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Abstract: Background: Familial hypercholesterolemia (FH) is an inherited metabolic disorder charac-
terized by high levels of low-density lipoprotein cholesterol (LDL-c) from birth. About 85% of all
FH cases are caused by pathogenic variants in the LDLR gene. Individuals with FH have increased
cardiovascular risk, including a high risk of premature myocardial infarction (PMI). Methods: We
conducted an opportunistic exome screening to identify variants in the LDLR gene among Vietnamese
patients with PMI treated at a general hospital in southern Vietnam. A cascade testing for LDLR
variants was conducted in their relatives within three generations, and the effects of the LDLR variant
on the response to rosuvastatin treatment were also studied using a comparative before-and-after
study design on those who were eligible. Results: A total of 99 participants from the three generations
of four PMI patients were recruited, mean age 37.3 ± 18.5 years, 56.6% males. Sanger sequencing
revealed two variants in the LDLR gene: variant rs577934998 (c.664T>C), detected in 17 individuals
within one family, and variant rs12710260 (c.1060+10G>C), found in 32 individuals (49.5%) in the
other three families tested. Individuals harboring the variant c.664T>C had significantly higher
baseline LDL-c and total cholesterol levels compared to those with variant c.1060+10G>C (classified
as benign) or those without LDLR variants, and among the 47 patients subjected to a 3-month course
of rosuvastatin therapy, those with variant c.664T>C had a significantly higher risk of not achieving
the LDL-c target after the course of treatment compared to the c.1060+10G>C carriers. Conclusions:
These findings provide evidence supporting the existence of pathogenic LDLR variants in Vietnamese
patients with PMI and their relatives and may indicate the need for personalizing lipid-lowering
therapies. Further studies are needed to delineate the extent and severity of the problem.

Keywords: LDLR gene variant; familial hypercholesterolemia; rosuvastatin; premature acute
myocardial infarction; genetic metabolic disease

1. Introduction

Acute myocardial infarction (AMI) constitutes one of the leading causes of death
and disability worldwide, and although it remains a disease prevalent in individuals
of advanced age, in the last few years, a greater relative increase in the incidence of
AMI among young and middle-aged individuals has been reported [1]. Despite older
age, actively smoking, high blood pressure, diabetes mellitus, and total cholesterol and
low-density lipoprotein (LDL-c) levels are the most prominent risk factors for AMI, in
individuals with premature acute myocardial infarction (PMI), defined as AMI in men
aged 18–55 years and women aged 18–65 years [2], other “non-traditional factors”, such
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as substance abuse, thrombophilia, immune disease, and psychological stressors have
been implicated. In addition, genetic factors, particularly genetic alterations that alter the
metabolism of cholesterol, have been shown to play an important role in the development of
PMIs [3]. Indeed, it has been estimated that 63% of PMI can be attributed to heritability [3].
Familial hypercholesterolemia (FH) is an autosomal genetic disorder characterized by
the presence of very high blood levels of LDL-c that can be manifested clinically by an
early onset of atherosclerosis and cardiovascular disease. In about 85% of cases, FH is
caused by pathogenic variants in the LDLR gene, with more than 3000 variants reported so
far [4]. Variants in other genes that encode proteins involved in cholesterol metabolism,
such as apolipoprotein B (ApoB) and proprotein convertase subtilisin kexin 9 (PCSK9),
have also been reported. FH is an independent risk factor of PMI and those with complex
variants (homozygous or compound heterozygous variant, etc.) may experience serious
cardiovascular events as early as in their 20s [5].

Numerous studies have demonstrated the importance of early and appropriate man-
agement of FH to prevent the development of premature cardiovascular diseases. A large
longitudinal cohort study on 3382 FH patients confirmed the importance of early identifica-
tion and treatment of affected heterozygous individuals, where statins appear to benefit
the primary prevention of fatal coronary disease [6]. In this regard, it has been estimated
that 96–98% of deaths linked to cardiovascular disease in FH patients under the age of 40
could be prevented with statin therapy alone [7].

Nevertheless, despite the undisputable relevance of FH in the premature onset of
cardiovascular disease, this condition is often underdiagnosed, and consequently, many
people with FH are deprived of the benefits of early intervention. This is a major issue in
low- and middle-income countries [8], where it has been estimated that less than 1% of FH
patients are timely diagnosed [9]. This is also the case in Vietnam where early coronary
artery disease was reported to be nearly 40% [10], yet studies on LDLR and PMI are still in
their infancy. A seminal study conducted in Vietnam utilizing cascade screening identified a
novel missense variant in FH patients [11]. A subsequent report from the Vietnam Familial
Hypercholesterolemia Registry revealed that LDLR gene variants accounted for as many
as 96.8% of FH patients. Notably, this study also discovered two novel LDLR variants
that were considered unique to the Vietnamese population [12]. This raises concern about
extrapolating the effectiveness of lipid-lowering therapy from foreign countries to Vietnam
since the response to statin has been confirmed to be influenced by the genetic alterations
in the LDLR gene [13–15].

Therefore, considering the scarcity of the available data, the potential difference in the
LDLR variant pool, and the unknown response to lipid-lowering therapy in the Vietnamese
population, we conducted an opportunistic LDLR variant screening in PMI patients along
with cascade testing in their relatives. We further studied the effect of the LDLR variants
on the response to rosuvastatin treatment using a before-and-after study design.

