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Abstract

Background The atherogenic index of plasma (AIP) and systematic inflammation, as measured by high-sensitivity
C-reactive protein (hsCRP), are predictors of diabetes, but their combined impacts on incident diabetes are poorly
understood. Using a nationally representative cohort in China, we aimed to investigate the association of AIP and
hsCRP with incident diabetes among middle-aged and elderly adults.

Methods This cohort comprised 9,112 participants aged at least 45 years from 125 cities in the China Health and
Retirement Longitudinal Study who were free of diabetes at baseline in 2011. Of these, 5,048 participants were
followed up until 2015. The AIP was calculated as Log10[TG (mg/dL)/HDL-C(mg/dL)]. Multivariate logistic regression
and linear mixed-effect (LME) models were performed to evaluate the associations of AIP, hsCRP, and incident
diabetes as well as glycemic biomarkers. Receiver operating characteristic (ROC) curves were used to evaluate their
diagnostic values. We conducted a mediation analysis to assess the direct and indirect associations between AIP and
hsCRP with diabetes.

Results 489 (9.7%) cases developed diabetes during four years. Higher levels of AIP and hsCRP were independently
associated with diabetes. Compared to the lowest quartile of AIP or hsCRP, the highest quartile of AIP (adjusted odds
ratio, aOR 2.53, 95% Cl: 1.90-3.38) and hsCRP (aOR 2.38, 1.79-3.16) was significantly associated with incident diabetes.
The joint effects showed that participants with higher levels of AIP and hsCRP had significantly higher aOR of 2.76
(2.13-3.57). The LME models showed AIP and hsCRP were related to an increased level of fasting blood glucose and
glycated hemoglobin. The combination of AIP and hsCRP has better predictive efficacy (area under the curve, AUC:
0.628, 0.601-0.654) for incident diabetes than alone. Mediation analyses showed that high AIP significantly mediated
25.4% of the association between hsCRP and diabetes, and hsCRP simultaneously mediated 5.7% of the association
between AIP and diabetes.
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Conclusions This cohort suggests combined effects and mutual mediation between the AIP and hsCRP on incident
diabetes in China. Our findings provide clinical implications for monitoring and managing AIP and hsCRP levels to

mitigate the development of diabetes.
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Background
Diabetes mellitus (DM), an established risk factor for
cardiovascular disease (CVD), is one of the most seri-
ous chronic diseases in the world [1]. According to the
International Diabetes Federation (IDF), the number of
diabetic patients has reached 537 million in 2021 [2, 3],
resulting in US$966 billion in health expenditures glob-
ally [4]. With rapid aging, the prevalence of diabetes has
kept rising, especially in low- and middle-income coun-
tries including China [5]. Therefore, identifying the risk
factors is crucial for preventing and implementing tai-
lored interventions to reduce the burden of diabetes.
Existing studies have suggested that individuals with
insulin resistance (IR) such as diabetes and metabolic
syndrome, usually have dyslipidemia [6]. In diabetic
patients, lipid metabolism abnormalities primarily mani-
fest as atherosclerotic dyslipidemia, characterized by
increased triglyceride (TG) and low-density lipoprotein
(LDL), and decreased high-density lipoprotein (HDL)
levels [7-10]. Some clinical studies showed that small
dense LDL (sdLDL) had the highly atherogenic poten-
tial compared to other lipoprotein cholesterols [11, 12].
These factors may contribute to IR and impaired insulin
secretion [13]. In recent years, the atherogenic index of
plasma (AIP)-a logarithmic transition of the ratio of TG
to HDL-C, is a new, cost-effective lipid indicator that

reflects atherogenic dyslipidemia with a higher sensitiv-
ity and specificity than traditional lipid biomarkers (i.e.,
TG and LDL) [10, 11]. The AIP was negatively related to
the fractional esterification rate of HDL-C (FERy,) and
inversely proportional to the particle size of LDL. Evi-
dence has suggested that AIP could be an effective sub-
stitute for sdLDL particle size [14, 15], which is related
to the risk of CVD [16], prediabetes [17], and all-cause
mortality [18]. A retrospective cohort among prediabetic
patients in China showed that the AIP positively related
to the progression of diabetes [19]. However, there is an
absence of nationally population-representative studies
exploring the association between AIP with incident dia-
betes among Chinese adults.

