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OBJECTIVES: We aimed to evaluate the association between serum folate concentrations and the prevalence of dyslipidemia.

METHODS: A total of 4,477 adults (2,019 male and 2,458 female) enrolled in the Korea National Health and Nutrition Exam-
ination Survey (KNHANES) 2016-2018 were included. Serum samples were used to assess folate concentrations and total cho-
lesterol (TC), triglyceride (TG), low-density lipoprotein (LDL)-cholesterol, and high-density lipoprotein (HDL)-cholesterol lev-
els. Multivariate logistic regression with sampling weights was used to calculate odds ratios (ORs) and 95% confidence intervals
(CIs).

RESULTS: Elevated TC, TG, LDL-cholesterol and HDL-cholesterol levels were observed in 506 (11.3%), 646 (14.4%), 434 (9.7%),
and 767 (17.1%) participants, respectively. We found non-linear trends between serum folate concentrations and the prevalence
of hypercholesterolemia and hyper-LDL cholesterolemia from the restricted cubic smoothing spline. A higher prevalence of hy-
percholesterolemia was observed among participants in the first tertile of serum folate concentrations (OR,1.38; 95% CI, 1.05 to
1.79) than among those in the second tertile. However, a higher prevalence of hyper-LDL cholesterolemia was identified for both
the first and third serum folate concentration tertiles (OR, 1.49; 95% CI, 1.08 to 2.05 and OR, 1.63; 95% CI, 1.20 to 2.20, respec-
tively); furthermore, in these tertiles, the prevalence of hyper-LDL cholesterolemia was more pronounced among obese partici-
pants.

CONCLUSIONS: Non-linear associations may exist between serum folate concentrations and the prevalence of hypercholes-
terolemia and hyper-LDL cholesterolemia in adults. The findings suggest that more accurate recommendations about folate in-

take and folic acid fortification and supplementation should be provided.
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INTRODUCTION

Following the United Nations (UN) High-Level Meeting on the
prevention and control of non-communicable diseases (NCDs) [1],
the UN General Assembly adopted the goal to “by 2030, reduce by
one third premature mortality from NCDs through prevention
and treatment and promote mental health and well-being” [2]. Most
NCD deaths are attributed to cardiovascular diseases (CVDs), in-
cluding myocardial infarction (MI), ischemic heart disease, and
stroke [3]. In 2019, around 17.9 million deaths worldwide were
caused by CVDs, according to the World Health Organization
(WHO) [4].
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Dyslipidemia is a well-known risk factor for CVDs. According
to the 2019 WHO CVD risk charts, the 10-year risk of MI or cor-
onary heart disease (CHD) is significantly increased in both male
and female, by 26% and 23% per 1 mmol/L of the total cholesterol
(TC) level, respectively [5]. Data from the WHO Global Health
Observatory Data Repository showed that in 2008, the prevalence
of hypercholesterolemia was highest in Europe (53.7%) and the
Americas (47.7%), closely followed by the Western Pacific (36.7%)
and South-East Asia (30.3%) [6]. In Korea particularly, from 2005
to 2018, the age-standardized prevalence of hypercholesterolemia
increased from 8.0% to 21.4% among adults aged 30 years and
over [7].

Folate, an essential water-soluble nutrient belonging to the vita-
min B family; is naturally present in a variety of foods such as green
leafy vegetables, fruits, nuts, and beans [8]. Folic acid is the oxidized
form of folate and is usually found in fortified foods and supple-
ments. According to the Dietary Reference Intakes published by
the Institute of Medicine, the reccommended dietary allowance for
folic acid fortification and supplementation among both adult male
and female in the United States is 400 pg/day of dietary folate
equivalents [9], which is the same as that for Korean adults [10].

