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Polycyclic aromatic hydrocarbon derivatives, as a class of environmental 
pollutants, often exhibit higher toxicity than their parent polycyclic aromatic 
hydrocarbons, posing potential health risks. This study selected the potentially 
estrogenic derivative 3-hydroxybenz[a]anthracene as the research subject. Using 
the estrogen receptor-positive breast cancer cell line T47D as a model, the effects 
of this compound on cell proliferation, migration, invasion, and apoptosis were 
evaluated through EdU staining, colony formation, scratch healing, Transwell 
invasion, and apoptosis assays to evaluate its effects on cell proliferation, 
migration, invasion, and apoptosis. Western blot analysis was employed to 
detect the expression of relevant signaling proteins. Results indicate that 3- 
hydroxybenz[a]anthracene promotes T47D cell proliferation by activating the 
PI3K/AKT signaling pathway, thereby upregulating AKT, p-AKT, and c-Myc 
protein expression. It enhances cell migration and invasion by downregulating 
E-Cadherin and MMP9 while simultaneously upregulating Vimentin and 
MMP2 protein expression. Furthermore, this compound simultaneously 
upregulates Bax and Bcl-2 expression, ultimately inducing apoptosis in T47D 
cells. This study confirms that 3-hydroxybenz[a]anthracene exhibits estrogen-like 
activity in vitro and can influence malignant biological behaviors of breast cancer 
cells by regulating relevant signaling pathways. These findings provide 
experimental evidence for further evaluating the endocrine-disrupting effects 
and breast cancer risks associated with such environmental pollutants.

KEYWORDS

3-hydroxybenz[a]anthracene, breast cancer cells, estrogen-like activity, cell progression, 

protein regulation

1 Introduction

Breast cancer is ranked among the globally most prevalent cancers affecting women, 
having a notably high incidence rate and a clear recent trend toward younger populations 
(Peng et al., 2024). While breast cancer treatment options continually diversify, many 
therapies are associated with considerable side effects, substantial financial burden, and the 
risk of drug resistance and disease recurrence following long-term medication (Li et al., 
2025). Therefore, alongside actively refining treatment protocols, strengthening prevention 
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at its source is of paramount importance. The development of 
breast cancer is related to multiple contributing factors, such as 
genetic predisposition, prolonged emotional stress, living 
environment, and irregular lifestyle patterns (Niebauer et al., 
2021). Among them, the relationship between the living 
environment and breast cancer development warrants 
particular attention since long-term exposure to polluted 
environments may increase the risk of several diseases, including 
breast cancer (Quoc et al., 2023). Despite the beneficial effects of 
industrialization, it has also led to varying degrees of pollution in the 
air, water, and soil, so actively mitigating and avoiding 
environmental risks should be a crucial component of breast 
cancer prevention strategies.

Polycyclic aromatic hydrocarbons (PAHs) and their derivatives 
are a class of organic compounds widely present in the environment. 
PAHs consist of two or more fused benzene rings (Montano et al., 
2025) and exhibit high molecular weight, elevated melting and 
boiling points, low vapor pressure, strong hydrophobicity, poor 
biodegradability, and chemical stability (Zhang X. et al., 2023). The 
majority of PAHs are carcinogenic, teratogenic, and mutagenic 
(Cheng et al., 2023; Ju et al., 2022). PAHs primarily originate 
from human activities, e.g., barbecuing, automobile emissions, 
and industrial wastewater discharges (Petrón et al., 2025; Wang 
et al., 2022; Wu et al., 2020), which closely delineate the main PAHs 
exposure routes: inhalation, ingestion, and dermal contact (Zhang 
et al., 2025). PAHs and their derivatives were reported to increase 
cancer risk in humans (Lee et al., 2020), and multiple PAHs were 
classified as potential carcinogens and endocrine disruptors (Hwang 
et al., 2019). Furthermore, PAHs exposure may elevate the risk of 
cardiovascular diseases, including atherosclerosis, hypertension, 
thrombosis, and myocardial infarction (Mallah et al., 2022). The 
formation of PAH derivatives via oxidation, nitration, 
hydroxylation, and alkylation, and in complex ecological 
environments, is also of high interest (Zhang Y. et al., 2023) 
because they often exhibit stronger carcinogenic and mutagenic 
potential, although they typically exist at lower concentrations than 
their parent PAHs (Liu et al., 2020). Therefore, PAH derivatives 
should be further studied.

Epidemiological studies indicated that exposure to PAHs and 
their derivatives increased the risk of breast cancer incidence and 
mortality (Amadou et al., 2021; Mordukhovich et al., 2016; Shen 
et al., 2017), but little research was devoted to the estrogenic effects 
of these compounds on breast cancer. 3-hydroxybenz[a]anthracene 
(3-OH-B[a]A) is not only a ubiquitous atmospheric pollutant 
(Honda et al., 2022), but also one of the primary hydroxylated 
metabolites of benz[a]anthracene, the parent compound of PAHs, in 
human urine (Gündel and Angerer 2000). Competition assay and 
yeast two-hybrid assay expressing human estrogen receptor (hER) 
showed that 3-OH-B[a]A can bind to hER and exhibit estrogenic 
activity (Hayakawa et al., 2008). However, its estrogen-like effects on 
breast cancer cells and the underlying toxicological mechanisms 
were not systematically studied. Therefore, we selected the estrogen 
receptor-positive breast cancer T47D cell line as a model to 
investigate the effects of 3-OH-B[a]A on cellular proliferation, 
migration, invasion, and apoptotic behavior and determine the 
underlying molecular mechanisms. These findings provide 
scientific evidence for the estrogen-mimetic activity of PAH 
derivatives and shed light on their role in breast cancer 

development, laying a foundation for related risk assessment and 
prevention strategies.

