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Purpose: Polycystic ovary syndrome (PCOS) is a prevalent female endocrine disorder. 50– 
70% of PCOS patients suffer from glucose intolerance, insulin and β cell impairments. 
Updated studies reveal the crucial regulatory role of inflammation modulators in various 
diseases, by manipulating autophagy and oxidative stress. However, the data available about 
autophagy in PCOS pancreas, especially in relation to inflammation key players are little. 
This study investigated pancreatic autophagy status in PCOS rat model, with miR-223-3p 
and NF-κB levels as pivotal regulators of oxidative stress-autophagy axis, insulin, and β cell 
integrity. We then analyzed nanocurcumin effects as a putative anti-inflammatory nutraceu-
tical on the disrupted parameters.
Methods: Nanocurcumin was characterized using transmission electron microscopy (TEM) 
and Fourier-transform IR (FT-IR) spectroscopy. Adult virgin Wistar rats were selected, and 
PCOS was induced using letrozole (1mg/kg). Nanocurcumin was ingested following letro-
zole. Sex hormones and insulin resistance were determined. miR-223-3p expression was 
determined using real-time PCR. Immunohistochemistry and Western blotting determined β 
cells, NF-κB, and autophagy markers p62 and LC3II.
Results: PCOS group showed significant disruptions in sex hormones and a double fold 
increase in glucose and insulin levels, exhibiting insulin resistance. Immunostaining con-
firmed around 46% deterioration of ß cell mass. Real-time PCR showed significant down-
regulation of miR-223-3p. Immunohistochemistry and Western blotting revealed a drastic 
upsurge of NF-κB, and autophagy markers p62 and LC3II, confirming bioinformatics target 
analysis. Interestingly, compared to PCOS group, nanocurcumin (200mg/kg) significantly 
upregulated miR-223-3p expression by 30%. It subsided NF-κB and autophagy eruption to 
restore ß cell mass and attenuate insulin resistance.
Conclusion: To the best of our knowledge, this study is the first to highlight the vital 
contribution of miR-223-3p and NF-κB levels in aggravating PCOS pancreatic autophagy 
and consequent impairments. It spots nanocurcumin potential as an inflammation and 
autophagy modulator, for possible better management of PCOS complications.
Keywords: autophagy, insulin resistance, cytokines, endocrine system disease

Introduction
Polycystic ovary syndrome (PCOS) is a widespread female endocrine disorder that 
affects metabolism, and proliferation in multiple organs.1 A status of subclinical 
chronic inflammation prevails in PCOS, and compared with healthy females, PCOS 
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patients are highly liable to develop other serious 
diseases.2,3 Around 50–70% of PCOS patients suffer 
from poor glucose tolerance, insulin resistance, decreased 
ß cell mass and functionality.4,5 Such disruptions are par-
tially attributed to high testosterone levels, but they are 
continuously reported even independently of obesity or 
androgen levels.6 However, the mechanisms underlying 
these impairments remain not fully clarified. 
Inflammation molecules are pivotal players in cellular 
and molecular homeostasis.7,8 Simultaneously, as 
a protective pathway, balanced autophagy guarantees cel-
lular homeostasis under physiological conditions.9 

Increased evidence confirms the vital role of the interplay 
between low-grade inflammation and oxidative stress in 
PCOS pathogenesis. Where excessive production of reac-
tive oxygen species (ROS) provokes imbalanced second 
messengers that impact different signaling pathways, vary-
ing from sex hormones, to insulin secretion, inflammatory 
responses, to cell death.10 Likewise, increasing evidence 
now reveals the significant connection between inflamma-
tion and autophagy disturbances in multiple metabolic and 
proliferative disorders,11 thus opening the field to improve 
therapeutic intervention by controlling inflammation and 
autophagy key players. However, to date, available data on 
autophagy status in PCOS pancreas, especially concerning 
the pancreatic pivotal regulators of inflammation and oxi-
dative stress, is little. Recent studies have reported an 
impaired PI3K/AKT/mTOR pathway in metabolic-related 
disorders, as this pathway regulates metabolic and prolif-
erative processes across the body.12,13 However, the 
upstream regulators that encounter this pathway to autop-
hagy in PCOS pancreas are still unresolved. The crucial 

role of inflammatory cytokine nuclear factor-κB (NF-κB) 
in manipulating insulin activity and autophagy during 
inflammation is constantly emerging.14–16 Updated studies 
reveal the protective role of miR-223-3p, by suppressing 
NF-κB and interfering with autophagy proteins in different 
disorders.17,18 Moreover, because of its role in insulin and 
inflammatory signaling, miR-223-3p is now suggested as 
a specific pancreatic biomarker, that assesses prediabetes 
progression.19 However, to the best of our knowledge, no 
previous study explored miR-223-3p expression level in 
PCOS pancreas, nor its relation to pancreatic NF-κB and 
autophagy status, despite the prevalence of insulin and ß 
cell disorders in PCOS.

