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Cardioprotective GLP-1 metabolite prevents ischemic
cardiac injury by inhibiting mitochondrial trifunctional
protein-o
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Mechanisms mediating the cardioprotective actions of glucagon-like peptide 1 (GLP-1) were unknown. Here, we show in both
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Introduction

In myocardial infarction (MI), infarct size is the most determinant
cause of morbidity and mortality (1). Although early reperfusion is of
unequivocal benefit, this treatment is inherently complicated by isch-
emia reperfusion injury (IRI) (2). Indeed, as much as 50% of post-MI
myocardial injury is attributable to IRI (3). As such, therapies aimed at
limiting IRT have potential for clinical impact. Although many treat-
ments effective in animal models of IRI have failed to translate into
clinical use, glucagon-like peptide 1 (GLP-1) and the GLP-1 receptor
(GLP-1R) agonist exenatide have shown benefits in IRI in both ani-
mal models (4-7) and small early-phase clinical trials (8, 9).

The predominant active form of GLP-1 is 30-amino acid GLP-1
(7-36) amide (also known as GLP-1), which acts through a stimula-
tory G protein-coupled (Gs-coupled) GLP-1R. However GLP-1 is
rapidly degraded into the noninsulinotropic 28-amino acid metab-

Authorship note: MAS and DM contributed equally to this work.

Conflict of interest: MH has provided consultancy services to AstraZeneca, Novo
Nordisk, Merck & Co., and Hoffman-La Roche with respect to incretin-targeted ther-
apeutics and has received investigator-initiated research grants from Novo Nordisk
and Merck & Co. Portions of this work underlie a provisional patent application (PCT/
CA2013/000920; “Peptides and methods for preventing ischemic tissue injury”).
Copyright: © 2020, American Society for Clinical Investigation.

Submitted: February 27, 2018; Accepted: November 13, 2019; Published: January 27, 2020.
Reference information: / Clin Invest. 2020;130(3):1392-1404.
https://doi.org/10.1172/)C199934.

jei.org  Volume130  Number3  March 2020

ex vivo and in vivo models of ischemic injury that treatment with GLP-1(28-36), a neutral endopeptidase-generated (NEP-
generated) metabolite of GLP-1, was as cardioprotective as GLP-1and was abolished by scrambling its amino acid sequence.
GLP-1(28-36) enters human coronary artery endothelial cells (caECs) through macropinocytosis and acts directly on mouse
and human coronary artery smooth muscle cells (caSMCs) and caECs, resulting in soluble adenylyl cyclase Adcy10-dependent
(sAC-dependent) increases in cAMP, activation of protein kinase A, and cytoprotection from oxidative injury. GLP-1(28-36)
modulates sAC by increasing intracellular ATP levels, with accompanying cAMP accumulation lost in SAC”- cells. We identify
mitochondrial trifunctional protein-o. (MTPa) as a binding partner of GLP-1(28-36) and demonstrate that the ability of GLP-1(28-
36) to shift substrate utilization from oxygen-consuming fatty acid metabolism toward oxygen-sparing glycolysis and glucose
oxidation and to increase cAMP levels is dependent on MTPa. NEP inhibition with sacubitril blunted the ability of GLP-1to
increase cAMP levels in coronary vascular cells in vitro. GLP-1(28-36) is a small peptide that targets novel molecular (MTPa
and sAC) and cellular (caSMC and caEC) mechanisms in myocardial ischemic injury.

olite GLP-1(9-36) by ubiquitous expression of dipeptidyl peptidase
4 (DPP-4) (10). GLP-1 and GLP-1(9-36) are also cleaved by neutral
endopeptidase (NEP24.11), yielding GLP-1(28-36), a 9-amino acid
carboxy-terminal peptide with biological activity (11).

At present, several DPP-4-resistant GLP-1R agonists and
numerous DPP-4 inhibitors (DPP-4i) have been approved for the
treatment of type 2 diabetes (T2D) and are widely used. The GLP-1R
agonist liraglutide has also received regulatory approval for the treat-
ment of obesity and conferred protection in an obesity-associated
animal model of cardiomyopathy (12). Moreover, in subjects with
diabetes who were at high risk of cardiovascular events, treatment
with GLP-1R agonists based on the structure of endogenous GLP-1,
namely liraglutide, semaglutide, albiglutide, and dulaglutide, has
demonstrated reductions in major adverse cardiovascular events
(MACES) that appear to be unrelated to the glycemic effects of these
agents (13-16). By contrast, treatment of high-risk diabetic patients
with GLP-1R agonists such as lixisenatide and exenatide, which are
based on the structure of nonhuman exendin 4, has not resulted in
consistent reductions in MACEs (17, 18). Whether these differences
are attributable in part to molecular structures that exclude the for-
mation of bioactive metabolites has not been addressed.

With regard to the utility of GLP-1R agonists in myocardial
IRI, the first report by Nikolaidis et al. was a nonrandomized,
unblinded study involving 10 treated (vs. 11 untreated) patients,
in whom a 72-hour i.v. infusion of GLP-1 following reperfusion
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was shown to improve cardiac function (19). Similar effects of
GLP-1 were reported in another group of 20 nondiabetic patients
with normal cardiac function undergoing elective angioplasty (9).
Subsequently, a randomized, placebo-controlled, double-blinded
study involving 74 patients undergoing primary angioplasty for
acute MI showed that a 6-hour i.v. infusion of exenatide reduced
infarct size as a function of area at risk (AAR) (8).

However, the mechanisms underlying these effects have not
been fully elucidated, with some preclinical studies revealing
inconsistent results (20). For example, we observed that both
GLP-1 and its presumed “inert” metabolite GLP-1(9-36) showed
coronary and mesenteric artery vasodilation, as well as cardio-
protection from IRI ex vivo, in isolated tissues from both WT and
Glp1r-KO (Glplr’") mice, whereas the nondegradable GLP-1R
agonist exenatide did not have these effects in the absence of a
functional GLP-1R (4, 21). This suggested either the existence of
an alternate receptor for GLP-1 and/or GLP-1(9-36), or receptor-
independent mechanisms of action. Subsequently, mice with car-
diomyocyte-specific (CM-specific) deletion of GlpIr also showed
cardioprotective effects of liraglutide in an in vivo model of MI
(22), suggesting that the cardioprotective effects of this agent are
derived from actions independent of CMs and /or the GLP-1R.

Here, we show direct cardiovascular effects of the GLP-
1(28-36) peptide. In both in vivo and ex vivo models of myocardi-
al ischemic injury, GLP-1(28-36) prevented cardiac dysfunction,
reduced infarct size, and protected coronary vascular cells from
oxidative stress injury. We show that the cardioprotective actions
of GLP-1(28-36) do not depend on a functional transmembrane
GLP-IR but rather are mediated intracellularly through type 10
soluble adenylyl cyclase (sAC), accompanied by increased cAMP
levels, protein kinase A (PKA) activation, and endothelial nitric
oxide synthase (eNOS) phosphorylation. We further demonstrate
that GLP-1(28-36) activates sAC and increases cAMP levels by
increasing intracellular levels of ATP in mouse and human coronary
artery smooth muscle cells (caSMCs) and human coronary artery
endothelial cells (caECs), but not mouse or human CMs. Finally,
to begin to understand how GLP-1(28-36) achieves its effects on
intracellular ATP, we conducted an unbiased proteomic analysis of
heart proteins capable of binding a biotinylated (but still functional)
GLP-1(28-36). This revealed an interaction between the metabolite
and mitochondrial trifunctional protein-a (MTPa), which is known
to regulate fatty acid oxidation (FAO) (23). Cell metabolism exper-
iments revealed an MTPo-dependent ability of GLP-1(28-36) to
shift substrate utilization away from FAO to more efficient glucose
oxidation and higher levels of cAMP. Together, our studies demon-
strate that GLP-1(28-36) protects the heart from IRI by activating
sAC through an oxygen-sparing substrate shift mediated by MTPo,
with reductions in metabolic oxidative stress.

