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The association between cadmium and breast cancer remains unexplained due to inconsistent epidemiological
data and unknown underlying mechanisms. This study aimed to assess the relationship between environmental
exposure to cadmium and the Warburg effect in breast cancer and, thus, its possible interference with breast
cancer treatment. The observational study in two groups of breast cancer patients indicated a positive correlation
between urinary cadmium concentration and tumor expression of HIFIA (a master regulator of the Warburg
effect). Further explanatory research in MCF-7 cells showed no impact of cadmium exposure on molecular and
biochemical markers of the Warburg effect. However, long-term exposure to a low and environmentally relevant
concentration of cadmium led to the accumulation of the metal in MCF-7 cells and decreased their sensitivity to
tamoxifen. To conclude, the association between cadmium and the Warburg effect was suggested in the obser-
vational study, although not confirmed in vitro. Nevertheless, cadmium seems to interfere with tamoxifen
treatment which deserves further investigation in terms of its possible implication in intrinsic resistance to
hormone therapy.

1. Introduction Krebs cycle and oxidative phosphorylation, during which energy is

generated in the form of adenosine triphosphate (ATP). Under anaerobic

The Warburg effect (aerobic glycolysis) is a phenomenon charac-
terizing the energy metabolism of cancer cells, which is required for
tumor growth [1]. Briefly, it is associated with increased glucose uptake
and up-regulation of glycolysis, accompanied by high production of
lactate [2,3]. Under physiological and aerobic conditions, the end
product of glycolysis, pyruvate, enters the mitochondria and it is con-
verted by the pyruvate dehydrogenase complex (PDC) to acetyl coen-
zyme A (acetyl-CoA). Subsequently, this conversion is followed by the
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conditions, cells obtain ATP due to the reaction catalyzed by lactate
dehydrogenase (LDH), which is a reduction of pyruvate to lactate (the
process termed fermentation). It has been observed that in tumor cells,
even in the presence of oxygen, metabolic activity is redirected towards
glycolysis and energy generation by the reduction of pyruvate to lactate
[2]. Although this specific metabolic phenotype of cancer cells was
described by Otto Warburg 100 years ago, its function and direct causes
remain unknown [3-5]. Initial Warburg’s theory about mitochondrial
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dysfunctions, as the main root of cancer metabolic reprogramming,
occurred to be confirmed but not in all cancers. The current research
assumes that the Warburg effect is driven mainly by genetic instability,
mutagenesis, aberrant gene expression, and altered signaling pathways
[6].

Surprisingly, little research exists on the direct association between
the known carcinogenic factors and the Warburg effect [7]. To investi-
gate the above relationship, we focused on heavy metal cadmium - one
of the most carcinogenic factors to humans, classified by the Interna-
tional Agency for Research on Cancer (IARC) as a carcinogen of group I
[8]. Due to estrogenic properties, Cd raises a high scientific interest as an
endocrine disruptor, implicated in several alterations of the endocrine
system [9,10]. Epidemiological data suggest that Cd is involved in breast
cancer development [11-13]. Notably, observational studies showed
that Cd accumulates in breast cancer tissue [14-17], and experimental
data indicated that chronic exposure to this metal leads to breast cancer
progression [18]. Since Cd is a widely spread environmental pollutant
[19], and at the same time it is a strong carcinogenic factor with accu-
mulating properties, it is of interest to investigate its possible association
with the Warburg effect in breast cancer. For this purpose, we conducted
an observational study among two different groups of breast cancer
women, from whom fragments of tumor tissue and peritumor tissue
were collected, to compare Cd contents and molecular outcomes of the
Warburg effect. In both types of the tissue we determined Cd content and
mRNA expression of the key transcriptional regulator of the Warburg
effect, that is hypoxia-inducible factor 1 alpha (HIF-1a), as well as other
crucial proteins associated with the glycolytic phenotype, including
glucose transporter 1 (GLUT1), glycolytic enzymes, LDH, pyruvate de-
hydrogenase kinase (PDK), pyruvate dehydrogenase (PDH), and the key
kinases cascade regulating glycolysis, PI3K/AKT/mTOR. In addition,
urinary Cd concentration (as a marker of environmental Cd exposure),
and mRNA expression of estrogen receptor (ESR1) were analyzed. We
observed that the expression of HIFIA in breast cancer tissues was
associated with urinary Cd concentration in both study groups. To
explore this association in vitro, we analyzed the effect of Cd exposure on
molecular and biochemical markers of the Warburg effect in breast
cancer cells. Considering the estrogenic potential of Cd, and at the same
the recognized role of the Warburg effect and HIFIA in cancer drug
resistance [20], joint effects of combined exposure to Cd and tamoxifen
were analyzed in MCF-7 cells, to assess possible interference of this
metal with the hormonal therapy of breast cancer. Tamoxifen
(belonging to selective estrogen receptor modulators; SERMs) was
selected as a model drug due to its common use in breast cancer treat-
ment. Human breast cancer cells, MCF-7, were chosen as a model cell
line due to their sensitivity to tamoxifen resulting from high expression
of ESR1.

2. Methods
2.1. Breast cancer patients study

For this study, 166 female patients were recruited in the years
(2006-2019) from two Polish oncology centers located in the north and
the central part of Poland, including 65 women hospitalized at the
Department of Surgical Oncology of Medical University of Gdansk
(MUG) assigned to Group 1, and 101 women treated at the Department
of Oncological Surgery of Provincial Multidisciplinary Centre of
Oncology and Traumatology in Lodz, assigned to Group 2. In the case of
patients from Group 1, the material came from the collection of the
Department of Medical Laboratory Diagnostics - Fahrenheit Biobank
BBMRI.pl of the MUG and included fragments of tissues secured
immediately after the surgery at —70°C (tumor + peritumor tissue sets),
as well as urine samples collected before the procedure. Group 1
included patients with histopathologically confirmed invasive breast
cancer. In the case of patients from Group 2, the material included
fragments of tissues collected intraoperatively and fixed in 4 % buffered
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formalin solution and embedded in paraffin for long-term storage
(tumor + peritumor tissue sets), as well as urine samples collected
before the surgery. Based on the results of the histopathological evalu-
ation of the tissues, 24 patients were excluded from the study due to
diagnosis other than invasive breast cancer (noninvasive breast cancer
or other pathological changes in the breast). Altogether, 142 patients
aged 28-91 years were included in further analysis, with ductal carci-
nomas accounting for more than half of the diagnoses. The detailed
characteristics of the study group are presented in Table 1. Question-
naire data were collected from 91 (64 %) women with breast cancer
(some patients did not agree to participate in the questionnaire study,
and in the case of the archival collection, there was no possibility of
obtaining complete questionnaire data). The study was conducted
following the Declaration of Helsinki and approved by the Bioethical
Committee at the Nofer Institute of Occupational Medicine in Lodz
(Resolution No. 15/2017 of 08/09/2017) and by the Bioethical Com-
mittee at the Medical University of Lodz (Resolution No. RNN/361/18/
KE of 13/11/2018). Patients gave written and informed consent to
participate in the study.