Moreover, systematic inflammation is often observed
in diabetes incidence [20]. Growing evidence has indi-
cated the use of high-sensitivity C-reactive protein
(hsCRP) as a clinical measure of inflammation [21].
Existing studies have reported the association between
hsCRP with the risk of diabetes [22—-25], while the find-
ings are not always consistent [25-27]. A meta-analysis
of prospective studies showed that hsCRP was associated
with a higher risk of diabetes [28]. Notably, atherogenic
lipid changes and inflammation have been recognized
as biologically entangled progress [29]. Atherosclerosis,
driven by lipid-induced immune-inflammatory progress,
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increases the risk of diabetes [30]. Inflammation signifi-
cantly induces atherosclerosis formation and progression,
elevating the risk of dyslipidemia [31]. Existing studies
have highlighted the need for combined assessment and
management of chronic inflammation and atherogenic
dyslipidemia in the primary prevention of CVD [32, 33].
However, research on their joint effects and exploration
of incident diabetes among middle-aged and elderly pop-
ulations remains scarce. This might hinder a more com-
prehensive understanding of how changes in AIP and
hsCRP impact diabetes progression. In addition, no study
has examined the mutual mediation relationship between
AIP and hsCRP with incident diabetes. Understanding
the mediation pathway could provide clinical insights
into the mechanisms underlying diabetes development
and conduct targeting intervention.

To fill this knowledge gap, we used a national cohort
study to examine the independent and joint effects of the
AIP and hsCRP with the onset of diabetes among mid-
dle-aged and elderly adults in China. Meanwhile, we per-
formed a mediation analysis to underline the mediating
effect linking the AIP and hsCRP levels to the develop-
ment of diabetes.

Methods

Study design and population

This study leveraged the data from the China Health and
Retirement Longitudinal Study (CHARLS), a nationally
representative cohort of middle-aged and elderly adults
in China. Detailed design and sampling methods have
been reported elsewhere [34]. Briefly, the baseline survey
of CHARLS was conducted among 17,708 respondents
recruited from 28 provinces, and 450 counties/villages
in 2011, with follow-up waves every 2 to 3 years. During
each study wave, the socio-demographics, health and dis-
ease conditions and lifestyle behaviors were collected by
trained staff.

In the current study, participants who underwent the
first wave were included at baseline in 2011 and followed
up until 2015. Those aged less than 45 years, with diabe-
tes at baseline, individuals who used lipid-lowering medi-
cations, and those who have missing data on AIP, hsCRP,
or related covariates were excluded. A total of 9,112 par-
ticipants without diabetes were screened at baseline, of
whom 5,048 completed the follow-up until 2015 were
included in the analyses (Figure S1). The CHARLS was
performed in accordance with the principles of the Dec-
laration of Helsinki and has received ethical approval
from the Ethics Review Committee of Peking University
(Nu: IRB00001052-11015). All participants provided
written informed consent before inclusion in the study.
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Measurement of AIP and HsCRP

In the current study, venous blood samples of partici-
pants were collected at baseline and the end of follow-up
in 2015 separately by medical staff from the Centre for
Disease Control and Prevention (CDC) using the stan-
dard protocol and subsequently tested at the central
laboratory [34]. The AIP was calculated as log [TG (mg/
dL)/HDL(mg/dL)]. The fasting blood glucose (FBG), and
lipid profiles including total cholesterol (TC), TG, HDL,
and LDL were tested by standard methods, with a coef-
ficient of variation ranging from 0.7 to 1.5% within assay
and from 1.2 to 1.8% between assay separately (Table S1).
The glycated hemoglobin (HbAlc) was measured using
the Boronate affinity high-pressure liquid chromatogra-
phy method. The concentration of hsCRP was tested by
an immunoturbidimetric assay on a Hitachi 7180 chemis-
try analyzer (Hitachi, Tokyo, Japan).

