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Background

Women with polycystic ovary syndrome (PCOS) suffer from dysfunctional metabolism and studies have reported increased levels of tryptophan in patients with PCOS. However, the changes of downstream metabolites in tryptophan catabolism pathways remain unclear.



Methods

This is a cross-sectional study that included 200 PCOS patients and 200 control women who were recruited from the Reproductive Medicine Center of Peking University Third Hospital from October 2017 to June 2019. The PCOS patients and the control group were further divided into subtypes of normal weight and overweight/obesity. Fasting blood samples from all subjects were collected on days 2~3 of a natural menstrual cycle or when amenorrhea for over 40 days with follicle diameter not exceeding 10 mm. The plasma levels of tryptophan metabolites were quantitatively determined by the liquid chromatograph mass spectrometer, including tryptophan, serotonin, kynurenine, kynurenic acid, 3-hydroxykynurenine, and quinolinic acid.



Results

The tryptophan-kynurenine pathway was dysregulated in women with PCOS, along with significantly elevated levels of tryptophan, serotonin, kynurenine, kynurenic acid, and quinolinic acid. Moreover, levels of tryptophan, kynurenine, and kynurenic acid were positively correlated with luteinizing hormone, anti-Müllerian hormone, fasting insulin, HOMA-IR. tryptophan, and kynurenine and quinolinic acid had an obvious association with C-reactive protein levels. Furthermore, logistic regression showed that tryptophan, serotonin, kynurenine, kynurenic acid and quinolinic acid were all associated significantly with the increased risk of PCOS with the adjustment for potential confounding factors. Additionally, tryptophan, kynurenine, and kynurenic acid had good diagnostic performances for PCOS, and their combination exhibited higher sensitivity and specificity to diagnostic efficiency, with the area under the ROC curve of 0.824 (95% CI 0.777-0.871), which was comparable to the endocrine indicators.



Conclusion (s)

The tryptophan-kynurenine pathway was abnormally activated in PCOS patients.
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Introduction

Polycystic ovary syndrome (PCOS) is the most complicated reproductive endocrine disease in women of childbearing age, which is also recognized as the most common cause of anovulatory infertility (1). Worldwide, the prevalence of PCOS is 4–21% (2, 3), and can reach 5.6% in Chinese women (4). Typical clinical presentations of PCOS include hyperandrogenemia, oligo-or anovulation and polycystic ovaries (5, 6). In addition to reproductive disorders, PCOS patients often suffer from dysfunctional metabolism, such as obesity, insulin resistance, dyslipidemia and metabolic syndrome (7). Furthermore, the elevations of inflammatory cytokines, such as interleukins and chemokines, exacerbate metabolic disturbance in PCOS patients (8). These complications will greatly increase the long-term risk of type 2 diabetes and cardiovascular disease, with an earlier onset age (9, 10). Clinical studies have indicated that rectifying metabolic disorders could improve endocrine and reproductive disorders of PCOS patients (11). Therefore, the exploration of metabolic abnormality and the potential mechanism is the key to detect potential prediction markers and control the incidence of PCOS and complications.

Some metabolomic studies have indicated the imbalance of amino acid metabolism in PCOS, especially the significantly increased levels of aromatic amino acids (tryptophan, phenylalanine, and tyrosine) (12, 13). Tryptophan is one of the essential amino acids necessary for protein synthesis and it is metabolized mainly through kynurenine pathway and serotonin pathway. Under physiological conditions, more than 95% of tryptophan is metabolized by kynurenine (14), with the remainder converted to serotonin through the enterochromaffin cells (15). Tryptophan is firstly catalyzed by the rate-limiting enzyme, indoleamine 2,3-dioxygenase (IDO) or tryptophan 2,3-dioxygenase (TDO), to generate kynurenine. TDO is mainly expressed in the liver and drives tryptophan metabolism under physiological conditions (16); while IDO is widely distributed in whole body tissues outside the liver and its expression is up-regulated under the activation of stress, psychological pressure, and inflammation cytokines (17–20). Kynurenine generates 3-hydroxykynurenine via kynurenine monooxygenase and 3-hydroxykynurenine is transformed into 3-hydroxyanthranilic acid and then quinolinic acid through kynureninase and oxidase, respectively (21). In another branch of the kynurenine pathway, kynurenine can be converted into kynurenic acid via kynurenine aminotransferases (KAT I-IV).

