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Abstract

Background

There is experimental evidence that lethal ischemia-reperfusion injury (IRI) is largely due to

mitochondrial permeability transition pore (mPTP) opening, which can be prevented by

cyclosporine A (CsA). The aim of our study is to show that a higher dose of CsA (10 mg/kg)

injected just before ischemia or a lower dose of CsA (3 mg/kg) injected further in advance of

ischemia (1 h) protects the kidneys and improves mitochondrial function.

Methods

All mice underwent a right unilateral nephrectomy followed by 30 min clamping of the left

renal artery. Mice in the control group did not receive any pharmacological treatment. Mice

in the three groups treated by CsA were injected at different times and with different doses,

namely 3 mg/kg 1 h or 10 min before ischemia or 10 mg/kg 10 min before ischemia. After

24 h of reperfusion, the plasma creatinine level were measured, the histological score was

assessed and mitochondria were isolated to calculate the calcium retention capacity (CRC)

and level of oxidative phosphorylation.

Results

Mortality and renal function was significantly higher in the CsA 10 mg/kg-10 min and CsA

3mg/kg-1 h groups than in the CsA 3mg/kg-10 min group. Likewise, the CRC was signifi-

cantly higher in the former two groups than in the latter, suggesting that the improved renal

function was due to a longer delay in the opening of the mPTP. Oxidative phosphorylation

levels were also higher 24 h after reperfusion in the protected groups.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182358 August 10, 2017 1 / 12

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Lemoine S, Pillot B, Augeul L, Rabeyrin

M, Varennes A, Normand G, et al. (2017) Dose and

timing of injections for effective cyclosporine A

pretreatment before renal ischemia reperfusion in

mice. PLoS ONE 12(8): e0182358. https://doi.org/

10.1371/journal.pone.0182358

Editor: Ferenc Gallyas, Jr., University of PECS

Medical School, HUNGARY

Received: January 22, 2017

Accepted: July 17, 2017

Published: August 10, 2017

Copyright: © 2017 Lemoine et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: The authors received no specific funding

for this work.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0182358
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0182358&domain=pdf&date_stamp=2017-08-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0182358&domain=pdf&date_stamp=2017-08-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0182358&domain=pdf&date_stamp=2017-08-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0182358&domain=pdf&date_stamp=2017-08-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0182358&domain=pdf&date_stamp=2017-08-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0182358&domain=pdf&date_stamp=2017-08-10
https://doi.org/10.1371/journal.pone.0182358
https://doi.org/10.1371/journal.pone.0182358
http://creativecommons.org/licenses/by/4.0/


Conclusions

Our results suggest that the protection afforded by CsA is likely limited by its availability. The

dose and timing of the injections are therefore crucial to ensure that the treatment is effec-

tive, but these findings may prove challenging to apply in practice.

Introduction

Acute kidney injury (AKI) can lead to chronic kidney disease, requiring renal replacement

therapy, but can also cause cardiovascular events and death. The increasing number of patients

developing AKI is therefore a significant public health concern[1]. Even in young people, AKI

is associated with increased use of renal-replacement therapy [2]. Moreover, although it is

often reversible, AKI significantly increases the risk of de novo chronic kidney disease [3].

Since ischemia-reperfusion injury (IRI) is the most common cause of AKI, there is consider-

able interest in developing pharmacological treatments to protect the kidneys from IRI, partic-

ularly when this is predictable.

It is now widely accepted that mitochondrial dysfunction, especially the opening of mito-

chondrial permeability transition pore (mPTP), plays a major role in aggravating the lesions

following cardiac IRI. This opening causes the mitochondria to swell and the membrane

potential to collapse, and uncouples oxidative phosphorylation. The opening of the mPTP is

facilitated by the binding of a protein, cyclophilin D (CyP-D), to the inner membrane of the

mitochondria. Previous heart studies have demonstrated that cyclosporine A (CsA). indepen-

dently of its anti-calcineurin properties, protects from IRI by binding CyP, thus preventing

mPTP opening [4,5].

