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1. Abstract

Glyphosate (GLP) is a globally spread herbicide that causes many public health disorders
through induction of oxidative stress. The present study aimed to investigate the harmful
effect of GLP at the testicular ultrastructural level and to evaluate the possible protective
effect of N-acetylcysteine (NAC) against such toxicity. Thirty adult male albino rats were
divided into 3 groups (10 rats/group).Group | served as a negative control group received
distilled water only, Group Il orally administered (375 mg/kg) GLP and Group Il orally
administered NAC (160mg/kg, one hour before GLP) plus GLP (the same dose of group
I1) daily for 6 weeks. Testes were collected and fixed in glutaraldehyde then were
processed for transmission electron microscopy. Examination of ultrathin sections of
testicular tissue vacuolation, mitochondrial degeneration, nuclear condensation, increase
intercellular spaces and deformed spermatozoal heads and tails with excess residual
bodies. On the other hand, examination of ultrathin sections of testicular tissue from NAC
co-treated rats revealed partial disappearance of most degenerative changes induced by
GLP. In conclusion, GLP exerts some deleterious effects on testicular structure and the
concurrent administration of NAC can ameliorate these detrimental effects.
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2. Introduction

Previous studies have reported that male
reproductive efficacy has been declined by
50% to 60 % at the last 60 years [1] .
Mammalian exposure for environmental
pollutant one of the most important
reasons for reproductive dysfunction [2].
Herbicides are known as environmental
pollutants used in plants involved in food
production[3].

Glyphosate (GLP) is the main component
of most widely used herbicides [4-6] .
Additionally, it is used in a large scale in
Africa[7].GLP based herbicides have been
claimed to induce depletion of the

antioxidant defense systems and redox
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imbalance [8]. Some studies showed that
GLP has many adverse effects on male
reproductive system inducing
histopathological alterations in testis [9-11]
including testicular degeneration, marked
reduction in sperm cell generations as well
as vacuolation of the seminiferous tubules

[11].

N-Acetylcysteine(NAC) is the synthetic
form of the sulphur-containing amino acid
cysteine after its acetylation [12]. NAC is
considered a substrate for glutathione
synthesis which is a crucial endogenous
antioxidant [13]. NAC has been known to
prevent cell damage[14] . It is commonly
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used as the drug of choice for treatment of
paracetamol  overdoses,
emphysema, cystic fibrosis, and bronchitis
[15]. Its antioxidant role because of its

pneumonia,

capability of scavenging of free radicals as
hydroxyl (OH), nitrogen dioxide (NO2) and
carbonate radical(CO) [12] Recent studies
have shown that NAC regenerates testicular
damage induced by paranonylphenol (an
environmental pollutant)[16]
(an

and
chlorpyrifos organophosphate

pesticide) [17].

Testis, is the most important male genital
organ which responsible for fertility. It is
very sensitive to xenobiotic exposure so
great attention should be paid for its
affection by adequate and accurate manner.
Despite, the extensive use of GLP as
herbicide and its harmful effect on
reproduction, its potential toxic effect on
the testicular ultrastructure was not clearly
observed. Therefore, our study aimed to
investigate the effect of GLP on the fine
structure of testicular tissue and assessed

the potential protective effect of NAC on the adult
male albino rats.

3. Materials and Methods
2.1. Chemicals

Roundup (GLP 48% WSC Monsanto Co.)
was purchased from the Central
Agricultural Pesticide Laboratory (CAPL)
in Dokki, Giza, Egypt. N-acetyl cysteine
(NAC) (600 mg concentration) in
crystalline form was obtained from El-
Mekawy Company.

2.2 Experimental protocol and animal
grouping

2.2.1. Experimental animals

Thirty adult male albino rats (weighted 180
- 200 gm and aged 4 months) were obtained
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from Animal Health Research Institute's
breeding unit, Dokki, Egypt. They were
maintained in the animal house of
pharmacology department at the Faculty of
Veterinary Medicine, Cairo University.
Rats were kept in plastic cages under the
same laboratory conditions of humidity,
temperature, and exposed to 12h light/dark
cycle. The feeding was standard rodent
laboratory diet and drinking distilled water
ad libitum. The protocol was ethically
approved by Institutional Animal Care and
Use Committee (IACUC) of Faculty of
VeterinaryMedicine, Cairo  University
(protocol no. Vet CU 160720196).

