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A B S T R A C T

Background and aims: The prevalence of metabolic dysfunction associated steatotic liver disease (MASLD), 
formerly known as nonalcoholic fatty liver disease (NAFLD), has become a significant public health concern with 
an increased atherosclerotic cardiovascular disease risk. This study investigates the impact of NAFLD-related 
single nucleotide polymorphisms (SNPs) on carotid atherosclerosis development in a Japanese population 
without diabetes, dyslipidemia, and hypertension.
Methods: The prospective observational study, part of the Kyushu and Okinawa Population Study (KOPS), 
included 945 participants (median age 55 [47, 63]) without carotid atherosclerosis, increased alcohol intake, 
diabetes, dyslipidemia, hypertension, or chronic hepatitis at baseline. NAFLD-related SNPs (GCKR, NCAN, and 
PNPLA3) were genotyped, and carotid intima-media thickness (cIMT) was measured using ultrasonography. 
Univariate and multivariate regression analyses were performed to assess the association of NAFLD-related SNPs 
on newly developed carotid atherosclerosis over five years.
Results: After five years, 125 (13.2 %) participants developed carotid atherosclerosis. The NCAN (rs2228603) T 
allele was associated with a lower incidence rate of carotid atherosclerosis (4.7 % in NCAN CT/TT genotype vs. 
13.9 % in CC genotype; p = 0.04), and NCAN T allele carriers exhibited a favorable lipid profile. These asso
ciations were not altered by either recruiting area or obese. The GCKR T allele and PNPLA3 C allele were 
associated with low carotid atherosclerosis development rates but were not significant.
Conclusions: Our results suggested that some NAFLD-related SNPs may influence atherosclerosis through lipid 
metabolism among Japanese individuals without metabolic syndrome.

1. Introduction

The number of metabolic dysfunction associated steatotic liver dis
ease (MASLD), formerly known as nonalcoholic fatty liver disease 
(NAFLD), patients have been increasing rapidly, and MASLD has become 
the most common chronic liver disease and a significant global health 
concern [1]. MASLD can progress to metabolic dysfunction associated 
steatohepatitis (MASH), cirrhosis, and hepatocellular carcinoma [2]. 
Moreover, MASLD is also known to be a risk factor for atherosclerotic 
cardiovascular disease (ASCVD), which includes cardiovascular disease 
and stroke [3,4]. ASCVD remains the leading cause of mortality 

worldwide, claiming over 15 million lives annually and accounting for 
85 % of deaths related to cardiovascular dysfunction [5]. The patho
genes of MASLD are fat accumulation, chronic inflammation, oxidative 
stress, and fibrosis progression in the liver, similar to that of athero
sclerotic changes in vascular walls. Thus, there would be common ge
netic prepositions for the pathogenesis between MASLD and ASCVD.

Several studies have reported on the relationship between NAFLD- 
related SNPs and atherosclerosis. PNPLA3, a representative genetic 
variant for NAFLD, has been shown to influence the severity of carotid 
atherosclerosis in patients with NAFLD [6]. GCKR has been reported to 
affect lipid metabolism in NAFLD patients [7]. Similarly, genetic poly
morphisms in NCAN and TM6SF2 have also been reported to influence 
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lipid metabolism in patients with NAFLD [8,9]. Moreover, many genetic 
risk loci have also been identified for NAFLD, some related to lipid 
metabolism, which would be a significant risk factor for ASCVD 
[10–13]. However, few reports have examined the direct impact of 
NAFLD-related single nucleotide polymorphism (SNP) on atheroscle
rosis development independent of NAFLD or MASLD.

In this pilot study, we selected four NAFLD-related SNPs and assessed 
their impact on the development of carotid atherosclerosis, which is 
defined as the combination of either a newly mean carotid intima-media 
thickness (cIMT) exceeding 1.1 mm or the formation of new plaques, a 
focal thickening over 1.1 mm, among the community-dwelling Japanese 
population without increased alcohol intake, diabetes, dyslipidemia, 
hypertension, or chronic hepatitis.

2. Patients and methods

2.1. Study population and design

This prospective observational study was part of the Kyushu and 
Okinawa Population Study (KOPS), a prospective community-based 
study investigating the epidemiology of lifestyle-related diseases and 
cancer in Japan since 2004 [14]. KOPS consists of two populations: 
wave 1 and wave 2. Wave 1 includes 10,697 participants who visited 
free public examinations between 2004 and 2007, and wave 2 includes 
6380 participants between 2009 and 2012. KOPS has a total of 17,077 
participants, 3006 of whom visited both wave 1 and 2 [14]. All 

Non-standard abbreviations and acronyms

ASCVD atherosclerotic cardiovascular disease
BMI body mass index
cIMT carotid intima-media thickness
FPG fasting plasma glucose
GCKR glucokinase regulator
GWAS genome-wide association study
HbA1c hemoglobin A1c
HDL high-density lipoprotein
hs-CRP high-sensitivity C-reactive protein
KOPS Kyushu and Okinawa Population Study

LDL low-density lipoprotein
MASLD metabolic dysfunction associated steatotic liver disease
MASH metabolic dysfunction associated steatohepatitis
NAFLD nonalcoholic fatty liver disease
NASH non-alcoholic steatohepatitis
NCAN neurocan
PNPLA3 patatin-like phospholipase domain-containing protein 3
RLP remnant-like particle
SNP single nucleotide polymorphism
TG triglycerides
TM6SF2 trans-membrane 6 superfamily member 2
VLDL very low-density lipoprotein

Fig. 1. The study flowchart. In this study, we selected participants without a 
history of cardiovascular disease, increased alcohol intake, chronic liver dis
ease, diabetes, dyslipidemia, or hypertension from a large-scale epidemiological 
study in Japan.