We have shown previously that CsA injection at the reperfusion stage (postconditioning)

may protect the kidneys from IRI by inhibiting mPTP opening [6]. Cyclosporine A can only

be injected after reperfusion following acute myocardic or brain infarction; in nephrology

however, the clinical situations (artery stenosis revascularization, transplantation, aortic

clamping for vascular surgery) are such that reperfusion is often programmed, allowing CsA

to be administered before ischemia. In the only previous studies of CsA injections to preserve

renal function, CsA was administered 6 h before kidney ischemia [7–9]. This timing was cho-

sen based on the hypothesis that CsA increases the activity of the heat shock protein system

(HSP70). In clinical practice however, injecting CsA such a long time (several hours) before

ischemia may not be possible. Our hypothesis is that CsA protects renal function because CsA

inhibits mPTP opening, justifying the use of CsA just before ischemia. Moreover, whereas the

CsA dose used in previous renal studies was 3 mg/kg, in the heart or brain, 10 mg/kg was used

[10,11]. The dose and timing of CsA injections prior to renal ischemia reperfusion are parame-

ters that are both worth optimizing in this context.

The aim of our study is to investigate whether a high dose of CsA (10 mg/kg) injected just

before ischemia or a lower dose of CsA (3 mg/kg) injected 1 h before ischemia protects the kid-

neys and improves mitochondrial function. We therefore compared the effects on renal and

mitochondrial function of two different doses of CsA (3 or 10 mg/kg) injected either 10 min or

1 h before ischemia.

Pre-conditioning with CsA in renal ischemia-reperfusion
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Materials and methods

Surgical preparation

The animals were maintained in a controlled environment, in compliance with European rec-

ommendations on laboratory animal care and the protocols were approved by the Ethics Com-

mittee of the Université Claude Bernard Lyon 1 (approval number: BH2012-81).

Male C57BL/6J mice, aged 8–12 weeks and weighing 25–30 g were purchased from

approved suppliers (Charles River Laboratories, France). The mice were raised with free

access to food (SAFE, France) and water in a 12 h light/dark cycle.

The mice were anesthetized by intraperitoneal injection of xylazine (5 mg/kg, Rompun1,

Bayer, Puteaux, France), ketamine (100 mg/kg, Imalgene1 1000, Acyon, Melan, France), and

bupremorphine (0,075mg/kg, Vetergesic1, Sogeval, Laval, France). Their body temperature

was monitored and maintained at 37˚C using a homeothermic pallet unit.

The animals were intubated orally using a 22-gauge catheter and ventilated with a rodent

ventilator (Minivent, Harvard Apparatus, March, Germany) with a volume of 0.15 mL and a

breath rate of 140 /min. After laparotomy and right nephrectomy, a 30 min period of ischemia

of the left kidney was imposed by clamping the left renal vascular pedicle using a microvascu-

lar clamp (Roboz Surgical Instruments, Washington, DC). Ischemia and reperfusion were con-

firmed visually by observing the color of the left kidney.

After surgery, roughly every 3 h during daytime (three to four times a day), the mice were

weighed and their welfare was assessed using Langford et al.’s pain scale [12]. Mice who suf-

fered more than 20% weight loss or had a pain score higher than 2, were given a 0.1 mg/kg sub-

cutaneous injection of buprenorphine. If their health had not improved 3 h after analgesia, the

animals were euthanized on the advice of the veterinary advice.

Study design

The two doses of CsA (3 and 10 mg/kg) were first tested in sham mice (four in both groups),

24 h after reperfusion, to rule out acute nephrotoxicity. All measures in sham mice were made

after 24hrs of reperfusion.

The untreated group named “control group” (n = 8) was then compared with three differ-

ent preconditioned groups: the first injected with 3 mg/kg CsA 1 h before ischemia (CsA 3

mg/kg-1 h; n = 6), the second injected with 3 mg/kg CsA 10 min before ischemia (CsA 3 mg/

kg-10 min; n = 6), and the third injected with 10 mg/kg CsA 10 min before ischemia (CsA 10

mg/kg-10 min; n = 6). The vehicle used in the control group was 0.9% saline. The same vol-

umes were injected in all mice to ensure that the hemodynamic effects were identical.