2. Patients and Methods
2.1. Subjects and Study Design

This prospective comparative study was conducted in a provincial hospital in southern
Vietnam. We first recruited patients with confirmed PMI, who were diagnosed according to
domestic guidelines and had an age of under 55 in males and 65 in females whose untreated
LDL-c levels were of 155 mg/dL (4.0 mmol/L) or higher [16]. All the close members of the
family of the recruited patients (parents, siblings, and children) were further recruited in a
cascade screening manner. We excluded those who had advanced stages of kidney failure
or cirrhosis, had secondary hyperlipidemia due to other conditions, such as nephrotic
syndrome, hypothyroidism, hyperthyroidism, those who were on treatment with CYP3A4
inhibitors (ketoconazole, clarithromycin, erythromycin, etc.), or those who did not give
consent. The study was conducted according to the principles of the Declaration of Helsinki
of 1975, as revised in 2013 and was approved by the Institutional Review Board of Can Tho
University (Approved on 31 March 2021, approval code #169/PCT-HDDD).
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2.2. LDLR Gene Variant Screening and Patient Genotyping

PCR and sequencing primers were designed for analyzing the sequence of exons
and exon-intron boundaries of the LDLR gene (Table S5). LDLR gene reference genomic
sequence LDLR obtained from the National Center for Biotechnology Information Con-
sensus CDS database (accession number NG_009060.1). Variants in the LDLR gene were
determined in a molecular laboratory at Can Tho University of Medicine and Pharmacy,
Vietnam. Genomic DNA was isolated from peripheral blood with EDTA anticoagulant
(including those of the patient and members of their family) using the GeneJET Genomic
DNA Purification Kit (Thermo Scientific, Waltham, MA, USA) following manufacturer
guidelines and stored at −30 ◦C.

The 18 LDLR exons and exon-intron boundaries were amplified by primers synthe-
sized by IDT (Integrated DNA Technologies) and listed in Table 1. PCRs (15 µL) contained
25–50 ng of genomic DNA, 0.5 U Taq Hot Start Polymerase (Takara Bio, Kusatsu, Japan),
0.1 µM each forward and reverse primers, 200 µM of each dNTP, and 1X PCR Buffer. The
reactions were run in a SimpliAmp thermal cycler (Thermo Scientific, Waltham, MA, USA)
with the annealing temperature LDLR set to 60 ◦C. The PCR products were analyzed on
1.5% agarose gel electrophoresis and then purified with the ExoSAP-IT reagent (Thermo
Scientific, Waltham, MA, USA).

Table 1. Characteristics of the included participants.

Patient’s Characteristics Number of Cases (%)

Age (years)
≥60 14 (14.1%)

50–59 9 (9.1%)
40–49 25 (25.3%)
30–39 20 (20.2%)
20–29 5 (5.1%)
<20 26 (26.3%)

Mean age (years) 37.3 ± 18.5 *
Male sex (yes) 56 (56.6%)

BMI classification
Obese (yes) 8 (8.1%)

Overweight (yes) 36 (36.4%)
Normal (yes) 55 (55.6%)

Increased waist length (yes) 19 (19.2%)
Increased waist to hip ratio (Yes) 31 (31.3%)

Cardiovascular risk factors
Smoking (yes) 11 (11.1%)

Sedentary lifestyle (yes) 62 (62.6%)
Hypertension (yes) 10 (10.1%)

Diabetes (yes) 7 (7.1%)
Previous myocardial infarction (yes) 8 (8.1%)

Lipid profile
Hyperlipidemia (yes) 71 (71.7%)

Increased LDL-c levels (yes) 47 (47.5%)
Increased triglyceride levels (yes) 51 (51.5%)
Increased cholesterol levels (yes) 24 (24.3%)

Decreased HDL-C levels (yes) 22 (22.2%)
Increased LDL-c + triglyceride levels (yes) 28 (28.3%)

Increased LDL-c + decreased HDL-c levels (yes) 12 (12.1%)
Increased LDL-c + triglyceride + decreased HDL-c levels (yes) 12 (12.1%)

LDLR gene variant (yes) 49/99 (49.5%)
Heterozygous genotype (yes) 49/49 (100%)

Exon 4 (c.664T>C) (yes) 17/49 (34.7%)
Intron 7 (c.1060+10G>C) (yes) 32/49 (65.3%)

Patients enrolled in rosuvastatin intervention (yes) 47 (47.5%)
Patients achieving LDL-c target after 3 months (yes) 30/47 (63.8%)

* mean ± standard deviation.
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The amplicons were directly sequenced by the Sanger method using the BigdyeTM
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Waltham, MA, USA) in both
forward and reverse directions. The sequencing reactions were analyzed on an ABI 3500
Genetic Analyzer (Applied Biosystems, Waltham, MA, USA).

Sequencing results were analyzed with CLC Mainworkbench v5.5 software based
on transcript version NM_000527.5, and nucleotides were counted from the first ATG
translation initiation codon, calling variants according to T. den Dunnen nomenclature.
To determine the pathogenicity of novel identified variants, functional prediction soft-
ware packages and databases were used, including Polyphen-2: Polymorphism Pheno-
typing 2.0 (http://genetics.bwh.harvard.edu/pph2/ accessed on 10 December 2022), Mu-
tation Taster (https://www.mutationtaster.org/ accessed on 10 December 2022), Clinvar
(https://www.ncbi.nlm.nih.gov/clinvar/ accessed on 10 December 2022), and Varsome
(https://varsome.com/ accessed on 10 December 2022).