2 Materials and methods

2.1 Materials

3-hydroxybenz[a]anthracene (3-OH-B[a]A) was purchased 
from Shanghai Aladdin Bio-Chem Technology Co., Ltd 
(Shanghai, China). 17β-estradiol (E2) was obtained from 
Shandong Sikejie Biotechnology Co., Ltd (Jinan, China). The 
stock solutions were prepared by dissolving the chemical in 
dimethylsulfoxide (DMSO, MP Biomedicals) and kept at 4 °C in 
darkness. Activated charcoal-treated fetal bovine serum was 
purchased from Beijing Zoman Biotechnology Co., Ltd (Beijing, 
China). One-Step TUNEL Apoptosis Detection Kit were obtained 
from Abbkine Scientific Co., Ltd (Wuhan, China). Cell-Light EdU 
Apollo567 in vitro kit was purchased from Guangzhou Ribo Bio Co., 
Ltd. (Guangzhou, China). Triton X-100 and Glycine were purchased 
from Macklin Corporation (Jinan, China). Crystal violet saining 
solution was purchased from Shanghai Beyotime Biotechnology Co., 
Ltd. (Shanghai, China). Paraformaldehyde was obtained from 
Wuhan Servicebio Technology Co., Ltd. (Wuhan, China). 
Matrigel matrix was purchased from ABW (Shanghai, China).

2.2 Cell line, culture and working solutions

Human breast cancer cell T47D was used as the in vitro assay 
model in this paper. T47D cells were cultured in 1640 (Sikejie, Jinan, 
China) containing 10% fetal bovine serum (FBS, Abbkine, Wuhan, 
China), 100 U/mL penicillin, and 100 μg/mL streptomycin (Sikejie, 
Jinan, China). The incubations were kept in a humidified 
atmosphere of 5% CO2 at 37 °C.

The 3-OH-B[a]A mother liquor was diluted into 0.4 μM and 
2 μM working solution with complete culture medium; the E2 

mother solution was diluted into 0.5 nM and 5 nM working 
solution, and the final concentration of DMSO is ≤ 0.1%. The 
concentrations of 3-OH-B[a]A used in this study (0.4 μM and 2 μM) 
were selected based on preliminary E-screen assays that showed 
clear dose–response relationships. In these assays, exposure to 
0.4 μM and 2 μM 3-OH-B[a]A resulted in the two highest 
increases in MCF-7 cell viability after 48 h, with a significant 
increase observed at 0.4 μM (unpublished data). Effects and 
underlying mechanisms of 0.4 μM and 2 μM 3-OH-B[a]A on the 
progression of T47D cells should be further investigated.

Based on preliminary screening, 0.5 nM E2 was selected as the 
positive control for cell proliferation and apoptosis assays, and 5 nM 
E2 was selected as the positive control for cell migration and 
invasion assays.

2.3 Antibobies

Primary antibodies used were: rabbit monoclonal to β-Actin 
(Beyotime, Shanghai, China, Cat # AF5003; 1:1000 dilution); mouse 
monoclonal to AKT (Proteintech, Wuhan, China, Cat # 60203-2-Ig; 
1:5000 dilution); rabbit monoclonal to p-AKT (Ser473) (Beyotime, 
Shanghai, China, Cat # AF1546; 1:1000 dilution); rabbit polyclonal 

Frontiers in Cell and Developmental Biology frontiersin.org02

Song et al. 10.3389/fcell.2026.1794498

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1794498


to c-Myc (Beyotime, Shanghai, China, Cat # AF6513; 1: 
1000 dilution); mouse monoclonal to E-Cadherin (Beyotime, 
Shanghai, China, Cat # AF0138; 1:1000 dilution); mouse 
monoclonal to Vimentin (Beyotime, Shanghai, China, Cat # 
AF0318; 1:1000 dilution)rabbit polyclonal to MMP2 (Proteintech, 
Wuhan, China, Cat # 10373-2-AP; 1:1000 dilution); rabbit 
polyclonal to MMP9 (Beyotime, Shanghai, China, Cat # AF5234; 
1:1000 dilution); rabbit monoclonal to Bax (Beyotime, Shanghai, 
China, Cat # AF1270; 1:1000 dilution); rabbit monoclonal to Bcl-2 
(Proteintech, Wuhan, China, Cat # 80313-1-RR; 1:5000 dilution). 
Secondary antibodies used were: HRP-labeled Goat Anti-Rabbit 
IgG(H + L) (Beyotime, Shanghai, China, Cat # A0208; 1: 
1000 dilution); HRP-labeled Goat Anti-Mouse IgG(H + L) 
(Beyotime, Shanghai, China, Cat # A0216; 1:1000 dilution).

2.4 EdU cell proliferation detection

The effect of 3-OH-B[a]A on the proliferation of breast cancer 
cells was evaluated using an EdU Apollo567 Cell Fluorescence 
in vitro kit. A stock solution of 3-OH-B[a]A was diluted to 
working concentrations of 0.4 and 2 μM in an RPMI-1640 
medium supplemented with 5% activated charcoal-treated fetal 
bovine serum and 1% penicillin-streptomycin (double antibody). 
An E2 stock solution was diluted to a 0.5 nM working concentration 
using the same medium, with the final DMSO concentration 
maintained at ≤ 0.1% in all groups. T47D cells were pre-cultured 
in an RPMI-1640 medium containing 5% charcoal-stripped FBS and 
1% double antibody for 24 h, then seeded into 12-well plates at a 
density of 1.0 × 105 cells/well and incubated in a CO2 incubator. 
After 24 h of cell adhesion, the medium was replaced with fresh 
medium containing the aforementioned working solutions; at 68 h 
post-exposure, the EdU reagent was added, and the cells were 
further incubated for 4 h, followed by sequential procedures of 
cell fixation, Apollo staining, and DNA staining.

2.5 Colony formation assay

T47D cells were seeded into 6-well plates at a density of 400 cells/ 
well and incubated in a CO2 incubator. After 24 h of culture to allow 
cell adhesion, the original culture medium was discarded, and the 
cells were treated with culture media containing the respective 
working solutions. The drug-containing media were refreshed 
every 2–3 days, and the cells were cultured for 15 consecutive 
days. The cells were then washed twice with PBS, fixed with 4% 
paraformaldehyde, and stained with crystal violet. Colonies 
containing more than 50 cells were counted. The experiment was 
performed in triplicate.

