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ARTICLE INFO ABSTRACT

Keywords: The associations of folate biomarkers and polycyclic aromatic hydrocarbons (PAHs) in the general population

Folate remain unclear. Therefore, this study aimed to examine whether folate biomarkers are associated with PAHs, and

Serum whether folate biomarkers can mitigate adverse health outcome caused by PAHs. This prospective cohort study

Red bloo_d cells . included 11,246 participants from the National Health and Nutrition Examination Survey (NHANES), which

Polycyclic aromatic hydrocarbons .. K .

Mortality documented 1,303 deaths over a mean follow-up of 9.1 years. Multivariable linear regression models were used
to examine the relationship between urinary individual PAHs and folate biomarkers. Multivariable Cox pro-
portional hazards regression models were used to calculate hazard ratios and 95 % ClIs for the associations of
PAHs and folate biomarkers with CVDs mortality and all-cause mortality. We found negative associations be-
tween folate in red blood cells (RBC) and urinary 1-Hydroxyphenanthrene (percentage change for a 2-7 fold-
increase in folate —4.19 %, 95 % CI -5.80 % to —2.56 %CI), 2-Hydroxyfluorene (—6.66 %, —7.84 % to —5.49
%), 3-Hydroxyfluorene (—5.78 %, —6.77 % to —4.78 %)) and 1-Hydroxynapthalene (—2.75 %, —3.48 % to
—2.01 %). The associations between serum folate and PAHs were consistent with those observed for RBC folate,
and negative associations were also found between serum folate and 2-Hydroxynapthalene (—4.10 %, —5.26 % to
—2.94 %). Within the lowest quartile of folate levels in RBC, there are strong associations of 2-Hydroxyfluorene,
3-Hydroxyfluorene, 1-Hydroxynapthalene, and 2-Hydroxynapthalene with elevated risk of CVDs mortality [HRs
(95 % CI) >1]. As folate levels in RBC increase to the third and fourth quartiles, these associations no longer exist
[HRs (95 % CI) <1, P-interaction<0.05]. The positive associations between urinary PAHs and CVDs mortality are
also eliminated as serum folate levels rise [HRs (95 % CI) <1, P-interaction<0.05]. Furthermore, we also found
higher levels of folate in both RBC and serum can greatly reduce the adverse impact of 1-Hydroxynapthalene on
all-cause mortality. Consistent results were also validated in daily dietary folate and the folic acid supplement
intake. Our study highlighted a robust negative relationship between urinary PAHs and folate. Additionally,
folate was found to effectively mitigate mortality caused by PAHs, although we did not observe a direct reduction
in mortality attributable to folate.

1. Introduction

The polycyclic aromatic hydrocarbons (PAHs) are ubiquitous pol-
lutants produced by incomplete combustion or pyrolysis of organic
matter [1]. Besides ambient air sources (such as industrial waste
incineration and coal/wood/waste burning), indoor air sources (such as
smoking and cooking), and contaminants in food and water, people are
regularly exposed to PAHs [2]. PAHs exert diverse toxic effects on

several organs and are associated with cancer [3,4] and cardiovascular
diseases [5-7]. Recently, our group found PAHs may lead to premature
aging and increased mortality rates [8].

In light of PAHs’ widespread exposure, hazardous toxicity, and
persistence characteristics, effective measures to reduce their burden in
humans are essential. The role of nutrition in mitigating the harmful
effects of environmental contaminants has been widely acknowledged
[9-12]. Folate (vitamin B9) is of great importance due to its critical role
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in one-carbon metabolism [13], an essential mechanism that supports
DNA synthesis, repair, methylation, and cellular function [14]. Research
conducted on animals has revealed that antioxidant foods, including
folate, have been observed to mitigate DNA damage associated with
exposure to PAHs by stimulating the activity of detoxifying enzymes
[15,16]. Meanwhile, folate has the potential to inhibit the expression of
cyclinD1 protein that is triggered by PAHs, which assists cells in
returning to the normal cell cycle [17]. Moreover, previous studies also
have found that folate has the capacity to enhance the elimination of
environmental chemicals [18,19]. Therefore, folate and PAHs might
have antagonistic kinetic effects that lead to an opposing relationship,
suggesting folate could counteract the detrimental effects of PAHs
[20-23]. Epidemiological studies has primarily been on the association
between folate intake and PAHs levels during pregnancy [24]. However,
to date, there have been no investigations conducted on the relationship
between PAHs and folate with health outcomes in the general
population.

To address this research gap, our study examined the associations of
urinary PAHs levels and red blood cells (RBC) folate, serum folate, daily
dietary folate equivalent intake, and daily folic acid supplementation
with the risks of CVDs mortality and all-cause mortality by using a
prospective study in the general population.

2. Methods
2.1. Study design and population

Data for this cohort analysis were retrieved from the National Health
and Nutrition Examination Survey (NHANES), conducted by the Centers
for Disease Control and Prevention (CDC) in the United States, which
uses a multistage probability design, a representative sample of civilian,
community-dwelling members of the US population. The design and
collection of data have already been described in detail [25].

We retrieved data between 2003 and 2018. Among the 80,312 par-
ticipants, 11,830 has been examined for urinary PAHs concentrations,
urine creatinine, folate in serum and red blood cells, and mortality data.
Participants aged less than 18 years old (N = 214), pregnant (N = 317),
and cancer-related (N = 53) participants were excluded [26-28].
Finally, 11,246 participants were included in the study. Of these, 10,601
completed the 24-h diet questionnaire twice and responded to folic acid
questionnaire. The flowchart was shown in Fig. S1.

