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Background: Emerging evidence suggests an association between remnant cholesterol
(RC) and vascular damage and hypertension. However, this association has not been
explored in a large-scale population in China, and a temporal relationship between RC and
hypertension also needs to be investigated.

Methods: We conducted a retrospective cross-sectional study in 2,199,366 individuals
and a longitudinal study in 24,252 individuals with repeated measurements of lipid profile
and blood pressure in at least a 3-year follow-up. The logistic model was used to explore
the association between lipid components and hypertension in the cross-sectional
analysis. The Cox model was used to analyze the association between high RC (HRC)
at baseline and the subsequent incidence of hypertension or the association between
hypertension at baseline and incidence of HRC. The cross-lagged panel model was
applied to analyze the temporal relationship between RC and hypertension.

Results: RC level as a continuous variable had the highest correlation with hypertension
among lipid profiles, including RC, low-density lipoprotein cholesterol, total cholesterol,
non-high-density lipoprotein cholesterol, and triglycerides, with an odds ratio of 1.59 (95%
confidence interval: 1.58-1.59). In the longitudinal cohort, HRC at baseline was
associated with incident hypertension. We further explored the temporal relationship
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between RC and hypertension using the cross-lagged analysis, and the results showed
that RC increase preceded the development of hypertension, rather than vice versa.

Conclusions: RC had an unexpected high correlation with the prevalence and incidence
of hypertension. Moreover, RC increase might precede the development of hypertension,
suggesting the potential role of RC in the development of hypertension.

Keywords: hypertension, systolic blood pressure, diastolic blood pressure, retrospective cohort,

remnant cholesterol

INTRODUCTION

As a hallmark of metabolic disorders, dyslipidemia often occurs
together as a cluster of interconnected metabolic components,
including obesity, hypertension, and diabetes (1, 2). It is well
established that the coexistence of dyslipidemia and
hypertension accelerates vascular damage and facilitates the
development of cardiovascular diseases (CVD) (3). However,
which component may lead to the other metabolic derangement
progression is not well characterized. Epidemiological studies
have revealed that traditional lipid profiles [e.g., low-density
lipoprotein cholesterol (LDL-C), triglyceride (TG), total
cholesterol (TC)] were associated with arterial stiffness
measured by pulse-wave velocity in patients with hypertension,
which is a marker of subclinical vascular damage (4-6). A recent
cross-lagged path analysis suggested that increased arterial
stiffness might precede increased blood pressure, indicating
that vascular damage induces hypertension, rather than vice
versa (7). Mechanically, dyslipidemia may cause vascular damage
by impaired endothelial nitric oxide synthase activation, vascular
inflammation, and increased oxidative stress (8-10). The joint
evidence indicated that there may be a temporal relationship
between dyslipidemia and hypertension. Identifying the
relationship and controlling modifiable lipid levels have critical
clinical implications regarding the management of hypertension.

Remnant cholesterol (RC) is a class of cholesterol content of
triglyceride-rich lipoproteins composed of chylomicron remnants,
very-low-density lipoprotein (VLDL), and intermediate-density
lipoprotein (IDL) (11). Emerging observational evidence has
shown that RC was associated with incident atherosclerotic
diseases independent of traditional lipid profiles (11-13). RC had
higher penetration into the arterial wall than traditional lipids and
elicited arterial wall inflammation as well as low-grade systemic
inflammation, further supporting the contribution of RC to
vascular damage and atherosclerosis (14, 15). There were
preliminary studies based on the small number of individuals that
showed high RC (HRC) was associated with higher central systolic
blood pressure and the incidence of hypertension (16-18).
However, the abovementioned studies focused on a single-
direction relationship between RC and hypertension, but the
temporal relationship between these two entities has not
been elucidated.

Therefore, we conducted a retrospective cross-sectional study
in 2,199,366 individuals to explore the association between the
RC levels and hypertension. Also, we performed a longitudinal
study in 24,252 individuals with repeated RC levels and blood

pressure in at least a 3-year follow-up. Using a cross-lagged
analysis, we were able to explore the temporal relationship
between RC levels and hypertension.

METHODS
Study Population

This multicentered retrospective study includes 13 health
management centers in China between January 2010 and
December 2017. Participants in the health examinations were
voluntary. Initially, 2,213,425 individuals with data of blood
pressure and blood lipid, including TG, TC, LDL-C, and high-
density lipoprotein cholesterol (HDL-C) were enrolled, and after
excluding 1,926 individuals aged <18 years and 12,133
individuals with a previous history of antihypertensive or lipid-
lowering agents, 2,199,366 individuals were involved in the
cross-sectional analysis (Figure 1A).

