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Supra-additive effect of chronic e

inflammation and atherogenic dyslipidemia
on developing type 2 diabetes among young
adults: a prospective cohort study

Yulong Lan'?", Dan Wu'?", Zhiwei Cai?, Yuancheng Xu?, Xiong Ding®, Weigiang Wu?, Shaocong Lan®,
Lan Chen’, Zheng Guo', Lois Balmer', Xingang Li', Manshu Song'"", Shouling Wu®", Jingli Gao,
WeiWang''%""" and Youren Chen?’

Abstract

Background Both elevated inflammation and atherogenic dyslipidemia are prominent in young-onset diabetes
and are increasingly identified as biologically intertwined processes that contribute to diabetogenesis. We aimed

to investigate the age-specific risks of type 2 diabetes (T2D) upon concomitant chronic inflammation and athero-
genic dyslipidemia.

Methods Age-stratified Cox regression analysis of the risk of incident diabetes upon co-exposure to time-averaged
cumulative high-sensitivity C-reactive protein (CumCRP) and atherogenic index of plasma (CumAIP) among 42,925
nondiabetic participants from a real-world, prospective cohort (Kailuan Study).

Results During a median 6.41 years of follow-up, 3987 T2D developed. Isolated CumAIP and CumCRP were signifi-
cantly associated with incident T2D in the entire cohort and across all age subgroups. Both CumAIP and CumCRP
were jointly associated with an increased risk of diabetes (P-interaction =0.0126). Compared to CumAIP <-0.0699

and CumCRP <1 mg/L, co-exposure to CumAIP > — 0.0699 and CumCRP >3 mg/L had a significant hazard ratio (HR)
[2.55 (2.23-2.92)] after adjusting for socio-demographic, life-style factors, family history of diabetes, blood pressure,
renal function and medication use. The co-exposure-associated risks varied greatly by age distribution (P-interac-
tion=0.0193): <40 years, 6.26 (3.47-11.28); 40-49 years, 2.26 (1.77-2.89); 50-59 years, 2.51 (2.00-3.16); 60-69 years,
248 (1.86-3.30);> 70 years, 2.10 (1.29-3.40). In young adults (<45 years), both exposures had a significant supra-addi-
tive effect on diabetogenesis (relative excess risk due to interaction: 0.80, 95% Cl 0.10-1.50).
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Conclusions These findings highlight the need for age-specific combined assessment and management of chronic
inflammation and dyslipidemia in primary prevention against T2D, particularly for young adults. The clinical benefit
derived from dual-target intervention against dyslipidemia and inflammation will exceed the sum of each part alone

in young adults.

Keywords Type 2 diabetes, Aging, Dyslipidemia, Inflammation, Young adults

Background

The pandemic of type 2 diabetes (T2D) has become a
serious public health threat [1-3]. A consistent down-
ward trend in T2D onset age even worsens the situation
[3, 4]. Mounting evidence has demonstrated that the
younger the age at diabetes onset, the greater the risk of
diabetes-related comorbidities, e.g., cardiovascular dis-
eases (CVD) [5], diabetic kidney disease [6], dementia [7]
and premature mortality [8]. The existence of “metabolic
memory’, in which the influence of an early glycemic
exposure environment is imprinted in target cells and
organs and leads to prolonged impairments even after
optimal glucose control [9], emphasizes the need for the
clinical priority of early identification and intervention
against risk factors for young-onset T2D.

Deeply involved lipid abnormalities and systemic
inflammation, diabetogenesis is a chronic, multifactorial
complex process. The atherogenic dyslipidemia complex,
manifested as high triglyceride (TG) and low high-density
lipoprotein cholesterol (HDL-C) levels, has been identi-
fied to predispose individuals to T2D onset [10, 11]. As
such, the atherogenic index of plasma (AIP), measured as
log-transformed (TG/HDL-C) [12], has been established
to predict diabetes [13] and diabetic vascular complica-
tions [14—16]. Systemic inflammation, another hallmark
of overt hyperglycemia, is also heavily engaged in diabe-
togenesis [17]. Indeed, both of them have been proposed
to be closely entangled biological processes that can each
amplify the other in an in vivo pathophysiologic set-
ting, leading to impairment in insulin signaling [18, 19].
Notably, both abnormalities are probably linked to the
aging process, mostly occurring after middle age [20-22],
similar to the usual trend of T2D onset. Nevertheless, it
is increasingly observed that young-onset diabetes has
prominent dyslipidemia and systemic inflammation [4,
23, 24]. It is unclear whether these two disorders inter-
act to affect young-onset diabetes. To date, limited epi-
demiological studies have examined the age-specific
interactions between these two concomitant exposures
and their joint effect on developing T2D among the gen-
eral population.

