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Temporal relationship between atherogenic ==

dyslipidemia and inflammation and their joint
cumulative effect on type 2 diabetes onset:
a longitudinal cohort study

Yulong Lan'?", Guanzhi Chen®', Dan Wu?*', Xiong Ding®, Zegui Huang', Xianxuan Wang', Lois Balmer?,
Xingang Li%, Manshu Song?®, Wei Wang?®”", Shouling Wu®" and Youren Chen'

Abstract

Background Concurrent atherogenic dyslipidemia and elevated inflammation are commonly observed in overt
hyperglycemia and have long been proposed to contribute to diabetogenesis. However, the temporal relationship
between them and the effect of their cumulative co-exposure on future incident type 2 diabetes (T2D) remains
unclear.

Methods Longitudinal analysis of data on 52,224 participants from a real-world, prospective cohort study (Kailuan
Study) was performed to address the temporal relationship between high-sensitivity C-reactive protein (hsCRP) and
the atherogenic index of plasma (AIP, calculated as triglyceride/high-density lipoprotein) in an approximately 4-year
exposure period (2006/2007 to 2010/2011). After excluding 8824 participants with known diabetes, 43,360 nondia-
betic participants were included for further analysis of the T2D outcome. Cox regression models were used to exam-
ine the adjusted hazard ratios (aHRs) upon the cumulative hsCRP (CumCRP) and AIP (CumAIP) in the exposure period.

Results In temporal analysis, the adjusted standardized correlation coefficient (31) of hsCRP_2006/2007 and
AIP_2010/2011 was 0.0740 (95% Cl, 0.0659 to 0.0820; P < 0.001), whereas the standardized correlation coefficient (32)
of AIP_2006/2007 and hsCRP_2010/2011 was —0.0293 (95% Cl, — 0.0385 to — 0.0201; P < 0.001), which was signifi-
cantly less than 1 (P < 0.001). During a median follow-up of 7.9 years, 5,118 T2D cases occurred. Isolated exposure
to CumAIP or CumCRP was dose-dependently associated with T2D risks, independent of traditional risk factors.
Significant interactions were observed between the median CumAIP (—0.0701) and CumCRP thresholds (1, 3 mg/L)
(P =0.0308). Compared to CumAIP < —0.0701 and CumCRP < 1 mg/L, those in the same CumAIP stratum but with
increasing CumCRP levels had an approximately 1.5-fold higher T2D risk; those in higher CumAIP stratum had signifi-
cantly higher aHRs (95% Cls): 1.64 (1.45-1.86), 1.87 (1.68-2.09), and 2.04 (1.81-2.30), respectively, in the CumCRP < 1,
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1 < CumCRP < 3, CumCRP > 3 mg/L strata. Additionally, the T2D risks in the co-exposure were more prominent in
nonhypertensive, nondyslipidemic, nonprediabetic, or female participants.

Conclusions These findings suggest a stronger association between elevated hsCRP and future AIP changes than
vice versa and highlight the urgent need for combined assessment and management of chronic inflammation and
atherogenic dyslipidemia in primary prevention, particularly for those with subclinical risks of T2D.

Keywords Inflammation, Dyslipidemia, Type 2 diabetes, Temporal relationship Longitudinal study

Background

The increased prevalence of type 2 diabetes (T2D) is a
burgeoning health threat worldwide [1]. T2D enhances
the risk of cardiovascular disease (CVD) [2], kidney
dysfunction [3], and chronic disease mortality [4].
Moreover, even with early active multifactorial inter-
ventions among diabetic groups, only limited improve-
ments were reported, as the incidence of the first CVD
events and mortality were not significantly improved
[5]. Indeed, shifting the clinical priority from progres-
sive and expensive diabetes management to early pro-
active strategies for T2D prevention and remission has
been substantially emphasized [6].

Atherogenic dyslipidemia, including changes in lipid
panels routinely determined in clinical practice and
multiple modified lipoproteins [7], is a common hall-
mark in the diabetic or diabetes-prone milieu, charac-
terized by high triglyceride (TG) and low high-density
lipoprotein cholesterol (HDL-C) levels [8]. In addi-
tion, systemic inflammation is often observed in T2D
concurrent with metabolic dyslipidemia [9]. It is well
known that inflammation plays a key role in diabe-
togenesis, inducing islet beta-cell inflammation [10,
11], impairing beta-cell functions [11], and enhancing
insulin resistance (IR) [12, 13]. Notably, both athero-
genic lipid changes and low-grade inflammation have
been identified as biologically entangled processes [14].
The atherogenic dyslipidemia complex, mostly derived
from obesity, enhances a low-grade inflammatory cir-
cumstance by the lipotoxic effect and persistent leakage
of cytokines [15]. In turn, inflammation greatly medi-
ates lipid metabolism, modifying the constitution and
fraction of lipid profiles and deteriorating IR [16, 17].
A genetic study indicated a polygenic overlap between
C-reactive protein and plasma lipids (e.g., TGs, HDL)
and signaled a need for a combination of variants
involved in inflammation or lipid metabolism in the risk
assessment of cardiometabolic diseases [18]. The pre-
ponderance of evidence suggests an urgency for aiding
in translation of the biologically intertwined relation-
ship into epidemiological practice, thereby informing
the primary prevention strategies against T2D among
the general population. Furthermore, despite the
long-standing observation of concomitant changes in

atherogenic dyslipidemia and elevated inflammation,
limited studies have examined the temporal relation-
ship between them.

To fill this knowledge gap, we therefore conducted a
longitudinal study based on the data from a prospective
cohort (the Kailuan Study) to examine the risk of inci-
dent T2D, with a cumulative atherogenic index of plasma
(AIP, calculated by TG/HDL) and high-sensitivity CRP
(hsCRP) within an approximately 4-year period predating
the follow-up as the exposure. Together, we conducted
a path analysis to address the temporal relationship
between hsCRP and AIP changes in the exposure period.

