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Background: The pathogenesis of prediabetes remains complex, particularly
regarding the interactions between lipid metabolism disorders and glucose
metabolism abnormalities, which warrant in-depth exploration. Low-density
lipoprotein cholesterol (LDL-C) is an important risk factor for atherosclerosis
and cardiovascular disease. However, the relationship between LDL-C and
prediabetes has been less extensively studied. Therefore, we conducted a
retrospective cohort study to investigate this association.

Methods: This secondary retrospective cohort study utilized data from 100,608
Chinese adults. Cox proportional hazards regression models were used to
examine the relationship between LDL-C and prediabetes risk. Restricted cubic
spline regression and smooth curve fitting were used to explore the non-linear
relationship between LDL-C and prediabetes. A two-piecewise Cox proportional
hazards regression model identified inflection points. In addition, a series of
subgroup and sensitivity analyses were performed to confirm the robustness of
our results.

Results: After adjusting for confounding covariates, LDL-C was positively
associated with prediabetes (HR: 1.49, 95% CI: 1.40-1.58, p < 0.0001). The
two-piecewise Cox model identified an inflection point of 2.19 for LDL-C (p <
0.001 for log-likelihood ratio test). When LDL-C < 2.19, LDL-C was positively
associated with the risk of prediabetes (HR: 2.02, 95% Cl: 1.71-2.36, p < 0.0001).
In contrast, when LDL-C > 2.19, LDL-C was associated with a lower risk of
prediabetes (HR: 1.49, 95% CI: 1.39-1.59, p < 0.0001). Sensitivity and subgroup
analyses confirmed the stability and consistency of this positive association in the
general population.
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Conclusion: This study reveals a non-linear positive association between LDL-C
levels and prediabetes risk in Chinese adults after adjusting for confounders. The
dynamic monitoring of LDL-C levels may help identify individuals at high risk for
prediabetes. Timely dietary and lifestyle modifications could potentially reduce
the risk of prediabetes. These findings offer new insights for prediabetes
prevention and treatment.

low-density lipoprotein cholesterol, prediabetes, cohort study, nonlinearly, prevention

Background

Prediabetes, also known as impaired glucose regulation, is a
metabolic state characterized by blood glucose levels intermediate
between normal and the diagnostic threshold for diabetes mellitus.
It represents a critical early stage in the development of diabetes (1).
The World Health Organization (WHO) and the American
Diabetes Association (ADA) define the diagnostic criteria for
prediabetes as impaired fasting glucose (IFG; 5.6-6.9 mmol/L)
and/or abnormal glucose tolerance (IGT, 2-hour postprandial
glucose 7.8-11.0 mmol/L) (2). The global prevalence of
prediabetes is rising, with the International Diabetes Federation
projecting 548 million affected adults by 2045 (3). Approximately
10%-30% of people with prediabetes will progress to type 2 diabetes
within 5 years (4). Furthermore, prediabetes significantly increases
the risk of cardiovascular disease and microangiopathy (5). In
recent years, important advances have been made in intervention
research targeting prediabetes. Lifestyle modifications (e.g.,
smoking cessation, dietary optimization, and physical activity)
have been shown to significantly reduce the risk of progression
from prediabetes to diabetes (6). A randomized controlled trial of
patients with prediabetes showed a 50% reduction in 3-year diabetes
incidence in patients who combined lifestyle and pharmacological
interventions (7). In addition, the discovery of several novel
biomarkers (e.g., plasma atherosclerotic index and residual
cholesterol) has further optimized the individualized risk
assessment and management of prediabetes (8, 9).

The pathogenesis of prediabetes remains complex, particularly
concerning the interaction between lipid metabolism disorders and
glucose metabolism abnormalities, which requires further
investigation. Low-density lipoprotein cholesterol (LDL-C) is a
major risk factor for atherosclerosis and cardiovascular disease,

Abbreviations: LDL-C, low-density lipoprotein cholesterol; ADA, American
Diabetes Association; IFG, fasting glucose; sdLDL, small dense LDL; BMI,
body mass index; BP, blood pressure; AST, aspartate aminotransferase; HDL-
C, high-density lipoprotein cholesterol; ALT, alanine aminotransferase; TG,
triglycerides; Cr, creatinine; TC, total cholesterol; BUN, blood urea nitrogen;
GAM, generalized additive model; IR, insulin resistance; ox-LDL, oxidized LDL;

ROS, reactive oxygen species.
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and recent studies have suggested a potential association with
prediabetes (10). While it has been traditionally believed that high
levels of LDL-C indirectly affect metabolic health by promoting
atherosclerosis, new evidence suggests that LDL-C may be directly
involved in the pathology of insulin resistance and [-cell
dysfunction (11, 12). Notably, recent studies have revealed a
correlation between LDL-C subtypes and prediabetes risk.
Elevated proportions of small dense LDL (sdLDL) particles,
which are more likely to oxidize and penetrate the vascular
endothelium, were significantly and positively associated with
insulin resistance and prediabetes risk (13). Unfortunately,
previous studies on the association between LDL-C and
prediabetes have been predominantly cross-sectional, a study
design that does not allow for causal relationships between
variables. In addition, prior studies lacked subgroup analyses or
examination of non-linear associations between these variables.
Therefore, this study utilized a publicly accessible database to
investigate the exact relationship between LDL-C levels and the
risk of prediabetes in a large Chinese population.

