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ARTICLE INFO ABSTRACT
Keywords: Objective: This study aimed to develop an effective alternative medicine with multi potential herbs
Hyperandrogenism against polycystic ovarian syndrome (PCOS) in rats induced by letrozole treatment.
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Materials and method: Polyherbal syrup was prepared with a combination of S. asoca bark, G.
sylvestre leaves, P. daemia aerial parts, C. zeylanium stem bark, C. bonduc seeds, and W. somnifera
roots ethanolic extract. In vitro cell viability study, adenosine monophosphate-activated protein
kinase (AMPK), and glucose transporter 4 (GLUT4) gene expression assay were carried out on the
Chinese Hamster Ovarian (CHO) cell line. For the PCOS induction letrozole (1 mg/kg p. 0.) was
given for 21 consecutive days. The PCOS induction was confirmed by measuring estrus irregu-
larity, insulin resistance by oral glucose tolerance test (OGTT), and hyperandrogenism by
measuring serum total testosterone level 21 days after completion of letrozole treatment. After
induction of PCOS, metformin (155 mg/kg p. 0.), and polyherbal syrup (100 mg/kg, 200 mg/kg,
and 400 mg/kg p. 0.) were administered for further 28 days. The treatment efficacy was measured
by measuring serum lipid profile, fasting insulin level, sex hormones level, ovarian steroidogenic
enzymes, ovarian tissue insulin receptor, AMPK, and GLUT4 protein expression levels, and his-
tomorphological studies. The post-treatment effect was confirmed by reproductive performance
studies.

Results: Letrozole-induced PCOS rats showed significant estrus irregularity, abnormal sex hor-
mones levels, and hyperandrogenism indicated by showing increased free androgenic index and
decreased sex hormones binding globulin (SHBG) level. The insulin resistance in PCOS rats was
indicated by increased fasting glucose levels with impaired glucose clearance in the OGT test.
Homeostasis Model Assessment Index of Insulin Resistance (HOMA-IR) increased level, also de-
creases INSR, GLUT4, and AMPK mRNA expression in ovarian cells confirming the insulin
resistance in PCOS rats. Ovarian histology in PCOS rats also showed many follicular cysts, atretic
follicles, and the absence of corpus luteum. The administration of polyherbal syrup, in a dose-
dependent manner, effectively restored these alterations. The treatment of polyherbal formula-
tion 400 mg/kg possesses highly significant efficacy over the treatment of metformin in PCOS
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rats. It mainly acts by reducing peripheral and ovarian hyperandrogenism and improves insulin
sensitivity via activating the insulin receptor and AMP-activated kinase-mediated transcription
and translation of GLUT4 from the cytoplasm to the ovarian membrane improves glucose uptake
and promotes the follicular development and ovulation. The higher fertility rate, delivery index,
and survival of delivered pups confirm the broader and superior efficacy of PCOS. These bene-
ficial actions are mainly attributable to the formulation’s inclusion of the key secondary me-
tabolites flavonoids and phytosterols. In conclusion, the prepared polyherbal syrup was found to
be the safest and most effective alternative medicine for both endocrinal and metabolic com-
plications of PCOS women.

1. Introduction

Polycystic ovarian syndrome (PCOS) is an intricate endocrinal and metabolic disorder of women at reproductive stages. In
adolescent women, it is one of the main reasons for infertility and irregular menstruation, with a highly variable global prevalence
from 2.2% to 26%; in India, it ranges from 3.7% to 22.5% [1]. PCOS is characterized by hyperandrogenism, hirsutism, amenorrhea,
painful and irregular menstrual cycles, ovarian cysts, and anovulation [2]. The metabolic features are insulin resistance with
compensatory hyperinsulinemia, obesity, dyslipidemia, inflammation, hypertension, and endothelial dysfunction resulting in an
increased risk of diabetes and cardiovascular diseases [3,4]. In addition, PCOS is associated with reduced quality of life, anxiety,
depression, and other mood disorders [5].

The present therapeutic approaches to PCOS depend on the patient’s desired outcomes whether the treatment of menstrual ir-
regularity to achieve pregnancy or contraception, the anti-androgenic therapy for hyperandrogenic symptoms like hirsutism, the
insulin sensitizer for insulin resistance associated with PCOS, and the ovulation inducer for infertility to induce ovulation [6]. All these
therapeutic approaches are short-term symptomatic approaches; consequently, the therapy of PCOS lacks long-term systemic tech-
niques. Even though PCOS is a heterogeneous complex disorder hence multidisciplinary approaches are needed for the effective
management of PCOS.

An efficient Ayurvedic strategy for treating chronic sickness is polyherbalism or polyherbal formulation, because of the synergistic
effect of combining various potent herbs [7]. Polyherbal formulations have extensive varieties of advantages like wide therapeutic
efficacy, high potency, and safety index. It is due to the presence of different phytoconstituents and the combination of different
compactable phytoconstituents together in a formulation that produces a potent synergistic effect. Due to the affordability, avail-
ability, higher patient compliance, and higher therapeutic efficacy, the global demand for polyherbal formulations is increasing day by
day [7].

Besides this study was intended to develop a polyherbal formulation with compactable herbs that possess multiple potent phar-
macological actions in relevance to the polycystic ovarian syndrome. The selected plant materials in this study are Saraca asoca,
Gymnema sylvestre, Pergularia daemia, Cinnamomum zeylanicum, Caesalpinia bonduc, and Withania somnifera. Saraca asoca was reported
to possess uterine tonic, blood purifier, anti-estrogenic, and anti-menorrhagic properties [8,9], Gymnema sylvestre was reported to
possess insulin sensitivity improving property, reduce hyperandrogenism, and hypolipidemic property [10,11], Pergularia daemia
reported to possess uterine tonic and stimulant property, regularize estrus cycle and hormonal abnormality in PCOS and reduces
obesity [12,13], Cinnamomum zeylanicum reported to restore ovarian morphology by improving blood circulation and tissue regen-
eration, and down-regulate testosterone improves insulin sensitivity, and possess hypolipidemic property [14,15], Caesalpinia bonduc
reported as an ovulation inducer in PCOS by correcting hormonal imbalance, insulin resistance, and hyperandrogenism, also used to
manage diabetic complications by improving the lipid profile [16,17], and Withania somnifera reported as used to improve FSH, LH
level and folliculogenesis, and reduces the stress associated female sexual disorder [18,19]. Hence these selected herbs were formu-
lated as polyherbal syrup and their efficacy was evaluated against letrozole induced PCOS model.

2. Materials and Methods
2.1. Selection of plant materials

The plants which are effective against polycystic ovarian syndrome with prominent action against anyone or more of the major
pathological pathways of PCOS were selected. This selection was mainly based on traditional knowledge, Ayurvedic and Siddha
practitioner instructions, a literature survey, availability, and affordability of the plant materials.
3. Collection and authentication of plant materials

The selected plant materials were collected from the different geographical locations of the Dharmapuri, Salem, and Namakkal
districts in Tamil Nadu, India. These plant materials were identified and authenticated by Dr. P. Radha, Research officer (Botany),

Siddha Medicinal Plants Garden (Central Council for Research in Siddha), Ministry of AYUSH, Govt. of India, Mettur Dam, Tamil Nadu,
India, where the voucher specimen is preserved for further reference.
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3.1. Preparation of polyherbal formulation

The selected plant materials Saraca asoca stem bark, Gymnema sylvestre leaves, Pergularia daemia aerial parts, Cinnamomum zey-
lanicum stem bark, Withania somnifera roots, and Caesalpinia bonducella seeds were collected and shade dried, coarsely powdered, and
sieved through sieve no. 40 to get uniform powder for extraction. Each powdered plant material was individually extracted by cold
maceration with 95% ethanol for 72 h at room temperature by occasional shaking. After that, a muslin towel was used to separate the
filtrate from the marc and the filtrate was further filtered by Whatman no. 1 filter paper. The same procedure was performed by two
consecutive times with the marc material. All three filtrates were combined and evaporated under reduced pressure and controlled
temperature at 40 °C in a rotary evaporator until all the solvent was removed. The extracted plant materials extracts were uniformly
mixed all together in the ratio of 4:2:1:1:1:1 (ratio based on the potency and individual clinical doses in therapeutic relation to PCOS)
[8-19]and prepared polyherbal syrup with honey as syrup base. It was further stored in a clean, dried, and air-tight amber-colored
plastic container.

