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Since March 21st 2014 I’m attending the laboratories of Professor David J. Lefer, Director of the
Cardiovascular Center of Excellence at Louisiana State University Health Sciences Center (LSUHSC, New
Orleans, USA). This period allowed me to develop some aims of the project I proposed as part of my foreign
research program.
1.Background
Hydrogen sulfide (H2S) has recently been recognized as a physiological signaling molecule with
cytoprotective actions in several cardiovascular disease, such us myocardial ischemia (MI) and heart failure
(HF). H2S is produced enzymatically in mammalian tissue by three different enzymes: cystathionine y-lyase
(CSE), cystationine beta-synthase (CBS) and 3-mercaptopopyruvate sulfurtransferase (3-MST)1, 2. Acute
treatment with exogenous H2S, either prior to ischemia or at reperfusion, markedly ameliorates in vivo
myocardial ischemia/reperfusion (MI/R) injury. Similarly, modulation of the endogenous production of H2S
through the cardiac-specific overexpression of CSE protects against acute MI/R injury and HF by attenuating
oxidative stress, inhibiting apoptosis and reducing inflammation3, 4. In addition, there are evidences that
demonstrate H2S upregulates eNOS to augment NO bioavailability. In fact H2S therapy improves servival
after cardiac arrest and cardiopulmonary resuscitation in an eNOS-dependent manner5 and provides
cardioprotection against acute MI/R injury by activating eNOS/NO6.
Angiotensin converting enzyme inhibitors (ACEIs) are recommended in the management of the myocardial
ischemia because of their cardioprotective effects, as demonstrated in experimental studies and clinical
trials7-9. Among investigators studying the anti-ischemic actions of different ACEIs in animal models, some
have shown efficacy for all drugs tested10, some have failed to observe any anti-ischemic effects11 and
others have reported efficacy only for SH-cointaining compounds12. Because of these different results,
there have been numerous hypotheses concerning the protective mechanism(s) of action of ACEIs. The
anti-ischemic actions of ACEIs in isolated heart models have been postulated to be due to inhibition of
cardiac angiotensin II formation13, increase of nitric oxide levels mediated by the inhibition of the cardiac
bradykinin breakdown14, altered prostaglandin production15 or oxygen radical scavenging16. Interestingly,
most of the evidences reported in literature shows a more efficacy for SH-compound compared with non-
SH ACEIs. Therefore, ACEIs have been shown to reduce cardiovascular morbidity and mortality in patients
with left ventricular hypertrophy, HF, and post-myocardial infarction but this cardioprotection does not
seem to be entirely related to inhibition of angiotensin II production. Zofenopril, recently introduced in the
pharmaceutical market, is an ACE inhibitor and a prodrug of the corresponding active compound,
zofenoprilat, which is characterized chemically by the presence of a sulphydryl (-SH) group. Both zofenopril
and its metabolite are characterized by high lipophilicity, selective cardiac ACE inhibition and antioxidant
and protective activities17, 18. The marked lipophilia of zofenopril ensures effective and long-lasting tissue
penetration and the ACE inhibition at myocardial and vascular level is better with zofenopril than other
ACEIs18-20. Furthermore, zofenopril produces a marked, long-lasting anti-hypertensive action that is 10
times more potent than captopril, another sulphydryl ACEIs, and it is effective even using only a single daily
oral administration21. This activity may explain the notable cardio- and endothelium-protective effects of
zofenopril. Several studies have investigated the cardioprotective effect of zofenopril in experimental
models MI/R. It is well known that reperfusion releases large amount of lactic dehydrogenase (LDH), an



