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Abstract
Background
Dyslipidemia and inflammation are significant factors for the onset of cardiovascular diseases (CVD); however, studies regarding their interactions on the risk of CVD are scarce. This study aimed to assess the interaction of dyslipidemia and high-sensitivity C-reactive protein (hs-CRP) on CVD.

Methods
This prospective cohort enrolled 4,128 adults at baseline in 2009 and followed them up until May 2022 for collecting CVD events. Cox-proportional hazard regression analysis estimated the hazard ratios (HRs) and 95% confidence intervals (CIs) of the associations of increased hs-CRP (≥ 1 mg/L) and dyslipidemia with CVD. The additive interactions were explored using the relative excess risk of interaction (RERI) and the multiplicative interactions were assessed with HRs (95% CI) while the multiplicative interactions were assessed by the HRs (95% CI) of interaction terms.

Results
The HRs of the association between increased hs-CRP and CVD were 1.42 (95% CI: 1.14–1.79) and 1.17 (95% CI: 0.89–1.53) among subjects with normal lipid levels and subjects with dyslipidemia, respectively. Stratified analyses by hs-CRP levels showed that among participants with normal hs-CRP (< 1 mg/L), TC ≥ 240 mg/dL, LDL-C ≥ 160 mg/dL, non-HDL-C ≥ 190 mg/dL, ApoB < 0.7 g/L, and LDL/HDL-C ≥ 2.02 were associated with CVD [HRs (95%CIs): 1.75 (1.21–2.54), 2.16 (1.37–3.41), 1.95 (1.29–2.97), 1.37 (1.01–1.67), and 1.30 (1.00-1.69), all P < 0.05, respectively]. While in the population with increased hs-CRP, only ApoAI > 2.10 g/L had a significant association with CVD [HR (95% CI): 1.69 (1.14–2.51)]. Interaction analyses showed that increased hs-CRP had multiplicative and additive interactions with LDL-C ≥ 160 mg/dL and non-HDL-C ≥ 190 mg/dL on the risk of CVD [HRs (95%CIs): 0.309 (0.153–0.621), and 0.505 (0.295–0.866); RERIs (95%CIs): -1.704 (-3.430-0.021 and − 0.694 (-1.476-0.089), respectively, all P < 0.05].

Conclusion
Overall our findings indicate negative interactions between abnormal blood lipid levels and hs-CRP on the risk of CVD. Further large-scale cohort studies with trajectories measurement of lipids and hs-CRP might verify our results as well explore the biological mechanism behind that interaction.
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Introduction
Cardiovascular diseases (CVD) continue to be a leading factor in early death and rising disability and healthcare expenses [1]. In China, over 40% of deaths are related to CVD [1] and the number of people with CVD rose from 50 million in 1990 to 120 million in 2019 and the number of death related to CVD almost doubled [2]. The higher burden of CVD makes it imperative to enhance their diagnostic and therapeutic capacities as well as preventive methods [3].
Common risk factors of CVD include dyslipidemia, hypertension, physical inactivity, diabetes, smoking, unhealthy diet, and alcohol abuse, which tend to co-exist and interact with each other to increase the risk of CVD [4, 5]. Dyslipidemia and low-grade inflammation are known as key drivers of atherosclerosis which is a pathological condition involved in the onset and progression of most CVD including stroke and CHD [6]. Abnormal levels of blood lipids are known as dyslipidemia and the role of abnormal levels of traditional lipids such as high-density lipoprotein cholesterol (HDL-C), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and triglycerides (TG) in the onset and progression of CVD has been extensively documented [7–10]. In addition, recent studies also showed that abnormal levels of non-conventional lipids such as TC/HDL-C, LDL-C/HDL-C, TG/HDL-C, non-HDL-C, apolipoprotein AI (ApoAI), apolipoprotein B (ApoB), and lipoprotein(a) [Lp(a)] are also performing indicators of the risk of CVD and cardiovascular events [11, 12].
Low-grade inflammation is characterized by a slight chronic elevation of inflammatory markers in the blood, but not to the same degree as acute inflammation [13]. High-sensitivity C-reactive protein (hs-CRP), known as a classic indicator for low-grade inflammation [14], has undergone extensive research among diverse groups of inflammatory biomarkers and has drawn the greatest attention because of its potential as a reliable and affordable predictor for CVD [3], regardless of lipids levels [15]. Hs-CRP is an acute-phase protein stimulated by proinflammatory cytokines [16] produced by hepatic aortic endothelial cells and coronary artery smooth muscle cells under oxidative stress or inflammatory stimulation [17, 18]. Previous studies demonstrated that higher levels of hs-CRP contributed to CVD incidence [19–21], recurrence [22], and mortality [23]. As per reports from the American Heart Association, hs-CRP less than 1, 1–3, and over 3 mg/L are considered low, medium, and high risk of CVD, respectively based on the Western population data [24]. However, Asians have low levels of hs-CRP with a median below 1 mg/L [25], and our previous cohort study indicated that the hs-CRP cut-off point of 1 mg/L was appropriate for ischemic stroke prediction in a Chinese population [26].
Accumulating evidence has shown that dyslipidemia and increased hs-CRP are factors associated with CVD and abnormal lipid levels are often related to abnormal levels of inflammatory biomarkers including hs-CRP [27, 28]. Nonetheless, studies regarding the potential interaction between hs-CRP and dyslipidemia are scant. Therefore, this study aimed to explore the interaction between dyslipidemia and increased hs-CRP levels on the risk of CVD in a 12-years prospective cohort of the Chinese population.

