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A B S T R A C T

Acridines are an important class of bioactive molecules having varied uses. Its derivative, 9-phenylacridine
(ACPH) had been found to exhibit antitumor activity both in cell lines and in vivo model. Its DNA binding abil-
ity and absorbance in the ultraviolet range encouraged us to investigate its role as a photosensitizer with UVA
radiation. We investigated the effects of ACPH prior to UVA exposure on in vitro DNA through photo-cleavage
assay. Effect of such treatment was also studied in cultured A375 melanoma cells. Endpoints studied included
morphological changes, evaluation of cellular viability, scratch assay, intracellular reactive oxygen species (ROS)
production, DNA damage, lipid peroxidation, glutathione (GSH) level, autophagy, cell cycle progression, deple-
tion of mitochondrial membrane potential (ΔΨmt), induction of apoptosis and Hoechst dye efflux assay. Our
findings indicated that ACPH could sensitize damage to DNA induced by UVA both in vitro and in cells. It could
also potentiate cell killing by UVA. It arrested cells in G2/M phase and induced apoptotic death through mito-
chondria mediated pathway. This sensitization was through enhancement of intracellular ROS. Our findings also
indicated that the stem cells side population was reduced on such treatment. The findings are important as it
indicates ACPH as a promising photosensitizer and indicates its possible role in photodynamic therapy.
1. Introduction

Derivatives of acridine are well known for their therapeutic benefits.
A number of acridines have been found to be of use as antiprotozoan,
antibacterial or anticancer agents [1, 2, 3, 4, 5]. Our earlier works have
revealed that 9-phenyl acridine (ACPH) exhibited anticancer activity in
cell lines and also in vivo animal model [6]. Bioinformatics studies have
indicated that it could have topoisomerase I inhibitory activity [7]. It
could also act as a PARP 1 inhibitor [8, 9] and was very effective in
combination with cisplatin in cell line-based assays [10]. ACPH also
satisfied all criteria for a candidate drug from Lipinski rule [8], and also
shown good uptake in cells (data not shown here).

Photosensitizing activity has been observed in a number of acridine
derivatives [11, 12]. In fact, way back in 1900 the lethal effect of com-
bination of light with acridine was first observed by Oscar Raab [13]. As
ACPH has the ability to bind to DNA and also has absorbance in the UVA
range [14], its photosensitizing activity is worth evaluation.

Use of sunlight, either alone or in combination with other compounds
have been utilized in traditional medicine for different dermal disorders
including cancer, which was known as heliotherapy [15, 16]. Psoralen
plus UVA (PUVA) therapy is still one of the well established treatment for
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cutaneous cancer, psoriasis and other diseases [15]. Different derivatives
of psoralen, like 8-methoxypsoralen are also very effective as photosen-
sitizers [17]. Many other photosensitizers are known that produce
reactive oxygen species (ROS) from their dynamic interaction with light;
this is known as photodynamic action [18, 19, 20]. A number of photo-
sensitizers including 5-aminolevulinic acid (5-ALA),
methyl-aminolevulinate, porfirmer sodium and such other, which act
with either visible or UV light, that have been approved for clinical ap-
plications [21, 22]. Therapeutic benefits derived from such agents that
utilize photodynamic action are known as photodynamic therapy (PDT).
The beauty of PDT is its local action at targeted site without adverse
systemic effects; it is therefore a popular and alternative option not only
for dermatological disorders like vitiligo and psoriasis but also for
squamous, basal, hepatocellular and cervical cell carcinoma [22, 23, 24,
25, 26].

Melanoma is one of the most aggressive forms of skin cancer with
high mortality due to its poor prognosis. It is refractory to traditional
chemotherapy and radiotherapy due to resistance to apoptosis [27, 28].
ACPH alone was effective in A375 melanoma cell line [29]. We have
evaluated the photosensitizing potential of ACPH in A375 cells as a
model system.
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The photocleavage activity of ACPH and UVA light was first studied in
vitro plasmid DNA. The effect of pretreatment with a nontoxic dose of
ACPH was studied in cultured melanoma A375 cells and in HEK 293
normal embryonic kidney cells. Different cellular parameters investi-
gated included morphological changes, viability, scratch assay, genera-
tion of ROS, DNA damage, lipid peroxidation, GSH level, autophagy, cell
cycle arrest, induction of apoptosis, involvement of mitochondria in such
process, expression of mitochondrial proapoptotic protein like Bax.
Considering the potential use of photosensitizers in PDT for cancer, the
importance of ACPH could be likely. Current studies have revealed that
cancer cells include a small population of stem-like cells, which make
them refractory to treatment because of their ability to purge out drugs.
Effect of ACPH and UVA on “cancer stem-like cells” (CSCs) side popu-
lation was also estimated to evaluate its possible benefit.

2. Materials and methods

2.1. DNA photo-cleavage experiments

The cleavage of pUC19 DNA (0.2 μg) was studied in 1% agarose gel,
where electrophoresis was done for 1 hr at 50 V using 1X TAE (Tris-ac-
etate EDTA) running buffer (pH 8.3) [30]. For DNA photo-cleavage
studies, the reactions were carried out under UVA light (Philips, 9W
lamp, dose rate 6.198 J/m-1/s). The experiments were performed in a
total volume of 20 μl that contained plasmid DNA (0.2 μg) in 50 mM Tris
HCl buffer (pH 7.2) with 50 mM NaCl; according to the need of the
experiment, ACPH (8 μM)was present. Then, the samples were irradiated
with UVA light (15 KJ/m2) and analyzed for the photo-cleaved product
formation in gel electrophoresis. 1X Purple loading dye (#B7024S; NEB)
was mixed with each reaction mixture. The agarose gel was stained with
ethidium bromide (EtBr) (0.2 μg/ml) after the run, visualized and pho-
tographed using ChemDoc™ in Bio-Rad XRSþ.

