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Abstract: Background and Objectives: In spite of the fact that antibiotics are considered to be the
cornerstone of modern medicine, their use in the treatment of cancer remains controversial. In the
present study, the main objective was to examine the effects of two antibiotics—tetracycline and
ampicillin—on the viability, morphology, migration, and organization and structure of the nuclei and
the actin fiber network of pharyngeal carcinoma cells—Detroit-562. Materials and Methods: In order to
determine the viability of the cells, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) method was applied after the cells were stimulated with five concentrations of tetracycline
and ampicillin (10, 25, 50, 75, and 100 µM) for 72 h. A scratch assay was used to assess the migration
ability of the cells. For the visualization of the nuclei and actin fibers, 4,6-diamidino-2-phenylindole
(Dapi) and Rhodamine-Phalloidin were used. Results: There are different effects of tetracycline and
ampicillin. Thus, tetracycline: (i) exhibited a concentration-dependent cytotoxic effect, decreasing
cell viability to approximately 46%; (ii) inhibits cellular migration up to 16% compared to 60% for
control cells; and (iii) induces changes in cell morphology as well as apoptotic changes in the nucleus
and F-actin fibers. In contrast, in the case of ampicillin, an increase in viability up to 113% was
observed at 10 µM, while a decrease in viability up to approximately 94% was observed at the highest
concentration tested (100 µM). Conclusions: The results indicated a different effect regarding the
impact on pharyngeal carcinoma cells. Thus, tetracycline has a concentration-dependent cytotoxic
effect, while in the case of ampicillin a slight stimulation of cell viability was observed.

Keywords: tetracycline; ampicillin; pharyngeal cells; rhodamine-phalloidin staining; DAPI staining

1. Introduction

In terms of incidence, head and neck cancer ranks sixth, and almost 50% of cases
are oral cancers [1]. While significant progress has been made in the management and
treatment of these cancers, the 5-year survival rate for oral cancer still falls below 50% in
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most countries. In light of the heterogeneity of the cancers of the head and neck, treating
these conditions can be challenging [2]. Many factors contribute to the development of
oral cancer, including smoking, exposure to UV radiation, chronic inflammation, and
certain bacterial or viral infections [3]. Treatment options for oropharyngeal cancers include
chemotherapy, radiotherapy, and surgery. An immunotherapy approach to treating these
cancers is the most recent treatment option [4].

An important problem associated with antitumor therapy is the occurrence of toxic
reactions both locally and systemically. In some cases, chemotherapy and radiation may
lead to the need for antibiotic therapy. The majority of antibiotics used in this case are broad-
spectrum antibiotics, which increase the risk of altering the physiological microbiome [5].
In recent years, research has been focused on the role of microbiota in pathogenesis and
treatment response in a wide variety of diseases, including cancer [6,7]. Thus, a recent
estimate showed that approximately 20% of cancers globally are closely related to the
microbiota [8]. It has been documented in the literature that intestinal microbiota plays
a significant role in gastric cancer development [9]. In contrast, the relationship between
oral dysbiosis and oral cancer is not fully understood [10]. It has been proposed in the
literature that microbial influence on the cancer process may be mediated through different
mechanisms of action, of which the most recognized mechanism is the induction of chronic
inflammation [11,12]. As well as this mechanism of action, bacteria may also influence the
process of cell proliferation and inhibit cell apoptosis, thus contributing to the development
of several types of cancer [13,14]. In terms of throat cancer, such as pharyngeal cancer, there
is little evidence regarding the role of microbiota. According to Wang et al., a substantial
difference was found between the microbiota of patients with throat cancer and that of
healthy patients, emphasizing the important role played by the microbiota in this type of
cancer [15]. Furthermore, Gong and colleagues identified similar differences between the
microbiota of throat cancer patients and those of healthy individuals [16].

Antibiotics are considered to be the cornerstones of modern medicine, but currently,
they are associated with problems related to the resistance of bacteria and, consequently,
their inefficiency [17]. Furthermore, antimicrobial resistance can also be associated with
increased virulence and transmission, playing a crucial role in the global spread of resistant
bacteria [18]. A critical role in maintaining the state of health at the tissue level is played by
the homeostasis between the human microbiome and the host. In this way, the virulence of
the bacteria can disrupt the homeostasis of the organism and may result in the development
of oral tumors [19]. Additionally, recent studies have shown that some antibiotics can
be useful in the treatment of cancer by: (i) promoting apoptosis in cells; (ii) inhibiting
proliferation of cell lines; and (iii) preventing metastasis [20]. Consequently, antibiotics are
currently considered a viable therapeutic option for cancer patients. In contrast, certain
antibiotics may disrupt the microbiome, affecting beneficial bacteria such as Lactobacillus
and Bifidobacterium [21]. In light of the fact that the microbiome plays a critical role in the
treatment of cancer, these antibiotics may reduce the immune capacity of the body, causing
inflammation and reducing the effectiveness of the treatment [22].

Tetracyclines were discovered in the 1930s and were introduced into therapeutic use in
1948. It includes substances that have a broad spectrum of activity, and their antimicrobial
activity arises as a result of their ability to inhibit the synthesis of bacteria’s proteins [23].
Tetracycline has a bacteriostatic action, entering the bacterial cell both by passive diffusion
and active transport. An important mechanism underlying antibacterial resistance is the
efflux system, which also plays a role in virulence. The relationship between resistance
and virulence mechanisms, however, has not been extensively studied [24]. Thus, in a
study carried out in the case of infants in the first year of life, it was highlighted the
fact that 12% of them had strains of E. coli resistant to tetracycline, although the children
were not exposed to this antibiotic. In the case of resistant E. coli strains, genes encoding
efflux pumps were identified, carrying virulence genes for P. fimbriae and aerobactin. Thus,
even in the absence of antibiotic exposure, a large percentage of strains express resistance
mechanisms as well as different virulence genes [25]. Salmonella genomic island 1 is another
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example of an efflux pump-mediated resistance mechanism, which contains between
6 and 9 virulence determinants as well as a multidrug resistance region [26]. During the
1980s, the hypothesis of the use of tetracyclines in anti-tumor therapy was promoted on
the basis that mitochondrial ribosomes have an evolutionary relationship with bacterial
ribosomes [27]. There are several common mechanisms related to tetracyclines that affect
tumors, including the inhibition of mitochondrial protein synthesis, inhibition of matrix
metalloproteinases, inhibition of nuclear factor kappa (NF-kB) signaling, as well as reduced
activity of transcription factors such as Twist I and II, SNAI I and II, STAT3, etc. Tetracyclines
also inhibit the formation of new blood vessels [28].

Amplification of the spectrum of activity of penicillins was accomplished by the intro-
duction of ampicillin into medical practice in order to overcome the problem of S. aureus
resistance to penicillins. Another advantage of ampicillin is its resistance to gastric juice,
which makes it suitable for oral administration [29]. As part of its antibacterial action
mechanism, ampicillin binds to specific receptors (membrane-bound penicillin-binding
proteins) and affects the vital functions of bacteria, such as the formation of morphogenetic
processes and alterations of the peptidoglycan structure of the cell wall [30]. A variety of
mechanisms are involved in the acquisition of resistance to β-lactams, implicitly to ampi-
cillin, including mutations in penicillin-binding proteins, the production of β-lactamases,
and changes in permeability [31]. A relevant example of a virulent strain resistant to
ampicillin is the epidemic-virulent clonal complex of Enterococcus faecium 17, associated
with most hospital outbreaks and clinical infections. In addition to resistance to ampicillin,
this complex is characterized by the presence of an island of presumed pathogenicity [32].
There is considerable controversy surrounding the use of ampicillin in cancer patients.
Despite the fact that ampicillin can be used prophylactically in oncological patients, it is
unknown precisely what effect it may have on the development and proliferation of tumor
cells [33]. Hence, there is conflicting evidence regarding the relationship between ampicillin
and tumorigenesis. On the one hand, some studies provide evidence that ampicillin has
antitumor properties [34]. However, there is evidence in the literature that ampicillin has a
pro-tumor effect, leading to the stimulation of tumor cell proliferation, increasing tumor
size [35].

