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Abstract 

Environmental exposure patterns have shifted from single-compound exposure to complex co-exposure 
scenarios. Among widespread pollutants, microplastics (MPs) and phenol may interact biologically despite their 
distinct physicochemical properties. Phenol is associated with oxidative stress-related toxicity, whereas MPs 
may serve as potential carriers and redox-active modifiers. This review proposes that MP-induced oxidative 
stress and phenol-mediated antioxidant disruption may jointly reshape redox-sensitive intracellular signaling 
under MPs-phenol co-exposure conditions, with mitogen-activated protein kinase (MAPK) pathways proposed 
as potential convergence nodes. Within this framework, MAPK signaling may link oxidative stress to hypoxia-
inducible factor 1α (HIF-1α) stabilization, angiogenic responses, and tumor-associated processes, and may also 
facilitate NF-κB/STAT3-mediated inflammatory signaling and PD-L1 regulation. Because direct experimental 
evidence for these integrated mechanisms remains limited, this framework should be regarded as a biologically 
plausible and testable model rather than a confirmed causal pathway. This review highlights key knowledge gaps 
and future priorities for evaluating how complex environmental co-exposures may influence cancer progression 
and immune regulation. 
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1. Introduction 
In the context of increasing global environmental 

pollution, anthropogenic chemical substances and 
particulate pollutants have become widely distributed 
in water, soil, air, and food chains, leading to 
persistent low-level background exposure in both 
ecosystems and human populations [1, 2]. Traditional 
regulatory frameworks and environmental risk 
assessments have primarily focused on the acute 
toxicity and high-dose effects of single pollutants [3-5]. 
However, real-world exposure scenarios are often 
more complex, typically involving the coexistence and 
interaction of multiple contaminants, which can alter 
contaminant transport and bioavailability, thereby 
challenging conventional single-pollutant risk 
paradigms [1, 6].  

 In recent years, the concepts of mixture exposure 
and carrier-mediated exposure have gained increasing 
attention, particularly with the rapid accumulation of 
emerging pollutants such as microplastics (MPs) [7-9]. 
Accordingly, the exposure patterns and biological 
effects of conventional chemical pollutants require re-
evaluation under contemporary environmental 
conditions shaped by co-existing particulate 
contaminants. This is particularly important because 
conventional single-pollutant frameworks may 
underestimate chemical risks when particulate 
contaminants potentially modify local exposure 
dynamics and biological responses. 

 Therefore, re-examining the biological effects of 
conventional pollutants under modern co-exposure 
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conditions may provide new insight into their health 
impacts and underlying molecular mechanisms, while 
offering a more realistic framework for environmental 
risk assessment. 

2. Phenol: a classical yet under 
appreciated environmental pollutant 

2.1 Phenol as an underrecognized 
environmental pollutant 

 Phenol is an important commodity chemical 
widely used in petrochemical production, plastics 
manufacturing, pesticides, pharmaceuticals, and 
personal care products [10, 11]. It also serves as a key 
precursor for bisphenol A (BPA) and various phenolic 
derivatives, supporting its sustained industrial 
demand [12]. Its widespread and sustained industrial 
use suggests that environmental release and 
background exposure are likely to persist over time 
[13, 14]. Despite this widespread use, phenol has been 
less frequently discussed as an individual tumor-
related environmental pollutant than its phenolic 
derivatives [15, 16]. As an important parent structure 
of phenolic compounds, however, phenol warrants 
independent attention from both environmental 
health and mechanistic perspectives, rather than being 
regarded merely as a generic precursor or 
interchangeable member of a broader phenolic group. 

2.2 Environmental occurrence and exposure 
characteristics  

 From an environmental perspective, phenol can 
enter water, soil, and other environmental media 
through industrial emissions and wastewater 
discharge, thereby contributing to continuous 
background exposure [17, 18]. Its relatively high 
mobility in aqueous environments may facilitate 
environmental spread and persistent exposure [19, 20]. 
For this reason, phenol has been listed as a priority 
pollutant under regulatory frameworks, including 
those of the United States Environmental Protection 
Agency (EPA) and the European Union (EU) [21, 22]. 
Importantly, this mobility distinguishes phenol from 
more hydrophobic phenolic pollutants, suggesting 
that it may follow distinct exposure trajectories and 
mixed-exposure risk profiles that remain 
underrecognized in tumor-related environmental 
research. 

