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Background: Evidence connecting mean arterial pressure (MAP) with impaired
fasting glucose (IFG) was currently insufficient. The purpose of our research was
to investigate how age and sex individually affect the relationship between MAP
and the onset of IFG.

Methods: Our study was a retrospective cohort analysis involving 184,291
participants from a multicenter health examination in China. The relationship
between MAP and the onset of IFG was evaluated using Cox regression analysis.
To further investigate the relationship, smooth curve fitting was applied to
evaluate the dose-response association, while threshold effect analysis was
performed to identify potential inflection points in MAP. Additionally,
interaction effect analysis was conducted to examine whether age and sex
modified the association between MAP and IFG risk.

Results: The overall incidence of IFG was 11.28%. After multivariate adjustment, a
significant positive association was observed between MAP and IFG risk (Hazard
Ratio: 1.14, 95% Confidence Interval: 1.12-1.16, P < 0.001). Multivariate smooth
splines analysis revealed a nonlinear relationship (P for nonlinearity < 0.05), with the
curve slope decreasing as MAP exceeded 103.23 mmHg. Significant interaction
effects between MAP and age or sex on IFG risk were also identified (P < 0.05).

Conclusions: Our study revealed new insights into how MAP and IFG
development were related, highlighting the influence of age and sex. These
results stressed the need to consider MAP, age, and sex in IFG prevention,
especially in high-MAP groups. Further investigation into the biological and
behavioral mechanisms underlying these age- and sex-dependent
relationships is warranted to inform personalized approaches for
diabetes prevention.

mean arterial pressure, impaired fasting glucose, cohort study, age interaction,
sex interaction
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Background

Diabetes mellitus, a chronic metabolic disorder, has become a major
public health challenge globally. It is estimated that around 422 million
adults aged 30-79 years currently have diabetes, with the number
continuing to increase (1). Projections suggest that the global population
with diabetes will rise to 642 million by 2040 (2). Prediabetes, an
intermediate state between normoglycemia and diabetes, includes
impaired fasting glucose (IFG), impaired glucose tolerance, or a
combination of both. It was showed that by 2021, approximately 726
million individuals worldwide were in a prediabetic state, with 298
million people suffering from IFG alone (3). IFG not only portends an
increased risk of developing diabetes but is also closely associated with
cardiovascular events such as atrial fibrillation and heart failure, as well
as certain types of cancer (4, 5). Thus, restoring normal blood glucose
levels in individuals with prediabetes is crucial. This intervention not
only effectively delays or prevents the progression to diabetes but also
significantly reduces all-cause mortality, ultimately enhancing the long-
term prognosis and quality of life for those affected (2).

While current therapeutic paradigms predominantly target
glycemic control, novel research reveals that hemodynamic
disturbances, especially blood pressure dysregulation, may
constitute an underrecognized pathogenic component in IFG
progression (6). Hypertension, defined by elevated systemic arterial
pressure, is typically characterized using systolic blood pressure (SBP)
and diastolic blood pressure (DBP) (7). However, accumulating
evidence suggests that the predictive capacities of SBP and DBP
may differ across various age groups (8, 9). Mean arterial pressure
(MAP) is a direct and effective method for assessing cardiovascular
function, as it represents the average arterial blood pressure over a
cardiac cycle. Recent studies have demonstrated that MAP exhibits
superior performance in identifying hypertension, with an accuracy
rate as high as 95.2%, compared to SBP and DBP alone (10). While
elevated SBP and DBP are established risk factors for diabetes, MAP,
as an integrative measure of both SBP and DBP, has been proposed to
be equally potent in predicting diabetes progression (11, 12). This
notion is further supported by findings from the Chinese population,
where MAP has been shown to be significantly associated with the
risk of incident diabetes (13, 14). Moreover, research has highlighted
that cumulative exposure to elevated SBP and DBP is correlated with
impaired glucose tolerance (15). Extending these observations, we
hypothesize that MAP may serve as a significant indicator for IFG,
thereby warranting further investigation into its potential role in
diabetes risk stratification. Numerous studies have identified sex and
age as significant factors influencing the incidence of non-

Abbreviations: MAP, Mean Arterial Pressure; IFG, Impaired Fasting Glucose;
HR, Hazard Ratio;CI, Confidence Interval; SD, Standard Deviation; Ref,
Reference; T2DM, Type 2 Diabetes Mellitus; RERI, Relative Excess Risk Due to
Interaction; AP, Attributable Proportion; FPG, Fasting Plasma Glucose; BP,
Blood Pressure; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure;
HDL-C, High-Density Lipoprotein Cholesterol; TC, Total Cholesterol; LDL-C,
Low-Density Lipoprotein Cholesterol; BUN, Blood Urea Nitrogen; TG,
Triglycerides; AST, Aspartate Aminotransferase; ALT, Alanine
Aminotransferase; CCR, Creatinine; BMI, Body Mass Index.
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communicable diseases (16). The role of sex in diabetes incidence
remains a topic of debate (17). Among White, South Asian, Black,
and Chinese populations, men generally exhibit higher risks of
hypertension and diabetes compared to women (18-20). However,
in the United States, no significant sex differences in diabetes
prevalence have been observed (21). Conversely, a study focusing
on Hispanic and Latino children and adolescents revealed that two-
thirds of individuals diagnosed with diabetes were female (22). Given
these findings, investigating the associations between MAP and IFG
across different sexes and ages is of substantial significance.

Our study provided new evidence on the relationship between
MAP and IFG risk, a finding previously unreported in large-scale
multicenter cohort studies. Furthermore, we clarified how age and
sex modify this relationship. These findings underscore the
importance of tailored prevention strategies, particularly for high-
MAP individuals, filling a key knowledge gap in diabetes
prevention. Implementing IFG risk monitoring based on MAP,
tailored to sex and appropriate screening timing, can facilitate early
identification and targeted interventions for diabetes prevention,
ultimately reducing the prevalence of prediabetes and diabetes.

Method

Study design and population

We employed the multicenter health check-up data from the
Rich Healthcare Group, as supplied by Chen et al. (23), following
the DRYAD database's terms of use and the Creative Commons
Attribution-NonCommercial-Share-Alike 4.0 International license.
The original study aimed to explore the association between body
mass index (BMI) and age with incident diabetes among adults. It
included 211,833 participants who underwent at least two health
check-ups between 2010 and 2016. Participants were excluded if
they had incomplete data regarding sex, age, or fasting plasma
glucose (FPG) (n=135,317). Those with a BMI exceeding 55 kg/m?
or below 15 kg/m® were also excluded (n=152). Furthermore,
individuals with a follow-up period shorter than 2 years
(n=324,233) were excluded. Additionally, individuals already
diagnosed with diabetes (n=7,112) or with an indeterminate
diabetes status (n=6,630) were excluded.

For our secondary analysis, we focused on participants with
normal baseline FPG levels to investigate the impact of baseline MAP
on the incidence of IFG. We excluded participants with abnormal
baseline FPG levels (n=26,247), participants who eventually
developed diabetes (n=4,147), missing SBP data (n=23), missing
DBP data (n=24), and missing FPG data during follow-up (n=19).
The participant selection process was illustrated in Figure 1.