In existing studies, abnormal activation of the tryptophan-kynurenine pathway is involved in the pathophysiological process of many complex diseases, including tumors, schizophrenia, and metabolic diseases, such as obesity, diabetes, and cardiovascular disease (18, 22–28). In obese adults, serum concentration of kynurenine was positively correlated with BMI and the expression of IDO1 enzymes in adipose tissue increased (29). In a cohort study of diabetic patients, it was found that tryptophan, kynurenine, quinolinic acid, and the ratio of kynurenine to tryptophan (indirect reaction of IDO/TDO enzyme activity) had predictive significance for insulin resistance and the risk of disease after a one-year follow-up (30). Moreover, in the plaque of patients with atherosclerosis, the expression of IDO enzyme in macrophages was up-regulated (31). In view of the multiple metabolic disorders in PCOS, the present study aimed to investigate the changes of the tryptophan-kynurenine pathway in PCOS patients, as well as for the detection of potential metabolic biomarkers for PCOS risk prediction.



Materials and Methods


Ethical Approval

This study was approved by the Reproductive Medicine Ethics Committee of Peking University Third Hospital and informed consent of all participants was obtained prior to inclusion in the study.



Study Population

This is a cross-sectional study included 200 PCOS patients and 200 control women who were recruited from the Reproductive Medicine Center of Peking University Third Hospital from October 2017 to June 2019. PCOS was diagnosed according to the 2003 Rotterdam criteria (6) and met at least two of the following three characteristics: clinical and/or biochemical signs of hyperandrogenemia, oligo-ovaulation or anovulation, and polycystic ovarian ultrasound changes, after exclusion of other causes (such as hypothyroidism, Cushing’s syndrome, congenital adrenal hyperplasia, and hyperprolactinemia). The control group was included from women attending the clinic due to tubal infertility or male factors. All of the control women had normal menstrual cycles, normal ovarian morphology, and did not have clinical or biochemical hyperandrogenemia. All subjects did not take medications known to affect metabolic function or reproductive function within 3 months before enrollment.



Definition of Metabolic Subtypes

Obesity was defined as body mass index (BMI) ≥ 24kg/m2 (32). The index of homeostasis model assessment of insulin resistance (HOMA-IR) was calculated according to the formula: HOMA-IR=fasting insulin (µU/ml) × fasting glucose (mmol/L)/22.5, and insulin resistance was defined as HOMA-IR ≥ 2.69 (33). The diagnostic standard for metabolic syndrome (MetS) is based on the National Cholesterol Education Program Adult Treatment Panel III (NCEP ATP III), which requires at least three of the following features (34): (1) waist circumference (WC) ≥80cm, (2) fasting blood glucose (FPG) ≥ 5.6 mmol/L, (3) systolic blood pressure (SBP) ≥130 mmHg and/or diastolic blood pressure (DBP) ≥85 mmHg, (4) fasting triglycerides (TG) ≥ 1.70 mmol/L, (5) fasting high-density lipoprotein cholesterol (HDL-C) <1.30 mmol/L.



Sample Collection and Biochemical Measurement

The peripheral blood samples on days 2–3 of a natural menstrual cycle or when amenorrhea for over 40 days with follicle diameter not exceeding 10 mm were collected in the morning after 8 hours of overnight fasting. The serum levels of FPG and fasting serum insulin (FINS) were determined by chemiluminescence method using Immulite 1000 system (DPC, USA). Total cholesterol (T-CHO), TG, low-density lipoprotein cholesterol (LDL-C) and HDL-C were measured by a dry slide enzymatic colorimetric assay. Measurements of serum follicle stimulating hormone (FSH), luteinizing hormone (LH), estradiol, total testosterone (T), androstenedione (AND), and progesterone were performed using a Siemens Immulite 2000 immunoassay system (Siemens Healthcare Diagnostics, USA). Ultrasensitive two-site enzyme-linked immunosorbent assay (Ansh Labs, USA) was used to measure anti-Müllerian hormone (AMH). The plasma samples were centrifuged for the quantitative analyses of metabolites in tryptophan-kynurenine pathway.



