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Abstract

Background Cancer remains a leading cause of death worldwide. Environmental factors, specifically endocrine-
disrupting chemicals (EDCs), like phthalates, are increasingly being linked to cancer development. Phthalates, widely
used in consumer products, can activate the aryl hydrocarbon receptor (AhR). This scoping review investigates how
phthalate exposure influences cancer-related molecular pathways through the regulation of the AhR pathway to
uncover the underlying mechanisms.

Methods We conducted a comprehensive literature search in PubMed, Scopus, and Web of Science (ISI) database
up to November 2023. Studies were selected based on peer-reviewed status, focus on phthalates’effects on cancer
through the AhR pathway and the availability of full texts. Data extraction emphasized study models, types of
phthalates, exposure protocols, and cancer-related signaling pathway outcomes.

Results Out of 108 initial articles, 10 met the inclusion criteria. Di-(2-ethylhexyl) phthalate (DEHP) and its metabolite
Mono (2-ethylhexyl) phthalate (MEHP) were found to promote cancer cell proliferation, epithelial-mesenchymal
transition (EMT), and chemoresistance through the AhR pathway. Specifically, DEHP activated AhR, leading to
elevated expression of EMT markers, increased cancer stem cell populations, and enhanced drug metabolism and
resistance. Other phthalates, such as Butyl Benzyl Phthalate (BBP), also activated AhR-mediated pathways, promoting
angiogenesis and metastasis.

Conclusion Phthalates activate the AhR pathway, contributing to cancer progression underscoring the need for
developing effective interventions against phthalate-induced carcinogenesis. Regulatory measures to minimize
phthalate exposure are crucial to preventing harmful health effects and improving cancer treatment outcomes.
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Introduction

Cancer continues to be a major cause of death from ill-
ness worldwide. Annually, over 19 million individuals are
diagnosed with cancer and 10 million die from the dis-
ease, accounting for one in six deaths globally [1, 2]. The
risk of developing cancer may be increased by exposure
to certain environmental chemicals [3]. Endocrine-dis-
rupting chemicals (EDCs) are a growing global concern
due to their significant threats to human health and the
environment. A study by the FDA discovered over 1800
chemicals that interfere with at least one of the three
major endocrine pathways: androgen, estrogen, and thy-
roid [4]. EDCs include a wide range of chemicals such as
pesticides, bisphenols, heavy metals, flame retardants,
and phthalates [5]. The rising incidence of hormone-
related cancers over recent decades has raised concerns
about the potential role of EDCs in cancer development
[6]. It is estimated that nearly 80% of EDCs have the
potential to cause tumors [7].

Phthalates are esters of 1,2-benzenedicarboxylic acid.
The composition of phthalates varies depending on the
number of side chains, which may include alkyl, dialkyl,
or aryl groups. Phthalates are classified into two catego-
ries based on their molecular weight: high-molecular-
weight phthalates (HMWP) and low-molecular-weight
phthalates (LMWP). HMWPs, such as Di-n-octylphthal-
ate (DnOP), DEHP, Di-(2-propylheptyl) phthalate
(DPhP), Diisononyl phthalate (DiNP), and Diisodecyl
phthalate (DiDP), are used in the production of polyvi-
nyl chloride (PVC), while LMWPs, such as di-n-butyl
phthalate (DnBP), Dimethyl Phthalate (DMP), Diiso-
butyl phthalate (DiBP), Diethyl phthalate (DEP), and
Benzyl butyl phthalate (BBzP), are commonly found in
personal care products, solvents, and adhesives [8]. Due
to no covalent bonding existing between phthalates and
the plastic matrix, these chemicals are easily released
and distributed in water, soil, and air, and then expo-
sure occurs in multiple ways (inhalation, ingestion, and
dermal contact). The global market share of phthalates
was projected to reach 6.76 million tons in 2019, with
HMWPs such as DiNP and DEHP accounting for over
three-quarters of the total [9].