2.3. Study Protocol

The flowchart in Figure 1 depicts the outline of the study. All patients recruited,
including PMI patients and their relatives within three generations (parents, siblings,
children, and/or grandchildren), were assessed for their baseline demographics, medical
history, cardiovascular risk factors, clinical symptoms, and blood lipid profile. Patients who
had elevated LDL-c levels according to age and cardiovascular risk were further undergoing
lipid-lowering therapy, including non-pharmacological management and rosuvastatin
starting at 10 mg per day [16]. Non-pharmacological management encompassed patient
consultations for a balanced diet, physical exercise, and smoking cessation. Rosuvastatin
was given as a lipid-lowering therapy since this is the standard treatment utilized in
Vietnam for patients with hypercholesterolemia, including those with FH. Patients were
then followed monthly and LDL-c levels were evaluated. In the event of not reaching the
LDL-c target, rosuvastatin was increased to a dose of 20 mg per day. After 3 months of
lipid-lowering therapy, patients were re-evaluated for their lipid profile.

2.3.1. Outcomes

The primary outcome of the intervention was the rate of achieving the LDL-c target
after 3 months of intervention. The lipid-lowering intervention was termed achieved if the
LDL-c level after 3 months was below the threshold of 4 mmol/L (8–10 years), 3.5 mmol/L
(above 10 years), 1.4 mmol/L (adults with chronic coronary disease or diabetic patients
with chronic complications), 2.5 mmol/L in adults, or LDL-c of less than 50% baseline
level. Other outcomes of interest included the changes in LDL-c and cholesterol levels after
3 months of intervention and the incidence of rosuvastatin-associated side effects.

2.3.2. Statistical Analysis

Normally distributed continuous variables were expressed as means and standard
deviations, and as medians and inter-quartile ranges for skewed distributions. Categorical
variables were expressed as counts and percentages. To compare the continuous variables
between two independent groups, we used the Student’s t-test for comparing variables with
a normal distribution or the Mann–Whitney U test for those with a skewed distribution.
For subgroup analysis, the ANOVA F-test was used for three-group comparisons. All
post-hoc pair-wise tests were conducted only after a significant F-test, which were adjusted
for multiple testing by the Bonferroni method. Proportions were compared using the chi-
squared test or Fisher’s exact test, where appropriate. The association between categorical
variables was measured by the odds ratio. Multivariate logistic regression was used to
study the effect of LDLR gene variants o′′ the rate of LDL-c target achievement over the
rosuvastatin treatment course. The covariates included in the multivariate model were age,
sex, and baseline BMI. All analyses were performed with IBM SPSS 22.0 software. p-values
below 0.05 were considered statistically significant.

http://genetics.bwh.harvard.edu/pph2/
https://www.mutationtaster.org/
https://www.ncbi.nlm.nih.gov/clinvar/
https://varsome.com/
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3. Results

We identified four patients who presented PMI (Table S1) and a cascade screening of
their relatives allowed us to recruit a total of 99 participants distributed in four families.
The mean age of the participants was 37.3 ± 18.5 years, and males accounted for 56.6%.
Obese and overweight participants made up 8.1% and 36.4%, respectively, while 31.3% of
the subjects had an increased waist-to-hip ratio. Various cardiovascular risk factors were
also identified, with a sedentary lifestyle being the most common (62.6%). Remarkably,
eight individuals had a history of previous myocardial infarctions (Table 1). Regarding
the blood lipid profiles, most participants had hyperlipidemia (71.7%), while increased
LDL-c and high triglyceride levels were documented in 47.5% and 51.5% of participants,
respectively. Mixed blood lipid disorder was not rare, with the combined increase in LDL-c
and triglyceride levels being observed in 28.3% of participants (Table 1).

Gene sequencing showed the presence of variants in the four patients with PMI
(Table S2), and the cascade screening of their relatives (within three generations) revealed a
prevalence of LDLR gene variants in 49.5% of them. We detected two variants: the variant
rs577934998 (c.664T>C, at exon 4), which appeared in 17 patients in one family, and the
variant rs12710260 (c.1060+10G>C, at intron 7) in 32 patients in the other three families
(Figure 2 and Table S3). The variants seemed to affect patients regardless of their sex and
appeared continuously across generations of the same bloodline (Figure 2). Among these
patients, all had heterozygous genotypes (Table 1).
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Figure 2. Pedigrees for families included in this study. The figure indicates the probands (black
arrows) and other relatives spanning three generations (I, II, and III). Half-colored squares and
circles stand for heterozygous variants in males and females, respectively. Blank squares and circles
represent variant-negative participants. Letter L indicates patients with an increased LDL-c level
according to age and cardiovascular risks. Letter M indicates those who had a previous myocardial
infarction. LDL-c, low-density lipoprotein cholesterol.

At baseline, patients who had LDLR gene variants had significantly higher levels of
cholesterol and LDL-c than those without the variant (p < 0.001). However, triglyceride
levels were comparable between the two groups, whereas HDL-c levels were slightly higher
in patients who had the variants (p < 0.05) (Figure 3).