Methods
Data source

We downloaded data from the Dryad database uploaded by
Chen et al. (dataset: https://datadryad.org/stash/dataset/
doi:10.5061%2Fdryad.ft8750v). The dataset comprised medical
data from 685,277 adults recruited by Rich Healthcare Group for
health checkups across 32 districts in 11 Chinese cities (2010-2016).
All participants underwent at least two health checkups during this
period. According to Dryad’s Terms of Service, researchers are
permitted to utilize the data for secondary analysis, exploring new
hypotheses, and optimizing data utilization.

Study population

In the original study, Chen et al. analyzed the association
between body mass index (BMI) and diabetes risk. Subjects with

frontiersin.org


https://datadryad.org/stash/dataset/doi:10.5061%2Fdryad.ft8750v
https://datadryad.org/stash/dataset/doi:10.5061%2Fdryad.ft8750v
https://doi.org/10.3389/fendo.2025.1591893
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

He et al.

the following characteristics were excluded: 1) missing height and
weight data; 2) unknown sex; 3) extreme BMI, defined as a BMI <15
or >55 kg/m’ 4) missing baseline fasting plasma glucose (FPG)
data; 5) diabetes mellitus at baseline; 6) diabetes mellitus status
unknown during the follow-up period; and 7) follow-up period of
less than 2 years. Ultimately, 211,833 participants were enrolled.
The study subjects were further included according to the
criteria shown in Figure 1. The exclusion criteria were as follows:
1) missing LDL-C data at baseline, 2) missing FPG data during
follow-up, 3) FPG > 5.6 mmol/L at baseline, 4) FPG > 6.9 mmol/L
during follow-up, 5) diagnosis of diabetes mellitus during follow-
up, and 6) abnormal LDL-C values (3 standard deviations above or
below the mean). Ethical approval for the original study was
provided by the Rich Healthcare Group Review Committee. As a
secondary analysis, this study did not require separate ethical
approval. In addition, the initial study was completed in
accordance with the principles of the Declaration of Helsinki. All
procedures followed relevant guidelines and regulations.

10.3389/fendo.2025.1591893

Health examinations and laboratory
measurements

The researchers used a standardized questionnaire to obtain
socio-demographic data on the participants, covering age, gender,
lifestyle habits (drinking/smoking status), the presence of chronic
diseases (diabetes), and family history (family history of diabetes).
Smoking and drinking status were categorized into four categories:
never, once, current, and undocumented. Participants’ height,
weight, and blood pressure (BP) were measured by a healthcare
professional in a standardized environment. Weight was measured
with an accuracy of 0.1 kg and height with an accuracy of 0.1 cm.

All participants were required to fast for at least 10 hours prior
to the blood biochemistry tests. Venous blood was collected from
participants by skilled nursing staff and then analyzed in a standard
laboratory using automated analyzers (Beckman Coulter AU5800,
Brea, CA, USA) to measure levels of aspartate aminotransferase
(AST), high-density lipoprotein cholesterol (HDL-C), alanine

According to the data source article:

685,277 Chinese participants > 20years
old with at least two visits in 2010-2016

v

———— | kg/m? or >55 kg/m?)

473,444 were excluded

1) 103,946 had available weight and
height measurements

2) 1 had no available information on
gender

3) 152 had extreme BMI values (<15

4) 31,370 had no available FPG
value at baseline

5) 324,233 had visit intervals less
than 2 years

6) 7,112 diagnosed with diabetes at
baseline

7) 6,630 undefined diabetes status
at follow-up

[ 211,833 were enrolled in the original study ]

v

1) 93,421 had no available LDL-C
value

2) 12 had no available FPG value
during follow-up

3) 16,198 had FPG > 5.6 mmol/L at
baseline

4) 611 had FPG > 6.9 mmol/L during
follow-up

5) 206 diagnosed with diabetes
during follow-up

6) 777 were excluded due to LDL-C
outliers

[ 100,608 participants were included in our study ]

FIGURE 1
Flowchart for screening research participants
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aminotransferase (ALT), triglycerides (TG), creatinine (Cr), total
cholesterol (TC), blood urea nitrogen (BUN), LDL-C, and FPG.

Definitions

Prediabetes was defined as the absence of diabetes and FPG
levels of 5.6-6.9 mmol/L throughout the follow-up period.

