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A B S T R A C T

Endocrine-disrupting chemicals (EDCs) are widespread environmental contaminants known to interfere with 
hormonal and immune functions. Among these, Bisphenol A (BPA), tris(1,3-dichloro-2-propyl) phosphate 
(TDCPP), and perfluorooctanoic acid (PFOA) are of significant concern due to their widespread human exposure 
and differing physicochemical profiles. Given that macrophages can represent early immune targets following 
EDC exposure, this study investigated the immunomodulatory effects of these structurally diverse compounds on 
THP-1-derived macrophage-like model. Cell viability was evaluated following 24 h exposure to a range of 
concentrations (1–100 µM), from which three doses (10, 50, 100 µM) were selected for functional assays. A 
follow-up viability assay at 48 h was performed to confirm the cellular impact of prolonged exposure. BPA and 
PFOA showed limited effects on cell viability, whereas TDCPP produced the most pronounced reduction. To 
assess immunomodulation, NFκB phosphorylation and cytokine production were evaluated under basal and LPS- 
stimulated conditions. BPA showed minimal effects across endpoints. TDCPP elicited modest NFκB activation, 
and under LPS stimulation, selectively attenuated specific cytokine responses. PFOA induced robust NFκB 
activation without corresponding changes in the measured cytokines, suggesting dissociation between upstream 
NFκB signaling and cytokine output in this model. Overall, these findings indicate compound-specific effects of 
BPA, TDCPP and PFOA in THP-1-derived macrophage-like cells and support the utility to this in vitro platform for 
comparative immunotoxicity screening and hypothesis generation. Future work integrating such data with 
quantitative in vitro-to-in vivo extrapolation (QIVIVIE/IVIVE) and more complex immune models may further 
improve human relevance.
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1. Introduction

Endocrine Disrupting Chemicals (EDCs) are a heterogeneous group 
of exogenous compounds, both natural and synthetic, that are wide
spread in the environment and capable of interfering with the hormonal 
regulation of physiological processes in living organisms, potentially 
leading to detrimental health outcomes (Ahn and Jeung, 2023). Their 
mechanisms of action include mimicking, blocking or altering the syn
thesis, transport, and degradation of endogenous hormones. Structurally 
and functionally diverse, EDCs encompass a wide range of substances 
with varying environmental persistence and metabolic behavior, 
complicating their toxicological evaluation (Diamanti-Kandarakis et al., 
2009; Gore et al., 2015).

Among the many known EDCs, bisphenol A (BPA), perfluorooctanoic 
acid (PFOA), and tris(1,3-dichloro-2-propyl) phosphate (TDCPP) have 
been increasingly studied due to their widespread presence in the 
environment and growing evidence of their potential to disrupt immune 
and endocrine functions. BPA, commonly found in plasticizers, and 
extensively used in polycarbonate plastics and epoxy resins, acts as a 
xenoestrogen due to its structural resemblance to estradiol, allowing it 
to bind to estrogen receptors and disrupt endocrine signaling. Despite its 
rapid metabolism and excretion, widespread and continuous exposures 
have been associated with significant biological effects in humans 
(Cimmino et al., 2020). In contrast, PFOA − a member of the per- and 
polyfluoroalkyl substances (PFAS) group- used as a surfactant and 
polymer precursor, is highly persistent, both environmentally and bio
logically, and accumulates in water, soil, and living organisms (Liang 
et al., 2022). TDCPP is an organophosphate flame retardant (OPFR) 
commonly found in household products such as upholstered furniture 
and electronic equipment. Although it is metabolized relatively quickly, 
repeated and chronic exposure is common due to its presence in indoor 
dust and consumer goods (Cho et al., 2023; Van den Eede et al., 2011).

Exposure to these EDCs has been associated with adverse effects on 
multiple biological systems, including the endocrine, reproductive, and 
immune systems (Ahn and Jeung, 2023; Li et al., 2020; Liang et al., 
2022; Tang et al., 2020). Recent evidence has emphasized the immu
notoxic effect of EDCs across various model systems. For instance, BPA 
has been shown to impair innate and adaptive immune responses in 
zebrafish, with the transcription factor STAT3 implicated as a key 
mediator (Qian et al., 2023). In murine models, PFOA exposure results 
in decreased B cell activity and diminished antibody production 
following dermal administration (Shane et al., 2020). Likewise, in vitro 
studies using THP-1-derived macrophages have demonstrated that 
TDCPP increases inflammatory activity, including the upregulation of 
pro-inflammatory cytokines (Li et al., 2020). While these findings un
derscore the immunomodulatory capacity of EDCs, most available 
studies, including those using THP-1 cells, focus on general inflamma
tory endpoints, while the underlying molecular pathways have not been 
comprehensively characterized.

Human exposure occurs through various routes, such as ingestion of 
contaminated food or water, inhalation of indoor dust and air, and 
dermal absorption from consumer products (Cho et al., 2023; Ma et al., 
2019; Post et al., 2012). Epidemiological data from biomonitoring 
studies, such as the U.S. National Health and Nutrition Examination 
Survey (NHANES), have consistently reported detectable EDCs like BPA 
and PFAS in urine and serum samples, indicating widespread human 
exposure across age groups and populations (CDC, 2024). These findings 
have led to regulatory actions, particularly in the European Union. For 
BPA, EFSA’s most recent re-evaluation established a revised tolerable 
daily intake (TDI) of 0.2 ng/kg body weight/day (EFSA, 2023). 
Consistently, the EU has adopted a ban on BPA in food contact materials 
(Commission Regulation (EU) 2024/3190) (EU, 2024). For PFAS, EFSA 
established a group tolerable weekly intake (TWI) of 4.4 ng/kg body 
weight/week for the sum of PFOS, PFOA, PFNA and PFHxS, based on 
immune system effects as the critical endpoint (EFSA, 2020). In parallel, 
PFOA is regulated internationally and in the EU as a persistent organic 

pollutant (POP) under the Stockholm Convention and EU POP legisla
tion (Regulation (EU) 2019/1021 (EU, 2019), including unintentional 
trace contaminant (UTC) limits of 0.025 mg/kg for PFOA and its salts 
and 1 mg/kg for PFOA-related compounds in substances, mixtures and 
articles (Commission Delegated Regulation (EU) 2020/784) (EU, 2020). 
Together, these regulatory measures underscore the high public health 
relevance of BPA and PFAS exposure and support the need for mecha
nistically informative experimental models to investigate their immu
nomodulatory potential.

Given their anatomical location and rapid responsiveness to envi
ronmental stimuli, macrophages are among the first immune cells to 
interact with ingested EDCs, making them a highly relevant target for 
immunotoxicology evaluation (Bai et al., 2025; Mowat and Bain, 2011; 
Wells et al., 2016). A key mechanism by which macrophages respond to 
environmental stimuli, including EDCs, is through the activation of pro- 
inflammatory signal pathways. Among these, the nuclear factor kappa B 
(NFκB) pathway is particularly relevant, as it regulates the expression of 
numerous cytokines involved in innate immune responses. When trig
gered by pathogens, chemical agents, or metabolic stress, this pathway 
initiates a signaling cascade, leading to the transcription of pro- 
inflammatory genes such as TNF-α, IL-6 and IL-1β (Biswas and Lewis, 
2010; Mussbacher et al., 2023).

Recent expert reports emphasize the need for more mechanistically 
informative and standardized in-vitro systems, such as THP-1-derived 
macrophages, for assessing the immunotoxic effects of EDCs, espe
cially given the limitations of conventional regulatory assays in 
capturing such complex responses (Demeneix and Slama, 2019). 
Consistently, the human leukemia monocytic cell line THP-1 is one of 
the most widely used in vitro models for evaluating immunotoxic re
sponses (Li et al., 2020). When differentiated with phorbol 12-myristate 
13-acetate (PMA), these cells acquire macrophage-like properties and 
exhibit cytokine production and activation profiles similar to those of 
primary macrophages, while offering advantages in reproducibility and 
standardization Almeida Roque et al., 2023; Li et al., 2020; Mohd Yasin 
et al., 2022). Although primary human macrophages provide physio
logical relevance, they are limited by donor variability, short lifespan, 
and technical challenges in culture. In contrast, THP-1-derived macro
phages offer a practical alternative with consistent behavior across ex
periments (Chanput et al., 2014; Daigneault et al., 2010; Li et al., 2020).

Taking all this into account, this study primarily aims to explore the 
immunomodulatory effects of three representative environmental EDCs: 
BPA, TDCPP and PFOA using THP-1-derived macrophages. These com
pounds were selected to reflect distinct physicochemical and metabolic 
profiles, since we hypothesize that exposure to these structurally distinct 
EDCs elicits differential activation of inflammatory pathways in mac
rophages. BPA and PFOA were included as two of the most widely 
studied and regulated EDCs, and EFSA risk assessments have highlighted 
immune system effects as critical endpoints supporting stringent health- 
based guidance values and regulatory actions (EFSA, 2023, 2020, 2016). 
By contrast, TDCPP remains comparatively less uniformly regulated at 
the global level, although it has been subject to sector-specific regula
tory scrutiny and restriction initiatives in some jurisdictions (ECHA, 
2017).