Definition

In our study, MAP served as the exposure variable, calculated
using the formula: MAP = (1/3) SBP + (2/3) DBP. Blood pressure
measurements were obtained by trained staff using a standard
mercury sphygmomanometer.
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Chen et al. enrolled 211,833
participants >20 years old with at
least 2 visits during 2010 - 2016

10.3389/fendo.2025.1580036

Participants were excluded if any one of the following criteria was met:
(1) participants with abnormal baseline FPG(n=26,247)

(2) participants who eventually developed diabetes(n=4,147)

(3) participants with missing SBP data(n=23)

(4) participants with missing DBP data(n=24)

(5) participants with missing FPG data(n=19)

184,291 individuals were included
in our study

FIGURE 1

Flowchart of population inclusion and exclusion. SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose.

The primary outcome of interest was IFG, defined according to
the American.

Diabetes Association criteria as a FPG level ranging from 5.6 to
7.0 mmol/L, in the absence of a diabetes diagnosis.

Hyperlipidemia was defined by the presence of any of the
following lipid profiles: triglycerides (TG) > 2.3 mmol/L, total
cholesterol (TC) = 6.2 mmol/L, high-density lipoprotein
cholesterol (HDL-C) < 1.0 mmol/L, or low-density lipoprotein
cholesterol (LDL-C) > 4.1 mmol/L (24). Normal blood pressure
was defined as SBP< 120 mmHg and DBP< 80 mmHg (25).

Follow-up duration was calculated from the date of the
participants' first health check-up to the date of their last check-up.

Covariates

The potential confounders adjusted for in our study included
demographic factors (sex, age), anthropometric measures (BMI),
biochemical parameters (FPG, TC, TG, LDL, HDL, alanine
aminotransferase [ALT], aspartate aminotransferase [AST], blood
urea nitrogen [BUN], creatinine [CCR]), lifestyle factors (smoking
and alcohol consumption status), and family history of diabetes.

Participants' demographic information, lifestyle habits, and
family history of diseases were collected via questionnaires.
Physical measurements, including height, weight, and blood
pressure, were taken by trained staff. BMI was calculated as
weight in kilograms divided by height in meters squared.
Smoking and drinking status were analyzed as categorical
variables (current, former, never) as recorded in the original
dataset. Prior to fasting blood draws, participants were required
to fast for at least 10 hours. Biochemical parameters were measured
using a Beckman 5800 automated biochemical analyzer.

Statistical handling of missing data

As illustrated in Figure 1, a total of 184,291 participants were
ultimately included in our study. Missing data distributions among
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principal covariates were quantified as follows: ALT (83.62%,
n=1,541); AST (58.45%, n=107,709); BUN (10.08%, n=18,570);
CCR (5.30%, n=9,766); TC (2.29%, n=4,231); HDL (45.26%,
n=83,401); LDL (44.98%, n=82,898); TG (2.30%, n=4,244); with
lifestyle covariates showing substantial missingness - smoking
status and alcohol consumption (both 72.32%, n=133,279 each).

To address missing data limitations effectively while preserving
statistical power and reducing potential selection bias, we applied
multiple imputation techniques to all continuous variables
exhibiting less than 50% missing observations. Implementation
followed established methodological frameworks described by
Van Buuren and Groothuis-Oudshorn (26), utilizing the R mice
package with five imputed datasets generated through chained
equations incorporating predictive mean matching (26).
Continuous variables were imputed using distribution-appropriate
measures, with means employed for normally distributed data and
medians for skewed distributions. For AST, which exhibited >50%
missingness, we transformed this continuous variable into a
categorical one through tertile categorization. Regarding
categorical variables with missingness exceeding 50%, we
preserved the missing data structure by creating a distinct
'missing' category. This comprehensive approach enabled
maximal utilization of available data while maintaining analytical
validity and minimizing information loss.

Statistical method

The normality of variables was assessed using a combination of
histogram distributions, prior literature, and the distribution of means
and standard deviations (SD). Continuous variables that followed a
normal distribution were described using mean + SD, while those with
a skewed distribution were reported as median (interquartile range).
Categorical variables were presented as frequencies (%). For comparing
differences among groups, the chi-square test was applied to categorical
variables, One-Way ANOVA was used for normally distributed
continuous variables, and the Kruskal-Wallis H test was employed
for continuous variables with skewed distributions.
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Hazard ratios (HRs) and 95% confidence intervals (ClIs) for IFG
incidence were estimated using multivariate Cox regression
analysis. The proportional hazards assumption was verified using
the Schoenfeld residuals test, with results confirming its validity (P
> 0.05). Kaplan-Meier survival curves were used to evaluate the IFG
outcome based on the quantiles of MAP, with comparisons made
using the log-rank test. MAP was incorporated into the Cox
regression analysis both as a categorical variable (divided into
four quantiles) and as a continuous variable (per 10-unit
increase). Three models were constructed for the analysis: Model
1 unadjusted for any confounders. Model 2 adjusted for age, sex,
BMI, and FPG. Building upon Model 2, Model 3 additionally
adjusted for TC, TG, HDL, LDL, AST, ALT, BUN, CCR, smoking
status, drinking status, and family history of diabetes. MAP was
categorized into quartiles, and the P for trend was calculated to
validate the results obtained with MAP as a continuous variable and
to explore potential nonlinearity. Sensitivity analyses were
performed by restricting the analysis to participants who were
nonsmokers or nondrinkers. Additionally, we conducted a
multivariate regression analysis using the original dataset with
missing values to verify the robustness of the multiple imputation
results. Effect sizes and P-values derived from these models were
calculated and compared.

To further verify the stability of the outcomes, subgroup
analyses were performed according to sex, age, BMI, lipid level
and family history of diabetes. The potential impact of unmeasured
confounding factors was evaluated by calculating the E-value to
assess the robustness of the findings.

To examine the potential nonlinear relationship between MAP
and IFG, we applied a restricted cubic spline model to generate
smooth curves. MAP was modeled as a continuous variable with
four knots positioned at the 5th, 35th, 65th, and 95th percentiles, in
accordance with Harrell's guidelines (27). The likelihood ratio test
was used to evaluate nonlinearity by comparing models with and
without cubic spline terms. When non-linear associations were
detected, a two-piecewise regression model was employed to
identify the threshold effect of MAP on IFG.

Upon establishing the independent association between MAP
and IFG, we proceeded to investigate potential interaction effects of
MAP and IFG across different sex and age subgroups. We evaluated
multiplicative interactions (MAPxage; MAPxsex) by comparing
models incorporating cross-product interaction terms of age or sex
with MAP levels, utilizing likelihood ratio tests to assess the
significance of these interaction terms for each outcome.
Furthermore, we examined additive interactions to assess the
combined impact of MAP and age or sex on the risk of IFG
occurrence. For the analysis of additive interactions, we computed
the relative excess risk due to interaction (RERI) and the
attributable proportion (AP). RERI indicates whether the
combined effect of MAP and age or sex surpasses the sum of
their individual effects, while AP estimates the proportion of excess
risk attributable to the joint exposure of MAP and age or sex.
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Statistical software

Statistical analyses were conducted using R Statistical Software
(Version 4.2.2, http://www.R-project.org, The R Foundation) and
the Free Statistics analysis platform (Version 2.0, Beijing, China,
http://www.clinicalscientists.cn/freestatistics). Statistical
significance was determined by a two-sided P value less than 0.05.

