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Abstract

Background: The prevalence of metabolic syndrome (Mets) is closely related to an increased incidence of cardiovas-
cular events. Angiopoietin-like protein 4 (ANGPTL4) is contributory to the regulation of lipid metabolism, herein, may
provide a target for gene-aimed therapy of Mets. This observational case control study was designed to elucidate the
relationship between ANGPTL4 gene single nucleotide polymorphism (SNP) rs1044250 and the onset of Mets, and to

and SNP rs1044250 is negative (S< 1).

explore the interaction between SNP rs1044250 and weight management on Mets.

Methods: We have recruited 1018 Mets cases and 1029 controls in this study. The SNP rs1044250 was genotyped
with blood samples, base-line information and Mets-related indicators were collected. A 5-year follow-up survey was
carried out to track the lifestyle interventions and changes in Mets-related indicators.

Results: ANGPTL4 gene SNP rs1044250 is an independent risk factor for increased waist circumference (OR 1.618, 95%
CI1.119-2.340]; p=0.011), elevated blood pressure (OR 1.323,95% Cl [1.002-1.747]; p =0.048), and Mets (OR 1.875,
95% CI [1.363-2.580]; p < 0.001). The follow-up survey shows that rs1044250 CC genotype patients with weight gain
have an increased number of Mets components (M [Q1, Q3]: CC1(0, 1), CT+TT O [— 1, 1], p=0.021); The interaction
between SNP rs1044250 and weight management is a risk factor for increased systolic blood pressure (3 =0.075,

p <0.001) and increased diastolic blood pressure (3=0.097, p <0.001), the synergistic effect of weight management

Conclusion: ANGPTL4 gene SNP rs1044250 is an independent risk factor for increased waist circumference and
elevated blood pressure, therefore, for Mets. However, patients with wild type SNP 1044250 are more likely to have
Mets when the body weight is increased, mainly due to elevated blood pressure.
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Background

With the global economy thriving, the Western diet and
the sedentary living habits have been disseminated, and
physical labor has been largely reduced. As a result, the
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prevalence of Mets has increased drastically in recent
years [1]. The 2010-2012 Chinese National Nutrition
and Health Survey suggested that the general preva-
lence of Mets has reached 24.2%, including 24.6% for
men and 23.8% for women [2]. Mets is highly concerned
as it doubles the risk of cardiovascular disease, while
the all-cause mortality rate for Mets patients increases
by 1.5 times [3]. Controlling the incidence of Mets and
reducing complications is world-wide urgent. However,
current Mets guidelines recommend treatments mainly

©The Author(s) 2021. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-021-02739-z&domain=pdf

Tong et al. J Trans| Med (2021) 19:72

based on lifestyle interventions, including smoking cessa-
tion, Mediterranean diet, 30—60 min of physical exercise
per day, and a minimum of 5% weight-loss goal for obese
patients [4]. Though the molecular-targeted drug therapy
has been implemented for a variety of diseases, there is
no specific drug for Mets treatment yet [4]. New options
are urgently required for Mets, especially in the field of
gene-targeted therapy.

Mets is a heterogenic and multifactorial diagnosis. The
whole-gene linkage analysis is failed to identify loci that
correspond to functional genes [5]. The Genome-Wide
Association Study (GWAS) has inherent limitations on
the minimum frequency of SNP, and the total effect of
identified loci only explains a small proportion of Mets
prevalence [5]. Under these circumstances, the SNP
study is still the most important method for Mets gene
research. It has been found that over 870 SNPs are asso-
ciated with obesity [6], 477 SNPs with lipid metabolism
[7], more than 200 SNPs with blood pressure [8], and
around 250 SNPs with glucose tolerance [9]. However,
most of these gene loci were related to single Mets com-
ponents, among which the lipid metabolism-associated
SNPs showed the strongest relevance to Mets [10]. Fur-
thermore, current researches have been inadequate in
gene-environmental interaction study. We expect to find
a locus that participates in multiple components of Mets,
and to carry out research on the interaction of gene poly-
morphism and environments.

As universally acknowledged, lipid metabolism, espe-
cially triglyceride (TG) metabolism plays a central role
in Mets pathogenesis [11]. TG elevation is one of the
components of Mets and a risk factor for abdominal
obesity [12], and the synthesis of TG is associated with
glucose metabolism through the tricarboxylic acid cycle
[13]. Consequently, the gene locus featured by TG regu-
lation is expected to become the target of Mets gene-
directed therapy. Lipoprotein lipase (LPL) regulates TG
hydrolysis in circulation and in adipose tissue. Angi-
opoietin-like protein 4 (ANGPTL4) is characterized by a
reversible inhibitor of LPL [14]. It has been reported that
ANGPTL4 is not only involved in the regulation of blood
lipids [14], but also blood pressure [15, 16], glucose tol-
erance [17-20]. Therefore, the ANGPTL4 gene is consid-
ered feasible for the gene polymorphism study for Mets.