Previous studies have shown an inconsistent association between
folate status and risk of CVDs [11-15]. A United States cohort study
suggested that low serum folate concentrations were associated
with increased CVD mortality [14]. However, several epidemio-
logical studies and meta-analyses have reported that the risk of
CVD incidence and mortality was not related to serum folate con-
centrations [12,13,15]. In relation to CHD, a United States cohort
study reported that low serum folate concentrations were signifi-
cantly associated with decreased risk of CHD in participants aged
55-77 years, but was associated with increased CHD risk in those
aged 35-54 years [11]. Furthermore, only a few studies have eval-
uated whether cholesterol levels are modified by folate status; they
have demonstrated inverse associations with levels of TC [16], tri-
glyceride (TG) [16,17], and low-density lipoprotein (LDL)-cho-
lesterol [18], and a positive association with high-density lipopro-
tein (HDL)-cholesterol levels [17,18].

Given the unclear evidence, it is meaningful to evaluate the as-
sociation between folate status and risk of dyslipidemia in the gen-
eral population. In this cross-sectional study, we address the ques-
tion of whether serum folate concentrations are associated with
the prevalence of dyslipidemia using nationally representative data
from the Korea National Health and Nutrition Examination Sur-
vey (KNHANES).

MATERIALS AND METHODS

Study participants

Participants in this study were recruited from the KNHANES,
which is a complex, stratified, multi-stage probability sample sur-
vey conducted by the Korea Disease Control and Prevention Agen-
cy (KDCA). Annually, socio-demographic characteristics, lifestyle
factors, anthropometric indices, biochemical profiles, nutritional
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status, and disease history are collected. For measurement of se-
rum vitamins A, E, and folate, the participants were randomly ex-
tracted by survey district, sex, and age (in units of 5 years) from the
whole survey population. Further information on the KNHANES
can be found elsewhere [19].

A total of 7,185 participants (3,288 male and 3,897 female) with
serum folate measurements in the KNHANES 2016-2018 were
included. Participants under 19 years of age (n=765) and pregnant
female (n=20) were excluded. Participants were also excluded
based on the following criteria: having been diagnosed by physi-
cians or treated with medications for dyslipidemia (n=717), CVDs
(stroke and MI) (n=120), or cancers (n=192); having an implau-
sible level of total energy intake (+ 3 standard deviations from the
natural log-transformed mean) (n=32); and not providing infor-
mation on body mass index (BMI) (n=7), alcohol consumption
(n=43), smoking status (n=4), total energy intake (n=710), or
menopausal status (n=86). Participants with a negative LDL-cho-
lesterol value were also excluded (n=12). As a result, a total of
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measurements in the KNHANES
2016-2018 (n=7,185)
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- Children and adolescents (n=765)
- Pregnancy (n=20)
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infarction, or cancers (n=1,029)

- Participants with implausible level
of total energy intake (n=32)

- Participants with missing value of
the covariates: body mass index,
alcohol consumption, smoking
status (pack-years), total energy
intake, or menopausal status in
female (n=850)
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Participants included in
final analysis (n=4,477)

Figure 1. Flow diagram of the inclusion of study participants. KN-
HANES, Korea National Health and Nutrition Exam ination Survey;
LDL, low-density lipoprotein.
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4,477 adults (2,019 male and 2,458 female) aged 19 years to 80 years
were included in the final analysis. Figure 1 presents a flow dia-
gram of the inclusion of study participants.

Laboratory analysis

Participants were asked to fast overnight before the blood draw.
Serum folate concentration (ng/mL) was measured by the Chemi-
luminescent Microparticle Inmunoassay (CIMA) method using
Architect i4000SR (Abbott, Chicago, IL, USA). Serum TC (mg/dL)
and TG (mg/dL) levels were determined by the enzymatic meth-
ods using the Hitachi Automatic Analyzer 7600-210 (Hitachi, To-
kyo, Japan). The homogeneous enzymatic colorimetric method
was used to assess the serum HDL-cholesterol level (mg/dL). In-
formation on the laboratory data quality control program can be
found elsewhere [20].

