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Background: Exposure to a mixture of environmental chemicals may cause 
gallstone, but the evidence remains equivocal. The current study aims to 
investigate the association between phthalate metabolites and gallstones, and 
to explore their mediators.

Methods: Data from the National Health and Nutrition Examination Survey 
2017–2018 on U.S. adults (≥20  years) were analyzed to explore the association 
between phthalate metabolites and gallstones by employed survey-weighted 
logistic regression, restricted cubic spline (RCS), weighted quantile sum (WQS) 
regression, and Bayesian kernel machine regression (BKMR). Mediation analyses 
examined the role of oxidative stress markers, inflammatory markers, metabolic 
syndrome, body composition, diabetes, and insulin.

Results: The current study included 1,384 participants, representing 200.6 million 
U.S. adults. Our results indicated a significant association between phthalate 
metabolites, particularly high molecular weight metabolites such as Di(2-ethylhexyl) 
phthalate (DEHP) and 1,2-Cyclohexane dicarboxylic acid diisononyl ester (DINCH), 
and gallstones. Furthermore, mediation analyses indicated that phthalate 
metabolites may play a role in the development of gallstones by influencing insulin 
secretion. Subgroup analyses did not reveal significant interaction.

Conclusion: The association between exposure to phthalates and the 
occurrence of gallstones, potentially mediated by hyperinsulinemia from a 
nationally representative epidemiological perspective. These insights contribute 
to a better understanding of the potential health implications of plasticizers, 
emphasizing the need for proactive management measures.
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Introduction

Gallstones, arising from heightened levels of cholesterol or bilirubin in bile, manifest 
as crystalline deposits within the gallbladder, categorized by their composition as 
cholesterol stones, pigment stones, or a combination of both, and play a pivotal role in the 
etiology of gallbladder-related conditions (1, 2). The higher incidence of hospital 

OPEN ACCESS

EDITED BY

Francesk Mulita,  
General University Hospital of Patras, Greece

REVIEWED BY

Angelis Peteinaris,  
University of Patras, Greece
Dimitrios Bousis,  
General University Hospital of Patras, Greece
Konstantinos Fanourios Tasios,  
General University Hospital of Patras, Greece
Dimitrios Kehagias,  
General University Hospital of Patras, Greece

*CORRESPONDENCE

Hao Hua  
 a52906522222@163.com

†These authors have contributed equally to 
this work and share first authorship

RECEIVED 15 March 2024
ACCEPTED 23 May 2024
PUBLISHED 05 June 2024

CITATION

Tang H, Zhang X, Huang J, Luo N, Chen H, 
Yang Q, Lin H and Hua H (2024) Phthalate 
and gallstones: the mediation of insulin.
Front. Public Health 12:1401420.
doi: 10.3389/fpubh.2024.1401420

COPYRIGHT

© 2024 Tang, Zhang, Huang, Luo, Chen, 
Yang, Lin and Hua. This is an open-access 
article distributed under the terms of the 
Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction 
in other forums is permitted, provided the 
original author(s) and the copyright owner(s) 
are credited and that the original publication 
in this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

TYPE Original Research
PUBLISHED 05 June 2024
DOI 10.3389/fpubh.2024.1401420

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpubh.2024.1401420&domain=pdf&date_stamp=2024-06-05
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1401420/full
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1401420/full
mailto:a52906522222@163.com
https://doi.org/10.3389/fpubh.2024.1401420
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://doi.org/10.3389/fpubh.2024.1401420


Tang et al. 10.3389/fpubh.2024.1401420

Frontiers in Public Health 02 frontiersin.org

admissions linked to gallstone prevalence, compared to other 
gastroenterological conditions, poses risks like cholecystitis, 
pancreatitis, biliary tract obstruction, and gallbladder cancer (3, 4). 
Survey data suggests that around 20 to 25 million Americans are 
affected by gallstones or are expected to develop them, impacting 
10 to 15% of the adult population. This prevalence results in a 
significant economic burden, with an estimated cost of 
approximately $4 billion per year (5, 6). Risk factors for gallstones 
include pregnancy, physical inactivity, obesity, over nutrition, a high 
waist-to-height ratio, high blood pressure, and a history of 
hypertension or familial gallstones (1, 7). However, the etiology of 
gallstones remains incompletely understood. Although previous 
studies have investigated the impact of specific metal exposure on 
the development of gallstones (8), there are still other environmental 
factors that warrant further exploration.

Phthalates, a versatile class of chemicals exhibiting endocrine-
disrupting properties, represent the predominant category of global 
plasticizers, finding extensive use in cosmetics, personal care products, 
plastics, and construction materials. Due to their lack of chemical 
binding to products, phthalates are released into the environment, 
potentially entering the body through ingestion, inhalation, and 
dermal absorption (9, 10). Statistically, the daily intake of phthalates 
through all routes varies between 0.08 and 69.58 ug/kg (11). Exposure 
to phthalates has been correlated with various human diseases, 
including asthma, allergies, and reproductive and developmental 
disorders (12, 13). About 90% of phthalates are used in pvc production 
and these are also the main culprits for aggressive malignant diseases 
such as thyroid angiosarcoma (14, 15). Crucially, the consumption of 
phthalate products, which witnessed a 21% increase between 2014 and 
2019 (16), has gradually emerged as a significant public health 
concern. Their endocrine-disrupting characteristics can lead to 
interference with different cellular signaling pathways involved in 
body weight and glucose homeostasis (17), playing a non-negligible 
role in the development of gallstones. Nevertheless, the association 
between phthalates and gallstones, along with their potential 
mechanisms of action in the pathogenesis of gallstones, remains 
largely unexplored.