Table 1 
Characteristics of participants classified by the atherosclerosis development in 
the carotid artery over 5 years.

With atherosclerosis 
development (n =
125)

Without 
atherosclerosis 
development (n =
820)

P value

Demographic
Age – years 59 [51, 66] 53 [44.5, 60.5] <0.001
Sex – no. (women/ 
men)

77 (61.6)/48 (38.4) 640 (78.1)/180 (21.9) <0.001

Body mass index – 
kg/m2

23.0 [20.7, 25.0] 22.3 [20.4, 24.6] 0.13

Obese – no. (yes/ 
no)

31 (24.8)/94 (75.2) 170 (21.0)/640 (79.0) 0.33

Smoking habit – no. 
(current/past/never)

19 (16.5)/13 (11.3)/ 
83 (72.2)

89 (11.4)/103 (13.2)/ 
590 (75.5)

0.22

Alcohol drinking 
habit – no. (yes/no)

42 (36.5)/73 (63.5) 300 (38.4)/481 (61.6) 0.68

Systolic blood 
pressure – mmHg

120 [112, 130] 114 [106, 124] <0.001

NAFLD risk SNP alleles
GCKR – C/T 130 (52.0)/120 

(48.0)
767 (47.5)/873 (52.5) 0.14

NCAN – C/T 247 (98.8)/3 (1.2) 1578 (96.3)/62 (3.8) 0.04
TM6SF2 – C/T 228 (91.2)/22 (8.8) 1520 (92.7)/120 (7.3) 0.44

PNPLA3 – C/G 134 (53.6)/116 
(46.4)

921 (56.2)/719 (43.8) 0.45

Laboratory data
HDL cholesterol – 
mg/dl

63 [54, 73] 66 [57, 76] 0.01

Triglycerides – 
mg/dl

84 [65, 107] 79 [60.5, 106] 0.36

LDL cholesterol – 
mg/dl

87 [72, 104] 82 [68, 100] 0.14

Small dense LDL 
cholesterol – mg/dl

19.0 [13.8, 25.7] 17.1 [12.8, 23.2] 0.08

LDL-triglyceride – 
mg/dl

6.4 [4.5, 9.4] 6.4 [4.3, 9.4] 0.64

RLP cholesterol – 
mg/dl

9.05 [4.5, 15.3] 10.1 [6.5, 17.45] 0.06

Lipoprotein (a) – 
mg/dl

8.0 [4.4, 14.5] 6.9 [4.0, 12.8] 0.14

Fasting plasma 
glucose – mg/dl

92 [86, 99] 91 [86, 97] 0.46

Hemoglobin A1c – 
%

5.4 [5.2, 5.7] 5.3 [5.1, 5.5] <0.001

C reactive protein – 
mg/dl

0.0315 [0.014, 
0.0735]

0.029 [0.012, 0.062] 0.41

Data are shown as median [1st quartile, 3rd quartile] or number (%).
GCKR, glucokinase regulatory protein; NAFLD, nonalcoholic fatty liver disease; 
NCAN, nurocan; TM6SF2, transmembrane 6 superfamily member 2; PNPLA3, 
patatin-like phospholipase domain containing 3 protein; HDL, high-density li
poprotein; LDL, low-density lipoprotein; RLP, remnant-like particle.
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participants were aged ≥20 at the examination, and the population was 
almost entirely Japanese.

In the present study, the 945 analyzed participants were selected by 
the following criteria: 1) underwent carotid ultrasonography at wave 1 
and 2 surveys, 2) without increased alcohol intake (average daily 
alcohol intake 30g or more for males and 20g and more for females), 
hepatic dysfunction, hypertension, diabetes, and dyslipidemia at wave 
1, 3) without chronic hepatitis including viral hepatitis, and 4) without 
adrenocorticosteroid therapy. All participants provided blood samples 
after an overnight fast and underwent physical examinations, including 
measurements of blood pressure, height, and weight, as part of their 
participation in this study. All participants also provided their medical 
history, use of all medications, and lifestyle habits.

Each participant provided informed consent prior to enrolment. All 
studies were conducted in accordance with the principles of the Decla
ration of Helsinki, as revised in 2008 and approved by the Kyushu 
University Hospital Ethics Committee before data collection (approval 
number: 590-04).

