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Abstract: Antibiotics inhibit breast cancer stem cells (CSCs) by suppressing mitochondrial biogenesis.
However, the effectiveness of antibiotics in clinical settings is inconsistent. This inconsistency
raises the question of whether the tumor microenvironment, particularly hypoxia, plays a role
in the response to antibiotics. Therefore, the goal of this study was to evaluate the effectiveness
of five commonly used antibiotics for inhibiting CSCs under hypoxia using an MCF-7 cell line
model. We assessed the number of CSCs through the mammosphere formation assay and aldehyde
dehydrogenase (ALDH)-bright cell count. Additionally, we examined the impact of antibiotics
on the mitochondrial stress response and membrane potential. Furthermore, we analyzed the
levels of proteins associated with therapeutic resistance. There was no significant difference in
the number of CSCs between cells cultured under normoxic and hypoxic conditions. However,
hypoxia did affect the rate of CSC inhibition by antibiotics. Specifically, azithromycin was unable
to inhibit sphere formation in hypoxia. Erythromycin and doxycycline did not reduce the ratio
of ALDH-bright cells, despite decreasing the number of mammospheres. Furthermore, treatment
with chloramphenicol, doxycycline, and tetracycline led to the overexpression of the breast cancer
resistance protein. Our findings suggest that hypoxia may weaken the inhibitory effects of antibiotics
on the breast cancer model.
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1. Introduction

At an American Association for Cancer Research (AACR) Workshop in 2006, Cancer
Stem Cells (CSCs) were defined as cells within a tumor possessing the ability to self-
renew and generate heterogeneous lineages of cancer cells [1]. Accumulating evidence
suggests that CSCs are responsible for tumor metastasis [1], evasion of antitumor immune
responses [2], and the establishment of protective niches that sustain both their proliferation
and quiescence [3].

CSCs, like normal stem cells, prefer glycolysis as an energy production pathway over
oxidative phosphorylation [4]. Furthermore, stem cells exhibit fewer mitochondria and
suppressed mitochondrial biogenesis compared to differentiated cells [5]. This characteristic
is crucial for stem cells to maintain low levels of reactive oxygen species (ROS), which
are necessary to preserve genome integrity and a quiescent state. CSCs utilize glucose
and require a replete supply of this energy source [6]. However, several studies have
demonstrated that CSCs are even more reliant on glycolysis for energy production than
bulk tumor cells. In other words, CSCs exhibit higher levels of adenosine triphosphate (ATP)
production, glycolytic enzyme expression, and glucose uptake, along with a simultaneous
decrease in mitochondrial number and a reduction in oxidative phosphorylation rates [7,8].
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Conversely, our current understanding of this topic is still limited and contradictory, as
some studies have reported that CSCs are less glycolytic and exhibit an enhanced rate of
oxidative phosphorylation, active mitochondrial metabolism, and an increased number
of mitochondria [9]. In such cases, CSCs likely redirect their metabolism from oxidative
phosphorylation to the glycolytic pathway under hypoxic conditions [10]. Recently, a study
addressed and clarified this discrepancy, revealing that a metabolic shift from glycolysis to
an oxidative mitochondrial phenotype occurs in CSCs during the transition from anchorage-
dependent to anchorage-independent growth [11]. In summary, mitochondrial biogenesis
plays a critical role in maintaining the CSC phenotype.

According to the symbiogenesis theory of mitochondrial evolution, which is supported
by the high homology between mitochondrial and prokaryotic proteins, mitochondria orig-
inally evolved from prokaryotic cells engulfed by eukaryotes. Bacterial and mitochondrial
ribosomes share structural similarities. The 39S large mitoribosomal subunit contains nearly
48 proteins, most of which are homologs of bacterial ribosomal proteins [12]. Similarly, the
28S small mitoribosomal subunit consists of approximately 29 proteins, 14 of which have
homologs in prokaryotic ribosomes. Consequently, many classes of bactericidal antibiotics
may target mitochondrial biogenesis as a side effect. For instance, prolonged treatment
with quinolones, aminoglycosides, and β-lactams can lead to overproduction of ROS and
mitochondrial dysfunction in mammalian cells. Tetracyclines bind to the small subunit of
the ribosome in mitochondria and disrupt mitochondrial translation, while erythromycins
inhibit the translation of oxidative phosphorylation proteins by binding to the large subunit
of mitoribosomes. Therefore, translation-inhibiting antibiotics should be used carefully
in patients with defects in mitochondrial translation machinery [13]. Nevertheless, tar-
geting mitochondrial metabolism with antibiotics appears to be a promising strategy for
eliminating the CSC population. Several in vivo and in vitro studies conducted in the
last decade using United States Food and Drug Administration (FDA) approved antibi-
otics have demonstrated their potential to inhibit CSC subpopulations [14,15]. R. Lamb
et al. identified a strict dependence on the mitochondrial biogenesis of CSCs as a com-
mon phenotypic weak point across multiple tumor types. They propose a therapeutic
strategy for eradicating CSCs based on inhibiting mitochondrial biogenesis. According
to the research, four different FDA-approved antibiotics (azithromycin, doxycycline, tige-
cycline, chloramphenicol) can be employed to eliminate CSCs in twelve different cancer
cell lines representing eight distinct tumor types. Importantly, these drugs do not exhibit
toxicity towards normal cells [16]. Recent clinical trials with azithromycin and doxycycline
have shown positive therapeutic effects in cancer patients, although the antibiotics were
used to treat cancer-associated infections rather than targeting the CSC population [17–19].
Azithromycin was reported to enhance the favorable results of paclitaxel and cisplatin treat-
ment in patients with advanced non-small-cell lung cancer [19]. The one-year survival rate
in the group receiving azithromycin combined with chemotherapy was 75.0%, compared
to 45.0% in the chemotherapy-only group.