All animals (i.e. from the sham groups, control group and the three preconditioned groups)

underwent right nephrectomy followed by a 24 h reperfusion period. Immediately after the

surgical procedure, the mice were hydrated by injecting 1 mL of 0.9% saline subcutaneously.

After 24 h of reperfusion, deep anesthesia was induced once more (using ketamine and xyla-

zine), 250 μL of blood was extracted by retro-orbital puncture, and the kidney was rapidly

removed and divided into two samples, one to isolate mitochondria and one for histological

analysis. The mice were then euthanized by cervical dislocation.

Renal parameters

Acute renal failure was assessed 24 h after reperfusion by measuring the serum concentration

of creatinine. Serum creatinine was measured enzymatically (Vista 1500, Siemens Healthcare,

Erlangen, Germany). The renal tissue was embedded in formaldehyde. Four-micrometer

sections were stained with periodic acid-Schiff reagents. Tubular injury was scored semi-

Pre-conditioning with CsA in renal ischemia-reperfusion

PLOS ONE | https://doi.org/10.1371/journal.pone.0182358 August 10, 2017 3 / 12

https://doi.org/10.1371/journal.pone.0182358


quantitatively from zero to four by a blinded pathologist who examined at least 10 fields at

×200 magnification. Tubular injury was defined as a tubular dilatation, sloughing of tubular

epithelial cells, or a naked tubular basement membrane. Only tubules in the outer stripe of the

outer medulla (the most sensitive zone for ischemic injury) were included in the following

scoring system: 0, no tubular injury; 1, < 20% of damaged tubules; 2, 21–50% of damaged

tubules; 3, > 51% of damaged tubules; 4, total destruction of all epithelial cells [6].

Mitochondrial function

Preparation of isolated mitochondria. The kidneys were excised and immediately placed

in a cold isolation buffer (0.25 M sucrose, 2 mM EGTA and 10 mM Tris, pH 7.4). The tissue

was cut with scissors and mixed in the same buffer (10 μL buffer/mg tissue) with a Potter-

Elvehjem homogenizer. The homogenate was centrifuged at 600 g for 7 min and the superna-

tant at 6400 g for 10 min. The mitochondrial pellet was suspended and homogenized in the

same buffer without a calcium chelating agent. The protein concentration was determined

using the Bradford method.

Calcium retention capacity. The calcium retention capacity (CRC) is the amount of Ca2+

required to trigger massive Ca2+ release (by the mitochondria into the cytosol as described by

Ichas et al. [13]). The CRC quantifies the resistance to opening of the mPTP following a cal-

cium overload. Isolated mitochondria (250 μg protein) were suspended in 2 mL of buffer C

(150 mM sucrose, 50 mM KCl, 2 mM KH2PO4, 5 mM succinic acid in 20 mM Tris–Hcl pH

7.4) in a polystyrene cuvette. The extra-mitochondrial Ca2+ concentration was measured with

a Hitachi F2500 spectrofluorometer in the presence of 0.8 μmoL Calcium Green-5N (with

excitation and emission wavelengths set at 500 and 530 nm, respectively). CaCl2 (10 nmol) was

injected every minute. Each CaCl2 pulse in the cuvette increases the extra-mitochondrial Ca2+

concentration. The Ca2+ is then absorbed by the mitochondria, such that the extra-mitochon-

drial Ca2+ concentration decreases rapidly. After several additions of extra-mitochondrial cal-

cium, an abrupt increase in the extra-mitochondrial Ca2+ concentration indicates a massive

release of Ca2+ by the mitochondria due to mPTP opening. The total amount of calcium

required to open the mPTP was calculated and expressed in nmol Ca2+/mg mitochondrial

protein.

Secondly, we added 10 μL of CsA into the cuvette directly in contact to mitochondria.

Oxidative phosphorylation. Mitochondrial respiratory function was measured at 25˚C

using a Clark-type electrode (Oroboros oxygraph, Austria). Mitochondria (250 μg protein)

were incubated in a respiration buffer (pH 7.4) containing 80 mM KCl, 50 mM MOPS, 1 mM

EGTA, 5 mM KH2PO4, 1mg/mL fat free BSA and 3 mM each of pyruvate, malate and gluta-

mate (complex I substrate). Oxygen consumption was expressed in nmol O2/min/mg of pro-

tein. Oxygen consumption is maximal in the actively respiring state, state 3, as stimulated by

ADP when all the required components are present. The quiescent state, state 4, corresponds

to the lower oxygen consumption after ADP phosphorylation. The respiratory control index

(RCI) is the ratio of oxygen consumption rates in these two states (state 3/state 4) and indicates

the tightness of the mitochondrial coupling between respiration and phosphorylation.

