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Short Title: Berberine acts by damaging DNA in HelLa cells

Abstract

Molecular damage of DNA plays an important role in the cell killing and several anti-neoplastic agents exert their
cytotoxic effects by inducing DNA damage in the cancer cells. DNA damaging effect of various concentrations of
berberine chloride (BCL), an isoquinoline alkaloid was studied in HelLa cells by alkaline comet assay. The DNA
damage has been expressed as olive tail moment (OTM). Incubation of HelLa cells with BCL for 4 h showed greater
amount of DNA damage (OTM) than 2 h treatment. BCL treatment caused a concentration dependent rise in the
DNA damage in HelLa cells and exposure of HelLa cells with 1 pg/ml BCL caused a10 fold rise in baseline DNA
damage, whereasa maximum rise in DNA damage was observed in HelLa cells exposed to 8 ug/ml BCL. The study
of DNA repair kinetics at different BCL post-treatment times revealed a constant rise in the DNA damage in BCL
treated cells up to 24 h except for 1 -4 ug/ml BCL, where the highest DNA damage was observed at 12 h post-BCL
treatment. The clonogenic assay showed that BCL treatment resulted in a concentration dependent rise in its cell
killing effect. The cell survival and molecular DNA damage in HelLa cells treated with BCL has an inverse correlation
indicating that with increased DNA damage cell survival declined. Our study demonstrates that anti-neoplastic effect
of BCL is mainly due to its ability to cause damage to the cellular genome.
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Introduction

Plants and herbs have attracted the attention of humans for their
healthcare since the advent of human history. The sophisticated
traditional systems of medicine, especially from India and China
extensively use plants and herbs for human healthcare and these
systems of medicine have documented the use of various plants
derived and/or natural products for medicinal use. The plant-based
systems continue to play an important role in human healthcare and it
has been estimated by World Health Organization that approximately
80 % of the world’s inhabitants rely mainly on traditional systems for
their primary healthcare [1]. The botanicals have provided many
important generic molecules that have been used in the treatment of
several human diseases including cancer in modern medicine [2].

DNA damage plays a pivotal role in most mechanisms underlying
the action of anticancer drugs that interact with DNA and
subsequently kill neoplastic cells. Therefore it is necessary to
understand the DNA damaging effects of various antineoplastic agents
on normal and cancer cells [3]. The comet assay determines the
amount of DNA damage (both single and double strand breaks and
conformational changes) in a cell exposed to DNA damaging agents.
The single cell gel electrophoresis or comet assay was first designed by
Ostling and Johanson [4] to estimate the DNA damage in the single
cells. Since then it has been modified by various workers to estimate
various types of DNA damage [5-7]. The alkaline comet assay is simple
and allows the measurement of DNA damage and repair in the

individual cells and hence it is widely used to estimate the DNA
damage or DNA repair in various settings [5,6]. It has been employed
in biomonitoring, assessment of genotoxicity, and response to tumor
therapy in clinical or preclinical settings [5,7]. The DNA damage in
this assay is measured from the chromatid fragments migrating out of
the nucleus in a cell and forming comet like structures [5-7].