Ascertainment of cases

Serum LDL-cholesterol level (mg/dL) was estimated using the
Friedewald formula [21]. In accordance with the Third Report of
the Expert Panel on Detection, Evaluation, and Treatment of
High Blood Cholesterol in Adults (ATP III) by the National Cho-
lesterol Education Program (NCEP) [22], dyslipidemia was de-
fined as any of the following: (1) hypercholesterolemia with a TC
level >240 mg/dL (6.22 mmol/L); (2) hypertriglyceridemia with
a TG level =200 mg/dL (2.26 mmol/L); (3) hyper-LDL cholester-
olemia with an LDL-cholesterol level > 160 mg/dL (4.14 mmol/L);
or (4) hypo-HDL cholesterolemia with an HDL-cholesterol level
<40 mg/dL (1.03 mmol/L).

Covariates

Body weight (kg) and height (m) were measured using a Giant-
150N calibrated balance-beam scale (Hana, Seoul, Korea) and a
portable stadiometer (Seriter, Bismarck, ND, USA), respectively.
BMI (kg/m’) was defined as body weight divided by height squared.
According to the WHO Western Pacific guideline, a BMI higher
than 25 kg/m’ was defined as indicating obesity [23]. For past and
current smokers, pack-years were calculated by multiplying the
duration of smoking (year) by the number of cigarettes (packs/day).
The frequency and average amount of any type of alcoholic bev-
erage consumed were asked and used to calculate daily alcohol
consumption (drinks/day). Type 2 diabetes and hypertension were
defined based on self-reported diagnosis by physicians or treatment.
The 24-hour dietary recall method was used to assess total energy
intake (kcal/day) and dietary fiber intake (g/day).

Statistical analysis

Due to the skewed distribution, serum folate concentrations
were natural log-transformed. The geometric means (GMs) and
95% confidence intervals (Cls) of serum folate concentrations were
calculated according to sex.

We examined whether non-linear associations existed between
serum folate concentrations and dyslipidemia. A restricted cubic
smoothing spline was constructed with five knots (10th, 25th,

50th, 75th, and 90th percentiles of natural log-transformed serum
folate concentrations) using the R package “rms” (https://CRAN.
R-project.org/package=rms). PROC SURVEYLOGISTIC was
used to calculate the odds ratios (ORs) and 95% Cls. Serum folate
concentrations were grouped into tertiles, and the second tertile
was regarded as the reference group because participants with mid-
range serum folate concentrations appeared to be minimally af-
fected by dyslipidemia in the restricted cubic smoothing spline.
The median concentration of serum folate was assigned to each
group and used to test the linear trend. Moreover, we also con-
ducted a subgroup analysis according to obesity status ( < 25 kg/m’
or =25 kg/m®) by comparing the models with or without an in-
teraction term using the likelihood ratio test. In the multivariable
analyses, we adjusted for age (years, continuous), sex (for male
and female combined), BMI (kg/m’, continuous), survey year
(2016, 2017, or 2018), smoking status (pack-years, continuous),
alcohol consumption (non-drinkers, <1, 1, >1to 2, >2 to 3, or
>3 drinks/day), menopausal status (for female, premenopausal
or postmenopausal), type 2 diabetes (yes or no), hypertension (yes
or no), and total energy intake (kcal/day, continuous). In addi-
tion, we also adjusted for dietary fiber intake (g/day, continuous)
since the fermentation of dietary fiber may promote the microbial
biosynthesis of folate by stimulating bacterial growth [24,25]. All
analyses except the subgroup analysis were performed with sam-
pling weights due to statistical intricacies. SAS version 9.4 (SAS
Institute Inc., Cary, NC, USA) was used for all statistical analyses,
and a p-value <0.05 in 2-sided tests was defined as a significant
difference.

Ethics statement

The study protocol was approved by the Institutional Review
Board (IRB) of the KDCA (IRB No. 2018-01-03-PA). Informed
consent was confirmed by the IRB.