Results

Pretreatment with GLP-1(28-36) reduces myocardial infarct size in
mice. We first tested the therapeutic relevance of GLP-1(28-36)
in vivo in 10- to 12-week-old male C57BL/6] mice subjected to
permanent ligation of the left anterior descending (LAD) artery
following 14 days of s.c. infusions of GLP-1(28-36) (18.5 nmol/
kg/d) (24), a scrambled amino acid sequence of GLP-1(28-36)
[scrambled(28-36), 18.5 nmol/kg/d; negative control], saline,
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or GLP-1 (3.5 pmol/kg/min; positive control) (Figure 1A).
Heart sections stained with 2,3,5-triphenyltetrazolium chloride
(TTC) harvested 4 days after MI revealed obvious reductions in
unstained infarct areas of GLP-1(28-36)-treated hearts as com-
pared with the scramble- or saline-treated controls (Figure 1B).
Blinded histomorphometry confirmed that pretreatment with
GLP-1(28-36) significantly decreased infarct size 4 days after MI
as compared with scramble- and saline-treated controls (24.9%
+2.4%, n =7, vs. scramble: 32.5% * 1.8%, n = 7; saline: 34.3% *
2.8% n=9; P < 0.05 for both) (Figure 1C), with the effect of GLP-
1(28-36) treatment being comparable to that of GLP-1 (23.0% +
1.9%, n=13; P= NS).

Given that infusions of GLP-1(28-36) and GLP-1 have been
shown to influence body weight and blood glucose levels in high-
fat diet-fed mice (24) and that we ourselves have documented an
effect of calorie restriction and weight loss on cardioprotection
(25), we examined the consequence of our 14-day infusions on
these parameters. Under ad libitum feeding conditions, we found
that heart, body, and heart/body weights and nonfasting tail blood
glucose measurements were not affected by treatment assign-
ment (Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI99934DS1),
suggesting that the observed reductions in infarct size were unre-
lated to changes in body weight or glycemic control.

The direct cardioprotective effects of GLP-1(28-36) do not depend
on the GLP-IR. To assess whether GLP-1(28-36) can exert direct
cardiac effects, we used an ex vivo isolated heart global IRI model
under constant coronary perfusion pressure (4) (Figure 1D). Rep-
resentative left ventricular developed pressure (LVDP) tracings
showed that a 20-minute perfusion with GLP-1(28-36) (6 nM)
improved recovery of LVDP following IRI as compared with buffer-
and scramble-treated (6 nM) controls (Figure 1E). Of note, the dose
of GLP-1(28-36) used was selected on the basis of its dose response
effect on post-IRI LVDP (Supplemental Figure 2). Recovery of LVDP
was greater in GLP-1(28-36) hearts than in buffer- or scramble-
treated hearts (57.6% * 6.6%, n = 12 vs. buffer: 22.7% * 3.6%, n = 13;
scramble: 35.9% * 5.6%, n = 4; P < 0.05 for both comparisons) and
comparable to GLP-1 (67.3% * 8.6%, n = 13; P = NS) (Figure 1F, gray
bars). Pretreatment with GLP-1(28-36) also reduced lactate dehy-
drogenase (LDH) release into coronary effluent during reperfusion
as compared with buffer- or scramble-treated controls (Figure 1G).

To address the question of whether the cardioprotective actions
of GLP-1(28-36) require a functional transmembrane GLP-1R, we
repeated these experiments using hearts isolated from mice with
genetic deletion of 2 exons of the Glplr gene (26). These studies
revealed that the cardioprotective actions of GLP-1(28-36) were pre-
served in hearts from GlpIr/- mice. As observed previously (4), the
parent peptide GLP-1 also retained its ability to protect the heart from
IRIin the absence of a functional GLP-1R (Figure 1F, white bars).

The cardioprotective actions of GLP-1(28-36) require sAC. To
determine the GLP-1R-independent actions of GLP-1(28-36),
we next examined the involvement of second messenger cAMP.
Studies in pancreatic B cells had demonstrated that GLP-1(28-36)
stimulates cCAMP/PKA (27), a key upstream signaling pathway in
pharmacological and ischemic preconditioning (28). Given the
increasing evidence of alternative receptor-independent sources
of cAMP (from intracellular sAC) (29, 30), we hypothesized that
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Figure 1. Pretreatment with GLP-1(28-36) reduces infarct size in mice and provides direct GLP-1R-independent cardioprotection in isolated mouse
hearts. (A) Schematic of the in vivo animal protocol. (B) Representative photomicrographs of TTC-stained heart sections show infarcted (white) versus
viable (red) tissue on day 4 after MI. Smaller infarct areas were observed in hearts treated with GLP-1(28-36) or GLP-1 (positive controls) as compared with
hearts treated with saline or scrambled(28-36) (Scram) (negative controls). (C) Grouped data showing quantification of infarct size as a percentage of LV
surface area on day 4 after Ml in WT mice pretreated for 14 days with saline (n = 9), scrambled(28-36) (both 18.5 nmol/kg/day; n = 7), GLP-1(28-36), or
GLP-1(3.5 pmol/kg/min; n = 13). (D) IRI protocol of retrograde, nonrecirculating Langendorff perfusion of isolated hearts from male 10- to 12-week-old WT
or Glp1r’- mice. (E) Representative tracings showing LVDP recordings from isolated, perfused WT hearts treated with GLP-1(28-36) or GLP-1 or with buffer
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only or scrambled(28-36) (Scram) controls. (F) LVDP recovery expressed as a percentage of LVDP at the end of reperfusion over LVDP before ischemia.
LVDP recovery is shown in hearts perfused with 6 nM GLP-1(28-36), scrambled(28-36) control, or buffer-only control, or with 0.3 nM GLP-1(n = 4-13 WT
mice/group; gray bars; n = 3-5 Glp7r/- mice/group; white bars). (G) LDH release into coronary effluents from perfused WT mouse hearts, measured by
ELISA at timed intervals between 10 and 40 minutes of reperfusion and normalized to coronary flow (mL/min/g heart weight) (n = 3). Data represent the
mean + SEM. *P < 0.05 and ***P < 0.001 versus the corresponding control, by 1-way ANOVA with Bonferroni’s post hoc test. Cntl, control.

