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Objective: Infertility affects approximately 15% of couples worldwide and represents a significant global health burden with
profound psychological, social, and economic consequences. Nearly 15% of couples globally experience infertility while insulin
resistance (IR) has been identified as a possible risk factor. Despite growing evidence linking metabolic dysfunction to reproductive
impairment, the relationship between comprehensive insulin resistance indices and infertility risk remains poorly characterized.
Metabolic Score for Insulin Resistance (METS-IR) demonstrates potential for metabolic disease evaluation yet its connection to
infertility has not yet been examined. This study aims to provide the first comprehensive evaluation of the association between METS-
IR and infertility risk, utilizing both cross-sectional analysis and genetic causal inference methods to establish robust evidence for
clinical translation. The research examines how METS-IR relates to infertility risk through observational studies and genetic analysis.
Methods: We analyzed data from the National Health and Nutrition Examination Survey (NHANES) 2013-2020 and performed
Mendelian randomization (MR) analysis. The study examined METS-IR’s association with infertility through multivariate regression,
restricted cubic spline analysis, and subgroup analyses. MR analysis investigated causal relationships between metabolic traits and
infertility, with sensitivity analyses including weighted median, MR-Egger regression, and Steiger directionality testing to ensure
robust causal inference.

Results: Women with infertility exhibited significantly higher METS-IR values (47.56+1.33) compared to non-infertile women (41.42
+0.44, P<0.0001). The highest METS-IR quartile showed increased infertility risk in the fully adjusted model (OR 1.53, 95% CI 1.24-5.21,
P=0.04). Restricted cubic spline analysis revealed a significant non-linear relationship (P<0.001), with stronger associations in younger
women. Subgroup analyses identified significant effect modifications by race and age. MR analysis demonstrated causal relationships
between triglycerides (IVW OR: 1.149, 95% CI: 1.042—-1.268, P=0.005), body mass index (IVW OR: 0.967, 95% CI: 0.937-0.998, P=0.04),
and inflammatory markers (Interleukin-18 and CXCL11) with infertility risk, with no evidence of reverse causation.

Conclusion: Women with markedly elevated METS-IR (highest quartile) demonstrated increased infertility risk in this cross-sectional
analysis, though the association was primarily driven by BMI. MR analysis revealed causal relationships between triglycerides and
BMI as risk factors, while IL-18 and CXCL11 showed protective effects against infertility, suggesting that metabolic and inflammatory
factors contribute to reproductive dysfunction through multiple pathways. These findings highlight the potential utility of metabolic
assessment in fertility evaluation, while underscoring that the METS-IR-infertility relationship may largely reflect the well-established
link between obesity and reproductive impairment.
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Introduction

Infertility is a complex disorder that impacts around 15% of couples globally and creates major reproductive health
problems while reducing quality of life." Infertility arises from multiple factors including genetic components, environ-
mental influences and metabolic elements.” Current research identifies metabolic disorders as risk factors for repro-
ductive dysfunction with insulin resistance (IR) being a significant contributor.’ IR stands out as a key feature of
metabolic syndrome because it involves diminished tissue response to insulin resulting in increased insulin secretion to
compensate.® Research demonstrates that insulin resistance negatively affects reproductive health through disruption of
the hypothalamic-pituitary-gonadal (HPG) axis and by impairing follicular development and endometrial receptivity
while reducing sperm quality.”'® The frequent occurrence of insulin resistance among women who have polycystic ovary
syndrome (PCOS), which stands as a primary reason for anovulatory infertility, emphasizes IR’s possible connection to
reproductive health issues.''"'?

Insulin resistance directly affects reproductive functions and simultaneously creates chronic low-grade inflammation
which can exacerbate infertility according to Gemma Fabozzi.'® Research has connected inflammatory cytokines including
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a) to the development of ovarian dysfunction alongside impaired
spermatogenesis and reduced embryo implantation capabilities.'*'> The connection between IR and inflammation as
factors leading to infertility continues to be unclear while evidence grows and requires additional study.

The metabolic score for insulin resistance (METS-IR) has recently become recognized as a reliable marker for
evaluating IR with proven predictive power for metabolic syndrome, cardiovascular diseases, and diabetes.'®!” The
METS-IR derives from a weighted combination of clinical parameters like waist circumference, high-density lipoprotein
cholesterol (HDL-C) levels, triglycerides (TG), and fasting blood glucose (FBG) which together give a complete
assessment of metabolic health.'® Research has demonstrated METS-IR’s potential in metabolic disease studies but its
connection to infertility risk has yet to receive extensive investigation. METS-IR offers several advantages over
individual metabolic parameters and traditional measures such as HOMA-IR. As a composite index, METS-IR captures
the multidimensional nature of insulin resistance by integrating fasting glucose, triglycerides, BMI, and HDL cholesterol,
providing a more comprehensive metabolic assessment. Furthermore, METS-IR utilizes routine clinical measurements,
making it more accessible in resource-limited settings where insulin assays may be unavailable or costly. Recent studies
have demonstrated that METS-IR exhibits superior predictive performance for metabolic complications compared to
individual components, and shows strong correlation (P = —0.622) with the euglycemic-hyperinsulinemic clamp, the gold
standard for insulin sensitivity assessment.'®

This study seeks to explore the link between METS-IR and infertility risk by employing a dual-method approach to fill
this important knowledge gap. Our research begins by performing an observational analysis based on data collected from
the National Health and Nutrition Examination Survey (NHANES) for the years 2013 to 2020 which represents a national
sample from the United States population. The research will investigate how METS-IR relates to infertility risk and will
analyze if inflammatory cytokines act as mediators in this relationship. We will utilize Mendelian randomization (MR)
methods to evaluate the direct impact of METS-IR on infertility rates. MR stands as an effective approach for causal
inference through the utilization of genetic variants as instrumental variables which help reduce confounding bias."

