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Objective(s): This study compared the effects of daidzein (DZD) and 17-β-estradiol (E2) on 
uterine histopathology, expression of endometrial cancer-related genes, and anti-oxidant status in 
ovariectomized (OVX) rats.
Materials and Methods: Thirty rats were divided into five groups (n=6): Sham, OVX, OVX+E2 (10 μg/
kg/day), OVX+DZD (20 mg/kg/day), and DZD-only. After 50 days of treatment, uterine tissues were 
analyzed for histopathological changes, mRNA expression of ERα, ERβ, PTEN, EZH2, and Ki67, and 
oxidative stress markers (TAC, SOD, CAT, and MDA).
Results: Ovariectomy induced endometrial atrophy, significantly downregulated the expression of 
all target genes (ERα, ERβ, PTEN, EZH2, and Ki67), decreased SOD and CAT activity and TAC level, 
and increased MDA. E2 treatment reversed these changes but induced hyperplastic effects. DZD 
administration significantly increased CAT and SOD activity and elevated ERβ and Ki67 expression 
compared with the OVX group. Crucially, DZD prevented uterine atrophy without inducing hyperplasia.
Conclusion: DZD demonstrated a potentially beneficial effect by improving uterine anti-oxidant 
capacity and preventing atrophy, but without the hyperplastic changes associated with estradiol. 
These findings suggest that DZD may be a safer alternative for managing hypoestrogenic conditions, 
warranting further investigation.
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For many years, hormone replacement therapy (HRT) 
was considered the primary solution for managing estrogen 
deficiency. However, recent evidence clearly shows that long-
term use of HRT can increase the risk of several cancers, 
including breast cancer and endometrial cancer (EC) (1). 
EC is one of the most common gynecological cancers, 
primarily affecting postmenopausal women using estrogen-
containing HRT. Approximately 80% of EC cases exhibit 
estrogen receptor (ER) expression and are classified as type 
I or estrogen-dependent (2, 3). Type II, which constitutes 
10-20% of all cases, is more aggressive and classified as 
the estrogen-independent type (4). It’s reported that, by 
activating the estrogen receptor α (ERα), E2 provides the 
primary proliferative signal in the uterine epithelium, 
and long-term exposure is a significant risk factor for the 
development of EC, as seen with HRT (1, 5).

Phosphatase and Tensin homolog (PTEN) is a crucial 
tumor suppressor protein that plays a significant role in 
inhibiting cell proliferation (6). The most common genetic 
alteration observed in EC is a Loss of heterozygosity of 
chromosome 10q, where PTEN is located, or an intragenic 
mutation of  PTEN; Thus, the loss of PTEN expression in 
endometrial hyperplasia may serve as an early indicator 
of an increased risk of EC.  In a study by Mutter et al., 
PTEN mutations were found in 83% of endometrial 
adenocarcinomas and 55% of precursor lesions, while no 
mutations were detected in normal endometrial tissue (7, 
8). It is important to note that PTEN mutations are rare 
in estrogen-independent forms of endometrial cancer. 
Furthermore, fluctuations in PTEN across a normal 
menstrual cycle suggest a potential link between estrogen 
signaling pathways and PTEN-related mechanisms. (9).

Enhancer of Zeste Homolog 2 (EZH2) is a specific 
methyltransferase and plays a crucial role in cancer 
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progression. The EZH2 promoter contains several estrogen-
responsive elements. (10). Thus, E2 could stimulate its 
expression in the uterus of both adult and young mice, as well 
as in ovariectomized mice (11). EZH2 expression is elevated 
in endometrial cancer (12) and other uterine abnormalities, 
such as fibroids (13), endometriosis, and uterine hyperplasia 
(11). EZH2 can enhance the proliferation and invasion of 
endometrial cancer cells (12). A more recent study found 
that inhibiting EZH2 expression significantly suppressed 
EC cell proliferation and invasion (14). 

Antigen Kiel 67 (Ki67) levels are frequently used as an 
indicator of cell proliferation and cell division (15). Ki67 
can be an important prognostic indicator in endometrial 
cancer (16). Increased Ki67 expression has been reported in 
40% to 80% of simple to complex hyperplasia and 100% of 
endometrial cancer cases. Therefore, Ki67 expression may 
serve as a marker for endometrial carcinogenesis and tumor 
cell proliferation (17).

Recent studies have shown that oxidative stress plays 
a remarkable role in various pathological conditions, 
including degenerative diseases, aging, reproductive 
disorders, and cancer (18, 19). Specifically, oxidative stress 
can disrupt gene expression and influence cell proliferation 
and apoptosis. The connection between oxidative stress and 
endometrial cancer has been established (20). Punnonen 
et al. found that superoxide dismutase (SOD) activity is 
significantly lower in cancerous tissues than in normal 
endometrial tissues (21), indicating that EC is associated 
with a compromised enzymatic anti-oxidant defense system. 
Furthermore, studies suggest that women with endometrial 
hyperplasia are exposed to increased levels of oxidative 
stress, and it appears their anti-oxidant defense systems are 
disrupted in the early stages of endometrial cancer (22-24).