The frequency of LDLR gene variant was influenced by gender and was not associ-
ated with the rate of hypertension or diabetes. However, the presence of variants was
significantly associated with the risk of LDL-c (OR 3.06, p = 0.007) and cholesterol (OR 5.79,
p = 0.001) level elevation (Table 2).

There were 47 patients who met the criteria to be included in the lipid-lowering
intervention, and all of them completed the 3-month treatment course (Table S4). Among
them, 30 were LDLR gene variant-positive, and 17 were LDLR gene variant-negative. LDL-
c levels consistently decreased over the course of treatment in both groups. However, the
LDL-c levels remained significantly higher in the variant-positive group than those of the
variant-negative group at each timepoint of follow-up (p < 0.001) (Figure 4a). After three
months, patients with the LDLR gene variant had a delta change in LDL-c level of 0.72 [0.60,
1.25] mmol/L, which was significantly lower than the 1.32 achieved by the variant-negative
group (p = 0.005) (Figure 4b).
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outliers, respectively. All p-values were calculated by Student’s t-tests.

Table 2. Association between LDLR gene variants and patient’s characteristics.

Characteristics
LDLR Gene Variant

OR (CI 95%)
p-Value;

χ2Yes No

Male sex (Yes) 28 28 1.04 (0.47–2.32) 0.91; 0.013
Increased LDL-c level (Yes) 30 17 3.06 (1.35–6.96) 0.007; 7.356

Increased cholesterol level (Yes) 19 5 5.79 (1.92–16.92) 0.001; 11.15
Hypertension (Yes) 6 4 1.6 (0.42–6.07) 0.357; 0.494

Diabetes (Yes) 5 2 2.72 (0.50–14.78) 0.210; 1.492

After three months of rosuvastatin treatment, the LDL-c target level was achieved in
30 out of 47 patients. The LDLR gene variant accounted for 15 cases among target achievers
and 15 among non-achievers [crude OR 0.13 (CI 95% 0.03–0.69), p = 0.02]. This suggests
that the LDLR variants present in the studied population have functional attributes that
affect the response to lipid-lowering therapies, namely that the variants may hinder the
efficacy of lipid-lowering therapy and statin treatment. This modulation was confirmed in
a multivariable logistic regression model, where the effect of the LDLR gene variant was
adjusted for other confounders, including age, sex, and baseline BMI level (Table 3). No
gastrointestinal symptoms, muscle pain, or any other adverse effects after rosuvastatin
treatment were reported, and only transient laboratory test abnormalities, including two
cases with AST elevation and three cases with ALT elevation, were documented.

Finally, we conducted a subgroup analysis to investigate if the two variants in the
LDLR gene differentially affect the patients’ responses to lipid-lowering therapy with
rosuvastatin. Interestingly, patients with variant c.664T>C, which is classified as likely
pathogenic, had significantly higher baseline LDL-c and total cholesterol levels compared to
those with variant c.1060+10G>C (classified as benign) or those without variants (Figure 5a).
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Also, those with variant c.664T>C had a significantly higher risk of not achieving the LDL-c
target after the course of lipid-lowering treatment compared to other LDLR gene variant
types (Figure 5b).
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(a) The differences in the baseline levels of cholesterol components (total cholesterol, triglyceride, LDL-
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of lipid levels. The dots and asterisks indicate mild and extreme outliers, respectively. All other
p-values were calculated by post-hoc pair-wise comparisons after the ANOVA F-test, adjusted by
the Bonferroni method. (b) The difference in the rate of achieving the LDL-c target according to the
variant status, with p values calculated using the chi-squared test and adjusted by the Bonferroni
method. RR, risk ratio.
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Table 3. Effect of LDLR gene variant on LDL-c target achievement.

Covariates

LDL-c Target
After 3 Months Crude OR

(CI 95%)
Crude

p-Value
Adjusted OR

(CI 95%)
Adjusted
p-Value

Achieved Not Achieved

LDLR gene variant (yes) 15/30 15/17 0.13 (0.03–0.69) 0.02 0.13 (0.02–0.68) 0.02
Sex (females) - - - - 0.33 (0.07–1.52) 0.15
Age (+1 year) - - - - 1.02 (0.97–1.07) 0.42

BMI (+1 kg/m2) - - - - 0.99 (0.64–1.52) 0.95

4. Discussion

In this study, we have identified two prevalent genetic variants in the LDLR gene
associated with FH in four Vietnamese patients who suffered PMI and in a high proportion
of their close family members. A further interventional analysis suggested that one of the
LDLR variants present in the studied population impairs the response to lipid-lowering
therapy with rosuvastatin.

The variant c.1060+10G>C was detected in three families and the variant c.664T>C was
found in one family. Variant c.664T>C is a missense or a single nucleotide variation (SNV),
which results in an amino acid substitution (C222R) in the LDLR protein. Conflicting
interpretations on the pathogenicity and clinical significance of this variant have been
reported so far, as illustrated on the ClinVar and dbSNP databases [17]. In a cohort of
750 Taiwanese patients, only one case of the c.664T>C variant was reported [18], while in
a previous study conducted in Vietnam, this variant was found in five out of 26 children
tested [19]. The pathogenic mechanism of the c.664T>C variant is yet to be elucidated;
however, its functional relevance could be similar to other variants occurring in exon 4 of the
LDLR gene. Notably, exon 4 is the longest exon in LDLR gene and has the highest variant
rate compared to the others, with numerous variants reported across the world [19–22].
While exon 4 along with exons 5 and 7 encode the ligand-binding domain of the LDLR
protein, exon 4 encodes the critical ligand-binding section of the protein, thus any changes
in the sequence may affect the folding of the protein thereby altering its functionality.
Indeed, missense variants in this exon have been reported to reduce the LDLR receptor’s
affinity to other cholesterol-associated proteins, such as APOE and APOB [23,24].

