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Abstract:

Cepharanthine (CEP), a biscoclaurine (bisbenzylisoquinoline) alkaloid isolated from Stephania cepharantha Hayata, is widely used
in Japan to treat variety of diseases. Among a plethora of its biological activities CEP was reported to be able to scavenge radicals and
prevent lipid peroxidation. We have recently described the phenomenon of constitutive ATM activation (CAA) and histone H2AX
phosphorylation (CHP), the events that report DNA damage induced by endogenously generated radicals, the product of oxidative
metabolism in otherwise healthy, untreated cells. The aim of the present study was to explore whether CEP can attenuate the level of
CAA and CHP, which would indicate on its ability to protect DNA against endogenous oxidants. The data show that indeed the levels
of CAA and CHP in human lymphoblastoid TK6 cells were distinctly lowered upon treatment with CEP. Thus, exposure of cells to
8.3 uM CEP for 4 h led to a reduction of the mean level of CAA and CHP by up to 60% and 50%, respectively. At 1.7 pM CEP the
reduction of CAA and CHP after 4 h was 35% and 25%, respectively. Cells exposure to CEP led to a decrease in the level of
ondogenous oxidants as measured by the ability to oxidate the fluorescent probe 5-(and-6)-carboxy-2’,7’-dichloro-
dihydro-fluorescein diacetate. No evidence of apoptosis was seen during the first 8 h of treatment with CEP but initiation of
apoptosis (caspase-3 activation) was detected in relatively few (< 10%) cells after exposure to 8.3 pM CEP for 24 h. The data
strongly suggest that the scavenging properties of CEP provide a protection of DNA from the radicals generated endogenously
during oxidative metabolism.
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Abbreviations: ATM — Ataxia telangiectasia mediated protein
kinase, BSA — bovine serum albumin, CAA — constitutive
ATM activation, CEP — cepharanthine, CHP — constitutive his-
tone H2AX phosphorylation, DI — DNA index, DSB — DNA
double strand break, H2DCF-DA-5-(and-6)-carboxy-2",7’— di-
chlorodihydrofluorescein diacetate, IF — immunofluorescence,
ROS — reactive oxygen species

Introduction

Cepharanthine (CEP) is a biscoclaurine (bisbenzyliso-
quinoline) amphipathic alkaloid isolated from Stepha-
nia cepharantha Hayata. CEP or extracts from this
plant are widely used, primarily in Japan, to treat vari-
ety of acute and chronic diseases (for review see
[10]). Among the conditions being treated with CEP
are alopecia areata [24], venomous snakebites [18],
radiotherapy-caused leukopenia [26], malaria [5] and
septic shock [12, 34]. Other pharmacological activi-
ties reported to be mediated by CEP are: inhibition of
plasma membrane lipid peroxidation that leads to
membrane stabilization [40], inhibition of histamine
release [25], immuno-modulation [22], anti-inflam-
matory effect [12], anti-allergic effect [21], anti-HIV
effect [27], multidrug resistance-reversing effect [9],
inhibition of platelet aggregation [35, 36] and antitu-
mor activity [14, 51].

Such great multitude of diverse effects of CEP sug-
gests that at least some of them may be mediated by
a common mechanism. One mechanism that may be
considered involves the free-radicals scavenging
property of this alkaloid. Indeed there is strong evi-
dence that CEP can effectively scavenge radicals such
as superoxide anion, hydroxyl radical and nitric oxide
[19, 20, 28, 49]. The potent radicals scavenging prop-
erties of CEP may mediate several of the effects listed
above, such as inhibition of the lipid peroxidation
[40], protection from carcinogens [51], anti-inflam-
matory properties [12] or protection from radio-
therapy-induced leukopenia [26]. DNA in live cells is
exposed to oxidants generated during metabolic activ-
ity and to external oxidants or oxidant-inducers. This
leads to oxidative DNA damage which is considered
the primary cause of cell aging, senescence and pre-
disposition to cancer [4, 11, 50]. We have recently re-
ported that DNA damage induced by endogenous oxi-
dants manifests as constitutive activation of Ataxia te-
langiectasia mutated (ATM; CAA) protein kinase
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concurrent with constitutive phosphorylation of his-
tone H2AX (CHP) [17, 41, 4548, 52]. Both, activa-
tion of ATM through its phosphorylation on Ser-1981
[2, 3, 29] as well as phosphorylation of H2AX on
Ser-139 [32, 38] is generally recognized markers of
DNA damage. The damage that involves formation of
DNA double-strand breaks (DSBs) triggers a charac-
teristic response revealed by the concurrent activation
of ATM and H2AX phosphorylation, which when de-
tected immunocytochemically, manifest as character-
istic distinct foci of immunofluorescence (IF) [3, 38].

