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Abstract
Background Polycystic ovarian syndrome (PCOS) with wide-range prevalence, affecting 5–18% of females of 
reproductive age, and its substantive role as a primary etiological factor in anovulatory infertility, with up to 80% of 
such cases attributed to this syndrome having particular significance.

Objectives The current research delineates the outcomes of a meticulous inquiry into the efficacy of Fagonia indica-
coated chitosan nanoparticles (FICNPs) in ameliorating the prevalent and clinically consequential PCOS in female 
Wistar rats.

Methodology FICNPs were synthesized by using a methanolic extract of F. indica and chitosan via the ion gelatin 
method. The nuanced interplay of hormonal profiles, ovarian histology, and miRNA expression in response to FICNPs 
intervention was investigated. Notable findings include an obvious decrease in luteinizing (LH) and testosterone 
hormone levels with high-dose FICNPs-treated subjects (100 mg/kg) compared to their untreated counterparts.

Results Follicle-stimulating hormone (FSH) and prolactin levels were markedly decreased in the untreated PCOS 
rat models, whereas, histopathological examination revealed augmented oocyte diameters in FICNP-treated rats, 
suggesting pronounced improvements in ovarian morphogenesis and follicular maturation. Additionally, real-time 
quantitative PCR analysis revealed disparate miRNA expression profiles, prominently implicating rno-miR-30c-2-3p, 
rno-miR-146b-5p, rno-miR-486, and rno-miR-3586-3p in the therapeutic efficacy of FICNPs. Notably, the progeny 
of FICNPs-treated subjects (F1 generation) showed normalized ovulatory activity, substantiating the sustained 
therapeutic potential of FICNPs.

Conclusion Collectively, these findings underscore the auspicious promise of FICNPs as a paradigm-shifting 
therapeutic modality for mitigating the complex pathophysiology of PCOS, thereby addressing its formidable 
prevalence and clinical import, with the potential to surpass conventional pharmacotherapy modalities.

Keywords PCOS, Fagonia indica-coated chitosan nanoparticles (FICNPs), Ovulatory function, Follicle-stimulating 
hormone, miRNA expressions, F1 generation
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Introduction
PCOS is a widespread endocrine dysfunction that con-
tributes to approximately 80% of infertility cases world-
wide [1]. Polycystic ovaries, increased testosterone levels, 
and irregular menstruation are the hallmarks of this ill-
ness, which can result in complications like diabetes, 
obesity, and other health problems [2, 3]. Insulin resis-
tance and elevated luteinizing hormone levels are key 
factors contributing to infertility in patients with PCOS, 
resulting in hyperandrogenism and ovarian cyst forma-
tion. Aberrant gonadotropin discharge and increased 
ovarian steroid production are associated with PCOS. 
When LH content exceeds FSH concentration, the ova-
ries produce more androgens [4]. In reality, androgen 
levels in patients’ blood rise as a result of theca cells pro-
ducing androgens in response to luteinizing hormone 
[5–7] (Fig. 1).

Numerous therapeutic modalities are available for 
treating infertility and polycystic ovary syndrome 
(PCOS), including medications such as cyclic proges-
tins, anti-androgens, letrozole, clomiphene citrate, and 
metformin [8–10]. However, these medications may 
have adverse effects, which leads many patients and 

healthcare providers to consider herbal remedies as alter-
native [11–14]. Fagonia indica (F. indica), a well-known 
herb or shrublet of the Zygophyllaceae family, has been 
traditionally used for centuries to address menstrual 
issues and shows promising therapeutic potential due 
to its antioxidant, antitumor, anti-inflammatory, anti-
hemorrhagic, antidiabetic as well as anti-ulcer proper-
ties [15, 16]. It is important to note that herbal extracts 
may require considerable time to produce significant 
results. As the majority of biologically active ingredients 
in herbal extracts, including flavonoids (quercetin), tan-
nins, and terpenoids, are highly soluble in water but have 
poor absorption because they cannot pass through cell 
lipid membranes, have too large of a molecular size, or 
are poorly absorbed, which reduces their bioavailability 
and ability to work. As a result, these extracts take more 
time to produce noticeable effects [17].

Recent advancements in drug delivery technolo-
gies have incorporated chitosan nanoparticles and eco-
friendly approaches utilizing phyto-medicines [18]. 
Chitosan can stick to mucosal surfaces and temporar-
ily open tight junctions in mucosal cell membranes, it 
has an absorption-promoting effect. By extending the 

Fig. 1 Schematic sketch of PCOS pathophysiology exhibiting hormonal imbalance and inhibition of ovulation due to testosterone excess and physi-
ological changes in ovaries
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duration of contact between the medication and the 
absorptive surface, the interaction between negatively 
charged mucin and positively charged chitosan improves 
absorption [19]. Additionally, “chitosan nanoparticles” 
offer advantages such as small size, quantum size effects, 
and improved dispersion in biological systems. Further-
more, the non-toxic, biodegradable, and antibacterial 
characteristics of chitosan mark it a popular choice for 
applications of drug delivery [20]. Combining chitosan 
with substances like sodium tripolyphosphate (TPP) in 
nanoparticle form has shown promise in attenuating 
symptoms associated with conditions such as polycys-
tic ovulatory activity. The ability of chitosan to enhance 
medication transport mechanisms underscores its value 
in developing innovative drug delivery techniques [21].

The main objective of the study was to create and 
evaluate biologically active compounds found in Sodium 
Tripolyphosphate (TPP) cross-linked chitosan nano-
complexes derived from methanolic leaf extracts of F. 
indica. These compounds were then assessed for their 
efficacy in protecting against “Estradiol Valerate (EV)”-
induced PCOS in female rats by examining gonadotropin 
levels and observing ovarian histopathological changes. 
Moreover, this study sought to determine miRNA levels 
in various treatment groups to utilize miRNAs as nonin-
vasive biomarkers for the early detection of PCOS. Rats 
that received effective treatment were carefully selected, 
and their first filial generation (F1 generation) was exam-
ined for further histological, hormonal, and molecular 
analyses. F. indica-coated Chitosan Nanoparticles (FIC-
NPs) treatment can help to improve ovulatory activity 
and reduce infertility.

