
Protective effect of nanoencapsulated curcumin against
boldenone-induced testicular toxicity and oxidative stress in
male albino rats
Mohamed A.S. Alya, Marwa El-Sayed El-Shamarkab, Tarek N. Solimanc,
Mahmoud A.E. Elgabrya

Departements of aAnimal Reproduction and AI,
bNarcotics, Ergogenic Aids and Poisons,
cDairy Sciences, National Research Centre,

Cairo, Egypt

Correspondence to Marwa El- Shamarka, PhD

in Pharmaceutical Sciences (Pharmacology &

Toxicology), National Research Center: 33 El

Buhouth St., Dokki, Cairo, 12622, Egypt.

Tel: +20 102 221 8961; fax: +20 233 370 931;

e-mail: marwaelshamarka@gmail.com

Received: 19 September 2020

Revised: 1 October 2020

Accepted: 4 October 2020

Published: 17 March 2021

Egyptian Pharmaceutical Journal 2021,
20:72–81

Background
Boldenone (BOL) (Equigan) is a synthetic anabolic steroid used mainly by
veterinarians to treat and promote horses’ growth. Recently, body builders have
started to use it to enhance their physical performance andmuscle growth. Equigan
is known to induce testicular injury and reduce fertility in males. Current treatments
for reduced fertility are very costly. As alternatives, people are investigating
naturally occurring bioactive compounds in plants such as curcumin.
Objective
This study was conducted to evaluate the prophylactic antioxidant effects of
nanoencapsulated curcumin (NEC) on BOL-induced testicular toxicity and
oxidative stress in male albino rats.
Materials and methods
NEC was prepared using a novel freeze-drying method. For their characterization,
ultraviolet–visible spectrophotometry, transmission electron microscopy, and
dynamic light scattering were used. Four groups of male rats were used: the
first group served as control, the second group received NEC (100mg/kg orally,
once daily), the third group received BOL (5mg/kg intramascular, once weekly) for
60 days, and BOL and NEC were concurrently administered in the fourth group.
Blood was withdrawn from the rats’ retro-orbital veins 24 h after treatment. Animals
were euthanized immediately; the epididymal sperm reserve was separated. Then,
one testis from each rat was kept at −80°C for determination of oxidative stress
indices, and the other was fixed in 10% formalin solution for histopathological
investigation.
Results and conclusion
Treatment with BOL resulted in significant reproductive damage caused by
increased levels of malondialdehyde and nitric oxide and decreased levels of
superoxide dismutase and reduced glutathione. Downregulation of the levels of
serum testosterone and reduction in semen quantity, sperm count, and motility
were also detected in the BOL group. Histopathological examinations showed
severe degenerative changes in the testes. Immunohistochemical examination
indicated severe reduction in the proliferating cell nuclear antigen-positive
spermatogonia in the BOL-treated group as compared with the control.
Coadministration of NEC with BOL effectively reduces BOL-induced testicular
damage and oxidative stress in male albino rats.
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Introduction
Boldenone (BOL; Equigan) is a synthetic anabolic
androgenic steroid used mainly by veterinarians to
treat horses and promote animal growth. Recently,
body builders have started to use BOL in the off
season to enhance their physical performance and
muscle growth [1]. The use of BOL is forbidden for
humans and food-producing animals and is classified
as a schedule III drug [2]. BOL is also classified by
the International Agency for Research on Cancer as a
possible carcinogen for humans, with a higher
carcinogenicity index than that of other anabolics

[3,4]. El-Masry et al. [5] evaluated Equigan-induced
testicular injury, reduced fertility, and oxidative stress
in male rats. Nowadays, the current treatments for
conditions such as reduced fertility and oxidative stress
in humans are very costly. As alternatives, people are
investigatingnaturallyoccurringbioactive compounds in
plants such as curcumin [6].
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Curcumin, extracted from the rhizomes of turmeric
(Curcuma longa), is a natural polyphenolic flavonoid
that is often used in Indian cuisine and traditional
medicine [7]. Recently, many studies have focused
on the protective effect of medicinal plant products
that have antioxidant properties, such as curcumin, for
curing free radical-induced tissue damage [8,9].
Curcumin has therapeutic potential for the
treatment of diseases. Many studies have
demonstrated that curcumin possesses
anti? inflammatory [10], antioxidant [11], and
neuroprotective activities [12]. However, clinical
administration of curcumin is limited by its poor
oral bioavailability and water solubility, low in-vivo
stability, and rapid metabolism and clearance [13].

