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A B S T R A C T   

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 HIF1A (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 

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 

Krebs cycle and oxidative phosphorylation, during which energy is 
generated in the form of adenosine triphosphate (ATP). Under anaerobic 
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-1α), 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 HIF1A 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 HIF1A 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 

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 µg/mL 
streptomycin (Sigma-Aldrich) at 37 ◦C in an atmosphere of 6 % CO2. For 

Table 1 
Study group characteristics.  

Variable Group 1 Group 2 All 

N 65 77 142 
Age (years) 62.7 ± 13.8 63.1 ± 12.9 62.3 ± 13.3 

(28–91) (36–86) (28–91) 
BMI (kg/m2) 27.5 ± 4.9 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 (52.3 %) 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 µg/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 × 103 cells/well/100 µL) for cytotoxicity assays, and 
culture flasks (1.6 ×103 cells/T25/5 mL or 5 ×103 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 CdCl2 (Sigma-Aldrich, #202908). Two non-toxic concen
trations of Cd were used in a short-term (72 h) experiment, including 1 
µM and 10 µM, 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 µM). 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 µM, 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 µM 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 µM (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 µM) was 
similar as in the case of cells not treated with 4-OHT (21.2 ± 1.9 µM). 
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 CdCl2 (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 

viable, metabolically active cells. After the exposure, the supernatants 
were removed, and the cells were incubated with the MTT solution (100 
µL) 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 µL) 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 (114Cd) 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, #D8537–6×500ML), 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 μg/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: ESR1 (estrogen receptor alpha), HIF1A (hypoxia- 
inducible factor, alpha subunit), GLUT1 (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, RPLP0, 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 µg) 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 

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 µg/L and 0.89 µg/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 µg/L (0.34–3.45 µg/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 µg/g) 
and Group 2 (0.052 vs. 0.020 µg/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 µg/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 µg/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 µg/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, RPLP0, 
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, PDHA1, 
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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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 GLUT1 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, HIF1A 
(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. S2). 

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 HIF1A 
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 AKT1 (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 

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). 

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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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 (GLUT1: r = 0.437, p = 0.002; ESR1: 
r = 0.313, p = 0.002 l; 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), GLUT1 
(r = 0.481, p = 0.004), PFKL (r = 0.301, p = 0.050) and HIF1A 
(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 µM Cd, the mean con

centration of the metal significantly increased over time, indicating its 
accumulation. Reported mean values, calculated per 1 × 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 µM 
and 10 µM, 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 µM and 10 µM (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 µM. 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 µM Cd and 
10 µM Cd, respectively) and long-term exposure to Cd 0.01 µM (post hoc 
ANOVA p = 0.9922). Similarly, exposure to Cd at 1 µM, 10 µM (72 h), 
and 0.01 µM (6 months) did not induce changes in the concentration of 
lactate in cell lysates (post hoc ANOVA p = 0.9992, p = 0.9997, and 

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 µg/L); b) Cd content in the tumor (expressed as µg/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 (HIF1A and PIK3CG). 

Fig. 4. Cd accumulation in MCF-7 cells during 6 months of exposure to Cd at a 
low concentration of 0.01 µM. 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). 

K. Tarhonska et al.                                                                                                                                                                                                                             

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Biomedicine & Pharmacotherapy 161 (2023) 114435

7

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 µM and 10 µM 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 μM, 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 μM, but the difference was not 
significant (the viability for the combined exposure of Cd 1 µM + 4-OHT 

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 µM 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 µM) 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 ESR1 expression 
(p < 0.0001 as compared to the control condition). At the same time, a 

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 µM and 10 µM of Cd; b) 6 months of exposure to 
0.01 µM Cd. Cells were co-exposed to 4-OHT (IC50; 15 µM) 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 72 h (1 µM and 10 µM) 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 ESR1 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), HIF1A (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 AKT1 (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 µM 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/µg, 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 µM; corresponding to the concentration of 
1,12 µg/L) was within the range of Cd concentrations observed in the 
patients’ urine in this study (0.12–3.35 µg/L) and only three times 
higher than Cd concentrations reported in human blood (geometric 
mean: 0.37 μg/L for men and 0.41 μg/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. HIF1A 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-1α drives 
the Warburg effect mainly by inducing the expression of glucose 

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 HIF1A (as well as PIK3CG) and urinary Cd 
could have been explained by an unknown confounder – for example, 
factor, which was directly correlated with HIF1A/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 
[7], 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 HIF1A, 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 HIF1A 
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 µg/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. 

