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Objective: The present study investigated sperm chromatin quality and testosterone levels in acrylamide-treated mice and the possible pro-
tective effects of vitamin E on the fertility potential of spermatozoa.
Methods: Thirty-two adult male mice were divided equally into four groups. Group 1 was the control, group 2 received acrylamide (10 mg/kg, 
water solution), group 3 received vitamin E (100 mg/kg, intraperitoneal), and group 4 received both acrylamide and vitamin E. After 35 days, 
spermatozoa from the right cauda epididymis were analyzed in terms of count, motility, morphology, and viability. Sperm DNA integrity and 
chromatin condensation were assessed by acridine orange (AO), aniline blue (AB), toluidine blue (TB), and chromomycin A3 (CMA3) staining.
Results: In acrylamide-treated mice, significantly lower sperm concentration, viability, motility, and testosterone levels were found in compari-
son with the control and acrylamide+vitamin E groups (p < 0.05). In the vitamin E group, significantly more favorable sperm parameters and 
testosterone levels were found than in the other groups (p < 0.05). There were also significantly more spermatozoa with less condensed chro-
matin in the acrylamide-treated mice than in the other groups. Moreover, significantly more spermatozoa with mature nuclei (assessed by AB, 
CMA3, AO, and TB staining) were present in the vitamin E group than in the control and acrylamide+vitamin E groups.
Conclusion: This study revealed the deleterious effects of acrylamide on sperm parameters and sperm chromatin quality. Vitamin E can not 
only compensate for the toxic effects of acrylamide, but also improve sperm chromatin quality in mice.
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Introduction

Acrylamide, which has a molecular formula of CH2 = CHCONH2, is a 
white, odorless, crystalline solid that exists in naturally occurring 
products such as potatoes, radishes, carrots, lettuce, Chinese cab-
bage, onions, spinach, parsley, rice, sugar, and olives [1,2]. People are 
exposed to acrylamide in laboratory and factory settings, as well as 
in daily life via dietary intake and drinking water. In recent years, the 

toxicity of acrylamide has been the subject of many studies [3,4]. It 
has been reported that the acrylamide exerts mutagenic and carci-
nogenic actions through oxidation to glycidamide by the cyto-
chrome P450 2E1 protein [5]. Acrylamide is, furthermore, considered 
to be a toxicant of the male reproductive system in animals, both 
morphologically and genetically [6]. Our previous study found that 
acrylamide had detrimental effects on sperm motility, membrane in-
tegrity, and sperm vitality [7]. It should also be noted that acrylamide 
induces histopathological lesions such as the formation of multinu-
cleated giant cells and vacuolation, and increases apoptosis in semi-
niferous tubules [8]. Oxidative stress may be an important harmful 
effect of acrylamide on epididymal spermatozoa. Elevated reactive 
oxygen species (ROS) levels may play an integral role in the patho-
genesis of sperm chromatin/DNA damage [9]. High levels of ROS in 
the semen can trigger sperm dysfunction, sperm DNA damage, and 
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reduced male reproductive potential. Therefore, it has been suggest-
ed that dietary antioxidant supplements can have beneficial effects 
on sperm function and chromatin integrity [10]. 

Vitamin E is a major antioxidant with the capacity to interrupt lipid 
peroxidation reactions [11]. Moreover, this supplement is considered 
to be a free radical scavenger that also enhances the production of 
other free radical scavengers [12]. The use of antioxidants increases 
sperm quality and DNA integrity [13]. Since compensating for the 
harmful effects of acrylamide on sperm nuclear structure is of para-
mount importance, the aim of the present study was to evaluate 
sperm chromatin condensation and testosterone levels after admin-
istration of vitamin E to acrylamide-treated mice.

Methods 

1. Animals and treatments
Thirty-two adult male Syrian mice (35 g, 10 weeks old) were as-

signed to four groups, each comprising eight mice. The mice in group 
1 were fed a basal diet and served as the control group, group 2 re-
ceived the basal diet and acrylamide (Merck, Darmstadt, Germany; 
10 mg/kg, water solution) [7]; group 3 received the basal diet and vi-
tamin E (Osvah Pharmaceutical, Tehran, Iran; 100 mg/kg, intraperito-
neal) [14]; and group 4 received the basal diet, acrylamide, and vita-
min E for 35 days (almost equal to the duration of a cycle of sper-
matogenesis). They were kept in cages in a controlled environment 
with a temperature range of 25°C ± 3°C and mean relative humidity 
of 50% ± 5%. A chemical analysis indicated that acrylamide was sta-
ble in water for at least 1 week, so the solutions were prepared and 
changed weekly. The body weight of the mice and their water con-
sumption were monitored throughout the course of the experiment. 
We followed the recommendations set forth by Institutional Animal 
Care and Use Committee of Shahid Sadoughi University of Medical 
Sciences for the maintenance, handling, treatment, and killing of the 
laboratory animals.