RESULTS

Baseline characteristics

Of the 4,477 participants, 506 (11.3%) had hypercholesterolemia,
646 (14.4%) had hypertriglyceridemia, 434 (9.7%) had hyper-LDL
cholesterolemia, and 767 (17.1%) had hypo-HDL cholesterolemia.
Participants with any type of dyslipidemia were older and had a
higher BMI than those without dyslipidemia (Table 1). Female
were more likely to have hypercholesterolemia and hyper-LDL
cholesterolemia, whereas male were more likely to have hypertri-
glyceridemia and hypo-HDL cholesterolemia. All types of dyslipi-
demia had higher proportions of postmenopausal female than the
corresponding group with findings in the acceptable range. Smok-
ers and alcohol drinkers were more likely to have hypertriglyceri-
demia than their counterparts. Participants who were classified as
having hypertriglyceridemia and hypo-HDL cholesterolemia had
a higher total energy intake and a higher dietary fiber intake.
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Table 2. Distribution of serum folate concentrations (ng/mL) according to sex

Variables n (%) GM (95% Cl) Min 10% 25th Median 75th 90% Max
Overall 4,477 (100) 6.35(6.23,6.47) 1.50 3.26 445 6.26 9.09 12.40 35.90
Male 2,019 (45.1) 5.41(5.27,5.55) 1.50 2.88 3.71 5.30 7.46 10.39 21.90
Female 2,458 (54.9) 747 (7.31,7.63) 1.50 4,08 541 743 10.42 13.42 35.90

GM, geometric mean; Cl, confidence interval; Min, minimum; Max, maximum.
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Figure 2. Restricted cubic smoothing splines for serum folate concentrations and the prevalence of dyslipidemia. Restricted cubic smooth-
ing spline models were applied to evaluate the associations between serum folate concentrations and the prevalence of hypercholester-
olemia (A), hypertriglyceridemia (B), hyper-LDL cholesterolemia (C), and hypo-HDL cholesterolemia (D), adjusted for age (years, continuous),
sex (for male and female combined), body mass index (kg/m?, continuous), survey year (2016, 2017, or 2018), smoking status (pack-year,
continuous), alcohol consumption (non-drinkers, <1, 1, >1 to 2, >2 to 3, or >3 drinks/day), menopausal status (for female, premenopausal
or postmenopausal), type 2 diabetes (yes or no), hypertension (yes or no), and total energy intake (kcal/day, continuous). Participants with
the median value of natural log-transformed serum folate concentrations were regarded as the reference group. The solid line represents
odds ratio (OR), and the shaded area represents 95% confidence interval. LDL, low-density lipoprotein; HDL, high-density lipoprotein; IQR,

interquartile range.

Distribution of serum folate concentrations
The overall GM of serum folate concentrations was 6.35 ng/mL

(95% CI, 6.23 to 6.47) (Table 2). Female had higher serum folate
concentrations than male (male: GM, 5.41 ng/mL; 95% CI, 5.27
to 5.55; female: GM, 7.47 ng/mL; 95% CI, 7.31 to 7.63).

Association between serum folate concentrations
and the prevalence of dyslipidemia

With increasing serum folate concentrations, the OR for hyper-
cholesterolemia showed a significant non-linearity (p for non-lin-
earity=0.027) (Figure 2A). Notably, although not statistically sig-

nificant, there were tendencies for non-linear relationships between
serum folate concentrations and the prevalence of hypertriglycer-
idemia and hyper-LDL cholesterolemia (p for non-linearity: 0.280
and 0.083, respectively) (Figure 2B and C). However, in contrast,
the prevalence of hypo-HDL cholesterolemia linearly decreased
with increments in serum folate concentrations (p for linearity
<0.001) (Figure 2D).

