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Abstract
The success of therapies targeting myocardial reperfusion injury is limited, while the cardioprotective impact of mitigating 
ischemia-related damage remains less explored. We have recently shown in a pig model that the intravenous administration 
of a modified atorvastatin preparation during ischemia attenuates the rise of cardiac ischemia injury biomarkers. In the fol-
lowing study, we sought to investigate the mechanisms behind these ischemia-related cardioprotective effects. Ischemia was 
induced by 90 min total coronary balloon occlusion in pigs fed a normocholesterolemic regime. Fifteen minutes after the 
onset of ischemia, animals were randomized to receive intravenous atorvastatin preparation (IV-atorva) or vehicle. After 
ischemia animals were euthanized to assess the effect of IV-atorva treatment on gene and protein levels/activation of senes-
cence-, apoptosis-, and cardioprotective/metabolic-related markers. Proof-of-concept studies were carried out in mice and 
rats in which treatments or vehicle were administered 15 min after initiation of ischemia induced by permanent coronary 
ligation. Western-blot analyses revealed that in the ischemic myocardium of IV-atorva-treated pigs, RhoA was inactivated, 
phosphorylation of p53 and caspase-3 was reduced and AMPK was activated with the consequent regulation of the mTOR/
raptor-signaling pathway. IV-atorva-treated rats showed, as compared to vehicle, a significant reduction (60%) in scar size 
assessed at 1 month by histological staining, and mice studies demonstrated the causal involvement of AMPK activation 
in IV-atorva mediated cardioprotective effects. We demonstrate in pigs and rodents that prompt intravenous treatment with 
atorvastatin during ischemia limits cardiac cell death and reduces infarct size through AMPK signaling.
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Introduction

Despite advances in the treatment of acute coronary syn-
drome (ACS), subsequent mortality remains high [22] and 
the development of incident heart failure has increased [36]. 
While prompt reperfusion is required to salvage the jeop-
ardized myocardium and limit infarct size, the reperfusion 
process induces the activation of deleterious signaling cas-
cades that deepen cellular damage, ultimately amplifying 
cardiomyocyte death and myocardial infarction (MI) size 
enlargement, the so-called ischemia/reperfusion (I/R) injury 
[6, 52]. The final size of infarction, therefore, depends on 
reperfusion-related damage on top of ischemic injury which, 
in turn, is directly related to the duration of the ischemic 
period.

Interventions inhibiting ischemic damage to limit myo-
cardial injury remain insufficiently explored as a therapeu-
tic alternative. Indeed, a strategy and/or drug capable of 
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mitigating infarct size in the setting of ischemic heart disease 
remains to be discovered. Thus far, novel therapeutic strate-
gies directed at limiting cardiac damage acting upon reperfu-
sion have had modest results [21]. Ischemic conditioning, a 
treatment consisting on the application of brief episodes of 
I/R, either locally or distally, in the setting of reperfusion, 
has provided promising results in multiple experimental 
animal models [19, 27, 49] by mitigating reperfusion injury 
upon the activation of intrinsic pro-survival signaling cas-
cades and reducing infarct size. Unfortunately, the results of 
Phase-II/Phase-III clinical trials testing the application of 
these mechanical conditioning approaches have not consist-
ently shown cardioprotection [11, 44].

At a pharmacological level, the only Phase-III clini-
cal trial designed to asses inhibition of I/R injury through 
the administration of Cyclosporine A in patients with ST-
elevation MI (STEMI) was neutral [10]. It is worth noting 
that we showed that HMG-CoA-reductase (HMG-CoA-R) 
inhibition by administration of simvastatin just prior to rep-
erfusion, significantly reduced reperfusion injury in swine 
[48]. This effect was not associated with its lipid-lowering 
activity, but rather to its inhibitory effect on isoprenoid syn-
thesis. Cardiac healing was further enhanced thereafter by 
prolonged post-MI oral simvastatin treatment [48]. Moreo-
ver, pre-procedural statin therapy has been associated with 
a reduction in the incidence of larger sized, stenting-related 
myocardial infarctions in patients undergoing coronary 
intervention [18]. Therefore, all together, these results have 
led us to hypothesize that an early appropriate pharmaco-
logical intervention during ischemia could limit myocardial 
damage progression.

