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ABSTRACT

Carbon tetrachloride (CCI4) has been demonstrated to induce testicular damage via oxidative stress. Bromelain (Br),
a proteolytic enzyme known for its biological activities and pharmacological properties, exhibits limited absorption
owing to its low solubility and bioavailability. The present study aimed to investigate the histological and
immunohistochemical effects of bromelain conjugated with gold nanoparticles (AuNPs) on the testis histology of
albino mice treated with CCl4. Thirty-five male albino mice (Mus musculus), with an average age of 9 weeks, were
randomly divided into five groups, each containing seven mice. The experiment was prolonged for four weeks. The
first group (G1) was the control group, the second group (G2) received weekly sub-peritoneal injections of CCl4
until the end of the experiment, and the third group (G3) received an oral dose of Au-NPs solution. The fourth group
(G4) received injections of CCl4; one hour later, the mice were given an oral dose of 300 mg/kg bromelain. The fifth
group (G5) received an injection of CCl4; subsequently, the mice received the same oral dosage of 300 mg/kg Au-
NPs-bromelain after 60 minutes. The mice's testes were sampled to evaluate histopathological alterations and
immunohistochemical markers, particularly Ki-67 and caspase-9. The present results indicated that mice treated with
CCl4 displayed a range of histological alterations, including testicular damage, degeneration in seminiferous tubules,
vacuolation, and loss of germ cells. Furthermore, the immunohistochemistry study demonstrated that Ki-67 intensity
decreased while caspase-9 intensity increased in groups G2 and G4 compared to the control group. Bromelain
loaded with gold nanoparticles at a dosage of 300 mg/kg exhibited a notable reduction in the harmful effects of CCl4
on the testicular tissue of mice by restoring the histological structure, enhancing the Ki-67 proliferation protein, and
suppressing the apoptotic cascade protein indicated by caspase 9.

G202 ‘G 48g03100 :pasiney
G202 ‘0z J1equisldas :panlsdsy
J1011LdV TVYNIDIHO

G20¢ T¢€ Jsqude( :paysijqnd
GZ0Z ‘SZ 13qUIanoN :pa1dadoy

Keywords: Bromelain, Carbon tetrachloride, Caspase, Gold nanoparticle

INTRODUCTION

Carbon tetrachloride (CCl4) is a colorless chemical molecule that is volatile, stable, and rapidly absorbed by both people
and animals. It is released into the environment by toxic gas emissions such as tetrachloromethane, polluting soil, water,
and air (Sherry et al., 2018). These industrial pollutants can enter the body via multiple routes and are known to damage
different organs by altering cellular and tissue structure and functions (S6nmez et al., 2014). Although the liver is the
main site of CCl4 toxicity and carcinogenesis, it also adversely affects the structure and function of other body organs,
including the brain, lung, kidney, and testis (Unsal et al., 2021). The CCl4 exposure is known to induce testicular toxicity
by reducing testicular and seminal vesicle weight, quantity, and quality of semen, and hormone levels, such as
testosterone, follicle-stimulating hormone, and luteinizing hormone, all of which are critical for spermatogenesis
(Rahmouni et al., 2019). Bromelain is a complex mixture of proteolytic enzymes derived from plants of the
Bromeliaceae family, mostly extracted from the pineapple (Ananas comosus), being the most common species in this
family (Varilla et al., 2021). Bromelain can scavenge free radicals and prevent lipids from oxidizing due to its
antioxidant properties (Kansakar et al., 2024). Numerous cellulases, phosphatases, B-glucosidases, peroxidases, thiol
endopeptidases, glycoproteins, and protease inhibitors are found in bromelain (Ali et al., 2024).
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In recent years, gold nanoparticles (AuNPs) have become more prominent because of their improved and unique
physical, chemical, and biological properties (Rajkumar et al., 2025). Conjugating proteins to nanoparticles can enhance
their stability, protect them from enzymatic digestion, as well as increase solubility and permeability while decreasing
toxicity (Brito et al., 2021). Bromelain's large size, proteolytic nature, and water-soluble properties hinder its cell
penetration, but formulating it into nanoemulsions or nanoparticles can improve its intracellular delivery for therapeutic
purposes by protecting the enzyme from inactivation and facilitating entry across cell membranes (Rohmah et al., 2021).
Although the direct association between bromelain and the proliferation protein Ki-67 in the testis is not well established,
it may have an indirect effect by altering oxidative stress, inflammation, and cell proliferation (Yakut et al., 2025). Ki-67
is a nuclear DNA-binding protein, expressed in all vertebrates, often used as a marker to evaluate cell proliferation due to
its specific localization to actively cycling cells (Zhao et al., 2018). Consequently, Ki-67 expression levels in the testis
are a typical marker of spermatogenic cell proliferation and can also be used to evaluate the proliferation of
spermatogenic cells (Menon et al., 2019). Apoptosis serves as a fundamental quality control mechanism in the testis,
regulating germ cell development from genital differentiation through fertilization. It ensures the proper function of male
germ cells and maintains a healthy ratio between germ and Sertoli cells (Asadi et al., 2021). The cytoplasm possesses a
cysteine protease called caspase, which is one of the first caspases. Caspase-9 is essential to the intrinsic apoptotic
process, which can receive upstream apoptotic signals to activate downstream caspases (Yu et al., 2024). Given the
antioxidant properties of bromelain and the drug delivery capabilities of AuNPs, the present study aimed to investigate
the effect of bromelain-loaded AuNPs on testicular histology and bromelain bioavailability in albino mice injured by
carbon tetrachloride.

