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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• OPE mixtures show dynamic shifts be
tween synergism and antagonism to 
HaCaT cells.

• TPHP drives synergistic toxicity, while 
TNBP attenuates OPE mixture effects.

• OPE mixtures disrupt epithelial perme
ability and stratum corneum 
differentiation.

• Lipid remodeling links membrane 
instability to dermal OPE mixture 
toxicity.
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A B S T R A C T

Organophosphate esters (OPEs) frequently co-occur in human exposure, yet their combined hazards cannot be 
reliably inferred from single-compound toxicity. How individual OPEs reshape non-additive effects across 
compositions and effect levels remains unclear. Here, we investigated interaction patterns and associated bio
logical responses of representative OPE mixtures, including tributyl phosphate (TNBP), triphenyl phosphate 
(TPHP), and tris(1,3-dichloro-2-propyl) phosphate (TDCIPP), using human keratinocytes as a dermal exposure 
model. Combination index (CI) analysis revealed composition- and effect-level-dependent interactions. Ternary 
mixtures exhibited distinct composition-dependent CI–Fa trajectories, with some compositions trending toward 
additivity at higher effect levels, whereas TPHP-rich mixtures showed progressively stronger synergism. Binary 
mixtures showed pair-dependent interactions, with TPHP–TDCIPP and TNBP–TDCIPP exhibiting contrasting 
interaction modes. At total nominal molar concentrations of 0.1, 1, and 10 μM for the 1:1:1 ternary mixture, co- 
exposure modestly increased HaCaT monolayer permeability, reaching statistical significance at 10 μM, and 
altered differentiation-related gene expression, revealing barrier-associated effects. Untargeted metabolomics of 
individual and mixture exposures further revealed distinct lipid remodeling patterns, including interaction- 
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associated differences in glycerophospholipid responses. Collectively, OPE mixture hazards depend not only on 
individual toxicity but also on the capacity of specific components to modify combined effects, supporting 
improved mixture hazard characterization and prioritization of interaction-modifying contaminants.

1. Introduction

Chemical risk assessment has traditionally been established on the 
basis of individual chemicals, assuming that toxicity can be evaluated 
according to compound-specific properties and exposure levels [1–3]. 
However, humans are rarely exposed to isolated chemicals in real-world 
environments but instead encounter complex mixtures originating from 
consumer products, industrial activities, and environmental contami
nation [4–6]. Increasing evidence indicates that interactions among 
chemical components can generate synergistic, additive, or antagonistic 
effects, resulting in mixture toxicity that cannot be accurately predicted 
from single-chemical responses [7–9]. This discrepancy introduces 
substantial uncertainty into current health risk assessment. Previous 
studies have applied the Chou–Talalay method to quantify mixture in
teractions across effect levels, which may provide a useful framework for 
characterizing effect-level-dependent interaction profiles [10]. 
Although mixture toxicity has been increasingly recognized as an 
important challenge, the biological basis underlying differences in 
mixture interaction profiles across effect levels remains insufficiently 
characterized.

Organophosphate esters (OPEs) provide an environmentally relevant 
model for investigating the mechanisms underlying chemical mixture 
toxicity [11]. Following the phase-out of brominated flame retardants, 
OPEs have been widely used as alternative flame retardants and plasti
cizers, leading to their widespread occurrence in indoor environments 
and human exposure-related matrices [12–15]. Unlike chemicals eval
uated individually under conventional risk assessment frameworks, 
OPEs commonly occur as complex mixtures containing structurally 
diverse compounds, including alkyl-, aryl-, and chlorinated OPEs. 
Among them, tributyl phosphate (TNBP), triphenyl phosphate (TPHP), 
and tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) are frequently 
detected together in human samples and exhibit distinct physicochem
ical properties and biological activities [16–18]. For example, TNBP, 
TPHP, and TDCIPP were detected in human serum at detection fre
quencies of 83%, 76%, and 59%, respectively, with mean concentrations 
of 3.63, 2.03, and 0.09 μg/L [19]. Previous studies have demonstrated 
that individual OPEs can induce oxidative stress, endocrine disruption, 
metabolic disturbance, and developmental toxicity [20]. However, 
whether different OPE components contribute equally to mixture 
toxicity, or whether specific components exert distinct regulatory roles 
within mixtures, remains unclear.

Human exposure to OPEs occurs through multiple pathways, 
including inhalation, ingestion, and dermal contact [21]. Although 
ingestion is usually considered the primary exposure route for the gen
eral population, increasing evidence highlights dermal contact as 
another important pathway [22]. For instance, several studies have 
demonstrated that dermal exposure to OPEs exceeds inhalation expo
sure in children [23]. Dermal contact with OPEs via dust, soil, and water 
has resulted in an estimated daily intake of 3.54 ng/kg BW/d, signifi
cantly surpassing that from diet (0.18 ng/kg BW/d) [24]. Besides, 
dermal exposure represents an important but insufficiently character
ized pathway for human exposure to OPE mixture because the skin 
serves not only as a direct contact surface but also as a dynamic bio
logical barrier regulating chemical penetration and internal suscepti
bility [25]. The integrity of the epidermal barrier depends on 
coordinated cellular differentiation and lipid homeostasis, with ceram
ides, cholesterol, and free fatty acids constituting the major lipid com
ponents of the stratum corneum [26]. Glycerolipid and 
glycerophospholipid metabolism may additionally influence keratino
cyte membrane organization and cellular signaling, thereby modifying 

cellular responses to environmental chemicals [27]. Therefore, lipid 
metabolic remodeling may provide a mechanistic link between chemical 
mixture exposure, differential biological responses, and mixture toxicity 
outcomes. The Chou–Talalay method can characterize mixture interac
tion profiles across effect levels, providing a basis for exploring their 
potential biological determinants [10]. However, the contribution of 
component-specific lipid responses to these effect-level-dependent 
interaction patterns remains insufficiently understood.

