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ituitary adenylate cyclase-activating polypeptide 
(PACAP) is a regulatory peptide that was first iso-
lated from the ovine hypothalamus.1 PACAP exists 

in 2 amidated forms of either 38 and 27 residues, designated 
PACAP38 and PACAP27, respectively.2 PACAP is a mem-
ber of the vasoactive intestinal polypeptide (VIP)/secretin/
growth hormone releasing hormone family of peptides, and 
its amino acid sequence shows great similarity to VIP.

PACAP and VIP share 3 kinds of receptors, namely PAC1-
receptor (PAC1R), and the VPAC1 and VPAC2 receptors. 
The affinity of PAC1R with PACAP is 100–1,000 times 
higher than with VIP, indicating that PAC1R is a relatively 
selective receptor for PACAP.3

PACAP is widely distributed in the brain and peripheral 

organs in mammals, and reportedly has diverse functions in 
the endocrine, nervous, gastrointestinal, immune, and car-
diovascular systems.4,5 PACAP and its receptors have also 
been identified in mammalian heart.6–11 PACAP modulates 
the excitability of intracardiac neurons6,12,13 and has positive 
inotropic, chronotropic, and dromotoropic effects on cardio-
myocyte.14–16 PACAP is also a potent vasodilator in various 
organs, including coronary and pulmonary arteries.4,14,17–20 
Moreover, PACAP has been revealed to have cytoprotectant 
properties. In the central nervous system, a number of papers 
have reported that PACAP suppresses ischemic neuronal cell 
death.1,16,21–24 Renal tube and pancreatic beta cells were also 
protected by PACAP against various stresss.25–28 Recently, 
PACAP has been shown to protect cardiomyocyte in vitro 

Received December 23, 2009; revised manuscript received February 8, 2010; accepted February 9, 2010; released online April 6, 2010 
Time for primary review: 21 days

*Division of Cardiology, Department of Internal Medicine, Showa University Fujigaoka Hospital, Yokohama, **Department of First 
Anatomy, Showa University School of Medicine, †Center for Biotechnology, Showa University, Tokyo and ††Laboratory of Molecu-
lar Neuropharmacology, Graduate School of Pharmaceutical Sciences, Osaka University, Osaka, Japan

Mailing address: Seiji Shioda, PhD, Department of First Anatomy, Showa University School of Medicine, 1-5-8 Hatanodai, Shinagawa-
ku, Tokyo 142-8555, Japan.  E-mail: shioda@med.showa-u.ac.jp

ISSN-1346-9843  doi: 10.1253/circj.CJ-09-1024
All rights are reserved to the Japanese Circulation Society. For permissions, please e-mail: cj@j-circ.or.jp

Cardioprotective Effect of Endogenous Pituitary Adenylate  
Cyclase-Activating Polypeptide on Doxorubicin-Induced  

Cardiomyopathy in Mice
Hiroyoshi Mori, MD*,**; Tomoya Nakamachi, PhD**,†; Hirokazu Ohtaki, PhD**; Sachiko Yofu**;  

Atsushi Sato, MD**; Kimi Endo, MD**; Yoshitaka Iso, MD*; Hiroshi Suzuki, MD*;  
Youichi Takeyama, MD*; Norihito Shintani, PhD††; Hitoshi Hashimoto, PhD††;  

Akemichi Baba, PhD††; Seiji Shioda, PhD**

Background:  Pituitary adenylate  cyclase-activating polypeptide  (PACAP)  is  known as a  cytoprotective poly-
peptide. PACAP and its receptors are expressed in the heart, but it is unclear whether PACAP exerts its pro-
tective effect on the myocardium in vivo. The aim of the present study was to investigate whether endogenous 
PACAP has a cardioprotective effect on Doxorubicin (Dox)-induced cardiomyopathy.

