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Abstract 
Backgrounds: Renal tubular injury caused by oxidative stress and inflammation results in acute kidney injury. Recent research 
reported that antibiotics may protect renal tubules from progressive deterioration, but the underlying mechanism remains unclear. 
Therefore, we investigated the efficacy and mechanism of action of antibiotics against renal tubular injury.

Methods: We screened ciprofloxacin, ceftizoxime, minocycline, and netilmicin and selected ciprofloxacin to examine further 
because of its low toxicity towards renal tubular cells. We evaluated the effect of ciprofloxacin on cell survival by analyzing 
apoptosis and autophagy.

Results: Terminal deoxynucleotidyl transferase-mediated d-UTP nick end labeling (TUNEL) assay results showed that the 
ciprofloxacin group had less apoptotic cells than the control group. The ratio of cleaved caspase 3 to caspase 3, the final effector 
in the apoptosis process, was decreased, but the ratio of B-cell lymphoma 2 (Bcl-2)-associated X protein (Bax) to Bcl-2 located 
upstream of caspase 3 was not decreased in the ciprofloxacin group. Therefore, apoptosis inhibition does not occur via Bax/
Bcl-2. Conversely, the levels of phosphorylated Bcl-2, and Beclin-1, an autophagy marker, were increased, and that of caspase-3 
was decreased in the ciprofloxacin group.

Conclusion: This indicates that ciprofloxacin enhances autophagy, increasing the amount of free Beclin-1 via phosphorylated 
Bcl-2, and inhibits caspase activity. Therefore, ciprofloxacin might protect against renal tubular injury through the activation of 
autophagy in the setting of acute kidney injury.

Abbreviations: Bax = Bcl2-associated X protein, Bcl-2 = B-cell lymphoma 2, MDCK = Madin-Darby canine kidney, TUNEL = 
transferase-mediated d-UTP nick end labeling.
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1. Introduction
Studies on the homeostasis of mammalian cells have been 
actively conducted for a long time, and it is well known that 
autophagy, apoptosis, and necrosis are the most important 
mechanisms of programmed cell death in cells. The fate of 
cells is decided by the coordinated action of this programmed 
cell death.[1] Among them, apoptosis has been considered the 
important mechanism of programmed cell death in mammalian 
cells, but recent studies have reported that autophagy plays a 
dual role in both the survival and death mechanisms, accord-
ing to the cell type and degree of stimulation.[2] Cell homeo-
stasis can be controlled by the interaction between autophagy 
and apoptosis at the molecular level.[3] In particular, autophagy 
and apoptosis play important roles in the homeostasis of kidney 

cells, such as podocytes and tubular epithelial cells, in hypoxia, 
nutrient deprivation, oxidative stress, and inflammation condi-
tions.[4,5] In other words, renal tubular injury caused by several 
injuries results in acute kidney injury, and the cells damaged 
by acute kidney injury recover or die based on the relationship 
between autophagy and apoptosis.

Recent research has reported that antibiotics may influence 
deteriorated kidney cells or tissues, although antibiotics have 
their own action mechanisms against bacteria, such as inhibition 
of replication and differentiation.[6] For example, tigecycline, 
which is a new broad-spectrum antibiotic drug that structur-
ally and functionally resembles tetracycline, has been reported 
to have anti-cancer effects by activating the adenosine mono-
phosphate (AMP) -activated protein kinase/mammalian target 
of rapamycin (AMPK/mTOR) pathway, but not apoptosis, in 
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human gastric cancer cells.[7] Minocycline, a protein synthesis 
inhibitor (30S inhibitor), and a representative tetracycline anti-
biotic, has been reported to be associated with apoptosis in 
acute kidney injury and chronic inflammation.[8] In other words, 
antibiotics may restore renal tubules, but the underlying mech-
anism remains unclear.

Therefore, we aimed to investigate the effect of antibiotics 
on the survival of kidney cells, and the mechanism of action 
of antibiotics on cell viability associated with apoptosis and 
autophagy.