Assessment of diabetes

The outcome of this study was incident diabetes. The
diagnosis of diabetes was meeting any of the following
items: self-reported doctor-diagnosed diabetes, and/or
FBG >7.0 mmol/L, and/or random plasma glucose>11.1
mmol/L, and/or HbAlc>6.5% according to the recom-
mendations of the American Diabetes Association [35,
36].

Covariates

A set of possible covariates including demographics, life-
style behaviors, and chronic conditions were included in
the current study. The demographic information included
sex, age, height, weight, educational level, marital status
(married or unmarried), and place of residence (urban
or rural areas). Body mass index (BMI) is computed as
weight (kg) divided height (m) in squares. Following the
Working Group on Obesity in China (WGOC) guideline,
overweight or obesity were defined by BMI>24 kg/m?
and >28 kg/m? separately [37]. Moreover, lifestyle behav-
iors including cigarette smoke status (never, current, or
former) and alcohol drinking (yes or no, specifying if they
had ever consumed alcohol) [38] were recorded. In addi-
tion, we collected information about chronic diseases
including hypertension, dyslipidemia, heart disease,
and stroke. Hypertension was defined as systolic blood
pressure (SBP)>140 mmHg or diastolic blood pressure
(DBP)>90 mmHg or self-reported diagnosis history of
hypertension [39]. In line with previous studies [40, 41],
dyslipidemia was defined as a TC/HDL ratio > 5.0 or self-
reported doctor-diagnosed dyslipidemia in the CHARLS.
Heart disease and stroke were assessed by using the stan-
dardized questions of “Have you been diagnosed with
heart attack, coronary heart disease, angina, conges-
tive heart failure, or other heart problems by a doctor?”
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or “Have you been diagnosed with stroke by a doctor?’,
respectively [42].

Statistical analyses

Continuous variables were described by mean + standard
deviation (SD) or median (interquartile range, IQR), and
categorical variables were expressed as N (%), respectively.
The baseline characteristics of the participants were illus-
trated by joint assessment of AIP (median value [0.35] as
a cutoff point) and hsCRP levels (median value [1.4 mg/]]
as a cutoff point) and compared among four groups:
(group 1: AIP<0.35 & hsCRP<1.4 mg/L[reference],
group 2: AIP<0.35 & hsCRP>1.4 mg/L, group 3:
AIP>0.35 & hsCRP < 1.4 mg/L, and group 4: AIP>0.35 &
hsCRP > 1.4 mg/L) using the Chi-square tests for categor-
ical variables and One-way ANOVA or Kruskal-Wallis H
test for continuous variables, respectively.

To determine the independent and joint effects of AIP
and hsCRP on incident diabetes, multivariate logistic
regression was conducted to calculate the odds ratio (OR)
and 95% confidence interval (CI). In the current analysis,
hsCRP was naturally logarithmic-transformed, and then
each standard deviation (SD) increase in AIP (0.27) and
In- hsCRP (1.01 mg/l) were modeled as a continuous
variable. Furthermore, we conducted quartile analyses
to examine the trend of AIP and hsCRP with incident
diabetes. Three models were developed as below: model
1: crude model; model 2 adjusted for age, sex, BMI,
educational level, and marital status; and model 3 fur-
ther adjusted for residence, smoking, alcohol drinking,
hypertension, and LDL based on model 2. The additive
and multiplicative effects of AIP and hsCRP on diabe-
tes were assessed. Relative excess risk due to interaction
(RERI), attributable proportion (AP), and synergy index
(SI) with 95%CI were computed to evaluate the additive
interaction using the approximate variance estimators
shown in previous research [43]. Moreover, both the AIP
and hsCRP as well as their product were included in the
model to evaluate the multiplicative effects on diabetes.
Restricted cubic spline (RCS) regression with three knots
was used to assess the exposure-response relationship
between AIP and hsCRP exposure with incident diabetes.
The predictive efficacy of AIP, hsCRP, and their combi-
nation for diabetes entailed the computation of the area
under the curve (AUC) via the receiver operating char-
acteristic (ROC) curve. Similarly, the predictive values of
AIP with individual lipid biomarkers of TG and HDL for
diabetes were also assessed. In addition, we conducted a
sensitivity analysis using the suggested clinical cutoffs of
hsCRP (<1, 1 to 3, =2 3 mg/L) for CVD risk [44] to exam-
ine the joint association of AIP and hsCRP with incident
diabetes.

