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Abstract

Background The atherogenic index of plasma (AIP) is closely associated with the onset of diabetes, with obesity
being a significant risk factor for type 2 diabetes mellitus (T2DM). However, the association between the AIP and
T2DM in overweight and obese populations has been infrequently studied. Therefore, this study aimed to explore this
association in overweight and obese individuals with T2DM.

Methods This cross-sectional analysis utilized data from 40,633 participants with a body mass index (BMI) > 24 kg/
m? who were screened from January 2018 to December 2023 at Henan Provincial People’s Hospital. Participants
were categorized into groups of overweight and obese individuals with and without diabetes according to the
T2DM criteria. The AIP, our dependent variable, was calculated using the formula log10 [(TG mol/L)/HDL-C (mol/L)].
We investigated the association between the AIP and T2DM in overweight and obese individuals using multivariate
logistic regression, subgroup analysis, generalized additive models, smoothed curve fitting, and threshold effect
analysis. Additionally, mediation analysis evaluated the role of inflammatory cells in AlP-related T2DM.

Results Overweight and obese patients with T2DM exhibited higher AIP levels than those without diabetes. After
adjusting for confounders, our results indicated a significant association between the AIP and the risk of T2DM in
overweight and obese individuals (odds ratio (OR)=5.17, 95% confidence interval (Cl) 4.69-5.69). Notably, participants
with a high baseline AIP (Q4 group) had a significantly greater risk of T2DM than those in the Q1 group, with an OR of
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3.18 (95% Cl 2.94-3.45). Subgroup analysis revealed that the association between the AIP and T2DM decreased with
increasing age (interaction P<0.001). In overweight and obese populations, the association between AIP and T2DM
risk displayed a J-shaped nonlinear pattern, with AIP > —0.07 indicating a significant increase in T2DM risk. Various
inflammatory cells, including neutrophils, leukocytes, and monocytes, mediated 4.66%, 4.16%, and 1.93% of the

associations, respectively.

Conclusion In overweight and obese individuals, the AIP was independently associated with T2DM, exhibiting
a nonlinear association. Additionally, the association between the AIP and T2DM decreased with advancing age.
Multiple types of inflammatory cells mediate this association.

Keywords Atherogenic index of plasma, Obesity, Type 2 diabetes mellitus, Chinese

Introduction

Type 2 diabetes mellitus (T2DM) poses a significant
global public health challenge and is characterized by
a complex interaction of endocrine-metabolic factors
driven by chronic excessive energy intake [1]. Recent sta-
tistics indicate that a substantial number of 529 million
people worldwide were affected by T2DM in 2021, and
this number is projected to rise to approximately 1.31 bil-
lion by 2050 [2]. Notably, China has the largest population
of individuals with diabetes, with 140 million affected
individuals in 2021 [3]. Over the past two decades, the
global prevalence of T2DM has doubled, mainly due to
the obesity epidemic [4]. The effect of a high body mass
index (BMI) on disability or mortality among individuals
with T2DM increased by 24.3% worldwide between 1990
and 2021 [2]. However, diabetes is largely preventable,
and in some cases, it can be reversed if it is detected and
managed early in the disease course. Therefore, identify-
ing an easily accessible biomarker in clinical practice may
contribute to the primary prevention and early identifica-
tion of at-risk populations, as well as facilitate the devel-
opment of effective primary prevention strategies. This is
crucial in addressing the increasing prevalence of diabe-
tes in overweight and obese populations.

The atherogenic index of plasma (AIP) is a robust
marker for evaluating atherosclerosis and severe car-
diovascular events. It is calculated as the logarithm of
the ratio of triglycerides (TG) to high-density lipopro-
tein cholesterol (HDL-C) [5, 6]. In 2001, Dobidsova and
Frohlich proposed the AIP as an improved indicator of
blood lipids [7]. Due to its affordability and accessibil-
ity, the AIP has been utilized in the treatment of various
conditions, including hypertension [8], obesity [9], and
metabolic syndrome [10]. Studies have also discovered a
strong association between AIP and T2DM [11, 12], with
higher AIP levels indicating an increased risk of develop-
ing T2DM. Research on the correlation between AIP and
T2DM has extensively examined individuals with differ-
ent glycemic statuses, such as those with coronary heart
disease [13], nonalcoholic fatty liver disease [14], predia-
betes [5], and American adults diagnosed with T2DM in
the National Health and Nutrition Examination Survey

(NHANES) database [11]. Although obesity is a princi-
pal cause of insulin resistance among diabetic patients
and an independent risk factor for T2DM and its com-
plications, as well as all-cause mortality [15, 16], the
association between the AIP and T2DM, particularly in
individuals who are overweight and obese, has not been
sufficiently studied. Additionally, there is a lack of large-
scale demographic evidence from China.

Inflammation plays a crucial role in the pathogenesis
of T2DM, causing inflammation in pancreatic -cells and
exacerbating insulin resistance [17-19]. Atherogenic lip-
ids associated with obesity further contribute to a low-
grade inflammatory state through lipotoxic effects and
the release of cytokines [20]. Considering the significant
role of inflammation in the development of T2DM, this
study aims to investigate the association between AIP
and T2DM in overweight and obese individuals, as well
as evaluate its predictive ability for T2DM risk. Addition-
ally, the study seeks to explore the involvement of inflam-
matory cells in mediating the association between AIP
and T2DM.

