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Abstract

Background: Recent studies have provided compelling evidence that exposure to brominated flame retardants (BFRs) can adversely
affect human health. We aim to explore the potential impact of BFRs on adiposity and central obesity.

Methods: Data from the National Health and Nutrition Examination Surveys (NHANES) cycles conducted between 2009 and 2014 was
used to study the connections between variables. After filtering, we analyzed a sample of 4,110 adults aged 20 years and above. Our
goal was to examine the potential association between BFRs and consequences and investigate the part played by oxidative stress and
inflammatory markers as intermediaries. To achieve this, we used advanced statistical methods such as weighted quantile sum (WQS)
regression, quantile-based g-computation (QGC), and the Bayesian kernel machine regression (BKMR).

Results: The findings showed that among the examined chemicals, exposure to PBDES5 (weight: 41%), PBDE100 (24%), and PBB153
(23%) may be the dominant contributors to general obesity risk. Upon controlling for all variables that could impact the results, it was
found that the QGC outcomes indicated a positive correlation between exposure to mixtures of brominated flame retardants and the
occurrence of abdominal obesity (OR = 1.187, 95% CI: 1.056-1.334, p = 0.004). Significant contributions were made by PBDE85
(52%), PBB153 (27%), and PBDE100 (21%). Mediation analysis shows that lymphatic cells (LC) and albumin (ALB) partially mediate
the link between brominated flame retardants and obesity. The results of BKMR are generally consistent with those of WQS and QGC.
Conclusion: At a population level, our research has revealed a noteworthy correlation between BFRs and obesity. However, further
investigation is required through prospective cohort studies and in-depth mechanistic exploratory studies.
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1. Introduction

Flame retardants (FRs) are a diverse class of chemical
compounds widely used to delay or inhibit the spread of
fires. However, many FRs have been found to have detri-
mental effects on the environment and human health [1].
Organic halogen flame retardants represented by bromi-
nated flame retardants (BFRs) have had an extensive range
of uses around the world for many years due to their ex-
cellent flame-retardant effect, such as additives for syn-
thetics, fabrics, furniture, automobiles, electrical and elec-
tronic appliances [2, 3]. Brominated flame retardants
(BFRs) are a group of chemicals with diverse physiochem-
ical properties employed in various industrial applications
to reduce flammability, which include polybrominated di-

phenyl ethers (PBDEs), polybrominated biphenyls (PBBs),
and other brominated compounds [4]. Certain manufac-
tured substances found in the surroundings can dissolve
in fat and accumulate in fatty tissue [5]. BFRs are among
the most common endocrine-disrupting environmental
chemicals in this category [6]. Since most BFRs are highly
fat soluble, bioaccumulation of toxins in animal fat and
biomagnification in the food chain can lead to their accu-
mulation in relatively high concentrations in the human
body [3]. The risk of metabolic dysfunction in adipose
tissue could be increased by BFRs, according to an in vitro
cellular study. This elevated risk could significantly impact
the liver’s metabolism [7]. Indoor dust and intake of sea-
food and dairy products have been reported to be the main
sources of exposure to BFRs for the general adult popula-
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tion, while breast milk is the main route of exposure for
children, and in addition, recycling of electronic waste, etc.
is an important route of exposure to BFRs for occupational
personnel [4, 8]. A review has shown that BFRs have raised
extensive concern during past decades for their long-term
residue, bioaccumulation, semivolatile, and potential tox-
icity to the environment and human health [9]. Epidemi-
ological studies have shown that exposure to BFRs may do
harm to humankind health. For instance, it has been pos-
itively associated with some diseases such as thyroid dis-
orders, developmental disorders, reproductive health, and
cardiovascular disease [10—-12]. At the same time, a recent
study has shown that there is a significant positive associ-
ation between human exposure to BFRs and the risk of
metabolic syndrome (MetS) [3]. Moreover, recent animal
experiments have shown that adult male C57BL/6 mice
exposed to BDE-209 for 60d had more significant liver
and adipose tissue weights than the control group [13].
As described above, it is essential to research the disorders
in lipid metabolism, such as obesity, caused by BFRs, with
crucial points on solid evidence that remain poor.

Obesity and overweight are conditions characterized by
the accumulation of excessive body fat, leading to various
health complications [14, 15]. Globally, the prevalence of
overweight and obesity continues to increase, with obese
individuals making up approximately 30% of the world’s
population, totaling over 2 billion people [16]. According
to the Centers for Disease Control and Prevention, be-
tween 1999-2000 and March 2020, the rate of obesity in
the United States witnessed a significant rise, from 30.5%
to 41.9%. Similarly, the rate of severe obesity also saw an
upward trend, increasing from 4.7% to 9.2% [17]. Previous
research in 2015 has suggested that nearly 4.0 million
global deaths are attributed to high body mass index
(BMI). Cardiovascular disease accounted for over 66%
of deaths linked to high BMI [18]. There is adequate evi-
dence to suggest a correlation between obesity and type 2
diabetes, liver disease, and various types of cancer based
on previous observational studies [19, 20]. Numerous
studies have generated several innovative approaches to
tackle the issue of obesity [21].

Research has demonstrated that BFRs can cause disrup-
tions in the processing of glycolipids and trigger an inflam-
matory response during the initial phases of fat accumu-
lation and throughout prolonged obesity, resulting in
chronic activation of the immune system [22, 23]. Mean-
while, a study among young adults found that metabol-
ically unhealthy obese patients had higher levels of oxi-
dative stress parameters compared to normal weight and
metabolically healthy patients [24]. Therefore, we hypoth-
esized that exposure to BFRs may be associated with obe-
sity in humans and that oxidative stress and inflammation
are key factors in the mechanisms of BFR exposure and
obesity development.

In summary, for the following reasons, we used the data
from the National Health and Nutrition Examination Sur-
veys (NHANES) database, which is sourced from the
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American population, to explore the correlation between
BFRs exposure and the risk of obesity, as well as the pos-
sible mediating roles of inflammation and oxidative stress.
Firstly, although the American market has recognized the
toxicity of PBDEs and gradually phased out related prod-
ucts, due to the environmental persistence of PBDEs, ex-
posure in the environment is still widespread [25]. Sec-
ondly, the occurrence of obesity is prevalent worldwide
and data from the U.S. CDC also shows that the obesity
rate among the population remains at a relatively high
level [26]. Moreover, cross-sectional studies based on the
American population have indicated that there is a corre-
lation between exposure to environmental pollutants and
the risk of obesity [27]. Finally, the NHANES database
contains a large amount of comprehensive data on biolog-
ical sample tests, questionnaires, and physical measure-
ments of the American population, including the data re-
quired for our cross-sectional study.

2. Methods
2.1 Study population

This cross-sectional study accessed all data from the Na-
tional Health and Nutrition Examination Survey
(NHANES) database. NHANES is a cross-sectional study
that aims to evaluate the health and nutritional status of
adults and children in the United States. It is conducted
annually by the National Center for Health Statistics
(NCHS) and the Centers for Disease Control and Preven-
tion (CDC) and recruits around 5000 participants yearly.
The study is nationally representative and is crucial in in-
forming public health policies and interventions. The sam-
pling process used by NHANES is a sophisticated stratified
multistage approach that incorporates data from various
sources such as demographics, diet, physical examination,
laboratory tests, and questionnaires. Our analyses investi-
gated data from three consecutive NHANES cycles from
2009-2014. We have included 5,183 individuals who are
older than 20 years of age in our study. All of them have
undergone measurements of all serum BFRs. To ensure the
accuracy of the results, individuals who met any one of the
following criteria were excluded from the study: (1) those
whose BMI and WC data was unavailable (n = 284); (2)
those with missing covariates (n =764); and (3) those
without data available for mediator markers (n = 20). The
analyses ultimately included 4110 adults (Fig. S1).

2.2 Measurement of serum BFRs and definition of
ohesity

The NHANES Laboratory Procedures Manual is a com-
prehensive guide that offers in-depth instructions on how
to effectively collect, store, and process blood specimens
[28]. Automated liquid-liquid extraction and sample clean-
up were used to measure 11 polybrominated diphenyl
ethers (PBDEs) and PBB-153 in serum, as per the
NHANES dataset. In the research analysis, we focused
solely on PBB-153 and eight PBDEs that exhibited a de-



tection rate of over 75% (Table S1). The values that fell
below the limit of detection (LOD) were replaced with the
square root of two.

2.3 Outcome variables

Anthropometric measurements and biospecimens were
collected in each mobile examination center (MEC). Indi-
viduals with a BMI of 30 kg/m? or more were classified as
obese, according to the World Health Organization refer-
ence [14]. In men, abdominal obesity is characterized by a
waist circumference of 102 cm or more, while in women, it
is characterized by a waist circumference of 88 cm or more
[29].