Berberine containing plants are used medicinally in virtually all
traditional medical systems, and have a long history of usage in
Ayurvedic and Chinese systems of medicine, dating back to at least
5,000 years[8]. Berberine is an isoquinoline alkaloid present in the
roots, rhizomes, and stem bark of a number of clinically important
medicinal plants including Hydrastis canadensis (goldenseal), Coptis
chinensis (coptis or golden thread), Berberis aquifolium (Oregon
grape), Berberis aristata (tree turmeric) and Tinospora cordifolia
(guduchi or giloe)[9,10]. The giloe has been reported to be cytotoxic in
HeLa cells and this cytotoxic effect was due to its ability to induce
DNA damage [11-13]. Berberine has been reported to possess
antibacterial, anti-diarrheal, anti-arrhythmic, anti-inflammatory, anti-
diabetic, anti-arthrogenic and anticancer activities [11-19]. It has been
also reported to be active in Alzheimer’s disease [20]. Berberine has
been found to suppress angiogenesis and hypoxia inducible factor [21].
Clinical trials have indicated that berberine has been effective in
improving the cardiac performance in patients with heart failure. It
exerts direct depressive action on myocardial vasculature and smooth
musculature [22] and may have anti-cholesterolase activity [23].
Recent clinical trials have shown that berberine has potential as a safe
oral hypoglycemic agent to treat type II diabetes in patients with
dyslipidemia [24]. Berberine sulfate has been reported to significantly
inhibit the tumor yield and incidence of tumor-bearing animals in two
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stage skin carcinogenesis induced by 7,12-dimethylbenz(a) anthracene
(DMBA) and promoted with teleocidin [25]. An earlier study has
reported the anticancer activity of berberine chloride in vivo in mice
transplanted with Ehrlich ascites carcinoma [18]. However, it is
necessary to investigate the cytotoxicity in different study systems and
how this action is mediated? Therefore, the present study was
undertaken to obtain an insight into the DNA damaging effects of BCL
by alkaline comet assay and its correlation with cell survival in HeLa
cells.

Materials and Methods

Chemicals and reagents

Berberine chloride (BCL), Minimum Essential Medium (MEM), L-
glutamine, gentamicin sulfate, fetal calf serum, normal and low
melting agarose (Cat No. A-4718), ethylene diamine tertra acetic acid
(EDTA), trizama base, ethidium bromide and triton X-100 were
procured from Sigma Chemical Co. St. Louis, USA. Other routine
chemicals were procured from Ranbaxy fine Chemicals, Mumbai,
India

Preparation of drug

Berberine chloride was freshly dissolved immediately before use in
sterile double distilled water (DDW) at a concentration of 5 mg/ml,
filter sterilized and diluted in sterile MEM in such a way so as to obtain
the required concentration.

Cell line and culture

HeLa S3 cells procured from National Centre for Cell Science,
Pune, India were used throughout the study. The HeLa S3 cells have a
doubling time of 20 + 2 h. The cells were routinely grown in 25 cm?
culture flasks (Cellstar, Greiner, Germany) with loosened caps
containing Eagle's minimum essential medium (MEM) supplemented
with 10% fetal calf serum, 1% L-glutamine and 50 ug/ml gentamicin
sulfate at 37°C in an atmosphere of 5% CO,in humidified air in a
CO,incubator (NuAir, Plymouth, USA).

Experimental Design

A fixed number (5x10) of exponentially growing cells were
inoculated into several culture flasks (Techno Plastic Products,
Trasadingén, Switzerland). The cell cultures or cells impregnated in
agarose (details are given in comet assay section) were divided into the
following groups according to the treatment:

MEM: The cells of this group were cultured in minimum essential
medium.

The cell cultures of this group were treated with 1, 2, 4, 6 or 8ug/ml
of BCL.

Selection of optimum treatment duration

A separate experiment was conducted to select the optimum
treatment time of BCL, where grouping and other conditions were
essentially similar to that described above except that the HeLa cells
impregnated in agarose of either group were treated with 0, 1, 2, 4, 6 or
8 ug/ml of BCL for two or four hours before assessment of the DNA
damage.

DNA damage repair

The grouping and other conditions were essentially same as
described for selection of optimum time except that the HeLa cells set
in agarose were treated with 0, 1, 2, 4, 6 or 8 pug/ml of BCL for 4 h. The
BCL containing growth medium was replaced with the drug free
medium and the HeLa cells embedded in agarose were incubated in
the growth medium for 0,0.25, 0.5, 1, 2, 4, 6, 10, 12, 16, 18 and 24 h at
37°C before placing them into lysis buffer to study the repair kinetics
of damaged DNA except for those slides that were assessed
immediately (Oh) for DNA damage.

