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ABSTRACT
Introduction: Statins are frequently prescribed for patients with hyperlipidemia to prevent car-
diovascular disease, however, there is an inter-individual variability in their efficacy due to many
factors, including genetic polymorphism. This study aimed to determine the association between
single nucleotide polymorphism (SNP) in the gene cluster SORT1-CELSR2-PSRC1 (rs646776) and lipid
profiles in a subset of statin users in Malaysia. Methods: In total, 122 statin-treated patients were
recruited in this cross-sectional study. Genomic DNA from whole blood samples (3 mL) was ex-
tracted and genotyped using amplification-refractory mutation system-polymerase chain reaction
(ARMS-PCR) for the rs646776 polymorphism. The association between the SNP and statin-related
lipid profile changes was evaluated using a dominant genetic model (AA vs. GA + GG genotypes).
Results: The minor allele frequency of the rs646776 was 0.08 and the allele frequency of each
genotype was in the Hardy–Weinberg equilibrium(P = 0.6149). Variant allele carriers of rs646776
showed higher(P < 0.05) high-density lipoprotein cholesterol (HDL-C) levels after statin treatment
in females but not in males. Conversely, AA genotypes were linked to a significant decrease in total
cholesterol and low-density lipoprotein cholesterol (P < 0.01). Conclusion: Our study provides the
first frequency data for PSRC1/CELSR2/SORT1 rs646776 in the Southeast Asian region and further
confirms the SNP association with improved HDL-C levels, especially in females using statins. The
findings warrant further replication studies to validate the SNP association among different ethnic-
ities in Asia.
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INTRODUCTION
Statin, a cholesterol-lowering drug, is commonly used
to prevent cardiovascular disease because it is highly
effective at lowering cholesterol levels. However,
statin efficacy has an inter-individual variability on
lipid profiles which can be partially caused by genetic
variation. As indicated by a genome-wide association
study (GWAS) on Europeans and South Asians, the
SORT1/CELSR2/PSRC1 rs646776 polymorphism has
a strong association with plasma lipoproteins, hence
the increased risk of coronary artery disease (CAD)1.
In brief, rs646776 is a single nucleotide polymor-
phism (SNP) on chromosome 1 (i.e., 1p13.3) which
resides in the intergenic region of three distinct genes:
CELSR2, PSRC1, and SORT12. Minor allele carriers
of the SNP are associated with decreased cardiovas-
cular disease risk since it has been shown to lower
circulating cholesterol levels, particularly low-density
lipoprotein cholesterol (LDL-C), among statin users3.
Similarly, another GWAS found that rs646776 was as-
sociated with significantly larger LDL-C reductions of
up to 0.47%4.
Evidence from animal and in vitro studies showed that
SORT1, out of the three candidates in the gene cluster,

was the main regulator of lipoprotein metabolism, es-
pecially of LDL-C. However, there was no unidirec-
tional evidence for the effect of SORT1 expression on
plasma lipid profiles5. In fact, a large meta-analysis
from a GWAS on Europeans has associated SORT1
rs646776, particularly owing to its direct involvement
in lipid metabolism, with an enhanced statin-related
LDL-C response from interacting with apoB at the
Golgi apparatus to stimulate LDL-C uptake6. There-
fore, we speculate that individuals who inherit these
genetic variants have improved lipid profiles, most
likely in terms of reduced LDL-C or increased high-
density lipoprotein cholesterol (HDL-C) levels, and
hence a lower risk of CAD.
Although statins are well-known for their ability to
reduce cardiovascular morbidity, an individual’s re-
sponse to a given drug can be influenced by sev-
eral factors. Besides genetics, the demographic
profile of the subject (i.e., age, body mass index,
gender) and clinical factors determine the inter-
individual variability of statin efficacy 7. This study
aimed to determine the association between the
SORT1/CELSR2/PSRC1 rs646776 polymorphism and
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statin-related lipid profile changes in a subset of the
Malaysian population. Stratification according to the
subject’s gender allowed us to evaluate the gene–
gender effects on statin-affected lipid profiles. To
our knowledge, this study provides the first frequency
data for the SNP of Southeast Asian origin.

