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Abstract

Background: Whole body heat stress had detrimental effect on male reproductive function. It's known that the

nuclear factor erythroid 2-related factor 2 (Nrf2) activates expression of cytoprotective genes to enable cell

adaptation to protect against oxidative stress. However, it’s still unclear about the exactly effects of Nrf2 on the

testis. Here, we investigate the protective effect of Nrf2 on whole body heat stress-induced oxidative damage in

mouse testis.

Methods: Male mice were exposed to the elevated ambient temperature (42°C) daily for 2 h. During the period of

twelve consecutive days, mice were sacrificed on days 1, 2, 4, 8 and 12 immediately following heat exposure. Testes

weight, enzymatic antioxidant activities and concentrations of malondialdehyde (MDA) and glutathione (GSH) in

the testes were determined and immunohistochemical detection of Nrf2 protein and mRNA expression of Nrf2-

regulated genes were analyzed to assess the status of Nrf2-antioxidant system.

Results: Heat-exposed mice presented significant increases in rectal, scrotal surface and body surface temperature.

The concentrations of cortisol and testosterone in serum fluctuated with the number of exposed days. There were

significant decrease in testes weight and relative testes weight on day 12 compared with those on other days, but

significant increases in catalase (CAT) activity on day 1 and GSH level on day 4 compared with control group. The

activities of total superoxide dismutase (T-SOD) and copper-zinc SOD (CuZn-SOD) increased significantly on days 8

and 12. Moreover, prominent nuclear accumulation of Nrf2 protein was observed in Leydig cells on day 2,

accompanying with up-regulated mRNA levels of Nrf2-regulated genes such as Nrf2, heme oxygenase 1 (HO-1),

γ-Glutamylcysteine synthetase (GCLC) and NAD (P) H: quinone oxidoreductase 1 (NQO1)) in heat-treated groups.

Conclusions: These results suggest that Nrf2 displayed nuclear accumulation and protective activity in the process

of heat treated-induced oxidative stress in mouse testes, indicating that Nrf2 might be a potential target for new

drugs designed to protect germ cell and Leydig cell from oxidative stress.
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Background
In most mammals, the testes normally complete descent

into a scrotum before birth to provide a lower

temperature for spermatogenesis [1]. If descent does

not occur and testis remains in abdomen, it’s de-

scribed as the cryptorchidism which present invari-

ably sterile and spermatogenesis does not begin until

testis is surgically moved into the scrotum [2]. Al-

though testes suspend in a scrotum outside the body

cavity, spermatogenesis is still disturbed by exposure

to high ambient temperature via weakening the abil-

ity of thermoregulatory system and inducing in-

creased temperature in testis. Air temperature above

40°C caused scrotal temperature to rise to the value

of deep body temperature in rams and rats exposed

to an environment of 35°C also exhibited an higher

intra-scrotal temperature closed to the core body

temperature [3,4]. In addition, whole body heat ex-

posure resulted in high scrotal temperature and poor

semen quality in boars, mice and human [5-7]. The correc-

tion or prevention of whole body heat stress-induced steril-

ity is therefore a problem of major concern.

Nuclear factor erythroid 2-related factor 2 (Nrf2), a

Cap'n'Collar basic leucine zipper transcription factor,

plays an important role in preventing the development

of oxidative stress through up-regulation of the Nrf2-

related antioxidants [8,9]. Under homeostatic condi-

tions, the synthetic Nrf2 is captured by Kelch-like

ECH-associated protein 1 (Keap1) and constitutively de-

graded via the ubiquitin-proteasome pathway in cyto-

plasm [10]. The presence of oxidative or electrophilic

stresses can modify cysteine residues on Keap1, thereby

inactivating it [11]. As a result, Nrf2 is stabilized and

exported into the nuclei to stimulate the transcrip-

tion of antioxidant genes through heterodimerization

with a small musculoaponeurotic fibrosarcoma (Maf )

protein and binding to the antioxidant response

element (ARE) sequence [10]. The up-regulated anti-

oxidants reverse serve to scavenge the oxidative and

electrophilic stressors.

A recent study found that scrotal heat stress induced

severe oxidative stress in mouse testes, which conse-

quently caused germ cell death [12]. Moreover, Nrf2-

knockout mouse presented an oxidative disruption in

spermatogenesis [13]. However, it's still unclear whether

Nrf2 can protect germ cell against oxidative stress in

testes via Nrf2-antioxidant pathway. In this study, male

mice were exposed to the room temperature of 42°C to

investigate the impact of whole body heat on the

temperature parameters, relative testes weight, levels of

MDA and GSH, as well as the activities of enzymatic an-

tioxidants. We hypothesized that Nrf2 accumulated in

nucleus and regulated the Nrf2-regulated genes against

heat-induced oxidative stress.

