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Background

The non-high-density lipoprotein cholesterol to high-density lipoprotein cholesterol ratio (NHHR) is an emerging composite lipid marker. Prediabetes, characterized by an asymptomatic state with moderate hyperglycemia, is more prevalent than diabetes. This study aimed to elucidate the potential correlation between NHHR and the risk of diabetes and prediabetes among adults with hypertension.





Methods

In this cross-sectional survey, we screened National Health and Nutrition Examination Survey (NHANES)-collected data during 2009-2018, identifying a qualifying population of 10,250 individuals. Weighted multivariate logistic regression and curve fitting evaluated the correlation between the NHHR and the incidence of diabetes and prediabetes. To test differences between subgroups, stratified analyses were performed. Additionally, prediction accuracy of the NHHR was assessed using receiver operating characteristic (ROC) curves.





Results

We included 10,250 patients with hypertension (mean age, 56.31 ± 16.06 years) including 2,198 with diabetes and 4,138 with prediabetes—a combined prevalence of 61.81%. The fully adjusted model indicated each unit increase in NHHR was associated with a 21% higher risk of diabetes/prediabetes (OR 1.21; 95% CI, 1.15-1.25). Adjustment using multivariable classification models revealed that compared to the lowest NHHR quartile, the odds increased by 41% (OR 1.37; 95% CI, 1.27-1.59, p<0.001) in Q3 and (OR 1.82; 95% CI, 1.62-1.98, p<0.001) in Q4. In patients with hypertension, the NHHR was positively correlated with the prevalence of diabetes and prediabetes, with a nonlinear trend in the fitted curve (nonlinearity, P=0.007). The threshold effect analysis showed that the inflection point for NHHR and the risk of diabetes and prediabetes was 7.09. In particular, when NHHR was below 7.09, a positive correlation was found between NHHR and the risk of diabetes and prediabetes in this population (OR 1.34; 95% CI, 1.28–1.39). Subgroup analyses showed consistent associations across most groups, with a significant interaction in sex.





Conclusions

NHHR is positively and non-linearly correlated with diabetes/prediabetes in patients with hypertension, particularly among women. It may serve as a valuable tool for early risk assessment and management.
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1 Introduction

Diabetes, as one of the most common metabolic diseases, has become a major burden on global healthcare system (1), with approximately 6.7 million deaths attributed to it. According to data released by the International Diabetes Federation, the prevalence of diabetes is expected to rise to 590 million by 2030 (2). Global statistics estimate that diabetes currently causes around 2.4 million deaths annually. Moreover, people with diabetes typically have a life expectancy that is 6-8 years shorter than those without the condition, making diabetes the seventh leading cause of death worldwide (3). Prediabetes is a condition in which blood glucose levels are elevated above the standard range but remain below the diagnostic threshold for diabetes. It is widely considered a precursor to type 2 diabetes, which may progress to full-fledged diabetes within a few years if not properly managed. Each year, about 5-10% of individuals with prediabetes develop prediabetes, and by 2030, it is projected that over 470 million people could be affected (4). Prediabetes can impair kidney filtration function owing to prolonged hyperglycemia, potentially leading to kidney failure. It also increases the risk of cardiovascular diseases such as coronary heart disease, stroke, and hypertension (5, 6). The underlying mechanisms are mainly related to insulin resistance and pancreatic beta cell dysfunction (7). Therefore, it is crucial to prioritize strategies for the prevention and treatment of both diabetes and prediabetes.

NHHR is considered a composite lipid marker commonly used to reflect lipid metabolism status and assess cardiovascular health (8). It has shown excellent performance in diagnosing and predicting hyperlipidemia and atherosclerosis (9, 10). Within NHHR, low-density lipoprotein cholesterol (LDL-C) typically accounts for 50-70% of non-HDL-C, while high-density lipoprotein cholesterol (HDL-C), a protective factor, is responsible for the reverse transport and clearance of excess cholesterol from tissues. Elevated NHHR levels have been linked to increased risk for a variety of diseases, including depression, kidney stones, and breast cancer (11–13).