To identify the potential modifications of the associa-
tion, subgroup analyses were performed according to the
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following variables: sex (male or female), age (=60 years
or <60 years), overweight/obesity (Yes or no, defined by
BMI > 24.0 kg/m?), smoking status (current, never, or for-
mer), and alcohol drinking (yes or no), respectively. The
modifications were tested by using the likelihood ratio
test.

We performed mediation analyses to assess the direct
and indirect associations between the AIP and incident
diabetes through hsCRP, using the “Mediation” package
in R software. The overall effects were decomposed into
two sections: the average direct effect (ADE), and the
average causal mediation effect (ACME). The mediation
proportion was computed as ACME/(ACME + ADE), and
its significance was evaluated using a bootstrap method
involving 10,000 iterations [45]. Meanwhile, the mediat-
ing effect of hsCPR on incident diabetes through the AIP
was similarly evaluated.

Linear mixed-effect (LME) models were conducted
to explore the independent and joint effects of AIP and
hsCRP on changes in FBG and HbAlc (2011, 2015) over
a follow-up period separately, considering individual
variability as a random effect. Moreover, we performed
a sensitivity analysis by analyzing the association of AIP
and hsCRP with diabetes by excluding those with heart
disease and stroke at baseline (n=569). Considering
that the AIP was constructed from the traditional indi-
vidual biomarkers, including causal-related TG, we also
explored the mutual mediating roles of TG and hsCRP
with diabetes.

All statistical analyses were performed using R software
(version 4.2.3). P values<0.05 (two-sided) were consid-
ered statistically significant.

Results

A total of 5,048 participants were finally included in this
study. The average age was 58.9 (SD: 8.8) years, including
2,732 (51.6%) females. Table 1 shows the characteristics
of the participants according to the joint groups of AIP
and hsCRP. Overall, individuals with high AIP and hsCRP
levels were more likely to be older, females, unmarried
or widowed, live in urban areas, and be former smokers
compared with those with lower AIP and hsCRP levels.
Moreover, we observed a statistical significance for all
health biomarkers among different groups (Table 1).

The ROC curve analysis of the AIP, hsCRP, and their
combination for diabetes prediction is shown in Fig. 1.
The combination of them had a better predictive efficacy
(AUC: 0.628, 95%CI: 0.601-0.654) for incident diabetes
than AIP or hsCRP alone. In addition, compared with TG
or HDL, the AUC of the AIP was larger (0.604, 95% CI:
0.578-0.631) in predicting diabetes risk (Figure S2).

During a max follow-up of four years, 489 participants
(9.7%) developed diabetes. Table 2 shows the indepen-
dent effect of AIP and hsCRP on the incident risk of
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Table 1 Characteristics of the participants according to the joint groups by AIP and hsCRP levels

Characteristics Total Group 1 Group 2 Group 3 Group 4 P-value
(n=5048) (n=1549) (n=973) (n=899) (n=1627)

Age (years) 589+838 589+87 603+9.3 57.7+85 59.7+838 <0.001

Sex

Men 2316 (45.9) 758 (48.9) 483 (49.6) 368 (40.9) 707 (43.5) <0.001

Women 2732 (54.1) 791 (51.1) 490 (50.4) 531(59.1) 920 (56.5)

BMI (kg/m?) 23.56+£3.92 2338+4.12 23.67+3.89 23.70+£3.83 23.60£3.80 0.163

Marital status

Married 4481 (88.8) 1389 (89.7) 843 (86.6) 805 (89.5) 1444 (88.8) <0.001

Unmarried or widow 567 (11.2) 160 (10.3) 130(13.4) 94 (10.5) 183 (11.2)

Educational level

< primary school 3586 (71.0) 1092 (70.5) 737 (75.7) 625 (69.5) 1132 (69.6) 0.007

Middle school 1005 (19.9) 307 (19.8) 176 (18.1) 182 (20.2) 340 (20.9)

> High school 457 (9.1) 150 (9.7) 60 (6.2) 92(10.2) 155 (9.5)

