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Abstract

Background/Objectives: Abnormal blood pressure (BP) in youth is strongly linked to ge-
netic predisposition, particularly involving lipid metabolism genes. However, little is
known about whether such polymorphisms affect ambulatory BP (ABP) parameters and
whether other factors modify the associations in youth populations. Methods: A total of
510 medical students from a university in Changsha were included. Multivariable linear
regression and logistic regression models were used to analyze the association between
sterol regulatory element-binding protein cleavage-activating protein (SCAP) gene poly-
morphisms and ABP parameters among youth. Results: After adjusting for age, sex, BMI,
ethnicity, monthly household income per capita, salt intake habits, fruit and vegetable
intake frequency, smoking, drinking, history of hypertension and waist circumference,
carriers of the A allele of rs76558868 had higher daytime systolic blood pressure (SBP)
than G allele carriers (f =1.55, SE = 0.77, p = 0.046, corrected p =0.092). A significant inter-
action between rs12487736 and sex on 24 h SBP (pinteraction = 0.023) and daytime SBP (pinteraction
= (.048) levels was found. In males, the CC genotype carriers had elevated 24 h SBP (§ =
3.53, SE =1.36, p = 0.010, corrected p =0.020) and daytime SBP (f =3.18, SE =1.53, p = 0.040,
corrected p = 0.080) levels compared to TC/TT genotype carriers, whereas no significant
association was found in females. In addition, we also noted an interaction between
rs76558868 and sex on 24 h SBP (pinteraction = 0.016), nighttime SBP (pinteraction = 0.027) and
nighttime diastolic blood pressure (DBP) (pinteraction = 0.025) levels; the A allele carriers had
significantly higher 24 h SBP ( = 2.02, SE = 0.84, p = 0.018, corrected p =0.036), nighttime
SBP (B =2.64, SE =0.98, p = 0.008, corrected p =0.016) and DBP levels (§ = 1.65, SE = 0.63, p
=0.009, corrected p =0.018) compared to G allele carriers among males, but not in females.
Conclusions: An interaction between SCAP gene polymorphisms and sex was observed
for ABP parameters among college students. These findings provide insights for future
targeted early hypertension prevention and personalized health management strategies.

Keywords: ambulatory blood pressure; SCAP gene; college students; interaction effect

1. Introduction

Hypertension is one of the most important risk factors for cardiovascular disease and
premature death worldwide, and high systolic blood pressure (SBP) was one of the
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leading risk factors globally in 2023 (8.4% of total disability-adjusted life-years) [1,2].
There has been a rapid increase in the prevalence of global hypertension, especially among
young individuals [3]. Evidence from a meta-analysis indicated that the prevalence of hy-
pertension nearly doubled among children and adolescents aged 19 years or younger
from 2000 to 2020 (boys: 3.40% to 6.53%; girls: 3.02% to 5.82%), and the prevalence of hy-
pertension measured by the in-office method and the combined in-office and out-of-office
assessments was 4.28% and 6.67%, respectively [4]. Ambulatory blood pressure (ABP) can
present the true fluctuation of an individual’s blood pressure (BP) more comprehensively
through 24 h monitoring (such as the dipping phenomenon), which also reduces the stress
reaction that contributes to white-coat hypertension and is more sensitive for the identifi-
cation of masked hypertension, compared with in-office BP measurements [5]. It suggests
that ABP monitoring can facilitate more valuable information for the potential cardiovas-
cular risk assessment and earlier intervention in the management of college students.

Environmental exposure and lifestyle factors are well-documented contributors to
hypertension, and genetic susceptibility is also of vital importance to the development of
hypertension [6,7]. Accordingly, the efficacy of drugs for treating hypertension in the pop-
ulation is also closely interrelated with genes [8]. Sterol regulatory element-binding pro-
tein cleavage-activating protein (SCAP) is a protein closely related to the regulation of
lipid metabolism. It is a key regulatory factor in the SREBP pathway, participating in reg-
ulating the cholesterol and lipid synthesis pathways [9,10]. It binds to the sterol regulatory
element-binding protein (SREBP) via its COOH-terminal domain to form the SCAP-
SREBP complex [11]. At high cholesterol concentrations, SCAP undergoes conformational
changes and binds to the insulin-induced gene protein (INSIG), retaining the IN-
SIG/SCAP/SREBP complex in the endoplasmic reticulum and suppressing cholesterol
synthesis. At low cholesterol concentrations, the complex dissociates from INSIG and
translocates to the Golgi apparatus, where proteolytic cleavage releases transcription fac-
tors that activate target genes involved in cholesterol and lipid metabolism, thereby en-
hancing lipid synthesis [12]. Growing evidence suggests that the circadian rhythm regu-
latory system mediates lipid metabolism and maintains lipid homeostasis [13,14]. ABP
captures the full 24 h circadian profile of blood pressure, which is particularly relevant,
given SCAP’s potential role in circadian-regulated lipid metabolism [15,16]. Indeed, a re-
cent study observed that SCAP was required for Reverb-hDKO-induced diurnal rhythmic
remodeling and epigenomic reprogramming in liver macrophages [16]. However, no pub-
lished study has specifically investigated the association between SCAP gene polymor-
phisms and 24 h ABP parameters. All prior evidence linking SCAP gene polymorphisms
to blood pressure has been derived from office blood pressure measurements in pediatric
populations [17,18]. Therefore, extending the investigation of SCAP polymorphisms to 24
h ABP parameters in young adult populations addresses this knowledge gap and may
reveal circadian-specific associations that are not detectable using conventional office
blood pressure measurements.