2.2. MCF-7 cells study

Estrogen-dependent MCF-7 human breast cancer cells (ATCC, #HTB-
22) were maintained in culture medium, i.e. Dulbecco’s modified Ea-
gle’s medium (DMEM) (Sigma-Aldrich, #D5671) supplemented with 5
% heat-inactivated Fetal Bovine Serum (Gibco, #10270-106), 4 mM L-
glutamine, 1 mM sodium pyruvate, 100 U/mL penicillin and 100 pg/mL
streptomycin (Sigma-Aldrich) at 37 °C in an atmosphere of 6 % CO,. For

Table 1
Study group characteristics.

Variable Group 1 Group 2 All

N 65 77 142

Age (years) 62.7 +13.8 63.1+129 62.3+133
(28-91) (36-86) (28-91)

BMI (kg/mz) 275+ 49 26.8 + 4.9 27.3+4.9
(17.7-39.1)  (20.5-37.1)  (17.7-39.1)

Smoking

Yes 10 (15.4 %) 3(3.9%) 13 (9.2 %)

No 52(80.0%) 22(28.6%) 74 (52.1 %)

No data 3 (4.6 %) 52 (67.5%) 55 (38.7 %)

Menopausal status

Pre 11 (16.9 %) 61 (79.2 %) 72 (50.7 %)

Post 52(80.0%) 16(20.8%) 68 (47.9 %)

No data 2 (3.1 %) 0 (0.0 %) 2 (1.4 %)

Breast cancer type

Ductal 42 (64.6 %) 35(45.4%) 77 (54,2 %)

Lobular 9 (13.9 %) 37 (48.1 %) 46 (32,4 %)

Other 14 (21.5%) 5(6.5 %) 19 (13,4 %)

Tumor grading, n (%)

G1 4 (6.2 %) 26 (33.8%) 30 (21.1 %)

G2 37 (56.9 %)  34(44.1%) 71 (50.0 %)

G3 19(29.2%) 14(18.2%) 33 (23.3 %)

Not applicable 5 (7.7 %) 3(3.9%) 8 (5.6 %)

ER/PR status, n (%)

ER+/PR+ 41 (63.1 %) 41 (53.2%) 82(57.7 %)
ER-+/PR- 6 (9.2 %) 11 (14.3%) 17 (12.0 %)
ER-/PR- 14 (21.5%) 14(18.2%) 28(19.7 %)
No data 4 (6.2 %) 11 (14.3%) 15 (10.6 %)
HER2 status, n (%)

HER2+ 20 (30.8%) 9 (11.7 %) 29 (20.4 %)
HER2- 34 (523 %) 53(68.8%) 87 (61.3 %)
HER2 2+ 6 (9.2 %) 4 (5.2 %) 10 (7.0 %)
No data 5 (7.7 %) 11 (14.3%) 16 (11.3 %)

Urine samples, n (%) 18 (27.7 %)  33(42.8%) 51 (35.9 %)

Tissue sets for Cd analysis, n (%)

-70°C 45 (69.2%) - 45 (31.7 %)
Formalin - 29 (37.7 %) 29 (20.4 %)
Tissue sets for gene expression, n (%)

-70°C 65 (100 %) 65 (45.8 %)
Formalin - 77 (100 %) 77 (54.2 %)
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testing, the cells were cultured/treated in E2-free medium, i.e. Dulbec-
co’s modified Eagle’s medium/F-12 without phenol red (DMEM/F-12)
(Sigma-Aldrich, #D6434) supplemented with 5 % charcoal stripped
Fetal Bovine Serum (Sigma-Aldrich, #F6765), 2.5 mM L-glutamine, 100
U/mL penicillin and 100 pg/mL streptomycin (Sigma-Aldrich) (37 °C, 6
% CO2).

To confirm the lack of mycoplasma contamination of cell culture
during experiments, we conducted testing against mycoplasma using
MycoBlueTM Mycoplasma Detector (Vazyme Biotech, #D101-01,
Nanjing City, China). Raw data from Mycoplasma testing are available
upon request.

For cell line authentication we collected three cell pellets after
completing the long-term experiment. A cell line authentication certif-
icate confirming that the used cell line was MCF-7, is available upon
request (obtained from Eurofins Genomics Europe Applied Genomics
GmbH, Ebersberg, Germany).

2.3. Cell treatment

MCF-7 cells were seeded onto cell culture dishes, i.e. 96-well
microplates (2 x 10° cells/well/100 pL) for cytotoxicity assays, and
culture flasks (1.6 x 102 cells/T25/5 mL or 5 x10° cells/T75,/10 mL) for
remaining assays, and left overnight in a culture medium for adherence.
Then, following 48 h preincubation in an E2free medium, the cells were
incubated for the next 72 h in the E2free medium in the absence or
presence of CdCly (Sigma-Aldrich, #202908). Two non-toxic concen-
trations of Cd were used in a short-term (72 h) experiment, including 1
uM and 10 uM, which were, respectively, 20 and 2 times lower than the
IC30 value (IC30; the concentration evoking 30 % inhibition of growth/
viability of cells) calculated for Cd after 72 h of exposure of MCF-7 to Cd
(23.7 £ 1.7 uM). In a long-term experiment (6 months), cells were
grown for 31-31 passages without and in the presence of Cd at a low
concentration of 0.01 pM, being 2000 lower than IC30. The medium was
changed twice a week to fresh, including once during the passage. Cells
were collected from each culture variant (cells exposed to Cd 0.01 uM or
Cd non-exposed cells) after 2, 4, and 6 months to determine the con-
centration of Cd. In both short and long-term experiments, cells pre-
incubated with Cd were treated with tamoxifen metabolite, 4-OHT
(Sigma-Aldrich, #H7904) at 15 uM (IC50; the concentration evoking 50
% inhibition of growth/viability of cells), for the last 24 h of experiment,
and cells preincubated only with Cd for 72 h (including changing of
medium with Cd to fresh after 48 h) were used as a control. IC30 for Cd
calculated in the cells exposed to the mixture: Cd + 4-OHT (15 uM) was
similar as in the case of cells not treated with 4-OHT (21.2 + 1.9 uM).
The IC30/IC50 values for each compound were calculated using
GraphPad Prism ver. 7.04 (GraphPad Software, San Diego, CA, USA).
Independent sets of cultures were run to perform three independent
experiments in both short and long-term exposure. Control groups
included non-treated cells and cells exposed in parallel to solvents used
to prepare solutions of CdCly (sterile-filtered water) and 4-OHT
(ethanol, POCH, #396480111). The concentration of solvents was the
same in control and all treated samples and was as follows: for ethanol:
0.3 % during the short or long treatment; for water: 0.1 % during the
short-term treatment, and in the long-term treatment, the solvent was
omitted due to very low concentration (<0.001 %). After the exposure,
the MTT reduction test and the Sulforhodamine B assay were performed
to assess cytotoxicity (as described below). Cell lysates were collected
for gene expression analysis, Western Blot, and biochemical assays.
Detailed cytotoxicity data for calculation of IC30 and IC50 are shown in
Fig. S1.

