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Association of ethylene oxide 
exposure with serum 
neurofilament light chain levels 
among American adults
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Objective: To explore the relationship between Ethylene oxide (EO) expousure 
and serum neurofilament light chain (NfL).

Method: A data of 559 adults from the 2013–2014 National Health and Nutrition 
Examination Survey (NHANES) was analyzed, and the relationship between log-
transformed EO hemoglobin adducts (HbEO) and serum NfL levels was assessed 
using multiple linear regression models and restricted cubic spline functions. 
Stratified analysis was conducted to explore the correlations within different 
subgroups. Mediation analysis was employed to investigate potential mediating 
factors.

Results: The higher HbEO levels were consistently associated with elevated 
serum NfL concentrations among the study participants (β = 0.07, 95%CI: 
0.00–0.14; p = 0.044), and serum NfL levels increased with rising HbEO levels 
(p for trend = 0.013). The restricted cubic spline results confirmed the linear 
relationship between serum NfL and HbEO. Subgroup analysis indicated a 
significant positive correlation, particularly among non-Hispanic white people, 
individuals aged 40–59, and heavy drinkers.

Conclusion: These findings highlighted the neurotoxic potential of EO and 
underscored the importance of monitoring EO exposure to mitigate its adverse 
health effects.
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1 Introduction

EO is a chemical widely used in industry, primarily as a sterilizing agent and chemical 
intermediate (1). Despite its broad applications, EO is considered a potent mutagen and 
carcinogen, raising significant public health concerns (2). The International Agency for 
Research on Cancer (IARC) classified EO as a Group 1 carcinogen, indicating that there is 
sufficient evidence of its carcinogenicity in humans (39). Human exposure to EO occurs 
through both endogenous and exogenous pathways. Endogenously, EO is produced from 
ethylene through multiple metabolic processes, resulting in baseline exposure levels in all 
individuals. Exogenous sources include cigarette smoke, incomplete fossil fuel combustion, 
and natural processes such as forest fires and volcanic eruptions (3, 4). Once inhaled, EO is 
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rapidly absorbed through the respiratory tract and distributed 
throughout the body via systemic circulation (4).

Recent epidemiological studies have linked EO exposure to 
various adverse health outcomes, including kidney stones (5), asthma 
(6), diabetes (7), hypertension (8) and dyslipidemia (9). Notably, 
emerging evidence suggests potential neurotoxic effects of EO, with 
studies reporting associations between EO exposure and neurological 
symptoms, particularly depression (10, 11). However, the underlying 
mechanisms of EO’s neurotoxicity and its impact on specific 
biomarkers of neural damage remain poorly understood.

NfL is a protein found in the axons of neurons and is a crucial 
component of the neuronal cytoskeleton (12). Elevated serum NfL 
levels was considered a sensitive and specific biomarker for neuronal 
damage and neurodegenerative diseases (13). In recent years, serum 
NfL has gained attention for its utility in diagnosing and monitoring 
various neurological disorders, including multiple sclerosis (14), 
Alzheimer’s disease (15), and traumatic brain injury (16). Measuring 
serum NfL levels provided a non-invasive means to assess neural health 
and has become an important tool in epidemiological research. Recent 
studies have demonstrated that exposure to environmental pollutants, 
such as volatile organic compounds (VOCs) (17) and glyphosate (18), 
can influence serum NfL levels. These findings suggested its potential 
utility as a biomarker for environmental neurotoxicity.

Given the increasing evidence of EO’s harmful effects on the 
nervous system and the established role of NfL as a biomarker for 
neuronal damage, we  hypothesized that EO exposure might 
be associated with elevated serum NfL levels. To test this hypothesis, 
we analyzed data from the 2013–2014 National Health and Nutrition 
Examination Survey (NHANES) to assess the relationship between 
EO exposure [measured by HbEO (19)] and serum NfL levels among 
American adults. Additionally, we investigated potential mediating 
roles of metabolic factors, including blood pressure, blood glucose, 
lipid metabolism, and body mass index in this association. The 
findings of this study could provide critical insights into the neurotoxic 
mechanisms of EO and inform public health policies aimed at 
mitigating its adverse health impacts.

