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Organophosphate esters (OPEs) exposure has potentially harmful effects on human health. However,
the evidence between OPEs and hyperuricemia is insufficient. We aimed to assess the association
between OPEs metabolites and the prevalence of hyperuricemia. Multivariable logistic regression,
weighted quantile regression (WQS) model, and Bayesian kernel machine regression (BKMR)

models were used to investigate the association of OPEs metabolites with the risk of hyperuricemia.
Mediation analysis was conducted to assess whether inflammation mediated the effects of OPEs on
the prevalence of hyperuricemia. The multivariable logistics regression indicated that bis (1,3-dichloro-
2-propyl) phosphate (BDCPP) and bis-2-chloroethyl phosphate (BCEP) were positively correlated with
the risk of hyperuricemia. InWQS and BKMR analyses, OPEs mixtures presented a positive association
with the risk of hyperuricemia, with BDCPP being the primary contributor. C-reactive protein (CRP)
and monocytes were found to mediate the association between BDCPP and the risk of hyperuricemia
prevalence, with 8.46% and 3.97% of the mediated proportion, respectively. Our study revealed that
OPEs mixtures were positively correlated with the prevalence of hyperuricemia, with BDCPP identified
as the most significant contributor. Inflammation was a potential mechanism mediating the effect of
BDCPP exposure on the risk of hyperuricemia.
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Hyperuricemia represents a common chronic disease characterized by metabolic disorders of serum uric acid
levels’. Recently, an increased incidence of hyperuricemia was observed in several epidemiological studies, which
caused burden to over 38 million adults in the US% Moreover, recent studies have identified hyperuricemia as
a critical risk factor for various diseases including kidney failure, metabolic syndrome, and hypertension®=.
Previous studies demonstrated that genetics and diet were the main contributors to hyperuricemia®. However,
controlling those traditional risk factors did not prevent the increased morbidity of hyperuricemia in recent years.
Growing evidence has implicated that environmental pollutants are related to the prevalence of hyperuricemia’?.
Thus, it is imminent to discover novel environmental factors in the development of hyperuricemia.
Organophosphate esters (OPEs) represent a category of triphosphate esters characterized by alkyl or aryl
groups in both halogenated and nonhalogenated forms’. As substitutes for brominated flame retardants, OPEs
are extensive applicated in various industrial, construction, and consumer goods. OPEs are easily released into
adjacent microenvironments, including dust, soil, water, and food items!®!!. Consequently, individuals are
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commonly exposed to OPEs inadvertently via breathing, consuming, and skin interaction!. Previous studies have
shown that OPEs typically transform diester or hydroxylated metabolites, which can be swiftly and effectively
detected in urine. As a result, urinary metabolites of OPEs are regarded as suitable biomarkers for assessing
exposure levels and associated risks in human!®. However, a growing body of researches have confirmed that
OPEs cause adverse health effects, including the development of diabetes, hypertension, and chronic kidney
disease (CKD)'4-16. Nevertheless, the relationships and mechanisms between OPEs and hyperuricemia have not
yet been investigated.

The pathogenesis of hyperuricemia is highly complex, and remains elusive. Numerous studies have indicated
that inflammation is involved in the progression of hyperuricemia!”-'®. Additionally, it has been reported that
OPEs can induce inflammatory responses, which are implicated in the development of several diseases'®2’.
Consequently, we propose that OPEs were associated with the prevalence of hyperuricemia, with inflammation
being a plausible underlying mechanism. First, logistic regression model was employed to evaluate the association
between single OPEs and the prevalence of hyperuricemia from the National Health and Nutrition Examination
Survey (NHANES) database 2011-2016. Second, the roles of OPEs co-exposure in hyperuricemia were further
explored using weighted quantile regression (WQS) and Bayesian kernel machine regression (BKMR) models.
Finally, we performed a mediation analysis to investigate the potential mechanism between OPEs and the
prevalence of hyperuricemia.