Given the reported radicals-scavenging properties
of CEP we were interested to explore whether this al-
kaloid can attenuate the extent of CAA and CHP. The
attenuation of CAA and CHP by CEP would be an in-
dication of CEP ability to protect DNA against en-
dogenous oxidants. Our present data clearly demon-
strate that indeed, the extent of CAA and CHP has
been reduced in TK6 lymphoblastoid cells exposed to
CEP. The reduction of CAA and CHP was paralleled
by a decrease in the level of endogenous reactive oxy-
gen species (ROS).

Materials and Methods

Cells and culture conditions

Human B cell lymphoblastoid TK6 cells were kindly
provided by Dr. Howard Liber of Colorado State Uni-
versity, Fort Collins, CO [37]. The cells were grown
in 25 ml FALCON flasks (Becton Dickinson Co.,
Franklin Lakes, NJ) in RPMI 1640 supplemented
with 10% fetal calf serum, 100 units/ml penicillin,
100 pg/ml streptomycin and 2 mM L-glutamine (all
from GIBCO/BRL Life Technologies, Inc., Grand Is-
land, NY) at 37°C in an atmosphere of 5% CO, in air.
At the onset of the experiments, there were fewer than
5 x 10° cells per ml in culture such that the cells were
at an exponential and asynchronous phase of growth.

Cell treatment

The cultures were treated with 1.7 uM or 8.3 uM CEP
(AXXORA LLC, San Diego, CA) as described in the
legends to figures. Control cultures were treated with
the equivalent volumes of dimethylsulfoxide (Sigma
Chemical Co., St. Louis MO) that was used to prepare
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stock solutions of the drug. In parallel experiments we
also used preparations of CEP that are clinically used
in Japan (Cepharanthin inj., Lot No KO22196). Fol-
lowing incubation with the drug the cells were then
fixed in suspension in 1% methanol-free formalde-
hyde (Polysciences, Inc., Warrington, PA) in PBS for
15 min on ice, followed by suspension in 80% ethanol
where they were stored at —20°C for up to 24 h.

Immunocytochemical detection of ATM activa-
tion, yYH2AX and activated caspase-3

The fixed cells were washed twice in PBS and sus-
pended in a 1% (w/v) solution of bovine serum albu-
min (BSA; Sigma) in PBS for 30 min to suppress non-
specific antibody (Ab) binding. The cells were then
incubated in 100 pl of 1% BSA containing anti--
phospho-histone H2A. X (Ser-139) mAb (Upstate, Lake
Placid, NY, 1:100) or anti-phospho-ATM (Ser-1981)
mAb (Upstate, 1:100) or cleaved caspase-3 (Aspl75)
Ab (Cell Signaling, Danvers, MA, 1:100) and incu-
bated for 2 h at room temperature. The cells were
rinsed with 1% BSA in PBS (100 g, 5 min) and, after
centrifugation, the cell pellets were resuspended in
100 pl of PBS containing 1% BSA and Alexa Fluor
488 goat anti-mouse or anti-rabbit IgG (H+L) (Mo-
lecular Probes/Invitrogen, Eugene, OR, 1:100) for 30
min at room temperature in the dark. The cells were
then counterstained with 10 pg/ml PI (Molecular
Probes) in the presence of 100 pg/ml of RNase A
(Sigma) for 30 min at room temperature. Other details
of immunocytochemical detection of activated ATM
and YH2AX are given elsewhere [13, 15, 16].

Detection of intracellular ROS

The intracellular level of ROS was measured with the
fluorescent probe 5-(and-6)-carboxy-2’,7’-dichloro-
dihydrofluorescein diacetate (H2DCF-DA, Molecular
Probes) [39]. Briefly, untreated or treated with 8.3 uM
DEP cells suspended in culture medium were pre-
incubated with 10 uM H2DCF-DA for 30 min at
37°C. A 1 ml aliquot of cell suspension was then
taken from the flask and cell green fluorescence (FL1)
was measured using a FACScan flow cytometer
(Becton-Dickinson, San Jose, CA). Other details of
the procedure are described elsewhere [42, 45, 46].

ATM-1981F and yH2AX IF measurements

Cellular green (FITC) and red (PI) fluorescence of
cells in suspension was measured using a FASCcan
flow cytometer (Becton-Dickinson). The red (PI) and
green (FITC) fluorescence from each cell were sepa-
rated and quantified using the standard optics and
CELLQuest software (Becton-Dickinson). Gating
analysis was carried out to obtain mean values of
ATM-S1981P and yH2AX IF for G; (DNA Index; DI
=0.9-1.1), S (DI = 1.2-1.8) and G,M (DI = 1.9-2.1)
cells in each experiment. The mean values (+ SEM)
for cells in each of these cell cycle phases, after the
subtraction of the mean values of the non-specific
(background) fluorescence of the cells immu-
nostained with the irrelevant IgG, are presented in
Figure 2. Each experiment was run in duplicate or
triplicate. All experiments were repeated at least
twice. Other details are given in figure legends.

