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Abstract

Background: Breast cancer is the most common malignancy among women and a leading
cause of cancer-related deaths globally. Its development involves hormonal, genetic, envi-
ronmental and inflammatory factors. Among environmental contributors, cadmium (Cd?),
a metalloestrogen known to induce redox imbalance, as well as estrogen metabolites, may
exert divergent biological effects. Methods: This study investigated the effects of 17f3-
estradiol (E2) and its metabolites—2-methoxyestradiol (2-MeOE2) and 4-hydroxyestradiol
(4-OHE2)—administered alone or in combination with CdCl,, on estrogen receptor—
positive MCEF-7 breast cancer cells and their doxorubicin-resistant cells (MCF-7/DOX).
We evaluated cytotoxicity, interaction profiles (synergism/antagonism), and redox-related
enzymes associated with drug resistance, including superoxide dismutase 1 (SOD1) and
glutathione S-transferase pi (GST-pi). There are no known examples of these types of inter-
actions, especially those involving estrogen metabolites with opposing biological activities—
anticancer 2-MeOE2 and procarcinogenic—4-OHE2 in combination with cadmium. Cell
viability was assessed after 48 h exposure to individual and combined treatments of CdCl,.
Interaction types (synergism/antagonism) were determined via the combination index
method. Antioxidative enzymes were evaluated by quantitative and immunocytochemical
analysis of SOD1, GST and GST-pi expression. Results: All tested compounds reduced
cell viability in a concentration-dependent manner, with CdCl, showing the highest cy-
totoxicity. MCF-7 cell lines were generally more sensitive to CdCl,, E2, and 2-MeOE2,
whereas MCF-7/DOX cell lines exhibited greater sensitivity to 4-OHE2. Combination stud-
ies revealed predominantly antagonistic interactions, particularly for CdCl, + 2-MeOE2,
suggesting a protective redox-modulating effect of this metabolite. Resistant cells con-
sistently displayed higher SOD1 activity and GST-pi expression, indicating enhanced
adaptive responses to oxidative stress. Conclusions: Our study underscores the impor-
tance of concentration-dependent interactions between environmental Cd?* and pathways
regulated by 17(3-estradiol and its metabolites, particularly in the context of cytotoxicity
and redox imbalance relevant to breast cancer progression and therapy resistance.

Keywords: breast cancer cell line; cadmium chloride; 173-estradiol; 2-methoxyestradiol;
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1. Introduction

Breast cancer is the most frequently diagnosed malignancy among women and remains
a leading cause of cancer-related death worldwide. According to recent global cancer
statistics, over 2.26 million new cases were diagnosed in 2020 [1,2]. The development of
breast cancer is multifactorial and involves genetic predisposition, hormonal regulation
and environmental exposures. Environmental xenobiotics that induce oxidative stress
may play a significant role in the initiation and progression of carcinogenic processes in
hormone-dependent cancers [3-5].

Among them, metalloestrogens—such as cadmium—are of particular concern due
to their ability to activate estrogen receptors and induce oxidative stress-dependent re-
sponses. Cadmium (Cd) is a highly toxic, non-essential transition metal and a significant
environmental pollutant [6]. In biological systems, cadmium occurs primarily as a divalent
cation (Cd?*), which is the predominant biologically active form, whereas Cd™ is unstable
and occurs only rarely. Cd?* acts as a strong metalloestrogen, capable of activating estro-
gen receptor alpha (ER«) and related receptors, thereby modulating estrogen-regulated
pathways in hormone-dependent cancers. Through its ability to induce redox imbalance,
Cd?* can influence oxidative stress responses and adaptive cellular pathways, which may
contribute to cytotoxicity and differential responses in both drug-sensitive and doxorubicin-
resistant breast cancer cells [7]. Experimental studies have demonstrated that cadmium
can activate estrogen receptors and mimic certain biological effects of 173-estradiol (E2),
thereby stimulating proliferation of estrogen receptor-positive breast cancer cells such as
the MCF-7 line. In addition, cadmium can induce oxidative stress and epigenetic alterations,
all of which have been implicated in carcinogenesis [8,9]. Epidemiological studies further
suggest an association between cadmium exposure and increased breast cancer risk, and
higher cadmium concentrations have been reported in breast tumor tissues compared with
adjacent normal tissues [10-12].

In addition to environmental factors, endogenous estrogens and their metabolites
may also contribute to breast cancer development. Estrogen metabolism leads to the for-
mation of several biologically active metabolites, including 2-hydroxyestradiol (2-OHE2),
2-methoxyestradiol (2-MeOE2), and 4-hydroxyestradiol (4-OHE2) [13,14]. These metabo-
lites differ significantly in their biological activity. For example, 2-MeOE2 has been reported
to exhibit anti-proliferative, antioxidant, and anti-inflammatory properties, whereas cat-
echol estrogens such as 4-OHE2 may promote oxidative stress, generate reactive oxygen
species, and induce DNA damage, thereby contributing to carcinogenic processes [15].

Both estrogens and cadmium are known to influence cellular redox homeostasis and
antioxidant defense systems. Enzymes such as superoxide dismutase (SOD), glutathione
S-transferase (GST), and its isoenzyme GSTpi (GST-pi) play key roles in maintaining redox
balance, regulating inflammation-associated stress responses, and cellular adaptation to
toxic insults [16,17].

Alterations in the activity or expression of these enzymes have been associated with
tumor progression as well as resistance to anticancer therapy. Increased SOD activity
has been observed in breast cancer tissues and in estrogen receptor-positive breast cancer
cells, suggesting a role in adaptive responses to oxidative stress. Similarly, elevated GST
expression has been linked to enhanced detoxification capacity and the development of
multidrug resistance in cancer cells [18,19]. GST-pi is the most functionally and clinically
relevant isoform in breast cancer, which justifies its selection for this study [20].

Chemotherapy resistance remains a major challenge in breast cancer treatment, and
doxorubicin is one of the commonly used drugs in breast cancer therapy. Mechanisms
underlying resistance to doxorubicin are frequently associated with alterations in oxidative
stress responses and detoxification pathways, including enzymes such as SOD and GST-pi.
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Therefore, investigating these processes in drug-resistant cells may provide important
insight into mechanisms that contribute to the survival and adaptation of cancer cells under
therapeutic pressure [21,22].

Although both cadmium and estrogens are known to influence oxidative stress-related
pathways, their combined effects on antioxidant defense mechanisms in breast cancer cells
remain insufficiently characterized, particularly in the context of chemotherapy resistance.
Moreover, little is known about how cadmium interacts with biologically distinct estrogen
metabolites that may exert either pro-carcinogenic or anticancer effects [23].

To the best of our knowledge, the combined effects of cadmium and biologically
distinct estrogen metabolites on oxidative stress-related pathways in both doxorubicin-
sensitive and doxorubicin-resistant breast cancer cells have not been previously investigated.

Therefore, the aim of this study was to investigate the effects of E2 and its metabolites,
2-MeOE2 and 4-OHE2, and their interactions with CdCl, in estrogen receptor-positive
breast cancer cells. Specifically, we evaluated their effects on cell viability, the type of
interaction between these compounds, oxidative stress assessed by superoxide dismutase
(SOD) activity, and the expression of the detoxification enzyme glutathione S-transferase pi
(GST-pi). To further explore the potential relevance of these mechanisms to chemotherapy
resistance, the experiments were performed in both doxorubicin-sensitive (MCF-7) and
doxorubicin-resistant (MCF-7/DOX) breast cancer cell lines. This comparative approach
allowed us to assess whether cadmium and estrogen metabolites differentially modulate
oxidative stress responses and detoxification pathways in drug-sensitive and drug-resistant
breast cancer cells.

2. Results
2.1. Assessment of Cytotoxicity of Individual Compounds on MCF-7 and MCF-7/DOX Cell Lines

To determine the cytotoxic profiles of the tested compounds and to optimize their
concentrations for subsequent combination studies, cell viability assays were performed
on MCF-7 and MCF-7/DOX breast cancer cells following exposure to individual agents.
The tested concentrations were as follows: E2, 2-MeOE2 and 4-OHE2 at 0.01, 0.1, 1.0,
10.0, and 50.0 uM; cadmium chloride (CdCl,) at 0.1, 1.0, 5.0, 10.0, and 50.0 uM. The MTT
assay was performed after 48 h of incubation of cells. Figure 1 presents the viability of
both cell lines following exposure to cadmium ions, E2, 2-MeOE2 and 4-OHE2 in the
above concentrations.

The results demonstrated a statistically significant decrease in cell viability of both
MCEF-7 and MCF-7/DOX lines. Cytotoxic effects were most pronounced at higher
concentrations—specifically, at 1, 10, and 50 uM for E2 and 4-OHE2, and at 10 and 50 uM
for 2-MeOE2. The most substantial reduction in cell viability was observed following expo-
sure to cadmium ions, which exhibited cytotoxic effects at concentrations as low as 1 uM.
At this concentration, a statistically significant decrease in viability was noted compared
to the untreated control (p < 0.05). Moreover, the observed reduction in cell viability was
concentration-dependent.

When comparing the responses of the two cell lines, MCF-7 cells appeared more
sensitive to Cd, E2, and 2-MeOE2 exposure, as evidenced by lower viability compared to
MCE-7/DOX cells. This suggests that the doxorubicin-resistant MCE-7/DOX cells exhibit
reduced sensitivity to these compounds. This difference in sensitivity was particularly
evident at concentrations above 1 uM for cadmium and from 10 uM for E2 and 2-MeOE2.
In contrast, exposure to 4-OHE2 resulted in a reversed trend: a significantly greater re-
duction in viability was observed in MCF-7/DOX cells compared to the parental MCF-7
line (p < 0.05) (Figure 1). Based on the calculated ICsy values for the tested compounds,
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cadmium exhibited the highest cytotoxicity toward MCE-7 cells (IC5q = 4.26 uM), whereas
4-OHE2 showed the greatest cytotoxic effect on MCF-7/DOX cells (ICsg = 6.74 uM) (Table 1).
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Figure 1. Comparison of the viability of two cell lines: MCF-7 and MCF-7/DOX after 48 h exposure
to CdCly, E2, 2-MeOE2, and 4-OHE2 determined by MTT test; significance in comparison to control
(*p <0.05).

Table 1. IC50 for individual compounds after simultaneous effect on MCF-7 and MCF-7/DOX,
measured by MTT (expressed in uM).

IC 50 for Examined Compounds [uM]

Cell Line
CdcCl, E2 2-MeOE2 4-OHE2
MCE-7 4.26 21.24 35.21 16.92
MCE-7/DOX 9.74 35.23 >50.00 6.74

2.2. Assessment of Cytotoxicity of Simultaneous Action of CdCl, with E2, 2-MeOE2, and 4-OHE2-
on MCF-7 and MCF-7/DOX Cell Lines—Interaction Study

To determine appropriate concentrations for the combined cadmium and estrogens
exposure study, we considered data from experiments involving individual compounds,
previous studies conducted on ovarian cancer cell lines, and the relevant literature. Based
on this analysis, a range of estrogen concentrations was selected to evaluate potential
interactions: for E2, 2-MeOE2, and 4-OHE2, the concentrations used were 0.01, 0.1, 1, 10,
and 50 uM. For cadmium (CdCl,), we selected two concentrations: the lowest (1 uM) and
the highest (50 uM) that significantly reduced the viability of both MCF-7 and MCF-7/DOX
cell lines compared to the control (p < 0.05).

2.2.1. Combined Effects of E2 and Cadmium

In the co-exposure experiments, the MCF-7 cell line was more sensitive to the cadmium-—
estrogen mixtures, particularly at the highest cadmium concentration (50 pM). A statistically
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significant decrease in cell viability was observed following combined exposure, compared
to cadmium alone. The combined treatment of 50 uM Cd and 50 uM E2 resulted in a
pronounced reduction in cell viability, indicating increased sensitivity of MCF-7 cells to
this mixture (Figure 2). The interaction type between Cd and E2 in the MCF-7 cell line,
calculated using the combination index method, is summarized in Table 2. The nature
of the interaction was concentration-dependent. At the lower cadmium concentration
(1 uM), synergy was observed for E2 at 10 uM. At the higher cadmium concentration
(50 uM), synergistic effects were noted for E2 concentrations of 1 and 10 uM. All other
Cd-E2 combinations showed antagonistic interactions, suggesting a potential protective
effect of E2 against cadmium toxicity in MCF-7 cells. In contrast, the MCF-7/DOX cell
line exhibited lower sensitivity to combined cadmium-estrogen exposure, as evidenced by
significantly higher cell viability compared to MCF-7 under the same treatment conditions
(Figure 3). Synergistic interactions were observed at the lower cadmium concentration
(1 uM) for E2 at 0.1 and 1 pM. However, the overall interaction profile was similar in both
cell lines, with antagonism being the predominant interaction type, further supporting the
notion of a protective effect of E2 against cadmium-induced cytotoxicity. The interaction
type between Cd and E2 the MCF-7/DOX cell line, calculated using the combination index
method, is summarized in Table 3.

MCF-7 MCF-7
:‘5 1507 = Control § = = Control
3 = CdCl, § xx 7 mm CdCl,
“cZ 100+ * B E2-0.01 [uM] “§ 100+ B 2-MeOE2 - 0.01 [uM]
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Figure 2. Viability of the MCF-7 cell line after combined exposure for 48 h to E2 or 2-MeOE2 or
4-OHE2 with CdCl, determined by an MTT test in comparison to CdCl, alone at concentrations of
1 uM and 50 uM (* p < 0.05).
Table 2. The type of interaction after the combined effect of CdCl, and estrogens on MCF-7 vi-
ability (MTT—48 h incubation) using the CompuSyn program; A—antagonism, S—synergism,
Cl—combination index.
1 uM CdCl, 50 uM CdCl,
Estrogen
C[uM] Viability [%] CI Effect Viability [%] CI Effect
0.01 88 268.21 A 89 321.23 A
0.1 65 8.32 A 59 19.84 A
E> 1 70 112.34 A 41 0.45 S
10 58 0.724 S 37 0.216 S
50 83 152.34 A 30 2.85 A
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Table 2. Cont.

