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Abstract

Sevoflurane postconditioning (sevo postC) is an attractive and amenable approach that can

protect the myocardium against ischemia/reperfusion (I/R)-injury. Unlike ischemic precondi-

tioning (IPC), sevo postC does not require additional induced ischemic periods to a heart

that is already at risk. IPC was previously shown to generate myocardial protection against

I/R-injury through regulation of iron homeostasis and de novo ferritin synthesis, a process

found to be impaired in the diabetic state. The current study investigated whether alterations

in iron homeostasis and ferritin mRNA and protein accumulation are also involved in the car-

dioprotective effects generated by sevo postC. It was also investigated whether the protec-

tive effects of sevo postC in the diabetic state can be salvaged by simvastatin, through

inducing nitric oxide (NO) bioavailability/activity, in isolated streptozotocin (STZ)-induced

diabetic hearts (DH). Isolated rat hearts from healthy Controls and diabetic animals were ret-

rogradely perfused using the Langendorff configuration and subjected to prolonged ische-

mia and reperfusion, with and without (2.4 and 3.6%) sevo postC and/or pre-treatment with

simvastatin (0.5 mg/kg). Sevo postC significantly reduced infarct size and improved myocar-

dial function in healthy Controls but not in isolated DH. The sevo postC mediated myocardial

protection against I/R-injury was not associated with de novo ferrtin synthesis. Furthermore,

simvastatin aggravated myocardial injury after sevo postC in STZ-induced DHs, likely due

to increasing NO levels. Despite the known mechanistic overlaps between PC and postC sti-

muli, distinct differences underlie the cardioprotective interventions against myocardial I/R-

injury and are impaired in the DH. Sevo postC mediated cardioprotection, unlike IPC, does

not involve de novo ferritin accumulation and cannot be rescued by simvastatin in STZ-

induced DHs.
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Introduction

Myocardial ischemia reperfusion (I/R)-injury is a leading cause of perioperative morbidity

and mortality. Protective interventions against I/R-injury include, ischemic-preconditioning

(IPC) [1] and -postconditioning [2]. Pharmacological agents such as sevoflurane (sevo) can

also trigger cardioprotection [3–7]. Distinct mechanistic overlaps can be achieved by pharma-

cological agents, such as sevo [8].

Protection of the heart is of supreme importance in disease states which aggravate ischemic

heart disease, such as diabetes mellitus (DM). However, the diabetic state interferes with the

intrinsic adaptive and cardioprotective mechanisms, such as myocardial preconditioning (PC)

and postconditioning (postC), thus enabling cell injury and apoptosis [5, 9, 10]. Interestingly,

studies have shown that the diabetic heart (DH) is still amenable to protection, by for example

isoflurane PC, but has an increased threshold for activation of its protective mechanisms [11].

Several mechanisms have been found to be involved in the observed resistance for cardiopro-

tection in the DH [12–14]. These include the dysregulation of the mitochondrial permeability

transition pores (mPTP), down regulation of prosurvival pathways (phosphoinositide 3-kinase

(PI3K)/AKT, extracellular signal related kinase (ERK), with their subsequent effects on mito-

chondrial adenosine triphosphate–dependent potassium (mKATP) channels [5, 13, 15, 16], and

increased receptor activities for pharmacological agents (associated with impaired Janus kinas

2 (JAK2)/AKT signalling) [17].

Many of the adverse consequences of DM and hyperglycemia, and the impaired cardiopro-

tective mechanisms, are thought to result from the combination of reduced nitric oxide (NO)

bioavailability/activity, impaired iron homeostasis and the increased generation of reactive

oxygen-derived species (ROS) [9, 10, 18–20]. In line with these observations, experimental

studies in diabetic db/db mice demonstrated that the HMG-CoA reductase inhibitor simva-

statin can attenuate myocardial I/R-injury, without reducing cholesterol levels, through

increasing NO synthase (NOS) enzyme activity and bioavailability [21]. Additionally, simva-

statin was found to restore the cardioprotective effects of IPC in hyperglycemic dogs by NO-

mediated signaling [22].

Previously our group showed that in the healthy heart, cardioprotection by IPC involves

the generation of an iron signal through activation of the proteasome, which results in the

accumulation of ferritin (L- & H-ferritin mRNA and protein levels), chelation of harmful

redox active iron, and a consequential decrease in ROS-induced oxidative damage [4, 23–27].

NO was found to play a role in myocardial protection and ferritin protein accumulation in the

healthy heart, however, the biological effects of NO strongly depends on its concentration and

the subsequent identity of its bio-active redox forms [28]. In streptozotocin (STZ)-induced

DHs, impaired iron homeostasis was found to lead to loss of the IPC-generated myocardial

protection [10].

The current study investigated whether alterations in iron homeostasis and ferritin accu-

mulation are involved in the cardioprotective effects generated by sevo postC, and whether

these effects can be salvaged by simvastatin, in the STZ-induced DH, through increasing NO

bioavailability/activity.

Materials and methods

General

All the experimental protocols were approved by the ‘Institutional Animal Care and Use Com-

mittee’ of the Hebrew University of Jerusalem School of Medicine, conforming to the Guide

for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health
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(NIH Publication No. 85–23, revised 1996). In accordance with the Ethical Approval, the num-

ber of animal experiments was minimized where possible.

Animal preparation

Sprague-Dawley male rats (250–275 g) were housed under standard conditions (12h light/12h

dark) and had free access to food (Teklad) and water. The animals were acclimated to the local

animal facility for at least four days prior to use in experiments. Diabetes was induced by a sin-

gle i.p. injection of streptozotocin (STZ; 50 mg/kg body weight, in saline; Sigma Aldrich, St

Louis, MO, USA). The Control group was injected intraperitoneally (i.p.) with an equal vol-

ume of saline. Typically, three days after STZ injection, glucose level exceeded 300 mg/dL. Ani-

mals that maintained high blood glucose in repeated blood test (twice a week) were considered

diabetic. In order to have diabetic-associated systemic effects and to allow for diabetic compli-

cations to develop, the heart perfusion experiments were conducted 4 weeks after STZ injec-

tion. Simvastatin (0.5 mg/kg, i.p.) was injected 48h and 24h (day -2 and -1) before the day of

the experiments, to randomly assigned animals [21]. We are aware to the drawbacks of the

STZ-model, as it is representing a mixed type I and type II diabetes. However, we considered

against using high-fat diet with low dose STZ, because this diet per-se is oppressing postC

responses [29, 30]. Furthermore, the employment of the STZ-model allowed for comparisons

with previous studies by our group [5, 10].