Measurement of Metabolites in Tryptophan-Kynurenine Pathway

Plasma concentrations of tryptophan, serotonin, kynurenine, kynurenic acid, 3-hydroxykynurenine, and quinolinic acid were determined by the liquid Chromatograph (Ultimate3000, Dionex, USA) Mass Spectrometer (API 3200 Q TRAP, AB, USA) (LC-MS) and 50ul of plasma sample was mixed with 150ul of pre-cooled acetonitrile and vortexed for 4 minutes at room temperature. After standing at -20°C for 10 minutes to completely precipitate the protein, the sample was centrifuged at 15000 g for 4 minutes at 4°C and 100ul of the supernatant was taken into the sample bottle of the autosampler to be tested. Tryptophan, serotonin, kynurenine, 3-hydroxykynurenine, and kynurenic acid were tested by +electrospray ionization (ESI) electrospray ion source in multiple reaction monitoring (MRM) scanning mode. The MRM ion pairs of the above metabolites were 205.1/188.1, 177.1/160.0, 209.1/146.1, 225.1/110.1 and 190.0/144.0. The spray voltage was +5500V, the collision gas CAD was Medium, and the atomization temperature was 500°C. The atomization gas was 55PSI, the auxiliary gas was 60PSI, the curtain gas was 20PSI, and the injection voltage was 10V. Chromatographic separation adopted Sapphire C18 chromatographic column (100*4.6mm 5um 100A), and its temperature was 50°C, flow rate was 1ml/min, mobile water phase was distilled water containing 0.1% formic acid, and organic phase was chromatographically pure acetonitrile containing 0.1%. Quinolinic acid adopted -ESI electrospray ion source in MRM multi-reaction monitoring scanning mode. The MRM ion pair of quinolinic acid was 166.1/122.0, and the MRM ion pair of internal standard chloramphenicol was 321.15/152.15. The spray voltage was -4200V, the collision gas CAD was Medium, and the atomization temperature was 500°C. The atomization gas was 55PSI, the auxiliary gas was 60PSI, the curtain gas was 20PSI, and the injection voltage was -10V. The chromatographic separation used a Sapphire C18 column (100*4.6mm 5um 100A), and its temperature was 50°C, the flow rate was 1ml/min, the mobile water phase was distilled water containing 5mM amine acetate, and the organic phase was pure acetonitrile. The chromatographic separation adopted a gradient elution method. Analyst Software version 1.61 was used for mass spectrometry data processing.



Statistical Analysis

The data were analyzed in SPSS Statistics (version 23.0; IBM, USA). The Kolmogorov-Smirnov test was used to determine whether the continuous variable is normally distributed. Comparisons between PCOS and control groups were performed using an independent sample t test and the Mann-Whitney U test for normally and non-normally distributed variables, respectively. The data were represented by the median (interquartile range). Spearman’s rank correlation was used to evaluate the correlation between metabolites and baseline endocrine and metabolic indicators. Binary logistic regression was performed to evaluate the correlation between metabolites and the presence of PCOS, before and after adjustment for baseline variables including age, BMI, LH, AND, and AMH. The concentrations of metabolites were further scaled to standard deviation (SD) units for easy comparison of metabolites with large differences in their concentration distributions. Receiver operating characteristic (ROC) curves were prepared for comparison of the diagnostic performance of metabolites in tryptophan-kynurenine pathway and clinical parameters, individually or in combination. All reported confidence interval (CI) values were calculated at the 95% level. P < 0.05 was considered statistically significant.