In this context, studies examining the age-stratified
risks of T2D with combined exposure to dyslipidemia
and inflammation and their interactions throughout the
adult lifespan are warranted. To fill in this knowledge

gap, therefore, we conducted an analysis of datasets
from a large, prospective cohort study (Kailuan study).

Methods

Study setting and study participants

The Kailuan Study (trial registration number: ChiCTR-
TNC-11001489) is a large, ongoing, real-world, com-
munity-based cohort study in Tangshan, China. This
study was initially carried out in 2006, with subsequent
surveys issued every two years. Details of the study
design and procedures have been specified elsewhere
[25-28]. Written informed consent was provided before
enrollment by each participant. This current suba-
nalysis 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).

For the present study, among 101510 participants
who completed the first health survey, we excluded
those who missed the following two examinations
(n=43,583); were diagnosed with diabetes (n=_8865);
had incomplete information on fasting blood glucose
(FBG), lipid profiles and high sensitivity C-reactive
protein (hsCRP) (n=2737) or abnormal values in these
variables (n=294); and those who missed all three fol-
low-up visits through July 31, 2018 (n=3106). Addi-
tional file 1: Fig. S1 displays the study strategy, and
Additional file 1: Fig. S2 describes the flowchart of
participants. The final analytic sample included 42,925
participants. The frequency and number of participants
in follow-up are reported in Additional file 1: Table S1.

Ascertainment of outcome

The primary study outcome was the incidence
of T2D (ICD-10: EI11), defined as either FBG
level >7.0 mmol/L, self-reported history of a physician
diagnosis, or self-reported medication use of oral anti-
glycemic agents or insulin [29]. Death was ascertained
from local government vital statistics offices [30]. The
T2D onset date was defined as the first of the three fol-
low-up surveys at which a participant met the diagnos-
tic criteria. Follow-up ended at the date of T2D onset,
death, or the last follow-up visit, whichever came first.
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Combined exposure to chronic inflammation

and atherogenic dyslipidemia

As represented in Additional file 1: Fig. S1, the exposure
period was from 2006/2007 to 2010/2011; the median
exposure period was 3.92 [interquartile range (IQR):
3.87-4.32] years. Chronic inflammation was assessed
by time-averaged cumulative hsCRP (CumCRP), calcu-
lated as [(hsCRP1+hsCRP2)/2*(visit2 — visitl) + (hsCR
P2 +hsCRP3)/2*(visit3 — visit2)]/(visit3-visitl) [31, 32].
Chronic atherogenic dyslipidemia, assessed by time-aver-
aged cumulative AIP (CumAIP), was calculated using the
abovementioned algorithm, with AIP=1ogl0(TG/HDL-
C) [12]. The study participants were stratified according
to the median CumAIP level in this study and CumCRP
cutoffs (1, 3 mg/L, the suggested clinical thresholds of
hsCRP for indicating low, moderate metabolic inflam-
mation [33]), thus creating six such subgroups: Group
1 (CumCRP<1 mg/L and CumAIP <-0.0699), Group 2
(1<CumCRP<3 mg/L and CumAIP<-0.0699), Group
3 (CumCRP>3 mg/L and CumAIP<-0.0699), Group
4 (CumCRP<1 mg/L and CumAlIP>-0.0699), Group
5 (1<CumCRP<3 mg/L and CumAIP>-0.0699), and
Group 6 (CumCRP >3 mg/L and CumAIP >-0.0699).