ANGPTL4 gene which encodes the expression of
ANGPTL4 locates on human chromosome 19. The
N-terminal oligomerized ANGPTL4 plays an important
role in the regulation of circulating TG levels by medi-
ating LPL inhibition [21]. It has been reported that the
ANGPTL4 gene is related to obesity and weight man-
agement [22, 23]. ANGPTL4 involves in the regulation
of body weight by white fat tissue (WAT) decomposi-
tion [24-28], and it participates in the up-regulation
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of circulating free fatty acids (FFA) during fasting and
exercise [22, 29-31], plasma ANGPTL4 concentration
is reported positively correlated with gestational weight
gain [32]. Apart from the regulation of lipid metabo-
lism and glucose tolerance, researchers have identified
a peroxisome proliferator-activated receptors-regulated
ANGPTL4 overexpression, which involves in the cross-
talk between metabolism and cancer [33]. In addition,
the C-terminus of ANGPTL4 interacts with extracellu-
lar matrix receptors through an N-linked glycan chain,
which selectively prevents the activation of the cytokine
cascade in endothelial cells, therefore, inhibits the pro-
cess of neovascularization [15]. A figure has been con-
structed to capture the multifunctional characteristic of
ANGPTL4 (Fig. 1), on account of which, we speculate
that the ANGPTL4 gene may become a potential target
for Mets gene-directed study.

We selected a missense mutation rs1044250 (6959C > T,
T266M) located on the highly conserved sequence
encoding the C-terminus of ANGPTL4. The impact of
SNP rs1044250 on the risks for Mets and its components
were interpreted, afterward, the interactions between
lifestyle interventions and SNP rs1044250 on Mets were
investigated. We speculate that the study of ANGPTL4
gene polymorphism and lifestyle management is poten-
tially helpful to elucidate the susceptibility of Mets, and
may provide a feasible way for Mets intervention.

Material and methods

Subjects

Participants in this study were the Han population from
Shandong Province, China, surveyed from January to
December 2007. The sample size of this research was
determined based on the prevalence of Mets and previ-
ously published frequency of SNP rs1044250, and a mini-
mum sample size of 978 case—control pair was generated
by QUANTO 1.2 (Gauderman J, Morrison J; Univer-
sity of Southern California). By numbering and random
sampling, one rural county and one city region were
randomly selected from Shandong province, two com-
munities (around 500 to 1000 households each) from the
chosen county and city were randomly selected respec-
tively. Afterward, one individual from each household
was randomly recruited and investigated. Eventually, a
total of 1029 subjects in the control group and 1018 in
the Mets group were recruited in this study. Of all the
participants, 202 controls and 831 Mets cases partici-
pated in a 5-year follow-up survey. Blood samples were
collected and Mets-related body indicators were meas-
ured by qualified investigators. Medical history and basic
information of the study population were collected in the
form of questionnaires. The diagnostic criteria of Mets
referred to the jointly established diagnose of IDF and
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Fig. 1 Roles of ANGPTL4. a Muscle-derived ANGPTL4 levels is increased during exercise or fasting; b, ¢ ANGPTL4 involves in the process of
neovascularization and lymphangiogenesis; d ANGPTL4 improves glucose tolerance through an intestinal microbiota dependent mechanism; e
ANGPTL4 involves in the hypothalamic regulation of appetite, energy consumption and lipid deposition; f ANGPTL4 promotes the lipolysis of white
adipose tissue by inhibiting lipoprotein lipase (LPL) activity, which mediate the decomposition of triglyceride (TG) to free fatty acid (FFA); in cold
exposure, ANGPTL4 mediates the FFA transportation through white adipose tissue to brown adipose tissue

AHA/NHLBI in 2009. Participants were recruited into
the control group and the Mets group according to the
diagnostic criteria. Exclusion criteria included: second-
ary hypertension, severe heart failure, renal failure, heart
valve disease, and malignant tumors. Patients with miss-
ing key information in questionnaire, invalid blood test
indicators or genotype results were excluded.

Basic data collection and laboratory examination

The questionnaire, physical examination and blood sam-
ple collection in the cross-section and follow-up sur-
veys were all conducted using standard protocols. The
questionnaire included detailed information on previ-
ously diagnosed diseases and medication history. Height,
weight and waist circumference (WC) were measured in
person by qualified surveyors. Omron HEM-7011 elec-
tronic sphygmomanometer (Omron, Dalian, China) was
used to measure the blood pressure on the right arm
after a 5-min rest in sitting position, three consecutive
readings of each individual were recorded and the aver-
ages were calculated. Blood samples of participants were
collected after overnight-fasting, Mets-related indicators
were detected and the DNA extraction was performed in

a standard laboratory. Beckman Coulter LX20 chemical
analyzer (Beckman Coulter, Brea, CA) was used to deter-
mine the blood glucose. Genomic DNA was extracted
using the blood DNA extraction kit D3133-03 (Magen,
Guangzhou, China) according to the instructions. The
genotype of rs1044250 was detected by the Sequenom
MassArray genotyping system (Sequenom, San Diego,
CA). Agarose gel electrophoresis was used to determine
the quality of DNA extraction when the genotyping was
failed.

Mets interventions

Participants with increased body mass index (BMI),
hypertension, diabetes, dyslipidemia, and other con-
ditions related to Mets and cardiovascular risks were
suggested to have weight management and lifestyle inter-
ventions, which include reducing dietary sugar and fat,
having regular and moderate physical exercise, tobacco
and alcohol cessation, visiting physician regularly. Pre-
scription drugs including antihypertensives, hypogly-
cemics, and statins were also recommended as needed.
The out-come of weight management was measured by
changes in body weight (AWeight), and participants in
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the follow-up survey were subdivided into weight loss
group (AWeight<0) and weight gain (AWeight>0)
group accordingly.

