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Abstract
Ethylene oxide has been associated with increased oxidative stress and related disorders in recent
studies, while vitamin D is a widely recognized antioxidant. Whether vitamin D de�ciency is related to
elevated blood concentrations of ethylene oxide is still unknown. We aimed to explore the relationship
between vitamin D de�ciency and blood concentrations of ethylene oxide in the general population. A
total of 4125 adults who participated in the National Health and Nutrition Examination Survey (NHANES)
2013–2016 were analyzed. Participants were divided into 3 groups: vitamin D su�ciency (≥75.0
nmol/L), insu�ciency (50–74.9 nmol/L), and de�ciency (<50.0 nmol/L). Adjusted linear and restricted
cubic spline regression models were performed to evaluate the associations between vitamin D levels
and blood concentrations of ethylene oxide. Compared with participants with vitamin D su�ciency, the
adjusted mean ethylene oxide level was approximately 0.08 and 0.23 log2-units higher in the presence of
vitamin D insu�ciency and vitamin D de�ciency (P for trend <0.001). The adjusted percent difference
with a 95% con�dence interval in ethylene oxide per interquartile range increase in vitamin D was -1.13
(-1.68, -0.57). A restricted cubic spline model demonstrated that vitamin D levels are nonlinearly and
inversely associated with blood concentrations of ethylene oxide (P for nonlinearity =0.021). Further
research is warranted to understand how vitamin D may have a role in reducing blood concentrations of
ethylene oxide.

Introduction
Vitamin D is a widely recognized fat-soluble vitamin and is mainly derived from synthesis in the body by
the skin when exposed to sunlight. Other sources of vitamin D include the diet and dietary supplements.
Regular sunlight can provide su�cient vitamin D, which can be stored in body fat and released in the
winter, when the intensity and utilization of sunlight are too low to produce enough vitamin D in the skin
(Holick 2007; Skaaby et al. 2017). Vitamin D insu�ciency and de�ciency are common all over the world;
the prevalence of vitamin D insu�ciency and de�ciency among US adults was 41.4 and 28.9%,
respectively (Liu et al. 2018). Vitamin D de�ciency has been traditionally linked to skeletal health (Holick
2007), cardiovascular events (Judd and Tangpricha 2009), cancer incidence and decreased cancer-
related mortality (Freedman et al. 2007), hypertension (Judd et al. 2008), diabetes (Holick 2005), and
autoimmune conditions(Merlino et al. 2004).

Ethylene oxide was classi�ed as a Group 1 carcinogen by the International Agency for Research on
Cancer and as a Class 2 carcinogen by the German MAK commission (Jinot and Fritz 2018). Ethylene
oxide has been detected in food, tobacco, and automobile exhaust. Given its widespread occurrence and
adverse health effects, exposure to ethylene oxide is a major concern worldwide. Recently, ethylene oxide
exposure has been associated with increased oxidative stress and health-related disorders in humans
(Guo et al. 2021; Jain 2020; Zeng et al. 2021).

Vitamin D may alter and reduce the exposure level of environmental pollutants, including per�uoroalkyl
substances (Etzel et al. 2019), acrylamide hemoglobin biomarkers (Yin et al. 2021), bisphenol A (Johns et
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al. 2016) and phthalates (Johns et al. 2017). In a recent study using data from the National Health and
Nutrition Examination Survey (NHANES), the signi�cant association of ethylene oxide with blood
in�ammation parameters was 0.05 *10^9/L per pmol/g Hb of ethylene oxide in the blood for white blood
cells (Zeng et al. 2021). Since the in�uence of vitamin D on in�ammation is well recognized (Mangin et
al. 2014), we hypothesized that an elevated vitamin D level is linked to reduced blood concentrations of
ethylene oxide. The objective of the study was to test the relationship between vitamin D levels and blood
concentrations of ethylene oxide using data from the National Health and Nutrition Examination Survey
(NHANES).

Methods
Study population

The NHANES, conducted by the National Center for Health Statistics (NCHS) at the Centers for Disease
Control and Prevention (CDC), is a large-scale, multistage, ongoing, nationally representative health
survey to represent the civilian noninstitutionalized population in the U.S. We used publicly available data
on the blood ethylene oxide concentrations of 20,146 individuals from the 2013–2016 NHANES cycles
(n=5,446). We excluded individuals who lacked a vitamin D measurement (n=63). Given that the
metabolism of ethylene oxide may be abnormal in teenagers and pregnant women due to hormonal
alterations, we excluded individuals aged < 18 years (n=1,216) and pregnant women (n=25). Finally, a
total of 4,125 individuals were left for our analysis (Fig. 1). The NCHS Research Ethics Review Board
approved the study protocol, and written informed consent was obtained from each participant.