So far, remote ischemic conditioning, metoprolol, and 
intravenous atorvastatin have shown promising effects pro-
tecting the heart from ongoing ischemic injury [15, 16, 26, 
31]. Indeed, our group has recently shown that the intra-
venous administration of an atorvastatin preparation (IV-
atorva) during ischemia significantly attenuates the rise 
of cardiac ischemia injury biomarkers [ischemia modified 
albumin (IMA), cardiac fatty-acid-binding protein (CFABP), 
and myoglobin], proposing rapid intravenous treatment of 
acute STEMI patients on first medical contact to reduce the 
progression of cardiac damage [31]. However, the poten-
tial mechanisms behind IV-atorva protective effects remain 
to be elucidated. In the present study, we provide molecu-
lar and cellular insights to understand the effects derived 
from IV-atorva administration during coronary occlusion in 
detaining the advancement of ischemic injury and mitigating 
the progression of MI damage before reperfusion.

Methods

Ethics

Experimental procedures were reviewed and approved by the 
Institutional Animal Care and Use Committees (CEEA-IR) 
and authorized by the Animal Experimental Committee of 
the local government (#5601) in accordance with the Span-
ish law (RD 53/2013) and European Directive 2010/63/EU. 
In addition, the investigation conforms to the Guide for the 
Care and Use of Laboratory Animals published by the US 
National Institutes of Health (NIH Publication No. 85-23, 
revised 1985), follows the ARRIVE guidelines, adheres 
to the Practical guidelines for rigor and reproducibility in 
preclinical and clinical studies on cardioprotection [5, 29], 
and is committed to the 3Rs of laboratory animal research 
and consequently used the minimal number of animals to 
reach statistical significance [24]. All animals were allowed 
to acclimatize 7 days before any intervention and housed in 
individual cages under light-controlled conditions and room 
temperature.

Experimental design

The experimental design followed in the translational por-
cine study is detailed in our recent paper by Mendieta et al. 
[31]. To this end, animals were sedated, and anesthesia 
was maintained with isoflurane during the whole experi-
mental procedure. Cardiac rhythm, arterial oximetry, and 
arterial pressure were continuously monitored. Just prior 
to the procedure, prophylactic antiarrhythmic amiodarone 
and lidocaine perfusions were initiated to prevent malignant 
left ventricular arrhythmias. All animals were subjected to 
the same antiarrhythmic pharmacological approach to allow 
a direct comparison between the groups. By percutaneous 
approach and fluoroscopy guidance, ischemia was induced 
by complete coronary balloon occlusion of the mid-left 
anterior descending (LAD) coronary artery for 90 min [49, 
50]. After 15 min of ischemia, animals were allocated to 
randomly and blindly receive an intravenous infusion of 
a modified atorvastatin preparation (IV-atorva, 0.5 mg/
kg; n = 7) or vehicle (n = 7). The atorvastatin preparation 
refers to a soluble atorvastatin calcium salt formulation for 
intravenous administration (Patent PCT/EP2018/058158). 
After the ischemic period, animals were directly sacrificed 
(without reperfusion) with propofol overdose and potassium 
chloride (2 mol/L). Hearts were rapidly excised to obtain 
myocardial tissue for molecular studies. Blood samples were 
collected in EDTA at baseline and after 90 min of ischemia 
from the femoral artery for peripheral blood mononuclear 
cell (PBMC) isolation by the Ficoll method.
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The mice MI model was performed by LAD coronary 
artery ligation as previously reported [9]. To this end, male 
CH3 mice (8–10 weeks, weighing 25–30 g) were intu-
bated and anesthetized with a mixture of  O2/isoflurane and 
mechanically ventilated (rate 90 breaths/min, tidal volume 
0.1 mL). Rectal temperature was continuously monitored 
throughout the surgery and maintained within 37–38 °C 
using a heating pad and heat lamp. An anterior thoracotomy 
was performed; the heart was exposed, and the LAD coro-
nary artery was occluded with an intramural stitch (7-0 silk 
suture, consistent ligation of the left coronary artery, as it 
emerges from under the left atrium) for 45 min. Successful 
and complete coronary ligation was verified by electrocar-
diographic visualization of STEMI pattern that was moni-
tored by high-frequency ultrasounds with Vevo2100 from 
Visualsonics, and by the visualization of a pale, hypokinetic 
ventricular myocardium distal to the site of the occlusion. 
Fifteen minutes after coronary ligation (i.e., 15 min after 
the onset of ischemia), a single dose of atorvastatin (6 mg/
kg; equivalent to 40 mg human; n = 6), β-OH-simvastatin 
(6 mg/kg; n = 6), or PBS volume for vehicle/controls (n = 6) 
were administered intraperitoneally. The simvastatin prep-
aration is a solubilized β-hydroxy acid form prepared by 
conventional hydrolysis (see Patent PCT/EP2018/058158). 
Ischemia was continued for another 30 min after administra-
tion of the single dose (i.e., altogether 45 min of ischemia), 
and then, mice were directly sacrificed and the heart was 
carefully excised for infarct size measurement. For mor-
phometric analysis of infarct size, the mouse heart was 
immersed in a fixative solution (4% paraformaldehyde), 
embedded in optimal cutting compound (OCT) and cross-
sectioned from apex to base (10 µm-thick sections 200 µm 
distanced). Sections were stained with haematoxylin and 
eosin and morphometric infarct size analysis was determined 
using image analysis software (ImageJ, NIH). Taking into 
consideration that reperfusion is required to obtain a valid 
infarct size evaluation by TTC staining [42], we chose histo-
pathology to assess cardiac damage, because it is considered 
to be the gold standard for infarct size analysis, although, as 
a drawback, it does not allow calculating the ischemic area 
and, therefore, expressing the size. However, as additional 
information, infarct size was also assessed by TTC staining 
(1%). The size of infarction was calculated by the sum of 
infarcted areas in each section.