3.2. In-vitro studies

3.2.1. Cell culture and cell viability assay

From the National Center for Cell Science (NCCS), Pune, India, the Chinese Hamster Ovary (CHO) cell line was obtained. In a CO,
incubator at 37 °C with 5% CO,, the CHO cell line was individually plated using 96-well plates at a density of 1 x 10* cells/well in
RPMI media with 1x Antimycotic antibiotic solution and 10% fetal bovine serum (Himedia, India). The cells were treated with the
polyherbal formulation in concentrations of 25, 50, 100, 250, and 500 pg/ml in serum-free medium and incubated for 24 h after being
washed with 200 pl of 1 X Phosphate buffer saline (PBS). After the treatment phase, the media was aspirated from the cells. MTT (3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide) produced at 0.5 mg/ml in 1 X PBS was added, and the mixture was then
incubated at 37 °C for 4 h in a CO; incubator. Following incubation, the MTT-containing media was taken out of the cells and washed
with 200 pl of PBS. The created crystals were thoroughly mixed and dissolved in 100 pl of DMSO. A purple-blue color appears as the
formazan dye changes. A microplate reader was used to measure the produced color intensity at 570 nm. The test was run in triplicate.
The cell viability percentage was calculated using the untreated cells as control by the following formula-1 [20,21].

Mean ODgppe

% Cell viability = ===
o Cell viavbtlity Mean ODc 00

x100 @

Where
OD- Optical density
3.3. GLUT4 and AMPK gene expression study

3.3.1. Cell culture and treatment

In RPMI medium (Himedia, India) supplemented with 10% fetal bovine serum (Himedia, India) and 1 X Antimycotic Antibiotic
solution, the CHO cells were seeded in a 12-well culture plate. It was then allowed to incubate overnight at 37 °C under 5% COs. The
polyherbal syrup dose that produced the least amount of cytotoxicity was applied to the CHO cells (100 pg/ml), and they were then
incubated for 24 h at 37 °C in a CO5 incubator. In order to extract RNA (ribonucleic acid), cells were collected in sterile microcentrifuge
tubes, washed with phosphate buffer solution, and utilized.

3.3.2. RNA isolation and quantitative real-time polymerase chain reaction (QRT-PCR) analysis

TRIzol reagent (Ambion, USA) was used to extract the total RNA from CHO cells in accordance with the manufacturer’s in-
structions. The PrimeScriptTM 1st strand cDNA (Complementary DNA) synthesis kit (Takara Bio Inc.) was used for reverse tran-
scription in accordance with the manufacturer’s instructions for the gene expression investigation. Reverse transcription (RT)
reactions contained 3 g of total RNA, 1 pl of Oligo dT primer (50 pM), 1 pl of ANTP mixture (10 mM each), 4 pl of 5X PrimeScript
buffer, 0.5 pl of RNase inhibitor (40 U/ul), 1 pl of PrimeScript RTase (200 U/pl), and 20 pl of diethyl pyrocarbonate (DEPC) treated
water as the final component. The reaction was stopped by incubating at 95 °C for 5 min after 60 min of incubation at 42 °C for reverse
transcription. The undiluted 1 ul of cDNA was used in the RT-qPCR procedure. The SYBR® chosen master mix was used to perform RT-
qPCR (Applied Biosystem, India). A Rotor-Gene Q 2PLEX HRM Real-Time PCR machine was used to conduct this RT-qPCR (Qiagen,
Germany). A final volume of 25 pl was used for the qPCR reaction, which also contained 10 pmol of forward and reverses primers

Table 1

Primer sequences for quantitative PCR gene expression analysis.
Gene name Forward primer Reverse primer
GLUT4 AAGGTTCGGTCCCCAGACA TGGAGCCTTAAAGGGTTGGC
AMPK ACTACATTCTGGGGGACACG ATGTGAGGGTGCCGGAAAAG
B-actin CTGTGCTATGTTGCCCTGGA GCCACAGGATTCCATACCCAG

GLUT4- Glucose transporter 4; AMPK- 5" AMP-activated protein kinase.
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(Table 1), 12.5 pl of 2 X SYBR® master mixture (Applied Biosystem, India), and cDNA samples. Enzyme activation at 50 °C for 2 min,
denaturation at 95 °C for 2 min, then 40 cycles at 95 °C for 15 s and 60 °C for 60 s made up the amplification protocol. As a control,
actin was utilized (Housekeeping gene). The 2 (-AAC(T)) technique was used to express the results as relative gene expression [22].

3.4. Acute oral toxicity study

Acute oral toxicity of polyherbal syrup was evaluated by the acute toxic class method as per OECD test guideline 423 [23]. The
female non-pregnant rats were selected and overnight fasted and provided water ad libitum before the experimentation. The initial dose
of 300 mg/kg polyherbal syrup was administered to a rat through a gastric intubation tube because there was no in vitro and in vivo
toxicity information regarding the prepared polyherbal syrup. At this dose level, no toxic symptoms and mortality were observed,
further dose was increased to 2000 mg/kg and administered preliminary to a rat, which also showed no toxic symptoms. Then the main
test was conducted on the three rats with a single oral dose of 2000 mg/kg of polyherbal syrup administered. After administration, each
animal was individually observed first 30 min for clinical signs, toxic symptoms, and mortality, followed by special attention for the
first 4 h and periodically for 24 h, and then daily monitoring for the following 14 days.

A4)

36 Female Albino Wistar rats ]
six per each group

PCOSrats
Group-I Received letrozole 1mg/kgp. o.for 21days
Received 1 ml0.5 %
CMCfor 21 days
Group-I Group-II G;‘:fl'p'.m Group-IV Group-V Group-VI
Received 1ml of Syrup [lf'COScontr‘ol)‘ (155 fn olrl:nlnu ) PHS-100 mg/kg PHS-200 mg/kg PHS-400 mg/kg
base for 28 days Received 1mldistilled BEREEs p.o.for 28 days p.o.for 28 days p.o.for 28 days
water for 28 days for 28 days
Vaginal smear examination

OGTT, Biochemical & hormonal

dailyfrom day 14 to 49 OGTT & hormonal analysis to analysis & Histopathological study

' conform induction of PCOS

\ ! \ Vaginal smear examination .Deliver_v rate
| for spermatozoa ;
) X v f v
1 I day 14 I |sosz 53 |
day 1 day21 day 49 day 70-72
" e -~ < r & >
i i i Duration of drugtreatment Duration of reproduction
Duration of PCOS induction .
Met &PHF treatments) for 28 da tudi
LTZ(1meg/kg) for 21 days ( eatments) for 28 days studies

Fig. 1. (A). Experimental design; (B) Experimental timeline.
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3.5. In- vivo polycystic ovarian syndrome studies in rats

3.5.1. Animals

The 36 colonies inbreed adult virgin female Albino Wistar rats weighed around 130-150 gm (aged around 8-10 weeks) were
obtained from the Tamil Nadu Veterinary and Animal Sciences University, Chennai-51, India, central animal facility. A week before
the experiment, all the animals were acclimated and housed in sterile polypropylene cages at standard temperatures (23 + 2 °C),
relative humidity of (60 + 10%), and 12-12 h of light/dark. They were fed with a standard pellet diet and water ad libitum.

3.5.2. Induction of PCOS in rats

Letrozole 1 mg/kg (dissolved in 0.5% Carboxymethyl Cellulose (CMC)) was administered orally once daily for 21 days to induce
PCOS in rats [24]. Before administration, the drug solution was freshly prepared daily and administered. Letrozole tablet was pur-
chased from the marketed sample of Wynclark Pharmaceuticals Private Limited, India.

3.5.3. Experimental design

The selected 36 virgin female Albino Wistar rats with regular estrous cycles were randomly divided into six groups each consisting
of six animals (Fig. 1(A)). Group I served as normal control rats and received 1 ml of 0.5% CMC orally for 21 days, Group II-VI served as
PCOS rats and received letrozole (1 mg/kg body weight orally) for 21 days to the induction of PCOS. After induction of PCOS from day
22 Group I received 1 ml of syrup base p. o., Group II served as PCOS control and received 1 ml of distilled water per oral (p. 0.) Group
III served as the standard drug-treated group and received metformin 155 mg/kg body weight (b. w.) p. 0. Group IV-VI served as the
polyherbal syrup (PHS) treatment group and received 100, 200, and 400 mg/kg b. w. p. o. respectively. All the treatments were
continued for 28 days after the confirmation of induction of PCOS. After 21 days of letrozole treatment, the induction of PCOS was
confirmed by measuring the developed menstrual irregularity (vaginal smear examination), insulin resistance (OGTT), and hormonal
abnormality (serum total testosterone analysis) (Fig. 1(B)).

3.5.4. Vaginal smear observation

The estrous cycle regularity in rats was evaluated by the vaginal smear technique. In the early morning (8.00 a.m. to 9.00 a.m.)
vaginal fluid was collected from day 14 to the end of the study. In order to collect the vaginal fluid, the tip of a pipette containing 10 pl
of normal saline was inserted into the rat vagina at a depth of 5-10 mm and flushed in and out three times; if the solution become
cloudy during the first flush, there was no need for additional flushing. The smear was prepared after a drop of the vaginal fluid was
placed on the glass slide. The prepared smear was dried and stained with 0.5% methylene blue solution. In order to identify the stages
of the estrous cycle, the stained slides were examined under a light microscope (40 X objective lens magnification) (ADELTA OPTEC,
Haryana, India) [25].