2.2.2. Experimental design

After acclimation (2 weeks), rats were
randomly divided into 3 equal groups, each
group contained 10 rats (n=5 rats per cage).
Group | (GPI) (untreated control group);
rats were received distilled water only,
group Il (GPII) (GLP-exposed group); rats
were received GLP by oral gavage in a dose
of 375 mg/kg/day for 6 weeks in
accordance with[18] while, group I
(GPIII) (NAC co-treated group); rats were
received NAC by oral gavage (160
mg/kg/day) in accordance with[19] one
hour prior to treatment with GLP (375
mg/kg/day) daily for 6 weeks.

2.3. Sample collection and preparation

Finally, at the end of the experiment, rats
were euthanized, and testicles were
collected and fixed in 5% glutaraldehyde
for transmission electron microscopy
examination.

2.4. Transmission electron microscopy
(TEM)
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Small testicular specimens from all groups
were  immediately  fixed in 5%
glutaraldehyde in phosphate buffer for a
few hours[20], post fixed in osmium
tetroxide for one hour, rinsing in 0.1 M
phosphate buffer (PH 7.3), then using
gradual dilutions of ethanol for drying out
and insertion in open araldite mixture[21].
Semi-thin sections of 1um thickness were
cut and stained with toluidine blue [22].
Ultra-thin sections were cut using ultra
microtome and stained with uranyl acetate
and lead citrate. Then photographed with
Transmission Electron Microscope TEM-
109 of SEO Company in Faculty of
Agriculture Cairo University Electron
Microscopy Unit, Egypt.

4. Results

Transmission  electron  microscopy
observations:
Examination of ultrathin sections of

testicular tissue from GPI revealed normal
architecture of seminiferous tubules with
the apparently regular course of
spermatogenic and Sertoli cells. Sertoli
cells” cytoplasm contained smooth
endoplasmic  reticulum (SER), lipid
droplets, numerous spherical mitochondria
and large, indented, euchromatic nuclei
(Fig. 1A). Additionally, normal shaped
primary  spermatocytes; the largest
spermatogenic cells, had large, spherical
nuclei with dispersed granular chromatin
and dense aggregates of coiled
chromosomes on the periphery. Their
cytoplasm  contained many rounded
mitochondria (Fig. 1B). Furthermore,
spermatozoal heads appeared pyriform in
shape with elongated electron dense nuclei
(Fig. 1C). As regards the spermatozoal tail,
cross sections of the principle pieces were
observed with characteristic peripheral
fibrous sheath; formed from dorsally and
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ventrally arranged longitudinal columns
attached by ribs around the dense fibers
(Fig. 1D). Moreover, interstitial tissue
revealed Leydig cells with numerous
mitochondria and oval euchromatic nuclei
and endothelial cells with euchromatic
nuclei lining interstitial blood capillaries
(Fig. 1E).

In contrast to the above mentioned results,
testes of rats received GLP (GPII) exhibited
several degenerative changes involving
most germ cells; disintegration of the basal
lamina, shrunken heterochromatic nuclei of
myoid cells with scalloped nuclear envelop
and  detachment of  Sertoli and
spermatogenic cells from the basal lamina.
Some Sertoli cells revealed degenerated
mitochondria with complete loss of cristae,
loss of inter Sertoli Junctional complex and
large, indented, heterochromatic nuclei
(Fig. 1F). While others revealed many
cytoplasmic vacuoles, numerous
autophagic bodies, lysosomes, dilated sER
and large, oval notched nuclei with clumps
of peripheral heterochromatin. There were
wide vacuoles in between Sertoli cells (Fig.
1G) and spermatocytes with signs of germ
cell exfoliation and depletion. Additionally,
Spermatogenic cells showed destructed
mitochondrial cristae (degenerated
mitochondria), cytoplasmic vesicles with
electron dense materials (lysosomes),
cytoplasmic vacuolations with intercellular
spaces (Fig. 1H) and large, irregular,
heterochromatic nuclei(Fig. 1F& 1H).
Moreover, primary spermatocytes
exhibited large, spherical nucleui with
abnormal chromatin patterns, rupture of
nuclear envelop, vacuolated cytoplasm, and
degenerated mitochondria. Intercellular
spaces were also detected (Fig. 2A). Round
spermatid showed swollen mitochondria;
some with complete loss of cristae while
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others with partial loss of cristae and
karyolytic nuclei. Single large electron-
lucent space attached to the anterior pole of
the nucleus was developed (absence of
acrosomal granule) and intercellular spaces
were noted(Fig. 2B). Early spermatids at
Golgi  phase revealed degenerated
mitochondria, presence of acrosomal
granules, absence of acrosomal vesicles and
disintegrated  nuclear envelop  with
shrunken karyolytic nuclei. Also, wide
intercellular spaces were observed (Fig.
2C).Regards spermatozoa, they displayed
several alterations including deformed
heads with wrinkled acrosomal caps and
excess residual cytoplasm with degenerated
mitochondria as residual bodies (Fig. 2D).
Additionally, cross sections through the
middle piece of spermatozoal tail were
encountered with irregular disorganized

