Kar et al. Journal of Ovarian Research (2024) 17:76 Journal of Ovarian Research
https://doi.org/10.1186/513048-024-01378-4

RESEARCH Open Access

e : : ®
Mitigation of letrozole induced polycystic =~ ==

ovarian syndrome associated inflammatory
response and endocrinal dysfunction by Vitex
negundo seeds

Tarun Kumar Kar', Sananda Sil', Angshita Ghosh', Ananya Barman' and Sandip Chattopadhyay'”

Abstract

Background Polycystic ovary syndrome (PCOS) is a complex endocrine disorder in women that necessitates effec-
tive and safe treatment alternatives. This study aimed to evaluate the therapeutic efficacy of Vitex negundo seed
in a letrozole-induced PCOS rat model.

Results Findings of the present study demonstrated that administration of hydro-ethanolic extract of Vitex negundo
(VNE) effectively restored endocrino-metabolic imbalances associated with PCOS, along with correction of antioxi-
dant enzymes level, proinflammatory cytokines, and apoptotic bio-markers. LC-MS analysis confirmed the presence
of cinnamic acid, plumbagin and nigundin B as the prominent phytochemicals in VNE. The observed beneficial effects
could be attributed to the active compounds in Vitex negundo extract, which exhibited hypoglycemic, hypolipi-
demic, and catabolic effects on body weight. Additionally, the extract contributed to hormonal balance regulation

by modulating the steroidogenic enzymes, specifically by tuning gonadotropins level and correcting the LH:FSH

ratio, through the modulation of ERa signalling and downregulation of NR3C4 expression. The antioxidant properties
of phytochemicals in Vitex negundo seed were apparent through the correction of SOD and catalase activity. While it's
anti-inflammatory and antiapoptotic action were associated with the regulation of mRNA expression of TNF-q, IL-6,
BAX, Bcl2. Molecular docking study further indicated the molecular interaction of above mentioned active phytocom-
pounds of VNE with ERa, NR3C4 and with TNFa that plays a critical mechanistic gateway to the regulation of hormone
signalling as well as synchronizing the inflammation cascade. Furthermore, the histomorphological improvement

of the ovaries supported the ameliorative action of Vitex negundo extract in the letrozole-induced PCOS model.

Conclusions This study indicates the potential of Vitex negundo seed as a multifaceted therapeutic option for PCOS.
VNE offers a holistic strategy for PCOS with antiandrogenic, anti-inflammatory, and antioxidant properties, driven by its
major compounds like cinnamic acid, plumbagine, and nigundin B.
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genetic, environmental, and lifestyle factors [2]. PCOS is
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characterized by a combination of symptoms, including
menstrual dysfunction, hyperandrogenism, and polycys-
tic ovaries. Numerous studies showed an elevated inflam-
mation in both the reproductive organs and systemic
levels in individuals with PCOS [3]. Ovarian inflamma-
tion results in poor oocyte quality, oligo-anovulation and
ultimately infertility [3]. Concurrently, chronic low-grade
systemic inflammation in PCOS interacts with hyperan-
drogenism, obesity, and insulin resistance, precipitating
metabolic disturbances and increasing the risk of Type
2 diabetes and cardiovascular disease [4]. Therefore, the
goals of PCOS treatment are to rectify inflammation,
ovulatory dysfunction, reduce androgen level, manage
body weight, and mitigate the long-term risks of meta-
bolic non-communicable disease [5].

Current medical interventions for PCOS management
mainly focuses on symptomatic temporary relieves and
often causing undesirable side effects. The commonly
used medical strategy for PCOS encourages the use of
oral contraceptive pills, anti-androgens spironolactone,
insulin-sensitizing drug metformin, fertility medications
like clomiphene citrate, and laparoscopic ovarian drilling.
However, these therapies are associated with limited effi-
cacy and may not provide satisfactory outcomes [6].

The limitations and adverse effects of conventional
therapies for PCOS lead to a growing interest in explor-
ing safe alternative treatment options. Medicinal plants
and their phytoconstituents have gained attention as
potential therapeutic agents for PCOS [7]. A number of
studies have explored the effects of various plant extracts
and natural compounds on PCOS and associated symp-
toms such as hyperandrogenism, insulin resistance, and
menstrual irregularities [8].

Vitex nigundo (VN), the five-leaved chaste tree, com-
monly known as “Nirgundi,” belongs to the Lamiaceae
family and is a small deciduous shrub that grows in dif-
ferent tropical and sub-tropical regions of the world,
including Asia, Africa, and America [9]. VN has a rich
history of being utilized in folk medicine across Bangla-
desh, India, China, Indo-China, Indonesia, Nepal, Paki-
stan, Philippines, and Sri Lanka [10]. Every part of this
medicinal plant including its leaves, flowers, twigs, roots,
and seeds is known to serve a wide range of therapeu-
tic purposes [11]. The pharmacological benefits of Vitex
species are widely recognized, with various medicinal
properties including antimicrobial, antioxidant anti-
inflammatory, and anticancer effects. Scientific research
has shown that certain species are particularly effective
in treating ailments such as diabetes, as well as improving
female health [12].

The seeds of Vitex nigundo (VN) are known to contain
several active compounds, including flavonoids, iridoids,
terpenoids, and essential oils, which are accountable
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for the plant’s medicinal properties [13]. Recent studies
reported the potential therapeutic role of VN in man-
aging the symptoms of PCOS. VN has been shown to
reduce serum androgen level, improve insulin sensitiv-
ity, and modulate ovarian morphology in animal models
of PCOS [14, 15]. These effects may be attributed to the
ability of VN to regulate the hypothalamic-pituitary-
gonadal axis, decrease oxidative stress, and thereby mod-
ulate the expression of genes involved in steroidogenesis.

The bioactive compounds found in the plant’s seeds
earlier demonstrated promising results in preclini-
cal studies, indicating their potential for treating PCOS
symptoms. However, studies focusing to explore clinical
efficacy of Vitex nigundo in managing PCOS symptoms
are limited. Therefore, further studies are needed to elu-
cidate the potential therapeutic effects of VN in PCOS,
exploring its mechanisms of action. To address this gap
in knowledge, this study aims to evaluate the effect of
VN on reproductive and metabolic parameters with the
molecular approach through studying the inflammatory
markers as well as apoptotic markers in a rat model of
PCOS. These findings will provide the insight into the
potential therapeutic effects of Vitex nigundo and its
mechanisms of action in the treatment of PCOS. Hence,
it may be an effective paradigm on the way of overcoming
the hazards and low success of conventional therapeutic
strategy against PCOS.

Results

LC-MS findings of hydro ethanolic extract of Vitex nigundo
LC-MS analysis of the hydroethanolic extract obtained
from Vitex negundo revealed the presence of three dis-
tinct peaks with varying molecular weights. The stand-
ard cinnamic acid (CgHgO,) has a known mass of 148.16
(m/z). In this experiment, the extracted components
from Vitex negundo seeds exhibited the highest peak
corresponding to cinnamic acid (Fig. 1), with a mass
of 148.49 (m/z), which closely resembled the standard
mass of 148.16 (m/z). The second highest peak observed
was at 189.45 (m/z), and it is assumed to be plumbagin
(C;1HgO;) with a molecular weight of 188.18 (m/z).
Additionally, another peak was detected at 358.38 (m/z),
which is presumed to be negundin B (C,,H,,04) with a
molecular weight of 358.4 (m/z).

Bodyweight and Organosomatic Indices

The administration of letrozole for a duration of 21 days
resulted in a significant increase in the body weight
(p<0.001) of the PCOS group compared to the control
rats. However, after treatment with VNE extracts, a sig-
nificant reduction in body weight (p <0.001) was found in
PCOS rats, as presented in Table 1.
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Fig. 1 LC-MS analysis of Hydroethanolic extract of Vitex nigundo, where data shows 3 different level and different molecular weight peaks; cinnamic

acid (148.15 m/z) was found to be most abundant in the extract

Table 1 Effect of Vitex negundo extract on body weight and organosomatic indices parameters in letrozole induced PCOS rat

Group Control PC LTZ LTZ +VNE
Changes in body weight (gm %) 11631+1.81 112,97 £2.22 ### 14448 +£4.17 *** 117,01 £247 ###
Ovarian index (gm9%) 0.056+0.002 0.057+0.001 0.047+0.083 0.039+0.003
Uterine index (gm%) 0.2263+0.02 0.1834+£0.010## 0.0754+0.013 *** 0.1045+0.015

Effect of Vitex negundo extract on body weight and organosomatic indices in letrozole induced PCOS rat. Data presented as the Mean + S.E.M. (n = 6), evaluated by

ANOVA followed by the post hoc Tukey'’s test

*p<0.05, **p<0.01, ***p<0.001 vs. control; #p<0.05, ##p<0.01, ###p<0.001 vs. PCOS group

Both, letrozole (LTZ) and VNE concomitant admin-
istration caused a negative effect on ovarian weight
although the observed change was insignificant
(Table 1). On the other hand, the uterine weight in letro-
zole induced PCOS group was decreased significantly
(p<0.001). However, the supplemented group with VNE
found with improved uterine index.