Statistics

The x* goodness-of-fit test is used to test the Hardy—
Weinberg equilibrium at rs1044250 locus. Continuous
variables are presented in X = S and compared by inde-
pendent-samples t test or one-way analysis of variances.
Categorical variables are presented in proportions and
compared by x? test, x> is calibrated by Bonferroni when
the minimum sample size is lower than 5. Counting vari-
ables are presented in Median [Quartilel, Quartile3] (M
[Q1, Q3]) and analyzed by Nonparametric test. Multi-
factor logistic regression is used to analyze the risk fac-
tors for Mets and its components. The differentials in
laboratory indicators after 5-year follow-up are calcu-
lated by subtracting the cross-section value from the fol-
low-up value, differentials are recorded in "A". Multiple
stepwise linear regression is used to analyze the effects of
gene polymorphism on the number of Mets components
and on changes of systolic blood pressure (SBP), diastolic
blood pressure (DBP) and high-density lipid-c (HDL-c).
Ordinal logistic regression is used to elucidate the impact
of gene polymorphism on the number changes of Mets
components. Crossover analysis is applied to analyze the
interaction between two independent variables on Mets.
All statistical analysis is operated using SPSS 26.0 (Chi-
cago, Illinois SPSS). A two-tailed p value of less than 0.05
is considered to be statistically significant.

Results

Basic characteristics of the control and the Mets group
Participants in the control group (n=1029) and the Mets
group (n=1018) are matched by gender and age, differ-
ences of the weight, WC, BMI, SBP, DBP, TG, total cho-
lesterol (TC), low-density lipid-c (LDL-c), HDL-c, fasting
plasma glucose (FPG) levels between the Control group
and the Mets group are statistically significant (p <0.001,
Table 1). Frequencies of the C allele and the T allele on
rs1044250 locus account for 92.1% and 7.9% respectively
in the study population. Distribution of CC, CT, TT
genotypes in the control group (x>*=0.02; p=0.99), the
Mets group (x>=1.48; p =0.48), and the study population
(x*=1.58; p=0.45) are followed with Hardy—Weinberg
genetic balance.

Risks of the SNP rs1044250 on Mets and the components
of Mets

The laboratory indicators among patients with CC, CT
and TT genotypes at ANGPTL4 gene rs1044250 locus
are compared respectively, the result indicates that the
baseline data among genotypes in the control group do
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Table 1 Baseline characteristics of Control group and Mets
group

Controls (n=1029) Mets(n=1018) p

Male % 48.5 46 0.253
Age (years) 51.294+9.78 51.64+9.80 0425
Weight (kg) 5833£8.30 7260%£11.08 <0.001
WC (cm) 75.68+6.10 91.11+846 <0.001
BMI (kg/m?) 22.13£346 27.32%3.46 <0.001
SBP (mmHg) 119.694+9.90 148.50+£19.95 <0.001
DBP (mmHg) 74.66+6.44 90.53+1045 <0.001
TC (mmol/L) 4.17£053 468£1.18 <0.001
TG (mmol/L) 0.934+0.31 232+157 <0.001
HDL-c (mmol/L)  1.59+0.34 149£0.52 <0.001
LDL-c (mmol/L) ~ 2.58+0.52 3194082 <0.001
FPG (mmol/L) 4594051 596£2.11 <0.001

Continuous variables are recorded by X + S; categorical variables are recorded
in proportions; Mets, metabolic syndrome; BMI, body mass index; WC, waist
circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG,
triglyceride; TC, total cholesterol; HDL-c, high-density lipoprotein-cholesterol;
LDL-c, low-density lipoprotein-cholesterol; FPG, fasting plasma glucose

not show difference (p>0.05, Table 2), while in the Mets
group, HDL-c is significantly higher in patients with
TT genotype than patients with CC or CT genotypes
(p<0.05, Table 2).

The frequencies of rs1044250 genotypes are signifi-
cantly different between the control group and the Mets
group (x*>=25.556; p<0.001, Table 3), and the frequency
of T alleles in the control group is significantly lower than
that in the Mets group (x>=25.991; p<0.001, Table 3).
The study population is subdivided into groups respec-
tively according to the presence or absence of each of
the five components of Mets. The frequencies of CC,
CT, TT genotypes as well as the frequencies of C allele
and T allele are significantly different between the nor-
mal WC group and the increased WC group, statistical
significances were also found between the normal TG
group and the elevated TG group, the normal blood pres-
sure group and the elevated blood pressure group, the
normal FPG group and the elevated FPG group (p<0.05,
Table 3).

Multi-factor stepwise logistic regression analy-
sis shows the SNP rs1044250 is an independent risk
factor for metabolic syndrome (OR 1.875 [95% CI
1.363-2.580]; p<0.001, Table 4). Accordingly, the five
components of Mets are studied respectively, the SNP
rs1044250 is an independent risk factor for increased
WC (OR 1.618 [95% CI 1.119-2.340]; p=0.011,
Table 4) and increased blood pressure (OR 1.323
[95% CI 1.002-1.747]; p=0.048, Table 4). In addition,
patients with various rs1044250 genotypes are signifi-
cantly different in the numbers of Mets components (M
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Table 2 Baseline characteristics of various rs1044250 genotypes in the Control group and the Mets group

Control (n=1017) Mets (n=1018)