Insulin, synthesized by pancreatic β cells, maintains normal 
blood glucose levels by promoting glucose uptake and metabolism 
while inhibiting processes like glycogenolysis, gluconeogenesis, and 
triglyceride breakdown (18). Animal experiments have 
demonstrated that phthalates modulate the mitochondrial apoptotic 
pathway and induce oxidative stress, possibly by activating 
peroxisome proliferator-activated receptors (PPARs). This action 
may interfere with the post-receptorial action of insulin, leading to 
a state of insulin resistance (19, 20). Concurrently, epidemiological 
studies have indicated that hyperinsulinemia is associated with an 
increased predisposition to gallstones (21, 22). Therefore, 
considering the pivotal role of insulin in the context of phthalates 
and gallstones, we hypothesize that phthalates may elevate the risk 
of gallstones by inducing hyperinsulinemia.

In summary, there is a necessity for an epidemiological study to 
evaluate the associations between phthalate and gallstones. 
Simultaneously, we also targeted to explore the mediating effect of 
insulin. This study aimed to investigate this association through the 
analysis of cross-sectional data obtained from the National Health and 
Nutrition Examination Survey (NHANES), encompassing a national 
representative sample.

Methods

Data sources

The NHANES is a series of surveys conducted by the National 
Center for Health Statistics (NCHS), employing a sophisticated 
multistage probability cluster design to assess the health and 
nutritional well-being of a representative sample from the 
non-institutionalized US population. Comprehensive details are 
accessible in the NHANES survey methods and analytic guidelines 
(23). Extracted data originated from the 2017–2018 NHANES cycles, 
specifically focusing on participants aged 20 years and above. The data 
underwent analysis between September and December 2023. Ethical 
approval for NHANES procedures and protocols was obtained from 
the NCHS Research Ethics Review Board, and all participants 
provided written informed consent. The study followed the reporting 
guidelines set forth by the Strengthening the Reporting of 
Observational Studies in Epidemiology.

Study design and population

The current study included 2,986 participants from the NHANES 
2017–2018 cycle who underwent urinary phthalate metabolite 
measurements. Exclusion criteria were applied post-data collection, 
removing participants <20 years old (n = 1,221), those with incomplete 
data on urinary phthalates metabolite and gallstones (n = 65), and 
individuals lacking demographic information (n = 230), including age, 
sex, race/ethnicity, marital status, poverty income ratio (PIR), and 
educational level. Additional exclusions were made for those without 
data on physical activity (PA), drinking status, smoking status, body 
mass index (BMI), and urinary creatinine (n = 86). The final dataset 
for analysis comprised 1,384 participants (Supplementary Figure S1).

Assessment of gallstones

In NHANES, the presence of gallstones was evaluated through the 
question by asking people over the age of 20, “Has a doctor or other 
health professional ever told you that you had gallstones?.” A response 
of “yes” to this question was considered indicative of gallstones, while 
an exact response of “no” was categorized as the absence of gallstones, 
as previously mentioned in the literature (24). The occurrence of 
gallstones served as the outcome variable for analysis.

Phthalates metabolite measurement

This study investigated 19 urinary phthalate metabolites, as 
outlined in Supplementary Table S1, including Mono 
(3-carboxypropyl) phthalate (MCPP), Mono-ethyl phthalate (MEP), 
Mono-isobutyl phthalate (MiBP), Mono-2-hydroxy-iso-butyl 
phthalate (MHiBP), Mono-n-butyl phthalate (MBP), Mono-3-
hydroxybutyl phthalate (MHBP), Monobenzyl phthalate (MBzP), 
Mono(2-ethylhexyl) phthalate (MEHP), Mono(2-ethyl-5-
carboxypentyl) phthalate (MECPP), Mono(2-ethyl-5-hydroxyhexyl) 
phthalate (MEHHP), Mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), 
Mono-isononyl phthalate (MNP), Monocarboxyisooctyl phthalate 
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(MCOP), Mono-oxo-isononyl phthalate (MONP), Monocarboxy-
isononyl phthalate (MCNP), Cyclohexane-1,2-dicarboxylic acid 
mono(hydroxy-isononyl) ester (MHINCH), Cyclohexane-1,2-
dicarboxylic acid mono(carboxyoctyl) ester (MCOCH), Mono(2-
ethyl-5-hydroxyhexyl) terephthalate (MEHHTP), and Mono(2-ethyl-
5-carboxypentyl) terephthalate (MECPTP). Among them, MNP is 
excluded from the analysis due to over 80.07% of participants having 
concentrations below the limit of detection (LOD) to mitigate 
potential bias. The LOD and molecular weight (MW) of each 
metabolite and its corresponding parent compound are shown in 
Supplementary Table S1.

The quantification of phthalate metabolites in urine employed a 
high-performance liquid chromatography-electrospray ionization-
tandem mass spectrometry (HPLC-ESI-MS/MS) method (25). This 
process involves enzymatic deconjugation of glucuronidated phthalate 
monoesters in urine samples, followed by on-line solid phase 
extraction (SPE) coupled with reversed phase HPLC-ESI-MS/MS. The 
use of isotopically-labeled internal standards for the phthalate 
metabolites improves assay precision. In addition, 4-methyl 
umbelliferone glucuro- nide is employed to monitor deconjugation 
efficiency. This method enables the rapid and selective detection of 
monoester metabolites of commonly used phthalate diesters in human 
urine, with LOD in the low ng/mL range. Concentrations below the 
LOD were replaced using the LOD/√2 method (26).

