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Abstract

Objective

Crohn’s disease (CD) is closely associated with disorders of uric acid metabolism.
Our previous research found an association between phthalate exposure and oxida-
tive stress in CD, suggesting a potential role for phthalates in metabolic disorders.
Therefore, this study aims to examine their influence on uric acid metabolism in
patients with CD.

Methods

We designed a cross-sectional study involving 117 patients with CD. Ten urinary
phthalates metabolites (MPAEs) were detected by gas chromatography-tandem mass
spectrometry, and the serum uric acid (SUA) levels were tested. Correlation analysis
and Bayesian kernel machine regression (BKMR) models were applied separately to
evaluate the associations.

Results

The prevalence of hyperuricemia was 12.8% (15/117) in CD patients. None of them
were obese or had abnormal renal function. In males, we identified significant pos-
itive associations between SUA and eight mPAEs (MMP, MIBP, MBP, MBzP, MOP,
MEOHP, MEHHP, & MECPP). However, no positive associations between mPAEs
and SUA were found in females. After BKMR analysis and multivariate adjustments,
we found that the average SUA (umol/L) increased by 1.36-fold, and the odds

ratio for hyperuricemia increased by 1.25-fold, when overall phthalates exposure
increased from 25% to 75% in male CD patients. This suggests a potential link
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between phthalates exposure and uric acid metabolism in male patients with CD.
Furthermore, oxidative stress mediated approximately 5% of the association, indicat-
ing it is a partial, but not primary, mechanism in this process.

Conclusions

Phthalates exposure positively correlated with SUA in male CD patients. Effective
PAE exposure control in patients with CD may reduce the risk of hyperuricemia.

Introduction

Hyperuricemia (HUA) has become a worldwide public health issue [1]. The recent
study reports a significant upward trend in the prevalence of hyperuricemia, with an
estimated prevalence rate of 14.0% [2]. Hyperuricemia is a significant risk factor for
the development of gout [3]. What's more, elevated serum uric acid (SUA) is linked to
increased risks of chronic kidney disease, cardiovascular events, longer hospitaliza-
tion, and death [4—6].

The intestine is an important organ for uric acid metabolism. Previous physiolog-
ical studies have found that approximately one-third of uric acid is excreted in the
intestine, with the remaining two-thirds excreted in urine [7]. When kidney function is
impaired, the intestine can compensate by increasing uric acid excretion [8]. Further
research found that the intestinal tract is a crucial organ for both the production and
absorption of uric acid [9]. Thus, impaired intestinal function leads to uric acid accu-
mulation, causing hyperuricemia [10]. Increased intestinal permeability in certain
intestinal diseases allows the entry of intestinal bacterial products into the body, trig-
gering an inflammatory response that affects uric acid metabolism [11]. The intestinal
microbiota participate in uric acid metabolism, and when the microbial community is
imbalanced, it may increase uric acid levels [9,12].

Crohn’s disease (CD), an inflammatory bowel disease (IBD), is a chronic, progres-
sive condition with relapsing and remitting features, characterized by inflammation of
the gastrointestinal tract [13]. Important pathophysiologic mechanisms of CD include
impaired intestinal barrier function and disturbances in intestinal microbiota [14]. In a
large, population-based sample, the prevalence of gout increased significantly among
patients with CD [15]. Given that obesity is a significant risk factor for high serum
uric acid levels, hyperuricemia, and gout, and that patients with CD typically have a
lower body mass index (BMI) than the general population, it is likely that the way CD
patients metabolize uric acid differs significantly from the general population [16—18].
So far, research suggests that hyperuricemia in IBD has been linked to some patho-
genetic mechanisms, like immune, microbial, and genetic factors [19]. However, the
essential role of environmental pollution factors as the etiology in the elevation of
SUA in CD patients has never been recognized.

Phthalates (PAEs) are ubiquitous environmental contaminants widely used in
industrial and consumer products as plasticizers or additives [20]. Because of the
absence of chemical bonding in polymers, phthalates are quickly released from
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plastics into the environment, causing widespread exposure among the general population via food ingestion, skin absorp-
tion, and air inhalation [21]. In China, human exposure to PAEs has increased during the last decade (e.g., MMP, 8.7%
increase per year; MnBP, 34.4% increase per year) [22].

Our previous research found that PAEs exposure was closely related to CD activity, and the association could be
mediated by oxidative stress, which indicated the potential role of phthalates in metabolic disorders and emphasized the
pivotal role of oxidative stress in their mechanism [23]. Several studies have identi, i.e.,d a positive relationship between
PAEs and uric acid levels in the general population [24,25]. Previous studies have also indicated a paradoxical association
between uric acid and the oxidative stress process [26,27]. Therefore, the current study aimed to examine the associa-
tion between phthalates exposure and serum uric acid in Crohn’s disease patients, and the role of oxidative stress in this
process was also explored.

Materials and methods
Study population

This cross-sectional study was conducted at Wuhan Union Hospital (Wuhan, China) between 01 August 2021 and 30
October 2021. Hospitalized patients diagnosed with Crohn’s disease (CD), according to the ECCO-ESGAR Guideline,
were recruited [28]. Exclusion criteria: (1) history of surgical procedures or enterostomy; (2) significant comorbidities (e.g.,
infectious diseases, asthma, allergies, chronic kidney disease and autoimmune thyroid diseases), or acute diseases (e.g.,
food poisoning); (3) concomitant enteric pathogen infection (e.g., Clostridium difficile, Cytomegalovirus, Epstein-Barr
virus, etc.); (4) age lower than 16 years old. Patients with repeated hospital admissions were included only once. Informed
consent was obtained from all participants. To avoid selection bias, we implemented a total population approach wherein
every CD patient admitted to the ward during the study window was considered without differentiation. The study complied
with the Helsinki Declaration and was approved by the Ethics Committee of Wuhan Union Hospital (N0.S435).

Data and sample collection

General characteristics, including age, sex, height, weight, comorbidities, symptoms, and medical and surgical history,
were collected. All participants underwent symptom assessment to calculate Crohn’s disease Harvey-Bradshaw index
(HBI) [29], which included general well-being, stool frequency, abdominal pain, complications of CD, and presence of

an abdominal mass. Serum uric acid, serum creatinine, and estimated glomerular filtration rate (eGFR) were measured
by the blood samples collected the next morning after admission. Meanwhile, all participants were asked to provide
first-morning urine samples (from 6:30 a.m. to 8:00 a.m.). We used the cutoff point for uric acid of 416 umol/L for men and
357 pumol/L for women to diagnose hyperuricemia [30,31]. Abnormal renal function was defined as the eGFR less than 90
ml-min-'/1.73 m? [32].

Measurement of phthalates and oxidative stress biomarkers

It is difficult to directly measure the concentration of phthalates (PAEs) or the ubiquity of PAEs in blood. Phthalate metab-
olites (mMPAEs) are widely used for quantifying human exposure to phthalates in urine samples due to their noninvasive-
ness, high detection rates, and ease of collection [33,34].