Heart perfusion and monitoring of hemodynamic parameters

Rats were injected i.p. with sodium heparin (500 units) and 20 min later with sodium pento-

barbital (60 mg/kg). Confirmation of deep anesthesia and an unresponsiveness to pain stimuli

was confirmed by a negative paw withdraw reflex. Hearts were then rapidly removed and

placed in heparinized ice-cold saline. Subsequently, each heart was cannulated via the aorta

and retrogradely perfused at a constant perfusion pressure of an 85 cm water column. The

standard perfusate consisted of a modified Krebs-Henseleit (KH) buffer containing (mM)

NaCl, 118; KCl, 5.8; CaCl2, 2.5; MgSO4, 1.2; NaHCO3, 25 and glucose, 11.1 [26]. The perfusion

buffer was gassed with 95% O2 and 5% CO2. pH was maintained at 7.4. Hearts were kept in a

thermostated glass, at a constant temperature of 37.5˚C ± 0.1. In order to assess left ventricular

function, a small latex balloon-tipped catheter was inserted into the left ventricle through an

incision on the left atrium. Hemodynamic parameters, heart rate (HR), end-diastolic pressure

(EDP), developed pressure (DP) and its derivatives (+dp/dt and–dt/dp), were recorded. The

work index (WI) was calculated according to WI = DP x HR. All data was processed using a

customized version of Labview 7.1 software (National Instruments, Austin TX, USA). Sevo

was bubbled at a rate of 1.5 Liter/min into the perfusion buffer using a sevoflurane vaporizer

(Sevotec 5; Datex-Ohmeda, Tewksbury, MA, USA). The concentration of the administered

sevo was measured using a volatile anesthetic gas monitor (Datex Capnomac Ultima, Division

of Instrumentation Corp., Helsinki, Finland). The sevo concentration in the KH-buffer was

also verified by gas chromatography (Agilent 7200 GC/Q-TOF MS). Any heart that developed

persistent ventricular arrhythmias before the ischemic period was excluded from the study.

Experimental protocols

After a stabilization period of 25 min, rat hearts were randomly assigned to one of the experi-

mental groups, as shown in Fig 1. Hearts that were subjected to I/R (n = 6–9 per time point,

except simvastatin treated animals; n = 4) were exposed to 35 min of global ischemia followed

by 60 min of reperfusion. Normoxic hearts (SHAM and sevo, n = 4 per time point) were con-

tinuously perfused with KH solution for an additional 95 min. Sevoflurane (2.4% and 3.6%)
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was given to the respective groups, for a duration of 15 min, according to Fig 1. Hearts used

for infarct size analyses were perfused for 120 min (Fig 1A). Hearts used for molecular

Fig 1. Experimental protocols. (A) Hearts in groups 1–9 were harvested after 120 min (60 min of reperfusion) and stained to allow infarct size determination.

Simvastatin (simv) was injected 48h (day-2) and 24h (day-1) before the start of the experiments. (B) Hearts in groups 10–16 were harvested at different time points along

the perfusion protocol (�) to allow molecular biological analyses. Ctr = hearts from normoglycemic animals, Diab = hearts from STZ-induced diabetic animals,

SHAM = continues perfused normoxia treated hearts, I/R = ischemia/reperfusion, sevo = sefoflurane.

https://doi.org/10.1371/journal.pone.0211238.g001
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biological analyses (ferritin protein levels, eNOS, iNOS, and L- and H-ferritin mRNA expres-

sion levels) were harvested and snap frozen in liquid nitrogen at four different time points

along the experiments (Fig 1B): (i) end of stabilization (25 min; n = 4), (ii) end of ischemia (60

min; n = 6), (iii) 15 min of reperfusion with or without sevo (75 min; n = 6) and (iv) at the end

of reperfusion (120 min; n = 6).

Infarct size analyses

At the end of reperfusion, hearts were frozen for 15 min at -20˚C before slicing into five trans-

verse slices, parallel to the atrioventricular groove. After removing right ventricular and atrial

tissue, heart slices were incubated for 30 min in a 1% solution of triphenyltetrazolium chloride

at 37˚C to differentiate infarcted (pale) from viable (bright red) myocardial area [10]. The size

of the infracted tissue was digitally photographed with a Nikon Coolpix 5000 camera and

quantified with IMAGE J 1.32 (NIH, USA) software. Determination of the area of infarction

was performed by a blinded investigator.

RNA isolation and cDNA synthesis

Total RNA of was isolated from 100 mg of left ventricular heart tissue using TriReagent (MRC,

Cincinnati, OH, USA) according to the manufacturer’s protocol. Isolated RNA was quantified

using UV spectrophotometry (Nanodrop, Thermo Scientific, USA) and RNA degradation was

precluded by gel electrophoresis. 1 μg of total RNA was reverse transcribed to cDNA using the

M-MLV reverse transcriptase (Promega, Madison WI, USA).

Real-time PCR

Changes in mRNA expression levels were measured using FastStart Universal SYBR Green

Master (ROX) (Roche, Mannheim, Germany) and the AB7500 Real-Time PCR System

(Applied Biosystems) according to the 2(-ΔΔCT) method [31]. Primers for the mRNA target

genes (eNOS, iNOS, H-ferritin and L-ferritin) and the housekeeping gene (β-actin) were

designed using primer3 software (http://biotools.umassmed.edu/bioapps/primer3_www.cgi)

and are listed in Table 1.

Preparation of heart tissue extracts

Lysis buffer containing 1% deionized Triton X-100 and 0.1% sodium azide in 50 mM Tris-HCl

pH 7.5 was incubated with Chelex-100, for a minimum of 24h. Phenyl-methyl-sulfonyl-fluo-

ride (0.25M) and a protease inhibitor cocktail (Roche, Mannheim, Germany) were added

immediately prior to use. 100 mg of left ventricular heart tissue was crushed in liquid nitrogen

and homogenized in 1 mL of lysis buffer using a Cole Parmer Teflon homogenizer. Subse-

quently, tissue homogenates were sonicated for 1 min. and incubated on ice for 30 min, while

vortexing every 5–10 min. Samples were then centrifuged for 5 min. at 10,000 xg and superna-

tants were analyzed for total protein content using the Lowry method.