Methods

Study participants

Initiating in 2006, the Kailuan Study (trial registration
number: ChiCTR-TNC-11001489) was an ongoing, pro-
spective, cohort study conducted in Tangshan, China.
The following health surveys were issued every 2 years,
with a total of seven surveys through to December 31,
2020. Details of the study design have been provided
previously [19, 20]. Each participant provided written
informed consent before enrollment. The current suba-
nalysis of the Kailuan Study was approved by the Kailuan
General Hospital Ethics Committee, China (2006—05)
and the Human Research Ethics Committee of Edith
Cowan University (2021-03159-BALMER).

Fig. 1 displays the flowchart of participant enrollment
in this current study. Among 101,510 participants who
attended the first survey in 2006/2007, we excluded a
total of 49,285 participants, including those who did not
attend the following two health surveys (n = 43,583);
those who had incomplete information on sex, age, or
abnormal lipid profiles and high-sensitivity C-reactive
protein (hsCRP) data (n = 3031); and those who missed
any of the follow-up visits (n = 2671), leaving 52,225 par-
ticipants in the path analysis. We further excluded those
with preexisting diabetes before the commencement of
follow-up (2010/2011) (n = 8865) for the survival analy-
sis. Finally, a total of 43,360 participants were included in
the prospective analysis of the T2D outcome. The num-
ber of participants and participations in the four follow-
up visits and participants who attended each follow-up
visit are reported in Additional file 1: Table S1.
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of T2DM outcome

43,360 included in the prospective analysis

Fig. 1 Flowchart of the study participants

Ascertainment of outcome

The primary outcome of this study was the incidence
of T2D (International Classification of Diseases—10
[ICD-10]: E11). T2D was diagnosed as either fasting
blood glucose (FBG) > 7.0 mmol/L, a self-reported
history of T2D diagnosis, or self-reported medication
uses of oral antihyperglycemic agents [21]. The date
of T2D onset was defined as the first of the available
follow-up examinations at which a participant met the
diagnostic criteria. Participants contributed their fol-
low-up time until the occurrence of T2D or death or
the last available follow-up visit.

Exposure assessment

A brief summary of the study design and proce-
dures of this cohort is provided in Fig. 2. The cumu-
lative exposure was attained in a median 3.95
[interquartile range (IQR): 3.73-4.29] years of period
predating the follow-up. Chronic inflammation was
measured by cumulative hsCRP (CumCRP), calculated as
(hsCRP_2006/2007 + hsCRP_2008/2009)/2 x (visit 1 —
2) + (hsCRP_2008/2009 + hsCRP_2010/2011)/2 x (visit
2 — 3), where hsCRP_2006/2007, hsCRP_2008/2009,
and hsCRP_2009/2010 were the hsCRP levels meas-
ured at 2006/2007, 2008/2009, and 2010/2011 physical
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Fig. 2 Strategies and design of the current study. The health examinations in the Kailuan Study were provided around every 2 years, except for
the current last visit, with a time span of approximately 3 years owing to the influence of the COVID-19 pandemic. For the current study, the path
analysis addressing the temporal relationship between AIP and hsCRP was based on data measured in 2006/2007 and 2010/2011. For the survival
analysis of T2DM outcome, the cumulative exposure period was from 2006/2007 to 2010/2011. At the end of Visit_2010/2011, the nondiabetic
participants were followed up biannually through December 31, 2020. Baseline characteristics were based on the information in Visit_2010/2011

examinations, respectively, and visit 1 — 2 and visit 2 — 3
indicated the time intervals between the two health sur-
veys. Cumulative AIP (CumAIP) and other lipid charac-
teristics were calculated using the same algorithm. As
no clear threshold for cumulative hsCRP currently exists
and the high intraindividual variability over time sup-
ports repeat measurements for ensuring a stable assess-
ment, we used the suggested clinical cutoffs (< 1,1 to 3, >
3 mg/L) for transient hsCRP in the Asian population [22,
23] as the CumCRP thresholds. The comparison of Cum-
CRP and CumAIP to the mean value of each transient
measure in the exposure period is displayed in Additional
file 1: Table S2.

Covariates

As described previously [20], the data on sociodemo-
graphic characteristics, anthropometric measurements,
biochemistry parameters for evaluating systemic health
(lipid profiles, hsCRP, creatine, FBG), and lifestyle factors
(alcohol consumption, smoking) as well as past medical
and medication history (diabetes, CVD, hypertension,
fatty liver, and current treatments including antihyper-
tensives, antidiabetic, and lipid-lowering agents) were
collected via standardized questionnaires. Anthropo-
metric measurements of height, weight, and blood pres-
sure were conducted by trained physicians following a
standard protocol. Blood pressure was categorized as
normal blood pressure, grade I hypertension, grade II
hypertension, and grade III hypertension [24]. Fatty liver
was routinely assessed by abdominal ultrasonography by
experienced radiologists using a high-resolution B-mode
topographical ultrasound system with a 3.5-MHz probe
(ACUSON X300, Siemens, Germany). The severity of
fatty liver was categorized as mild, moderate, or severe.

The estimated glomerular filtration rate (eGFR) was cal-
culated from creatinine levels following the Chronic Kid-
ney Disease Epidemiology Collaboration formula [25].
Body mass index (BMI) was calculated as weight (kg)
divided by height squared (m?). Current smokers were
defined as smoking at least one cigarette/day on average
in a recent year. Drinking status was defined according to
average alcohol consumption in the past year.