When categorical models were applied, compared with partici-
pants in the second tertile, those in the third tertile had a higher
prevalence of hypercholesterolemia (OR, 1.38; 95% CI, 1.05 to
1.79) (Table 3). This positive association was persistent only in fe-

www.e-epih.org | 5



[ ]
Epidemiology H
and Health ep ’

44:22022046

7

Epidemiol Health 2022

‘(snonunuod ‘Aep/|edy) axeiul ABJaUa 210} pue ‘(ou Jo S3K) uoisuaiadAy ‘(ou 1o saA)
sa19qelp ¢ 9dA) ‘(Jesnedouswisod 1o [esnedouswaid ‘sjeway Joj) snieys jesnedousw ‘(Aep/SYULIP €< 10 ‘€ 0} Z< ‘7 0} L< L ‘L > ‘s19yulip-uou) uoidwnsuod [oyod|e ‘(snonunuod 4eak-yoed) sniels
Bunjows (810z 410 ‘£ 10T ‘9107) 1eak ASAIns ‘(snonuiuod ‘,w/By) Xapul ssew APog ‘(PaUIGUUOD Sjewa) pue Sjew J0j) X3S ‘(Snonunuod ‘sieak) sbe 1oy parsnipe [ppow uolssaibal d1sibo| aeueAl Ny,

‘uid3oadodi| Ausuap-ybiy “1gH ‘uisroisdodi) Aysusap-mo| 17
*(JeAIIUL SDUSPLUOD 9,G6) O3Bl SPPO Se pajuasaid aie sanjep

9000 6100 5000 900 100°0> 100'0> puaiosd
(¢0'L's#°0)89°0 (OL'L'0S0)SL0  £SO'L/€8 (L1 '65°0) S8'0 (SEL '89°0) 96'0 0ly/€6 (L0°'L'65°0) ££°0 (T6'0'SS'0) LLO  £9¥'L/9LL 6'GE-€8 €9|laL
(92ua19)91) 00'L  (9DUI434) 00°L £98/98 (92ua19)21) 00'L  (92UR4343) 00°L 9/est (92uai4al) 00'L (S2UDI943N) 00'L  60S'L/BET 8¢9 [4C(12EETR
(€6'L'8L°0)€T’L (€8'1°280)TT'L ¥€5/89 (€8'L'00'1) SE'L (0£'1'96'0) 8T’ L £96/58¢ (69°L20'L) LEL (W6'L'ETL)PSL  LOS'L/ESE ¢SSl L 9|laL

eIWa|043159]0Yd TgH-0dAH

0610 S000 €190 S/6°0 8’0 2000 puaiyiosd
9Tz €8l woe'erL)ELT  LSO'L/LyL (61C'TL0)9TL (9€T'08°0) LE'L 0lt/6€ (ozz'oz'l) €9'L (89T'8¥'L)66'L  £9¥'1/08L 6'GE-€'8 €9|laL
(92ua19)21) 00'L  (9DUI434) 00°L £98/1L (92ua19)o1) 00'L  (92UR43434) 00°L r9/8y (92uai94a1) 00'L (SdUaI9431) 00'L  60S'L/6LL 8-€9 ¢oIeL
(29T'00'1) 7oL (60'T'S80) €€°L ¥€5/0S (£0T'180)¥EL (16'1°€8°0)9C'L £96/S8 (soz'go'L) 6L (¥9'L'06'0) 2L  LOS'L/SEL ¢SSl L 9|laL