Result
Baseline characteristics

Our study encompassed 184,291 eligible participants whose
ages ranged from 20 to 97 years. The overall prevalence of IFG in
this cohort was 11.28%. Table 1 delineated the general
characteristics of the participants, categorized based on whether
their blood pressure was normal or abnormal. Compared with
participants with normal blood pressure, those with abnormal
blood pressure were found to be older, predominantly male, and
had lower HDL-C levels. Additionally, they exhibited higher values
for BML FPG, TC, TG, LDL, HDL, ALT, AST, BUN, and CCR (all P
< 0.05).

Association between the MAP and the IFG
events

For the IFG individuals who were entered into follow-up
observation, the cumulative hazard of IFG was higher in MAP
quartile 4 compared to the other three groups, as illustrated by the
Kaplan-Meier curves (Log-rank test P<0.001, Figure 2). The
multivariate Cox proportional hazards model, adjusted for potential
confounders, demonstrated that a 10-unit increment in MAP raised
the incidence of IFG by 14% (HR: 1.14, 95% CI: 1.12-1.16, P<0.001)
(Table 2, Model 3). In the multivariable Cox proportional hazards
models, the risk of IFG occurring in quartile 4 was 1.54 times that of
the quartile 1 group, after adjustment for potential confounders (HR:
1.54, 95% CI: 1.45-1.64, P<0.001) (Table 2, Model 3).

Upon excluding participants with a history of smoking or
alcohol consumption, the association between MAP and IFG
remained positively associated. Sensitivity analyses, which
excluded participants with missing data, continued to reveal a
significant positive association between MAP and IFG (HR: 1.15,
95% CI: 1.13-1.18) (see Supplementary Table S1).

In addition to the primary analysis, we conducted stratified
analyses based on age, sex, BMI, lipid level, and family history of
diabetes. As expected, we observed a statistically significant
association between MAP and IFG across all subgroups. However,
for incident IFG, we detected significant variations in age, sex, TG
and BMI (P < 0.05 for interaction) within the subgroups
(see Figure 3).
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TABLE 1 Baseline demographic and clinical characteristics of subjects stratified by blood pressure.

Blood pressure

Characteristics P value
Normal Abnormal

Number 184,291 97,032 87,259
Age (Years) 41.0 £ 12.1 38.6+9.8 43.7 £ 13.7 < 0.001
Sex < 0.001

Male 97,809 (53.1) 39,947 (41.2) 57,862 (66.3)

Female 86,482 (46.9) 57,085 (58.8) 29,397 (33.7)
BMI (kg/mz) 23.0+33 22.1+29 240+ 33 < 0.001
SBP (mm Hg) 117.8 £ 15.8 106.4 + 8.1 130.6 £ 12.1 < 0.001
DBP (mm Hg) 73.5 + 10.6 67.0 £ 6.5 80.8 £ 9.5 < 0.001
FPG (mmol/L) 48+ 05 4.7 +0.5 48+ 0.5 < 0.001
TC (mmol/L) 4.7 +09 4.6 + 0.8 4.8 +09 < 0.001
TG (mmol/L) 1.3+09 1.1 0.7 15+ 1.1 < 0.001
HDL-C (mmol/L) 14+£03 14+03 1.3+03 < 0.001
LDL-C (mmol/L) 2.7 +0.7 2.7 £0.6 28+07 < 0.001
ALT (U/L) 232 +217 20.1 £20.2 26.7 £229 < 0.001
BUN (mmol/L) 4612 45+ 1.1 47 +12 < 0.001
CCr (umol/L) 69.7 + 15.7 66.9 + 14.8 72.8 £16.2 < 0.001
Family history of diabetes < 0.001

No 180,644 (98.0) 94,868 (97.8) 85,776 (98.3)

Yes 3,647 (2.0) 2,164 (2.2) 1,483 (1.7)
Smoking status < 0.001

Current smoker 9,672 (5.2) 4,115 (4.2) 5,557 (6.4)

Ever smoker 2,120 (1.2) 870 (0.9) 1,250 (1.4)

Never smoker 39,220 (21.3) 20,601 (21.2) 18,619 (21.3)

Not recorded 133,279 (72.3) 71,446 (73.6) 61,833 (70.9)
Drinking status < 0.001

Current drinker 988 (0.5) 344 (0.4) 644 (0.7)

Ever drinker 7,370 (4.0) 3,198 (3.3) 4,172 (4.8)

Never drinker 42,654 (23.1) 22,044 (22.7) 20,610 (23.6)

Not recorded 133,279 (72.3) 71,446 (73.6) 61,833 (70.9)
AST (Tertiles) < 0.001

Tertile 1 25,378 (13.8) 15,969 (16.5) 9,409 (10.8)

Tertile 2 25,487 (13.8) 13,374 (13.8) 12,113 (13.9)

Tertile 3 25,717 (14.0) 10,616 (10.9) 15,101 (17.3)

Not recorded 107,709 (58.4) 57,073 (58.8) 50,636 (58)
MAP (mmHg) 883 £ 11.4 80.1 £ 6.2 97.4 + 8.7 < 0.001

Mean =+ standard deviations or median (quartile 1, quartile 3) was used to summarize continuous variables, while categorical variables were expressed as n (%).

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CCr, creatinine; TG, triglyceride; MAP, mean arterial pressure.
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FIGURE 2
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MAP quartiles ==Quartile 1 ~— Quartile 2 = Quartile 3 = Quartile 4

Survival probability (%)

100

751

50

251

Log-rank test P < 0.001

3

4 5

Year of follow up

Number at risk
Quartile 1 44,684
Quartile 2 46,361

Quartile 3 45,848
Quartile 4 47,398

22,056
23,286
23,252
23,941

9,875 1,826
10,274 2,007
10,264 2,185
10,147 2,034

Kaplan-Meier curves for the probability of IFG base on MAP quartiles. MAP, mean arterial pressure; IFG, impaired fasting glucose. A log-rank test P
value < 0.001 indicated a statistically significant difference in incident IFG across MAP quartile groups.

While examining the relationship between MAP and IFG
events, we assessed the potential impact of unmeasured
confounding factors by calculating the E-value. The study results
indicated that if there was an unmeasured confounding factor, its
relative risk association with both IFG events and MAP would need
to reach 1.54 to fully explain the observed association between MAP

and IFG events.

Curve fitting and inflection point analysis

Multivariable-adjusted restricted cubic spline analyses revealed
a distinct positive relationship between MAP and the prevalence of
IFG, with statistically significant nonlinearity (P for nonlinearity <
0.05, Figure 4). MAP was modeled as a continuous variable, with
adjustments for covariates in Model 3. The prevalence of IFG

TABLE 2 The association between MAP and the risk of IFG in different models.