Covariates

Data on socio-demographics, lifestyle factors (drink-
ing habit, smoking status, physical activities) and past
medical and medication history (diabetes, CVD, hyper-
tension, dyslipidemia, and current treatments includ-
ing antihypertensives, antidiabetics and lipid-lowering
agents) were documented with a standard questionnaire
via face-to-face interviews. Biochemical measures of the
lipid profiles, creatinine, FBG, and hsCRP were measured
by an autoanalyzer (Hitachi 747; Hitachi, Tokyo, Japan).
Anthropometrics, including blood pressure, height and
weight, were collected. Body mass index (BMI) was cal-
culated as weight (kilogram)/height? (meter). Current
smokers were defined as people who smoked at least one
cigarette/day on average in the past year. Drinking status
was defined according to average alcohol consumption
in the past year. The estimated glomerular filtration rate
(eGFR) was determined from creatinine following the
Chronic Kidney Disease Epidemiology Collaboration for-
mula [34]. Hypertension was stratified into four catego-
ries: normal blood pressure, grade I hypertension, grade
IT hypertension, and grade III hypertension [35].

Statistical analyses

Baseline information was based on the commence-
ment of follow-up. The included participants aged
22 to 98 years at baseline were categorized as fol-
lows: <40 years, 40—49 years, 50-59 years, 60—69 years,
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and >70 years. We used multiple imputation by chained
equation techniques to account for missing data (<2%
incomplete). Baseline characteristics were described as
the mean with standard deviation (SD), median together
with IQR, or numbers and percentages (%), when appro-
priate. Log-transformed values of CumCRP, hsCRP and
TG were used when they were included as continuous
variables in the statistical model. Baseline characteristics
were compared by age group using one-way ANOVA or
the Kruskal-Wallis test for continuous variables and the
chi-square test for categorical variables. The linear trend
for individual factors across age groups was conducted by
assigning the median value of each age group as a contin-
uous variable in a separate model, utilizing a general lin-
ear model for continuous variables and a logistic model
for categorical variables. P values for trends were calcu-
lated using the Wald test.

T2D incidence rates were calculated as per 1000 per-
son-years. The Kaplan—Meier method with a log-rank
test was performed to compare the overall survival based
on follow-up intervals in each risk group. Stratified
Cox proportional hazards regression models were used
(except for single CumCRP exposure, where weighted
Cox modeling was used because of the violation of the
proportional hazards assumption) to calculate adjusted
hazard ratios (aHRs) with 95% confidence intervals (Cls)
of CumAIP and CumCRP, alone or as adjuncts, for inci-
dent T2D in the entire cohort and among age subgroups
(stratified by <40, 40 ~49, 50~ 59, 60~ 69, >70 years and
stratified by <45, 45~ 64,>65 years). The multivariable-
adjusted models were as follows: Model 1, adjusted for
age, sex, education, smoking and drinking status, physi-
cal activities, family history of diabetes, BMI, antihy-
pertensives and lipid-lowering drugs; Model 2, further
adjusted for eGFR, total cholesterol (TC), and blood
pressure. Likelihood ratio tests evaluated the multipli-
cative interaction (INTm) between the combined expo-
sures and age, between isolated CumAIP or CumCRP
and age, and between CumAIP and CumCRP in the fully
multivariable-adjusted Cox models. The relative excess
risk due to interaction (RERI) was assessed as an index
of additive interaction [36, 37] between elevated Cum-
CRP (>3 mg/L) and CumAIP (>median) in developing
diabetes, with CumCRP <3 mg/L and CumAIP < median
as the baseline. Briefly, on the hazard ratio scale, we
decomposed the joint excess relative risk for both expo-
sures (HR11-1) into the excess relative risk for elevated
CumAIP (HRO1-1), elevated CumCRP (HR10-1), and
relative excess risk due to interaction (RERI). Specifically,
we have HR11-1=(HRO1-1) + (HR10-1) + RERI [37].

To assess the robustness of the findings, sensitivity
analyses were performed by additionally adjusting for
fatty liver degree as fatty liver being a result of hepatic
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insulin resistance (IR), lipid and inflammation disorders
[38], excluding T2D occurring within the first follow-up
visit, excluding participants with known CVD, excluding
those with impaired fasting glucose during the exposure
period, and excluding participants with incomplete data.

All statistical analyses were performed with SAS soft-
ware (version 9.4; SAS Institute, Cary, NC). A two-tailed
P value<0.05 was considered statistically significant,
except for interaction testing, where a P value<0.1 was
considered significant. RERI and AP greater than zero
were defined as a positive deviation and considered sig-
nificant when the 95% CI did not contain zero.