MATERIALS AND METHODS

Ethical approval

The present study has been approved by the ethical committee of the biology department at the University of
Baghdad, College of Education for Pure Sciences/ Ibn Al-Haitham in Baghdad, Iraq. On 19/1/2025, the authorization
was acquired under reference number EC-84.

Materials and reagents

Carbon tetrachloride, trisodium citrate, bromelain (EC:3.4.22.32), and chloroauric trihydrate (HauCl4.3H20).
were supplied by Sigma-Aldrich (St. Louis, USA). Only analytical-grade reagents were used, as all materials mentioned
had sufficient purity for quantitative chemical analysis. De-ionized water was utilized for all laboratory and reaction
requirements.

AuUNPs and Br-AuNPs preparation

A gold stock solution was prepared by boiling 0.1 mM of aqueous HAuCI4.3H20, then 1% trisodium citrate was
added, and the solution was left to develop the red nanoparticle solution (Abeed et al., 2023). Then bromelain was added
to AuNPs at a ratio of 1:5 v/v, meaning that for every milliliter of bromelain, 5 mL of gold solution was added (Ali et
al., 2024).

Preparation of the carbon tetrachloride solution

To produce the solution, 1 mL of concentrated pure CCIl4 was diluted with 3 mL of olive oil in a glass beaker. The
mixture was then thoroughly combined and was stored at room temperature until further utilization within two days
(Abeed and Al-Shmgani, 2024).

Experimental design and animals

The study involved 35 male albino mice, Mus musculus, aged 8-10 weeks and weighing 26 * 5 g, sourced from the
Biotechnology Research Center at Al Nahrain University, Irag. The animals were placed inside clean, sterilized breeding
cages with a litter of sawdust in a well-ventilated room with a temperature ranging from 5 £ 25°C and an average of 12
hours of light versus 12 hours of darkness. The mice were supplied with a standard diet, a commercially available rodent
chow pellet providing approximately 3.9 kcal of metabolizable energy (ME) per gram and a crude protein (CP) content
of 15%, in addition to drinking water. The cages (50x20x30) in the breeding room were cleaned and sterilized on a
weekly schedule. The experiment was extended for four weeks. Animals were separated into five groups, seven in each.
The first group (G1) was the control group, which received normal saline daily for 4 weeks. Mice in Group G2 were
injected subperitoneally with 0.1 mL of CCl4 once a week at a concentration of 0.1 mL/100 g of body weight for four
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weeks. Mice in Group G3 were given an oral dose of Au-NPs solution at 0.1 mL/100 g of body weight daily for four
weeks. Group G4 received an injection of 0.1 mL of CCI4. After 60 minutes, the mice were given an oral dose of 300
mg/kg bromelain solution at a daily dose of 0.1 mL for four weeks, and mice in Group G5 were injected with 0.1 mL of
CCl4. After 60 minutes, the mice received the oral dosage of 300 mg/kg Au-NPs bromelain for four weeks.