3.5.5. Oral glucose tolerance test (OGTT)

The Oral Glucose Tolerance Test (OGTT) was carried out on day 21 after the completion of letrozole administration and on day 50
of the study following the post-drug treatments. Before the experiment animals fasted for 12 h, and the glycemia was measured by tail
vein blood sampling using Accu Check Active glucometer (Roche Diagnostics Ltd, India). On experiment day blood glucose level was
assessed before (baseline) and after the single oral glucose (2 gm/kg b.w.) challenge at 30, 60, and 120 min [26].

3.5.6. Collection of blood samples and separation of serum

Blood samples from each rat were collected on day 21 of the study after the completion of letrozole administration and on day 50 of
the study after the completion of the drug treatment. The blood sample was withdrawn from the fasted animal through retro-orbital
plexus under ketamine (90 mg/kg b.w. i. p.) and xylazine (10 mg/kg i. p.) anesthesia [27]. After collecting the blood sample allowed to
stand for 10 min to separate serum. Then it was centrifuged at 3000 rpm for 10 min in Remi microcentrifuge RM-03 plus (Remi, India).
The separated serum was stored at —20 °C until further biochemical analysis.

3.5.7. Serum biochemical analysis

The serum biochemical parameters like serum lipid profile, sex hormone-binding globulin (SHBG), and serum insulin were esti-
mated from the separated serum on day 50 of the study. The serum lipid profile like low-density lipoprotein (LDL), very-low-density
lipoprotein (VLDL), high-density lipoprotein (HDL) cholesterol, and triglyceride (TG) were analyzed by using the semi-auto analyzer
kits techniques following the manufacturer’s instruction (ARKRAY Healthcare Pvt. Ltd., Surat, India). The kits code are LDL cholesterol
(71LS400-56), HDL cholesterol (71LS300-56), and for triglyceride (72LS100-60). The SHBG and serum insulin levels were assayed by
using an enzyme-linked immunosorbent assay (ELISA) kit (#EH421RB & #KAQ1251 respectively) upon the manufacturer’s directions
(Thermo Fisher Scientific, India).

3.5.8. Serum sex hormonal assay

The induction of PCOS was assessed by estimation of serum testosterone on day 21 of the study, after completion of letrozole
treatment. On day 50 the serum sex hormones testosterone, estradiol, follicle-stimulating hormone (FSH), luteinizing hormone (LH),
and progesterone were assayed on Cobas e411 immunoassay analyzers (Roche Diagnostics International Ltd., USA) using the
particular ELISA kits technique according to the manufacturer’s direction (Roche diagnostics, India). The product codes are testos-
terone (052022301090), estradiol (06656021500), LH (03561097190), FSH (117758635000), and progesterone (07092539500). The
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free androgen index (FAI) was calculated by the formula-2 [28].

Total testosterone
FAl=——————x1 2
susg 0 &

3.6. Homeostasis model assessment index for insulin resistance (HOMA-IR) in rats

The homeostasis model assessment index for insulin resistance (HOMA-IR) was used to assess insulin resistance (IR) in rats. The
fasting blood glucose level of all the rats was measured on day 50 of the study by tail vein blood sampling using a glucometer. The
following formula-3 was employed to calculate the HOMA-IR [29].

Fasting insulin (mIU /1) x Fasting blood glucose (mg/dl)

HOMA — IR =
405

(3)

3.7. Ovarian Steroidogenic Enzyme Assay [30]

3.7.1. Ovarian tissue homogenate preparation

After the blood samples collection, three rats in each group were sacrificed by over dose of anesthesia. The abdominal cavity was
cut open, the ovaries were removed, and the left ovary was used for protein estimation and steroidogenic enzyme assay while the right
ovary was used for histological evaluation. In order to prepare 10% of ovarian tissue homogenate, 0.1 M tris hydrochloride buffer at pH
7.8 was used, and the mixture was centrifuged at 10,000 rpm for 20 min at 4 °C. The supernatant was utilized for further ovarian
steroidogenic enzymes 17p-hydroxy steroid dehydrogenase (178-HSD) and 3f-hydroxy steroid dehydrogenase (38-HSD).

3.7.2. 3p-hydroxy steroid dehydrogenase activity assay

For the 3p-HSD assay nicotinamide adenine dinucleotide (NAD) (500 pM) in 0.1 M, tris HCI buffer (pH-7.8), and the substrate of
dehydroepiandrosterone (100 pM) add and the total volume was made up of 3 ml. The assay reaction was initiated by adding 100 pl of
ovarian tissue homogenate with iodonitro tetrazolium (INT) coloring reagent. The combined solution was incubated at 37 °C for 1 h.
The reaction was stopped by adding 2 ml of phthalate buffer (pH 3.0). The absorbance was read at 490 nm. From the nicotinamide
adenine dinucleotide hydrogen (NADH) standard curve the 33-HSD enzyme activity was calculated, it was expressed as nano-moles of
NADH formed/min/mg protein.

3.7.3. 17p-hydroxy steroid dehydrogenase activity assay

For the 17p-HSD assay, 100 pl of tissue homogenate supernatant was mixed with 200 pl of 0.5 pM NADPH and 100 pl of 0.8 pM
androstenedione and the volume was made up to 3 ml with 100 pM phosphate buffer solution (pH-7.4). Adding substrate initiated the
test reaction and the decrease in NADPH absorbance was monitored at 340 nm for 5 min at 20-sec intervals. The 17p-HSD enzyme
activity was expressed as nano-moles of NADPH oxidized/min/mg protein.

3.8. Western blot analysis

The ovarian protein expression of insulin receptor (INSR), adenosine monophosphate-activated protein kinase (AMPK), and
glucose transporter 4 (GLUT4) were estimated by Western blot analysis. The frozen ovarian tissue lysate was prepared by using
radioimmunoprecipitation assay buffer and centrifuged at 12,000 rpm for 20 min at 4 °C. The supernatant was separated and used
following analysis. The protein concentration in the sample was determined by the Bradford method. For the blotting study sample
(30-50 pg protein) was loaded on 10% SDS- polyacrylamide gel and transferred to a polyvinylidene fluoride (PVDF) membrane. Then
it was blocked in blocking buffer solution (5% nonfat milk in TBST (tris buffer solution with 0.05% tween —20)) at room temperature
for 1 h, followed by overnight incubation at 4 °C with specific primary antibodies anti-INSR, anti-AMPK, and anti-GLUT4. After that
secondary antibody was added and incubated for 1.5 h at room temperature. p-actin protein was used as a control. After washing ECL
chemiluminescence kit (ThermoFisher Scientific, India) was used to visualize the developed protein bands with the help of chemidoc
system (Biorad). Protein levels were measured as fold changes calculated by the following formula-4 [31,32].

Epand desity / E corresponding p—actin density

@

Tprotein tevel =
Chand desity | Ceorresponding pactin densiy

Where, E-Experimental group; C- Control

3.9. Ovary histopathological and histomorphological study

The right ovary of each rat was fixed in 10% neutral formal saline, dehydrated with the increasing concentration of ethanol, and
after that immersed in xylene and embedded in paraffin wax. The blocks were longitudinally sectioned at 5 pm thickness from the
center. The section was mounded on a slide and stained by the hematoxylin and eosin (HE) staining procedure and examined under a
light microscope with 40 X magnification for histopathological changes [33].

The photographs of stained ovaries were taken in a microscopic photographic unit of LYNX LM521710 (Lawrence and Mayo India
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Pvt. Ltd). The ovarian morphological study was carried out at 40 X magnification using image Ultrascope 9.1V software. A larger area
section (40 X) was chosen to identify and count the number of preantral, antral (Grafian), cystic, atretic follicles, and corpus luteum
(CL). The follicles were identified and counted by the following ovarian morphology. The preantral follicles include primordial,
primary, and secondary follicles that were identified as Primordial follicles: oocytes surrounded by single-layer flatted epithelial cells,
primary follicles: oocytes surrounded by single or multi-layer cuboidal epithelial cells, secondary follicles: oocytes covered by two or
more layers of cuboidal epithelial cells with one or more cavity in which commencement of antrum, Antral follicles: Single large
antrum filled with follicular fluid and the oocyte surrounded by granulosa cells. Atretic follicles were identified by degenerated oocytes
with pyknosis in granulosa cells and granulosa cell debris in the antral cavity [34]. Corpus luteum is identified by when one of the
following observations, such as basophilic cytoplasm, larger size with polygonal and thinly vacuolated luteal cells, apoptosis of luteal
cells, and vacuolation, and increased cytoplasmic fibrous tissue and decreased vacuolation [35]. Cystic follicles were identified by
cystic follicles with an inner thickened theca cell layer and irregular thickness of granulosa cells [36].