Effect of IV‑atorva on myocardial RhoA inhibition

We examined whether intravenous administration of IV-
atorva affected RhoA activation in the ischemic myocar-
dium of pigs. To this end, tissue samples obtained from 
the ischemic myocardium of all animals were pulverized 
and homogenized in lysis buffer for protein isolation and 
total RhoA assessment. The separation of the membrane 

and cytosolic fractions was performed by a modification of 
the lysis buffer protocol [46]. Briefly, tissue powder was 
homogenized in buffer solution (1 mol/L NaCl, 20 mmol/L 
Tris pH 7.4, 1 mmol/L DTT and protease inhibitors) and 
centrifuged. The supernatant was collected (referred to as 
the cytosolic fraction) and pellets were resuspended, and 
the membrane proteins were extracted by incubation in 
500 mmol/L Tris–HCl pH 7.4, 20% sodium dodecyl sulfate, 
100 mmol/L sodium orthovanadate, and protease inhibitors. 
The extract was centrifuged and the supernatant was col-
lected as the membrane fraction. Protein concentration (in 
total myocardial tissue, in the cytoplasm fraction and in the 
membrane fraction) was quantified by the Pierce method. 
RhoA (Santa Cruz) was determined in total, cytosolic and 
membrane fractions of the ischemic cardiac tissue of all ani-
mals by Western-blot analysis. The intensity of the Western-
blot bands was detected with Chemi-Doc (Bio-Rad) and they 
were quantified with the Quantity one Software (Bio-Rad). 
Intensities are expressed in arbitrary units (AU).

Effect on myocardial transcript levels and protein 
expression/activation of markers related 
to myocardial apoptosis and cardioprotection

We assessed in both the ischemic and non-ischemic myo-
cardium of infarcted pigs, the effect of IV-atorva treatment 
on gene and protein levels/activation of senescence-, apop-
tosis-, and cardioprotective- related markers. Accordingly, 
tissue samples were pulverized and homogenized in Tripure 
(Roche) for RNA isolation or homogenized in lysis buffer for 
protein extraction. We performed transcriptomic and Western-
blot analyses of (1) p53; (2) caspase-3; (3) AMPK; and (4) 
eNOS. At a protein level, we assessed: (1) phosphorylated 
p53 (Ser15) and total p53; (2) cleaved caspase-3 and total 
caspase-3; (3) AMPK and AMPK phosphorylated at Thr172 
(P-AMPK) or activated AMPK; (4) mTOR and mTOR phos-
phorylated at Ser-7292; (5) raptor and raptor phosphorylated at 
Ser-792; and (6) eNOS, and eNOS phosphorylated at Ser1177 
(P-eNOS) or activated eNOS. The degree of p53, caspase-3, 
AMPK, mTOR, raptor, and eNOS activation was evaluated by 
assessing the corresponding ratios (phosphorylated form/total 
expression). mRNA levels were normalized to the housekeep-
ing gene 18SrRNA, and the intensity of the bands was calcu-
lated by densitometry and expressed as arbitrary units (AU).