2 Materials and methods

2.1 Study population

NHANES is an ongoing cross-sectional survey conducted by the 
National Center for Health Statistics (NCHS) within the Centers for 
Disease Control and Prevention (CDC). NHANES has received ethical 
approval from the NCHS Ethics Review Board, and all study participants 
provided informed consent. We  selected data from the NHANES 

2013–2014 survey for cross-sectional analysis, knowing that these data 
included serum NfL measurements and HbEO measurements in a 
subsample of participants aged 6 years and older. Out of 10,175 
participants in 2013–2014, we initially excluded 9,500 individuals lacking 
serum NfL and HbEO data and 116 individuals missing other covariate 
information (annual household income: 29, blood lipids: 16, body mass 
index (BMI): 5, depression information: 66), resulting in a final sample 
of 559 subjects. The study inclusion process is illustrated in Figure 1.

2.2 Detection of HbEO

Due to the longer half-life of HbEO compared to EO in the 
humanbody, NHANES recommends using HbEO to assess EO 
exposure. Briefly, red blood cell (RBC) samples were washed, packed, 
processed, and shipped to the National Center for Environmental 
Health for testing. Then, total hemoglobin levels were measured and 
identified, and hemoglobin adducts were estimated. Hb levels 
modified by the Edman reaction were measured using a commercial 
test kit (Tech Diagnostics, Anaheim, CA). HbEO levels in human 
whole blood or RBCs were determined using high-performance liquid 
chromatography–tandem mass spectrometry (HPLC-MS/MS). 
Detailed experimental procedures can be  found in the NHANES 
Laboratory/Medical Technologists Procedures Manual1. All test 
results met the quality control and assurance standards of the NCEH 
Laboratory Sciences Division.

2.3 Measurement of serum NfL

Serum NfL levels were measured using the fully automated 
Attelicaimmunoassay system developed by Siemens Healthcare, using 
acridinium ester chemiluminescence and paramagnetic particles for 
quantification. The detection rate for serum NfL was 98.4%. For 
concentrations below the limit of detection (LLOD, 3.9 pg/mL), an 
estimated value (LLOD divided by the square root of 2) was used. For 
detailed information on the research methods, visit: https://wwwn.
cdc.gov/Nchs/Nhanes/2013-2014/SSSNFL_H.htm.

2.4 Covariates

We used a directed acyclic graph (DAGs) to preselect covariates 
as potential confounders. As shown in Figure 2, which displayed the 
main relationships between exposure, outcome, confounders, and 
mediators. We included age, sex, race, household income (≤$25,000, 
≥$25,000) (17), education level (less than high school, high school, 
higher than high school), alcohol consumption (No: Drinking less 
than 12 drinks in the past year, moderate: Women average less than 
one drink per day or men average less than two drinks per day, severe: 
Women average more than one drink per day or men average more 
than two drinks per day) (20), and serum cotinine levels (<0.05, 
0.05–2.99, ≥3.00) (21, 22). Depression was measured using the 9-item 
Patient Health Questionnaire (PHQ-9), with scores greater than 10 

1 https://wwwn.cdc.gov/Nchs/Nhanes/2013-2014/ETHOX_H.htm

Abbreviations: EO, Ethylene oxide; HbEO, Hemoglobin adducts of Ethylene oxide; 

NfL, Neurofilament light chain; NHANES, National Health and Nutrition Examination 

Survey; IARC, International Agency for Research on Cancer; BMI, Body mass index; 

NCHS, National Center for Health Statistics; CDC, Centers for Disease Control; 

RBC, Red blood cell; DAG, Directed acyclic graph; PHQ-9, Patient Health 

Questionnaire-9; HbA1c, Glycosylated hemoglobin; HDL, High density lipoprotein 

cholesterol; LDL, Low density lipoprotein cholesterol; SE, Standard error; CI, 

Confidence intervals; VIF, Variance inflation factor; RCS, Restricted cubic spline; 

AIC, Akaike information criterion.
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indicating depression (23). Additionally, to explore mediating factors 
between HbEO and serum NfL, we included measurements of blood 
pressure (systolic and diastolic), blood glucose (HbA1c, fasting 
glucose), blood lipids (HDL cholesterol, LDL cholesterol, total 
cholesterol, triglycerides), and body mass index (BMI).