2.2. SNP genotyping

Genomic DNA was isolated from peripheral blood leukocytes. The 
four NAFLD-related SNPs were genotyped with TaqMan PCR using an 
ABI TaqMan allelic discrimination kit (QuantStudio 5 Real-Time PCR 
Systems; Applied Biosystems). We analyzed the following four NAFLD- 
related SNPs, which have been reported to have a minor allele fre
quency above a certain level in the Japanese population: rs1260326 (C/ 
T) on chromosome 2 in glucokinase regulator (GCKR), rs2228603 (C/T) 
on chromosome 19 in neurocan (NCAN), rs58542926 (C/T) on chro
mosome 19 in trans-membrane 6 superfamily member 2 (TM6SF2), and 
rs738409 (G/C) on chromosome 22 in patatin-like phospholipase 
domain-containing protein 3 (PNPLA3). All four SNPs passed genotyp
ing quality control. The genotype call rate was 97.5 %.

2.3. Laboratory measurements

All blood samples were collected at least 8 h after overnight fasting. 
Aliquots of whole blood and fresh serum and plasma samples from each 
participant were immediately separated. Plasma fasting plasma glucose 
(FPG), high-density lipoprotein (HDL) cholesterol, and triglyceride (TG) 
levels were measured using standard enzymatic methods; in addition, 
direct LDL cholesterol, small dense LDL cholesterol, LDL-TG, remnant- 
like particle (RLP) cholesterol, and lipoprotein(a) were measured on an 
Olympus AU400 automated chemistry analyzer using assay kits ob
tained from Denka Corporation (Niigata, Japan), as previously described 
[14–16]. Hemoglobin A1c (HbA1c) levels were measured in fresh whole 
blood samples using a coherent immune method (RAPIDIA Auto HbA1c, 
Fujirebio) and were expressed as US National Glycohemoglobin Stan
dardization Program levels (%). Serum C-reactive protein (CRP) levels 
were measured using nephelometry (N Latex CRP II; Siemens Healthcare 
Diagnostics Inc., Tokyo, Japan). The coefficient of variation for all as
says was <5 %.

2.4. Assessment of carotid intima-media thickness

The cIMT levels were assessed using high-resolution B-mode ultra
sonography with a 10-MHz linear array probe (UF-400AX®, Fukuda 
Denshi Co., Ltd, Tokyo, Japan. Well-trained staff doctors of our 
department performed all ultrasound examinations according to the 
Japanese Carotid Artery Ultrasound Guidelines [17]. Carotid ultraso
nography was performed focusing on an area 20 mm proximal to the 
bulb of far walls of the bilateral common carotid arteries, and obtained 
images were analyzed offline using automated digital edge-detection 
IMT measurement software (Intima-Scope; MEDIA CROSS Co., Ltd., 
Tokyo, Japan) as previously described [18,19]. Analysis of cIMT levels 
using Intima-Scope was performed by a well-trained technician who was 
blinded to the clinical information. Carotid atherosclerosis was defined 
as 1) carotid thickening as a mean cIMT ≥1.1 mm or 2) the presence of a 
plaque, a focal thickening >1.1 mm at the level of common carotid ar
teries or bulbs. These criteria in Japan have been proposed by the Joint 

Fig. 2. Development rates of newly carotid atherosclerosis according to NAFLD-related SNP genotypes. 
Newly carotid atherosclerosis development rates are shown according to NAFLD-related SNP genotypes. The development of new carotid atherosclerosis was defined 
as the mean carotid intima-media thickness (cIMT) level less than 1.1 mm without plaque, a focal thickening over 1.1 mm, at wave 1 (baseline) and the cIMT level 
≥1.1 mm or plaques observed at wave 2 (five-year later). 
cIMT, carotid intima-media thickness; GCKR, glucokinase regulator; NAFLD, nonalcoholic fatty liver disease; NCAN, neurocan; PNPLA3, Patatin-like phospholipase 
domain-containing protein 3; SNP, single nucleotide polymorphism.
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Committee of the Japan Academy of Neurosonology and the Japan So
ciety of Embolus Detection and Treatment on Guideline for Nuer
osonology [17].

2.5. Statistical analysis

A total of 945 participants were analyzed in this study. Data of 
continuous variables are expressed as median values with the 25th and 
75th percentile values. Categorical variables are reported as frequencies 
and percentages. Univariate analyses were conducted using the Mann- 
Whitney U and Kruskal-Wallis tests for continuous variables or the 
chi-square test for categorical variables. Multivariate regression analysis 
was performed to compare the body mass index, systolic blood pressure, 
and lipoproteins between the two groups. Analysis of variance was 
performed to compare those continuous variables across three groups. 
Univariate and multivariate logistic regression analyses were conducted 
to estimate the influence of NAFLD-related SNPs on the development of 
carotid atherosclerosis. In these analyses, we calculated the number of 
alleles present in each genotype. In multivariate analyses, we added the 
participants’ residential areas (Ishigaki, Iki, Hoshino, and Kasuya) as a 
confounding factor. In addition, we conducted interaction analyses to 
assess the robustness of our findings. We assessed the interactions be
tween the NAFLD-related genetic polymorphisms and the following 
three factors: 1) the participants’ residential areas, 2) obese, and 3) sex. 
Obese was defined as a BMI of 25 kg/m2 or higher. The p-values for 
trends in multivariate adjustment factors were calculated using the 
general linear regression model. All statistical analyses were performed 
using SAS (version 9.4; SAS Institute Inc., Cary, NC, USA). A p-value of 

<0.05 was considered statistically significant.