Statistical analysis

In the following, results are expressed as the mean ± the SEM. The difference between the

sham groups was assessed by one-way ANOVA with a Bonferroni correction. Each precondi-

tioned group was compared with the control group using Mann-Whitney tests (Graphpad

software1). CsA concentrations were also compared using Mann-Whitney tests. The thresh-

old for statistical significance was p< 0.05.

Pre-conditioning with CsA in renal ischemia-reperfusion
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Results

Effect of CsA on kidney function in sham mice

There is no difference between the three groups of sham mice in terms of serum creatinine

concentrations (0.13, 0.13 and 0.13 mg/dL, for the sham, sham 3 mg/kg and sham CsA 10 mg/

kg groups respectively, p = 0.9) or in terms of the histology score (p = 0.9 between the groups)

(Fig 1A & 1B).

The residual CsA concentration 24 h after injection was 30 and 36 μg/L for the sham CsA 3

mg/kg and sham CsA 10 mg/kg mice, respectively, while the mean arterial blood pressure

(MAP) in these two groups was 103 ± 24 and 119 ± 22 mmHg, respectively, but without a

hypertensive peak.

The CRC of the sham mice treated with 10 mg/kg CsA before ischemia was significantly

higher than that of the untreated mice or the group treated with 3 mg/kg CsA (586 ± 82 versus

426 ± 50 and 480 ± 50 nmol Ca2+/mg protein respectively; p<0.001) (Fig 1C). Moreover, after

the addition of 10 μL of CsA into the cuvette, CRC was significantly increased, and up to a sim-

ilar level, in all groups (Fig 1D).

Effect of CsA on mice survival

The mortality after 24 h of reperfusion was significantly higher in the control (untreated)

group and CsA 3 mg/kg-10 min groups than in the sham group (40 and 41% respectively,

p<0.01). The mortality rates in the control group and CsA 3 mg/kg-10 min groups were not

significantly different (p = 0.2). The mortality rate after 24 h reperfusion was significantly

lower in the CsA 3 mg/kg-1 h group (10%, p<0.05) and in the CsA 10 mg/kg-10 min group

(0%, p<0.05) than in the control group.

Optimal CsA dose for renal protection

The creatinine concentration in the CsA3 mg/kg-10 min group (1.5 ± 0.3 mg/dL) was no dif-

ferent from that of the control group (1.9 ± 0.6 mg/dL, p = 0.4), but the corresponding levels in

the CsA 10 mg/kg-10 min and CsA 3 mg/kg-1 h groups were significantly lower (0.96 ± 0.36

and 0.9 ± 0.33, p = 0.0007 and p = 0.001, respectively; Fig 2A). The histological scores for the

latter two groups were likewise lower than in the control group (1.5 ± 0.5, p = 0.002 and

1.7 ± 0.3, p = 0.004 respectively, versus 2.85 ± 0.5), but the difference between the histological

scores of the control and CsA 3 mg/kg-10 min groups is not significant (2 ± 0.3 for the latter,

p = 0.2) (Fig 2B).

Effect of CsA on kidney mitochondria function

After 24 h of reperfusion, the mitochondrial CRC was dramatically lower in the control group

than in the sham group (84 ± 5 versus 426 ± 48 nmol Ca2+/mg protein, p = 0.001). The CRC

after 24 h reperfusion for the CsA 3 mg/kg-10 min, CsA 10 mg/kg-10 min and CsA 3 mg/kg-1

h groups (respectively 185 ± 53, 273 ± 58, and 228 ± 82 nmol Ca2+/mg protein) were signifi-

cantly higher (p<0.001) than for the control group (84 ± 5 nmol Ca2+/mg protein; Fig 3).