Materials and methods
Materials
Model wistar rats and reagents
In this study, female Wistar rats weighing an aver-
age of 150–170  g and aged 7–9 weeks were employed, 
as indicated in Table  1 [22]. Inclusion Criteria for study 
is, selection of adult female rats with normal estrous 
cycle, average weight (not obese), normal ovulatory pat-
tern, without any prior disease symptoms were selected, 
divided into different groups for disease induction. While 
exclusion Criteria for study is female rats with already 

abnormal estrous cycle, showed the symptoms of any dis-
ease and weight below average were excluded from study. 
The rats were reared in Department of Zoology at Gov-
ernment College University Lahore and kept in an ani-
mal house during 48-hour acclimatization period. They 
were provided with appropriate food and maintained at 
standard temperature and humidity levels throughout 
the experimental period [6]. All animal experiment and 
method used was carried out in compliance with inter-
national standards and the Government College Uni-
versity’s ethical research committee’s recommendations 
(Letter number. GCU/IB/813). Low-molecular-weight 
chitosan (“CAS Number: 9012-76-4”) was obtained from 
Sigma-Aldrich, MO, USA. Sodium tripolyphosphate 
(TPP) was procured from Sigma-Aldrich (CAS Number: 
7758-29-4). MO, USA Estradiol valerate was provided as 
2 mg/kg tablets (Estranor, Saffron, Pakistan), which stops 
regular ovulation [23]. Smooth-tipped pipettes were 
purchased from Sartorius, Singapore. Phosphate Buffer 
Saline (PBS) was prepared by adding 800 ml of distilled 
water, 8 g of NaCl, 1.44 g of Na2HPO4, 0.2 g of KCl, 0.24 g 
of KH2PO, maintaining the pH to 7.2 and adding distilled 
water until the total volume reaches 1  L. Formalin was 
purchased from Chemworld International, Ltd., USA. 
TRIzol reagent was obtained from Invitrogen, USA (Cat-
alog number: 15596026).

Collection of F. indica
The herb was collected from the local desert areas of 
Bhakkar (Pakistan). It belongs to the Zygophyllaceae fam-
ily. It was recognized and authenticated by the botanist, 
Dr. Zaheer ud din Khan at Government College Univer-
sity Lahore and for further reference, it was preserved 
under specimen number 056-62-02 in the Dr. Sultan 
Ahmed herbarium of the Department of Botany (GCU 
Lahore) for further reference. The leaves are separated 
from the plants and then dried for powder synthesis.

Methodology
Synthesis of F. indica-loaded chitosan nanoparticles
FICNPs were fabricated following an established green 
synthesis method [24]. Briefly, finely sieved and dried 
100 g of F. indica leaves were subjected to Soxhlet equip-
ment for the production of a methanol extract. The 

Table 1 Rat body weight values representing mean ± sem. a-e within the same row, means with different superscripts are significantly 
different (p < 0.05)
Time intervals Number of rats Group-I Group-II Group-III Group-IV Group-V Group-

VI
P Value

Day 1 5 166.7 ± 0.38 170.6 ± 0.74b 168.8 ± 0.42c 171.5 ± 0.39cd 165.7 ± 0.38d 175.7 ± 0.40d 0.00
Day 7 5 171.2 ± 0.25a 181.4 ± 0.65b 173.2 ± 0.25a 168.8 ± 0.42c 171.2 ± 0.38c 183.9 ± 0.42c 0.00
Day 14 5 179.0 ± 0.23a 189.1 ± 0.60d 180.6 ± 0.44e 172.5 ± 0.34c 179.4 ± 0.30d 191.7 ± 0.34d 0.00
Day 21 5 184.8 ± 0.20a 201.2 ± 0.42de 193.5 ± 0.32e 209.1 ± 0.42ab 188.8 ± 0.31cd 210.8 ± 0.30bcd 0.00
Note: a−e Within the same row, means with different superscripts are significantly different (p < 0.05)
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extract was baked at 40  °C after being dried for 15 to 
20 min in a rotary evaporator. The ion-gelation method 
was utilized for the formation of nanoparticles, with 
sodium tripolyphosphate (TPP) serving as an agent for 
cross linkage [25].

Chitosan nanoparticles were prepared using leaves 
extract, and “sodium tripolyphosphate (TPP)” was used 
as a crosslinking substance. The plant extract (1.5% w/v) 
was prepared by methanol extraction and added sepa-
rately to 0.5% w/v TPP under gentle magnetic stirring at 
room temperature. The solution was then added drop-
wise to a chitosan solution with 2% v/v acetic acid and 1% 
w/v chitosan. The solution was then added dropwise into 
chitosan solution with 2% v/v acetic acid and 1% w/v chi-
tosan. The solution was sonicated at 80 amplitudes and 
centrifuged at 8000 rpm for 20 min. The pellet was then 
lyophilized into powder form.

Characterization of nanoparticles
Ultraviolet-visible spectroscopy (UV), Fourier trans-
form infrared spectroscopy (FTIR), and X-ray diffrac-
tion (XRD) were used to characterize the prepared 
FICNPs. These analyses were performed at the “Center 
for Advanced Studies in Physics (CASP Laboratory GCU, 
Lahore)”. Ultraviolet-visible (UV-Vis) spectroscopy was 
used to ensure the fabrication of desired material (UV-
1900i, USA) [26]. The absorbance of the FICNPs was in 
the range–200–400 nm.

High spectral resolution data over a broad-spectrum 
range were concurrently acquired by the FTIR spec-
trometer. This offers a notable benefit in comparison to a 
dispersive spectrometer, which gauges intensity concur-
rently across a limited range of wavelengths. To inves-
tigate the interactions between the functional groups 
of chitosan, F. indica, and FICNPs, FTIR was employed 
using the FTIR model (IRPrestige-21, USA) as previously 
described [27].

