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Abstract

Cypermethrin (CYP), an insecticide, has deleterious effects on male reproductive function. The objective was to identify

whether the effects of beta-CYP on male reproductive organs were associated with oxidative stress. Three doses of beta-CYP (1, 10,

and 20 mg/kg) were administered to male mice for 35 d, with or without vitamin E (20 mg/kg). The moderate (10 mg/kg) and high

(20 mg/kg) doses of beta-CYP not only decreased body weight and the weight of the testes, epididymides, seminal vesicles, and

prostate (P < 0.05) but also reduced serum testosterone concentration and the expression of steroidogenic acute regulatory protein

(P < 0.05), in addition to damaging the seminiferous tubules and sperm development. Furthermore, moderate and high doses of

beta-CYP administration decreased sperm number, sperm motility, and intact acrosome rate (P < 0.05). Based on ultrastructural

analyses, high doses of beta-CYP produced swelling and degeneration of mitochondria and the smooth endoplasmic reticulum of

Leydig cells and caused the formation of concentric circles. These toxic effects of beta-CYP may be mediated by increasing

oxidative stress, as the moderate and high doses of this compound increased malondialdehyde and nitric oxide in testes (P < 0.05);

reduced the activity of catalase, glutathione peroxidase (GSH-Px), and superoxide dismutase (P < 0.05); and activated ERK1/2

(P < 0.05). Vitamin E reversed the effects of beta-CYP on testosterone production and testis damage (P < 0.05 vs. the high-dose

group). Therefore, we inferred that beta-CYP damaged the structure of testes and decreased sperm output by inducing oxidative

stress.
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1. Introduction

Cypermethrin (CYP) is a synthetic pyrethroid

insecticide that has been widely used over the past

30 yr in China and other countries against pests,

particularly Lepidoptera, cockroaches, and termites. In

animals, cypermethrin has been used as a chemother-

apeutic agent against ectoparasite infestations [1]. Beta-

CYP is a mixture of the alpha and theta forms of the
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insecticide. Its activity is lower than that of alpha-CYP

but higher than other CYPs. Beta-CYP has been applied

widely for agricultural pest control in China and

comprises more than 50% of the total pyrethroid market

production [2]. Although cypermethrin was considered

safe and was widely used on agricultural crops and

forests as well as in public and animal health [3], there is

accumulating evidence that chronic exposure or high-

dose CYP has toxic effects on humans and animals.

Cypermethrin can be found in trace amounts or at

higher concentrations in soil and air. In mammals, CYP

can accumulate in body fat, skin, liver, kidneys, adrenal

glands, ovaries, lung, blood, and heart [4–6]. However,

the main target for CYP is the central nervous system.

mailto:swu_jhz@yahoo.com.cn
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Symptoms of CYP toxicity in laboratory animals

include pawing, burrowing, salivation, tremors, wri-

thing, and seizures. In humans, high doses of CYP result

in twitching, drowsiness, coma, and seizures [7].

Cypermethrin exerts its neurotoxic effect through

voltage-dependent sodium channels and integral protein

ATPases in the neuronal membrane [8,9].

In addition to neurons, reproductive organs are

another toxic target of CYP [10,11]. Cypermethrin

decreases the weight of testosterone-sensitive organs,

increases the height of seminal gland epithelium, and

reduces sperm count and motility in male mice [11–15].

Moreover, CYP significantly reduced serum concentra-

tions of testosterone, follicle-stimulating hormone

(FSH), and luteinizing hormone (LH) [11], in addition

to decreasing the number of implantation sites and

viable fetuses in females mated with these male mice

[11]. Taken together, it is evident that CYP disrupted

male reproductive function.

The mechanism by which CYP affects male reproduc-

tion is unclear: Pyrethroids are rapidly metabolized in

mammals, and several studies have shown that CYP

damages the brain, liver, and erythrocytes by causing

oxidative stress [16–18]. However, there are no studies

that have investigated how oxidative stress mediates

CYP-induced deficits in male reproduction. Conse-

quently, the current study examined the role of oxidative

stress in beta-CYP–induced damage to the testes and the

possible protective effects of vitamin E. VitaminE is a fat-

soluble vitamin with potent antioxidant properties that

scavenges intracellular free radicals and maintains cell

membrane integrity by inhibiting lipid peroxidation

induced by reactive oxygen species (ROS) [19].

