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ABSTRACT
Introduction: Recently, acrylamide (Acr), which is a chemical compound utilised in industry, was detected in food rich in 
carbohydrates that had been subjected to a high temperature. It exerts its toxic effect through generation of oxidative species. 
Luteolin (Lut) is a potent antioxidant flavonoid that may mitigate this toxic effect.

Aim to the Work: To evaluate the histochemical changes induced by Acr on adult rat epididymal caput and the probable role 
of Lut in ameliorating these changes.

Materials and Methods: 30 adult rats were allocated into: group I (Control) received either distilled water (subgroup IA) 
or corn oil (subgroup IB), group ΙΙ received 100 mg/kg/day of Lut orally, group ΙΙI received 6.25 mg/kg/day of Acr orally, 
and group IV co-administrated Lut and Acr at doses as those of groups II and III. After 21 days, the rats were sacrificed after 
being weighed at the start and the end of the experiment. Sera were obtained for detection of testosterone level. Caudal fluid 
was collected for sperm count and motility analysis. Tissue homogenates were used to measure the level of malondialdehyde 
(MDA), superoxide dismutase (SOD), and the gene expression of Bcl2-Associated X Protein (BAX) and B-cell lymphoma 2 
(Bcl2). Caputs were processed and examined by light and electron microscopies. All data were subjected to statistical analyses.

Results: Acr induced disruption of the caput epithelium with widening of the intercellular spaces, vacuolations, nuclear 
changes, reduction in sperm count and motility, a significant decline in animal weights, serum testosterone, increase in MDA 
and reduction in SOD. Moreover, gene expression of BAX showed a significant up-regulation with down-regulation of Bcl2. 
Co-administration of Lut with Acr led to improvement in structure of epididymal caput, the animal weights, the testosterone 
level, SOD, Bcl2, sperm count and motility.

Conclusion: Acr induced histochemical toxicity in epididymal caput, meanwhile Lut attenuated this effect.
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INTRODUCTION                                                                  

Acrylamide (Acr) is an important chemical compound 
which is employed in the production of water- soluble 
polymers involved in several industrial products like soil 
stabilizers, plastics, textile, paper, as well as in experimental 
laboratories[1,2]. Although Acr is not a naturally occurring 
compound and its human exposure route was postulated 
to be mainly through respiration or dermal absorption, 
humans are now in danger of Acr exposure via its 
ingestion[3]. Owing to the presence of unsaturated carbonyl 
group, Acr has a hydrophilic affinity and therefore it can be 
easily diffused throughout the body organs[1,4].

Acr was found to be produced in many food stuff 
especially those rich in carbohydrates subjected to heating 
at more than 120°C during their preparation such as 
fried, baked, roasted or microwave-heated food[5,6]. Acr is 

produced as a result of the Maillard browning reaction that 
includes an interaction between the amino acid asparagine 
and reducing sugars (glucose and fructose)[1,7]. Acr was not 
detected in uncooked food, consequently, it’s considered as 
a processing contaminant[8]. Children and young adults are 
at a valuable risk of Acr toxicity due to higher consumption 
of fried food like potato crisps[8,9]. 

Acr is classified as 2A carcinogenic agent and is 
documented to be a genotoxin[8], neurotoxin[10,11], as well 
as a male reproductive toxin[12,13]. The toxicity caused by 
Acr is attributed to its in vivo metabolism, where Acr is 
converted into its epoxide glycidamide[14].

Acr as well as glycidamide contains the alpha and 
beta unsaturated amide group which can chemically react 
with protein nucleophiles resulting in oxidative damage of 
DNA, proteins and eventually the whole cells[15].
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The toxicity of Acr on the testis is very well 
established[12,16-18], but little is known about its effect on 
the epididymis. Few research papers documented the 
toxic effect of Acr on epididymal spermatozoa through 
induction of DNA damage and alteration of the sperm 
small noncoding RNA profile[19-21].

The epididymis is the site of storage as well as the 
functional maturation of the sperm. These functions are 
accomplished by the special luminal microenvironment 
created by the epididymal lining epithelium[22,23]. 

Anatomically, the epididymis is parted into four 
main segments; initial, caput, corpus and cauda[24]. The 
initial segment is responsible for absorption of most of 
the testicular fluid which accompanies the sperm during 
their journey. The caput and the corpus are the main sites 
of transformation of the immature functional sperm into 
mature ones which is achieved via the secretory as well 
as the absorptive activities of their lining epithelium. The 
cauda, on the other hand, serves for sperm storage before 
ejaculation[25].

Regarding the lining epithelium, many cell types are 
identified including principal, basal, clear, halo, apical, 
narrow and intraepithelial migratory cells[24]. Along the 
whole epididymal length, principal cells constitute the 
main epithelial lining cells with characteristic endocytotic 
and exocytotic activities[24,26]. Functional variations of 
principal cells are found in different epididymal segments 
where caput principal cells are responsible for protein 
secretion that adsorbs onto sperm membrane, modifying 
its composition[27].

Between the bases of the principal cells, basal cells are 
resting on the basal lamina[24]. They have a protective role 
and may regulate the water and electrolyte transport by 
principal cells[28]. Clear cells are responsible for creation of 
an acidic environment in the epididymal lumen in addition 
to their phagocytic function[29]. Apical and narrow cells 
are mainly encountered in the initial segment and their 
functions are not yet fully understood[24]. Halo cells and 
the intraepithelial migratory cells are immune cells which 
protect the special microenvironment of the sperm from 
any invasion[29-31]. Additionally, tight junctions are created 
between the lining epithelium forming a blood epididymal 
barrier which seals the luminal microenvironment from the 
immune reconnaissance[26].

Recently, a great attention has been paid towards 
several natural antioxidants including flavonoids, which 
are polyphenolic phytochemicals being abundantly present 
in the human diet[32]. Flavonoids were proved in literatures 
to have an antioxidant effect on reproductive system in 
male rats[33,34].

Luteolin (Lut 2-3,4-dihydroxyphenyl-5,7-dihydroxy-
4-chromenone) is one of the natural flavones which are 
important subsets of flavonoids[35]. Lut is present in almost 
all vegetables, fruits, leaves and natural herbs[36]. It possesses 
a plethora of pharmacological properties including 

antioxidant, anti-inflammatory as well as anti-apoptotic 
effects[37]. Thereby, it exerts a powerful protection against 
organ damage including the reproductive system[35,38].