2IW|043)53[0YD 1qT1-49dAH

9/0°0 LEOO S€8°0 L1180 8/1°0 100'0> puasiosd
(LT'L'€S0) 080 (LT'L'95°0)T80  £LS0'L/TL (£E1'990)¥6'0 (SE'L99°0) ¥6'0 OLy/LL (L1°1'99'0) S8'0 (S6°0'85°0) ¥£0 L9V L/6¥L 6'GE-€'8 €9|aL
(92ua49)01) 00'L  (9DUBI434) 00°L £98/08 (92ua19)21) 00'L  (92UR4343) 00°L o/velL (92uai34a)) 00'L (S2UBI43)) 00'L  60S'L/¥LT 8-€9 [4C([2ET R
(coz’'180)8TL (20'T'060) SE'L ¥€5/99 (PE'L'€L°0)66'0 (TE'L VL 0) 6670 £96/81¢ (se'L'zg0)so'L (L9'L"COL)8TL  L0S'L/€8C ¢SSl L 9|laL
elWRPLA|bLMSdAH

1600 5000 1940 980 8¢C0 5000 puaiytoyd
(60T'L0°1)0S°L (PETCTL)69'L  £S0'L/0SL (081100 €Ll (08'L°CLO)ELL oLv/ey (6£1'S0°L)8€'L (€0T'TTL) LSL  L9¥'L/€6L 6'GE-€'8 €9|laL
(92ua134al) 00'L (dUB4343M) 00°L £98/56 (9dua13431) 00'L (2UBI343M) 00'L 79/09 (92uai3431) 00'L (SdURI821) 00°L  60S°L/SSL 8¢S ¢ 3eL
(#£'1'89°0)60°L (LS'L'€9°0) £6'0 ¥€5/0S OLL'LL0) L1L (8L LLO)VL'L £96/801 (SSL'P80) PL'L (LEL'6L0)¥O'L  10S'L/8SL ¢SSl L 91aL

e1W?]043)53|0YdIadAH
\paAsnipy |pnio [e30}/9s58) 1paAsnipy opni5 |€30}/35€) \passnlpy opnid [B301/3S€D  (qui/Bu) sbuel SaIqRUEA
Slewa4 ETE TSNS uoI1e1}UDUOD) :

x5 0} Buipiodde ejwapidijsAp J0 92ud|eASId DY} PUR SUOIIRIIUIIUOD 33R|0) WINIDS USIMIS] SUOIIRIDOSSY *€ d|geL

I www.e-epih.org

6



JinTetal.: Association between folate and dyslipidemia

male (third vs. second tertile: OR, 1.50; 95% CI, 1.07 to 2.09).
However, in all the models, no significant linear trend was observed
(p for trend: 0.228 for male and female combined, 0.761 for male,
and 0.091 for female). After adjusting for potential confounding
factors, the prevalence of hypertriglyceridemia was not associated
with serum folate concentrations. For hyper-LDL cholesterolemia,
a significant association with serum folate concentrations was ob-
served in both the first and the third tertiles (OR, 1.49; 95% CI,
1.08 to 2.05 and OR, 1.63; 95% CI, 1.20 to 2.20, respectively), al-
though the linear trend was not significant (p for trend =0.448).
Additionally, female in the third tertile had an 83% higher preva-
lence of hyper-LDL cholesterolemia (95% CI, 1.27 to 2.65; p for
trend=0.190). On the other hand, the prevalence of hypo-HDL
cholesterolemia was inversely associated with serum folate con-
centrations among the first tertile participants compared to those
in the second tertile (OR, 1.31; 95% CI, 1.02 to 1.69). Notably, there
were significant linear trends in the association between serum
folate concentrations and the prevalence of hypo-HDL cholester-
olemia (p for trend <0.001 for male and female combined, 0.005
for male, and 0.006 for female). When we further adjusted for di-
etary fiber intake, similar associations between serum folate con-
centrations and the prevalence of dyslipidemia were observed (Sup-
plementary Material 1).

Subgroup analysis according to obesity status
As shown in Supplementary Material 2, associations between

serum folate concentrations and the prevalence of hypercholester-
olemia, hypertriglyceridemia, and hypo-HDL cholesterolemia
were not modified by obesity status. However, the prevalence of
hyper-LDL cholesterolemia was more pronounced among obese
participants in both the first and the third tertiles than among
those in the second tertile (OR, 1.72; 95% CI, 1.04 to 2.84 and OR,
2.15; 95% CI, 1.28 to 3.63, respectively), although the interaction
was not statistically significant (p for interaction=0.702).