2.2. Outcomes ascertainment

The statistics on follow-up and mortality status were collected by
integrating the NHANES data to the records of the National Death Index
up until December 31, 2019. All-cause and CVDs mortality (100-109, I11,
113, 120-151) were defined by ICD-10.

2.3. Measurements of urinary PAHs metabolites

The morning urine of participants in NHANES was collected using
sterile polypropylene tubes, and samples were stored until measurement
at —20 °C. In 2003-2008, capillary gas chromatography combined with
high-resolution mass spectrometry (GC/HRMS) was used to analyze
PAHs metabolites. From 2009 to 2012, isotope dilution capillary gas
chromatography-tandem mass spectrometry (GC-MS/MS) was
employed. From 2013 to 2016, isotope dilution high performance liquid
chromatography-tandem mass spectrometry (on-line SPE-HPLC-MS/
MS) was used for analysis [29]. The PAHs with a detection rate below
70 % were eliminated. Finally, we examined five metabolites of urinary
PAHs: 1-Hydroxyphenanthrene (1-PHE), 2-Hydroxyfluorene (2-FLU), 3-
Hydroxyfluorene (3-FLU), 1-Hydroxynapthalene (1-NAP), and 2-
Hydroxynapthalene (2-NAP). Limit of detection and detection rate of
PAHs as shown in table S1.
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2.4. Measurements of folate biomarkers

The Quantaphase II Folate radioassay kit was used to determine the
folate levels in RBC and serum from 2003 to 2006 [30,31]. Between
2007 and 2010, using a microbiological assay, whole-blood and serum
folates were measured, then the folate concentration in RBC were
calculated [32,33]. From 2011, the total folate concentration in serum
was measured by isotope-dilution high performance liquid chromatog-
raphy coupled to tandem mass spectrometry. The calculation of RBC
folate was based on the measurements of total folate in serum and
whole-blood folate concentrations, which were determined using a
microbiological test [34-39]. Estimation of daily dietary folate equiva-
lent intake was based on the mean of two 24-h dietary recalls. Whether
daily folic acid supplementation used was obtained from 24-h dietary
supplement use component.

2.5. Covariates ascertainment

Directed Acyclic Graph (DAG) was used to incorporate covariates
based on previous causal knowledge, as shown in Fig. $2. Data on age,
sex, ethnicity (Mexican Americans, non-Hispanic white, non-Hispanic
black, and others), education (less than high school, high school or
equivalent, college or higher education), marital status(never married,
married, separated), drinking(never, low to moderate, heavy), smoking
(never, former smoker, current smoker), family poverty to income ratio
levels [PIR (0-1.0, 1.1-3.0, >3.0)1, self-reported health condition (very
good to excellent, good, poor to fair), healthy eating index (HEI) scores
[40] (which obtained from 24-h dietary recalls), nephropathy (no, yes)
was determined through face-to-face interviews. Physical examinations
provided a measure of waist size (cm). Hypertension was defined by self-
reported hypertension or taking antihypertensive medications or a
three-measurement of mean systolic blood pressure > 140 mm/Hg and/
or a diastolic blood pressure > 90 mm/Hg. Diabetes was diagnosed by
either self-reported diabetes history, insulin use, or FBG > 126 mg/dL
and HbAlc > 6.5 %.

2.6. Statistical analysis

Since NHANES has a complex sampling design, all analysis in this
study incorporates sample weights, strata, and primary sampling units.
R 4.0.5 was used to conduct the statistical analysis.

As baseline covariates, continuous variables were presented as
means and standard deviations, and categorical variables as percent-
ages. The concentration of folate in serum, red blood cells, daily dietary
equivalent intake and urinary PAHs metabolites were described using
the median and interquartile range. In order to account for urine dilu-
tion, PAHs metabolites were adjusted using urinary creatinine (Cr).
Continuous and categorical variables were compared using t-tests,
Mann-Whitney U tests, and y? tests.

Multivariable Cox proportional hazards regression models were used
to calculate hazard ratios (HRs) and 95 % confidence interval (95 % CIs)
to examine the associations of PAHs and folate concentrations with
CVDs mortality and all-cause mortality. In regards to progressive
models, in model 1, we adjusted for fundamental demographic factors.
Model 2 further adjusted for additional socioeconomic status, lifestyle
behaviors, and self-reported health status. Model 3 further included
variables related to disease factors.

Our study examined the percentage change in urinary PAHs levels
per 2.7-fold (ie, per unit increase in natural logarithmic transformation)
increase in folate biomarkers by using multivariable linear regression
models.

We conducted stratified analysis by quartiles of folate concentrations
in red blood cells (categorical), serum (categorical), daily dietary
equivalent intake (categorical) and whether daily folic acid supple-
mentation used (categorical) to investigate associations of PAHs con-
centrations (continuous) with mortality in different subgroups. To
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quantify the interactions, we additionally included a product term of
PAHs concentrations (continuous) and folate concentrations (contin-
uous) in the model.

3. Results

The present prospective study included 11,246 participants with
5673 (50.5 %) of men. The mean (SD) age at baseline was 47.3 (18.7)
years. During a mean (SD) follow-up of 9.1 (4.0) years, a total of 429
CVDs deaths and 1,303 all-cause deaths occurred (Table 1).