In such a context, the present work focused on the 
probable toxic effect of Acr on the epididymal caput and 
the role of Lut in mitigating this effect.

MATERIALS AND METHODS                                               

Chemicals
Acrylamide, luteolin (stored at 2-8ºC) and corn oil were 

purchased from Sigma-Aldrich (St. Louis, MO, USA).

Animals
Thirty adult Wister rats (150-200 gm) were obtained 

from the animal house of Physiology Department, 
Alexandria University. The weight of each rat was 
measured individually and recorded at the beginning of the 
experiment. Temperature, humidity, and 12-hour light/dark 
cycles were all kept at conventional laboratory levels for the 
animals. All procedures were approved by the Alexandria 
University Faculty of Medicine's Local Medical Ethics 
Committee and in line with the criteria of animal care in 
the “Guide for the Care and Use of Laboratory Animals” 
IRB NO 00012098, FWA NO 00018699.

Experimental design
Four groups of rats were randomly assigned. Rats 

received the doses once daily via oral gavage for 21 
successive days, according to the following scheme:

Group I (Control group, n=12): the rats were 
subdivided into two equal subgroups at random:

•	 Subgroup IA (n=6): each rat received 0.5 ml 
distilled water[1].

•	 Subgroup IB (n=6): each rat received 2 mg/kg 
body weight corn oil[35].

Group II (Lut group, n=6): each animal was 
administrated luteolin at a dose of 100 mg/kg body weight 
dissolved in corn oil[35].

Group III (Acr group, n=6): each rat received a freshly 
prepared acrylamide solution dissolved in distilled water in 
a dose of 6.25 mg/kg body weight[13]. 

Group IV (Lut + Acr group, n=6): the animals co-
administrated Lut and Acr in the same doses as in groups 
II &III.

Sampling
At the end of 21 days, the rats, body weight of different 

experimental groups was measured and recorded. Each rat 
received an intramuscular injection of 70 mg/Kg ketamine 
combined with 7 mg/Kg xylazine[39]. For serum testosterone 
measurement, blood samples were obtained from the retro-
orbital venous plexus and centrifuged at 1000 x g for 15 
minutes. Sera were separated and then stored at -20oC. 
Rats were sacrificed, the right and left epididymides 
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were removed, the caputs were dissected, and the right 
sides were processed for light microscopic examination 
while the left sides were cut into small pieces, some of 
them were taken for electron microscopic processing and 
the remaining pieces were stored at − 80°C for further 
biochemical analyses. Tissue homogenates were obtained 
from the stored samples and were used for measurement of 
malondialdehyde (MDA) and superoxide dismutase (SOD) 
as well as for gene expression of the apoptotic marker Bcl2-
Associated X Protein (BAX) and anti-apoptotic marker 
B-cell lymphoma 2 (Bcl2). For sperm count and motility, 
the caudal fluid was collected from both epididymides of 
each animal.

Biochemical analysis
The Biochemistry Department of the Faculty of 

Medicine at Alexandria University conducted all the 
biochemical testing. 

Serum testosterone
For the quantitative measurement of serum testosterone, 

Enzyme-linked immunosorbent assay (ELISA) kit (Abbott, 
Vienna, Austria) was employed, and the results were 
expressed in ng/ml.

Tissue homogenate
Pieces of tissue were rinsed in a cold phosphate 

buffered saline (PBS) to eliminate any left blood prior to 
preparing the homogenate from the epididymis. Weighing 
the tissue pieces, soaking them in PBS (1 g tissue: 9 ml 
PBS), and using a glass homogenizer on ice were the next 
steps. The suspension was sonicated, then the supernatant 
was obtained by centrifuging the mixture for 5 minutes at 
5000 g[40].

MDA 
The homogenate was heated at 100°C for an hour after 

being washed with acetic acid, sodium dodecyl sulphate, 
and thiobarbituric acid. After adding 5 mL of n-butanol-
pyridine and 1 mL of distilled water to the prepared mixture, 
the mixture was vortexed. The liquid was centrifuged at 
1200 g for ten minutes. The absorbance at 532 nm was 
measured using an ELISA plate reader (enzyme-linked 
immunosorbent assay)[41].

SOD 

About 100 µL of the supernatant was incorporated 
with sodium pyrophosphate buffer, nitro blue tetrazolium, 
phenazine methosulphate, and nicotinamide adenine 
dinucleotide + hydrogen (NADH) to form test mixture. In 
order to start the reaction, NADH was used, then glacial 
acetic acid was added to stop the reaction. After adding 
n-butanol, the reaction mixture was quickly agitated. 
Spectrophotometer at 560 nm was used to assess the 
chromogen's colour intensity in butanol[42]. 

Gene expression of apoptotic markers by quantitative 
real-time-polymerase chain reaction (qRT-PCR).

QIAzol Lysis Reagent (QIAGEN, Germany) was 
used to isolate total RNA from tissues. Using the 
commercial first-strand cDNA synthesis kit SensiFAST 
cDNA Synthesis kit (Meridian Bioscience, USA) and 
SensiFAST SYBR Green No-ROX Kit,1 µg of total 
RNA was used to produce cDNA. GAPDH gene was 
used as a house keeping gene. Primer sequence (Sigma 
Aldrich): Bcl-2 F: 5ʹ-ATGTGTGTGGAGACCGTCAA-
3ʹ and R:5ʹ-GCCGTACAGTTCCACAAAGGG-3ʹ.The 
Bax F: 5ʹ-ATGTTTTCTGACGGCAACTTC-3ʹ and R: 
5ʹ AGTCCAATGTCCAGCCCAT-3ʹ. GAPDH F: 5ʹ- 
GGCACAGTCAAGGCTGAGAATG -3ʹ and 5′ R: 5ʹ- 
ATGGTGGTGAAGACGCCAGTA -3ʹ[43].

Histological studies
1.	 Light microscopy (LM): the right caputs of the 

epididymides from all animals were fixed in 10% 
formol saline then processed to obtain 5μm thick 
paraffin sections stained with hematoxylin & eosin 
(H&E)[44]. 

