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Abstract: Plastic production, disposal, and recycling systems represent one of the higher challenges
for the planet’s health. Its direct consequence is the release of endocrine disruptors, such as bisphenol
A (BPA), and its emerging substitute molecules, bisphenol F and S (BPF and BPS), into the environ-
ment. Consequently, bisphenols are usually present in human biological fluids. Since BPA, BPS,
and BPF have structural analogies and similar hormonal activity, their combined study is urgently
needed. The present manuscript studied the effect of the mixture of bisphenols (BPmix) in one of the
world’s largest human cohorts (NHANES cohort). Descriptive and comparative statistics, binomial
and multinomial logistic regression, weighted quantile sum regression, quantile g-computation,
and Bayesian kernel machine regression analysis determined a positive association between BPmix

and heart disease, including confounders age, gender, BMI, ethnicity, Poverty/Income Ratio, and
serum cotinine. Endothelial dysfunction is a hallmark of cardiovascular disease; thus, the average
ratio of bisphenols found in humans was used to conduct murine aortic endothelial cell studies.
The first results showed that BPmix had a higher effect on cell viability than BPA, enhancing its
deleterious biological action. However, the flow cytometry, Western blot, and immunofluorescence
assays demonstrated that BPmix induces a differential effect on cell death. While BPA exposure
induces necroptosis, its combination with the proportion determined in the NHANES cohort induces
apoptosis. In conclusion, the evidence suggests the need to reassess research methodologies to study
endocrine disruptors more realistically.

Keywords: bisphenol; cardiovascular disease; endocrine disruptors; apoptosis; human cohort

1. Introduction

Plastic pollution is one of the leading environmental problems facing our society,
which is currently living at a new turning point in the history of humanity, called the
“Anthropocene” or the “Plastic Age” [1]. Plastic polymers have become the basis of
numerous industries thanks to their versatility and affordability; therefore, their demand
and productivity have maintained constant growth in recent decades. In 2019, a production
volume of 368 million tons [2] was recorded, which is expected to double in just 20 years [3].
Consequently, the storage of urban waste and the continuous production and recycling of
plastic polymers pose a potentially severe impact at numerous trophic levels [4], ultimately
leading to chronic human exposure. Recent studies have confirmed plastic monomers’
presence in water, soil, and air worldwide [5–7].

One of the primary monomers studied by the scientific community, due to its envi-
ronmental ubiquity and high level of detection in human biological fluids, is bisphenol A
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(BPA). Due to its high production volume and multiplicity of uses, BPA is considered one
of the most widely used monomers in the world [8]. Thanks to its chemical properties [9],
it can move throughout the human body and cross biological barriers, so it is commonly
found in urine, blood, breast milk, and even amniotic fluid [7,10,11]. Furthermore, it is
a known endocrine disruptor with the potential ability to affect numerous organs and
systems, including the cardiovascular system [12–14]. The growing amount of evidence
provided by the scientific community on the multiple and heterogeneous potential effects
of BPA on health has made it essential to introduce new rules and regulations restricting
the use of BPA.

Faced with the imperative need to replace BPA, industries have adopted structurally
similar monomers, which still need to be studied in detail. The two most used molecules in
the replacement process are bisphenol S (BPS) and bisphenol F (BPF) [15,16], whose pres-
ence has already been detected in water, air, and food in several parts of the world [5,17,18].
Both monomers have—like BPA—two phenols, and they differ only in their interphenolic
linkers (C(CH3)2 for BPA; CH2 for BPF; SO2 for BPS) [19]. Due to their respective high
degrees of structural homology, similarities have been observed in their potential endocrine
disruptor abilities, which have even been described as hormonally active as BPA itself [15].
Furthermore, evidence in the academic literature suggests that BPS and BPF could exert
a similar effect to BPA on adipocytes [20] and the GC-2 spermatocyte cell line [21]. In
GC-2 cells, Sidorkiewicz et al. [21] manifested that the mixture of bisphenols causes effects
comparable to the individual ones.

At the cardiovascular level, few works have explored the possible implications of the
new BPA substitute molecules on human health. A limited amount of evidence has been
developed in some cellular lines [22,23], animal models [24–28], and human cohorts [29–31];
in all of them, the perspective of the study contemplates only the individual effect of each
one of the phenolic monomers. Nevertheless, it is evident that in the real world, outside
the regulated laboratory setting, co-exposure to bisphenols does occur, as demonstrated in
human cohorts that quantify the presence of a mixture of bisphenols in urine [32].

Consequently, the present manuscript pretends, for the first time, to study the possible
cardiovascular implications of the bisphenols used mainly by the industry, considering
their possible additive or synergistic effect through a retrospective cohort study of the
mixture of urinary bisphenols in the NHANES cohort. After performing statistical analyses
to identify links between joint exposure to these monomers and cardiovascular diseases,
the effect of the mixture of bisphenols on endothelial cells will be studied using the realistic
proportion of bisphenols found in the urine of subjects in the NHANES cohort.

The present work proposes two central hypotheses: first, actual exposure to the
bisphenol mixture (the concentration present in the urine of the general population) is
statistically related to heart disease; second, the bisphenol mixture may exert a deleterious
effect on the cardiovascular endothelium, which would help to explain the cardiovascular
pathological relationship with this class of endocrine disruptors. Our study will help
redefine the way of studying BPA and its emerging substitute molecules and propose an
update of the work methodology in investigating endocrine disruptors.

2. Results
2.1. The Retrospective Cohort Study
2.1.1. Study Population

The first step in the statistical analysis of the subpopulations of the NHANES cohort
was the performance of descriptive statistics. As seen in Table 1, most of the study co-
variates used in correcting the statistical models presented significant differences between
individuals with and without the pathology of interest. Thus, individuals with heart disease
presented significant differences in age, body mass index (BMI), ethnicity, poverty/income
ratio, and significantly higher levels of bisphenol mixture corrected by creatinine.
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Table 1. Descriptive analysis of the mixture of urinary bisphenols and study covariates based on heart
disease. In each subgroup, the sample size is indicated in parentheses. Quantitative parameters are
described as the arithmetic mean (standard deviation) or geometric mean (95% Confidence Interval)
based on normality, and the dichotomous variables are represented as percentages. Statistical analysis
of quantitative variables was performed using the T-test or Mann–Whitney test, as appropriate, and
Fisher’s exact test was applied to dichotomous variables.

Heart Disease

Variable Healthy (n = 2701) HD (n = 313) p-Value

Gender, men (%) 1236 (45.76) 171 (54.63) 0.003
Age 43.96 (43.33–44.59) 64.25 (62.71–65.84) 0.000

BMI (kg/m2) 28.47 (28.23–28.72) 30.12 (29.36–30.91) 0.000
Mexican American 409 (15.14) 34 (10.86)

0.000
Other Hispanic 299 (11.07) 27 (8.63)

Non-Hispanic White 1000 (37.02) 144 (46.01)
Non-Hispanic Black 582 (21.55) 80 (25.56)

Other Race—Including Multi-Racial 411 (15.22) 28 (8.95)
Poverty/Income Ratio 1.90 (1.83–1.96) 1.56 (1.41–1.73) 0.000

Serum cotinine (mg/dL) 0.25 (0.22–0.29) 0.30 (0.19–0.47) 0.36
Urinary creatinine (mg/dL) 101.2 (98.42–104.1) 96.7 (89.64–104.3) 0.076

BP_Cmix (ng/g creat.) 2.9 (2.80–3.00) 3.41 (3.06–3.79) 0.004
ln-BP_Cmix (ng/g) 1.06 (0.90) 1.23 (0.97) 0.004

ΣBPmix (nM) 12.96 (12.44–13.50) 14.62 (12.85–16.62) 0.101
ln-ΣBPmix (nM) 2.56 (1.09) 2.68 (1.15) 0.101

Abbreviations: BMI, Body Mass Index; BPmix, the mixture of urinary bisphenols; Creat, Creatinine. Bold:
statistically significant values

The subsequent comparative analysis of the BPmix quartiles (Table 2) showed an
interesting and significant increase in the percentage of HD patients. Furthermore, a
significant increase in the age of the study subjects in quartiles 2, 3, and 4, compared to
group 1, and a higher proportion of women was observed. In addition, a significantly lower
poverty/income ratio and urinary creatinine were observed in Q2, 3, and 4. Finally, higher
serum cotinine levels were determined in Q3 and Q4. The Pearson correlation coefficients
showed significant associations between BPmix with serum cotinine, and ΣBPmix(USS) with
Serum cotinine and BMI (Table 3).