Taking into account the hypothesis that broad-spectrum antibiotics have a detrimental
effect on the human microbiota, and the pharyngeal carcinoma can be affected by such
changes, the main objective of this study was to assess the effects of ampicillin and tetracycline
on Detroit-562 pharyngeal carcinoma cells. It was assessed whether the treatment had an
effect on viability, morphology, cell migration, and the structure of the nucleus and actin fibers.

2. Materials and Methods
2.1. Reagents

Two antibiotics were the subjects of the present study, namely Tetracycline (87128-
25G), which was purchased from Sigma Aldrich, Merck KgaA (Darmstadt, Germany) and
Ampicillin (P60-083910), which was purchased from PAN Biotech (Aidenbach, Germany).

For in vitro studies, the following reagents were used: trypsin-EDTA solution, dimethyl
sulfoxide (DMSO), fetal bovine serum (FBS), penicillin/streptomycin, and Cell Growth De-
termination kit, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide MTT-based,
obtained from Sigma Aldrich, Merck KgaA (Darmstadt, Germany). All reagents were of
analytical grade of purity and for cell culture use.

2.2. Cell Culture

In vitro experiments were performed on Detroit-562—pharyngeal carcinoma cells
obtained from the American Type Culture Collection (ATCC, code number CCL-138TM,
LGC StandardsGmbH, Wesel, Germany). The cells were cultured in Eagle’s Minimum
Essential Medium (EMEM—ATCC® 30-2003TM), supplemented with 10% Fetal Bovine
Serum and 1% antibiotic mixture (100 U/mL penicillin/100 g/mL streptomycin). The cells
were maintained under standard temperature (37 ◦C) and 5% CO2.
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Specifically, Detroit-562 is an adherent cell line isolated from the pharynx of a patient
with pharyngeal cancer that has been used extensively for tumor research [36]. To prepare
the cells to test the cell viability, several steps were taken, namely: (i) the cells were cultured
in T75 cell culture flask, and after reaching a confluence of approximately 70–80%, the
cells were washed with phosphate saline buffer (PBS); (ii) PBS was removed from the plate
and a volume of 3 mL trypsin-EDTA solution was added, and the cells were incubated for
3 min at 37 ◦C; (iii) after this time interval, the percentage of cell detachment from the
plate is checked, and then, the cell suspension was transferred into a 15-mL conical tube;
(iv) the cell suspension was centrifuged at 2500 rpm for 5 min; (v) after centrifugation, the
supernatant is removed, and the cell sediment is resuspended in 3–4 mL of fresh medium;
and (vi) finally, the cells are counted and cultivated in 96-well plates.

2.3. Cellular Viability Assessment

For viability assessment, cells were cultured in 96-well plates with 1 × 104 cells per
well. Five concentrations of tetracycline and ampicillin (10, 25, 50, 75, and 100 µM) were
added to the cells after they had reached a suitable confluence of 90% for a period of 72 h.
In order to determine viability, the culture medium was replaced with a fresh one, in a
volume of 100 µL per well, before the viability determination. The MTT solution reagent
was added to each well in a volume of 10 µL, and the plates were incubated at 37 ◦C for 3 h.
A solubilization solution of 100 µL per well was then added and the plates were stored at
room temperature for 30 min. Using the Cytation 5 (BioTek Instruments Inc., Winooski, VT,
USA), absorbents were measured at two wavelengths of 570 nM and 630 nM. The results
obtained were expressed as a percentage (viable cells%).

2.4. Cellular Morphology

For a more detailed understanding of the effect of the two antibiotics on pharyngeal
carcinoma cells, the morphology of the cells was examined after 72 h. Therefore, following
these intervals, the morphology of the cells was evaluated microscopically by photograph-
ing them under bright field illumination. The images were captured using an Olympus
IX73 inverted microscope provided with DP74 camera photo and analyzed with CellSens
V1.15 software (Olympus, Tokyo, Japan)

2.5. Wound Healing Assay

To analyze the impact of the two antibiotics on pharyngeal carcinoma cells’ migration
capacity, a scratch assay was performed. Cells were cultured in Corning plates of 24 wells
at a density of 1 × 105 cells/well. The AutoScratchTM Wound Making Tool provided by
BioTek® Instruments Inc., Winooski, VT, USA was used to make an automatic scratch after
a suitable confluence was achieved. Afterward, the cells were treated for 24 h with 10,
50, and 100 µM concentrations of tetracycline and ampicillin. As a part of the analysis
and interpretation of the results, Cytation 1 was used to take photos at the start (0 h)
and end of the experiment (24 h), followed by analysis using Gen5 TM Microplate Data
Collection and Analysis Software version 3.10 (BioTek® Instruments Inc., Winooski, VT,
USA). Calculating the effect of these two antibiotics on cell migration and expressing the
results as percentages were accomplished by applying the calculation method previously
described in the literature [37].

Scratch Closure A f ter 24 h =
Scratch Sur f ace (0 h)− Scratch Sur f ace (24 h)

Scratch Sur f ace (0 h)

2.6. Fluorescence Immunocytochemistry

The cells were cultured in 12-well plates at a density of 1 × 105 cells per well in order
to determine the impact on actin fibers and the nucleus. Following the cell confluence
of approximately 90%, the cells were stimulated with three concentrations (10, 50, and
100 µM) of ampicillin and tetracycline for a period of 72 h. Once the cells had been washed
with ice-cold PBS, they were fixed with 4% paraformaldehyde for 30 min at 4 ◦C. After
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fixation, the cells were permeabilized with 2% Triton X-100/1× PBS, and then blocked
with 30% FCS/0.01% Triton X-100. Incubation of the cells was performed for 20 min at
room temperature, with Rhodamine Phalloidin (00027) from Biotium (Hayward, CA, USA)
protecting them from light. Finally, 4,6-diamidino-2-phenylindole (DAPI) was added for
15 min in order to visualize the nuclei.

2.7. Statistical Analysis

All data are expressed as means ± standard deviation (SD), the differences being com-
pared by applying the one-way ANOVA analysis followed by Dunnett’s multiple comparisons
post-test. The used software was GraphPad Prism version 9.0.0 for Windows (GraphPad
Soft-ware, San Diego, CA, USA, www.graphpad.com). The statistically significant differences
between data were labeled with * (* p < 0.1; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

3. Results
3.1. Cellular Viability Assessment

The MTT method was used to assess the viability of pharyngeal carcinoma cells after
72 h during which five concentrations of tetracycline and ampicillin (10, 25, 50, 75, and
100 µM) were applied.

Based on the results, tetracycline and ampicillin affect cell viability in different ways.
Accordingly, tetracycline causes a decrease in cell viability directly proportional to its
concentration. The viability of the cells decreased to approximately 71% at a concentration
of 10 µM, while at a concentration of 100 µM the viability declined to approximately 46%.

Ampicillin had a different effect on cell viability than tetracycline when it came to its
effect on cell viability. Thus, each of the three lowest concentrations (10, 25, and 50 µM)
showed higher cell viability than the unstimulated control cells, with values of 112%, 107%,
and 106%, respectively. The viability of cells suffered a slight, but not significant decrease
at concentrations of 75 and 100 µM, registering approximately 95% at 75 µM and 94% at
100 µM, respectively (Figure 1).
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Figure 1. In vitro evaluation of the viability of pharyngeal carcinoma cells—Detroit-562—after
stimulation with tetracycline and ampicillin (10, 25, 50, 75, and 100 uM) for 72 h following treatment.
The results are expressed as viability percentages (%) normalized to control cells (unstimulated)
and expressed as mean values ± SD of three independent experiments performed in triplicate. The
statistical difference between the control group and the tetracycline and ampicillin-treated group
was achieved by applying one-way ANOVA analysis, followed by Dunnett’s multiple post-test
comparisons (** p < 0.01; **** p < 0.0001).
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3.2. Cellular Morphology

To gain a deeper understanding of the effects of the two antibiotics on pharyngeal
carcinoma cells, the morphology of the cells was analyzed.