Model 1 Model 2 Model 3
MAP (mmHg) Numbers = Event (%)
HR(95% Cl) Pvalue HR(95%CI) Pvalue HR(95%CI) P value

Per 10-mmHg increase 184,291 20,783 (11.3) | 1.38 (1.37-1.40) <0.001 1.14 (1.13-1.16) <0.001 1.14 (1.12-1.16) <0.001
MAP quartiles

Quartile 1 44,684 2,740 (6.1) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)

Quartile 2 46,361 4,127 (8.9) 1.43 (1.36-1.50) <0.001 1.17 (1.11-1.23) <0.001 1.18 (1.11-1.26) <0.001

Quartile 3 45,848 5467 (11.9) | 1.88 (1.79-1.97) <0.001 1.28 (1.23-1.35) <0.001 1.31 (1.23-1.40) <0.001

Quartile 4 47,398 8,449 (17.8) | 2.87 (2.75-2.99) <0.001 1.52 (1.45-1.59) <0.001 1.54 (1.45-1.64) <0.001
P for trend <0.001 <0.001 <0.001

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CCr, creatinine; TG, triglyceride; MAP, mean arterial pressure; IFG,
impaired fasting glucose; 95% CI, 95% confidence interval; HR, hazard ratio; Ref, reference;
Model 1: Not adjusted for any confounders.
Model 2: Adjusted for age, sex, BMI, FPG.

Model 3: Adjusted for Model 2+TC, TG, LDL, HDL, ALT, AST, BUN, CCR, family history of diabetes, smoking status, drinking status.
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Subgroup Total Event (%) HR (95%Cl) P for interaction
Age (Years)
<40 103,427 7,736 (7.5) 1.12 (1.10-1.15) -— 0.022
=40 80,864 13,047 (16.1)  1.13 (1.12-1.15) o
Sex
Male 97,809 13,406 (13.7)  1.12(1.10-1.13) -@ <0.001
Female 86,482 7,377 (8.5) 1.15 (1.13-1.17) @

BMI (kg/m?)
<24 117,747 9,772 (8.3) 1.15 (1.13-1.17) o <0.001
=24 66,544 11,011 (16.5)  1.12 (1.10-1.14) -®-

Family history of diabetes

No 180,644 20,281 (11.2)  1.13(1.12-1.15) o 0.629
Yes 3,647 502 (13.8) 1.15 (1.05-1.26) —_—

TG (mmoliL)
<23 166,573 17,264 (10.4)  1.14 (1.12-1.15) - <0.001
=23 17,718 3,519(19.9)  1.10 (1.06-1.13) .

TC (mmoliL)
<6.2 174,555 19,190 (11.0)  1.13 (1.12-1.15) ® 0.883
=>6.2 9,736 1,593 (16.4)  1.16 (1.11-1.21) ——

HDL-C (mmol/L)
<1 18,484 2573 (13.9)  1.15(1.11-1.20) —— 0.861
>1 165,807 18210 (11.0)  1.13 (1.12-1.15) L o

LDL-C (mmol/L)
<4.1 178,805 20,004 (11.2)  1.13 (1.12-1.15) [ = 0.620
=41 5,486 779 (14.2) 1.15 (1.08-1.23) —_—

Hyperlipidemia

No 145,103 14,479 (10) 1.13 (1.11-1.15) 0.072

R

Yes 39,188 6,304 (16.1) 1.13 (1.11-1.16)

1.0 1.41
HR (95%Cl)

FIGURE 3

Subgroup analysis of the association between MAP and the risk of IFG. BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood
pressure; FPG, fasting plasma glucose; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CCr, creatinine; TG, triglyceride; MAP, mean
arterial pressure; IFG, impaired fasting glucose. The model adjusted for age, sex, BMI, FPG, TC, TG, LDL, HDL, ALT, AST, BUN, CCR, smoking status,
drinking status, and family history of diabetes (except when family history of diabetes was the stratification variable). A significant interaction (P <
0.05) indicated heterogeneity in the association between MAP and IFG risk across subgroups.

increased with rising MAP levels until reaching a critical point at ~ Age and sex affect the association between
103.23. Below this MAP value, the prevalence of IFG rose withh  MAP and IFG status

increasing MAP (HR: 1.014, 95% CI: 1.012-1.016). Conversely,

beyond the inflection point of 103.23, the dose-response curve Table 4 showed that there was a significant interaction between
indicated a plateau (HR: 1.008, 95% CI: 1.004-1.013) (see Table 3).  sex and age with MAP and IFG status, with both multiplicative and

Frontiers in Endocrinology 07 frontiersin.org


https://doi.org/10.3389/fendo.2025.1580036
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Lin et al. 10.3389/fendo.2025.1580036
540, P for non-linearity: 0.001
o
T
14
B
©
N
©
o
0.2
0.1
T T T T T T
60 80 100 120 140 160
MAP (mmHg)
FIGURE 4

Association between MAP and the risk of IFG. BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma
glucose; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CCr, creatinine; TG, triglyceride; MAP, mean arterial pressure; IFG,
impaired fasting glucose. The model adjusted for age, sex, BMI, FPG, TC, TG, LDL, HDL, ALT, AST, BUN, CCR, smoking status and family history of
diabetes. The percentage density distribution of MAP across the study's participants is shown by the light blue histograms. A reference HR value of
1.0 is indicated by the horizontal dotted lines, which serve as a benchmark. The bold central lines represent the estimated adjusted hazard ratios, and
the shaded areas around them denote the 95% Cls. A P-value for non-linearity < 0.05 indicated a non-linear association between MAP and IFG risk.

TABLE 3 Threshold effect of MAP on the incidence of IFG.

MAP (mmHg) HR (95%Cl) P value
<103.23 1.014 (1.012-1.016) < 0.001
>103.23— 1.008 (1.004-1.013) < 0.001
Likelihood Ratio test <0.001

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG,
fasting plasma glucose; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; BUN, blood urea nitrogen; CCr, creatinine; TG, triglyceride; MAP, mean
arterial pressure; IFG, impaired fasting glucose; 95% CI, 95% confidence interval; HR,
hazard ratio.

The model adjusted for age, sex, BMI, FPG, TC, TG, LDL, HDL, ALT, AST, BUN, CCR,
smoking status and family history of diabetes. A significant likelihood ratio test (P < 0.05)
supported the existence of a threshold effect, indicating that the association between MAP and
the incidence of IFG was nonlinear with an inflection point at 103.23.

Frontiers in Endocrinology

additive interactions achieving statistical significance (P < 0.001).
Participants aged>40 years exhibited substantially higher HRs than
younger counterparts, with high MAP conferring an HR of 1.98
(95% CI: 1.90-2.07) versus 1.25 (95% CI: 1.19-1.31) in the <40
group when compared to respective low-MAP references.
Interaction analysis indicated that the combined effect of age and
MAP was markedly greater than the simple sum of their individual
effects. Specifically, when age and MAP jointly influence IFG events,
the RERI was 30% (HR: 0.30, 95% CI: 0.22-0.37), of which 15% of
the risk can be attributed to their interaction (HR: 0.15, 95% CI:
0.11-0.19).