Results


Baseline Characteristics of Subjects

The baseline information, endocrine and metabolic indicators between PCOS, and control groups are shown in Table 1. Compared with the control group, PCOS patients had significantly increased levels of LH, total testosterone, androstenedione, AMH, fasting insulin, TG, T-CHO and LDL-C, which were in accordance with the typical abnormal characteristics of endocrine and metabolic disorders in PCOS. Also, the levels of uric acid, high sensitivity C-reactive protein (hsCRP) and HOMA-IR, were elevated in PCOS group, indicating the hyperuricemia and inflammatory state in PCOS patients.


Table 1 | The clinical information of polycystic ovary syndrome (PCOS) and control subjects.





Abnormal Activation of Tryptophan-Kynurenine Pathway in PCOS

The alterations of the metabolite levels and the ratio of the upstream and downstream metabolites in tryptophan-kynurenine pathway are shown in Figure 1A. The plasma levels of tryptophan and its metabolites, including serotonin, kynurenine, kynurenic acid, and quinolinic acid, were all elevated in the PCOS group which suggests abnormal activation of the tryptophan catabolism pathway. Also, the ratio of tryptophan to kynurenine (TRP/KYN) was decreased, while the ratio of tryptophan to serotonin (TRP/5-HT) was increased in PCOS group, indicating that the downstream metabolism of tryptophan was more inclined to the direction of the kynurenine pathway. Since the ratio of the up and downstream metabolites could indirectly indicate the enzyme activity involved in the conversion, the increased ratio of kynurenine to tryptophan demonstrated the enhanced activity of IDO/TDO enzyme in PCOS patients (Figure 1B). Similarly, a significant decrease in the ratio of kynurenine to kynurenic acid (KYN/KYNA) indirectly indicated an activation of KATs enzyme in the PCOS group (Figure 1B).




Figure 1 | Abnormal activation of tryptophan-kynurenine pathway in PCOS. (A) The plasma level changes of metabolites in tryptophan-kynurenine pathway in PCOS patients compared with control groups, ***p < 0.001; **p < 0.01; *p < 0.05; NS, not significant. (B) The sketch Map of changes of metabolites and key enzymes in tryptophan-kynurenine pathway in PCOS patients. The red color indicates increased metabolism and activated enzymes, the blue color indicates decreased metabolism, and the grey color indicates that the change trend of this pathway was not yet clear. (C) Correlation analysis of differential metabolites levels with the endocrine and metabolic parameters in all subjects. TRP, tryptophan; 5-HT, serotonin; KYN, kynurenine; KYNA, kynurenic acid; QA, quinolinic acid.



Previous studies have shown that obesity interacted with the pathophysiological mechanism of PCOS and kynurenine concentration was positively correlated with BMI (35, 36). Although there was no statistically significant difference in BMI between the PCOS and control groups, we further compared the subgroups of normal-weight or overweight/obese population in order to determine whether obesity had an effect on the levels of tryptophan metabolites. The levels of tryptophan, serotonin, kynurenine, kynurenic acid, and quinolinic acid were still significantly increased in PCOS group compared with controls in both normal-weight and overweight/obese population, respectively (Supplementary Table 1), indicating that excluding the influence of obesity factors, there was still an interaction between the pathophysiological mechanism of PCOS and abnormal tryptophan metabolism.

Additionally, the abnormal activation of the tryptophan-kynurenine pathway was closely associated with the endocrine and metabolic indicators of PCOS. As Figure 1C shows, the levels of tryptophan, kynurenine, and kynurenic acid are positively correlated with LH, AMH, fast insulin levels and HOMA-IR in all subjects and the concentrations of kynurenine and quinolinic acid were positively correlated to BMI. Tryptophan, kynurenic acid, and quinolinic acid had a positive association with TG and negative relation to HDL-C. Interestingly, tryptophan, kynurenine, and quinolinic acid were obviously associated with uric acid and CRP levels. Hence, abnormal activation of the tryptophan-kynurenine pathway might have an impact on the neuroendocrine feedback, insulin sensitivity, and inflammatory state in PCOS patients.



