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ABSTRACT

Sanguinarine (SANG) is an alkaloid recognized to have anti-proliferative activity against
various human tumour cell lines. No data is available on the susceptibility of advanced
malignant melanoma to SANG, although this disease has a very poor prognosis if not
detected in time due to the resistance to conventional chemotherapy. The present work was
designed to study the nuclear and mitochondrial involvement in the pro-apoptotic effect of
SANG in an invasive mouse melanoma cell line. The results obtained show that SANG is
primarily accumulated by the cell nuclei, causing inhibition of cell proliferation and indu-
cing cell death, as confirmed by an increase in sub-G1 peaks. At low concentrations, SANG
induces mitochondrial depolarization in a sub-population of melanoma cells, which also
generally displayed strong nuclear labelling of phosphorylated histone H2AX. Western
blotting revealed an increase in p53, but not Bax protein, in both whole-cell extracts and
in mitochondrial fractions. Isolated hepatic mitochondrial fractions revealed that SANG

transition affects the mitochondrial respiratory chain, and has dual effects on mitochondrial calcium
Bioenergetics loading capacity. We suggest that SANG is able to induce apoptosis in metastatic melanoma
Apoptosis cells. The knowledge of mitochondrial vs. nuclear effects of SANG is important in the
development of this promising compound for clinical use against aggressive melanoma.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction from the root of Sanguinaria canadensis and other plants from
the Papaveraceae family. SANG is a benzophenanthridine

Sanguinarine (SANG, 13-methyl-benzodioxolo-[5,6-c]-1,3- structural homologue of chelerythrine [3]. A positive moiety is

dioxolo[4,5-i]phenanthridinium) [1,2] is an alkaloid derived present in the aromatic ring of the molecule (Fig. 1).
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Fig. 1 - Molecular structure of sanguinarine.

Epidemiological studies have suggested that the use of
SANG for oral rinse and toothpaste products effectively
suppresses dental plaque formation and decreases gingival
inflammation, mainly via its antioxidant, antimicrobial and
anti-inflammatory effects [4,5]. Nevertheless, use of SANG in
such products has been discontinued because of several
reports of leukoplakia, although doubts remain on the role of
SANG on the triggering of this condition [6,7].

SANG is known to exert a wide range of biological
properties including antimicrobial [8], antifungal [9], anti-
inflammatory [10] and antineoplastic activity; it has been
shown to inhibit a variety of human tumour cell types at
micromolar concentrations, without affecting normal cells
[11-13]. It also inhibits several enzymes such as lipoxygenase
[14], cholinesterase [15], sodium/potassium and calcium
ATPases in skeletal muscle [16,17], and alters tubulin assembly
[18].

Some examples exist regarding the anti-proliferative
activity of SANG. For example, it has been described that
SANG causes death of human colon cancer cells [19] and
blocks the nucleocytoplasmic trafficking of cyclin D1 and
topoisomerase II [20] in breast cancer MCF-7 cells. In another
example, SANG was demonstrated to induce the expression of
pro-death Bcl-2 proteins including Bax or Bak in immortalized
human HaCaT keratinocytes [21].

The role of mitochondria in drug-induced cell death is well
documented [22,23] and several anti-cancer agents are known
to cause cell death through interacting with the organelle [24].
Relatively little is known regarding the effects of SANG on
isolated mitochondria. Barreto et al. [25] identified complex II
as a mitochondrial target for SANG, although only oxygen
consumption was used as an experimental end-point. Other
reports indicate that SANG causes oxidative stress, mitochon-
drial depolarization and cytochrome c release [21,26,27].

Phytochemicals with anti-proliferative activity are promis-
ing agents against resistant tumours, including melanoma.
Advanced melanoma can be highly aggressive, metastatic,
and resistant to conventional chemotherapy [28,29]. Hence,
there is an urgent need to find novel chemotherapeutics with
selective and powerful effects on melanoma.

The objective of the present work is to investigate the effect
of low micromolar concentrations of SANG on a mouse
metastatic melanoma cell line and determines the role of
mitochondria on SANG-induced cytotoxicity. Mouse K1735-
M2 cells are a very aggressive and invasive form of metastatic
melanoma [30,31], which has been used to investigate the
potential anti-tumour effect of berberine, another alkaloid

with potential to be used as an effective chemotherapeutic on
melanoma [32,33]. Data on intact cells were correlated with
effects on isolated hepatic mitochondria, and we examined
the possibility that SANG may have an inductive effect on the
mitochondrial permeability transition pore (MPT pore), a
deleterious condition for cells [34,35].

2. Materials and methods
2.1. Reagents

Sanguinarine chloride was obtained from SIGMA (St. Louis,
MO) and dimethyl sulfoxide (DMSO) was used as solvent. The
effect of DMSO was tested for all experiment and determined
to be negligible. Tetramethylrhodaminemethyl ester (TMRM),
Hoechst 33342 and calcein-AM were obtained from Molecular
Probes (Invitrogen, Carlsbad, CA). Other compounds, unless
specified, were of the highest purity commercially available
and were obtained from SIGMA (St. Louis, MO).

2.2. Animals

Male Wistar rats (10 weeks) housed at 22 + 2 °C under artificial
light for a 12-h light/day cycle with access to water and food ad
libitum, were used throughout the experiments. The research
procedure was carried out in accordance with the European
Requirement for Vertebrate Animal Research.

2.3. Cell culture

K1735-M2 mouse melanoma cells (kindly offered by Dr. Lillian
Repesh, Department of Anatomy, Microbiology, and Pathol-
ogy, University of Minnesota Medical School, Duluth) were
culture in Dulbecco’s modified Eagle’s medium (GIBCO, Grand
Island, NY) with 10% Fetal Clone III (FC3; HyClone, Logan, UT)
in an atmosphere of 5% CO, at 37 °C. K1735-M2 cells are a very
aggressive and invasive metastatic melanoma cell line [30,31].