2.5 Statistical analysis

We conducted all analyses according to the recommended NHANES 
analysis guidelines, including sample weights (WTSSNH2Y) and 
accounting for clustering and stratification. For more details on sample 
weights and other analytical considerations, refer to the “NHANES 
Analytic Guidelines” and the online NHANES tutorials at https://wwwn.
cdc.gov/nchs/nhanes/analyticguidelines.aspx. Continuous variables are 
presented as means ± standard error (SE), and categorical variables as 
unweighted counts and weighted percentages [N(%)]. Categorical 

variables were analyzed using chi-square tests, and continuous variables 
using Student’s two-tailed t-tests or one-way ANOVA. Due to the right-
skewed distribution of the data, we used natural logarithms of HbEO and 
serum NfL (ln-HbEO and ln-sNfL).

We assessed the relationship between ln-HbEO and ln-sNfL levels 
in the U.S. adult population using multiple linear regression models. 
We  quantified these relationships using β coefficients and their 
corresponding 95% confidence intervals (95%CI). To test for trends, 
we converted ln-HbEO into quartiles and compared the β coefficients 
for each quartile to the lowest quartile (Q1). We performed tests for 
trends by entering the median value of ln-HbEO as a continuous 
variable in the models. Three models were constructed: a crude model 
without adjusting for any covariates, model 1 adjusted for age, sex, 
race, education level, and household income, and model 2 further 
adjusted for alcohol consumption and serum cotinine levels based on 
model 1. We identified potential multicollinearity by calculating the 
variance inflation factor (VIF). We conducted restricted cubic spline 

FIGURE 1

Flow chart of the inclusion of the study population.
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(RCS) analysis to characterize the non-linear relationship between 
ln-HbEO and ln-sNfL levels, guiding knot selection by minimizing 
the Akaike information criterion (AIC) and assessing non-linearity 
using the likelihood ratio test.

To elucidate the relationship between HbEO and serum NfL levels 
in different subgroups, we conducted additional stratified analyses. 
Finally, we used the R package MEDIATION to investigate whether 
blood pressure, blood glucose, blood lipids, and BMI mediated the 
relationship between HbEO and serum NfL, and whether serum NfL 
levels mediated the relationship between HbEO and depression. All 
statistical analyses were performed using R studio (R foundation, 
version 4.2.3). Significance was determined at a two-sided p-value 
threshold of <0.05.

2.6 Sensitivity analysis

We conducted two sensitivity analyses to assess the robustness of 
our findings. First, multiple linear regression analyses were performed 
using a larger sample (n = 641) that only excluded participants with 
missing covariates while retaining those with missing mediator 
variables. Second, unweighted analyses were conducted using the final 
dataset (n = 559) to examine whether the complex survey design and 
sampling weights substantially influenced our results.

3 Results

3.1 Baseline characteristics

Table  1 summarized the baseline characteristics of the study 
participants. Among the 559 subjects included, the geometric mean 

(SE) of HbEO was 29.37 (1.05), and the geometric mean of serum NfL 
was 11.94 (1.03). The study population had the highest proportion of 
Non-Hispanic white people (67%). Table 1 also showed the geometric 
means (SE) of HbEO and serum NfL across different subgroups. Men 
had higher levels of HbEO and serum NfL than women, individuals 
aged 60 and above had the highest serum NfL levels, and the 
Non-Hispanic white people group had the highest serum NfL levels. 
Additionally, significant differences in HbEO levels were observed 
across different races, BMI levels, and education levels. Heavy drinkers 
and individuals with higher serum cotinine levels also exhibited 
significantly higher HbEO levels.

3.2 Association between HbEO and serum 
NfL

We explored the relationship between ln-HbEO and ln-sNfL using 
multiple linear regression models. When ln-sNfL was included as a 
continuous variable in the regression models (Table 2), we found that a 
one-unit increase in ln-HbEO levels was positively associated with 
ln-sNfL in all models (Crude model: ß = 0.06, 95% CI: 0.00–0.12; 
SE = 0.027; p = 0.036. Model 1: ß = 0.08, 95% CI: 0.01–0.15; SE = 0.028; 
p = 0.032. Model 2: ß = 0.07, 95% CI: 0.00–0.14; SE = 0.025; p = 0.044). 
Next, we converted ln-sNfL into quartiles and used the lowest quartile 
(Q1) as the reference category to construct multiple linear regression 
models (Table  3). The results showed that after adjusting for all 
covariates, the highest quartile of ln-sNfL was associated with a 0.25-unit 
increase in ln-HbEO levels compared to the lowest quartile (ß = 0.25, 
95% CI: 0.03–0.46; SE = 0.095; p = 0.038). Additionally, we observed that 
ln-sNfL levels increased with ln-HbEO levels in all models (Crude 
model: p for trend = 0.036; Model 1: p for trend = 0.033; Model 2: p for 
trend = 0.013) (Figure 3). By restricted cubic splines (RCS), as shown in 