2. Sampling
On the last day, blood samples were taken from the animals for tes-

tosterone analysis. The mice were then killed by cervical dislocation 
and the dissected epididymis of each animal was transferred into 1 
mL of pre-warmed Ham’s F10 medium and cut into small slices for 
the sperm cells to swim out into the medium. The samples were in-
cubated at 37°C for 30 minutes [15].

3. Sperm analysis
The sperm samples were evaluated according to World Health Or-

ganization (WHO) guidelines [16]. Sperm parameters including 
count ( × 106), motility, morphology, and viability (%) were analyzed 

for each animal. For the evaluation of sperm count and motility, we 
used a Makler chamber. The percentage of sperm motility was ana-
lyzed for the following motion patterns: progressive (grades A and B), 
non-progressive (grade C) and immotile (grade D) spermatozoa [17]. 
Eosin-nigrosin staining was used to assess sperm viability according 
to the WHO protocol [16,17]. To evaluate sperm with normal mor-
phology, the slides were stained with the Papanicolaou stain. A total 
of 200 spermatozoa per sample were counted and the percentages 
of normal morphology were recorded [18].

4. Sperm chromatin/DNA evaluation
Chromatin condensation and DNA integrity assessments were car-

ried out using cytochemical techniques including acridine orange 
(AO), toluidine blue (TB), aniline blue (AB), and chromomycin A3 
(CMA3). All dyes and chemicals were purchased from Sigma Aldrich 
(St. Louis, MO, USA).

1) AO test
AO is a metachromatic fluorescent probe used to demonstrate the 

degree of sperm nuclear DNA susceptibility to in situ acid-induced 
denaturation by distinguishing between native double-stranded 
DNA (green fluorescence) and denatured single-stranded DNA (red 
or yellow fluorescence). Air-dried smears were fixed in Carnoy’s solu-
tion (methanol/glacial acetic acid, 3:1) at 4°C for at least 2 hours. Each 
sample was stained with freshly prepared AO (0.19 mg/mL in McIl-
vaine phosphate-citrate buffer; pH 4) for 10 minutes. Ultimately, the 
smears were assessed on the same day using fluorescence microsco-
py (Zeiss, Jena, Germany) with a 460-nm filter [19].

2) TB staining
TB is a metachromatic dye used to determine both the quality and 

the quantity of sperm nuclear chromatin condensation and DNA 
fragmentation via binding to phosphate groups of DNA strands. 
Briefly, air-dried sperm smears were fixed with fresh 96% ethanol-ac-
etone (1:1) at 4°C for 30 minutes and then hydrolyzed in 0.1 N HCl at 
4°C for 5 minutes. After washing, the slides were stained with 0.05% 
TB in 50% citrate phosphate for 10 minutes at room temperature. In 
each sample, at least 200 spermatozoa were counted under light mi-
croscopy using × 100 eyepiece magnification [7].

3) AB staining
AB selectively stains lysine-rich histones and is used to detect sper-

matozoa with excessive histones in the chromatin structure. To per-
form AB staining, air-dried smears were fixed in 3% buffered glutar-
aldehyde in 0.2 M phosphate buffer (pH 7.2) for 30 minutes at room 
temperature. Each smear was stained with 5% aqueous AB stain in 
4% acetic acid (pH 3.5) for 7 minutes. Under light microscopy, 200 
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spermatozoa were counted in different areas of each slide using 
× 100 eyepiece magnification [20].

4) CMA3 staining
This fluorescent probe is used to detect sperm cells with protamine 

deficiency. To carry out the staining, sperm smears were fixed in 
methanol/glacial acetic acid (3:1) at 4°C for 10 minutes, and then 
were treated with 100 µL of CMA3 solution (0.25 mg/mL in McIlvaine 
buffer at pH 7.0, containing 10 mM MgCl2) for 20 minutes in a dark-
room. The slides were rinsed in buffer and mounted with buffered 
glycerol. The spermatozoa were evaluated by fluorescence microsco-
py (Zeiss, Oberkochen, Germany). Two sperm populations were iden-
tified: sperm cells with bright green fluorescent heads (abnormal 
chromatin packaging) and those with non-fluorescent heads (normal 
chromatin packaging) [19]. This study was approved by the Ethics 
Committee of Shahid Sadoughi University of Medical Sciences in 
Yazd, Iran. All the procedures were conducted carefully to meet na-
tional laboratory standards. 