Hypoxia is a significant phenomenon that influences tumor cells’ biology, remodels
their metabolism, and contributes to tumor progression [20]. Hypoxia-inducible factors
(HIFs) are key elements that orchestrate the cellular response to low oxygen levels in
both healthy and tumor cells [21]. HIF-regulated target genes include those involved
in angiogenesis, proliferation, apoptosis, survival, and adaptation to insufficient oxygen
levels, such as glycolytic enzymes [22,23]. The response to hypoxia regulated by HIFs
appears to be gradual and dependent on the available oxygen level [24]. Clinical data
demonstrate that overexpression of HIF, either due to genetic mutations or exposure to
hypoxia, is associated with increased mortality in patients [25]. For instance, high levels
of HIF1α or HIF2α expression in tumor biopsies from breast, pancreatic, or lung cancer
patients correlate with an increased incidence of metastasis and mortality [26]. HIF plays a
crucial role in protecting cancer cells from hypoxic stress by shifting cell metabolism from
oxidative phosphorylation in mitochondria to cytoplasmic glycolysis [10].
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The objective of our research was to evaluate the effectiveness of five commonly used
antibiotics in inhibiting the subpopulation of breast cancer stem cells of Michigan Cancer
Foundation-7 (MCF-7) cells under both normoxic and hypoxic conditions. We employed a
tumor sphere formation assay and measured aldehyde dehydrogenase (ALDH) activity to
assess the inhibitory activity of bactericidal antibiotics on the CSC population.

2. Results
2.1. Antibiotics Do Not Affect Proliferation of Cancer Cells in Anchorage-Dependent Culture

To find the optimal antibiotic concentrations for further experiments, we tested the
cytotoxicity of five antibiotics—azithromycin, chloramphenicol, doxycycline, erythromycin,
and tetracycline—on MCF-7 breast cancer cells grown as a conventional anchorage-dependent
cell culture monolayer. Six different concentrations were chosen for each antibiotic. The
range of concentrations is presented in Table 1. For each compound, we determined the
highest concentration that did not inhibit proliferation of the bulk population of cancer cells
(Figure 1A: concentration X for each antibiotic); this concentration is presented in Table 1
and has been chosen for all experiments in the study. We have also observed a significant
increase in cancer cell proliferation in the presence of low concentrations of doxycycline and
azithromycin. It has been previously reported that, under some certain circumstances, drug
exposure itself may induce intratumoral or systemic changes, which paradoxically exacerbate
cancer cell proliferation and dissemination in patients [27,28]. The highest concentrations of
all five antibiotics decreased the proliferation of tumor cells. The possible mechanisms for anti-
proliferative effects on cancer cells have been linked to an impairment of mitochondrial protein
synthesis [29], cell cycle arrest [30], and induction of apoptosis by caspase-3 activation [31].

Table 1. The list of tested antibiotics, concentrations, and molecular targets.

Antibiotic Target Tested Concentration Concentration in This Study

Azithromycin The 39S large mitoribosomal subunit 1.85 µM–450 µM 50 µM

Erythromycin The 39S large mitoribosomal subunit 1.85 µM–450 µM 50 µM

Chloramphenicol The 39S large mitoribosomal subunit 9.26 µM–2.25 mM 250 µM

Doxycycline The 28S small mitoribosomal subunit 930 nM–225 µM 25 µM

Tetracycline The 28S small mitoribosomal subunit 1.85 µM–450 µM 50 µM

2.2. Antibiotics Affect Mammosphere Formation under Hypoxia and Normoxia

The tumor sphere formation assay (SFA) is a widely used approach to evaluate the
frequency of CSCs in a total cancer cell population [16]. Spheres present dense round
structures, formed by a single CSC proliferation and floating freely in sphere culture media,
thereby representing an anchorage-independent growth condition of cancer cells. Sphere
formation is a property that stem cells or tumor-initiating cells from different lineages share
in common. MCF-7 CSCs form mammospheres with diameter ranges of 100–350 µm in a
suspension culture within 10–12 days (Figure 1B). The sphere number did not depend on
oxygen supply conditions; no significant difference was observed between spheres cultured
in normoxia (131.3 ± 21.2) or hypoxia (190.8 ± 41.4) (Figure 1C). We detected a significant
difference in the average spheres’ diameter in the control samples cultured in normoxia and
hypoxia: 205.6 ± 6.4 µm vs. 143.6 ± 8.9 µm, respectively. Hypoxic conditions inhibit MCF-7
cell proliferation but promote cell migration according to the earlier experiment results [32].
A similar decrease in cell proliferation due to hypoxia is reported for most cell types [33]. A
greater number of cells will consequently increase the oxygen demand, thus additionally
exacerbating hypoxic stress. Docetaxel was introduced to the study as a positive control
compound and caused a significant reduction in sphere number, regardless of the oxygen
level in a culture environment (decrease by 69.0 ± 4.2% in normoxia vs. 68.4 ± 10.6%
in hypoxia).
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Figure 1. The effect of tested antibiotics on MCF-7 breast cancer cell proliferation and mammosphere 
formation: (A) MTT cell proliferation assay, X-concentration of antibiotics used in sphere formation 
experiments; (B) Representative photomicrographs of MCF-7 mammospheres under normoxia and 
hypoxia; (C) Number of mammospheres after 2 weeks of incubation under both normoxia (20% O2) 
and hypoxia (4% O2); shown are the means of 5 independent experiments using MCF-7 cells of dif-
ferent passages. * = p < 0.05. 

Figure 1. The effect of tested antibiotics on MCF-7 breast cancer cell proliferation and mammosphere
formation: (A) MTT cell proliferation assay, X-concentration of antibiotics used in sphere formation
experiments; (B) Representative photomicrographs of MCF-7 mammospheres under normoxia and
hypoxia; (C) Number of mammospheres after 2 weeks of incubation under both normoxia (20% O2)
and hypoxia (4% O2); shown are the means of 5 independent experiments using MCF-7 cells of
different passages. * = p < 0.05.
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Tetracycline at a concentration, which did not inhibit cell proliferation in conventional
anchorage-dependent cell culture, led to the complete elimination of spheres in both
normoxic and hypoxic conditions. This observation might be explained by the early
degradation of spheres. A significant decrease in MCF-7 sphere formation capacity has
been detected in the presence of doxycycline (25 µM) and chloramphenicol (250 µM) under
both normoxic and hypoxic conditions: 68.24 ± 3.12% and 70.53 ± 6.77% for doxycycline,
67.13 ± 6.09% and 68.45 ± 9.40% for chloramphenicol in normoxic and hypoxic conditions,
accordingly (Figure 1C).