Methods and Results:  Dox  was  intraperitoneally  injected  to  induce  cardiomyopathy  in  wild  type  (WT)  and 
PACAP knockout (ie, PACAP+/– and PACAP–/–) mice. The survival rates up to 15 days of PACAP+/– mice and 
PACAP–/– mice were significantly less than that of WT mice. Cardiac function, measured by echocardiography, 
was significantly lower in PACAP+/– mice than in WT mice at day 10. Morphological examination of sections of 
myocardium  showed  degenerative  change  and  fibrosis  in  PACAP+/–  mice  at  day  10.  Serum  reactive  oxygen 
metabolites  (a marker  of  oxidative  stress),  the number of  8-hydroxy-deoxyguanosine-positive nuclei  and TdT-
mediated dUTP nick end-labeling (TUNEL) positive nuclei in the myocardium were higher in PACAP+/– mice than 
WT mice. However, continuous subcutaneous administration of PACAP38 was able  to prevent  the myocardial 
damage typically caused by Dox injection in PACAP+/–.

Conclusions:  These results suggest that endogenous PACAP might attenuate Dox-induced myocardial dam-
age and that its mechanism of action is likely to be associated with the reduction of oxidative stress and mediated 
via anti-apoptotic effects.    (Circ J  2010; 74: 1183 – 1190)
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from oxidative or ischemia/reperfusion stress.29–31 These 
reports suggest PACAP holds potential for the treatment of 
heart failure.

However, to the best of our knowledge, there is no pub-
lished evidence that endogenous PACAP has any capacity  
to rescue heart failure. Therefore, the present study was per-
formed to investigate whether endogenous PACAP has any 
cardioprotective effects in the failing heart, using Doxorubicin 
(Dox) to induce cardiomyopathy in a mouse model. Dox is 
one of the most effective anti-neoplastic drugs used in the 
treatment of hematological cancer, carcinoma and sarcoma, 
but its dose is often limited because of its marked cardio-
toxicity. High-dose Dox treatment induces a chronic form of 
cardiomyopathy, which is one of the important causes of 
heart failure. This heart failure model was used in wild-type 
(WT) and PACAP knockout mice in this study to identify if 
endogenous PACAP have any cardioprotective capacity.

Methods
Animals and Treatments
The PACAP-KO mice were kindly supplied by Dr Akemichi 
Baba (Osaka University, Osaka, Japan).32 The mice were 
bred and maintained under specific pathogen-free conditions 
in the animal facility of Showa University. Mice were housed 
in a facility with a 12-h/12-h light/dark cycle and were given 
free access to water and standard rodent chow. Male 
PACAP-KO (PACAP+/–, PACAP–/–) mice and normal WT 
mice of the same C57BL/6 background at 10–12 weeks age 
were used. All experimental procedures involving animals 
were approved by the Institutional Animal Care and Use 
Committee of Showa University (08121, 09137). Dox HCl 
(Kyowa Hakko Co Ltd, Tokyo, Japan) was dissolved in 
saline and administered by single intraperitoneal injection at 
a dose of 20 mg/kg. Control mice received the same volume 
injections of saline only. Because PACAP–/– mice showed 
a high rate of lethality during postnatal weeks, experiments 
that did not include survival studies were performed only  
in PACAP+/– and WT mice.32 Thus, groups were mainly 
divided into WT vehicle, PACAP+/– vehicle, WT Dox and 
PACAP+/– Dox. The number of mice used in survival studies 
was 37 for WT mice, 29 for PACAP+/– mice and 6 for 
PACAP–/– mice.

Measurement of Reactive Oxygen Metabolites (ROM)
Five days after Dox injection, blood samples of right atrium 
were collected from 5 to 7 mice from each group. Then, 
serum concentrations of ROM, as a marker of oxidative 
stress, were measured using a free radical electron evaluator 
kit (FREE; Health & Diagnostics, Naples, Italy), performed 
according to the manufacturer’s instructions. Photometric 
reading was employed to determine the generation of pink-
colored aromatic ROM derivatives. Briefly, serum samples 
(20 μl) were dissolved in acetate buffer (pH 4.8) with FeCl2 
at 37°C. This was then mixed gently and 20 μl of choro-
mogenic mixture added, which included an aromatic alkyl-
amine. After incubation for 5 min at 37°C, the pink-colored 
aromatic derivative generated by the presence of ROM was 
measured at 546 nm. The results were expressed as unit 
(CARR U), where one CARR U coincided with the oxida-
tive potentials of 0.08 mg H2O2/dl. Measurement of ROM  
in this manner correlates well with the measurement of the 
generation of free radicals, as assessed by the electron spin 
resonance method utilized in our previous study.33