From a mechanistic perspective, current evidence suggests that BPA 
can modulate macrophage inflammatory signaling through endocrine 
receptor pathways (e.g., ER/GPER) and downstream crosstalk with 
NFκB/MAPK signaling pathways, whereas PFOA is frequently linked to 
nuclear receptor-mediated effects, particularly involving PPARα- 
dependent immunomodulation (Buoso et al., 2021; Cai et al., 2017; 
Corsini et al., 2011; Gao et al., 2020; Pawlak et al., 2015). In contrast, 
TDCPP represents an emerging OPFR for which immunotoxic effects 
remain poorly characterized. OPFRs, including TDCPP, have been 
associated with oxidative stress and disruption of innate immune 
signaling pathways (e.g., TLR-related responses), which may contribute 
to altered inflammatory outcomes (Lin et al., 2023). Including com
pounds with contrasting regulatory status and mechanistic evidence 
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allows for a broader assessment of immune disruption potential across 
different chemical classes. A battery of assays was designed to assess 
changes in macrophage viability, NFκB activation and cytokine secre
tion, with the aim of providing insight into the immunotoxic potential of 
these environmentally relevant compounds.

By combining a standardized macrophage model with functional and 
signaling readouts, this study aims to contribute to a more nuanced 
understanding of EDC-induced immune modulation. The use of multiple 
compounds and exposure conditions helps capture a spectrum of po
tential effects, which may inform future in vitro testing strategies and 
support ongoing efforts to improve immune-related hazard 
identification.

2. Methods

2.1. Chemicals and stocks solutions

Bisphenol A (BPA), Perfluorooctanoic acid (PFOA), Tris(1,3- 
dichloro-2-propyl) phosphate (TDCPP), phorbol 12-myristate 13-ace
tate (PMA), and lipopolysaccharide (LPS) were purchased from Sigma- 
Aldrich (Darmstadt, Germany). Stock solutions (600 mM) were pre
pared in dimethyl sulfoxide (DMSO) and diluted to working concen
trations in culture medium. Reagents for electrophoresis and 
immunoblotting were obtained from Bio-Rad (Basel, Switzerland). The 
following antibodies were used: rabbit monoclonal anti-p-NFκB p65 
(Ser536) (93H1), and anti-NFκB p65 (D14E12) XP (R) from Cell 
Signaling Technology (Danvers, Massachusetts, USA); rabbit polyclonal 
anti-GAPDH (ab9485-100) from Abcam (Cambridge, UK).

2.2. Cell culture and chemical exposure

The human monocytic cell line THP-1 was obtained from the 
American Type Culture Collection (ATCC TIB-202; Manassas, VA, 
United States). Cells were cultured in RPMI 1640 medium supplemented 
with L-glutamine, HEPES, phenol red, 10% (v/v) Fetal Bovine Serum 
(FBS) and 5% (v/v) penicillin/streptomycin (all from Thermo Fisher 
Scientific, Eindhoven, Netherlands). Cultures were maintained at 37◦C 
in a humidified 5% CO2 atmosphere. Differentiation into macrophage- 
like cells was induced by seeding cells at a density of 1x106 cells/mL 
and treating with 25 nM of PMA for 72 h. This low-to-moderate PMA 
differentiation protocol is consistent with low-dose regimens reported to 
induce stable THP-1 macrophage-like differentiation while minimizing 
basal activation (Daigneault et al., 2010; Park et al., 2007). After dif
ferentiation, the PMA-containing medium was removed and replaced 
with fresh RPMI medium. Environmental chemicals were applied for 24 
h or 48 h, unless otherwise specified (Loeffler et al., 2020). Morpho
logical changes associated with PMA differentiation were documented 
by inverted microscopy, showing adherent macrophage-like THP-1 cells 
(Supplementary Fig. S1).

2.3. Cell viability assay

Cell viability was assessed using the MTT assay (Sigma-Aldrich; 
Darmstadt, Germany). Differentiated THP-1 cells were seeded in 24- or 
48-well plates (Thermo Fisher Scientific; Eindhoven, Netherlands), and 
exposed to BPA, TDCPP or PFOA at concentrations of 1, 10, 25, 50 or 
100 μM, or to 0.1% DMSO (control vehicle) for 24 or 48 h. MTT solution 
was added, and plates were incubated for 2 h at 37◦C and 5% CO2. The 
supernatant was then replaced with DMSO, and the absorbance was 
measured at 560 nm. Cell viability was expressed as a percentage rela
tive to the vehicle-treated control. The 24 h viability assay was initially 
performed to determine dose-dependent cytotoxicity and to identify 
non-toxic concentrations. Based on these results, three concentrations 
(10, 50 and 100 µM), were selected as representative low, intermediate 
and high exposures, and used in subsequent experiments assessing NFκB 
activation and cytokine production. Although these concentrations 

exceed typical human exposure levels, they fall within the 100–1000- 
fold range often used in vitro to compensate for low bioavailability, lack 
of metabolism, and the need to observe measurable responses within 
short exposure periods (Moreau et al., 2022; Stielow et al., 2023). The 
full range of concentrations (10–100 µM) was applied in exploratory 
screening assays, while 50 µM was maintained as the highest concen
tration in functionally relevant experiments to minimize potential 
cytotoxic effects. To confirm the absence of delayed cytotoxicity, a 
second viability assay was performed at 48 h using only the selected 
concentrations. These two time points (24 h and 48 h) were chosen to 
capture both early and sustained cellular responses to EDC exposure, 
while maintaining experimental feasibility and minimizing prolonged 
culture-associated artifacts.

2.4. Immunoblot analysis

THP-1 cell activation was evaluated via Western Blot analysis of 
phospho-NFκB p65. Cells were exposed 24 h to EDCs at 1, 10 or 50 μM, 
LPS (1 μg/mL), or DMSO (0.1%). Cells were washed twice with 
phosphate-buffered saline (PBS) and lysed on ice using RIPA lysis buffer 
supplemented with protease and phosphatase inhibitors. Lysates were 
centrifuged at 12500 rpm for 12 min at 4◦C, and concentration was 
determined using the Lowry protein assay (Bio-Rad; Basel, Switzerland). 
Samples (25 μg protein) were mixed with 4X Laemmli buffer containing 
1% β-mercaptoetanol, denatured at 95◦C for 5 min, resolved by SDS- 
PAGE (10% or 12% gels), and transferred onto low-fluorescence PVDF 
membranes (Bio-Rad; Basel, Switzerland). Membranes were blocked for 
1 h in 5% powder milk, 1X TBS (0.1% Tween-20) and incubated with 
primary antibodies diluted in blocking buffer (p-NFκB, 1:1500; t-NFκB, 
1:1500; GAPDH, 1:2500). HRP-conjugated secondary antibodies were 
used (1:1750), and signal detection was performed with ECL Select re
agents (Amersham, Little Chalfont, UK). Band intensities were quanti
fied using Image Lab v5.1 software (Bio-Rad), and phospho-NFκB levels 
were normalized to GAPDH.

2.5. Cytokine quantification

To evaluate cytokine production, THP-1 cells were exposed to EDCs 
(10, 50, 100 μM), LPS (1 μg/mL), or 0.1% DMSO for 24 h and 48 h. 
Supernatants were collected and stored at − 80◦C. All wells were seeded 
in 24-well plates with equal numbers of differentiated THP-1 cells (106 

cells/mL) and maintained under identical volume (0.8 mL) and treat
ment conditions; therefore, extracellular cytokine levels are reported as 
pg/mL of supernatant without further normalization. For intracellular 
cytokine measurement, cells were harvested after 24 h, washed twice in 
cold PBS, and lysed using ProcartaPlex™ Cell Lysis Buffer (EPX-99999- 
000; Thermo Fisher Scientific, Eindhoven, Netherlands) on ice for 5 min. 
Lysates were centrifuged at 14000 x g for 10 min at 4◦C, and protein 
concentration was determined by the Lowry method. Samples were 
standardized to 8 mg/mL of total protein prior to analysis and stored at 
− 80◦C until processing. Cytokine levels (IL1β, IL6, IL10, TNFα) were 
quantified using a human-specific ProcartaPlex multiplex immunoassay 
(Thermo Fisher Scientific, Eindhoven, Netherlands) based on a magnetic 
bead format. These four cytokines were selected as representative 
markers of macrophage immune responses, encompassing key pro- 
inflammatory (IL1β, IL6, TNFα) and anti-inflammatory (IL10) media
tors commonly evaluated in THP-1 cell models (Buoso et al., 2021; 
Corsini et al., 2011; Couleau et al., 2015). Measurements were con
ducted using a Luminex MAGPIX® System (Thermo Fisher Scientific, 
Eindhoven, Netherlands), following the manufacturer’s protocol. Cyto
kine concentrations were determined by interpolation from standard 
curves generated for each analyte.