Results

Figure 1 illustrates the effect of CEP on CAA and
CHP on TK6 cells. The respective bivariate distribu-
tions (scatterplots) show the level of expression of
ATM-S1981P and yYH2AX IF in individual cells in re-
lation to their position in the cell cycle. It is quite evi-
dent that cell treatment with CEP reduced the level of
expression of both ATM-S1981P and yH2AX. The
reduction was CEP concentration dependent, more
pronounced in cells treated with 8.3 uM than with
1.7 uM of CEP, and was apparent in cells regardless
of their cell cycle phase. The inspection of DNA con-
tent frequency histograms (Fig. 1, insets) indicates
a decrease in proportion of cells in S and G,M- and an
increase in proportion of Gj-phase cells in cultures
treated with CEP, more pronounced at 8.3 uM con-
centration, compared to the untreated (Ctrl) cells.
Using gating analysis the mean values of ATM-
S1981P and YH2AX IF were calculated for cells in Gy,
S and G,M phases of the cell cycle, respectively, of
the untreated and CEP-treated cells (Fig. 2). The data
show a reduction of in mean ATM-S1981° and
YH2AX IF, more pronounced in the case of ATM-
S1981P than yYH2AX IF, of the cells treated with CEP
compared to control. The maximal effect was seen in
reduction of ATM-S1981P IF of the S-phase cells,
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Fig. 1. Attenuation of CAA and CHP in TK86 cells by CEP.Exponentially growing TK6 cells were treated with 1.7 uM or 8.3 uM CEP for 4 h then
fixed and their expression of ATM-S1981" and yH2AX, detected immunocytochemically, was measured by flow cytometry concurrent with
measurement of cellular DNA content, which is expressed as DNA index (Dl). Based on differences in Dl one can identify cells in G, S and G,M
phases of the cell cycle as shown in the left (Ctrl) panel. The dashed skewed lines indicate the mean level of fluorescence of cells immu-
nostained with irrelevant IgG used as negative control. DNA content frequency histograms from the respective cultures are shown in the three

right panels

500
I Ctrl

400 EDCEP1.7uM
[ CEP 8.3 uM

G, s

G,M

Fig. 2. Effect of CEP on ATM-51981"

400
Il Ctrl
1 CEP 1.7 uM
3004 B CEP 8.3 uM
b
<
T 2004
>
1001
0_
G, S G,M

and yH2AX expression in TK6 cells in relation to their position in the cell cycle. The mean values of

ATM-S1981" and YH2AX IF (£ SEM) for cells in Gy, S and G,M phases of the cell cycle were estimated by gating analysis of the bivariate distri-
butions as shown in Figure 1, as described in Materials and Methods. Note a reduction of IF in the cells treated with CEP in relation to Ctrl, most

pronounced in the case of ATI\/I—S1981P IF of the S-phase cells

whose mean IF was decreased well over 50% after
treatment with 8.3 uM CEP. The minimal extent of re-
duction was observed in expression of YH2AX IF in
G -phase cells.

Induction of apoptosis in cells treated with CEP has
been monitored by immunocytochemical detection of
activated (cleaved) caspase-3, as described before
[31]. No evidence of caspase activation was observed
during the initial 8 h of the treatment either with 1.7
or 8.3 uM CEP (not shown). However, the presence
of cells characterized by activated caspase-3 was ob-
served in cultures treated with 8.3 uM CEP for 24 h
while treatment with 1.7 pM CEP for such length of
time had no visible effect (Fig. 3). There was no dis-
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tinct evidence of cell cycle phase specificity in terms
of induction of apoptosis, although proportion of cells
characterized by activated caspase-3 was somewhat
higher among S- as compared to G;- or G,M-phase
cells (Fig. 3).

Figure 4 illustrates effect of treatment of TK6 cells
on their ability to oxidize H2DCF-DA. This fluoro-
chrome, which is widely used to probe the presence of
reactive oxidants within the cell, penetrates plasma
membrane and is not fluorescent unless oxidized. The
raw data showing frequency histograms of intensity
of H2DCF-DA fluorescence (left panel) clearly indi-
cate that oxidation of H2DCF-DA was attenuated in
cells treated with CEP (note that scale of H2DCF-DA
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Fig. 3. Induction of apoptosis in cells treated with CEP.The cells exposed in culture to 1.7 or 8.3 uM CEP for 24 h were harvested and the pres-
ence of activated caspase-3, the marker of induction of apoptosis, was detected immunocytochemically concurrently with measurement of
DNA content. The skewed dashed line marks the upper level of immunofluorescence for cells showing no caspase-3 activation. While fewer
cells than 1% showed activated caspase-3 (Ap) in control and in 1.5 pM CEP-treated cultures, 9% apoptotic cells were present in the culture