Funding 

This research was funded by the National Science Centre, Poland, 
grant number 2016/23/D/NZ7/03645. 

Conflict of Interest Statement 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

The authors would like to thank Mrs Barbara Pawlak for technical 
support in the laboratory experiments. Graphical abstract was created 
with BioRender.com. 

Author Contributions 

Conceptualization, E.J. and J.R.; Methodology, E.J., E.R., J.R., B.J., 
M.L., K.T.; Validation, J.R., B.J.; Formal analysis, K.T., E.J., J.R., B.J., K. 
K., M.B.; Investigation, K.T., J.R., E.J., B.J., M.L., K.K., E.W., M.B., A.K- 
W., J.S.; Resources, E.R., L.K.; Data curation, E.J., A.K-W., J.S., M.B., L. 
K.; Writing – original draft preparation, K.T., E.J.; Writing – review & 
editing, J.R., B.J., M.L., E.R., E.W., M.B., A.K-W., K.K., J.S., L.K., Visu
alization, K.T., E.J.; Supervision, E.J.; Project administration, E.J.; 
Funding acquisition, E.J, E.R., L.K. All authors have read and agreed to 
the published version of the manuscript. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.biopha.2023.114435. 

References 

[1] M.V. Liberti, J.W. Locasale, The Warburg effect: how does it benefit cancer cells? 
Trends Biochem. Sci. 41 (2016) 211–218, https://doi.org/10.1016/j. 
tibs.2015.12.001. 

[2] H. Ngo, S.M. Tortorella, K. Ververis, T.C. Karagiannis, The Warburg effect: 
molecular aspects and therapeutic possibilities, Mol. Biol. Rep. 42 (2015) 825–834, 
https://doi.org/10.1007/s11033-014-3764-7. 

[3] O. Warburg, F. Wind, E. Negelein, The metabolism of tumors in the body, J. Gen. 
Physiol. 8 (1927) 519–530, https://doi.org/10.1085/jgp.8.6.519. 

[4] X. Chen, Y. Qian, S. Wu, The Warburg effect: evolving interpretations of an 
established concept, Free Radic. Biol. Med. 79 (2015) 253–263, https://doi.org/ 
10.1016/j.freeradbiomed.2014.08.027. 

[5] S. Devic, Warburg effect - a consequence or the cause of carcinogenesis, J. Cancer 7 
(2016) 817–822, https://doi.org/10.7150/jca.14274. 

[6] P. Vaupel, G. Multhoff, Revisiting the Warburg effect: historical dogma versus 
current understanding, J. Physiol. 599 (2021) 1745–1757, https://doi.org/ 
10.1113/JP278810. 

[7] Y. Ruan, X. Fang, T. Guo, Y. Liu, Y. Hu, X. Wang, Y. Hu, L. Gao, Y. Li, J. Pi, Y. Xu, 
Metabolic reprogramming in the arsenic carcinogenesis, Ecotoxicol. Environ. Saf. 
229 (2022), 113098, https://doi.org/10.1016/j.ecoenv.2021.113098. 

[8] IARC, Arsenic, metals, fibres, and dusts. IARC monographs on the evaluation of 
carcinogenic risks to humans / World Health Organization, 100, International 
Agency for Research on Cancer, 2012, pp. 11–465. 

[9] R. Modica, E. Benevento, A. Colao, Endocrine-disrupting chemicals (EDCs) and 
cancer: new perspectives on an old relationship, J. Endocrinol. Invest. (2022), 
https://doi.org/10.1007/s40618-022-01983-4. 

[10] A. Buha-Dordevic, M. Andelkovic, E. Kacavenda, D. Javorac, E. Antonijevic- 
Miljakovic, D. Maric, K. Baralic, D. Dukic-Cosic, M. Curcic, B. Antonijevic, Z. Bulat, 
Cadmium levels in human breast tissue and estradiol serum levels: is there a 
connection, Arh. za Farm. 71 (2021) 581–595, https://doi.org/10.5937/ 
arhfarm71-34280. 