GLP-1(28-36) mediates its GLP-1R-independent effects through
SAC. We first probed for sAC expression by immunoblotting and
detected abundant protein expression in mouse hearts and spe-
cific heart chambers (Figure 2A). A more in-depth examination
revealed abundant sAC expression in caSMCs and caECs com-
pared with expression in CMs (Supplemental Figure 3A). Our
inability to detect SAC in tissues from sAC-KO mice (sAC*") attested
to the specificity of the sAC antibody (Supplemental Figure 3B).
Coronary effluents of isolated mouse hearts perfused with GLP-
1(28-36) showed a modest increase in extracellular cAMP levels that
did not differ from levels in controls (Figure 2B). However, in isolated
mouse hearts perfused with the sAC inhibitor KH7, we observed loss
of cardioprotection with GLP-1(28-36), but not GLP-1, as measured
by LVDP at the end of the reperfusion (25.2 + 1.7 mmHg, n = 3, vs.
73.1+5.3mmHg, n =3: P < 0.0001). On the other hand, perfusion of
isolated hearts with 2'5'-dideoxyadenosine (Ddox) to inhibit trans-
membrane AC (tmAC) did not affect the cardioprotective actions
of GLP-1(28-36), but did reduce the cardioprotective effect of GLP-
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1(67.6 £ 5.8 mmHg, n = 3, vs. 27.1 £ 5.3 mmHg, n = 3; P < 0.0001).
The scrambled peptide control did not produce any recovery of LV
function, which was not affected by the inhibitors of sSAC (36.4
5.2 mmHg, n = 3; P = NS) or tmAC (37.6 * 5.3 mmHg, n = 3; P = NS)
(Figure 2, C and D). These data suggest that although the cardiopro-
tective actions of GLP-1 in the isolated mouse heart require tmAC,
those of GLP-1(28-36) depend solely on sAC. Given the previously
observed cardioprotective actions of GLP-1 in the absence of the
GLP-IR, these data suggest that the ex vivo heart may not effectively
metabolize GLP-1to GLP-1(28-36). More important, the concentra-
tion of GLP-1(28-36) required for cardioprotection (6 nM) could not
possibly be generated by degradation of the 20-fold lower amounts
of the parent GLP-1 used in our experiments (0.3 nM).

The cytoprotective effects of GLP-1(28-36) are attenuated in the
absence of SAC. To test the importance of SAC to the actions of GLP-
1(28-36), we used an in vivo IRI model in sSAC”" mice and compared
this with WT littermate controls. We treated 10- to 12-week-old
male sAC7~ mice with intrajugular 3.6 pmol/kg GLP-1(28-36) versus
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Figure 2. The cardioprotective effects of GLP-1(28-36) are sAC dependent. (A) Representative Western blot of 50-kDa sAC isoform expression in WT
mouse lysates of whole heart (Hrt), LV, right ventricle (RV), atria (Atr), septum (Sep), and brain (Br, negative control). GAPDH was used as a loading control
(n = 3).(B) CAMP levels in coronary effluents were measured at timed intervals during an initial 10-minute perfusion of WT hearts with either 6 nM GLP-
1(28-36), scrambled(28-36) control (Scram), or buffer-only control (Cntl), or with 0.3 nM GLP-1, and were normalized to coronary flow (mL/min/g heart
weight). (C) Schematic of IRI protocol and (D) percentage of LVDP recovery of isolated WT mouse hearts with the sAC inhibitor KH7 (20 pmol/L) or the
tmAC inhibitor Ddox (50 pmol/L) prior to perfusion with buffer only (Cntl), scrambled(28-36), GLP-1(28-36), or GLP-1(n = 3/group). (E) Quantification of
infarct size as a percentage of the AAR on day 2 after in vivo IRl in WT (sAC**) mice (n = 8/group, gray bars) and sAC”~ littermates (n = 8-9/group, white
bars). (F) Intracellular cAMP accumulation after treatment with GLP-1(28-36) in caSMCs isolated from sAC~~ mice (white bars) as compared with sAC**
littermates (gray bars). (G) Pretreatment with 100 nM GLP-1(28-36) prior to oxidative stress injury with H,0, as measured by LDH release in SAC”~caSMCs
(white bars) versus sAC*/* control caSMCs (gray bars). (H) Intracellular cAMP accumulation in human caSMCs treated with the sAC inhibitor KH7 (25 uM,
dark gray bars), the tmAC inhibitor Ddox (50 uM, white bars), or PBS (light gray bars) for 3 hours followed by a 15-minute treatment with GLP-1(28-36),
scrambled control, IPE, or forskolin. Intracellular cAMP accumulation was normalized to the total cellular protein concentration. (I) cAMP levels in cell
lysates were determined following pretreatment with 100 nM each of GLP-1(28-36), scrambled control, or forskolin in siRNA-treated cells (white bars)
versus the scrambled siRNA control (gray bars) (n = 3/group for all cAMP and LDH assays, each in triplicate). Data represent the mean + SEM. *P < 0.05,
*¥P < 0.01, and ****P < 0.0001 versus the corresponding control by 2-way ANOVA with Bonferroni’s post hoc test. Forsk, forskolin.

the scrambled control 30 minutes prior to standard open-chest IRI
involving a 45-minute LAD occlusion. The hearts were removed on
day 2 after IRI for TTC staining to measure infarct size. In addition,
Evan’s blue dye was injected to establish the AAR after re-ligating
the LAD at the original site. Blinded histomorphometric analysis
revealed that GLP-1(28-36) did not decrease the infarct size in SAC”~
mice compared with the scramble-treated control mice [GLP-1(28-
36):31.5% * 3.1%, n = 8, vs. scramble: 38.3% * 5.9%, n=9; P= NS],
whereas the cardioprotective effects were preserved in WT hearts
[GLP-1(28-36): 35.1% * 3.1%, n =5, vs. scramble: 47.4% * 3.9%, n =
5; P< 0.05] (Figure 2E).

Given that GLP-1 biology is complex and may involve several
parallel mechanisms with or without transmembrane receptors
(31) and distinct metabolites (32), we chose to next focus on
the direct actions of the single metabolite GLP-1(28-36) using
in-depth in vitro studies into its cellular and molecular actions.
We began by investigating sAC-dependent molecular actions of
GLP-1(28-36) in caSMCs. The ability of GLP-1(28-36) to stim-
ulate cAMP generation was lost in caSMCs isolated from sAC7"
mice [GLP-1(28-36): 8.1 + 0.5 vs. scramble: 6.6 + 0.6, n=3; P =
NS] but not from WT mice [GLP-1(28-36):14.9 + 1.3 vs. scramble:
7.5+0.8, n=3; P<0.01] (pmol/mg protein; Figure 2F). Moreover,
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Figure 3. GLP-1(28-36) stimulates intracellular cAMP accumulation, activates PKA, and prevents cytotoxicity in vascular cells. (A and B) Intracellular
cAMP accumulation measured by enzymatic immunoassay in lysates from (A) caSMCs and (B) mouse and human caECs treated for 10 minutes with 100
nM each of GLP-1(28-36), scrambled control, IPE, forskolin, or PBS control (n = 3/treatment, each in triplicate). (C) Mouse caSMCs were pretreated with
100 nM GLP-1(28-36) or scrambled control for 20 minutes followed by incubation with H202(10CI uM) for 48 hours to induce oxidative stress (n = 3/each,
in triplicate). LDH release was assayed by ELISA in duplicates from aliquots of cell culture media. (D) Mouse caSMCs were treated as above and lysed
with PKA lysis buffer, with PKA activity determined by separation of phosphorylated (+ p-Peptag) and nonphosphorylated (- p-Peptag) substrate using
electrophoresis. Densitometric analysis of phosphorylated bands showed increased PKA activity with GLP-1(28-36) as compared with the scrambled
control. The blot is representative of 3 independent experiments. Max, maximum. (E) Whole-cell lysates were extracted from mouse caSMCs undergoing
a similar 20-minute peptide pretreatment schedule, and apoptosis was assessed by cleaved caspase-3 activation at the end of the 7-hour incubation with
or without H,0, (100 pM). Representative Western blot and normalized densitometric analysis (n = 3/group) show that GLP-1(28-36) prevented activation
of cleaved caspase-3 in the presence of H O, versus controls. Data represent the mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by 1-way ANOVA
(except for data in E, which were analyzed by 2-way ANOVA); NS versus the corresponding control with Bonferroni's post hoc test.

we found that GLP-1(28-36) failed to protect sSAC7~ caSMCs from
oxidative stress injury, as evidenced by nonsignificant decreases
in LDH release versus the scrambled control (0.74 + 0.03 vs. 0.83
+0.03,n=3; P=NS) and compared with WT (0.51+ 0.02vs. 0.78
+0.04, n=3;P<0.01) (Figure 2G). Regrettably, we were not able
to reliably culture mouse caECs or mouse cardiac microvascular
ECs from WT or sAC”" mice.