Heart ferritin levels determination by ELISA

Heart ferritin levels in the cytosolic fraction were determined using the previously described

ELISA-based method [32]. Briefly, goat anti-rat liver-Ft was diluted in 0.1 M carbonate–bicar-

bonate buffer pH 9.6 (Coating buffer). 0.2 mL/well was added to a F96 Maxisorp NUNC-IM-

MUNO Plate (Nunc, Roskilde, Denmark). After incubation (1h at 37˚C followed by 4˚C

overnight), plates were washed four times with Wash buffer (0.02 M phosphate-buffered saline

(PBS), containing 0.1% (w/v) BSA, 0.05% (v/v) Tween 20, and 0.01% (w/v) NaN3). Subsequent
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blocking was performed by adding 0.2 mL of Blocking buffer to each well (0.02 M PBS, 0.01%

(w/v) NaN3, and 0.5% (w/v) gelatine). Plates were incubated and washed as described above.

Next, 0.2 mL of protein samples or standards, diluted in Dilution buffer (0.02 M PBS contain-

ing 0.5% (w/v) BSA and 0.05% (w/w) Tween 20), were added to the wells. Plates were incu-

bated and washed as previously described. After that, 0.2 mL/well of rabbit anti-rat heart-Ft in

Dilution buffer was added, and plates were incubated for 1h at 37˚C, followed by a 2h incuba-

tion at 4˚C. After washing the plates, 0.2 mL of goat anti-rabbit γ-globulin-antibodies, conju-

gated to β-galactosidase in Conjugation buffer (0.01 M phosphate buffer pH 7.6, 10 mM NaCl,

0.1% BSA, 4% PEG 6000, 2 mM MgCl2, and 0.1% NaN3) was added. Plates were incubated for

1h at 37˚C and washed four times before adding the substrate (0.2 mL/well). The substrate,

chlorophenol-red β-d-galactopyranoside (Roche diagnostic GmbH, Manheim, Germany) was

diluted in Substrate buffer (0.01 M phosphate buffer, pH 7.2, 10 mM NaCl and 2 mM MgCl2)

and incubated at 37˚C until color development. Absorbances were read in a microplate reader

(MR 5000 Dynatech Laboratories, Chantilly, VA, USA). A primary filter with a peak transmis-

sion at 570 nm and a secondary filter with a transmission at 620 nm, were used.

Statistics

Data are presented as Mean ± SEM. Statistical analyses between values of the same group at

various stages of the protocol were performed by one-way analyses of variance (ANOVA).

Between groups comparisons were made for each time point using a one-way ANOVA fol-

lowed by the Dunnett’s post-hoc test, where appropriate. Changes were considered statistically

significant when p<0.05.

Results

Average body weights (BW) and heart weights (HW) were not significantly different between

the control animals (Mean ± SEM: BW; 309 ± 4 g, HW; 1.33 ± 0.02 g) and the STZ-induced

diabetic animals (Mean ± SEM: BW; 307 ± 6 g, HW; 1.33 ±0.03 g), prior to the ex vivo perfu-

sion experiments. Blood glucose levels, in the fed state, were significantly higher for STZ-

induced diabetic animals (Mean ± SEM: 539 ± 12 mg/dL, p<0.01) compared to control ani-

mals (Mean ± SEM: 126 ± 3 mg/dL).

Infarct size analyses

As depicted in Fig 2, in normoglycemic Control hearts myocardial infarct sizes were found to

be significantly reduced in a dose-dependent manner by sevo postC with 2.4% (19.2% ± 1.8,

p<0.05) and 3.6% sevoflurane (16.2% ± 1.3, p<0.01), compared to I/R alone (25.5% ± 1.5). In

DHs, 2.4% and 3.6% sevo postC did not reduce myocardial infarct sizes, compared to heart

treated by I/R alone (33.6% ± 4.2 and 31.2% ± 2.9, respectively, compared to 26.7% ± 2.2 in I/R

group.). As expected, SHAM perfused Control hearts (6.7% ± 2.0, p<0.01) and DHs (5.5% ±
1.1, p<0.01), were found to have significantly lower myocardial infarct sizes, compared to I/R.

Table 1. Primers used for real-time PCR.

Gene Accession No. Forward primer Reverse primer Exon

β-Actin NM_031144 TTCCTTCCTGGGTATGGAATC CGGATGTCAACGTCACACTT 3–4:4

eNOS NM_021838.2 AAGTGGAAGCTGAGGTGGTG TGCAGTCCCGAGCATCAAAT 4–5

iNOS NM_012611.3 GAAGAGACGCACAGGCAGAG CACACGCAATGATGGGAACT 21–22

Ft-H NM_012848 ACGTCTATCTGTCCATGGTCTTG AAAGTTCTTCAGGGCCACAT 1–2:2

Ft-L NM_022500 CCTACCTCTCTCTGGGCTTCT CTTCTCCTCGGCCAATTC 1–2:2

https://doi.org/10.1371/journal.pone.0211238.t001
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All further experiments were conducted using 3.6% sevoflurane, as this concentration was

found to generate more reduced infarct sizes.

Administration of 0.5 mg/kg simvastatin, to STZ-induced diabetic animals, did not affect

the increase in infarct size in DHs subjected to I/R + 3.6% sevo PostC (35.2% ± 1.2), compared

to DHs treated by I/R alone (26.7% ± 2.2). The effect of simvastatin on Control hearts was not

investigated due to animal care committee restrictions on number of study groups.