The concentrations of ten urinary mPAEs, including monomethyl phthalate (MMP), monoethyl phthalate (MEP),
mono-iso-butyl phthalate (MiBP), mono-n-butyl phthalate (MBP), mono-(2-ethylhexyl) phthalate (MEHP), mono-benzyl
phthalate (MBzP), mono-n-octyl phthalate (MOP), mono-2-ethyl-5- oxohexyl phthalate (MEOHP), mono-2-ethyl-5-
hydroxyhexyl phthalate, (MEHHP), and mono-(2-ethyl-5-carboxypentyl) phthalate (MECPP) were measured using a gas
chromatography-tandem mass spectrometry (GC-MS/MS) using Agilent 8890 gas chromatography system coupled with
Agilent 7010B triple quadrupole mass spectrometer (Agilent, Palo Alto, CA, USA) based on a reliable approach outlined
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previously described [35—-37]. More detailed information on methods and detection quality is provided in the S1 File and in
S1 and S2 Tables.

The BS-200 automatic biochemistry analyzer (Shenzhen Mindray Bio-Medical Electronics Co., Ltd.) was used to
determine urinary creatinine concentrations. In this study, mPAEs were adjusted for the serum-to-urine creatinine ratio and
reported as ng/L.

PAE metabolites were classified into two groups based on molecular weights of their parent compounds: including low
molecular weight (LMW) mPAEs (MMP, MEP, MiBP, MBP, MBzP) and high molecular weight (HMW) mPAEs (MEHP, MOP,
MEOHP, MEHHP, MECPP) [38]. DEHP metabolites (MEHP, MEOHP, MEHHP, MECPP; mDEHP) and total mPAEs (sum
of 10 individual mPAEs) were also analyzed [39].

Concentrations of oxidative stress biomarkers (8-OHdG and 8-iso-PGF2aq) in urine samples were evaluated with
enzyme-linked immunosorbent assay (ELISA) kits (Shanghai Shunshi, China) following the manufacturer’s instructions.
Concentrations of urinary 8-OHdG and 8-iso-PGF2a were adjusted by the ratio of serum creatinine to urine creatinine.

Statistical analysis

Considering the significant differences in uric acid metabolism between men and women [40,41], this study discussed
each sex separately. Continuous variables were reported as median (IQR), and categorical variables as frequencies (per-
centages). To achieve normality, serum uric acid (SUA) levels were natural-log (In) transformed.

The association between mPAEs and SUA levels or hyperuricemia was evaluated using the following approach:
1)Correlation and Regression: Spearman correlation was used for bivariate analysis. Multivariate linear and logis-
tic regression models, adjusted for age, BMI, and HBI, were employed to estimate standardized coefficients () and
odds ratios (ORs) with 95% confidence intervals (Cls) calculated via the bootstrap method. The interaction between
mPAEs and disease activity (HBI) was explored using stepwise multivariate linear regression by adding interaction
terms (mPAEs x HBI) to the model. 2)Joint Exposure Analysis: To account for the multi-pollutant nature and high
correlation of mPAEs, Bayesian kernel machine regression (BKMR) was implemented. This model estimated the
joint effects of the mixture on SUA and hyperuricemia while identifying major contributors through hierarchical vari-
able selection [42]. The BKMR model utilized a Markov chain Monte Carlo (MCMC) algorithm with 50,000 iterations.
Overall associations were estimated by setting the mixture at specific percentiles (25th-75th) relative to the 50th
percentile. 3)Mediation Analysis: We used a mediation model to explore whether oxidative stress (M) mediated
the relationship between mPAEs (X) and SUA levels (Y). Robust standard errors and bootstrapping were applied to
handle non-normal distributions.

Standardized collection protocols ensured a complete dataset for all 117 participants with zero missing values in
core variables. All analyses were conducted using R software (version 4.3.3) with a two-tailed significance threshold
of P<0.05.

Results

A total of 163 CD patients were interviewed, of whom 117 (71.8%) were included in the analysis. The flowchart of the
study procedure is shown in Fig 1.

Demographic, clinical characteristics, and phthalates exposure of the study population

The demographic, clinical characteristics, and phthalates exposure of CD patients were summarized in Table 1. All the
patients had normal renal function (eGFR>90 ml-min-'/1.73 m?) and were not obese (BMI>30 kg/m?). The prevalence of
hyperuricemia was 12.8% (15/117) in CD patients, similar to that of the general population [2]. Despite significant differ-
ences in demographic and SUA levels between male and female patients, there were no significant differences in the
proportion of hyperuricemia and mPAEs.
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Diagnosed CD patients
N=163

a) Enterostomy (N = 12)

b) Significant comorbiditics, aute disease, or
Excluded—®] enteric pathogen infection (N = 8)

c¢) Age < 16 years old (N = 10)

d) Replicate hospital record (N = 16)

Eligible for enrollment
N=117

a) Urinary mPAEs & oxidative

stress biomarkers measurement

b) Serum biochemical tests (SUA & eGFR)
¢) Symptoms assessment for HBI

Fig 1. Study flowchart.

https://doi.org/10.1371/journal.pone.0343097.9001

Associations between SUA level and mPAEs

Both female and male patients exhibited significant internal correlations among the various mPAEs (Fig 2). In males, most
types of mMPAEs were significantly positively associated with SUA, hyperuricemia, and HBI. However, none of the mPAEs
was significantly associated with SUA or hyperuricemia in females.

Multivariate linear and logistic regression models adjusted for age, BMI, and HBI were adopted to analyze the rela-
tionship between mPAEs and SUA level and hyperuricemia (Table 2). Similar to the correlation analysis results, in male
patients, most types of mPAEs were still significantly associated with SUA level.

Stepwise regression analysis assessed the interaction between mPAEs and HBI, with negative results (S3 Table).

Joint effect of mMPAEs on SUA level

Because neither SUA nor mPAEs were significantly associated with eGFR or biological agents use (Fig 2), only age, BMI,
and HBI were included as covariates in subsequent BKMR analyses. Positive overall associations of mPAEs mixtures
with SUA, when ten urinary phthalate metabolites were concurrently at a particular percentile, ranging from 25th to 75th
percentile, compared to the mixture at medians in male patients, but not female patients (Fig 3). The average SUA con-
centration would increase by 1.36-fold, and the odds ratio of hyperuricemia would increase by 1.25-fold when the overall
phthalates exposure increased from 25% to 75% in male CD patients (S4 Table). Among the 10 phthalates, MEOHP
showed the strongest association with SUA levels and hyperuricemia, with the highest posterior inclusion probabilities
(PIPs) in the models (S5 Table). However, we found that none of the individual mPAEs can significantly influence the SUA
levels or hyperuricemia (Fig 3).