Table 2. Descriptive analysis of covariates of interest based on the quartile of urinary bisphenols.
In each subgroup, the sample size is indicated in parentheses (n). Quantitative parameters are de-
scribed as geometric mean (95% Confidence Interval), and dichotomous variables are represented in
percentages. Statistical analysis of quantitative variables was performed using the Kruskal–Wallis fol-
lowed by Dunn’s test, and Fisher’s exact test was applied to dichotomous variables. * p-value ≤ 0.05;
** p-value ≤ 0.01; **** p-value ≤ 0.0001. # p-value ≤ 0.05 vs. Q2; #### p-value ≤ 0.0001 vs. Q2. Note
that Fisher’s exact test performed on diabetes in quartile 4 has obtained a p-value of 0.056).

Variable Q1 (n = 750) Q2 (n = 752) Q3 (n = 757) Q4 (n = 755) p-Value (Chi-Square)

Heart Disease (%) 60 (8.0) 75 (9.97) 82 (10.83) 96 (12.72) 0.026
Gender, men (%) 441 (58.8) 333 (44.34) 314 (41.53) 319 (42.25) 0.000

Age 43.63 (42.43-44.86) 46.95 (45.71–48.22) * 45.83 (44.56–47.14) ** 46.55 (45.29–47.84) **
BMI (kg/m2) 28.38 (27.93–28.84) 28.47 (28.02–28.92) 28.83 (28.36–29.3) 28.88 (28.41–29.36)

Mexican American 111 (14.8) 115 (15.31) 116 (15.34) 101 (13.38)

0.000
Other Hispanic 70 (9.33) 84 (11.19) 92 (12.17) 80 (10.60)

Non-Hispanic White 258 (34.40) 281 (37.42) 302 (39.95) 303 (40.13)
Non-Hispanic Black 153 (20.40) 168 (22.37) 158 (20.90) 183 (24.24)

Other Race—Including
Multi-Racial 158 (21.07) 104 (13.85) 89 (11.77) 88 (11.66)

Poverty/Income Ratio 2.08 (1.96–2.21) 1.80 (1.69–1.93) * 1.79 (1.68–1.92) ** 1.78 (1.67–1.90) **

Serum cotinine (mg/dL) 0.15 (0.12–0.20) 0.21 (0.16–0.28) 0.31 (0.23–0.41) ** 0.43 (0.32–0.58) ****
####

Urinary creatinine (mg/dL) 120.4 (115.1–125.9) 102.1 (96.99–107.4) **** 89.56 (84.73–94.66) **** # 93.67 (88.62–99.0) ****

Abbreviations: BMI, Body Mass Index; HbA1c, glycosylated hemoglobin A1c; BPmix, the mixture of urinary
bisphenols. Bold: statistically significant values
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Table 3. Correlation analysis (Pearson correlation coefficient) of quantitative variables. * p-value ≤ 0.05;
*** p-value ≤ 0.001; **** is equivalent to a p-value ≤ 0.0001.

BP_Cmix (ng/g
creat.) ΣBPmix (nM) Age BMI (kg/m2) Serum Cotinine

(mg/dL)
Poverty-Income

Ratio

BP_Cmix (ng/g creat.) 1 **** - - * -
ΣBPmix (nM) 0.824 1 - * * -

Age 0.023 −0.019 1 - *** ****
BMI (kg/m2) 0.012 0.041 0.016 1 - ****

Serum cotinine (mg/dL) 0.044 0.042 −0.060 −0.034 1 ****
Poverty/Income Ratio 0.016 0.023 0.06 −0.089 −0.175 1

Bold: statistically significant values

2.1.2. Logistic Regression Analysis

Consistent with the previously described results, the binomial logistic regression
model determined a positive odds ratio with urinary BPmix and ΣBPmix(USS). Statistical
significance remained below 0.05 even after correcting for age, gender, BMI, race/ethnicity,
poverty/income ratio, and serum cotinine (and creatinine in ΣBPmix(USS)). In this case, due
to the logarithmic normalization of the quantitative variable (BPmix), the results indicate
that the increase of one logarithmic unit of BPmix has a 1.20 (or 1.18) times greater risk of
suffering heart disease, independently of covariates such as ethnicity, economic status, or
smoking (Table 4).

Table 4. Association between the mixture of urinary bisphenols and Heart Disease risk (odds ratio).
Each of the binomial logistic regression analyses was performed in 3 different ways: individually
(1); corrected for age, gender, and BMI (2); and corrected for (2) + race/ethnicity, poverty/income
ratio, and serum cotinine (3); in ΣBPmix(USS), urinary creatinine was included in the covariate group 3.
Urinary concentrations of bisphenol metabolites were all log-transformed to normalize distributions.

BP Mixture Covariates OR (95% CI) p-Value

BP_Cmix (ng/g creat.)
1 1.20 (1.06–1.35) 0.003
2 1.20 (1.05–1.37) 0.007
3 1.20 (1.05–1.38) 0.008

ΣBPmix (nM)
1 1.10 (0.99–1.22) 0.066
2 1.14 (1.02–1.28) 0.023
3 1.18 (1.04–1.35) 0.013

Abbreviations: BP, Bisphenol; OR, Odds Ratio; CI, Confidence Interval. Bold: statistically significant values

Next, the multinomial logistic regression model, in which the study population was
subdivided into four BPmix quartiles, showed statistically significant results in quartile 4
(Q4) but only in covariates groups 1 and 2. As seen in Table 5, individuals with higher
urinary levels of urinary BPmix have a higher risk of heart disease, independent of age,
gender, and BMI, with an odds ratio of 1.54. Furthermore, gender and ethnicity significant
results were also determined in the logistic regression analysis. The multinomial regression
analysis determined a higher OR for women, which should be studied in future studies.
Although previous work by our team has determined a possible connection with glomerular
filtration [31], more scientific evidence remains. Although retrospective cohort studies do
not allow the identification of cause–effect relationships between variables and pathologies,
it is essential to note that they allow the identification of the risk of developing a pathology
independently of covariates.

2.1.3. Weighted Quantile Sum (WQS) Analysis and Bayesian kernel Machine Regression
(BKMR)

In WQS regression for the mixture of bisphenols and heart disease risk, BPF exerts
a greater weight on disease risk, as can be seen in Figure 1A, and the corrected analysis
with the confounders confirms the result (Figure 1B). As shown in Figure 1C, the quantile
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g-computation analysis showed that BPS has a negative relationship with heart disease risk,
while BPA and BPF have a positive effect. However, the combined effect showed a clear
positive slope, demonstrating that the mixture of bisphenols in the context of a general
population has a favorable risk of heart disease.