METHODS

Study subjects

After obtaining informedwritten consent, subjects di-
agnosed with hyperlipidemia and on statin medica-
tion were recruited from the Klinik Rawatan Kelu-
arga at Hospital Universiti Sains Malaysia (HUSM)
between May 2018 and October 2020. The recruited
subjects included individuals aged between 18 and
75 who had been diagnosed with hyperlipidemia and
prescribed statins for at least six weeks. The patients’
medical records were obtained from their clinic files
and the hospital’s database. The exclusion criteria are
as follows: patientswhohave been (i) prescribed other
lipid-lowering medications as concurrent treatment;
(ii) diagnosed with malignancy, liver disease, thy-
roid disease, kidney disease, or familial hypercholes-
terolemia; (iii) receiving other medications known to
interfere with statin’s efficacy.

SNP genotyping

The DNA from the whole blood (3 mL) was ex-
tracted according to the manufacturer’s protocols
(GeneAll Biotechnology, Korea). The extracted DNA
was then subjected to genotyping using amplification-
refractory mutation system-polymerase chain reac-
tion (ARMS-PCR). The temperatures during the
ARMS-PCR cycles were as follows: initial denatura-
tion at 95 ◦C for 5 minutes, 30 denaturation cycles
at 94 ◦C for 30 seconds, annealing at 60.9 ◦C for 30
seconds, extension at 72 ◦C for 30 seconds, and an
additional extension at 72 ◦C for 5 minutes. Table 1
lists the primer sets used in this study, which were de-
signed using a website (http://primer1.soton.ac.uk/pr
imer1.html); see Appendix 1 for a supplementary file
highlighting the primer sequences within the gene se-
quences. The products of the ARMS-PCR were visu-
alized on the 2% agarose gel for 60 minutes.

Statistical analysis

The data analysis was carried out using the SPSS soft-
ware version 26.0 (IBM, United States). The data
were reported as frequency (%) and mean ± stan-
dard error of the mean (SEM) for categorical and
continuous data, respectively. The normality of the

continuous data was checked using a test of normal-
ity, the Kolmogorov–Smirnov test. For the categor-
ical data, the Chi-square test was used in a contin-
gency table to obtain the odds ratio (OR); the test re-
quired at least 80% of the cells to have an expected
count greater than 5. Student’s t-test was used to as-
sess differences between two continuous data; in the
case of non-parametric data, the Mann–Whitney test
was used instead. Repeated measures ANOVA was
used to compare means across one or more variables
that are based on related subjects; in the case of non-
parametric data, the Friedman test was used. When
conducting multiple statistical tests, the Bonferroni
correction was used to adjust the probability (P) val-
ues to avoid a Type I error. The observed genotype
frequency was checked for theHardy–Weinberg equi-
librium (HWE) using https://gene-calc.pl/hardy-wei
nberg-page. Since the homozygous mutant GG geno-
types are rare, a genetic dominant model (AA vs. GA
+ GG genotypes) was applied to assess the SNP asso-
ciation. Multiple binary logistic regression was used
to determine which independent factors were associ-
ated with the likelihood of achieving the LDL target of
< 2.6 mmol/L. Throughout the analysis, a P-value of
0.05 or lower was considered statistically significant.