indicator of cell viability or membrane integrity, decreases cardiac function and increases the end-diastolic
pressure that indicates severe damage. In this context zofenopril improves contractile force and reduces
LDH release during reperfusion. Furthermore zofenopril has been shown to reduce the myocardial infarct
size following MI/R in isolated, perfused rat hearts22 while the non-sulphydryl containing ACEIs, failed to
attenuate myocardial infarct size. A number of preclinical and clinical studies have been performed to
elucidate the precise mechanisms by which zofenopril mediates vascular and myocardial protection in
acute ischemia. Previous studies have shown that zofenopril increases sarcoplasmatic reticulum cycling and
stimulates active calcium uptake, thus improved calcium handling in the cardiac myocyte could account for
improvements in myocardial contractility following MI/R23. Moreover the cardioprotection afforded by
zofenopril could be also associated with better preservation of protein thiols at the end of ischemia due to
its antioxidant properties24. These findings reinforce the concept that zofenopril has a specific
cardioprotective effect, which might be related either to interference with bradykinin metabolism and/or
to preservation of protein SH groups. It has become increasingly clear that zofenopril exerts a number of
beneficial actions but the precise mechanisms by which zofenopril mediates cardioprotection remain still
not well understood. Recent experimental evidences suggest that H2S mediates the peripheral vascular
effects of zofenopril independently by ACE inhibition25, in particular  zofenopril improves vascular function
by potentiating the H2S signaling. Furthermore it has been demonstrated, using a cell-free assay, that
zofenoprilat, the active metabolite of zofenopril, is an H2S donor25. Given the known biological profile of
H2S, it can be hypothesized that the robust antioxidant, anti-inflammatory, endothelial and
cardioprotective effects of zofenopril may be mediated via H2S pathway.
2. Aims
Based on the above mentioned evidences, aims of our study were to investigate the effect of acute
administration of zofenopril on hydrogen sulfide/nitric oxide bioavaialability in myocardial and vascular
tissue and to determine the effect of acute administration of zofenopril on the cardiac injury after MI/R in a
mouse model.
3. Materials and methods
3.1 Animals. Male C57BL/6J mice were purchased from The Jackson Laboratory at 10-14 weeks of age. All
the experimental protocols were approved by the Institute for Animal Care and Use Committee at LSUHSC
and conformed to the Guide for the Care and use of Laboratory Animals. Mice were treated per gavage
with vehicle (carboxymethylcellulose 0.02% m/v) or zofenopril (10mg/kg) for 1, 8 and 24 hours. Mice were
subjected to the surgical protocol for in vivo MI/R or sacrificed to collect heart tissue and plasma to
perform molecular studies.
3.2 Measurement of hydrogen sulfide. H2S levels were measured in heart tissue and plasma obtained from
mice treated with or without zofenopril by gas chromatography chemiluminescence  according to
previously described methods 4.
3.3 Measurement of NO metabolites. Nitrite concentrations in plasma and heart tissue obtained from mice
treated with or without zofenopril were quantified as described previously26.
3.4 qRT-PCR
Total RNA was extracted from heart tissue and reverse transcribed to cDNA using synthesis kits from Bio-
Rad. Sequence Detection System (Life Technologies) was used to monitor the increase of reporter
fluorescence following PCR. PCR amplification was carried out using TaqMan PCR Master Mix (Life
Technologies). qRT-PCR was used to evaluate the gene expression of H2S producing enzymes CBS, CSE and
3-MST.
3.5 Western Blot Analysis
Total lysates were prepared using myocardial tissue obtained from mice treated with or without zofenopril.
Proteins were separated on Tris-HCl gel (4-20%, Biorad) and transferred to nitrocellulose membranes27. The
membranes were probed with primary antibodies overnight at 4°C with the following primary antibodies:
CBS (SantaCruz), CSE (Abcam), 3-MST (Novus), eNOS (BD Trasduction Laboratories), GAPDH (SantaCruz).
Immunoblots were incubated with the appropriate fluorescence conjugate secondary antibodies and
Odissey Infrared Imaging System (PCSH898) was used for protein visualization.
3.6 Myocardial Infarcation Protocol