Table 5. Multinomial logistic regression between Heart Disease and the mixture of bisphenols quartile.
Note that quartile 1 is the reference group for the statistical study model. Each of the binomial logistic
regression analyses was performed in 3 different ways: individually (1); corrected for age, gender,
and BMI (2); and corrected for (2) + race/ethnicity, poverty/income ratio, and serum cotinine (3).

Mixture BPs Quartile Covariates OR (95% CI) p-Value

BP_Cmix Q1
1 REF -
2 REF -
3 REF -

BP_Cmix Q2
1 1.27 (0.89–1.82) 0.182
2 1.12 (0.77–1.63) 0.568
3 1.06 (0.72–1.56) 0.761

BP_Cmix Q3
1 1.40 (0.98–1.98) 0.061
2 1.30 (0.90–1.89) 0.162
3 1.24 (0.85–1.81) 0.263

BP_Cmix Q4
1 1.68 (1.19–2.35) 0.003
2 1.54 (1.07–2.21) 0.021
3 1.41 (0.98–2.05) 0.067

Abbreviations: REF, reference; BPs, Bisphenols; OR, Odds Ratio; CI, Confidence Interval. Bold: statistically
significant values
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In the BKMR analysis model, the same trend was observed as in the previous analysis,
although it was not statistically significant (Figure 2A). The risk of heart disease increases
with increasing exposure to the bisphenol mixture, consistent with the results described
in previous statistical models. When other bisphenols were fixed at the 25th, 50th, and
75th percentiles, single chemical-exposure effect analysis showed similar results as quantile
g-computation analysis (Figure 2B).
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The retrospective cohort study showed an interesting connection between the bisphe-
nol mixture and heart disease risk. Since endothelial dysfunction is the first step in multiple
cardiovascular pathologies, we used a proportion of bisphenols consistent with the average
human exposure to explore the combined effect in endothelial cells.

2.2. In Vitro Study
2.2.1. The Bisphenol Mixture Affects Cell Viability but Not Cell Adhesion

As shown in Figure 3A, BPA can reduce the viability of MAEC cells from 100 µM, an
effect only observed in the substitute molecules at higher concentrations. When comparing the
effects on the ability to alter cell viability at 200 µM, a significant difference between BPA and
its derivative molecules is observed. At the highest dose (500 µM), differences between BPF
and BPS were also observed, with BPS being the compound that least affected cell viability.
Individual effect analysis reveals that the effect on viability is BPA > BPF > BPS.

On the other hand, the viability analysis of the mixture of bisphenols based on human
exposure was realized compared with the same BPA concentration. For example, 100 µM
of BPA was compared to 100 µM of BPA + 36 µM of BPS + 38 µM of BPF. In this way, the
results could reveal fundamental interactions between the cell viability effects of bisphenols.
Figure 3B shows that the combined effect of BPS and BPF could potentiate the deleterious
effect of BPA exposure. The analysis showed significant differences at 100 µM and 200 µM.
The potentiating effect of the mixture of bisphenols is coherent since structural homologies
and endocrine disruptor potential activity exist in the three monomers present in biological
fluids of human populations [15].

The subsequent cell adhesion analysis was realized to explain the difference in cell
viability related to alteration in adhesion capacity in the same way we observed in previous
works in cultured human podocytes [33]. However, the mixture of bisphenols does not
affect the cell adhesion capacity at the concentration of 100 µM (100 + 38 + 36 µM of
BPmix) or lower doses. As seen in Figure 3C,D, no significant changes were observed in the
percentage of adherent cells in any of the experiments performed (30 and 60 min).
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Figure 3. Graphic representation of exposure to PBs on cell viability (MTT assay) and cell adhesion:
(A) Cell viability effect of individual exposure. (B) Comparison between the individual effect of BPA
and the combined effect of the three bisphenols (BPmix). Two-Way ANOVA followed by Tukey’s
multiple comparisons test, Sidak’s multiple comparisons test, or Dunnett’s multiple comparisons
test was performed, as appropriate. (C) Representative photomicrographs of the adhesion test at
60 min. Scale bar = 100 µm. (D) Graphic representation of cell adhesion assay. The graph includes the
average values of the results of the adhesion tests at 30 and 60 min. 1 The concentrations expressed in
the figures indicate the concentration of BPA used. In addition, the corresponding proportions of BPF
and BPS were added based on average data obtained from the NHANES cohort: BPA (1): BPF (0.38):
BPS (0.36). The results were represented as mean (standard deviation). * represents a significant
difference between the BPA group and its respective control (* p-value ≤ 0.05, ** p-value ≤ 0.01,
**** p-value ≤ 0.0001). # represents a significant difference between the BPF group and its
respective control (#### p-value ≤ 0.0001). $ represents a significant difference between the
BPS group and its respective control ($$ p-value ≤ 0.01, $$$$ p-value ≤ 0.0001). & repre-
sents a significant difference between the BPA + BPF + BPS group and its respective control
(&&& p-value ≤ 0.001, &&&& p-value ≤ 0.0001). The letter “a” indicates a significant difference
between BPA and BPF; “b” between BPA and BPS; “c” between BPF and BPS; “d” between BPA and
BPA + BPF + BPS.

2.2.2. The Bisphenol Mixture Exerts a Differential Effect on Cell Death

Once significant differences between BPA and bisphenol mixture are identified, the
next step in the in vitro study is the analysis of cell death by flow cytometry. The annexin
V (AV) and propidium iodide (PI) assay are commonly used to identify viable, apoptotic,
necrotic [34], and necroptotic cells [13]. Necroptosis is a cell death mechanism combining
necrosis and necroptosis [35]. Therefore, in flow cytometry studies with AV and PI, double-
positive cells are categorized as late apoptosis or necroptosis. The AV-PI flow cytometry
assay results showed a significant increase in cell apoptosis (AV+) compared to the control
group (Figure 4A). Interestingly, the quadrants corresponding to necrosis (AV−, IP+) or
necroptosis/late apoptosis (AV+, IP+) did not differ significantly from the control group.
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Figure 4. Cell death study by flow cytometry, Western blot, and immunofluorescence: (A) Flow
cytometry: annexin V (AV) and propidium iodide (PI) assay. Two-Way ANOVA was performed,
followed by Tukey’s multiple comparisons test, Sidak’s multiple comparisons test, or Dunnett’s
multiple comparisons test, as appropriate. (B) Western blot of Caspase-3. (C) Western blot of Caspase-
8. (D) Immunofluorescence of caspase-3. Scale bar = 10 µM. (E) Western blot of MLKL. (F) Western
blot of RIP3. Kruskal–Wallis, followed by a Dunn’s test, was performed. The results were represented
as mean (standard deviation. * p-value ≤ 0.05; ** p-value ≤ 0.01; *** is equivalent to a p-value ≤ 0.001.
1 The concentrations expressed in the graphical representation indicate the concentration of BPA
used. In addition, the corresponding proportions of BPF and BPS were added based on average data
obtained from the NHANES cohort: BPA (1): BPF (0.38): BPS (0.36).

Cell death regulation mechanisms can be classified into two groups: caspase-dependent,
such as apoptosis, and caspase-independent, such as necroptosis [36]. The relative expression
of the initiator caspase caspase-8 (CASP8) and the effector caspase caspase-3 (CASP3) was
analyzed to deepen the study of cell apoptosis [36]. As can be seen in Figure 4B–D, the
combined exposure of phenols induced a significant increase in the expression of the active
fragment of caspase-3 (17 kDa) and caspase-8 (47 kDa) at 100 µM (100 µM BPA, 38 µM
BPF, and 36 µM BPS). Furthermore, the immunofluorescence assay confirmed the result
observed in the Western blot of CASP3.

