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Statement of significance

This study highlights royal jelly’s potential to mitigate DMBA-induced 
oxidative and apoptotic damage, offering tissue protection, particularly in 
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mammary tissue, and suggesting its promise as a natural adjunct in 
chemoprevention.
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Abstract

Background: 7,12-Dimethylbenz[a]anthracene (DMBA) induces reactive 
oxygen species (ROS) formation, oxidative stress, and apoptosis in target 
tissues. Royal jelly (RJ) is rich in flavonoids, phenolic acids, and peptides. This 
study evaluated whether RJ can mitigate DMBA-induced oxidative, apoptotic, 
and histopathological changes in the rat mammary gland and skin.

Methods: Female Wistar rats were divided into four groups, including the 
Control (no treatment), RJ (300 mg/kg/week, orally), DMBA (single dose 80 
mg/kg, IP), and DMBA + RJ (same doses). After 8 weeks, mammary gland and 
skin specimens were collected. Oxidative stress markers were quantified in 
tissue homogenates. Apoptotic gene and protein expression were measured 
by qRT-PCR and Western blot, respectively. Ki67 expression was assessed by 
immunohistochemistry. Additionally, histopathological evaluation (H&E 
stain) was conducted.

Results: DMBA significantly increased MDA, reduced GPx, SOD, and TAC. 
Pro-apoptotic markers were upregulated, while Bcl2 was downregulated. 
Histopathology revealed vacuolar degeneration, necrosis, mitotic figures, 
and corpora amylacea in the mammary gland, and epidermal hyperplasia, 
mitotic figures, follicular hyperplasia, and focal necrosis in skin. RJ co-
treatment restored GPx and SOD levels to almost those of the control group, 
reduced MDA, decreased p53 and Bax to near-control levels, and increased 
Bcl2 to the approximate level of the control group. Moreover, RJ treatment 
normalized the mammary gland histologically, while skin showed attenuated 
necrosis and decreased epidermal hyperplasia and mitotic index.

Conclusions: RJ effectively countered DMBA-induced oxidative stress and 
apoptosis in the rat mammary gland while preserving tissue integrity. In skin, 
RJ mitigated oxidative damage and reduced proliferation. These outcomes 
suggest RJ’s potential as an adjuvant antioxidant in glandular disorders, while 
showing the anticarcinogenic potential.
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1. Introduction

Cancer is a major global health challenge, arising from complex interactions 
between genetic predispositions and environmental exposures. Polycyclic 
aromatic hydrocarbons (PAHs) such as 7,12-dimethylbenz[a]anthracene 
(DMBA) are well-characterized chemical carcinogens used in preclinical 
animal models to study tumor initiation in skin and mammary gland [1, 2]. 
DMBA is bioactivated by cytochrome P450 enzymes that form DNA adducts 
and generate reactive oxygen species (ROS), leading to oxidative stress, DNA 
damage, and dysregulated apoptotic signaling [3, 4]. Accumulation of ROS 
overwhelms endogenous antioxidant defenses, including superoxide 
dismutase (SOD), and glutathione peroxidase (GPx). This imbalance is 
reflected in elevated malondialdehyde (MDA), a stable end-product of lipid 
peroxidation, and reduced activities of SOD/GPx, indicating compromised 
redox homeostasis [5, 6]. Total antioxidant capacity (TAC) declines further 
underscore the systemic failure to counteract ROS, exacerbating damage to 
lipids, proteins, and DNA [7, 8].

Oxidative stress also triggers the intrinsic (mitochondrial) apoptotic pathway. 
ROS-induced mitochondrial outer membrane permeabilization (MOMP) is 
mediated by the Bcl-2 family. Pro-apoptotic Bax translocates to mitochondria, 
promoting cytochrome c release, formation of the apoptosome, and activation 
of caspase-9 and downstream caspase-3, leading to cell death [9, 10]. 
Meanwhile, DNA damage stabilizes p53, which transcriptionally upregulates 
Bax and represses anti-apoptotic Bcl-2, further tipping the balance toward 
apoptosis. In DMBA-treated rodent models, upregulation of p53, Bax, and 
caspase-3 and downregulation of Bcl-2 have been consistently observed in 
mammary glands and skin [9, 11]. Although apoptosis initially removes 
damaged cells, chronic oxidative stress and apoptotic in non-neoplastic 
contexts may provoke compensatory proliferation and inflammation, 
fostering a tumor-promoting microenvironment [12]. Therefore, 
interventions that attenuate ROS accumulation and modulate apoptotic gene 
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expression are crucial to preserving tissue integrity during carcinogen 
exposure. Natural products are promising candidates for such interventions.