FH and familial combined hyperlipidemia (FCHL) account for an important propor-
tion of premature atherosclerotic cardiovascular disease (ASCVD). In a previous study of
102 consecutive Viennese patients younger than 40 years who suffered an AMI, approxi-
mately 50% of cases were attributed to FH or FCHL [25]. Patients with premature coronary
artery disease have a 15-fold higher frequency of FH variants than healthy controls [26].
In our study, all four PMI patients had a variant in the LDLR gene. Although the total
number of screened subjected in this study was small, our data may suggest an alarmingly
high prevalence of the phenomenon among Vietnamese PMI patients and prompt larger
population-based screening.

The variant c.1060+10G>C is a splice site variant that appears to alter the mRNA
processing in donor sites [27–29]. It has been proposed that this variant may reduce LDLR
expression through competition between the aberrant donor splice and the original donor
site [29]; this may explain the presence of a mild FH phenotype among heterozygous
carriers of this variant. Interestingly, the c.1060+10G>C variant was the most frequent
genetic defect (59%) in Brazilian patients with FH [28]. In our study, variant c.1060+10G>C
was detected in 65.3% of the subjects tested, which may indirectly suggest the prevalence
of this defect in Vietnamese patients.

In our primary analyses, we observed that variant-positive patients exhibited signifi-
cantly elevated LDL-c levels and a poorer response to a 3-month regimen of lipid-lowering
therapy and statin treatments. However, it is crucial to note that the primary contribu-
tor to this difference is very likely the c.664T>C variant, rather than the c.1060+10G>C
variant. This can be seen in our subgroup analyses (Figure 5), where significantly higher
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baseline LDL-c levels and a lower rate of LDL-c target achievement were documented
among c.664T>C carriers, not the c.1060+10G>C carriers, as compared to the variant-
negative group. Our findings should contribute to the current classification of c.664T>C as
a pathogenic variant and of c.1060+10G>C as a benign variant.

According to the UCL LDLR gene variant database, more than 3500 LDLR variants
have been reported so far, with 77% of them being substitutions, 16% deletions, and
5% duplicates [30], although the pathogenicity of many of these LDLR variants remains
unknown. Some studies have found that variants in the LDLR gene influence the response
to statin [13–15]. One study from Brazil showed that the presence of LDLR variants was
independently associated with higher odds of not achieving the LDL-C cut-off [31]. Of
note, three c.1060+10G>C variant carriers had PMI (Figure 2) despite the variant’s benign
classification. Many factors other than genetics have been proposed as risks for PMI,
including male sex, lifestyle-related factors (smoking, alcohol use), hypertension, and
diabetes [2]. Among the reported characteristics of these three patients, one had a history
of smoking, and one presented with hypertension (Table S1), potentially elevating their
susceptibility to PMI. However, this hypothesis should be considered in the context of
the fact that variants in other genes pertinent to LDL-C metabolism were not explored in
our study.

There are some limitations associated with this work. First, due to the limited funding,
we could sequence only the LDLR gene using the Sanger technique. This approach may
overlook other important variants in cholesterol metabolism-related genes such as LDLR,
APOB, or PCSK9, and thus the causal relationship between the detected variants in LDLR
genes and LDL-c levels might be incomplete. We were also unable to conduct a detailed
family history assessment of the patients with PMI reported in the study, which could
have provided a more comprehensive picture of the potential clinical impact of the LDLR
variants reported here. In addition, the effect on the LDL receptor residual activity of the
variants reported in this study is currently unknown, hindering the analysis of the genotype-
variation effect of the response to statin treatment. Nevertheless, our work represents one
of a few genetic studies on LDLR variants in PMI patients in Vietnam. In conclusion, a
cascade genetic screening of the LDLR gene in the families of four Vietnamese PMI patients
revealed two-point variants at exon 4 and intron 7, with one of them (the c.664T>C variant)
being significantly associated with the increased LDL-c levels. A comparative study of the
LDL-c level before and after a 3-month course of lipid-lowering intervention evidenced
a lower rate of LDL-c target achievement in the c.664T>C variant variant-positive group,
which points toward the use of more intensive pharmacological intervention in patients
with confirmed LDLR variants. The prevalence of these variants among PMI patients’
relatives and its apparent influence on the response to statin treatment warrant larger
studies with more thorough screening methods in the Vietnamese population or in those
populations where the variants described here are prevalent.
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in the lipid-lowering cohort. Table S5: Primer sequences for PCR amplification.

