous engagement of GLP-1Rs within the autonomic nervous system
and the sinoatrial node. The importance of cardiac GLP-1Rs was
further revealed by a reduction in basal heart rate and attenuation of
the chronotropic actions of liraglutide in Glp1rCM�/� mice with
reduction of atrial Glp1r expression [23,46]. Surprisingly however,
targeting of the putative GLP-1Rs within cardiomyocytes using myosin
heavy chain-Cre did not attenuate the cardioprotective actions of lir-
aglutide in mice with experimental MI [23]. Collectively these findings
MOLECULAR METABOLISM 66 (2022) 101641 � 2022 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
suggested the importance of non-cardiomyocyte GLP-1Rþ cell types
for GLP-1R-dependent cardioprotection.
Consistent with the importance of non-cardiomyocyte GLP-1Rs in the
mouse heart, here we further localized GLP-1Rs to CD31þ endo-
cardial endothelial cells in the normal and ischemic mouse ventricle
and atria. Previous studies using the Cdh5-Cre mouse to target
endothelial and a subset of hematopoietic lineage cells highlighted
the importance of GLP-1Rþ endothelial cells, and not immune cells,
for the vasoprotective actions of GLP1RA in mice with angiotensin II-
induced hypertension [52]. Similarly, we did not detect Glp1r
expression within immune cells or fibroblasts isolated from the
ventricles, either prior to or after experimental MI. Consistent with the
importance of endothelial cells as the predominant cell type
responsible for murine cardiac Glp1r expression, both atrial and
ventricular Glp1r expression was markedly attenuated in hearts from
Glp1rTie2�/� mice. Nevertheless, basal cardiac structure and function
was not different in Glp1rTie2þ/þ vs. Glp1rTie2�/� mice. However, the
cardioprotective actions of liraglutide to reduce infarct size, augment
ejection fraction, and enhance survival, were attenuated in
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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Figure 6: The protective effect of Liraglutide pretreatment in MI is lost in Glp1rTie2�/� mice. Glp1rTie2þ/þ and Glp1rTie2�/� mice were treated 7 days, 75 mg/kg B$I.D. with
Liraglutide (Lira) or vehicle (Veh) before surgical myocardial infarction and 28-day follow-up. (A) Post myocardial infarction survival was monitored for 28 days. For the Kaplan Meier
survival plots depicted, n ¼ 12 and 11 for saline vs. liraglutide-treated wild type control floxed Glp1rTie2þ/þmice (left panel), P ¼ .0394 for differences in survival favoring
liraglutide. For the Kaplan Meier plot depicting the MI experiment in Glp1rTie2�/� mice, n ¼ 10 vs. 13 for saline vs. liraglutide-treated mice (right panel) P ¼ 0.39. (B) Echo-
cardiography was used to measure left ventricle ejection fraction at day 28. (C) Representative cross sectional images stained with Masson trichrome. (D) Infarct area as per-
centage of total cross sectional area (n ¼ 5e9).
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Glp1rTie2�/� mice subjected to coronary artery occlusion and
experimental MI. Collectively, these findings establish a contributory
role for GLP-1Rþ cells within the Tie2 cellular expression domain in
transducing the cardioprotective actions of GLP-1RA.
Although sometimes overlooked, the endocardium, described here as
a major site of murine ventricular endothelial GLP-1R expression,
exhibits substantial structural and functional responses to acute
myocardial infarction, including extensive inflammatory changes
characterized by leukocyte infiltration [53]. Our detection of Glp1r
mRNA transcripts within mouse endocardial endothelial cells is
consistent with localization of scattered cells within the cardiac
endocardium in transgenic mice expressing a fluorescent reporter
gene under the control of endogenous Glp1r regulatory sequences
[38]. Intriguingly, sprouting of endocardial endothelial cells in response
to acute ischemic myocardial injury has been described in mice,
positioning the endocardial endothelium as a potential source of new
blood vessels supporting cardiac repair and regeneration [39].
Consistent with these findings, lineage tracing studies identify the
endocardium as an important source for new blood vessel formation
and neovascularization in the mouse heart after experimental MI
induced by coronary artery ligation [54]. Hence the putative functional
importance of GLP-1R activity within endothelial cells of the normal
and injured myocardium requires greater scrutiny.
Remarkably, despite a large body of evidence from animal and human
studies that GLP-1RA preserve ventricular function and reduce the extent
of MI within the left ventricle [12,13,55,56], our bulk RNA-seq analyses
detected very few differentially expressed mRNA transcripts in the
infarcted region or non-infarcted zone of mouse left ventricular tissue
following liraglutide administration in mice subjected to experimental MI.
In contrast, liraglutide produced substantial changes in the expression of
10 MOLECULAR METABOLISM 66 (2022) 101641 � 2022 The Author(s). Published by Elsevier GmbH. T
a subset of genes important for the control of inflammation in the mouse
atria, consistent with the known anti-inflammatory actions of GLP-1RA in
multiple tissues [57], including the normal and injured heart [14,57,58].