Mediation effect of oxidative stress on the associations between mPAEs and SUA level

As shown in Fig 2, there is a significant correlation between oxidative stress markers (8-OHdG as the biomarker of
oxidative DNA damage or 8-iso-PGF2a as the biomarker of lipid peroxidation) and SUA level, as well as mPAEs in male
patients [43,44]. The mediation effect model was adopted to analyze the role of oxidative stress in mediating the asso-
ciation between mPAEs and SUA level. In this model, SUA level was considered as the dependent variable (Y), each of
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Table 1. Demographic, clinical characteristics, and phthalate metabolites of patients with Crohn’s

disease.

Variables

Male (N=88)

Female (N=29)

Age (years)

27.0 (20.3-33.0)

35.0 (22.5-49.0)

BMI (kg/m?) 19.2 (17.3-21.3) 17.9 (16.1-19.5)
HBI 2.0 (1.0-5.0) 3.0 (1.0-5.5)

SUA (pmol/L) 332.3 (268.8-412.6) 241.4 (206.6-296.0)
Hyperuricemia (yes) 12 (13.6%) 3 (10.3%)

Biological agents use (yes)

53 (60.2%)

15 (51.7%)

eGFR (ml'min-'/1.73 m?)

122.2 (112.6-131.7)

118.9 (108.1-131.3)

8-OHdG (ng/L)

1.4 (1.0-2.5)

1.6 (1.2-2.9)

8-is0-PGF2a (ng/L)

0.9 (0.5-1.5)

1.3(0.7-2.2)

mPAEs (ng/L)

MMP 20.1 (10.2-43.3) 11.7 (5.7-35.7)
MEP 102.0 (57.9-173.5) 86.5 (42.4-163.1)
MIBP 138.2 (83.3-233.1) 111.4 (72.9-175.7)
MBP 915.2 (504.9-1566.6) 645.0 (424.3-1425.8)
MEHP 26.0 (6.3-75.9) 26.2 (4.7-63.3)
MBzP 6.8 (4.0-10.8) 7.6 (5.4-11.7)
MOP 2.3 (1.0-5.4) 1.5 (0.9-5.9)
MEOHP 56.1 (33.3-110.8) 65.3 (39.0-116.3)
MEHHP 81.0 (32.9-202.8) 85.3 (35.9-188.8)
MECPP 134.0 (73.2-266.2) 123.2 (70.3-177.3)
Total mPAEs 1832.0 (1109.8-2945.0) 1371.1 (983.1-2762.1)
Types of mPAEs (ng/L)
LMW mPAEs 1250.0 (756.6-2135.3) 913.1 (655.9-1987.8)
HMW mPAEs 361.9 (222.8-672.0) 364.3 (212.5-594.8)
mDEHP 352.1 (214.5-638.0) 354.4 (196.2-582.4)

Data are median (IQR) or n (%). mMPAEs, PAE metabolites; Total mPAEs: sum of ten individual mPAEs;
LMW mPAEs, low molecular weight mPAEs; HMW mPAEs, high molecular weight mPAEs; mDEHP, DEHP

metabolites.

https://doi.org/10.1371/journal.pone.0343097.t001

mPAEs as the independent variable (X), 8-OHdG or 8-iso-PGF2a as the mediator variables (M), and age, BMI & HBI were
included as confounding variables.

Mediation of oxidative stress was present. The compound 8-OHdG significantly mediated the effects of four mPAEs
(MMP, MIBP, MOP & MECPP) on uric acid, with the proportion mediated ranging from 13.84% to 49.48% (S6 Table). Addi-
tionally, 8-iso-PGF2a showed similar results (S7 Table). The oxidative stress, assessed by two distinct biomarkers, played
a partial mediating role: approximately 5.56% for 8-OHdG and 4.62% for 8-iso-PGF2aq, indicating that oxidative stress is a
minor but consistent pathway linking phthalate exposure to elevated SUA levels.

Discussion

In this cross-sectional study of patients with CD, we found a positive association between phthalate exposure and SUA
levels, particularly among male patients. BKMR analysis of phthalates mixtures revealed that when overall exposure
increased from the 25th to the 75th percentile, the average SUA concentration increased by 1.36-fold, and the odds of
hyperuricemia increased by 1.25-fold, after adjustment for age, BMI, and disease activity (HBI). Furthermore, mediation
analysis indicated that oxidative stress partially contributed to this association.
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Table 2. Multivariate regression for the relationship between mPAEs and SUA or hyperuricemia.

mPAEs Male (N=88) Female (N=29)

SUA level (In SUA) Hyperuricemia SUA level (In SUA) Hyperuricemia

B (95%Cl) OR (95%Cl) B (95%Cl) OR (95%Cl)
MMP 0.34 (0.18, 0.47)* 1.66 (0.92, 3.10) 0.20 (-0.89, 0.79) 3.59 (1.16, 79.70)
MEP 0.16 (0.05, 0.76) 1.17 (0.59, 1.95) 0.11 (-0.60, 0.48) 2.38 (0.84, 9.23)
MIBP 0.20 (0.02, 0.52) 2.32 (1.17,6.71) 0.05 (-0.45, 0.62) 2.00 (0.61, 8.33)
MBP 0.34 (0.16, 0.55)* 217 (1.22,4.28)* 0.37 (-0.30, 0.66) 4.12 (0.78, 52.37)
MEHP 0.13 (-0.04, 0.50) 1.29 (0.70, 2.21) 0.31(-0.39, 0.51) 2.45 (0.90, 8.27)
MBzP 0.30 (0.13, 0.55)* 1.30 (0.68, 2.28) 0.18 (-0.41, 0.55) 3.11 (0.93, 18.21)
MOP 0.22 (0.06, 0.47)* 1.11 (0.54, 1.94) 0.07 (-0.52, 0.68) 2.72 (0.51, 16.91)
MEOHP 0.38 (0.20, 1.09)* 2.23(1.23,517)* 0.34 (0.08, 0.68) 1.80 (0.48, 7.63)
MEHHP 0.39 (0.22, 0.90)* 2.31 (1.26, 5.15)* 0.39 (0.10, 0.71) 2.98 (0.89, 20.59)
MECPP 0.17 (-0.04, 0.64) 1.24 (0.64, 2.11) 0.31 (-0.16, 0.77) 7.31 (1.39, 745.37)
Total mPAEs 0.46 (0.25, 0.84)* 2.99 (1.43, 8.23)* 0.38 (-0.14, 0.62) 3.55 (0.99, 34.31)
LMW mPAEs 0.36 (0.18, 0.63)* 2.24 (1.22, 4.85)* 0.34 (-0.28, 0.60) 3.75(0.90, 39.58)
HMW mPAEs 0.36 (0.18, 0.74)* 1.93 (1.08, 3.70)* 0.38 (0.07, 0.62) 3.28 (1.01, 21.39)
mDEHP 0.35(0.18, 0.76)* 1.93 (1.08, 3.71)* 0.38 (0.05, 0.61) 3.28 (1.01, 21.61)