Materials and methods

Individuals and the criteria for inclusion

The research data were collected from the medical
records of individuals who underwent health screenings
at the Health Management Center of Henan Provincial
People’s Hospital from January 2018 to December 2023.
The study received ethical approval from the Ethics Com-
mittee of Henan Provincial People’s Hospital (Approval
Code: 2021 Lunar Review No. 68), and informed consent
was waived for all participants. The dataset was registered
on clinicaltrials.gov (Registration Code: NCT03699228)
and is associated with the China Health Quantitative CT
Big Data Research Project Group.

Participants were selected based on specific criteria.
These criteria included: (1) age between 20 and 80 years,
(2) BMI of >24 kg/m?, (3) completed general and ques-
tionnaire information, and (4) completed fasting plasma
glucose (FPG) and glycosylated hemoglobin (HbAlc) lev-
els. The exclusion criteria were as follows: (1) a history
of cancer, psychiatric or cognitive disorders in women,
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mobility impairments, pregnancy, or breastfeeding,
(2) previous or current pancreas-related disorders, (3)
extreme values in test results, (4) previous or current
other metabolic disorders such as primary aldosteronism,
pheochromocytoma, liver injury, or abnormal thyroid
function, (5) unknown diabetic status, and (6) history of
antibiotic use in the last two weeks.

Initially, a total of 267,034 participants were included.
However, only 47,916 participants met the criteria for
further analysis, which included a BMI of >24 kg/m? and
complete glycated hemoglobin, fasting glucose, and med-
ical history data. These participants were then divided
into diabetic (13,996 patients) and nondiabetic (33,918
patients) groups based on T2DM diagnostic criteria
and screened for clinical data completeness. Ultimately,
40,633 participants (10,532 in the diabetic group and
30,101 in the nondiabetic group) were included in the
final analysis. The comprehensive data collected by a pro-
fessional researcher included age, sex, ethnicity, medical
history, and medication history. The participant screen-
ing process is illustrated in Fig. 1.

Definitions of the exposure and outcome variables
The exposure variable, AIP, was calculated as logl0[(TG
mol/L)/HDL-C (mol/L)] [5]. The outcome variable was
overweight and obese T2DM, which was defined accord-
ing to the American Diabetes Association’s diagnostic
criteria: self-reported diagnosis, use of insulin or oral
hypoglycemic medication, HbAlc>6.5%, or FPG=>7
mmol/L [21].

BMI was calculated as weight divided by height
squared (kg/m?) and categorized according to the Chi-
nese national standard into thresholds for overweight
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(24<BMI<27.9 kg/m?) and obesity (BMI>28 kg/m?)
[22].

Hypertension was defined as systolic blood pres-
sure>140 mmHg or diastolic blood pressure>90 mmHg,
self-reported hypertension, antihypertensive medication
use, or antihypertensive therapy [23]. Previous studies
have used cutoff points of 60 and 80 to divide total serum
protein into three groups. Elevated levels of alanine ami-
notransferase (ALT), aspartate transaminase (AST), and
glutamyl transpeptidase (GGT) were defined as values
exceeding 40 U/L, and these cutoff points were used to
categorize ALT, AST, and GGT into two groups. Alkaline
phosphatase (ALP) was divided into three groups using
cutoff points of 40 and 150 [24]. Total bilirubin, cre-
atinine (Cre), and uric acid (UA) were then divided into
three groups based on tertiles.

Laboratory measurements

Prior to conducting the surveys, all researchers under-
went standardized training to ensure the impartiality and
accuracy of the data. A standardized questionnaire was
utilized to collect the relevant data from participants,
including their medical history, such as previous or cur-
rent diabetes, various cancers, endocrine disorders, and
recent medication use within the past two weeks. Once
the questionnaire was completed, the researchers orga-
nized, summarized, and verified the data.

At 8 a.m,, following an overnight fast, venous blood
samples were obtained from the participants to measure
various biochemical markers, including total protein,
total bilirubin, ALT, AST, GGT, ALP, Cre, UA, total cho-
lesterol (TC), low-density lipoprotein cholesterol (LDL-
C), TG, HDL-C, FPG, and HbAlc. Blood glucose levels

| 267,034 participants were obtained from the physical examination department 2018-2023 |

47,916 participants aged between 20 and 80 years, BMI >= 24kg/m?, complete glycosylated
hemoglobin, fasting glucose, and medical history data

13,996 participants with diabetes with BMI >=24 kg/m? |

Excluded:

History of any form of cancer, female with psychiatric
or cognitive disorders, mobility impairments, pregnancy,
or breastfeeding: 1,583;

Previous or current pancreas-related disorders: 520;
Presence of extremes in the results of each test: 406;
Previous or current other metabolic disorders (e.g.,
primary aldosteronism, pheochromocytoma): 522;
Unknown diabetes status: 433

10,532 participants with diabetes |

Fig. 1 Flowchart of participants selection

| 33,918 non-diabetic participants with BMI >=24 kg/m?