Clonogenic assay

A separate experiment was performed to determine the cell survival
after BCL treatment, where grouping and other conditions were
essentially similar as described in experimental design section. The cell
survival was determined by clonogenic assay as described earlier [26].
Briefly, the cells were harvested by trypsin EDTA treatment and 200
cells were inoculated into several individual culture dishes (Cellstar,
Greiner, Germany) containing 5 ml drug-free medium in triplicate for
each drug dose for each group. The cells were treated with 0, 1, 2, 4, 6
or 8 ug ml BCL for 4 h, respectively. The cells were allowed to grow for
11 days. The resultant colonies were stained with 1 percent crystal
violet in methanol and clusters containing 50 or more cells were
scored as a colony. The plating efficiency of cells was determined and

the surviving fraction was fitted on to a linear quadratic model
SF:eXp-(aD+BD2)

Alkalinecomet assay

The DNA damage for both experiments was assessed by alkaline
comet assay as described earlier [27]. The comet assay is based on
embedding of cells in agarose, their lyses in alkaline buffer and
application of an electric current, which pulls the charged DNA from
the nucleus so that relaxed and broken DNA fragments migrate away
from the nucleus than intact DNA. The resulting images, named for
their appearance as cometsare measured to determine the extent of
DNA lesion [5-7,28,29]. Hela cells impregnated in agarose on
microscope slides were treated or not with BCL either for 2 and 4 h
(optimum time) or 4 h (DNA repair kinetics). Briefly, slides frosted at
one side were covered with 100 ul of 0.6% low melting agarose
prepared in Ca?* and Mg?* free PBS at 37°C and the agarose was
allowed to solidify under a cover slip on ice after which the cover slips
were removed. Aliquots of 1 ml containing 1 x 10> harvested HeLa cells
in culture medium were centrifuged at 1,500 rpm for 5 min. The
pelleted cells were resuspended in 80 ul of 0.6% low melting agarose
layered on to the first layer and allowed to solidify under a cover slip
on ice. For repair slides, equal volumes of cell suspension (in MEM)
and 1.2% LMA (dissolved in MEM) were mixed, layered and allowed
to solidify under a fresh cover slip on ice. All the steps described above
were conducted under a reduced light to avoid additional DNA
damage.

The slides embedded with cells, were placed into cold lysis buffer
containing 2.5 M NaCl, 100 mM Na,EDTA, 10 m MTrizma base, pH
10 and 1% Triton X-100 (added afresh) to solubilize cellular proteins
leaving DNA as nucleoids for 2 h. After cell lysis, the slides were
drained of lysis buffer and placed into a horizontal gel electrophoresis
tank filled with fresh electrophoresis buffer containing 300 mMNaOH,
1 mM Na2EDTA, pH 13, to a level of ~0.25 cm above the slides. The
slides were kept in the buffer for 20 min to allow DNA unwinding and
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electrophoresis was carried out for 20 min at 1.25 V cm™! and 300 mA
in cold. The slides were drained and flooded slowly with three changes
of neutralization buffer (0.4 M Trizma base, pH 7.5) for 5 min each
and were subsequently stained with 50 pl of ethidium bromide (2
mg/ml) and covered with a cover slip for immediate analysis.
Ethidium bromide stained DNA on each slide was visualized at 40 X
magnification using fluorescence microscopy as “comets” with a
fluorescent head and a tail (Figure 1).

The comet images were captured using an epi fluorescence
microscope (Olympus BX51, Olympus Microscopes, Tokyo, Japan)
equipped with a 515-535 nm excitation filter, a 590 nm barrier filter,
and a CCD camera (CoolSNAP-Pro.Digital Color Camera Kit Ver
4.1, Media Cybergenetics, Silver Spring, Maryland, USA). A total of
100 cells per slide were analyzed to give a representative result for the
population of cells [29].