1 }lM CdClz 50 }lM CdClz
Estrogen
C [uM] Viability [%] CI Effect Viability [%] CI Effect
0.01 100 275.31 A 70 120.43 A
0.1 100 190.45 A 67 85.32 A
2-MeOE2 1 107 320.34 A 48 20.35 A
10 79 18.67 A 48 19.34 A
50 60 16.43 A 45 9.43 A
0.01 88 153.21 A 70 92.67 A
0.1 65 29.13 A 52 5.97 A
4-OHE2 1 47 10.5 A 47 4.39 A
10 37 7.23 A 37 6.21 A
50 35 0.375 S 35 7.88 A
MCF-7/DOX MCF-7/DOX
E 107 =3 Control E b =1 Control
§ mm CdCl, § mm CdCl,
59004 C e BN E2-001[M] 5 100 i . . BN 2-MeOE2-0.01 1M]
= ) B E2-0.1[uM] ‘f\; i . BN 2-MeOE2- 0.1 [uM]
3 0 B E2-1.0[uM] 2 50 : Bl 2-MeOE2 - 1.0 [uM]
k; = E2-10 [uM] H B 2-MeOE2 - 10 [uM]
E 4 3 E2-50 [uM] % o 3 2-MeOE2 - 50 [pM]
CdCl, 1.0 [uM] CdCl, 50.0 [uM] CdCl, 1.0 [uM] CdCl, 50.0 [\M]
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Figure 3. Viability of the MCF-7/DOX cell line after combined exposure for 48 h to E2 or 2-MeOE2 or
4-OHE2 with CdCl, determined by an MTT test in comparison to CdCl, alone at concentrations of
1 uM and 50 uM (* p < 0.05).
Table 3. The type of interaction after the combined effect of CdCl, and estrogens on MCF-7/DOX
viability (MTT—48 h incubation) using the CompuSyn program; A—antagonism, S—synergism,
Cl—combination index.
1 uM CdCl, 50 uM CdCl,
Estrogen
C [uM] Viability [%] CI Effect Viability [%] CI Effect
0.01 97 458.21 A 75 5.97 A
0.1 76 0.82 S 74 8.37 A
E; 1 73 0.72 S 70 2.58 A
10 75 2.80 A 69 3.12 A
50 65 3.21 A 52 2.83 A
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Table 3. Cont.

Estrogen

1 }lM CdClz 50 HM CdClz

C [uM]

Viability [%] CI Effect Viability [%] CI Effect

2-MeOE2

0.01
0.1
1
10
50

89 286.43 72 7.34
86 192.36 75 8.19
80 73.89 73 3.25
84 170.28 62 2.18
68 2.19 54 1.19

4-OHE2

0.01
0.1
1
10
50

95 518.98 80 71.35
96 492.43 82 114.74
100 741.97 70 5.12
99 625.84 60 2.13
63 0.85 12 0.25

g g g i s S
g g g i g S

2.2.2. Combined Effects of 2-MeOE2 and Cadmium

Evaluation of the combined effects of 2-MeOE2 and cadmium revealed no substantial
differences in the responses between the chemotherapy-sensitive (MCF-7) and -resistant
(MCEF-7/DOX) breast cancer cell lines. Both cell lines exhibited comparable sensitivity to
the 2-MeOE2-Cd mixtures. The overall pattern of changes, as illustrated in Figures 1 and 2,
was similar in both lines. However, in MCF-7 cells—which were initially more sensi-
tive to the tested compounds—2-MeOE2, a metabolite with reported anticancer proper-
ties, exerted a statistically significant protective effect by increasing cell viability across
nearly the entire concentration range when co-exposed with either 1 uM or 50 uM of Cd.
Across all tested concentrations, interactions between 2-MeOE2 and Cd were predomi-
nantly antagonistic, suggesting a protective role of this E2 metabolite in counteracting
cadmium-induced cytotoxicity.

2.2.3. Combined Effects of 4-OHE2 and Cadmium

In contrast, co-exposure to cadmium and 4-OHE2, a metabolite with potential car-
cinogenic activity, elicited a more diverse response between the two cell lines. The MCF-7
cells, known to be more sensitive, exhibited a greater decrease in viability particularly
at the lower cadmium concentration (1 pM). Conversely, MCF-7/DOX cells responded
differently: for most tested concentrations, combined exposure resulted in higher overall
cell viability compared with treatment with 1 uM Cd alone (Figure 3).

However, when exposed to 50 uM Cd, both cell lines showed a similar trend: a statisti-
cally significant increase in cell viability compared to cadmium alone, indicating a possible
antagonistic interaction. Notably, in the chemoresistant MCF-7/DOX cells, a striking obser-
vation was made: co-exposure to the highest concentrations of both compounds (50 M
4-OHE2 and 50 uM CdCl,) drastically reduced cell viability to 12%, a significantly greater
reduction than that caused by cadmium alone (24%). The interaction at this concentration
was classified as synergistic (Table 4).

Table 4. IC50 for the mixture of compounds after the combined effect on MCF-7 and MCF-7/DOX,
measured by MTT (expressed in uM).

Cell Line

IC 50 [uM] for Examined Mixture of Compounds [uM]

CdcCl,

CdCl; @ uM) CdCl; (50 uM) CdCl, (1 uM) CdCl, (50 uM)  CdCl, (1 uM)  CdCl; (50 uM)

+ E2 + E2 + 2-MeOE2 + 2-MeOE2 + 4-OHE2 + 4-OHE2

MCEF-7

4.26

>50.00 1.04 >50.00 34.94 1.76 0.55

MCF-7/DOX

9.74

29.23 32.52 >50.00 38.35 >50.00 4.06
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Nevertheless, the majority of interactions between 4-OHE2 and cadmium across
the concentration range were antagonistic, again suggesting a potential modulatory or
protective effect of the estrogen metabolite, depending on concentration and cell line.

Based on the calculated IC50 values, cadmium chloride (CdCl,) exhibited cytotoxic
effects in both MCF-7 and MCF-7/DOX breast cancer cell lines, with MCF-7 cells being more
sensitive (ICsg = 4.26 uM vs. 9.74 uM for MCE-7/DOX). Co-treatment with E2, 2-MeOE2, or
4-OHE2 can change CdCl, cytotoxicity in a concentration— and cell line-dependent manner.
In MCEF-7 cells, high CdCl, concentrations, particularly with E2 or 4-OHE2, led to markedly
enhanced cytotoxicity (ICsp = 1.04 uM and 0.55 puM, respectively).

In MCF-7/DOX cells, CdCl, sensitivity was generally lower, consistent with multidrug-
resistant phenotypes. 2-MeOE2 maintained a protective effect even at high CdCl; concen-
trations, whereas 4-OHE2 increased cytotoxicity, although this was less pronounced than
in MCF-7 cells.

Treatment with cadmium and estrogen metabolites led to a significant decrease in cell
viability in both MCF-7 and MCEF-7/DOX cell lines. This effect was more pronounced in
MCE-7 cells, whereas MCF-7/DOX cells exhibited partial resistance. These observations
are consistent with the known effects of cadmium and 4-hydroxyestradiol on oxidative
stress and redox imbalance, which can compromise cell survival [14,24].

2.3. Assessment of SOD1 Expression Following Exposure to Individual Compounds in Two Cell
Lines: MCF-7 and MCF-7/DOX—Immunocytochemical Staining

The analysis of SOD1 expression following exposure to cadmium and estrogenic
compounds revealed distinct patterns of oxidative response between the MCF-7 and MCF-
7/DOX cell lines, as well as concentration-dependent effects for each compound. Under
control conditions, baseline SOD1 expression was moderate in both cell lines, although
slightly higher in MCF-7/DOX (++ vs. + in MCF-7), suggesting an inherently enhanced
oxidative defense mechanism in the chemoresistant cells.

In MCEF-7 cells, cadmium exposure induced a mild to moderate increase in SOD1
expression, with intensity rising from + at 0.1 uM to +/++ at 10 uM. In contrast, MCF-
7/DOX cells showed a markedly stronger response to the same cadmium concentrations,
with ++ at 0.1 uM and ++/+++ at 10 uM, indicating a more robust expression of antioxidant
defenses under cadmium-induced oxidative stress.

The response to E2 was notably different between the two lines. In MCF-7 cells, E2 at
0.1 uM led to moderate SOD1 expression (++), which paradoxically decreased to + at the
higher concentration (10 uM). This may reflect a concentration-dependent dual effect of E2,
potentially shifting from antioxidant to pro-oxidant properties at higher concentrations. In
contrast, MCF-7/DOX cells demonstrated consistently elevated SOD1 expression (++ at
0.1 uM, ++/+++ at 10 uM), suggesting enhanced sensitivity or altered redox regulation in
the chemoresistant phenotype.

Both cell lines responded similarly to 2-MeOE2. At 0.1 pM, SOD1 expression was
moderately elevated (++), but decreased to + at 10 uM in both MCF-7 and MCEF-7/DOX
cells. This pattern indicates a concentration-dependent decline in SOD induction, po-
tentially linked to the known pro-apoptotic and antiangiogenic effects of 2-MeOE2 at
higher concentrations.

Among all tested compounds, 4-OHE2 induced the strongest SOD response. In MCF-7
cells, the intensity ranged from +/++ at 0.1 uM to ++/+++ at 10 pM. Similarly, MCF-7/DOX
cells showed increased SOD induction at both concentrations (++ and ++/+++), which
may suggest that this metabolite, with potential pro-oxidant and carcinogenic properties,
may activate protective pathways against oxidative stress in both cell types. The semi-
quantitative grading of SOD1 immunocytochemical staining after exposure to individual
and combined compounds in both examined cell lines is shown in Tables 5 and 6.
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Table 5. Semi-quantitative grading of SOD1 immunocytochemical staining in MCE-7 and MCF-
7/DOX cell lines following treatment with individual compounds. The staining intensity was
evaluated as follows: (+) weak, (++) moderate, and (+++) strong positive.

Cell Line Compound Concentration [uM]  The Intensity of the Reaction
MCE7 Gacr 100 "
MCE-7/DOX gggi 1%10 ++ /+ +J—r++
MCE7 B 100 N
MCE-7/DOX Eg 1%10 ++ ; :—-++
MCF7 3 Nieors 100 v
MCF7/DOX 3 \1e0rs 100 v
MCF7 Onrs 100 N
MCF-7/DOX iggg; 1%10 ++ /+ :++
MCE-7 Control + +
MCEF-7/DOX Control ++ ++

Table 6. Semi-quantitative evaluation of SOD1 immunocytochemical staining in MCF-7 and MCF-
7/DOX cell lines following combined exposure to estrogens and cadmium chloride. The staining
intensity was evaluated as follows: (+) weak, (++) moderate, and (+++) strong positive.

Cell Line Estrogen [uM] CdCl, [uM] The Intensity of the Reaction
0.1 ++
MCF-7 10.0 ++
MCEF-7/DOX E201 0.1 4+
10.0 ++/+++
0.1 T
MCE-7 10.0 +
MCF-7/DOX E2100 0.1 .
10.0 -
0.1 +++
MCEF-7 10.0 +++
MCF7/DOx ~ 2MeOE201 0.1 ++
10.0 it
0.1 —r
MCEF-7 10.0 ++
MCE7/Dox  YMeOE2100 ") s
10.0 tt
0.1 +/++
MCE-7 10.0 +++
MCF-7/DOX 4-OHE20.1 0.1 o/t
10.0 t
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Table 6. Cont.
Cell Line Estrogen [uM] CdCl; [uM] The Intensity of the Reaction
0.1 +/++
MCE-7 10.0 +/++
MCEF-7/DOX 4-OHE210.0 0.1 ++
10.0 ++/+++
MCE-7 Control +
MCEF-7/DOX Control ++

2.4. Assessment of SOD1 Expression Following Exposure to Combined Effect of Compounds in
Two Cell Line: MCF-7 and MCF-7/DOX—Immunocytochemical Staining

The combined exposure of CdCl, with different estrogens revealed compound-specific
and concentration-dependent modulation of SOD1 activity in both MCF-7 and MCF-
7 /DOX breast cancer cell lines. Overall, the chemoresistant MCF-7/DOX cells showed a
somewhat stronger SOD1 response to the combined treatments, which may be related to
their increased ability to adapt to oxidative stress.

2.4.1. Combined Effects of E2 and Cadmium

In MCE-7 cells, co-exposure to low concentrations of E2 (0.1 uM) and cadmium (0.1
or 10 uM) resulted in moderate SOD1 activation (both ++). At a higher E2 concentra-
tion (10 pM), however, SOD1 activity remained at a similar level (++ at 0.1 uM Cd) or
declined (+ at 10 uM Cd), suggesting a potential concentration-dependent dampening of
the antioxidant response.

In contrast, MCF-7/DOX cells showed stronger SOD1 responses to the same com-
binations. Notably, treatment with low-concentration E2 (0.1 uM) and Cd resulted in
SODL1 intensities of +++ and ++/+++, respectively, indicating a synergistic activation of
antioxidant defense mechanisms. At higher E2 (10 pM), SOD1 activity remained stable
(++), regardless of Cd concentration.

2.4.2. Combined Effects of 2-MeOE2 and Cadmium

2-MeOE2 co-treatment with cadmium induced a particularly strong SOD1 response in
both cell lines. In MCF-7 cells, low-concentration 2-MeOE2 (0.1 uM) in combination with
either 0.1 or 10 uM Cd significantly increased SOD1 activity (+++ for both). A similar trend
was observed in MCF-7/DOX cells (++ at 0.1 uM Cd and +++ at 10 uM Cd), suggesting
that 2-MeOE2 potently enhances the cellular antioxidant response under oxidative stress.

When a higher concentration of 2-MeOE2 (10 uM) was used, SOD1 activation was still
elevated in both lines, although it was slightly lower in MCF-7 (++ for both Cd concentra-
tions), while MCF-7/DOX maintained a strong response (++/+++ and +++). These results
showed the effect of 2-MeOE2, particularly under conditions of oxidative stress.

2.4.3. Combined Effects of 4-OHE2 and Cadmium

4-OHE2, a known pro-oxidant metabolite of estradiol, produced a variable SOD1
response depending on the concentration and cell line. In MCEF-7 cells, combined exposure
to 0.1 uM 4-OHE2 and cadmium resulted in moderate to strong SOD1 activation (+/++ at
0.1 uM Cd; +++ at 10 pM Cd). However, a higher 4-OHE2 concentration (10 uM) did not
further increase activity, and SOD1 levels remained at +/++ for both Cd concentrations.

