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Abstract: Objectives: To develop and externally validate a cross-sectional classification model for identifying ad-
verse metabolic status at diagnosis in patients with polycystic ovary syndrome (PCOS) based on serum amino acid 
and lipid metabolic profiles. Methods: This retrospective study included 442 PCOS patients, comprising a training 
set (n=309; June 2022-December 2024) and an external validation set (n=133; January 2025-December 2025). 
Within each dataset, patients were classified into an adverse metabolic status group or a metabolically normal 
group according to the presence of at least one of the following conditions at baseline: metabolic syndrome, insulin 
resistance (IR), non-alcoholic fatty liver disease, impaired glucose tolerance, or type 2 diabetes mellitus (T2DM). 
At enrollment, serum concentrations of branched-chain amino acids (BCAAs), aromatic amino acids (AAAs), gluco-
genic amino acids, lysophosphatidylcholine (LPC) species, and free fatty acids (FFAs) were measured using liquid 
chromatography-tandem mass spectrometry. Routine biochemical and hormonal parameters were also collected. 
Results: Multivariable logistic regression identified BMI ≥ 28.215 kg/m2 (OR=11.27), HOMA-IR ≥ 3.42 (OR=4.61), 
TyG index ≥ 4.84 (OR=5.44), valine ≥ 270.125 nmol/mL (OR=5.68), glutamate ≥ 63.185 nmol/mL (OR=8.87) and 
arachidonic acid ≥ 21.535 μmol/L (OR=10.85) as independent positive predictors of adverse metabolic status. In 
contrast, higher SHBG (OR=0.31), BCAA/AAA ratio ≥ 3.215 (OR=0.20), LPC(16:0) ≥ 142.06 μmol/L (OR=0.22), and 
LPC(18:1) ≥ 30.515 μmol/L (OR=0.28) were protective factors. The nomogram achieved areas under the receiver 
operating characteristic curve (AUCs) of 0.965 in the training set and 0.939 in the external validation set. Conclu-
sion: The nomogram integrating serum amino acids and lipid profiles with routine clinical measures may provide a 
reliable tool for classifying adverse metabolic status in PCOS patients at initial assessment.

Keywords: Polycystic ovary syndrome, unfavorable metabolic outcomes, amino acid profiles, lipid levels, risk as-
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Introduction

Polycystic ovary syndrome (PCOS) affected 
about 69.47 million women of reproductive age 
worldwide in 2021, and its prevalence contin-
ues to increase, especially among adolescents 
and young adults [1, 2]. PCOS not only inter-
feres with reproductive functions but also sig-
nificantly increases the risk of metabolic prob-
lems, including insulin resistance, dyslipidemia, 
metabolic syndrome, non-alcoholic fatty liver 

disease, and type 2 diabetes (T2DM) [3-5]. 
Meta-analyses have consistently shown that 
metabolic syndrome is more prevalent among 
women with PCOS than those without PCOS, 
with the odds potentially being several times 
higher [6]. Dyslipidemia, characterized by ele-
vated triglyceride levels and reduced high-den-
sity lipoprotein cholesterol (HDL-C), is one of the 
most common metabolic abnormalities in this 
population [7, 8]. These metabolic disturbances 
not only exacerbate reproductive manifesta-
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tions but also increase the long-term risk of car-
diovascular disease, making PCOS a major 
public health concern.

In clinical practice, there remains a substantial 
unmet need for the accurate and timely identi-
fication of PCOS patients with adverse meta-
bolic status. Current risk assessment approach-
es rely primarily on conventional clinical and 
biochemical measures. However, these appro- 
aches may not fully capture diverse metabolic 
abnormalities or only raise alarms when organ 
damage has already occurred, thereby limiting 
opportunities for timely intervention [9, 10]. 
Emerging evidence suggests that changes in 
amino acid and lipid metabolism may occur 
before overt metabolic abnormalities become 
clinically apparent, indicating their potential 
utility as early metabolic markers. Recent 
metabolomics studies have shown higher circu-
lating levels of branched-chain amino acids 
(BCAAs) and aromatic amino acids (AAAs) in 
women with PCOS compared with those with-
out PCOS [11, 12]. Importantly, these altera-
tions are strongly associated with body mass 
index (BMI), insulin resistance (IR) as assessed 
by the homeostatic model assessment of insu-
lin resistance (HOMA-IR), and hyperandrogen-
emia, indicating that dysregulated amino acid 
metabolism may contribute to metabolic dete-
rioration in PCOS [12].

Phospholipid metabolism has also emerged as 
an important dysregulated pathway in PCOS. 
Multi-omics studies have suggested that glyc-
erophospholipid metabolism is among the 
most changed metabolic pathways in PCOS 
patients [6, 13]. In particular, decreased lyso-
phosphatidylcholine (LPC) levels and increased 
free fatty acids levels have been reported in the 
blood and follicular fluid of women with PCOS. 
These changes in lipids are closely associated 
with IR and ovarian dysfunction [14, 15]. 
Collectively, alterations in amino acid and phos-
pholipid metabolism may reflect key biological 
processes underlying adverse metabolic out-
comes in PCOS. However, existing prediction 
tools have not integrated these two classes of 
metabolites into a clinically applicable model.

To address this gap, we developed and exter-
nally validated a cross-sectional risk classifica-
tion model incorporating serum amino acid and 
phospholipid profiles to identify adverse meta-

bolic status at diagnosis in PCOS patients. The 
development and validation of this model may 
facilitate identification of high-risk patients, 
thereby supporting individualized clinical man-
agement and potentially reducing the long-term 
metabolic burden of PCOS.

Methods

Study design and case selection

This retrospective study included 442 patients 
diagnosed with PCOS who presented to the 
Fourth Hospital of Shijiazhuang between June 
2022 and December 2025. Clinical data were 
extracted from the electronic medical record 
collection system. Inclusion criteria: (1) Fulfill- 
ment of the diagnostic criteria for PCOS [16]; 
(2) Age between 18 and 45 years; (3) No use of 
hormonal medications, including oral contra-
ceptives, estrogen, or progesterone, or insulin-
sensitizing agents, such as metformin or thia-
zolidinediones, within 3 months prior to treat- 
ment; (4) Availability of complete clinical and 
laboratory data. Exclusion criteria: (1) Other 
endocrine disorders known to affect reproduc-
tive or metabolic health, including Cushing’s 
syndrome, congenital adrenal hyperplasia, 
androge-secreting tumors, thyroid disorders, 
hyperprolactinaemia, or type 1 or type 2 diabe-
tes mellitus diagnosed before PCOS diagnosis; 
(2) Severe hepatic or renal dysfunction; (3) 
Cardiovascular diseases, such as coronary 
heart disease or heart failure; (4) Acute or 
chronic inflammatory conditions, autoimmune 
diseases, or active infections within 4 weeks 
before study enrolment; (5) Pregnancy or 
breastfeeding; or (6) A history of ovarian sur-
gery, chemotherapy, or pelvic radiotherapy.