Methods
Animals

Male adult Institute of Cancer Research (ICR) mice, 8 -

weeks old, were purchased from Nanjing Qinglongshan

Experimental Animal Center. The animals were provided

with food and water ad libitum and were maintained on a

12 h light–dark cycle in a controlled temperature (25°C)

and humidity (50% ± 5%). The animal procedures were ap-

proved by the Institutional Animal Care and Use Commit-

tee of Nanjing Agricultural University.

Heat treatment

To investigate the effect of the whole body heat stress

on testicular oxidative stress and Nrf2-antioxidant sys-

tem, all mice except controls (0 day) were additionally

exposed to 42°C between 11:00 h and 13:00 h daily for

twelve consecutive days. In the conditions of mice total

recovery after heat treatment and feasible construction

of chronic heat model, whole body heat temperature of

42°C for 2 h was chosen according to previous reports

[3,14]. Mouse body temperature was recorded daily

before and during heat exposure using a thermistor

probe connected to a digital thermometer (DM6801A,

SAMPO, Shenzhen, China). Scrotal and body surface

temperature were also recorded daily before and during

heat exposure using a thermal imaging camera (TiR27,

FLUKE Corporation, Washington, USA). As shown in

Figure 1, individual scrotal surface temperature was

defined as the average value of whole testis surface

temperature and individual body surface temperature

was defined as the average value of temperature of

whole body including head, ears, trunk body, legs and

tail. Both individual scrotal and body temperatures were

calculated using Fluke Smart View 3.1 imager software.

On the 1st, 2nd, 4th, 8th and 12th days, five mice from

heated group were sacrificed immediately following heat

exposure. The mice from control group and heat treated

group on the 1st day were sacrificed at the same time.

Blood samples were collected following sacrifice and

centrifuged at 3,000 × g for 10 min. The isolated serum

samples were stored at −80°C until determine. The tes-

tes were weighed and divided into two parts. Left testis

was kept at −80°C for subsequent biochemical measure

and RT-PCR. Right testis was immersed in a 4% parafor-

maldehyde solution for testicular histological analysis.

Radioimmunoassay (RIA)

Concentrations of cortisol and testosterone in serum were

measured by double-antibody RIAs using 125I-cortisol and
125I-testosterone Radioimmunoassay Kits (Beijing North In-

stitute of Biological Technology, Beijing, China) according

to manufacturer’s protocol. The intra- and inter-assay coef-

ficients of variation were 6.1% and 9.2% for cortisol, and

6.9% and 7.2% for testosterone, respectively.
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MDA assay

Frozen testicular tissue was homogenized in ice-cold NaCl

solution. The homogenate was centrifuged at 1,700 × g for

15 min at 4°C, and the MDA level in the supernatant was

analyzed using the MDA assay kit (Jiancheng Bioengineer-

ing Institute, Nanjing, China) according to manufacture

information. It was analyzed with thiobarbituric acid

method by monitoring MDA-reactive products spectro-

photometrically. The absorbance of the organic layer was

measured at 532 nm. Data were expressed as nanomoles

of MDA per milligram of testis protein.

Analysis of antioxidant status

The samples as prepared above were used to analyze pa-

rameters of oxidative stress including GSH concentra-

tion and the activities of enzymatic antioxidants: T-SOD,

CuZn-SOD, glutathione peroxidase (GPX), and cata-

lase (CAT). Reduced GSH was determined by meas-

uring absorbance at 412 nm, while T-SOD activity

was measured at 560 nm. GPX activity was measured

using a method detedts a complex with a maximal

absorbance at 412 nm formed by the reaction of

GSH remaining after the action of GPX with 5, 5'-

dithiobis-2-nitrobenoic acid. One unit of GPX activity

was defined as the decrease amount of 1 μmol/L of

GSH per min (except the effect of non-enzymatic reac-

tion) in system of enzymatic reaction of 1 mg protein

per minute. CAT activity was measured as absorbance

at 405 nm by using an assay based on the consumption

of H2O2. The parameters above were determined using

commercial kits (Jiancheng Bioengineering Ltd., Nanjing,

China) according to the manufacturer's instructions.

Figure 1 Body and scrotal surface temperatures of mice before and during heat treatment. The table showed the body and scrotal

surface temperatures of each mouse before (A) and during (B) heat treatment, as measured one time using a thermal imaging camera. (C) Mouse

body surface temperatures were measured before and during heat treatment on days 1, 2, 4, 8 and 12. Average body surface temperature was

achieved by counting the average of body surface temperatures of five mice, paired t-test, body surface temperature during treatment vs. before

treatment, * P < 0.05. (D) Mice scrotal surface temperatures were measured before and during heat treatment on days 1, 2, 4, 8 and 12. Average

scrotal surface temperature was achieved by counting the average of scrotal surface temperatures of five mice, scrotal surface temperature

during treatment vs. before treatment, * P < 0.05. T, testis. Each bar represents the mean ± SEM (n = 5).
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Immunohistochemistry