Compared to other lipid markers, NHHR offers superior predictive value for cardiovascular disease, metabolic syndrome, fatty liver, and certain renal diseases. Diabetes is frequently associated with abnormal lipid profiles (14, 15). Studies have shown that decreased HDL-C levels and elevated LDL-C and triglycerides (TG) levels are independently and significantly related to the development of diabetes (16–18). A retrospective study involving 41,821 participants from the Korean population found that the non-HDL-C/HDL-C ratio is more strongly associated with insulin resistance (IR) than the apo B/apo A1 ratio. Therefore, we hypothesized that NHHR is positively correlated with the risk of prediabetes. However, research specifically exploring the correlation between NHHR and diabetes incidence remains limited, particularly regarding prediabetes and specific demographic groups. Therefore, the aim of this study was to investigate the association between NHHR and the risk of diabetes and prediabetes in individuals with hypertension. This may support the use of NHHR as a valuable tool for identifying individuals at high risk for these conditions.




2 Materials and methods



2.1 Study population

The NHANES uses a multistage, stratified, and clustered sampling design to collect nationally representative health examination data from the US population, including basic information on participants, laboratory test results, and underlying diseases. The NHANES protocol was approved by the Ethics Review Committee of the National Center for Health Statistics (NCHS), and written consent was obtained from each participant prior to their involvement in the study. The research procedures were authorized by the NCHS Ethics Review Board, and the study complied with the ethical standards set forth in the Declaration of Helsinki. For this cross-sectional study, we used data from five cycles of the NHANES (2009-2018), that included a cohort of 49,694 participants. Our study excluded individuals under 20 years of age (n = 21,357), participants without a diagnosis of hypertension (n = 17,424), those with missing data on high-density lipoprotein cholesterol or total cholesterol (TC) levels, those lacking diagnostic criteria for diabetes or prediabetes, and pregnant or lactating females. After these exclusions, 10,250 participants were included in the final analysis (Figure 1).




Figure 1 | Flowchart of participants included.



Sample collection followed strict standardized procedures conducted at Mobile Examination Centers. Following venous blood collection, samples were transported to the central laboratory for analysis. If testing could not be conducted within the designated time frame, samples were either refrigerated or frozen at appropriate temperatures. All experimental procedures were performed by trained professionals in accordance with standardized protocols (19).




2.2 Diagnosis of hypertension

Hypertension was assessed by averaging three–two blood pressure measurements. If only one measurement was available, the use of antihypertensive medication was also considered. Individuals were classified as hypertensive if their systolic blood pressure was ≥130 mmHg and/or diastolic blood pressure was ≥80 mmHg. Blood pressure measurements are conducted by trained technicians using either mercury sphygmomanometers or electronic blood pressure devices, following established international guidelines (20).




2.3 Measurement of NHHR

The exposure variable, NHHR, was calculated as non-HDL-C divided by HDL-C (21). Non-HDL-C was determined by subtracting HDL-C from TC. HDL-C and TC concentrations were measured using precipitation or immunoassay techniques. Participants were divided into four groups (Q1, Q2, Q3, and Q4) based on NHHR quartiles, with Q1 serving as the reference group.




2.4 Diagnosis of diabetes and prediabetes

According to international guidelines and prior studies (22), diabetes was diagnosed based on: 1) physician-conformed diagnosis; 2) fasting blood glucose (FPG) levels ≥7.0 mmol/L; 3) hemoglobin A1c (HbA1c) ≥6.5%; 4) use of anti-diabetic medication or insulin. Prediabetes was defined as (3): self-reported prediabetes, 5.7% ≤ HbA1c <6.5%, or FPG levels ranged from 5.6 to 7.0 mmol/L.




2.5 Covariable screening

Covariate selection was based on existing literature and clinical expertise, considering multiple confounders that may affect NHHR and diabetes risk. Demographic variables included age, sex, ethnicity, educational level, marital status, family income-to-poverty ratio (PIR), and body mass index (BMI; 18.5–25 kg/m², 25–30 kg/m², ≥30 kg/m²). Lifestyle variables included smoking status (never, former, current), alcohol consumption (yes/no), and physical activity (PA). Alcohol use was defined as consumption of at least 12 alcoholic beverages annually. PA was categorized using total metabolic equivalent (MET) minutes per week, following U.S. Physical Activity Guidelines: inactive (0 MET-min/week), insufficiently active (<600 MET-min/week), and active (>600 MET-min/week). Laboratory measures included albumin, HbA1c, total cholesterol (TC), triglyceride (TG), HDL-C, serum creatinine (SCR), and uric acid. Comorbidities included cardiovascular disease (CVD) and chronic kidney disease (CKD), with CKD defined as self-reported CKD, eGFR <60 ml/min/1.73 m², or urine albumin-to-creatinine ratio (UACR) ≥30 mg/g.