Statistical analysis

Multiple imputation by chained equation techniques was
performed for missing values in potential covariables
(> 98% complete). We examined the temporal relation-
ship between hsCRP and AIP in the exposure period
(median period of 3.95 years) with a typical cross-lagged
panel design, as demonstrated in Additional file 1: Fig.
S1. This design measured the path coefficient (f1) of
hsCRP_2006/2007 on AIP_2010/2011 and the path coef-
ficient (B2) of AIP_2006/2007 on hsCRP_2010/2011
simultaneously, adjusting for the auto-regressive effects.
A significant path coefficient (B1 or 2) suggests direc-
tionality, and a significant difference between P1 and
B2 provides stronger evidence for the directional path
between the two variables measured over time. Statisti-
cal differences in B1 and 2 were examined using a ¢ test.
In this analysis, hsCRP was log-transformed, and then
both log (hsCRP) and AIP were standardized to means
as 0 and standard deviation (SD) as 1. The multivariable-
adjusted models were as follows: model 1 was adjusted
for age, sex, lipid-lowering drugs, antihypertensive drug
use, smoking habits, alcohol consumption, BMI, FBG,
systolic blood pressure (SBP), eGFR, and LDL-C meas-
ured in 2006/2007, and model 2 was further adjusted for
the time interval between examinations (years).
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For baseline descriptions of the nondiabetic partici-
pants in the prospective analysis of T2D risks, the mean
and SD, median and IQR, or frequency and percentage
(%) were used, as appropriate. Differences in the base-
line characteristics across the six CumAIP-by-CumCRP
strata were compared by ANOVA (for continuous nor-
mally distributed variables), Kruskal-Wallis test (for
continuous skew-distributed variables) and y* test (for
categorical variables). Because of skewed distribution,
CumCRP, hsCRP, HDL-C, and TG were log-transformed
as continuous variables, and eGFR was divided into 4
categories according to clinical cut-points: > 90, 60~90,
30~60, and < 30, in the model analyses.

Incidence rates of T2D were calculated as per 1000
person-years. The association between CumAIP and
T2D incidence, with or without stratifying by Cum-
CRP thresholds, was examined utilizing multivariable
Cox proportional hazards regression models. The asso-
ciation between CumCRP alone and incident T2D was
investigated using weighted Cox proportional hazards
models because of the violation of the proportional
hazards’ assumption. Hazard ratios (HRs) with 95%
confidence intervals (CIs) were calculated. P values for
trend and risks per SD increment of CumAIP or log
(CumCRP) were calculated. The multiplicative inter-
action (INTm) between CumAIP and CumCRP was
tested with the likelihood ratio test. The joint effect of
CumAIP and CumCRP on the risk of developing T2D
was further investigated using multivariable-adjusted
models: model 1 was adjusted for age, sex, education,
smoking, alcohol consumption, physical activities, fam-
ily history of diabetes, and BMI; model 2 was further
adjusted for FBG, eGFR, total cholesterol (TC), blood
pressure, antihypertensives (yes or no), and lipid-low-
ering drugs (yes or no); and model 3 was additionally

M

al=0.1797*
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adjusted for fatty liver degree. To compare the overall
survival of each risk group of CumAIP-by-CumCRP
strata based on follow-up intervals, the Kaplan—Meier
plots were generated, and the log-rank test was con-
ducted. Further INTm analyses were performed
between joint cumulative exposure and baseline sex,
overweight, hypertensive, dyslipidemia, or impaired
fasting glucose (IFG) status. Stratified analyses among
these covariates were performed according to the iden-
tified interactions. In addition, sensitivity analyses were
performed to assess the robustness and consistency
of the findings. Firstly, we excluded participants with
baseline CVD to minimize the influence of potential
confounds on the lipid and inflammation biomarkers
and T2D risk. Secondly, we excluded study endpoints
that occurred within the first follow-up visit to address
the potential reverse causation. Thirdly, we excluded
those with any hsCRP level > 10 mg/L during the expo-
sure period. Fourthly, we performed an analysis with
the raw datasets (without imputation for missing val-
ues). Fifthly, since the data with the study endpoint of
T2D were interval-censored survival datasets, we addi-
tionally performed the analyses with the SAS ICPHREG
procedure to fit a proportional hazards model on the
interval-censored survival data. Sixthly, we further per-
formed the survival analyses by adjusting for the time-
varying covariates in the follow-up period. At each date
of an event (T2D), the model used the covariates pre-
sent at the visit just before the event.

All statistical analyses were conducted in the SAS
software (version 9.4; SAS Institute, Cary, NC) with the
SAS Proc Calis procedure for cross-lagged analysis. A
two-sided P value < 0.05 was considered statistically
significant, except for a P value < 0.1 in the interaction
testing.

[HSCRP_2006/2007

HsCRP_2010/201 1]

[ AIP_2006/2007

J 02=0.5640%*

AIP_2010/2011 ]

Fig. 3 Cross-lagged standard regression coefficient of hsCRP and AIP (n = 52,225). *P < 0.001. The cross-lagged model was adjusted for age, sex,
education, smoking status, drinking status, physical activities, family history of diabetes, BMI, FBG, SBP, TC, eGFR (categorical), antihypertensives,
lipid-lowering drugs measured in 2006/2007, and time intervals. Abbreviations: AP, atherogenic index of plasma; BMI, body mass index; eGFR,
estimated glomerular filtration rate; FBG, fasting blood glucose; HsCRP, high-sensitivity C-reactive protein; SBP, systolic blood pressure; TC, total

cholesterol
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Results

Temporal relationship between hsCRP and AIP

The results of the temporal analysis of hsCRP and AIP
are displayed in Fig. 3 and Additional file 1: Table S3. In
the fully adjusted model, the standardized correlation
coefficient (1) of hsCRP_2006/2007 and AIP_2010/2011
was 0.0740 (95% CI, 0.0659 to 0.0820; P < 0.001),
whereas the standardized correlation coefficient ($2) of
AIP_2006/2007 and hsCRP_2010/2011 was —0.0293
(95% CI, —0.0385 to —0.0201; P < 0.001), which was sig-
nificantly less than f1 (P < 0.001). This indicated a bidi-
rectional relationship between AIP and hsCRP, and the
effect of hsCRP on future AIP change was more promi-
nent than vice versa. All correlation coefficients between
log (hsCRP) and AIP measured in 2006/2007 and
2010/2011 were statistically significant (Additional file 1:
Table S4).