Methods

Study population

The NHANES database is a cross-sectional survey that collects data on population demographics, dietary
intake, physical assessments, survey responses, and laboratory examinations?'~2%. This study included publicly
accessible data from 29,902 individuals aged 18-80 years in the NHANES 2011-2016. Participants under 18
years old (n=695), lacking data on urinary OPEs metabolites (n=23202) and uric acid data (n=1556) were
excluded. Additionally, participants who were pregnant or had missing covariate information were removed
from the analysis (n="742). Finally, 3707 individuals with comprehensive data were included in this study. The
participant selection process flowchart was shown in Fig. 1.

OPEs metabolites measurements

As shown in Supplementary Table 1, diphenyl phosphate (DPHP), bis (1,3-dichloro-2-propyl) phosphate
(BDCPP), bis-2-chloroethyl phosphate (BCEP), bis(1-choloro-2-propyl) phosphate (BCPP), and di-n-butyl
phosphate (DBUP) were included for further statistical analysis due to the detection rates>50%. OPEs levels
lower than the limit of detection (LOD) were represented as LOD/Y2. The urinary specimens were preserved
at -70 C until assayed. Quantification of urinary OPEs metabolites relied on isotope dilution-electrospray
ionization tandem mass spectrometry detection. The measurements were followed by strict quality control to
ensure accuracy and reliability!>*425.

Participants from NHANES 2011-2016 (n=29902)

Excluded (n=25453)
Age < 18 years old (n=695)
Missing urinary OPEs (n=23202)
Missing serum uric acid (n=1556)

Excluded (n=742)
Pregnant (n=40)
Missing education level (n=156)
Missing marital status (n=60)
Missing BMI (n=32)
5 Missing drinking status (n=288)
Missing smoking status (n=43)
Missing diabetes mellitus (n=96)
Missing hypertension (n=5)
Missing sedentary time (n=21)
Missing CKD (n=1)

Participants included in the final analysis (n=3707)

Fig. 1. Flowchart of participants included in this study. NHANES, National Health and Nutrition Examination
Survey; OPEs, organophosphate esters; BMI, body mass index; CKD, chronic kidney disease.
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Hyperuricemia

Serum specimens collected from participants were stored at -30 °C until they were shipped and analyzed. The
concentrations of serum uric acid were quantified using a timed endpoint method on the DxC800 analyzer. The
definition of hyperuricemia was serum uric acid concentrations equal to or exceeding 416 umol/L (7.0 mg/dL)
for males or 357 pmol/L (6.0 mg/dL) for females”26-28,

Inflammatory biomarkers

Blood samples collected at the NHANES mobile examination centers were utilized to measure complete blood
count parameters using the Beckman Coulter method. In the NHANES 2015-2016 survey cycles, C-reactive
protein (CRP) levels were measured using Beckman UniCel analyzers. For individuals with values below the
detection limit, the imputed value was calculated as LOD/2. Based on previous studies, we selected CRP,
neutrophils, monocytes, and lymphocytes for mediation analysis'®2%.

Covariates

We have selected the following variables as probable covariates in our study, as there are some extraneous
factors that may impact the outcomes. The covariates in our study included age, gender, ethnicity, body mass
index (BMI), education level, marital status, drinking status, smoking status, sedentary time, diabetes mellitus,
hypertension, and CKD according to previous studies®. BMI was defined as body weight relative to height (kg/
m?), and individuals with BMI > 25 kg/m? were classified as overweight. Smoking status: non-smokers had < 100
cigarettes in life, while smokers had>100 cigarettes in life. Drinking status: drinkers consumed at least 12
alcoholic drinks annually, while non-drinkers had fewer than 12 drinks per year. Participants who reported
diabetes or hypertension on the questionnaire were categorized accordingly. CKD was characterized by estimated
glomerular filtration rate (¢GFR) <60 mL/min/1.73 m? or albumin to creatinine ratio (ACR) > 30 mg/g.

Statistical analysis

Due to the intricate survey structure in NHANES, we used weighted data to accurately represent the survey
sample characteristics®’. We summarized the sociodemographic characteristics of individuals through
descriptive analyses. The concentrations of OPEs metabolites and inflammatory biomarkers underwent In-
transformed before statistical analysis due to their skewed distribution. Additionally, we performed Pearson’s
correlation analysis to investigate the correlations among urinary OPEs metabolites.

