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A B S T R A C T

Dysregulated amino acid metabolism is a key contributor to polycystic ovary syndrome (PCOS). This cross- 
sectional study revealed that serum levels of L-kynurenine (L-Kyn) were significantly elevated in women with 
PCOS, whereas pyridoxal 5′-phosphate (PLP) levels were markedly reduced. Moreover, human serum L-Kyn 
levels exhibited a positive correlated with low-density lipoprotein cholesterol (LDL-C) and a negative correlation 
with high-density lipoprotein cholesterol (HDL-C). Additionally, letrozole (LET) induced PCOS-like mice dis-
played increased hepatic L-Kyn levels. Mechanistically, both in vivo and in vitro experiments demonstrated that 
the upregulation of indoleamine 2,3-dioxygenase (IDO1) activates the aryl hydrocarbon receptor (AHR) - pro-
protein convertase subtilisin/kexin type 9 (PCSK9) pathway in the liver of PCOS-like mice, thereby contributing 
to dyslipidemia. Treatment with epacadostat, an inhibitor of the enzyme IDO1, or PLP, a cofactor for L-Kyn 
catabolism, effectively restored ovarian function, improved glucose tolerance, and ameliorated lipid profile 
abnormalities in PCOS-like mice.

1. Introduction

PCOS is a multifaceted metabolic and reproductive disorder affecting 
up to 18 % of women and its prevalence is surging [1,2]. PCOS is 
characterized by irregular ovulation, hyperandrogenism, and polycystic 
ovarian morphology [3,4]. Women with PCOS are predisposed to long- 
term metabolic consequences, including type 2 diabetes, insulin resis-
tance (IR), dyslipidemia, non-alcoholic fatty liver disease (NAFLD), and 
cardiovascular disease [5–7]. Despite the significant heterogeneity in 
clinical manifestations among individuals, dyslipidemia is intrinsically 
linked to the pathogenesis of PCOS, which has been considered a 
metabolic hallmark of PCOS, affecting 50 % to 70 % of women with 

PCOS worldwide [8]. Adolescent girls with a familial predisposition to 
PCOS exhibit higher serum LDL-C, total cholesterol (TC), and tri-
glycerides (TG) levels [9]. Recent evidence reveals that dyslipidemia 
associated with PCOS not only serves as an indicator of future 
dysfunction but also reflects underlying etiologies that drive long-term 
disease progression [10–12]. Hence, elucidating the molecular mecha-
nisms underlying dyslipidemia in PCOS individuals is of significant 
scientific and clinical interest.

Emerging evidence has indicated that dynamic alterations in 
metabolite profiles display a leading risk factor for numerous metabolic 
diseases including PCOS [13–15]. Several studies have demonstrated 
aberrant metabolite composition in women with PCOS, such as bile 
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acids (BAs), short-chain fatty acids (SCFAs), and branched-chain amino 
acids (BCAAs), aggravating inordinate glucose-lipid metabolism 
[15–17]. Our recent findings indicate that exposure to constant darkness 
induces metabolite alterations, contributing to the metabolic and 
reproductive hallmarks of PCOS in a rat model [8]. Gut microbiota- 
derived metabolite capric acid has been shown to inhibit hepatic gal-
anin receptor 1 (GALR1), thereby impairing hepatic lipid metabolism in 
circadian disruption-induced PCOS rats. Untargeted metabolomics has 
identified a significant reduction in 3-Indoleacetic acid (IAA), a tryp-
tophan (Trp) metabolite, in the stool of the PCOS-like rat model [8]. A 
cross-sectional study has also discovered abnormal Trp metabolism 
patterns in the plasma of PCOS patients [18]. However, the precise 
mechanism underlying the interplay between Trp metabolites and PCOS 
pathophysiology remain unclear.

Trp is an essential amino acid metabolized through three pathways: 
(I) conversion into indole and its derivatives by the gut microbiota; (II) 
catalyzed by IDO1 to Kyn; (III) hydroxylation by hydroxylase 1 to 
generate 5-hydroxytryptamine [19]. Dysregulation of these three 
metabolic pathways contributes to various diseases [20,21]. The Kyn 
pathway (KP), accounting for approximately 95 % of Trp metabolism, 
influences several pathophysiological processes by regulating inflam-
matory responses, metabolic disorders, and neurological functions 
[22,23]. Physical exercise training alleviates depression by regulating 
the balance of plasma and brain L-Kyn and kynurenic acid (Kyna) 
through the activation of peroxisome proliferator-activated receptor γ 
coactivator-1α (PGC-1α) and peroxisome proliferator-activated receptor 
α (PPARα) in the skeletal muscle of mice [24]. There is feasible evidence 
that gestational IR is mediated by the increased L-Kyn levels induced by 
the gut microbiome - IDO1 axis [25]. Overexpressed IDO1 in mature 
adipocytes from white adipose tissue (WAT) acts as the primary head-
stream of increased circulating L-Kyn in subjects with obesity and 
further causes IR through distinct signal transducer and activator of 
transcription 3 (STAT3)-interleukin-6 (IL6) signal pathway [3]. Yet, 
limited research has explored potential interventions targeting L-Kyn- 
mediated PCOS pathogenesis. And there is little evidence of Trp 
metabolite functions on reproductive and metabolic hemostasis in 
women. Hence, conducting this research to provide a theoretical foun-
dation for the clinical management of PCOS is essential.

Herein, we investigated the impact of L-Kyn on dyslipidemia in pa-
tients with PCOS and a LET-induced PCOS-like mouse model, exploring 
the potential underlying mechanisms. The metabolomics results 
revealed that L-Kyn levels increased in the serum of PCOS patients than 
subjects without PCOS, which positively correlated with LDL-C con-
centrations and inversely correlated with HDL-C levels, and was 
consistently increased in the liver of PCOS mice. Furthermore, we 
demonstrated that the administration of L-Kyn in mice led to the 
manifestation of PCOS-like traits. The liver was identified as the target 
organ affected by L-Kyn, which impairs LDL-C clearance through the 
AHR-PCSK9 pathway in LET-induced PCOS-like mice. This is the first 
study to prove that epacadostat or PLP mitigates PCOS traits in mice. 
This study illuminates a novel mechanism underlying PCOS pathogen-
esis and proposes a potential therapeutic strategy for future clinical 
applications.

2. Results

2.1. Reproductive and metabolic phenotypes in LET-induced PCOS-like 
mouse model

To better clarify the mechanism driving the metabolic and repro-
ductive dysfunctions in PCOS, we established a PCOS-like mouse model 
through successive subcutaneous LET injection, hereinafter defined as 
LET mice (Fig. 1a). The successful establishment of the PCOS-like mouse 
model was validated by key phenotypic hallmarks, including disrupted 
estrous cycles (Fig. 1b, c), ovarian polycystic changes manifested as 
decreased corpus luteum (CL) and increased atretic and cystic follicles 

(Fig. 1d), along with elevated serum testosterone (T) levels (Fig. 1e). 
Metabolic measurements exhibited that LET mice gained higher body 
weight (Fig. 1f) and had impaired glucose tolerance (Fig. 1g, h). 
Notably, LET-induced dyslipidemia was evident, as indicated by 
elevated serum LDL-C and reduced HDL-C levels (Fig. 1i). However, no 
significant differences were observed between the two groups in TG or 
TC levels. Furthermore, LET mice displayed pronounced exhibited 
obvious hepatic steatosis (Extended Data Fig. 1a). Oil Red O staining 
revealed that LET promoted hepatic lipid accumulation (Fig. 1j), 
coupled with adipocyte hypertrophy (Fig. 1l). Additionally, trans-
mission electron microscopy scans further confirmed hepatic steatosis in 
PCOS mice, characterized by an increased lipid droplet deposition, 
mitochondrial swelling with irregular morphology, and disrupted 
cristae structure (Fig. 1k), suggest enhanced lipogenesis. Collectively, 
disrupted ovarian function and changes in lipid-modifying target organs 
were observed in LET-induced PCOS mice. However, whether these ef-
fects are causal is still controversial. This triggers further investigation 
into this question.