Place of residence

Urban 1647 (32.6) 435(28.1) 278 (28.6) 294 (32.7) 640 (39.3) <0.001

Rural 3401 (67.4) 1114 (71.9) 695 (71.4) 605 (67.3) 987 (60.7)

Smoke status

Current 1547 (30.6) 485(31.3) 326 (33.5) 250 (27.8) 486 (29.9) <0.001

Previous 412(8.2) 123(7.9) 81(83) 67 (7.5) 141 (8.7)

Never 3089 (61.2) 941 (60.7) 566 (58.2) 582 (64.7) 1000 (61.5)

Alcohol use

Have 1962 (38.9) 646 (41.7) 417 (42.9) 306 (34.0) 593 (364) <0.001

Have not 3086 (61.1) 903 (58.3) 556 (57.1) 593 (66.0) 1034 (63.6)

Hypertension (%) 1948 (38.6) 463 (29.9) 379 (39.0) 326 (36.3) 780 (47.9) <0.001

Dyslipidemia (%) 418 (8.3) 75 (4.8) 66 (6.8) 81(9.0) 196 (12.0) <0.001

Heart disease (%) 569 (11.3) 147 (9.5) 104 (10.7) 92(10.2) 226 (13.9) <0.001

Stroke (%) 95(1.9) 24(1.5) 18(1.8) 16 (1.8) 37(23) 0.505

SBP (mmHg) 1294+213 1263+20.6 1295+21.2 128.1+£20.6 1328+218 <0.001

DBP (mmHg) 755+123 736+11.9 748+12.2 752120 780124 <0.001

FBG (mmol/l) 544+1.22 522+1.06 531+1.12 539+1.12 578+1.39 <0.001

HbATc (%) 5.82+0.56 5.73+043 5.79+046 5.76+0.53 5.94+0.70 <0.001

TC (mg/dl) 1844+355 180.1+31.8 181.9+36.8 183.0+334 191.3+£38.0 <0.001

TG (mg/dl) 1385+85.2 826+22.1 86.0+21.2 15721475 213.0+£100.9 <0.001

HDL (mg/dl) 519+11.9 586+11.8 565+12.1 47177 454+84 <0.001

LDL (mg/dl) 102.9+£285 101.1£26.0 104.2+30.2 102.7+27.2 104.0+30.6 0.014

AlP 0.37£0.27 0.15£0.11 0.18+0.13 051+0.13 0.64+0.20 <0.001

hsCRP (mg/1) 1.40 (0.80, 2.60) 0.70 (0.40, 0.90) 240 (1.70,4.00) 0.90 (0.60, 1.10) 2.60 (1.90, 4.40) <0.001

Group 1: AIP <median (0.35) & hsCRP<median (1.4 mg/l); Group 2: AIP < median & hsCRP= median; Group 3: AIP > median & hsCRP< median; Group 4: AIP > median&

hsCRP=median

diabetes. After controlling for confounders, a significant
association of each SD level increment in AIP and In-
hsCRP with diabetes was observed. Compared with the
lowest quartile, the highest quartile of AIP and hsCRP
were significantly related to incident diabetes, with aOR
and 95% CI of 2.53 (95% CI: 1.90-3.38) for AIP and 2.38
(95% CI: 1.79-3.16) for hsCRP separately, and the trend
test showed a statistical significance (P<0.001). In addi-
tion, the RCS curve showed that AIP was linearly asso-
ciated with incident diabetes (P nonlinear=0.709). We
observed a nonlinear relationship for hsCRP (P non-
linear <0.001), with distinct inflection points evident
(1.38 mg/l) (Figure S3). Table 3 shows the joint effects

of AIP and hsCRP exposure on incident diabetes. Com-
pared with group 1, the estimate of incident diabetes was
highest in group 4 (aOR, 2.76, 95% CI: 2.13-3.57). The
interaction analyses showed a significant additive effect
of the AIP and hsCRP on diabetes (RERI: 0.93, 95% CI:
0.32-1.53, AP: 0.34, 95% CI: 0.13-0.55, SI:2.12, 95% CL
1.02-4.38) while no multiplicative effects (Table S2-S3).
Sensitivity analyses by reclassifying hsCRP levels into
three subgroups, the estimates of diabetes were highest
(aOR 3.64, 2.64—5.02) in the joint group of AIP>0.35 &
hsCRP =3 mg/l, when compared to the individuals with
AIP <0.35 & hsCRP <1 mg/I (Fig. 2).
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Table 2 The independent association of AIP, HsCRP and incident risk of diabetes among the participants
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Incident DM Model 1 Model 2 Model 3