Nanotechnological research has led to the advancement
in nanoparticle production. Nanoparticles have minute
size andhave large surface areas exhibitinghighpotential
reactivity and enhanced performance [14]. To improve
the bioavailability of curcumin, several studies have
investigated different carriers such as albumin [15,16],
β-lactoglobulin [17], phospholipids [18], chitosan
[19], polyvinyl alcohol/polyvinyl alcohol hydrogel
[20], cyclodextrins [21], bovine whole-casein micelles
[22], and whey protein concentrate [23]. Different
methods are available to counteract the difficulties
associated with hydrophobic compounds [24,25].

Caseins, which are rich sources of calcium and essential
amino acids, are used in the preparation of ready
delivery systems for bioactive materials [26]. Casein
micelle dissociation to temperatures greater than 60°C
in aqueous ethanol 40% was reported [27]. Caseinate-
curcumin nanoparticles in aqueous ethanol can be
powdered by freeze-drying for ease of application,
transportation, and storage.? Dende et al. [28]
showed that nanoencapsulated curcumin (NEC) has
a better therapeutic index and oral bioavailability than
native curcumin. NEC could prevent the oxidative
stress that was induced during status epilepticus [29].

The aim of the current study was to evaluate the
protective effects of NEC against BOL-induced
testicular toxicity and oxidative stress in male rats.

Materials and methods
Materials
BOL undecylenate (Equigan injection; 50mg/ml) was
purchased from Tornel S.A. Laboratories, Northwest
of Mexico City, Mexico. Curcumin (CCM) was
purchased from Merck, Schuchardt (8011
Hohenbrunnbei Munchen, Germany), with a purity

of 94% w/w according to the vendor. Sodium caseinate
(NaCas) was purchased from Acros (New Jersey,
USA). Other chemicals were obtained from either
Sigma-Aldrich or Thermo Fisher Scientific
(Pittsburgh, Pennsylvania, USA). All chemicals used
were of analar grade.

Sodium caseinate nanoencapsulation of curcumin
Overall, 4 g of NaCas was hydrated in 200ml of 40% v/
v aqueous ethanol. After being heated at 60°C using a
water bath for 5min, an excess amount (0.25, 0.50, 1 g)
of curcumin was mixed with the NaCas solution by
blending at 10 000 rpm for 4min using a Cyclone I.Q.
microprocessor homogenizer (VirTis, Gardine, New
York, USA). Then, the mixtures were ultrasonicated at
160W power and 20 kHz frequency and with 50%
pulse (Sonic Vibra Cell, 53 Church Hill Road,
Newtown, CT, USA). Centrifugation at 290g
(model 4540 R, Eppendorf, Hamburg, Germany)
for 5min was carried out to remove the excess
curcumin, and the supernatant was obtained. Finally,
the nanocapsules were dried by freeze-drying
(LABCONCO, USA) to produce solid or powdered
nanocapsules. A NaCas sample was processed under
the same conditions without curcumin, hereafter
referred to as ultrasonicated NaCas.

Estimation of curcumin loading in freeze-dried powder
Overall, 5 μg of freeze-dried powder was suspended in
10ml of chloroform and stirred overnight at room
temperature (21°C). After centrifugation at 6000 g for
10min (Minispin plus;Eppendorf), the supernatantwas
transferred and filtered through a PTFE syringe filter
with pore size of 0.45 μm (Thermo Fisher Scientific).
The permeate was diluted 20 times in chloroform, and
the absorbance was measured using a ultraviolet–visible
spectrophotometer (Evolution 201; Thermo Scientific,
Waltham,Massachusetts,USA) at 419 nm todetermine
curcumin concentration based on a calibration curve
previously established using standard solutions with
different amounts of free curcumin dissolved in
chloroform [30].