3.1. Folate, PAHs, and mortality

In model 1, the levels of folate in serum, and daily dietary folate
equivalent intake were associated with a lower risk of CVDs mortality
and all-cause mortality. However, after adjusting for potential
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confounders, the risk of folate biomarkers for mortality was no longer
significant (Table 2). The levels of 2-FLU, 3-FLU, 1-NAP, and 2-NAP
were found to be significantly associated with a higher risk of CVDs
mortality and all-cause mortality in model 1. After adjusting for po-
tential confounders, in model 3, the HRs and 95 % CIs of 2-FLU, 3-FLU,
1-NAP, and 2-NAP were 1.24 (1.10,1.39), 1.16 (1.04,1.29), 1.07
(0.99,1.15), and 1.17 (1.04,1.31) for CVDs mortality. The HRs and 95 %
CIs for all-cause mortality were 1.18 (1.10,1.27), 1.13 (1.07,1.21), 1.09
(1.04,1.14), and 1.11 (1.04,1.18) (Table 2).

3.2. Folate and PAHs

Covariate-adjusted models showed negative associations between
folate in red blood cells and 1-PHE, 2-FLU, 3-FLU, and 1-NAP concen-
trations in urine. Specifically, a 2-7-fold increase in red blood cell folate
concentrations was associated with a 4.19 % (—5.80 %,-2.56 %)

Table 1
Baseline characteristics of participants.
Characteristics Total CVDs mortality P value ¢ All-cause mortality P value ®
(n = 11,246) (n = 429) (n=1303)
Characteristics, No. (%)
Age, mean (SD), y 47.3(18.7) 72.4 (11.3) <0.001* 70.1(12.7) <0.001*
Sex <0.001* <0.001*
Male 5673(50.5) 252(58.7) 749(57.5)
Female 5573(49.5) 177(41.3) 554(42.5)
Ethnicity <0.001* <0.001*
Mexican American 1914(17.0) 52(12.2) 160(12.2)
Non-Hispanic white 4921(43.7) 276(64.3) 820(62.9)
Non-Hispanic black 2324(20.6) 70(16.3) 216(16.5)
Others 2087(18.7) 31(7.2) 107(8.4)
Education <0.001* <0.001*
Less than high school 2999(26.6) 170(39.6) 507(38.9)
High school or equivalent 2670(23.7) 111(25.9) 329(25.2)
College or above 5577(49.7) 148(34.5) 467(35.9)
Family income-poverty ratio levels (PIR) <0.001* <0.001*
0-1.0 2415(21.4) 86(20.1) 262(20.1)
1.1-3.0 4837(43.1) 241(56.2) 713(54.7)
>3.0 3994(35.5) 102(23.7) 328(25.2)
Marital status <0.001* <0.001*
Never married 2588(23.1) 26(6.1) 91(6.9)
Married 6356(56.5) 211(49.2) 645(49.5)
Separated 2302(20.4) 192(44.7) 567(43.6)
Smoking <0.001* <0.001*
Never 2439(21.6) 91(21.2) 275(21.1)
Former 6271(55.8) 170(39.6) 498(38.2)
Current 2536(22.6) 168(39.2) 530(40.7)
Drinking <0.001* <0.001*
Never 2256(20.1) 218(50.8) 655(50.3)
Low to moderate 5333(47.4) 89(20.7) 270(20.7)
Heavy 3657(32.5) 122(28.5) 378(29.0)
Self-reported health <0.001* <0.001*
Very good to excellent 4164(37.1) 83(19.4) 305(23.4)
Good 4545(40.4) 162(37.7) 490(37.6)
Poor to fair 2537(22.5) 184(42.9) 508(39.0)
Waist, mean (SD), cm 98.2(16.3) 102.8(15.6) <0.001* 102.3(15.6) <0.001*
HEIL mean (SD), 51.11(11.8) 52.18(11.0) 0.084 52.20(11.1) 0.001*
Diabetes 1266(11.2) 126(29.3) <0.001* 321(24.6) <0.001*
Hypertension 2000(17.7) 177(41.2) <0.001* 490(37.6) <0.001*
Nephropathy 300(2.6) 29(6.76) <0.001* 86(6.6) <0.001*
PAHs, median (IQR), ug/mg Cr
1-PHE 123(78-200) 136(80-206) 0.488 135(82-221) <0.001*
2-FLU 204(127-489) 209(132.2-502) 0.696 208(128-513) 0.275
3-FLU 77(45-227) 68.88(42-174) 0.023* 72(40-203) 0.010*
1-NAP 1794(810-6235) 2679(1069-8478) <0.001* 2746(1144-8814) <0.001*
2-NAP 4300(2139-9193) 3209(1702-7353) <0.001* 3154(1674-7834) <0.001*
Folate biomarker, median (IQR)
Folate in red blood cells, ng/mL 406(291-556) 438(291-667) <0.001* 427(295-657) <0.001*
Folate in serum, ng/mL 14(10-21) 16(10-28) <0.001* 16(10-27) <0.001*
Daily dietary folate equivalent intake, mcg 455(319-652) 404(292-581) <0.001* 416(298-607) <0.001*
Daily folic acid supplementation intake (yes) 1777(15.8) 62(14.45) 0.074 215(16.50) 0.010*

P value ¢ Comparison between CVDs mortality and alive. P value > Comparison between all-cause mortality and alive. P values were accounted for the study sampling
scheme, data clustering, and sample weights in NHANES to be nationally representative.
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Table 2
Hazard ratios of CVDs mortality and all-cause mortality for folate and PAHs
concentrations.”

Table 3

Environmental Chemistry and Ecotoxicology 7 (2025) 97-105

Percentage change in urinary PAHs concentrations per 2.-7-fold increase in folate
biomarker concentrations.”

