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Redox status of the testes and sperm of rats
following exposure to 2,5-hexanedione
Isaac A. Adedara1, Amos O. Abolaji1, Blessing E. Odion1,2, Abiola A. Omoloja1,
Isioma J. Okwudi1, Ebenezer O. Farombi1

1Drug Metabolism and Toxicology Research Laboratories, Department of Biochemistry, College of Medicine,
University of Ibadan, Ibadan, Nigeria, 2Department of Environmental Health Science, Jiann Ping Hsu College of
Public Health, Georgia Southern University, Statesboro, GA 30460, USA

Objectives: Exposure to 2,5-hexanedione (2,5-HD) is well known to be associated with reproductive
dysfunctions in both humans and animals. However, the role of oxidative stress in 2,5-HD-induced toxicity
in testes and sperm has not yet been studied.
Methodology: The present study investigated the influence of 2,5-HD on antioxidant systems in the testes and
epididymal sperm of rats following exposure to 0, 0.25, 0.5, and 1% 2,5-HD in drinking water for 21
consecutive days.
Results: Administration of 0.5% 2,5-HD significantly (P< 0.05) decreased epididymis weight, whereas 1%
2,5-HD-treated rats showed significantly decreased body weight, testis, and epididymis weights
compared with the control group. Exposure to 2,5-HD caused a significant dose-dependent increase in
the activities of superoxide dismutase, catalase, and glutathione peroxidase in both testes and sperm
compared with the control group. Moreover, 2,5-HD-exposed rats showed significant decrease in
glutathione-S-transferase activity and glutathione level with concomitant significant elevation in the levels
of hydrogen peroxide and malondialdehyde in both testes and sperm. Testicular and epididymal atrophy
with significant, dose-dependent, decrease in epididymal sperm number, sperm motility, and viability
were observed in 2,5-HD-treated rats.
Conclusion: 2,5-HD exposure impaired testicular function and sperm characteristics by disruption of the
antioxidant systems and consequently, increased oxidative stress in the treated rats.
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Introduction
The most substantial exposures of humans to 2,5-hex-
anedione (2,5-HD), an active metabolite of the
common industrial solvent, n-hexane occur in occu-
pational settings where its air concentrations exceeded
500 ppm (v/v).1 The low-level environmental exposure
to 2,5-HD is ubiquitous because n-hexane is a com-
ponent of petroleum.2 Nigeria is the second leading
gas flaring country in the world at the end of 2011.
Nigerians’ acute exposure to n-hexane could occur
via inhalation of vapors or emissions from refined pet-
roleum products at the work place, whereas the most
widespread form of low-level exposure to n-hexane
for the general population could be through consump-
tion of contaminated food or groundwater from spill
sites, refineries, underground storage tanks at gas

stations, and waste sites.3 The American Conference
of Governmental Industrial Hygienists recommended
that free urinary 2,5-HD be measured in biological
monitoring of individuals exposed to hexane instead
of total 2,5-HD and proposed a reference value of
0.4 mg/l for free 2, 5-HD (ACGIH, 2001).4 Indeed,
findings from shoe factory workers confirmed that
free 2,5-HDmeasurement is a better indicator for eval-
uating risk of exposure to n-hexane.5,6

2,5-HD is a testicular toxicant that targets the Sertoli
cell, the supportive cell within seminiferous tubules. 2,5-
HD promotes rapid microtubule assembly, induces
tubulin cross-linking, alters microtubule-dependent
transport in these cells, which consequently disturbs
the germ cell niche by impeding seminiferous tubule
fluid secretion.2 The disruption of the Sertoli cellmicro-
environment has been reported to cause germ cell apop-
tosis and ultimately testicular atrophy.7–10 Although
2,5-HD is well known to cause Sertoli cell dysfunction
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by interfering with Sertoli cell microtubule assembly
kinetics,2,10 there is still a paucity of information on
the involvement of free radicals in the 2,5-HD-
induced pathogenesis in the testes and sperm.
Recently, exposure to 2,5-HD was demonstrated to