Our research provides the first complete evaluation of how METS-IR impacts infertility risk. Our research combines
observational studies with causal inference techniques to establish strong evidence about IR’s involvement in infertility
development. These results present significant clinical applications by uncovering intervention targets and supporting the
creation of personalized infertility treatment approaches. This study provides an understanding of how metabolic health
affects reproductive function which will enhance comprehension of infertility mechanisms and stimulate additional
research in this essential field. By integrating cross-sectional epidemiological analysis with genetic causal inference, this
study addresses critical gaps in our understanding of metabolic contributions to female infertility and provides actionable

evidence for clinical practice.
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Methods
Study Design and Participants

Data for this study were sourced from NHANES, which assesses the health and nutrition of individuals living outside
institutional settings. NHANES uses a rigorous, stratified, probability-based sampling approach to determine the
prevalence of various health conditions and identify contributing factors. The NHANES protocols were approved by
the National Center for Health Statistics Research Ethics Review Board, and informed consent was obtained from all
survey participants. Additional details on NHANES methodologies and procedures can be found on their website at
https://www.cdc.gov/nchs/nhanes/.

For this study, data from the NHANES 2013-2020 dataset, which included 44,959 individuals, were analyzed. A total
of 5,524 female participants aged 2045 who had completed the Reproductive Health Questionnaire were selected. The

final participant selection was based on the following exclusion criteria: 1) absence of dietary data or incomplete dietary
records (eg, only one day recorded instead of the required two), or lack of dietary interview data; 2) missing information
on key covariates such as alcohol consumption, body mass index, education level, diabetes, and smoking status. After
applying these criteria, 2,000 participants remained in the analytical sample. The screening process and participant
demographics are shown in Figure 1.

Participants from NHANES 2013-2020

(N = 44951)

v
Female participants with Reproductive
Health Questionnaire data

(N = 8264)

A 4

Female participants aged 20-45 years

\ 4

3147 excluded without METS-IR data

(N =5524)
v 377 had covariates missing
.. o e . Education (N = 173)
Participants with infertility information BMI (N =20)

A 4
e o o o o

Smoking (N =84)
Alcohol user (N =4)
Other covariates (N =96)

(N =2377)

A 4

Female included in the final analysis

(N =2000)

Figure | Flowchart of the population included in our study.
Abbreviations: NHANES, National Health and Nutrition Examination Survey; METS-IR, metabolic score for insulin resistance.
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The Calculation of METS-IR

In this study, the METS-IR index was used as the exposure variable. The METS-IR was calculated as follows: METS-IR
=Ln [(2xfasting glucose (mg/dL) + fasting triglycerides (mg/dL)] x body mass index (kg/m2)) / [Ln (high-density
lipoprotein cholesterol (mg/dL))].'"® FBG and TG were measured enzymatically using an automated biochemical
analyzer. Specifically, the Roche Cobas 6000 chemistry analyzer and the Roche Modular P were used to determine
serum TG concentrations. Body mass index (BMI) was calculated as weight (kg) divided by the square of height (m),
with body weight and height data available in the Examination Data “Body Measure.”

Assessment of Infertility

Infertility was assessed based on responses to selected items (RHQO074 and RHQO076) from the Reproductive Health
Questionnaire. RHQO074 asked whether participants had attempted conception for at least one year without success, while
RHQO076 inquired if they had ever sought medical assistance for conception issues. Women who affirmed either condition
were categorized into the infertility group, whereas those who denied both conditions were placed in the non-infertility
group. While this classification method may not fully align with the WHO clinical definition of infertility, it represents
a validated approach for large-scale epidemiological research where clinical diagnoses are unavailable and has been
consistently employed in previous NHANES-based fertility studies.

Covariates

To examine the independent relationship between METS-IR and infertility, we controlled for various potential con-
founders, including sociodemographic factors, lifestyle behaviors, and health status indicators. Sociodemographic
variables included age, race/ethnicity (categorized as Mexican American, Other Hispanic, Non-Hispanic White, Non-
Hispanic Black, and Other Races), and educational attainment (grouped as less than 9th grade, 9th to 11th grade, high
school graduate, some college, and college graduate).

Lifestyle-related confounders included smoking and alcohol consumption. Participants were categorized based on
self-reported smoking status into three groups: never smokers (having smoked fewer than 100 cigarettes in their lifetime
and not currently smoking), former smokers (having smoked more than 100 cigarettes in their lifetime but not currently
smoking), and current smokers (having smoked at least 100 cigarettes in their lifetime and currently smoking). Alcohol
consumption was classified as follows: never drinkers (having consumed fewer than 12 drinks in their lifetime), former
drinkers (having consumed at least 12 drinks in any one year but not in the past year, or having consumed at least 12
drinks in their lifetime but not in the past year), current light/moderate drinkers (averaging up to one drink per day for
women or up to two drinks per day for men over the past year), and current heavy drinkers (averaging more than one
drink per day for women or more than two drinks per day for men over the past year).