DISCUSSION

In this study, we evaluated the association between serum folate
concentrations and the prevalence of dyslipidemia among adults
from a nationally representative dataset in Korea. The prevalence
of hypercholesterolemia was non-linearly associated with serum
folate concentrations, with a higher prevalence among participants
with high concentrations of serum folate. Similarly, a non-linear
association was found between serum folate concentrations and
the prevalence of hyper-LDL cholesterolemia, and the prevalence
was significantly higher among participants with low or high se-
rum folate concentrations. In contrast, an inverse association be-
tween serum folate concentrations and the prevalence of hypo-
HDL cholesterolemia was observed. Given the non-linear associa-
tions between serum folate concentrations and cholesterol levels,
more accurate recommendations about folate intake and folic
acid fortification and supplementation should be provided.

In their 2006 Guidelines on Food Fortification with Micronu-

trients, the WHO and Food and Agricultural Organization (FAO)
of the UN defined serum folate deficiency as less than 4.40 ng/mL
(10 nmol/L) [26]. Since 1998, to prevent folate-related diseases,
policies for folic acid fortification in food sources have been adopt-
ed in several counties. For example, folic acid has been fortified
by 154 g per 100 g of wheat flour in the United States, 150 pg in
Canada, and 220 pg in Chile [26]. After fortification, serum folate
concentrations increased in all 3 countries: from 5.50 ng/mL to
12.20 ng/mL (median) in the United States [27], from 5.94 ng/mL
to 7.96 ng/mL (GM) in Canada [28], and from 4.27 ng/mL to
16.37 ng/mL (mean) in Chile [29]. In contrast, in countries where
wheat flour has not been fortified with folic acid, the concentrations
of folate are much lower: 7.92 ng/mL for male and 9.33 ng/mL for
female (serum mean) in the United Kingdom [30], 6.91 ng/mL
(plasma mean) in Spain [31], 7.35 ng/mL (plasma GM) in South
China [32], and 8.20 ng/mL for male and 10.90 ng/mL for female
(serum mean) in Taiwan [33]. However, folate concentrations in
these non-fortified countries, including the Korean population in
this study (6.35 ng/mL [serum GM)]), are still higher than the cut-
off level for folate deficiency suggested in the WHO and FAO guide-
lines.

Only a few studies have reported the associations between folate
status and cholesterol levels. In a German cross-sectional study,
LDL-cholesterol levels significantly decreased by 0.164 mmol/L
(6.34 mg/dL) per unit increment of plasma folate concentrations,
whereas HDL-cholesterol levels increased by 0.094 mmol/L
(3.64 mg/dL) [18]. Likewise, in the Chinese population, a positive
association between serum folate concentrations and HDL-cho-
lesterol levels has been observed [17]. Additionally, a recent meta-
analysis of 34 randomized controlled trials (RCTs) demonstrated
that individuals who received folic acid supplementation had sig-
nificantly lower TC and TG levels (by 3.96 and 9.78 mg/dL, re-
spectively) than those who received placebo [16]. In line with
those findings, we identified a linear trend of decreasing hypo-HDL
cholesterolemia prevalence with serum folate concentration incre-
ments. However, we also observed significant non-linear associa-
tions between serum folate concentrations and the prevalence of
hypercholesterolemia and hyper-LDL cholesterolemia, with high-
er prevalence among individuals in the lower or higher serum
folate concentration tertiles. The findings of this study need to be
replicated in large prospective studies.