Plant-derived substances, such as phytoestrogens, 
flavonoids, and alkaloids, have shown promising benefits in 
managing various gynecological-related conditions (25-27). 
The isoflavone daidzein (DZD) is a major phytoestrogen 
obtained from soybeans; its chemical structure resembles 
that of estrogen, allowing it to bind to estrogen receptors 
(28). Several studies have demonstrated that DZD and 
its metabolites can help reduce menopausal symptoms 
in women, such as hot flashes and muscle and joint pain 
(29)ÿÿÿ. As a result, DZD may be a potential therapeutic 
option for managing complications associated with 
estrogen deficiency. Several studies have explored the 
impacts of isoflavones on the endometrium. Puerarin and 
parthenolide, both flavonoids, have been shown to inhibit 
the proliferation of ovarian endometrioma (OE) cells (30). 
However, the impact of DZD on endometrial cancer-related 
markers in comparison to E2 remains unclear. Therefore, in 
this study, we investigated the effects of 20 mg/kg/day DZD 
on histopathological changes, oxidant and anti-oxidant 
status, and endometrial cancer-related genes in the uterus 
of ovariectomized rats compared to 17-β estradiol. 

Materials and Methods
Study type and ethical approval for animal use

Ethical approval was obtained from the Ethics 
Committee of Shiraz University of Medical Sciences (IR.
SUMS.AEC.1403.036), and all procedures were conducted 
in accordance with the National Institutes of Health (NIH) 
guidelines for the care and use of laboratory animals.

Animal care and handling
A total of 30 adult female Sprague-Dawley rats were 

housed at the Center for Comparative and Experimental 
Medicine at Shiraz University of Medical Sciences in 
Shiraz, Iran. The rats, which weighed between 230 g and 
250 g, exhibited at least three consecutive regular estrous 
cycles. They were kept in eight polypropylene cages under 
controlled environmental conditions, including 23 ± 2 °C, 
40 ± 5% humidity, and a 12-hour light/dark cycle. The rats 
were provided with a standard pelleted diet (Pars Dam, 
Tehran, Iran) and had access to water ad libitum.

Experimental design
Two weeks after ovariectomy, the rats were randomly 

assigned into five experimental groups (n=6 per group) as 
detailed in Table 1. Briefly, the groups were: Sham+Vehicle: 
Sham-operated rats receiving the vehicle via oral gavage. 
OVX+DZD: Ovariectomized rats receiving DZD via oral 
gavage (31). OVX+Vehicle: Ovariectomized rats receiving 
the vehicle via oral gavage.OVX+E2: Ovariectomized rats 
receiving 17β-estradiol (E2) via subcutaneous (S.C.) injection 
(32, 33). DZD+Vehicle: Sham-operated rats receiving DZD 
via oral gavage. The vehicle (90% corn oil and 10% ethanol) 
was used for treatments (34). DZD and its corresponding 
vehicle were administered by  oral gavage. 17β-Estradiol 
(E2) was administered by subcutaneous (S.C.) injection. All 
treatments were administered once daily for 50 consecutive 
days. The dose selection was based on previous studies. 

All groups received their respective treatments once daily 
for 50 days. At the end of the experimental period, the rats 
were euthanized, and the uterus was excised and divided 
into three parts. The first part was used for histopathological 
examination, the second for gene expression analysis, and 
the third was homogenized in phosphate-buffered saline 
(PBS, pH 7.4) and centrifuged at 4,000 × g for 40 min at 
4 °C. The supernatant was stored at −80 °C for further 
analysis. The supernatants were used to measure total 
protein, malondialdehyde (MDA), total anti-oxidant 
capacity (TAC), and the enzymatic activities of superoxide 
dismutase (SOD) and catalase (CAT).

Ovariectomy procedure
At the first step, the rats were anesthetized with an 

intraperitoneal injection of 10% ketamine (0.08 mL/100 
g body weight; RompunVR/SP/Brazil) and 2% xylazine 
(0.04 mL; KetalarVR/SP/Brazil). The dorsal area of the 
animals was shaved and cleaned with 70% ethanol. A single 
incision, measuring 2 cm in length, was made under sterile 
conditions in the lower abdominal region between the 
umbilicus and the pubis. The abdominal muscles and skin 
were then opened, allowing for the removal of both ovaries. 
Next, 1-2 ml of physiological saline solution was poured 
into the abdominal cavity. The incision was subsequently 
sutured closed, and lidocaine, along with tetracycline 
ointments, was applied locally to the incision site (35).  The 
anestrous state in OVX rats and the regular estrous cycle 
were confirmed via vaginal swabs. 

Histopathological examination of uterus tissue
A small piece of uterine tissue was fixed in 10% neutral 

buffered formalin at 4 °C for over 48 hr. The tissues were then 
dehydrated, embedded in paraffin, sectioned, and stained 
with hematoxylin and eosin (H&E) for histopathological 
analysis (36).