Results

Among the 42,925 individuals without preexisting diabe-
tes (males [75.2%] and mean [SD] age, 52.1 [11.8] years),
during a median 6.41 years (IQR: 4.25-6.87) of follow-
up, 3,987 cases of T2D developed. Table 1 displays the
characteristics of time-averaged cumulative and baseline
information by age strata. For cumulative profiles, a per-
sistently increasing tendency was observed in CumCRP
with increasing age, whereas CumTG showed an inverse
relationship. Cumulative HDL-C was slightly higher in
middle age but declined in the older age group. In terms
of baseline characteristics, systolic blood pressure, dias-
tolic blood pressure, FBG, hsCRP, TC, LDL-C, HDL-C,
creatine and BMI were positively associated with advanc-
ing age, whereas TG declined with advancing age. Addi-
tionally, elderly participants free of diabetes were less
likely to be current smokers, current drinkers, or physi-
cally inactive and had a lower positive family history of
diabetes and prevalence of dyslipidemia.

In the entire study population, isolated exposure to
CumAIP (HR: 1.32, 95% CI 1.28-1.36 for per-SD increase
in CumAIP) or CumCRP (average HR: 1.14, 95% CI 1.10—
1.18 for per-SD increase in CumCRP) was significantly
associated with incident diabetes after adjusting for age,
sex, education level, smoking and drinking habits, physi-
cal activity, BMI, hypertension degree, renal function
and medication use (Additional file 1: Tables S2—-S3). The
CumAIP-associated diabetic risks tended to be higher
in those aged<40 years (HR: 142, 95% CI: 1.27-1.57
per SD increase in CumAIP), albeit of a nonsignificant
interaction. In contrast, a significant interaction was
observed between isolated CumCRP and age groups
[P-INTm: CumCRP cutoffs (1, 3 mg/L)Xxage groups:
0.0784; logCumCRP x age groups: 0.0027]. The average
aHR (95% CI) per SD increase in logCumCRP was much
higher in those aged <40 years (HR: 1.32, 95% CI 1.18-
1.48; P-trend:<0.0001), gradually attenuating with each
10-year increase in follow-up age.

The CumAlIP-associated diabetes risks varied across
different CumCRP strata (Additional file 1: Table S4).
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We then examined the association between co-expo-
sure to CumAIP and CumCRP and incident type 2 dia-
betes. In the entire cohort, co-exposure was jointly
associated with increased diabetic risks. A signifi-
cant interaction between CumAIP and CumCRP was
observed; CumAIP (median cut-point) * CumCRP
thresholds (<1, 1-3,>3 mg/L)=0.0126). In those
with CumAIP <-0.0699, individuals with an increas-
ing CumCRP level had significantly higher aHRs (95%
ClIs) of 1.61 (1.41-1.85) and 1.59 (1.37-1.85) in the
1<CumCRP<3 and CumCRP >3 mg/L strata, respec-
tively, relative to CumCRP<1 mg/L. In those with
CumAIP >-0.0699, elevation in CumCRP strata had
markedly higher risks for incident diabetes (aHR [95%
CI]: 1.91 [1.66-2.20], 2.38 [2.10-2.70] and 2.53 [2.21-
2.89], respectively, in CumCRP<1, 1<CumCRP<3,
CumCRP >3 mg/L). There was a significant risk differ-
ence in the co-exposure associated type 2 diabetes risks
(P-INTm: Co- exposure subgroups* age groups (<40,
40-49, 50-59, 60-69,>70 years) =0.0193, Fig. 1). Addi-
tional file 1: Fig. S2 presents the Kaplan—Meier curves
of the cumulative incidence of T2D in the entire cohort
and across the age subgroups. Compared to those with
CumAIP<-0.0699 and CumCRP<1 mg/L, the diabetic
risks for CumAIP>— 0.0699 and CumCRP>3 mg/L
were markedly high in those aged <40 years (HR: 6.26,
95% CI 3.47-11.28) and decreased dramatically with
each 10 year increase in age (2.26 [95% CI 1.77-2.89] for
40-49 vyears, 2.51 [95% CI 2.00-3.16] for 50-59 years,
2.48 [95% CI 1.86-3.30] for 60—69 years, 2.10 [95% CI
1.29-3.40] for>70 years). The significant multiplicative
interaction between CumCRP thresholds and CumAIP
median persisted among those aged <40 years (P-INTm:
0.0178; Additional file 1: Table S5). We then used differ-
ent co-exposure categories as the reference group. As
represented in Additional file 1: Tables S6-S8, for all age
groups, participants in the same CumAIP stratum but
with lower CumCRP levels had significantly decreased
T2D risks; those with the same CumCRP level but with
lower CumAIP levels also presented a significantly pro-
tective effect.