3.9.1. Reproduction studies

After 28 days of drug treatments followed by biochemical and histopathological studies, the remaining 18 female rats were
included in reproduction studies. Each female rat from the control and treatment groups was mated with a male in a ratio of 1:1. They
were caged overnight and the early morning vaginal smear was collected and examined microscopically to spot the presence of
spermatozoa. The female rats with vaginal smear spermatozoa positive were taken as positively mated and the same day was
considered as day O of gestation. After the successful insemination, the male was separated from the female. If the rat was not
inseminated it cohabitated with the male until the vaginal smear was positive for spermatozoa. The gestation period was 21-23 days
[37]. The number of pregnancies and a number of pups delivered and survived in all treatments were recorded and the mean pups
delivered, percentage of pregnancy per treatment, copulation index, and fertility index were calculated by formula 5 & 6 [38,39].

Number of Sperm Positive
Number of Cohabitated *

Copulation index = 100 (5)

Number of Pregnancy

Fertility index = 6)

Number of Sperm Postivie

3.10. Ethics statement

This study was reviewed and approved by the Institutional Animal Ethics Committee of Vinayaka Mission’s College of Pharmacy,
Salem-636 008, Tamil Nadu, India. CPCSEA guidelines were followed for the care and use of experimental animals. IAEC Approval
reference number: P.COL/35/2021/IAEC/VMCP

3.11. Statistical analysis

To determine the statistical significance all the data were expressed as mean + standard error mean (mean + SEM). For the in vitro
gene expression assay paired-sample t-test was used. One-way analysis of variance (ANOVA) was used to compare rats over time or
within groups, followed by post hoc Dunnett’s multiple comparison test using SPSS V.17. The level of P values < 0.05 were judged as
statistically significant.

4. Results
4.1. In-vitro cell viability assay

In vitro cell viability assay of the polyherbal syrup was performed on the Chinese Hamster Ovarian cell lines (CHO) by the MTT
assay method. The polyherbal syrup produced a dose-dependent cytotoxic effect on the CHO cell lines. The concentration of 100 pg/ml

produced a minimal cytotoxic effect. The ICs value of the polyherbal syrup formulation was found to be 561.00 =+ 2.7 ug/ml. Table 2
and Fig. 2 illustrate these findings.

Table 2
In- vitro Cell Viability Assay of Polyherbal Syrup Formulation on CHO-Ovarian Cell Line.
S. No. Test concentration (pg/ml) % Cell viability 1Cso
1. 25 99.84 + 0.34 561.00 + 2.7 pg/ml
2. 50 99.21 + 0.21
3. 100 97.95 + 0.55
4. 250 89.60 + 0.49
5. 500 57.45 + 0.85
6. Control 100.00 + 0.96

N = 3, results are shown as the mean + SEM. After one-way ANOVA the post hoc Dunnett multiple comparison tests were employed to analyze the
data.



A. Balasubramanian et al. Heliyon 9 (2023) e15488

4.2. In- vitro GLUT4 and AMPK expression assay

In Vitro GLUT4 and AMPK expression assay on CHO cell lines study results are represented in Table 3. Treatment of polyherbal
syrup formulation 100 pg/ml showed a significant (P < 0.001) increased effect on the GLUT4 expression and AMPK expression as
compared to the control treatment.

4.3. Acute oral toxicity studies of polyherbal syrup formulation

Acute oral toxicity of the polyherbal syrup formulation was tested at the maximum dose of 2000 mg/kg. There were no toxic
symptoms, mortality, observational changes, somatomotor changes, and behavioral changes observed after single oral dose admin-
istration of polyherbal syrup, and also there were no significant body weight, feed intake, and water intake changes were observed
during the 14 days observation period after acute oral dosing of polyherbal syrup formulation. These results indicated that the pre-
pared polyherbal syrup formulation was found to be safer at the tested dose level of 2000 mg/kg.

Based on the acute oral toxicity results considering the body surface factor 1,/10th of the maximum 2000 mg/kg acute oral toxicity
dose of 200 mg/kg was selected as the middle dose, twofold higher than the middle dose 400 mg/kg was selected as the high dose, and
the 50% of the middle dose 100 mg/kg was selected as low dose for further in vivo PCOS studies.

4.4. Effect of polyherbal syrup on the estrus cycle in the letrozole-induced PCOS rats

End of letrozole treatment on day 22, the estrus cycle was completely irregular in the letrozole-treated animals as compared to the
normal control rats which displayed an estrus irregularity in PCOS-induced rats. From day 22 to day 50 PCOS control group displayed a

Fig. 2. In-vitro Cell Viability MTT assay of Polyherbal Syrup Formulation on CHO-Ovarian Cell Line. PHS- Polyherbal Syrup.
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Table 3

In- vitro GLUT4 and AMPK Expression Assay.
S. No. Treatment GLUT4 mRNA expression (AU) AMPK mRNA expression (AU)
1. Control 1.05 + 0.04 1.89 + 0.02
2. PHS-100 pg/ml 7.80 £ 0.49%** 8.60 + 1.02%**

N = 3, values are mentioned as an arbitrary unit (AU) and expressed as mean + SEM,
data.

P < 0.001. Paired-samples t-test was employed to analyze the

constant diestrus phase. After 28 days of metformin and polyherbal syrup treatment, the estrus irregularity was improved and diestrus
duration decreased as compared to the PCOS control rats. The results in Table 4 represent the number of estrus cycles during the total 5
weeks of the study period. The number of estrus cycles was significantly (P < 0.001) less in the PCOS control as compared to the normal
control. It indicates the development of PCOS in letrozole-treated rats. The metformin treatment, PHS 200 mg/kg, and 400 mg/kg
treatment showed high significant (P < 0.001) improvement and PHS 100 mg/kg treatment showed moderate significant improvement
(P < 0.01) in the number of estrus cycles as compared to the PCOS control.

4.5. Oral glucose tolerance test (OGTT)

After 21 days of letrozole administration, the rats receiving letrozole had considerably higher fasting blood glucose levels than the
normal control group. After the oral glucose challenge, the letrozole-treated rats showed significantly (P < 0.001) higher blood glucose
levels when compared to the normal control. It indicates the development of insulin resistance in the letrozole-induced PCOS condition
(Table 5).

After 28 days of drug treatments, the fasting blood glucose level in the PCOS control group was significantly (P < 0.001) higher
than in the normal control group. After the oral glucose challenge, the blood glucose level was significantly (P < 0.001) higher in the
PCOS control as compared to the normal control. The treatment of metformin and polyherbal syrup formulation (100 mg/kg, 200 mg/
kg, and 400 mg/kg) showed a significant (P < 0.001) reduction in the blood glucose level after the oral glucose challenge as compared
to the PCOS control (Table 6).

4.6. Effect of polyherbal syrup on serum lipid profile in the letrozole-induced PCOS rats

The data in Table 7 represents a significant (P < 0.001) elevation of VLDL, LDL cholesterol, and triglycerides serum levels and a
significant (P < 0.001) reduction of HDL level in the PCOS control when compared to the normal rats. These altered lipid profiles were
significantly (P < 0.001) improved by the drug treatments as compared to the PCOS control. The treatment of polyherbal syrup
formulation illustrated dose-dependent improvement in the lipid profile.

4.7. Effect of polyherbal syrup on serum insulin and SHBG level in the letrozole-induced PCOS rats

The serum fasting insulin level was significantly (P < 0.001) higher and sex hormone-binding globulin (SHBG) levels were
significantly (P < 0.001) less in the PCOS control as compared to the normal control rats. The treatment of metformin and polyherbal
syrup formulation (100 mg/kg, 200 mg/kg, and 400 mg/kg) showed a significant (P < 0.001) reversal effect on the serum insulin and
SHBG levels as compared to the PCOS control (Table 8).