Sum phthalate metabolites were calculated to assess the influence 
of the parent chemical, including Di(2-ethylhexyl) phthalate (ΣDEHP, 
expressed as MEHP, MW = 278.2 g/mol), Di-isobutyl phthalate 
(ΣDiBP, expressed as MiBP, MW = 222.2 g/mol), Di-n-butyl phthalate 
(ΣDBP, expressed as MBP, MW = 222.2 g/mol), Di-isononyl phthalate 
(ΣDNP, expressed as MONP, MW = 306.4 g/mol), 1,2-Cyclohexane 
dicarboxylic acid diisononyl ester (ΣDINCH, expressed as MHINCH, 
MW = 314.4 g/mol), and Di(2-ethylhexyl) terephthalate (ΣDEHTP, 
expressed as MEHP, MW = 294.3 g/mol). High MW (> 250) phthalate 
(high-MWP) is the molar sum of MCPP, MBzP, MHiBP, MEHP, 
MECPP, MEHHP, MEOHP, MCOP, MONP, MCNP, MHINCH, 
MCOCH, MEHHTP, and MECPTP (expressed as MCPP, 
MW = 252.2). Low MW (< 250) phthalate (low-MWP) is the molar 
sum of MEP, MiBP, MHiBP, MBP, and MHBP (expressed as MEP, 
MW = 194.2) (27).

Covariates

Several potential confounding variables were considered based on 
published research and clinical judgment, including age, sex, marital 
status, race/ethnicity, education level, PIR, BMI, PA, smoking status, 
drinking status, and creatinine (28). Age, PIR, BMI, PA, and creatinine 
were included in the adjustment model as continuous variables. In the 
subgroup analysis, age was categorized as <40, 40–59, and ≥ 60 when 
utilized as an exposure variable or considered in subgroup analyses. 
Sex was categorized into female and male. Marital status was grouped 
into married, never married, living with a partner, and other (e.g., 
widowed, divorced, or separated). Self-reported race/ethnicity was 
categorized as Mexican American, non-Hispanic White, non-Hispanic 
Black, other Hispanic, and others (including multi-racial participants). 
Educational level was classified as less than high school, high school 
or equivalent, and above high school. BMI was calculated as the 
weight (in kilograms) divided by the square of the height (in meters). 

PA was defined as the time individuals reported spending during the 
week on activities such as walking or biking, tasks around the home 
or yard, work, and recreational activity (29). Smoking status was 
characterized as never (<100 cigarettes smoked in life), former (>100 
cigarettes smoked but currently quit), and now (>100 cigarettes 
smoked and currently smoking) (30). Drinking status was categorized 
as never (<12 drinks lifetime), former (<12 drinks lifetime or none in 
the past year), mild (≤1 drink per day for females and ≤ 2 drinks per 
day for males in the past year), moderate (≤2 drinks per day for 
females and ≤ 3 drinks per day for males in the past year), and heavy 
(≥3 drinks per day for females and ≥ 4 drinks per day for males in the 
past year) (31). Creatinine was measured from the laboratory.

Statistical analysis

Complex sampling design and environmental subsample weights 
were considered in our analyses. Participant characteristics were 
calculated based on the presence or absence of gallstone, with 
categorical variables presented as numbers and percentages, and 
continuous variables as means and standard error (SE). Differences 
across groups were analyzed using the chi-squared test with Rao & 
Scott’s second-order correction (for categorical variables) and the 
Wilcoxon rank-sum test (for continuous variables).

The concentrations of individual and sums of phthalate metabolite 
were naturally log-transformed to achieve a normal distribution, and 
they were divided into three groups (Tertile1-Tertile3) according to 
percentile. Survey-weighted multivariable logistic regression was 
performed to assess associations of individuals and sums phthalate 
metabolite (treated as both a categorical and continuous variable) with 
gallstone. The crude model did not account for covariates, while the 
adjusted model accounted for age, sex, race/ethnicity, PIR, marital 
status, education level, BMI, PA, smoking status, drinking status, and 
creatinine. Possible nonlinear effects were modeled using restricted 
cubic spline (RCS) models with 3 knots at 10, 50, and 90%.

Further to calculating the sum of phthalate metabolites based on 
MW, we employed both weighted quantile sum (WQS) regression and 
Bayesian kernel machine regression (BKMR) to analyze the joint 
effects of phthalate metabolites. The WQS regression model built a 
weighted index to estimate the combined effects of all predictive 
factors related to the outcomes, demonstrating high sensitivity and 
specificity in identifying significant exposures (32). Bootstrapping 
with 1,000 iterations was employed to construct the WQS index as a 
representative measure of mixed exposure levels to phthalates, and the 
contribution weights of each compound to the overall impact of the 
mixture were calculated. The dataset was randomly divided, with 40% 
allocated to the training set and the remaining 60% used as the 
validation set. The WQS model estimated the incremental risk of 
gallstones corresponding to a 25% (one-quarter) increase in the WQS 
index. BKMR is an approach that models the health effects of complex 
chemical mixtures, using flexible functions and Bayesian methods to 
identify important mixture components and account for correlations, 
particularly in high-dimensional settings (33). After adjusting for all 
covariates, this model underwent 10,000 iterations using the Markov 
Chain Monte Carlo algorithm. Posterior incorporation probabilities 
(PIPs), spanning from 0 to 1, were derived from the BKMR model to 
ascertain the relative significance of each exposure concerning the 
outcome, with a defined threshold of 0.5.
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In additionally analysis, we further explored potential mediators 
of the association between phthalate exposure and gallstone, including 
oxidative stress markers (including bilirubin, uric acid, and gamma 
glutamyl transferase) (34), inflammatory markers (including 
C-reactive protein, alkaline phosphatase, neutrophils, and ferritin) 
(35), metabolic syndrome (36), body composition [including BMI, 
waist circumference, visceral adiposity index (37), lean/fat mass 
measured using dual-energy X-ray absorptiometry (38)], diabetes and 
insulin resistance (including fasting blood glucose [FBG], fasting 
serum insulin [FINS], triglyceride glucose index, and insulin 
resistance [HOMA-IR], insulin sensitivity [HOMA-IS], and β-cell 
function [HOMA-β] assessed through the homeostasis model 
assessment [HOMA]) (39, 40). Mediation analyses were conducted by 
using the Sobel test, Bootstrap, and the quasi-Bayesian Monte Carlo 
method with 1,000 simulations based on normal approximation (41, 
42). Stratified analyses were performed based on age (<40, 40–59, 
or ≥ 60 years), sex (female or male), race/ethnicity (Mexican 
American, non-Hispanic Black, non-Hispanic White, other Hispanic, 
or other), and BMI (<25, 25–29, ≥30). The interaction was assessed 
by adding a cross-product term to the regression model and 
calculating the p value using the likelihood ratio test, comparing 
models with and without the interaction term.

