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Abstract

Background: Several lines of evidence suggest a protective effect of female sex hormones in several organs

subjected to ischemia-reperfusion injury. The aim of the study was to investigate sex hormone production in male

rats after a renal ischemia-reperfusion sequence and analyze the influence of gender differences on tissue

remodelling during the recovery process.

Method: Age-matched sexually mature male and female rats were subjected to 60 min of renal unilateral ischemia

by pedicle clamping with contralateral nephrectomy and followed for 1 or 5 days after reperfusion. Plasma

creatinine, systemic testosterone, progesterone and estradiol levels were determined. Tubular injury, cell

proliferation and inflammation, were evaluated as well as proliferating cell nuclear antigen, vimentin and

translocator protein (TSPO) expressions by immunohistochemistry.

Results: After 1 and 5 days of reperfusion, plasma creatinine was significantly higher in males than in females,

supporting the high mortality in this group. After reperfusion, plasma testosterone levels decreased whereas

estradiol significantly increased in male rats. Alterations of renal function, associated with tubular injury and

inflammation persisted during the 5 days post-ischemia-reperfusion, and a significant improvement was observed

in females at 5 days of reperfusion. Proliferating cell nuclear antigen and vimentin expression were upregulated in

kidneys from males and attenuated in females, in parallel to injury development. TSPO expression was transiently

increased in proximal tubules in male rats.

Conclusions: After ischemia, renal function recovery and tissue injury is gender-dependent. These differences are

associated with a modulation of sex hormone production and a modification of tissue remodeling and proliferative

cell processes.

Background
Several lines of evidence suggest that both humoral and

cell-mediated immunity are more active in females than

in males [1]. Sex steroid hormones could play a pivotal

role [2,3] in this process, and act as regulators of inflam-

matory processes. Indeed, numerous inflammatory cell

functions, such as neutrophil chemoattractant genera-

tion, phagocytic responses of neutrophils [4], and nitric

oxide production by alveolar macrophages [5] show gen-

der differences.

Ischemia-reperfusion injury (IRI) is known to exacer-

bate a pro-inflammatory milieu. The influence of gender

on IRI has been mainly studied in cardiac ischemia and

it is now established that female steroid hormones play

a protective role [6-8]. In liver, it was reported that

female mice were protected from liver ischemia-reperfu-

sion compared to males, linked to an estrogen-depen-

dent mechanism [9,10]. In a renal ischemia-reperfusion

model, the mortality rate was significantly greater in

male rodents [11,12]. Orchidectomy significantly

improved male survival [11] and testosterone may

increase kidney ischemic injury in mice [13]. These

results suggest a protective effect of female hormones,
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and a detrimental effect of male hormones. However,

although sex hormones could play an important role,

the direct gender influence has not been fully demon-

strated in renal ischemia-reperfusion models and the

mechanisms involved remain to be elucidated.

We have previously demonstrated, in a rodent kidney

ischemia-reperfusion model, that extensive renal tissue

injury such as proximal tubule necrosis and outer

medulla congestion occurred during the reperfusion

phase following 60 min of ischemia [14]. In these condi-

tions, tissue remodelling is determined by the severity of

ischemia as we have previously shown in a pig model of

renal ischemia reperfusion [15]. Tissular regeneration

could be a pivotal key of organ outcome, limiting or

counteracting injury development. Different markers of

tissue remodelling or regeneration have been used in

renal tissue such as vimentin, alpha-smooth muscle actin

(a-SMA), proliferating cell nuclear antigen (PCNA) or

translocator protein (TSPO) expressions. TSPO, formerly

known as the peripheral-type benzodiazepine receptor

[16], is a widely distributed transmembrane protein that

is localized mainly in the outer mitochondrial membrane.

Many functions are associated directly or indirectly with

TSPO, including the regulation of cholesterol transport

and steroid hormones synthesis, porphyrin transport and

heme synthesis, apoptosis, cell proliferation, anion trans-

port, regulation of mitochondrial functions and immuno-

modulation [16,17]. TSPO expression has been shown to

be modulated by renal ischemia-reperfusion injury, in

particular during the repair process [18,19]. Under these

conditions, IRI could affect TSPO expression and sex

hormone production respectively, modulating cellular

response.