Missing data processing

In this study, there were 10 variables with missing values.
Among them, AST (58,303, 57.95%), smoking status (72,723,
72.28%), and drinking status (72,723, 72.28%) had substantial
missingness. AST was first converted to a categorical variable
based on tertiles. Individuals with missing data on smoking
status, drinking status, and AST were then considered as a
separate group (the not-recorded group). In addition, systolic
blood pressure (SBP), diastolic blood pressure (DBP), TG, TC,
ALT, BUN, and serum creatinine (Scr) were missing in 12, 12, 1, 2,
370, 2,428, and 1,201 cases, respectively. Next, linear regression and
10 iterations were used for the interpolation of missing data for
multiple variables.

Statistical analysis

Continuous variables were presented as means * standard
deviation (SD) if normally distributed, or as median and
interquartile range (IQR) if not. Categorical variables were
presented as frequencies and percentages. Differences in
continuous variables between groups were compared using one-
way ANOVA or the Kruskal-Wallis H test, whereas categorical
variables were compared using the chi-square test or Fisher’s exact
test. The Kaplan-Meier method was used to compare survival and
cumulative event rates. The log-rank test was used to analyze the
Kaplan-Meier hazard ratio (HR) for adverse events.

We analyzed the association between LDL-C and the risk of
prediabetes using multivariate Cox regression. The analysis
included unadjusted models, minimally adjusted models
(adjusting for gender, age, BMI, SBP, DBP, smoking status,
drinking status, and family history of diabetes mellitus), and fully
adjusted models (adjusting for gender, age, BMI, SBP, DBP,
smoking status, drinking status, family history of diabetes, AST,
ALT, HDL-C, TC, TG, BUN, Scr, and baseline FPG). Next, we
performed various sensitivity analyses to check the reliability of the
findings. We analyzed the raw data without interpolation. To
investigate the association between LDL-C and the risk of
prediabetes, we excluded individuals aged >60 years or with a
BMI > 25 kg/m” for further sensitivity analyses. In addition, we
used a generalized additive model (GAM) to test the validity of the
results. We also calculated E-values to examine the possibility of
unmeasured confounding.
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A Cox proportional risk regression model combining cubic spline
functions and smooth curve fitting was used to explore the non-linear
relationship between LDL-C and prediabetes. A two-piecewise Cox
proportional risk regression model was constructed using a recursive
algorithm to identify the inflection point and analyze data on both sides
of the inflection point. The optimal model was determined by a log-
likelihood ratio test. Next, the Cox proportional risk model was used to
stratify the population into different subgroups. Likelihood ratio tests
were used to confirm interactions between the different subgroups.
Finally, mediation analyses were performed, and the proportions of the
mediating effects of BMI, age, SBP, DBP, smoking status, and drinking
status were assessed using the bootstrap method. p-Value < 0.05 was
considered statistically significant. All analyses were performed using
the R software version 3.6.1 (http://www.r-project.org, R Foundation)
and EmpowerStats® (version 6.0, www.empowerstats.com, X&Y
Solutions, Inc., Boston, MA, USA).

Results
Characteristics of participants

A total of 100,608 individuals with prediabetes at baseline were
included in this study. Of these individuals, 52.11% were male, and
the mean age was 42.7 + 12.51 years. After a mean follow-up of 3.12
years, 12,433 individuals were finally diagnosed with prediabetes.
Participants were categorized into four groups based on quartiles of
LDL-C (Q1 < 2.26,2.26 < Q2 < 2.66, 2.66 < Q3 < 3.1,and Q4 > 3.1).
Age, BMI, fasting blood glucose (FBG), TC, TG, ALT, and AST
showed a significant increase with increasing LDL-C (all p-values <
0.001). The baseline characteristics of all participants are presented
in Table 1.

The incidence rate of prediabetes

The overall incidence rate of prediabetes among the 100,608
participants during the follow-up period was 12.36%. The incidence
rates for the four LDL-C groups were as follows: Q1, 9.97%; Q2,
11.73%; Q3, 12.84%; and Q4, 14.86% (p < 0.001) (Figure 2). In
addition, the cumulative incidence rate in the total population was
3,583.5/100,000 person-years. In the four LDL-C groups, 2,941.25/
100,000 person-years, 3,265.78/100,000 person-years, 3,696.47/
100,000 person-years, and 4,409.23/100,000 person-years were
observed. The prevalence and cumulative incidence of prediabetes
were higher in participants with higher LDL-C compared to those
with lower LDL-C (p < 0.001) (Table 2).

The relationship between LDL-C and
prediabetes

In this study, we used three different Cox proportional risk
regression models to assess the relationship between LDL-C and
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TABLE 1 The baseline characteristics of participants.