Logistic regression analysis was used to investigate the relationship between individual OPEs metabolites and
the risk of hyperuricemia. We constructed univariate and multivariate logistic regressions to adjust for multiple
confounding factors. Additionally, we categorized OPEs metabolites into quartiles, using the lowest quartile as
the reference group. To assess linear trends, P for trend value was calculated quartile as ordinal variables. Given
the challenges posed by the intercorrelations among the components in mixtures, we employed WQS and BKMR
to evaluate the impact of OPEs metabolites on hyperuricemia prevalence. In this WQS analysis, we randomly
partitioned all measurements into two datasets, with 40% designated for training and 60% for validation via
10,000 bootstrap iterations. The weighted linear index was derived to demonstrate the overall effect of all OPEs
metabolites and the weight assigned to each OPEs metabolites.

Moreover, we applied BKMR with 10,000 bootstrap iterations, a non-parametric approach performed kernel
machine regression, to evaluate both single and overall effects of OPEs metabolites on the hyperuricemia risk.
First, we examined the relationship between OPEs metabolites mixtures and the prevalence of hyperuricemia
when compared to 50th percentiles. Secondly, we computed posterior inclusion probabilities (PIPs) to assess
the relative significance of individual OPEs metabolites within the mixtures. Third, the exposure-response
function illustrated the association of each OPEs metabolite and the risk of hyperuricemia with the other OPEs
metabolites held at 50th percentiles. Fourth, the individual impact of OPEs metabolites was demonstrated using
the single-exposure effect, which quantified the response change when a specific OPEs metabolite was at the
75th percentile compared to its 50th percentile, while keeping other OPEs metabolites at their 25th, 50th, and
75th percentiles. Finally, interactions were examined by assessing the parallelism of slopes in bivariate exposure-
response functions.

Mediation analysis involving 1000 bootstrap simulations was undertaken to explore the role of inflammatory
biomarkers in the associations between OPEs metabolites and the prevalence of hyperuricemia. The assessment
of potential mediation effects followed the identification of significant associations among OPEs metabolites
exposure, inflammatory biomarkers, and hyperuricemia prevalence. Specifically, we estimated the total effect
(TE) of BDCPP on hyperuricemia, as well as its decomposition into direct effect (DE) and indirect effect (IE),
where the latter represents the portion of the effect mediated by inflammatory biomarkers. The proportion
mediated was calculated as IE/TE, reflecting the extent to which inflammatory biomarkers contributed to the
association.

All statistical analyses were carried out using R software, with statistical significance set at a two-tailed P
value less than 0.05. R packages including “survey;” “gWQS,” “bkmr,” and “mediation” were utilized for the
construction of sampling-weighted logistic regression model, WQS model, BKMR model, and mediation
analysis, respectively.