This retrospective study was conducted in ac- 
cordance with the principles of the Declaration 
of Helsinki. The study protocol was reviewed 
and approved by the Institutional Review 
Board/Ethics Committee of the Fourth Hospital 
of Shijiazhuang. The requirement for informed 
consent was waived because the study em- 
ployed anonymized data obtained from existing 
medical records and was considered to pose 
minimal risk to participants, without affecting 
their clinical management or care. All patient 
data were de-identified before analysis to pro-
tect patient confidentiality and privacy.
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Grouping criteria

This study employed a temporal validation 
design. The model developed in this study was 
intended as a cross-sectional classification tool 
for identifying patients with concurrent adverse 
metabolic status at enrollment. According to 
the date of hospital admission, eligible patients 
were divided into two cohorts. Patients admit-
ted between June 2022 and December 2024 
was assigned to the training cohort for model 
development and internal validation, whereas 
patients admitted between January 2025 and 
December 2025 constituted the temporal vali-
dation cohort for evaluating the final model. 
Within each cohort, patients were further clas-
sified into an adverse metabolic status group or 
a metabolically normal group according to the 
presence or absence of predefined metabolic 
abnormalities at enrollment. The training cohort 
comprised 309 patients, including 135 with 
adverse metabolic status and 174 with normal 
metabolic status. The validation cohort com-
prised 133 patients, including 60 with adverse 
metabolic status and 73 with normal metabolic 
status.

Adverse metabolic status was defined as the 
presence of at least one of the following condi-
tions at enrollment [17]: metabolic syndrome 
(MetS), insulin resistance (IR), non-alcoholic 
fatty liver disease (NAFLD), impaired glucose 
tolerance (IGT) or T2DM. Although these condi-
tions differ in their pathophysiology and clinical 
severity, a composite definition was adopted to 
reflect the frequent coexistence of metabolic 
disturbances in PCOS patients and to develop a 
clinically practical tool for identifying patients 
with an elevated metabolic burden. However, 
this composite definition may introduce out-
come heterogeneity; therefore, the model 
should be considered a general screening tool 
rather than a phenotype-specific classifier.

The following internationally recognized diag-
nostic criteria were used to define each compo-
nent of the adverse metabolic status: (1) MetS 
was diagnosed according to the harmonized 
criteria issued by the International Diabetes 
Federation and the American Heart Association/
National Heart, Lung, and Blood Institute [18]. 
The presence of at least three of the following 
components was required: waist circumference 
≥ 88 cm; fasting triglycerides ≥ 1.7 mmol/L, or 
use of medication for elevated triglycerides; 

high-density lipoprotein cholesterol (HDL-C) < 
1.3 mmol/L, or treatment for reduced HDL-C 
levels; systolic blood pressure ≥ 130 mmHg, 
diastolic blood pressure ≥ 85 mmHg, or antihy-
pertensive treatment; and fasting plasma glu-
cose ≥ 5.6 mmol/L or previously diagnosed 
T2DM. (2) IR was defined as a HOMA-IR value ≥ 
2.69, based on a threshold previously validated 
in Chinese reproductive-aged women [18]. (3) 
NAFLD was diagnosed based on hepatic ste-
atosis as indicated by abdominal ultrasonogra-
phy, after the exclusion of significant alcohol 
consumption and other causes of chronic liver 
disease [19]. (4) IGT was defined as a 2-h plas-
ma glucose concentration of 7.8 to < 11.0 
mmol/L during a 75-g oral glucose tolerance 
test, consistent with the World Health Organi- 
zation criteria [19]. (5) According to the Ameri- 
can Diabetes Association criteria, T2DM was 
diagnosed based on any of the following: fast-
ing plasma glucose ≥ 7.0 mmol/L; a 2-h plasma 
glucose ≥ 11.1 mmol/L during a 75-g oral  
glucose tolerance test; glycated hemoglobin 
(HbA1c) ≥ 6.5% (48 mmol/mol); or random 
plasma glucose ≥ 11.1 mmol/L in the presence 
of classic symptoms of hyperglycemia [18].

Data collection and laboratory measurements

All participants underwent a standardized eval-
uation procedure comprising physical examina-
tion and the collection of demographic and 
anthropometric data. After an overnight fast of 
at least 8 hours, venous blood samples were 
collected from each participant. The samples 
were centrifuged at 3,000 rpm for 10 min to 
separate the serum, which was then aliquoted 
and stored at -80°C until subsequent analysis.

Routine biochemical and hormonal assays: 
Routine biochemical parameters were mea-
sured using a Beckman AU5800 automated 
biochemical analyzer (Beckman Coulter, Inc., 
Brea, CA, USA) with the corresponding reagents. 
The measured parameters included fasting 
plasma glucose (FPG), triglycerides (TG), total 
cholesterol (TC), high-density lipoprotein cho-
lesterol (HDL-C), low-density lipoprotein choles-
terol (LDL-C), uric acid (UA), γ-glutamyl transfer-
ase (GGT), alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST). Fasting 
insulin (FINS) was measured using a chemilumi-
nescent immunoassay on a Roche Cobas e601 
analyzer (Roche Diagnostics, Basel, Switzer- 
land). Insulin resistance was assessed using 
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the homeostatic model assessment of insulin 
resistance (HOMA-IR), calculated as HOMA-IR = 
(FPG × FINS)/22.5. The TyG index was calculat-
ed as follows: ln(fasting TG × FPG/2) [20]. 
Serum concentrations of luteinizing hormone 
(LH), follicle-stimulating hormone (FSH), total 
testosterone, and sex hormone-binding globu-
lin (SHBG), were measured using electrochemi-
luminescence immunoassays on the same 
Roche Cobas e601 analyzer with the corre-
sponding reagent kits.

Serum amino acids and phospholipid profiling 
using LC-MS/MS: Targeted metabolomic analy-
sis of serum amino acids and phospholipids 
was performed using liquid chromatography-
tandem mass spectrometry (LC-MS/MS). For 
each sample, 100 µL of serum was mixed with 
300 µL of ice-cold acetonitrile containing sta-
ble isotope-labeled internal standards, includ-
ing valine-d8, leucine-d3, phenylalanine-d5, 
and LPC(19:0) (Sigma-Aldrich, St. Louis, MO, 
USA). After protein precipitation and centrifuga-
tion, the supernatant was dried under a stream 
of nitrogen and reconstituted in water/acetoni-
trile (80:20, v/v) containing 0.1% formic acid 
before injection into the LC-MS/MS system. 
The analytical platform consisted of an ExionLC 
AD ultra-performance liquid chromatography 
system coupled to a Triple QuadTM 6500+ mass 
spectrometer with an electrospray ionization 
source (both from AB Sciex Pte. Ltd., Framing- 
ham, MA, USA). Chromatographic separation 
was performed on a Phenomenex Kinetex C18 
column (100 × 2.1 mm, 2.6 µm particle size) at 
40°C. Gradient elution was performed using 
water and acetonitrile, both containing 0.1% 
formic acid (LC-MS grade; Merck KGaA, 
Darmstadt, Germany). The mass spectrometer 
was operated in multiple-reaction monitoring 
(MRM) mode with positive electrospray ioniza-
tion. The targeted analytes included three 
branched-chain amino acids (valine, leucine, 
isoleucine), three aromatic amino acids (phe-
nylalanine, tyrosine, tryptophan), five glucogen-
ic amino acids (alanine, glycine, serine, gluta-
mate, proline), seven lysophosphatidylcholine 
species, and four free fatty acids. Analyte con-
centrations were determined by comparing 
against calibration curves established with 
authentic standards (amino acid standards 
were obtained from Sigma-Aldrich; phospholip-
id and free fatty acid standards from Avanti 
Polar Lipids, Inc., Alabaster, AL, USA). The lower 
limits of quantification were 1 nmol/mL for 