In 2013, the International Agency for Research on Can-
cer (IARC) reclassified DEHP from Group 3 to Group
2B, acknowledging the role of DEHP and its metabo-
lite, MEHP, in initiating and supporting cancer growth
[10]. The US Environmental Protection Agency (EPA)
and the European Union have set an oral reference dose
(RfD) of 20 pg/kg body weight/day and a tolerable daily
intake (TDI) of 50 pg/kg body weight/day for DEHP [11].
Despite increasing evidence linking phthalates like DEHP
and DBP to cancer progression, the precise molecular
mechanisms, particularly through AhR-related path-
ways, remain poorly understood. For instance, high-level
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DBP exposure has been associated with a nearly two-
fold increase in the risk of estrogen receptor-positive
breast cancer, underscoring the urgent need for targeted
research in this area. Unraveling these pathways could
offer novel insights for therapeutic interventions in can-
cer [12]. Phthalates, found in the environment, can bind
to and interact with nuclear receptors including proges-
terone, estrogen, and aryl hydrocarbon receptors (AhR).
AhR, a member of the basic helix-loop-helix/Per-ARNT-
SIM (bHLH/PAS) family, plays a key role in various cel-
lular functions and can bind to a broad range of ligands.
These ligands include natural molecules like kynuren-
ine and 6-formylindolo[3,2-b]carbazole (FICZ), as well
as exogenous compounds like BaP and Benzo(a)pyrene
and 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD). The
effects of these ligands can vary depending on the tissue.
When AhR is not bound to a ligand, it forms a cytosolic
complex with Hsp90, c-Src kinase, XAP2, and the chap-
erone p23 [13]. Upon ligand binding, AhR undergoes
conformational changes that result in the dissociation of
the protein complex and the translocation of AhR to the
nucleus. There, it dimerizes with the AhR nuclear trans-
locator (ARNT) and binds to xenobiotic-responsive ele-
ments (XREs) in the regulatory regions of target genes,
initiating their transcription [14].

A recent study suggested that the AhR binding site has
a promiscuous nature, allowing it to accommodate a wide
variety of ligands, including DEHP [15]. DEHP’s hydro-
phobic nature arises primarily from its aromatic ring
and branched alkyl chains [16]. Furthermore, phthalates
may influence tryptophan metabolism and activate the
AhR pathway, both of which are critical in regulating cell
growth, apoptosis, differentiation, and tumor formation
[17]. This scoping review endeavors to analyze the influ-
ence of phthalate exposure on AhR signaling in cancer
promotion, progression and metastasis, while also exam-
ining the mechanisms by which phthalates influence
cancer cell proliferation, metabolism, angiogenesis, and
EMT.

Methods

Information sources and search strategy

A comprehensive literature search was conducted
according to the PRISMA extension for scoping reviews
(PRISMA-ScR) [18] to obtain all relevant studies on
“the role of AhR pathway in phthalates-induced can-
cer metastasis” The search used both Medical Subject
Headings (MeSH) terms and advanced search options
in the electronic database PubMed, Scopus, and Web of
Science (ISI). The following keywords were used: (“Aril
hydrocarbon receptor” OR “Aryl Hydrocarbon Recep-
tor” OR “Receptor, Aryl Hydrocarbon” OR “Aryl Hydro-
carbon Receptors” OR “Dioxin Receptor” OR “Receptor,
Dioxin” OR “Dioxin Receptors” OR “Receptors, Dioxin”
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OR “Polyaromatic Hydrocarbon Receptors” OR “Polyaro-
matic Hydrocarbon Receptor” OR “Receptor, Polyaro-
matic Hydrocarbon” OR “Receptors, Polyaromatic
Hydrocarbon” OR “TCDD Receptor” OR “Receptor,
TCDD” OR “Receptors, TCDD” OR “TCDD Receptors”
OR “ash receptor” OR “receptor, ash” OR “ash receptors”
OR “receptors, ash” OR “Receptors, 2,3,7,8-Tetrachlo-
rodibenzo-p-dioxin”) AND (phthalate*) AND (“cancer
progression” OR metastasis OR EMT OR “Epithelial-
Mesenchymal Transition” OR “Epithelial Mesenchymal
Transition”) up to November 2023. The syntax of each
database included as supplementary.

Eligibility criteria and study selection

After acquiring and organizing the articles, we removed
any duplicates using the reference manager tool. Fol-
lowing that, two independent reviewers (H. H-A and A.
SH) conducted a two-stage screening process. In the first
stage, the reviewers assessed the relevance of each study
by examining titles and abstracts in line with the objec-
tives of this study. In the second stage, the remaining
articles were evaluated for inclusion or exclusion based
on predefined criteria. Studies were included if they:
[1] were peer-reviewed; [2] specifically investigated the
effects of phthalates on cancer progression and metas-
tasis through the AhR pathway; [3] provided sufficient
data; [4] had accessible full texts; and [5] had no restric-
tions based on the year of publication.

Studies were excluded if they were: (a) unrelated
research; (b) case reports; (c) letters to the editor; (d)
book chapters; (e) posters; (f) editorials; (g) review arti-
cles; or (h) conference papers and abstracts.

Data extraction process

Two researchers (H. H-A and A. SH) assessed each eli-
gible study and subsequently obtained the following
information: [1] author name and year of publication;
[2] types of models used (in vivo or in vitro); [3] type and
dosage of phthalates, along with the exposure protocol;
[4] the effects of phthalates on cancer progression; and
[5] the proposed signaling pathway.