containing 8.3 uM CEP
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Fig. 4. Effect of treatment of TK6 cells on with DEP on their ability to oxidize H2DCF-DA. The cells were left untreated (Ctrl) or were exposed in
culture to 8.3 uM CEP for 2, 3 or 4 h, subsequently for 30 min to H2DCF-DA, and intensity of their green fluorescence was then measured by cy-
tometry. The frequency distribution histograms shown in the left panel represent untreated cells and cells treated with CEP for 4 h (CEP), meas-
ured under identical conditions. The right panel shows mean values (+ SD) of green fluorescence of cells untreated (zero time point), and ex-

posed to CEP for 2, 3 and 4 h

fluorescence is exponential). When expressed in
terms of mean values of fluorescence intensity (right
panel) the data show that oxidation of this probe was
reduced in CEP-treated cells in proportion to the time
of their treatment, reaching nearly 50% reduction
level after 4 h.

Discussion

Exposure of cells to genotoxic agents such as radia-
tion, radiomimetic antitumor drugs or certain carcino-

gens/mutagens was reported to trigger extensive ATM
activation and H2AX phosphorylation (for reviews
see [15, 43, 44]). Concurrent activation of ATM and
phosphorylation of histone H2AX, thus, are being
recognized as sensitive reporters of DNA damage, of-
ten reflecting formation of DSBs [2, 3, 38]. In con-
trast to the radiation-, drug-, or mutagen-induced acti-
vation of ATM and H2AX phosphorylation the CAA
and CHP occur in normal- and in tumor-cells un-
treated with any genotoxic agents. Our recent findings
provided strong evidence that a large portion of CAA
and CHP occurs in response to DNA damage caused
by metabolically generated ROS (for reviews see [41,
52]). Furthermore, cytometric analysis of the extent of
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CAA and CHP provided the means to measure the ef-
fectiveness of exogenous and endogenous factors,
which either through lowering aerobic metabolism or
neutralizing radicals protect DNA from such damage
[52]. The present data demonstrate that CEP markedly
reduced extent of CAA and CHP in TK6 cells as well
as lowered the level of endogenous oxidants in these
cells. The reduction of CAA and CHP was observed
well prior to initiation of apoptosis, which was seen
only at high CEP concentration and after 24 h (Fig. 3).
Likewise there was no marked effect of CEP on cell
cycle progression except of a minor prolongation of
G, phase as evidenced by the changes in DNA content
histograms (Fig. 1). Neither apoptosis, thus, nor meta-
bolic changes that otherwise accompany suppression
of cell cycle progression [45], could be held account-
able for the observed reduction of CAA and CHP in
CEP-treated cells. Our findings thus indicate that CEP
protects nuclear DNA from the damage induced by
endogenous oxidants. Most likely the protection is
mediated by the antioxidant properties of this bisco-
claurine alkaloid.

As mentioned in the Introduction, there is indeed
strong evidence that the scavenging of free radicals is
one of many biological activities of CEP [19, 20, 28,
49]. In addition to direct scavenging of oxidants [19,
20] CEP can also reduce their generation by suppress-
ing PKC and NADH oxidase activation [7, 23, 49].
Suppression of PKC may lead to a decrease in the
overall metabolic activity, which as it was recently
shown [45], markedly lowers constitutive oxidative
DNA damage in conjunction with a decrease in quan-
tity of ROS.

It should be noted that in addition to the deleterious
effects such as induction of oxidative DNA damage or
lipid peroxidation ROS function also as intracellular
signaling molecules (for review see [6]). In this ca-
pacity, they can affect variety of metabolic and signal-
ing pathways that are essential for cell survival or re-
sponse to drugs. It is possible, therefore, that the ob-
served antioxidant properties of CEP contribute to the
multitude the diverse effects exerted by this bisco-
claurine alkaloid, as reviewed in detail [10].

The lymphoblastoid TK6 cells express wt pS3 [37].
It was observed that the level of CHP varies between
the cells differing in expression of tumor suppressor
p53, being the highest for cells with wt p53 and dis-
tinctly lower for cells with mt or null p53 status [48].
Among its many functions p53 induces transcription
of genes that not only trigger the cell’s response to
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DNA damage, but also modulate oxidative stress [1,
30, 33]. It was shown that cancer chemoprevention by
some antioxidants is mediated by p53 [8]. It is possi-
ble, therefore, that the protective effect of CEP on oxi-
dative DNA damage as observed in TK6 cells may
vary in extent in the case of cells expressing dysfunc-
tional p53.
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