GLP-1(28-36) enters coronary vascular cells, increases cAMP-PKA
activity, and prevents cytotoxicity. We surveyed specific cardiovascu-
lar cell types and found that the effect of GLP-1(28-36) on intracel-
lular cAMP levels in both atrial and ventricular CMs was no different
than that of the scrambled control (Supplemental Figure 4A). This
inability of GLP-1(28-36) to increase cAMP levels in CMs was pre-
served in human embryonic stem cell-derived CMs (hESC-CMs)
(Supplemental Figure 4B). By contrast, even a brief (10-minute)
incubation with GLP-1(28-36) caused a 2.3- + 0.4-fold increase in
intracellular cAMP levels in mouse caSMCs as compared with treat-
Number3  March 2020
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ment with the scrambled control (P < 0.0001). In this cell type, the
effect of GLP-1(28-36) on cAMP levels was as robust as that of the
adrenergic agonist isoproterenol (IPE) (Figure 3A). In commercially
available mouse and human primary caECs, we also observed robust
cAMP responses to GLP-1(28-36) (Figure 3B).

To visualize whether GLP-1(28-36) undergoes cellular uptake,
we synthesized a biotinylated GLP-1(28-36), placing biotin at the
C-terminus of the peptide via a lysine link. Consistent with rapid gen-
eration of cAMP in response to this peptide, biotinylated GLP-1(28-
36) entered caSMCs with the strongest intracellular signals observed
within 15 minutes (Supplemental Figure 5). To elucidate the mecha-
nism of cellular uptake of GLP-1(28-36), we also conjugated fluores-
cein fluorophore (FAM) with GLP-1(28-36) and incubated human
caECs with FAM(28-36) (250 nM) for 15 minutes. We found that the
endocytosis and dynamin inhibitor dyngo-4A (30 pM) (33) abrogat-
ed the internalization of FAM(28-36), implicating endocytosis as a
method of cellular uptake of GLP-1(28-36) (Supplemental Figure 6, A
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and B). Next, we knocked down cavolin-1 or clathrin in human caECs
using a siRNA and observed no effect on cellular internalization of
FAM(28-36) (Supplemental Figure 6, C and D). By contrast, ami-
loride (1 mM), a pharmacological inhibitor of macropinocytosis (34),
clearly inhibited cellular internalization of FAM(28-36) (Supplemen-
tal Figure 6, E and F). These experiments implicate macropinocytosis
as the mechanism by which GLP-1(28-36) enters vascular cells.

We next assayed cAMP-dependent protein kinase (PKA) (27,
35), ERK (36), and eNOS (37) activations as putative downstream
targets of GLP-1(28-36)-induced cAMP and/or molecules known
to be involved in GLP-1-mediated cytoprotection (21). Among
these, our assay for PKA revealed phosphorylation of an exoge-
nous substrate to be 1.8- £ 0.3-fold higher in caSMCs exposed to
GLP-1(28-36) compared with those exposed to the scrambled
control (P < 0.01), and this phosphorylation was quantitatively
similar to the effect seen with IPE (Figure 3D). Of interest, we also
observed a 6-fold increase in eNOS phosphorylation in Western
blotting of isolated hearts perfused with GLP-1(28-36) as com-
pared with scramble-treated controls (Supplemental Figure 7).

To establish the functional significance of these findings, we
next tested the ability of GLP-1(28-36) to prevent cytotoxicity
in an in vitro model of oxidative stress (38). In this experiment,
GLP-1(28-36) prevented caSMCs from cell damage (i.e., mem-
brane integrity), as evidenced by a decreased release of LDH

Figure 5. GLP-1(28-36) does not bind sAC, but binds MTPa in mouse
whole-heart lysates. (A) Western blot analysis of sAC in bound and
unbound fractions from pull-down experiments using streptavidin
magnetic beads with biotinylated GLP-1(28-36) and scrambled control
incubated with mouse whole-heart lysates indicated no sAC binding to
either peptide. sAC was, however, detected in unbound fractions. sAC - Tr,
truncated active isoform of sAC protein (50 kDa); sAC - FI, full-length
isoform of sAC protein (140 kDa); WCE, whole-cell extract. (B) Western
blot analysis of MTPa (MW, 83 kDa) in bound and unbound fractions from
identical pull-down experiments showed preferential binding of MTPa to
biotinylated GLP-1(28-36) [BIOT(28-36)] as compared with the biotinylat-
ed scrambled(28-36) control [BIOT(scram)].
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Figure 4. GLP-1(28-36) stimulates sAC-dependent intracellular cAMP
accumulation in mouse caSMCs by increasing levels of the sAC substrate
ATP. (A) ATP generation and (B) intracellular cAMP accumulation were
analyzed as detailed in the Supplemental Methods from WT sAC** caSMCs
incubated for 10 minutes with 0.1 nM to 1 uM GLP-1(28-36) or scrambled
control. (C) ATP generation and (D) intracellular cAMP accumulation were
analyzed in SAC”~ caSMCs incubated for 10 minutes with 0.1nM to 1M
GLP-1(28-36) or scrambled control. GLP-1(28-36) caused a significant
increase in intracellular levels of ATP at a minimum effective concentration
of 0.1 uM in caSMCs isolated from both WT (sAC**, A) and sAC”~ (C) mice.
This effect was accompanied by a parallel accumulation of intracellu-

lar cAMP in (B) SAC** caSMCs, but was lost in (D) SAC7~ caSMCs. Data
represent the mean + SEM. n = 3/concentration/treatment group (each in
triplicate). ***P < 0.001, by 2-way ANOVA with Bonferroni’s post hoc test.

(Figure 3C). Finally, the ability of GLP-1(28-36) to decrease
cleaved caspase-3 activation suggests that the agent prevents
apoptosis (Figure 3E). Taken together, the above data demon-
strate that GLP-1(28-36) acts through a molecular pathway
involving the catalytic generation of cAMP from sAC in cardiac
vascular cells to preserve membrane integrity and prevent apop-
tosis following oxidative injury.