A study has reported that obese patients had increased ABP parameters and abnor-
mal circadian blood pressure rhythms, and the prevalence of non-dipping blood pressure
status was also higher [19]. Other research has found that the day—night blood pressure
patterns of people with different weight statuses are also inconsistent [20]. Our previous
research has also reported that rs12490383 and rs12487736 polymorphisms were signifi-
cantly associated with high SBP among Chinese children and adolescents who were over-
weight or obese [17]. A case-control study demonstrated a significant interaction between
the rs12487736 and the intake of high-calorie foods, such as French fries, cakes, and cook-
ies, suggesting that lifestyle behaviors and the gene polymorphism may jointly affect BP
levels in children and adolescents [18]. Nevertheless, Zhou et al. found that severe obesity
was associated with a higher prevalence of non-BP dipping patterns in girls than in boys,
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which suggests that the relationship between the severity of obesity and BP dipping status
might be sex-specific [21].

This study aimed to explore the association between the SCAP gene polymorphisms
and the ABP parameters [24 h SBP, 24 h diastolic blood pressure (DBP), daytime SBP,
daytime DBP, nighttime SBP, nighttime DBP, abnormal 24 h BP, abnormal daytime BP,
and abnormal nighttime BP] in college students. Additionally, whether SCAP gene poly-
morphisms could interact with weight status and sex to affect ABP parameters has not
been demonstrated before. Thus, we also explored the interactions between the polymor-
phisms of the SCAP gene and sex, as well as with weight status.

2. Subjects and Methods
2.1. Subject

A total of 514 medical students from a university in Changsha participated in on-site
investigations, physical examinations, ABP monitoring, and genotyping tests from Sep-
tember 2022 to June 2024.

Inclusion criteria: (1) participation in the university pre-enrollment medical exami-
nation; (2) having relevant information on demographic characteristics, lifestyle, history
of hypertension, and physical examination indicators; (3) collection of a peripheral blood
sample; (4) availability of 24 h ambulatory blood pressure monitoring data. Exclusion cri-
teria: (1) missing questionnaire information or physical examination data; (2) no periph-
eral blood sample; (3) no 24 h ambulatory blood pressure monitoring data; (4) current use
of antihypertensive medication; and (5) presence of severe cardiovascular disease or major
organ diseases such as liver or kidney dysfunction.

Four participants were excluded for invalid questionnaire data (n = 1), missing 24 h
ABP data (n =1), and missing physical examination indicators (n = 2). Therefore, a total of
510 participants were included in the present study. The cross-sectional study was ap-
proved by the Medical Research Ethics Review Committee (2019-88, March 9, 2019) of the
Hunan Normal University under the guidelines of the Declaration of Helsinki.

2.2. Sample Size Calculation

Sample size was calculated using Quanto 1.2.4 software for a genetic association
study. Assuming a prevalence of abnormal 24 h BP of 6.67% [4], an odds ratio (OR) of 1.62
[22], a minimum allele frequency (MAF) between 0.16 and 0.41, and a statistical power of
80%, the required sample size was estimated to be 446 participants.