Metabolic profile

The LTZ-treated groups exhibited a significant increase
in fasting blood glucose (p<0.001) and total cholesterol
(p<0.01) compared to the control group. Triglycer-
ide level in the LTZ-administered group did not show a

significant change. Conversely, following the co-adminis-
tration of VNE found to show a declining trend in glu-
cose, total cholesterol, and triglyceride level, although no
statistical significance was noticed (Fig. 2).

Activity and expression of Superoxide dismutase (SOD)
and Catalase

Spectrophotometric and electrozymographic analysis
were employed to evaluate the activities and expres-
sion of antioxidant enzymes, respectively superoxide
dismutase and catalase, in ovarian tissue. The findings
depicted in Fig. 3A clearly demonstrated a meaningful
suppression in the expression of MnSOD and catalase
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Fig. 2 Effects of Vitex nigundo on (A) Blood glucose (B) Total cholesterol (C) Triglyceride in rats with letrozole induced PCOS. Data are presented
as the Mean +SEM. (n=6), evaluated by ANOVA followed by the post hoc Tukey's test *P < 0.05, **P<0.01, ***P < 0.001 vs. control; #P < 0.05,

##P<0.01, #H#P<0.001 vs. LTZ group
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Fig. 3 The protective effect of VNE on antioxidative enzyme, superoxide dismutase (SOD) and catalase activities in ovarian tissue was investigated
in LTZ-induced PCOS rats. The SOD and catalase activity in ovarian tissue were assessed using agarose gel electrophoresis followed
by substrate-specific development of SOD and catalase bands (A). The lane distribution on the gel was as follows: Lane 1: control group; Lane

2:VNE group; Lane 3: LTZ-induced PCOS group; Lane 4: LTZ +VNE group.

Ovarian tissue extracts containing equal amounts of proteins were

subjected to electrophoresis on 12% or 8% native gel and 8% agarose gel, and the substrate-specific development of SOD and catalase bands

was performed to evaluate the protective effect of VNE against LTZ-induced changes in SOD and catalase (A). Additionally, the spectrophotometric
assay of SOD and catalase activity in ovarian tissue was conducted to further investigate the impact of VNE co-administration in LTZ-treated rats (B).
Data represent as the Mean +S.E.M. (n=6), evaluated by ANOVA followed by the post hoc Tukey's test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control;

#P<0.05, ##P<0.01, ###P <0.001 vs. LTZ group

in PCOS rats when compared to the control group. This
declination was visually evident from the faint bands
observed in the ovarian tissue analysis. Conversely, the
PCOS group co-administered with VNE exhibited a
noteworthy restoration in its protein expression status.

This restoration was substantiated by the appearance
of more intense bands of these antioxidant enzymes of
VNE co-administered group. Similar fashion of above
result was reviewed when enzyme kinetics of above
antioxidants were considered (Fig. 3B).
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Serum hormones, steroidogenic enzymes and ER-a following the co-treatment of VNE in LTZ fed rats with
The result showed in Table 2, depicts a minimal increase ~ PCOS exhibited a meaningful ER-a repression (Table 2).
in estradiol though insignificant in the LTZ induced A LH upsurge was significantly noted in the LTZ-
PCOS group but VNE treatment in LTZ induced rats induced PCOS group. However, the concurrent admin-
consequentially weaken the estradiol signaling. Con- istration of VNE had an inhibitory effect on LH level,
versely, testosterone level in PCOS rats was significantly  leading to 1.5-fold reduction approximately in a sig-
elevated, approximately 2-fold higher compared to the nificant manner. In contrast, LTZ administration mark-
control group, indicating a pronounced increase. How-  edly reduced FSH levels by almost half compared to the
ever, VNE in LTZ induced rats with PCOS exhibited control group. In contrast, cotreatment with VNE did
its antiandrogenic properties, leading to a substantial not appear to influence FSH levels relative to the PCOS
decrease in testosterone level (Table 2). Furthermore, the  group. The LTZ-treated group exhibited a significant
PCOS group displayed a significantly dropped in proges-  threefold increase in the LH:FSH ratio, indicating an
terone release, approximately half of the control group imbalance in gonadotropins, as depicted in Fig. 4. How-
(p<0.001). On the contrary VNE co-administration ever, VNE treatment seemed to correct this ratio (1.4),
resulted in a remarkable surge of progesterone (p <0.001).  closely approaching the level (1.1) observed in the control
Additionally, the results presented in Table 2, indicated  group. This suggests the potential of VNE in restoring the
a significantly higher concentration of steroidogenic  balance of these gonadotropins.
enzyme 3B-HSD and aromatase in PCOS (p<0.001).
Concomitant administration of VNE along with LTZ  Analysis of ovarian inflammatory status and associated
did not showed in any significant changes when com- factors
pared with PCOS group, though there was very minimal = The impact of VNE on the inflammatory status of ovarian
changes of aromatase and 33-HSD were observed. tissue and associated factors was established in letrozole-
Furthermore, the expression of ER-a in ovarian tis- induced PCOS rats. As shown in Fig. 5, the level of pro-
sue was found to enhance in the PCOS group. However, inflammatory cytokines, including IL-6 and TNFa, along

Table 2 Effect of Vitex negundo extract on Serum hormones, steroidogenic enzymes and Estrogen receptor in letrozole induced PCOS

rat

Parameters Control VNE LTZ LTZ +VNE
Estradiol (pg/ml) 587.65+16.16 33586+ 19.34 #it# 646.02+34.93 366.00 +6.98 #it#
Progesterone (ng/ml) 104.45+4.84 116.84+3.15 #it# 65.07 £3.75 *** 117.34+3.16 ###
Testosterone (ng/ml) 11240215 1.05+0.135# 2.58+£0.522* 1.16+£0.179 #
33-HSD (ng/ml) 284.21+13.40 280.94+10.36 #i#t# 396.08 +7.53 *** 375.86+9.58
Aromatase (pg/ml) 1038.87 £34.55 1024.07 £33.56 ### 1522.62 +36.40 *** 1287.15+48.06
ER-a (ng/ml) 3.731+£0.158 34420170 #it# 4324+0.159* 3.125+0.035 #it#

Effects of Vitex nigundo on serum hormones (estradiol, progesterone and testosterone), steroidogenic enzymes (3B-HSD and aromatase), ER-a in rats with letrozole
induced PCOS. Data presented as the Mean + S.E.M. (n = 6), evaluated by ANOVA followed by the post hoc Tukey's test

*p<0.05, **p<0.01, ***p<0.001 vs. control; #p<0.05, ##p<0.01, ###p<0.001 vs. PCOS group. The inter and intra assay variation (CV) was <10 % for all parameters
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Fig. 4 Effects of Vitex nigundo on (A) LH (B) FSH (C) LH:FSH ratio in rats with letrozole induced PCOS. Data are presented as the Mean+SEM. (n=6),
evaluated by ANOVA followed by the post hoc Tukey’s test. *P <0.05, **P<0.01, ***P <0.001 vs. control; #° <0.05, ##P < 0.01, ###P < 0.001 vs. LTZ
group. The inter and intra assay variation (CV) was < 10% for all parameters
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Fig. 5 Effects of Vitex nigundo on (A) IL-6 (B) TNFa (C) NF-kB (D) VEGF-B (E) CCND-1in rats with letrozole induced PCOS. Data are presented
as the Mean+S.EM. (n=6), evaluated by ANOVA followed by the post hoc Tukey’s test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; #P < 0.05,
##P<0.01, ###P <0.001 vs. LTZ group. The inter and intra assay variation (CV) was < 10% for all parameters

with NF-kB, were significantly elevated approximately 2
to 3-folds in the polycystic ovarian tissues. However, VNE
administration explored a noteworthy effect (p <0.01) in
reducing these markers of ovarian inflammation.

A marked elevation (p<0.01) of VEGF-B level was
noted in PCOS rats while the minimal elevation of
CCND-1. It was insignificant in this group. Nevertheless,
VNE treatment in PCOS rats exhibited a consequential
reduction of these two biomarkers (Fig. 5D and E).

mRNA expression of proinflammatory markers
Establishing the impact of VNE on mRNA expression of
proinflammatory markers in ovarian tissue and its poten-
tial effect against PCOS, the expressions of TNF-a, p53,
BAX and Bcl-2 in the ovarian tissue were assessed at the
RNA transcript level. Semiquantitative RT- PCR and
qRT-PCR were conducted to analyze the mRNA expres-
sions. The results indicated an upregulation of ovarian
TNF-«, BAX and p53 in the PCOS group following LTZ
administration compared to the control ovaries (Fig. 6A).
The results of qRT-PCR analysis of relative mRNA dis-
played in the Fig. 6B further supported the upregulation
of TNF-a (10.69-fold), p53 (4.89-fold), BAX (6.23-fold),
and downregulation of Bcl2 (0.041-fold) in PCOS rats
(Fig. 6B). However, following the administration of VNE,
these aberrations of mRNA expression were reversed, as
observed in Fig. 6A and B.

Ovarian histopathology

To assess the potential therapeutic effects of VNE on
PCOS, we investigated its impact on ovarian morphol-
ogy in rats. Letrozole-treated rats exhibited polycystic
ovarian morphology, characterized by fewer normal fol-
licles at various developmental stages. The PCOS group
showed a decrease in primordial, secondary, tertiary
follicles, and an increase in cystic follicles, confirming
successful model establishment. Moreover, the letrozole-
treated group displayed disorganized ovarian tissue,
marked by numerous subcapsular cystic follicles lack-
ing oocytes and corona radiata. Additionally, the PCOS
group exhibited an increased thickness of the theca and
tunica albuginea layers compared to the control group.
Significant differences were noted among the groups in
terms of the number of multilaminar follicles, thickness
of the granulosa and zona pellucida layers.

