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Enoxacin Exerts Anti-Tumor Effects
Against Prostate Cancer
Through Inducing Apoptosis

Hongyan Xu, BS1 , Minghuan Mao, PhD1, Rui Zhao, MS2,
and Qing Zhao, BS1

Abstract
Background: Prostate cancer is the most commonly diagnosed cancer and second leading cause of cancer death in men.
Enoxacin, a third-generation fluoroquinolone antibiotic, was found with anti-proliferative effects against many cancer types. This
study was to further investigate its effects against prostate cancer and explore the underlying molecular mechanisms. Methods:
PC-3 cells were treated with Enoxacin at different concentrations. Tumor model was established by subcutaneously injecting
PC-3 cells into nude mice. MTT assay was used to detect cell viability. ELISA assay, Annexin V/PI staining and TUNEL assay were
used to detect apoptosis. RT-qPCR and western blot were used to detect the gene and protein expression, respectively. Results:
Our data showed that Enoxacin inhibited PC-3 cell proliferation and induced the apoptosis through up-regulating the expression
of pro-apoptotic proteins, while down-regulating expression levels of anti-apoptotic proteins. Moreover, Enoxacin increased the
gene and protein expression of the autophagy and endoplasmic reticulum stress markers. Treating tumor-bearing mice with
Enoxacin significantly inhibited tumor growth in xenograft tumor model. Conclusion: Our results suggested that Enoxacin could
be developed as a potential anti-tumor agent against prostate carcinoma.
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Background

Prostate cancer is the most commonly diagnosed non-cutaneous

malignancy and the second leading cause of cancer-related death

in men in developed countries.1 Androgen deprivation therapy

(ADT) is the standard of care for prostate cancer, owing to the

essential role of the androgen receptor (AR) in the normal

growth and development of the prostate gland, as well as in

prostate carcinogenesis.2 Although ADT offers near certain

remissions lasting 1-2 years in most patients, cancer cells

become resistant with the emergence of castration-resistant pros-

tate cancer (CRPC). Docetaxel, a chemotherapeutic inhibitor of

microtubule depolymerization, offered a modest 2.5 months

median prolongation in overall survival for CRPC patients.

However, acquired resistance to the drug eventually emerges.3,4

Thereafter, it is definitely imperative to search for novel thera-

peutic agents with new mode of action.

Apoptosis is a precisely self-regulating death process and

plays a crucial role in controlling development and homeostasis

of multicellular organisms. Its malfunction has been closely

associated with various diseases, including cancers.5 As a

major apoptotic route for apoptosis, the intrinsic mitochondrial

pathway plays a central role in regulating apoptotic processes

in various cancer cells.6 Studies showed that active endoplas-

mic reticulum (ER) stress was related to the intrinsic mitochon-

drial apoptosis pathway through 3 sensors: GRP78, IRE1, and

ATF6.7,8 Once these sensors are released from Bip,
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downstream effectors are activated to trigger pro-apoptotic sig-

nals through targeting on several apoptotic genes.9

As a third-generation fluoroquinolone antibiotic, Enoxacin

inhibited tumor cell proliferation in many cancer types.10-12 In

this study, its effects was further investigated against prostate

carcinoma. Our results demonstrated Enoxacin exhibited

potent anti-tumor activities, as evidenced by inhibiting the pro-

liferation and slowing tumor growth of prostate carcinoma,

providing rationale to develop Enoxacin as a new potential

therapeutic agent against prostate cancer.

Materials and Methods

Cell lines, Reagents and Chemicals

Normal human prostate/stroma cell line WPMY-1, lung ade-

nocarcinoma cell line A549, pancreatic adenocarcinoma cell

line PANC-1, hepatocellular carcinoma cell line HepG2, pros-

tate adenocarcinoma cell line PC-3, prostate carcinoma cell

lines DU145, LNCaP and C4-2, glioblastoma cell line U251,

squamous cell carcinoma cell line SK-MES-1, breast adeno-

carcinoma cell line MCF-7, and osteosarcoma cell line MG-63

were purchased from Shanghai Cell Bank (Shanghai, China).