Echocardiography
Mice were anesthetized via mask with 2.0% sevofrane in a 
mixture of N2O (1 L/min) and O2 (2 L/min) at 10 days after 
Dox injection. Echocardiograms were then performed with 
an EUB-5500 ultrasound machine (HITACHI Medical Corp, 
Tokyo, Japan) equipped with a 7.5-MHz imaging transducer 
(WT vehicle n=6, PACAP+/– vehicle n=5, WT Dox n=12, 
PACAP+/– Dox n=9). The transducer was placed in gentle 
contact with the mid-precordial area through a transmission 
medium. The left ventricular internal dimensions at the end 
of diastole (LVEDD) and at the end of systole (LVESD) were 
measured digitally on the M-mode tracing. LV fractional 
shortening (%FS) was calculated as [(LVEDD – LVESD)/
LVEDD]×100.

Histological Studies
Ten days after Dox injection, the mice were euthanized and 
the heart was isolated and fixed with a 10% solution of for-
malin in PBS. Following dehydration, the ventricular tissue 
at papillary muscle level was embedded in paraffin and seri-
ally cut to produce 4-μm thick sections. These were stained 
with either (1) hematoxylin and eosin or (2) Sirius red F3BA 
(0.1% solution in saturated aqueous picric acid; Sigma Aldrich, 
St. Louis, MO, USA). Fibrosis area/total area (%) data was 
obtained from Sirius red stained sections using image analy-
sis software WinROOF (Mitani Shoji, Tokyo, Japan).

Electron Microscopy
Cardiac specimens taken 10 days after Dox injection were 
immersion-fixed in phosphate-buffered 2.5% glutaraldeyde 
(pH 7.4), post-fixed with 1% osmium tetroxide, dehydrated 
through a graded ethanol series and embedded in Epon 
medium. Ultrathin sections were stained with uranyl acetate 
and lead citrate and observed in a H-7600 electronic micro-
scope (HITACHI Medical Corp, Tokyo, Japan). Five hearts 
from each group were examined. Ten pictures were taken of 
each heart and scored using a scale of qualitative scoring 
(0+, normal; 1+, early degenerative alterations in some cells; 
2+, advanced degenerative changes; 3, myofibrillar atrophy, 
loss of contractile elements; 4+, myofiber degeneration 
accompanied by myolysis) and quantitative scoring (ie, 0+, 
normal; 1+, involvement of single scattered myofibers; 2+, 
involvement of groups of myofibers; 3+, focal groups; 4+, 
confluent groups).34,35 The average of the qualitative and 
quantitative score was then used for evaluation. Diameters of 
100 myofibrils at the z-disk from each heart were also mea-
sured using scion image.

Immunohistochemical Analysis
Six-μm paraffin sections were de-paraffined and boiled in 
10 mmol/L citrate buffer (pH 6.0) at 90°C for 20 min. Fol-
lowing incubation in 0.3% H2O2, the sections were blocked 
with 5% normal horse serum for 1 h. Subsequently, the sec-
tions were then incubated overnight with the specific primary 
antibody against 8-hydrodeoxy-guanosine at 4°C (1:100, 8-
OHdG; JaICA, Shizuoka, Japan). The primary antibodies 
were detected using biotinylated goat anti-mouse IgG follow-
ing a 90-min incubation at room temperature. The immuno-
reactivity was visualized with use of the avidin-biotin com-
plex and the chromogen DAB (all Vector Labs, Burlingame, 
CA, USA). The specificity of the immunoreaction was tested 
by incubation in blocking buffer instead of the primary anti-
bodies. Nuclei were counterstained with hematoxylin and 8-
OHdG positive nuclei were counted in 10 pictures of 5 hearts 
from each group. TdT-mediated dUTP nick end-labeling 
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(TUNEL) procedure with a Cardio TACS kit (R&D Systems, 
Miineapolis, MN, USA) was also performed according to the 
manufacturer’s instructions. The number of TUNEL positive 
nuclei per 1 high power field (HPF, 10,000 μm2) was counted 
in 10 HPF of 5 hearts from each group.