Conversely, the concurrent application of VNE in
PCOS rats resulted in a reduction in cyst n umbers,
an increased presence of corpus luteum and a signifi-
cant decrease in the thickness of the theca and tunica
albuginea layers, suggesting a restoration of normal fol-
liculogenesis and ovulation. The improved follicular mor-
phology in PCOS rats co-treated with VNE exhibited a
substantial reduction in pathological damage to the ova-
ries, indicating positive effects on overall ovarian histo-
architecture, as depicted in Fig. 7.
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Fig. 6 ATheimpact of VNE on apoptotic and pro-inflammatory changes in mRNA expression activity was investigated in LTZ-induced PCOS

rats. The genes TNF-q, p53, BAX and Bcl-2 were assessed using PCR analysis, with GAPDH serving as the reference gene. This study aimed

to examine the effects of VNE on the expression level of these mRNA associated with apoptosis and inflammation in the PCOS model induced

by LTZ. B The impact of VNE on apoptotic and pro-inflammatory changes in mRNA expression activity was investigated in LTZ-induced PCOS

rats. The genes TNF-q, p53, BAX and Bcl-2 were assessed using Real time PCR analysis, with GAPDH serving as the reference gene. Data presented
as the Mean+S.EM. (n =3), evaluated by ANOVA followed by the post hoc Tukey's test. * P <0.05, ** P <0.01, *** P <0.001 vs. control; # P < 0.05, #i#

P <0.01, ### P <0.001 vs. LTZ group

VNE

Control

LTZ LTZ+ VNE

Fig. 7 Effect of Vitex negundo extracts on ovarian morphology in different groups of rats: A Control BVNE C LTZ D LTZ +VNE group are presented
at 40X magnification. Graafian follicle (GF), atretic follicle (AF), cystic follicles (CF), corpus luteum (CL) are indicated by super script

Immunohistochemical staining of androgen receptors

Immunolocalization and expression of NR3C4 in
ovarian sections of POCS rats are illustrated in Fig. 8.
Higher NR3C4 expression was observed mainly

surrounding the cystic follicle of ovaries in PCOS
group. However, a decrease in NR3C4 expression in the
ovarian cells in VNE co-treated group was noticed.
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Fig. 8 Microscopic images show effect of VNE on the NR3C4 expression in the ovarian tissues in a polycystic ovary syndrome rat model.
Immunohistochemical staining of NR3C4 in different experimental groups: A Control B Positive control C LTZ D LTZ +VNE group. Brown staining

of the cells indicates the expression of AR (100 X & 400X)

lllustration of cinnamic acid, plumbagin and negundin b
The possible interactions of cinnamic acid with the c-ter-
minal ligand binding domain of estradiol receptor alpha
(ESR-a) involves Argd34 (hydrogen bond interaction)
Thr431, GIn506, Leu509, Ile510 and His513 (hydrophobic
interactions) (Fig. 9A). Plumbagin displayed the interac-
tions with LBD of NR3C4 and showed a possible inter-
action with Arg752, Lys808 (hydrogen bond interaction)
Glu681, Pro682, Trp718, Val715, Ala784 and GIn711
(hydrophobic interaction) (Fig. 9B). On the other hand,
the catalytic site of negundin b showed a possible inter-
action with Ser60, Leul20, Gly121, Tyr151 (hydrogen
bond interaction), Leu55, Leu57, Ile58, Tyr59 and Tyr119
(hydrophobic interaction) of TNF-a dimer (Fig. 9C).
Interaction of negundin b with these crucial amino
acids may exhibit a potential inhibitory effect on TNE-
a-mediated inflammatory pathway during PCOS. Bind-
ing energy of cinnamic acid with ESR- a, plumbagin with
NR3C4 and negundin b with TNF-a are —5.34 kcal/mol,
-7.26 Kcal/mol and —6.28 kcal/mol respectively. Root
Mean Square Deviation (RMSD) value =0.00.

Discussion

PCOS, a heterogeneous condition associated with
chronic inflammation, oxidative stress, and metabolic
disturbances deleteriously affects the quality of life
and long-term health of affected individuals with the
condition [5]. Unfortunately, no satisfactory treatment
has been identified for PCOS thus so far. This study
aimed to investigate the therapeutic effects of the etha-
nolic extract of Vitex nigundo seed (VNE) on letrozole
induced PCOS. Letrozole, a targeted non-steroidal
aromatase inhibitor, suppresses aromatase, leading to
elevated testosterone levels and hyperandrogenism,

replicating various PCOS phenotypes. Despite letro-
zole administration, there was a surprising increase in
ovarian aromatase. Since only ovarian tissue was quan-
tified and aromatase activity wasn’t directly measured,
it’s unclear why aromatase expression remains signifi-
cantly higher despite the use of an aromatase inhibi-
tor. Though the concentration of aromatase is higher,
at that extent the activity of aromatase may not suf-
ficiently be achieved which reflected from the very
negligible increase in circulating estradiol level. It is
plausible that, this might stem from feedback associ-
ated with competitive enzyme inhibition by letrozole.
Our findings also reveal a significant increase in tes-
tosterone, indicating an impaired aromatization of
testosterone to estrogen. The heightened substrate
concentration might partially overcome competitive
inhibition by letrozole. A subtle, statistically non-sig-
nificant, overproduction of estrogen might result from
this intricate phenomenon which was reported pre-
viously in recent study [16]. In this study, letrozole is
hypothesized to hinder aromatase activity, inhibiting
androgen conversion, resulting in clinically observed
elevated testosterone, increased LH, and decreased
FSH levels, causing a reproductive hormonal imbal-
ance and multiple cysts development as a result of
ovulatory disparities.

Our findings demonstrated the positive impact of
VNE on alleviating PCOS symptoms attributed to its
potent anti-inflammatory and antioxidant properties
along with its regulatory role on reproductive hor-
mones. These results highlight the potential of VNE as
a treatment option for PCOS related reproductive and
metabolic disorders, addressing the unmet need for
effective PCOS management.
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©
Fig.9 A Molecular interaction of cinnamic acid with ER-a. (a) 3D structure of human Estradiol receptor alpha (PDB ID- 3ERT). (b) 3D ball and stick
structure of cinnamic acid (PubChem ID- 444539). (c) 3D molecular docking image of cinnamic acid with Estradiol receptor alpha (Biovia Discovery
Studio Visualizer). (d) 3D molecular interaction image of cinnamic acid shows involvement of Thr431, Arg434, GIn506, Leu509, le510 and His513
(Biovia Discovery Studio Visualizer). (e) 2D molecular interaction image of cinnamic acid binding sites along with the bond distance. Green dashed
line defines the hydrogen bond interaction whereas red lines hydrophobic interactions. (Ligplot+ v.2.2.4). B Molecular interaction of plumbagin
with NR3C4. (a) Crystal 3D structure of human androgen receptor ligand binding domain in complex with testosterone retrieved from protein data
bank. PDB ID: 2AM9 (b) 3D ball and stick structure of plumbagin. PubChem ID: 10205. (c) 3d Molecular docking image of plumbagin interacting
with the ligand binding domain of androgen receptor. (d) 3d representation the binding pocket of plumbagin in the ligand binding domain
of androgen receptor (Biovia discovery studio visualizer). (e) 2D representation of hydrogen bond interaction (green dashed line) of plumbagin
along with bond-distance and hydrophobic interactions (arcs). (Ligplot+ v.2.2.4). C Molecular interaction of negundin b with TNFa.(a) 3D structure
of human TNFa protein (PDB ID- 2AZ5). (b) 3D ball and stick structure of Negundin B (PubChem ID- 10473569). (c) 3D molecular docking image
of Negundin B with tumor necrosis factor alpha. (Biovia Discovery Studio Visualizer). (d) 3D view of close molecular interaction image of negundin
b with interactive amino acids. (Biovia Discovery Studio Visualizer). e. 2D molecular interaction image of negundin b involves Leu55, Leu57, lle58,
Tyr59, Ser60, Tyr119 Leu120, Gly121 and Tyr151 along with the bond distance. Green dashed line defines the hydrogen bond interaction whereas
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red lines hydrophobic interactions. (Ligplot+ v.2.2.4)