2.2. Tissue-specific L-Kyn changes in LET-induced PCOS-like mouse 
model

Metabolites play a pivotal role in the pathogenesis of PCOS. Our 
previous study identified the interplay between lipid dysmetabolism and 
microbiome-metabolome in a circadian disruption-induced PCOS-like 
rat model [8]. One of the Trp metabolites, IAA, was observed to be 
reduced in this kind of PCOS-like model. Evidence suggests that circu-
lating L-Kyn levels increased in obese subjects [3]. Therefore, major 
metabolic tissues, including fat tissue, liver, skeletal muscle (SK), and 
serum were collected to Trp and its downstream intermediates deter-
mination by liquid chromatography-tandem mass spectrometry (LC-MS) 
analysis (Fig. 2a, b). Metabolite assays revealed dysregulation of the KP 
in PCOS mice, despite unchanged Trp levels (Fig. 2d, e). Indeed, a 
remarkable increase in L-Kyn levels and the L-Kyn to Trp ratio (KTR) 
were observed exclusively in the liver tissue of the PCOS group (Fig. 2e, 
f). However, there was no significant difference of L-Kyn levels in the SK 
and fat tissue between the control and LET groups. Moreover, liver se-
rotonin levels displayed a decreasing trend in the LET group compared 
to the controls (Fig. 2g), although the statistical analysis was not sig-
nificant. Furthermore, there were no changes in IAA levels in the PCOS 
mice compared with the control group (Fig. 2h). This indicates that Trp 
catabolism was directed toward the KP pathway. These data indicate 
that the liver, as opposed to other metabolite organs, primarily in-
fluences Trp metabolism, favoring the KP pathway over the pathways 
involving indole and serotonin. Since L-Kyn is a Trp downstream cata-
lyzed by IDO1. An elevated KTR indicates a substantial increase in IDO1 
activity. To further elucidate the role of L-Kyn in PCOS, we employed 
epacadostat, a potent and selective IDO1 inhibitor, in rescue experi-
ments. Interestingly, epacadostat administration significantly reduced 
L-Kyn levels and KTR in the liver of PCOS mice without affecting L-Kyn 
content in fat tissue and SK (Fig. 2e, f). These findings support the hy-
pothesis that L-Kyn contributes to PCOS pathogenesis by targeting the 
liver tissue.

2.3. Epacadostat exerts an inhibitory effect against PCOS-like symptoms 
by regulating IDO1 expression

Liver L-Kyn levels were elevated, accompanied by a rising trend in 
KTR, indicating a substantial upregulation of IDO1 under LET induction. 
This prompted us to hypothesize that IDO1 activation could be 
responsible for the characteristics of PCOS mice. Therefore, we assessed 
the expression of IDO1 and other enzymes involved in Trp metabolism. 
The expression of Ido1 overexpression at the mRNA and protein levels in 
the liver tissue of the LET group (Fig. 3a, b, c). However, RT-qPCR 
analysis displayed no significant differences in the expression of other 
Trp metabolism-related enzymes, including kynurenine-3- 
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Fig. 1. Ovarian dysfunction and metabolic disturbance in LET-induced PCOS mice. a, Schematic illustration of the mice model design. The mice were divided into 
two groups. The mice were treated for 35 days with PBS as the control group or LET as the LET group. b, Representative estrous cycles. M, metestrus; D, diestrus; P, 
proestrus; E, estrus. c, Percentage of each stage in estrous cycles (n = 6 mice per group). d, Ovary morphology represented by HE staining. The triangle symbol 
represents CL; The asterisk symbol represents atretic follicles; The well number symbol represents cystic follicles. Scale bar: 200 μm. e, Measurement of serum T levels 
(n = 6 mice per group). f, Body weight changes (n = 6 mice per group). g, h, Glucose tolerance tests (GTT) and area under the curve (AUC) (n = 6 mice per group). i, 
Serum lipid content (n = 6 mice per group). j, Representative Oil Red O staining of livers. Scale bar: 200 μm and 50 μm. k, Representative images of liver ultra-
structure detected by transmission electron microscope. Scale bar: 2 μm. LD represents the lipid droplet; N represents the nucleus. l, Representative HE staining 
images of WAT. Scale bar: 50 μm. p values were determined by unpaired t-tests and data were presented as means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 LET 
versus the control.
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monooxygenase (Kmo), kynurenine aminotransferase 1 (Kat1), kynur-
enine aminotransferase 2 (Kat2), and kynurenine aminotransferase 3 
(Kat3) (Fig. 3a). Furthermore, serum levels of interferon-gamma (ifnγ), 
the main inducer of IDO1, significantly elevated in PCOS-like mice 
(Fig. 3d), along with a significant upregulation of Ifnγ mRNA expression 
in the liver tissue (Fig. 3e). Notably, epacadostat treatment restored the 
disrupted estrous cycle (Fig. 3f, g) and ovary morphology (Fig. 3h) in 
PCOS mice by suppressing Ido1 expression. Also, epacadostat signifi-
cantly ablated the elevated serum T levels in PCOS mice (Fig. 3i). 
Metabolic measurements demonstrated that epacadostat also attenuated 
body weight gain (Fig. 3j) and ameliorated impaired glucose tolerance 
(Fig. 3k, l, and Extended Data Fig. 2a). Upon analysis of the lipid pro-
files, epacadostat administration lowered LDL-C levels but had no effect 
on TG or TC levels in mice who received LET induction (Extended Data 
Fig. 2b). Additionally, epacadostat had no use in improving the HDL-C 
levels of PCOS mice. Moreover, epacadostat protected the mice from 
excessive hepatic lipid accumulation (Extended Data Fig. 2c), as shown 
by Oil Red O staining and transmission electron microscopy (Fig. 3m, n). 
Similarly, epacadostat reduced adipocyte hypertrophy in PCOS mice 
(Fig. 3o). These findings suggest that inhibiting IDO1 protects against 
LET-induced reproductive and metabolic abnormalities of PCOS by 
limiting L-Kyn production.

2.4. PCOS characteristics depend on L-Kyn in PCOS patients and PCOS- 
like mice

The dysregulated Trp metabolism in PCOS mice prompted us to 
explore the correlation between L-Kyn and the PCOS indices. We 
recruited a cohort of 84 participants, comprising 44 controls and 40 
individuals diagnosed with PCOS (Fig. 4a). Extended Data Table 1 
presents the demographic characteristics and laboratory data of controls 
and women with PCOS, including age, BMI, reproductive index, and 
serum lipid profile. Compared to the control group, women with PCOS 
exhibited significantly higher levels of luteinizing hormone (LH), T, 
AMH, and TG, which were in accordance with the characteristics of 
endocrine and metabolic disorders in PCOS. Although the age distribu-
tion significantly differed between the two groups, this discrepancy 
resulted from the lack of age matching. Indeed, we conducted an anal-
ysis of covariance (ANCOVA) to examine the relationship between age 
and L-Kyn levels and found that age does not influence L-Kyn levels. LC- 
MS assay indicated no significant differences in serum Trp and L-Kyn 
levels between PCOS patients and controls (Fig. 4b, c). However, when 
stratifying patients into four BMI-based groups, we observed a notable 
elevation in serum L-Kyn levels in overweight PCOS patients (Fig. 4d). 
Consistent with L-Kyn levels, the KTR ratio was also higher in obese 
PCOS patients (Fig. 4e, f). We further visualized the correlation between 
serum L-Kyn levels and metabolic parameters using Spearman correla-
tion analysis. The results showed that L-Kyn levels positively correlated 
with LDL-C levels (r = 0.2512, p = 0.0212) (Fig. 4g). In contrast, L-Kyn 
levels were inversely associated with HDL-C levels (r = − 0.2726, p =
0.0121) (Fig. 4h) and showed no significant relationship with TG (r =
0.0803, p = 0.4681) or TC (r = 0.0579, p = 0.6011) (Fig. 4i, j). Based on 

these results, we deduce that L-Kyn contributes to lipid metabolism 
dysregulation in PCOS, particularly in overweight patients.