Ethylene oxide exposure assessment

Red blood cell specimens were processed and stored until shipped to the CDC’s National Center for
Environmental Health for laboratory testing. Ethylene oxide was detected by high-performance liquid
chromatography coupled with tandem mass spectrometry (HPLC–MS/MS) as described in detail
elsewhere (Zeng et al. 2021). Undetectable concentrations were substituted with the respective detection
limit divided by the square root of two.

Vitamin D measurements

The standardized liquid chromatography-tandem mass spectrometry (LC–MS/MS) method was used to
measure serum 25-hydroxyvitamin D (25(OH)D) in serum sample data from the NHANES. In addition to
the quantitative analyses of vitamin D as a continuous variable, we also considered individuals with a
measured 25(OH)D level of ≥75.0 nmol/L as having vitamin D su�ciency, individuals with a measured
25(OH)D level of 50-74.9 nmol/L as having vitamin D insu�ciency, and individuals with a measured
25(OH)D level of <50.0 nmol/L as having vitamin D de�ciency (Liu et al. 2018).

Assessment of covariates
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Information on age, sex, race/ethnicity, family income, education level, and physical activity was obtained
from the household interview using demographic questionnaires. Race/ethnicity was recorded as non-
Hispanic white, non-Hispanic black, Mexican American, other Hispanic, or other. The family income-to-
poverty ratio was positively correlated with family income status. The self-reported education level was
segmented into below high school, high school, and above high school. Physical activity, described as
leisure time moderate-to-vigorous exercise, comprised the inactive group (indicating fewer than 150
minutes per week), insu�ciently active group (indicating 150 to 300 minutes per week), and active group
(indicating more than 300 minutes per week). Data on smoking status and alcohol intake were collected
from the health questionnaire. In compliance with the NCHS classi�cations, the participants were
categorized as never smokers and smokers based on their responses about smoking more than 100
cigarettes. Alcohol intake was grouped into drinkers or nondrinkers by having at least 12 alcoholic drinks
per year or not. Body weight and height were measured by certi�ed examiners to calculate the body mass
index (BMI) as the ratio of weight in kilograms to height in meters squared (kg/m2). Additionally, chronic
health conditions (hypertension, diabetes) were de�ned using the participants’ self-reported answers to
whether a doctor or other health professional had ever informed that they had a certain chronic condition.

Statistical analysis

The baseline characteristics were described across three levels of vitamin D. Log2 transformation was
performed due to the skewed distribution of ethylene oxide levels. We modeled differences in blood
ethylene oxide levels across the three levels of vitamin D using linear regression. We developed three
models by sequential adjustment for three groups of covariates. Model 1 included age and sex; Model 2
was further adjusted for education level, race, smoking status, alcohol use, diabetes, hypertension and
body mass index; and Model 3 additionally included the poverty-income ratio, energy intake, and physical
activity. Our results are also presented as the average percent difference and 95% con�dence interval (CI).
The interquartile range (IQR) of the vitamin D concentration was calculated. Then, the formula % = (IQR ^
beta-1)*100% was calculated. In addition, we assessed the potential nonlinear relationships between
serum vitamin D concentrations and blood ethylene oxide levels using restricted cubic splines with three
knots located at the 10th, 50th, and 90th percentiles. All analyses were conducted using R software version
4.0.5 (R Foundation for Statistical Computing, Vienna, Austria). A two-sided P value < 0.05 was
considered statistically signi�cant.

Results

Characteristics
In our study, as shown in Table 1, the average age of the individuals was 47.5 years, and 50.0% were
male. The mean vitamin D concentration in our sample was 63.9 nmol/L. Serum vitamin D
concentrations were lower among younger individuals, males, non-Hispanic blacks, individuals with a
higher body mass index, individuals with a lower family income-to-poverty ratio, and individuals who had
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no physical activity (Table 1). Furthermore, individuals with vitamin D de�ciency had a higher probability
of hypertension and were less likely to have a history of diabetes.
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Table 1
Characteristics of the study population.