Interestingly, we have observed differences in sphere count between hypoxic and
normoxic conditions in the presence of azithromycin (Figure 1C): 85.8± 33.1 and 197± 25.3
in normoxia and hypoxia, respectively. We also noticed that some antibiotics cause constant
changes in mammosphere morphology (Supplementary Material, Figure S1). In the pres-
ence of erythromycin, spheres become larger when compared with spheres from control
wells: 223.6 ± 74.9 µm vs. 134.7 ± 13.7 µm in the control group. Docetaxel also influenced
spheres’ shape and morphology, yielding «blastocyst-like» spheres.

2.3. Antibiotics Affect ALDH-Bright Cell Number under Hypoxia and Normoxia

Over the past decades, accumulating evidence suggest that high ALDH activity is an
important marker of stem and progenitor cells in breast cancer, associated with metastatic
ability, high malignancy, and tumor cell proliferation rates [34]. Additionally, ALDH
superfamily enzymes are key regulators of molecular pathways, related to differentiation,
self-renewal, and drug resistance [35]. Therefore, we questioned how antibiotics influence
the ALDH-positive cell population in conventional cell culture (anchorage-dependent cell
culture conditions) and in mammosphere cell culture (anchorage-independent culture).
Initially, we tested how oxygen levels influence the ALDH-bright cell ratio in an MCF-7
population in conventional culture under hypoxic and normoxic conditions (Figure 2A,B).
The ALDH-bright cell percentage is relatively constant under normoxia if the cells are
cultured with regular passaging and strict culturing rules. Our data indicate that 3.4± 0.7%
of MCF-7 cells display high ALDH expression in normoxia. Hypoxic stress (4% O2) during
the first 48 h did not affect the ALDH-bright cell percentage. Long-term exposure to
hypoxia resulted in a significant decrease (p ≤ 0.05) in the ALDH-bright cell percentage
(2.1 ± 0.5%), observed after eight days of culture with regular cell passaging at hypoxic
conditions (Figure 2B).

Furthermore, we cultured MCF-7 cells in anchorage-dependent and independent
conditions under normoxia in the presence of antibiotics and analyzed the ALDH-bright
cell ratio (Figure 2C). In normoxia no difference was observed in the ALDH-positive cell
percentage of the control samples, cultured in anchorage-dependent and independent
conditions.

In the anchorage-dependent culture, tetracycline and doxycycline treatment resulted
in a statistically significant increase in the ALDH-bright cell percentage: 4.1 ± 1.2% and
7.8 ± 0.5%, accordingly, as compared to the control culture (2.3 ± 1.1%). This increase
might be due to the elimination of the bulk cancer cells via elevating the ROS level, thus
leading to the enrichment of ALDH-positive cells [36]. A statistically significant decrease
in the ALDH-positive cell percentage was observed in the presence of erythromycin: 0.7 ±
0.3% vs. 2.3 ± 1.1%.

Interestingly, in normoxia, in anchorage-independent culture, azithromycin (0.3 ± 0.2%),
erythromycin (0.4± 0.1%), doxycycline (0.4± 0.3%) and chloramphenicol (0.3± 0.1%) signifi-
cantly reduced the ALDH-bright cell ratio, as compared to the control samples (1.7 ± 0.7%).



Int. J. Mol. Sci. 2023, 24, 11540 6 of 18Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 6 of 20 
 

 

 

Figure 2. Flow cytometry analysis of ALDH-bright cell ratio in MCF-7 cells: (A) Representative flow 

cytometry plots illustrating the typical gating strategy used to identify the ALDH-bright cells (pink 

color); (B) ALDH-bright cell ratio in a total population of MCF-7 cells in 2D-culture under normoxia 

(20% O2) and after exposure to hypoxia (4% O2); (C) ALDH-bright cells’ relative percentage after 

antibiotic treatment in 2D-culture (monolayer culture) and 3D-culture (mammosphere culture) un-

der normoxic conditions, blue lines (----) and red lines (----) indicate statistically significant differ-

ences in monolayer culture and mammosphere culture, respectively (n = 3; *—p ≤ 0.05); (D) ALDH-

bright cell ratio in a population of MCF-7 cells from mammospheres after a 2-week treatment, pink 

lines (----) and red lines (----) indicate statistically significant differences in normoxia and hypoxia, 

respectively (n = 3; *—p ≤ 0.05). 

Furthermore, we cultured MCF-7 cells in anchorage-dependent and independent condi-

tions under normoxia in the presence of antibiotics and analyzed the ALDH-bright cell ratio 

(Figure 2C). In normoxia no difference was observed in the ALDH-positive cell percentage of 

the control samples, cultured in anchorage-dependent and independent conditions. 

In the anchorage-dependent culture, tetracycline and doxycycline treatment resulted 

in a statistically significant increase in the ALDH-bright cell percentage: 4.1 ± 1.2% and 7.8 

± 0.5%, accordingly, as compared to the control culture (2.3 ± 1.1%). This increase might 

be due to the elimination of the bulk cancer cells via elevating the ROS level, thus leading 

to the enrichment of ALDH-positive cells [36]. A statistically significant decrease in the 

ALDH-positive cell percentage was observed in the presence of erythromycin: 0.7 ± 0.3% 

vs. 2.3 ± 1.1%. 

Figure 2. Flow cytometry analysis of ALDH-bright cell ratio in MCF-7 cells: (A) Representative flow
cytometry plots illustrating the typical gating strategy used to identify the ALDH-bright cells (pink
color); (B) ALDH-bright cell ratio in a total population of MCF-7 cells in 2D-culture under normoxia
(20% O2) and after exposure to hypoxia (4% O2); (C) ALDH-bright cells’ relative percentage after
antibiotic treatment in 2D-culture (monolayer culture) and 3D-culture (mammosphere culture) under
normoxic conditions, blue lines (----) and red lines (----) indicate statistically significant differences in
monolayer culture and mammosphere culture, respectively (n = 3; *—p ≤ 0.05); (D) ALDH-bright cell
ratio in a population of MCF-7 cells from mammospheres after a 2-week treatment, pink lines (----)
and red lines (----) indicate statistically significant differences in normoxia and hypoxia, respectively
(n = 3; *—p ≤ 0.05).

