
Citation: Kamal, D.A.M.; Ibrahim,

S.F.; Ugusman, A.; Mokhtar, M.H.

Kelulut Honey Regulates Sex Steroid

Receptors in a Polycystic Ovary

Syndrome Rat Model. Int. J. Mol. Sci.

2022, 23, 14757. https://doi.org/

10.3390/ijms232314757

Academic Editor: Eui-Bae Jeung

Received: 29 September 2022

Accepted: 22 November 2022

Published: 25 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Kelulut Honey Regulates Sex Steroid Receptors in a Polycystic
Ovary Syndrome Rat Model
Datu Agasi Mohd Kamal 1,2 , Siti Fatimah Ibrahim 1 , Azizah Ugusman 1 and Mohd Helmy Mokhtar 1,*

1 Department of Physiology, Faculty of Medicine, Universiti Kebangsaan Malaysia,
Kuala Lumpur 56000, Malaysia

2 Department of Biomedical Sciences, Faculty of Medicine and Health Sciences, University Malaysia Sabah,
Kota Kinabalu 88400, Malaysia

* Correspondence: helmy@ukm.edu.my; Tel.: +60-3-91458617

Abstract: Reproductive and metabolic anomalies in polycystic ovary syndrome (PCOS) have been
associated with the dysregulation of sex steroid receptors. Kelulut honey (KH) has been shown to
be beneficial in PCOS-induced rats by regulating folliculogenesis and the oestrus cycle. However,
no study has been conducted to evaluate KH’s effect on sex steroid receptors in PCOS. Therefore,
the current study examined the effects of KH, metformin, or clomiphene alone and in combination
on the mRNA expression and protein distribution of androgen receptor (AR), oestrogen receptor
α (ERα), oestrogen receptor β (ERβ), and progesterone receptor (PR) in PCOS-induced rats. The
study used female Sprague-Dawley rats, which were treated orally with 1 mg/kg/day of letrozole for
21 days to develop PCOS. PCOS-induced rats were then divided and treated orally for 35 days with
KH, metformin, clomiphene, KH + metformin, KH+ clomiphene and distilled water. In this study,
we observed aberrant AR, ERα, ERβ and PR expression in PCOS-induced rats compared with the
normal control rats. The effects of KH treatment were comparable with clomiphene and metformin in
normalizing the expression of AR, ERα, and ERβ mRNA. However, KH, clomiphene and metformin
did not affect PR mRNA expression and protein distribution. Hence, this study confirms the aberrant
expression of sex steroid receptors in PCOS and demonstrates that KH treatment could normalise the
sex steroid receptors profile. The findings provide a basis for future clinical trials to utilize KH as a
regulator of sex steroid receptors in patients with PCOS.

Keywords: honey; PCOS; oestrogen receptors; androgen receptor; progesterone receptor

1. Introduction

Polycystic ovary syndrome (PCOS) is a combination of endocrine, reproductive, and
metabolic disorders characterised by aberrant folliculogenesis, anovulation, irregular men-
strual cycles, insulin resistance, and hyperandrogenism [1,2]. PCOS is the most prevalent
hormonal disorder in reproductive-age women [3,4]. However, due to its heterogeneous
characteristics, reports on its prevalence have varied, with stricter diagnostic criteria result-
ing in a prevalence of 6%. In comparison, broader diagnostic inclusion criteria increase the
prevalence to 20% among reproductive-age women [5,6].

To date, the etiopathogenesis of PCOS is still not well defined [7,8]. However, the
suggested etiopathology of PCOS includes abnormalities in steroidogenesis [9,10], follicular
arrest [11], deficiency in aromatase enzymes [12], and insulin-resistant hyperinsulinism [13].
Additionally, recent studies have investigated the role of sex steroid receptors in women
with PCOS [14–16]. Studies on the expression of these receptors and the associated abnor-
malities have triggered a new understanding of PCOS aetiology [17].

Sex steroid receptors, including oestrogen receptor (ER), androgen receptor (AR), and
progesterone receptor (PR), are physiologically limited not only to the female reproductive
system, but are also crucial for the non-reproductive functions such as the cardiovascular
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and metabolic systems [18]. A recent study discovered that the dysregulation of sex steroid
receptors is the cause of aberrant follicular development and metabolic diseases, such as obe-
sity, diabetes mellitus, cardiovascular disease, and hypertension in PCOS [17]. Meanwhile,
another study discovered ER- and AR-mediated mechanisms responsible for generating
various PCOS phenotypes [19]. Studies on the differential expression of sex steroid receptors
have proven that these receptors are aberrantly expressed in PCOS [14,16,17].

Because the definitive aetiology of PCOS is not yet finalised, treatment goals mainly
stipulate reducing the symptoms. Several drugs currently being utilised include clomiphene
for ovulation induction, oral contraceptives to regulate the menstrual cycle, and metformin
to manage insulin resistance. However, some reports have shown that these medications
are associated with adverse effects, including gastrointestinal upset, abdominal pain, and
uterine bleeding [20,21]. In addition, approximately 40% of women with PCOS were re-
ported to experience clomiphene resistance, which further limits the treatment choice for
patients [22]. According to a study, 70% of Australian women with PCOS are using comple-
mentary treatments, and adverse side-effects were reported in 12.2% of respondents [23].
Thus, exploring effective and safe nutraceuticals such as honey is essential to providing
complementary treatment options for PCOS patients.

Kelulut honey (KH) is a natural stingless bee honey reported to be effective in amelio-
rating both female and male reproductive system disorders [24,25]. KH possesses excellent
antioxidative, anti-inflammatory, anti-cancer, and anti-diabetic properties [26]. Previously,
we have proved that KH could improve oxidative stress, hormonal imbalance, folliculo-
genesis, and steroidogenic and aromatase enzyme profiles in PCOS-induced rats [27,28].
Thus, the current study is an extension of our previous investigations, aiming to discover
the effects of KH on sex steroid receptors in PCOS rats. The effects of KH, metformin, or
clomiphene on AR, ERα, ERβ, and PR profiles were compared and discussed.

2. Results
2.1. Effect of KH on AR mRNA Expression and Protein Distribution

Figure 1 demonstrates the effect of KH on AR mRNA expression. AR mRNA expres-
sion was significantly downregulated in the untreated PCOS group compared with the
normal control rats (0.08 ± 0.01 vs. 1.00 ± 0.00, p < 0.05). The downregulation of the AR
gene was significantly (p < 0.05) improved to near normal levels following treatment with
KH (0.59 ± 0.04), clomiphene (0.63 ± 0.04), combined KH + clomiphene (0.58 ± 0.05),
combined KH + metformin (0.55 ± 0.04), and metformin (0.55 ± 0.04). However, there
were no significant differences observed between the treatment groups.
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Figure 1. Effects of KH on AR mRNA expression. NC: normal control; PCOS: untreated PCOS; M: 
PCOS + metformin; C: PCOS + clomiphene; KH: PCOS + 1 g/kg/day of Kelulut honey; KH + M: PCOS 
+ 1 g/kg/day of Kelulut honey + metformin; KH + C: PCOS + 1 g/kg/day of Kelulut honey + clomi-
phene. * p < 0.05 significance compared to the normal control group, # p < 0.05 significance compared 
to the untreated PCOS group, n = 6 per treatment group. 

Meanwhile, Figure 2A shows the distribution of AR protein in rat ovaries. Positive 
DAB staining was localised at the granulosa cell nuclei of primary, antral, and preovula-
tory follicles in all groups. In addition, in every group, staining was absent in cystic folli-
cles and the corpus luteum. As shown in Figure 2B, staining intensity was significantly 
reduced in untreated PCOS rats compared with normal control rats (7.36 ± 0.57% vs. 23.27 
± 0.31%, p < 0.05). This reduction was significantly (p < 0.05) improved to near normal 
levels following treatment with clomiphene alone (22.09 ± 0.50%), KH + clomiphene (21.30 
± 0.33%), KH alone (21.8 ± 0.49%), metformin (21.39 ± 0.57%) and KH + metformin (21.30 
± 0.42%). There were no significant differences observed between the treatment groups. 

Figure 1. Effects of KH on AR mRNA expression. NC: normal control; PCOS: untreated PCOS;
M: PCOS + metformin; C: PCOS + clomiphene; KH: PCOS + 1 g/kg/day of Kelulut honey;
KH + M: PCOS + 1 g/kg/day of Kelulut honey + metformin; KH + C: PCOS + 1 g/kg/day of
Kelulut honey + clomiphene. * p < 0.05 significance compared to the normal control group, # p < 0.05
significance compared to the untreated PCOS group, n = 6 per treatment group.
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Meanwhile, Figure 2A shows the distribution of AR protein in rat ovaries. Positive
DAB staining was localised at the granulosa cell nuclei of primary, antral, and preovulatory
follicles in all groups. In addition, in every group, staining was absent in cystic follicles and
the corpus luteum. As shown in Figure 2B, staining intensity was significantly reduced in
untreated PCOS rats compared with normal control rats (7.36 ± 0.57% vs. 23.27 ± 0.31%,
p < 0.05). This reduction was significantly (p < 0.05) improved to near normal levels follow-
ing treatment with clomiphene alone (22.09 ± 0.50%), KH + clomiphene (21.30 ± 0.33%),
KH alone (21.8 ± 0.49%), metformin (21.39 ± 0.57%) and KH + metformin (21.30 ± 0.42%).
There were no significant differences observed between the treatment groups.
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Figure 2. (A) Representative images of AR protein distribution and (B) quantitative analysis of AR 
protein staining intensity in the treatment groups. The antibody-binding site of AR is marked by 
the dark brown stain present in granulosa cell nuclei of primary follicles, antral follicles and pre-
ovulatory follicles. NC: normal control; PCOS: untreated PCOS; M: PCOS + metformin; C: PCOS + 
clomiphene; KH: PCOS + 1 g/kg/day of Kelulut honey; KH + M: PCOS + 1 g/kg/day of Kelulut honey 
+ metformin; KH + C: PCOS + 1 g/kg/day of Kelulut honey + clomiphene. Scale bar = 100 μm. Mag-
nification 200× and 400×. * p < 0.05 significance compared to the normal control group, # p < 0.05 
significance compared to the untreated PCOS group. n = 6 per group. 