Linear regression for SUA and logistic regression for hyperuricemia. The models were adjusted for age, BMI, and HBI. Abbreviation: B, the standardized
estimate coefficient; OR, standardized odds ratio; Cl, confidence interval. * P-value <0.05.

https://doi.org/10.1371/journal.pone.0343097.t002
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Fig 3. Joint and Individual Effects of Phthalate Metabolite (MPAEs) Mixtures on Serum Uric Acid (SUA) and Hyperuricemia Risk Stratified by
Sex. Panels A-D: Overall Mixture Effects. These panels illustrate the joint effect of the mPAE mixture on In-transformed SUA levels (A for males, B for
females) and the risk of hyperuricemia (C for males, D for females). The plots display the estimated change in the outcome (with 95% Confidence Inter-
vals) when all metabolites in the mixture are fixed at a specific quantile compared to when they are all at their 50th percentile. Panels E-H: Univariate
Predictor-Response Relationships. These panels show the individual contribution of each phthalate metabolite to the outcome while holding all other
metabolites fixed at the 25th (blue), 50th (green), or 75th (red) percentiles. Panels E & F show the estimated changes in In(SUA) for males and females,
respectively. Panels G & H show the estimated changes in hyperuricemia risk for males and females, respectively. The models were adjusted for age,
BMI and HBI.

https://doi.org/10.1371/journal.pone.0343097.9003

Evidence on the association between phthalates exposure and hyperuricemia or SUA level in CD patients is minimal.
The metabolomics study by Tsai et al. indicated that children who consumed food contaminated with DEHP had higher
SUA levels than those who consumed non-contaminated food [45]. A study in the general U.S. population from NHANES
demonstrated a significant association between phthalate metabolites and elevated SUA levels, as well as an increased
risk of hyperuricemia [46]. However, another study found that SUA levels were not significantly associated with phthalates
in a general population sample of 1000 [47]. Evidence regarding how phthalates affect SUA levels remains inconsistent
across comparable populations. Our results suggested that this relationship between phthalate exposure and SUA level
remains in male patients with inflammatory bowel diseases. Given that CD is significantly positively associated with gout
[15], the effect of phthalates on SUA may be complexly modulated by CD.

Previous studies have suggested that phthalates may impact SUA levels through glomerular damage. Male mice
treated with DEHP (500 mg/kg or 1000 mg/kg) by gavage for 28 days exhibited glomerular atrophy [48]. Another acute
toxicity animal study showed that SUA levels were significantly higher in male mice exposed to high doses of butyl benzyl
phthalate (BBP) (1250 ug/kg to 5000 ug/kg) compared to controls, while animals showed significant renal and hepatic
impairment [49]. However, the concentrations used in animal studies were much higher than those in the general popula-
tion. All participants in our study had normal renal function, and their uric acid concentrations remained positively cor-
related with phthalates. Thus, phthalates may directly affect uric acid production.
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Our study found that the SUA-elevating effect of phthalates may be sex-dependent. Many previous studies have made sim-
ilar findings. A study found the inverse relationship between MEHP and body parameters among females but not in males [50].
Another study suggested that DEHP is associated with free thyroxine in girls, whereas urinary dibutyl phthalate (MiBP & MBP)
is associated with free triiodothyronine in boys [51]. Additionally, a study on intrauterine growth restriction (IUGR) found that
prenatal exposure to phthalates was associated with an increased risk of [IUGR, and that male newborns were more sensitive to
phthalates than females [52]. The relationship between gender and uric acid levels is significant: current diagnostic thresholds
for hyperuricemia differ between men and women. A study found that estrogen may regulate uric acid levels by modulating uric
acid metabolism and excretion [53]. We speculated that estrogen may also influence the relationship between phthalates and
uric acid. However, due to the small number of female participants included and the lack of further exploration, such as mea-
surement of estrogen levels, the influence of gender on the relationship between phthalates and uric acid remains unclear.

As mentioned earlier, the relationship between oxidative stress and SUA levels may be complex [26,27]. Previous
studies have found a correlation between oxidative stress and uric acid metabolism [54,55]. The mediation role of oxida-
tive stress has been reported in other PAEs-associated diseases, such as the toxicity of PAEs on the male reproductive
system and preterm birth [56,57]. Moreover, our previous study showed that oxidative stress mediates the association
between phthalates and CD activity [23]. This led us to speculate that oxidative stress might be an important mediator of
the biological effects of phthalates. However, the mediating effect of oxidative stress, though identified, was very weak.

The limitations of our study should be acknowledged. First, we could not avoid selection bias due to the cross-sectional study
design. In addition, the concentrations of MPAEs were measured in single samples of first-morning urine, which may not repre-
sent the mean body burden due to the short half-lives of these chemicals [58]. We cannot rule out the possibility of other unmea-
sured substances with similar exposure, which may bias the findings. The sample size of our study may have been inadequate,
as only 15 participants met the diagnostic criteria for hyperuricemia. Besides, diet is a significant contributor to uric acid levels.
However, it was excluded from the study due to challenges in quantification and analysis. Furthermore, it should be noted that all
participants in this study presented with normal renal function and non-obese BMls. While this minimized inter-subject variability,
it may simultaneously limit the generalizability of our findings to populations with obesity or renal insufficiency.

In conclusion, our study revealed a significant correlation between phthalate exposure and serum uric acid levels in
male patients with Crohn’s disease, independent of the glomerular filtration rate. However, given the sample size, the
results for female CD patients may require further investigation. Effective PAE exposure control in patients with CD may
help reduce the risk of hyperuricemia.

Supporting information

S1 Table. Settings for Multiple Reaction Monitoring (MRM) Mode.
(DOCX)

S2 Table. The Quality Control of Urinary PAE Metabolites Qualification.
(DOCX)

S3 Table. Stepwise Multivariate Linear Regression for the Interaction of mPAEs and HBI for SUA.
(DOCX)

S4 Table. The Overall Associations of the Mixture of Ten Phthalate Metabolites with SUA level and Hyperuricemia
in Male CD patients.
(DOCX)

S5 Table. The posterior inclusion probabilities in the Bayesian kernel machine regression model in male CD
patients.
(DOCX)

PLOS One | https://doi.org/10.1371/journal.pone.0343097 March 3, 2026 9/13



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343097.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343097.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343097.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343097.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343097.s005

PLO\Sﬁ\\.- One

S6 Table. Mediating effects of 8-OHdG on the association of mPAEs and SUA level in male CD patients.
(DOCX)

S7 Table. Mediating Effects of 8-iso-PGF2a on the Association of mPAEs and SUA Level in Male CD Patients.
(DOCX)

S1 File. Detial Method for the Determination of Urinary mPAEs.
(DOCX)

Acknowledgments

We want to extend our sincere gratitude to all the participants who selflessly participated in this clinical research study.
Their invaluable contribution and cooperation have played a vital role in advancing medical knowledge and developing
improved treatments. This study would not have been possible without their willingness to be involved. Thank you for your
dedication and support.