Furthermore, we compared the ALDH-positive cell ratio for each compound in
anchorage-dependent and anchorage-independent culture conditions in normoxia
(Figure 2C). With four out of five tested antibiotics we observed a statistically significant
decrease in the ALDH-bright cell percentage in spheres, as compared to conventional cell
culture: azithromycin (4-fold change), tetracycline (5-fold change), doxycycline (19-fold
change) and chloramphenicol (7-fold change). Thus, in normoxia, doxycycline both inhibits
sphere formation and reduces the ALDH-bright cell population in the sphere culture.
Among all antibiotics, only erythromycin induced a reduction in the ALDH-bright cell
percentage in both cell culture models. In conclusion, the antibiotics’ effect on the ALDH-
positive cell ratio depends on the culture conditions. In general, four tested compounds
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(azithromycin, erythromycin, doxycycline, and chloramphenicol) reduced the ALDH-bright
cell ratio in spheres in anchorage-independent conditions.

In addition, we analyzed the ALDH-positive ratio of cells treated with antibiotics in
anchorage-independent conditions under normoxia and hypoxia (Figure 2D). In the control
culture, hypoxia did not affect the ALDH-bright cell ratio in the breast cancer MCF-7 cell
line model (1.4 ± 06% in normoxia vs. 1.5 ± 0.7% in hypoxia).

In hypoxia, in anchorage-independent culture, there was a significant decrease in the
ratio of ALDH-bright cells in the presence of azithromycin (0.3 ± 0.1%) and chlorampheni-
col (0.4± 0.1%), as compared to the control samples (1.5± 0.7%) (Figure 2D). It is important
to highlight that doxycycline reduced both the sphere number and the ALDH-bright cell
ratio in normoxia but inhibited solely the sphere formation in hypoxia without any impact
on the ALDH-positive cell ratio in the anchorage-independent MCF-7 cell population
(Figure 2C,D).

Furthermore, we compared the ALDH-bright cell ratio in spheres in relation to the
oxygen levels. We observed a significant increase in the ALDH-bright cell ratio between
cells cultured under hypoxia in the presence of erythromycin (2-fold increase), tetracycline
(3-fold increase), and doxycycline (2-fold increase) as compared to normoxia.

To summarize, four out of five tested antibiotics caused a decrease in ALDH-bright
cells in an anchorage-independent normoxic environment, while the lowering of oxygen or
modification of cell adhesion features induced an antibiotic-specific response in the stem
cell ratio.

2.4. Doxycycline, Tetracycline, and Chloramphenicol Affect Mitochondrial Membrane Polarization
and Inhibit Mitochondrial Metabolism

Depolarization of the mitochondrial membrane is one of the early steps of drug-
induced apoptosis [37]. We tested the influence of the five antibiotics on mitochon-
drial membrane potential in MCF-7 cells (Figure 3A) and human skin fibroblasts (HSF)
(Supplementary Material Figure S2) with 5,5,6,6′-tetrachloro-1,1′,3,3′ tetraethylbenzimi-
dazoylcarbocyanine iodide (JC-1) a cationic dye that accumulates in mitochondria and
gives different fluorescence depending on mitochondrial polarization status. This dye
exists as a monomer at low concentrations and yields green fluorescence when the mito-
chondrial membrane potential is low. In contrast, if mitochondrial membrane potential
is high, JC-1 accumulation causes a fluorescence emission shift from green to red due to
concentration-dependent formation of red fluorescent aggregates.

The ratio of JC-1 aggregates to monomers was significantly higher in the presence of
chloramphenicol and tetracycline, indicating an elevated mitochondrial transmembrane
potential (Figure 3B). We detected depolarization of the mitochondrial membrane in the
presence of doxycycline in MCF-7 cells.

To understand the effects of doxycycline treatment on breast cancer cell metabolism, we
performed metabolic flux analysis and measured the oxygen consumption rate (OCR) with
the Seahorse XFe96 Analyzer (Seahorse Bioscience, MA, USA). Interestingly, we observed
a dramatic reduction in OCR in MCF-7 cells treated with doxycycline as compared to
control cells: there was a decrease in both maximal and basal respiration (Figure 3C).
Thus, doxycycline inhibits oxidative phosphorylation and impairs mitochondrial function
in MCF-7 cells. It is also noteworthy that there was a reduction in non-mitochondrial
respiration after exposure to doxycycline (Figure 3D), indicating the suppression of overall
metabolism in MCF-7 cells.
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Figure 3. Doxycycline induces mitochondrial dysfunction in MCF-7 cells: (A) JC-1 staining of
mitochondrial network in MCF-7 cells after exposure to antibiotics (the representative images), shift
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from red to green fluorescence represents depolarization of mitochondrial membrane potential.
Scale bar = 50 µm; (B) MCF-7 cells after treatment were subjected to JC-1 staining. The ratio of JC-1
aggregates to monomer was significantly decreased in presence of doxycycline and increased with
tetracycline and chloramphenicol. Error bars represent S.E.M. (n = 3; *—p ≤ 0.05; **—p ≤ 0.01);
(C) Doxycycline inhibits both mitochondrial and non-mitochondrial respiration in MCF-7 cells;
the metabolic profile of MCF-7 cell monolayers treated with doxycycline (25 µM) was assessed
using the Seahorse XF-e96 analyzer; representative tracing of metabolic flux; (D) Dose-dependent
significant reduction in basal respiration, maximal respiration, and non-mitochondrial respiration
were observed (n = 3; **—p ≤ 0.01).