2.2. Effect of KH on ERα and ERβ mRNA Expression and Protein Distribution 
Figure 3A shows the effects of KH on ERα mRNA expression. PCOS induction 

caused significant downregulation of the ERα mRNA expression in untreated PCOS rats 
compared with the normal control group (0.05 ± 0.01 vs. 1.00 ± 0, p < 0.05). Treatment with 
clomiphene (0.6 ± 0.06), combined KH + clomiphene (0.6 ± 0.05), combined KH + metfor-
min (0.51 ± 0.04), metformin (0.45 ± 0.04), and KH (0.43 ± 0.03) significantly increased ERα 
mRNA expression (p < 0.05) compared with the untreated PCOS rats (0.05 ± 0.01). How-
ever, no significant differences were recorded among the treatment groups. 

Figure 2. (A) Representative images of AR protein distribution and (B) quantitative analysis of AR
protein staining intensity in the treatment groups. The antibody-binding site of AR is marked by the
dark brown stain present in granulosa cell nuclei of primary follicles, antral follicles and preovulatory
follicles. NC: normal control; PCOS: untreated PCOS; M: PCOS + metformin; C: PCOS + clomiphene;
KH: PCOS + 1 g/kg/day of Kelulut honey; KH + M: PCOS + 1 g/kg/day of Kelulut honey + met-
formin; KH + C: PCOS + 1 g/kg/day of Kelulut honey + clomiphene. Scale bar = 100 µm. Magni-
fication 200× and 400×. * p < 0.05 significance compared to the normal control group, # p < 0.05
significance compared to the untreated PCOS group. n = 6 per group.
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2.2. Effect of KH on ERα and ERβ mRNA Expression and Protein Distribution

Figure 3A shows the effects of KH on ERα mRNA expression. PCOS induction caused
significant downregulation of the ERα mRNA expression in untreated PCOS rats com-
pared with the normal control group (0.05 ± 0.01 vs. 1.00 ± 0, p < 0.05). Treatment with
clomiphene (0.6 ± 0.06), combined KH + clomiphene (0.6 ± 0.05), combined KH + met-
formin (0.51 ± 0.04), metformin (0.45 ± 0.04), and KH (0.43 ± 0.03) significantly increased
ERα mRNA expression (p < 0.05) compared with the untreated PCOS rats (0.05 ± 0.01).
However, no significant differences were recorded among the treatment groups.
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honey; KH + M: PCOS + 1 g/kg/day of Kelulut honey + metformin; KH + C: PCOS + 1 g/kg/day of 
Kelulut honey + clomiphene. * p < 0.05 significance compared to the normal control group, # p < 0.05 
significance compared to the untreated PCOS group, n = 6 per treatment group. 

ERβ mRNA expression is shown in Figure 3B. PCOS induction caused ERβ mRNA 
expression to be downregulated significantly (p < 0.05) in untreated PCOS rats compared 
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(0.49 ± 0.03), KH + clomiphene (0.47 ± 0.04), KH + metformin (0.39 ± 0.03), metformin (0.38 
± 0.03), and KH only (0.37 ± 0.03) significantly upregulated ERβ mRNA expression (p < 
0.05) compared with the untreated PCOS group (0.07 ± 0.01). There were no significant 
differences observed between the treatment groups. 

Figure 4A demonstrates the ERα protein distribution. In all groups, DAB staining 
was found in the granulosa and theca cells of primary, antral, and preovulatory follicles. 
In addition, in every group, staining was absent in cystic follicles and the corpus luteum. 
The staining intensity of ERα (Figure 4B) was significantly decreased in untreated PCOS 
rats compared with normal control rats (31.63 ± 0.34% vs. 6.16 ± 0.21%, p < 0.05). This re-
duction was significantly reversed to a near normal level (p < 0.05) by treatment with KH 
+ clomiphene (31.14 ± 0.49%), clomiphene alone (31.29 ± 0.52%), KH alone (30.31 ± 0.38%), 
KH + metformin (30.94 ± 0.53%), and metformin (30.21 ± 0.33%). There were no significant 
differences observed between the treatment groups. 

Figure 3. Effects of KH on (A) ERα and (B) ERβ mRNA expression. NC: normal control; PCOS:
untreated PCOS; M: PCOS + metformin; C: PCOS + clomiphene; KH: PCOS + 1 g/kg/day of Kelulut
honey; KH + M: PCOS + 1 g/kg/day of Kelulut honey + metformin; KH + C: PCOS + 1 g/kg/day of
Kelulut honey + clomiphene. * p < 0.05 significance compared to the normal control group, # p < 0.05
significance compared to the untreated PCOS group, n = 6 per treatment group.

ERβ mRNA expression is shown in Figure 3B. PCOS induction caused ERβ mRNA
expression to be downregulated significantly (p < 0.05) in untreated PCOS rats compared
with the normal control rats (0.07 ± 0.01 vs. 1.00 ± 0, p < 0.05). Treatment with clomiphene
(0.49 ± 0.03), KH + clomiphene (0.47 ± 0.04), KH + metformin (0.39 ± 0.03), metformin
(0.38 ± 0.03), and KH only (0.37 ± 0.03) significantly upregulated ERβ mRNA expression
(p < 0.05) compared with the untreated PCOS group (0.07 ± 0.01). There were no significant
differences observed between the treatment groups.

Figure 4A demonstrates the ERα protein distribution. In all groups, DAB staining
was found in the granulosa and theca cells of primary, antral, and preovulatory folli-
cles. In addition, in every group, staining was absent in cystic follicles and the corpus
luteum. The staining intensity of ERα (Figure 4B) was significantly decreased in untreated
PCOS rats compared with normal control rats (31.63 ± 0.34% vs. 6.16 ± 0.21%, p < 0.05).
This reduction was significantly reversed to a near normal level (p < 0.05) by treatment
with KH + clomiphene (31.14 ± 0.49%), clomiphene alone (31.29 ± 0.52%), KH alone
(30.31 ± 0.38%), KH + metformin (30.94 ± 0.53%), and metformin (30.21 ± 0.33%). There
were no significant differences observed between the treatment groups.
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Figure 4. (A) Representative images of ERα protein distribution and (B) quantitative analysis of ERα 
protein staining intensity in the treatment groups. The antibody-binding site of ERα is marked by 
the dark brown stain that is present in granulosa cells and theca cells of primary follicles, antral 
follicles, and preovulatory follicles. NC: normal control; PCOS: untreated PCOS; M: PCOS +metfor-
min; C: PCOS + clomiphene; KH: PCOS + 1 g/kg/day of Kelulut honey; KH + M: PCOS + 1 g/kg/day 
of Kelulut honey + metformin; KH + C: PCOS + 1 g/kg/day of Kelulut honey + clomiphene. Scale bar 
= 50 μm. Magnification 100×, n = 6 per group. * p < 0.05 significance compared to the normal control 
group, # p < 0.05 significance compared to the untreated PCOS group. n = 6 per group. 

The distribution of ERβ protein in rat ovaries is shown in Figure 5A. Positive DAB 
staining was localised in the granulosa and theca cells of primary follicles, antral follicles, 
and preovulatory follicles in all groups. In addition, in every group, staining was absent 
in the cystic follicles and corpus luteum. As shown in Figure 5B, the staining intensity of 
ERβ was significantly decreased in untreated PCOS rats compared with normal control 
rats (22.80 ± 0.32% vs. 5.15 ± 0.25%, p < 0.05). This reduction was significantly reversed to 
near normal (p < 0.05) by treatment with KH + clomiphene (22.02 ± 0.46%), clomiphene 
alone (21.77 ± 0.48%), KH alone (21.48 ± 0.61%), KH + metformin (21.14 ± 0.49%), and met-
formin (21.07 ± 0.47%). There were no significant differences observed between the treat-
ment groups. 

Figure 4. (A) Representative images of ERα protein distribution and (B) quantitative analysis of ERα
protein staining intensity in the treatment groups. The antibody-binding site of ERα is marked by the
dark brown stain that is present in granulosa cells and theca cells of primary follicles, antral follicles,
and preovulatory follicles. NC: normal control; PCOS: untreated PCOS; M: PCOS +metformin;
C: PCOS + clomiphene; KH: PCOS + 1 g/kg/day of Kelulut honey; KH + M: PCOS + 1 g/kg/day
of Kelulut honey + metformin; KH + C: PCOS + 1 g/kg/day of Kelulut honey + clomiphene. Scale
bar = 50 µm. Magnification 100×, n = 6 per group. * p < 0.05 significance compared to the normal
control group, # p < 0.05 significance compared to the untreated PCOS group. n = 6 per group.

The distribution of ERβ protein in rat ovaries is shown in Figure 5A. Positive DAB
staining was localised in the granulosa and theca cells of primary follicles, antral follicles,
and preovulatory follicles in all groups. In addition, in every group, staining was absent
in the cystic follicles and corpus luteum. As shown in Figure 5B, the staining intensity of
ERβ was significantly decreased in untreated PCOS rats compared with normal control
rats (22.80 ± 0.32% vs. 5.15 ± 0.25%, p < 0.05). This reduction was significantly reversed to
near normal (p < 0.05) by treatment with KH + clomiphene (22.02 ± 0.46%), clomiphene
alone (21.77 ± 0.48%), KH alone (21.48 ± 0.61%), KH + metformin (21.14 ± 0.49%), and
metformin (21.07 ± 0.47%). There were no significant differences observed between the
treatment groups.
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cles, and preovulatory follicles. NC: normal control; PCOS: untreated PCOS; M: PCOS + metformin; 
C: PCOS + clomiphene; KH: PCOS + 1 g/kg/day of Kelulut honey; KH + M: PCOS + 1 g/kg/day of 
Kelulut honey + metformin; KH + C: PCOS + 1 g/kg/day of Kelulut honey + clomiphene. Scale bar = 
50 μm and 100 μm. Magnification 100×, n = 6 per group. * p < 0.05 significance compared to the 
normal control group, # p < 0.05 significance compared to the untreated PCOS group. n = 6 per 
group. 