Author contributions

Conceptualization: Liang Wang, Liangru Zhu.

Data curation: De Qingzhuoga.

Formal analysis: Xinghuang Liu.

Funding acquisition: Liang Wang, Lei Tu.

Investigation: Danping Xiong.

Methodology: Xinghuang Liu.

Project administration: Liangle Yang.

Resources: Danping Xiong.

Software: Xinghuang Liu.

Supervision: Xiaohua Hou.

Validation: De Qingzhuoga.

Visualization: Xinghuang Liu.

Writing — original draft: Xinghuang Liu, De Qingzhuoga, Danping Xiong, Liangle Yang.
Writing — review & editing: Xiaohua Hou, Bai Tao, Liangru Zhu, Lei Tu.

References

1. Dehlin M, Jacobsson L, Roddy E. Global epidemiology of gout: Prevalence, incidence, treatment patterns and risk factors. Nat Rev Rheumatol.
2020;16(7):380-90. https://doi.org/10.1038/s41584-020-0441-1 PMID: 32541923

2. Zhang M, Zhu X, Wu J, Huang Z, Zhao Z, Zhang X, et al. Prevalence of hyperuricemia among chinese adults: Findings from two nationally rep-
resentative cross-sectional surveys in 2015-16 and 2018-19. Front Immunol. 2022;12:791983. https://doi.org/10.3389/fimmu.2021.791983 PMID:
35197964

3. Dalbeth N, Gosling AL, Gaffo A, Abhishek A. Gout. Lancet. 2021;397(10287):1843-55. https://doi.org/10.1016/S0140-6736(21)00569-9 PMID:
33798500

4. Jalal DI, Chonchol M, Chen W, Targher G. Uric acid as a target of therapy in CKD. Am J Kidney Dis. 2013;61(1):134—46. https://doi.org/10.1053/j.
ajkd.2012.07.021 PMID: 23058478

5. Puddu PE, Bilancio G, Terradura Vagnarelli O, Lombardi C, Mancini M, Zanchetti A, et al. Serum uric acid and eGFR_CKDEPI differently pre-
dict long-term cardiovascular events and all causes of deaths in a residential cohort. Int J Cardiol. 2014;171(3):361-7. https://doi.org/10.1016/].
ijcard.2013.12.029 PMID: 24388539

PLOS One | https://doi.org/10.137 1/journal.pone.0343097 March 3, 2026 10/13



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343097.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343097.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343097.s008
https://doi.org/10.1038/s41584-020-0441-1
http://www.ncbi.nlm.nih.gov/pubmed/32541923
https://doi.org/10.3389/fimmu.2021.791983
http://www.ncbi.nlm.nih.gov/pubmed/35197964
https://doi.org/10.1016/S0140-6736(21)00569-9
http://www.ncbi.nlm.nih.gov/pubmed/33798500
https://doi.org/10.1053/j.ajkd.2012.07.021
https://doi.org/10.1053/j.ajkd.2012.07.021
http://www.ncbi.nlm.nih.gov/pubmed/23058478
https://doi.org/10.1016/j.ijcard.2013.12.029
https://doi.org/10.1016/j.ijcard.2013.12.029
http://www.ncbi.nlm.nih.gov/pubmed/24388539

PLO\S\% One

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Stamp LK, Frampton C, Drake J, Doughty RN, Troughton RW, Richards AM. Associations of gout and baseline serum urate level with cardiovas-
cular outcomes: Analysis of the coronary disease cohort study. Arthritis Rheumatol. 2019;71(10):1733-8. https://doi.org/10.1002/art.41007 PMID:
31162825

Maiuolo J, Oppedisano F, Gratteri S, Muscoli C, Mollace V. Regulation of uric acid metabolism and excretion. Int J Cardiol. 2016;213:8—14. https:/
doi.org/10.1016/j.iicard.2015.08.109 PMID: 26316329

Yu TS, Berger L, Gutman AB. Renal function in gout. Il. Effect of uric acid loading on renal excretion of uric acid. Am J Med. 1962;33:829-44.
https://doi.org/10.1016/0002-9343(62)90215-2 PMID: 14002884

Yun, Yin H, Gao Z, Li Y, Gao T, Duan J, et al. Intestinal tract is an important organ for lowering serum uric acid in rats. PLoS One.
2017;12(12):e0190194. https://doi.org/10.1371/journal.pone.0190194 PMID: 29267361

Wiederkehr MR, Moe OW. Uric acid nephrolithiasis: A systemic metabolic disorder. Clin Rev Bone Miner Metab. 2011;9(3—4):207-17. https://doi.
org/10.1007/s12018-011-9106-6 PMID: 25045326

Xu D, Lv Q, Wang X, Cui X, Zhao P, Yang X, et al. Hyperuricemia is associated with impaired intestinal permeability in mice. Am J Physiol Gastro-
intest Liver Physiol. 2019;317(4):G484-92. https://doi.org/10.1152/ajpgi.00151.2019 PMID: 31369290

Guo Z, Zhang J, Wang Z, Ang KY, Huang S, Hou Q, et al. Intestinal Microbiota Distinguish Gout Patients from Healthy Humans. Sci Rep.
2016;6:20602. https://doi.org/10.1038/srep20602 PMID: 26852926

Baumgart DC, Sandborn WJ. Crohn’s disease. Lancet. 2012;380(9853):1590-605. https://doi.org/10.1016/S0140-6736(12)60026-9 PMID:
22914295

Vindigni SM, Zisman TL, Suskind DL, Damman CJ. The intestinal microbiome, barrier function, and immune system in inflammatory bowel disease:
A tripartite pathophysiological circuit with implications for new therapeutic directions. Therap Adv Gastroenterol. 2016;9(4):606—25. https://doi.
org/10.1177/1756283X16644242 PMID: 27366227

Hamid O, Alsabbagh Alchirazi K, Eltelbany A, Nanah R, Regueiro M. Increased prevalence of gout in patients with inflammatory bowel disease: A
population-based study. JGH Open. 2023;7(9):640—4. https://doi.org/10.1002/jgh3.12963 PMID: 37744707

Nielsen SM, Bartels EM, Henriksen M, Waehrens EE, Gudbergsen H, Bliddal H, et al. Weight loss for overweight and obese individuals with gout:
A systematic review of longitudinal studies. Ann Rheum Dis. 2017;76(11):1870-82. https://doi.org/10.1136/annrheumdis-2017-211472 PMID:
28866649

Chen Y, Zhang N, Sun G, Guo X, Yu S, Yang H, et al. Metabolically healthy obesity also has risk for hyperuricemia among Chinese general popula-
tion: A cross-sectional study. Obes Res Clin Pract. 2016;10 Suppl 1:S84-95. https://doi.org/10.1016/j.orcp.2016.03.008 PMID: 27061989

Dong J, Chen Y, Tang Y, Xu F, Yu C, Li Y, et al. Body mass index is associated with inflammatory bowel disease: A systematic review and
meta-analysis. PLoS One. 2015;10(12):e0144872. https://doi.org/10.1371/journal.pone.0144872 PMID: 26658675