2.5. Anchorage-Independent Long-Term Culture with Tetracycline, Doxycycline, and
Chloramphenicol Leads to an Increase in ABCG2 Protein Level in Normoxia

The ATP Binding Cassette Subfamily G Member 2 (ABCG2) functions as a trans-
porter and plays a crucial role in the development of multi-drug resistance to chemother-
apeutic agents [38]. ABCG2 has been shown to be a major chemotherapy resistance
marker in MCF-7 cells [39]. Proliferating Cell Nuclear Antigen (PCNA) is a nuclear non-
histone protein that is necessary for deoxyribonucleic acid (DNA) synthesis. PCNA
is considered to be a marker of cell proliferation in various cancers. Upregulation of
PCNA in breast cancers is associated with poor prognosis [40]. Therefore, in this study,
we assessed the levels of ABCG2 and PCNA in MCF-7 mammospheres exposed to
antibiotics (Figure 4A and Figure S3). ABCG2 was overexpressed in mammospheres
treated with the antibiotics of the tetracycline class and chloramphenicol (Figure 4B).
The PCNA level was reduced in chloramphenicol- and azithromycin-treated cells
(Figure 4B).
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Figure 4. Effect of tested compounds on PCNA and ABCG2 protein levels in MCF-7 mammospheres:
(A) The representative image of the western blot results from 3 independent experiments; β-actin was
used as an internal control. (B) The relative expression levels of PCNA (top) and ABCG2 (bottom)
were analyzed by densitometry; β-actin was used as a normalization control (n = 3; *—p ≤ 0.05).

3. Discussion

On the one hand, antibiotics have been shown to inhibit the population of CSCs
in vitro; on the other hand, their effectiveness in clinical trials has produced inconsistent
results [16]. We propose that this significant disparity may be associated with specific
characteristics of the CSC microenvironment. In particular, hypoxia is a common feature of
tumor growth, affecting a wide range of cellular processes [41]. The hypoxic microenviron-
ment plays a critical role in regulating the self-renewal and metastatic potential of CSCs.
Proteins belonging to the HIF family regulate the activity of transcription factors, including
Octamer-binding transcription factor 4 (Oct4) and SRY-box transcription factor 2 (SOX2),
which are involved in maintaining the stem cell phenotype and controlling self-renewal ca-
pacity [42,43]. Furthermore, SOX2 promotes the migration of breast cancer cells by inducing
the expression of neural precursor cell expressed developmentally down-regulated pro-
tein 9 (NEDD9) [43]. NEDD9, in turn, promotes epithelial-mesenchymal transition (EMT)
by upregulating the expression of snail family transcriptional repressor 1 (SNAI1, Snail)
and snail family transcriptional repressor 2 (SNAI2, Slug) proteins [44]. Snail and Slug
transcription factors inhibit the expression of E-cadherin, a calcium-dependent cell–cell
adhesion molecule, thereby promoting EMT and changes in the actin cytoskeleton that
facilitate cell motility [45,46]. Similar mechanisms have been demonstrated for several
other HIF-regulated proteins.
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In our study, we investigated the effects of five commonly used antibiotics (azithromycin,
erythromycin, tetracycline, doxycycline, and chloramphenicol) on the mitochondrial bio-
genesis of breast cancer cells. Based on their biological activity, the tested compounds can
be classified into two distinct groups: azithromycin, erythromycin, and chloramphenicol
bind to the large subunit of the mitochondrial ribosome (39S), while tetracycline and doxy-
cycline bind to the small subunit (28S) [16]. More than 60 mitochondria-related proteins
are overexpressed in mammospheres [15], including those involved in electron transport
(NDUFB10, COX6B1, PMPCA, COX5B, SDHA, UQCRC1), ATP synthesis (ATP5B, AT-
PIF1, ATP5A1, ATP5F1, ATP5H, ATP5O), and mitochondrial biogenesis (HSPA9, TIMM8A,
GFM1, MRPL45, MRPL17, HSPD1, TSFM, TUFM), thereby making spheres are good models
for the study.

Initially, we questioned if hypoxia affects the CSC number in the control culture. As
we see in Figure 1C, the number of MCF-7 mammospheres was not affected by hypoxia.
Similarly, the ratio of ALDH-bright cells remained unchanged under hypoxic conditions
(Figure 2D). We also did not observe any differences in the percentage of ALDH-positive
cells between anchorage-dependent and anchorage-independent culture conditions. Based
on our results under chosen culture conditions, the lack of an effect of hypoxia on the
proportion of CSC, measured by SFA and the ALDH-bright cell ratio count, let us conclude
that all variations in CSC number detected further are related to the tested compound’s
activity and do not reflect a direct impact of hypoxia on MCF-7 cells.

Furthermore, we assessed the impact of antibiotics on mitochondrial membrane
potential, a well-established marker of overall mitochondrial metabolism. Among the five
tested antibiotics, only doxycycline demonstrated a significant reduction in mitochondrial
membrane potential compared to the control samples (Figure 3A,B). Therefore, we selected
doxycycline for metabolic flux analysis of oxygen consumption rate, which revealed a
substantial decrease in both maximal and basal respiration (Figure 3C,D). Consequently,
doxycycline inhibits oxidative phosphorylation and impairs mitochondrial function in
MCF-7 cell population. We did not observe such metabolic modulation activity with the
other tested compounds.

The unresolved question was whether hypoxia could influence the eradication of
CSCs by antibiotics. Our results indicate that chloramphenicol can inhibit mammosphere
formation (Figure 1C) and reduce the ratio of ALDH-bright cells (Figure 2D) regardless
of the oxygen levels in the culture. Doxycycline decreased the number of mammospheres
regardless of the oxygen supply conditions and decreased the percentage of ALDH-bright
cells in normoxia, but it did not lead to significant changes in the ALDH-bright cell content
in hypoxia. Tetracycline inhibited sphere formation without affecting the ALDH-cell ratio
in both normoxia and hypoxia. Azithromycin reduced the ALDH-bright cell ratio in both
normoxia and hypoxia without inhibiting sphere formation. Erythromycin had no effect
on mammosphere formation and showed a decrease in ALDH-bright cell percentage in
normoxia without any effect in hypoxia.