2.6 Statistical analysis

Statistical analyses were performed using R software (version 4.1.0) and Free Statistics software. NHANES weights were applied according to guidelines, with data spanning five cycles (2009-2018) and adjusted using WTMEC2YR/5. Continuous variables are presented as means ± standard deviations (SD), while categorical variables are expressed as percentages. Group differences by NHHR quartile were assessed using chi-square tests for categorical variables, Kruskal–Wallis test for non-normally distributed continuous variables, and t-tests for normally distributed variables. Weighted logistic regression models were used to estimate odds ratios (OR) and 95% confidence intervals (CI) for the association between NHHR and diabetes/prediabetes risk. Model 1 was unadjusted; Model 2 adjusted for demographic variables (sex, age, education, race, marital status, and PIR); and Model 3 included additional adjustments for BMI, waist circumference, smoking, alcohol use, PA, uric acid, CKD, and CVD. Restricted cubic spline (RCS) curves and threshold effect analyses, based on Model 3 covariates, were used to evaluate potential nonlinear associations between NHHR and diabetes/prediabetes in patients with hypertension. Stratified analysis were conducted by age, sex, race, BMI, CKD, CVD, smoking status, alcohol use, and PA. ROC curves evaluated NHHR’s predictive value in identifying diabetes and prediabetes in this population. To enhance statistical efficiency and minimize bias, multiple imputations was applied to handle missing data. Sensitivity analysis were conducted to validate the stability of the results, revealing no significant differences between the imputed and original datasets. A two-tailed P-value less than 0.05 was considered statistically significant.





3 Results



3.1 Baseline characteristics of participants

Our study included 10,250 patients with hypertension, comprising 5,561 males and 4,689 females, with a mean age of 56.31 ± 16.06 years. The overall prevalence of diabetes and prediabetes was 61.81%, with 2,198 and 4,138 individuals having diabetes and prediabetes, respectively. The participants were categorized into four groups according to NHHR quartiles: Q1 ≤ 1.98, 1.98 < Q2 ≤ 2.79, 2.79 < Q3 ≤ 3.79, and 3.79 < Q4. Tables 1 and 2 describe the baseline characteristics of the participants based on NHHR quartile and disease status, respectively. The mean (SD) of NHHR was markedly elevated in individuals with diabetes and prediabetes, at 3.14 (1.51), compared to a mean (SD) of 2.88 (1.43) in those without prediabetes. Participants with a history of diabetes or prediabetes were generally older. In terms of lifestyle, the diabetes and prediabetes groups had higher BMI and waist circumference, as well as less frequent PA. Additionally, this group exhibited more than double the prevalence of CKD and CHD compared with that of the non-prediabetes group. As the NHHR quartiles increased, the proportion of individuals with diabetes and prediabetes increased significantly (from 55.78% to 67.43%). However, there was no significant sex differences in disease prevalence between males and females.


Table 1 | Baseline characteristics of the study population divided by different disease states.




Table 2 | Baseline characteristics of the study population divided by NHHR Quartile.






3.2 Univariate analysis

Univariate logistic regression analysis revealed increased risk of diabetes and prediabetes with higher NHHR and non-HDL-C levels (NHHR: OR 1.13; 95% CI, 1.10-1.17; non-HDL-C: OR 1.05; 95% CI, 1.02-1.09). Individuals with a PIR > 3 had a lower risk of both the conditions than those with a PIR < 1. In addition, age, BMI, waist circumference, uric acid, triglycerides, CKD, and CVD were positively associated with the occurrence of diabetes and prediabetes, whereas HDL-C level, sufficient PA, and PIR were negatively correlated with both the conditions in this population (Table 3).


Table 3 | Univariate logistic regression analysis of association between NHHR and the risk of diabetes and prediabetes in adults with hypertension.