FIGURE 2

A directed acyclic graph (DAG) represents potential covariates and mediating variables in the relationship between ln-HbEO (exposure) and ln-sNfL 
(outcome). Yellow circles represent the common ancestry variable (i. e., confounders) between the exposure variables and the outcome variables, and 
green circles represent the potential mediating variables.
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Figure 4, we found a positive correlation between ln-HbEO and ln-sNfL 
levels after adjusting for all covariates (p for nonlinear = 0.1249).

3.3 Subgroup analysis

We further examined the association between ln-HbEO and 
ln-sNfL across different subgroups. As shown in Table 4, although the 
interaction effects were not statistically significant (p for interaction 
>0.05), several important patterns emerged, particularly across ethnic 

groups and age categories. A significant positive correlation was 
observed between ln-HbEO and ln-sNfL in the 40–59 age group 
(β = 0.06, 95% CI: 0.00–0.12), while the older age group (≥ 60 years) 
exhibited a slightly stronger but non-significant association (β = 0.08, 
95% CI: −0.02-0.18). Furthermore, the association between EO 
exposure and serum NfL levels was most pronounced in Non-Hispanic 
white people (β = 0.09, 95% CI: 0.02–0.15), who also exhibited the 
highest baseline serum NfL levels (13.46 pg/mL) among all ethnic 
groups. Additionally, the relationship between EO exposure and 
serum NfL levels was particularly strong among heavy drinkers 

TABLE 1 The geometric means (SE) of HbEO and serum NfL levels across different subgroups.

Characteristic N ln-HbEO (pmol/g 
Hb)

p-value ln-sNfL (pg/mL) p-value

Total 559 29.37 (1.05) 11.94 (1.03)

Gender 0.016 0.003

Male 277 (51%) 32.79 (1.05) 13.20 (1.03)

Female 282 (49%) 25.79 (1.04) 10.70 (1.03)

Age (years) 0.4 <0.001

20–39 203 (39%) 32.46 (1.05) 8.76 (1.03)

40–59 210 (38%) 29.37 (1.05) 12.06 (1.03)

≧ 60 146 (23%) 24.05 (1.04) 20.29 (1.02)

Ethnicity 0.009 <0.001

Non-Hispanic white people 268 (67%) 29.08 (1.05) 13.46 (1.03)

Non-Hispanic black people 91 (11%) 46.53 (1.06) 10.07 (1.03)

Mexican American 82 (10%) 20.09 (1.02) 7.92 (1.03)

Other Hispanic 56 (6.3%) 28.79 (1.04) 9.12 (1.03)

Others 62 (5.6%) 24.29 (1.04) 11.02 (1.02)

BMI (kg/m2) 0.017 0.5

< 25 197 (35%) 35.87 (1.05) 11.82 (1.03)

25 ~ < 30 163 (30%) 29.08 (1.05) 12.18 (1.02)

≧ 30 199 (35%) 24.05 (1.04) 11.82 (1.03)

Annual household income 0.088 >0.9

≦ 25,000 176 (22%) 38.09 (1.05) 12.18 (1.03)

≧ 25,000 383 (78%) 27.11 (1.05) 11.82 (1.03)

Education level 0.001 0.12

Less than high school 111 (14%) 49.90 (1.05) 11.59 (1.03)

High school 117 (20%) 36.23 (1.05) 13.60 (1.03)

Higher than high school 331 (66%) 24.53 (1.04) 11.47 (1.03)

Alcohol consumption 0.042 0.005

No 133 (20%) 24.53 (1.04) 11.47 (1.03)

Moderate 172 (32%) 25.03 (1.05) 13.46 (1.03)

Heavy 254 (49%) 34.47 (1.05) 11.25 (1.03)

Cotinine (ng/mL) <0.001 0.4

< 0.05 292 (53%) 16.44 (1.02) 11.25 (1.03)

0.05–2.99 101 (16%) 19.49 (1.03) 11.94 (1.03)

≧ 3.00 166 (30%) 100.48 (1.05) 13.33 (1.03)

Data are presented as N(%) or Mean ± SE.
Tested by student’s 2-tailed t test or by one-way analysis of variance.
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(β = 0.10, 95% CI: 0.02–0.17), suggesting potential synergistic effects 
between alcohol consumption and EO exposure on neural damage.