3. Results

3.1. Baseline characteristics

Fig. 1 shows the flowchart of subject selection for this study. This 
analysis included 945 individuals. Table 1 presents the characteristics of 
the 945 analyzed participants without carotid atherosclerosis at base
line. Among 945 participants, 125 (13.2 %) developed carotid athero
sclerosis after five years. The 125 who developed carotid atherosclerosis 
had significantly older age, a higher proportion of males, and elevated 
systolic blood pressure. No significant differences were observed in BMI 
or smoking and alcohol consumption habits. Those 125 also had 
significantly lower HDL cholesterol and higher HbA1c levels. While not 
statistically significant, those 125 showed higher levels of triglycerides, 
LDL cholesterol, small dense LDL cholesterol, and lipoprotein(a).

The genetic frequencies of the polymorphisms tested in this study are 
reported in Table 1. Regarding NAFLD-related SNPs, the 125 partici
pants who developed carotid atherosclerosis had a significantly higher 
prevalence of C allele carriers in NCAN. Of the four polymorphisms, 
GCKR, NCAN, and PNPLA3 fit with the Hardy-Weinberg equilibrium (χ2 

= 0.08 and p = 0.78 for GCKR rs1260326; χ2 = 0.01 and p = 0.91 for 
NCAN rs2228603; χ2 = 0.04 and p = 0.85 for PNPLA3 rs738409, 
respectively). TM6SF2 rs58542926 did not fit the Hardy-Weinberg 
equilibrium (χ2 = 4.77 and p = 0.03). Thus, we excluded TM6SF2 
from the further analyses.

Fig. 3. Univariate and multivariate analyses of NAFLD-related genetic polymorphisms for newly carotid atherosclerosis development. 
The results of univariate (Fig. 3a) and multivariate (Fig. 3b) logistic regression analyses for carotid atherosclerosis development and MASLD-related SNP alleles are 
shown. In multivariate analysis, participants’ residential area was included. 
CI, confidential interval; GCKR, glucokinase regulator; NAFLD, nonalcoholic fatty liver disease; NCAN, neurocan; OR, odds ratio; PNPLA3, Patatin-like phospholipase 
domain-containing protein 3; SNP, single nucleotide polymorphis.
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3.2. Association between carotid atherosclerosis development over 5 years 
and NAFLD-related SNPs

Fig. 2 illustrates the five-year development rates of carotid athero
sclerosis according to the genotype of NAFLD-related SNPs. The overall 
five-year development rate of carotid atherosclerosis in the analyzed 
population was 13.2 %. Due to limited sample sizes in NCAN genotype 
TT, genotype CT and TT were combined for this analysis. Regarding 
NCAN, the development rate was significantly lower at 4.7 % for ge
notype CT or TT compared to 13.9 % for genotype CC. For GCKR, the TT 
genotype had the lowest development rate at 11.0 %, while the CC ge
notype had the highest rate at 15.8 %. For PNPLA3, the CC genotype had 
the lowest development rate at 12.3 %, while the CC genotype had the 
highest rate at 14.8 %.

Fig. 3 depicts the impact of each NAFLD-related SNPs on the devel
opment of carotid atherosclerosis. Univariate regression analysis 
showed that the odds ratio of the T allele of NCAN was 0.309 against the 
C allele, suggesting that the T allele of NCAN is protective for the 
development of carotid atherosclerosis (Fig. 3a). Multivariate regression 
analysis, adjusting for the participants’ residential area, also indicated 
the protective nature of the T allele of NCAN for the development of 
carotid atherosclerosis, with a multivariate-adjusted odds ratio of 0.293 
(Fig. 3b). However, the p-values for these two regression analyses were 
0.04, which did not meet the significance level after the Bonferroni 
correction (p < 0.017). Variants of GCKR and PNPLA3 did not exhibit 
significant trends in the univariate or multivariate analysis.

3.3. Association between risk factors for atherosclerosis and NAFLD- 
related SNPs

We examined the association between polymorphisms of NAFLD- 
related SNPs and risk factors for atherosclerosis. Regarding NCAN 
SNPs, the genotype CT/TT group exhibited significantly lower RLP 
cholesterol than the genotype CC group. In addition, the genotype CT/ 
TT group showed higher HDL cholesterol and lower triglycerides, small 
dense LDL cholesterol, LDL-TG, systolic blood pressure, and BMI than 
the genotype CC group (Table 2). For GCKR, the genotype TT group 
showed significantly higher LDL-TG and lower FPG than the CC and CT 
groups (Table 3). In PNPLA3, the genotype GG group had higher RLP 
cholesterol than the CG and CC groups, but not significant (Table 4). 
These associations did not alter when adjusted with the participants’ 
residential area.