Table 1: Primers used and the interpretation of the
genotypes according to the band sizes in ARMS-PCR

Primer sequences Product
size

Interpretation
of the 
genotypes

FO: 5’-TGGTGAAAAGGA

CACCTTCC-3' CC-
Outer;
500 bp

Heterozygous;
500 bp, 420 bp
and 129 bp

FI (G allele):
5’-TATTTGGGAGCAGTGT

TGGA G-CATGGACGTG-3'

G
allele;
420 bp

Homozygous
recessive; 500
bp and 420 bp

RI (A allele):
5’-GGCTGATAAGCCTGT

TCTGACCCTCTGACT-3’

A
allele;
129 bp

Wild type; 500
bp and 129 bp

Abbreviations: Bold indicates mismatches that were introduced in
the sequence, while underlined sequences indicate the SNP location.
FI: Forward inner primer; RI: Reverse inner primer; FO: Forward
outer primer; RO: Reverse outer primer; bp: base pair
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RO: 5’-
CTTTTCTGCCGTGGATTCTC- 3'
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Table 2: Demographic and clinical features of the patients

Characteristics n = 122
Age (years + SEM) 53.62± 6.67
Gender, n (%)
Female 71 (58.2)
Male 51 (41.8)
Race, n (%)
Malay 117 (95.9)
Chinese 3 (2.5)
Indian 1 (0.8)
Others 1 (0.8)
Genotype of rs646776, n (%)
aPresent study
AA 102 (83.6)
GA 20 (16.3)
GG 0
Reference population
AA 461 (91.4)
GA 40 (7.9)
GG 3 (0.5)
Type and dosage of statin, n (%)
Atorvastatin
10 mg/day 33 (27.0)
20 mg/day 32 (26.2)
30 mg /day 4 (3.3)
40 mg /day 8 (6.6)
Simvastatin
10 mg /day 4 (3.3)
20 mg /day 23 (18.9)
40 mg /day 3 (2.5)
Pravastatin
10 mg /day 2 (1.6)
20 mg /day 7 (5.7)
Lovastatin
20 mg /day 6 (4.9)
Comorbidities, n (%)
Hypertension 52 (42.6)
Diabetic + hypertension 44 (36.0)
Diabetic 12 (9.8)
Others 8 (6.6)
None 6 (4.9)
Concomitant drugs, n (%)
Anti-diabetic drugs class
Biguanides only 1 (0.8)
Two> anti-diuretic drugs or more 11 (9.0)
Anti-hypertensive drugs class
Calcium channel blockers only 17 (13.9)
Angiotensin-converting enzyme (ACE) inhibitors only 5 (4.1)
Alpha-blockers only 1 (0.8)
Beta blockers only 1 (0.8)

Continued on next page

6112



Biomedical Research and Therapy 2023, 10(12):6110-6117

Table 2 continued
Characteristics n = 122
Two > anti-hypertensive drugs or more 28 (23.0)
Anti-diabetic + Anti-hypertensive 44 (36.1)
Others 8 (6.6)
None 6 (4.9)
Baseline level (mmol/L± SD)
TC (normal range <5.2 mmol/L) 5.67± 1.56
HDL-C (normal range >1.0 in males and >1.3 in women) 1.33± 0.63
LDL-C (normal range <2.6 mmol/L) 3.61± 1.32
TG (normal range <1.7 mmol/L) 1.60± 0.89

Abbreviations: aMAF of the SNP was 0.08 and the genotype frequencies were in accordance with Hardy-Weinberg Equilibrium (P value
= 0.6149) calculated via https://gene-calc.pl/hardy-weinberg-page, bThe frequencies of rs646776 in East Asian population obtained from the
Ensemble genome browser. SEM: standard error;ACE: angiotensin-converting enzyme; SD: standard deviation; TC: total cholesterol;HDL-C:
high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; TG: triglycerides.
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Table 3: Comparison of lipid level between baseline and after statin treatment

Lipid profile (mmol/L) AA
(n = 102)

GA
(n = 20)