amino acids, 0.01 μmol/L for LPCs, and 0.1 
μmol/L for FFAs. Intra-assay and inter-assay 
precision, assessed using quality-control sam-
ples, showed coefficients of variation of ≤ 10% 
and ≤ 15%, respectively. Data acquisition and 
processing was performed using Analyst 1.7.1 
software (AB Sciex).

Statistical analysis and model construction

Statistical analyses were performed using 
SPSS version 29.0 (IBM Corp., Armonk, NY, 
USA) and R software version 4.2.1 (R Foundation 
for Statistical Computing, Vienna, Austria). Con- 
tinuous variables were compared using the 
independent-samples t-test or Mann-Whitney U 
test, depending on data distribution. Categorical 
variables were compared using the Chi-square 
test or Fisher’s exact test, as appropriate. A 
two-sided P value below 0.05 was considered 
statistically significant.

A two-stage variable selection procedure was 
used to identify independent predictors of 
adverse metabolic status. First, least absolute 
shrinkage and selection operator (LASSO) logis-
tic regression was performed using the glmnet 
package in R to reduce the number of candi-
date variables. The optimal penalty parameter 
(λ) was selected using 10-fold cross-validation 
based on the minimum binomial deviance, and 
only variables with non-zero coefficients were 
retained as potential predictors. Second, the 
retained variables were entered into a forward 
stepwise multivariable logistic regression mo- 
del to identify the final independent predictors. 
The discriminatory ability of each predictor was 
assessed using the area under the receiver 
operating characteristic curve (AUC). A nomo-
gram was subsequently constructed based on 
the final multivariable logistic model using the 
rms package in R. Model performance was 
evaluated in terms of discrimination using the 
AUC, calibration using calibration plots and the 
Hosmer-Lemeshow test, and clinical utility 
using decision curve analysis (DCA) and clinical 
impact curves.

To determine whether metabolic biomarkers 
provided incremental predictive value beyond 
conventional clinical indicators, two separate 
models were constructed. The clinical-only 
model included BMI, HOMA-IR, TyG index,  
and SHBG, whereas the combined model  
comprised these clinical variables together 
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with valine, the BCAA/AAA ratio, glutamate, 
LPC(16:0), LPC(18:1), and arachidonic acid. 
The AUCs of the two models were compared 
using DeLong’s test. In addition, the categorical 
net reclassification improvement (NRI) and 
integrated discrimination improvement (IDI) 
were also calculated to quantify the improve-
ment in risk classification achieved by adding 
metabolic biomarkers to the clinical model. The 
predictABEL package in R was used to calcu-
late the NRI and IDI, and their 95% confidence 
intervals (CIs) were estimated using bootstrap 
resampling with 1,000 iterations. The com-
bined model was subsequently evaluated in 
the temporal validation cohort.

Sample size adequacy was assessed using the 
events-per-variable (EPV) criterion. The training 
cohort included 135 patients with adverse 

metabolic status, and 11 candidate predictors 
were retained after LASSO regression, yielding 
an EPV ratio of 12.3, which exceeded the rec-
ommended minimum of 10 events per predic-
tor variable [21, 22].

Results

Baseline demographic, anthropometric, 
biochemical, and hormonal characteristics 
of the training cohort according to metabolic 
outcome status

Baseline characteristics of the training cohort 
are presented in Table 1. Compared with nor-
mal metabolic outcome status, patients with 
adverse metabolic status (n=135) had signifi-
cantly higher BMI (29.84 ± 4.12 vs. 26.37 ± 
3.45 kg/m2), waist and hip circumferences, 

Table 1. Baseline demographic, anthropometric, and biochemical characteristics of the patients in 
the training cohort

Characteristic Normal Metabolic 
Status (n=174)

Adverse Metabolic 
Status (n=135) t/χ2 P value

Age (years) 28.43 ± 4.82 29.12 ± 5.19 1.197 0.232
BMI (kg/m2) 26.37 ± 3.45 29.84 ± 4.12 7.879 < 0.001
Waist Circumference (cm) 84.62 ± 9.18 93.57 ± 10.46 8.000 < 0.001
Hip Circumference (cm) 96.28 ± 6.93 100.33 ± 7.58 4.897 < 0.001
SBP (mmHg) 118.34 ± 10.82 126.51 ± 12.47 6.160 < 0.001
DBP (mmHg) 76.25 ± 8.16 81.69 ± 9.53 5.401 < 0.001
HOMA-IR 2.56 ± 1.25 4.22 ± 1.98 8.522 < 0.001
TyG Index 4.57 ± 0.39 4.96 ± 0.48 7.707 < 0.001
TG (mmol/L) 1.42 ± 0.69 2.08 ± 0.94 6.862 < 0.001
TC (mmol/L) 4.68 ± 0.87 5.13 ± 0.96 4.360 < 0.001
HDL-C (mmol/L) 1.31 ± 0.28 1.06 ± 0.23 8.549 < 0.001
LDL-C (mmol/L) 2.84 ± 0.71 3.29 ± 0.86 4.842 < 0.001
UA (μmol/L) 326.47 ± 71.25 368.82 ± 78.53 4.955 < 0.001
LH (IU/L) 9.47 ± 5.23 11.03 ± 5.96 2.442 0.015
FSH (IU/L) 5.62 ± 1.44 5.31 ± 1.38 1.898 0.059
Total Testosterone (nmol/L) 1.82 ± 0.67 2.27 ± 0.89 4.889 < 0.001
SHBG (nmol/L) 36.25 ± 12.48 29.76 ± 10.35 4.995 < 0.001
Adverse metabolic outcome [n (%)]
    MetS \ 79 (58.52%)
    Insulin resistance \ 118 (87.41%)
    NAFLD \ 91 (67.41%)
    IGT \ 34 (25.19%)
    T2DM \ 19 (14.07%)
Notes: BMI: Body Mass Index; SBP: Systolic Blood Pressure; DBP: Diastolic Blood Pressure; HOMA-IR: Homeostatic Model As-
sessment for Insulin Resistance; TyG: Triglyceride-Glucose Index; TG: Triglycerides; TC: Total Cholesterol; HDL-C: High-Density 
Lipoprotein Cholesterol; LDL-C: Low-Density Lipoprotein Cholesterol; UA: Uric Acid; LH: Luteinizing Hormone; FSH: Follicle-Stim-
ulating Hormone; SHBG: Sex Hormone-Binding Globulin; MetS: Metabolic syndrome; NAFLD: Non-alcoholic Fatty Liver Disease; 
IGT: Impaired Glucose Tolerance; T2DM: Type 2 Diabetes Mellitus.
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blood pressure, HOMA-IR (4.22 ± 1.98 vs. 2.56 
± 1.25), TyG index, triglycerides, total choles-
terol, LDL-C, uric acid, LH, and total testoster-
one levels, whereas HDL-C and SHBG were sub-
stantially lower (all P < 0.05). No significant 
between-group difference was observed in FSH 
levels (P=0.059).