Excluded:

History of any form of cancer, female with psychiatric
or cognitive disorders, mobility impairments, pregnancy,
or breastfeeding: 1,820,

Previous or current pancreas-related disorders: 421;
Presence of extremes in the results of each test: 242;
Previous or current other metabolic disorders (e.g.,
primary aldosteronism, pheochromocytoma): 659;
Unknown diabetes status: 675

| 30,101 participants with non-diabetes
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were measured using an Olympus® AU 5400 automated
biochemistry analyzer (Olympus Corporation, Japan,
Shizuoka Prefecture). Standard laboratory procedures
were followed for evaluating the remaining indicators. To
measure diastolic and systolic blood pressure (SBP and
DBP), the research staff employed an electronic sphyg-
momanometer (Omron Company, OMRON U30, Kyoto,
Japan). The right arm was positioned in a semiflexed pos-
ture at heart level during the measurement.

Potential covariates

Covariate data were collected as follows: (1) demographic
data, including sex, ethnicity, occupation, and age; (2)
physical examination parameters, including BMI, SBP,
and DBP; (3) medical conditions and hypertension; and
(4) laboratory indicators, including total protein, total
bilirubin, ALT, AST, GGT, ALP, Cre, and UA.

Statistical analysis

The statistical analysis was conducted using R, version
4.2.0 (R Foundation), in conjunction with Empower-
Stats (http://www.empowerstats.com, X&Y Solutions,
Inc., Boston, MA). A significance level of P<0.05 was
employed for all statistical tests.

For each dataset, a normality test was performed to
identify continuous variables. Normally distributed con-
tinuous variables are presented as the meanztstandard
deviation, whereas skewed continuous variables are
described as the median (upper and lower interquartile
range). Between-group differences were assessed using
t tests or rank sum tests. Categorical variables are pre-
sented as frequencies with accompanying percentages,
and comparisons were conducted using the chi-square
test or Fisher’s exact test.

Initially, the effect of each variable on the risk of T2DM
was assessed using univariate logistic regression models.
ORs and corresponding 95% confidence intervals (CIs)
were computed. To account for potential confounding
variables, a multivariate logistic regression analysis with
stepwise regression was performed. Variables with a vari-
ance inflation factor (VIF)>10 were excluded from the
analysis to investigate the association between the AIP
and the risk of T2DM in overweight and obese individu-
als. The crude model did not include any adjustments for
covariates. Model I was adjusted for age, sex, and ethnic-
ity, whereas Model II included adjustments for all covari-
ates, including age, sex, occupation, BMI, hypertension,
total protein, total bilirubin, ALT, AST, GGT, ALP, Cre,
and UA individually. Moreover, the AIP was catego-
rized into quartiles to form the basis of the final model,
ensuring the reliability of the results. The model assessed
the association between quartiles and the risk of diabe-
tes, using the lowest quartile as the reference category.
Subsequently, a generalized additive model based on
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smoothed curve fitting was used to visualize the dose-
response association between the AIP and the risk of
T2DM in overweight and obese patients. A two-stage
logistic regression model was constructed by analyz-
ing data on both sides of the inflection point to explore
potential nonlinear associations. The log-likelihood ratio
was employed to select the most appropriate model for
describing the association between the AIP and the risk
of T2DM in overweight and obese patients. Stratified
analyses and interaction tests were also performed based
on Model II to investigate other factors influencing the
association between the AIP and the development of
T2DM. Additionally, causal mediation analysis was con-
ducted to examine whether the association between ALP
and the risk of T2DM in overweight and obese individu-
als is mediated by inflammatory cells.

Results

Baseline details about the participants

There was a total of 40,633 participants in this study who
were either overweight or obese. Among them, 10,532
had diabetes, and 30,101 did not have diabetes. The
prevalence of diabetes in the study population was deter-
mined to be 25.92%. After adjusting for the age variable,
AIP values were significantly higher in overweight and
obese individuals with T2DM compared to those without
T2DM (Fig. 2). Table 1 provides an overview of the base-
line characteristics of the study population, categorized
by diabetes diagnosis. The overweight and obese group
with T2DM consisted primarily of males, staff members,
and individuals with hypertension. Additionally, partici-
pants with T2DM had higher values of various indicators,
including age, BMI, total protein, ALT, AST, GGT, ALP,
TC, TG, FPG, HbAlc, AIP, lymphocytes, monocytes,
eosinophils, basophils, neutrophils, and white blood cells
(WBC). Conversely, T2DM participants exhibited lower
levels of total bilirubin, Cre, UA, LDL-C, and HDL-C
compared to nondiabetic participants. These differences
were all statistically significant (P<0.05).