2. Materials and methods

2.1. Materials

We used the Madin-Darby canine kidney (MDCK) cell line, 
which is a tubular epithelial kidney cell line, which was pur-
chased from the Korean Cell Line Bank (Seoul, South Korea).[9,10] 
We used 4 representative antibiotics from each spectrum, cipro-
floxacin (CJ Healthcare Corp., Seoul, South Korea), ceftizoxime 
(DONG-A ST, Seoul, South Korea), minocycline (Sigma-Aldrich 
Co., St. Louis), and netilmicin (KUHNIL Pharm. Seoul, South 
Korea), to screen for effective antibiotics that improve MDCK 
cell viability after 48 hours of antibiotic treatment using a 
3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT) assay. Ciprofloxacin is one of the quinolones which 
block DNA replication via inhibition of DNA gyrase. Besides its 
antibiotic activity, some studies have reported the immunomod-
ulatory effects of ciprofloxacin in rodent models and human clin-
ical trials.[11,12] Ceftizoxime is a cell wall inhibitor and a member 
of the third-generation cephalosporin available for parenteral 
administration. It binds to and inactivates penicillin-binding 
proteins of the inner membrane of the bacterial cell wall. This 
leads to weakness of the bacterial cell wall. Minocycline is a 
protein synthesis inhibitor (30S inhibitor) and a representative 
tetracycline antibiotic that has been reported to have immuno-
modulatory and anti-inflammatory effects. In particular, mino-
cycline inhibits apoptosis in certain neurodegenerative disorders 
and has potent anti-apoptotic and anti-inflammatory effects, 
as observed in a rat model of ischemia-reperfusion injury.[13] 
Minocycline improved streptozotocin-induced kidney damage 
by protecting against long-term hyperglycemia-induced kidney 
cell apoptosis.[14] Netilmicin is a protein synthesis inhibitor (30S 
inhibitor) and one of the members of the aminoglycoside family. 
It is used to kill a wide range of bacteria. Its action resembles 
that of gentamicin, but it is less nephrotoxic.

Primary antibodies for B-cell lymphoma 2 (Bcl-2), caspase-3, 
cleaved caspase-3 (Cell Signaling Technology, Beverly), Bcl-2-
associated X protein (Bax; Santa Cruz Biotechnology, Santa 
Cruz), phosphorylated Bcl-2 (pBcl-2), and phosphorylated Bax 
(pBax; Thermo Fisher Scientific, Waltham) were used as apop-
tosis markers. Beclin-1 primary antibody (OriGene Technology, 
Rockville) was used as an autophagy marker. A primary anti-
body against β-actin (Santa Cruz Biotechnology, Santa Cruz) 
was used as the control. The secondary antibody used was 
horseradish peroxidase-conjugated secondary antibody (Enzo, 
Farmingdale).

2.2. Methods

2.2.1. Cell viability measurement.  We divided the operating 
conditions into normoxia (21% O2) and hypoxia (1% O2) 
conditions. Hypoxic conditions are achieved with specific gas 
mixtures, generally (1% oxygen; with 5% carbon dioxide and 
the balance 94% nitrogen).[15] In general, oxygen concentrations 
of <2% are considered hypoxic, however, normoxic levels 
must be considered when selecting the experimental hypoxic 
conditions (Kaur B et al, 2023).[16] The glucose media were 
not supplemented. We evaluated the effect of antibiotics on 

