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Abstract

Alpha-calcitonin gene-related peptide (a-CGRP) is a 37-amino acid neuropep-

tide that plays an important protective role in modulating cardiovascular dis-

eases. Deletion of the a-CGRP gene increases the vulnerability of the heart to

pressure-induced heart failure and the administration of a modified a-CGRP
agonist decreases this vulnerability. Systemic administration of a-CGRP
decreases blood pressure in normotensive and hypertensive animals and

humans. Here we examined the protective effect of long-term administration

of native a-CGRP against pressure-overload heart failure and the likely mech-

anism(s) of its action. Transverse aortic constriction (TAC) was performed to

induce pressure-overload heart failure in mice. We found that TAC signifi-

cantly decreased left ventricular (LV) fractional shortening, ejection fraction,

and a-CGRP content, and increased hypertrophy, dilation, and fibrosis com-

pared to sham mice. Administration of a-CGRP-filled mini-osmotic pumps

(4 mg/kg bwt/day) in TAC mice preserved cardiac function and LV a-CGRP
levels, and reduced LV hypertrophy, dilation, and fibrosis to levels comparable

to sham mice. Additionally, TAC pressure-overload significantly increased LV

apoptosis and oxidative stress compared to the sham mice but these increases

were prevented by a-CGRP administration. a-CGRP administration in TAC

animals decreased LV AMPK phosphorylation levels and the expression of

sirt1, both of which are regulatory markers of oxidative stress and energy

metabolism. These results demonstrate that native a-CGRP is protective

against pressure-overload induced heart failure. The mechanism of this car-

dio-protection is likely through the prevention of apoptosis and oxidative

stress, possibly mediated by sirt1 and AMPK. Thus, a-CGRP is a potential

therapeutic agent in preventing the progression to heart failure, and the car-

dio-protective action of a-CGRP is likely the result of a direct cellular effect;

however, a partial vasodilatory blood pressure-dependent mechanism of a-
CGRP cannot be excluded.

Introduction

Alpha-calcitonin gene-related peptide (a-CGRP) is a 37-

amino acid neuropeptide that is generated from the alterna-

tive splicing of the primary transcript of the calcitonin/a-
CGRP gene, CALC I (Breimer et al. 1988; Rosenfeld et al.

1983). The synthesis of a-CGRP is limited to specific regions

of the central and peripheral nervous system, particularly in

the sensory neurons of the dorsal root ganglia. Another form

of the CGRP, termed b-CGRP, is encoded from a distinct

gene-CALC II, and is mainly expressed in the gut and pitu-

itary gland (Russell et al. 2014). a- and b-CGRP exerts dis-

tinct hemodynamic and gastric effects, respectively (Dubois-

Rande et al. 1992; Shekhar et al. 1991). Compared to b-
CGRP, a-CGRP has a markedly greater activity in the regula-

tion of cardiovascular function (Brain et al. 1985).
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The cardiovascular role for a-CGRP has been exten-

sively studied in our laboratory, and others, in normal

cardiovascular function and in a variety of cardiovascu-

lar diseases, including experimental hypertension,

myocardial infarction, ischemic-reperfusion cardiac

injury, and heart failure (Chai et al. 2006; Gangula

et al. 1997; Huang et al. 2008; Katki et al. 2001; Li

et al. 2013; Li et al. 2013; Supowit et al. 2005). To

date, a-CGRP is the most potent vasodilator known,

including the coronary circulation, and also has positive

chronotropic and inotropic effects (Brain et al. 1985;

Supowit et al. 1995). Systemic administration of a-
CGRP decreases blood pressure in normotensive and

hypertensive animals and humans (DiPette et al. 1989;

Supowit et al. 1993; Dubois-Rande et al. 1992). Our

laboratory has previously shown that pressure-overload

heart failure, induced by transverse aortic constriction

(TAC), significantly exacerbates cardiac hypertrophy and

subsequent cardiac dilation and dysfunction, cardiac

fibrosis, and mortality in a-CGRP knock-out (KO) mice

compared to their counterpart TAC wild-type mice (Li

et al. 2013). The hearts of TAC a-CGRP KO mice

exhibit a dramatic increase in apoptosis, fibrosis,

inflammation, and higher collagen content, in compar-

ison to TAC wild-type mice, indicating that a-CGRP is

critical for cardio-protection from pressure-overload

induced congestive heart failure (CHF). Our laboratory

has also demonstrated that a-CGRP acts as a compen-

satory depressor to attenuate the rise in blood pressure

in three different models of experimental hypertension:

(1) deoxycorticosterone (DOC)-salt (Supowit et al.

1997), (2) subtotal nephrectomy-salt (Supowit et al.

1998), and (3) L-NAME induced hypertension during

pregnancy (Gangula et al. 1997). A similar compen-

satory depressor role of a-CGRP has also been shown

in the two-kidney one-clip model of hypertension

(Supowit et al. 1998) and in chronic hypoxic pul-

monary hypertension (Bivalacqua et al. 2002).

Various in vivo and in vitro studies confirm that a-
CGRP benefits the heart by decreasing angiotensin II

activity, increasing cardiac blood flow, and protecting car-

diac cells from ischemia and metabolic stress (Russell

et al. 2014). A recent study using rodent models of hyper-

tension and heart failure demonstrated that the systemic

subcutaneous administration of an a-CGRP analogue (an

acylated form of a-CGRP with extended half-life, t1/

2 = ~7h) reversed the renal, vascular, and cardiac damage

caused by angiotensin II-induced hypertension or by

abdominal aortic constriction (AAC)-induced heart fail-

ure (Aubdool et al. 2017). Acylated-a-CGRP lowered the

blood pressure, and reduced cardiac fibrosis, oxidative

stress, and cardiac hypertrophy in these mice with hyper-

tension and heart failure. These results indicated that

a-CGRP, either in its native or modified form, may bene-

fit the patient suffering from cardiac failure. However, the

protective action of the native peptide form of a-CGRP
in cardiovascular diseases has not been studied and the

potential cellular mechanisms involved have not been

determined.