The data obtained in conventional cell culture experiments once again highlighted
the low convergence of results obtained between three-dimensional and two-dimensional
culture conditions: erythromycin reduced the ALDH-bright cell ratio, while tetracycline
and doxycycline increased it (Figure 2C). In the presence of azithromycin and chloram-
phenicol, we did not detect any differences in the ALDH-bright cell ratio, as compared to
the control samples.

In summary, our findings demonstrate that chloramphenicol, doxycycline, and tetra-
cycline effectively inhibit mammosphere formation under hypoxic conditions. Among
these antibiotics, only chloramphenicol treatment resulted in a significant reduction in
the ALDH-bright cell ratio when exposed to a 4% oxygen environment. Azithromycin
reduced the ALDH-bright cell ratio in hypoxia without affecting sphere formation. Notably,
chloramphenicol and doxycycline exhibited remarkable potential among all the antibiotics
tested. Chloramphenicol consistently demonstrated the ability to target CSCs regardless of



Int. J. Mol. Sci. 2023, 24, 11540 12 of 18

the oxygen conditions, while doxycycline showed potent targeting of CSCs and modulation
of cellular metabolism.

Despite the ongoing debates surrounding the use of antibiotics in cancer therapy,
numerous studies have been published over the past few decades highlighting the effec-
tiveness of antibiotics in eradicating CSCs. According to published data, pre-operative
treatment with oral doxycycline (200 mg per day) for two weeks led to a substantial re-
duction in CD44+ CSC number, ranging from 17.65% to 66.67%, in tumor samples from
eight out of nine breast cancer patients (p-value < 0.005) [47]. Four patients exhibited
reductions of 50% or more. Notably, the observed reductions in CD44+ CSCs induced by
doxycycline were independent of histological grade (1, 2, 3), tumor diameter (small, large),
and molecular subtype.

In another study, azithromycin enhanced favorable results of chemotherapy in patients
with advanced non-small-cell lung cancer (stage III–IV): one-year survival rates increased
from 45.0% to 75.0%. There was also an improvement in the median survival time from
12.0 to 13.0 months [19].

An advantage of antibiotic use in combined therapies for breast cancer is that they
have already received approval by the food and drug administration and can be safely
used in long-term treatments. The mechanism of the action of antibiotics is associated with
the suppression of mitochondrial biogenesis by disrupting protein synthesis in cancer cell
mitochondria [16].

Metastatic dissemination and drug resistance are the leading causes of high mortal-
ity rates in breast cancer patients [48]. Conventional therapies primarily target rapidly
dividing bulk tumor cells, while dormant cancer cells, including CSCs, remain unaffected
and can lead to fatal recurrences years and sometimes even decades later [49]. One of the
strategies to improve the overall survival rate and to prevent cancer recurrence is to develop
combination therapies that target not only the bulk tumor, but also the small yet highly
aggressive population of CSCs. R. Lamb, with colleagues, demonstrated that azithromycin,
doxycycline, tigecycline, and chloramphenicol could effectively target CSC populations
across eight different tumor types under normoxic conditions [16]. Another study by
E. Gottlieb’s group showed that combination treatment with imatinib and tigecycline se-
lectively eradicated leukemic stem cells in vitro and in vivo using a xenotransplantation
model of human chronic myeloid leukemia cells [50]. Additionally, the anti-malarial drug
atovaquone, a potent and selective inhibitor of oxidative phosphorylation (OXPHOS), in-
duced apoptosis of ALDH-positive CSCs and inhibited mammosphere formation in sphere
culture [51]. The prominent feature of CSCs is their ability to self-renew without losing
their proliferative capacity with each cell division [52]. CSCs exhibit higher proliferation
and growth potential, along with elevated expression of resistance markers, compared to
the bulk population [53]. Ki-67 and PCNA are commonly used as measures of tumor cell
proliferation. Breast cancer tumors with high Ki-67 (>20%) have been associated with a
higher probability of disease relapse (79.1% versus 55.3%) and death (95.6% versus 71%)
within four years, when compared to tumors with low Ki-67 values [54]. Breast cancers
with high PCNA scores (≥25) have been associated with shorter disease-free (p = 0.007)
and overall survival (p = 0.01) times [40].

In our study, we observed a decrease in PCNA protein levels in mammospheres
treated with azithromycin and chloramphenicol, compared to the control samples. Both
of these compounds also reduced the ALDH-bright cell ratio in mammospheres under
normoxic and hypoxic conditions. Moreover, chloramphenicol inhibited mammosphere
formation regardless of oxygen levels. Therefore, we suggest that among the tested an-
tibiotics, azithromycin and chloramphenicol could be considered as potential candidates
for combined therapy in tumors with high cell proliferation indices. Importantly, these
two antibiotics exhibit lower toxicity compared to the cytostatic drug docetaxel, and could
therefore be used for long-term therapy, without serious side effects, for cancer-cell target-
ing [55].
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Drug resistance represents a significant challenge in breast cancer therapy, leading to
reduced survival among patients [56]. One key player in the development of resistance is
the ATP-binding cassette (ABC) transporter family member known as ABCG2, or breast
cancer resistance protein (BCRP) [57]. ABCG2 extrudes various compounds, including
therapeutic agents and other endogenous or exogenous toxic substances, from cancer
cells, contributing to multidrug resistance (MDR) [38]. Furthermore, ABCG2 has been
identified as a potential marker for stem cells and a novel target for cancer therapy [38,42].
However, the use of antibiotics is also complicated by the emergence of resistance. The
possible influence on the rate and speed of MDR development might be the key factor
against the use of antibiotic therapy in cancer patients. Our findings revealed an increase in
ABCG2 protein levels in spheres treated with tetracycline, doxycycline, or chloramphenicol.
Conversely, we did not observe upregulation of ABCG2 in mammospheres treated with
azithromycin and erythromycin. Interestingly, azithromycin reduced the ALDH-bright cell
ratio in mammospheres under both normoxic and hypoxic conditions without affecting
the number of sphere-forming cells. These results suggest that the use of chloramphenicol
and doxycycline in treatment-naïve patients may influence MDR development. Further
research has to be conducted in order to determine the optimal implementation time for
the antibiotics in a BC treatment scheme. Additionally, azithromycin may have potential
early-stage applications to decrease the ALDH-bright cell ratio in the bloodstream in order
to control the spread of disease.