cell viability according to the type and concentration of the 
4 antibiotics: ciprofloxacin, ceftizoxime, minocycline, and 
netilmicin. MDCK cells were plated (at a density of 7 × 104 
cells/well) in a 48-well plate and grown in Dulbecco’s Modified 
Eagle’s Medium (DMEM) supplemented with penicillin (100 
units/mL), streptomycin (100 µg/mL), and fetal bovine serum 
(FBS, 10%; Gibco BRL, Gaithersburg) at 37°C for 48 hours 
under normoxia conditions (5% CO2 balanced with air) in a 
humidified chamber (Forma Scientific Inc., Marietta). After 
the media were replaced by DMEM without glucose or serum, 
ciprofloxacin was added, and the cells were cultured under 
normoxia and hypoxia conditions. Four antibiotics were added 
to each well at different concentrations. Ciprofloxacin (0, 50, 
100, 150, and 200 µg/mL), ceftizoxime (0, 10, 100, 200, 500, 
and 1000 µg/mL), minocycline (0, 10, 50, 100, 200, and 500 µg/
mL), and netilmicin (0, 1, 10, 100, 500, and 1000 µg/mL) were 
used. The effects of the antibiotics on cell viability were evaluated 
using an MTT assay. An MTT assay, which is a tetrazolium-
based colorimetric assay, was used to assess cell viability because 
it allows an easy and rapid reading of many samples.[17] MTT 
(5 mg/mL) was added to each well. Because MTT solutions 
are sensitive to light, the exposure to light was minimized. The 
plates were placed in a 37°C and 5% CO2 incubator for 2 hours. 
Dimethyl sulfoxide (DMSO) was dispensed after removing the 
MTT solution. The plates were shaken for 10 to 15 minutes 
while being protected from light. The absorbance was measured 
using a plate reader at a wavelength of 570 nm.

2.2.2. TUNEL assay.  MDCK cells were plated (at a density of 
1 × 105 cells/well) on a Lab-Tek® 4 well chamber slide (Thermo 
Fisher Scientific, Waltham) and grown in DMEM culture 
medium, as described above. Twenty-four hours after plating, 
a terminal deoxynucleotidyl transferase-mediated d-UTP nick 
end labeling (TUNEL) assay was performed to detect the nicks 
generated from DNA strand breaks.[18] The aim of the assay 
was to identify indicators of damage due to apoptosis.[17] We 
used ciprofloxacin (100 µg/mL) and ApopTag® Peroxidase In 
Situ Apoptosis Detection Kit (Merck Millipore, Burlington). We 
fixed cells in 1% paraformaldehyde in phosphate-buffered saline 
(PBS), pH 7.4 and washed them twice with PBS for 5 minutes. 
We performed post-processing using precooled ethanol: acetic 
acid (2:1) at −20°C in a Coplin jar for 5 minutes, and drained 
it. We quenched the cells in 3.0% hydrogen peroxide in PBS 
at room temperature for 5 minutes. We rinsed the specimen 
twice with PBS for 5 minutes each time in a Coplin jar. An 
equilibration buffer (75 µL/5 cm2) was immediately added to the 
sample. We immediately pipetted the working strength terminal 
deoxynucleotidyl transferase (TdT) enzyme solution (55 
µL/5 cm2) onto the section. The cells were incubated for 1 hour 
at 37°C in a humidified chamber. The specimen was placed in a 
Coplin jar containing the working strength stop/wash buffer and 
stirred for 15 seconds and then incubated at room temperature 
for 10 minutes. We applied anti-digoxigenin peroxidase 
conjugate to the slide at room temperature (approximately 65 
µL/5 cm2 of the surface covered). The cells were incubated in a 
humidified chamber for 30 minutes at room temperature. We 
applied sufficient peroxidase substrate to completely cover the 
specimen (75 µL/5 cm2). We stained the cells for 3 to 6 minutes 
at room temperature. To determine the optimal staining time, 
we monitored the color change of cells under the microscope. 
We counterstained the cells in a Coplin jar for 10 minutes at 
room temperature using 0.5% methyl green. The specimens 
were dehydrated by moving the slides through 3 xylene jars 
while incubating for 2 minutes in each Coplin jar. We removed 
the slides from the Coplin jar and mounted them under a glass 
coverslip in a mounting medium.