The present study was undertaken to determine

whether the long term administration of native a-CGRP
is cardio-protective against pressure-overload induced

congestive heart failure (CHF). Here, we report that such

administration of the native a-CGRP peptide markedly

preserved cardiac function which was accompanied by

reduced apoptosis and oxidative stress, and thus protect-

ing heart from pressure-induced CHF.

Materials and Methods

Eight-week-old male C57/BL6 mice were purchased from

Charles River Laboratories, Wilmington, MA, and were

housed in the institutional animal facility maintained at

25°C with a 12 h light/dark cycle. Mice received a stan-

dard diet and tap water ad libitum. Mice were allowed to

acclimate for one week before the start of experiments.

The animal protocols were in accordance with the guide-

lines of the National Institutes of Health (NIH), USA,

and were approved by the University of South Carolina-

Institutional Animal Care and Use Committee.

Pressure-overload model

Mice were subjected to transverse aortic constriction

(TAC) surgery using a 27-gauge needle to develop pres-

sure-overload induced heart failure (Li et al. 2013).

Briefly, mice were anesthetized with 3% isoflurane and

maintained with 1% isoflurane. The chest was opened by

making an incision at the suprasternal notch, and aortic

constriction was performed by tying a 7-0 silk suture liga-

ture around a 27-gauge needle and then removing the

needle yielding 70–80% constriction. The chest was then

closed and the mice were allowed to recover. Sham-oper-

ated mice underwent the same procedure, but without

aortic constriction. Two days post-surgery, mice were

divided into four groups: sham (n = 7), sham-a-CGRP
(n = 7), TAC-only (n = 6), and TAC-a-CGRP (n = 7). In

the TAC-a-CGRP and sham-a-CGRP groups of mice, a-
CGRP-filled osmotic minipumps (Model 1007D; Alzet

Durect Corporation, CA) were implanted subcutaneously

to deliver 4 mg/kg b.w/day per mouse of a-CGRP
(Bachem Americas Inc, CA) (a-CGRP release rate = ~0.3
pmole per second). On every seventh day, new a-CGRP-
filled osmotic pumps were implanted for total 28 days of

a-CGRP delivery. During the course of experiment, none

of the sham mice died. Three of the TAC mice died
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within 24 h following the TAC procedure due to opera-

tive complications. After 2 days post-TAC procedure, all

of the remaining animals, for example, TAC-only mice,

and TAC and sham mice receiving a-CGRP remained

alive until the end of the experiment.

At the end of the experiment (day 28 of a-CGRP deliv-

ery), mice were weighed and euthanized. Hearts and lungs

were removed, photographed, and the wet heart and lung

weight were measured. Apical portion of the heart left

ventricle (LV) was snap frozen in liquid nitrogen and

stored at �80°C for biochemical analyses, and basal por-

tion was fixed in 4% paraformaldehyde/PBS (pH 7.4) for

histology.

Transthoracic echocardiography

Echocardiography was performed using Vevo 3100 High-

Resolution Imaging System (VisualSonics Inc, Toronto,

Canada). Mice were sedated with 3% isoflurane and heart

rate was maintained at 450–460 beats per minute by

adjusting isoflurane concentration 1–1.5%. Short axis B-

and M-mode 2D echocardiograms were recorded through

the anterior and posterior LV walls at the level of the

papillary muscle. Left ventricular internal diameter at

end-systole (LVIDs) and end-diastole (LVIDd), left ven-

tricular posterior wall thickness, end-systole (LVPWs) and

end-diastole (LVPWd), and fractional shortening (FS)

and ejection fraction (EF) were measured by the

VisualSonics Measurement Software.

Histopathology

Paraformaldehyde-fixed, paraffin-embedded LV sections

(5 lm) were stained with Masson’s trichrome-collagen

staining (Polyscientific, Bay Shore, NY) to measure for

cardiac fibrosis, and Texas Red-X conjugated wheat germ

agglutinin (WGA; Invitrogen Corp, Carlsbad, CA) stain-

ing for cardiomyocyte cross-sectional area. For

immunofluorescence, paraformaldehyde-fixed paraffin-

embedded LV sections (5 lm) were deparaffinized in

xylene, rehydrated with graded ethanol (100%, 95%, and

70%) (Kumar et al. 2011). Antigen unmasking was car-

ried out by boiling slides in 10 mmol/L sodium citrate

buffer (pH 6.0) at 95 ˚C for 30 min. After permeabiliza-

tion with 0.2% Triton X-100/PBS for 10 min and block-

ing with 10% BSA IgG-free/PBS (Jackson

ImmunoResearch Laboratories, West Grove, PA) for over-

night at 4°C, sections were incubated with primary anti-

bodies diluted in 5% IgG-free BSA/PBS (1:200 dilution)

for overnight at 4°C. Primary antibodies were detected

with secondary antibodies conjugated with Alexafluor-488

or Alexafluor-546 (Invitrogen). DAPI (40, 6-diamidino-2-

phenylindole; Sigma-Aldrich, St. Louis, MO) was used to

stain nuclei. Sections were mounted with antifade Vec-

tashield mounting media (Vector Laboratories, Burlin-

game, CA), and signals were visualized under Nikon-E600

fluorescence microscope. Primary antibodies were: cleaved

caspase-3 (Cell Signaling Technology, Danvers, MA), 8-

OHdG, sirt1 (Santa Cruz Biotechnology, Santa Cruz,

CA), and anti-HNE (4-hydroxy-2-nonenal; Abcam Inc,

Cambridge, MA). NIH-ImageJ software (USA) was used

to quantitate collagen content, cardiomyocyte area, and

fluorescence intensity in the left ventricles.