IV‑atorva effect on the inflammatory response

Local myocardial inflammatory response

The effect of atorvastatin on the myocardial expression 
of monocyte chemoattractant protein-1 (MCP-1/CCL2) 
was evaluated at mRNA and protein levels in the infarcted 
pigs. The threshold cycle (Ct) values were determined and 
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normalized to the housekeeping gene 18SrRNA to adjust for 
equal amounts of RNA, whereas β-actin was used as the pro-
tein-loading control. In addition, we also assessed neutrophil 
infiltration in the ischemic tissue. For this purpose, myocardial 
samples were embedded in OCT, frozen, and 5 μm sections 
were obtained from each sample and mounted on gelatinized 
slides for neutrophil staining (anti-neutrophil elastase anti-
body, Abcam). Images were captured with an Olympus Vanox 
AHBT3 microscope, digitalized by a Sony 3 charged-couple 
device and infiltrated neutrophils counted by a single-blinded 
observer from an average of 10-fields/animal.

Systemic inflammatory response

We assessed gene levels of toll-like receptor 4 (TLR4) and 
MCP-1, and protein expression of MCP-1 in circulating 
PBMCs from pigs. The Ct values were determined and nor-
malized to the housekeeping gene 18SrRNA, whereas Pon-
ceau Red was used for protein-loading control.

The contribution of AMPK on atorvastatin‑mediated 
cardioprotection

We assessed the causal contribution of AMPK activation 
on the cardioprotective effects afforded by IV-atorva in the 
mouse model of coronary ligation. In this case, an AMPK 
inhibitor (compound C; 30 mg/kg; dissolved in DMSO) was 
given intraperitoneally 15 min before atorvastatin adminis-
tration (6 mg/kg; equivalent to 40 mg in human) to block 
any potential effect of the statin on AMPK activation. IV-
atorva was administered at 15 min of ischemia and after 
30 min (total ischemic period 45 min) mice were sacrificed 
and hearts were processed for myocardial infarct size and 
8-OH-dG (Abcam ab48508) staining, a measurement indica-
tive of oxidative stress-induced DNA damage.

Cardioprotective effect of different statins: impact 
on oxidative damage

We explored in the mouse model of coronary ligation 
whether other statins (i.e., β-OH-simvastatin; 6 mg/kg; 

administered intraperitoneally in n = 6) also protected 
against ischemia damage and further investigated the impact 
of statin treatment on myocardial oxidative damage. To this 
end, ischemic myocardial tissue was cut into 5 μm-thick 
slices for 8-OH-dG staining. Staining was calculated by a 
single-blinded observer from an average of 5-fields/animal 
as percentage of the stained area. Images were captured by 
Nikon Eclipse 80i microscope and digitized by Retiga 1300i 
Fast camera.

IV‑atorva effects on scar size

Finally, we addressed whether a single intravenous dose 
of IV-atorva early after ischemia reduces myocardial scar 
formation assessed 30 days after induction of ischemia. 
This method was performed in male Sprague–Dawley rats 
(n = 16; 8–10 weeks old, weighing 250–300 g; Janvier Labo-
ratory). The animals were anesthetized through intraperito-
neal injection of a cocktail containing alfaxalone (10 mg/
kg) + midazolam (0.6 mg/kg) + buprenorphine (0.1 mg/kg), 
intubated by means of a cannula and connected to ventilator 
for rodents. A left thoracotomy was performed at the level 
of the fourth intercostal space and MI was induced by per-
manent LAD coronary artery ligation surrounding it with 
a 6-0 suture. After 15 min of ischemia rats were randomly 
given an intravenous injection of 2.75 mg/kg of IV-atorva 
(equivalent to 40 mg human; n = 8) or equal PBS volume 
for vehicle/controls (n = 8). Thirty minutes after IV-atorva 
administration the thoracic cavity was closed with a 4-0 
silk suture and animals were allowed to recover and kept 
for the following 30 days and then sacrificed. Afterwards, 
hearts were carefully excised for morphometric assessment 
of infarct size.

Biochemical parameters

Blood was drawn at sacrifice in all pigs for biochemical 
analyses.