Results

Participants characteristics

As presented in Table 1 and 750 individuals (20.23%) were diagnosed with hyperuricemia. Individuals with
hyperuricemia showed higher levels of BDCPP and BCEP, as well as statistically significant differences in
age, gender, ethnicity, BMI, smoking status, sedentary time, diabetes mellitus, hypertension, and CKD when
compared to those without hyperuricemia. As shown in Supplementary Fig. 1, Pearson correlations among the
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Total Non-Hyperuricemia | Hyperuricemia
Variables (n=3707) (n=2957) (n=750) P-value
Age, (years) 47 (32,61) 47 (32, 60) 51 (33, 65) 0.006
Gender, n (%) 0.001
Male 1857 (50.09%) 1443 (48.39%) 413 (57.10%)
Female 1851 (49.91%) 1514 (51.61%) 337 (42.90%)
Ethnicity, n (%) 0.003
Mexican America 515 (8.29%) 446 (8.96%) 69 (5.53%)
Non-Hispanic White 1527 (66.73%) 1192 (65.99%) 335 (69.79%)
Non-Hispanic Black 749 (10.79%) 575 (10.57%) 174 (11.68%)
Other Hispanic 406 (6.05%) 342 (6.45%) 64 (4.42%)
Other 510 (8.14%) 402 (8.03%) 108 (8.59%)
BML n (%) <0.001
<25 kg/m? 1085 (30%) 961 (33.50%) 124 (15.61%)
=25 kg/m2 2622 (70%) 1996 (66.50%) 626 (84.39%)
Education level, n (%) 0.331
Middle school or lower 336 (5.51%) 268 (5.36%) 68 (6.12%)
High school 1257 (29.66%) 992 (29.00%) 265 (32.37%)
College or more 2114 (64.83%) 1697 (65.64%) 417 (61.51%)
Marital status, n (%) 0.185
Never married 513 (12.94%) 416 (13.44%) 97 (10.89%)
Married 2058 (59.55%) 1650 (59.69%) 408 (58.96%)
Other 1136 (27.51%) 891 (26.87%) 245 (30.14%)
Drinking status, n (%) 0.383
No 1063 (22.63%) 863 (22.97%) 200 (21.24%)
Yes 2644 (77.37%) 2094 (77.03%) 550 (78.76%)
Smoking status, n (%) 0.041
No 2092 (56.44%) 1696 (57.58%) 396 (51.74%)
Yes 1615 (43.56%) 1261 (42.42%) 354 (48.26%)
Sedentary time (minutes) | 360 (240, 540) 360 (240, 540) 420 (300, 600) 0.002
Diabetes mellitus, n (%) <0.001
No 3219 (90.71%) 2609 (92.01%) 610 (85.35%)
Yes 488 (9.29%) 348 (7.99%) 140 (14.65%)
Hypertension, n (%) <0.001
No 2354 (67.74%) 1992 (71.39%) 362 (52.72%)
Yes 1353 (32.26%) 965 (28.61%) 388 (47.28%)
CKD, n (%) <0.001
No 3047 (84.95%) 2539 (88.21%) 508 (71.54%)
Yes 660 (15.05%) 418 (11.79%) 242 (28.46%)
Ln DPHP (ug/L) -0.27 (-1.04, 0.48) | -0.29 (-1.05, 0.49) -0.22 (-0.97, 0.45) 0.785
Ln BDCPP (ug/L) -0.20 (-1.11,0.69) | -0.26 (-1.14, 0.62) 0.01 (-0.87, 0.94) <0.001
Ln BCEP (ug/L) -0.95 (-1.84, -0.11) | -0.99 (-1.95, -0.18) -0.71 (-1.55,0.24) | <0.001
Ln BCPP (ug/L) -2.04 (-2.65,-1.11) | -2.10 (-2.65, -1.12) -1.83 (-2.65,-0.97) 0.071
Ln DBUP (ug/L) 2.53 (-2.65,-1.43) | -2.65 (-2.65, -1.43) | -2.26 (-2.65,-1.35) | 0.318

Table 1. Characteristics of the participants. The continuous variables were presented as survey-weighted
median (interquartile range, IQR). The categorical variables were presented as survey-weighted number and
percentages. BMI, body mass index; CKD, chronic kidney disease; DPHP, diphenyl phosphate; BDCPP, bis(1,3-
dichloro-2-propyl) phosphate; BCEP, bis(2-chloroethyl) phosphate; BCPP, bis(1-chloro-2-propyl) phosphate;
DBUP, dibutyl phosphate. Significant values are in bold.

five OPEs metabolites were statistically significant, with coefficients ranging from 0.22 to 0.51. These correlations
emphasized the necessity of considering metabolites’ interrelationships when assessing their single and overall
effects.