2.3. Measurement

Height (cm) was measured using a sit-down height gauge, and weight (kg) was de-
termined using a bioelectrical impedance body composition analyzer [TANITA MC-
780MA, Japan (TANITA (SHANGHAI) TRADING CO., LTD., Shanghai, China)]. Height
and weight are used to calculate BMI (kg/m?). The waist circumference (WC, cm) is meas-
ured using a tape measure. For participants aged 18 and above, overweight/obesity is de-
fined as a BMI >24 kg/m? [23]. For participants under 18 years of age, overweight and
obesity were classified according to the screening standards among children and adoles-
cents published by the National Health Commission of China (standard number WS/T
586-2018) [24]. Approximately 3 mL of venous blood (stored at -20 °C) was collected from
each participant. Blood draws were performed in the early morning (approximately 7:00—
8:30 AM) after an overnight fast of at least 8 h. The participants self-reported their age,
gender, ethnicity, salt consumption habits, average monthly household income, fruit and
vegetable intake in the past week, smoking and drinking status, and history of hyperten-
sion [at least one first-degree relative (parent or sibling) had hypertension] [25].
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2.4. 24 h ABP Monitoring

Participants’ 24 h ABP monitoring was performed using the TM-2430 ambulatory
blood pressure monitor [A&D, Japan (A&D Technology Trading (Shanghai)Co., Ltd.,
Shanghai, China)]. The cuff of the monitor was worn on the non-dominant arm of the
participants. BP was measured every 20 min during the day (from 7 a.m. to 11 p.m.) and
every 30 min during the night (from 11 p.m. to 7 a.m.). Moreover, the average SBP and
DBP during the day and night were determined from valid measurement values during
all waking hours and sleep time (recorded in the sleep diary). All participants completed
the complete 24 h ABP monitor record as defined by the European Society of Hyperten-
sion (with more than or equal to 70% of the planned readings and at least 20 daytime and
7 nighttime readings) [26]. The ABP monitoring indicators included 24 h SBP, 24 h DBP,
daytime SBP, daytime DBP, nighttime SBP, nighttime DBP, abnormal 24 h BP, abnormal
daytime BP, and abnormal nighttime BP. Abnormal 24 h BP was defined as 24 h SBP > 130
mm Hg and/or 24 h DBP > 80 mm Hg; abnormal daytime BP was daytime SBP > 135 mm
Hg and/or daytime DBP > 85 mm Hg; abnormal nighttime BP was nighttime SBP > 120
mm Hg and/or nighttime DBP > 70 mm Hg [27].

2.5. Genetic Polymorphisms Selection and Genotyping

We selected the positive results or the sites with more studies from the previously
published literature on the association between the SCAP genes and cardiovascular met-
abolic risk factors. Additionally, it included tagging a single-nucleotide polymorphism
(Tag SNP) for analysis in the SCAP gene. The Tag SNP refers to a specific type of single
nucleotide polymorphism (SNP) that is representative in the genome. The sites that met
the Hardy—Weinberg equilibrium test and had an 2 <0.80 for linkage disequilibrium anal-
ysis were included in the study. Finally, two SNPs from the SCAP gene [rs12487736 [18]
and rs76558868(Tag SNP)] were selected.

DNA samples were extracted from venous blood samples using the salt-out method
and under identical experimental conditions (such as temperature and time). Matrix-As-
sisted Laser Desorption/Ionization Time of Flight Mass Spectrometry (MALDI-TOF MS,
Agena) technology was used for the genotyping. Replicate samples were set up during
the genotyping process, and the genotyping technicians were blinded to the identity of
the duplicate samples. The genotyping results of the replicate samples were consistent
with those of the original samples. Additionally, the call rate for all polymorphisms was
100% (Supplementary Table S1).

2.6. Statistical Analysis

The general characteristics, lifestyle, history of hypertension, and 24 h ABP monitor-
ing indicators of the subjects were described. Continuous variables and categorical varia-
bles were described using mean + SD and n (%), and t-tests or rank-sum tests were used
to analyze the differences in continuous variables; chi-square tests were used to compare
the differences between groups of categorical variables. The Hardy-Weinberg equilib-
rium test was used to assess the genotype of the normal ABP group of college students (p-
nwe > 0.05 indicated genetic equilibrium in the population). The linkage disequilibrium
relationship was analyzed using Haploview 4.2 software (2 < 0.8 determined linkage equi-
librium). The difference in a certain allele between races was evaluated using the F-statis-
tics formula (Fst = (P1 = P2)%/[(P1 + P2) x (2 = (P1 + P2))]; P1 and P2 represent the MAF of the
gene in the European population and the study population, respectively) [28]. The Fsr val-
ues were divided into four categories: small racial difference (0 < Fsr < 0.05), moderate
(0.05 < Fsr < 0.1), large (0.15 < Fsr < 0.25), and very large (Fsr 2 0.25) [29]. Multivariable
linear regression was used to analyze the association of genetic polymorphisms with the
24 h ABP parameters (24 h SBP, 24 h DBP, daytime SBP, daytime DBP, nighttime SBP, and
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nighttime DBP) under three genetic models (additive, dominant, and recessive). At the
same time, the binary logistic regression method was used to evaluate the association be-
tween genetic polymorphisms and abnormal BP phenotypes (abnormal 24 h/day-
time/nighttime BP). The genetic model was defined by SCAP/rs76558868, and as an exam-
ple, where A was the effect allele, the additive model was GG =0, AG=1, and AA =2; the
dominant model was GG =0, and AG/AA = 1; the recessive model was GG/AG =0, and
AA =1. According to the AIC criterion, the optimal genetic model of the SCAP genes was
selected, and the interaction terms of genetic variation and gender and weight status (nor-
mal, overweight/obesity) were included in the general linear model to evaluate their in-
fluence on the ABP levels, and a stratified analysis by sex and weight status was con-
ducted. Considering that SCAP in the present study selected 2 SNPs, we adjusted multiple
testing for the Bonferroni correction. Statistical analysis was performed using IBM SPSS
Statistics 27.0 software. The significance level was a = 0.050 (two-sided).