Fig. 1  IV-atorva administra-
tion during ischemia inhibits 
Rho-A activation. RhoA 
inhibition expressed as ratio 
between RhoA detected in 
the cytoplasm (cyt; inactive 
form) vs. Rho A detected in the 
membrane (mb; active form). 
Tissue sampling and Western-
blot analyses were performed at 
the end of the ischemia period 
(90 min).*P < 0.05 vs. control
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Fig. 2  IV-atorva administration during ischemia reduces myocardial 
cell death in pigs. Intravenous administration of IV-atorva diminished 
cellular senescence (a) and apoptosis execution (b) in the ischemic 
myocardium. Tissue sampling and western blot analyses were per-

formed at the end of the ischemia period (90 min).*P < 0.05 vs. con-
trol -Isch group; n = 7 animals/group; Isch ischemic myocardium, 
Non-Isch non-ischemic myocardium
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Statistical analysis

The Shapiro–Wilk test was applied to verify the normal dis-
tribution of the data. Continuous variables are expressed 
as mean ± standard deviation. The variation among group 
means was evaluated using the parametric ANOVA test, 
followed by the post hoc Scheffé’s comparison method. T 
test was used for two group mean comparison. A value of 
P < 0.05 was considered significant. All statistical analy-
ses were performed with the statistical software package 
Statview.

Results

IV‑atorva administered during ischemia inhibits 
myocardial RhoA activation

The total amount of RhoA protein in the ischemic myocar-
dium remained similar in IV-atorva-treated animals and 
control pigs (Fig. 1). However, RhoA activation was sig-
nificantly inhibited in the IV-atorva-treated animals. As 
such, non-treated control animals showed a lower RhoA 
cytoplasm/membrane ratio indicative of higher RhoA 

translocation to the membrane (active form), whereas in IV-
atorva-treated animals RhoA was mainly localized in the 
cytoplasm (inactive).

IV‑atorva administered during ischemia reduces 
cellular senescence and limits apoptosis execution

The treatment with IV-atorva did not affect p53 mRNA lev-
els or total protein content during the study period of 90 min 
(Fig. 2a). While total protein content remained unchanged, 
IV-atorva-treated animals showed reduced p53 activation 
in the ischemic myocardium and no effects were observed 
on p53 activation in the non-ischemic heart. Indeed, the 
p-p53/p53 ratio (a cell senescence marker) was significantly 
reduced in the ischemic myocardium of treated pigs.

Similarly, IV-atorva did not affect either gene expres-
sion or total caspase-3 protein content in ischemic and 
non-ischemic myocardium as compared to controls. Yet, 
IV-atorva reduced the levels of cleaved (active) caspase-3 
within the ischemic myocardium (Fig. 2b) and consequently 
reduced the cleaved caspase-3/total caspase-3 ratio (an index 
of apoptosis execution).

No differences were observed in eNOS transcript levels 
in the different cardiac regions (Supplemental Fig. 1a), and 

Fig. 3  IV-atorva administration during ischemia limits myocardial 
inflammatory response. a Myocardial expression of MCP-1. b Neu-
trophil cardiac infiltration expressed as % of reduction. Tissue sam-

pling and Western-blot analyses were performed at the end of the 
ischemia period (90 min).*P < 0.05 vs. control
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IV-atorva did not affect ischemia-induced eNOS activation 
(Supplemental Fig. 1b) during the 90 min of the study.

IV‑atorva administered during ischemia limits 
MI‑induced inflammatory response

Myocardial inflammatory recruitment

As shown in Fig.  3a, IV-atorva treatment significantly 
prevented both MCP-1 mRNA and protein upregulation 
in the ischemic myocardium as compared to control pigs 
(P < 0.05). No changes were detected on MCP-1 expres-
sion in the non-ischemic myocardial tissue. In addition, the 
amount of infiltrating neutrophils was reduced by around 
50% in the ischemic myocardium of IV-atorva-treated pigs 
as compared to control animals (Fig. 3b).

Systemic inflammatory response in pigs

IV-atorva treatment also markedly attenuated the ischemia-
triggered increase in MCP-1 expression in circulating 
PBMCs both at gene and protein levels (Fig. 4a). No changes 
were detected in TLR4 expression levels in PBMCs neither 

prior- (time 0 min) nor post- (time 90 min) ischemia induc-
tion (Fig. 4b).

Lipid levels and liver and kidney parameters

No changes were detected as per lipid levels nor liver or kid-
ney function parameters among all animals (Supp. Table 1).

IV‑atorva cardioprotective effects during ischemia 
involve AMPK/mTOR/raptor signaling

IV-atorva did not affect myocardial AMPK mRNA levels or 
total protein content in the pig hearts (Fig. 5a). While total 
protein levels remained unchanged, p-AMPK levels were 
significantly reduced in the ischemic myocardium of control 
animals but not in the IV-atorva-treated animals (Fig. 5a). 
No changes were observed in p-AMPK in the non-ischemic 
cardiac tissue. Accordingly, the ratio p-AMPK/AMPK was 
significantly increased in IV-atorva-treated pigs.