The surgical protocol for in vivo MI/R was similar to methods described previously3, 28. Male C57BL/6J mice
at 12 weeks of age were subjected to 45 minutes of MI by occluding the left coronary artery and 24 hours
of reperfusion.
3.7 Infarct Size Assessment
After 24 hours of reperfusion, mice hearts were excised and sliced in five sections. All the sections were
incubated in 2, 3, 5 triphenyltetrazolium chloride (TTC) for 3 minutes at 37° C. Myocardial area-at risk (AAR)
per left ventricle (LV), myocardial infarct size (INF) per area at risk was determined by using Image J
software.
3.8 Measurement of cardiac troponin-I
At 4 hours of reperfusion after 45 minutes of myocardial ischemia, plasma samples were collected and used
to measure circulating troponin-I as an additional index of cardiac injury by a mouse-specific ELISA kit.
4. Results
4.1. Effect of acute administration of zofenopril in hydrogen sulfide bioavaialability in mouse heart
tissue and plasma. To determine whether zofenopril has the ability to enhance H2S production, male
C57BL/6J mice were treated with vehicle or zofenopril (10 mg/kg) at 1, 8 and 24 hours per oral gavage.
Mice were then sacrificed and heart tissues and plasma were collected to evaluate H2S levels. As can be
seen in Fig.1 acute treatment with zofenopril (10 mg/kg) caused a significant increase in H2S bioavaialability
both in heart tissue (A, *p<0.05 vs vehicle) and plasma (B, *p<0.05 vs vehicle) at 8 hours of treatment
compared with vehicle.

Fig. 1. Effect of zofenopril (10 mg/kg) treatment at 1, 8, 24 hours on H2S levels in mice heart tissue (A) and
plasma (B)   compared with vehicle (carboximethilcellulose 0.02% m/v). Number in the circle inside the bar
denotes the number of animals used per group.

4.1 Effect of acute administration of zofenopril in nitric oxide bioavaialability in mouse heart tissue and
plasma. Then it was interesting to determine the effect of zofenopril on myocardial and circulating nitrite
levels. Heart tissues and plasma samples obtained from mice treated with or without zofenopril (10 mg/kg)
were analyzed for NO metabolites. Fig. 2 shows a significant increase in nitrite levels in heart tissues (A) at 1
and 8 hours after acute administration of zofenopril (***p<0.001 vs vehicle), while this increase did not
reach the threshold of statistical significance in plasma (B).

Fig. 2. Effect of zofenopril (10 mg/kg) treatment at 1, 8 and 24 hours on nitrite levels in mice heart tissue
(A) and plasma (B) compared with vehicle (carboximethilcellulose 0.02% m/v). Number in the circle inside
the bar denotes the number of animals used per group.
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4.2 Effect of zofenopril  on mRNA levels of H2S producing enzymes CBS, CSE and 3-MST. Acute
administration of zofenopril at 1, 8 and 24 hours did not show any change in mRNA levels (Fig. 3) of cardiac
H2S producing enzyme CBS (A) and CSE (B) compared with vehicle. Instead a significant increase in the
expression of 3-MST was observed at 8 hours when mice were treated with zofenopril (C, *p<0.05).

Fig. 3. Effect of zofenopril (10 mg/kg) treatment at 1, 8, 24 hours on mRNA levels of CBS (A), CSE (B) and 3-
MST (C) in mice heart tissue. Number in the circle inside the bar denotes the number of animals used per
group.

4.3 Effect of zofenopril treatment on proteins levels of H2S producing enzymes CBS, CSE and 3-MST.
Acute administration of zofenopril at 1, 8 and 24 hours did not show any change in protein expression (Fig.
4) of cardiac H2S producing enzyme CBS (A) and CSE (B) and 3-MST (C) compared with vehicle.

Fig. 4. Effect of zofenopril (10 mg/kg) treatment at 1, 8 and 24 hours on proteins levels of CBS (A), CSE (B)
and 3-MST (C) in mice heart tissues. Number in the circle inside the bar denotes the number of animals
used per group.

4.4 Effect of zofenopril on protein levels of cardiac eNOS. Acute administration of zofenopril at 1, 8 and
24 hours did not show any difference in myocardial protein expression of eNOS compared with vehicle
(Fig.5).

0.0

0.3

0.6

0.9

1.2

eN
O

S/
G

AP
D

H

8 8 8 8

Vehicle
Zofenopril 1hr
Zofenopril 8hr
Zofenopril  24hr

0

1

2

3

4

5

m
RN

A
CB

S

8 8 8 8

Vehicle
Zofenopril  1hr
Zofenopril  8hr
Zofenopril  24hr

0.0

0.3

0.6

0.9

1.2

1.5

1.8

m
RN

A
CS

E

Vehicle
Zofenopril 1hr
Zofenopril 8hr
Zofenopril 24hr

8 8 8 8

A. B.

0.0

0.3

0.6

0.9

1.2

1.5

1.8

m
RN

A
3-

M
ST *

Vehicle
Zofenopril  1hr
Zofenopril 8hr
Zofenopril  24hr

8 8 7 8

C.