2. Materials and methods

2.1. Materials

Beta-CYP (>99% pure) was obtained from Nanjing

Panfeng Chem Ltd. (Nanjing, Jiangsu, China). The

steroidogenic acute regulatory protein (StAR) antibody

was kindly provided by Professor D.M. Stocco (Texas

Tech University Science Center, Lubbock, TX, USA),

and antibodies for phosphorylated (p)-ERK (E-4) and

ERK were purchased from Santa Cruz Biotechnology,

Inc. (Santa Cruz, CA, USA). The 125I-testosterone

radioimmunoassay (RIA) kit was purchased from the

China Institute of Atomic Energy (Beijing, China).

Total (Cu-Zn and Mn) superoxide dismutase (T-SOD)

assay kit, malondialdehyde equivalents assay kit, nitrite

assay kit, total nitric oxide synthase (NOS) assay kit,

and specific NOS assay kit were purchased from Nanjin
Jiancheng Biotechnology CO, Ltd (Nanjing, Jiangsu,

China). Glutathione peroxidase (GSH-Px) assay kit and

catalase (CAT) activity assay kit were purchased from

Beyotime Institute of Biotechnology, China (Shanghai,

China). All other reagents used in the analyses were of

analytical grade and were obtained locally.

2.2. Animals and experimental design

Kunbai male mice (outbred strain) weighing �30 to

35 g were provided by a local veterinary research

institute. All animal treatment procedures were

approved by the Animal Care Committee of Southwest

University. These animals were adapted to the

laboratory conditions before experiments and were

housed in a standard animal facility under controlled

temperature (22 8C), relative humidity (50% to 60%),

and photoperiod (12 h light/12 h dark), with ad libitum

access to water and food pellets.

According to the doses used by others [5,15] and

a preliminary test, the highest dose in the study was 20

mg/kg body weight. Sixty adult Kunbai male mice were

randomly allocated into six groups (N = 10/group). Doses

were determined according to body weight, which did not

differ between groups, and delivered periorally every day

for 35 d. Both beta-CYP and vitamin E were dissolved in

0.1 mL peanut oil and administered to animals by gavage.

Groups were as follows: (I) vehicle control: 0.1 mL

(peanut oil); (II) low dose: 1 mg/kg beta-CYP; (III)

moderate dose: 10 mg/kg beta-CYP; (IV) high dose:

20 mg/kg beta-CYP; (V) 20 mg/kg beta-CYP + 20

mg/kg vitamin E; and (VI) 20 mg/kg vitamin E.

At 36 d after the start of treatment, all mice were

anesthetized with halothane and killed by aseptically

severing the neck vessels.

2.3. Hormone assay

Blood samples were taken from the eye sockets of

animals under anesthesia using a 1-mm syringe. Blood

samples were centrifuged at 6111 � g for 4 min, and

serum samples were stored at–70 8C until analysis.

Serum hormone concentrations were assayed using

RIA, as per kit instructions. Sensitivity (0.01 ng/mL)

and coefficients of variation (intra-assay 5%, interassay

9%) were regarded as satisfactory.

2.4. Ultrastructure of Leydig cells and histologic

structure of testes and epididymides

Samples of testes and epididymides were immer-

sion-fixed in Bouin’s solution for histopathology and
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embedded in paraffin. Sections (5 mm thick) were cut,

stained with hematoxylin and eosin, mounted with

Dextran Plasticizer Xylene (DPX, St. Louis, MO,

Sigma), and examined using light microscopy. To

detect the effect of beta-CYP on the number of

Leydig cells, Leydig cells were quantified in the

interstitium between seminiferous tubules stained by

hematoxylin and eosin (H&E). During counting,

fields were randomly selected and were without

overlap. Thirty to 40 areas per section and 10 sections

per animal were scored [20].

For ultrastructure analysis, some testes samples

were cut into 2-mm-thick slices and fixed in ice-cold

fixative consisting of 4% paraformaldehyde, 0.25%

glutaraldehyde, and 0.15 M HEPES-KOH buffer

(pH 7.4) for 30 min. For ultrastructure analysis of

Leydig cells, testes were postfixed in 2% osmium

tetroxide, dehydrated, and embedded in Araldite 502.

Ultrathin sections (70 to 90 nm thick) of the blocks

were picked up on copper grids; sections were

stained with uranyl acetate and lead citrate and were

analyzed under transmission electron microscope at

80 kV.