Tetracycline causes morphological changes and a decrease in cellular confluence in
a concentration-dependent manner. Morphological changes were observed at all concen-
trations studied, including (i) cell rounding, (ii) cell detachment from plaques, and (iii)
confluence and cell number decreases. The effects of the 100 µM concentration on cell
morphology were the most evident (Figure 2).
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(10, 25, 50, 75, and 100 µM). Asterisks indicate morphological changes. The pictures were taken at a
magnification of 20×, and the scale bar indicates 50 µm.

Conversely, in the case of ampicillin, there was no significant morphological damage
compared to the control cells. No noticeable decrease in the number and confluence of cells
was observed in this case, both of which remained relatively constant at all concentrations
evaluated. These results are consistent with those obtained previously in the assessment of
cell viability (Figure 3).
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3.3. Wound Healing Assay

In view of the fact that cell migration is a characteristic of tumor cells, the present
study evaluated the impact of tetracycline and ampicillin tested in three concentrations (10,
50, and 100 µM) on cell migration.

The effects of tetracycline were evident in the inhibition of cell migration as well as
morphological changes (Figure 4). There was a correlation between the tested concentration
and the decrease in cell migration capacity. As a result, at a concentration of 10 µM, the
closure rate decreased to approximately 27%, compared to approximately 64% for control
cells. In the case of concentrations of 50 and 100 µM, greater decreases in cell migration
were observed, with a reduction in approach rates of 19% and 12%, respectively (Figure 5).
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The effect of ampicillin on cell migration, however, was not as severe as that of tetra-
cycline, and also the morphology of the cells was not significantly affected (Figure 4). At
concentrations of 10 and 50 µM, similar approach rates of approximately 52% were ob-
served. Slight inhibition of cell migration was observed at the highest tested concentration
of 100 µM, with an approach rate of approximately 49% (Figure 5).

3.4. Fluorescence Immunocytochemistry

As a more comprehensive picture of the mode of action of the two antibiotics at the
cellular level, fluorescence immunocytochemistry was used to observe changes at the level
of actin fibers and the nucleus following stimulation with tetracycline and ampicillin in
three concentrations—10, 50, and 100 µM for 72 h.

Actin fibers were visualized using Rhodamine-Phalloidin staining. A change in the
distribution of actin fibers was observed in the cells treated with tetracycline compared
with control cells. Throughout the cells, actin fibers were highly concentrated at the edges,
indicating a condensed state. While unstimulated cells had uniform distributions of actin
fibers throughout the entire cell. Regarding the effect on the nuclei, tetracycline caused a
strong condensation of chromatin, the appearance of apoptotic bodies, and a decrease in
the number of nuclei. Concentrations of 100 µM resulted in the most significant changes
(Figure 6).

Medicina 2022, 58, x FOR PEER REVIEW 8 of 17 
 

 

 
Figure 5. Quantitative evaluation of cell migration expressed as a percentage compared to control 
(non-stimulated) cells. The results are expressed as mean values ± SD of three independent experi-
ments performed in triplicate. The statistical differences between control and cells stimulated with 
tetracycline and ampicillin were determined by applying the one-way ANOVA analysis followed 
by the Dunnett’s multiple comparisons post-test (** p < 0.01; *** p < 0.001 and **** p < 0.0001). 

3.4. Fluorescence Immunocytochemistry 
As a more comprehensive picture of the mode of action of the two antibiotics at the 

cellular level, fluorescence immunocytochemistry was used to observe changes at the 
level of actin fibers and the nucleus following stimulation with tetracycline and ampicillin 
in three concentrations—10, 50, and 100 μM for 72 h. 

Actin fibers were visualized using Rhodamine-Phalloidin staining. A change in the dis-
tribution of actin fibers was observed in the cells treated with tetracycline compared with 
control cells. Throughout the cells, actin fibers were highly concentrated at the edges, indi-
cating a condensed state. While unstimulated cells had uniform distributions of actin fibers 
throughout the entire cell. Regarding the effect on the nuclei, tetracycline caused a strong 
condensation of chromatin, the appearance of apoptotic bodies, and a decrease in the num-
ber of nuclei. Concentrations of 100 μM resulted in the most significant changes (Figure 6). 
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objective at a scale bar of 10 µm.

Contrary to tetracycline, the changes to actin fibers attributable to ampicillin were not
as significant as those attributable to tetracycline. In the results, actin fibers were found to
have a uniform distribution similar to that observed in control, unstimulated cells. At the
same time, only a slight condensation of chromatin was observed in the nuclei after the
treatment at 100 µM (Figure 7).
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4. Discussion

Today, pharyngeal cancer is a major problem faced by mankind, largely because of
alcohol consumption and smoking [38]. There has been considerable interest in examining
the causal relationship between the composition of the microbiota and the development
of cancer. As a result, it has been demonstrated that different changes in microbiota
are associated with the development of various types of cancer [15]. There has been
evidence that colonization with salivary bacteria such as Porphyromonas gingivalis and
Fusobacterium nucleatum can lead to the development of oral cancer [39,40]. There is a lack
of knowledge regarding how the microbiome contributes to tumor development. Several
studies have confirmed the involvement of different microbes in promoting carcinogen-
esis by producing carcinogenic substances and immunosuppressive substances [41–43].
According to Frank and colleagues, the administration of antibiotics prevented or delayed
the induction of the murine aryl hydrocarbon receptor (Ahr) pathway, suggesting a possible
association between dysbiosis and head and neck cancers [44]. It is well known that AhR
activation plays a critical role in both autoimmune diseases as well as various types of
cancer, including head and neck cancer, where it promotes the migration and proliferation
of tumor cells [45–47]. Moreover, studies conducted on mice demonstrated a link between
the administration of antibiotics active against Gram-positive bacteria and the effectiveness
of antitumor therapy [48,49].

Radiation therapy and chemotherapy are the most common therapeutic strategies in
the treatment of pharyngeal cancer. There is, however, a risk of toxic reactions associated
with conventional therapy, which may require the use of broad-spectrum antibiotics [5].
There is controversy surrounding the use of antibiotics in the treatment of cancer patients.
Aside from altering the microbiota, antibiotics also reduce immunity and promote inflam-
mation, which contributes to tumor development and decrease treatment effectiveness [50].
Several antibiotics with antitumor activity have also been discussed in the literature, which
are known to have a strong anti-proliferative effect on tumor cells [51]. In light of these
premises, the current study investigated the effects of two antibiotics, namely tetracycline
and ampicillin, on pharyngeal carcinoma cells. Therefore, the viability and morphology of
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the cells, as well as the structure of actin fibers and nuclei, and the capacity of the cells to
migrate, were examined. The concentrations selected for the in vitro study were 10, 25, 50,
75, and 100 µM, equivalent in milligrams to 4.4, 11.1, 22.2, 33.3, and 44.4 mg of tetracycline
and 3.4, 8.7, 17.4, 26.2, and 34.9 mg of ampicillin, respectively. According to the formula de-
scribed by Levy, an estimated calculation was made in order to correlate the concentrations
used in vitro with those used in vivo [52]. Accordingly, after the administration of a dose
of 500 mg of tetracycline, the plasma concentration is approximately 5 mg/mL [53]. Mean-
while, in the case of ampicillin, the plasma concentration is approximately 23.1 mg/mL [54].
Consequently, the concentrations selected for the in vitro study were based on the plasma
concentrations achieved in vivo.