2.2.3. Western blot analysis.  Cell extracts were 
prepared by incubating the cells in cell lysis buffer [1X 
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radioimmunoprecipitation assay buffer (RIPA) Buffer: 20 mM  
Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM ethylenediaminetetraacetic 
acid disodium salt dehydrate (Na2EDTA), 1 mM ethylene 
glycol-bis(β-aminoethyl ether)-N,N,Nʹ,Nʹ-tetraacetic acid 
(EGTA), 1% nonyl phenoxypolyethoxylethanol (NP)-40, 1% 
sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM 
β-glycerophosphate, 1 mM Na3VO4, and 1 µg/mL leupeptin]. 
A total of 70 µg of caspase 3, cleaved caspase 3, and Beclin-1 
proteins were separated using electrophoresis by using a 12% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to a polyvinylidene fluoride (PVDF) 
membrane. After the membranes were blocked with buffer [TBS-T 
buffer: 20 mM Tris (pH 7.5), 150 mM NaCl, and 0.1% Tween 
20] containing 5% skim milk, the membranes were incubated 
with the primary antibodies. After washing, the membranes were 
incubated with the secondary antibody. Then, the membranes 
were washed with TBS-T buffer and developed using an enhanced 
chemiluminescence (ECL) Western blot assay detection reagent 
(GE Healthcare, Little Chalfont, UK). The intensity of each band 
was quantified using a ChemiDoc™ XRS + System with Image 
Lab™ Software (Bio-Rad, Hercules). A Western blotting assay 
was performed more than 3 times to investigate the apoptosis and 
autophagy markers in order to assess the reproducibility, and thus, 
the reliability of the results.

The Institutional Review Board of Keimyung University 
Dongsan Hospital approved this study (NON2024-002).

2.3. Statistical analysis

Experiments were repeated at least 3 times to obtain consistent 
results. One-way analysis of variance (ANOVA) was performed. 
Shapiro–Wilk statistics were used to verify the normal distribu-
tion, and Levene statistics were used to analyze the homogeneity 
of variance. Tukey’s test was performed for post hoc multi-
ple comparisons. Student t test was performed and the data 
were expressed as the mean ± standard deviation. In the non- 
normal distribution, the Kruskal–Wallis test was performed. 
The Statistical Package for the Social Science (SPSS) version 
18.0 (SPSS Inc., Chicago) was used. The results were statistically 
significant at a P value lower than .05.

3. Results

3.1. Screening of the ideal concentration of antibiotics 
that assures MDCK cell viability in normoxia and hypoxia 
conditions

Ciprofloxacin, ceftizoxime, minocycline, and netilmicin 
were used for the screening of the concentration of anti-
biotics that assures the cell viability of MDCK cells after 48 
hours of treatment using a 3-(4,5-dimethylthiazol-2yl)-2,5- 
diphenyl-2H-tetrazolium bromide (MTT) assay. Under nor-
moxia (21% O2) conditions, ciprofloxacin showed a consistent 
increase in cell viability since the beginning of ciprofloxacin 
induction, compared with the control group, especially at a 
concentration higher than 100 µg/mL (P < .001). However, cell 
viability was mildly increased with the increase in the concen-
tration (50–100 µg/mL) of ciprofloxacin, in comparison with 
the control group under hypoxia conditions (1% O2; Fig. 1A). 
This result indicates that ciprofloxacin can improve cell viabil-
ity under both normoxia and hypoxia conditions. The maximal 
efficacies (cell viability of ciprofloxacin vs control) of ciproflox-
acin were 42.6% at 200 µg/mL under normoxia conditions, 
and 10.1% at 100 µg/mL under hypoxia conditions. Under 
normoxia conditions, ceftizoxime also showed an increase in 
cell viability after the introduction of ceftizoxime at a high con-
centration (500–1000 µg/mL). However, there were no changes 
in cell viability with increasing concentrations of ceftizox-
ime under hypoxia conditions (Fig. 1B). Under normoxia and 

hypoxia conditions, minocycline (10 and 50 µg/mL) resulted 
in an increase in cell viability. However, cell viability rapidly 
decreased when the concentration of minocycline surpassed 50 
µg/mL in normoxia and hypoxia conditions (Fig. 1C). Under 
normoxia and hypoxia conditions, the concentration of netilmi-
cin was not correlated with cell viability (Fig. 1D).