2.2. Cell culture

A375 human melanoma cells were cultured in minimal essential
media (MEM) (HiMedia) and HEK 293 normal embryonic kidney cells in
Dulbecco's modified eagle medium (DMEM) (HiMedia), supplemented
with fetal bovine serum (HiMedia) (10%). Cells were routinely main-
tained in an exponential grown state by growing them at 37 �C in a
humidified 5% CO2 atmosphere through sub-culture in tissue culture
grade plasticware (Tarson).

2.2.1. Treatment protocol
Exponentially growing cells were treated with or without a nontoxic

dose of ACPH {2 μM, 1hr in phosphate-buffered saline (PBS)}, rinsed in
PBS and then exposed to UVA light (15 KJ/m2) (Philips, 9W lamp, dose
rate 6.198 J/m-1/s). After treatment, cells were again rinsed in PBS and
either processed immediately or grown in fresh medium according to the
need of the experiment.

2.3. Morphological observation

Morphology of control and UVA treated cells without or with ACPH
pretreatment were observed immediately after exposure under an
inverted microscope (AxioScope AI of Carl Zeiss) and photographed at
10x and 40x magnifications. For A375 cells, morphological changes were
also observed under a scanning electron microscope (SEM) (ZEISS EVO
LS 10). Samples were dehydrated with graded concentrations of ethanol
prior to observation in SEM [31].

2.4. Cell viability assay

Viability was estimated as described earlier from MTT (3-(4, 5-dime-
thylthiazol-2-yl)-2, 5-diphenyltet-razolium bromide) assay [6]. After
treatment, cells were incubated in the dark with MTT (50 μg mL�1) for 2
2

hrs. The mitochondrial dehydrogenases of viable cells cleave the tetra-
zolium ring to reduce it to insoluble formazan crystals, which were then
dissolved in DMSO. The absorbance of the resulting purple solution was
determined at 570 nm by spectrophotometry. The amount of formazan
formed depends upon the presence of viable cells to indicate the sur-
viving population of cells. Surviving fraction (S.F.) was expressed as

S:F:¼ðO:D:control � O:D:treatedÞ
O:D:control

2.5. Scratch assay

A375 cells were grown in 35 mm plates until about 80–90% con-
fluency and treated according to the treatment protocol. 200 μL plastic
pipette tips were used to create a scratch/wound in the culture mono-
layer of the treated cells. Axioscope fluorescent microscope (Axioscope 2
Plus, Carl Zeiss) was used to measure and photograph the cell regrowth
from the wound/scratch edge after 0, 24 and 48 hrs by default settings for
all samples [32].

2.6. Determination of intracellular ROS generation

The intracellular ROS generation was evaluated by 20,70-dichloro-
fluorescin diacetate (DCFH-DA) assay through flow cytometry (FACS)
(BD Biosciences, USA) and by fluorescence microscopy (AxioScope AI of
Carl Zeiss) as described earlier [33]. The cells were treated and rinsed in
PBS and incubated for 15 mins at room temperature with 10 μM
DCFH-DA (Sigma, USA). DCFH-DA penetrates the cell membranes and is
hydrolyzed by intracellular esterases to form dichlorofluorescin (DCFH).
DCFH reacts with the intracellular ROS generated to produce the highly
fluorescent 20,70-dichlorofluorescein (DCF) (λex-485 nm, λem-535 nm).
The fluorescence of DCF found in cells was a measure of oxidative
damage, which was estimated through flow cytometry FACS Calibur (BD
Biosciences, USA) in channel FL-1 for 10,000 cells per sample. DCF
fluorescence from cells was also visualized under a fluorescence micro-
scope (AxioScope AI of Carl Zeiss).

2.7. Determination of cellular GSH level in cells

Cellular GSH was estimated from the total soluble thiol present in
cells following Ghosh et. al [34]. After treatment, cells were trypsinised,
suspended in PBS and centrifuged at 2000 rpm at room temperature. The
cell suspension was lysed by three cycles of freezing and thawing. The
lysate was centrifuged at 3000 rpm (4 �C). The clear supernatant was
collected after precipitation of the cell lysate with 10% sulfosalicylic acid.
The total soluble thiol was estimated by intensity of the supernatant with
0.4 mM 5,50-dithiobis 2 nitrobenzoic acid (DTNB) that was dissolved in
0.2 M sodium phosphate buffer (pH 8.0) and absorbance was read at 412
nm.

2.8. DNA damage assay by flow cytometry

DNA damage can be assayed through flow cytometry after staining
with propidium iodide (PI). The fluorescence of cells treated with PI is
proportional to the DNA content in the cells present in the different
phases of the cell cycle. Normal cells exhibited two populations, cells in
G2/M phase contains 4n number of chromosomes showing the higher
fluorescence and the cells in G1/S phase with 2n number of chromosomes
fluorescing with lower intensity. The fluorescence intensity in the hy-
podiploid population represents the cells with fragmented DNA. There is
an increase in the fluorescence of hypo-diploid cell population on in-
crease in DNA damage [35]. In this experiment, hydrogen peroxide
(H2O2) treatment (600 μM, 1 hr) was used as positive control. After the
treatment, cells were trypsinized immediately and centrifuged. The cell
pellet was suspended in PBS and fixed in 70% chilled ethanol and kept at
4 �C for 1 hr. To remove RNA, the fixed cells were centrifuged (2500 rpm,
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5 mins) at 4 �C and treated with RNase A (Sigma) (10 μg/ml) for 45 mins
at 37 �C. Cells were next stained with PI (Sigma) (10 μg/ml) at room
temperature for 30 mins [33]. Fluorescence for 10,000 cells per sample
was estimated in FL-2 channel of FACS Calibur (BD Biosciences, USA)
and analyzed using the Flowing software.