Baseline characteristics of 43,360 nondiabetic participants
Baseline characteristics were determined according to
the information on 43,360 nondiabetic individuals at the
start of the follow-up (Table 1). There was a male skew-
ness (32,618 [75.2%]) in the study participants, with a
mean (SD) age of 52.1 (11.8) at the onset of follow-up.
Participants with higher CumCRP and CumAIP levels
had higher BMI, blood pressure (SBP and DBP), FBG,
CumTC and baseline TC, CumTG@G, and baseline TG and
higher prevalence of hypertension, moderate and severe
fatty liver, as well as more use of antihypertensive and
lipid-lowering agents, whereas they had lower eGFR and
HDL levels. Additionally, those in the higher CumCRP
and CumAIP strata were more likely to be males, current
drinkers, current smokers, and physically inactive. Fur-
thermore, age increased with increasing CumCRP levels.
However, for each CumCRP stratum, those with elevated
CumAIP levels tended to be younger.

Prospective study of the T2D risks upon CumAIP

and CumCRP

During a median of 7.9 (IQR: 5.7-8.9) years of follow-
up, 5118 incident T2D cases were documented among
43,360 participants. Both isolated CumAIP and Cum-
CRP were positively associated with the risk of T2D
onset. The aHRs (95% ClIs) were 1.26 (1.14-1.39),
1.55 (1.41-1.70), and 2.03 (1.85-2.22) respectively in
CumAIP quartiles 2, 3, and 4 vs. quartile 1 after adjust-
ment for traditional risk factors. Additional adjust-
ment for fatty liver degree further attenuated the
risks, leaving aHRs (95% ClIs) of 1.23 (1.11-1.35), 1.44
(1.31-1.58), and 1.75 (1.60-1.92) in CumAIP quar-
tiles 2, 3, 4 vs. quartile 1 (P for trend < 0.001; Table 2).
In terms of CumCRP, the incidence rates of T2D and
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T2D risks increased with increasing CumCRP levels,
with an average HR (95% CI) of 1.12 (1.09-1.16) per
SD increase in logCumCRP (0.4279) (P-trend < 0.001;
Additional file 1: Table S5).

There was a significant interaction between CumAIP
quartiles and CumCRP tested at clinical thresholds (1, 3
mg/L) (P-INTm: 0.0308; and P-INTm = 0.0286 when
CumCRP was tested as a log-transformed continuous
variable) (Table 2). The CumAIP-associated T2D risks
were significant in all CumCRP strata; however, they
varied greatly across different CumCRP strata. The risk
in the top CumAIP quartile was markedly higher in the
CumCRP < 1 mg/L stratum (HR: 1.99, 95% CI: 1.65-
2.40) and lower in the 1 < CumCRP < 3 mg/L stratum
(HR: 1.60, 95% CI: 1.33-1.92), while it was moderate
in the CumCRP > 3 mg/L stratum (HR: 1.73, 95% CI:
1.46-1.06).

Further subgroup analysis of the joint exposure was
conducted by stratifying with medium CumAIP and
CumCRP thresholds (1, 3 mg/L; Table 3). Compared to
CumAIP < —0.0701 and CumCRP < 1 mg/L, those in
the same CumAIP stratum but with increasing CumCRP
levels had an approximately 1.5-fold higher risk of inci-
dent T2D; those in higher CumAIP stratum (CumAIP >
—0.0701) had significantly higher risks in all CumCRP
levels, with aHRs (95% CIs) of 1.64 (1.45-1.86), 1.87
(1.68-2.09), and 2.04 (1.81-2.30) respectively in Cum-
CRP < 1 mg/L, 1 < CumCRP < 3 mg/L, CumCRP > 3
strata. Figure 4 displays the Kaplan—Meier curves of the
cumulative incidence of T2D in the overall study partici-
pants. We also tested the T2D risks with different refer-
ences (Additional file 1: Table S6). All results collectively
demonstrated that in the same CumAIP stratum, lower
CumCRP markedly decreased the risks of incident T2D;
for those with the same CumCRP level, low CumAIP
enhanced a significantly protective effect against T2D
onset. For example, in those with CumCRP < 1 mg/L,
lower CumAIP levels significantly decreased the T2D
risks (HR: 0.61, 95% CI: 0.54—0.69) compared to those in
the higher CumAIP stratum.

Similar significant results were found in the sensitiv-
ity analyses when excluding participants with baseline
CVD or T2D cases that occurred within the first follow-
up visit or on the raw data without imputation; however,
decreased risks were observed with the exclusion of
those with any hsCRP value > 10 mg/L during the expo-
sure period (Additional file 1: Table S7). Additionally, the
repeated survival analysis with the ICPHREG procedure
to fit the interval-censored data yield similar results to
the main results (Additional file 1: Tables S8-S10). Fur-
thermore, the associations between the study exposures
and incident T2D in the time-varying analyses were simi-
larly robust to those in the fixed-covariates Cox models
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Table 1 Baseline characteristics of the study participants

Characteristics Total CumAIP < CumAIP < CumAIP < CumAlIP > CumAlIP > CumAlIP > P value
—0.0701and —0.0701and —0.0701and —0.0701and —0.0701and —0.0701 and
CumCRP < 1 1 <CumCRP< CumCRP >3 CumCRP < 1 1 <CumCRP < CumCRP >3
mg/L 3mg/L mg/L mg/L 3mg/L mg/L

Cumulative characteristics of lipid profiles and hsCRP

CumHDL-C, 15(1.3,1.8) 1.7(1.5,1.9) 1.7 (15,19 1.7 (15,19 14(1.2,16) 14(1.2,16) 14(1.2,1.6) < 0.0001
median (IQR),
mmol/L

CumLDL-C,  26(0.7) 2.5(0.7) 26(0.7) 2.5(0.9) 2.6(0.6) 2.7(0.7) 26(0.8) < 0.0001
mean (SD),
mmol/L

CumTG, 13(1.0,1.9) 09(0.7,1.1) 1.0(0.8,1.2) 1.0(0.8,1.2) 18(14,24) 19(1.5,26) 20(15,27) < 0.0001
median (IQR),
mmol/L

CumTC, 51(1.0 49(0.9) 5.1(0.0 5.1(1.0) 510.0) 52(1.0) 54(1.0) < 0.0001
mean (SD),
mmol/L

CumAIP, —0.06(0.27) —0.24(0.17) —0.21(0.15) —0.22(0.16) 0.18 (0.17) 0.20 (0.18) 0.22 (0.19) < 0.0001
mean (SD)

