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Abstract
The present study aimed to assess the influence of ciprofloxacin (CIP) against the doxorubicin (DOX)-resistant androgen-
independent prostate cancer DU145 cells. The DOX-resistant DU145 (DU145/DOX20) cells were established by exposing 
DU145 cells to the increasing concentrations of DOX. The antiproliferative effect of CIP was examined through employing 
MTT, colony formation, and 3D culture assays. DU145/DOX20 cells exhibited a twofold higher  IC50 value for DOX, an 
increased ABCB1 transporter activity, and some morphological changes accompanied by a decrease in spheroid size, adhe-
sive and migration potential compared to DU145 cells. CIP (5 and 25 µg  mL−1) resulted in a higher reduction in the viability 
of DU145/DOX20 cells than in DU145 cells. DU145/DOX20 cells were more resistant to CIP in 3D culture compared to 
the 2D one. No spheroid formation was observed for DU145/DOX20 cells treated with DOX and CIP combination. CIP 
and DOX, alone or in combination, significantly reduced the growth of DU145 spheroids. CIP in combination with 20 nM 
DOX prevented the colony formation of DU145 cells. The clonogenicity of DU145/DOX20 cells could not be estimated due 
to their low adhesive potential. CIP alone caused a significant reduction in the migration of DU145 cells and resulted in a 
more severe decrease in the wound closure ability of DOX-exposed ones. We identified that CIP enhanced DOX sensitivity 
in DU145 and DU145/DOX20 cells. This study suggested the co-delivery of low concentrations of CIP and DOX may be a 
promising strategy in treating the DOX-resistant and -sensitive hormone-refractory prostate cancer.

Keywords Ciprofloxacin · Clonogenicity · Doxorubicin-resistant cells · Migration ability · Prostate cancer · Spheroid 
growth

Introduction

Doxorubicin (DOX), a member of anthracycline family, has 
been utilized as an agent to treat hormone-refractory prostate 
cancer (HRPC) [1] although its use is limited by its side 
effects and acquired resistance, which is a major clinical 
obstacle to successful treatment [2, 3]. DOX induces DNA 

intercalation, DNA breaks, topoisomerase II inhibition, and 
free radical generation [4]. The mechanisms for drug resist-
ance are complex, including increased drug efflux, decreased 
drug influx, drug target alternation, drug inactivation, 
enhanced DNA damage repair, and reduced apoptosis [5], all 
of which are energy-dependent and require ATP. Based on 
the results of in vitro studies, the drug-resistant cancer cells 
have higher intracellular ATP than the non-resistant ones 
do [6]. Emerging studies demonstrated that the growth of 
cancer cells declines when blocking major ATP-generating 
pathways, glycolysis and oxidative phosphorylation [6, 7].

The ciprofloxacin (CIP) belonging to fluoroquinolone 
family inhibits bacterial DNA topoisomerase II (DNA 
gyrase) [8] and has been commonly consumed for urinary 
tract and prostatic infections due to its ability to excrete and 
penetrate into urine and prostatic compartments perfectly 
[9]. Further, CIP inhibits eukaryotic topoisomerase II, espe-
cially its mitochondrial isoform, and eventually decreases 
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mtDNA content and ATP production, and induces oxidative 
stress and intrinsic apoptotic pathway [10–12]. Several stud-
ies reported the safety and therapeutic efficacy of CIP and its 
combination with chemotherapeutic drugs on various cancer 
cells [13–16]. However, in vitro evidence have shown that 
CIP at high concentration exhibits anticancer activity. On 
the other hand, there are few reports on the ability of CIP to 
sensitize chemoresistant cancer cells to chemotherapeutic 
drugs, such as DOX and docetaxel [17–19].

To date, no study has focused on the effect of CIP on the 
DOX-resistant HRPC cells, to the best of our knowledge. In 
the present study, human prostate cancer DU145 cell line 
was used as a model of the androgen-independent pros-
tate cancer cells and the DOX-resistant DU145 (DU1454/
DOX20) subline was established by continuous exposure to 
the increasing concentrations of DOX. Then, the effect of 
CIP was evaluated on the cell proliferation, migration, col-
ony, and spheroid formation of DU145 and DU145/DOX20 
cells. Moreover, the ABCB1 function and the mRNA expres-
sion of ABCC4 were assessed using efflux transporter activ-
ity assays and qRT-PCR, respectively. Low concentrations 
of CIP seem to improve the anticancer efficacy of DOX on 
the DOX-resistant and -sensitive hormone-refractory pros-
tate cancer.

Materials and methods

Cell cultures

Human prostate cancer DU145 cell line was provided from 
the Cell Bank of Ferdowsi University of Mashhad and 
maintained in RPMI-1640 (Biosera, France). Furthermore, 
human foreskin fibroblasts (HFF) were a gift from Tissue 
Engineering Laboratory in the Department of Biology, 
Ferdowsi University of Mashhad, which were cultured in 
DMEM (Biosera, France). Both media were supplemented 
with 10% FBS, 100 U  mL−1 penicillin, and 100 µg  mL−1 
streptomycin.