Following fixation of the testes, the fixed samples were

passed through a graded series of ethanol and xylene so-

lutions and embedded in paraffin wax. Serial sections

(5 μm thick) cut from the paraffin-embedded tissues

were transferred onto 3-aminopropyl-triethoxysilane

(APES)-coated slides (S8441, MATSUNAMI, Tokyo,

Japan). Sections were deparaffinized in xylene and

rehydrated through a graded ethanol series. To increase

epitope exposure, the sections were heated in sodium

citrate buffer (0.01 M, pH 6.0) at 121°C for 15 min in an

autoclave. After incubating in 3% H2O2 in methanol (v/

v) at 32°C for 30 min, the sections were blocked with

normal goat serum for 1 h and then incubated overnight

at 4°C with rabbit polyclonal antibodies specific for Nrf2

(Santa Cruz Biotechnology, California, USA), diluted 1:

200 in phosphate-buffered saline (PBS, 0.01 M, pH 7.2).

Control sections were incubated with blocking serum

alone. The specific protein immunoreactivity was visual-

ized with the VECTASTAIN ABC Kit (Histofine, Tokyo,

Japan) and a DAB kit (Histofine, Tokyo, Japan). To iden-

tify structural features in tissue and assess cell morph-

ology, the sections were counterstained with hematoxylin

and mounted with coverslips. Immunostaining was evalu-

ated digicalized images snaped with an Olympus camera.

RNA extraction and quantitative real-time PCR

Total RNA was isolated from frozen testes using TRIzol

reagent (Invitrogen, Carlsbad, CA, US) and treated with

DNase І (RNase-free) (TaKaRa, Dalian, China) to remove

genomic DNA. The total RNA concentration and purity

were determined by a spectrophotometer (SMOIF,

Shanghai, China). For each sample, 5 μg of total RNA

was reverse transcribed to cDNA with M-MLV reverse

transcriptase (TaKaRa, Dalian, China) and oligonucleo-

tide primers.

Targets genes and the housekeeping gene beta actin

(ACTB) were quantified by real-time PCR on an ABI

7300 system using a commercial kit (SYBR Premix Ex

Taq, TaKaRa, Dalian, China). The gene-specific primers

were designed based on the corresponding mRNA se-

quences with Primer Version 5.0 (Table 1). PCR reactions

(consisting of SYBR Premix Ex Taq, ROX Reference Dye,

200 nM primer, and 100 ng cDNA template) were run in

triplicates in a 20-μl total reaction volume. The amplifica-

tion conditions were as follows: DNA polymerase activa-

tion at 95°C for 30 sec, followed by 42 amplification cycles

of denaturation at 95°C for 5 sec, annealing at 58°C for

30 sec, and extension at 72°C for 30 sec. The specificity of

the PCR product was verified with a melting curve and by

agarose gel electrophoresis. The relative mRNA concen-

tration was calculated using the 2-ΔΔCt method [15]. All

samples were measured in triplicate. The values were nor-

malized using ACTB as the endogenous standard.

Statistical analysis

The results are presented as the mean ± standard error

of the mean (SEM). Temperature parameters were ana-

lyzed by paired t-tests to identify significant differences

between mice before heat treatment and during heat

treatment. Data from control and treated mice were ana-

lyzed by one-way analysis of variance (ANOVA) followed

by Tukey's multiple comparison test. Statistical analysis

was performed using GraphPad Prism Version 5.0 soft-

ware program (GraphPad Software, San Diego, CA,

USA). P < 0.05 was considered to indicate a statistically

significant result.

Results
Assessment of heat treatment

Mice rectal surface, scrotal surface and body surface

temperatures were significantly increased after 2 h heat

exposure at all five time points (Figure 1C, Figure 1D

and Figure 2). Mice suffered heat stress when rectal

temperature approached 40°C, characterized by an ex-

cessive drinking, increased respiratory and restlessness.

Table 1 Primers used for real-time PCR

Gene (abbreviation) GenBank accession no. Sequence (5'→ 3') Length of DNA product (bp)

β-actin (ACTB) NM_007393 F: CTGTCCCTGTATGCCTCTG 218

R: ATGTCACGCACGATTTCC

Nuclear factor erythroid 2-related factor 2 (Nrf2) NM_010902 F: CAGTGCTCCTATGCGTGAA 109

R: GCGGCTTGAATGTTTGTC

Heme oxygenase 1 (HO-1) NM_010442 F: ACAGATGGCGTCACTTCG 128

R: TGAGGACCCACTGGAGGA

NAD(P)H: quinine oxidoreductase 1 (NQO1) NM_008706 F: CTTTAGGGTCGTCTTGGC 102

R: CAATCAGGGCTCTTCTCG

γ-Glutamylcysteine synthetase (GCLC) NM_010295 F: GGATGATGCCAACGAGTC 180

R: GTGAGCAGTACCACGAATA
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Serum concentrations of cortisol and testosterone

Serum cortisol concentration was similar between each

other, with exception of the significant decrease on day 2

comparing with control group (Figure 3A). Serum tes-

tosterone concentration in heat treated group increased

significantly on day 4 and returned to normal on day 8

(Figure 3B).