Particle size analysis
In addition to the transparent dispersion with
curcumin, two other dispersions were measured by
dynamic light scattering: native NaCas and
processed NaCas hydrated in deionized water for
6 h. The pH of the dispersion was 6.8. Samples
were carried out at 25±0.1°C using a Nano ZS/
ZEN3600 Zetasizer (Malvern Instruments Ltd,
UK), with a He/Ne laser (λ=633 nm), scattering
angle of 90°, scattering optics, and refractive index
of 1.54. Samples were diluted and filtered through a
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0.45-μm membrane (Millipore, USA) to obtain a
count rate in the appropriate range of 100–450 nm
to avoid multiple scattering phenomena owing to
interparticle interactions. Immediately, the diluted
samples were transferred into a polystyrene cuvette
for size determination, and the polydispersity index
was recorded by dynamic light scattering as described
by Soliman and Hassan [31].

Transmission electron microscopy
Transmission electron microscopy (TEM) was done
by fixation with glutaraldehyde and phosphotungstic
acid solution (2% at pH 7.2). The samples were
examined by TEM using a JEOL JEM-1400 Plus
(11 Dearborn Rd, Peabody, Boston, MA, USA)
TEM instrument with an accelerating voltage of
100 kV at a magnification of ×200 000 [31].

Antioxidant activity
The 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH)
method [32] was used to determine the antioxidant
activity of the WGO. The DPPH radical scavenging
activity was calculated as percent inhibition of the
reaction.

The DPPH scavenging ability of the test compounds
was determined using equation 1 and converted to
Trolox equivalent antioxidant capacity (TEAC)
using the standard curve for Trolox solutions.

DPPH+scavenging (%)=(1–As/Ac)×100 (1).

Whereas As and Ac are the absorbance values of the
test compound and control, respectively.

Animals
Adult male rats were obtained from the animal house
colony of the National Research Centre (Cairo, Egypt).
Standard laboratory food and water were provided
ad libitum. Animal procedures were performed in
accordance with the Ethics Committee of the
National Research Centre and followed the
recommendations of the National Institutes of
Health’s Guide for Care and Use of Laboratory
Animals (Publication no. 19-60, revised 1985).

Experimental design
A total of 32 male rats were equally divided into four
groups: the first group was kept as control, the second
group received NEC (100mg/kg orally, once daily),
the third group received BOL (5mg/kg intramuscular,
once weekly) for 60 days as described by Zahran et al.
[2] and El-Masry et al. [5], and the fourth group was
concurrently administered with BOL and NEC as the
combination group.

Blood samples
At 24 h after the last injection, the rats were
anesthetized, and blood was withdrawn from the
retro-orbital vein into a clean test tube for serum
separation. After centrifugation, serum was stored at
−20°C until being used for estimation of oxidative
stress biomarkers and reproductive hormones.

Tissue samples
Animals were euthanized immediately using cervical
dislocation; the epididymal sperm reserve was
separated, and the testes were rinsed in normal
saline and weighed. Then one testis from each
animal was kept at −80°C for determination of
oxidative stress indices, and the other was fixed in
10% formalin solution for histopathological
investigation.

Biochemical assessment
Determination of lipid peroxidation in testicular
homogenate and serum

Lipid peroxidation was assayed by measuring the level
of malondialdehyde (MDA). MDA forms a 1 : 2
adduct with thiobarbituric acid, which can be
measured by spectrophotometry. MDA levels were
determined by measuring thiobarbituric acid-reactive
species using the method of Ruiz-Larrea et al. [33],
producing a red colored complex having peak of
absorbance at 532 nm.

Determination of reduced glutathione levels in testicular
homogenate

Reduced glutathione (GSH) levels were determined
by Ellman’s method [34]. The procedure is based on
the reduction of Ellman’s reagent by −SH groups of
GSH to form 2-nitro-s-mercaptobenzoic acid. The
nitromercaptobenzoic acid anion has an intense yellow
color that can be measured spectrophotometrically.

Determination of nitric oxide levels in testicular
homogenate and serum

Nitric oxide (NO) was measured in terms of nitrite
levels, which were determined using Griess reagent,
according to the method of Moshage et al. [35], where
nitrite, the stable end product of NO radical, is mostly
used as an indicator for the production of NO.

Determination of testosterone levels (ng/ml)

Testosterone levels (ng/ml) were assayed using the
Testosterone ELISA Enzyme Immunoassay Test
Kit [36] using a commercially available enzyme
immunoassay kit supplied by Medical Biological
Service S.r.l. (Milano, Italy).The sensitivity of the
assay was 0.05 ng/ml.
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Determination of sperm count

Immediately after the rats were killed, the contents of
epididymis were obtained by cutting the caudal
epididymis, and sperm samples were collected using
the method described by Yokoi et al. [37] for
sperm count determination. The sperm suspension
was carefully mixed with an equal volume of
eosin–nigrosin stain for evaluation of sperm viability,
where dead sperm were stained pink and live sperm
remained unstained [38].