CcC cT TT cc cT T
n 900 125 4 811 191 16
Male % 49.00% 44.80% 50.00% 47.70% 39.80% 31.30%
Age (years) 51.28+£9.82 51.13£9.59 58.00£245 51.30+9.71 52.79£9.96 549441136
Weight (kg) 58264829 58.90+£8.46 54.814£501 7297 £10.90 712241155 69.94+13.46
WC (cm) 7561+6.14 76.11+£592 77.63£592 91.30£854 90.23+£823 92.06+6.74
BMI (kg/m2) 22104+£257 22364253 20334+1.17 2740+£342 27.03+£357 26.87+4.08
SBP (mmHg) 119.77 £10.11 119214819 116.17£13.11 1484542025 148.94£19.15 14567 41438
DBP (mmHag) 74.65+6.49 7477 £6.11 74.83+6.66 90.74+10.59 89.78 £10.81 88.67£11.67
TC (mmol/L) 4164054 4224046 3.874+0.71 466+1.18 4734+1.15 5094130
TG (mmol/L) 0.93+0.31 0.97+0.31 0.72£0.20 235+1.63 219+1.27 2324193
HDL (mmol/L) 1594034 1574031 1544043 1474051 514052 1.804086*°
LDL (mmol/L) 2.57+0.53 2.66+0.53 233+£0.71 3.18+0.83 320+0.83 329+0.75
FPG (mmol/L) 460+£052 4554051 4164038 5954208 6.03+224 56841.99

Continuous variables are recorded by x + S; Categorical variables are recorded in proportions

Mets: metabolic syndrome; BMI: body mass index; WC: waist circumference; SBP: systolic blood pressure; DBP: diastolic blood pressure; TG: triglyceride; TC: total
cholesterol; HDL-c: high-density lipoprotein-cholesterol; LDL-c: low-density lipoprotein-cholesterol; FPG: fasting plasma glucose

2 Statistically significant compared with CC genotype in the Mets group

b Statistically significant compared with CT genotype in the Mets group

Table 3 Distribution of SNP rs1044250 genotypes and alleles in Mets and Mets components

n Genotypes X Alleles X p
CcC CcT TT C T

Mets
Control group 1029 900 (87.5%) 125 (12.1%) 4 (0.4%) 25.556 <0.001 1925 (93.5%) 133 (6.5%) 25.991 <0.001
Mets group 1018 811 (79.7%) 191 (18.8%) 16 (1.6%) 1847 (90.7%) 189 (9.3%)

Component
Normal BP 961 760 (86.9%) 1(12.7%) 4 (0.5%) 13.68 0.001 1631 (93.2%) 119 (6.8%) 13.834 <0.001
Elevated BP 1169 951 (81.1%) 205 (17.5%) 20 (1.0%) 07 (89.1%) 237 (10.1%)
Normal TG 1347 1164 (85. 0%) 96 (14.3%) 10 (0.7%) 6.96 0.031 2524 (92.1%) 216 (7.9%) 6.888 0.009
Increased TG 688 547 (80.8%) 20 (17.7%) 10 (0.7%) 1214 (89.7%) 140 (10.3%)
Normal WC 1318 1009 (86.8%) 49 (12.8%) 4(0.3%) 26.308 <0.001 2441 (92.6%) 195 (7.4%) 9.741 0.002
Increased WC 717 702 (79.3%) 67 (18.9%) 16 (1.8%) 1299 (90.6%) 135 (9.4%)
Normal FPG 1721 1324 (84.8%) 222 (14.2%) 15 (1.0%) 7.504 0.023 2870 (91.9%) 252 (8.1%) 6.447 0.011
Increased FPG 314 387 (79.6%) 94 (19.3%) 5(1.0%) 868 (89.3%) 04 (10.7%)
Normal HDL 1811 1216 (83.5%) 225 (15.5%) 15 (1.0%) 0.15 0928 2657 (91.2%) 255 (8.8%) 0.048 0.827
Decreased HDL 224 495 (83.8%) 91 (15.4%) 5(0.8.%) 1081 (91.5%) 01 (8.5%)

Mets, metabolic syndrome; BP, blood pressure; TG, triglyceride; HDL-c, high-density lipoprotein-cholesterol; WC, waist circumference; FPG, fasting plasma glucose

[Q1,Q3]: CC210,3],CT3][0,3], TT 3 [3, 3]; p=0.001).
Multivariate linear regression analysis confirms that the

SNP rs1044250 (f=0.044; p=0.007), age

components carried by patients.

(B=0.068;
p<0.001), weight (B=0.221; p<0.001), BMI (3 =0.387;
p<0.001) and LDL-c (=0.200; p<0.001) are inde-
pendent risk factors for the increased number of Mets