Estimation of the volume density ratio of the uterus 
structures

 To assess the volume density ratio (Vv) of the histological 
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structures, such as primetriume, myometrium, gland, and 
endometrium, we employed the method of point-counting 
and Delesse’s formula:

In this formula, “ΣP structure” represents the total 
number of points that intersect with the favored structure 
within the uterus. At the same time, “ΣP references” indicates 
the total number of points that hit the uterus section for 
each animal in the study. To estimate the thickness of the 
different layers of the uterus, a probe with parallel lines and 
equal distances (Orthogonal Intercepts Probe) was used. 
Therefore, to estimate the thickness of the layers, the desired 
probe was placed on the tissue. Then, for each point where 
the probe lines collided with the surface of the desired layer, 
the shortest linear path perpendicular to the other surface of 
the layer was drawn, and its length was measured. However, 
since the thicknesses in different parts of the desired layer 
may differ, the following formula was used to eliminate this 
error: T = π/4 × L0. T indicates the estimated thickness, and 
L0 represents the average measured thickness (37).

Gene expression analysis
Uterine RNA extraction and cDNA synthesis

Total RNA was extracted from uterine tissue using 
RiboEx solution (GeneAll Biotechnology Company, Seoul, 
Korea). The quality and purity of the extracted RNA were 
evaluated using 1.5% w/v agarose/TEA gel electrophoresis 
and Nanodrop, respectively. cDNA was synthesized using 
the Sina Clone cDNA synthesis kit (Tehran, Iran).

Reverse transcription and real-time quantitative PCR (RT-
qPCR) analysis

RT-qPCR was conducted in 96-well plates using Low Rox 
RealQ Plus 2x Master Mix Green (Ampliqon A/S, Denmark) 
on a QuantStudio3 instrument (Applied Biosystems, 
Carlsbad, CA). The RT-qPCR protocol included an initial 
denaturation step at 95 °C for 10 min, followed by 40 cycles 
of 30 seconds at 95 °C, 30 seconds at 60 °C, and 30 seconds 
at 72 °C, with a final extension at 72 °C for 10 min. The 
mRNA expression levels of target genes (ERα, ERβ, PTEN, 
EZH2, and Ki67) were normalized to β-actin, which was 
validated as a stable reference gene, as its Ct values did 
not vary significantly across the different experimental 
groups (P>0.05, Kruskal-Wallis test). Data were analyzed 
and reported using the ΔΔCT method. The sequences 
of all primers used, along with their amplicon sizes and 
calculated efficiencies, are listed in Supplementary Table 
S1. Representative melt curves and standard curves are 
provided in Supplementary Figures S1 and S2, respectively. 
The calculated efficiencies for all primer pairs were within 
the optimal range of 90–110%, allowing the use of the 
ΔΔCT method without efficiency correction.

Evaluation of oxidative stress status 
Determination of SOD activity

The activity of superoxide dismutase (SOD) in the 
supernatants of the uterus homogenate was evaluated 
using a commercial kit (Kiazist, KSOD-96, Hamedan, Iran) 
following the manufacturer’s instructions. This assay relies 
on the conversion of purple Resazurin to pink Resorufin 
in the presence of superoxide anions (O₂⁻), inhibited by 

SOD. The intensity of the resulting color, which correlates 
with SOD activity, was measured at 540 nm using a 
spectrophotometer.

Determination of CAT activity
Catalase (CAT) activity was measured using the 

procedure of Aebi (38) with minor modifications. Briefly, 
95 µl of 30 mM H₂O₂ was added to a cuvette containing 60 
µl of supernatant of uterus homogenate, 130 µl of phosphate 
buffer, and 325 µl of distilled water. The decomposition 
of H₂O₂ was monitored by measuring the decrease in 
absorbance at 240 nm. CAT activity in the clear supernatant 
of the uterus homogenate was calculated as mmol of H₂O₂ 
consumed per minute per mg of tissue protein, using a 
molar extinction coefficient of 43.60 l/mol/cm for H₂O₂.

Determination of TAC level
Total Anti-oxidant Capacity (TAC) was measured 

using the manufacturer’s protocol (Kiazist, KTAC96-96, 
Hamedan, Iran). This method, known as the CUPRAC 
assay (Cupric Reducing Anti-oxidant Capacity), measures 
the reduction of cupric ions (Cu²⁺) to cuprous ions (Cu⁺) 
in the presence of anti-oxidants. The reaction produces a 
colored complex when combined with a chromogen, and 
the intensity of this color, measured spectrophotometrically 
at 450 nm, is proportional to the sample’s anti-oxidant 
capacity.

Determination of MDA level
MDA, a marker of lipid peroxidation, was measured 

using a colorimetric assay following an established protocol 
(39).  In brief, 0.5 ml of uterine homogenate supernatant was 
combined with 2 ml of thiobarbituric acid (TBA) reagent, 
which contained 0.375% TBA, 15% trichloroacetic acid, and 
0.25 mol/l HCl. The mixture was heated in a water bath at 95 
°C for 30 min, then rapidly cooled and centrifuged at 8000 
× g for 15 min at 4 °C. The absorbance of the pink-colored 
supernatant was measured at 532 nm. MDA concentration 
was calculated using tetraethoxypropane (TEP) as a 
standard, and results were expressed as nmol/mg protein.