2.6. Statistical analysis

Data analysis was performed using IBM SPSS Statistics, version 22.0 
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(IBM Corp., Armonk, NY, USA). Data normality was assessed using the 
Shapiro-Wilk test and homogeneity of variances using Levene’s test. 
Data are presented as mean ± standard deviation (SD) of at least n = 3 
independent biological replicates. One-way analysis of variance 
(ANOVA) was used to evaluate group differences. Where applicable, 
post hoc comparisons were conducted using Tukey's HSD or Dunnett’s 
multiple comparison tests. Statistical significance was defined as *p <
0.05, **p < 0.01 and ***p < 0.001.

3. Results

3.1. Cell viability

To evaluate the cytotoxic effects of environmental chemicals, we 
assessed the viability of differentiated THP-1 cells after 24 h and 48 h of 
exposure. Viability responses were analyzed across a range of concen
trations for BPA, TDCPP and PFOA, revealing compound-specific and 
time-dependent patterns.

At 24 h (Fig. 1, Top), all tested concentrations of BPA, TDCPP, and 
PFOA maintained cell viability above the 70% threshold, indicating the 
absence of acute cytotoxic effects. BPA induced a general reduction in 
viability. Statistically significant decreases were observed at 1 μM 
(14.8% ± 7.6%; p < 0.0001), 10 μM (15.1% ± 5.8%; p < 0.0001) and 
100 μM (16.5% ± 8.5%; p < 0.0001). No significant effects were 
detected at 25 μM and 50 μM. TDCPP exhibited the strongest cytotoxic 
response in a clear concentration-dependent manner, decreasing cell 
viability by 9.0% ± 4.0% at 10 μM, 14.3% ± 3.8% at 25 μM, 14.6% ±
3.0% 50 μM, and 26.3% ± 2.5% at 100 μM (all p < 0.0001). PFOA 
exposure produced a biphasic response. Cell viability was slightly 
reduced at 1 μM (6.3% ± 5.6%; p = 0.019) and 10 μM (6.8% ± 5.6%; p 
= 0.0095), followed by a significant increase at 100 μM (7.8% ± 6.7%; 
p = 0.0025).

At 48 h (Fig. 1, Bottom), BPA no longer reduced cell viability. 
Instead, a significant increase of 19.3% ± 6.0% was observed at 50 μM 
(p = 0.0004). TDCPP produced a more pronounced cytotoxic effect 
compared to 24 h, reducing viability by 11.3% ± 4.3% at 10 μM (p =
0.0046), 17.6% ± 3.2% at 50 μM (p = 0.0002) and 38.7% ± 3.7% at 

100 μM (p < 0.0001). Although this highest concentration fell below the 
70% threshold, it was included in the cytokine assay to assess potential 
immunomodulatory effects at higher exposure levels. Since no major 
alterations were observed in the inflammatory profile, it was retained in 
the analysis but interpreted with caution. PFOA maintained a viability- 
enhancing effect at 100 μM, with an increase of 11.1% ± 3.9% (p =
0.0015).

In summary, these results indicate that TDCPP consistently exerted 
the most substantial cytotoxic effect in a dose- and time-dependent 
manner. BPA decreased viability at earlier time points but showed a 
stimulatory effect after 48 h. PFOA displayed a mild biphasic effect, with 
low-concentration inhibition followed by enhanced viability at higher 
doses. These findings highlight compound-specific cytotoxic profiles.

3.2. NFκB expression

To investigate the potential activation of inflammatory signaling 
pathways by environmental contaminants, we assessed NFκB p65 
phosphorylation levels in differentiated THP-1 cells following exposure 
to BPA, TDCPP and PFOA (Fig. 2). The phosphorylation of NFκB serves 
as an indicator of canonical NFκB pathway activation, associated with 
pro-inflammatory responses (Biswas and Lewis, 2010; Mussbacher et al., 
2023). Normalization of phosphorylated NFκB levels to GAPDH was 
validated by confirming that total NFκB expression remained stable 
across treatments. Moreover, calculation of the phospho-NFκB/total- 
NFκB ratio supported that the observed differences were primarily due 
to increase phosphorylation rather than changes in total protein levels 
(Fig. 2C; Supplementary Fig. S2).

The results showed that BPA exposure did not induce a statistically 
significant change in NFκB phosphorylation levels compared to the 
control, although a slight upward trend was observed. TDCPP exposure 
led to increased phosphorylation across all tested concentrations, but 
without reaching statistical significance. PFOA was the only compound 
that elicited a statistically significant increase in NFκB phosphorylation. 
At 1 μM, a 309.8% ± 94.8% increase was observed (p = 0.003), at 10 
μM, 580.4% ± 184.8% (p = 0.001); and at 50 μM, 486.3% ± 40.1% (p 
= 0.001). As expected, the positive control LPS induced a significant 

Fig. 1. MTT metabolism after 24 h (Top) and 48 h (Bottom) of exposure to BPA, TDCPP or PFOA. Cell viability is expressed as a percentage relative to the control 
(Ctrl). Cells were treated with increasing concentrations (1–100 μM) of each compound. Viability is expressed as a percentage relative to vehicle control (Ctrl). The 
threshold for cytotoxicity is indicated by a dotted line at 70% viability (Burkhardt et al., 2022). Data represents the mean ± standard deviation (SD) of n = 6 in
dependent biological replicates, each tested in technical triplicate. Statistical significance was determined using Dunnett’s multiple comparison test versus the 
untreated control group: *p < 0.05, **p < 0.01 and ***p < 0.001.
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197.8% ± 80.7% increase (p = 0.043).
In conclusion, PFOA induced a marked and statistically significant 

activation of NFκB signaling in THP-1 cells. TDCPP exhibited a non- 
significant increase in phosphorylation levels, while BPA had no 
measurable effect. These findings underscore the compound-specific 
potential of environmental chemicals to modulate inflammatory 
signaling.

3.3. Cytokine production

To investigate the immunomodulatory effects of BPA, TDCPP and 
PFOA, we evaluated both extracellular and intracellular cytokine levels 
in THP-1 cells following 24 h and their secretion after 48 h of exposure. 
In addition, we assessed the impact of co-exposure with LPS to deter
mine whether these compounds modify the LPS-induced pro- 

inflammatory response. Four cytokines were analyzed: IL1β, IL6, IL10, 
and TNFα.

3.3.1. Extracellular cytokine levels
Overall, exposure to BPA, TDCPP and PFOA induced limited changes 

in basal cytokine secretion under these experimental conditions, with 
only a small number of statistically significant alterations across end
points, concentrations and time points. BPA exposure did not result in 
statistically significant alterations in extracellular levels of the four cy
tokines at either 24 h or 48 h (Fig. 3 A-H). In contrast, TDCPP induced 
significantly increased TNFα secretion at 100 μM after 24 h, (106.9% ±
53.6%; p = 0.03; Fig. 3E), and IL6 levels at 50 µM (30.7% ± 14.4%; p =
0.03; Fig. 3C). After 48 h, a significant elevation in IL6 was observed at 
100 µM (p = 0.007; Fig. 3D). PFOA exposure did not produce statisti
cally significant changes in extracellular cytokine levels at either time 
point.

3.3.2. Intracellular cytokine levels
BPA was the only compound that significantly altered intracellular 

cytokine levels, leading to a 77.4% ± 29.2% increase in TNFα at 10 μM 
after 24 h (p = 0.005; Fig. 4C). TDCPP and PFOA did not significantly 
affect intracellular cytokine levels under any tested condition (Fig. 4A- 
D).

3.3.3. Cytokine production under LPS co-exposure
LPS stimulation induced a marked increase in extracellular cytokine 

secretion compared to untreated controls (Fig. 5A–C). When cells were 
co-exposed to LPS and BPA, a significant reduction in IL10 secretion was 
observed (46.2% ± 13.9%; p < 0.003; Fig. 5C, green). No significant 
effects were detected for TNFα or IL1β. TDCPP co-exposure significantly 
suppressed the LPS-induced production of IL1β (40.4% ± 14.5%; p =
0.007; Fig. 5A, blue), and IL10 (74.2% ± 6.4%; p < 0.0001; Fig. 5C, 
blue). TNFα levels remained unaffected (Fig. 5B). PFOA did not signif
icantly alter LPS-induced cytokine secretion.

In summary, basal cytokine secretion was only modestly affected by 
EDC exposure. BPA showed limited effect on cytokine production, with a 
modest impact in intracellular TNFα and a reduction in IL10 under LPS 
stimulation. TDCPP displayed the clearest immunomodulatory pattern, 
with modest increases in selected basal cytokine secretion but a pro
nounced suppression of LPS-induced responses. PFOA had no clear 
immunomodulatory effect in either basal or LPS-stimulated conditions, 
despite strong NFκB activation, suggesting additional regulatory mech
anisms downstream of NFκB signaling.

