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Abstract

Background: Polycystic ovary syndrome (PCOS) is a common endocrine disorder characterized by chronic inflammation, as

well as metabolic and reproductive dysfunction. While insulin resistance affects many tissues, ovarian tissue exhibits insulin

hypersensitivity, which promotes androgen excess and worsens PCOS symptoms. The kynurenine pathway (KP), a major route of

tryptophan metabolism regulated by indoleamine 2,3-dioxygenase (IDO), is implicated in ovarian dysfunction in PCOS.

Objectives: To investigate the effects of IDO inhibition on ovarian morphology and insulin signaling in a PCOS rat model,

evaluating its potential as a therapeutic approach compared to metformin.

Methods: Twenty-four female rats were randomly assigned to four groups: Control, PCOS, 1-methyltryptophan (1-MT, IDO

inhibitor) (10 mg/kg), and metformin (100 mg/kg). The PCOS was induced by subcutaneous testosterone injections at 21 days of

age. Outcomes measured included luteinizing hormone/follicle-stimulating hormone (LH/FSH) ratio, ovarian weight, follicle

and corpus luteum counts, granulosa and theca layer thickness, fasting blood glucose, and ovarian expression of insulin

receptor substrate 1 (IRS-1) and phosphoinositide 3-kinase (PI3K).

Results: The results indicated that both treatments, 1-MT and metformin, significantly reduced the LH/FSH ratio, with

metformin showing a more substantial effect. Additionally, 1-MT increased ovarian weight and the number of healthy follicles

(HFs), unlike metformin. Both treatments increased the number of corpora lutea (CL), indicating restored ovulation. The IRS-1

expression decreased with both treatments, whereas PI3K levels remained unchanged.

Conclusions: The IDO inhibition by 1-MT improves ovarian function and hormonal balance in PCOS more effectively than

metformin, likely by reducing inflammation and modulating insulin signaling. These findings support 1-MT as a promising

therapeutic candidate for PCOS management and improving ovarian function. However, these results are from a short-term

animal study, and further clinical trials are necessary to assess long-term efficacy and safety.
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1. Background

Polycystic ovary syndrome (PCOS) is a prevalent

endocrine-metabolic disorder affecting women of
reproductive age, characterized by hyperandrogenism,

ovarian dysfunction, and metabolic disturbances such

as insulin resistance (1-3). Insulin resistance, present in

50% to 90% of PCOS patients, significantly contributes to

its pathogenesis (4). Despite systemic insulin resistance,
ovarian tissue in PCOS paradoxically exhibits insulin

hypersensitivity, enhancing androgen biosynthesis in

theca cells synergistically with luteinizing hormone

(LH) (5, 6). This process involves insulin receptor

activation, leading to the phosphorylation of insulin

receptor substrates (IRS), particularly insulin receptor

substrate 1 (IRS-1), and subsequent phosphoinositide 3-
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kinase (PI3K)/Akt signaling, which increases 17α-

hydroxylase activity and androgen production. The PI3K

inhibitors can block this effect, underscoring the
pathway’s role in PCOS-related steroidogenesis (7).

Additionally, insulin can disrupt ovulation by increasing
aromatase activity in granulosa cells and amplifying LH

action (8, 9). Lifestyle modifications and insulin-

sensitizing agents like metformin are standard
treatments for PCOS due to the central role of insulin

resistance (10). While metformin improves ovulatory
function and insulin sensitivity, its gastrointestinal side

effects and the rare risk of lactic acidosis limit long-term

use, prompting interest in novel therapies (11, 12).

Recent evidence highlights the kynurenine pathway

(KP) of tryptophan metabolism as a contributor to PCOS

pathogenesis (13). Indoleamine 2,3-dioxygenase (IDO),

the rate-limiting enzyme in this pathway, is upregulated

by pro-inflammatory cytokines, leading to tryptophan

depletion and kynurenine metabolite accumulation

(14). The IDO activity impacts immune tolerance and

metabolic processes, impairing insulin sensitivity in

disease models (15). Kynurenines also modulate

immune responses, linking inflammation and

metabolism (16). In PCOS, elevated IDO activity is

associated with chronic inflammation (17), with clinical

studies reporting increased kynurenine levels

correlating with inflammatory markers and oxidative

stress (18, 19). This IDO overactivity may exacerbate

inflammation and metabolic dysfunction rather than

compensate.