2.6 Scratch assay

T47D cells were seeded into 24-well plates at a density of 1.9 × 
105 cells/well and cultured in the CO2 incubator. After the cells 
adhered to the plate, the medium was replaced with an 1% RPMI 
1640 medium for 24-h starvation. A 10 μL pipette tip was used to 
scratch the cell monolayer vertically from top to bottom in each well; 
afterward, the medium was discarded, and the cells were washed 
twice with PBS. Subsequently, the cells in different groups were 
treated with culturing media containing different working solutions, 

and the same position of the scratch was imaged under a microscope 
at 0, 12, 24, 36, and 48 h post-scratch exposure.

2.7 Transwell invasion assay

Matrigel was mixed with a basic medium at a ratio of 1:8, and the 
mixture was added to the bottom of the Transwell insert, which was 
then placed in the CO2 incubator to allow the gel to solidify. The 
Transwell insert was taken out, excess liquid was discarded, and an 
appropriate cell suspension was prepared using a basic medium 
containing 5 nM E2 and different concentrations of 3-OH-B[a]A; 
T47D cells were seeded into the Transwell insert at a density of 5 × 
104 cells/insert, while a 10% RPMI 1640 medium was added to the 
lower chamber, followed by incubation in the CO2 incubator for 
72 h. After incubation, the 24-well plate was taken out, and the 
matrigel remaining in the upper layer of the Transwell insert was 
removed with a cotton swab. The insert was washed twice with PBS, 
fixed with 4% paraformaldehyde solution, stained with crystal violet, 
rinsed with ultrapure water, and then inverted and air-dried.

2.8 One-step TUNEL assay for 
apoptosis detection

The apoptotic effect of 3-OH-B[a]A on breast cancer cells was 
evaluated using a one-step TUNEL assay kit. Working solutions of 
3-OH-B[a]A (0.4 and 2 μM) and E2 (0.5 nM) were prepared by 
diluting the respective stock solutions with the RPMI-1640 medium 
supplemented with 5% activated charcoal-treated fetal bovine serum 
and 1% penicillin/streptomycin, ensuring a final DMSO 
concentration of ≤ 0.1%. T47D cells were seeded in 96-well 
plates at a density of 1.5 × 104 cells/well and cultured in the 
same medium for 24 h in the CO2 incubator to allow 
attachment. After 24 h, the medium was replaced with treatment 
media containing the respective working solutions. Following 72 h 
of exposure, the cells were fixed and subjected to TUNEL staining 
and DAPI counterstaining.

2.9 Western blot

For the detection of AKT, p-AKT, c-Myc, Bax, and Bcl-2 
proteins, T47D cells were cultured for 24 h in the RPMI-1640 
medium supplemented with 5% activated charcoal-treated fetal 
bovine serum and 1% double-antibody. T47D cells were seeded 
at a density of 6.0 × 105 cells/well in 6-well plates and incubated in 
the CO2 incubator. After 24 h of cell attachment, the 3-OH-B[a]A 
stock solution was diluted to 0.4 and 2 μM working solutions in the 
RPMI-1640 medium supplemented with 5% activated charcoal- 
treated fetal bovine serum and 1% dual antibodies; the E2 stock 
solution was diluted to 0.5 and 5 nM working solutions. The final 
DMSO concentration was ≤ 0.1%. Media containing different 
working solutions were added. For the detection of E-Cadherin, 
Vimentin, MMP2, and MMP9 proteins, T47D cells were seeded at 
6.0 × 105 cells/well in 6-well plates and cultured in the CO2 

incubator. After 24 h of cell attachment, the cells were starved 
for 24 h in an RPMI-1640 medium supplemented with 1% FBS and 
1% double antibody. The 3-OH-B[a]A stock solution was diluted 
into 0.4 and 2 μM working solutions in the RPMI-1640 medium 
containing 1% FBS and 1% double antibody. The E2 stock solution 
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was diluted to 0.5 and 5 nM working solutions, ensuring a final 
DMSO concentration of ≤ 0.1%. The respective working solutions 
were added to the culture medium. After 72 h exposure, cells were 
lysed on ice using a cell lysis buffer containing protease and 
phosphatase inhibitors to collect total cellular proteins. Protein 
concentrations were measured using the BCA assay. SDS-PAGE 
was performed at concentrations that were selected based on the 
protein molecular weight, followed by electrophoresis and 
membrane transfer. Blocking was performed with 5% skim milk 
powder or 5% BSA for 1.5 h, then it was incubated with primary 
antibody overnight, washed four times with 1×TBST (10 min/wash), 
incubated with secondary antibody for 1.5 h, washed four times with 
1×TBST (10 min/wash), and finally developed.

2.10 Statistical analysis

One-way ANOVA was used for the analysis using GraphPad 
Prism 9.5 software. Data is expressed as mean ± SD. All the 
experiments were carried out in triplicate to ensure reproducibility.

3 Results

3.1 Proliferative effects of 3-hydroxybenz[a] 
anthracene in T47D cells

Following 72 h exposure of T47D cells to varying concentrations 
of 3-OH-B[a]A and 17β-estradiol (E2), proliferation was assessed 
(Figure 1). As shown in Figure 1A, treatment with 0.5 nM E2 or 2 μM 
3-OH-B[a]A markedly increased the number of EdU-positive cells 
compared to the control. Quantitative analysis (Figure 1B) 

confirmed that the proportion of proliferative cells was 
significantly elevated in the 0.5 nM E2 and 2 μM 3-OH-B[a]A 
treatment groups (p < 0.05 or p < 0.001), reaching 15.95% and 
20.13%, respectively. In contrast, 0.4 μM 3-OH-B[a]A did not 
significantly alter the proportion of proliferative cells (12.57%), a 
level comparable to the control. Direct comparison showed that 
2 μM 3-OH-B[a]A induced an even higher proportion of 
proliferative cells (20.13%) than 0.5 nM E2, indicating potent 
estrogen-like proliferative activity. Collectively, these findings 
indicate that 3-OH-B[a]A at 2 μM significantly enhances the 
proliferative capacity of T47D cells.