Protein concentration assay
Protein concentrations in the uterine homogenate 

supernatant were quantified using the Bradford method, 
with bovine serum albumin (BSA) as the standard (40).

Statistical analysis
Statistical analyses were conducted using GraphPad 

Prism 10 (GraphPad Software, Inc., San Diego, CA, USA), 
and data are presented as mean ± standard deviation 
(SD). The normality of all data sets was assessed using 
the Shapiro-Wilk test. Since the data were not normally 
distributed, group comparisons were performed using the 
non-parametric Kruskal-Wallis test, followed by Dunn’s 
post hoc test for pairwise comparisons. A p-value of less 
than 0.05 (P<0.05) was considered statistically significant.

Results
Histopathological analysis
The histoarchitecture of uterine tissue

The Sham and DZD groups exhibited normal stromal 
density, typical gland count, and morphology. The glands 
were tubular and were distributed uniformly within the 
abundant stroma.  In the OVX group, the number of glands 
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was significantly reduced compared to the sham group 
(P<0.05). Fifty constitutive days of treatment with DZD 
increased the number of endometrial glands compared 
to the OVX group (P<0.05). The glands were scattered 
throughout the abundant stroma and retained their tubular 
morphology. Administration of E2 markedly increased 
the gland count, reduced the spacing between glands, and 
preserved their tubular morphology compared to the OVX 
rats (P<0.05) (Figure 1).

The volume of the endometrial tissue
The endometrial volume in the OVX group decreased 

by 36% compared to the sham group (P<0.05). However, 
the differences between other groups and the sham group 
were not statistically significant. The comparison between 
groups revealed that estradiol (E2) increased endometrial 
volume by 48% in the OVX+E2 group compared with the 
OVX group (P<0.05). Additionally, DZD administration 
increased endometrial volume by 20% in the OVX+DZD 
group compared with the OVX group, although this 
difference was not statistically significant. There was no 
significant difference in endometrial volume between the 
OVX+DZD and OVX+E2 groups (Figure 2).

•The endometrial vessels and glandular layer
The glandular volume in the OVX group decreased 

by 82% compared to the sham group (P<0.05). Estradiol 
caused a 5.8-fold increase in glandular volume in the 
OVX+E2 group compared to the OVX group (P<0.05). 
Daidzein induced a 2.8-fold increase in glandular volume 
in the OVX+DZD group compared to the OVX group, 
although this difference was not statistically significant. 
Estradiol resulted in a 2-fold increase in glandular volume 
in the OVX+E2 group compared to the OVX+DZD group 
(P<0.05).

The vascular diameter in the OVX group decreased by 
50% compared to the sham group (P<0.05). Estradiol caused 
a 2.4-fold increase in vascular diameter in the OVX+E2 
group compared to the OVX group (P<0.05). Similarly, 
DZD led to a 1.25-fold increase in vascular diameter in the 
OVX+DZD group compared to the OVX group (P<0.05). 
Estradiol resulted in a 1.4-fold increase in vascular diameter 
in the OVX+E2 group compared to the OVX+DZD group 
(P<0.05) (Figure 2).

The thickness of the uterine layers
The OVX group exhibited significant reductions in 

endometrial, perimetrial, and myometrial thickness 
compared to the sham group (P<0.05). Specifically, 
endometrial thickness decreased by 70%, perimetrial 
thickness by 55%, and myometrial thickness by 50%. In the 

Figure 1. Histoarchitecture of uterine tissue
Hematoxylin and eosin staining (A, C, D, E, G and I) magnification 40× and (B, D, 
F, H, J) magnification 400× (A and B) sham group, (C and D) DZD group, (E and F) 
OVX group, (G and H) OVX + DZD group, (I and J) OVX + E2 group
Arrow marks indicate uterine glands. E: the endometrium, M: myometrium, P: 
perimetrium V: vessels
The Ovariectomies reduce the number of cells and glands in the uterus of the OVX 
rats. Estrogen and daidzein increase the number of cells and glands. In the OVX + 
DZD group, a normal proliferative uterus was observed, while in the OVX + E group, 
a hyperproliferative uterus with an increase in the number of glands was observed. 
Sham: Sham+Vehicle; DDZ: Daidzein+ Vehicle; OVX: Ovariectomy + Vehicle; 
OVX+DDZ: Ovariectomy+ daidzein; OVX+E2: Ovariectomy+ 17βestradiol

Figure 2. The volume of uterine-related structures in ovariectomized rats
Volume density of Endometrial (A), volume density of glands (B), and vessel diameter(C). Significant differences (P<0.05) are shown with the sham group (a), with the OVX group 
(b), and with the OVX+DZD group (c). 
Sham: Sham+Vehicle; DZD: Daidzein+ Vehicle; OVX: Ovariectomy + Vehicle; OVX+DZD: Ovariectomy+ daidzein; OVX+E2: Ovariectomy+ 17βestradiol 
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OVX+DZD group, endometrial and myometrial thicknesses 
were reduced by 50% and 30%, respectively, compared to 
the sham group (P<0.05).