Methods
Study design and population
This prospective cohort study involved 4,128 adults aged 19 to 96 from Yixing City in China. A stratified cluster sampling method was used to select 5400 subjects over 18 years old from 6 villages of two townships of Yixing City, Jiangsu Province, China. Participants were included in our study based on the following criteria: (1) be aged 18 years or above at the time of the survey and (2) consent to take part in the study. A total of 4175 people participated in the baseline survey in May 2009, giving a response rate of 77.3%; among them, 4128 (98.9%) with complete data were included in this cohort study. Using the local disease and death register system of the Centers for Disease Control and Prevention (CDC), the outcomes events were recorded every year until May 2022. We have excluded 30 subjects with baseline stroke, 50 subjects with baseline CHD, and 78 subjects with baseline CVD from the corresponding analyses. Each participant signed an informed consent form to take part in the study. Nanjing Medical University’s ethics committee approved our research protocol (#200803307).

Data collection and definitions of covariates
All subjects underwent physical examinations and laboratory testing following their interviews. The demographic characteristics of the study subjects were acquired using a standardized questionnaire. Subjects who smoked at least 20 cigarettes weekly for a trimester or more in a year were classified as smokers. Alcohol drinkers were those who currently or previously consumed alcohol at least two times weekly for a semester or more in a year. Each study subject’s weight, height, and thrice blood pressure were measured using standardized instruments. Body mass index (BMI) was calculated by dividing the weight (kg) by the height squared (m2). Subjects who had average systolic blood pressure (SBP) of 140 mmHg and above or diastolic blood pressure (DBP) of 90 mmHg and above, a self-reported history of hypertension, or who were actively taking an antihypertensive drug were classified as hypertensive. 
We used the Olympus AU2700 automatic biochemistry analyzer to evaluate TC, HDL-C, TG, LDL-C, ApoB, ApoAI, Lp(a), and glucose of the plasma after overnight fast over eight hours. A high-sensitivity immunoturbidimetric test measured hs-CRP levels. The range for normal hs-CRP levels was set as less than 1 mg/L while hs-CRP ≥ 1 mg/L was recognized as increased levels [26]. Diabetes cases were classified as subjects whose fasting plasma glucose (FPG) was 126 mg/dL or above, who self-reported having had the disease in the past, or who were taking hypoglycemic medication at the time.
The non-HDL-C was obtained by subtracting HDL-C from TC and its cut-off point was 190 mg/dL [29]. TC, TG, LDL-C, and HDL-C’s cut-off points were 240 mg/dL, 200 mg/dL, 160 mg/dL, and 40 mg/dL respectively [29]. Dyslipidemia cases had TC ≥ 240 mg/dL, TG ≥ 200 mg/dL, LDL-C ≥ 160 mg/dL, HDL-C < 40 mg/dL, self-reported having dyslipidemia or used actively lipid-lowering medicines (n = 19) as recommended by the 2016 Chinese Adults dyslipidemia Prevention guidelines [29]. The medians of TG/HDL-C, TC/HDL-C, and LDLC/HDL-C were used as cut-off points (2.27, 3.64, and 2.02, respectively) because they have no clear clinical diagnostic standards. The cut-off points of ApoAI, ApoB, and Lp(a) were set to 1.6–2.1 g/L, 0.70–0.90 g/L, and 90 mg/L respectively based on our previous study results which indicate that those cut-off points were appropriate for CVD prediction [30].

Measurement of outcomes
CVD events were identified based on records of the Center for Disease Control and Prevention, followed by further examination by cardiologists and neurologists. CVD events in this study comprised stroke and CHD. Stroke and CHD were identified according to the International Classification of Diseases, Tenth Revision, and Clinical Modification (ICD-10-CM) code.

Statistical analysis
Before the main analyses, the distributions of continuous parameters were examined. Then the medians and interquartile ranges (IQR) were calculated for continuous parameters with non-normal distribution, and the Kruskal-Wallis H test explored their differences among hs-CRP and dyslipidemia groups. Frequencies were calculated for categorical variables, and their differences among hs-CRP and dyslipidemia groups were assessed using Chi-square (χ2) test. Cox proportional hazard regression models estimated the hazard ratios (HRs) and 95% confidence interval (95% CI) of the association of lipids and hs-CRP with CVD after adjustment of confounding factors. The models were tested and plotted based on scaled Schoenfeld residuals to explore that proportional hazards were not violated. Then, the Cochrane Q test was performed to explore statistical heterogeneity among subgroups. Multiple restricted cubic splines (RCS) analyses were performed to investigate the linearity between lipids and CVD in the subgroups of hs-CRP. Additive interactions were explored using the relative excess risk of interaction (RERI) and attributable proportion (AP). The RERI or AP > 0 statistically significantly indicates a positive interaction and below 0 indicates a negative interaction. The multiplicative interactions were assessed by the HRs (95% CI) of interaction terms, with the estimated value significantly below 1 indicating a negative interaction and greater than 1 indicating a positive interaction [31].
We also performed sensitivity analyses to evaluate the association of hs-CRP and CVD after excluding individuals with lipid-lowering treatment (n = 19), and the interaction of abnormal lipid levels and increased hs-CRP using another two cut-off points of 3 mg/L and 6 mg/L. Statistical significance was established as a two-tailed with P below 0.05. The analyses were conducted in SAS version 9.4 and R-studio version 4.2.1.