2. Objectives

This study investigates the effects of IDO inhibition in

a PCOS rat model, focusing on ovarian function, insulin

signaling, and hormonal regulation, aiming to clarify

the therapeutic potential of targeting this pathway.

3. Methods

3.1. Animals

All procedures adhered to the animal care standards

of Alborz University of Medical Sciences

(IR.ABZUMS.AEC.1402.007). Rats were housed at 25°C,

40% humidity, with a 12-hour light/dark cycle and

unrestricted food and water access. Twenty-four female
Wistar rats were randomly assigned to four groups (six

per group): Control (saline injection), PCOS, 1-

methyltryptophan (1-MT), and metformin. The rats were

7 days old at the start of the study, with an initial average

weight of 15 - 18 g. At the end of the PCOS induction
period (day 35), the average weight of the animals was

approximately 75 - 80 g. A block randomization method

was used to ensure an equal distribution of rats across

the four experimental groups. Due to the nature of the
interventions (e.g., intraperitoneal injection vs. oral

gavage), blinding of the personnel administering the
treatments was not possible. However, the researcher

performing the hormonal and histopathological

analyses was blinded to the group assignments to
minimize potential bias.

3.2. Polycystic Ovary Syndrome and Treatment Procedure

The PCOS was induced using subcutaneous

testosterone injections (1 mg/100 g BW) on days 7, 14, 21,

28, and 35 post-birth (20). To simulate the injection

procedure, the Control group received normal saline

injections at the same dosage and time intervals. Stable

follicle-stimulating hormone (FSH), LH, and

testosterone levels confirmed the absence of PCOS.

Blood samples were collected from the tail vein. From

day 35, the 1-MT group received 1-MT (10 mg/kg; Sigma

Aldrich, Germany) via intraperitoneal injection for 14

consecutive days (21). Concurrently, the metformin

group received metformin (100 mg/kg; AryaPharm, Iran)

via oral gavage for the same duration (22). Following the

treatment period, all rats were euthanized via cardiac

dissection while under anesthesia induced by a mixture

of ketamine (60 mg/kg; Alfasan, Netherlands) and

xylazine (10 mg/kg; Serumwerk, Germany), both

administered intraperitoneally. Blood samples were

collected, centrifuged, and the resulting serum was

stored at -80°C for future analysis.

3.3. Blood Sugar Measurement

Fasting blood sugar was measured from the tail vein

using a glucometer (Accu-Chek Performa) on the first

and last experiment days to ensure no baseline

differences between groups. To obtain these

measurements, rats were fasted for 12 hours before

blood collection, while having unrestricted access to

water. This procedure was performed to ensure accurate

fasting blood glucose readings and to confirm there

were no baseline differences between the groups.

3.4. Hormonal and Biomolecular Tests

The LH/FSH ratio, a key hormonal marker of

hypothalamic-pituitary-ovarian (HPO) axis disruptions

in PCOS, was quantified using rat-specific enzyme-linked

immunosorbent assay (ELISA) kits. The LH and FSH levels

were measured with kits BS764675 and BS2021901,

respectively (MyBioSource, USA). To investigate

molecular alterations in insulin signaling pathways, IRS-
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1 and PI3K protein levels in ovarian tissue homogenates

were measured using specific ELISA kits (IRS-1:

MBS029127; PI3K: MBS9518759, MyBioSource, USA). Tissue

samples were collected post-euthanasia, weighed,

minced, and homogenized in PBS (10 mg tissue per 100
µL). After centrifugation at 1000 × g for 20 minutes, the

supernatant was used for protein analysis. Following the

ELISA kit protocols, samples were added to plates,

incubated, washed, and exposed to detection solution.

Absorbance was measured at 450 nm to quantify
ovarian IRS-1, PI3K, and serum LH and FSH levels.