[11] L. Jouybari, M. Saei Ghare Naz, A. Sanagoo, F. Kiani, F. Sayehmiri, K. Sayehmiri, 
A. Hasanpour Dehkordi, Toxic elements as biomarkers for breast cancer: a meta- 
analysis study, Cancer Manag. Res 10 (2018) 69–79, https://doi.org/10.2147/ 
CMAR.S151324. 

[12] S.C. Larsson, N. Orsini, A. Wolk, Urinary cadmium concentration and risk of breast 
cancer: a systematic review and dose-response meta-analysis, Am. J. Epidemiol. 
182 (2015) 375–380, https://doi.org/10.1093/aje/kwv085. 

[13] J. Lin, F. Zhang, Y. Lei, Dietary intake and urinary level of cadmium and breast 
cancer risk: a meta-analysis, Cancer Epidemiol. 42 (2016) 101–107, https://doi. 
org/10.1016/j.canep.2016.04.002. 

[14] J.G. Ionescu, J. Novotny, V. Stejskal, A. Latsch, E. Blaurock-Busch, M. Eisenmann- 
Klein, Increased levels of transition metals in breast cancer tissue, Neuro 
Endocrinol. Lett. 27 (Suppl 1) (2006) 36–39. 

[15] E. Jablonska, K. Socha, E. Reszka, E. Wieczorek, J. Skokowski, L. Kalinowski, 
W. Fendler, B. Seroczynska, M. Wozniak, M.H. Borawska, W. Wasowicz, Cadmium, 
arsenic, selenium and iron- Implications for tumor progression in breast cancer, 
Environ. Toxicol. Pharmacol. 53 (2017) 151–157, https://doi.org/10.1016/j. 
etap.2017.05.014. 

[16] L. Strumylaite, A. Bogusevicius, O. Abdrachmanovas, D. Baranauskiene, 
R. Kregzdyte, D. Pranys, L. Poskiene, Cadmium concentration in biological media 
of breast cancer patients, Breast Cancer Res. Treat. 125 (2011) 511–517, https:// 
doi.org/10.1007/s10549-010-1007-8. 

K. Tarhonska et al.                                                                                                                                                                                                                             

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://doi.org/10.1016/j.biopha.2023.114435
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.1007/s11033-014-3764-7
https://doi.org/10.1085/jgp.8.6.519
https://doi.org/10.1016/j.freeradbiomed.2014.08.027
https://doi.org/10.1016/j.freeradbiomed.2014.08.027
https://doi.org/10.7150/jca.14274
https://doi.org/10.1113/JP278810
https://doi.org/10.1113/JP278810
https://doi.org/10.1016/j.ecoenv.2021.113098
http://refhub.elsevier.com/S0753-3322(23)00223-8/sbref8
http://refhub.elsevier.com/S0753-3322(23)00223-8/sbref8
http://refhub.elsevier.com/S0753-3322(23)00223-8/sbref8
https://doi.org/10.1007/s40618-022-01983-4
https://doi.org/10.5937/arhfarm71-34280
https://doi.org/10.5937/arhfarm71-34280
https://doi.org/10.2147/CMAR.S151324
https://doi.org/10.2147/CMAR.S151324
https://doi.org/10.1093/aje/kwv085
https://doi.org/10.1016/j.canep.2016.04.002
https://doi.org/10.1016/j.canep.2016.04.002
http://refhub.elsevier.com/S0753-3322(23)00223-8/sbref14
http://refhub.elsevier.com/S0753-3322(23)00223-8/sbref14
http://refhub.elsevier.com/S0753-3322(23)00223-8/sbref14
https://doi.org/10.1016/j.etap.2017.05.014
https://doi.org/10.1016/j.etap.2017.05.014
https://doi.org/10.1007/s10549-010-1007-8
https://doi.org/10.1007/s10549-010-1007-8
http://mostwiedzy.pl


Biomedicine & Pharmacotherapy 161 (2023) 114435

10

[17] M. Andelkovic, A.B. Djordjevic, E.A. Miljakovic, D. Javorac, N. Colakovic, S. Opric, 
S. Petricevic, M. Granic, J. Kotur-Stevuljevic, B. Antonijevic, Z. Bulat, Cadmium 
tissue level in women diagnosed with breast cancer-a case control study, Environ. 
Res. 199 (2021), 111300, https://doi.org/10.1016/j.envres.2021.111300. 

[18] E. Ponce, N.B. Aquino, M.C. Louie, Chronic cadmium exposure stimulates SDF-1 
expression in an ERalpha dependent manner, PLoS One 8 (2013), e72639, https:// 
doi.org/10.1371/journal.pone.0072639. 