GLP-1(28-36) increases cAMP levels and prevents cytotoxicity via
SAC. To verify the mechanism of cAMP-dependent, GLP-1(28-36)-
mediated cytoprotection and examine the potential for translation
to a clinical context, we next assessed the actions of the peptide in
human caSMCs and caECs. First, human caSMCs also showed a
2-fold increase in cAMP release in response to GLP-1(28-36), which
was abolished in the presence of the sAC inhibitor KH7, but not the
tmAC inhibitor Ddox (Figure 2H). Mirroring data from sAC7~ mice,
depletion of sSAC in human caSMCs through a siRNA also abrogated
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Figure 6. Pretreatment with GLP-1(28-36) increases glycolysis and glucose oxidation, and decreases FAO in coronary vascular cells. (A) Seahorse XFe24
extracellular flux analyzer traces of a glycolysis stress test in caSMCs measured as the ECAR by sequential injection of 20 mM glucose, 1 uM oligomycin,
and 100 mM 2-deoxy-p-glucose (2-DG). (B) Quantification of glycolysis, glycolytic capacity, and glycolytic reserves in caSMCs pretreated with 100 nM
GLP-1(28-36) or scrambled control for 20 minutes. (C) Seahorse XFe24 traces of glucose oxidation, measured as the OCR by sequential injection of 20 mM
glucose, 1 uM oligomycin, 1 uM FCCP [carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazonel, 1 uM rotenone, and 2 uM antimycin A into caSMCs cultured
in normal (5.5 mmol/L) glucose media. (D) Quantification of glucose oxidation measured in caSMCs that were pretreated with 100 nM GLP-1(28-36) or
scrambled control for 20 minutes. (E) Seahorse XFe24 traces of exogenous palmitic acid oxidation measured as the OCR following sequential injection into
caSMCs of 200 uM palmitic acid conjugated to BSA or BSA control, 1 uM oligomycin, 1 uM FCCP, 1 uM rotenone, and 2 uM antimycin A. (F) Quantification of
exogenous palmitic acid oxidation measured in caSMCs that were pretreated with 100 nM GLP-1(28-36) or scrambled control for 20 minutes. (G) Seahorse
XFe24 traces from a glycolysis stress test in caECs, measured as described above. (H) Quantification of glycolysis, glycolytic capacity, and glycolytic
reserves in caECs pretreated with 100 nM GLP-1(28-36) or scrambled control for 20 minutes. (I) Quantification of glucose oxidation in caECs pretreated
with 100 nM GLP-1(28-36) or scrambled control for 20 minutes. n = 3/treatment in all Seahorse assays, each in triplicate. Data represent the mean + SEM.
*P < 0.01, **P < 0.001, and ***P < 0.0001, by 1-way ANOVA with Bonferroni’s post hoc test.
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cAMP responses to GLP-1(28-36) (Figure 2I), providing further evi-
dence of a nonreceptor, sAC-dependent mechanism. In contrast, and
consistent with data from mouse ventricular CMs, we observed that
GLP-1(28-36) failed to protect hESC-CMs from cytotoxicity under
conditions of oxidative stress (Supplemental Figure 4C). Again, simi-
lar to the results observed in mouse caSMCs, GLP-1(28-36) activated
PKA and conferred cytoprotection against oxidative stress injury in

jei.org  Volume130  Number3  March 2020

human caSMCs (Supplemental Figure 8, A and B). To investigate the
importance of sAC in GLP-1(28-36)-stimulated cAMP generation
in human caECs, we also blocked the anion (HCO,) entry required
for sAC activity using probenecid (39). The ability of probenecid to
inhibit cAMP accumulation in GLP-1(28-36)-treated human caECs
further supports our finding that GLP-1(28-36) works through sAC
to increase intracellular cAMP levels (Supplemental Figure 8C).
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Figure 7. GLP-1(28-36) augments glucose utilization, decreases FAO, and activates sAC through MTPa. (A) Mouse caSMCs were transfected with a

combination of 4 MTPa-specific siRNAs, and relative Mtpa mRNA expression was measured by reverse transcription PCR versus control siRNA. Data were
normalized to B-microglobulin and EGFP housekeeping genes (see Supplemental Methods) and are presented as a percentage of mRNA expression of the
control siRNA. n = 7 separate experiments. (B) Representative Western blot and quantitative densitometric analysis of 83-kDa MTPa. protein expression
in lysates from caSMCs transfected with MTPa siRNA, control siRNA, or no siRNA. Data are presented as a percentage of MTPa protein expression versus
the loading control GAPDH (n = 3). (C) FAQ in caSMCs was measured with a Seahorse extracellular flux analyzer as the OCR within 24 hours of transfection
with MTPa siRNA (gray bars) or control siRNA (white bars) and pretreated with 100 nM GLP-1(28-36) twenty minutes before the mitochondrial stress test.
Basal respiration and palmitic acid oxidation were measured in cells transfected with MTPa siRNA (gray bars) or control siRNA (white bars) (n = 7/treat-
ment, each in triplicate). (D) Glycolysis was measured as the ECAR in caSMCs treated with MTPo siRNA (gray bars) or control siRNA (white bars) and pre-
treated with 100 nM GLP-1(28-36) or scrambled control (n = 3/treatment, each in triplicate). (E) Mitochondrial glucose oxidation was calculated in caSMCs
treated with MTPa siRNA (black bars) or control siRNA (white bars) and pretreated with 100 nM GLP-1(28-36) or scrambled control (n = 3/treatment, each
in triplicate). (F) Intracellular cAMP accumulation in MTPa-transfected caSMCs (gray bars) and control siRNA-transfected caSMCs (white bars), shown
after pretreatment with GLP-1(28-36), with or without KH7, Ddox, or forskolin. Data represent the mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001, by

1-way ANOVA (A, B, D, and E) or 2-way ANOVA (C and F) with Bonferroni’s post hoc test.

GLP-1(28-36) increases the levels of the SAC substrate ATP. Previous
studies have reported that sAC acts as a physiological ATP sensor in
glucose-responsive cells, with sAC-generated cAMP reflecting intra-
cellular ATP levels (40). Using WT mouse caSMCs, brief, 10-minute
incubations with GLP-1(28-36) caused concentration-dependent
increasesin ATP (Figure 4A). This effect was paralleled with increas-
es in sAC activity, as measured by cAMP accumulation in the same
lysates (Figure 4B). Importantly, although GLP-1(28-36)-driven
ATP generation was retained in caSMCs isolated from sAC*~ mice
(Figure 4C), cells lacking sAC could not generate cAMP in response
to this stimulus (Figure 4D). These data support a mechanism
whereby GLP-1(28-36) modulates sAC activity to generate cAMP in
caSMCs by an increase in the ATP substrate.

GLP-1(28-36) binds MTPa. To identify a putative mechanism
by which GLP-1(28-36) stimulates ATP production, we conducted

an affinity pull-down experiment with our functional biotinylated
GLP-1(28-36) followed by unbiased mass spectroscopy to identify
potential binding partners for GLP-1(28-36) in the mouse heart
(Supplemental Figures 9-11). This analysis revealed that GLP-
1(28-36) did not physically interact with sAC (Figure 5A). Instead,
we found that GLP-1(28-36) bound a group of inner mitochondrial
membrane-localized proteins that regulate mitochondrial trans-
port, protein binding, glycolysis, the citric acid cycle, and oxida-
tive phosphorylation (Supplemental Table 1). More specifically,
we identified MTPa, an enzyme involved in fatty acid metabolism,
as the main interacting protein of GLP-1(28-36) (Supplemental
Table 2) and validated this by Western blotting (Figure 5B).
GLP-1(28-36) increases glycolysis and glucose oxidation and
decreases FAO. To evaluate the effects of GLP-1(28-36) on cellular
bioenergetics, we used the Seahorse extracellular flux analyzer

jci.org  Volume130  Number3  March 2020

1399



1400

RESEARCH ARTICLE

The Journal of Clinical Investigation

A = 200- B C 100+ NS

-9 . c Z, *%
2 150 NS ’%‘ ’—}‘ EI Perfusion Ig s g 80+ - 'T'
=) *kk S o|g 3 i =
E100L — " 5 | Sacubitl, G158 280 il v
% gg m ‘ ‘ ‘ @l 20min © 20min 1= @ Cé 40 *58, v
~ -
o < 20 | als