3.5. Histopathology

To control for the stage of the estrous cycle at the

time of tissue collection, vaginal smears were

performed on each animal for 10 consecutive days,

starting from day 43 after birth. From day 49 (the final

day of treatment) to day 53, each animal was monitored

daily. Once an animal entered the metestrus/diestrus

phase, it was euthanized, and ovarian tissue was

collected immediately thereafter. The animals were still

in the process of achieving full puberty, and estrous

cycle irregularities were possible, making this detailed

monitoring necessary.

All smears were collected and recorded daily between

08:00 and 10:00 AM. Euthanasia and tissue collection

were then synchronized to occur when each animal was

in the metestrus/diestrus phase. This specific phase was

chosen because it lacks the LH/estradiol surge of

proestrus, providing a more stable hormonal and tissue

profile for consistent histological and molecular

analysis. This procedure ensured that all tissue
collection was standardized, minimizing hormonal

variability as a confounding factor. Ovarian tissues were
excised, fixed in 10% neutral buffered formalin for 48

hours, then dehydrated, cleared, and paraffin-

embedded. Six µm serial sections were obtained via
microtome and H&E stained for histological evaluation.

Three non-consecutive tissue sections were randomly
selected by an individual blinded to the experimental

groups. This protocol allowed assessment of ovarian
structural integrity and functional state post-PCOS

induction and treatment by evaluating ovarian weight,

healthy and atretic follicle counts, granulosa and theca
layer thickness, and corpus luteum presence (indicating

ovulatory activity).

For histopathological comparison, healthy follicles

(HFs) showed organized granulosa cells with intact

nuclei, intact oocytes with clear cytoplasm, well-defined

fluid-filled antra, continuous basement membranes,

normal theca layers, and regular shapes, lacking cell

death markers. Atretic follicles, conversely, displayed

disorganized granulosa cells with nuclear pyknosis,

degenerated oocytes, collapsed antra, disrupted

basement membranes, irregular theca layers, shrunken

shapes, and signs of apoptosis/necrosis. These

parameters were assessed under light microscopy.

3.6. Data Analysis

Statistical analysis was performed using GraphPad

Prism version 8 software. The sample size for each group

was six animals (n = 6). Group differences were analyzed

via one-way ANOVA, with Tukey’s post-hoc test for

multiple comparisons. A P-value < 0.05 was considered

statistically significant.

4. Results

4.1. Blood Sugar Measurement

There was no significant difference in fasting blood

sugar among groups (P = 0.69; Figure 1).

4.2. Hormonal Changes

The LH/FSH ratio in the PCOS group significantly

increased compared to the control group (P < 0.0001).

Both 1-MT and metformin reduced this ratio compared

to PCOS (P = 0.032, P < 0.0001), with metformin showing

a more substantial effect (P < 0.0001; Figure 2).

4.3. Ovarian Status

Ovarian weight significantly decreased in the PCOS

group compared to controls (Figure 3A, P = 0.032; Figure

3B, P = 0.004). Treatment with 1-MT restored ovarian

weight (Figure 3A, P = 0.037; Figure 3B, P = 0.034), while

metformin did not significantly affect ovarian weight

(Figure 3A, P = 0.57; Figure 3B, P = 0.58). Granulosa and

theca layer thickness showed no significant changes

across groups (Figure 3C, P = 0.29; Figure 3D, P = 0.096).

4.4. Follicular Status

The PCOS group showed increased atretic and cystic

follicles (CFs) compared to controls (P = 0.013). The 1-MT

significantly reduced CFs and increased HFs compared

to PCOS (Figure 3E, P = 0.018; Figure 3F, P = 0.044), while

metformin had no significant effect (Figure 3E, P = 0.99;

Figure 3F, P = 0.34). Corpus luteum counts also increased

with both treatments compared to the PCOS group,

indicating improved ovulation (Figure 3G, P = 0.029;

Figure 3G, P = 0.026).

Figure 4 presents representative H&E-stained ovarian

tissue images illustrating the impact of PCOS and

treatments. Figure 4A (control) shows healthy ovarian
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Figure 1. Fasting blood sugar levels across experimental groups at the beginning and end of the study. There was no significant difference in blood glucose levels among any of
the groups at baseline (first day) or after the treatment period (last day; P = 0.69, one-way ANOVA). Data are presented as mean ± SEM (n = 6).