Almost 50% of women afflicted with PCOS exhibit
overweight or obesity [17]. Excess body weight aggra-
vates insulin resistance followed by metabolic aberration,
hyperandrogenism, inflammation and infertility in indi-
viduals with PCOS [18]. In current study, we observed
the anabolic effect of letrozole on rats with significantly
increased relative body weight. However, the hydroetha-
nolic extract of Vitex nigundo seed found to be effective
in weight reduction (Table 1). Previous studies are also
showing the evidence of similar fashion of weight reduc-
ing potential of Vitex nigundo seed [14, 15]. Obesity and

body fat percentage have a direct effect on serum estro-
gen release as a result of increased peripheral aromatiza-
tilon in adipose tissue. This directly impact the LH:FSH
ratio [19]. Administration of VNE in the present investi-
gation found with correction of LH:FSH ratio (Fig. 4C).
This might be attributed to the direct inhibition of LH
production pertinent to the action of cinnamic acid
present in Vitex negundo seed extract, which was docu-
mented earlier for interaction with estrogen receptor (ER)
in the hypothalamus [20]. Molecular docking analysis in
the present study further supports the ability of cinnamic
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acid in modulating ER signalling through limiting the
overexpression of ER-« in the ovary (Fig. 9B). Since, the
C-terminus part of ER-a contains a ligand-mediated
transactivation domain, binding of cinnamic acid to
ligand binding domain may limit the overexpression of
ER-a followed by altered ER signalling in PCOS. Thus,
reestablishing the balance in hypothalamus—pituitary—
ovary (HPO) axis leading to reduction in LH followed
by the correction of steroidogenic enzymes aromatase as
well as 33-HSD. Cinnamic acid also been found to inhibit
the functional activity of 17B8-HSD as well as 3p-HSD
leading to decreased production of testosterone [21, 22].
Modulating the HPO axis along with regulating steroido-
genesis and gonadotropin release, VNE exerts a profound
effect on restoring the homeostasis of ovarian hormones,
specifically estrogen and progesterone. This restorative
mechanism is intricately associated with the elevation
of progesterone levels (Table 2), which in turn corre-
lates with augmented numbers of corpus luteum (Fig. 7),
indicative of successful ovulation and improved fertility.
While, LTZ-induced PCOS rats exhibited increased num-
bers of follicular cysts with thickened theca cell layer and
decreased presence of follicles at different stages (Fig. 7).
This morphological change is associated with altered
LH:FSH ratio that triggers the proliferation of ovarian
theca cells, leading to heightened androgen production,
by upregulated steroidogenic enzymes ultimately result-
ing in hyperandrogenism in PCOS [23]. Diverse patterns
of ER expression in various ovarian cells control follicular
growth and development. In PCOS, altered expression
of ERa and ERP is linked to abnormal follicular growth
and ovulatory dysfunction [24]. Estrogen stimulates the-
cal androgen production [25]. In PCOS, increased ERa in
ovarian thecal cells indicates heightened responsiveness
to estrogen, leading to overproduction of androgens. Our
histological observation of increased theca cell thickness
supports excess androgen production and aligns with ele-
vated ovarian ER-« expression.

The result of the current study depicted in the Fig. 8
displayed an increased immune-expression of NR3C4
or AR protein within the ovarian cells of LTZ treated
rats and is in agreement with the observation of oth-
ers investigations in this time [26, 27]. Upregulation of
NR3C4 might be due to the accumulation of endogenous
testosterone resulting in impaired folliculogenesis and
ovulatory dysfunction [28]. On the other hand, supple-
mentation of VNE showed an antiandrogenic action by
suppressing expression of ovarian NR3C4 followed by
suppressed serum testosterone release (Table 2). This
action of VNE might be ascribed to the possible inter-
action of plumbagin with NR3C4 indicated by molecu-
lar docking analysis in the present study (Fig. 9B). Our
study revealed that plumbagin formed hydrogen bonds
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with Arg752 and Lys808, while also engaging in hydro-
phobic interactions with GIn711 in the ligand binding
domain (LBD). Earlier research highlighted Arg752 and
GIn711 as pivotal amino acids for testosterone binding
to the LBD of androgen receptor [29]. Analyzing crystal
structures of human androgen receptor ligand-binding
domains complexed with different agonists has yielded
valuable insights into the determinants influencing bind-
ing affinity. The interaction between plumbagin and these
crucial amino acids (Arg752 and GIn711) likely underpins
the observed inhibitory impact on androgen signalling.
This interaction could serve as a potential mechanism
through which VNE exerts its effects on androgen signal-
ling pathways.

Elevated testosterone levels, acting through androgen
receptors in pancreatic cells and hepatocytes, result in
hyperinsulinemia and compromised metabolic functions
[30]. This sequence of events leads to insulin resistance
and the consequent progression of type 2 diabetes melli-
tus in individuals affected with PCOS. The current study
showed that administration of VNE resulted in notable
reduction in plasma glucose level in LTZ induced PCOS
rats (Fig. 2A). Earlier study also established a hypoglyce-
mic effect of VN in PCOS rats [14]. The hypoglycemic
effect could be due to the presence of cinnamic acid and
plumbagin that directly influences glucose digestion,
absorption and metabolism including increased glucose
uptake by restoring GLUT4 translocation to plasma
membranes [31, 32]. Assessment of lipid profile in this
study revealed hypocholesterolemic effect of VNE. How-
ever, no significant change found in triglyceride level
either in LTZ treated group or in VNE treated group.
The positive control treated only with the VNE showed
a hypolipidemic effect which was statistical significance
as compared to treated group (Fig. 2B & C). The posi-
tive effect on regulation of plasma lipids profile might
be due to antioxidant property of active components of
VNE [12].

Oxidative stress is another prominent feature of PCOS
and is associated with insulin resistance, disrupted ster-
oidogenesis, increased lipid peroxidation, and activation
of inflammatory cytokines, leading to impaired repro-
ductive function and metabolism [33]. Oxidative stress
hinders the production and release of SHBG by reduc-
ing the activity of HNF-4«, which could potentially play a
significant role in the development of hyperandrogenism
in PCOS [34]. Several studies highlight substantial mito-
chondrial dysfunction and heightened oxidative stress in
PCOS, influencing both reproductive and transgenera-
tional outcomes [35]. In the present study, we examined
the expression of MnSOD, localized in mitochondria,
emphasizing its direct relevance in addressing PCOS-
associated mitochondrial issues. In line with previous
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reports on LTZ-induced PCOS, the PCOS group in this
study demonstrated decreased activity of antioxidant
enzymes [36]. However, treatment with VNE success-
fully protected the ovarian tissue from oxidative stress
induced by PCOS (Fig. 3A and B). This might be asso-
ciated with its active components that could counteract
oxidative damage, leading to correction of antioxidant
enzyme status in ovarian tissue. This antioxidant action
may protect ovarian tissue from oxidative stress thereby
preserving follicular health, and improve reproductive
outcomes in PCOS.

In the realm of PCOS, oxidative-inflammatory cascades
play a prominent factor intricately associated with the
pathogenesis and detrimental consequences of the condi-
tion [37]. The pivotal role of proinflammatory cytokines
has been well-established in regulating ovarian steroido-
genesis, follicular maturation, and ovulation, as well as
contributing to the development of insulin resistance and
hyperandrogenism in PCOS [37]. The interplay between
TNEF-alpha, IL-6, and NF-xB forms a complex signal-
ling pathway that regulates inflammation and immune
responses. The current study observed a notably upregu-
lated expression of TNF-a, IL-6 as well as NF-«B in the
PCOS group, which was accompanied with metabolic
disturbances and hyperandrogenism (Figs. 5 and 6). The
efficacy of VNE as an anti-inflammatory agent, as dem-
onstrated earlier [38], was further corroborated by our
findings. Present study revealed a significantly repressed
expression of TNF-a, IL-6 along with NF-«B in ovarian
tissue following VNE supplementation (Figs. 5 and 6).
Notably, plumbagin one of the major components found
in the seed of VNE (Fig. 1), has been reported to directly
inhibiting NF-kB activation, subsequently leading to the
sequential suppression of TNF-a and other inflammatory
cytokines [39]. In addition, Negundin-B, another active
compound found in VNE, has been associated with the
inhibition of lipoxygenase, an oxidative enzyme [40].
A study found the potential of lipoxygenase inhibitors
to reduce TNF-a effectively followed by attenuation of
inflammation [41]. Furthermore, present study demon-
strates the ability of negundin B to bind with the TNFa-
dimer interface that hinders the interaction of TNFa with
its receptors (Fig. 9C) which in turn affects the down-
stream signalling pathways of inflammation.

The interplay between oxidative stress, inflammation,
and apoptosis contributes to ovulatory dysfunction in
PCOS. Oxidative stress-induced inflammation upregu-
lates the expression of pro-inflammatory cytokines such
as TNF-a, promoting apoptosis [42]. Moreover, andro-
gens exhibit proinflammatory properties by the activation
of nuclear factor of T-cells (NFATS5), which subsequently
triggers the upregulation of TNF-a and IL-1p followed
by apoptosis of granulosa cell [43, 44]. Furthermore,
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prior research indicated the involvement of androgens in
facilitating BAX-mediated apoptosis and also negatively
impact on the expression of Bcl-2 [45, 46]. Subsequently
dysregulated expression of apoptosis-related proteins,
including increased BAX and p53, and suppressed Bcl-2
further disrupts the delicate balance between cell sur-
vival and death, ultimately leading to impaired ovulation
in PCOS [47]. This association is reaffirmed by our pre-
sent study, which demonstrates a concurrence between
elevated androgen levels, heightened NR3C4 expression
in a PCOS model, and upregulated expression of p53 and
BAX along with downregulated expression of anti-apop-
totic Bcl-2. However, VNE administration successfully
restored these markers in ovarian tissue, indicating its
antiapoptotic role in PCOS (Fig. 6A & B).