The next critical question is whether the PCOS-like phenotype 
induced by LET depends on L-Kyn levels. We then subcutaneously 
administered LET or L-Kyn (20 mg kg− 1 d− 1) to mice for 35 consecutive 
days (Fig. 4k). As expected, L-Kyn renders the mice with PCOS traits 
similar to the LET group, as evidenced by abnormal estrous cycle 
(Extended Data Fig. 3a) and polycystic ovary morphology like the LET 
group (Extended Data Fig. 3b). Interestingly, L-Kyn had a minor impact 
on T levels (Fig. 4l). Likewise, no positive correlation was observed 
between L-Kyn levels and T levels in patients (Extended Data Fig. 3e). 
Compared to the controls, exogenous L-Kyn rendered mice with higher 
body weight (Fig. 4m) and aggravated glucose tolerance, mirroring 
phenotypes seen in LET-induced PCOS mice (Fig. 4n, o, and p). L-Kyn 
also triggers hepatic steatosis (Extended Data Fig. 3c) and adipocyte 
hypertrophy (Extended Data Fig. 3d). Furthermore, L-Kyn increased 
serum LDL-C levels but did not affect TC, TG, or HDL-C levels (Extended 
Data Fig. 3f). These findings suggest that L-Kyn plays an essential role in 
the development of PCOS. To further validate the role of L-Kyn in PCOS 
pathogenesis, we conducted the following experiments in Ido1 knockout 
mice (Fig. 4k, q, and Extended Data Fig. 3g). As expected, Ido1− /− mice 
exhibited resistance to LET-induced PCOS-like manifestations, main-
taining reproductive and metabolic parameters comparable to controls 
(Extended Data Fig. 3a, b, c, d, h, i, and j). Furthermore, the charac-
teristics of PCOS recur in Ido− /− - knockout mice when they are injected 
with both LET and L-Kyn simultaneously. Collectively, these findings 
suggest that L-Kyn plays a key role in the pathogenesis of PCOS.

2.5. L-Kyn exacerbates dyslipidemia via AHR-PCSK9 axis in PCOS

Emerging evidence suggests that liver dysfunction, particularly 
NAFLD and dyslipidemia, constitutes a major metabolic manifestation of 
PCOS. Abnormal lipid metabolism are intricately linked to the local 
microenvironment of follicular fluid and steroid hormone in the ovary 
[26]. However, the precise mechanisms underlying this interplay in 
PCOS remain poorly understood. The above results revealed a positive 
correlation between L-Kyn and LDL-C levels in patients, as well as a 
significant reduction of LDL-C levels in PCOS mice with Ido1 inhibition 
or deficiency (Fig. 4g, Extended Data Fig. 2b, and Extended Data Fig. 3i). 
Accordingly, to elucidate the exact mechanism by which L-Kyn affects 
lipid metabolism, we first assessed the expression of PCSK9, a key 
regulator of LDL-C regradation [27]. The results showed a significant 
upregulation of PCSK9 at both mRNA expression and protein levels in 
the liver of LET mice, which was reversed upon Ido1 inhibition by 
epacadostat (Fig. 5a, b).

To investigate the cellular pathways responsible for abnormal he-
patic lipid accumulation, we treated HepG2 cells with a range of con-
centrations of L-Kyn (0, 62.5, 125, 250, 500, 1000 μg mL− 1). Cell 
viability results are presented in Extended Data Fig. 4a. Based on this 
result, we selected the intermediate concentration (250 μg mL− 1 L-Kyn) 
for the subsequent study. Oil Red staining revealed that L-Kyn stimu-
lation let to increased lipid accumulation (Fig. 5c). Subsequent qRT-PCR 

Fig. 2. Metabolite profiles of Trp metabolism in serum, liver, muscle, and fat tissue of mice. a, Pathway of Trp metabolism. b, Schematic illustration of the mice 
model design. The mice were divided into three groups. The mice were treated for 35 days with PBS as a control group or LET as the LET group. The mice in the 
LET+E group received both LET and epacadostat simultaneously. c, Heat map of Trp metabolites in serum, liver, muscle, and fat tissue from each group (n = 5 mice 
per group). d, Quantitative analysis of Trp levels (n = 5 mice per group). e, Quantitative analysis of L-Kyn levels (n = 5 mice per group). f, Quantitative analysis of 
KTR (n = 5 mice per group). g, Quantitative analysis of serotonin levels (n = 5 mice per group). h, Quantitative analysis of IAA levels (n = 5 mice per group). The 
units of these substances are expressed in ng mL− 1 in serum, and in ng g− 1 in liver, SK, and fat tissue. p values were determined by one-way ANOVA with Tukey’s 
multiple comparison post-hoc test and data were presented as means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. Tryptophan hydroxylase, TPH; 5-Hydroxytryp-
tophan, 5-HTP; Aromatic amino acid decarboxylase, AADC; Monoamine oxidase, MAO; 5-Hydroxyindole-3-acetic acid, 5-HIAA; Serotonin N-acetyltransferase, SNAT; 
N-Formy-L-kynurenine, NFK; Arylformamidase, AFMID; Kynurenine aminotransferase, KAT; 3-hydroxykynurenine, 3-HK; 3-hydroxyanthranilic acid, 3, 4-dioxyge-
nase, 3HAO; 3-hydroxyanthranilic acid, 3-HAA; Xanthurenic acid, XA; Picolinic acid, PA; 3-Hydroxyanthranilate 3,4-dioxygenase, HAAO; Quinolinic acid, QA; 
Quinolate phosphoribosyltransferase, QPRT; Cinnabarinic acid, CA; Tryptophan aminotransferase, TAA; Indole-3-pyruvic acid, IPyA; Indole-3-pyruvate decarbox-
ylase, IPDC; Indole-3-propionic acid, IPA; Phenylpyruvate dehydrogenase, PPDH; Indole-3-aldehyde, IAId; Indole-3-carboxaldehyde, ICA; Cytochrome P450, Cyp450; 
3-Indoxyl sulfate, 3-IS; Indoxyl-beta-D-glucuronide, IBG.
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analysis confirmed that L-Kyn stimulation triggers a significant up- 
regulation of PCSK9 in HepG2 (Fig. 5d). Correspondingly, adding L- 
Kyn to HepG2 cells distinctly increased the protein levels of PCSK9 
(Fig. 5e, f). L-Kyn is known to activate the AHR, which subsequently 
translocates to the nucleus, dimerizes with the aryl hydrocarbon re-
ceptor nuclear translocator (ARNT), and regulates downstream gene 
transcription [21,28]. Western blot analysis confirmed that L-Kyn 
stimulation increased AHR expression in HepG2 (Fig. 5e, g). To explore 
the interaction between L-Kyn and AHR, we used CB-DOCK, a precise 
protein-ligand blind docking tool. The successful docking of L-KYN and 
AHR is illustrated in Fig. 5h. Based on these results, we hypothesize that 
L-Kyn exacerbates dyslipidemia through the AHR-PCSK9 axis. To test 
this hypothesis, we conducted a rescue experiment by co-treating HepG2 
with L-Kyn and StemRegenin 1 (SR1), an AHR inhibitor. SR1 treatment 
effectively reduced PCSK9 by inhibiting AHR expression (Fig. 5d, e, f, 
and g). Notably, inhibition of AHR by SR1 also mitigated lipid accu-
mulation in the L-Kyn-treated HepG2 cells (Fig. 5c). We then evaluated 
the effect of L-Kyn on LDL-C function using a DiI-LDL uptake assay, 
where the fluorescence in HepG2 cells reflects their ability to absorb 
LDL-C. The results shown in Fig. 5i demonstrated that L-Kyn could 
enhance LDL-C uptake, while AHR inhibition by SR1 attenuated this 
effect. Given the important roles of PCSK9 in regulating LDL-C levels, 
these findings suggest that L-Kyn modulates lipid metabolism in PCOS 
by upregulating PCSK9 via AHR activation.