Chiaro TR, Soto R, Zac Stephens W, Kubinak JL, Petersen C, Gogokhia L, et al. A member of the gut mycobiota modulates host purine metabo-
lism exacerbating colitis in mice. Sci Transl Med. 2017;9(380):eaaf9044. https://doi.org/10.1126/scitranslmed.aaf9044 PMID: 28275154

Thomas JA, Thomas MJ. Biological effects of di-(2-ethylhexyl) phthalate and other phthalic acid esters. Crit Rev Toxicol. 1984;13(4):283-317.
https://doi.org/10.3109/10408448409023761 PMID: 6386344

Tuan Tran H, Lin C, Bui X-T, Ky Nguyen M, Dan Thanh Cao N, Mukhtar H, et al. Phthalates in the environment: characteristics, fate and transport,
and advanced wastewater treatment technologies. Bioresour Technol. 2022;344(Pt B):126249. https://doi.org/10.1016/j.biortech.2021.126249
PMID: 34732372

Dominguez-Romero E, Komprdova K, Kalina J, Bessems J, Karakitsios S, Sarigiannis DA, et al. Time-trends in human urinary concentrations of
phthalates and substitutes DEHT and DINCH in Asian and North American countries (2009-2019). J Expo Sci Environ Epidemiol. 2023;33(2):244—
54. https://doi.org/10.1038/s41370-022-00441-w PMID: 35513587

Xiong D, Chen Y, Zhu S, Liu L, Zhao L, Zeng C, et al. Exploring the relationship between urinary phthalate metabolites and Crohn’s disease via oxi-
dative stress, and the potential moderating role of gut microbiota: A conditional mediation model. Free Radic Biol Med. 2023;208:468-77. https://
doi.org/10.1016/j.freeradbiomed.2023.09.005 PMID: 37690673

Wang H, Cui Y, Zhang F, Song R, Zhao L, Han M, et al. Association between urinary phthalate metabolites and hyperuricemia in US adults. Environ
Sci Pollut Res Int. 2023;30(14):41445-59. https://doi.org/10.1007/s11356-022-25051-9 PMID: 36633744

Zhang J, Liu L, Wang X, Huang Q, Tian M, Shen H. Low-level environmental phthalate exposure associates with urine metabolome alteration in a
Chinese Male Cohort. Environ Sci Technol. 2016;50(11):5953-60. https://doi.org/10.1021/acs.est.6b00034 PMID: 27138838

Strazzullo P, Puig JG. Uric acid and oxidative stress: Relative impact on cardiovascular risk?. Nutr Metab Cardiovasc Dis. 2007;17(6):409—14.
https://doi.org/10.1016/j.numecd.2007.02.011 PMID: 17643880

Glantzounis GK, Tsimoyiannis EC, Kappas AM, Galaris DA. Uric acid and oxidative stress. Curr Pharm Des. 2005;11(32):4145-51. htips://doi.
org/10.2174/138161205774913255 PMID: 16375736

Maaser C, Sturm A, Vavricka SR, Kucharzik T, Fiorino G, Annese V, et al. ECCO-ESGAR Guideline for Diagnostic Assessment in IBD Part 1: Initial
diagnosis, monitoring of known IBD, detection of complications. J Crohns Colitis. 2019;13(2):144—64. https://doi.org/10.1093/ecco-jcc/jjy113 PMID:
30137275

Peyrin-Biroulet L, Panés J, Sandborn WJ, Vermeire S, Danese S, Feagan BG, et al. Defining disease severity in inflammatory bowel diseases:
Current and future directions. Clin Gastroenterol Hepatol. 2016;14(3):348-354.e17. https://doi.org/10.1016/j.cgh.2015.06.001 PMID: 26071941

PLOS One | https://doi.org/10.1371/journal.pone.0343097 March 3, 2026 11713



https://doi.org/10.1002/art.41007
http://www.ncbi.nlm.nih.gov/pubmed/31162825
https://doi.org/10.1016/j.ijcard.2015.08.109
https://doi.org/10.1016/j.ijcard.2015.08.109
http://www.ncbi.nlm.nih.gov/pubmed/26316329
https://doi.org/10.1016/0002-9343(62)90215-2
http://www.ncbi.nlm.nih.gov/pubmed/14002884
https://doi.org/10.1371/journal.pone.0190194
http://www.ncbi.nlm.nih.gov/pubmed/29267361
https://doi.org/10.1007/s12018-011-9106-6
https://doi.org/10.1007/s12018-011-9106-6
http://www.ncbi.nlm.nih.gov/pubmed/25045326
https://doi.org/10.1152/ajpgi.00151.2019
http://www.ncbi.nlm.nih.gov/pubmed/31369290
https://doi.org/10.1038/srep20602
http://www.ncbi.nlm.nih.gov/pubmed/26852926
https://doi.org/10.1016/S0140-6736(12)60026-9
http://www.ncbi.nlm.nih.gov/pubmed/22914295
https://doi.org/10.1177/1756283X16644242
https://doi.org/10.1177/1756283X16644242
http://www.ncbi.nlm.nih.gov/pubmed/27366227
https://doi.org/10.1002/jgh3.12963
http://www.ncbi.nlm.nih.gov/pubmed/37744707
https://doi.org/10.1136/annrheumdis-2017-211472
http://www.ncbi.nlm.nih.gov/pubmed/28866649
https://doi.org/10.1016/j.orcp.2016.03.008
http://www.ncbi.nlm.nih.gov/pubmed/27061989
https://doi.org/10.1371/journal.pone.0144872
http://www.ncbi.nlm.nih.gov/pubmed/26658675
https://doi.org/10.1126/scitranslmed.aaf9044
http://www.ncbi.nlm.nih.gov/pubmed/28275154
https://doi.org/10.3109/10408448409023761
http://www.ncbi.nlm.nih.gov/pubmed/6386344
https://doi.org/10.1016/j.biortech.2021.126249
http://www.ncbi.nlm.nih.gov/pubmed/34732372
https://doi.org/10.1038/s41370-022-00441-w
http://www.ncbi.nlm.nih.gov/pubmed/35513587
https://doi.org/10.1016/j.freeradbiomed.2023.09.005
https://doi.org/10.1016/j.freeradbiomed.2023.09.005
http://www.ncbi.nlm.nih.gov/pubmed/37690673
https://doi.org/10.1007/s11356-022-25051-9
http://www.ncbi.nlm.nih.gov/pubmed/36633744
https://doi.org/10.1021/acs.est.6b00034
http://www.ncbi.nlm.nih.gov/pubmed/27138838
https://doi.org/10.1016/j.numecd.2007.02.011
http://www.ncbi.nlm.nih.gov/pubmed/17643880
https://doi.org/10.2174/138161205774913255
https://doi.org/10.2174/138161205774913255
http://www.ncbi.nlm.nih.gov/pubmed/16375736
https://doi.org/10.1093/ecco-jcc/jjy113
http://www.ncbi.nlm.nih.gov/pubmed/30137275
https://doi.org/10.1016/j.cgh.2015.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26071941