In the longitudinal cohort, 97,020 participants aged >18 years
who underwent the first physical examination in 2010-2014 and
the second physical examination in 2010-2017 were included
(Figure 1B). 72,554 with follow-up <3 years and 214 with
antihypertensive or lipid-lowering agents during follow-up
were excluded. Finally, a total of 24,252 participants with
repeated data were involved in the analysis of the bidirectional
association between RC level and blood pressure. The outcome
was determined according to the physical examination data from
2015 to 2017. To identify the association between baseline RC
levels and incident hypertension during follow-up, we excluded
participants with hypertension at baseline in Cohort 1. Similarly,
we excluded participants with HRC at baseline in Cohort 2 to
explore the association between baseline hypertension and
incident HRC.

This study was approved by the central ethics board in Renmin
Hospital of Wuhan University, followed by the acceptance with the
ethics center in each collaborating hospital. Ethics committees
granted a waiver of the requirement for documentation of
informed consent for just analyzing existing data after
anonymization without individual identification.

Anthropometric and Laboratory Data

All participants had undergone comprehensive anthropometric
measurements and clinical examinations by professional and
experienced medical teams in each hospital. Height (cm) and
body weight (kg) were measured to the nearest 0.1 kg and 0.1 cm,
respectively, in subjects wearing light clothing without shoes.
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2,213,425 individuals with RC levels and

hypertension diagosis enrolled in 13 hospitals in
China from January 2010 to December 2017

Y

Excluded 1,926 with age<18;
Excluded 12,133 with anti-hypertensive or lipid-lowering agents;

|2,199,366 individuals in the cross-sectional analysis

Y

To explore the association between blood lipids and hypertension

97,020 participants aged 218 years who underwent
the first physical examination in 2010-2014 and the
second physical examination in 2010-2017

Y

Excluded 72,554 with follow-up< 3 years;
Excluded 214 with anti-hypertensive or lipid-lowering agents;

|24,252 individuals in the final cross-lagged analysis

5071 with baseline 10,541 with baseline
hypertension were excluded HRC were excluded

19,181 individuals in Cohort 1 to explore (| 13,711 individuals in Cohort 2 to explore
the unidirectional relation from baseline || the unidirectional relation from baseline
HRC to incident hypertension hypertension to incident HRC

remnant cholesterol; HRC, high remnant cholesterol.

Waist circumference (cm) was measured to the nearest 0.1 cm at
the midpoint between the lowest rib margin and iliac crest by a
flexible anthropometric tape. Blood pressure (mmHg) was
measured by mercury sphygmomanometers or electronic
sphygmomanometers after individuals rested in a seated
position for a minimum of 5 min (19). The measurement was
carried out three times in succession at intervals of 1 min, and the
average value of the measurement results was taken. Blood
routine tests and biochemical tests were conducted in fasting
state measured according to standard protocols and guidelines at
a certified laboratory. TG was measured by the enzymatic
colorimetric GPO-PAP method; TC was measured by the
enzymatic-cholesterol oxidase peroxidase method; LDL-C and
HDL-C were measured by direct homogenous assay (20). Body
mass index (BMI) was calculated as weight divided by height
square (kg/mz). Mean arterial blood pressure (MAP) was
computed as 1/3 SBP+ 2/3 DBP. RC levels were calculated as
TC minus HDL-C minus LDL-C (16). Non-high-density
lipoprotein cholesterol (Non-HDL-C) was calculated as TC
minus HDL-C (21). Past medical history of diseases and
antihypertensive and lipid-lowering agents were obtained based
on the self-reported history in the physical examination record.

Diagnostic Criteria

According to 2018 Chinese hypertension management
guidelines, hypertension was defined as SBP > 140 mmHg, or
DBP > 90 mmHg, or a medical history of hypertension (22).
Based on the joint consensus statement from the European
Atherosclerosis Society and European Federation of Clinical

FIGURE 1 | Flow chart of participants. (A) Flow chart of participants in the cross-sectional analysis. (B) Flow chart of participants in the longitudinal analysis. RC,

Chemistry and Laboratory Medicine, HRC was defined as
fasting RC > 0.8 mmol/l and normal RC (NRC) is defined as
fasting RC < 0.8 mmol/l (23). The diagnostic criteria for
dyslipidemia were based on the guidelines for preventing and
treating dyslipidemia in Chinese adults (24). Diabetes was
defined as fasting blood glucose (FBG) 27.0 mmol/l, 2-h
postprandial glucose > 11.1 mmol/l, personal history of
diabetes, or the use of hypoglycemic drugs (25, 26). Metabolic
syndrome (MetS) was defined by the presence of at least three of
the following components: (1) elevated waist circumference (290
cm for men and >80 cm for women); (2) elevated TG (=1.70
mmol/l) or with drug treatment for elevated TG; (3) decreased
HDL-C (<1.0 mmol/l for men and <1.3 mmol/l for women) or
with lipid-lowering drug use for reduced HDL-C; (4) elevated
blood pressure (2130/85 mmHg) or with drug use for
hypertension; and (5) elevated fasting glucose (=5.6 mmol/l) or
drug use for elevated glucose (27, 28). Fatty liver disease was
defined by the evidence of hepatic steatosis on imageological
examination (29, 30). Coronary heart disease and stroke were
derived from the self-reported medical history.