4.8. Effect of polyherbal syrup formulation on serum sex hormones level in the letrozole-induced PCOS rats

End of 21 days of letrozole administration, the serum total testosterone was significantly (P < 0.001) higher in the letrozole-treated
groups as compared to the normal control. It confirms the induction of PCOS by displaying the hyperandrogenic character of human
PCOS. The 28 days after the drug treatments (On day 50 of the study) the serum total testosterone level was significantly (P < 0.001)
higher in the PCOS control as compared to the normal control. The treatment of metformin, polyherbal syrup formulation 200 mg/kg

Table 4
Effect of polyherbal syrup on the number of estrus cycles in the letrozole-induced PCOS rats.
Treatment Number of Complete Estrus Cycles in 5 Weeks
Group-I (Vehicle Control) 6.50 + 0.43
Group-II (PCOS Control) 1.33 £ 0.21¢
Group-1II (Metformin-155 mg/kg) 3.17 + 0.31
Group-IV (PHS-100 mg/kg) 2.67 +0.21°¢
Group-V (PHS-200 mg/kg) 3.67 + 0.33¢f
Group-VI (PHS-400 mg/kg) 4.50 + 0.43<

Values are represented as mean + SEM, N = 6, Statistical significance represented as P < 0.05; ° P <
0.01; P < 0.001 Vs Group I; 4 P < 0.05; ¢ P < 0.01; f P < 0.001 Vs Group IL After one-way ANOVA the
post hoc Dunnett multiple comparison tests were employed to analyze the data.
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Table 5

Oral glucose tolerance test (OGTT) in the letrozole-induced PCOS rats.
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Treatment Blood Glucose Level (mg/dl)
Baseline After the Oral glucose Challenge
30 min 60 min 120 min
Group-I (Vehicle Control) 77.67 + 4.84 153.00 + 7.00 124.67 + 5.04 82.33 £ 2.03

Group-II (PCOS Control)
Group-1II (Metformin-155 mg/kg)
Group-IV (PHS-100 mg/kg)
Group-V (PHS-200 mg/kg)
Group-VI (PHS-400 mg/kg)

100.30 + 4.10°
102.00 + 6.66"
99.67 + 8.67°
97.00 + 2.65°
95.67 + 3.71°

186.00 + 4.16"
182.67 + 6.98°
193.67 + 4.06"
187.33 + 7.80°
188.67 + 12.56°

156.33 + 7.13°
156.33 + 7.80°
161.67 + 8.41°
156.33 + 9.52°
157.67 + 8.83°

119.33 + 2.40¢
114.33 + 6.89¢
113.67 + 5.49°
114.67 + 4.06°
113.00 + 6.03¢

Values are represented as mean + SEM, N = 6, Statistical significance represented as ® P < 0.05; bp < 0.01; ¢P < 0.001 Vs Group L; dp <« 0.05;°P <
0.01; P < 0.001 Vs Group II. After one-way ANOVA the post hoc Dunnett multiple comparison tests were employed to analyze the data.

Table 6

Effect of polyherbal syrup on the OGTT in the letrozole-induced PCOS rats.

Treatment Blood glucose level (mg/dl)
Baseline After the oral glucose challenge
30 min 60 min 120 min

Group-I (Vehicle Control) 79.67 + 5.33 162.33 + 7.62 106.33 + 4.23 95.33 + 4.26
Group-II (PCOS Control) 153.00 + 6.08° 222.33 + 12.47° 187.00 + 5.69° 157.67 + 5.49°
Group-IIT (Metformin-155 mg/kg) 107.33 + 4.41% 184.67 + 4.06% 112.00 + 7.57¢ 96.67 + 5.78°
Group-IV (PHS-100 mg/kg) 124.33 + 8.37° 208.67 + 16.59" 121.67 + 6.74F 114.67 + 6.57%
Group-V (PHS-200 mg/kg) 103.67 + 3.76" 164.33 + 8.37° 115.67 + 11.41° 98.67 + 5.04
Group-VI (PHS-400 mg/kg) 93.33 £ 5.17 157.33 + 4.91f 113.33 + 4.81° 96.33 + 5.78°

Values are represented as mean + SEM, N = 6, Statistical significance represented as ® P < 0.05; bp < 0.01; ¢P < 0.001 Vs Group L; dp < 0.05;°P <
0.01; P < 0.001 Vs Group II. After one-way ANOVA the post hoc Dunnett multiple comparison tests were employed to analyze the data.

Table 7

Effect of polyherbal syrup on serum lipid profile in the letrozole-induced PCOS rats.
Treatment LDL (mg/dl) VLDL (mg/dl) HDL (mg/dl) TG (mg/dl)
Group-I (Vehicle Control) 55.53 + 4.60 17.07 + 2.69 41.33 £ 291 76.33 + 3.84
Group-II (PCOS Control) 147.6 + 7.89° 52.73 + 5.75° 21.33 + 4.06° 137.00 + 8.89°
Group-I1I (Metformin-155 mg/kg) 58.47 + 12.59" 26.20 + 3.03 33.00 + 1.53° 97.00 + 11.50°
Group-IV (PHS-100 mg/kg) 65.00 + 6.42° 22.47 + 3.80° 33.67 + 2.19° 87.33 + 6.69°
Group-V (PHS-200 mg/kg) 63.13 + 7.70° 21.73 + 2.74f 37.00 + 1.53¢ 84.67 + 5.90°
Group-VI (PHS-400 mg/kg) 59.40 + 6.89" 19.80 + 2.72f 41.67 + 3.28" 81.00 + 8.74

Values are represented as mean + SEM, N = 6, Statistical significance represented as * P < 0.05; bp < 0.01 ;P < 0.001 Vs Group L; dp < 0.05; P <
0.01; f P < 0.001 Vs Group II After one-way ANOVA the post hoc Dunnett multiple comparison tests were employed to analyze the data.

Table 8

Effect of polyherbal syrup on serum insulin and SHBG level in the letrozole-induced PCOS rats.

Treatment Fasting Insulin (mIU/1) SHBG (nmol/1)
Group-I (Vehicle Control) 21.17 + 0.92 70.00 =+ 4.58
Group-II (PCOS Control) 37.30 + 2.46° 39.00 + 1.53¢
Group-III (Metformin-155 mg/kg) 21.67 + 1.86f 64.33 + 7.22f
Group-IV (PHS-100 mg/kg) 26.00 + 0.58% 65.33 + 4.06°
Group-V (PHS-200 mg/kg) 24.67 + 0.67° 66.00 + 0.18°
Group-VI (PHS-400 mg/kg) 21.37 + 1.45 70.00 + 4.04

Values are represented as mean + SEM, N = 6, Statistical significance represented as ® P < 0.05; ® P < 0.01; °P < 0.001 Vs
Group L; ¢ P < 0.05; ¢ P < 0.01; P < 0.001 Vs Group II. After one-way ANOVA the post hoc Dunnett multiple comparison
tests were employed to analyze the data.

and 400 mg/kg showed a significant (P < 0.001) reversal effect, and PHS 100 mg/kg illustrated a moderate significant (P < 0.01)
reversal effect on the total testosterone level as compared to the PCOS control (Table 9).

The PCOS control showed a significant (P < 0.001) decrease in the serum estradiol, progesterone, and FSH level, and also a sig-
nificant (P < 0.001) increase in LH as compared to the normal control. These altered serum sex hormones level of estradiol, FSH, and
LH was high significantly (P < 0.001) reversed by metformin and PHS 200 mg/kg and 400 mg/kg treatment, and moderate significant
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(P < 0.01) reversal effect on progesterone when compared to the PCOS control. PHS 100 mg/kg treatment illustrated a mild (P < 0.05)
to most (P < 0.01) significant effect on serum progesterone and LH levels respectively as compared to the PCOS rats (Table 10).

4.9. Effect of polyherbal syrup on free androgen index (FAI) and homeostasis model assessment index of insulin resistance (HOMA-IR) in
the letrozole-induced PCOS rats

The free androgen index (FAI) and homeostasis model assessment index of insulin resistance (HOMA-IR) values showed a high
significant (P < 0.001) increase in PCOS control when compared to the normal control. It confirms hyperandrogenism and augmented
insulin resistance in PCOS conditions. All the treatments significantly (P < 0.001) reduce the free androgenic index and homeostasis
model assessment index of IR when compared to the PCOS control (Table 11).

4.10. Effect of polyherbal syrup on ovarian steroidogenic enzymes level in the letrozole-induced PCOS rats

The PCOS control rats showed a significant (P < 0.001) increase in ovarian 3f-Hydroxysteroid dehydrogenases (3p-HSD) and a
significant (P < 0.001) decrease in ovarian 17p-Hydroxysteroid dehydrogenases (17p-HSD) steroidogenic enzymes when compared to
the normal rats. The treatment of metformin and PHS 200 mg/kg and 400 mg/kg treatment showed a significant (P < 0.001) reversal
effect on these ovarian steroidogenic enzymes when compared to PCOS rats (Table 12).

4.11. Effect of polyherbal syrup on INSR, AMPK, and GLUT4 Protein Expression in Ovarian Tissue of the letrozole-induced PCOS rats

In the PCOS control ovarian tissue, INSR, AMPK, and GLUT4 mRNA levels were significantly (P < 0.001) reduced when compared
to the normal control. The treatment of metformin and polyherbal syrup formulation (100 mg/kg, 200 mg/kg, and 400 mg/kg)
significantly (P < 0.001) increases the INSR, AMPK, and GLUT4 protein levels in the PCOS rats as compared to the PCOS control. Fig. 3
(A-Q) illustrated this result.