The aim of this study was to investigate sex hormone

production in male rats subjected to renal ischemia-

reperfusion, and analyze the influence of gender differ-

ences on tissue remodelling markers, particularly on cell

proliferation processes and TSPO expression in the

early phase of reperfusion.

Material and methods
Ischemia-reperfusion procedure

Age-matched (4 to 5 month-old) male and female Spra-

gue-Dawley rats weighting 220-380 g were studied

(Depré, France). All animals were sexually mature. The

surgical and experimental protocols were performed in

accordance with the French Ministry of Agriculture for

the use and care of laboratory animals. The protocol

was approved by the local Ethical Committee for animal

study and referenced with the number 0206.

Experimental Design

Eight rats (4 males and 4 females) were considered as

controls and received only anesthesia and sham surgery.

Ischemia-reperfusion experiments were performed in 40

rats, including 21 male and 19 female rats. On the day

of experiment, animals were anesthetized with an intra-

muscular injection of a mix of medetomidine chlorhy-

drate 0.4 mg/kg (Pfizer, Orsay, France) and ketamine

chlorhydrate 25 mg/kg (Pfizer, Orsay, France). In all

rats, after a middle laparotomy incision, the right kidney

was removed, mimicking the clinical conditions of

nephron mass reduction. Ischemia was induced in the

contralateral kidney by clamping the renal artery. After

60 minutes, the non traumatic clamp was removed

inducing renal reperfusion and the abdomen wall was

closed. Blood samples were collected at different time

intervals for plasma creatinine and hormone levels

determination. Plasma creatinine concentrations were

determined using a Hitachi 917 automatic analyzer

(Roche Diagnostic, Meylan, France). At the time of

sacrifice, rats were anesthetized using the protocol

described above and left kidney was removed. Three

end-points were studied for male and female rats: D0

(kidney removed immediately after the 60-min ischemia

without reperfusion, n = 6 males and 5 females), D1

(kidney removed after the 60-min ischemia and 24

hours of reperfusion, n = 7 males and 6 females) and

D5 (kidney removed after the 60-min ischemia and 5

days of reperfusion, n = 8 males and 8 females). Two

female rats died immediately after anesthesia, before

undergoing ischemia-reperfusion experiment, and were

not considered in data analysis.

Histochemical and immunohistochemical studies

Samples were fixed in Dubosq-brazil, 10% formalin in 0.01

mM phosphate buffer (pH 7.4), and embedded in paraffin.

Then, periodic acid-Schiff staining was applied for histo-

chemical analysis. A pathologist performed analyses in a

blinded fashion using standard histopathological method.

Two basic histological patterns typical of proximal tubular

injury: loss of brush border and cell detachment, were

graded according to a published semi-quantitative score

using a 5-point scale as follows: 0, no abnormalities, 1,

mild lesions affecting less than 25% of kidney section; 2

lesions affecting 25% to 50% of kidney section; 3 lesions

affecting 50% to 75% of kidney section; and 4 lesions

affecting more than 75% of kidney section [20].

We assessed cell proliferation and dedifferentiation to

evaluate the time course of proximal tubule cell regen-

eration after IRI. We used specific antibodies against

PCNA (1:100, Neomarkers Data Sheet, Lab Vision, UK),

and vimentin (1/100, Dakopatts, Denmark) as markers

respectively of cell proliferation and cell dedifferentia-

tion. We established the percentage of vimentin-positive

proximal tubule cells and the proliferation index (PI) as

the percentage of PCNA-positive nuclei, in ten high-

power fields (x400). Patterns of TSPO expression in
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kidney, was analysed using a rabbit polyclonal antibody

anti-mouse TSPO (1/100, a gift from Vassilios Papado-

poulos Department of Biochemistry and Molecular Biol-

ogy, Georgetown University, Washington DC, USA)

directed against amino acid sequences conserved across

species [21]. TSPO immunostaining was graded using

an arbitrary scale: 0: No staining; 1: Faint staining; 2:

Moderate staining; and 3: Strong staining. Infiltrated

neutrophils and T lymphocytes, indicating innate and

adaptative immunity, were detected respectively using

anti-Ly6G (GR-1, 1/1000, eBiosciences, San Diego, USA)

and anti-CD3 (1/200, Dakopatts) antibodies. The num-

ber of Ly6G and CD3 positive labeled cells per surface

areas (104 µm2) were counted on ten different kidney

tissue sections.