2.9. Lipid peroxidation assay

Lipid peroxidation is determined from the amount of malondialde-
hyde (MDA) which is found due to lipid peroxidation of the cellular
membranes. MDA was determined with thiobarbituric acid as described
earlier [34]. After treatment, cells were trypsinized and counted after
suspending them in PBS. The cellular extract from 2�106 cells in 1 mL
was mixed with cold trichloroacetic acid (10% wt⁄vol) in 2 mL and then
centrifuged (6000 rpm, 10 mins). 0.67% (wt⁄vol) thiobarbituric acid was
added to the pellet in equal volume and incubated for 1 h in a boiling
water bath. The O.D. the of supernatant was determined at 535 nm. The
amount of MDA found was estimated in nM h�1 10�6 cells at 37 �C using
the value of molar extinction coefficient as 1.56�105 M�1 cm�1.

2.10. Determination of the cell cycle by flow cytometry

The cell cycle analysis was performed through flow cytometry (FACS
Calibur) (BD Biosciences, USA) on staining with PI as described earlier
[34]. In order to determine the distribution of cell population in different
phases of the cell cycle, after the treatment, cells were trypsinized
immediately or after 6, 16 and 24 hrs treatment and fixed in 70% ethanol
at 4 �C for overnight. The cell pellet was then suspended in PBS after
centrifugation at 2500 rpm for 5 mins at 4 �C and treated with RNase A
(10 μg/ml) (Sigma, USA) dissolved in PBS for 15 mins at room temper-
ature. Finally, the cells were incubated in the dark with 10 μg/ml of PI
(Sigma, USA) for 15 mins at room temperature. 10,000 events per sample
were sorted and analyzed using Flowing software.

2.11. Detection of autophagy

Autophagy in cells is distinguished by the formation of acidic vesic-
ular organelles (AVOs). Acridine Orange (AO) being weakly basic gets
accumulated the acidic compartments showing bright red fluorescence
whereas the cytoplasm fluoresces bright green and the nucleolus fluo-
resces dim red. The volume of the cellular acidic compartment can be
quantified from the intensity of the red fluorescence. Treated cells were
harvested in cold PBS 24 hrs after treatment and incubated with 1 μg/ml
AO (Sigma Aldrich) for 30 min at room temperature. The cells were then
observed under the microscope (Invitrogen EVOS FL Auto Cell Imaging
System) [36]. For quantification, green (510–530 nm) and red (650 nm)
fluorescence emission from 10,000 cells illuminated with blue (488 nm)
excitation light was measured with FACS Calibur (BD Biosciences, USA)
using Flowing software [37].

2.12. Detection of apoptotic cells from nuclear staining

The apoptotic cell populations were evaluated by staining cell nucleus
with the DNA binding dye Hoechst 33258 (Sigma, USA) to assess the
chromatin condensation through fluorescence microscopy [38, 39]. Cells
were treated and washed with PBS and fixed in 1:1 acetomethanol
(acetone: methanol) for 1 hr at 4 �C. These cells were then incubated with
1 mM Hoechst dye in PBS in the dark at room temperature for 5 mins.
Excess stain was washed off with PBS and cells were observed under
fluorescence microscope (AxioScope AI of Carl Zeiss).

2.13. Assessment of mitochondrial membrane potential (ΔΨmt)

Changes in the mitochondrial membrane potential (ΔΨmt) were
determined using flow cytometry, FACS Calibur (BD Biosciences, USA) as
described earlier [40]. Treated cells were washed in PBS, trypsinized and
3

stained with 10 μg/ml JC-1 dye (Sigma, USA). After that, stained cells
were incubated at 37 �C for 30 mins in dark. The mitochondrial depo-
larization was estimated by determining the number of cells that shifted
from red to green fluorescence, in a flow cytometry (FACS Calibur, BD
Biosciences, USA), after staining with JC-1dye, 10,000 cells per sample
were analyzed [41]. For fluorescence microscopic analysis, the treated
cells were also incubated with 2 μg/ml JC-1 dye in PBS for 20 mins in 37
�C as described in [42]. The cells were then observed under the fluo-
rescence microscope (Invitrogen EVOS FL Auto Cell Imaging System).
2.14. Detection of apoptosis from Annexin V-FITC staining

Staining cells with PI and Annexin V-FITC can be used as a measure of
apoptotic population. Following treatment protocol as above, cells were
processed for determining cellular apoptosis through flow cytometry (BD
Biosciences, USA) using Annexin V-FITC Apoptosis kit (Invitrogen) as
described in [43]. This assay was done following instructions protocol of
the kit manufacturer.
2.15. Western blot experiment

The expression of Bax was determined in exponentially growing A375
cells by immunoblotting technique. This was performed essentially as
described by Ghosh et al. [44]. α -tubulin was taken as the loading
control. After treatment, cell pellet was washed with 1X ice cold PBS and
resuspended in NP-40 lysis buffer (50 mM Tris-HCl pH 8, 150 mM NaCl,
1% NP-40) containing 1X cOmpletemini™ protease inhibitor (Roche) for
30 mins on ice, which was followed by centrifugation at 14,000 rpm. The
protein content of the supernatant was determined by using Quick Start
Bradford Protein Assay reagent (Bio-Rad); samples (80 μg of proteins)
were run in 12% SDS polyacrylamide gel. After electrophoresis, the gel
was blotted onto a PVDFmembrane (Bio-Rad) at room temperature, 80 V
for 2 hrs for dry transfer (Blot Boy mini instrument; Benchmark). The
membrane was then blocked with 5% BSA (Sigma) for 2 hr at 4 �C. After
blocking, the membrane was incubated with α –tubulin (Cell Signaling
Technology) antibody for 1 hr at room temperature in 1:1000 dilutions.
Then, the membrane was washed thrice with 1X TBST (0.1% Tween20 in
1X TBS) and subsequently incubated with horseradish peroxidase (HRP)
conjugated anti-Rabbit antibody (1:5000 dilutions) for 1 hr at room
temperature. The membrane was finally washed thrice with 1X TBST and
developed with enhanced chemiluminescence (ECL) solution and pho-
tographed in Bio-Rad XRSþ. The membrane was then stripped in mild
stripping buffer (200 mM glycine, 0.1% SDS, 1% Tween20), blocked and
reprobed with rabbit Bax (Santa Cruz Biotechnology; dilution 1:1000)
antibody for 1 hr at room temperature followed by same procedure till
developing in ECL solution and finally photographed in Bio-Rad XRSþ.
ImageJ software was used for band density quantification.
2.16. Hoechst efflux studies