LDL-C (mmol/L) Q1 (<2.26) Q2 (226 to <2.66) Q3(2.66to<3.1) Q4 (>3.1)

Participants 25,087 25,208 24,807 25,506

Age (year) 39.36 + 11.14 41.62 + 11.86 43.65 + 12.44 4722 £ 13.14 <0.001
Height (cm) 166.08 + 8.13 166.30 + 8.22 166.45 + 8.32 166.10 + 8.49 <0.001
Weight (kg) 61.84 + 11.41 63.60 + 11.72 64.99 + 12.03 66.04 + 12.01 <0.001
BMI (kg/mz) 2232 +3.12 22.89 £ 3.18 2334 £321 23.82 £ 3.17 <0.001
SBP (mmHg) 115.20 + 14.94 116.96 + 15.69 118.70 + 16.18 121.31 + 16.76 <0.001
DBP (mmHg) 71.79 +10.32 73.06 = 10.60 7425 +10.72 75.84 + 10.95 <0.001
FPG (mmol/L) 473 £ 0.49 4.77 £ 047 4.80 £ 0.48 4.84 + 047 <0.001
TC (mmol/L) 3.83 +0.48 442 +0.39 4.90 £ 0.40 5.73 + 0.60 <0.001
TG (mmol/L) 1.11 £ 1.04 1.20 + 0.86 1.33 £ 0.85 1.55 £ 0.94 <0.001
HDL-C (mmol/L) 1.32 £0.29 1.38 £0.29 1.39 £ 0.31 1.41 £0.33 <0.001
ALT (U/L) 20.50 + 22.22 21.85 £ 22.10 23.53 + 20.04 26.18 + 20.48 <0.001
BUN (mmol/L) 445+ 1.15 4.58 + 1.14 4.68 + 1.15 4.81 + 1.17 <0.001
Scr (umol/L) 68.19 + 15.96 69.58 + 16.33 70.59 + 15.46 71.28 + 15.94 <0.001
Gender <0.001
Male 12,043 (48.00%) 12,955 (51.39%) 13,437 (54.17%) 13,994 (54.87%)

Female 13,044 (52.00%) 12,253 (48.61%) 11,370 (45.83%) 11,512 (45.13%)

AST <0.001
Low 4,348 (17.33%) 3,873 (15.36%) 3,334 (13.44%) 2,587 (10.14%)

Moderate 3,405 (13.57%) 3,601 (14.29%) 3,632 (14.64%) 3,572 (14.00%)

High 2,777 (11.07%) 3,198 (12.69%) 3,601 (14.52%) 4,377 (17.16%)

Not recorded 14,557 (58.03%) 14,536 (57.66%) 14,240 (57.40%) 14,970 (58.69%)

Prediabetes <0.001
No 22,585 (90.03%) 22,250 (88.27%) 21,623 (87.16%) 21,717 (85.14%)

Yes 2,502 (9.97%) 2,958 (11.73%) 3,184 (12.84%) 3,789 (14.86%)

Smoking status <0.001
Current smoker 1,046 (4.17%) 1,312 (5.20%) 1,387 (5.59%) 1,660 (6.51%)

Ex-smoker 272 (1.08%) 282 (1.12%) 260 (1.05%) 284 (1.11%)

Never-smoker 6,054 (24.13%) 5,286 (20.97%) 4,958 (19.99%) 5,084 (19.93%)

Not recorded 17,715 (70.61%) 18,328 (72.71%) 18,202 (73.37%) 18,478 (72.45%)

Drinking status <0.001
Current drinker 140 (0.56%) 167 (0.66%) 167 (0.67%) 185 (0.73%)

Ex-drinker 1,143 (4.56%) 1,164 (4.62%) 1,111 (4.48%) 1,164 (4.56%)

Never-drinker 6,089 (24.27%) 5,549 (22.01%) 5,327 (21.47%) 5,679 (22.27%)

Not recorded 17,715 (70.61%) 18,328 (72.71%) 18,202 (73.37%) 18,478 (72.45%)

Family history of diabetes 0.168
No 24,538 (97.81%) 24,627 (97.70%) 24,302 (97.96%) 24,926 (97.73%)

Yes 549 (2.19%) 581 (2.30%) 505 (2.04%) 580 (2.27%)

LDL-C, low-density lipoprotein cholesterol; BMI, body mass index; FPG, fasting plasma glucose; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; ALT,
alanine aminotransferase; BUN, blood urea nitrogen; AST, aspartate aminotransferase.
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P < 0.0001
0.00+
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Years of follow-up
Number at risk
Q1 25087 12462 5724 1317 0
Q2 25208 12378 5431 1171 0
Q3 24807 11993 5252 1014 0
Q4 25506 12503 5170 864 0
2 3 4 5 6
Years of follow-up
FIGURE 2

Kaplan—Meier event-free survival curve. Kaplan—Meier analysis of incident prediabetes based on LDL-C quartiles (log-rank, p < 0.0001). LDL-C, low-

density lipoprotein cholesterol.

prediabetes (Table 3). In the non-adjusted model, the risk of
prediabetes increased by 31% for every 1-unit increase in LDL-C,
with an HR of 1.31 (95% CI: 1.27-1.35; p < 0.0001). In minimally
adjusted models adjusting for sex, age, SBP, DBP, family history of
diabetes, drinking status, smoking status, and BMI, the HR (95%
CI) was 1.06 (1.03, 1.10). The fully adjusted model was further
adjusted for biochemical markers (AST, ALT, HDL-C, TC, TG,
BUN, Scr, and baseline FPG), and the association between LDL-C
and prediabetes remained statistically significant (HR: 1.49, 95% CI:
1.40-1.58; p < 0.0001). The study data showed a 49% increase in the
incidence of prediabetes for each unit increase in LDL-C.
Furthermore, we converted LDL-C to quartiles, and the

TABLE 2 Incidence rate of prediabetes.