induce oxidative stress, resulting in hepatorenal
damage in male rats.11 Similarly, administration of 2,5-
HD to female rats caused significant oxidative damage
to the erythrocytes, ovarian and uterine tissues with
marked disruption of hormonal balance.12,13 Reactive
oxygen species (ROS) are essential mediators of
normal sperm function because of their involvement in
the induction and development of sperm hyperactiva-
tion, capacitation, and acrosome reaction.14 However,
excessive production of ROS above normal levels due
to exposure to xenobiotics causes oxidative stress
which is well known to be detrimental to the normal tes-
ticular function. Oxidative stress induces apoptosis in
the testes, impairs sperm movement to fertilize the
oocyte, and damages sperm DNA to produce a viable
pregnancy.15,16 To counteract the damaging effect of
ROS, the testes and sperm cells are endowedwith exten-
sive antioxidant defensemechanisms, including the anti-
oxidant enzymes (e.g. superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPx), and glu-
tathione-S-transferase (GST)) and non-enzymatic anti-
oxidants (e.g. glutathione, vitamin C, and vitamin E).
Hitherto, the involvement of oxidative stress in 2,5-

HD-induced testicular toxicity has not been reported.
The objective of the present study was therefore to
explore whether oxidative stress plays any role or not
in the toxic effects previously observed in reproductive
system of animals exposed to 2,5-HD. To the best of
our knowledge, this is the first study to assess the anti-
oxidant status in the testes and sperm following
exposure of rats to 2,5-HD at environmentally relevant
concentrations.

Materials and methods
Chemicals
2,5-HD (98.99%), epinephrine, glutathione (GSH),
thiobarbituric acid, hydrogen peroxide (H2O2), 5,5′-
dithio-bis-2-nitrobenzoic acid and 1-chloro-2, 4-dini-
trobenzene were purchased from Sigma Chemical
Co. (St Louis, MO, USA). All other reagents were of
analytical grade and obtained from the British Drug
Houses (Poole, Dorset, UK).

Animal model and experimental design
Thirty-two healthy and sexually matured male Wistar
rats (190± 6 g) obtained from the Department of
Biochemistry, University of Ibadan, Ibadan, Nigeria,
were used for this study. They were housed in plastic
cages placed in a well-ventilated rat house, provided
rat pellets and water ad libitum and subjected to
natural photoperiod of 12-hour light : 12-hour dark.

All the animals received humane care according to
the criteria outlined in the ‘Guide for the Care and
Use of Laboratory Animals’ prepared by the
National Academy of Science and published by the
National Institute of Health.17 The experimental eti-
quettes were carried out after approval by the
University of Ibadan Ethical Committee. The ethical
regulations have been followed in accordance with
national and institutional guidelines for the protection
of animal welfare during experiments.18 The rats were
randomly divided into four groups of eight rats per
group. Group I animals received normal drinking
(tap) water alone and served as a control. Animals in
groups II, III, and IV were exposed to 0.25, 0.5, and
1% 2,5-HD, respectively, in drinking water for 21 con-
secutive days according to established procedure.19 It
has been reported that the toxic effects observed in
workers chronically exposed to n-hexane were similar
to those found in rats chronically treated with 2,5-HD
in drinking water.20 Twenty-four hours after the last
treatment, all the rats were sacrificed by cervical dislo-
cation under light ether anesthesia. The testes and epi-
didymis were quickly removed and weighed. The body
weights of all rats were recorded twice: at the beginning
of the study and just before they were sacrificed.

Sperm progressive motility assay
The motility of the sperm from the control and 2,5-HD-
treated rats was evaluated according to the method of
Zemjanis.21 Briefly, epididymal sperm was obtained
by cutting the cauda epididymis with surgical blades
and released onto a sterile clean glass slide. The sperm
was subsequently dilutedwith 2.9% sodium citrate dehy-
drate solution which had been pre-warmed to 37°C,
mixed thoroughly and coveredwith a 24 × 24 mm cover-
slip. At least 10microscopic fields were observed under a
phase contrast microscope at ×200 magnification to
evaluate the sperm motility. Sperm motility was calcu-
lated by scoring the number of all progressive sperm,
followed by the non-progressive and then the immotile
sperm in the same field. The data were expressed as
percentage of sperm progressive motility.