Results
The features of the study population based on lipid and hs-CRP levels
This study included 4,128 subjects with a median age of 58.95 (IQR: 52.24, 67.00) and 2444 (59.21%) women (Table 1). The subjects with both dyslipidemia and increased hs-CRP (18.73%) had relatively higher medians of age, blood pressure, BMI, TC, TG, LDL-C, ApoAI, ApoB, and Lp(a) and a lower median of HDL-C and higher proportions of hypertension and diabetes than subjects with normal lipids and normal hs-CRP (38.42%).
Table 1Clinical characteristics of study subjects by hs-CRP and lipids levels


	Variables
	All subjects
N = 4128
	Normal lipids and normal hs-CRP
n = 1586 (38.42%)
	Dyslipidemia and normal hs-CRP
n = 716 (17.34%)
	Normal lipids and increased hs-CRP
n = 1053 (25.51%)
	Dyslipidemia and increased hs-CRP
n = 773 (18.73%)
	H/χ2
	P

	Age (years)
	58.95 (52.24, 67.00)
	57.26 (51.00, 63.99)
	56.81 (50.08, 64.88)
	61.85 (55.24, 71.04)
	61.01 (54.10, 70.37)
	181.22
	< 0.001*

	Gender n (%)
	 	 	 	 	 	 	 
	Women
	2444 (59.21)
	894 (55.37)
	404 (56.42)
	652 (61.92)
	494 (63.91)
	17.86
	< 0.001*

	Men
	1684 (40.79)
	692 (43.63)
	312 (43.58)
	401 (38.08)
	279 (36.09)
	 	 
	Smoking n (%)
	 	 	 	 	 	 	 
	Yes
	1005 (24.35)
	428 (26.99)
	177 (24.72)
	238 (22.60)
	162 (21.96)
	12.62
	0.006*

	No
	3123 (75.65)
	1158 (73.01)
	539 (75.28)
	815 (77.40)
	611 (79.04)
	 	 
	Drinking n (%)
	 	 	 	 	 	 	 
	Yes
	891 (21.58)
	371 (23.39)
	161 (22.49)
	213 (20.22)
	146 (18.89)
	 	 
	No
	3237 (78.42)
	1215 (76.61)
	555 (77.51)
	840 (79.77)
	627 (81.11)
	7.87
	0.049*

	Hypertension n (%)
	 	 	 	 	 	 	 
	Yes
	2015 (48.81)
	642 (40.48)
	366 (51.12)
	555 (52.71)
	452 (58.47)
	80.87
	< 0.001*

	No
	2113 (51.19)
	944 (59.52)
	350 (48.88)
	498 (47.29)
	321 (41.53)
	 	 
	DM n (%)
	 	 	 	 	 	 	 
	Yes
	468 (11.34)
	109 (6.87)
	107 (14.94)
	113 (10.73)
	139 (17.98)
	75.05
	< 0.001*

	No
	3660 (88.66)
	1477 (93.13)
	609 (85.06)
	940 (89.27)
	634 (82.02)
	 	 
	Overweight/Obese n (%)
	 	 	 	 	 	 
	Yes
	2072 (50.19)
	608 (38.34)
	375 (52.37)
	568 (53.94)
	521 (67.40)
	188.03
	< 0.001*

	No
	2056 (49.81)
	978 (61.66)
	241 (47.63
	485 (46.06)
	252 (32.60)
	 	 
	SBP (mmHg)
	134 (123, 14)
	131 (120, 140)
	134 (123, 143)
	135 (125, 141.5)
	137 (127, 145)
	56.75
	< 0.001*

	DBP (mmHg)
	82 (78, 89)
	81 (78, 88)
	83 (79, 90)
	82 (78, 89)
	83 (79, 89)
	27.79
	< 0.001*

	BMI (kg/m2)
	24.01 (21.93, 26.42)
	23.00 (21.14, 25.30)
	24.23 (22.38, 26.40)
	24.44 (22.04, 26.71)
	25.65 (23.19, 27.91)
	280.60
	< 0.001*

	HDL-C (mg/dL)
	51.35 (43.63, 59.85)
	54.05 (47.10, 61.40)
	43.24 (37.07, 56.37)
	53.67 (47.30, 61.39)
	44.10 (37.45, 57.53)
	483.24
	< 0.001*

	LDL-C(mg/dL)
	102.32 (84.94, 120.08)
	99.61 (85.33, 115, 06)
	103.47 (79.54, 128.96)
	104.25 (88.80, 119.30)
	105.02 (83.01, 131.85)
	28.31
	< 0.001*