Comparison of serum amino acid profiles be-
tween PCOS patients with adverse and normal 
metabolic status in the training cohort

As shown in Figure 1, serum amino acid profiles 
differed significantly between the two groups. 
All three branched-chain amino acids (valine, 
leucine, isoleucine) in the adverse metabolic 
group were significantly higher than the normal 
group (all P < 0.001). Among these amino acids, 
valine showed the largest absolute between-
group difference (256.33 ± 52.19 vs. 228.47 ± 
45.82 nmol/mL). Similarly, the concentrations 
of all three aromatic amino acids (phenylala-
nine, tyrosine, and tryptophan) and all five glu-
cogenic amino acids (alanine, glycine, serine, 
glutamate, proline) were significantly higher in 
the adverse metabolic status group (P ≤ 0.013 
for serine, and P < 0.001 for the remaining 
amino acids). By contrast, the BCAA/AAA ratio 
was significantly lower in the adverse metabolic 
group (2.91 ± 0.52 vs. 3.17 ± 0.58, P < 0.001), 
suggesting a proportionally greater increase in 
aromatic amino acids compared with branched-
chain amino acids. Overall, adverse metabolic 
status was associated with broadly elevated 
serum amino acid concentrations and a redu- 
ced BCAA/AAA ratio.

Comparison of serum LPC and free fatty acid 
levels between the two groups in the training 
cohort

As shown in Table 2, all seven measured  
LPC species (LPC(14:0), LPC(16:0), LPC(16:1), 
LPC(18:0), LPC(18:1), LPC(18:2) and LPC(20:4)) 
were significantly lower in patients with adver- 
se metabolic outcomes. The largest absolute 
between-group difference was observed for 
LPC(16:0) (139.28 ± 29.94 vs. 157.62 ± 31.45 
μmol/L, P < 0.001). In contrast, the concentra-
tions of all measured free fatty acids were sig-
nificantly higher in the adverse metabolic sta-
tus group, including palmitic acid (214.53 ± 
48.26 vs. 185.64 ± 41.87 μmol/L), oleic acid 
(268.35 ± 59.74 vs. 236.47 ± 52.38 μmol/L), 
linoleic acid (341.71 ± 74.93 vs. 308.62 ± 

68.25 μmol/L), and arachidonic acid (22.16 ± 
5.83 vs. 17.83 ± 4.74 μmol/L) (all P < 0.001). 
Thus, adverse metabolic status in patients with 
PCOS was associated with lower circulating 
LPC concentrations and higher free fatty acid 
concentrations.

Spearman correlations among clinical, amino 
acid, and phospholipid variables

The Spearman correlation matrix (Figure 2) 
shows the correlations between each variable 
and adverse metabolic status. HOMA-IR (rho= 
0.435), BMI (rho=0.426), waist circumference 
(rho=0.410) showed the strongest positive cor-
relations with adverse metabolic status, where-
as HDL-C showed the strongest negative corre-
lation (rho=-0.441). Among the metabolic bio- 
markers, glutamate (rho=0.374) and arachi-
donic acid (FFA 20:4, rho=0.366) showed the 
strongest positive correlations. Among the LPC 
species, LPC(16:0) (rho=-0.277) and LPC(18:1) 
(rho=-0.223) showed the strongest negative 
correlations. All these correlations were statis-
tically significant (P < 0.05).

Identification of independent predictors using 
LASSO and multivariable logistic regression

LASSO regression was performed to select 
potential predictors from a large number of 
candidate variables (Figure 3). As shown in 
Figure 3A, increasing the penalty parameter λ 
resulted in coefficient shrinkage, with an in- 
creasing number of coefficients reduced to 
zero. The optimal λ was selected using 10-fold 
cross-validation based on the minimum bino-
mial deviance, as indicated by the left dashed 
line in Figure 3B. Eleven candidate predictors 
(non-zero coefficients) were retained, including 
BMI, HOMA-IR, TyG index, total testosterone, 
SHBG, valine, BCAA/AAA ratio, glutamate, 
LPC(16:0), LPC(18:1), and arachidonic acid 
(FFA 20:4). These 11 variables were then en- 
tered as continuous measures into the multi-
variable logistic regression model to construct 
the final prediction model. To facilitate clinical 
interpretation, ROC-derived cutoff values for 
each predictor were subsequently used to pres-
ent risk-stratification thresholds (Table 3). 
However, continuous forms of the predictors 
were retained in the nomogram to preserve sta-
tistical information and predictive accuracy.

Table 3 summarizes the independent predic-
tors identified by multivariable logistic regres-
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Figure 1. Comparison of serum amino acid profiles between the two cohorts in the training cohort (nmol/mL). Note: BCAA: Branched-Chain Amino Acid; AAA: Aro-
matic Amino Acid.
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sion. After adjustment, six variables remained 
positively associated with adverse metabolic 
status: BMI ≥ 28.215 (OR=11.27, 95% CI: 4.43-
28.68), HOMA-IR ≥ 3.42 (OR=4.61, 95% CI: 
1.96-10.86), TyG index ≥ 4.84 (OR=5.44, 95% 
CI: 2.28-13.02), valine ≥ 270.125 (OR=5.68, 
95% CI: 2.21-14.61), glutamate ≥ 63.185 
(OR=8.87, 95% CI: 3.37-23.39), and arachidon-
ic acid ≥ 21.535 (OR=10.85, 95% CI: 4.13-
28.48). Conversely, higher SHBG levels ≥ 
36.975 (OR=0.31, 95% CI: 0.12-0.78), a BCAA/
AAA ratio ≥ 3.215 (OR=0.20, 95% CI: 0.08-
0.49), LPC(16:0) ≥ 142.06 μmol/L (OR=0.22, 

95% CI: 0.09-0.55), and LPC ≥ 30.515 μmol/L 
(18:1) (OR=0.28, 95% CI: 0.12-0.65) were 
inversely associated with adverse metabolic 
status (all P < 0.05).