Participants (n)

Prediabetes events (n)

correlation between LDL-C and prediabetes remained significant.
In the fully adjusted model, the prevalence of prediabetes in the
fourth quartile of LDL-C was 50% higher than the prevalence of
prediabetes in the first quartile, and a test for trend found that the
risk of prediabetes increased significantly with increasing LDL-C
(p < 0.001).

Sensitivity analysis

First, we fitted the data by the smoothing function of the GAM,
which was consistent with the results of the fully adjusted model

Cumulative inci-
dence (%)

Per 100,000 person-year

Total 100,608 12,433 12.36 3,583.5
Q1 25,087 2,502 9.97 2,941.25
Q2 25,208 2,958 11.73 3,265.78
Q3 24,807 3,184 12.84 3,696.47
Q4 25,506 3,789 14.86 4,409.23

p for trend <0.001 <0.001

LDL-C, low-density lipoprotein cholesterol.
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TABLE 3 Relationship between LDL-C and incident prediabetes in different models.

Exposure

Non-adjusted model

(HR, 95% Cl, p)

Mini-adjusted mode

(HR, 95% ClI, p)

Fully adjusted mode
(HR, 95% ClI, p)

10.3389/fendo.2025.1591893

GAM (HR, 95% CI, p)

LDL-C

LDL-C (quartile)

1.31 (1.27, 1.35) <0.0001

1.06 (1.03, 1.10) <0.0001

1.49 (1.40, 1.58) <0.0001

1.55 (1.45, 1.64) <0.0001

Q1 Reference Reference Reference Reference

Q2 1.20 (1.14, 1.27) <0.0001 1.06 (1.01, 1.12) 0.0207 1.15 (1.10, 1.22) <0.0001 1.17 (1.10, 1.23) <0.0001
Q3 1.34 (1.27, 1.41) <0.0001 1.07 (1.02, 1.13) 0.0086 1.25 (1.17, 1.34) <0.0001 1.28 (1.19, 1.37) <0.0001
Q4 1.58 (1.51, 1.67) <0.0001 1.10 (1.04, 1.16) 0.0002 1.48 (1.36, 1.62) <0.0001 1.50 (1.37, 1.64) <0.0001
p for trend <0.0001 <0.0001 <0.0001 <0.0001

Non-adjusted model: no adjustment for other covariates. Minimally adjusted model: adjusted for gender, age, BMI, SBP, DBP, smoking status, drinking status, and family history of diabetes
mellitus. Fully adjusted model: adjusted for gender, age, BMI, SBP, DBP, smoking status, drinking status, family history of diabetes, AST, ALT, HDL-C, TC, TG, BUN, Scr, and baseline FPG.
GAM: all covariates listed in Table 1 were adjusted. Abbreviations: HR, hazard ratio; CI, confidence interval; GAM, generalized additive model; LDL-C, low-density lipoprotein cholesterol; BMI,
body mass index; AST, aspartate aminotransferase; ALT, alanine aminotransferase; HDL-C, high-density lipoprotein cholesterol; TC, total cholesterol; TG, triglycerides; BUN, blood urea

nitrogen; FPG, fasting plasma glucose.

(HR: 1.55, 95% CI: 1.45-1.64, p < 0.0001) (Table 3). Next, we
performed additional analyses of the data without multiple
interpolations. After fully adjusting for confounding covariates,
LDL-C remained significantly and positively associated with the
risk of prediabetes (HR: 1.43, 95% CI: 1.31-1.55; p < 0.0001)
(Table 4, Model 1). In addition, we analyzed individuals with BMI
<25 kg/m®. After adjusting for confounding covariates, there was also
a positive association between LDL-C and risk of prediabetes,
yielding an HR of 1.43 (95% CI: 1.31-1.55, p < 0.0001) (Table 4,
Model 2). After excluding individuals over 60 years of age, the

TABLE 4 Relationship between LDL-C and prediabetes in different
sensitivity analyses.