Royal jelly (RJ), a honeybee (Apis mellifera) secretion, is rich in proteins, 
unique peptides, lipids, vitamins, sugars, and diverse polyphenols [13-15]. 
These constituents confer potent antioxidant, antiproliferative, anti-
inflammatory, immunomodulatory, and antimicrobial properties. RJ’s 
flavonoids and phenolic acids scavenge free radicals, while its peptides 
exhibit synergistic cytoprotective effects [16]. Moreover, RJ directly 
modulates apoptotic pathways by neutralizing ROS, prevents p53 
hyperactivation, and reduces subsequent upregulation of Bax. It was shown 
that RJ downregulated Bax and upregulated Bcl-2, alongside inhibition of 
caspase-3 activation and apoptosis via Nrf2/ARE signaling [16]. Similarly, RJ 
restored Bcl-2, lowered Bax, and reduced caspase-3 activity in cisplatin-
treated rat kidneys [17]. These data suggest RJ’s dual role: antioxidant and 
apoptotic regulation, making it a compelling candidate for protecting DMBA-
exposed tissues.

This study has mechanistic and translational significance. Understanding RJ’s 
tissue-specific efficacy will elucidate how natural antioxidants protect 
different epithelial environments from chemical carcinogens. Moreover, 
delineating RJ’s dual roles in antioxidant defense and regeneration may guide 
clinical application and advocating RJ supplementation for glandular 
protection during chemotherapy. By integrating molecular and histological 
aspects, this study provides a comprehensive framework for utilizing RJ in 
cancer chemoprevention and tissue protection across organ systems.
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2. Materials and methods

2.1. Animals and Study Design

This experimental study involved 24 adult female Wistar rats, all 8 weeks old 
and weighing between 200–220 g. The animals were sourced and housed at 
the Comparative Medicine and Experimental Center of Shiraz, where they 
were maintained at a temperature of 20–23°C under a 12-hour light/dark 
regimen and relative humidity levels of 60–70% [18]. The rats were randomly 
divided into 4 groups. The first of which was the control group that received 
normal saline. The second and third groups received oral 300 mg/kg of RJ 
once a week [19] and a single subcutaneous dose of 80 mg/kg of DMBA, 
respectively [1, 20]. The fourth group received both compounds with the 
same dosage.

At the end of the experimental period animals were euthanized by overdose 
of anesthetic administered intraperitoneally by a cocktail of ketamine at 
80 mg/kg (10%, Bremer Pharma GmbH) and xylazine at 10 mg/kg (2%, 
Alfasan Diergeneesmiddelen BV) [21], followed by sampling tissues. Death 
was confirmed by permanent cessation of respiratory movements and cardiac 
activity, absence of corneal and pedal reflexes, and lack of response to toe 
pinch. Moreover, the ARRIVE guidelines were followed throughout the whole 
project [22].

2.2. Sampling

Rats were anesthetized, and the tissue samples were immediately obtained 
and washed with phosphate buffer for the complete removal of any blood 
stains and clots. Next, half of the tissues were selected randomly to be placed 
in a 10% formalin buffer solution for 24 hours to be fixated. The other half 
were homogenized and used for other tests [23].

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



2.3. Oxidative stress markers

2.3.1. Malondialdehyde (MDA)

MDA is a byproduct of lipid peroxidation, which occurs when ROS attacks cell 
membranes [24]. Briefly, to estimate MDA using a Nalondi™ Kit (Navand 
Salamat Lipid Peroxidation Assay Kit), prepared tissue homogenates were 
added to microplate wells. According to the protocol of the kit, they were 
incubated with reagents at 95-100°C for 30 minutes. After cooling, 
absorbance at 532 nm was measured.

2.3.2. Superoxide Dismutase (SOD)

SOD is an enzyme that catalyzes the dismutation of superoxide radicals into 
hydrogen peroxide and oxygen, thereby reducing ROS levels and protecting 
cells from oxidative damage [25]. To estimate SOD activity using a Nasdox™ 
Kit (Navand Salamat Superoxide Dismutase Assay kit), tissue homogenates 
were prepared. Briefly, they were added to microplate wells, and incubated 
with reagents at 37°C for 20 minutes according to the kit guideline. The 
absorbance was measured at 450 nm using a microplate reader.