Health status variables included BMI, HDL-C levels, and history of diabetes. BMI was measured directly at the Mobile
Examination Center (MEC) and calculated as weight in kilograms divided by the square of height in meters (kg/m?). Blood
samples for cholesterol analysis were collected and processed at the University of Minnesota, following protocols outlined
in the NHANES Laboratory Procedures Manual. Diabetes history was determined through self-reported physician
diagnoses or current insulin use.

MR Analysis

The study design and three main assumptions of MR were shown in Supplementary Figure 1. The summary genome-

wide association study (GWAS) of circulating antioxidants from published studies were analyzed, and their sources were
detailed in Supplementary Table 1. The lipid-related traits and circulating cytokines analyzed in the METS-IR study
included a range of FBG, TG, HDL-C, total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), BMI and
circulating cytokines. Summary genetic data for the univariate analysis, including HDL cholesterol, LDL cholesterol,

total cholesterol, and triglycerides, were obtained from the Global Lipids Genetics Consortium (GLGC),? the single
nucleotide polymorphisms (SNPs) associated with circulating cytokines were obtained from a study of 8,293 individuals
that included 41 cytokines and growth factors,?' as presented in Supplementary Tables 2 and 3. The leading SNPs
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associated with each biochemical index, used as instrumental variables (IVs, P<5><106), were identified in GWAS data
after eliminating linkage disequilibrium (LD distance >10,000 kb, r*<0.001).>*> We aligned the SNP alleles between the
different studies and excluded palindromic SNPs when their allele frequencies were ambiguous, specifically in the range
of 0.42 to 0.58. Genetic variants associated with female infertility were derived from the published GWAS by the
FinnGen Consortium (https://r14.finngen.fi/). We used data from the R14 release (accessed December 2024), which
included diagnoses based on ICD-9 and ICD-10 criteria. We obtained a total of 14,759 cases and 111,583 controls,
providing adequate statistical power for causal inference.

Statistical Analysis

The statistical procedures adhered to the standards set by the Centers for Disease Control and Prevention (CDC),
employing NHANES sample weights and accounting for the intricacies of multistage cluster surveys. Continuous
variables were reported as means with standard deviations, while categorical data were expressed in percentages.
Differences between groups, delineated by the presence of infertility, were analyzed using a weighted Student’s -test.
Relationships among categories were assessed through a weighted chi-square test. We explored the independent relation-
ship between MET-IR and infertility using multivariate logistic regression in three different models: Model 1 was basic,
without covariate adjustments; Model 2 adjusted for age, BMI, fasting glucose, fasting triglycerides, and HDL
cholesterol; Model 3 expanded to include race, education level, smoking status, diabetes, waist circumference, and
liver enzymes (ALT and AST). Further analysis using restricted cubic spline (RCS) assessed potential non-linear
relationships between infertility and MET-IR. Additionally, subgroup and interaction analyses tested the consistency of
our results across various covariates.

The primary MR analysis was conducted using random-effects inverse-variance weighted (IVW) regression.”® This
was followed by weighted median (WM) and MR-Egger regression analyses to verify the robustness of the IVW
estimate.”**> In a subsequent sensitivity analysis, Cochran’s IVW Q statistic was used to detect heterogeneity, the
intercept test of MR-Egger regression to detect horizontal pleiotropy.?* Results were expressed as odds ratios (ORs) with
95% confidence intervals (Cls) for stroke risk per unit change in antioxidant levels. The F-statistic was used to assess the
strength of the instrumental variables (IVs). Additionally, a “leave-one-out” analysis was performed to identify poten-
tially heterogeneous IVs by sequentially removing each one.

The Steiger test is used to examine the directionality of the instrumental variable’s effect on the outcome, thereby
avoiding reverse causation and confirming whether the results support the initial hypothesis. A P-value greater than 0.05
for the Steiger test indicates the presence of reverse causation. Data analysis was carried out using R (version 4.3.2,
available at http://www.R-project.org), with a two-tailed P-value of less than 0.05 considered statistically significant.

Results

Baseline Characteristics of Participants

Table 1 presents the baseline characteristics of the participants. The average age of women without infertility was 30.89
+0.22 years, compared to 34.09+£0.61 years for those with infertility. The mean BMI was 29.07+0.25 kg/m?” in the non-
infertility group and 32.57+0.73 kg/m? in the infertility group. MET-IR values were 41.42+0.44 for non-infertile women
and 47.56+1.33 for infertile women, indicating a significant difference (P < 0.0001). Significant disparities were also
noted in baseline characteristics such as age, BMI, HDL cholesterol, waist circumference alcohol consumption, and
diabetes history between the groups with and without infertility.