Epididymal sperm concentration
The epididymal sperm number (ESN) from the control
and 2,5-HD-treated rats was obtained by the method
described in the WHO manual.22 Briefly, the sperm
was obtained by mincing the caudal epididymis in
normal saline and filtering through a nylon mesh. An
aliquot of 5 μl of the sperm was mixed with 95 μl of
diluent (0.35% formalin containing 5% NaHCO3 and
0.25% trypan blue). Subsequently, 10 μl of the diluted
sperm was transferred to the hemocytometer, allowed
to sediment by standing for 5 minutes in a humid
chamber to prevent drying before they were counted
using the improved Neubauer (Deep 1/10 m;
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LABART, Munich, Germany) chamber with a light
microscope at ×400.

Sperm viability and morphological abnormalities
A portion of the sperm suspension placed on a glass
slide was smeared out with another slide and stained
with a reagent containing 0.2 g eosin and 0.6 g fast
green dissolved in distilled water and ethanol in a
ratio of two to one (2:1) for morphological examin-
ation, whereas sperm viability was determined by
staining with 1% eosin and 5% nigrosine in 3%
sodium citrate dehydrate solution according to Wells
and Awa.23 A total of 400 sperm cells from each rat
were used for morphological examination.

Preparation of testes and epididymal sperm for
biochemical assays
The sperm from the control and 2,5-HD-treated rats
was collected according to Adedara and Farombi.24

Sperm was collected as quickly as possible after a rat
was sacrificed. Each right caudal epididymis was
placed in cold phosphate buffered saline solution and
cut with surgical blades into pieces. The solution was
pipetted several times to obtain the sperm suspension
and then filtered through a nylon mesh. The sperm
suspensions were subsequently homogenized at 4°C
with a glass Teflon homogenizer for 10 seconds and
centrifuged at 2000×g for 10 minutes to obtain the
supernatant, which was used for biochemical assays.
The right testes were homogenized in four volumes
of phosphate buffer (pH 7.4) and the resulting hom-
ogenate was centrifuged at 10 000×g for 15 minutes
at 4°C and the supernatant was thereafter used for
the biochemical estimations.
SOD activity was determined by the method

described by Misra and Fridovich.25 CAT activity
was determined using H2O2 as a substrate according
to the method of Clairborne.26 GST was assayed by
the method of Habig et al.27 Reduced GSH was deter-
mined at 412 nm using the method described by Jollow
et al.28 GPX activity was determined according to the
method of Rotruck et al.29 Protein concentration was
determined by the method of Lowry et al.30

Hydrogen peroxide generation was assessed by the
method of Wolff.31 Lipid peroxidation was quantified

as malondialdehyde (MDA) according to the method
described by Farombi et al.32 and expressed as μmol
MDA/mg protein.

Histopathology
The testes and epididymides were carefully removed
and fixed with Bouin’s solution. After dehydration
procedures, the samples were embedded in paraffin.
The tissues were thereafter cut to produce 4–5 μm sec-
tions by a microtome and the slides were subsequently
stained with hematoxylin and eosin (H&E). All slides
were coded before examination with a light micro-
scope and photographed using a digital camera by
investigators who were blinded to control and 2,5-
HD-treated groups.

Statistical analysis
All data were tested and confirmed to be normally dis-
tributed and homoscedastic with the Levene test and
residual distribution. Further statistical analyses were
carried out using one-way analysis of variance to
compare the experimental groups followed by the
Dunnett post hoc test to identify significantly different
groups (SPSS for Windows, version 17). Values of P<
0.05 were considered significant.

Results
Effect of 2,5-HD on fluid intake, body, and organ
weights of rats
The fluid intake, body weight gain, and relative organ
weights of the rats are presented in Table 1. There was
a significant (P< 0.05) reduction in the daily fluid
intake by 2,5-HD-exposed rats when compared with
the control. The rats that were treated with 1% 2,5-
HD showed a significant reduction in body weight
gain when compared with the control. 2,5-HD at
0.25% concentration did not produce any effect on
the body, testes, or epididymis weights of the treated
rats. Administration of 0.5% 2,5-HD caused a signifi-
cant decrease in epididymis weight only, whereas 1%
2,5-HD-treated rats showed marked decreased in
body, testes, and epididymis weight compared with
the control.