2.5. Sperm collection and analysis of sperm output

The cauda epididymis was cleared of blood and

adipose tissue and opened to extract sperm; sperm were

collected by centrifugation with saline-merthiolate-

Triton (SMT [1 mL/10 mg tissue] 0.9% [w/v] NaCl;

0.01% [w/v] merthiolate; 0.05% [v/v] Triton X-100).

The number of sperm was measured using a hemocyt-

ometer: A sample was placed into a hemocytometer and

at least three chambers were counted for each spermatid

sample. If the totals were not within 10% of each other,

the samples were recounted. One thousand sperm per

each epididymis were assayed for viability and

malformation. Sperm viability was assessed by eosin

Y stain. This supravital stain determines whether the

membrane is physically intact; if the membrane is

damaged or broken, the dye is able to stain the sperm,

but if the membrane is intact, it is unstained. The

percentage of viable sperm was calculated as follows:

Number of viable sperm/[(number of viable sperm) +

(number of nonviable sperm)] �100%. Sperm mal-

formation rate was assayed by the motility of sperm and

intact nature of the acrosome. The motility of sperm

samples was estimated under a light microscope at

200� magnification, following activation of 2 mL of

sperm in 20 mL of water on a microscope slide. The

integrity of the acrosome was assessed using Wright-

Giemsa stain [11,21–23].
2.6. Antioxidant enzyme activity and oxidative

stress assays

Testes tissue was homogenized in 5 mL ice-cold

Tris-HCl buffer (0.01 mol/L, pH 7.4) containing 0.01%

EDTA-2Na, 0.01 mol/L saccharose, and 0.8% NaCl.

The homogenization procedure was carried out for

2 min at 12,861 � g. All procedures were performed at

4 8C. Homogenate, supernatant, and extracted samples

were prepared to determine the activities of CAT [24],

GSH-Px, T-SOD [25,26], malondialdehyde (MDA),

NO, and NOS.

To detect lipid peroxidation, malondialdehyde

concentrations of testes tissue homogenates were

assayed according to a modified method based on the

reaction with thiobarbituric acid. Briefly, malondialde-

hyde or MDA-like substances and TBA react to produce

a pink pigment with a maximum absorption of 532

nm. Malondialdehyde concentrations in tissue was

expressed as nmol/g protein [27]. Total nitrite/nitrate

concentrations were measured using the Griess reagent

(0.1% N-1-napthylethylenediamine dihydrochloride in

water, 1% sulfanilamide in 5% phosphoric acid, and

0.1 M sodium nitrite in water) after the cadmium-

mediated reduction of nitrate to nitrite. Nitrite

concentrations were measured at 550 nm and NO

content expressed as mmol/mL [28]. According to the

base principle of Asano [29] and the protocol of the

manufacturer, the activities of total NOS (T-NOS) and

inducible NOS (iNOS) were detected. Briefly, NOS can

produce NO by catalyzing a five-electron oxidation of a

guanidino nitrogen of L-arginine (L-Arg). Then, NO can

bind a nucleophilic substrate; the change in absorbance

at 530 nm is monitored with a spectrophotometer.

Adding an iNOS inhibitor, S-methylisothiourea sulfate,

to samples eliminates iNOS activity, which was

calculated by subtracting non-iNOS activity from

T-NOS activity. Total nitric oxide synthase (T-NOS)

and inducible nitric oxide synthase (iNOS) activity

concentrations were expressed as units/mg protein.

2.7. Western blot analysis

For isolation of protein from testicular tissue, testes

were snap-frozen in liquid nitrogen and then homo-

genized in lysis buffer (5 mM phosphate buffer [pB], pH

7.2, containing 0.1% Triton X-100, 1 mM phenyl-

methylsulfonylfluoride, 1 mg/L chymostatin). Next,

cells were lysed in lysis buffer (pBS containing 1%

NP40, 0.5% sodium deoxycholate, 0.1% SDS, and

2 mg/mL aprotinin). The protein content of the super-

natant from centrifugation was determined by spectro-
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Table 1

Effect of beta-CYP on mean (�SEM) body weight gain and the weight of testosterone-sensitive organs in mice (n = 10/group).