5. Statistical analysis
Data normalization was performed using the Kolmogorov–Smirnov 

test. All data are presented as mean ± standard deviation. One-way 
analysis of variance was applied to evaluate the significance of differ-
ences among the groups, and the Tukey post-hoc test was used to 
evaluate the differences between pairs of groups. A p-value ≤ 0.05 

was considered to indicate statistical significance. Statistical analysis 
was conducted using IBM SPSS ver. 20.0 (IBM Corp., Armonk, NY, USA).

Results

Table 1 presents the mean values and results of the statistical analy-
sis of various sperm parameters in the four groups. The sperm count, 
sperm motility grades (A, B, C, and D), sperm morphology, and viability 
were significantly different among the groups (p < 0.05). Table 1 also 
shows the results of the analysis of serum testosterone levels in the 
four groups. The acrylamide-treated mice showed significantly lower 
sperm concentration, viability, motility, and testosterone hormone 
levels than the control and acrylamide+vitamin E groups (p < 0.05). In 
the vitamin E group, significantly more favorable sperm parameters 
and testosterone levels were found than in the other groups (p < 0.05).

Table 2 presents the results of the sperm chromatin and DNA integ-
rity evaluations. For AB staining, the percentages of unstained or pale 
blue-stained (normal spermatozoa) and dark blue-stained (abnormal 
spermatozoa) were reported. In TB staining, the chromatin quality of 
sperm was assessed according to metachromatic staining of sperm 
heads with the following scores: 0, light blue (good chromatin); 1, 
dark blue (mildly abnormal chromatin); 2, violet; and 3, purple (se-
verely abnormal chromatin). Therefore, all spermatozoa with scores 
of 1, 2, and 3 were considered to be TB+ or sperm cells with abnormal 
chromatin, whereas score 0 spermatozoa were considered as TB– or 

Table 1. Results of sperm analysis and serum testosterone levels in mice in different groups					   

Variable Control group Acrylamide group Vitamin E group Acrylamide+vitamin 
E group p-value

Count ( × 106) 110 ± 17.49 90.12 ± 10 132.5 ± 19.11 98 ± 11.07   0.000a,b)

0.033c)

Rapid motility (%, grade A)  20.75 ± 3.01 16.25 ± 3.49 28.75 ± 3.32 18.75 ± 1.31 0.01a)

Slow motility (%, grade B)   23.25 ± 4.86 14.37 ± 3.66 27.62 ± 4.62 23.25 ± 5.77 0.000a)

0.006d)

Non-progressive motility (%, grade C)   32 ± 4.37 18.12 ± 5.54 26 ± 7.94 24.5 ± 7.23 0.001d)

Immotile sperm (%, grade D)   24 ± 4.276 50 ± 7.69 17.62 ± 5.99 35.5 ± 8.45       0.000a,b,d,e)

Total motility (%, grades A, B, and C) 76 ± 4.27 50 ± 7.69 82.37 ± 5.99 64 ± 1.08    0.000a,b,d)

0.023f)

0.006e)

Normal morphology 75.87 ± 6.72 68.5 ± 2.97 83.75 ± 7.38 74.5 ± 5.73 0.000a)

0.039b)

Viability (%) 78.12 ± 5.08 66.5 ± 5.55 85.5 ± 5.72 73.75 ± 8.11 0.000a)

   0.001b,d)

Testosterone level (ng/dL) 3.25 ± 1.58 1.35 ± 1.04 6.08 ± 2.49 7.92 ± 3 0.001a)

0.000e)

0.002f)

Values are presented as mean ± standard deviation.					   
a)Difference between the acrylamide and vitamin E groups; b)Difference between the vitamin E and acrylamide+vitamin E groups; c)Difference between the 
control and vitamin E groups; d)Difference between the control and acrylamide groups; e)Difference between the acrylamide and acrylamide+vitamin E groups; 
f)Difference between the control and acrylamide+vitamin E groups.
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spermatozoa with normal chromatin. For AO testing, the percentag-
es of green (normal double-stranded DNA) and orange/red (abnor-
mally denatured DNA) fluorescent spermatozoa per sample were 
calculated. In CMA3 staining, bright yellow-stained chromomycin-re-
acted spermatozoa (CMA3+) and yellowish green-stained non-react-
ed spermatozoa (CMA3–) were considered as the abnormal and nor-
mal forms, respectively.

