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Abstract:

Accumulation of reactive oxygen species (ROS)-induced damage and mutations in the genomic DNA is considered the primary eti-

ology of aging and age-related pathologies including cancer. Strategies aimed at slowing these conditions often involve protecting

against oxidative DNA damage via modulation of the intracellular redox state. Recently, a biomarker of DNA double-strand breaks

(DSBs), serine 139-phosphorylated histone H2AX (�H2AX), and its upstream mediator, activated PI-3-related kinase, ATM

(ATM�����), were shown to be constitutively expressed in cells and modulated by antioxidant treatment. Thus, both constitutive his-

tone H2AX phosphorylation (CHP) and constitutive ATM activation (CAA) are thought to reflect a cell’s response to endogenous

ROS-induced DSBs. In the present study, we investigated the effects of a battery of fluoroquinolone (FQ) compounds, namely cipro-

floxacin, enrofloxacin, gatifloxacin, lomefloxacin and ofloxacin, on CHP and CAA in human TK6 lymphoblastoid cells. All FQs

tested reduced CHP and CAA compared to controls following 6 and 24 h treatment with CAA being more sensitive to their effects at

both time points. In addition, intracellular ROS levels and mitochondrial activities were also lowered in FQ-treated cells at 6 and 24

h. We presume that FQs mediate this effect via a combination of ROS-scavenging and mitochondrial suppression and therefore may

protect against the onset or may slow the progression of numerous oxidative pathophysiological conditions.
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Abbreviations: ATM����� – serine-1981-phosphorylated ATM,

CAA – constitutive activation of ATM, CHP – constitutive

histone H2AX phosphorylation, CPFX – ciprofloxacin, 2-DG

– 2-deoxy-D-glucose, DSBs – DNA double-strand breaks,

ENFX – enrofloxacin, FQs – fluoroquinolones, �H2AX – ser-

ine-139 phosphorylated H2AX, GTFX – gatifloxacin, GSH –

reduced glutathione, H�DCF-DA – 2’,7’-carboxyl-dichloro-

dihydrofluorescein diacetate, ICC – immunocytochemistry,

LMFX – lomefloxacin, MFC – multiparameter flow cytometry,

OFX – ofloxacin, PBLs – peripheral blood lymphocytes, PHA

– phytohemagglutinin, ROS – reactive oxygen species, SSLs –

DNA single-strand lesions

Introduction

In aerobic life, cells are continuously exposed to reac-

tive oxygen species (ROS) formed during normal cell

metabolism. These by-products, which are generated

by the incomplete reduction of molecular oxygen to

water, include superoxide and hydroxyl radicals and

hydrogen peroxide, as well as the secondary radicals

that can ‘leak’ from the mitochondrial membrane into
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the intracellular environment [17]. Although the high

reactivity of ROS does not permit their wide distribu-

tion, DNA is nonetheless a vulnerable biological tar-

get for oxidative damage. According to one approxi-

mation, approximately 5000 DNA single-strand le-

sions (SSLs), e.g. 8-oxoguanine, thymine glycol and

apurinic/apyrimidinic sites, per nucleus are generated

by endogenous ROS during a single cell cycle of av-

erage duration (24 h) [31]. It is estimated that 1% of

these SSLs are converted to DNA double-strand

breaks (DSBs) predominately during DNA replication;

thus, on average, 50 DSBs per nucleus/day arise as a re-

sult of endogenous oxidative stress [31]. If not re-

paired properly, DSBs can induce mutations in DNA

and/or cell death via apoptosis [19, 20]. Importantly,

accumulation of DNA damage and mutations has been

proposed as a key factor in the development of patho-

physiological conditions such as aging, cell senescence

and age-related processes including cancer [3, 7].