3.2 Colony-promoting effects of 3- 
hydroxybenz[a]anthracene in T47D cells

The effects of 15-day exposure to varying concentrations of 3- 
OH-B[a]A and E2 on the clonogenic potential of T47D cells are 
presented in Figure 2. As illustrated in Figure 2A, treatment with 
0.5 nM E2 or 2 μM 3-OH-B[a]A resulted in a marked increase in the 
number of colonies formed compared with the control 
group. Quantitative evaluation shown in Figure 2B further 
confirmed that colony formation rates were 59.38% in the 0.5 nM 
E2 group, 50.50% in the 0.4 μM 3-OH-B[a]A group, and 57.42% in 
the 2 μM 3-OH-B[a]A group. Both the 0.5 nM E2 and 2 μM 3-OH-B 
[a]A groups showed significantly elevated colony formation 
compared to the control (p < 0.05). Notably, 2 μM 3-OH-B[a]A 
exhibited colony-forming activity comparable to, though slightly 
lower than, that of 0.5 nM E2, whereas 0.4 μM 3-OH-B[a]A did 
not induce any significant change in clonogenic capacity. 
Collectively, these findings indicate that exposure to 3-OH-B[a]A 
at 2 μM significantly enhances the clonogenic potential of T47D cells.

FIGURE 1 
Effects of 3-OH-B[a]A and E2 on T47D cell proliferation after 72 h of exposure (n = 3). (A) Representative fluorescence images showing T47D cell 
proliferation following treatment with 3-OH-B[a]A and E2 for 72 h. (B) Quantitative comparison of the proportion of proliferative cells derived from (A). 
Data are presented as mean ± SD. *p < 0.05 and ***p < 0.001 versus the vehicle control.
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3.3 Migratory effects of 3-hydroxybenz[a] 
anthracene in T47D cells

The migratory behavior of T47D cells following exposure to 
varying concentrations of 3-OH-B[a]A and E2 over 0, 12, 24, 36, and 
48 h is presented in Figure 3. As shown in Figures 3C–E, treatment 
with 5 nM E2, 0.4 μM, or 2 μM 3-OH-B[a]A resulted in significantly 
increased relative migration areas compared with the control group 
at 24 h, 36 h, and 48 h (p < 0.05, p < 0.01, or p < 0.001), reaching 1.36, 
1.46 and 1.26 (24 h), 1.25, 1.20 and 1.18 (36 h), and 1.19, 1.19 and 
1.17 (48 h), respectively. The relative migration area in the 0.4 μM 
and 2 μM 3-OH-B[a]A-treated groups peaked at 24 h. Consistent 
with these findings, Figure 3B shows that no significant differences 
in relative migration area were observed among any treatment 
groups following 12 h of exposure. Collectively, these findings 
demonstrate that exposure to 0.4 μM and 2 μM 3-OH-B[a]A 
markedly enhances the migration capacity of T47D cells, with the 
maximal effect observed at 24 h.

3.4 Invasive effects of 3-hydroxybenz[a] 
anthracene in T47D cells

Figure 4 illustrates the invasive response of T47D cells following 
72 h of exposure to varying concentrations of 3-OH-B[a]A and E2. 
As shown in Figure 4A, a marked increase in the number of cells 
penetrating the polyester membrane is observed after 72 h of 

exposure to 5 nM E2, 0.4 μM 3-OH-B[a]A, and 2 μM 3-OH-B[a] 
A compared with the untreated control. Quantitative analysis 
(Figure 4B) confirmed that all three treatments significantly 
enhance the invasion rate of T47D cells (p < 0.01 or p < 0.001), 
with invasion rates reaching 158.55% for 5 nM E2, 156.97% for 
0.4 μM 3-OH-B[a]A, and 174.93% for 2 μM 3-OH-B[a]A relative to 
the control (set as 100%). Notably, the highest invasion rate 
(174.93%) is achieved with 2 μM 3-OH-B[a]A treatment, while 
the invasion rates induced by 5 nM E2 and 0.4 μM 3-OH-B[a]A are 
comparable. Collectively, these findings demonstrate that both 
0.4 μM and 2 μM 3-OH-B[a]A significantly promote the invasive 
capacity of T47D cells.

3.5 Apoptotic effects of 3-hydroxybenz[a] 
anthracene in T47D cells

Figure 5 depicts the apoptotic response of T47D cells following 
72 h of exposure to varying concentrations of 3-OH-B[a]A and E2. 
As shown in Figure 5A, a marked increase in TUNEL-positive cells 
was observed in cells treated with 0.5 nM E2, 0.4 μM, and 2 μM 3- 
OH-B[a]A relative to the untreated control. Quantitative analysis 
(Figure 5B) revealed that the proportion of apoptotic cells was 1.88% 
in the control group, 4.39% in the 0.5 nM E2 group, 6.36% in the 
0.4 μM 3-OH-B[a]A group, and 6.52% in the 2 μM 3-OH-B[a]A 
group. All three treatments significantly promoted apoptotic activity 
(p < 0.01 or p < 0.001). The highest proportion of apoptotic cells 

FIGURE 2 
Effects of 3-OH-B[a]A and E2 on colony formation of T47D cells after 15 days of exposure (n = 3). (A) Representative images of T47D cell colonies 
following treatment with 3-OH-B[a]A and E2 for 15 days. (B) Quantitative analysis of colony formation rate derived from (A). Data are presented as mean ± 
SD. *p < 0.05 versus the vehicle control.
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FIGURE 3 
Effects of 3-OH-B[a]A and E2 on the migration of T47D cells over 0–48 h (n = 3). (A) Representative images showing T47D cell migration following 
treatment with 3-OH-B[a]A and E2 for 0, 12, 36, and 48 h (B–E) Quantitative comparison of the relative migration area derived from (A). Data are presented 
as mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the vehicle control.
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(6.52%) was achieved with 2 μM 3-OH-B[a]A, followed by 0.4 μM 3- 
OH-B[a]A (6.36%). Collectively, these findings demonstrate that 
both 0.4 μM and 2 μM 3-OH-B[a]A significantly enhance the 
apoptotic capacity of T47D cells.