To this end, naturally derived anti-inflammatory sup-
plements demonstrated cytoprotective benefits in several 
disorders.20 Curcumin is a putative anti-inflammatory 
and antioxidant nutraceutical; it has proven its effective-
ness in inflammatory disorders, neurodegenerative dis-
eases, and diabetes. Recent elegant clinical studies 
demonstrated the promising activity of curcumin in 
adjusting androgen and glucose levels in patients with 
PCOS, through its interaction with inflammatory and 
oxidative stress pathways and the activation of nuclear 
factor E2-related factor 2 (Nrf2) function.21 

Interestingly, curcumin has elicited the ability to mod-
ulate autophagy in different cancer types;22 however, 
there is little data concerning its activity on autophagy 
in PCOS. Furthermore, the poor solubility and rapid 
metabolism of curcumin in physiological pH are addi-
tional drawbacks against its wider therapeutic use in 
effective logical doses. These challenges are effectively 
tackled by formulating curcumin in nano-biocompatible 
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forms that remarkably improves curcumin water solubi-
lity, and bioavailability.23 Therefore, to obtain a deeper 
understanding of the mechanisms contributing to PCOS 
pancreas pathology, the present study explored autop-
hagy status in PCOS pancreas, and investigated the 
expression levels of pancreatic miR-223-3p and NF-κB 
as pivotal regulators of inflammation, insulin, and autop-
hagy pathways. Finally, we studied the effect of nano-
curcumin on the reported disrupted parameters, to test 
its possible ability to modulate autophagy in PCOS.

Materials and Methods
Experimental Animals
Seven-week-old female adult virgin Wistar rats of weight 
(180 ± 20 g) were kept in standard polypropylene cages 
and fed phytoestrogen-free animal feed and water ad libi-
tum under controlled conditions: (temperature: 23°C ± 
2°C; 12-h dark/light cycle). Rats were acclimatized to 
laboratory conditions one week before starting the experi-
ment. All cages were kept in the same location and con-
ditions throughout the whole experiment. The study 
procedures were approved by the ethics committee of 
College of Pharmaceutical Sciences, MUST University 
(MUST-BC-2020-03). All animal experiments complied 
with the ARRIVE guidelines and were conducted follow-
ing the 1986 UK Animals (Scientific Procedures) Act, and 
associated guidelines, EU Directive 2010/63/EU for ani-
mal experiments.

Material
Letrozole, clomiphene citrate and curcumin were pur-
chased from Sigma Aldrich (St. Louis, USA). Polyvinyl 
alcohol (PVA) and carboxymethyl cellulose (CMC) were 
purchased from Labochem, (EU).

Nanocurcumin Synthesis and 
Characterization
Nanocurcumin was used to enhance the solubility of cur-
cumin without compromising its activity. Nanocurcumin 
was formulated according to the previously mentioned 
method.12 Briefly, curcumin powder was dissolved in 
chloroform, and the solution was added dropwise to PVA 
solution with continuous stirring at 70°C. The temperature 
was gradually decreased to 40°C while stirring until 
a yellow fluffy mass was formed. The solution was incu-
bated at −10°C overnight, and then centrifuged at 4°C to 
discard the supernatant. Nanocurcumin layer was washed 

twice, centrifuged, dried, and then lyophilized. 
Nanocurcumin was characterized using transmission elec-
tron microscope (TEM) to detect its size and shape and 
Fourier-transform IR spectroscope (FT-IR) for chemical 
characterization. Zeta potential was also determined 
using Zetasizer Pro (Malvern, UK).

Induction of PCOS
Letrozole was used for inducing PCOS following the pre-
viously established model.24,25 All animals except the 
control group, ingested 1 mg/kg of letrozole dissolved in 
(0.5% CMC) for 23 consecutive days via oral plastic 
gavage needles. The control group ingested an equivalent 
volume of 0.5% CMC.

Experimental Design
The sample size was determined using Gpower software 
program.26 Priori power analysis was conducted to test 
differences between groups, using one-way ANOVA with 
effect size (f = 0.5), and alpha = 0.05. Fifty-five rats were 
divided into five equal sized groups (n =11), which were 
required to achieve a power of 0.82.

The five groups were classified as follows: Group I: 
control group, which comprised rats that ingested 0.5% 
CMC solution orally throughout the experiment. Group II: 
PCOS, which comprised rats that ingested letrozole solu-
tion (1 mg/kg) daily. Group III: standard group: which 
comprised rats that ingested clomiphene citrate (1 mg/kg) 
in 0.5% CMC orally for 15 days following letrozole inges-
tion. Group IV (NC-100) and Group V (NC-200): which 
comprised rats that ingested 100 and 200 mg/kg of oral 
nanocurcumin aqueous solution, respectively, for 15 days 
following letrozole ingestion. Clomiphene and 
Nanocurcumin were ingested starting from day 24 to 38 
(15 days). Clomiphene dose was chosen as 
established.27,28 Nanocurcumin doses (100 and 200 mg/ 
kg) were chosen as the best tested doses based on the 
results of our previous study.12 By the end of the experi-
ment, the animals were fasted for 12 h, and then anaes-
thetized with isoflurane. Blood was collected via lateral 
retino orbital puncture, and serum was obtained by centri-
fugation (2000 × g for 15 min). The serum samples were 
stored at −80°C until use. The animals were decapitated, 
and the ovaries and pancreatic tissues were excised, 
washed with ice cold saline and used for the corresponding 
studies.
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miRNA Target Gene Prediction Tools
Given the relationship between miR-223-3p, NF-κB, insu-
lin and autophagy activities, we next examined the poten-
tial target genes of miR-223-3p to clarify its putative 
involvement in the related pathways. TargetScan (http:// 
www.targetscan.org/vert_72/),29 miRDB (http://www. 
mirdb.org/)30 and microT-CDS (http://diana.imis.athena- 
innovation.gr/DianaTools/index.php?r=microT_CDS)31 

platforms were used to predict the biological target genes 
of miR-223-3p. Consensus overlapping genes were 
extracted via Venn plot analysis. The functional classifica-
tion of intersecting genes was determined using Panther 
database (http://pantherdb.org/),32 and ToppGene online 
suites (https://toppgene.cchmc.org/)33 in the following 
categories: pathways, biological process, molecular func-
tion and diseases.