Here, we selected three representative OPEs (TNBP, TPHP, and 
TDCIPP) to investigate how chemical mixtures generate variable toxicity 
responses and to identify potential biological mechanisms underlying 
these interactions using human keratinocytes as a dermal exposure 
model. By integrating combination index analysis, barrier function 
assessment, and untargeted metabolomics, this study aimed to (i) 
characterize the dynamic interaction patterns of OPE mixtures across 
different compositions and effect levels; (ii) identify the distinct roles of 
individual components in shaping mixture toxicity; and (iii) elucidate 
lipid metabolic alterations associated with component-specific toxicity 
responses. These findings provide new insights into the mechanisms 
underlying complex chemical mixture toxicity and contribute to the 
development of mechanism-informed approaches for environmental 
health risk assessment.

2. Materials and methods

2.1. Cell culture and chemical exposure

Human immortalized keratinocyte cells (HaCaT) were obtained from 
Enzyme Research Biotechnology Co., Ltd. (Shanghai, China). Cells were 
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin. 
Cells were maintained at 37 ◦C in a humidified incubator with 5% CO₂. 
For exposure experiments, cells were seeded and allowed to attach for 
24 h before treatment. During exposure, cells were cultured in DMEM 
containing 0.1% FBS. Cells were exposed to individual OPEs or their 
mixtures for 48 h. Three OPEs, including tributyl phosphate (TNBP), 
triphenyl phosphate (TPHP), and tris (1, 3-dichloro-2-propyl) phosphate 
(TDCIPP), were chosen as tested chemicals, and Table S1 summarizes 
their basic information.

All solvents and reagents were of high-performance liquid chroma
tography (HPLC) grade. TDCIPP (93%) and TPHP (99%) were purchased 
from J&K Scientific (Beijing, China), and TNBP (99%) was obtained 
from Macklin Biochemical Co., Ltd. (Shanghai, China). Stock solutions 
were prepared in dimethyl sulfoxide (DMSO) and diluted with culture 
medium to the desired concentrations before exposure. The final con
centration of DMSO in all treatments was maintained at ≤ 0.1% (v/v).

2.2. Cytotoxicity assay and dose–response curve fitting

Cell viability was determined using a Cell Counting Kit-8 (CCK-8, 
Biosharp, China). HaCaT cells were seeded in 24-well plates at a density 
of 1.4 × 10⁶ cells per well. After 48 h of exposure, CCK-8 solution was 
added to each well at a ratio of 1:100 (v/v) and incubated for 2 h. 
Absorbance was measured at 450 nm using a VARIOSKAN LUX micro
plate reader (Thermo Fisher Scientific, USA). Cell viability was calcu
lated as: 

Cell viability (%) =
Asample − Ablank

Acontrol − Ablank
× 100 

All experiments were performed with at least three independent 
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replicates. Concentrations were log-transformed before fitting. 
Nonlinear regression was then performed using a four-parameter logistic 
model, and EC10, EC20, EC50, and EC80 were derived from the fitted log- 
concentration–cell viability curves.

2.3. Mixture design and combination index (CI) analysis

Binary and ternary mixtures were prepared based on predefined 
molar ratios (1:4, 1:1, and 4:1 for binary mixtures; multiple ratios for 
ternary mixtures were summarized in Tables S2-S3). For fixed-ratio 
mixtures, the mixture concentration used for dose–response fitting and 
CI analysis was expressed as the total molar concentration, defined as 
the sum of the molar concentrations of all components. The concentra
tion of each individual component was determined by its predefined 
molar fraction in the mixture. All concentrations used in the dos
e–response and CI analyses were expressed on a molar basis. Notably, 
the mixture ratios were selected to compare component-dominated and 
equal-ratio conditions, thereby covering different composition scenarios 
and identifying composition-dependent changes in interaction patterns. 
Mixture toxicity was evaluated using the Chou–Talalay method based on 
at least three independent experiments for each concentration. Dose
–effect relationships for individual OPEs and fixed-ratio mixtures were 
fitted using the median-effect equation in CompuSyn, from which the 
median-effect dose (Dm), slope parameter (m), standard error of m, and 
correlation coefficient (r) were obtained (Table S4). At each fraction 
affected (Fa), the fitted median-effect relationships were used to esti
mate the corresponding single-compound doses (Dx) and calculate the 
combination index (CI). The equation is: 

CI =
∑Di

Dxi 

where Di represents the dose of each compound in the mixture and Dxi is 
the dose of the compound alone that produces the same effect. CI < 1, CI 
= 1, and CI > 1 were interpreted as synergism, additivity, and antago
nism, respectively. CI–Fa profiles and isobolograms were generated to 
characterize interaction patterns across effect levels. The variability of 
CI estimates was further evaluated using Sequential Deletion Analysis 
(S.D.A.) in CompuSyn, and the resulting statistics are summarized in 
Table S5. S.D.A.-derived intervals entirely below or above CI = 1 were 
considered supportive of synergism or antagonism, respectively, 
whereas intervals spanning CI = 1 were considered compatible with 
additivity. Detailed procedures for median-effect fitting, CI calculation, 
isobologram analysis, and S.D.A. are provided in Text S1 of the 
Supplementary data.