Baseline characteristic changes of the study population

Compared with the control group, the weight, WC,
BMI, SBP, DBP, TG, TC, LDL-c and FPG of the Mets
group are significantly reduced in 5 years (Table 5). In
the Mets group, HDL-c level is significantly elevated in
patients with TT genotype than that in CC genotype

or CT genotype (p<0.05, Table 5). Linear regression
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Table 4 Logistic regression analysis of Mets and Mets components
Independent variables B P OR 95% Cl
Lower Upper
Mets Sex (male vs female) —0812 <0.001 0.444 0313 0.630
Age (years) 0.019 0.009 1.019 1.005 1.034
Weight (kg) 0.081 <0.001 1.085 1.055 1115
BMI (kg/m2) 0.351 <0.001 1.420 1.308 1.541
LDL-c (mmol/L) 1.210 <0.001 3355 2699 4171
rs1044250 0.629 <0.001 1.875 1.363 2.580
Increased WC Sex (male vs female) —2367 <0.001 0.094 0.059 0.149
Age (years) 0.033 <0.001 1.034 1.015 1.053
Weight (kg) 0.104 <0.001 1.110 1.073 1.148
BMI (kg/m?) 0.265 <0.001 1.303 1.185 1434
TG (mmol/L) 0.328 <0.001 1.388 1.225 1573
HDL-c (mmol/L) —0372 0.029 0.689 0493 0.963
SBP (mmHg) 0.046 <0.001 1.047 1.033 1.060
DBP (mmHg) 0.068 <0.001 1.070 1.047 1.094
rs1044250 0481 0.011 1.618 1.119 2.340
Elevated BP Age (years) 0.035 <0.001 1.036 1.024 1.048
BMI (kg/m?) 0.327 <0.001 1387 1338 1438
FPG (mmol/L) 0.308 <0.001 1.361 1.237 1497
LDL-c (mmol/L) 0.535 <0.001 1.708 1439 2028
rs1044250 0.280 0.048 1323 1.002 1.747
Increased TG BMI (kg/mz) 0.095 <0.001 1.099 1.051 1.150
WC (cm) 0.065 <0.001 1.067 1.048 1.086
TC (mmol/L) 0.708 <0.001 2.030 1.778 2319
FPG (mmol/L) 0.146 <0.001 1.158 1.079 1.242
DBP (mmHg) 0.049 <0.001 1.050 1.038 1.062
rs1044250 0.046 0.752 1.047 0.786 1.395
Decreased HDL-c Sex (male vs female) 0.491 <0.001 1.634 1332 2.004
WC (cm) 0.028 <0.001 1.028 1.016 1.040
DBP (mmHg) 0.022 <0.001 1.022 1.012 1.032
rs1044250 —0.078 0532 0.925 0.723 1.182
Increased FPG WC (cm) 0.046 <0.001 1.048 1.034 1.062
TC (mmol/L) 0.647 <0.001 1911 1.601 2.281
TG (mmol/L) 0.140 0.002 1.151 1.054 1.256
HDL-c (mmol/L) — 0447 0.016 0.640 0444 0.921
SBP (mmHg) 0.013 0.001 1.013 1.005 1.021
DBP (mmHg) 0.018 0.011 1.018 1.004 1.032
rs1044250 0.126 0.361 1.135 0.866 1487

rs1044250, (CC=0,TC=1,TT=2); OR, odds ratio; 95% Cl, 95% confidence interval

Mets: metabolic syndrome; BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; TG: triglyceride; TC: total cholesterol; HDL-c: high-density
lipoprotein-cholesterol; LDL-c: low-density lipoprotein-cholesterol; WC: waist circumference; FPG: fasting plasma glucose

analysis shows that the SNP rs1044250 (f=— 0.065;
p=0.017), Sex (B= — 0.069; p=0.012) and TG (p=—
0. 611; p<0.001) are independent risk factors for
HDL-c reduction in patients with Mets in the 5-year

follow-up survey.

Changes in the number of Mets components

The study population is subdivided into Weight loss
group and Weight gain group, the distribution of
rs1044250 genotypes (fisher=1.162; p=0.532) and T
alleles (x*=0.878; p=0.349) in these groups do not
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Table 5 Baseline characteristics changes in 5-year follow-up survey of various rs1044250 genotypes in the Control group

and the Mets group

Control Mets

CC(n=174) CT+TT(n=28) Total(n=202) CC(n=667) CT (n=151) TT(n=13) Total (n=202)
Sex (male%) 47.7% 57.1% 49.0% 47.5% 39.7% 30.8% 45.9%
Age (years) 51644930 51.07£10.51 51.56£9.45 5142+£9.68 5247£10.20 54.00£1057 51.65+£9.79
AWeight (kg) —031£164 —052£1.66 —037+1.64 —211£3.11 —1.98£278 —1.90£1.50 —208+3.03°
ABMI (kg/mz) 0.09+0.86 —0.02£0.65 0.07+£0.84 —0554+1.08 —0.51£1.00 —046+0.63 —0.5441.06°
AWC (cm) —054£302 —098£224 —0.60£292 —4374£336 —391£3.08 —4.27+345 —4.28+331°
ASBP (mmHg) 1.07£6.79 0.17£5.53 0.95+6.62 —7.16+13.39 —6.90£11.75 —4.134+8.09 —7.06413.04¢
ADBP (mmHg) —027+£253 038+£1.59 —0.18+£243 —546£6.85 —5.17+£6.69 —497+£696 —540+6.82¢
ATG (mmol/L) 0.32£0.50 0.23£0.58 0314051 —084+1.81 —0.70£143 —1.024+1.90 —0.8241.75¢
ATC (mmol/L) 0.13+£1.08 —008+£1.15 0.10£1.09 —033£1.31 —021£133 —0.75£1.61 —03241.32¢
AHDL-c (mmol/L) —024£048 —0.09£0.36 —0.22+046 —025+0.66 —0.32£0.64 —083+1.12%°  —027+067
AFPG (mmol/L) 043+£142 059+1.34 045+£1.41 —0.12£243 —038+£253 —0.10£1.82 —0.17+£2.44°

Continuous variables are recorded by x =+S; Categorical variables are recorded in proportions