Study Outcomes
The primary outcomes of this study were as follows: 
changes in serum sex hormone levels (Testosterone, estra-
diol and progesterone), changes in serum glucose and 
insulin levels, an eruption of insulin resistance, changes 
in pancreatic oxidative stress markers; Malondialdehyde 
level (MDA), reduced glutathione level (GSH), catalase 
activity (CAT), changes in pancreatic miR-223-3p expres-
sion, changes in pancreatic inflammatory markers interleu-
kin-6 (IL-6) and NF-kB levels, changes in autophagy 
markers p62 and light-chain 3 type II protein (LC3II) 
levels. The secondary outcomes included changes in ovar-
ian tissues, changes in β cell number and mass and finally 
changes in islets tissues.

Biochemical Parameters
Serum was used to detect the levels of sex hormones; 
(testosterone, estradiol, and progesterone), and metabolic 
profile; fasting glucose and insulin levels. Pancreatic tis-
sues were collected. A portion was homogenized in ice 
cold phosphate buffer with protease inhibitor (10% W/V 
homogenate), centrifuged at 10,000 rpm, 4°C for 15 min. 
The clear supernatant to measure interleukin-6 (IL-6) level 
and oxidative stress markers: MDA, CAT and GSH.

The protein content in pancreatic tissue homogenate was 
determined using bicinchoninic acid (BCA) protein assay 
(Pierce, USA, catalog number: 23225) according to the 
manufacturer’s protocol. Another portion of pancreatic tis-
sue was used for RNA isolation and subsequent quantitative 
real-time PCR detection of miR-223-3p level. The third 

portion was used for the Western blotting determination of 
the specific autophagy marker LC3II, and the final portion 
was preserved in formalin for histological examination.

Sex Hormone Levels
The impairment of sex hormones, and most specifically 
testosterone, the main androgen hormone is the main hall-
mark of PCOS pathology. In this study, sex hormones 
(Testosterone, estradiol and progesterone) were deter-
mined via spectrophotometric analysis according to the 
following manufacturers’ protocols; ELISA Testosterone 
(Rat) kit (Biovision, USA, catalog number: K7418; sensi-
tivity: 0.06 ng/mL, intra assay and inter-assay precision 
CV% <12%), Rat Estradiol ELISA Kit (My BioSource, 
USA, catalog number: MBS263466, sensitivity: 5 pg/mL, 
intra assay <8% and inter-assay precision CV% <12%), 
Rat Progesterone ELISA Kit (Cusabio, China, catalog 
number: CSB-E07282r, sensitivity: 0.2 ng/mL, Intra 
assay and Inter-assay precision CV% <15%).

Metabolic Profile
Fasting glucose level was determined as previously 
mentioned34 using (Biodiagnostic, Egypt, catalog number: 
GL 1320). Serum insulin level was quantified by ELISA 
kit (Cusabio, China, catalog no: CSB-E05070r. Sensitivity: 
3.9 nIU/mL, intra-assay precision <8% and inter-assay 
precision <10%) according to the manufacturer’s protocol. 
Finally, HOMA-IR was calculated using HOMA2 calcu-
lator program (dtu.ox.ac.uk). HOMA-IR of more than 2 
was considered as insulin resistance.35

Oxidative Stress
Pancreatic homogenate was used to determine MDA, CAT 
enzyme and GSH.36–38 Using kits; (Biodiagnostic, Egypt, 
Catalog numbers: MD 2529, CA 2517, and GR 2511), 
respectively. The oxidative stress indicators were 
expressed in terms of their corresponding units/mg protein.

Determination of IL-6 Level
IL-6 level was determined using ELISA (MyBio Source, 
Catalog number: MBS2885203) in accordance with the 
manufacturer’s protocol (sensitivity: 7.8 pg/mL. Intra- 
assay precision <4.3% and Inter-assay precision <6.9%).

RNA Isolation and Quantitative PCR of miR-223-3p
Total RNA was isolated using Trizol according to the 
established protocol.39 Briefly, pancreatic tissue was 
homogenized in 1 mL of ice cold Trizol reagent in 
RNAse-free tubes, mixed well by vortexing for 20 seconds 
and then incubated at room temp for 5 minutes. 
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Chloroform (200 μL) was then added, and the mixture was 
shaken for 20 seconds and incubated at room temperature 
for 5 min., followed by centrifugation (12,000 × g, 15 min 
at 4°C). RNA was precipitated using isopropanol and the 
samples were centrifuged (12,000 × g for 10 min at 4°C). 
The RNA pellet was then repeatedly washed with 75% 
ethanol, and centrifuged (12,000 × g, 5 min at 4°C). The 
supernatant was discarded, and The RNA pellet was dried 
and eluted using RNAse-free water. RNA purity was 
determined spectrophotometrically where A260/280 ran-
ged from 1.8 to 2.