MCEF-7/DOX cells again showed a more pronounced response: co-treatment with
low-concentration 4-OHE2 yielded ++/+++ and +++ SOD1 levels, while higher 4-OHE2
concentrations maintained strong activity (++ and ++/+++). This indicates that even pro-
oxidant estrogens can trigger protective antioxidant mechanisms in resistant cells. Under
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control conditions, baseline SOD1 activity was higher in MCF-7/DOX (++) than in MCF-7
(+), further supporting the concept of enhanced antioxidant readiness in drug-resistant cells.
All combined treatments—particularly those involving 2-MeOE2 and 4-OHE2—produced
greater SOD1 induction than controls, with the strongest effects seen in MCF-7/DOX
(Figures 4 and 5).

Contml cells CdC12 0.1 pM

CdCI210.0 uM

Figure 4. Inmunoassayed reaction: exemplary expression results of SOD1 in the MCF-7 cell, showing
both exposure to the single compounds and exposure to the combined effect of estrogens and CdCl,.

Control cells CdCI2 10.0 uM 4-OHE2 10.0 uM
1 b e ®
] 3 %

Figure 5. Inmunoassayed reaction: exemplary expression results of SOD1 in the MCF-7/DOX cell,
showing both exposure to the single compounds and exposure to the combined effects of estrogens
and CdCl,.

2.5. Assessment of GST-pi Expression Following Exposure to Individual Compounds in Two Cell
Line: MCF-7 and MCF-7/DOX—Immunocytochemical Staining

Immunocytochemical analysis suggests that the expression of GST-pi can be changed
by the tested compounds in both MCF-7 and MCF-7/DOX breast cancer cell lines. The
staining intensity, used as a semi-quantitative indicator of enzyme expression, was evalu-
ated in response to CdCl,, E2, 2-MeOE2 and 4-OHE?2, at two concentrations (0.1 uM and
10.0 uM), and compared to untreated controls.

Under control conditions, both MCF-7 and MCF-7/DOX cells exhibited low but
detectable GST-rt expression, marked by weak staining (+). This may suggest the presence of
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a basic detoxification capacity, which likely supports the maintenance of redox homeostasis
in both cell lines.

Exposure to CdCl, resulted in a concentration-dependent increase in GST-pi expres-
sion in both cell lines. In MCF-7 cells, staining intensity increased from + at 0.1 uM to ++/++
at 10 uM. The MCE-7/DOX cells showed an even more pronounced response, with GST-pi
expression increasing from ++ at 0.1 uM to ++/+++ at 10 uM. These findings suggest that
cadmium is a potent inducer of GST-pi, particularly in the drug-resistant MCF-7/DOX
line. This enhanced response may reflect an adaptive mechanism associated with chemore-
sistance, as GST-pi contributes to xenobiotic detoxification and neutralization of reactive
oxygen species (ROS), both of which are relevant to cadmium toxicity.

Treatment with E2 also led to an increase in GST-pi expression, although the response
varied between cell lines. In MCF-7, expression increased from +/++ at 0.1 uM to +++
at 10 uM, indicating a strong hormone-induced activation of the enzyme. In contrast,
MCEF-7/DOX showed a less consistent pattern, with staining intensities of ++ at 0.1 uM
and +/++ at 10 uM. This differential response may result from altered estrogen receptor
(ER) signaling or transcriptional regulation in drug-resistant cells. The strong response in
MCE-7 is consistent with the hormone sensitivity of this ER-positive line.

2-MeOE2 induced a marked increase in GST-pi expression in MCF-7 cells, with staining
intensities of ++ at 0.1 uM and ++/+++ at 10 uM. In MCF-7/DOX cells, the response was
weaker and did not change significantly with concentration, remaining at +/++. These
results suggest that 2-MeOE2 may act as an inducer of GST-pi in sensitive breast cancer
cells, although its effectiveness appears to be lower in drug-resistant cells.

Among the tested compounds, 4-OHE2 induced the least variation in GST-pi expres-
sion. In MCEFE-7 cells, both concentrations caused mild to moderate staining (+/++), with
no apparent concentration dependency. In MCE-7/DOX, the response was slightly higher
at 0.1 uM (++), but remained unchanged at 10 uM. The modest effect of 4-OHE2 suggests
that this metabolite has limited capacity to upregulate GST-pi, at least under the tested
conditions. This is notable considering the reported genotoxicity of catechol estrogens,
indicating that GST-pi regulation in this context may be influenced by additional oxidative
or DNA damage signals. The semi-quantitative grading of GST-pi immunocytochemical
staining after exposure to individual and combined compounds in both examined cell lines
is shown in Tables 7 and 8.

Table 7. Semi-quantitative grading of GST-pi immunocytochemical staining in MCF-7 and MCF-
7/DOX cell lines after treatment with individual compounds. The staining intensity was evaluated
as follows: (+) weak, (++) moderate, and (+++) strong positive.

Cell Line Compound Concentration [uM] The Intensity of the Reaction
MCE-7 gggi 1%10 ++ ;r ++
MCF-7/DOX gigi 1%10 ++ ; :++
MCF7 > 100 W
MCF-7/DOX i o o
MCE7 g:ﬁiggg 1%10 ++ ; :—-++
werzpox MR g

https://doi.org/10.3390/ph19071001


https://doi.org/10.3390/ph19071001

Pharmaceuticals 2026, 19, 1001

13 of 31
Table 7. Cont.
Cell Line Compound Concentration [uM] The Intensity of the Reaction
4-OHE2 0.1 +/+4+
MCE7 4-OHE2 10.0 +/++
4-OHE2 0.1 ++
MCE-7/DOX 4-OHE2 10.0 ++
MCE-7 Control +
MCE-7/DOX Control +

Table 8. Semi-quantitative evaluation of GST-pi immunocytochemical staining in MCF-7 and MCF-
7/DOX cell lines following combined exposure to oestrogens and cadmium chloride. The staining
intensity was evaluated as follows: (+) weak, (++) moderate, and (+++) strong positive.

Cell Line Estrogen [uM] CdCl; [uM] The Intensity of the Reaction
0.1 ++
MCEF-7 10.0 ++
MCEF-7/DOX E20.1 0.1 +4++
10.0 ++
0.1 +++
MCEF-7 10.0 ++
MCE-7/DOX E210.0 0.1 -+
10.0 ++
0.1 ++
MCE-7 10.0 ++
MCF-7/DOX ~ 2MeOE20.1 0.1 +
10.0 ++/+++
0.1 ++
MCE-7 10.0 ++
MCF-7/DOx 2 MeOE2100 0.1 Ny
10.0 +++
0.1 ++
MCEF-7 10.0 ++
MCF-7/DOX 4-OHE20.1 0.1 +/++
10.0 ++
0.1 +/++
MCE-7 10.0 ++
MCF-7/DOX ~ +OHE210.0 0.1 i
10.0 ++/+++
MCEF-7 Control +
MCE-7/DOX Control ++

2.6. Assessment of GST-pi Expression Following Exposure to Combined Effect of Compounds in
Two Cell Line: MCF-7 and MCF-7/DOX—Immunocytochemical Staining

The immunocytochemical analysis of GST-pi expression following co-exposure to
cadmium chloride and estrogens (E2, 2-MeOE2, and 4-OHE2) revealed compound- and
cell line-dependent responses. Expression levels were assessed based on the intensity of
staining, compared to control conditions.

Baseline expression of GST-pi was weak in MCEF-7 cells (+), whereas in the drug-
resistant MCF-7/DOX line, moderate staining (++) was observed. This difference may
confirm a higher constitutive level of GST-pi in MCF-7/DOX, consistent with its multidrug-
resistant phenotype.
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2.6.1. Combined Effects of E2 and Cadmium

In MCE-7 cells, co-treatment with E2 and CdCl, (at both low and high concentrations)
resulted in moderate to strong expression (++ to +++), suggesting an additive or slightly
synergistic effect on GST-pi upregulation. E2 (10.0 uM) + CdCl, (0.1 uM) induced the
strongest response (+++), suggesting that estrogen at a higher concentration significantly
contributes to GST-pi induction even in the presence of low cadmium levels. In contrast,
in MCF-7/DOX cells co-treatment with E2 (0.1 pM) and CdCl, induced strong (+++)
or moderate (++) responses, depending on concentration. The strongest reaction (+++)
occurred at low concentrations of both agents, suggesting hypersensitivity or non-linear
interactions in the resistant line. These results indicate that although MCF-7 responds more
consistently to increased E2 concentration in combination with CdCl,, the MCF-7/DOX
line may exhibit different regulation of detoxification enzymes.

2.6.2. Combined Effects of 2-MeOE2 and Cadmium

Combined treatment with 2-MeOE2 and CdCl, led to moderate (++), and in some cases
strong (++/+++) GST-pi expression in both cell lines. In MCF-7, all combinations yielded
consistent moderate expression (++), with no significant concentration dependency. In MCF-
7/DOX, the combination of 2-MeOE2 10 uM + CdCl; 10 uM induced the strongest response
(+++), indicating concentration-dependent enhancement in the resistant line. This suggests
that 2-MeOE2 maintains its GST-pi-inducing potential even in the presence of cadmium,
particularly in chemoresistant cells, where redox stress signaling may be upregulated.

2.6.3. Combined Effects of 4-OHE2 and Cadmium

Among the tested combinations, 4-OHE2 co-treatment showed the most variable
and cell line-dependent effects. In MCF-7, GST-pi expression remained moderate (++),
regardless of the concentration of either compound. In MCF-7/DOX, a more complex
pattern emerged: low concentrations induced only mild-to-moderate responses (+/++),
while 4-OHE2 10 uM + CdCl, 0.1-10 uM significantly elevated GST-pi expression (+++
and ++/+++). This may reflect an enhanced pro-oxidative response in MCF-7/DOX cells
to catechol estrogens like 4-OHE2, particularly under conditions of additional cadmium-
induced stress (Figures 6 and 7).

Control cells E2 0.1pM 2-MeQOE2 10.0 '_:M

.
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Figure 6. Immunoassayed reaction: exemplary expression results of GST-pi in the MCFE-7 cell,
showing both exposure to the single compounds and exposure to the combined effect of estrogens
and CdCl,.
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Figure 7. Inmunoassayed reaction: exemplary expression results of GST-pi in the MCF-7/DOX cell,
showing both exposure to the single compounds and exposure to the combined effects of estrogens
and CdCl,.

2.7. Assessment of SOD1 Activity Following to Single and Combined Exposure to CdCl, and
Estrogens in MCF-7 and MCF-7/DOX Cell Lines Using the RANSOD Spectrophotometric Assay

2.7.1. Effect of Single Compounds on SOD1 Activity

Exposure of MCF-7 and MCF-7/DOX cells to single compounds resulted in a
concentration-dependent modulation of SOD1 activity compared with untreated con-
trols. In parental MCF-7 cells, CdCl, induced a significant increase in SOD1 activity at
both concentrations, with a more pronounced effect observed at 10 uM (22.8 1.4 U/mg
protein vs. 12.4 £+ 0.8 U/mg protein in control). Estrogenic compounds also elevated
SOD1 activity, although the magnitude of the response varied depending on the compound
and concentration. E2 induced only a slight increase at 0.1 uM, whereas a more evident
elevation was observed at 10 uM. The strongest induction among all estrogens was detected
after exposure to 4-OHE2, which increased SOD1 activity up to 30.6 & 2.1 U/mg protein
at 10 uM. Similarly, 2-MeOE2 significantly enhanced SOD1 activity in a concentration-
dependent manner. In the doxorubicin-resistant MCF-7/DOX cell line, basal SOD1 activity
was markedly higher compared to parental MCF-7 cells. Exposure to CdCl, further in-
creased SOD1 activity, reaching 31.7 4= 1.9 U/mg protein at 10 uM. All tested estrogens also
induced SOD1 activity in MCF-7/DOX cells, with a stronger response than in MCF-7 cells.
In particular, 4-OHE2 and 2-MeOE2 caused the most pronounced elevation of SOD1 activity,
reaching 41.2 + 2.5 and 35.9 + 2.0 U/mg protein, respectively, at the highest concentration.
Overall, among the tested compounds, 4-OHE2 exerted the strongest stimulatory effect
on SOD1 activity in both cell lines, while CdCl; consistently acted as a potent inducer of
antioxidant response. Moreover, MCF-7/DOX cells exhibited consistently higher basal
SODL1 activity compared with parental MCE-7 cells, indicating an enhanced antioxidant
capacity associated with the resistant phenotype (Table 9).

Table 9. Activity of SOD1 in MCEF-7 and MCF-7/DOX cells after single exposure to CdCl, or estrogens
(E2, 2-MeOE2, and 4-OHE2). Data are mean + SD (n = 3). Statistical significance vs. corresponding
control (* p < 0.05; ** p < 0.01; *** p < 0.001).

. Concentration SOD1 Activity

Cell Line Compound [uM] [U/mg Protein]
MCEF-7 Control — 124 £0.8
MCE-7/DOX Control — 189 £ 1.1
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Table 9. Cont.
. Concentration SOD1 Activit
Cell Line Compound [uM] [U/mg Protein}i

MCE-7 Cddl, 0.1 141£09*

MCE-7 Cdcl, 10.0 22.8 + 1.4 ***
MCEF-7/DOX CdcCl, 0.1 203 +1.2*

MCEF-7/DOX CdcCl, 10.0 31.7 £ 1.9 ***
MCE-7 E2 0.1 13.5+0.7

MCE-7 E2 10.0 16.8 + 1.0 **
MCEF-7/DOX E2 0.1 19.6 + 1.0

MCEF-7/DOX E2 10.0 241+ 15*

MCE-7 2-MeOE2 0.1 159 £ 0.9 **

MCE-7 2-MeOE2 10.0 27.5 + 1.8 ***

MCEF-7/DOX 2-MeOE2 0.1 221+ 13*

MCEF-7/DOX 2-MeOE2 10.0 35.9 £ 2.0 ***

MCE-7 4-OHE2 0.1 174 £1.0*

MCE-7 4-OHE2 10.0 30.6 £ 2.1 ***

MCEF-7/DOX 4-OHE2 0.1 24.8 + 1.6 ***

MCE-7/DOX 4-OHE2 10.0 41.2 £ 2.5 %

2.7.2. Effect of Combined Action of Compounds on SOD1 Activity

Co-exposure of MCF-7 and MCEF-7/DOX cells to CdCl, and estrogens (E2, 2-MeOE2,
and 4-OHE?2) resulted in a more pronounced increase in SOD1 activity compared with
single compound treatments. In MCF-7 cells, combined exposure induced a concentration-
dependent increase in SOD1 activity that exceeded the values observed after individual
treatment with either CdCl, or estrogens alone. The most pronounced effect was ob-
served for 4-OHE2 in combination with CdCl, at 10 uM, where SOD1 activity reached
43.5 + 2.6 U/mg protein, representing a clear increase compared with 4-OHE2 alone
(30.6 & 2.1 U/mg protein) and CdCl, alone (22.8 + 1.4 U/mg protein). A similar pat-
tern was observed in MCF-7/DOX cells, where combined treatment induced a stronger
increase in SOD1 activity than single exposures. The highest enzymatic activity was de-
tected following co-treatment with 4-OHE2 and CdCl, at 10 uM (56.4 & 3.5 U/mg protein),
which also exceeded the effects of 4-OHE2 alone (41.2 &+ 2.5 U/mg protein) and CdCl, alone
(31.7 £ 1.9 U/mg protein). In summary, the results indicate that simultaneous exposure to
cadmium and estrogens enhances the cellular antioxidant response to a greater extent than
individual treatments. This effect was particularly evident for 4-OHE2 and in the resistant
MCF-7/DOX cell line, which exhibited a higher adaptive antioxidant capacity (Table 10).