Figure 1: Representative comet images of HeLa cells treated or not
with 8 pg/ml berberine chloride. Upper Panel: Untreated and
Lower Panel:8 pg/ml berberine chloride.

The comets images thus captured were analyzed using Komet
software (Version 5.5, Kinetic Imaging Ltd, Bromborough, UK). The
mean olive tail moment (OTM) was selected as the parameter that best
reflects DNA damage (defined as the distance between the profile
centres of gravity for DNA in the head and tail). OTM was measured
from three independent experiments, each containing quintuplicate
measures and presented as Mean + SEM (Standard error of mean).

Statistical Analysis

The statistical analyses were carried out using GraphPad Prism
2.01 statistical software (GraphPad Software, San Diego, CA, USA).
The significance among all groups was determined by one-way
ANOVA and Bonferroni’s post-hoc test was applied for multiple
comparisons. The experiments were repeated for confirmation of the
results. The results are the average of five individual experiments. The
test of homogeneity was applied to find out variation among each
experiment. The data of each experiment did not differ significantly
from one another and hence, all the data have been combined and
means calculated. A p value of <0.05 was considered statistically
significant.

Results

Effect of treatment time

Treatment of HeLa cells with different concentrations of BCL
increased DNA damage significantly (p<0.0001) at 2 h post-BCL
treatment and the maximum DNA damage was recorded for 8 pg/ml
BCL. Incubation of HeLa cells with BCL for 4 h increased the DNA
damage further when compared with 2 h BCL treatment (Figure 2).
Since a greater DNA damage was observed for 4 h BCL treatment,
further studies were conducted using this BCL treatment time.

A further increase in BCL concentration resulted in a dose related
rise in the DNA damage and the greatest damage was observed for 8
pg/ml BCL. The DNA damage increased significantly when
comparisons were made amongst various concentrations of BCL (p <
0.001).
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Figure 2: Effect of treatment duration on the DNA damage in HeLa
cells treated with various concentrations of berberine chloride for 2
h (solid bars) and 4 h (checkered bars).

Effect on DNA damage and repair

An approximately 10-fold increase in baseline DNA damage was
observed in HeLa cells treated with 1 pg/ml BCL. This DNA damage
was significantly higher when compared with the baseline DNA
damage at all the post-BCL treatment times (Figure 3).
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indicating an inverse correlation between the cell survival and DNA
i . . — . . damage. This relationship between cell survival and DNA damage was
50F . linear quadratic (Figure 5).
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Figure 3: Effect of various concentrations of berberine chloride on
the induction of DNA damage in HeLa cells at different post- Figure 4: Alteration in the cell survival of clonogenicity cells treated
treatment times. Open circles: MEM; Closed circles: 1 ug BCL; with various concentrations of berberine chloride. Open circles:
Open squares: 2 pug BCL; Closed Squares: 4 pg BCL; Open hexagon: MEM and Closed circles: berberine chloride.
6 pg BCL and Closed hexagon: 8 ug BCL.

Evaluation of DNA damage after treatment with various doses of
BCL showed a continuous elevation up to 24 h, except forl and4
pg/ml, where a greatest elevation in the DNA damage was observed at
12 h post BCL treatment (Figure 3). A non-significant decline in DNA
damage was seen at 12 h post-BCL treatment that became gradually
significant (p<0.001) at 24 h post-treatment for all BCL doses
indicating some repair of DNA damage, except for the 8 ug/ml BCL,
where the maximum DNA damage was recorded at 18h post-BCL
treatment (Figure 3).

Effect on cell survival

Treatment of HeLa cells with various concentrations of BCL
resulted in a concentration dependent decline in the clonogenicity of
cells as evidenced by a continuous decline in the cell survival with a
lowest survival of 0.41 for 8 pg/ml (Figure 4). The IC50 was found to
be approximately 6.4 upg/ml. The cytotoxicity of BCL was
approximately 1.4, 1.8 and 2 folds greater than that of MEM group for
4, 6 and 8 ug/ml, respectively.