Estradiol (E2) significantly increased thickness in all 
measured parameters: endometrial thickness increased by 
3.6-fold, perimetrial thickness by 1.9-fold, and myometrial 
thickness by 2-fold in the OVX+E2 group compared to 
the OVX group (P<0.05). DZD also showed a positive 
but non-significant effect, inducing a 1.8-fold increase in 
endometrial thickness, a 1.5-fold increase in perimetrial 
thickness, and a 1.35-fold increase in myometrial thickness 
in the OVX+DZD group compared to the OVX group.

Notably, there were no significant differences in 
endometrial, perimetrial, or myometrial thickness between 
the OVX+DZD and OVX+E2 groups, suggesting that DZD 
partially mimics the effects of estradiol on uterine tissue 
(Figure 3).

Gene expression results
Effect of estradiol and daidzein on ERα gene expression in the 
uterus

 As shown in Figure 4, ERα gene expression was 
significantly reduced in the OVX group compared to the 
Sham group, with a decrease of over 65% (P<0.05). No 
significant differences in ERα expression were observed in 
the other groups compared to the Sham group. However, the 
DZD group exhibited a 1.3-fold increase in ERα expression 
compared to the OVX group. Similarly, the OVX+E2 group 
showed a 4.6-fold increase in ERα expression relative to the 
OVX group (P<0.05, Cohen’s d = 4.3; see Supplementary 
Table S2 for full statistical details). Although the OVX+DZD 
group did not show a statistically significant difference in 
ERα expression compared to the OVX group, there was 

an increase of over 50%. Notably, the OVX+E2 group 
demonstrated a more than 3-fold higher ERα expression 
compared to the OVX+DZD group (P<0.05).

Effect of estradiol and daidzein on ERβ gene expression in the 
uterus

As shown in Figure 4, the expression of the ERβ gene in 
the OVX group decreased by more than 80% compared to 
the Sham group (P<0.05). Similarly, compared to the Sham 
group, ERβ expression in the OVX+E2 group was reduced 
by over 60% (P<0.05). No significant differences in ERβ 
expression were observed between the OVX+DZD and 
DZD groups and the Sham group. However, ERβ expression 
in the OVX+DZD group was significantly higher than in the 
OVX group, showing a more than 3-fold increase (P<0.05). 
Additionally, ERβ expression in the OVX+DZD group was 
considerably higher than in the OVX+E2 group, with a 1.4-
fold increase compared to the OVX+E2 group.

Effect of estradiol and daidzein on PTEN gene expression in 
the uterus

As shown in Figure 5, PTEN expression in the uterus was 
significantly reduced by 81% in the OVX group compared 
with the Sham group (P<0.05). Similarly, PTEN expression in 
the OVX+DZD group decreased by more than 60% compared 
to the Sham group (P<0.05). Although there was no significant 
difference in PTEN expression between the OVX+DZD and 
OVX groups, PTEN expression in the OVX+DZD group was 
significantly higher than in the OVX+E2 group, where estrogen 
increased PTEN expression by more than 7-fold compared to 
the OVX group (P<0.05). Furthermore, PTEN expression in 
the OVX+E2 group was approximately 4-fold higher than in 
the OVX+DZD group (P<0.05).

Figure 3. The thickness of uterine layers in ovariectomized rats
Endometrial thickness (A), Perimetrium thickness (B), and myometrium thickness (C). Significant differences (P<0.05) are shown with the sham group (a), with the OVX group 
(b), and with the OVX+DZD group (c)
Sham: Sham+Vehicle; DZD: Daidzein+ Vehicle; OVX: Ovariectomy + Vehicle; OVX+DZD: Ovariectomy+ daidzein; OVX+E2: Ovariectomy+ 17βestradiol

Figure 4. Effect of estradiol and daidzein on ERα (A) and ERβ (B) gene expression in the uterus of ovariectomized rats
The results shown on this graph are reported as Mean ± SD; the columns represent the mean, and error bars represent SEM from 6 rats. ERα and ERβ gene expression levels were 
normalized to the internal control beta-actin. Significant differences (P<0.05) are shown with the sham group (a), with the OVX group (b), and with the OVX+DZD group (c). 
Sham: Sham+Vehicle; DZD: Daidzein+ Vehicle; OVX: Ovariectomy + Vehicle; OVX+DZD: Ovariectomy+ daidzein; OVX+E2: Ovariectomy+ 17βestradiol
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Effect of estradiol and daidzein on Ki67 gene expression in 
the uterus

As shown in Figure 5, the expression of the Ki67 gene 
in the uterus was significantly reduced by 83% in the 
OVX group compared to the Sham group. Similarly, Ki67 
expression in the DZD group decreased by more than 
78% compared to the Sham group (P<0.05). However, no 
significant differences in Ki67 expression were observed 
between the OVX+DZD and OVX+E2 groups and the 
Sham group. Compared to the OVX group, Ki67 expression 
was significantly higher in the OVX+E2 group (P<0.05). 
Additionally, Ki67 expression in the OVX+DZD group was 
more than 2-fold higher than in the OVX group (P<0.05). 
Furthermore, Ki67 expression in the OVX+E2 group was 
approximately 1.5-fold higher than in the OVX+DZD 
group (P<0.05).