Histopathology and immunohistochemistry

The testis samples were fixed in formalin 10% for 48 hours and washed under running water. Several procedures
for histological examinations were performed using the method of Stevens and Bancroft (2010). A MEIJI light
microscope (Meiji Techno, Japan), equipped with a high-resolution digital camera (Canon), was utilized to capture
images of the slides. Immunohistochemical staining for Ki-67 and Caspase-9 was conducted using
immunohistochemical staining kits (DAKO, USA) in accordance with the manufacturer’s instructions. Briefly, four mm-
thick tissue sections were deparaffinized in xylene and hydrated through a graded ethanol series. Antigen retrieval was
conducted using a high pH solution at 95°C in a water bath for 40 minutes. Endogenous peroxidase activity was
inhibited by applying peroxide black and incubating for 10 minutes in a humid chamber. Subsequently, three drops of
peroxide powder block were added and incubated for 10 minutes in a humid chamber. Following a 20-minute incubation
with the primary antibody, the secondary antibody HRP was applied and incubated for a further 10 minutes. The slides
were then counterstained with Mayer's hematoxylin for one minute, mounted with cover slides, and prepared for
microscopic examination and scoring (Ali et al., 2024). Immunohistochemical changes in the testes were documented by
staining intensity, which can be scored to identify changes in protein expression. These changes indicated how a
substance (antigen) was distributed and its concentration within the tissue, categorized as no changes (0), mild (1),
moderate (2), and severe (3). Grading was determined according to the following percentage ranges. Less than 30%
changes from 0%, up to 30% changes (mild change), 30%-50% (moderate change), and more than 50% (severe change,
Korany et al., 2019).

RESULTS

The paraffin section of the control testis exhibited normal-sized and well-structured seminiferous tubules, with intact
basement membranes and a typical thickness of the epithelial germinal layer. The lumen was filled with spermatozoa,
and the interstitial tissue appeared normal (Figure 1). Group G2, injected with CCI4, displayed vacuolation within the
germinal epithelium lining the seminiferous tubules, along with mild cellular swelling of spermatogonia cells, and some
figures of necrosis and vascular congestion were observed within the interstitial tissue (Figure 2). Additionally, Group
G3 (animals injected with gold nanoparticles) exhibited marked hypertrophy of seminiferous tubules with normal
testicular interstitium (Figure 3). The testis sample in the group treated with bromelain solution demonstrated hyperplasia
of germinal epithelium (Figure 4). Group G5 treated with Au-NPs-Bromelain illustrated almost normal architecture with
marked hypertrophy of seminiferous tubules associated with normal interstitial cells (Figure 5).

Immunohistochemical findings

Ki-67 immunohistochemical results

The immunodetection of the proliferation marker Ki-67 in the testis demonstrated intense (+3) staining, indicative
of active spermatogenesis. However, a moderate level of Ki-67 staining (+2) was observed in the basal epithelium of
seminiferous tubules in Group G2 treatment with CCI4. The expression of Ki-67 remained largely unchanged following
exposure to AuNPs, with many cells continuing to exhibit strong Ki-67 staining, scored as +3. Group G4 had a weak
score of +1. Ki-67 expression increased in the testicular germinal epithelium treated with AuUNPs-Brom solution with a
+2 score (Figure 6).

Caspase-9 immunohistochemical results

Immunohistochemical staining of caspase-9 in mice testes exhibited moderate positive staining results (+2) in the
control group (G1), Group G3, and Group G5. In contrast, intense staining results (+3) were observed in Group G2 and
Group G4 (Figure 7).
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Figure 1. The testls sectlon in male albino mice aged 8-10
weeks received normal saline. The control group with normal
appearance of germinal epithelial cells (Asterisk) with normal
testicular interstitial cells (Black arrow). H&E staining, 400x.

Flgure 3. Testls sectlon in male alblno mice aged 8- 10 weeks
treated with gold nanoparticle solution for four weeks. Group
G3 with normal appearance of germinal epithelial cells (Asterisks) with
normal testicular interstitial cell (Arrow). H&E staining, 400x.
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Flgure 2. Testls section in maIe alblno mice aged 8- 10 weeks
treated with Carbon tetrachloride. Group G2 with Mild cellular
swelling of spermatogium cells with some figures of necrosis (Arrows)
and vascular congestion of interstitial tissue (Asterisk). H&E staining,
400x.

e A
Flgure 4. Testls sectlon in maIe alblno mice aged 8-10 Weeks
treated with Carbon tetrachloride. In group G4, after 60 minutes,
the mice were given an oral dose of 300 mg/kg bromelain solution,
marked hyperplasia of germinal epithelium (Asterisks) with congestion
of interstitial blood vessels (Arrow). H&E staining, 400x.