2.6. PLP ameliorates PCOS by promoting L-Kyn catabolite to Kyna

PLP, the active form of vitamin B6, functions as an important coen-
zyme in numerous enzymatic reactions, including amino acid meta-
bolism, neurotransmitter synthesis, heme production, and other 
physiological functions [29]. Additionally, PLP serves as a cofactor for 
key enzymes involved in converting L-Kyn to Kyna (Fig. 6a). We eval-
uated B-group vitamins, including PLP, in the serum of controls and 
women with PCOS. Among these vitamins, serum PLP levels were lower 
in the PCOS group as compared to the controls (Fig. 6b to i). No statis-
tically significant differences were observed in the levels of other B- 
group vitamins (VitB1, VitB2, VitB3, VPP, VitB6, and VitB7) between 
the two groups. Interestingly, VitB5 levels were higher in the PCOS 
group. Given the enzymatic role of PLP in L-Kyn metabolism, we next 
quantified serum Kyna levels and found that PCOS patients exhibited 
decreased serum Kyna content compared to the control group (Fig. 6j). 
Next, we investigated the therapeutic effects of PLP by adding it to the 
drinking water of mice (Fig. 6k). Consistent with the results, Kyna levels 
were significantly reduced in the liver of the LET mice (Fig. 6l). There 
was a trend suggesting the levels of Kyna slightly increased following 
PLP administration although there was no significant difference. The 
ratio of L-Kyn to Kyna, an indicator of enzymatic activity involved in L- 
Kyn catabolism, significantly decreased in the liver of PCOS mice and 
was effectively restored after PLP supplementation (Fig. 6m). PLP 
administration successfully restored estrous cycles (Fig. 6n, o) and 
dramatically reduced cystic follicles in the ovaries (Fig. 6p). Further-
more, the beneficial effects of PLP extended to endocrine and metabolic 
parameters, as evidenced by a reduction in hyperandrogenism (Fig. 6q). 

Consistently, mice given PLP administration exhibited lower body 
weight (Fig. 6r), accompanied by improved glucose homeostasis (Fig. 6s, 
t and Extended Data Fig. 5a) and an improvement in serum LDL-C and 
TC levels (Extended Data Fig. 5b). Collectively, these findings highlight 
the pivotal role of aberrant L-Kyn metabolism in PCOS pathogenesis and 
underscore PLP as a promising therapeutic strategy for mitigating 
reproductive and metabolic disturbances in PCOS.

3. Discussion

Emerging evidence suggests that disrupted glucose and lipid meta-
bolism contributed to the pathogenesis of PCOS. However, the role of 
amino acid metabolism in PCOS has been largely overlooked. Increasing 
evidence supports the role of bioactive compounds produced derived 
from amino in maintaining homeostasis across various physiological 
processes, such as inflammation, metabolism, immune responses, and 
nervous system function [30]. Recent advances highlight an intimate 
relationship between Trp metabolism and the progression of various 
diseases. Disruption in Trp metabolism has been implicated in condi-
tions such as pregnancy IR, obesity, respiratory issues, vascular pa-
thology, and depression [3,18,19,24,28,29]. Nevertheless, few clues 
have indicated the possible effect of Trp and its metabolites on PCOS 
intervention. A recent cross-sectional study found abnormal activation 
of the Trp pathway in PCOS patients [18]. However, the precise source 
of the Kyn and its function in PCOS remain unclear. Our previous 
findings revealed downregulation of the indole pathways of Trp catab-
olism in the circadian dysrhythmia-induced PCOS rat model [8], 
prompting further investigation into the role of Trp and its metabolites 
in PCOS development. In this study, we observed elevated serum L-Kyn 
levels in obese PCOS patients. Mechanistically, metabolomic analysis of 
tissues from the LET-induced PCOS mice model revealed that excessive 
L-Kyn, derived from the liver tissue, exacerbated higher levels of LDL-C 
through the AHR-PCSK9 pathway. Pharmacological intervention using 
the inhibitor epacadostat, or PLP, a coenzyme for KATs, demonstrated 
beneficial effects on reproductive endocrinology and metabolic ho-
meostasis in PCOS-like mice, mitigating hyperandrogenism, irregular 
estrous cycles, polycystic ovarian morphology, higher body weight, 
impaired glucose tolerance, hepatic steatosis, and adipocyte 
hypertrophy.

To assess the impact of L-Kyn on PCOS pathogenesis, we first look for 
an accurate mouse model that mirrors PCOS traits. Previous studies have 
utilized estradiol valerate, dehydroepiandrosterone (DHEA), dihy-
drotestosterone (DHT), T, anti-mullerian hormone (AMH), human cho-
rionic gonadotropin (hCG), and LET to conduct PCOS-like mice 
[4,16,27,31]. Notably, abnormal L-Kyn levels have been reported to 
accelerate the development of IR and obesity [3,25]. Given its 
comprehensive metabolic and reproductive phenotype, we utilized a 
LET-induced PCOS-like mice model in this study, as it exhibits elevated 
serum T levels, irregular estrous cycles, polycystic ovarian morphology, 
higher body weight, impaired glucose tolerance, hepatic steatosis, and 
adipocyte hypertrophy (Fig. 1b to l, Extended Data Fig. 1).

Trp is absorbed from dietary sources by the intestinal epithelium and 
transported via the bloodstream to distant target organs [19], where it 

Fig. 3. Epacadostat supplementation ameliorates reproductive index and dyslipidemia in LET-induced PCOS-like mice. a, Relative mRNA expressions related to Trp 
metabolism-related enzymes of liver from mice in the indicated groups (n = 5 mice per group). b, c, The protein levels of IDO1 in the liver of mice from the indicated 
groups (n = 4 mice per group). d, Quantities of serum ifnγ levels (n = 6 mice per group). e, Relative Ifnγ mRNA expressions in the liver of mice from the indicated 
groups (n = 5 mice per group). f, Representative estrous cycles. M, metestrus; D, diestrus; P, proestrus; E, estrus. g, Percentage of each stage in estrous cycles (n = 6 
mice per group). h, Ovary morphology represented by HE staining. The triangle symbol represents CL; The asterisk symbol represents atretic follicles; The well 
number symbol represents cystic follicles. Scale bar: 200 μm. i, Measurement of serum T levels (n = 6 mice per group). j, Body weight changes (n = 6 mice per group). 
k, l, GTT and AUC (n = 6 mice per group). m, Representative Oil Red O staining of livers. Scale bar: 200 μm and 50 μm. n, Representative images of liver ultra-
structure detected by transmission electron microscope. Scale bar: 2 μm. LD represents the lipid droplet; N represents the nucleus. o, Representative HE staining 
images of WAT. Scale bar: 50 μm. For a, c, d, e, g, i, and l, p values were determined by one-way ANOVA with Tukey’s multiple comparisons post-hoc test, and data 
were presented as means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. For j and k, p values were determined by one-way ANOVA with Tukey’s multiple comparisons 
post-hoc test, and data were presented as means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001, Control versus the LET group. pp < 0.05; ppp < 0.01; ppp < 0.001, LET 
versus the LET+E group.
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undergoes metabolism through three major pathways: the KP, the se-
rotonin pathway, and the indole pathway. The KP of Trp metabolism 
occurs predominantly in the liver, accounting for over 95 % of Trp is 
metabolized into bioactive compounds [19,32]. A small proportion of 
Trp is catalyzed to 5-hydroxytryptophan (5-HTP) by tryptophan hy-
droxylase (TPH), which is further decarboxylated by aromatic L-amino 
acid decarboxylase (AADC) to produce serotonin. Additionally, indole 
and its derivatives represent minor metabolic products of Trp meta-
bolism. The liver, WAT, and SK play pivotal roles in maintaining 
reproductive and metabolic homeostasis in females [33]. Here, in virtue 
of LC-MS techniques to analyze Trp catabolites in serum, liver, fat tissue, 
and SK, we identified the liver as the primary site of excessive L-Kyn 
production in PCOS mice (Fig. 2e). Furthermore, we quantified key 
metabolites from the other two Trp metabolic pathways. Serotonin 
levels exhibited a slight decreasing trend in the liver of PCOS mice 
(Fig. 2g), consistent with a previous study reporting reduced serotonin 
levels in the hippocampal tissue of PCOS-like mice [34]. However, levels 
of IAA, a downstream metabolite of the indole pathway, showed no 
significant changes (Fig. 2h). Given that Trp availability is a limiting 
factor for its metabolic pathways, we hypothesize that an upregulation 
of one pathway may lead to a reduced flux in others. This metabolic 
imbalance may drive excessive KP activation, contributing to PCOS 
pathophysiology. Three key enzymes, tryptophan 2,3-dioxygenase 
(TDO), IDO1, and IDO2, catalyze the initial conn continues to degrade 
to Kyna catalyzed by the KATs. IDO1 and IDO2 are expressed in various 
organs, including the liver, gastrointestinal tract, kidney, and brain, 
whereas TDO is predominantly expressed in the liver. IDO1 over-
expression has been observed in the small intestine, colon, and WAT of 
subjects with gestational diabetes mellitus (GDM) and obesity [3,25]. 
However, little research has explored IDO1 expression in PCOS. In our 
study, the comparative analysis of KP enzyme expression in the liver of 
PCOS-like mice revealed selective upregulation of IDO1, with a 
concomitant increase in ifnγ, the primary inducer of IDO1 (Fig. 3a, b, c, 
d, and e). Consistent with these results, IDO1 activity, as reflected by 
KTR, was slightly elevated in the liver of PCOS mice (Fig. 2f). IDO1 
deserves to be a promising target for treating several disorders. Epaca-
dostat, a potent selective IDO1 inhibitor, has demonstrated efficacy in 
4NQO-induced oral carcinogenesis in mice [35]. When combined with 
an anti-LAG3 neutralization antibody and Paclitaxel, epacadostat 
enhanced a therapeutic effect in reducing tumor metastasis in mice [36]. 
However, its relevance in PCOS remains unexplored. Based on our 
findings of IDO1 activation in PCOS, we hypothesized that epacadostat 
could mitigate PCOS-related metabolic and reproductive dysfunctions. 
Thus, we administered epacadostat in the drinking water at a dose of 2 g 
L− 1, which resulted in a significant reduction in hepatic L-Kyn levels 
(Fig. 2e), corresponding with IDO1 inhibition by epacadostat (Fig. 3a, b, 
c). The PCOS-related reproductive and metabolic dysfunctions were 
alleviated by the epacadostat (Fig. 3f to n, and Extended Data Fig. 2a to 
c). These findings provide mechanistic insights into the therapeutic 
potential of IDO1-targeted interventions in PCOS and may help clarify 