In the MI mice model, we tested whether blockade of 
AMPK activation by Compound C was able to inhibit the 
effects of IV-atorva. Indeed, TTC staining revealed that 
blockade of AMPK activation by Compound C abolished 
the infarct size-reducing properties achieved by IV-atorva 

Fig. 4  Intravenous administration of IV-atorva early after ischemia limits the systemic inflammatory reaction. a PBMC expression of MCP-1. b 
PBMC expression of TLR-4.*P < 0.05 vs. control -Isch; n = 7 animals/group; Isch ischemic myocardium, Non-isch non-ischemic myocardium
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Fig. 5  Involvement of AMPK on IV-statin-related cardioprotection. a 
Effect of IV-atorva on myocardial AMPK expression and activation 
in pigs. b Administration of an AMPK inhibitor (i.e., C compound) 
prior IV-atorva administration abolishes atorvastatin-related cardio-
protective effects in mice. c Effects on oxidative damage in mice. Tis-

sue sampling and Western-blot analyses were performed at the end 
of the ischemia period (90  min) *P < 0.05 vs. non-isch; †P < 0.05 
vs. control; **P < 0.05 vs. control and AMPK inh + atorvastatin; IS 
infarct size, atorva atorvastatin, Isch ischemic myocardium, Non-Isch 
non-ischemic myocardium
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administered shortly after ischemia induction (Fig. 5b). 
Moreover, AMPK activation also protected against oxidative 
damage since the administration of Compound C abolished 
these protective effects (Fig. 5c).

We further assessed AMPK downstream effectors mTOR 
and raptor involved in autophagy and protein synthesis. As 

shown in Fig. 6, IV-atorva-administered animals displayed 
lower activation levels of mTOR (Fig. 6a) in the ischemic 
cardiac region, whereas, conversely, showed a significant 
enhancement on P-raptor (Fig. 6b).

Fig. 6  Analysis of AMPK downstream effectors mTOR and rap-
tor. Effect of IV-atorva on myocardial mTOR (a) and raptor (b) 
expression and activation in pigs. Tissue sampling and Western-

blot analyses were performed at the end of the ischemia period 
(90  min).*P < 0.05 vs. control; atorva atorvastatin, Isch ischemic 
myocardium, Non-Isch non-ischemic myocardium



 Basic Research in Cardiology (2020) 115:2

1 3

2 Page 10 of 16

Simvastatin and atorvastatin exert comparable 
cardiac protective effects during ischemia

In comparison with vehicle-administered animals, both IV-
atorva and β-OH-simvastatin administration reduced the 
size of infarction by around 50% in the mice model of MI 
(Fig. 7a). These cardioprotective effects were associated 
with a significant reduction in myocardial oxidative dam-
age (70% reduction; P < 0.05) in the ischemic myocardium 
as compared to controls (Fig. 7b).

IV‑atorva administration during the ischemic insult 
reduces scar size in a model of chronic ischemia 
is rats

A single dose of IV-atorva 15 min after the onset of ischemia 
resulted in a significant 60% reduction in scar size assessed 
30 days after induction of ischemia, as compared to control 
non-treated rats (P < 0.05; Fig. 8a). This effect was consist-
ent among all treated animals (Fig. 8b).

Fig. 7  Cardioprotective 
effects of statins administered 
intravenously in a mice model 
of MI. Size of infarction (a) 
and intracellular oxidative 
damage (b). Tissue sampling 
was performed at the end of 
the ischemia period (45 min). 
*P < 0.05 vs. control. IV-β-OH-
simva intravenous administra-
tion of a beta-hydroxi acid form 
of simvastatin
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Discussion