Phosphorylation of histone H2AX on serine 139,

defined as �H2AX, by activated PI-3-related kinases,

e.g. serine 1981-phosphorylated ATM (ATMP1981), is

known to occur following the formation of a DSB in

the nuclear chromatin [22, 23]. �H2AX acts as a mo-

lecular anchor, tethering broken DNA ends in close

proximity and facilitating the retention of DNA repair

factors at the damage site [1, 21]. Interestingly, a basal

level of �H2AX and ATMP1981 can be detected in un-

stressed cells, termed constitutive histone H2AX

phosphorylation (CHP) and constitutive activation of

ATM (CAA), respectively, and these are thought to

reflect a cell’s response to endogenous ROS-induced

DSBs [26]. Indeed, several studies have reported that

CHP and CAA can be modulated by antioxidants, glu-

cose anti-metabolite 2-deoxy-D-glucose (2-DG) and

growth at different cell densities, all of which affect

intracellular redox status [15, 28]. Tumor protein,

p53, status has also been shown to influence the level

of CHP in cultured cell lines [30]. The development

of monoclonal antibodies specific for �H2AX and

ATMP1981 has made the detection of these reporters of

DNA damage very simple, yet highly sensitive. Fur-

thermore, using immunocytochemistry (ICC) and

a multiparameter flow cytometric (MFC) approach al-

low one to detect and quantify CHP and CAA in

a high-throughput and rapid manner, and correlate

them with DNA content, i.e., cell cycle phase, and the

level of apoptosis [13, 18, 29].

We recently showed that the fluoroquinolone (FQ)

antibiotic, ciprofloxacin (CPFX), lowered the level of

CHP in a number of lymphoblast-derived cell lines

and confirmed its specific apoptosis-mediated cancer

cell-killing properties [25]. Thus, CPFX may be pro-

mising as a chemotherapeutic agent, as well as poten-

tially delaying the onset of aging and protecting

against neoplastic preconditioning in normal cells. In

the present study, we examined the effects of CPFX

and other FQ compounds, enrofloxacin (ENFX), gati-

floxacin (GTFX), lomefloxacin (LMFX) and ofloxa-

cin (OFX), on both CHP and CAA in TK6 lympho-

blastoid cells. In addition, we assessed intracellular

redox status, mitochondrial activity and cell cycle dis-

tributions as potential mechanisms of CHP and CAA

modulation.

Materials and Methods

Cell culture and treatment

TK6 (wild-type p53) human lymphoblast cells were

cultured in RPMI 1640 medium (GIBCO, OR, USA)

supplemented with L-glutamine (2 mM) and fetal bo-

vine serum (10%). Cells were treated with 20 µg/ml

of CPFX, GTFX, ENFX, LMFX and OFX (all dis-

solved in 0.1 M HCl except ENFX, which was dis-

solved in DMSO; Bayer HealthCare, Germany) (Fig. 1),

or vehicle alone for 6 or 24 h. All treatments were car-

ried out in at least duplicates.

Immunofluorescence

Following treatment, cells were fixed in paraformal-

dehyde (1%) for 15 min at 4°C and post-fixed in ice-

cold ethanol (70%) for at least 24 h at –20°C. Fixed

cells were incubated with BSA (1%) containing either

anti-�H2AX antibody (diluted 1:100; BioLegend, CA,

USA) or anti-ATMP1981 antibody (diluted 1:100; Mil-

lipore Corporation, MA, USA) for 1 h at 25°C. Fol-

lowing washing in BSA (1%), cells were incubated

with an Alexa Fluor 488 F(ab’)2 (diluted 1:100; Mo-

lecular Probes, OR, USA) for 30 min at 25°C. Cells

were counterstained with propidium iodide containing

RNase (both 10 µg/ml) and stored at 4°C overnight

prior to flow cytometric analysis.
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Fluorescence measurement and quantification

Cellular green (�H2AX or ATMP1981) and red (nuclear

DNA) fluorescence were measured using a FACScan

flow cytometer (Becton Dickinson, CA, USA) with

the standard emission filters for green (FL1) and red

(FL3) fluorescence as described in Halicka et al. [13].

At least 104 cells were counted per sample. To com-

pare changes in �H2AX and ATMP1981 fluorescence

intensity in relation to cell cycle phase, mean values

(integral values of individual cells) were calculated in

each phase by gating G1, S and G2M sub-populations

based on different DNA content. �H2AX and ATMP1981

mean fluorescences derived from G1, S and G2M

phases of FQ-treated cells were expressed as percent

of control.

Assessment of intracellular ROS

Intracellular ROS levels were measured using the

fluorescent probe, H2DCF-DA (Molecular Probes).

Briefly, treated cells were washed twice in PBS,

resuspended in pre-warmed PBS containing H2DCF-DA

(10 µM) and incubated at 37°C for 30 min. Cells were

subsequently washed and resuspended in PBS, and

their green (FL1) fluorescence was immediately

measured using a FACScan flow cytometer.