[19] J. Pan, J.A. Plant, N. Voulvoulis, C.J. Oates, C. Ihlenfeld, Cadmium levels in 
Europe: implications for human health, Environ. Geochem. Health 32 (2010) 1–12, 
https://doi.org/10.1007/s10653-009-9273-2. 

[20] P. Icard, S. Shulman, D. Farhat, J.M. Steyaert, M. Alifano, H. Lincet, How the 
Warburg effect supports aggressiveness and drug resistance of cancer cells, Drug 
Resist. Updat. 38 (2018) 1–11, https://doi.org/10.1016/j.drup.2018.03.001. 

[21] J. Roszak, A. Smok-Pieniazek, K. Domeradzka-Gajda, J. Grobelny, E. Tomaszewska, 
K. Ranoszek-Soliwoda, G. Celichowski, M. Stepnik, Inhibitory effect of silver 
nanoparticles on proliferation of estrogen-dependent MCF-7/BUS human breast 
cancer cells induced by butyl paraben or di-n-butyl phthalate, Toxicol. Appl. 
Pharmacol. 337 (2017) 12–21, https://doi.org/10.1016/j.taap.2017.10.014. 

[22] M. Lesicka, E. Jablonska, E. Wieczorek, B. Seroczynska, A. Siekierzycka, 
J. Skokowski, L. Kalinowski, W. Wasowicz, E. Reszka, Altered circadian genes 
expression in breast cancer tissue according to the clinical characteristics, PLoS 
One 13 (2018), e0199622, https://doi.org/10.1371/journal.pone.0199622. 

[23] S.V. Adams, P.A. Newcomb, Cadmium blood and urine concentrations as measures 
of exposure: NHANES 1999-2010, J. Expo. Sci. Environ. Epidemiol. 24 (2014) 
163–170, https://doi.org/10.1038/jes.2013.55. 

[24] M. Berglund, K. Larsson, M. Grander, L. Casteleyn, M. Kolossa-Gehring, 
G. Schwedler, A. Castano, M. Esteban, J. Angerer, H.M. Koch, B.K. Schindler, 
G. Schoeters, R. Smolders, K. Exley, O. Sepai, L. Blumen, M. Horvat, L.E. Knudsen, 
T.A. Morck, A. Joas, R. Joas, P. Biot, D. Aerts, K. De Cremer, I. Van Overmeire, 
A. Katsonouri, A. Hadjipanayis, M. Cerna, A. Krskova, J.K. Nielsen, J.F. Jensen, 
P. Rudnai, S. Kozepesy, C. Griffin, I. Nesbitt, A.C. Gutleb, M.E. Fischer, D. Ligocka, 
M. Jakubowski, M.F. Reis, S. Namorado, I.R. Lupsa, A.E. Gurzau, K. Halzlova, 
M. Jajcaj, D. Mazej, J.S. Tratnik, A. Lopez, A. Canas, A. Lehmann, P. Crettaz, E. Den 
Hond, E. Govarts, Exposure determinants of cadmium in European mothers and 
their children, Environ. Res. 141 (2015) 69–76, https://doi.org/10.1016/j. 
envres.2014.09.042. 

[25] Y.M. Woo, Y. Shin, E.J. Lee, S. Lee, S.H. Jeong, H.K. Kong, E.Y. Park, H.K. Kim, 
J. Han, M. Chang, J.H. Park, Inhibition of aerobic glycolysis represses Akt/mTOR/ 
HIF-1alpha axis and restores tamoxifen sensitivity in antiestrogen-resistant breast 
cancer cells, PLoS One 10 (2015), e0132285, https://doi.org/10.1371/journal. 
pone.0132285. 

[26] G.N. Masoud, W. Li, HIF-1alpha pathway: role, regulation and intervention for 
cancer therapy, Acta Pharm. Sin. B 5 (2015) 378–389, https://doi.org/10.1016/j. 
apsb.2015.05.007. 

[27] R. Courtnay, D.C. Ngo, N. Malik, K. Ververis, S.M. Tortorella, T.C. Karagiannis, 
Cancer metabolism and the Warburg effect: the role of HIF-1 and PI3K, Mol. Biol. 
Rep. 42 (2015) 841–851, https://doi.org/10.1007/s11033-015-3858-x. 