Interaction analysis between clinical and 
metabolic predictors

To investigate potential interactions between 
clinical parameters (BMI, HOMA-IR, and TyG 
index) and metabolic biomarkers, multiplicative 
interaction terms were tested in separate logis-
tic regression models adjusted for age and 

Table 2. Comparison of serum lipid profiles between the two groups in the training cohort (μmol/L)
Phospholipid Species Normal Metabolism (n=174) Adverse Metabolic (n=135) t value P value
LPCs
    LPC(14:0) 0.28 ± 0.08 0.25 ± 0.07 3.796 < 0.001
    LPC(16:0) 157.62 ± 31.45 139.28 ± 29.94 5.191 < 0.001
    LPC(16:1) 4.83 ± 1.52 4.27 ± 1.38 3.337 < 0.001
    LPC(18:0) 48.53 ± 10.25 44.31 ± 9.86 3.651 < 0.001
    LPC(18:1) 32.54 ± 8.96 28.65 ± 8.17 3.931 < 0.001
    LPC(18:2) 68.29 ± 15.71 63.57 ± 14.82 2.687 0.008
    LPC(20:4) 3.25 ± 1.08 2.91 ± 0.96 2.850 0.005
FFAs
    FFA (16:0) Palmitic acid 185.64 ± 41.87 214.53 ± 48.26 5.625 < 0.001
    FFA (18:1) Oleic acid 236.47 ± 52.38 268.35 ± 59.74 4.989 < 0.001
    FFA (18:2) Linoleic acid 308.62 ± 68.25 341.71 ± 74.93 4.049 < 0.001
    FFA (20:4) Arachidonic acid 17.83 ± 4.74 22.16 ± 5.83 7.018 < 0.001
Note: LPC: Lysophosphatidylcholine; FFA: Free Fatty Acid.

Figure 2. Spearman correlation heatmap of adverse metabolic status and measured clinical, amino acid, and lipid 
variables in the training cohort.
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other clinical covariates. None of the tested 
interaction terms remained statistically signifi-
cant after false discovery rate (FDR) correction 
for multiple comparisons (all adjusted P > 
0.05). Specifically, adjusted P values were 
0.187 for the interaction between BMI and 
valine, 0.213 for BMI × glutamate, 0.156 for 
HOMA-IR × arachidonic acid, and 0.242 for TyG 
index × LPC(16:0). All other tested interaction 
terms had adjusted P values > 0.300 (detailed 
results are presented in Supplementary Table 
1). These findings suggest that the predictive 
effects of metabolic biomarkers on adverse 
metabolic outcomes are largely additive rather 
than multiplicative in our cohort, and the select-
ed predictors function as independent contrib-
utors to risk stratification without significant 
synergistic enhancement.

index, SHBG, valine, BCAA/AAA ratio, gluta-
mate, LPC(16:0), LPC(18:1), and arachidonic 
acid. Each patient was assigned points accord-
ing to their measured values, and the total 
score corresponded to the estimated probabil-
ity of adverse metabolic status.

In the training cohort, the combined model 
achieved an AUC of 0.965, with a sensitivity of 
0.911 and specificity of 0.902 at the optimal 
risk threshold of 0.47, as determined using the 
Youden index (Figure 4C). In the external valida-
tion cohort, applying this same threshold yield-
ed a sensitivity of 0.867 and specificity of 
0.877. The threshold of 0.47 may serve as a 
preliminary reference value for classification; 
however, alternative thresholds may be select-
ed based on the specific clinical context and 

Figure 3. Feature selection process using LASSO regression. A. The char-
acteristic changes of variable coefficients; B. The process of selecting the 
optimal value of parameter lambda in the Lasso regression model using the 
cross-validation method. Note: Lasso, least absolute shrinkage and selec-
tion operator.

Establishment and evaluation 
of the combined model for 
classifying adverse metabolic 
status in PCOS patients

ROC analysis was used to eval-
uate the ability of each inde-
pendent predictor to distin-
guish between the two adverse 
and normal metabolic status 
(Table 4). HOMA-IR had the 
highest individual AUC (0.753), 
followed by BMI (0.748) and 
the TyG index (0.735). Among 
the metabolic markers, gluta-
mate (AUC=0.718) and arachi-
donic acid (AUC=0.713) show- 
ed moderate discriminatory 
ability. Valine (AUC=0.663), 
LPC(16:0) (AUC=0.661), LPC- 
(18:1) (AUC=0.630), and the 
BCAA/AAA ratio (AUC=0.634) 
showed comparatively weaker 
discrimination.

A nomogram integrating these 
factors was subsequently con-
structed and tested (Figure 4). 
The calibration curve (Figure 
4A) demonstrated a good 
agreement between the pre-
dicted probabilities and the 
observed metabolic status 
(Hosmer-Lemeshow test P > 
0.05). The nomogram (Figure 
4B) incorporated 10 predictors 
entered as continuous vari-
ables: BMI, HOMA-IR, TyG 
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the relative priority of sensitivity versus speci-
ficity, such as lower threshold for screening pur-
poses or higher threshold for confirmatory tri-
age. DCA (Figure 4D) and the clinical impact 
curve (Figure 4E) indicated that the nomogram 
provided a positive net benefit across a wide 
range of threshold probabilities. Overall, the 
combined model showed greater apparent dis-
criminatory ability than any single clinical or 
metabolic marker.

Incremental predictive value of metabolic 
biomarkers

To assess whether the addition of serum amino 
acid and phospholipid biomarkers significantly 

improved model performance beyond conven-
tional clinical indicators alone, the clinical-only 
model, comprising BMI, HOMA-IR, TyG index, 
and SHBG, was compared with the combined 
model (additionally included valine, BCAA/AAA 
ratio, glutamate, LPC(16:0), LPC(18:1), and ara-
chidonic acid) (Supplementary Table 2). The 
clinical-only model yielded an AUC of 0.851 
(95% CI: 0.808-0.894), whereas the combined 
model achieved a significantly higher AUC of 
0.965 (95% CI: 0.944-0.986; DeLong’s test, P 
< 0.001). The categorical NRI was 0.324 (95% 
CI: 0.187-0.461; P < 0.001), indicating net im- 
provement in risk classification. The IDI was 
0.147 (95% CI: 0.089-0.205; P < 0.001), dem-

Table 3. Multivariable logistic regression analysis of independent predictors for adverse metabolic 
status in PCOS patients in the training cohort
Variables Coefficient Std. Error Wald χ2 OR 95% CI P value
BMI (kg/m2) 2.423 0.476 5.085 11.274 4.432-28.682 < 0.001
HOMA-IR 1.528 0.437 3.492 4.607 1.955-10858 < 0.001
TyG Index 1.694 0.445 3.808 5.443 2.275-13.018 < 0.001
Total Testosterone (nmol/L) 0.873 0.466 1.873 2.394 0.960-5.968 0.061
SHBG (nmol/L) -1.183 0.475 -2.492 0.306 0.121-0.777 0.013
Valine 1.737 0.482 3.603 5.679 2.208-14.606 < 0.001
BCAA/AAA Ratio -1.629 0.465 -3.499 0.196 0.079-0.488 < 0.001
Glutamate 2.183 0.495 4.414 8.872 3.366-23.385 < 0.001
LPC(16:0) -1.517 0.470 -3.226 0.219 0.087-0.551 0.001
LPC(18:1) -1.279 0.432 -2.964 0.278 0.119-0.648 0.003
FFA(20:4) Arachidonic acid 2.384 0.492 4.842 10.848 4.133-28.476 < 0.001
Note: PCOS, polycystic ovary syndrome; BMI, body mass index; HOMA-IR, homeostatic model assessment for insulin resistance; 
TyG, triglyceride-glucose index; BCAA/AAA, branched-chain amino acid to aromatic amino acid ratio; LPC, lysophosphatidylcho-
line; FFA(20:4), arachidonic acid; SHBG, sex hormone-binding globulin.