3.3 Associations between NHHR and risk of diabetes/prediabetes

As shown in Table 4, we assessed the correlation between NHHR and diabetes/prediabetes in the hypertensive population using three logistic regression models, with the effect size represented by the OR and 95%CI. In the crude model, every unit increase in NHHR correlated with a 13% increase in the risk of diabetes/prediabetes (OR 1.13, 95% CI 1.10–1.17, P < 0.001). After analyzing NHHR as a continuous variable and adjusting for multiple potential confounders (Model 3), the multivariate logistic regression model produced results that were not significantly different from those of the unadjusted model (OR 1.21; 95% CI, 1.15-1.25, P < 0.001). Furthermore, when we converted NHHR into categorical variables based on quartiles, univariate analyses showed that individuals in the highest quartile had a significantly higher likelihood of diabetes and prediabetes compared to those in the lowest quartile (Q4 OR, 1.64; 95%CI, 1.46-1.84, P < 0.001). Adjustments performed using multivariate models revealed a 37% and 82% increase in the prevalence of diabetes and prediabetes in Q3 (OR 1.37; 95% CI, 1.27-1.59, P < 0.001) and Q4 (OR 1.82; 95% CI, 1.62-1.98, P < 0.001), using Q1 as the reference group. Thus, NHHR may serve as a potential predictor of diabetes and prediabetes in this population. Tables 5 presents the association between NHHR and the risk of diabetes and prediabetes in both male and female patients. The data revealed that as NHHR increases, the risk of developing diabetes/prediabetes is significantly higher in women compared to men (Female: OR 1.32; 95% CI, 1.23-1.41; Male: OR 1.16; 95% CI, 1.11-1.23).


Table 4 | Multivariate Logistic analysis of association between NHHR and the risk of diabetes/prediabetes in adults with hypertension.




Table 5A | Multivariate Logistic analysis of association between NHHR and the risk of diabetes/prediabetes in the male hypertension population.




Table 5B | Multivariate Logistic analysis of association between NHHR and the risk of diabetes/prediabetes in the female hypertension population.






3.4 Nonlinear relationships between NHHR and prediabetes/diabetes

Using RCS analysis, we further explored the correlation between NHHR and diabetes/prediabetes in a hypertensive population stratified by sex. After adjusting for relevant covariates, the RCS analysis revealed a nonlinear association between the NHHR and diabetes/prediabetes (nonlinear P = 0.007). Threshold effect analysis identified a cutoff point at NHHR = 7.09. Below this threshold, the OR was 1.34 (95% CI: 1.28–1.39, P < 0.001), indicating a strong positive association (Table 6). In the sex-stratified analysis, a significant nonlinear relationship was observed in males (nonlinear P = 0.005), while the association appeared linear among females (nonlinear P = 0.997) (Figure 2).


Table 6 | Threshold effect analysis of NHHR on diabetes and prediabetes.






Figure 2 | (A) The association between NHHR and the risk of diabetes/prediabetes in hypertension population. (B) The association between NHHR and the risk of prediabetes in hypertension population. (C) The association between NHHR and the risk of diabetes in hypertension population. (D) The association between NHHR and the risk of diabetes/prediabetes in the male hypertension population. (E) The association between NHHR and the risk of diabetes/prediabetes in the female hypertension population.






3.5 Stratified analyses and sensitivity analysis

Stratified analysis revealed that the correlation between NHHR and diabetes/prediabetes remained consistent across most subgroups, including age, race, BMI, CKD, CVD, smoking status, alcohol consumption, and PA. However, sex significantly modified the correlation between NHHR and diabetes/prediabetes in the hypertensive population, indicating a potential sex difference. Notably, the positive association between NHHR and the occurrence of diabetes and prediabetes was stronger in the female population compared to in male population (Figure 3). In the sensitivity analysis, after excluding individuals with missing baseline covariates, 7,103 individuals remained. Following adjustment for potential confounding factors, the relationship between NHHR and both diabetes and prediabetes remained consistent with the main analysis (Table 7).




Figure 3 | Stratified analysis for the association between NHHR and the risk of diabetes/prediabetes 539 in the male hypertension population.




Table 7 | Multivariate Logistic analysis of association between NHHR and the risk of diabetes/prediabetes after excluding participants with any missing covariate values at baseline.






3.6 Predictive ability

Figure 4 presents the ROC curve of the NHHR for predicting diabetes and prediabetes. The area under the curve (AUC) for NHHR was 0.592, with corresponding sensitivity and specificity values of 0.583 and 0.553 for diabetes and prediabetes, respectively. The area under the curve (AUC) for NHHR was 0.592, with corresponding sensitivity and specificity values of 0.583 and 0.553 for diabetes and prediabetes, respectively (Table 8).