Body and testes weights

Upon heat treatment on day 8, body weight was signifi-

cantly lower than those on days 1 and 2 (Table 2). Testes

weight showed significant decrease on days 8 and 12

comparing with those on days 1, 2 and 4 respectively

(Table 2). Relative testes weight was obtained by dividing

testes weight by body weight. Relative testes weight,

measured on day 12, was significantly lower than those

on days 1, 2 and 4 respectively (Table 2). Alternatively,

body and testes weight showed no marked change

during period of heat treatment from day 1 to day 4 and

decreased with exposure time during period of heat

treatment from day 4 to day 12.

Oxidative stress parameter

There was no significant difference in MDA concentra-

tion, GSH amount and the activities of GPX, CAT, T-

SOD and CuZn-SOD between control and heat-treated

groups on days 1, 2 and 4, except for significant in-

creased GSH amount on day 4 and increased CAT activ-

ity on day 1 (Figure 4). Compared with mice on day 4,

mice on days 8 and 12 had lower GSH amount and less

activities of GPX and CAT (P < 0.05), but higher MDA

Figure 2 Effects of heat treatment on average rectal

temperature of mice before and during heat treatment. Mouse

rectal temperature were measured before and during heat

treatment (42°C) using a digital thermometer on days 1, 2, 4, 8 and

12, paired t-test, rectal temperature during treatment vs. before

treatment, * P < 0.05. Each bar represents the mean ± SEM (n = 5).

Figure 3 Effects of heat treatment on serum cortisol and

testosterone in mice. The concentrations of cortisol (A) and

testosterone (B) in serum were measured on days 0, 1, 2, 4, 8 and

12. Each bar represents the mean ± SEM (n = 5). Different

superscripts above bar differ significantly between each

other (P < 0.05).

Table 2 Effects of heat treatment on body weight and

testes weight in mice

Treatment Body
weight (g)

Testes
weight (mg)

Testis/body
weight (mg/g)

0 33.92 ± 0.36ab 204.0 ± 4.9ab 6.02 ± 1.06ab

1 36.65 ± 0.97a 243.4 ± 9.3a 6.66 ±3.53a

2 35.54 ± 1.36a 239.8 ± 11.6a 6.76 ± 1.08a

4 34.10 ± 1.31ab 247.2 ± 12.2a 7.28 ± 3.44a

8 29.98 ± 1.48b 173.4 ± 10.1b 5.84 ± 4.83ab

12 32.85 ± 1.03ab 167.4 ± 13.8b 5.09 ± 3.94b

Values are expressed as mean ± SEM (n = 5). Means in the same column with

different superscripts were significantly different (P < 0.05).
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concentrations (P < 0.05) (Figure 4A, 4B, 4C and 4D).

The activities of T-SOD and CuZn-SOD on days 8 and

12 were significantly higher than those in control and

heat-treated groups on days 1 and 4 (Figure 4E and 4F).

Heat stress-induced nuclear Nrf2 accumulation

Immunohistochemical analysis showed higher expres-

sion of Nrf2 protein in heated testes on days 2, 4 and 12

comparing with those in control group (Figure 5). Prom-

inent nuclear accumulation of Nrf2 protein was ob-

served in germ cells and Leydig cells in heated testes on

days 2 and 4 (Figure 5B and 5C). Nuclear accumulation

started to reduce in Leydig cells germ cells on day 12,

especially for spermatogonia. However, fine granular

cytoplasm localization of Nrf2 was also evident in Leydig

cells on days 4 and 12 (Figure 5C and 5D). Furthermore,

sections from heated testes on day 12 indicated that

most enlongate spermatids and some round spermatids

were lost (Figure 5C and 5D).

Heat stress-induced Nrf2-regulated genes mRNA

expression

The mRNA transcript levels of Nrf2 were slight decrease

in heated testes comparing with those in control group,

except for the level on day 4 significantly lower than

those in control group (Figure 6B). The mRNA transcript

levels of heme oxygenase 1 (HO-1) and γ-Glutamylcysteine

synthetase (GCLC) were significantly up-regulated in

heated testes with a HO-1 peak on day 4 and a GCLC peak

on day 2 respectively (Figure 6C and 6E). Both HO-1 and

GCLC mRNA levels had a tendency to return to baseline

levels on day 12. There was no significant difference in

NAD (P) H: quinone oxidoreductase 1 (NQO1) mRNA be-

tween each group with slight increase in heat treated

groups at all five time points (Figure 6D).

Discussion
The objective of the present study is to reveal the role of

Nrf2 on suppressing the process of oxidative stress after

whole body heat treatment, by which we might indentify

new targets in diagnosed cases of oxidative stress-

induced infertility diagnosis.