Establishment of DOX‑resistant DU145 cells

In order to establish the DU1454/DOX20 subline, DU145 
cells were first cultured in the RPMI1640 medium contain-
ing 10 nM DOX (Venus Remedies Limited companies, 
Iran) for 6 days and the drug concentration was doubled. 
The DU145 cells could survive and grow exponentially in 
the medium containing 20 nM DOX for more than 1 month, 
whereas they could not grow in the presence of 40 nM DOX 
and gradually detached from the bottom of flasks after less 
than 6 days of culture [20]. The established cells that were 
survived in 20 nM concentration of DOX were named as 
DU1454/DOX20 cells. All experiments were performed 

with DU1454/DOX20 cells continuously cultured in 20 nM 
DOX for 1–2 weeks.

Cell viability assay

The influence of CIP (Samen Pharmaceutical, Iran) and 
DOX on the viability of DU145 and DU145/DOX20 cells 
was assessed using MTT (Sigma Aldrich, USA) assay. The 
24-h-cultured DU145 cells were exposed with the various 
doses of CIP (12.5–100 μg  mL−1) for different time periods. 
The cells were also treated with different concentrations of 
DOX (10–1500 nM) for 48 h in order to determine the  IC50 
values of DOX against DU145 and DU145/DOX20 cells. 
HFF cells was considered as control normal cells. Addi-
tionally, DU145 and DU1454/DOX20 cells were treated 
with 5 and 25 µg  mL−1 CIP in the absence or existence of 
20 nM DOX. The cells cultured in medium without CIP in 
the absence or presence of 20 nM DOX were considered as 
the controls. After each treatment, MTT solution (10 µL, 
5 mg  mL−1) was added to each well. The cultured super-
natant was replaced with DMSO after 4 h. The absorbance 
at 570 nm was measured using an ELISA reader (BioTek, 
ELX800, USA) and the percentage of cell viability was cal-
culated using Eq. 1. The values of half maximal inhibitory 
concentration  (IC50) of each drug were determined based 
on the semi-logarithmic dose–response curves by GraphPad 
Prism 6 software [21].

Wound‑healing assay

The wound-healing assay was performed to evaluate the 
influence of FBS on the migration potential of DU145 cells 
and the efficacy of CIP and DOX on the wound closure abil-
ity of DU145 and DU145/DOX20 cells. For this purpose, 
the cells (at a density of 1 ×  105 cells per well) were cul-
tured in 6-well plates. After 48 h incubation, an artificial 
homogeneous wound was introduced using a sterile yellow 
micropipette tip in the center of the monolayer cells and then 
the cells were cultured in medium with or without FBS. For 
explore the effect of drugs on the cell migration, the cells 
were treated with FBS-free medium containing CIP (5 and 
25 μg  mL−1) and DOX (20 nM), alone or in combination, 
immediately after scratching. The wound area of each treat-
ment was photographed immediately after wound incision 
and then every day for 2–3 days on an inverted microscope 
(LABOMED iVu3000-TCM400, Germany) at ×40 mag-
nification. The scratch area was measured by ImageJ 1.44 

(1)

%Cell viability

=

(

OD570 of treated cells − OD570 of background

OD570 of control (untreated) cells − OD570 of background

)

× 100
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software and migration percentage was obtained using Eq. 2 
[22].

Clonogenic survival assay

Clonogenic survival assay was performed to assess the effect 
of CIP (5 and 25 μg  mL−1) and DOX (20 nM) on the clono-
genicity of DU145 and DU145/DOX20 cells. In this regard, 
the cells (500 and 500–100,000 cells per well of a 24-well 
plate for DU145 and DU145/DOX20 cells, respectively) 
were treated with drugs alone or combination of both for 
9 days, fixed with methanol, and stained with 0.5% crystal 
violet. Then, the number of colonies was counted and the 
plating efficiency percentage (P.E.%) was calculated using 
Eq. 3 [23].

Spheroid formation assay

The cells (1000 cells per well) were cultured on the 0.5% 
low-melting agarose-coated wells of a 96-well plate for 
24 h. The cell aggregates were then collected, mixed with 
0.24 mg  mL−1 collagen (Corning, Life Sciences, USA), 
and transferred to 0.5% agarose-coated wells. After a 
30-min incubation, a culture medium containing CIP (5 
and 25 µg  mL−1) with or without DOX (20 nM) was added 
to each well and incubated at 37 °C. The cells cultured in 
medium without CIP in the absence or presence of 20 nM 
DOX were considered as controls. Spheroids were photo-
graphed immediately after seeding (day 0) and then every 
day for 8 days using an inverted microscope (LABOMED 
iVu3000-TCM400, Germany). The size and relative area of 
spheroids were, respectively, determined using ImageJ 1.44 
software and Eq. 4 [24].