All analyses were conducted with R (4.2.3) and Free Software 
Foundation statistics software (version 1.9.2). Statistical significance 
was determined by two-sided p values below 0.05.

Results

Characteristics of the participants

Table 1 presents the characteristics of a sample representing 200.6 
million U.S. adults for analysis. The weighted mean age was 
47.45 years, with females comprising 50.94%. Among this population, 
21.20 million had gallstones, more prevalent among those aged 
≥60 years (weighted percentage, 50.45%) and women (weighted 
percentage, 75.76%). Compared to those without gallstones, 
individuals with gallstones had higher BMI, HOMA-IR, HOMA-β, 
fasting insulin, MECPP, MEOHP, MCOP, and ΣDEHP levels, 
alongside lower HOMA-IS and MCPP concentrations.

Association between phthalate metabolite 
and gallstones

Figure 1 illustrated the association between individual phthalate 
metabolites and gallstones. In the adjusted multivariable logistic 
regression, each one-unit increase in the natural log-transformed 
concentrations of MECPP, MHINCH, and MCOCH was associated 
with a higher incidence of gallstones by 37, 41, and 54%, respectively. 
Individuals in the third tertile exhibited a lower incidence of gallstones 
compared to those with MHiBP concentrations in the first tertile. 
Higher concentrations of MEOHP, MBzP, MCOP, and MCPP were 
associated with a higher incidence of gallstones in the crude model, 
but this association was no longer observed after accounting for 
confounding factors.

Figure 2 depicted the association between the sums of phthalate 
metabolites and gallstone occurrence. Following adjustments for 

confounding factors, logistic regression indicated a 31% increase in 
gallstone risk per unit rise in ΣDEHP and an 87% elevation for 
ΣDINCH. WQS regression revealed a 91% escalation in gallstone risk 
per interquartile range increase for High-MWP, 87% for ΣDINCH, 
and 57% for ΣDEHTP mixtures. The major contributors in 
High-MWP were MCOCH, MECPP, and MBzP, while in ΣDINCH, 
it was MCOCH, and in ΣDEHTP, it was MECPTP 
(Supplementary Figure S2). No significant associations were observed 
for Low-MWP, DBP, DiBP, and DNP with gallstones.

RCS regression indicated a significant dose–response association 
with gallstones for the individual phthalate metabolites, such as 
MECPP, MEOHP, MHINCH, MCOCH, and MEHHTP, as well as for 
the sum phthalate metabolites, such as ΣDEHP and ΣDINCH 
(Supplementary Figures S3, S4; Figure  3). In BKMR analysis, the 
overall effect of mixtures was associated with a lower risk of gallstone 
when all DEHP metabolites were below the 25th percentile compared 
to their median (Figure 3), with the PIP for both MECPP and MEHHP 
exceeding the 0.5 threshold.

Mediation and subgroup analysis

Given the significance of ΣDEHP and ΣDINCH in the adjusted 
multivariate logistic regression and RCS, our study has centered on 
exploring their potential mediating roles in relation to gallstones. Our 
study reveals that ΣDEHP is linked to higher levels of HOMA-IS, 
HOMA-β, and FINS. Notably, lower HOMA-IS and higher HOMA-β 
and FINS levels are significantly associated with a higher risk of 
gallstones (Figure 4). Multiple testing methods consistently highlight 
the significant mediating effects of these three indicators, suggesting 
that ΣDEHP may elevate FINS levels by reducing HOMA-IS and 
increasing HOMA-β, ultimately contributing to the occurrence of 
gallstones. Furthermore, we observed a significant mediating effect of 
HOMA-IS in the association between ΣDINCH and gallstones 
(Figure 4). However, no notable mediating effects were observed for 
indicators related to oxidative stress, inflammation, body composition, 
or metabolic syndrome.

No significant interactions were observed, indicating a consistent 
relationship between phthalate metabolites and gallstones across these 
subgroups (Supplementary Tables S2, S3).

Discussion

In this nationally representative cross-sectional study, we found a 
significant association between phthalate and its metabolites 
(especially high MW metabolites, e.g., DEHP, DINCH) and gallstone. 
Furthermore, mediation analyses indicated that phthalate metabolites 
may play a role in the development of gallstones by influencing 
HOMA-IS, HOMA-β, and FINS. Subgroup analyses did not reveal 
significant interaction.