In current practice, tetracyclines family, which include tetracycline, doxycycline, and
minocycline, are used primarily due to their antibacterial properties. Antibacterial activity
is primarily achieved by binding to small ribosomal subunits and blocking the attachment
of aminoacyl-tRNA to site A in the ribosome [55]. The first mention of the possibility of
tetracycline having an antitumor effect was made in the 1980s [27]. There was a correla-
tion between this anti-tumor effect and the inhibition of mitochondrial protein synthesis,
thus resulting in a decrease in mitochondrial energy generation capability in cells with
increased proliferation, thus affecting cellular proliferation [56]. Further studies have
demonstrated that tetracycline induces various effects related to mitochondrial damage,
including cytochrome c-mediated apoptosis of cells and diminution in respiration and
membrane potential [57–59]. The use of tetracycline in the treatment of head and neck
cancers has been investigated because it may prevent surgical site infections after surgery
for oral cancer. Based on the findings of the study conducted by Funahara and colleagues,
the topical administration of tetracycline 48 h following surgical intervention is effective at
preventing infection [60]. Tetracycline analogues have recently been studied at the level of
several types of tumor cells. As a result, doxycycline, minocycline, and chemically modified
tetracycline-3 were examined in human acute myeloid leukemia cells—HL-60 for their
antitumor properties. Researchers found that all three tetracyclines reduced cell viability,
resulting in morphological changes characteristic of apoptosis, data that are in agreement
with our results [58]. Doxycycline has also been shown to inhibit the proliferation of colon
cancer cells by inhibiting matrix metalloproteinases [61]. Studies using different tumor
cell lines, such as cervical cancer and breast cancer cells, have confirmed the cytotoxic and
antiproliferative effects of doxycycline in vitro [62,63]. The antitumor properties of minocy-
cline, another tetracycline representative, have been extensively studied. Consequently,
it was found to be a promising antitumor agent in the case of ovarian cancer, inhibiting
the proliferation of cells and preventing the formation of tumor colonies. These actions
are due to the suppression of interleukin-6 (IL-6) expression and the transforming growth
factor-β-activated-kinase-1 (TGF-β1-TAK1-IκB) signaling pathway [64,65]. Minocycline
has also been evaluated and proven effective against other tumor cell lines, including breast
cancer cells [66]. Tigercycline is another tetracycline that has been studied for its antitumor
properties. There was a significant antitumor effect observed at the level of different tumor
cell lines, including myeloid leukemia, non-small cell lung cancer, and negative breast
cancer [67]. Accordingly, the present study was designed to evaluate the parent compound
of the tetracycline class. The results indicated that by stimulating cells for 72 h with five
concentrations of tetracycline (10, 25, 50, 75, and 100 µM), there was a dose-dependent re-
duction in cell viability. Meanwhile, morphological changes characteristic of the apoptosis
process were observed. Additionally, tetracycline altered the structure of the nucleus and
the organization of actin fibers, which are characteristic of apoptosis in cells. Additionally,
the results showed that the compound had a strong effect on inhibiting cell migration.
Based on the findings of Hirasawa’s study, doxycycline inhibits autophagy as well as cell
viability in pharyngeal carcinoma cells—Detroit-562 [68]. As part of their study, Gouzos
et al., investigated the impact of antibiotics from the tetracycline class on the health of
healthy cells using primary human nasal epithelial cells and primary fibroblasts. According
to the study, doxycycline contributes to the healing of chronic wounds by encouraging the
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migration of fibroblasts and epithelial cells. Tetracyclines exhibit a positive effect on wound
healing due to their immunomodulatory and anti-inflammatory properties caused by their
inhibition of matrix metalloproteinases (MMP) [69]. Similarly, the long-term incubation
of the human retinal pigment epithelial cells—ARPE-19 with higher doses of tetracycline
led to an increase in cell viability and a decrease in reactive oxygen species, emphasizing
the beneficial effect of tetracycline on healthy cells due to the inhibition of matrix met-
alloproteinase activity [70]. Furthermore, Ishikawa and colleagues evaluated the effects
of tetracycline, doxycycline, and minocycline on a human keratinocyte cell line, HNEK.
Results showed that tetracycline inhibited the production of interleukin-8, which had an
anti-inflammatory effect on keratinocytes [71].

Additionally, in the present study, the effect of ampicillin was also examined. In
this case, the results indicated a different response in Detroit-562 cells compared with
tetracycline. Therefore, Ampicillin did not exhibit a significant cytotoxic effect; in fact,
at concentrations of 10, 25, and 50 µM, cell viability increased compared to untreated
control cells. Meanwhile, the concentrations of 75 and 100 µM resulted in a slight decrease
in viability, but the decrease was not significant, with values of approximately 95% and
94%, respectively. The morphology of cells, as well as the structure of the nucleus and the
organization of actin fibers, did not demonstrate any significant differences from those
seen in control cells. The results of an in vivo study on a murine model indicated that the
administration of ampicillin changes the microbiota, which results in an increase in the
size of breast cancer tumors, causing a protumoral response [72]. According to a study
conducted between 1989 and 2012, penicillins, especially ampicillin, may increase the risk
of colorectal cancer [73]. The use of penicillins, including ampicillin, in the treatment of
head and neck cancer, was examined by Iocca and colleagues in a systematic review, which
found that ampicillin was one of the most effective antibiotics for preventing postopera-
tive infections [74]. In a similar study, Veve et al. evaluated the effectiveness of different
antibiotics in preventing surgical site infections in patients with head and neck cancer.
A combination of ampicillin and sulbactam was one of the most effective antibiotics [75].
On the other hand, the use of antibiotics during the treatment of head and neck cancers was
evaluated by Nenclares et al. Among the most commonly used antibiotics were penicillins
and penicillin analogues, which were used primarily in the prevention of local reactions
in the dentition caused by radiotherapy. Among the findings of the study, the researchers
identified antibiotic treatment as a risk factor for reducing progression-free survival, overall
survival, and disease-specific survival [5]. Khatoon and colleagues examined the impact
of silver nanoparticles with ampicillin on healthy human keratinocytes. As a result of the
study, it was determined that these formulations have no cytotoxic effects on the human
keratinocyte cell line HaCaT [76]. Regarding its mechanism of action, ampicillin inhibits
enzymes present in the bacterial cell walls responsible for the synthesis of peptidoglycan
layer of bacterial cell walls by binding to the penicillin-binding proteins. In light of this,
ampicillin does not cause unfavorable effects on human cells because peptidoglycans are
absent [77]. A previous study evaluated the effects of these two antibiotics on colorectal
carcinoma cells—HT-29—observing a similar effect to that reported in the present study.
After 72 h of stimulation with five concentrations (10, 25, 50, 75, and 100 µM), tetracy-
cline strongly inhibited cell viability, whereas ampicillin stimulated cell proliferation [78].
A possible explanation for the effect of ampicillin on tumor cell proliferation was provided
by Boursi and colleagues, who noted that penicillin inhibited the immune system and
decreased IgA, IgM, and IgG levels [79]. In addition, beta-lactam antibiotics can cause
damage to the microbiota, which can lead to systemic inflammation, promoting the growth
of tumor cells [80]. Additionally, tetracycline’s cytotoxic effects may result from a variety
of possible biological mechanisms, including: (i) inhibition of mitochondrial protein syn-
thesis [81]; (ii) inhibition of matrix metalloproteinases [82]; (iii) angiogenesis damage [83];
(iv) eradicating cancer stem cells [84]; and (v) increasing the sensitivity of tumor cells to
radiotherapy through down-regulation of DNA-dependent protein kinase [85]. Figure 8
shows the mechanisms of action of tetracycline and ampicillin.
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Figure 8. Schematic representation of the mechanism of action of tetracycline (A) and ampicillin (B).
(A) 1. Tetracycline binds to the ribosomal site, thereby blocking the synthesis of proteins. A similar
process can be observed in mitochondrial ribosomes, with tetracycline inhibiting mitochondrial
protein synthesis. 2. Tetracycline inhibits MMPs by acting at the transcriptional and protein initiation
levels, thereby inhibiting cell migration and proliferation as well as cell adhesion. 3. Tetracycline
inhibits mitochondrial protein synthesis with energy shortage and cell cycle arrest. The mitochon-
drial oxidation of fatty acids decreases at the same time, resulting in the down-regulation of the
tricarboxylic acid cycle and a decrease in cellular energy. (B) Ampicillin affects the gut microbiota,
which leads to systemic inflammation and favors the growth of tumor cells. Additionally, ampicillin
affects the immune system by decreasing the level of IgA, IgG, and IgM, resulting in the development
and proliferation of tumor cells. Created with BioRender.com (accessed on 8 September 2022).