2.4. MTT reduction test
The MTT assay is a colorimetric assay based on the reduction of a

yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)— 2,5-diphenylte-
trazolium bromide; MTT) to purple insoluble formazan crystals by
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viable, metabolically active cells. After the exposure, the supernatants
were removed, and the cells were incubated with the MTT solution (100
uL) in Hanks’ Balanced Salt solution (HBSS; Sigma-Aldrich) at the con-
centration of 0.5 mg/mL for 3 h. After discarding MTT solution, DMSO
(50 pL) was added to each well to solubilize formazan. The optical
density (OD) of solubilized formazan product was determined using a
MultiscanGO spectrophotometer (Thermo Fisher Scientific, Finland)
with the 550 nm filter and the 620 nm filter as a reference. Results were
expressed as the percent of cell survival (OD of exposed vs. OD of rele-
vant control).

2.5. Sulforhodamine B (SRB) assay

The Sulforhodamine B assay is used for cytotoxicity assessment
based on the measurement of cellular protein content. The cytotoxic
effect is indicated by a decrease in the number of cells resulting in a
concomitant decrease in the amount of SRB dye incorporated by the
exposed cells. After the exposure, the cells were stained with SRB, as
described previously [21].

2.6. Cadmium analysis

An ELAN® DRC-e ICP-MS (PerkinElmer SCIEX, USA), equipped with
a Meinhard quartz nebulizer, quartz cyclonic spray chamber, and plat-
inum sampler and skimmer cones, was used for cadmium determination
in urine, tissues, and cells. Cadmium (*!*Cd) was analyzed using the
standard ICP-MS method and the Dynamic Cell Reaction (DRC-ICP-MS),
which eliminates molybdenum oxide interferences. The DRC parameters
were 1.0 mL/min methane (Linde Gas, Poland) flow rate and 0.85 RPq.
Before samples collection, all polyethylene urine tubes were washed in
20 % nitric acid (24 h) and next rinsed with ultrapure water (Milli-Q
Integral 3, Merck, Poland) to avoid contamination. Prior to the deter-
mination, urinary samples were centrifuged and supernatants (0.2 mL)
were diluted with 1.8 mL of diluent (1 % nitric acid, 70 %, ULTREX™ II
Reagent, J.T.Baker™, Witko, Poland). Prior to the analysis of tissues
(20-50 mg) and cells (suspended in 0.5 mL of PBS - Dulbecco’s Phos-
phate Buffered Saline, Sigma-Aldrich, #D8537-6x500ML), samples
were mineralized in 70 % nitric acid (ULTREX™ II Reagent, J.T.Baker™,
Witko, Poland) in the microwave using wet digestion system (Ultra-
Wave, Milestone) and were next diluted with ultrapure water (Milli-Q
Integral 3, Merck, Poland). External calibration ranges were 0.1-10 pg/L
for cadmium (Multi-Element Calibration Standard, Perkin Elmer Pure
Plus, Poland). Clinchek® urine (Recipe, Germany) was analyzed every
ten samples as an internal quality control check. The laboratory par-
ticipates in the external quality program for the Cd in urine determi-
nation organized by the Institute of Occupational Social and
Environmental Medicine of the University of Erlangen, Nuremberg (G-
EQUAS). Creatinine was determined using the colorimetric Jaffe
method. Analysis was carried out at 520 nm on Cary 60 UV-Vis spec-
trometer Agilent Technologies (MS Spektrum, Poland).

2.7. Gene expression

Analysis of gene expression was performed in the tissues and MCF-7
cells. Fresh frozen tissues (~25 mg) were homogenized in Qiazol Lysis
Reagent (Qiagen, Hilden, Germany, #79306), using ceramic beads
(Lysing Matrix D, MP Biomedicals, #6913050) and FastPrep-24 5 G
homogenizer (MP Biomedicals, Irvine, CA, USA). Total RNA was isolated
with miRNeasy Mini Kit (Qiagen, Hilden, Germany, #217084) accord-
ing to the manufacturer’s instructions. In the case of paraffin-embedded
tissues, total RNA was isolated with miRNeasy FFPE Kit (Qiagen, Hilden,
Germany, #217504) following the manufacturer’s instruction. Cells
were directly lysed using Qiazol, and RNA was isolated with miRNeasy
Mini Kit. All RNA samples’ quality and quantity were determined
spectrophotometrically by Multiskan GO multi-plate reader (Thermo-
Fisher, Waltham, MA, USA). cDNA was synthesized from 100 ng of RNA,
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using Transcriptor First Strand cDNA Synthesis Kit (#04897030001,
Roche, Indianapolis, IN, USA). Primers and hydrolysis probes were ob-
tained from Eurofins Genomics (Vienna, Austria). Oligonucleotide se-
quences for primers and probes are presented in Table S1. Target genes
included 22 genes: ESRI (estrogen receptor alpha), HIFIA (hypoxia-
inducible factor, alpha subunit), GLUTI (SLC2A1; glucose transporter),
HK1 (hexokinase 1), HK2 (hexokinase 2), PFKM (muscle subunit of
phosphofructokinase), PFKL (liver subunit of phosphofructokinase),
PFKP (platelet subunit of phosphofructokinase), PKLR (pyruvate kinase;
liver and RBC; isozyme), PKM (pyruvate kinase; muscle; isozyme), LDHA
(lactate dehydrogenase A), LDHB (lactate dehydrogenase B), LDHC
(lactate dehydrogenase C), PDK1 (pyruvate dehydrogenase kinase 1),
PDHA1 (alpha subunit of pyruvate dehydrogenase), PDHB (beta subunit
of pyruvate dehydrogenase), AKT1 (serine-threonine protein kinase),
PIK3CA (phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic sub-
unit alpha), PIK3CB (phosphatidylinositol-4,5-bisphosphate 3-kinase
catalytic subunit gamma beta, PIK3CD (phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit delta), PIK3CG (phosphatidyli-
nositol-4,5-bisphosphate 3-kinase catalytic subunit gamma), MTOR
(mechanistic target of rapamycin). Three genes (ACTB, RPLPO, and
RPLP13A) were selected as reference genes based on our previous study
on breast cancer women [22]. Fast Essential DNA Probe Master (Roche,
Indianapolis, IN, USA, #06924492001) was used for qPCR, and all gene
expression experiments were run in duplicates, in the Light Cycler 96
Real-Time PCR System (Roche, Indianapolis, IN, USA). All procedures,
including RNA isolation and the gene expression experiments, fulfilled
MIQE guidelines (Minimum Information for Publication of Quantitative
Real-Time PCR Experiment).