Elevated MAP was significantly associated with increased IFG
risk in both sexes, although baseline susceptibility varied
considerably between different sexes, with males serving as the
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TABLE 4 Multiplicative and additive interactions between MAP and different sex and age groups on the risk of IFG.

Additive interaction

Multiplicative interaction

Variable MAP status  HR (95% Cl) P for interaction
RERI (95% Cl) AP (95% Cl) HR (95% Cl)
Age <0.001 0.30 (0.22-0.37) 0.15 (0.11-0.19) 111 (1.04-1.17)
<40 Low 1.00 (Ref)
High 1.25 (1.19-1.31)
>40 Low 1.43 (1.36-1.50)
High 1.98 (1.90-2.07)
Sex <0.001 0.20 (0.15-0.26) 0.18 (0.13-0.23) 1.27 (1.20-1.35)
Female Low 1.00 (Ref)
High 1.15 (1.11-1.20)
Male Low 0.76 (0.73-0.81)
High 1.12 (1.07-1.18)

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CCr, creatinine; TG, triglyceride; MAP, mean arterial pressure; IFG,
impaired fasting glucose; 95% CI, 95% confidence interval; HR, hazard ratio; RERI, relative excess risk due to interaction; AP, attributable proportion.

The analysis adjusted for age (not for the age groups), sex, BMI, FPG, TC, TG, LDL, HDL, ALT, AST, BUN, CCR, family history of diabetes, smoking status, drinking status.

reference group and females exhibiting a lower baseline risk (HR:
0.76) in low-MAP groups. Stratified analyses revealed sexually
dimorphic response patterns: males experienced a 15% higher risk
of IFG at elevated MAP levels (HR: 1.15, 95% CI: 1.11-1.20)
compared to their low-MAP counterparts. In contrast, females,
despite their lower baseline risk (HR: 0.76, 95% CI: 0.73-0.81 for
low MAP), demonstrated a 47% relative increase in IFG risk when
subjected to high MAP (HR: 1.12, 95% CI: 1.07-1.18). The presence
of both female sex and high MAP resulted in a 20% higher risk of
IFG than the sum of their independent effects (RERIL: 0.20, 95% CI:
0.15-0.26), with 18% of the risk attributable to the interaction
between sex and MAP (AP: 0.18, 95% CI: 0.13-0.23). This
paradoxical pattern indicated that, although men have a natural
predisposition to IFG, their metabolic response to elevated MAP
results in a disproportionate change in risk. Conversely, females
exhibited greater hemodynamic sensitivity, whereby increases in
blood pressure conferred an amplified relative risk compared to
their baseline profiles.

Discussion

To the best of our knowledge, this large retrospective cohort
study of a Chinese population undergoing physical examinations is
the first to consistently observe a significant positive association
between MAP and the risk of IFG. Subgroup analysis and sensitivity
analysis showed stable results. Notably, our findings suggested a
dose-response relationship, indicating that MAP was linked to IFG
in a non-linear manner (P for nonlinearity < 0.05), with the
relationship being more pronounced at MAP levels around
103.23 mmHg. Moreover, our study revealed significant
interaction effects of MAP with both sex and age on IFG risk,
demonstrating that these demographic factors critically modify the
association between blood pressure dynamics and glucose
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metabolism. Specifically, both males and females with high MAP
faced an increased risk, although the effect was slightly more
pronounced in females. The combination of older age and high
MAP was particularly concerning. This finding underscores the
importance of personalized risk assessment, as the impact of
elevated MAP on IFG development varies meaningfully across
different age groups and between sexes. These results underscored
the complexity of the relationship between these factors in
determining health outcomes.

Epidemiological research has firmly established MAP as an
independent risk factor for diabetes. For instance, a cross-sectional
study conducted by Mohsen Janghorbani as part of the Isfahan
study revealed that MAP exhibited a similar association with
the progression to diabetes in non-diabetic patients with a family
history of diabetes when compared to SBP and DBP. Furthermore, a
cohort study of a Chinese population undergoing physical
examinations has confirmed the positive association between
MAP and diabetes (14). Additionally, a recent cohort study in
rural China further explored the sex differences in the association
between MAP and diabetes among 12,284 study participants. They
found a significant association between MAP and diabetes in
women under 60 years of age, while this conclusion did not hold
for men and women aged 60 and older (13). Currently, there is still
a lack of evidence regarding the association between MAP and
prediabetes. Given the large number of individuals with prediabetes
and its potential impact on public health, investigating the
influencing factors for the occurrence of prediabetes holds
significant clinical value. In our research, which involved 184,291
participants undergoing health examinations in China, we have
established a significant association between MAP and IFG.
Furthermore, our study aimed to investigate how age and sex
might modify the effect of MAP on the risk of developing IFG.

Our study has revealed several key insights. Firstly, our research
suggested a positive association between MAP and IFG. Further
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research is essential to validate our findings and explore the intricate
relationship and potential underlying mechanisms. Notably, when
MAP exceeds 103.23 mmHg, the strength of the association
between MAP and the risk of IFG diminishes. The specific
mechanism behind this phenomenon is currently unclear, but it
may be related to the fact that individuals with higher MAP are
more likely to have additional complications, such as metabolic
abnormalities and fatty liver disease. These conditions may have a
more significant impact on glucose metabolism than MAP itself (28,
29). Therefore, we think that individuals with MAP <103.23 mmHg
should monitor glycemic changes vigilantly, as this pressure range
demonstrates a stronger association with IFG risk, even in the
absence of hypertension. For those exceeding this threshold, while
the association with IFG risk may attenuate, rigorous blood
pressure management remains imperative due to persistent
cardiovascular risks. Notably, the magnitudes of the significant
associations between MAP and incident IFG were modest but
consistent across different event subtypes, including subgroups
stratified by age, sex, BMI, lipid level, and family history of
diabetes. Upon further analysis, we discovered that the measures
of interaction provide a more nuanced perspective on how MAP
interacts with age and sex. For age, both additive and multiplicative
interactions were positively associated. The influence of elevated
MAP was more significant in individuals aged over 40 years.
Consequently, it is recommended that individuals in this age
group, particularly those diagnosed with hypertension (elevated
MAP), be prioritized for monitoring. For these individuals, more
stringent blood pressure management targets than the standard
threshold should be considered, and lifestyle interventions should
be initiated proactively. With respect to sex differences, although the
individual impact of high MAP was more pronounced in males, the
combined effect of male sex and elevated MAP resulted in a risk
increase that was lower than anticipated. This finding suggests that,
despite men having a higher susceptibility to IFG, the incremental
contribution of elevated MAP to their risk is relatively diminished,
exerting a more substantial effect on women's IFG risk. Therefore,
when assessing the impact of elevated MAP on males, it is crucial to
consider the moderating effect of sex interaction to accurately
evaluate the actual risk. Clinically, it may be necessary for women
to commence blood pressure interventions earlier to mitigate the
risk of developing pre-diabetes. More studies are needed to provide
deeper insights into the interplay between these factors and their
association with prediabetes susceptibility.