Group Weight (g)

Body weight gain Testis Epididymis Seminal vesicles Prostate

Vehicle control 5.08 � 1.6 0.146 � 0.003 0.052 � 0.01 0.158 � 0.019 0.069 � 0.003

1 mg/kg beta-CYP 4.44 � 0.87 0.138 � 0.006 0.051 � 0.01 0.136 � 0.011 0.068 � 0.002

10 mg/kg beta-CYP 2.43 � 1.47* 0.115 � 0.005* 0.049 � 0.01* 0.114 � 0.010* 0.067 � 0.002

20 mg/kg beta-CYP 0.94 � 0.42* 0.089 � 0.004* 0.047 � 0.01* 0.066 � 0.005* 0.062 � 0.002*

20 mg/kg beta-CYP +

20 mg/kg vitamin E

3.18 � 0.97y 0.133 � 0.005y 0.050 � 0.01y 0.138 � 0.008y 0.069 � 0.002y

20 mg/kg vitamin E 4.8 � 1.43 0.144 � 0.009 0.050 � 0.02 0.156 � 0.018 0.070 � 0.003

Within a column: *P < 0.05 versus control (P < 0.05); yP < 0.05 versus 20 mg/kg beta-CYP group.
photometry using bovine serum albumin as a standard.

Approximately 40 mg total protein per lane was

separated by 10% sodium dodecyl sulfate–polyacryla-

mide gel electrophoresis (SDS-PAGE) and transferred

to nitrocellulose membranes (Bio-Rad, Hercules, CA,

USA). After blocking in 5% nonfat milk in PBS

containing 0.1% Tween-20 (pBST), membranes were

incubated in a 1:500 dilution of primary antibody in 5%

milk/PBST at 4 8C overnight. Primary antibodies were

anti-StAR, anti-phospho-ERK1/2, anti-ERK1/2, and

anti-beta-actin. The membranes were washed three

times and then incubated with horseradish peroxidase

(HRP)-conjugated secondary antibodies (1:2500) at

room temperature for 1 h. Reactive bands were

visualized by SuperSignal West Pico Chemilumines-

cent substrate (Pierce, Rockford, IL, USA), and the

membranes were then subjected to X-ray autoradio-

graphy. Band intensities were determined by Quantity

One software (Bio-Rad).

2.8. Statistical analysis

All data are reported as means � SEM. Statistical

analyses were performed using SPSS (Version 16.0;

SPSS Inc, Chicago, IL, USA). Data were analyzed by

one-way ANOVA and the Fisher’s least significant

difference (LSD) method to determine treatment

differences. All percentage data were subjected to

arc-sine transformation before statistical analysis. A

probability of P < 0.05 was considered to be statisti-

cally significant.

3. Results

3.1. Effect of beta-CYP on body weight and

testosterone-sensitive organ weights

The three doses of beta-CYP decreased body weight

gain and weight of testosterone-sensitive organs, such
as testes, epididymides, seminal vesicles, and prostate.

These measures were reduced in mice given 10 or

20 mg/kg beta-CYP compared with that for the vehicle

control (P < 0.05). Vitamin E ameliorated the effect of

CYP; body and testosterone-sensitive organ weight was

higher in the 20 mg/kg beta-CYP group that received

vitamin E than that in the 20 mg/kg beta-CYP group

that did not receive vitamin E (P < 0.05; Table 1).

Vitamin E alone had no effect on body or testosterone-

sensitive organ weights, indicating a true rescue effect

(P > 0.05; Table 1).

3.2. Beta-CYP negatively affects sperm output and

quality

All doses of beta-CYP used decreased sperm count,

viability, and intact acrosome rate. Compared with

controls, sperm count, viability, and motility decreased

with moderate and high doses of beta-CYP (P < 0.05,

for both) while increasing the rate of acrosome

deformity by approximately 183% and 296%, respec-

tively (P < 0.05). Vitamin E reduced the effect of CYP

by increasing sperm count and decreasing the rate of

malformation (P < 0.05; Table 2).

3.3. Effect of beta-CYP on histologic structure of

testes and epididymides

Testes from the control group were in various stages

of spermatogenesis; spermatozoa and Leydig cells were

abundant in the interstitium (Fig. 1A). Qualitative

analyses revealed that the low dose (1 mg/kg) of beta-

CYP decreased the number of interstitial Leydig cells

but did not affect the intratubular compartment of

seminiferous tubules (P < 0.05; Fig. 1B). As the

concentration of beta-CYP increased, the number of

spermatids and cells in the seminiferous tubules

appeared to decrease; moreover, some cells began to

slough (P < 0.05; Fig. 1C). At the high beta-CYP dose,
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Table 2

Effect of beta-CYP on mean (�SEM) sperm count and quality in mice (n = 10/group).