We then investigated the co-exposure associated
risk for incident diabetes with stratification of age <45,
45-64,>65 years (Table 2). Likewise, there was a sig-
nificant age heterogeneity (P-INTm=0.0743). Co-expo-
sure to CumAIP >-0.0699 and CumCRP >3 mg/L was
significantly associated with incident diabetes across
age subgroups: 3.02 (95% CI 2.17-4.20) for the young
(<45 years), 2.39 (95% CI 2.03-2.81) for those aged
45 ~ 64 years, and 2.62 (95% CI 1.83-3.75) for the elderly
(> 65 years). We specifically examined the supra-additive
effect of elevated CumAIP and CumCRP across these
age subgroups (Fig. 2; Additional file 1: Table S9). In the
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HR (95% CI)

Entire cohort :
G1 320/8015 6.91 ¢

1
G2 635/8524 13.01 g 1.61 (1.40,1.84)
G3 387/4924 14.38 s 1.59 (1.37,1.85)
G4 540/5867 16.31 e 1.91 (1.66,2.20)
G5 1265/9880 23.09 LS 2.38 (2.10,2.70)
G6 840/5715 27.44 Poore 2.53 (2.21,2.89)
<40 years :
G1 15/1458 1.68 ¢ 1
G2 56/1285 7.07 Do 3.60 (2.03,6.39)
G3 25/473 8.76 ——— 3.97 (2.08,7.59)
G4 53/985 8.88 ————— 3.75 (2.08,6.77)
G5 133/1541 14.34 ——— 5.33 (3.06,9.31)
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G5 353/2737 22.22 o 1.99 (1.59,2.49)
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50-59 years
G1 107/2381 8.06 ¢ 1
G2 228/2802 14.50 ot 1.66 (1.32,2.09)
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G5 436/3249 24.97 o 2.43 (1.96,3.01)
G6 290/1968 27.25 —o—i 2.51 (2.00,3.16)
60-69 years
G1 65/1133 10.17 é 1
G2 147/1660 15.88 toi 1.41 (1.05,1.89)
G3 89/1120 14.82 ioi 1.29 (0.93,1.78)
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G6 211/1279 32.40 Poe 2.48 (1.86,3.30)
>70 years
G1 23/509 8.62 é 1
G2 64/702 17.78 i 1.80 (1.11,2.90)
G3 49/736 13.63 HH 1.27 (0.77,2.10)
G4 28/280 19.50 o 1.73 (0.99,3.02)
G5 93/666 29.09 P 2.37 (1.48,3.78)
G6 73/566 27.27 i 2.10 (1.29,3.40)
05 25 45 65 85 105 125

Adjusted HR (95% CI)

Fig. 1 Age-associated risk of chronic inflammation and dyslipidemia for incident type 2 diabetes. P-INTm: Co-exposure subgroups

and age-groups=0.0193. G1: CumAIP <—0.0699 and CumCRP < 1 mg/L; G2: CumAIP <-0.0699 and 1 <CumCRP <3 mg/L; G3: CumAIP <— 0.0699
and CumCRP =3 mg/L; G4: CumAIP > — 0.0699 and CumCRP < 1 mg/L; G5: CumAIP > — 0.0699 and 1 < CumCRP < 3 mg/L; G6: CumAIP > — 0.0699

and CumCRP >3 mg/L. All models were adjusted for age, sex, education, smoking status, drinking status, physical exercise, family history of diabetes,
BMI, TC hypertension, eGFR antihypertensives (yes or no), and lipid-lowering agents (yes or no). Abbreviations as Table 1