CumCRP, 15(0.8,3.0) 0.6 (04,0.8) 17(1.3,22) 5.1(3.8,7.6) 0.7 (0.5,0.8) 17(1.3,2.2) 49(3.8,7.1) < 0.0001
median (IQR),
mg/L
Baseline characteristics

Age, mean 52.1(11.8) 502 (11.7) 524 (12.0) 56.0(12.2) 50.0(11.0) 51.5(11.5) 54.4(11.7) < 0.0001
(SD), years

Male (%) 32,618 (75.2) 5353 (66.2) 6173 (71.9) 3620 (72.3) 4969 (83.9) 8113 (81.4) 4390 (75.8) < 0.0001

AIP. mean —0.06 (0.31) —0.24(0.23) —0.20(0.22) —0.18(0.22) 0.17(0.26) 0.20(0.26) 0.22 (0.26) < 0.0001
(SD)

BMI, mean 25.0(3.3) 233(2.9) 243(3.2) 248 (3.4) 25.0(2.9) 26.0(3.1) 26.7 (34) < 0.0001
(SD), kg/m?

SBP. mean 129.5(18.6) 124.1 (17.9) 128.5(18.8) 131.0(19.5) 1284 (174) 131.8 (18.0) 134.1 (18.8) < 0.0001
(SD), mmHg

DBP, median  80.7 (79.3,90.0) 80.0(72.0,88.3) 80.0(78.0,90.0) 80.0(79.3,90.0) 82.0(80.0,90.0) 84.7(80.0,90.0) 85.0(80.0,90.7) < 0.0001
(IQR), mmHg

FBG, mean 5.2(0.6) 5.2(0.5) 5.2(0.6) 5.2(0.6) 5.3(0.6) 5.3(0.6) 53(0.6) < 0.0001
(SD), mmol/L

HDL-C, 15(1.3,1.8) 1.7(14,2.7) 1.7(14,20) 16(14,19) 14(1.2,16) 14(1.2,16) 13(1.1,1.6) < 0.0001
median (IQR),
mmol/L

LDL-C, mean 2.6 (0.8) 25(0.7) 2.7(0.7) 2209 26(0.7) 2.8(0.7) 25(1.0) < 0.0001
(SD), mmol/L

TC, mean 50(1.0) 49(1.0) 49 (0.9) 49(0.9) 5.0(0.9) 5.1(1.0) 51(1.1) < 0.0001
(SD), mmol/L

TG, median 1.3(0.9-1.8) 09(0.7,1.2) 1.0(0.7-1.2) 1.0(0.7-1.3) 1.6(1.2-2.3) 1.8(1.3-2.5) 1.8 (1.4-2.6) < 0.0001
(IQR), mmol/L

eGFR, 82.1(59.7,97.0) 89.4 (663, 854 (604,983) 78.1(58.7,93.1) 743(575,96.1) 789(584,958) 73.7(58.0,93.0) <0.0001
median (IQR), 102.0)
mL/min/1.73
m?

HsCRP, 1.0(0.5,24) 0.5(0.3,09) 1.3(0.7,23) 3.1(1.1,64) 0.5(0.1,0.9) 1.2(06,2.2) 31(1.2,6.1) <0.0001
median (IQR),
mg/L

Current 15,201 (35.1) 2761 (34.1) 2822 (32.9) 1324 (26.4) 2534 (42.8) 3925 (394) 1835 (31.7) < 0.0001
drinker (%)

Current 14,717 (33.9) 2444 (30.2) 2735(31.9) 1423 (284) 2296 (38.8) 3831(384) 1988 (34.3) < 0.0001
smokers (%)

Family his- 2300 (5.3) 448 (5.5) 414 (4.8) 215 (4.3) 334 (5.6) 570(5.7) 319 (5.5) 0.0011

tory of diabetes
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Table 1 (continued)
Characteristics Total CumAIP < CumAIP < CumAIP < CumAlIP > CumAlIP > CumAlIP > P value
—0.0701and —0.0701and —0.0701and —0.0701and —0.0701and —0.0701 and
CumCRP < 1 1 <CumCRP< CumCRP >3 CumCRP < 1 1 <CumCRP< CumCRP >3
mg/L 3mg/L mg/L mg/L 3mg/L mg/L
Education < 0.0001
(%)
Lessthan 32,892 (75.9) 5745 (71.0) 6496 (75.7) 4060 (81.1) 4419 (74.6) 7517 (75.4) 4655 (80.4)
senior high
school
Senior 10,468 (24.1) 2341 (29.0) 2089 (24.3) 949 (18.9) 1506 (25.4) 2449 (24.6) 1134 (19.6)
high school and
above
Physical < 0.0001
activities (%)
Low 14,568 (33.6) 2971 (36.7) 2711 (31.6) 1671 (33.4) 2048 (34.6) 3224 (323) 1943 (33.6)
Moderate 22,710 (52.4) 3943 (48.8) 4538 (52.9) 2745 (54.8) 3057 (51.6) 5327 (53.5) 3100 (53.5)
High 6082 (14.0) 72 (14.5) 1336 (15.6) 593(11.8) 820 (13.8) 1415 (14.2) 746 (12.9)
Hypertension 20,881 (48.2) 2762 (34.2) 3751 (43.7) 2533 (50.6) 2825 (47.7) 5495 (55.1) 3515 (60.7) < 0.0001
(%)
Dyslipidemia 11,821 (27.3) 960 (11.9) 1046 (12.2) 695 (13.9) 2201 (37.1) 4223 (42.4) 2696 (46.6) < 0.0001
(%)
Moderate 5785 (13.3%) 278 (3.4%) 598 (6.9%) 475 (9.5%) 754 (12.7%) 2169 (21.8%) 1611 (26.1%) <0.0001
and severe fatty
liver (%)
Anti-hyperten- 2305 (5.3) 218 (2.7) 360 (4.2) 277 (5.5) 308 (5.2) 640 (6.4) 502 (8.7) < 0.0001
sives (%)
Statins 252 (0.6) 26 (0.3) 31(04) 20 (0.4) 38(0.6) 69 (0.7) 68(1.2) < 0.0001
Fibrate 95 (0.2) 1(0.0) 7(0.1) 6(0.1) 18 (0.3) 30(0.3) 33(0.6) <0.0001

Abbreviations: BMI, body mass index; CumAIP, cumulative atherogenic index of plasma; CumCRP, cumulative high-sensitivity C-reactive protein; CumHDL-C, cumulative
high-density lipoprotein cholesterol; CumLDL-C, cumulative low-density lipoprotein cholesterol; CumTC, cumulative total cholesterol; CumTG, cumulative triglyceride;
DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; FBG, fasting blood glucose; HDL-C, high-density lipoprotein cholesterol; HsCRP, high-
sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure; TC, total cholesterol; TG, triglyceride

with only baseline values, albeit somewhat stronger
(Additional file 1: Tables S11-S13).