3. Results

3.1. General Characteristics

The study included a total of 510 students; 17 participants (3.3%) were categorized as
abnormal 24 h BP, 16 (3.1%) with abnormal daytime BP, and 20 (3.98%) with abnormal
nighttime BP. The characteristics of the individuals are shown in Table 1. The mean age
was 18.29 + 0.77 years, with 64.7% of females in the total sample. Females were more likely
to consume fruit 21 per week, never smoke, never drink, have a normal weight, have a
low SBP (24 h, daytime and nighttime SBP), DBP (24 h, daytime and nighttime DBP) and
waist circumference (WC) levels, and have a lower prevalence of abnormal BP (abnormal
24 h, daytime and nighttime BP) compared to males. The ancestral differences in SCAP
(rs12487736, rs76558868) gene polymorphisms between the European population and this
study population are all small (all Fsr < 0.05), as shown in Supplementary Table S1.

Table 1. The characteristics of the population.

Variables Total (n =510) Male (n =180) Female (n=330) p
Age (years) 1829+0.77  18.34+0.79 1826+0.76  0.394
Ethnicity, n (%) 0.023
Han Chinese 455(89.2) 153(85.0) 302(91.5)
non-Han Chinese 55(10.8) 27(15.0) 28(8.5)
Monthly household income per capita, n (%) 0.044
<3000 CNY 111(21.8) 28(15.6) 83(25.2)
30004999 CNY 122(23.9) 41(22.8) 81(24.5)
>5000 CNY 122(23.9) 47(26.1) 75(22.7)
Unknown 155(30.4) 64(35.6) 91(27.6)
Salt intake, n (%) 0.204
Salty 100(19.6) 29(16.1) 71(21.5)
Moderate 346(67.9) 127(70.6) 219(66.4)
Light 47(9.2) 15(8.3) 32(9.7)
Unknown 17(3.3) 9(5.0) 8(2.4)
Fruit intake frequency, n (%) 0.011
<1 time per week 405(79.4) 154(85.6) 251(76.1)
21 time per week 105(20.6) 24(14.4) 79(23.9)
Vegetable 1r1t?01/$ frequency, n 0.169
<1 time per week 170(33.3) 53(29.4) 117(35.5)
21 time per week 340(66.7) 127(70.6) 213(64.5)
Smoking, n (%) 0.005
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Yes 5(1.0) 5(2.8) 0(0.0)
Never 505(99.0) 175(97.2) 330(100.0)
Alcohol consumption, n (%) <0.001
Yes 45(8.8) 31(17.2) 14(4.2)
Never 465(91.2) 149(82.8) 316(95.8)
History of hypertension, n (%) 0.483
Yes 105(20.6) 34(18.9) 71(21.5)
No 405(79.4) 146(81.1) 259(78.5)
Waist circumference (cm) 72.02+826  75.53+9.47 70.10(6.81) <0.001
BMI (kg/m?) 21.53+3.39 22.09+3.73 21.22+3.15 0.006
Weight status, n(%) 0.004
Overweight/obesity 111(21.8) 52(28.9) 59(17.9)
Normal 399(78.2) 128(71.1) 271(82.1)
24 h SBP (mmHg) 10751 +10.11 114.84+9.23  103.52(8.15)  <0.001
24 h DBP (mmHg) 66.03 +4.82  67.52+4.97 65.22 +4.53  <0.001
Daytime SBP (mmHg) 111.10+£11.30 119.35+10.31 106.61+£9.07 <0.001
Daytime DBP (mmHg) 68.97+538  70.83+5.52 67.95+5.02  <0.001
Nighttime SBP (mmHg) 98.80£9.72 103.47+10.08 96.25+850  <0.001
Nighttime DBP (mmHg) 58.75+5.65  59.40 +6.12 58.40 +5.35 0.072
Abnormal 24 h BP, n (%) <0.001
Yes 17(3.3) 15(8.3) 2(0.6)
No 493(96.7) 165(91.7) 328(99.4)
Abnormal daytime BP, n (%) <0.001
Yes 16(3.1) 13(7.2) 3(0.9)
No 494(96.9) 167(92.8) 327(99.1)
Abnormal nighttime BP, n (%) 0.001
Yes 20(3.9) 14(7.8) 6(1.8)
No 490(96.1) 166(92.2) 324(98.2)

BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; BP: blood pres-

sure.

3.2. Associations Between SNP with ABP Parameters

According to the AIC criterion, the recessive genetic model showed the lowest AIC
value for rs12487736 and the additive genetic model for rs76558868 (Supplementary Table
S2).

In the recessive genetic model, using sex, age and BMI as covariates, a significant
association between rs12487736 and nighttime SBP levels was observed (=1.75, SE=0.87,
p = 0.046), but after further adjustment of other covariates (ethnicity, monthly household
income per capita, salt intake habits, fruit and vegetable intake frequency, smoking, drink-
ing, history of hypertension and WC), no significant association was found ( = 1.55, SE =
0.87, p = 0.075). Moreover, rs76558868 was associated with daytime SBP levels, and indi-
viduals with A allele carriers had higher daytime SBP levels than G allele carriers (f=1.55,
SE =0.77, p =0.046) in an additive genetic model with full adjustment (Table 2). However,
1576558868 was not significantly associated with daytime SBP levels after correction for
multiple comparisons (corrected p = 0.092).

No significant associations between the SNP polymorphism in SCAP and abnormal
24 h BP/daytime BP/nighttime BP levels were found (Supplementary Table S3).
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Table 2. The association between SCAP gene polymorphisms and ABP level.

ABP Pa- SBP DBP
Genes/SNPs a Model N
rameters p SE p p? B SE p p?
241 BP 1 510 1.29 0.80 0.107 0.214 0.52 0.45 0.253 0.506
2 510 1.03 0.78 0.187 0.374 0.41 0.45 0.364 0.728
SCAP/rs12487736
(Recessive ge- daytime BP 1 510 1.01 0.89 0.256 0.512 0.29 0.50 0.563 1.000
netic modegl) y 2 510 0.73 0.87 0.401 0.802 0.20 0.50 0.699 1.000
nighttime 1 510 1.75 0.87 0.046 0.092 0.84 0.55 0.127 0.254
BP 2 510 1.55 0.87 0.075 0.150 0.73 0.56 0.191 0.382
94 h BP 1 510 0.23 0.53 0.666 1.000 0.16 0.30 0.605 1.000
SCAP/rs7 2 510 0.22 0.51 0.674 1.000 0.16 0.30 0.597 1.000
./1.‘s 655886_8 i 1 510 1.47 0.79 0.062 0.124 -0.79 0.45 0.077 0.154
(Additive genetic daytime BP
model) 2 510 1.55 0.77 0.046 0.092 -0.75 0.45 0.091 0.182
nighttime 1 510 0.55 0.58 0.344 0.688 0.23 0.37 0.523 1.000
BP 2 510 0.54 0.57 0.347 0.694 0.22 0.37 0.539 1.000

SCAP: sterol regulatory element-binding protein cleavage-activating protein, ABP: ambulatory
blood pressure, SNPs: single nucleotide polymorphism, BP: blood pressure, SBP: systolic blood
pressure, DBP: diastolic blood pressure, SE: standard error. Model 1 adjusted for sex, age and BMI;
Model 2 further adjusted for ethnicity, monthly household income per capita, salt intake habits, fruit
intake frequency, vegetable intake frequency, smoking, drinking, history of hypertension and waist

circumference. *: The p-values of adjusted multiple testing for Bonferroni correction.

3.3. Interaction Between SNP and Sex on ABP Levels

Significant interaction between SCAP gene polymorphism and sex was identified.
With adjustment of age, weight status, monthly household income per capita, salt intake
habits, fruit and vegetable intake frequency, smoking, drinking, history of hypertension
and WC, the interaction between SCAP gene polymorphisms and sex on the ABP levels
was further analyzed (Table 3).