2.3.3. Glutathione Peroxidase (GPx)

GPx is an enzyme that helps protect cells from oxidative damage by reducing 
hydrogen peroxide. It plays a crucial role in maintaining the redox balance 
within cells [26]. To estimate GPx activity using a Nagpix™ Kit (Navand 
Salamat Glutathione Peroxidase Assay Kit), tissue homogenates were 
prepared. Briefly, they were added to microplate wells. Next, incubated with 
reagents at 37°C for 20 minutes. Then, the absorbance at 340 nm using a 
microplate reader was measured.
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2.3.4. Total Antioxidant Capacity (TAC)

TAC measures the overall ability of a biological sample to neutralize ROS and 
other free radicals. It reflects the cumulative action of all antioxidants 
present in the sample [25]. To measure TAC using a Naxifer™ Kit (Navand 
Salamat Total Antioxidant Capacity Assay Kit), tissue homogenates were 
prepared. Next, the sample was added to microplate wells, then the ABTS 
solution was added, and hydrogen peroxide solution was used to initiate the 
reaction. The kit was incubated at room temperature for 20 minutes. Finally, 
the absorbance at 414 nm was measured using a microplate reader.

2.4. PCR Real-time

To estimate Bax, Bcl2, P53, and Caspase 3 gene expressions in rat tissue 
homogenates using cDNA and PCR, first RNA from the tissue samples was 
extracted and cDNA was synthesized using reverse transcriptase. Specific 
primers for the genes were designed and PCR was performed to amplify the 
target cDNA. The PCR products were analyzed using real-time PCR to 
quantify the gene expression levels [27, 28]. (Table 1)

Table 1. Primer sequences and sizes.

Gene Forward Primer Reverse Primer
Size 
(bp)

Bax GTTGCCCTCTTCTACTTTGC GTTCTGATCAGTTCCGGCAC 200
Bcl2 AGTTCGCCGAGATGTCCAG AGCCAGGAGAAATCAAACAGAG 220
P53 CAGCCAAGTCTGTGACTTGC CTGCTTGCATTCTGGGACAG 180

Caspase 
3

GACTGGACTGTGGCTGTGAT CGCATACTTCTGTCATGCCG 210

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



2.5. Western blotting

During tissue collection, a 1 g sample of colon from each experimental group 
was gathered  and homogenized in RIPA buffer (approximately 3 mL of cold 
buffer per gram of tissue) using a mechanical homogenizer (Tissue Mini 
Grinder, Model TD 1000) on ice to ensure optimal cell lysis and protein 
solubilization. Following homogenization, lysates were centrifuged at 12,000 
rpm for 10 minutes at 4 °C to pellet debris, and supernatants were collected 
for subsequent analysis. Protein concentrations were quantified to normalize 
loading volumes, then equal amounts (20–30 µg) of each sample were loaded 
onto SDS-PAGE gels and transferred onto PVDF membranes using a tank 
blotting system (Electrophoresis Western Blotting Tank, Model WPN-80) 
under a constant current of 100 V for 90 minutes to achieve efficient protein 
transfer. Membranes were blocked with BSA in Tris-buffered saline 
containing 0.1% Tween-20 for 1 hour at room temperature, then incubated 
overnight at 4 °C with primary antibodies against Bax, Bcl2, P53, Caspase 3, 
and β-actin (Housekeeping protein) at manufacturer-recommended dilutions 
to detect target proteins. β-actin served as an internal normalization 
reference for densitometric analyses. After primary incubation, membranes 
were washed three times in TBS-T and probed with appropriate HRP-
conjugated secondary antibodies for 1 hour at room temperature, followed by 
further washes in TBS-T. Quantitative densitometry was performed in ImageJ 
by measuring the gray-scale intensity of each protein band. The area under 
each band was calculated and divided by the corresponding β-actin signal to 
yield normalized expression values for Bax, Bcl2, P53, and Caspase 3 in each 
sample [29].

2.6. Immunohistochemical evaluation

Tissues were obtained from rats, fixed in 10% buffered formalin, and 
routinely processed for paraffin embedding. Sections were cut at 5 µm 
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thickness, deparaffinized, and rehydrated. Endogenous peroxidase activity 
was blocked for 5 minutes, followed by a 20-minute incubation with a protein 
blocking solution. Antigen retrieval was then carried out using citrate buffer 
in a decloaking chamber (Biocare, Concord, CA, USA) at 125°C for 30 
seconds. Next, the sections were incubated with a prediluted anti-Ki67 
antibody (Biocare, Concord, CA, USA), and then treated with an HRP-tagged 
polymer detection system (Mach 3, Biocare). The chromogenic reaction was 
developed using diaminobenzidine to visualize the staining [30].