Biological response

An attempt was made to correlate the cell survival with DNA
damage induced by different concentrations of BCL. The increasing
DNA damage resulted in a corresponding reduction in the cell survival

Discussion

Plant derived products have been used for human healthcare since
the advent of human history. They are widely accepted as remedies by
humans due to the popular belief that they arenontoxic or have few
adverse side effects. The investigation of the potential beneficial or
adverse effects of phytoceuticals used extensively for healthcare is of
crucial importance for their safe human use. The tumor response to
anticancer agents can be determined precisely using the single-cell gel
electrophoresis or 'comet' assay technique for DNA damage estimation
rapidly [5]. In principle, this assay could be applied to any accessible
tumor being treated with chemotherapeutic agents that cause overt
DNA damage. Therefore, an attempt has been made to evaluate the
molecular DNA damage induced by berberine chloride in HeLa cells
by comet assay and its relationship with cytotoxicity.

The DNA damage has been reported to play a pivotal role in the
carcinogenesis and cell death depending on the severity of DNA
damage. The greater amount of DNA damage is the hallmark of cell
death as it impairs many genes and vital functions of cells [30]. This
indicates that study of DNA damage is of vital importance to
understand the cytotoxic effects of any physical or chemical agent. The
comet assay gives precise information about the DNA damage
including DNA single and double strand breaks, alkali labile sites,
incomplete DNA excision repair sites [5]. The modification of comet
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assay protocol also allows the detection of DNA-DNA cross links and
DNA-protein cross links [31,32].
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Figure 5: Correlation of DNA damage with the cell survival in HeLa
cells treated with different concentrations of berberine chloride.

The comet assay measures DNA fragmentation in the cells
subjected to electric field, which allows increased migration of DNA
fragments from the nucleus (comet head) into the comet tails. The
increased DNA fragmentation is associated with cell the death
processes such as apoptosis and/or necrotic [5,32,33]. The increased
cytotoxic effect of berberine chloride in the present study may be due
to its ability to induce DNA fragmentation, which has subsequently
translated into cell death. Berberine chloride has been reported to
interfere with in vitro production of nucleic acids, residual proteins,
and lipids, and the oxidation of glucose in mouse sarcoma-180 ascites
cells [34].

The estimation of DNA damage by comet assay has revealed a
concentration dependent rise in molecular DNA damage and a
maximum DNA damage was discerned in cells treated with BCL for 4
h duration and this time was chosen for all the studies. The increased
DNA migration in HeLa cells observed after 4 h BCL treatment maybe
likely a sum of genotoxicity and cytotoxicity induced by BCL.
Similarly, use of a mushroom Agaricus blazei in diethyl nitrosamine-
induced hepatic carcinogenesis in rats has been found to increase
DNA damage up to 4 h post-treatment [35]. Potassium bromide has
been reported to induce DNA strand breaks in the small intestine of
rats at various post-treatment times and a maximum damage was
reported at 48 h post treatment [31].

Clonogenic assay is the gold standard to assess the cell survival and
as a result it is able to determine the cytotoxicity precisely [36]. BCL

treatment showed a concentration dependent decline in the cell
survival due to an increase in the DNA damage in the present study. A
concentration dependent decline in the cell survival has been observed
in various prostate cancer cells treated with berberine [37]. A similar
effect has been observed earlier in SNU-5, human glioblastomaT98G
and colon cancer KM12C, KM12SM and KM12L4A cells treated with
berberine [38-41]. Berberine has been shown to induce DNA damage
in Ehrlich ascites carcinoma cells [19].