Under normoxia conditions, ciprofloxacin showed the high-
est efficacy (30–45%) in comparison with other antibiotics. 
Minocycline had a 20% efficacy at a lower concentration, but 
the toxic effect increased as the concentration of minocycline 
was increased (Table 1). Based on these results, we chose cipro-
floxacin to examine further, an antibiotic with a similar efficacy 
but a lower toxicity compared to other antibiotics.

3.2. Effect of ciprofloxacin on apoptosis under normoxia 
conditions

We first investigated the effect of TUNEL assay to determine 
whether ciprofloxacin improved cell viability by inhibiting 
apoptosis. We carried out the experiments using a 100 µg/mL 
concentration under normoxia conditions because ciprofloxacin 
improved cell viability under both normoxia and hypoxia condi-
tions at this concentration, but its efficacy was more prominent 
under normoxia conditions. In the TUNEL assay, there were no 
apoptotic bodies at a concentration of 100 µg/mL in compar-
ison with the control group (Fig. 2A). The ratio of apoptotic 
cells to total cells was significantly lower in the ciprofloxacin 
group than in the control group (7.17 ± 1.25 vs 20.41 ± 1.04, 
P < .001; Fig. 2B). Therefore, the efficacy of ciprofloxacin on the 
viability of MDCK cells was significantly higher in comparison 
with the control group under normoxia conditions by inhibiting 
apoptosis.

3.3. The efficacy of ciprofloxacin on cell viability under 
stressful conditions via the interaction between autophagy 
and apoptosis

To elucidate underlying mechanisms further, we investigated 
apoptosis and autophagy markers. First, the upstream produc-
tion of caspase 3, which causes apoptosis, was investigated. 
Cleaved caspase-3 to caspase-3, which is the final effector 
caspase in apoptosis, was lower in the ciprofloxacin group than 
in the control group after 36 hours at the beginning of treat-
ment (Fig. 3A). Second, the ratio of Bax to Bcl-2 was investi-
gated located upstream of caspase 3. The ratio of Bax to Bcl-2 
was higher in the ciprofloxacin group than in the control group 
6 hours after the beginning of the treatment (Fig. 3B). Third, 
the ratio of pBcl2 (phosphorylated Bcl-2, which is an inac-
tive form of Bcl-2) to β-actin was higher in the ciprofloxacin 
group than in the control group 12 hours after the beginning of 
treatment (Fig. 3C). The results of caspase-3 experiments favor 
anti-apoptosis whereas Bcl-2 experiments favor apoptosis. To 
accommodate apparent contradictory results, we assumed that 
ciprofloxacin may also affect autophagy. The ratio of Beclin-1, 
an autophagy marker, to β-actin increased with time and was 
higher in the ciprofloxacin group at all times, indicating that 
ciprofloxacin increases autophagy (Fig. 3D). Finally, this indi-
cates that ciprofloxacin enhanced autophagy, increasing the 
amount of free Beclin-1 via phosphorylated Bcl-2, and inhibited 
caspase activity (Fig. 4).

4. Discussion
In our study, we showed that ciprofloxacin protected against 
the injury of MDCK cells by inhibiting apoptosis through an 
autophagy mechanism. Although all cells eventually undergo 
apoptosis, it was noteworthy that ciprofloxacin could protect 
cell injury in the process of apoptotic cell death.