4. Discussion

Macrophages play a fundamental role in both the first and second 
lines of immune defense. They are key components of the innate im
mune system but are also closely involved in the activation of adaptive 
immunity (Charles A. Janeway et al., 2001). In this study, we evaluated 
the effects of three of the most relevant endocrine-disrupting compounds 
(EDCs) to which humans are commonly exposed. Our results indicate 
compound-specific effects across the endpoints assessed (cell viability, 
NFκB activation, and cytokine production), with TDCPP showing the 
most pronounced modulation under the conditions tested, followed by 
BPA and, to a lesser extent, PFOA. These endpoints were selected to 
balance biological relevance with feasibility for standardized compara
tive screening across chemically distinct EDCs.

We observed that exposure to different EDCs differentially affects 
macrophage viability. While BPA and PFOA had limited impact on cell 
viability, TDCPP induced a significant concentration-dependent reduc
tion. These findings are consistent with previous studies (Amstutz et al., 
2024; Couleau et al., 2015; Gostner et al., 2015; Li et al., 2020; Liu et al., 
2014). However, we also identified a modulatory factor influencing 
macrophage sensitivity to EDC-induced cytotoxicity. Differentiation of 
monocytes into macrophages was achieved via PMA treatment of THP-1 

Fig. 2. Western Blot analysis of NFκB activation in differentiated THP-1 cells 
after 24 h exposure to 1 μg/ml LPS or 1–50 μM of BPA, TDCPP and PFOA. (A) 
Representative Western blots showing bands corresponding to phospho-NFκB 
p65, total-NFκB and GAPDH (used as loading control) in THP-1 cells treated 
with BPA, TDCPP or PFOA (1–50 μM) and LPS (1 μg/mL) for 24 h. (B) Densi
tometric quantification of phospho-NFκB levels normalized to GAPDH and 
expressed relative to the control. (C) Ratio of phospho-NFκB to total NFκB. In 
panels B and C, dashed horizontal lines are included for reference: in (B), the 
line indicates the control level; in (C), it marks the theoretical 1:1 ratio between 
phosphorylated and total NFκB. Data represents the mean ± standard deviation 
(SD) of at least n = 3 independent biological replicates (single measurement per 
condition). Statistical significance was determined using Dunnett’s multiple 
comparison test versus the untreated control group: *p < 0.05, **p < 0.01 and 
***p < 0.001.
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cells for either 48 or 72 h. PMA mimics diacylglycerol and activates the 
protein kinase C (PKC) pathway, leading to the increased expression of 
several macrophage surface receptors (Lin et al., 2011). The variability 
in PMA concentration and exposure time employed across different 
studies likely contributes to discrepancies in cell viability outcomes. 
Specifically, studies using higher PMA concentrations tend to report 
increased macrophage resistance to toxic effects (Couleau et al., 2015). 
This is particularly evident in studies where undifferentiated THP-1 
monocytes are used, which show higher cytotoxicity at lower EDC 
concentrations (Gostner et al., 2015). Similarly, studies employing pre- 
differentiated macrophage cell lines report stronger reductions in 
viability at lower concentrations than those observed in PMA- 
differentiated THP-1 cells (Huang et al., 2018; 2019). Thus, PMA- 
induced differentiation may exert a protective effect against EDC 
exposure, possibly through PKC-mediated activation of cytoprotective 
and antioxidant pathways.

In our study, exposure to various concentrations of EDCs resulted in 
increased activation of the transcription factor NFκB. The activation of 
NFκB is essential for the synthesis of pro-inflammatory cytokines and 
mediates feedback mechanisms that regulate inflammation, including 
the induction of IL-10 (Saraiva et al., 2020). PFOA elicited the strongest 
NFκB activation, whereas TDCPP showed a consistent but non- 
significant increase across concentrations, and BPA did not induce 
measurable changes. Despite the activation of this transcription factor, 
we did not observe a corresponding increase in cytokine production. 
This suggests that, in this model, EDC-induced NFκB phosphorylation is 
not necessarily sufficient to elicit a downstream cytokine secretion 
profile, highlighting additional regulatory checkpoints downstream of 
NFκB. While TDCPP induced a slight rise in the secretion of TNF-α, BPA 
and PFOA had negligible effects. These findings align with Li et al. 
(2020), who reported that PMA-differentiated THP-1 cells exposed to 
1–50 μM TDCPP for 24 h showed increased TNF-α secretion (Li et al., 

Fig. 3. Effect of chemical exposure on extracellular cytokine production in differentiated THP-1 cells at 24 and 48 h, quantified using the Luminex MAGPIX system. 
Cells were treated with 1 μg/mL LPS or increasing concentrations (10–100 μM) of BPA, TDCPP or PFOA. Panels A, C, E and G show cytokine levels in cell culture 
supernatants at 24 h; panels B, D, F and H correspond to 48 h. Cytokine concentrations (IL1β, IL6, TNFα, IL10) are expressed as pg/mL of supernatant. Dashed 
horizontal lines indicate the mean cytokine level in the vehicle control group. Data represents the mean ± standard deviation (SD) of at least n = 3 independent 
biological replicates analyzed in duplicates. Statistical significance was determined using Dunnett’s multiple comparison test versus the untreated control group: *p 
< 0.05, **p < 0.01 and ***p < 0.001.
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2020). This effect may be caused by enhanced oxidative stress or the 
release of damage-associated molecular patterns, which can indirectly 
stimulate TLR and amplify inflammatory signaling (Zhou et al., 2011). 
However, TDCPP-induced cytokine levels remained substantially lower 
than those observed in response to LPS.

The lack of correlation observed between NFκB upregulation and 
cytokine secretion suggests that additional regulatory layers may act 
downstream of NFκB phosphorylation, limiting cytokine output under 
basal conditions. In our study, neither extracellular nor intracellular 
cytokine levels showed consistent increases after 24 h or 48 h exposure, 
indicating that NFκB activation alone was not sufficient to trigger a 
measurable cytokine secretion profile within the tested time window. 
This contrasts with previous findings reporting enhanced pro- 
inflammatory cytokine secretion in THP-1 cells after BPA exposure 
(Liu et al., 2014). A key methodological difference between their pro
tocol and ours is the PMA concentration used for differentiation. 
Compared to the 320 nM PMA used in their protocol, we used 25 nM. 
PMA activates NFκB by stimulating the PKC pathway, which phos
phorylates and activates the IKK complex, leading to phosphorylation 
and degradation of IκBα, an NFκB inhibitor. This allows NFκB to trans
locate to the nucleus and initiate gene transcription (Jones et al., 2007). 
A higher PMA concentration could result in a higher basal activation 
state in THP-1 cells, rendering them more responsive to secondary 
stimuli in terms of cytokine release. Moreover, although EDCs increased 
NFκB levels, they may also affect other transcription factors such as AP- 
1. Jang et al. (2020) demonstrated that BPA decreased the binding ac
tivity of both AP-1 and NFκB in human bladder cells (Jang et al., 2020).

Although EDC exposure alone had a minimal effect on cytokine 
secretion in THP-1 cells, co-exposure with LPS resulted in reduced LPS- 
induced cytokine production for both BPA and TDCPP. These results 
suggest that exposure to these compounds may interfere with proper 
LPS-induced signaling, thereby compromising macrophage immune re
sponses to external agents. Several studies have shown that BPA mod
ulates immune responses through receptor signaling and exerts 
immunomodulatory effects. In undifferentiated THP-1 cells, BPA was 

shown to significantly downregulate RACK1, a scaffolding and modu
latory protein involved in PKC signaling, via a GPER-dependent mech
anism. This downregulation was associated with reduced NFκB 
activation and decreased production of pro-inflammatory cytokines 
such as TNF-α, suggesting an immunosuppressive profile (Buoso et al., 
2021). Similarly, in differentiated THP-1 cells, BPA has been shown to 
activate PPARγ, a receptor with well-established anti-inflammatory 
functions in macrophages, likely contributing to the suppression of NFκB 
signaling (Bouhlel et al., 2007; Cai et al., 2017; Gao et al., 2020; Jiang 
et al., 1998). Some studies have reported contrasting findings, likely due 
to differences in experimental design. For example, Couleau et al. (2015)
observed an increase in TNFα and IL1β levels following sequential 
exposure of cells to BPA (10 μM for 24 h) and LPS (10 ng/mL for 24 h). 
This pro-inflammatory effect was associated with ERα downregulation 
and reduced ERK1/2 phosphorylation, which may contribute to 
enhanced NFκB activation (Couleau et al., 2015; Cvoro et al., 2008; 
Kalaitzidis and Gilmore, 2005; Vermeulen et al., 2002). These seemingly 
mild or context-dependent effects may stem from the biphasic action of 
BPA on ER signaling. BPA can act as either an agonist or antagonist of 
ERα, depending on dose and context, potentially promoting or sup
pressing cytokine response (Acconcia et al., 2015; Bruno et al., 2019; Su 
et al., 2025). Additionally, BPA has been reported to modulate oxidative 
stress pathways in immune cells, where low to moderate ROS levels may 
activate NFκB, while higher oxidative stress could suppress cytokine 
production (Gao et al., 2021; Nowak et al., 2021; Wang et al., 2021). 
These factors may contribute to the variability observed across studies. 
In the case of PFOA, distinct mechanisms have been proposed, partic
ularly involving PPARα-mediated immunomodulation. Corsini et al. 
(2011) reported that PFOA reduced pro-inflammatory cytokine pro
duction, such as TNF-α, and inhibited NFκB activation in LPS- 
stimulated, PMA-differentiated THP-1 cells via PPARα (Corsini et al., 
2011). Other authors have reported comparable findings (DeWitt 
et al., 2009; Schlezinger et al., 2020). In contrast, in our model, co- 
exposure to PFOA and LPS did not significantly affect cytokine pro
duction, although a slight increase in IL-1β was noted. These 