4. Materials and Methods
4.1. Cell Culture

Breast cancer epithelial cell line MCF-7 (ATCC number: HTB-22) was kindly provided
by the laboratory of Prof. Jenny L. Persson (Umea University, Sweden). Human skin fibrob-
lasts (HSF) were established and kindly provided by Dr. Elena Zakirova (Kazan Federal
University, Russia). MCF-7 and HSF cells were cultured with Roswell Park Memorial Insti-
tute (RPMI)-1640 medium (PanEco, Moscow, Russia) containing 10% fetal bovine serum
(Gibco, Thermo Fisher Scientific, MA, USA) and 10% penicillin-streptomycin (PanEco,
Moscow, Russia) in a 5% CO2 incubator (Eppendorf, Hamburg, Germany) at 37 ◦C.

4.2. Sphere Formation Assay

The sphere culture medium (SCM) was composed of Dulbecco‘s Modified Eagle
Medium/F12 (DMEM/F12) (PanEco, Moscow, Russia) media supplemented by B27 (final
concentration 1×, PanEco, Russia), 40 ng/mL epidermal growth factor (EGF), and 40
ng/mL fibroblast growth factor 2 (FGF2) (SCI store, Moscow, Russia). Cells at the subcon-
fluent level were trypsinized and cell pellets were resuspended in SCM at a concentration
of 106 cells/mL. Then, 100 µL of cell suspension was transferred into a tube, containing
900 µL of SCM. Cells were gently pipetted several times through a needle of a 1.0 mL
sterile insulin syringe to disintegrate cell clots. Cell number was determined in the Bürker
counting chamber (Thermo Fisher Scientific, MA, USA). A total of 4000 cells/dish were
seeded and cultured in non-adherent 35 × 10 mm culture dishes (SPL Life Sciences Co.,
Pocheon-si, Republic of Korea) containing SCM with one of five antibiotics (Sigma-Aldrich,
MO, USA) or the chemotherapeutic drug docetaxel (0.5 nM) (Sandoz, Holzkirchen, Ger-
many). Cells were grown for two weeks in a humidified incubator in 5% carbon dioxide
and 21% (normoxic) or 4% (hypoxic) oxygen supply conditions. Hypoxic conditions were
created in a custom-made BACTROX hypoxic chamber (Sheldon Manufacturing, Inc., OR,
USA). Spheres were counted and photomicrographs were captured under a Leica DM
IL Led Fluo microscope (Leica Microsystems, Wetzlar, Germany) equipped with a Leica
DFC365 FX camera. All the experiments were performed in technical duplicates with five
independent experiments.
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4.3. Western-Blot Analysis

Mammospheres were obtained by culturing the dissociated MCF-7 cells for 2 weeks
in SCM, as described in the Section 4.2 Sphere Formation Assay. Spheres were lysed in a
Radioimmunoprecipitation assay buffer (RIPA-buffer) containing protease inhibitors (PI)
(Thermo Fisher Scientific, MA, USA) and phenylmethylsulfonyl fluoride (PMSF (Thermo
Fisher Scientific, MA, USA) for 40 min on ice and centrifuged. Protein concentrations
in lysates were calculated using a bicinchoninic acid (BCA) assay (Thermo Fisher Sci-
entific, MA, USA). Proteins were separated by molecular weight in polyacrylamide gel
electrophoresis with 4% stacking and 8% separating gels, and 30 µg of a protein sample
mixed with 4× loading buffer was loaded into each well of gel. After electrophoresis,
proteins were electroblotted in semi-dry transfer from gel to polyvinylidene difluoride
(PVDF) membrane (Bio-Rad Laboratories, CA, USA) according to BioRad standard proto-
col. Transfer accuracy was checked by gel staining with Ponceau S (Sigma-Aldrich, USA).
Blocking of non-specific binding was achieved by placing the membrane overnight in a
5% solution of dry milk in a tris-buffered saline with tween-20 (TBST-buffer). Later, for
protein detection, membranes were incubated in a solution of primary antibodies, diluted
with a ratio of 1:200: ABCG2 (cat. no. sc-58222; Santa Cruz Biotechnology, TX, USA),
PCNA (cat. no. sc-7909; Santa Cruz Biotechnology, USA), and β-actin (cat. no. A00730;
GenScript Biotech, NJ, USA). Further membranes were exposed to horseradish peroxidase
(HRP)-conjugated secondary antibodies (Anti-rabbit IgG cat. no. A16110 or Anti-mouse
IgG cat. no. A16078; Thermo Fisher Scientific, USA). Visualization of labeled proteins of
interest was achieved after placing the membranes in BioRad HRP-substrate solution for
several minutes.

4.4. Cell Proliferation Assay

Exponentially growing MCF-7 cells were trypsinized, stained with trypan blue, counted,
and seeded in a 96-well plate (2000 cells per well). Upon overnight incubation, antibiotics or
Docetaxel (Taxotere, Aventis Pharma SA, Croissy-Beaubourg, France) as a positive control
compound were added to the cells and incubated for 72 h. For antibiotics, we used the
following concentrations range: 1.85–450 µM azithromycin, 1.85–450 µM erythromycin,
9.26 µM–2.25 mM chloramphenicol, 930 nM–225 µM doxycycline, and 1.85–450 µM tetracy-
cline. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (PanEco,
Moscow, Russia) was performed according to manufacturer’s protocol. Absorbance was
measured at 590 nM on the Tecan Infinite M200 Pro multimode plate reader (Tecan Group
Ltd., Männedorf, Switzerland). Cell culture media background was subtracted during
the analysis.