Mets: metabolic syndrome; BMI: body mass index; WC: waist circumference; SBP: systolic blood pressure; DBP: diastolic blood pressure; TG: triglyceride; TC: total

cholesterol; HDL-c: high-density lipoprotein-cholesterol; FPG: fasting plasma glucose

@ Statistically significant compared with CC genotype in the Mets group
b Statistically significant compared with CT genotype in the Mets group

¢ Statistically significant compared with the Mets group; A, follow-up values minus baseline values

Table 6 The number changes of Mets components carried
by various subgroups

rs1044250 n MI[Q1,Q3] MR p
Follow-up CcC 841 0[—1,1] 518.98 0.529
cT 178  0[=1,1] 502.31
T 14  0[-1,1] 585.14
Weightloss  CC 709 0[-1,1] 432.17 0.732
TT+CT 157 0[=1,1] 439.49
Weigh gain CcC 132 1(0,1) 88.28 0.021
TT+CT 35 0[=1,1] 67.86
Weightloss  CC 709  0[-1,1] 397.24 <0.001
Weigh gain ~ CC 132 1[0, 1) 548.63
Weightloss ~ TT4+CT 157 0[-1,1] 94.67 0317
Weigh gain ~ TT4+CT 35 0[=1,1] 104.73

M [Q1, Q3], Median [Quartile1, Quartile3]; MR, mean ranks

show a significant difference. Among patients with CC,
CT and TT genotypes at rs1044250 locus, changes of
the number of Mets components do not show any dif-
ference M [Q1, Q3]: CC0[-1,1,CTO0[-1,1, TTO
[—1, 1]; p=0.529, Table 6). However, subgroup analysis
based on weight management indicates that the num-
ber changes of Mets components between CC genotype
and CT or TT genotype in the weight gain group are sig-
nificantly different (M [Q1, Q3]: CC 1 (0, 1), CT+TT 0
[—1, 1]; p=0.021, Table 6), while there is no difference
showed in the weight loss group (M [Q1, Q3]: CC 0 [—1,

1], CT+TT -0 [—1, 1], p=0.732, Table 6). Indeed,
under an ordinal regression model, the SNP rs1044250
(B=-0.703; p=0.024), TG (P=-0.337; p<0.001) and
FPG (B=—0.242; p=0.003) are independent protective
factors for the number of Mets components when the
body weight is increased, which suggests that people with
CC genotype are more likely to catch-up with the num-
ber of Mets component in the 5-year survey.

Interaction of SNP rs1044250 and weight management
In the weight loss group, the HDL-c level is significantly
decreased in patients with TT genotype at rs1044250
locus compared with CC (p=0.002, Table 7) and CT
(p=0.008, Table 7) genotype. In the weight gain group,
the SBP (p=0.002, Table 7) and DBP (Table 7; p =0.004)
of CC genotype are significantly higher than that of CT
genotype. Accordingly, the interaction of SNP rs1044250
and weight management on SBP (F=3.291; p=0.038,
Table 7), DBP (F=3.026; p=0.049, Table 7) and HDL-c
(F=6.269; p=0.002, Table 7) are statistically significant.
The independent variable AWeight*rs1044250 is
included in the multi-factor stepwise linear regression
equations, of which the dependent variable is ASBP and
ADBP respectively. Thereafter, the interaction of SNP
rs1044250 and weight management is an independent
risk factor for elevated SBP (=0.075; p<0.001, Table 8)
and elevated DBP ( =0.097; p <0.001, Table 8). The inde-
pendent variable AWeight*rs1044250 is excluded from
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Table 7 Factorial analysis SNP rs1044250 and weight management on clinical characteristic changes

Weight loss Weight gain P

CC(n=709) CT(nh=146) TT(h=11) CC(n=132) CT(h=32) TT(n=3) rs1044250 AWeight rs1044250

*AWeight
AWeight (kg) —2234£281 —2274£268 —225+135 0944224 0534081 067£1.15
ABMI (kg/m?) —0614£094 —061£097 —0624051 0614116 0364038 0554054
AWC (cm) — 4464311 —4264276 —5454205 1104233 0204211 0674275
ASBP (mmHg) —648+13.12 —579+£1081 —455+855 0044877 —6.1241351° 0334586 0.113 0.191 0.038
ADBP (mmHg)  —5064£670 —4514640 —5974713  —078+414 —3514£699¢ 0564084 0.285 0.007 0.049
ATG (mmol/L) —069+£169 —058+139 —1334+1.91 —014+£164 —048+£133 0.794+0.31
ATC (mmol/L) —0304+128 —021£136 —080+174 0074122 —0.174+089 0594197
AHDL-c —025+064 —031+£059 —107+£097*® —022+053 —0.194+067 041+083 0.889 <0001 0.002
(mmol/L)

AFPG (mmol/L)  —0044232 —0244247 —0124198 0164196 —0214£216 0344075

Continuous variables are recorded by x 45

A: follow-up values minus baseline values; BMI: body mass index; WC: waist circumference; SBP: systolic blood pressure; DBP: diastolic blood pressure; TG: triglyceride;
TC: total cholesterol; HDL-c: high-density lipoprotein-cholesterol; FPG: fasting plasma glucose

2 statistically significant compared with CC genotype in the Weight loss group; Statistically significant compared with CT genotype in the Weight loss group;