Additionally, various other pathogenic mechanisms related to
MAP may help us understand the role of MAP in glucose
metabolism. People with prediabetes often present with
hypertension or high MAP, which may be associated with
common pathophysiological mechanisms of insulin resistance and
metabolic syndrome. Dysfunction of pancreatic B-cells is a key
factor in the onset and progression of diabetes (30). Elevated MAP
may increase peripheral vascular resistance and reduce blood flow
perfusion to peripheral tissues, thereby affecting glucose breakdown
and utilization, which in turn increases the risk of diabetes.
Additionally, elevated blood pressure can further exacerbate
insulin resistance by impacting endothelial function (31). It is
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noteworthy that hypertension is closely associated with elevated
levels of inflammatory markers. These inflammatory factors may
exacerbate insulin resistance by interfering with insulin signaling
pathways (32). Long-term insulin resistance places an increased
burden on pancreatic B-cells, ultimately leading to B-cell
dysfunction and failure, which contributes to abnormal glucose
metabolism and elevated blood sugar levels. Additionally, with
advancing age, the risk of insulin resistance and [-cell
dysfunction increases, while the likelihood of insufficient sleep
and poor nutrition also rises significantly, further elevating the
risk of abnormal glucose metabolism (33). This indicates that the
timing of screening and timely intervention are crucial for the
prevention of diabetes. According to published data, there were
notable differences in the incidence of diabetes between sexes, with
men generally experiencing a higher prevalence than women,
particularly among middle-aged populations (21, 34). Consistent
with previous studies, the prevalence of IFG in men was 13.7%,
which is higher than the 8.5% prevalence observed in women. The
mechanisms underlying this difference may be related to variations
in insulin resistance between sexes. In women, abnormalities in
glucose metabolism are primarily associated with peripheral insulin
resistance, leading to diabetes characterized by impaired glucose
tolerance. In contrast, the etiology of diabetes in men is mainly
driven by hepatic insulin resistance, which primarily results in
impaired fasting blood glucose levels. These sex differences
highlight the importance of considering sex-specific factors in the
prevention and treatment of diabetes (35, 36). One plausible
explanation for this observation is the influence of sex hormones
and epigenetic factors. In women, steroid hormones play a
beneficial role in maintaining glucose homeostasis. Elevated
plasma testosterone levels are also considered a risk factor for
diabetes in women. Conversely, low plasma testosterone levels are
recognized as a risk factor for diabetes in men (37). This indicates
that sex hormones play a complex and significant role in the
development of diabetes. Additionally, increased fat mass in
women, elevated levels of circulating non-esterified fatty acids,
higher lipid content in muscle cells, and lower skeletal muscle
mass are potential mechanisms underlying the differences in
diabetes susceptibility between sexes. These factors contribute to
women being less prone to insulin resistance compared to men.
Although the incidence of diabetes appears to be higher in men,
some risk factors seem to have a stronger association with diabetes
in women than in men. For instance, hypertension, hyperlipidemia,
and smoking are risk factors that may be more closely linked to
diabetes in women (34, 35, 38-40). In this study, the association
between MAP and IFG was relatively strong in women. Therefore,
monitoring fluctuations in MAP among women may potentially
yield better outcomes in the prevention and control of glucose
metabolism abnormalities.

Compared to previously published studies, our research was a
large-sample cohort study based on a Chinese population
undergoing health examinations, with a follow-up period ranging
from approximately 2 to 6 years. Our study provided robust
evidence regarding the relationship between MAP and the risk of
prediabetes, with a particular focus on addressing potential
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confounding factors and biases. However, there are limitations that
should be considered. Firstly, as an observational study, it differs
from randomized controlled trials, and thus, the results cannot
establish a causal relationship between MAP and IFG. Therefore,
careful interpretation of the findings is essential. Additionally,
despite efforts to adjust for significant confounding factors, there
may still be unmeasured confounders associated with the risk of
prediabetes. However, for several reasons, the impact of these
potential unmeasured confounders on the study results may be
minimal (1): The results of subgroup analyses and sensitivity
analyses remained consistent after adjusting for various types of
covariates and different populations (2); The E-value was used to
assess potential unmeasured confounding factors, and the results
obtained were greater than the currently reported association
strength related to prediabetes events. Furthermore, this study
primarily included individuals from health examination
populations in China, which may limit the generalizability of the
findings and highlights the need for similar studies in different
populations. Despite these limitations, in the future, we aim to
confirm these findings through well-designed, multi-center
prospective cohort studies.

Conclusion

Our findings suggested a potential association between MAP
levels and IFG status. The observed nonlinear relationship between
MAP levels and the risk of IFG events indicated that controlling the
rise in MAP levels may be more effective for the prevention of IFG
when MAP is below 103.23 mmHg. Interaction analyses revealed
that the association of MAP with IFG status was more pronounced
in the younger adult group and among women. These findings
underscore the importance of integrating demographic-specific
considerations into clinical and public health strategies, enabling
more precise risk monitoring and targeted interventions to mitigate

IFG and prevent diabetes progression.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: The original data can be accessed
through the Dryad data repository at https://datadryad.org/stash/
dataset/doi:10.5061/dryad.ft8750v.

Ethics statement

The studies involving humans were approved by Rich Healthcare
Group Institutional Review Board. The studies were conducted in
accordance with the local legislation and institutional requirements.
Written informed consent for participation was not required from the
participants or the participants' legal guardians/next of kin because our
retrospective secondary analysis utilized de-identified data from Chen

Frontiers in Endocrinology

11

10.3389/fendo.2025.1580036

et al. (PMID: 30269064). As the original study had already anonymized
all participant information, this analysis was exempt from requiring
additional informed consent under the Declaration of Helsinki.

Author contributions

YL: Conceptualization, Data curation, Investigation, Software,
Visualization, Writing - original draft. JZ: Data curation,
Visualization, Writing - original draft, Formal Analysis. MH:
Formal Analysis, Methodology, Project administration, Writing —
original draft. XH: Formal Analysis, Project administration,
Conceptualization, Software, Supervision, Writing — review &
editing. JW: Conceptualization, Formal Analysis, Project
administration, Supervision, Writing - review & editing,
Methodology, Validation.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Acknowledgments

We would like to express our gratitude to all the participants for
their invaluable contributions to this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fendo.2025.
1580036/full#supplementary-material

frontiersin.org


https://datadryad.org/stash/dataset/doi:10.5061/dryad.ft8750v
https://datadryad.org/stash/dataset/doi:10.5061/dryad.ft8750v
https://www.frontiersin.org/articles/10.3389/fendo.2025.1580036/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2025.1580036/full#supplementary-material
https://doi.org/10.3389/fendo.2025.1580036
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Lin et al.