fully adjusted model, although a nonsignificant supra-
addictive interaction was suggested among the entire
cohort (RERIL: 0.17, 95% CI — 0.06-0.40) in the multivar-
iable-adjusted model including socio-demographics, life-
style factors, family history of diabetes, blood pressure,

biological parameters and medication use, both eleva-
tions in CumCRP (>3 mg/L) and CumAIP (>— 0.0699)
levels reinforced a significant supra-addictive effect on
diabetogenesis among the young (RERI: 0.80, 95% CI
0.10-1.50; AP: 0.27, 95% CI 0.06-0.47). Additionally, the
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Table 2 Risk of incident type 2 diabetes with co-exposure to CumAIP and CumCRP across age subgroups (<45, 45— 65, > 65 years)

Combination of CumCRP and CumAIP, HRs (95% Cls)

CumAIP<—-0.0699 CumAlIP<-0.0699

CumAIP < - 0.0699

CumAIP>-0.0699 CumAlIP> - 0.0699 CumAIP > - 0.0699

and and and and and and CumCRP >3 mg/L
CumCRP <1 mg/L 1<CumCRP<3mg/L CumCRP>3 mg/L CumCRP <1 mg/L 1<CumCRP<3 mg/L
<45 years (702/10597)
Incidence rate 391 8.68 9.62 11.18 15.16 2331
Unadjusted model Reference 222(1.61,3.05) 247 (1.67,3.65) 2.81(2.06,3.85) 3.82(2.86,5.09) 5.98 (4.40,8.13)
Model 1 Reference 1.92(1.39,2.64) 1.88(1.27,2.78) 2.00(1.45,2.76) 239(2.773.23) 3.28(2.364.55)
Model 2 Reference 1.90(1.38,2.61) 1.83(1.24,2.72) 1.85(1.34,2.55) 2.21(1.64,3.00) 3.02(2.17,4.20)
P-INTm: CumAIP median x CumCRP cut-points (1, 3 mg/L) =0.0439 (Model 2)
45-65 years (2681/26277)
Incidence rate 8.27 14.01 16.44 18.23 26.03 2777
Unadjusted model  Reference 1.69 (1.43,1.99) 1.95 (1.64,2.33) 2.19(1.85,2.58) 3.12(2.693.62) 3.32(2.843.87)
Model 1 Reference 1.53(1.30,1.81) 1.69 (1.42,2.03) 1.90(1.61,2.25) 246(2.12,2.86) 247(2.10,2.90)
Model 2 Reference 1.51(1.29,1.78) 1.69(142,2.03) 1.83(1.55,2.17) 2.36(2.03,2.75) 239(2.03,281)
P-INTm: CumAIP median x CumCRP cut-points (1, 3 mg/L)=0.0710 (Model 2)
>65 years (504/6051)
Incidence rate 8.66 16.82 1248 2240 2691 31.12
Unadjusted model  Reference 1.94(1.35,2.78) 141 (0.96,2.08) 2.56 (1.72,3.80) 3.06(2.17,4.33) 3.53(2.49,5.00)
Model 1 Reference 1.80(1.25,2.58) 1.28(0.87,1.88) 2.20(1.47,3.27) 245 (1.73,249) 2.71(1.90,3.87)
Model 2 Reference 1.76 (1.22,2.53) 124 (0.84,1.83) 2.10(141,3.13) 2.37(1.66,3.37) 262 (1.83,3.75)

P-INTm: CumAIP median x CumCRP cut-points (1, 3 mg/L) =0.0300 (Model 2)

P-INTm: co-exposure subgroups*age subgroups (<45, 45~ 65, > 65 years) =0.0743 (model 2)

Model 1: adjusted for age, sex, education, smoking status, drinking status, physical exercise, family history of diabetes, BMI, antihypertensives (yes or no), and lipid-

lowering agents (yes or no);

Model 2: model 1+TC, hypertension degree, and eGFR

CumAIP cumulative atherogenic index of plasma, CumCRP cumulative high-sensitivity C-reactive protein, Cl confidence interval, eGFR estimated glomerular filtration

rate, HR hazard ratio, TC total cholesterol, INTm multiplicative interaction

supra-additive interaction between elevated CumAIP
and CumCRP was borderline significant among the
elderly (RERL 0.48, 95% CI 0.01-0.94; AP: 0.23, 95% CI
0.02-0.43) but was nonsignificant among those aged
45~ 64 years (RERL: — 0.07, 95% CI — 0.36-0.21; AP:
—0.03,95% CI — 0.16-0.10).