Logistic regression model

As presented in Table 2, the logistic regression model was to investigated the association between each OPEs
metabolite and the prevalence of hyperuricemia. When OPEs metabolites were treated as continuous variables,
BDCPP (Crude model OR: 1.17, 95% CI:1.07-1.28, P<0.001; Model I OR: 1.17, 95% CI: 1.07-1.29, P=0.002;
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OPEs Crude Model Model I Model IT

(ug/L) Crude OR (95%CI) | P-value | Adjusted OR (95%CI) | P-value | Adjusted OR (95%CI) | P-value
Ln DPHP | 1.01 (0.94-1.09) 0.785 1.02 (0.94-1.11) 0.620 1.01 (0.93-1.10) 0.761
Q1 Reference Reference Reference

Q2 1.15 (0.85-1.55) 0.371 1.09 (0.82-1.45) 0.564 1.04 (0.76-1.43) 0.790
Q3 1.40 (0.97-2.02) 0.076 1.43 (0.98-2.08) 0.072 1.34 (0.91-1.98) 0.151
Q4 1.08 (0.81-1.44) 0612 | 1.08(0.78-1.49) 0.646 | 1.06 (0.76-1.48) 0.751
P for trend | 0.429 0.396 0.488

Ln BDCPP | 1.17 (1.07-1.28) <0.001 | 1.17 (1.07-1.29) 0.002 1.17 (1.07-1.29) 0.003
Q1 Reference Reference Reference

Q2 1.09 (0.70-1.69) 0.709 1.05 (0.67-1.66) 0.829 1.07 (0.68-1.68) 0.771
Q3 1.30 (0.89-1.89) 0.176 1.33 (0.89-1.97) 0.168 1.30 (0.88-1.91) 0.195
Q4 1.65 (1.15-2.39) 0.010 1.66 (1.12-2.46) 0.015 1.62 (1.09-2.38) 0.023
P for trend | 0.003 0.005 0.008

Ln BCEP 1.23 (1.13-1.34) <0.001 | 1.21(1.10-1.33) <0.001 | 1.19(1.09-1.31) <0.001
Q1 Reference Reference Reference

Q2 1.44 (1.06-1.96) 0.023 | 1.50 (1.10-2.05) 0.015 | 1.59 (1.15-2.20) 0.010
Q3 1.40 (0.97-2.03) 0.083 1.39 (0.95-2.03) 0.095 1.35(0.93-1.97) 0.126
Q4 2.16 (1.60-2.92) <0.001 | 2.06(1.48-2.85) <0.001 | 2.00(1.46-2.76) <0.001
P for trend | <0.001 <0.001 0.001

Ln BCPP 1.10 (0.99-1.22) 0.064 1.06 (0.96-1.18) 0.272 1.04 (0.93-1.17) 0.492
Q1 Reference Reference Reference

Q2 1.14 (0.73-1.78) 0578 | 1.05(0.68-1.63) 0.830 | 1.05(0.69-1.63) 0.800
Q3 1.22 (0.93-1.61) 0.159 1.16 (0.87-1.53) 0.318 1.13 (0.83-1.53) 0.443
Q4 1.33 (1.01-1.75) 0.048 1.21 (0.90-1.62) 0.213 1.17 (0.86-1.59) 0.339
P for trend | 0.042 0.192 0.313

Ln DBUP 1.07 (0.94-1.23) 0.313 1.06 (0.92-1.22) 0.442 1.02 (0.89-1.17) 0.785
Q1 Reference Reference Reference

Q2 0.68 (0.23-2.01) 0.490 0.70 (0.25-1.99) 0.510 0.71 (0.25-2.02) 0.529
Q3 1.14 (0.81-1.60) 0447 | 1.11 (0.80-1.54) 0.533 | 1.09 (0.78-1.51) 0.631
Q4 1.15 (0.87-1.52) 0.338 1.12 (0.84-1.48) 0.452 1.02 (0.77-1.35) 0.898
P for trend | 0.296 0.405 0.753

Table 2. Multivariate logistic regression analysis of In-transformed OPEs metabolites for the prevalence

of hyperuricemia. The crude model did not adjust for any covariates. Model I was adjusted for age, gender,
ethnicity, and BMI. Model II was adjusted for all covariates. OPEs, organophosphate esters; DPHP, diphenyl
phosphate; BDCPP, bis(1,3-dichloro-2-propyl) phosphate; BCEP, bis(2-chloroethyl) phosphate; BCPP, bis(1-
chloro-2-propyl) phosphate; DBUP, dibutyl phosphate; OR, odds ratio; CI, confidence interval; BMI, body
mass index. Significant values are in bold.