2.8. Western blot

MCF-7 cells were lysed using RIPA lysis buffer (Abcam, UK
#ab156034) with protease inhibitors (Abcam, UK, #ab201116). Pro-
teins (20 pg) in 1xLaemmli Sample Buffer (Bio-Rad, USA #161-0747)
and Precision Plus Protein Standard (Bio-Rad, USA #161-0375) were
separated by the long-life TGX (Tris-Glycine eXtended) SDS-PAGE 4-20
% gels (Bio-Rad, USA #456-1093) and transferred to a PVDF mini
membrane (Bio-Rad, USA #170-4156). The membranes were blocked
by 3 % Blocker for 2 h, then incubated with: anti-Estrogen Receptor
alpha antibody [6F11] (1:1000; Abcam, UK #ab93021) or anti-beta
Actin antibody [AC-15] (1:10 000; Abcam, UK #ab6276) at 4 °C over-
night. Next, the secondary antibody Goat Anti-Mouse IgG H&L (HRP)
(1:20 000 for beta-Actin and 1:10 000 for receptor; Abcam, UK
#ab205719) was incubated for 90 min at room temperature. The protein
bands were visualized on the membrane with Amplified Opti-4CN
Substrate Kit (Bio-Rad, USA #170-8238) in Gel Doc XR System (Bio-
Rad, USA). Protein expression was quantified using ImageJ software
(NIH, USA).

2.9. Biochemical markers

Colorimetric methods were used for biochemical analyses. The lactic
acid concentration was measured in cell lysates and culture medium
using the L-Lactate Assay kit (Abcam, #ab65331). Cells were lysed with
a lysis buffer with protease inhibitors (Lactate Assay Buffer + 1 % Pro-
tease Inhibitor Cocktail II, Abcam, #ab201116). PK activity was deter-
mined in cell lysates with Pyruvate Kinase (PK) Assay Kit (Abcam,
#ab83432).

2.10. Statistical analysis

Statistical analysis was performed using Statistica ver. 13.3 (TIBCO
Statsoftware Inc.). Differences between groups were analyzed using
Student t-test, U Mann-Whitney test or Wilcoxon test (for continuous
variables), and Chi-square test (for categorical variables). For analysis of
the correlation between two continuous variables, Spearman’s rank
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correlation coefficient was calculated. Multiple comparisons were per-
formed using one-way ANOVA followed by Tukey’s or Holm-Sidak’s
post hoc test, or two-way ANOVA followed by Tukey’s post hoc test.
Data distribution was assessed with Shapiro-Wilk test. A p-value of 0.05
or lower was considered to be statistically significant.

3. Results
3.1. Observational study in breast cancer women

3.1.1. Study group characteristics

Clinicopathological data and basic demographic characteristics of
the patients are presented in Table 1. Both groups were similar in terms
of age (p = 0.841) and BMI (p = 0.563) but differed in menopausal status
(Group 1 included mainly postmenopausal patients, whereas Group 2
was mainly premenopausal, p < 0.001). Most of the patients within
Group 1 were non-smokers, and for Group 2, information on smoking
was available only for one-third of the patients. The majority of the
tumors were ductal, G2, and estrogen positive. In both groups, most
patients were also HER negative.

3.1.2. Cadmium concentration in urinary samples and tissues

The mean concentration of Cd in urine was similar in both groups
(0.99 pg/L and 0.89 ug/L, p = 0.584), with individual concentration
values in all collected samples (a total of 51 women from two regions of
Poland) ranging from 0.12 to 3.35 ug/L (0.34-3.45 pg/g creatinine)
(Fig. 1a). A higher mean Cd content was observed in neoplastic tissue
compared to peritumor tissue, both in Group 1 (0.086 vs. 0.056 pg/g)
and Group 2 (0.052 vs. 0.020 pg/g), with a statistically significant dif-
ference shown only in Group 2 (p < 0.0001) (Fig. 1b). At the same time,
Cd content was significantly and two times lower in tissue fragments
fixed in formalin (Group 2) compared to fresh frozen tissue fragments
(Group 1) (0.070 vs. 0.036 pg/g, p = 0.0003), indicating that Cd releases
into the formalin solution during the material storage. We confirmed
this observation by analyzing the metal concentration in the formalin
solution from 7 randomly selected samples in which the mean value was
1.11 pg/L.

A significant positive correlation was found between the Cd content
in the tumor and peritumor tissue, both in Group 1 (0.358, p < 0.05) and
in Group 2 (0.451, p < 0.05). When analyzed both groups together,
urinary Cd concentration was correlated with the Cd content in the
tumor (r = 0.25, p = 0.05) and peritumor tissue (r = 0.208, p = 0.09).

In both groups, the associations between Cd markers and: age, BMI,
smoking, menopausal status, hormone receptor status, and grading (G),
were analyzed. In Group 1, urinary Cd concentration expressed as pg/g
creatinine was significantly correlated with age (r = 0.492, p = 0.038)
and associated with smoking (p = 0.024; higher values in smokers as
compared to nonsmokers) and ER/PR receptor status (p = 0.005, with
the highest levels observed in ER+PR+ samples). In Group 2, no sig-
nificant correlations with the mentioned factors were observed, apart
from a significant association between Cd content in the tumor and
menopausal status (p = 0.05; higher values in premenopausal women).