Table 10. Activity of SOD1 in MCF-7 and MCF-7/DOX cells after combined exposure to CdCl,
and estrogens (E2, 2-MeOE2, and 4-OHE2). Data are mean + SD (n = 3). Statistical significance vs.
corresponding control (* p < 0.05; ** p < 0.01; *** p < 0.001).

Cell Line Estrogen Estrogen [uM] CdCl, [uM] [833; ?:(:i:ll:l}],
MCE-7 Control — — 124 £0.8
MCE-7/DOX Control — — 189+ 1.1
MCE-7 E2 0.1 0.1 163 £1.0*
MCE-7 E2 0.1 10.0 24.8 & 1.5 %
MCE-7/DOX E2 0.1 0.1 224+£13*
MCE-7/DOX E2 0.1 10.0 34.9 £ 2.1
MCE-7 E2 10.0 0.1 19.8 £1.2**
MCE-7 E2 10.0 10.0 29.7 £ 1.9 ¥
MCE-7/DOX E2 10.0 0.1 275+ 1.7*

https://doi.org/10.3390/ph19071001


https://doi.org/10.3390/ph19071001

Pharmaceuticals 2026, 19, 1001 17 of 31

Table 10. Cont.

Cell Line Estrogen Estrogen [uM] CdCl, [uM] [883; ?:(:i‘elll;}],
MCE-7/DOX E2 10.0 10.0 39.6 2.4 ***
MCE-7 2-MeOE2 0.1 0.1 18.6 £1.1**
MCE-7 2-MeOE2 0.1 10.0 31.4 £ 2.0 *
MCEF-7/DOX 2-MeOE2 0.1 0.1 259+ 1.5*
MCE-7/DOX 2-MeOE2 0.1 10.0 421 £ 2.6
MCEF-7 2-MeOE2 10.0 0.1 247 £ 1.5*
MCE-7 2-MeOE2 10.0 10.0 38.8 2.3 ¥
MCE-7/DOX 2-MeOE2 10.0 0.1 34.8 £ 2.0 ¥
MCE-7/DOX 2-MeOE2 10.0 10.0 49.3 £3.1**
MCE-7 4-OHE2 0.1 0.1 205+ 1.3**
MCEF-7 4-OHE2 0.1 10.0 35.9 £ 2.2
MCE-7/DOX 4-OHE2 0.1 0.1 29.8 + 1.8 ***
MCE-7/DOX 4-OHE2 0.1 10.0 46.7 £ 2.8 ***
MCE-7 4-OHE2 10.0 0.1 27.6 &£ 1.7
MCE-7 4-OHE2 10.0 10.0 43.5 £ 2.6 ***
MCE-7/DOX 4-OHE2 10.0 0.1 38.9 £ 2.4 ***
MCE-7/DOX 4-OHE2 10.0 10.0 56.4 & 3.5 ***

2.8. Assessment of GST Activity Following Single and Combined Exposure to CACI, and Estrogens
in MCF-7 and MCF-7/DOX Cell Lines Using a CDNB-Based Spectrophotometric Assay

2.8.1. Effect of Single Compounds on GST Activity

Exposure of MCF-7 and MCE-7/DOX cells to Cd, estradiol, and its metabolites resulted
in a concentration-dependent increase in GST activity compared with the respective controls.
Basal GST activity was higher in MCF-7/DOX cells than in MCFE-7 cells. Among the tested
compounds, 4-OHE2 induced the strongest increase in GST activity, followed by 2-MeOE2,
whereas E2 exerted a weaker effect also in MCF-7 in comparison to the MCF-7/DOX line.
Cadmium at 10 pM significantly enhanced GST activity in both cell lines but especially in
MCE-7/DOX. The highest GST activity was observed in MCF-7/DOX cells treated with
10 uM 4-OHE2. Almost all tested compounds caused an increase in GST activity compared
to the appropriate controls (Table 11).

Table 11. Activity of GST in MCF-7 and MCEF-7/DOX cells after single exposure to CdCl, or estrogens
(E2, 2-MeOE2, and 4-OHE2). Data are mean + SD (n = 3). Statistical significance vs. corresponding
control (* p < 0.05; ** p < 0.01; ** p < 0.001).

. Concentration GST Activit
Cell Line Compound [uM] [nmol/min/mg Pr}(l)tein]
MCE-7 Control — 428 £26
MCE-7/DOX Control — 68.5 + 4.1
MCE-7 CdCl, 0.1 483 +3.0*
MCE-7 CdCl, 10.0 76.9 4 4.7 ***
MCEF-7/DOX CdCl, 0.1 752 +45*%
MCEF-7/DOX CdCl, 10.0 108.4 £+ 6.2 ***
MCE-7 E2 0.1 451 +27
MCE-7 E2 10.0 55.9 + 3.5 **
MCE-7/DOX E2 0.1 71.8 +£4.0
MCE-7/DOX E2 10.0 84.3 £ 5.1*
MCE-7 2-MeOE2 0.1 53.4 + 3.1 **
MCE-7 2-MeOE2 10.0 89.2 + 5.6 ***
MCE-7/DOX 2-MeOE2 0.1 82.6 4.9 **
MCEF-7/DOX 2-MeOE2 10.0 122.7 £ 7.1 ***
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Table 11. Cont.
. Concentration GST Activity
Cell Line Compound [uM] [nmol/min/mg Protein]

MCEF-7 4-OHE2 0.1 60.7 £ 3.7 **

MCEF-7 4-OHE2 10.0 101.4 £ 6.3 ***

MCEF-7/DOX 4-OHE2 0.1 93.8 £ 5.6 ***

MCE-7/DOX 4-OHE2 10.0 139.6 £ 8.4 ***

2.8.2. Effect of Combined Action of Compounds on GST Activity

Combined exposure to CdCl, and estrogens or their metabolites resulted in a pro-
nounced increase in GST activity in both MCF-7 and MCF-7/DOX cells compared with
the respective control groups as well as with treatments involving lower concentrations
of the tested compounds. The magnitude of GST induction depended on both the type of
estrogenic compound and its concentration, indicating a dose-dependent activation of the
glutathione-dependent detoxification system.

In MCEFE-7 cells, GST activity increased from the control value of 42.8 £ 2.6 nmol/min/mg
protein to 82.7 £ 4.9 and 95.4 & 5.7 nmol/min/mg protein following combined treatment
with CdCl, (10.0 pM) and E2 at concentrations of 0.1 and 10.0 uM, respectively. Exposure to
2-MeOE2 induced a stronger response, reaching 101.8 £ 6.1 and 119.7 & 7.1 nmol/min/mg
protein, whereas the highest GST activities were observed after treatment with 4-OHE2,
which increased enzyme activity to 114.8 + 6.8 and 136.2 £ 8.1 nmol/min/mg protein at
0.1 and 10.0 uM, respectively.

A similar but more pronounced pattern was observed in MCE-7/DOX cells. Basal GST
activity in this cell line (68.5 & 4.1 nmol/min/mg protein) was substantially higher than in
parental MCEF-7 cells. Co-exposure to CdCl, and E2 increased GST activity to 114.2 & 6.8
and 128.6 + 7.5 nmol/min/mg protein, while treatment with 2-MeOE2 elevated GST
activity to 137.2 &+ 8.0 and 158.4 &= 9.3 nmol/min/mg protein. The strongest stimulation was
recorded following combined exposure to CdCl, and 4-OHE2, resulting in GST activities
of 149.5 + 8.8 and 182.9 £ 10.7 nmol/min/mg protein at the lower and higher estrogen
concentrations, respectively.

3. Discussion

Xenoestrogens, or hormonally active environmental compounds, are increasingly
recognized as modulators of estrogen receptor activity as well as contributors to oxidative
and inflammation-related cellular responses. Among these, metalloestrogens—such as
cadmium, cobalt, copper, nickel, and chromium—are of particular concern due to their
ability to activate estrogen receptors in the absence of endogenous ligands such as estradiol.
This receptor activation is associated with mechanisms involved in the pathogenesis of
estrogen-dependent cancers, including breast cancer [25-27].

Cadmium is a well-known, widespread environmental carcinogen, requiring care-
ful assessment of its biological effects. However, the combined effects of cadmium and
endogenous estrogens, particularly their metabolites, on breast cancer development and
inflammation-related pathways remain poorly understood. Cd?* acts as a strong metalloe-
strogen, capable of activating estrogen receptor alpha (ERx) and related receptors, thereby
modulating estrogen-regulated pathways in hormone-dependent cancers. In experimental
studies, cadmium was used in its divalent form (Cd%*, oxidation state +2), which is the
biologically active and relevant valence state responsible for its endocrine-disrupting and
cellular effects [7]. Metabolic biotransformation of E2 can generate both protective and car-
cinogenic metabolites, potentially altering the cellular response to xenoestrogens through
modulation of redox balance and stress signaling [14,15]. This raises a key question: Does
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cadmium exposure modify the physiological or pathological effects of estrogens on breast
tissue, particularly in the context of cytotoxicity and redox-related pathways?

Given that oxidative stress and impaired antioxidant defense mechanisms play a
key role in breast cancer progression and are closely linked to inflammatory signaling, we
expanded our analysis to include the assessment of superoxide dismutase (SOD) expression
using immunocytochemical methods. This approach allowed us to investigate how com-
bined exposure to estrogens and cadmium affects cellular viability and redox homeostasis.

The present study aimed to explore the interaction between cadmium and estrogenic
compounds (E2, 2-MeOE2, and 4-OHE2) in two breast cancer cell lines: hormone-sensitive
MCF-7 and doxorubicin-resistant MCF-7/DOX. The investigation focused on cytotoxic
effects as well as the responses of the antioxidant enzyme SOD1 and detoxification enzyme
GST-pi, both involved in redox regulation and estrogenic signaling, to elucidate the oxida-
tive and estrogenic pathways underlying these interactions. The obtained results appear
interesting and may open a new avenue of research aimed at better understanding these
interactions and developing potential protective strategies.

3.1. Differential Sensitivity of MCF-7 and MCF-7/DOX to Individual Agents

In vitro studies were conducted in two models: single exposure and combined expo-
sure. This is crucial considering the cumulative exposure of the human body to a range of
environmental toxins. The cell lines used are cell models used in breast cancer research. The
MCE-7 is the original line, while MCF-7/DOX was bred to achieve drug resistance. Initial
cytotoxicity testing revealed that both cell lines responded to the tested compounds in a
concentration-dependent manner, with MCE-7 cells displaying overall greater sensitivity.
Notably, cadmium demonstrated cytotoxicity at low micromolar concentrations, consistent
with previous reports on its potent pro-oxidant, endocrine-disrupting, and inflammation-
promoting properties [28-30]. MCF-7/DOX cells exhibited a relatively higher resistance to
Cd, E2 and 2-MeOE2, which is likely related to their altered redox balance and enhanced
defense mechanisms associated with chronic oxidative and inflammatory stress linked to
the multidrug resistance phenotype.

Estradiol, the primary estrogen, significantly influences breast cancer cell proliferation
by activating estrogen receptor-related signaling pathways, which, when bound to E2,
activate genes responsible for cell growth and division. Studies investigating the effect of E2
on the MCF-7 cell line are crucial for understanding hormonal mechanisms in breast cancer,
which informed our research [31]. Interestingly, the response to 4-OHE2 differed from the
action of E2 and 2-MeOE2. MCF-7/DOX cells were more sensitive to this catechol estrogen
metabolite than MCF-7 cells, suggesting that 4-OHE2 may selectively target pathways
altered during the development of chemoresistance. This may be related to increased ROS
generation and DNA damage by 4-OHE2-derived quinones, which can promote oxidative
and inflammation-associated stress, particularly in resistant cells that may lack sufficient
DNA repair capacity under conditions of elevated oxidative stress [32,33].

3.2. Interactions Between Estrogens and Cadmium: Antagonism and Synergy

The interaction studies revealed a complex, concentration-dependent pattern of cyto-
toxic effects. Notably, E2 displayed both antagonistic and synergistic interactions with Cd,
depending on the concentration. At low concentrations, E2 appeared to exert a protective
effect against cadmium-induced toxicity, possibly via ER-mediated activation of antiox-
idant and cytoprotective pathways that may also attenuate inflammatory signaling and
anti-apoptotic pathways. However, at intermediate concentrations (1-10 uM), a synergistic
increase in cytotoxicity was observed, especially in MCF-7 cells, suggesting that E2 may
also enhance Cd toxicity through an additive effect [34,35].
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In contrast, 2-MeQOE2 consistently exerted antagonistic effects when combined with
cadmium, in both MCE-7 and MCF-7/DOX lines. This aligns with its known anti-
angiogenic, pro-apoptotic, and ROS-scavenging properties, which may mitigate cadmium-
induced oxidative damage [36]. These findings suggest that 2-MeOE2, as a non-classical
estrogen metabolite, may have some therapeutic potential in cancers associated with ox-
idative stress. Our earlier research by Sawicka et al. [37] demonstrated that 2-MeOE2, in
combination with cadmium, exhibited antagonistic activity in the SKOV-3 cell line (ovarian
cancer), suggesting a similar mechanism in MCEF-7 cells. Furthermore, 2-MeOE2 exhibits
anti-inflammatory and antioxidant properties that may mitigate cadmium-induced oxida-
tive damage [36]. Another study, although focused on neuroblastoma cells, demonstrated
that 2-MeOE2 induces apoptosis through the production of ROS, which may be relevant in
the context of its interaction with cadmium, which also generates ROS [38].