4.12. Effect of polyherbal syrup on ovarian histology in the letrozole-induced PCOS rats

The normal control rats showed the normal histological structure of the ovary like the presence of various stages of follicles
including primary, growing antral follicles, mature follicles, and corpus luteum (Fig. 4(A)). In comparison to normal control, letrozole-
induced PCOS rats showed altered histoarchitecture of the ovary such as the absence of corpus luteum and increased cystic follicles and
undeveloped follicles (Fig. 4(B)). The metformin treatment illustrated the signs of improvement as a reduced number of follicular cysts,
numerous different stages of follicles, few atretic follicles, and the existence of corpus luteum (Fig. 4(C)). The treatment of polyherbal
syrup formulation of 100 mg/kg also showed few follicular cysts, various stages of follicles, and the presence of corpus luteum (Fig. 4
(D)). The treatment of PHS 200 mg/kg and 400 mg/kg showed better improvement in the histoarchitecture of the ovaries of PCOS rats
i.e. improved number of developing follicles and presence of the corpus luteum (Fig. 4 (E & F)).

4.13. Ovarian histomorphology

The results in Table 13 show the histomorphology of ovaries, the PCOS control rats showed a significantly (P < 0.001) increased
number of cystic follicles, and the number of antral follicles and corpus luteum significantly (P < 0.001) decreased when compared to
the normal control, which shows the increased number of corpus luteum and antral follicles. It indicates the presence of an ovulatory
cycle in the normal control rat ovary and its absence in the PCOS control rat ovary. In the treatment groups, cystic follicles were
significantly (P < 0.001) decreased and the number of antral follicles and corpus luteum significantly improved when compared to the
PCOS control.

Table 9

Effect of polyherbal syrup on serum total testosterone level in the letrozole-induced PCOS rats.
Treatment Total Testosterone (ng/dl)

Day 21 Day 50

Group-I (Vehicle Control) 27.97 + 3.53 27.13 £2.78
Group-II (PCOS Control) 74.57 + 4.78¢ 80.53 + 6.00°
Group-III (Metformin-155 mg/kg) 76.27 + 6.47¢ 29.33 + 2.17°
Group-IV (PHS-100 mg/kg) 72.10 + 2.95¢ 52.10 + 9.20°
Group-V (PHS-200 mg/kg) 71.83 + 1.58¢ 31.13 + 4.33°
Group-VI (PHS-400 mg/kg) 74.10 + 3.25° 27.33 + 2.35°

Values are represented as mean + SEM, N = 6, Statistical significance represented as * P < 0.05; bp < 0.01;°P <
0.001 Vs Group L; 4 P < 0.05; ¢ P < 0.01; f P < 0.001 Vs Group II. After one-way ANOVA the post hoc Dunnett
multiple comparison tests were employed to analyze the data.
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Table 10

Effect of polyherbal syrup on serum sex hormones level in the letrozole-induced PCOS rats.
Treatment Estradiol (pg/ml) Progesterone (ng/ml) LH (ng/ml) FSH (ng/ml)
Group-I (Vehicle Control) 33.75 + 3.43 29.16 + 3.61 7.20 + 0.64 25.00 + 3.46
Group-II (PCOS Control) 9.62 + 0.19° 12.22 + 1.92¢ 15.67 + 0.88° 11.47 + 1.30°
Group-I1I (Metformin-155 mg/kg) 29.95 + 2.06 28.52 + 1.82° 7.30 + 0.40 23.67 + 2.03°
Group-IV (PHS-100 mg/kg) 12.63 + 1.73¢ 21.80 + 2.28¢ 10.60 + 0.70° 17.00 + 1.53°
Group-V (PHS-200 mg/kg) 28.78 + 1.12f 28.05 + 4.63° 9.20 + 0.64% 25.00 + 2.08°
Group-VI (PHS-400 mg/kg) 30.88 + 4.16 29.55 + 3.35° 7.27 + 0.46 25.00 + 2.65°

Values are represented as mean + SEM, N = 6, Statistical significance represented as * P < 0.05; ° P < 0.01; P < 0.001 Vs Group L; ¢ P < 0.05; ¢ P <
0.01; P < 0.001 Vs Group II. After one-way ANOVA the post hoc Dunnett multiple comparison tests were employed to analyze the data.

Table 11
Effect of polyherbal syrup on free androgen index (FAI) and homeostasis model assessment index of insulin resis-
tance (HOMA-IR) in the letrozole-induced PCOS rats.

Treatment FAI HOMA-IR
Group-I (Vehicle Control) 38.71 + 2.68 4.14 +0.21
Group-II (PCOS Control) 205.99 + 8.26° 14.09 + 1.09°
Group-III (Metformin-155 mg/kg) 46.00 + 1.78f 5.78 + 0.71f
Group-IV (PHS-100 mg/kg) 82.18 + 9.73% 7.99 + 0.63¢
Group-V (PHS-200 mg/kg) 47.15 + 6.49° 6.32 + 0.29%
Group-VI (PHS-400 mg/kg) 39.67 + 5.37° 4.90 + 0.21°

Values are represented as mean + SEM, N = 6, Statistical significance represented as ® P < 0.05; P < 0.01; °P <
0.001 Vs Group L; ¢ P < 0.05; © P < 0.01; f P < 0.001 Vs Group IL After one-way ANOVA the post hoc Dunnett
multiple comparison tests were employed to analyze the data.

Table 12

Effect of polyherbal syrup on ovarian steroidogenic enzymes level in the letrozole-induced PCOS rats.
Treatment NADH formed/mg/min/mg protein

3p-HSD 17B-HSD

Group-I (Vehicle Control) 1.33 +£0.15 2.53 +0.15
Group-II (PCOS Control) 2.90 + 0.17¢ 1.23 + 0.09°¢
Group-IIT (Metformin-155 mg/kg) 1.40 + 0.12f 2.43 + 0.09f
Group-IV (PHS-100 mg/kg) 2.23 + 0.20* 1.53 + 0.15°
Group-V (PHS-200 mg/kg) 1.53 + 0.20f 2.33 + 0.20f
Group-VI (PHS-400 mg/kg) 1.40 + 0.17° 2.57 + 0.18f

Values are represented as mean + SEM, N = 6, Statistical significance represented as * P < 0.05; bp<0.01 ;¢P <0.001
Vs Group L; ¢ P < 0.05; ¢ P < 0.01; f P < 0.001 Vs Group II. After one-way ANOVA the post hoc Dunnett multiple
comparison tests were employed to analyze the data.

4.14. Effect of polyherbal syrup on reproduction performance in the letrozole-induced PCOS rats

Results in Table 14 represent the post-treatment reproductive performance of letrozole in PCOS rats. In the PCOS control copulation
index was 100% but the fertility index and the number of pups delivered were nil when compared to the normal control it was
significantly very less, indicating the reproductive abnormality in PCOS conditions. In comparison between the treatment groups, the
number of pups delivered and survived was significantly (P < 0.001) higher in the polyherbal syrup formulation of 200 mg/kg and 400
mg/kg treatment.

5. Discussion

Polycystic Ovarian Syndrome (PCOS) is a heterogeneous endocrinal and metabolic abnormality of women at the reproductive stage
[40]. Even though PCOS is a complex heterogeneous condition, current treatments are short-term symptomatic [6]; hence, multi-
disciplinary systemic approaches are required for the optimal management of PCOS. Besides, this study attempted to prepare a pol-
yherbal formulation as an effective alternative medicine for PCOS.

This polyherbal syrup was prepared based on the ayurvedic relevance, traditional knowledge, and literature survey. The selected
herbs possess any one or more potent activities in relevance to PCOS like anti-androgenic activity, hypoglycemic, hypolipidemic, and
insulin resistance improving the property and anxiolytic/anti-stress properties. The presence of phytoconstituents such as alkaloids,
flavonoids, phytosterols, terpenoids, and phenolic compounds are primarily responsible for these reported activities [41-44].

The selected herbs were formulated as syrup preparation because the insoluble uniformly distributed herbal ingredients in the
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Fig. 3. Effect of Polyherbal Syrup on INSR, AMPK, and GLUT4 Protein Expression in Ovarian Tissue of the Letrozole-induced PCOS Rats. (A& B)
INSR expression, (C& D) AMPK expression, (E&F) GLUT4 expression.

liquid medium have a better gastric absorption rate than the other oral preparations. Also, the most preferred and effective route of
herbal drug administration is the oral route administration [45,46]. Honey was used as a syrup base in this formulation to mask the
bitter taste of the phytoconstituents as well as it has an estrous cycle normalizing capacity and fertility rate improving properties in

females [47,48].
Invitro cell viability study in the normal cell lines is a key parameter for the safety evaluation of any herbal formulations [49]. In our
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Fig. 4. Histopathological Photo Microscopic Images of Ovary Sections (40 X). (A) Normal control, (B) PCOS control, (C) Letrozole + Metformin, (D)
Letrozole + PHS-100 mg/kg, (E) Letrozole + PHS-200 mg/kg, (F) Letrozole + PHS-400 mg/kg, AF- Atretic Follicles; CL-Corpus Luteum; FC-
Follicular Cyst; FO-Follicles.