RNA (1 μg) was reverse transcribed using QIAGEN 
miScript II RT Kit with HiSpec buffer (Catalog Number: 
218161) by incubation at 37 °C for 60 min and then at 95 
°C for 5 min. The cDNA product was then used for real- 
time PCR reactions containing QIAGEN SYBR green 
Master Mix, universal reverse primer (Catalog number: 
218073), and miRNA specific forward primer (Qiagen 
miScript Primer assay: MS00033320) in accordance with 
the manufacturer’s instructions. RNU6-2 (Qiagen miScript 
assay: MS00033740) was used as the reaction reference. 
PCR conditions were as follows: Predenaturation at 95°C 
for 15 min, 94°C for 15 seconds, and then annealing at 
55°C for 30 seconds, then extension at 70 °C for 30 
seconds for 40 cycles. The relative quantification of miR- 
223-3p was determined using the ∆∆Ct formula.

Western Blotting Determination of LC3II
Western blotting was performed as previously 
described.40 Briefly, pancreatic tissue was added to 
RIPA lysis buffer and protease inhibitor for tissue homo-
genization. Cell lysates were collected by centrifugation 
at 4°C (12,000 rpm for 15 min). Protein level was quan-
tified using BCA assay. Protein samples (20 μg) were 
loaded on SDS-PAG of 10% and electrophoresis was 
performed followed by membrane transfer. The mem-
brane was blocked in Tris-buffered saline tween-20 
(TBST) with 5% skimmed milk (for 2 hrs. at room tem-
perature), and then incubated overnight at 4°C with rabbit 
anti-rat primary antibodies diluted with TBST (LC3 II 
1:1000, Cell Signaling technology, Catalog number: 
3868). The membranes were then washed and incubated 
with the secondary antibody (Anti-rabbit secondary anti-
body conjugated to horseradish peroxidase, DAKO, 
1:5000) (for 1.5 hr. at room temperature). Finally, the 
blot was washed several times, and the chemiluminescent 
substrate (ECL) detection system (Cell Signaling, 
Beverly, MA, USA) was applied for visualization. 

Quantification was performed by Image analysis software 
for assessing band intensity with β actin as the control 
reference.

Histopathology
The ovary and pancreatic tissues were fixed in 10% neu-
tral-buffered formalin for at least 72 hours. All specimens 
were rinsed in water for 30 minutes, followed by ascend-
ing grades of alcohol. They were cleared in xylene and 
embedded in paraffin. Sections of 5 µm thickness were cut 
and stained with hematoxylin and eosin (H&E) for histo-
pathological investigation. Morphometric analysis was 
performed using Leica DM-LB microscope and The 
Leica Qwin 500 Image Analyzer (Cambridge, UK).

Immunohistochemistry
Insulin Immunostaining
Immuno-localization technique for anti-insulin was used 
as established.41 Briefly, the sections were incubated with 
primary antibodies for rat insulin (polyclonal antibody) 
(Bio Genex), then biotinylated secondary antibody 
(Dako-K0690; Dako Universal LSAB Kit) and streptavi-
din horseradish peroxidase (Dako-K0690). 
Diaminobenzidine tetrahydrochloride (Sigma-Aldrich, 
UK) substrate was used for immune-labelling. Finally, 
the nuclei were stained and mounted in DPX. Ten tissue 
sections from each slide were used to determine the count 
of beta cells in islets to assess pancreatic changes.

NF-κB, and P62 Immunohistochemical Detection
Expressions of NF-κB, and P62 were determined by 
immunohistochemistry as previously established.42 

Briefly, Blocks were cut into 4µm thickness. All sections 
were deparaffinized in xylene, placed in graded alcohol 
concentrations, and then treated for antigen retrieval, and 
rinsed in distilled water. The specimens were treated with 
3% H2O2 for 30 minutes. Next, the sections were rinsed 
and incubated overnight at 4°C with the respective primary 
antibodies (NF-κB: Invitrogen, Catalog number: PA1- 
30408, and p62: Abcam, ab91526). After washing, the 
slides were treated with streptavidin-biotin system 
(DakoCytomation, Denmark, Catalog number: K0673). 
Diaminobenzidine tetrahydrochloride chromogen (Sigma- 
Aldrich, UK) was then used for visualization. Finally, the 
results were analyzed using Leica Qwin 500 Image 
Analyzer (Cambridge, UK). The analyzer automatically 
calculated the means of area percentage and standard 
variation.
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Statistical Analysis
Data were normally distributed and analyzed using One- 
way ANOVA test followed by post-hoc. Tukey’s test to 
compare between different means of all groups. Data are 
represented as mean ± standard error with p < 0.05 con-
sidered statistically significant. Statistical analysis was 
conducted using GraphPad Prism software v.9.0.