2.4. Barrier permeability assay

Cellular barrier integrity was evaluated using a Transwell system 
with FITC-dextran. HaCaT cells were seeded in 12-well Transwell inserts 
at a density of 1.5 × 10⁵ cells/cm². Control and OPE-treated cells were 
maintained under identical serum conditions and comparable conflu
ence during the exposure period. The ternary mixture was prepared at a 
fixed TNBP:TPHP:TDCIPP molar ratio of 1:1:1, with total nominal molar 
concentrations of 0.1, 1, and 10 μM, corresponding to 0.033, 0.333, and 
3.33 μM of each component, respectively. After 48 h of exposure, 500 μL 
FITC-dextran (2 mg/mL, diluted in serum-free DMEM) was added to the 
apical chamber, while 1 mL serum-free DMEM was added to the baso
lateral chamber. After 2 h incubation, fluorescence intensity was 
measured at excitation/emission wavelengths of 488/518 nm using a 
microplate reader.

2.5. Gene expression analysis

Total RNA was extracted using TRIzol reagent and quantified using a 
NanoDrop spectrophotometer. cDNA was synthesized using the Evo M- 

MLV reverse transcription kit (Accurate Biology, China). Quantitative 
real-time PCR (qPCR) was performed using the SYBR Green Pro Taq HS 
kit. Gene-specific primers (Table S6) were synthesized by Tsingke 
Biotechnology (Beijing, China). Gene expression levels were normalized 
to β-actin and calculated using the 2⁻ΔΔCt method. β-actin showed 
stable expression across all experimental groups, with Cq values ranging 
from 14.79 to 15.53 and no significant differences among groups 
(p = 0.171).

2.6. Metabolite extraction and QA/QC

To control for the potential effects of serum conditions on cellular 
metabolism, control and OPE-treated cells were maintained under 
identical culture conditions, and treatment effects were evaluated rela
tive to the matched control group. Following 48 h of exposure, cells 
were washed twice with cold PBS and harvested. Cell pellets were 
extracted with 500 μL methanol/water (1:1, v/v) containing internal 
standards. Samples were vortexed, subjected to three freeze–thaw cy
cles, and centrifuged at 12,000 rpm for 10 min at 4 ◦C. The supernatant 
was collected and further processed for analysis. Quality control (QC) 
samples were prepared by pooling aliquots from all samples and injected 
every 10 runs to correct the mass, retention time, and response drift.

2.7. Untargeted metabolomics analysis

For metabolomic analysis, individual OPE exposures were conducted 
at 10 μM per compound, whereas mixture exposures were conducted at 
a total nominal molar concentration of 10 μM. Binary and ternary 
mixtures were prepared using equal molar ratios. The same total con
centration was used across all exposure groups to facilitate direct com
parison of composition-dependent metabolic responses, and cell 
viability remained above 90% under these conditions. Untargeted 
metabolomics analysis was performed using a Vanquish ultrahigh- 
performance liquid chromatography system coupled to a Q Exactive 
HF-X mass spectrometer (Thermo Scientific) in both positive and 
negative electrospray ionization modes. Chromatographic separation 
was achieved using an ACQUITY Premier HSS T3 column (1.8 μm, 2.1 ×

100 mm; Waters) with water and acetonitrile containing 0.1% formic 
acid as the mobile phases. Mass spectra were acquired over m/z 75–1000 
using data-dependent acquisition with stepped collision energies. 
Detailed chromatographic gradients, ion-source settings, acquisition 
parameters, and other instrumental conditions are provided in Text S2 
of the Supplementary data.

Raw mass spectrometry data were converted to mzXML format using 
MSConvert. Data processing, including peak detection, alignment, and 
retention time correction, was performed using XCMS. Missing values (>
50%) were removed, and remaining missing values were imputed using 
KNN. Data normalization was performed using support vector regression 
(SVR). The analytical stability of the LC–MS/MS platform was further 
evaluated by correlation analysis of QC samples (Figure S1), with all 
pairwise correlation coefficients showing |r| > 0.99, confirming high 
analytical stability across the sequence. Metabolites were annotated 
based on accurate mass and MS/MS spectral matching against HMDB, 
KEGG, and METLIN databases. Only metabolites with a metabolite 
annotation score > 0.5 and a coefficient of variation < 0.30 in QC 
samples were retained for subsequent analysis. PCA was initially per
formed as an unsupervised method to visualize the overall data struc
ture, and the tight clustering of QC samples confirmed the stability and 
reproducibility of the analytical platform. Differential metabolites were 
screened using VIP > 1, p < 0.05, and fold change (FC) < 0.8 or > 1.2. 
The p-values were additionally adjusted using the Benjamini–Hochberg 
false discovery rate (FDR) procedure.