Table 13

the mean number of preantral follicles, antral follicles, cystic follicles, and corpus luteum in treatment groups.
Treatment Preantral Follicles Antral Follicles Cystic Follicles Corpus Luteum
Group-I (Vehicle Control) 4.00 + 0.58 6.00 + 0.58 0 7.00 + 0.58
Group-II (PCOS Control) 5.67 + 0.88 2.00 + 0.58¢ 9.00 + 0.58¢ 0.67 + 058°
Group-IIT (Metformin-155 mg/kg) 4,67 +0.33 5.67 + 0.33f 3.00 + 0.58" 6.00 + 0.58f
Group-1V (PHS-100 mg/kg) 5.67 £0.33 3.33 +0.33%¢ 3.67 + 0.88° 5.00 + 0.58%
Group-V (PHS-200 mg/kg) 5.00 + 0.58 5.67 + 0.33f 2.33 + 0.67 5.67 + 0.88f
Group-VI (PHS-400 mg/kg) 4.33 +0.33 6.33 + 0.33f 1.67 + 0.33f 7.33 + 0.33f

Values are represented as mean + SEM, N = 3, Statistical significance represented as * P < 0.05; bp £ 0.01;°P < 0.001 Vs Group L; 4 P < 0.05; ¢ P <
0.01; fP < 0.001 Vs Group II. After one-way ANOVA the post hoc Dunnett multiple comparison tests were employed to analyze the data.

study, the cytotoxic effect of polyherbal syrup was assessed on the Chinese Hamster Ovary (CHO) cell line. CHO cell line is the most
accepted mammalian host for the human protein expression study [50]. The percentage of cell viability was increased with the
decreasing concentration of polyherbal syrup. The IC50 value of the polyherbal syrup on the CHO cell line was found to be 561.00 +
2.7 pg/ml. The results of this study showed that polyherbal syrup does not have any significant cytotoxicity on the CHO cell line, which
indicates the safety of polyherbal syrup on mammalian tissues.

The CHO cells were treated with the dose of polyherbal syrup which produced minimal cytotoxicity (100 pg/ml) and was tested for
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Table 14

Effect of polyherbal syrup on reproduction performance in the letrozole-induced PCOS rats.
Treatment Copulation index (%) Fertility index (%) No. of Pups delivered No. of Pups survived
Group-I (Vehicle Control) 100 100 7.00 £+ 0.58 7.00 £ 0.58
Group-II (PCOS Control) 100 0 0 0
Group-III (Metformin-155 mg/kg) 100 100 4.00 + 0.58¢ 4.00 + 0.58¢
Group-IV (PHS-100 mg/kg) 100 67 8.00 + 0.58f 6.67 + 0.33f
Group-V (PHS-200 mg/kg) 100 100 7.33 + 0.88f 7.00 + 0.58f
Group-VI (PHS-400 mg/kg) 100 100 8.00 + 0.58f 8.00 + 0.58f

Values are represented as mean + SEM, N = 6, Statistical significance represented as * P < 0.05; ° P < 0.01; P < 0.001 Vs Group L; ¢ P < 0.05; ¢ P <
0.01; P < 0.001 Vs Group II. After one-way ANOVA the post hoc Dunnett multiple comparison tests were employed to analyze the data.

the AMPK and GLUT4 expression study. The treatment of polyherbal syrup significantly improves the mRNA expression of AMPK and
GLUT4 in the CHO cell line. The polyherbal syrup-activated AMPK expression in ovarian cells indicates that it can have the capacity to
improve insulin resistance and regulate menstruation and promote ovulation by activating AMPK/PI3K/AKT/FoxO3 signaling
pathway [51,52]. Also, the activation of AMPK down-regulates gluconeogenesis gene expression. The increased expression of GLUT4
improves insulin sensitivity by promoting glucose uptake in ovarian cells, it indicates insulin sensitivity improving the property of the
prepared polyherbal syrup.

The acute toxicity study results confirm the safety profile of the prepared polyherbal syrup. Acute toxicity study results exposed that
the lethal dose of 50% (LDsg) value of the polyherbal syrup was found to be > 2000 mg/kg. Hence in line with the Globally Harmonized
System (GHS) of toxicity classification, the prepared polyherbal syrup was classified as category 5 or unclassified (2000 mg/kg < LDsg
< 5000 mg/kg). It indicates that the prepared polyherbal syrup might be safer for use in animals and humans. The efficacy and potency
of the prepared polyherbal syrup were evaluated on letrozole induced PCOS model. The letrozole-induced PCOS rats in this study
showed that PCOS clinical features like endocrinal features such as peripheral and ovarian hyperandrogenism, sex hormones
imbalance, follicular cysts, and absence of corpus luteum in the ovary indicate the irregular and anovulatory estrus cycle and the
metabolic features are insulin resistance and hyperlipidemia. The considerable reduction of INSR, AMPK, and GLUT4 expression in the
ovaries of PCOS rats verifies the development of hyperandrogenism, insulin resistance, and its associated PCOS clinical features [53].

Insulin resistance (IR) is one of the key pathogenic factors of PCOS [54], IR with compensatory hyperinsulinemia plays a significant
role in ovarian function, and it stimulates ovarian theca cells to produce androgen leading to the arrest of follicular maturation and
anovulation in PCOS. The result of this study indicates the development of insulin resistance in letrozole PCOS rats by showing
increased fasting glucose and insulin levels with impaired glucose clearance in oral glucose tolerance tests following an oral glucose
challenge. These results are in line with previous study reports [55]. Further, the increase in the Homeostasis Model Assessment Index
of Insulin Resistance (HOMA-IR) value in the letrozole-induced PCOS confirms the development of insulin resistance. All the treat-
ments significantly improve the IR in letrozole-induced PCOS rats by reducing fasting blood glucose and serum insulin levels and
promoting glucose clearance rate in the OGGT model. The less HOMA-IR value of treatment groups also indicates the treatment ef-
ficacy on insulin resistance. In comparison between the treatment groups, metformin and polyherbal syrup 400 mg/kg treatment show
superior results on insulin resistance in PCOS rats. Hence the results of this study indicate the treatment of the prepared polyherbal
syrup at 400 mg/kg showed a superior effect on insulin resistance by improving hyperinsulinemia-mediated insulin resistance by
increasing glucose uptake and promoting glucose clearance in PCOS rats.

Sex hormone abnormality is the major diagnostic feature of PCOS like elevated levels of serum total testosterone and luteinizing
hormone (LH) and decreased estradiol, follicle-stimulating hormone (FSH), and progesterone levels. Hyperandrogenism is the hall-
mark of PCOS [56]. Administration of letrozole blocks the ovarian conversion of androgen to estrogen leading to hyperandrogenism in
the ovary, by decreasing the sex hormone binding globulin (SHBG) increases the peripheral circulatory androgen level in the
letrozole-induced PCOS rats. Similar findings were observed in this study. The free androgenic index is the marker of hyper-
androgenism in PCOS patients [28]. The induction of PCOS was confirmed in this study by measuring elevated total testosterone levels
after 21 days of letrozole treatment. The results of this study indicate the development of hyperandrogenism in PCOS rats by showing
the increased concentration of serum total testosterone and free androgenic index. Hyperandrogenism in PCOS rats’ feedback to the
pituitary gland results in abnormal fluctuation increase in LH and decrease in FSH secretion. Also, a significant reduction in estradiol
and progesterone was observed in the letrozole-induced PCOS rats. All the treatments significantly normalize the hormonal abnor-
mality induced by the administration of PCOS. In comparison between the treatments, the treatment of polyherbal syrup at 400 mg/kg
showed a superior effect on normalizing the sex hormonal abnormality in PCOS rats. This impact could be attributed to its ability to
help PCOS patients normalize their sex hormone imbalance.

Hyperinsulinemia and hyperandrogenism in PCOS conditions stimulate lipolysis in adipocytes resulting in increased free fatty acid
leading to dyslipidemia [57]. The results of this study also confirmed that PCOS rats showed dyslipidemia like increased serum
concentration of LDL, VLDL cholesterol, and triglycerides level and decreased HDL cholesterol levels. It might be due to
letrozole-induced hyperinsulinemia and hyperandrogenism-produced dyslipidemia. All the treatments significantly reverse the lipid
abnormality in the letrozole-induced PCOS rats. In comparison between the treatments, polyherbal syrup showed a better
dose-dependent beneficial effect on lipid abnormality in letrozole PCOS rats as compared to the metformin treatment. Polyherbal syrup
400 mg/kg treatment possesses a superior hypolipidemic effect in all lipoprotein abnormalities. It might be due to its potent hypo-
glycemic and anti-androgenic properties.