Figure 2. Luteinizing hormone/follicle-stimulating hormone (LH/FSH) ratio comparison among control, polycystic ovary syndrome (PCOS), and treated groups (significant
differences: *** P < 0.001 vs. control; # P < 0.05, ### P < 0.001 vs. PCOS; data are presented as mean ± SEM; n = 6).

morphology with numerous HFs and abundant corpora

lutea (CL), indicative of normal ovulatory cycles. In

contrast, Figure 4B (PCOS) reveals significant

dysfunction, characterized by an increase in CFs

displaying signs of atresia (disorganized granulosa cells,

degenerated oocytes, collapsed antra) and reduced HFs

https://brieflands.com/articles/ijpr-164861
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Figure 3. Ovarian tissue analysis: Weights of right (A) and left (B) ovaries; thickness of granulosa (C) and theca (D) layers. Follicle assessment in ovaries: (E) atretic and cystic
follicles (CFs), (F) healthy follicles (HFs), and (G) corpus luteum counts [statistical significance: * P < 0.01, ** P < 0.01 vs. control, # P < 0.05 vs. polycystic ovary syndrome (PCOS);
data are presented as mean ± SEM; n = 6].

and CL. Figure 4C (1-MT) demonstrates significant
morphological improvements, with a marked increase

in HFs and numerous well-formed CL, alongside a

reduction in CFs, reflecting restored ovarian function.

Figure 4D (metformin) also shows improved ovarian

morphology compared to PCOS, particularly an increase
in CL, suggesting restored ovulation. However, the

overall follicular architecture and reduction in CFs are

less pronounced in the metformin group compared to

the 1-MT group. These visual findings consistently

support the quantitative results, highlighting 1-MT's
superior impact on ovarian remodeling and follicular

health.

4.5. Molecular Results

The IRS-1 protein levels significantly increased in the
PCOS group compared to controls (P < 0.0001). Both 1-

MT and metformin reduced IRS-1 protein levels (P <
0.0001), while PI3K protein expression showed no

significant changes (P = 0.28; Figure 5).

5. Discussion

The IDO is a key immunoregulatory enzyme whose

activity is upregulated by pro-inflammatory cytokines
such as interferon gamma (IFN-γ), tumor necrosis factor

alpha (TNF-α), and interleukin-6 (IL-6), all of which are

elevated in PCOS (23-25). This upregulation drives the KP
of tryptophan metabolism, leading to the accumulation

of metabolites that sustain inflammation, promote

immune tolerance, and contribute to metabolic

dysfunction (14, 17). Our study utilized 1-MT, an IDO

inhibitor, to interrupt this inflammatory cycle and
investigate its therapeutic potential compared to

metformin, a standard PCOS treatment. This approach

offers a novel therapeutic strategy that targets an

upstream driver of PCOS pathogenesis, moving beyond

traditional insulin-sensitizing mechanisms.

The PCOS is characterized by a disrupted HPO axis,

which manifests as an elevated LH/FSH ratio (26). Both 1-

MT and metformin treatments significantly reduced

this ratio compared to the PCOS group, indicating a

partial restoration of HPO axis feedback. However, our

data show that metformin had a more pronounced

effect on normalizing this ratio. This finding is

consistent with metformin's well-established direct

influence on improving systemic insulin sensitivity and

modulating the central regulation of gonadotropin-

releasing hormone (GnRH) pulse frequency (11). In

contrast, 1-MT’s positive effect on the LH/FSH ratio is

likely an indirect consequence of its anti-inflammatory

effects. By suppressing inflammatory cytokines that can

disrupt neuroendocrine signaling, 1-MT appears to
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Figure 4. Representative histological images showing healthy (HFs), cystic follicles (CFs), and corpus luteum (CL) in ovarian tissue (magnification ×40): A, control; B, polycystic
ovary syndrome (PCOS); C, 1-methyltryptophan (1-MT); D, metformin.

contribute to a more balanced hormonal milieu,

consistent with previous findings linking inflammation
to HPO axis dysfunction (23, 27, 28).