2.3. Effect of KH on PR mRNA Expression and Protein Distribution 
As shown in Figure 6, the mRNA expression of PR was significantly downregulated 

in untreated PCOS rats compared with the normal control rats (0.11 ± 0.02 vs. 1.00 ± 0.00, 
p < 0.05). However, the treatment groups did not differ from the untreated PCOS group. 
Meanwhile, Figure 7 demonstrates the PR protein distribution. In all groups, DAB stain-
ing was not found in the whole ovary, but positive staining was recorded in the oviduct. 

Figure 5. (A) Representative images of ERβ protein distribution and (B) quantitative analysis of ERβ
protein staining intensity in the treatment groups. The antibody-binding site of ERβ is marked by the
dark brown stain present in the granulosa cells and theca cells of primary follicles, antral follicles,
and preovulatory follicles. NC: normal control; PCOS: untreated PCOS; M: PCOS + metformin;
C: PCOS + clomiphene; KH: PCOS + 1 g/kg/day of Kelulut honey; KH + M: PCOS + 1 g/kg/day of
Kelulut honey + metformin; KH + C: PCOS + 1 g/kg/day of Kelulut honey + clomiphene. Scale bar
= 50 µm and 100 µm. Magnification 100×, n = 6 per group. * p < 0.05 significance compared to the
normal control group, # p < 0.05 significance compared to the untreated PCOS group. n = 6 per group.
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2.3. Effect of KH on PR mRNA Expression and Protein Distribution

As shown in Figure 6, the mRNA expression of PR was significantly downregulated
in untreated PCOS rats compared with the normal control rats (0.11 ± 0.02 vs. 1.00 ± 0.00,
p < 0.05). However, the treatment groups did not differ from the untreated PCOS group.
Meanwhile, Figure 7 demonstrates the PR protein distribution. In all groups, DAB staining
was not found in the whole ovary, but positive staining was recorded in the oviduct.
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Figure 6. Effects of KH on mRNA expression of PR. NC: normal control; PCOS: untreated PCOS; M: 
PCOS + metformin; C: PCOS + clomiphene; KH: PCOS + 1 g/kg/day of Kelulut honey; KH + M: PCOS 
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phene. * p < 0.05 significance compared to the normal control group, n = 6 per treatment group. 

Figure 6. Effects of KH on mRNA expression of PR. NC: normal control; PCOS: untreated PCOS;
M: PCOS + metformin; C: PCOS + clomiphene; KH: PCOS + 1 g/kg/day of Kelulut honey;
KH + M: PCOS + 1 g/kg/day of Kelulut honey + metformin; KH + C: PCOS + 1 g/kg/day of
Kelulut honey + clomiphene. * p < 0.05 significance compared to the normal control group, n = 6 per
treatment group.
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untreated PCOS; M: PCOS + metformin; C: PCOS + clomiphene; KH: PCOS + 1 g/kg/day of Kelulut 
honey; KH + M: PCOS + 1 g/kg/day of Kelulut honey + metformin; KH + C: PCOS + 1 g/kg/day of 
Kelulut honey + clomiphene. Scale bar = 50 μm and 100 μm. Magnification 40×, n = 6 per group. 

3. Discussion 
According to Paris et al., hyperandrogenism, working via AR, is the key player in the 

pathogenesis of PCOS [29]. Hyperandrogenism causes abnormal folliculogenesis, insulin 
resistance, aromatase enzyme deficiency, and physical disturbances such as hirsutism and 
androgenic alopecia in PCOS patients [30,31]. A previous study demonstrated that block-
ing AR gene expression in female mice can prevent PCOS-like pathology development, 
indicating the role for AR in PCOS pathogenesis [32]. Furthermore, several studies have 
reported that the mRNA expression of AR in ovarian granulosa cells of women with PCOS 
was significantly lower than in normal healthy women [14,31,33]. In this study, we rec-
orded downregulation of AR mRNA expression in PCOS rat ovaries compared with nor-
mal rats. However, it is unclear whether AR expression is upregulated [34,35] or down-
regulated [36] in the ovaries of PCOS-induced animals. Gao et al. explained the 

Figure 7. Effect of KH on PR protein distribution. The antibody-binding site of PR is marked by the
dark brown stain that presents only in the oviduct and not in the ovary. NC: normal control; PCOS:
untreated PCOS; M: PCOS + metformin; C: PCOS + clomiphene; KH: PCOS + 1 g/kg/day of Kelulut
honey; KH + M: PCOS + 1 g/kg/day of Kelulut honey + metformin; KH + C: PCOS + 1 g/kg/day of
Kelulut honey + clomiphene. Scale bar = 50 µm and 100 µm. Magnification 40×, n = 6 per group.

3. Discussion

According to Paris et al., hyperandrogenism, working via AR, is the key player in the
pathogenesis of PCOS [29]. Hyperandrogenism causes abnormal folliculogenesis, insulin
resistance, aromatase enzyme deficiency, and physical disturbances such as hirsutism
and androgenic alopecia in PCOS patients [30,31]. A previous study demonstrated that
blocking AR gene expression in female mice can prevent PCOS-like pathology development,
indicating the role for AR in PCOS pathogenesis [32]. Furthermore, several studies have
reported that the mRNA expression of AR in ovarian granulosa cells of women with
PCOS was significantly lower than in normal healthy women [14,31,33]. In this study,
we recorded downregulation of AR mRNA expression in PCOS rat ovaries compared
with normal rats. However, it is unclear whether AR expression is upregulated [34,35]
or downregulated [36] in the ovaries of PCOS-induced animals. Gao et al. explained the
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discrepancy in AR expression in human and animal studies. They proposed that short-
term stimulation of androgen will increase AR expression in vitro or in vivo, followed
by inhibition of AR expression due to the increased AR-mediated reaction in the chronic
hyperandrogenism of PCOS. This AR downregulation hinders follicle development, which
causes PCOS patients’ ovaries to produce many arrested antral follicles [14]. Nonetheless,
whether it is over- or under-expressed, abnormal expression of AR is always associated
with abnormal folliculogenesis in PCOS [17].

We also demonstrated that KH was comparable with clomiphene and metformin
in reversing the downregulation of AR mRNA expression. Previously, a review article
concluded that honey could significantly regulate testosterone levels [37] which may indi-
rectly show its action on the AR. In vitro studies have shown that caffeic acid phenethyl
ester, the major constituent of honey bee propolis and KH [38,39], regulates AR via inhibit-
ing phosphorylation of serine 81 and serine 213 [40]. Previously, we demonstrated that
KH could normalise elevated serum testosterone and LH levels with improved oxidative
stress status in PCOS rats [28]. Additionally, treatment with KH reduced the elevated
expression of Cyp17a1 (a steroidogenic enzyme) in rats with PCOS [27]. An interplay
between testosterone, LH, steroidogenic enzymes, and oxidative stress status may be the
possible pathway that mediates the KH effect on AR expression. Previous studies also
have highlighted trehalulose, a bioactive disaccharide and phenolic content of stingless
bee honey or KH, for its active effects mainly achieved via the antioxidant pathway [41,42].
The anti-oxidative pathway of KH may be one of the possible mechanisms underlying
its effect on the sex steroid receptors. Meanwhile, another study revealed that Ecklonia
cava, a plant with excellent anti-oxidative properties [43], significantly reversed AR mRNA
downregulation in letrozole-induced PCOS rats [36].

In this study, clomiphene, metformin, and a combination of the drugs with KH were
shown to reverse the effects of PCOS induction on AR. Furthermore, metformin therapy
in PCOS reduces hyperandrogenaemia, facilitating normal menses and pregnancy [44].
A previous study showed that metformin could downregulate AR expression in the en-
dometrium of PCOS patients [45]. Meanwhile, clomiphene has been shown to significantly
increase the mRNA expression of AR in the testes of lead acetate-induced rats [46]. AR
protein was reported to be localised in the nuclei of granulosa cells in primordial, primary,
and secondary follicles [35]. In line with the previous study, our findings showed AR to be
positively stained at the granulosa cell nuclei of primary, antral, and preovulatory follicles
in all the groups. The untreated PCOS group recorded significantly lower staining intensity
than the normal control rats.

Oestrogen mediates its effect through three types of receptors; the genomic pathway
via ERα and ERβ, and the non-genomic pathway via the G-protein-coupled oestrogen
receptor (GPER). However, Barton et al. [47] found that GPER has a lesser binding affinity
for oestrogen compared with ERα and ERβ receptors. All three oestrogen receptors are
encoded by a unique gene on separate chromosomes [48]. Esr1 and Esr2 encode the ERα
and ERβ receptors, respectively. [16]. The importance of both oestrogen receptors was
proven when ERα knock-out mice demonstrated the features of ovarian cysts, haemor-
rhagic follicles, elevated androgen levels, and irregular oestrus cycles [49]. Meanwhile,
ERβ knock-out mice showed the characteristics of upregulated steroidogenic enzyme ex-
pression, formation of cystic follicles, and elevated LH levels [50]. PCOS has been linked to
aberrant expression of both ERα and ERβ, and this causes folliculogenesis and ovulatory
failure [16,51]. In this study, we found that ERα and ERβ mRNA expression levels were
significantly downregulated in the group of untreated PCOS rats compared with the normal
control group. This is in line with other studies, which reported that letrozole-induced
PCOS rats have downregulation of ERα [52] and ERβ mRNA expression [36]. In addition,
mice with disrupted ERα genes were characterised by elevated LH concentrations, haemor-
rhagic ovaries, cystic follicles, and failure of ovulation, resembling PCOS conditions [53,54].
Meanwhile, ERβ knockout mice developed aberrant folliculogenesis, decreased ovulation,
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and fewer pregnancies [55,56]. It has been reported that ER is crucial in maintaining normal
folliculogenesis, ovulation, and ovarian granulosa cell development [57].