2.4 Oxidative stress and chronic inflammation
markers

In some cross-sectional studies of the American population
based on the NHANES database, when it comes to inflam-
mation and oxidative stress markers as mediators, the main
oxidative stress markers include serum total bilirubin, iron
levels, and albumin, while the inflammation markers in-
clude alkaline phosphatase, y-glutamyl transferase (GGT),
ferritin, neutrophil count, lymphocyte count, c-reactive
protein and neutrophil-to-lymphocyte ratio [30-33]. In
our study, due to the certain differences in data across
different cycles, some inflammation markers were either
absent or present in too small amounts during the study
period. Therefore, the selection of inflammation and oxi-
dative stress mediators in this study was based on previous
NHANES database research using these biomarkers as
mediators, referencing mediators used in NHANES studies
with similar exposures, while considering specific circum-
stances of each survey cycle. The oxidative stress and
inflammation markers finally included in our study were
total bilirubin, albumin, and serum iron (as oxidative stress
markers), as well as alkaline phosphatase (ALP), seg-
mented neutrophil count, and lymphocyte count (as in-
flammation markers) [34, 35].

2.5 Covariates

We have considered various demographic and health-
related factors to conduct an accurate analysis. These fac-
tors include age, gender, race, educational level, marital
status, poverty income ratio, cotinine level, alcohol con-
sumption, hypertension, and diabetes. Age is a categorical
variable, while gender is either male or female. Race is
categorized as Mexican American, Other Hispanic, Non-
Hispanic White, Non-Hispanic Black, or Other Race. Ed-
ucational level is classified as above high school, high
school, or below high school. Marital status is divided into
married/living with a partner, widowed/divorced/sepa-
rated/never married. Poverty income ratio (PIR) is grouped
as less than or equal to 1.3, 1.3-3.5, or higher than 3.5.
Cotinine level is determined as either below LLOD or
above LLOD, and alcohol consumption is either 12 drinks
or fewer or more than 12 drinks. Lastly, the determination
of hypertension and diabetes in the population was based
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on the respondent’s self-reported history of being told by a
doctor or other health professional that they had hyper-
tension or diabetes.

2.6 Statistical analysis
The descriptive analysis involved expressing continuous
variables using the mean and standard deviation (SD),
while categorical variables were represented by calculating
frequencies and percentages. The Chi-square test was used
to compare the percentages of categorical variables be-
tween the groups. At the same time, the T-test was em-
ployed to compare differences in continuous variables be-
tween the obesity and non-obesity groups. The model
assumptions were met by conducting a log transformation
of the concentration of serum BFR and six other inter-
mediate indicator concentrations. We also conducted sep-
arate descriptive analyses for male and female gender. We
used a heat map to display the correlation between the
exposure pairs by calculating Spearman’s correlation co-
efficients for every combination of chemicals whose con-
centrations were transformed using the natural logarithm.
The NHANES study used a complicated and multi-level
sampling method. To investigate the possible links be-
tween individual BFR and both overall obesity and ab-
dominal obesity, we employed weighted multiple logistic
regression models and adjusted for confounding variables.
This allowed us to determine odds ratios (ORs) and their
corresponding 95% confidence intervals (CIs). We ana-
lyzed logistic regression to explore the links between obe-
sity and 9 BFR chemicals. The participants” BFR concen-
trations were divided into four groups, with quartiles being
utilized for this purpose. We calculated the odds ratios
(ORs) and 95% confidence intervals (Cls) for the preva-
lence of general obesity or abdominal obesity in the sec-
ond (Q2), third (Q3), and fourth (Q4) quartiles of serum
BFR levels compared to the first (Q1) quartile. In binary
logistic regression, a model that incorporated all confound-
ers was used. We also explored the potential non-linear
associations between individual BFR and general or ab-
dominal obesity by restricted cubic spline (RCS).
Environmental pollutants typically have multiple effects
on the human body rather than just one factor. We utilized
the weighted quantile sum (WQS) regression and the
Quantile g-computation (QGC) analysis to assess the glob-
al impact of BRF exposure on general and abdominal obe-
sity. The WQS regression model has become popular due
to its ability to evaluate the combined impact of the antici-
pated variables on the result [36]. WQS assumes that the
exposures included are linear and additive and that their
effect on the target outcome is unidirectional [37]. QGC
can offer versatility in evaluating non-linear and opposing
exposures and presenting the impact of each exposure in
either a positive or negative manner [38]. We, therefore,
used QGC analysis to evaluate multiple chemicals’ syner-
gistic effects and screened for exposures that had a positive
effect on outcome risk, which were then put into WQS for
validation to satisfy model assumptions and exclude bias.



Based on existing cross-sectional studies in human pop-
ulations, BFRs exposure is associated with an increased
risk of non-alcoholic fatty liver disease and atherosclero-
sis, mediated by inflammation and oxidative stress, and is
positively correlated with oxidative stress markers [34, 36,
39]. Therefore, we hypothesize that inflammation and ox-
idative stress may also mediate the relationship between
BFRs exposure and the occurrence of obesity in our study,
and we will conduct mediation analysis to verify the ex-
istence of such mediating effects. Two estimates need to be
considered: Firstly, the average causal mediating effect
(ACME) determines how exposure to a pollutant affects
obesity risk through the mediating variable. Secondly, the
average direct effect (ADE) determines how exposure af-
fects the risk of obesity when the mediating variable is
fixed at a certain level. In this study, the regression model
of intermediary analysis is adjusted for all covariables.

2.7. Sensitivity analysis

Considering that traditional methods may be limited by
multicollinearity and model selection errors, we introduce
the Bayesian kernel machine regression (BKMR) to more
accurately capture the complexity of mixing exposures.
The impact of all the BFR metabolites in combination on
the likelihood of general or abdominal obesity can be
steadily assessed by BKMR [40]. The Markov chain
Monte Carlo algorithm was used to conduct all BKMR
models, with 20,000 iterations.

WQS, RCS, QGC, Mediation, and BKMR analyses
were conducted via R software (version 4.2.2) by using
“qgcomp,” “mediation,” “rms,” “gWQS” and “bkmr”
packages, respectively. A two-tailed test was used to de-
fine the level of statistical significance as 0.05.

3. Results

3.1. Basic characteristics of participants

Table 1 revealed the essential characteristics of 4110 in-
dividuals, all 20 years or older, with 2042 (49.68%) males
and 2068 (50.32%) females included in this study. The
participants’ age, BMI, and WC mean values (with SD)
were as follows: 48.97 (17.61) years, 29.06 (6.79) kg/m?,
and 99.32 (16.37) cm, respectively. Participants were pre-
dominantly non-Hispanic whites, above high school, and
more than 12 drinks. Therein, the prevalence of general
obesity was 37.5%. Statistically, significant variations in
the distributions of gender, age, race, education level, pov-
erty income ratio, alcohol consumption, hypertension, and
diabetes were discovered between the two groups. The
prevalence of abdominal obesity was 56.8%, and the sig-
nificant difference in distribution between the two groups
was the same as in the case of general obesity. Table 2
demonstrates the geometric means and quartiles of serum
BFRs and mediator markers. Moreover, Table S2 and
Table S3 revealed that a higher general obesity prevalence
in females than in males was observed (40.2% vs 34.7%),
and women also have significantly higher rates of abdomi-
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nal obesity than men (69.1% vs 40.3%). However, Table
S4 shows that males have higher serum levels of BFRs
than females. Notably, the inter-correlation between BFRs
was weak to strong (rs range: 0.13-0.94). Amongst these,
PBDE99 and PBDESS, along with PBDE47 and PBDE99,
showed a high correlation (rs = 0.95, P < 0.001) (Fig. S2).

3.2. Associations of individual BFRs with obesity
We utilized weighted multiple linear logistic regression
models to examine the links between the prevalence of
obesity and exposure to individual BFRs. After controlling
the confounding variables, the three serum BFR variables
(PBB153, PBDE100, PBDE209) remained significantly
and positively associated with the incidence of general
obesity. In detail, the risk of general obesity showed an in-
crease in Q2 and Q4 when compared to Q1. The weighted
odds ratio (OR) with 95% confidence intervals (CIs) for
Q2 and Q4 were 1.317 (1.041-1.666) and 1.440 (1.052-
1.973) respectively. However, only Q4 showed an increased
risk of general obesity compared to Q1 for PBDE100, with
an OR of 1.368 and a 95% CI of 1.060-1.765. Conversely,
for PBDE209, the increased risk of general obesity was
found in Q2 (OR =1.352; 95% CI: 1.103-1.657), Q3
(OR = 1.382;95% CI: 1.105-1.729), and Q4 (OR = 1.343;
95% CI: 1.117-1.614) when compared to Q1 (Fig. 1).
When stratified by sex, associations were observed be-
tween serum BFRs and general obesity in men (PBB153;
PBDE47; PBDE100; PBDE154). However, we did not
observe meaningful results in females (Fig. 1). In addition,
regarding abdominal obesity, the top quartile of PBDE47,
PBDESS5, PBDEY9, PBDE100, and PBDE154 was found
to have a higher likelihood of abdominal obesity compared
to the lowest quartile. This association was represented by
OR and 95% CI of 1.43 (1.09-1.88), 1.59 (1.22-2.09),
1.48 (1.11-1.97), 1.48 (1.16-1.89) and 1.48 (1.14-1.94),
respectively, as shown in Fig. 2. When stratified by sex,
associations were observed between serum BFRs and
abdominal obesity in both men (PBDE28, PBDE47,
PBDES5, PBDE99, PBDE100, PBDE154) and women
(PBDESS5, PBDE100) (Fig. 2).