Roswell Park Memorial Institute (RPMI) 1640 medium and

fetal bovine serum (FBS) were purchased from Gibco

(Gaithersburg, USA). 3,30-dihexyloxacarbocyanine iodide

(DiOC6) was purchased from Sigma (St. Louis, MO, USA).

Caspase-3/9 colorimetric assay kits and cytochrome-c immu-

noassay kit were purchased from R&D Systems (Minneapolis,

MN, USA). 5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimida-

zolylcarbocyanine iodide (JC-1) was purchased from Molecu-

lar Probes (CA, USA). Annexin V/PI apoptosis assay kit was

purchased from GeneCopoeia (Rockville, MD, USA). PCR

reagents were purchased from Thermo Fisher (Waltham,

MA, USA). Taxol and Enoxacin were purchased from Sigma

(St. Louis, MO, USA). All solvents were purchased from Sino-

pharm Co. Ltd. (Shanghai, China). Enoxacin was dissolved in

PBS for in vitro and in vivo experiments.

Mouse

Six-week old male nude mice (Balb/c-nu/nu) were purchased

from Vital River Ltd. (Shanghai, China) and maintained in

sterile facility with free access to water and food during the

whole experiments. The animal procedures were approved by

the Institutional Animal Care and Use Committee of xxx with

the protocol No. (2018-1133) and performed in strict accor-

dance with the regulation of the Use of Animals.

MTT Assay

Cells were cultured in RPMI1640 medium supplemented with

10% FBS, 100 mg/mL Penicillin/Streptomycin at 37 oC in an

atmosphere of 5% CO2. 2 � 104 cells/well were seeded in

96-well plates and treated with Enoxacin (1-1000 mM) or

Taxol (1-1000 nM) for 48 h. Cells treated with DMSO were

used as negative control. After washing, cells were incubated

for 4 h with 5 mg/mL of MTT. The formazan crystals were

dissolved in DMSO after removing the MTT solution. Absor-

bance was measured at 570 nm using the 96-well plate reader.

Cell viability was expressed as the percentage of the negative

control, which was set to 100%.

Cell Proliferation Assay

3 � 105 PC-3 cells/well were seeded in 6-well plates and

treated with Enoxacin at 1, 3, 10 mM. PC3 cells treated with

DMSO were used as negative control. Cell number was mea-

sured at 24, 48 and 72 h by cell counter (Vi-Cell, Beckman

Coulter).

Mitochondrial Membrane Potential (MMP)
Measurement

MMP was measured by flow cytometry. Briefly, after treat-

ment, PC-3 cells were harvested and re-suspended in 500 ml

DiOC6 for 15 min at 37�C in the dark. After rinsing twice,

fluorescence intensity was measured by flow cytometry.

Cytochrome-c Assay

After treatment, PC-3 cells were re-suspended in 1 ml of

extraction buffer and homogenized in an ice-cold Dounce tis-

sue grinder (Catalog No. 1998-1, BioVision). The mitochon-

drial and cytosol subcellular fractions were isolated with

Mitochondria/Cytosol Fractionation Kit (Catalog No. K256-

100, BioVision) according to the manufacturer’s instructions.

The cytochrome-c in mitochondrial or cytosol subcellular frac-

tions was measured by the assay kit (Catalog No.: MCTC0,

R&D systems) according to the manufacturer’s instructions.

Then the ratio of cytochrome-c content in the cytosol fraction

and in the mitochondria fraction were calculated.

Apoptosis Measurement

After treatment, PC-3 cells were collected and re-suspended in

Annexin V binding buffer. Annexin V (5 ul) and propidium

iodide (1 ul) were added to each sample. Samples were incu-

bated for 10 min in the dark at room temperature. Apoptotic

cells were quantified by flow cytometry (BD Biosciences, San

Jose, CA, USA).

Caspase Activity Measurement

After treatment, PC-3 cells were lyzed and activities of cas-

pases were determined using caspase-3 and caspase-9 colori-

metric assay kits in accordance with the manufacturer’s

protocols (R&D Systems).