BioRender.com


Medicina 2022, 58, 1289 13 of 16

According to these results, the present study’s findings are consistent with those
obtained in the previous study. As far as we know, no causal relationship has been
established between pharyngeal cancer and ampicillin and tetracycline use. This is one of
the novel aspects of this study.

5. Conclusions

The purpose of this study was to evaluate the effectiveness of two broad-spectrum
antibiotics—tetracycline and ampicillin—at the level of pharyngeal carcinoma cells—
Detroit-562. The results indicated that the two antibiotics had different effects. Accordingly,
tetracycline has a concentration-dependent cytotoxic effect, characterized by a decrease in
cell viability as well as morphological changes characteristic of apoptosis (condensation of
the nucleus and actin fibers, appearance of apoptotic bodies). In contrast, ampicillin caused
a slight decrease in cell viability at higher concentrations, but insignificant compared to
control cells, whereas lower concentrations caused a stimulation of cell proliferation. In
conclusion, tetracycline has been shown to be a potential antitumor agent, but further
studies are necessary to clarify its biological mechanism of action and determine its safety
profile. In terms of ampicillin, it appears to have the potential to stimulate the proliferation
of tumor cells, but detailed studies are also necessary to accurately determine the risks
associated with its use.

Among the main novelty aspects of the present study is the evaluation of two broad-
spectrum antibiotics, tetracycline, and ampicillin, at the level of pharyngeal carcinoma cells—
Detroit-562. To our knowledge, the two antibiotics have not yet been evaluated for their
cytotoxic activity, cell migration, cell morphology, and influence on the structure of the nucleus
and actin fibers of Detroit-562 cells. Considering that two broad-spectrum antibiotics, which
are widely used worldwide, were investigated in the present study, the impact they have on
tumor cells is of great interest. Antibiotics’ impact on the microbiota and its implications for
the development and progression of cancer is a real focus of today’s research. In order to fully
understand how tetracycline and ampicillin affect the microbiota in the throat and how this
microbiota contributes to pharyngeal cancer, further studies are necessary.

Author Contributions: Data curation, D.F.P., C.A.S. and C.A.D.; formal analysis, R.C.R. and I.M.;
investigation, R.C.R., D.F.P. and I.M.; methodology, D.F.P., I.M., C.A.S., I.P. and M.P.; project administra-
tion, S.D.; resources, L.-C.R.; software, C.A.S., I.P. and L.-C.R.; validation R.C.R. and S.D.; visualization,
M.P. and S.D.; writing—original draft, R.C.R., I.M. and L.-C.R.; writing—review and editing, I.P., M.P.,
C.A.D. and S.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. Johnson, D.E.; Burtness, B.; Leemans, C.R.; Lui, V.W.Y.; Bauman, J.E.; Grandis, J.R. Head and Neck Squamous Cell Carcinoma.

Nat. Rev. Dis. Primers 2020, 6, 92. [CrossRef] [PubMed]
2. Irani, S. New Insights into Oral Cancer-Risk Factors and Prevention: A Review of Literature. Int. J. Prev. Med. 2020, 11, 202.

[CrossRef]
3. Ram, H.; Sarkar, J.; Kumar, H.; Konwar, R.; Bhatt, M.L.B.; Mohammad, S. Oral Cancer: Risk Factors and Molecular Pathogenesis.

J. Maxillofac. Oral Surg. 2011, 10, 132–137. [CrossRef] [PubMed]
4. Hay, A.; Nixon, I.J. Recent Advances in the Understanding and Management of Oropharyngeal Cancer. F1000Research 2018, 7.

[CrossRef]
5. Nenclares, P.; Bhide, S.A.; Sandoval-Insausti, H.; Pialat, P.; Gunn, L.; Melcher, A.; Newbold, K.; Nutting, C.M.; Harrington, K.J.

Impact of Antibiotic Use during Curative Treatment of Locally Advanced Head and Neck Cancers with Chemotherapy and
Radiotherapy. Eur. J. Cancer 2020, 131, 9–15. [CrossRef]

http://doi.org/10.1038/s41572-020-00224-3
http://www.ncbi.nlm.nih.gov/pubmed/33243986
http://doi.org/10.4103/ijpvm.IJPVM_403_18
http://doi.org/10.1007/s12663-011-0195-z
http://www.ncbi.nlm.nih.gov/pubmed/22654364
http://doi.org/10.12688/f1000research.14416.1
http://doi.org/10.1016/j.ejca.2020.02.047


Medicina 2022, 58, 1289 14 of 16

6. Hu, B.; Elinav, E.; Huber, S.; Strowig, T.; Hao, L.; Hafemann, A.; Jin, C.; Wunderlich, C.; Wunderlich, T.; Eisenbarth, S.C.
Microbiota-Induced Activation of Epithelial IL-6 Signaling Links Inflammasome-Driven Inflammation with Transmissible Cancer.
Proc. Natl. Acad. Sci. USA 2013, 110, 9862–9867. [CrossRef]

7. Wilson, I.D.; Nicholson, J.K. Gut Microbiome Interactions with Drug Metabolism, Efficacy, and Toxicity. Transl. Res. 2017, 179,
204–222. [CrossRef]

8. Khan, A.A.; Sirsat, A.T.; Singh, H.; Cash, P. Microbiota and Cancer: Current Understanding and Mechanistic Implications.
Clin. Transl. Oncol. Off. Publ. Fed. Span. Oncol. Soc. Natl. Cancer Inst. Mex. 2022, 24, 193–202. [CrossRef]

9. Vogelmann, R.; Amieva, M.R. The Role of Bacterial Pathogens in Cancer. Curr. Opin. Microbiol. 2007, 10, 76–81. [CrossRef]
10. Lim, Y.; Totsika, M.; Morrison, M.; Punyadeera, C. Oral Microbiome: A New Biomarker Reservoir for Oral and Oropharyngeal

Cancers. Theranostics 2017, 7, 4313–4321. [CrossRef]
11. Cali, F.; Cantone, M.; Cosentino, F.I.I.; Lanza, G.; Ruggeri, G.; Chiavetta, V.; Salluzzo, R.; Ragalmuto, A.; Vinci, M.; Ferri, R.

Interpreting Genetic Variants: Hints from a Family Cluster of Parkinson’s Disease. J. Parkinson’s Dis. 2019, 9, 203–206. [CrossRef]
[PubMed]

12. Zhang, Y.; Wang, X.; Li, H.; Ni, C.; Du, Z.; Yan, F. Human Oral Microbiota and Its Modulation for Oral Health. Biomed. Pharmacother.
2018, 99, 883–893. [CrossRef]

13. Guarneri, C.; Bevelacqua, V.; Polesel, J.; Falzone, L.; Cannavò, P.S.; Spandidos, D.A.; Malaponte, G.; Libra, M. NF-κB Inhibition Is
Associated with OPN/MMP-9 Downregulation in Cutaneous Melanoma. Oncol. Rep. 2017, 37, 737–746. [CrossRef]

14. Dolcet, X.; Llobet, D.; Pallares, J.; Matias-Guiu, X. NF-KB in Development and Progression of Human Cancer. Virchows Arch.
2005, 446, 475–482. [CrossRef] [PubMed]

15. Wang, L.; Yin, G.; Guo, Y.; Zhao, Y.; Zhao, M.; Lai, Y.; Sui, P.; Shi, T.; Guo, W.; Huang, Z. Variations in Oral Microbiota Composition
Are Associated with a Risk of Throat Cancer. Front. Cell. Infect. Microbiol. 2019, 9, 205. [CrossRef]

16. Gong, H.; Shi, Y.; Zhou, X.; Wu, C.; Cao, P.; Xu, C.; Hou, D.; Wang, Y.; Zhou, L. Microbiota in the Throat and Risk Factors for
Laryngeal Carcinoma. Appl. Environ. Microbiol. 2014, 80, 7356–7363. [CrossRef]

17. Zaman, S.B.; Hussain, M.A.; Nye, R.; Mehta, V.; Mamun, K.T.; Hossain, N. A Review on Antibiotic Resistance: Alarm Bells Are
Ringing. Cureus 2017, 9, e1403. [CrossRef]