We found that treatment with KH significantly reversed the downregulation of both
ERα and ERβ mRNA expression. Previously, various honeys, including Tualang and
Manuka honey have been reported to modulate ER activity through their phenolic con-
tent [58,59]. This may be achieved as the phenolic ring is reported to be able to bind into
both ERα and ERβ [60]. Furthermore, according to Ahmed et al., Tualang and Manuka
honey may alter the dimerization of ER through nuclear cytoplasmic shuttling modifi-
cation hence blocking the ER nuclear localization [59]. KH phenolic content might be a
related agent, evidenced by its effect on modulating ERα and ERβ in this study. In fact,
resveratrol, a natural phenolic compound, is reported to be an agonist to the ER [61]. It has
been shown that the concentration of honey determines its oestrogenic or anti-oestrogenic
effects [62–64]. However, our previous study shows KH does not affect the estradiol level
in PCOS-induced rats [28]. While we recorded upregulation of ER with KH treatment,
other studies have reported that Tualang and Manuka honey downregulate ER expres-
sion [59,65]. This discrepancy warrants future investigation for validation. In addition, the
KH effect on ERα and ERβ was comparable with clomiphene, metformin, or a combination
of either drug with KH. Clomiphene is well known as a selective ER modulator [66,67].
Clomiphene works by facilitating folliculogenesis and increasing the ovulation rate [68].
The binding of clomiphene to the hypothalamic ER stimulates the release of gonadotropins
from the anterior pituitary, which eventually promotes the recruitment of healthy antral
follicles for ovulation [69]. Meanwhile, metformin is the first-line drug to manage diabetes
in PCOS patients. In addition to controlling diabetes, a study revealed that metformin
improved the ovulation rate in PCOS patients [70]. Metformin has also been reported to
enhance folliculogenesis in PCOS-induced rats [71], while an in vitro study demonstrated
that metformin could modulate both ERα and ERβ [72]. In this study, we found ERα and
ERβ to be positively stained in granulosa and theca cells of primary, preantral, and antral
follicles. In healthy women, ER is expressed in granulosa and theca cells in developing
follicles [16]. In adult rodents, ERα is predominantly found in the theca cells, and ERβ
in the granulosa cells of developing follicles [73]. However, Yang et al. reported staining
location overlaps between ERα and ERβ in developing follicles in rodents [74].

Progesterone has been shown to act primarily on the endometrium via PR, with
essential roles in endometrial receptivity, embryo implantation, placental development,
and parturition [75]. Furthermore, animal study has proven PR to be crucial in ovulation.
For example, a study found that PR knock-out mice will develop ovulation failure, even
in response to exogenous hormones [76]. In addition, the granulosa cells of women with
PCOS had lower mRNA expression of PRA and PRB than healthy women [77]. In this
study, we found that letrozole induction downregulated PR mRNA expression. Previously,
Lee et al. reported similar findings where letrozole-induced PCOS rats showed lower PR
mRNA expression than controls [52].

However, we found that treatment with KH, clomiphene, metformin, or a combination
of them did not cause any changes to PR mRNA expression. Similarly, our previous
finding demonstrated the KH did not alter progesterone levels in PCOS-induced rats.
Metformin has been reported to regulate progesterone levels in women with PCOS [78].
In PCOS-induced rats, metformin reverses the decreased progesterone level caused by
PCOS induction [79], whereas clomiphene treatment has a variable effects on decreased
progesterone levels in PCOS-induced rats. Ndeingang et al. [79] found no difference,
while Atashpour et al. [80] recorded a significant reversal in progesterone levels. Previous
studies in animals have demonstrated that Tualang honey and Gelam honey can regulate
progesterone levels [81,82]. However, further study on the effects of KH, metformin, and
clomiphene on PR is needed to validate their effects and to enrich the limited data available.

Our study revealed the absence of PR staining in the ovaries of all groups, although the
oviduct and endometrium were well stained. It has been reported that PR protein is chiefly
expressed in the endometrium and oviduct [83]. Previous studies have documented the
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physiological absence of PR staining in the corpus luteum of normal rats [84–86]. Although
the onset of PR expression in rat follicles is rapid, it is decreased several hours after an
LH surge and becomes undetectable once the corpus luteum forms [83,85,87]. Thus, PR
is expressed only in the growing ovarian follicles observed later in the proestrus phase
in response to the ovulatory surge of pituitary gonadotrophins, strengthening its role
in ovulation and luteinisation [84]. Furthermore, ovarian follicles in pregnant rats were
also reported not to be immunostained for PR [84]. As discussed, the rats in this study
were sacrificed during the dioestrus phase, which may be the reason for the absence of
PR-positive staining. However, further investigation is required to explain the differential
expression of PR, particularly in women with PCOS.

4. Materials and Methods
4.1. Honey Sample

Kelulut honey from Heterotrigona itama stingless bees originated from Negeri Sembilan,
Malaysia; the bees feed on various local herbal plants. The honey was collected in the
middle of April 2021. It was kept unprocessed and refrigerated at 4 ◦C in amber bottles
covered from heat sources and sunlight.

4.2. Ethics and Animals Information

The study was conducted on healthy female Sprague–Dawley rats (120–150 g) with
a minimum of two consecutive regular oestrus cycles. The rats were acquired from the
Laboratory Animal Research Unit, Faculty of Medicine, National University of Malaysia.
They were acclimatized for a week and maintained at 24 ± 2 ◦C with a 12 h light/12 h dark
cycle. Animals were fed with standard food pellets and provided with water ad libitum.
The study was approved by the National University of Malaysia Animal Ethics Committee
with Ethical registration number FISIO/FP/2020/MOHD HELMY/14-MAY/1104-JUNE-
2020-MAY-2023.

4.3. Study Design

Forty-two female rats were divided into two major groups, as shown in Figure 8. The
first group (n = 36) was the PCOS induction group, treated with 1 mg/kg/day of letrozole
by oral gavage for 21 days. Meanwhile, the second group (n = 6) was given distilled water
during the study (56 days). The PCOS induction method was taken from a validated study
described by Kafali et al. [88]. The PCOS rats were shown to develop irregular oestrous
cycles, hyperglycaemia, and ovarian cysts [25].
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After the rats were confirmed to have developed PCOS, they were randomly distributed
into six groups with six rats per group: rats receiving 1 g/kg/day KH; 500 mg/kg/day
metformin; 2 mg/kg/day clomiphene; 500 mg/kg/day metformin + 1 g/kg/day KH;
2 mg/kg/day clomiphene + 1 g/kg/day KH; and distilled water. All treatments were
administered by oral route for 35 days. KH dose (1 g/kg/day) and treatment duration
(35 days) were determined from our pilot study [25]. The 2 mg/kg/day clomiphene
and 500 mg/kg/day metformin effective doses were obtained from a previous inves-
tigation by Ndeingang et al. [79]. Metformin is a recommended treatment for insulin
resistance, whereas clomiphene stimulates ovulation in PCOS patients [89]. The groups
receiving metformin and clomiphene were designated positive controls to assess the ef-
fects of KH treatment. Additionally, a combination of clomiphene and metformin with
KH was intended to evaluate any synergistic effect. Finally, the animals were sacrificed
by the ketamine–xylazine overdose method, administered intraperitoneally at a dose of
0.3 mL/100 g rat body weight [90].

4.4. Sex Steroid Receptor Distribution Analysis by Immunohistochemistry (IHC)

After sacrificing the animals, the right ovaries were excised, cleaned from fat, and
preserved in a 10% neutral buffered formalin solution at 4 ◦C. These tissues were then
processed and embedded in paraffin wax. Then, tissues were cut into sections of 5 µm
thickness and fished into poly-lysine-coated slides. To improve the antigen–antibody
binding, slides were treated with an antigen retrieval solution (Dako, Glostrup, Denmark)
pH 9.0 or 6.0 in a decloaking chamber (Biocare Medical, Pacheco, CA, USA). A micro-
polymer mouse- and rabbit-specific HRP/DAB IHC detection kit (Abcam, Cambridge,
MA, USA) was used as per the manufacturing guidelines. Briefly, slides were treated
with hydrogen peroxide to prevent endogenous peroxidase and incubated with blocking
serum. Next, the slides were treated with rabbit polyclonal antibodies against androgen
receptor (AR) (Cat AB133273 Abcam) in 1:300 dilution, oestrogen receptor α (ERα) (Cat
AB3575 Abcam) in 1:400 dilution, oestrogen receptor β (ERβ) (Cat AB5786 Abcam) in 1:200
dilution, and progesterone receptor (PR) (Cat AB16661 Abcam) in 1:400 dilution. The slides
were then treated with a micro-polymer secondary antibody. To visualise the protein, the
slides were treated with DAB substrate. Finally, sections were sequentially stained with
haematoxylin and dehydrated in alcohol. The slides were visualised using an Olympus
BX40 light microscope (Olympus Corporation, Tokyo, Japan). The positive control tissues
were rat testis tissue (for AR), human breast tissue (for ERα), rat testis tissue (for ERβ),
and rat placental tissue (for PR). DAB staining in the obtained images was analyzed using
the ImageJ Fiji software (version 1.2; WS Rasband, National Institute of Health, Bethesda,
Rockville, MD, USA) based on the validated protocol [91].