Associations between the AIP and overweight and obese
T2DM individuals according to the different models

Table 2 presents the results of the univariate logistic
regressions, which were employed to assess the signifi-
cance of the traditional risk factors and select covari-
ates for the subsequent multivariate regression analyses.
Among these factors, doctors (with unemployment as
the reference group), Hypertension (with non-hyper-
tension as the reference group), and AIP were found to
be the most significant variables for increased risk of
T2DM. Ethnicity was excluded as a covariate in the mul-
tivariate logistic regression analysis. This analysis fur-
ther confirmed the independent association between
the AIP score and T2DM status. As depicted in Table 3,
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Fig. 2 Age-adjusted AIP box plots for overweight and obese non-T2DM and T2DM groups. The box indicates the interquartile range (IQR) and the center
line indicates the median. Whiskers above and below the box indicate the data range and dots indicate outliers. T2DM type 2 diabetes mellitus, AIP ath-

erogenic index of plasma. P<0.001, as compared with non-T2DM group

both Model I (odds ratio (OR)=5.85, 95% CI 5.37-6.37,
P<0.001) and Model II (OR=5.17, 95% CI 4.69-5.69,
P<0.001) demonstrated a significant association between
continuous AIP and T2DM, even after adjusting for con-
founding factors. Specifically, for every 1-unit increase in
the AID, the risk of T2DM increased by 5.17 (P<0.001).
To facilitate the analysis, the continuous variables were
categorized using quartiles of the AIP. After adjusting for
multiple confounders, it was found that the risk of T2DM
was 3.18 times higher in the group with the highest AIP
compared to the group with the lowest AIP (P<0.001).

Moreover, the association between the AIP and T2DM
was examined through a smooth curve fitting, revealing
a nonlinear association (refer to Fig. 3). The results of the
threshold effect analysis can be seen in Table 4. When the
AIP was greater than or equal to —0.07, the risk of T2DM
increased by 5.71 times for each one-unit increase in the
AIP. Conversely, when the AIP was less than —0.07, the
risk of T2DM increased by 1.93 times for each one-unit
increase in the AIP (P<0.05).

AIP, atherogenic index of plasma. All covariates includ-
ing age, sex, occupation, BMI, hypertension, total pro-
tein, total bilirubin, ALT, AST, GGT, ALP, Cre, and UA
were adjusted in this model. OR, odds ratio; CI, confi-
dence interval.

Subgroup analysis

In addition to age, consistent findings were observed in
the subgroup analyses, as shown in Fig. 4. No significant
interactions were found when stratified by sex, ethnic

group, occupation, BMI, hypertension, total protein, total
bilirubin, ALT, AST, GGT, ALP, Cre, or UA (P for interac-
tion>0.05). However, a significant interaction was noted
for age (P for interaction<0.001). Subgroup analyses by
age revealed that overweight and obese individuals with
T2DM had a progressive increase in AIP, but the trend of
increasing risk of AIP-associated overweight and obese
T2DM slowed as age increased (Fig. 5). Specifically, the
risk of T2DM increased by a factor of 9.10 for each unit
increase in AIP in overweight and obese participants
younger than 40 years, which was 5.46-fold greater than
the risk of T2DM for individuals aged 60 years and older
(Fig. 4).

Inflammatory cells involved in the effects of AIP on
overweight and obese individuals with T2DM

The present study employed mediation analysis to inves-
tigate the role of inflammatory cells in mediating the
association between the AIP and overweight/obesity-
related T2DM. Table 5 demonstrates that lymphocytes,
monocytes, eosinophils, neutrophils, and WBC signifi-
cantly mediated the association between AIP and T2DM
in overweight and obese individuals, with the exception
of basophils (P=0.334). Notably, neutrophils, WBC,
and monocytes had the most substantial mediating
effects, with mediating ratios of 4.66%, 4.16%, and 1.93%,
respectively.
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Table 1 Baseline characteristics of overweight and obese participants by T2DM status

Variables Overall Non-T2DM T2DM Pvalue
N 40,633 30,101 10,532

Sex, n (%) <0.001
Female 11,050 (27.19) 7914 (26.29) 3136 (29.78)

Male 29,583 (72.81) 22,187 (73.71) 7396 (70.22)

Ethnic group, n (%) 0.935
Non-han 637 (1.57) 471 (1.56) 166 (1.58)

Han 39,996 (98.43) 29,630 (98.44) 10,366 (98.42)

Occupation, n (%) <0.001
Unemployment 13,745 (33.83) 11,193 (37.18) 2552 (24.23)

Doctors 817 (2.01) 290 (0.96) 527 (5.00)

Staff members 26,071 (64.16) 18,618 (61.85) 7453 (70.77)

Age, years 496111254 47.17+£11.90 56.60+11.64 <0.001
BMI, kg/m2 27.15£258 27.00£2.46 27.60£2.86 <0.001
Hypertension, n (%) <0.001
No 26,608 (65.48) 21,503 (71.44) 5105 (48.47)

Yes 14,025 (34.52) 8598 (28.56) 5427 (51.53)