Results

Literature search and screening

Figure 1 illustrates the study selection process. We
applied the elimination process according to the methods
described by Bramer et al. [19]. A comprehensive search
of the listed electronic database yielded 108 articles until
November 2023. After removing duplicates (n=46), we
assessed the remaining articles (#=62) by reviewing
their titles and abstracts, eliminating 38 articles based on
relevance. Of the 24 full-text articles, 14 were removed
(not related=10, incomplete date=1, and non-origi-
nal=3), and 10 studies met the inclusion and exclusion
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criteria. Table 1 summarizes the key information from
the selected studies.

Data extraction

Table 1 presents key data extracted from each paper,
using the ASH and MA techniques. Two researchers con-
ducted a thorough and independent evaluation, reaching
a consensus on any discrepancies.

Di-(2-ethylhexyl) phthalate (DEHP)

DEHP and AhR are both involved in drug resistance in
breast cancer cells. Specifically, DEHP blocked the effects
of paclitaxel and doxorubicin in MDA-MB-231 and
MCE-7 cells, as well as in zebrafish and mouse tumor
initiation models. DEHP activated the vinculin/AhR/
ERK signaling pathway, leading to increased expression
of trefoil factor 3 (TFF3). Additionally, through the AhR
genomic pathway, DEHP upregulated CYP450 isoforms,
including CYP2D6, CYP2C8, and CYP3A4, in the MCF-7
and MDA-MB-231 breast cancer cell lines, which con-
tributed to enhanced EMT and doxorubicin metabolism.
In AhR knockout mice, DEHP-induced changes in ER
expression through ubiquitination mechanisms reduced
tamoxifen efficacy [20]. Short-term exposure (5 days) to
low levels (33—400 ug/L) of DEHP increased AhR activ-
ity in Tg (cypla) zebrafish in a dose-dependent manner
[21]. DEHP also enhanced vitality and ATP production
in pituitary cells, increasing cell proliferation and the
expression of Ccndl and PTTG mRNA, along with ele-
vated AhR and AIP expression [22].

At a dose of 0.1 uM, DEHP significantly promoted
migration and invasion in PLC and Huh?7 cells. Following
a 24-hour exposure to DEHP, the expression of the epi-
thelial marker E-cadherin decreased considerably, while
the expression of the mesenchymal indicators N-cadherin
and vimentin increased. In addition, DEHP enhanced the
proportion of cancer stem cells (CD44, CD133+, and
SP cells). Suppression of AhR via shRNA inhibited ERK
phosphorylation and reduced DEHP-induced SK1 activ-
ity. Transfection with SIPR3 shRNA reduced the CD44+/
CD133 +cell population stimulated by DEHP, indicating
that DEHP regulates HCC CSC-like cells via SIPR3, not
S1PR1. Overall, DEHP promotes migration, invasion, and
CSC-like cell populations in HCC through the activation
of the AhR/ERK/SK1 pathway via SIPR3 signaling [23].

Mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP) and
Mono(2-ethyl-5-hexyl) phthalate (MEHP)

MEHHP, a metabolite of DEHP, significantly increased
cell viability and decreased apoptosis in leiomyoma
(LM) cells. It also elevated intracellular levels of trypto-
phan and kynurenine and upregulated the expression
of SLC7A5, SLC7AS8, and tryptophan 2,3-dioxygenase
(TDO2). MEHHP induced nuclear translocation of AhR
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Fig. 1 Flow diagram of the current study’s selection process

and increased the expression of CYP1A1l and CYP1BI1.
Knocking down siRNA or inhibition of SLC7A5/SLC7AS,
TDO2, or AhR with drugs eliminated the effects of
MEHHP on leiomyoma cell viability [17].

Both MEHP and TCDD can increase MCF7 cell migra-
tion and invasion in a dose-dependent manner. However,
when administered together, MEHP and TCDD negated
each other’s effects. MEHP also induced AhR-DRE bind-
ing and increased CYP1Al expression, while decreas-
ing TCDD-induced CYP1A1 levels. By binding to AhR,
MEHP acted as a competitive ligand to TCDD, inhibit-
ing the EMT process that MEHP alone initiates in MCF7
cells [24].

Benzyl butyl phthalate (BBP)

BBP stimulated AhR in Huh7 cells via a non-genomic
mechanism that involved G-protein signaling, promot-
ing cell migration and invasion through the AhR/Gf/
PI3K/Akt/NF-«kB pathway. Furthermore, BBP stimulated
angiogenesis, both in vitro and in vivo, by activating the
AhR/ERK/VEGF pathway. BBP also increased COX-2
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production through the AhR/Gaq/11/calcium signaling
pathway [25].