A significant nonlinear relationship was found between
general obesity and PBB153 (p-value for nonlinear =
0.022) and PBDE209 (p-value for nonlinear = 0.032), as
shown in Fig. S3. Additionally, Fig. S4 illustrated that
PBDE154 (p-value for nonlinear = 0.034) and PBDE209
(p-value for nonlinear = 0.040) demonstrated a consider-
able nonlinear correlation with abdominal obesity.

3.3. Association between co-exposure of serum
BFRs with obesity

Using a single BFR is insufficient to determine the impact
of exposure to a combination of BFRs on general and ab-
dominal obesity. Therefore, we have employed the WQS
regression and QGC models to examine how co-exposure
might impact the levels of serum BFRs. The study con-
ducted by QGC has found a positive correlation between
an increase in exposure to a mixture of all chemicals ex-
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Table 1 Baseline characteristics of the study population, NHANES 2009-2014 (N = 4110).

General obesity

Abdominal obesity

catalogs No Yes P-value No Yes P-value
Number of subjects (%)* 2570 (62.5) 1540 (37.5) 1777 (43.2) 2333 (56.8)

Gender (%)* <0.001 <0.001
Male 1334 (65.3) 708 (34.7) 1138 (55.7) 904 (44.3)

Female 1236 (59.8) 832 (40.2) 639 (30.9) 1429 (69.1)

Age (%)* 0.001 <0.001
20-40 years 931 (65.8) 484 (34.2) 787 (55.6) 628 (44.4)

40-60 years 802 (59.1) 555 (40.9) 546 (40.2) 811 (59.8)

>60 years 837 (62.6) 501 (37.4) 444 (33.2) 894 (66.8)

Race (%)* <0.001 <0.001
Mexican American 318 (56.2) 248 (43.8) 211 (37.3) 355 (62.7)

Other Hispanic 250 (60.1) 166 (39.9) 180 (43.3) 236 (56.7)
Non-Hispanic White 1173 (64.5) 647 (35.5) 744 (40.9) 1076 (59.1)
Non-Hispanic Black 444 (52.3) 405 (47.7) 331 (39.0) 518 (61.0)

Other race 385 (83.9) 74 (16.1) 311 (67.8) 148 (32.2)

Educational level (%)* <0.001 <0.001
Below high school 550 (58.4) 392 (41.6) 352 (37.4) 590 (62.6)

High school 556 (60.0) 371 (40.0) 387 (41.7) 540 (58.3)

Above high school 1464 (65.3) 777 (34.7) 1038 (46.3) 1203 (53.7)

Marital status (%)* 0.261 0.559
Married/living with partner 1544 (63.3) 897 (36.7) 1065 (43.6) 1376 (56.4)
Widowed/divorced/separated/never married 1026 (61.5) 643 (38.5) 712 (42.7) 957 (57.3)

Poverty income ratio (%)* 0.002 0.004
<13 813 (60.5) 531 (39.5) 547 (40.7) 797 (59.3)

1.3-3.5 909 (60.9) 583 (39.1) 632 (42.4) 860 (57.6)

>3.5 848 (66.6) 426 (33.4) 598 (46.9) 676 (63.1)

Body mass index (kg/m?), (mean (SD))" 24.99 (3.05) 35.87 (5.79) <0.001 24.15 (3.16) 32.81 (6.42) <0.001
Waist Circumference (cm), (mean (SD))" 90.21 (10.09) 114.52 (13.27) <0.001 86.46 (8.80) 109.11 (13.83) <0.001
Cotinine level (%)* 0.43 0.096
Below LLOD 735 (63.5) 422 (36.5) 476 (41.1) 681 (58.9)

Above LLOD 1835 (62.1) 1118 (37.9) 1301 (44.1) 1652 (55.9)

Alcohol consumption (%)* 0.027 <0.001
12 drinks or fewer 644 (59.7) 435 (40.3) 389 (36.1) 690 (63.9)

More than 12 drinks 1926 (63.5) 1105 (36.5) 1388 (45.8) 1643 (54.2)
Hypertension (%)* 741 (50.0) 741 (50.0) <0.001 416 (28.1) 1066 (71.9) <0.001
Diabetes (%)* 208 (40.1) 311 (59.9) <0.001 105 (20.2) 414 (79.8) <0.001

“Number of participants and percentage. Chi-square test was used to compare the differences of categorical variables between participants with and

without obesity.

"Mean value and standard deviation (SD). Student’s t-test was used to compare the differences of continuous variables between participants with and

without obesity.

Note: Individuals with a body mass index (BMI) of 30 kg/m? or more are classified as general obesity. Abdominal obesity is defined as a waist
circumference of 102 centimeters or more for men and 88 centimeters or more for women.

amined and the risk of general obesity (OR = 1.141, 95%
CI: 1.019-1.278, P < 0.05). Among the chemicals exam-
ined, PBDE85 (weight: 41%), PBDE100 (24%), and
PBB153 (23%) may be the most significant contributors
to general obesity risk. The findings obtained from QGC
and WQS consistently indicate potential risk factors. After
adjusting for all confounding factors, we analyzed the
combined impact of exposure mixtures on abdominal obe-
sity. The results showed that the QGC of mixture BFR
exposure positively correlated with abdominal prevalence
(OR =1.187, 95% CI: 1.056-1.334, P = 0.004). Notably,
PBDESS5 (52%), PBB153 (27%), and PBDE100 (21%) had
a significant impact, as shown in Fig. 3. The WQS regres-
sion results were consistent with the QGC findings, with
PBBS85 contributing the most. Both genders’ QGC and
WQS results are displayed in Fig. S5.

3.4. Markers of inflammation and oxidative stress-
mediated the association between BFRs and obesity
In this study, we conducted mediation analyses on all the
proposed inflammation and oxidative stress markers, with
each BFR and two obesity outcomes serving as the basis.
The main statistically significant results we found are pre-
sented in Fig. 4. Figures 4A, 4B, and 4C show the medi-
ating role of inflammatory and oxidative stress markers in
the relationship between BFRs and general obesity. The
three inflammatory and oxidative markers significantly
mediated the association between PBDES5, PBDE99, and
general obesity, with lymphatic cell (LC) and albumin
(ALB) accounting for 13.31%, 24.0 and 21.79% of the
association, respectively (P < 0.05). Meanwhile, we also
explored the intermediary effects of inflammation and ox-
idative stress markers on abdominal obesity under expo-



Table 2 Geometric means and quartiles of serum BFRs and mediator markers. NHANES 2009-2014 (N = 4110).
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Catalogs GM (95% CI)* Median (IQR)"
Serum BFRs (pg/g)
PBB153 14.216 (13.749,14.702) 14.910 (6.615,27.100)
PBDE28 6.898 (6.787,7.015) 6.987 (4.717,10.010)
PBDE47 122.405 (120.181,124.711) 118.600 (81.620,183.525)
PBDES5 2.339 (2.289,2.389) 2.210 (1.484,3.708)
PBDE99 23.582 (23.058,24.119) 22.130 (14.600,37.260)
PBDE100 24.962 (24.484,25.432) 23.760 (16.060,36.940)
PBDEI153 54.615 (53.464,55.757) 51.100 (34.260,82.960)
PBDEI154 2.218 (2.173,2.266) 2.148 (1.419,3.414)
PBDE209 15.907 (15.627,16.184) 15.230 (10.920,20.960)

Oxidative stress marker
Serum bilirubin (TBIL, umol/L)

Albumin (ALB, g/L)
Serum iron (SI, umol/L)

Markers of chronic inflammation
Alkaline phosphatase (ALP, U/L)

Absolute neutrophil cell count (ANC, 1000 cells/uL)
Lymphocyte count (LC, 1000 cells/uL)

11.151 (11.012,11.291)
42.447 (42.351,42.564)
14.025 (13.846,14.211)

64.477 (63.880,65.105)
3.906 (3.857,3.951)
2.008 (1.988,2.028)

11.970 (8.550,13.680)
43.000 (41.000,45.000)
14.300 (11.100,18.600)

64.000 (53.000,79.000)
3.900 (3.100,5.000)
2.000 (1.600,2.500)

Note: PBB153: 2,2',4,4',5,5'-Hexabromobiphenyl; PBDE28: 2.4,4'-Tribromodiphenyl ether; PBDE47: 2,2’ .4, 4'-Tetrabromodiphenyl ether; PBDESS5:
2,2',3.4,4'-Tentabromodiphenyl ether; PBDE99: 2,2",.4,4' 5-Pentabromodiphenyl ether; PBDE100: 2,2",.4,4',6-Pentabromodiphenyl ether; PBDE153:
2,2'.4.4'.5,5'-Hexabromodiphenyl ether; PBDE154: 2,24, 4'5,6'-Hexabromodiphenyl ether; PBDE209: Decabromodiphenyl ether. *G-Mean (95%).

"Median (25th, 75th percentiles).
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Fig. 1 Weighted odds ratios (95% Cls) for general obesity by serum BFRs quartiles in participants.