Table 1 Fluid intake, body weight, absolute, and relative organ weights in rats exposed to 2,5-HD for 21 consecutive days

Control 0.25% 2,5-HD 0.5% 2,5-HD 1% 2,5-HD

Fluid intake/day/rat (ml) 25.32± 2.02 24.68± 2.08 18.79± 1.62a 15.11± 0.97a

Final body weight 247.01± 7.84 238.51± 7.33 232.86± 6.51 198.02± 8.25a

Testes (g) 1.99± 0.04 1.95± 0.59 1.93± 0.60 1.32± 0.31a

Testes (g/100 g bw) 0.81± 0.02 0.81± 0.05 0.83± 0.06 0.67± 0.01a

Epididymis (g) 0.23± 0.04 0.21± 0.04 0.18± 0.03a 0.14± 0.06a

Epididymis (g/100 g bw) 0.09± 0.01 0.08± 0.01 0.07± 0.03a 0.07± 0.02a

Data are expressed as mean± SD for eight rats per group.
aP< 0.05 vs. Control.

Adedara et al. Redox status of the testes and sperm of rats following exposure to 2,5-hexanedione

Redox Report 2016 VOL. 21 NO. 6 241



2,5-HD-induced oxidative stress in testes and
sperm of rats
The activities of antioxidant enzymes, namely SOD,
CAT, GST, and GPx, in the testes and sperm following
the administration of 2,5-HD in rats after 21 days are
presented in Fig. 1. Administration of 2,5-HD resulted
in a significant (P< 0.05) dose-dependent increase in
the activities of SOD, CAT, and GPx, whereas it mark-
edly decreased GST activity in both testes and sperm
when compared with the control group. Furthermore,
the rats exposed to 2,5-HD showed a significant
decrease in the GSH level with concomitant significant
elevation in the levels of H2O2 and MDA in testes and
sperm of the treated rats when compared with control
(Fig. 2). Testicular GSH level decreased by 23, 32,
and 40%, whereas sperm GSH level decreased by 28,
43, and 55% in rats treated with 0.25, 0.5, and 1%
2,5-HD, respectively, when compared with the
control. Moreover, while the level of testicular H2O2

was increased by 71, 83, and 115%, sperm H2O2 level
was increased by 88, 123, and 203% in rats treated
with 0.25, 0.5,% and 1% 2,5-HD, respectively, when
compared with the control. Similarly, testicular MDA
level was elevated by 71, 89, and 111% while sperm
MDA level was elevated by 47, 64, and 101% in rats
treated with 0.25, 0.5, and 1% 2,5-HD, respectively,
when compared with the control.

Sperm functional characteristics in rats exposed
to 2,5-HD
The effects of 2,5-HD on sperm characteristics after
the exposure period are presented in Figs. 3–4. The
results indicate a significant (P< 0.05) dose-depen-
dent decrease in ESN, sperm motility, and viability
in rats exposed to 2,5-HD when compared with the
control. However, a dose-dependent increase in the
sperm abnormalities, consisting majorly tailless
heads, curved mid-pieces, and bent mid-pieces were
frequently observed in 2,5-HD-treated rats.
Following exposure of rats to 0.25, 0.5, and 1% 2,5-
HD, sperm motility decreased by 24, 30, and 38%,
ESN reduced by 35, 45, and 60%, whereas sperm via-
bility decreased by 19, 28, and 55%, respectively, when
compared with the control. Conversely, total sperm
abnormality increased by 68, 90, and 107% in rats
exposed to 0.25, 0.5, and 1% 2,5-HD, respectively,
when compared with the control.