In breast cancer cells, BBP activated AhR, which accel-
erated the SPHK1/S1P/S1PR3 signaling pathway, facili-
tating the formation of metastatic breast cancer stem
cells. BBP induced histone modifications in S1PR3-
expressing side population (SP) cells, but no similar
changes were observed in non-SP cells. Suppression
of SPHK1 or S1PR3 in breast cancer cells significantly
reduced tumor development and lung metastasis in vivo
[26].

Activation of cell surface AhR by BBP also triggered
the cyclic AMP (cAMP)/PKA/CREBL signaling pathway,
leading to the upregulation of HDAC6 expression. This
promoted the formation of the [B-catenin-LEF1/TCF4
transcriptional complex within the nucleus, thereby
activating the c-Myc oncogene [27]. Furthermore, BBP
demonstrated the ability to modify the expression of
the aryl-hydrocarbon receptor nuclear translocator
2 (ARNT?2), showing a dose-dependent reduction in
ARNT2 expression in ESR1-positive cells (MCF-7 and
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Table 1 Summary of studies on phthalates and AhR correlation in cancer promotion, progression and metastasis

Au- Models Type of Phthalates Outcomes of Phthalates on Promotion Proposed signaling pathway
thor & (dosage) / Exposure and Progression of Cancer
year protocol
Hsieh  In vitro MCF-7, DEHP (1 uM), for 24 h | paclitaxel and doxorubicin effects on DEHP directly targeted
etal, MDA-MB-231 (CCK-8 assay) and 14 days cell growth AhR and affected its down-
[20] (clonogenic assay). 1 Cell viability & colony number (DEHP stream signaling pathway (1
DEHP metabolites (1 uM)  resulted in higher cell numbers relative to  CYP1A1 and CYP1B1 protein
on cell growth its metabolites) expression).
In vivo AhR-null mice were  DEHP (1 uM), paclitaxel, 1 pulmonary metastasis 1 TFF3 expression through the
treated with DMBA  doxorubicin, DEHP+pa- 1 mammary tumor formation vinculin/AhR/ERK
for 6 weeks to clitaxel, or DEHP + doxo- TCYP family members and t
initiate mammary rubicin for 4 weeks. doxorubicin metabolism
tumor formation LER expression (AhR-mediated
Zebrafish xenotrans-  MDA-MB-231-GFP cells | paclitaxel and doxorubicin effects on and through the gbiquitmatipm
plantation (1x 10" were treated with differ-  cell growth SySteJT)' LTamo>.<|fen4 effectsin
MDA-MB-231-GFP)  ent groups of AhR  transgenic mice
DEHP (1 uM), paclitaxel | Paclitaxel & doxorubicin
(1 uM), or doxorubicin effects
(1 uM) for 24 h, then
implanted into the yolk
sac of each zebrafish
embryo.
whole-body fluorescence
was performed imaging
48 h after transplantation.
Clinical 457 breast cancer urine concentrations >4MEHP were positively correlated with
patients of DEHP metabolites, tumor stage, lymph node status, estro-
(79.9% in Early (0/1/  reflecting exposure levels gen receptor status, Her2/Neu status,
Il) stage, and 20.1% recurrence, tumor size.
in
Advanced (Ill/1V)
stage)
Hsieh  In vitro MDAMB-231 BBP. DBP, DMF (0.1-10 1 Proliferation, Migration, Invasion & phthalates induce gene
etal, M)/ for 24-72 h (XTT Colony formation expression of HDAC6 through
[20] and BrdU assay), 24 h tAhR membrane localization the AhR-PKA-CREB1 cascade
(Wound-healing and Lfacilitated nuclear assembly
invasion assays), or 21 of the 3-catenin-LEF1/TCF4 k
days (Colony formation c-Myc activation
assay)
In vivo 2% 10° MDA-MB- BBP & DBP (800 mg/ ttumor growth
231-GFP cells were  kg/d)/ were IP injected THDAC6 and c-Myc
Scinjected into the  for 45 days
flanks of female
nude mice
Junaid In vitro MDA-MB-231 DEHP (10, 33, 100, 400, TDNA damage & | Cell viability, Activated PI3K-AKT-mTOR
etal, 800, 1600, 3200 ug/L) for pathway
[21] 24-96 h (MTT assay), 24 h
(Comet assay)
In vivo xenotransplantation  DEHP (400-1600 ug/L) 1 Migration
(Migration  of CM-Dil labelled foréh
assay) MDA-231 into yolk
of zebrafish
In vivo zebrafish embryos  DEHP (0, 10, 33, 100, 1 Cellular Growth and Proliferation
(Acute) 200-400 pg/L) for 7 days
Tg(cypla: gfp) DEHP (10, 33, 100, Dose-dependent AhR activation in
zebrafish 400 pg/L) for 5 days zebrafish embryos, confirmed by
fluorescence.
In vivo healthy 5-month- DEHP (10, 33, 100 ug/L) I Most of the HPT associated genes (tsh, environmental levels dis-
(Chronic) old adult male for 3 months nis, tg, nkx2.1, ugtlab, dio2, tra, and tra)  turbed the endocrine system