Our novel study also aimed to determine the effect of a metabolite with potentially
carcinogenic properties, i.e., 4-OHE2, which exhibited a more heterogeneous interaction
profile—predominantly antagonistic effects—except in the high-concentration combination
in MCF-7/DOX cells, in which synergistic cytotoxicity was observed. The enhanced effect at
50 uM suggests that, at sufficient concentrations, 4-OHE2 may potentiate cadmium-induced
oxidative and inflammation-associated stress.

Summarizing the results presented in Table 2, we noted that in the MCF-7 cell line in
the presence of E2, antagonistic interactions dominated, particularly at lower concentrations
(0.01-0.1 uM) of both compounds. However, synergistic effects were observed at higher
concentrations: E2 at 1-10 uM in combination with both 1 uM and 50 uM CdCl, led
to a notable decrease in cell viability (down to 37%), indicating enhanced cytotoxicity.
Interestingly, at a concentration of 50 uM E2 combined with 50 uM CdCl, the effect
returned to antagonistic, suggesting that there may be a concentration threshold above
which cytoprotective mechanisms can be activated, which may be an interesting and
important observation from our study.

Across all tested concentrations, the combination of 2-MeOE2 with CdCl, consis-
tently resulted in antagonistic effects. Even at higher concentrations (10-50 uM), cell
viability remained relatively high (45-79%), suggesting that 2-MeOE2 may counteract
Cd-induced cytotoxicity. No synergism was observed under any condition, highlighting
the potential protective or neutral role of 2-MeOE2 in co-exposure scenarios, which is also
an interesting conclusion.

In the case of 4-OHE2, the majority of combinations produced antagonistic effects,
except at the highest concentration (50 uM) combined with 1 uM CdCl,, where a synergistic
decrease in viability (35%) was observed. This result suggests that only high concentrations
of catechol estrogens in combination with low-concentration cadmium may contribute to
enhanced cytotoxicity in MCF-7 cells.

Summarizing the results presented in Table 3, we observed that in the MCF-7/DOX
cell line the combination of E2 with CdCl;, resulted predominantly in antagonistic inter-
actions, especially at higher estrogen concentrations. At low E2 levels (0.1-1 pM) and
1 uM CdCly, synergistic effects were observed (viability 73-76%), indicating enhanced
cytotoxicity compared to single-agent exposure. However, the same estrogen concentra-
tions with 50 uM CdCl, showed antagonistic effects, suggesting a shift in the nature of
the interaction depending on the cadmium concentration. At higher E2 concentrations
(10-50 uM), antagonism prevailed at both CdCl, concentrations, with only a modest reduc-
tion in viability (65-52%). These findings point to a concentration-dependent modulation of
cytotoxicity, with low-concentration E2 sensitizing MCF-7/DOX cells to low-concentration
cadmium, but higher concentrations leading to potential adaptive responses that maintain
cell viability, which is also a very interesting observation.
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The combination of 2-MeOE2 with cadmium exhibited consistently antagonistic effects
across all concentrations tested. Cell viability remained relatively high (80-89% with
1 uM CdCl, and 54-75% with 50 uM CdCly). No synergism was observed under any
condition. This pattern indicates that 2-MeOE2 does not enhance the cytotoxic effect of
cadmium in MCF-7/DOX cells, and may even exert a mild protective effect, possibly
through antioxidant or cytostatic mechanisms.

Among the tested estrogens, 4-OHE2 produced the most pronounced synergistic
effects, but only at the highest concentration. At 50 uM 4-OHE2, a marked synergistic
interaction was observed with both 1 uM and 50 uM CdCl,, reducing viability to 63%
and 12%, respectively. At lower concentrations (0.01-10 uM), however, all interactions
remained antagonistic, with cell viability staying within the 60-100% range. This suggests
that high concentrations of 4-OHE2, in combination with cadmium, may induce significant
cytotoxicity in chemoresistant cells, likely via mechanisms involving oxidative stress or
DNA damage, as 4-OHE2 is known to form genotoxic estrogen metabolites.

3.3. SOD1 Activation Highlights Redox Adaptation in Resistant Cells-: Comparison of
Quantitative and Immunoenzymatic Approaches

Taking into account the quantitative determination of SOD1 activity, it was demon-
strated that exposure to CdCl, and estrogenic compounds markedly affects the enzymatic
antioxidant response in both MCF-7 and MCE-7/DOX. The spectrophotometric RANSOD
assay provided clear evidence of a concentration-dependent modulation of SOD1 activity
following exposure to all tested agents, both as single compounds and in combined treat-
ment. In particular, CdCl, and catechol estrogens—4-OHE2 induced a pronounced increase
in enzymatic activity, which was further enhanced under co-exposure conditions. This
quantitative upregulation of SOD1 reflects a strong activation of the cellular antioxidant
defense system in response to elevated oxidative stress. Importantly, the quantitative assay
revealed consistent differences between the two cell models, with MCF-7/DOX cells ex-
hibiting significantly higher basal SOD1 activity and a more pronounced inducible response
compared with parental MCF-7 cells. This suggests that long-term adaptation to chemother-
apeutic stress is associated with a reinforced enzymatic antioxidant capacity, which may
contribute to the survival advantage of resistant cells under additional oxidative insults.
Superoxide dismutase (SOD) is a central component of the antioxidant defense system,
catalyzing the conversion of superoxide anion radicals (O,e7) into hydrogen peroxide
(H20O,). In the context of cancer biology, including breast cancer, SOD1 plays a dual and
highly context-dependent role [39]. While it protects biomolecules from oxidative damage,
its sustained activation may also promote cancer cell survival under chronic oxidative
and inflammatory conditions [40]. Therefore, SOD1 assessment after exposure to estro-
gens and cadmium provides insight primarily into redox adaptation mechanisms rather
than direct functional causality. Consistent with this concept, the observed quantitative
increases in SOD1 activity indicate that both CdCl, and estrogenic compounds act as potent
modulators of intracellular redox homeostasis, likely through enhanced ROS generation
and subsequent activation of antioxidant defense pathways [41]. The strongest effects
observed for 4-OHE?2 suggest a particularly high pro-oxidant potential of catechol estrogen
metabolites, which may undergo redox cycling and amplify oxidative stress signals [42].
In parallel, immunocytochemical analysis of SOD1 expression further confirmed elevated
basal antioxidant capacity in MCF-7/DOX cells compared with MCF-7 cells. Upon ex-
posure to CdCl, and estrogens, either individually or in combination, MCF-7/DOX cells
showed stronger SOD1 induction, particularly in response to 4-OHE2 and 2-MeOE2. This
enhanced response likely reflects an adaptive increase in antioxidant defense mechanisms,
contributing to reduced susceptibility to oxidative and inflammatory stress. Interestingly,
2-MeOE2 induced strong SOD1 upregulation without a proportional increase in cytotoxic-
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ity, suggesting a predominant role in redox modulation rather than direct cytotoxic action.
In contrast, 4-OHE2 triggered both marked SOD1 induction and pronounced cytotoxicity
at higher concentrations, indicating that excessive ROS generation may exceed the cellu-
lar antioxidant capacity. Overall, both quantitative and immunocytochemical analyses
consistently demonstrated higher SOD1 levels in MCF-7/DOX cells across all treatments
and concentrations, reflecting altered redox homeostasis and enhanced adaptive capacity
to oxidative stress. The most pronounced differences between cell lines were observed
following exposure to cadmium and higher concentrations of estrogenic compounds.

3.4. GST Activity Indicates Enhanced Detoxification Capacity in Chemoresistant Cells

Quantitative assessment of GST activity revealed marked differences between MCF-7
and MCF-7/DOX cells, both under basal conditions and following exposure to cadmium
and estrogenic compounds. Consistent with the SOD1 results, MCF-7/DOX cells ex-
hibited higher constitutive GST activity than parental MCE-7 cells, suggesting a more
efficient detoxification system associated with the multidrug-resistant phenotype. Expo-
sure to CdCl, induced a concentration-dependent increase in GST activity in both cell lines,
confirming the activation of glutathione-dependent defense mechanisms in response to
xenobiotic-induced oxidative stress [43]. Among the tested estrogenic compounds, 4-OHE2
and 2-MeOE2 produced the strongest stimulation of GST activity, whereas E2 induced a
comparatively weaker response. The pronounced effect of 4-OHE2 may be related to its
ability to undergo redox cycling and generate reactive intermediates requiring detoxifica-
tion through glutathione-dependent pathways [33]. Combined exposure to cadmium and
estrogens resulted in a further increase in GST activity, particularly in MCF-7/DOX cells,
indicating additive or complementary activation of cellular defense systems. The highest
GST activity was observed following co-exposure to CdCl, and 4-OHE2, supporting the hy-
pothesis that simultaneous exposure to metalloestrogens and estrogen metabolites imposes
a substantial oxidative and detoxification burden on breast cancer cells. The quantitative
GST data suggest that chemoresistant MCF-7/DOX cells possess a greater capacity to
activate glutathione-dependent detoxification pathways than hormone-sensitive MCF-7
cells. This enhanced GST response may contribute to the increased tolerance of resistant
cells to oxidative stress and xenobiotic exposure, similarly to the elevated SOD1 activity
observed in the present study [44].

Overall, GST activity followed the order 4-OHE2 > 2-MeOE2 > E2 in both cell lines,
suggesting that estrogen metabolites, particularly the catechol estrogen 4-OHE2, exert
stronger stimulatory effects on glutathione-dependent detoxification pathways than the
parent hormone (Table 12).

Table 12. Activity of GST in MCF-7 and MCF-7/DOX cells after combined exposure to CdCl, and
estrogens (E2, 2-MeOE2, and 4-OHE2). Data are mean + SD (n = 3). Statistical significance vs.
corresponding control (* p < 0.05; ** p < 0.01; *** p < 0.001).

. Estrogen CdcCl, GST Activit
Cell Line Estrogen [ul\/f[;] [uM] [nmol/min/mg Pr}(l)tein]
MCE-7 Control — — 42.8 + 2.6
MCE-7/DOX Control — — 68.5 + 4.1
MCE-7 E2 0.1 0.1 524+31*
MCE-7 E2 0.1 10.0 82.7 £ 4.9 ***
MCEF-7/DOX E2 0.1 0.1 79.8 +4.8*
MCEF-7/DOX E2 0.1 10.0 114.2 £ 6.8 ***
MCE-7 E2 10.0 0.1 61.5 + 3.8 **
MCE-7 E2 10.0 10.0 95.4 £+ 5.7 ***
MCEF-7/DOX E2 10.0 0.1 90.7 £ 5.4 **
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Table 12. Cont.

. Estrogen CdcCl, GST Activit
Cell Line Estrogen [ul\/%] [uM] [nmol/min/mg Pr}(’)tein]
MCEF-7/DOX E2 10.0 10.0 128.6 £ 7.5 ***
MCEF-7 2-MeQOE2 0.1 0.1 64.2 +£3.9*
MCE-7 2-MeQOE2 0.1 10.0 101.8 £ 6.1 ***
MCEF-7/DOX 2-MeOE2 0.1 0.1 95.4 £ 5.6*
MCEF-7/DOX 2-MeOE2 0.1 10.0 137.2 £ 8.0 ***
MCE-7 2-MeOE2 10.0 0.1 82.9 £ 4.9 ***
MCE-7 2-MeOE2 10.0 10.0 119.7 £ 7.1 ***
MCEF-7/DOX 2-MeQOE2 10.0 0.1 117.5 £ 6.9 ***
MCEF-7/DOX 2-MeOE2 10.0 10.0 158.4 £ 9.3 ***
MCE-7 4-OHE2 0.1 0.1 72.6 £ 4.3**
MCE-7 4-OHE2 0.1 10.0 114.8 £+ 6.8 ***
MCEF-7/DOX 4-OHE2 0.1 0.1 106.9 £ 6.3 ***
MCEF-7/DOX 4-OHE2 0.1 10.0 149.5 £ 8.8 ***
MCE-7 4-OHE2 10.0 0.1 96.8 + 5.8 ***
MCE-7 4-OHE2 10.0 10.0 136.2 £ 8.1 ***
MCEF-7/DOX 4-OHE2 10.0 0.1 134.7 £ 7.9 ***
MCEF-7/DOX 4-OHE2 10.0 10.0 182.9 £ 10.7 ***

3.5. GST-pi Expression Reflects Detoxification Capacity and Hormonal Regulation

Expression of GST-pi, a phase II detoxification enzyme involved in xenobiotic
metabolism and a marker of drug resistance, was also significantly higher in MCF-7/DOX
cells at baseline and after cadmium exposure. This is consistent with literature describing
GST-pi as a factor contributing to the multidrug-resistant phenotype by facilitating the
conjugation and elimination of toxic compounds and mitigating oxidative stress. The pi
isoform of glutathione S-transferase was chosen for analysis because it is the major GST
isoform in breast cancer cells and is closely associated with drug resistance, particularly to
doxorubicin. Although other GST isoforms (e.g., alpha) are expressed in different tissues,
GST-pi is the most relevant for evaluating cellular detoxification responses in the context of
breast cancer and xenobiotic exposure [20,45,46].

Estrogens differentially changed GST-pi expression. E2 and 2-MeOE2 induced strong
GST-pi expression in MCF-7 cells, consistent with hormone-sensitive regulation via estro-
gens [47]. However, in MCF-7/DOX cells, this effect was attenuated, likely related to the
chemoresistance of cells. The relatively weak response of GST-pi to 4-OHE2, despite its
genotoxic potential, suggests that its metabolism may rely on alternative detoxification
pathways, independent of GSH. Nevertheless, combined exposure of 4-OHE2 with cad-
mium led to a significant increase in GST-pi expression in MCF-7/DOX cells, suggesting
enhanced activation of stress and inflammation-related response pathways, although it
does not demonstrate a direct role of GST-pi in modulating the effects of these compounds.
Overall, MCF-7/DOX cells displayed higher GST-pi expression than MCF-7 in response
to CdCly, highlighting the heightened detoxification capacity of chemoresistant cells. In
contrast, MCF-7 cells responded more strongly to estrogenic compounds, particularly
E2 and 2-MeOE2, suggesting a greater sensitivity to hormone-mediated regulation. This
differential pattern of GST-pi expression may reflect significant phenotypic differences
between hormone-sensitive and drug-resistant breast cancer cells, which is relevant for
understanding resistance mechanisms linked to redox balance and inflammation-associated
pathways [48,49]. The results obtained in the present study describe differences between
the cell lines, but do not provide evidence that GST-pi directly influences the cellular
response to estrogens or cadmium.
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It should be noted that the immunocytochemical analysis performed in this study
provides qualitative and semi-quantitative information on SOD1 and GST-pi expression
patterns. Although this method enables visualization of protein localization and compari-
son between cellular phenotypes, it primarily allows the assessment of relative differences
in expression under the experimental conditions. At the same time, the manuscript has
been supplemented with a quantitative assessment of SOD1 activity in the cell lines, en-
abling a more precise evaluation of changes in the antioxidant system in response to the
experimental factors applied.