Statistical Analysis

Data were analyzed in R-3.6.3 (R Foundation for Statistical
Computing, Vienna, Austria) and SPSS Statistics (version 23.0,
IBM, Armonk, NY, USA). Continuous and categorical variables
were presented as mean + standard deviation (SD) and number
with percent frequency, respectively. Comparisons between two
groups were performed by Student’s t-test for normally
distributed variables and the Wilcoxon rank-sum test for
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non-normally variables and the chi-square test or Fisher’s exact
test for categorical variables. Statistical significance was
considered as two-sided p < 0.05.

The association between the prevalence or the incidence of
hypertension and continuous or categorical RC levels was
analyzed using the logistic regression model in the cross-
sectional population. Cox proportional hazard regression was
conducted to explore the association between the categorical RC
levels and incidence of hypertension or the association between
hypertension and HRC occurrence in two cohorts. Age, sex, and
heart rate were adjusted in Model 1. Age, sex, heart rate, BMI,
FBG, leukocyte count (LEU), alanine aminotransferase (ALT),
and serum creatinine (Scr) were adjusted in Model 2. Missing
data with a proportion of missing of <50%, including heart rate,
BMI, FBG, LEU, ALT, and Scr, were filled based on the
missForest procedure in R (31, 32). A random forest model
based on the rest of the variables in the dataset was constructed
to predict the missing values with an estimation of the internally
cross-validated errors (31). Odds ratio (OR) and hazard ratios
(HR) with 95% confidence intervals (CI) were calculated.
Statistical significance was considered as two-sided p < 0.05.

Cross-Lagged Analysis

Cross-lagged path analysis, a statistical approach to explore the
temporal relationship between variables over time, was
performed to verify the bidirectional relationship between RC
level and hypertension in our study (7). Variables measured
repeatedly at two-time points were used in the models.
According to the classification of the guideline, hypertension
was classified into four grades, including none, grade 1, grade 2,
and grade 3. None was defined by SBP < 140 mmHg, and DBP <
90 mmHg; grade 1 was defined by 140 mmHg < SBP <160
mmHg, or 90 mmHg < DBP <100 mmHg; grade 2 was defined
by 160 mmHg < SBP <180 mmHg, or 100 mmHg <DBP <110
mmHg; and grade 3 was defined by SBP > 180 mmHg, or DBP >
110 mmHg (22). Before the cross-lagged analysis, both baseline
and follow-up RC and blood pressure values were controlled by
residual regression analyses and then standardized by Z-
transformation (mean = 0, SD = 1). Baseline and follow-up
variables were adjusted via regression residual analyses before
cross-lagged analysis. Model 1 was adjusted for age, sex, and
heart rate; model 2 was adjusted for age, sex, heart rate, BMI,
FBG, LEU, ALT, and Scr. The analysis measured the effect size of
RC level in phase 1 on subsequent hypertension in phase 2 (1),
the effect size of hypertension in phase 1 on subsequent RC level
in phase 2 (B2). The comparison between Pl and B2 was
analyzed by t-test.

Sensitivity Analyses

Four sensitivity analyses were conducted to assess the robustness
of the bidirectional association between RC and blood pressure
via the cross-lagged panel analysis. In test I, we estimated the
relationship between RC and blood pressure, including SBP,
DBP, and MAP in the cross-lagged model. In test II, we
estimated the temporal relationship between RC and blood
pressure, including hypertension, SBP, DBP, and MAP in the

cross-lagged model after further adjusting for LDL-C, age, sex,
heart rate, BMI, FBG, LEU, ALT, and Scr. In test III, we explored
the temporal relationship of RC with hypertension, SBP, DBP,
and MAP in 21,527 participants with BMI < 28 kg/m’. The
adjusted confounders were age, sex, heart rate, FBG, LEU, ALT,
and Scr. In test IV, we estimated the temporal relationship
between RC and blood pressure, including hypertension, SBP,
DBP, and MAP in the cross-lagged model after adjusting for age,
sex, heart rate, BMI, FBG, LEU, ALT, Scr, waist circumference,
coronary heart disease, stroke, and fatty liver disease.

RESULTS

Clinical and Laboratory Characteristics in
the Cross-Sectional Analysis

Overall, 2,199,366 cases were included with a mean age of 46.18
(SD, 13.45) and 58.88% of males. The mean SBP was 122.65 (SD,
18.00) mmHg, the mean DBP was 76.99 (SD, 11.94) mmHg, and
the mean RC was 0.83 (SD, 0.59) mmol/l. 23.73% had
hypertension, and 40.38% suffered dyslipidemia. A comparison
of participants across categorical RC revealed that those
individuals with HRC (with a clinically relevant cut point at
0.8 mmol/l) had generally higher levels of BMI, FBG, and blood
pressure, as well as a higher percentage of hypertension. Detailed
characteristics are provided in Table 1.