Given the widespread utilization of phthalates, prior research has 
extensively delved into examining the relationship between phthalates 
and various health outcomes, including serum insulin, type 2 diabetes 
mellitus, overweight, obesity, and skeletal abnormalities (16). Notably, 
specific phthalates (MMP, MiBP, and MEP) have demonstrated a 
robust correlation with an elevated prevalence of diabetes mellitus 
(43). This association may potentially arise from the impact of phthalic 

https://doi.org/10.3389/fpubh.2024.1401420
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Tang et al. 10.3389/fpubh.2024.1401420

Frontiers in Public Health 05 frontiersin.org

TABLE 1 Characteristics of study population, NHANES 2017–2018.

Characteristics Total Without gallstone With gallstone p value

Weighted population, n [in millions] 200.06 178.85 21.20

Age, mean (SE), years 47.45 (0.83) 46.27 (0.94) 57.38 (1.40) < 0.001

Age, n [in millions] (%) <0.001

<40 74.77 (37.37) 71.95 (40.23) 2.81 (13.26)

40–59 70.63 (35.30) 62.93 (35.19) 7.69 (36.29)

≥60 54.66 (27.32) 43.97 (24.58) 10.70 (50.45)

Sex, n [in millions] (%) < 0.001

Female 101.92 (50.94) 85.85 (48.00) 16.06 (75.76)

Male 98.14 (49.06) 93.00 (52.00) 5.14 (24.24)

Race/ethnicity, n [in millions] (%) 0.19

Mexican American 16.90 (8.45) 15.18 (8.49) 1.72 (8.09)

Non-Hispanic Black 21.74 (10.86) 19.86 (11.10) 1.88 (8.86)

Non-Hispanic White 129.74 (64.85) 114.23 (63.87) 15.51 (73.13)

Other Hispanic 12.43 (6.21) 11.88 (6.64) 0.55 (2.61)

Other race 19.25 (9.62) 17.71 (9.90) 1.55 (7.30)

Marital status, n [in millions] (%) 0.04

Married 105.02 (52.50) 94.89 (53.05) 10.13 (47.78)

Never married 41.33 (20.66) 38.77 (21.68) 2.56 (12.07)

Living with partner 17.52 (8.76) 15.55 (8.69) 1.97 (9.31)

Other 36.18 (18.09) 29.64 (16.57) 6.54 (30.84)

Educational level, n [in millions] (%) 0.76

Less than high school 19.84 (9.92) 17.30 (9.67) 2.54 (11.98)

High school or equivalent 53.56 (26.77) 47.72 (26.71) 5.79 (27.29)

Above high school 126.66 (63.31) 113.78 (63.62) 128.77 (60.73)

PIR, mean (SE) 3.13 (0.07) 3.17 (0.08) 2.81 (0.14) 0.09

BMI, mean (SE), kg/m2 29.75 (0.32) 29.31 (0.27) 33.44 (0.70) < 0.001

Physical activity, mean (SE), min/week 1100.17 (71.13) 1125.96 (72.58) 882.61 (167.61) 0.25

Smoking status, n [in millions] (%) 0.045

Never 123.01 (61.49) 112.94 (63.15) 10.06 (47.46)

Former 43.86 (21.93) 37.65 (21.05) 6.22 (29.31)

Now 33.19 (16.59) 28.26 (15.80) 4.93 (23.23)

Drinking status, n [in millions] (%) 0.16

Never 12.23 (6.11) 10.64 (5.95) 1.60 (7.53)

Former 27.68 (13.84) 23.06 (12.89) 4.62 (21.79)

Now 160.15 (80.05) 145.16 (81.16) 14.99 (70.68)

Creatinine, mean (SE), mg/dl 124.78 (3.83) 125.27 (3.86) 120.65 (7.82) 0.80

HOMA

HOMA-IR, mean (SE) 3.51 (0.22) 3.21 (0.18) 5.57 (0.86) <0.001

HOMA-IS, mean (SE) 0.56 (0.03) 0.59 (0.03) 0.33 (0.04) < 0.001

HOMA-β, mean (SE) 101.51 (5.33) 97.53 (4.42) 128.65 (13.43) 0.01

Fasting insulin, mean (SE), μU/mL 12.08 (0.60) 11.34 (0.52) 17.13 (1.92) <0.001

Individual phthalate, mean (SE), ng/mL

MEP 141.08 (34.52) 143.31 (38.44) 122.31 (37.57) 0.65

MiBP 12.17 (1.02) 12.05 (1.01) 13.19 (3.38) 0.61

(Continued)
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acid on serum insulin. Research conducted by Dales et al. has provided 
evidence supporting a strong association between phthalate exposure 
and increased serum insulin levels (44). Wei et al. further elucidates 
the role of oxidative stress in this process (45). Gaston et  al.’s 
population-based study reinforces similar conclusions (46), 
underscoring the need for a more comprehensive exploration of the 
impact of phthalic acid on serum insulin and insulin sensitivity. 
However, it is important to note that this particular research area 
remains inadequately addressed.

Previous studies have examined diverse aspects of gallstones, 
exploring their connections with cardiovascular disease, metabolic 
syndrome, high-calorie intake, and alterations in serum insulin levels 
(47–49). Noteworthy is Chen’s investigation into gallstones and 
metabolic syndrome, which extensively explores the association 
between various indicators leading to metabolic syndrome and 
gallstones, with blood glucose and lipids identified as significant 

influencing factors (50). Moga’s study also observed an association 
between hyperinsulinemia and gallstones (51). Additionally, a study 
by Tsai et al. identifies high-calorie intake as a significant risk factor 
for gallstone formation, with an observed association of gallstones 
with insulin sensitivity and hyperinsulinemia in their macronutrient 
intake investigation (49), aligning with our findings.