3.6 Modulation of protein expression by 3- 
OH-B[a]A in T47D cells

Exposure of T47D cells to varying concentrations of 3-OH-B 
[a]A and E2 for 72 h resulted in significant changes in the 
expression levels of selected proteins. Figure 6 presents 
Western blot analyses evaluating the effects of 3-OH-B[a]A 
and E2 on the expression of AKT, phosphorylated AKT 
(p-AKT), and p-AKT/AKT ratio in T47D cells. As shown in 
Figures 6A,B, treatment with E2 at concentrations of 0.5 nM and 
5 nM did not produce any significant alteration in total AKT 
protein levels relative to the control (relative expression: 
0.83 and 1.09, respectively). In contrast, exposure to 0.4 μM 
3-OH-B[a]A resulted in a significant upregulation of AKT 
protein expression (1.39-fold compared with the control), 
whereas treatment with 2 μM 3-OH-B[a]A produced no 
statistically significant change (relative expression: 1.10), 
reflecting the response observed in the E2-treated groups. 
Collectively, these findings demonstrate that 3-OH-B[a]A at 
0.4 µM selectively enhances AKT protein expression in 
human breast cancer T47D cells.

As shown in Figures 6C,D, treatment with E2 at concentrations 
of 0.5 nM and 5 nM significantly enhanced p-AKT protein 

expression relative to the control, with relative expression levels 
of 1.77 and 1.85, respectively. Similarly, exposure to 0.4 μM and 
2 μM 3-OH-B[a]A notably increased the level of p-AKT protein 
(1.34 and 1.44, respectively), consistent with the effects observed in 
the E2-treated groups. Collectively, these data demonstrate that 3- 
OH-B[a]A at 0.4 μM and 2 μM enhances AKT phosphorylation in 
human breast cancer T47D cells.

To further assess AKT pathway activation, we calculated the 
p-AKT/AKT ratio based on densitometric analysis (Figure 6E). 
Compared to the control group, 2 μM 3-OH-B[a]A significantly 
increased the p-AKT/AKT ratio (p < 0.05), while 0.4 μM 3-OH-B[a] 
A showed a trend toward elevation but did not reach statistical 
significance. As positive controls, 0.5 nM and 5 nM E2 both 
markedly increased the p-AKT/AKT ratio (p < 0.001 and p < 
0.01, respectively). These results indicated that 2 μM 3-OH-B[a]A 
enhanced AKT phosphorylation, consistent with its estrogen-like 
activity, whereas the effect of 0.4 μM 3-OH-B[a]A on this ratio was 
not statistically significant despite its impact on total AKT 
expression.

Western blot analysis assessing the effects of 3-OH-B[a]A and E2 

on T47D cells revealed the expression profiles of c-Myc (Figure 7). 
As illustrated in Figures 7A,B, exposure to E2 at 0.5 nM and 5 nM 
significantly increased c-Myc expression relative to the control, with 
relative expression levels of 2.87 and 2.74, respectively. Consistent 
with this trend, treatment with 2 μM 3-OH-B[a]A also markedly 
upregulated c-Myc levels (1.81), whereas exposure to 0.4 μM of the 
compound produced no statistically significant change (1.19). 
Collectively, these data demonstrate that 3-OH-B[a]A at 2 μM 

FIGURE 4 
Effects of 3-OH-B[a]A and E2 on the invasion of T47D cells after 72 h of exposure (n = 3) (A). Representative images showing T47D cell invasion 
following treatment with 3-OH-B[a]A and E2 for 72 h (B). Quantitative analysis of the invasion rate derived from (A). Data are presented as mean ± SD. **p < 
0.01 and ***p < 0.001 versus the vehicle control.
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enhances c-Myc protein expression in human breast cancer 
T47D cells.

Western blot analysis assessing the effects of 3-OH-B[a]A and E2 

on T47D cells revealed the expression profiles of E-Cadherin, 
Vimentin, MMP2, and MMP9 (Figure 8). As shown in Figures 
8A,B, treatment with E2 at 0.5 nM and 5 nM significantly 
downregulated E-Cadherin expression relative to the control, 
with relative expression levels of 0.71 and 0.70, respectively. 
Similarly, exposure to 0.4 μM and 2 μM 3-OH-B[a]A resulted in 
a marked reduction of E-Cadherin protein levels (0.69 and 0.73, 
respectively). Collectively, these findings indicate that 3-OH-B[a]A 
at 0.4 μM and 2 μM downregulates E-Cadherin expression in human 
breast cancer T47D cells.

As illustrated in Figures 8C,D, treatment with 0.5 nM and 5 nM 
E2 resulted in a significant increase in Vimentin expression 
compared with the control, with relative expression levels of 
1.39 and 1.18, respectively. Similarly, exposure to 0.4 μM and 
2 μM 3-OH-B[a]A markedly upregulated Vimentin protein levels 
(1.22 and 1.18, respectively). Collectively, these findings indicate that 
3-OH-B[a]A at 0.4 μM and 2 μM upregulates Vimentin expression 
in human breast cancer T47D cells.

As shown in 8E,F, exposure to 5 nM E2 significantly increased 
MMP2 expression relative to the control (1.28), whereas treatment 
with 0.5 nM E2 did not result in a statistically significant change 
(1.06). Similarly, T47D cells treated with both 0.4 μM and 2 μM 3- 
OH-B[a]A exhibited a marked upregulation of MMP2 levels, with 
relative expression values of 1.22 and 1.16, respectively. Collectively, 
these findings demonstrate that 3-OH-B[a]A at 0.4 μM and 2 μM 

upregulates MMP2 protein expression in human breast cancer 
T47D cells.