3.4. Interaction analyses

We conducted interaction analyses to assess whether the associations 
between NAFLD-related genes and newly developed carotid athero
sclerosis were influenced by 1) participants’ residential area, 2) obesity, 
and 3) sex. These three interaction analyses did not show any 
significance.

Table 2 
Characteristics of participants classified by the NCAN genotype.

NCAN CC (n =
881)

NCAN non-CC 
(n = 64)

P 
value

Demographic
Carotid artery atherosclerosis 

development – no. (%)
122 (13.9) 3 (4.7) 0.04

Age – years 54 [45, 61] 51 [45, 58.5] 0.13
Sex – no. (women/men) 669 (75.9)/212 

(24.1)
48 (75.0)/16 
(25.0)

0.87

Body mass index – kg/m2 22.5 [20.5, 24.6] 21.5 [20.1, 
24.4]

0.22

Obese – no. (yes/no) 191 (21.9)/682 
(78.1)

10 (16.1)/52 
(83.9)

0.29

Smoking habit – no. (current/ 
past/never)

101 (12.1)/104 
(12.5)/629 (75.4)

7 (11.1)/12 
(19.1)/44 
(69.8)

0.61

Alcohol drinking habit – no. 
(yes/no)

318 (38.2)/515 
(61.8)

24 (38.1)/39 
(61.9)

0.68

Systolic blood pressure – mmHg 116 [106, 126] 112 [107, 122] 0.36
Laboratory data
HDL cholesterol – mg/dl 65 [57, 76] 67.5 [59, 76] 0.47

Triglycerides – mg/dl 79 [61, 106] 77.5 [59, 103] 0.38
LDL cholesterol – mg/dl 82 [69, 101] 83 [66, 98.5] 0.69
Small dense LDL cholesterol – 

mg/dl
17.4 [13.1, 23.4] 16.55 [11.9, 

22.8]
0.34

LDL-triglyceride – mg/dl 6.4 [4.3, 9.4] 6.25 [4.9, 8.45] 0.89
RLP cholesterol – mg/dl 10.2 [6.1, 17.5] 7.55 [5.0, 10.9] 0.02
Lipoprotein (a) – mg/dl 7.1 [4.1, 13.1] 5.95 [4.1, 15.0] 0.99
Fasting plasma glucose – mg/ 

dl
91 [86, 97] 90.5 [85, 97] 0.75

Hemoglobin A1c – % 5.3 [5.1, 5.5] 5.3 [5.1, 5.55] 0.59
C reactive protein – mg/dl 0.029 [0.013, 

0.064]
0.023 [0.009, 
0.053]

0.20

Data are shown as median [1st quartile, 3rd quartile] or number (%).
Obese was defined as body mass index ≥25 kg/m2.
Since only 2 participants had the NCAN TT genotype, the CT and TT genotypes 
were combined and categorized as the non-CC genotype.
NCAN, nurocan; HDL, high-density lipoprotein; LDL, low-density lipoprotein; 
RLP, remnant-like particle.

Table 3 
Characteristics of participants classified by the GCKR genotype.

GCKR CC (n 
= 215)

GCKR CT (n 
= 467)

GCKR TT (n 
= 263)

P 
value

Demographic
Carotid artery 
atherosclerosis 
development – no. (%)

34 (15.8) 62 (13.3) 29 (11.0) 0.12

Age – years 55 [47, 62] 54 [45, 61] 54 [45, 61] 0.64
Sex – no. (women/men) 162 (75.4)/ 

53 (24.6)
350 (75.0)/ 
117 (25.0)

205 (78.0)/ 
58 (22.0)

0.48

Body mass index – 
kg/m2

22.7 [20.5, 
24.8]

22.5 [20.4, 
24.7]

22.2 [20.6, 
24.2]

0.47

Obese – no. (yes/no) 47 (22.1)/ 
166 (77.9)

109 (23.4)/ 
357 (76.6)

45 (17.6)/ 
211 (82.4)

0.21

Smoking habit – no. 
(current/past/never)

27 (13.0)/22 
(10.6)/159 
(76.4)

56 (12.6)/66 
(14.9)/321 
(72.5)

25 (10.2)/28 
(11.4)/193 
(78.4)

0.41

Alcohol drinking habit 
– no. (yes/no)

74 (35.6)/ 
134 (64.4)

164 (37.1)/ 
278 (62.9)

104 (42.3)/ 
142 (57.7)

0.10

Systolic blood pressure 
– mmHg

119 [107, 
126]

116 [107, 
124]

114 [106, 
125]

0.55

Laboratory data
HDL cholesterol – mg/ 
dl

66 [56, 77] 66 [57, 76] 64 [58, 75] 0.97

Triglycerides – mg/dl 74 [56, 102] 79.5 [63, 
106]

81 [61, 111] 0.07

LDL cholesterol – 
mg/dl

85 [70, 100] 81 [68, 101] 83.5 [69, 
101]