The pathogenesis of phthalates and gallstones remains unclear, yet 
multiple potential mechanisms are hypothesized. Prior research 
indicates that exposure to phthalates diminishes insulin sensitivity. 
For instance, DEHP activates PPARs, diminishing insulin sensitivity 
while stimulating insulin secretion, consequently inducing 
hyperinsulinemia (20). Insulin triggers the activation of pivotal factors 
in cholesterol synthesis, including 3-hydroxy-3-methylglutaryl 
coenzyme A reductase (HMG-CoA), along with genes such as 
ATP-binding cassette transporters G5 and G8 (ABCG5/G8) 
responsible for cholesterol secretion, and the farnesoid X receptor 

TABLE 1 (Continued)

Characteristics Total Without gallstone With gallstone p value

MHiBP 3.67 (0.30) 3.63 (0.28) 4.00 (1.07) 0.45

MBP 13.18 (0.67) 12.87 (0.66) 15.82 (2.39) 0.17

MHBP 1.19 (0.07) 1.17 (0.08) 1.28 (0.20) 0.32

MCPP 3.06 (1.14) 3.18 (1.27) 2.09 (0.27) 0.02

MBzP 6.65 (0.37) 6.31 (0.37) 9.51 (3.30) 0.16

MEHP 1.53 (0.07) 1.58 (0.08) 1.11 (0.09) 0.08

MECPP 10.68 (0.63) 10.41 (0.66) 12.97 (2.10) 0.004

MEHHP 7.05 (0.39) 6.99 (0.42) 7.54 (1.18) 0.10

MEOHP 4.56 (0.24) 4.53 (0.26) 4.84 (0.66) 0.03

MCOP 9.85 (0.79) 9.82 (0.87) 10.10 (2.11) 0.05

MONP 2.82 (0.24) 2.80 (0.25) 3.03 (0.96) 0.21

MCNP 2.23 (0.29) 2.28 (0.32) 1.76 (0.09) 0.11

MHINCH 2.47 (0.22) 1.95 (0.23) 6.83 (1.59) 0.96

MCOCH 1.51 (0.14) 1.20 (0.13) 4.15 (0.92) 0.24

MEHHTP 26.75 (4.06) 25.91 (4.48) 33.85 (12.95) 0.74

MECPTP 97.51 (14.89) 99.64 (16.55) 79.56 (25.11) 0.17

Sums phthalate, mean (SE), ng/mL

Low-MWP 168.03 (34.36) 169.86 (38.17) 152.65 (42.77) 0.60

High-MWP 147.25 (17.08) 147.14 (18.34) 148.17 (34.36) 0.89

ΣDNP 12.18 (0.95) 12.13 (1.05) 12.63 (2.96) 0.08

ΣDBP 14.29 (0.73) 13.97 (0.72) 17.02 (2.58) 0.18

ΣDiBP 15.61 (1.29) 15.46 (1.27) 16.93 (4.37) 0.82

ΣDEHP 22.18 (1.18) 21.90 (1.26) 24.55 (3.59) 0.02

ΣDINCH 3.92 (0.35) 3.10 (0.35) 10.80 (2.34) 0.77

ΣDEHTP 119.83 (17.89) 121.02 (19.92) 109.80 (36.36) 0.26

All means and SEs for continuous variables and numbers and percentages for categorical variables were weighted. BMI, body mass index; DBP, di-n-butyl phthalate; DEHP, di(2-ethylhexyl) 
phthalate; DEHTP, di(2-ethylhexyl) terephthalate; DiBP, di-isobutyl phthalate; DINCH, 1,2-Cyclohexane dicarboxylic acid, diisononyl ester; DNP, di-isononyl phthalate; High − MWP, high 
molecular-weight phthalate; Low − MWP, low molecular-weight phthalate; HOMA, the homeostasis model assessment; HOMA-IR, homeostatic model assessment of insulin resistance; 
HOMA-IS, homeostasis model assessment of insulin sensitivity; HOMA-β, homeostasis model assessment of β-cell function; MBP, mono-n-butyl phthalate; MBzP, monobenzyl phthalate; 
MCNP, monocarboxy-isononyl phthalate; MCOCH, cyclohexane-1,2-dicarboxylic acid mono(carboxyoctyl) ester; MCOP, monocarboxyisooctyl phthalate; MCPP, mono (3-carboxypropyl) 
phthalate; MECPP, mono(2-ethyl-5-carboxypentyl) phthalate; MECPTP, mono-2-ethyl-5-carboxypentyl terephthalate; MEHP, mono(2-ethyl-5-carboxypentyl) phthalate; MEHHP, mono(2-
ethyl-5-hydroxyhexyl) phthalate; MEHHTP, mono(2-ethyl-5-hydroxyhexyl) terephthalate; MEOHP, mono-(2-ethyl-5-oxohexyl) phthalate; MEP, mono-ethyl phthalate; MHBP, mono-3-
hydroxybutyl phthalate; MHiBPP, mono-2-hydroxy-iso-butyl phthalate; MHINCH, cyclohexane-1,2-dicarboxylic acid mono(hydroxy-isononyl) ester; MiBP, Mono-isobutyl phthalate; MONP, 
mono-oxo-isononyl phthalate; PIR, poverty income ratio; SE, standard error.
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(FXR) acting as a bile acid sensor (52). These interactions contribute 
to cholesterol secretion, thereby fostering gallstone formation. 
Moreover, reduced insulin sensitivity precipitates the catabolism of 
glycogen and lipids, elevating free fatty acids and increasing the influx 
of very low-density lipoprotein (VLDL) into the liver (53). This 
process enhances hepatic cholesterol secretion into bile, culminating 
in gallbladder bile supersaturation.