Effect of estradiol and daidzein on EZH2 gene expression in 
the uterus

As shown in Figure 6, the expression of the EZH2 gene 
in the uterus was significantly reduced by 89% in the OVX 
group compared to the Sham group (P<0.05). Similarly, 
EZH2 expression in the DZD group decreased by more 
than 75% compared to the Sham group (P<0.05). The 
OVX+DZD group also showed a reduction of over 75% in 
EZH2 expression compared to the Sham group (P<0.05). 
In contrast, the OVX+E2 group showed no significant 
difference in EZH2 expression compared to the Sham 
group. Compared to the OVX group, EZH2 expression was 
significantly higher in the OVX+E2 group, with a 5-fold 
increase (P<0.05). Additionally, EZH2 expression in the 

OVX+E2 group was approximately 2.4-fold higher than in 
the OVX+DZD group (P<0.05).

Oxidative stress status results
Effect of daidzein on catalase-specific activity in rat uterine tissue

As shown in Figure 7, the specific activity of catalase 
(CAT) was significantly higher in the OVX and OVX+E2 

Figure 5. Effect of estradiol and daidzein on PTEN (A) and Ki67 (B) gene expression in the uterus of ovariectomized rats
The results shown on this graph are reported as Mean ± SD, and the columns represent the mean, and error bars represent SEM, from 6 rats. PTEN and Ki67gene expression levels 
were normalized to the internal control beta-actin. Significant differences (P<0.05) are shown with the sham group (a), with the OVX group (b), and with the OVX+DZD group (c)
Sham: Sham+Vehicle; DZD: Daidzein+ Vehicle; OVX: Ovariectomy + Vehicle; OVX+DZD: Ovariectomy+ daidzein; OVX+E2: Ovariectomy+ 17βestradiol 

Figure 6. Effect of estradiol and daidzein on EZH2 gene expression in the uterus 
of ovariectomized rats
The results shown on this graph are reported as Mean ± SD, and the columns represent 
the mean, and error bars represent SEM, from 6 rats. EZH2 gene expression levels 
were normalized to the internal control beta-actin. Significant differences (P-Value 
<0.05) are shown with the sham group (a), with the OVX group (b), and with the 
OVX+DZD group (c). 
Sham: Sham+Vehicle; DZD: Daidzein+ Vehicle; OVX: Ovariectomy + Vehicle; 
OVX+DZD: Ovariectomy+ daidzein; OVX+E2: Ovariectomy+ 17βestradiol 

Figure 7. Effect of estradiol and daidzein treatment on the activity of CAT(A) and SOD(B) in uterus homogenate of experimental rats
Data are presented as mean ± SEM. sample size (n) = 6, P<0.05. Significant differences (P<0.05) are shown with the sham group (a), with the OVX group (b), and with the 
OVX+DZD group (c). 
Sham: Sham+Vehicle); DZD: Daidzein+ Vehicle; OVX: Ovariectomy + Vehicle; OVX+DZD: Ovariectomy+ daidzein; OVX+E2: Ovariectomy+ 17βestradiol 
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groups than in the Sham group. In the OVX+E2 group, 
catalase activity increased by nearly 40% compared to the 
Sham group, while in the OVX group, it decreased by more 
than 60% (P<0.05). Compared to the OVX group, estrogen 
treatment significantly increased catalase-specific activity, 
with a 65% increase in the OVX+E2 group (P<0.05). 
Similarly, treatment with DZD in the OVX+DZD group 
resulted in a more than 2.5-fold increase in catalase-specific 
activity compared to the OVX group (P<0.001, Cohen’s 
d = 3.6; see Supplementary Table S3 for full statistical 
details). Additionally, the difference in catalase-specific 
activity between the OVX+E2 and OVX+DZD groups 
was significant (P<0.05), with DZD treatment leading to a 
1.5-fold higher enzyme activity compared to the estrogen-
treated group.

Effect of daidzein and estradiol administration on superoxide 
dismutase-specific activity in rat uterine tissue

As shown in Figure 7, no significant differences in 
SOD-specific activity were observed between any of the 
experimental groups and the Sham group. However, the 
OVX+E2 group showed a significant increase in SOD-
specific activity compared to the OVX group (P<0.05), with 
estrogen treatment increasing enzyme activity by more 
than 1.5-fold. Similarly, the OVX+DZD group exhibited a 
significant increase in SOD-specific activity compared to 
the OVX group (P<0.05), with DZD treatment increasing 
enzyme activity by approximately 1.6-fold. However, there 
was no significant difference in SOD-specific activity 
between the OVX+DZD and OVX+E2 groups.