Association Between MET-IR and Infertility

Table 2 presents the results of the multivariate logistic regression analysis. In the crude model, a significant positive
correlation was observed between METS-IR and infertility risk (OR 1.02, 95% CI 1.01-1.04, P<0.0001). This associa-
tion remained significant in the minimally adjusted model (OR 1.02, 95% CI 1.01-1.05, P<0.001), which accounted for
age, BMI, fasting glucose, fasting triglycerides, and HDL cholesterol. However, in the fully adjusted model, which
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Table 1 Weighted Baseline Characteristics of Included Participants

Variable Total Non-Infertility (n=1761) | Infertility (n=239) | P-value
Age (year) 31.31£0.19 30.89+0.22 34.09+0.61 < 0.0001
Age grouping 0.04
<35 1430 (73.27) | 1273 (74.47) 157 (65.22)
235 570 (26.73) | 488 (25.53) 82 (34.78)
BMI (kg/m?) 29.52+0.25 29.07+0.25 32.57+0.73 < 0.0001
BMI grouping (Kg/m?) < 0.0001
Normal 659 (34.65) | 597 (36.12) 62 (24.79)
Obesity 833 (40.82) | 696 (38.12) 137 (58.96)
Overweight 451 (21.74) | 417 (22.94) 34 (13.67)
Underweight 57 (2.79) 51 (2.82) 6 (2.58)
Race (%) 0.38
Mexican American 333 (11.76) | 297 (12.03) 36 (9.92)
Non-Hispanic Black 455 (13.68) | 404 (13.85) 51 (12.57)
Non-Hispanic White 640 (55.83) | 550 (55.03) 90 (61.24)
Other Hispanic 199 (7.92) 183 (8.22) 16 (5.93)
Other Race - Including Multi-Racial 373 (10.80) 327 (10.87) 46 (10.33)
Education level (%) 0.84
9-11th grade (Includes |2th grade with no diploma) | 225 (8.48) 196 (8.43) 29 (8.81)
College graduate or above 535 (31.99) 477 (32.20) 58 (30.61)
High school graduate/GED or equivalent 423 (21.80) 381 (22.05) 42 (20.09)
Less than 9th grade 101 (3.27) 90 (3.32) 11 (2.93)
Some college or AA degree 716 (34.47) 617 (34.01) 99 (37.55)
Fasting glucose (mmol/L) 98.91+£0.49 98.45+0.58 102.02+2.13 0.14
TG (mmol/L) 89.96+2.63 89.57+2.92 92.57+5.78 0.65
HDL-C (mmol/L) 57.13+0.55 57.56+0.59 54.30+1.44 0.04
HOMA-IR 3.1240.09 3.05£0.10 3.59+0.26 0.06
TC (mmol/L) 177.15£1.15 | 177.06%1.13 177.70+3.31 0.85
Alt (U/L) 18.53+0.32 18.47+0.37 18.92+0.61 0.56
Ast (U/L) 20.12+0.29 20.18+0.31 19.66+0.54 0.38
Insulin (uU/mL) 12.13£0.31 11.93£0.32 13.50+0.86 0.09
Waist circumference (cm) 95.61+0.55 94.57+0.57 102.75+1.46 < 0.001
METIR 42.22+0.45 41.42+0.44 47.56£1.33 < 0.0001
Alcohol consumption (%) 0.03
Former 72 (3.96) 59 (3.46) 13 (7.35)
Heavy 512 (27.48) | 432 (26.72) 80 (32.58)
Mild 513 (24.98) | 448 (24.65) 65 (27.21)
Moderate 540 (30.07) | 484 (30.70) 56 (25.79)
Never 363 (13.51) 338 (14.47) 25 (7.07)
Smoking status (%) 0.23
Former 221 (13.31) 186 (12.77) 35 (16.91)
Never 1459 (69.15) | 1305 (69.97) 154 (63.70)
Now 320 (17.54) | 270 (17.26) 50 (19.39)
Diabetes (%) 0.02
DM 167 (6.94) 139 (6.27) 28 (11.44)
IFG 126 (6.31) 112 (6.34) 14 (6.13)
IGT 70 (3.53) 65 (3.82) 5(l.el)
No 1637 (83.22) | 1445 (83.57) 192 (80.82)

Notes: Values are given as meanzstandard deviation, number (percentage), or median (quartiles | through 3). TP-values were derived from Mann-Whitney
U-tests for continuous variables, and Chi-square tests for categorical variables.

Abbreviations: BMI, Body mass index; ALT, Alanine aminotransferase; AST, aspartate aminotransferase; TG, Triglyceride; TC, Total cholesterol; HDL-C, High-
density lipoprotein cholesterol; METIR, metabolic score for insulin resistance; HOMA, homeostasis model assessment; IR, insulin resistance; DM, Diabetic
Mellitus; IFG, Impaired Fasting Glucose; IGT, Isolated Impaired Glucose Tolerance; SMD, Standardized mean difference.
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Table 2 The Association Between METIR and Infertility

Variable Crude Model Minimally Adjusted Model Fully Adjusted Model
(OR, 95% CI, P) (OR, 95% CI, P) (OR, 95% CI, P)

METIR 1.02 (1.01, 1.04), <0.0001 1.02 (1.01, 1.05), <0.001 1.01 (0.99, 1.04), 0.21

METIR quartile

Ql Ref Ref Ref

Q2 0.78 (0.46, 1.30), 0.33 0.65 (0.39, 1.08), 0.09 0.65 (0.37, 1.17), 0.15

Q3 1.13 (0.66, 1.95), 0.65 0.92 (0.50, 1.70), 0.78 0.57 (0.14, 2.27), 0.42

Q4 2.61 (1.59, 4.28), <0.001 2.19 (1.22, 3.94), 0.01 1.53 (1.24, 5.21), 0.04

P for trend 0.003 0.004 0.531

Notes: Model |, no covariates were adjusted. Model 2, age, BM|, fasting glucose, fasting triglycerides, and HDL cholesterol were
adjusted. Model 3, age, BMI, fasting glucose, fasting triglycerides, waist circumference, and HDL cholesterol race, education level,
smoking status, diabetes, and liver enzymes (ALT and AST) were adjusted.