Previous research has established a positive association between 
urinary phthalates and inflammatory markers such as C-reactive 
protein (CRP), interleukin- 6 (IL-6), and tumor necrosis factor α 
(TNF-α) (54, 55). A study detected a noteworthy correlation between 
gallstones and systemic markers of inflammation, notably white blood 
cell counts and CRP. This finding implies that inflammation might 
serve as a potential causative mechanism in gallstone formation (56). 
Moreover, animal studies indicate that chronic exposure to phthalates 

like DEHP can disrupt the gut microbial balance in mice (57, 58). The 
dysbiosis of gut microbiota in patients with gallstones was also 
considered to play a significant role in the pathogenesis of gallstone 
disease (52). Reviews highlight how exposure to these compounds can 
disrupt lipid metabolism, potentially contributing to obesity (59). 
However, the meta-analysis showed that most of the results in the 
studies on the association between phthalates and obesity measures 
did not reach statistical significance, and the inconsistencies found 
between the studies did not allow for clear conclusions to 
be drawn (60).

Based on prior research and our study findings, we suggest that 
insulin and its metabolism serve as a significant mediator in the 
relationship between phthalate metabolites and the occurrence of 
gallstones, as opposed to oxidative stress, inflammation, body 
composition, and metabolic syndrome. However, given the nature of 

FIGURE 1

Association between individual phthalate metabolite and gallstone. CI, confidence interval; Ln, natural logarithm; MBP, mono-n-butyl phthalate (ng/
mL); MBzP, monobenzyl phthalate; MCNP, monocarboxy-isononyl phthalate; MCOCH, cyclohexane-1,2-dicarboxylic acid mono(carboxyoctyl) ester; 
MCOP, monocarboxyisooctyl phthalate; MCPP, mono (3-carboxypropyl) phthalate; MECPP, mono(2-ethyl-5-carboxypentyl) phthalate; MECPTP, 
mono-2-ethyl-5-carboxypentyl terephthalate; MEHP, mono(2-ethyl-5-carboxypentyl) phthalate; MEHHP, mono(2-ethyl-5-hydroxyhexyl) phthalate; 
MEHHTP, mono(2-ethyl-5-hydroxyhexyl) terephthalate; MEOHP, mono-(2-ethyl-5-oxohexyl) phthalate; MEP, mono-ethyl phthalate; MHBP, mono-3-
hydroxybutyl phthalate; MHiBPP, mono-2-hydroxy-iso-butyl phthalate; MHINCH, cyclohexane-1,2-dicarboxylic acid mono(hydroxy-isononyl) ester; 
MiBP, Mono-isobutyl phthalate; MONP, mono-oxo-isononyl phthalate; OR, odds ratios; T2, second tertile; T3, third tertile. aTertile 1 is the reference 
category. bThe crude model did not account for covariates, while the adjusted model accounted for age, sex, race/ethnicity, poverty income ratio, 
marital status, education level, body mass index, physical activity, smoking and drinking status, and creatinine.
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our study design and sample size, this conclusion should be interpreted 
with caution, and further validation is warranted through prospective 
research in the future.

To our knowledge, this is the first study examining the 
association between phthalate exposure and gallstone. The 

NHANES study participants constituted a representative sample 
from the United States, adhering to a well-designed study protocol 
with rigorous quality control measures, ensuring the reliability of 
our conclusions. However, the present study has several limitations. 
Firstly, its cross-sectional nature prevents the establishment of a 

FIGURE 2

Association between sums phthalate metabolite and gallstone. CI, confidence interval; DBP, di-n-butyl phthalate; DEHP, di(2-ethylhexyl) phthalate; 
DEHTP, di(2-ethylhexyl) terephthalate; DiBP, di-isobutyl phthalate; DINCH, 1,2-Cyclohexane dicarboxylic acid, diisononyl ester; DNP, di-isononyl 
phthalate; WQS, weighted quantile sum; High−MWP, high molecular-weight phthalate; Ln, natural logarithm; Low−MWP, low molecular-weight 
phthalate; MW, Molecular Weight; OR, odds ratios; T2, second tertile; T3, third tertile. aHigh-MWP is the molar sum of MCPP, MBzP, MHiBP, MEHP, 
MECPP, MEHHP, MEOHP, MCOP, MONP, MCNP, MHINCH, MCOCH, MEHHTP, and MECPTP. Low-MWP is the molar sum of MEP, MiBP, MHiBP, MBP, 
and MHBP. ΣDBP is the molar sum of MBP and MHBP. ΣDEHP is the molar sum of MECPP, MEHPP, MEOHP, and MEHP. ΣDEHTP is the molar sum of 
MEHHTP and MECPTP. ΣDiBP is the molar sum of MiBP and MHiBP. ΣDINCH is the molar sum of MHINCH and MCOCH. ΣDNP is the molar sum of 
MCOP and MONP. bTertile 1 is the reference category. cThe crude model did not account for covariates, while the adjusted model accounted for age, 
sex, race/ethnicity, poverty income ratio, marital status, education level, body mass index, physical activity, smoking and drinking status, and creatinine.