TUNEL staining

DeadEnd fluorometric TUNEL kit (Promega, Madison, WI)

was used to detect apoptotic DNA fragmentation in the LV

sections. Briefly, LV sections (5 µm thick) were deparaf-

finized in xylene, rehydrated with ethanol, and washed with

0.85% NaCl. Tissue sections were fixed with 4% para-

formaldehyde/PBS solution followed by permeabilization

with proteinase K solution (20 µg/mL) for 10 min at room

temperature. The nicked DNA was labeled with fluores-

cence-labeled dUTP nucleotide and recombinant terminal

deoxynucleotidyl transferase enzyme mix for 60 min at

37°C. After washing with 29 standard saline citrate, sections

were mounted with Vectashield mounting media (Vector

Laboratories) and examined under Nikon-E600 fluores-

cence microscope. NIH-ImageJ software was used to count

apoptotic cells in 20 random fields.

Western blotting

Total protein from the LVs was extracted by 19 RIPA cell

lysis buffer (Cell Signaling Technology), and stored at

�80°C until use. Protein concentrations were measured

by bicinchoninic acid protein assay kit (Pierce/ThermoS-

cientific, Waltham, MA). Equal amount of extracted pro-

teins were diluted with 59 Laemmli sample loading

buffer, boiled for 5 min, separated by SDS-polyacrylamide

gel electrophoresis, and analyzed by western blotting

(Kumar et al. 2014). Briefly, after electrophoresis, proteins

were transferred on polyvinylidene difluoride (PVDF)mem-

brane at 100 volt for 3 h in cold room. Membrane was

blocked with 10% non-fat dry milk/TBST (20 mmol/L Tris-

Cl, pH 7.4; 150 mmol/L NaCl with 0.1% Tween-20) for 4 h

at room temperature followed by incubation in primary

antibodies diluted in 5% non-fat dry milk/TBST for over-

night at 4°C. After washing with TBST, membrane was incu-

bated with corresponding horseradish peroxidase-

conjugated secondary antibodies (Bio-Rad Laboratories,

Hercules, CA) diluted in 5% non-fat dry milk/TBST for 2 h

at room temperature. Signals were detected by Clarity

Western Detection Kit (Bio-Rad Laboratories). Primary

antibodies used were Superoxide dismutase -2 (SOD-2),
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b-actin, phospho-AMPKThr172, and total-AMPK (all from

Cell Signaling Technology). The expression of these proteins

was quantitated by NIH-ImageJ software.

Enzymatic activity assays

Total glutathione (GSH) content in the LVs was mea-

sured by luminescence based GSH-Glo Glutathione assay

kit (Promega), and generated luminescence, correspond-

ing to glutathione level, was detected by Turner 20/20

luminometer (Promega). Lipid peroxidation assay kit

(Sigma) was used to measure malondialdehyde (MDA)

level, an indicator of lipid-peroxidation, in the LVs.

Measurement of LV a-CGRP content

Enzyme-linked immunosorbent assay (ELISA) was per-

formed to measure LV a-CGRP level using an a-CGRP
EIAH kit (Peninsula Laboratories, San Carlos, CA).

Briefly, LV tissues were boiled and homogenized in 5%

acetic acid solution. After centrifugation at 12,000g for

10 min, the clear supernatant was collected and peptides

were extracted through C18 Sep-column. The extracted

peptides were lyophilized, suspended in EIA buffer, and

50 lg of extracted peptide was used for ELISA following

manufacturer’s protocol II instructions. Absorbance was

measured at 450 nm in Spectramax Plus 384 microplate

reader (Molecular Devices, CA).

Statistical analysis

Data were expressed as mean � SD. Comparisons were

made among the groups using one-way ANOVA followed

by Tukey-Kramer ad hoc test (GraphPad software, La

Jolla, CA). P value <0.05 was considered significant.

Results

a-CGRP content in the left ventricle and
serum

ELISA was performed to measure a-CGRP levels in the LVs

and serum after 28 days of sustained peptide delivery. The

measured LV a-CGRP content in sham, sham-a-CGRP,
TAC, and TAC-a-CGRP mice were 53.7 � 11.9,

63.5 � 8.3, 26.2 � 12.5, and 65.35 � 25.6, (in pg/mg pro-

tein � SD), respectively (Fig. 1A). The LV a-CGRP level in

the TAC mice was significantly lower compared to with the

sham-operated mice (P < 0.05, TAC vs. sham). In addition,

a-CGRP levels were significantly higher in the TAC-a-
CGRP mice than in TAC mice (P < 0.05, TAC-a-CGRP vs.

TAC). Although the LV a-CGRP level in TAC-a-CGRP
mice and sham-a-CGRP mice was higher compared to the

sham mice, interestingly this increase was not statistically

significant (Fig. 1A).

ELISA assay conducted in serum collected from the

sham, sham-a-CGRP, TAC, and TAC-a-CGRP group of

mice demonstrated that a-CGRP content in TAC mice

serum was significantly higher than that of sham group

(P < 0.05, TAC vs. sham). No significant difference in a-
CGRP levels between sham, sham-a-CGRP, and TAC-a-
CGRP groups was observed (Fig. 1A). It is possible that the

circulating level of a-CGRP administered by the osmotic-

minipump in the TAC-a-CGRP and sham-a-CGRP groups

of mice was exhausted by the end of the study; which

account for the minimal change in peptide level in these

groups of mice compared to sham-operated mice.