Exposure Model 1 Model 2 Model 3
(HR, 95% (HR, 95% (HR, 95%
Cl, p) Cl, p) Cl, p)

LDL-C 1.43 (1.31, 1.55) 1.43 (1.31, 1.55) 1.49 (1.39, 1.60)
<0.0001 <0.0001 <0.0001

LDL-C (quartile)

Q1 Reference Reference Reference

Q2 1.13 (1.08, 1.19) 1.11 (1.03, 1.20) 1.16 (1.08, 1.23)
<0.0001 0.0053 <0.0001

Q3 1.29 (1.20, 1.38) 1.23 (1.13, 1.34) 1.26 (1.17, 1.36)
<0.0001 <0.0001 <0.0001

Q4 1.36 (1.23, 1.48) 1.42 (1.26, 1.60) 1.52 (1.38, 1.68)
<0.0001 <0.0001 <0.0001

p for trend <0.0001 <0.0001 <0.0001

Model 1 was a sensitivity analysis of the raw data before interpolation. We adjusted for gender,
age, BMI, SBP, DBP, smoking status, drinking status, family history of diabetes, AST, ALT,
HDL-C, TC, TG, BUN, Scr, and baseline FPG. Model 2 was a sensitivity analysis of
participants with BMI < 25 kg/m* We adjusted for gender, age, BMI, SBP, DBP, smoking
status, drinking status, family history of diabetes, AST, ALT, HDL-C, TC, TG, BUN, Scr, and
baseline FPG. Model 3 was a sensitivity analysis of participants aged <60 years. We adjusted
for gender, age, BMI, SBP, DBP, smoking status, drinking status, family history of diabetes,
AST, ALT, HDL-C, TC, TG, BUN, Scr, and baseline FPG.

HR, hazard ratio; CI, confidence interval; LDL-C, low-density lipoprotein cholesterol; BMI,
body mass index; AST, aspartate aminotransferase; ALT, alanine aminotransferase; HDL-C,
high-density lipoprotein cholesterol; TC, total cholesterol; TG, triglycerides; BUN, blood urea
nitrogen; FPG, fasting plasma glucose.
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analysis showed that LDL-C remained positively associated with
the risk of prediabetes (HR: 1.49, 95% CIL: 1.39-1.60) (Table 4,
Model 3). Additionally, we computed an E-value to assess the
vulnerability of the study results to potential unobserved
confounding factors. The resulting E-value (2.06) showed a higher
level of statistical significance compared to the relative risk associated
with unmeasured confounders and LDL-C (1.55), suggesting that
unrecognized confounders had a negligible effect on the results.

Non-linear association between LDL-C and
prediabetes

We found a non-linear association between LDL-C and
prediabetes by combining cubic spline function and smooth curve
fitting (Table 5). The two-stage Cox proportional risk regression
model found an inflection point of 2.19 for LDL-C (p < 0.001 for the
log-likelihood ratio test). When LDL-C < 2.19, LDL-C was
positively associated with the risk of prediabetes (HR: 2.02, 95%
CI: 1.73-2.36, p < 0.0001). In contrast, when LDL-C > 2.19, LDL-C

TABLE 5 The result of the two-piecewise Cox proportional hazards
regression model.

Incident prediabetes HR (95% CI) p-Value

Fitting by standard Cox proportional <0.0001

hazards regression

1.55 (1.45, 1.65)

Fitting by two-piecewise Cox proportional hazards regression

Inflection points of LDL-C 2.19
<2.19 2.02 (1.73, 2.36) <0.0001
>2.19 1.49 (1.39, 1.59) <0.0001
p for log-likelihood ratio test <0.001

We adjusted for gender, age, BMI, SBP, DBP, smoking status, drinking status, family history of
diabetes, AST, ALT, HDL-C, TC, TG, BUN, Scr, and baseline FPG.

HR, hazard ratio; CI, confidence interval; BMI, body mass index; AST, aspartate
aminotransferase; ALT, alanine aminotransferase; HDL-C, high-density lipoprotein
cholesterol; TC, total cholesterol; TG, triglycerides; BUN, blood urea nitrogen; FPG, fasting
plasma glucose.
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The non-linear relationship between LDL-C and incident
prediabetes. Adjusted for gender, age, BMI, SBP, DBP, smoking

status, drinking status, family history of diabetes, AST, ALT, HDL-C,
TC, TG, BUN, Scr, and baseline FPG. HR, hazard ratio; Cl, confidence
interval; LDL-C, low-density lipoprotein cholesterol; BMI, body mass

index; AST, aspartate aminotransferase; ALT, alanine

aminotransferase; HDL-C, high-density lipoprotein cholesterol; TC,
total cholesterol; TG, triglycerides; BUN, blood urea nitrogen; FPG,

fasting plasma glucose.