4.5. Mitochondrial Membrane Potential Measurement

We used antibiotics to target CSCs mitochondria as a mild side-effect and more than
60 mitochondrial proteins were reported to be overexpressed in MCF-7 mammospheres
when compared with monolayers [15]. Therefore, we wanted to test the influence of an-
tibiotics on mitochondria. For this purpose, we stained MCF-7 and HSF cells with JC-1
carbocationic dye—a sensor of mitochondrial transmembrane potential. This dye exhibits
potential-dependent accumulation in mitochondria. When mitochondrial membrane po-
tential is high, JC-1 accumulation causes a fluorescence emission shift from green to red
due to a concentration-dependent formation of red fluorescent aggregates.

MCF-7 or HSF cells were plated at 30,000 cells/cm2 and cultured for 48 h in the
presence of 1 out of 5 antibiotics: 50 µM azithromycin, 50 µM erythromycin, 250 µM
chloramphenicol, 25 µM doxycycline, or 50 µM tetracycline. Cells then were washed with
phosphate-buffered saline (PBS) and stained for 20 min with 8 µM JC-1 dye (Thermo Fisher
Scientific, MA, USA) in PBS. Further, cells were washed 3 times with RPMI-1640 culture
media supplemented with 10% fetal bovine serum (FBS) and incubated for 24 h in culture
media with antibiotics. Cells were captured on a Carl Zeiss Axio Observer Z.1 microscope
(Zeiss AG, Oberkochen, Germany) equipped with an AxioCam MRc5 camera and HXP



Int. J. Mol. Sci. 2023, 24, 11540 15 of 18

120 C lightning unit. In polarized mitochondria, JC-1 dye forms aggregates that result
in red fluorescence; in cells with depolarized mitochondrial membrane, monomers emit
green fluorescence.

4.6. Evaluation of Mitochondrial Function

Real-time OCR for MCF-7 cells were determined using the Seahorse Extracellular Flux
analyzer (Seahorse Bioscience, MA, USA). The Cell Mito Stress Test is a common assay to
measure the OCR of live cells for the evaluation of mitochondrial respiration function: basal,
maximal, non-mitochondrial respiration, and proton leak. Briefly, 20,000 of MCF-7 cells
per well were seeded into XFe-96-well cell culture plates. Cells were treated with 25 µM
doxycycline or vehicle control for 24 h. Then, cells were washed 3 times in a pre-warmed XF
assay media supplemented with 10 mM glucose, 1 mM Pyruvate, and 2 mM L-glutamine
and were adjusted at 7.4 pH (Seahorse Bioscience, MA, USA). Cells were then maintained
in 180 µL/well of XF assay media at 37 ◦C, in a non-CO2 incubator for 1 h to degas before
running the assay. During the incubation time, 20 µL of 20 µM oligomycin, 22 µL of 10 µM
FCCP, 25 µL of 5 µM rotenone and 5 µM antimycin mix (Seahorse Bioscience, MA, USA)
were loaded in XF assay media into the injection ports in the XFe-96 sensor cartridge. We
used Hoechst 33,342 (Thermo Fischer Scientific, MA, USA) staining to measure cell density
for data normalization. The fluorescence measurement was performed using the Infinite
M200 Pro plate reader (Tecan Group Ltd., Zurich, Switzerland). Data set was analyzed by
Seahorse Wave Desktop software version 2.6.1 (Seahorse Bioscience, MA, USA).

4.7. ALDEFLUOR Assay

Mammospheres were obtained by culturing the dissociated MCF-7 cells for 2 weeks in
SCM, as described in Section 4.2 (Sphere Formation Assay). For measuring ALDH-activity
in mammospheres, spheres were gently trypsinized and pipetted to obtain single cell
suspension. MCF-cells cultured in the presence of antibiotics and mammosphere-derived
cells were stained with the ALDEFLUOR reagent (StemCell Technologies, Vancouver, BC,
Canada), according to the manufacturers protocol. Briefly, the total number of 1 × 106 cells
were re-suspended in 1 mL assay buffer; further 6 µL of ALDEFLUOR reagent was added,
and 500 µL of this cell suspension was transferred into a new tube with 6 µL of diethy-
laminobenzaldehyde (DEAB) regent. Cells were incubated for 30 min at 37 ◦C, centrifuged,
and resuspended in 500 µL of Assay Buffer and subjected to an analysis on a FACSAria III
flow cytometer (Becton Dickinson, NJ, USA).

4.8. Statistical Analysis

In vitro data are represented as the mean ± standard error of the mean (SEM), taken
over ≥3 independent experiments, with ≥2 technical replicates per each experiment,
unless specified otherwise. p ≤ 0.05 was considered significant. Statistical significance was
measured using the nonparametric Mann–Whitney U test.

5. Conclusions

Repurposing FDA-approved antibiotics that exert suppressive effects on CSCs by
the “off-target” inhibition of mitochondrial biogenesis has emerged as a strategy for CSC
targeting [16,47]. In our study, we assessed the influence of five antibiotics on CSC pop-
ulations under both normoxic and hypoxic conditions. Our findings indicate that the
hypoxic microenvironment does not significantly alter the number of breast CSCs, but the
inhibitory effects of antibiotics on CSCs may be attenuated under low-oxygen conditions.
Chloramphenicol demonstrated a condition-independent ability to inhibit CSCs, whereas
doxycycline exhibited the capacity to modulate overall cellular metabolism and inhibit
sphere formation under both normoxic and hypoxic conditions, albeit without reducing
the proportion of ALDH-bright cells in hypoxia. Notably, the major challenge for chlo-
ramphenicol and doxycycline is associated with the development of multidrug resistance
through the upregulation of drug efflux transport systems.
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Conversely, treatment with azithromycin significantly suppressed cell proliferation
and reduced the ratio of ALDH-bright cells in mammospheres. Importantly, azithromycin
did not induce upregulation of ABCG2, a key contributor to multidrug resistance. However,
it failed to inhibit mammosphere formation in hypoxia. Based on our findings, azithromycin
may be a preferred compound for early-stage disease progression, while the introduction
of chloramphenicol and doxycycline may be preferred in late-line treatment regimens due
to a higher risk of promoting multidrug resistance in breast cancer cells.
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