3.1.3. Gene expression in tissues

Five samples from Group 1 and seven samples from Group 2 were
excluded from further analysis due to poor RNA quality. Thus final
analysis included 60 tissue sets (tumor + normal tissue) from Group 1
and 70 tissue sets from Group 2. Gene expression analysis was per-
formed for 25 genes, including three reference genes (ACTB, RPLPO,
RPL13A) and 22 genes related to the research hypothesis (ESR1, HIF1A,
PIK3CA, PIK3CB, PIK3CD, PIK3CG, AKT1, MTOR, GLUT1, HK1, HK2,
PKM, PFKM, PFKP, PFKL, PKLR, LDHA, LDHB, LDHC, PDK1, PDHAI,
PDHB). After obtaining the experimental data, two genes (PKLR and
LDHC) were excluded from further analysis due to the lack of expression
(no reading or very high Ct values indicating poor expression). Ulti-
mately, expression data were obtained for 20 target genes in 130
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Cd in breast tissues

<0099
® cancer tissue
° . .
¢ peritumor tissue
@]
p<0.0001
®e
([ ] e®

Group 1(n=18) Group 2 (n=33)

Group 1 (n=45) Group 2 (n-29)

Fig. 1. Markers of environmental Cd exposure in the two groups of breast cancer patients. a) Urinary cadmium concentration, b) Cadmium content in cancer tissues
and peritumor tissues. Group differences analyzed with the Wilcoxon test. Data shown as scatter dot-plots with median and interquartile range (IQR).

patients (Fig. 2). Taking into account the median values, in both study
groups (1 and 2) analyzed separately, a significantly higher expression
of 5 genes related to the Warburg effect was observed in the tumor tis-
sues compared to the peritumor tissues, including HIF1A, GLUT1, HK1,
PKM, and PFKL, with the highest levels observed for GLUTI and PKM. At
the same time, the expression of 3 genes, including HK2, PDHA1, and
LDHB, was shown in both study groups to be significantly lower in the
tumor tissues compared to peritumor tissues. Additionally, in Group 1,
significantly higher expression in the tumor tissues was observed for
PIK3CB and PDK1, whereas in Group 2, significant changes in the tumor
tissue were observed for AKT1 and PFKP (higher expression) as well as
PIK3CA and PFKM (lower expression). In the tumor tissues, HIFIA
(master regulator of the Warburg effect) expression was significantly
correlated with the expression of 9 target genes (PIK3CG, AKT1, MTOR,
HK2, PFKP, LDHA, LDHB, PDHA1, and PDHB) in Group 1, and with the
expression of 11 target genes (PIK3CD, PIK3CG, AKT1, GLUT1, HK2,
PFKP, LDHA, LDHB, PDK1, PDHA1 and PDHB) in the Group 2 (data not
shown). Additionally, in the tumor tissues of patients from both Groups,
HIF1A expression was negatively correlated with the expression of ESR1
(r=-0.28, p = 0.032 in Group 1 and r =- 0.21, p = 0.097). As ex-
pected, based on histopathological examination, ESR1 expression in the
tumor was significantly higher compared to peritumor tissues in
ER+ patients in both 1 and 2 Groups (p < 0.0001, p = 0.0004, respec-
tively; Fig. 52).

Group 1 (n=60)
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3.1.4. Tumor gene expression with respect to hormone receptor status and
tumor grading

Following the observation of the negative correlation between HIF1A
and ESR1 expression in the tumor tissues, we analyzed HIF1A expression
according to hormone receptor status. HIF1A expression was higher in
tumors with negative expression of ER as compared to ER+ tumors, both
in Group 1 (p = 0.033) and in Group 2 (border significance p = 0.084,
Fig. S3). A significant association was also observed between HIFIA
expression and PR receptor status, with significantly higher expression
observed for PR-negative tumors as compared to PR+ , in both Group 1
and Group 2 (p = 0.01 and p = 0.018, respectively, Fig. S3). In the tu-
mors from Group 1 and Group 2, ER/PR receptor status was also asso-
ciated with the expression of PFKP (p=0.084 and p = 0.037,
respectively) and PFKL (p = 0065 and p = 0.024, respectively), though
in the Group 1, the associations were of border significance. Addition-
ally, there was a significant association between ER/PR status and tumor
expression of PDK1 (p = 0.002) in Group 2. HER2 status was signifi-
cantly associated with the expression of AKTI (p = 0.049), MTOR
(p = 0.005), PKM (p = 0.035), and LDHA (p =0.004) in Group 1.
Additional relationships included significant associations with tumor
grading, for the expression of LDHA (p = 0.025) in Group 1, and for
PFKP (p = 0.007) and PDK1 (p = 0.004) in Group 2.

3.1.5. Correlation between markers of environmental exposure to cadmium
and gene expression

Next, we analyzed the correlation between markers of environmental
Cd exposure and tissue expression of dysregulated genes (Figures 3 and

Group 2 (n=70)

Fig. 2. Normalized relative mRNA expression of the Warburg effect related genes in the tumor tissue as compared to peritumor tissue, measured in the two groups of
breast cancer women. a) Group 1 (n = 60 tissue sets) — RNA was isolated from fresh frozen tissues. b) Group 2 (n = 70 tissue sets) — RNA was isolated from FFPE
tissue fragments. The color of the bars corresponds to upregulated (red) and downregulated (blue) genes in both study groups. *- p < 0.05, ** - p < 0.001, ***-
p < 0.0001. Group differences analyzed with the Wilcoxon test. Data shown as median with interquartile range (IQR).
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Fig. 3. Correlation between markers of Cd exposure and tumor expression of ESR1 and the Warburg effect related genes in the two groups of breast cancer women. a)
Urinary Cd concentration (expressed as pg/L); b) Cd content in the tumor (expressed as ug/g). Correlation coefficient (r) values correspond to the color in the scale
bar and statistically significant correlations are indicated with * and * *, * - p < 0.05, * * - p < 0.001. Red rectangles indicate genes which expression was signifi-
cantly and positively correlated with urinary Cd in both study groups (HIFIA and PIK3CG).
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Fig. 4. Cd accumulation in MCF-7 cells during 6 months of exposure to Cd at a
low concentration of 0.01 uM. Ctrl — Cd non-exposed cells. Different letters
above the bars indicate a statistically significant difference between time points
within cells exposed to Cd (two-way ANOVA with Tukey’s multiple comparison
test). Data shown as mean + standard deviation (SD).