Histopathology of testes and epididymis of 2,5-
HD-treated rats
The representative photomicrographs of the control
group and 2,5-HD-treated testes and epididymis are
shown in Figs. 5 and 6, respectively. The microscopic
examination showed normal testicular morphology
in control and 0.25% 2,5-HD-treated rats. The treat-
ment-related lesions observed in 0.5 and 1% 2,5-HD-

treated rats includes vacuolization and marked
degeneration of the seminiferous tubules. Light
microscopy revealed that the epididymis of control
and 0.25% 2,5-HD-treated rats has normal architec-
ture. However, progressive degeneration of epididymis
characterized with severe erosion of the epididymal
lining and reduced epithelia layer integrity was
observed in 0.5 and 1% 2,5-HD-exposed rats.

Discussion
The present investigation clearly demonstrated that the
general metabolic condition of rats treated with 1%
2,5-HD was not within normal range evidenced in
the treatment-related decrease in the fluid intake,
average body, testes, and epididymis weights. The sig-
nificant decrease in body weight in animals exposed to
1% 2,5-HD could be due to organ failure and meta-
bolic dysfunction previously reported.11 Exposure of
rats to 2,5-HD reportedly did not affect food and
fluid intake, whereas the detrimental effects on the
liver and kidney in the treated rats were strongly
associated with biochemical alterations such as signifi-
cant elevation in serum aminotransferases, alkaline
phosphatase, albumin, bilirubin, urea, creatinine, elec-
trolytes, metabolic disorders, oxidative stress, and his-
tological damage.11 Testicular weight is a valuable
index of male reproductive toxicity. The reduction in
the testes weight indicates the degenerative capacity
of the 2,5-HD which could be attributed to inhibition
of seminiferous tubule fluid secretion and the loss of
germ cells.33–35 The normal spermatogenesis and
sperm function are protected from oxidative stress by
the antioxidant defense system comprising of SOD,
CAT, GPx, GST, and GSH. The basic biochemistry
of antioxidant enzymes involves the rapid dismutation
of superoxide anion to H2O2 by SOD thereby prevent-
ing the former from participating in Haber–Weiss
reaction to produce the highly pernicious hydroxyl
radicals.3,34 Moreover, the cell is further protected
from the oxidizing action of H2O2 by its subsequent
conversion to water and oxygen by CAT or GPx.

In the present study, elevated levels of H2O2 and
MDA in testes and sperm of rats exposed to 2,5-HD
indicate oxidative injury possibly due to inability of
the antioxidant enzymes to scavenge the oxidants gen-
erated in the testicular and epididymis milieu. MDA is
a stable end product of lipid peroxidation which is well
known to be an indirect indicator of increased intra-
cellular ROS generation. The testicular germ cell and
sperm are particularly vulnerable to lipid peroxidation
due to the high polyunsaturated fatty acids content in
their plasma membranes.16,36 The dose-dependent
increase in the activities of SOD, CAT, and GPx in
rats administered with 2,5-HD suggests the adaptive
response of the testicular and sperm cells to oxidative
stress. Glutathione is an important intracellular
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Figure 1 SOD, CAT, GST, and GPx activities in testes and sperm following 21 consecutive days of 2,5-HD treatment in rats. Each bar represents mean± SD of eight rats. aP< 0.05 vs. Control; bP<
0.05 vs. 0.25% 2,5-HD.
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Figure 2 GSH, H2O2 production, and lipid peroxidation levels in testes and sperm following 21 consecutive days of 2,5-HD
treatment in rats. Each bar represents mean± SD of eight rats. aP< 0.05 vs. Control; bP< 0.05 vs. 0.25% 2,5-HD, cP< 0.05 vs.
0.5% 2,5-HD.

Figure 3 Epididymal sperm number, motility, and viability in experimental rats following 21 consecutive days of 2,5-HD
treatment in rats. Each bar represents mean± SD of eight rats. aP< 0.05 vs. Control; bP< 0.05 vs. 0.25% 2,5-HD, cP< 0.05 vs.
0.5% 2,5-HD.
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redox buffer that functions as a non-enzymic antioxi-
dant by direct interaction of its thiol group with
ROS. Glutathione serves as a co-substrate for GST

in biochemical conjugation of xenobiotics and it
helps in the maintenance of endogenous vitamin E
and C levels.37,38 The dose-dependent decline in GST
activity and GSH level in both testes and sperm
could prevent efficient detoxification of peroxide-

Figure 5 Histopathology of testes from control and 2,5-HD-
treated rats. Representative photomicrographs of testes from
control (A) and 0.25% 2,5-HD (B) showed normal morphology.
Treatment-related lesions such as vacuolization (red arrow)
and marked degeneration of the seminiferous tubules (black
arrow) were observed in the testes of 0.5% 2,5-HD (C) and 1%
2,5-HD-treated rats (D).