P-value

5.66± 1.64 5.69± 1.03 0.936

4.61± 1.75 5.25± 0.91 0.111

5.02± 1.58 5.11± 1.55 0.816

<.001 0.451

0.004 0.344

1.32± 0.66 1.43± 0.37 0.450

1.17± 0.41 1.42± 0.34 0.013

1.27± 0.35 1.45± 0.38 0.043

0.158 1.000

1.000 1.000

3.68± 1.33 3.28± 1.21 0.205

2.73± 1.27 3.11± 0.85 0.197

3.04± 1.14 3.21± 1.02 0.539

<.001 1.000

<.001 1.000

1.58± 0.89 1.64± 0.91 0.783

1.48± 1.08 1.59± 0.62 0.663

1.60± 1.09 1.38± 0.69 0.378

0.905 1.000

TC (mean± SD)

Baseline level

0-6 months treatment

7-12 months treatment

aBaseline vs 0-6 months

aBaseline vs 7-12 months

HDL-C (mean± SD)

Baseline level

0-6 months treatment

7-12 months treatment

aBaseline vs 0-6 months

aBaseline vs 7-12 months

LDL-C (mean± SD)

Baseline level

0-6 months treatment

7-12 months treatment

aBaseline vs 0-6 months

aBaseline vs 7-12 months

TG (mean± SD)

Baseline level

0-6 months treatment

7-12 months treatment

aBaseline vs 0-6 months

aBaseline vs 7-12 months 1.000 1.000

Abbreviations: aThe comparison within two groups obtained using one-way ANOVA repeated measures with Bonferroni 
adjustments. TC: total choles-terol; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; TG: 
triglycerides.
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Table 4: The association betweenmultiple independent variables and patient attainment of LDL-C target levels
of < 2.6 mmol/L

Independent variables P-value Odds ratio Exp (B) 95% CI
SORT1/CELSR2/PSRC1
(rs646776)

0.709 1.219 0.431 - 3.449

Age 0.235 1.037 0.977 - 1.102
aGender 0.135 0.560 0.262 - 1.199
Type of Statin
Atorvastatin, mg/day
10 0.725 0.000 0.000
20 0.934 1.045 0.365 - 2.998
30 0.112 6.900 0.637 - 74.690
40 0.695 1.380 0.275 - 6.921
Simvastatin, mg/day
10 0.827 0.767 0.071 - 8.299
S20 0.731 0.812 0.247 - 2.670
S40 0.913 1.150 0.093 - 14.188
Pravastatin, mg/day
10 0.999 0.000 0.000
P20 0.522 1.725 0.324 - 9.172
Lovastatin, mg/day
20 0.106 4.600 0.721 - 29.332
Baseline lipid (mmol/L)
Total cholesterol 0.524 0.925 0.729 - 1.175
High-density lipoprotein 0.519 0.744 0.303 - 1.826
Low-density lipoprotein 0.688 0.941 0.699 - 1.267
Triglycerides 0.389 0.820 0.522 - 1.289

Abbreviations: aMale category was used as the reference;bAtorvastatin 10 mg was used as the reference category. CI: confidence interval;
LDL-C: low-density lipoprotein cholesterol.

6114

Figure 1: The impact of SORT1/CELSR2/PSRC1 rs646776 on the HDL-C levels in (a) females and (b) males at
the baseline and after statin treatment.
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RESULTS
Baseline characteristics of the subjects
A total of 122 subjects with hyperlipidemia, mostly of
self-reported Malay ethnicity (95.9%), were recruited
into the study. The demographic profiles and clinical
characteristics of the subjects are presented in Table 2
. Themean age of the subjects is 53± 6.67 years; most
subjects are female (58.2%) and treated with atorvas-
tatin (63.1%). Many subjects had comorbidities such
as diabetes and hypertension, while only 4.9% had no
pre-existing diseases. Specifically, 42.6% had hyper-
tension, 36.0% had diabetes and hypertension, 9.8%
had diabetes, and the remaining 6.6% had other dis-
eases. Because of their pre-existing illnesses, 88.5%
of the subjects were treated with other drugs in ad-
dition to statins. Before starting statin therapy, the
baseline lipid levels for total cholesterol (TC, 5.67 ±
1.56 mmol/L) and LDL-C (3.61± 1.32 mmol/L) were
higher than the recommended levels for a healthy in-
dividual.