PLO\Sﬁ\\.- One

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Liu H, Zhang X-M, Wang Y-L, Liu B-C. Prevalence of hyperuricemia among Chinese adults: A national cross-sectional survey using multistage,
stratified sampling. J Nephrol. 2014;27(6):653-8. https://doi.org/10.1007/s40620-014-0082-z PMID: 24687401

Chen-Xu M, Yokose C, Rai SK, Pillinger MH, Choi HK. Contemporary prevalence of gout and hyperuricemia in the united states and decadal
trends: The National Health and Nutrition Examination Survey, 2007-2016. Arthritis Rheumatol. 2019;71(6):991-9. https://doi.org/10.1002/art.40807
PMID: 30618180

Stevens PE, Levin A, Kidney Disease: Improving Global Outcomes Chronic Kidney Disease Guideline Development Work Group Members. Evalu-
ation and management of chronic kidney disease: Synopsis of the kidney disease: improving global outcomes 2012 clinical practice guideline. Ann
Intern Med. 2013;158(11):825-30. https://doi.org/10.7326/0003-4819-158-11-201306040-00007 PMID: 23732715

Huang S, Qi Z, Ma S, Li G, Long C, Yu Y. A critical review on human internal exposure of phthalate metabolites and the associated health risks.
Environ Pollut. 2021;279:116941. https://doi.org/10.1016/j.envpol.2021.116941 PMID: 33756240

Blount BC, Milgram KE, Silva MJ, Malek NA, Reidy JA, Needham LL, et al. Quantitative detection of eight phthalate metabolites in human urine
using HPLC-APCI-MS/MS. Anal Chem. 2000;72(17):4127-34. https://doi.org/10.1021/ac000422r PMID: 10994974

Kim S-H, On J-W, Pyo H, Ko KS, Won JC, Yang J, et al. Percentage fractions of urinary di(2-ethylhexyl) phthalate metabolites: Association with
obesity and insulin resistance in Korean girls. PLoS One. 2018;13(11):e0208081. https://doi.org/10.1371/journal.pone.0208081 PMID: 30481198

Liu M, Zhao L, Liu L, Guo W, Yang H, Chen S, et al. Urinary phthalate metabolites mixture, serum cytokines and renal function in children: A panel
study. J Hazard Mater. 2022;422:126963. https://doi.org/10.1016/j.jhazmat.2021.126963 PMID: 34449333

Zhang Z, Liu M, Zhao L, Liu L, Guo W, Yu J, et al. Urinary phthalate metabolites and heart rate variability: A panel study. Environ Pollut.
2023;330:121760. https://doi.org/10.1016/j.envpol.2023.121760 PMID: 37142210

Zhang Y-J, Guo J-L, Xue J-C, Bai C-L, Guo Y. Phthalate metabolites: Characterization, toxicities, global distribution, and exposure assessment.
Environ Pollut. 2021;291:118106. https://doi.org/10.1016/j.envpol.2021.118106 PMID: 34520948

Zhu Q, Hou J, Yin W, Ye F, Xu T, Cheng J, et al. Associations of a mixture of urinary phthalate metabolites with blood lipid traits: A repeated-
measures pilot study. Environ Pollut. 2020;257:113509. https://doi.org/10.1016/j.envpol.2019.113509 PMID: 31767236

Quifiones Galvan A, Natali A, Baldi S, Frascerra S, Sanna G, Ciociaro D, et al. Effect of insulin on uric acid excretion in humans. Am J Physiol.
1995;268(1 Pt 1):E1-5. https://doi.org/10.1152/ajpendo.1995.268.1.E1 PMID: 7840165

Zitt E, Fischer A, Lhotta K, Concin H, Nagel G. Sex- and age-specific variations, temporal trends and metabolic determinants of serum uric
acid concentrations in a large population-based Austrian cohort. Sci Rep. 2020;10(1):7578. https://doi.org/10.1038/s41598-020-64587-z PMID:
32371883

Bobb JF, Claus Henn B, Valeri L, Coull BA. Statistical software for analyzing the health effects of multiple concurrent exposures via Bayesian ker-
nel machine regression. Environ Health. 2018;17(1):67. https://doi.org/10.1186/s12940-018-0413-y PMID: 30126431

Omari Shekaftik S, Nasirzadeh N. 8-Hydroxy-2’-deoxyguanosine (8-OHdG) as a biomarker of oxidative DNA damage induced by occupational
exposure to nanomaterials: a systematic review. Nanotoxicology. 2021;15(6):850—64. https://doi.org/10.1080/17435390.2021.1936254 PMID:
34171202

Van't Erve TJ, Lih FB, Jelsema C, Deterding LJ, Eling TE, Mason RP, et al. Reinterpreting the best biomarker of oxidative stress: The 8-iso-
prostaglandin F2a/prostaglandin F2a ratio shows complex origins of lipid peroxidation biomarkers in animal models. Free Radic Biol Med.
2016;95:65—73. https://doi.org/10.1016/j.freeradbiomed.2016.03.001 PMID: 26964509

Tsai H-J, Chen B-H, Wu C-F, Wang S-L, Huang P-C, Tsai Y-C, et al. Intake of phthalate-tainted foods and microalbuminuria in children: The 2011
Taiwan food scandal. Environ Int. 2016;89-90:129-37. https://doi.org/10.1016/j.envint.2016.01.015 PMID: 26827184

TanY, FuY, Yao H, Wu X, Yang Z, Zeng H, et al. Relationship between phthalates exposures and hyperuricemia in U.S. general population,
a multi-cycle study of NHANES 2007-2016. Sci Total Environ. 2023;859(Pt 1):160208. https://doi.org/10.1016/j.scitotenv.2022.160208 PMID:
36400295

Choi Y, Lee SJ, Jeon J, Jung KJ, Jee SH. Inverse associations of bisphenol A and phthalate metabolites with serum bilirubin levels in Korean popu-
lation. Environ Sci Pollut Res Int. 2019;26(26):26685-95. https://doi.org/10.1007/s11356-019-05205-y PMID: 31292880

Jiang F-W, Yang Z-Y, Bian Y-F, Cui J-G, Zhang H, Zhao Y, et al. The novel role of the aquaporin water channel in lycopene preventing DEHP-
induced renal ionic homeostasis disturbance in mice. Ecotoxicol Environ Saf. 2021;226:112836. https://doi.org/10.1016/j.ecoenv.2021.112836
PMID: 34601266

Beltifa A, Feriani A, Machreki M, Ghorbel A, Ghazouani L, Di Bella G, et al. Plasticizers and bisphenol A, in packaged foods sold in the Tunisian
markets: study of their acute in vivo toxicity and their environmental fate. Environ Sci Pollut Res Int. 2017;24(28):22382-92. https://doi.org/10.1007/
$11356-017-9861-0 PMID: 28801775