Similarly Tinospora cordifolia extract that contains berberine has
been reported to increase the radiation-induced DNA damage in HeLa
cells earlier [42]. The estimation of DNA damage by comet assay at
various post-BCL treatment times in HeLa cells exhibited a continuous
and time dependent rise in the DNA damage up to 12 h post-BCL
treatment and a marginal but non-significant decline thereafter up to
24 h post-BCL treatment, especially at low BCL doses indicating that
HeLa cells made unsuccessful attempts to repair the damaged DNA.
This was evident from the fact that the DNA damage remained higher
and never returned to the level of baseline DNA damage. In an earlier
study bleomycin treatment has been reported to continuously increase
the OTM without signs of repair of damaged DNA in V79 cells up to 6
h post-treatment [27]. Similarly, potassium bromate has been reported
to increase the DNA damage in the rat intestine up to 48 h and decline
thereafter [31].

The amount of fragmented DNA increased with increasing
concentration of BCL in HeLa cells, which was evident by the higher
migration of DNA fragments into comet tails from the nucleus (comet
head), and thus indicating elevation in DNA damage [5,28,29]. This
increased DNA fragmentation/damage may have been responsible for
the cytotoxicity in HeLa cells exposed to BCL. Despite the fact that the
DNA damage increased with assessment time, the cells tried to repair
the DNA damage at low BCL concentration, especially after 12 h post
treatment, which may be the reason for higher cell survival at low
concentrations of BCL (Figure 4). A repair of DNA damage has been
reported after 1 h post-treatment in rats treated with Agaricus blazei,
and bladder cancer cell lines after irradiation earlier [35,43-45].

The DNA damage (OTM) and cell survival is inversely correlated
in the present study. An identical observation has been reported earlier
where increasing OTM (DNA damage) was accompanied by a
corresponding decline in the cell survival [43-45]. Our earlier study
demonstrated that the survival of HeLa cells treated with Tinospora
cordifolia extract before irradiation and DNA damage (OTM) was
inversely related [42]. Similarly, DNA damage (OTM) and cell survival
have been found to be inversely correlated in V79 cells treated with
bleomycin [25]. Likewise, an inverse relationship between micronuclei
(indicator of DNA damage) induction and cell survival has been
reported earlier [46-50].

The exact mechanism of induction of DNA damage by BCL is not
known. However, it may be due to the interplay of multiple putative
mechanisms. BCL may have induced reactive oxygen species (ROS) in
cells leading to DNA damage by hydrolysis, oxidation and/or
electrophilic attack. In fact, berberine has been reported to induce
reactive oxygen species earlier [51]. Treatment of HeLa cells with BCL
may have induced peroxidation of lipids that would have attacked the
DNA causing excessive damage to the cellular DNA [52]. BCL has
been found to increase lipid per-oxidation in cultured HeLa cells (data
not shown). Berberine has been found to intercalate into the DNA,
induce inter-nucleosomal DNA fragmentation and form complex with
DNA.
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Topoisomerase II acts by passing an intact segment of duplex DNA
through a transient double-strand break that it generates in a separate
double helix [53] and inhibition of topoisomerase-II by BCL may have
caused DNA damage by stabilization of this transient DNA double
strand breaks leading to cytotoxicity. Berberine has been reported to
inhibit topoisomerase II enzyme in vitro [54]. The other possibility of
berberine-induced cell killing seems to be due to the trans activation of
nuclear factor- kB (NF- kB), and cyclo-oxygenase II, and suppression
of activator protein 1, cyclins, Akt, p53 and PARP and induction
apoptosis [37,40,55-58].

Conclusions

The cytotoxic effect of BCL may be due to the induction of free
radicals and lipid peroxides that induced DNA damage and loss of
repair capacity of HeLa cells leading to cell death. Intercalation of BCL
into the DNA, inhibition of topoisomerase-II and PARP may have
caused molecular DNA damage that would have subsequently led to
cell death. Transactivation of NF-k Bandcyclooxygenase II, and
inhibition of activator protein 1, cyclins, and p53 may have also
contributed in their own way to induce cytotoxicity in HeLa cells
exposed to BCL in the present study.
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