18. Brink, A. Antibiotic Resistance and Virulence. Int. J. Infect. Dis. 2014, 21, 64. [CrossRef]
19. Torralba, M.G.; Aleti, G.; Li, W.; Moncera, K.J.; Lin, Y.-H.; Yu, Y.; Masternak, M.M.; Golusinski, W.; Golusinski, P.; Lamperska,

K.; et al. Oral Microbial Species and Virulence Factors Associated with Oral Squamous Cell Carcinoma. Microb. Ecol. 2021, 82,
1030–1046. [CrossRef]

20. Xia, D.; Yang, X.; Liu, W.; Shen, F.; Pan, J.; Lin, Y.; Du, N.; Sun, Y.; Xi, X. Over-Expression of CHAF1A in Epithelial Ovarian Cancer
can Promote Cell Proliferation and Inhibit Cell Apoptosis. Biochem. Biophys. Res. Commun. 2017, 486, 191–197. [CrossRef]

21. Reuter, G. The Lactobacillus and Bifidobacterium Microflora of the Human Intestine: Composition and Succession. Curr. Issues
Intest. Microbiol. 2001, 2, 43–53. [PubMed]

22. Gao, Y.; Shang, Q.; Li, W.; Guo, W.; Stojadinovic, A.; Mannion, C.; Man, Y.G.; Chen, T. Antibiotics for Cancer Treatment:
A Double-Edged Sword. J. Cancer 2020, 11, 5135–5149. [CrossRef]

23. Nelson, M.L.; Levy, S.B. The History of the Tetracyclines. Ann. N. Y. Acad. Sci. 2011, 1241, 17–32. [CrossRef] [PubMed]
24. Grossman, T.H. Tetracycline Antibiotics and Resistance. Cold Spring Harb. Perspect. Med. 2016, 6, a025387. [CrossRef] [PubMed]
25. Karami, N.; Nowrouzian, F.; Adlerberth, I.; Wold, A.E. Tetracycline Resistance in Escherichia coli and Persistence in the Infantile

Colonic Microbiota. Antimicrob. Agents Chemother. 2006, 50, 156–161. [CrossRef]
26. Beutlich, J.; Jahn, S.; Malorny, B.; Hauser, E.; Hühn, S.; Schroeter, A.; Rodicio, M.R.; Appel, B.; Threlfall, J.; Mevius, D.; et al.

Antimicrobial Resistance and Virulence Determinants in European Salmonella Genomic Island 1-Positive Salmonella Enterica
Isolates from Different Origins. Appl. Environ. Microbiol. 2011, 77, 5655–5664. [CrossRef]

27. Kroon, A.M.; Dontje, B.H.; Holtrop, M.; Van den Bogert, C. The Mitochondrial Genetic System as a Target for Chemotherapy:
Tetracyclines as Cytostatics. Cancer Lett. 1984, 25, 33–40. [CrossRef]

28. Koltai, T.; Researcher, I. Tetracyclines against Cancer. A Review. 2015. Available online: https://www.researchgate.net/
publication/285051696_TETRACYCLINES_AGAINST_CANCER_A_REVIEW?channel=doi&linkId=565b076508aefe619b24250
e&showFulltext=true (accessed on 6 September 2022).

29. Kaushik, D.; Mohan, M.; Borade, D.M.; Swami, O.C. Ampicillin: Rise Fall and Resurgence. J. Clin. Diagn. Res. 2014, 8, ME01–ME03.
[CrossRef]

30. Katzung, B.G.; Trevor, A.J. Basic & Clinical Pharmacology; McGraw-Hill: New York, NY, USA, 2012.
31. Greer, L.G.; Roberts, S.W.; Sheffield, J.S.; Rogers, V.L.; Hill, J.B.; Mcintire, D.D.; Wendel, G.D. Ampicillin Resistance and Outcome

Differences in Acute Antepartum Pyelonephritis. Infect. Dis. Obstet. Gynecol. 2008, 2008, 891426. [CrossRef]
32. Billström, H.; Lund, B.; Sullivan, A.; Nord, C.E. Virulence and Antimicrobial Resistance in Clinical Enterococcus Faecium. Int. J.

Antimicrob. Agents 2008, 32, 374–377. [CrossRef]
33. Agents, A.; Andry, G. Antimicrobial Prophylaxis for Major Head and Neck Surgery in Cancer Patients: Sulbactam-Ampicillin

versus Clindamycin-Amikacin. Antimicrob. Agents Chemother. 1992, 36, 2014–2019. [CrossRef]
34. Mohammed, T.J.; Al-Ibadi, I.N.A. Ampicillin Inhibition Effect on HCT116 Cell Line. Al-Qadisiyah J. Pure Sci. 2017, 22, 185–190.
35. Bartlett, J.G. Antibiotic Use in Relation to the Risk of Breast Cancer. Infect. Dis. Clin. Pract. 2004, 12, 263. [CrossRef]
36. Detroit 562-CCL-138|ATCC. Available online: https://www.atcc.org/products/ccl-138 (accessed on 6 September 2022).

http://doi.org/10.1073/pnas.1307575110
http://doi.org/10.1016/j.trsl.2016.08.002
http://doi.org/10.1007/s12094-021-02690-x
http://doi.org/10.1016/j.mib.2006.12.004
http://doi.org/10.7150/thno.21804
http://doi.org/10.3233/JPD-171292
http://www.ncbi.nlm.nih.gov/pubmed/30400105
http://doi.org/10.1016/j.biopha.2018.01.146
http://doi.org/10.3892/or.2017.5362
http://doi.org/10.1007/s00428-005-1264-9
http://www.ncbi.nlm.nih.gov/pubmed/15856292
http://doi.org/10.3389/fcimb.2019.00205
http://doi.org/10.1128/AEM.02329-14
http://doi.org/10.7759/cureus.1403
http://doi.org/10.1016/j.ijid.2014.03.555
http://doi.org/10.1007/s00248-020-01596-5
http://doi.org/10.1016/j.bbrc.2017.03.026
http://www.ncbi.nlm.nih.gov/pubmed/11721280
http://doi.org/10.7150/jca.47470
http://doi.org/10.1111/j.1749-6632.2011.06354.x
http://www.ncbi.nlm.nih.gov/pubmed/22191524
http://doi.org/10.1101/cshperspect.a025387
http://www.ncbi.nlm.nih.gov/pubmed/26989065
http://doi.org/10.1128/AAC.50.1.156-161.2006
http://doi.org/10.1128/AEM.00425-11
http://doi.org/10.1016/S0304-3835(84)80023-3
https://www.researchgate.net/publication/285051696_TETRACYCLINES_AGAINST_CANCER_A_REVIEW?channel=doi&linkId=565b076508aefe619b24250e&showFulltext=true
https://www.researchgate.net/publication/285051696_TETRACYCLINES_AGAINST_CANCER_A_REVIEW?channel=doi&linkId=565b076508aefe619b24250e&showFulltext=true
https://www.researchgate.net/publication/285051696_TETRACYCLINES_AGAINST_CANCER_A_REVIEW?channel=doi&linkId=565b076508aefe619b24250e&showFulltext=true
http://doi.org/10.7860/JCDR/2014/8777.4356
http://doi.org/10.1155/2008/891426
http://doi.org/10.1016/j.ijantimicag.2008.04.026
http://doi.org/10.1128/AAC.36.9.2014
http://doi.org/10.1097/01.idc.0000130890.12611.f3
https://www.atcc.org/products/ccl-138


Medicina 2022, 58, 1289 15 of 16

37. Kis, A.M.; Macasoi, I.; Paul, C.; Radulescu, M.; Buzatu, R.; Watz, C.G.; Cheveresan, A.; Berceanu, D.; Pinzaru, I.; Dinu, S.; et al.
Methotrexate and Cetuximab—Biological Impact on Non-Tumorigenic Models: In Vitro and In Ovo Assessments. Medicina
2022, 58, 167. [CrossRef] [PubMed]

38. Saman, D.M. A Review of the Epidemiology of Oral and Pharyngeal Carcinoma: Update. Head Neck Oncol. 2012, 4, 1. [CrossRef]
39. Mager, D.L.; Haffajee, A.D.; Devlin, P.M.; Norris, C.M.; Posner, M.R.; Goodson, J.M. The Salivary Microbiota as a Diagnostic

Indicator of Oral Cancer: A Descriptive, Non-Randomized Study of Cancer-Free and Oral Squamous Cell Carcinoma Subjects.
J. Transl. Med. 2005, 3, 27. [CrossRef]

40. Gholizadeh, P.; Eslami, H.; Yousefi, M.; Asgharzadeh, M.; Aghazadeh, M.; Kafil, H.S. Role of Oral Microbiome on Oral Cancers, a
Review. Biomed. Pharmacother. 2016, 84, 552–558. [CrossRef]

41. Schwabe, R.F.; Jobin, C. The Microbiome and Cancer. Nat. Rev. Cancer 2013, 13, 800–812. [CrossRef]
42. Brennan, C.A.; Garrett, W.S. Gut Microbiota, Inflammation, and Colorectal Cancer. Annu. Rev. Microbiol. 2016, 70, 395–411.