After 24 h of reperfusion, state 3 oxygen consumption was much lower in the control group

than in the sham group, (27 ± 15 nmol O2/min/mg protein), but was higher in the CsA 3 mg/

kg-10 min, CsA 10 mg/kg-10 min and CsA 3 mg/kg-1 h groups than in the control group

(54 ± 20, 45 ± 7 and 40 ± 8 versus 27 ±15 nmol O2/min/mg, p = 0.01, 0.04 and 0.04 respec-

tively, see Table 1). The RCI of the CsA 10 mg/kg-10 min (3.9 ± 0.3) and CsA 3 mg/kg-1 h

(4.1 ± 0.36) groups was significantly higher than that of the control group (3.9 ± 0.3 and

4.1 ± 0.36 versus 2 ± 1, p = 0.004 and 0.008 respectively), but the RCI of the CsA 3 mg/kg-10

Pre-conditioning with CsA in renal ischemia-reperfusion
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Fig 1. (A) Serum creatinine levels, (B) histological scores and (C) calcium retention capacity of CsA-treated and untreated sham

mice after 24 h of reperfusion following renal ischemia. The three groups only differ in terms of their calcium retention capacity, which

is significantly higher in the group that was given 10 mg/kg CsA than in the mice that were given a 3 mg/kg dose. D. Effect of addition

of CsA directly into the cuvette on Calcium Retention capacity. Addition of CsA directly on mitochondria increased CRC in all groups.

https://doi.org/10.1371/journal.pone.0182358.g001
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min group (3 ± 0.9) was not significantly different from the control group’s (p = 0.6). In other

words, the rate of oxidative phosphorylation was lower in the CsA 3 mg/kg-10 min group than

CsA 3mg/kg-1h and CsA 10 mg/kg-10 min.

Discussion

This study shows that a single dose of CsA immediately before ischemia improves renal func-

tion and morphology. The results also indicate that a lower dose of CsA is also effective if it is

injected 1 h before ischemia. A plausible interpretation is that the renal protection afforded by

CsA depends on the dose injected and on the timing of the injection. The positive effect of

both these factors on renal function seems to stem from a delaying of mPTP opening and an

improvement in oxidative phosphorylation.

The impact of the CsA dose at the time of reperfusion

In renal ischemia-reperfusion, ischemic preconditioning [14] and postconditioning [15]

have both been successfully tested in laboratory environments. While remote renal ischemic

pre- and postconditioning have also been investigated in a clinical setting, no consistent

effect has been reported [16]. Although pharmacological renal conditioning is easier to per-

form, our study of different doses and timings of CsA injections adds to a very sparse litera-

ture on this subject [7–9, 17]. A 3 mg/kg dose of CsA injected 10 min before ischemia did

not improve renal function or the histological score of mice 24 h after reperfusion. The

effects of CsA have been shown to be related to its concentration in various organs and set-

tings. In the liver, Soriano et al. found that mPTP inhibition was better with a 5 mg/kg dose

of CsA than with a dose greater than 10 mg/kg [18]. In the heart, Chen et al. have also sug-

gested that the protective and cytotoxic effects of CsA might be dose-dependent [19]. In the

brain, histological analyses three days after stroke revealed that only those ischemic animals

Fig 2. Impact of the dose of CsA on renal function. (A) Plasma creatinine levels, (B) histological scores 24 h after reperfusion (*p< 0.05 vs control).

https://doi.org/10.1371/journal.pone.0182358.g002
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treated with high dose CsA had significantly reduced cerebral infarcts [20] In the kidney

however, this impact of the dose has only been demonstrated in a postconditioning study

[21]. An explanation for previous studies with negative results may be that the timing of the

injections was inappropriate and/or that the concentration of CsA upon reperfusion was too

Fig 3. Impact of the dose of CsA on mitochondrial function. (A) Calcium retention capacity (CRC) 24 h after reperfusion as a

function of the CsA dose. Mitochondrial PTP opening was significantly inhibited in the control versus the sham group. The CRC 24 h

after reperfusion was significantly higher in the CsA 10 mg/kg-10 min group than in the control or CsA 3 mg/kg-10 min groups (*p< 0.05

vs control group).