Exogenous a-CGRP administration improves
cardiac function in TAC mice

Our laboratory has previously shown that TAC signifi-

cantly exacerbates cardiac hypertrophy and subsequent

cardiac dilation and dysfunction in a-CGRP knock-out

(KO) mice (Li et al. 2013). To determine if long-term

administration of a-CGRP preserved cardiac function, B-

and M-mode 2D electrocardiography was performed on

day 28 following a-CGRP delivery in all four groups

(Fig. 1B–D). LV systolic function, as assessed by % frac-

tion shortening (FS; Fig. 1C) and ejection fraction (EF;

Fig. 1D), was significantly decreased in the TAC mice

compared to the sham mice. Percent FS in sham and

TAC mice were (in � SD) 45.7 � 3 and 25.4 � 2.8,

respectively, (P < 0.005 sham vs. TAC). Compared to

TAC-only mice, the administration of a-CGRP signifi-

cantly preserved FS in the TAC-a-CGRP mice (%

FS � SD: TAC-a-CGRP = 36.6 � 3.0, P < 0.005 TAC vs.

TAC-a-CGRP) and changes in EF were similar to changes

in FS where the reduction in %EF was preserved in the

TAC-a-CGRP mice compared to the TAC mice

(P < 0.005, TAC-a-CGRP vs. TAC). Although the admin-

istration of a-CGRP markedly preserved both FS and EF

in the TAC-a-CGRP mice compared to the TAC mice,

both parameters were lower than that observed in the

sham-operated mice. Our results also demonstrated that

FS and EF values were not significantly different in sham

and sham-a-CGRP groups. These results indicate that a-
CGRP administration preserved cardiac function in pres-

sure-overload induced heart failure.

a-CGRP administration attenuates cardiac
hypertrophy and fibrosis in TAC mice

To further determine the effect of a-CGRP on TAC induced

cardiac hypertrophy and fibrosis, isolated hearts at 28 days

were photographed and the ratios of wet heart weight to
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body weight (HW/BW) and wet lung weight to body weight

(LW/BW) were measured as indices of LV hypertrophy and

dilation and pulmonary congestion (Fig. 2A–C). The sizes of
the TAC-hearts were larger than that of sham-hearts, while

the heart size among the TAC-a-CGRP mice and sham mice

appeared identical (Fig. 2A). The calculated mean HW/BW

was significantly greater in TAC mice compared to sham

mice (P < 0.005, TAC vs. sham) while the increase in HW/

BW after TAC was significantly attenuated by a-CGRP
administration (P < 0.005, TAC-a-CGRP vs. TAC; Fig. 2B).

Similarly, the LW/BW was significantly increased in TAC

mice (P < 0.01, TAC vs. sham) which was significantly

attenuated by a-CGRP in the TAC-a-CGRP mice

(P < 0.005, TAC vs. TAC-a-CGRP; Fig. 2C). The heart size
and the ratios HW/BW and LW/BW in the sham-a-CGRP
group of mice were similar to that of the sham-operated

mice (Fig. 2A–C).

Wheat germ agglutinin (WGA) staining and its quan-

titation (Fig. 2D, upper and lower panel) showed that

the size of myocytes in TAC LV was markedly increased

compared to their sham counterparts (P < 0.005, TAC

vs. sham). In comparison, TAC-a-CGRP LV myocytes

were similar size in to that seen in the sham mice

(P < 0.005, TAC-a-CGRP vs. TAC). In addition, the size

of LV myocytes in the sham-only and sham-a-CGRP
groups of mice was similar. Furthermore, LV interstitial

fibrosis, as determined by trichrome-collagen staining,

was significantly greater in the TAC mice compared to

sham-operated mice (P < 0.005, TAC vs. sham). Simi-

larly, this increase was significantly attenuated by a-
CGRP administration in TAC mice and was similar to

that seen in the sham mice (P < 0.005, TAC vs. TAC-a-
CGRP, Fig. 2E, upper and lower panel). In the sham-a-
CGRP mice, we observed little fibrosis in the LVs and

Figure 1. (A) Bar diagrams showing a-CGRP content in the left ventricle (LV) and serum collected from sham, sham-a-CGRP, TAC, and TAC-a-

CGRP mice after 28 days a-CGRP delivery. Values were expressed as the mean � SD. (B) Representative echocardiograms showing short axis B-

and M-mode 2D echocardiography performed after a-CGRP delivery (day 28). (C and D) Percentage fractional shortening (FS) and ejection

fraction (EF) were plotted as the mean � SD. *P < 0.05 was considered significant. ns = non-significant.
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LV collagen content was comparable to sham-only mice

(Fig. 2E).

a-CGRP administration inhibits apoptosis in
the TAC left ventricle

Because apoptosis is one possible mechanism for the ulti-

mate failure seen in the TAC animals, staining for apop-

totic markers was performed. The immunofluorescent

images in Figure 3A demonstrated that the number of

cleaved caspase-3 positive cells (green), an indicator of

apoptotic cell death, were higher in TAC LVs compared

to the sham LV (P < 0.001, TAC vs. sham; Fig. 3B). In

comparison, the number of cleaved caspase-3 positive

cells was significantly lower in the TAC-a-CGRP LV

compared to TAC-only LV samples (P < 0.001, TAC-a-
CGRP vs. TAC; Fig. 3A and B).