Identification of Metabolites in Tryptophan-Kynurenine Pathway Associated With PCOS

Moreover, we evaluated the potential influence of metabolites in the tryptophan-kynurenine pathway on the occurrence of PCOS and found per SD elevation of the plasma levels of tryptophan metabolites (tryptophan, serotonin, kynurenine, kynurenic acid, and quinolinic acid) and per SD decrease of KYN/KYNA, all were significantly associated with the increased risk of PCOS (Figure 2A; Supplementary Table 2). With adjustment for baseline age, BMI, and endocrine confounding factors, the correlations between these metabolites and PCOS were still statistically significant and the odds ratios (95% CI) were 3.113 (1.953-4.963), 2.379 (1.406-4.026), 3.658 (2.294-5.833), 3.198 (1.615-6.333) and 1.786 (1.185-2.690), respectively (Figure 2B; Supplementary Table 2).




Figure 2 | Identification of metabolites in tryptophan-kynurenine pathway associated with PCOS. (A) Unadjusted odds ratios (95% CIs) of PCOS per 1 SD change in plasma abundance of each metabolite. (B) The odds ratios (95% CIs) of PCOS per 1 SD increase in plasma abundance of each metabolite adjusted for baseline age, BMI, LH, androstenedione, and AMH. (C, D) Concentration-effect relationship of metabolites in tryptophan-kynurenine pathway associated with PCOS. The prevalence of PCOS was dramatically raised with the quartiles of TRP, tryptophan; KYN,  kynurenine; KYNA,kynurenic acid and QA, quinolinic acid while decreased with quartiles of KYN/KYNA, before (C) and after (D) adjusting for baseline age, BMI, LH, androstenedione and AMH.



Besides, the prevalence of PCOS was dramatically raised with the quartiles of tryptophan, kynurenine, kynurenic acid, and quinolinic acid levels, while notably reduced with the quartiles of KYN/KYNA before and after adjustment for age, BMI, LH, androstenedione, and AMH (Figures 2C, D; Supplementary Table 3), demonstrating that the abnormal activation of the tryptophan-kynurenine pathway and obviously altered metabolites levels, indeed, profoundly affect the occurrence and development of PCOS.



Plasma Metabolite Levels of Tryptophan-Kynurenine Pathway Showed Comparable Diagnostic Effect to Endocrine Indicators for PCOS

Since the plasma levels of tryptophan, kynurenine, and kynurenic acid were notably enhanced and most correlated with the odds of PCOS, we further compared the ability of these metabolites to distinguish PCOS. Kynurenine exhibited an area under the ROC curve (AUC) of 0.744 (95%CI, 0.658-0.774) and a highest specificity of 87.3%. Kynurenic acid had an AUC of 0.805 (95%CI, 0.756-0.854) with a sensitivity of 76.5% and a specificity of 74.7%, which was better than the diagnostic abilities of LH and androgen and close to that of AMH (Figure 3A). Moreover, the combination of tryptophan, kynurenine, and kynurenic acid performed relatively well and distinguished women with PCOS from the controls, and the AUC was 0.824 (95%CI, 0.777-0.871), with well-balanced sensitivity of 77.8% and specificity of 76.0% (Figure 3B). Furthermore, the combination of three metabolites and AMH could achieve an AUC of 0.910 (95% CI, 0.875-0.940) with the highest sensitivity of 87.6% and specificity of 80%. These results suggest that the diagnostic performances of metabolites in the tryptophan-kynurenine pathway for PCOS were comparable to the clinical endocrine indicators and could be used as the potential predictive markers of PCOS.




Figure 3 | Developing a diagnostic signature of PCOS based on the metabolites in tryptophan-kynurenine pathway. (A) Diagnostic potential of TRP, tryptophan; KYN,  kynurenine; KYNA,kynurenic acid  and the endocrine indicators by ROC analysis to distinguish PCOS from control in all participants. (B) Diagnostic potential of the combination of TRP, tryptophan; KYN,  kynurenine; KYNA,kynurenic acid  with or without the endocrine indicators by ROC analysis to distinguish PCOS from control in all participants. T, total testosterone; AND, androstenedione.