Association Between RC Levels

and Hypertension in the

Cross-Sectional Populations

To identify which lipid component may have the highest
association with hypertension, the logistic regression model
was applied to analyze the associations between hypertension
and continuous levels of lipids, including LDL-C, TG, TC, Non-
HDL-C, and RC. The risk of hypertension was increased with
increased lipid levels, particularly in patients stratified by RC
(Table 2). The crude OR for hypertension by continuous RC was
1.59 (95% CI: 1.58-1.59) (Table 2). The relationship was still
positive after adjusting for age, sex, heart rate, BMI, FBG, LEU,
ALT, and Scr. Consistently, HRC was also associated with
hypertension with the OR of 1.34 (95% CI: 1.34-1.35) after
adjusting for the same confoundings (Table 3).

Baseline Characteristics of the
Longitudinal Analysis

Given the tight association between RC and hypertension in the
cross-sectional analysis, we further conducted the longitudinal
analysis to verify the temporal relationship between RC and
hypertension. There was a total of 24,252 participants included
with a mean age of 45.15 (SD, 11.27) years and 63.38% of men at
the baseline. The detailed clinical characteristics are described in
Table S1. The mean SBP was 121.37 (SD, 16.82) mmHg, the mean
DBP was 77.51 (SD, 11.28) mmHg, and the mean RC was 0.81
(SD, 0.59) mmol/1 (Table S1). Of note, 5,071 (20.91%) participants
had hypertension and 10,541 (43.46%) had HRC at baseline.
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TABLE 1 | Clinical characteristics in total and stratified by RC levels in a cross-sectional analysis.

Age (year, mean (SD))
Gender, male (%)

Heart rate (bpm, mean (SD))
BMI (kg/m?, mean (SD))
WC (cm, mean (SD))

SBP (mmHg, mean (SD))
DBP (mmHg, mean (SD))
FBG (mmol/L, mean (SD))
TC (mmol/L, mean (SD))
TG (mmol/L, mean (SD))
LDL-C (mmol/L, mean (SD))
Non-HDL-C (mmol/L, mean (SD))
RC (mmol/L, mean (SD))
ALT (IU/L, mean (SD))

AST (IU/L, mean (SD))
¥-GGT (IU/L, mean (SD))
Scr (umol/L, mean (SD))
SUA (umol/L, mean (SD))
BUN (mmol/L, mean (SD))
RBC (x10'%/L, mean (SD))
LEU (x10%L, mean (SD))
HGB (g/L, mean (SD))

PLT (x10%/L, mean (SD))
Type 2 diabetes (%)
Hypertension (%)
Dyslipidemia (%)

MetS (%)

Total N = 2199366

46.18 (13.45)

1,204,944 (58.88)

71.04 (10.32)
2415 (4.67)
82.70 (10.35)
122.65 (18.00)
76.99 (11.94)
5.44 (1.27)
4.88 (0.96)
1.70 (1.53)
2.67 (0.74)
3.50 (0.96)
0.83 (0.59)
26.63 (24.58)
24.94 (16.50)
36.18 (46.57)
71.33 (18.64)
329.36 (92.31)
4.95 (1.45)
4.76 (0.58)
6.22 (1.74)
143.58 (15.80)
205.52 (57.04)
145,264 (6.65)
522,015 (23.73)
888,089 (40.38)
698,646 (33.44)

NRC N = 1226732 HRC N = 972634 p-value
45.07 (13.87) 47.59 (12.76) <0.001
644,591 (52.55) 650,353 (66.87) <0.001
70.98 (9.82) 71.16 (11.15) <0.001
23.45 (4.08) 25.06 (5.19) <0.001
80.46 (10.34) 85.56 (9.64) <0.001
120.37 (17.48) 125.53 (18.22) <0.001
75.26 (11.51) 79.16 (12.12) <0.001
5.28 (1.03) 5.65 (1.50) <0.001
453 (0.82) 5.32 (0.94) <0.001
1.18 (0.59) 2.37 (2.02) <0.001
2,62 (0.76) 2.73 (0.71) <0.001
3.08 (0.79) 4.04 (0.89) <0.001
0.46 (0.20) 1.31 (0.58) <0.001
23.65 (22.00) 30.42 (27.03) <0.001
23.49 (14.23) 26.63 (18.65) <0.001
29.09 (35.78) 43.29 (54.40) <0.001
69.11 (18.52) 74.12 (18.40) <0.001
308.96 (87.27) 352.44 (92.43) <0.001
4.83 (1.39) 5.09 (1.50) <0.001
4.69 (0.63) 4.84 (0.50) <0.001
6.07 (1.65) 6.40 (1.84) <0.001
141,39 (16.00) 146.37 (15.08) <0.001
208.15 (57.41) 202.20 (56.40) <0.001
60,578 (4.97) 84,686 (8.76) <0.001
241,769 (19.71) 280,246 (28.81) <0.001
315,556 (25.72) 572,533 (58.86) <0.001
269,358 (22.90) 429,288 (47.01) <0.001