Assessment of mitochondrial transmembrane

potential

Evaluation of rhodamine 123 (Rh123) accumulation

in TK6 cells during treatment with FQs at a concen-

tration 20 µg/ml for 1 to 24 h has been done according

to Darzynkiewicz et al [4, 5]. First, 1 ml of cell sus-

pension was equilibrated with 1 µg/ml of Rh123 for

30 min in the dark. Cellular green (Rh123) fluores-

cence was measured using a FACScan flow cytometer

(Becton Dickinson, San Jose, CA, USA) with the

standard emission filters. Mean fluorescence in arbi-

trary units (AU) was evaluated and compared be-

tween non-treated control cells and cells incubated

with FQs for 6 and 24 h.

Results

FQ-mediated lowering of CHP

In control TK6 cells, CHP was detected in all phases

of the cell cycle (Fig. 2A, left panel). A representative

plot of FQ-mediated lowering of CHP is shown in

Fig. 2A (right panel); cells treated with 20 µg/ml

CPFX for 6 h clearly exhibited reduced CHP com-

pared to controls (left panel). Treatment of TK6 cells
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for 6 h with 20 µg/ml of all FQ compounds tested re-

sulted in lower CHP in all phases of the cell cycle

(ranges: G1; 7–22%, S; 12–19%, G2M; 0–22%) (Fig.

2B, left panel). Similarly, TK6 cells incubated for an

additional 18 h in the presence of 20 µg/ml of FQs

also had a reduced CHP level; however, this was less

pronounced than at 6 h (ranges: G1; 15–17%, S;

12–17%, G2M; 2–10%) (Fig. 2B, right panel).

FQ-mediated lowering of CAA

In control TK6 cells, CAA was detected in all phases

of the cell cycle (Fig. 3A, left panel). In a similar

manner to CHP, treatment with 20 µg/ml of CPFX for

6 h resulted in a lower CAA compared to controls, but

this effect was more pronounced than the effect on

CHP (Fig. 3A, right panel). Again, 20 µg/ml of FQ

treatment for 6 h resulted in markedly lower CAA in

all phases of the cell cycle (ranges: G1; 11–37%, S;

13–38%, G2M; 10–34%) (Fig. 3B, left panel). After

24 h, CAA remained low in TK6 cells treated with

20 µg/ml of FQ; however, this was less pronounced

than at 6 h (ranges: G1; 12–22%, S; 14–27%, G2M;

8–26%) (Fig. 3B, right panel).

Effects on intracellular ROS

Intracellular ROS levels were assessed in TK6 cells

treated with 20 µg/ml of FQ for 6 and 24 h using the

fluorescent probe, H2DCF-DA. All FQ compounds

tested markedly reduced (range: 23–39%) the levels

of intracellular ROS compared to controls following

6 h of treatment (Fig. 4, left panel). Intracellular ROS

levels remained lower (range: 9–27%) than controls
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Fig. 2. The effect of fluoroquinolone (FQ) treatment (20 µg/ml) on con-
stitutive histone H2AX phosphorylation (CHP) in TK6 cells. (A) Repre-
sentative plot of serine-139 phosphorylated H2AX (�H2AX) expres-
sion (CHP) in control cells (left panel). CHP in cells treated for 6 h with
ciprofloxacin (CPFX; right panel). A skewed solid line, which repre-
sents the maximal level of IF for 97% of the control cells, is included in
each plot for comparing the apparent attenuation of the maximal IF of
the treated cells vs. control cells. (B) CHP level in different phases of
the cell cycle following 6 h of FQ treatment relative to control (left
panel). CHP levels in different phases of the cell cycle after 24 h of FQ
treatment relative to control (right panel)

Fig. 3. The effect of fluoroquinolone (FQ) treatment (20 µg/ml) on con-
stitutive activation of ATM (CAA) in TK6 cells. A. Representative plot
of ATM����� expression (CAA) in control cells (left panel). CAA in cells
treated for 6 h with ciprofloxacin (CPFX; right panel). A skewed solid
line, which represents the maximal level of IF for 97% of the control
cells, is included in each plot for comparing the apparent attenuation
of the maximal IF of the treated cells vs. control cells. B. CAA levels in
different phases of the cell cycle following 6 h of FQ treatment relative
to control (left panel). CAA levels in different phases of the cell cycle
after 24 h of FQ treatment relative to control (right panel)



after 24 h of treatment; however, this was less pro-

nounced than at 6 h (Fig. 4, right panel).