Histopathological examination

Test specimens were fixed in formol buffered saline
(10%), dehydrated in graded series of alcohol, cleared
in xylene, and embedded in molten paraffin. Paraffin
blocks were sectioned at 4–5 μm thickness using a
rotary microtome and stained with hematoxylin and
eosin [39]. The sections were examined using a light
microscope (Olympus CX 41, Japan).

Immunohistochemical assessment of proliferating cell

nuclear antigen

Testicular proliferating cell nuclear antigen
(PCNA) receptor subunits were detected
using the avidin–biotin–peroxidase (ABC)
immunohistochemical method [40] (Elite-ABC;
Vector Laboratories, Burlingame, California, USA)
with a primary monoclonal antibody (Dako,
Cambridge, UK). The cellular site of the reaction
appeared brown in the cell nuclei.

Statistical analysis
Data were subjected to statistical analysis using
Statistical Package for Social Science [41]. Data are
represented as the mean±SEM. Simple one-way
analysis of variance was performed to identify the

effect of treatment on the studied parameters.
Duncan’s multiple-range test was performed to
distinguish between different and significant means
at P value less than 0.05.

Results and discussions
Particle size, polydispersity index, and encapsulation
efficiency of nanoencapsulated curcumin
Table 1 and Fig. 1 show the particle sizes of dispersions
prepared from native NaCas, ultrasonicated NaCas,
and NEC containing 0.25, 0.50, and 1.00 g curcumin.
The dispersion of the ultrasonicated NaCas had a
smaller size (71.36 nm) than that of the normal
NaCas (249 nm). The dispersions sizes of the NEC
loaded with curcumin portions (94.20, 110.10,
174.70 nm) were significantly larger than that of the
ultrasonicated NaCas but smaller than that of the
native NaCas. The freeze-dried powder contained
4.70, 9.08, and 16.99% curcumin. Compared with
the intended weight of curcumin loaded before
spray-drying (0.25, 0.50, and 1.00 g of curcumin and
4 g of NaCas for each treatment), the encapsulation
efficiency was ∼94.10, 90.75, and 84.95%, respectively.

Caseins in warm aqueous ethanol had exhibited
structural changes owing to changes in polarity,
which affects solvent quality, dissociation, and
reassociation of caseins [40]. This was in agreement
with ours. After freeze-drying and due to the
irreversibility of disrupted physical forces, the
dissociated caseins in NEC ?were smaller than those
of native NaCas (Table 1). Additionally, caseins have
open structures that are evenly distributed and are so
tendentious as binders of bioactive compounds [42].

Table 1 Particle size (nm) of casein micelles, polydispersity
index, and encapsulation efficiency of nanoencapsulated
curcumin

Samples Size
(nm)

Calculated
PDI

Encapsulation
efficiency

NaCas, native 249.00
±8.0a

0.155
±0.011d

–

NaCas,
ultrasonicated

71.36
±5.3e

0.213
±0.009c

–

NEC, 5% CUR 94.20
±2.5d

0.423
±0.005b

94.10±2.25a

NEC, 10% CUR 110.10
±5.4c

0.430
±0.008b

90.75±3.50b

NEC, 20% CUR 174.70
±6.5b

0.480
±0.011a

84.95±2.10c

The results are presented as the mean±SD (P<0.05) using one-
way analysis of variance followed by Duncan’s multiple-range
comparison test; and different superscript letters represent
significant differences. NaCas, sodium caseinate; NEC,
nanoencapsulated curcumin; PDI, polydispersity index.