4

Park et al.  •  Medicine (2024) 103:40� Medicine

When energy is lacking, the organism tries to save cells by 
recycling dead cells through autophagy activation. At this 
time, it is not yet clear whether autophagy is being promoted 
or whether apoptosis is being suppressed. Apoptosis refers to 
programmed cell death, which can be observed through DNA 
breakage.[1] In our study, the TUNEL assay demonstrated a sta-
tus of apoptosis. Recently, several antibiotics have been reported 

to control cell viability. Therefore, for the first time, we screened 
using an MTT assay whether cell viability increased when anti-
biotics representing each class were administered. We examined 
4 antibiotics: ciprofloxacin, a quinolone, ceftizoxime, a cepha-
losporin, minocycline, a tetracycline, and netilmicin, an amino-
glycoside. Ceftizoxime was effective only at high concentrations 
under normoxia conditions, but not under hypoxia conditions. 

Figure 1.  The relationship between the concentration of (A) ciprofloxacin, (B) ceftizoxime, (C) minocycline, and (D) netilmicin and cell viability. MDCK cells were 
plated in DMEM with glucose (1 g/L) and FBS (10%) at a density of 7 × 104 per well in 48-well plates under normoxia condition (21% O2). After 48 hours of 
incubation, the medium was exchanged with DMEM without glucose or FBS. After antibiotics were added at appropriate concentrations, respectively, the cells 
were incubated further under normoxia condition (21% O2) and hypoxia condition (1% O2). Concentrations of antibiotics added were as follows; (A) Ciprofloxacin 
(0, 50, 100, 150, and 200 µg/mL); (B) Ceftizoxime (0, 10, 100, 200, 500, and 1000 µg/mL); (C) Minocycline (0, 10, 50, 100, 200, and 500 µg/mL); (D) Netilmicin 
(0, 1, 10, 100, 500, and 1000 µg/mL). Cell viability was assessed through MTT assay at 48 hours of antibiotics treatment. The experiment at ciprofloxacin 
concentration was performed more than 3 times (Normoxia vs *** P < .001; Hypoxia vs ## P < .01). DMEM = Dulbecco’s Modified Eagle’s Medium, FBS = fetal 
bovine serum, MDCK = Madin-Darby canine kidney, MTT = 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-2H-tetrazolium bromide.

Table 1

Efficacies of antibiotics on cell viability between normoxia and hypoxia.

Spectrum Name

Efficacy

Normoxia (21% O2) Hypoxia (1% O2)

Con. (µg/mL) Efficacy (%) Con. (µg/mL) Efficacy (%)

Quinolones Ciprofloxacin 50 10.00 ± 2.36 50 9.27 ± 2.26**
100 33.49 ± 1.22*** 100 10.07 ± 2.91**
150 38.87 ± 3.99***
200 42.62 ± 1.71***

Cephalosporins Ceftizoxime 500 21.77 ± 2.19*** No effect
1000 22.61 ± 2.93***

Tetracyclines Minocycline 10 15.98 ± 2.48*** 50 4.42 ± 0.3*
50 12.13 ± 1.91**

Aminoglycosides Netilmicin No effect No effect

Efficacies of 4 different antibiotics on improving cell viability under normoxic (21% O
2
) and hypoxic (1% O

2
) conditions at 48 hours of incubation with each antibiotic are presented. “Efficacy (%)” indicates a 

percentage for cell viability of group by treated antibiotics compared to the control group.
*P < .05.
**P < .01.
***P < .001.
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Netilmicin was not effective under normoxia or hypoxia con-
ditions. Minocycline was effective at lower concentrations but 
deteriorated cell viability at higher concentrations under both 
normoxia and hypoxia conditions. Therefore, we used the most 
effective and safe antibiotic, ciprofloxacin, for further studies.

The first experiment was performed to investigate whether 
ciprofloxacin improved cell viability by inhibiting apoptosis 

using the TUNEL assay. The results showed that apoptosis was 
reduced qualitatively and quantitatively when ciprofloxacin was 
added under the normoxia conditions. Therefore, ciprofloxacin 
saves cells by inhibiting apoptosis.