In the stratified analyses, a significant interaction was
found between co-exposure and sex (P-INTm = 0.0034;
Additional file 1: Table S14); female participants had sig-
nificantly higher risks of T2D when suffering from dys-
lipidemia and aberrant inflammation, with an HR (95%
CI) of 2.38 (1.86-3.03) in females vs. 1.95 (1.70-2.24)
in males. The presence of IFG in the exposure period
(P-INTm: 0.0365; Additional file 1: Table S15), base-
line hypertension (P-INTm: 0.0005; Additional file 1:
Table S16), or dyslipidemia (P-INTm: 0.0619; Additional
file 1: Table S17) further attenuated the risks of T2D
compared to absence. However, no statistically significant
interaction between baseline overweight status and co-
exposure was observed to be associated with T2D onset.

We additionally assessed the risks of T2D upon co-
exposure to inflammation and dyslipidemia when meas-
uring in a transient pattern (baseline hsCRP and AIP).
Likewise, significant interactions between baseline
hsCRP thresholds (1, 3 mg/L) and AIP were observed
(Additional file 1: Tables S18, S19). The aHRs (95% Cls)

of incident T2D were significant in the higher AIP stra-
tum and increased with increasing hsCRP levels (1.37
[1.25-1.50], 1.21 [1.10-1.33], 1.35 [1.22-1.50] respec-
tively for hsCRP < 1 mg/L, 1 < hsCRP < 3 mg/L, hsCRP
> 3 mg/L), whereas they only remained significant in the
lower AIP strata when concomitant with a hsCRP level >
3 mg/L (1.13 [1.01-1.27]).

Discussion

For the first time, among 52,225 general participants, our
findings supported a bidirectional relationship between
hsCRP and atherogenic dyslipidemia in a temporal analy-
sis, and the effect of inflammation on future AIP change
was more robust than vice versa. Additionally, among
43,360 participants without preexisting diabetes, we
observed that both isolated cumulative AIP and hsCRP
were significantly associated with T2D risk, independ-
ent of age, sex, medication use, and baseline measures of
FBG, TC, hsCRP, blood pressure, and fatty liver degree.
Importantly, our findings showed a significant interaction
between chronic atherogenic dyslipidemia and inflam-
mation associated with developing T2D. In particular,
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Table 2 CumAIP-associated T2D risks in the entire cohort and across the cumulative CRP thresholds (1, 3 mg/L)
CumAIP, HRs (95% Cls) Per SD? P for trend
Quartile1 Quartile 2 Quartile 3 Quartile 4

Entire cohort

Event/total 684/10, 840 1023/10, 840 1395/10, 840 2016/10, 840

Incident rate 8.6 1337 18.6 27.32

Model 1 Reference 137(1.24,1.51) 1.76 (1.60, 1.93) 240(2.20,2.63) 136 (1.32,1.39) < 0.0001

Model 2 Reference 126 (1.14,1.39) 1.55(1.41,1.70) 2.03(1.85,2.22) 1.28(1.24,1.31) < 0.0001

Model 3 Reference 1.23(1.11,1.35) 144 (1.31,1.58) 1.75(1.60,1.92) 1.20(1.17,1.24) < 0.0001
CumCRP < 1 mg/L

Event/total 191/4462 238/3624 321/3287 388/2638

Incident rate 576 9.2 13.88 21.35

Model 1 Reference 1.38(1.14,1.67) 1.92 (1.59,2.30) 2.78(2.31,3.33) 147 (1.39, 1.56) < 0.0001

Model 2 Reference 1.27 (1.05,1.54) 1.59(1.32,1.91) 2.28(1.90,2.75) 1.36 (1,29, 1.45) < 0.0001

Model 3 Reference 1.24 (1.02,1.50) 148(1.23,1.79) 1.99 (1.65, 2.40) 1.28 (1.20, 1.36) < 0.0001
1 < CumCRP <3 mg/L

Event/total 304/3952 485/4633 658/4932 954/5034

Incident rate 10.55 14.83 19.31 27.85

Model 1 Reference 1.26 (1.10, 1.46) 1.55(1.35,1.77) 2.13(1.86,2.44) 1.31(1.26,1.37) < 0.0001

Model 2 Reference 1.15(0.99,1.32) 1.37(1.20, 1.58) 1.81(1.58,2.07) 1.25(1.20, 2.30) < 0.0001

Model 3 Reference 1.14(0.98,1.31) 1.31(1.14, 1.50) 1.62 (1.41,1.85) 1.19(1.14,1.24) < 0.0001
CumCRP > 3 mg/L

Event/total 189/2426 300/2583 416/2621 674/3168

Incident rate 10.79 16.74 2338 31.55

Model 1 Reference 141(1.18,1.70) 1.84 (1.54,2.18) 2.31(1.96,2.73) 1.30(1.24,1.36) < 0.0001

Model 2 Reference 134 (1.12,1.61) 1.68 (1.41,2.01) 2.00(1.69,2.37) 1.23(1.17,1.29) < 0.0001

Model 3 Reference 1.30(1.08, 1.56) 1.58(1.32,1.88) 1.73 (1.46, 2.06) 1.16(1.10, 1.22) < 0.0001

P for INTm: CumAIP quartile x CumCRP thresholds (1,3 mg/L) = 0.0308; CumAIP quartiles x logCumCRP = 0.0286