0.81

Small dense LDL 
cholesterol – mg/dl

17.5 [13.1, 
22.7]

17.1 [13.1, 
23.0]

17.95 [12.8, 
24.8]

0.53

LDL-triglyceride – 
mg/dl

5.8 [3.9, 
8.7]

6.5 [4.2, 
9.5]

6.6 [4.7, 
9.8]

0.03

RLP cholesterol – 
mg/dl

10.5 [6.0, 
17.5]

9.8 [6.1, 
17.0]

10.75 [5.95, 
16.65]

0.79

Lipoprotein (a) – mg/ 
dl

7.0 [3.75, 
12.9]

7.2 [3.9, 
13.2]

7.0 [4.6, 
13.3]

0.47

Fasting plasma 
glucose – mg/dl

93 [88, 99] 91 [86, 97] 90 [84, 97] <0.01

Hemoglobin A1c – % 5.4 [5.2, 
5.6]

5.3 [5.1, 
5.5]

5.3 [5.1, 
5.5]

0.09

C reactive protein – 
mg/dl

0.029 
[0.014, 
0.064]

0.024 
[0.011, 
0.0615]

0.033 
[0.014, 
0.067]

0.18

Data are shown as median [1st quartile, 3rd quartile] or number (%).
Obese was defined as body mass index ≥25 kg/m2.
GCKR, glucokinase regulatory protein; HDL, high-density lipoprotein; LDL, low- 
density lipoprotein; RLP, remnant-like particle.
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4. Discussion

In this study, we investigated the impact of NAFLD-related genetic 
polymorphisms on carotid atherosclerosis in 945 Japanese community- 
dwelling individuals without chronic liver diseases, excessive alcohol 
intake, diabetes, dyslipidemia, hypertension, or atherosclerosis in ca
rotid arteries at baseline. After five years, 125 individuals (13.2 %) 
developed carotid atherosclerosis. Among the analyzed three NAFLD- 
related SNPs (GCKR, NCAN, and PNPLA3), the minor allele of NCAN 
demonstrated a protective effect against the development of carotid 
atherosclerosis.

NCAN is a gene variant reported in GWAS in neurologic diseases and 
is considered a risk factor for neuropsychiatric disorders [20,21]. Neu
rocan, encoded by the NCAN gene, is a chondroitin sulfate proteoglycan. 
Neurocan is expressed not only in neuronal tissue but also in the liver 
and may be involved in the transport processes of the liver. The NCAN 
genetic variant (rs2228603: C > T) leads to an amino acid exchange 
(proline to serine) at position 92 and alters protein structure and func
tion. It has been reported that NCAN polymorphism influences the 
development of hepatocellular carcinoma in alcoholic liver disease [22] 
and the development of NAFLD [11,23]. Among the NAFLD patients 
undergoing bariatric surgery, individuals with the NCAN T allele 
showed a high prevalence of fibrosis and inflammation in their liver 

[23]. However, this study also reported that the NCAN T allele group 
had lower LDL cholesterol and triglycerides levels. This seemingly par
adoxical phenomenon may occur due to either increased fatty acids 
uptake or decreased lipolysis; consequently, intrahepatic lipid accu
mulation is promoted, and lipid secretion from the liver decreases. 
Similar to this study of European descendants, studies with Asian pop
ulations reported that NCAN T allele carriers exhibited a favorable lipid 
profile [8,24]. In our study, targeting the non-metabolic syndrome 
Japanese population, NCAN T allele carriers showed a lower risk of 
progression of carotid atherosclerosis regardless of the participants’ 
residential area, obesity, and sex. In addition, NCAN T allele carriers 
exhibited a favorable lipid profile; RLP cholesterol levels were signifi
cantly lower. RLP cholesterol is a remnant particle derived from 
triglyceride-rich lipoproteins [25]. Elevated levels of RLP cholesterol 
have been associated with an increased risk of cardiovascular diseases, 
as these particles may contribute to atherosclerosis [26]. Similar to RLP 
cholesterol, apolipoproteins containing ApoB, such as LDL cholesterol 
and small dense LDL cholesterol, are substantial risk factors for car
diovascular disease and atherosclerosis. Although NAFLD-related SNPs 
have been reported to be associated with lipid metabolism, most studies 
have been conducted in patients with NAFLD [27,28]. The participants 
of this study did not have hypertension, diabetes, or dyslipidemia, 
allowing us to observe the effects of NAFLD-related SNPs on lipid 
metabolism directly. The NCAN minor allele carriers also exhibited 
lower levels of small dense LDL cholesterol and lipoprotein(a), sug
gesting that genetic polymorphisms of NCAN may influence lipid 
metabolism. Another hypothesis regarding the influence of NCAN ge
netic polymorphisms on lipid metabolism involves the interaction be
tween the gut, liver, and brain, potentially modulating dietary fat intake. 
Further research is necessary to understand how NCAN genetic poly
morphisms impact blood vessels and central control of lipid metabolism.