The squares and horizontal line represent for the ORs and 95% Cls. All of the models are adjusted for demographic characteristics (gender,
age, race, educational levels, marital status and PIR), lifestyle (cotinine levels and alcohol consumption) and self-reported of hypertension
and diabetes conditions.



7 of 13

BFRs (pg/g)

PBB153 P-trend P-trend Ptrend
Q1 "
& ", <0.001 <0.001 <0.001
Q4 —_

PBDE28
QI [}
S i <0.001 <0.001 <0.001
Q4 — 1

PBDE47
QL
o i <0.001 <0.001 0.003
Q4 —

PBDESS
Q1 | |
& -, <0.001 <0.001 0.001
Q4 ——

PBDESY
Q1 | ]
& - <0.001 <0.001 <0.001
Q4 I —"

PBDE100
Ql [}
e . <0.001 <0.001 <0.001
Q4 —a—

PBDE153
Q1 | |
o o 0.054 0.864 0.617
Q1 ——

PBDE154
Ql [ ]
o A B <0.001 <0.001 0.003
Q4 —a—

PBDE209
QL ]
& - 0318 0.692 0.006
Q4 —i—

r T T 1 I T T T 1 r T T T 1
0 1 2 3 0 1 2 3 4 0 1 2 3 4

Adjusted OR of Abdominal Obesity in Total Participants

Adjusted OR of Abdominal Obesity in the Males

Adjusted OR of Abdominal Obesity in the Females

Fig. 2 Weighted odds ratios (95% Cls) for abdominal obesity by serum BFRs quartiles in participants.
The squares and horizontal line represent for the ORs and 95% Cls. All of the models are adjusted for demographic characteristics (gender,
age, race, educational levels, marital status and PIR), lifestyle (cotinine levels and alcohol consumption) and self-reported of hypertension

and diabetes conditions.

sure to BFRs. Figures 4D, 4E, 4F, LC, and ALB ex-
plained 10.32%, 23.82%, and 24.00% of the association,
respectively.

3.5. Sensitivity analysis

The trend analysis using the BKMR model showed a nota-
ble increase in both general and abdominal obesity with
increasing mixture concentrations. Figures S6A and S6D
demonstrate that the trend was more noticeable when se-
rum BFR concentrations were at their 60th to 75th percen-
tile as compared to their 50th percentile. We can observe
the univariate exposure-response functions (95% CI) be-
tween BFRs and the risk of general or abdominal obesity
in Fig. S6C and Fig. S6F. These functions were obtained
while maintaining the concentrations of the other eight
serum BFRs at the median. Figure S7A and Fig. S7B
reveal the Posterior inclusion probabilities (PIPs) of each
BFR for general obesity or abdominal obesity in the total
survey population.

4. Discussion

The associations were analyzed between BFRs and general
obesity or abdominal obesity, which included 4110 US
people aged 20 or older. Our research demonstrated that

exposure to BFRs is linked to a higher risk of obesity.
Specifically, we employed linear regression models to es-
tablish a connection between certain varieties of BFRs and
obesity. Two distinct mixture analysis models, the WQS
regression and the QGC models, were used to show a
correlation between mixed exposure to BFRs and obesity.
Furthermore, our mediation analysis indicated that partic-
ular inflammation and oxidative stress markers partially
mediated the association between BFRs and obesity. Ac-
tually, inflammation and oxidative have been reported to
be involved in most other diseases [41-43]. Moreover,
the above two mechanisms also widely participated in
pollutant-mediated toxicity [44—46].

Several scientists have also investigated the relationship
between exposure to BFRs and adverse human health ef-
fects. A review indicates increasing evidence of a positive
correlation between pollutants and human obesity [47]. A
cross-sectional analysis of the US population indicated that
individuals and a mixture of BFRs were positively asso-
ciated with COPD [48]. Che et al. conducted a cross-
sectional study and found that higher exposure to overall
BFRs is associated with an increased risk of MetS and its
components [3]. Meanwhile, Using the QGC model and
WQS regression on NHANES data, Han et al. found a
positive association between BFR exposure and markers
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Fig. 3 Association of serum BFRs mixture with obesity risk via QGC and WQS regression.

The analysis was conducted using quantile-based g-computation (QGC) in the first step, followed by weighted quantile sum (WQS)
regression in the second step after excluding exposure factors with negative weights. (A) Results of general obesity as an outcome.
(B) Results of abdominal obesity as an outcome. All of the models are adjusted for demographic characteristics (gender, age, race,
educational levels, marital status and PIR) and lifestyle (cotinine levels and alcohol consumption).

of oxidative stress [36]. In addition, The NHANES study
found that both individual and mixed organophosphate
flame retardants (OPFRs) are linked to hyperuricemia,
with inflammation playing a significant role [49]. How-
ever, further study is required to investigate the direct
relationship between population exposure to BFRs and
obesity. In line with our findings in large populations,
in vitro and in vivo studies also suggest a possible asso-
ciation between exposure to brominated flame retardants
and adipogenesis or weight gain. In vitro, Short- and long-
term exposure of a pre-adipocyte (3T3-L1) cell line and a
hepatocyte (HepG2) cell line to novel brominated flame
retardants (NBFRs) has been found to increase the risk of

metabolic dysfunction in adipose tissue and affect liver
metabolism [7]. Studies conducted in vivo have demon-
strated that male progeny exhibit adipocyte hypertrophy
and an augmented rate of weight gain in the epididymal
white adipose tissue (eWAT) under the influence of envi-
ronmentally relevant doses of pentabromoethylbenzene
(PBEB) when maternal mice are subjected to it [50].

On the one hand, in a study on occupational exposure to
BFRs among chemical manufacturing workers, significant
positive correlations were found between exposure levels
of BFRs (particularly BDE-209) in biological samples and
the levels of biomarkers such as total bilirubin, indirect
bilirubin, and albumin/globulin [51]. An animal study on
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Fig. 4 Mediating effect of oxidative stress and inflammation on BFRs exposure and obesity risk.

Oxidative stress markers: (B), (C), (E) and (F) albumin (ALB). Inflammation markers: (A) and (D) lymphocyte count (LC). ACME: average
causal mediation effect, ADE: average direct effect. All of the models are adjusted for demographic characteristics (gender, age, race,
educational levels, marital status and PIR), lifestyle (cotinine levels and alcohol consumption) and self-reported of hypertension and
diabetes conditions. Abbreviations: TE, Total Effect; GO, General Obesity; AO, Abdominal Obesity.

rats exposed to BFRs during gestation and early develop-
mental stages found that serum alkaline phosphatase levels
were altered following exposure [52]. On the other hand,
in two separate in vivo experiments conducted on mice
and zebrafish involving exposure to various BFRs, ele-
vated levels of the oxidative stress marker malondialde-
hyde (MDA) were observed, inducing oxidative damage
[53, 54]. In another animal study involving rats, exposure
to BFRs was found to strongly induce the production of
8-hydroxy-2’-deoxyguanosine (8-OHdG), a biomarker of

oxidative damage [55]. Regarding the correlation between
inflammation and oxidative stress with obesity, studies
have indicated that biomarkers of inflammation or oxida-
tive stress are consistently associated with the risk of obe-
sity and obesity-related diseases [56, 57]. These findings
suggest that exposure to BFRs is likely to induce altera-
tions in oxidative stress status and inflammatory levels,
and that changes in these biomarker levels may play a
pivotal role in the onset and progression of obesity [58,
59]. Based on the mediation analysis results of this study,



it is plausible to hypothesize that oxidative stress and in-
flammation partially mediate the association between
BFRs and population-level obesity, thereby offering mech-
anistic clues for subsequent investigations. At the same
time, limited by the cross-sectional study design and data
from the NHANES database, the research could not in-
clude more direct biomarkers such as MDA and 8-OHdG.
In the future, we will further explore the impact of BFR
exposure on obesity and clarify the roles of inflammation
and oxidative stress by combining population-based find-
ings with in vivo and in vitro experiments.