Transporter activity assays

DOX is known to transport by ATP-binding cassette B1 
transporter (ABCB1) [25]. The activity of ABCB1 trans-
porter in DU145 and DU145/DOX20 cells was assessed 
through determining the intracellular accumulation of 

(2)

Cellmigration(%)

=

(

Wound area af ter wounding −Wound area at various times af ter wounding

Wound area af ter wounding

)

× 100

(3)

Plating eff iciency(%) =
Number of colonies formed

Number of cells seeded
× 100

(4)

Relative spheroid area =
Spheroid area at various post-seeding times

Spheroid area on day 3 after seeding

Hoechst 33342, rhodamine 123 (Rho 123), and DOX, which 
are fluorescent substrates for ABCB1, as described earlier 
with some modifications [26–28]. For the Hoechst 33342 
efflux assay, the 48 h-cultured cells were preincubated with 
transport assay buffer (5.3 mM KCl, 1.1 mM  KH2PO4, 
0.8 mM  MgSO4, 1.8 mM  CaCl2, 11 mM d-glucose, 10 mM 
HEPES, and 136 mM NaCl, pH 7.4). After 20 min of incu-
bation at 37 °C, transport assay buffer was replaced with one 
containing 5 µg  mL−1 Hoechst 33342 (Invitrogen, USA) in 
the absence or presence of 50 μM verapamil (an inhibitor 
of ABCB1). Assay was stopped by the addition of ice-cold 
transport assay buffer at 90 min of incubation at 37 °C [29, 
30]. The cellular accumulation of Hoechst 33342 was meas-
ured at an excitation wavelength of 360 nm and an emission 
wavelength of 460 nm using Synergy Multi-Mode Reader 
(BioTek) and expressed as mean of arbitrary units (a.u.). For 
Rho 123 and DOX accumulation assays, a total of 3 ×  105 
cells were incubated with 10 μg  mL−1 Rho 123 (Sigma, Ger-
many) or 20 nM DOX for 60 min and 120 min, respectively, 
in the dark at 37 °C and 5%  CO2. After twice washing with 
PBS, the cells were resuspended in 0.5 mL of PBS and the 
fluorescence intensity of the intracellular Rho 123 and DOX 
was detected by a BD FACSCalibur flow cytometer (Becton 
Dickinson Biosciences, San Jose, CA) at 530 nm (FL1) and 
580 nm (FL2), respectively, and data were analyzed using 
FlowJo software (version 7.6.1).

Quantification of ATP‑binding cassette sub‑family C 
member 4 (ABCC4) through using qRT‑PCR

The mRNA expression of efflux transporter ABCC4 was 
quantified through applying comparative relative real-time 
PCR. Briefly, 1 μg of total purified RNA was transcribed 
into cDNA with random primers using a first-strand synthe-
sis cDNA kit (Parstous, Iran). Quantitative real-time PCR 
was performed in duplicate reactions using SYBR Green 
detection (AMPLIQON, Denmark) on a LightCycler® 96 
Real-Time PCR System thermocycler (Roche, Germany). 
The expression was normalized using glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). Primers utilized in 
PCR include ABCC4 forward: 5′-GAA ATT GGA CTT CAC 
GAT TTA AGG -3′, reverse: 5′-TTC CAC AGT TCC TCA TCC 
GT-3′; GAPDH forward: 5′-GGA AGG TGA AGG TCG GAG 
TCA-3′, reverse: 5′-GTC ATT GAT GGC AAC AAT ATC CAC 
T-3′. Furthermore, the PCR was run at 95 °C for 15 min, 
followed by 40 cycles of 95 °C for 15 s, 59 °C for 20 s, and 
72 °C for 20 s. The relative quantification of ABCC4 expres-
sion was analyzed through using the  2−ΔΔCt method. In the 
present study, the mRNA expression higher or less than one-
fold relative to the corresponding gene expression in DU145 
cells was considered as overexpression or underexpression, 
respectively [31].
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Statistical analysis

The statistical significance was determined through employ-
ing One-way ANOVA and the Student’s t-test using Graph-
Pad Prism 6 software and p < 0.05 was considered as sig-
nificant. All data from a minimum of three independent 
experiments with at least three wells for each condition were 
expressed as mean ± SEM (or SD).

Results

Establishment of DOX‑resistant DU145 Cells

DOX-resistant DU145/DOX20 cells were established by 
exposing the parental DU145 cells to twofold increasing 
concentrations of DOX. DU145 cells were able to grow 
exponentially in the presence of 20 nM DOX even after 
1 month, although the adhesion ability of DU145/DOX20 
cells decreased compared to the parental DU145 cells. We 
found that the parental cells could not survive in the medium 
containing 40 nM DOX after 6 days and gradually detached 
from the bottom of flasks. As shown in Fig. 1a, the  IC50 