Total protein, g/L 7197+4.25 71.90+£4.06 7217+4.75 <0.001
Total bilirubin, umol/L 12.25+559 12.34+552 11.99+5.79 <0.001
ALT, U/L 2340 (16.90, 34.50) 22.76 (16.80, 34.40) 23.40(17.00, 34.70) <0.001
AST, U/L 21.00(17.50, 26.10) 20.70 (17.70, 25.90) 21.02 (16.90, 26.70) <0.001
GGT, U/L 29.20 (20.30, 46.10) 2850 (19.70, 44.80) 31.30(22.00, 50.30) <0.001
ALP, U/L 7238+20.84 7046+19.12 77.87+24.31 <0.001
Cre, umol/L 69.52+20.12 7030+17.85 67.27+2536 <0.001
UA, pumol/L 361.14£92.06 369.48+91.28 337.32+£90.10 <0.001
TC, mmol/L 495+1.00 4.85+0.93 496+1.18 0.007
LDL-C, mmol/L 291+0.77 293+0.74 2.86+0.86 <0.001
TG, mmol/L 1.76 (1.26, 2.55) 169 (1.22,241) 2.00(1.40, 2.95) <0.001
HDL-C, mmol/L 1.21+0.26 1.23+0.26 1.16+0.25 <0.001
FPG, mmol/L 591+1.93 5.09+0.55 8.24+2.48 <0.001
HbATC, % 6.07+1.05 5.58+040 749+1.04 <0.001
AlP 0.17 (-0.01 to 0.36) 0.15(-0.03,0.34) 0.24 (0.06,0.44) <0.001
Lymphocytes (1000 cells/pL) 2.05+0.68 2.03+0.69 2.11+0.65 <0.001
Monocytes (1000 cells/pL) 042+0.14 041+0.14 044+0.15 <0.001
Eosinophils (1000 cells/uL) 0.12 (0.08,0.20) 0.12 (0.08,0.19) 0.13(0.08,0.20) <0.001
Basophils (1000 cells/uL) 0.40 (030, 0.60) 0.39(0.30, 0.60) 0.40 (0.20, 0.60) <0.001
Neutrophils (1000 cells/uL) 361+1.16 352+1.11 385+1.25 <0.001
WBC (1000 cells/pL) 6.26+1.60 6.15+£1.55 6.59+1.67 <0.001

Normally distributed continuous variables are presented as the mean * standard deviation, whereas skewed continuous variables are described as the median
(upper and lower interquartile range), categorical variables are presented as frequencies with accompanying percentages

BMI body mass index, ALT alanine aminotransferase, AST aspartate transaminase, GGT glutamyl transpeptidase, ALP Alkaline phosphatase, Cre Creatinine, UA Uric
acid, TC total cholesterol, LDL-C low-density lipoprotein cholesterol, 7G triglycerides, HDL-C high-density lipoprotein cholesterol, FPG fasting plasma glucose, HbATc
Glycosylated haemoglobin, AlP atherogenic index of plasma, WBC White blood cell

Discussion

In this investigation involving participants undergo-
ing health screenings, we detected a significant correla-
tion between elevated AIP levels and an increased risk of
T2DM in overweight and obese individuals, even after
accounting for confounding factors. Furthermore, we
observed a declining association between AIP and over-
weight/obese-related T2DM as age increased, with the
strongest association identified among adults under 40
years old. Notably, we discovered a J-shaped curve in the
association between AIP and overweight/obese-related

T2DM, with a turning point at — 0.07. The mediation
analysis revealed that inflammatory cells played a medi-
ating role in this association. These findings carry sub-
stantial implications for the prevention and management
of T2DM in overweight and obese individuals.

Previous studies have consistently demonstrated that
atherogenic dyslipidemia, characterized by elevated
TG levels and reduced HDL-C levels, is a prominent
feature in diabetes-prone environments or individuals
with diabetes [25]. A prospective study conducted on
the Kailuan cohort, comprising 52,225 Chinese adult
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Table 2 Univariate logistic analysis for predicting overweight and obese T2DM

Variables Statistics OR (95% Cl) Pvalue
Sex, n (%)

Female 11,050 (27.19) 1.0

Male 19,583 (72.81) 0.84 (0.80,0.88) <0.001
Ethnic group, n (%)

Non-han 637 (1.57) 1.0

Han 39,996 (98.43) 0.99 (0.83,1.19) 0.935
Occupation, n (%)

Unemployment 13,745 (33.83) 1.0

Doctors 817 (2.01) 7.97 (6.86,9.26) <0.001
Staff members 26,071 (64.16) 1.76 (1.67,1.85) <0.001
Age, years 49.61+£12.54 1.07 (1.07,1.07) <0.001
BMI, kg/m? 27.15+258 1.09 (1.08, 1.10) <0001
Hypertension, n (%)

No 26,608 (65.48) 1.0

Yes 14,025 (34.52) 266 (2.54,2. 78) <0.001
Total protein, g/L 71.97+4.25 01 (1.01, 1.02) <0.001
Total bilirubin, umol/L 12.25+5.59 0.99 (0.98, 099) <0.001
ALT, U/L 23.40 (16.90, 34.50) 1.00 (1.00, 1.00) <0.001
AST, U/L 21.00 (17.50, 26.10) 1.00 (1.00, 1.01) <0.001
GGT, U/L 29.20 (20.30, 46.10) 1.00 (1.00, 1.00) <0.001
ALP, U/L 72.38+20.84 1.02(1.02,1.02) <0.001
Cre, umol/L 69.52+20.12 0.99 (0.98, 0. 99) <0.001
UA, umol/L 361.14+£92.06 1.00 (1.00, 1.00) <0.001
TC, mmol/L 4.95+1.00 01 (1.00, 1.04) <0.001
LDL-C, mmol/L 291+0.77 0.88(0.85, 0. 90) <0.001
TG, mmol/L 1.76 (1.26, 2.55) 1.18(1.16,1.19) <0.001
HDL-C, mmol/L 1.21+0.26 0.37 (0.33, 0.40) <0.001
FBG, mmol/L 5914193 13.15(12.43,13.91) <0.001
HbA1c, % 6.07+1.05 982.16 (799.58, 1206.44) <0.001
AlP 0.17 (-0.01,0.36) 3.26(3.02,3.51) <0.001