 However, previous toxicological studies and risk 
assessments have largely focused on acute toxicity 
endpoints, such as LC50, and may not adequately 
reflect the cellular signaling and microenvironment-
level effects associated with long-term, sublethal 
exposure at environmentally relevant concentrations 
[23-25]. A related concern is the possibility of 

regrettable substitution [26-28]. Even when 
regulations reduce the use or environmental levels of 
specific chemicals, structurally similar substitutes may 
retain comparable or even stronger biological effects, 
suggesting that the underlying chemical backbone 
contributes importantly to toxicity profiles [29, 30].  

 Notably, although phenol has received less 
attention than several phenolic derivatives in cancer-
related toxicology, it possesses distinct 
physicochemical characteristics, including relatively 
high-water solubility and environmental mobility, 
which may influence its exposure patterns and 
biological interactions. In addition, as the parent 
structure of numerous phenolic compounds, phenol 
may provide a useful framework for investigating 
redox-sensitive responses associated with 
environmentally relevant phenolic pollutants. These 
considerations support selecting phenol as the 
primary focus of the present review and highlight the 
need for its independent evaluation under realistic co-
exposure conditions, rather than direct extrapolation 
from more extensively studied phenolic derivatives. 

2.3 Evidence gaps and rationale for focusing 
on phenol 

 In addition, several recent epidemiological 
studies have suggested possible associations between 
phenol exposure, or related exposure indicators, and 
the risk of certain cancers or cancer-related outcomes 
[15, 31]. It should be emphasized that these findings 
are mainly based on correlational evidence and are not 
sufficient to establish clear causal relationships [16, 
32]. Accordingly, this review considers whether 
phenol may influence tumor-related phenotypes 
through redox-sensitive signaling and tumor 
microenvironment-related mechanisms. Structurally 
related phenolic compounds are included only as 
mechanistic analogs and are not treated as equivalent 
to phenol in causal interpretation, thereby maintaining 
phenol as the primary focus of this review. 

3. Microplastics: an emerging yet 
complex environmental pollutant 

3.1 Environmental source and characteristics 
of microplastics 

 MPs are generally defined as plastic particles 
smaller than 5 mm in size. Over the past four decades, 
their environmental abundance has continuously 
increased, and they are now recognized as emerging 
pollutants of global concern [33, 34]. Primary 
microplastics are intentionally manufactured particles 
used in industrial and consumer products, whereas 
secondary microplastics are generated through the 
fragmentation of larger plastic materials in the 
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environment [1, 2, 35-37]. In most environmental 
settings, secondary microplastics are considered a 
major source, with both terrestrial inputs and marine 
activities contributing to their overall environmental 
burden [38, 39]. 

3.2 Aging-dependent roles of MPs as sources 
and carriers of phenolic compounds 

 Importantly, MPs are not static or inert particles, 
but undergo continuous aging through ultraviolet 
radiation, oxidation, and mechanical abrasion. These 
processes alter their surface properties and reactivity, 
often through changes in functional groups and 
biofilm formation [40, 41]. During these 
transformations, MPs contribute to phenolic-
compound exposure through two potential pathways. 
First, they may act as a potential intrinsic source, as 
phenolic additives can undergo degradation during 
aging and release phenolic additives or related 
degradation products [42]. Second, they may function 
as external carriers, with their surfaces and polymer 
matrices capable of adsorbing organic pollutants and 
influencing their transport and bioavailability during 
exposure [43]. These findings suggest that MPs may 
not only contribute to the exposure risk associated 
with the particles themselves, but may also modify the 
environmental behavior and exposure patterns of 
phenolic compounds in environmentally relevant 
contexts. This dynamic behavior is particularly 

relevant to co-exposure assessment, as interactions 
between MPs and phenolic compounds may shift with 
environmental aging rather than remain constant 
across exposure settings.  