Author Contributions: Conceptualization: N.T.K., T.T.N. and N.M.H.; Methodology: N.T.K., T.T.N.,
N.M.H. and P.T.N.N.; Formal analysis and investigation: N.T.K., T.T.N., N.M.H., T.N.T.P. and P.T.N.N.;
Writing—original draft preparation: H.T.T.M. and T.N.T.P.; Writing—review and editing: J.L.E., T.T.N.,
T.N.T.P. and H.T.T.M.; Resources: N.T.K., N.M.H. and P.T.N.N.; Supervision: N.T.K. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: We conducted the study in accordance with the Declaration
of Helsinki. The study was approved by the ethics Committee of the Can Tho University of Medicine
and Pharmacy in Can Tho, Vietnam (Approved on 31 March 2021, approval code #169/PCT-HDDD).

https://www.mdpi.com/article/10.3390/jpm13121725/s1
https://www.mdpi.com/article/10.3390/jpm13121725/s1


J. Pers. Med. 2023, 13, 1725 11 of 12

Informed Consent Statement: Each participant gave written informed consent and explicit permis-
sion for pertinent clinical data collection and DNA analyses.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: We are indebted to staff and collaborators at the Can Tho University of Medicine
and Pharmacy for the time and effort they devoted to this study. We also extend our gratitude to the
patients who participated in this study.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

T2DM: Type 2 diabetes mellitus; PCSK9: Proprotein convertase subtilisin/kexin type 9; SNPs:
Single nucleotide polymorphisms; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; UA:
Uric acid; FBG: Fasting blood glucose; NGT: Normal glucose tolerance; mild: Improved multiple
ligase detection reaction; SREBP-1c: Sterol regulatory element-binding protein-1c; BMI: Body mass in-
dex; Cr: Creatinine; BUN: Blood urea nitro-gen; GLU: Glucose; TG: Triglyceride; TC: Total cholesterol;
HDL-C: High-density lipoprotein cholesterol; LDL-C: Low-density lipoprotein cholesterol; LDLR:
Low-density lipoprotein receptor.

References
1. Kayikcioglu, M.; Ozkan, H.S.; Yagmur, B. Premature Myocardial Infarction: A Rising Threat. Balk. Med. J. 2022, 39, 83–95.

[CrossRef] [PubMed]
2. Dugani, S.B.; Hydoub, Y.M.; Ayala, A.P.; Reka, R.; Nayfeh, T.; Ding, J.; McCafferty, S.N.; Alzuabi, M.; Farwati, M.;

Murad, M.H.; et al. Risk Factors for Premature Myocardial Infarction: A Systematic Review and Meta-analysis of 77 Studies.
Mayo Clin. Proc. Innov. Qual. Outcomes 2021, 5, 783–794. [CrossRef] [PubMed]

3. Roberts, R. Genetics of premature myocardial infarction. Curr. Atheroscler. Rep. 2008, 10, 186–193. [CrossRef] [PubMed]
4. Henderson, R.; O’kane, M.; McGilligan, V.; Watterson, S. The genetics and screening of familial hypercholesterolaemia. J. Biomed.

Sci. 2016, 23, 39. [CrossRef] [PubMed]
5. Cao, Y.-X.; Wu, N.-Q.; Sun, D.; Liu, H.-H.; Jin, J.-L.; Li, S.; Guo, Y.-L.; Zhu, C.-G.; Gao, Y.; Dong, Q.-T.; et al. Application of

expanded genetic analysis in the diagnosis of familial hypercholesterolemia in patients with very early-onset coronary artery
disease. J. Transl. Med. 2018, 16, 1–9. [CrossRef] [PubMed]

6. Neil, A.; Cooper, J.; Betteridge, J.; Capps, N.; McDowell, I.; Durrington, P.; Seed, M.; Humphries, S.E. Reductions in all-cause,
cancer, and coronary mortality in statin-treated patients with heterozygous familial hypercholesterolaemia: A prospective registry
study. Eur. Heart J. 2008, 29, 2625–2633. [CrossRef]

7. Austin, M.A.; Zimmern, R.L.; Humphries, S.E. High “population attributable fraction” for coronary heart disease mortality
among relatives in monogenic familial hypercholesterolemia. Genet Med. 2002, 4, 275–278. [CrossRef]

8. Zimmerman, J.; Duprez, D.; Veach, P.M.; Zierhut, H.A. Barriers to the identification of familial hypercholesterolemia among
primary care providers. J. Community Genet. 2019, 10, 229–236. [CrossRef]

9. Nordestgaard, B.G.; Chapman, M.J.; Humphries, S.E.; Ginsberg, H.N.; Masana, L.; Descamps, O.S.; Wiklund, O.; Hegele, R.A.;
Raal, F.J.; Defesche, J.C.; et al. Familial hypercholesterolaemia is underdiagnosed and undertreated in the general population:
Guidance for clinicians to prevent coronary heart disease: Consensus Statement of the European Atherosclerosis Society. Eur.
Heart J. 2013, 34, 3478–3490. [CrossRef]

10. Tran, A.V.; Nguyen, T.T.; Tran, L.N.T.; Nguyen, P.M.; Nguyen, T. Efficacy of Rosuvastatin and Atorvastatin in Vietnamese Patients
with Acute Coronary Syndrome: A randomized trial. Pharm Sci Asia. 2021, 48, 413–419. [CrossRef]

11. Truong, T.H.; Kim, N.T.; Nguyen, M.N.T.; Pang, J.; Hooper, A.J.; Watts, G.F.; Do, D.L. Homozygous familial hypercholesterolaemia
in Vietnam: Case series, genetics and cascade testing of families. Atherosclerosis 2018, 277, 392–398. [CrossRef] [PubMed]