Flgure 5 Testis section in adult mice treated with Carbon tetrachloride with marked hyperplasia of germinal epithelium (Asterisks).
After 60 minutes, the mice received the oral dosage of 300 mg/kg gold nanoparticles bromelain for 4 weeks interstitial cells (Arrow). H&E staining,
400x.
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Figure 6. Adult mice (Mus musculus) testis scoring with immunohistochemistry staining. The control group (G1)
illustrates a strongly positive expression of Ki-67 (+3, Red arrow), G2 shows a slight positive expression of Ki-67 (+2,
Red arrow), G3 exhibits a severe positive expression of Ki-67 (+3, Red arrow), G4 shows a weak positive expression of
Ki-67 (+1, Red arrow), and G5 exhibits a moderate positive expression of Ki-67 (+2, Red arrow, IHC, 40X).
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Figure 7. Adult mouse testis (Mus musculus) with immunohistochemistry staining. Control group (G1) shows a slight positive expression of
expression of caspase-9 (+2, Red arrow), G2 illustrates a strongly positive expression of caspase-9 (+3 Red arrow), G3 exhibits a moderate positive
expression caspase-9 (+2, Red arrow), G4 shows a severe positive expression caspase-9 (+3 Red arrow), and G5 illustrates a moderate positive
expression of caspase-9 (+2, Red arrow, IHC, 40X).

DISCUSSION

Histological examination revealed abnormalities in the testicular structure of the CCl4 group. Mice treated with gold
nanoparticles had no substantial protective effect, whereas animals treated with bromelain exhibited slight improvements
in histological structure. Meanwhile, animals treated with bromelain loaded with gold nanoparticles demonstrated a more
protective effect on testicular tissue, exhibiting regular seminiferous tubules, a normal interstitial space, occasional
hemorrhages, and a germinal epithelium containing cells in the spermatogenesis stage that were similar to those in the
control. According to the current results, CCI4 injection caused slight hyperplasia in the germinal epithelial cells and
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congestion in the interstitial tissue. These findings are in agreement with a study of Gillhan et al. (2023), who
demonstrated that CCl4 caused seminiferous tubule atrophy, degeneration, basal membrane separation, and an increase
in interstitial space in rat testes. Another study reported that CCI4 reduced the number of spermatogonia, primordial
spermatocytes, Sertoli cells, and interstitial cells (Eljaafari et al., 2024). The alterations in testicular histology during the
present study indicated the toxic effects of CCl4. The CCI4 itself is not toxic but is metabolized by cytochrome P450
enzymes in the body into the free radical CCI3 and other metabolites (Cohen et al., 2023). Since CCI4 rapidly diffuses
through tissues after absorption, especially tissues rich in lipids (Abu et al., 2022), it may negatively affect the testes,
which contain high amounts of polyunsaturated fatty acids (Tran et al., 2017). Hashem (2021) found that free radicals
produced by CCI4 may directly induce male infertility or indirectly cause reproductive failure by disrupting male
hormone balance (Dutta et al., 2021). Another study conducted by Azouz et al. (2023) indicated that the testis is
naturally vulnerable to oxidative stress due to its high content of unsaturated fatty acids, which are prone to damage and
produce reactive oxygen species (ROS). Elevated ROS levels can impair testicular function and cause oxidative damage.
The conjugation of bromelain with gold nanoparticles protected testicular tissue against CCI4 toxicity by integrating
bromelain's antioxidant and anti-inflammatory properties with the unique conductivity of gold nanoparticles. This
combination functioned synergistically to enhance cellular function by modulating ROS levels and restoring normal
tissue structure (Abeed and Al-Shmgani, 2024; Hosseinpour et al., 2025). Additionally, bromelain can enhance the
production of inflammatory mediators such as interleukin (IL)-1pB, IL-6, interferon (IFN)-y, and tumor necrosis factor
(TNF)-a by immune cells, including mouse macrophages (Rathnavelu et al., 2016). Studies on the toxicological impact
of AuNPs on male reproductive health have indicated contradictory results. A study of Li et al. (2012) found that
intravenous or intraperitoneal injection of AuNPs did not affect sperm quality, spermatogenesis, or fertility. Conversely,
another study suggested that AuNPs might reduce the ability of sperm to fertilize in vitro (Das et al., 2016). The current
study found that AuNPs did not affect testicular structure. Animals treated only with bromelain showed minor
improvements in testicular histology, whereas those treated with a conjugate of bromelain and gold nanoparticles
exhibited a more notable protective effect against CCl4 toxicity.