Terminal Deoxynucleotidyl Transferase dUTP Nick End
Labeling (TUNEL) Assay

Tumor samples were harvested and fixed with 4% paraformal-

dehyde for 4 h. After dehydration with graded sucrose solution,
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tumor samples were embedded in Optimal Cutting Tempera-

ture compound and 10 mm sections were cut sagittally with

freezing microtome (Sakura, the Netherlands). Apoptosis was

detected by the In Situ Cell Death Detection Kit (Roche

Applied Science, IN, USA) in accordance with the manufac-

turer’s protocols. Sections were visualized under the Olympus

BX60 microscope (Olympus, Shinjuku, Japan).

Quantitative Real-Time PCR

Total RNA was extracted with the Trizol and mRNA was tran-

scribed into cDNA with SuperScript master mix (Biorad).

Quantitative PCR was run on StepOne system using SYBR

green Supermix (Thermo Fisher) with comparative Ct value

method.

Western Blot Analysis

After treatment, PC-3 cells were harvested and lysed with

RIPA buffer (Sigma). Protein concentration was determined

using the bicinchoninic acid method. Equal protein (40 mg) was

subjected to sodium dodecyl sulfate polyacrylamide gel

electrophoresis with 4-12% gel and then transferred to polyvi-

nylidene difluoride membranes (Millipore, Darmstadt, Ger-

many). Membranes were blocked with 1% bovine serum

albumin for 1 h and then incubated with different primary

antibodies overnight at 4�C. Membranes were then incubated

with the secondary antibody for 1 h. The bands were detected

by the enhanced chemiluminescence system.

Xenograft Tumor Model

5� 106 PC-3 cells were injected subcutaneously into right flank

of nude mice. When tumor volume reached 50-100 mm3, tumor-

bearing mice were divided into 3 groups (5 mice per group) and

started the treatment. Enoxacin (1 and 2 mg/kg) was given by

intraperitoneal injection 3 times per week, mice treated with PBS

as negative control. When tumor volume reached 1500 mm3, all

tumor-bearing mice were sacrificed to harvest tumor samples.

Statistical Analysis

Data were expressed as mean + SD and analyzed with Graph-

Pad Prism 5.0 software. Data was analyzed by one-way anal-

ysis of variance (ANOVA) followed by LSD test. p < 0.05 was

considered as statistically significant difference between

groups.

Results

Enoxacin Inhibited the Proliferation of Prostate Cancer Cells

MTT assay was used to determine the anti-proliferative activ-

ities of Enoxacin on different cancer cells. Enoxacin had low

toxicity to the normal human prostate/stroma cells, but selec-

tively inhibited the proliferation of prostate cancer cells

(Table 1). PC-3 cells have higher metastatic potential com-

pared to other prostate carcinoma cells, such as DU145 or

LNCaP cells. Moreover, IC50 value of Enoxacin was lower

on PC-3 cells (Table 1), indicating Enoxacin was more potent

on PC-3 cells. Therefore, PC-3 cell line was chosen for the

remaining experiments. Our results showed that Enoxacin

Table 1. Growth Inhibition of Cultured Cells by Enoxacin.

Cell line Origin

Enoxacin

(IC50, mM)

Taxol

(IC50, nM)

WPMY-1 Normal human prostate/

stroma cell

>1000 >1000

A549 Lung adenocarcinoma 33.5 + 2.6 9.1 + 1.1

PANC-1 Pancreatic adenocarcinoma 160.3 + 14.3 15.3 + 1.4

HepG2 Hepatocellular carcinoma 183.2 + 13.9 29.2 + 3.8

PC-3 Prostate adenocarcinoma 20.2 + 2.3 19.5 + 2.2

DU145 Prostate carcinoma 21.5 + 2.5 13.8 + 1.5

LNCaP Prostate carcinoma 25.3 + 3.6 18.7 + 1.7

C4-2 Prostate carcinoma 28.6 + 3.3 9.8 + 1.2

U251 Glioblastoma 135.6 + 12.8 19.1 + 1.8

SK-MES-1 Squamous cell carcinoma 88.7 + 8.3 7.5 + 0.6

MCF-7 Breast adenocarcinoma 176.6 + 16.1 26.1 + 2.3

MG-63 Osteosarcoma 115.3 + 11.2 16.5 + 1.7

Figure 1. Enoxacin inhibited PC-3 cell proliferation. PC-3 cells were treated with Enoxacin at 1, 3, 10 mM up to 72 h. Cell number was counted