Model 1° Model 2¢ Model 3¢ Model 1° Model 2¢ Model 3¢
CVDs mortality Folate in red blood cells (ng/mL)®
Folate in red blood cells (ng/ 1.00 1.15 1.06 1-PHE 402619 4.26 %(_5.90 419 %(_5.80
o —4.(—6. —4. 0(—S. —4. 0(—S.
mL) (0.89,1.12) (0.87,1.51) (0.80,1.41) (ug/mg %,-2.86 %) %,-2.62 %) 9,-2.56 %)
Folate in serum (ng/mL)“ 0.88 0.93 0.96 Cr) T T T
(0.78,0.99) (0.83,1.05) (0.85,1.08) 2-FLU 752 %(_8.75 _6.71 %(_7.89 6,66 %(_7.84
Daily dietary folate equivalent 0.73 0.80 0.84 (ug/mg %,-6.29 %) %,-5.52 %) %%,-5.49 %)
intake (mcg)' (0.61,0.87) (0.67,0.96) (0.70,1.02) cr) > hmo- -5
Daily folic aci'd . 0.83 0.88 0.96 3-FLU 6,64 %(_7.68 _5.78 %(_6.77 _5.78 %(—6.77
supplementation (0.51,1.33) (0.55,1.40) (0.59,1.57) (ug/mg %,-5.61 %) %,-4.78 %) %,-4.78 %)
1-PHE (ug/mg Cr)® 0.96 0.97 0.99 Cr) s s *
X (0.84,1.11) (0.85,1.11) (0.86,1.13) 1-NAP 339 9%(_4.13 276 %(—3.48 275 %(_3.48
2-FLU (ug/mg Cr) 1.32 1.26 1.24 (ug/mg %,-2.65 %) %,-2.03 %) 9%,-2.01 %)
(1.17,1.48) (1.12,1.41) (1.10,1.39) Cr) ’ ’ ’
3-FLU (ug/mg Cr) 1.20 1.17 1.16 2NAP ~1.63 %(-2.77 —0.65 %(~1.74 ~0.57 %(~1.64
(1.07,1.34) (1.04,1.31) (1.04,1.29) (ug/mg %,-0.50 %) %,0.44 %) 9,0.49 %)
1-NAP (ug/mg Cr)* 1.07 1.08 1.07 Cr) > o o
(0.99,1.16) (1.00,1.16) (0.99,1.15)
2-NAP (ug/mg Cr)° 1.24 1.17 1.17 1 . .
(1.101.39)  (1.051.32)  (1.04,13D) 11:°P;‘§ in serum (ng/mL)
(1;g/mg —6.19 %(—8.12 —6.08 %(—7.87 —5.91 %(—7.68
O - 0y 0 - 0, 0 - 0,
All-cause mortality o %,-4.26 %) %,-4.29 %) %,-4.13 %)
Folate in red blood cells (ng/ 1.04 1.12 1.14 2-FLU 9.44 %(_10.66 9.44 %(-10.66 8.20 %(_9.45
3 —. o\ — . —. o — . —O. o —.
mL)"° (0.89,1.22) (0.97,1.28) (0.99,1.32) (ug/mg %,-8.22 %) %, 8.22 %) %,-7.12 %)
Folate in serum (ng/mL)" 0.83 0.92 0.96 Cr) > > >
072,095  (0.81,1.05)  (0.83,1.10) $FLU ~8.41%(-9.47  —8.41%(-9.47 —7.82%(-8.82
Daily dietary folate equivalent 0.83 0.90 0.93 (ug/mg %,-7.35 %) %,-7.35 %) 9%,-6.82 %)
intake (mcg)1 (0.74,0.92) (0.81,1.01) (0.83,1.05) Cr) > 7o T
Daily folic acid 0.76 0.84 0.86 1-NAP 365 %(_4.49 343 9(_4.25 333 %(_4.15
supplementation (0.60,0.98) (0.66,1.09) (0.67,1.11) (ug/mg 9%,-2.82 %) 9%,-2.61 %) %,-2.51 %)
1-PHE (ug/mg Cr)° 1.05 1.05 1.06 Cr) > T T
. 096,115 (097,114~ (0.98,1.16) 2-NAP ~5.97 %(-7.21 ~4.38 %(~5.57 ~4.10 %(-5.26
2-FLU (ug/mg Cr) 1.25 1.20 1.18 (ug/mg %,.4.74 %) %..3.20 %) %,.2.94 %)
(1.17,1.34) (1.18,1.29) (1.10,1.27) Cr) ’ ’ ’
3-FLU (ug/mg Cr)" 1.18 1.15 1.13
(1.11,1.26) (1.08,1.22) (1.07,1.21) Daily di fol. ival
1-NAP (ug/mg Cr)° 1.10 1.10 1.09 aily k‘et‘“y olate equivalent
(1.05,1.15) (1.06,1.15) (1.04,1.14) ) ;‘I‘{t; e (meg)
2-NAP (ug/mg Cr)® 1.17 1.12 1.11 (1_1 /m —4.40 %(-7.74 —4.46 %(—7.78 —4.27 %(-7.61
(110,1.25)  (1051.19)  (1.04,1.18) Cg & %,-1.06 %) %,1.15 %) %,-0.93 %)
Abbreviation: 1-NAP, 1-Hydroxynapthalene; 2-NAP, 2-Hydroxynapthalene; 2- 2-FLU 92,16 %(—26.88 18.00 %(-22.64 _17.30 %(-21.94
FLU, 2-Hydroxyfluorene; 3-FLU, 3-Hydroxyfluorene; 1-PHE, 1-Hydrox- (ug/mg %,-17.44 %) %,-13.36 %) %,-12.65 %)
yphenanthrene; CVDs, cardiovascular diseases; PAHs, Polycyclic aromatic Cr)
hydrocarbons. ?quz —25.99 %(—31.64 —22.21 %(—27.81 —21.43 %(—27.01
@ All estimates accounted for complex survey designs. Folate concentrations in Cr? 8 %,-20.35 %) %,-16.61 %) %,-15.85 %)
red blood cells, serum, daily dietary folate equivalent intake and PAHs con- 1-NAP
centrations underwent natural logarithmic transformation. (ug/mg —18.01%(-24.29  -15.46 %(-21.62  —14.83 %(~20.99
. 0. - 0, 0. - 0, 0/ - 0,
> Model 1were adjusted for age, sex. Cr) %,-11.73 %) %,-9.30 %) %,-8.68 %)
¢ . .. . .
l\li[.odeleT/vir.e furtlllfer adjlist(;e(ill folrt }tlethmlettyi{ e].;ucatlon, PIR, marital status, (zulgjxrﬁg 98,11 %(_32.71 93.00 %(_27.47 92,34 %(_26.68
smoking, drinking, self-reported health, waist, . %,-23.52 %) %,-18.71 %) %,-18.00 %)
4 Model 3were further adjusted for diabetes, hypertension, nephropathy. Cr)