3.3 Relevance of MPs to phenol-related co-
exposure scenarios 

 To summarize environmental characteristics 
relevant to human exposure, this review outlines the 
major exposure routes, common size ranges, and 
dominant polymer types of MPs (Table 1). 
Correspondingly, Fig. 1 provides a schematic 
representation of these features, illustrating 
environmental sources, primary human exposure 
routes (ingestion, inhalation, and dermal contact), and 
systemic distribution. In this context, MPs are not 
discussed as an isolated exposure factor in this review. 
Instead, they are considered a key framework for 
understanding phenol exposure under more realistic 
mixture exposure conditions in modern environments. 
Collectively, these characteristics suggest that phenol 
exposure may occur within more complex 
environmental contexts than those considered in 
traditional single-pollutant assessments. 
Consequently, evaluating phenol under co-exposure 
scenarios involving MPs may provide a more realistic 
framework for understanding its environmental 
behavior and potential biological effects. 

 

 
Figure 1. Real-world microplastic exposure pathways and systemic distribution. Environmental sources of microplastics (MPs) include drinking water (50-600 nm; 
1-100 μm, with the majority <50 μm), seafood (10-500 μm; 100-200 μm; nano-MPs <100 nm), and indoor air or household dust (10-500 μm inhalable; <10 μm respirable; <5 
μm alveoli-penetrating particles; nanoparticles <100 nm). These MPs enter the human body primarily through ingestion, inhalation, and dermal contact. Once exposed, MPs of 
various polymer types (PET, PP, PE, PS, PA) can be absorbed and transported into systemic circulation. Human blood studies report dominant particle sizes of 10-100 μm, with 
fragments <50 μm being most abundant, indicating that widespread low-level environmental exposure can lead to measurable internal burdens. Arrows illustrate the flow from 
environmental sources to human exposure routes and subsequent bloodstream distribution. 
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Table 1. Human-relevant exposure routes of microplastics, size distributions, polymer composition, and potential for biological 
internalization 

Exposure route Typical size range Representative Dominant polymers Cellular uptake relevance Reference 
Drinking water 
(tap & bottled) 

50-600 nm; 1–100 μm 
(majority < 50 μm) 

Tap: ~10³ particles/L;  
Bottled: 10³-10⁴ particles/L 

PET, PP, PE, PS 1-10 μm internalized; < 1 
μm may cross gut barrier 

[65, 78] 

Seafood 10-500 μm; shellfish 100–
200 μm; nano-MPs < 100 
nm 

Fish: 1-6/ind.; Shellfish: 0.1-0.3 MPs/g 
(up to 55/ind.); Crustaceans: 0.05–0.09 
MPs/g 

PS, PP, PE, PET, 
PA/Nylon, PVC 

Shellfish < 150 μm 
consumed whole; < 10 μm 
interact with gut epithelium 

[102-104] 

Indoor air / 
household dust 

10-500 μm; inhalable < 10 
μm; respirable < 5 μm; 
NPs < 100 nm 

Indoor air: 4,000-14,000 particles/m³; 
Inhalation: 2-150 MPs/kg-bw/day 
(adults), up to ~7,900 (infants) 

Polyester/PA fibers, 
PE, PP, PS, PVC, PVB 

Small MPs/NPs reach 
bronchioles & alveoli 

[105, 106] 

Human blood Predominantly 10-100 
μm; fragments < 50 μm 
most abundant 

Healthy adults: 4.2 MPs/mL (88.9% 
detection); Thrombi: 14.9–234 μg/g 

PS, PP, PE, PET, PA Entry via GI, inhalation, 
medical sources 

[107, 108] 

Abbreviations: PET, polyethylene terephthalate; PP, polypropylene; PE, polyethylene; PS, polystyrene; PA, polyamide; PVC, polyvinyl chloride; PVB, polyvinyl butyral. 
 