Hemodynamic parameters

Table 2 represents the hemodynamic data and recoveries of the Control hearts and the DHs,

after continues perfusion (SHAM), or exposure to I/R with/without 3.6% sevo postC, and/or

simvastatin pre-treatment. There were no significant differences in baseline values for HR,

EDP, WI and left ventricular DP or its derivatives, +dp/dt and–dp/dt, within the groups of

Control hearts or DHs. Lower hemodynamic baseline values were found between the two

groups (Control vs. Diabetic) for several of the recorded parameters. The most prominent dif-

ference between the two groups was that DHs have a lower heart rate (mean HR 242.0

bpm ± 3.7, compared to 281.3 ± 6.3 in Control, p<0.01). Depending on the protocol, WI, +dp/

dt and -dp/dt baseline values were also found to be significantly lower in DHs compared to

Controls (p<0.05). When the averaged baseline values of the various perfusion protocols (in

Controls or DHs) were combined and analysed, statistical significance (p<0.05) of reduced

Fig 2. Myocardial infarct size analyses after the different perfusion protocols. Myocardial infarct sizes of the normoglycemic Control hearts are depicted by the dark

grey bars. Myocardial infarct sizes of the DHs are depicted by the light grey bars. The DHs with simvastatin and I/R+3.6% sevo postC are depicted by the striated light grey

bar. Data are presented as Mean ± SEM, � denotes p<0.01 vs. I/R in the respective group (Control heart or Diabetic heart). # denotes p<0.05 vs. I/R.

https://doi.org/10.1371/journal.pone.0211238.g002
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Table 2. Hemodynamic parameters of Control hearts and STZ-induced Diabetic hearts during the different perfusion protocols.

Parameter Group Protocol Baseline

(end of stabilization)

Perfusion

75 min (end of sevo PostC) 100 min 120 min (end of

reperfusion)

Raw data % Recovery versus baseline

HR (bpm) Control SHAM 271.4 ± 4.4 101.9 ± 3.1 # 102.1 ± 3.1 102.4 ± 3.0

I/R 293.1 ± 5.5 71.3 ± 9.5 98.2 ± 7.2 95.7 ± 6.3

I/R + 3.6% sevo postC 279.4 ± 6.3 59.7 ± 5.1 88.3 ± 6.7 99.3 ± 5.8

Diabetic SHAM 249.6 ± 14.9 97.0 ± 3.6 # 98.0 ± 4.0 � 96.7 ± 5.3

I/R 241.7 ± 9.4 ¥ 70.6 ± 3.5 82.0 ± 4.8 80.6 ± 4.8

I/R + 3.6% sevo postC 234.8 ± 10.4 ¥ 64.9 ± 7.3 80.5 ± 6.5 84.4 ± 3.7 ¥

Simvastatin + I/R + 3.6% sevo postC 254.5 ± 6.9 51.0 ± 9.9 66.3 ± 9.0 74.3 ± 9.5

DP

(mm Hg)

Control SHAM 103.0 ± 6.8 86.3 ± 3.4 � 81.9 ± 4.8 � 76.1 ± 3.3 �

I/R 109.4 ± 6.2 37.6 ± 4.8 32.6 ± 3.2 38.0 ± 3.3

I/R + 3.6% sevo postC 102.8 ± 6.4 45.9 ± 4.8 50.3 ± 5.0 � 46.4 ± 4.2

Diabetic SHAM 98.0 ± 7.8 82.9 ± 5.7 � 79.1 ± 6.3 � 75.3 ± 7.1 �

I/R 110.9 ± 4.9 43.9 ± 5.8 44.7 ± 4.5 ¥ 50.0 ± 3.7 ¥

I/R + 3.6% sevo postC 98.8 ± 7.6 48.0 ± 6.6 65.1 ± 2.9 � ¥ 57.9 ± 5.0

Simvastatin + I/R + 3.6% sevo postC 112.8 ± 10.1 29.6 ± 6.6 40.6 ± 7.6 41.1 ± 6.2

+dp/dt

(mm Hg/s)

Control SHAM 3801.4 ± 378.4 103.9 ± 6.0 � 99.4 ± 4.4 � 92.1 ± 4.8 �

I/R 3596.3 ± 147.2 29.0 ± 2.7 29.1 ± 3.1 32.4 ± 2.3

I/R + 3.6% sevo postC 3300.1 ± 140.1 31.3 ± 3.1 39.3 ± 4.5 37.0 ± 4.1

Diabetic SHAM 3286.4 ± 378.8 94.8 ± 4.5 � 91.8 ± 6.0 � 79.3 ± 8.7 �

I/R 3061.9 ± 171.7 ¥ 30.5 ± 3.7 38.3 ± 3.4 43.3 ± 4.3 ¥

I/R + 3.6% sevo postC 2666.7 ± 207.1 ¥ 32.8 ± 4.3 49.4 ± 3.6 ¥ 46.9 ± 3.3

Simvastatin + I/R + 3.6% sevo postC 3302.0 ± 577.9 25.7 ± 5.6 30.2 ± 4.5 30.0 ± 4.4

-dp/dt

(mm Hg/s)

Control SHAM -2463.9 ± 144.2 88.1 ± 2.1 � 80.2 ± 1.4 � 72.3 ± 2.6 �

I/R -2617.5 ± 106.1 34.8 ± 4.1 31.6 ± 3.4 34.9 ± 2.7

I/R + 3.6% sevo postC -2512.9 ± 122.0 35.2 ± 2.8 40.3 ± 3.8 39.0 ± 3.0

Diabetic SHAM -2291.8 ± 251.3 78.2 ± 5.7 � 71.5 ± 6.0 � 62.6 ± 7.8

I/R -2220.9 ± 135.9 ¥ 35.4 ± 5.5 43.1 ± 4.4 ¥ 45.0 ± 4.6

I/R + 3.6% sevo postC -1902.8 ± 184.7 ¥ 43.6 ± 5.7 58.4 ± 5.0 ¥ 54.1 ± 4.8 ¥

Simvastatin + I/R + 3.6% sevo postC -2186.3 ± 325.1 34.8 ± 7.3 39.7 ± 7.7 39.7 ± 7.7

Work index Control SHAM 27897.0 ± 1705.4 87.6 ± 3.0 � 83.4 ± 5.3 � 78.0 ± 4.2 �

I/R 31894.3 ± 1693.9 28.9 ± 5.6 32.1 ± 3.9 36.4 ± 3.4

I/R + 3.6% sevo postC 28048.1 ± 1442.1 27.5 ± 4.1 44.6 ± 5.5 45.6 ± 4.5

Diabetic SHAM 24450.6 ± 2545.2 79.7 ± 4.7 � 76.5 ± 5.3 � 72.3 ± 7.4 �

I/R 26772.3 ± 1594.6 ¥ 31.9 ± 5.2 37.6 ± 4.6 41.1 ± 4.4

I/R + 3.6% sevo postC 23054.9 ± 2005.4 ¥ 30.7 ± 5.4 50.7 ± 4.9 ¥ 48.2 ± 4.2

Simvastatin + I/R + 3.6% sevo postC 28641.2 ± 2559.5 15.5 ± 4.4 25.0 ± 2.8 29.5 ± 4.8