PACAP38 Administraion
PACAP+/– mice were anesthetized via mask with 2.0% sevo-
frane in a mixture of N2O (1 L/min) and O2 (2 L/min). They 
were allocated to either the PACAP38-administration group 
(n=5) or vehicle-recipient group (n=5). Then, they were sub-
cutaneously implanted with a mini osmotic pump (0.25 μl/h; 
Alzet) that was filled with PACAP38 (64 pmol/μl; Peptide 
Institute, Osaka, Japan) or 0.1%BSA saline as vehicle, respec-
tively. Thus, they received PACAP38 or BSA saline continu-
ously throughout the experimental period. The concentration 
of PACAP delivered (16 pmol/h) was chosen on the basis of 
our previous in vivo study.22 After mini pump implantation, a 

single intraperitoneal injection of Dox at the dose of 20 mg/kg 
was immediately administered in both groups. Ten days after 
the Dox injection, electron microscopic observations were 
again performed as described above.

Statistical Analysis
All values are expressed as mean ± SD. The significance of 
differences between groups was evaluated with the Tukey–
Kramer’s HSD test, Student’s t-test, or 1-way ANOVA fol-
lowed by a post-hoc procedure (Tukey–Kramer’s HSD test). 
Survival curves after Dox injection were analyzed by the 
Kaplan–Meier method and compared by a log-rank test. Sta-
tistical significance was accepted at a value of P<0.05.

Results
Survival Studies
Figure 1 shows the results of survival experiments up to 15 
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Figure 1.    Survival  studies.  Survival 
curves  after  Dox  injection  in  WT  and 
PACAP+/–  and  PACAP–/–  mice.  Sur-
vival  curves were created by Kaplan– 
Meier method analysis and compared 
by log-rank test. Percentages of surviv-
ing WT and PACAP+/– and PACAP–/– 
mice  were  plotted.  *P<0.05  com-
pared with WT. #P<0.05 compared with 
PACAP+/–. Dox, Doxorubicin; PACAP, 
pituitary  adenylate  cyclase-activating 
polypeptide; WT, wild-type.

Figure 2.    Echocardiography. (A) Representative M–mode echocardiograms of WT and PACAP+/– mice given vehicle or Dox. 
(B–D) Quantitative data from echocardiographic measurements: B, LVEDD; C, LVESD; and D, %FS (WT vehicle n=6, PACAP+/– 
vehicle n=5, WT Dox n=12, PACAP+/– Dox n=9). *P<0.01 compared with WT vehicle. Dox, Doxorubicin; LVEDD, left ventricular 
internal dimensions at  the end of diastole; LVESD,  left ventricular  internal dimensions at  the end of systole; %FS,  fractional 
shortening; PACAP, pituitary adenylate cyclase-activating polypeptide; WT, wild-type.
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days after Dox injection. Survival rates were compared 
between PACAP–/–, PACAP+/– and WT mice. PACAP–/– 
and PACAP+/– mice died from 5 days onwards. The sur-
vival rate was significantly lower in PACAP–/– mice and 
PACAP+/– mice compared to WT mice. In addition, the sur-
vival rate of PACAP–/– mice was significantly lower than 
that of PACAP+/– mice.

Echocardiography
Figure 2A shows representative echocardiograms at 10 days 
after saline or Dox administration in WT and PACAP+/– 
mice. The LVEDD, LVESD and LVFS showed no significant 
difference between WT and PACAP+/– mice that received 
saline injection. However, the LVEDD and LVESD were 
markedly increased in PACAP+/– mice compared to WT 
mice after Dox injection, as shown in Figures 2A,B. Dox 
caused a reduction of LVFS in both WT mice and PACAP+/– 
mice. The LVFS was also significantly lower in PACAP+/– 
mice compared with WT mice, as shown in Figure 2D. Heart 

rates after Dox injection were similar between WT and 
PACAP+/– mice (424±72 vs 443±47 beats/min).