A Cu Kα radiation-equipped X-ray diffraction (XRD) 
spectrum (Bruker, D2 Phaser, USA) with an average 
wavelength of 1.54059 Å was used to assess the mean 
crystal size, phase composition, and other structural 
details of the nanoparticles. A computerized library was 
used to identify target materials by comparing the posi-
tions and intensities of the peaks. The XRD profile was 
also affected by the NP dimensions. Large-sized materi-
als show tapered peaks, whereas small-sized materials 
show broad peaks [27].

Rat rearing and PCOS induction
The PCOS rat model was prepared as previously 
described [28] with minor modifications. Female Wis-
tar rats with a typical four-phase estrous cycle were 
injected intraperitoneally with estradiol valerate (2 mg/
kg) dissolved in 0.1 mL of corn oil (a single dose) for 

induction of PCOS and assessed for 30 days. Total 30 
PCOS rats were divided into six groups (n = 5) at ran-
dom, and each group was given a number label that 
indicated where it belonged. Female rats in Group 
1 served as negative controls, while those in Group 2 
were affected by PCOS (positive control). Group 3 
received standard metformin treatment (28  mg/kg) 
(standard control group), while Group 4 was treated 
with F. indica (500 mg/kg) (treatment group 2). Group 
5 received a low dose of FICNPs (50 mg/kg) (treatment 
group 3), and Group 6 was treated with a high dose of 
FICNPs (100  mg/kg) (treatment group 4). The treat-
ment of PCOS with F. indica, FICNPs, and standard 
drug metformin in respective groups was followed for 
28 days with the oral administration of drugs on a daily 
basis. The schematic layout of PCOS induction and 
treatment is shown in Table 2; Fig. 2.

Analysis of vaginal smears
Rats were subjected to vaginal smear examinations 
to determine their estrus stages. Vaginal smears were 
collected before (day 0), during (days 14) and after the 
induction of polycystic ovarian syndrome (PCOS), 
(day 28) as well as at the end of the treatment period 
(30 days) to assess the regularity of the estrous cycle, 
which is disrupted by PCOS [29]. The estrus cycle of 
the rats was assessed by preparing vaginal smear slides 
using the vaginal lavage protocol [30, 31]. Briefly, a 
smooth-tipped pipette with a 1.5  mm bore size was 
employed to draw 0.1 mL of PBS, which was inserted 
1–2 mm deep into the rat’s vaginal orifice and flushed 
2–3 times inside and outside the vagina for cytology. 
The smear was placed on a slide and permitted to dry at 
room temperature (RT). The smear was fixed by cover-
ing it with a few drops of methanol followed by Giemsa 
stain. The slides were washed with tap water, stained 
again with a diluted Giemsa stain, and observed under 
a microscope at 40× magnification after washing and 
air-drying [32].

Euthanization, blood and organ collection
After completing the 28-day treatment regimen of all 
6 groups, rats were humanely euthanized on diestrus 
stage, using a cervical dislocation procedure under 
anesthesia with 3-5% isoflurane mixed with oxygen. 
Blood and organ samples were obtained from all the 
rats in the different treatment groups. Blood sam-
ples were collected via a heart puncture. Serum was 
obtained from blood samples that were centrifuged for 
15 min at 3000 rpm after placing samples 4 h at room 
temperature. The serum was then kept at -20  °C for 
use in additional experiments. Rat ovaries were stored 
in 10% buffered formalin for further analysis such as H 
& E staining [33].
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Biochemical analysis
The collected serum samples were examined for “lutein-
izing hormone” (LH), “follicle stimulating hormone” 
(FSH), prolactin (PRL) and testosterone levels using 
commercially available assays (Invitrogen Elisa kits from 
Thermo Fisher Scientific, Cat #EEL121l, Cat #EEL125and 
Cat #ERA50RB, respectively. The manufacturer’s instruc-
tions for using enzyme-linked immunosorbent test 
(ELISA) kits were followed. As previously reported, a 
standard curve was used to quantify the hormone con-
centration [33].

Slide Preparation for histology
The ovarian tissues were embedded in durable paraf-
fin wax for preservation. A rotary motorized microtome 
(Myr EC-350-1, Spain) was utilized to slice the tissue 
paraffin into 3  μm thin ribbons for analysis. The rib-
bons were subsequently put on a glass slide, hematoxy-
lin and eosin (H&E) were used for staining and slides 
were observed for histopathological changes [34]. A 
light microscope (LABOMED® USA) was used to exam-
ine each slide. Histomorphometry was performed using 
a commercial tool called Prog Res®2.1.1 Capture Prog 
Camera Control Software.

Sample isolation and storage
For ovarian tissue isolation, made a small incision in the 
abdominal walls of rats and located the ovaries. Gently 
isolate the ovaries with forceps, ensuring minimal con-
tamination from surrounding tissues. Rat ovaries were 
stored in 10% buffered formalin and stored tissue samples 
at -80 °C until further processing for RNA extraction.

RNA and miRNA isolation using trizol reagent
Total RNA, including miRNA, was extracted from the 
samples using the TRIzol reagent (Invitrogen, Cat. No. 
15596026) according to the manufacturer’s protocol [35].

Step I: Homogenization of Samples
Tissue were homogenized in 1 mL of TRIzol reagent 

per 100 mg of tissue or 1 × 10^6 cells. This was done using 
a syringe to ensure complete disruption of the tissue/cell 
membrane.