Results
Nanocurcumin Characterization
Transmission electron microscopy (TEM) using JEOL JEM- 
2200 high resolution, accelerating voltage of 200 kV exam-
ination, showed nearly round nanocurcumin particles with 
an average particle size of 30 ± 5 nm. The zeta potential of 
the aqueous solution was (−20 mV), denoting acceptable 
stability. The FT-IR analysis revealed successfully preserved 
curcumin characteristic entities, with the peaks denoting 
aromatic C=C stretching at 1602 cm-1, C=O at 1629 cm-1, 
and peaks at 3410 and 3502 cm-1 denoting OH of curcumin. 
Enol C-O and C-O-C peaks at approximately 1317, 1280 
and 1202 cm-1. The TEM and FT-IR analysis of the formu-
lated nanocurcumin are shown in Figure 1. Interestingly, the 
solubility of the formulated nanocurcumin was significantly 
improved in water as compared with bulk curcumin powder 
(Supplementary File; Figure 1).

miR-Target Prediction and Functional 
Analysis of Target Genes
Potential target genes of miR-223-3p were examined in 
platforms; TargetScan, miRDB and DIANA using cut-
offs; cumulative context++ score <0.15 and target 

score >0.51 to denote high probability and 
consistency43. Venn plot diagram identified 40 consen-
sus genes that are highly regulated by miR-223-3p and 
are previously validated, including: ATG7, Ataxin, 
FOXO1, FOXO3 which are both autophagy and insu-
lin-regulating genes; and inflammation genes: IL-6, 
interleukin-6 signal transducer (IL6ST), NF-IB and 
NF-IA that upregulate NF-kB.

Meanwhile, the functional classification of gene ontol-
ogy was conducted using Panther and Toppgene databases 
in categories: Pathways, Biological Process, Molecular 
Function and diseases. The main target pathways included: 
cellular response to oxidative stress, Phosphatidylinositol 
3-kinase (PI3K)/AKT signaling, interleukin signaling path-
way, insulin signaling pathway and autophagic cell death. 
Interestingly, the top disease related to the consensus genes 
was polycystic ovary syndrome. Detailed consensus genes 
and genes functional classification results are provided in 
the (Supplementary File;Table S1–S3 and Figures 2 and 3).

Serum Sex Hormones Profile
ANOVA test showed a significant difference between 
means; (Testosterone: F4,50 = 48.19, p < 0.05, 
Estradiol: F4,50 = 92.14, p < 0.05 and Progesterone: 
F4,50 = 87.22, p < 0.05). Testosterone level was signifi-
cantly increased in PCOS group, whereas estradiol and 
progesterone levels were significantly decreased com-
pared with control group. Additionally, while the clomi-
phene treated group showed significant restoration of sex 
hormone levels, nanocurcumin treatment alleviated the 
hormonal disruptions in a dose-dependent manner as 
shown in Figure 2.

Figure 1 Photomicrograph of the formulated nanocurcumin using (A) TEM and (B) FT-IR analysis of the formulated nanocurcumin.
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Metabolic Profile
Significant differences in glucose level (F4, 50 = 211.5, p < 
0.05), insulin levels (F4, 50= 66.96, p < 0.05) and insulin 
resistance (F4, 50= 85.13, p < 0.05) were recorded. The 
PCOS group exhibited hyperglycemia and hyperinsulinemia, 
resulting in significant insulin resistance. Interestingly, nano-
curcumin treatment significantly decreased blood glucose 

and insulin levels with the higher dose of nanocurcumin 
retaining HOMA-IR to 1.1 (Figure 3 and Table 1).

Oxidative Stress Markers
The oxidative stress markers significantly differed: MDA: 
F4, 50 = 242.7, p < 0.05, GSH: F4, 50 = 69.19, p < 0.05 
and Catalase enzyme: F4, 50 = 78.14, p < 0.05. The PCOS 

Figure 2 Serum sex hormonal profile of different groups showing (A) Testosterone, (B) Estradiol, (C) Progesterone levels. **Denotes p value < 0.01, ****Denotes p value < 
0.0001.

Figure 3 Metabolic profile showing (A) serum glucose level and (B) serum insulin level in the different groups. *Denotes p value < 0.05, **Denotes p value < 0.01, 
****Denotes p value < 0.0001.
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group manifested a dramatic increase in MDA level and 
a significant decrease in GSH and CAT enzyme compared 
with control. Both nanocurcumin doses significantly 
restored MDA, GSH levels and catalase enzyme back 
around normal levels more significantly than did clomi-
phene (Figure 4).

Interleukin-6 (IL-6 Pancreatic Tissue 
Level)
With ANOVA analysis (F4,50 = 512.6, p < 0.05), PCOS 
group showed about four times elevation in IL-6 level. 
Both the smaller dose of nanocurcumin and clomiphene 
lowered IL-6, whereas the larger dose of nanocurcumin 
managed to restore IL-6 level back to approach normal 
ranges (Figure 5).

miR- 223-3p Expression Level
The expression level of miR-223-3p differed among groups 
(F4,50 =102.14, p < 0.05). The PCOS group manifested 
significant downregulation of miR-223-3p by around 30% 
in comparison with control group. Treatment with either 
clomiphene or nanocurcumin significantly modulated miR- 
223-3p level in pancreatic tissues (Figure 6).