2.8. Statistical analysis

All data are presented as mean ± standard deviation (SD). Statistical 
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significance was assessed using one-way ANOVA followed by Dunnett’s 
multiple-comparisons test. Differences were considered statistically 
significant at p < 0.05.

3. Results and discussion

3.1. Dynamic shifts in OPE mixture interactions

Chemical mixture toxicity is commonly characterized by classifying 
interactions as synergistic, additive, or antagonistic. However, such 
classifications generally assume that interaction patterns represent 
relatively stable properties of chemical combinations, whereas whether 
mixture responses dynamically change under different exposure condi
tions remains insufficiently understood. To characterize the interaction 
patterns within OPE mixtures (TNBP, TPHP, TDCIPP), the combined 
effects of OPE mixtures with varying ratios were evaluated on HaCaT 
cells based on cytotoxicity data (Figures S2-S5 and Tables S7-S9), and 
combination index (CI) values were calculated across a continuous 
range of fraction affected (Fa) values. Non-additive effects, including 
synergistic (CI < 1, greater than additive) and antagonistic (CI > 1, less 
than additive) interactions, were then used to characterize the mixture 
responses [28]. Before interpreting the interaction profiles, the reli
ability and variability of the underlying dose–effect models were eval
uated. The median-effect analyses yielded r values of 0.8223–0.9971, 
with 16 of the 19 fitted profiles showing r ≥ 0.90, indicating generally 
good model–data agreement despite some variation in fitting perfor
mance (Table S4). S.D.A.-based analysis further showed that CI vari
ability differed across Fa values, with CI estimates close to 1 more 
frequently associated with uncertainty intervals spanning the additivity 
boundary (Table S5).

The ternary OPE mixtures exhibited substantial non-additive re
sponses across different combination ratios. Most ternary OPE mixtures 
exhibited synergistic interactions over broad Fa ranges after S.D.A.- 
based uncertainty was considered. As shown in Fig. 1, the mixture 
with TNBP: TPHP: TDCIPP ratios of 1:1:1 and 4:1:4 remained synergistic 
throughout the Fa range. However, the interaction profiles varied across 
effect levels and mixture compositions. The mixtures with TNBP: TPHP: 
TDCIPP ratios of 1:4:4 and 1:4:1 showed uncertainty intervals compat
ible with additivity at lower Fa values, followed by clear synergism from 
Fa ≥ 0.25 and Fa ≥ 0.30, respectively, indicating progressively 
strengthened synergistic responses. In contrast, the 4:1:1, 4:4:1, and 
1:1:4 mixtures remained synergistic over low-to-intermediate Fa ranges, 
but became compatible with additivity at Fa ≥ 0.90, 0.95, and 0.90, 
respectively.

These results suggested that the interaction profiles of OPE mixtures 
could vary across mixture compositions and effect levels, although the 
extent of these variations was subject to uncertainty in CI estimation. 
Previous mixture toxicity studies have primarily focused on identifying 
whether chemical combinations produce synergistic, additive, or 
antagonistic effects, whereas the potential transition between different 
interaction modes has received considerably less attention [29,30]. For 
example, zhang et al. identified the binary combined effects between 13 
environmental organic compounds on HepG2 cells [11]. Similarly, Lola 

Bajard et al. reported that co-exposure to these flame retardants might 
induce additive anti-androgenic activity [31]. And the observed dy
namic interaction trajectories indicated that mixture toxicity could not 
be adequately represented by a single interaction category and may 
introduce additional uncertainty into conventional mixture risk assess
ment approaches. Therefore, the key challenge in evaluating chemical 
mixtures is not only identifying whether synergism or antagonism oc
curs, but also understanding the factors controlling the transition be
tween different interaction states. These findings motivated further 
investigation into whether individual OPE components contribute 
differently to mixture toxicity and determine the direction of interaction 
outcomes.

3.2. Opposing roles of OPE components in mixture toxicity

The dynamic interaction patterns observed in ternary mixtures 
raised an important question: whether individual components 
contribute equally to mixture toxicity or whether specific chemicals play 
distinct functional roles in shaping overall responses. To address these 
questions, binary combinations among TNBP, TPHP, and TDCIPP were 
further evaluated using CI analysis and isobologram approaches 
(Figures 2A-2L and S6). The TNBP-TPHP combination exhibited a 
concentration-dependent transition between interaction modes, with 
synergistic effects observed at lower effect levels and antagonistic re
sponses emerging at higher effect levels. In contrast, the TPHP-TDCIPP 
combination consistently displayed synergistic interactions across 
different effect levels, with data points remaining within the synergistic 
region of the isobologram. Conversely, the TNBP-TDCIPP combination 
showed predominantly antagonistic interactions, with the antagonism 
attenuating slightly as the effect level of the TNBP–TDCIPP mixture 
increased. Therefore, distinct interaction behaviors observed among 
different binary combinations suggested that individual component 
contributions might vary under different combinations. Especially at 
lower effect levels (e.g., EC10 and EC20 in Figs. 2A-2B and 2I-2J), the 
TPHP–TDCIPP combination was synergistic whereas the TNBP–TDCIPP 
combination was antagonistic, potentially indicating that TNBP and 
TPHP elicited opposite interaction modes when combined with TDCIPP. 
Furthermore, comparison of individual cytotoxicity further revealed 
different toxicity levels among the three OPEs (Figure S7 and Table S7), 
with TPHP exhibiting the strongest cytotoxicity, followed by TDCIPP 
and TNBP. These differences in toxicity among the three OPEs might 
potentially contribute to the distinct interaction patterns observed when 
TNBP or TPHP was combined with TDCIPP, potentially suggesting that 
individual component properties should be considered together with 
specific pairing context when interpreting mixture response.