Hoechst efflux assay was carried out to evaluate the effect of ACPH on
cancer stem cells. The side population of CSCs in the cell cultures are
capable of effluxing chemotherapeutic drugs and chemicals [45]. The
population of cancer stem cells is often evaluated through estimation of
effluxing of Hoechst dye from a cancer cell culture. The method followed
is essentially as described by Addla et al. [46]. In this experiment,
verapamil treatment (50 and 75 μg/ml, 15 mins) at 37 �C was used as
positive control. All treated cells were washed in PBS, incubated with
Hoechst 33342 dye (Sigma, USA) at a final concentration of 5 μg/mL in
1�106 cells for 45 mins in water bath at 37 �C. Cells were gently agitated
every 15 mins. The cells were then washed in cold PBS once and resus-
pended in pre-warmed (37 �C) medium and incubated for 45 mins for
efflux. Data was collected in FACS Calibur (BD Biosciences, USA) [47].
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2.17. Statistical analysis

Each experiment was repeated at least three times. The results are the
mean � SD (determined from Graphpad Prism 5.0 software). The sta-
tistical significance was calculated with ANOVA (Bonferroni's Post Hoc
Test) at P < 0.05, the result was considered to be statistically significant.

3. Results and discussions

3.1. DNA photo-cleavage experiments

In vitro photo-cleavage assay is an important indicator for the pho-
tosensitizing activity of any dye. The photosensitizing action of dyes like
Oxovanadium (IV) complexes, meloxicam complexes of Co(II) and Zn(II),
b-carboline-bisindole compounds on UV or visible light exposure have
been demonstrated through DNA photo-cleavage assay by other in-
vestigators [30, 48, 49]. For in vitro photo-cleavage experiment, pUC19
DNA was treated with ACPH alone, or exposed to UVA irradiation either
alone or after exposure to ACPH. Closed circular conformation of plasmid
DNA migrates faster in electrophoresis gel. If one strand is cleaved, a
slower moving nicked confirmation (Form II) is produced from the
supercoiled DNA (Form I), while a linear confirmation will be generated
if both strands are cleaved. A typical agarose gel electrophoresis pattern
is shown in Figure 1 (the uncropped micrograph of this gel is shown in
the supplementary figure S1). Molecular marker DNA was loaded in lane
5; untreated control pUC19 DNA, the same DNA treated with ACPH (8
μM), UVA (15 KJ/m2) without or with ACPH pretreatment were loaded
in lanes 1–4 respectively; the relative intensities of the Form II to Form I
bands of the plasmid DNA did not increase on ACPH treatment alone
compared to that in the control. This relative intensity increased on
exposure to UVA. This increase was more pronounced when the plasmid
DNA was irradiated after ACPH treatment, indicating the in vitro photo-
sensitizing action of ACPH.

3.2. Morphological observation

We have earlier observed from cellular uptake assay that ACPH is
easily taken up by the cells within 1 hr (data not shown here). The
morphological changes in cells on treatment with a nontoxic concen-
tration of ACPH (2 μM) either alone or in combination with UVA (15 KJ/
m2) were therefore visualized. Cells treated with this concentration of
ACPH exhibited no visible changes in morphology compared to controls,
in both A375 and HEK 293 cells. Morphological changes in A375 cells
were evident on UVA irradiation, the extent of damage was however
greater in ACPH pretreated A375 cells. The change in cellular
morphology due to such treatments was negligible in normal human HEK
293 cells. These observations are shown in Figure 2A. It indicated that
the combined treatment of ACPHþUVA was more effective in causing
damage to cancer cells than in normal cells. Morphological alterations
also have been observed with other photosensitizers like benz(e)ace-
phenanthrylene [50], quinine [51] on UVA irradiation in A375 cells. The
Figure 1. Photo-cleavage assay through agarose gel electrophoresis showing that AC
1- pUC19 DNA, lane 2- DNA treated with ACPH (8 μM), lane 3- DNA exposed to UVA (
(15 KJ/m2) and lane 5- marker DNA.
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morphology of A375 cells were also visualized under SEM which is
shown in Figure 2B. No alteration in cellular morphology was found in
cells treated with ACPH alone compared to control cells. Cellular dis-
integrity, membrane disruption with wrinkled and curled appearances
were evident on UVA exposure, both, with or without ACPH pretreat-
ment, in A375 cells. The effects were pronounced in the ACPHþUVA
treated cells. Occurrence of apoptosis following low dose of PDT with
erythrosine treatment and necrosis with high doses have been observed
under SEM in both H357 and DOK cell lines [52]. Therefore, the effect of
ACPH and UVA treatments on viability of cells was investigated.
3.3. Cell viability

Figure 3 shows the effect of pretreatment with a nontoxic dose of
ACPH on UVA induced cytotoxicity in A375 and HEK 293 cells. It was
observed that in A375 cells, treatment with ACPH prior to UVA exposure
sensitized the cells to killing compared to that by UVA alone at all doses.
For the same doses, UVA showed lower toxicity in HEK 293 cells, while
pretreatment with ACPH had little effect on this killing. ACPH also sen-
sitizes in both A549 human lung epithelial and B16 murine melanoma
cell line to killing (results not shown here). Similar finding was found
with ofloxacin and UVA [53]. 2-Aryl Benzothiazoles and 2-(4-amino-
phenyl) benzothiazole derivative with UVA light also showed greater cell
killing potential than UVA irradiation alone in A375 and basal cell car-
cinoma (BCC) cells respectively [54, 55]. Some active acridine de-
rivatives pentyl-AcrDIM and hexyl-AcrDIM also showed photocytotoxic
effect towards the mouse lymphocytic leukemia cell line L1210 and
human ovarian cancer cells A2780 while exhibiting lower toxicity in
normal HaCaT cells [11].
3.4. Scratch assay