https://doi.org/10.1371/journal.pone.0182358.g003
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low [22–24]. For example, while Martinez-Palli et al. reported that CsA does not improve

renal function [22], their injections were administered per os 24 and 6 h before transplanta-

tion at 5 mg/kg. The concentration of CsA at the time of ischemia was therefore only 197 ng/

mL, lower than in our study. Delbridge et al. found no positive effect of CsA injected per os
for 30 days after ischemia reperfusion (16). However, these injections occurred too late after

reperfusion and the repetitive high dose was probably toxic. This heterogeneity of results is

probably a consequence of the different doses and modes of CsA injection (per os, intrave-

nous, subcutaneous). Our study suggests that the CsA concentration at the time of reperfu-

sion is crucial to its protective effect on renal function. This would explain why a 10 mg/kg

dose of CsA injected intravenously 10 min before ischemia offered renal protection while a

lower dose (3 mg/kg) was only found to be protective if it was injected much longer before

ischemia. The fact that 3mg/kg– 1hr lead to a significant protection whereas the 3mg/kg–

10min could be explain by the availability in the kidney of the drug. More we injected CsA,

more CypD can be bound and more mPTP remains closed.

Role of the mitochondria and mPTP in renal ischemia-reperfusion

Previous studies investigated the effects of CsA administered 6 h before ischemia because of

the molecule’s presumed benefit through the overexpression of HSP70. The HSP70 system

protects the mitochondria from reactive oxygen species by maintaining ATP levels, repairing

DNA damage and preserving tight junction integrity. Importantly in this context moreover, it

has been shown to prevent calcium redistribution within the cell in renal ischemia-reperfusion

[25]. There is also experimental evidence that the mitochondria also play a crucial role in AKI.

Mitochondria have a dual role in the kidney as the primary source of energy for tubular cells

and as a key regulator of cell death via the opening of the mPTP. Our study demonstrates for

the first time that pretreatment with CsA inhibits mPTP opening 24 h after renal ischemia-

reperfusion in a dose-dependent way. It also shows that CsA improves mitochondrial respira-

tion, which is a substantial benefit in renal ischemia. However, we didn’t find any modification

of complex II activity with CsA treatment (data not shown).

However, the mPTP is not the only pathway to protect renal function. In a previous review,

Zuk and Bonventre list the different pathophysiological mechanisms of AKI: renal vasculature

and cellular stress responses, endothelium reticulum stress, mitochondrial dysfunction, autop-

hagy, and innate immune response and maladaptive repair [26]. While investigating all these

pathways was not feasible in our study, we propose a pharmacological approach to protect the

kidneys against mitochondrial dysfunction in AKI.

Table 1. Oxidative phosphorylation 24 h after reperfusion in CsA-treated, sham and control mice.

State 3 nmol O2/min/mg of protein State 4 nmol O2/min/mg of protein RCI

Sham 63 ± 15 * 12 ± 2 * 5.2 ± 0.7 *

Control group 27 ± 15 10 ± 6 2 ± 1

CsA 3 mg/kg-10 min 54 ± 20 * 16 ± 3 3 ± 0.9

CsA10mg/kg-10 min 45 ± 7* 10 ± 2 3.9 ± 0.3 *

CsA 3 mg/kg-1 h 40 ± 8 * 9.8 ± 2.7 4.1 ± 0.3*

State 3 and state 4 were measured in isolated mitochondria with pyruvate/malate/glutamate as substrates of

complexe I and are expressed in nmol O2/min/mg of proteins. RCI: respiratory control index (state3/state4).

Values shown are the mean ± SD. (n = 4 to 6).

* p< 0.05 vs control group using a Mann Whitney test.

https://doi.org/10.1371/journal.pone.0182358.t001
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Toxicity of CsA

A 10 mg/kg dose of CsA is usually considered nephrotoxic. However, the fact that CsA was

administered as a single bolus in this study reduces the risk of vascular toxicity. Indeed,

although CsA increases renal vascular resistance and decreases renal blood flow, the hemody-

namic impact of CsA is transient (<10 min) as has been demonstrated experimentally by

other groups [27–28]. In this study also, the absence of any effect of CsA on the renal function

and blood pressure of sham mice indicates that the single bolus administered is not nephro-

toxic. No lesions were observed after CsA injection, even in the mice that received the 10 mg/

kg dose.