Fig. 4. Effect of chemical exposure on intracellular cytokine levels in differentiated THP-1 cells after 24 h, measured using the Luminex MAGPIX system. Cells were 
treated with 1 μg/mL LPS or increasing concentrations (10–100 μM) of BPA, TDCPP or PFOA. Panels show cytokine concentrations in cell lysates: (A) IL1β, (B) IL6, 
(C) TNFα and (D) IL10. Results are expressed as pg/mL of lysate. Dashed horizontal lines indicate the mean cytokine level in the vehicle control group. Data 
represents the mean ± standard deviation (SD) of at least n = 3 independent biological replicates analyzed in duplicates. Statistical significance was determined using 
Dunnett’s multiple comparison test versus the untreated control group: *p < 0.05, **p < 0.01 and ***p < 0.001.
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discrepancies could stem from differences in cell differentiation status, 
exposure protocols, and inflammatory timing. It is possible that, in our 
system, PPARα-mediated immunosuppression was insufficient to coun
teract the strong pro-inflammatory stimulus induced by LPS. Moreover, 
the slight increase observed in IL-1β could be indicative of additional, 
PPARα-independent mechanisms, as suggested in previous reports 
(DeWitt et al., 2009). As previously noted, PFOA induced strong NFκB 
activation in our model without eliciting a concomitant increase in 
cytokine secretion. This dissociation could stem from several layers of 
regulation acting downstream of NFκB phosphorylation. For instance, 
PPARα is known to interfere with NFκB-driven transcription through 

transrepression mechanisms, effectively limiting cytokine gene expres
sion despite upstream signaling (Bougarne et al., 2009; Pawlak et al., 
2015). These mechanisms may help explain why increased NFκB phos
phorylation was not translated into elevated extracellular cytokine 
levels in our system.

On the other hand, there is limited information available regarding 
the disruption mechanisms induced by TDCPP. Under basal conditions, 
TDCPP induced modest pro-inflammatory changes (including a signifi
cant increase in IL6 at 50 µM and a clear induction of TNFα at 100 µM) 
together with a non-significant increase in NFκB activation. However, 
co-exposure with LPS led to a marked reduction of selected cytokines, 
particularly IL1β and IL10. Notably, TDCPP also affected cellular 
metabolic activity at this concentration, suggesting that cellular fitness 
may have partially contributed to the attenuated cytokine output (Foster 
et al., 2007; Medvedev et al., 2007; Zerdan et al., 2021). In fact, 
organophosphate flame retardants such as TDCPP and triphenyl phos
phate (TPHP) have been reported to disrupt upstream components of the 
TLR4 signalling cascade and impair mitochondrial energy metabolism, 
both of which are essential for effective cytokine production (Le et al., 
2021; Lin et al., 2023). These additional mechanisms may contribute to 
the attenuated inflammatory responses observed under co-exposure 
scenarios. Notably, the suppression of IL-10 by BPA and TDCPP under 
LPS co-exposure conditions may further suggest disruption of regulatory 
nodes required for sustained IL10 transcription. In macrophages, IL10 
induction requires coordinated activity of transcription factors such as 
STAT3, Sp1, C/EBPβ, or CREB, since NFκB activation alone is not suf
ficient to drive optimal IL10 expression (Benkhart et al., 2000; Brightbill 
et al., 2000; Ernst et al., 2019).

Taken together, the distinct response patterns observed for BPA, 
TDCPP and PFOA may reflect compound-specific engagement of 
endocrine-related pathways and their crosstalk with immune signalling 
networks. The strong NFκB activation induced by PFOA in the absence of 
a measurable cytokine response suggests the presence of regulatory 
checkpoints downstream of NFκB phosphorylation, potentially 
including PPAR-dependent transrepression mechanisms described for 
PFAS (Bougarne et al., 2009; Corsini et al., 2011; Pawlak et al., 2015). 
The non-monotonic viability profile observed for BPA is consistent with 
the context- and dose-dependent behaviour of endocrine-active signal
ling (including estrogen-related pathways) and its interaction with in
flammatory pathways (Acconcia et al., 2015; Bruno et al., 2019; Su 
et al., 2025). Finally, TDCPP co-exposure phenotype (attenuated LPS- 
induced cytokine output) highlights potential interference with TLR4- 
related signalling and/or altered cellular state under co-exposure con
ditions (Le et al., 2021; Lin et al., 2023). Although these mechanistic 
considerations are supported by prior literature, they should be viewed 
as hypothesis-generating and warrant targeted validation in future 
studies.

Despite these findings, several limitations of the present study should 
be acknowledged. First, cell viability was assessed solely using the MTT 
assay, which measures mitochondrial metabolic activity rather than 
absolute cell number. While this is a commonly used proxy for viability, 
it may not distinguish between reduced proliferation and early stages of 
cell death. Complementary assays such as LDH release or Annexin V 
staining could provide more precise insights in future studies. Impor
tantly, interpretation of TDCPP co-exposure effects at 50 µM should be 
made cautiously. TDCPP at this concentration induced a modest but 
statistically significant reduction in MTT metabolic activity (14.6% ±
3.0%). Because metabolic activity/viability was not directly assessed 
under the combined TDCPP (50 µM) + LPS condition, a partial contri
bution of reduced metabolic activity to the attenuated cytokine output 
under co-exposure cannot be excluded. Future studies should directly 
assess viability under co-exposure conditions using complementary as
says (e.g., LDH release or Annexin V/PI staining) and evaluate immu
nomodulatory responses at lower TDCPP concentrations under minimal 
impact on cell metabolism. Second, macrophage differentiation was 
assessed based on morphological changes and adherence, but it was not 

Fig. 5. Effect of co-exposure with LPS and EDCs on extracellular cytokine 
production in differentiated THP-1 cells after 24 h, measured using the Luminex 
MAGPIX system. Cells were treated with 1 μg/mL LPS alone or in combination 
with 50 μM BPA, TDCPP or PFOA. Cytokine concentration in cell supernatants 
is shown for: (A) IL1β, (B) TNFα and (C) IL10 and are expressed as pg/mL. Data 
represents the mean ± standard deviation (SD) of at least n = 3 independent 
biological replicates analyzed in duplicates. Dashed horizontal lines indicate 
the mean cytokine level in the LPS group. Statistical significance was deter
mined using Tukey’s HSD multiple comparison test. For clarity, only compar
isons versus the LPS-only group are indicated in the figure: *p < 0.05, **p <
0.01 and ***p < 0.001.
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further validated using macrophage-associated markers (e.g., CD14, 
CD16/CD32) or additional functional assays (e.g., phagocytosis/ 
chemotaxis). Third, although NFκB signaling is a well-established 
pathway in immune activation, other molecular targets potentially 
involved in EDC-induced immunomodulation – such as estrogen re
ceptors (ERs), aryl hydrocarbon receptor (AhR), peroxisome 
proliferator-activated receptors (PPARs), and Toll-like receptors (TLRs) 
– were not assessed and may contribute to the observed effects. More
over, the cytokine panel was limited to four markers; future studies 
could expand immune mediator coverage to include chemokines (e.g., 
CCL2/MCP-1, CXCL8/IL8) and assess chemokine-driven functions using 
co-cultures and/or migration/chemotaxis assays. Fourth, while the 
concentrations of EDCs used in this study (up to 100 μM) are higher than 
typical human plasma levels – generally in the nanomolar range – such 
doses are often required in in vitro systems to elicit detectable effects 
within a limited time window. This discrepancy stems from multiple 
factors, including reduced compound uptake, lack of metabolism, and 
the absence of systemic interactions in simplified monoculture models 
(Bansal et al., 2017; Kuo et al., 2012; Schjenken et al., 2021).