[CrossRef]
43. Sfanos, K.S.; Yegnasubramanian, S.; Nelson, W.G.; De Marzo, A.M. The Inflammatory Microenvironment and Microbiome in

Prostate Cancer Development. Nat. Rev. Urol. 2018, 15, 11–24. [CrossRef]
44. Frank, D.N.; Qiu, Y.; Cao, Y.; Zhang, S.; Lu, L.; Kofonow, J.M.; Robertson, C.E.; Liu, Y.; Wang, H.; Levens, C.L.; et al. A Dysbiotic

Microbiome Promotes Head and Neck Squamous Cell Carcinoma. Oncogene 2022, 41, 1269–1280. [CrossRef]
45. Quintana, F.J. The Aryl Hydrocarbon Receptor: A Molecular Pathway for the Environmental Control of the Immune Response.

Immunology 2013, 138, 183–189. [CrossRef] [PubMed]
46. Quintana, F.J.; Sherr, D.H. Aryl Hydrocarbon Receptor Control of Adaptive Immunity. Pharmacol. Rev. 2013, 65, 1148–1161.

[CrossRef] [PubMed]
47. Stanford, E.A.; Ramirez-Cardenas, A.; Wang, Z.; Novikov, O.; Alamoud, K.; Koutrakis, P.; Mizgerd, J.P.; Genco, C.A.; Kuku-

ruzinska, M.; Monti, S.; et al. Role for the Aryl Hydrocarbon Receptor and Diverse Ligands in Oral Squamous Cell Carcinoma
Migration and Tumorigenesis. Mol. Cancer Res. 2016, 14, 696–706. [CrossRef]

48. Iida, N.; Dzutsev, A.; Stewart, C.A.; Smith, L.; Bouladoux, N.; Weingarten, R.A.; Molina, D.A.; Salcedo, R.; Back, T.; Cramer, S.;
et al. Commensal Bacteria Control Cancer Response to Therapy by Modulating the Tumor Microenvironment. Science 2013, 342,
967–970. [CrossRef]

49. Viaud, S.; Saccheri, F.; Mignot, G.; Yamazaki, T.; Daillère, R.; Hannani, D.; Enot, D.P.; Pfirschke, C.; Engblom, C.; Pittet, M.J.; et al.
The Intestinal Microbiota Modulates the Anticancer Immune Effects of Cyclophosphamide. Science 2013, 342, 971–976. [CrossRef]

50. Hernández, D.L. Letter to the Editor: Use of Antibiotics, Gut Microbiota, and Risk of Type 2 Diabetes: Epigenetics Regulation.
J. Clin. Endocrinol. Metab. 2016, 101, L62–L63. [CrossRef] [PubMed]

51. Saeidnia, S. Anticancer Antibiotics BT. In New Approaches to Natural Anticancer Drugs; Saeidnia, S., Ed.; Springer: Cham,
Switzerland, 2015; pp. 51–66. ISBN 978-3-319-14027-8.

52. Levy, A. Correlation between In-Vitro and In-Vivo Studies Based on Pharmacokinetic Considerations. Am. J. Biomed. Sci. Res.
2020, 8, 48–50. [CrossRef]

53. Agwuh, K.N.; MacGowan, A. Pharmacokinetics and Pharmacodynamics of the Tetracyclines Including Glycylcyclines.
J. Antimicrob. Chemother. 2006, 58, 256–265. [CrossRef]

54. Emmerson, A.M.; Cox, D.A.; Lees, L.J. Pharmacokinetics of Sulbactam and Ampicillin Following Oral Administration of
Sultamicillin with Probenecid. Eur. J. Clin. Microbiol. 1983, 2, 340–344. [CrossRef]

55. Markley, J.L.; Wencewicz, T.A. Tetracycline-Inactivating Enzymes. Front. Microbiol. 2018, 9, 1058. [CrossRef] [PubMed]
56. van den Bogert, C.; van Kernebeek, G.; de Leij, L.; Kroon, A.M. Inhibition of Mitochondrial Protein Synthesis Leads to Proliferation

Arrest in the G1-Phase of the Cell Cycle. Cancer Lett. 1986, 32, 41–51. [CrossRef]
57. Onoda, T.; Ono, T.; Dhar, D.K.; Yamanoi, A.; Nagasue, N. Tetracycline Analogues (Doxycycline and COL-3) Induce Caspase-

Dependent and -Independent Apoptosis in Human Colon Cancer Cells. Int. J. Cancer 2006, 118, 1309–1315. [CrossRef] [PubMed]
58. Song, H.; Fares, M.; Maguire, K.R.; Sidén, A.; Potácová, Z. Cytotoxic Effects of Tetracycline Analogues (Doxycycline, Minocycline

and COL-3) in Acute Myeloid Leukemia HL-60 Cells. PLoS ONE 2014, 9, e114457. [CrossRef]
59. De Francesco, E.M.; Bonuccelli, G.; Maggiolini, M.; Sotgia, F.; Lisanti, M.P. Vitamin C and Doxycycline: A Synthetic Lethal

Combination Therapy Targeting Metabolic Flexibility in Cancer Stem Cells (CSCs). Oncotarget 2017, 8, 67269–67286. [CrossRef]
60. Funahara, M.; Yanamoto, S.; Ueda, M.; Suzuki, T.; Ota, Y.; Nishimaki, F.; Kurita, H.; Yamakawa, N.; Kirita, T.; Okura, M.; et al.

Prevention of Surgical Site Infection after Oral Cancer Surgery by Topical Tetracycline: Results of a Multicenter Randomized
Control Trial. J. Clin. Oncol. 2018, 36, 6080. [CrossRef]

61. Onoda, T.; Ono, T.; Dhar, D.K.; Yamanoi, A.; Fujii, T.; Nagasue, N. Doxycycline Inhibits Cell Proliferation and Invasive Potential:
Combination Therapy with Cyclooxygenase-2 Inhibitor in Human Colorectal Cancer Cells. J. Lab. Clin. Med. 2004, 143, 207–216.
[CrossRef]

62. Zhao, Y.; Wang, X.; Li, L.; Li, C. Doxycycline Inhibits Proliferation and Induces Apoptosis of Both Human Papillomavirus Positive
and Negative Cervical Cancer Cell Lines. Can. J. Physiol. Pharmacol. 2016, 94, 526–533. [CrossRef]