Variables Overall

(n=4125)

Vitamin D
su�ciency
(n=1243)

Vitamin D
insu�ciency
(n=1490)

Vitamin D
de�ciency
(n=1392)

P

value

Age, years 47.5
(17.8)

54.7 (18.0) 45.9 (17.1) 42.7 (16.2) <0.001

Male, % 2063
(50.0%)

550 (44.2%) 788 (52.9%) 725 (52.1%) <0.001

Education
level, %

        <0.001

<9th grade 395
(9.6%)

105 (8.4%) 166 (11.1%) 124 (8.9%)  

9–11th grade 565
(13.7%)

131 (10.5%) 197 (13.2%) 237 (17.0%)  

High school 982
(23.8%)

278 (22.4%) 366 (24.6%) 338 (24.3%)  

College 1237
(30.0%)

378 (30.4%) 431 (28.9%) 428 (30.7%)  

Graduate 946
(22.9%)

351 (28.2%) 330 (22.1%) 265 (19.0%)  

Race/ethnicity,
%

        <0.001

Mexican
American

599
(14.5%)

100 (8.0%) 227 (15.2%) 272 (19.5%)  

Other Hispanic 427
(10.4%)

92 (7.4%) 209 (14.0%) 126 (9.1%)  

Non-Hispanic
White

1681
(40.8%)

758 (61.0%) 627 (42.1%) 296 (21.3%)  

Non-Hispanic
Black

846
(20.5%)

135 (10.9%) 220 (14.8%) 491 (35.3%)  

Other race 572
(13.9%)

158 (12.7%) 207 (13.9%) 207 (14.9%)  

Hypertension,
%

1434
(34.8%)

545 (43.8%) 450 (30.2%) 439 (31.5%) <0.001

Diabetes 521
(12.6%)

203 (16.3%) 155 (10.4%) 163 (11.7%) <0.001

Data are presented as mean (standard deviation, SD) or n (%).
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Variables Overall

(n=4125)

Vitamin D
su�ciency
(n=1243)

Vitamin D
insu�ciency
(n=1490)

Vitamin D
de�ciency
(n=1392)

P

value

Body mass
index, kg/m2

29.1 (7.2) 28.0 (6.6) 28.9 (6.6) 30.3 (8.1) <0.001

Smoker, % 2080
(50.4%)

624 (50.2%) 753 (50.5%) 703 (50.5%) 0.982

Alcohol user, % 521
(12.6%)

203 (16.3%) 155 (10.4%) 163 (11.7%) 0.476

Energy intake,
kcal/day

2050
(875)

2020 (893) 2060 (851) 2070 (885) 0.353

Poverty-
income ratio

2.18
(1.54)

2.50 (1.59) 2.14 (1.52) 1.92 (1.45) <0.001

Physical
activity

        0.043

Never 2444
(59.2%)

715 (57.5%) 882 (59.2%) 847 (60.8%)  

Moderate 823
(20.0%)

278 (22.4%) 274 (18.4%) 271 (19.5%)  

Vigorous 858
(20.8%)

250 (20.1%) 334 (22.4%) 274 (19.7%)  

Ethylene oxide,
pmol/g Hb

36.7(24.6-
157)

33.0(23.2-111.5) 36.3(24.7-147.8) 41.5(26.0-205.0) <0.001

Data are presented as mean (standard deviation, SD) or n (%).

Association between serum vitamin D and the blood concentration of ethylene oxide.

After adjusting for cofounding factors, including age, sex, education level, race, smoking status, alcohol
use, diabetes, hypertension, body mass index, poverty-income ratio, energy intake, and physical activity,
compared with individuals with vitamin D su�ciency, the adjusted mean ethylene oxide (log2
transformed) levels with 95% con�dence intervals (CIs) were 0.08 (-0.02, 0.18) and 0.23 (0.12, 0.33) units
higher in the presence of vitamin D insu�ciency and vitamin D de�ciency (P for trend<0.001). The
adjusted percent difference with a 95% con�dence interval in ethylene oxide per interquartile range
increase in vitamin D was -1.13 (-1.68, -0.57) (Table 2). When examining nonlinear relationships across
the three levels of vitamin D, there was a nonlinear and negative relationship between serum vitamin D
and the blood concentration of ethylene oxide (Fig. 2).
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Table 2
Association between serum vitamin D and blood concentration of ethylene oxide.