VEGEF is produced by follicular granulosa and ovarian
theca cells in response to gonadotropin stimulation [48].
Additionally, evidence indicates that estrogen primarily
through ERa regulates VEGF transcription [49]. Individ-
uals with PCOS exhibit higher concentration of VEGF-B
in serum and ovarian follicular fluid, a prominent angio-
genic factor, which is positively correlated with insulin
insensitivity and inflammation [50]. Elevated VEGF may
be the indicator of early changes arising during the pro-
gression of PCOS towards hyperplasia and cancer [51].
Present study also evident a similar pattern of VEGF-B
level in PCOS group which was brought down follow-
ing the administration of VNE (Fig. 5). In PCOS, elevated
CCND-1 levels, a key regulator of the cell cycle, are
associated with inflammation. The concurrent upregula-
tion of ERa expression, along with inflammation, plays
a pivotal role in estrogen-induced proliferation by initi-
ating CCND-1 gene transcription and overexpression
[52]. This process contributes to abnormal cell prolifera-
tion and disturbances in ovarian follicular development,
defining the features of PCOS [53]. Present study dem-
onstrates VNE supplementation to alleviate the elevated
signalling of CCND-1 in PCOS (Fig. 5). These reduction
in VEGF-B and CCND-1 suggests that VNE may exert
modulatory effects on key processes such as inflamma-
tion-associated angiogenesis and folliculogenesis, poten-
tially through the regulation of cell cycle progression.

Conclusions

VNE presents a promising avenue for addressing PCOS
given its multi-dimensional effects rooted in strong
antiandrogenic, anti-inflammatory, and antioxidant
properties. Key compounds like cinnamic acid, plum-
bagine, and nigundin B are notably linked to these attrib-
utes. VNE impacts weight reduction, improves metabolic
profiles, and mitigates hyperandrogenism by targeting
LH:FSH ratio and regulating NR3C4 and ER-a. It also
protects ovarian tissue from oxidative damage through
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the correction of SOD and catalase. Additionally, the
ability of VNE to regulate the expression of TNF-«, BAX,
Bcl2, p53, and modulate VEGF and CCND-1 levels sug-
gests a role in countering inflammation and angiogenesis.
In essence, this study suggests VNE as an efficient herbal
remedy for combating PCOS, addressing inflamma-
tion, oxidative stress, and reproductive hormonal imbal-
ances. However, further studies are needed to confirm
active components, and a well-defined mechanistic view
requires in-depth analysis of steroidogenic enzyme activ-
ity and expression of different associated proteins.

Methodology

Chemicals and reagents

The study utilized analytical grade chemicals and rea-
gents sourced from reputable suppliers, including Hi
Media (India) and Merck (India) and all consumables
were of standard quality.

Procurement and validation of the plant material

The seeds of Vitex negundo were purchased locally
(Yuvika, India, batch No. YUVI0357, Licence No.
13,317,002,000,140, FDA approved) and the seeds sam-
ple of Vitex negundo was verified by Dr. Dulal Kumar
De, Professor, Taxonomist, Department of Botany, Mid-
napore College, Midnapore, West Bengal, India.

Preparation of Hydro-ethanolic extracts of Vitex negundo
seeds

The seeds were dried for 48 h at 40°C in an incubator
before being ground with an electrical grinder. 100 g of
seed powder were combined with 100 ml of a solvent
made up of 70% ethanol and 30% distilled water, and
the mixture was shaken occasionally for three days. The
liquid, extract was filtered and placed in a beaker after
three days. The liquid dark brown extract was dried up
and preserved as a dry powder. This dried powder was
weighed out and properly dissolved in distilled water
prior to treating the rat. The extracts were stored until
further usage in sterile bottles in a refrigerator.

LC-MS analysis of hydro-ethanolic extract of Vitex nigundo

LC/MS analyses of plant extracts were conducted follow-
ing the method by Wojakowska et al.,, 2013 [54], using
a Waters Acquity UPLC system connected to a Bruker
Daltonics micrOTOF-Q mass spectrometer, along with
the Tri-Versa Nano-Mate system. Chromatographic
separation employed Poroshell 120 EC-C18 columns,
with an injection volume of 5 ml and a flow rate of 0.6
ml/min. Solvent mixtures A (99.5% H,0/0.5% formic
acid) and B (99.5% acetonitrile/0.5% formic acid) were
used, and elution steps followed a specific gradient pat-
tern. The micrOTOF-Q operated in positive and negative
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ion modes, with optimized settings for ionization and
fragmentation. Flavonoid conjugates were detected by
comparing molecular masses and fragmentation pat-
terns. The TriVersa NanoMate system was introduced to
facilitated fraction collection with improved separation
efficiency.

Dose selection and care of experimental animals

The administration of Vitex negundo extract has been
investigated in previous studies using dosages rang-
ing from 200 to 400 mg/kg body weight [14, 15]. In line
with these findings, we selected a moderate dose of 250
mg/kg body weight for the current investigation. In this
study, 24 female albino rats (100+10 g body weight, 6-8
weeks old) were acclimated for 8 days at a temperature
of 25 °C and a relative humidity of 50-70% in the animal
house. Rats were kept in cages made of polycarbonate
and were provided access to food and water ad libitum.
The animals were procured from licensed animal suppli-
ers. The experimental protocols followed the Commit-
tee for the Control and Supervision of Experiments on
Animals CCSEA (former CPCSEA) guidelines and were
approved by the institutional ethics committee (VU/
IAEC/CPCSEA/17/7/2022).

Animal treatment

Six groups of animals were included in the study, with
each group comprising six animals (n=6). With the
exception of Group I, all animals were administered
1 mg/kg letrozole dissolved in 1% CMC (2 ml/kg) once
daily for 21 days. The induction of PCOS was confirmed
by evaluating vaginal smears collected daily and exam-
ined microscopically using Giemsa stain. Group I (CON)
received carboxymethyl cellulose (CMC) as vehicle and
was fed a standard diet of rat chow and water ad libitum
throughout the experiment. Group II (VNE) received
only VNE (250 mg/kg body weight/day), while Group
III (LTZ) received 1 mg/kg body weight of letrozole, dis-
solved in CMC. Group IV (LTZ with VNE) received a
combination of 250 mg/kg VNE and 1 mg/kg letrozole
orally once a day throughout the experiment.

Organosomatic indices

The body weight of all animals was documented at the
beginning and at weekly interval throughout the experi-
ment. The weight of relevant organs was also recorded
after the sacrifice of the experimental rats.

Serum metabolic parameters

After collecting the blood samples from rats, cen-
trifugation was performed at 2,500 rpm for 5 min to
separate serum. To measure the fasting glucose, total
cholesterol (TC), triglyceride (TG) level in the serum, the
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recommended methods by the manufacturer’s guidelines
(ENZOPAK) were employed.

Spectrophotometric assays of antioxidant enzymes (SOD &
catalase)

Ovarian tissues were homogenized in Tris-HCl buffer
(pH 7.4), and the resulting supernatant was mixed with
thio barbituric acid (TBA), 7.5 mmol/L nicotinamide
adenine dinucleotide phosphate-reduced, nicotinamide
adenine dinucleotide phosphate-reduced-MnCl2. The
SOD (superoxide dismutase) activity was then measured
at a wavelength of 340 nm [55].

To assess catalase activity, a heated dichromate in
acetic acid solution was added in presence of H,O,.
This mixture underwent a transformation into perchro-
mic acid and finally to chromic acetate. The formation
of chromic acetate was measured at a wavelength of
570 nm [56].

Electrozymographic analysis of SOD and Catalase

Ovarian tissue extract was made ready by mixing the
tissue with ice-cold phosphate buffer saline (PBS)
at a concentration of 20% (w/v), followed by obtain-
ing the supernatant. To detect SOD (MnSOD), a 12%
native polyacrylamide gel electrophoresis technique
was utilized. The gels were then treated with a solution
containing tetramethyl ethylene diamine, nitro blue
tetrazolium, and riboflavin, and placed in the dark to
visualize colourless MnSOD bands under fluorescent
light [56]. To detect the existence of catalase and per-
oxidase, an 8% native polyacrylamide gel electrophore-
sis method was employed. The gels were immersed in
a solution containing 0.003% H,O, and then incubated
with a mixture of 2% potassium ferricyanide and ferric
chloride. The catalase bands appeared colourless against
a blue-green background [56].

ELISA of serum reproductive hormones ER-a

and steroidogenic enzyme (3HSD)

ELISA kits were used to measure the serum level of estra-
diol (ELK Biotechnology; Cat:ELK8714), progesterone
(ELK Biotechnology; Cat: ELK8385), testosterone (ELK
Biotechnology; Cat: ELK8314), luteinizing hormone (LH)
(CUSABIO; Catalog Number: CSB E12654r), follicle
stimulating hormone (FSH) (CUSABIO; Catalog Num-
ber. CSB-E06869r) and tissue level of Estradiol recep-
tor- a (ABclonal; cat: RK07561), 3-beta-hydroxysteroid
dehydrogenase (3p-HSD) (FineTest; cat: ER0665) and
aromatase (ABclonal; cat: RK04428). The manufactur-
ers’ recommended procedures were followed, and the
spectrophotometric reading was taken at 450 nm. Pro-
gesterone was assessed using competitive ELISA method
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where as other parameters were analysed using sandwich
ELISA.