Certain BFRs, notably Polybrominated Diphenyl Ethers
(PBDEs), have been demonstrated to accumulate in fat due
to their lipophilicity [60]. Previous studies have shown that
PBDEs can induce differentiation of 3T3-L1 cells into
adipocytes by increasing IL-18 expression and decreasing
PGC-la and adiponectin expression [7, 61]. This study
reveals the mediating role of inflammation-based markers
and oxidative stress markers in the association between
BFRs and the risk of obesity, which provides us with new
ideas for exploring the mechanism. Firstly, an animal ex-
periment found that PBDE may cause a decrease in 3-
indolepropionic acid (3-IPA), which disrupts glucose and
insulin signaling [62]. A substance called 3-IPA, which is
a byproduct of tryptophan, is generated by bacteria in the
intestines. This substance is strongly associated with the
diet and has been demonstrated to prevent the synthesis of
lipids in the liver and the production of inflammatory
molecules [63]. An animal cohort experiment found that
rats exposed to toxins and treated with IPA experienced
a significant reduction in toxic-induced oxidative stress
and pro-inflammatory responses. The experimental results
show that co-treatment with IPA reversed chlorpyrifos
(CPF) downregulation of Superoxide Dismutase (SOD),
Glutathione Peroxidase (GPx), Glutathione S Transferase
(GST) and (Reduced glutathione) GSH and decreased CPF
upregulation of IL-18 (inflammation marker) [64]. Mean-
while, similar indoles can shield testes against lipid autox-
idation and iron-triggered lipid peroxidation at therapeutic
levels [65]. Secondly, a proposal put forward by a review
is that obesity and inflammation are connected through gut
microbes, suggesting that the lipopolysaccharide (LPS)
produced by bacteria in the gut may lead to a subclinical
inflammatory process and obesity [66]. A study conducted
on animals showed that mice that received a constant sub-
cutaneous injection of LPS over four weeks exhibited
weight gain in their total body, liver, and adipose tissue
similar to that of mice fed a high-fat diet [67]. So elevated
plasma levels of LPS, due to increased intestinal perme-
ability and a high-fat diet, contribute to the development of
obesity and associated early inflammation [68]. Further-
more, in studies of Non-alcoholic fatty liver disease
(NAFLD), there is evidence that LPS may be an inducer
of oxidative stress activation in patients [69]. Given the
unclear in vivo metabolism mechanism of BFRs, it is hy-
pothesized that excessive exposure to BFRs may affect
in vivo metabolism and lead to Intestinal disorders. Fur-
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ther work with experimental validation should be carried
out to explore the underlying mechanism despite the evi-
dence provided in this study.

The development of diseases often depends on the in-
teraction and cooperation of mixed environmental pollu-
tants. Thus, we focused on the combined effects of BFRs
using the WQS, QGC, and BKMR models in addition to
the univariate analyses. Previous studies have been limited
by the traditional analytical strategy of modeling one
chemical at a time or simply summing for all chemicals
of interest. WQS regression and g-computation are com-
bined in QGC to provide inferential simplicity and flexi-
bility [37]. Given the potential for complex and nonlinear
effects of exposures on health, we also utilized the BKMR
model to identify the specific mixture components that
have a negative impact on health. The analyses showed
essentially consistent results across the models. The WQS
models found that PBDESS5 had the highest weight among
all the chemicals, while the BKMR identified PBB153 as
having the highest PIPs.

We observed gender differences in the distribution of
BFRs in human serum, with higher serum levels of BFRs
in males than in females. In vivo metabolism of PBDEs
may produce stronger pseudoestrogens, as suggested by
in vitro experiments [70]. Meanwhile, the antagonistic ac-
tivity of NBFRs against the oestrogen receptor has been
confirmed by in vitro experiments [71]. In addition, a
study comparing the concentration of BFRs in the hair of
men and women suggests that differences in exposure may
be due to the amount of time spent in indoor environments
[72]. These characteristics may account for gender differ-
ences, particularly in women.

We have a few significant advantages in our study. First,
the NHANES offers a considerable and well-structured
sample that is a good representation, guaranteeing that the
results are valid and relevant to a larger audience. Second,
three robust models, WQS, QGC, and BKMR, were used to
investigate the independent and joint effects of BFR mix-
tures and their outcomes, with a focus on gender differ-
ences. Finally, this study also examines the impact of BFRs
on two types of obesity, as well as their mechanisms of
action in obesity, whose findings offer support for the cre-
ation of health protection measures against BFRs. While
our research has various advantages, it also has some draw-
backs that we must recognize. Initially, the current study’s
cross-sectional design constrains our capacity to determine
causality. Consequently, additional prospective research is
required. Secondly, the analyzed data does not reflect re-
cent human exposure to BFRs, as the NHANES database
no longer collects data related to BFRs after 2016. Mean-
while, it is generally believed that the Reactive Oxygen
Species (ROS) level is a well-recognized marker of oxida-
tive stress, and some indicators (such as Tumor Necrosis
Factor-alpha (TNF-«), Interleukin-6 (IL-6), etc.) are also
commonly considered to be able to well reflect the body’s
inflammation level [73]. However, limited by the types of
data in the NHANES database, we can only select, based on



previous studies, some widely-recognized inflammation
markers (such as alkaline phosphatase and lymphocyte
count) and oxidative stress markers (such as serum biliru-
bin and albumin) for which the NHANES database can
provide data to include in our mediation analysis. Thirdly,
even with multiple interpolations, lower BPF detection
rates may still lead to uncertainty in composite exposure
models. Finally, in our study, we controlled for many fac-
tors, but potential confounders still remained.

5. Conclusion

Our study concluded that there is a correlation between
exposure to BFRs and obesity. The risk of obesity in-
creases with higher exposure to overall BFRs. The sig-
nificant chemicals identified for obesity are PBB153,
PBDE100, and PBDESS5. At the same time, our study
highlights an association between BFRs and inflammation
and oxidative stress markers, such as lymphocyte and al-
bumin, which may explain BFRs link to obesity. Addi-
tional prospective cohort studies and in-depth mechanistic
exploratory studies are required to comprehend the impact
of BFRs on obesity and to investigate the causality and
precise mechanisms involved. Our results could increase
public knowledge about avoiding exposure to BFRs and
encourage the exploration of safer alternatives that priori-
tize human health.

Supplementary information

The online version contains supplementary material available at https://doi.org/
10.1265/ehpm.24-00328.

Additional file 1: Fig. S1. Flow diagram for selecting eligible participants
from NHANES. Fig. S2. Pearson correlation coefficients between serum
BFRs. Fig. S3. The continuous relationship of serum BFRs levels associ-
ated with general obesity based on RCS analysis. Fig. S4. The continuous
relationship of serum BFRs levels associated with abdominal obesity based
on RCS analysis. Fig. S5. Association between In-transformed serum BFRs
mixture and the risk of general obesity and abdominal obesity in male and
female participants, as assessed via quantile-based g-computation (first
step) and weighted quantile sum regression (second step after exclusion of
exposure factors with negative weights). Fig. S6. Association of obesity with
BFRs estimated by Bayesian Kernel Machine Regression (BKMR) in partici-
pants. Fig. S7. Posterior inclusion probabilities (PIPs) of each BFR for out-
come, using the Bayesian kernel machine regression (BKMR) model. Table
S1. Detection rates of serum BFRs. NHANES 2009-2014 (N = 4110). Table
$2. Population characteristics by general obesity and sex in adults,
NHANES 2009-2014. Table S3. Population characteristics by abdominal
obesity and sex in adults, NHANES 2009-2014. Table S4. Difference in
arithmetic mean of serum BFRs between male and female. NHANES
2009-2014 (N = 4110).

Declarations

Acknowledgements
Not applicable.

Author contributions

YF, YLC, XDW, and XHW carried out the study and hold the main responsibility
for writing the manuscript. JLR, DNZ, and HTC were responsible for the
management and refrieval of data. XKW, JXY and XYZ drafted parts of the
paper, supervised the data analysis and revised the manuscript. All authors read
and approved the final manuscript.

11 of 13

Funding

This work was supported by the National Natural Science Foundation of
China (GrantNo.82173554), Nantong Jiangsu Scientific Research Project
(No.MS22022081).

Availability of data and materials
Data will be made available on request.

Competing interests

The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in
this paper.

Ethics approval and consent to participate

Al methods were carried out in accordance with relevant guidelines and
regulations. The Research Ethics Review Board (ERB) of the US National
Center for Healthcare Statistics (NCHS) authorized the 2009-2014 NHANES
(protocol number: continuation of protocol #2005-06, protocol #2011-17, and
continuation of protocol #2011-17) (see details at https://www.cdc.gov/nchs/
nhanes/irbad8.htm). Before initiating data collection and the NHANES physical
examinations, all participants provided written informed consent.

Consent for publication
Not applicable.

Received: 8 October 2024, Accepted: 9 April 2025
Published online: 10 May 2025

References

1. de Boer J, Harrad S, Sharkey M. The European Regulatory Strategy for
flame retardants - The right direction but still a risk of getting lost.
Chemosphere. 2024;347:140638. https://doi.org/10.1016/j.chemosphere.
2023.140638.

2. Schreder E, Zheng G, Sathyanarayana S, Gunaje N, Hu M, Salamova A.
Brominated flame retardants in breast milk from the United States: First
detection of bromophenols in U.S. breast milk. Environ Pollut. 2023;334:
122028. https://doi.org/10.1016/j.envpol.2023.122028.

3. Che Z, Jia H, Chen R, Pan K, Fan Z, Su C, et al. Associations between
exposure to brominated flame retardants and metabolic syndrome and its
components in U.S. adults. Sci Total Environ. 2023;858:159935. https://doi.
org/10.1016/j.scitotenv.2022.159935.

4. Lyche JL, Rosseland C, Berge G, Polder A. Human health risk associated
with brominated flame-retardants (BFRs). Environ Int. 2015;74:170-80.
https://doi.org/10.1016/j.envint.2014.09.006.

5. Cong Y, Hong Y, Wang D, Cheng P, Wang Z, Xing C, et al. 2,3,7,8-
Tetrachlorodibenzo-p-dioxin induces liver lipid metabolism disorder via
the ROS/AMPK/CD36 signaling pathway. Toxicol Sci. 2023;191:276-84.
https://doi.org/10.1093/toxscilkfac133.