the limited efficacy of epacadostat in clinical trials.
To validate the involvement of L-Kyn in PCOS, we collected human 

serum samples to comprehensively assess the impact of L-Kyn on PCOS 
symptoms. Our case-control study, which included 44 control women 
and 40 PCOS patients, showed that serum Trp and L-Kyn levels did not 
differ between the two groups (Fig. 4b, c). However, Wang et al. found 
that plasma Trp and L-Kyn levels are increased in PCOS patients, inde-
pendent of BMI [18]. Furthermore, existing evidence suggests that 
obesity is associated with increased circulating Kyn levels [3]. To clarify 
this discrepancy, we stratified participants into four groups based on 
BMI. Notably, L-Kyn levels were elevated only in the serum of PCOS 
patients who were overweight (Fig. 4d). Additionally, KTR analysis 
indicated that IDO1 activation was specific to obese women with PCOS 
(Fig. 4f). The divergence between our findings and previous studies may 
be attributed to variations in populations and their dietary habits. As an 
essential amino acid, Trp can only be obtained through dietary intake. 
Therefore, variations in dietary habits due to regional factors, as well as 
genetic differences among ethnic groups, may influence the digestion, 
absorption, metabolism, and cellular utilization of amino acids, ulti-
mately affecting the observed results. To further elucidate the metabolic 
role of L-Kyn in PCOS, we analyzed its relationship with serum lipid 
profiles. Our results demonstrated a positive correlation between serum 
L-Kyn and LDL-C levels (Fig. 4g), while an inverse correlation was 
observed with HDL-C (Fig. 4h). No significant associations were found 
with TG or TC when analyzing PCOS and control women collectively 
(Fig. 4i and j). This finding provides the first crucial evidence impli-
cating L-Kyn in the dyslipidemia associated with PCOS.

Collectively, our findings highlight the significant role of IDO1 in 
both ovarian steroidogenesis and metabolic dysregulation, suggesting its 
potential as a therapeutic target for PCOS. Exogenous L-Kyn adminis-
tration disrupted the estrous cycle, altered ovary morphology, and 
exacerbated IR and hyperlipidemia, similar to those observed in the LET 
dose (Fig. 4m, n, o, p, and Extended Data Fig. 3a, b, c, d, and f). This 
aligns with previous studies demonstrating that L-Kyn can induce insulin 
resistance in mice [3]. Interestingly, L-Kyn did not influence serum T 
levels (Fig. 4l), which is consistent with our observation that serum L- 
Kyn levels were not positively correlated with T levels in patients 
(Extended Data Fig. 3e). This further supports the hypothesis that L-Kyn 
contributes to PCOS pathogenesis predominantly through metabolic 
rather than direct steroid hormone synthesis. The previous study illus-
trates that free Trp and its metabolites, L-Kyn, bind to albumin in the 
intestinal epithelium and are subsequently transported into the liver via 
circulation [37]. However, the metabolic pathways of exogenous L-Kyn 
following subcutaneous injection remain unexplored. Thus, we specu-
late the differential effects on T levels between the L-Kyn and LET mouse 
models may be due to higher hepatic accumulation of L-Kyn rather than 
direct ovarian effects. The increased levels of L-Kyn in the liver trigger 
severe dyslipidemia, which in turn promotes IR and abnormal cytokine 
secretion, ultimately impairing ovary function and contributing to 
ovulatory obstacles. Since L-Kyn itself does not directly affect the ovary 

Fig. 4. Changes in the L-Kyn are associated with the dyslipidemia in PCOS. a, Flow chart depicting the patients grouping and serum Trp metabolites analysis. b, 
Serum Trp levels of female individuals with or without PCOS (n = 44 in the Control group, n = 40 in the PCOS group). c, Serum L-Kyn levels of female individuals 
with or without PCOS (n = 44 in the Control group, n = 40 in the PCOS group). d, Serum L-Kyn levels in Control-lean subjects (18 ≤ BMI < 24, n = 23), Control- 
overweight subjects (BMI ≥ 24, n = 21), PCOS-lean subjects (18 ≤ BMI < 24, n = 20) and PCOS-overweight subjects (BMI ≥ 24, n = 20). e, Serum KTR levels of 
female individuals with or without PCOS (n = 44 in the Control group, n = 40 in the PCOS group) f, Serum L-Kyn levels in Control-lean subjects (18 ≤ BMI < 24, n =
23), Control-overweight subjects (BMI ≥ 24, n = 21), PCOS-lean subjects (18 ≤ BMI < 24, n = 20) and PCOS-overweight subjects (BMI ≥ 24, n = 20). g, h, i, and j, 
Correlation analysis of serum L-Kyn levels with LDL-C, HDL–C, TG, and TC in patients (n = 84). k, Schematic illustration of the mice model design. The mice were 
divided into five groups: Control, LET, L-Kyn, Ido1− /− + LET, and Ido1− /− + L-Kyn + LET. The wild-type mice in the control group were treated with PBS for 35 days, 
while those in the LET group and L-Kyn group received LET or L-Kyn treatment for the same duration, respectively. The Ido1− /− mice were treated for 35 days with 
LET in the Ido1− /− + LET group, and with both L-Kyn and LET simultaneously in the Ido1− /− + L-Kyn + LET group. l, Measurement of serum T levels (n = 5 mice per 
group). m, Body weight changes (n = 5 mice per group). n, o, GTT and AUC (n = 5 mice per group). p, Serum insulin levels (n = 5 mice per group). q, The schedule of 
the population expansion of the Ido1− /− mice. For b, c, and e, p values were determined by the unpaired test. For d, f, l, o and p, p values were determined by one-way 
ANOVA with Tukey’s multiple comparisons post-hoc test, and data were presented as means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001. For m and 
n, p values were determined by one-way ANOVA with Tukey’s multiple comparisons post-hoc test, and data were presented as means ± SEM. *P < 0.05, **p < 0.01, 
***p < 0.001, Control versus the LET group. pp < 0.05, ppp < 0.01, pppp < 0.001, Control versus the L-Kyn group.
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and its accumulation is insufficient to impair ovarian cell function, T 
production remains unaffected. Furthermore, PCOS arises from the 
complex interplay of HA, obesity, abdominal adiposity, and IR [38]. 
Evidence suggests that HA is the central defect in PCOS, while obesity, 
abdominal adiposity, and IR serve as common triggers or modifiers of 
the condition [39]. The phenotypic divergence observed between lean 
and obese PCOS patients can be attributed to the varying contributions 
of these factors across individuals. This explains the clinical heteroge-
neity of PCOS. In lean PCOS patients, the severity of HA alone without IR 
and obesity can be sufficient to induce the full spectrum of PCOS man-
ifestations. In contrast, in obese PCOS patients, obesity-related meta-
bolic disturbances may exacerbate even modest androgen 
overproduction, contributing to the manifestation of PCOS. This 