In conclusion, our results suggest that CsA-induced protection against ischemia-reperfu-

sion injury is dose-dependent and is likely mediated by the inhibition of mPTP opening,

which would explain why the concentration of CsA has to be high at the time of reperfusion.

In clinical practice therefore, the dose and the timing of CsA injections should be carefully

managed in order to achieve the desired preconditioning effect.
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15. Jonker SJ, Menting TP, Warlé MC, Ritskes-Hoitinga M, Wever KE. Preclinical Evidence for the Efficacy

of Ischemic Postconditioning against Renal Ischemia-Reperfusion Injury, a Systematic Review and

Meta-Analysis. PloS One. 2016; 11(3):e0150863. https://doi.org/10.1371/journal.pone.0150863 PMID:

26963819

16. Hu J, Liu S, Jia P, Xu X, Song N, Zhang T, et al. Protection of remote ischemic preconditioning against

acute kidney injury: a systematic review and meta-analysis. Crit Care Lond Engl. 2016; 20(1):111.

17. Yang CW, Ahn HJ, Jung JY, Kim WY, Li C, Choi BS, et al. Preconditioning with cyclosporine A or

FK506 differentially regulates mitogen-activated protein kinase expression in rat kidneys with ischemia/

reperfusion injury. Transplantation. 2003 Jan 15; 75(1):20–4. https://doi.org/10.1097/01.TP.

0000040002.12912.65 PMID: 12544865

18. Soriano ME, Nicolosi L, Bernardi P. Desensitization of the permeability transition pore by cyclosporin a

prevents activation of the mitochondrial apoptotic pathway and liver damage by tumor necrosis factor-

alpha. J Biol Chem. 2004 Aug 27; 279(35):36803–8. https://doi.org/10.1074/jbc.M405297200 PMID:

15201276

19. Chen H-W, Chien C-T, Yu S-L, Lee Y-T, Chen W-J. Cyclosporine A regulate oxidative stress-induced

apoptosis in cardiomyocytes: mechanisms via ROS generation, iNOS and Hsp70. Br J Pharmacol.

2002 Nov; 137(6):771–81. https://doi.org/10.1038/sj.bjp.0704908 PMID: 12411407

20. Yu G, Hess DC, Borlongan CV. Combined cyclosporine-A and methylprednisolone treatment exerts

partial and transient neuroprotection against ischemic stroke. Brain Res. 2004 Aug 20; 1018(1):32–7.

https://doi.org/10.1016/j.brainres.2004.05.056 PMID: 15262202

21. Wen X, Peng Z, Li Y, Wang H, Bishop JV, Chedwick LR, et al. One dose of cyclosporine A is protective

at initiation of folic acid-induced acute kidney injury in mice. Nephrol Dial Transplant Off Publ Eur Dial

Transpl Assoc—Eur Ren Assoc. 2012 Aug; 27(8):3100–9.