3.4 Mediation analysis

Figure  5 illustrated the mediating factors in the association 
between HbEO and serum NfL, as well as the potential mediating 
effect of serum NfL in the relationship between HbEO and depression. 
After adjusting for all covariates, we found no significant mediating 
effects of blood pressure (systolic and diastolic), blood glucose 
(HbA1c, fasting glucose), blood lipids (HDL, LDL, total cholesterol, 
triglycerides), or BMI. Additionally, mediation analysis also ruled out 
the mediating effect of serum NfL in the relationship between HbEO 
and depression. Finally, sensitivity analyses using different datasets 
emphasized the positive correlation between EO exposure and serum 
NfL levels, further strengthening the robustness of our findings 
(Supplementary Tables S1–S4).

4 Discussion

This study investigated the association between EO exposure and 
serum NfL levels in the adult population of the United States. Using 
data from NHANES 2013–2014, we  found a positive correlation 
between EO exposure and levels of serum NfL, a sensitive biomarker 
of neural injury, in the serum. Our results indicated that as EO 
exposure levels increase, serum NfL levels also rise, suggesting a 
potential neurotoxic effect of EO. The strength of this study lied in its 
ability to generalize the findings to American adults aged 20 and older, 
due to the consideration of the complex sampling design. Moreover, 
the information provided by the NHANES database was reliable 
and comprehensive.

Current evidence linked environmental pollutants with 
biomarkers of neurodegenerative diseases. Some common 
compounds, such as volatile organic compounds (17) and Di 
(2-ethylhexyl) phthalate (24), have been shown to be  positively 
correlated with higher serum NfL levels. At the same time, our 
findings are consistent with previous research emphasizing the 
neurotoxic potential of EO. Earlier studies have demonstrated that EO 
is a potent mutagen and carcinogen (2, 25). Occupational exposure to 
EO may increase the risk of mortality from malignant tumors of the 
lymphatic and hematopoietic systems (25, 26). Song et al. found a 
significant association between EO exposure and the risk of chronic 
non-obstructive pulmonary disease based on NHANES data (5). 
Additionally, adverse health outcomes such as cognitive impairment 
and memory loss have been reported among individuals exposed to 
EO (2). Another NHANES-based study reported a significant 
association between EO exposure and an increased risk of depression 
(11). Jiang et  al. also found a significant “J”-shaped nonlinear 

TABLE 2 The association between EO exposure (continuous variables) 
and serum NfL levels.

ln-HbEO 
(pmol/g 
Hb)

β (SE) 95% CIa p-value

Lower Upper

Crude model 0.06 (0.027) 0.00 0.12 0.036

Model 1b 0.08 (0.028) 0.01 0.15 0.032

Model 2c 0.07 (0.025) 0.00 0.14 0.044

aCI, Confidence Interval.
bAdjusted for gender, age, ethnicity, annual household income, education level.
cFurther adjusted for alcohol consumption and serum cotinine based on model 1.

TABLE 3 The association between EO exposure (categorical variables) and serum NfL levels.