Interestingly, previous laboratory work carried out exclusively with BPA demon-
strated that endothelial cells exposed to this monomer undergo a significant increase in the
mechanisms of cell death associated with necroptosis, observing a significant increase in
the expression of RIP3 associated with calcium calmodulin kinase II (CAMK II) [13].

For this reason, based on the results observed in the flow cytometry assay, we studied
the relative expression of two main proteins involved in the necroptosis cell signaling
pathway, RIP3 and MLKL. Consistent with the absence of changes in the number of
necroptotic cells, the relative expression levels of RIP3 and MLKL were not altered after the
combined treatment of bisphenols (Figure 4E,F), confirming the existence of a differential
effect on the cell death between exposure to BPA and realistic exposure to BPmix.

3. Discussion

For the first time, the present manuscript has demonstrated significant associations
between the bisphenol mixture and heart disease. Our initial hypothesis, based on [15,20,21],
suggests that BPS and BPF could exert an additive (or synergistic) effect on BPA in the
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context of heart disease. Since the three phenolic molecules have a high degree of structural
homology and hormonal activity (BPF and BPS have been described as hormonally active
as BPA itself [15]), it is coherent to consider BPmix as a single quantitative variable. Thus,
the statistical analysis performed on the NHANES cohort (a retrospective cohort study)
has yielded sufficient evidence to justify the subsequent in vitro experimental model.

Descriptive statistics and comparative analysis of the 3014 subjects in the cohort have
shown the first indications of the relationship between BPmix and heart disease. In addition,
it has confirmed significant differences in the covariates included in the study of heart
disease (gender, age, BMI, ethnicity, and poverty/income ratio. The analysis of the BPmix
quartiles also showed interesting statistical relationships with all the study covariates
except BMI. The serum cotinine levels suggested that tobacco use is a significant source of
environmental exposure to bisphenols. This effect is especially significant since bisphenol
enters the bloodstream directly, avoiding the classic hepatic detoxification mechanisms
(glucuronidation and sulfation) traditionally related to the oral route [9].

The subsequent binomial and multinomial logistic regression models confirmed the
trends described in the previous analyses, determining that bisphenol mixture is an en-
vironmental factor related to the risk of developing heart disease, independent of other
factors such as age, gender, BMI, ethnicity, poverty/income ratio, and serum cotinine.
Statistical evidence does not shed light on the possible causal relationship between the
variables; it only allows for determining a relative risk or odds ratio [37]. The greatest
weakness of retrospective cross-sectional studies is their inefficiency in determining causal
relationships. However, the high and heterogeneous number of individuals allows for
the development of a robust base for future translational studies. Of the total number of
individuals in the 2013–2014 and 2015–2016 NHANES cohorts, 3014 subjects were included
in the study because they had all the necessary data for the correct development of the
statistical study. Furthermore, WQS, quantile g-computation, and BKMR analysis showed
interesting results that reaffirm the positive association between the mixture of bisphenols
and heart disease risk.

Consequently, the retrospective cohort study allowed us to delve deeper into the issue
by developing an in vitro experimental model on the primary culture of murine aortic
endothelial cells. The most exciting element of the present manuscript is the use of realistic
proportions of a bisphenol mixture mimicking human exposure. For the first time in the
academic literature, an endocrine disruptor study was contextualized in the real world to
extrapolate the results with new potential human risks.

The subsequent in vitro experimental model demonstrated that exposure to a mix-
ture of bisphenols in a proportion analogous to the average of a human cohort induces
an effect different from BPA alone. Previous work from our laboratory linked murine
endothelial cell exposure to BPA with necroptosis, a mechanism of programmed necrosis
cell death [13]. However, the evidence presented in this article demonstrates that the
mixture of bisphenols induces apoptosis. Beginning with the MTT viability cell assay,
the individual comparative study showed that BPS and BPF have a lower ability to affect
cells than BPA. This phenomenon is consistent with the work of Prudencio et al. [38], who
observed that BPS and BPF are less disruptive to cardiac electrophysiology. In other cellular
contexts, Castellini et al. [39] work demonstrated that BPS and BPF are safe alternatives
for sperm biology. Russo et al. [40] also observed this pattern and partially attributed it
to phospholipid affinity, implying that toxicity would increase with increasing membrane
affinity. However, there are also certain contradictions in the literature, such as in the work
of Ji et al. [23]. They observed that BPF could induce higher vascular toxicity and oxidative
stress than BPA and BPS.

The results of MTT at higher concentrations showed significant differences between
BPS and BPF, showing that BPS is the compound with the least capacity to modulate
cell viability in murine endothelial cells. In human hepatocarcinoma cells and peripheral
blood mononuclear cells, it has been observed that BPS is the phenol that generates less
genotoxicity [41,42]. However, there are studies with BPS in animal models that have



Int. J. Mol. Sci. 2023, 24, 12188 10 of 18

related it to atherosclerotic cardiovascular disease [43] and cardiotoxicity [44] in zebrafish,
and altered cardiac function in mice [27] and rats [26].

When studying the combined effect, the results show a more significant effect than
individual BPA. It is essential to highlight that in the comparative study, we used a fixed
concentration of BPA and the corresponding proportionality determined in the NHANES
cohort. For example, the concentration of 100 µM of BPA was compared with a mixture that
includes 100 µM of BPA + 38 µM of BPF + 36 µM of BPS. In this way, it is easy to determine
if the bisphenols added to the mixture act as agonists or antagonists. In this case, the results
show a potentiating effect of the mixture of urinary bisphenols compared to the individual
effect. This fact defined the cellular experimental model, using doses of 1 to 100 µM of BPA
and its equivalent proportions of BPS and BPF.

Cell adhesion could not explain the alterations in the viability assays since no changes
induced by any BPmix concentrations were observed. However, these preliminary studies
focused on short-term exposure to the mixture of bisphenols (24 h) and we cannot exclude
the possibility that chronic exposure to BPmix, the same type of exposure that occurs in the
human population, may alter cell adhesion [45]. Indeed, previous work in our laboratory
determined that BPA can substantially affect the cell adhesion capacity (as well as the
structural integrity) of the human podocyte [33].

The flow cytometry assay showed that the mixture of bisphenols induces an increase in
cell apoptosis that was not observed in the quadrant associated with necroptosis, showing
an essential difference with exposure to BPA alone. In the cardiovascular context, previous
work realized by our team determined that BPA exposure could promote cell death by
necroptosis through CAMKII [13]. Nomura et al. [46] observed that increased concen-
trations of cytoplasmic calcium promote necroptosis through the activation of CAMKII,
which is coherent with evidence that relates BPA exposure with alterations in intracellular
calcium [47], ionic channels [48,49], or even intestinal absorption ability [50]. However, the
evidence in the present manuscript strongly suggests a differential effect promoted by the
realistic mixture of bisphenols.

It has been described that CASP8 can inactivate the TNFRSF1A complex activity by
cleaving necroptotic protein RIP1 and, consequently, favor apoptosis through the activation
of CAS3 or CAS7 [36]. The Western blot and immunofluorescence analysis showed an
increased expression of both CAS8 and CAS3, confirming the significant increase in cell
apoptosis observed by flow cytometry. Furthermore, the relative expression of crucial
proteins implicated in necroptosis, RIP3, and MLKL, was analyzed by Western blot. As
expected, no changes were observed in the assays, confirming that BPmix could promote
cell death through different cellular mechanisms better than BPA alone.

In previous studies, we found that inflammation and oxidative stress in BPA induced
cardiac effects and as a consequence of endothelial necroptosis [14]. We have not tested the
inflammatory potential of BPmix. Consequently, further work on future cellular and animal
study models will allow us to demonstrate the molecular mechanisms underlying the new
pathological evidence related to the BPA mixture.