Step II: Phase Separation
After homogenization, 0.2 mL of chloroform was 

added to the homogenate, and the mixture was vigor-
ously shaken for 15  s. The sample was then incubated 
at room temperature for 3  min. The sample was centri-
fuged at 12,000 x g for 15 min at 4  °C. This resulted in 
phase separation: The upper aqueous phase contained 

Table 2 Representing the methodology of experiment for PCOS induction and treatment phase
Sr. 
No

Groups Duration (8 weeks)

1 Dosing schedule during the disease induction phase
1. Normal control (N.C) Normal rat diet and water
2. Disease control (Diseased, untreated) Estradiol valerate (EV) was injected intra-peritoneally (2 mg/kg) dissolved in 

0.1 mL of corn oil (a single dose) to induce PCOS
2 Dosing schedule during the treatment phase

1. Normal control (N.C) Normal rat diet and water
2.Disease control (Diseased, untreated) Normal rat diet and water
3.Standard metformin 28 mg/kg Metformin 28 mg/kg was administered to EV induced PCOS rats
4. Fagonia indica (F. indica) 500 mg/kg Treated with F. indica (500 mg/kg) herbal extract
5. Low dose of Fagonia indica coated chitosan 
nanoparticles(FICNPs) (50 mg/kg)

Treated with low dose of F. indica coated chitosan nanoparticles (50 mg/kg)

6.High dose of FICNPs 100 mg/kg Treated with high dose of F. indica coated chitosan nanoparticles (100 mg/kg)
3 After treatment Phase (First Filial Generation)

1.Three rats from group 3 (Standard metformin 28mg/kg) paired 
with normal male rats (1:1)

Feed with normal rat diet and water without any treatment for F1 genera-
tion studies

2. Three rats from group 6 (treated with high dose of FICNPs 
100 mg/kg) paired with normal male rats (1:1)

Feed with normal rat diet and water without any treatment for F1 genera-
tion studies

Fig. 2 Model representing the experimental layout from stage 1 to stage 5 i.e., PCOS induction (estradiol valerate (EV) injection; single dose), treatment 
with F. indica chitosan nanoparticles (FICNPs) (on daily basis), pairing with healthy male rats and finally F1 generation
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the total RNA, including miRNA. The interphase con-
tained DNA, and the organic phase contained proteins 
and lipids.

Step III: RNA Precipitation
The aqueous phase was carefully transferred to a new 

tube, and 0.5 mL of isopropanol was added to precipi-
tate the RNA. The sample was mixed well by inversion 
and incubated at -20 °C for at least 1 h or overnight to 
enhance RNA precipitation.

Step IV: RNA Wash
Following incubation, the RNA was pelleted by centrif-

ugation at 12,000 x g for 10 min at 4  °C.The RNA pel-
let was washed with 1 mL of 75% ethanol, mixed gently, 
and then centrifuged at 7,500 x g for 5 min at 4 °C.

Step V: RNA Re-suspension and Quality Assessment
The RNA pellet was air-dried for 5  min and re-sus-

pended in RNase-free water or an appropriate buf-
fer. RNA concentration and purity were assessed using 
a NanoDrop 8000 spectrophotometer (NanoDrop, 
Wilmington, DE, USA). RNA purity was confirmed by 
ensuring the A260/A280 ratio was between 1.8 and 2.0. 
The integrity of the RNA was checked via gel electropho-
resis [36].

cDNA synthesis
A total of 250 ng of purified RNA from each sample was 
reverse-transcribed to complementary DNA (cDNA) 
for downstream Thermo Fisher Scientific, Cat. No. 
4,368,814. The procedure was as followed. For each 
reaction, 2 µg of isolated RNA was used. The RNA was 
reverse-transcribed into cDNA using the Thermo Fisher 
kit, following the manufacturer’s guidelines for enzyme 
activity and reaction setup [37].

Real time quantitative PCR (RT-qPCR)
RT-qPCR was performed using an ABI Step One Plus 
Real-Time PCR System (Applied Biosystems, USA) using 

SYBR Green PCR Master Mix (Thermo Fisher Scien-
tific, Inc.) following the manufacturer’s guidelines [38]. 
The sequences of the primers used were mentioned in 
Table  3 of revised manuscript. PCR amplification was 
carried out with an initial denaturation step at 95 °C for 
30 s, followed by 40 cycles of 95 °C for 10 s (denaturation) 
and 60  °C for 20  s (annealing). The expression levels of 
the target genes were normalized to the housekeeping 
gene GAPDH, and data analysis was performed using the 
comparative 2−∆∆Cq method for miRNA relative expres-
sion level analysis [38].

First filial generation (F1 generation)
Four female Wistar rats were chosen from Group 3, 
which served as a standard control group, and Group 6, 
which treated with a high dose of FICNPs (100  mg/kg) 
and demonstrated highly significant outcomes. These 
female rats were paired with normal male Wistar rats for 
mating (1:1) in order to avoid interbreeding. The remain-
ing female rats were euthanized for histological analysis, 
as per standard protocol [39]. After mating, female off-
spring were allowed to grow for 11 weeks, during which 
time they were fed a normal diet without any treatment. 
Following this period, the female offspring were sepa-
rated and their estrous cycles were monitored. Biochemi-
cal analysis was conducted, followed by sacrificing the 
rats and performing histological and molecular analyses 
of their ovaries.

Statistical analysis
The statistical analysis was conducted with the help of 
(SPSS) version 17. Data are presented as mean ± SEM. 
1-Way-ANOVA, or one-way analysis of variance, was 
used to analyse the data. The group differences of con-
trol, untreated and treated groups were compared by the 
Duncan Multiple Range Test (DMRT) for body weight 
and ovarian weight, and histomorphometric parameters 
(Granulosa cells, oocyte and antral diameter). Changes 
between the treated and untreated groups were consid-
ered significant at p < 0.05.

Results
Successful fabrication and validation of FICNPs by 
UV-visible spectrum
The detection of absorption peaks in the UV-visible spec-
trum provides evidence of the presence of the targeted 
biomolecules [40]. The nanoparticles in question exhib-
ited a surface plasma resonance peak in the range of 300–
450 nm when subjected to light of a specific wavelength 
using a UV–visible spectrophotometer (Fig.  3). The 
emergence of this peak validates the successful synthesis 
of F. indica nanoparticles in conjunction with chitosan. 
It is noteworthy that the FICNPs exhibited stability and 
remained non-agglomerated.