References

1. Alam M, Sheoti IH. The burden of diabetes and hypertension on healthy life
expectancy in Bangladesh. Sci Rep. (2024) 14:7936. doi: 10.1038/s41598-024-58554-1

2. Khetan AK, Rajagopalan S. Prediabetes. Can ] Cardiol. (2018) 34:615-23.
doi: 10.1016/j.cjca.2017.12.030

3. Rooney MR, Fang M, Ogurtsova K, Ozkan B, Echouffo-Tcheugui JB, Boyko EJ, et al.
Global prevalence of prediabetes. Diabetes Care. (2023) 46:1388-94. doi: 10.2337/dc22-2376

4. Lind V, Hammar N, Lundman P, Friberg L, Talbick M, Walldius G, et al.
Impaired fasting glucose: a risk factor for atrial fibrillation and heart failure. Cardiovasc
Diabetol. (2021) 20:227. doi: 10.1186/s12933-021-01422-3

5. Guo Z, Wu S, Zheng M, Xia P, Li Q, He Q, et al. Association of impaired fasting
glucose with cardiometabolic multimorbidity: The Kailuan study. J Diabetes Investig.
(2025) 16:129-36. doi: 10.1111/jdi.14316

6. Izzo R, de Simone G, Chinali M, Iaccarino G, Trimarco V, Rozza F, et al.
Insufficient control of blood pressure and incident diabetes. Diabetes Care. (2009)
32:845-50. doi: 10.2337/dc08-1881

7. loannidis JPA. Diagnosis and Treatment of Hypertension in the 2017 ACC/AHA
Guidelines and in the Real World. JAMA. (2018) 319:115-6. doi: 10.1001/jama.2017.19672

8. Ronnback M, Fagerudd J, Forsblom C, Pettersson-Fernholm K, Reunanen A,
Groop PH, et al. Altered age-related blood pressure pattern in type 1 diabetes.
Circulation. (2004) 110:1076-82. doi: 10.1161/01.CIR.0000139903.29522.8D

9. Pinto E. Blood pressure and ageing. Postgrad Med ]J. (2007) 83:109-14.
doi: 10.1136/pgm;.2006.048371

10. Kandil H, Soliman A, Alghamdi NS, Jennings JR, El-Baz A. Using Mean Arterial
Pressure in Hypertension Diagnosis versus Using Either Systolic or Diastolic Blood
Pressure Measurements. Biomedicines. (2023) 11:849. doi: 10.3390/biomedicines11030849

11. Zhou R, Li FR, Liu K, Huang RD, Liu HM, Yuan ZL, et al. Long-term visit-to-
visit blood pressure variability and risk of diabetes mellitus in chinese population: a
retrospective population-based study. Int J Public Health. (2023) 68:1605445.
doi: 10.3389/ijph.2023.1605445

12. Okada R, Yasuda Y, Tsushita K, Wakai K, Hamajima N, Matsuo S. Within-visit
blood pressure variability is associated with prediabetes and diabetes. Sci Rep. (2015)
5:7964. doi: 10.1038/srep07964

13. Guo C, Qin P, Li Q, Zhang D, Tian G, Liu D, et al. Association between mean
arterial pressure and risk of type 2 diabetes mellitus: The Rural Chinese Cohort Study.
Prim Care Diabetes. (2020) 14:448-54. doi: 10.1016/j.pcd.2020.01.007

14. Wu 'Y, Hu H, Cai ], Chen R, Zuo X, Cheng H, et al. Association of mean arterial
pressure with 5-year risk of incident diabetes in Chinese adults:a secondary population-
based cohort study. BMJ Open. (2022) 12:¢048194. doi: 10.1136/bmjopen-2020-048194

15. Wu YT, Song L, Liu XX, Gao JS, Zheng XM, Ruan CY, et al. Time-cumulated
blood pressure exposure and incident impairment of glucose tolerance and diabetes
mellitus. BMC Cardiovasc Disord. (2017) 17:106. doi: 10.1186/s12872-017-0537-y

16. El-Metwally A, Fatani F, Binhowaimel N, Al Khateeb BF, Al Kadri HM,
Alshahrani A, et al. Effect modification by age and gender in the correlation between
diabetes mellitus, hypertension, and obesity. ] Prim Care Community Health. (2023)
14:21501319231220234. doi: 10.1177/21501319231220234

17. Ferguson LD, Ntuk UE, Celis-Morales C, Mackay DF, Pell JP, Gill JMR, et al.
Men across a range of ethnicities have a higher prevalence of diabetes: findings from a
cross-sectional study of 500-000 UK biobank participants. Diabetes Med: ] Br Diabetes
Assoc. (2018) 35:270-6. doi: 10.1111/dme.2018.35.issue-2

18. Kautzky-Willer A, Harreiter ], Pacini G. Sex and Gender Differences in Risk,
Pathophysiology and Complications of Type 2 Diabetes Mellitus. Endocr Rev. (2016)
37:278-316. doi: 10.1210/er.2015-1137

19. Mills KT, Stefanescu A, He J. The global epidemiology of hypertension. Nat rev
Nephrol. (2020) 16:223-37. doi: 10.1038/s41581-019-0244-2

20. Cheng HT, Xu X, Lim PS, Hung KY. Worldwide epidemiology of diabetes-related
end-stage renal disease, 2000-2015. Diabetes Care. (2021) 44:89-97. doi: 10.2337/dc20-1913

21. Huebschmann AG, Huxley RR, Kohrt WM, Zeitler P, Regensteiner JG, Reusch
JEB. Sex differences in the burden of type 2 diabetes and cardiovascular risk across the
life course. Diabetologia. (2019) 62:1761-72. doi: 10.1007/s00125-019-4939-5

22. Isasi CR, Parrinello CM, Ayala GX, Delamater AM, Perreira KM, Daviglus ML,
et al. Sex Differences in Cardiometabolic Risk Factors among Hispanic/Latino Youth.
J Pediatr. (2016) 176:121-127.el. doi: 10.1016/j.jpeds.2016.05.037

Frontiers in Endocrinology

12

10.3389/fendo.2025.1580036

23. Chen Y, Zhang XP, Yuan J, Cai B, Wang XL, Wu XL, et al. Association of body
mass index and age with incident diabetes in Chinese adults: a population-based cohort
study. BMJ Open. (2018) 8:¢021768. doi: 10.1136/bmjopen-2018-021768

24. Grundy SM, Stone NJ, Bailey AL, Beam C, Birtcher KK, Blumenthal
RS, et al. 2018 AHA/ACC/AACVPR/AAPA/ABC/ACPM/ADA/AGS/APhA/ASPC/
NLA/PCNA guideline on the management of blood cholesterol: a report of the
american college of cardiology/american heart association task force on clinical
practice guidelines. Circulation. (2019) 139:e1082-143. doi: 10.1161/
CIR.0000000000000625

25. Al-Makki A, DiPette D, Whelton PK, Murad MH, Mustafa RA, Acharya S, et al.
Hypertension Pharmacological Treatment in Adults: A World Health Organization
Guideline Executive Summary. Hyperten (Dallas Tex: 1979). (2022) 79:293-301.
doi: 10.1161/HYPERTENSIONAHA.121.18192

26. van Buuren S, Groothuis-Oudshoorn K. Mice: multivariate imputation by
chained equations in R. J Stat Softw. (2011) 45:1-67. doi: 10.18637/jss.v045.i03

27. Harrell FE. Regression modeling strategies: with applications to linear models,
logistic and ordinal regression, and survival analysis. Cham: Springer International
Publishing (2015). Available online at: https://link.springer.com/10.1007/978-3-319-
19425-7 (Accessed June 6, 2025).