Abbreviations: METIR, metabolic score for insulin resistance; 95% Cl, 95% confidence interval; OR, odds ratio.

additionally controlled for waist circumference, race, education level, smoking status, diabetes, and liver enzymes (ALT
and AST), the association was attenuated and no longer statistically significant (OR 1.01, 95% CI 0.99-1.04, P=0.21).

When analyzing METS-IR as a categorical variable by quartiles, a similar pattern was observed. In the crude model,
individuals in the highest quartile (Q4) had a significantly increased risk of infertility compared to those in the lowest
quartile (Q1) (OR 2.61, 95% CI 1.59-4.28, P<0.001). This association remained significant in the minimally adjusted
model (OR 2.19, 95% CI 1.22-3.94, P=0.01) and the fully adjusted model (OR 1.53, 95% CI 1.24-5.21, P=0.04). The
trend analysis across METS-IR quartiles revealed a significant increasing trend in the crude (P=0.003) and minimally
adjusted models (P=0.004), but this trend was not maintained in the fully adjusted model (P=0.531).

A Nonlinear Relationship Between MET-IR and Infertility

The study employed RCS analysis to explore the non-linear relationship between METS-IR levels and infertility risk.
The findings, presented in Figure 2, revealed a significant non-linear association (P for overall significance = 0.0213,
P for non-linearity < 0.001). Stratifying the analysis by age showed distinct non-linear relationships between METS-IR
and infertility risk in different age groups. In younger women (represented by the red line), the association between
METS-IR and infertility risk was more pronounced, with a steeper increase in the odds of infertility as METS-IR values
rose. In contrast, the association in older women (represented by the green line) was less pronounced, showing a more
gradual increase, as depicted in Figure 3.

Subgroup Analysis

Subgroup analyses, presented in Table 3 and Figure 4, examined the consistency of the relationship between METS-IR
quartiles and infertility across various demographic and behavioral factors, including age, BMI, race, education level,
smoking status, alcohol use, and diabetes history. Notably, significant interactions were observed in the race categories
and age groups (all P-values for interaction < 0.05), suggesting that these factors significantly modify the relationship
between METS-IR and infertility. These findings indicate that the negative correlation between METS-IR and infertility
is influenced by subgroup characteristics.

MR Analysis

The relationships between lipid-related traits (including HDL-C, LDL-C, TC, and TG), BMI, fasting glucose, and circulating
cytokines with female infertility in the GLGC and FinnGen consortia are presented in Figures 5 and 6. The MR analysis results
revealed that TG and BMI were causally associated with the risk of infertility (IVW OR: 1.149, 95% CI: 1.042-1.268, P =
0.005; IVW OR: 0.967,95% CI: 0.937-0.998, P = 0.04). Additionally, inflammatory markers including Interleukin-18 (IL-18)
(IVW OR: 0.894, 95% CI: 0.819-0.977, P = 0.013) and CXCL11 (IVW OR: 0.891, 95% CI: 0.799-0.995, P = 0.040) were
causally associated with reduced risk of infertility, suggesting protective effects of these cytokines.

International Journal of Women’s Health 2026:18 https: 7



Li et al

P for overall significance = 0.0213
P for non-linearity < 0.001
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Figure 2 Restricted cubic spline for relation of MET-IR with risk of infertility.

The MR-Steiger directionality test confirmed the accuracy of the exposure-to-outcome direction, with all instrumental
variables showing P Steiger < 0.05. P-values for testing the reverse relationship between each metabolite and psoriasis
were all less than 0.05, providing no evidence for potential reverse causation. Detailed information is provided in
Supplementary Table 3. Based on the MR-Steiger test, no reverse causality was found.

Discussion

This study aimed to investigate the relationship between insulin resistance, as measured by the METS-IR, and infertility
risk in a nationally representative US population. We discovered that higher METS-IR levels correlated significantly with
increased infertility risk. After adjusting for potential confounders, people in the highest METS-IR quartile experienced
a 1.53 times greater infertility risk than those in the lowest quartile. The link between insulin resistance and impaired
fertility showed consistency across NHANES cross-sectional analysis and Mendelian randomization approach which
supports a potential causal relationship. The MR analysis discovered causal links between triglycerides and BMI with
increased infertility risk, while inflammatory markers including Interleukin-18 (IL-18) and C-X-C motif chemokine 11
(CXCL11) demonstrated protective effects against infertility (OR<1). These findings provide novel insights into the
complex and bidirectional interplay between metabolic and inflammatory pathways in reproductive health.