The second experiment was performed to investigate the 
mechanism of increased ciprofloxacin-induced cell viability. 
In previous studies, apoptosis has been reported to be mainly 

Figure 2.  (A) The qualitative and (B) quantitative comparison of the difference of apoptotic bodies between in the control group and ciprofloxacin group. 
ApopTag® Peroxidase In Situ Apoptosis Detection Kit was used. A concentration of 100 µg/mL of ciprofloxacin was used in comparison with control group. 
The examination was done under normoxia condition (21% O2). In the TUNEL assay, apoptotic cells from nicks of DNA strand breaks by labeling DNA strand 
breaks with fluorochromes were identified and quantified by fluorescence microscopy. The ratio of TUNEL positive cell to total cells was calculated for apoptotic 
cell viability. All data were performed more than 3 times in order to assess reproducibility and reliability of the results. Student t test was used statistically; ***t 
test, P < .001 vs control. TUNEL = transferase-mediated d-UTP nick end labeling.

Figure 3.  The comparison of (A) cleaved caspase 3/caspase 3, (B) Bax/Bcl2, (C) pBcl2/β-actin, and (D) BECN1/β-actin between in the control group and cip-
rofloxacin group. A concentration of 100 µg/mL of ciprofloxacin was used in comparison with control group. β-actin was used for the control. The examination 
was done under normoxia condition (21% O2). Proteins were detected by western blot analysis. Cell viability was checked at 0, 6, 12, 24, and 48 hours after 
treatments. All data were performed more than 3 times in order to assess reproducibility and reliability of the results. Bax = Bcl-2-associated X protein, B-cell 
lymphoma 2.
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responsible for programmed cell death,[19] but autophagy 
has also been reported to play important roles.[2] In addition, 
although apoptosis and autophagy have been considered as dif-
ferent concepts, many studies have shown that the homeostasis 
of cells is maintained through the interaction between these 2 
molecular mechanisms.[18,20] Firstly, we investigated apopto-
sis mechanism with the relationship among caspase-3, Bax, 
and Bcl-2. In general, when Bax/Bcl-2 decreases and caspase-3 
decreases, apoptosis is suppressed. Our study showed reduction 
of the caspase-3 level in the ciprofloxacin-treated group, and 
this result means that the inhibition of apoptosis occurs inhib-
iting caspase-3 activity by ciprofloxacin. However, conversely, 
ciprofloxacin-treated cells showed an increase in Bax/Bcl-2 level 
in this study. This may not be explained by the fact that the 
whole process is caused by apoptosis because this means that 
an increased Bax/Bcl-2 level caused more apoptosis, which leads 
to conflicting results (Figs. 2 and 3B). Therefore, we investi-
gated the influence of ciprofloxacin on autophagy in an energy- 
insufficient environment. Since Beclin-1 is inhibited by Bcl-2, 
when Bcl-2 is phosphorylated and inactivated, Beclin-1 and 
Bcl-2 are separated from each other and an increased level of free 
Beclin-1 becomes operational, resulting in an increase in pBcl-2. 
This means that the inhibition of autophagy induced by Bcl-2 is 
reduced, which can lead to a better progression of autophagy. 
In other words, an increase in the amount of free Beclin-1 pro-
motes autophagy.[21] First, the level of Beclin-1 increases steeply. 
Second, when the level of unbounded pBcl-2 is increased, the 
level of free Beclin-1 is increased due to a decrease in the bind-
ing to Beclin-1. Third, as Bax increases, more Bcl-2 and more 
bonds can be obtained, and the amount of free Beclin-1 can 
be increased. Finally, caspase-3 cleaves and deactivates Beclin-1, 
and the decreasing level of caspase-3 increases the level of free 
Beclin-1. Finally, in our study, ciprofloxacin enhanced autoph-
agy, increasing the level of free Beclin-1, and inhibited caspase 
activity and reduced cell death due to the energy produced 
during autophagy as summarized in Figure 4. To survive in the 
absence of energy, cells die to generate energy sources for the liv-
ing cells. In other words, when the energy source is insufficient, 
apoptosis is promoted upstream, but at the same time, autoph-
agy is promoted to decompose the unnecessary proteins in the 
cell and use them as energy sources. Accordingly, the activity of 
caspase-3 is inhibited, thereby suppressing apoptosis.