Model I OR: 1.17, 95% CI: 1.07-1.29, P=0.003) and BCEP (Crude model OR: 1.23,95% CI:1.13-1.34, P<0.001;
Model I OR: 1.21, 95% CI: 1.10-1.33, P<0.001; Model II OR: 1.19, 95% CI: 1.09-1.31, P<0.001) were positively
correlated with risk of hyperuricemia. When divided into quartiles, a positive association was observed between
the highest quartile of BDCPP and the prevalence of hyperuricemia (Crude model OR: 1.65, 95% CI: 1.15-2.39,
P=0.010; Model I OR: 1.66, 95% CI: 1.12-2.46, P=0.015; Model II OR: 1.62, 95% CI: 1.09-2.38, P=0.023)
when compared to the lowest quartile. Additionally, BCEP was also positively associated with the prevalence
of hyperuricemia (Crude model OR: 2.16, 95% CI: 1.60-2.92, P<0.001; Model I OR: 2.06, 95% CI: 1.48-2.85,
P<0.001; Model IT OR: 2.00, 95% CI: 1.46-2.76, P<0.001). The trends for BDCPP and BCEP were statistically
significant, while DPHP, BCPP, and DBUP were not associated with the prevalence of hyperuricemia.

WQS model

As shown in Supplementary Table 2, the WQS model demonstrated a positive association between OPEs
metabolites mixtures and the risk of hyperuricemia in Model I (OR: 1.18, 95% CI: 1.05-1.34, P=0.007) and
Model II (OR: 1.17, 95% CI: 1.03-1.33, P=0.013). Moreover, Fig. 2 illustrated the contributions of each OPEs
metabolite to the positive associations in the fully adjusted WQS index. Notably, BDCPP had the highest weight
in the positive model (weight=0.57), while BCEP (weight=0.18), DBUP (weight=0.12), BCPP (weight=0.10),
and DPHP (weight =0.03) had relatively smaller contributions to the WQS index.

BKMR model
In Fig. 3, the concentrations of OPEs mixtures at or above the 50th percentile exhibited an increased prevalence
of hyperuricemia. As indicated in Supplementary Table 3, BDCPP was identified as the primary contributor
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Ln BDCPP

Ln BCEP

Ln DBUP

Ln BCPP

Ln DPHP

0.57

0.18

0.03

0

Fig. 2. The WQS model regression index weights of OPEs metabolites on the prevalence of hyperuricemia.
This model adjusted for all covariates. WQS, weighted quantile sum regression; OPEs, organophosphate
esters; DPHP, diphenyl phosphate; BDCPP, bis(1,3-dichloro-2-propyl) phosphate; BCEP, bis(2-chloroethyl)
phosphate; BCPP, bis(1-chloro-2-propyl) phosphate; DBUP, dibutyl phosphate.

02 04

to the elevated prevalence of hyperuricemia, with a PIP of 0.72. Figure 4 displayed the exposure-response
functions for the five single OPEs metabolites. BDCPP and BCEP exhibited positive associations with the
prevalence of hyperuricemia when the other OPEs metabolites were held at their 50th percentile. As depicted
in Supplementary Fig. 2, the single-exposure function demonstrated that BDCPP was positively correlated with
the prevalence of hyperuricemia, whereas BCEP, DBUP, BCPP, and DPHP did not exhibit statistically significant
effects on the risk of hyperuricemia. Supplementary Fig. 3 indicated that there were interactions among BDCPP,
BCEP, and DPHP in the parallel exposure-response functions.