(A) and cell viability was measured by MTT assay (B). Data were expressed as mean + SD (n ¼ 3). *p < 0.05, **p < 0.01 vs. control group.
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demonstrated potent anti-proliferative activities against PC-3

cells in a dose-dependent manner, evidenced by counting the

cell number and MTT assay (Figure 1).

Enoxacin Induced Apoptosis of PC-3 Cells

To investigate whether the decreased cell viability by Enoxacin

involved apoptosis, the apoptosis-related markers were

detected after Enoxacin treatment. Compared with the control

group, Enoxacin treatment significantly decreased MMP;

increased cytochrome-c release and caspase-3/9 activities; and

induced apoptosis in PC-3 cells. Pro-apoptotic protein Bax,

cleaved caspase-3, cleaved caspase-9 and NOXA expression

increased, but anti-apoptotic protein Bcl-2 and MCL-1 expres-

sion decreased after Enoxacin treatment (Figure 2).

Enoxacin Increased Autophagy of PC-3 Cells

Effects of Enoxacin on PC-3 cell autophagy were explored by

examining the mRNA expression of Beclin-1 and protein levels

Figure 2. Enoxacin induced PC-3 cell apoptosis. After treatment for 48 h, Enoxacin caused depolarization of MMP (A); increased the release of

cytochrome-c (B); increased caspase activities (C); and increased apoptosis detected by Annexin V/PI staining (D). Moreover, Enoxacin

treatment changed apoptosis-related protein expression in PC-3 cells (E). Data were expressed as mean + SD (n ¼ 3). *p < 0.05, **p < 0.01

vs. control group.
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of LC3-I/LC3-II as well as P62. Our results showed that Enox-

acin significantly increased Beclin-1 mRNA expression in a

concentration-dependent manner. LC3-II protein expression

slightly increased, whereas LC3-I protein expression was

clearly reduced after Enoxacin treatment. Moreover, P62 pro-

tein expression also decreased after Enoxacin treatment

(Figure 3). These data suggested that Enoxacin treatment

increased autophagy in PC-3 cells.

Enoxacin Triggered ER Stress

Compared with the control group, Enoxacin treatment trig-

gered ER stress, evidenced by the up-regulation of gene and

protein expression of ER stress markers CHOP, GRP78, IRE1,

and ATF6 (Figure 4).

Enoxacin Slowed Tumor Growth in Xenograft Mouse
Model

Tumor-bearing mice were treated with Enoxacin at 1 or 2 mg/

kg. Enoxacin treatment at 2 mg/kg significantly slowed tumor

growth, evidenced by both tumor volume and tumor weight.

Moreover, Enoxacin treatment increased the DNA fragmenta-

tion showed by TUNEL assay (Figure 5).

Discussion

Although the survival of early-stage patients with prostate can-

cer has been improved significantly, the current treatment stra-

tegies remain unsatisfactory, largely due to the lack of effective

therapeutic approaches.13,14 To search for new therapeutics, we

reported a known compound Enoxacin, evaluated its anticancer

activities and further elucidated the underlying mechanisms

against prostate cancer, one most frequently encountered can-

cer in men.

Mammals have evolved complex death pathways, many of

which converge on apoptotic programs via the mitochondria.15

During the process of apoptosis, internal death cues trigger the

depolarization of mitochondrial membrane potential as a pre-

requisite to release the cytochrome-c from mitochondrial into

the cytosol. Released cytochrome-c binds with the apoptotic

protease activation factor to activate caspase-9.16 Activated

Figure 3. Enoxacin induced autophagy in PC-3 cells. PC-3 cells were treated with Enoxacin at 1, 3, 10 mM for 48 h. Cells were collected to

measure the mRNA and protein expression: (A) Beclin-1 mRNA expression; (B) LC3-I/LC3-II and P62 protein expression. Data were expressed

as mean + SD (n ¼ 3). *p < 0.05, **p < 0.01 vs. control group.