Treatment group Sperm count

(108/g epididymidis)

Viability (%) Sperm

motility (%)

Intact acrosome

rate (%)

Vehicle control 6.60 � 1.25 88.8 � 4.3 66.9 � 8.9 87.6 � 6.6

1 mg/kg beta-CYP 6.54 � 0.87 85.5 � 2.8 58.7 � 7.1 75.5 � 8.4

10 mg/kg beta-CYP 5.22 � 0.85* 74.3 � 1.8* 49.9 � 6.7* 64.9 � 6.7*

20 mg/kg beta-CYP 2.96 � 0.64* 64.0 � 1.5* 38.8 � 6.5* 50.9 � 5.1*

20 mg/kg beta-CYP +

20 mg/kg vitamin E

6.35 � 0.88y 78.4 � 2.1y 62.4 � 8.3y 79.4 � 5.5y

20 mg/kg vitamin E 6.63 � 1.09 87.3 � 3.04 71.3.8 � 9.1 88.8 � 6.3

Within a column: *P < 0.05 versus control; yP < 0.05 versus 20 mg/kg beta-CYP group.
only primary spermatocytes were observed; these had

vacuolization (Fig. 1D). All types of spermatids were

nearly absent from the lumen of the seminiferous

tubules. Coadministering beta-CYP with vitamin E to

mice appeared to prevent these effects, as various types

of spermatocytes and spermatids were observed

(P < 0.05; Fig. 1E). Vitamin E alone had no effect

compared with controls (P > 0.05; Fig. 1F).

Sperm were numerous in the lumens of the

epididymides in controls (Fig. 2A), and the low dose

of beta-CYP did not significantly affect these

numbers (Fig. 2B). With the higher dose of beta-

CYP, the number of sperm in the lumen tended to

diminish (Fig. 2C). At the highest dose (20 mg/kg),

the lumens of the seminiferous tubules were nearly

devoid of sperm (Fig. 2D). Vitamin E prevented the

decline in sperm number caused by beta-CYP

(Fig. 2E) but had no effect on this measure when

administered alone (Fig. 2F).

3.4. Effect of beta-CYP on serum testosterone

concentration and StAR expression

Serum testosterone was not affected by the low dose

(1 mg/kg) of beta-CYP (P > 0.05) but was reduced to

approximately 65% and 30% of control with the

moderate (10 mg/kg) and high doses (20 mg/kg),

respectively (P < 0.05 for each). Vitamin E reduced

the effect of beta-CYP on testosterone concentration

(P < 0.05) but had no effect when administered alone

(P > 0.05; Fig. 3A).

Concentrations of steroidogenesis acute regulatory

protein (StAR) were not affected by the low dose

(1 mg/kg) of beta-CYP (P > 0.05) but were reduced

to approximately 5.3% of control with a high dose

(20 mg/kg) (P < 0.05). Vitamin E blocked the beta-

CYP–induced decrease in StAR expression (P < 0.05;

Fig. 3B).
3.5. Effects of beta-CYP on the ultrastructure of

Leydig cells

Vehicle-treated controls had Leydig cells with

normal smooth endoplasmic reticulum (sER) and

mitochondria profiles (Fig. 4A). Beta-CYP treatment

caused mitochondria and sER to swell, and the

boundary of the nuclear membrane became indistinct

(Fig. 4B). As the concentration of beta-CYP was

elevated, smooth endoplasmic reticula degenerated, and

mitochondria swelled and tended to become transparent

(Fig. 4C). At the high dose of beta-CYP, smooth

endoplasmic reticula formed concentric circles

(Fig. 4D). Vitamin E prevented these structural changes

when coadministered with beta-CYP (Fig. 4E) but had

no effect when administered alone (Fig. 4F).

3.6. Effect of beta-CYP on oxidative stress

Beta-CYP at 1 mg/kg had no effect on MDA

concentrations compared with control (P > 0.05;

Table 3). At 10 and 20 mg/kg, beta-CYP increased

both MDA and NO (for both, P < 0.05 compared with

controls), but changes were reversed with vitamin E

treatment (P < 0.05 compared with 20 mg/kg beta-CYP

group; Table 3). All concentrations of beta-CYP tested

increased T-NOS and iNOS activity in a dose-

dependent manner; that is, the largest changes occurred

at 20 mg/kg (P < 0.05). Vitamin E reduced the effect of

beta-CYP on these enzymes (P < 0.05 compared with

the 20 mg/kg beta-CYP group; Table 3).