zebrafish

through the HPT axis pathway
suppression
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Au- Models Type of Phthalates Outcomes of Phthalates on Promotion Proposed signaling pathway
thor & (dosage) / Exposure and Progression of Cancer
year protocol
lizuka, Invitro Primary cell culture  MEHHP (0.16, 1.6, & 16 1 Cell viability & | Apoptosis. MEHHP promotes leiomyoma
17 of leiomyoma tissue  uM) & DEHP (1, 10, 100 1TAhR Nuclear translocation k TCYPTAT &  cell survival through increas-
patients uM)/ for 48-72 h CYP1B1 gene expression. ing cellular tryptophan uptake,
1 SLC7A5, SLC7A8, &TDO2 gene expres-  kynurenine production, and AhR
siomk 1Tryptophan uptake & kynurenine  pathway activation.
production
Clinical 712 leiomyoma MEHHP urine levels 1 risk of uterine leiomyoma diagnosis
patients
Qin, In vitro MCF-7, LNCaP, BBP, DBP, & DEHP (10~ - | ARNT2 gene & protein expression in ARNT2 expression is modu-
[28] &BG1Luc4E2 107" M)/for 24 h ESR1-positive MCF-7 & BGTLuc4E2 cells,  lated by BBP and DBP by an
but not in ESR1-negative LNCaP cells ESR1-dependent mechanism in
MCF-7 breast cancer cells.
Shan, Invitro MCF-7 MEHP (1,10, & 100 uM)/  MEHP or TCDD: MEHP or TCDD can promote
[24] for 12,24,and 48 h tMigration & Invasion migration and invasion in MCF7
TCDD | Migration & invasion induction cells in a dose-dependent
by MEHP manner, and these effects are
MEHP TMMP2 & MMP9 & Vimentin & JE-  AhR dependent. This promotion
cadherin (No significant difference in the  is antagonized by cotreatment
TCDD-treated group) with MEHP and TCDD.
tNuclear translocation of AhR | CYPTAT ~ MEHP is a competitive an-
gene expression tagonist against TCDD binding
In vivo Xenotransplantation 1000 mg/kg of DEHP/ip  TCDD 1AhR & CYP1A1 gene expression in - t0 AhR, and this competitive
of 1% 10° MCF7 cells  administration for 3 days  vivo. DEHP antagonizes TCDD to reduce ~ binding effect inhibits the MCF7
in the mammary fat AhR and CYP1AT mRNA expression in human breast cancer cell EMT
pad of BALB/c nude Vivo. process induced by MEHP alone.
mice MEHP is a potential AhR agonist
with less potency than TCDD
but promotes migration or inva-
sion more than TCDD.
Ta- In vitro Pituitary pri- DEHP (250, 650, 1250 TATP, Ccnd1, Pttg1 gene expressionk T DEHP activate AhR/AIP expres-
pella, mary cells of male pM)/ for 3,24-96 h proliferation sion and stimulate proliferation
[22] Sprague-Dawley TAhR & AIP gene expression in normal rat pituitary cells.
rats
Tsai, In vitro Huh7, PLC/PRF/5 DEHP (0.1-1 uM), DBP, BBP | E-cadherin, tVimentin & N-cadherin k DEHP-induced AhR expression,
[23] cells (0.1 uM)/ for 24-48 h TMigration & Invasion migration, invasion, & EMT in
1SP cells, CD44*/ CD133* cells in HCC cells through ERK/SK1 signaling
through activation of AhR/ERK/SK1/S1P3 in vitro.
signaling pathway. DEHP promotion of lung
In Vivo direct intrahepatic ~ DEHP (60 mg/kg)/ IPand  tTumor Growth, and lung metastasis metastasis may be related to

injection of Huh7-
GFP cells (1x 10
into the male BALB/
cA-nu nu/nu mice
microinjection of
Huh7-GFP (DEHP
treated) cells into
embryos Tg(fli1:
EGFP)y1 zebrafish

every 2 days to 1 month

Huh7-GFP treated with
DEHP (0.1 uM) for 24 h

THCC Stemness and Maintenance

the increase in CSCs-like and
through AhR pathway
Curcumin (1.25-5uM) sup-
pressed phthalate-induced
migration, invasion, & CSC-like
cell maintenance through inhi-
bition of the AhR/ERK/SK1/S1P3
signaling pathway
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Table 1 (continued)
Au- Models