OR (95% Cl) P-value OR (95% ClI) P-value OR (95% ClI) P-value
AIP (continuous) # 140 (1.28-1.54) <0.001 144 (1.31-1.57) <0.001 144 (1.30-1.58) <0.001
Q1 1.00 (ref) 1.00 (ref) — 1.00 (ref)
Q2 1.26 (0.92-1.72) 0.147 1.28 (0.94-1.75) 0.123 1.21 (0.89-1.67) 0.228
Q3 1.92 (1.43-2.56) <0.001 1.96 (1.46-2.63) <0.001 1.80 (1.34-2.42) <0.001
Q4 2.57 (1.94-3.40) <0.001 2.69 (2.03-3.58) <0.001 2.53(1.90-3.38) <0.001
P for trend — <0.001 — <0.001 — <0.001
hsCRP (continuous) * 144 (1.31-1.57) <0.001 41 (1.29-1.55) <0.001 1.38 (1.25-1.51) <0.001
Q1 1.00 (ref) — 1.00 (ref) — 1.00 (ref) —
Q2 1.17 (0.85-1.61) 0.342 1.15(0.83-1.59) 0401 1.09 (0.79-1.51) 0.592
Q3 1.87 (1.40-2.51) <0.001 1.84 (1.37-2.46) <0.001 1.69 (1.26-2.27) <0.001
Q4 2.69(2.03-3.56) <0.001 2.59(1.95-343) <0.001 2.38(1.79-3.16) <0.001
P for trend — <0.001 — <0.001 — <0.001

# the estimate was calculated for each SD increase in AIP and In-hsCRP levels separately

Model 1: crude model

Model 2 adjusted for age, sex, BMI, educational level, and marital status

Model 3 further adjusted for place of residence, smoking status, alcohol use, hypertension, and LDL based on model 2

The mediated results showed that AIP mediated 25.4%
of the association between hsCRP and incident diabetes,
while hsCRP mediated 5.67% of the association between
AIP and incident diabetes. Figure 3 shows the mutual
mediating roles of AIP and hsCRP played in such associa-
tions with diabetes.

Table S4 presents the subgroup results of the joint
associations of AIP and hsCRP with incident diabetes by
sex, age, BMI, smoking status, and alcohol consumption,
respectively. However, no significant modifications (P
interaction >0.05) were found for these variables.
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Table 3 The joint association of AIP with HsCRP and incident risk of diabetes among the participants

Incident Case/N Model 1 Model 2 Model 3

DM OR (95% CI) P-value OR (95% Cl) P-value OR (95% Cl) P-value
Group 1 88 /1549 1.0 (ref) — 1.0 (ref) — 1.0 (ref) —
Group 2 83/973 1.55(1.14-2.11) 0.006 148 (1.09-2.03) 0.013 143 (1.04-1.95) 0.027
Group 3 71/899 142 (1.03-1.97) 0.033 145 (1.05-2.01) 0.025 142 (1.01-1.95) 0.042
Group 4 247/1627 297(231-3.83) <0.001 296 (2.30-3.82) <0.001 276 (2.13-3.57) <0.001

Model 1: crude model
Model 2 adjusted for age, sex, BMI, educational level, and marital status

Model 3 further adjusted for place of residence, smoking status, alcohol use, hypertension, and LDL based on model 2

Incident diabetes

' aOR (95% CT)
]