mechanistic framework also explains the partial reversibility of PCOS 
features following significant weight loss. Our experimental findings 
also support this framework. Exogenous administration of L-Kyn 
induced PCOS-like features, including disrupted estrous cyclicity, 
polycystic ovarian morphology, lipid dysmetabolism, and glucose 
intolerance, in mice without elevating T levels (Fig. 4l, m, n, and o, 
Extended Data Fig. 3a, b, c, d, and f). This finding highlights that 
metabolic disturbances can trigger the pathophysiology of PCOS, even in 
the absence of overt hyperandrogenism. Studies in Ido1 knockout mice 
provided compelling evidence that Ido1 upregulation-induced excessive 
L-Kyn resulted in disrupted estrous cycles, polycystic ovary morphology, 
and hepatic lipid accumulation (Extended Data Fig. 3a, b, c, d, i and j). 
Particularly, LET failed to induce hyperandrogenemia in the absence of 

Fig. 5. IDO1-catalyzed L-Kyn exacerbates dyslipidemia via the AHR-PCSK9 axis in PCOS. a, Relative mRNA expressions of Pcsk9 in the liver from mice in the 
indicated groups (n = 5 mice per group). b, Protein levels of PCSK9 in the liver from mice in the indicated groups (n = 4 mice per group). c, Oil Red staining of lipid 
droplets within the hepG2 cells, bar = 50 μm. d, Relative mRNA expressions of PCSK9 in the hepG2 cells (n = 3 per group). e, Western blot analysis of AHR and 
PCSK9 in hepG2 cells (n = 3 per group). f, Relative protein levels of PCSK9 in the hepG2 cells (n = 3 per group). g, Relative protein levels of AHR in the hepG2 cells 
(n = 3 per group). h, Docking model of the L-Kyn and AHR. i, Image of LDL-C absorption in hepG2, bar = 50 μm. p values were determined by one-way ANOVA with 
Tukey’s multiple comparisons post-hoc test, and data were presented as means ± SEM. *p < 0.05, **p < 0.01.

Y. Wang et al.                                                                                                                                                                                                                                   Metabolism 168 (2025) 156238 

10 

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en julio 10, 2025. 
Para uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.



(caption on next page)

Y. Wang et al.                                                                                                                                                                                                                                   Metabolism 168 (2025) 156238 

11 

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en julio 10, 2025. 
Para uso personal exclusivamente. No se permiten otros usos sin autorización. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.



Ido1 (Extended Data Fig. 3h). In contrast, exogenous L-Kyn adminis-
tration restored T production of Ido1− /− mice, indicating that while L- 
Kyn itself does not directly stimulate androgen synthesis, it is essential 
for LET-mediated hyperandrogenism.

The lipid-decreasing effect of epacadostat indicates that L-Kyn may 
serve as a promising target for dyslipidemia intervention in PCOS. 
PCSK9 is a highly conserved enzyme responsible for regulating choles-
terol homeostasis by promoting the degradation of LDL receptors, 
leading to excessive LDL-C accumulation [27]. However, the factors 
driving PCSK9 upregulation in PCOS remain unclear. Here, we uncov-
ered a novel role of L-Kyn in modulating LDL-C levels through the lipid 
metabolic regulator PCSK9. We observed that Pcsk9 mRNA expression 
and PCSK9 protein levels were increased in the liver of the PCOS mice 
but significantly reduced following IDO1 inhibition by epacadostat 
(Fig. 5a, b). This is consistent with a previous study that PCSK9 inhibi-
tion reduces circulating TC and LDL-C levels in PCOS mice [27]. How-
ever, our study is the first to report that L-Kyn directly regulates PCSK9. 
Our in vitro experiments further demonstrated that L-Kyn enhances 
PCSK9 at both the mRNA and protein levels, leading to an increased LDL 
uptake capacity in HepG2 cells (Fig. 5c, d, e, f, and i). A previous study 
reported that L-Kyn promotes AHR translocation into the nucleus, 
facilitating the transcription of target genes [28]. Consistently, our re-
sults revealed increased AHR expression in HepG2 cells stimulated with 
L-Kyn compared to control cells (Fig. 5e, g). Notably, the enhancement 
of LDL uptake by L-Kyn was reversed by co-administration of SR1, an 
inhibitor of AHR (Fig. 5i). Collectively, these findings emphasize the 
crucial role of the L-Kyn-AHR-PCSK9 pathway in the dyslipidemia 
associated with PCOS.

Kyna is a downstream metabolite of L-Kyn catabolism. We demon-
strated that PCOS patients exhibit significantly lower serum Kyna levels 
(Fig. 6j). A similar phenomenon was observed in PCOS-like mice, where 
Kyna levels were significantly reduced in the liver of LET mice (Fig. 6l). 
PLP acts as a cofactor for key enzymes involved in the catabolic pro-
cesses of L-Kyn. We first establish that the decrease in PLP levels in PCOS 
patients aligns with the tendency of Kyna. Notably, PLP supplementa-
tion reduced L-Kyn accumulation in the liver of PCOS mice, as evidenced 
by a decreased L-Kyn to Kyna ratio (Fig. 6m) and the attenuation of 
PCOS traits (Fig. 6n, o, p, q, r, s, t and Extended Data Fig. 5). Addi-
tionally, we found that serum Vit B5 levels were elevated in PCOS pa-
tients (Fig. 6f). Previous research has shown that Vnn1 is a 
pantetheinase that catalyzes the conversion of pantetheine to panto-
thenate (Vit B5) [40]. Notably, increased expression of Vnn1 in intes-
tinal epithelial cells has been identified as a compensatory response to 
inflammation in the inflammatory bowel disease (IBD) mouse model. 
This upregulation of Vnn1 promotes Vit B5 synthesis, which aids in 
repairing the intestinal mucosal barrier and enhancing the effectiveness 
of anti-inflammatory treatments. Given that PCOS is also associated with 
chronic low-grade inflammation, we hypothesize that the elevated 
serum Vit B5 levels in PCOS patients may similarly represent a 
compensatory response. Furthermore, no studies have investigated the 
relationship between Vit B5 and L-Kyn, suggesting that the observed 
elevation in Vit B5 levels is more likely a compensatory response than a 

result of changes in Trp metabolism. Another potential explanation in-
volves the MYC oncogene, which has been linked to increased vitamin 
B5 levels in tumor environments. A study reported that vitamin B5 is 
enriched in MYC-high regions of both human and murine mammary 
tumors [41]. This enrichment is driven by MYC-mediated upregulation 
of solute carrier family 5 member 6 (SLC5A6), a multivitamin trans-
porter, leading to enhanced vitamin B5 uptake and utilization. Addi-
tionally, previous research has implicated MYC signaling in PCOS 
pathophysiology. Specifically, leptin (LEP), which is elevated in the 
serum and follicular fluid of PCOS patients, activates c-MYC, modulates 
telomerase reverse transcriptase (TERT) expression, and increases telo-
merase activity and telomere length, ultimately contributing to gran-
ulosa cell apoptosis and ovarian dysfunction. Based on these findings, 
we propose that the elevated vitamin B5 levels observed in PCOS pa-
tients may be linked to MYC pathway activation [42]. These findings 
suggest that reducing hepatic L-Kyn levels may help prevent PCOS.