Vitamin D Model 1 Model 2 Model 3

  β (95% CI) β (95% CI) β (95% CI)

Vitamin D su�ciency(≥75.0 nmol/L) Ref. Ref. Ref.

Vitamin D insu�ciency (50.0-74.9
nmol/L)

0.07 (-0.05, 0.20) 0.09 (-0.01, 0.19) 0.08 (-0.02, 0.18)

Vitamin D de�ciency (<50.0 nmol/L) 0.30 (0.17,
0.43)***

0.25 (0.14, 0.36)
***

0.23 (0.12,
0.33)***

P for trend <0.001 <0.001 <0.001

Percent change, % -1.41(-2.07,
-0.75)***

-1.21(-1.76, -0.66)
***

-1.13(-1.68, -0.57)
***

Model 1 was adjusted for age and sex.

Model 2 was adjusted for age, sex, education level, race, smoking status, alcohol use, diabetes,
hypertension and body mass index.

Model 3 was adjusted for age, sex, education level, race, smoking status, alcohol use, diabetes,
hypertension, body mass index, poverty-income ratio, energy intake, and physical activity.

Blood concentration of ethylene oxide was log2-transformed to �t the linear regression model. ***P<
0.001.

Subgroup analysis for the association between serum vitamin D and the blood concentration of ethylene
oxide

To determine whether there were any differences in the association between serum vitamin D and the
blood concentration of ethylene oxide among the different covariate groups, we conducted a strati�ed
analysis according to the covariate groups. Subgroup analysis demonstrated that individuals who were
elderly, female, had a history of diabetes or hypertension, were non-obese, and had no physical activity
were more susceptible to the association between serum vitamin D and the blood concentration of
ethylene oxide (Table 3).
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Table 3
Subgroups analysis for the associations between serum vitamin D and blood concentration of ethylene

oxide.

  Vitamin D
su�ciency

Vitamin D
insu�ciency

Vitamin D
de�ciency

P for
trend

P for
interaction

  β β(95% CI) β(95% CI)

Age         0.021

>60 years,
n=1140

1.00 0.16(-0.03, 0.34) 0.50(0.28,
0.71)***

<0.001  

≤60 years,
n=2985

1.00 0.03(-0.08, 0.15) 0.17(0.04,
0.29) **

0.007  

Sex         0.822

Male, n=2063 1.00 0.02(-0.13, 0.16) 0.20(0.04,
0.36)*

0.013  

Female, n=2062 1.00 0.13(0.00, 0.27) 0.25(0.10,
0.39) **

0.001  

Diabetes         0.355

Yes, n=521 1.00 0.05(-0.24, 0.34) 0.29(0.00,
0.58) *

0.058  

No, n=3604 1.00 0.08(-0.03, 0.18) 0.21(0.10,
0.33) ***

<0.001  

Hypertension         0.407

Yes, n=1434 1.00 0.06(-0.12, 0.23) 0.25(0.07,
0.44) **

0.009  

No, n=2691 1.00 0.08(-0.04, 0.20) 0.20(0.07,
0.34) **

0.003  

Obesity         0.386

BMI>30 kg/m2,
n=1543

1.00 0.12(-0.06, 0.30) 0.16(-0.02,
0.34)

0.094  

BMI≤30 kg/m2,
n=2582

1.00 0.03(-0.09, 0.15) 0.22(0.08,
0.35)**

0.003  

Physical activity         0.884

Analyses was adjusted for age, sex, education level, race, smoking status, alcohol use, diabetes,
hypertension, body mass index, poverty-income ratio, energy intake, and physical activity when they
were not the strata variables. OR, Odd ratio; CI, con�dence interval. **P<0.05, **P<0.01, ***P < 0.001
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  Vitamin D
su�ciency

Vitamin D
insu�ciency

Vitamin D
de�ciency

P for
trend

P for
interaction

  β β(95% CI) β(95% CI)

Never, n=2444 1.00 0.05(-0.08, 0.18) 0.22(0.09,
0.36)**

0.001  

Moderate, n=823 1.00 0.08(-0.15, 0.31) 0.19(-0.06,
0.44)

0.140  

Vigorous, n=858 1.00 0.21(-0.02, 0.43) 0.25(-0.01,
0.51)

0.059  

Analyses was adjusted for age, sex, education level, race, smoking status, alcohol use, diabetes,
hypertension, body mass index, poverty-income ratio, energy intake, and physical activity when they
were not the strata variables. OR, Odd ratio; CI, con�dence interval. **P<0.05, **P<0.01, ***P < 0.001

Discussion
Our study is the �rst to demonstrate that vitamin D de�ciency is associated with an elevated blood
concentration of ethylene oxide in a nationally representative sample of the United States population.
Vitamin D may reduce the production of ethylene oxide.