In our previous study using a well-characterized MI swine 
model, where intravenous IV-atorva was administered early 
upon the onset of ischemia, we observed a significant and 
sustained reduction of ischemic injury in treated animals 
detected by an attenuation in the rise of cardiac ischemia 
biomarkers, that remained at significantly lower levels than 
in vehicle-administered pigs even after 90 min of ischemia 
onset. Our results in pigs euthanized before reperfusion 
clearly indicated that IV-atorva reduced ischemic injury 
[31]. Moreover, our observations were reported in a preclini-
cal animal model of MI that, in contrast to rodents, comes 
closest to human STEMI in its temporal and spatial infarct 

development [20, 29]. In the present work, we evidence the 
mechanisms behind IV-atorva’s cardioprotective effects. As 
such, IV-atorva administration in pigs during ischemia: (1) 
reduces oxidative damage and apoptosis execution in the 
ischemic myocardium likely preventing cardiac cell death; 
(2) limits the inflammatory response both locally and sys-
temically; and (3) improves cardiac metabolism through the 
AMPK/mTORC1 signaling pathway. Moreover, we also 
demonstrate, in proof-of-principle studies using different 
rodent models, that IV-atorva reduces infarct size in mice 
and scar formation in rats at 30 days post-ischemia induction 
(central figure). 

Fig. 8  Single administration 
of IV-atorva during ischemia 
reduces infarct size assessed 
30 days after ischemia induc-
tion in a rat model of persis-
tent coronary artery ligation. 
a Reduction in infarct size 
expressd. b Individual data. Tis-
sue sampling was performed at 
the end of the ischemia period 
(30 days). *P < 0.05 vs. control. 
N = 6 animals/group
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inhibition of RhoA translocation in cardiac cell membranes, 
and activation of cardioprotective kinases (RISK kinases: 
PI3K/Akt, PKC, Erk). Indeed, the addition of geranylgeranyl 
pyrophosphate reversed the effect of rosuvastatin by activat-
ing the RhoA pathway and, therefore, its translocation to the 
membranes [7, 47]. In addition, many experimental studies 
in isolated perfused mouse hearts and rats have shown that 
statins exert cardioprotection in the setting of I/R, either 
when administered prior to MI induction (chronic and/or 
early delivery) or after MI [3, 41]. Interestingly, in 2018, 
the SECURE-PCI Trial, which investigated the effect of a 
loading dose of atorvastatin prior to planned PCI on major 
adverse cardiovascular events in ACS patients, had neutral 
results. However, significant beneficial effects were observed 
in the STEMI subgroup of patients, all of which received 
the treatment close to the moment of intervention [4]. We 
have recently demonstrated that IV-atorva administration 
during ischemia significantly attenuates ischemic injury 
[31]. Here, we evidence that such cardioprotective effects 
are mediated through RhoA inhibition, reduced oxidative 
damage, reduced senescence, reduced apoptosis execution, 
and enhanced AMPK activation within the 90 min of the 
study. While mRNA expression levels and protein levels 
were not modified within these 90 min of the study in pigs 
and 45 min in rodents (actual IV-statin treatment times were 