2.7. Histopathological examination

For the histopathological evaluation, tissue samples were first rinsed with 
sterile saline and then immersed in 10% formalin for fixation (DS2080/H, Did 
Sabz Co.). The tissues were subsequently dehydrated and embedded in 
paraffin using TE100 embedding cassettes (Pouya Abzar Azma). Once the 
blocks had solidified and cooled, 5-µm sections were cut (DS4055, Did Sabz 
Co.), stained with hematoxylin and eosin (H&E), and examined under an 
Olympus CX21 light microscope. Histopathological comparisons among 
groups were performed based on the qualitative scoring method [31]. 

2.8. Data analysis

Statistical analyses were conducted with SPSS version 27 (USA software, 
version 27, IBM Corp.). Data were evaluated using one-way ANOVA, and 
significant differences between groups were identified through Tukey post 
hoc test. A p-value below 0.05 was considered statistically significant [32]. 
Additionally, the histopathological evaluation scored the severity of tissue 
damage as no lesion (-), mild lesions (+), moderate lesions (++), and severe 
lesions (+++) [32].
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3. Results

3.1. Oxidative stress markers

3.1.1. Mammary gland

As shown in Figure 1, animals treated with DMBA exhibited an imbalance in 
redox status compared to the control group. Specifically, GPx activity 
decreased in the DMBA group compared to the control group, while MDA 
levels rose significantly. Similarly, SOD activity rose in DMBA‐treated rats 
significantly, and TAC declined relative to control significantly. In the DMBA 
+ RJ group, GPx activity decreased compared to DMBA but remained slightly 
higher than control levels. MDA concentrations in the DMBA + RJ group 
dropped significantly relative to DMBA, although they did not fully return to 
baseline. SOD values fell close to control in the DMBA + RJ group, and TAC 
likewise improved significantly versus DMBA. RJ group only altered the TAC 
significantly compared to control. (Figure 1)
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Figure 1. Mammary gland tissue oxidative markers levels. A: Glutathione 
peroxidase levels. B: Malondialdehyde levels. C: Superoxide dismutase levels. 
D: Total Antioxidant Capacity levels. Significant differences between groups 
are shown  with * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001.

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



3.1.2. Skin

DMBA induced a significant elevation in MDA and a reduction in antioxidant 
enzymes. GPx and SOD both significantly increased compared to the control 
group. TAC values in the DMBA group fell significantly compared to the 
control group. DMBA + RJ significantly attenuated these changes, including 
fell back of GPx to nearly normal level from the control group, MDA was 
reduced significantly compared to the DMBA group, SOD activity reduced to 
near-control values, and TAC improved substantially compared to DMBA, 
although remained slightly lower than the control group. The RJ group again 
showed only a significant difference from control in the TAC marker. (Figure 
2)
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Figure 2. Skin tissue oxidative markers levels. A: Glutathione peroxidase 
levels. B: Malondialdehyde levels. C: Superoxide dismutase levels. D: Total 
Antioxidant Capacity levels. Significant differences between groups are 
shown  with * P<0.05, ** P<0.01, and *** P<0.001.
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3.2. Apoptosis pathway genes expression

3.2.1. Mammary gland

As depicted, DMBA treatment significantly upregulated the pro-apoptotic Bax 
and Caspase 3 genes compared to the control group. The tumor suppressor 
P53 also increased significantly compared to the control group. Conversely, 
Bcl2 levels declined significantly in the DMBA group in comparison to the 
control group. When RJ was administered alongside DMBA, Bax and Caspase 
3 expressions levels fell significantly compared to the DMBA group and P53 
levels significantly reduced to near-control values. Moreover, Bcl2 level 
moderately increased in the DMBA + RJ group compared to the DMBA group. 
The RJ group did not differ significantly from the control group. (Figure 3)

Figure 3. Mammary gland tissue gene expression levels. A: Bax/B-actin 
gene. B: Bcl2/B-actin gene. C: Caspase 3/B-actin gene. D: P53/B-actin gene. 
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Significant differences between groups are shown  with * P<0.05, ** 
P<0.01, and *** P<0.001.
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3.2.2. Skin

In skin, Bax and Caspase 3 levels rose significantly in the DMBA group. 
Additionally, P53 level increased significantly compared to the control group. 
In contrast, Bcl2 declined significantly compared to the control group. Co-
administration of RJ with DMBA significantly mitigated these changes, 
including the reduction of Bax, Caspase 3, and P53 expression levels. 
However, Bcl2 expression was increased compared to the DMBA group. 
Again, RJ treatment did not significantly alter gene expression compared to 
the control group. (Figure 4)

Figure 4. Skin tissue gene expression levels. A: Bax/B-actin gene. B: 
Bcl2/B-actin gene. C: Caspase 3/B-actin gene. D: P53/B-actin gene. 