The results of our study align with previous research that indicates insulin resistance negatively affects reproductive
function. A study by Liu et al showed that women with PCOS along with insulin resistance experienced much reduced
pregnancy rates compared to women who did not have insulin resistance.?® Similarly, some studies reported that insulin-
sensitizing agents improved ovulation and pregnancy rates in infertile women with PCOS.*’

Most previous studies investigated specific patient groups or less comprehensive measures insulin resistance measures
such as HOMA-IR.*®* The present investigation broadens the research scope to include general populations by using
the novel METS-IR index which reflects wider aspects of metabolic dysfunction. By integrating cross-sectional and
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Figure 3 Restricted cubic spline curve of age-related MET-IR in relation to risk of infertility.

Mendelian randomization analyses we deliver stronger evidence supporting the hypothesis that insulin resistance causes
an increased risk of infertility. Our MR analysis reveals that triglycerides and BMI serve as causal risk factors for
infertility, while IL-18 and CXCL11 demonstrate protective effects against infertility risk. These findings highlight the
complex and bidirectional interplay between metabolic and inflammatory pathways in reproductive health.

Several biological factors may explain the connection between METS-IR and infertility risk. Ovarian function
responds to insulin resistance through multiple mechanisms. Insulin resistance causes theca cells in the ovaries to

Table 3 Subgroup Analysis of the Association Between METIR and Infertility

Subgroups

OR (95% CI) P P for Interaction

Race

Mexican American
Other Hispanic

Non-Hispanic Black

Non-Hispanic White

Other Race -Including Multi-Racial | 1.012 (0.991, 1.034) | 0.267

0.036
1029 (1.016, 1.042) | <0.0001
1,003 (0.979, 1.029) | 0.786
1,054 (1.025, 1.084) | <0.001
1,002 (0.955, 1.053) | 0.917

Diabetes 0.444
Yes 1.022 (1.007, 1.037) | 0.006
No 1.030 (1.016, 1.044) | <0.0001
Age (Year) 0.039
<35 1.386 (1.155, 1.662) | <0.001
235 0.913 (0.631, 1.321) | 0.623
(Continued)
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Table 3 (Continued).

Subgroups OR (95% CI) P P for Interaction
Smoking status 0.997
Yes 1.024 (1.007, 1.041) | 0.007
No 1.024 (1.009, 1.039) | 0.001
BMI 0.942
Normal 0.987 (0.895, 1.088) | 0.79
Obesity 1.015 (0.997, 1.033) | 0.1
Overweight 1.012 (0.931, 1.100) | 0.779
Underweight 1.121 (0.371, 3.391) | 0.801
Alcohol use 0.797
Yes 1.024 (1.014, 1.034) | <0.0001
No 1.018 (0.966, 1.072) | 0.507

Notes: Above model adjusted forage, BMI, fasting glucose, fasting triglycerides, and HDL cholesterol race,
education level, smoking status, diabetes, and liver enzymes (ALT and AST).
Abbreviations: BMI, Body mass index; 95% CI, 95% confidence interval; OR, odds ratio.

produce more androgens while decreasing sex hormone-binding globulin (SHBG) levels which results in increased free

androgen levels.***! Hyperandrogenism develops from these processes which negatively impacts follicle development as

well as ovulation and egg quality. The pituitary gland’s follicle-stimulating hormone (FSH) and luteinizing hormone

(LH) balance gets disrupted by insulin resistance which leads to ovulatory issues.*” Insulin resistance is also linked to

low-grade chronic inflammation, which may contribute to infertility. Higher levels of inflammatory markers, such as

Subgroup OR 95%Cl P.for.interaction
Race 0.038
Non-Hispanic White o 1.029 (1.016,1.042)
Non-Hispanic Black ] 1.003 (0.979,1.029)
Mexican American o 1.054  (1.025,1.084)
Other Hispanic —e— 1.002 (0.955,1.053)
Other Race-Including Multi-Racial O 1.012  (0.991,1.034)
Diabetes 0.444
Yes HH 1.022 (1.007,1.037)
No L 1.03 (1.016,1.044)
Age(Year) 0.039
<35 ———> 1386 (1.155,1.662)
=35 * 0913  (0.631,1.321)
Smoking status 0.997
Yes O 1.024  (1.007,1.041)
NO O 1.024 (1.009,1.039)
BMI 0.942
Normal —— 0.987 (0.895,1.088)
Obesity HOH 1.015  (0.997,1.033)
Overweight —— 1.012  (0.931,1.100)
Underweight L 1.121 (0.371,3.391)
Alcohol use 0.797
Yes L 1.024 (1.014,1.034)
No — 1.018  (0.966,1.072)
0!5 O.|75 % 1.25

Figure 4 Forest Plot for Stratified Analysis of MET-IR and infertility subgroups.
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Trails method nsnp pval OR(95%Cl)