	Non-HDL-C (mg/dL)
	133.59 (111.68, 157.14)
	124.32 (104, 63, 144.40)
	147.49 (119, 79, 179, 44)
	130.12 (110, 42, 148.65)
	154.05 (124.52, 183.78)
	445.63
	< 0.001*

	TC (mg/dL)
	185.33 (162.93, 210.42)
	179.92 (161.62, 201.16)
	193.44 (161.97, 236.97)
	183.78 (167.06, 204.63)
	200.00 (167.57, 240.93)
	168.56
	< 0.001*

	TG (mg/dL)
	116.81 (79.65, 176.99)
	91.15 (67.26, 124.78)
	202.66 (117.92, 278.32)
	100.89 (73.45, 137.61)
	217.70 (144.25, 285.84)
	1335.55
	< 0.001*

	ApoAI (g/L)
	1.57 (1.38, 1.80)
	1.62 (1.44, 1.84)
	1.49 (1.30, 1.73)
	1.61 (1.43, 1.82)
	1.49 (1.31, 1.72)
	140.34
	< 0.001*

	ApoB (g/L)
	0.90 (0.75, 1.08)
	0.86 (0.73, 1.02)
	0.97 (0.77, 1.16)
	0.88 (0.75, 1.04)
	1.00 (0.80, 1.18)
	155.79
	< 0.001*

	Lp(a) (mg/L)
	87.80 (43.75, 174.68)
	86.78 (44.40, 159.03)
	79.88 (36.53, 183.25)
	94.00 (48.75, 185.65)
	89.10 (42.95, 185.00)
	13.14
	0.004*

	TC/HDL-C
	3.64 (3.07, 4.22)
	3.29 (2.84, 3.76)
	4.22 (3.67, 4.89)
	3.42 (2.93, 3.92)
	4.33 (3.70, 5.00)
	1082.97
	< 0.001*

	TG/HDL-C
	2.27 (1.44, 3.74)
	1.68 (1.18, 2.39)
	4.17 (2.65, 6.39)
	1.89 (1.29, 2.65)
	4.62 (3.22, 6.59)
	1559.64
	< 0.001*

	LDL-C/HDL-C
	2.02 (1.64, 2.39)
	1.84 (1.52, 2.17)
	2.28 (1.87, 2.73)
	1.95 (1.56, 2.29)
	2.29 (1.92, 2.79)
	506.78
	< 0.001*


Notes: *: significance at 0.05. Normal hs-CRP: hs-CRP < 1 mg/L, increased hs-CRP: hs-CRP ≥ 1 mg/L. DBP: diastolic blood pressure, SBP: systolic blood pressure, TG: triglycerides; TC: total cholesterol, HDL-C: high-density lipoprotein cholesterol, LDL-C: low-density lipoprotein cholesterol, BMI: body mass index, ApoAI: apolipoprotein AI, ApoB: apolipoprotein B, Lp(a): lipoprotein(a). Values are presented as M: median (IQR: interquartile range) or n (%). For each quantitative variable, the P-value is obtained by the Kruskal Wallis H test; for each categorical variable, the P-value is obtained through Pearson’s χ2-test




Association analysis of hs-CRP and dyslipidemia with CVD
There were 567 CVD cases reported throughout the follow-up duration with a median of 12.59 years, including 407 cases of stroke and 241 cases of CHD. The overall CVD incidence density was 117.30 per 10,000 person-years and subjects with both dyslipidemia and increased hs-CRP had the highest incidence density of CVD (169.59 per 10,000). The HRs of increased hs-CRP with stroke and CVD were 1.25 (95% CI: 1.03–1.54) and 1.30 (95% CI: 1.09–1.54) in the overall population. In the stratified model by dyslipidemia status, increased hs-CRP was significantly related to a higher risk of stroke [HR (95%CI): 1.34 (1.03–1.74), P = 0.030], and CVD [HR (95%CI): 1.42 (1.14–1.79), P = 0.002] among subjects with normal lipid levels, not among subjects with dyslipidemia (P > 0.05) (Table 2). In the stratified analysis by age group, increased hs-CRP was significantly associated with an increased hazard of stroke and CVD among subjects aged < 60 years [HR (95% CI): 2.18 (1.37–3.45) and 1.67 (1.16–2.39); all P < 0.05], not among subjects aged ≥ 60 years (P > 0.05) (Supplementary Table 1). Subjects aged < 60 years with normal lipid levels were 3.06 and 2.50 times at risk of stroke and CVD when their hs-CRP increased than subjects with dyslipidemia of the same age group. However, hs-CRP contributed to similar risks of CVD among subjects aged ≥ 60 years with dyslipidemia and not [HR (95%CI): 1.25 (0.91–1.71) and 1.28 (1.00-1.65), P ≥ 0.05, respectively].
There were significant associations of TC ≥ 240 mg/dL, non-HDL-C ≥ 190 mg/dL, and ApoAI > 2.10 g/L with CVD [HR (95%CI): 1.34 (1.06–1.72), 1.34 (1.02–1.75), and 1.44 (1.05–1.97), all P < 0.05, respectively] in the overall study population (Supplementary Table 2).
Table 2Cox regression analysis for the association of increased hs-CRP with stroke, CHD, and CVD