Western Blotting Analysis of LC3 II
LC3II expression is a distinguished marker used to assess 
autophagy activity. The Western blot analysis of the tested 
samples revealed significant differences in LC3II expres-
sion among different groups (F4,50 =149, p < 0.05). The 
PCOS group showed a remarkable eruption of autophagy 
activity as compared with the control group. Treatment 
with the smaller dose of nanocurcumin relatively 
decreased this disruption. Meanwhile, both clomiphene 
and the larger dose of nanocurcumin effectively elicited 
a significant 60.5% and 60% decrease in LC3II level, 
respectively (p < 0.05), to reinstate autophagy activity 
closest to the normal control group (Figure 7).

Histopathological Examination
Ovary Tissue Examination
The control group showed healthy ovarian tissue with 
normal oocytes lining of granulose cells. PCOS group 
successfully manifested numerous follicular cysts, thin or 
absent granulosa cells and the absence of oocytes. 

Table 1 Insulin Resistance (HOMA- IR)

Groups HOMA-IR

Control 0.85 ±0.09

PCOS 3.2 ±0.16a, c

Clomiphene 1.66 ±0.14a, b

NC-100 1.27 ±0.034a, b

NC-200 1.1 ±0.1b, c

Notes: Insulin resistance of different groups as represented by HOMA-IR; 
aDenotes significance versus control, bDenotes significance against PCOS. 
cDenotes significance versus clomiphene.

Figure 4 Oxidative stress status in different groups showing (A) MDA, (B) GSH, (C) CAT enzyme *Denotes p value < 0.05, **Denotes p value < 0.01, ***Denotes p value < 
0.001, ****Denotes p value < 0.0001.
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Clomiphene treatment as the standard group showed sig-
nificant improvement in the granulosa lining and the 
detected oocytes. Meanwhile, nanocurcumin treated 
groups showed a dose-dependent improvement of the 
granulose cells and the development of oocytes was 
obviously noticed with the NC-200 group (Figure 8).

Pancreatic Tissue Examination
The PCOS group manifested dramatic pancreatic tissue 
changes revealed as numerous spreading of vacuolation 
and significant decrease of islet mass. Clomiphene and 
nanocurcumin treatment significantly restored pancreatic 

Figure 5 IL-6 level in different groups. *Denotes p value < 0.05, **Denotes p value 
< 0.01, ****Denotes p value < 0.0001.

Figure 6 Relative quantification of miR-223-3p (Average of triplicates) using ∆∆Ct 
formula. *Denotes p value < 0.05, **Denotes p value < 0.01, ***Denotes p value < 
0.001, ****Denotes p value < 0.0001.

Figure 7 Illustration of LC3II protein expression Western blotting analysis (average of triplicates) in the different groups. ****Denotes p value < 0.0001.
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tissue integrity in a dose-dependent manner, noticed as the 
absence of vacuoles and normal islet appearance 
(Figure 9).

Immunohistochemistry
Insulin staining was specifically localized in β-cells denoting 
islet mass. The PCOS group exhibited a drastic decrease in 

Figure 8 Histopathological examination of ovarian tissues in different groups. (A) Control group showing healthy follicles with oocytes (arrows) and antrum (star). (B) 
PCOS tissue showing numerous large cysts, and absence of oocytes. (C) Clomiphene treatment showing thicker granulosa cells and oocytes (D) NC-100 treated group 
showing normal granulosa cells and follicle (E) NC-200 group showing granulosa cells, normal follicles, and oocytes.

Figure 9 Histological examination of pancreatic tissues stained by H&E: (A) Control group showing normal islets. (B) PCOS group revealing significant decrease in islet 
mass (thick arrow) and increased vacuolation (thin arrow). (C) Clomiphene treatment showing improved islets and less vacuoles. (D and E): Nanocurcumin treated groups 
NC-100 and NC-200 respectively showing restored islet mass and absence of vacuoles.
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β-cell number, whereas treatment with nanocurcumin caused 
remarkable improvement in islets area and β-cell count, 
proportional to the used doses (Figure 10).

Meanwhile, the immunostaining of PCOS pancreatic 
tissues showed highly positive cytoplasmic and nuclear 
staining for NF-κB and p62 indicating inflammation flare, 
and increased autophagy activity. Clomiphene treatment and 
nanocurcumin (200 mg/kg) treated groups showed remark-
able improvement noted by weak staining. Images analysis 
confirmed the dramatic effects of PCOS on inflammation 
and autophagy markers, and the significant improvement in 
the use of Nanocurcumin (p < 0.05). Detailed data analysis 
of NF-kB, p62 expressions and photomicrographs are shown 
in Table 2 and Figure 11, respectively.

Discussion
The crucial roles of chronic inflammation and persistent 
oxidative stress are continuously confirmed in PCOS- 
related pathologies.44 Furthermore, an increasing body of 
evidence shows that inflammation and oxidative stress 
interplay can modulate autophagy in multiple disorders. 
However, this approach is rarely explored in PCOS pan-
creatic pathology. Therefore, we explored the autophagy 
status in PCOS pancreas and analyze the regulatory roles 
of miR-223-3p and NF- κB as pivotal contributors to 
insulin and β cell integrity. We also explored the probable 

modulating effect of nanocurcumin as a potent antioxidant/ 
anti-inflammatory nutraceutical on these disturbed factors.