The glucokinase regulatory protein encoded by the GCKR gene acts 
as an inhibitor of glucokinase. Glucokinase is the principal hexokinase in 
the liver and participates in glucose metabolism and hepatic insulin 
sensitivity, playing a pivotal role in developing NAFLD. The GCKR ge
netic variant (rs1260326: C > T) is associated with lower FPG, elevated 
triglycerides, and increased risk of NAFLD, indicating its pleiotropic 
function [13,29]. In this study, the GCKR T allele carriers had elevated 
triglycerides and LDL-TG levels, in line with previous studies. However, 
there was no significant difference in the development rate of carotid 
atherosclerosis between GCKR alleles. Further large-scale studies are 
necessary to elucidate the impact of GCKR polymorphism on carotid 
atherosclerosis.

PNPLA3 is a representative genetic variant associated with NAFLD 
across multiple ethnicities [10,30] and was also reported to be associ
ated with the development of hepatocellular carcinoma [31]. PNPLA3 is 
localized in the endoplasmic reticulum and lipid droplet membranes in 
human hepatocytes, and the variant is considered to induce lipid accu
mulation in the liver [32]. While MASLD and NAFLD are often associ
ated with obesity, some studies with non-obese Asian populations 
demonstrated that carriers of the PNPLA3 GG genotype increased the 
risk of the development of fatty liver [33,34]. In addition, a study in 
Italian NAFLD patients illustrated that the PNPLA3 GG genotype is 
associated with a higher severity of carotid atherosclerosis, especially in 
younger patients [6]. Our study, which consisted of a Japanese popu
lation without diabetes, dyslipidemia, and hypertension, described that 
the PNPLA3 GG genotype carriers have higher RLP cholesterol levels and 
a higher prevalence of newly developed carotid atherosclerosis, in line 
with previous studies in NAFLD participants.

Several limitations need to be addressed in this study. First, we could 
not analyze behavioral changes, such as dietary habits, since we did not 
correct these data. Second, the number of subjects was relatively small 
because this study design was based on epidemiological data. Based on 
the data from previous studies among NAFLD patients, we conducted 
sample size analyses under the following assumption: an odds ratio of 
1.2 for newly developed carotid atherosclerosis associated with NAFLD- 

Table 4 
Characteristics of participants classified by the PNPLA3 genotype.

PNPLA3 CC 
(n = 293)

PNPLA3 CG 
(n = 469)

PNPLA3 GG 
(n = 183)

P 
value

Demographic
Carotid artery 
atherosclerosis 
development – no. (%)

36 (12.3) 62 (13.2) 27 (14.8) 0.45

Age – years 54 [45, 61] 54 [46, 61] 54 [43, 62] 0.95
Sex – no. (women/ 
men)

222 (75.8)/ 
71 (24.2)

363 (77.4)/ 
106 (22.6)

132 (72.1)/ 
51 (27.9)

0.48

Body mass index – kg/ 
m2

22.7 [20.6, 
24.7]

22.1 [20.3, 
24.6]

22.6 [20.6, 
24.6]

0.43

Obese – no. (yes/no) 62 (21.4)/ 
228 (78.6)

101 (21.8)/ 
363 (78.2)

38 (21.0)/ 
143 (79.0)

0.95

Smoking habit – no. 
(current/past/never)

37 (13.3)/38 
(13.6)/204 
(73.1)

52 (11.6)/56 
(12.4)/342 
(76.0)

19 (11.3)/22 
(13.1)/127 
(75.6)

0.45

Alcohol drinking habit 
– no. (yes/no)

109 (39.1)/ 
170 (60.9)

158 (35.2)/ 
291 (64.8)

75 (44.6)/93 
(55.4)

0.42

Systolic blood pressure 
– mmHg

114 [106, 
124]

116 [107, 
125]

120 [107, 
128]

0.30

Laboratory data
HDL cholesterol – mg/ 
dl

66 [57, 76] 64.5 [57, 76] 66 [56, 75] 0.97

Triglycerides – mg/dl 80 [63, 110] 78.5 [59, 
103]

79 [61, 110] 0.30

LDL cholesterol – mg/ 
dl

82 [68, 103] 83 [67.5, 
100]

82 [69, 100] 0.87

Small dense LDL 
cholesterol – mg/dl

17.35 [13.0, 
24.3]

17.3 [12.7, 
22.8]

17.65 [13.8, 
23.9]

0.46

LDL-triglyceride – mg/ 
dl

6.45 [4.6, 
9.4]

6.3 [4.2, 9.1] 6.55 [4.1, 
9.7]

0.59

RLP cholesterol – mg/ 
dl

9.8 [5.7, 
17.4]

9.6 [5.95, 
16.3]

11.9 [7.6, 
18.6]

0.054

Lipoprotein (a) – mg/ 
dl

7.1 [4.3, 
11.7]

6.95 [3.9, 
13.5]

6.9 [4.4, 
14.7]