Significant differences between groups are shown  with * P<0.05, ** 
P<0.01, and *** P<0.001.
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3.3. Apoptosis pathway proteins expression

3.3.1. Mammary gland

In the DMBA group, Bax, P53, and Caspase 3 levels significantly increased, 
while Bcl2 decreased compared to the control group. Compared to the DMBA 
group, the Bax level fell, Caspase 3 decreased, P53 reduced, and Bcl2 
increased in the DMBA + RJ group. (Figures 5)

Figure 5. Mammary gland tissue protein expression after western blot 
analysis of the gel bands in gray scale. Significant differences between 
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groups are shown with * P<0.05, ** P<0.01, *** P<0.001, and **** 
P<0.0001.
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3.3.3. Skin

Similarly, DMBA induced significant elevations in Bax, Caspase 3, and P53, 
while Bcl2 protein declined significantly. Co-treatment with RJ brought Bax 
and Caspase 3 down significantly compared to the DMBA group, reduced P53 
significantly, and moderately increased Bcl2 level compared to the DMBA 
group. No significant differences were observed between the RJ and control 
groups. (Figures 6)
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Figure 6. Skin tissue protein expression after western blot analysis of the 
gel bands in gray scale. Significant differences between groups are shown  
with * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001.
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3.4. Ki-67 expression

3.4.1. Mammary gland

In the mammary gland, Ki67 immunostaining revealed no noticeable 
expression in both the Control and RJ groups. In contrast, the DMBA group 
exhibited markedly elevated Ki67 expression, with numerous intense nuclear 
stains throughout the ductal and lobular epithelium, reflecting 
DMBA‐induced proliferation and hyperplasia. However, the DMBA + RJ 
group showed reduced Ki67 expression to a moderate level, with fewer and 
less intensely stained nuclei compared to the DMBA group. (Table 2 and 
Figure 7)

Table 2. Mammary gland Ki67-expressing cells. The severity of expressing 
cells is shown by no lesion (-), mild lesions (+), moderate lesions (++), and 

severe lesions (+++).

Groups Intracellular Ki67 expression
Control -

RJ -
DMBA +++

DMBA + RJ ++
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Figure 7. Mammary gland tissue IHC examination. Normal tissue 
conditions in the control and RJ groups. Increased Ki67-expressing cells in 

other groups. X40 magnification. Ki67 immunohistochemical staining, Scale 
bar: 50 um.
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3.4.2. Skin

In skin sections, Ki67 immunostaining showed minimal proliferative activity 
in the Control and RJ groups, with only rare basal keratinocyte nuclei were 
labeled. DMBA exposure produced a moderate increase in Ki67‐positive 
keratinocytes, especially within the basal and dermis layers of the 
interfollicular layer, indicating initiation of hyperproliferative, potentially 
preneoplastic damage. When RJ was co‐administered with DMBA, Ki67 
expression reduced to a mild level, suggesting that RJ counteracted 
DMBA‐driven keratinocyte proliferation (Table 3 and Figure 8).

Table 3. Mammary gland Ki67-expressing cells. The severity of expressing 
cells is shown by no lesion (-), mild lesions (+), and moderate lesions (++).

Groups Intracellular Ki67 expression

Control -
RJ -

DMBA ++
DMBA + RJ +
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Figure 8. Skin tissue IHC examination. Normal tissue conditions in the 
control and RJ groups. Increased Ki67-expressing cells in other groups. X40 

magnification. Ki67 immunohistochemical staining, Scale bar: 50 um.
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3.5. Histopathological examination

3.5.1. Mammary gland

In both control and RJ groups, normal lobuloalveolar architecture was 
preserved, with no vacuolar changes, mitotic figures, necrosis, or corpora 
amylacea. In contrast, the DMBA group showed severe histopathological 
alterations, including mild vacuolar degeneration of glandular epithelial cells, 
moderate mitotic figures, focal necrotic areas, and number of corpora 
amylacea within dilated ducts and lobules. Administration of RJ alongside 
DMBA improved the tissue condition with reducing vacuolar degeneration, 
mitotic figures, necrotic focals, and corpora amylacea compared to the DMBA 
group. (Table 4 and Figure 9)

Table 4. Mammary gland tissue damage indices. The severity of damage is 
shown by no lesion (-), mild lesions (+), and moderate lesions (++).