Determination of Metabolites in Tryptophan-Kynurenine Pathway Associated With the Different Metabolic Disorders in Women With PCOS

To determine whether the tryptophan catabolites were associated with the risk of metabolic disorders in PCOS, we further analyzed the alterations of metabolites in the tryptophan-kynurenine pathway in the different subgroups of PCOS patients. The concentrations of kynurenic acid and quinolinic acid were clearly increased in the plasma of overweight/obese PCOS women compared with the subgroup of normal weight PCOS women (Figures 4A, B), whereas other metabolites in the tryptophan-kynurenine pathway had no marked alteration (Supplementary Table 1). In addition, kynurenic acid and quinolinic acid were found to be associated with the increased odds of obesity in PCOS before and after adjusted for baseline age, LH, androstenedione, and AMH (Figure 4C; Supplementary Table S4). Conversely, there were no significant alterations in metabolites of the tryptophan-kynurenine pathway between normal weight and obese control subjects (Supplementary Table 1), which suggests the alterations of kynurenic acid and quinolinic acid could be specifically used as the predictors of obesity risk in PCOS women but not in non-PCOS women. Unexpectedly, there were no significant changes of metabolites in the tryptophan-kynurenine pathway in the subgroup of PCOS with insulin resistance in comparison to patients with normal insulin sensitivity (Supplementary Table 5), as well as in the subgroups of PCOS with and without metabolic syndrome (Supplementary Table 6). Thus, the activated tryptophan-kynurenine pathway and dramatically changed metabolites were most affected by the metabolic risk of obesity in PCOS.




Figure 4 | Determination of metabolites in tryptophan-kynurenine pathway associated with the obesity risk in women with PCOS. (A, B) The plasma level changes of kynurenic acid (A) and quinolinic acid (B) in overweight/obese PCOS patients compared with normal weight PCOS women. **p < 0.01; *p < 0.05. (C) The odds ratios (95% CIs) of obesity in women with PCOS per 1 SD increase in plasma abundance of KYNA, kynurenic acid and QA, quinolinic acid before and after adjusting for baseline age, LH, androstenedione and AMH.






Discussion

Tryptophan is one of the essential mammalian amino acids and the kynurenine pathway is the major metabolic route of tryptophan degradation, which is known to play an important role in the nervous, endocrine, and immune systems (20, 23, 37). In the present study, we detected the plasma levels of tryptophan and its catabolites (serotonin, kynurenine, kynurenic acid, and quinolinic acid) in PCOS patients were significantly increased compared with the control group, as well as the enhanced activities of IDO/TDO and KATs enzymes. Remarkably, elevated metabolites were closely related to increased risk of PCOS and a combination of tryptophan, kynurenine, and kynurenic acid could be used as potential marker to predict the risk of PCOS. In addition, the plasma alterations of kynurenic acid and quinolinic acid most affected the obesity risk in PCOS.

Previous studies have reported the significant change of tryptophan metabolism in several metabolic diseases. The activation of tryptophan metabolism was found in obese adults, meanwhile the ratio of kynurenine to tryptophan was positively correlated with BMI, accompanied by elevated inflammatory cytokines in the plasma (38). Moreover, the elevated level of kynurenine led to the abnormal glucose and lipid metabolism via aryl hydrocarbon receptor (AhR) (39, 40). Kynurenic acid, another endogenous ligand of AhR, promoted the occurrence of atherosclerosis by activating the receptor, and thereby could be used as a risk biomarker for the prognosis of atherosclerosis and plaque stability (41). Furthermore, quinolinic acid was involved in the underlying mechanism of diabetes and dyslipidemia by destroying the function of pancreatic cells and adipocytes (29, 42). At present, it is recognized that PCOS is a chronic metabolic disease. Our findings demonstrate the positive association between levels of metabolites in the tryptophan-kynurenine pathway and some metabolic indicators, such as BMI, TG, fast insulin level, and HOMA-IR (Figure 1C), indicating the abnormal activation of the kynurenine pathway disturbed the metabolic profile in PCOS. Our study also detected that kynurenic acid and quinolinic acid could aggravate the obesity risk of PCOS patients (Figure 4).