mitochondrial sheath and destructed
flagellar membrane. Moreover, other
sections retained excessive residual

cytoplasm (Fig. 2D &2E).The principle
piece exhibited disintegration of its
circumferential rib and flagellar membrane
(Fig. 2E). Concerning Leydig cells; they
showed heterochromatic nuclei and their
cytoplasm exhibited numerous vacuoles,
Moreover, increased vacuolation of
interstitial tissue was dominant (Fig. 2F).

Ultra-structurally, NAC co-treated group
revealed partial disappearance of most
degenerative changes induced by GLP
since Sertoli cells, spermatogenic cells and
myoid cells restore their normal
histological  structure.  Their
appeared with nearly normal chromatin
patterns, apparently normal mitochondria
as well as intercellular spaces decreased to

nuclei

acceptable limit compared to those of GPII.
Only some vacuoles were observed in their
cytoplasm (Fig. 3A&3B). Furthermore,
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primary spermatocytes appeared nearly
normal with intact nuclear envelop, large,
spherical, euchromatic nucler and most
mitochondria resumed to their normal
histological appearance (Fig. 3C).In
addition, round spermatids (Fig. 3D) and
early spermatids at Golgi phase (Fig.3E)
nearly regained their normal structure but
some mitochondria still degenerated. Juxta-
chromatoid bodies were also
both (Fig. 3D&3E).
Concerning spermatozoa, heads began to

nuclear
observed in

restore their normal shape (Fig. 3F). Cross
sections of tails revealed nearly normal
principle pieces with normal
circumferential ~ ribs and  flagellar
Additionally,
sections of middle pieces appeared nearly
normal while others still
degenerated(Fig.3G).Moreover, the
interstitial tissue revealed less vacuolation

membranes. someE  Cross

and partial recovery of Leydig cell’s
nucleui (Fig. 3H).

5. Discussion

GLP is a non-selective systemic herbicide
commonly used for killing undesired plants
and weeds [23].

Previously, it is expected that GLP is very
specific on plant metabolism but recently, it
has been found to have adverse effects on
both animals and humans [24]. Further
studies showed that GLP adversely affect
the male genital system[10, 11, 25, 26].

The current study revealed numerous
ultrastructural alterations in the testicular
tissue sections from GLP-exposed rats in
comparison with the control group. These
the form of;

alterations were in

disintegration of the basal lamina with
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shrunken heterochromatic nuclei of myoid
cells and detachment of spermatogenic and
Sertoli cells from the basal lamina. The
disintegration of the basal lamina might be
due to shrinkage of seminiferous tubules or
the contractility of myoid cells [27].
Meanwhile, the detachment of the
spermatogenic cells may be due to decrease
cell

in  spermatogenic population[28].