Figure 4 | ROC curves of NHHR for predicting diabetes and prediabetes.




Table 8 | Comparison of NHHR in predicting diabetes and prediabetes.







4 Discussion

We conducted a nationally representative large-scale cross-sectional study using the NHANES dataset to investigate the association between NHHR and the risk of diabetes/prediabetes in individuals with hypertension in the U.S. This study identified a strong and stable positive correlation between NHHR and the risk of both the conditions. After adjusting for confounding factors, NHHR was found to be an independent risk factor for the progression of prediabetes and diabetes in patients with hypertension. For each unit increase in the NHHR, the likelihood of developing diabetes or prediabetes increased by 21%.

Diabetes mellitus, a complex metabolic disorder, is primarily characterized by dysregulated lipid metabolism and obesity. The newly developed comprehensive index, NHHR, has emerged as a cost-effective and easily accessible indicator for assessing atherosclerotic lipid composition (23). It not only predicts the risk of atherosclerosis-related diseases more effectively but also provides indirect insight into the homeostasis between pro-atherogenic and anti-atherogenic lipoproteins (24, 25). Dyslipidemia during atherosclerosis independently affects the occurrence of diabetes. Patients with diabetes have at least double the cardiovascular risk, and this increased risk is the result of multiple risk factors, including dyslipidemia (26). The likelihood of developing type 2 diabetes is significantly related to high non-HDL-C or low HDL-C (27–29). A study conducted in South Korea demonstrated that low HDL cholesterol levels are consistently associated with an increased risk of type 2 diabetes (30). Additionally, research highlighted that non-HDL cholesterol reflects the entire composition of atherogenic lipoproteins rather than LDL cholesterol, positioning non-HDL cholesterol as a crucial predictive indicator of cardiovascular risk in patients with dyslipidemia associated with diabetes (31). The NHHR encompasses both the protective effects of HDL-C and the risk factors related to non-HDL-C, thus providing a more comprehensive view of individual lipid metabolism and more accurately reflecting complex lipid metabolism in patients with diabetes. Research on the correlation between the NHHR and diabetes as well as prediabetes remains limited. A longitudinal cohort study conducted at Murakami Memorial Hospital in Japan indicated a positive independent relationship between the NHHR and diabetes risk (23). When the NHHR reached approximately 2.74, the hazard ratio (HR) for diabetes risk was approximately 1. This aligns with our findings, which revealed a nonlinear link between NHHR and the risk of developing diabetes in patients with hypertension and prediabetes. Our curve-fitting analysis suggested that when the NHHR exceeded 2.807, the risk of diabetes gradually increased. Additionally, Yang et al. found that in individuals over 45 years of age with a BMI greater than 24.0, higher NHHR levels significantly elevated the risk of developing diabetes (32). The large population of prediabetic individuals, who are at a high risk of progressing to diabetes, underscores the importance of understanding the NHHR in this context. Our study established a positive link between the NHHR and both diabetes and prediabetes. However, the connection was stronger in women than in men. Further analysis revealed that the relationship between the NHHR and outcomes for men followed a nonlinear pattern, whereas for women, it was linear.