2.	 Transmission electron microscopy (TEM): pieces 
of the left caputs were obtained, cut into 1 mm3, 
fixed in 3% phosphate buffer glutaraldehyde (pH 
7.4) for 24 hours at 4°C and then processed to 
obtain semithin sections and the areas selected were 
examined and photographed. Further processing of 
the specimens was done to get ultrathin sections[45]. 
Using a digital camera-equipped TEM (JEM-1400, 
Tokyo, Japan), electron micrographs were captured 
at the Faculty of Science, Alexandria University. 

Sperm count and motility
For sperm count, epididymal fluid was collected 

from the caudas, diluted in PBS at a ratio of 1:20 (380 µl 
PBS+20µ epididymal fluid sample) and then centrifuged 
at 5000 rpm at 25°C for 2 minutes. 10µ of each diluted 
sample was obtained and introduced to a pre-warmed 
hemocytometer slide (Neubauer counting chamber). The 
number of sperm was counted in four large squares and 
multiplied by 5x104 [1,13,46].

The average sperm motility was measured in five fields 
as the percent of active sperm (number of active sperm to 
the total sperm count) multiplied by 100[13,47]. 

Statistical analysis
Data were calculated using a statistical software 

application and conveyed as a mean + SD. Statistical 
analysis was conducted utilizing ANOVA and the post-hoc 
test for pair wise comparison. P value ≤ 0.05 was taken as 
a value of significance[48].

RESULTS                                                                                    

No death of rats was encountered during the study.

Body weight 
Compared to the weights at the begining of the 

experiment, groups I (control subgroups A & B), II, III, 
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and IV all had significant increases in body weight (mean 
189.7 ± 8.1, 185.3 ± 9.7, 184.7 ± 10.6, 185.5 ± 8.2 and 
185.5 ± 9.9 respectively). At the end of the experiment, no 
significant statistical difference was noticed between group 
I (A&B) and II (mean 253.7 ± 9.8,  243.3 ± 9.7, 241.5 
± 8.3 respectively). On the other hand, significant lower 
weights were recorded in group III (mean 165.2 ± 11.3) 
in comparison to group I and group II. Co administration 
of Lut and Acr in group IV (mean 209 ± 11.6) caused a 
significant elevation in the body weight comparing to 
group III, but this elevation was still significantly lower 
than subgroups IA, IB and group II (Figure 1).

Serum Testosterone
Significantly lower testosterone level was detected in 

group III (mean 0.87 ± 0.05) compared to group I (subgroup 
IA mean 2.22 ± 0.47& subgroup IB mean 2.24 ± 0.50) and 
group II (mean 2.21 ± 0.52) . Administration of Lut and Acr 
in group IV(mean 1.74 ± 0.43)  showed significant raise 
in serum testosterone compared to group III. Meanwhile, 
the result in group IV exhibited a significant lower level in 
comparison to groups I and II (Figure 2).

Biochemical analysis
MDA

Significantly higher MDA level was shown in group 
III (mean 35.30 ± 0.51) as compared to group I (subgroup 
IA mean 8.60 ± 0.03) & subgroup IB mean 8.65 ± 0.03) 
and group II (mean 8.63 ± 0.04).  In group IV (mean 14.91 
± 0.60), a significant reduction in MDA level compared 
to group III was detected but this level was significantly 
higher than groups I and II. Insignificant difference was 
found between groups I and II (Figure 3A). 

SOD

The mean level of SOD was significantly lower in group 
III (mean 10.84 ± 0.56) compared to group I (subgroup IA 
mean 20.82 ± 0.05 & subgroup IB mean 20.78 ± 0.03) and 
group II (mean 20.80 ± 0.03). Concomitant administration 
of Lut and Acr in group IV (mean 17.33 ± 0.83) led to 
significant increase in SOD compared to group III. SOD 
level in group IV was significantly lower than groups I and 
II. No significant difference was detected among groups I 
and II (Figure 3B).

Expression of the pro- apoptotic BAX gene 

Expression of BAX gene was significantly elevated 
in group III (mean 39.22 ± 0.31)  compared to group I 
(subgroup IA mean 1.0 ± 0.0 & subgroup IB mean 1.0 ± 
0.0) and group II (mean 0.92 ± 0.08). Providentially, co 
administration of Lut and Acr in group IV (mean 4.91 ± 
0.02) resulted in significant reduction in the BAX gene 
expression compared to group III. However, the level of 
expression was still significantly higher in group IV than 
groups I and II. In comparing groups, I and II, no significant 
difference was noticed (Figure 4A). 

Expression of the anti- apoptotic Bcl-2 gene
Significant lower expression of Bcl2 gene was shown 

in group III (mean 0.02 ± 0.01) compared to group I 
(subgroup IA mean 1.0 ± 0.0 &  subgroup IB mean 1.0 ± 
0.0) and group II (mean 1.0 ± 0.0). Meanwhile, significant 
elevation in the gene expression was detected in group 
IV (mean 0.48 ± 0.04) compared to the group III. On the 
other hand, significantly lower expression of Bcl2 gene 
was shown in group IV in comparison to groups I and II. 
Insignificant difference was found among groups I and II 
(Figure 4B).  

Sperm count
Comparing group III (mean 6.2 ± 1.8) to group I 

(subgroup IA mean 87.3 ± 10.7& subgroup IB mean 90.7 
± 12.3) and group II (mean 89 ± 7.3), the number of sperm  
significantly decreased in group III.  Moreover, the number 
significantly increased in group IV (mean 51.2 ± 10) in 
comparison to group III. At the same time, significant lower 
sperm number was shown in group IV compared to groups 
I and II. When comparing groups, I and II, no significant 
difference was noticed between them (Figure 5A).

Sperm motility

The percent of motile sperm significantly declined in 
group III (mean 8.8 ± 1) as compared to group I (subgroup 
IA mean 19 ± 3.2& subgroup IB mean 21.7 ± 3.4) and 
group II (mean 21 ± 2.5). While in group IV (mean 14.3 
± 1.6), the percent was significantly higher than in group 
III, but still significantly lower than in groups I and II. 
The motile sperm percent in group I showed insignificant 
difference compared to group II (Figure 5B).