Moreover, [29]speculated that the

pathological changes of seminiferous
epithelium may cause the disruption of
Sertoli and germ cells, which results in
impaired spermatogenesis and may also
lead to germ cells loss. [30] reported that
the spermatogonia are highly sensitive to
toxicants because of their mitotic activity.
Moreover, the defects of spermatogonia
will affect the development of the following
stages of spermatogenesis [31]. However,
the intact basement membrane is necessary
for nutritive and supportive functions for
both germ and Sertoli cells[32]and for
normal structure and functional integrity of
the seminiferous tubules [33].As shown by
other authors that lamina propria plays an
important role in the maintenance [34]and
differentiation of epithelia [35]. Therefore,
any alteration of the basement membrane
following  administration  of  toxic
substances, leads to changes in germ cells,
contribute

might to degeneration of

germinal epithelium.
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The ultrastructural examination of primary
spermatocytes from GLP-exposed rats

showed their nuclei with abnormal
chromatin patterns and rupture of nuclear
envelop. However, chromatin
condensation, disintegration and karyolysis
as a sequence of cytoplasmic damages and
a characteristic stage of apoptotic pathway
[36-38]. Karyolysis can occur because of
enzymatic digestion and/or denaturation of
nuclear proteins [39]Generally, GLP has
been claimed to induce depletion of the
antioxidant defense systems and redox
imbalance [8]. It was reported that the
oxidative stress has been postulated as one
of the mechanisms leading to testicular

damage [40]

The present study demonstrated many

mitochondrial ~ degenerations in  the
cytoplasm of the spermatids in addition to
irregular disorganized mitochondrial sheath
These lesions

of spermatozoa. are

considered as early features for cellular
injury induced by free radicals’ excessive
exposure and apoptosis [41].In addition to,
of acrosomal and

absence granules

acrosomal vesicles in some early
spermatids, spermatozoa exhibited many
deleterious abnormalities and sloughing
including deformed heads with wrinkled
acrosomal caps, excess residual bodies,
These

destructed flagellar membrane.

alterations may be due to disturbance at
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spermatocytogenesis and altered Sertoli
cells. Moreover, retained excessive residual
cytoplasm is either due to disturbance at the
mechanism of cytoplasmic extrusion by
degenerative changes occurred during the
spermatogenesis [42]or due to excessive
Reactive oxygen species (ROS) production
associated with sperm DNA damage [43]
ROS cause defective sperm function as a
result of lipid peroxidation of the poly
unsaturated fatty acids in the head and mid-
piece which consequently alter sperm
morphology and lead to decreased motility
and ineffective spermatozoon oocyte fusion

[44, 45].

Our study demonstrated many
morphological changes in Sertoli cells after
GLP administration in the form of
cytoplasmic vacuolation which is an early
morphological indicator to its damage
resulting from dilatation and vesiculation of
sER [46] that may be due to changes in
osmolarity by disruption of Na*/ K* pump
leading to ingress of water into the cell[38].
However, Sertoli cells, are target cells for
pesticides [47] and more sensitive to
testicular disturbance than germ cells; thus
they are the primary site of alteration
subsequently leading to spermatogenic
disruption [48]. In addition, there was an
extensive coalescence of vacuoles between
Sertoli cells and spermatocytes which may

be attributed to interrupted inter-Sertoli
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junctional complex leading to germ cells
exfoliation and depletion; as Sertoli cells
became unable to support germ cells.
Generally, reactive oxygen species (ROS)
are the causative agents for cell membranes
oxidative

phosphorylation leading to

disruption  of  junctional  complex
integrity[49]. [50] added that the testicular
tissues are very sensitive to reactive oxygen
species effects. However, Sertoli cells form
the sites of attachment of germ cells and
provide physical support to them[51, 52].

Such intercellular spaces, as a result of

germinal cells loss, in turn affect
spermatogenesis  [53].The intercellular
spaces assimilated progressive

degenerative changes disrupting the plasma
the
oxidative stress [54]. Additionally, Sertoli

membrane integrity because of

cells displayed numerous autophagic
bodies which might be due to increased
autophagy throughout testicular tissue to
eliminate the accumulated GLP and its

metabolites via intracellular breakdown of

lysosomes.
Leydig cells showed heterochromatic
nuclei and their cytoplasm exhibited

numerous vacuoles. Increased vacuolation
of interstitial tissue was also apparent in
GLP administrated group. However, the
change in Leydig cells character was an
evidence of non functioning cells as the fate
of these phenomena could lead to fatty