4. Trojan horse effect: a carrier-mediated 
yet context-dependent exposure 
mechanism 

4.1 Physicochemical basis of carrier-mediated 
transport 

 The Trojan horse effect is commonly used to 
describe a carrier-mediated transformation of 
exposure in studies examining interactions between 
MPs and environmental contaminants. MPs possess a 
high surface area and hydrophobic polymer matrices, 
and their weathering is often accompanied by changes 
in surface functional groups and biofilm formation [44, 
45]. These properties enable MPs to adsorb 
environmental pollutants and transport them into 
biological systems as particulate carriers, thereby 
altering their exposure routes and local release 
dynamics. Pollutants can accumulate on the surface 
and within the pores of MPs, and upon ingestion or 
inhalation, may be gradually released in the 
gastrointestinal tract or intracellular 
microenvironments, leading to potentially elevated 
local bioavailable fractions in specific tissues or 
cellular regions [46, 47]. This concept has therefore 
been widely used to explain how MPs may modify the 
environmental transport, bioavailability, and 
exposure characteristics of diverse organic 
contaminants [48]. 

4.2 Evidence from phenolic analogs 
 Within this framework, “phenolic compounds” 

are defined as aromatic compounds containing a 
hydroxyl (-OH) group, including representative 
substances such as nonylphenol, bisphenol A (BPA), 
and butylated hydroxyanisole (BHA) [30, 49]. This 
review focuses primarily on phenol; however, more 
hydrophobic phenolic compounds are included as 
mechanistic analogs to compensate for the currently 
limited direct evidence on phenol under co-exposure 
conditions. At the physicochemical level, the 
interaction between phenolic compounds and MPs is 
governed by mechanisms such as hydrophobic 

partitioning, π-π interactions, and hydrogen bonding 
[50, 51]. For instance, aromatic structures may interact 
with plastic matrices through π-π stacking, while 
phenolic hydroxyl groups can form hydrogen bonds 
with weathered surface functional groups, influencing 
adsorption capacity and desorption behavior [52]. 
Collectively, these physicochemical interactions 
suggest that MPs may alter the environmental fate and 
exposure patterns of phenolic compounds under 
specific conditions. 

 At the biological level, multiple studies have 
reported enhanced toxicity under co-exposure to MPs 
and phenolic compounds. For example, co-exposure to 
nonylphenol and polystyrene microplastics (PS-MPs) 
in Caco-2 intestinal epithelial cells resulted in greater 
toxicity than single exposures, consistent with a 
carrier-mediated exposure effect at the cellular level 
[53]. Similarly, BPA has been shown to exhibit 
enhanced cytotoxicity and oxidative stress responses 
under co-exposure with MPs, along with alterations in 
thyroid function and metabolism in zebrafish models, 
suggesting that particle-bound phenolic compounds 
may influence in vivo responses [54].  

4.3 Applicability and limitations for phenol 
 However, for phenol, which has a relatively 

simple structure and higher water solubility, the 
contribution of MPs as a primary transport carrier is 
likely more limited under typical environmental 
conditions compared to more hydrophobic phenolic 
compounds [55]. In addition, its carrier-mediated 
effects are likely to be context-dependent, influenced 
by factors such as MP aging, biofilm formation, 
particle size, polymer type, and release kinetics in 
digestive fluids or intracellular environments [44, 51]. 
Under current evidence, the Trojan horse effect should 
not be regarded as an established exposure 
mechanism for phenol. Instead, it is more 
appropriately considered a context-dependent and 
mechanistically plausible hypothesis, in which MPs 
may modify the local bioavailability and downstream 
signaling responses of phenol under specific 
environmental and biological conditions [46, 47, 56]. 
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 Overall, while the Trojan horse effect has been 
supported in co-exposure studies involving 
hydrophobic phenolic compounds, current evidence 
suggests that its applicability to phenol remains 
insufficiently validated under environmentally 
relevant exposure conditions. 