A significant interaction between rs12487736 and sex on 24 h SBP (pinteraction =0.023) and
daytime SBP (pinteraction = 0.048) levels was observed. The CC genotype carriers had signifi-
cantly higher 24 h SBP (8 =3.53, SE =1.36, p = 0.010, corrected p = 0.020) and daytime SBP
(B =3.18, SE = 1.53, p = 0.040, corrected p = 0.080) levels than TC/TT genotype carriers in
males, but no significant association was found in females. Nevertheless, the association
between rs12487736 and male daytime SBP levels was not significant (§ = 3.18, SE = 1.53,
p = 0.040, corrected p = 0.080) after multiple comparison corrections. The adjusted ABP
levels stratified by different rs12487736 genotypes and sex are shown in Figure 1.

Notably, there is an interaction between rs76558868 and sex on 24 h SBP (pinteraction =
0.016), nighttime SBP (pinteraction = 0.027) and nighttime DBP (pinteraction = 0.025) levels. In males,
the A allele was significantly associated with elevated 24 h SBP (8 = 2.02, SE = 0.84, p =
0.018, corrected p = 0.036), nighttime SBP ( =2.64, SE =0.98, p = 0.008, corrected p =0.016)
and nighttime DBP levels (8 =1.65, SE =0.63, p = 0.009, corrected p = 0.018) compared with
G allele, whereas no significant association was observed in females. These associations
remained significant after multiple comparisons corrections (all corrected p <0.050). The
adjusted ABP levels stratified by different rs76558868 genotypes and sex are demonstrated
in Figure 2.
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Table 3. The interaction between SCAP gene polymorphisms and gender on ABP levels.

SBP DBP
Genes SNPs Sex Genotype N
ﬁ SE p p? Pinteraction ﬁ SE p p? Pinteraction
male 125/55 3.53 1.36  0.010 0.020 1.25 0.81 0.124 0.248
SCAP rs12487736 female TT+Tc/cC 240/90 0.44 096  0.646  1.000 0.023 -0.08 0.55 0.880 1.000 0225
male 60/82/38 2.02 0.84  0.018 0.036 1.04 050  0.037 0.074
rs76558868 female GG/AG/AA 120/169/41 0.96 064 0137 0.274 0.016 -0.47 0.37  0.203  0.406 0.085

male 125/55 3.18 1.53 0.040  0.080 0.93 0.90 0.303  0.606

scap rs12487736  fomale  LLTTCCC 0000 078 107 0468 0936 0.048 2030 06l 0628 1000 302
male 60/82/38 160 095 009  0.192 086 056 0122 0244

rS76558868 o hale  CO/AGIAA L 0ie9a1 112 071 0118 0236 0.064 2050 041 0227 o454 1%
male 125/55 362 160 0025 0050 204 102 0047 0094

scap rs12487736  fonale  TLPTCCC 0000 045 103 0661 1.000 0.099 006 066 0928 1000 160
male 60/82/38 264 098 0008 0016 165 063 0.009 0018

rS76558868 ale CO/AGIAA 06941 077 069 0262 0524 0.027 071 044 0107 0214 0%

SCAP: sterol regulatory element-binding protein cleavage-activating protein, ABP: ambulatory blood pressure, SNPs: single nucleotide polymorphism, BP: blood
pressure, SBP: systolic blood pressure, DBP: diastolic blood pressure, SE: standard error. Adjusted for age, BMI group, ethnicity, monthly household income per
capita, salt intake habits, fruit intake frequency, vegetable intake frequency, smoking, drinking, history of hypertension and waist circumference. *: The p-values

of adjusted multiple testing for Bonferroni correction.
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Figure 1. Adjusted means and standard errors of ambulatory blood pressure levels (24 h, daytime and nighttime blood pressure levels) stratified by

SCAP/rs12487736 polymorphism and sex. Adjusted mean and standard errors were estimated under a general linear regression model that adjusted for age, body

mass index group, ethnicity, monthly household income per capita, salt intake habits, fruit intake frequency, vegetable intake frequency, smoking, drinking,

history of hypertension and waist circumference.
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Figure 2. Adjusted means and standard errors of ambulatory blood pressure level (24 h, daytime and nighttime blood pressure levels) stratified by
SCAP/rs76558868 polymorphism and sex. Adjusted mean and standard errors were estimated under a general linear regression model that adjusted for age, body
mass index group, ethnicity, monthly household income per capita, salt intake habits, fruit intake frequency, vegetable intake frequency, smoking, drinking,

history of hypertension and waist circumference.
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3.4. Interaction Between SNP and Weight Status on ABP Levels

With adjustment of age, gender, monthly household income per capita, salt intake
habits, fruit and vegetable intake frequency, smoking, drinking, history of hypertension
and waist circumference, the interaction between SCAP gene polymorphisms and weight
status on the ABP levels of college students is presented in Supplementary Table S4.