AIP <0.35 & hsCRP < 1mg/l - ® Ref 1.00
'
]
)
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Fig. 2 Sensitivity analyses of the joint association of AIP, hsCRP exposure and incident diabetes. Note: Model adjusted for age, sex, BMI, educational level,
marital status, place of residence, smoking status, alcohol use, hypertension, and LDL
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Fig. 3 Mediate analysis of the association between AIP and hsCRP with incident diabetes. Note: model adjusted for age, sex, BMI, educational level,
marital status, place of residence, smoking status, alcohol use, hypertension, and LDL
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In the sensitivity analysis by using FBG and HbAlc
as outcomes, the LME model showed that higher quar-
tile levels of the AIP and hsCRP were positively related
to FBG and HbAlc (ref: lowest quartile) (Table S5). The
adjusted B and 95% Clg in the highest quartile of AIP
group were 0.312 (0.257 to 0.367) for FBG and 0.073
(0.046 to 0.099) for HbAlc, respectively. Moreover, the
highest quartile levels of hsCRP were positively associ-
ated with FBG (B: 0.219, 0.165 to 0.273) and HbAlc (f:
0.071, 0.044 to 0.097) (ref: lowest quartile). The joint
effects showed that the estimates for FBG and HbAlc
were 0.253 (0.205 to 0.302) and 0.078 (0.054 to 0.102) in
group 4, respectively (Table S5). After excluding partici-
pants with heart disease and stroke at baseline, we found
very similar results of the association (Table S6). In the
sensitivity analyses, we found significant mutual media-
tion effects of TG, hsCRP, and diabetes (Figure S4).

Discussion

In this nationwide cohort study, individual high AIP,
hsCRP levels, and combined of them were associated
with an increased risk of diabetes among the middle-aged
and older Chinese population. Our findings indicated a
significant additive interaction between AIP and hsCRP
related to diabetes onset. We observed a better predictive
efficacy of their combination for incident diabetes than
AIP or hsCRP alone. Importantly, the current research
was the first to contribute to revealing a mutual media-
tion relationship between the AIP and hsCRP in terms
of incident diabetes. Sensitivity analysis showed robust
associations between AIP and hsCRP exposure with ele-
vated levels of FBG and HbAlc.

Dual changes in dyslipidemia and inflammation have
been demonstrated to predate the development of dia-
betes, and both are intertwined biological processes [29,
46]. According to previous studies [47-49], AIP has been
constructed as a novel marker of plasma atherosclerosis
and exhibits a profound relationship with the atheroscle-
rotic burden and cardiovascular risk. In recent years, a
growing number of studies have assessed the relationship
between individual AIP or hsCRP levels with diabetes [6,
27, 50-52]. However, most of them used cross-sectional
design [6, 50], with a small sample size [51, 52], or con-
ducted in western settings [22, 25, 53], and the findings
are still controversial [25-27]. In the current cohort, we
are the first to demonstrate a mutual mediation rela-
tionship between AIP and hsCRP with diabetes among
middle-aged and elderly adults in China. Moreover, we
evaluated the traditional individual biomarkers of TG in
the sensitivity analyses, and a significant mutual media-
tion effect was observed. Consistent with previous stud-
ies [54, 55], we found a higher predictive value of AIP
in the progress of diabetes than TG and HDL alone.
The AIP is proposed as a predictor for IR, relating to
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hyperglycemia, diabetes, and CVD risk [47, 56]. In the
current study, the combined effects of AIP and hsCRP
showed a higher estimate of diabetes risk than alone, in
line with previous research [32]. In addition, we added
to find a non-linear relationship between hsCRP with
diabetes. This suggested that moderate inflammation
levels might play a pivotal role in the early stages of dia-
betes development. Despite this, future investigations are
needed to confirm our findings.