degeneration [55]. The oxygen-induced
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damage mediated by lipid peroxidation
may also damage membrane integrity with
increased cell membrane permeability, thus
leading to structural damage of DNA and
cell death. Moreover, increased oxidative
stress 1s very harmful for Leydig cells
especially that these cells locate close to the
blood vessels which expose them to a high
risk of exogenous toxicants[56] .The
change in the structure of Leydig cells
could affect the testosterone level [57].
Also, [58] regard the decline in serum
testosterone level to the damage of Leydig
cells. [59] suggested that the decreased
testosterone level reflected on Sertoli cells
function leading to loss of germ cells, loss
of contact between them, decrease the

thickness of the seminiferous epithelium

and finally, destruction of testicular tissue.

On contrary, to the GLP only exposed rats;
the NAC co-treated rats revealed a well
noticed improvement in which Sertoli cells,

sprematogonia, spermatocytes,

primary
myoid cells, Leydig cells and spermatozoa
showed disappearance of most
degenerative changes appeared to a great
extent. Also decrease of intercellular
spaces which may be due to the return of
sprematogonia and Sertoli cells to their
organized state within the seminiferous
tubules and the Na"/K* pump restore its
normal function. These effects may be

attributed to the role of NAC as a
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cytoprotective by scavenging reactive

oxygen species and reducing lipid

peroxidation. However, previous studies
showed that NAC possess antioxidant
[12,13].

effects Administration  of

antioxidants enhanced the testicular
functions, sperm motility and fertilizing
[60].

antioxidants have been experimentally

ability in rats Furthermore,
proved and used as effective protection
against free radical induced tissue damage
and oxidative stress [61]. These
ameliorating changes may be supported and
explained by that reported previously;
where NAC has been known to prevent cell
damage[14] NAC has been also found to
regenerate testicular damage induced by
paranonylphenol,; an environmental

pollutant[16] and  chlorpyrifos; an

organophosphate pesticide[17]. These
results are in accordance with [62] who co-
treated the toxicity of titanium dioxide
nanoparticles with NAC. Also, histological
improvement in seminiferous tubules might
be due to ability of NAC to preserve and
enhance the proliferation, maturation and
differentiation of spermatozoa. This may
confirm that the exposure of rats to NAC
prior to GLP has an ameliorating effect in
attenuating the adverse effects of toxicity
induced by GLP.