The results described in the present work are novel due to the focus on combining
bisphenols. In the literature, it is usual to find works developed in the context of a single
molecule; however, the approach developed in the NHANES cohort, with the combined
“real” exposure, coupled with the in vitro model proportional to the translational model,
has provided completely novel evidence. Thus, despite the reduced effect on cell viability
observed with BPS and BPF, individually, their combination with BPA in the human
mean proportionality produces a potentiating effect. Furthermore, the observed change
in the type of cell death associated with BPA or BPmix opens a new avenue for studying
endocrine disruptors.

The clinical applicability of the findings is fundamentally related to the type of ma-
terials commonly used in the clinical context. Due to the physical properties of plastic
polymers, they are commonly used in the clinical environment. Our results demonstrate
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the need to replace polymers derived from bisphenols or to limit their use as enhancers in
the plastics industry.

The results of the present work fundamentally represent the breaking of two paradigms:
firstly, it proposes the need to modify the methodological approach related to the study of
endocrine disruptors individually; and secondly, it implies an impact on the current system
of plastics manufacturing. Companies are beginning to replace BPA with monomers such as
BPS or BPF; however, the evidence points to the need to apply the precautionary principle.
Today, many products are marked as “BPA-free”. It is commonly found in most plastic
products related to breastfeeding and newborns. However, the new substitute molecules
likely do not provide a health benefit, as they could pose a risk comparable to that of BPA
itself. The heterogeneity of uses of bisphenols is a problem for the consumer since they
are found in most food packaging in varying proportions, as well as in everyday objects
and even sanitary equipment. As a result, it is impossible to avoid contact with them.
However, consumers must know they can replace plastic packaging and containers with
glass. Consumers must not heat plastic containers due to the increased release of endocrine
disruptors by heat. For example, using glass bottles in the baby’s early life stages could
significantly reduce exposure to bisphenols.

4. Materials and Methods
4.1. The Retrospective Cohort Study
4.1.1. Data Extraction from the NHANES Cohort

First, all the data from the NHANES cohort quantifying the three bisphenols used
mainly in the industry (BPA, BPF, and BPS) were extracted: datasets 2013–2014 and
2015–2016. The files (.XPT) were extracted from the official website of the American
Centre for Disease Control (CDC, 2016) (accessed on 1 September 2022, [51]), obtaining a
total of 20,146 study subjects. Of these, 5333 individuals had quantified values of urinary
bisphenols, of which 3701 were ≥18 years old. Once the data of the adult individuals
with quantified levels of urinary bisphenols were obtained, the study population was
subdivided according to heart disease (Figure 5).
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Figure 5. Diagram of the study subject selection process. Each one contains all the values of urinary
bisphenols and the covariates data used to correct the performed statistical analyses.

HD-positive subjects were defined as all individuals who answered affirmatively to
any of the following questions related to heart disease on the NHANES questionnaires [52]:
“Has a doctor or other health professional ever told you that you had” (a) “congestive heart
failure?” (b) “(. . .) coronary heart disease?” (c) “(. . .) angina, also called angina pectoris?”
(d) (. . .) “a heart attack (also called myocardial infarction)?” (e) “(...) a stroke?”. Of the
3701 adults studied, 3014 had all the necessary parameters for inclusion in the study group.

4.1.2. Statistical Analysis

A retrospective cohort study was performed to identify possible links and patterns
between heart disease and the mixture of urinary bisphenols, or BPmix. First, “Unsuper-
vised summary scores” were performed, following the work of Li et al. [53], calculating
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the molar sum of bisphenols (ΣBPmix) by dividing each metabolite concentration by its
molecular weight and then summing:

ΣBPmix(USS) = (

[
BPA, ng

mL
]

228.29 g × mol
+

[
BPS, ng

mL
]

250.27 g × mol
+

[
BPF, ng

mL
]

200.23 g × mol
)

Secondly, the sum of the concentration of bisphenols corrected by the value of urinary
creatinine (Ur. Creat.) was used, to avoid errors in the results due to differences in the
glomerular filtration capacity of each study subject:

BP_Cmix = (

[
BPA, ng

mL
]

Ur.Creat., mg
dL

+

[
BPS, ng

mL
]

Ur.Creat., mg
dL

+

[
BPF, ng

mL
]

Ur.Creat., mg
dL

)

The method of bisphenol quantification uses online solid phase extraction coupled
with high-performance liquid chromatography and tandem mass spectrometry (online
SPE-HPLC-Isotope dilution-MS/MS). The detection limit was 0.2, 0.2, and 0.1 for BPA, BPF,
and BPS, respectively. Details on protocols are available on the NHANES website [54,55].

Basic descriptive statistics were performed, analyzing the variables of interest in each
of the pathological subgroups, as well as in the BPmix quartiles. Quantitative variables
were described as the arithmetic mean (standard deviation), AM (SD), or as the geometric
mean (95% confidence interval), GM (95% CI), depending on their normality. GraphPad
Prism 7.0 software (GraphPad Software Inc., San Diego, CA, USA) was used for descriptive
statistical analysis, comparative analysis, and graphical representation. The data distribu-
tion was analyzed using the D’Agostino–Pearson, Shapiro–Wilk, and Kolmogorov–Smirnov
normality tests. Subsequently, T-student or Mann–Whitney test was used for the compar-
ative analysis of two variables. The one-way ANOVA or Kruskal–Wallis followed by a
Bonferroni or Dunn’s test was carried out for three or more variables. In the case of the
analysis of dichotomous variables in descriptive statistics, Fisher’s exact test was used. The
p-values in the figures and tables correspond to the post hoc test. p < 0.05 was considered
statistically significant.

Next, a graphical representation of the BPmix in HD was realized, and the Cochran
q test was performed to analyze the pathology in each BPmix quartile. A binomial and
multinomial logistic regression study model was realized in the next step. The logistic
regression analysis’s objective was to determine patterns that would identify possible
relationships between the pathological subgroups and the mixture of urinary bisphenols
due to the multifactorial origin of the study pathologies. Finally, each of the analyses
was carried out in 3 different ways, selecting anthropometric and demographic variables,
according to academic literature [53,56,57] individually (1); corrected for age, gender,
and BMI (2); and corrected for (2) + race/ethnicity, poverty/income ratio, and serum
cotinine (3). Urinary concentrations of bisphenol metabolites were all log-transformed to
normalize distributions. The IBM SPSS Statistics for Windows software, version 27 (IBM
Corp, Armonk, NY, USA), was used for the Cochran q test and regression models.

Subsequently, the weighted quantile sum (WQS) was developed with the R pack-
age “gWQS” [58] to analyze relationships between the exposures and the outcome while
summarizing the complex exposure to the mixture of interest [59,60]. Briefly, the WQS
regression summarizes the overall exposure to the mixture by estimating a single weighted
index and accounts for the individual contribution of each component using weights [61].

Next, a quantile G-computation model was performed with R package “qgcomp” [62]
to estimate the overall effect of bisphenols mixture with Heart Disease. The QG-comp
method estimates the effect of the bisphenol mixture on the outcome by quantifying the
change in outcome for each quantile increase in the concentration of all bisphenols in
the mixture. It also calculates the relative contribution of each bisphenol to the overall
effect, whether it has a positive or negative direction. The estimated overall mixture effect,
denoted by ψ, represents the change in the outcome associated with a quantile increase in
the concentration of all bisphenols in the mixture. In other words, it captures the joint effect
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of all the bisphenols in the mixture on the outcome. Therefore, ψ can be used to assess the
overall impact of the bisphenol mixture on the outcome of interest.