Figure 1

Transmission electron micrograph of NEC 20% curcumin. NEC,
nanoencapsulated curcumin.
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Figure 2 showed the antioxidant capacity of curcumin
before and after encapsulation.? The antioxidant
capacity of the ultrasonicated NaCas was also
determined, ? which attributed to amino acid was
307 μM TEAC [43,44]. Free curcumin dissolved in
ethanol followed by dilution in distilled water for ?
analysis has a ? low antioxidant capacity (260 μM
TEAC) owing to the limitation of curcumin
solubility. Curcumin has a high value of radical
scavenging activity as its ? phenolic −OH bonds give
a main role in the oxidation reactions [43]. The NEC
with different portions from CUR (5, 10, and 10%)
exhibited a higher antioxidant capacity upon dispersion
in ? casein nanoparticles (553, 713, and 907 μMTrolox
equivalents) ? than free curcumin and ultrasonicated
NaCas (P<0.05) [42,45]. Therefore, after dispersion in
caseinate nanoparticles, curcumin exhibited improved
antioxidant capacity.

Relative body and testicular weights
The final body weight was significantly increased
(P<0.0001) in all the treatment groups compared
with the control group (Table 2). This effect may be
owing to elevated food intake and fluid retention by
rats as mentioned by Saleh and Waded [46],
Mohammed et al. [47], and Elmasry et al. [48] or

may be a result of the increased muscle size owing
to the promotion of positive nitrogen balance by
stimulating protein production and decreasing its
destruction [1]. However, the relative testicular
weight was significantly decreased (P<0.0001) in
BOL-treated group as compared with the control,
NEC, and the combination groups (Table 2),
which was consistent with the results reported by
Oda and El-Ashmawy [49] and Khalil et al. [50].

Markers of oxidative damage
Our results showed a marked increase in NO and
MDA levels and a significant decrease in superoxide
dismutase (SOD) and GSH activities in BOL-treated
rats compared with the control. Control rats and those
treated with CURNPs had the lowest testicular and
serum NO levels (P<0.0001) (Table 3). This may be
attributed to the toxic and degenerative effects of BOL
on testicular tissue and cell membranes, and increase in
the levels of free radicals was owing to the increased
lipid peroxidation in the fatty content of testicular cells
compartments, hence increasing the level of MDA and
NO and depletion of the level of SOD and GSH.
These results were supported by the findings of
Sadowska-Krepa et al. [51], El-Moghazy et al. [1],
and Mayada et al. [52] who concluded that treatment

Figure 2
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Antioxidant capacity (Trolox equivalent) of the ultrasonicated sodium caseinate, free curcumin (CUR), and curcumin-loaded (0.25, 0.50, and 1 g
loaded to caseinate) NEC at 30°C. NEC, nanoencapsulated curcumin.

Table 2 Body weight, sperm count, viability, and testosterone levels

Groups Control NEC BOL BOL+NEC P value

Final body weight (g) 199.2±3.53b 211.7±2.60ab 223.3±3.28a 222±1.32a 0.0001

Testicular weight/100 g body weight 1.06±0.03b 1.06±0.02b 0.42±0.009a 0.82±0.05ab 0.0001

Sperm count (million/ml) 89±2.23b 91.67±1.77b 18.86±3.59a 82.83±1.44b 0.0001

Viability % 77.50±1.44b 78.33±1.55b 45±1.89a 73.33±1.15b 0.0001

Testosterone (ng/ml) 3.56±0.187b 3.78±0.41b 1.93±2.519a 2.34±1.312ab 0.0001

Values are expressed as the mean±SE (n=8) using one-way analysis of variance followed by Duncan’s multiple-range comparison test; a
significantly different from control, b significantly different from BOL (P≤0.05). BOL, boldenone; NEC, nanoencapsulated curcumin.
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with BOL-induced hepatotoxicity in rabbit through
induction of some mediators of the apoptosis such as
reactive oxygen species, p53, and TNF-α. Bueno et al.
[53] found that BOL and stanozolol (1.25mg/kg for
12 weeks) increased MDA levels in testes. Moreover,
treatment with BOL (1.25, 2.5, 5mg/kg for 12, 8,
and 4 weeks, respectively) led to increase in testicular
NO levels.