63. Lamb, R.; Ozsvari, B.; Lisanti, C.L.; Tanowitz, H.B.; Howell, A.; Martinez-Outschoorn, U.E.; Sotgia, F.; Lisanti, M.P. Antibiotics
That Target Mitochondria Effectively Eradicate Cancer Stem Cells, across Multiple Tumor Types: Treating Cancer like an Infectious
Disease. Oncotarget 2015, 6, 4569–4584. [CrossRef]

http://doi.org/10.3390/medicina58020167
http://www.ncbi.nlm.nih.gov/pubmed/35208492
http://doi.org/10.1186/1758-3284-4-1
http://doi.org/10.1186/1479-5876-3-27
http://doi.org/10.1016/j.biopha.2016.09.082
http://doi.org/10.1038/nrc3610
http://doi.org/10.1146/annurev-micro-102215-095513
http://doi.org/10.1038/nrurol.2017.167
http://doi.org/10.1038/s41388-021-02137-1
http://doi.org/10.1111/imm.12046
http://www.ncbi.nlm.nih.gov/pubmed/23190340
http://doi.org/10.1124/pr.113.007823
http://www.ncbi.nlm.nih.gov/pubmed/23908379
http://doi.org/10.1158/1541-7786.MCR-16-0069
http://doi.org/10.1126/science.1240527
http://doi.org/10.1126/science.1240537
http://doi.org/10.1210/jc.2016-1151
http://www.ncbi.nlm.nih.gov/pubmed/27163475
http://doi.org/10.34297/AJBSR.2020.08.001236
http://doi.org/10.1093/jac/dkl224
http://doi.org/10.1007/BF02019464
http://doi.org/10.3389/fmicb.2018.01058
http://www.ncbi.nlm.nih.gov/pubmed/29899733
http://doi.org/10.1016/0304-3835(86)90037-6
http://doi.org/10.1002/ijc.21447
http://www.ncbi.nlm.nih.gov/pubmed/16152604
http://doi.org/10.1371/journal.pone.0114457
http://doi.org/10.18632/oncotarget.18428
http://doi.org/10.1200/JCO.2018.36.15_suppl.6080
http://doi.org/10.1016/j.lab.2003.12.012
http://doi.org/10.1139/cjpp-2015-0481
http://doi.org/10.18632/oncotarget.3174


Medicina 2022, 58, 1289 16 of 16

64. Pourgholami, M.H.; Mekkawy, A.H.; Badar, S.; Morris, D.L. Minocycline Inhibits Growth of Epithelial Ovarian Cancer. Gynecol.
Oncol. 2012, 125, 433–440. [CrossRef]

65. Ataie-Kachoie, P.; Badar, S.; Morris, D.L.; Pourgholami, M.H. Minocycline Targets the NF-KB Nexus through Suppression
of TGF-B1-TAK1-IκB Signaling in Ovarian CancerRegulation of NF-KB Pathway By Minocycline. Mol. Cancer Res. 2013, 11,
1279–1291. [CrossRef] [PubMed]

66. Niu, G.; Liao, Z.; Cai, L.; Wei, R.; Sun, L. The Combined Effects of Celecoxib and Minocycline Hydrochloride on Inhibiting the
Osseous Metastasis of Breast Cancer in Nude Mice. Cancer Biother. Radiopharm. 2008, 23, 469–476. [CrossRef] [PubMed]

67. Xu, Z.; Yan, Y.; Li, Z.; Qian, L.; Gong, Z. The Antibiotic Drug Tigecycline: A Focus on Its Promising Anticancer Properties. Front.
Pharmacol. 2016, 7, 473. [CrossRef]

68. Hirasawa, K.; Moriya, S.; Miyahara, K.; Kazama, H.; Hirota, A.; Takemura, J.; Abe, A.; Inazu, M.; Hiramoto, M.; Tsukahara, K.;
et al. Macrolide Antibiotics Exhibit Cytotoxic Effect under Amino Acid-Depleted Culture Condition by Blocking Autophagy Flux
in Head and Neck Squamous Cell Carcinoma Cell Lines. PLoS ONE 2016, 11, e0164529. [CrossRef] [PubMed]

69. Gouzos, M.; Ramezanpour, M.; Bassiouni, A.; Psaltis, A.J.; Wormald, P.J.; Vreugde, S. Antibiotics Affect ROS Production and
Fibroblast Migration in an In-Vitro Model of Sinonasal Wound Healing. Front. Cell. Infect. Microbiol. 2020, 10, 110. [CrossRef]
[PubMed]

70. Salimiaghdam, N.; Singh, L.; Schneider, K.; Nalbandian, A.; Chwa, M.; Atilano, S.R.; Bao, A.; Kenney, M.C. Potential Adverse
Effects of Ciprofloxacin and Tetracycline on ARPE-19 Cell Lines. BMJ Open Ophthalmol. 2020, 5, e000458. [CrossRef]

71. Ishikawa, C.; Tsuda, T.; Konishi, H.; Nakagawa, N.; Yamanishi, K. Tetracyclines Modulate Protease-Activated Receptor 2-Mediated
Proinflammatory Reactions in Epidermal Keratinocytes. Antimicrob. Agents Chemother. 2009, 53, 1760–1765. [CrossRef]

72. McKee, A.M.; Kirkup, B.M.; Madgwick, M.; Fowler, W.J.; Price, C.A.; Dreger, S.A.; Ansorge, R.; Makin, K.A.; Caim, S.; Le Gall, G.;
et al. Antibiotic-Induced Disturbances of the Gut Microbiota Result in Accelerated Breast Tumor Growth. iScience 2021, 24, 103012.
[CrossRef]

73. Zhang, J.; Haines, C.; Watson, A.J.M.; Hart, A.R.; Platt, M.J.; Pardoll, D.M.; Cosgrove, S.E.; Gebo, K.A.; Sears, C.L. Oral Antibiotic
Use and Risk of Colorectal Cancer in the United Kingdom, 1989–2012: A Matched Case-Control Study. Gut 2019, 68, 1971–1978.
[CrossRef]

74. Iocca, O.; Copelli, C.; Ramieri, G.; Zocchi, J.; Savo, M.; Di Maio, P. Antibiotic Prophylaxis in Head and Neck Cancer Surgery:
Systematic Review and Bayesian Network Meta-Analysis. Head Neck 2022, 44, 254–261. [CrossRef]

75. Veve, M.P.; Greene, J.B.; Williams, A.M.; Davis, S.L.; Lu, N.; Shnayder, Y.; Li, D.X.; Noureldine, S.I.; Richmon, J.D.; Lin, L.O.; et al.
Multicenter Assessment of Antibiotic Prophylaxis Spectrum on Surgical Infections in Head and Neck Cancer Microvascular
Reconstruction. Otolaryngol. Neck Surg. Off. J. Am. Acad. Otolaryngol. Neck Surg. 2018, 159, 59–67. [CrossRef]

76. Khatoon, N.; Alam, H.; Khan, A.; Raza, K.; Sardar, M. Ampicillin Silver Nanoformulations against Multidrug Resistant Bacteria.
Sci. Rep. 2019, 9, 6848. [CrossRef] [PubMed]

77. Scheffers, D.-J.; Pinho, M.G. Bacterial Cell Wall Synthesis: New Insights from Localization Studies. Microbiol. Mol. Biol. Rev.
2005, 69, 585–607. [CrossRef] [PubMed]

78. Hut, E.-F.; Radulescu, M.; Pilut, N.; Macasoi, I.; Berceanu, D.; Coricovac, D.; Pinzaru, I.; Cretu, O.; Dehelean, C. Two Antibiotics,
Ampicillin and Tetracycline, Exert Different Effects in HT-29 Colorectal Adenocarcinoma Cells in Terms of Cell Viability and
Migration Capacity. Curr. Oncol. 2021, 28, 2466–2480. [CrossRef] [PubMed]

79. Boursi, B.; Haynes, K.; Mamtani, R.; Yang, Y.-X. Impact of Antibiotic Exposure on the Risk of Colorectal Cancer. Pharmacoepidemiol.
Drug Saf. 2015, 24, 534–542. [CrossRef] [PubMed]

80. Petrelli, F.; Ghidini, M.; Ghidini, A.; Perego, G.; Cabiddu, M.; Khakoo, S.; Oggionni, E.; Abeni, C.; Hahne, J.C.; Tomasello, G.; et al.
Use of Antibiotics and Risk of Cancer: A Systematic Review and Meta-Analysis of Observational Studies. Cancers 2019, 11, 1174.
[CrossRef]

81. Chatzispyrou, I.A.; Held, N.M.; Mouchiroud, L.; Auwerx, J.; Houtkooper, R.H. Tetracycline Antibiotics Impair Mitochondrial
Function and Its Experimental Use Confounds Research. Cancer Res. 2015, 75, 4446–4449. [CrossRef]
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