Our findings on ovarian morphology provide a

crucial distinction between the two treatments. While

both 1-MT and metformin increased the number of CL,

which is a key indicator of restored ovulation, only 1-MT

significantly increased ovarian weight and the number

of HFs. This highlights 1-MT’s superior efficacy in

promoting ovarian remodeling and overall follicular

health. The observation that ovulation was restored

despite unchanged granulosa and theca layer thickness

requires further clarification. This apparent

inconsistency may be explained by the short, 14-day
treatment period. This duration was likely sufficient to

trigger the final maturation and ovulation of existing,

advanced-stage follicles but was too brief to induce a
statistically significant proliferation and increase in the

overall thickness of these layers across the entire cohort
of developing follicles. It is also plausible that the

treatments primarily promoted the proper

differentiation and function of granulosa and theca
cells, enabling successful ovulation without a

substantial increase in cell numbers.

https://brieflands.com/articles/ijpr-164861
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Figure 5. Ovarian expression of insulin signaling markers: A, insulin receptor substrate 1 (IRS-1) protein levels with significant changes [*** P < 0.001 vs. control; ### P < 0.001 vs.
polycystic ovary syndrome (PCOS)]; B, phosphoinositide 3-kinase (PI3K) protein levels across groups (data are presented as mean ± SEM; n = 6).

Regarding insulin signaling, our results show that

both 1-MT and metformin significantly reduced ovarian

IRS-1 protein levels in the PCOS group. This is a key

finding, as ovarian insulin hypersensitivity, mediated by

IRS-1, is a hallmark of PCOS-related androgen excess (29-

31). However, PI3K protein levels remained unchanged

across all groups. This observation is interesting and can

be explained by several mechanisms. First, while IRS-1 is

a key upstream activator of PI3K, the total abundance of

PI3K protein may not be the primary regulatory point

for its function. The functional output of the pathway is

often regulated by phosphorylation (activation) of PI3K,

not just its concentration. Second, other IRS isoforms,

such as IRS-2, may have compensated for the reduction

in IRS-1, maintaining PI3K activity. Third, both 1-MT and

metformin may exert their beneficial effects on insulin

signaling through other pathways. For instance,

metformin is known to activate AMPK, which can inhibit

mTOR and reduce inhibitory phosphorylation of IRS-1,

making the remaining IRS-1 more functionally efficient.

Similarly, 1-MT may modulate other IRS-1-mediated

pathways, such as the MAPK/ERK cascade, which

contributes to steroidogenesis and cell proliferation

independently of PI3K protein levels (7, 32, 33).

In summary, the KP is a critical link between immune

dysregulation, insulin signaling, and ovarian

dysfunction in PCOS. Our findings suggest that 1-MT

likely acts by suppressing cytokine-induced tryptophan

catabolism, thereby creating a less inflammatory

ovarian microenvironment that facilitates follicular

maturation and ovulation. While metformin's primary

mechanism is metabolic, acting via AMPK to improve

insulin sensitivity, 1-MT provides a novel, inflammation-

targeted strategy that addresses upstream causes of

endocrine and metabolic dysfunction. We acknowledge

that the therapeutic use of 1-MT, while promising,

requires a thorough evaluation of its safety profile and

long-term effects through future preclinical and clinical

studies. Our results underscore the distinct and

superior effects of IDO inhibition on ovarian health and

function, highlighting its therapeutic promise in PCOS.
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5.1. Conclusions

This study shows that 1-MT improves ovarian

function, hormone balance, and follicular health more

effectively than metformin. While metformin targets

insulin resistance, 1-MT’s impact on ovarian morphology

is stronger, likely due to its anti-inflammatory effects via

the KP. These findings highlight 1-MT as a promising

PCOS therapy.

5.2. Limitations

The main limitation of this study is the use of an

animal model, which may not fully reflect human PCOS.

The short treatment period also limits understanding of

long-term effects.

5.3. Future Directions

Future studies should include clinical trials to assess

1-MT’s efficacy, safety, dose-response effect, and long-

term impact, along with its molecular effects on

inflammatory pathways.
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