CStatistically significant compared with CC genotype in the Weight gain group

Table 8 Linear regressions analysis of ASBP, ADBP

and AHDL-c
B P R?
ASBP (mmHg)
Antihypertensive —0.215 < 0.001 0.719
Antidiabetic 0.058 0.001
WC (cm) 0.135 <0.001
BMI (kg/m?) 0.052 0.032
TG (mmol/L) 0.047 0.006
SBP (mmHg) —0.835 <0.001
DBP (mmHg) 0.112 <0.001
AWeight*rs1044250 0.075 < 0.001
ADBP (mmHg)
Antihypertensive —0.373 < 0.001 0.696
Antidiabetic 0.048 0.007
WC (cm) 0.148 < 0.001
HDL-c (mmol/L) —0.035 0.045
DBP (mmHg) —0621 < 0.001
AWeight*rs1044250 0.097 <0.001
AHDL-c (mmol/L)
Antidiabetic —0.060 0.003 0.580
WC (cm) —0.072 0.003
TG (mmol/L) —0.052 0.013
HDL-c (mmol/L) —0.741 <0.001
AWeight*rs1044250 0.004 0.851

A, follow-up values minus baseline values

BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood
pressure; TG: triglyceride; HDL-c: high-density lipoprotein-cholesterol; WC: waist
circumference; FPG: fasting plasma glucose; rs1044250, (CC=0,TC=1,TT=2)

Table 9 Crossover analysis of SNP rs1044250 and WM
on ASBP, ADBP and AHDL-c

B OR p s
ASBP
WM 0024 1.024 0477 0.558
Dom 0.193 1212 <0001
Dom*WM —0093 0911 0013
ADBP
WM 0027 1027 0429 0696
Dom 0.241 1273 <0001
Dom*WM —0078 0925 0035
AHDL-c
WM —0.066 0936 0053 0.106°
Dom 0017 1017 0620
Dom*WM 0054 1056 0.154

SBP: systolic blood pressure; DBP: diastolic blood pressure; TG: triglyceride;
HDL-c: high-density lipoprotein-cholesterol; WM: Weight loss =0, Weight
gain=1; Dom, CC=0, CT+TT=1, OR: odds ratio; S: synergy index;

S =[EXP(Bywm + Boom + Boom*wm) — TV/IEXP(Byy) + EXP(Bpom)—2]

@ The denominator is calibrated from negative to positive

the linear regression equations of AHDL-c (f=0.004,
p=0.851, Table 8).

A crossover analysis is conducted to study the inter-
action of ANGPTL4 gene SNP rs1044250 and weight
management on ASBP, ADBP, AHDL-c under linear
regression model. In the linear regression model with
ASBP as the dependent variable, the independent vari-
ables SNP rs1044250 (3=0.193; p<0.001, Table 9) and
rs1044250*Weight Management (p=—0.093; p=0.013,
Table 9) are included in the regression equation, and the
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interaction between SNP rs1044250 and weight man-
agement on ASBP is negative (synergy index=0.558); in
the linear regression model with ADBP as the depend-
ent variable, the SNP rs1044250 (=0.241; p<0.001,
Table 9) and rs1044250* Weight Management (f=—
0.078; p=0.035, Table 9) are included in the regres-
sion equation, and the synergistic effect between SNP
rs1044250 and weight management are negative (synergy
index=0.696).

Discussion

This is the first study that comprehensively identifies the
ANGPTL4 gene SNP rs1044250 as an independent risk
factor for Mets by increasing the WC and blood pressure.
The number of Mets components in CC genotype indi-
viduals increases when body weight raised. Consistently
the SNP rs1044250 and weight management are nega-
tively correlated on the interaction with blood pressure.

In 2007, a GWAS study found that FTO polymor-
phism was associated with weight gain and increased
BMI [34]. It was the first GWAS study which ushered
in the era of gene SNP research on Mets. Since then,
the effects of gene polymorphisms have been related to
obesity [6], lipid metabolism [7], glucose tolerance and
hypertension [8, 9]. Because of the heterogeneity and
multifactorial nature of Mets, current SNP studies have
been limited on single Mets components, the effects of
multifunctional gene loci on Mets are seldom reported.
Under this circumstance, various studies have suggested
that ANGPTL4 is involved in the regulation of multiple
components of Mets, including lipid metabolism [14],
obesity [24], blood pressure and glucose tolerance [15—
17]. Regarding the multifunctional feature, the major role
of ANGPTLA4 is regulating the TG content in circulation
and maintaining the balance of adipopexis in WAT [35].
The N-terminal oligomerized ANGPTL4 in circulation
inhibits LPL activity, therefore, increases the circulating
TG level [2], while the SNP rs1044250 mainly alters the
activity of ANGPTL4 C-terminus [36]. Previous study
has reported that the SNP rs1044250 only accounts for
0.8% of patients with decreased serum TG, and the TG
reducing effect of SNP rs1044250 will not be significant
after the impact of ANGPTL4 N-terminus related SNP
rs110843064 (E40K) is excluded, whereas E40K is posi-
tively related to an increased overall coronary heart dis-
ease risk [2, 37]. Accordingly, our result suggests that the
rs1044250 polymorphism does not have independent
interaction with circulating TG, but Mets.