Fig. 1  The  IC50 graphs of 
DU145 and DU145/DOX20 
cells treated with various 
concentrations of doxorubicin 
(DOX) (a). Average Hoechst 
33342 fluorescence intensity 
(arbitrary units, a.u.) for DU145 
and DU145/DOX20 cells in 
the absence or presence of 
verapamil (b). Data show the 
means ± SD of three independ-
ent experiment. b: p < 0.01 and 
c: p < 0.001. Accumulations 
of rhodamine (Rho 123) (c) 
and doxorubicin (DOX) (d) in 
DU145 and DU145/DOX20 
cells as determined using flow 
cytometry and one of represent-
ative flow cytometry histogram 
from three independent experi-
ments is presented
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value of DOX in DU145/DOX20 cells (569.5 ± 53.8 nM) 
was about twofold higher than that in DU145 ones 
(284.5 ± 83.7 nM) (p = 0.04), indicating a lower suscepti-
bility of DU145/DOX20 cells to the cytotoxic activity of 
DOX. Given the overexpression of some ATP-binding cas-
sette (ABC) membrane transporters in cancer chemother-
apy resistance and the role of ABCB1 in DOX resistance, 
hence, we examined the ABCB1 activity in both DU145 
and DU145/DOX20 cells with the fluorescent P-glycopro-
tein (Pgp) substrates, Hoechst 33342, Rho 123, and DOX 
[32–34]. As evident in Fig. 1b, the fluorescence intensity 
of Hoechst 33342 in DU145/DOX20 cells was lower than 
that in DU145 cells (p < 0.01). Moreover, the fluorescence 
intensity was markedly increased in DU145/DOX20 cells 
(68%) by verapamil treatment (p < 0.001), whereas its flu-
orescence level in DU145 cells was enhanced to a lesser 
extent (p > 0.05). The results of Rho 123 and DOX accumu-
lation assay showed that they were markedly accumulated 
in the parental DU145 cells, more than those observed in 

DU145/DOX20 cells (Fig. 1c, d). These data indicate that 
the ABCB1 transporter was functionally more active in this 
DOX-resistant sub-line of DU145 cells than in the parental 
DU145 cells. We also found that some of DU145/DOX20 
cells exhibited morphological changes such as becoming 
flatter and larger than DU145 cells and some appeared multi-
nucleated (Fig. 2a). In addition, we assessed intracellular 
granularity by flow cytometry. Through this analysis, we 
observed an increase in the granularity of DU145/DOX20 
cells (21.70 ± 5.23%) compared to the parental DU145 cells 
(5.84 ± 0.23%) (p < 0.05) (Fig. 2b).

Cytotoxicity assay

The MTT results represented that CIP reduced the prolifera-
tion of DU145 cells in a time- and concentration-depend-
ent manner. As evident in Table 1, the  IC50 values of CIP 
for DU145 cells were much higher than those for DU145/
DOX20 cells. Additionally,  IC50 values against DU145 and 

Fig. 2  Representative phase 
contrast images of the parental 
DU145 cells and DU145/
DOX20 cells (×40 magnifi-
cation). Red circles indicate 
enlarged binucleated and 
multinucleated cells containing 
five nuclei, respectively (a). Dot 
plots of size distribution (SSC 
side scatter) versus granularity 
(FSC forward scatter) of DU145 
and DU145/DOX20 cells 
generated from flow cytometric 
analysis of levels of granular-
ity (b)

Table 1  IC50 values (µg  mL−1) 
for DU145 and DU145/DOX20 
cells treated with ciprofloxacin 
at various time points

Time (days) 1 2 3 5 7 9

DU145 177.3 ± 5.9 105 ± 4.3 48.2 ± 0.4 36.57 ± 5.5 47.07 ± 8 37.1 ± 6.7
DU145/DOX20 65.1 ± 15.8 35.3 ± 3.6 44.8 ± 5.8 19.9 ± 5.9 23.6 ± 4.7 15.6 ± 0.13
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DU145/DOX20 cells decreased during the first 3 and 5 days, 
respectively, and then remained constant. DU145/DOX20 
cells exhibited lower  IC50 values compared to the parental 
DU145 cells. The  IC50 concentration of CIP on normal HFF 
cells at 48 h (443.5 ± 63.4 μg  mL−1) was significantly higher 
than that on DU145 ones (105.0 ± 4.3 μg  mL−1) (p = 0.02), 
indicating that CIP is safe without obvious cytotoxicity to 
normal cells. Two concentrations of CIP, 5 µg  mL−1 (serum 
concentration) [35] and 25 µg  mL−1 (1/4  IC50) for which 
cell viability remained higher than 75% after 48 h of expo-
sure, were selected for next experiments. The viability of 
DU145 and DU145/DOX20 cells treated with CIP (5 and 
25 μg  mL−1) in the absence or presence of DOX (20 nM) 
is shown in Fig. 3a and b, respectively. We found that CIP 
(5 μg  mL−1) alone and DOX alone had no obvious effect on 
the viability of DU145 cells over the first 2 days, whereas 
their combination significantly reduced the cell viability 
during this period (Fig. 3a). Further, a significant reduction 
was observed in the viability of DU145 cells treated with 
CIP (5 and 25 μg  mL−1) and DOX, alone or in combination, 
from Day 3 to Day 5. As displayed in Fig. 3b, the inhibitory 
effect of CIP on the proliferative potential of DU145/DOX20 
cells was also time- and concentration-dependent in both 
the absence and presence of 20 nM DOX. CIP alone (5 and 
25 μg  mL−1), but not DOX alone, had inhibitory effect on 
the viability of DU145/DOX20 cells over the experimental 
time period of 5 days. Moreover, no significant difference 
was observed between the viability of the CIP-exposed 
DU145/DOX20 cells in the absence or presence of 20 nM 
DOX during the first 2 days, indicating the effectiveness of 
CIP alone in reducing the viability of DU145/DOX20 cells 