This observation highlights an important aspect of chemical mixture 
toxicity: individual components may act not only as toxic contributors 
but also as interaction modifiers that reshape the overall biological 
response of the mixture. Such component-specific roles may help explain 
why chemical mixtures containing similar compounds can generate 
highly variable toxicity outcomes. Previous studies have suggested that 
structurally distinct OPEs may activate different cellular pathways, 
including oxidative stress responses, lipid metabolism disturbances, and 

Fig. 1. Combination index (CI–Fa) plot for seven mixture ratios of the three OPEs (A–C). CI values are plotted as a function of the fraction affected (Fa) by computer 
simulation (CompuSyn). CI < 1, = 1, and > 1 indicate synergism, additive effects, and antagonism, respectively.
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nuclear receptor signaling [18]. For instance, TNBP and TDCIPP have 
been reported to induce excessive reactive oxygen species (ROS) pro
duction in HepG2 cells, whereas TPHP showed a different response 
pattern [32]. Other studies further suggested that TDCIPP and TPHP 
might involve distinct mechanisms in neurotoxicity, reproductive 
toxicity, and hepatotoxicity [33]. And the combination of TDCIPP and 
TPHP has been reported to enhance the biological activities of liver X 
receptor and nuclear factor erythroid 2-related factor 2, which may 
partially explain the strong synergistic interaction observed in their 
combined exposure [11]. Therefore, differences in biological perturba
tion patterns among individual OPE components may provide a mech
anistic basis for their opposing influences on mixture toxicity. 
Collectively, these findings indicate that mixture toxicity is not simply 
determined by the sum of individual chemical potencies. Instead, spe
cific components may disproportionately influence interaction out
comes through their distinct biological responses, emphasizing the need 
to identify key functional contributors within complex chemical 
mixtures.

3.3. OPE mixtures impair skin barrier integrity

While mixture interaction analysis revealed dynamic shifts in 
toxicity responses, understanding whether this interaction pattern 
translates into biologically relevant consequences is essential for eval
uating health implications. The skin represents a critical exposure 
interface for environmental contaminants, functioning not only as a 
physical barrier but also as a regulator of chemical penetration and in
ternal susceptibility [34]. Therefore, we further investigated whether 
OPE mixture exposure could alter barrier-associated responses in HaCaT 
cell monolayers. Given the limited comparability of concentrations re
ported in wipe samples (ng/handwipe), human biomonitoring data from 
internal exposure matrices were used to contextualize the lower exper
imental concentration (Table S10) [17,19]. The total nominal molar 
concentration of 0.1 μM, corresponding to 0.033 μM of each component, 
was selected to approximate the upper range of reported internal 
exposure levels, whereas 1 and 10 μM were included as exploratory 
higher in vitro exposure levels while maintaining cell viability above 
90%. These concentrations represent the total nominal concentrations of 
the ternary mixture, with TNBP:TPHP:TDCIPP fixed at 1:1:1, corre
sponding to individual component concentrations of 0.033, 0.333, and 

Fig. 2. Isobolograms for the binary combinations of TNBP, TPHP, and TDCIPP at different cytotoxicity levels (A-L). The x- and y-axes represent the concentrations of 
the two components in each mixture, respectively. In each panel, the colored diagonal line indicates the concentration-addition response. Regions in the direction of 
the red arrows denote synergistic effects, whereas regions in the direction of the blue arrows denote antagonistic effects.
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3.33 μM at total mixture concentrations of 0.1, 1, and 10 μM, respec
tively. The CI values of these concentrations were < 1 according to 
CI–Fa profiles. Following exposure to ternary OPE mixtures, 
FITC-dextran permeability assays were performed to evaluate changes 
in HaCaT monolayer permeability. Increased FITC-dextran transport 
from the apical to basolateral compartment was observed following OPE 
mixture exposure, with significant increases detected at the intermedi
ate and highest nominal concentrations (Fig. 3A-3D). The calculated 
permeability coefficients further demonstrated a 
concentration-dependent increase, indicating increased monolayer 
permeability. In addition to changes in permeability, OPE mixtures 
altered the expression patterns of genes involved in epidermal differ
entiation. Early differentiation markers, including KRT1, KRT10, and 
IVL, were upregulated, whereas terminal differentiation-associated 
markers, including FLG and LOR, were downregulated following OPE 
exposure (Fig. 3E). These changes suggest that OPE mixtures altered 
keratinocyte differentiation-related responses and may interfere with 
the formation and maintenance of epidermal barrier-associated func
tions. Altered expression of AQP3 further indicated potential distur
bance of water transport regulation, which is essential for maintaining 
epidermal homeostasis. However, the HaCaT transwell monolayer rep
resents a simplified barrier model and does not reproduce the full 
three-dimensional structure and functional complexity of the human 
epidermis; therefore, these findings primarily reflect barrier-associated 
cellular responses under the present experimental conditions.