The Ki-67 protein is a DNA-binding protein that is strongly associated with cellular proliferation. Its expression
correlates with the rate of proliferation. It is expressed during all active phases of the cell cycle but is absent in resting
cells. Therefore, levels of Ki-67 protein expression in the testis are conventionally utilized as a marker of spermatogenic
cell proliferation and can be employed to evaluate the status of spermatogenesis (Zhao et al., 2018). In the current study,
Ki-67 immunostaining revealed the expected pattern of cellular proliferation in the testes of the control group, but was
remarkably decreased in the CCl4 group. It is well known that CCl4's harmful effects are the result of excessive ROS
generation (Eljaafari et al., 2024). Increased ROS formation, resulting from both internal and external stimuli, can lead to
oxidative stress, which alters the structure and function of phospholipids and proteins. The ROS attack DNA in the
nucleus, fragmenting it and triggering apoptosis, which consequently alters gene and protein expression. Additionally,
endogenous ROS can function as second messengers in regulating cell signaling pathways and transmitting signals
crucial for controlling spermatogonia self-renewal and proliferation, which suggests a potential impact of ROS on the
nuclear proliferation protein Ki-67 (Juarez-Rojas et al., 2022). The AuNPs solution did not cause notable changes in Ki-
67 expression, while Ki-67 levels were lower in the group treated only with bromelain. This may be due to hypoplasia
and degeneration of the germinal epithelium caused by CCI4. Regarding the conjugation of bromelain and AuNPs,
immunohistochemistry results indicated an increase in Ki-67 expression. This increase may be attributed to bromelain’s
protective properties and nanoparticles' tremendous advantages for absorbing medications (Chakraborty et al., 2021).
Previous results have demonstrated that bromelain reduces the adverse effects of oxidative stress on the male
reproductive system by increasing sperm count, normalizing sperm morphology, and elevating testosterone levels
(Khazaeel et al., 2022), which may also influence Ki-67 expression. The immunohistochemistry analysis in the present
study revealed different levels of positive caspase-9 expression in mouse testis tissue sections, with a score of +2 for the
control group and scores ranging from +2 to +3 for the different treatment groups. Apoptosis, or programmed cell death,
is an essential mechanism in the normal growth and function of the mouse testis, as it regulates the number of germ cells
during spermatogenesis. During spermatogenesis, a significant number of germ cells undergo apoptosis. Several
variables influence spermatogenesis, including hormonal balance, developmental stage, and specific stages within the
spermatogenic cycle (Dunkel et al., 1997). Testis tissue sections in the group treated with CCL4 indicated increased
Caspase-9 immunoexpression, reaching a score of +3. The CCL4 metabolization produces ROS, which can cause
apoptosis, autophagy, inflammation, and other pathogenic phenomena, and the mitochondrial pathway plays a significant
role in CCl4-induced apoptosis (Zhou et al., 2022). The ROS disrupts mitochondrial membrane potential and alters the
interactions of pro- and anti-apoptotic proteins, leading to germ cell death (El-Wakf et al., 2020). In response to
mitochondrial stress, cytochrome C is generated, which activates caspases-3 and -9, leading to apoptosis (Wang, 2015)
and potentially affecting the immunohistochemical expression of caspase-9. The current study indicated that there were
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no considerable differences in the expression of caspase-9 in mice that received an oral dose of Au-NP solution,
compared to the control group. Several studies have investigated the correlation between bromelain and apoptosis;
however, the results have been inconsistent. Scientists have demonstrated that bromelain induces apoptosis by activating
caspase-dependent apoptotic pathways in cancer cells (Chang et al., 2019). The present study demonstrated that
bromelain decreased caspase-9 expression by lowering its score, which was in accordance with the findings of
Rathnavelu et al. (2016), who reported that bromelain reduced apoptosis and protected cells from damage. One potential
explanation is that bromelain enhances the production of pro-apoptotic proteins, leading to the release of cytochrome C
from the mitochondria and the activation of the mitochondrial apoptosis pathway (Rathnavelu et al., 2016).
Alternatively, it inhibits the generation of inflammatory cytokines, which can lead to cell death and an inflammatory
environment (Bahar et al., 2024). In a study, bromelain has been identified to activate caspases in some cases, but it may
downregulate or inhibit caspase-9 in other situations (Bhui et al., 2009).

CONCLUSION

The current results suggested that conjugating bromelain with gold nanoparticles at a dosage of 300 mg/kg may
effectively reduce CCI4 toxicity by repairing the natural antioxidant defense system, enhancing protein function,
increasing cell proliferation, and preventing programmed cell death, as well as improving histological structure
following pathological exposure. The efficacy of Au-NPs-Bromelain was more effective in the repair of testicular
damage than the single administration of bromelain. Further studies are needed to fully understand the interaction
between bromelain and caspase-9 in different cell types.
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