RC, remnant cholesterol; NRC, normal remnant cholesterol; HRC, high remnant cholesterol; SD, standard deviation; BMI, body mass index; WC, waist circumference; SBP, systolic blood
pressure; DBP, diastolic blood pressure; FBG, fasting blood glucose; TC, total cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; Non-HDL-C, non-high-density
lipoprotein cholesterol; ALT, alanine aminotransferase; AST, aspartate transaminase; »GGT, yglutamyltranspeptidase; Scr, serum creatinine; SUA, serum uric acid; BUN, blood urea
nitrogen; RBC, red blood cell; LEU, leukocyte count; HGB, haemoglobin; PLT, platelet count; MetS, metabolic syndrome.
p-values were calculated by Student’s t-test for normally distributed variables and the Wilcoxon rank-sum test for non-normal distributed variables, as well as the chi-square test or Fisher’s

exact test for categorical variables.

TABLE 2 | Association between lipid levels and hypertension in the cross-

sectional analysis.

Model

Crude

Model 12

Model 2°

Variables (continuous,
per 1 mmol/L)

RC

LDL-C

TC

TG
Non-HDL-C
RC

LDL-C

TC

TG
Non-HDL-C
RC

LDL-C

TC

TG
Non-HDL-C

OR (95% Cl)

1.59 (1.58,1.59)
1.42 (1.42,1.43)
1.35 (1.35,1.36)
1.26 (1.25,1.26)
1.48 (1.47,1.48)
1.48 (1.47,1.48)
1.33 (1.33,1.34)
1.30 (1.30,1.31)
1.23 (1.23,1.23)
1.39 (1.39,1.40)
1.30 (1.29,1.31)
1.27 (1.27,1.28)
1.24 (1.24,1.25)
1.16 (1.16,1.16)
1.29 (1.29,1.30)

p-value

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

OR, odds ratio; Cl, confidence interval; RC, remnant cholesterol; LDL-C, low-density
lipoprotein cholesterol; TC, total cholesterol; TG, triglycerides; Non-HDL-C, non-high-
density lipoprotein cholesterol.
n Model 1, the adjustment factors included age, sex, and heart rate.
PIn Model 2, the adjustment factors included age, sex, heart rate, body mass index, fasting
blood glucose, alanine aminotransferase, leukocyte count, and serum creatinine.

TABLE 3 | HRC was associated with hypertension in cross-sectional analysis.

Model NRC HRC

OR(95% Cl) OR(95% Cl) p-value
Crude ref 1.65 (1.64,1.66) <0.001
Model 12 ref 1,52 (1.51,1.53) <0.001
Model 2° ref 1.34 (1.34,1.35) <0.001

NRC, normal remnant cholesterol; HRC, high remnant cholesterol; OR, odds ratio; ClI,
confidence interval.

?ln Model 1, the adjustment factors included age, sex and heart rate.

bIn Model 2, the adjustment factors included age, sex, heart rate, body mass index, fasting
blood glucose, alanine aminotransferase, leukocyte count, and serum creatinine.

Association Analysis of Baseline

HRC and the Occurrence of

Hypertension in Cohort 1

A total of 19,181 (59.96% of male) participants initially without
hypertension were included in Cohort 1 for exploring the
association between baseline lipids and incidence of
hypertension during the follow-up (Table S2). During a mean
follow-up of 4.01 years (SD: 1.00), there were 2,804 (14.62%) new
hypertension cases. The incident rate of hypertension was higher
in the HRC group (45.59 per 1,000 person-years) than that in the
NRC group (30.93 per 1,000 person-years). After adjusting for
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age, sex, heart rate, BMI, FBG, LEU, ALT, and Scr in the Cox
proportional hazard regression model, the HR was 2.00 (95% CI:
1.85-2.16) for the individuals with HRC when compared to those
with NRC (Table 4).

Association Analysis of Baseline
Hypertension and the Subsequent

HRC in Cohort 2

Conversely, we explored the association between hypertension at
baseline and the subsequent elevation in RC by the Cox
proportional hazard regression model. 13,711 (57.01% of male)

TABLE 4 | Baseline HRC was associated with subsequent hypertension in Cohort 1.

NRC HRC

Incident cases of hypertension, n (%) 1,487 (13.04)
Incident rate 30.93
(per 1,000 person-years)

1,317 (16.94) -
4559 -

Model HR(95% CI) HR(95% Cl)  P-value
Crude ref 2.23(2.07,2.41)  <0.001
Model 12 ref 2.10 (1.94,2.26) <0.001
Model 2° ref 2.00 (1.85,2.16) <0.001

NRC, normal remnant cholesterol; HRC, high remnant cholesterol; HR, hazard ratio; Cl,
confidence interval.

4n Model 1, the adjustment factors included age, sex, and heart rate.