Table 4. Receiver operating characteristic (ROC) curve analysis of each independent predictor for 
discriminating adverse metabolic status in PCOS patients
Variables Best threshold Sensitivities Specificities AUC Youden index
BMI (kg/m2) 28.215 0.689 0.730 0.748 0.419
HOMA-IR 3.420 0.659 0.759 0.753 0.418
TyG Index 4.840 0.630 0.753 0.735 0.383
Total Testosterone (nmol/L) 2.365 0.459 0.793 0.654 0.252
SHBG (nmol/L) 36.975 0.763 0.483 0.649 0.246
Valine (nmol/mL) 270.125 0.459 0.822 0.663 0.281
BCAA/AAA Ratio 3.215 0.726 0.517 0.634 0.243
Glutamate (nmol/mL) 63.185 0.63 0.764 0.718 0.394
LPC(16:0) (μmol/L) 142.06 0.600 0.684 0.661 0.284
LPC(18:1) (μmol/L) 30.515 0.644 0.632 0.630 0.276
FFA(20:4) Arachidonic acid 21.535 0.556 0.799 0.713 0.355
Notes: BMI, body mass index; HOMA-IR, homeostatic model assessment for insulin resistance; TyG, triglyceride-glucose index; 
BCAA/AAA, branched-chain amino acid to aromatic amino acid ratio; LPC, lysophosphatidylcholine; FFA(20:4), arachidonic acid; 
SHBG, sex hormone-binding globulin.
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Figure 4. Development and evaluation of the integrated nomogram for classifying adverse metabolic status in PCOS patients. A. Calibration curve; B. Nomogram; 
C. Combined receiver operating characteristic curve (ROC); D. Decision curve analysis (DCA); E. Clinical impact curve (CIC). Note: PCOS, polycystic ovary syndrome.
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onstrating improved separation of the predict-
ed probabilities between patients with adverse 
and normal metabolic status. These findings 
confirm that the inclusion of the selected meta-
bolic biomarkers provided significant incremen-
tal classification value beyond the examined 
conventional clinical indicators.

External validation of the combined model

The model was externally evaluated using a 
temporally separated cohort (Table 5). In the 
validation cohort, patients with adverse meta-
bolic outcomes (n=60) had significantly higher 
waist and hip circumferences, blood pressure, 
BMI (28.93 ± 4.18 vs. 26.41 ± 3.52 kg/m2), 
HOMA-IR (4.28 ± 2.03 vs. 2.59 ± 1.27), TyG 
index, total testosterone, valine, glutamate, 
and arachidonic acid compared with those with 
normal metabolic status (n=73). Conversely, 

SHBG, the BCAA/AAA ratio, LPC(16:0) and 
LPC(18:1) levels were significantly lower in the 
adverse metabolic status group (all P < 0.05). 
The trends of these differences were consis-
tent with those observed in the training cohort.

Finally, the performance of the combined nomo- 
gram in the external validation cohort (n=133) 
was performed, as shown in Figure 5. The 
model achieved an AUC of 0.939, with specific-
ity of 0.877 and sensitivity of 0.867, indicating 
good discrimination. These findings demon-
strate that the model retained good discrimina-
tory performance in a temporally distinct 
cohort.

Discussion

In this study, we developed and temporally vali-
dated a cross-sectional classification model 

Table 5. Demographic, clinical, and core predictor characteristics of the patients in the temporal vali-
dation cohort stratified by metabolic status

Characteristic Normal Metabolic 
Status (n=73)

Adverse Metabolic 
Status (n=60) t/χ2 P value

General Data
Age (years) 28.64 ± 4.93 29.34 ± 5.27 0.791 0.430
Waist Circumference (cm) 84.79 ± 9.24 93.82 ± 10.63 5.239 < 0.001
Hip Circumference (cm) 96.44 ± 6.98 100.42± 7.69 3.127 0.002
SBP (mmHg) 118.56 ± 10.94 126.78 ± 12.58 4.031 < 0.001
DBP (mmHg) 76.38 ± 8.21 81.92 ± 9.67 3.575 < 0.001
Adverse metabolic outcome [n (%)]
    MetS \ 35 (58.33%)
    Insulin resistance \ 52 (86.67%)
    NAFLD \ 40 (66.67%)
    IGT \ 15 (25.00%)
    T2DM \ 8 (13.33%)
Core Predictors
BMI (kg/m2) 26.41 ± 3.52 28.93 ± 4.18 3.776 < 0.001
HOMA-IR 2.59 ± 1.27 4.28 ± 2.03 5.60 < 0.001
TyG Index 4.58 ± 0.40 4.97 ± 0.49 4.935 < 0.001
Total Testosterone (nmol/L) 1.84 ± 0.69 2.30 ± 0.91 3.251 0.002
SHBG (nmol/L) 36.41 ± 12.61 29.91 ± 10.47 3.187 0.002
Valine (nmol/mL) 229.12 ± 46.28 258.35 ± 53.17 3.387 < 0.001
BCAA/AAA Ratio 3.19 ± 0.59 2.93 ± 0.54 2.65 0.009
Glutamate (nmol/mL) 54.83 ± 14.02 67.21 ± 17.31 4.557 < 0.001
LPC(16:0) (μmol/L) 158.31 ± 32.17 140.12 ± 30.56 3.319 0.001
LPC(18:1) (μmol/L) 32.81 ± 9.04 28.96 ± 8.42 2.521 0.013
FFA(20:4) Arachidonic acid (μmol/L) 17.96 ± 4.81 22.43 ± 5.97 4.788 < 0.001
Notes: SBP: Systolic Blood Pressure; DBP: Diastolic Blood Pressure; BMI: Body Mass Index; HOMA-IR: Homeostatic Model As-
sessment for Insulin Resistance; TyG: Triglyceride-Glucose Index; SHBG: Sex Hormone-Binding Globulin; BCAA/AAA: Branched-
Chain Amino Acid to Aromatic Amino Acid Ratio; LPC: Lysophosphatidylcholine; FFA: Free Fatty Acid.
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that combined conventional clinical indicators 
with serum amino acid and lipid profiles for 
identifying adverse metabolic status at diagno-
sis in PCOS patients. The combined model, 
integrating anthropometric measures, surro-
gate markers of insulin resistance, specific 
amino acids, LPC species, and a free fatty acid, 
showed greater discriminatory ability than any 
single clinical or metabolic marker. The final 
nomogram incorporating BMI, HOMA-IR, TyG 
index, SHBG, valine, BCAA/AAA ratio, gluta-
mate, LPC(16:0), LPC(18:1), and arachidonic 
acid, demonstrated good discrimination in both 
the training and temporal validation cohorts. 
This indicates that the model has robust 
generalizability.