To explore the cellular growth inhibitory effect of a combined treat-
ment of ACPH with UVA, the gap-closure or wound healing assay was
performed in A375 cells. It was found that ACPHþUVA could inhibit
regrowth of cells in the scratched area. Typical snapshots of control and
treated cells exposed to UVA (15 KJ/m2) with or without ACPH (2 μM)
treatment are shown in Figure 4. It was found that cellular regrowth was
significantly reduced in ACPHþUVA treated cells compared to the other
sets of cells. There was complete regrowth of cells in the scratched area
by 48 hrs in control and in cells treated only with ACPH. A significant
decrease in cellular regrowth was observed in the scratched area for UVA
irradiated cells, while almost no regrowth was observed in ACPHþUVA
treated cells. Compounds like 1- benzothiazolyl phenyl benzotriazole in
combination with UVA also significantly inhibited the migration and
invasion of Ca9-22 cells which indicated the minimization of cell
metastasis [56]. Other photosensitizer like ALA was however, unable to
inhibit regrowth; cells migrated and invaded more effectively on such
treatments [57].
PH pretreatment enhances the UVA light-induced cleavage of pUC19 DNA. Lane
15 KJ/m2), lane 4- pUC19 DNA treated with ACPH (8 μM) prior to UVA exposure



Figure 2. Comparison of morphological features between control and treated human melanoma A375 cells and in normal human embryonic kidney HEK 293 cells. A.
The top two panels represent control, ACPH (2 μM, 1hr) treated and on UVA irradiation (15 KJ/m2) with or without ACPH (2 μM) pretreatment for A375 cells under
phase contrast light microscope at 10x and 40x magnifications. The lower two panels are for the same treatments in HEK 293 cells. B. A375 cells with the same
treatment observed under SEM.

Figure 3. Influence of ACPH (2 μM) on viability of cells exposed to different
doses of UVA for MTT assay. In A375 cells, with ( ) and without ( ) ACPH
and in HEK 293 cells with ( ) and without ( ) ACPH.

Figure 4. Effect of prior treatment of ACPH (2 μM) with UVA (15 KJ/m2) ra-
diation on scratch assay. Snapshots of the scratch areas for various time points
(0, 24 and 48 hrs) after infliction were observed in A375 treated cells with
respect to untreated cells through a phase contrast microscope (10x).
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3.5. Determination of intracellular ROS level

Photosensitizers often involve oxidation reaction, which increases the
generation of ROS in cells [58]. The ROS then initiate free radical chain
reaction that are responsible for cell killing [59, 60]. Generation of
5

cytotoxic ROS has thus been associated with the mechanism of action for
several photosensitizers. Phototoxicity of UVA radiation was enhanced
on anthracene, quinine or benz(e)acephenanthrylene treatment through
the production of ROS [50, 51, 61, 62]. It was important to knowwhether
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generation of ROS was involved in the cell killing process during ACPH
associated photosensitization of UVA. Using DCFH-DA probe, the pro-
duction of intracellular ROS was assessed both-microscopically and
through flow cytometry. Figure 5A shows the fluorescence due to the
generation of ROS within the cells on UVA (15 KJ/m2) treatment with or
without prior treatments with ACPH (2 μM). The fluorescence from cells
treated with ACPH alone was not significantly different from that in
control cells; this indicated that ACPH alone does not produce any ROS.
Production of ROS was indicated through increase in fluorescence in
UVA exposed cells; the fluorescence was even higher when cells were
pretreated with ACPH. Similar finding was revealed from the flow
cytometric assay, the results of which are shown in Figure 5B.

3.6. Determination of intracellular GSH level in cell

Intracellular antioxidant molecules like GSH control the redox ho-
meostasis and counter the ROS generation in cells. Such events can cause
depletion in intracellular GSH level [63]. An increase in PDT-induced
cytotoxicity following GSH depletion has been reported [64]. Depletion
of intracellular GSH by benz(e)acephenanthrylene plus UVA was
observed in A375 cells [50]. Intracellular GSH level was also reduced by
buthionine sulfoximine (BSO) in MDA-MB-231 cells [64]. The total
cellular soluble thiol was determined to assess the GSH content in A375
cells on treatment with ACPH (2 μM) prior to UVA (15 KJ/m2) irradia-
tion. Table 1 shows the effect of pretreatment with ACPH after UVA
exposure on the GSH level in A375 cells. There was no change in ACPH
treated cells compared to that in control cells. Treatment with ACPH plus
UVA resulted in a slight decrease in the GSH content in the cells which
was found to be insignificant.

3.7. DNA damage assay by flow cytometry

UVA irradiation causes oxidative damage leading to DNA strand
breakages. Binding of some ligands to DNA can result in enhancing this
damage [65]. We assessed the effect of UVA on DNA damage with or
without ACPH pretreatment through flow cytometric assay. The histo-
gram plots of DNA content of cells have two peaks representing cells with
2n and 4n amount of DNA i.e., cells at G1/S and at G2/M phase. Cells with
DNA damage have hypodiploid DNA content. H2O2 is known to generate
oxygen free radicals which are involved in DNA damage in cells that
Figure 5. Estimation of ROS generated using DCFH-DA in A375 cells. A. Represent
irradiated cells with or without ACPH pretreatment observed under fluorescence micr
flow cytometric assay using DCFH-DA (a) control cells, (b) ACPH (2 μM) treated, on U
irradiation. (e) Bar diagram showing the increase in the percentage of ROS in treat
ANOVA (*P < 0.0001).
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cause mutagenesis. Therefore, H2O2 (600 μM, 1 hr) was used here as the
positive control. ACPH (2 μM) alone did not induce any DNA damage in
A375 cells. An increase in hypodiploid population was observed on UVA
(15 KJ/m2) exposure indicating DNA damage. The extent of DNA damage
was higher, if the cells were treated with ACPH prior to irradiation. The
results are shown in Figure 6. Such enhancement of DNA damage was
found with other photosensitizers like2-(4-aminophenyl) benzothiazole
derivatives and phthalocyanine in BCC and MCF-7c3 cells respectively
[55, 66].