6. Conclusion

GLP disrupts male fertility through

degenerative alterations, in testicular tissue,
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fortunately these alterations can be
ameliorated by NAC; although the NAC
did not lead to complete recovery.
Therefore from our study we advise to
decrease the use of GLP as can as possible
and if it is necessary to use it; NAC
administration is recommended in such
cases. Regarding the still noticed mild
alterations in our study may need further
investigations to overcome it completely.
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Fig. 1. Transmission electron micrographs of testicular tissue sections of rats. (A:E) Control group (GPI)
revealing (A) Sertoli cell with numerous spherical mitochondria (M), sER (yellow arrow), lipid droplets (L) and
large, indented, euchromatic nucleus (N) (B) Primary spermatocyte with large, spherical, euchromatic nucleus
(N) and numerous spherical mitochondria (M) (C) Normal pyriform heads of spermatozoa (red arrows) with
elongated electron dense nuclei (D) Cross sections through the tail of spermatozoa indicated principle piece
showed axoneme (white arrow), 9 outer dense fibers (arrow head), ventral and dorsal columns (2 stars),
circumferential ribs (yellow arrow) and flagellar membrane (red arrow). (E) Interstitial tissue with normal shaped
Leydig cell (Ly) with oval euchromatic nucleus (N) and numerous mitochondria (yellow arrow), endothelial cell
nucleus (red arrow) lined blood capillary (BC). (F:H) GLP-exposed group (GPII) illustrating (F) Disintegrated
basal lamina (red arrow), shrunken heterochromatic nucleus of myoid cell with scalloped nuclear envelop (green
arrow) and detachment of Sertoli (S) and spermatogonia (SG) from basal lamina (black line segment). Sertoli cell
(S) with degenerated mitochondria (White arrow) and indented heterochromatic nucleus (N).Notice:
spermatogonia (SG) showed large irregular heterochromatic nuclei(G) Sertoli cell showed large, oval
heterochromatic nucleus (N) which appeared notched (yellow arrow), dilated sER (white arrow) numerous
autophagic bodies (red arrows), lysosome(arrow head)and cytoplasmic vacuolation (red stars). Wide intercellular
vacuoles (black stars) were noted(H) Spermatogonia (SG) revealed heterochromatic nuclei with irregularity of
their envelopes (White arrow), cytoplasmic vesicles with electron dense materials(lysosomes) (yellow arrow),
degenerated mitochondria (green arrows), cytoplasmic vacuolations (red stars) and increase intercellular spaces
(black star).
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Fig. 2.Transmission electron micrographs of testicular tissue sections from GLP-exposed group (GPII)
showed (A) primary spermatocyte showing large spherical nucleus with abnormal chromatin patterns
(N),rupture of its nuclear envelop (dotted red circle), cytoplasmic vacuoles (V),mitochondria(red arrows) at
different stages of degeneration and Intercellular spaces (stars) were also observed. (B)Round spermatid (RS)
showing absence of acrosomal granule (yellow arrow), karyolytic nucleus (N) and swollen mitochondria (red
arrow), others at different stages of degeneration (green arrows). Also, intercellular spaces (star) were
detected. (C) Early spermatid at Golgi phase showing disintegration of nuclear envelop (dotted red circle)
with shrunken karyolytic nucleus (N),presence of acrosomal granule(arrowhead),absence of acrosomal
vesicle (white arrow) and mitochondria (yellow arrows) at different stages of degeneration. Wide intercellular
spaces (stars) were also noticed. (D) Sections of spermatozoa showing deformed heads with wrinkled
acrosomal cap (yellow arrows). Excess residual cytoplasm with degenerated mitochondria as residual bodies
(black arrows) were also observed. Notice: cross sections through middle piece of tail showing irregular
disorganized mitochondrial sheath (M) and destructed flagellar membrane (dotted red circle). (E) Cross
sections through middle pieces of spermatozoa showing disorganization (red arrow) of mitochondria (M) and
excess residual bodies (RB). Principle piece showing disintegration of its circumferential rib and flagellar
membrane (dotted red circle). (F) Interstitial tissue showing Leydig cell with heterochromatic nucleus (yellow
arrow) and increase vacuolation of Leydig cell cytoplasm and in interstitial tissue (red arrows).
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Fig. 3.Transmission electron micrographs of testicular tissue sections from NAC co-treated group (GPIII) showed
(A) Myoid cell with normal nucleus (red arrow) and Sertoli cell showing normal mitochondria (yellow arrow)
and nearly normal euchromatic nucleus (white arrow) rested on an intact basal lamina (black arrow). (B)
spermatogonia (SG) with nearly normal nuclei, reduction in the intercellular spaces (red arrow) and mitochondria
showing different stages of recovery; degenerated (yellow arrow), partial recovered (star)and normal
mitochondria (arrowhead). (C) Primary spermatocyte partially recovered with large spherical euchromatic
nucleus (N) and most mitochondria with their normal histological appearance (yellow arrows), few still
degenerated (red arrow) (D) Round spermatid exhibited large round euchromatic nucleus (N). Some mitochondria
appeared nearly normal (red arrows) while others still degenerated (yellow arrow). (E) Early spermatid at Golgi
phase had nearly normal structure: nearly normal nucleus (N), acrosomal granule (red arrow), acrosomal vesicle
(white arrow) and mitochondria nearly normal (black arrows), others were degenerated (green arrow). Juxta-
nuclear chromatoid bodies (arrowheads) were also observed in D and E. (F) Heads of spermatozoa began to
restore their normal shape (red arrows), others appeared normal (yellow arrow) (G) Cross sections through
spermatozoal tails revealed nearly normal principle pieces with normal circumferential ribs and flagellar
membranes (black arrows). Some middle pieces appeared nearly normal (yellow arrow) while others still
degenerated (red arrows). (H) Nearly normal interstitial tissue showing less vacuolation, normal shape and
chromatin content of Leydig cells nucleus (N)
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