Type of Phthalates Outcomes of Phthalates on Promotion Proposed signaling pathway

thor & (dosage) / Exposure and Progression of Cancer
year protocol
Tsai, In vitro Huh7, PLC/PRF/5 BBP (1 uM) for 0-120 min  tAhR gene & protein expression BBP induces membrane translo-
[25] HepG2, and HUVEC  (AhR analysis) TGOlq/H and GB UP\PZ TIP3R, & tinternal  cation of AhR (nongenomic) &
cells. 1 day for (VEGF release of calciumk 1COX-2 protein the initial activation of COX-2 by
Measurement) expression AhR/Ga, signaling.
tbinding of G protein to PI3Kk Tp-Akt In addition, BBP promotes
and NF-kB nucleus trans\ocation\ Migra-  angiogenesis via the AhR/ERK/
tion & Invasion VEGF pathway.
1 p—ERKk TVEGF & angiogenesis cell migration & invasion are
In vivo Huh7-IFP cells BBP (500 mg/kg)/ IP every tlungs, kidneys, and spleen metastasis ~ also increased through AhR/GB/
(1x10% injected 2 days to 1 month tangiogenesis PI3K/Akt/NF-KB signaling.
into the upper left
lobe of the liver of
male BALB/cA-nu
nu/nu
Wang, Invitro MDA-MB-231, BBP (1 uM) for 24 h tProportion of SP cells BBP activated AhR in breast
[26] MCF-7 1Vimentin, | E—cadherin\ EMTinSPand  cancer cells to stimulate SPHK1/
non-SP cells S1P/S1PR3 signaling & enhance
1Doxorubicin and paclitaxel the formation of metastasis-
chemoresistant initiating BCSCs
TNuclear translocation of AhR and
ARNT-binding\ 1 p-ERK & SPHK1/S1P/
S1PR3| tmetastasis-initiating BCSCs
1SPHK1 & STPR3| tAKt | metastasis-initi-
ating BCSCs & CD44M9"/CD24"°" MCF-7
cell populations
In vivo MCF-7 4 gep MCF- Subcutaneous BBP tmetastatic lung lesions

7 gnsprici OF MCF- (200 mg/kg.bw)/IP and SP cells induced tumor formation
7aniprs cells (1x10% 3 times per week upto  more frequently than non-SP cells
were injected into 5 weeks Implanted MCF-7.1pg5 Cells eliminate
mammary fat pads BBP-induced breast tumors| tsurvival
of female nude rate

mice.

1, Increase; |, Decease; &, and; p-, phosphorylated; EMT, Epithelial-mesenchymal transition; DEHP, Di(2-ethylhexyl)phthalate; GFP, green fluorescent protein;
MEHHP, mono-(2-ethyl-5-hydroxyhexyl) phthalate; Akt, Protein Kinase B; ERK, extracellular signal-regulated kinase; MEHP, mono(2-ethylhexyl) phthalate; MECPP,
mono (2-ethyl-5-carboxypentyl) phthalate; MMP, matrix metalloproteinase; mTOR, Mammalian Target Of Rapamycin; PI3K, phosphatidylinositol-3 kinase; MEOHP,
mono(2-ethyl-5-oxohexyl) phthalate; LC-MS/MS, Liquid Chromatography with tandem mass spectrometry; TFF3, Trefoil factor 3; CYP, Cytochromes P450; AhR,
Aryl hydrocarbon Receptor; ER, Estrogen receptor; Sc, Subcutaneous; ip, Intraperitoneal injection; BBP, n-butyl benzyl phthalate; DBP, dibutyl phthalate; DMF,
3,4-dimethoxyflavone; CSC, cancer stem cell; BrdU, bromodeoxyuridine; cAMP, cyclic AMP; PKA, Protein kinase A; CREB, cAMP-response element-binding protein;
HDAC, Histone deacetylase; LEF-1, Lymphoid enhancer-binding factor 1; TCF4, Transcription factor 4; HPF, hours post-fertilization; HPT, hypothalamus-pituitary-
thyroid; SLC, Solute carrier; TDO2, Tryptophan 2,3-dioxygenase; ARNT2, Aryl hydrocarbon receptor nuclear translocator 2; PDZK1, PDZ domain containing 1; HFD,
high fat diet; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; Ccnd1, cyclin D1; PTTG, pituitary tumor transforming gene; AMPK, 5 AMP-activated protein kinase;
siRNA, Small interfering RNA; DRE, dioxin response element; AlP, aryl hydrocarbon receptor (AhR) interacting protein (AIP); SP, Side population; SK1, Sphingosine
kinase 1; SIRP-1, Sphingosine-1-phosphate receptor 1; ESR, Estrogen receptor; p38, p38 mitogen-activated protein kinases; HER2, human epidermal growth factor
receptor 2; HCC, hepatocellular carcinoma; PIP2, Phosphatidylinositol 4,5-bisphosphate; NF-?B, Nuclear factor kappa-light-chain-enhancer of activated B cells; COX-
2, cyclooxygenase-2; BCS, Breast Cancer Stem; VEGF, Vascular endothelial growth factor; S1PR3, Sphingosine-1-phosphate receptor 3, 24MEHP, The sum of DEHP
metabolites; ESR1, estrogen receptor 1; SPHK1, sphingosine kinase 1; S1P, sphingosine 1-phosphate; STPR3, sphingosine-1-phosphate receptor 3; BCSCs, Breast
cancer stem cells

BG1Luc4E2), while having no effect on ESR1-negative
LNCaP cells [28].