28. Yki-Jarvinen H. Non-alcoholic fatty liver disease as a cause and a consequence of
metabolic syndrome. Lancet Diabetes Endocrinol. (2014) 2:901-10. doi: 10.1016/52213-
8587(14)70032-4

29. European Association for the Study of the Liver (EASL), European Association
for the Study of Diabetes (EASD) and European Association for the Study of Obesity
(EASO). EASL-EASD-EASO clinical practice guidelines for the management of non-
alcoholic fatty liver disease. Diabetologia. (2016) 59:1121-40. doi: 10.1007/s00125-016-
3902-y

30. Moon JH, Choe HJ, Lim S. Pancreatic beta-cell mass and function and
therapeutic implications of using antidiabetic medications in type 2 diabetes. J
Diabetes Investig. (2024) 15:669-83. doi: 10.1111/jdi.14221

31. Muniyappa R. Vascular insulin resistance and free fatty acids: the micro-macro
circulation nexus. J Clin Endocrinol Metab. (2024) 109:e1671-2. doi: 10.1210/clinem/
dgae013

32. Usui I. Common metabolic features of hypertension and type 2 diabetes.
Hypertens Res. (2023) 46:1227-33. doi: 10.1038/s41440-023-01233-x

33. Aguayo-Mazzucato C, Andle ], Lee TB, Midha A, Talemal L, Chipashvili V, et al.
Acceleration of B cell aging determines diabetes and senolysis improves disease
outcomes. Cell Metab. (2019) 30:129-142.e4. doi: 10.1016/j.cmet.2019.05.006

34. Tramunt B, Smati S, Grandgeorge N, Lenfant F, Arnal JF, Montagner A, et al. Sex
differences in metabolic regulation and diabetes susceptibility. Diabetologia. (2020)
63:453-61. doi: 10.1007/s00125-019-05040-3

35. Kautzky-Willer A, Leutner M, Harreiter J. Sex differences in type 2 diabetes.
Diabetologia. (2023) 66:986-1002. doi: 10.1007/s00125-023-05891-x

36. Faerch K, Borch-Johnsen K, Vaag A, Jorgensen T, Witte DR. Sex differences in
glucose levels: a consequence of physiology or methodological convenience? The
Inter99 study. Diabetologia. (2010) 53:858-65. doi: 10.1007/s00125-010-1673-4

37. Yassin A, Haider A, Haider KS, Caliber M, Doros G, Saad F, et al. Testosterone
therapy in men with hypogonadism prevents progression from prediabetes to type 2
diabetes: eight-year data from a registry study. Diabetes Care. (2019) 42:1104-11.
doi: 10.2337/dc18-2388

38. Walli-Attaei M, Rosengren A, Rangarajan S, Breet Y, Abdul-Razak S, Sharief
WA, et al. Metabolic, behavioural, and psychosocial risk factors and cardiovascular
disease in women compared with men in 21 high-income, middle-income, and low-
income countries: an analysis of the PURE study. Lancet (Lond Engl). (2022) 400:811-
21. doi: 10.1016/S0140-6736(22)01441-6

39. Walli-Attaei M, Joseph P, Rosengren A, Chow CK, Rangarajan S, Lear SA, et al.
Variations between women and men in risk factors, treatments, cardiovascular disease
incidence, and death in 27 high-income, middle-income, and low-income countries
(PURE): a prospective cohort study. Lancet (Lond Engl). (2020) 396:97-109.
doi: 10.1016/S0140-6736(20)30543-2

40. Raparelli V, Morano S, Franconi F, Lenzi A, Basili S. Sex differences in type-2
diabetes: implications for cardiovascular risk management. Curr Pharm Des. (2017)
23:1471-6. doi: 10.2174/1381612823666170130153704

frontiersin.org


https://doi.org/10.1038/s41598-024-58554-1
https://doi.org/10.1016/j.cjca.2017.12.030
https://doi.org/10.2337/dc22-2376
https://doi.org/10.1186/s12933-021-01422-3
https://doi.org/10.1111/jdi.14316
https://doi.org/10.2337/dc08-1881
https://doi.org/10.1001/jama.2017.19672
https://doi.org/10.1161/01.CIR.0000139903.29522.8D
https://doi.org/10.1136/pgmj.2006.048371
https://doi.org/10.3390/biomedicines11030849
https://doi.org/10.3389/ijph.2023.1605445
https://doi.org/10.1038/srep07964
https://doi.org/10.1016/j.pcd.2020.01.007
https://doi.org/10.1136/bmjopen-2020-048194
https://doi.org/10.1186/s12872-017-0537-y
https://doi.org/10.1177/21501319231220234
https://doi.org/10.1111/dme.2018.35.issue-2
https://doi.org/10.1210/er.2015-1137
https://doi.org/10.1038/s41581-019-0244-2
https://doi.org/10.2337/dc20-1913
https://doi.org/10.1007/s00125-019-4939-5
https://doi.org/10.1016/j.jpeds.2016.05.037
https://doi.org/10.1136/bmjopen-2018-021768
https://doi.org/10.1161/CIR.0000000000000625
https://doi.org/10.1161/CIR.0000000000000625
https://doi.org/10.1161/HYPERTENSIONAHA.121.18192
https://doi.org/10.18637/jss.v045.i03
https://link.springer.com/10.1007/978-3-319-19425-7
https://link.springer.com/10.1007/978-3-319-19425-7
https://doi.org/10.1016/S2213-8587(14)70032-4
https://doi.org/10.1016/S2213-8587(14)70032-4
https://doi.org/10.1007/s00125-016-3902-y
https://doi.org/10.1007/s00125-016-3902-y
https://doi.org/10.1111/jdi.14221
https://doi.org/10.1210/clinem/dgae013
https://doi.org/10.1210/clinem/dgae013
https://doi.org/10.1038/s41440-023-01233-x
https://doi.org/10.1016/j.cmet.2019.05.006
https://doi.org/10.1007/s00125-019-05040-3
https://doi.org/10.1007/s00125-023-05891-x
https://doi.org/10.1007/s00125-010-1673-4
https://doi.org/10.2337/dc18-2388
https://doi.org/10.1016/S0140-6736(22)01441-6
https://doi.org/10.1016/S0140-6736(20)30543-2
https://doi.org/10.2174/1381612823666170130153704
https://doi.org/10.3389/fendo.2025.1580036
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Elevated mean arterial pressure and risk of impaired fasting glucose: a multicenter cohort study revealing age and sex interactions
	Background
	Method
	Study design and population
	Definition
	Covariates
	Statistical handling of missing data
	Statistical method
	Statistical software

	Result
	Baseline characteristics
	Association between the MAP and the IFG events
	Curve fitting and inflection point analysis
	Age and sex affect the association between MAP and IFG status

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