Groups Necrosis
Vacuole 

degeneration
Mitotic 
figures

Corpora 
amylacea

Control - - - -
RJ - - - -

DMBA ++ + ++ ++
DMBA + 

RJ
+ - + +
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Figure 9. Mammary gland tissue histopathology. Normal tissue conditions in 
control and RJ groups. Vacuolar degeneration (Right arrow), mitotic figures 
(Upward arrow), necrosis (Downward arrow), and Corpora amylacea (Left 
arrow) were observed in both DMBA and DMBA + RJ groups. Magnification 
X40. H&E staining.
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3.5.2. Skin

Control and RJ groups maintained normal epidermal and dermal architecture, 
with no pathological changes. In DMBA-treated rats, moderate mitotic 
figures, severe hair follicle hyperplasia, and moderate number of focal 
necrotic areas were observed. In contrast, the DMBA + RJ group exhibited a 
significant improvement, such as reduction of mitotic figures to mild, 
substantial decrease of hair follicle hyperplasia, and reduced focal necrotic 
areas. (Table 5 and Figure 10)

Table 5. Skin tissue damage indices. The severity of damage is shown by no 
lesion (-), mild lesions (+), moderate lesions (++), and severe lesions (+++).

Groups Necrosis Hair follicle hyperplasia Mitotic figures
Control - - -

RJ - - -
DMBA ++ +++ ++

DMBA + RJ + + +
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Figure 10. Skin tissue histopathology. Normal tissue conditions in the 
control and RJ groups. Hair follicle hyperplasia (upward arrow) and mitotic 
figures (downward arrow) were observed in both DMBA and DMBA + RJ 
groups. Magnification X40. H&E staining.
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4. Discussion

This study investigated the protective effects of RJ against DMBA-induced 
oxidative stress, apoptosis, and histopathological alterations in mammary 
gland and skin. Briefly, our data demonstrated that DMBA exposure triggers 
significant redox imbalance, upregulates pro-apoptotic signaling, 
downregulates anti-apoptotic factors, and produces marked histological 
damage, causing proliferation and hyperplasia in both tissues. Co-treatment 
with RJ reversed these molecular and biochemical changes and brought the 
near-normal condition in both tissues.

DMBA is metabolized by cytochrome P450 enzymes into diol-epoxide 
intermediates that generate ROS, leading to oxidative stress in target tissues 
such as mammary gland and skin. Elevated levels of MDA indicate increased 
lipid peroxidation and oxidative stress [24]. Thus, lower level suggests 
reduced oxidative damage and better cellular integrity. Elevated ROS levels 
induce lipid peroxidation, as evidenced by increased MDA, and deplete 
endogenous antioxidant enzymes like SOD and GPx [33, 34]. An increase in 
GPx activity typically indicates an enhanced antioxidant defense mechanism, 
suggesting the organism is responding to oxidative stress [25, 26]. 
Conversely, a decrease might suggest a compromised antioxidant system, 
making the organism more susceptible to oxidative damage. In the mammary 
gland, DMBA decreased GPx, SOD, and TAC, while skin tissue exhibited a 
decline in GPx, SOD, and  TAC compared to the control group. Increased SOD 
activity suggests an upregulated antioxidant defense system, indicating the 
organism is combating oxidative stress [25]. A decrease in SOD activity may 
indicate a weakened defense mechanism, leading to higher susceptibility to 
oxidative damage. In addition, an increase in TAC indicates a stronger 
antioxidant defense system, suggesting better protection against oxidative 
stress [25]. A decrease in TAC suggests a weakened antioxidant system, 
making the organism more vulnerable to oxidative damage. These alterations 
align with prior findings that DMBA-induced ROS accumulation compromises 
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antioxidant defenses, resulting in oxidative damage and subsequent lipid, 
protein, and DNA oxidation [35].

RJ contains a range of bioactive constituents, including flavonoids, phenolic 
acids [19], and unique peptides, that scavenge free radicals and upregulate 
endogenous antioxidant enzymes via activation of the Nrf2 pathway [16, 36]. 
Consistent with these mechanisms, RJ co-treatment restored GPx and SOD 
activities close to control values in both tissues and reduced MDA levels in 
mammary gland and skin relative to DMBA group. RJ also improved TAC in 
mammary and skin tissue. Similar antioxidant protective effects of RJ have 
been reported in other models. Rizki et al. showed RJ increased glutathione 
levels and decreased lipid peroxidation by enhancing GPx and SOD in 
preconception female rats [37], while RJ’s efficacy in mitigating DNBS-
induced colitis via upregulating SOD and GPx was demonstrated. 
Collectively, these data underscore that RJ’s antioxidant properties mediated 
by direct radical scavenging and Nrf2-mediated transcriptional activation of 
antioxidant defenses are central to counteracting DMBA-induced oxidative 
stress in mammary gland and skin tissues.