Sperm characteristics
Semen characteristics were severely affected by BOL
injection, where four animals out of eight showed
complete azoospermia. The sperm count and
viability were significantly decreased (P<0.0001) in
the BOL-treated group compared with the control
group. No abnormalities were detected in the sperm
morphology (Table 2). This significant reduction may
be related to the degenerative effects of BOL on
testicular cells, mainly Sertoli cells. These results
were similar to those reported by Oda and El-
Ashmawy [49], Elmasry et al. [48], and Ibrahim and
Said [54]. Moreover, this significant decrease may be
related to the decreased level of intratesticular
testosterone, because testosterone levels are directly
linked to spermatogenesis as concluded by Elmasry
et al. [48] This result is in consistent with those of
Thabet et al. [55] and Tousson et al. [56], who reported
that the decrease in sperm count with the increase in
dead and abnormal sperm of rats may happen because
of the increased free radical formation, inhibiting
nucleic acid synthesis and initiating germ cell
apoptosis and subsequent male infertility. Reactive
oxygen species can indirectly damage the sperm
membrane, or directly damage the sperm DNA as
mentioned by Meseguer et al. [57] and Elmasry
et al. [48] There was a significant increase
(P<0.0001) in sperm count and viability in NEC
and the combination groups compared with the
BOL-treated group. This increment is owing to
NEC high value of radical scavenging activity as
curcumin ? phenolic −OH bonds give a main role in
the oxidation reactions [43]. The NEC exhibited a

higher antioxidant capacity upon dispersion in ? casein
nanoparticles [45].

Effect of boldenone on testosterone level

Testosterone levels in serum were significantly
decreased in BOL-treated group compared with the
control and combination groups and significantly
increased in NEC group (Table 2). The decrement
in testosterone concentrations may be attributed to the
decreased testicular weight and degenerative changes
in Leydig cells. This was in consistent with the results
of Thabet et al. [55], Oda and El-Ashmawy [49],
and Mohammed et al. [47]. Moreover, this effect
might be due to the induction of hypogonadotropic
hypogonadism, which associated with decreased
testosterone levels after BOL treatment. The results
of the present study were consistent with Hall and
Hall [58], who concluded that anabolic steroid
application leads to decrease in rabbit serum
testosterone levels. Dohle et al. [59] stated that
BOL treatment suppresses gonadotropin-releasing
hormone production by the hypothalamus, resulting
in the suppression of testicular testosterone
production.

Histopathological findings
Histopathological examination of the control testes
showed normal histological structure with normal
spermatogonial cells, and complete process and stages
of spermatogenesis with sperm cell production (Fig. 3a).
Microscopically, rat testes treated with BOL showed
severe histopathological alterations, where all the
examined sections showed atrophy and distortion of
seminiferous tubules associated with severe
intertubular edema (Fig. 3b), as well as a significant
reduction in the number of spermatogonial cells in the
seminiferous tubules, which was associated with severe
vacuolar degeneration and necrosis of the
spermatogonial cell lining epithelium, with absence of
spermatids and sperm cells (Fig. 3c,d). Testicular blood
vessels showed severe congestion as well as a subcapsular
area of the tunica albuginea (Fig. 3d). This finding is

Table 3 Testicular glutathione, nitric oxide, and malondialdehyde levels and serum nitric oxide, malondialdehyde and superoxide
dismutase levels

Groups Control NEC BOL BOL+NEC P value

Testicular GSH (μmol/100g tissue) 18.41±0.21b 18.5±0.17b 7.95±0.55a 18.32±0.83b 0.0001

Testicular NO (nmol/g) 45.5±3.63b 43.8±8.71b 62.4±8.81a 47.0±6.39b 0.0001

Testicular MDA (nmol/g tissue) 24.05±0.8b 22.7±0.58b 31.0±2.73a 25.7±1.38ab 0.0001

Serum NO (nmol/g) 25.18±1.03b 27.73±0.96b 46.05±0.86a 32.36±1.59ab 0.033

Serum MDA (nmol/g) 21.98±0.75b 23.26±0.82b 37.75±0.37a 18.58±2.07b 0.0001

Serum SOD (U/ml) 936±66.5b 791±17.8ab 530±35.2a 499±25.6a 0.0001

Values are expressed as the mean±SE (n=8) using one-way analysis of variance followed by Duncan’s multiple-range comparison test. ‘a’
Significantly different from control, ‘b’ significantly different from BOL (P≤0.05). BOL, boldenone; GSH, glutathione; MDA,
malondialdehyde; NEC, nanoencapsulated curcumin; NO, nitric oxide; SOD, superoxide dismutase.
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consistent with previous studies, which reported that the
observed degeneration and loss of spermatogenic series
in the seminiferous tubules elucidate the decreased
testosterone levels [54], and disrupted the
spermatogenic cycle [60]. The use of BOL as an
anabolic steroid could also lead to cellular deformity and
disorder in the process of spermatogenesis [61]. BOL
supplementation increased the levels of 5-alpha
reductase and aromatase in the testicular tissue, which
may be attributed to alterations in the steroid molecule