Figure 6 Histopathology of epididymis from control and 2,5-
HD-treated rats. Representative photomicrographs of
epididymis from control (A) and 0.25% 2,5-HD (B) showed
normal morphology. Epididymis from 0.5% 2,5-HD (C) and 1%
2,5-HD (D) groups showed progressive degeneration of
epididymis characterized with severe erosion of the
epididymal lining and reduced epithelia layer integrity.

Figure 4 Specific (i.e. head, mid-piece, and tail) and total sperm morphological abnormalities in experimental rats following 21
consecutive days of 2,5-HD treatment in rats. Each bar represents mean± SD of eight rats. aP< 0.05 vs. Control.
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containing metabolites generated during oxidative
stress in the 2,5-HD-treated rats.
Normal epididymal structure and its internal micro-

environment are essential for sperm maturation and
maintenance of sperm viability and motility. The
decreased sperm endpoints including epididymal
sperm count, progressive motility, and viability with
elevated sperm abnormalities reflect spermatotoxic
effects of 2,5-HD possibly due to the testicular and
epididymal atrophy caused by ROS. The elevated
levels of ROS often generated during exposure to
environmental contaminants are well known to sup-
press the function of the testis namely spermatogenesis
and steroidogenesis.16,39 Decreased motility, impaired
fertilization, and oxidative DNA damage are the
three inter-related mechanisms that account for oxi-
dative stress-mediated male infertility.40 Thus, the
toxic effects seen on the male reproductive system in
the present study are attributable to its primary effect
on testicular and epididymal antioxidant defense
systems. However, its secondary effect due to organ
failure and metabolic dysfunction previously
reported,11 may be a contributory factor in the 2,5-
HD-induced reproductive toxicity.
Moreover, the histopathological examination of the

testes and epididymis sections corroborated that the
disruption of antioxidant status resulted in severe oxi-
dative damage in the 2,5-HD-treated rats.
Administration of 2,5-HD caused severe treatment-
related lesions characterized by vacuolization and
degeneration of the seminiferous tubules, whereas
severe erosion of the epididymal lining and reduced
epithelia layer integrity was observed in the treated
rats. Our findings are in agreement with previous
studies where 3 weeks of 1% 2,5-HD exposure
through drinking water caused mild changes such as
vacuolization in testes of exposed rats.41,42 Recently,
much attention has been focused on the protective
effects of antioxidants and naturally occurring phyto-
chemicals against testicular oxidative damage resulting
from exposure to environmental compounds.24 The
protective effects of several antioxidants are believed
to be due to their ROS scavenging activity prior to
induction of oxidative damage to cellular macromol-
ecules. Indeed, the induction of oxidative stress in
the reproductive tissues of 2,5-HD-treated rats
reported in the present study may provide credence
to the previous study on the chemoprotective effects
of resveratrol, a potent antioxidant, on the testicular
toxicity induced by 2,5 HD in rats.33

In conclusion, the data from the present investi-
gation showed for the first time that exposure to 2,5-
HD impairs sperm characteristics and alters testicular
and epididymal architectures through induction of oxi-
dative stress, in rats treated with toxic amount of 2,5-
HD. Thus, the results of the present study may have

translational toxic implications to male population in
Nigeria where the quantity of gas being flared is still
substantial and the lack of adherence to the use of
gloves and respirators by factory workers is
common. Further investigation on the uptake and
levels of 2,5-HD in testes, influence of 2,5-HD on tes-
ticular steroidogenesis, hypothalamic–pituitary–testi-
cular axis and pituitary–thyroid axis functions is
warranted.
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