 In the following sections, this hypothesis is used 
as a conceptual framework to link MP-induced 
oxidative stress with phenol-related signaling 
pathways, and to evaluate their potential roles in 
tumor-related endpoints and microenvironmental 
processes, thereby helping to define key priorities for 
future co-exposure research. Additional studies 
directly examining phenol adsorption, transport 
efficiency, and intracellular release from MPs are 
needed before the environmental relevance of this 
mechanism can be established. 

5. Potential roles of microplastics in 
modulating phenolic exposure within 
the tumor microenvironment 
 The tumor microenvironment (TME) is a highly 

dynamic and heterogeneous biological network 
composed of tumor cells, immune cells, stromal cells, 
extracellular matrix, and soluble factors that 
collectively regulate tumor initiation, progression, 
immune evasion, and therapeutic response [57, 58]. 
Notably, key features of the TME, including chronic 
inflammation, metabolic reprogramming, abnormal 
angiogenesis, and immunosuppression, are closely 
linked to cellular redox status and redox-associated 
signaling pathways [58-60]. Recent studies suggest 
that MPs may induce persistent intracellular reactive 
oxygen species (ROS) production through 
mitochondrial dysfunction and redox imbalance [61, 
62]. Recent evidence further indicates that MPs have 
been identified in multiple tumor types, including 
lung, gastric, breast, and prostate cancers, and may 
remain intracellularly persistent owing to their 
resistance to enzymatic degradation [63, 64]. In tumor 
tissues, such persistence may contribute to a sustained 
oxidative and metabolic burden, thereby reinforcing 
mitochondrial dysfunction and redox imbalance over 
time [65, 66]. In addition, MPs can be internalized by 
immune and epithelial cells via endocytosis, leading to 
metabolic disruption and the release of pro-
inflammatory cytokines [67-69]. However, whether 
distinct internalization routes, such as 
macropinocytosis, clathrin-mediated endocytosis, or 
direct membrane penetration, result in differential 
intracellular trafficking, subcellular localization, or 
retention of MPs remains poorly understood. 
Furthermore, the extent to which these uptake 
pathways influence MP distribution and persistence 

within tumor tissues under physiologically relevant 
conditions has not been systematically investigated. 
Addressing these questions through clinical 
specimens and tumor-bearing models will be 
important for clarifying the biological significance of 
MP accumulation within the tumor 
microenvironment. 

 Under these conditions, the sustained 
intracellular presence of MPs within tumor tissues 
may establish a persistent redox-active background 
that interacts with the pre-existing oxidative milieu of 
the TME. These observations suggest that MPs may 
influence local redox conditions within the TME, 
although the extent to which such effects contribute to 
downstream signaling remains incompletely 
understood. The mechanistic implications of this 
redox interaction for downstream signaling and tumor 
microenvironment remodeling are examined in 
Section 6. 

6. MPs-mediated phenolic exposure and 
redox-sensitive signaling: MAPK as 
the central convergence framework 
 Based on the redox-active properties of MPs 

within the TME discussed above, Fig. 2 presents a 
conceptual framework illustrating how MPs-phenol 
co-exposure may jointly contribute to intracellular 
oxidative stress and potentially influence downstream 
tumor-associated signaling pathways. The 
mechanistic basis of this framework is examined in the 
following sections. 

6.1 MAPK convergence 
 Building upon the redox-active properties of 

MPs within the TME outlined above, MP-induced 
oxidative stress and phenol-mediated antioxidant 
disruption may jointly contribute to intracellular 
redox imbalance under co-exposure conditions.  