Petrovicova |, Kolena B, Sidlovska M, Pilka T, Wimmerovéa S, Trnovec T. Occupational exposure to phthalates in relation to gender, consumer prac-
tices and body composition. Environ Sci Pollut Res Int. 2016;23(23):24125-34. https://doi.org/10.1007/s11356-016-7394-6 PMID: 27640056

Weng T-I, Chen M-H, Lien G-W, Chen P-S, Lin JC-C, Fang C-C, et al. Effects of gender on the association of urinary phthalate metabolites with
thyroid hormones in children: A prospective cohort study in Taiwan. Int J Environ Res Public Health. 2017;14(2):123. https://doi.org/10.3390/
ijerph14020123 PMID: 28146055

ZhaoY, Chen L, Li L-X, Xie C-M, Li D, Shi H-J, et al. Gender-specific relationship between prenatal exposure to phthalates and intrauterine growth
restriction. Pediatr Res. 2014;76(4):401-8. https://doi.org/10.1038/pr.2014.103 PMID: 25003910

PLOS One | https://doi.org/10.1371/journal.pone.0343097 March 3, 2026 12713



https://doi.org/10.1007/s40620-014-0082-z
http://www.ncbi.nlm.nih.gov/pubmed/24687401
https://doi.org/10.1002/art.40807
http://www.ncbi.nlm.nih.gov/pubmed/30618180
https://doi.org/10.7326/0003-4819-158-11-201306040-00007
http://www.ncbi.nlm.nih.gov/pubmed/23732715
https://doi.org/10.1016/j.envpol.2021.116941
http://www.ncbi.nlm.nih.gov/pubmed/33756240
https://doi.org/10.1021/ac000422r
http://www.ncbi.nlm.nih.gov/pubmed/10994974
https://doi.org/10.1371/journal.pone.0208081
http://www.ncbi.nlm.nih.gov/pubmed/30481198
https://doi.org/10.1016/j.jhazmat.2021.126963
http://www.ncbi.nlm.nih.gov/pubmed/34449333
https://doi.org/10.1016/j.envpol.2023.121760
http://www.ncbi.nlm.nih.gov/pubmed/37142210
https://doi.org/10.1016/j.envpol.2021.118106
http://www.ncbi.nlm.nih.gov/pubmed/34520948
https://doi.org/10.1016/j.envpol.2019.113509
http://www.ncbi.nlm.nih.gov/pubmed/31767236
https://doi.org/10.1152/ajpendo.1995.268.1.E1
http://www.ncbi.nlm.nih.gov/pubmed/7840165
https://doi.org/10.1038/s41598-020-64587-z
http://www.ncbi.nlm.nih.gov/pubmed/32371883
https://doi.org/10.1186/s12940-018-0413-y
http://www.ncbi.nlm.nih.gov/pubmed/30126431
https://doi.org/10.1080/17435390.2021.1936254
http://www.ncbi.nlm.nih.gov/pubmed/34171202
https://doi.org/10.1016/j.freeradbiomed.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/26964509
https://doi.org/10.1016/j.envint.2016.01.015
http://www.ncbi.nlm.nih.gov/pubmed/26827184
https://doi.org/10.1016/j.scitotenv.2022.160208
http://www.ncbi.nlm.nih.gov/pubmed/36400295
https://doi.org/10.1007/s11356-019-05205-y
http://www.ncbi.nlm.nih.gov/pubmed/31292880
https://doi.org/10.1016/j.ecoenv.2021.112836
http://www.ncbi.nlm.nih.gov/pubmed/34601266
https://doi.org/10.1007/s11356-017-9861-0
https://doi.org/10.1007/s11356-017-9861-0
http://www.ncbi.nlm.nih.gov/pubmed/28801775
https://doi.org/10.1007/s11356-016-7394-6
http://www.ncbi.nlm.nih.gov/pubmed/27640056
https://doi.org/10.3390/ijerph14020123
https://doi.org/10.3390/ijerph14020123
http://www.ncbi.nlm.nih.gov/pubmed/28146055
https://doi.org/10.1038/pr.2014.103
http://www.ncbi.nlm.nih.gov/pubmed/25003910

PLO\S\% One

53.

54.

55.

56.

57.

58.

Wingrove CS, Walton C, Stevenson JC. The effect of menopause on serum uric acid levels in non-obese healthy women. Metabolism.
1998;47(4):435-8. https://doi.org/10.1016/s0026-0495(98)90056-7 PMID: 9550542

Gherghina M-E, Peride I, Tiglis M, Neagu TP, Niculae A, Checherita IA. Uric acid and oxidative stress-relationship with cardiovascular, metabolic,
and renal impairment. Int J Mol Sci. 2022;23(6):3188. https://doi.org/10.3390/ijims23063188 PMID: 35328614

Ishizaka Y, Yamakado M, Toda A, Tani M, Ishizaka N. Relationship between serum uric acid and serum oxidative stress markers in the Japanese
general population. Nephron Clin Pract. 2014;128(1-2):49-56. https://doi.org/10.1159/000362456 PMID: 25342428

Mesquita |, Lorigo M, Cairrao E. Update about the disrupting-effects of phthalates on the human reproductive system. Mol Reprod Dev.
2021;88(10):650—72. https://doi.org/10.1002/mrd.23541 PMID: 34617353

Ferguson KK, Chen Y-H, VanderWeele TJ, McElrath TF, Meeker JD, Mukherjee B. Mediation of the relationship between maternal phthalate expo-
sure and preterm birth by oxidative stress with repeated measurements across pregnancy. Environ Health Perspect. 2017;125(3):488-94. https://
doi.org/10.1289/EHP282 PMID: 27352406

Benjamin S, Masai E, Kamimura N, Takahashi K, Anderson RC, Faisal PA. Phthalates impact human health: Epidemiological evidences and plausi-
ble mechanism of action. J Hazard Mater. 2017;340:360—83. https://doi.org/10.1016/j.jhazmat.2017.06.036 PMID: 28800814

PLOS One | https://doi.org/10.1371/journal.pone.0343097 March 3, 2026 13713



https://doi.org/10.1016/s0026-0495(98)90056-7
http://www.ncbi.nlm.nih.gov/pubmed/9550542
https://doi.org/10.3390/ijms23063188
http://www.ncbi.nlm.nih.gov/pubmed/35328614
https://doi.org/10.1159/000362456
http://www.ncbi.nlm.nih.gov/pubmed/25342428
https://doi.org/10.1002/mrd.23541
http://www.ncbi.nlm.nih.gov/pubmed/34617353
https://doi.org/10.1289/EHP282
https://doi.org/10.1289/EHP282
http://www.ncbi.nlm.nih.gov/pubmed/27352406
https://doi.org/10.1016/j.jhazmat.2017.06.036
http://www.ncbi.nlm.nih.gov/pubmed/28800814