Male sex hormone quantification

Testosterone, progesterone and estradiol levels were

evaluated in systemic blood by double antibody radioim-

munoassay (DA RIA; Diagnostic Systems Laboratories,

Inc (DSL), Texas, USA).

Statistical Analysis

Data were expressed as mean ± standard error of the

mean (SEM). Continuous values were compared using

Student’s t test. The Mann-Whitney-Wilcoxon signed-

ranks test was used for non Gaussian distribution. Sta-

tistical significance was defined as p <0.05.

Results
Effect of ischemia-reperfusion on renal functional

parameters and kidney outcome

Plasma creatinine levels (table 1) were increased with

similar degree in males and females at the end of the

ischemic period (D0) (96.1 ± 5.6 vs. 118.0 ± 6.9). After 1

and 5 days of reperfusion, plasma creatinine was signifi-

cantly higher in males than in females (D1, 345.0 ± 6.6

vs. 200.5 ± 6.6; D5, 511.7 ± 6.4 vs. 253.0 ± 6.6 µmol/L;

p <0.05 and <0.01 respectively). Plasma creatinine con-

centrations in each group before ischemia-reperfusion

sequences did not show statistical difference (data not

shown). These results were supported by survival analy-

sis demonstrating a poor survival rate in males com-

pared to females (at day 5, 5 out of 8 males died

whereas only 3 out of 8 females died).

Effect of ischemia-reperfusion on male sex hormone

production

As shown in table 2, hormone plasma levels (estradiol,

progesterone and testosterone) did not show significant

differences after 60 min of ischemia compared to basal

values. After 24 h of reperfusion, estradiol was drasti-

cally increased compared to basal values (64.0 ± 9.0 vs.

8.3 ± 0.7 pmol/L, p <0.05) whereas testosterone levels

decreased (0.7 ± 0.6 vs. 2.4 ± 0.8 nmol/L, p <0.05). Pro-

gesterone levels remained unchanged after 1 day of

reperfusion. After 5 days of reperfusion, estradiol

increased further up to 336.0 ± 16.8 pmol/L, whereas

progesterone levels fell to 4.1 ± 1.8 nmol/L.

Influence of gender difference on tissue remodeling and

cellular proliferation after renal ischemia-reperfusion

injury

Warm ischemia with or without 24 h of reperfusion,

regardless of gender, induced an extensive tubular injury

characterized by tubular necrosis linked to a loss of the

apical brush border and intraluminal desquamation.

Interestingly, renal lesion levels in males remain high

whereas significant improvement was observed in female

rats at day 1 or day 5 respectively for cell detachment or

loss of brush border determinations (table 3, figure 1).

The immunohistochemical studies showed an interstitial

infiltration of inflammatory cells after ischemia and dur-

ing the early reperfusion phase. Infiltrating neutrophils

mainly presented at day 1, decreased at day 5 with a

drastic increase of CD3 positive lymphocytes (figure 2).

These cellular infiltrations at day 5 were significantly

attenuated in kidney from female rats compared to

males. These results were supported by the PCNA and

vimentin immunostaining, which were dramatically

Table 1 Male and female rat plasma creatinine concentrations (mean ± SEM) in control, after ischemia (DO), and

ischemia followed by 1 (D1) or 5 days (D5) of reperfusion

Experimental conditions Gender Plasma creatinine concentrations (µmol/L)

Control Male (n = 4) 40.3 ± 2.4

Female (n = 4) 31.6 ± 1.7

D0 Male (n = 6) 96.1 ± 5.6

Female (n = 5) 118.0 ± 6.9

D1 Male (n = 7) 345.0 ± 6.6 *

Female (n = 6) 200.5 ± 6.6

D5* Male (n = 3) 511.7 ± 6.4 **

Female (n = 5) 253.0 ± 6.6

*Five male and three female rats died before day 5. * p <0.05; ** p <0.01 male vs. female
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increased in male rat kidneys, in comparison to female

(table 4, figure 3 and figure 4), indicating a gender effect

on regeneration processes. At Day 1, male rat kidneys

exhibited a faint transient TSPO staining in proximal

tubular epithelial cells (figure 5). In contrast, distal por-

tions of nephrons, including distal tubules and collecting

ducts, exhibited a strong cytoplasmic expression and no

gender difference was detected (figure 5).