Additionally, Bayesian kernel machine regression (BKMR) was further applied, us-
ing the “bkmr” package in R [63], to account for simultaneous exposures to multiple
concurrent exposures. BKMR is a novel approach that can be used to study the effects
of pollutant mixtures on health outcomes. This method involves regressing the health
outcome on a flexible function of the mixture components, specified using a kernel function.
In high-dimensional settings, where the number of mixture components is large, BKMR
incorporates a hierarchical variable selection approach. This approach helps to identify
essential mixture components while accounting for the correlated structure of the mixture.
By including this hierarchical variable selection approach, BKMR can handle situations
with many potential mixture components, and the relationships between the components
and the outcome are complex and interdependent [64,65]. In our case, let X be the vector
of the mixture of components (BPA/Creat., BPS/Creat., and BPF/Creat.), Y the vector of
“Heart Disease”, and Z the vector of potential confounders (same covariates selected in the
logistic regression analyses); 300 knots and 3000 iterations were selected in the statistical
analysis. BKMR methodology was developed according to other publications [53,66].

4.1.3. Calculation of the Average Proportion of Bisphenols in the Human Population (Used
in the Subsequent In Vitro Study)

All available data from all subjects presenting with all three urinary bisphenols were
selected, obtaining a total of 5333 subjects. Next, a descriptive statistical analysis was
performed. Since the BPs do not present a normal distribution, the geometric mean value
was used, and the proportion of each one was calculated using the compound with the
highest value (BPA) as a reference (Table 6).

Table 6. Quantitative analysis of urinary bisphenols in the human population (n = 5333) and their
proportionality.

Compound GM (95% CI), ng/mL MW (g/mol) Molarity (nM) Proportion

Bisphenol A 1.22 (1.18–1.25) 228.29 5.34 1
Bisphenol S 0.49 (0.47–0.51) 250.27 1.96 0.36
Bisphenol F 0.41 (0.39–0.42) 200.23 2.05 0.38

Abbreviations: GM, Geometric Mean; CI, Confidence Interval; MW, Molecular Weight.

4.2. In Vitro Study
4.2.1. Cell Culture

As previously reported, Murine Aortic Endothelial Cells (MAECs) were isolated from
mouse aorta [13,67]. MAECs were selected by their ability to express the intercellular
adhesion molecule-2 (ICAM-2) protein and purified with a flow cytometry cell sorter
(DAKO). Purification was verified by confocal microscopy of MAECs double stained with
von Willebrand factor antibodies.

MAEC were cultured with Dulbecco’s Modified Eagle’s Medium (DMEM/F12), sup-
plemented with 0.05 mg/mL penicillin/streptomycin, 2.5 µg/mL amphotericin, and 10%
Fetal Bovine Serum (Merck) in a humidified CO2 incubator with 5% CO2 at 37 ◦C. MAECs
were used between passage 4 and 9.

BPA, BPS, and BPF concentrations between 100 and 500 µM were used to delimit the
cytotoxicity on the MTT assay (and their respective proportions in the bisphenol mixture).
Subsequently, the concentration range of 1 to 100 µM (1 + 0.38 + 0.36, 10 + 3.8 + 3.6, and
100 + 38 + 36 µM of BPA, BPF, and BPS, respectively) was used to explore cell adhesion
and death.

4.2.2. MTT Cell Viability Assay

MAECs were grown on 24-well plates (1500 cells/well) in a complete medium. After
overnight incubation, the medium was removed, and 1 mL of growth culture containing
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different concentrations of BPs ranging from 0 (Control) to 500 µM was added for 24 h (and
their respective proportions in the phenol mixture). After BPs treatment, 100 µL of MTT
(5 mg/mL) was added to each well in 900 µL of the medium, and the plates were incubated
for 3.5 h at 37 ◦C. Afterward, the supernatant was removed, and DMSO (Sigma Aldrich,
Burlington, Massachusetts, United States) was added to solubilize the formazan crystals.
The absorbance was measured at a test wavelength of 570 nm [68].

4.2.3. Cell Adhesion Assay

After BPs mixture treatment for 24 h in p100 plates, the medium was removed, and
cells were trypsinized. Hereafter, 40,000 cells were left to settle in 24-well plates with
DMEM/F12 medium containing 10% FBS for 30 and 60 min. After removing the medium,
the 24-well plate was washed with PBS twice, and attached cells were measured by staining
with violet crystal and subsequent cell count. Four images per condition were counted,
each being duplicated [69].

4.2.4. Flow Cytometry

An annexin V (AV)–propidium iodide (PI) assay was performed to identify the type
of cell death associated with the treatment with the mixture of BPs; 6-well plates with
60,000 cells treated for 24 h were used. After incubation, the culture media were collected,
and the cells were washed with PBS twice, trypsinized, and neutralized with the culture
media collected previously. The cells were centrifuged at 1500 rpm for 5 min, and the
resulting pellet was resuspended in 150 µL of 1× binding buffer, incubated with annexin V
(1:50) for 30 min, and with IP (5 µL) for 15 min (Biosciences, NJ, USA). Data acquisition was
carried out with the MACSQuant 10 flow cytometer (Miltenyi Biotec, Bergisch Gladbach,
Germany), and its analysis was performed with the MACSQuantify program. The data
were represented as a relative percentage using the control group as a reference.

4.2.5. Western Blot

Protein lysates were immunoblotted as previously described [70]. Total protein was
separated in SDS-polyacrylamide gel electrophoresis and transferred to a PDVF membrane.
For protein detection, blocked membranes were incubated with specific antibodies, washed,
and incubated with a secondary antibody. Immunoreactive bands were visualized with the
ECL system (GE Healthcare Life Sciences, Chicago, Illinois, USA).

Primary antibodies used: RIP3 (Santa Cruz, ref. sc-374639, 1:1000), MLKL (Santa
Cruz, ref. sc-293201, 1:500), Cleaved Caspase-3 (Cell Signaling Technology, ref. 9664, 1:500),
Caspase 8 (Cell Signaling Technology, ref. 9746, 1: 500), and GAPDH (Merck, ref. MAB374,
1:1000).

4.2.6. Confocal Microscopy

Slides containing cells were incubated with the primary antibodies overnight at 4 ◦C
(Caspase3p11 from Santa Cruz (ref. sc-271759, 1:50)). After washing with PBS, the slides
were incubated with Alexa-488-conjugated secondary antibody for 1 h at room temperature.
Nuclei were stained with Hoechst (1:2000). Images were taken for data quantification
using a Leica TCS SP5 confocal microscope (UAH-NANBIOSIS-CIBER-BNN). At least five
different fields per condition were obtained.

4.2.7. Statistical Analysis

All results were expressed as mean ± Standard Deviation (SD). GraphPad Prism 7.0
software (GraphPad Software Inc., San Diego, CA, USA) was used for statistical analysis.
First, the data distribution was analyzed using the D’Agostino–Pearson, Shapiro–Wilk,
and Kolmogorov–Smirnov normality tests. Subsequently, one-way ANOVA or Kruskal–
Wallis, followed by a Bonferroni or Dunn’s test, respectively, was carried out. In MTT and
flow cytometry assays, two-way ANOVA was performed, followed by Tukey’s multiple
comparisons test, Sidak’s multiple comparisons test, or Dunnett’s multiple comparisons
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test, as appropriate. The p-values in the figures and tables correspond to the post hoc test.
p < 0.05 was considered statistically significant. All assays were performed at least three
times in duplicate.