Mediation analysis

As shown in Supplementary Table 4, we assessed the relationships between urinary BDCPP and plasma levels
of CRP, neutrophils, monocytes, and lymphocytes. Multiple linear regression revealed a positive association
between BDCPP and CRP (B: 0.07, 95% CI: 0.01, 0.12, P=0.016), neutrophils (B: 0.01, 95% CI: 7.62e-04, 0.02,
P=0.035), monocytes (B: 0.01, 95% CI: 1.97e-03, 0.02, P=0.016) after adjusted all covariates, respectively. As
presented in Supplementary Table 5, CRP (OR: 1.25, 95% CI: 1.10, 1.42, P<0.001), neutrophils (OR: 1.32, 95%
CI: 1.05, 1.65, P=0.017), and monocytes (OR: 1.59, 95% CI: 1.23, 2.05, P<0.001) exhibited a positive association
with the prevalence of hyperuricemia after adjusting for all covariates. No statistically significant association
was observed between lymphocytes and urinary BDCPP, or between lymphocytes and the prevalence of
hyperuricemia. Additionally, we further assessed whether inflammation could mediate the association between
BDCPP and the risk of hyperuricemia through mediation analysis. As presented in Table 3, CRP (OR: 2.03e-03,
95% CI: 2.95e-04, 0.00, P=0.020) and monocytes (OR: 6.69¢-04, 95% CI: 5.55e-05, 0.00, P=0.032) significantly
mediated the BDCPP induced the prevalence of hyperuricemia, accounting for 8.46% and 3.97% of the
mediated proportion, respectively. However, we did not observe a significant mediating effect of neutrophils and
lymphocytes in the relationships between BDCPP and the prevalence of hyperuricemia.

Discussion

Hyperuricemia is considered a significant contributor to various diseases and impacts the quality of life of
people worldwide?3233, OPEs exposure have become a serious public health concern due to the reproductive,
neurotoxic and carcinogenic effects*~3. However, there is currently no research to demonstrate the relationship
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Fig. 3. Overall effect of OPEs metabolites mixtures on the prevalence of hyperuricemia in BKMR model.
All OPEs metabolites at specific percentiles were compared to their 50th percentile. This model included
adjustments for all covariates. OPEs, organophosphate esters; BKRMR, Bayesian kernel machine regression.

between OPEs and the prevalence of hyperuricemia. In this study, we found that urinary BDCPP and BCEP
levels were elevated in participants with hyperuricemia, and these two OPEs were positively correlated with the
prevalence of hyperuricemia in the logistic regression model. Moreover, a positive effect of OPEs mixtures on
the risk of hyperuricemia was revealed, and BDCPP had the greatest weight in the WQS model. Furthermore,
the BKMR model showed that OPEs mixtures were correlated with the elevated risk of hyperuricemia, with
BDCPP identified as the most significant contribution. Additionally, we also discovered that inflammation
mediated the association between BDCPP and hyperuricemia prevalence. Therefore, our results suggested that
BDCPP exposure increased the prevalence of hyperuricemia via inflammation.

In recent years, increasing researches has focused on the effects of environmental pollutants on the
development of hyperuricemia’””*%. As potential ecological and environmental pollutants, excessive OPEs
exposure adversely affect human health. Luo et al. found a positive association between the mixture of OPEs and
an increased prevalence of metabolic syndrome in men'®. Hu et al. revealed that OPEs exposure contributed to
increased blood pressure in young individuals'®. Furthermore, renal function was indispensable for maintaining
uric acid homeostasis, as the kidney was responsible for excreting uric acid®. Recent studies demonstrated that
exposure to OPEs led to renal dysfunction. Kang et al. revealed that urinary BCEP, BDCIPP, and DNBP were
correlated with the elevated risk of CKD'. David et al. demonstrated that TDCPP exposure caused cytostasis
and cell toxicity in the human kidney proximal tubule®’. Additionally, polybrominated diphenyl ethers, as
traditional flame retardants that were generally replaced by OPEs, activated xanthine oxidase and upregulated
purine metabolism, resulting in increased uric acid production’. Hence, it is reasonable to hypothesize that
OPEs exposure might potentially lead to hyperuricemia. Based on extensive population samples, we revealed
that OPEs mixtures were linked to an elevated risk of hyperuricemia in different statistical models, with BDCPP
considered as the main contributor.