12. Truong, T.-H.; Do, D.-L.; Kim, N.-T.; Nguyen, M.-N.T.; Le, T.-T.; Le, H.-A. Genetics, Screening, and Treatment of Familial
Hypercholesterolemia: Experience Gained from the Implementation of the Vietnam Familial Hypercholesterolemia Registry.
Front. Genet. 2020, 11, 914. [CrossRef] [PubMed]

13. Couture, P.; Brun, L.D.; Szots, F.; Lelièvre, M.; Gaudet, D.; Després, J.-P.; Simard, J.; Lupien, P.J.; Gagné, C. Association of Specific
LDL Receptor Gene Mutations With Differential Plasma Lipoprotein Response to Simvastatin in Young French Canadians With
Heterozygous Familial Hypercholesterolemia. Arter. Thromb. Vasc. Biol. 1998, 18, 1007–1012. [CrossRef] [PubMed]

14. Roy, G.; Couture, P.; Genest, J.; Ruel, I.; Baass, A.; Bergeron, J.; Brisson, D.; Brunham, L.R.; Cermakova, L.; Gaudet, D.; et al.
Influence of the LDL-Receptor Genotype on Statin Response in Heterozygous Familial Hypercholesterolemia: Insights from the
Canadian FH Registry. Can. J. Cardiol. 2022, 38, 311–319. [CrossRef]

https://doi.org/10.4274/balkanmedj.galenos.2022-2-19
https://www.ncbi.nlm.nih.gov/pubmed/35330552
https://doi.org/10.1016/j.mayocpiqo.2021.03.009
https://www.ncbi.nlm.nih.gov/pubmed/34401655
https://doi.org/10.1007/s11883-008-0030-2
https://www.ncbi.nlm.nih.gov/pubmed/18489845
https://doi.org/10.1186/s12929-016-0256-1
https://www.ncbi.nlm.nih.gov/pubmed/27084339
https://doi.org/10.1186/s12967-018-1737-7
https://www.ncbi.nlm.nih.gov/pubmed/30526649
https://doi.org/10.1093/eurheartj/ehn422
https://doi.org/10.1097/00125817-200207000-00005
https://doi.org/10.1007/s12687-018-0383-3
https://doi.org/10.1093/eurheartj/eht273
https://doi.org/10.29090/psa.2021.05.20.144
https://doi.org/10.1016/j.atherosclerosis.2018.06.013
https://www.ncbi.nlm.nih.gov/pubmed/30270076
https://doi.org/10.3389/fgene.2020.00914
https://www.ncbi.nlm.nih.gov/pubmed/32922439
https://doi.org/10.1161/01.ATV.18.6.1007
https://www.ncbi.nlm.nih.gov/pubmed/9633944
https://doi.org/10.1016/j.cjca.2021.10.013


J. Pers. Med. 2023, 13, 1725 12 of 12

15. Miltiadous, G.; Xenophontos, S.; Bairaktari, E.; Ganotakis, M.; Cariolou, M.; Elisaf, M. Genetic and environmental factors affecting
the response to statin therapy in patients with molecularly defined familial hypercholesterolaemia. Pharmacogenet. Genom. 2005,
15, 219–225. [CrossRef]

16. Mach, F.; Baigent, C.; Catapano, A.L.; Koskinas, K.C.; Casula, M.; Badimon, L.; Chapman, M.J.; De Backer, G.G.; Delgado, V.;
Ference, B.A.; et al. 2019 ESC/EAS Guidelines for the management of dyslipidaemias: Lipid modification to reduce cardiovascular
risk. Eur. Heart J. 2020, 41, 111–188. [CrossRef]

17. Chora, J.R.; Iacocca, M.A.; Tichy, L.; Wand, H.; Kurtz, C.L.; Zimmermann, H.; Leon, A.; Williams, M.; Humphries, S.E.; Hooper,
A.J.; et al. The Clinical Genome Resource (ClinGen) Familial Hypercholesterolemia Variant Curation Expert Panel Consensus
Guidelines for LDLR Variant Classification. Genet. Genom. Med. 2021, 24, 293–306. [CrossRef]

18. Huang, C.-C.; Niu, D.-M.; Charng, M.-J. Genetic Analysis in a Taiwanese Cohort of 750 Index Patients with Clinically Diagnosed
Familial Hypercholesterolemia. J. Atheroscler. Thromb. 2022, 29, 639–653. [CrossRef]

19. Setia, N.; Saxena, R.; Arora, A.; Verma, I.C. Spectrum of mutations in homozygous familial hypercholesterolemia in India, with
four novel mutations. Atherosclerosis 2016, 255, 31–36. [CrossRef]

20. Grenkowitz, T.; Kassner, U.; Wühle-Demuth, M.; Salewsky, B.; Rosada, A.; Zemojtel, T.; Hopfenmüller, W.; Isermann, B.; Borucki,
K.; Heigl, F.; et al. Clinical characterization and mutation spectrum of German patients with familial hypercholesterolemia.
Atherosclerosis 2016, 253, 88–93. [CrossRef]

21. Khoo, K.; Van Acker, P.; Defesche, J.; Tan, H.; Van De Kerkhof, L.; Eijk, S.H.; Kastelein, J.; Deslypere, J. Low-density lipoprotein
receptor gene mutations in a Southeast Asian population with familial hypercholesterolemia. Clin. Genet. 2000, 58, 98–105.
[CrossRef] [PubMed]