Effect of daidzein administration on MDA level in rat uterine 
tissue 

As shown in Figure 8, MDA levels in the OVX group 
were significantly higher than in the Sham group, with a 
more than 2.2-fold increase in the OVX group (P<0.05). 
However, no significant differences in MDA levels were 
observed between the OVX+DZD and OVX+E2 groups 
compared to the Sham group. The most notable difference 
was between the OVX+DZD and OVX groups, in which 
DZD administration reduced MDA levels by more than 
60% in the OVX+DZD group compared with the OVX 
group (P<0.05). Similarly, estrogen treatment significantly 
reduced MDA levels by over 50% in the OVX+E2 group 
compared to the OVX group (P<0.05). However, there 
was no significant difference in MDA levels between the 

OVX+E2 and OVX+DZD groups.
Effect of daidzein on TAC level in rat uterine tissue

As shown in Figure 8, the TAC in the OVX+E2 group 
was significantly higher than in the Sham group, with TAC 
levels approximately 1.6-fold greater in the OVX+E2 group 
(P<0.05). Similarly, the DZD group showed a significant 
increase in TAC compared to the Sham group, with levels 
approximately 1.8-fold higher (P<0.05). However, no 
significant differences in TAC were observed between 
the OVX+DZD and OVX groups compared to the Sham 
group. The OVX+E2 group exhibited a significantly higher 
TAC than the OVX group, with levels approximately 1.9-
fold greater (P<0.05). In contrast, there was no significant 
difference in TAC between the OVX+DZD and OVX 
groups. Additionally, TAC levels in the OVX+E2 group 
were significantly higher than in the OVX+DZD group, 
with levels approximately 2-fold greater (P<0.05).

Discussion
 17-β estradiol is crucial for maintaining uterine health 

and function by interacting with estrogen receptors, 
particularly ERα (41). Estrogen deficiency conditions, such 
as menopause or primary ovarian insufficiency (POI), and 
inadequate levels of E2 lead to a suppressed estrogen receptor 
expression and reduction in the volume and thickness of the 
uterus, resulting in endometrial atrophy (42, 43), as shown 
by histological analysis of uterine tissue in ovariectomized 
rats. A normal proliferative uterus is typically characterized 
by tubular endometrial glands evenly distributed within a 
rich stroma (44). In simple hyperplasia, the glands exhibit 
variations in shape and size, appearing irregular but still 
present within the stroma. In contrast, hyperplasia is defined 
by compact glands and scattered stroma with indistinct 
nuclei (45, 46). Histopathological examination of the uterus 
in the OVX group showed that the number of glands in this 
group was significantly reduced compared with the sham 
group. Administration of DZD in the OVX+ DZD group 
increased the number of glands, indicating its ability to 
induce cell proliferation, but did not lead to hyperplasia. 
Our data showed that DZD treatment increased endometrial 
volume and thickness in OVX+DZD rats; however, it was 
less effective than E2. These results are consistent with those 
reported by Ishimi et al. (47). The difference in the effects of 
the two treatments may be attributed to the varying affinities 
of phytoestrogens and E2 for the estrogen receptors. Recent 
studies suggest that phytoestrogens bind more strongly to 

Figure 8. Effect of estradiol and daidzein treatment on the activity of MDA(A) and TAC(B) in uterus homogenate of experimental rats
Data are presented as mean ± SEM. sample size (n) = 6, P<0.05. Significant differences (P<0.05) are shown with the sham group (a), with the OVX group (b), and with the 
OVX+DZD group (c). 
Sham: Sham+Vehicle; DZD: Daidzein+ Vehicle; OVX: Ovariectomy + Vehicle; OVX+DZD: Ovariectomy+ daidzein; OVX+E2: Ovariectomy+ 17βestradiol. 
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ERβ, while E2 is more effective at activating ERα, which is 
predominantly expressed in the uterus (48).

The proliferative effects of DZD on estrogen-sensitive 
tissues reported in the literature are complex and highly 
context-dependent, underscoring the significance of our 
findings. Our results showing that DZD prevents uterine 
atrophy without causing hyperplasia align with several in 
vivo studies. Importantly, a study directly comparing DZD 
to genistein in ovary-intact middle-aged rats found that 
DZD (35 mg/kg, s.c, 4 weeks) did not increase uterine wet 
weight or cause hyperplastic changes, while genistein led to 
significant hyperplasia (48). This matches a chronic feeding 
study in female rats, in which diets containing up to 1000 mg 
DZD per kg of feed caused no notable histomorphological 
damage in the uterus, ovary, or mammary tissue (49). 
However, it is also essential to recognize that other studies 
have reported stimulatory effects. For example, DZD has 
been shown to promote the growth of MCF-7 breast cancer 
cells in culture and enhance some estrogen responses in 
the immature rat uterus (50). The apparent contradiction 
is probably due to factors like dosage (supraphysiological 
versus physiological), metabolic conversion to equol, 
hormonal status of the model (ovariectomized versus 
immature versus ovary-intact), and the specific tissue 
examined.