4, Tables S3 and S4). In Group 1, out of 8 upregulated genes, a signifi-
cant positive correlation was observed between urinary Cd concentra-
tion and the expression of HIF1A, both in the tumor tissues (r = 0.502,
p = 0.035) and in the peritumor tissues (r = 0.539, p = 0.030). Urinary
Cd was also correlated with the expression of PKM in the peritumor
tissues (r = 429, p = 0.0088). Expression of three other highly upregu-
lated genes, GLUT1, ESR1 and PKM1 was significantly and positively
correlated with tissue Cd content, though the correlation was observed
only in the peritumor tissues (GLUTI: r = 0.437, p = 0.002; ESRI:
r=0.313, p=0.0021; PKM: r =0.328, p =0.145). In addition, in
Group 1, urinary Cd was also positively associated with tumor expres-
sion of two non-dysregulated genes (PIK3CG and PFKP) and three
downregulated genes (PDHA1, HK2, and LDHB).

In Group 2, out of 8 upregulated genes, a significant positive corre-
lation was observed between urinary Cd concentration and tumor
expression of four genes: PKM (r=0.352, p=0.024), GLUTI
(r=0.481, p=0.004), PFKL (r=0.301, p=0.050) and HIFIA
(r =0.316, p = 0.042). Expression of PFKL was also positively corre-
lated with tissue Cd content, but only in the peritumor tissue (r = 0.477,
p = 0.0051). Within non dysregulated genes, there was a significant
positive correlation between urinary Cd and tumor expression of
PIK3CG (r=0.387, p=0.0157), significant positive correlation

between Cd content in the tumor and tumor expression of PIK3CB
(r =0.459, p = 0.0184), and significant negative correlation between
Cd content and the expression of LDHA (r = - 0.375, p = 0.0245) in the
peritumor tissue.

3.2. Experimental study in MCF-7 cells - exposure to cadmium and 4-
hydroxytamoxifen

3.2.1. Cadmium accumulation in MCF-7 cells during long-term exposure

In MCF-7 cells exposed for 6 months to 0.01 uM Cd, the mean con-
centration of the metal significantly increased over time, indicating its
accumulation. Reported mean values, calculated per 1 x 106 cells, were
0.44 + 0.13 ng, 1.40 & 0.04 ng, and 2.51 + 0.41 ng after 2, 4 and 6
months of exposure, respectively (p < 0.0001 for the effect of exposure;
p < 0.0001 for the effect of time; p < 0.0001 for interaction, Fig. 4).

3.2.2. Effects of Cd exposure on the Warburg effect markers in MCF-7 cells

Five genes (PIKCD, PIK3CG, PKLR, LDHC, and LDHB) were excluded
from gene expression analysis in MCF-7 cells due to lack of expression or
very low Ct values. The expression profile of 17 genes subjected to
further analyses is shown in Fig. S4 (72 h of exposure) and Fig. S5 (6
months of exposure). Short-term exposure (72 h) to Cd was associated
with a dose-dependent decrease of ESR1 expression (p for trend =
0.005), with a 5 % and 13 % lower expression observed upon Cd 1 uM
and 10 uM, respectively. However, no changes were observed at the
protein level for ESR1 (Fig. S6). No difference in the expression of the
Warburg effect-related genes was observed upon 72 h of Cd exposure at
1 uM and 10 uM (Fig. S4).

In the long-term (6 months) exposure experiment, a significant
decrease in PKM expression was observed in MCF-7 cells exposed to Cd
at a concentration of 0.01 uM. No effect of Cd on the expression of other
genes, including ESR1, was observed (Fig. S5). Protein expression of
ESR1 also remained not changed upon long-term exposure to Cd
(Fig. S6).

Biochemical markers (pyruvate kinase (PK) activity and lactate) are
shown in Fig. S7. PK activity in cell lysates was not changed upon short-
term (post hoc ANOVA p =0.9999 and p = 0.9999 for 1 uM Cd and
10 uM Cd, respectively) and long-term exposure to Cd 0.01 uM (post hoc
ANOVA p = 0.9922). Similarly, exposure to Cd at 1 uM, 10 uM (72 h),
and 0.01 pM (6 months) did not induce changes in the concentration of
lactate in cell lysates (post hoc ANOVA p = 0.9992, p = 0.9997, and
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p = 0.9912, respectively) and lactate released into the medium, (post
hoc ANOVA p =0.9314, p =0.7838, and p = 0.2344, respectively),
though some non-significant trend toward increased extracellular
lactate upon long-term exposure was observed (Fig. S7).

3.2.3. Effect of cadmium exposure on MCF-7 sensitivity to 4-
hydroxytamoxifen

Treatment with 4-hydroxytamoxifen (4-OHT) (IC50) significantly
decreased MCF-7 cells viability by over 50 % as assessed in the MTT test
(46 %, p < 0.0001) and SRB test (41 %, p < 0.0001 for SRB). Short-term
(72 h) exposure to Cd at 1 uM and 10 pM decreased MCF-7 sensitivity to
4-OHT in a dose-dependent manner (p for trend = 0.0394 in MTT test,
and p = 0.0164 in SRB test, Fig. 5a). Significant change of the viability
was observed upon treatment with Cd 10 pM, which decreased the
cytotoxicity of 4-OHT by 17 % and 12 %, as observed both in the MTT
test (46 % (4-OHT) vs. 63 % (Cd10 + 4-OHT), p = 0.0372) and in the
SRB test (41 % (4-OHT) vs. 53 % (Cd10 + 4-OHT), p = 0.0289). A
similar effect was observed for Cd 1 pM, but the difference was not
significant (the viability for the combined exposure of Cd 1 uM + 4-OHT

MTT (p<0.0001)

100+

Cell viability (%)
3
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was 55 % in the MTT test (p = 0.4018) and 47 % in the SRB test
(p = 0.3752).