To further examine the apoptotic pathway in the

hearts, apoptotic DNA fragmentation was determined by

TUNEL assay. In sections stained for TUNEL positive

cells, images showed that compared to the sham-operated

mice, the number of TUNEL-positive cells (green) was

significantly greater in TAC LVs (sham = 11 � 3 cells/

mm2, TAC = 72 � 3 cells/mm2; P < 0.005, TAC vs.

sham) (Fig. 3C and D). The staining of nuclei of

TUNEL-positive cells in TAC LV were superimposed in a

single cell (shown in enlarged images in TAC LVs in

Fig. 3C). Compared to the TAC LV, the number of

TUNEL-positive cells in the TAC-a-CGRP LV was signifi-

cantly less (TAC-a-CGRP = 11 � 4 cells/mm2; P < 0.005,

Figure 2. (A) Representative photographs showing the size of the hearts of sham, sham-a-CGRP, TAC, and TAC-a-CGRP mice after 28 days a-

CGRP delivery. (B and C) Bar diagrams represent the ratio of wet heart weight/body weight (HW/BW), and wet lung weight/body weight (LW/

BW). (D) The paraformaldehyde-fixed, paraffin-embedded LV sections (5 µm) were stained with WGA stain (upper panel). Cell size was

measured by NIH-ImageJ software and plotted (lower panel). Scale bar = 100 lm. (E) Trichrome-collagen stained LV sections (upper panel)

were used to measure fibrosis. Collagen content, an indicator of fibrosis, was quantitated by NIH-ImageJ software and plotted (lower panel).

Values were expressed as the mean � SD. *P < 0.05 was considered significant. ns = non-significant.
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TAC vs. TAC-a-CGRP). The number of cleaved caspase-3

positive cells (Fig. 3B) and TUNEL-positive cells

(Fig. 3D) between sham and sham-a-CGRP LVs was not

significantly different. These results indicated that a-
CGRP administration protects LV cardiac cells from pres-

sure-overload induced apoptosis.

a-CGRP protects the LVs from oxidative
stress generated by TAC

Several reports suggest that pressure-overload induced

apoptosis in LV myocytes is associated with increased

oxidative stress (Burgoyne et al. 2012; Nojiri et al. 2006).

Thus, to further examine the apoptotic role in heart

failure, we used various oxidative stress markers to deter-

mine oxidative stress levels in the LVs. We determined

that the LV expression of 4-HNE (lipid-peroxidation

marker) and 8-OHdG (oxidative DNA damage marker)

was significantly increased in the TAC mice compared to

their sham counterpart. And a-CGRP administration sig-

nificantly reduced the formation of HNE-adduct and

attenuated the increase in 8-OHdG in the TAC-a-CGRP
LVs. Although the levels of 4-HNE and 8-OHdG were

significantly lower in the TAC-a-CGRP LV, they were

increased when compare to the sham LV levels (Fig. 4A–
D). The malondialdehyde (MDA) generation, a marker of

oxidative stress-induced lipid peroxidation, was signifi-

cantly increased in the TAC LVs while significantly

Figure 3. Representative fluorescence images showing cleaved caspase-3 staining (A) and TUNEL-staining (C) to detect apoptosis in the LV

sections. DAPI was used to stain nuclei. Cleaved caspase-3 (cytoplasmic, green in color) and TUNEL-positive cells (nuclear, green in color) were

counted and plotted as the mean � SD (B and D). Enlarged image boxes in TAC LVs were showing the overlapping of TUNEL-DNA

fragmentation staining and DAPI-nuclear staining in a single cell (white arrow, Fig. 3C). Scale = 100 lm.*P < 0.05 was considered significant.

ns = non-significant.
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lowered by a-CGRP (in nmol/mg protein � SD, sham =
3.55 � 0.4, sham-a-CGRP = 3.9 � 0.3, TAC = 14.27 �
1.4, TAC-a-CGRP = 5.50 � 0.3; P < 0.001 TAC vs. TAC-

a-CGRP, Fig. 4E). Pressure-overload reduced total GSH

levels in the TAC LVs (P < 0.01 sham vs. TAC) whereas

a-CGRP administration restored it to the levels similar to

that seen in the sham group (P < 0.005 TAC vs. TAC-a-
CGRP, Fig. 4F). Interestingly, there was no difference in

superoxide dismutase-2 (SOD-2) protein levels between

the LVs from any group of mice (Fig. 4G). Moreover

measured oxidative stress parameters in sham LVs were

comparable with sham-a-CGRP LVs (Fig. 4A–G).

a-CGRP administration attenuates the
increase in the nuclear expression of sirt1
and activation of AMPK in the TAC LVs

Hypertrophic hearts have structurally defective mitochon-

dria and impaired mitochondrial energy metabolism that

eventually results in increased oxidative stress and cardiac

cell death with resultant heart failure (Oka et al. 2011;

Russell et al. 2005). Additionally, it’s been reported that

pressure-overload results in an upregulation of sirt1

which suppresses ERR transcriptional pathways regulating

mitochondrial genes that, in turn, promotes mitochon-

drial dysfunction in the heart (Alcendor et al. 2007; Oka

et al. 2011). Thus, we determined whether a-CGRP could

protect cardiac cells from oxidative stress through sirt1

and AMPK. Immunohistochemistry demonstrated that

the fluorescence intensity of nuclear sirt1 was significantly

increased in the TAC LV compared to the sham counter-

parts (P < 0.001, TAC vs. sham), and a-CGRP adminis-

tration attenuated this increase in nuclear sirt1 levels to

sham levels (P < 0.005, TAC vs. TAC-a-CGRP; Fig. 5A

and B). Western blot data demonstrated that the phos-

pho-AMPK (p-AMPK) protein level was markedly

increased in TAC LVs when compared with their sham

counterparts (P < 0.05, TAC vs. sham), however a-CGRP
treated LVs from TAC-a-CGRP group of mice had levels

of phospho-AMPK which were comparable to sham mice

(P < 0.05, TAC vs. TAC-a-CGRP). In comparison, no

change in total-AMPK (t-AMPK) levels in the LVs

between any of the three groups of mice was observed

(Fig. 5C and D). These results indicate that a-CGRP sig-

nificantly attenuated AMPK activation in TAC LVs.