 Importantly, these effects may arise through 
mechanistically non-overlapping pathways: phenol 
primarily depletes reduced glutathione (GSH) via 
quinone intermediates and impairs antioxidant 
enzyme function [70, 71], whereas MPs mainly induce 
ROS through mitochondrial electron transport chain 
uncoupling and increased lysosomal membrane 
permeability [66, 72]. In addition, nanoscale particles 
generally exhibit greater ROS-inducing efficiency than 
microscale particles because of enhanced cellular 
penetration and mitochondrial interference [73]. 
Together, these mechanistic differences support a 
potential two-hit stress model in which particle-
mediated mitochondrial stress and chemically 
induced antioxidant disruption may jointly contribute 
to aberrant redox-sensitive signaling regulation. 
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 Within this framework, the MAPK family may 
function as a canonical redox-sensitive pathway and a 
potential convergence node integrating redox signals 
induced by particulate and chemical exposures [74, 
75]. Its branches exhibit distinct roles: extracellular 
signal-regulated kinase (ERK) is typically linked to 
proliferation and survival, whereas p38 and c-Jun N-
terminal kinase (JNK) are more closely associated with 
oxidative stress responses, inflammatory signaling, 
and context-dependent cell fate regulation [76]. This 
functional divergence suggests that, under MPs-
phenol co-exposure-associated redox imbalance, 
MAPK signaling is unlikely to be uniformly activated 
and may instead show branch-selective activation 
depending on the source, intensity, and duration of 
oxidative stress. Accumulating evidence supports 
ROS-mediated regulation of MAPK pathways in 
response to MPs and several structurally related 
phenolic compounds. However, direct evidence 
demonstrating MAPK activation under MPs-phenol 
co-exposure conditions remains limited [77, 78]. For 
example, polystyrene nanoplastics (PS-NPs) activate 
p38 or JNK signaling in cellular and in vivo models 
through ROS accumulation, accompanied by 
ferroptosis, inflammatory responses, mitochondrial 
dysfunction, and endoplasmic reticulum stress [79-81]. 
Likewise, several structurally related phenolic 
compounds have been shown to induce differential 
activation of p38, JNK, or ERK through ROS-
dependent mechanisms. Although these observations 

are derived from phenolic analogs rather than phenol 
itself, they suggest that variations in ROS source and 
intensity may influence MAPK branch specificity [70, 
82]. Importantly, recent studies have shown that 
phenol activates ERK/p38 signaling in both cellular 
and zebrafish models, providing direct mechanistic 
support for the phenol-MAPK axis [83]. 

 Taken together, these findings suggest that 
MAPK may represent a potential convergence node 
through which redox imbalance potentially associated 
with MPs-phenol co-exposure could influence 
downstream transcriptional responses in a branch-
selective and context-dependent manner, with 
implications for tumor-associated signaling discussed 
in the following section. 

6.2 Potential MAPK-associated angiogenic and 
metastatic reprogramming 

 In the TME, hypoxia-inducible factor 1α (HIF-1α) 
is widely regarded as a core transcriptional regulator 
that integrates hypoxic, oxidative, and metabolic 
signals [84]. Notably, HIF-1α activation is not limited 
to traditional hypoxic conditions. Under normoxic 
conditions, sustained activation of upstream signaling 
pathways (e.g., MAPK) can induce a phenomenon 
known as “pseudohypoxia,” leading to abnormal HIF-
1α stabilization and activation of related 
transcriptional programs [85, 86]. 

 

 
Figure 2. Proposed framework of MPs-phenol co-exposure in tumor microenvironment remodeling. Microplastics (MPs) may induce mitochondrial dysfunction 
and ROS production, while phenol disrupts antioxidant systems via GSH depletion and quinone cycling. These distinct mechanisms may jointly contribute to a two-hit oxidative 
stress model. The resulting redox imbalance may influence MAPK signaling pathways (ERK, p38, JNK), which in turn may affect downstream transcription factors, including HIF-
1α, NF-κB, and STAT3. These signaling cascades may contribute to tumor-associated processes such as angiogenesis, inflammation, and immune evasion, thereby potentially 
influencing tumor microenvironment remodeling. The proposed framework integrates direct experimental evidence and mechanistic inference and should therefore be 
interpreted as a testable hypothesis rather than a confirmed causal pathway. 
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 At the molecular level, sustained ERK/p38 
phosphorylation may enhance HIF-1α expression and 
activity. This process may involve inhibition of prolyl 
hydroxylase domain enzymes (PHDs), thereby 
reducing ubiquitination and proteasomal degradation 
[87-89]. Through the MAPK-HIF-1α axis, upstream 
redox imbalance can be translated into transcriptional 
outputs that may contribute to tumor-associated 
processes. Once stabilized, HIF-1α directly binds to 
hypoxia response elements (HREs) in the promoters of 
target genes such as vascular endothelial growth factor 
(VEGF), promoting their transcription and potentially 
contributing to tumor-associated angiogenesis [84, 90]. 
This process stimulates endothelial cell proliferation, 
migration, and tube formation, ultimately 
contributing to the formation of a structurally 
abnormal yet functional vascular network that 
supports tumor growth and facilitates tumor cell 
dissemination. Sustained HIF-1α activation is also 
closely associated with EMT-related transcriptional 
reprogramming, thereby enhancing tumor cell 
invasion and metastatic potential. HIF-1α may induce 
core EMT transcription factors such as Snail, leading 
to downregulation of epithelial markers (e.g., E-
cadherin) and upregulation of mesenchymal markers 
(e.g., N-cadherin and Vimentin), ultimately increasing 
cell motility and invasiveness [91].  