Long-term (6 months) exposure to Cd at a very low concentration of
0.01 pM showed no toxic effects in MCF-7 cells. The viability of Cd-non-
exposed cells treated with 4-OHT (IC50) on the last day of the long-term
experiment was 27 % in the MTT test (p = 0.0003) and 46 % in the SRB
test (p < 0.0001), and it was significantly lower as compared to cells
exposed to Cd (0.01 pM) for 6 months and treated with 4-OHT on the last
day, as shown both in the MTT test (27 % (4-OHT) vs. 57 % (Cd0.01 + 4-
OHT), p = 0.03) and in the SRB test (46 % (4-OHT) vs. 68 % (Cd0.01 +
4-OHT), p = 0.04; Fig. 5b).

3.2.4. Cadmium interference with 4-hydroxytamoxifen at the level of gene
expression and biochemical markers

4-OHT treatment led to significant changes in the expression profile
of MCF-7 cells, both in short-term and long-term experiments (Fig. S4,
Fig. S5). As expected, in a short-term experiment (Fig. S4), exposure to
4-OHT caused a significant 36 % decrease in ESRI expression
(p < 0.0001 as compared to the control condition). At the same time, a
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Fig. 5. Viability of MCF-7 cells exposed to Cd and 4-OHT assessed with MTT and SRB test. a) 72 h of exposure to 1 uM and 10 uM of Cd; b) 6 months of exposure to
0.01 uM Cd. Cells were co-exposed to 4-OHT (IC50; 15 uM) 24 h before cytotoxicity assays. Different letters above the bars indicate statistically significant difference
(one-way ANOVA with Holm-Sidak’s multiple comparison test).Viability for separate exposures (Cd or 4-OHT) was calculated with respect to the relevant control
condition (medium, 0.1 % water or 0.3 % ethanol) and in the case of combined exposure (Cd+4-OHT), viability was calculated with respect to 0.3 % ethanol. Data

shown as mean + standard deviation (SD).
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very strong increase in PDK1 expression (by 268 %, p < 0.0001) and a
strong increase in the expression of 7 other genes were observed,
including HIF1A (50 %, p < 0, 0001), HK2 (45 %, p < 0.0001), PFKP (33
%, p < 0.0001), LDHA (28 %, p < 0.0001), PIK3CA (27 %, p = 0.044),
GLUT1 (20 %, p = 0.002), and PKM (10 %, p < 0.0001). Preincubation
of MCF-7 cells in Cd for 72h (1 pM and 10 uM) did not change the
expression profile of cells treated with 4-OHT, since similar changes
were observed in all treatment groups, regardless of Cd exposure
(Fig. S4).

In the long-term experiment (Fig. S5), exposure of MCF-7 cells to 4-
OHT induced a significant, 55 % decrease in ESRI expression
(p = 0.0007 as compared to the control condition). In general, changes
in the expression of the Warburg effect-related genes upon 4-OHT were
similar to those observed in the short-term experiment. The most highly
upregulated gene upon 4-OHT treatment was PDK1 (increase by 544 %,
p = 0.0001). The other upregulated genes upon 4-OHT in the long-term
experiment included HK2 (103 %, p = 0.0003), HIFIA (45 %,
p = 0.002), PFKP (41 %, p = 0.0003), LDHA (37 %, p = 0.0008), and
PKM (13 %, p < 0.0001). The only downregulated gene upon 4-OHT in a
long-term experiment was AKTI (decrease by 11 %, p = 0.07), and this
change was not observed in the 72 h experiment. In the case of com-
bined exposure (6 months of exposure to Cd 0.01 uM followed by
treatment with 4-OHT on the last day), the demonstrated changes in
mRNA expression were similar as compared to Cd-nonexposed cells,
except for one gene - PKM, for which 4-OHT-induced overexpression
was lower in cells preincubated with Cd as compared to Cd-nonexposed
cells (p = 0.03, Fig. S5).

4-OHT treatment was not associated with changes in PK activity and
cellular lactate concentration, regardless of Cd preincubation and time
of Cd exposure (Fig. S7). However, a significant difference was observed
in a long-term experiment in the concentration of lactate released into
the medium, with significantly higher values observed in the case of
combined exposure as compared to treatment with 4-OHT (923 vs
543 ng/pg, p for post hoc ANOVA = 0.01).

4. Discussion

In this study, we observed that Cd content measured in breast cancer
tissues was higher than in peritumor tissues and correlated with urinary
Cd concentration. Moreover, we have shown for the first time that long-
term exposure to Cd at low concentration, led to the accumulation of the
metal in breast cancer cells. Notably, Cd concentration used in the long-
term experiment (0.01 uM; corresponding to the concentration of
1,12 ug/L) was within the range of Cd concentrations observed in the
patients’ urine in this study (0.12-3.35ug/L) and only three times
higher than Cd concentrations reported in human blood (geometric
mean: 0.37 pg/L for men and 0.41 pg/L for women) [23]. Thus, the
concentration investigated in this study in the long-term in vitro exper-
iment may be regarded as environmentally relevant. Altogether, these
data add some more biological plausibility for Cd implication in breast
cancer development. This study confirms also other findings on high Cd
content in breast cancer tissues, including our previous study conducted
in a group of 42 Polish women and a recent case-control study on women
from Serbia [15,17]. It should be noted that urinary Cd concentration
(regarded as a good biomarker of environmental exposure to this metal
[23] was relatively high in the studied individuals and confirms high
exposure to Cd in Poland compared to other European countries [24].