Characteristic
Age (vears)
<60

>60

Gender

Male

Female
Drinking status
Current drinker
Ever drinker
Never drinker
Not recorded
Smoking status
Current-smoker
Ex-smoker
Never-smoker
Not recorded

Family history of diabetes

No
Yes

SBP (mmHg)
<140
>140

DBP (mmHg)
<90
>90

BMI (kg/m®)
<25
>25

FIGURE 4

P value

<0.0001
<0.0001

<0.0001
<0.0001

0.6065
<0.0001
0.0413
<0.0001

0.0076
0.5646
0.0036
<0.0001

<0.0001
0.0126

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

HR (95%CI)

1.49 (1.39, 1.60)
1.46 (1.28, 1.67)

1.50 (1.39, 1.62)
1.44 (1.30, 1.60)

0.84 (0.61, 2.32)
1.95 (1.46, 2.60)
1.16 (1.01, 1.34)
1.56 (1.46, 1.68)

1.38 (1.09, 1.75)
1.20 (0.64, 2.27)
1.25 (1.08, 1.47)
1.56 (1.46, 1.68)

1.49 (1.40, 1.58)
1.65 (1.11, 2.45)

1.50 (1.41, 1.61)
1.50 (1.29, 1.73)

1.51 (1.41, 1.61)
1.45 (1.24, 1.70)

1.43 (131, 1.55)
1.52 (1.38, 1.67)

10.3389/fendo.2025.1591893

was associated with a reduced relative risk of prediabetes (HR: 1.49,
95% CI: 1.39-1.59, p < 0.0001) (Figure 3).

Subgroup analysis

We performed subgroup analyses to examine the differences
between LDL-C disease and prediabetes in different populations
(Figure 4). Stratification factors included age, gender, BMI, SBP,
DBP, smoking status, drinking status, and family history of
diabetes. The results of the study showed a stronger correlation
between LDL-C and the risk of prediabetes in individuals under 60
years of age, women, and individuals with body mass index > 25 kg/
m?® and a family history of diabetes. The interaction results suggest
that the positive association between LDL-C and the risk of
prediabetes is stable and consistent in the general population.

Mediation analysis

The potential mediating effects of BMI, age, SBP, DBP, smoking
status, and drinking status were assessed separately by mediation
analysis. Figure 5 shows that the above variables exerted partial
mediating effects on the relationship between LDL-C and
prediabetes risk (BMI, 36.5%; age, 24.3%; SBP, 34.2%; DBP,
23.8%; smoking status, 8.6%; and drinking status, 10.5%).

P for interaction
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Subgroup analysis of the associations between LDL-C and prediabetes. LDL-C, low-density lipoprotein cholesterol.
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FIGURE 5

BMI, age, SBP, DBP, smoking status, and drinking status mediate the association of LDL-C with prediabetes. Note: In mediation analyses, adjustments
were made for gender, family history of diabetes, AST, ALT, HDL-C, TC, TG, BUN, Scr, and baseline FPG. HR, hazard ratio; Cl, confidence interval;
BMI, body mass index; LDL-C, low-density lipoprotein cholesterol; AST, aspartate aminotransferase; ALT, alanine aminotransferase; HDL-C, high-
density lipoprotein cholesterol; TC, total cholesterol; TG, triglycerides; BUN, blood urea nitrogen; FPG, fasting plasma glucose.

Discussion

In this study of Chinese adults, we observed a significant
positive relationship between LDL-C levels and prediabetes risk.
Notably, this association persisted as statistically significant even
after adjusting for potential confounding variables. Specifically, for
each 1-unit increase in LDL-C, the risk of prediabetes increased by
49%. Participants in the highest LDL-C quartile had 48% higher
odds of developing prediabetes compared to those in the lowest
quartile. Furthermore, Restricted Cubic Spline (RCS) analysis
revealed a non-linear relationship between LDL-C and
prediabetes risk, with an inflection point identified at 2.19.
Subgroup analyses confirmed that the positive association
between LDL-C and prediabetes risk was robust and consistent
across the general population.

The current study demonstrates the key role of the interaction
between lipid metabolism disorders and glucose metabolism
abnormalities in prediabetes (14). Dyslipidemia promotes
inflammation and endoplasmic reticulum stress. In addition,
lipotoxicity can lead to insulin resistance (IR), playing a critical role
in diabetes progression (15). A cross-sectional study including 2,293
adults found that higher TG was significantly associated with an
increased risk of prediabetes (OR: 1.96, p < 0.001) (16). Elevated TG
levels increase free fatty acids, altering insulin signaling in pancreatic
o-cells and promoting excessive glucagon secretion (17). Guo et al.
reported that the TG/HDL-C ratio was significantly associated with
prediabetes after adjusting for confounders such as age, sex, blood
pressure, and FPG (OR: 3.45, 95% CI: 2.42-4.92, p < 0.001) (18), an
association also observed in non-obese individuals with normal LDL-
C (19). LDL-C is a primary target for lipid-lowering therapy and a
major parameter for cardiovascular risk assessment (20). Currently,
the influence of LDL-C on the development of diabetes remains
controversial. Similar to type 2 diabetes (T2D), the typical pattern of
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dyslipidemia in prediabetes includes elevated serum triglycerides,
decreased HDL-C, and elevated total LDL particles (21). A Thai
cross-sectional study found that after adjusting for confounders,
individuals with high LDL-C levels were 1.96 times more likely to
develop prediabetes than those with normal LDL-C levels (95% CI:
1.30-2.96, p < 0.01) (22). Moreover, there is an association between
different LDL-C subtypes and prediabetes. SALDL particles are
defined as LDL with an average diameter of <25.5 nm. Tiny-sized
sdLDL particles have a lower affinity for LDL-C receptors and are able
to penetrate the arterial wall more readily (23). A prospective study
showed that sdLDL-C levels were significantly associated with
inflammatory markers (hypersensitive c-reactive protein (hs-CRP)
levels, total white blood cell count, and fibrinogen) in a non-diabetic
population. After adjusting for confounders, people with higher
sdLDL-C levels had a significantly increased risk of prediabetes
(13). Currently, some new research evidence suggests that LDL-C
may have a protective role in the progression of prediabetes. Reports
indicate that individuals with familial hypercholesterolemia
characterized by high LDL-C levels have a lower prevalence of
diabetes than unaffected relatives (24). The American Heart
Association (AHA) also suggests that the long-term use of
tamsulosin may increase the risk of new-onset diabetes, an effect
that may be attributable to the indirect effects of the drug itself on 3-
cell function rather than to the direct consequences of lower LDL-C
(25). In this cohort study, we delved into the relationship between
LDL-C levels and prediabetes in a Chinese adult population. To
ensure the robustness of the findings, we controlled for more
potential confounders such as Scr, AST, ALT, and family history of
diabetes. In addition, a series of sensitivity analyses (target
independent variable transformations, subgroup analyses, and
supplemental analyses using GAM) demonstrated the robustness of
the findings. This study informs the dynamic monitoring of LDL-C
levels to identify those at high risk of prediabetes. More aggressive
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countermeasures (e.g., dietary modification and regular aerobic
exercise) at an early stage can significantly reduce the potential risk.