Normally distributed continuous variables are presented as the mean + standard deviation, whereas skewed continuous variables are described as the median
(upper and lower interquartile range), categorical variables are presented as frequencies with accompanying percentages

BMI body mass index, ALT alanine aminotransferase, AST aspartate transaminase, GGT glutamyl transpeptidase, ALP Alkaline phosphatase, Cre Creatinine, UA Uric
acid, TC total cholesterol, LDL-C low-density lipoprotein cholesterol, TG triglycerides, HDL-C high-density lipoprotein cholesterol, FBG fasting blood glucose, HbATc
Glycosylated hemoglobin. AP atherogenic index of plasma. OR odds ratio, C/ confidence interval

Table 3 Relationship between AIP and overweight and obese T2DM in different models

Crude model Model | Model Il

OR (95% Cl) P value OR (95% Cl) P value OR (95% Cl) P value
AIP index 3.26(3.02,3.51) <0.001 5.85(5.37,6.37) <0.001 5.17 (4.69, 5.69) <0.001
Q1 Reference Reference Reference
Q2 1.33(1.25,1.43) <0.001 140(1.30,1.51) <0.001 1.33(1.23,1.44) <0.001
Q3 63 (1.53,1.74) <0.001 1.97(1.83,2.12) <0.001 1.88(1.74,2 03) <0.001
Q4 2.34(2.19,2.49) <0.001 3.53(3.28,3.79) <0.001 3.18(2.94, 3.45) <0.001
P for trend 2(1.29,1.35) <0.001 1.52(1.48,1.55) <0.001 147 (1.44,1.51) <0.001

Crude model: No adjustment for model variables
Model | was adjusted for age, sex, and occupation

Model Il was adjusted for all covariates, including age, sex, occupation, BMI, hypertension, total protein, total bilirubin, ALT, AST, GGT, ALP, Cre, and UA

AlP atherogenic index of plasma, OR odds ratio, C/ confidence interval

participants, elucidated a significant, independent asso-
ciation between cumulative AIP and the risk of T2DM
after adjusting for confounding factors. This association
remained consistent across various subgroups based on

age, sex, medication use, and blood pressure, highlight-
ing the potential of AIP as a tool for identifying individu-
als at risk for T2DM [26]. Similarly, a secondary analysis
of the China Health and Retirement Longitudinal Study
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Fig. 3 Generalized additive model with fitting smoothness for the dose—
response association between AIP and overweight and obese T2DM risk.
The red solid line represents the probability of T2DM occurrence, and the
blue dotted line represents the 95% Cl curve. T2DM Type 2 Diabetes Mel-
litus, AIP Atherogenic Index of Plasma. All covariates, including age, sex,
occupation, BMI, hypertension, total protein, total bilirubin, ALT, AST, GGT,
ALP, Cre, and UA, were adjusted in this model

evaluated the predictive value of changes in AIP between
baseline and follow-up assessments for the development
of T2DM. The results indicated that sustained high AIP
levels, transitions from high to low AIP levels, and transi-
tions from low to high AIP levels were all associated with
the occurrence of T2DM in middle-aged and elderly Chi-
nese individuals [27]. Collectively, these comprehensive
findings suggest that AIP holds promise as a useful indi-
cator for identifying individuals with T2DM.

This study specifically focused on overweight and obese
individuals with the aim of investigating the association
between the AIP and T2DM. The study also took into
consideration the impact of obesity on the incidence of
diabetes. The results indicate that overweight and obesity
in individuals with T2DM are independently associated
with the AIP and demonstrate a non-linear correlation.
Notably, a significant increase in the association between
overweight, obesity, and diabetes was observed when the
AIP > -0.07, with an OR of 5.71. Previous research has
shown that mean AIP values in the general population
range from —0.24 to 0.55 [7], with AIP values below 0.11
considered low risk [28].

Furthermore, a recent cross-sectional study based
on the NHANES database, comprising 9245 American
adults, revealed a J-shaped association between AIP