The results remained robust in the sensitivity analy-
ses when additionally adjusting for the fatty liver degree
(Additional file 1: Table S10), excluding study endpoints
that occurred within the first follow-up visit (Additional
file 1: Table S11), excluding participants with known
CVD (Additional file 1: Table S12) or documented
impaired fasting glucose in the exposure period (Addi-
tional file 1: Table S13), and the analysis was conducted
on nonimputed data (Additional file 1: Tables S14-S15).

Discussion

Our study observed a significant interaction between
cumulative inflammation and atherogenic dyslipidemia
associated with T2D onset among the general population.
Moreover, this interaction was highly age dependent,
particularly significant in young adults (age <40 years).
Young adults in this co-exposure had the highest adjusted

HR (95% CI), attenuating greatly with increasing age.
Notably, concomitant disorders in chronic inflammation
and dyslipidemia had a synergistically additive effect on
developing young-onset diabetes.

Our results provide support for the established biologi-
cal link between atherogenic dyslipidemia and systemic
inflammation in diabetogenesis [18] from an epidemio-
logical landscape. It is essential to know that these risk
factors do not act in isolation. Prior studies have demon-
strated that these two systems are intertwined biological
processes underlying the foundation of IR and insulin
deficiency [10, 11, 39]. Prominent atherogenic dyslipi-
demia, probably as a result of obesity, enhances chronic
tissue inflammation by elevating lipolysis and leakage of
cytokines, thereby inducing IR [18, 40]. In turn, elevated
inflammation and IR drive the remodeling of lipid frac-
tions and compositions [41, 42], to an extent, worsening
insulin signaling [10, 43], e.g., in obesity settings [40, 41].

Notably, in our study, the interaction between ath-
erogenic dyslipidemia and inflammation and the T2D
risk with their co-exposure were highly age specific. In
co-exposure to chronic inflammation and atherogenic
dyslipidemia, the T2D risks were markedly higher in
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Fig. 2 Kaplan—Meier curves of the cumulative incidence of type 2 diabetes across age subgroups and age-specific relative risks of diabetes

with separate contributions from chronic inflammation, atherogenic dyslipidemia, and their interaction. RERI: Relative excess risk due to interaction.
For the analysis of RERI, the baseline category was low CumCRP (< 3 mg/L) with low CumAIP (<— 0.0699). Multi-variable Cox model was adjusted
for sex, age, education, smoking status, drinking status, physical exercise, family history of diabetes, hypertension degrees, TC hypertension, eGFR

antihypertensives, and lipid-lowering agents

young individuals (HR: 6.26, 95% CI [3.47-11.28]) than
in other age groups. Moreover, the significant addi-
tive interaction between chronic inflammation and
dyslipidemia in developing young-onset diabetes war-
rants attention, as the additive effect appeared to sug-
gest a biological interplay, thus meriting further trials
to unravel the underlying mechanism.

We interpreted the finding as the involvement of
multifactorial influences on both lipid and inflamma-
tion abnormalities among young adults [3, 44]. As T2D
is a typically age-related disease, its etiology is highly
involved in “inflamm-aging” [45], where chronic, low-
grade, and sterile inflammation accumulates with advanc-
ing age [20, 21]. Our findings that both cumulative and
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baseline hsCRP increased with every ten-year increase
further corroborated this phenomenon. However, for
reasons not completely understood, abnormal inflam-
mation occurs early in young people and contributes to
diabetogenesis. As such, young individuals who naturally
have a low inflammation level but suffer from aberrant
inflammation have a significantly higher diabetic risk,
especially in those with basal metabolic disorders.

As described above [18, 40], the pandemic of over-
weight and obesity potentiated an important source of
aberrant inflammation and atherogenic dyslipidemia,
thus contributing to the magnitude of prevalence of
young-onset diabetes [44, 46]. Aside from obesity-
derived metabolic inflammation, pro-inflammatory
diet preferences [47, 48], increased stress and depres-
sive symptoms [49, 50] are also capable of enhancing the
inflammatory burden in developing younger-onset diabe-
tes. Indeed, impaired glucose control in younger adults
was identified to be associated with biological and phyco-
logical factors, e.g., less healthy diet choices and habitual
physical activities, negative life events, greater chronic
stress, and higher depressed affect [51].