5. Conclusions

In conclusion, the retrospective cohort study combined with the in vitro study suggests
the need to study endocrine disruptors in a more realistic context, overcoming the obsolete
“one compound–one pathology” paradigm. The present manuscript has shown that the
bisphenol combination can exert a different effect than BPA alone. It is imperative to
reformulate the research methodology on the possible effects of endocrine disruptors since
their potential interaction could radically change the effect on health. Future studies should
delve into the new possibilities suggested by the results of this manuscript, combining
bisphenols and other endocrine disruptors commonly present in human biological fluids.
Consequently, using new BPA substitute molecules poses new challenges for research and
potential dangers for all trophic levels, humans, and future generations.
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41. Hercog, K.; Maisanaba, S.; Filipič, M.; Sollner-Dolenc, M.; Kač, L.; Žegura, B. Genotoxic Activity of Bisphenol A and Its Analogues
Bisphenol S, Bisphenol F and Bisphenol AF and Their Mixtures in Human Hepatocellular Carcinoma (HepG2) Cells. Sci. Total
Environ. 2019, 687, 267–276. [CrossRef] [PubMed]

42. Mokra, K.; Wozniak, K.; Bukowska, B.; Sicinska, P.; Michalowicz, J. Low-Concentration Exposure to BPA, BPF and BPAF Induces
Oxidative DNA Bases Lesions in Human Peripheral Blood Mononuclear Cells. Chemosphere 2018, 201, 119–126. [CrossRef]

43. Wang, W.; Zhang, J.; Li, Z.; Gu, J.; Qin, J.; Li, J.; Zhang, X.; Ru, S. Bisphenol S Exposure Accelerates the Progression of
Atherosclerosis in Zebrafish Embryo-Larvae. J. Hazard. Mater. 2022, 426, 128042. [CrossRef]

44. Qiu, W.; Chen, B.; Greer, J.B.; Magnuson, J.T.; Xiong, Y.; Zhong, H.; Andrzejczyk, N.E.; Zheng, C.; Schlenk, D. Transcriptomic
Responses of Bisphenol S Predict Involvement of Immune Function in the Cardiotoxicity of Early Life-Stage Zebrafish (Danio
Rerio). Environ. Sci. Technol. 2020, 54, 2869–2877. [CrossRef]

45. Mustieles, V.; D’Cruz, S.C.; Couderq, S.; Rodríguez-Carrillo, A.; Fini, J.B.; Hofer, T.; Steffensen, I.L.; Dirven, H.; Barouki, R.;
Olea, N.; et al. Bisphenol A and Its Analogues: A Comprehensive Review to Identify and Prioritize Effect Biomarkers for Human
Biomonitoring. Environ. Int. 2020, 144, 105811. [CrossRef] [PubMed]

46. Nomura, M.; Ueno, A.; Saga, K.; Fukuzawa, M.; Kaneda, Y. Accumulation of Cytosolic Calcium Induces Necroptotic Cell Death
in Human Neuroblastoma. Cancer Res. 2014, 74, 1056–1066. [CrossRef] [PubMed]

47. Kuo, C.-C.C.; Huang, J.-K.K.; Chou, C.-T.T.; Cheng, J.-S.S.; Tsai, J.-Y.Y.; Fang, Y.-C.C.; Hsu, S.-S.S.; Liao, W.-C.C.; Chang, H.-T.T.;
Ho, C.-M.M.; et al. Effect of Bisphenol A on Ca2+ Fluxes and Viability in Madin-Darby Canine Renal Tubular Cells. Drug Chem.
Toxicol. 2011, 34, 454–461. [CrossRef] [PubMed]

48. Deutschmann, A.; Hans, M.; Meyer, R.; Haberlein, H.; Swandulla, D. Bisphenol A Inhibits Voltage-Activated Ca2+ Channels in
Vitro: Mechanisms and Structural Requirements. Mol. Pharmacol. 2013, 83, 501–511. [CrossRef]

49. Michaela, P.; Maria, K.; Silvia, H.; L’ubica, L. Bisphenol A Differently Inhibits CaV3.1, Ca V3.2 and Ca V3.3 Calcium Channels.
Naunyn-Schmiedeberg’s Arch. Pharmacol. 2014, 387, 153–163. [CrossRef]

50. Otsuka, H.; Sugimoto, M.; Ikeda, S.; Kume, S. Effects of Bisphenol A Administration to Pregnant Mice on Serum Ca and Intestinal
Ca Absorption. Anim. Sci. J. 2012, 83, 232–237. [CrossRef]

51. Centers for Disease Control and Prevention (CDC) National Health and Nutrition Examination Survey Data. Available online:
https://wwwn.cdc.gov/nchs/nhanes/continuousnhanes/default.aspx?BeginYear=2013 (accessed on 15 January 2022).

52. Moon, S.; Yu, S.H.; Lee, C.B.; Park, Y.J.; Yoo, H.J.; Kim, D.S. Effects of Bisphenol A on Cardiovascular Disease: An Epidemiological
Study Using National Health and Nutrition Examination Survey 2003-2016 and Meta-Analysis. Sci. Total Environ. 2021,
763, 142941. [CrossRef]

53. Li, M.C.; Mínguez-Alarcón, L.; Bellavia, A.; Williams, P.L.; James-Todd, T.; Hauser, R.; Chavarro, J.E.; Chiu, Y.H. Serum Beta-
Carotene Modifies the Association between Phthalate Mixtures and Insulin Resistance: The National Health and Nutrition
Examination Survey 2003–2006. Environ. Res. 2019, 178, 108729. [CrossRef]

54. 2013–2014 Laboratory Data—Continuous NHANES. Available online: https://wwwn.cdc.gov/nchs/nhanes/search/datapage.
aspx?Component=Laboratory&Cycle=2013-2014 (accessed on 11 April 2023).

55. Pirkle, J.L. Laboratory Procedure Manual Benzophenone-3, Bisphenol A, Bisphenol F, Bisphenol S, 2,4-Dichlorophenol, 2,5-
Dichlorophenol, Methyl-, Ethyl-, Propyl-, and Butyl Parabens, Triclosan, and Triclocarban On Line SPE-HPLC-Isotope Dilution-
MS/MS. Laboratory Procedure Manual from CDC. Available online: https://www.cdc.gov/nchs/data/nhanes/nhanes_11_12/
EPH_G_met.pdf (accessed on 15 September 2022).

56. Trasande, L.; Spanier, A.J.; Sathyanarayana, S.; Attina, T.M.; Blustein, J. Urinary Phthalates and Increased Insulin Resistance in
Adolescents. Pediatrics 2013, 132, E646–E655. [CrossRef] [PubMed]

57. Stahlhut, R.W.; van Wijngaarden, E.; Dye, T.D.; Cook, S.; Swan, S.H. Concentrations of Urinary Phthalate Metabolites Are
Associated with Increased Waist Circumference and Insulin Resistance in Adult U.S. Males. Environ. Health Perspect. 2007, 115,
876–882. [CrossRef] [PubMed]

58. Renzetti, S.; Curtin, P.; Just, A.C.; Bello, G. Gennings C _gWQS: Generalized Weighted Quantile Sum Regression_. R
Package Version 3.0.4. 2021. Available online: https://cran.r-project.org/web/packages/gWQS/index.html (accessed on
1 February 2023).