Oxidative stress not only damages cellular macromolecules but also triggers 
apoptosis through the mitochondrial pathway. ROS facilitate mitochondrial 
outer membrane permeabilization (MOMP) by upregulating pro-apoptotic 
proteins like Bax and promote cytochrome c release into the cytosol [33, 38]. 
Bax is a pro-apoptotic gene that promotes programmed cell death [39, 40]. 
Higher levels of Bax indicate enhanced apoptosis, which might occur in 
response to cellular stress or DNA damage. This can be beneficial in 
eliminating damaged or cancerous cells. Lower levels of Bax suggest reduced 
apoptosis, which may contribute to uncontrolled cell proliferation and tumor 
development. Released cytochrome c activates Caspase 3, culminating in 
apoptotic cell death. Concurrently, ROS-induced DNA damage stabilizes and 
activates the tumor suppressor p53, which transcriptionally upregulates Bax 
and represses Bcl2, tipping the balance toward apoptosis. Bcl-2 is an anti-

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



apoptotic gene that inhibits apoptosis and promotes cell survival by 
preventing the release of cytochrome c from mitochondria [40]. Elevated Bcl-
2 levels can lead to prolonged cell survival, which is often seen in cancerous 
cells. This might indicate resistance to apoptosis-inducing treatments. 
Reduced Bcl-2 levels can increase apoptosis, which might be beneficial in 
cancer therapies aimed at inducing cell death in tumor cells.

In our study, DMBA significantly increased mRNA and protein levels of Bax, 
Caspase 3, and p53 while decreasing Bcl2 in mammary gland and skin 
compared to the control group. These findings are consistent with an earlier 
reported that showed elevated p53 and Bax expression in DNA adduct 
formation and oxidative damage [35]. Similarly, in skin, it was demonstrated 
that PAH metabolites like DMBA provoke p53-mediated apoptosis in 
keratinocytes via ROS generation. P53 is a tumor suppressor gene that plays 
a crucial role in regulating the cell cycle, DNA repair, and apoptosis. It helps 
prevent the proliferation of cells with damaged DNA. Higher levels of P53 
usually indicate a response to DNA damage and can lead to cell cycle arrest 
or apoptosis, serving as a protective mechanism against cancer. Lower levels 
or mutations in P53 can result in the failure to control cell proliferation, 
contributing to tumorigenesis. RJ co-treatment reduced Bax and Caspase 3 
compared to the control in both tissues and normalized p53 expression, while 
restoring Bcl2 to near level of control. Caspase 3 is an executioner caspase 
in the apoptosis pathway and is responsible for cleaving various cellular 
substrates, leading to the morphological and biochemical changes associated 
with apoptosis. Elevated Caspase 3 activity indicates increased apoptosis, 
which can be a response to therapeutic treatments or cellular stress. Reduced 
Caspase 3 activity suggests impaired apoptotic processes, which may be 
associated with resistance to apoptosis in cancer cells. The anti-apoptotic 
effect of RJ likely involved multiple mechanisms, including attenuation of ROS 
levels through antioxidant action prevents p53 hyperactivation and 
mitochondrial permeabilization, enhancing the Nrf2/ARE pathway, 
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upregulating cytoprotective genes that indirectly suppress pro-apoptotic 
signaling [16, 36], and directly modulating apoptotic regulators. It was 
previously shown that RJ downregulates Bax and upregulates Bcl2 in rats, 
preventing renal apoptosis [16, 34]. Therefore, RJ’s ability to both decrease 
ROS and directly influence apoptotic gene transcription underlies the 
observed reversal of DMBA-induced apoptosis in mammary and skin tissues.