Previous studies have suggested that endocrine vitamin D may disrupt the metabolism of environmental
pollutants, and our results are consistent with previous studies investigating the associations of
endocrine vitamin D with other environmental pollutants including per�uoroalkyl substances (Etzel et al.
2019), acrylamide hemoglobin biomarkers (Yin et al. 2021), di(2-ethylhexyl) phthalate (DEHP) metabolite
and bisphenol A (Johns et al. 2016) In a cross-sectional study of NHANES participants, Etzel et al. found
that elevated serum per�uoroalkyl substance levels were associated with lower total 25(OH)D
concentrations (Etzel et al. 2019). Additionally, using data from NHANES participants, Yin et al. found
that vitamin D was inversely and nonlinearly associated with acrylamide hemoglobin biomarkers (Yin et
al. 2021). In another study also using data from the NHANES, higher urinary levels of di(2-ethylhexyl)
phthalate (DEHP) metabolites and bisphenol A (BPA) were inversely related to lower serum total 25(OH)D
(Johns et al. 2016).

The potential mechanism behind the vitamin D relationship with the blood concentration of ethylene
oxide has not been explored. As noted earlier, a previous epidemiological study observed that an increase
in the blood concentration of ethylene oxide was associated with an increased white blood cell count and
neutrophils in the general population, and there was a positive correlation between the blood
concentration of ethylene oxide and cardiovascular diseases (Zeng et al. 2021). These results
demonstrated that ethylene oxide may activate the in�ammatory response. Furthermore, experimental
study con�rmed that macrophage with impaired vitamin D receptor have directly impact on the secretion
of miR-106b-5p, thus leading to the production of in�ammation (Oh et al. 2020). Given the anti-
in�ammatory properties of vitamin D (Mangin et al. 2014), the possible mechanism underlying this



Page 11/15

phenomenon is that the level of oxidative stress increases when a vitamin D de�ciency occurs, and the
mediating effect of the white blood cell count is activated. Nevertheless, further studies are warranted to
investigate the mechanism of vitamin D de�ciency-induced blood ethylene oxide increases.

Our results demonstrated a negative association between the blood concentration of ethylene oxide and
serum total 25(OH)D levels. This investigation has certain practical signi�cance, and vitamin D
supplementation may reduce the blood concentrations of ethylene oxide to reduce the carcinogenic
effects of ethylene oxide.

Our study is the �rst to investigate the potential ethylene oxide reduction effect of vitamin D in adults.
There are some limitations in our study. First, given that the study had a cross-sectional design, we
cannot determine a causal relationship between serum total 25(OH)D levels and blood concentrations of
ethylene oxide. Second, information on some cofounding factors of interest was sparse. In particular,
data on complete daily sunlight exposure time assessment and time spent outdoors were not available
for the examined patients. Finally, reverse causation, that is, ethylene oxide, may be associated with
altered endocrine hormones that may also affect vitamin D metabolism, must also be considered.

Conclusion
In summary, vitamin D de�ciency has an effect on elevated blood concentrations of ethylene oxide in the
general adult population. The white blood cell count may be the intermediate pathway for blood
concentrations of ethylene oxide incremental changes caused by vitamin D de�ciency. Further laboratory
and prospective epidemiological studies are warranted to con�rm our �ndings.
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Figure 1

Study �ow chart.
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Figure 2

Restricted cubic spline plots of the associations between serum vitamin D and the blood concentration of
ethylene oxide. Analyses were adjusted for age, sex, education level, race, smoking status, alcohol use,
diabetes, hypertension, body mass index, poverty-income ratio, energy intake, and physical activity. The
solid line and dashed line represent the predicted values of log2 transformed blood concentrations of
ethylene oxide and the corresponding 95% con�dence intervals.