The strength of this study is that it has shown a positive 
effect on cell viability using antibiotics, and this is the first 
study to apply the concept of autophagy and apoptosis. In 

previous studies, minocycline had potent anti-apoptotic and anti- 
inflammatory effects and protected renal function in a rat 
model of ischemia-reperfusion injury.[8,13,14] Because minocycline 
showed toxic effects at high concentrations in the MDCK cell 
line in our study, we could explain the effect of ciprofloxacin, 
which is safer than other antibiotics for the action of autophagy, 
on cell viability. Recently, these concepts of autophagy have been 
applied in several clinical fields, such as acute kidney injury,[22] 
chronic kidney disease (obstructive nephropathy, immunoglob-
ulin A nephropathy, autoimmune kidney diseases),[23] diabetic 
nephropathy,[24] autosomal dominant polycystic kidney dis-
ease,[25] cystinosis,[26] and chronic cyclosporine A renal toxic-
ity.[27] Our findings may have a positive impact on acute kidney 
injury and kidney diseases associated with chronic inflammation.

However, our study has some limitations. First, the order of 
apoptosis and the autophagy process is still unclear. Autophagy 
is known to precede apoptosis.[28] However, our study did not 
show the preceding autophagy process, although the apoptosis 
and autophagy markers were checked at 0, 6, 12, 24, 36, and 
48 hours. Second, in our study, research on other markers of 
autophagy and apoptosis was insufficient, and further studies 
are needed. Third, a slightly stronger stimulus leads directly to 
apoptosis without the action of autophagy. Although nutrient 
depletion is the most powerful factor in inducing autophagy, 
the combined metabolic stress of hypoxia and nutrient deple-
tion damages organs, proteins, and DNA, which ultimately 
leads to apoptosis. Recent studies have shown that autophagy 
mitigates metabolic stress to protect cells against extreme cell 
damage.[4] Autophagy is not only necessary as a tool to gen-
erate energy in a nutrient-free environment, but it also plays 
an important role in regulating protein and organ function and 
maintaining homeostasis. It is also important in situations of 
metabolic stress, that is, when energy is limited and intracellu-
lar damage is accelerated. However, it is important to recognize 
that autophagy cannot inhibit apoptosis completely in condi-
tions in which apoptosis is induced. In other words, when cells 
are exposed to stresses, autophagy takes place temporally, but it 
cannot completely prevent the progression to apoptosis. Finally, 
extreme environments with no nutrient supply and no oxygen 
are unlikely to reveal the mechanisms by which antibiotics affect 
cell viability and are most likely to be biased by apoptosis pro-
cesses. In the future, it will be necessary to study the difference 
between normoxia and hypoxia conditions in a nutrient-free 
environment.

In conclusion, the effect of ciprofloxacin on renal tubular 
injury under nutrient-free conditions was associated with auto-
phagy. Therefore, ciprofloxacin might be helpful in protection 
against renal tubular injury through activation of autophagy in 
the setting of acute kidney injury. Further studies are needed 
to confirm the mechanism by which ciprofloxacin affects cell 
viability.
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Figure 4.  Overview of the molecular mechanisms of underlying the 
autophagy-apoptosis crosstalk by ciprofloxacin. This figure shows the rela-
tionship between autophagy and apoptosis for the effect of ciprofloxacin. The 
ratio of cleaved caspase 3 to caspase 3 (cleaved caspase 3/caspase 3) was 
decreased, but the ratio of Bax to Bcl-2 (Bas/Bxl-2) upstream of caspase 
3 was not decreased in the ciprofloxacin group. Conversely, the levels of 
phosphorylated Bcl-2 and Beclin-1 were increased, and that of caspase-3 
was decreased in the ciprofloxacin group. Bax = Bcl-2-associated X protein, 
B-cell lymphoma 2.
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