3.8. Lipid peroxidation assay

Photodynamic inactivation of cells is not just mediated through DNA
damage, but it occurs through its cooperative effect on the immune
system and its assault on lipids and proteins through ROS production
[67]. MDA is the final product of polyunsaturated fatty acid peroxidation
in the cells. Free radicals are normally responsible for the lipid peroxi-
dation process in an organism which causes overproduction of MDA that
is commonly known as a marker of oxidative stress. Lipid peroxidation
has been used also as a marker of oxidative stress and the antioxidant
status in cells [68]. ACPH (2 μM) treatment alone resulted in lowering the
level of MDA formed in cells compared to that of control (Table 2).
Exposure to UVA (15 KJ/m2) increased the MDA formation, but ACPH (2
μM) pretreatment increased it further, indicating enhancement of
oxidative damage in such cells. Chlorpromazine also is known to increase
damage to membrane via lipid peroxidation with low doses of UVA [22].
PDT with Photofrin II also induced lipid peroxidation, which was
accompanied by protein damage in A549 cells [69].

3.9. Determination of cell cycle by flow cytometry

Cell cycle arrest is generally associated with DNA damage. Re-
covery of cells leads to reversal of the cell cycle arrest, while severely
damaged cell proceeds towards cell death. The percentage of cells in
the different phases of cell cycle was determined through PI staining
at different times (0, 6, 16 and 24 hrs) after exposure to UVA (15 KJ/
m2) radiation with or without ACPH (2 μM) pretreatment in A375
cells. This is represented through histogram plots in Figure 7. UVA
alone induced cell cycle arrest at G1/S phase. DNA damaging agents
generally induce arrest at G1 phase to facilitate DNA repair before
ative photographs showing control, ACPH (2 μM) treated and UVA (15 KJ/m2)
oscope. B. Typical histogram plots showing generation of ROS in A375 cells from
VA (15 KJ/m2) exposure (c) alone and (d) with ACPH (2 μM) pretreatment before
ed cells. The data are represented as mean � SD (n ¼ 3) analyzed by one-way



Table 1. Changes in cellular GSH level in A375 cells on UVA irradiation with or without ACPH pretreatment.

Treatment GSH (ng/μg protein) Fold increase

Control 0.231 � 0.0195 1

ACPH 0.225 � 0.1273 0.97

UVA (15 KJ/m2) 0.192 � 0.105 0.83

ACPH þ UVA (15 KJ/m2) 0.164 � 0.0568 0.71

Figure 6. Effect of prior treatment of ACPH (2 μM) with UVA radiation on DNA damage through flow cytometry with PI staining. A typical histogram of PI-stained
A375 cells showing the effect of pretreatment of ACPH with UVA radiation from flow cytometry of (a) control cells, (b) ACPH treated cells, (c) cells exposed to UVA
(15 KJ/m2) without and (d) with ACPH pretreatment, (e) H2O2 (600 μM for 1 hr) as a positive control; (f) bar diagram showing percent DNA damage for the above
treatment. The data are represented as mean � SD (n ¼ 3), analyzed by one-way ANOVA (*P < 0.0001).

Table 2. MDA formed in A375 cells on UVA irradiation with or without ACPH pretreatment.

Treatment MDA formed in A375 cells (nmol h�1 10�6 cells) Fold increase

Control 23.25 � 4.0 1

ACPH 18.45 � 2.4* 0.79

UVA (15 KJ/m2) 29.64 � 4.0025* 1.28

ACPH þ UVA (15 KJ/m2) 36.06 � 4.0125* 1.55

The data are represented as mean � SD (n ¼ 3), analyzed by one-way ANOVA (*P < 0.0001).
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duplication. In HaCaT cells, a significant increase of cells at G1 phase
was observed due to inhibition of progression in cell cycle at G1/S
phase through p53 independent mechanism [62]. Treatment with
ACPH prior to UVA exposure resulted in an increase in G2/M popu-
lation with time. Levofloxacin and ofloxacin induced UVA mediated
cell cycle arrest in G2⁄M phase in HaCaT cells leading to the induction
of apoptotic pathway [53, 70]. Timetrioxane 97/78 with UVB played
a pivotal role in G2/M cell arrest to induce apoptosis [71]. Photo-
sensitization by anthrone with UVA also induced arrest at both S and
G2/M phases of cell cycle with concomitant decrease in G1 phase in
HaCaT cells [72]. Ketoprofen and mefloquine with UVB light too, led
to the cell cycle arrest in G2/M phase in HaCaT cells [73, 74]. The
photosensitizer, quinine could also induce cell cycle arrest in G2 phase
on UVA exposure to decrease proliferation of A375 cells [51]. Increase
in G2/M population with time indicated arrest of cells in this phase.
Permanent arrest can lead to cell death.
7

3.10. Detection of autophagy

Autophagy is a dynamic process which involves the transport of
different cellular organelles and proteins through a lysosomal degrada-
tion pathway. It plays an important role in cell survival, differentiation,
and development. Chemotherapeutic drugs or different anticancer
stimuli can induce autophagy in various cancer cells [75]. It has been
reported that PDT too, can induce autophagy [76]. The process of
autophagy starts with the autophagosome formation and then formation
of autophagolysosomes with the fusion of acidic lysosomes with auto-
phagosomes. AVOs are considered to be indicative of autophagy. Here,
we employed AO which accumulates in the lysosomes and emits bright
red fluorescence, the intensity of which is proportional to the degree of
the AVOs acidity and the volume of these structures. Fluorescence mi-
croscope was used to visualize the AVOs (red fluorescence) as well as the
cytoplasm and nucleus (green fluorescence) after the vital staining of the
cells with AO under 40x. Figure 8A depicts the induction of autophagy in



Figure 7. Cell cycle distribution in A375 cells through flow cytometry with PI staining. Typical histogram plots of cell cycle distribution in (a) control, (f) ACPH (2
μM) treated cells and after exposure to UVA (15 KJ/m2) alone at (b) 0, (c) 6, (d) 16, and (e) 24 hrs, and with ACPH (2 μM) pretreatment at (g) 0, (h) 6, (i)16 and (j)
24 hrs.