4.5. Sex Steroid Receptor Gene Expression Analysis by Real-Time PCR

Left ovaries were cut into smaller pieces and immersed in RNA Later solution (Sigma
Aldrich, Saint Louis, MO, USA) to keep the RNA in the tissues intact. Then, ovarian
tissue lysates were powdered using a mortar and pestle in liquid nitrogen. Following the
manufacturer’s protocols, RNA was extracted using the Nucleospin RNA isolation kit
(Macherey-Nagel, Duren, Germany). The absorbance of every extraction was determined
at 260 nm and 280 nm, and RNA quality was assessed by the 260/280 ratio (Gene Quant
1300, Cambridge, UK). Reverse mRNA transcription was conducted using the OneScript®

Hot cDNA synthesis kit (Applied Biological Materials (ABM) Inc., Vancouver, BC, Canada).
Transcriptase-free amplification of samples was used as an experimental control. The qPCR
master mix used is BlasTaq 2X qPCR MasterMix (Applied Biological Materials (ABM) Inc.,
Vancouver, BC, Canada). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as a housekeeping gene.

Validated specific primers were obtained from Sigma Aldrich, Saint Louis, MO, USA
and are depicted in Table 1. Real-time quantitative PCR was performed using the BioRad
CFX96 real-time system. The machine was set as follows: 3 min at 95 ◦C to activate
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the polymerase enzyme, followed by 15 s at 95 ◦C for 40 cycles for the denaturation
step, then1 min at 60 ◦C for 40 cycles for annealing and elongation. The experiment was
carried out in triplicate. Data were analyzed according to the comparative CT (2−∆∆Ct)
method. The relative expression quantity of each amplicon was measured by comparing
the normalized expression quantity of each gene to the normalised expression quantity of
the reference gene.

Table 1. The sequence of specific primers used.

Target Genes Forward (F) and Reverse (R) Primer Sequence

AR F CCTTGTTCCCTTTTCAGATG
R GTAAAAGAGGCAGAGAAGAAG

ESR1 F ATATGATCAACTGGGCAAAG
R CATTTACCTTGATTCCTGTCC

ESR2 F GGAAATCTTTGACATGCTCC
R GGTACATACTGGAGTTGAGG

PGR F TCTAATCCTGAATGAGCAGAG
R GACTTTCATACAGAGGAACTC

GAPDH F CTCAATGGGAACTTAACAGG
R CTCTGTATAAGCAAGGATGC

AR: androgen receptor gene; ESR1: oestrogen receptor α gene; ESR2: oestrogen receptor β gene; PGR: progesterone
receptor gene; GAPDH: GAPDH gene.

4.6. Statistical Analysis

Data analysis was carried out using GraphPad Software version 8 (GraphPad Inc., San
Diego, CA, USA). Statistical analysis was conducted using one-way ANOVA, followed
by Tukey’s multiple comparison tests to determine differences among groups. Data were
expressed as mean ± SEM. p values of less than 0.05 were set as statistically significant.

5. Conclusions

This study demonstrates that sex steroid receptors are abnormally expressed in PCOS-
induced rats. Treatment with KH could normalise the mRNA expression and protein
distribution of AR, Erα, and Erβ, and these effects of KH are comparable with those of
clomiphene and metformin. This investigation provides a foundation for future clinical
trials to utilize KH as a regulator of sex steroid receptors in PCOS patients.

Author Contributions: Conceptualization, M.H.M., S.F.I. and D.A.M.K.; formal analysis, M.H.M.,
S.F.I. and D.A.M.K.; methodology, M.H.M. and D.A.M.K.; investigation, M.H.M. and D.A.M.K.;
writing—original draft preparation, M.H.M. and D.A.M.K.; writing—review and editing, M.H.M.,
S.F.I. and A.U.; supervision, M.H.M., S.F.I. and A.U.; funding acquisition, M.H.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by an institutional grant from Universiti Kebangsaan Malaysia
(UKM; FF-2020-241).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Animal Ethics Committee of Universiti Kebangsaan
Malaysia (Ethical Approval Code FISIO/FP/2020/MOHD HELMY/14-MAY/1104-JUNE-2020-MAY-
2023). The APC was funded by UKM.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data is contained within the article.

Acknowledgments: The authors thank Aini Farzana Zulkefli from the Department of Physiology,
Faculty of Medicine, UKM, for providing technical support during the animal treatment. We would
also like to thank Muaatamarulain Bin Mustangin from the UKM Department of Pathology for his
guidance on the IHC work.



Int. J. Mol. Sci. 2022, 23, 14757 14 of 17

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Swaroop, A.; Jaipuriar, A.S.; Gupta, S.K.; Bagchi, M.; Kumar, P.; Preuss, H.G.; Bagchi, D. Efficacy of a Novel Fenugreek Seed

Extract (Trigonella foenum-graecum, Furocyst) in Polycystic Ovary Syndrome (PCOS). Int. J. Med. Sci. 2015, 12, 825–831.
[CrossRef] [PubMed]

2. Teede, H.; Deeks, A.; Moran, L. Polycystic ovary syndrome: A complex condition with psychological, reproductive and metabolic
manifestations that impacts on health across the lifespan. BMC Med. 2010, 8, 41. [CrossRef]

3. Escobar-Morreale, H.F. Polycystic ovary syndrome: Definition, aetiology, diagnosis and treatment. Nat. Rev. Endocrinol. 2018, 14,
270. [CrossRef] [PubMed]

4. Azziz, R.; Carmina, E.; Chen, Z.; Dunaif, A.; Laven, J.S.; Legro, R.S.; Lizneva, D.; Natterson-Horowtiz, B.; Teede, H.J.; Yildiz, B.O.
Polycystic ovary syndrome. Nat. Rev. Dis. Prim. 2016, 2, 16057. [CrossRef] [PubMed]

5. Gupta, M.; Singh, D.; Toppo, M.; Priya, A.; Sethia, S.; Gupta, P. A cross sectional study of polycystic ovarian syndrome among
young women in Bhopal, Central India. Int. J. Community Med. Public Health 2018, 5, 95–100. [CrossRef]

6. Sirmans, S.M.; Pate, K.A. Epidemiology, diagnosis, and management of polycystic ovary syndrome. Clin. Epidemiol. 2014, 6, 1.
[CrossRef] [PubMed]

7. Dennett, C.C.; Simon, J. The role of polycystic ovary syndrome in reproductive and metabolic health: Overview and approaches
for treatment. Diabetes Spectr. 2015, 28, 116–120. [CrossRef] [PubMed]

8. Kyrou, I.; Karteris, E.; Robbins, T.; Chatha, K.; Drenos, F.; Randeva, H.S. Polycystic ovary syndrome (PCOS) and COVID-19:
An overlooked female patient population at potentially higher risk during the COVID-19 pandemic. BMC Med. 2020, 18, 220.
[CrossRef] [PubMed]

9. Rosenfield, R.L. Current concepts of polycystic ovary syndrome pathogenesis. Curr. Opin. Pediatr. 2020, 32, 698–706. [CrossRef]
10. McCartney, C.R.; Marshall, J.C. Polycystic Ovary Syndrome. N. Engl. J. Med. 2016, 375, 54–64. [CrossRef]
11. Franks, S.; Hardy, K. Androgen Action in the Ovary. Front. Endocrinol. 2018, 9, 452. [CrossRef]
12. Magoffin, D.A.; Agarwal, S.K.; Jakimiuk, A.J. Suppression of Aromatase Activity in Polycystic Ovary Syndrome. In Polycystic

Ovary Syndrome; Chang, R.J., Ed.; Springer New York: New York, NY, USA, 1996; pp. 208–222.
13. Dumesic, D.A.; Oberfield, S.E.; Stener-Victorin, E.; Marshall, J.C.; Laven, J.S.; Legro, R.S. Scientific Statement on the Diagnostic

Criteria, Epidemiology, Pathophysiology, and Molecular Genetics of Polycystic Ovary Syndrome. Endocr. Rev. 2015, 36, 487–525.
[CrossRef] [PubMed]

14. Gao, X.-Y.; Liu, Y.; Lv, Y.; Huang, T.; Lu, G.; Liu, H.-B.; Zhao, S.-G. Role of Androgen Receptor for Reconsidering the “true”
polycystic ovarian Morphology in pcoS. Sci. Rep. 2020, 10, 8993. [CrossRef]

15. Lazúrová, I.; Lazúrová, Z.; Figurová, J.; Ujházi, S.; Dravecká, I.; Mašlanková, J.; Mareková, M. Relationship between steroid
hormones and metabolic profile in women with polycystic ovary syndrome. Physiol. Res. 2019, 68, 457–465. [CrossRef] [PubMed]

16. Xu, X.-L.; Deng, S.-L.; Lian, Z.-X.; Yu, K. Estrogen Receptors in Polycystic Ovary Syndrome. Cells 2021, 10, 459. [CrossRef]
[PubMed]

17. Abdul Hamid, F.; Abu, M.A.; Abdul Karim, A.K.; Ahmad, M.F.; Abd Aziz, N.H.; Mohd Kamal, D.A.; Mokhtar, M.H. Sex Steroid
Receptors in Polycystic Ovary Syndrome and Endometriosis: Insights from Laboratory Studies to Clinical Trials. Biomedicines
2022, 10, 1705. [CrossRef] [PubMed]

18. Malik Aubead, N. Role of Sex Hormones in Human Body; IntechOpen: London, UK, 2021. [CrossRef]
19. Walters, K.A. Polycystic ovary syndrome: Is it androgen or estrogen receptor? Curr. Opin. Endocr. Metab. Res. 2020, 12, 1–7.