6. Hoppe AA, Carey GB. Polybrominated diphenyl ethers as endocrine
disruptors of adipocyte metabolism. Obesity (Silver Spring). 2007;15:
2942-50. https://doi.org/10.1038/0by.2007.351.

7. Maia ML, Sousa S, Pestana D, Faria A, Teixeira D, Delerue-Matos C, et al.
Impact of brominated flame retardants on lipid metabolism: An in vitro
approach. Environ Pollut. 2022;294:118639. https://doi.org/10.1016/
j.envpol.2021.118639.

8. Liang S, Xu F, Tang W, Zhang Z, Zhang W, Liu L, et al. Brominated flame
retardants in the hair and serum samples from an e-waste recycling area in
southeastern China: the possibility of using hair for biomonitoring. Environ
Sci Pollut Res Int. 2016;23:14889-97. https://doi.org/10.1007/s11356-016-
6491-x.

9. YuG,BuQ, CaoZ Du X, XiaJ, Wu M, et al. Brominated flame retardants
(BFRs): A review on environmental contamination in China. Chemosphere.
2016;150:479-90. https://doi.org/10.1016/j.chemosphere.2015.12.034.

10. Zhao X, Chen T, Yang B, Wang D, Sun W, Wang Y, et al. Serum levels of
novel brominated flame retardants (NBFRs) in residents of a major BFR-
producing region: Occurrence, impact factors and the relationship to thyroid
and liver function. Ecotoxicol Environ Saf. 2021;208:111467. https://doi.org/
10.1016/j.ecoenv.2020.111467.


https://doi.org/10.1265/ehpm.24-00328
https://doi.org/10.1265/ehpm.24-00328
https://www.cdc.gov/nchs/nhanes/irba98.htm
https://www.cdc.gov/nchs/nhanes/irba98.htm
https://doi.org/10.1016/j.chemosphere.2023.140638
https://doi.org/10.1016/j.chemosphere.2023.140638
https://doi.org/10.1016/j.envpol.2023.122028
https://doi.org/10.1016/j.scitotenv.2022.159935
https://doi.org/10.1016/j.scitotenv.2022.159935
https://doi.org/10.1016/j.envint.2014.09.006
https://doi.org/10.1093/toxsci/kfac133
https://doi.org/10.1038/oby.2007.351
https://doi.org/10.1016/j.envpol.2021.118639
https://doi.org/10.1016/j.envpol.2021.118639
https://doi.org/10.1007/s11356-016-6491-x
https://doi.org/10.1007/s11356-016-6491-x
https://doi.org/10.1016/j.chemosphere.2015.12.034
https://doi.org/10.1016/j.ecoenv.2020.111467
https://doi.org/10.1016/j.ecoenv.2020.111467

1.

17.

18.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Lyall K, Croen LA, Weiss LA, Kharrazi M, Traglia M, Delorenze GN, et al.
Prenatal Serum Concentrations of Brominated Flame Retardants and
Autism Spectrum Disorder and Intellectual Disability in the Early Markers
of Autism Study: A Population-Based Case-Control Study in California.
Environ Health Perspect. 2017;125:087023. https://doi.org/10.1289/
ehp1079.

Hales BF, Robaire B. Effects of brominated and organophosphate ester
flame retardants on male reproduction. Andrology. 2020;8:915-23. https://
doi.org/10.1111/andr.12789.

Alimu A, Abudureman H, Wang YZ, Li MY, Wang JS, Liu ZL. Deca-
bromodiphenyl ether causes insulin resistance and glucose and lipid
metabolism disorders in mice. World J Diabetes. 2021;12:1267-81.
https://doi.org/10.4239/wjd.v12.i8.1267.

WHO. Obesity and overweight. https://www.who.int/news-room/fact-sheets/
detail/obesity-and-overweight.

Wang X, Duan C, Li Y, Lu H, Guo K, Ge X, et al. Sodium butyrate reduces
overnutrition-induced microglial activation and hypothalamic inflammation.
Int Immunopharmacol. 2022;111:109083. https://doi.org/10.1016/j.intimp.
2022.109083.

Caballero B. Humans against Obesity: Who Will Win? Adv Nutr. 2019;10:
S4-9. https://doi.org/10.1093/advances/nmy055.

CDC. Adult Obesity Facts. https://www.cdc.gov/obesity/data/adult.html.
Afshin A, Forouzanfar MH, Reitsma MB, Sur P, Estep K, Lee A, et al.
Health Effects of Overweight and Obesity in 195 Countries over 25 Years.
N Engl J Med. 2017;377:13-27. https://doi.org/10.1056/NEJMoa1614362.
Xue H, Li P, Luo Y, Wu C, Liu Y, Qin X, et al. Salidroside stimulates
the Sirt1/PGC-1a axis and ameliorates diabetic nephropathy in mice.
Phytomedicine. 2019;54:240-7. https://doi.org/10.1016/j.phymed.2018.10.
031.

Liu AN, Xu CF, Liu YR, Sun DQ, Jiang L, Tang LJ, et al. Secondary bile
acids improve risk prediction for non-invasive identification of mild liver
fibrosis in nonalcoholic fatty liver disease. Aliment Pharmacol Ther. 2023;
57:872-85. https://doi.org/10.1111/apt.17362.

Lu S, Zhao H, Zhou Y, Xu F. Curcumin Affects Leptin-Induced Expression
of Methionine Adenosyltransferase 2A in Hepatic Stellate Cells by Inhibition
of JNK Signaling. Pharmacology. 2021;106:426-34. https://doi.org/10.1159/
000516892.

Wu HD, Yang LW, Deng DY, Jiang RN, Song ZK, Zhou LT. The effects of
brominated flame retardants (BFRs) on pro-atherosclerosis mechanisms.
Ecotoxicol Environ Saf. 2023;262:115325. https://doi.org/10.1016/j.ecoenv.
2023.115325.

Saltiel AR, Olefsky JM. Inflammatory mechanisms linking obesity and
metabolic disease. J Clin Invest. 2017;127:1-4. https://doi.org/10.1172/
jci92035.

Jakubiak GK, Osadnik K, Lejawa M, Kasperczyk S, Osadnik T, Pawlas N.
Oxidative Stress in Association with Metabolic Health and Obesity in Young
Adults. Oxid Med Cell Longev. 2021;2021:9987352. https://doi.org/10.1155/
2021/9987352.

Maddela NR, Venkateswarlu K, Kakarla D, Megharaj M. Inevitable human
exposure to emissions of polybrominated diphenyl ethers: A perspective on
potential health risks. Environ Pollut. 2020;266:115240. https://doi.org/10.
1016/j.envpol.2020.115240.

CDC. Adult Obesity Prevalence Maps. https://www.cdc.gov/obesity/data-
and-statistics/adult-obesity-prevalence-maps.html.

Zhang Y, Wang X, Yang X, Hu Q, Chawla K, Hang B, et al. Chemical
mixture exposure patterns and obesity among U.S. adults in NHANES
2005-2012. Ecotoxicol Environ Saf. 2022;248:114309. https://doi.org/10.
1016/j.ecoenv.2022.114309.

NHANES: 2009-2010 Data Documentation, Codebook, and Frequencies.
https://wwwn.cdc.gov/Nchs/Nhanes/2009-2010/BFRPOL _F.htm.

Zhang Y, Dong T, Hu W, Wang X, Xu B, Lin Z, et al. Association between
exposure to a mixture of phenols, pesticides, and phthalates and obesity:
Comparison of three statistical models. Environ Int. 2019;123:325-36.
https://doi.org/10.1016/j.envint.2018.11.076.

Omoike OE, Pack RP, Mamudu HM, Liu Y, Strasser S, Zheng S, et al.
Association between per and polyfluoroalkyl substances and markers of
inflammation and oxidative stress. Environ Res. 2021;196:110361. https:/
doi.org/10.1016/j.envres.2020.110361.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4,

45.

46.

47.

12 of 13

. Zhou R, Zhang L, Sun Y, Yan J, Jiang H. Association of urinary bisphenols

with oxidative stress and inflammatory markers and their role in obesity.
Ecotoxicol Environ Saf. 2023;266:115546. https://doi.org/10.1016/j.ecoenv.
2023.115546.

Ding Y, Xu X. Dose-response relationship between leisure-time physical
activity and biomarkers of inflammation and oxidative stress in overweight/
obese populations. J Sci Med Sport. 2023;26:616-21. https://doi.org/10.
1016/j.jsams.2023.09.010.

He H, Sun Z, Chen X, Tao X, Tao M, Dong D, et al. Exposure to volatile
organic compounds and suicidal ideation: Insights from a U.S. population-
based study. J Affect Disord. 2025;379:194-203. https://doi.org/10.1016/
jjad.2025.03.049.

Cheng Y, Su J, Wang X, Huang R, Zhao Z, Tian K, et al. Associations
between brominated flame retardants exposure and non-alcoholic fatty liver
disease: Mediation analysis in the NHANES. Ecotoxicol Environ Saf. 2025;
290:117762. https://doi.org/10.1016/j.ecoenv.2025.117762.