In terms of the mutual association, our findings indi-
cated a significant mediating effect of the AIP on inci-
dent diabetes partially via hsCRP, and vice versa. The
exact mechanisms remain unclear. It is suggested that
atherogenesis and chronic inflammation may interact
through oxidative stress and endothelial dysfunction to
jointly promote the development of diabetes [29]. Evi-
dence has indicated that inflammation largely mediates
lipid metabolism, influencing the constitution of lipid
profiles and exacerbating IR [57, 58]. In turn, atherogenic
dyslipidemia complex, mostly from obesity, could elevate
a low-grade inflammatory condition via the lipotoxic
effects [46]. As an indicator of abdominal obesity, the
increase of visceral adipose tissue (VAT) is related to IR
and diabetes [59]. Moreover, dysfunction in VAT leads to
increased release of free fatty acids (FFA) [60, 61], induc-
ing the production of reactive oxygen species (ROS) and
activating stress-sensitive factors such as nuclear factor-
kappaB (NF-kappaB) [62, 63]. This triggers inflammatory
cascades and exacerbates IR [64, 65]. The vicious cycle
between FFA and ROS further impairs insulin signaling
and damages pancreatic 3-cell function through lipotox-
icity [66, 67]. AIP is constructed from TG and HDL, it is
noted that reduced HDL levels are related to low insulin
sensitivity and secretion, which in turn impairs B-cell
function and leads to IR [68]. Moreover, elevated AIP lev-
els are closely related to endothelial dysfunction, charac-
terized by reduced nitric oxide (NO) bioavailability and
increased vascular inflammation, which could impair
glucose metabolism [69]. In addition, hsCRP can exac-
erbate these effects by suppressing endothelial NO syn-
thase (eNOS) expression [70], promoting lipid particle
leakage, and the uptake of oxidized LDL (ox-LDL) [71].
This in turn aggravates endothelial damage and systemic
inflammation [63]. Through these potential mechanisms,
dyslipidemia and inflammation amplify each other, driv-
ing the onset and development of diabetes.

Our study has some notable strengths. First, this was
one of the few studies to explore the independent and
joint effects of the AIP and hsCRP with incident diabetes
among middle-aged and elderly Chinese adults. The find-
ings showed a significant additive interaction between
AIP and hsCRP on diabetes, and a better predictive effi-
cacy of the combination of them for incident diabetes,
highlighting the incorporating of AIP and inflammatory
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burden into diabetes risk management and helping pro-
vide strategies for disease prevention. Moreover, a non-
linear association with an inflection point of 1.38 mg/l
was detected between hsCRP with diabetes, providing
important implications for clinical practice to reduce dia-
betes risk. Second, our study was the first to reveal the
mutual mediation roles of the AIP, hsCRP in the relation-
ship with incident diabetes. These findings contributed to
a better understanding of dyslipidemia and inflammation
mechanisms underlying the development of diabetes.
Third, a set of sensitivity analyses were conducted to con-
firm the robustness of these associations.

Several limitations should also be acknowledged. First,
the observational design limits causal inference about the
AIP, hsCRP, and incident diabetes. However, both AIP
and hsCRP have been validated widely as predictors of
diabetes [72, 73]. Second, this study was conducted only
among the Chinese middle-aged and elderly population,
which might limit its applicability to other populations.
Third, we only assessed the AIP and hsCRP at baseline,
the longitudinal changes in them during the follow-up
period need to be explored in future studies. Considering
that there is a lack of a clear threshold for AIP and hsCRP
levels, potential misclassification could exist. The dose-
response relationship analysis showed an inflection point
(1.38 mg/l) for hsCRP, close to the median level of hsCRP
in our study. Moreover, the sensitivity analysis by reclas-
sifying hsCRP using suggested clinical cutoffs (<1, 1 to 3,
> 3 mg/L) for CVD risk further confirmed the robustness
of the results. Fourth, the definition of diabetes in our
study did not include oral glucose tolerance testing due
to an absence of data, which might underestimate dia-
betes incidence. Fifth, the unavailability of precise dates
regarding diabetes onset in the CHARLS limited our abil-
ity to control for the duration preceding the incidence of
diabetes in the regression. Finally, the residual and unob-
served confounding factors such as genes and diets could
not be considered in this study owing to unavailable data.

Conclusions

In summary, using a prospective, national cohort in
China, we found a better predictive value of the com-
bination of AIP and hsCRP for incident diabetes than
alone. The AIP significantly mediated the association of
chronic inflammation with incident diabetes, and vice
versa. The findings highlight that decreasing AIP and
keeping hsCRP below 1.38 mg/l may be promising for
the prevention and treatment of diabetes. Our cohort
provides important implications that incorporating AIP
and inflammatory burden into clinical and therapeutic
practice may refine diabetes risk assessment and evalu-
ate potentiating dual-target benefits that warrant further
attention.
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