Assessment of ovarian tissue level of IL-6, TNFa, NF-kB,
VEGF-B, CCND-1through ELISA

Sandwich ELISA method was employed using ELISA
kits to measure the proinflammatory cytokines includ-
ing IL-6 (ABclonal; Cat: RK00020), TNF« (ABclonal; Cat:
RKO00029) along with NF-kB (ELK Biotechnology; Cat:
ELK5691), VEGEF-B (FineTest; cat:ER0085) and CCND-1
(FineTest; cat:ER0328). The manufacturers’ recom-
mended procedures were followed, and the spectropho-
tometric reading was taken at 450 nm.

mRNA expression

RT-PCR was carried out using the Applied Biosystems
7900HT analyzer (Applied Biosystems, USA). The reac-
tion mixture consisted of 2 uL. of cDNA, 10 pL of Syber-
green Master mix (containing 150 mM Tris, pH 9.2, 40
mM (NH4)2504, 5 mM MgCl2, 0.02% Tween-20, 0.4
mM dNTPs, 1.25 Units Taq Polymerase, and 1 X Syber-
green), along with 0.5 puL of 20 uM gene-specific prim-
ers. TNF-a forward primer: TATGTGCTCTAGGCT
AGCTC, reverse primer: GGCATAGTCTCTGCACGT
AACT; P53, forward primer: TGAGCCATGAATTGA
TCATC, reverse primer: AGAAAGACTACCAGAGG;
BAX, forward primer: GTTGTGCACATGGCTGGC,
reverse primer: CGCATGGTCACTACGCTACCT; Bcl2,
forward primer: AGTGTGAACCAGTCGTCTC reverse
primer: CGGATTGTCATTGCACTACC; GAPDH, for-
ward primer: TGTGTGCACAAGGCTGGCTC, reverse
primer: TGCATGGTCACTGCACTTACCT. To assess
gene expression, the threshold cycle (CT) values were
measured during the exponential phase of amplifica-
tion. The ACT value was calculated by taking the differ-
ence between the CT values of the target genes (TNF-a,
Bax, BCL2, and p53) and the CT value of the reference
gene GAPDH. Finally, relative quantifications were deter-
mined using the formula: 2- ACT/ [Average of (2- ACT)]
[57].

Histomorphological and immune-histochemical study

of the ovary

The ovaries were excised from each animal, and rapidly
dissected, cleaned, and weighed. Subsequently, the ova-
ries were immersed in a 10% formalin solution and stored
at 4°C for HE (hematoxylin and eosin) staining, followed
by light microscopic examination. The ovarian tissues
were embedded in wax and then sectioned and subjected
to HE staining. The follicular growth was evaluated by
microscopy.
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Immunohistochemistry (IHC) was performed by uti-
lizing a rabbit polyclonal primary antibody targeting the
androgen receptor (NR3C4).

Molecular docking analysis

Molecular docking analysis of Estradiol receptor alpha
ligand binding domain (PDB ID- 3ERT) Fig. 9A; andro-
gen receptor ligand binding domain (PDB ID- 2AM9)
Fig. 9B and TNFa (PDB ID- 2AZ5) Fig. 9C, protein was
performed with the ligand cinnamic acid (PubChem
ID- 444,539) Fig. 9A; plumbagin (PubChem ID- 10,205)
Fig. 9B and negundin B (PubChem ID-10,473,569)
Fig. 9C respectively. PDBQT file format and grid box
dimension were prepared before starting the dock-
ing process. AutoDock 4.2.6 were used for performing
molecular docking and the conformations with lowest
binding energy were selected for these three ligands
[58]. In this study we preferred the blind docking with-
out any prior active site selection. Biovia discovery stu-
dio visualizer and ligplot+ software was used for 3D
and 2D visualization of protein-ligand interaction.

Statistical evaluation

The mean + SE was used to represent the data in this
study. The statistical significance was evaluated by two-
way ANOVA, followed by post-hoc Tukey test, with a
significance level of p<0.05. SPSS software 16.0 was
used for statistical analysis.

Abbreviations

VN Vitex nigundo
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BAX Bcl-2 Associated X protein

Acknowledgements

We are sincerely grateful to Dr. Dulal Kumar De, Professor, Taxonomist,
Department of Botany, Midnapore College, Midnapore, West Bengal, India, for
verification and certification of seeds sample of Vitex negundo.

Authors’ contributions

S.C. conceived and designed the study. TKK. contributes to experiments and
manuscript drafting. S.S. contributes to data interpretation, critical manuscript
revising, and lab experimentations. A.G. provided contributions to bioinfor-
matics studies and lab experiments. A.B. contributes to Data analysis and lab
experimentations. All authors read and approved the final manuscript.

Page 14 of 16

Funding
Present study did not receive any external funding.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
This study was approved by institutional ethics committee of Vidyasagar
University (VU/IAEC/CPCSEA/17/7/2022).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 1 September 2023 Accepted: 21 February 2024
Published online: 08 April 2024

References

1. Health-Europe TL. Polycystic ovary syndrome: what more can be done
for patients? Lancet Reg Health Eur. 2022,21:100524. https://doi.org/10.
1016/j.lanepe.2022.100524.

2. Kshetrimayum C, Sharma A, Mishra VV, Kumar S. Polycystic ovarian syn-
drome: Environmental/occupational, lifestyle factors; an overview. J Turk
Ger Gynecol Assoc. 2019;20(4):255. https://doi.org/10.4274/jtgga.galenos.
2019.2018.0142.

3. ZhaiY, Pang Y. Systemic and ovarian inflammation in women with poly-
cystic ovary syndrome. J Reprod Immunol. 2022;151: 103628. https://doi.
0rg/10.1016/},r.2022.103628.

4. Witchel SF, Oberfield SE, Pefia AS. Polycystic ovary syndrome: pathophysi-
ology, presentation, and treatment with emphasis on adolescent girls. J
Endocr Soc. 2019;3(8):1545-73. https://doi.org/10.1210/js.2019-00078.

5. Rocha AL, Oliveira FR, Azevedo RC, Silva VA, Peres TM, Candido AL, Gomes
KB, Reis FM. Recent advances in the understanding and management of
polycystic ovary syndrome. F1000Res. 2019;8. https://doi.org/10.12688/
f1000research.15318.1.

6. Domecq JP, Prutsky G, Mullan RJ, Sundaresh V, Wang AT, Erwin PJ, Welt
C, Ehrmann D, Montori VM, Murad MH. Adverse effects of the common
treatments for polycystic ovary syndrome: a systematic review and meta-
analysis. J Clin Endocrinol Metab. 2013;98(12):4646-54. https://doi.org/10.
1210/jc.2013-2374.

7. Rashid R, Mir SA, Kareem O, Ali T, Ara R, Malik A, Amin F, Bader GN.
Polycystic ovarian syndrome-current pharmacotherapy and clinical
implications. Taiwan J Obstet Gynecol. 2022;61(1):40-50. https://doi.org/
10.1016/j.tj0g.2021.11.009.

8. Manouchehri A, Abbaszadeh S, Ahmadi M, Nejad FK, Bahmani M, Dastyar
N. Polycystic ovaries and herbal remedies: a systematic review. JBRA
Assist Reprod. 2023;27(1):85. https://doi.org/10.5935/1518-0557.20220
024.

9. Ganapaty S, Vidyadhar KN. Phytoconstituents and biological activities of
Vitex-a review. J Nat Rremedies. 2005;75-95. https://doi.org/10.18311/jnr/
2005/391.

10. Vishwanathan AS, Basavaraju R. A review on Vitex negundo L.: a medici-
nally important plant. Eur J Biol Sci. 2010;3(1):30-42.

11. Zheng CJ, Qin LP. Negundo Chastetree (Vitex negundo) oils. In: Essential
oils in Food Preservation, Flavor and Safety. Academic; 2016. p. 601-6.

12. Kamal N, Mio Asni NS, Rozlan IN, Mohd Azmi MA, Mazlan NW, Mediani
A, Baharum SN, Latip J, Assaw S, Edrada-Ebel RA. Traditional Medicinal
uses, Phytochemistry, Biological Properties, and Health applications of
Vitex Sp. Plants (Basel). 2022;11(15):1944. https://doi.org/10.3390/plant
s11151944.

13. Zheng CJ, Li HQ, Ren SC, Xu CL, Rahman K, Qin LP, Sun YH. Phyto-
chemical and pharmacological profile of Vitex negundo. Phytother Res.
2015;29(5):633-47. https://doi.org/10.1002/ptr.5303.


https://doi.org/10.1016/j.lanepe.2022.100524
https://doi.org/10.1016/j.lanepe.2022.100524
https://doi.org/10.4274/jtgga.galenos.2019.2018.0142
https://doi.org/10.4274/jtgga.galenos.2019.2018.0142
https://doi.org/10.1016/j.jri.2022.103628
https://doi.org/10.1016/j.jri.2022.103628
https://doi.org/10.1210/js.2019-00078
https://doi.org/10.12688/f1000research.15318.1
https://doi.org/10.12688/f1000research.15318.1
https://doi.org/10.1210/jc.2013-2374
https://doi.org/10.1210/jc.2013-2374
https://doi.org/10.1016/j.tjog.2021.11.009
https://doi.org/10.1016/j.tjog.2021.11.009
https://doi.org/10.5935/1518-0557.20220024
https://doi.org/10.5935/1518-0557.20220024
https://doi.org/10.18311/jnr/2005/391
https://doi.org/10.18311/jnr/2005/391
https://doi.org/10.3390/plants11151944
https://doi.org/10.3390/plants11151944
https://doi.org/10.1002/ptr.5303

Kar et al. Journal of Ovarian Research

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

(2024) 17:76

. Kakadia N, Patel P, Deshpande S, Shah G. Effect of Vitex negundo L.

seeds in letrozole induced polycystic ovarian syndrome. J Tradit Com-
plement Med. 2019;9(4):336-45. https://doi.org/10.1016/j.jtcme.2018.
03.001.