Raw data

EDP

(mm Hg)

Control SHAM 5.6 ± 1.0 2.4 ±1.4 � 2.6 ± 1.3 � 1.7 ± 1.2�

I/R 4.1 ± 1.2 66.0 ± 6.3 60.7 ± 4.2 49.6 ± 5.5

I/R + 3.6% sevo postC 2.0 ± 1.3 47.1 ± 5.3 # 41.4 ± 4.8 � 36.2 ± 4.9

Diabetic SHAM 3.3 ± 0.5 3.5 ± 1.9� 2.3 ± 2.9 � 2.0 ± 3.7 �

I/R 0.6 ± 1.0 70.7 ± 4.9 57.2 ± 4.4 48.1 ± 4.7

I/R + 3.6% sevo postC 0.9 ± 0.8 52.5 ± 4.7 # 44.6 ± 4.8 40.0 ± 4.2

Simvastatin + I/R + 3.6% sevo postC 1.3 ± 2.0 81.3 ± 3.9 75.3 ± 1.3 70.0 ± 1.8 #

Sevo postC hearts, received 3.6% sevo during the first 15 min. of reperfusion. Data are presented as Mean ± SEM.

� denotes p<0.01 vs. I/R in the respective group. # denotes p<0.05 vs. I/R in the respective group, ¥ p<0.05 vs. the respective protocol in Control.

https://doi.org/10.1371/journal.pone.0211238.t002
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function in DHs was reached for HR, +dp/dt, -dp/dt and WI in all protocols, compared to

Controls.

After treatment by I/R, Control hearts recovered to 36.4% ± 3.4 of the initial WI baseline

value, at 120 min, whereas DHs recovered to 41.1% ± 4.4. The EDP values were similar in both

Control and DHs. Ischemia significantly increased EDP values after reperfusion. Nevertheless,

Control and DHs subjected to I/R + 3.6% sevo postC recovered better with significantly lower

EDP values after 75 min (end of sevo postC) and/or 100 min of perfusion, respectively, com-

pared to hearts treated by I/R alone.

DP values after 100 min of perfusion, both in Controls (50.3 ± 5.0, p<0.01) and DHs

(65.1 ± 2.9, p<0.05), were positively affected by addition of 3.6% sevo postC, and found to be

significantly increased, compared to hearts treated by I/R alone (Ctr: 32.6 ± 3.2, Diab:

44.7 ± 4.5). The recovery of the DHs subjected to 3.6% sevo postC was found to be significantly

faster and higher compared to Control (p<0.05). Additionally, DHs were found to have signif-

icantly (p<0.05) better recoveries for +dp/dt, -dp/dt and/or WI, after I/R and sevo postC com-

pared to Control (see Table 2).

Both Control hearts and DHs subjected to 3.6% sevo postC, showed trends towards

decreases in HR during anesthetic administration (peak at 75 min). This depressant effect of

sevoflurane was further investigated in the healthy normoxic myocardium and revealed a

rapid restoration of hemodynamic parameters after sevoflurane discontinuation (S1 Fig).

These temporary depressant effects, may to some extent affect the hemodynamic changes

observed during sevo administration. In Control hearts subjected to I/R + 3.6% sevo postC,

HR recovery at the end of reperfusion was significantly higher compared to DH (99.3% ± 5.8

vs. 84.4 ± 3.7, P<0.05).

Administration of simvastatin to STZ-induced diabetic animals caused a worsening of

recovery in all hemodynamic parameters in the DHs after sevo postC, and led to significant

higher EDP values at the end of perfusion (70.0 ± 1.8, p<0.05), compared to DHs treated by I/

R alone (48.1 ± 4.7; Table 2).

Myocardial mRNA expression levels of eNOS, iNOS

As shown in Table 3, end of stabilization, eNOS mRNA expression levels were found to be sig-

nificantly higher in DHs compared to Controls (in arbitrary units (AU), relative to Control

baseline values). iNOS mRNA levels were also increased in DHs, but didn’t reach statistical

significance.

As previously reported [21, 22], simvastatin (0.5 mg/kg; 2 day administration) significantly

increased eNOS mRNA expression levels (2.19 ± 0.36, p<0.05), compared to vehicle treated

rats (1.00 ± 0.21) [21]. iNOS mRNA expression levels also increased after simvastatin

Table 3. mRNAs expression levels of eNOS and iNOS in rat hearts at baseline (end of stabilization).

Parameter Group Perfusion

Baseline (end of stabilization)

eNOS Control 1.00 ± 0.06

Diabetic 2.95 ± 0.41 �

iNOS Control 1.00 ± 0.12

Diabetic 1.75 ± 0.33

Data are presented as Mean (AU) ± SEM.

� denotes p<0.01 vs. Control.

https://doi.org/10.1371/journal.pone.0211238.t003
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administration (1.81 ± 0.42), but did not reach statistical significance compared to vehicle

treated rats (1.00 ± 0.10).

Myocardial mRNA expression levels of H-ferritin and L-ferritin

The H- and L-ferritin mRNA ratio within Control and Diabetic hearts were investigated. L-fer-

ritin mRNA levels (in AU, relative to H-ferritin baseline values) were found to be significantly

lower compared to H-ferritin (the dominant ferritin-subunit in the heart) mRNA levels, at

baseline (end of stabilisation), in both Control (0.35 ± 0.03 vs. 1.00 ± 0.18, p<0.05) and Dia-

betic hearts (0.49 ± 0.10 vs. 1.00 ±0.16, p<0.05).