Through the inhibition of HMG-CoA-R, statins reduce 
LDL-cholesterol levels and decrease cardiovascular mor-
bidity and mortality [2]. Moreover, intensive statin therapy 
has demonstrated clinical benefit in NSTEMI patients, 
an effect also observed in patients subjected to elective 
coronary intervention procedures [8, 13]. Beyond their 
lipid-lowering effects, which occur after prolonged inhibi-
tion of liver HMG-CoA-R, statins have direct cardio- and 
vasculo- protective properties that explain their beneficial 
effects in the acute phase of MI. Indeed, several clinical 
trials (MIRACLE, PROVE-IT-TIMI 22, A–Z, JUPITER) 
have evidenced the pleiotropic effects of statins [12, 25, 37, 
45]. Thus far, experimental studies have shown that statin 
treatment exerts protective effects that result from the down-
stream inhibition of small G-protein isoprenylation includ-
ing the prevention in oxidative stress, a rapid upregulation 
of endothelial nitric oxide production, red blood cell eNOS 
activation, and a reduction in infarct size [1, 28, 30]. In this 
later context, our group demonstrated that the administration 
of oral rosuvastatin early after reperfusion reduced infarct 
size in a closed-chest pig model of MI. This effect was due 
to a reduction in apoptotic cell death and inflammatory cell 
infiltration leading to improved cardiac function. Moreover, 
we demonstrated that the effects of rosuvastatin were not 
related to changes in LDL-cholesterol levels but rather to the 
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75 min in pigs and 30 min in rodents), post-transductional 
processes, and protein signaling were interfered by IV-statin. 
Indeed, proteins related to apoptosis execution (cleaved cas-
pase 3) [14] and cellular senescence (p53-phosphorylation) 
[39], that are activated during the ischemic process, were 
significantly reduced in statin-treated animals likely prevent-
ing myocyte cell loss. Similarly, eNOS protein levels were 
unaffected by IV-atorva due to this narrow window from 
treatment to euthanasia (75 min). In the mice model, we also 
demonstrate that the reduction in infarct size observed upon 
IV-atorva administration is comparable to that observed 
upon treatment with another modified statin, simvastatin, 
and was associated with a significant blockade of DNA oxi-
dative damage induced by ischemia. Whether other more 
hydrophylic statins show similar acute effects remains to 
be determined. We also demonstrate a causal contribution 
of AMPK to the effects of IV-atorva administration, since 
the pre-treatment of mice with an AMPK inhibitor signifi-
cantly reduced the effects of IV-atorva on infarct size and 
on the inhibition of DNA oxidative damage. It has long been 
known that statins activate vascular cell AMPK activity 
in vitro [43], and fairly recent studies have demonstrated that 
Rho-kinase inhibition operates through AMPK activation 
[23]. Indeed, we have observed that the disruption of RhoA 
induces AMPK activation in our statin-treated animals [34]. 
Of note, previous studies in mouse isolated perfused hearts 
had shown an enhancement of myocardial AMPK activation 
during the global ischemic insult [40]. Yet, our in vivo pig 
model of 90 min total LAD coronary occlusion does not 
reflect changes in AMPK between the ischemic and remote 
cardiac tissue. Whether the differences rely on the different 
level of ischemia of the experimental approach (total heart 
vs. one coronary bed) or the animal model, deserves to be 
investigated. Interestingly, we also observe that AMPK acti-
vation is associated with mTOR inhibition and raptor acti-
vation [35]. Raptor and mTOR are key components of the 
mTORC1 pathway, along with the mammalian lethalSEC13 
protein 8 (mLST8). Inhibition of mTOR limits mTORC1 
activity, whereas raptor acts as an AMPK substrate and 
upon phosphorylation directly inhibits the mTORC1 sign-
aling [17]. Overall, our data suggest that early administration 
of IV-atorva during ischemia enhances AMPK activation, 
thereby promoting autophagy and the degradation of cell 
components to maintain essential activity and viability, and 
inhibiting RNA translation and protein synthesis to limit 
energy consumption that can then be utilized for more vital 
cellular functions (e.g., cell survival). In concurrence with 
our findings, the role of enhancing autophagy as a cardio-
protective strategy in the setting of MI has been recently 
supported [33].

The lack of continuous assessment of myocardial changes 
at different timepoints throughout the ischemic period after 
treatment with the statin can be considered a limitation in 

our study. No doubt this monitoring would have strength-
ened our results. Indeed we only have protein analysis at the 
end of the 90 min of ischemia. However, considering the 
strong association between ischemic damage and reperfusion 
injury [38], and our further ongoing results, we can postu-
late that intravenous statin administration during ischemia 
impacts the overall phenomenon of I/R injury.

Finally, the rat model of permanent artery ligation dem-
onstrates that intravenous administration of a bolus injec-
tion of IV-atorva at the beginning of ischemia translates into 
lower myocardial scarring at 30 days post-MI, further sup-
porting infarct size reduction and a long-term benefit of this 
pharmacological approach on left ventricular remodeling.

We had previously published that 90 min of myocardial 
ischemia promoted an inflammatory phenotype by induc-
ing cardiac local recruitment of macrophages and systemic 
activation of mononuclear cells [51]. Here, we evidence that 
IV-atorva early after ischemia induction not only reduces 
the cardiac expression of a chemokine critically involved 
in monocyte recruitment, but also limits neutrophil infil-
tration in the ischemic myocardium. Moreover, we have 
also evidenced that IV-atorva early after ischemia induc-
tion exerts anti-inflammatory effects that extend beyond 
the cardiac ischemic tissue to the systemic circulation by 
preventing ischemia-related MCP-1induction in circulating 
PBMCs. Whether these anti-inflammatory effects translate 
into diminished microvascular obstruction and further car-
dioprotection deserves to be investigated [32].

Conclusions

Intravenous administration of statin in the early phase of 
ischemia induces fast-acting and long-standing cardiopro-
tective effects, which are mediated by isoprenoid synthesis 
inhibition in the damaged cardiac cells. Accordingly, RhoA 
activation pathways are interrupted, apoptosis, cell damage, 
and cell senescence are halted and AMPK-mediated path-
ways promoted, ultimately reducing infarct size. Our find-
ings, obtained using three different animal models help to 
explain the prompt, robust and reproducible cardioprotective 
effects observed upon IV-atorva treatment administration.
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