	Outcome
	Exposure group
	Incidence cases
	Person-years
	Incidence density
(/104 person-years)
	HR (95% CI)
	P

	Stroke
	 	 	 	 	 	 
	 	Overall
	 	 	 	 	 
	 	hs-CRP < 1 mg/L
	171
	28400.96
	60.21
	Ref
	 
	 	hs-CRP ≥ 1 mg/L
	236
	21631.78
	109.10
	1.25 (1.03–1.54)
	0.030*

	 	Dyslipidemia
	 	 	 	 	 
	 	Yes
	 	 	 	 	 
	 	hs-CRP < 1 mg/L
	63
	8788.92
	71.68
	Ref
	 
	 	hs-CRP ≥ 1 mg/L
	101
	9108.70
	110.88
	1.19 (0.86–1.66)
	0.296

	 	No
	 	 	 	 	 
	 	hs-CRP < 1 mg/L
	108
	19612.03
	55.07
	Ref
	 
	 	hs-CRP ≥ 1 mg/L
	135
	12523.08
	107.80
	1.34 (1.03–1.74)
	0.030*

	 	P for heterogeneity
	 	 	 	 	0.583

	CHD
	 	 	 	 	 	 
	 	Overall
	 	 	 	 	 
	 	hs-CRP < 1 mg/L
	103
	28574.96
	36.05
	Ref
	 
	 	hs-CRP ≥ 1 mg/L
	138
	22005.62
	67.71
	1.25 (0.96–1.64)
	0.098

	 	Dyslipidemia
	 	 	 	 	 
	 	Yes
	47
	8772.85
	53.57
	Ref
	 
	 	hs-CRP < 1 mg/L
	63
	9353.41
	67.36
	1.06 (0.72–1.58)
	0.759

	 	hs-CRP ≥ 1 mg/L
	 	 	 	 	 
	 	No
	 	 	 	 	 
	 	hs-CRP < 1 mg/L
	56
	19802.11
	28.28
	Ref
	 
	 	hs-CRP ≥ 1 mg/L
	75
	12652.21
	59.28
	1.41 (0.99–2.02)
	0.058

	 	P for heterogeneity
	 	 	 	 	0.307

	CVD
	 	 	 	 	 	 
	 	Overall
	 	 	 	 	 
	 	hs-CRP < 1 mg/L
	240
	27732.35
	86.54
	Ref
	 
	 	hs-CRP ≥ 1 mg/L
	327
	20607.06
	158.68
	1.30 (1.09–1.54)
	0.004*

	 	Dyslipidemia
	 	 	 	 	 
	 	Yes
	 	 	 	 	 
	 	hs-CRP < 1 mg/L
	98
	8437.70
	116.15
	Ref
	 
	 	hs-CRP ≥ 1 mg/L
	147
	8667.95
	169.59
	1.17 (0.89–1.53)
	0.255

	 	No
	 	 	 	 	 
	 	hs-CRP < 1 mg/L
	142
	19294.65
	73.60
	Ref
	 
	 	hs-CRP ≥ 1 mg/L
	180
	11939.11
	150.77
	1.42 (1.14–1.79)
	0.002*

	 	P for heterogeneity
	 	 	 	 	0.283


Notes: *: Significance at 0.05. The model was adjusted for age, gender, smoking, drinking, hypertension, BMI, and diabetes. BMI: body mass index; CVD: cardiovascular disease, CHD: coronary heart disease, hs-CRP: high-sensitivity C-reactive protein. HR: hazard ratio, CI: confidence intervals




Association between lipids and CVD stratified by hs-CRP levels
In the population with normal hs-CRP, there were significant associations of LDL-C ≥ 160 mg/dL and non-HDL-C ≥ 190 mg/dL with stroke [HRs (95%CIs): 1.97 (1.13–3.43) and 1.73 (1.04–2.90)], TC ≥ 240 mg/dL, HDL-C < 40 mg/dL, ApoAI < 1.60 g/L, and ApoB < 0.7 g/L were related to CHD [HRs (95%CIs): 1.77 (1.01–3.10), 1.92 (1.18–3.12), 1.77 (1.17–2.66), and 2.16 (1.41–3.31), respectively; all P < 0.05], and TC ≥ 240 mg/dL, LDL-C ≥ 160 mg/dL, non-HDL-C ≥ 190 mg/dL, ApoB < 0.7 g/L, and LDL/HDL-C ≥ 2.02 were related to CVD [HRs (95%CIs): 1.75 (1.21–2.54), 2.16 (1.37–3.41), 1.95 (1.29–2.97), 1.37 (1.01–1.67), and 1.30 (1.00-1.69), respectively; all P < 0.05]. While in the population with increased hs-CRP, ApoAI > 2.10 g/L had a significant association with CVD [HR (95% CI): 1.69 (1.14–2.51); P < 0.05] (Fig. 1).
We further explored the statistical heterogeneity of the associations of lipids with CVD in subgroups of normal and increased hs-CRP. We found that the association of LDL-C ≥ 160 mg/dL with stroke was heterogeneous between the subgroups of normal and increased hs-CRP with I2 = 72.9% and a P-value of 0.055. The associations of HDL-C < 40 mg/dL, ApoAI < 1.60 g/L, and ApoB < 0.7 g/L with CHD were heterogeneous between the subgroups of normal and increased hs-CRP with I2 > 67% and P < 0.1 The relationship of LDL-C ≥ 160 mg/dL with CVD was heterogeneous between subgroups of normal and increased hs-CRP (I2 = 84.3%, P = 0.011), while the associations of non-HDL-C ≥ 190 mg/dL, and ApoB < 0.7 g/L with CVD showed heterogeneity with I2 of 72.6%, and 72.9% and P < 0.1 (Fig. 1).
[image: ]
Fig. 1Multivariate Cox-regression of lipids and the risk of stroke, CHD, and CVD stratified by hs-CRP levels
Notes: *: Significance at 0.05. The statistical significance for the heterogeneity test was set at P < 0.1. The model was adjusted for age, gender, smoking, drinking, hypertension, BMI, and diabetes. BMI: body mass index. Hs-CRP: high sensitivity C-reactive Protein, CHD: coronary heart disease, CVD: cardiovascular disease, TC: total cholesterol, TG: triglycerides, HDL-C: high-density lipoprotein cholesterol, LDL-C: low-density lipoprotein cholesterol, BMI: body mass index, ApoAI: apolipoprotein AI, ApoB: apolipoprotein B, Lp(a): lipoprotein(a), HR: hazard ratio, CI: confidence intervals