Zhang C, Ren W, Li M, Wang W, Sun C, Liu L, et al. Association Between
the Children’s Dietary Inflammatory Index (C-DIl) and Markers of Inflam-
mation and Oxidative Stress Among Children and Adolescents: NHANES
2015-2018. Front Nutr. 2022;9:894966. https://doi.org/10.3389/fnut.2022.
894966.

Han L, Wang Q. Association between brominated flame retardants
exposure and markers of oxidative stress in US adults: An analysis based
on the National Health and Nutriion Examination Survey 2007-2016.
Ecotoxicol Environ Saf. 2023;263:115253. https://doi.org/10.1016/.ecoenv.
2023.115253.

Keil AP, Buckley JP, O'Brien KM, Ferguson KK, Zhao S, White AJ. A
Quantile-Based g-Computation Approach to Addressing the Effects of
Exposure Mixtures. Environ Health Perspect. 2020;128:47004. https://doi.
org/10.1289/ehp5838.

Zhang D, Liu X, Xiao Q, Han L, Yang J, Li X, et al. Co-Exposure to
Bisphenols, Parabens, and Antimicrobials and Association with Coronary
Heart Disease: Oxidative Stress as a Potential Mediating Factor? Environ
Sci Technol. 2023;57:531-8. https://doi.org/10.1021/acs.est.2c06488.
Zhao Z, Zhang C, Li Y, Liu J, Wang L, Wang X et al. Association between
exposure to brominated flame retardants and atherosclerosis: Evidence for
inflammatory status as a potential mediator. Sci Total Environ. 2025;967:
178822. https://doi.org/10.1016/j.scitotenv.2025.178822.

Bobb JF, Valeri L, Claus Henn B, Christiani DC, Wright RO, Mazumdar M,
et al. Bayesian kernel machine regression for estimating the health effects
of multi-pollutant mixtures. Biostatistics. 2015;16:493-508. https://doi.org/
10.1093/biostatistics/kxu058.

Tu'Y, Song E, Wang Z, Ji N, Zhu L, Wang K, et al. Melatonin attenuates
oxidative stress and inflammation of Miiller cells in diabetic retinopathy via
activating the Sirt1 pathway. Biomed Pharmacother. 2021;137:111274.
https://doi.org/10.1016/j.biopha.2021.111274.

Huang Z, Fang Q, Ma W, Zhang Q, Qiu J, Gu X, et al. Skeletal Muscle
Atrophy Was Alleviated by Salidroside Through Suppressing Oxidative
Stress and Inflammation During Denervation. Front Pharmacol. 2019;10:
997. https://doi.org/10.3389/fphar.2019.00997.

Mahaman YAR, Huang F, Kessete Afewerky H, Maibouge TMS, Ghose B,
Wang X. Involvement of calpain in the neuropathogenesis of Alzheimer’s
disease. Med Res Rev. 2019;39:608-30. https://doi.org/10.1002/med.
21534.

Zheng Y, Ding W, Zhang T, Zhao Z, Wang R, Li Z, et al. Antimony-induced
astrocyte activation via mitogen-activated protein kinase activation-
dependent CREB phosphorylation. Toxicol Lett. 2021;352:9-16. https://
doi.org/10.1016/}.toxlet.2021.09.006.

Wang K, Qiu L, Zhu J, Sun Q, Qu W, Yu Y, et al. Environmental
contaminant BPA causes intestinal damage by disrupting cellular repair
and injury homeostasis in vivo and in vitro. Biomed Pharmacother. 2021;
137:111270. https://doi.org/10.1016/j.biopha.2021.111270.

Qiu L, Wang H, Dong T, Huang J, Li T, Ren H, et al. Perfluorooctane
sulfonate (PFOS) disrupts testosterone biosynthesis via CREB/CRTC2/
StAR signaling pathway in Leydig cells. Toxicology. 2021;449:152663.
https://doi.org/10.1016/j.tox.2020.152663.

Wang Y, Hollis-Hansen K, Ren X, Qiu Y, Qu W. Do environmental pollutants
increase obesity risk in humans? Obes Rev. 2016;17:1179-97. https://doi.


https://doi.org/10.1289/ehp1079
https://doi.org/10.1289/ehp1079
https://doi.org/10.1111/andr.12789
https://doi.org/10.1111/andr.12789
https://doi.org/10.4239/wjd.v12.i8.1267
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://doi.org/10.1016/j.intimp.2022.109083
https://doi.org/10.1016/j.intimp.2022.109083
https://doi.org/10.1093/advances/nmy055
https://www.cdc.gov/obesity/data/adult.html
https://doi.org/10.1056/NEJMoa1614362
https://doi.org/10.1016/j.phymed.2018.10.031
https://doi.org/10.1016/j.phymed.2018.10.031
https://doi.org/10.1111/apt.17362
https://doi.org/10.1159/000516892
https://doi.org/10.1159/000516892
https://doi.org/10.1016/j.ecoenv.2023.115325
https://doi.org/10.1016/j.ecoenv.2023.115325
https://doi.org/10.1172/jci92035
https://doi.org/10.1172/jci92035
https://doi.org/10.1155/2021/9987352
https://doi.org/10.1155/2021/9987352
https://doi.org/10.1016/j.envpol.2020.115240
https://doi.org/10.1016/j.envpol.2020.115240
https://www.cdc.gov/obesity/data-and-statistics/adult-obesity-prevalence-maps.html
https://www.cdc.gov/obesity/data-and-statistics/adult-obesity-prevalence-maps.html
https://doi.org/10.1016/j.ecoenv.2022.114309
https://doi.org/10.1016/j.ecoenv.2022.114309
https://wwwn.cdc.gov/Nchs/Nhanes/2009-2010/BFRPOL_F.htm
https://doi.org/10.1016/j.envint.2018.11.076
https://doi.org/10.1016/j.envres.2020.110361
https://doi.org/10.1016/j.envres.2020.110361
https://doi.org/10.1016/j.ecoenv.2023.115546
https://doi.org/10.1016/j.ecoenv.2023.115546
https://doi.org/10.1016/j.jsams.2023.09.010
https://doi.org/10.1016/j.jsams.2023.09.010
https://doi.org/10.1016/j.jad.2025.03.049
https://doi.org/10.1016/j.jad.2025.03.049
https://doi.org/10.1016/j.ecoenv.2025.117762
https://doi.org/10.3389/fnut.2022.894966
https://doi.org/10.3389/fnut.2022.894966
https://doi.org/10.1016/j.ecoenv.2023.115253
https://doi.org/10.1016/j.ecoenv.2023.115253
https://doi.org/10.1289/ehp5838
https://doi.org/10.1289/ehp5838
https://doi.org/10.1021/acs.est.2c06488
https://doi.org/10.1016/j.scitotenv.2025.178822
https://doi.org/10.1093/biostatistics/kxu058
https://doi.org/10.1093/biostatistics/kxu058
https://doi.org/10.1016/j.biopha.2021.111274
https://doi.org/10.3389/fphar.2019.00997
https://doi.org/10.1002/med.21534
https://doi.org/10.1002/med.21534
https://doi.org/10.1016/j.toxlet.2021.09.006
https://doi.org/10.1016/j.toxlet.2021.09.006
https://doi.org/10.1016/j.biopha.2021.111270
https://doi.org/10.1016/j.tox.2020.152663
https://doi.org/10.1111/obr.12463

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

org/10.1111/obr.12463.

Han L, Wang Q. Associations of brominated flame retardants exposure with
chronic obstructive pulmonary disease: A US population-based cross-
sectional analysis. Front Public Health. 2023;11:1138811. https://doi.org/
10.3389/fpubh.2023.1138811.

Tan Y, Fu Y, Yao H, Li H, Wu X, Guo Z, et al. The relationship of
organophosphate flame retardants with hyperuricemia and gout via the
inflammatory response: An integrated approach. Sci Total Environ. 2024;
908:168169. https://doi.org/10.1016/).scitotenv.2023.168169.

Xu M, Wang W, Feng J, Ruan Z, Le Y, Liu Y, et al. The mechanism
underlying pentabromoethylbenzene-induced adipogenesis and the obeso-
genic outcome in both cell and mouse model. Environ Int. 2023;178:
108088. https://doi.org/10.1016/j.envint.2023.108088.

Zhao X, Chen T, Wang D, Du Y, Wang Y, Zhu W, et al. Polybrominated
diphenyl ethers and decabromodiphenyl ethane in paired hair/serum and
nail/serum from corresponding chemical manufacturing workers and their
correlations to thyroid hormones, liver and kidney injury markers. Sci Total
Environ. 2020;729:139049. https://doi.org/10.1016/j.scitotenv.2020.139049.
Tung EW, Yan H, Lefevre PL, Berger RG, Rawn DF, Gaertner DW, et al.
Gestational and Early Postnatal Exposure to an Environmentally Relevant
Mixture of Brominated Flame Retardants: General Toxicity and Skeletal
Variations. Birth Defects Res B Dev Reprod Toxicol. 2016;107:157-68.
https://doi.org/10.1002/bdrb.21180.