As shown in Figures 8G,H, treatment with E2 at 0.5 nM and 
5 nM significantly decreased MMP9 expression compared with the 
control, with relative expression levels of 0.81 and 0.78, respectively. 
Similarly, exposure of T47D cells to 0.4 μM 3-OH-B[a]A resulted in 
a significant downregulation of MMP9 levels (0.75), whereas 
treatment with 2 μM of the compound did not induce a 
statistically significant change (0.86). Collectively, these findings 
indicate that exposure to 3-OH-B[a]A at 0.4 µM significantly 
downregulates MMP9 protein expression in human breast cancer 
T47D cells.

Figure 9 presents Western blot analyses examining the effects of 
3-OH-B[a]A and E2 on the expression of the apoptosis-related 
proteins Bax, Bcl-2, and Bax/Bcl-2 ratio in T47D cells. As shown 
in Figures 9A,B, treatment with 0.5 nM and 5 nM E2 resulted in a 
significant upregulation of Bax protein expression relative to the 
control, with relative expression levels of 1.42 and 2.09, respectively. 
Similarly, exposure to 0.4 μM and 2 μM 3-OH-B[a]A markedly 
increased Bax levels (1.50 and 1.67, respectively). Collectively, these 
findings demonstrate that 3-OH-B[a]A at 0.4 μM and 2 μM 
upregulates Bax protein expression in human breast cancer 
T47D cells.

As shown in Figures 9C,D, treatment with 5 nM E2 resulted in a 
significant upregulation of Bcl-2 protein expression relative to the 
control, with relative expression levels of 1.40, whereas treatment 
with 0.5 nM E2 did not result in a statistically significant change. 
Similarly, exposure to 0.4 μM and 2 μM 3-OH-B[a]A markedly 

FIGURE 5 
Effects of 3-OH-B[a]A and E2 on apoptosis of T47D cells after 72 h of exposure (n = 3) (A). Representative images showing apoptosis of T47D cells 
following treatment with 3-OH-B[a]A and E2 for 72 h, as assessed by the TUNEL assay. Arrows indicate TUNEL-positive apoptotic cells (B). Quantitative 
analysis of the proportion of TUNEL-positive cells derived from (A). Data are presented as mean ± SD. **p < 0.01 and ***p < 0.001 versus the 
vehicle control.
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FIGURE 6 
Effect of 3-OH-B[a]A and E2 on the expression of AKT, p-AKT, and p-AKT/AKT ratio in T47D cells (n = 3). (A) Representative immunoblot showing AKT 
expression in T47D cells following treatment with 3-OH-B[a]A and E2. (B) Quantitative analysis of relative AKT protein expression corresponding to (A,C) 
Representative immunoblot showing p-AKT expression. (D) Quantitative analysis of relative p-AKT expression corresponding to (C,E) The p-AKT/AKT ratio 
is expressed as fold change relative to the control group (set as 1). Data are presented as mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the 
vehicle control.
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increased Bcl-2 levels (1.41 and 1.38, respectively). Collectively, 
these findings demonstrate that 3-OH-B[a]A at 0.4 μM and 2 μM 
upregulates Bcl-2 protein expression in human breast cancer 
T47D cells.

Figure 9E showed that despite increased Bcl-2 expression, the 
Bax/Bcl-2 ratio was significantly elevated in both 3-OH-B[a]A- 
treated groups relative to the control, reaching levels comparable 
to the pro-apoptotic effect of 0.5 nM E2. This confirmed that 3-OH- 
B[a]A shifted the BCL-2 family balance towards apoptosis via BCL-2 
family regulation.

4 Discussion

In this study, a series of experiments was conducted for the 
first time to evaluate the estrogen-like effects of the PAH 
derivative 3-OH-B[a]A on the ER-positive T47D breast cancer 
cell line and its malignant phenotypes. The obtained results 
indicate that 3-OH-B[a]A significantly enhances estrogen 
activity in T47D cells, thereby promoting cell proliferation, 
migration, and invasion while simultaneously inducing 
apoptosis. It was previously reported that estrogenic 
compounds promoted the malignant progression of breast 
cancer cells. For example, the environmental endocrine- 
disrupting chemicals (EDCs) like bisphenol A and 
dodecafluoro-1,6-diiodohexane significantly enhanced the 
proliferation of estrogen receptor-positive MCF-7 and T47D 
breast cancer cells (Lloyd, et al., 2019; Song, et al., 2018). 
Treatment with triclosan and bisphenol A induced anti- 
apoptosis in VM7Luc4E2 breast cancer cells (Lee, et al., 2018), 
while bisphenol A and nonylphenol (NP) have the potential to 
promote epithelial-mesenchymal transition (EMT) and migration 
of estrogen-responsive cancers (Kim, et al., 2015). Long-term 
exposure to 10−7 M of triclosan increased the migration and 
invasion of estrogen-responsive MCF-7 breast cancer cells 
(after 17 weeks) (Farasani and Darbre, 2021). All these studies 
demonstrate an increased risk of breast cancer development 
following exposure to estrogenic endocrine disruptors.

We investigated whether 3-OH-B[a]A influences T47D breast 
cancer cell proliferation via the PI3K/AKT signaling pathway. Based 
on the performed EdU fluorescence experiments and cell colony 
formation assays, 3-OH-B[a]A was observed to promote T47D cell 
proliferation. The PI3K/AKT pathway is abnormally activated in 
multiple cancers, promoting tumor growth and metastasis. For 
instance, in thyroid cancer, the STAT3-induced lncRNA 
ABHD11-AS1 promotes progression by regulating this pathway 
(Wen et al., 2019), while in lung adenocarcinoma, GPM6A 
upregulation suppresses the PI3K/AKT pathway to reduce cell 
proliferation (Zhang et al., 2022). In colorectal cancer, 
SPAG5 promotes malignant phenotypes by activating PI3K/AKT 
(Zhang X. et al., 2023), while DMC-BH exerts anticancer effects by 
inhibiting this pathway (Liu et al., 2023). The effects of 3-OH-B[a]A 
on the expression of key proteins in the PI3K/AKT pathway were 
studied. The results in Figure 6 showed that 3-OH-B[a]A 
significantly upregulates AKT and p-AKT expression, suggesting 
that it may promote cell proliferation by activating the PI3K/AKT 
pathway. It is well documented that estrogen primarily regulates 
AKT activity through rapid phosphorylation rather than altering 
total AKT protein expression (Guo et al., 2006; Lee et al., 2005). The 
p-AKT/AKT ratio is therefore the standard measure of pathway 
activation (Guo et al., 2006). Consistent with this canonical 
mechanism, our results showed that 0.5 nM and 5 nM E2 