Table 4 The result of the two-piecewise logistic regression model

Page 8 of 13

and T2DM after adjusting for confounding factors. Spe-
cifically, an increase in the AIP value beyond —0.47 was
significantly correlated with an increased risk of T2DM,
with an OR of 5.39 [11]. Another analysis, using data
from the Action to Control Cardiovascular Risk in Diabe-
tes study that included 10,251 participants, demonstrated
a cutoff value of 0.34 for the AIP associated with T2DM,
which aligns with the findings of the present study [29].
Consistent with previous research, individuals with dys-
lipidemia have consistently shown a higher risk of devel-
oping T2DM [30]. TGs are the most abundant lipids in
human adipose tissue, and elevated TG levels can lead
to biotoxicity, further contributing to the development
and progression of insulin resistance [31]. On the other
hand, HDL-C, which contains various lipids and pro-
teins, plays a crucial role in regulating metabolic diseases
through its antioxidant and anti-inflammatory functions
[32]. The AIP, which combines TG and HDL-C levels, not
only reflects the ratio of TG to HDL-C but also the size
of lipoprotein particles. Consequently, the AIP provides a
more comprehensive indication of the pathogenicity and
specificity of lipid abnormalities when compared to high
TG or low HDL-C levels alone [33]. Additionally, it is
widely recognized that weight gain plays a pivotal role in
the incidence of diabetes. A prospective study involving
a Chinese multicenter population conducted by Zhang
et al. discovered that overweight and obesity are signifi-
cant risk factors for impaired glucose tolerance [34]. In
the onset of T2DM, pancreatic -cells struggle to cope
with the increased insulin demand caused by insulin
resistance. Overweight and obesity often lead to nutrient
overload, resulting in the release of reactive oxygen spe-
cies and subsequent oxidative stress [35]. This, in turn,
further contributes to an increased influx of endoplasmic
reticulum stress, exacerbating the toxic effects of lipids
on [B-cells [36]. Therefore, the AIP may serve as a more
predictive indicator for the risk of developing T2DM in
overweight and obese individuals.

Furthermore, the findings of this study revealed that
the association between the AIP and T2DM remains con-
sistent across various subgroup analyses, independent of
age. However, when the subgroup analyses were catego-
rized by age, it was observed that the association between
overweight and obese individuals with T2DM and the
AIP increased progressively with age, whereas the asso-
ciation between the AIP and overweight and obese indi-
viduals with T2DM decreased with age. Additionally,
the smooth curve fitting analysis demonstrated different

Linear regression Break point <K >K LLR test
OR (95% Cl) P value (K) OR (95% Cl) P value OR (95% Cl) P value P
AIP 5.17 (4.69, 5.69) <0.001 1.93(1.17,3.18)0.010 1.93(1.17,3.18) 0.010 5.71(5.12,6.37) <0.001 <0.001
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Subgroup No. OR (95%CT) Interaction P-value
Sex o 0.944
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Fig. 4 The association between AIP of overweight and obese T2DM according to different subgroups. Adjusted for all covariates except for this subgroup
of variables. BMI body mass index, ALT alanine aminotransferase, AST aspartate transaminase, GGT glutamy! transpeptidase, ALP Alkaline phosphatase,

Cre Creatinine, UA Uric acid, OR odds ratio, C/ confidence interval

curve shapes for the AIP and T2DM risk at different age
groups.

Age is widely recognized as a significant risk factor
for diabetes, with previous research indicating that the
prevalence of diabetes in China rises with increasing age
[37]. Older individuals and those who are obese are at a
higher risk of developing T2DM [38]. In comparison to
older participants, younger individuals may have dietary
preferences that promote inflammation [39], experience
higher stress levels, and exhibit depressive symptoms
[40], all of which can heighten the risk of T2DM. Exist-
ing evidence suggests that impaired glycemic control in
young individuals is associated with both biological and
psychological factors, including poor dietary choices,
sedentary behavior, adverse life events, chronic stress,

and increased levels of depression [41]. Furthermore,
younger participants may demonstrate a lesser level of
concern regarding lipid abnormalities. It is worth not-
ing that lipid-lowering therapy decreases the AIP [42],
and younger individuals with lipid abnormalities are less
likely to receive lipid-lowering therapy [43]. This dis-
crepancy may result in lipid imbalance and potentially
amplify the association between the AIP and T2DM. On
the other hand, older individuals have a higher probabil-
ity of receiving lipid-lowering therapy, which could sub-
sequently weaken the potential association between the
AIP and T2DM risk [44].

In line with our findings, a cohort study conducted by
Li among 7670 individuals from the general population
in Taiwan Province demonstrated that the risk associated



Sun et al. Cardiovascular Diabetology (2024) 23:226

1.0 4 Age (year)
o <40 A
>= 40, <50 Yo

s 0.8 A >=50,< 60 1}-;’;+ B
a + >=60 o°
A
& 0.6
°©
Q
=
- 0.4
S
h=
202+
F

0.0

T T T T
-0.5 0.0 0.5 1.0 1.5 2.0

AIP value

Fig. 5 The association between AIP of overweight and obese T2DM ac-
cording to different age groups. T2DM type 2 diabetes mellitus. AIP, ath-
erogenic index of plasma. All covariates including sex, occupation, BMI,
hypertension, total protein, total bilirubin, ALT, AST, GGT, ALP, Cre, and UA
were adjusted in this model