In mammals, heat stress is defined as an environment

which acts to drive body temperature above set-point

temperature [16]. If the ambient temperature exceeds 40°C,

the scrotal temperature will rise to the values in the abdo-

men [3]. Heat stress can induce disruption in internal se-

cretion system such as hypothalamic-pituitary-adrenal axis

[17,18]. In this study, mice rectal temperature and body

surface temperature were significantly increased after 2-h

heat exposure (Figure 1 and 2). The fluctuant cortisol level

in serum also confirmed the occurrence of heat stress

Figure 4 Effects of heat treatment on oxidative stress parameters in the testes of mice. The parameters (A, MDA; B, GSH; C, GPX; D, CAT; E,

T-SOD and F, CuZn-SOD) were measured on days 0, 1, 2, 4, 8 and 12. Each bar represents the mean ± SEM (n = 5). Different superscripts above

bar differ significantly between each other (P < 0.05).
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Figure 5 Immunohistochemical detection of Nrf2 in the testes of mice. Sections from heat-treated mice on 0 d (A), 2 d (B), 4 d (C) and 12 d

(D) were stained with anti-body Nrf2. The immunohistochemical signals appear brown and the counterstained background appears blue in color.

→, Leydig cell; ↓, spermatocyte; ←, round spermatid; ↑, enlongate spermatid. Bar = 100 μm.

Figure 6 Effects of heat treatment on mRNA expression of Nrf2-regulated genes in the testes of mice. The mRNA levels of Nrf2-regulated

genes (A, Nrf2; B, GCLC; C, HO-1 and D, NQO1), as measured by real-time PCR. Values were normalized using ACTB as the endogenous standard.

Each bar represents the mean ± SEM (n = 5). Different superscripts above bar differ significantly between each other (P < 0.05).
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induced by whole body heat exposure (Figure 3A). The

scrotal surface temperature rose close to rectal temperature

during heat treatment (Figure 1D). In addition, heat stress

led to an elevated scrotal surface temperature, consistent

with previous researches in boar and human [7].

Most mammal testes suspend in a scrotum outside the

body cavity and are more susceptible to heat than other

organs [2,16]. Scrotal temperature above the normal

range can disrupt spermatogenesis and increase rates of

sub or infertility in rodents, domestic animals, monkey

and human [7,19-21]. In mice, acute or chronic testicu-

lar heat exposure led to a fall in testes weight [22,23].

Additionally, heat stress has been found to cause germ

cell loss and poor quality semen [12,19]. In this study,

both reduced testes weight and germ cell loss on day 12

post heat treatment (Table 2 and Figure 5D) indicated

germ cell loss might be a potential reason partly respon-

sible for the low testes weight. The stable concentration

of mammal testosterone was maintained by the hypothal-

amic - pituitary - Leydig cell (HPL) axis [24]. Elevated

scrotal temperature induced up-regulation of testosterone

in patients, which might contribute to attenuate testicular

oxidative stress-mediated apoptosis [20]. The testosterone

concentration in serum was reduced after 14 days of

chronic body heat in boars [25]. In present study, the tes-

tosterone concentration in serum was fluctuated, accom-

panying with increased temperature in scrotal and body

surface, indicating that elevation of whole body heat dis-

turbed the functions of Leydig cells and testosterone con-

centration was determined by heat-treated intension and

exposed term. The peak value of testosterone concentra-

tion at 4th day suggested that mice might promote HPL

axis to protect germ cells against heat-induced damage.

However, chronic heat failed to maintain persistent activa-

tion of HPL axis and might inhibited the function of HPL

axis after 12 days of whole body heat.

Elevated testicular temperature induced oxidative stress,

thereby resulting in apoptosis and germ cell death [12,20].

Testicular heat induced oxidative stress mainly by

mitochondria-derived reactive oxygen species (ROS) and

lipid peroxidation of the cellular membrane [26]. The in-

creased oxidative stress was characterized by the elevated

generation of MDA and increased expression of antioxi-

dants [12,27]. During consecutive 4-day heat treatment in

this study, both significant increased GSH amount and

CAT activity implied the occurrence of heat-induced oxi-

dative stress in testes (Figure 4B and 4D). However, both

the unchanged activities of GPX, T-SOD and CnZn-SOD

and MDA concentration suggested that the increased

oxidative stress had not yet impaired membrane sys-

tems. As increased intension of heat treatment, the

significant increased MDA concentration and down-

regulation of GSH amount and the activities of CAT and

GPX implied severe damage in testes. In addition, the

most spermatids loss indicated heat-induced oxidative

stress mainly damaged developing spermatids even

though other cells were still in intact morphology. As a

primary antioxidant enzyme, SOD plays an important

role in the male testes [28]. A recent study revealed it's

the high levels of CuZn-SOD and Zn that made sperm-

atogonia more resistant to ROS and refrain from oxida-

tive stress [29]. In this study, significant increased

activities of CuZn-SOD and T-SOD on day 12 might re-

sult from high free radicals which triggered their expres-

sion in spermatogonia to scavenge the increased ROS.