 Notably, MPs and NPs are not merely passive 
exposure backgrounds or carriers; they may also 
directly induce phenotypic changes associated with 
migration and invasion [74]. In both human bronchial 
and alveolar epithelial cells and breast epithelial and 
cancer cell models, polyethylene and polystyrene 
micro/nanoplastics have been shown to induce EMT, 
cytoskeletal reorganization, and increased 
proliferative and migratory potential, even in the 
absence of significant cytotoxicity [92, 93]. 
Collectively, these studies suggest that MPs may not 
only provide a persistent oxidative stress background 
but also potentially shift cells toward a more migratory 
and invasive state, thereby increasing the biological 
plausibility that tumor-related phenotypes may be 

enhanced or altered under co-exposure conditions [94, 
95]. 

 Beyond angiogenesis and metastasis, MAPK 
signaling may also extend to inflammatory and 
immune-related transcriptional networks. Redox-
sensitive pathways such as NF-κB and STAT3 interact 
with MAPK signaling and play important roles in 
shaping the tumor immune microenvironment by 
promoting the expression of pro-inflammatory 
cytokines (e.g., IL-6, TNF-α) and immunoregulatory 
factors [96, 97]. In addition, both NF-κB and STAT3 are 
implicated in the transcriptional regulation of immune 
checkpoint molecules such as PD-L1, suggesting a 
potential mechanistic link between redox signaling 
and tumor immune evasion [98, 99]. 

 In co-exposure settings, MPs may provide a 
persistent intracellular ROS-associated background 
that could influence redox-sensitive transcriptional 
programs [100]. Under such conditions, MPs-phenol 
co-exposure may contribute to sustained or altered 
redox-sensitive signaling, thereby potentially affecting 
inflammatory, angiogenic, and immune-regulatory 
responses. Taken together, existing evidence suggests 
that MAPK may serve as a potential hub that translates 
redox imbalance into integrated transcriptional 
reprogramming across angiogenesis, metastasis, and 
immune regulation [84]. The reported direct effects of 
MPs/NPs on EMT, cell migration, and tumor-
promoting phenotypes further strengthen the 
biological rationale that MPs-phenol co-exposure may 
enhance or contribute to downstream tumor-related 
outputs [74, 94]. However, direct experimental 
evidence supporting these integrated effects remains 
limited, and this model therefore should be 
interpreted as a biologically plausible and testable 
hypothesis rather than a confirmed causal mechanism. 
Further validation will require co-exposure in vivo 
systems, time-series signaling analyses, and functional 
phenotypic measurements [95]. To further clarify the 
evidence hierarchy supporting this framework, Table 
2 summarizes the current evidence for MPs, phenol, 
phenolic analogs, and MPs-phenol co-exposure across 
key biological processes. 

 

Table 2. Summary of current evidence related to the proposed MPs-phenol co-exposure framework. 