¢ N =11,246.
f N =10,601.

reduction in urinary concentration of 1-PHE, a 6.66 % (—7.84 %,-5.49
%) reduction of 2-FLU, a 5.78 % (—6.77 %,-4.78 %) reduction of 3-FLU,
and a 2.75 % (—3.48 %,-2.01 %) reduction of 1-NAP. A 2.7-fold increase
in serum folate concentrations was associated with a 5.91 %(—7.68
%,-4.13 %) reduction in urinary concentration of 1-PHE, a 8.29 %
(—=9.45 %,-7.12 %) reduction of 2-FLU, a 7.82 %(—8.82 %,-6.82 %)
reduction of 3-FLU, a 3.33 %(—4.15 %,-2.51 %) reduction of 1-NAP, and
a 4.10 %(—5.26 %,-2.94 %) reduction of 2-NAP. Further, there were
negative associations between daily dietary folate equivalent intake and
1-PHE, 2-FLU, 3-FLU, 1-NAP, and 2-NAP. Taking daily folic acid sup-
plementation seem to negative associated with 3-FLU and 2-NAP
(Table 3).

Daily folic acid supplementation’

;Pl/ﬁ —4.94%(-21.52  —3.14%(-20.29  —2.85 %(—22.98
Cg g %,11.64 %) %,14.01 %) %,17.28 %)

2-FL

® /z —23.34 %(-37.66  —15.92 %(-31.72  —14.73 %(-31.22
Cg 4 %,-9.02 %) %,-0.12 %) %,1.74 %)

?uFI;z —26.72 %(—40.78  —19.42 %(-35.65  —18.36 %(—34.93
cg 8 %,-12.65 %) %,-3.19 %) %,-1.79 %)

gl-le\IE —20.37 %(—41.70  -16.25 %(-39.65  —15.13 %(—40.53
Cr*;z g %,0.94 %) %,7.13 %) %,10.26 %)
?uNj\nl; —22.94 %(—34.10 —15.14 %(—27.98 —14.31 %(—27.55
Cg g %,-11.77 %) %,-2.30 %) %,-1.07 %)

Abbreviation: 1-NAP, 1-Hydroxynapthalene; 2-NAP, 2-Hydroxynapthalene; 2-
FLU, 2-Hydroxyfluorene; 3-FLU, 3-Hydroxyfluorene; 1-PHE, 1-Hydrox-
yphenanthrene; PAHs, Polycyclic aromatic hydrocarbons.
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@ All estimates accounted for complex survey designs. Folate concentrations in
red blood cells, serum, daily dietary folate equivalent intake, and PAHs con-
centrations underwent natural logarithmic transformation. Folate were the in-
dependent variables and the individual urinary PAHs concentrations were the
dependent variables.

b Model 1were adjusted for age, sex.

¢ Model 2were further adjusted for ethnicity, education, PIR, marital status,
smoking, drinking, self-reported health, waist, HEL

4 Model 3were further adjusted for diabetes, hypertension, nephropathy.

e N =11,246.

f N =10,601.