The mechanisms of the adverse effects of folate deficiency have
been widely investigated. Folate and folic acid in the diet are reduced
to tetrahydrofolate (THF) within intestinal cells [34]. THE which
is one of the coenzyme forms of folate, accepts a methyl group
from the catabolism of several amino acids (serine, glycine, sarco-
sine, etc.) [34,35]. The THF derivatives act as one-carbon donors
for the remethylation of homocysteine, a well-known independ-
ent risk factor for CVDs [13,36]. Methionine generated by homo-
cysteine remethylation is further involved in converting phosphati-
dylethanolamine (PE) to phosphatidylcholine (PC) [37,38], a ma-
jor component of biological membranes, bile, and lipoproteins [39].
Folate deficiency reduces PC synthesis by inhibiting the methio-
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nine-homocysteine cycle, which further results in hepatic steatosis
[40,41]. Additionally, PC synthesis is suppressed because folate
deficiency also reduces the activity of the phosphatidylethanola-
mine N-methyltransferase, a transferase that converts PE to PC
[35,39].

We identified a significantly higher prevalence of hypercholes-
terolemia and hyper-LDL cholesterolemia among participants in
the higher serum folate concentration tertile. There is increasing
evidence for the adverse health effects of high folate concentra-
tions. Unmetabolized folic acid (UMFA) is an indicator of exces-
sive folate and folic acid intake [42,43] and in a clinical trial [44],
UMEFA has been found in participants supplied with 200 pg/meal
or above of folic acid. Recent studies have also reported that
UMFA may lead to the accumulation of dihydrofolate [43,45], the
rate-limiting cofactor in converting folic acid to THF [46]. An in
vivo study has suggested that excessive folic acid intake may also
reduce methylenetetrahydrofolate reductase (MTHFR) protein
levels in folic acid-supplemented diet-fed mice [42]. Decreased
MTHER levels are also linked to reduced homocysteine remeth-
ylation capacity, as MTHEFR inhibits the conversion of THF to
methyltetrahydrofolate [46,47]. Further prospective studies and
RCTs are needed to clarify whether adverse effects of excessive
folate and folic acid intake on cholesterol levels exist in the human
population.

In this study, the non-linear association between serum folate
concentrations and the prevalence of hyper-LDL cholesterolemia
was more pronounced among obese participants. An inverse as-
sociation between serum folate concentrations and BMI has also
been reported in previous epidemiological studies [48,49]. How-
ever, contrary to our results, a clinical trial found that TC and
LDL-cholesterol levels significantly decreased among overweight
and obese participants after 3-month supplementation with folic
acid [50]. The limited evidence for the effect modification in the
association between folate concentrations and the risk of dyslipi-
demia warrants further investigation.

To our knowledge, we were the first to investigate the non-line-
ar association between folate concentrations and dyslipidemia in
the general population. The strengths of this study include the
large sample size, adjustment for potential confounding factors,
and generalizability. Furthermore, to minimize potential bias, we
excluded participants who had been diagnosed with dyslipidemia,
CVDs, or cancers before the baseline survey. However, our study
had some limitations. Firstly, the findings from this cross-section-
al study failed to elucidate a causal link between folate status and
risk of dyslipidemia. Secondly, due to the lack of information on
folic acid supplement use in the KNHANES, we could not evaluate
whether the association between serum folate concentrations and
the prevalence of dyslipidemia was modified by dietary folic acid
supplementation. We also could not identify participants who
supplemented with multivitamins, especially vitamins By,, Bs, and
B,, which are related to one-carbon metabolism [38]. However, to
control for potential dietary confounders [25], we conducted a
further analysis that adjusted for dietary fiber intake and found
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similar associations. Thirdly, despite all efforts to adjust for bias,
residual confounding factors may have persisted.

In conclusion, we found that serum folate concentrations were
non-linearly associated with hypercholesterolemia and hyper-LDL
cholesterolemia, with a higher prevalence among individuals with
lower or higher serum folate concentrations. The findings suggest
that more accurate recommendations on folate intake and folic
acid fortification should be provided, and to prevent dyslipidemia
in adults, public health strategies for maintaining adequate folate
status should be implemented.
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