Shetty DK, Patil S. Studying the Testosterone lowering potential of Vitex
negundo (Nirgundi) seed extract in hyperandrogenic female rats Induced
with Polycystic ovaries. Int J Pharm Sci Rev Res. 2015;33(1):211-6.

Saiyed A, Jahan N, Makbul SA, Ansari M, Bano H, Habib SH. Effect of
combination of Withania somnifera Dunal and Tribulus terrestris Linn on
letrozole induced polycystic ovarian syndrome in rats. Integr Med Res.
2016;5(4):293-300. https://doi.org/10.1016/j.imr.2016.10.002.

Glueck CJ, Goldenberg N. Characteristics of obesity in polycystic ovary
syndrome: etiology, treatment, and genetics. Metabolism. 2019;92:108-
20. https://doi.org/10.1016/j.metabol.2018.11.002.

Kiddy DS, Sharp PS, White DM, Scanlon MF, Mason HD, Bray CS, Polson
DW, Reed MJ, Franks S. Differences in clinical and endocrine features
between obese and non-obese subjects with polycystic ovary syndrome:
an analysis of 263 consecutive cases. Clin Endocrinol. 1990;32(2):213-20.
https://doi.org/10.1111/j.1365-2265.1990.tb00857 .

Nath CK, Barman B, Das A, Rajkhowa P, Baruah P, Baruah M, Baruah A.
Prolactin and thyroid stimulating hormone affecting the pattern of LH/
FSH secretion in patients with polycystic ovary syndrome: a hospital-
based study from North East India. J Family Med Prim Care. 2019;8(1):256.
https://doi.org/10.4103/jfmpcjfmpc_281_18.

Lakshmi JN, Babu AN, Kiran SM, Nori LP, Hassan N, Ashames A, Bhandare
RR, Shaik AB. Herbs as a source for the treatment of polycystic ovarian
syndrome: a systematic review. Biotech. 2023;12(1):4. https://doi.org/10.
3390/biotech12010004.

Brozi¢ P, Kocbek P, Sova M, Kristl J, Martens S, Adamski J, Gobec S,

Rizner TL. Flavonoids and cinnamic acid derivatives as inhibitors of
17B-hydroxysteroid dehydrogenase type 1. Mol Cell Endocrinol.
2009;301(1-2):229-34. https://doi.org/10.1016/j.mce.2008.09.004.

Arlt W, Neogi P, Gross C, Miller WL. Cinnamic acid based thiazolidinedi-
ones inhibit human P450c17 and 3beta-hydroxysteroid dehydrogenase
and improve insulin sensitivity independent of PPARgamma agonist
activity. J Mol Endocrinol. 2004;32(2):425-36. https://doi.org/10.1677/
jme.0.0320425.

Ashraf S, Nabi M, Rashid F, Amin S. Hyperandrogenism in polycystic ovar-
ian syndrome and role of CYP gene variants: a review. Egypt J Med Hum
Genet. 2019;20(1):1-0. https://doi.org/10.1186/543042-019-0031-4.
Jakimiuk AJ, Weitsman SR, Yen HW, Bogusiewicz M, Magoffin DA.
Estrogen receptor a and 3 expression in theca and granulosa cells

from women with polycystic ovary syndrome. J Clin Endocrinol Metab.
2002;87(12):5532-8. https://doi.org/10.1210/jc.2002-020323.

Roberts AJ, skinner MK. Estrogen regulation of thecal cell steroidogenesis
and differentiation: thecal cell-granulosa cell interactions. Endocrinology.
1990;127(6):2918-29. https://doi.org/10.1210/endo-127-6-2918.

Dey A, Dhadhal S, Maharjan R, Nagar PS, Nampoothiri L. Partially purified
non-polar phytocomponents from Aloe barbadensis Mill. Gel restores
metabolic and reproductive comorbidities in letrozole-induced polycys-
tic ovary syndrome rodent model-an in-vivo study. J Ethnopharmacol.
2022;291:115161. https//doi.org/10.1016/}jep.2022.115161.

Manneras L, Cajander S, Holméng A, Seleskovic Z, Lystig T, Lonn

M, Stener-Victorin E. A new rat model exhibiting both ovarian and
metabolic characteristics of polycystic ovary syndrome. Endocrinology.
2007;148(8):3781-91. https://doi.org/10.1210/en.2007-0168.

Davey RA, Grossmann M. Androgen receptor structure, function and biol-
ogy: from bench to bedside. Clin Biochem Rev. 2016;37(1):3.

Pereira de Jésus-Tran K, Coté PL, Cantin L, Blanchet J, Labrie F, Breton R.
Comparison of crystal structures of human androgen receptor ligand-
binding domain complexed with various agonists reveals molecular
determinants responsible for binding affinity. Protein Sci. 2006;15(5):987-
99. https://doi.org/10.1110/ps.051905906.

Unluhizarci K, Karaca Z, Kelestimur F. Role of insulin and insulin resistance
in androgen excess disorders. World J Diabetes. 2021;12(5): 616.
Adisakwattana S. Cinnamic acid and its derivatives: mechanisms for pre-
vention and management of diabetes and its complications. Nutrients.
2017;9(2): 163. https://doi.org/10.3390/nu9020163.

Sunil C, Duraipandiyan V, Agastian P, Ignacimuthu S. Antidiabetic effect
of plumbagin isolated from Plumbago zeylanica L. root and its effect on

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

Page 150f 16

GLUT4 translocation in streptozotocin-induced diabetic rats. Food Chem
Toxicol. 2012;50(12):4356-63. https://doi.org/10.1016/.fct.2012.08.046.
ZuoT, Zhu M, Xu W. Roles of oxidative stress in polycystic ovary syndrome
and cancers. Oxid Med Cell Longev. 2016;2016:8589318. https://doi.org/
10.1155/2016/8589318.

SunY, Li S, Liu H, Bai H, Hu K, Zhang R, Liu Q, Fan P. Oxidative stress pro-
motes hyperandrogenism by reducing sex hormone-binding globulin in
polycystic ovary syndrome. Fertil Steril. 2021;116(6):1641-50.

Siemers KM, Klein AK, Baack ML. Mitochondrial dysfunction in PCOS:
insights into Reproductive Organ Pathophysiology. Int J Mol Sci.
2023;24(17): 13123. https://doi.org/10.3390/ijms241713123.

Jahan S, Munir F, Razak S, Mehboob A, Ain QU, Ullah H, Afsar T, Shaheen G,
Almajwal A. Ameliorative effects of rutin against metabolic, biochemical
and hormonal disturbances in polycystic ovary syndrome in rats. J Ovar-
ian Res. 2016;9:1-9. https://doi.org/10.1186/513048-016-0295-y.

Velez LM, Seldin M, Motta AB. Inflammation and reproductive function in
women with polycystic ovary syndrome. Biol Reprod. 2021;104(6):1205-
17. https://doi.org/10.1093/biolre/ioab050.

Zheng CJ, Zhao XX, Ai HW, Lin B, Han T, Jiang YP, Xing X, Qin LP. Therapeu-
tic effects of standardized Vitex negundo seeds extract on complete Fre-
und's adjuvant induced arthritis in rats. Phytomedicine. 2014;21(6):838-
46. https://doi.org/10.1016/j.phymed.2014.02.003.

Sandur SK, Ichikawa H, Sethi G, Ahn KS, Aggarwal BB. Plumbagin
(5-hydroxy-2-methyl-1, 4-naphthoquinone) suppresses NF-kB activa-
tion and NF-kB-regulated gene products through modulation of

p65 and IkBa kinase activation, leading to potentiation of apoptosis
induced by cytokine and chemotherapeutic agents. J Biol Chem.
2006;281(25):17023-33. https://doi.org/10.1074/jbc.M601595200.

Malik A, Anis I, Khan SB, Ahmed E, Ahmed Z, Nawaz SA, Choudhary

MI. Enzymes inhibiting lignans from Vitex negundo. Chem Pharm Bull.
2004;52(11):1269-72. https://doi.org/10.1248/cpb.52.1269.

Lin HC, Lin TH, Wu MY, Chiu YC, Tang CH, Hour MJ, Liou HC, Tu HJ, Yang RS,
Fu WM. 5-Lipoxygenase inhibitors attenuate TNF-a-induced inflammation
in human synovial fibroblasts. PLoS ONE. 2014;9(9): e107890. https://doi.
org/10.1371/journal.pone.0107890.

Sever MJ, Janez A, Dolzan V. Interplay between oxidative stress and
chronic inflammation in PCOS: the role of genetic variability in PCOS risk
and treatment responses. InPolycystic Ovarian Syndrome. 2019. https://
doi.org/10.5772/intechopen.88698.