PIn Model 2, the adjustment factors included age, sex, heart rate, body mass index, fasting
blood glucose, alanine aminotransferase, leukocyte count, and serum creatinine.

TABLE 5 | Crude and adjusted cross-lagged standard regression coefficient of
RC and blood pressure levels.

Model BHC-hypertension Bhypev‘tension-RC P'Valuea CFI
(95% Cl) (95% ClI)

Crude 0.049 (0.037,0.061) 0.032 (0.021,0.044) <0.001 0.925

Model 1° 0.049 (0.037,0.061) 0.022 (0.010,0.034) <0.001 0.930

Model 2° 0.031 (0.019,0.043) 0.017 (0.005,0.029) <0.001 0.936

RC, remnant cholesterol; Cl, confidence interval; CFl, comparative fit index.

“Test the difference of the cross-lagged path coefficients between Bac.nypertension and
ﬁhypenensfon-ﬂc by the t-test.

PIn Model 1, the adjustment factors included age, sex, and heart rate.

In Model 2, the adjustment factors included age, sex, heart rate, body mass index, fasting
blood glucose, alanine aminotransferase, leukocyte count, and serum creatinine.

participants initially without HRC were included in Cohort 2
(Table S3). During a mean follow-up time of 4.21 years (SD:
1.06), there were 5,371 (39.17%) new HRC cases. The incident
rate of HRC was higher in the hypertension group (106.22 per
1,000 person-years) than that in the non-hypertension group
(90.30 per 1,000 person-years). Using individuals without
hypertension as the reference in the Cox model, the HR (95%
CI) for incidence of HRC was 1.25 (95% CI: 1.17-1.35) in
individuals with hypertension, after adjusting for age, sex,
heart rate, BMI, FBG, LEU, ALT, and Scr. These data indicated
that baseline hypertension may also contribute to subsequent
increases in RC levels (Table S4).

Cross-Lagged Path Analysis for RC Levels
and Hypertension

The positive associations between baseline RC and the
subsequent incidence of hypertension and the baseline status
of hypertension and RC level during the follow-up were
established. The cross-lagged analysis was conducted in 24,252
participants with repeated measurement of RC and hypertension
to further dissect the temporal relationship between these two
entities. The mean follow-up period was 4.10 years (SD: 0.99).
The standardized correlation coefficient of baseline RC and
subsequent hypertension (Bl = 0.049; 95% CI: 0.037-0.061)
was more significant than the standardized correlation
coefficient of baseline hypertension and subsequent RC (2 =
0.032; 95% CI: 0.021-0.044) with p < 0.001 for the difference in
the crude model (Table 5). The effect sizes of two paths and the
differences between two path coefficients remained significant in
the two adjusted models (Table 5 and Figure 2). The model
fitting parameters of comparative fit indexes above all models
were >0.900, indicating a relatively good fit to the observed data.
These results indicated that the RC increase might precede the
incidence of hypertension.

Sensitivity Analysis

In sensitivity analysis I, the standard regression coefficient of
baseline RC to the follow-up SBP level (B = 0.035, 95% CI: 0.023—
0.047) was significantly greater than the coefficient from the
baseline SBP level to follow-up RC (B = 0.023, 95% CI: 0.011-

RC_1

Hypertension_1

RC 2

Hypertension_2

FIGURE 2 | Cross-lagged path analysis for RC level and hypertension. The cross-lagged model is adjusted for age, sex, heart rate, body mass index, fasting blood
glucose, alanine aminotransferase, leukocyte count, and serum creatinine. RC, remnant cholesterol; * indicates £<0.001 when comparing 1 vs. 2.
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0.035) with p < 0.001 for the difference after adjustment for age,
sex, heart rate, BML, FBG, LEU, ALT, and Scr, which implies that
a high RC level at baseline might precede a subsequent increase
in SBP during the follow-up, not vice versa. Correspondingly, the
standard regression coefficient of baseline RC to the subsequent
DBP level (B = 0.081, 95% CI: 0.069-0.093) was significantly
greater than the coefficient from the baseline DBP level to
subsequent RC (B = 0.024, 95% CIL: 0.012-0.035) with p <
0.001 for the difference after adjustment for the same
confounding factors. Similar patterns were shown between RC
and MAP levels (Table 6 and Figure S1). Also, consistent results
were shown in sensitivity analyses I, III, and IV (Table 6 and
Table S5). These results consistently indicated that the RC
increase may precede blood pressure increase, rather than
vice versa.

DISCUSSION

To our best knowledge, this is the first study that revealed the
association between RC level and hypertension based on a large-
scale retrospective observational study of 2,199,366 population in
China. The RC level has the highest correlation with
hypertension among lipid profiles after adjusting for traditional
confounders in the cross-sectional population. A positive
relationship between HRC and the incident hypertension was
also observed in the longitudinal cohort. The cross-lagged
analysis indicated that RC increase might precede the
development of hypertension, rather than vice versa.