and their affinity for androgen receptors [62]. Our results
are consistent with those of Groot and Biolatti [63], who
revealed that administration of the anabolic androgenic
steroid BOL induces comparable lesions in the testes of
bulls. Bueno et al. [64] additionally suggested that
treatment with BOL has a significantly harmful effect in
the testes of male rat as a result of the increase of
oxidative stress and inflammatory markers levels in
addition to failure of the antioxidant system, as
triggered by the use of BOL.

Figure 3

Testes of rat (hematoxylin and eosin; scale bar, 50 μm). (a) Control group, showing the normal histological structure of seminiferous tubules with
normal spermatogonial cells and complete process of spermatogenesis. (b) BOL-treated group, showing severe atrophy and distortion of
seminiferous tubules with interstitial edema (stars), associated with a significant reduction in the number of spermatogonial cells, severe
degeneration and necrosis of spermatogonial cells (arrows) (c). (d) Showing severe vacuolar degeneration and necrosis of spermatogonial cells
(arrows) with severe congestion of subcapsular area of the tunica albuginea (star). (e and f) The groups that received NEC and BOL with NEC
showing normal seminiferous tubule diameters, normal spermatogonial cells and complete spermatogenesis with sperm production, respec-
tively. BOL, boldenone; NEC, nanoencapsulated curcumin.
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Groups that received NEC and BOL with NEC
respectively showed no histopathological alterations,
exhibiting normal seminiferous tubule diameters,
normal spermatogonial cells, and complete process
of spermatogenesis (Fig. 3e, f).

Immunohistochemical results
Examined testicular specimens of control and NEC-
treated groups showed a strong positive reaction in
spermatogonial cells, whereas the other spermatogenic
cell types showed a negative reaction (Fig. 4a and b)
compared with the BOL-treated group, which showed
a weak positive reaction against the monoclonal PCNA
antibody, which was associated with a reduction in
the number of the PCNA-positive spermatogonia
(Fig. 4c). On the contrary, treatment with NEC
significantly increased the number of PCNA-
positive germinal cells in the testes (Fig. 4d).

The results were in consistent with the results of
Tousson et al. [56], who concluded that severe
reduction in this number in BOL-treated rabbits as
counted by PCNA indicates a germinal arrest in the
BOL-treated status (defective spermatogenesis). This

drastic reduction was recorded and indicates a reduced
sperm count [65,66].

Oxidative stress and oxidative cellular damage with its
dual of free radical generation and lipid peroxidation
are hallmarks of BOL toxicity [67]. Our results
indicate that BOL causes severe oxidative tissue
damage through increasing the lipid peroxidation in
the testicular tissues and decreasing the levels of the
antioxidant enzymes GSH and SOD, which is in
accordance with Tousson et al. [68] Treatment with
NEC and BOL showed no histopathological
alterations, exhibiting normal seminiferous tubule
diameters, normal spermatogonial cells, and
complete process of spermatogenesis.

Treatment of male rats with BOL resulted in
significant reproductive damage caused by increased
lipid peroxidation and NO and decreased levels of
SOD and reduced GSH. Downregulation of the
levels of serum testosterone and reduction in semen
quantity, sperm count, and motility were also detected.
Many histopathological alterations in the rats’ testes
(atrophy, distortion of seminiferous tubules, and

Figure 4

Photomicrographs of proliferating cell nuclear antigen (PCNA) immunoreactivity in rat testes. (a and b) Seminiferous tubules of control and NEC-
treated groups showing a strong PCNA-positive reaction of PCNA in numerous spermatogonia (arrows). Photomicrograph (c) of rats received
BOL showing a reduction in numbers of PCNA-positive spermatogonia. Photomicrograph (d) of rat testes received BOL and NEC showing a
strong positive PCNA-reaction (scale bar 50 μm). BOL, boldenone; NEC, nanoencapsulated curcumin.
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reduction in the number of spermatogonial cells in the
seminiferous tubules) were detected. Coadministration
of a strong antioxidant such as NEC with BOL
effectively attenuates and ameliorates the adverse
effects caused by BOL in the testes of male rats.
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