Discussion

The aim of the present study was to determine if the con-

tinuous administration of native a-CGRP is cardio-pro-

tective in pressure-overload induced heart failure and, if

so, which cellular mechanism(s) may be responsible. The

major findings of this study are that long-term native a-
CGRP administration to mice with TAC: 1). prevents

adverse cardiac remodeling and dysfunction; 2). signifi-

cantly attenuates the left ventricular increase in oxidative

stress, apoptosis, and fibrosis; 3). significantly attenuates

the left ventricular increase in sirt1 and p-AMPK. The

current study together with our previous report using an

a-CGRP-knock out TAC heart failure mouse model (Li

et al. 2013) reconfirms that a-CGRP plays an important

cardio-protective role in pressure overload-induced CHF.

These studies support and extend the positive results

demonstrated with the administration of an a-CGRP ago-

nist analogue to rodents with abdominal aortic constric-

tion (Aubdool et al. 2017).

In the present study, 28 days following TAC surgery,

we found significantly lower levels of a-CGRP in the LVs

compared to the sham mice. Previously, our laboratory

reported that on day 14 and 21 after TAC surgery, there

was an increase in LV a-CGRP content when compared

to the sham mice. However, there was a decrease in LV

a-CGRP content between the 14 and 21 day time points

(Li et al. 2013). Combining present and previous findings

on days 14, 21, and 28 following TAC, it is evident that

pressure-overload elevates LV a-CGRP content initially

for the first few weeks, however as heart failure worsens,

the LV a-CGRP content continues to decrease to levels

below that seen following sham treatment. This finding

agrees with studies in humans showing that the circulat-

ing levels of a-CGRP are elevated during the initial and

middle stages of heart failure but then significantly

decline as heart failure progresses (Dubois-Rande et al.

1992). These data suggest that during the initial phase of

Figure 4. Representative fluorescence images showing 4-HNE staining (a marker of lipid peroxidation; Fig. 4A), and 8-OHdG staining (a marker

of oxidative DNA damage; Fig. 4C) in the LV sections. DAPI was used to stain nuclei. White arrow in Figure 4C showed 8-OHdG stained cell

(green) in the TAC LVs. Scale = 100 lm. (B and D) The fluorescence intensity of 4-HNE (red), and number of 8-OHdG stained cells (green) in

the LV sections were quantitated by NIH-ImageJ software and plotted as the mean � SD. I.D. = Integrated density. Bar diagrams showing

malondialdehyde (MDA) concentration (E) and glutathione (GSH) level (F) in the LV of sham, sham-a-CGRP, TAC, and TAC-a-CGRP mice after

a-CGRP delivery (28 days). Values were expressed as the mean � SD and *P < 0.05 was considered significant. ns = non-significant. (G)

Western blots showing SOD-2 and b-actin protein level in total cell proteins extracted from sham, sham-a-CGRP, TAC, and TAC-a-CGRP LV

tissues. The ratio SOD-2/b-actin was plotted as the mean � SD. ns = non-significant.
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heart failure, a-CGRP content in the LV increases in a

compensatory manner to protect against the initial insult.

However, this increase in a-CGRP levels cannot be sus-

tained due to the potential further cellular necrosis which

could include a-CGRP producing sensory nerves. It has

been reported that, during the heart failure, the cardiac

cells first enlarged in an effort to compensate for the pres-

sure overload generated by TAC (Nakamura and

Sadoshima 2018). Under severe conditions, as the disease

progresses, cardiac cells start to die via apoptosis and/or

oxidative injury leading to myocardial cellular necrosis

(Nakayama et al. 2007; van der Pol et al. 2019). During

this process, a-CGRP-producing sensory nerves which are

distributed in the cardiac sensory nerves including in

periadvential tissue of the cardiac arteries and which

course within the myocardium are potentially also

destroyed by the same processes. It is possible that during

the progression of cardiac failure and under prolonged

stress conditions, the cardiac sensory nerves get desensi-

tized and depleted with a-CGRP as a result the release of

the peptide from a-CGRP positive nerves decreases over

time. This notion is supported by the fact that differential

release of a-CGRP from the cardiac sensory nerves has

been observed after repeated application of capsaicin, an

agonist of TRPV1 (transient receptor potential vanilloid

receptor 1) that induces the release of a-CGRP from the

sensory nerves (Franco-Cereceda et al. 1989). Capsaicin

induces the release of a-CGRP from the sensory nerves

through the activation of TRPV1, however high dose of

capsaicin pretreatment causes degeneration of a-CGRP-
positive sensory nerves in the myocardium that leads to

marked reduction of the a-CGRP release from these sen-

sory nerves and impair cardiac function (Wharton et al.

1986; Zhang et al. 2012). Overall, lower levels of cardiac

a-CGRP in the TAC-LVs on day 28 might be a result of

reduced release of a-CGRP due to depletion of the stored

Figure 5. (A) Representative immunofluorescence images showing the nuclear staining of sirt1 (green) in the sham, sham-a-CGRP, TAC, and

TAC-a-CGRP LV sections after a-CGRP delivery (day 28). DAPI was used to stain nuclei. White boxes showed the enlarged area with sirt1

staining in the nucleus. Scale = 100 lm. (B) The sirt1 fluorescence intensity was quantitated by NIH-ImageJ software and plotted as the

mean � SD. (C and D) Western blots showing the protein level of total- and phospho-AMPK in the LV of sham, sham-a-CGRP, TAC, and TAC-

a-CGRP mice after a-CGRP delivery (day 28). The protein band intensity was quantitated and plotted as the mean � SD. *P < 0.05 was

considered significant. ns = non-significant.
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peptide in the sensory nerve or by cellular death of these

nerves in the heart.