within 48 h. The combination of 25 or 5 μg  mL−1 CIP with 
20 nM DOX resulted in a higher reduction in the viability 
of DU145/DOX20 cells as compared to either treatment 
alone since the 3rd and 4th day of treatment, respectively. 
These findings reflected that CIP could improve the sensi-
tivity of the DU145/DOX20 cells to DOX after 2–3 days of 
exposure. Furthermore, both concentrations of CIP (5 and 
25 µg  mL−1) led to a significantly higher reduction in the 
viability of DU145/DOX20 cells compared to the parental 
DU145 cells, indicating higher sensitivity of DU145/DOX20 
cells to CIP.

Wound‑healing assay

Figure 4 depicts the results of wound-healing assay on 
the DU145 cells treated with CIP (5 and 25 μg  mL−1) 
alone or in combination with DOX (20 nM). Given that 
previous studies have shown that FBS can induce cell 
migration [36]. The motility of DU145 cells was first 
assessed in both the existence and absence of FBS. The 
scratch closure of DU145 cells occurred at a faster rate 
in the presence of FBS compared with its absence (com-
plete wound closure after 2 days versus 3 days of incuba-
tion) (Fig. 4a), indicating that cell migration significantly 
increased in the presence of FBS. The stimulatory effect 
of serum on the cell migration is probably due to the pro-
liferative activity of FBS [37, 38]. Further, we performed 
all wound-healing assays in FBS-free medium for 2 days 
because DOX (20 nM) alone exhibited no significant tox-
icity on both cell types during the first 48 h of treatment. 
CIP alone and DOX alone had a clear negative effect on 

Fig. 3  Time course changes in the viability of DU145 cells treated 
with CIP (5 and 25 μg   mL−1) in the absence or presence of 20 nM 
DOX (a). The viability of DU145/DOX20 cells treated with 5 and 

25 μg   mL−1 CIP in the absence or presence of 20 nM DOX (b). a: 
p < 0.05, b: p < 0.01, c: p < 0.001, and d p: < 0.0001 vs. untreated 
cells. Data show the means ± SEM of three independent experiment
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the migration of the parental cells at 2-day post-wounding 
(p < 0.0001 for 5 μg  mL−1 CIP and p < 0.01 for 20 nM 
DOX) (Fig. 4b). The combination of CIP with DOX led 
to a more severe decrease in the wound closure rate of 
DU145 cells (p < 0.0001). No significant effect on the 
wound closure ability of DU145/DOX20 cells by CIP 
and DOX alone was observed at 2-day post-wounding 
(Fig. 5), whereas exposure of DU145/DOX20 cells to a 
combination of 25 μg  mL−1 of CIP and DOX resulted in a 
significant decrease in the extent of cell migration.

Clonogenic survival assay

Figure 6 represents the results related to the clonogenic 
assay of DU145 cells. DOX (20 nM) inhibited the colony 
formation ability of DU145 cells by 89%, while CIP (5 and 
25 μg  mL−1) treatment resulted in an increase in their clono-
genic potential. Additionally, the exposure of DU145 cells 
with CIP in combination with DOX prevented colony forma-
tion. The efficacy of CIP on the colony formation ability of 
DU145/DOX20 cells in the absence or presence of 20 nM 

Fig. 4  The influence of FBS 
and ciprofloxacin (CIP) on the 
migration ability of DU145 
cells. Representative images of 
in vitro wound-healing assay 
taken at 0–3 days post-wound-
ing (×40 magnification) and 
the percentage of migration for 
DU145 cells in the presence or 
absence of FBS (a). Repre-
sentative images of in vitro 
wound-healing assay taken 
at 0–2 days post-wounding 
(×40 magnification) and the 
percentage of migration for 
CIP-treated DU145 cells in 
the absence of FBS without or 
with 20 nM doxorubicin (DOX) 
(b). a: p < 0.05, b: p < 0.01, 
and d: p < 0.0001 vs. control 
(untreated) cells. Data show the 
means ± SD of three independ-
ent experiments
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Fig. 5  The impact of cipro-
floxacin (CIP) on the migra-
tion ability of DU145/DOX20 
cells. Representative images of 
in vitro wound-healing assay 
taken at 0–2 days post-wound-
ing (×40 magnification) and 
the percentage of cell migration 
for DU145/DOX20 cells in the 
absence of FBS without or with 
20 nM doxorubicin (DOX). 
a: p < 0.05 and b: p < 0.01 vs. 
control (untreated) cells. Data 
show the means ± SD of three 
independent experiments