PCOS pathology was successfully accomplished in our 
model using letrozole. This was manifested by the signifi-
cant elevation of testosterone hormone, decrease of estra-
diol and progesterone hormones, and the detection of 
numerous ovarian cysts and anovulation as confirmed by 
histological examination. These manifestations comply 
with previous studies that used letrozole as an established 
PCOS inducer in animal models.24,27

Pancreatic examination revealed excessive activation 
of autophagy as revealed by the drastic elevations of 
LC3II and p62 proteins that are specifically significant 
for autophagy activity and autophagosome production. 
Under normal conditions, autophagy is critical for main-
taining cellular homeostasis by retaining useful cellular 
content, preserving genomic integrity, and eradicating 
damaged misfolded proteins. However, excessive autop-
hagy results in massive organoid degradation that pro-
motes cell deterioration and death.45 This was further 
confirmed by the histological examination of PCOS pan-
creas in the current study that showed excessive deteriora-
tion β cell mass and increased islet vacuolation.

To obtain a deeper understanding of inflammation 
and autophagy modulators, miR-223-3p was mainly 
chosen in the current study, as it is an established key 

Figure 10 Immunostaining of insulin referring to ß-cells of all groups (A) Control group with assessed ß cells count 160 (B) PCOS group showing dramatic decrease of ß- 
cells number to around 85 (C) Clomiphene treatment with ß-cells number improved to 145 (D) Nanocurcumin −100 treated group (E) Nanocurcumin-200 treated group 
showing increased ß-cells mass. Assessed ß-cells numbers were respectively 127 and 139 cells.
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anti-inflammatory miRNA. Its protective effect was 
recently found to conserve β cell functions in obesity 
and diabetes. Furthermore, miR-223-3p is reported as 
a specific pancreatic biomarker that predicts the progres-
sion of pre-diabetes.46,47 Additionally, recent reports 
recognized the detrimental role of miR-223-3p in autop-
hagy process through suppressing NF-κB.48,49 However, 
to the best of our knowledge, no data on miR-223-3p 
level in PCOS pancreas is available. Real-time PCR 
quantification revealed significant downregulation of 
miR-223-3p in the PCOS group compared with the 
normal control. This finding coordinates with the persis-
tent low inflammatory status known in PCOS.44 

Furthermore, it agrees with recent studies that reported 
the downregulation of pancreatic miR-223-3p in an ani-
mal model of diabetes50 and associated miR-223-3p 
downregulation with deteriorated β cell functions and 
mass by targeting FOXO gene.51

Therefore, bioinformatics analysis was conducted to clar-
ify the relevant target genes of miR-223-3p. Target gene pre-
diction analysis revealed that miR-223-3p prominently targets 
inflammatory factors; IL6ST, NF-IB and NF-IA that activate 

NF-κB. Additionally, miR-223-3p regulates genes that con-
tribute to autophagy and insulin signaling including (FOXO1, 
FOXO3, Ataxin, ATG7, IL-6) (See also Supplementary File; 
Tables S1 and S3). Furthermore, oxidative stress, insulin, 
inflammatory and autophagic signaling were the most promi-
nent processes regulated by miR-223-3p genes. Whereas 
PI3k/AKT signaling and PCOS were the topmost significant 
pathway, and disease relevant to these target genes, respec-
tively. This in silico analysis coordinated with our findings, 
where the downregulation of miR-223-3p contributed to 
excessive autophagy activity and consequent β cell death.

Moreover, our findings are in line with recent studies 
that showed the protective effects of miR-223-3p activa-
tion on suppressing autophagy by activating the AKT/ 
mTOR pathway.19,52 Interestingly, we recently reported 
decreased PI3k/AKT/mTOR levels in PCOS.12 Taken 
together, these results might resolve miR-223-3p as an 
essential jigsaw upregulator to the disturbed pathway and 
associated pathologies in PCOS pancreas.

To further verify our in silico analysis results, we inves-
tigated the levels of the inflammatory markers; IL-6 and NF- 
kB, with oxidative stress markers and metabolic profile.

Indeed, PCOS rats exhibited drastic elevation of pan-
creatic IL-6 and NF-kB levels which agreed with the 
bioinformatics prediction. NF-κB expression and release 
are vital for β cell functionality, insulin secretion and 
normoglycemia maintenance under normal physiological 
conditions.53 However, the overexpression of NF-κB is 
strongly linked to impaired insulin secretion, poor insulin 
binding to receptors, and excessive β-cell death.54,55 

Furthermore, prolonged exposure to chronic inflammatory 
cytokines provokes and maintains the release of reactive 
oxygen species (ROS) that induces excessive production 
of NF-κB. Consequently, NF-κB initiates a flared release 

Table 2 Data Analysis of NF-κB and P62 Expression

Groups NF-κB p62

Control 0.008±0.002 0.092±0.05

PCOS 3.7±0.9a, c 7.19±2.6a, c

Clomiphene 1.6±0.82b 0.46±0.094b

NC-100 2.3±0.53c 4.23±1.9c

NC-200 1.2±0.63b 0.57±0.1b

Notes: aDenotes significance versus control, bDenotes significance against PCOS. 
cDenotes significance versus clomiphene.