Discussion
In uninephrectomized mature rats, renal ischemia-reper-

fusion resulted in a severe acute renal failure, which

affected more predominantly male than female animals

as previously reported [11-13,22,23]. In our study, we

showed a higher mortality rate for males in comparison

to females following 60-min of renal ischemia with con-

tralateral nephrectomy, associated with further dete-

rioration of kidney function. The modulation of

systemic male sex hormone levels by renal ischemia-

reperfusion could explain male sensitivity to renal injury.

Experiments with orchidectomy or ovariectomy as well

as with various hormone treatments in male and female

animals helped demonstrate the crucial role of sex hor-

mones. Indeed, administration of estradiol in myocardial

ischemia-reperfusion induced a rapid recovery of hemo-

dynamic parameters [6,8]. Moreover, exogenous estra-

diol attenuates the hepatocellular injury induced by

ischemia reperfusion in a reduced-size liver mouse

model [9]. These results support a protective effect of

female sex hormone in several organs subjected to IRI.

In male rats, renal IRI was improved by orchidectomy

and by estradiol administration, suggesting that either

lowering androgen concentrations, or increasing the

estradiol-androgen ratio, may have a protective role

[11,13]. In contrast, in females, ovariectomy and or tes-

tosterone administration did not have any impact on

renal function after IRI [11,13]. In addition, it was

reported that male sex steroids cause immune suppres-

sion, while female sex hormones maintain immune

response following trauma-hemorrhage [24]. In the pre-

sent study, we showed a decrease in testosterone plasma

levels after 1 day of reperfusion and a concomitant large

increase in estradiol plasma levels. In accordance with

our findings, this modulation has also been reported in

male rats during experimental septic shock [25] and

trauma-hemorrhage shock [26]. The activation of extra-

testis aromatase transforming testosterone into estradiol

has been found to be involved in experimental septic

and hemorrhagic animal models and potentially due to

upregulation of aromatase expression likely induced by

acute increase in adrenal cortisol production [27]. How-

ever, the influence of decreased plasma testosterone and

increased estradiol levels on tissue remodelling remains

to be elucidated. Following the hypothesis of a detri-

mental effect of testosterone, and a protective effect of

estradiol, we can speculate that our results may be due

to compensatory regulatory effects. In addition, the

trend towards a decrease in progesterone levels could

explain, at least in part, the sensitivity of males to renal

IRI.

After ischemia, kidneys from uninephrectomized male

and female rats develop, at early reperfusion time points,

a similar pattern of histopathological damages, according

to previous reports [14]. Importantly, we showed that

prolonged reperfusion (5 days) induced more severe

tubular damage in kidneys from male compared to

Table 2 Sex hormone concentrations in blood from male rats (mean ± SEM) in control, after ischemia (D0) and

ischemia followed by 1 (D1) or 5 days (D5) of reperfusion

Estradiol (pmol/L) Progesterone (nmol/L) Testosterone (nmol/L)

Control (n = 4) 8,3 ± 0,7 9,2 ± 2.8 2,4 ± 0,8

D0 (n = 6) 7,7 ± 0,8 10,2 ± 3.1 1,7 ± 1.2

D1 (n = 7) 64.0 ± 9.0a 8,9 ± 2.9 0,7 ± 0.6a

D5 (n = 3) 336.0 ± 16.8a 4,1 ± 1.8 1,8 ± 1.7

a p <0.05 compared to D0

Table 3 Semi-quantitative measurement of renal tubular injury, and determination of T lymphocytes (CD3+) and

neutrophils (Ly6G+) infiltration per surface areas (104 µm2) in kidneys from male and female rats in control, after

ischemia (D0) and ischemia followed by 1 (D1) or 5 days (D5) of reperfusion (mean ± SEM)