Significantly more spermatozoa with less condensed chromatin 
were detected in the acrylamide-treated mice than in the other 
groups (p < 0.05). Furthermore, significantly more spermatozoa with 
mature nuclei (assessed by AB, CMA3, AO, and TB) were found in the 
vitamin E group than in the control and acrylamide+vitamin E groups 
(p < 0.05).

Discussion

ROS appear to play a crucial role in the generation of sperm chro-
matin damage [21]. In vitro and in vivo studies have demonstrated a 
beneficial effect of antioxidant supplements in protecting sperm 
chromatin from oxidative stress. This fact has led andrologists to treat 
infertile men with antioxidant supplements [12,13]. To our knowl-
edge, the effect of antioxidants in protecting sperm from acrylamide-
induced damage has not yet been established. Accordingly, the pur-
pose of this study was to investigate the beneficial effects of vitamin 
E on sperm parameters, chromatin condensation, and blood testos-
terone levels in acrylamide-treated mice.

Previous studies have shown consistent results regarding the ef-
fects of acrylamide on sperm parameters. Yang et al. [22] found that 
acrylamide treatment in rats led to a significant reduction in cauda 
epididymal sperm concentration and an increase in the percentage 
of spermatozoa with abnormal morphology. Reduced serum follicle-
stimulating hormone, luteinizing hormone, and testosterone hor-

mone concentrations were also found in the serum of acrylamide-
treated rats, leading the researchers to conclude that acrylamide can 
impair the viability of Leydig cells, thereby diminishing the rate of 
spermatogenesis [22].

In a previous study, we evaluated serum parameters and serum 
testosterone levels in acrylamide-treated mice in comparison with 
controls [7]. Our findings showed poorer parameters in acrylamide-
treated mice than in control animals. Furthermore, significantly lower 
serum testosterone concentrations were found in acrylamide-treated 
animals than in controls (p < 0.001) [7]. To explain the possible mech-
anism of harmful effects of acrylamide on other sperm parameters 
such as motility and viability, it should be noted that acrylamide can 
induce the production of free radicals such as ROS, which trigger the 
peroxidation of polyunsaturated fatty acids in the sperm membrane 
[23]. This may consequently lead to the destruction of sperm mito-
chondrial function, resulting in sperm adenosine triphosphate deple-
tion and ultimately a reduction in sperm viability and motility [24]. 
We also consider that the reduced sperm motility and viability in-
duced by acrylamide may result from the ability of this toxicant to in-
duce oxidative stress.

An intriguing finding of our study was the improvement of sperm 
viability and motility in the vitamin E group when compared with 
the control animals. This effect of vitamin E might be due to its anti-
oxidant role against oxidative stress induced by acrylamide. Interest-
ingly, we also found that in the acrylamide+vitamin E group, vitamin 
E significantly ameliorated the acrylamide-induced decrease in 
sperm viability and motility. It is generally accepted that vitamin E or 
alpha-tocopherol is a powerful biological antioxidant that protects 
cells from the harmful effects of free radicals and ROS [25]. Some 
studies have proposed that through its capacity to limit the produc-
tion of free radicals, vitamin E can prevent or delay the development 
of chronic diseases [25]. In addition, it has been shown that vitamin E 

Table 2. Results of sperm chromatin and DNA evaluation in different groups					   

Variable Control group Acrylamide group Vitamin E group Acrylamide+vitamin E 
group p-value

AO  8.4 ± 3.0 12.6 ± 3.0       5.0 ± 1.6  8.1 ± 1.8 0.000a)

0.006b)

0.010c)

TB  20.5 ± 2.4  23.8 ± 6.2 17.9 ± 3.2 20.4 ± 3.3 0.041a)

AB  22.5 ± 4.7  28.8 ± 4.3 14.6 ± 4.4 21.38 ± 4.4 0.000a)

0.009d)

0.016b)

0.032e)

CMA3  3.3 ± 1.7  22.13 ± 4.1  1.4 ± 1.9 4.8 ± 1.4 0.000a), b), c)