HDL Inverse variance weighted 97 0.3250 0.9600 (0.8860-1.0410) -+

HDL MR Egger 97 0.2680 1.0730 (0.9470-1.2180) *:-—

HDL Weighted median 97 0.9310 0.9950 (0.8980-1.1040) -

HDL Weighted mode 97 0.8390 0.9900 (0.9000-1.0890) 4:F

LDL Inverse variance weighted 82 0.4640 1.0310 (0.9500-1.1180) :+

LDL MR Egger 82 0.3670  1.0540 (0.9400-1.1830) -

LDL Weighted median 82 0.6150 1.0290 (0.9180-1.1550) —:-

LDL Weighted mode 82 0.9370 0.9960 (0.9060-1.0950) -

TC Inverse variance weighted 91 0.3360 1.0380 (0.9620-1.1210) 4:r

TC MR Egger 91 0.0950 1.1060 (0.9840-1.2460) %—-—

TC Weighted median 91 0.5990 1.0310 (0.9180-1.1600) -

TC Weighted mode 91 0.7760 1.0150 (0.9170-1.1230) *:—

TG Inverse variance weighted 79 <0.05 1.1490 (1.0420-1.2680) E+

TG MR Egger 79 0.8960 0.9890 (0.8510-1.1520) ——

TG Weighted median 79 0.1650 1.0970 (0.9630-1.2510) %-—

TG Weighted mode 79 0.1610  1.0920 (0.9670-1.2340) -—

FBG Inverse variance weighted 20 0.7860 0.9740 (0.8070-1.1770) +

FBG MR Egger 20 0.9610 0.9890 (0.6330-1.5450) —l:—

FBG Weighted median 20 0.4810 0.9290 (0.7580-1.1400) —=—

FBG Weighted mode 20 0.4640 0.9280 (0.7640-1.1280) —-‘:—

BMI Inverse variance weighted 35 <0.05 0.9670 (0.9370-0.9980) .

BMI MR Egger 35 <0.05 0.9070 (0.8340-0.9870) iJ:

BMI Weighted median 35 0.1750 0.9700 (0.9290-1.0140) -:

BMI Weighted mode 35 0.2620 0.9690 (0.9180-1.0230) +

(l) 1 2
Figure 5 Forest plot for the causal effect of lipid-related traits on the risk of infertility.
Trails method nsnp pval OR(95%Cl)
TNF-related apoptosis—inducing ligand levels Inverse variance weighted 9 0.0912  0.9540 (0.9032-1.0076) -:
Macrophage inflammatory protein 1a levels Inverse variance weighted 5 0.0899  0.9423 (0.8797-1.0093) =
Interleukin—18 levels Inverse variance weighted 4 0.0133  0.8943 (0.8185-0.9770) *'
C-X-C motif chemokine 11 levels Inverse variance weighted 4 0.0401 0.8914 (0.7987-0.9948) -
Leukemia inhibitory factor receptor levels Weighted median 3 <0.001 0.8513 (0.7755-0.9346) l
NA( NA- NA)
o 1 2 3

Figure 6 Forest plot for the causal effect of circulating cytokines on the risk of infertility derived from inverse variance weighted (IVW).

C-reactive protein (CRP), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-a), have been found in women with
insulin resistance and infertility.®> > These inflammatory markers can affect ovarian function, the ability of the
endometrium to support pregnancy, and overall pregnancy success. For example, TNF-a interferes with insulin signaling
in granulosa cells, which reduces estradiol production and harms follicular development.

Our MR analysis revealed that IL-18 and CXCL11 demonstrated significant protective effects against infertility (IL-18:
OR=0.894, 95% CI: 0.819-0.977, P=0.013; CXCL11: OR=0.891, 95% CI: 0.799-0.995, P=0.040). IL-18 is a pleiotropic
cytokine involved in both innate and adaptive immunity. While traditionally considered pro-inflammatory, 1L-18 plays
complex roles in reproductive tissues. Studies have shown that appropriate IL-18 levels are essential for endometrial
receptivity and successful implantation, with both deficiency and excess being associated with reproductive dysfunction.
The protective effect observed in our analysis may reflect IL-18’s role in maintaining immune homeostasis at the maternal-
fetal interface. CXCL11, a chemokine that regulates immune cell trafficking, has been implicated in endometrial function and
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angiogenesis. Recent MR studies have similarly reported protective effects of CXCL11 on endometriosis risk, suggesting
a complex regulatory role of this chemokine in female reproductive health. These findings indicate that the relationship
between inflammation and infertility is not unidirectional, and that certain inflammatory mediators may exert protective effects
on fertility through mechanisms that warrant further investigation.

Insulin resistance in the endometrium can diminish implantation potential by decreasing receptivity. Successful
embryo implantation requires proper regulation of endometrial glucose metabolism through insulin signaling. Studies
show that insulin resistance obstructs endometrial stromal cells from finishing decidualization which is necessary to
establish pregnancy.>®*” It also reduces the expression of important markers for implantation, such as integrin avp3 and
glycodelin, in endometrial tissue.*®

The MR analysis identified triglycerides and BMI as causal risk factors for infertility. High triglyceride levels, often
linked to insulin resistance, lead to increased free fatty acid (FFA) uptake by the ovaries, causing lipotoxicity and
impaired ovarian function.’*** BMI indicates obesity which represents both a recognized risk factor for infertility and
maintains a strong connection with insulin resistance. Obesity creates a dysfunctional state in adipose tissue which then
releases both pro-inflammatory cytokines and adipokines including leptin and adiponectin thereby disrupting the
hypothalamic-pituitary-gonadal axis which leads to impaired ovarian function.*'

Notably, in our study population, the METS-IR association with infertility appears to be primarily driven by BMI, as
fasting glucose and triglyceride levels did not differ significantly between groups. This observation is consistent with the
well-established relationship between obesity and reproductive dysfunction. Furthermore, when the association between
METS-IR and infertility was examined within BMI-stratified subgroups, the relationship became non-significant across
all BMI categories. This finding suggests that the METS-IR-infertility association observed in our overall analysis is
primarily attributable to differences in BMI rather than the composite metabolic assessment. While reduced statistical
power in stratified analyses may partially explain these null findings, the consistency across all BMI categories indicates
that BMI is the dominant contributing factor. However, the MR analysis provides complementary evidence showing
causal relationships between both triglycerides and BMI with infertility risk, suggesting that lipid metabolism may
contribute to infertility through pathways that are not fully captured in cross-sectional comparisons.