Overall, we propose a model wherein L-Kyn promotes PCOS devel-
opment by modulating androgen levels and lipid metabolism. Epaca-
dostat directly targets IDO1, thereby inhibiting the L-Kyn-AHR-PCSK9 
interaction, reducing LDL-C accumulation, and suppressing androgen 
synthesis. Additionally, PLP ameliorates PCOS traits by promoting L-Kyn 
metabolizing to Kyna. Our findings highlight the therapeutic effect of 
epacadostat and PLP in PCOS management. This discovery opens up 
potential targets for controlling lipid homeostasis by targeting the L- 
Kyn-AHR-PCSK9 interaction.

These findings indicate that L-Kyn, a key metabolite in the Trp 
metabolic pathway, exhibits significant abnormalities in women with 
PCOS and is closely associated with dysregulated lipid metabolism. 
Given the substantial heterogeneity of PCOS, current clinical diagnosis 
primarily relies on the Rotterdam criteria, lacking effective biomarkers 
for risk prediction. The elevated levels of L-Kyn and KTR provide in-
sights into the underlying mechanisms driving PCOS pathogenesis and 
hold promise as potential metabolic biomarkers for improving early 
detection and phenotypic classification. Furthermore, the integration of 
metabolomics-based multi-marker models may enhance diagnostic 
precision and provide novel strategies for personalized treatment. 
Future research should further explore the distinct expression patterns 
of L-Kyn and KTR across PCOS subtypes, as well as their potential utility 
in therapeutic monitoring and prognostic assessment.

4. Materials and methods

4.1. Human study

A total of 84 serum samples of women were recruited from the Center 
for Reproductive Medicine at Ren Ji Hospital, and donated by the 
Reproductive Medical Center at First Affiliated Hospital of Henan Uni-
versity of Science and Technology, China. Serum samples were collected 
from March 2024 to September 2024. This study was approved by the 
Ethics Committee of the First Affiliated Hospital of Henan University of 
Science and Technology (2024–0050) and the Application Form of the 
ART Bthics Committee (2015071707). The PCOS patients all have at 

Fig. 6. PLP ameliorates PCOS by promoting L-Kyn catabolite to Kyna. a, The KP pathway schedule. b, c, d, e, f, g, h, and i, Serum VitB1, VitB2, VitB3, VPP, VitB5, 
PLP, VitB6, and VitB7 levels of women with or without PCOS (n = 44 in the Control group, n = 40 in the PCOS group). j, Serum Kyna levels of women with or without 
PCOS (n = 44 in the Control group, n = 40 in the PCOS group). k, Schematic illustration of the mice model design. The mice were divided into three groups (Control, 
LET, and LET+PLP). The mice in the control group were treated with PBS for 35 days, while those in the LET group received LET treatment for the same duration. The 
mice of the LET+PLP group were administered LET and PLP simultaneously for 35 days. l, Serum, liver, muscle, and fat Kyna levels of mice (n = 5 mice per group). 
The unit of Kyna is expresed in ng mL–1 in serum, and in ng g–1 in liver, SK and fat tissue. m, Serum, liver, muscle, and fat KTR of mice (n = 5 mice per group). n, 
Representative estrous cycles. M, metestrus; D, diestrus; P, proestrus; E, estrus. o, Percentage of each stage in estrous cycles (n = 5 mice per group). p, Ovary 
morphology represented by HE staining. The triangle symbol represents corpus luteum; The asterisk symbol represents atretic follicles; The well number symbol 
represents cystic follicles. Scale bar: 200 μm. q, Measurement of serum T levels (n = 5 mice per group). r, Body weight changes (n = 6 mice per group). s and t, GTT 
and AUC (n = 6 mice per group). For b, c, d, e, f, g, h, i, j, p values were determined by unpaired-t-test. *p < 0.05; **p < 0.01. For l, m, o, q and t, p values were 
determined by one-way ANOVA with Tukey’s multiple comparisons post-hoc test, and data were presented as means ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. For 
r and s, p values were determined by one-way ANOVA with Tukey’s multiple comparisons post-hoc test, and data were presented as means ± SEM. *p < 0.05, **p <
0.01, ***p < 0.001, Control versus the LET group. pp < 0.05, LET versus the LET+PLP group.
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least two phenotypes according to the 2003 Rotterdam Criteria: I oligo- 
or an-ovulation; II higher T levels and/or clinical signs indicating 
hyperandrogenism; III polycystic ovary change (transvaginal ultraso-
nography detection shows at least 12 antral follicles in each ovary). 
Other diseases that may influence sex hormones, prolactin (PRL), LH, 
follicle-stimulating hormone (FSH), T, and estradiol (E2), were excluded 
from the study. The control subjects participating with normal hormone 
levels, ovarian morphology, and regular menstrual cycles were selected 
from women who were diagnosed with primary or secondary infertility 
due to oviduct obstruction or male infertility.

4.2. Animal study

21-day-old C57BL/6 mice were purchased from Charles River Lab-
oratories (Beijing, China) and randomly housed 5 per cage. Mice were 
maintained under specific pathogen-free conditions with stationary 
temperature (21 ◦C ± 2 ◦C), and a lighting schedule of 12 h of light and 
12 h of darkness. After 1-week-adaptation, all mice received treatment 
for 35 days. The mice of the control group were injected daily with 100 
μL sesame oil. The mice in the LET group received a daily subcutaneous 
injection of LET at a dosage of 1 mg kg− 1 of body weight, dissolved in 
100 μL sesame oil. The mice in the L-Kyn group were injected subcu-
taneously daily with L-Kyn at a dosage of 20 mg kg− 1 of body weight, 
dissolved in 100 μL of sesame oil. In the rescue experiments, mice that 
were injected with LET received simultaneous supplementation of 2 mg 
mL− 1 epacadostat or 2 mg mL− 1 PLP dissolved in the drinking water. 
The Ido1 knockout (Ido1+/− ) mice with a C57BL/6 background were 
obtained from the Cyagen Biosciences. The Ido1+/− mice were crossed 
with each other to generate the homozygous mouse. 21-day-old Ido1− /−

mice were adapted for 1 week and then were injected with LET with or 
without L-Kyn for 35 days. Body weight was measured once per week. 
Before the mice were killed, the mice from each group were conducted 
the glucose tolerance test (GTT). The estrous cycle was determined by 
vaginal cytology during the latest 9 consecutive days. All animal 
experimental procedures were approved by the Experimental Animal 
Ethics Committee of Shanghai Laisen Original Life Science Co., LTD. 
(SOP-MAE-006-011).

4.3. Hematoxylin and eosin (HE) staining

Mice ovaries and adipose tissues were collected and immersed in the 
Universal Tissue Fixative (Neutral) (G1101, Servicebio) and the Fixative 
Specific for Fat (G1119, Servicebio), respectively. Following this, the 
samples were placed in 70 % ethanol for dehydration and then 
embedded in paraffin. The tissues were sliced into 5 μm thick sections, 
which were subsequently deparaffinized. The prepared sections were 
then stained with HE. Images of the stained sections were captured using 
a high-throughput digital slide scanning system (NanoZoomer S360, 
Hamamatsu).

4.4. Biochemical assessment of T, serum lipid and ifnγ levels

The concentrations of T, TG, TC, HDL-C, LDL-C, and ifnγ of mice 
were detected using Testosterone rat/mouse ELISA (DEV9911, Deme-
ditec), Triglyceride (TG) Colorimetric Assay Kit (E-BC-K261-M, Elabs-
cience), Total Cholesterol (TC) Colorimetric Assay Kit (E-BC-K109-M, 
Elabscience), High-density Lipoprotein Cholesterol (HDL-C) Colori-
metric Assay Kit (E-BC-K221-M, Elabscience), Low-density Lipoprotein 
Cholesterol(LDL-C) Assay Kit (E-BC-K205-M, Elabscience), and Mouse 
Ifn-γ High Sensitivity ELISA Kit (EK280HS, multi sciences) respectively. 
All procedures followed the recommended instructions provided by the 
manufacturers of the kits.