Histological Studies
The results of morphological examinations performed are 
shown in Figure 3. The degenerative changes seen after Dox 
injection were observed in PACAP+/– mice heart sections 
stained with hematoxylin and eosin (Figure 3A). The extent 
of cardiac fibrosis was assessed with the Sirius red-stained 
sections and tend to increase in PACAP+/– mice after Dox 
injection (P=0.20 Student’s t-test, Figure 3B). No malforma-
tions of valves or septal walls were observed within the 
hearts of WT and PACAP+/– mice (data not shown). No sig-
nificant difference was observed in the heart-to-body-weight 
ratios among the various treatment groups (ie, WT vehicle 
5.70±0.72 mg/g; PACAP+/– vehicle 6.29±0.55 mg/g; WT 
Dox 5.63±0.51 mg/g; PACAP+/– Dox 6.11±0.26 mg/g).

The presence of Dox-induced degenerative changes in car-
diomyocytes was confirmed by electron microscopy exami-

Figure 3.    Histological  studies.  (A) Photomicrograph  of  histological  (Hematoxylin–Eosin  [HE],  and  Sirius–Red  [SR])  stained 
preparations of heart specimens and electron micrographs (EM) of cardiomyoctes. (B) Fibrosis area/total area (%), electron 
microscopic scores and myofibrillar diameter measurements at z-disks are shown. Data was obtained  from 5 mice  in each 
group. *P<0.01 compared with WT vehicle. #P<0.05 compared with WT vehicle. Dox, Doxorubicin; PACAP, pituitary adenylate 
cyclase-activating polypeptide; WT, wild-type.
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nation (Figure 3A). Ultrastructural abnormalities such as 
myofibrillar derangement and disruption and enlargement of 
subcellular organelles, was frequently observed in PACAP+/– 
mice compared to WT mice after Dox injection (Figure 3A). 
Moreover, myofibrillar diameter at the z-disk was signifi-
cantly shorter, and electron microscopic score significantly 
increased, in PACAP+/– mice (Figure 3B). These degenera-
tive changes were not observed in WT and PACAP+/– mice 
that received saline injection.

Evidence of Oxidative Stress in Serum and Heart
The concentrations of ROM, as an index of oxidative stress, 
in serum were measured 5 days after injection. The serum 
concentrations of ROM after Dox injection were significant-
ly higher in PACAP+/– (243±40 CARR U) than WT mice 
(169±53 CARR U) (Figure 4). There was no significant dif-
ference in the level of ROM between WT (114±5 CARR U) 
and PACAP+/– mice (96±7 CARR U) injected with saline.

Oxidative stress in the myocardium was evaluated by  
8-OHdG immunostaining, a marker for oxidative stress of 
nucleic acids. Ten days after Dox injection, 8-OHdG-positive 
nuclei were observed in cardiomyocytes and were signifi-
cantly increased in number in PACAP+/– compared to WT 
mice (Figures 5A,B). DNA damage was also visualized with 
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Figure 4.    Serum ROM measured at 5 days after Dox injec-
tion. Data was obtained from 5 to 7 mice in each group. *P< 
0.05  compared  with  WT  vehicle.  Dox,  Doxorubicin;  ROM, 
reactive oxygen metabolites; WT, wild-type.

Figure 5.    (A) Photomicrographs  of 
immunohistochemically  stained  (8-
OHdG)  preparations  of  heart  speci-
mens. Arrows indicate 8-OHdG posi-
tive-nuclei. (B) Representative TUNEL 
stained  sections  from  indicated 
groups. Arrows indicate TUNEL posi-
tive nuclei. (C) Percentage of 8-OHdG 
positive nuclei and number of TUNEL 
positive  nuclei/HPF  (10,000 μm2). 
Data  was  obtained  from  5  mice  in 
each group. Dox, Doxorubicin; HPF, 
high  power  field;  PACAP,  pituitary 
adenylate  cyclase-activating  poly-
peptide; TUNEL, TdT-mediated dUTP 
nick end-labeling; WT, wild-type.
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TUNEL staining. Figure 5C shows a representative picture 
of TUNEL staining of cardiomyoctes. TUNEL-positive cells 
were observed and relatively increased in the Dox-injected 
PACAP+/– mice (P=0.16 Student’s t-test, Figure 5C).