The skin barrier serves as the first biological interface controlling the 
transition of external chemical exposure into internal biological re
sponses [35]. Therefore, mixture-induced barrier impairment may have 
implications beyond local cellular toxicity by modifying the relationship 
between external exposure levels and effective internal susceptibility. 
This consideration is particularly relevant for chemical mixtures because 
differential permeability among individual components may further 
alter the actual composition reaching target cells [36]. On the one hand, 
TNBP, TPHP, and TDCIPP exhibited different dermal penetration co
efficients (5.00 × 10⁻⁴, 4.70 × 10⁻⁵, and 1.26 × 10⁻⁴ cm/hour, respec
tively) [14], barrier disruption might lead to differential penetration 
efficiencies among components and consequently modify the effective 
mixture composition reaching skin cells. On the other hand, bio
monitoring studies also reported substantially higher dermal exposure 
levels of TPHP than those of TNBP and TDCIPP. Handwipe measure
ments among workers showed 1181 ng/handwipe for TPHP, compared 
with 3.96 and 57.2 ng/handwipe for TNBP and TDCIPP, respectively 
[17]. Similarly, studies in the general population reported 112 ng/m² 
for TPHP, compared with 12.6 and 41.3 ng/m² for TNBP and TDCIPP 
[14]. In the present study, TPHP-rich mixtures (TNBP:TPHP:TDCIPP =
1:4:1) also showed progressively enhanced synergistic interactions with 
increasing Fa, highlighting the potential relevance of TPHP-rich co-ex
posure scenarios to dermal risk assessment. Consequently, disruption of 
barrier function may introduce additional uncertainty into dermal risk 
assessment, especially when mixture toxicity depends strongly on 
component interactions. Although the present study used a simplified 
HaCaT-based ternary mixture system, whereas real human dermal 
exposure involves more complex skin structures, penetration kinetics, 
and mixture compositions, the controlled experimental design provides 
a useful basis for identifying composition-dependent interaction pat
terns. These findings therefore provide useful mechanistic insight into 
how OPE mixtures may affect the biological interface regulating dermal 
exposure and offer guidance for future studies of complex dermal 
mixture exposure and risk assessment.

3.4. Lipid metabolic remodeling associated with component-specific 
toxicity responses

The opposing roles of OPE combination in mixture toxicity suggested 
that differences in biological perturbation patterns may contribute to the 
observed interaction behaviors. Because membrane lipid composition is 

essential for maintaining epithelial structure, permeability, and cellular 
signaling [37], we further investigated whether lipid metabolic 
remodeling could provide mechanistic insights into component-specific 
toxicity responses. PCA showed tight clustering of QC samples in both 
ionization modes, supporting analytical stability (Figure S8). PLS-DA 
further revealed clear separation among the control and OPE-exposed 
groups, and the 200-permutation tests further supported model val
idity, with R²Y/Q² values of 0.988/0.882 for ESI+ and 0.979/0.867 for 
ESI− (Figure S9).

Among all exposure groups, 170, 419, 524, 526, 410, 483, and 526 
differential metabolites were identified in the TNBP, TPHP, TDCIPP, 
TNBP–TPHP, TNBP–TDCIPP, TPHP–TDCIPP, and TNBP–TPHP–TDCIPP 
groups, respectively (Fig. 4A-4G). Notably, lipid-related metabolites 
represented a major proportion of altered metabolic features across all 
exposure groups (Fig. 4H), suggesting that lipid homeostasis represents 
a sensitive metabolic target of OPE exposure. Further lipidomic analysis 
revealed that altered lipids mainly belonged to fatty acyls (FA), glyc
erolipids (GL), glycerophospholipids (GP), and sphingolipids (SP) (Fig
ures 5 and S10), which participate in membrane organization, energy 
storage, and cellular signaling [38,39]. Among these lipid classes, GP 
showed particularly prominent alterations (Table S11). TNBP, TPHP, 
TDCIPP, TNBP–TPHP, TNBP–TDCIPP, TPHP–TDCIPP, and 
TNBP–TPHP–TDCIPP exposure altered 58, 105, 85, 104, 87, 105, and 
105 glycerophospholipid species, respectively (Fig. 5). Consistently, 
glycerophospholipid metabolism was the most significantly enriched 
pathway across these exposure groups, with rich factors of 0.21, 0.36, 
0.27, 0.37, 0.28, 0.35, and 0.33, respectively (Figures S11-S17). 
Notably, under equal-ratio binary exposure at a total nominal molar 
concentration of 10 μM, TNBP–TPHP and TPHP–TDCIPP exhibited 
synergistic effects, whereas TNBP–TDCIPP was compatible with addi
tivity. Although all exposure groups were significantly enriched in the 
glycerophospholipid metabolism pathway, the TNBP–TDCIPP combi
nation showed relatively weaker enrichment of glycerophospholipid 
metabolism than TNBP–TPHP and TPHP–TDCIPP. These suggest that 
differences in glycerophospholipid metabolic perturbation may be 
associated with their distinct interaction patterns.