Our findings are consistent with those of earlier 
metabolomic studies [3, 23, 24]. In our cohort, 
patients with adverse metabolic status exhibit-
ed broadly higher levels of branched-chain 
amino acids, including valine, leucine, and iso-
leucine; aromatic amino acids, including phe-
nylalanine, tyrosine, tryptophan; and glucogen-
ic amino acids, including alanine, glycine, ser- 
ine, glutamate, and proline. Paczkowska et al. 
[11] similarly reported elevated BCAA and AAA 
levels in PCOS women, and these alterations 
were positively correlated with IR and hyperan-
drogenemia. Elevated circulating BCAA levels 
may reflect diminished BCAA catabolism asso-
ciated with reduced activity of the bran- 
ched-chain α-keto acid dehydrogenase com-

plex and may contribute to overactivation of the 
mechanistic target of rapamycin (mTOR) signal-
ing pathway [25, 26]. Elevated glutamate, 
which emerged as one of the strongest positive 
predictors in our model, participates in amino 
group transfer and metabolic pathways related 
to gluconeogenesis and oxidative stress; how-
ever, this interpretation is speculative because 
the present findings were derived from cross-
sectional associations. Notably, the BCAA/AAA 
ratio was lower in the adverse metabolic group, 
reflecting a disproportionate elevation in AAAs 
relative to BCAAs. Similar patterns have been 
observed in insulin-resistant states and may be 
associated with altered hepatic AAA metabo-
lism or decreased AAA clearance in the pres-
ence of hepatic steatosis [27].

Our lipidomic results showed a different pat-
tern. Patients with adverse metabolic status 
had lower concentrations of all seven mea-
sured LPC species, but had higher concentra-
tions all four FFAs. Reduced levels of LPC spe-
cies, especially LPC(16:0) and LPC(18:1), have 
been reported in PCOS patients with IR [28-
30]. Chen et al. [14] found that dysregulated 
LPC metabolism in granulosa cells was associ-
ated with altered estrogen receptors-mediated 
mTOR signaling. The observed reductions in 
LPC species may be associated with reduced 
activity of lecithin-cholesterol acyltransferase 
(LCAT) or increased hydrolysis by lysophospholi-
pase D (autotaxin). Autotaxin converts LPC into 
lysophosphatidic acid, which is a bioactive lipid 
implicated in inflammatory and fibrotic process-
es [31]. However, the cross-sectional nature of 
our data cannot determine whether these LPC 
alterations precede or result from metabolic 
dysfunction. In contrast, palmitic acid, oleic 
acid, linoleic acid, and arachidonic acid, are 
known markers of fat tissue breakdown and 
insulin resistance [32, 33]. Through the cyclo-
oxygenase and lipoxygenase pathways, arachi-
donic acid can be metabolized into pro-inflam-
matory eicosanoids, which have been impli- 
cated in the low-grade chronic inflammation 
frequently observed in PCOS [34]. Our findings 
demonstrated a strong association between 
elevated arachidonic acid levels and adverse 
metabolic status. Nevertheless, the cross-sec-
tional design precludes determining whether 
this association reflects a causal contribution 
or a secondary consequence of the underlying 
metabolic disturbance.

Figure 5. External validation of the nomogram in the 
time-external validation cohort (n=133).
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Following LASSO selection and multivariable 
logistic regression, BMI, HOMA-IR, TyG index, 
valine, glutamate, and arachidonic acid were 
positively associated with adverse metabolic 
status, whereas SHBG, BCAA/AAA ratio, 
LPC(16:0), and LPC(18:1) were inversely asso-
ciated with adverse metabolic status. The pro-
tective role of higher SHBG levels is already 
known, because SHBG levels are negatively 
related to hyperinsulinemia and free testoster-
one [35, 36]. The BCAA/AAA ratio remained 
independently associated with lower odds of 
adverse metabolic status after adjusting for 
HOMA-IR, suggesting that the relative balance 
between these amino acid classes may provide 
metabolic information beyond conventional 
markers. Similarly, higher LPC(16:0) and LPC- 
(18:1) levels were associated with lower odds 
of adverse metabolic status. Although these 
findings raise the possibility that specific LPC 
species play an active role in maintaining insu-
lin sensitivity and lipid homeostasis, their bio-
logical roles cannot be established from the 
present data. Total testosterone was positively 
correlated with adverse metabolic status in the 
univariate analysis but were no longer statisti-
cally significant in the multivariate model, pos-
sibly because its association was partly ex- 
plained by other variables, such as SHBG and 
HOMA-IR. All findings in this study are specula-
tive and derived from cross-sectional data. The 
model was developed to classify patients ac- 
cording to the presence of concurrent adverse 
metabolic status at enrollment rather than to 
establish temporal or causal relationships. 
Accordingly, the associations between amino 
acid and lipid metabolites and adverse meta-
bolic status may reflect shared pathophysiolog-
ical processes but do not provide evidence of 
causality. Longitudinal studies incorporating 
repeated metabolomic measurements and 
detailed assessments of lifestyle and environ-
mental exposures are needed to determine 
whether these metabolite alterations precede 
the development of metabolic complications 
and to elucidate the directionality of the ob- 
served associations.

The principal value of our nomogram lies in its 
ability to facilitate the classification of meta-
bolic status at the time of PCOS diagnosis using 
readily obtainable biomarkers. Conventional 
metabolic assessments rely on physical exami-
nation and routine laboratory tests, often over-

looking patients with adverse metabolic status 
before overt metabolic diseases manifest. Our 
model incorporates amino acid and phospho-
lipid markers, facilitating the identification of 
patients who warrant more comprehensive 
metabolic evaluation and closer clinical moni-
toring. For instance, a patient with elevated  
glutamate, valine, and arachidonic acid but 
reduced LPC(16:0) levels and a low BCAA/AAA 
ratio may warrant more further evaluation even 
if her HOMA-IR or TyG index is not yet signifi-
cantly elevated. However, because our model 
uses a composite outcome, it is best suited for 
metabolic screening rather broad than for diag-
nosing any specific metabolic disorder. Clini- 
cians should interpret the model-derived prob-
ability in conjunction with targeted assess-
ments for individual metabolic disorders when 
phenotype-specific decisions are required. De- 
cision curve analysis and clinical impact curves 
both indicated that the nomogram may provide 
a net benefit across a range of threshold prob-
abilities, supporting further investigation of its 
practical application in outpatient endocrinolo-
gy and reproductive medicine settings.