Light microscopic examination
a-Haematoxylin and eosin stains (H&E)

Group I (Control group): The control rat epididymal 
caput (subgroups IA & IB) revealed multiple transverse 
sections of the ductus epididymis that were separated by 
scanty connective tissue. Each one was lined by pseudo-
stratified columnar epithelium with stereocilia and showed 
average content of sperm within the lumen. 

Principal cells were closely arranged and extended 
from the basal lamina towards the lumen. They were 
topped with numerous and extremely long stereocilia. 
They showed spherical, pale and basally situated nuclei. 

Between the basal portions of the principal cells, 
basal cells were dispersed and lying on the basal lamina. 
They exhibited horizontally-placed oval nuclei that 
were surrounded by scanty amount of cytoplasm. Apical 
cells with apically located nuclei were also encountered 
between the principal cells. Few halo cells were shown. 
They were characterized by being small and rounded in 
shape, contained spherical and central nuclei surrounded 
by a clear rim of cytoplasm (Figure 6A,B).  
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Group II (Lut group): This group's rat epididymal 
caput demonstrated the same histological structure as the 
control group. (Figure 6C). 

Group III (Acr group): Histological examination 
revealed many structural changes. The intertubular spaces 
were widened with increase in the amount of connective 
tissue in between. The lumina of some tubules exhibited 
scanty amounts or even absence of sperm, others contained 
cell debris. The lining epithelium was disrupted. The 
apical surface of the lining cells revealed few stereocilia 
that was even nearly lost in some areas. Widening of 
the intercellular spaces and separation of the epithelial 
cells from the basal lamina were depicted. Multiple cells 
showed deeply stained nuclei. Cytoplasmic vacuolization 
was noticed in some cells. Many halo and clear cells were 
encountered (Figure 7A-D).

Group IV ( Lut + Acr group): The rat epididymal 
caput revealed apparently normal tubules. Few sperm 
appear in the lumina of some tubules while they are absent 
in the others. They further revealed apparently normal 
lining cells except for few principal cells with karyolysis 
and some other cells with cytoplasmic vacuolations. Many 
halo cells are still frequently encountered (Figure 8).  

b- Toluidine blue stain
Examination of semithin sections of the ductus 

epididymis in group I & II revealed the pseudostratified 
columnar epithelium with long stereocilia with their 
characteristic shapes and location. Group III that received 
Acr showed wide intercellular spaces and cellular 
vacuolations. Clear cells were frequently encountered. 
They were characterized by their pale and vacuolated 
cytoplasm. Sloughed cells within the lumen were 
frequently encountered. Group IV which received Lut with 
Acr showed a normally apparent histological structure of 
the lining epithelium (Figure 9A-F).
Electron microscopic examination

Group I (Control group): The caput showed lumina 
lined by well-defined pseudostratified columnar epithelial 
cells with stereocilia. Principal, basal, clear and halo cells 
constituted the lining epithelium.

Principal cells appeared tall columnar having spherical 
and euchromatic nuclei with prominent nucleoli. The 
apical free borders had stereocilia. Their apical cytoplasm 
contained numerous lysosomes. In the supranuclear 
region, multiple well-developed Golgi stacks were shown. 
Basally, parallel cisternae of rough endoplasmic reticulum 
and mitochondria were noticed. 

Basal cells were triangular and were observed to be in 
intimate contact with the basal lamina between the basal 
parts of the principal cells.  Their oval, euchromatic nuclei 
were located horizontally.

Halo cells appeared rounded and were located at 
different levels. They were characterized by large, 

spherical, and central nuclei contained within a scanty 
clear electro-lucent cytoplasm.

Clear cells were infrequently encountered, interspersed 
among principal cells. They were distinguished by 
abundant large vacuoles in their cytoplasm. They further 
had euchromatic nuclei and lysosomes as well as few 
microplicae projecting from their apical membranes. 
Blood epididymal barrier was depicted between adjacent 
epithelial cells of the epididymis (Figure 10A-F).

Group II (Lut group): Caput epididymis from luteolin 
treated animals showed normal architecture as in the 
control group. (Figure 11A-C).

Group III (Acr group): Histopathological alterations 
were observed in the lining epithelium of the epididymal 
caput. The intercellular spaces were widened between the 
principal cells and the basal cells, the latter were partially 
detached from the basal lamina. Nuclear degenerative 
changes were seen in some nuclei of the principal cells; 
some nuclei appeared heterochromatic and irregular in 
outline, others were shrunken with disintegrated chromatin. 
Marginated nucleoli were evident in some cells. Some 
principal cells revealed marked cytoplasmic vacuolation as 
well as dilated profiles of rough endoplasmic reticulum. 
Halo cells appeared more frequently, some of them showed 
cytoplasmic vacuolations. Sloughed cells were observed 
within the lumen. Blood epididymal barrier was observed 
(Figure 12A-F).

Group IV (Lut+Acr group): Examination of the 
rat epididymal caput displayed closely opposed cells 
with a prominent blood epididymal barrier. The nuclei 
of principal cells were basally located and appeared 
euchromatic, nearly like the control. Meanwhile, some 
cells revealed vacuolations and dilated profiles of the rough 
endoplasmic reticulum while others depicted shrunken 
nuclei with peripheral clumping of disintegrated chromatin                        
(Figure 13A-D). 

Fig. 1: Comparison of the body weights of the various studied groups at 
the beginning and at the end of the experiment (a,b,c&d; significance with 
subgroups IA, IB, groups II, III&IV respectively)
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Fig. 2: Comparison of the levels of serum testosterone in the different studied groups

Fig. 3A,B: Comparison of the various experimental groups based on the tissue levels of A) MDA and B) SOD

Fig. 4A,B: Comparison of the various experimental groups based on the relative fold change in A) BAX and B) Bcl2 gene expression



997

Nabil et. al.,

Fig. 5A,B: Comparison of the various experimental groups based on A) Sperm count and B) Percent of sperm motility