Additionally, plasma biomonitoring concentrations may not fully 
represent internal exposure under occupational scenarios or local tissue 
microenvironments (Bousoumah et al., 2021). In occupational settings, 
repeated higher-intensity exposures may lead to an increased cumula
tive internal dose (body burden), whereas short-lived compounds may 
still generate recurrent peak exposures that are not well captured by 
single-timepoint plasma measurements (National Research Council, 
2006; OECD, 2022). Localized concentrations in exposure-relevant 
target tissues or microenvironments can differ substantially from 
circulating plasma levels (Bousoumah et al., 2021). Therefore, although 
the present doses exceed typical systemic biomonitoring levels, they 
were selected for mechanistic in vitro screening and should be inter
preted cautiously when extrapolating to human exposure scenarios. 
Importantly, quantitative in vitro-to-in vivo extrapolation (QIVIVE/ 
IVIVE), including reverse dosimetry supported by toxicokinetic or PBPK 
modeling, could help translate in vitro effect concentrations into external 
exposure scenarios that better reflect occupational settings (Chang et al., 
2022; Louisse et al., 2016). In addition, longer-term or repeated-dose in 
vitro exposure designs would be valuable to better approximate chronic 
occupational exposures and potential bioaccumulation dynamics in 
future studies.

Furthermore, this study evaluated the effects of each EDC individu
ally; future work should address combined exposure scenarios (binary 
and multi-compound mixtures), and assess potential additivity, synergy 
or antagonism using established mixture-effect approaches (e.g., con
centration addition/independent action). Finally, although THP-1- 
derived macrophages provide a useful and standardized in vitro plat
form for mechanistic screening, monoculture conditions cannot fully 
recapitulate the complexity of immune regulation in vivo. Accordingly, 
further validation in more physiologically relevant models and/or in vivo 
studies would strengthen extrapolation to real-world immune outcomes. 
In this context, integrating standardized in vitro immune models within 
new approach methodologies (NAMs), together with in silico tox
icokinetic modeling and QIVIVE/IVIVE frameworks, represents a 
promising strategy to support immune-related hazard identification and 
reduce uncertainty in human relevance assessment. Such integrated 
approaches can help prioritize chemicals and guide targeted follow-up 
studies in more complex experimental systems.

In summary, our findings demonstrate that EDC exposure has a 
compound-specific effect on macrophage function, with TDCPP showing 
the strongest impact. This compound reduced cell viability and induced 
NFκB activation without consistent cytokine release. BPA and PFOA 
triggered milder NFκB responses and had limited effects on cytokine 
secretion. Notably, co-stimulation with LPS and either TDCPP or BPA led 
to reduced cytokine release, suggesting that these compounds may 
impair macrophage inflammatory responses under stimulatory 
conditions.

5. Conclusion

This study highlights the compound-specific immunomodulatory 
potential of three environmentally relevant endocrine-disrupting 
chemicals − BPA, TDCPP, and PFOA- in THP-1-derived macrophages. 
Overall, cytokine secretion was only modestly affected under basal 
conditions, whereas TDCPP and BPA selectively modulated cytokine 
production under inflammatory stimulation. TDCPP emerged as the 
most bioactive compound, significantly reducing cell viability and being 
associated with a marked suppression of LPS-induced IL1β and IL10 
secretion under co-exposure conditions. BPA and PFOA produced milder 
effects, with limited impact on cytokine secretion despite increased 
NFκB activation. Collectively, these findings underscore the heteroge
neous nature of EDC immunotoxicity and support the use of THP-1- 
derived macrophages as a useful in vitro platform for comparative 
immunotoxicity screening and mechanistic hypothesis generation.
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Zawadzki, C., Jude, B., Torpier, G., Marx, N., Staels, B., Chinetti-Gbaguidi, G., 2007. 
PPARγ activation primes human monocytes into alternative M2 macrophages with 
anti-inflammatory properties. Cell Metab. 6, 137–143. https://doi.org/10.1016/J. 
CMET.2007.06.010.

Bousoumah, R., Leso, V., Iavicoli, I., Huuskonen, P., Viegas, S., Porras, S.P., Santonen, T., 
Frery, N., Robert, A., Ndaw, S., 2021. Biomonitoring of occupational exposure to 
bisphenol A, bisphenol S and bisphenol F: a systematic review. Sci. Total Environ. 
783, 146905. https://doi.org/10.1016/J.SCITOTENV.2021.146905.

Brightbill, H.D., Plevy, S.E., Modlin, R.L., Smale, S.T., 2000. A prominent Role for sp1 
during lipopolysaccharide- mediated induction of the IL-10 promoter in 
macrophages. J. Immunol. 164, 1940–1951. https://doi.org/10.4049/ 
JIMMUNOL.164.4.1940.

Bruno, K.A., Mathews, J.E., Yang, A.L., Frisancho, J.A., Scott, A.J., Greyner, H.D., 
Molina, F.A., Greenaway, M.S., Cooper, G.M., Bucek, A., Morales-Lara, A.C., Hill, A. 
R., Mease, A.A., Di Florio, D.N., Sousou, J.M., Coronado, A.C., Stafford, A.R., 
Fairweather, D.L., 2019. BPA alters estrogen receptor expression in the heart after 
viral infection activating cardiac mast cells and T cells leading to perimyocarditis 
and fibrosis. Front. Endocrinol. (Lausanne) 10, 463043. https://doi.org/10.3389/ 
FENDO.2019.00598/BIBTEX.

Buoso, E., Kenda, M., Masi, M., Linciano, P., Galbiati, V., Racchi, M., Dolenc, M.S., 
Corsini, E., 2021. Effects of Bisphenols on RACK1 expression and their 
immunological implications in THP-1 cells. Front. Pharmacol. 12. https://doi.org/ 
10.3389/FPHAR.2021.743991.

Burkhardt, F., Spies, B.C., Wesemann, C., Schirmeister, C.G., Licht, E.H., Beuer, F., 
Steinberg, T., Pieralli, S., 2022. Cytotoxicity of polymers intended for the extrusion- 
based additive manufacturing of surgical guides. Sci. Rep. 12 (1), 1–11. https://doi. 
org/10.1038/s41598-022-11426-y.

Cai, W., Yang, T., Liu, H., Han, L., Zhang, K., Hu, X., Zhang, X., Yin, K.J., Gao, Y., 
Bennett, M.V.L., Leak, R.K., Chen, J., 2017. Peroxisome proliferator-activated 
receptor γ (PPARγ): a master gatekeeper in CNS injury and repair. Prog. Neurobiol. 
163–164, 27. https://doi.org/10.1016/J.PNEUROBIO.2017.10.002.

CDC, 2024. National Center for Environmental Health. National Report on Human 
Exposure to Environmental Chemicals [WWW Document]. U.S. Department of 
Health and Human Services, Centers for Disease Control and Prevention. URL htt 
ps://www.cdc.gov/environmental-exposure-report/index.html (accessed 5.15.25).

Chang, X., Tan, Y.M., Allen, D.G., Bell, S., Brown, P.C., Browning, L., Ceger, P., 
Gearhart, J., Hakkinen, P.J., Kabadi, S.V., Kleinstreuer, N.C., Lumen, A., 
Matheson, J., Paini, A., Pangburn, H.A., Petersen, E.J., Reinke, E.N., Ribeiro, A.J.S., 
Sipes, N., Sweeney, L.M., Wambaugh, J.F., Wange, R., Wetmore, B.A., Mumtaz, M., 
2022. IVIVE: facilitating the use of in vitro toxicity data in risk assessment and 
decision making. Toxics 10, 232. https://doi.org/10.3390/TOXICS10050232/S1.

Chanput, W., Mes, J.J., Wichers, H.J., 2014. THP-1 cell line: an in vitro cell model for 
immune modulation approach. Int. Immunopharmacol. 23, 37–45. https://doi.org/ 
10.1016/j.intimp.2014.08.002.

Janeway, J., Travers, P., Walport, M., Shlomchik, M.J., 2001. Immunobiology. 
Immunobiology 1–10.

Cho, S.H., Pyo, H., Lee, J., Zee, S., Kim, E., Park, J.W., Park, C.B., 2023. Reproductive 
disorders linked to the interaction between sex steroid and thyroid hormonal 
activities, oxidative stress responses, and the rate of metabolism of tris (1,3-dichloro- 
2-propyl) phosphate (TDCPP) in zebrafish. Ecotoxicol. Environ. Saf. 265, 115535. 
https://doi.org/10.1016/J.ECOENV.2023.115535.

Cimmino, I., Fiory, F., Perruolo, G., Miele, C., Beguinot, F., Formisano, P., Oriente, F., 
2020. Potential mechanisms of bisphenol A (BPA) contributing to human disease. 
Int. J. Mol. Sci. 21, 1–22. https://doi.org/10.3390/IJMS21165761.

Corsini, E., Avogadro, A., Galbiati, V., dell’Agli, M., Marinovich, M., Galli, C.L., 
Germolec, D.R., 2011. In vitro evaluation of the immunotoxic potential of 
perfluorinated compounds (PFCs). Toxicol. Appl. Pharmacol. 250, 108–116. https:// 
doi.org/10.1016/J.TAAP.2010.11.004.