Table 4 depicts H- and L-ferritin mRNA levels between Control and Diabetic hearts, along

the various perfusion protocols. H-ferritin and L-ferritin mRNA expression levels (in AU, rela-

tive to Control baseline values; Table 4) were found to differ between Control and DHs at base-

line. H-ferritin expression levels were lower (0.63 ± 0.06), whereas L-ferritin levels were found

to be higher (1.34 ± 0.26) in DHs, compared to Controls (p = NS). They also differ in DHs dur-

ing reperfusion. H-ferritin mRNA expression levels increased in DH along the perfusion pro-

tocols, and were higher (without reaching statistical significance) compared to Controls,

particularly after I/R and I/R + 3.6% sevo postC. No differences in Control H-ferritin mRNA

expression levels were detected between the different protocols after 120 min of perfusion.

In Control SHAM perfused hearts, L-ferritin mRNA expression levels dropped significantly

after 60 min of perfusion (0.39 ± 0.03, p<0.05), compared to baseline (1.00 ± 0.08). After 120

min of perfusion, expression levels increased significantly to 2.19 ±0.61 (p<0.01), compared to

I/R (0.66 ± 0.10). In SHAM DHs, L-ferritin levels also increased during the course of the perfu-

sion protocol, and were found to be significantly higher after 75 min of perfusion (2.37 ± 0.11,

p<0.05) compared to baseline (1.34 ± 0.26) and I/R (1.42 ± 0.13). However, Control hearts

treated by I/R alone and I/R + 3.6% sevo postC had reduced L-ferritin levels after 75 min and

Table 4. mRNAs levels of H- and L-subunits of ferritin in rat hearts subjected to the various perfusion protocols.

Parameter Group Protocol Perfusion

Baseline (end of stabilization) 60 min (end of ischemia) 75 min (end of sevo postC) 120 min (end of reperfusion)

H-Ft Control SHAM 1.00 ± 0.18 0.50 ± 0.06 # ^ 0.79 ± 0.18 0.94 ± 0.20

I/R 1.00 ± 0.18 1.05 ± 0.13 1.02 ± 0.14

I/R + 3.6% sevo

postC

1.08 ± 0.19 0.92 ± 0.16

Diabetic SHAM 0.63 ± 0.06 0.51 ± 0.08 0.55 ± 0.09 1.25 ± 0.38

I/R 0.70 ± 0.26 1.84 ± 0.60 1.80 ± 0.51

I/R + 3.6% sevo

postC

1.42 ± 0.34 1.60 ± 0.41

L-Ft Control SHAM 1.00 ± 0.08 0.39 ± 0.03 ^ 0.70 ± 0.07 2.19 ± 0.61 �

I/R 0.74 ± 0.15 0.58 ± 0.04 0.66 ± 0.10

I/R + 3.6% sevo

postC

0.59 ± 0.01 ^ 0.61 ± 0.05 ^

Diabetic SHAM 1.34 ± 0.26 1.80 ± 0.30 ¥ 2.37 ± 0.11 # ^ ¥ 2.02 ± 0.17

I/R 1.63 ± 0.20 ¥ 1.42 ± 0.13 ¥ 1.33 ± 0.29

I/R + 3.6% sevo

postC

1.50 ± 0.28 ¥ 1.52 ± 0.34 ¥

Data are presented as Mean (AU) ± SEM.

� denotes p<0.01 vs. I/R in the respective group, # denotes p<0.05 vs. I/R in the respective group, ¥ denotes p<0.05 vs. the respective protocol in Control. ^ denotes

p<0.05 vs. baseline in the respective group.

https://doi.org/10.1371/journal.pone.0211238.t004
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120 min of perfusion, compared to baseline. Thus, L-ferritin mRNA expression levels (as H-

ferritin mRNA levels) were mostly higher in DHs compared to Control hearts, and reached

statistical significance depending on the time point and perfusion protocol. In addition to fer-

ritin, heme-oxygenase 1 (HO-1) mRNA levels, another protein associated with both iron

metabolism and oxidative stress, was also found to be upregulated in DHs, compared to Con-

trol hearts (S1 Table).

Myocardial ferritin protein levels

Myocardial ferritin protein levels (in μg ferritin/mg protein) were measured along different

time points of the various perfusion protocols and are depicted in Fig 3. In the Control hearts,

baseline ferritin levels were 0.127 ± 0.018 (Fig 3A). Compared to baseline (end of stabilization),

ferritin protein levels were significantly upregulated during the first 15 min of reperfusion

(0.244 ± 0.019, p<0.05) in the hearts subjected to I/R alone. PostC with 3.6% sevoflurane, was

administered during the first 15 min of reperfusion, and effectively prevented the increase

(0.175 ± 0.020, p<0.05 vs. I/R) in heart ferritin protein levels. After discontinuation of the

sevoflurane, ferritin levels in the I/R + 3.6% sevo group reached similar levels to those in Con-

trol hearts treated by I/R alone (0.222 ± 0.036 vs. 0.198 ± 0.020, respectively).

In the DHs, baseline ferritin protein levels were 2.7-fold higher compared to Control non-

diabetic hearts (0.344 ± 0.044 vs. 0.127 ± 0.018; p<0.01; Fig 3B). In DHs subjected to I/R

alone, ferritin protein levels decreased to 0.187 ± 0.030 after 120 min of perfusion. PostC with

3.6% sevofllurane prevented this decrease in ferritin protein levels (0.420 ± 0.062, p<0.01 vs I/

R).

Discussion

In the clinical situation, the protective benefits of PC have not yet been realized, not at least

because PC can only be implemented in the situations where the ischemic events can be pre-

dicted, which in the case of an acute MI is unattainable. Pharmacological postC with volatile

anestetics, such as sevoflurane, is an attractive and amenable approach in cardiac surgery, as it

can be administered at the onset of reperfusion and does not require additional ischemic peri-

ods to a heart that is already at risk.

In the healthy rat heart we previously reported that the cardioprotection by IPC involves

the generation of an iron signal, through activation of the proteasome, which results in the de
novo synthesis and accumulation of ferritin [4, 27]. The important signalling molecule NO

[33, 34], depending on its concentration, and its bio-active redox form, was found to regulate

iron metabolism and play a role in myocardial protection against I/R-injury [28]. In the STZ-

induced DH however, impaired iron homeostasis was found to lead to loss of the IPC gener-

ated myocardial protection [10]. The current study investigated whether alterations in iron

homeostasis and ferritin accumulation are also involved in the cardioprotective effects gener-

ated by sevo postC, and whether these effects can be salvaged in the STZ-induced DH by sim-

vastatin, through increasing NO bioavailability.