The significant age difference in the risk of develop-
ing diabetes conferred by the most common risk factors
observed here partly explains the increasing prevalence
of early-onset diabetes in current dyslipidemia- and
inflammation-saturated  environments.  Young-onset
diabetes is a unique patient subgroup due to its great
etiological engagement in physical, psychological disor-
ders, or both and needs special attention [51]. Addition-
ally, younger-onset T2D is more detrimental to overall
health [5-8], highlighting the significance of early pre-
cise intervention strategies against its onset. Convincing
results from famous studies brought inspiring perspec-
tives that early intensive interventions could reverse the
risk of T2D [52, 53]. Our study supports intensive life-
style management against atherogenic dyslipidemia for
T2D prevention in all age groups. Furthermore, there is
an urgent need for measures to identify and manage risk
factors for excessively high inflammation in young adults.
Notably, most chronic inflammation-promoting factors
are probably modifiable, e.g., poor diet, sleep deficiency,
physical inactivity, tobacco smoking, environmental toxi-
cant exposure and psychological stress [54]. More social
and family attention to both physical and psychological
health in the young population is necessary [51].

This study has several strengths. The prolonged expo-
sure burden is what truly matters in diabetogenesis [52].
With the facilitation of a longitudinal cohort, our study
characterized the age-specific cumulative profiles in ath-
erogenic lipid complexes and inflammation at approxi-
mately four years predating follow-up, which would be
more stable and reliable than risk prediction tools based
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on cross-sectional data. Additionally, this cohort pro-
vided an opportunity to investigate the age-related risk
factors for T2D in adulthood owing to an extensive time
span of follow-up age. Furthermore, the high-quality
data from this well-designed, prospective cohort study
strengthened the weight of the results.

This study also has limitations. First, this investiga-
tion was composed primarily of Han Chinese individuals
in North China, potentially limiting the generalizabil-
ity of the results to individuals in the rest of the country
or other races/ethnicities. Second, the sex skew of this
cohort may lead to bias in the results, although it would
be mild in view of the large study population. Third, there
may have been biased estimations of the incidence of
T2D, being overestimated as the diagnostic criteria were
based on a single measurement of FBG instead of two test
results or being underestimated as the diagnostic crite-
ria were based on FBG level and/or antidiabetic medica-
tion, without the measurement of hemoglobin Alc and/
or oral glucose tolerance testing [29]. Fourth, there may
have been recall bias on covariates, including life-style
factors (including drinking habits, smoking status and
physical activities) and medication history, as they were
self-reported from the participants [55]. This may partly
explain the low prevalence of medication use of the study
participants, as answering these questions naturally tends
to be underreported, although the low prevalence of
existing cardiometabolic diseases among the study par-
ticipants and the region- and nation-specific differences
in drug resources and policies as well as patient compli-
ance in that era may also contribute to the low prevalence
of medication use of anti-hypertensive and lipid-lowering
drugs. Fifth, we had no available data regarding anti-
inflammatory drugs among the study population, which
may have potentially confounded the results. Addition-
ally, we failed to distinguish between T2D and type 1
diabetes in this study cohort. Nevertheless, the misclas-
sification would be minimal, given that the average age of
the study population was much higher (52.1 years) than
the usual type 1 diabetes onset age, and T2D accounts
for 95% of all diabetes in the Chinese population. Further
studies are warranted to replicate our findings in other
populations.

Conclusions

Our study, for the first time, demonstrated a significant
age-dependent association of co-exposure to cumula-
tive inflammation and atherogenic dyslipidemia with
T2D onset among the Han Chinese population. In light
of the significant interactions, it is promising to further
leverage the associations to identify persons at risk of
T2D and formulate age-specific, early, and active pre-
ventive strategies. Furthermore, it is reasonable to
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hypothesize that the clinical benefit derived from dual-
target intervention against dyslipidemia and inflamma-
tion will exceed the sum of each part alone, especially
in young adults.
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