However, the exact mechanisms underlying this association remain unclear. Several potential mechanisms include the following. First, HDL-C possesses various potential anti-diabetic properties, such as enhancing insulin secretion, promoting β-cell protection, and alleviating insulin resistance (33). Apolipoprotein A-I (apoA-I), the major apolipoprotein component of HDL-C (34), facilitates the uptake of cholesterol and phospholipids through interactions with ATP-binding cassette transporter A1 (ABCA1). Drew et al. found that infusing recombinant HDL-C prepared with apoA-I and soybean phosphatidylcholine in patients with type 2 diabetes enhanced insulin secretion from pancreatic β-cells and increased glucose uptake in skeletal muscle, resulting in lower blood glucose levels (35). In vitro studies have shown that HDL can protect and preserve β-cell function (36). Both lipid-free and lipid-associated forms of apoA-I and apoA-II increase insulin synthesis and glucose-stimulated insulin secretion by upregulating the expression of Pdx1, thereby preserving β-cell function and reducing the harmful effects of activated T-cells in diabetes (37). Additionally, an elevated NHHR indicates peripheral cholesterol deposition and accumulation, which play crucial roles in determining the physicochemical properties and functions of cell membranes. Cholesterol accumulation alters the composition of lipid rafts and membrane fluidity, which reduces glucose transporter membrane levels, increases the retention of glucokinase in insulin granules, and alters the spatial organization of L-type voltage-gated calcium channels, ultimately resulting in diminished insulin secretion (38). Type 2 diabetes is characterized by lipid abnormalities, including the accumulation of cholesterol and fatty acids in pancreatic β-cells, exacerbated by overexpression of sterol regulatory element-binding protein 2 (SREBP-2), which leads to severe cholesterol accumulation and severe impairment of cellular function (39). Impaired function of membrane transport proteins such as ABCA1, which is involved in clearing excess cholesterol, results in β-cell dysfunction and reduced insulin secretion (40). Dysregulation of lipoprotein metabolism in type 2 diabetes is ultimately linked to plaque formation and the accumulation of oxidized LDL during atherosclerosis. Elevated non-HDL-C is often linked to a chronic low-grade inflammatory state, in which non-HDL-C particles (such as LDL and VLDL) and free fatty acids directly activate immune cells, particularly macrophages and T cells (41). These immune cells release proinflammatory cytokines and chemokines, further promoting local and systemic inflammation. Insulin resistance and metabolic disturbances in diabetes contribute to oxidative stress, activate pro-inflammatory transcription factors like NF-κB, and mediate cytokine release. Oxidative stress generates a cytotoxic inflammatory environment in islets, specifically damaging β-cells. The combination of chronic oxidative stress and inflammation in the islet microenvironment contributes to the destruction of β-cells by M1-like macrophages and autoreactive T-cell responses. When the non-HDL-C to HDL-C ratio increases, the body’s protective mechanisms are impaired, causing an imbalance in lipid metabolism. Additionally, a decrease in the level of HDL-C tends to be accompanied by higher levels of non-HDL-C, which exacerbates the risk of diabetes (42, 43).

Our sex-stratified sensitivity analyses and subgroup analyses suggested a sex difference in the association between the NHHR and the risk of diabetes and prediabetes, with women being more likely to develop these conditions than men. This phenomenon may be related to the depletion of estrogen levels in adult women. Estrogen plays a protective role in insulin sensitivity as it can enhance hepatic insulin sensitivity by reducing gluconeogenesis and glycogenolysis. Estrogen also prevents β-cell apoptosis, reduces pro-inflammatory signaling, and improves insulin activity. Thus, the higher levels of visceral fat combined with lower endogenous estrogen in men may be associated with increased insulin resistance compared to premenopausal women, potentially contributing to the observed sex differences in cardiovascular disease. A reduction in estrogen levels after menopause may result in disturbances in glucose and lipid metabolism, thereby increasing the risk of diabetes (44). Furthermore, women tend to accumulate subcutaneous fat in areas such as the abdomen, hips, and thighs, whereas men typically store visceral fat in the abdominal region (45). Postmenopausal women are more likely to experience an increase in visceral fat, which promotes insulin resistance and inflammatory responses, further elevating their risk of developing diabetes.



4.1 Advantages and limitations of the study

This study has several strengths. It utilized national-level data and offered a large sample size and detailed participant information, strengthening the representativeness and stability of the findings. Additionally, we adjusted for confounding factors to provide the best evidence for an association between NHHR and diabetes/prediabetes. Weighting adjustments were applied according to the NHANES analytical guidelines, and sensitivity analyses were performed with results consistent with the primary analysis, thereby increasing the credibility of the study. However, this study has some limitations. First, the NHANES database includes only baseline information at the time of TC and HDL-C measurement, which may not capture dynamic changes over time. Second, this was a retrospective study; therefore, a causal relationship between the NHHR and diabetes/prediabetes could not be established. Although we adjusted for many known confounders, the influence of unmeasured variables, such as dietary habits and stress levels, cannot be excluded. Therefore, further randomized controlled trials and longitudinal studies are warranted to validate our findings.




4.2 Conclusions

Our study established a significant and independent correlation between NHHR and diabetes/prediabetes risk in adults with hypertension. Specifically, a non-linear positive relationship was observed. Notably, this association was stronger in women than in men. Our study provides a basis and valuable reference for further investigations into the associations between NHHR and diabetes/prediabetes risk. Thus, NHHR may play a significant role in the early detection and management of populations at risk for both the conditions.
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