3.7. Beta-CYP decreases the activity of antioxidant

enzymes

The low dose of beta-CYP had no effect on

antioxidant enzymes (P > 0.05). Compared with con-

trols, the activity concentrations of CAT, GSH-Px, and
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Fig. 1. Effect of beta-CYP on histologic structure of the testes. Mice were given three doses of beta-CYP for 35 d, and then the histologic structure of

the testes was examined by hematoxylin and eosin. Photomicrographs show the testes of mice from each treatment group: (A) vehicle control; (B)

1 mg/kg beta-CYP; (C) 10 mg/kg beta-CYP; (D) 20 mg/kg beta-CYP; (E) 20 mg/kg beta-CYP + 20 mg/kg vitamin E; and (F) 20 mg/kg vitamin E.

Arrow and arrowhead indicate vacuolization and cell sloughing, respectively (�200). Inset in (D) is a magnified view of the same image (�400).
T-SOD were reduced in groups that received the

moderate and high doses of beta-CYP (for all,

P < 0.05). Vitamin E restored the activity of these

three enzymes nearly to control concentrations

(P > 0.05, compared with control; Table 4).
3.8. Effect of beta-CYP on ERK activity

Compared with controls, concentrations of p-ERK1

and p-ERK2 protein were elevated with increasing

doses of beta-CYP (P < 0.05); adding vitamin E
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Fig. 2. Effect of beta-CYP on histologic structure of the epididymides by hematoxylin and eosin. Epididymides of mice from each treatment group:

(A) vehicle control; (B) 1 mg/kg beta-CYP; (C) 10 mg/kg beta-CYP; (D) 20 mg/kg beta-CYP; (E) 20 mg/kg beta-CYP + 20 mg/kg vitamin E; and

(F) 20 mg/kg vitamin E. Scale bars = 50 mm (�200).
prevented this increase (P < 0.05 compared with

20 mg/kg beta-CYP group; Fig. 5).

4. Discussion

In this study, beta-CYP had profound negative

effects on male reproductive function; however, these
changes were prevented by administering an antiox-

idant. The high dose (20 mg/kg) of beta-CYP sig-

nificantly reduced the weight of the reproductive organs

including testes, epididymides, seminal vesicles, and

prostate and diminished sperm number, development,

and quality. Beta-CYP also reduced serum testosterone

concentrations, possibly by reducing StAR expression
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Fig. 3. Effect of beta-CYP on serum testosterone and StAR expres-

sion in mice. (A) Serum testosterone concentrations decreased with

beta-CYP treatment in a dose-dependent manner (n = 10/group),

whereas vitamin E (VE) prevented this decrease. (B) Representative

Western blot for the StAR protein (n = 3/group). The relative intensity

was determined by ratio of StAR to beta-actin, as measured by

densitometry. *P < 0.05 compared with control; #P < 0.05 compared

with 20 mg/kg beta-CYP group.
and damaging the seminiferous tubules. These toxic

effects of beta-CYP may be caused by oxidative stress,

as they appeared concomitant with increases in markers

for oxidative stress and decreases in the activity of

antioxidant enzymes. Furthermore, the antioxidant

vitamin E reversed the deleterious effects of beta-

CYP on testosterone production and testes.
Pyrethrins such as CYP and cyfluthrin can interact

with androgen receptors to exert antiandrogenic activity

[30], which varies among optical isomers. Cyfluthrin,

beta-cyfluthrin, and CYP can significantly inhibit

dihydrotestosterone (DHT)-induced androgen receptor

activity; however, beta-CYP does not have antiandro-

genic activity in vitro or in vivo [15]. Despite its lack of

effect on androgen receptors, beta-CYP reduced serum

testosterone and sperm count and viability while

increasing rates of sperm malformation in male rats,

consistent with another report [14]. Furthermore, in the

current study, beta-CYP decreased the weight of male

reproductive organs and reduced serum testosterone

concentrations in mice. We inferred that this compound

acted directly on the testes and affected the androgen

biosynthesis in Leydig cells; this decrease in testoster-

one attenuated the function of steroid-sensitive organs,

thus reducing their weight.

Beta-CYP also damaged the structure of the testes

and epididymides, resulting in primary spermatocyte

vacuolization. Testosterone has a crucial role in

spermatogenesis; exogenous testosterone administra-

tion can decrease intratesticular concentrations of the

hormone, which in turn reduces the number of

pachytene spermatocytes and round spermatids by

increasing germ cell apoptosis at all stages [31]. We

hypothesized that the decrease in serum testosterone

concentrations in the current study suppressed sperma-

togenesis.