Discussion

Cancer continues to be a major global health issue,
with around 20 million new cases reported every year
and 9.7 million cancer-related deaths in 2022, account-
ing for approximately 1 in 6 deaths worldwide [29, 30].
This imposes a substantial burden on healthcare sys-
tems and economies, with estimated costs exceeding
25.2 trillion international dollars from 2020 to 2050 [31].

Environmental factors, including phthalates, are impli-
cated in cancer risk. Phthalates are environmental con-
taminants that have been associated with an increased
risk of cancer at different stages of the disease [32].
Exposure to phthalates through multiple routes, includ-
ing ingestion, inhalation, and medical procedures, can
potentially cause carcinogenic effects [33]. These con-
taminants interact with nuclear receptors like the AhR,
triggering complex signaling pathways that contribute
to tumor initiation, progression, and metastasis. As AhR
becomes increasingly recognized as a key regulator in
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Fig. 2 The basic mechanisms underlying the AhR pathway regulation in phthalates-induced cancer promotion, progression and metastasis

cancer, influencing cell proliferation, survival, and metas-
tasis, understanding the complex interaction between
phthalates, AhR, and cancer biology is crucial for devel-
oping effective preventative and therapeutic approaches
against cancer [34].

During tumor progression, phthalates can contribute
to abnormal cell proliferation, angiogenesis, and evasion
of the immune system through dysregulation of signal-
ing pathways [33]. Additionally, phthalate exposure may
enhance the migration and invasion potential of cancer
cells by modulating EMT processes and extracellular
matrix remodeling [35]. Moreover, phthalates can confer
resistance to chemotherapy and targeted therapies, com-
plicating treatment strategies and exacerbating disease
outcomes [36].

Our research focused primarily on investigating the
mechanical process by which phthalates induce cancer
progression and metastasis through the AhR pathway.
We also analyzed how phthalates activate AhR and their
role in carcinogenesis. Our study summarizes the key
findings in Table 1, highlighting our research’s crucial
aspects. Furthermore, in Fig. 2, we have presented the
significant role of phthalates in cancer progression.

Cell proliferation is a complex process in cancer that
is regulated by various molecular pathways. AhR plays
a pivotal role in promoting cell proliferation and sur-
vival through diverse mechanisms. It modulates recep-
tor expression crucial for cell differentiation and survival,
participates in growth factor signaling pathways inducing

cell proliferation, and exhibits anti-apoptotic effects by
controlling apoptosis-related gene expression. Moreover,
AhR regulates the cell cycle and promotes cell cytokine
expression [37, 38]. Phthalates, such as DEHP, exert sig-
nificant influence on these pathways, initiating cellular
responses associated with cancer proliferation and trig-
gering DNA damage. Phthalates also exhibit regulatory
effects on genes and proteins closely associated with can-
cer cell proliferation, such as Ccndl and Pttgl, pivotal in
G1/S cell cycle transition and pituitary tumorigenesis,
respectively [22]. Additionally, Barhoover et al. illustrated
that in the absence of exogenous ligands, AhR interaction
with CDK4 and CCND1 facilitates cell cycle progression,
indicating a potential interplay between AhR and phthal-
ates in driving cancer progression [39]. Furthermore,
various phthalate exposures enhance cell viability and
colony formation in breast cancer cell lines, reinforcing
their role in fueling cancer proliferation [20].

EMT is a critical process in cancer metastasis, charac-
terized by epithelial cells acquiring a mesenchymal phe-
notype, enhancing their ability to migrate and invade
surrounding tissues. Key regulators of EMT include the
transcription factors Slug, Snail, Twist, and the loss of
E-cadherin expression [40]. AhR activation promotes
EMT in many cancers. In triple-negative and breast can-
cer cell lines, AhR activation leads to EMT-like morpho-
logical changes and upregulates EMT-associated genes
like Twist, vimentin, and Snaill [41]. Clinical evidence
reveals a correlation between high AhR expression in