Fig. 6A-C: Photomicrographs of rat epididymal caput: A) Subgroup IA (control group received distilled water), B) Subgroup IB (control group received corn 
oil) and C) Group II (Lut group). Multiple transverse tubules of the ductus epididymis are seen separated by minimum amount of connective tissue, each tubule 
is lined by pseudostratified columnar epithelium with stereocilia. The epithelial lining consists mainly of tall columnar principal cells (P) that contact the basal 
lamina and their luminal surface carries apical stereocilia (S), their nuclei are spherical and generally occupies the lower third of the cytoplasm. Basal cells 
(elbow arrow) are small triangular cells with a small amount of cytoplasm and horizontally oval nucleus, they lie on the basal lamina but don’t reach the lumen. 
Goblet-shaped like apical cells (blue arrow) with an apical nucleus are also encountered. Halo cells (H) appear small and rounded with small and spherical 
nuclei surrounded by a pale cytoplasm in A and B. Multiple sperm (*) are observed within the ductus lumen. H&E stain, Mic.Mag. X 400
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Fig. 7A-D: Photomicrographs of group III rat epididymal caput (Acr group) reveals: A) Distorted epithelial cells with wide intercellular spaces (red*) and 
vacuoles (↑), multiple halo cells (H) are encountered. No sperm are detected in the lumina.  B&C) Disruption of the lining epithelium with separation of the 
lining cells from the basal lamina (white↑) and vacuolations (black↑). In B, wide intercellular spaces (red*), cell debris within the lumen (black ^), short or 
even lost stereocilia (blue ^) and lining cells with dark nuclei (white ^) are observed. In C, clear cells with apical vacuolated cytoplasm (red ↑) and sperm within 
the lumen (black*) are seen. Notice: widening of the intertubular spaces in B&C with increase in the connective tissue stroma in C. D) Disruption of the lining 
epithelium (curved arrow), multiple clear cells (↑) with shortening or even loss of the stereocilia (blue^). H&E stain, Mic.Mag. X 400

Fig. 8: Photomicrograph of rat epididymal caput (group IV; Lut+Acr group) shows apparently normal lining epithelium with principal cells (P), basal cells 
(elbow arrow), apical cells (blue arrow) and many halo cells (H). Few principal cells depict karyolysis (^). Some vacuolations (↑) are still encountered within 
the lining cells. H&E stain, Mic.Mag. X 400
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Fig. 9A-F: Photomicrographs of semithin sections of the epididymal caput: A) Control subgroup IA, B) Control subgroup IB and C) Group II (Lut group) 
reveal the pseudostratified  columnar epithelium with long stereocilia. Tall columnar principal cells (P) with a spherical and generally basal nuclei are the main 
lining cells that extend from the basal lamina toward the lumen with their characteristic long stereocilia (S). Basal cells (B) are small triangular cells with a 
horizontally oval nucleus, are seen resting on the basal lamina but don’t reach the lumen. Apical cells (A) with a rounded and apical nucleus, the cells don’t 
apparently contact the basal lamina but reach the lumen. M; smooth muscle cells. D) Group III (Acr group) reveals wide intercellular spaces (red*) and multiple 
vacuoles (↑). E) The same group shows abundance of clear cells (C) which are large cells with pale cytoplasm that contain numerous vacuoles. Sloughed cell 
(↑) with a degenerating nucleus is seen within the lumen. F) Group IV (Lut+Acr group) depicts normally appearing lining epithelial cells with principal cells 
(P) and basal cells (B), black*; sperm in the lumen. Toulidine blue stain, Mic.Mag. X 1000

Fig. 10A-F: Electron microscopic pictures of a control rat epididymal caput (group I), A-C: subgroup IA, D-F: subgroup IB) show: A&B) Principal cells (P) 
with a spherical and euchromatic nucleus (NP) with a prominent nucleolus (n), a large supranuclear Golgi apparatus (G), lysosomes (L), many mitochondria 
(m) and basal parallel cisternae of rough endoplasmic reticulum (rER). C) A clear cell with microplicae (↑) projecting from its luminal border and a cytoplasm 
with many vacuoles (V). S; stereocilia, thick yellow arrow; blood epididymal barrier.  D&E) A part of the lining epithelium of the epididymis reveals principal 
cells (P) with well-developed supranuclear Golgi cisternae (G), numerous parallel arrays of the rER occupy the basal portion of the principal cells with 
numerous mitochondria (m), a small triangular basal cell (B) rests on the basal lamina with a horizontally oval and euchromatic nucleus (NB) surrounded 
by a scanty electrolucent cytoplasm, m1; mitochondria in the basal cell. A halo cell (H) in D with a large and spherical nucleus (NH) that depicts peripheral 
condensation of the heterochromatin and surrounded with an electrolucent cytoplasm. F) A clear cell (C) shows an euchromatic nucleus (NC) and a cytoplasm 
filled with numerous vacuoles (V) of variable electron densities and few lysosomes (L). ↑; microplicae. Uranyl acetate and lead citrate, Mic. Mag.  A&Dx1500, 
B&Ex3000, C&Fx1200
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Fig. 11A-C: Electron microscopic pictures of rat epididymal caput (group II; Lut group): A&B) Principal cells (P) with a spherical and euchromatic nucleus 
(NP), many supranuclear Golgi stacks (G), mitochondria (m) and multiple apical lysosomes (L), S; stereocilia. C) A clear cell (C) with a rounded and 
euchromatic nucleus (NC) and vacuoles of variable electron densities (V). In A&C: blood epididymal barrier (thick yellow arrow). Uranyl acetate and lead 
citrate, Mic. Mag. A&Cx1200,Bx3000

Fig. 12A-F:  Electron microscopic pictures of a group III rat epididymal caput (Acr group). A) A wide intercellular space (↑) with a partially detached basal cell 
(B) from the basal lamina, a vacuolar degeneration (V) within the cytoplasm of the principal cells. B) A principal cell (P) with a heterochromatic and a highly 
irregular nucleus (NP), dilated rER and multiple cellular vacuolations (V) are encountered, H; a halo cell, B; a basal cell. C) Principal cells (P) with a shrunken 
nucleus (NP) contain disintegrated chromatin, another principal cell (P1) had a nucleus (NP1) with a marginated nucleolus (n). D) Numerous halo cells (H) 
are encountered with cytoplasmic vacuolations (V). E) A clear cell (C) with multiple vacuoles (V). F) Sloughed cells (↑) within the lumen of the epididymis, 
one shows a nucleus with disintegrated chromatin (inset). In D&F: blood epididymal barrier (thick yellow arrow). Uranyl acetate and lead citrate, Mic. Mag. 
Ax1000, B,C&Ex1500, D& insetx1200, Fx800
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DISCUSSION                                                                           

Subfertility and infertility constitute major health 
problems affecting millions of couples at reproductive 
age around the world with male reproductive disorders 
accounting for more than 30% of the causes of 
infertility[49,50]. The recent high incidence of infertility 
suggests environmental exposure to certain chemicals 
especially in food constituents[51]. Nowadays, many 
components of food were known to cause toxic effects on 
gonads in male rats as well as disruption of the endocrine 
system, subsequently affecting their reproductivity[50]. 