[CrossRef]
20. Domecq, J.P.; Prutsky, G.; Mullan, R.J.; Sundaresh, V.; Wang, A.T.; Erwin, P.J.; Welt, C.; Ehrmann, D.; Montori, V.M.; Murad,

M.H. Adverse effects of the common treatments for polycystic ovary syndrome: A systematic review and meta-analysis. J. Clin.
Endocrinol. Metab. 2013, 98, 4646–4654. [CrossRef]

21. Sharpe, A.; Morley, L.C.; Tang, T.; Norman, R.J.; Balen, A.H. Metformin for ovulation induction (excluding gonadotrophins) in
women with polycystic ovary syndrome. Cochrane Database Syst. Rev. 2019, 12, Cd013505. [CrossRef]

22. Brown, J.; Farquhar, C.; Beck, J.; Boothroyd, C.; Hughes, E. Clomiphene and anti-oestrogens for ovulation induction in PCOS.
Cochrane Database Syst. Rev. 2009, 4, Cd002249. [CrossRef]

23. Arentz, S.; Smith, C.A.; Abbott, J.A.; Bensoussan, A. A survey of the use of complementary medicine by a self-selected community
group of Australian women with polycystic ovary syndrome. BMC Complement. Altern. Med. 2014, 14, 472. [CrossRef] [PubMed]

24. Budin, S.; Jubaidi, F.; Azam, S.; Mohammed Yusof, N.; Taib, I.S.; Mohamed, J. Kelulut honey supplementation prevents sperm
and testicular oxidative damage in streptozotocin-induced diabetic rats. J. Teknol. 2017, 79, 89–95. [CrossRef]

25. Kamal, D.A.M.; Ibrahim, S.F.; Ugusman, A.; Mokhtar, M.H. Effects of Kelulut Honey on Oestrus Cycle Regulation and His-
tomorphological Changes in Letrozole-Induced Polycystic Ovary Syndrome Rats: A Preliminary Study. Life 2022, 12, 890.
[CrossRef]

26. Mohd Kamal, D.A.; Ibrahim, S.F.; Kamal, H.; Kashim, M.I.A.M.; Mokhtar, M.H. Physicochemical and Medicinal Properties of
Tualang, Gelam and Kelulut Honeys: A Comprehensive Review. Nutrients 2021, 13, 197. [CrossRef]

http://doi.org/10.7150/ijms.13024
http://www.ncbi.nlm.nih.gov/pubmed/26516311
http://doi.org/10.1186/1741-7015-8-41
http://doi.org/10.1038/nrendo.2018.24
http://www.ncbi.nlm.nih.gov/pubmed/29569621
http://doi.org/10.1038/nrdp.2016.57
http://www.ncbi.nlm.nih.gov/pubmed/27510637
http://doi.org/10.18203/2394-6040.ijcmph20175603
http://doi.org/10.2147/CLEP.S37559
http://www.ncbi.nlm.nih.gov/pubmed/24379699
http://doi.org/10.2337/diaspect.28.2.116
http://www.ncbi.nlm.nih.gov/pubmed/25987810
http://doi.org/10.1186/s12916-020-01697-5
http://www.ncbi.nlm.nih.gov/pubmed/32664957
http://doi.org/10.1097/MOP.0000000000000945
http://doi.org/10.1056/NEJMcp1514916
http://doi.org/10.3389/fendo.2018.00452
http://doi.org/10.1210/er.2015-1018
http://www.ncbi.nlm.nih.gov/pubmed/26426951
http://doi.org/10.1038/s41598-020-65890-5
http://doi.org/10.33549/physiolres.934062
http://www.ncbi.nlm.nih.gov/pubmed/30904012
http://doi.org/10.3390/cells10020459
http://www.ncbi.nlm.nih.gov/pubmed/33669960
http://doi.org/10.3390/biomedicines10071705
http://www.ncbi.nlm.nih.gov/pubmed/35885010
http://doi.org/10.5772/intechopen.95778
http://doi.org/10.1016/j.coemr.2020.01.003
http://doi.org/10.1210/jc.2013-2374
http://doi.org/10.1002/14651858.CD013505
http://doi.org/10.1002/14651858.CD002249.pub4
http://doi.org/10.1186/1472-6882-14-472
http://www.ncbi.nlm.nih.gov/pubmed/25481654
http://doi.org/10.11113/jt.v79.9674
http://doi.org/10.3390/life12060890
http://doi.org/10.3390/nu13010197


Int. J. Mol. Sci. 2022, 23, 14757 15 of 17

27. Kamal, D.A.M.; Ibrahim, S.F.; Ugusman, A.; Zaid, S.S.M.; Mokhtar, M.H. Kelulut Honey Improves Folliculogenesis, Steroidogenic,
and Aromatase Enzyme Profiles and Ovarian Histomorphology in Letrozole-Induced Polycystic Ovary Syndrome Rats. Nutrients
2022, 14, 4364. [CrossRef]

28. Kamal, D.A.M.; Ibrahim, S.F.; Ugusman, A.; Mokhtar, M.H. Kelulut Honey Ameliorates Oestrus Cycle, Hormonal Profiles, and
Oxidative Stress in Letrozole-Induced Polycystic Ovary Syndrome Rats. Antioxidants 2022, 11, 1879. [CrossRef]

29. Rodriguez Paris, V.; Bertoldo, M.J. The Mechanism of Androgen Actions in PCOS Etiology. Med. Sci. 2019, 7, 89. [CrossRef]
30. Ashraf, S.; Nabi, M.; Rasool, S.U.A.; Rashid, F.; Amin, S. Hyperandrogenism in polycystic ovarian syndrome and role of CYP

gene variants: A review. Egypt. J. Med. Hum. Genet. 2019, 20, 25. [CrossRef]
31. Yang, F.; Ruan, Y.-C.; Yang, Y.-J.; Wang, K.; Liang, S.-S.; Han, Y.-B.; Teng, X.-M.; Yang, J.-Z. Follicular hyperandrogenism

downregulates aromatase in luteinized granulosa cells in polycystic ovary syndrome women. Reproduction 2015, 150, 289–296.
[CrossRef] [PubMed]

32. Caldwell, A.S.; Eid, S.; Kay, C.R.; Jimenez, M.; McMahon, A.C.; Desai, R.; Allan, C.M.; Smith, J.T.; Handelsman, D.J.; Walters,
K.A. Haplosufficient genomic androgen receptor signaling is adequate to protect female mice from induction of polycystic ovary
syndrome features by prenatal hyperandrogenization. Endocrinology 2015, 156, 1441–1452. [CrossRef] [PubMed]

33. Owens, L.A.; Kristensen, S.G.; Lerner, A.; Christopoulos, G.; Lavery, S.; Hanyaloglu, A.C.; Hardy, K.; Yding Andersen, C.; Franks,
S. Gene Expression in Granulosa Cells From Small Antral Follicles From Women With or Without Polycystic Ovaries. J. Clin.
Endocrinol. Metab. 2019, 104, 6182–6192. [CrossRef]

34. Zhang, H.; Yi, M.; Zhang, Y.; Jin, H.; Zhang, W.; Yang, J.; Yan, L.; Li, R.; Zhao, Y.; Qiao, J. High-fat diets exaggerate endocrine and
metabolic phenotypes in a rat model of DHEA-induced PCOS. Reproduction 2016, 151, 431–441. [CrossRef] [PubMed]

35. Yang, M.; Li, J.; An, Y.; Zhang, S. Effects of androgen on immunohistochemical localization of androgen receptor and Connexin 43
in mouse ovary. Tissue Cell 2015, 47, 526–532. [CrossRef] [PubMed]

36. Yang, H.; Lee, S.Y.; Lee, S.R.; Pyun, B.-J.; Kim, H.J.; Lee, Y.H.; Kwon, S.W.; Suh, D.H.; Lee, C.H.; Hong, E.-J.; et al. Therapeutic
Effect of Ecklonia cava Extract in Letrozole-Induced Polycystic Ovary Syndrome Rats. Front. Pharmacol. 2018, 9, 1325. [CrossRef]
[PubMed]

37. Banihani, S.A. Mechanisms of honey on testosterone levels. Heliyon 2019, 5, e02029. [CrossRef] [PubMed]
38. Ranneh, Y.; Akim, A.M.; Hamid, H.A.; Khazaai, H.; Fadel, A.; Mahmoud, A.M. Stingless bee honey protects against lipopolysac-

charide induced-chronic subclinical systemic inflammation and oxidative stress by modulating Nrf2, NF-κB and p38 MAPK.
Nutr. Metab. 2019, 16, 15. [CrossRef]

39. Saiful Yazan, L.; Muhamad Zali, M.F.S.; Mohd Ali, R.; Zainal, N.A.; Esa, N.; Sapuan, S.; Ong, Y.S.; Tor, Y.S.; Gopalsamy, B.; Voon,
F.L.; et al. Chemopreventive Properties and Toxicity of Kelulut Honey in Sprague Dawley Rats Induced with Azoxymethane.
BioMed Res. Int. 2016, 2016, 4036926. [CrossRef]

40. Kuo, Y.-Y.; Huo, C.; Lin, C.-Y.; Lin, H.-P.; Liu, J.-S.; Wang, W.-C.; Chang, C.-R.; Chuu, C.-P. Caffeic acid phenethyl ester suppresses
androgen receptor signaling and stability via inhibition of phosphorylation on Ser81 and Ser213. Cell Commun. Signal. 2019, 17,
100. [CrossRef]

41. Karim, N. Antioxidant Properties of Stingless Bee Honey and Its Effect on the Viability of Lymphoblastoid Cell Line. Med. Health
2019, 14, 91–105. [CrossRef]

42. Haron, H.; Talib, R.A.; Subramaniam, P.; Arifen, Z.N.Z.; Ibrahim, M. A Comparison Of Chemical Compositions In Kelulut Honey
From Different Regions. Malays. J. Anal. Sci. 2022, 26, 447–456.