The mechanism of hyperuricemia is complex, with chronic inflammation regarded as a typical
pathophysiological process*!. Wasilewska et al. observed that serum inflammatory markers were increased in
hyperuricemia patients*2. Kaspar et al. demonstrated that CRP was positively associated with hyperuricemia in
the US population'®. Kliick et al. established that human mononuclear cells contributed to the hyperinflammatory
phenotype of patients with hyperuricemia®’. Recently, it has been reported that inflammation played a vital
role in the effects of OPEs exposure on various disorders. Welch et al. showed that prolonged exposure to
consumer products containing OPEs was correlated with increased inflammation in pregnant women'®. Hu et
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Fig. 4. Univariate exposure-response function between each OPEs metabolite and the prevalence of

hyperuricemia when the other OPEs metabolites were fixed at 50th percentiles. This model adjusted for all
covariates.

Pathways Indirect effect | 95% CI P-value | Mediation proportions | 95% CI P-value
BDCPP - CRP- Hyperuricemia 2.03e-03 2.95e-04,0.00 | 0.020 8.46% 0.01, 0.36 0.020
BDCPP > Neutrophils - Hyperuricemia 1.11e-04 -4.25e-04, 0.00 | 0.610 0.67% -0.03, 0.05 0.612
BDCPP > Monocytes > Hyperuricemia 6.69-04 5.55e-05,0.00 | 0.032 3.97% 2.40-03,0.13 | 0.034
BDCPP - Lymphocytes > Hyperuricemia | -2.29¢-05 -2.89¢-04, 0.00 | 0.862 0.14% -2.33e-02,0.01 | 0.864

Table 3. Mediating effects and proportions of inflammation biomarkers between BDCPP exposure and the
prevalence of hyperuricemia. This model included adjustments for all covariates. BDCPP, bis(1,3-dichloro-2-
propyl) phosphate; CRP, C-reactive protein; CI, confidence interval. Significant values are in bold.

al. reported that airway inflammation served as a mediator factor linking OPEs and lung function in individuals
aged 6-79 years?’. However, the precise mechanism elucidating the relationship between OPEs and the risk of
hyperuricemia remains undetermined. In this study, we observed that BDCPP exposure was positively associated
with inflammatory markers, including CRP, neutrophils, and monocytes using linear regression. Moreover,
we found positive effects of CRP, neutrophils, and monocytes on the prevalence of hyperuricemia using the
logistic regression model. Additionally, mediation analysis demonstrated that CRP and monocytes played a
significant role in mediating the relationship between OPEs exposure and the prevalence of hyperuricemia.
Thus, these results indicated that inflammation might be a crucial mechanism involved in the effects of OPEs on
the prevalence of hyperuricemia.

Our study had the following strengths. Firstly, this study pioneered the exploration of the relationship
between OPEs exposure and the prevalence of hyperuricemia. Secondly, we employed three complementary
statistical models to demonstrate the robustness of our conclusions. Thirdly, we controlled various confounders
to attain the authenticity of the results. However, our study also had limitations. Firstly, the cross-sectional
nature of the study limits our ability to infer causality, and the observed associations could be subject to bias
or confounding factors. Secondly, because of the incomplete information in the NHANES database, we were
unable to account for all potential confounders in our study, such as high-purine diet and genetic factors. Finally,
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a single measurement of OPEs level might not comprehensively capture the long-term accumulation of OPEs
exposure. More longitudinal studies or randomized controlled trials are needed to validate our results in the
future.

Conclusions

In this study, we found that OPEs mixtures positively correlated with the prevalence of hyperuricemia, with
BDCPP identified as the primary contributor. Furthermore, inflammation was identified as a mediator involved
in the effect of BDCPP on the prevalence of hyperuricemia. These findings provide a novel strategy for the
prevention of hyperuricemia. Further research is required to support our results in diverse population.

Data availability

The datasets used for these analyses are publicly available (https:// www.cdc.gov/nchs/nhanes/index.htm).
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