Several limitations of this work should be men-
tioned. First, this study was a retrospective, 
single-center study, and the model underwent 
temporal rather than geographic validation; 
therefore, site-specific biases cannot be exclud-
ed. Second, adverse metabolic status was de- 
fined using a composite endpoint comprising 
heterogeneous conditions, including MetS, IR, 
NAFLD, IGT, and T2DM. Although post-hoc sen-
sitivity analyses suggested acceptable discrim-
ination for the individual components, with 
AUCs ranging from 0.84 to 0.91, the nomogram 
should be interpreted as a broad screening tool 
rather than a condition-specific diagnostic 
model. Third, we only included Chinese women 
of reproductive age (18-45 years), limiting its 
generalizability to other ethnic populations or 
age groups. Fourth, targeted metabolomic pro-
filing was used; untargeted metabolomic app- 
roaches may identify additional informative 
metabolites, such as bile acids and acylcarni-
tines. Fifth, the cross-sectional design pre-
cludes causal inferences, and we cannot deter-
mine whether the observed metabolic changes 
precede or result from the adverse outcomes. 
Sixth, we did not collect data on diet, phy- 
sical activity, smoking, or body fat percentage, 
which may represent important confounders. 
Seventh, although no statistically significant 
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interactions were detected after FDR correc-
tion, modest interaction effects cannot be 
entirely excluded due to the limited sample size 
and statistical power. Eighth, despite the high 
AUCs (0.965 training; 0.939 validation), these 
estimates should be interpreted with caution. 
The apparent performance may partly reflect 
the retrospective design and residual overfit-
ting, despite LASSO selection and bootstrap 
validation (optimism-corrected AUC=0.958). 
Furthermore, because HOMA-IR was used both 
as a predictor and as the criterion defining IR, 
which was a component of the composite out-
come, incorporation bias may have contributed 
to overestimation of model performance. There- 
fore, the model should be viewed as a promis-
ing proof of concept that requires rigorous pro-
spective, multi-center external validation.

Future prospective multicenter studies are 
needed to validate the utility of this model and 
determine whether targeting these metabolic 
pathways can improve long-term cardiovascu-
lar and metabolic health in women with PCOS. 
Specifically, longitudinal studies incorporating 
repeated metabolomic measurements and 
detailed assessment of lifestyle and environ-
mental exposures are needed to investigate 
the directionality of the observed associations. 
Additionally, randomized controlled trials could 
further evaluate whether interventions that 
modify these metabolite pathways can reduce 
the incidence of adverse metabolic outcomes, 
thereby providing crucial evidence for causality 
and clinical benefit. Finally, integrating genetic 
and epigenetic information may improve under-
standing of whether these metabolic altera-
tions contribute to or result from PCOS-related 
metabolic dysfunction and may help identify 
novel therapeutic targets.

Conclusion

In this study, we developed a classification 
model that integrates serum amino acid and 
lipid profiles with routine clinical measures to 
identify adverse metabolic status in PCOS 
patients at initial assessment. The identified 
metabolites, particularly glutamate, arachidon-
ic acid, LPC(16:0), LPC(18:1) and the BCAA/
AAA ratio, are associated with biological pro-
cesses implicated in insulin resistance, ectopic 
fat accumulation, and chronic inflammation. 
However, given the cross-sectional design, 
these findings should be interpreted as associ-
ations rather than evidence of causality.
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Supplementary Table 1. Multiplicative interaction analysis between clinical predictors and metabolic 
biomarkers in the multivariable logistic regression model for adverse metabolic status
Interaction Term Adjusted OR (95% CI) Wald χ2 P-value FDR-adjusted P-value
BMI × Valine 1.142 (1.021-1.281) 3.124 0.032 0.187
BMI × Glutamate 1.164 (1.023-1.324) 2.987 0.041 0.213
BMI × Arachidonic acid 1.082 (0.944-1.242) 1.454 0.182 0.421
BMI × LPC(16:0) 0.922 (0.821-1.052) 2.011 0.156 0.385
BMI × LPC(18:1) 0.932 (0.822-1.064) 0.982 0.321 0.512
BMI × BCAA/AAA ratio 0.903 (0.781-1.042) 1.892 0.169 0.405
HOMA-IR × Valine 1.214 (1.023-1.423) 4.218 0.040 0.211
HOMA-IR × Glutamate 1.182 (0.992-1.384) 3.452 0.063 0.285
HOMA-IR × Arachidonic acid 1.224 (1.052-1.423) 5.892 0.028 0.156
HOMA-IR × LPC(16:0) 0.852 (0.721-1.012) 3.121 0.078 0.312
HOMA-IR × LPC(18:1) 0.882 (0.742-1.043) 2.452 0.118 0.354
HOMA-IR × BCAA/AAA ratio 0.823 (0.681-0.992) 4.012 0.045 0.221
TyG index × Valine 1.102 (0.952-1.273) 1.891 0.169 0.405
TyG index × Glutamate 1.142 (0.972-1.342) 2.452 0.118 0.354
TyG index × Arachidonic acid 1.121 (0.954-1.312) 1.981 0.158 0.392
TyG index × LPC(16:0) 0.862 (0.742-1.012) 3.842 0.049 0.242
TyG index × LPC(18:1) 0.902 (0.782-1.053) 1.452 0.228 0.456
TyG index × BCAA/AAA ratio 0.884 (0.754-1.032) 2.652 0.104 0.342
Notes: OR, Odds Ratio; CI, Confidence Interval; FDR, False Discovery Rate (Benjamini-Hochberg method). All models were adjust-
ed for age and other clinical covariates included in the final multivariable model. BMI, body mass index; HOMA-IR, homeostatic 
model assessment for insulin resistance; TyG, triglyceride-glucose index; BCAA/AAA, branched-chain amino acid to aromatic 
amino acid ratio; LPC, lysophosphatidylcholine. The FDR-adjusted P-values for all interaction terms were > 0.050, indicating no 
statistically significant multiplicative interactions.

Supplementary Table 2. Incremental predictive value of metabolic biomarkers
Model Clinical-only model Combined model
AUC (95% CI) 0.851 (0.808-0.894) 0.965 (0.944-0.986)
NRI (95% CI) Reference 0.324 (0.187-0.461)
IDI (95% CI) Reference 0.147 (0.089-0.205)
P value \ < 0.001
Notes: Clinical-only model includes BMI, HOMA-IR, TyG index, and SHBG. Combined model includes clinical variables plus valine, 
BCAA/AAA ratio, glutamate, LPC(16:0), LPC(18:1), and arachidonic acid. AUC: Area under the curve; NRI: Net Reclassification 
Improvement; IDI: Integrated Discrimination Improvement.