Interaction analysis of abnormal lipids levels and hs-CRP on the risk of CVD
We further investigated the potential interactive effect between lipids which had heterogeneous associations with stroke, CHD, and CVD among different hs-CRP subgroups. The results showed significant multiplicative and additive interactions between LDL-C ≥ 160 mg/dL and increased hs-CRP on the risk of stroke [HR (95% CI): 0.357 (0.154–0.826), P = 0.016; RERI (95% CI): -1.397 (-2.690- -0.104), P = 0.034)]. Significant multiplicative interactions of HDL-C < 40 mg/dL, ApoAI < 1.60 g/L, and ApoB < 0.70 g/L with increased hs-CRP were also detected for CHD [HRs (95% CIs): 0.499 (0.259–0.963), 0.552 (0.325–0.935), and 0.509 (0.275–0.942), respectively; all P  < 0.05]. We also found significant multiplicative and additive interactions of LDL-C ≥ 160 mg/dL and non-HDL-C ≥ 190 mg/dL with increased hs-CRP on the risk of CVD [HRs (95% CIs): 0.309 (0.153–0.621), and 0.505 (0.295–0.866); RERIs (95% CIs): -1.704 (-3.430-0.021 and − 0.694 (-1.476-0.089), respectively; all P < 0.05] (Table 3).
Table 3The interaction analysis of abnormal lipid levels and hs-CRP ≥ 1 mg/L for stroke, CHD, and CVD


	Interaction terms
	Additive interaction
	 	Multiplicative interaction

	RERI (95% CI)
	AP (95% CI)
	P
	 	HR (95% CI)
	P

	Stroke
	 	 	 	 	 	 
	hs-CRP ≥ 1 mg/L×LDL-C ≥ 160 mg/dL
	-1.397 (-2.690- -0.104)
	-1.440 (-3.286-0.407)
	0.034*
	 	0.357 (0.154–0.826)
	0.016*

	CHD
	 	 	 	 	 	 
	hs-CRP ≥ 1 mg/L×HDL-C < 40 mg/dL
	-0.984 (-2.105-0.138)
	-0.712 (-1.663-0.237)
	0.087
	 	0.499 (0.259–0.963)
	0.038*

	hs-CRP ≥ 1 mg/L×ApoAI < 1.60 g/L
	-0.813 (-1.766-1.140)
	-0.454 (-1.007-0.099)
	0.094
	 	0.552 (0.325–0.935)
	0.027*

	hs-CRP ≥ 1 mg/L×ApoB < 0.70 g/L
	-0.992 (-2.106-0.122)
	-0.627 (-1.478-0.225)
	0.081
	 	0.509 (0.275–0.942)
	0.031*

	CVD
	 	 	 	 	 	 
	hs-CRP ≥ 1 mg/L×LDL-C ≥ 160 mg/dL
	-1.721 (-2.916- -0.526)
	-1.704 (-3.430-0.021)
	0.005*
	 	0.309 (0.153–0.621)
	0.001*

	hs-CRP ≥ 1 mg/L×Non-HDL-C ≥ 190 mg/dL
	-0.991 (-1.955- -0.028)
	-0.694 (-1.476-0.089)
	0.044*
	 	0.505 (0.295–0.866)
	0.013*

	hs-CRP ≥ 1 mg/L×ApoB < 0.70 g/L
	-0.444 (-1.028-0.140)
	-0.338 (-0.813-0.138)
	0.136
	 	0.691 (0.449–1.065)
	0.094


Notes: The model was adjusted for age, gender, smoking, drinking, hypertension, BMI, and diabetes. Hs-CRP: high sensitivity C-reactive Protein, CHD: coronary heart disease, CVD: cardiovascular disease, HDL-C: high-density lipoprotein cholesterol, LDL-C: low-density lipoprotein cholesterol, BMI: body mass index, ApoAI: apolipoprotein AI, ApoB: apolipoprotein B HR: hazard ratio, CI: confidence intervals, RERI: relative excessive risk interaction, AP: attributable proportion