Conversely, our results show a positive correlation between the levels of tryptophan, kynurenine, and kynurenic acid and PCOS-related endocrine indexes, LH and AMH, which implies these metabolites had a crucial impact on hypothalamic-pituitary-gonadal (HPG) axis. In previous research on neurological diseases, the initial rate-limiting enzyme IDO was activated, under stress and anxiety, to promote the abnormal metabolism of tryptophan (43). It has been found that tryptophan, kynurenine, and 3-hydroxykynurenine could cross the blood-brain barrier (BBB) and kynurenic acid and quinolinic acid were produced, respectively, in astrocytes and microglia (44, 45). Kynurenic acid had function on neuroprotection and anti-inflammation, and maintained synaptic plasticity (46); quinolinic acid exerted neurotoxicity by inhibiting the reuptake of glutamate, promoting the production of reactive oxygen species, and destroying the BBB (47). Although the mechanism by which its homeostasis was broken is not yet clear, abnormally enhanced levels of kynurenine and its metabolites could induce neuroinflammation (48). In our analysis, the increased plasma concentrations of tryptophan and kynurenine were all notably correlated to the CRP level. Since plasma concentrations of tryptophan and kynurenine could indirectly reflect their contents in brain tissue, the elevation of these two metabolites might lead to the inflammatory reaction of central nervous system and influence the neuroendocrine function in women with PCOS.

In the tryptophan-kynurenine pathway, the initial rate-limiting enzyme is IDO or TDO. In most studies, the plasma ratio of kynurenine to tryptophan was measured as the activity of IDO and TDO. Compared to TDO, IDO is widely distributed as the immunobiologically relevant enzyme that catalyzes the conversion of tryptophan to kynurenine. Clinically, IDO activity was increased in obese adults and positively correlated with BMI (49). The inhibition of IDO activity could improve insulin sensitivity, maintain the intestinal mucosal barrier, reduce endotoxemia and chronic inflammation, and regulate lipid metabolism in both liver and adipose tissues (50). In the current study, the elevation of ratio of kynurenine to tryptophan (Figure 1A) intimated IDO and/or TDO might be activated in PCOS patients, which needs further exploration. In addition, because there was no obvious change of ratio of quinolinic acid to kynurenine in PCOS group compared with controls, the increased ratio of kynurenic acid to kynurenine suggests kynurenine metabolism was promoted and shunted to the kynurenic acid pathway in PCOS patients.

Our study also has several limitations. First, due to lack of 40 FINS values, there were 160 patients included in the risk analysis of IR in PCOS (Supplementary Table 5). Meanwhile, due to the lack of waist circumference values, it could not be accurately determined if some patients belonged to the MetS group, therefore, 165 were patients included in the risk analysis of MetS in PCOS (Supplementary Table 6). Second, it would be ideal to further validate the performance of selected metabolic marker for diagnosing PCOS and predicting the metabolic risks in an independent cohort. Third, it remains unclear whether the abnormal metabolites in the tryptophan-kynurenine pathway contribute directly to the pathogenesis of PCOS or are only a biomarker in the development of disease.



Conclusions

We investigated systematically the tryptophan catabolism profiles in PCOS and found the abnormal activation of the tryptophan-kynurenine pathway. Our study showed the obvious enhancement of tryptophan, kynurenine, and kynurenic acid in the circulation system; and that they may be considered as biomarkers of PCOS and become potential metabolic intervention targets. Intervention on this pathway, for instance, inhibiting the activities of key enzymes and competitively binding to related receptors, could provide a new strategy for improving metabolic and endocrine disorders in women with PCOS.
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