Figure 8. Estimation of intracellular autophagy in A375 cells through AO dye. A. The uptake of dye in cells observed under the fluorescence microscope for control,
ACPH (2 μM) treated and UVA (15 KJ/m2) irradiated without or with ACPH pretreatment. B. Flow cytometric assay after AO staining in (a) control, (b) ACPH treated,
(c) on UVA (15 KJ/m2) exposure alone and (d) on ACPH pretreatment before irradiation; (e) bar diagrams showing the percent fluorescence on different treatments
from flow cytometric analysis. Data are represented as mean � SD (n ¼ 3) analyzed by one-way ANOVA (*P < 0.0001).

Figure 9. Micronuclei formation in A375 cells detected with Hoechst (33258) staining under fluorescence microscope in control, ACPH (2 μM) treated, and on UVA
(15 KJ/m2) exposure without or with ACPH (2 μM) pretreatment.
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Figure 10. Estimation of depletion in mitochondrial membrane potential (ΔΨmt) in A375 cells through JC-1 dye uptake. A. The uptake of dye in cells observed under
the fluorescence microscope for control, ACPH (2 μM) treated and UVA (15 KJ/m2) irradiated without or with ACPH pretreatment. B. Flow cytometric assay of ΔΨmt
in (a) control, (b) ACPH treated, (c) on UVA (15 KJ/m2) exposure alone and (d) on ACPH pretreatment before irradiation; (e) bar diagrams showing the percent
fluorescence on different treatments from flow cytometric analysis. Data are represented as mean � SD (n ¼ 3) analyzed by one-way ANOVA (*P < 0.0001).
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A375 cells while the number of autophagic cells in control and ACPH
were negligible; few autophagic cells were found on UVA (15 KJ/m2)
exposure and this number increased slightly in cells on pretreatment with
ACPH (2 μM) prior to irradiation. Autophagic death was also quantified
from flow cytometric assay using AO dye as depicted in Figure 8B. Both
control and only ACPH treated cells showed no such accumulation of
bright red fluorescence. There was a small increase in fluorescence from
irradiated cells which was slightly enhanced on ACPH pretreatment,
Figure 11. Detection of apoptosis in A375 cells from Annexin V-FITC staining throu
exposure and (d) with ACPH pretreatment before exposure; (e) bar diagram showing
SD (n ¼ 3) analyzed by one-way ANOVA (*P < 0.0001).

Figure 12. Expression of Bax in A375 cells from Western blotting. A. A typical micro
and UVA (15 KJ/m2) alone and with ACPH pretreatment before irradiation. α-tub
expression for this treatment. Data are represented as mean � SD (n ¼ 3) analyzed

9

indicating a small increase in autophagic death. Sasnauskiene et al.
showed that safranin-mediated PDT induced autophagy in A431 cells
[77]. 5-ALA-PDT mediated autophagic cell death was also found in PC12
and CL1-0 cells where mitogen activated protein kinases (MAPKs)
pathway played an important role in that process [78]. Cells exposed
with UVB along CDRI-97/78 also exhibited a slight increase in green
fluorescence in HaCaT cells to indicate more AVOs formation [71]. Some
studies have shown that the lysosome plays a pivotal role in cell apoptosis
gh flow cytometry (a) control, (b) ACPH treated (2 μM), (c) on UVA (15 KJ/m2)
the increase in the percentage of apoptotic cells. Data are represented as mean �

graph showing Bax and α-tubulin expression in control, ACPH (2 μM) treatment
ulin was the loading control. B. Bar diagram showing the percentage of Bax
by one-way ANOVA (*P < 0.0001).



Figure 13. Effect on CSCs side population in A375 cells using Hoechst (33342) efflux assay in flow cytometer in control, ACPH (2 μM) treated, UVA (15 KJ/m2)
irradiated and on irradiation after ACPH (2 μM) pretreatment of cells. Verapamil (50, 75 μg/ml) was used as a positive control.
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via mitochondrial dependent pathway which may lead to mitochondrial
depolarization and lysosomal destabilization in cells due to up-regulation
of Bax gene expression [72, 79]. Ofloxacin with UVA light also destabi-
lized lysosomal integrity in HaCaT cells [53].

3.11. Detection of apoptotic cells from nuclear staining

Apoptosis is morphologically identified by cell shrinkage, chromatin
condensation, inter-nucleosomal fragmentation, membrane blebbing,
and cleavage of chromosomal DNA. Such hallmarks that characterize
apoptosis were visualized in UVA (15 KJ/m2) exposed A375 cells with or
without ACPH (2 μM) pretreatment, using the fluorescent Hoechst
(33258) dye to visualize the cellular nuclei. From Figure 9, it can be seen
that no nuclear fragmentation was evident in control or ACPH treated
cells, but UVA exposure without or with ACPH exhibited all such char-
acteristics, which are indicated by arrows in the micrographs. It is
discernible that greater chromatin condensation was observed in the cells
treated with ACPHþUVA than in the cells treated with UVA alone. Such
increase in chromatin condensation was observed in A2780 cells treated
with the acridine derivative AcrDIM with UVA [11]. Combination
treatment of ofloxacin with UVA also exhibited chromatin condensation
in HaCaT cells [53].