[28] A. Kalezic, M. Udicki, B. Srdic Galic, M. Aleksic, A. Korac, A. Jankovic, B. Korac, 
Tissue-specific Warburg effect in breast cancer and cancer-associated adipose 

tissue-relationship between AMPK and glycolysis, Cancers (Basel) (2021) 13, 
https://doi.org/10.3390/cancers13112731. 

[29] S.M. Jang, H. Han, K.S. Jang, Y.J. Jun, S.H. Jang, K.W. Min, M.S. Chung, S.S. Paik, 
The glycolytic phenotype is correlated with aggressiveness and poor prognosis in 
invasive ductal carcinomas, J. Breast Cancer 15 (2012) 172–180, https://doi.org/ 
10.4048/jbc.2012.15.2.172. 

[30] S.S. Kang, Y.K. Chun, M.H. Hur, H.K. Lee, Y.J. Kim, S.R. Hong, J.H. Lee, S.G. Lee, Y. 
K. Park, Clinical significance of glucose transporter 1 (GLUT1) expression in human 
breast carcinoma, Jpn. J. Cancer Res. 93 (2002) 1123–1128, https://doi.org/ 
10.1111/j.1349-7006.2002.tb01214.x. 

[31] V. Suteau, J. Bukasa-Kakamba, B. Virjogh-Cenciu, A. Adenis, N. Sabbah, K. Drak 
Alsibai, Pathological significance of GLUT-1 expression in breast cancer cells in 
diabetic and obese patients: the French Guiana study, Cancers (Basel) (2022) 14, 
https://doi.org/10.3390/cancers14020437. 

[32] Y. Deng, J. Zou, T. Deng, J. Liu, Clinicopathological and prognostic significance of 
GLUT1 in breast cancer: a meta-analysis, Med. (Baltim. ) 97 (2018), e12961, 
https://doi.org/10.1097/MD.0000000000012961. 

[33] X. Sun, Y. Peng, J. Zhao, Z. Xie, X. Lei, G. Tang, Discovery and development of 
tumor glycolysis rate-limiting enzyme inhibitors, Bioorg. Chem. 112 (2021), 
104891, https://doi.org/10.1016/j.bioorg.2021.104891. 

[34] M. Ishfaq, N. Bashir, S.K. Riaz, S. Manzoor, J.S. Khan, Y. Bibi, R. Sami, A. 
H. Aljahani, S.A. Alharthy, R. Shahid, Expression of HK2, PKM2, and PFKM is 
associated with metastasis and late disease onset in breast cancer patients, Genes 
(Basel) 13 (2022) 549, https://doi.org/10.3390/genes13030549. 

[35] M. Schmidt, H.U. Voelker, M. Kapp, M. Krockenberger, J. Dietl, U. Kammerer, 
Glycolytic phenotype in breast cancer: activation of Akt, up-regulation of GLUT1, 
TKTL1 and down-regulation of M2PK, J. Cancer Res. Clin. Oncol. 136 (2010) 
219–225, https://doi.org/10.1007/s00432-009-0652-y. 

[36] Z. Wu, J. Wu, Q. Zhao, S. Fu, J. Jin, Emerging roles of aerobic glycolysis in breast 
cancer, Clin. Transl. Oncol. 22 (2020) 631–646, https://doi.org/10.1007/s12094- 
019-02187-8. 

[37] K. Boszkiewicz, E. Sawicka, A. Piwowar, The impact of xenoestrogens on 
effectiveness of treatment for hormone-dependent breast cancer - current state of 
knowledge and perspectives for research, Ann. Agric. Environ. Med. 27 (2020) 
526–534, https://doi.org/10.26444/aaem/124165. 

[38] V. Rossi, M. Govoni, F. Farabegoli, G. Di Stefano, Lactate is a potential promoter of 
tamoxifen resistance in MCF7 cells, Biochim. Biophys. Acta Gen. Subj. 1866 
(2022), 130185, https://doi.org/10.1016/j.bbagen.2022.130185. 

[39] E. Iorns, C.J. Lord, A. Ashworth, Parallel RNAi and compound screens identify the 
PDK1 pathway as a target for tamoxifen sensitization, Biochem. J. 417 (2009) 
361–370, https://doi.org.10.1042/BJ20081682. 