No significant interactions were detected for the SCAP gene polymorphisms and
weight status with ABP levels.

4. Discussion

In the present study, we examined an association between the polymorphisms of
SCAP genes and the ABP phenotypes of Chinese college students and also identified the
interaction between these polymorphisms with sex and weight status on the ABP levels
(including 24 h SBP, 24 h DBP, daytime SBP, daytime DBP, nighttime SBP and nighttime
DBP) among college students. Meanwhile, the results showed that rs76558868 was posi-
tively correlated with the daytime SBP levels, although this association did not survive
after correction for multiple comparisons. Additionally, a significant sex-specific interac-
tion was found for rs12487736 (24 h SBP and daytime SBP) and rs76558868 (24 h SBP,
nighttime SBP and nighttime DBP) on ABP levels.

To the best of our knowledge, no study has specifically explored the relationship be-
tween rs76558868 and ABP levels. Our results suggest that rs76558868 was associated with
daytime SBP levels in additive genetic models. However, the relationship between
1576558868 and daytime SBP levels should be interpreted with caution, as no significant
association was found after correction for multiple comparisons, requiring further inves-
tigation in larger, independent cohorts. Our findings provide a new perspective for un-
derstanding the early genetic mechanisms of hypertension. Nevertheless, no association
was observed between rs12487736 and the level of ABP among college students, but a
previous study conducted on younger children (9-11 years) reported that rs12487736 has
a positive correlation with office SBP and DBP levels [18]. The discrepancy may be at-
tributable to several factors. First, the use of office BP in the previous study versus ABP in
our study may have contributed to the different findings, as office BP and ABP capture
distinct aspects of BP regulation. A recent network meta-analysis demonstrated that
nighttime ABP is, on average, 18.14 mmHg lower than office SBP, and 24 h ABP is 8.63
mmHg lower, with discrepancies more pronounced at elevated BP levels [30]. These sub-
stantial differences highlight that office BP and ABP are not interchangeable measures and
may yield different genetic association signals. Second, the developmental stage of the
study population differs substantially; the earlier study included prepubertal children,
whereas our participants were young adults who had completed pubertal growth. Blood
pressure regulation and the influence of genetic variants may change across these devel-
opmental stages [31]. The current results emphasize the value of longitudinal tracking of
genetic effects at different stages of life. For the same gene, its influence may dynamically
change with age, environment, and developmental stage.

Interestingly, a significant interacting effect between gender and rs12487736 on 24 h
and daytime SBP levels was identified. Specifically, in males, CC genotype carriers had
higher levels of 24 h SBP and daytime SBP compared to TT/TC genotype carriers, which
was not detected in females. Meanwhile, we also demonstrated interaction between
1576558868 and sex on the 24 h SBP, nighttime SBP and DBP levels. Compared with G
allele carriers, the A allele carriers were associated with an increase in the 24 h SBP and
nighttime SBP and DBP levels in males, while no association was observed in females.
ABP follows a 24 h circadian rhythm that is closely intertwined with lipid metabolism.
SCAP, as a master regulator of cholesterol homeostasis, may serve as a molecular link
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between these two circadian-regulated systems [15]. Recent evidence indicates that SCAP
was required for Reverb-hDKO-induced diurnal rhythmic remodeling and epigenomic
reprogramming in liver macrophages [16]. Thus, genetic variation in SCAP may influence
blood pressure, at least in part, by modulating the amplitude or phase of circadian lipid
rhythms. However, these assumptions still need to be further verified. Several mecha-
nisms may potentially explain the sex-specific associations. First, androgens may amplify
the effect of SCAP gene variations on BP, which directly regulates SCAP expression and
overactivates the SREBP pathway, ultimately leading to abnormal lipid accumulation
[32,33]. Second, androgens activate the renin—angiotensin—aldosterone system (RAAS) by
enhancing renin release and angiotensin II generation, which in turn promotes vasocon-
striction and sodium-water retention, ultimately increasing blood volume and peripheral
vascular resistance [34]. This androgen-mediated pathway may potentiate the effects of
SCAP genetic variation on blood pressure. Finally, androgens upregulate pro-inflamma-
tory cytokines, including IL-6, TNF-a, and IL-1[3, which contribute to endothelial dysfunc-
tion and vascular stiffening —key processes in hypertension development [35,36].