We propose potential mechanisms linking LDL-C to prediabetes.
First, elevated LDL-C is often accompanied by metabolic abnormalities
like visceral fat accumulation and hypertriglyceridemia, creating a
vicious cycle of insulin resistance (26). Lipid deposition in the liver
and muscle interferes with insulin signaling and reduces glucose uptake
(27). Second, high levels of LDL-C [especially oxidized LDL (ox-LDL)]
can interfere with insulin signaling pathways by inducing oxidative
stress and chronic inflammation (28, 29). Ox-LDL activates scavenger
receptors on the surface of macrophages, promotes the release of
inflammatory factors (e.g., TNF-o. and IL-6), and inhibits the
phosphorylation of insulin receptor substrate-1 (IRS-1), thereby
exacerbating IR (30). Clinical studies have shown that ox-LDL levels
are significantly elevated in prediabetic patients and strongly positively
correlate with glycated hemoglobin (HbAIc), suggesting that ox-LDL
may accelerate glucose metabolism disorders by impairing
microvascular endothelial function (31). Finally, excess LDL-C
accumulates in pancreatic B-cells, triggering lipotoxic effects. Free
cholesterol accumulation leads to increased mitochondrial membrane
permeability, increased reactive oxygen species (ROS) generation, and
the inhibition of insulin secretion (32, 33). These potential mechanisms
provide a pathophysiologic explanation for the association between
LDL-C and the development of prediabetes.

Our study has several strengths. First, the large sample size (n =
100,608) and extended follow-up (mean 3.12 years) from a Chinese
cohort enhanced result reliability and generalizability within this
population. Second, we addressed the issue of missing data using
multiple interpolations, which maximizes statistical power and
reduces the potential bias caused by missing covariates. Third, we
conducted multiple sensitivity analyses to ensure the robustness of
our results. We performed additional analyses of the data before
interpolation. We analyzed the association between LDL-C and
prediabetes again after excluding individuals with a BMI > 25 kg/m?
or an age > 60 years. In addition, we used a generalized summation
model to fit the data to further validate the findings. Fourth, we
calculated E-values to explore the possibility of unmeasured
confounding. However, there are some limitations to our study.
First, the participants in this study were of East Asian origin. There
may be potential differences across racial groups. East Asian
populations have a higher frequency of PCSK9 gene variants,
which may influence the strength of the association between
LDL-C metabolism and glucose metabolism (34). Furthermore, a
Western diet high in saturated fats may amplify the metabolic
toxicity of LDL-C. The core mechanisms linking LDL-C to
prediabetes risk may be universal, but risk thresholds require
calibration based on racial specificity. Second, similar to all
observational studies, despite controlling for known potential
confounders, the presence of uncontrolled or unmeasured
confounders, including diet and exercise, cannot be completely
excluded. In addition, in the original study, LDL-C levels were
measured only at baseline. Future studies should monitor changes
in LDL-C during follow-up to examine the association of dynamic
changes in LDL-C with prediabetes.
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Conclusion

This study confirms a non-linear positive association between
LDL-C levels and prediabetes risk in Chinese adults. The dynamic
monitoring of LDL-C may help identify individuals at high risk for
prediabetes. Timely dietary and lifestyle interventions could help
reduce the risk. These findings provide new insights into the
prevention and treatment of prediabetes. Further research is
needed to elucidate the underlying mechanisms.
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