43. Senevirathne, M.; Kim, S.-H.; Siriwardhana, N.; Ha, J.-H.; Lee, K.-W.; Jeon, Y.-J. Antioxidant Potential of Ecklonia cavaon Reactive
Oxygen Species Scavenging, Metal Chelating, Reducing Power and Lipid Peroxidation Inhibition. Food Sci. Technol. Int. 2006, 12,
27–38. [CrossRef]

44. Velazquez, E.M.; Mendoza, S.; Hamer, T.; Sosa, F.; Glueck, C.J. Metformin therapy in polycystic ovary syndrome reduces
hyperinsulinemia, insulin resistance, hyperandrogenemia, and systolic blood pressure, while facilitating normal menses and
pregnancy. Metabolism 1994, 43, 647–654. [CrossRef]

45. Ohara, M.; Yoshida-Komiya, H.; Ono-Okutsu, M.; Yamaguchi-Ito, A.; Takahashi, T.; Fujimori, K. Metformin reduces androgen
receptor and upregulates homeobox A10 expression in uterine endometrium in women with polycystic ovary syndrome. Reprod.
Biol. Endocrinol. 2021, 19, 77. [CrossRef]

46. Wahab, O.A.; Princely, A.C.; Oluwadamilare, A.A.; Ore-Oluwapo, D.O.; Blessing, A.O.; Alfred, E.F. Clomiphene citrate ameliorated
lead acetate-induced reproductive toxicity in male Wistar rats. JBRA Assist. Reprod. 2019, 23, 336–343. [CrossRef]

47. Barton, M.; Filardo, E.J.; Lolait, S.J.; Thomas, P.; Maggiolini, M.; Prossnitz, E.R. Twenty years of the G protein-coupled estrogen
receptor GPER: Historical and personal perspectives. J. Steroid Biochem. Mol. Biol. 2018, 176, 4–15. [CrossRef]

48. Fuentes, N.; Silveyra, P. Estrogen receptor signaling mechanisms. Adv. Protein Chem. Struct. Biol. 2019, 116, 135–170. [PubMed]
49. Lee, S.; Kang, D.W.; Hudgins-Spivey, S.; Krust, A.; Lee, E.Y.; Koo, Y.; Cheon, Y.; Gye, M.C.; Chambon, P.; Ko, C. Theca-specific

estrogen receptor-alpha knockout mice lose fertility prematurely. Endocrinology 2009, 150, 3855–3862. [CrossRef] [PubMed]
50. Couse, J.F.; Yates, M.M.; Sanford, R.; Nyska, A.; Nilson, J.H.; Korach, K.S. Formation of Cystic Ovarian Follicles Associated with

Elevated Luteinizing Hormone Requires Estrogen Receptor-β. Endocrinology 2004, 145, 4693–4702. [CrossRef] [PubMed]
51. Jakimiuk, A.J.; Weitsman, S.R.; Yen, H.-W.; Bogusiewicz, M.; Magoffin, D.A. Estrogen Receptor α and β Expression in Theca

and Granulosa Cells from Women with Polycystic Ovary Syndrome. J. Clin. Endocrinol. Metab. 2002, 87, 5532–5538. [CrossRef]
[PubMed]

http://doi.org/10.3390/nu14204364
http://doi.org/10.3390/antiox11101879
http://doi.org/10.3390/medsci7090089
http://doi.org/10.1186/s43042-019-0031-4
http://doi.org/10.1530/REP-15-0044
http://www.ncbi.nlm.nih.gov/pubmed/26199450
http://doi.org/10.1210/en.2014-1887
http://www.ncbi.nlm.nih.gov/pubmed/25643156
http://doi.org/10.1210/jc.2019-00780
http://doi.org/10.1530/REP-15-0542
http://www.ncbi.nlm.nih.gov/pubmed/26814210
http://doi.org/10.1016/j.tice.2015.06.003
http://www.ncbi.nlm.nih.gov/pubmed/26206424
http://doi.org/10.3389/fphar.2018.01325
http://www.ncbi.nlm.nih.gov/pubmed/30524282
http://doi.org/10.1016/j.heliyon.2019.e02029
http://www.ncbi.nlm.nih.gov/pubmed/31321328
http://doi.org/10.1186/s12986-019-0341-z
http://doi.org/10.1155/2016/4036926
http://doi.org/10.1186/s12964-019-0404-9
http://doi.org/10.17576/MH.2019.1401.08
http://doi.org/10.1177/1082013206062422
http://doi.org/10.1016/0026-0495(94)90209-7
http://doi.org/10.1186/s12958-021-00765-6
http://doi.org/10.5935/1518-0557.20190038
http://doi.org/10.1016/j.jsbmb.2017.03.021
http://www.ncbi.nlm.nih.gov/pubmed/31036290
http://doi.org/10.1210/en.2008-1774
http://www.ncbi.nlm.nih.gov/pubmed/19423761
http://doi.org/10.1210/en.2004-0548
http://www.ncbi.nlm.nih.gov/pubmed/15231698
http://doi.org/10.1210/jc.2002-020323
http://www.ncbi.nlm.nih.gov/pubmed/12466349


Int. J. Mol. Sci. 2022, 23, 14757 16 of 17

52. Lee, Y.H.; Yang, H.; Lee, S.R.; Kwon, S.W.; Hong, E.J.; Lee, H.W. Welsh Onion Root (Allium fistulosum) Restores Ovarian
Functions from Letrozole Induced-Polycystic Ovary Syndrome. Nutrients 2018, 10, 1430. [CrossRef] [PubMed]

53. Hamilton, K.J.; Arao, Y.; Korach, K.S. Estrogen hormone physiology: Reproductive findings from estrogen receptor mutant mice.
Reprod. Biol. 2014, 14, 3–8. [CrossRef] [PubMed]

54. Schomberg, D.W.; Couse, J.F.; Mukherjee, A.; Lubahn, D.B.; Sar, M.; Mayo, K.E.; Korach, K.S. Targeted disruption of the estrogen
receptor-alpha gene in female mice: Characterization of ovarian responses and phenotype in the adult. Endocrinology 1999, 140,
2733–2744. [CrossRef] [PubMed]

55. Couse, J.F.; Yates, M.M.; Deroo, B.J.; Korach, K.S. Estrogen receptor-beta is critical to granulosa cell differentiation and the
ovulatory response to gonadotropins. Endocrinology 2005, 146, 3247–3262. [CrossRef]

56. Hewitt, S.C.; Winuthayanon, W.; Korach, K.S. What’s new in estrogen receptor action in the female reproductive tract. J. Mol.
Endocrinol. 2016, 56, R55–R71. [CrossRef]

57. Tang, Z.R.; Zhang, R.; Lian, Z.X.; Deng, S.L.; Yu, K. Estrogen-Receptor Expression and Function in Female Reproductive Disease.
Cells 2019, 8, 1123. [CrossRef] [PubMed]

58. Ahmed, S.; Othman, N.H. Honey as a potential natural anticancer agent: A review of its mechanisms. Evid.-Based Complement.
Altern. Med. 2013, 2013, 829070. [CrossRef]

59. Ahmed, S.; Sulaiman, S.A.; Othman, N.H. Oral Administration of Tualang and Manuka Honeys Modulates Breast Cancer
Progression in Sprague-Dawley Rats Model. Evid.-Based Complement. Altern. Med. 2017, 2017, 5904361. [CrossRef]

60. Cipolletti, M.; Solar Fernandez, V.; Montalesi, E.; Marino, M.; Fiocchetti, M. Beyond the Antioxidant Activity of Dietary
Polyphenols in Cancer: The Modulation of Estrogen Receptors (ERs) Signaling. Int. J. Mol. Sci. 2018, 19, 2624. [CrossRef]

61. Gehm, B.D.; McAndrews, J.M.; Chien, P.Y.; Jameson, J.L. Resveratrol, a polyphenolic compound found in grapes and wine, is an
agonist for the estrogen receptor. Proc. Natl. Acad. Sci. USA 1997, 94, 14138–14143. [CrossRef]

62. Erejuwa, O.O.; Sulaiman, S.A.; Wahab, M.S.A. Effects of Honey and Its Mechanisms of Action on the Development and Progression
of Cancer. Molecules 2014, 19, 2497–2522. [CrossRef]

63. Tsiapara, A.V.; Jaakkola, M.; Chinou, I.; Graikou, K.; Tolonen, T.; Virtanen, V.; Moutsatsou, P. Bioactivity of Greek honey extracts
on breast cancer (MCF-7), prostate cancer (PC-3) and endometrial cancer (Ishikawa) cells: Profile analysis of extracts. Food Chem.
2009, 116, 702–708. [CrossRef]

64. Ismail, N.H.; Osman, K.; Zulkefli, A.F.; Mokhtar, M.H.; Ibrahim, S.F. The Physicochemical Characteristics of Gelam Honey and Its
Outcome on the Female Reproductive Tissue of Sprague-Dawley Rats: A Preliminary Study. Molecules 2021, 26, 3346. [CrossRef]
[PubMed]

65. Ahmed, S.; Othman, N.H. The anti-cancer effects of Tualang honey in modulating breast carcinogenesis: An experimental animal
study. BMC Complement. Altern. Med. 2017, 17, 208. [CrossRef] [PubMed]

66. Kurosawa, T.; Hiroi, H.; Momoeda, M.; Inoue, S.; Taketani, Y. Clomiphene citrate elicits estrogen agonistic/antagonistic effects
differentially via estrogen receptors alpha and beta. Endocr. J. 2010, 57, 517–521. [CrossRef] [PubMed]

67. Haskell, S.G. Selective estrogen receptor modulators. South Med. J. 2003, 96, 469–476. [CrossRef]
68. Triantafyllidou, O.; Sigalos, G.; Gkoles, L.; Kastora, S.; Vakas, P.; Batsiou, E.; Vlahos, N. The addition of clomiphene citrate to

ovarian stimulation protocols for poor responders. Eur. J. Obstet. Gynecol. Reprod. Biol. 2020, 251, 136–140. [CrossRef]
69. Dickey, R.P.; Holtkamp, D.E. Development, pharmacology and clinical experience with clomiphene citrate. Hum. Reprod. Update

1996, 2, 483–506. [CrossRef]
70. Penzias, A.; Bendikson, K.; Butts, S.; Coutifaris, C.; Falcone, T.; Fossum, G.; Gitlin, S.; Gracia, C.; Hansen, K.; La Barbera, A.; et al.