Table 3 The primers used for genes and MiRNAs expression 
analysis
Name Primer Sequence
GLUT4 (F) 5’-GATCGGCTCTGAAGATGGGG-3’

(R) 5’-GGAGGAAATCATGCCACCCA-3’
PTEN (F) 5’-AGACCATAACCCACCACAGC-3’

(R) 5’-CAGGGCCTCTTGTGCCTTTA-3’
miR-30c-2-3p (F) GCTGGGAGAAGGCTGTT

(R)TGTCGTATCCAGTGCAGGGTCCGAG
GTATTCGCACTGGATACGACAGAGTA

rno-miR-146b-5p (F) GGGTGAGAACTGAATTCCA
(R)TGTCGTATCCAGTGCAGGGTCCGAGG
TATTCGCACTGGATACGACACAGCC

rno-miR-486 F: GGGGATACTAGACTGTGAGCT
R: TGTCGTATCCAGTGCAGGGTCCGAGG
TATTCGCACTGGATACGACTCGAGG

GAPDH F: GGTATCGTGGAAGGACTCATGAC
R: ATGCCAGTGAGCTTCCCGT TCAGC
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FTIR spectrum
FTIR Spectrum analysis was performed to the exam 
the structures and study of chemical interactions 
between the functional groups of various components. 
Infrared analysis of chitosan showed a broad absorp-
tion band at 3370  cm− 1, which was attributed to the 
stretching of O-H and N-H [41]. The bands at 1633 
and 1518  cm− 1 correspond to the axial C = O stretch-
ing of the acetamido groups (amide I) and N-H bend-
ing vibrations, respectively, coinciding with the amide 
II vibration. The band at 3340  cm− 1 in the chitosan 
spectrum corresponds to the -OH stretching vibration 
associated with the stretching vibration of the N-H 
group. The peak at 3339.35 cm− 1 in the FTIR spectrum 
of the F. indica leaf extract could be attributed to the 
stretching vibration of both primary and secondary 
amines or to the -OH and -NH functional groups. The 
strong peaks at 2950 and 2850  cm− 1 were attributed 
to alkane C-H symmetric and asymmetric stretching 
vibrations, respectively. The presence of amide C = O 
stretching is indicated by the peaks at 1646.76 and 
1642.85  cm− 1. The C-O-C stretching vibrations may 
be responsible for the two strong and intense peaks at 
1014.15 and 1075.79 cm− 1 (Fig. 4).

XRD analysis
X-ray diffraction (XRD) analysis was used to elucidate 
the crystalline structure of the samples based on their 
physical properties. XRD was conducted to investigate 
the crystalline structure [42]. The XRD pattern of the F. 
indica nanoparticles combined with chitosan exhibits 
that the material exhibited semi-crystalline to crystalline 
characteristics following nanoparticle formation (Fig. 5).

FICNPs treatment restored the vaginal cell morphology 
and estrous cycle in rat model
The estrous cycle abnormalities in rats before and after 
PCOS induction were examined using both positive and 
negative controls in the study. Hormonal imbalances or 
pregnancy can interrupt the estrous cycle, which nor-
mally lasts four to five days. The cycle is characterized 
by four distinct stages of vaginal cell morphology and 
the restoration of the cycle was evaluated by comparing 
the ratio of leukocytes and nucleated to cornified enucle-
ated squamous epithelial cells. In PCOS-induced rats 
with a dominant diestrus stage, the estrous cycle was 
disrupted and at metestrus stage with cornified epithe-
lium, nucleus and neutrophils were shown. Whereas the 
FICNP-treated group exhibited noteworthy restoration 

Fig. 4 Fourier transmission infrared radiation (FTIR) analysis of (A) F. indica chitosan nanoparticles (FICNPs) (B) F. indica and (C) chitosan showing peaks 
for different chemical bonds as discussed in text

 

Fig. 3 UV-visible spectra showing different peaks in chitosan (A), F. indica (B), and F. indica chitosan nanoparticles (FICNPs) (C)
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of estrous cycle, indicating its effectiveness in treating 
PCOS-induced estrous cycle disruption (Fig. 6).

The F1 offspring from both groups, namely the met-
formin-treated and FICNP-treated groups (100  mg/kg), 
exhibited normal vaginal cell morphology, estrous cycle 
with normal four stages. No irregularities were detected 
in the vaginal smear cytology after 28-days.

FICNPs treatment ameliorated the metabolic and 
hormonal disturbances in PCOS Wistar rats
F. indica has demonstrated its potential to ameliorate the 
metabolic and hormonal disturbances that are character-
ized by PCOS. The main factor for LH hypersecretion 
in anovulatory patients is imbalanced negative feedback 
on LH secretion, which is mediated by progesterone or 
estradiol [43]. The levels of LH were significantly higher 
(5 mIU/mL) in the untreated PCOS group compared to 
the control group (4.1mlU/mL). Rats treated with FIC-
NPs (high dose, 100 mg/kg) exhibited considerably lower 
LH levels (4.4 mlU/mL). The levels of FSH and prolactin 
were considerably lower in the PCOS group in compari-
son to the control group (FSH: 6 mlU/mL, Prolactin: 34 
ng/mL). In all treatment groups, the levels of FSH and 

prolactin were noticeably elevated compared to those in 
the control group (FSH: 5.8 mlU/mL, Prolactin: 32 ng/
mL). Nonetheless, the FICNPs group’s levels of prolac-
tin and FSH did not differ statistically from those of the 
metformin-treated group (p > 0.05). Testosterone lev-
els in normal control was 2.8nmol/L and in untreated 
PCOS rats was 4.0 nmol/L which is significantly higher 
than control group. In the FINCNPs (100 mg/kg)-treated 
group, the level was 2.9 nmol/L which was significantly 
lower than that in the PCOS group, while metformin was 
not significantly different from the FICNP-treated group. 
Hormonal levels in the F1 generation were not signifi-
cantly different from control group Fig. 7).