https://doi.org/10.3389/fphar.2020.00042
https://doi.org/10.1038/s41422-019-0164-5
https://www.ncbi.nlm.nih.gov/pubmed/30948788
https://doi.org/10.1093/toxsci/kfab083
https://www.ncbi.nlm.nih.gov/pubmed/34240201
https://doi.org/10.1016/j.reprotox.2021.05.011
https://doi.org/10.1016/j.chemosphere.2018.03.014
https://doi.org/10.1016/j.scitotenv.2019.05.486
https://www.ncbi.nlm.nih.gov/pubmed/31207516
https://doi.org/10.1016/j.chemosphere.2018.02.166
https://doi.org/10.1016/j.jhazmat.2021.128042
https://doi.org/10.1021/acs.est.9b06213
https://doi.org/10.1016/j.envint.2020.105811
https://www.ncbi.nlm.nih.gov/pubmed/32866736
https://doi.org/10.1158/0008-5472.CAN-13-1283
https://www.ncbi.nlm.nih.gov/pubmed/24371227
https://doi.org/10.3109/01480545.2011.556645
https://www.ncbi.nlm.nih.gov/pubmed/21770746
https://doi.org/10.1124/mol.112.081372
https://doi.org/10.1007/s00210-013-0932-6
https://doi.org/10.1111/j.1740-0929.2011.00947.x
https://wwwn.cdc.gov/nchs/nhanes/continuousnhanes/default.aspx?BeginYear=2013
https://doi.org/10.1016/j.scitotenv.2020.142941
https://doi.org/10.1016/j.envres.2019.108729
https://wwwn.cdc.gov/nchs/nhanes/search/datapage.aspx?Component=Laboratory&Cycle=2013-2014
https://wwwn.cdc.gov/nchs/nhanes/search/datapage.aspx?Component=Laboratory&Cycle=2013-2014
https://www.cdc.gov/nchs/data/nhanes/nhanes_11_12/EPH_G_met.pdf
https://www.cdc.gov/nchs/data/nhanes/nhanes_11_12/EPH_G_met.pdf
https://doi.org/10.1542/peds.2012-4022
https://www.ncbi.nlm.nih.gov/pubmed/23958772
https://doi.org/10.1289/ehp.9882
https://www.ncbi.nlm.nih.gov/pubmed/17589594
https://cran.r-project.org/web/packages/gWQS/index.html


Int. J. Mol. Sci. 2023, 24, 12188 18 of 18

59. Carrico, C.; Gennings, C.; Wheeler, D.C.; Factor-Litvak, P. Characterization of Weighted Quantile Sum Regression for Highly
Correlated Data in a Risk Analysis Setting. J. Agric. Biol. Environ. Stat. 2015, 20, 100–120. [CrossRef]

60. Czarnota, J.; Gennings, C.; Wheeler, D.C. Assessment of Weighted Quantile Sum Regression for Modeling Chemical Mixtures and
Cancer Risk. Cancer Inform. 2015, 14, 159–171. [CrossRef]

61. Colicino, E.; Pedretti, N.F.; Busgang, S.A.; Gennings, C. Per- and Poly-Fluoroalkyl Substances and Bone Mineral Density: Results
from the Bayesian Weighted Quantile Sum Regression. Environ. Epidemiol. 2020, 4, e092. [CrossRef] [PubMed]

62. Keil A _Qgcomp: Quantile G-Computation_. R Package Version 2.10.1. 2022. Available online: https://cran.r-project.org/web/
packages/qgcomp/index.html (accessed on 1 February 2023).

63. Bobb J _Bkmr: Bayesian Kernel Machine Regression_. R Package Version 0.2.2. 2022. Available online: https://cran.r-project.org/
web/packages/bkmr/index.html (accessed on 1 February 2023).

64. Bobb, J.F.; Valeri, L.; Claus Henn, B.; Christiani, D.C.; Wright, R.O.; Mazumdar, M.; Godleski, J.J.; Coull, B.A. Bayesian Kernel
Machine Regression for Estimating the Health Effects of Multi-Pollutant Mixtures. Biostatistics 2015, 16, 493–508. [CrossRef]

65. Stein, C.R.; Wu, H.; Bellinger, D.C.; Smith, D.R.; Wolff, M.S.; Savitz, D.A. Exposure to Metal Mixtures and Neuropsychological
Functioning in Middle Childhood. Neurotoxicology 2022, 93, 84–91. [CrossRef] [PubMed]

66. Bellavia, A. Statistical Methods for Environmental Mixtures; 2021. Available online: https://bookdown.org/andreabellavia/
mixtures/ (accessed on 1 February 2023).

67. López-Rivera, E.; Lizarbe, T.R.; Martínez-Moreno, M.; López-Novoa, J.M.; Rodríguez-Barbero, A.; Rodrigo, J.; Fernández, A.P.;
Álvarez-Barrientos, A.; Lamas, S.; Zaragoza, C. Matrix Metalloproteinase 13 Mediates Nitric Oxide Activation of Endothelial Cell
Migration. Proc. Natl. Acad. Sci. USA 2005, 102, 3685–3690. [CrossRef]

68. Olea-Herrero, N.; Arenas, M.I.; Munoz-Moreno, C.; Moreno-Gómez-Toledano, R.; Gonzalez-Santander, M.; Arribas, I.; Bosch, R.J.
Bisphenol-A Induces Podocytopathy with Proteinuria in Mice. J. Cell. Physiol. 2014, 229, 2057–2066. [CrossRef]

69. Wang, Y.; Su, J.; Fu, D.; Wang, Y.; Chen, Y.; Chen, R.; Qin, G.; Zuo, J.; Yue, D. The Role of YB1 in Renal Cell Carcinoma Cell
Adhesion. Int. J. Med. Sci. 2018, 15, 1304–1311. [CrossRef] [PubMed]

70. Herranz, B.; Marquez, S.; Guijarro, B.; Aracil, E.; Aicart-Ramos, C.; Rodriguez-Crespo, I.; Rodríguez-Puyol, M.; Zaragoza, C.;
Saura, M. Integrin-Linked Kinase Regulates Vasomotor Function by Preventing Endothelial Nitric Oxide Synthase Uncoupling:
Role in Atherosclerosis. Circ. Res. 2012, 110, 439–449. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s13253-014-0180-3
https://doi.org/10.4137/CIN.S17295
https://doi.org/10.1097/EE9.0000000000000092
https://www.ncbi.nlm.nih.gov/pubmed/32613152
https://cran.r-project.org/web/packages/qgcomp/index.html
https://cran.r-project.org/web/packages/qgcomp/index.html
https://cran.r-project.org/web/packages/bkmr/index.html
https://cran.r-project.org/web/packages/bkmr/index.html
https://doi.org/10.1093/biostatistics/kxu058
https://doi.org/10.1016/j.neuro.2022.09.003
https://www.ncbi.nlm.nih.gov/pubmed/36122627
https://bookdown.org/andreabellavia/mixtures/
https://bookdown.org/andreabellavia/mixtures/
https://doi.org/10.1073/pnas.0408217102
https://doi.org/10.1002/jcp.24665
https://doi.org/10.7150/ijms.25580
https://www.ncbi.nlm.nih.gov/pubmed/30275756
https://doi.org/10.1161/CIRCRESAHA.111.253948
https://www.ncbi.nlm.nih.gov/pubmed/22194624

	Introduction 
	Results 
	The Retrospective Cohort Study 
	Study Population 
	Logistic Regression Analysis 
	Weighted Quantile Sum (WQS) Analysis and Bayesian kernel Machine Regression (BKMR) 

	In Vitro Study 
	The Bisphenol Mixture Affects Cell Viability but Not Cell Adhesion 
	The Bisphenol Mixture Exerts a Differential Effect on Cell Death 


	Discussion 
	Materials and Methods 
	The Retrospective Cohort Study 
	Data Extraction from the NHANES Cohort 
	Statistical Analysis 
	Calculation of the Average Proportion of Bisphenols in the Human Population (Used in the Subsequent In Vitro Study) 

	In Vitro Study 
	Cell Culture 
	MTT Cell Viability Assay 
	Cell Adhesion Assay 
	Flow Cytometry 
	Western Blot 
	Confocal Microscopy 
	Statistical Analysis 


	Conclusions 
	References