Fig. 6  Representative images of colony formation assay and the plat-
ing efficiency (%) of DU145 cells treated with ciprofloxacin (CIP) in 
the absence or presence of 20 nM DOX. a: p < 0.05, c: p < 0.001, and 

d: p < 0.0001 vs. control (untreated) cells. Data show the means ± SD 
of three independent experiments
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DOX was performed with the cell seeding density ranging 
from 500 to 100,000 cells per well. At lower cell densities 
(< 1 ×  105 cells per well), the cells were detached from the 
plate surface a few days after plating and no colony was 
detected over 9 days. The colonies were adjacent to each 
other and no single colony was observed at high cell density 
(1 ×  105 cells per well) even in 2 days.

Spheroid culture

The results of spheroid formation assay are illustrated in 
Fig. 7. As shown, the relative area of DU145 and DU145/
DOX20 spheroids enhances over 8 days, which is statisti-
cally significant only for DU145 spheroids (p < 0.0001, 
day 2 versus days 6 and 8; p < 0.001, day 4 versus day 6; 
p < 0.0001, day 4 versus day 8; p < 0.0001, day 6 versus 
day 8). In addition, the relative area of DU145 spheroids 

(from 1.82 ± 0.29 to 12.47 ± 2.61) was increased more 
than that of DU145/DOX20 cells (from 1.28 ± 0.23 to 
1.94 ± 0.51). Treatment with DOX (20 nM) and CIP (5 and 
25 μg  mL−1) alone could significantly decrease the growth 
of DU145 spheroids at 8 day after seeding (p < 0.0001) 
(Fig. 7a). There was no significant difference between the 
area of the DU145 spheroids treated with 5 μg  mL−1 CIP 
alone and those exposed to its combination with DOX, 
while the combination of 25 μg  mL−1 CIP and DOX pre-
vented the spheroid formation. Further, no difference was 
observed between the area of the DU145/DOX20 sphe-
roids exposed or not exposed to 20 nM DOX (Fig. 7b). The 
size of the DU145/DOX20 spheroids does not decline in 
the existence of CIP or DOX. Furthermore, DOX and CIP 
(5 and 25 μg  mL−1) combination treatment resulted in no 
spheroid formation at all, indicating that their combina-
tion effectively suppressed the growth of spheroids in 3D 
cultures.

Fig. 7  The influence of ciprofloxacin (CIP) on the growth of DU145 
and DU145/DOX20 spheroids over 8  days. Representative images 
(×100 magnification) and the relative area of DU145 (a) and DU145/

DOX20 (b) spheroids treated with CIP in the absence or presence of 
20 nM doxorubicin (DOX). d: p < 0.0001 vs. control (untreated) cells. 
Data show the means ± SD of three independent experiments
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ABCC4 expression

We analyzed the mRNA expression of ABCC4 in DU145 
and DU145/DOX20 cells in order to study the CIP efflux 
transporter. No substantial difference in the ABCC4 mRNA 
expression level between both cell types was observed (Sup-
plementary Fig. 1).

Discussion

DOX, one of the most effective chemotherapeutic drugs 
against a variety of cancers, can induce drug resistance 
through various mechanisms, such as drug efflux pump 
ABCB1 [39]. Active DOX efflux in drug-resistant cells 
results in reduced its intracellular accumulation and antitu-
mor efficacy. CIP, as a potential antibiotic for genitourinary 
cancer treatment, has been reported to sensitize HRPC cell 
lines (PC-3 and LNCaP) to DOX at millimolar concentra-
tions [18]. In the present study, the effect of micromolar con-
centrations of CIP [5 μg  mL−1 (15.1 µM) and 25 μg  mL−1 
(75.4 µM)] was assessed on the cell proliferation, migration 
potential, colony formation capacity, and spheroid growth 
of the acquired DOX-resistant DU145 cells. We showed that 
the DU145/DOX20 cells was considerably more sensitive to 
CIP than the parental DU145 cells. The combination of CIP 
with DOX resulted in a significant decrease in the viability 
and no spheroid formation of DU145/DOX20 cells.