The increased ovarian concentrations of steroidogenic enzyme 3B-HSD in PCOS rats showed that increased ovarian androgen
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production and decreased concentration of 178-HSD indicate the reduced interconversion of estradiol in the ovary [58]. The results of
this study are in line with the previous findings, it confirms the steroidal hormonal abnormality in the ovaries of PCOS rats. The
treatment of metformin, polyherbal syrup 200 mg/kg, and 400 mg/kg significantly normalize the ovarian steroidogenic enzyme
abnormality in letrozole-induced PCOS rats. Hence these findings indicate that the treatment of polyherbal syrup 200 mg/kg and 400
mg/kg improves the ovarian morphology, particularly the follicular development, and regularizes the estrus irregularity by correcting
the letrozole-induced ovarian hyperandrogenism in PCOS in rats.

The Western blot analysis of ovarian tissue showed decreased expression of AMP-activated protein kinase (AMPK), glucose
transporter 4 (GLUT4), and insulin receptor (INSR) in letrozole-induced PCOS rats. It indicates insulin resistance development in PCOS
rats. The results of this study agree with the clinical feature of decreased expression of AMPK and GLUT4 in the endometrium of PCOS
patients. AMPK acts as a major energy sensor in the endometrium of the ovary and regulates the expression of GLUT4 protein [59]. All
the treatment groups showed significantly increased expression of INSR, AMPK, and GLUT4 when compared to PCOS rats. The reduced
GLUT4 protein levels in PCOS rats were restored by the AMPK-dependent insulin-sensitizing mechanism. The activation of AMPK is
involved in the regulation of reproduction through multiple mechanisms. Intimately related to GLUT4 transcription and translation
processes to the membrane and thus increases the glucose uptake in ovarian cells and promotes follicular development, maturation,
and ovulation. AMPK activation also affects the secretion of GnRH and gonadotropins in the hypothalamus and pituitary and sup-
presses the androgen receptor levels [60]. The activation of insulin receptor (INSR) phosphorylates the intercellular insulin receptor
substrate (IRS), it binds with PI3K protein and activates PKC and Akt signaling molecules, which results in the translocation of GLUT4
from intracellular vesicles to the plasma membrane and permits the cells to absorb more glucose essential for the development and
ovulation of the oocyte. Thus the alterations of INSR/IRS/PI3K/PKC/Akt pathways are closely related to insulin resistance [55].

In comparison between the treatments, polyherbal syrup 400 mg/kg showed superior action on increasing the ovarian expression of
INSR, AMPK, and GLUT4, which indicates that the treatment of prepared polyherbal syrup promotes follicular development and
ovulation, and normalizes the steroidal hormone abnormality provoked by the letrozole induced PCOS. It might be mediated through
its insulin sensitivity-improving mechanism.

The histopathological and histomorphological results of this study confirmed the alteration of ovarian function in PCOS rats.
Whereas the ovaries of PCOS rats showed an increased number of follicular cysts and very few/or absence of corpus luteum, and the
presence of fewer antral follicles with hyperplasia of theca cells and thickened ovarian capsules. Additionally, the cystic follicle sizes
were larger than other follicles, which is correlated to the rise in intraovarian androgen levels [61]. The treatment of metformin
showed different phases of follicles with the presence of corpus luteum indicating the recovery of ovary morphology in PCOS rats, but
the presence of atretic follicles indicates an anovulatory cycle. The treatment of polyherbal syrup showed normal histology of the ovary
with different stages of developing follicles, and an increase in the number of corpus luteum. The presence of corpus luteum indicates
the occurrence of ovulation and the different stages of follicles indicate the regular estrus cycle. In comparisons between the treat-
ments, polyherbal syrup 400 mg/kg treatment showed superior action in normalizing ovarian morphology in PCOS rats. The results of
this study confirm that the treatment of prepared polyherbal formulation by reducing follicular cysts promotes follicular maturation
and ovulation through improving insulin sensitivity and reversal of androgen-mediated alteration of ovarian morphology of PCOS rats.

The treatment effectiveness of prepared polyherbal syrup was evaluated by measuring its reproduction rate in the letrozole-induced
PCOS rats. The fertility index and delivery rate were completely absent in the PCOS rats, it might be due to hyperandrogenism and
insulin resistance-induced anovulatory cycle and the multiple cysts in the ovary. The treatment of metformin and polyherbal syrup
improves the fertility index and reproduction rate. It might be due to the improved ovarian morphology in PCOS rats by altering
hyperandrogenism and insulin resistance. The delivery rate was less in the metformin-treated group, it might be due to the presence of
atretic follicles. In comparison between the polyherbal syrup treatments, the treatment of polyherbal syrup at 400 mg/kg showed the
highest fertility index, delivery rate, and survival rate of delivered pups. It confirms the treatment efficacy and potency of the prepared
polyherbal syrup on the letrozole-induced PCOS rats.

The standard metformin treatment in PCOS rats reverses the pathological changes induced by letrozole. It regularizes the estrus
cycle by improving ovarian morphology through increasing insulin sensitivity and reducing the hyperandrogenism in the ovary
mediated by activation of AMPK and INSR in the ovary to increase the expression of GLUT4. The reproductive rate and fertility index
were comparatively less in the metformin treatment; it might be due to the presence of few atretic follicles indicating an anovulatory
cycle and partial recovery in ovarian morphology.

The treatment of polyherbal syrup showed a dose-dependent effect on PCOS. It regularizes the estrus irregularity by correcting sex
hormonal abnormalities and normalizes the ovarian histology by reducing the ovarian cysts and promoting folliculogenesis in PCOS.
Additionally, the treatment of polyherbal syrup is effective in the metabolic features of PCOS like improving lipid abnormality and
improving insulin sensitivity by decreasing fasting blood glucose levels and improving glucose clearance via the activation of INSR,
AMPK, and GLUT4 mediated ovarian pathways. In Fig. 5 clearly explained the possible mechanisms of prepared polyherbal syrup on
POCS mediated through improving the insulin sensitivity via activation of insulin receptor INSR/IRS/PI3K/PKC/Akt pathway to
translocate GLUT4 from intracellular vesicles to the plasma membrane and permits the ovary cells to absorb more glucose essential for
the follicle development and ovulation [54,62]. Also, the activation of AMPK in ovarian cells promotes transcription and translation
processes of GLUT4 to the membrane and thus increases glucose uptake and promotes follicular development, maturation, and
ovulation. The activation of AMPK also reduces the androgenic receptor level in the ovary [31,60]. In vitro AMPK and GLUT4
expression study also confirms the AMPK and GLUT4 activation properties of the prepared polyherbal syrup. This potent hypoglycemic
activity, insulin sensitivity improving capacity, and anti-androgenic activity of prepared polyherbal syrup are principally due to the
existence of key phytoconstituents like quercetin and f-sitosterol [44,63]. The treatment of polyherbal syrup at 400 mg/kg showed
superior fertility and reproductive rate, it confirms the potent effectiveness of prepared polyherbal syrup on PCOS.
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Fig. 5. The Proposed Mechanism of the Prepared Polyherbal Syrup on PCOS. AMPK- adenosine5' monophosphate-activated protein kinase, AR-
androgen receptor, Akt-serine/threonine-specific protein kinase, DHEA-dehydroepiandrosterone, FSH- follicle-stimulating hormone, GLUT4-glucose
transporter 4, GnRH-gonadotropin releasing hormone, IGF-1- insulin-like growth factor-1, IGFBP-1- insulin-like growth factor binding protein-1,
INSR-insulin receptor, IR-insulin resistance, IRS-insulin receptor substrate, LH- luteinizing hormone, PHS- polyherbal syrup, PI3K- phosphatidyli-
nositol 3-kinase, SHBG-sex hormone-binding globulin, TC- total cholesterol, TG-triglyceride, 3p-HSD - 3p-hydroxyl steroid dehydrogenase, 17p-HSD-
173p-hydroxyl steroid dehydrogenase. PHS + = stimulation/increase, PHS - = inhibition/decrease, —» = positive influence, — = inhibition
influence on pathogenic pathway, —» = positive influence, — = inhibition influence on therapy pathway.

6. Conclusion

In conclusion, the prepared polyherbal syrup at 400 mg/kg was found to be the safest and most effective alternative medicine for
PCOS. 1t is effective in both endocrinal and metabolic complications of PCOS. It mainly acts by reducing peripheral and ovarian
hyperandrogenism and improves insulin sensitivity via activating insulin receptor (INSR) and AMP-activated kinase (AMPK) mediated
transcription and translation of GLUT4 from the cytoplasm to the ovarian membrane which improves glucose uptake and promotes the
follicular development and ovulation. These beneficial and broader therapeutic effects of the prepared polyherbal syrup are due to the
combination of multiple potent herbs that may act on multiple targets at the same time and produce complete relief of PCOS. This
potential positive interaction of the selected herbs in the formulation might be due to its synergistic or additive effects. However,
further clinical studies are needed to explore this medication as an effective alternative to treat both reproductive and metabolic
complications of PCOS.
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