Figure 4. Enoxacin treatment triggered ER stress. After treatment for 48 h, Enoxacin increased the gene and protein expression of ER stress

markers CHOP, GRP78, IRE1 and ATF6 (A, B). Data were expressed as mean + SD (n ¼ 3). *p < 0.05, **p < 0.01 vs. control group.
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caspase-9 together with the caspase-3, an apoptotic executor,

activates endonucleases to cleave nuclear DNA and ultimately

leads to cell death.17 Bcl-2 family play pivotal roles in the

regulation of apoptosis in various cancers.18 As a crucial pro-

apoptotic protein in the Bcl-2 family, NOXA could interact

with the anti-apoptotic protein MCL-1 to trigger the apopto-

sis.19,20 NOXA/MCL-1 axis has been reported to be involved in

apoptosis in many tumor models.21 Our results demonstrated

that Enoxacin exerted the anti-cancer activities through indu-

cing apoptosis mainly mediated by mitochondrial dysfunction,

increased cytochrome-c release and activities of caspase-3/9.

Anti-apoptotic protein expression decreased, but pro-apoptotic

protein expression increased.

Autophagy plays an important role in cell metabolism,

which can degrade intracellular macromolecules and damaged

organelles to maintain cell homeostasis.22 Autophagy is asso-

ciated with cell apoptosis as a form of programmed cell

death.23 Recent research shows that chemotherapeutic drugs

could induce autophagy to increase apoptosis in cancer cells.24

Our results showed that exposing PC-3 cells to Enoxacin

caused autophagy, evidenced by a significant increase in the

expression of Beclin-1 gene, and decrease in the protein expres-

sion of LC3-I and P62.

Many mutations associated with cell damage result in the

production of misfolded proteins.25 If the misfolded proteins

are not efficiently degraded, they accumulate in the ER to cause

ER stress and activate apoptotic program.26 The ER stress eli-

cits the secretion of misfolded proteins to induce unfolded

protein response (UPR) signaling,27,28 which exerts a lot of

essential functions via the protein-misfolding capability of

ER stress-mediated cell apoptosis.29 As a transcription factor,

C/EBP homologous protein (CHOP) is an initiator of the ER

stress-induced apoptotic process.27 Furthermore, studies have

established that the secretion of GRP78 is a marker for ER

stress, due to its role as a major ER chaperone and its ability

to control the activation of transmembrane ER stress sensors

(IRE1 and ATF6).30 As signaling proteins in ER stress, IRE1

stimulates activation of the apoptotic-signaling kinase-1, which

activates downstream of stress kinases to promote apoptosis,

and ATF6 translocates to the Golgi compartment where it is

cleaved upon ER stress.31 Many chemotherapeutics activate

ER response while inducing apoptosis in cancer cells.32 In this

study, our data demonstrated that Enoxacin increased the gene

and protein levels of CHOP, GRP78, IRE1 and ATF6, which

are hallmarks of ER stress. ER stress is required in

mitochondria-dependent apoptosis in PC-3 cells following

Enoxacin treatment. Notably, this first-time finding might be

a novel mechanism of Enoxacin-induced ER stress and

apoptosis.

In conclusions, our study demonstrated that Enoxacin effec-

tively induced apoptosis in PC-3 cells both in vitro and in vivo.

Its underlying mechanism is most likely to be linked to the ER

Figure 5. Enoxacin treatment slowed the human prostate tumor growth in nude mice. Enoxacin treatment decreased the tumor volume (A) and

tumor weight (B); Enoxacin treatment increased the DNA fragmentation in tumors (magnification �400, scale bar ¼ 25 mm) (C). Data were

expressed as mean + SD (n ¼ 5). *p < 0.05, **p < 0.01 vs. control group.
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stress, providing the scientific rationale to develop Enoxacin as

a promising new therapeutic agent against prostate cancer.
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