Role of metformin for ovulation induction in infertile patients with polycystic ovary syndrome (PCOS): A guideline. Fertil. Steril.
2017, 108, 426–441. [CrossRef]

71. Di Pietro, M.; Parborell, F.; Irusta, G.; Pascuali, N.; Bas, D.; Bianchi, M.S.; Tesone, M.; Abramovich, D. Metformin Regulates
Ovarian Angiogenesis and Follicular Development in a Female Polycystic Ovary Syndrome Rat Model. Endocrinology 2015, 156,
1453–1463. [CrossRef]

72. Zhang, J.; Xu, H.; Zhou, X.; Li, Y.; Liu, T.; Yin, X.; Zhang, B. Role of metformin in inhibiting estrogen-induced proliferation and
regulating ERα and ERβ expression in human endometrial cancer cells. Oncol. Lett. 2017, 14, 4949–4956. [CrossRef]

73. Sar, M.; Welsch, F. Differential expression of estrogen receptor-beta and estrogen receptor-alpha in the rat ovary. Endocrinology
1999, 140, 963–971. [CrossRef] [PubMed]

74. Yang, P.; Kriatchko, A.; Roy, S.K. Expression of ER-α and ER-β in the Hamster Ovary: Differential Regulation by Gonadotropins
and Ovarian Steroid Hormones. Endocrinology 2002, 143, 2385–2398. [CrossRef] [PubMed]

75. Cope, D.I.; Monsivais, D. Progesterone Receptor Signaling in the Uterus Is Essential for Pregnancy Success. Cells 2022, 11, 1474.
[CrossRef] [PubMed]

76. Lydon, J.P.; DeMayo, F.J.; Funk, C.R.; Mani, S.K.; Hughes, A.R.; Montgomery, C.A., Jr.; Shyamala, G.; Conneely, O.M.; O’Malley,
B.W. Mice lacking progesterone receptor exhibit pleiotropic reproductive abnormalities. Genes Dev. 1995, 9, 2266–2278. [CrossRef]
[PubMed]

77. Artimani, T.; Saidijam, M.; Aflatoonian, R.; Amiri, I.; Ashrafi, M.; Shabab, N.; Mohammadpour, N.; Mehdizadeh, M. Estrogen and
progesterone receptor subtype expression in granulosa cells from women with polycystic ovary syndrome. Gynecol. Endocrinol.
2015, 31, 379–383. [CrossRef]

http://doi.org/10.3390/nu10101430
http://www.ncbi.nlm.nih.gov/pubmed/30287740
http://doi.org/10.1016/j.repbio.2013.12.002
http://www.ncbi.nlm.nih.gov/pubmed/24607249
http://doi.org/10.1210/endo.140.6.6823
http://www.ncbi.nlm.nih.gov/pubmed/10342864
http://doi.org/10.1210/en.2005-0213
http://doi.org/10.1530/JME-15-0254
http://doi.org/10.3390/cells8101123
http://www.ncbi.nlm.nih.gov/pubmed/31546660
http://doi.org/10.1155/2013/829070
http://doi.org/10.1155/2017/5904361
http://doi.org/10.3390/ijms19092624
http://doi.org/10.1073/pnas.94.25.14138
http://doi.org/10.3390/molecules19022497
http://doi.org/10.1016/j.foodchem.2009.03.024
http://doi.org/10.3390/molecules26113346
http://www.ncbi.nlm.nih.gov/pubmed/34199433
http://doi.org/10.1186/s12906-017-1721-4
http://www.ncbi.nlm.nih.gov/pubmed/28399853
http://doi.org/10.1507/endocrj.K09E-368
http://www.ncbi.nlm.nih.gov/pubmed/20379036
http://doi.org/10.1097/01.SMJ.0000051146.93190.4A
http://doi.org/10.1016/j.ejogrb.2020.05.026
http://doi.org/10.1093/humupd/2.6.483
http://doi.org/10.1016/j.fertnstert.2017.06.026
http://doi.org/10.1210/en.2014-1765
http://doi.org/10.3892/ol.2017.6877
http://doi.org/10.1210/endo.140.2.6533
http://www.ncbi.nlm.nih.gov/pubmed/9927330
http://doi.org/10.1210/endo.143.6.8858
http://www.ncbi.nlm.nih.gov/pubmed/12021204
http://doi.org/10.3390/cells11091474
http://www.ncbi.nlm.nih.gov/pubmed/35563781
http://doi.org/10.1101/gad.9.18.2266
http://www.ncbi.nlm.nih.gov/pubmed/7557380
http://doi.org/10.3109/09513590.2014.1001733


Int. J. Mol. Sci. 2022, 23, 14757 17 of 17

78. Meenakumari, K.J.; Agarwal, S.; Krishna, A.; Pandey, L.K. Effects of metformin treatment on luteal phase progesterone concentra-
tion in polycystic ovary syndrome. Braz. J. Med. Biol. Res. 2004, 37, 1637–1644. [CrossRef]

79. Ndeingang, E.C.; Defo Deeh, P.B.; Watcho, P.; Kamanyi, A. Phyllanthus muellerianus (Euphorbiaceae) Restores Ovarian Functions
in Letrozole-Induced Polycystic Ovarian Syndrome in Rats. Evid.-Based Complement. Altern. Med. 2019, 2019, 2965821. [CrossRef]

80. Atashpour, S.; Kargar Jahromi, H.; Kargar Jahromi, Z.; Maleknasab, M. Comparison of the effects of Ginger extract with
clomiphene citrate on sex hormones in rats with polycystic ovarian syndrome. Int. J. Reprod. Biomed. 2017, 15, 561–568. [CrossRef]

81. Ismail, N.H.; Ibrahim, S.F.; Jaffar, F.H.F.; Mokhtar, M.H.; Chin, K.Y.; Osman, K. Augmentation of the Female Reproductive System
Using Honey: A Mini Systematic Review. Molecules 2021, 26, 649. [CrossRef]

82. Zaid, S.S.; Sulaiman, S.A.; Sirajudeen, K.N.; Othman, N.H. The effects of Tualang honey on female reproductive organs, tibia
bone and hormonal profile in ovariectomised rats—Animal model for menopause. BMC Complement. Altern. Med. 2010, 10, 82.
[CrossRef]

83. Gava, N.; Clarke, C.L.; Byth, K.; Arnett-Mansfield, R.L.; deFazio, A. Expression of Progesterone Receptors A and B in the Mouse
Ovary during the Estrous Cycle. Endocrinology 2004, 145, 3487–3494. [CrossRef] [PubMed]

84. Telleria, C.M.; Stocco, C.O.; Stati, A.O.; Deis, R.P. Progesterone receptor is not required for progesterone action in the rat corpus
luteum of pregnancy. Steroids 1999, 64, 760–766. [CrossRef]

85. Natraj, U.; Richards, J.S. Hormonal regulation, localization, and functional activity of the progesterone receptor in granulosa cells
of rat preovulatory follicles. Endocrinology 1993, 133, 761–769. [CrossRef] [PubMed]

86. Park-Sarge, O.K.; Parmer, T.G.; Gu, Y.; Gibori, G. Does the rat corpus luteum express the progesterone receptor gene? Endocrinology
1995, 136, 1537–1543. [CrossRef] [PubMed]

87. Shao, R.; Markström, E.; Friberg, P.A.; Johansson, M.; Billig, H. Expression of progesterone receptor (PR) A and B isoforms
in mouse granulosa cells: Stage-dependent PR-mediated regulation of apoptosis and cell proliferation. Biol. Reprod. 2003, 68,
914–921. [CrossRef]

88. Kafali, H.; Iriadam, M.; Ozardali, I.; Demir, N. Letrozole-induced polycystic ovaries in the rat: A new model for cystic ovarian
disease. Arch. Med. Res. 2004, 35, 103–108. [CrossRef]

89. Morgante, G.; Massaro, M.G.; Di Sabatino, A.; Cappelli, V.; De Leo, V. Therapeutic approach for metabolic disorders and infertility
in women with PCOS. Gynecol. Endocrinol. 2018, 34, 4–9. [CrossRef]

90. Kamal, D.A.M.; Ibrahim, S.F.; Mokhtar, M.H. Effects of Testosterone on the Expression of Connexin 26 and Connexin 43 in the
Uterus of Rats During Early Pregnancy. In Vivo 2020, 34, 1863–1870. [CrossRef] [PubMed]

91. Crowe, A.R.; Yue, W. Semi-quantitative Determination of Protein Expression using Immunohistochemistry Staining and Analysis:
An Integrated Protocol. Bio-Protocol 2019, 9, e3465. [CrossRef]

http://doi.org/10.1590/S0100-879X2004001100007
http://doi.org/10.1155/2019/2965821
http://doi.org/10.29252/ijrm.15.9.561
http://doi.org/10.3390/molecules26030649
http://doi.org/10.1186/1472-6882-10-82
http://doi.org/10.1210/en.2004-0212
http://www.ncbi.nlm.nih.gov/pubmed/15044369
http://doi.org/10.1016/S0039-128X(99)00061-6
http://doi.org/10.1210/endo.133.2.8344215
http://www.ncbi.nlm.nih.gov/pubmed/8344215
http://doi.org/10.1210/endo.136.4.7534703
http://www.ncbi.nlm.nih.gov/pubmed/7534703
http://doi.org/10.1095/biolreprod.102.009035
http://doi.org/10.1016/j.arcmed.2003.10.005
http://doi.org/10.1080/09513590.2017.1370644
http://doi.org/10.21873/invivo.11981
http://www.ncbi.nlm.nih.gov/pubmed/32606156
http://doi.org/10.21769/BioProtoc.3465

	Introduction 
	Results 
	Effect of KH on AR mRNA Expression and Protein Distribution 
	Effect of KH on ER and ER mRNA Expression and Protein Distribution 
	Effect of KH on PR mRNA Expression and Protein Distribution 

	Discussion 
	Materials and Methods 
	Honey Sample 
	Ethics and Animals Information 
	Study Design 
	Sex Steroid Receptor Distribution Analysis by Immunohistochemistry (IHC) 
	Sex Steroid Receptor Gene Expression Analysis by Real-Time PCR 
	Statistical Analysis 

	Conclusions 
	References