3.3. PAHs and mortality by quartiles of folate

3.3.1. Folate in red blood cells

Folate in red blood cells significantly modified the associations be-
tween PAHs and CVDs mortality. Within the lowest quartile of folate
levels in red blood cells, there is a strong association of 2-FLU (HR, 1.33;
95 %CI, 1.05-1.67), 3-FLU (HR, 1.22; 95 %CI, 1.00-1.39), 1-NAP (HR,
1.27; 95 %CI, 1.05-1.54), and 2-NAP (HR, 1.33; 95 %CI, 1.05-1.69)
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with an elevated risk of CVDs mortality. As folate levels in red blood cells
increase to the second quartile, the HRs decrease gradually. Notably, the
effect of 1-NAP (HR, 1.11; 95 %CI, 0.95-1.29) on CVDs mortality is no
longer statistically significant. The statistical significance of the impact
of 2-FLU (HR, 1.09; 95 %CI, 0.74-1.61), 3-FLU (HR, 1.04; 95 %CI,
0.69-1.57), 1-NAP (HR, 0.96; 95 %CI, 0.74-1.25), and 2-NAP (HR, 1.01;
95 %CI, 0.72-1.42) on CVDs mortality was no longer observed in the
third quartile groups. In the highest quartile, this association still no
longer exists (HRs (95 % CI) <1). Significant interactions between folate
levels in red blood cells and 2-FLU, 3-FLU, 1-NAP, and 2-NAP were also
identified (P-interaction<0.05) (Fig. 1a). Additionally, we also observed
that folate in red blood cells significantly mitigated the effect of 1-NAP
on the association with all-cause mortality. Within the lowest quartile of
folate levels in red blood cells, there is a strong association of 1-NAP
(HR, 1.13; 95 %CI, 1.03-1. 24) and all-cause mortality. As folate
levels in red blood cells increase, the statistical significance of the impact
no longer observed in the third (HR, 1.09; 95 %CI, 0.99-1.20) and
highest (HR, 1.05; 95 %CI, 0.96-1.14) quartile groups, all P-inter-
action<0.05 (Table 4).
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Fig. 1. The associations between PAHs and CVDs mortality quartile by (a) RBC, (b)serum, (c) DDFEIL and (d) DFAC. Abbreviation: 1-NAP, 1-Hydroxynapthalene; 2-
NAP, 2-Hydroxynapthalene; 2-FLU, 2-Hydroxyfluorene; 3-FLU, 3-Hydroxyfluorene; 1-PHE, 1-Hydroxyphenanthrene; CVDs, cardiovascular diseases; PAHs, Polycyclic
aromatic hydrocarbons; RBC, red blood cells; DDFEI, daily dietary folate equivalent intake; DFAC, daily folic acid supplementation; Q1, quartiles 1; Q2, quartiles 2;
Q3, quartiles 3; Q4, quartiles 4. All estimates accounted for complex survey designs. Folate concentrations in red blood cells, serum, daily dietary folate equivalent
intake, and PAHs concentrations underwent natural logarithmic transformation. Models were adjusted for age, sex, ethnicity, education, PIR, marital status, smoking,
drinking, self-reported health, waist, HEI, diabetes, hypertension, nephropathy. (For interpretation of the references to colour in this figure legend, the reader could

refer to the web version of this article.)
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Table 4

Environmental Chemistry and Ecotoxicology 7 (2025) 97-105

Multivariable-adjusted hazard ratios of all-cause mortality for PAHs concentrations by quartiles of folate biomarker.”

PAHs Quartiles of folate

P-interaction

Quartiles 1

Quartiles 2

Quartiles 3 Quartiles 4

Folate in red blood cells”
1-PHE (ug/mg Cr)
2-FLU (ug/mg Cr)
3-FLU (ug/mg Cr)
1-NAP (ug/mg Cr)
2-NAP (ug/mg Cr)

<291, ng/mL

1.03(0.84,1.26)
1.08(0.92,1.26)
1.03(0.91,1.17)
1.13(1.03,1.24)
1.08(0.93,1.25)

Folate in serum”
1-PHE (ug/mg Cr)
2-FLU (ug/mg Cr)
3-FLU (ug/mg Cr)
1-NAP (ug/mg Cr)
2-NAP (ug/mg Cr)

<10, ng/mL

1.12(0.92,1.37)
1.13(0.96,1.32)
1.20(1.06,1.37)
1.14(1.05,1.23)
1.21(1.04,1.41)

Daily dietary folate equivalent intake"
1-PHE (ug/mg Cr)
2-FLU (ug/mg Cr)
3-FLU (ug/mg Cr)
1-NAP (ug/mg Cr)
2-NAP (ug/mg Cr)

<319, mcg

1.17(1.05,1.31)
1.19(1.07,1.33)
1.15(1.03,1.28)
1.10(1.02,1.18)
1.10(0.98,1.24)

No

1.08(0.98,1.18)
1.18(1.09,1.28)
1.15(1.07,1.23)
1.11(1.06,1.16)
1.12(1.05,1.19)

Daily folic acid supplementation® Yes
1-PHE (ug/mg Cr)
2-FLU (ug/mg Cr)
3-FLU (ug/mg Cr)
1-NAP (ug/mg Cr)
2-NAP (ug/mg Cr)

291-406, ng/mL
1.09(0.94,1.27)
1.25(1.11,1.40)
1.21(1.08,1.35)
1.11(1.03,1.20)
1.16(1.04,1.30)

10-14, ng/mL

0.99(0.93,1.20)
1.04(0.89,1.23)
1.09(0.95,1.24)
1.09(0.99,1.20)
1.04(0.89,1.23)

320-455, mcg
0.96(0.78,1.18)
1.18(1.00,1.40)
1.10(0.94,1.28)
1.05(0.97,1.15)
1.10(0.98,1.23)

407-556, ng/mL >556, ng/mL

1.10(0.90,1.33) 1.06(0.93,1.22) 0.015*
1.16(0.98,1.38) 1.24(1.12,1.39) <0.001*
1.15(0.99,1.33) 1.19(1.07,1.31) <0.001*
1.09(0.99,1.20) 1.05(0.96,1.14) <0.001*
1.13(0.97,1.32) 1.08(0.97,1.21) <0.001*
15-22, ng/mL >22, ng/mL
1.14(0.92,1.41) 1.05(0.93,1.19) 0.860
1.10(0.91,1.32) 1.20(1.09,1.34) 0.028*
1.07(0.88,1.29) 1.14(1.03,1.26) 0.021*
1.10(0.99,1.23) 1.05(0.97,1.13) <0.001*
1.15(0.97,1.36) 1.06(0.96,1.18) 0.568
456-652, mcg >652, mcg
1.03(0.85,1.24) 1.07(0.84,1.36) 0.616
1.18(1.02,1.38) 1.12(0.90,1.40) <0.001*
1.16(1.02,1.32) 1.08(0.89,1.32) <0.001*
1.09(0.98,1.22) 1.10(1.01,1.21) 0.001*
1.03(0.87,1.20) 1.18(0.98,1.42) 0.082
1.05(0.83,1.32) - - 0.935
1.27(0.96,1.68) - - 0.599
1.10(0.92,1.31) - - 0.981
1.03(0.91,1.18) - - 0.273
1.08(0.90,1.29) - - 0.839

Abbreviation: 1-NAP, 1-Hydroxynapthalene; 2-NAP, 2-Hydroxynapthalene; 2-FLU, 2-Hydroxyfluorene; 3-FLU, 3-Hydroxyfluorene; 1-PHE, 1-Hydroxyphenanthrene;

PAHSs, Polycyclic aromatic hydrocarbons.