Effects on the mitochondrial transmembrane

potential

Mitochondrial transmembrane potential was esti-

mated in TK6 cells exposed to 20 µg/ml of FQ for 6

and 24 h using the fluorescent probe, Rh123 [19]. All

FQ compounds tested had lower (range: 6–26%) mi-

tochondrial potential compared to controls following

6 h of treatment (Fig. 5, left panel). Mitochondrial po-

tential remained reduced in cells treated with CPFX

(6%), ENFX (18%) and OFX (3%) for 24 h (Fig. 5,

right panel). In contrast, the activity of mitochondria

in cells following 24 h of treatment with GTFX

(107%) and LMFX (102%) was slightly increased

(Fig. 5, right panel).

Effects on the cell cycle

Cell cycle phase distributions were evaluated follow-

ing 6 and 24-h treatment with 20 µg/ml of FQs. Treat-

ment for 6 h with all FQs tested resulted in no change

in the cell cycle phase distribution compared to con-

trols. No change in relative cell counts was also ob-

served (data not shown). In contrast, 24 h of FQ treat-

ment induced a slight G2M cell cycle phase accumu-

lation (range: 5–6%) compared to controls, without

having any detectable effects on G1 and S phases

(Tab. 1). Importantly, this was reflected in the relative

cell counts (% of control) determined after 24 h of

treatment (CPFX; 60%, ENFX; 81%, GTFX; 80%,

LMFX; 69% and OFX; 70%).

Discussion

Oxygen is an absolute requirement for energy produc-

tion in eukaryotic cells and low levels of intracellular

ROS are known to be essential for normal physiologi-

cal function [6]. On the other hand, ROS production

by endogenous processes, e.g., oxidative metabolism

and the accumulation of oxidative damage, is consid-

ered the primary etiology of aging and associated pa-

thologies [17, 31]. Many strategies aimed at slowing

the aging process and cancer prevention focus on pro-
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Fig. 4. The effect of fluoroquinolone (FQ) treatment (20 µg/ml) on in-
tracellular reactive oxygen species (ROS) levels after 6 h (left panel)
and 24 h (right panel). Data expressed as percent of controls (100%)
± SEM. CPFX – ciprofloxacin, ENFX – enrofloxacin, OFX – ofloxacin,
GTFX – gatifloxacin, LMFX – lomefloxacin, H�DCF-DA – 2’,7’-carboxyl-
dichloro-dihydrofluorescein diacetate

Fig. 5. The effect of fluoroquinolone (FQ) treatment (20 µg/ml) on mi-
tochondrial activity after 6 h (left panel) and 24 h (right panel). Repre-
sentative data expressed as percent of controls (100%). CPFX –
ciprofloxacin, LMFX – lomefloxacin, GTFX – gatifloxacin, OFX –
ofloxacin, ENFX – enrofloxacin, Rh123 – rhodamine 123

Tab. 1. The effect of fluoroquinolone (FQ) treatment (20 µg/ml) on cell
cycle phase distribution of TK6 cells after 24 h. Data are expressed
as percent of cells ± SEM

CTRL CPFX ENFX GTFX LMFX OFX

G� 36 ± 1 34 ± 0.5 33 ± 1 33 ± 1 34 ± 2 31 ± 2

S 53 ± 3 50 ± 0.5 50 ± 0.5 51 ± 0.5 50 ± 0.5 52 ± 1

G�M 11 ± 4 16 ± 0.5 17 ± 0.5 16 ± 0.5 16 ± 1 17 ± 1

CPFX – ciprofloxacin, ENFX – enrofloxacin, GTFX – gatifloxacin,
LMFX – lomefloxacin, OFX – ofloxacin



tecting against oxidative DNA damage, primarily via

the scavenging of endogenous ROS.

It is postulated that CHP reflects ongoing DNA

damage caused by ROS produced during cell meta-

bolic activity. Quiescent cells, e.g., peripheral blood

lymphocytes (PBLs), that reside in G0 phase of the

cell cycle show minimal levels of CHP; however, it is

increased many-fold upon stimulation with the poly-

valent mitogen, phytohemagglutinin (PHA) [27]. We

recently reported that the FQ antibiotic, CPFX, re-

duced the levels of CHP in various cultured cells, in-

cluding PHA-stimulated PBLs [25]. The aim of the

present study was to further investigate the effects of

CPFX and other FQ compounds on CHP in TK6 cells

as well as on one of its upstream mediators, ATMP1981

(CAA). In addition, we sought to elucidate the mecha-

nism underpinning this apparent effect by investigat-

ing the intracellular redox status as well as aspects of

cell metabolic activity and cell cycling.