An analysis of uterine ER gene expression revealed that 
treatment with E2 resulted in the highest expression levels 
of ERα and the greatest degree of uterine growth compared 
to the OVX and OVX+DZD groups. Although the impact 
of DZD on ERα expression compared to OVX+E2 or OVX 
rats was not statistically significant, DZD significantly 
increased ERβ gene expression, consistent with the study 
by Kim et al. (49). A significant concern regarding the 
use of phytoestrogens, such as genistein and DZD, is their 
potential adverse effects on reproductive organs, such as 
the development of endometrial cancer (50). In general, 
ERα levels are higher than ERβ in Endometrial cancer. In 
endometrial tissue, ERβ is crucial in maintaining normal 
homeostasis, cell cycling, and tissue remodeling (51). The 
lower level of ERα expression and the higher level of ERβ in 
OVX+DZD compared to OVX+E2 are clinically important, 
as they indicate that DZD administration does not induce 
strong proliferation and may be associated with a lower risk 
of endometrial cancer.

PTEN is likely the most extensively studied biomarker for 
endometrial cancer, as the PTEN gene is the most frequently 
mutated in this malignancy (52). Our data indicated 
that the changes in PTEN gene expression observed in 
the OVX+DZD group were not statistically significant 
compared with either the OVX rats or the OVX+E2 rats. 
Additionally, PTEN levels in the OVX+DZD group were 
lower than those in the sham group. This finding is consistent 
with the study by Aguilar et al., which demonstrated that 
scattered Pax2-positive glands and/or PTEN deficiency 
are common occurrences in normal endometrium (53). 
Since PTEN is not the only factor involved in endometrial 
carcinogenesis (54). Additional factors must be considered 
for accurate interpretation and conclusions. In this study, 
the favorable expression of other investigated genes and the 
overall condition of the uterine tissue further support the 
positive efficacy of DZD.

EZH2 promotes endometrial carcinoma proliferation 
and invasion, mediates epithelial-mesenchymal transition 
in endometriosis, and disrupts the expression of DNA 

repair genes in uterine fibroids (11, 55). Our data showed 
that estradiol significantly increased EZH2 expression 
in the uterus. However, this expression was significantly 
reduced following ovariectomy compared to treatment 
with DZD. Given the role of EZH2 in cell proliferation and 
cancer progression, it can be argued that long-term HRT 
might elevate the risk of endometrial cancer. Eskander 
et al. demonstrated that EZH2 expression was elevated 
in all types of endometrial cancer cell lines and human 
endometrial cancer tissue samples compared to controls. 
Therefore, DZD could be a safer alternative to estradiol for 
uterine tissue (11, 12).

Our results demonstrated that the absence of E2 in the 
OVX group led to uterine growth arrest and subsequent 
atrophy, which was associated with markedly low Ki67 
levels. Ki67 expression significantly increased following E2 
treatment in the OVX + E2 group. In contrast, administration 
of DZD resulted in a more modest increase in Ki67 levels 
and less pronounced endometrial growth, consistent with 
the histological findings. These data suggest that DZD may 
help prevent uterine atrophy without promoting excessive 
proliferative activity, thereby potentially reducing the risk 
of endometrial cancer. Furthermore, administering DZD to 
non-ovariectomized animals in the presence of endogenous 
estrogen decreased Ki67 expression and maintained a 
regular proliferative uterine pattern. Given that elevated 
Ki67 expression in patients with endometrial cancer 
correlates with lower survival rates and higher recurrence 
risk, our findings indicate that modulating Ki67 activity 
could impede cell cycle progression, highlighting it as a 
promising therapeutic target (15, 56).

Maintaining a balance between pro-oxidants and 
anti-oxidants is crucial for cellular integrity, as increased 
oxidative stress can damage lipids, proteins, and nucleic 
acids (57). Following menopause, reduced estrogen levels 
are associated with increased free radical production, 
decreased anti-oxidant activity, and elevated oxidative 
damage (41, 58). In line with this, our data showed that 
OVX rats exhibited a significant reduction in total anti-
oxidant capacity, decreased SOD and catalase activity, and 
elevated MDA levels. Treatment with E2 in OVX + E2 rats 
essentially reversed these changes. Administration of DZD 
also increased SOD and catalase activity and reduced MDA 
levels compared with the OVX group; however, it did not 
significantly affect total anti-oxidant capacity (TAC). These 
findings suggest that DZD may partially mitigate oxidative 
stress in the uterus, but further studies are warranted to clarify 
its mechanisms and overall impact on anti-oxidant status.

A limitation of this study is that we assessed gene 
expression only at the mRNA level. Future work should 
include protein-level analysis (e.g., western blotting or 
immunohistochemistry) to confirm these findings and 
provide deeper mechanistic insight.

Conclusion
Estrogen deficiency can lead to physiological changes 

that negatively impact quality of life, highlighting the need 
to identify safe therapeutic approaches. In this study, DZD 
was found to modestly enhance the activity of anti-oxidant 
enzymes in the uterus, suggesting it may help maintain 
oxidative balance. Gene expression analyses related to 
endometrial hyperplasia and cancer indicated that DZD 
might help mitigate some effects of estrogen deficiency, 
without showing the pro-proliferative effects typically 
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associated with estrogen therapy. However, further studies 
are needed to assess the long-term safety and efficacy of DZD.
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