ln-HbEO (pmol/g Hb) β (SE) 95% CIa p-value

Lower Upper

Crude model

Q1 (1.76 ~ <2.74) Reference

Q2 (2.74 ~ <3.09) 0.01 (0.062) −0.12 0.15 0.8

Q3 (3.09 ~ <3.92) 0.18 (0.101) −0.03 0.4 0.092

Q4 (3.92 ~ 7.17) 0.21 (0.094) 0.01 0.42 0.043

Model 1b

Q1 (1.76 ~ <2.74) Reference

Q2 (2.74 ~ <3.09) 0.03 (0.043) −0.11 0.16 0.6

Q3 (3.09 ~ <3.92) 0.19 (0.072) −0.04 0.42 0.076

Q4 (3.92 ~ 7.17) 0.25 (0.084) −0.02 0.52 0.059

Model 2c

Q1d (1.76 ~ <2.74) Reference

Q2 (2.74 ~ <3.09) 0.02 (0.043) −0.11 0.16 0.6

Q3 (3.09 ~ <3.92) 0.21 (0.071) −0.04 0.46 0.074

Q4 (3.92 ~ 7.17) 0.25 (0.095) 0.03 0.46 0.038

aCI, Confidence Interval.
bAdjusted for gender, age, ethnicity, annual household income, education level.
cFurther adjusted for alcohol consumption and serum cotinine based on model 1.
dQ1, <2.74 pmol/g Hb; Q2, 2.74 ~ <3.09 pmol/g Hb; Q3, 3.09 ~ <3.92 pmol/g Hb; Q4, >3.92 pmol/g Hb.
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dose–response relationship between HbEO levels and depression in a 
representative U.S. population (10). Building on these findings, this 
study demonstrated a statistically significant association between EO 
exposure and biomarkers of neural injury, suggesting that EO may 
contribute to neurodegenerative processes. Mechanistic insights from 
previous research supported the biological plausibility of EO’s 
neurotoxic effects. EO was known to alkylate DNA and proteins, 
leading to cellular damage and oxidative stress (27, 28). Neuronal 
axons, rich in neurofilament proteins such as NfL, are particularly 
sensitive to oxidative stress and toxic exposure (29). What’s more, NfL 
is a cytoskeletal protein in neuronal axons, and elevated serum NfL 
levels reflect axonal damage and neuronal loss, and it is a marker for 
various neurodegenerative diseases (30, 31). Therefore, the observed 
elevation in serum NfL levels in individuals with higher HbEO 
concentrations is biologically plausible. The observed correlation 
between EO exposure and increased serum NfL levels suggested that 

EO may cause axonal damage, further supporting its classification as 
a neurotoxic substance.

Our study results also indicated that HbEO and serum NfL 
levels can vary significantly based on demographic factors. In our 
research, males, older individuals, and non-Hispanic white people 
exhibited higher serum NfL concentrations, consistent with 
previous studies (12, 24). Concurrently, males, younger individuals, 
non-Hispanic black people, individuals with lower BMI, and those 
with lower education levels had higher HbEO levels, suggesting 
that different demographic backgrounds or socioeconomic statuses 
influenced EO exposure distribution levels. Additionally, we found 
that individuals with high serum cotinine levels had extremely 
high HbEO levels. Correspondingly, Zhu et al. (32) using NHANES 
representative data, confirmed a significant positive correlation 
between serum cotinine and serum NfL levels in adult subjects, 
highlighting the potential impact of smoking on neural function 
impairment. Furthermore, our subgroup analysis showed that the 
association between EO exposure and serum NfL levels was 
consistent across different demographic groups, including age, 
gender, race, and smoking status. However, we noted a significant 
positive correlation in specific subgroups, particularly among 
non-Hispanic white people, individuals aged 40–59, and heavy 
drinkers. These findings suggested that the neurotoxic effects of EO 
might be  widespread across various subgroups, though certain 
populations may exhibit higher susceptibility. Further research is 
needed to understand the underlying mechanisms of this 
observed relationship.

Several cross-sectional studies based on NHANES data have 
confirmed the association between EO exposure and the risk of 
metabolic diseases such as obesity (33), diabetes (7), and 
hypertension (8). Additionally, studies have suggested that 
hypertension, diabetes, and dyslipidemia are significantly 
associated with elevated serum NfL levels (34, 35). Interestingly, 
however, our mediation analysis did not find significant 
mediating effects of blood pressure, blood glucose, lipids, and 
BMI on the relationship between HbEO and serum NfL levels. 
This indicated that the impact of EO exposure on NfL levels is 
not indirectly mediated through these traditional metabolic and 
lipid indicators but may be  due to a direct effect or other 

FIGURE 3

β (95%CI) of ln-sNfL across quartiles of ln-HbEO in multiple linear regression models, as well as the trend test.

FIGURE 4

Restricted Cubic Spline (RCS) plots of the relationship between ln-
HbEO and ln-sNfL. Adjusted for gender, age, ethnicity, annual 
household income, education level, alcohol consumption and serum 
cotinine.

https://doi.org/10.3389/fpubh.2025.1545164
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Yang et al. 10.3389/fpubh.2025.1545164

Frontiers in Public Health 08 frontiersin.org

important unconsidered mediators such as inflammatory factors 
or oxidative stress markers. Oxidative stress was a known pathway 
leading to neuronal damage and neurodegeneration (14). Chronic 
inflammation has been demonstrated to be  associated with 
various neurodegenerative diseases (36), and EO exposure may 
trigger inflammatory responses (9), resulting in neuronal 
damage. Future research should explore these pathways to better 
understand the mechanisms by which EO exposure leads to 
increased serum NfL levels. Moreover, our findings indicated that 
serum NfL levels did not mediate the relationship between HbEO 
and depression, suggesting that EO’s neurotoxic effects may not 
indirectly translate into depressive symptoms through changes in 
serum NfL levels. Nevertheless, current studies have revealed an 
association between EO exposure and the risk of depression (10, 
11), and high serum NfL levels also have been reported to 
be associated with more depressive symptoms (37, 38). Therefore, 
considering the sample size and biological differences among 
individuals, it remains necessary to continue designing rigorous 
studies to extensively explore the unclear mediation pathways.