Infarct size analyses of isolated rat hearts revealed that sevo postC significantly reduced

myocardial infarct size, in a dose-dependent matter in healthy normoglycemic Control hearts,

but not in DHs (Fig 1). These results support previous findings and show that cardioprotective

interventions, employed to reduce I/R-injury, are abrogated in the diabetic and hyperglycemic

heart [5, 10, 14, 35]. Previously, we showed that this abrogation of sevo postC in STZ-induced

diabetic animals, using an in vivo model of myocardial I/R, was associated with decreased

STAT3 phophorylation/activation and involves the mKATP channel [5]. Even though the

underlying mechanisms of postC (and PC) are highly complex and remain only partly
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understood, a decrease in STAT3 activation could be associated with decreased NO availabil-

ity, as various signalling cascades (JAK/STAT, protein kinase C/MAPK/ERK) involved in

STAT3 activation are NO regulated [8, 36]. Indeed, increasing NO bioavailability through

Fig 3. Myocardial ferritin protein levels in normoglycemic control hearts and in STZ-induced diabetic hearts. (A) Ferritin protein levels in Control

hearts and STZ-induced DHs (B) along different time points of the perfusion protocols. Data are presented as Mean ± SEM and indicate the heart

ferritin. � denotes p<0.01 vs. I/R. # denotes p<0.05 vs. I/R. ^ denotes p<0.05 vs. baseline.

https://doi.org/10.1371/journal.pone.0211238.g003
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simavastatin administration was previously found to reduce myocardial injury and restore the

cardioprotective effects of IPC in diabetic db/db mice and hyperglycemic mongrel dogs,

respectively [21, 22]. These cardioprotective effects were found to be independent of the cho-

lesterol-lowering effect of simvastatin [21, 22]. Numerous other experimental and clinical

studies have reported on the pleiotropic beneficial effects of statins in relation to myocardial

cardioprotection and/or protection against I/R-injury [37]. Interestingly, the data presented

here revealed that DHs of simvastatin pre-treated STZ-induced diabetic animals, respond dif-

ferently to the conditioning stimulus and tend to have larger infarct sizes (i.e. I/R + 3.6% sevo

postC; 35.2% ± 1.2), when compared to DHs treated by I/R alone (26.7% ± 2.2).

Functional myocardial recovery analyses revealed that both Control and DHs, treated with

I/R + 3.6% sevo postC, show better recoveries for various hemodynamic parameters, com-

pared to hearts treated by I/R alone (Table 2). These results suggest that even though sevo

postC doesn’t reduce infarct size in DHs, it can positively affect functional myocardial recov-

ery. Many studies have reported on the depressant myocardial hemodynamic effects of volatile

anesthetics (S1 Fig). This depressant effect might improve myocardial contraction after I/R-

injury, however, it is thought not to be responsible for the observed sevo postC induced reduc-

tion of myocardial infarct size [11, 38–40]. In line with this, the depressant effects of sevoflur-

ane are also detected in DH, where it was not associated with a reduction in infarct size. Note

that, in the current study two sevoflurane concentrations (2.4% and 3.6%) were tested. These

clinically relevant concentrations are commonly employed during in vivo and ex vivo isolated

rat heart postconditioning studies [7, 41–43], and were used here to investigate whether simva-

statin can rescue sevo postC in isolated diabetic rat hearts. Tanaka et al. showed that PC with

increased isoflurane concentrations could overcome the depressant effect of hyperglycemia on

infarct size reduction, in hyperglycemic dogs [11]. It was not further investigated herein, and

can therefore not be ruled out, whether higher (>3.6%) sevoflurane concentrations alone can

rescue cardioprotection in DH. It was previously reported, however, that 1 MAC (~2.5%) of

sevoflurane induces maximal cardioprotection by postconditioning in vivo in rats. Higher

sevoflurane concentrations only increased the observed cardiodepressant side effects [38]. Fur-

ther analyses of the hemodynamic parameters revealed that STZ-induced DHs had signifi-

cantly lower HR, +dp/dt, -dp/dt and WI baseline values compared to Control hearts.

Functional recoveries of several of these parameters were better, along the various perfusion

protocols, in DHs than Controls, even though infarct sizes tend to be larger [10, 44–46].

Previously, bradycardia and contractile hyporesponsiveness to ß-adrenergic stimulation, in

STZ-induced diabetic rats, could be normalized in the presence of the non-selective NOS-

inhibitor L-NAME. It was therefore suggested that the observed depressant effects (8 weeks

after induction) were mediated by increased NO levels [45]. In line with these findings, Stock-

klauser-Färber et al. detected temporary increases in NOS activity and eNOS mRNA expres-

sion levels, from 4 weeks after induction of diabetes. Significantly lower NOS activity and

eNOS mRNA levels were only observed after 46 weeks of diabetes. It was suggested that the

temporary increases are caused by the enhanced oxidated stress exerted by the diabetic and

hyperglycemic state [47]. Farhankhoee et al. also observed increased oxidative stress and

increased iNOS and eNOS mRNA levels 4 weeks after induction of diabetes by STZ. Interest-

ingly, this upregulation was not found to coincide with increased NO formation, and it was

therefore suggested that the highly reactive NO is quickly scavenged by superoxide anions