Furthermore, GPs, including phosphatidylcholine (PC) and phos
phatidylethanolamine (PE), are major structural components of cellular 
membranes and contribute to membrane stability and permeability 
regulation [40]. Multiple PC and PE species showed increased levels 
across all exposure groups (Fig. 6). In particular, enrichment of 
long-chain unsaturated PC and PE species suggested potential alter
ations in membrane lipid organization because unsaturated fatty acyl 
chains generally reduce lipid packing and increase membrane fluidity 
[41–45]. In addition, increased lysophosphatidylethanolamine (LPE) 
levels following OPE exposure indicated enhanced phospholipid turn
over, further reflecting membrane lipid remodeling responses [46,47]. 
Together, these lipid alterations provide a potential mechanistic inter
pretation for the barrier impairment observed after OPE exposure. 
Rather than representing isolated metabolic changes, lipid remodeling 
may reflect cellular adaptation responses to chemical-induced mem
brane stress and may contribute to differences in biological suscepti
bility among OPE components.

3.5. Distinct lipid signatures of OPE components

Lipid homeostasis is a highly dynamic regulatory process modulated 
by multiple interconnected pathways, including energy storage, mem
brane lipid turnover, oxidative stress, and cellular signaling [48]. 
Although all exposure groups affected lipid homeostasis, individual and 
combined exposures showed distinct lipid response patterns. Network 
reconstruction of glycerolipid and glycerophospholipid metabolism 
revealed compound-specific remodeling patterns (Fig. 7). Glycerolipid 
and glycerophospholipid metabolism were markedly altered across all 
exposure groups, with increased levels of diacylglycerol (DG) and tri
acylglycerol (TG). These increases were more pronounced in the 
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Fig. 3. Changes in HaCaT cell permeability (A-D) and transcriptional expression of key genes involved in epidermal differentiation induced by combined OPEs 
exposure (E). (A, B) FITC-dextran concentrations in the upper and lower chambers of the Transwell system, respectively. (C) Comparison of FITC-dextran con
centrations between the upper and lower chambers of the Transwell system. (D) Permeability of HaCaT cells after exposure to different concentrations of OPEs. The 
concentrations of 0.1, 1, and 10 μM represent the total nominal concentrations of the ternary mixture, with TNBP:TPHP:TDCIPP fixed at 1:1:1, corresponding to 
individual component concentrations of 0.033, 0.333, and 3.33 μM at total mixture concentrations of 0.1, 1, and 10 μM, respectively. Data are presented as the mean 
of at least three independent experiments. *p < 0.05，**p < 0.01，***p<0.001，****p < 0.0001.
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TNBP–TDCIPP, TPHP–TDCIPP, and TNBP–TPHP–TDCIPP groups, which 
were compatible with additivity, synergism, and synergism, respec
tively, according to the corresponding CI–Fa profiles. Within the glyc
erolipid metabolic branch, DG and TG serve as critical intracellular lipid 
storage forms while also participating in membrane biogenesis and cell 
signal transduction [49]. In contrast, oxidized lipids showed a different 
response pattern. Their levels increased following individual TPHP and 
TDCIPP exposure but were lower following TNBP and combined expo
sures. Lipid peroxides are typically detrimental to cellular membranes, 
as they alter bilayer thickness, permeability, and structural stability, and 
are closely associated with pathological conditions such as skin 
inflammation and psoriasis [27,50]. The increased oxidized lipid levels 
following TPHP and TDCIPP exposure therefore indicate enhanced lipid 
oxidative stress. In comparison, the accumulation of DG and TG together 
with lower oxidized lipid levels downstream under combined exposure 
suggests that the additive or synergistic responses were accompanied by 
a redistribution of lipid metabolism among storage, oxidation, and 
membrane lipid remodeling rather than a simple amplification of the 
responses induced by individual compounds. Consistent with this 

pattern, PC, PE, phosphatidic acid (PA), phosphatidylglycerol (PG), and 
phosphatidylinositol (PI) were increased in most mixture groups, sug
gesting enhanced involvement of glycerolipid intermediates in down
stream glycerophospholipid metabolism and membrane lipid 
remodeling. Besides, phosphatidylserine (PS) also increased markedly in 
most mixture groups. PS is one of the most abundant negatively charged 
phospholipids on the inner leaflet of mammalian cellular membranes, 
participating in fundamental processes including membrane trafficking, 
cell signaling, and membrane structure regulation [51]. Additionally, PS 
is considered to possess antioxidant functions, particularly in counter
acting phospholipid membrane lipid peroxidation [52]. The concurrent 
increase in PS and decrease in oxidized lipids observed in several 
mixture groups may therefore reflect a compensatory phospholipid 
remodeling response associated with membrane stabilization and 
regulation of oxidative stress. Collectively, these findings indicate that 
mixture exposure was accompanied by a reorganization of the lipid 
response patterns observed after individual exposure rather than a 
simple addition of the effects of the individual components.