Many years ago, Acr toxicity had been raised among 
industrial workers especially during manufacturing 
paper, cosmetics and polyacrylamide gel[52]. However, 
Acr was recently detected in food products subjected 
to high temperature especially carbohydrate rich food, 
accordingly human exposure to Acr becomes progressively 
booming[5,12].

Acr is an intermediate product produced as a 
consequence of  condensation reactions during thermal 
processing of food[4]. The metabolites of Acr include 
N-acetyl- S- cysteine, glyceramide and glycidamide, 
the latter is the key factor responsible for Acr-induced 
toxicity as a consequence of formation of glycidamide-
DNA and thiol groups adducts[7,8,53]. Evidence from several 

studies addressed the detrimental effects of Acr on many 
organs including the reproductive system of rats and                            
mice[1,5,7,10-12,50].

While most of the previous investigators devoted to 
illustrating the toxic effect of Acr on the testis[1,5,7,12,50], little 
is known regarding its effect on the epididymis. As opposed 
to the testis  which harbour the sperm development, the 
epididymis has a vital task in functional maturation of the 
spermatozoa[22].

Noteworthy, Katen et al.[19] reported a selective 
impact of Acr on the epididymis which was ascribed to 
cytochrome P450 2E1; an enzyme that is responsible for 
Acr metabolism, is found to be highly expressed in the 
lining epithelium of the epididymal caput, in turn this 
enzyme converts Acr to its toxic metabolite glycidamide. 

Moreover, it was postulated that after few hours of oral 
administration, Acr distributes easily throughout the body 
organs reaching the testis and the epididymis where it is 
converted in the latter by the epididymal epithelium into 
glycidamide[19]. Even though the epididymal-blood barrier 
is found between the principal cells especially in the caput 
region to protect the spermatozoa microenvironment 
from blood-borne toxins[54], glycidamide can cross this 
barrier owing to its small molecular weight and its 
hydrophilic nature, reaching the epididymal lumen where 

Fig. 13A-E: Electron microscopic pictures of rat epididymal caput (group IV; Lut+Acr group). A) Principal cells (P) with a spherical and euchromatic nucleus 
(NP), a large supranuclear Golgi apparatus (G), lysosomes (L) and multiple basal profiles of rER, B; part of a basal cell. Thick yellow arrow; blood epididymal 
barrier. B) A high magnification shows multiples parallel arrays of rER and many mitochondria (m) within the principal cells’ cytoplasm. C) A clear cell 
(C) and a halo cell (H) are apparently normal, some vacuoles (V) are encountered within the principal cells’ cytoplasm (P). D) Another principal cell shows 
shrunken nucleus (N) with peripheral clumps of disintegrated chromatin together with a prominent dilated rER. Uranyl acetate and lead citrate, Mic. Mag. 
Ax1500, B&Dx3000, Cx1000
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the spermatozoa are stored, adducts with their DNA and 
eventually induces DNA damage[19].

In the same context, the results of this work suggested 
detrimental effects of Acr on the epididymis of adult 
male rats in group III which were shown generally by a 
significant reduction in the body weight, and specifically 
on the epididymal tissue via a significant elevation 
in epididymal oxidative stress and apoptotic markers 
concomitant with a significant decline in the antioxidant 
enzymes and anti-apoptotic protein expression compared 
to the other three experimental groups. These biochemical 
changes coincided with a significant alteration in sperm 
parameters as well as structural damages of the epididymal 
caput. 

On measuring the body weight at the beginning and at 
the end of the current experiment, a significant reduction 
in the body weight was noticed in Acr-treated rats in 
comparison to the other experimental groups. In general, 
loss of body weight is considered as one of the forerunners 
indicating the non-specific toxicity induced by Acr[13].

It was well established that oxidative stress and 
overproduction of reactive oxidant species (ROS) play their 
roles in Acr toxicity. Indeed, Acr and its toxic metabolite 
glycidamide disrupt the balance between the oxidants and 
the antioxidants within the cell leading to release of lipid 
peroxides such as MDA that destroy the lipid matrix in the 
membranes[55]. At the same time, Acr reduces the activity 
of antioxidant enzymes that are considered as the first line 
of defence against ROS and their toxic compounds such 
as hydrogen peroxide, hydroxyl radical and superoxide 
anion[11,12,55,56]. Consequently, loss of mitochondrial 
membrane potential, dysregulation of proapoptotic and 
antiapoptotic proteins, release of cytochrome-C and 
activation of caspase 3 reactions results ultimately in cell 
apoptosis[11,56].

In consistent with previous research works[5,16,56,57], the 
results of the present work displayed a disturbance in the 
oxidant and antioxidant power of the epididymal tissue 
treated with Acr which was manifested by a significant 
elevation in the tissue MDA level accompanied by a  
significant reduction in SOD compared to the other three 
experimental groups. Moreover, a significant up-regulation 
in the pro-apoptotic BAX gene expression as well as a 
significant down-regulation in the expression of the anti-
apoptotic gene; Bcl2 was noticed in this group reflecting 
the apoptotic effect of Acr on epididymal tissue. Studies 
on Acr attributed its lethal effect on the cells to an increase 
in BAX/ Bcl-2 ratio owing to intracellular accumulation of 
ROS as well as inflammatory cytokines which eventually 
induce the cell for programming its death[7,56-59]. 