Values are presented as mean ± standard deviation. 					   
AO, acridine orange; TB, toluidine blue; AB, aniline blue; CMA3, chromomycin A3.					   
a)Difference between the acrylamide and vitamin E groups; b)Difference between the acrylamide and acrylamide+vitamin E groups; c)Difference between the 
control and acrylamide groups; d)Difference between the control and vitamin E groups; e)Difference between the vitamin E and acrylamide+vitamin E groups. 
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plays a role in immune function, DNA repair, and specific metabolic 
processes [26]. It plays an important protective role in preventing the 
production of lipid peroxides by scavenging free radicals, which are 
toxic for biological membranes [11,12]. Therefore, it is speculated 
that by improving the activity of the sperm defense antioxidant sys-
tem, including glutathione peroxidase, superoxide dismutase, and 
catalase, vitamin E improves sperm viability and motility. With regard 
to sperm morphology, we observed significantly higher levels of 
morphological anomalies in rats treated with acrylamide. A pertinent 
study documented the potential of ROS generation for inducing ab-
normal sperm morphology [27]. Nonetheless, Cao et al. [28] demon-
strated that increased oxidative stress and reduced enzymatic and 
non-enzymatic antioxidant levels in Leydig cells played a crucial role 
in inducing impaired spermatogenesis and, consequently, a signifi-
cant reduction in epididymal sperm count. It has also been deter-
mined that, as an effective antioxidant, vitamin E can protect rabbit 
testes against lipid peroxidation [29]. According to our findings, the 
improvements in sperm count and normal sperm morphology in the 
vitamin E group, compared with the control group, may have been 
due to the antioxidant effects of vitamin E. In line with our study, 
Sonmez et al. [30] reported evidence that chronic administration of 
homocysteine as an oxidant similar to acrylamide had a harmful ef-
fect on the epididymal sperm characteristics of male rats and that 
administration of vitamin E could prevent those complications. 
Moreover, vitamin E was found to trigger elevated plasma antioxi-
dant enzyme activity and to improve testosterone levels, sperm mo-
tility, and sperm count in male rats.

Routine findings from semen evaluations, such as sperm concen-
tration, morphology, and motility, may fail to identify defects in 
sperm chromatin structure. The evaluation of sperm chromatin dam-
age appears to be a useful way to assess male fertility potential, as 
sperm chromatin abnormalities or DNA damage may result in male 
infertility. Among the various sperm chromatin anomalies that can 
be present in the male gamete, DNA fragmentation is the most fre-
quent, particularly in infertile men [19,31]. It is generally accepted 
that a clear relationship exists between sperm chromatin/DNA dam-
age and reproductive outcomes. Furthermore, sperm quality plays a 
vital role in early embryonic growth and pregnancy outcomes [32].

TB staining enables the visualization of spermatozoa with frag-
mented DNA and/or abnormal chromatin structure. It is used as a 
routine test for sperm DNA integrity because it is an easy-to-run and 
inexpensive method that is complementary to standard semen pa-
rameters [33]. According to our data from TB– staining, although a 
difference was observed in the percentage of TB-reacted spermato-
zoa among the groups, it was not statistically significant. Moreover, 
the AO test showed a notably lower percentage of normal sperm in 
the acrylamide group than in the control, vitamin E, and vitamin 

E+acrylamide groups. It can thus be concluded that acrylamide 
causes the denaturation of sperm DNA strands and vitamin E dimin-
ishes this effect. For comparative purposes, however, we failed to 
find any similar research investigating the effects of acrylamide on 
sperm DNA denaturation. AB staining detects the presence of his-
tones, and indirectly shows the presence of lower amounts of prot-
amine in the sperm nucleus. In this study, we observed a higher pro-
portion of spermatozoa with residual histones in the acrylamide 
group than in the control group, but no significant difference was 
found between the vitamin E and vitamin E+ acrylamide groups and 
the control mice. Moreover, we identified a higher proportion of 
CMA3+ (abnormal chromatin packaging) spermatozoa in acrylamide-
treated mice than in the other three groups. As noted above, the 
CMA3 test reveals protamine deficiency in the process of sperm 
chromatin condensation [34]; therefore, it can be inferred that acryl-
amide contributes to sperm protamine deficiency in mice. It should 
be noted that our findings are novel with regard to the use of cyto-
chemical staining to determine residual histone and protamine defi-
ciency in the spermatozoa of acrylamide-treated laboratory animals. 
Acrylamide was found to exert negative effects on sperm parameters 
and sperm chromatin quality in mice. Vitamin E not only compensat-
ed for the toxic effects of acrylamide on sperm parameters, but also 
improved sperm chromatin quality in mice. 
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