Consequently, the high SOD activity enhanced antioxi-

dant system to protect spermatogonia against oxidative

stress in mice testes (Figure 7).

Nrf2-antioxidant system has been already recognized

as a prime molecular target against oxidative and elec-

trophilic stresses via accumulating in nucleus and indu-

cing expression of cytoprotective enzymes and related

proteins [30]. Previous studies have reported that Nrf2-

knockout mouse had high testicular and epididymal lipid

peroxidation levels and low antioxidants levels which

resulted in lower epididymal sperm motility than wild-

type males [13]. In this study, it's obvious that 2-day

consecutive heat stress induced Nrf2 accumulation in

the nuclei of Leydig cells and germ cells. Our findings

are now well documented that a strong nuclear Nrf2 ac-

cumulation exists in mouse testes. However, the de-

creased nuclear Nrf2 accumulation on day 12 in heated

testes suggested Nrf2 nuclear export was inhibited even

a high Nrf2 expression in cytoplasm. A recent study in-

dicated failure to Nrf2-nuclear export, mediated by

exportin-1, might be prevented by the failure to phos-

phorylate Tyr568 during oxidative stress [31]. Moreover,

there are a variety of transcription factors antagonizing

the Nrf2 activity such as nuclear factor-κB (NF-κB),

peroxisome proliferator-activated receptor (PPAR), short

Figure 7 Proposed model of Nrf2-mediated protection to

whole body heat stress in mice testes. ROS production induced

by heat stress was inhibited by the antioxidative system in

cytoplasm. Increased ROS stimulated Nrf2-antioxidant system and

up-regulated CuZn-SOD concentration in spermatogonia. Thereby,

the antioxidative system was enhanced and efficiently protected

testes against oxidative damage.
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form estrogen-related receptor β, estrogen receptor α

and so on [32]. Therefore, decreased nuclear Nrf2 accu-

mulation might be attributed to other involved pathways

and impaired nuclear export caused by heat stress. To

confirm activation of the Nrf2-ARE system in the present

study, we measured the mRNA expression of Nrf2 gene

and three antioxidant genes containing ARE at their pro-

moter regions (Nrf2, contains two ARE sequences [33];

HO-1, a well-characterized Nrf2 target gene [34]; NQO1,

reduces quinones to hydroquinones to protect against oxi-

dative stress [35]; GCLC, combines Glu and Cys as the

first step in GSH production [36]). Previous studies have

been reported that the activation of Nrf2 induced in-

creased expression of Nrf2, HO-1, NQO1 and GCLC

[37,38]. Consistent with the results above, our founding

showed an increase in mRNA expression of Nrf2, HO-

1and GCLC during consecutive heat stress which may

reversely promote the expression of oxidative-mediated

antioxidant genes via activation of Nrf2 transcription

factor (Figure 7).

Conclusions
In conclusion, the present study demonstrates that the

whole body heat treatment triggers oxidative stress in

mice testes, which acts as partners to induce cell death

and reduced relative weight of testis. Nrf2 and its

attended anti-oxidative enzyme systems are obviously

up-regulated in the process of heat-mediated oxidative

stress.

Competing interests

The authors declare that they have no competing interests.

Authors’ contributions

All authors participated in the design, interpretation of the studies, and

review of the manuscript; YL performed data analysis and wrote the

manuscript. All authors read and approved the final manuscript.

Acknowledgements

The authors are thankful to Prof. Peishi Yan for technical assistance. Financial

support came from the National Nature Science Foundation of China (No.

31272485), Qing Lan Project, the National “Twelfth-Five Year” Research

Program of China (2012BAD39B02), and #44120, Research and Development

Projects for Application in Promoting New Policy of Agriculture, Forestry and

Fisheries, Japan.

Author details
1College of Animal Science and Technology, Nanjing Agricultural University,

1 Weigang Road, Nanjing 210095, P.R. China. 2Laboratory of Veterinary

Physiology, Cooperative Department of Veterinary Medicine, Faculty of

Agriculture, Tokyo University of Agriculture and Technology, Tokyo, Japan.
3Department of Basic Veterinary Science, The United Graduate School of

Veterinary Sciences, Gifu University, Gifu, Japan.

Received: 3 February 2013 Accepted: 17 March 2013

Published: 21 March 2013

References

1. Hughes IA, Acerini CL: Factors controlling testis descent. Eur J Endocrinol

2008, 159(Suppl 1):S75–S82.

2. Setchell BP: The Parkes Lecture. Heat and the testis. J Reprod Fertil 1998,

114:179–194.

3. Setchell BP, Zupp JL GE, Maddocks SGG: The effect of environmental

temperature on scrotal temperature in rams at pasture, recorded by

telemetry. Proc Aust Reprod Biol Soc 1994, 26:87.