Lipid metabolism and the development of hypertension are
both complicated processes influenced by many different
pathways (33-35). Since several metabolic disorders often
occur together as a cluster of interconnected components
characterized by obesity, hypertension, dyslipidemia, and

insulin resistance, other metabolic risk factors may confound
or mediate the association between RC and blood pressure. Thus,
we adjusted common risk factors in our study, including
metabolic factors BMI, waist circumference, and FBG.
Consistent herewith, the positive association between RC and
hypertension still existed in the logistic model, Cox model, and
cross-lagged analysis, which further proved that elevated RC may
precede the development of hypertension.

RC can be obtained by direct measurements or calculation
through a standard lipid profile at the fasting or non-fasting
state. Since fasting blood samples are routinely utilized to assess
plasma lipid profiles, fasting RC has greater practical
applicability than non-fasting RC. Different methods of
measuring RC levels at the fasting state have been used to
assess the association between RC and hypertension. In a
prospective study in Japan, a positive association between RC
detected directly by immunoseparation at baseline and incident
hypertension in 681 subjects during a 10-year follow-up was
observed (18). Due to the limited sample size and high rate of
loss to follow-up, the conclusion was inconclusive. A recent
cross-sectional study revealed that increased calculated RC level
was significantly associated with higher central SBP in the
Chinese population, but the temporal relationship between the
two entities was not identified (16). Not only did our study reveal
that baseline calculated RC at the fasting state was associated
with the prevalence and incident hypertension, but also we used
the cross-lagged model to untangle the unidirectional
relationship from RC to hypertension in a large-size cohort in
China. Consistently, the change of RC preceded the change of
SBP, DBP, and MAP. In particular, RC increase also preceded
the development of hypertension in participants with BMI
< 28 kg/m’, indicating that RC-predisposed hypertension or
increase in blood pressure may be independent of obesity.
Although directly measured or calculated RC is associated with

TABLE 6 | Cross-lagged standard regression coefficient of RC and blood pressure levels in the sensitivity analyses.

Sensitivity tests Variables Model Bre-blood pressure(95% Cl) Bblood pressure-rc(95% Cl) p-value® CFI
| SBP Model 1° 0.047 (0.035,0.059) 0.028 (0.016,0.040) <0.001 0.920
Model 2° 0.035 (0.023,0.047) 0.023 (0.011,0.035) <0.001 0.928
DBP Model 1° 0.092 (0.081,0.104) 0.026 (0.014,0.037) <0.001 0.922
Model 2° 0.081 (0.069,0.093) 0.024 (0.012,0.035) <0.001 0.930
MAP Model 1° 0.075 (0.064,0.087) 0.028 (0.017,0.040) <0.001 0.916
Model 2° 0.066 (0.054,0.077) 0.025 (0.013,0.037) <0.001 0.925
1 Hypertension Model 3¢ 0.030 (0.018,0.042) 0.020 (0.008,0.032) <0.001 0.936
SBP Model 3¢ 0.034 (0.022,0.046) 0.025 (0.013,0.037) <0.001 0.928
DBP Model 3¢ 0.077 (0.065,0.089) 0.019 (0.007,0.031) <0.001 0.930
MAP Model 3¢ 0.063 (0.051,0.074) 0.023 (0.011,0.035) <0.001 0.925
Il Hypertension Model 4° 0.035 (0.022,0.048) 0.009 (-0.004,0.021) <0.001 0.936
SBP Model 4° 0.039 (0.027,0.052) 0.016 (0.004,0.029) <0.001 0.926
DBP Model 4° 0.088 (0.076,0.101) 0.018 (0.005,0.030) <0.001 0.927
MAP Model 4° 0.071 (0.058,0.083) 0.018 (0.006,0.031) <0.001 0.921

RC, remnant cholesterol; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; Cl, confidence interval; CFl, comparative fit index.
Test the difference of the cross-lagged path coefficients between Bac.piood pressure @A Pricod pressure-rc bY the t-test.

PIn Model 1, the adjustment factors included age, sex, and heart rate.

In Model 2, the adjustment factors included age, sex, heart rate, body mass index, fasting blood glucose, alanine aminotransferase, leukocyte count, and serum creatinine.
9n Model 3, the adjustment factors included age, sex, heart rate, body mass index, fasting blood glucose, alanine aminotransferase, leukocyte count, serum creatinine, and low-density

lipoprotein cholesterol.

°In Model 4, the adjustment factors included age, sex, heart rate, fasting blood glucose, alanine aminotransferase, leukocyte count, and serum creatinine.
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hypertension, no study has identified which one best predicts
hypertension risk. Two meaningful investigations compared
directly measured and calculated RC levels with the risk of
ischemic heart disease and myocardial infarction, but the
results were inconsistent that still cannot determine which one
predicts the risk of CVDs better (36, 37). Further research is
needed to compare the clinical value of different measurements
of RC and reach a consensus on RC measurements.