Compared to control cells, CHP was reduced fol-

lowing treatment with 20 µg/ml of CPFX, ENFX,

GTFX, LMFX and OFX for both 6 and 24 h. Gener-

ally, each FQ compound lowered �H2AX by a similar

degree in each phase of the cell cycle, i.e., there was

no cell cycle phase-specificity. We next examined the

effects on CAA in the same cells. A more pronounced

reduction in ATMP1981 compared to CHP in all phases

of the cell cycle was observed, a phenomenon that has

been reported before [14, 32]. Activation of ATM, fol-

lowed by phosphorylation of histone H2AX is a rapid

cellular response to the generation of DSBs in the nu-

clear chromatin [1, 21–23]. Since our studies were

conducted with purported non-genotoxic FQ concen-

trations, individual treatments clearly resulted in a de-

cline in response to endogenous ROS-induced DSBs.

This finding suggests that either FQs interfere with

the machinery that elicits this DNA damage response,

thus leaving many DSBs unidentified by the cell, or,

more likely, that they directly modulate the level of

damaging intracellular ROS.

Antioxidant treatment (N-acetyl-L-cysteine) has

previously been shown to reduce both CHP and CAA

in A549, TK6 and normal bronchial epithelial cells

[26, 32]. Moreover, A549 cells growing for 24 h in

the presence of buthionine sulfoximine, a glutathione

(GSH)-depleting agent, displayed highly elevated lev-

els (~60%) of CHP in S and G2M phases, compared to

controls [26]. In the present study we utilized the

fluorogenic probes, H2DCF-DA and Rh123, to assess

intracellular ROS levels and mitochondrial potential,

respectively, in FQ-treated TK6 cells. A similar ap-

proach was recently used in conjunction with ICC and

MFC to study the effects of 2-DG on CHP and CAA

in PHA-stimulated PBLs [28] or TK6 cells with the

biscoclaurine alkaloid cepharanthine [14]. Following

6 h of FQ exposure, we observed that both ROS- and

mitochondrial activity-associated fluorescence de-

tected by each probe was markedly lower in treated

cells than in controls. Thus, it appears that the intra-

cellular status was modulated by FQs via an inhibi-

tory effect on mitochondrial activity. However, the

discordance between CHP/CAA status, which re-

mained lower compared to controls, and increased

mitochondrial potential following 24 h of treatment

with GTFX and LMFX suggests that another mecha-

nism may also play a role. An antioxidant-related ef-

fect, i.e., intracellular scavenging of endogenously-

generated ROS, is plausible based on the evidence

that rebamipide, a quinolone derivative used in gastric

ulcer therapy, is a potent ROS scavenger and reported

to attenuate levels of oxidative DNA damage in hu-

man gastric mucosal cells [12]. It should also be noted

that the level of mitochondrial transmembrane poten-

tial may not necessarily be correlated with the overall

metabolic activity and the production of ROS [5]. In-

terestingly, the cell cycle progression as reflected by

the DNA content frequency histograms was only dis-

rupted after 6 h treatment, indicating that these redox

effects impacted upon cell proliferation rather than

cell cycle status is responsible for altering the redox

balance.

Our findings differ from a number of studies de-

scribed in the published literature. It is well known

that FQs stimulate hydroxyl radical production inside

bacteria, ultimately contributing to their death [16].

With a mechanism distinct to its well-understood pho-

totoxic effects, CPFX was reported to alter GSH re-

dox status in rat liver and brain tissue, and, further-

more, its metabolism by a hepatic microsomal system

resulted in ROS generation [2, 9, 11, 24]. CPFX has

also been shown to have pro-oxidant effects in pri-

mary cultures of rat astrocytes, causing DNA damage

that can be partially modulated by vitamin E [10].

However, concentrations used in this in vitro study

were at least 7.5-fold higher than in our model, and

end points, e.g., DNA damage, were measured after

both 24 and 48 h of treatment. It is possible that such

DNA damage was induced as part of an apoptotic or

cytotoxic response, as an earlier study reported sig-

nificant cytotoxicity at � 50 mg/l [8].
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We believe that, at low concentrations, CPFX as

well as GTFX, ENFX, LMFX and OFX may attenu-

ate mitochondrial activity as well as function as anti-

oxidants; thus offering protection against the DNA

damaging effects of endogenous ROS. CPFX in par-

ticular appears to hold promise as an anti-tumor drug

as it specifically induces apoptosis in cancer-derived

cells, in addition to potentially slowing the aging pro-

cess, e.g., cell senescence, and protecting against neo-

plastic preconditioning in normal cells.
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