4. Sod-Moriah UA, Goldberg GM, Bedrak E: Intrascrotal temperature,

testicular histology and fertility of heart-acclimatized rats. J Reprod Fertil

1974, 37:263–268.

5. Setchell BP, Tao L, Zupp JL: The penetration of chromium-EDTA from

blood plasma into various compartments of rat testes as an indicator of

function of the blood-testis barrier after exposure of the testes to heat.

J Reprod Fertil 1996, 106:125–133.

6. Wechalekar H, Setchell BP, Peirce EJ, Ricci M, Leigh C, Breed WG: Whole-

body heat exposure induces membrane changes in spermatozoa from

the cauda epididymidis of laboratory mice. Asian J Androl 2010,

12:591–598.

7. Cameron RD, Blackshaw AW: The effect of elevated ambient temperature

on spermatogenesis in the boar. J Reprod Fertil 1980, 59:173–179.

8. Cui W, Li B, Bai Y, Miao X, Chen Q, Sun W, Tan Y, Luo P, Zhang C, Zheng S,

et al: Potential role for Nrf2 activation in the therapeutic effect of MG132

on diabetic nephropathy in OVE26 diabetic mice. Am J Physiol Endocrinol

Metab 2013, 304:E87–E99.

9. Sporn MB, Liby KT: NRF2 and cancer: the good, the bad and the

importance of context. Nat Rev Cancer 2012, 12:564–571.

10. Cullinan SB, Gordan JD, Jin J, Harper JW, Diehl JA: The Keap1-BTB

protein is an adaptor that bridges Nrf2 to a Cul3-based E3 ligase:

oxidative stress sensing by a Cul3-Keap1 ligase. Mol Cell Biol 2004,

24:8477–8486.

11. Taguchi K, Fujikawa N, Komatsu M, Ishii T, Unno M, Akaike T, Motohashi H,

Yamamoto M: Keap1 degradation by autophagy for the maintenance of

redox homeostasis. Proc Natl Acad Sci U S A 2012, 109:13561–13566.

12. Paul C, Teng S, Saunders PT: A single, mild, transient scrotal heat stress

causes hypoxia and oxidative stress in mouse testes, which induces

germ cell death. Biol Reprod 2009, 80:913–919.

13. Nakamura BN, Lawson G, Chan JY, Banuelos J, Cortes MM, Hoang YD, Ortiz

L, Rau BA, Luderer U: Knockout of the transcription factor NRF2 disrupts

spermatogenesis in an age-dependent manner. Free Radic Biol Med 2010,

49:1368–1379.

14. Wilkinson DA, Burholt DR, Shrivastava PN: Hypothermia following whole-

body heating of mice: effect of heating time and temperature. Int J

Hyperthermia 1988, 4:171–182.

15. Livak KJ, Schmittgen TD: Analysis of relative gene expression data using

real-time quantitative PCR and the 2(−Delta Delta C(T)) Method. Methods

2001, 25:402–408.

16. Hansen PJ: Effects of heat stress on mammalian reproduction. Philos Trans

R Soc Lond B Biol Sci 2009, 364:3341–3350.

17. Sinha RK: Serotonin synthesis inhibition by pre-treatment of p-CPA alters

sleep electrophysiology in an animal model of acute and chronic heat

stress. J Therm Biol 2008, 33:261–273.

18. Yu J, Liu F, Yin P, Zhu X, Cheng G, Wang N, Lu A, Luan W, Zhang N, Li J,

et al: Integrating miRNA and mRNA expression profiles in response to

heat stress-induced injury in rat small intestine. Funct Integr Genomics

2011, 11:203–213.

19. Perez-Crespo M, Pintado B, Gutierrez-Adan A: Scrotal heat stress effects on

sperm viability, sperm DNA integrity, and the offspring sex ratio in mice.

Mol Reprod Dev 2008, 75:40–47.

20. Shiraishi K, Takihara H, Matsuyama H: Elevated scrotal temperature, but

not varicocele grade, reflects testicular oxidative stress-mediated

apoptosis. World J Urol 2010, 28:359–364.

21. Guo J, Jia Y, Tao SX, Li YC, Zhang XS, Hu ZY, Chiang N, Lue YH, Hikim AP,

Swerdloff RS, et al: Expression of nitric oxide synthase during germ cell

apoptosis in testis of cynomolgus monkey after testosterone and heat

treatment. J Androl 2009, 30:190–199.

22. Paul C, Murray AA, Spears N, Saunders PT: A single, mild, transient scrotal

heat stress causes DNA damage, subfertility and impairs formation of

blastocysts in mice. Reproduction 2008, 136:73–84.

23. Yin Y, Hawkins KL, DeWolf WC, Morgentaler A: Heat stress causes testicular

germ cell apoptosis in adult mice. J Androl 1997, 18:159–165.