Leydig cells play a crucial role in testosterone

synthesis. The rate-determining step of this synthesis is

the transport of the precursor, cholesterol, from

intracellular sources into mitochondria. Steroidogenesis

acute regulatory protein is an important factor regulat-

ing the cholesterol transport process, and it is necessary

for steroid synthesis in order to maintain the structural

integrity of Leydig cell mitochondria [32]. Diminished

concentrations of serum testosterone could result from

decreases in the number of or damage to the

ultrastructure of Leydig cells. Based on histologic

analysis, beta-CYP decreased the number of Leydig

cells, and ultrastructural examination revealed the

formation of concentric circles in the rough endoplas-

mic reticulum (RER), as well as mitochondrial

swelling, in these cells. The impairment of mitochon-

dria could affect the processing and maturation of

StAR; accordingly, StAR expression was reduced in this

study.

The mechanism underlying beta-CYP effects on

spermatogenesis and testosterone synthesis is unclear.

It is known that CYP could induce oxidative stress

and as a hydrophobic compound may accumulate in
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Fig. 4. Effects of beta-CYP on the ultrastructure of Leydig cells in mice stained with uranyl acetate and lead citrate. Ultrastructure of Leydig cells of

mice from each of the treatment groups: (A) vehicle control; (B) 1 mg/kg beta-CYP; (C) 10 mg/kg beta-CYP; (D) 20 mg/kg beta-CYP; (E) 20 mg/kg

beta-CYP + 20 mg/kg vitamin E; and (F) 20 mg/kg vitamin E. Magnification was 17,500� for all panels except (C), which was 15,000 � . M:

mitochondrion; ER: endoplasmic reticulum; N: nucleus.
cell membranes and disturb membrane structure [33].

Administering certain doses of CYP to mice for 60 d

caused oxidative stress in a dose- and time-dependent

manner [34]. In the current study, beta-CYP increased
MDA concentrations, indicating the induction of lipid

peroxidation, which can lead to loss of membrane

structure and function. These results were similar to

those of other studies [18,35]. Nitric oxide synthase
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Table 3

Effect of beta-CYP on mean (�SEM) measures of oxidative stress in mice (n = 10/group).

Treatment group MDA (nmol/mg

protein)

NO (mmol/L) T-NOS (unit/mg

protein)

iNOS (unit/mg

protein)

Vehicle control 0.44 � 0.08 0.144 � 0.032 1.44 � 0.32 0.98 � 0.15

1 mg/kg beta-CYP 0.61 � 0.06 0.273 � 0.048 2.73 � 0.48 1.93 � 0.26*

10 mg/kg beta-CYP 1.79 � 0.19* 0.385 � 0.051* 3.85 � 0.51* 2.11 � 0.36*

20 mg/kg beta-CYP 3.27 � 0.24* 0.485 � 0.062* 4.87 � 0.62* 3.53 � 0.67*

20 mg/kg beta-CYP + 20 mg/kg vitamin E 0.60 � 0.06y 0.192 � 0.033y 1.92 � 0.33y 1.33 � 0.19y

20 mg/kg vitamin E 0.40 � 0.07 0.127 � 0.014 1.27 � 0.14 1.10 � 0.19

Within a column: *P < 0.05 versus control; yP < 0.05 versus 20 mg/kg beta-CYP.

Table 4

Effect of beta-CYP on mean (�SEM) antioxidant enzyme activity in mice (n = 10/group).

Treatment group CAT (mmol min�1 mg

protein�1)

GSH-Px (units/mg

protein)

T-SOD (units/mg

protein)

Vehicle control 0.520 � 0.087 2.004 � 0.485 1.085 � 0.105

1 mg/kg beta-CYP 0.548 � 0.068 1.825 � 0.420 0.929 � 0.208

10 mg/kg beta-CYP 0.302 � 0.041* 0.845 � 0.162* 0.428 � 0.135*

20 mg/kg beta-CYP 0.07 � 0.016* 0.285 � 0.066* 0.311 � 0.144*

20 mg/kg beta-CYP + 20 mg/kg vitamin E 0.486 � 0.031y 1.760 � 0.366y 1.0471 � 0.063y