Insulin resistance together with hyperandrogenism and inflammatory processes along with dysfunctional adipose
tissue establishes a reproductive health-threatening environment. The metabolic indicator METS-IR represents wide-
spread metabolic shifts associated with insulin resistance and shows promise as a marker for identifying these deeper
problems. Developing treatment methods that target insulin resistance and its associated metabolic shifts may lead to
innovative infertility prevention and treatment options.

The results of our study have significant applications for clinical practice and public health initiatives. Insulin
resistance functions as a potentially risk factor that elevates infertility risk demonstrating the vital role of metabolic
health in reproductive results. Routine clinical measures make it possible to calculate the METS-IR which serves as
a useful tool for evaluating infertility risk among women of reproductive age. The inclusion of METS-IR in fertility
examinations enables the identification of patients who would benefit from specific treatments aimed at enhancing insulin
sensitivity through lifestyle changes, weight reduction strategies or insulin-sensitizing drugs. The rising occurrence of
obesity and metabolic disorders makes early insulin resistance screening and management essential for enhancing
fertility outcomes and reducing related health complications. Furthermore, the MR analysis identified triglycerides and
BMI as causal risk factors for infertility, while IL-18 and CXCL11 showed protective effects. These findings suggest that
therapeutic strategies should focus on lowering triglyceride levels and supporting weight reduction. The protective role of
certain inflammatory mediators also suggests that blanket anti-inflammatory approaches may not be universally bene-
ficial, and more nuanced immunomodulatory strategies may be needed for fertility optimization. The creation of
innovative treatments that focus on these pathways offers fresh possibilities for preventing and managing infertility
among women who experience metabolic dysfunction.

The use of a large nationally representative sample from NHANES strengthens the study by improving the general-
izability of its findings. METS-IR delivers a broader evaluation of insulin resistance than traditional measurement
methods. The MR analysis provides more robust causal evidence by reducing the effects of confounding variables and
reverse causation. MR analysis indicates that triglycerides and BMI serve as causal risk factors for infertility, while
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inflammatory markers IL-18 and CXCL11 demonstrate protective effects. These discoveries enhance our comprehension
of the complex bidirectional relationship between metabolic and inflammatory pathways in reproductive health.

However, some limitations should be noted. The NHANES cross-sectional study design limits researchers from
establishing clear temporal relationships and causal connections. Self-reported infertility data carries the risk of being
misclassified. Our infertility classification relied on self-reported responses to RHQO074 and RHQO076, which may not
fully align with the WHO clinical definition of infertility. This approach may introduce misclassification bias, particularly
for women who did not seek medical assistance due to financial constraints, cultural factors, or lack of awareness.
However, this methodology is consistent with previous NHANES-based infertility studies and represents a validated
approach for large-scale epidemiological research where clinical diagnoses are unavailable. Any resulting non-
differential misclassification would likely bias our results toward the null, suggesting our findings may underestimate
the true association. Even though we accounted for many confounding variables our analysis may still contain residual
confounding. Our consistent results from various analytical methods demonstrate the significance and credibility of the
link between METS-IR and the risk of infertility despite existing study limitations.

Subsequent studies should expand on these discoveries to more precisely define the connection between insulin
resistance and infertility. Research requires prospective cohort studies that use objective infertility measures to clarify
time-based relationships while reducing diagnostic errors. Randomized controlled trials that assess insulin-sensitizing
interventions for fertility outcomes in high-risk groups can deliver stronger causal evidence and improve clinical
management decisions. Our MR analysis uncovered that triglycerides and BMI serve as causal risk factors, while IL-
18 and CXCLI11 exert protective effects against infertility. These findings create new opportunities for research
directions, particularly in understanding the dual role of inflammatory mediators in reproductive health. Future pro-
spective studies that assess these factors in women both with and without insulin resistance may determine their
usefulness as biomarkers for predicting fertility risks. Research that examines the particular biological processes by
which these factors affect reproductive function will reveal new targets for therapeutic intervention. Research needs to
confirm METS-IR thresholds for infertility risk assessment and investigate the effectiveness of METS-IR across different
patient groups. The integration of METS-IR into fertility management protocols alongside cost-effectiveness assessments
will enhance both resource distribution and patient treatment.

Conclusion

In conclusion, this study demonstrates that women with the highest METS-IR quartile have elevated infertility risk compared
to those with lower METS-IR values. However, stratified analyses indicate that this association is primarily attributable to
BMI rather than the composite METS-IR score per se. The complementary MR analysis provides genetic evidence for causal
relationships between triglycerides and BMI as risk factors, while inflammatory markers IL-18 and CXCL11 demonstrated
protective effects against female infertility, offering mechanistic insights into the metabolic-reproductive axis. While METS-
IR may serve as a marker identifying women at increased metabolic and reproductive risk, its incremental value beyond BMI
for infertility prediction requires further investigation in larger, prospective studies.
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