Taken together, the ICsy and CI data indicate that estrogen metabolites may modu-
late the cellular response to CdCl; in a manner dependent on the type of metabolite, its
concentration, and the cellular profile. These findings highlight the context-dependent
nature of interactions between estrogens and cadmium. The analysis of SOD1, including
both immunocytochemical assessment and quantitative measurement of enzymatic activity,
together with the evaluation of GST-pi expression, indicates a significant involvement of
the antioxidant system in the observed cellular responses.

In summary, the observed reduction in cell viability following the treatments is con-
sistent with the aim of the study, as cytotoxicity represents a direct consequence of distur-
bances in oxidative-redox balance and alterations in detoxification mechanisms induced
by cadmium and estrogen metabolites in breast cancer cells. Both cadmium and certain
estrogen metabolites, particularly 4-hydroxyestradiol, are known to generate reactive oxy-
gen species and induce oxidative stress, which may lead to cellular damage and decreased
cell survival. Importantly, the assessment of the cytotoxicity of the tested compounds in
both cell lines also enabled the determination of the type of estrogen-cadmium interaction,
which constituted the main objective of our study.

4. Materials and Methods
4.1. Materials

Dulbecco’s Modified Eagle’s Medium (DMEM, high-glucose), phosphate-buffered
saline (PBS), fetal bovine serum (FBS), and penicillin-streptomycin solution were purchased
from Biological Industries (Beit HaEmek, Israel). Cadmium chloride (CdCl,), dimethyl
sulfoxide (DMSQO), deionized water, ethanol (96%), 173-estradiol (E2), 2-methoxyestradiol
(2-MeOE2), and 4-hydroxyestradiol (4-OHE2) were obtained from Sigma-Aldrich (Burling-
ton, MA, USA). TrypLE™ Express enzyme was purchased from Gibco (Waltham, MA, USA).
For immunocytochemical analysis, the Expose™ Mouse and Rabbit Specific HRP/DAB
Detection IHC Kit (ab80436, Abcam, Waltham, MA, USA) was used. Primary antibodies
included anti-SOD1 rabbit polyclonal antibody (orb39428, Biorbyt, Cambridge, UK) and
anti-GSTm rabbit polyclonal antibody (orb678653, Biorbyt, Cambridge, UK). The list of
tested compounds and their chemical structures is presented in Table 13.

Table 13. The list of compounds used in the experiments.

The Name of Compound and Manufacturer The Structure

E2
SIGMA-ALRDICH
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Table 13. Cont.

The Name of Compound and Manufacturer The Structure

2-MeOE2
SIGMA-ALDRICH

4-OHE2
SIGMA-ALDRICH

Cadmium chloride
SIGMA-ALDRICH

4.2. Cell Culture

The human estrogen-dependent breast adenocarcinoma cell line MCF-7 was obtained
from CLS Cell Lines Service GmbH (Eppelheim, Germany). The doxorubicin-resistant
subline MCF-7/DOX was established by continuous culture of MCF-7 cells in the presence
of low concentrations of doxorubicin over a period of 3 months. The resistance phenotype
of MCF-7/DX cells is based on previously reported literature, while our study focuses
on evaluating cytotoxicity and immunocytochemical analysis of SOD1 and GSTm in these
cells. Both cell lines were maintained at 37 °C in a humidified atmosphere containing
5% CO, using a Steri-Cult® Automated CO, Incubator (Thermo Scientific, distributed by
ALAB, Warsaw, Poland). Cells were cultured in DMEM high-glucose medium (4500 mg/L;
supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (10,000 U/mL
penicillin and 10 mg/mL streptomycin from Biological Industries (Beit HaEmek, Israel).

4.3. Tested Compounds

The tested compounds included estrogens (E2, 2-MeOE2, 4-OHE2) and CdCl; as a
source of cadmium ions. Stock solutions of estrogens were prepared in 96% ethanol at a
concentration of 10 mM, while cadmium chloride was dissolved in sterile deionized water
to obtain a 10 mM solution. Working concentrations used in experiments were as follows:
estrogens: 0.01, 0.1, 1.0, 10.0, and 50.0 uM; CdCl,: 0.1, 1.0, 5.0, 10.0, and 50.0 pM.

4.4. Cytotoxicity Assay of Individual Estrogens and CdCl,

The cytotoxicity of the tested compounds was assessed using the MTT assay, fol-
lowing the manufacturer’s protocol (Sigma-Aldrich, Poznan, Poland). Cells were seeded
into 96-well plates (Nunc, Nunclon™ Surface, Biokom, Janki, Poland) at a density of
5 x 10* cells/well in DMEM. After 24 h of incubation at 37 °C in 5% CO; to allow cell
adhesion, the culture medium was replaced with 200 pL of medium containing the test
compounds. Each estrogen (E2, 2-MeOE2, 4-OHE2) and CdCl, was tested individually
at the concentrations listed in Section 4.3. Cells were incubated with the compounds for
48 h. A negative control consisting of cells incubated in complete culture medium without
any compounds was included in each experiment. All conditions were tested in triplicate.
Following exposure, 20 uL of MTT solution (5 mg/mL) was added to each well to obtain
a final concentration of 0.5 mg/mL. Plates were incubated for 4 h at 37 °C. Subsequently,
the medium was removed, and formazan crystals formed in viable cells were solubilized
using DMSO. Absorbance was measured at 570 nm using a microplate reader. Results were
expressed as a percentage of cell viability compared to the untreated control.
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4.5. Combined Effect of Estrogens and Cadmium on Cell Viability

To evaluate potential interactive effects, a simultaneous exposure model was em-
ployed. In this model, cells were treated concurrently with cadmium chloride and one
of the tested estrogens. Concentrations for the combined treatment were selected based
on preliminary cytotoxicity assays performed on MCF-7 and MCEF-7/DOX breast cancer
cells, ensuring inclusion of both sub-cytotoxic and cytotoxic ranges. In addition, previously
published studies in hormone-dependent cancer cell lines, including ovarian cancer mod-
els, were considered to define biologically relevant concentration ranges. The following
concentration ranges were applied: estrogens (E2, 2-MeOE2, 4-OHE2): 0.01, 0.1, 1.0, 10.0,
50.0 uM and CdCl,: 1.0 and 50.0 uM. Cells were incubated with the mixtures for 48 h
under standard culture conditions (37 °C, 5% CO;). Following exposure, cytotoxicity was
determined using the MTT assay as described in Section 4.4. The results were analyzed to
evaluate potential synergistic or antagonistic effects between cadmium and estrogens.

4.6. Combination Index

To estimate the type of interaction, the combination index (CI) was calculated using
CompuSyn software (Version 1.0) The results were interpreted as follows: CI = 1 indicates
the additive effect of the test substances on the viability of breast cancer cells, CI < 1
indicates synergy (S) between the compounds used for the study, while CI > 1 indicates the
antagonism (A) that occurs between them [50].

4.7. Immunocytochemical Analysis of SOD1 Expression in MCF-7 and MCF-7/DOX Breast
Cancer Cells

To assess potential interactions of the tested compounds with respect to both enzymes,
SOD and GST-pi, concentrations of 0.1 uM and 10 uM for estrogens were selected, as well
as the same concentration range for cadmium, i.e., 0.1 uM and 10 pM.

The expression of superoxide dismutase 1 (SOD1) was evaluated in human breast
cancer cell lines MCF-7 and MCF-7/DOX (doxorubicin-resistant) following exposure to
individual compounds and mixtures of estrogens and Cd, in accordance with the viability
assay conditions. Cells were seeded onto 10-well microscope slides (Thermo Scientific,
Waltham, MA, USA) and incubated for 24 h. Following incubation, the slides were rinsed
with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde. Immuno-
cytochemical staining was then performed using the Expose Mouse and Rabbit Specific
HRP/DAB Detection IHC Kit (Abcam, Waltham, MA, USA; ab80436), which included the
following components: Mouse Determination Reagent, HRP Conjugate, DAB Substrate,
DAB Chromogen, and Hydrogen Peroxide Block. After three washes with PBS (3 x 5 min),
endogenous peroxidase activity was quenched with 1% hydrogen peroxide for 30 min.
Cells were then permeabilized with 1% Triton X-100 (Merck, Poland-Sigma-Aldrich) in
PBS (LabEmpire, Rzeszéw, Poland). Next, the cells were incubated overnight at 4 °C with a
primary antibody: anti-SOD1 rabbit polyclonal antibody (orb39428, Biorbyt, Cambridge,
UK). This was followed by incubation with an HRP-conjugated secondary antibody, ac-
cording to the manufacturer’s protocol. Visualization of the signal was achieved using a
DAB/H;0; chromogenic reaction, and slides were counterstained with hematoxylin (Roth,
Poland) for 3 min. Subsequently, samples were dehydrated through an ethanol gradient
(Chempur, Rzeszéw, Poland), cleared in xylene (Chempur, Piekary Slaskie, Poland), and
mounted using DPX mounting medium (Aqua-Med ZpamKolasa, £6dz, Poland). Images
were acquired using a vertical microscope (Olympus BX53, Warsaw, Poland). Staining
intensity was categorized as follows: () negative (no staining), (+) weak, (++) moderate,
and (+++) strong. Qualitative data were summarized in tabular form (Tables 5 and 6).
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4.8. Immunocytochemical Analysis of GST-pi Expression in MCF-7 and MICF-7/DOX Breast
Cancer Cells

The expression of glutathione S-transferase pi (GST7) was evaluated in human breast
cancer cell lines MCF-7 and MCF-7/DOX following exposure to individual compounds
and mixtures of estrogens and CdCl2. MCF-7 and MCF-7/DOX cells were seeded onto
microscope slides and incubated for 24 h, followed by treatment with test compounds.
After incubation, cells were fixed with 4% paraformaldehyde, rinsed with PBS, and stained
using the Expose HRP/DAB Detection Kit (Abcam). Endogenous peroxidase activity was
blocked with 1% H,O,, and cells were permeabilized with 1% Triton X-100. Slides were in-
cubated overnight at 4 °C with the primary antibody: anti-GST7t rabbit polyclonal antibody
(orb101235, Biorbyt, Cambridge, UK). An HRP-conjugated secondary antibody was then
applied, and the signal was developed with DAB. Nuclei were counterstained with hema-
toxylin, and slides were dehydrated, cleared in xylene, and mounted in DPX. Images were
acquired using an Olympus BX53 microscope. Staining intensity was classified as follows:
(-) negative, (+) weak, (++) moderate, (+++) strong. The intensity of immunoreactivity was
summarized in Tables 7 and 8.

4.9. Quantitative Determination of SOD1 Activity Following Exposure to Single Compounds or in
Combined Treatment in MCF-7 and MCF-7/DOX Cell Lines Using the RANSOD
Spectrophotometric Assay in the Breast Cancer Cell Line

The activity of superoxide dismutase 1 (SOD1, Cu/Zn-SOD) was determined in
lysates obtained from MCEF-7 and MCF-7/DOX cells exposed to estrogenic compounds
(E2, 2-MeOE2, and 4-OHE?2) and cadmium chloride (CdCl,), either as single agents or
in combined treatment. SOD1 activity was measured using a spectrophotometric assay
with the RANSOD kit (Randox Laboratories), according to the manufacturer’s instructions.
The assay is based on the ability of SOD to inhibit the reduction of 2-(4-iodophenyl)-3-(4-
nitrophenol)-5-phenyltetrazolium chloride (I.N.T.) by superoxide radicals generated in the
xanthine—xanthine oxidase system.

Cells were cultured under standard conditions (37 °C, humidified atmosphere with 5%
COy). After treatment completion, cells were washed twice with ice-cold PBS, detached, and
centrifuged at 1500 g for 5 min at 4 °C. Cell pellets were lysed in ice-cold phosphate buffer
(50 mM, pH 7.4) containing 0.1 mM EDTA. Lysates were homogenized and centrifuged at
10,000 g for 15 min at 4 °C to remove cellular debris, and the resulting supernatants were
collected for analysis. SOD1 activity was quantified by measuring the inhibition of LN.T.
reduction to red formazan. Absorbance changes were recorded spectrophotometrically
at 505 nm. One unit of SOD activity was defined as the amount of enzyme required to
cause 50% inhibition of I.N.T. reduction under assay conditions. Results were expressed as
units per milligram of total protein (U/mg protein). Protein concentration was measured
using the Pierce™ BCA Protein Assay Kit according to the manufacturer’s instructions
(Tables 9 and 10).

4.10. Quantitative Determination of GST Activity Following Exposure to Single Compounds or
Combined Treatment in MCF-7 and MCF-7/DOX Breast Cancer Cell Lines Using the CONB
Spectrophotometric Assay

Glutathione S-transferase (GST) activity was determined in cell lysates obtained from
MCE-7 and MCF-7/DOX cells following 48 h exposure to cadmium chloride, E2, 4-OHE2,
2-MeOE2, and their respective combinations. After treatment, the cells were washed twice
with ice-cold phosphate-buffered saline (PBS), harvested, and processed for enzymatic
analysis. Approximately 1 x 10° cells were used for each sample. Cells were lysed under
ice-cold conditions and centrifuged at 10,000 x g for 15 min at 4 °C. The resulting super-
natants were collected and used for GST activity determination. Protein concentration was
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measured using the Pierce™ BCA Protein Assay Kit according to the manufacturer’s in-
structions. GST activity was determined according to the method of Habig et al. [51], based
on the conjugation of reduced glutathione (GSH) with 1-chloro-2,4-dinitrobenzene (CDNB).
The assay was performed in clear 96-well microplates using a Synergy™ microplate reader
(BioTek Instruments, Winooski, VT, USA). The reaction mixture consisted of 100 mM potas-
sium phosphate buffer (pH 6.5), 1 mM reduced glutathione (GSH), and 1 mM CDNB.
Briefly, 20 uL of cell lysate was added to 180 uL of reaction mixture, resulting in a final
reaction volume of 200 pL per well. Blank samples containing all assay components except
the cell lysate were included to correct for non-enzymatic conjugate formation. The reaction
was initiated by the addition of CDNB, and the increase in absorbance was monitored at
340 nm for 5 min. GST activity was calculated from the linear portion of the absorbance
curve after subtraction of blank values. The rate of formation of the CDNB-GSH conjugate
was calculated using the molar extinction coefficient e = 9.6 mM~! cm~!. GST activity was
expressed as nanomoles of CDNB-GSH conjugate formed per minute per milligram of
protein (nmol/min/mg protein). Each sample was analyzed in triplicate. The results were
calculated per mg of protein content and expressed as mean =+ standard deviation (SD).