increased p-AKT levels without significantly affecting total AKT 
expression (Figure 6), further supporting the validity of our 
experimental system. As shown in Figure 6E, 2 μM 3-OH-B[a]A 
significantly elevated the p-AKT/AKT ratio compared with the 
control, suggesting enhanced AKT phosphorylation. These 
findings further validated the pro-proliferative effect of 3-OH-B 
[a]A in T47D cells. Additionally, 3-OH-B[a]A significantly 
increased the expression of the transcription regulator c-Myc, 
which plays a pivotal role in tumorigenesis and progression, 
regulating processes including cell proliferation, cell cycle 
progression, and apoptosis (Jiang et al., 2022; Vita and 
Henriksson, 2006). This finding further supported the pro- 
proliferative effect of 3-OH-B[a]A on the T47D breast 
cancer cell line.

FIGURE 7 
Effect of 3-OH-B[a]A and E2 on the expression of c-Myc in T47D cells (n = 3). (A) Representative immunoblot showing c-Myc expression in T47D cells 
following treatment with 3-OH-B[a]A and E2. (B) Quantitative analysis of relative c-Myc protein expression corresponding to (A). Data are presented as 
mean ± SD. **p < 0.01 and ***p < 0.001 versus the vehicle control.
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Metastasis is the leading cause of cancer-related deaths 
worldwide, representing a complex process involving multiple 
steps such as cancer cell dissemination, invasion, migration, 
hematogenous spread, hemorrhage, and implantation (Saxena 
et al., 2020). EMT serves as a key driving mechanism, playing a 
critical role in cancer progression by conferring migratory and 

invasive capabilities to cancer cells (Mittal, 2018; Saxena et al., 
2020). Based on the conducted wound healing assays that 
indicated that 3-OH-B[a]A may promote T47D cell migration, 
we examined its effects on the expression of key EMT markers. 
3-hydroxy-B(a) significantly downregulated the expression of the 
epithelial marker protein E-Cadherin and simultaneously 

FIGURE 8 
Effects of 3-OH-B[a]A and E2 on the expression of E-Cadherin, Vimentin, MMP2, and MMP9 in T47D cells (n = 3). (A) Representative immunoblot 
showing E-Cadherin expression following treatment with 3-OH-B[a]A and E2. (B) Quantitative analysis of relative E-Cadherin protein expression 
corresponding to (A,C) Representative immunoblot showing Vimentin expression. (D) Quantitative analysis of relative Vimentin protein expression 
corresponding to (C,E) Representative immunoblot showing MMP2 expression. (F) Quantitative analysis of relative MMP2 protein expression 
corresponding to (E,G) Representative immunoblot showing MMP9 expression. (H) Quantitative analysis of relative MMP9 protein expression 
corresponding to (G). Data are presented as mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the vehicle control.
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FIGURE 9 
Effect of 3-OH-B[a]A and E2 on the expression of apoptosis-related proteins Bax, Bcl-2, and Bax/Bcl-2 ratio in T47D cells (n = 3). (A) Representative 
immunoblot showing Bax expression following treatment with 3-OH-B[a]A and E2. (B) Quantitative analysis of relative Bax protein expression 
corresponding to (A,C) Representative immunoblot showing Bcl-2 expression. (D) Quantitative analysis of relative Bcl-2 protein expression corresponding 
to (C,E) Quantitative analysis of the Bax/Bcl-2 ratio in T47D cells after treatment with 3-OH-B[a]A and E2. The Bax/Bcl-2 ratio is expressed as fold 
change relative to the control group (set as 1). Data are presented as mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the vehicle control.
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upregulated the expression of the mesenchymal marker protein 
Vimentin. The reduced E-Cadherin expression and the increased 
Vimentin expression are hallmark features of EMT, and similar 
phenomena were reported in other tumor models, such as prostate 
cancer (Jiang, 2025). These changes in protein levels are well- 
correlated with the enhanced cell migration capacity, suggesting 
that 3-OH-B[a]A may promote breast cancer cell migration by 
inducing the EMT process.

Local invasion of tumors into adjacent tissues is regulated by the 
coordinated action of multiple signaling pathways, including 
alterations in tumor cell cytoskeletal dynamics, extracellular matrix, 
and cell adhesion properties (Friedl and Alexander, 2011). During this 
process, matrix metalloproteinases (MMPs) promote tumor invasion 
and metastasis by degrading the components of the extracellular 
matrix (Kawai et al., 2021). Based on the performed Transwell 
invasion assays that suggested that 3-OH-B[a]A may promote 
T47D cell invasion, the effects of 3-OH-B[a]A on MMP2 and 
MMP9 protein expression were studied, indicating that 3-OH-B[a] 
A significantly upregulated MMP2 and downregulated 
MMP9 expression. Although MMP9 was downregulated, invasion 
was significantly enhanced. This discrepancy may be attributed to the 
upregulation of E-Cadherin, which counteracts the reduction in 
invasiveness caused by MMP9 downregulation. It may reflect 
compensatory upregulation of other MMPs (Akhlaghipour and 
Moghbeli, 2024), altered TIMP expression shifting the proteolytic 
balance (Bourboulia and Stetler-Stevenson, 2010), or adoption of 
MMP-independent migration modes (Vérollet et al., 2011). The 
expressions of MMP2 and MMP9 are often regulated by distinct 
signaling pathways. MMP2 expression is closely associated with the 
activation of the TGF-β signaling pathway, while MMP2 deficiency can 
inhibit the activity of this pathway (Lian et al., 2021). In contrast, 
MMP9 expression is frequently positively regulated by the NF-κB 
signaling pathway; inhibiting NF-κB reduces MMP-9 expression and 
attenuates cell invasion (Kim et al., 2012). Therefore, 3-OH-B[a]A may 
promote MMP2 expression by activating the TGF-β pathway while 
simultaneously reducing MMP9 expression through inhibition of the 
NF-κB pathway, thereby jointly influencing cellular invasion capacity. 
However, this hypothesis requires further experimental validation.