CSE 41kDa

GAPDH 36 kDa

Vehicle Zof-il 1hr Zof-il 8hr Zof-il 24hr

CBS 63 kDa

3-MST 33 kDa

0.0

0.3

0.6

0.9

1.2

1.5

C
BS

/G
AP

D
H

8 8 8 8

Vehicle
Zofenopril 1hr
Zofenopril  8hr
Zofenopril 24hr

0.0

0.3

0.6

0.9

1.2

C
SE

/G
AP

D
H

8 88 8

Vehicle
Zofenopril 1hr
Zofenopril 8hr
Zofenopril 24hr

0.0

0.3

0.6

0.9

1.2

1.5

3-
M

ST
/G

AP
D

H

8 8 8 8

Vehicle
Zofenopril 1hr
Zofenopril  8hr
Zofenopril  24hr

A. B. C.

GAPDH 36 kDa

eNOS 140 kDa

Vehicle Zof-il 1hr Zof-il 8hr Zof-il 24hr



Fig. 5. Effect of zofenopril (10 mg/kg) treatment at 1, 8 and 24 hours on eNOS protein expression in mice
heart tissue. Number in the circle inside the bar denotes the number of animals used per group.

4.5 Zofenopril therapy protects against MI/R injury in vivo murine model. In light of the overall results
that show an increase of H2S bioavaialability in heart tissue and plasma after 8 hours of treatment with
zofenopril, we investigated whether zofenopril could exert cardioprotective effects on the extent of MI/R
injury. Mice were pretreated with or without zofenopril (10 mg/kg) 8 hours before 45 min of ischemia and
24 hours of reperfusion. As can be seen in Fig. 6A, 8 hours of pretreatment with zofenopril (10 mg/kg)
shows a significant reduction in infart size per area at risk (INF/AAR) measured at 24 hours of reperfusion,
compared with vehicle (* p<0.05). Furthermore the area at risk per left ventricle (AAR/LV) was similar in
both groups. Moreover troponin-I levels, as an addictional index of cardiac injury, were markedly reduced
by 8 hours of pretreatment with zofenopril (10 mg/kg) compared with vehicle (**p<0.01) at 4 hours of
reperfusion (Fig. 6B). These results clearly indicate that zofenopril exterts cardioprotecive effect during
MI/R injury.

Fig. 6. Effect of zofenopril (10 mg/kg) treatment at 8 hours on MI/R injury (A) and troponin-I levels (B) at 4
hrs of reperfusion. Number in the circle inside the bar denotes the number of animals used per group.

5. Conclusions
Several clinical evidences demonstrate that the sulfhydrylated ACEi zofenopril has addictional effects
beyond the ACE inhibition. Zofenopril is a pro-drug, highly lipophilic, of the active metabolite zofenoprilat,
characterized by a free –SH group. In light of this free thiol group, we investigated the bioavailability of H2S
and NO after an acute administration of zofenopril and the effect of zofenopril in a model of MI/R injury.
Our findings establish that a single administration of zofenopril is able to increase the H2S bioavailability in
the cardiovascular system mainly in an enzymatic-independent manner. Furthermore acute zofenopril
treatment enhances NO levels in heart tissue. This increased levels of NO could be due to the inhibition of
bradykinin breakdown or to eNOS phosphorylation enhanced by H2S. These previuos hypotheses will be
investigated in the next studies. Moreover the treatment with zofenopril before MI/R exterts
cardioprotective effects reducing the infart size per area at risk and circulating troponin-I levels, an index of
cardiac injury. These  findings suggest that the cardioprotection could be mediated by the release of H2S
from the compound zofenopril. However more studies are required to better elucidate the mechanisms of
cardioprotection mediated by H2S signaling/zofenopril.
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