[40] J. Yang, A. AlTahan, D.T. Jones, F.M. Buffa, E. Bridges, R.B. Interiano, C. Qu, 
N. Vogt, J.L. Li, D. Baban, J. Ragoussis, R. Nicholson, A.M. Davidoff, A.L. Harris, 
Estrogen receptor-alpha directly regulates the hypoxia-inducible factor 1 pathway 
associated with antiestrogen response in breast cancer, Proc. Natl. Acad. Sci. USA 
112 (2015) 15172–15177, https://doi.org/10.1073/pnas.1422015112. 

[41] J.J.V. Branca, A. Pacini, M. Gulisano, N. Taddei, C. Fiorillo, M. Becatti, Cadmium- 
Induced cytotoxicity: effects on mitochondrial electron transport chain, Front. Cell. 
Dev. Biol. 8 (2020), 604377, https://doi.org/10.3389/fcell.2020.604377. 

K. Tarhonska et al.                                                                                                                                                                                                                             

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://doi.org/10.1016/j.envres.2021.111300
https://doi.org/10.1371/journal.pone.0072639
https://doi.org/10.1371/journal.pone.0072639
https://doi.org/10.1007/s10653-009-9273-2
https://doi.org/10.1016/j.drup.2018.03.001
https://doi.org/10.1016/j.taap.2017.10.014
https://doi.org/10.1371/journal.pone.0199622
https://doi.org/10.1038/jes.2013.55
https://doi.org/10.1016/j.envres.2014.09.042
https://doi.org/10.1016/j.envres.2014.09.042
https://doi.org/10.1371/journal.pone.0132285
https://doi.org/10.1371/journal.pone.0132285
https://doi.org/10.1016/j.apsb.2015.05.007
https://doi.org/10.1016/j.apsb.2015.05.007
https://doi.org/10.1007/s11033-015-3858-x
https://doi.org/10.3390/cancers13112731
https://doi.org/10.4048/jbc.2012.15.2.172
https://doi.org/10.4048/jbc.2012.15.2.172
https://doi.org/10.1111/j.1349-7006.2002.tb01214.x
https://doi.org/10.1111/j.1349-7006.2002.tb01214.x
https://doi.org/10.3390/cancers14020437
https://doi.org/10.1097/MD.0000000000012961
https://doi.org/10.1016/j.bioorg.2021.104891
https://doi.org/10.3390/genes13030549
https://doi.org/10.1007/s00432-009-0652-y
https://doi.org/10.1007/s12094-019-02187-8
https://doi.org/10.1007/s12094-019-02187-8
https://doi.org/10.26444/aaem/124165
https://doi.org/10.1016/j.bbagen.2022.130185
http://refhub.elsevier.com/S0753-3322(23)00223-8/sbref39
http://refhub.elsevier.com/S0753-3322(23)00223-8/sbref39
http://refhub.elsevier.com/S0753-3322(23)00223-8/sbref39
https://doi.org/10.1073/pnas.1422015112
https://doi.org/10.3389/fcell.2020.604377
http://mostwiedzy.pl

	Environmental exposure to cadmium in breast cancer – association with the Warburg effect and sensitivity to tamoxifen
	1 Introduction
	2 Methods
	2.1 Breast cancer patients study
	2.2 MCF-7 cells study
	2.3 Cell treatment
	2.4 MTT reduction test
	2.5 Sulforhodamine B (SRB) assay
	2.6 Cadmium analysis
	2.7 Gene expression
	2.8 Western blot
	2.9 Biochemical markers
	2.10 Statistical analysis

	3 Results
	3.1 Observational study in breast cancer women
	3.1.1 Study group characteristics
	3.1.2 Cadmium concentration in urinary samples and tissues
	3.1.3 Gene expression in tissues
	3.1.4 Tumor gene expression with respect to hormone receptor status and tumor grading
	3.1.5 Correlation between markers of environmental exposure to cadmium and gene expression

	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
	3.2.2 Effects of Cd exposure on the Warburg effect markers in MCF-7 cells
	3.2.3 Effect of cadmium exposure on MCF-7 sensitivity to 4-hydroxytamoxifen
	3.2.4 Cadmium interference with 4-hydroxytamoxifen at the level of gene expression and biochemical markers


	4 Discussion
	5 Conclusions
	Funding
	Conflict of Interest Statement
	Acknowledgments
	Author Contributions
	Appendix A Supporting information
	References