4.5. GTT

For the GTT assay, glucose concentrations were initially measured 

after a 12 h fasting period. Subsequently, the mice were given an 
intraperitoneal injection of glucose at 2 g kg− 1 of body weight. Blood 
samples were collected from the tail vein, and glucose levels were 
assessed using a glucometer (ACCU-CHEK, Roche, Germany) at 15, 30, 
60, 90, and 120 minutes (min) post-injection. The area AUC of each 
mouse was calculated by the GraphPad Prism 10.

4.6. Oil Red O staining

For Oil Red O staining, the liver tissue was harvested and immersed 
in 4 % paraformaldehyde and stained with 60 % Oil Red O staining 
solution. After washing with phosphate buffer saline (PBS), the sections 
were incubated with 75 % ethanol, followed by staining with hema-
toxylin for 5 min. HepG2 cells were washed with PBS, and fixed with 4 % 
paraformaldehyde for 10 min at room temperature. Then, the cells were 
washed twice with PBS and incubated with dyeing wash provided by the 
Improved oil red O staining kit (C0158S, Beyotime) for 20 seconds (s). 
After removing the dyeing wash, the hepG2 cells were incubated with 
improved oil Red O staining solution for 20 min. Remove the oil red O 
dyeing working liquid, add an appropriate amount of dyeing washing 
liquid, leave for 30 s, then remove the dyeing washing liquid, and wash 
with PBS for 20 s. Pictures were scanned using a high-throughput digital 
slide scanning system (NanoZoomer S360, Hamamatsu).

4.7. Transmission electron microscope

Fresh liver tissue was cut into 1 mm3 pieces and fixed in an electron 
microscope fixative (G1102, Servicebio) at room temperature for 1 h, 
followed by overnight fixation at 4 ◦C. The samples were then washed 
three times in PBS before postfixing with 1 % osmium tetroxide for 2 h at 
4 ◦C. After dehydration in ethanol, the samples were infiltrated and 
embedded. Subsequently, they were sectioned to approximately 70 nm 
thickness. The sample sections were mounted on copper grids, stained 
with lead citrate, and observed using an electron microscope (Hitachi 
HT7800, Tokyo, Japan).

4.8. LC-MS for Trp metabolism

500 μL extract (water/methanol/acetonitrile =1:2:2, v/v), 10 μL 
internal standard (2 μg mL− 1), and 2 mm zirconia beads were added to 
100 mg tissue samples and homogenized in the MP sample preparation 
equipment for 3 times (20 s each time). Following homogenization, the 
samples were centrifuged at 4 ◦C at 14000 relative centrifugal force (rcf) 
for 15 min. After centrifugation, 400 μL of the supernatant was trans-
ferred to an HLP plate, and the filtered liquid was collected for subse-
quent testing. For the serum sample preparation, 400 μL of the extract 
(with the same water/methanol/acetonitrile ratio) and 10 μL of the in-
ternal standard were added to 100 μL of serum and mixed thoroughly by 
vortexing for 30 s. The serum samples were then centrifuged at 4 ◦C at 
14000 rcf for 15 min. After centrifugation, 400 μL of the supernatant was 
transferred to an HLP plate, and the filtered liquid was collected for 
subsequent analysis. Both the tissue and serum samples were analyzed 
using the 5500 QTRAP mass spectrometer (SCIEX) in positive and 
negative ion modes. The positive ion conditions for the 5500 QTRAP ESI 
source were set as follows: source temperature at 450 ◦C; Ion Source Gas 
1 (Gas1) at 45; Ion Source Gas 2 (Gas2) at 45; Curtain Gas (CUR) at 40; 
and Ion Spray Voltage Floating (ISVF) at 4500 V. The retention time was 
adjusted using the standard of the target substance, and metabolite 
identification was then carried out.

4.9. RNA isolation and quantitative real-time PCR (q-RT-PCR)

Total RNA was isolated from liver tissue using RNAeasy™ Animal 
RNA Extraction Kit (Centrifugal column) (R0027, Beyotim) following 
the standard protocol of the constructor. Real-time PCR was carried out 
after the total RNA was extracted and reverse transcribed to cDNA using 
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PrimeScript™ RT Master Mix (Perfect Real Time) (RR036A, Takara) 
according to the manufacturer’s instructions. qRT-PCR experiments 
were conducted in triplicate, utilizing 60 ng of cDNA per reaction and 
10 μM of forward and reverse primers. The reactions were carried out 
with SYBR® Green Realtime PCR Master Mix (QPK-201, TOYOBO) on 
the applied biosystems QuantStudio 7 Flex (Thermo Fisher Scientific). 
The primers and their corresponding sequences are enlisted in the 
Extended Data Table 2. The expression levels of the target genes were 
normalized to β-actin, and the expression of the target genes was 
calculated using the 2− ΔΔCT method. The control group was used for 
normalization.

4.10. Western blot analysis

Cells and tissues were lysed in RIPA buffer (PC101, Epizyme) con-
taining Phosphatase Inhibitor Mixture (GRF102, Epizyme) and Protease 
Inhibitor Mixture (GRF101, Epizyme). Protein samples were separated 
with SDS-PAGE and transferred onto the PVDF membrane (IPVH00010, 
Merck). After blocking with 5 % non-fat milk, the membrane was 
incubated with diluted IDO1 antibody (1:1000; 654001, Biolegend), 
β-ACTIN antibody (1:20000, 66009-1, Proteintech), PCSK9 antibody 
(1,1000, ab181142, Abcam) and AHR antibody (1,1000, ab190797, 
Abcam) overnight at 4 ◦C. Then, HRP-conjugated secondary antibodies 
(1,5000) were incubated for 1.5 h at room temperature. β-ACTIN was 
used for normalization, and the intensity of each reactive band was 
analyzed using Image J.

4.11. Cell culture and treatment

The hepG2 cell line was obtained from a Cell Resource Center 
(Shanghai Institutes for Biological Sciences, Chinese Academy of Sci-
ences). HepG2 cells were cultured in high glucose-DMEM/F12 (11965- 
092, Gibco) supplemented with 10 % fetal bovine serum (FBS) (C04001, 
VivaCell) at 37 ◦C in a humidified atmosphere, with 5 % CO2. The cell 
lines were routinely subcultured every 2 or 3 days. For the stimulated 
experiment, L-Kyn sulfate (K3750, Sigma) was added to the medium for 
24 h. For the rescue experiment, 1 μM SR1 (S2858, Selleck) was added 
into the medium for 24 h. For the LDL-C absorption experiment, after 
being treated with L-Kyn with or without SR1, hepG2 cells underwent a 
24 h starvation in the high-glucose DMEM/F12 without FBS, followed 
by stimulating with 40 μg mL− 1 Dil-LDL (20614ES76, YEASEN) dissolve 
in high-glucose DMEM/F12 without FBS for 4 h. Afterward, the Dil-LDL 
solution was discarded, and the hepG2 cells were washed three times 
with PBS. Images were then captured using a Zeiss microscope.

4.12. Statistical analysis

Results are presented as means ± standard error of the mean (SEM). 
Statistical analyses were conducted using IBM SPSS version 29.0. The 
one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test 
was used to assess the statistical significance of differences among three 
or more groups. The unpaired t-test was employed to evaluate the sig-
nificance between the two groups. The p-value of <0.05 was considered 
statistically significant. The correlation between the serum lipids and L- 
Kyn levels was analyzed using the nonparametric Spearman’s test. For the 
basic index of the women, the data were represented by the median 
(interquartile range). Independent sample t-test and the Mann-Whitney U 
test were used for normally and non-normally distributed variables, 
respectively.
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