Our study revealed that RC may be a potential culprit for the
development of hypertension and CVD events. For many years,
LDL-C has been recognized as a major risk factor for the
incidence of CVDs, and reducing the level of LDL-C is the
cornerstone in the treatment of atherosclerotic diseases,
especially in patients with hypertension (38, 39). Yet clinical
trials demonstrate persistent residual CVD risk despite
aggressive LDL-C lowering. Focus on the management of RC
level may be a plausible strategy for the residual risk reduction
(40, 41). The evidence from our study showed that the RC level
had a higher association with the prevalence of hypertension in
all traditional lipid risk factors. In addition, an elevated RC level
might precede the incident of hypertension after adjusting for
traditional confounders. Prospective studies are warranted to
explore the causal relationship between RC and the development
of hypertension. Moreover, whether the reduction of the RC level
halts or reverses the development of hypertension remains to be
elucidated in future studies.

If we can prove that the early intervention of RC has a
beneficial effect on blood pressure control and subsequent
cardiovascular complications, identification of potential
treatment strategies for controlling RC would be critical in the
management of CVD. A post hoc analysis based on a recent study
showed that Atorvastatin had a dose-dependent effect on RC
control. This effect resulted in a significantly decreased risk in
major adverse cardiovascular events independent of reducing
LDL-C level (42). Pitavastatin and Pravastatin were also reported
to reduce RC levels in patients with dyslipidemias (43). It is
known that statins can lower blood pressure in patients with
hypertension. Moreover, the potential mechanisms may be
mediated by its beneficial effects on endothelial function and
the renin-angiotensin system. Whether the impact on the blood
pressure reduction is mediated by RC control remains to be
further elucidated. Previous studies revealed that an increased
RC level was positively associated with impaired flow-mediated
endothelium-dependent dilatation (FMD) in the brachial artery.
Application of Bezafibrate or Atorvastatin decreased the RC
levels and markedly improved the FMD after a 4-week
treatment (44). Impaired FMD reflects a reduction in nitric
oxide production and endothelium dysfunction, which plays an
essential role in the development of hypertension. The evidence
mentioned above suggested that the lowering of RC may benefit
the cardiovascular system, but the conclusion is preliminary.
Besides lipid-lowing function, statin has multitarget effects that
may intrigue pathways that regulate vascular tone, including the
increase in bioavailability of nitric oxide, reduction in
proinflammatory cytokines, and improvement in endothelial
function (45, 46). Considering the vital role of RC in the

development of CVD, treatment strategies targeting reducing
RC warrant to be investigated.

The mechanistic basis of RC-associated hypertension is not
fully understood, potentially involving vascular damage,
inflammation, oxidative stress, the renin-angiotensin system,
and insulin resistance. First, RC can penetrate arterial intima
and promote increased secretion of various cytokines and
adhesion molecules, leading to endothelial dysfunction, low-
grade systematic, and vascular inflammation (33, 44, 47).
Endothelial dysfunction and inflammation induce elevated
systemic vascular resistance and impaired endothelium-
dependent vasodilation because of an imbalance between
vasoconstrictors and vasodilators and the subsequent
development of hypertension. In addition, persistent
inflammation may trigger the generation of reactive oxygen
species and oxidative stress, which further impairs arterial
function and has been associated with hypertension (48, 49).
Second, studies also revealed that RC (mainly VLDL-C)
stimulates aldosterone production, which increases sodium and
water retention, potassium excretion, and blood volume, and
thus trigging hypertension (50, 51). Third, elevated RC levels
may be related to hyperinsulinemia and insulin resistance, which
might stimulate sympathetic nervous system activity and the
renin-angiotensin system, increase renal vascular resistance and
renal sodium retention, and thus induce the development of
hypertension (52-55). However, direct mechanisms that mediate
RC-associated vascular injury need further investigation.

Several limitations should be noted in this study. First, our
retrospective cohorts had inherent limitations in inferring the
causal relationship between RC and hypertension; thus, the
causal relationship warrants studying in prospective settings.
Second, cross-lagged path analysis was able to verify the
temporal relationship but was insufficient to verify the
causality between RC and hypertension. Third, the mean
follow-up period was 4-5 years, which was relatively short for
the incidence of hypertension. Thus, this cohort is needed to be
followed up in the long run. Fourth, limited information on
smoking status, drinking, and insulin sensitivity may result in
bias due to an insufficient adjustment of these confounders in the
models. Fifth, the impact of the RC subtype, including
chylomicron remnants, VLDL-C, and IDL-C, on the incidence
of hypertension was not able to be evaluated due to the
availability of data. Last, the study populations were based on
national community-based health examinations but did not base
on random sampling, and study data may underrepresent the
rural populations of China.

CONCLUSIONS

Our study showed that the RC level was associated with prevalent
and incident hypertension. Importantly, elevated RC might
precede the development of hypertension and the increase in
blood pressure. These findings highlight the role of increased RC
level in the development of hypertension and provide potential
clinical relevance for controlling RC in hypertension management.
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