DU145 cells, as a model of androgen-independent 
prostate cancer cells, were continuously exposed with the 
increasing concentrations of DOX to establish the acquired 
DOX-resistant DU145 sub-cell line (DU145/DOX20). 
DU145/DOX20 cells had a twofold higher  IC50 value for 
DOX than the parental DU145 cells, indicating a decreased 
sensitivity of DU145/DOX20 cells to DOX. This finding 
was confirmed by efflux transporter activity assays, which 
showed higher ABCB1 transporter activity for DOX in 
DU145/DOX20 cells relative to DU145 cells. Further, the 
adhesive capacity of DU145/DOX20 cells decreased com-
pared to that of DU145 ones so that DU145/DOX20 cells 
at low densities were detached from the plate surface a few 
days after plating. This transformation may be related to 
the epithelial–mesenchymal transition (EMT) process which 
is characterized by cell morphology change from epithelial 
round phenotype to mesenchymal spindle-shaped phenotype 
and reduction in cell–cell adhesion [40]. In addition, DU145/
DOX20 cells represented morphological changes such as 
enlarged and flattened shape, which is in line with the results 
of Shankaranarayanan et al. [41]. Furthermore, a consider-
able of DU145/DOX20 cells were multinucleated, known as 
polyploid giant cancer cells (PGCCs) or poly-aneuploid can-
cer cells (PACCs), which may be attributed to the increased 
stress. A similar finding was reported by Amend et al., who 

observed the formation of PGCCs after 72 h exposure of 
PC-3 cells with LD90 docetaxel [42]. PGCCs have been 
documented as emerging in response to stress, like the rep-
licative stress occurring after exposing to chemotherapeutic 
drugs. These cells are associated with metastasis and exhibit 
resistance to anticancer therapy, and therapeutically target-
ing them is of utmost importance [43–46].

The MTT results indicated that CIP resulted in decreasing 
the growth of DU145 and DU145/DOX20 cells in a time- 
and dose-dependent manner. In addition, the  IC50 value of 
CIP against the normal HFF cells was significantly higher 
than that of DU145 ones, which suggests that CIP can be 
considered as an adjuvant for prostate cancer therapy with-
out side effects on normal cells. This result is in agreement 
with that obtained by Aranha et al., which demonstrated the 
significant less efficacy of CIP on the growth of normal pros-
tate epithelial cells (MLC8891) compared to the PC3 ones 
[13]. In the present study, the antiproliferative activity of 
CIP on the DOX-resistant DU145 cells was reported for the 
first time. The growth inhibitory effect of CIP on DU145/
DOX20 cells was more than that on DU145 ones in both 
the absence and presence of 20 nM DOX, which reflects 
the greater susceptibility of DU145/DOX20 cells to CIP 
in 2D culture. DOX at 20 nM concentration had no cyto-
toxicity against DU145/DOX20 cells over the experimen-
tal time period and no significant difference was observed 
between the viability of CIP-treated DU145/DOX20 cells 
in the absence or in the presence of 20 nM DOX during 
the first 2 days. However, the combination of DOX with 
25 μg  mL−1, or with 5 μg  mL−1 CIP resulted in greater effi-
cacy than either drug alone since the 3rd and 4th day of 
treatment, respectively. Our findings are consistent with 
previous studies that indicated the chemosensitizing effect 
of CIP to ABCB1 substrates [17, 18]. Based on the results 
of the previous studies, chemoresistant cells require more 
ATP to maintain drug efflux transporters activity, as well 
as the homeostasis of survival pathways under stress condi-
tions [47]. An increased intracellular ATP in chemoresistant 
cell lines may be caused by enhancing aerobic glycolysis 
and mitochondrial ATP synthesis [48]. CIP impairs mito-
chondrial DNA replication and transcription, and leads to 
mitochondrial respiratory chain dysfunction, which in turn 
reduces the intracellular ATP level [10]. Indeed, Kozieł et al. 
[49] reported that 25 μg  mL−1 CIP resulted in decreasing 
ATP content and capacitive  Ca2+ entry in Jurkat cells.

ABCC4 (Mrp4), a CIP transporter, is widely expressed 
in neoplastic prostate epithelial cells and gradually down-
regulated during malignant tumor progression [50]. We pro-
posed that the greater sensitivity of DU145/DOX20 cells 
to CIP compared to the parental cells may be related to a 
decrease in ABCC4 expression. For this purpose, the mRNA 
abundance of ABCC4 in the parental DU145 and DU145/
DOX20 cells was determined using qRT-PCR. We observed 
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a slight, non-significant decrease in the mRNA expression of 
ABCC4 in DU145/DOX20 cells compared to DU145 cells 
(Fold change = − 0.08). It seems that the mRNA expres-
sion level of ABCC4 transporter offers no explanation of 
susceptibility of DU145/DOX20 cells to CIP. Given that 
CIP has been known to have a protein binding efficiency 
of 20–30% [51] and probably able to diffuse in the various 
subcellular compartments such as lysosome [52]; therefore, 
the sensitizing effect of CIP can be likely related to the 
increased retention time of CIP in cells through intracellular 
distribution and compartmentalization or binding to still-
undefined cellular constituents such as soluble proteins [53]. 
Moreover, several reports revealed that CIP stimulated the 
ATPase activity of ABCB1 by competitively binding to the 
ATP-binding site and inhibiting drug efflux function [17]. 
The present findings also indicate that the DOX resistance 
of DU145/DOX20 cells may be ABCC4 expression-inde-
pendent. These results are in line with those of the previous 
ones which demonstrated the irresponsibleness of ABCC4 
for DOX resistance [54].