10+ rﬂ = .
> ]
g 0 ’—af-‘ rﬁ T T T T 0 T T T T
Sacubitril — + - + - + Sacubitril - + - +

Cntl GLP-1 Forsk

Cntl GLP-1

Figure 8. GLP-1(28-36) contributes to the effects of GLP-1. (A) Intracellular accumulation of cAMP was measured by enzymatic immunoassay in
lysates from caSMCs treated for 10 minutes with 100 nM each of GLP-1, forskolin, or PBS control, with or without 20 uM sacubitril, a neutral endopep-
tidase inhibitor (n = 3/treatment, each in triplicate). (B) Schematic of drug delivery and IRI protocol of Langendorff perfusion using isolated hearts
from 10- to 12-week-old C57BL6) WT mice (C) LVDP recovery expressed as a percentage of LVDP at the end of reperfusion over LVDP before ischemia.
LVDP recovery is shown in hearts perfused with 6 nM GLP-1 or buffer-only control, with or without 1 uM sacubitril (n = 4-11/group). Data represent the
mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 versus the corresponding control, by 1-way ANOVA with Bonferroni’s post hoc test.

and performed glycolysis stress tests to measure glycolysis and gly-
colytic capacity and reserve in intact caSMCs. We observed that
brief pretreatment with GLP-1(28-36) versus the scrambled con-
trol increased glycolysis by 36% (extracellular acidification rate
[ECAR]:14.5 + 1.6 vs. 10.7 £ 0.7 mpH/min; P < 0.05). GLP-1(28-36)
also increased glycolytic capacity in caSMCs by 35% (ECAR: 30.1+
1.5 vs. 22.3 + 2.6 mpH/min; P < 0.05) (Figure 6, A and B). We next
assessed mitochondrial metabolism of glucose and palmitic acid
by measuring the oxygen consumption rate (OCR). In these exper-
iments, GLP-1(28-36) treatment increased glucose oxidation by
80% (383.5 * 48.3 vs. 212.2 + 37.2 pmol/min; P < 0.05) (Figure 6,
C and D) and reduced palmitic acid oxidation by 72% as compared
with scramble-treated caSMCs, (206.7 £12.9 vs. 57.9 +10.5 pmol/
min; P < 0.001) (Figure 6, E and F). However, GLP-1(28-36) did
not affect mitochondrial glucose oxidation in caSMCs cultured in
high-glucose medium (Supplemental Figure 12A).

We also assayed the bioenergetic effects of GLP-1(28-36) in
caECs. GLP-1(28-36) increased glycolysis in caECs by 43% (10.6
+ 0.4 vs. 7.4 * 07 mpH/min; P < 0.05) and increased their glyco-
lytic capacity by 54% (24.1 vs. 15.6 + 2.6 mpH/min; P < 0.05) (Fig-
ure 6, G and H). Similar to caSMCs, we found that GLP-1(28-36)
increased (mitochondrial) glucose oxidation in caECs (145.4 + 2.7
vs. 115.5 * 2.8 pmol/min; P < 0.05) (Figure 61 and Supplemental
Figure 12B) without further diminishing the already low palmitic
acid oxidation observed in caECs (Supplemental Figure 12C).

Energy substrate utilization and cAMP effects of GLP-1(28-36)
require MTPa. To test whether the effects of GLP-1(28-36) require
its ability to interact with MTPa, we knocked down MTPa expres-
sion using a siRNA and repeated our Seahorse experiments. First,
we documented that our siRNA approach reduced Mtpa mRNA lev-
els by 76% and MTPa protein by 67% in caSMCs and compared the
results with those obtained with the negative control siRNA (Figure
7, A and B). Consistent with this, MTPo siRNA reduced basal respira-
tion by 15% (OCR:143.6 + 6.9 vs. 165.5 * 4.5 pmol/min; P < 0.05) and
reduced palmitic acid-stimulated respiration by 20% (OCR: 223.3
* 4.5 vs. 268.8 + 3.3 pmol/min; P < 0.05) as compared with control
siRNA-treated caSMCs. Importantly, the ability of GLP-1(28-36) to
reduce palmitic acid oxidation was lost in MTPa siRNA-treated cells
but preserved in control cells (Figure 7C).

jei.org  Volume130  Number3  March 2020

Intriguingly, we observed a 30% increase in glycolysis and a
33% increase in mitochondrial glucose oxidation in MTPa siRNA-
versus control siRNA-treated cells (ECAR: 6.2 + 0.1 vs. 8.6 + 0.7
mpH/min; P < 0.05; OCR: 113.4 + 10.1 vs. 167.8 + 15.5 pmol/min;
P < 0.05). Although treatment with GLP-1(28-36) increased gly-
colysis by 36% in cells transfected with the control siRNA (ECAR:
6.2+ 0.1vs. 9.4 = 0.7 mpH/min; P < 0.05), this effect was lost in
cells transfected with MTPa siRNA (ECAR: 8.6 + 0.7 vs. 9.75 *
0.6 mpH/min; P = NS) (Figure 7D). These results indicate that
GLP-1(28-36) shifts the substrate preference from fatty acid to
glycolysis by inhibiting MTPa. Again, GLP-1(28-36) did not affect
mitochondrial glucose oxidation under the high-glucose concen-
trations used in the siRNA transfections (Figure 7E).