0.92

Fasting plasma glucose 
– mg/dl

91 [86, 98] 91 [86, 97] 92 [87, 98] 0.06

Hemoglobin A1c – % 5.3 [5.1, 5.6] 5.3 [5.1, 5.5] 5.3 [5.2, 
5.55]

0.58

C reactive protein – 
mg/dl

0.033 
[0.014, 
0.062]

0.029 
[0.011, 
0.064]

0.0275 
[0.014, 
0.0665]

0.42

Data are shown as median [1st quartile, 3rd quartile] or number (%).
Obese was defined as body mass index ≥25 kg/m2.
PNPLA3, patatin-like phospholipase domain containing 3 protein; HDL, high- 
density lipoprotein; LDL, low-density lipoprotein; RLP, remnant-like particle.
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related SNPs and a prevalence of carotid atherosclerosis of 15 % in the 
general population. When the risk allele frequency is 5 %, such as NCAN, 
the required sample size is approximately 5100 participants. If the risk 
allele frequency is 50 %, such as PNPLA3 and GCKR, the required sample 
size is 1200 participants. In addition, due to the small sample size, we 
could not examine the interactions or effect sizes of the three SNPs. 
Moreover, we included only Japanese participants. Larger-scale 
research, including a more diverse population across different ethnic
ities, will be necessary to validate the findings of this study. However, 
the strength of this study was that all participants were without any 
chronic hepatitis, excessive alcohol intake, diabetes, dyslipidemia, or 
hypertension.

5. Conclusions

In conclusion, our results suggest that NAFLD-related SNPs, espe
cially rs2228603 NCAN, may influence newly developed carotid 
atherosclerosis among Japanese individuals without metabolic disor
ders. Our data also show that NAFLD-related SNPs may affect lipid 
metabolism.
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Steffens M, Meesters C, Herms S, Weingarten M, Priebe L, Haenisch B, 
Alexander M, Vollmer J, Breuer R, Schmäl C, Tessmann P, Moebus S, 
Wichmann HE, Schreiber S, Müller-Myhsok B, Lucae S, Jamain S, Leboyer M, 
Bellivier F, Etain B, Henry C, Kahn JP, Heath S. Bipolar disorder genome study 
(BiGS) consortium; hamshere M, O’Donovan MC, owen MJ, craddock N, schwarz 
M, vedder H, kammerer-ciernioch J, reif A, sasse J, bauer M, hautzinger M, Wright 

H. Ikezaki et al.                                                                                                                                                                                                                                 Atherosclerosis Plus 59 (2025) 10–17 

16 

https://doi.org/10.1016/j.athplu.2024.12.003
https://doi.org/10.1016/j.athplu.2024.12.003
https://doi.org/10.1016/S2468-1253(22)00165-0
https://doi.org/10.1016/j.jhep.2023.06.003
https://doi.org/10.1016/j.jhep.2023.06.003
https://doi.org/10.1053/j.gastro.2015.04.043
https://doi.org/10.1053/j.gastro.2015.04.043
https://doi.org/10.1161/ATV.0000000000000153
https://doi.org/10.1161/ATV.0000000000000153
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds
https://doi.org/10.1371/journal.pone.0074089
http://refhub.elsevier.com/S2667-0895(24)00055-5/sref7
http://refhub.elsevier.com/S2667-0895(24)00055-5/sref7
http://refhub.elsevier.com/S2667-0895(24)00055-5/sref7
https://doi.org/10.18632/aging.103361
https://doi.org/10.1038/ng.2926
https://doi.org/10.1038/ng.2926
https://doi.org/10.1038/ng.257
https://doi.org/10.1038/ng.257
https://doi.org/10.1371/journal.pgen.1001324
https://doi.org/10.1159/000056784
https://doi.org/10.1053/j.gastro.2020.01.053
https://doi.org/10.1136/bmjopen-2021-053763
https://doi.org/10.1136/bmjopen-2021-053763
https://doi.org/10.1161/JAHA.120.019140
https://doi.org/10.1016/j.atherosclerosis.2023.01.015
http://refhub.elsevier.com/S2667-0895(24)00055-5/sref17
http://refhub.elsevier.com/S2667-0895(24)00055-5/sref17
http://refhub.elsevier.com/S2667-0895(24)00055-5/sref17
https://doi.org/10.5551/jat.54130
https://doi.org/10.1016/j.amjhyper.2006.05.010
https://doi.org/10.1016/j.amjhyper.2006.05.010


A, Mitchell PB, Schofield PR, Montgomery GW, Medland SE, Gordon SD, Martin 
NG, Gustafsson O, Andreassen O, Djurovic S, Sigurdsson E, Steinberg S, Stefansson 
H, Stefansson K, Kapur-Pojskic L, Oruc L, Rivas F, Mayoral F, Chuchalin A, 
Babadjanova G, Tiganov AS, Pantelejeva G, Abramova LI, Grigoroiu-Serbanescu M, 
Diaconu CC, Czerski PM, Hauser J, Zimmer A, Lathrop M, Schulze TG, Wienker TF, 
Schumacher J, Maier W, Propping P, Rietschel M, Nöthen MM. Genome-Wide 
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