24. Keenan DM, Veldhuis JD: A biomathematical model of time-delayed

feedback in the human male hypothalamic-pituitary-Leydig cell axis.

Am J Physiol 1998, 275:E157–E176.

25. Wettemann RP, Desjardins C: Testicular function in boars exposed to

elevated ambient temperature. Biol Reprod 1979, 20:235–241.

Li et al. Reproductive Biology and Endocrinology 2013, 11:23 Page 9 of 10

http://www.rbej.com/content/11/1/23



26. Shiraishi K: Heat and oxidative stress in the germ line. In Studies on Men's

Health and Fertility. Edited by Agarwal A, John Aitken R, Alvarez JG. New

Jersey: Humana Press; 2012:149–178.

27. Koksal IT, Tefekli A, Usta M, Erol H, Abbasoglu S, Kadioglu A: The role of

reactive oxygen species in testicular dysfunction associated with

varicocele. BJU Int 2000, 86:549–552.

28. Ishii T, Matsuki S, Iuchi Y, Okada F, Toyosaki S, Tomita Y, Ikeda Y, Fujii J:

Accelerated impairment of spermatogenic cells in SOD1-knockout mice

under heat stress. Free Radic Res 2005, 39:697–705.

29. Celino FT, Yamaguchi S, Miura C, Ohta T, Tozawa Y, Iwai T, Miura T:

Tolerance of spermatogonia to oxidative stress is due to high levels of

Zn and Cu/Zn superoxide dismutase. PLoS One 2011, 6:e16938.

30. Ohta T, Iijima K, Miyamoto M, Nakahara I, Tanaka H, Ohtsuji M, Suzuki T,

Kobayashi A, Yokota J, Sakiyama T, et al: Loss of Keap1 function activates

Nrf2 and provides advantages for lung cancer cell growth. Cancer Res

2008, 68:1303–1309.

31. Jain AK, Jaiswal AK: Phosphorylation of tyrosine 568 controls nuclear

export of Nrf2. J Biol Chem 2006, 281:12132–12142.

32. Hayes JD, McMahon M: NRF2 and KEAP1 mutations: permanent

activation of an adaptive response in cancer. Trends Biochem Sci 2009,

34:176–188.

33. Kwak MK, Itoh K, Yamamoto M, Kensler TW: Enhanced expression of the

transcription factor Nrf2 by cancer chemopreventive agents: role of

antioxidant response element-like sequences in the nrf2 promoter.

Mol Cell Biol 2002, 22:2883–2892.

34. Alam J, Stewart D, Touchard C, Boinapally S, Choi AM, Cook JL: Nrf2, a

Cap'n'Collar transcription factor, regulates induction of the heme

oxygenase-1 gene. J Biol Chem 1999, 274:26071–26078.

35. Dhakshinamoorthy S, Jaiswal AK: Small maf (MafG and MafK) proteins

negatively regulate antioxidant response element-mediated expression

and antioxidant induction of the NAD(P)H:Quinone oxidoreductase1

gene. J Biol Chem 2000, 275:40134–40141.

36. Shi ZZ, Osei-Frimpong J, Kala G, Kala SV, Barrios RJ, Habib GM, Lukin DJ,

Danney CM, Matzuk MM, Lieberman MW: Glutathione synthesis is

essential for mouse development but not for cell growth in culture.

Proc Natl Acad Sci U S A 2000, 97:5101–5106.

37. Wang R, Paul VJ, Luesch H: Seaweed extracts and unsaturated fatty acid

constituents from the green alga Ulva lactuca as activators of the

cytoprotective Nrf2-ARE pathway. Free Radic Biol Med 2013, 57:141–153.

38. Cortese MM, Suschek CV, Wetzel W, Kroncke KD, Kolb-Bachofen V: Zinc

protects endothelial cells from hydrogen peroxide via Nrf2-dependent

stimulation of glutathione biosynthesis. Free Radic Biol Med 2008,

44:2002–2012.

doi:10.1186/1477-7827-11-23
Cite this article as: Li et al.: Protective effects of nuclear factor erythroid
2-related factor 2 on whole body heat stress-induced oxidative damage
in the mouse testis. Reproductive Biology and Endocrinology 2013 11:23.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Li et al. Reproductive Biology and Endocrinology 2013, 11:23 Page 10 of 10

http://www.rbej.com/content/11/1/23


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals
	Heat treatment
	Radioimmunoassay (RIA)
	MDA assay
	Analysis of antioxidant status
	Immunohistochemistry
	RNA extraction and quantitative real-time PCR
	Statistical analysis

	Results
	Assessment of heat treatment
	Serum concentrations of cortisol and testosterone
	Body and testes weights
	Oxidative stress parameter
	Heat stress-induced nuclear Nrf2 accumulation
	Heat stress-induced Nrf2-regulated genes mRNA expression

	Discussion
	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