Quartile 1: CumAIP < —0.2387; quartile 2: — 0.2387 < CumAIP < —0.0701; quartile 3: —0.0701 < CumAIP < 0.0989; quartile 4: CumAIP > 0.0989

Model 1: adjusted for baseline age, sex, education, smoking, drinking status, physical activities, family history of diabetes, BMI; model 2: model 1 + FBG, TC, blood
pressure (categorical), eGFR (categorical), antihypertensives, lipid-lowering drugs, logBasCRP (continuous, only in the entire cohort); model 3: model 2 + fatty liver

(categorical)

Abbreviations: CumAIP, cumulative atherogenic index of plasma; CumCRP, cumulative high-sensitivity C-reactive protein; BMI, body mass index; FBG, fasting blood
glucose; TC, total cholesterol; eGFR, estimated glomerular filtration rate; BasCRP: baseline high-sensitivity C-reactive protein; INTm, multiplicative interaction

2 Per SD, hazard ratio for per SD (0.2658) change in CumAIP

the diabetic risks upon joint exposures were significantly
higher in female, nonhypertensive, nondyslipidemic, and
nonprediabetic participants.

Dual changes in inflammation and dyslipidemia
have been suggested to persist and predate T2D onset,
and both are intertwined biological processes [14, 15].
Although atherogenic dyslipidemia concomitant with
elevated hsCRP levels has long been observed [26, 27],
the temporal relationship between them remains unex-
plored. Our path analysis supported a bidirectional cor-
relation between them among the general population.
Although obesity-derived dyslipidemia is well known to
enhance a proinflammatory milieu through continuous
activation of inflammatory cytokines in circulation and
the lipotoxic effect of free fatty acids as well as ceramide

biosynthesis [15], our findings evidenced a stronger effect
of elevated hsCRP on future AIP. Indeed, inflammation
and its cytokine-mediated changes in lipase activity (e.g.,
incretins, lipoprotein lipase, and cholesteryl ester trans-
fer protein activity) potentially drive the alteration of
atherogenic dyslipidemia [16, 17]. Furthermore, mount-
ing evidence suggests that altered atherogenic lipids
are secondary to IR [28, 29]. A study consisting of 509
nondiabetic adults demonstrated that elevated hsCRP
is associated with future IR by using the same cross-
lagged analysis [30], to an extent, supporting our find-
ings. Interestingly, a negative association between AIP
and future hsCRP was observed in the current study. We
proposed that the great involvement of multifactorial
influences on hsCRP, for example, age-specific metabolic
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Table 3 Type 2 diabetes risk upon co-exposure stratified by CumCRP thresholds (1, 3 mg/L) and CumAIP (median)
Combination of CumCRP and CumAIP, HRs (95% Cls)
G1 G2 G3 G4 G5 G6
Event/total 429/8086 789/8585 489/5009 709/5932 1612/9966 1090/5789
Incidence rate® 727 12.82 13.80 1717 23.59 27.84
Model (unadjusted) Reference 1.77 (1.58,1.99) 1.90(1.67,2.16) 2.35(2.08,2.65) 3.25(2.92,361) 3.84(3.43,4.29)
Model 1 Reference 154 (1.37,1.73) 147 (1.29,1.68) 1.97(1.75,2.23) 241 (2.16,2.69) 2.55(2.27,2.86)
Model 2 Reference 1.49(1.32,1.68) 1.52(1.33,1.73) 1.75(1.55, 1.98) 2.12(1.90, 2.36) 238(2.11,267)
Model 3 Reference 1.58(1.40,1.78) 1.44(1.27,1.65) 1.64 (145, 1.86) 1.87 (1.68, 2.09) 2.04(1.81,2.30)
P for interaction: CumAIP median x logCumCRP = 0.0113; CumAIP median x CumCRP cut-points (1, 3 mg/L) = 0.0369

G1: CumAIP < —0.0701 and CumCRP < 1 mg/L; G2: CumAIP < —0.0701 and 1 < CumCRP < 3 mg/L; G3: CumAIP < —0.0701 and CumCRP > 3 mg/L; G4: CumAIP >
—0.0701 and CumCRP < 1 mg/L; G5: CumAIP > —0.0701 and 1 < CumCRP < 3 mg/L; G6: CumAIP > —0.0701 and CumCRP > 3 mg/L

Model 1: adjusted for age, sex, education, smoking, drinking status, physical activities, family history of diabetes, and BMI
Model 2: model 1 + FBG, TC, blood pressure (categorical), eGFR (categorical), antihypertensives, and lipid-lowering drugs
Model 3: model 2 + fatty liver (categorical)

Abbreviations: CumAIP, cumulative atherogenic index of plasma; CumCRP, cumulative high-sensitivity C-reactive protein; HR, hazard ratio; BMI, body mass index; FBG,
fasting blood glucose; TC, total cholesterol; eGFR, estimated glomerular filtration rate; INTm, multiplicative interaction

2The incidence rate is per 1000 person-years
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Follow-up (years)
No. at risk
G1 8086 8048 7839 7422 7181 6618 6339 5320 4221
G2 8585 8538 8276 7811 7499 6794 6468 5291 4326
G3 5009 4964 4734 4485 4296 3930 3716 3082 2617
G4 5925 5886 5702 5331 5042 4656 4274 3615 2821
G5 9966 9865 9418 8876 8359 7649 6983 5752 4539
G6 5789 5695 5341 5057 4738 4308 3994 3319 2673

Fig. 4 Kaplan—-Meier curves of the cumulative incidence of T2D over a mean of 7.9 years follow-up across CumAIP-CumCRP subgroups. G1: CumAIP
< —0.0701 and CumCRP < 1 mg/L; G2: CumAIP < —0.0701 and 1 < CumCRP < 3 mg/L; G3: CumAIP < —0.0701 and CumCRP > 3 mg/L; G4: CumAIP
> —0.0701 and CumCRP < 1 mg/L; G5: CumAIP > —0.0701 and 1 < CumCRP < 3 mg/L; G6: CumAIP > —0.0701 and CumCRP > 3 mg/L. G1 was
used as the reference group

and inflammatory profiles, may underlie this observation
[31]. The cross-sectional data at baseline showed that age
persistently increased with increasing CumCRP levels

but decreased with CumAIP levels in each CumCRP stra-
tum. As aging is a major source of inflammation, it is pos-
sible that age mediated the negative association between
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AIP and hsCRP. Collectively, our findings provide novel
perspectives of the temporal relationship between ele-
vated inflammation and atherogenic dyslipidemia and
warrant further explorations to unravel the underlying
causative processes between them.