Shi X, Wu R, Wang X, Huang W, Zheng S, Zhang Q, et al. Effects of 2,2’ 4,
4'-tetrabromodiphenyl ether (BDE-47) on reproductive and endocrine
function in female zebrafish (Danio rerio). Ecotoxicol Environ Saf. 2022;
248:114326. https://doi.org/10.1016/j.ecoenv.2022.114326.

Wang J, Dai GD. Comparative Effects of Brominated Flame Retardants
BDE-209, TBBPA, and HBCD on Neurotoxicity in Mice. Chem Res Toxicol.
2022;35:1512-8. https://doi.org/10.1021/acs.chemrestox.2c00126.

Choi JS, Lee YJ, Kim TH, Lim HJ, Ahn MY, Kwack SJ, et al. Molecular
Mechanism of Tetrabromobisphenol A (TBBPA)-induced Target Organ
Toxicity in Sprague-Dawley Male Rats. Toxicol Res. 2011;27:61-70.
https://doi.org/10.5487/tr.2011.27.2.061.

Cox AJ, West NP, Cripps AW. Obesity, inflammation, and the gut micro-
biota. Lancet Diabetes Endocrinol. 2015;3:207-15. https://doi.org/10.1016/
§2213-8587(14)70134-2.

Vincent HK, Innes KE, Vincent KR. Oxidative stress and potential
interventions to reduce oxidative stress in overweight and obesity. Diabetes
Obes Metab. 2007;9:813-39. https://doi.org/10.1111/j.1463-1326.2007.
00692.x.

Fernandez-Sanchez A, Madrigal-Santillan E, Bautista M, Esquivel-Soto J,
Morales-Gonzalez A, Esquivel-Chirino C, et al. Inflammation, oxidative
stress, and obesity. Int J Mol Sci. 2011;12:3117-32. https://doi.org/10.
3390/ijms12053117.

Wang Y, Shan J, Zhang L, Wang R, Wu MY, Li HM, et al. The role of
FAM171A2-GRN-NF-kB pathway in TBBPA induced oxidative stress and
inflammatory response in mouse-derived hippocampal neuronal HT22 cells.
Ecotoxicol Environ Saf. 2025;289:117445. https://doi.org/10.1016/j.ecoenv.
2024.117445.

Kalantzi Ol, Martin FL, Thomas GO, Alcock RE, Tang HR, Drury SC, et al.
Different levels of polybrominated diphenyl ethers (PBDEs) and chlorinated

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

.

72.

73.

13 of 13

compounds in breast milk from two U.K. Regions. Environ Health Perspect.
2004;112:1085-91. https://doi.org/10.1289/ehp.6991.

Tung EW, Boudreau A, Wade MG, Atlas E. Induction of adipocyte
differentiation by polybrominated diphenyl ethers (PBDEs) in 3T3-L1 cells.
PL0oS One. 2014;9:€94583. https://doi.org/10.1371/journal.pone.0094583.
Scoville DK, Li CY, Wang D, Dempsey JL, Raftery D, Mani S, et al.
Polybrominated Diphenyl Ethers and Gut Microbiome Modulate Metabolic
Syndrome-Related Aqueous Metabolites in Mice. Drug Metab Dispos.
2019;47:928-40. https://doi.org/10.1124/dmd.119.086538.

Li 'Y, Xu W, Zhang F, Zhong S, Sun Y, Huo J, et al. The Gut Microbiota-
Produced Indole-3-Propionic Acid Confers the Antihyperlipidemic Effect of
Mulberry-Derived 1-Deoxynojirimycin. mSystems. 2020;5. https://doi.org/
10.1128/mSystems.00313-20.

Owumi SE, Najophe ES, Otunla MT. 3-Indolepropionic acid prevented
chlorpyrifos-induced hepatorenal toxicities in rats by improving anti-
inflammatory, antioxidant, and pro-apoptotic responses and abating DNA
damage. Environ Sci Pollut Res Int. 2022;29:74377-93. https://doi.org/10.
1007/511356-022-21075-3.

Karbownik M, Gitto E, Lewifiski A, Reiter RJ. Relative efficacies of indole
antioxidants in reducing autoxidation and iron-induced lipid peroxidation in
hamster testes. J Cell Biochem. 2001;81:693-9. https://doi.org/10.1002/jcb.
1100.

Saad MJ, Santos A, Prada PO. Linking Gut Microbiota and Inflammation to
Obesity and Insulin Resistance. Physiology (Bethesda). 2016;31:283-93.
https://doi.org/10.1152/physiol.00041.2015.

Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, et al.
Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes.
2007;56:1761-72. https://doi.org/10.2337/db06-1491.

Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM, Delzenne NM, et al.
Changes in gut microbiota control metabolic endotoxemia-induced inflam-
mation in high-fat diet-induced obesity and diabetes in mice. Diabetes.
2008;57:1470-81. https://doi.org/10.2337/db07-1403.

Ferro D, Baratta F, Pastori D, Cocomello N, Colantoni A, Angelico F, et al.
New Insights into the Pathogenesis of Non-Alcoholic Fatty Liver Disease:
Gut-Derived Lipopolysaccharides and Oxidative Stress. Nutrients. 2020;12.
https://doi.org/10.3390/nu12092762.

Meerts IA, Letcher RJ, Hoving S, Marsh G, Bergman A, Lemmen JG, et al.
In vitro estrogenicity of polybrominated diphenyl ethers, hydroxylated
PDBEs, and polybrominated bisphenol A compounds. Environ Health
Perspect. 2001;109:399-407. https://doi.org/10.1289/ehp.01109399.
Zhang Q, Gu S, Yu C, Cao R, Xu Y, Fu L, et al. Integrated assessment of
endocrine disrupting potential of four novel brominated flame retardants.
Ecotoxicol Environ Saf. 2022;232:1132086. https://doi.org/10.1016/j.ecoenv.
2022.113206.

Li J, Dong Z, Wang Y, Bao J, Yan Y, Liu A, et al. Human exposure to
brominated flame retardants through dust in different indoor environ-
ments: Identifying the sources of concentration differences in hair from
men and women. Chemosphere. 2018;205:71-9. https://doi.org/10.1016/
j.chemosphere.2018.03.133.

Dziegielewska-Gesiak S, Muc-Wierzgon M. Inflammation and Oxidative
Stress in Frailty and Metabolic Syndromes-Two Sides of the Same Coin.
Metabolites. 2023;13. https://doi.org/10.3390/metabo13040475.


https://doi.org/10.1111/obr.12463
https://doi.org/10.3389/fpubh.2023.1138811
https://doi.org/10.3389/fpubh.2023.1138811
https://doi.org/10.1016/j.scitotenv.2023.168169
https://doi.org/10.1016/j.envint.2023.108088
https://doi.org/10.1016/j.scitotenv.2020.139049
https://doi.org/10.1002/bdrb.21180
https://doi.org/10.1016/j.ecoenv.2022.114326
https://doi.org/10.1021/acs.chemrestox.2c00126
https://doi.org/10.5487/tr.2011.27.2.061
https://doi.org/10.1016/s2213-8587(14)70134-2
https://doi.org/10.1016/s2213-8587(14)70134-2
https://doi.org/10.1111/j.1463-1326.2007.00692.x
https://doi.org/10.1111/j.1463-1326.2007.00692.x
https://doi.org/10.3390/ijms12053117
https://doi.org/10.3390/ijms12053117
https://doi.org/10.1016/j.ecoenv.2024.117445
https://doi.org/10.1016/j.ecoenv.2024.117445
https://doi.org/10.1289/ehp.6991
https://doi.org/10.1371/journal.pone.0094583
https://doi.org/10.1124/dmd.119.086538
https://doi.org/10.1128/mSystems.00313-20
https://doi.org/10.1128/mSystems.00313-20
https://doi.org/10.1007/s11356-022-21075-3
https://doi.org/10.1007/s11356-022-21075-3
https://doi.org/10.1002/jcb.1100
https://doi.org/10.1002/jcb.1100
https://doi.org/10.1152/physiol.00041.2015
https://doi.org/10.2337/db06-1491
https://doi.org/10.2337/db07-1403
https://doi.org/10.3390/nu12092762
https://doi.org/10.1289/ehp.01109399
https://doi.org/10.1016/j.ecoenv.2022.113206
https://doi.org/10.1016/j.ecoenv.2022.113206
https://doi.org/10.1016/j.chemosphere.2018.03.133
https://doi.org/10.1016/j.chemosphere.2018.03.133
https://doi.org/10.3390/metabo13040475

	Abstract
	Conclusion

	1. Introduction
	2. Methods
	2.1 Study population
	2.2 Measurement of serum BFRs and definition of obesity
	2.3 Outcome variables
	2.4 Oxidative stress and chronic inflammation markers
	2.5 Covariates
	2.6 Statistical analysis
	2.7. Sensitivity analysis

	3. Results
	3.1. Basic characteristics of participants
	3.2. Associations of individual BFRs with obesity
	3.3. Association between co-exposure of serum BFRs with obesity
	3.4. Markers of inflammation and oxidative stress-mediated the association between BFRs and obesity
	3.5. Sensitivity analysis

	4. Discussion
	5. Conclusion
	Acknowledgements
	References