Experimental conditions Control D0 D1 D5

Gender Male Female Male Female Male Female Male Female

LBB 1.0 ± 0.0 1.0 ± 0.0 2.5 ± 0.2 2.5 ± 0.2 3.9 ± 0.1 3.5 ± 0.2 3.0 ± 0.3* 2.0 ± 0.2

CD 1.0 ± 0.0 1.0 ± 0.0 1.5 ± 0.2 1.5 ± 0.2 3.1 ± 0.1* 2.2 ± 0.2 2.0 ± 0.3 1.3 ± 0.2

T CD3+ cells 2.7 ± 0.3 2.6 ± 0.2 3.4 ± 0.3* 1.6 ± 0.1 1.6 ± 0.2 1.3 ± 0.3 13.3 ± 0.8* 9.8 ± 0.6

Ly6G+ cells 0 0 1.2 ± 0.4 0.6 ± 0.3 9.5 ± 0.5* 3.8 ± 0.6 2.1 ± 0.3* 0.8 ± 0.3

LBB: Loss of Brush Border; CD: Cell Detachment, *p <0.05 vs. Female.
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female rats. In the past, only few studies, including his-

tological data, have been performed both in male and

female rodents [11-13,22,23]. Hu et al. showed that

ischemia time necessary to obtain IRI in mice was 35 to

45 min in male and 75 min in female, suggesting

increased sensitivity of males to IRI [12]. According to

these results, in a limited number of mice, Park et al.

showed higher severe proximal tubular damage in males

in comparison to females after 30 min of ischemia com-

bined with 24 h of reperfusion [13]. In contrast, using a

similar model, Muller et al. failed to show any histologi-

cal differences between sexes after reperfusion [11]. This

discrepancy with our results is likely due to the different

ischemia-reperfusion times.

Figure 1 Renal histological evaluation by light microscopy (Periodic Acid-Schiff, ×400). Proximal tubular epithelial cell injury in kidneys

from male (A, B, C) and female rats (D, E, F): basal conditions (A and D), after ischemia followed by 1 (B and E) or 5 days of reperfusion (C and

F). pct: proximal convoluted tubule; dct: distal convoluted tubule; cd: cell detachment.

Figure 2 Interstitial inflammatory changes: In all times studied, CD3+ T lymphocytes are the major inflammatory cell population. A; Kidney

from Rat Male at Day 5. B; Kidney from Female Rat At Day 5. Magnification ×100.
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Inflammation is a major component of renal IRI. In

our study, kidney from female exhibited a less degree of

inflammation as shown by CD3 positive cells and neu-

trophils recruitment. Previous studies have already

demonstrated the role of T lymphocytes as modulators

of renal IRI and neutrophils as critical mediators of

renal parenchymal injury [15] suggesting in our condi-

tion a protection against cellular infiltration related to

gender.

Renal tubular epithelial cell dedifferentiation is

thought to be a prerequisite for regenerative prolifera-

tion after IRI [28]. During the recovery process, surviv-

ing kidney cells dedifferentiated to mesenchymal

phenotype and then proliferated and migrated to replace

lost cells, commonly accepted as an epithelial mesenchy-

mal transition process [29]. Under these conditions, new

expression of mesenchymal markers like vimentin

occurred in deteriorating and atrophic tubules. Vimentin

is an intermediate filament protein expressed only in the

mesenchymal cells and has been used as a marker for

epithelial mesenchymal transition [30]. In a rat renal

vascular occlusion model, Witzgall et al. previously

reported that vimentin was detected 1 day post-clamp-

ing and prominently expressed 5 days after reperfusion

[28]. Concomitantly with vimentin expression, authors

Table 4 Semi-quantitative evaluation (mean ± SEM) of

renal PCNA and vimentin expressions in male and female

rats in control, after ischemia (D0) and ischemia followed

by 1 (D1) or 5 days (D5) of reperfusion

Male Female

PCNA index (%)

Control 1.5 ± 1.2 0.8 ± 0.9

D0 5.4 ± 0.7 5.1 ± 0.8

D1 80.0 ± 3.1* 10.6 ± 1.1

D5 41.4 ± 2.1* 13.3 ± 1.1

Vimentin (%)

Control 0 0

D0 0.3 ± 0.7 0.2 ± 0.6

D1 14.2 ± 1.7* 5.0 ± 1.3

D5 9.1 ± 0.8* 2.9 ± 0.6

*p <0.0001 vs. Female.