Impact of the SORT1/CELSR2/PSRC1
rs646776 on the lipid profiles of statin
users
The lipid levels of the statin users (Table 3) were
evaluated over two periods: 0–6 months and 7–12
months. Compared to common AA genotypes, GA
genotypes had substantially higherHDL-C levels after
0–6 months (P = 0.013) and 7–12 months (P = 0.043)
of statin treatment. Despite not being observed in
the GA genotypes, statin treatment resulted in lower
TC and LDL-C levels in the AA genotypes after 0–6
months and 7–12 months, both at P < 0.05.
Additionally, we stratified the HDL-C levels based on
the patient’s genotypes into males and females to ex-
amine the impact of patient gender on the effects of
statins on the HDL-C profile (Figure 1). Females
with minor allele G carriers (GA) demonstrated sig-
nificantly higher HDL-C levels after 0–6 months (P
= 0.010) and 7–12 months (P=0.013) of statin treat-
ment. Next, multiple binary logistic regression anal-
ysis was carried out to determine the association be-
tween the independent variables and patient attain-
ment of the target LDL-C level of < 2.6 mmol/L. Ta-
ble 4 illustrates that none of the variables tested pre-
dicted the subject’s attainment of the target LDL-C
level of < 2.6 mmol/L.

DISCUSSION
Statins, a lipid-lowering drug, have been used in the
primary and secondary prevention of coronary heart
disease (CHD). However, considerable heterogeneity