Pre-conditioning with CsA in renal ischemia-reperfusion

PLOS ONE | https://doi.org/10.1371/journal.pone.0182358 August 10, 2017 11 / 12

https://doi.org/10.1038/ki.2011.379
http://www.ncbi.nlm.nih.gov/pubmed/22113526
https://doi.org/10.1038/nature03434
http://www.ncbi.nlm.nih.gov/pubmed/15800627
https://doi.org/10.1074/jbc.C500089200
https://doi.org/10.1074/jbc.C500089200
http://www.ncbi.nlm.nih.gov/pubmed/15792954
https://doi.org/10.1097/TP.0000000000000530
http://www.ncbi.nlm.nih.gov/pubmed/25793558
http://www.ncbi.nlm.nih.gov/pubmed/11740384
http://www.ncbi.nlm.nih.gov/pubmed/12165055
https://doi.org/10.1016/j.tox.2004.09.018
http://www.ncbi.nlm.nih.gov/pubmed/15664262
https://doi.org/10.1016/j.expneurol.2010.06.009
https://doi.org/10.1016/j.expneurol.2010.06.009
http://www.ncbi.nlm.nih.gov/pubmed/20599982
https://doi.org/10.1016/j.yjmcc.2004.12.001
http://www.ncbi.nlm.nih.gov/pubmed/15698843
https://doi.org/10.1038/nmeth.1455
https://doi.org/10.1038/nmeth.1455
http://www.ncbi.nlm.nih.gov/pubmed/20453868
http://www.ncbi.nlm.nih.gov/pubmed/8034044
https://doi.org/10.1371/journal.pone.0032296
http://www.ncbi.nlm.nih.gov/pubmed/22389693
https://doi.org/10.1371/journal.pone.0150863
http://www.ncbi.nlm.nih.gov/pubmed/26963819
https://doi.org/10.1097/01.TP.0000040002.12912.65
https://doi.org/10.1097/01.TP.0000040002.12912.65
http://www.ncbi.nlm.nih.gov/pubmed/12544865
https://doi.org/10.1074/jbc.M405297200
http://www.ncbi.nlm.nih.gov/pubmed/15201276
https://doi.org/10.1038/sj.bjp.0704908
http://www.ncbi.nlm.nih.gov/pubmed/12411407
https://doi.org/10.1016/j.brainres.2004.05.056
http://www.ncbi.nlm.nih.gov/pubmed/15262202
https://doi.org/10.1371/journal.pone.0182358


22. Martinez-Palli G, Hirose R, Liu T, Xu F, Dang K, Feiner J, et al. Donor pre-treatment with everolimus or

cyclosporine does not reduce ischaemia-reperfusion injury in a rat kidney transplant model. Nephrol

Dial Transplant Off Publ Eur Dial Transpl Assoc—Eur Ren Assoc. 2011 Jun; 26(6):1813–20.

23. Delbridge MS, Shrestha BM, Raftery AT, El Nahas AM, Haylor J. FTY720 reduces extracellular matrix

expansion associated with ischemia-reperfusion induced injury. Transplant Proc. 2007 Dec; 39

(10):2992–6. https://doi.org/10.1016/j.transproceed.2007.04.027 PMID: 18089307

24. Inman SR, Davis NA, Olson KM, Lukaszek VA, McKinley MR, Seminerio JL. Rapamycin preserves

renal function compared with cyclosporine A after ischemia/reperfusion injury. Urology. 2003 Oct; 62

(4):750–4. PMID: 14550466

25. O’Neill S, Harrison EM, Ross JA, Wigmore SJ, Hughes J. Heat-shock proteins and acute ischaemic kid-

ney injury. Nephron Exp Nephrol. 2014; 126(4):167–74. https://doi.org/10.1159/000363323 PMID:

24923736

26. Bonventre JV, Zuk A. Ischemic acute renal failure: an inflammatory disease? Kidney Int. 2004 Aug; 66

(2):480–5. https://doi.org/10.1111/j.1523-1755.2004.761_2.x PMID: 15253693

27. Abraham JS, Bentley FR, Garrison RN, Cryer HM. Cyclosporine A directly constricts intrarenal arteri-

oles. Transplant Proc. 1991 Feb; 23(1 Pt 1):356–9. PMID: 1990551

28. Barros EJ, Boim MA, Draibe SA, Sigulem D, Ramos OL, Schor N. Effects of cyclosporin on renal

microcirculation. Nephrol Dial Transplant Off Publ Eur Dial Transpl Assoc—Eur Ren Assoc. 1987;

2(4):261–5.

Pre-conditioning with CsA in renal ischemia-reperfusion

PLOS ONE | https://doi.org/10.1371/journal.pone.0182358 August 10, 2017 12 / 12

https://doi.org/10.1016/j.transproceed.2007.04.027
http://www.ncbi.nlm.nih.gov/pubmed/18089307
http://www.ncbi.nlm.nih.gov/pubmed/14550466
https://doi.org/10.1159/000363323
http://www.ncbi.nlm.nih.gov/pubmed/24923736
https://doi.org/10.1111/j.1523-1755.2004.761_2.x
http://www.ncbi.nlm.nih.gov/pubmed/15253693
http://www.ncbi.nlm.nih.gov/pubmed/1990551
https://doi.org/10.1371/journal.pone.0182358