FIGURE 3

Association between sums phthalate metabolite and gallstone estimated by RCS and BKMR. Models were adjusted for age, sex, race/ethnicity, poverty 
income ratio, marital status, education level, body mass index, physical activity, smoking and drinking status, and creatinine.
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causal relationship between gallstones and urinary phthalate levels. 
Secondly, the diagnosis of gallstones relied on a questionnaire, 
introducing the possibility of recall bias. Thirdly, clinical variables 
such as medication history and specific stone composition were 
unavailable in the database. Fourth, urinary phthalate levels were 

measured only once, lacking the ability to capture potential 
variations over time, which may hinder the accurate representation 
of long-term phthalate exposure and its association with outcomes. 
Additionally, when mediation analyses, the sample size was halved, 
potentially impacting the robustness of the findings. Despite efforts 

FIGURE 4

Mediation analysis of oxidative stress, inflammation, body composition, metabolic syndrome, diabetes mellitus, and insulin resistance in the association 
between sums phthalate metabolite and gallstone. Bold lines and fonts are used to indicate statistical significance (p  <  0.05). Models were adjusted for 
age, sex, race/ethnicity, poverty income ratio, marital status, education level, body mass index (except when it was used as a mediator), physical 
activity, smoking and drinking status, and creatinine. ALP, alkaline phosphatase; BMI, body mass index; CI, confidence interval; CRP, C-reaction protein; 
DEHP, di(2-ethylhexyl) phthalate; DM, diabetes mellitus; DINCH, 1,2-Cyclohexane dicarboxylic acid, diisononyl ester; FBG, fasting blood glucose; FINS, 
fasting serum insulin; GGT, gamma glutamyl transferase; HDL, High-Density Lipoprotein; HOMA-IR, homeostatic model assessment of insulin 
resistance; HOMA-IS, homeostasis model assessment of insulin sensitivity; HOMA-β, homeostasis model assessment of β-cell function; MetS, 
metabolic syndrome; OR, odds ratios; TG, Triglyceride; TyG, triglyceride glucose index; VAI, visceral adiposity index; WBC, white blood cell; WC, waist 
circumference.
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to adjust for numerous potential confounders, residual 
confounding (e.g., medical conditions, diet, occupation, drug use, 
other environmental chemicals), and unanticipated factors (e.g., 
genetic influences) could not be  eliminated. Despite these 
limitations, the study successfully demonstrated an association 
between gallstones and urinary phthalates, emphasizing the need 
for future multicenter prospective cohort studies to delve deeper 
into this relationship.

Conclusion

In this study, we  demonstrated for a nationally representative 
sample of the population that exposure to some phthalate metabolites 
was associated with gallstones, potentially mediated by 
hyperinsulinemia. Future comprehensive research and interventions 
focusing on reducing phthalate metabolite exposure and managing 
insulin levels are expected to be pivotal in addressing and lowering the 
prevalence of gallstones.
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Glossary

ABCG5/G8 ATP-binding cassette transporters G5 and G8

BMI Body mass index

BKMR Bayesian kernel machine regression

CRP C-reactive protein

FBG Fasting blood glucose

FINS Fasting serum insulin

FXR Farnesoid X receptor

High-MWP High MW phthalate

HMG-CoA 3-hydroxy-3-methylglutaryl coenzyme A reductase

HOMA Homeostasis model assessment

HOMA-β Homeostasis model assessment β-cell function

HOMA-IR Homeostasis model assessment insulin resistance

HOMA-IS Homeostasis model assessment insulin sensitivity

HPLC-ESI-MS/MS High-performance liquid chromatography-electrospray ionization-tandem mass spectrometry

IL-6 Interleukin- 6

LOD Limit of detection

Low-MWP Low MW phthalate

MBP Mono-n-butyl phthalate

MBzP Monobenzyl phthalate

MCNP Monocarboxy-isononyl phthalate

MCOCH Cyclohexane-1,2-dicarboxylic acid mono(carboxyoctyl) ester

MCOP Monocarboxyisooctyl phthalate

MCPP Mono (3-carboxypropyl) phthalate

MECPP Mono(2-ethyl-5-carboxypentyl) phthalate

MECPTP Mono(2-ethyl-5-carboxypentyl) terephthalate

MEHHP Mono(2-ethyl-5-hydroxyhexyl) phthalate

MEHHTP Mono(2-ethyl-5-hydroxyhexyl) terephthalate

MEHP Mono(2-ethylhexyl) phthalate

MEOHP Mono(2-ethyl-5-oxohexyl) phthalate

MEP Mono-ethyl phthalate

MHBP Mono-3-hydroxybutyl phthalate

MHiBP Mono-2-hydroxy-iso-butyl phthalate

MHINCH Cyclohexane-1,2-dicarboxylic acid mono(hydroxy-isononyl) ester

MiBP Mono-isobutyl phthalate

MNP Mono-isononyl phthalate

MONP Mono-oxo-isononyl phthalate

MW Molecular weight

NCHS National Center for Health Statistics

NHANES National Health and Nutrition Examination Survey

PA Physical activity

PIPs Posterior incorporation probabilities

PIR Poverty income ratio

PPARs Peroxisome proliferator-activated receptors

RCS Restricted cubic spline

SE Standard error
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SPE Solid phase extraction

TNF-α Tumor necrosis factor α

VLDL Very low-density lipoprotein

WQS Weighted quantile sum

ΣDBP Di-n-butyl phthalate

ΣDEHP Di(2-ethylhexyl) phthalate

ΣDEHTP Di(2-ethylhexyl) terephthalate

ΣDiBP Di-isobutyl phthalate

ΣDINCH 1,2-Cyclohexane dicarboxylic acid, diisononyl ester

ΣDNP Di-isononyl phthalate
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