(O2
-) to form the potentially damaging peroxynitrite (ONOO-) [48]. The current study also

detected significant increases in eNOS mRNA expression levels in the rat myocardium, 4

weeks after the induction of diabetes by STZ (Table 3), that can explain the observed bradycar-

dia in DHs (Table 2). Simvastatin pre-treatment, likely further increased NO and/or ONOO-

levels, and thus caused aggravation rather than reduction of myocardial injury, after sevo
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postC in DHs of STZ-induced diabetic rats. As simvastatin pre-treatment was not found to res-

cue cardioprotection by sevo postC, no further animals were pre-treated with simvastatin. Fur-

thermore, in the current study NOS levels were analysed to confirm the NO-inducing effects

of simvastatin, elucidate the observed baseline bradycardia in STZ-induced DHs, and explain

the observed aggravation of myocardial injury after simvastatin pre-treatment. Additional NO

bioavailability/activity analyses were beyond the scope of this study. Exogenous NO was previ-

ously found to play a role in myocardial protection and ferritin protein accumulation in the

healthy rat heart [28]. Future studies will thus need to elucidate whether simvastatin treatment

alone can evoke similar ferritin mediated protective effects, through induction of NOS, in

healthy or DHs. Interestingly, simvastatin was previously shown to ameliorate diabetic cardio-

myopathy and/or myocardial dysfunction in STZ-induced diabetic animals [49, 50], indicating

it can mediate cardioprotection in this animal model, despite the high NO-levels. In the cur-

rent study animals received simvastatin for 2 consecutive days before the start of the experi-

ments, as this was found to already significantly increase eNOS mRNA levels. Although not

further investigated here, it is possible that extended or acute simvastatin dosages differently

affect the response of the STZ-induced DH to I/R + sevo postC and so could mediate a cardio-

protective effect [37, 49, 50]. Nevertheless, other diabetic animal models (e.g. db/db mice) may

be employed to further investigate salvaging of myocardial protection by simvastatin pre-treat-

ment together with a postconditioning stimulus, such as sevo postC. In addition to increased

iNOS and eNOS mRNA levels in STZ-induced rat hearts, Farhangkhoee et al. also found that

diabetes induced oxidative stress was associated with upregulated HO-1 [48]. Contradictory

roles for HO-1 have been reported in the cardiovascular complications of diabetes, with some

studies reporting pro-oxidant activities and others reporting anti-oxidant activities of HO-1

[46, 48, 51]. Although the HO enzyme system wasn’t fully analysed here, in line with Farhang-

khoee et al., HO-1 mRNA expression levels were found to be upregulated in hearts of 4 week

STZ-induced diabetic animals, compared to Control animals (S1 Table). Furthermore, SHAM

hearts were found to have higher HO-1 mRNA levels compared to hearts subjected to I/R

alone and/or I/R + 3.6% sevo postC, suggesting a dual role of HO-1, that could involve redox-

active iron [48].

Iron, an essential consistent of many macromolecules, is involved in energy production,

respiration and metabolism. Excess redox-active iron however, can enhance ROS-induced oxi-

dative damage through the formation of hydroxyl radicals and shift the redox balance from

cell survival to cell death [23, 24]. Because of its redox activity, most of the cellular iron is pro-

tein bound by ferritin. Elevated levels of ferritin have so been found to provide functional pro-

tection against oxidative stress, including I/R-injury [4, 32]. Syntheses of ferritin subunits (i.e.

H- and L-ferritin) are regulated transcriptionally and post-transcriptionally. Increases in gene

transcription of the ferritin mRNA subunits are observed in the presence of excessive iron

molecules and oxidative stress [52, 53]. Ferritin protein levels are post-transcriptionally regu-

lated by the iron regulatory proteins (IRPs) 1 and 2. When iron is abundant, IRP1 and 2 disso-

ciate from the ferritin mRNA, allowing its synthesis [54]. In the current study, minor changes

were observed in H- and L-ferrtin mRNA levels along the various perfusion protocols in both

Control and DHs (Table 4). These findings are in contrast to our earlier observations, that

showed a marked ~4-6-fold increase in L-ferritin mRNA levels, directly after IPC + ischemia

in healthy Control hearts, and a ~2-fold decrease of H-ferritin mRNA (generally the more

dominant subunit in the heart) after IPC in DHs [4, 10]. The mRNA data presented here sug-

gest that, unlike IPC, sevo postC doesn’t provoke a transient iron and/or ROS signal that

causes ferritin mRNA synthesis [52, 53]. Future studies measuring markers of oxidative stress

are required to confirm this hypothesis. Albeit not evident by the mRNA levels, the resting dia-

betic myocardium was found to contain double the amount of ferritin protein than the healthy
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Control heart (Fig 3). These findings are in good agreement with previous observations of the

diabetic state, and are likely to be a response to prolonged increased levels of redox-active free

iron and oxidative stress [10, 48]. The current study also revealed that the cardioprotective

effect of sevo postC is not associated with an increase in de novo ferritin protein synthesis (Fig

3A) [4, 5, 7]. Control hearts showed a 2-fold significant transient increase in ferritin protein

levels after ischemia + early (15 min.) reperfusion, but not after ischemia + sevo postC.

Although this increase in ferritin protein levels is not as prominent as our previously observed

~5-6-fold increase after IPC + ischemia [4, 10], it does indicate transient elevated free-iron lev-

els and subsequent ferritin translation [54]. Contrarily to Control hearts, DHs subjected to

ischemia + early (15 min.) reperfusion revealed a two-fold decrease in ferritin levels (Fig 3A

and 3B). Sevo postC was found to prevent this ferritin degradation (Fig 3B), even though it did

not salvage myocardial protection against I/R-injury, in the STZ-induced DHs. Earlier, we

showed that in healthy animals the IPC-mediated iron-signal and subsequent ferritin accumu-

lation, involved prior proteasome-mediated ferritin degradation [27]. Enhanced protein deg-

radation, including ferritin, has also been reported in diabetes and particularly ischemia [10,

55–57]. Inhibition of the ferritin degradation by protease inhibitors, was shown to rescue IPC

mediated myocardial protection in STZ-induced DHs [10]. Whether sevo postC plays a role in

the preventing proteasome mediated protein degradation, possibly by decreasing oxidative

stress levels, remains to be elucidated. Note, although not measured here, it is possible that the

available non-degraded ferritin protein reached saturation levels, and was unable to chelate the

excess intracellular redox-active free iron present in the DH [10, 28, 48].

In conclusion, simvastatin did not salvage sevo postC in isolated STZ-induced DHs. In

healthy hearts, unlike IPC, sevo postC mediated cardioprotection but does not involve de novo
ferritin synthesis and accumulation [4]. Despite the known mechanistic overlap between cardio-

protective interventions, like IPC and sevo postC, distinct mechanistic differences occur and

remain to be elucidated [8, 58]. Further studies are also required in order to elucidate whether

ferritin mediated cardioprotection is IPC specific, or can also be induced by e.g. simvastatin

treatment, PC with volatile anesthetics, such as sevoflurane, and/or various postC stimuli.
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