High dose FICNPs treatment vanished the multiple cysts, 
and restored the normal follicular growth
PCOS is a syndrome that disturbs the normal develop-
ment of follicles. In PCOS, follicles are arrested at their 
immature stage, and the process of determining a domi-
nant follicle does not occur [41]. In contrast, the ovaries 
of the control group exhibited well-defined oocytes, fol-
licles, follicular fluid, and proliferating follicles with a 
single layer of flat granulosa cells encircling the oocytes. 

Fig. 5 The X-ray diffraction peaks of (A) F. indica chitosan nanoparticles (FICNPs) and (B) chitosan showing semi-crystalline to crystalline structure
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Secondary follicles, which have two or more layers of 
granulosa cells, contain oocytes at the mid-growth stage. 
In the untreated PCOS group, a considerable percentage 
of transitory endocrine corpus luteum is present, and 
the ovaries are cystic and disorganized. Metformin treat-
ment resulted in normal follicular growth, a decline in 
the proportion of cystic structures, and an increase in the 
corpus luteum ratio. Curing PCOS with F. indica extract 
(500  mg/kg) caused the growth of follicles and corpus 
luteum and the development of primordial follicles. 
Low doses of F. indica chitosan nanoparticles (50  mg/
kg) restored follicular development and caused the poly-
cystic tumors to disappear. When PCOS was cured with 
high doses of F. indica chitosan nanoparticles (100  mg/
kg), histological examination of the ovaries revealed that 

multiple cysts had vanished, and normal follicular growth 
had begun. The corpus luteum was also recovered, and 
the ovaries exhibited a thick granulosa layer, well-devel-
oped oocytes, a clear antrum surrounding the oocyte, 
and a mature central oocyte and zona pellucida encasing 
the egg cells (Fig. 8).

The ovaries from the F1 generation of group 3 (treated 
with metformin) displayed interstitial and thick granulosa 
cells, as well as the presence of primordial follicles (PF) 
and normal oocyte synthesis. In accordance, the ovaries 
from group 6 (FINCNPs 100  mg/kg) exhibited normal 
stromal cells (SC) but showed degeneration of primordial 
follicles. Additionally, the ovarian sections revealed the 
presence of granulosa cells (GC) and deformed follicle 
cells (DFC).

Fig. 6 (A) Control group in diestrus stage with some cornified epithelium; (B) PCOS rat group; in metestrus stage with cornified epithelium with nucleus 
and neutrophils (C) Metformin treated group showing diestrus stage with cornified epithelium (D) F. indica coated chitosan nanoparticles (FICNPs) treated 
group; at diestrus stage with cornified epithelium
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Increased oocyte diameter, Thick granulosa cell layers and 
normal antral diameter was observed in FICNPs treated 
female rats and there F1 generation
In group 6, FICNPs (100  mg/kg), the granulosa cells in 
these groups were significantly thicker than those in the 
control and other treatment groups (P ≤ 0.05). When 
the positive control and standard (metformin) groups 
were compared, the oocyte diameter was increased in 
all treated groups; however, a significant increase was 
observed in the FICNPs (100  mg/kg)-treated groups. 
The antral diameter, as measured by histomorphometry, 
was larger in the FICNPs group than in the control group 
(Table 4).

The F1 generation of group 3 and 6 (metformin-
treated, FICNPs 100  mg/kg) also displayed increased 

oocyte diameter, thick granulosa cell layers, and normal 
antral diameter. Furthermore, the histomorphic charac-
teristics of the F1 generation were consistent with those 
of the control group in all aspects.

FICNPs treated rats showed potential therapeutic benefits 
in improving MicroRNA dysregulations
The present study presents significant findings regarding 
the miRNA expression profiles of first-filial generation 
(F1) individuals in the context of PCOS. In particular, 
miR-141-3p is significantly downregulated in PCOS 
subjects, which is associated with disrupted glucose and 
lipid metabolism, possibly through PTEN regulation [44, 
40]. Relative mRNA levels of genes (PTEN and GULT4) 
significantly downregulated in PCOS-induced rats 

Fig. 7 (A) Luteinizing Hormone (LH) (B) Prolactin and (C) Follicle Stimulating Hormone (FSH) levels in the control and treatment groups are graphically 
represented. All the experiments were repeated in triplicates. One-way ANOVA and TMRT were used to analyze the data, which gave Mean + SEM. Sig-
nificant differences between PCOS and the other categories are indicated by asterisk. Normal control (NC); a, PCOS group; b, ns; non-significant, asterisk; 
(*p < 0.05)
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Fig. 8 H &E micrographs of ovaries (A) Control group; showing normal oocytes, (B-C) PCOS rat group; Showing cysts in ovaries and degenerated follicles 
(D) Metformin treated group showing again, normal oocyte formation and thick granulosa (E) F. indica coated chitosan nanoparticles (FICNPs) treated 
group; regenerating primordial follicles and cyst degradation (F) F1 generation; showing normal oocytes follicle regeneration and antrum, scale; bar 40×
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compared to the control group, whereas groups treated 
with metformin and FICNPs restored normal mRNA lev-
els (Fig.  9). Additionally, increased expression levels of 
rno-miR-30c-2-3p, rno-miR-486, and rno-miR-3586-3p 
were observed in the PCOS environment, whereas a cor-
responding decrease in rno-miR-146b-5p expression was 
observed. Notably, intervention with FICNPs or met-
formin yielded significant outcomes, showing normal 
miRNA expression patterns in the F1 generation that 
were alike to those in the control group. These results 
highlight the possible therapeutic benefits of FICNPs 
interventions in improving PCOS-associated dysregula-
tion (Fig. 10).