Krishnan A, Muthusami S, Periyasamy L, Stanley JA, Gopalakrishnan'V,
Ramachandran I. Effect of DHT-induced hyperandrogenism on the pro-
inflammatory cytokines in a rat model of polycystic ovary morphology.
Medicina. 2020;56(3): 100. https://doi.org/10.3390/medicina56030100.
Billig H, Furuta IT, Hsueh AJ. Estrogens inhibit and androgens enhance
ovarian granulosa cell apoptosis. Endocrinology. 1993;133(5):2204-12.
https://doi.org/10.1210/endo.133.5.8404672.

Lin'Y, Kokontis J, Tang F, Godfrey B, Liao S, Lin A, Chen'Y, Xiang J. Andro-
gen and its receptor promote bax-mediated apoptosis. Mol Cell Biol.
2006;26(5):1908-16. https://doi.org/10.1128/MCB.26.5.1908-1916.2006.
Lapointe J, Fournier A, Richard V, Labrie C. Androgens down-regulate
Bcl-2 protooncogene expression in ZR-75-1 human breast cancer cells.
Endocrinology. 1999;140(1):416-21. https://doi.org/10.1210/endo.140.1.
6410.

Chan WY, Cheung KK, Schorge JO, Huang LW, Welch WR, Bell DA,
Berkowitz RS, Mok SC. Bcl-2 and p53 protein expression, apoptosis,

and p53 mutation in human epithelial ovarian cancers. AM J Pathol.
2000;156(2):409-17. https://doi.org/10.1016/S0002-9440(10)64744-X.
Fraser HM, Duncan WC. Vascular morphogenesis in the primate ovary.
Angiogenesis. 2005;8:101-16. https://doi.org/10.1007/510456-005-9004-y.
Jesmin S, Mowa CN, Sultana SN, Shimojo N, Togashi H, Iwashima Y, Kato
N, Sato A, Sakuma |, Hiroe M, Hattori Y. VEGF signaling is disrupted in

the hearts of mice lacking estrogen receptor alpha. Eur J Pharmacol.
2010,641(2-3):168-78. https://doi.org/10.1016/j.ejphar.2010.05.020.
Cheng F, Zhao L, Wu Y, Huang T, Yang G, Zhang Z, Wu Y, Jia F, Wu J,

Chen C, Liu D. Serum vascular endothelial growth factor B is elevated

in women with polycystic ovary syndrome and can be decreased with
metformin treatment. Clin Endocrinol. 2016;84(3):386-93. https://doi.org/
10.1111/cen.12950.

Bacallao K, Plaza-Parrochia F, Cerda A, Gabler F, Romero C, Vantman D,
Vega M. Levels of regulatory proteins associated with cell proliferation in
endometria from untreated patients having polycystic ovarian syndrome


https://doi.org/10.1016/j.jtcme.2018.03.001
https://doi.org/10.1016/j.jtcme.2018.03.001
https://doi.org/10.1016/j.imr.2016.10.002
https://doi.org/10.1016/j.metabol.2018.11.002
https://doi.org/10.1111/j.1365-2265.1990.tb00857.x
https://doi.org/10.4103/jfmpc.jfmpc_281_18
https://doi.org/10.3390/biotech12010004
https://doi.org/10.3390/biotech12010004
https://doi.org/10.1016/j.mce.2008.09.004
https://doi.org/10.1677/jme.0.0320425
https://doi.org/10.1677/jme.0.0320425
https://doi.org/10.1186/s43042-019-0031-4
https://doi.org/10.1210/jc.2002-020323
https://doi.org/10.1210/endo-127-6-2918
https://doi.org/10.1016/j.jep.2022.115161
https://doi.org/10.1210/en.2007-0168
https://doi.org/10.1110/ps.051905906
https://doi.org/10.3390/nu9020163
https://doi.org/10.1016/j.fct.2012.08.046
https://doi.org/10.1155/2016/8589318
https://doi.org/10.1155/2016/8589318
https://doi.org/10.3390/ijms241713123
https://doi.org/10.1186/s13048-016-0295-y
https://doi.org/10.1093/biolre/ioab050
https://doi.org/10.1016/j.phymed.2014.02.003
https://doi.org/10.1074/jbc.M601595200
https://doi.org/10.1248/cpb.52.1269
https://doi.org/10.1371/journal.pone.0107890
https://doi.org/10.1371/journal.pone.0107890
https://doi.org/10.5772/intechopen.88698
https://doi.org/10.5772/intechopen.88698
https://doi.org/10.3390/medicina56030100
https://doi.org/10.1210/endo.133.5.8404672
https://doi.org/10.1128/MCB.26.5.1908-1916.2006
https://doi.org/10.1210/endo.140.1.6410
https://doi.org/10.1210/endo.140.1.6410
https://doi.org/10.1016/S0002-9440(10)64744-X
https://doi.org/10.1007/s10456-005-9004-y
https://doi.org/10.1016/j.ejphar.2010.05.020
https://doi.org/10.1111/cen.12950
https://doi.org/10.1111/cen.12950

Kar et al. Journal of Ovarian Research (2024) 17:76 Page 16 of 16

with and without endometrial hyperplasia. Reprod Sci. 2016;23(2):211-8.
https://doi.org/10.1177/1933719115597762.

52. Liu MM, Albanese C, Anderson CM, Hilty K, Webb P, Uht RM, Price RH,
Pestell RG, Kushner PJ. Opposing action of estrogen receptors a and 3 on
cyclin D1 gene expression. J Biol Chem. 2002,277(27):24353-60. https://
doi.org/10.1074/jbc.M201829200.

53. Rad HM, Mowla SJ, Ramazanali F, Valojerdi MR. Characterization of altered
microRNAs related to different phenotypes of polycystic ovarian syn-
drome (PCOS) in serum, follicular fluid, and cumulus cells. Taiwan J Obstet
Gynecol. 2022,61(5):768-79. https://doi.org/10.1016/j.tjog.2022.05.013.

54. Wojakowska A, Perkowski J, Géral T, Stobiecki M. Structural characteriza-
tion of flavonoid glycosides from leaves of wheat (Triticum aestivum L.)
using LC/MS/MS profiling of the target compounds. J Mass Spectrom.
2013;48(3):329-39. https://doi.org/10.1002/jms.3160.

55. Pattichis K, Louca LL, Glover V. Quantitation of soluble superoxide
dismutase in rat striata, based on the inhibition of nitrite formation from
hydroxylammonium chloride. Anal Biochem. 1994;221(2):428-31. https://
doi.org/10.1006/abio.1994.1441.

56. Weydert CJ, Cullen JJ. Measurement of superoxide dismutase, catalase
and glutathione peroxidase in cultured cells and tissue. Nat Protoc.
2010;5(1):51-66. https://doi.org/10.1038/nprot.2009.197.

57. Huang, Zhang X. Luteolin alleviates polycystic ovary syndrome in rats by
resolving insulin resistance and oxidative stress. Am J Physiol Endocrinol
Metab. 2021;320(6):E1085-1092. https://doi.org/10.1152/ajpendo.00034.
2021.

58. Rizvi SM, Shakil S, Haneef M. A simple click by click protocol to perform
docking: AutoDock 4.2 made easy for non-bioinformaticians. EXCLI J.
2013;12:831 (PMID: 26648810).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1177/1933719115597762
https://doi.org/10.1074/jbc.M201829200
https://doi.org/10.1074/jbc.M201829200
https://doi.org/10.1016/j.tjog.2022.05.013
https://doi.org/10.1002/jms.3160
https://doi.org/10.1006/abio.1994.1441
https://doi.org/10.1006/abio.1994.1441
https://doi.org/10.1038/nprot.2009.197
https://doi.org/10.1152/ajpendo.00034.2021
https://doi.org/10.1152/ajpendo.00034.2021

	Mitigation of letrozole induced polycystic ovarian syndrome associated inflammatory response and endocrinal dysfunction by Vitex negundo seeds
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	LC-MS findings of hydro ethanolic extract of Vitex nigundo
	Bodyweight and Organosomatic Indices
	Metabolic profile
	Activity and expression of Superoxide dismutase (SOD) and Catalase
	Serum hormones, steroidogenic enzymes and ER-α
	Analysis of ovarian inflammatory status and associated factors
	mRNA expression of proinflammatory markers
	Ovarian histopathology
	Immunohistochemical staining of androgen receptors
	Illustration of cinnamic acid, plumbagin and negundin b

	Discussion
	Conclusions
	Methodology
	Chemicals and reagents
	Procurement and validation of the plant material
	Preparation of Hydro-ethanolic extracts of Vitex negundo seeds
	LC-MS analysis of hydro-ethanolic extract of Vitex nigundo
	Dose selection and care of experimental animals
	Animal treatment
	Organosomatic indices
	Serum metabolic parameters
	Spectrophotometric assays of antioxidant enzymes (SOD & catalase)
	Electrozymographic analysis of SOD and Catalase
	ELISA of serum reproductive hormones ER-α and steroidogenic enzyme (3βHSD)
	Assessment of ovarian tissue level of IL-6, TNFα, NF-ĸB, VEGF-B, CCND-1through ELISA
	mRNA expression
	Histomorphological and immune-histochemical study of the ovary
	Molecular docking analysis
	Statistical evaluation

	Acknowledgements
	References