22. Mollaki, V.; Drogari, E. Genetic causes of monogenic familial hypercholesterolemia in the Greek population: Lessons, mistakes,
and the way forward. J. Clin. Lipidol. 2016, 10, 748–756. [CrossRef] [PubMed]

23. Moradi, A.; Maleki, M.; Ghaemmaghami, Z.; Khajali, Z.; Noohi, F.; Moghadam, M.H.; Kalyinia, S.; Mowla, S.J.; Seidah, N.G.;
Malakootian, M. Mutational Spectrum of LDLR and PCSK9 Genes Identified in Iranian Patients With Premature Coronary Artery
Disease and Familial Hypercholesterolemia. Front. Genet. 2021, 12, 625959. [CrossRef] [PubMed]

24. Esser, V.; Limbird, L.E.; Brown, M.S.; Goldstein, J.L.; Russell, D.W. Mutational analysis of the ligand binding domain of the low
density lipoprotein receptor. J. Biol. Chem. 1988, 263, 13282–13290. [CrossRef] [PubMed]

25. Wiesbauer, F.; Blessberger, H.; Azar, D.; Goliasch, G.; Wagner, O.; Gerhold, L.; Huber, K.; Widhalm, K.; Abdolvahab, F.;
Sodeck, G.; et al. Familial-combined hyperlipidaemia in very young myocardial infarction survivors (< or =40 years of age). Eur.
Heart J. 2009, 30, 1073–1079. [CrossRef]

26. Pirazzi, C.; Håkansson, L.; Gustafsson, C.; Omerovic, E.; Wiklund, O.; Mancina, R.M. High prevalence of genetic determined
familial hypercholesterolemia in premature coronary artery disease. Appl. Clin. Genet. 2019, 12, 71–78. [CrossRef] [PubMed]

27. Dedoussis, G.V.Z.; Genschel, J.; Bochow, B.; Pitsavos, C.; Skoumas, J.; Prassa, M.; Lkhagvasuren, S.; Toutouzas, P.; Vogt, A.;
Kassner, U.; et al. Molecular characterization of familial hypercholesterolemia in German and Greek patients. Hum. Mutat. 2004,
23, 285–286. [CrossRef] [PubMed]

28. Molfetta, G.A.; Zanette, D.L.; E Santos, J.; Silva, W.A. Research Article Mutational screening in the LDLR gene among patients
presenting familial hypercholesterolemia in the Southeast of Brazil. Genet. Mol. Res. 2017, 16, gmr16039226. [CrossRef]

29. Amsellem, S.; Briffaut, D.; Carrié, A.; Rabès, J.; Girardet, J.; Fredenrich, A.; Moulin, P.; Krempf, M.; Reznik, Y.; Vialettes, B.; et al.
Intronic mutations outside of Alu-repeat-rich domains of the LDL receptor gene are a cause of familial hypercholesterolemia.
Hum. Genet. 2002, 111, 501–510. [CrossRef]

30. Leigh, S.; Futema, M.; Whittall, R.; Taylor-Beadling, A.; Williams, M.; Dunnen, J.T.D.; Humphries, S.E. The UCL low-density
lipoprotein receptor gene variant database: Pathogenicity update. J. Med. Genet. 2017, 54, 217–223. [CrossRef]

31. Santos, P.C.J.L.; Morgan, A.C.; Jannes, C.E.; Turolla, L.; Krieger, J.E.; Santos, R.D.; Pereira, A.C. Presence and type of low density
lipoprotein receptor (LDLR) mutation influences the lipid profile and response to lipid-lowering therapy in Brazilian patients
with heterozygous familial hypercholesterolemia. Atherosclerosis 2014, 233, 206–210. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1097/01213011-200504000-00005
https://doi.org/10.1093/eurheartj/ehz455
https://doi.org/10.1016/j.gim.2021.09.012
https://doi.org/10.5551/jat.62773
https://doi.org/10.1016/j.atherosclerosis.2016.10.028
https://doi.org/10.1016/j.atherosclerosis.2016.08.037
https://doi.org/10.1034/j.1399-0004.2000.580202.x
https://www.ncbi.nlm.nih.gov/pubmed/11005141
https://doi.org/10.1016/j.jacl.2016.02.020
https://www.ncbi.nlm.nih.gov/pubmed/27578104
https://doi.org/10.3389/fgene.2021.625959
https://www.ncbi.nlm.nih.gov/pubmed/33732287
https://doi.org/10.1016/S0021-9258(18)37702-0
https://www.ncbi.nlm.nih.gov/pubmed/3417658
https://doi.org/10.1093/eurheartj/ehp051
https://doi.org/10.2147/TACG.S202942
https://www.ncbi.nlm.nih.gov/pubmed/31213876
https://doi.org/10.1002/humu.9218
https://www.ncbi.nlm.nih.gov/pubmed/14974088
https://doi.org/10.4238/gmr16039226
https://doi.org/10.1007/s00439-002-0813-4
https://doi.org/10.1136/jmedgenet-2016-104054
https://doi.org/10.1016/j.atherosclerosis.2013.12.028
https://www.ncbi.nlm.nih.gov/pubmed/24529145

	Introduction 
	Patients and Methods 
	Subjects and Study Design 
	LDLR Gene Variant Screening and Patient Genotyping 
	Study Protocol 
	Outcomes 
	Statistical Analysis 


	Results 
	Discussion 
	References