Although the left ventricle is a major focus for understanding the cardiac
pathophysiology of ischemic myocardial infarction, multiple structural,
functional and metabolic changes, are also detectable in the ischemic
atria and thought to contribute to the pathophysiology of ischemic
myocardial injury [59,60].
Evidence for atrial inflammation in the context of ischemic myocardial
infarction has been detected in both animals and humans, generally
associated with infiltration of immune cells, including macrophages,
lymphocytes and neutrophils, and upregulation of cytokine mRNA
transcripts, including Il1b and Tnf [61,62]. Moreover, circulating levels
of biomarkers of inflammation, such as C reactive protein, when
measured within 24 h of symptom onset, correlate with the subse-
quent development of atrial fibrillation in people with myocardial
infarction [63]. Our current data extends the anti-inflammatory actions
of GLP-1RA such as liraglutide to the atria post infarction. Indeed, we
detected reduction of Cd14, Thbd, Nfkb1, Tlr2, Osm, Has1 and Cxcl3
mRNA transcripts, genes associated with immune cells, thrombosis,
inflammatory pathways, cell homing and proliferation, migration and
differentiation, and vascularization, processes collectively important for
the normal and pathological response to acute myocardial injury.
Targeting of inflammation represents a promising strategy to limit the
development of cardiovascular disease, including myocardial infarction,
in humans. Indeed, administration of canakinumab to immunoneutralize
interleukin-1b in people with a previous history of MI and elevated levels
of C reactive protein, reduced the rates of MACE, including MI, findings
correlated with decreased circulating biomarkers of inflammation [64].
Similarly, emerging data using agents to immunoneutralize interleukin-6
his 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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(IL-6) or block the IL-6 receptor suggests that reduction of IL-6 receptor
activity in the context of acute MI may preserve myocardium and
attenuate the severity of experimental and clinical MI [65,66]. Intrigu-
ingly, we detected a reduction in IL-6 expression within the left ventricle
and left atria within 3 h of acute myocardial infarction in liraglutide-
treated mice. Moreover, circulating levels of IL-6 and KC/GRO were
similarly reduced after liraglutide administration when assessed 3 h post
MI. Collectively, these findings support the hypothesis that reduction of
inflammation through administration of GLP-1RA may contribute to the
cardioprotective actions of GLP-1RA, findings that merit further evalu-
ation in both animal and human studies.
In contrast to the importance of the endothelial cell for cardiac GLP-1R
expression and function in mice, we were unable to corroborate these
findings in scRNA-seq analysis of GLP1R expression in the normal and
ischemic human heart. Importantly, the relative predominance of atrial
vs. ventricular Glp1r/GLP1R expression remains evident in both the
human and mouse heart. Interestingly, the available human RNA-seq
evidence suggests that GLP1R expression may be less abundant
within injured (ischemic and fibrotic) cardiomyocytes, findings that
require confirmation in larger studies. Taken together, although the
sinoatrial GLP-1R seems to be functionally important in both the
mouse and human heart, the relative predominance of Glp1r expres-
sion in murine endocardial cells vs. GLP1R expression in atrial and
ventricular cardiomyocytes highlights unexpected species-specific
differences in the biology of cardiac GLP-1R expression. Consistent
with these species-specific findings for the GLP-1R, the cardiac
expression of the Gcgr in the mouse heart appears much more
abundant [67] relative to the low level expression of GCGR mRNA
transcripts in the adult human heart [37].

5. CONCLUSIONS AND LIMITATIONS

Here we demonstrate that a substantial proportion of GLP-1R expression
in the mouse heart is localized to endocardial endothelial cells. More-
over, a population of GLP-1Rþ cells within the Tie2þ domain is
essential for an optimal cardioprotective response to GLP-1RA in mice
with acute coronary artery ligation and ischemic myocardial injury.
Notably, our data has several limitations. First, analysis of GLP1R
expression using scRNA-seq is limited by the low sensitivity of detection
for RNA transcripts expressed at very low levels. Endocardial endothelial
cells were significantly underrepresented in the human scRNA-seq
datasets and the low number of cells in these data hindered an accu-
rate detection of GLP1R in these cells. Second, we did not analyze GLP-
1R protein expression, which might differ from RNA expression, and
there is limited data available describing GLP-1R protein localization in
the mouse or human heart. Third, we studied male mice, and it will be
important to examine for possible sex-specific differences in cardiac
GLP-1R biology in future studies. Fourth, we studied GLP-1R expression
in healthy mouse hearts, and it is possible that cardiac Glp1r expression
and functional GLP-1R-dependent responses in mice and humans may
be modulated by the development of aging, insulin resistance, diabetes,
or obesity. Taken together, our findings highlight the potential contri-
butions of cardiac endothelial GLP-1Rþ cells for ischemic protection in
response to GLP-1RA administration in mice, and emphasize the
importance of understanding species-specific differences in cellular
localization of GLP-1R expression in the heart.
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