2 All estimates accounted for complex survey designs. Folate concentrations in red blood cells, serum, dietary folate equivalent intake and PAHs concentrations
underwent natural logarithmic transformation. Models were adjusted for age, sex, ethnicity, education, PIR, marital status, smoking, drinking, self-reported health,

waist, HEI, diabetes, hypertension, nephropathy.
b N =11,246.
¢ N =10,601.

3.3.2. Folate in serum

In the lowest quartile of folate in serum, there is a significant asso-
ciation of 2-FLU (HR, 1.41; 95 %CI, 1.14-1.74), 3-FLU (HR, 1.13; 95 %
CI, 1.10-1.61), 1-NAP (HR, 1.19; 95 %CI, 1.02-1.38), and 2-NAP (HR,
1.36; 95 %CI, 1.07-1.73) with an increased risk of CVDs mortality. As
the serum folate levels increase to the second quartile, the HRs generally
lower. Specifically, 3- FLU (HR, 1.23; 95 %CI, 0.96-1.57) no longer has a
statistically significant impact on CVDs mortality. By the third quartiles,
the statistical significance of the effects of 2-FLU (HR, 0.99; 95 %ClI,
0.67-1.47), 3-FLU (HR, 0.96; 95 %CI, 0.66-1.40), 1-NAP (HR, 0.97; 95
%CI, 0.81-1.16), and 2-NAP (HR, 1.02; 95 %CI, 0.71-1.47) on CVDs
mortality diminished. In the highest quartile, this association does not
persist either [HRs (95 % CI) <1]. Significant interactions between
folate levels in serum and 2-FLU, 3-FLU, 1-NAP, and 2-NAP were also
found (P-interaction<0.05) (Fig. 1b). Furthermore, we found that folate
in serum greatly reduced the impact of 1-NAP on the association with
all-cause mortality (Table 4).

3.3.3. Dudily dietary folate equivalent intake

In the lowest quartile of daily dietary folate equivalent intake, there
is positive associations between 2-FLU (HR, 1.36; 95 %CI, 1.16-1.59)
and an elevated risk of CVDs mortality. As levels increase to the second
quartile (HR, 0.95; 95 %CI, 0.70-1.29), the association no longer exists.
In the third (HR, 1.25; 95 %CI, 0.94-1.68) and highest quartiles (HR,
1.03; 95 %CI, 0.78-1.34), this association does not persist either (P-
interaction = 0.038) (Fig. 1c). We also observed the mitigation effect of
daily dietary folate equivalent intake on the association of 2-FLU with
all-cause mortality (P-interaction<0.001) (Table 4).
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3.3.4. Daily folic acid supplementation

Furthermore, 2-FLU (HR, 1.28; 95 %CI, 1.14-1.44), 3-FLU (HR, 1.20;
95 %CI, 1.08-1.34), 1-NAP (HR, 1.10; 95 %CI, 1.02-1.19), and 2-NAP
(HR, 1.18; 95 %CI, 1.04-1.34) were found to be related to a higher
risk of CVDs mortality in the no-folic acid supplementation group;
whereas this association disappeared in the folic acid supplementation
group, the HRs of 2-FLU (HR, 1.01; 95 %CI, 0.68-1.51), 3-FLU (HR,
0.91; 95 %CI, 0.61-1.36) 1-NAP (HR, 0.89; 95 %CI, 0.68-1.17) and 2-
NAP (HR, 1.12; 95 %CI, 0.87-1.44), respectively. However, no in-
teractions were found (Fig. 1d). Additionally, 2-FLU (HR, 1.18; 95 %CI,
1.09-1.28), 3-FLU (HR, 1.15; 95 %CI, 1.07-1.23), 1-NAP (HR, 1.11; 95
%CI, 1.06-1.16), and 2-NAP (HR, 1.12; 95 %CI, 1.05-1.19) also found to
be associated with a higher risk of all-cause mortality in the no-folic acid
supplementation group; whereas this association disappeared in the
folic acid supplementation group, the HRs were 2-FLU (HR, 1.27; 95 %
CI, 0.96-1.68), 3-FLU (HR, 1.10; 95 %CI, 0.92-1.31) 1-NAP (HR, 1.03;
95 %CI, 0.91-1.18) and 2-NAP (HR, 1.08; 95 %CI, 0.90-1.29), respec-
tively. In spite of this, no interaction was observed (Table 4).

3.4. Sensitivity analyses

In this study, we performed several sensitivity analyses. First, we
conducted stratified analysis by quartiles of folate concentrations in red
blood cells, serum, daily dietary folate equivalent intake and whether
daily folic acid supplementation used (categorical) to investigate asso-
ciations between the sum of 5 urinary PAHs concentrations (continuous)
and mortality in different subgroups (table S2-S4). Then, we excluded
participants less than two years of follow-up (table S5-S7). Finally, we
incorporated the survey cycle in the confounding adjustments to address
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the evolution of technologies for assessing folate biomarkers and poly-
cyclic aromatic hydrocarbon metabolites over the years (table $8-S10).
All sensitivity analyses showed that the main results were robust.