4.11. Statistical Analysis

All values were expressed as mean =+ SD. Differences between all groups were assessed
using one-way analysis of variance (ANOVA), which compares three or more unmatched
groups based on the assumption that the populations are Gaussian. When ANOVA indi-
cated significant differences, Tukey’s post hoc test was applied to determine intergroup
differences. All analyses were performed using GraphPad Prism 7 software (GraphPad
Software, San Diego, CA, USA). Values of p < 0.05 were considered statistically significant.
The concentration—effect analysis of the combination treatment was performed using the
combination index (CI) method implemented in CompuSyn software (Version 1.0).

5. Conclusions

The presented results provide descriptive insights into the effects of environmental
metalloestrogens in combination with endogenous estrogens and their metabolites on
oxidative and redox-regulated responses in breast cancer cells. Cadmium, as an environ-
mental toxin with known pro-inflammatory properties, influenced both cell viability and
redox balance, with these effects varying depending on the specific estrogen compound
and the cell line studied. Differences between MCF-7 and MCF-7/DOX cells likely reflect
distinct properties in redox homeostasis, hormonal sensitivity, and detoxification capacity,
as well as adaptive responses to chronic oxidative stress, which may contribute to their
differential responses to xenobiotics. The observed increase in activity and expression of
SOD1, GST and GST-pi in MCF-7/DOX cells indicates enhanced antioxidant and detoxifica-
tion responses, functionally linked to the regulation of oxidative stress and redox adaptive
signaling pathways. However, further functional studies will be necessary to clarify the
specific roles of the examined compounds in redox-regulated cellular responses. From a
therapeutic perspective, the protective effect of 2-MeOE2, potentially related to its mod-
ulation of redox homeostatic responses, and the selective susceptibility of resistant cells
to 4-OHE2-CdCl, combinations associated with enhanced oxidative and inflammatory
stress, may provide a rationale for the development of new strategies for breast cancer
treatment. Importantly, our findings suggest a specific interaction between estrogenic
compounds and cadmium, which was predominantly antagonistic, whereas synergistic
effects were observed less frequently. Overall, our study underscores the importance of
concentration-dependent interactions between environmental metals and pathways regu-
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lated by 173-estradiol and its metabolites, particularly in the context of cytotoxicity and
redox imbalance relevant to breast cancer progression and therapy resistance.

Author Contributions: E.S. and A.P. came up with and planned the project. E.S., K.Z. and M.W.
contributed to the preparation of samples and conducting the experiments. E.S., K.Z. and M.W.
collected data and analyzed results. E.S. and A.P. interpreted the results. E.S. and A.P. prepared
the manuscript and helped shape the analysis and the manuscript through critical opinions. E.S.
and A.P. critically revised the final version of the manuscript. E.S. lead in sending the manuscript
and correspondence with the editor. All authors have read and agreed to the published version of
the manuscript.

Funding: Research was financed under the subsidy SUBK.D150.24.008 by Wroctaw Medical Univer-
sity, 50-367 Wroctaw, Poland.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this work is available in the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Guo, Z.; Zhu, Z.; Luo, M; Lin, X.; Wu, Q.; Wang, L.; Zhou, J. Risk of breast cancer in assisted reproduction technology: A
systematic review and meta-analysis protocol. Int. |. Surg. Protoc. 2024, 29, 1-5. [PubMed]

2. Liu, L.; Zhou, P; Hou, L.; Kao, C.; Zhang, Z.; Wang, D.; Yu, L.; Wang, F.; Wang, Y.; Yu, Z. Development and performance of female
breast cancer incidence risk prediction models: A systematic review and meta-analysis. Ann. Med. 2025, 57, 2534522. [CrossRef]
[PubMed]

3. Gray, ].M,; Rasanayagam, S.; Engel, C.; Rizzo, ]. State of the evidence 2017: An update on the connection between breast cancer
and the environment. Environ. Health 2017, 16, 94-99. [CrossRef] [PubMed]

4.  Hiatt, R.A,; Brody, ].G. Environmental determinants of breast cancer. Annu. Rev. Public Health 2018, 39, 113-133. [CrossRef]
[PubMed]

5. Jurkowska, K.; Kratz, E.M.; Sawicka, E.; Piwowar, A. The impact of metalloestrogens on the physiology of male reproductive
health as a current problem of the XXI century. J. Physiol. Pharmacol. 2019, 70, 337-355. [CrossRef]

6. Genchi, G.; Sinicropi, M.S.; Lauria, G.; Carocci, A.; Catalano, A. The effects of cadmium toxicity. Int. . Environ. Res. Public Health
2020, 17, 3782. [CrossRef] [PubMed]

7.  Byrne, C; Divekar, S.D.; Storchan, G.B.; Parodi, D.A.; Martin, M.B. Metals and breast cancer. J. Mammary Gland Biol. Neoplasia
2013, 18, 63-73. [CrossRef] [PubMed]

8.  Lin,]; Zhang, F; Lei, Y. Dietary intake and urinary level of cadmium and breast cancer risk: A meta-analysis. Cancer Epidemiol.
2016, 42, 101-107. [CrossRef] [PubMed]

9. Adams, S.; Passarelli, M.; Newcomb, P. Cadmium exposure and cancer mortality in the Third National Health and Nutrition
Examination Survey cohort. Occup. Environ. Med. 2012, 69, 153-156. [PubMed]

10. Titiwattanakarn, T.; Settacomkul, R.; Kasemsuk, T.; Vivithanaporn, P. Plumbagin inhibits cadmium-induced interleukin-6/STAT3
signaling in the triple-negative breast cancer cell line. Asian Pac. ]. Cancer Prev. 2025, 26, 465-470. [CrossRef] [PubMed]

11. Stoica, A.; Katzenellenbogen, B.S.; Martin, M.B. Activation of estrogen receptor-alpha by the heavy metal cadmium. Mol.
Endocrinol. 2000, 14, 545-553. [CrossRef] [PubMed]

12.  Lubovac-Pilav, Z.; Borras, D.M.; Ponce, E.; Louie, M.C. Using expression profiling to understand the effects of chronic cadmium
exposure on MCF-7 breast cancer cells. PLoS ONE 2013, 8, e84646. [CrossRef] [PubMed]

13.  Zahid, M.; Beseler, C.L.; Hall, ].B.; LeVan, T.; Cavalieri, E.L.; Rogan, E.G. Unbalanced estrogen metabolism in ovarian cancer. Int.
J. Cancer 2014, 134, 2414-2423. [CrossRef] [PubMed]

14. Samvat, H.; Kurzer, M. Estrogen metabolism and breast cancer. Cancer Lett. 2015, 356, 231-243. [CrossRef]

15. Parada-Bustamante, A.; Valencia, C.; Reuquén, P.; Diaz, P; Rincén-Rodriguez, R.; Orihuela, P. Role of 2-methoxyestradiol, an
endogenous estrogen metabolite, in health and disease. Mini-Rev. Med. Chem. 2015, 15, 427-438. [CrossRef] [PubMed]

16. Strehlow, K.; Rotter, S.; Wassmann, S.; Adam, O.; Grohé, C.; Laufs, K.; Bohm, M.; Nickenig, G. Modulation of antioxidant enzyme
expression and function by estrogen. Circ. Res. 2003, 93, 170-177. [CrossRef] [PubMed]

17.  Kumar, P,; Kale, R.K.; Baquer, N.Z. Estradiol modulates membrane-linked ATPases, antioxidant enzymes, membrane fluidity,

lipid peroxidation, and lipofuscin in aged rat liver. J. Aging Res. 2011, 2011, 580245. [CrossRef] [PubMed]

https://doi.org/10.3390/ph19071001


https://www.ncbi.nlm.nih.gov/pubmed/40453189
https://doi.org/10.1080/07853890.2025.2534522
https://www.ncbi.nlm.nih.gov/pubmed/40684451
https://doi.org/10.1186/s12940-017-0287-4
https://www.ncbi.nlm.nih.gov/pubmed/28865460
https://doi.org/10.1146/annurev-publhealth-040617-014101
https://www.ncbi.nlm.nih.gov/pubmed/29328875
https://doi.org/10.26402/JPP.2019.3.02
https://doi.org/10.3390/ijerph17113782
https://www.ncbi.nlm.nih.gov/pubmed/32466586
https://doi.org/10.1007/s10911-013-9273-9
https://www.ncbi.nlm.nih.gov/pubmed/23338949
https://doi.org/10.1016/j.canep.2016.04.002
https://www.ncbi.nlm.nih.gov/pubmed/27085960
https://www.ncbi.nlm.nih.gov/pubmed/22068173
https://doi.org/10.31557/apjcp.2025.26.2.465
https://www.ncbi.nlm.nih.gov/pubmed/40022690
https://doi.org/10.1210/mend.14.4.0441
https://www.ncbi.nlm.nih.gov/pubmed/10770491
https://doi.org/10.1371/journal.pone.0084646
https://www.ncbi.nlm.nih.gov/pubmed/24376830
https://doi.org/10.1002/ijc.28565
https://www.ncbi.nlm.nih.gov/pubmed/24170413
https://doi.org/10.1016/j.canlet.2014.04.018
https://doi.org/10.2174/1389557515666150226121052
https://www.ncbi.nlm.nih.gov/pubmed/25723461
https://doi.org/10.1161/01.RES.0000082334.17947.11
https://www.ncbi.nlm.nih.gov/pubmed/12816884
https://doi.org/10.4061/2011/580245
https://www.ncbi.nlm.nih.gov/pubmed/22007298
https://doi.org/10.3390/ph19071001

Pharmaceuticals 2026, 19, 1001 30 of 31

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

Rao, A K,; Ziegler, Y.S.; McLeod, 1.X,; Yates, ].R.; Nardull, A.M. Effects of Cu/Zn superoxide dismutase on estrogen responsiveness
and oxidative stress in human breast cancer cells. Mol. Endocrinol. 2008, 22, 1113-1124. [CrossRef] [PubMed]

Zareba, N.; Wiectawik, K.; Kizek, R.; Hosnedlova, B.; Kepiriska, M. The impact of fullerenes as doxorubicin nano-transporters on
metallothionein and superoxide dismutase status in MCF-10A cells. Pharmaceutics 2022, 14, 102. [CrossRef] [PubMed]

Cui, J.; Li, G; Yin, J.; Li, L.; Tan, Y.; Wei, H.; Liu, B.; Deng, L.; Tang, J.; Chen, Y.; et al. GSTP1 and cancer: Expression, methylation,
polymorphisms and signaling (Review). Int. ]. Oncol. 2020, 56, 867-878. [CrossRef] [PubMed]

Tas, F.; Hansel, H.; Belce, A.; Ilvan, S.; Argon, A.; Camlica, H.; Topuz, E. Oxidative stress in breast cancer. Med. Oncol. 2005, 22,
11-15. [CrossRef] [PubMed]

Dong, X.; Yang, Y.; Zhou, Y,; Bi, X.; Zhao, N.; Zhang, Z.; Li, L.; Hang, Q.; Zhang, R.; Chen, D,; et al. Glutathione S-transferase
P1 protects breast cancer cells from adriamycin-induced cell death through promoting autophagy. Cell Death Differ. 2019, 26,
2086-2099. [CrossRef] [PubMed]

Branca, ].J.V.; Fiorillo, C.; Carrino, D.; Paternostro, E.; Taddei, N.; Gulisano, M.; Pacini, A.; Becatti, M. Cadmium-induced oxidative
stress: Focus on the central nervous system. Antioxidants 2020, 9, 492. [CrossRef] [PubMed]

Tarhonska, K.; Kowalczuk, O.; Resze¢, J.; Gromadzka-Sutkiewicz, M.; Kisielewski, W.; Nikliriski, J. Cadmium and Breast
Cancer—Current State and Research Gaps in the Underlying Mechanisms. Toxicol. Lett. 2022, 361, 29-42. [CrossRef] [PubMed]
Bel’skaya, L.V.; Dyachenko, E.I. Oxidative stress in breast cancer: A biochemical map of reactive oxygen species production. Curr.
Issues Mol. Biol. 2024, 46, 4646—4687. [CrossRef] [PubMed]

Saczko, J.; Michel, O.; Chwitkowska, A.; Sawicka, E.; Maczyniska, J.; Kulbacka, J. Estrogen Receptors in Cell Membranes:
Regulation and Signaling. Adv. Anat. Embryol. Cell Biol. 2017, 227, 93-105. [CrossRef] [PubMed]

Choe, S.-Y.; Kim, S.-].; Kim, H.-G.; Lee, J.H.; Choi, Y,; Lee, H.; Kim, Y. Evaluation of Estrogenicity of Major Heavy Metals. Sci. Total
Environ. 2003, 312, 15-21. [CrossRef] [PubMed]

Florez-Garcia, V.A.; Guevara-Romero, E.C.; Hawkins, M.M.; Bautista, L.E.; Jenson, T.E.; Yu, J.; Kalkbrenner, A.E. Cadmium
Exposure and Risk of Breast Cancer: A Meta-Analysis. Environ. Res. 2023, 219, 115109. [CrossRef] [PubMed]

Panjehpour, M.; Taher, M.A.; Bayesteh, M. The Growth Inhibitory Effects of Cadmium and Copper on the MDA-MB468 Human
Breast Cancer Cells. Rep. Med. Sci. 2010, 15, 279.