Additionally, the plating efficiency of DU145 cells was 
determined 16.0 ± 1.0%, which is consistent with the results 
of the previous studies [55]. The results of colony formation 
assay indicated the decrease of the colony forming ability 
of DU145 cells exposed to DOX (20 nM). Further, CIP (5 
and 25 μg  mL−1) caused an increase in the clonogenicity of 
DU145 cells. Phiboonchaiyanan et al. reported an increase 
in the colony number of human non-small cell lung cancer 
(NSCLC) cells pretreated with CIP at non-toxic concentra-
tions (2.5 and 5 µg  mL−1) [35], which confirms the results 
of the present study. They suggested that CIP induces can-
cer stem cells phenotypes in NSCLC cells. The plating effi-
ciency of DU145/DOX20 cells could not be estimated due 
to their low adhesive potential.

Further, we found that scratch wounds in DU145 and 
DU145/DOX20 cells were closed by 67.0 ± 5.0% and 
13.0 ± 2.0% at 48 h, respectively. The observed low migra-
tion ability of DU145/DOX20 cells may be due to their low 
adhesion properties. Exposure with CIP alone and DOX 
alone led to a marked reduction in the motility of the paren-
tal DU145 cells at 2-day post-wounding time point, and a 
more severe decrease in the migration was observed in com-
bination treatment. DOX alone had no significant effect on 
the wound closure ability of DU145/DOX20 cells over a 
period of 2 days, while its combination with 25 μg  mL−1 CIP 
resulted in an obvious decrease in their scratch closure rate 
within 2 days post-wounding. These data indicated the inhib-
itory effect of CIP on the cell migration induced by DOX. 
Previous studies have shown a direct relationship between 
mitochondrial membrane potential and drug resistance and 
suggested mitochondrial activity inhibition is considered 
as a promising strategy to prevent metastasis in the drug-
resistant cancer cells [56].

Analysis of spheroid images showed an increase in the 
average diameter of the parental DU145 spheroids from 
170 ± 29 µm on day 0 to 523 ± 55 µm on day 8. As large 
spheroids (with diameter over 500–600 μm) tend to form 
the necrotic core due to limited nutrient diffusion and severe 
hypoxia, as well as the accumulation of waste products and 
decreased pH [57], the spheroid growth assay was conducted 
for a period of 8 days. Furthermore, we observed that CIP 
alone and DOX alone suppressed the growth of the parental 
DU145 spheroids, but not of DU145/DOX20 cells. There 
was no significant increase in the growth of DU145/DOX20 
spheroids over 8 days. No spheroids were formed by DU145/
DOX20 cells treated with the combination of 20 nM DOX 
and 5 or 25 μg  mL−1 of CIP and by DU145 cells exposed to 
DOX in the presence of 25 μg  mL−1 CIP. These results sug-
gested that the combination of CIP with DOX may potenti-
ate toxicity in both cell types. Finally, DU145 and DU145/
DOX20 cells were more resisted to CIP in 3D culture than 
2D one, which may be related to the difference between 2 
and 3D microenvironments, which profoundly influences 
drug diffusion. These results are in agreement with those 
of some studies which reflected that malignant cancer cells 
usually are more chemoresistant in 3D culture.

CIP is relatively non-toxic and presents a high volume 
of distribution. The recommended dose of CIP for chronic 
bacterial prostatitis is 500 mg orally or 400 mg intravenously 
every 12 h for 28 days. The maximum serum concentration 
of CIP after both administrations is 3–5 μg  mL−1 [51, 58]. 
CIP can be administered in high doses for longer periods 
of time (750 and 1000 mg for more than 1 week). Its serum 
concentration increases proportionately with doses up to 
1000 mg and is not beyond 7 µg  mL−1 [59, 60]. Generally, 
CIP is widely distributed throughout the body, and prostate 
concentrations often exceed serum concentrations (2–2.45 
times the plasma levels) [61]. The highest concentration 
of CIP, which can be achieved in the prostate, has been 
reported to be 15 μg  mL−1 [15]. CIP concentrations tested 
in this study were 5 μg  mL−1 and 25 μg  mL−1, which were 
equal to its concentration in human plasma and 1.7 times 
higher than clinically achievable in prostatic tissue, respec-
tively. Nevertheless, 25 μg  mL−1 concentration of CIP in the 
prostate might be achieved through targeted drug delivery 
systems to prostatic tumor cells [62].

In summary, we indicate the effect of CIP on resensi-
tizing DOX-resistant DU145 cells to DOX treatment. The 
results of this study suggested the possible usefulness of 
CIP in treating the prostate cancer resistant and sensitive to 
DOX. Finally, additional studies are required to identify the 
mechanism(s) involved in the CIP-induced cytotoxic effects 
on DOX-resistant HRPC cells.
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