with the AIP for T2DM was lower in participants aged
40-64 years compared to those younger than 20 years
[10]. Moreover, a recent real-world prospective cohort
study involving 42,925 general participants indicated that
the risk of T2DM associated with the AIP and cumulative
inflammation is highly dependent on age, with the high-
est risk observed in adults younger than 40 years and a
significant decrease in risk as age advances [45]. In con-
trast, another study involving adult participants from the
NHANES suggested that the association between the
AIP and T2DM does not vary by age [46]. This discrep-
ancy could potentially be attributed to differences in the
population samples selected for the respective studies.
Several cellular processes have been identified in the
pathogenesis of T2DM. Research has demonstrated that
inflammation plays a crucial role in the development of
T2DM [47, 48]. Individuals with obesity-related diabetes
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are known to exhibit a state of inflammation [49]. Our
research has revealed an increase in various inflamma-
tory cells in T2DM patients, with neutrophils, leukocytes,
and monocytes exhibiting the most significant mediating
effects on inflammation associated with T2DM. Studies
have highlighted the importance of neutrophils as one of
the key peripheral cells in diabetes [50]. These cells pri-
marily produce an excess of superoxide, cytokines, and
tumor necrosis factors that promote the inflammatory
state in diabetes [51]. Animal studies have demonstrated
that blocking neutrophil activity in the early stages can
limit the progression of diabetes in mice [52]. Addition-
ally, Chatterjee and colleagues reported that a high leu-
kocyte count leads to dysregulated blood glucose levels,
reducing the likelihood of restoring normal glucose lev-
els [53]. Recent studies have indicated that an increased
leukocyte count is associated with the onset of T2DM,
and a BMI greater than 25 kg/m? may mediate this asso-
ciation [54]. Gu et al. reported that the leukocyte count
could serve as an indicator of whether obesity increases
the risk of developing diabetes [55]. Importantly, the role
of monocytes is considered a significant characteristic of
diabetes [56]. Monocytes contribute to the development
of T2DM and cardiovascular diseases by mediating the
effects of resistin [57]. These findings support the conclu-
sion of this study, which demonstrates that inflammatory
cells participate in the development of diabetes induced
by lipid abnormalities through multiple mechanisms.

Limitations and strengths

The strengths of this study include the utilization of
Chinese national standards for classifying obesity and
the incorporation of a large sample size, which pro-
vided robust statistical support for the adjusted logistic
regression analysis. Furthermore, this study addresses a
research gap by examining the correlation between the
AIP and T2DM risk in individuals with a BMI>24 kg/m?.
Subgroup analyses and interaction tests were conducted
to explore the associations between AIP and T2DM in
overweight and obese patients, yielding valuable insights

Table 5 The mediating effects of inflammatory factors on the association between AIP and risk of T2DM

Inflammatory Indirect effects Direct effects Total effects Mediated P value
factors OR (95% Cl) OR (95% Cl) OR (95% Cl) ::;;portion
0,

Lymphocytes 0.09e-02 (0.05e-02,0.15e-02)°  9.00e-02 (8.43e-02, 9.53e-02)" 9.09e-02 (8.54e-02, 9.63e-02)" 103 <0001"
Monocytes 0.18e-02 (0.13e-02,0.23e-02)°  8.90e-02 (8.35e-02, 9.46e-02)" 9.10e-02 (8.54e-02, 9.63e-02)" 193 <0.001"
Eosinophils 0.02e-02 (0.01e-02,0.03e-02)°  9.08e-02 (8.52e-02, 9.42e-02)" 9.09e-02 (8.53e-02, 9.63e-02)" 0.19 0.002"
Basophils 0.01e-02 (-0.01e-02,0.03e-02)"  9.07e-02 (8.52e-02, 9.62e-02)" 9.07e-02 (8.52e-02, 9.62e-02)" 0.10 0.334
Neutrophils 0.38e-02 (0.32e-02, 044e-02)°  8.73e-02 (8.12e-02, 9.26e-02)" 9.11e-02 (8.55e-02, 9.64e-02)" 416 <0.001"
WBC 042e-02 (0.36e-02,0.50e-02)°  8.69e-02 (8.13e-02, 9.22e-02)" 9.11e-02 (8.55e-02, 9.64e-02)" 466 <0.001"
*P<0.05

All covariates including age, sex, occupation, BMI, hypertension, total protein, total bilirubin, ALT, AST, GGT, ALP, Cre, and UA were adjusted in this model

Cl confidence interval, WBC white blood cell
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for diabetes prevention and screening in different popula-
tion subgroups. However, it is important to acknowledge
the limitations of this study. First, due to its cross-sec-
tional design, establishing a causal association between
AIP and T2DM in overweight and obese patients was not
feasible. Second, even though efforts were made to collect
comprehensive data on confounding variables, there may
still be unadjusted variables that could introduce residual
confounders, such as smoking, alcohol consumption,
and lipid-lowering therapy program. Additionally, due to
limitations of the health screening program, additional
inflammatory factors (e.g., (hs)CRP) were not collected
in this study for mediated effect assessment. Finally, this
single-center study focused on a specific health screening
population, limiting the generalizability of the findings to
other groups. These limitations emphasize the necessity
for further research to comprehend the factors influenc-
ing diabetes.

Conclusion

Current research suggests that there is an independent
association between AIP and an increased risk of T2DM.
The risk of developing T2DM significantly rises when
the AIP is greater than —0.07 and this association weak-
ens progressively with age. The AIP has been validated
as a reliable marker for identifying individuals at risk for
T2DM, especially those under the age of 40. Further-
more, inflammatory cells have been identified as poten-
tial mediators of the association between AIP and T2DM
among overweight and obese individuals. Additional
prospective studies are needed to confirm our findings
beyond the population undergoing health screenings.
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