Dose-response relationship between lipids indices and CVD by hs-CRP levels
RCS regression indicated that among subjects with normal hs-CRP, ApoB displayed a non-linear pattern with stroke, TC and LDL-C displayed a non-linear pattern with CHD, and ApoB displayed a non-linear pattern with CHD and CVD (all P < 0.05). Among subjects with increased hs-CRP, TC, non-HDL-C, and Lp(a) displayed a non-linear pattern with CHD, and TC showed a non-linear pattern with CVD (all P < 0.05) (Supplementary Fig. 1 and Table 8).

Sensitivity analysis
We observed no weakening of the link between hs-CRP and CVD after excluding individuals taking lipid-lowering treatment (n = 19) (Supplementary Table 3). We also increased the cut-off points of hs-CRP and performed sensitivity analyses to explore the validity of our findings. We found that the heterogeneity of the link of non-HDL-C ≥ 190 mg/dL and ApoB < 0.70 g/L with CVD in subgroups of hs-CRP < 1 mg/L and ≥ 1 mg/L still existed when hs-CRP cut-off points were set to 3 mg/L (Supplementary Table 4). The interactions of non-HDL-C ≥ 190 mg/dL with hs-CRP ≥ 3 mg/L on CVD were validated (Supplementary Table 6). The link of ApoB < 0.70 g/L and non-HDL-C ≥ 190 mg/dL with CVD were significantly heterogeneous between the subgroups of hs-CRP < 6 mg/L and ≥ 6 mg/L (Supplementary Table 5), non-HDL-C ≥ 190 mg/dL interacted significantly with hs-CRP ≥ 6 mg/L on the risk of CVD (Supplementary Table 7). Furthermore, all the significant interactions of lipids with the different cut-off points of hs-CRP identified in the sensitivity analysis were negative as in Table 3.