PACAP38 Administration
Continuous subcutaneous administration of PACAP38 at-
tenuated the cardiac damage induced by Dox injection in 
PACAP+/– mice, as observed by electron microscopy exami-
nation (Figure 6A). The myofibrillar diameters at z-disks 
were significantly longer and electron microscopic scores 
were significantly lower in mice from the PACAP38 injec-
tion group compared to vehicle-treated PACAP+/– mice 10 
days after Dox injection (Figure 6B). Oxidative stress and 
survival rate did not show significant difference between these 
groups (data not shown).

Discussion
The present study provides the first evidence of the cardio-
protective effects of endogenous PACAP in a Dox-induced 
cardiomyopathy model. Moreover, PACAP administration 
ameliorated the ultrastrucual damage induced by Dox in 
PACAP+/– mice.

Substantial evidence suggests the involvement of oxidative 
stress in the pathophysiology of heart failure.36–38 Similarly, 
the accepted mechanism of action of the cardiac toxicity of 
Dox is believed to be mediated by reactive oxygen species 
(ROS).19,39,40 It has been considered that the production of 
ROS in the heart by Dox occurs via redox cycling of the drug 
at complex I of the electron transport chain.39 Accordingly, a 
number of studies have tried to attenuate oxidative stress in 
Dox-induced cardiomyopathy.39–43 In several studies, probu-

col (a lipid-lowering drug) and vitamins (A, E, and C) and 
N-acetylcysteine and H2S were used as antioxidants against 
ROS in Dox-induced myocardial damage, although their 
efficacy was limited.40,41,43 Endogenous PACAP is known to 
act as a protectant for cerebellar neurons against ethanol or 
oxidative insults.16,44 One of its neuroprotective mechanisms 
involves the inhibition of NADPH oxidase, which is a main 
ROS-producing enzyme.45 Gasz et al reported that PACAP 
protected cardiomyoctes against oxidative stress-induced 
apoptosis via suppression of the MAP kinase-dependent apop-
totic pathway in vitro.29,30 In the present study, PACAP+/– 
mice showed higher production of d-ROM and a higher  
percentage of 8-OHdG positive nuclei in the heart compared 
to WT mice (Figures 4,5A,B). These results imply that 
endogenous PACAP repairs or reduces myocardial and serum 
oxidative stress damage.

Apoptosis plays a key role in the pathogenesis of a vari-
ety of cardiovascular diseases, due to loss of terminally dif-
ferentiated cardiomyocytes.46–49 One of the mechanisms of 
cardiac toxicity of Dox is explained by the induction of  
cardiomyocyte apoptosis, because the number of TUNEL 
positive nuclei was increased in mice with Dox-induced car-
diomyopathy.35,40,41,50,51 Cardiomyocyte apoptosis in Dox-
induced cardiomyopathy was shown to be inhibited by over-
expression of heat shock protein 27 and by administration of 
an angiotensin II type 1a receptor antagonist in vivo.35,50 
Ghrelin, which is a novel peptide, also protected cardiomy-
ocytes against Dox cardiotoxicity, through anti-oxidative 
and anti-apoptotic mechanisms in association with TNF-α.42 
PACAP is similarly considered to have anti-apoptotic 
effects.1,16,21–24 This anti-apoptotic effect of PACAP is medi-
ated through the MAP-kinase pathway and can account for 
the inhibition of caspase-3 activation typically observed.16 

Figure 6.    PACAP38  administration. 
(A) Electron  micrographs  of  cardio-
myoctes  from  indicated  groups.  (B) 
Electron microscopic scores and myo-
fibrillar diameter measured at z-disk 
is shown. Data was obtained from 5 
mice in each treatment group. Dox, 
Doxorubicin; PACAP, pituitary adenyl-
ate cyclase-activating polypeptide.
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PACAP also attenuates cultured cardiomyocyte apoptosis 
from oxidative stress and ischemia/re-perfusion stress, through 
anti-apoptotic effects.29–31 In the present study, the number 
of TUNEL positive nuclei increased in PACAP+/– mice after 
Dox injection (Figure 5C). This data indicates endogenous 
PACAP has anti-apoptotic effects in cardiac tissue. A further 
study is required to confirm the reproducibility and under-
standing of the mechanism.