Discussion
PCOS is a predominant condition disturbing woman of 
reproductive age, with estimates of its global prevalence 
ranging from 10 to 13%. The load of infertility linked to 
PCOS has extended significantly over the years, expand-
ing from 6 million prevalent cases in 1990 to 12.13 mil-
lion in 2019 worldwide. This trend has been observed in 

most regions and countries [1], emphasizing the need for 
early and accurate diagnosis of PCOS owing to its strong 
correlation with infertility and long-term health risks [3, 
20]. The presence of oxidative stress can also disrupt nor-
mal hormonal signaling and contribute to tissue damage 
in the ovaries, potentially impacting fertility and overall 
reproductive health. Hydrogen peroxide (H₂O₂) plays a 
significant role in oxidative stress within ovarian tissue, 
particularly affecting granulosa and luteal cells in both 
rats and human beings [45]. Environmental pollutants 
like Bisphenol A is also a widely utilized plastic monomer 
that may disrupt ovarian neuroendocrine, endocrine, and 
autocrine/paracrine signaling pathways and cases dam-
age to the reproductive system [46].

Although allopathic medicine can manage the symp-
toms of PCOS, it does not offer a cure, and synthetic 
drugs often have limited success due to their numerous 
limitations. The long term usage of these drugs has harm-
ful side effects such as vitamin B12 alterations, hepato-
toxicity, acute pancreatitis, and coagulation, inadequate 
responses, and high costs [47, 48]. Metformin, currently 

Table 4 Morphometric analysis of ovarian weight histology, values represent the mean ± sem of 6 groups
Parameters NC PCOS Metformin F. indica

(500 mg/kg)
FICNPs
(50 mg/kg)

FICNPs
(100 mg/kg)

Ovarian Weight(g) 0.15e ± 0.01 0.26b ± 0.02 0.14e ± 0.01 0.16e ± 0.01 0.17e ± 0.01 0.13e ± 0.01
Granulosa cells 0.01e ± 0.00 0.05a ± 0.00 0.01e ± 0.00 0.04b ± 0.00 0.04b ± 0.00 0.02d ± 0.00
Oocyte 0.02c ± 0.00 0.19a ± 0.05 0.00c ± 0.00 0.16ab ± 0.01 0.135ab ± 0.065 0.08bc ± 0.02
Antral Diameter 0.02e ± 0.00 0.24a ± 0.02 0.03e ± 0.00 0.11cde ± 0.00 0.03e ± 0.00 0.07e ± 0.01
No of cystic follicles 1.20e ± 0.20 8.50a ± 0.43 2.17e ± 0.31 2.76cde ± 0.36 2.83b ± 0.47 2.18ab ± 0.37
No of corpus luteum 5.40 ± 0.51cd 2.33 ± 0.33a 4.9 ± 0.37d 4.14 ± 0.40ab 4.16 ± 0.60bc 4.80 ± 0.37bc

No of healthy follicles 10.40 ± 0.50C 4.17 ± 0.48a 9.50 ± 0.62c 6.29 ± 0.42a 6.33 ± 0.42b 8.20 ± 0.58b

Note: a−e Within the same row, means with different superscripts are significantly different (p < 0.05)

Fig. 9 FICNPs treatment upregulates the expression levels of (A) GLUT4 and (B) PTEN in the treated group, significantly downregulated in the PCOS rat 
group. All the experiments were repeated in triplicates. Normal control (NC); a, PCOS group; b, ns; non-significant, asterisk; (*p < 0.05)
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the most effective drug for treating PCOS, may also 
improve oocyte competence [49]. However, metformin 
does not promote weight loss, despite the possibility 
that it may be effective in dispersing adipose tissue [50]. 
The use of metallic nanoparticles (Ag, ZnO, and TiO2) 
in disease treatment has significant effects on the female 
reproductive system, according to Dianova’s evaluation 
of their toxicity on women’s reproductive health. Never-
theless, polycystic ovarian syndrome, follicular atresia, 
inflammation, apoptosis, and necrosis can all be brought 
on by the buildup of metal nanoparticles in the uterus 
and ovaries [51].

The development of new natural healing drugs must 
address the limitations of synthetic therapeutics [49, 50]. 
Traditional herbal therapies are highly effective due to 

their gentle impact on body, with fewer or no side effects. 
Quercetin, a bioactive flavonoid found in plants, influ-
ences the hormonal levels of LH and testosterone, which 
are related to resistance and are essential for steroid syn-
thesis. Recent research has shown that the use of F. indica 
to treat LH has almost returned to normal levels [50, 51]. 
F. indica is known to contain quercetin as one of its pri-
mary flavonoid phytoelements. By restoring hormonal 
equilibrium, lipid profile, and liver function indicators, 
the plant extract demonstrated beneficial therapeu-
tic effects. F. indica treatment eliminated ovarian cysts, 
decreased body weight, and improved follicular growth. 
Antioxidant enzyme levels also increased in response to 
the plant treatments. This study supports that F. indica 
have a beneficial effect on the metabolic and hormonal 

Fig. 10 Differential expression levels of miRNAs participating in PCOS pathogenesis, including, (A) miR-30c-2-3p, (B) miR-146b-5p, (C) miR-486 and (D) 
miR-3586-3p. All the experiments were repeated in triplicates. Normal control (NC); a, PCOS group; b, ns; non-significant, asterisk; (*p < 0.05)
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abnormalities associated with PCOS [6, 52]. These find-
ings also align with existing research on Panax ginseng 
extract, which has also been shown to improve follicular 
development due to its pharmacologically active com-
pounds, particularly ginsenosides [42, 53].

Herbal extracts may have a slower efficacy rate and 
require a longer time to achieve better results for dis-
ease treatment. Considering these aspects, in the 
current study, biomolecules (herbs) combined with chi-
tosan nanoparticles were used for treatment, with no side 
effects and high efficiency.