In addition, our study demonstrated that both cumula-
tive AIP and hsCRP were independently associated with
an increased risk of incident T2D. Irrespective of the
debatable role of transient hsCRP measures for the risk
assessment of T2D onset [32, 33], our study showed that
cumulative hsCRP was stably associated with future T2D
risks, independent of traditional risk factors. Converging
studies have demonstrated that atherogenic lipid changes
and inflammation are entangled processes underlying
the foundation of IR and insulin deficiency. This cur-
rent study, for the first time, provided an epidemiological
link between CumCRP and CumAIP, supporting a need
for a combined assessment of the intertwined process
(es) from the epidemiological landscape. The difference
in T2D risks conferred by dyslipidemia across different
levels of CumCRP is of interest. Those with persistently
low hsCRP levels (CumCRP < 1 mg/L) had the highest
risk, and those with significantly elevated hsCRP lev-
els (CumCRP > 3 mg/L) had moderate risk, while those
with modest hsCRP levels (1 < CumCRP < 3 mg/L) had
the lowest risk. Several interpretations may underlie this
finding. Aside from the abovementioned obesity [14, 34],
diverse factors, such as smoking, chronic stress, hyper-
tension, and aging, enhance the low-grade inflammatory
milieu [31]. As such, the attenuation of T2D risks con-
ferred by chronic dyslipidemia in the 1 < CumCRP < 3
mg/L stratum is likely because other risk factors majorly
contribute to diabetogenesis in this setting. However, in
the CumCRP > 3 mg/L stratum, the influence of high-
grade inflammation (hsCRP > 10 mg/L [23]) was poten-
tially included. It has been reported that certain acute
infections enhance high-grade inflammation and boost
the progression to T2D onset [35, 36]. Therefore, the
inclusion of high-grade inflammation and potential acute
infection processes in the CumCRP > 3 mg/L stratum
would enhance higher T2D risks in dyslipidemia. This
is supported by the decreased risks of T2D in the Cum-
CRP-by-CumAIP strata in the sensitivity analyses with
exclusion of any hsCRP > 10 mg/L during the exposure
period.

These findings have substantial clinical implications.
Clinical assessment of the risks of T2D is guided by tem-
porary hsCRP and TG/HDL measures, whereas our find-
ings suggested that incorporating cumulative AIP and
inflammatory burden into clinical practice may further
refine T2D risk assessment and help inform strategies for
primary prevention. The significant interactions between
inflammation and atherogenic dyslipidemia in developing
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T2D and between their co-exposures and hypertensive,
dyslipidemia, and IFG statuses as well as sex effect signal
a need for a combined assessment of chronic inflamma-
tory burden and dyslipidemia and strict risk stratification
in precise individualized intervention. More ideal car-
diovascular health metrics confer a lower risk of T2D.
In accordance with the significant interaction observed
between chronic inflammation and dyslipidemia, meas-
ures potentiating dual-target benefits warrant further
attention. Intensive lifestyle interventions, e.g., calorie
restriction [37], higher intake of dietary fiber [38], habit-
ual physical exercise [39], and smoking cessation [40], are
well-established approaches to achieve improvements in
both dyslipidemia and inflammation.

This current study has several strengths. Firstly, it was
conducted with data from a well-established prospec-
tive cohort, where a rigorous quality assurance program
was performed to ensure data validity and reliability.
Secondly, this study extends previous reports by using
different metrics—cumulative hsCRP and AIP in an
approximately 4-year exposure period, thus overcom-
ing the weakness of the surveys and risk prediction tools
which are mostly cross-sectional in primary or secondary
prevention, as the prolonged exposure is the true cause in
diabetogenesis. Thirdly, ongoing controversies regarding
the intraindividual variability over time [22] strengthen
the need for repeated measurements of hsCRP in a lon-
gitudinal design. Our longitudinal investigation of data
from a large study population ensured stable and reliable
results reflecting the true relationship among the investi-
gated risk factors. Fourthly, the unique temporal analysis
applied in this current study contributes to addressing
the concerning science question regarding the entangled
relationship between inflammation and atherogenic dys-
lipidemia among the general population.

The limitations of the current study also need to be
addressed. This community-based cohort study primarily
consisted of Han Chinese individuals, potentially limiting
generalizability to the whole population. Furthermore,
we had no available insulin data for the assessment of IR,
yet an additional adjustment for fatty liver may compen-
sate for this limitation because fatty liver is a well-known
risk factor for T2D with mechanistic involvement of sys-
temic inflammation, hepatic IR, oxidative stress, and lipid
metabolism. In addition, we failed to distinguish T2D and
type 1 diabetes (T1D). Nevertheless, the misclassification
of T1D was minimal, given that T2D predominates 95%
of all diabetes, and the average age among the study par-
ticipants at follow-up (52.1 years) is greater than the gen-
erally observed T1D onset age. Furthermore, given that
there is a lack of a clear threshold for cumulative hsCRP
levels, the use of the suggested transient hsCRP cutoff
values for CumCRP may lead to bias. However, the strict
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measurement taking changes over time into considera-
tion has potentiated CumCRP as a more reliable param-
eter to reflect the inflammatory burden.

Conclusions

Our findings suggest a stronger influence of elevated
hsCRP on future atherogenic lipid changes than vice
versa. The cumulative inflammatory burden modifies the
risk of T2D conferred by atherogenic dyslipidemia. Dual
assessment and management of chronic inflammation
and atherogenic dyslipidemia are instrumental for T2D
prevention, especially for nonhypertensive, nondyslipi-
demic, nonprediabetic, or female individuals.
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