This study proves that the SNP rs1044250 is an inde-
pendent risk factor for increased WC. It has been
reported previously that overexpression of purified
ANGPTL4 C-terminus in mouse accelerates the decom-
position of WAT lipid, suggesting a lipolytic activity of
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ANGPTL4 C-terminal domain in fat cells independent
from LPL [38]. Therefore, the SNP rs1044250 is likely to
induce an increase in WC by lowering the level of WAT
lipolysis. In addition, the WC and waist-to-hip ratio is
increased in adipocyte ANGPTL4 knockout mice [22].
Another research has found that the ANGPTL4 knock-
out mice fed with high-fat diet show granuloma lesions
in the intestine and WAT, as well as lymphangitis and
mesenteric lymphadenitis [39, 40], which suggests that
ANGPTL4 is essential to the lymphatic drainage of lipids
from WAT to the liver. A study has also reported that
ANGPTL4 reduces appetite by inhibiting hypothalamic
adenosine monophosphate-activated protein kinase
(AMPK) activity, accordingly, the ANGPTL4 knockout
mice show increased appetite after fasting [41]. Regard-
ing features of ANGPTL4 discussed above, we speculate
that SNP rs1044250 causes abdominal fat accumulation
and increased WC by promoting the WAT lipid recruit-
ment, hindering lipolysis, destroying the integrity of
WAT-hepatic lymphoid tissue as well as increasing
appetite.

The ANGPTL4 gene SNP rs1044250 is an independ-
ent risk factor for elevated blood pressure. It has been
reported that the C-terminal domain of ANGPTL4 pro-
tein inhibits vascular epithelial growth factor (VEGF)
and basic fibroblast growth factor (bFGF)-mediated
angiogenesis [15], and SNP rs1044250 is capable of alter-
ing the activity of ANGPTL4 C-terminus, therefore, the
SNP rs1044250 may lead to a decreased angiogenesis and
dysfunctional endothelial repairment. ANGPTL4 gene
knockout mice are prone to have coronary arteritis and
mesenteric vasculitis when fed with a high-fat diet [39,
42, 43]. The dysfunction of endothelial repairment can
increase vascular resistance and lead to an increased
blood pressure in both direct and indirect manners.
Consistently, circulating ANGPTL4 protein levels are
significantly up-regulated in patients with hyperten-
sion [16, 24]. Based on the risk of the SNP rs1044250 on
WC and blood pressure, the ANGPTL4 gene polymor-
phism is considered a risk factor for Mets. A step for-
ward, we attempt to cast light on the interaction between
ANGPTL4 polymorphisms and lifestyle interventions,
and to find a feasible way for rs1044250-targeted Mets
therapy.

At present, the management of Mets is mainly based
on lifestyle interventions. The body weight reflects a
time superposition effect of lifestyle. Therefore, weight
management has become a recommended indicator of
lifestyle interventions to Mets. In 2017, the international
panel recommended a minimum 5% weight loss target
for obese patients [4]. Our result shows that patients
with rs1044250 CC genotype are more likely to have an
increased number of Mets components as body weight
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raised. Elevated blood pressure is considered the major
cause of increased number of Mets components. Accord-
ingly, the synergistic effect of weight management and
SNP rs1044250 on blood pressure is negative, in other
words, the superimposed effect of these two independ-
ent variables is less than the sum of their effects alone.
Studies have shown that muscle-derived ANGPTL4 lev-
els are increased during exercise or fasting [31, 44], and
that WAT lipolysis is positively correlated to the circulat-
ing ANGPTL4 levels [22]. We speculate the lack of exer-
cise leads to a decrease in myogenic ANGPTL4, which
in turn results in the accumulation of WAT and weight
gain. Therefore, the transient decrease of ANGPTL4 level
in circulation during weight gain is negatively correlated
to the risk of SNP rs1044250 on blood pressure. Under
this circumstance, the blood pressure of rs1044250 wild-
type patients shows a catch-up effect, which may relate to
a fasting involved metabolism disorder.

Participants with Mets were suggested to have lifestyle
interventions and take prescription drugs. As a result,
the Mets group showed improvement in various physical
and laboratory indicators in the follow-up survey. Par-
ticipants with TT genotype have elevated HDL-c, which
was significantly decreased among the weight loss group
in the follow-up survey. ANGPTL4 is characterized by
its lipolytic effect and HDL-c is negatively correlated to
TG [26]. However, previous research has reported that
elevated HDL-c is associated with ANGPTL4 overex-
pression [22], which is considered discrepant to the role
of ANGPTLA4. In this research, we have demonstrated a
catch-up of HDL-c among participants with CC and CT
genotype, in another word, weight management over-
takes the negative correlation of r1044250 to HDL-c,
unfortunately, the cross-over assay was failed to provide
more evidence.

This study elaborated on the interaction between
the ANGPTL4 gene SNP rs1044250 and weight man-
agement on Mets. Future studies need to clarify the
effect of SNP rs1044250 on the structure of ANGPTL4
C-terminus, and to detect the interaction between SNP
rs1044250 and neovascularization. The effect of SNP
rs1044250 on circulating lipid metabolism under fast-
ing and exercise conditions also requires experimental
verification.

Conclusion

We have found that the ANGPTL4 gene SNP rs1044250
increases the incidence of Mets in the Shandong Han
population by increasing blood pressure and WC. The
number of Mets components in patients with CC geno-
type at rs1044250 locus shows a catch-up effect when
the body weight is increased, while weight-loss could
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significantly inhibit the increase of SBP and DBP caused
by rs1044250 polymorphism.
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