Couleau, N., Falla, J., Beillerot, A., Battaglia, E., D’Innocenzo, M., Plançon, S., Laval- 
Gilly, P., Bennasroune, A., 2015. Effects of endocrine disruptor compounds, alone or 
in combination, on human macrophage-like THP-1 cell response. PLoS One 10, 
e0131428. https://doi.org/10.1371/JOURNAL.PONE.0131428.

Cvoro, A., Tatomer, D., Tee, M.-K., Zogovic, T., Harris, H.A., Leitman, D.C., 2008. 
Selective estrogen receptor-β agonists repress transcription of proinflammatory 
genes. J. Immunol. 180, 630–636. https://doi.org/10.4049/JIMMUNOL.180.1.630.

Daigneault, M., Preston, J.A., Marriott, H.M., Whyte, M.K.B., Dockrell, D.H., 2010. The 
identification of markers of macrophage differentiation in PMA-stimulated THP-1 
cells and monocyte-derived macrophages. PLoS One 5. https://doi.org/10.1371/ 
JOURNAL.PONE.0008668.

Demeneix, B., Slama, R., 2019. Endocrine Disruptors : from Scientific Evidence to Human 
Health Protection, European Parliament, Policy Department for Citizens’ Rights and 
Constitutional Affairs.

DeWitt, J.C., Shnyra, A., Badr, M.Z., Loveless, S.E., Hoban, D., Frame, S.R., Cunard, R., 
Anderson, S.E., Meade, B.J., Peden-Adams, M.M., Luebke, R.W., Luster, M.I., 2009. 
Immunotoxicity of perfluorooctanoic acid and perfluorooctane sulfonate and the role 
of peroxisome proliferator-activated receptor alpha. Crit. Rev. Toxicol. 39, 76–94. 
https://doi.org/10.1080/10408440802209804.

Diamanti-Kandarakis, E., Bourguignon, J.P., Giudice, L.C., Hauser, R., Prins, G.S., 
Soto, A.M., Zoeller, R.T., Gore, A.C., 2009. Endocrine-disrupting chemicals: an 
endocrine society scientific statement. Endocr. Rev. 30, 293. https://doi.org/ 
10.1210/ER.2009-0002.

ECHA, 2017. Screening report an assessment of whether the use of TCEP, TCPP and 
TDCP in articles should be restricted. https://echa.europa.eu/documents/10162/13 
641/screening_report_tcep_tcpp_tdcp_en.pdf/df7715f2-e413-8396-119b-63f929bcde 
0c.

EFSA, 2020. Risk to human health related to the presence of perfluoroalkyl substances in 
food. EFSA J. 18, e06223. https://doi.org/10.2903/J.EFSA.2020.6223;WGROUP: 
STRING:PUBLICATION.

EFSA, E.F.S.A., 2016. A statement on the developmental immunotoxicity of bisphenol A 
(BPA): answer to the question from the Dutch Ministry of Health, Welfare and Sport, 
EFSA Journal. Wiley. Doi: 10.2903/J.EFSA.2016.4580.

Ernst, O., Glucksam-Galnoy, Y., Bhatta, B., Athamna, M., Ben-Dror, I., Glick, Y., 
Gerber, D., Zor, T., 2019. Exclusive temporal stimulation of IL-10 expression in LPS- 
stimulated mouse macrophages by cAMP inducers and type I interferons. Front. 
Immunol. 10, 1788. https://doi.org/10.3389/FIMMU.2019.01788.

EU, 2024. Commission Regulation (EU) 2024/3190 of 19 December 2024 on the use of 
bisphenol A (BPA) and other bisphenols and bisphenol derivatives in food contact 
materials and articles.

EU, 2020. Commission Delegated Regulation (EU) 2020/784 of 8 April 2020 amending 
Annex I to Regulation (EU) 2019/1021 as regards the listing of perfluorooctanoic 
acid (PFOA), its salts and PFOA-related compounds. Brussels.

EU, 2019. Regulation (EU) 2019/1021 of the European Parliament and of the Council of 
20 June 2019 on persistent organic pollutants (recast).

Foster, S.L., Hargreaves, D.C., Medzhitov, R., 2007. Gene-specific control of 
inflammation by TLR-induced chromatin modifications. Nature 447, 972–978. 
https://doi.org/10.1038/NATURE05836.

Gao, C., He, H., Qiu, W., Zheng, Y., Chen, Y., Hu, S., Zhao, X., 2021. Oxidative stress, 
endocrine disturbance, and immune interference in humans showed relationships to 
serum bisphenol concentrations in a dense industrial area. Environ. Sci. Technol. 55, 
1953–1963. https://doi.org/10.1021/ACS.EST.0C07587.

Gao, P., Wang, L., Yang, N., Wen, J., Zhao, M., Su, G., Zhang, J., Weng, D., 2020. 
Peroxisome proliferator-activated receptor gamma (PPARγ) activation and 
metabolism disturbance induced by bisphenol A and its replacement analog 
bisphenol S using in vitro macrophages and in vivo mouse models. Environ. Int. 134, 
105328. https://doi.org/10.1016/J.ENVINT.2019.105328.

Gore, A.C., Chappell, V.A., Fenton, S.E., Flaws, J.A., Nadal, A., Prins, G.S., Toppari, J., 
Zoeller, R.T., 2015. EDC-2: the endocrine society’s second scientific statement on 
endocrine-disrupting chemicals. Endocr. Rev. 36, E1. https://doi.org/10.1210/ 
ER.2015-1010.

Gostner, J.M., Raggl, E., Becker, K., Überall, F., Schennach, H., Pease, J.E., Fuchs, D., 
2015. Bisphenol A suppresses Th1-type immune response in human peripheral blood 
mononuclear cells in vitro. Immunol. Lett. 168, 285–292. https://doi.org/10.1016/j. 
imlet.2015.10.006.

Huang, F.M., Chang, Y.C., Lee, S.S., Ho, Y.C., Yang, M.L., Lin, H.W., Kuan, Y.H., 2018. 
Bisphenol A exhibits cytotoxic or genotoxic potential via oxidative stress-associated 
mitochondrial apoptotic pathway in murine macrophages. Food Chem. Toxicol. 122, 
215–224. https://doi.org/10.1016/J.FCT.2018.09.078.

Huang, F.M., Chang, Y.C., Lee, S.S., Yang, M.L., Kuan, Y.H., 2019. Expression of pro- 
inflammatory cytokines and mediators induced by Bisphenol A via ERK-NFκB and 
JAK1/2-STAT3 pathways in macrophages. Environ. Toxicol. 34, 486–494. https:// 
doi.org/10.1002/TOX.22702.

Jang, J.W., Lee, J.W., Yoon, Y.D., Kang, J.S., Moon, E.Y., 2020. Bisphenol A and its 
substitutes regulate human B cell survival via Nrf2 expression. Environ. Pollut. 259. 
https://doi.org/10.1016/j.envpol.2019.113907.

Jiang, C., Ting, A.T., Seed, B., 1998. PPAR-gamma agonists inhibit production of 
monocyte inflammatory cytokines. Nature 391, 82–86. https://doi.org/10.1038/ 
34184.

Jones, E., Adcock, I.M., Ahmed, B.Y., Punchard, N.A., 2007. Modulation of LPS 
stimulated NF-kappaB mediated nitric oxide production by PKCε and JAK2 in RAW 
macrophages. J. Inflamm. 4, 1–9. https://doi.org/10.1186/1476-9255-4-23/ 
FIGURES/8.

Kalaitzidis, D., Gilmore, T.D., 2005. Transcription factor cross-talk: the estrogen receptor 
and NF-kappaB. Trends Endocrinol Metab 16, 46–52. https://doi.org/10.1016/J. 
TEM.2005.01.004.

Kuo, C.H., Yang, S.N., Kuo, P.L., Hung, C.H., 2012. Immunomodulatory effects of 
environmental endocrine disrupting chemicals. Kaohsiung J. Med. Sci. 28, S37–S42. 
https://doi.org/10.1016/J.KJMS.2012.05.008.