As a consequence of a deficiency of an effective 
endogenous antioxidant protective mechanism against 
reactive oxidants and a deprivation of the supportive 
microenvironment exerted by Sertoli cells, the epididymal 
spermatozoa are more prone to the injurious effects 
induced by ROS[60]. In addition, the spermatozoa cell 

membrane is more vulnerable to the effect of ROS owing 
to its high content of polyunsaturated fatty acids, which 
disrupt the membrane fluidity resulting in disturbance of 
the sperm motility[61]. Hence, the current work recorded 
a dramatic fall in the sperm count and motility in Acr-
treated group. Yang et al.[62] explained this reduction by 
the direct toxic effect of lipid peroxides on the sperm 
membrane. Moreover, Trigg et al.[20] declared that Acr can 
induce DNA damage and change in the small RNA profiles 
of the epididymal spermatozoa, thereby gene expression 
dysregulation occurred. Furthermore, the significant 
reduction in the sperm motility in Acr group could be also 
explained by its direct toxic effect on kinesin motor protein 
which is present in sperm flagella[63,64].

Meanwhile, testosterone is a vital hormone 
orchestrating the process of spermatogenesis[65]. Therefore, 
a disruption in its level adding another negative impact on 
the sperm parameters[5,57,64]. Testosterone deprivation leads 
to diminution in the normal number of sperm travelling to 
the epididymis. In addition, the epididymis is an androgen-
dependant organ, which relies on testosterone to maintain 
its normal structure and function, subsequently, deficiency 
of testosterone disrupts the epididymal epithelium, 
consequently lessens the androgen-dependant phases of 
sperm maturation[27]. 

In the current work, estimation of the serum testosterone 
level in group III rats exposed to Acr showed a substantial 
decline in comparison to the other three experimental 
groups. This result was in consistent with earlier research 
which reported a dose-dependent decline in serum 
testosterone caused by Acr[5,12,16,62,66]. It was documented 
that Acr disrupts the serum testosterone by either a direct 
lethality on Leydig cell or indirectly via hepatic conversion 
of testosterone into metabolic products of lower androgen 
binding activity[67,68].

The deleterious effects of Acr on the structures of 
many body organs were previously reported but few 
literatures discussed its histopathology detected by the 
light microscopy on the epididymal tissue and so far, no 
literature pronounced its effect on the ultrastructure level. 
In the present study, examination of rat epididymal caput by 
the light microscope in the group administrated Acr (group 
III) revealed pronounced structural changes including 
loss of stereocilia, vacuolation, pyknotic nuclei as well 
as widening of the intercellular spaces and separation of 
the lining epithelium from the basal lamina. The lumina 
appeared either empty or containing cell debris. 

Similarly, Kalaivani et al.[13] declared degenerative 
vacuolar changes of the testis and epididymis following 
Acr administration. Moreover, Lebda et al.[17] demonstrated 
sloughed epithelial cells  with low number or even absent 
spermatozoa in the epididymal lumina, oedema as well as 
interstitial mononuclear cellular infiltration in Acr treated 
rats. Furthermore, Ma et al.[66] illustrated the toxicity of 
Acr on the epididymis as manifested by reduction in the 
luminal sperm, disarrangement and degeneration of the 
epithelial cells. 
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The light microscopic findings were further confirmed 
by the electron microscopy in the current work which 
revealed marked nuclear and cytoplasmic degenerative 
changes affecting mainly the principal and basal cells in 
the caput in group III. These changes included shrunken, 
heterochromatic, and irregular nuclei with chromatin 
disintegration, cytoplasmic vacuolation and dilated 
endoplasmic reticulum. These histological changes could 
be attributed partially to the ability of ROS to combine 
with different cellular molecules including membrane 
lipids, proteins and nucleic acids, resulting in alteration 
in the membrane permeability and integrity, DNA 
fragmentation together with change in the mitochondrial 
membrane with subsequent release of cytochrome C 
into the cytoplasm triggering apoptosis of the cells[61]. In 
addition, testosterone deficiency as well might share in 
the observed structural changes in the epididymal caput in 
rats received Acr. Such alterations in the normal structure 
of the caput epithelium definitely disrupt the function of 
the lining cells, accordingly alter the composition of the 
luminal fluid and eventually interrupt the luminal sperm 
themselves[27].

Moreover, a remarkable feature in rats exposed to 
Acr, was frequently encountered clear cells. This finding 
was also reported by Mohamed et al.[69] on studying the 
effect of cigarette smoke on rats epididymis. It was known 
that clear cells are responsible for phagocytosis of sperm 
residual droplets and participate in acidification of the 
intraluminal fluid[29]. De Andrade et al.[70] correlated 
between the increase in the number and size of clear cells 
and the decrease in the cauda sperm density that they 
noticed in rats after exposure to gossypol. Simply, clear 
cells responded to the increase in their functional demand 
by undergoing hyperplasia and hypertrophy in an attempt 
to remove the degenerated and the abnormal sperm[66].   

Additionally, many halo cells were noticed in Acr 
treated group. Halo cells are intracellular lymphocytes 
that are present along the whole length of the epididymis. 
They have a fundamental role in the immunological barrier 
of this organ. Their increase in number in the epididymal 
lining cells after Acr exposure could be a sign of immune 
response due to release of inflammatory mediators as NF-
κB, TNF-α, IL-6, IL-1β and COX-2[71]. 

Nowadays, the naturally existing compounds have been 
extensively investigated for management of many diseases. 
Luteolin (Lut) is a natural flavonoid found especially in 
citrus fruits and vegetables[32].

Co-administration of Lut and Acr in the present work 
in group IV mitigated the toxic effects elicited by Acr on 
epididymal caput in rats by improving the body weight 
gain as well as the redox status of the cells and lessening 
the mitochondrial-mediated apoptosis. In addition, the 
administration of Lut obviously moderated Acr-induced 
alteration in serum testosterone, sperm parameters and 
the epididymal caput histology. Therefore, in comparison 
to group III which received Acr alone, concomitant 

administration of Lut and Acr led to significantly higher 
body weight gain, SOD level, Bcl2 expression, sperm 
parameters and serum testosterone. Meanwhile, Lut with 
Acr caused significant reduction in MDA level and BAX 
expression as well as apparent preservation of the histologic 
structure apart from persisting degenerative foci existed 
in few principal cells. These findings coincided with 
other studies stating that Lut can abate the reproductive 
disruption induced by many toxic compounds[35,72] owing 
to its antioxidant[35,73,74], anti-inflammatory[35], and anti-
apoptotic effects[35,75].