Our previous publication showed that TAC pressure

overload further enhanced angiogenesis and inflammation

in a-CGRP KO mice (Li et al. 2013). We speculate that

a-CGRP delivery might inhibit inflammation and prevent

angiogenesis in TAC-heart. We have not tested these sce-

narios; however, we will test the possible role of these

pathways and other signaling mechanism in the future.

It is well established that in the failing heart increased

oxidative stress promotes apoptotic cell death (Burgoyne

et al. 2012; Nojiri et al. 2006). Increased lipid peroxida-

tion (4-HNE and MDA level) and oxidative DNA damage

(8-OHdG level), and decreased GSH content in the TAC

LVs, as seen in present study, suggest that aortic constric-

tion-induced pressure-overload generates ROS and thus

oxidative stress that in turn enhance apoptotic cell death

in the LVs. Under normal conditions, excess ROS are

detoxified by the GSH to prevent cell death (Kannan and

Jain 2000). The reduced level of GSH in the TAC LV sug-

gests that detoxifying enzymes are exhausted and on their

own unable to remove the excess ROS generated under

this stress conditions. Our studies showed that a-CGRP
delivery significantly lowers lipid peroxidation and oxida-

tive DNA damage in the TAC-a-CGRP LVs. Moreover a-
CGRP treatment prevented TAC-induced depletion of

intracellular GSH level in the LV. It is possible that the

toxic HNE by-products produced following TAC have

been detoxified by the preserved levels of GSH, thereby

protecting cells from apoptosis induced by oxidative

stress. Alternatively, since the oxidative stress following

TAC was prevented by a-CGRP administration, GSH

involvement was not critical. It has been reported that

nrf-2 signaling pathway, a protective anti-oxidative mech-

anism, maintains the cellular redox homeostasis via

upregulating expression of several detoxifying enzymes,

including superoxide dismutase (SOD-2), catalase, heme

oxygenase 1 (HO-1), and glutathione peroxidase (Niture

et al. 2014). However, we did not find any significant dif-

ferences in the levels of nrf-2, Hif-1 (data not shown) or

SOD-2 between any of the groups. These observations are

consistent with studies demonstrating that following TAC

procedure the expression of nrf-2 and nrf-2 downstream

genes were increased initially and subsequently decreased

to nearly the basal level on day 28 (Li et al. 2009), coin-

ciding to the time point of our study. Thus, the a-CGRP
cardio-protective effects seen do not appear to be totally

mediated by the nrf-2 pathway.

Pressure-overload is known to impair mitochondrial

energy metabolism in hypertrophic hearts, and the pro-

teins sirt1 (a NAD+-dependent histone deacetylase) and

AMPK act as energy sensors under mitochondrial stress

conditions (Chong et al. 2012). Thus, we evaluated the

possible role of these two proteins in the a-CGRP medi-

ated cardio-protection in this heart failure model. Follow-

ing four weeks of TAC surgery, an increase in the left

ventricular nuclear expression of sirt1 and phosphoryla-

tion of AMPK was evident while a-CGRP administration

attenuated these augmented levels to those seen in the

sham mice. An increased expression of sirt1 in TAC-

hearts has been demonstrated previously (Alcendor et al.

2007; Oka et al. 2011), and overexpression of SIRT1

resulted in increased oxidative stress, apoptosis and fibro-

sis, and cardiac hypertrophy. In contrast, mice with a

mild increase in the expression of sirt1 displayed resis-

tance to oxidative stress and apoptosis in the heart

Figure 6. A putative model representing the cardio-protective

effect of a-CGRP in TAC pressure-overload induced heart failure.
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(Alcendor et al. 2007). This implies that mild activation

of sirt1 may protect against oxidative stress while greater

activation, to levels seen in this present study, may pro-

mote oxidative stress. Furthermore, Oka et al. (2011)

showed that after four weeks following the TAC proce-

dure, there was greater cardiac expression of sirt1. In

these TAC hearts, increased expression of sirt1, in combi-

nation with PPARa, suppressed the ERR transcriptional

pathway regulation of mitochondrial genes that, in turn,

promote mitochondrial dysfunction and the further pro-

gression to cardiac hypertrophy and failure. Our results

are in agreement with these reports where we observed a

marked increase in LV sirt1 levels, oxidative stress, apop-

tosis and cardiac dysfunction four weeks following TAC

pressure-overload. This suggests that, at this time point,

sirt1 may mediate many of the deleterious effects of TAC

pressure-overload by inducing oxidative stress. sirt1 activ-

ity is enhanced by AMPK, similarly the activation (phos-

phorylation) of AMPK occurs either by sirt1 through

LKB1, or by high levels of AMP/ATP in energy stress,

starvation conditions (Wang et al. 2012). Thus, the TAC

LVs activation of AMPK may be due to the pressure-

overload induced energy stress, or by the sirt1/LKB1 path-

way. How a-CGRP affects the level of ATP and NAD+ in

TAC cardiac cells to regulate sirt1 and AMPK expression

and activation need further examination. There is no lit-

erature presently available to the best of our knowledge

showing a direct interaction of sirt1 and a-CGRP. How-

ever, sirt1-transgenic and/or -knockout mice would be a

good model to conduct these studies.