O. Sabuz et al.                                                                                                                                                                                                                                   Environment International 213 (2026) 110321 

10 

https://doi.org/10.1016/J.TOX.2023.153557
https://doi.org/10.1016/J.TOX.2023.153557
https://doi.org/10.1016/J.CHEMOSPHERE.2024.143075
https://doi.org/10.1016/J.CHEMOSPHERE.2024.143075
https://doi.org/10.1016/J.CANLET.2025.217772
https://doi.org/10.1016/J.CANLET.2025.217772
https://doi.org/10.1210/EN.2017-00882
https://doi.org/10.4049/JIMMUNOL.165.3.1612
https://doi.org/10.1189/jlb.0310153
https://doi.org/10.1073/PNAS.0806742106
https://doi.org/10.1073/PNAS.0806742106
https://doi.org/10.1016/J.CMET.2007.06.010
https://doi.org/10.1016/J.CMET.2007.06.010
https://doi.org/10.1016/J.SCITOTENV.2021.146905
https://doi.org/10.4049/JIMMUNOL.164.4.1940
https://doi.org/10.4049/JIMMUNOL.164.4.1940
https://doi.org/10.3389/FENDO.2019.00598/BIBTEX
https://doi.org/10.3389/FENDO.2019.00598/BIBTEX
https://doi.org/10.3389/FPHAR.2021.743991
https://doi.org/10.3389/FPHAR.2021.743991
https://doi.org/10.1038/s41598-022-11426-y
https://doi.org/10.1038/s41598-022-11426-y
https://doi.org/10.1016/J.PNEUROBIO.2017.10.002
https://www.cdc.gov/environmental-exposure-report/index.html
https://www.cdc.gov/environmental-exposure-report/index.html
https://doi.org/10.3390/TOXICS10050232/S1
https://doi.org/10.1016/j.intimp.2014.08.002
https://doi.org/10.1016/j.intimp.2014.08.002
http://refhub.elsevier.com/S0160-4120(26)00279-5/h0100
http://refhub.elsevier.com/S0160-4120(26)00279-5/h0100
https://doi.org/10.1016/J.ECOENV.2023.115535
https://doi.org/10.3390/IJMS21165761
https://doi.org/10.1016/J.TAAP.2010.11.004
https://doi.org/10.1016/J.TAAP.2010.11.004
https://doi.org/10.1371/JOURNAL.PONE.0131428
https://doi.org/10.4049/JIMMUNOL.180.1.630
https://doi.org/10.1371/JOURNAL.PONE.0008668
https://doi.org/10.1371/JOURNAL.PONE.0008668
https://doi.org/10.1080/10408440802209804
https://doi.org/10.1210/ER.2009-0002
https://doi.org/10.1210/ER.2009-0002
https://echa.europa.eu/documents/10162/13641/screening_report_tcep_tcpp_tdcp_en.pdf/df7715f2-e413-8396-119b-63f929bcde0c
https://echa.europa.eu/documents/10162/13641/screening_report_tcep_tcpp_tdcp_en.pdf/df7715f2-e413-8396-119b-63f929bcde0c
https://echa.europa.eu/documents/10162/13641/screening_report_tcep_tcpp_tdcp_en.pdf/df7715f2-e413-8396-119b-63f929bcde0c
https://doi.org/10.2903/J.EFSA.2020.6223;WGROUP:STRING:PUBLICATION
https://doi.org/10.2903/J.EFSA.2020.6223;WGROUP:STRING:PUBLICATION
https://doi.org/10.3389/FIMMU.2019.01788
https://doi.org/10.1038/NATURE05836
https://doi.org/10.1021/ACS.EST.0C07587
https://doi.org/10.1016/J.ENVINT.2019.105328
https://doi.org/10.1210/ER.2015-1010
https://doi.org/10.1210/ER.2015-1010
https://doi.org/10.1016/j.imlet.2015.10.006
https://doi.org/10.1016/j.imlet.2015.10.006
https://doi.org/10.1016/J.FCT.2018.09.078
https://doi.org/10.1002/TOX.22702
https://doi.org/10.1002/TOX.22702
https://doi.org/10.1016/j.envpol.2019.113907
https://doi.org/10.1038/34184
https://doi.org/10.1038/34184
https://doi.org/10.1186/1476-9255-4-23/FIGURES/8
https://doi.org/10.1186/1476-9255-4-23/FIGURES/8
https://doi.org/10.1016/J.TEM.2005.01.004
https://doi.org/10.1016/J.TEM.2005.01.004
https://doi.org/10.1016/J.KJMS.2012.05.008


EFSA, 2023. Re-evaluation of the risks to public health related to the presence of 
bisphenol A (BPA) in foodstuffs. EFSA J. 21, e06857. https://doi.org/10.2903/J. 
EFSA.2023.6857;PAGE:STRING:ARTICLE/CHAPTER.

Le, Y., Shen, H., Yang, Z., Lu, D., Wang, C., 2021. Comprehensive analysis of 
organophosphorus flame retardant-induced mitochondrial abnormalities: potential 
role in lipid accumulation. Environ. Pollut. 274, 116541. https://doi.org/10.1016/J. 
ENVPOL.2021.116541.

Li, X., Li, N., Rao, K., Huang, Q., Ma, M., 2020. In vitro immunotoxicity of 
organophosphate flame retardants in human THP-1-derived macrophages. Environ. 
Sci. Technol. 54, 8900–8908. https://doi.org/10.1021/ACS.EST.0C01152.

Liang, L., Pan, Y., Bin, L., Liu, Y., Huang, W., Li, R., Lai, K.P., 2022. Immunotoxicity 
mechanisms of perfluorinated compounds PFOA and PFOS. Chemosphere 291, 
132892. https://doi.org/10.1016/J.CHEMOSPHERE.2021.132892.

Lin, Y.F., Leu, S.J., Huang, H.M., Tsai, Y.H., 2011. Selective activation of specific PKC 
isoforms dictating the fate of CD14+ monocytes towards differentiation or apoptosis. 
J. Cell. Physiol. 226, 122–131. https://doi.org/10.1002/JCP.22312.

Lin, Z., Zhang, W., Li, X., Du, B., Li, T., He, H., Lu, X., Zhang, C., Liu, Y., Ni, J., Li, L., 
Shi, M., 2023. Triphenyl phosphate-induced macrophages dysfunction by activation 
TLR4-mediated ERK/NF-κB pathway. Environ. Toxicol. 38, 1484–1493. https://doi. 
org/10.1002/TOX.23778.

Liu, Y., Mei, C., Liu, H., Wang, H., Zeng, G., Lin, J., Xu, M., 2014. Modulation of cytokine 
expression in human macrophages by endocrine-disrupting chemical Bisphenol-A. 
Biochem. Biophys. Res. Commun. 451, 592–598. https://doi.org/10.1016/J. 
BBRC.2014.08.031.

Loeffler, H., Jonitz-Heincke, A., Peters, K., Mueller-Hilke, B., Fiedler, T., Bader, R., 
Klinder, A., 2020. Comparison of inflammatory effects in THP-1 Monocytes and 
macrophages after exposure to metal ions. Materials 13. https://doi.org/10.3390/ 
MA13051150.

Louisse, J., Beekmann, K., Rietjens, I.M.C.M., 2016. Use of physiologically based kinetic 
modeling-based reverse dosimetry to predict in vivo toxicity from in vitro data. Chem. 
Res. Toxicol. 30, 114–125. https://doi.org/10.1021/ACS.CHEMRESTOX.6B00302.

Ma, Y., Liu, H., Wu, J., Yuan, L., Wang, Y., Du, X., Wang, R., Marwa, P.W., Petlulu, P., 
Chen, X., Zhang, H., 2019. The adverse health effects of bisphenol a and related 
toxicity mechanisms. Environ. Res. 176. https://doi.org/10.1016/J. 
ENVRES.2019.108575.

Medvedev, A.E., Piao, W., Shoenfelt, J., Sang, H.R., Chen, H., Basu, S., Wahl, L.M., 
Fenton, M.J., Vogel, S.N., 2007. Role of TLR4 tyrosine phosphorylation in signal 
transduction and endotoxin tolerance. J. Biol. Chem. 282, 16042–16053. https:// 
doi.org/10.1074/JBC.M606781200.

Mohd Yasin, Z.N., Mohd Idrus, F.N., Hoe, C.H., Yvonne-Tee, G.B., 2022. Macrophage 
polarization in THP-1 cell line and primary monocytes: a systematic review. 
Differentiation 128, 67–82. https://doi.org/10.1016/J.DIFF.2022.10.001.

Moreau, M., Mallick, P., Smeltz, M., Haider, S., Nicolas, C.I., Pendse, S.N., Leonard, J.A., 
Linakis, M.W., McMullen, P.D., Clewell, R.A., Clewell, H.J., Yoon, M., 2022. 
Considerations for improving metabolism predictions for in vitro to in vivo 
extrapolation. Front. Toxicol. 4, 894569. https://doi.org/10.3389/ 
FTOX.2022.894569/BIBTEX.

Mowat, A.M.I., Bain, C.C., 2011. Mucosal macrophages in intestinal homeostasis and 
inflammation. J. Innate Immun. 3, 550–564. https://doi.org/10.1159/000329099.

Mussbacher, M., Derler, M., Basílio, J., Schmid, J.A., 2023. NF-κB in monocytes and 
macrophages – an inflammatory master regulator in multitalented immune cells. 
Front. Immunol. https://doi.org/10.3389/fimmu.2023.1134661.

National Research Council, 2006. In: Human Biomonitoring for Environmental 
Chemicals, Human Biomonitoring for Environmental Chemicals. National Academies 
Press. https://doi.org/10.17226/11700.
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