20 mg/kg vitamin E 0.604 � 0.102 2.205 � 0.532 1.229 � 0.158

Within a column: *P < 0.05 versus control; yP <0.05 versus 20 mg/kg beta-CYP group.
inhibitors can increase serum testosterone concentra-

tions, whereas NO donors or increased NO concentra-

tions can decrease testosterone [36,37]. Interestingly,

beta-CYP increased the concentrations of NO, which

regulates sperm motility, viability, capacitation, and zona

pellucida–binding ability [38–40]. We inferred that the

increase in NO could have caused the reduction in

testosterone. The concentration of NO in the cell is

regulated by NOS. In testes, iNOS was present in the

cytoplasm of rat Leydig cells, and iNOS mRNA

expression and NO production were enhanced by

interleukin 1-beta, round spermatid factor, and bacterial

lipopolysaccharide [41–43]. In the current study, beta-

CYP also increased the concentration of iNOS, as well as

T-NOS, and thus raised NO concentrations.

Antioxidants can inhibit free radical formation.

Both SOD and CAT can dismutate O2 and decompose

H2O2, resulting in a decrease in oxidative stress,

which is the effective way of protecting cells from

damage. It is well established that GSH-Px is found

mainly in the cytosol and mitochondria and is widely

affected by xenobiotics [44]. Low doses of beta-CYP

increased the activity of SOD, CAT, and GSH-Px

within a few days [18,35], whereas administration

of CYP (1/10 LD50) for 30 d decreased SOD and

CAT activity in rat liver [5]. In this study, delivering

beta-CYP for 35 d decreased T-SOD, GSH-Px, and

CAT activity, consistent with the study of Manna et al.
[5]. However, results of the current study differed

from those of other’s study, most likely due to

our higher doses and more prolonged treatment

[18,35]. The high dose and long duration of exposure

of mice to CYP could be the main cause of damage to

the cell structure and decreases in SOD and CAT

activity.

Further evidence that oxidative stress was involved

in beta-CYP’s effects on reproductive function was

provided by the observation that the antioxidant

vitamin E protected against the toxic effects of the

pesticide. Vitamin E is fat-soluble and prevents

oxidative damage by blocking the oxidation of

polyunsaturated fatty acids [45,46] and has been

shown to ameliorate aluminum-induced testicular

damage in rats [47]. The negative effects on repro-

ductive function and elevated oxidative stress caused

by another toxic agent, Aroclor 1254, were also

reversed by vitamin E [19]. Similarly, vitamin E

demonstrated a protective effect against CYP-induced

elevation of thiobarbituric acid reactive substances

(TBARS) by decreasing MDA concentrations in liver,

brain, and kidney [35,48]. In the current study, vitamin

E prevented the effects of treatment with beta-CYP:

cell sloughing and vacuolation; decreased T-SOD,

GSH-Px, and CAT activity; and increased MDA

concentrations. Thus, beta-CYP impaired reproductive

function in male mice by inducing oxidative stress.-
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Fig. 5. Effect of beta-CYP on ERK activity in mice (n = 3/group).

Testes tissue homogenates were analyzed for p-ERK1/2 or ERK1/2

(loading control) by immunoblotting. The relative intensity was

determined by ratio of p-ERK to total ERK as measured by densi-

tometry. P < 0.05 compared with control; #P < 0.05 compared with

20 mg/kg beta-CYP group.
Reactive oxygen species as second messengers are

known to induce signaling cascades such as ERK1/2,

which is a prototype member of the mitogen-activated

protein kinase (MAPK) family and regulates numerous

cellular processes [49]. Although ERK1/2 generally

regulates cell growth and differentiation, the JNK (Jun

N-terminal kinase) and p38 family MAPKs preferen-

tially mediate stress. There is now increasing evidence

that ERK1/2 can also be stimulated by oxidative stress

[50–52]. In the current study, beta-CYP at the two high

doses activated ERK1/2 and vitamin E inhibited this

effect, suggesting that ROS could be involved as a

second messenger in beta-CYP’s effects on testis

function. Whether ERK1/2 activation is the main cause

of reduced testosterone synthesis is unclear. To address

this question, further investigations will be necessary to

study the effect of beta-CYP on cultured mouse Leydig

cells.

In conclusion, high doses of beta-CYP damaged the

structure of the testes and decreased sperm output by
inducing oxidative stress. Although beta-CYP is highly

toxic to insects and has low potency in mammals, high

doses and prolonged exposures to beta-CYP can be

harmful to the reproductive systems of experimental

animals. Thus, beta-CYP use should be radically

reduced to protect mammalian health.
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