TSPO Proximal tubule Distal tubule

Male Female Male Female

Control 0 0 +++ +++

D0 0 0 +++ +++

D1 + 0 +++ +++

D5 0 0 +++ +++

We used an arbitrary grading scale to assess TSPO expression: 0: No staining;

+: Faint staining; ++: Moderate staining; and +++: Strong staining. This

staining level is representative of ten high-power fields in each experimental

condition.

Figure 3 Representative proximal tubular PCNA staining (arrow). Kidneys from male (A, B) and female rats (C, D); after ischemia followed by

1 (A, C) or 5 days of reperfusion (B, D) (Magnification × 200).
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described a maximal expression of PCNA 2 days post-

ischemia in the proximal tubule [28]. PCNA is a mar-

ker for the G1-S transition phase cell cycle and hence

mitogenesis. In our study, PCNA and vimentin expres-

sion analysis indicated a nephrogenic repair process

more pronounced in male rats than in the female rats,

related to a more severe injury after reperfusion. These

results support a predominant tissue remodelling in

male rats related to an extensive renal injury. However,

at Day 5, in the female group a decrease in PCNA

index and vimentin expression was associated with

attenuation of tubular disorders, whereas in males

these markers remained elevated in relation to a per-

sistence of major tubular disorders. This underscores

gender differences in renal tubular alterations and tis-

sue remodelling after IRI.

There is increasing evidence that mitochondria play a

central role in IRI mechanisms [31,32]. Our results sup-

ported a previous study in a porcine renal ischemia-

reperfusion model, which showed that mitochondrial

TSPO protein expression was increased 24h after reper-

fusion, particularly in the proximal tubule, which does

not express this protein constitutively [33]. In addition,

we have recently suggested that TSPO integrity is

required for renal proximal tubular cell survival [18]

and previous studies demonstrated its implication in cell

cycle regulation [16,34]. In the present study, TSPO

expression was more pronounced in proximal tubules of

male rats after 24h of reperfusion, in association with

the severity of tubular injury and PCNA staining. The

renal distal tubular epithelial cells which express consti-

tutively TSPO, are well adapted to the hypoxic environ-

ment of the renal medulla and appear to be more able

to withstand hypoxic stress than the epithelium of the

proximal tubule [35,36]. The transient expression of

TSPO in proximal tubular cells paralleled with PCNA

staining results at D1, suggested a transient putative role

of TSPO in the mitochondria biogenesis and cell func-

tions at the early time of reperfusion. However, TSPO

modulation was not clearly correlated with steroid

synthesis. Collectively, these data support the different

roles of TSPO depending on its location. In steroid-pro-

ducing tissues (adrenal glands and gonads), TSPO has

been implicated in the regulation of cholesterol trans-

port into the mitochondria, where it is metabolized by

CYP11A1 to pregnenolone, the precursor of all steroids.

In tissues or organs that are not directly involved in

steroidogenesis, TSPO could be involved in a protective

effect against lesion-promoting mechanisms like apopto-

sis and maintain mitochondrial integrity [18].

Figure 4 Representative vimentin expression (arrow). Kidneys from male (A, B) and female rats (C, D); after ischemia followed by 1 (A, C) or 5

days of reperfusion (B, D) (Magnification × 200).
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In conclusion, we showed that male rats were more

sensitive to renal IRI than female rats. These gender dif-

ferences were found in tubular injury development, as

well as in the nephrogenic repair process indicated by

PCNA and vimentin expression. This sensitivity was

associated with modulation of male sex hormone pro-

duction in response to renal IRI. This adaptive response

could be related to an extension of organ failure or a

compensatory mechanism to limit renal injury. In addi-

tion, TSPO expression was transiently increased in prox-

imal tubules in male rats during IRI process, supporting

a putative role of this protein, which will be defined

with further studies.
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