Using data on Cd concentration in the urine and tissues of the pa-
tients, we aimed to investigate the relationship between environmental
exposure to Cd and molecular markers of the Warburg effect in breast
cancer. Interestingly, in both groups of breast cancer women, HIF1A was
shown to be overexpressed in the tumor and significantly correlated
with urinary Cd concentration. HIFIA encodes the alpha subunit of
hypoxia-inducible factor 1, which is a key transcriptional regulator and
the master player of the Warburg effect [25]. Activation of HIF-1a drives
the Warburg effect mainly by inducing the expression of glucose
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transporters (GLUTs), glycolytic enzymes, LDH, and PDK1 [26].
Notably, urinary Cd was also correlated with another crucial gene
related to the Warburg effect - PIK3CG (encoding
phosphatidylinositol-4,5-bisphosphate ~ 3-kinase catalytic subunit
gamma), though this gene was not overexpressed in the tumor tissues.
Products of PIK3 genes play an important role in the PI3K/AKT/mTOR
axis and together with HIF-1, are central regulators of glycolysis, cancer
metabolism, and cancer cell proliferation [27]. Intriguingly, tumor
expression of HIF1A and PIKCG were strongly correlated with urinary Cd
but not with the content of Cd in the tumor. Furthermore, exposure to Cd
at different non-toxic concentrations had no impact on the expression of
HIF1A, PIKCG and other genes involved in the Warburg effect in breast
cancer MCF-7 cells. We hypothesize that the observed correlation be-
tween tumor expression of HIFIA (as well as PIK3CG) and urinary Cd
could have been explained by an unknown confounder - for example,
factor, which was directly correlated with HIF1IA/PIK3CG, and inde-
pendently correlated with urinary Cd as a result of joint exposure. The
only significant effect of Cd observed in the experimental part of this
study was limited to the increased extracellular concentration of lactate
upon tamoxifen in cells exposed to Cd for 6 months. Thus, we conclude
that, overall, this study does not give strong support for a causative
relationship between Cd exposure and glycolytic phenotype. The origin
of the Warburg effect and its direct role in cancer still lacks explanation
and remains an issue of scientific debate [4]. So far, not much attention
has been paid to the possible role of carcinogens in metabolic reprog-
ramming, focusing mainly on arsenic (As) [7]. As, similar to Cd, is a
carcinogenic heavy metal [8]. Experimental studies indicated that
exposure to As in different cancer cell lines was associated with meta-
bolic alterations, including increased glycolysis and lactate production
[71, thus it could be a possible confounder in our study.

Independently of the main aim of the study, we confirmed that,
similar to other cancers, breast cancer is associated with the Warburg
effect [28]. Transcriptomic analysis of breast cancer tissues conducted
separately in two different groups of breast cancer women enabled us to
identify the most significant markers “universal” for breast cancer,
regardless of clinicopathological features. We observed high consistency
in the expression profile between two groups of patients, indicating
tumor overexpression of crucial genes related to the Warburg effect,
which, apart from the mentioned HIFIA, also included GLUT1, HK1,
PKM and PFKL. GLUT1 (also known as SLC2A1), which encodes the
membrane protein responsible for cellular glucose transport, was the
most overexpressed gene in the tumor. This observation confirms the
unusual reliance of cancer cells on increased glucose uptake and sup-
ports data on the clinical importance of GLUT1 in breast cancer [29-31].
Importantly, GLUT1 overexpression in breast cancer was generally
associated with poor overall survival and disease-free survival, as shown
by a recent meta-analysis [32]. The other three significantly upregulated
genes, HK1, PKM and PFKL, encode specific isoforms of glycolysis
rate-limiting enzymes: hexokinase (HK), pyruvate kinase (PK) and
phosphofructokinase (PFK) [33]. All these three enzymes are largely
implicated in cancer, though their role in breast cancer was less often
investigated [34-36]. For example, a recent study conducted on breast
cancer women from Pakistan showed increased mRNA expression of
specific isoforms of HK, PK and PFK in the tumors characterized by late
clinical stages, positive nodal involvement, and distant metastasis [34].

The most interesting observation in this study was related to the
interference of Cd exposure with tamoxifen metabolite in breast cancer
cells. Cd reduced the sensitivity of MCF-7 cells to 4-OHT in a dose-
dependent manner in a short-term experiment, and similar effect was
confirmed further in long-term experiment upon treatment to low and
environmentally relevant concentration of the metal. It could be ex-
pected that Cd, acting as a metalloestrogen, interferes with the tamox-
ifen via activation of estrogen receptor, as was observed in the case of
other xenoestrogens [37]. However, in our study, Cd did not affect
mRNA and protein expression of ESR1 after 6 months of exposure, thus it
may be speculated that the underlying mechanisms were not related to
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the estrogenic activity of this metal. Furthermore, this effect was also not
related to the changes in the expression profile of the Warburg
effect-related genes as well as alterations of PK activity. However, a
significantly higher concentration of extracellular lactate was observed
upon combined treatment (Cd and 4-OHT) compared to treatment with
4-OHT only. Notably, lactate was suggested very recently to promote
tamoxifen resistance in MCF-7 cells [38], so it is highly possible that, in
our study, Cd reduced MCF-7 cells to 4-OHT via enhanced lactate pro-
duction. Overall, these data may suggest the possible implication of Cd
in intrinsic resistance to endocrine therapy in breast cancer. Further
studies are required to explain, whether this effect is mediated directly
by the estrogenic potential of the metal (via induction of
estrogen-responsive genes which were not analyzed in this study),
lactate overproduction, or other mechanisms. Considering the fact that
the main non-occupational source of Cd exposure is tobacco smoking, it
would be relevant to investigate the potential impact of smoking on
treatment with tamoxifen in breast cancer patients.

Apart from the main results, this study yielded some other interesting
data, including the effect of 4-OHT treatment on the expression of the
Warburg effect-related genes. Exposure to tamoxifen metabolite led to a
dramatic increase in several mRNA transcripts related to energy meta-
bolism reprogramming. The highest upregulation was observed for
PDK1 which may confirm the suggested role of pyruvate dehydrogenase
kinase in the development of tamoxifen resistance [39]. The other
interesting observation was the negative correlation between HIFIA
expression and ER status in the tumor tissues, which may reflect the
regulatory relationship between these two proteins [40].

The major limitation of this study concerned the small sample size in
the case of biological material collected from patients for Cd analysis (Cd
content in the tissues was assessed in half of the patients, whereas uri-
nary Cd was available for one-third of the subjects). Another limitation
was that most of the correlations observed for urinary Cd concentration
were significant when this marker was expressed as pg/L, whereas no
significance was present in the case of values adjusted for creatinine.
Nevertheless, all analyses were performed separately in two different
groups of breast cancer patients, allowing for independent verification
of the main observations. It should be also mentioned, that the experi-
mental part of this study did not include an assessment of mitochondrial
function upon Cd exposure. Originally, impairment of mitochondria was
proposed by Otto Warburg as the primary cause of glycolytic switch, but
this theory was undermined by further studies, showing normal mito-
chondrial activity in cancer cells [4]. Interestingly, some studies suggest
that mitochondria represent the main target of Cd toxicity [41], which
suggests that its role in the general energetic metabolism of cancer cells
should be further explored.

5. Conclusions

This study failed to indicate a strong relationship between exposure
to Cd and the Warburg effect in breast cancer. However, an interesting
observation on Cd interference with tamoxifen in MCF-7 cells deserves
further investigation because it may suggest that chronic exposure to
this metalloestrogen, resulting in its accumulation in the tissues, may be
implicated in intrinsic resistance to hormone therapy of breast cancer.
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