To explore the relationship between the MTPa-dependent
metabolic effects of GLP-1(28-36) with sAC activation and cAMP
production, we knocked down MTPa expression in caSMCs using
siRNA transfection and performed cAMP assays. MTPa siRNA-
transfected cells showed greater intracellular cAMP accumu-
lation than did control siRNA-transfected cells (41.1 + 1.4 vs. 24
* 0.8 pmol/mg protein; P < 0.05), and treatment with 100 nM
GLP-1(28-36) did not further increase cAMP levels in MTPa
siRNA-transfected cells (41.1+ 1.4 vs. 46.3 + 0.8 pmol/mg protein;
P = NS). We further observed that the cCAMP response in MTPo,
siRNA-treated cells [with or without exposure to GLP-1(28-36)]
was abrogated by the sAC inhibitor KH7 [GLP-1(28-36): 41.1+ 1.4
vs. 20.5 * 0.8 pmol/mg protein; P < 0.05; scrambled: 41.1 + 1.4 vs.
18.3 * 2 pmol/mg protein; P < 0.05], but not by the tmAC inhib-
itor Ddox [GLP-1(28-36): 41.1 + 1.4 vs. 42.6 * 0.7 pmol/mg pro-
tein; P = NS; scrambled: 41.1 + 1.4 vs. 39.7 + 1.2 pmol/mg protein;
P =NS] (Figure 7F). As expected, a GLP-1(28-36)-induced cAMP
response was preserved in control siRNA-transfected cells (42.2 +
1vs. 24 + 0.8 pmol/mg protein; P < 0.05) but was lost in the control
siRNA cells treated with the sAC inhibitor KH7 (26.1 + 1.4 pmol/
mg protein; P < 0.05). Again, the tmAC inhibitor Ddox did not pre-
vent a GLP-1(28-36)-induced cAMP response in control siRNA-
treated cells (37.6 * 0.2 vs. 15.2 + 1.9 pmol/mg protein; P < 0.05)
(Figure 7F). Collectively, these data reveal that GLP-1(28-36)
requires MTPa-inhibitory metabolic modulation to activate sAC-
dependent cAMP production in caSMCs.
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GLP-1(28-36) contributes to the cardiovascular biology of GLP-1.
To establish the importance of the NEP-derived metabolite GLP-
1(28-36) to the overall cardiovascular biology of GLP-1, we used
sacubitril, a pharmacological inhibitor of NEP, and assessed in
vitro cAMP accumulation in caSMCs, as well as functional LVDP
recovery in an ex vivo Langendorff model of IRI. We found that
pretreatment with GLP-1 (100 nM) increased intracellular cAMP
accumulation in caSMCs compared with untreated controls (25.9
+1.6vs.7.6 1.1 pmol/mg protein; P < 0.0001) and that this effect
was abolished by sacubitril (20 uM), with the resulting cAMP
response being no different than that of the untreated controls
(12.4 + 0.4 vs. 8.4 * 1.3 pmol/mg protein; P = NS) (Figure 8A).
Next, in our isolated heart model of IRI (Figure 8B), we show that
a 20-minute perfusion with GLP-1 (6 nM) improved functional
LVDP recovery following IRI as compared with buffer-treated
controls (52.4% *2.7% vs. 27.6% + 4.1%; P < 0.05) (Figure 8C). In
contrast to our in vitro findings, the addition of sacubitril (1 pM)
did not abolish the improved LVDP recovery induced by GLP-1
(52.4% * 2.7% vs. 68% * 8.1%; P = NS) (Figure 8C). However,
our control isolated hearts treated with sacubitril (1 pM) alone
(without GLP-1) also showed improved LVDP recovery following
IRI compared with the buffer-treated controls (57.2% + 2.8% vs.
27.6% * 4.1%; P < 0.001) (Figure 8C).

Discussion

This study demonstrates that GLP-1(28-36) protects against cardi-
ac ischemic injury. This effect of GLP-1(28-36) was independent
of the known GLP-1R and was mediated by a mechanism involv-
ing mitochondrial MTPa and intracellular SAC in caSMCs and
caECs but not CMs. We show that GLP-1(28-36) entered mouse
caSMCs and ECs by macropinocytosis and activated sAC, as evi-
denced by the increased production of cAMP in caSMCs from WT
but not SAC”" mice. Furthermore, GLP-1(28-36) protected mouse
caSMCs from oxidative stress injury through a sAC-dependent
mechanism. We also reveal that GLP-1(28-36) activated sAC by
increasing production of its substrate ATP, through enhanced
glucose metabolism and reduced FAO by direct inhibitory inter-
actions with MTPa. Finally, we show with pharmacological inhibi-
tors (KH7) and gene silencing (siRNA) that sSAC-mediated actions
of GLP-1(28-36) were conserved in human caSMCs. We also
observed the ability of GLP-1(28-36) to increase cAMP production
through bicarbonate-responsive (i.e., probenicid-inhibited) sAC
in human caECs. By contrast, there were no measurable effects of
GLP-1(28-36) in hESC-CMs.

Beyond our demonstration of the effects of GLP-1(28-36)
on IRI and a role for sAC in its biology, there is a small emerging
body of evidence supporting a role for GLP-1(28-36) in preventing
obesity, insulin resistance, diabetes mellitus, and hepatic steatosis
and gluconeogenesis in mice (11, 24, 27, 41, 42). This C-terminal
metabolite of GLP-1 has shown cytoprotective effects in isolated
mouse hepatocytes and p cells exposed to oxidative stress injury,
as indicated by trafficking to the mitochondria and the limiting
of stress-induced apoptosis through inhibition of mitochondrial
depolarization, cytochrome c release, and caspase activation (11,
42). These activities are consistent with our demonstration that
the peptide increases ATP generation and cAMP production in a
sAC-dependent manner.
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Others have shown in clonal INS-1 cells and primary hepatocytes
that GLP-1(28-36) increases cellular cAMP and phosphorylation
of PKA, cAMP response element-binding protein (CREB), cAMP-
dependent transcription factor-1 (ATF-1), and B-catenin (27, 41). Just
as putative roles for CREB, ATF-1, and B-catenin remain to be exam-
ined in the cardiovascular actions of GLP-1(28-36), future studies
will be needed to elucidate the role of sAC in the biological actions
of GLP-1(28-36) reported in hepatocytes and p cells. Indeed, reports
that SAC”" mice display impairments in both pancreatic insulin secre-
tion and intraperitoneal glucose tolerance (40, 43) support our find-
ings implicating SAC in GLP-1(28-36) and /or overall GLP-1 biology.

Our data also reveal an antiapoptotic role for GLP-1(28-36)
through activation of sAC and its downstream cAMP-PKA effec-
tors. However, previous findings have reported dual roles for sAC
in both cell death and cell growth (44). More specifically, it has
been reported that following ischemia, oxidative stress, or aci-
dosis injury in rat caECs, CMs, and aortic SMCs, sAC-dependent
apoptosis is triggered by translocation of sSAC from the cytosol to
mitochondria with submitochondrial PKA activation, Bax phos-
phorylation, and cytochrome c release (45-48). In contrast, SAC
induces cell proliferation through a PKA-independent, but EPAC/
Rapl/B-Raf-dependent, signaling pathway in prostate carcinoma
cells (49). Although the pro- versus antiapoptotic mechanisms
of sAC are still being studied, our data support an antiapoptotic
role for sAC in caSMCs and caECs. Unlike the above models, in
which activation of SAC was studied after injury, we demonstrate
that GLP-1(28-36) acts as a preconditioning agent by activating
sAC through increased production of ATP, leading to downstream
cAMP/PKA activation. Importantly, the role of PKA in activating
multiple downstream targets involved in prosurvival signaling
(eNOS, AKT) is well established (4, 21, 50-54).

We previously showed that both GLP-1 and GLP-1(9-36) cause
the release of guanosine 3',5'-cyclic guanosine monophosphate
(cGMP) and cAMP in coronary effluents of isolated perfused hearts
from WT and Glplr/- mice (4), thus directly implicating GLP-1 and
its DPP-4-generated metabolite in GLP-1R-independent production
of cAMP (4, 21). Others showed that both GLP-1 and DPP-4i limit
infarct size in animal models of MI by increasing intracellular cAMP
levels and activating PKA (51, 52). Indeed, preventing the degrada-
tion of cAMP by phosphodiesterase inhibition increased the infarct-
sparing effect of DPP-4 inhibition in mice (50). Importantly, unlike
B-adrenergic stimulation-induced increases in myocardial cAMP,
which enhance contractility, GLP-1 showed negative inotropic effects
in rodent cardiac myocytes, implicating a compartmentalized mech-
anism of cAMP production away from the contractile apparatus (53).
These findings provide evidence that the generation of an intracellu-
lar source of cAMP is involved in GLP-1-mediated cardioprotection.