Ki67 is a nuclear antigen expressed exclusively during active phases of the 
cell cycle, making it a robust marker of cellular proliferation. Treatment with 
RJ reduced the expression of Ki67, which signifying partial attenuation of 
proliferative signaling in both mammary and skin tissues. In both tissues, 
DMBA markedly enhanced Ki67‐mediated proliferation compared to the 
Control and RJ groups. In the mammary gland, the upregulated Ki67 
expression following DMBA aligned with prior reports that DMBA induces 
rapid lobuloalveolar hyperplasia and tumor initiation, evidenced by increased 
Ki67 indices in rodent mammary models [41]. In contrast, RJ co‐treatment 
reduced mammary Ki67 expression from severe to moderate, confirming 
earlier findings that RJ’s antioxidant and anti‐apoptotic actions in reducing 
proliferative signaling in chemically stressed mammary epithelium [7]. In 
skin, DMBA elevated Ki67 to moderate, matching observations that PAH 
initiation triggers keratinocyte hyperplasia [42]. Similar to mammary gland, 
RJ decreased skin Ki67 expression from moderate to mild reflecting its partial 
normalization of epidermal proliferation, which was in line with a study 
showing RJ attenuates wound‐induced keratinocyte proliferation [43]. 
Notably, RJ’s dampening of Ki67 was more pronounced in mammary tissue 
than in skin, suggesting tissue‐specific sensitivity to RJ’s modulatory effects. 
This difference may arise from distinct local microenvironments. Specifically, 
mammary epithelium under DMBA stress relies heavily on 
oxidative/apoptotic pathways, which RJ mitigates, whereas skin keratinocytes 
also engage wound‐healing growth factors that RJ may partially sustain [44]. 
Collectively, these data confirm that RJ reduces DMBA‐induced 
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hyperproliferation, with a stronger histoprotective outcome in mammary 
gland relative to skin.

Histologically, control and RJ groups displayed normal lobuloalveolar 
architecture in mammary tissue with no vacuolar changes, mitotic figures, 
necrosis, or corpora amylacea. DMBA caused vacuolar degeneration of 
epithelial cells, a substantial increase in mitotic figures, focal necrotic areas, 
and sporadic corpora amylacea within dilated ducts and lobules. Corpora 
amylacea are eosinophilic, laminated, glycoproteinaceous bodies typically 
associated with chronic stress or ductal obstruction in glandular tissue [35]. 
Their presence in DMBA-treated rats suggests sustained epithelial injury and 
lysosomal activity. RJ co-treatment ameliorated these changes, such as 
reducing vacuolar degeneration, mitotic figures, and necrotic foci. The 
reduction in corpora amylacea further indicates RJ’s capacity to mitigate 
chronic cellular stress. These histological improvements reflected the 
combined antioxidant and anti-apoptotic actions of RJ by preventing ROS-
mediated DNA damage and suppressing pro-apoptotic signaling, which 
confirmed RJ can maintain epithelial integrity and reduces necrosis. 
Moreover, RJ’s estrogenic-like compounds may contribute to preserving 
ductal epithelial homeostasis under genotoxic stress [34, 35]. However, the 
incomplete restoration of normal histology suggests that RJ’s protective 
mechanisms may not fully counteract DMBA’s DNA-adduct formation and 
alkylation damage. Long-term studies would be required to assess whether 
histological normalization persists or if preneoplastic changes re-emerge 
after cessation of treatment. Regarding the skin tissue, the control and RJ 
groups exhibited normal epidermal thickness, intact dermal structure, and 
absence of mitotic figures, follicular hyperplasia, or necrosis. DMBA induced 
epidermal hyperplasia, elongation of rete ridges, mild desmoplasia, increased 
mitotic figures, hair follicle hyperplasia, and focal dermal necrosis. Epidermal 
hyperplasia reflects keratinocyte proliferation as an early preneoplastic 
event, responding to DNA damage and inflammatory signals [33, 38]. Hair 
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follicle hyperplasia is often observed in DMBA-initiated skin as follicular stem 
cells attempt repair but may also indicate dysregulated proliferation.

RJ co-treatment intensified skin proliferative changes, including reduction of 
mitotic figures, hair follicle hyperplasia, and necrosis. This observation may 
arise from RJ’s pro-regenerative properties. It was reported that RJ 
accelerated epidermal regeneration and hair follicle proliferation in 
excisional wound models by increasing keratinocyte growth factor and 
vascular endothelial growth factor.

Conclusion

This study demonstrated that RJ exerts significant protective effects against 
DMBA-induced oxidative stress and apoptosis in rat mammary gland and 
skin. It restored antioxidant enzyme activity, rebalanced 
Bax/Bcl2/p53/Caspase-3 expression, and improved histological architecture. 
These findings highlight RJ’s potential as an adjuvant antioxidant therapy, 
particularly for glandular tissues under chemical stress. Future studies 
should explore RJ’s bioactive components, dose-response effects, and long-
term safety in carcinogen-exposed tissues.

Limitations

Only one RJ concentration and DMBA dose were examined; dose–response 
studies are needed. We did not assess lesion progression to neoplasia. 
Extended follow-up with tumor incidence, latency, and malignancy grading is 
imperative. Due to the observed potential of RJ, it is suggested to conduct 
dose-response and long-term studies with more molecular pathway 
elucidation.
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