The variation in the SCAP gene may further activate the inflammatory pathway by
enhancing lipid metabolism disorders, thereby causing abnormal blood pressure. In con-
trast, estrogen inhibits the SREBP pathway and subsequently reduces lipid synthesis [37]
and induces eNOS expression to improve vascular dilation [38], which might explain the
lack of a link between SCAP gene polymorphism and ABP levels among females. How-
ever, this interpretation remains speculative and requires validation in dedicated mecha-
nistic studies.

A recent 18-year longitudinal study demonstrated that BMI significantly modifies
genetic susceptibility to high SBP in adolescents and young adults. In 714 participants
followed from ages 12 to 30, the association between a genetic risk score (GRS) and SBP
levels increased monotonically with BMI values between 22 kg/m? and 35 kg/m? [39].
While we detected no significant interaction between SCAP gene polymorphisms and
weight status, the Riglea et al. study [39] suggests that such interactions may require larger
sample sizes or more extreme BMI ranges to achieve statistical power. Notably, the asso-
ciation in that study intensified primarily in the BMI 22-35 kg/m? range —a range that may
not be fully represented in our college students with generally lower BMI distributions.
Beyond BM]I, sleep duration has emerged as another critical environmental modifier of
genetic susceptibility to blood pressure. A genome-wide gene-sleep duration interaction
study in 811,405 individuals across five population groups discovered 22 novel gene-sleep
duration interaction loci for blood pressure, and several of our loci are specific to a partic-
ular population background or sex [40]. Due to the absence of sleep duration and sleep
quality data in this study, we were unable to explore the potential modifying effects of
sleep phenotypes on the association between SCAP gene polymorphisms and ABP pa-
rameters. Future studies can further determine this interaction effect.

The major strengths of our study were that we concentrated on young college stu-
dents and, by analyzing the abnormal ABP, highlighted the benefits for early risk identi-
fication and prevention of hypertension. Then, to the best of our knowledge, this is the
first attempt to investigate the relationship between SCAP gene polymorphism and the
ABP phenotypes, which provides new evidence for the genetic mechanism in blood pres-
sure regulation.

As well, we acknowledge that the present study has several potential limitations. In
the first place, the cross-sectional design precludes causal inferences regarding the rela-
tionship between SCAP polymorphisms and blood pressure phenotypes. Longitudinal
studies are needed to establish temporal relationships and track BP trajectories. In the sec-
ond place, the participants in the study are mainly composed of Chinese college students.
Whether the observed relationship could be applied to other age groups and ethnic
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groups warrants further investigation. Third, although key covariates such as sex, diet,
body weight status and antihypertensive medication use (none of the participants re-
ported taking such medications) have been considered, other potential confounders that
may affect ABP [such as sleep quality, other concurrent medications (lipid-lowering drugs
or antidiabetic agents)] have not been investigated; residual confounding factors are inev-
itable. Fourth, while we have identified sex-specific associations between SCAP polymor-
phisms and circadian BP phenotypes, the exact functional mechanisms remain unknown.
We did not perform functional research. Further functional studies are needed to elucidate
the biological pathways underlying our observed associations. Ultimately, the relatively
modest sample size (N = 510) also limited our ability to detect rare variants. In addition,
the logistic regression analyses for abnormal BP phenotypes were likely underpowered
because the number of abnormal BP cases is very small. Therefore, the negative findings
regarding the abnormal BP phenotype should be interpreted with caution, and future
studies with larger independent cohorts are warranted to validate these exploratory re-
sults.

5. Conclusions

In conclusion, we observed that the SCAP gene polymorphisms showed a sex-spe-
cific association with ABP parameters, and that the association is only significant in males.
Our findings highlight that early risk assessment and intervention for hypertension are
vital in young students. No significant interaction between SCAP gene polymorphisms
and weight status was observed. These findings suggest a potential role for SCAP gene
polymorphisms in circadian blood pressure regulation that may be modified by sex.
Given the modest sample size and the exploratory nature of our analyses, these results
should be interpreted cautiously and require validation in independent cohorts.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/genes17070825/s1, Table S1: Genotype distribution of SCAP
gene polymorphisms; Table S2: The AIC of different genetic models of SCAP gene polymorphisms ;
Table S3: The association between SCAP gene polymorphisms and abnormal ambulatory blood
pressure (24-hour, daytime, nighttime blood pressure); Table S4: The interaction between SCAP

gene polymorphisms and weight status on ambulatory blood pressure levels.
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