Myocardial IRI is accompanied by several metabolic abnor-
malities such as increased FAO and decreased glucose oxidation
(55). This phenomenon is associated with uncoupled mitochon-
drial respiration, elevated proton leak, ROS formation, cellular
apoptosis, and, more important, increased myocardial oxygen
consumption (56). Although several therapeutic strategies have
attempted to reverse this metabolic imbalance (57), there is still no
approved treatment regimen to date. For instance, trimetazidine
(TMZ), a clinically effective antianginal agent, has been shown to
improve post-IRI cardiac function in various animal models. TMZ
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was shown to modulate energy metabolism by inhabiting FAO,
with a subsequent increase in glucose oxidation (58). In addition,
dichloroacetic acid (DCA), a pyruvate dehydrogenase activator,
enhanced cardiac efficiency during IRI of isolated rat hearts by
increasing glucose oxidation (59).

Of note, Aravindhan et al. showed in rats that GLP-1(7-36)
increases myocardial energy efficiency by substrate shifting to
glucose (60). Although, no molecular mechanism was provided,
their results are consistent with the notion that some, if not all, of
the metabolic effects of the parent peptide may be mediated by
our discovery that the metabolite GLP-1(28-36) inhibits MTPa
and shifts energy substrate utilization from fatty acids to glucose.
Indeed, the stimulatory effect of GLP-1(28-36) on glycolysis and
its inhibitory effect on FAO were consistent in all vascular cell
types studied and under all experimental conditions. Only the
stimulatory effect of GLP-1(28-36) on mitochondrial glucose oxi-
dation appeared to vary between the experimental conditions of
normal and high glucose concentrations (Figure 6: 5.5 mmol/L;
Figure 7 and Supplemental Figure 12A: 20 mmol/L).

Affinity pull-down and mass spectrometric (MS) analyses
consistently identified MTPa (also known as HADHA) as the main
interacting binding partner for GLP-1(28-36). However, this pro-
cess revealed additional binding partners including proteins that
regulate oxidative phosphorylation, mitochondrial membrane
transport, the citric acid cycle, and glycolysis (Supplemental Table
1). Although functional Seahorse assays clearly confirmed a role
for MTPa in mediating the ability to modulate cellular metabo-
lism, we cannot exclude the possibility that GLP-1(28-36) may
also interact with other partner proteins to achieve its effects on
cell metabolism and cytoprotection.

In this study, we did not observe significant increases in extra-
cellular cAMP release in coronary effluent from GLP-1(28-36)-
perfused mouse hearts (Figure 2B) as compared with robust
responses in caSMCs and caECs in vitro (Figure 3, A and B). We
speculate that the molecular actions of GLP-1(28-36) are localized
intracellularly to specific cardiovascular cell types. Although CMs
have long been implicated as the main cellular targets of cardiopro-
tective agents against MI and/or IRI, our in vitro data reveal that
CMs are not direct sites of action of the cytoprotective effects of
GLP-1(28-36). However, studies examining the specific role of car-
diac and/or coronary vascular cells in IRI are scarce. To our knowl-
edge, the strategy of selective prevention of cytotoxicity of cardiac
vascular cells following MI and/or IRI to affect whole-organ car-
dioprotection has never been directly studied. Although our data
suggest that such an approach is feasible, further work is required
to determine the relative importance of cardiac vascular cells ver-
sus cardiac myocytes in the pathophysiology of IRI. For example,
tissue-specific KOs of sAC (e.g., SMCs vs. ECs vs. CMs) may be
required to parse the cell-specific role of this cAMP-generating
pathway in IRI, with the lack of GLP-1(28-36) responses in sAC”~
caSMCs providing a strong rationale.

In attempting to understand whether manipulation of
NEP24.11 to prevent the degradation of GLP-1 into GLP-1(28-36)
would affect the clinically observed cardioprotective actions of
GLP-1, we found that the in vitro cAMP response to GLP-1 was
lost with addition of the NEP24.11 inhibitor sacubitril. However,
sacubitril failed to inhibit the functional LVDP recovery observed
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with GLP-1in our ex vivo model of IRI. We believe this may be due
to pleiotropic actions of NEP24.11 and the activation of GLP-1-
unrelated cardioprotective signaling molecules (e.g., ANP) in the
more complex ex vivo system. Because of this, carefully designed
experiments with NEP21.11 and ANP and/or NRP-1 knockdowns
may be required to further parse the role of GLP-1(28-36) in
the overall cardiovascular biology of GLP-1. Indeed, it is not yet
known whether GLP-1(28-36) is a physiologically relevant, endog-
enously active metabolite. We are in the process of developing
MS methods for quantitative analysis of GLP-1(28-36) and have
developed a MS signature using synthetic GLP-1(28-36) peptide
at the MS retention time of 17.74 minutes; data not shown). Assays
for the in vivo measurement of plasma levels and tissue activity of
GLP-1(28-36) and subsequent functional analysis will be pivotal
to understanding the physiological relevance of this peptide.

A large cardiovascular outcome trial in high-risk T2D patients
treated with the GLP-1 analog liraglutide (LEADER) demonstrat-
ed impressive reductions in CV mortality (-22%; P < 0.001), with
nonsignificant reductions in hospitalizations for heart failure (hHF)
(-13%; P = 0.14) (13). Interestingly, these benefits may be blunted in
the approximately 30% of patients in whom liraglutide increased
the resting heart rate (HR) by 10 bpm or more (61). Furthermore, in
smaller studies of patients with recent acute and advanced HF, irre-
spective of T2D status (62, 63), treatment with liraglutide was asso-
ciated with a nonsignificant increase in CV mortality and hHF (30%,
P=0.17) (62). Itis tempting to speculate that this apparentloss of ben-
efit in patients with more advanced HF may be the result of increas-
esin HR caused by activation of sinoatrial node (SAN) GLP-1Rs (64,
65), which could be mitigated with an agent such as GLP-1(28-36)
that retains cardiac and vascular protection of GLP-1, without acti-
vating the GLP-1R. Indeed, the potential promise of GLP-1(28-36)
as a synthetic peptide that enables GLP-1R-independent, MTPa-
dependent, sAC-mediated cytoprotective cAMP signaling, with no
effect on HR, is worthy of further exploration.

In conclusion, we have identified molecular and cellular targets
for GLP-1(28-36) in the cardiovascular system. We believe that the
mechanistic pathways uncovered here have potential for impact in the
clinical context of IRI, for which no approved therapies currently exist.

Methods
Animals. The origins and specifications of the mice used in this study
are detailed in the Supplemental Methods.

Descriptions and sources of reagents and detailed methods of our
mouse models of experimental MI in vivo (66), IRI in vivo (67), IRI ex
vivo (4, 21), as well as mouse and human cellular injury models in vitro
(21, 68) are provided in the Supplemental Methods. Details on the iso-
lation of mouse caSMCs and neonatal ventricular CMs, as well as cell
culture methods for human caSMCs, caECs, hESC-CMs, and the HL-1
cell line, including drug treatment regimens, are provided in the Sup-
plemental Methods. All assays relevant to cAMP, LDH, PKA, ATP and
Seahorse XFe24 extracellular flux measurements are detailed. Gene
silencing using siRNA and Western blot protocols are described in the
Supplemental Methods, as is the use of streptavidin affinity pull-down of
biotinylated peptides and MS.

Statistics. Data are expressed as the mean + SEM. A 1-way ANOVA
was used to analyze differences between 3 or more treatment groups
using GraphPad Prism, version 4.0 (GraphPad Software). A 2-way
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ANOVA was used to compare differences between GLP-1(28-36)
and the scrambled control across multiple doses or different mouse
strains. Bonferroni’s post hoc test was used for multiple comparisons.
A Pvalue of less than 0.05 was considered significant.
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