It has been reported that a-CGRP KO mice have

increased activity of the circulating angiotensin-renin sys-

tem, and suggested that increased activity of the circulat-

ing angiotensin-renin system might contribute in the

further increase in cardiac hypertrophy in TAC a-CGRP
KO mice (Li et al. 2013; Li et al. 2004). Angiotensin II is

known to stimulate cardiomyocyte hypertrophy (Mazzolai

et al. 2000). Therefore the cardio-protective effect of

exogenously delivered a-CGRP, as seen in present report,

could be mediated, in part, through angiotensin action

and needs further investigation. We are presently investi-

gating this possibility.

As a-CGRP is a potent vasodilator it is possible that

the beneficial effects of a-CGRP in TAC mice are due to

reduced arterial pressure above the aortic constriction.

Our earlier studies in the deoxycorticosterone (DOC)-salt

hypertension mouse model demonstrated that the a-
CGRP has a blood pressure (BP)-independent protective

effect on the kidney damage in this model. In this study,

blood pressure equalization by hydralazine treatment in

DOC-salt a-CGRP KO mice to levels of the DOC-salt

WT mice did not markedly improve the renal dysfunction

seen in the DOC-salt a-CGRP KO mice which suggested

the renal protection was in part or totally BP-independent

(Li et al. 2004). Our another previous dose response

study in conscious rats showed that after single intra-

venous administration of 22, 65, 220, and 2200 pmol of

a-CGRP, a significant reduction in mean blood pressure

was observed at a dose of 65 pmol, but not at 22 pmol

a-CGRP (DiPette et al. 1989). Moreover another study

demonstrated that a-CGRP infusion for 7 days through

osmotic minipumps at a rate of 1 µg/h (that corresponds

to release 0.073 pmole a-CGRP per second) in pregnant

rats as well as in L-NAME induced hypertensive pregnant

rats did not reduced blood pressure during postpartum

period in both groups of mice (Yallampalli et al. 1996).

In addition, a human study conducted with CHF patients

showed that patients given a a-CGRP dose of 12.5 µg/h
(that corresponds to 3.28 nmole/h or 0.9 pmol/sec), given

by intravenous infusion for 24 h, improved myocardial

contractility without any consistent change in arterial

pressure (Gennari et al. 1990). We calculated that a-
CGRP-filled osmotic minipump used in our present study

released ~0.3 pmole of a-CGRP per second systemically.

In addition, the ELISA assay performed after 28 days of

delivery of a-CGRP through the osmotic pump in TAC

mice showed that the LV a-CGRP level in the TAC-a-
CGRP mice was under the physiological range when com-

pared with that of the a-CGRP level in the sham mice

(Fig. 1A). Collectively, these reports support our believe

that the a-CGRP dose which was administered in the pre-

sent study would be unlikely to significantly reduce the

BP in the vessel distribution proximal to the TAC. Thus,

the cardio-protective action of a-CGRP observed in this

study is more likely to be result of a direct cellular effect.

However, a partial vasodilatory, BP-dependent mecha-

nism cannot be excluded.

Combining our present results and to those of others

has led to the proposal of a putative model through

which a-CGRP may protect the heart against pressure-in-

duced heart failure. TAC-induced pressure overload and

stress, either directly or through AMPK activation,

increases the nuclear expression of sirt1 that in combina-

tion with PPARa suppresses the ERR transcriptional path-

way and impairs mitochondrial biogenesis (as reported by

Oka et al. (2011). Dysfunctional mitochondria under

stress conditions generate excess reactive oxygen species

(ROS), as a result of lipid peroxidation and oxidative

DNA damage, which leads to apoptosis and fibrosis. This

pathophysiologic response ultimately results in cardiac

hypertrophy and subsequent dilation, dysfunction, and

failure. In this model the administration of a-CGRP inhi-

bits the expression of sirt1 and phosphorylation of AMPK

which, in turn, inhibits ROS generation, apoptosis, and

fibrosis resulting in cardio-protection (as shown by open

red arrows in Fig. 6).
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Currently, this is the first study demonstrating the

beneficial effect of native form of a-CGRP in TAC

pressure-overload induced heart failure. Moreover these

results confirm and extend the findings that the admin-

istration of an analogue of a-CGRP is cardio-protective

in abdominal aortic constriction-induced heart failure

(Aubdool et al. 2017). Furthermore, our results suggest

that the mechanism(s) of the cardio-protection of a-
CGRP in TAC-induced heart failure is mediated by

attenuation of apoptosis and oxidative stress. This

attenuation may be mediated through sirt1 and AMPK

cellular pathways.

Another study carried out in NG-nitro-L-arginine

methyl ester (L-NAME) induced pre-eclampsia rats

demonstrated that 7 days infusion of a-CGRP (1 µg/h)
by osmotic minipump significantly improved growth and

survival of pups. a-CGRP administration prevented the

gestational L-NAME induced hypertension in pregnant

rats, but not during postpartum period, further confirm-

ing that osmotic minipumps used to deliver peptide

released biologically active a-CGRP in vivo (Yallampalli

et al. 1996). However, non-applicability of osmotic

pumps in humans and short half-life of a-CGRP
(~5.5 min in the human plasma (MaassenVanDenBrink

et al. 2016) limit this approach to use a-CGRP as a drug

in humans. To overcome this problem, novel drug deliv-

ery systems for a-CGRP are needed to maintain a con-

stant level of a-CGRP in human plasma for a long-term

treatment regime. Taken together, our studies support a-
CGRP as a promising therapeutic agent to treat and pos-

sibly prevent cardiovascular diseases, particularly heart

failure, ischemic-reperfusion injury, and hypertension.
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