in terms of their effects on lipid profiles in a subset
of patients may be influenced by interactions between
genetics, patient demographics, and other clinical fac-
tors8. Our study findings demonstrated a signifi-
cant association between the SORT1/CELSR2/PSRC1
rs646776 polymorphismand the lipid profiles of statin
users with hyperlipidemia. These results are consis-
tent with previous findings concerning the Chinese
population9. In particular, the minor allele G car-
riers (GA genotype) of the SNP had higher HDL-C
levels after 0–6 months (P = 0.013) and 7–12 months
(P = 0.043) of statin treatment compared to the wild-
type genotypes (Table 3). We believe that the differ-
ence in HDL-C levels between the GA genotypes is
attributable to overexpression of the PSRC1 protein,
which suppresses foam cell formation by upregula-
tion of cholesterol transportation-related proteins in
macrophages and the liver10 .
Interestingly, females with the variant allele carriers
of rs646776 showed higher HDL-C levels (P < 0.05)
whereas males did not, suggesting a protective effect
of the SNP against CHD and gene–gender interac-
tion with the outcome of statin treatment. This sup-
ports our previous report that gender factors have
a role in both statin efficacy and its muscular side
effects11,12. Apart from increased HDL-C levels in
the blood, SORT1/CELSR2/PSRC1 rs646776 variants
were associated with lower TC (P=0.007) and LDL-C
(P=0.006) levels3. However, we were unable to relate
the association of the rs646776 variants with statin-
related TC and LDL-C lowering effects in the present
study. Instead, the wild-type AA genotypes had sig-
nificantly lower TC (P < 0.01) and LDL-C (P < 0.001)
levels following statin treatment, although this was
not observed in the GA genotypes (Table 3). The ef-
fect of the minor allele G on TC and LDL-C could
be best described by quantile-dependent expressivity,
which implies that rs646776 has an exclusive effect on
statin efficacy 13. The effect size of the SNP was de-
termined by cholesterol levels, with smaller genetic
effect sizes found at lower cholesterol levels (i.e., af-
ter statin treatment) or resulting in the opposite ef-
fect of the SNP on the percent of LDL-C change, par-
ticularly when cholesterol is decreased pharmacolog-
ically 13. This explained the discrepancies in the SNP
associations.
Furthermore, we were unable to link rs646776, the
patient’s age, gender, and other clinical factors (the
statin type and baseline lipid levels) to the patient’s
attainment of an LDL-C level of < 2.6 mmol/L. This
LDL-C level is the target for the 10-year prevention
of CHD according to the National Cholesterol Edu-
cation Program, Adult Treatment Panel III14. Higher
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baseline lipid values in patients before statin treat-
ment did not influence their attainment of LDL-C <
2.6 mmol/L. rs646776 was identified as one of the two
promising SNPs influencing statin-related lipid pro-
files in previous GWAS and multi-ethnic gene asso-
ciation studies. The influence of the abovementioned
predicting variables on statin-affected lipid profiles is
evident in this analysis as the inter-individual variabil-
ity of lipid profiles is not solely determined by a single
genetic polymorphism6,15. As found in another study
with a larger sample size (over 400,000 patients with
Type 2 diabetes mellitus), it is possible that other pa-
tient factors, primarily their age and gender, correlate
with the LDL-C profile16. With regards to the effect
on LDL-C levels, a randomized controlled trial sug-
gested that the type of statin had a significant impact
on the LDL-C level17,implying that these indepen-
dent factors were clinically meaningful when dealing
with LDL-C profiles.
Since this is a preliminary investigation into
the pharmacogenetic association between
PSRC1/CELSR2/SORT1 rs646776 and statin-affected
lipid profiles, the findings warrant replication with
other statin-using Malaysian cohorts and different
ethnicities from other Asian regions. Despite con-
flicting results regarding the extent to which SNP
alters statin-affected lipid profiles4,6, the rs646776
SNP, or its strongly linked rs599839 SNP, has been as-
sociated with the risk of CAD in White and Hispanic
populations18–21. The present study has limitations:
the number of subjects in this study is relatively small
compared to those in the abovementioned studies.
Nevertheless, we demonstrated a clear association
between PSRC1/CELSR2/SORT1 rs646776 and
statin-affected lipid profiles, particularly HDL-C and
LDL-C. Furthermore, the correlation between the
studied genes and lipid profile changes was limited
due to the absence of a homozygous recessive GG
genotype. Larger sample sizes, typically between 400
and 500 subjects, are deemed sufficient to address
research questions in gene association studies and
increase the likelihood of capturing the GG genotype,
as indicated by the reference population in Table 2.
Last but not least, other confounding factors for lipid
metabolism such as dietary intake, body mass index,
and smoking status should be considered to ensure
the internal validity of the results22,23.

CONCLUSIONS
The present study found a significant association be-
tween the PSRC1/CELSR2/SORT1 rs646776 polymor-
phism and higher HDL-C levels among females tak-
ing statins. The findings warrant study replication
with other Asian ethnicities.

ABBREVIATIONS
ACE: Angiotensin-converting enzyme, ANOVA:
Analysis of variance, ARMS-PCR: Amplification
refractory mutation system- polymerase chain reac-
tion, BP: Base pair,DNA:Deoxyribonucleic acid, FH
: Familial hypercholesterolemia, FI: Forward inner
primer, FO: Forward outer primer, GWAS: Genome
wide association study, HDL-C: High-density
lipoprotein-cholesterol, HMG-CoA: 3-hydroxy-
3-methylglutaryl coenzyme A, HUSM: Hospital
Universiti Sains Malaysia, HWE: Hardy-Weinberg
equilibrium, LDL-C: Low-density lipoprotein-
cholesterol, MAF: Minor allele frequencies, RI:
Reverse inner primer, RO: Reverse outer primer,
SEM: Standard error of the mean, SNP: Single
nucleotide polymorphism, SORT1/CELSR2/PSRC1:
Sortilin/cadherin EGF LAG seven-pass G-type
receptor 2/proline-serine-rich coiled-coil protein 1,
SPSS: Statistical package for the social sciences, TC:
Total cholesterol, TG: Triglycerides
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