Discussion
This cohort study suggested a negative interaction between increased hs-CRP and abnormal lipid levels on the risk of CVD. Increased hs-CRP interacted negatively with elevated LDL-C on the risk of stroke, with low HDL-C, ApoAI, and ApoB on the risk of CHD, and with high LDL-C and non-HDL-C on the risk of CVD. This study is the first we know to investigate the combined association of hs-CRP and both conventional and non-conventional lipids on the risk of CVD.
Previous analytic studies reported hs-CRP increase as a significant risk factor for CVD [20, 21, 23]. A cohort study in China indicated that cumulative hs-CRP levels were dose-dependently correlated to cardiovascular events [3]. This study observed that increased hs-CRP contributed to similar hazards of stroke and CHD (HR = 1.25), although the latter association did not reach statistical significance. These results demonstrated the relevance of hs-CRP in the incidence and progression of CVD. The biological process explaining that association might be the following: hs-CRP could directly connect to highly atherogenic oxidized LDL-C and exists within lipid-laden plaques; hs-CRP may contribute to the spread of macrophage in adipose tissue and atherosclerotic lesions by enhancing monocyte adherence and moving into the vascular wall as well as polarizing macrophage M1 [32]. Thus, monitoring hs-CRP levels could be part of CVD prevention measures in the general population.
Remarkably, we also found that increased hs-CRP was a significant predictor of stroke and CVD among subjects with normal lipids levels, but not among subjects with dyslipidemia. Earlier studies investigating the link between hs-CRP and CVD reported various results. In a study from Iran, hs-CRP ≥ 3 mg/L was not a significant predictor of CVD among people with dyslipidemia [20] whereas, in another study, hs-CRP > 3 mg/L contributed significantly to an increased odds of CVD in subjects with HDL-C < 60 mg/dL than subjects with HDL-C ≥ 60 mg/dL [33]. In another study, hs-CRP ≥ 3 mg/L was significantly associated with CHD only among people with LDL-C ≥ 130 mg/dL [34]. In addition, the majority of lipid-lowering medications seem to have anti-inflammatory, antithrombotic, and antihypertensive properties, which were shown to decrease cardiovascular events risk [35]; therefore, we conducted the sensitivity analysis after excluding people taking the lipid-lowering medications at baseline even though they were fewer. The results showed almost no change in the strength of the association between hs-CRP and CVD among subjects with dyslipidemia and normal lipid levels. Moreover, the individuals with detected abnormal lipid levels would have more chances to manage blood lipids during the period of follow-up.
Earlier investigations have suggested that aging is a major factor in the decline of cardiovascular function, which raises the risk of CVD in older persons [36, 37]. Thus, we explored whether age modified the association between increased hs-CRP and CVD. Remarkably, increased hs-CRP strongly contributed to stroke and CVD incidence in subjects aged < 60 years than in subjects aged ≥ 60 years. The stratified analysis by dyslipidemia status showed that the association of increased hs-CRP with stroke and CVD was much stronger among subjects aged < 60 years with normal lipid levels than subjects with dyslipidemia of the same age group, meanwhile, hs-CRP contributed to similar hazards of stroke and CVD among subjects aged ≥ 60 years with dyslipidemia or normal lipid levels; although among seniors the association did not reach statistical significance. These findings suggest a differential effect of dyslipidemia on the association between hs-CRP and CVD among subjects aged < 60 and ≥ 60 years which warrants further investigation.
In our study, high ApoAI was associated with an increased hazard of CVD in the overall study population and among subjects with increased hs-CRP [38, 39]. This result contradicts the previously reported role of ApoAI which has anti-inflammatory features [40] and is associated with a decreased likelihood of CVD in the general population [41]. The association between high ApoAI and CVD found in our study is somewhat akin to the lipid paradox phenomenon. Previous studies have reported a paradox between lipids and CVD prognosis or risk factors. For instance, a previous study reported that higher levels of TC and HDL-C were associated with a decreased risk of arterial fibrillation [42] whereas high LDL-C was related to a decreased hazard of death in another study [38]. However, the biological mechanism explaining the lipids paradox is not elucidated yet; the positive association between high ApoAI and CVD warrants further investigation. RCS analysis showed that among subjects with normal hs-CRP, ApoB displayed a non-linear pattern with CVD while among subjects with increased hs-CRP, TC showed a non-linear pattern with CVD. These results would help to understand the relationship between lipids and CVD with a slight inflammation status of hs-CRP ≥ 1 mg/L.
We further identified negative interactions of increased hs-CRP with high LDL-C on the risk of stroke, low HDL-C, ApoAI, and ApoB on CHD, and higher levels of LDL-C and non-HDL-C on the risk of CVD, suggesting that the combined effects of abnormal lipid levels and increased hs-CRP were smaller than the sum or product of their separate effects [31]. Although studies investigating the interaction between hs-CRP and dyslipidemia on CVD are scarce, our results are different from the one of a previous study which reported a positive interaction between hs-CRP ≥ 3 mg/L with LDL-C ≥ 130 mg/dL on CHD and CVD [43]. Most of the interactions we discovered were further validated with sensitivity analysis using the cut-off points of 3 mg/L and 6 mg/L for hs-CRP showing the validity of our findings regarding the interactive effect of hs-CRP ≥ 1 or ≥ 3 mg/L which indicated a low-grade inflammation [13, 14] and dyslipidemia on CVD. The following hypotheses might explain the biological mechanism involved in that interaction. Mutual antagonism, where increased hs-CRP and abnormal lipid levels individually contribute to CVD occurrence, but when they coexist, they counteract one another’s effect [44]. Another possible hypothesis is the involvement of a fourth factor in the pathway between increased hs-CRP, abnormal lipid levels, and CVD such as the immune system which might damper the joined effect of increased hs-CRP and abnormal lipid levels. Adaptive immune cells may provide a protective reaction at atherosclerotic places, as shown in chronic disorders including CVD by experimental and clinical studies [45, 46]. The immune responses play protective functions in the early and preclinical phases of CVD, but some of them may turn out to be harmful when they can no longer prevent the arterial damage brought on by risk factors in the later stages of atherosclerosis [47]. Repeated measurements of hs-CRP and lipids may better capture the physiological mechanism behind that interaction and provide information about whether their negative interaction continues over time.
Strengths and limitations
Notably, this study is a twelve-year prospective cohort study that explored the interaction between increased hs-CRP and abnormal lipids levels on CVD incidence, making the findings more credible. To the best of our knowledge, this study is the first to examine the association of lipids on CVD classified according to the levels of hs-CRP and explore the interaction of hs-CRP with both conventional and non-conventional lipids on the risk of CVD on the multiplicative and additive scales. The additive interaction is important to assess rather than only relying exclusively on the multiplicative interaction measures because it is a relevant public health measure [48]. Furthermore, the robustness of the interactions was validated by the sensitivity analysis. However, this study has some limitations. The hs-CRP and lipids were assessed only once, therefore, we could not assess the impact of hs-CRP and lipids changes on the risk of CVD during the follow-up period. Also, the population size was relatively small for interaction analysis and that may limit the statistical power to detect more interactions. Furthermore, there is a significant age variation between the increased hs-CRP and the normal hs-CRP group, so potential confounding bias caused by age might exist even after adjustment for age. The prevalence bias might also exist due to the situation that the individuals with detected abnormal lipids were more likely to manage blood lipids during the period of follow-up. There might be uncontrolled confounding effects caused by unmeasured confounders. In addition, the study involved only one city in China therefore the results could not represent the overall national setting. Finally, the cut-off points of 1 mg/L merely referred to a mild increase of hs-CRP and further exploratory epidemiological studies would be warranted.


Conclusion
This 12-year prospective cohort study adds to the body of evidence demonstrating the interaction of hs-CRP and dyslipidemia on CVD as well as verifies previous results of increased hs-CRP and dyslipidemia were significant risk factors for CVD in the overall study population. Our findings suggest a negative interaction between hs-CRP and abnormal lipid levels on the risk of CVD. Further large-scale cohort studies with trajectories measurement of lipids and hs-CRP might verify our results as well explore the biological mechanism behind that interaction.
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	Cardiovascular disease
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	Diastolic blood pressure
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	Relative excessive risk interaction
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