The strengths of this study include the use of a large, nationally 
representative sample and the application of robust analytical 
methods. By employing multiple linear regression models and 

restricted cubic spline analysis, we comprehensively evaluated the 
relationship between EO exposure and serum NfL levels and 
investigated potential mediating factors. However, several 
limitations must be  acknowledged. Firstly, the cross-sectional 
nature of NHANES data limited causal inference. Secondly, 
although HbEO is a well-validated biomarker of EO exposure, it 
might not capture all sources of EO exposure, such as short-term 
or low-level exposures. Thirdly, the potential residual confounding 
by unmeasured variables were not completely ruled out. Lastly, 
our findings may be specific to the U.S. population, necessitating 
comparisons with similar studies in other populations to validate 
our results. Future research should address these limitations by 
increasing the sample size, employing longitudinal study designs, 
and exploring other biomarkers of EO exposure and neurotoxicity. 
Additionally, investigating the mechanistic pathways through 
which EO induces neural damage will be crucial for understanding 
its neurotoxic potential.

In conclusion, this study provided a strong evidence of a positive 
correlation between EO exposure and serum NfL levels in a 
representative adult population in the United  States, suggesting a 
potential neurotoxic effect of EO. Our findings highlighted the 
necessity for continued monitoring and regulation of EO exposure to 

TABLE 4 The association between EO exposure and serum NfL levels among different subgroups.

Subgroups Population β (95% CIa) P for interaction

Gender 0.979

Male 277 (51%) 0.07 (0.02, 0.13)*

Female 282 (49%) 0.08 (0.00, 0.15)*

Age (years) 0.848

20–39 203 (39%) 0.06 (−0.04, 0.16)

40–59 210 (38%) 0.06 (0.00, 0.12)*

≧ 60 146 (23%) 0.08 (−0.02, 0.18)

Ethnicity 0.744

Mexican American 82 (10%) 0.15 (−0.01, 0.32)

Non-Hispanic black people 91 (11%) 0.03 (−0.08, 0.14)

Non-Hispanic white people 268 (67%) 0.09 (0.02, 0.15)*

Other Hispanic 56 (6.3%) −0.01 (−0.13, 0.12)

Others 62 (5.6%) 0.03 (−0.22, 0.27)

Annual household income (dollars) 0.858

≦ 25,000 176 (22%) 0.08 (−0.01, 0.18)

≧ 25,000 383 (78%) 0.07 (0.02, 0.12)*

Alcohol consumption 0.417

No 133 (20%) 0.08 (−0.01, 0.16)

Moderate 172 (32%) 0.02 (−0.05, 0.09)

Heavy 254 (49%) 0.10 (0.02, 0.17)*

Cotinine (ng/mL) 0.664

< 0.05 292 (53%) 0.12 (−0.08, 0.31)

0.05–2.99 166 (30%) 0.10 (−0.32, 0.53)

≧ 3.00 101 (16%) 0.00 (−0.10, 0.10)

aCI, Confidence Interval.
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FIGURE 5

Mediation analysis of the relationship between EO exposure and serum NfL levels. (A) Blood pressure [(i) systolic pressure, (ii) diastolic pressure]. 
(B) Blood glucose [(i) HbA 1 c, (ii) fasting blood glucose]. (C) Blood lipids [(i) HDL, (ii) LDL, (iii) total cholesterol, (iv) triglycerides]. (D) Body mass index. 
(E) The potential mediating role of serum NfL levels in the relationship between EO and depression.
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mitigate its adverse health impacts. By emphasizing the utility of 
serum NfL as a biomarker for EO-induced neural damage, this study 
offered robust data supporting the neurotoxic effects of environmental 
pollutants and underscores the importance of protecting public health 
from harmful chemical exposures.
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