Atrial natriuretic polypeptide (ANP) is known to be car-
dioprotective in various cardiovascular disease models.52,53 
Sano et al reported a cardioprotective effect of PACAP on 
cultured rat cardiomyocytes via secretion of ANP and regula-
tion of cardiac fibrosis.54 Although the involvement of ANP 
was not evaluated in the present study, the cardioprotective 
mechanism of endogenous PACAP might be associated with 
the production of ANP.

VIP, which belongs to same peptide family, has also been 
considered as one of the cardio-protectant coordinated with 
nitric oxide.55 Thus, the VIP concentration in PACAP defi-
cient mouse is important in this study. Girard et al reported the 
non-compensation of VIP in peptide/receptor gene expression 
in the brain of PACAP KO mice,56 but not in the heart. 
Although similar phenomenon is assumed in PACAP defi-
cient mouse heart, further examination is needed.

We showed that endogenous PACAP acts as a cardiac 
protective agent against Dox toxicity, but did not account for 
the source of endogenous PACAP. PACAP-immunoreactive 
neuronal fibers have been identified within the cardiac plexus 
of guinea pigs and rats.6,7,11 Moreover, Borzsei et al reported 
PACAP38 is present in human plasma.57 Considering these 
reports, the source of endogenous PACAP present could be 
a neuron or derived from the plasma. Cardiomyocytes could 
also be the primary source, like their production of ANP, 
although there is no data to definitively support this concept. 
Furthermore, PACAP-specific (PAC1) receptor immunore-
activity and RNA have been detected in cardiac neurons and 
other tissues in guinea pigs and rats.6,8 PAC1 receptor mRNA 
is also expressed in human and mouse heart.9,10 These reports 
imply that PACAP has a direct effect on the myocardium.

We showed that continuous administration of PACAP38 
to PACAP+/– mice attenuated Dox-induced myocardial dam-
age, suggesting that systemic administration of the exogenous 
PACAP38 delivered, had a protective effect on the heart 
(Figure 6). In a previous in vitro study, the effective dose of 
PACAP38 as a protective agent was indicated from 10 to 
100 nmol/L for both cerebellar granule neurons and cardio-
myocytes.16,29,31 Accordingly, PACAP38 seems to have a 
protective effect on neurons and cardiomyocytes at almost 
the same effective dose. In the present study, we chose the 
dose of PACAP38 administration according to our cerebral 
ischemic model study previously reported, which showed the 
neuroprotective effects of PACAP by continuous intravenous 
infusion.22 The dose was based on its transportation rate 
from the blood to the brain across the blood-brain-barrier 
(BBB) of approximately 0.12%.58 However, it seems likely 
that about 1,000-times higher concentration of PACAP is 
delivered to the heart via normal blood flow compared with 
in the brain, because there is no BBB in the heart. Therefore, 
we believe that continuous subcutaneous administration of 
PACAP could probably deliver a sufficient effective dose to 
the heart for cardio-protection. However, a significant change 
was detected in the ultrastracture level, but not in oxidative 
stress and survival in PACAP+/– Dox mice, which were 
administrated PACAP38. We have thought the reason that 
ultrastractural change of cardiomyocyte started at the early 

stage of injury, and electronmicroscopic examination was 
one of the most sensitive methods to detect the myocardium 
damage.40 In addition, dose and the route of PACAP38 
administration were not well assessed in this study. We only 
tried continual subcutaneous administration of PACAP38 at 
a single dose of 16 pmol/h. To investigate the detailed effect 
of PACAP, we will try to continue cardioprotective effect of 
PACAP in the next steps by changing dose and route of 
administration. Further investigations are required to under-
stand the cardio-protective effect of PACAP by evaluating 
PACAP concentrations in serum during the continuous sub-
cutaneous administration of PACAP38, and finding the best 
dose and route of PACAP administration.

In conclusion, the present study demonstrates for the first 
time a cardioprotective effect of endogenous PACAP on the 
failing heart. PACAP also shows significant potential as a 
future candidate drug for the treatment of heart failure.
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