4. Discussion

The results of this large, prospective study indicate that an increase
in 1-NAP, 2-FLU, 3-FLU, and 2-NAP levels in the urine was associated
with a higher risk of CVD mortality and all-cause mortality in the general
population. But we did not find any association between mortality and
folate levels in serum, red blood cells, daily dietary folate equivalent
intake, or daily folic acid supplementation after adjusting for con-
founders. Nevertheless, we found a robust negative relationship be-
tween urinary PAHs and folate in serum, red blood cells, daily dietary
folate equivalent intake and daily folic acid supplementation. Addi-
tionally, folate was found to effectively mitigate CVDs and all-cause
mortality caused by PAHs. According to my knowledge, this is the first
study to investigate the relationship between urinary PAHs and folate on
their impact for health outcomes among the general population.

The relationship between folic acid intake/or blood folate concen-
trations and mortality has been examined in different populations with
inconsistent results. Previous randomized controlled trials (RCTs)
studies demonstrated that folic acid supplementation can lower blood
pressure, blood glucose, and blood lipids levels, and reduce the risk of
myocardial infarction in high-risk individuals [41-43]. However, in
another randomized controlled trial study, among women at high car-
diovascular risk, folic acid, vitamin B6, and vitamin B12 combined pills
did not reduce a combined end point of total cardiac events after 7.3
years of treatment [44]. Longitudinal observational study found serum
folate associated with higher risk of CVD mortality through diabetic
patients [45] and among participants with rheumatoid arthritis [46],
whereas hypertensives showed a U-shaped association with CVD mor-
tality [47]. However, in the general population, there is an association
between high folic acid intakes and elevated blood folate levels and
negative health outcomes [48]. However, in this study, we did not find
any association between the mortality and folate levels. These incon-
sistent outcomes may be partly due to different population, different
status of folate and health endpoint events. In addition, different
metabolic conditions may have different effects. Validation of large
samples in prospective studies is still required.

Few reports have been reported between PAHs and folate levels. One
clinical investigation observed a noteworthy decrease in benzo[a]pyr-
ene (BaP)-DNA adducts among female smokers with vitamin treatment
(n = 426) [49]. Another study have found similar negative correlation
between serum folate concentrations and higher PAH-DNA adduct levels
at birth, but with smaller sample sizes (n = 54) [50]. In our investiga-
tion, a sizable sample size of 11,246 general population was observed.
We found reliable and robust results for the relationship between folate
levels in serum and red blood cells and reduced PAHs levels. It is
important to acknowledge that daily dietary folate intake and daily folic
acid supplementation can also impact the PAHs levels. These notable
inverse relationships identified between folate and PAHs concentrations
provide additional evidence for the existence of antagonistic kinetic
interactions between folate and environmental chemical exposures.

To date, researchers have mainly focused on pregnant women when
studying the health effects of PAHs and folate. A nested case-control
study included 83 preterm births (PB) and 82 term births. After strati-
fication by dietary nutrient intakes, high BaP-DNA adduct levels were
associated with an increased risk of PB among women with low dietary
nutrient intakes [51]. Nevertheless, this study examined folate through
dietary food intake instead of using biomarkers in relation to PAHs
concentrations. Folate biomarkers have significant implications for
mechanistic experiments and intervention studies, compared with food
frequency questionnaires, which provide a less objective and less ac-
curate measurement of this specific nutrient. Our study explored the
effects of PAHs and folate on health outcomes among general

103

Environmental Chemistry and Ecotoxicology 7 (2025) 97-105

population. There is accumulating evidence that folate may reduce
PAHs levels and mitigate PAHs-related health problems.

PAHs metabolites in urine are commonly used as stable biomarkers
of PAHs exposure, reflecting PAHs burden in the body [52]. PAHs are
mainly metabolized in the liver by the CYP450 enzyme system, pro-
ducing reactive metabolites such as epoxides and benzo[a]pyrene diol
epoxide (BPDE). These reactive metabolites are carcinogenic and gen-
otoxic, binding with DNA, RNA, and proteins, leading to oxidative
stress, DNA damage [53]. Folate levels in serum, red blood cells daily
dietary folate intake and daily folic acid supplementation can fully
reflect the folate status. Previous study found a sufficient maternal
consumption of folate is advantageous for combating oxidative stress
linked to PAHs exposure [54]. Folate is extensively involved in the
one-carbon metabolism pathway, acting as a methyl donor in the body,
participating in DNA synthesis, repair, and methylation processes [55].
Adequate folate levels help maintain DNA integrity and reduce the
damage caused by PAHs. However, when the body is exposed to high
concentrations of PAHs over time, folate may be depleted, affecting its
normal functions and leading to the accumulation of DNA damage.
Study found that folate have been observed to mitigate DNA damage
associated with exposure to PAHs by stimulating the activity of detox-
ifying enzymes [15,16]. Meanwhile, folate plays an important role in
preventing BaP-induced cyclinD1 protein expression, that may assist
cells in resuming their normal cell cycle [56]. Therefore, it is biologi-
cally plausible that folate may attenuate the adverse effects of PAHs
exposure on health outcomes.

We also have several limitations to this study. First, the measurement
was based on a single spot, so long-term PAHs concentrations may be
impacted. However, prior investigations indicated that PAHs are stable
markers of multi-pathway environmental exposure [52]. Then, the
concentrations of PAHs and folate were measured at baseline, their
temporality cannot be determined.

5. Conclusion

In this prospective study, we found a robust negative relationship
between urinary PAHs and folate. Additionally, folate could effectively
mitigate CVDs mortality and all-cause mortality caused by PAHs,
although we did not observe a direct reduction in mortality attributable
to folate.
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