Akbariani et al. Cancer Cell International (2025) 25:27

inflammatory breast cancer and aggressive metastatic
behavior, indicating AhR’s role in EMT induction and
metastasis [42]. AhR activation by phthalates promotes
EMT, enhancing invasiveness and metastasis in cancer
cells [43]. Phthalate exposure triggers cancer cell migra-
tion and invasion, altering EMT marker expression. This
involves decreased E-cadherin and increased MMP2,
MMPY, and vimentin expression via AhR pathway activa-
tion [24]. Inhibition of AhR signaling pathways emerges
as a promising therapeutic approach to counteract
phthalate-induced migration, invasion, and maintenance
of cancer stem cell populations [25]. Studies have dem-
onstrated that curcumin can suppress phthalate-induced
migration, invasion, and maintenance of cancer stem-like
cells through inhibition of the AhR/ERK/SK1/S1P3 sig-
naling pathway [23].

Moreover, investigations into other phthalates, such as
BBD, reveal intricate signaling pathways mediated by AhR
activation. BBP exposure activates AhR signaling, lead-
ing to the stimulation of signaling pathways that enhance
the formation of metastasis-initiating breast cancer stem
cells and promote breast cancer metastasis [26].

Angiogenesis, crucial for tumor survival and metas-
tasis, is regulated by AhR activation [44]. AhR-ARNT
heterodimers interact with HIF-1a, leading to increased
expression of angiogenic factors like interleukin-8 and
VEGF while downregulating anti-angiogenic factors [45].
Phthalates, through non-genomic AhR mechanisms, pro-
mote angiogenesis by upregulating VEGF expression via
ERK1/2 phosphorylation [25]. This highlights the link
between AhR activation, angiogenesis, and tumor pro-
gression, with phthalates exacerbating this process by
enhancing VEGF expression.

Dysregulation of metabolic pathways is a hallmark of
cancer, and AhR emerges as a central player in cancer cell
metabolism, exerting profound effects on lipid metabo-
lism, glycolysis, and nucleotide metabolism [46]. In the
glycolytic pathway, AhR activation, facilitated by the
kynurenine pathway, upregulates glycolysis-promoting
CXCLS5 in cancer cells. Also, AhR directly manages the
activity of genes that make glycolytic enzymes, such as
hexokinase 2 (HK2). This speeds up the breakdown of
glycogen and helps tumors grow [46]. AhR also regulates
lipid metabolism by modulating fatty acid transporter
proteins and key de novo lipogenesis regulators. AhR also
affects nucleotide metabolism, which could change the
production of pyrimidine and control the levels of reac-
tive oxygen species (ROS), which can affect the growth
of tumors [47]. Also, AhR controls the increase of CYP
enzymes like CYP2D6, 2C8, and 3A4, which speeds up
EMT and the breakdown of chemotherapy drugs like
doxorubicin, making breast cancer treatment less effec-
tive. When phthalates activate AhR, they change the lev-
els of estrogen receptors, affect the targets of tamoxifen,
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and raise the level of ABCG2, which makes breast cancer
less sensitive to chemotherapy [20].

Tryptophan metabolites like kynurenine (Kyn) serve
as potent AhR ligands, being produced abundantly by
malignant cells in cancers such as glioblastoma, head and
neck, and breast. These endogenous AhR ligands drive
chronic AhR activity, contributing to metabolic repro-
gramming and tumor progression. Phthalate metabolites,
particularly MEHHP, promote leiomyoma cell survival
and inhibit apoptosis through the tryptophan-kynuren-
ine-AhR pathway [48]. These findings elucidate the intri-
cate interplay between phthalates, AhR activation, cancer
progression, and drug resistance. Identifying specific
gene targets affected by phthalate exposure may offer
novel avenues for therapeutic intervention in phthalate-
associated cancers.

Conclusion

This review highlights the growing evidence linking
phthalate exposure to cancer progression, primarily
through the activation of the AhR signaling pathway.
While experimental studies underscore the ability of
phthalates to modulate tumor-related processes such as
proliferation, migration, and immune evasion, significant
knowledge gaps remain. The differential effects of indi-
vidual phthalates, their dose-response relationships, and
long-term impacts on tumor dynamics remain poorly
understood. Furthermore, existing studies lack com-
prehensive in vivo models that capture the complexity
of human cancer progression, particularly in advanced
stages like metastasis.

Addressing these gaps is crucial for a deeper under-
standing of the carcinogenic potential of phthalates and
their role in environmental cancer risk. Future research
should prioritize: [1] developing standardized method-
ologies to evaluate phthalate-induced AhR activation in
diverse biological contexts [2], investigating genetic and
environmental factors that may modulate these effects,
and [3] employing advanced models, including patient-
derived organoids and animal studies, to elucidate the
interplay between phthalates and cancer biology. These
steps will enable the design of targeted interventions and
regulatory policies to mitigate the potential health risks
associated with phthalate exposure.
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