Zheng, ].; Zhuo, L.; Ran, D.; Ma, Y,; Luo, T.; Zhao, H.; Song, R.; Zou, H.; Zhu, J.; Gu, J.; et al. Cadmium induces apoptosis via
generating reactive oxygen species to activate mitochondrial p53 pathway in primary rat osteoblasts. Toxicology 2020, 446, 152611.
[CrossRef] [PubMed]

Zhou, Z.; Sicairos, B.; Zhou, J.; Du, Y. Proteomic Analysis Reveals Major Proteins and Pathways That Mediate the Effect of
17-p-Estradiol in Cell Division and Apoptosis in Breast Cancer MCF7 Cells. . Proteome Res. 2024, 23, 4835-4848. [CrossRef]
[PubMed]

Al-Shami, K.; Awadi, S.; Khamees, A.; Alsheikh, A.M.; Al-Sharif, S.; Ala’ Bereshy, R.; Al-Eitan, S.F,; Banikhaled, S.H.; Al-Qudimat,
A.R.; Al-Zoubi, R M.; et al. Estrogens and the Risk of Breast Cancer: A Narrative Review of Literature. Heliyon 2023, 9, €20224.
[CrossRef] [PubMed]

Cavalieri, E.; Chakravarti, D.; Guttenplan, J.; Hart, E.; Ingle, J.; Jankowiak, R.; Muti, P.; Rogan, E.; Russo, J.; Santen, R.; et al.
Catechol estrogen quinones as initiators of breast and other human cancers: Implications for biomarkers of susceptibility and
cancer prevention. Biochim. Biophys. Acta Rev. Cancer 2006, 1766, 63—78. [CrossRef] [PubMed]

Wei, Z.; Song, X.; Shaikh, Z.A. Cadmium promotes the proliferation of triple-negative breast cancer cells through EGFR-mediated
cell cycle regulation. Toxicol. Appl. Pharmacol. 2015, 289, 98-108. [CrossRef] [PubMed]

Martin, M.B.; Reiter, R.; Pham, T.; Avellanet, Y.R.; Camara, J.; Lahm, M.; Pentecost, E.; Pratap, K.; Gilmore, B.A.; Divekar, S; et al.
Cadmium mimics the in vivo effects of estrogen in the uterus and mammary gland. Nat. Med. 2003, 9, 1081-1084. [CrossRef]
[PubMed]

Mabjeesh, N.J.; Escuin, D.; LaVallee, T.M.; Pribluda, V.S.; Swartz, G.M.; Johnson, M.V.; Song, R.; Vervoorts, J.; Habib, A.A,;
Kristiansen, M. 2ME2 Inhibits Tumor Growth and Angiogenesis by Disrupting Microtubules and Dysregulating HIF. Cancer Cell
2003, 3, 363-375. [CrossRef] [PubMed]

Sawicka, E.; Saczko, J.; Kulbacka, J.; Szydetko, M.; Szymanska, B.; Piwowar, A. The Influence of Interaction beetween Cad mium
with 173-Estradiol, 2-Methoxyestradiol and 16x-Hydroxyestrone on Viability and p-Glycoprotein in Ovarian Cancer Cell Line.
Int. J. Mol. Sci. 2022, 23, 2628. [CrossRef] [PubMed]

Zhang, Q.; Ma, Y.; Cheng, Y.-F; Li, W.-].; Zhang, Z.; Chen, S. Involvement of Reactive Oxygen Species in 2-Methoxyestradiol-
Induced Apoptosis in Human Neuroblastoma Cells. Cancer Lett. 2011, 313, 201-210. [CrossRef] [PubMed]

Glasauer, A.; Chandel, N.S. Targeting antioxidants for cancer therapy. Biochem. Pharmacol. 2014, 92, 90-101. [CrossRef] [PubMed]
Liou, G.Y,; Storz, P. Reactive oxygen species in cancer. Free Radic. Res. 2010, 44, 479-496. [CrossRef] [PubMed]

Peana, M.; Pelucelli, A.; Chasapis, C.T.; Perlepes, S.P,; Bekiari, V.; Medici, S.; Zoroddu, M.A. Biological Effects of Human Exposure
to Environmental Cadmium. Biomolecules 2023, 13, 36. [CrossRef] [PubMed]

https://doi.org/10.3390/ph19071001


https://doi.org/10.1210/me.2007-0381
https://www.ncbi.nlm.nih.gov/pubmed/18258688
https://doi.org/10.3390/pharmaceutics14010102
https://www.ncbi.nlm.nih.gov/pubmed/35056998
https://doi.org/10.3892/ijo.2020.4979
https://www.ncbi.nlm.nih.gov/pubmed/32319549
https://doi.org/10.1385/MO:22:1:011
https://www.ncbi.nlm.nih.gov/pubmed/15750191
https://doi.org/10.1038/s41418-019-0276-y
https://www.ncbi.nlm.nih.gov/pubmed/30683915
https://doi.org/10.3390/antiox9060492
https://www.ncbi.nlm.nih.gov/pubmed/32516892
https://doi.org/10.1016/j.toxlet.2022.03.003
https://www.ncbi.nlm.nih.gov/pubmed/35331840
https://doi.org/10.3390/cimb46050282
https://www.ncbi.nlm.nih.gov/pubmed/38785550
https://doi.org/10.1007/978-3-319-56895-9_6
https://www.ncbi.nlm.nih.gov/pubmed/28980042
https://doi.org/10.1016/s0048-9697(03)00190-6
https://www.ncbi.nlm.nih.gov/pubmed/12873394
https://doi.org/10.1016/j.envres.2022.115109
https://www.ncbi.nlm.nih.gov/pubmed/36563983
https://doi.org/10.1016/j.tox.2020.152611
https://www.ncbi.nlm.nih.gov/pubmed/33031904
https://doi.org/10.1021/acs.jproteome.4c00102
https://www.ncbi.nlm.nih.gov/pubmed/39392593
https://doi.org/10.1016/j.heliyon.2023.e20224
https://www.ncbi.nlm.nih.gov/pubmed/37809638
https://doi.org/10.1016/j.bbcan.2006.03.001
https://www.ncbi.nlm.nih.gov/pubmed/16675129
https://doi.org/10.1016/j.taap.2015.09.006
https://www.ncbi.nlm.nih.gov/pubmed/26385184
https://doi.org/10.1038/nm902
https://www.ncbi.nlm.nih.gov/pubmed/12858169
https://doi.org/10.1016/s1535-6108(03)00077-1
https://www.ncbi.nlm.nih.gov/pubmed/12726862
https://doi.org/10.3390/ijms23052628
https://www.ncbi.nlm.nih.gov/pubmed/35269769
https://doi.org/10.1016/j.canlet.2011.09.005
https://www.ncbi.nlm.nih.gov/pubmed/21978530
https://doi.org/10.1016/j.bcp.2014.07.017
https://www.ncbi.nlm.nih.gov/pubmed/25078786
https://doi.org/10.3109/10715761003667554
https://www.ncbi.nlm.nih.gov/pubmed/20370557
https://doi.org/10.3390/biom13010036
https://www.ncbi.nlm.nih.gov/pubmed/36671421
https://doi.org/10.3390/ph19071001

Pharmaceuticals 2026, 19, 1001 31 of 31

42.
43.
44.
45.
46.

47.

48.

49.

50.

51.

Yager, ].D. Mechanisms of estrogen carcinogenesis: The role of E2/E1-quinone metabolites suggests new approaches to preventive
intervention—A review. Steroids 2015, 99, 56—60. [CrossRef] [PubMed]

Khojastehfar, A.; Aghaei, M.; Gharagozloo, M.; Panjehpour, M. Cadmium induces reactive oxygen species-dependent apoptosis
in MCF-7 human breast cancer cell line. Toxicol. Mech. Methods 2015, 25, 48-55. [CrossRef] [PubMed]

Singh, R.R.; Reindl, K.M. Glutathione S-Transferases in Cancer. Antioxidants 2021, 10, 701. [CrossRef] [PubMed]

Kalinina, E. Glutathione-Dependent Pathways in Cancer Cells. Int. J. Mol. Sci. 2024, 25, 8423. [CrossRef] [PubMed]

Huang, J.; Tan, PH.; Tan, B.K.H.; Bay, B.H. GST-pi Expression Correlates with Oxidative Stress and Apoptosis in Breast Cancer.
Oncol. Rep. 2004, 12, 921-925. [CrossRef]

Woolston, C.M.; Zhang, L.; Storr, S.J.; Al-Attar, A.; Shehata, M.; Ellis, .O.; Chan, S.Y.; Martin, S.G. The Prognostic and Predictive
Power of Redox Protein Expression for Anthracycline-Based Chemotherapy Response in Locally Advanced Breast Cancer. Mod.
Pathol. 2012, 25, 1106-1116. [CrossRef] [PubMed]

Gu, X;; Mu, C.; Zheng, R.; Zhang, Z.; Zhang, Q.; Liang, T. The Cancer Antioxidant Regulation System in Therapeutic Resistance.
Antioxidants 2024, 13, 778. [CrossRef] [PubMed]

Kanameda, K.; Honda, A.; Hirao-Suzuki, M.; Sugihara, N.; Takiguchi, M.; Takeda, S. Interactions between Cadmium and
17p-Estradiol at Physiologically Relevant Levels Evoke Unsynchronized Events in MCF-7 Breast Cancer Cells: Impaired Cell
Growth and Activation of Estrogen Receptor a-Related Pathways. Toxicol. Appl. Pharmacol. 2025, 500, 117360. [CrossRef]
[PubMed]

Zhao, L.; Au, ].L.; Wientjes, M.G. Comparison of methods for evaluating drug-drug interaction. Front. Biosci. 2010, 2, 241-242.
[CrossRef]

Habig, W.H.; Pabst, M.].; Jakoby, W.B. Glutathione S-transferases: The first enzymatic step in mercapturic acid formation. J. Biol.
Chem. 1974, 249, 7130-7139. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ph19071001


https://doi.org/10.1016/j.steroids.2014.08.006
https://www.ncbi.nlm.nih.gov/pubmed/25159108
https://doi.org/10.3109/15376516.2014.985353
https://www.ncbi.nlm.nih.gov/pubmed/25403798
https://doi.org/10.3390/antiox10050701
https://www.ncbi.nlm.nih.gov/pubmed/33946704
https://doi.org/10.3390/ijms25158423
https://www.ncbi.nlm.nih.gov/pubmed/39125992
https://doi.org/10.3892/or.12.4.921
https://doi.org/10.1038/modpathol.2012.60
https://www.ncbi.nlm.nih.gov/pubmed/22481283
https://doi.org/10.3390/antiox13070778
https://www.ncbi.nlm.nih.gov/pubmed/39061847
https://doi.org/10.1016/j.taap.2025.117360
https://www.ncbi.nlm.nih.gov/pubmed/40320013
https://doi.org/10.3410/b2-70
https://doi.org/10.1016/S0021-9258(19)42083-8
https://doi.org/10.3390/ph19071001

	Introduction 
	Results 
	Assessment of Cytotoxicity of Individual Compounds on MCF-7 and MCF-7/DOX Cell Lines 
	Assessment of Cytotoxicity of Simultaneous Action of CdCl2 with E2, 2-MeOE2, and 4-OHE2- on MCF-7 and MCF-7/DOX Cell Lines–Interaction Study 
	Combined Effects of E2 and Cadmium 
	Combined Effects of 2-MeOE2 and Cadmium 
	Combined Effects of 4-OHE2 and Cadmium 

	Assessment of SOD1 Expression Following Exposure to Individual Compounds in Two Cell Lines: MCF-7 and MCF-7/DOX—Immunocytochemical Staining 
	Assessment of SOD1 Expression Following Exposure to Combined Effect of Compounds in Two Cell Line: MCF-7 and MCF-7/DOX—Immunocytochemical Staining 
	Combined Effects of E2 and Cadmium 
	Combined Effects of 2-MeOE2 and Cadmium 
	Combined Effects of 4-OHE2 and Cadmium 

	Assessment of GST-pi Expression Following Exposure to Individual Compounds in Two Cell Line: MCF-7 and MCF-7/DOX—Immunocytochemical Staining 
	Assessment of GST-pi Expression Following Exposure to Combined Effect of Compounds in Two Cell Line: MCF-7 and MCF-7/DOX—Immunocytochemical Staining 
	Combined Effects of E2 and Cadmium 
	Combined Effects of 2-MeOE2 and Cadmium 
	Combined Effects of 4-OHE2 and Cadmium 

	Assessment of SOD1 Activity Following to Single and Combined Exposure to CdCl2 and Estrogens in MCF-7 and MCF-7/DOX Cell Lines Using the RANSOD Spectrophotometric Assay 
	Effect of Single Compounds on SOD1 Activity 
	Effect of Combined Action of Compounds on SOD1 Activity 

	Assessment of GST Activity Following Single and Combined Exposure to CdCl2 and Estrogens in MCF-7 and MCF-7/DOX Cell Lines Using a CDNB-Based Spectrophotometric Assay 
	Effect of Single Compounds on GST Activity 
	Effect of Combined Action of Compounds on GST Activity 


	Discussion 
	Differential Sensitivity of MCF-7 and MCF-7/DOX to Individual Agents 
	Interactions Between Estrogens and Cadmium: Antagonism and Synergy 
	SOD1 Activation Highlights Redox Adaptation in Resistant Cells-: Comparison of Quantitative and Immunoenzymatic Approaches 
	GST Activity Indicates Enhanced Detoxification Capacity in Chemoresistant Cells 
	GST-pi Expression Reflects Detoxification Capacity and Hormonal Regulation 

	Materials and Methods 
	Materials 
	Cell Culture 
	Tested Compounds 
	Cytotoxicity Assay of Individual Estrogens and CdCl2 
	Combined Effect of Estrogens and Cadmium on Cell Viability 
	Combination Index 
	Immunocytochemical Analysis of SOD1 Expression in MCF-7 and MCF-7/DOX Breast Cancer Cells 
	Immunocytochemical Analysis of GST-pi Expression in MCF-7 and MCF-7/DOX Breast Cancer Cells 
	Quantitative Determination of SOD1 Activity Following Exposure to Single Compounds or in Combined Treatment in MCF-7 and MCF-7/DOX Cell Lines Using the RANSOD Spectrophotometric Assay in the Breast Cancer Cell Line 
	Quantitative Determination of GST Activity Following Exposure to Single Compounds or Combined Treatment in MCF-7 and MCF-7/DOX Breast Cancer Cell Lines Using the CDNB Spectrophotometric Assay 
	Statistical Analysis 

	Conclusions 
	References