In consistent with our results, Owumi et al.[35] reported 
the abating effect of Lut against doxorubicin-induced 
testicular and epididymal damage. They found that 
Lut significantly restored the body weight and serum 
testosterone of rats, decreased the level of MDA with 
concomitant increase in SOD, down-regulated BAX 
expression accompanied with up-regulation of Bcl2 as 
well as improved the normal architecture of the testis and 
epididymis. They attributed the ameliorative effect of Lut 
to its ability to scavenge ROS, reduce proapoptotic proteins 
and lessen inflammatory cytokines.

Many previous research studies elucidated the 
protective role of Lut by exerting a combined action of 
ROS scavenging ability and anti-apoptotic inhibiting 
effect via suppression of  apoptotic inducers such as BAX, 
MAPK and p38, in addition to activating the expression of 
many other genes silenced the apoptosis as Bcl2, Keap1, 
and Nrf2[73,75-77].

Nrf2 (The nuclear factor erythroid 2–related factor 
2) is a pivotal controller of cellular resistance whenever 
oxidative stress fulminates[78]. It regulates the expression 
of antioxidant-related genes to overcome the surge in ROS 
level. Uncontrolled production of oxidant markers activates 
Nrf2 which moves from the cytoplasm to the nucleus, binds 
to several genes, in turn regulates plethora of reactions 
including antioxidant production, inflammatory signals, 
autophagy, mitochondrial biogenesis and apoptosis[78,79].

Exposure to Acr has been linked to Nrf2 pathway. 
Nevertheless, controversial results have been obtained 
about the decrease or the increase in Nrf2 level during 
exposure to Acr. However, the majority of the studies 
reported an activation of Nrf2 following Acr administration 
in attempt to overcome the uncontrolled production of 
ROS[58]. Furthermore, the use of antioxidants enhances this 
natural protective effect via augmentation of the expression 
of Nrf2 with subsequent alleviation of the toxicity induced 
by Acr[58,80].

In this context, many researchers delineated that Lut 
activated Nrf2 signalling pathway, boosting its nuclear 
translocation, increasing the expression of antioxidant 
genes, decreasing ROS, inhibiting apoptosis, and 
eventually improving the cellular activities[74,81]. 

Thus, the current study emphasized the attenuating 
effect of Lut against Acr-elicited toxicity on epididymal 
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caput at hormonal, biochemical and structural levels. So 
far, this work was the first to describe the effect of Acr and 
Lut on the epididymis at the ultrastructure level.
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الملخص العربى

تقييم التأثير التخفيفى المحتمل للوتولين على السمية بوساطة الأكريلاميد على االخلايا 
لمبطنة للنسيج الطلائى لرأس البربخ في الجرذان البالغة: دراسة هستولوجية وكيميائية

إيمان محمد نبيل١، بسمة عبد المنعم ماضى٢، أماني عبد المنعم سليمان١
١قسم الانسجة وبيولوجيا الخلايا، ٢قسم التشريح الادمي وعلم الاجنة كلية الطب جامعة الاسكندرية

مقدمة: مؤخر،الأكريلاميد أحد المركبات الكيميائية المستخدمة في العديد من الصناعات، قد تم اكتشافه في الأغذية الغنية 
بالنشويات المتعرضة لدرجات حرارة عالية. ان الأكريلاميد يظهر هذه السمية من خلال توليد فصائل مؤكسدة. اللوتولين 

يعتبر فلافونويد قوي مضاد للأكسدة محتمل ان يخفف هذا التأثير السام.
الهدف من البحث: تقييم التغييرات الهستوكيميائية الناجمة عن الأكريلاميد على رأس البربخ في الجرذان البيضاء البالغة 

و الدور المحتمل لللوتولين في تحسين هذه التغييرات.
طرق البحث: ٣٠ جرذا بالغا تم تخصصيصهم فى:

•	 المجموعة الأولي )المجموعة الضابطة( التي تناولت  اما الماء المقطر)المجموعة المتفرعة الاولى( أو 
زيت الذرة)المجموعة المتفرعة الثانية(.

•	 المجموعة الثانية استقبلت ١٠٠ ميليجرام/ كيلوجرام لوتولين يوميا عن طريق الفم.
•	 المجموعة الثالثة استقبلت ٦.٢٥ميليجرام/ كيلوجرام اكريلاميد يوميا عن طريق الفم.
•	 المجموعة الرابعة تناولت مزيج من جرعات الاكريلاميد واللوتولين كما فى المجموعة الثانية و الثالثة.

بعد ٢١ يوما تم ذبح الجرذان بعد ان تم وزنهم فى بداية و نهاية  التجربة. تم الحصول على الدم للكشف على مستوي 
المنوية وحركتها.  وتم  الحيوانات  لتحليل عدد  البربخ  ذيل  المنوي من  السائل  تجميع  تم  التستوستيرون، كما  هرمون 
من   لكلا  الجيني  التعبير  و  ديسميوتيز  أوكسيد  السوبر  و  المالونديالداهيد  مستوى   لقياس  المتجانسة  الأنسجة  استخدام 
البروتين المرتبط اكس لعلامات الموت المبرمج للخلايا )باكس( و بى سى أل تو. كما تمت معالجة  روؤس البربخ و 

فحصها بالميكروسكوبات الضوئية و الالكترونية. و تم  تعريض كل  البيانات  للتحليلات الاحصائية.
النتائج: الاكريلاميد أحدث خللا فى النسيج الطلائى لرأس البربخ مع توسع فى المسافات ما بين الخلايا وفجوات و 
تغيرات فى النواة و انخفاض فى عدد و حركة الحيوانات المنوية و أوزان الحيوانات و التستوستيرون فى الدم مع زيادة 
انخفاض  للباكس مع  ارتفاع ملحوظ  السوبر أوكسيد ديسميوتيز. و ايضا  انخفاض فى  المالونديالداهيد و  فى مستوى  
ملحوظ في البى سى أل تو. تناول مزيج من الاكريلاميد واللوتولين أدى الى التحسن فى تركيب  رأس البربخ و أوزان 

الحيوانات و مستوى التستوستيرون و السوبر أوكسيد ديسميوتيز والبى سى أل تو و عدد و حركة الحيوانات المنوية.
الاستنتاج: الاكريلاميد أحدث سمية هستوكيميائية فى النسيج الطلائى لرأس البربخ و فى نفس الوقت خفف اللوتولين 

من هذا التأثير.