Further comparison of the binary mixtures revealed that specific 

Fig. 4. Differential metabolite analysis in HaCaT cells after 48 h of OPE exposure: volcano plots (A-G), and donut charts of metabolite class distribution (H). Me
tabolites with VIP > 1, FC < 0.8 or > 1.2, and p < 0.05 were defined as significantly altered. In the volcano plots, orange circles indicate upregulated metabolites, 
purple circles indicate downregulated metabolites, and gray circles indicate metabolites with no significant difference.
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glycerophospholipid subclasses exhibited distinct response patterns 
associated with different interaction states. Under equal-ratio binary 
exposure at a total nominal molar concentration of 10 μM, TNBP–TPHP 
and TPHP–TDCIPP exhibited synergistic effects, whereas TNBP–TDCIPP 
was compatible with additivity. Although all three binary mixtures 
significantly perturbed glycerophospholipid metabolism, lysophospha
tidylcholine (LPC) showed a particularly distinct response (Fig. 7). LPC 
levels increased by approximately sevenfold and more than sixfold in the 
TNBP–TPHP and TPHP–TDCIPP groups, respectively, but decreased to 
approximately 0.5-fold in the TNBP–TDCIPP group (Figure S18). LPC is 
an important lysophospholipid generated from phosphatidylcholine and 
participates in membrane phospholipid turnover, membrane remodel
ing, and cellular signaling responses [53]. The pronounced LPC in
creases in the two synergistic combinations may therefore reflect more 

extensive phospholipid turnover and remodeling, whereas the opposite 
LPC response in TNBP–TDCIPP further demonstrates that different 
combinations can generate distinct lipid perturbation patterns. Notably, 
both synergistic combinations contained TPHP and showed strongly 
enhanced LPC responses, whereas the TNBP–TDCIPP combination 
showed a different response direction. These findings suggest that in
dividual components may reshape the overall lipid response in a 
mixture-dependent manner and thereby contribute differently to the 
resulting biological perturbation. Mixture toxicity therefore cannot be 
inferred simply from individual chemical potency or metabolic re
sponses, but may also depend on the specific biological perturbation 
patterns generated by different component combinations.

Fig. 5. Metabolic alterations following OPE exposure in HaCaT cells. Proportions of upregulated versus downregulated metabolites across various lipid subclasses 
(A–TNBP, B–TPHP, C–TDCIPP, D-TNBP-TPHP, E-TNBP-TDCIPP F-TPHP-TDCIPP, G-TNBP-TPHP-TDCIPP). FA, GL, GP, and SP represent fatty acyls, glycerolipids, 
glycerophospholipids, and sphingolipids, respectively.
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3.6. Implications for mechanism-informed mixture risk assessment

Chemical risk assessment has traditionally relied on evaluating in
dividual substances based on their exposure levels and intrinsic toxicity 
[54–56]. However, the present study demonstrates that mixture toxicity 
cannot always be inferred from individual chemical effects because 
different component combinations can produce distinct interaction 
outcomes. The composition- and effect-level-dependent changes in 
interaction strength and mode observed in OPE mixtures indicate that 
mixture effects should not be considered as fixed characteristics of 
chemical combinations. Instead, interaction outcomes may vary 
depending on mixture composition and biological response states. 
Identification of components whose presence or relative abundance is 
consistently associated with changes in mixture behavior may provide 
valuable information for prioritizing chemicals within complex expo
sure scenarios. Accordingly, chemical prioritization could consider not 
only exposure level and intrinsic hazard, but also the potential of a 

chemical to modify the combined effects of co-occurring contaminants. 
From a mixture-management perspective, combinations showing 
persistent or pronounced non-additive interactions could be prioritized 
for targeted monitoring and mixture-specific toxicity evaluation. 
Furthermore, the association between component-specific toxicity re
sponses and lipid metabolic remodeling highlights the potential value of 
integrating mechanism-relevant biological information into mixture risk 
assessment. Rather than relying solely on external concentrations or 
individual chemical toxicity data, future assessment frameworks may 
benefit from incorporating interaction dynamics and biological response 
signatures to better characterize risks arising from complex chemical 
mixtures. Such information may help identify mixture combinations that 
warrant greater regulatory attention and support more targeted man
agement of co-occurring contaminants.

Fig. 6. Perturbations in lipid metabolism and fold changes of different lipid classes (n = 6) in HaCaT cells after 48 h individual and combined OPE exposures. MG, 
DG, TG, PA, PC, PE, PS, PG, and PI represent monoacylglycerols, diacylglycerols, triacylglycerols, phosphatidic acid, phosphatidylcholine, phosphatidylethanol
amine, phosphatidylserine, phosphatidylglycerol, and phosphatidylinositol, respectively. Error bars represent the SEM, and no error bars are shown for classes with 
fewer than two metabolites. *p < 0.05，**p < 0.01，***p < 0.001，****p < 0.0001.
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4. Conclusion

This study demonstrates that OPE mixture toxicity varies with 
mixture composition and effect level. The three OPEs also contributed 
differently to the observed interaction outcomes and exhibited distinct 
lipid metabolic response patterns. These experimentally supported 
findings indicate that mixture behavior cannot be fully characterized by 
single-compound toxicity alone. More broadly, these results suggest that 
interaction dynamics and component-specific biological responses may 
provide useful complementary information for mixture risk assessment. 
Future studies incorporating more complex exposure scenarios and 
direct mechanistic validation will further clarify the relevance of these 
findings to real-world chemical mixtures.

Statement of significance

OPE mixtures exhibit composition-dependent and dynamically 
shifting interactions, with TPHP promoting synergistic toxicity and 
TNBP attenuating mixture effects. Lipid metabolic remodeling provides 
a mechanistic link between these distinct interactions and skin barrier 
dysfunction, supporting mechanism-informed risk assessment of OPE 
mixtures.
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