Biological process MPs Phenol Phenolic analogs MPs-Phenol co-exposure Reference 
Trojan horse effect Supported Limited evidence Supported Limited direct evidence [30, 44-48, 50-55] 
ROS generation Supported Supported Supported Limited direct evidence [61, 62, 66, 70, 71, 78, 81, 94, 109] 
MAPK activation Supported Supported Supported Not directly investigated [61, 66, 74, 76, 78, 80-83] 
NF-κB / STAT3 signaling Supported Limited evidence Limited evidence Not directly investigated [94, 95, 100] 
HIF-1α / VEGF signaling Limited 

evidence 
Supported Limited evidence Not directly investigated [83, 85, 87-89] 

EMT reprogramming Supported Supported Supported Not directly investigated [71, 78, 80, 92, 93] 
PD-L1 regulation and 
immune evasion 

Limited 
evidence 

Limited evidence Limited evidence Not directly investigated [97, 100] 

TME remodeling Limited 
evidence 

Limited evidence Limited evidence Proposed hypothesis [57-59, 94, 95] 
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7. Conclusion and future perspectives 
 Building upon the two-hit oxidative stress model 

and MAPK-centered signaling framework proposed 
herein, this review positions MPs-phenol co-exposure 
as a biologically plausible yet experimentally 
underexplored context that may influence tumor 
microenvironment dynamics, with potential 
implications for angiogenesis, chronic inflammation, 
and immune evasion. 

 Notably, although phenol is widely used and 
environmentally prevalent, it has received 
comparatively less attention in tumor-related 
environmental toxicology than well-characterized 
pollutants such as BPA and polycyclic aromatic 
hydrocarbons (PAHs) [10, 101]. Compared with more 
extensively studied hydrophobic phenolic derivatives, 
phenol exhibits higher water solubility and 
environmental mobility, suggesting that its behavior 
and biological effects under co-exposure conditions 
may differ; however, these aspects remain 
insufficiently explored [19, 20]. Accordingly, this 
review highlights phenol as a potentially 
underrecognized modulator of redox-sensitive 
signaling, particularly under conditions in which it 
coexists with particulate contaminants such as 
microplastics, where its biological effects may be 
further modified. Despite the integrative framework 
proposed here, direct experimental evidence linking 
MPs-phenol co-exposure to coordinated signaling 
outcomes and tumor-associated phenotypes remains 
limited. Existing studies predominantly focus on 
single-pollutant exposure and lack systematic 
evaluation under environmentally relevant 
concentrations, chronic low-dose conditions, and co-
exposure scenarios [3-5]. Furthermore, direct clinical 
evidence linking MPs-phenol co-exposure with 
immunotherapeutic response or patient prognosis is 
currently unavailable. Although MPs have been 
detected in human tumor tissues and biological 
samples, the clinical significance of their interaction 
with phenol remains unclear. Future epidemiological, 
translational, and clinical studies will be required to 
determine whether such co-exposures influence 
disease progression, therapeutic response, or patient 
outcomes. In addition, microplastic properties, 
including particle size, aging status, surface 
characteristics, and interactions with coexisting 
pollutants may critically influence their biological 
effects, yet the underlying mechanisms remain poorly 
defined [40, 41, 43]. 

 Future studies should focus on developing 
integrated experimental models that more accurately 
reflect real-world environmental conditions, including 
co-exposure systems, chronic low-dose designs, and in 

vivo validation platforms, to systematically assess the 
interactions between MPs and chemical pollutants and 
their effects on cellular signaling. Furthermore, 
integrating multi-omics approaches, temporal 
dynamic analyses, and dose-response studies will be 
essential for elucidating interactions among different 
pollutants and their impacts on signaling pathways, 
cellular functions, and the tumor microenvironment. 
Incorporating microplastic aging processes and 
surface characteristics into experimental design will 
also improve the environmental relevance of exposure 
models. Addressing these critical knowledge gaps will 
advance our understanding of the biological effects of 
complex pollutant co-exposures and provide a more 
realistic, mechanistically informed basis for 
environmental risk assessment and public health 
decision-making. 
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