Apoptosis is a strictly regulated programmed cell death process 
that plays a crucial role in maintaining tissue homeostasis and 
eliminating abnormal cells (Galluzzi et al., 2018). This process is 
primarily regulated by the B-cell lymphoma 2 (BCL-2) protein 
family, which includes both pro-apoptotic proteins like Bax and 
anti-apoptotic proteins like Bcl-2. The cellular equilibrium between 
pro-apoptotic and anti-apoptotic proteins determines whether a cell 
survives or undergoes death (Sato et al., 2022). Based on the 
conducted TUNEL apoptosis assays, which suggested that 3-OH- 
B[a]A may induce apoptosis in T47D cells, we further examined the 
effects of 3-OH-B[a]A on Bax and Bcl-2 protein expression. The 
concurrent upregulation of both Bax and Bcl-2 by 3-OH-B[a]A may 
seem contradictory. This dual regulatory pattern may be attributed 
to the activation of multiple signaling pathways by the compound: 
the PI3K/AKT/mTOR signaling pathway mediates apoptosis 
inhibition (Zhou et al., 2024), whereas stress-responsive pathways 
elevate Bax levels (Steckley et al., 2007). Despite this, the net effect 
should be determined by the Bax/Bcl-2 ratio, which dictates 
mitochondrial outer-membrane permeabilization. The Bax/Bcl- 
2 ratio, rather than the absolute levels, is a critical determinant of 

apoptosis. Notably, quantitative analysis of the ratio (Figure 9E) 
revealed marked increases in both 3-OH-B[a]A-treated groups and 
the two positive control groups relative to the control group, which 
further verified the transition to a pro-apoptotic phenotype 
(Figure 5). Similar findings were reported in the literature, for 
example, E2 exhibited dual regulatory effects on MCF-7 cell 
apoptosis (Zhou et al., 2024). Although the levels of Bax and Bcl- 
2 increased in this study, cells ultimately underwent apoptosis, 
suggesting that pro-apoptotic signals may dominate or that other 
apoptotic mechanisms were activated.

Although 3-OH-B[a]A simultaneously promoted proliferation, 
migration, and invasion while inducing apoptosis in T47D cells, these 
findings are not necessarily contradictory. The significantly elevated 
Bax/Bcl-2 ratio (Figure 9E) indicates a net shift toward pro-apoptotic 
signaling despite increased Bcl-2 expression. This is consistent with 
the known ability of estrogen-like compounds to concurrently 
activate proliferative pathways and stress-induced apoptotic 
checkpoints. Sustained hyperactivation of proliferative signals may 
trigger intrinsic apoptotic responses as a cellular protective 
mechanism (Fearnhead, 2004; Jordan, 2015; Yang et al., 2007), a 
phenomenon observed in certain endocrine-related contexts. The 
observed apoptosis therefore reflects an intrinsic regulatory response 
that does not negate the overall pro-proliferative and pro-migratory 
effects of 3-OH-B[a]A.

In summary, we confirmed a distinct estrogen-like activity of 
3-OH-B[a]A exhibits in vitro, regulating malignant phenotypes 
such as proliferation, migration, invasion, and apoptosis in breast 
cancer cells by modulating the PI3K/AKT signaling pathway, 
EMT processes, and apoptosis-related protein expression. 
These findings provide experimental evidence for deepening 
the understanding of the endocrine-disrupting effects of PAH 
derivatives and their role in breast cancer initiation and 
progression. They also offer reference values for the risk 
assessment and prevention of related environmental pollutants. 
It should be noted that the concentrations used in this study 
(0.4 and 2 μM) exceed reported human urinary levels of 
hydroxylated PAH metabolites. Biomonitoring data indicate 
that metabolites of high molecular weight PAHs such as benz 
[a]anthracene are detected in less than 5% of the general 
population, with concentrations typically in the low nanomolar 
range (Li et al., 2008). The doses were selected based on 
preliminary experiments to establish clear dose-responses. 
While 0.4 μM may approach the upper limits of environmental 
exposure, 2 μM represents a supra-physiological condition. These 
findings provide mechanistic insights, but future studies using 
environmentally relevant concentrations are warranted. As the 
present study is solely based on in vitro experiments, further 
validation using in vivo models, such as breast cancer xenograft 
models, is necessary to establish a definite conclusion on the 
estrogenic activity of 3-OH-B[a]A on breast cancer. A limitation 
of this study is the use of a single ER-positive breast cancer cell line 
(T47D). While this model is appropriate for investigating 
estrogen-like activities, the inclusion of ER-negative breast 
cancer cell lines in future studies would help determine 
whether the observed effects—including proliferation, 
migration, invasion, and apoptosis modulation—are specifically 
ER-dependent or represent general cellular responses 
independent of ER status. Such comparative approaches would 
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provide more definitive evidence for the role of ER signaling in 
mediating the actions of 3-OH-B[a]A.

It should also be noted that apoptosis was assessed 
primarily by TUNEL staining, which detects DNA 
fragmentation—a characteristic feature of apoptosis—but may 
also label cells undergoing other forms of cell death. Although 
the observed changes in Bax/Bcl-2 ratio support a pro-apoptotic 
shift, future studies employing additional apoptosis validation 
methods such as Annexin V/PI flow cytometry, caspase-3/ 
7 activity assays, or PARP cleavage analysis would provide 
more definitive evidence.
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