3.12. Assessment of mitochondrial membrane potential (ΔΨmt)

Decrease in the mitochondrial membrane potential is a key mediator
for initiation of apoptosis [54]. The decline in the mitochondrial mem-
brane potential is an irreversible step, which marks the early event in the
process of apoptosis. Mefloquine, a photosensitizer was found to induce
apoptotic death in cells on irradiation [74]. Mitochondrial depolarization
was observed in A375 cells treated with Ketoprofen and UVB light [73].
Treatment with Rose Bengal, followed by UVB and UVA exposures also
led to decrease in mitochondrial membrane potential as well as trans-
location of phosphatidylserine from inner to outer plasma membrane in
A375 cells [80]. Decrease in mitochondrial membrane potential can be
visualized from the decrease in fluorescence intensity from cells bound to
10
JC-1 and also quantified through flow cytometry. There was a decrease in
the mitochondrial depolarization patterns of cells as indicated through a
shift in red (J-aggregates) to green fluorescence (JC-1 monomers) in UVA
(15 KJ/m2) exposed cells pretreated with ACPH (2 μM), which was
greater than that from cells irradiated with UVA alone (Figure 10A). The
flow cytometric findings are shown in Figure 10B which also corrobo-
rated the same finding. While ACPH alone showed no difference inΔΨmt
from that in control cells, there is decrease in ΔΨmt in UVA irradiated
cells. This was more pronounced in ACPH pretreated cells. These findings
suggested the involvement of mitochondria mediated apoptosis in cell
killing.

3.13. Detection of apoptosis from Annexin V-FITC staining

Apoptosis is a physiological mechanism of cell death, which is often
exploited for elimination of malignant cells. Staining with Annexin V-
FITC and PI was done to evaluate induction of apoptosis in A375 cells, the
results of which are shown in Figure 11. There was no significant dif-
ference in the percent apoptotic population between the control and the
cells treated with ACPH alone, an increased number of Annexin V-FITC
and PI positive cells were observed in ACPHþUVA irradiated cells
compared to cells exposed to UVA alone. Apoptotic death significantly
increased to 45.57% on ACPHþUVA treatment compared to cells
exposed only to UVA (31.47%), indicating that the photosensitization
with ACPH can significantly enhance apoptotic death. Trioxane 97/78
with UVB radiation and ofloxacin with UVA also indicated apoptosis in
HaCaT cells [53, 71].

3.14. Western blot experiment

Mitochondria mediated intrinsic apoptosis is modulated by the Bcl-2
family proteins. Bcl-2 family is broadly classified into three functional
groups- the antiapoptotic proteins such as Bcl-2, proapoptotic effectors
like Bax, and proapoptotic activators such as BH3 [81]. One of the pro-
apoptotic proteins of the Bcl-2 family is Bax. In healthy cells, Bax is
located in the cytoplasm, but during apoptosis, it is translocated to the
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mitochondria to initiate apoptosis. Chiu et al. have shown that Bax is very
important for mitochondria mediated apoptosis in PDT [66]. UVA radi-
ation on photosensitization with ofloxacin showed upregulation of the
proapoptotic gene Bax with no noticeable changes in the anti-apoptotic
Bcl-2 protein [53]. Anthrone with UVA also upregulated the Bax
mRNA expression that leads to apoptosis in keratinocytes [72]. Keto-
profen and mefloquine with UVB too, upregulated Bax in HaCaT cells
[73, 74]. Rose Bengal followed by UVB and UVA exposures increased the
Bax expression to induce apoptotic cell death in A375 cells [80]. We had
checked the expression of Bax after pretreatment with ACPH (2 μM) on
UVA (15 KJ/m2) exposure. From Figure 12, it can be seen that the
expression of Bax is upregulated in ACPH sensitized UVA treated A375
cells to affirm the role of mitochondria mediated cell death pathway.
(The uncropped gel micrographs showing the expression of Bax and that
for α-tubulin, as the control housekeeping protein are shown in the
supplementary figure S2).

3.15. Hoechst efflux studies

Recent studies have suggested that there exists a small side pop-
ulations of CSCs in tumors that are often resistant to treatment and are
responsible for tumor progression and its recurrence in patients [82, 83].
The CSCs have the ability to strongly efflux the Hoechst dye (33342) by
ABCmembrane transporter. Effect of Hoechst efflux is therefore, taken as
the indication of the existence of CSCs in a population of cancer cells. It
was therefore, significant to explore if ACPH could have any effect on
killing of the CSCs population. The findings from Hoechst efflux assay are
shown in Figure 13.

Verapamil generally blocks the ABC membrane transporter from
extruding the Hoechst dye. Two concentrations of verapamil (50 and 75
μg/ml) were used as the positive control. It can be seen that, ACPH alone
could also reduce the efflux of the dye compared to that in control A375
cells; this was reduced significantly on ACPHþUVA treatment. The
findings indicated that ACPH as a photosensitizer with UVA treatment
could significantly reduce the side population of CSCs in A375 cells. The
side population of CSCs can have a major role in metastasis. Our finding
could be indicative of the ability of ACPHþUVA treatment in elimination
of the CSCs. This may be of pivotal importance for its therapeutic activity.

4. Conclusion

Overall, our results suggested that nontoxic dose of ACPH with
UVA light can inhibit proliferation of A375 cells by inducing DNA
damage both in in vitro DNA and in cells through photosensitization.
Such treatment enhanced the generation of ROS in cells leading to
lipid peroxidation and depletion of GSH. This led to cell cycle arrest at
G2/M phase to promote apoptosis through mitochondria mediated
pathway. Although, there was a slight increase in the small population
of cells undergoing death through autophagy by UVA on ACPH pre-
treatment, primarily UVAþACPH resulted in cell death through
apoptosis. Thus, use of ACPH as a photosensitizer in PDT may be
contemplated. Applying ACPH topically to target cell and then illu-
minating them with UVA, the concern of inducing damage to the
surrounding normal cells can be minimised. Moreover, the ability of
this combination to eliminate the stem cell population is highly
encouraging and bolsters ACPH as a promising new photosensitizer,
reinforcing its role as an anticancer agent.
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