Chitosan enhances penetration by releasing the tight 
bonds between epithelial cells. It facilitates the movement 
of medications both paracellularly and transcellularly. 
Chitosan forms a complex through hydrophobic and 
ionic bonding and interactions with negatively charged 
mucus [54, 55]. To optimize the outcomes by increasing 
mucosal absorption, we loaded the plant extract into the 
TPP-linked Chitosan nanoparticles (CHNPs). Compared 
to chitosan NPs, FICNPs exhibited improved bio-distri-
bution and reduced toxicity. FICNPs did not trigger any 
inflammatory response, as indicated by the release of 
cytokines from squats. Additionally, the bio-distribution 
of FICNPs was favorable.

After receiving FICNP treatment, the ovarian tissue 
was reorganized and the healthy follicles were easily seen 
under a light microscope. There was also clear antrum 
devoid of cell debris, granulosa cells, and thecal layers in 
addition to normal follicles. Furthermore, the delivery of 
FICNPs eliminated polycysts in the ovarian tissues and 
accelerated the growth of healthy follicles. These find-
ings are reliable with those of a recent study [3], which 
reported that therapy with “chitosan-propolis nanopar-
ticles (500  mg/kg)” significantly reduced the number 
of follicular cysts in the ovaries of PCOS rats in com-
parison to control groups. The results presented in this 
study are supported by hormonal and histological studies 
described in the aforementioned research. The findings 
are consistent with studies demonstrating that coen-
zyme Q10 administration mitigates cyclophosphamide-
induced premature ovarian failure. This treatment avoids 
premature ovarian failure and promotes folliculogenesis 
by upregulating the binding of follicle-stimulating hor-
mone (FSH) to its specific receptors (FSHR), which are 
essential for maintaining ovarian function [56].

The female reproductive system’s oocyte matura-
tion and folliculogenesis are two important metabolic 
and hormonal processes that are regulated by microR-
NAs (miRNAs) [57, 58]. Changed miRNA levels have 
been detected in diseases such as oncology, inflamma-
tory conditions, diabetes, and PCOS. Hence, miRNAs 
are auspicious biomarkers for the timely diagnosis of 
PCOS. Circulating miRNAs can be obtained from vari-
ous bodily fluids in women with PCOS, including whole 

blood, serum, plasma, urine, and follicular fluid [61] 
Studies have reported significant alterations in miRNA 
expression in PCOS rat models, particularly in the 
uterus, which aligns with the broader notion that irregu-
lar miRNA expression is associated with a range of dis-
eases [21]. Obesity is associated with elevated miRNA 
expression in PCOS women, and it has been observed 
to dramatically decrease the expression of four miRNAs, 
miR-21, miR-27b, miR-103, and miR-155, in the blood of 
control women and men [59, 60]. Furthermore, a posi-
tive correlation was found between serum testosterone 
levels and miR-21, miR-27b, and miR-155 after inves-
tigating their hormone profiles. Recent analyses have 
examined the expression levels of four specific microR-
NAs (miRNAs),” rno-miR-30c-2-3p, rno-miR-146b-5p, 
rno-miR-486, and rno-miR-3586-3p,” in various treated 
and untreated groups. These findings align with sequenc-
ing data and underscore the critical role of miRNAs in 
the pathophysiology of PCOS. Notably, these miRNAs 
are regulated by the PI3K/AKT signaling pathway, which 
is implicated in insulin resistance. Further investigation 
of the genes GLUT4 and PTEN, both of which are essen-
tial for endometrial growth and granulosa cell develop-
ment, highlights the connection of these insulin-related 
pathways within the ovarian context [61, 62]. The poten-
tial interactions between insulin signaling and FSH and 
LH pathways suggest that insulin may exert direct modu-
latory effects on ovarian function. These genes and their 
associated miRNAs are important for elucidating the 
mechanisms underlying PCOS pathogenesis [63, 64].

To this point, no comprehensive study has been con-
ducted to assess the impact of F. indica-loaded chitosan 
nanoparticles on the F1 generation in treated groups. In 
the current study, the treated groups that achieved the 
most favorable outcomes were analyzed until the next 
generation using standard male rats. Additionally, hor-
monal and molecular analyses were performed. The his-
tology of the ovaries in the F1 generation of the FICNPs 
group was indistinguishable from that of the control 
group and demonstrated the restoration of ovulation in 
a rat model of PCOS. The significant reduction in body 
weight following treatment with extracts loaded with 
FICNPs was attributed to the efficient absorption of the 
drug and the elongation of the estrous phase at specific 
stages.

Conclusion
The current research revealed promising outcomes with 
the administration of FICNPs, which restored normal 
estrous cycles, balanced hormone levels, maintained 
biochemical levels, managed PCOS morphology, and 
displayed significant anti-infertility effects in PCOS 
treatment. Quercetin, an active component of F. indica, 
has the potential to alleviate hormonal and metabolic 
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disturbances associated with PCOS. Our findings sug-
gest that not only do FICNPs protect against PCOS but 
they also exhibit signs of restoring morphologically dam-
aged ovaries, which regulate the estrous cycle and main-
tain hormonal equilibrium. This study highlights the 
potential of biomolecule-loaded chitosan nanoparticles 
as a side effect-free treatment option for PCOS. Further-
more, this research provides an extensive database of 
side-effect-free therapies for PCOS related to ovulatory 
patterns, making it feasible to develop drugs using bio-
molecule nanotechnology. The models created using rats 
and mice are more similar to the human PCOS develop-
ment mechanism, so they are chosen above other rodent/
non-rodent models. Given the complexity of PCOS 
pathophysiology, none of the models studied fully repli-
cates the circumstances associated with PCOS that affect 
women.

The promising potential of FICNPs as a therapeutic 
agent for PCOS is proved, further research is needed to 
enhance their pharmacological properties. Large-scale 
studies are essential for fully evaluating the efficacy and 
safety of FICNPs. Once validated, these nanoparticles 
could offer a novel treatment option for patients with 
infertility associated with PCOS, minimizing the side 
effects commonly associated with conventional allo-
pathic medicines.
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