Figure 11 Immunohistochemical staining of NF-κB and p62 respectively showing (A) negatively stained normal control (B) PCOS group showing extensively positive 
staining (C) Clomiphene group showing weak staining (D) NC-100 group showing weaker staining compared to PCOS & (E) NC-200 group showing weak staining. 
(Magnification X400).
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of inflammatory molecules (TNF-α, IL-6 and IL-1β) that 
disrupt insulin secretion, insulin binding to receptors and 
glucose uptake by tissues, eventually resulting in insulin 
resistance.56,57

In addition, PCOS rats exhibited decreased β cell mass, 
significant hyperglycemia and hyperinsulinemia that cul-
minated in insulin resistance. Furthermore, PCOS rats 
manifested impaired pancreatic antioxidant defense 
mechanisms as shown by the significant decrease in GSH 
and catalase enzyme, together with MDA elevation, denot-
ing high oxidative stress. In line with our findings, numer-
ous studies have previously confirmed the disturbed 
metabolic profile and eruption of insulin in PCOS rat 
model, as well as clinically.12,21,27,28

Collectively, these results are in harmony where 
decreased miR-223-3p levels contributed to the hyperacti-
vation of inflammatory and autophagy actions of NF-κB 
and IL-6 which were highly expressed in PCOS pancreas 
and are direct targets of miR-223-3p. Most importantly, 
our results go in line with emerging studies that identified 
the protective and metabolic regulatory actions of miR- 
223-3p by targeting NF-κB, IL6ST and autophagy-related 
proteins.18,50,51,58,59

The above observations support the importance of 
modulating the chronic inflammatory status as 
a promising means for attenuating the disruptions in 
PCOS pancreas. Polyphenols are naturally derived com-
pounds that have proved remarkable potency against mul-
tiple metabolic and inflammatory disorders via their 
capability to modulate inflammation molecules and 
ROS.60,61

Among polyphenols, curcumin proved promising 
results in adjusting metabolic and cellular disturbances in 
PCOS studies.12,21 In the present study, curcumin was 
formulated in a biocompatible nanoform to enhance cur-
cumin solubility and facilitate its oral administration.45 

TEM microscopy and FT-IR spectroscopy proved the suc-
cessful formulation of curcumin in the nano range while 
preserving the chemical active entities of curcumin.62 

Whereas the zeta potential analysis revealed the acceptable 
charge that denotes the stability of the dispersed formula, 
in agreement with previous studies.63,64

Clomiphene, as the standard drug of choice for PCOS, 
reinstated the sex hormone levels. Whereas nanocurcumin 
significantly improved testosterone disrupted levels, and 
increased estrogen and progesterone hormones. These 
effects are mainly attributed to the potent phytoestrogenic 
property of curcumin.65 Furthermore, these findings were 

histologically confirmed, as the nanocurcumin groups 
showed remarkable improvement of ovulation and 
decreased abnormal cysts.

Interestingly, nanocurcumin managed to upregulate 
miR-223-3p expression. It attenuated the autophagy flare 
in pancreatic tissues as confirmed by decreased levels of 
LC3II, p62 proteins and a remarkable increase in β cell 
mass. The powerful antioxidant potential of nanocurcumin 
helps restore cellular homeostasis and combats the drastic 
impact of persistent high ROS levels on the cross talk 
between miRNAs and cell proliferation pathways.66 

Moreover, the protective potential of curcumin as 
a powerful autophagy modulator is gradually emerging, 
as curcumin was found to reinstate balanced autophagy 
in various diseases by manipulating the AKT/mTOR path-
way and suppressing autophagy proteins including ATG7 
and p62.67,68

In addition, nanocurcumin significantly attenuated the 
oxidative stress in pancreatic tissues by restoring GSH and 
CAT enzyme levels, which led to decreased MDA accu-
mulation. Simultaneously, nanocurcumin treatment signif-
icantly reduced IL-6 levels and diminished NF-kB 
expression, eventually attenuating the inflammation flare 
in the pancreas. The distinguished dual action of nanocur-
cumin as a potent antioxidant and anti-inflammatory agent 
has been previously stated12,21,44,68 On the molecular 
level, restoring oxidative stress and inflammation condi-
tions close to normal conditions culminated in adjusted 
serum insulin and glucose levels and remarkable recovery 
of β cell mass, eventually leading to attenuation of the 
insulin resistance. Interestingly, emerging clinical trials are 
showing promising results for curcumin administration in 
PCOS and fatty liver.21,69,70 Where curcumin effectively 
reduces the oxidative stress and inflammatory molecules 
that contribute to the loss of β cell mass and disturbed 
glucose metabolism. Moreover, the estrogenic activity of 
curcumin can attenuate the disturbed testosterone secretion 
by PCOS ovaries, decreasing the resulting oxidative stress 
conditions.

Conclusion
Altogether, the findings of this study identified for the first 
time the vital contribution of pancreatic NF-κB and mir- 
223-3p levels in PCOS pancreatic impairments. The study 
also highlights the promising ability of nanocurcumin as 
an anti-inflammatory nutraceutical, to modulate the 
inflammatory–autophagy axis in the metabolic complica-
tions of PCOS. Further studies are highly encouraged to 
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uncover the full potential of modulating the inflammation– 
autophagy axis in PCOS pathologies.

Data Sharing Statement
Data are available upon reasonable request sent to corre-
sponding author.
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