2.4.  Quantification of sanguinarine cell uptake

To measure drug uptake, K1735-M2 cells were exposed for
150 min with 1.25, 2.5, 5, 10 and 20 uM of SANG. Cells were
collected and resuspended in PBS-5% FC3, and the relative
fluorescence intensity measured with a Becton-Dickenson
FACScalibur Flow Cytometer (BD Biosciences, San Jose, CA).

2.5.  Measurement of cell proliferation

Sulforhodamine B assays were conducted to measure the
effects of SANG on the proliferation of K1735-M2 cells,
essentially as described by Holy et al. [20]. Cells were seeded
at a concentration of 1 x 10* cells/ml in 48-well plates, and
allowed to recover for 1 day prior to SANG addition. FCCP
(carbonyl cyanide 4-(triXuoromethoxy) phenylhydrazone))
was added to cells 30 min before the addition of the alkaloid.
Vehicle controls were also performed. After sulforhodamine
labelling, absorbance was measured in a spectrophotometer at
540 nm; the amount of dye released is proportional to the
number of cells present in the dish, and is a reliable indicator
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of cell proliferation [36]. Values were measured in percentage
of time zero (i.e.,, the cell mass before drug or vehicle
treatment).

2.6. Quantification of cell death

After treatment with DMSO or SANG for 24 h, both culture
media and cells (initially seeded at 2.5 x 10* cells/ml) were
collected and saved. Cells were centrifuged and resuspended
in PBS containing 5% FC3. Cells were incubated for 15 min at
37°C with the Live-Dead kit (ethidium homodimer and
calcein-AM; Molecular Probes, Eugene, OR). Becton-Dickenson
FACSalibur Flow Cytometer was used to measure FL1 (calcein,
green) signal and FL3 (ethidium, red) signal. To quantify the
red and green-fluorescing cells, cytometry Cell Quest software
package was used.

2.7.  Vital epifluorescence imaging of K1735-M2 cells

Cells were seeded in glass-bottom dishes (P35G-1.5-14-C,
MatTek Corporation, Ashland, MA) at a concentration of 1-
2 x 10* cells/ml. Cells were allowed to attach for 24 h and then
treated with SANG or with the vehicle (DMSO) for the desired
time.

(a) Detection of SANG accumulation: When SANG accumula-
tion was studied (by using the compound self-fluores-
cence), cells were visualized under a Nikon Eclipse
TE2000U epifluorescence microscope using the fluorescein
filter. A short time of exposure was used as SANG self-
fluorescence decayed rapidly with light exposure. 100 nM
TMRM was incubated with cells 30 min before the end of
the exposure time.

Labelling with Hoechst 33342, TMRM and calcein-AM:
Before the ending the drug exposure time, cells in glass-
bottom dishes were incubated with TMRM (100 nM),
Hoechst 33342 (1 pg) and calcein-AM (300 nM) for 30 min
at 37 °C in the dark. Due to the very low fluorescence of the
probes in the extracellular media, the images were
collected without replacing the cell culture media. The
images were obtained using a Nikon Eclipse TE2000U
epifluorescence microscope.

Cs

2.8.  Determination of mitochondrial DNA copy number

Total genomic nuclear and mtDNA from K1735-M2 cells was
isolated using GenElute Mammalian Genomic DNA Miniprep
Kit (SIGMA, St. Louis, MO). The GenElute procedure consists in
a combination of silica binding with a microspin format. Cells
in culture were lysed in a chaotropic salt-containing solution
and followed by an addition of ethanol. Washes removed the
contaminants and DNA is eluted in 200 pl of Tris—=EDTA
solution.

Standard curves were generated from the control DNA
sample using serial dilutions. Quantitative real-time PCR using
the LightCycler system (Roche Diagnostics, Indianapolis, IN)
was prepared the following reaction components: 3.6 pl water,
0.2 plforward primer (0.2 uM), 0.2 plreverse primer (0.2 pM) and
5.0 pl LightCyler (Roche Diagnostics, Indianapolis). LightCycler

mixture (9 pl) was filled in the LightCycler glass capillaries and
1 ul of DNA sample (2 ng) was added as PCR template. 5COI and
3COI are mtDNA primers [37] and MuRTGADD45a (ACCCCGA-
TAACGTGGTACTG) and MuGADD45R (TGACCCGCAGGATGTT-
GATG) are Mouse GADD45 genomic DNA primers that sit in
exon3. Capillaries were closed, centrifuged and placed into the
LightCycler rotor. The following LightCycler experimental run
protocol was used: denaturation program (95°C for 30s),
amplification and quantification program repeated 50 times
(95 °Cfor5s,60 °Cfor 20 s, 72 °C for 20 s), melting curve program
(9545-95°C with a final heating rate of 0.1°C/s and a
continuous fluorescence measurement) and finally a cooling
step to 40 °C. The crossing points (CP) for each transcript were
mathematically based on the standard curves.

2.9.  Cell cycle analysis

For cell cycle studies, cells were exposed to different
concentrations of SANG for different periods of time. Cells
were collected and fixed with cold 70% ethanol and stored (in
—20 °C). Cells were washed and resuspended in PBS-T. Cells
were incubated at 37 °C for 45 min in 0.5 ml PBS-T with 20 pg/
ml RNase (SIGMA, St. Louis, MO) and then stained with
Propidium Iodide (Molecular Probes, Invitrogen, Carlsbad, CA)
for 30 min at 37 °C. Once more the flow cytometer was used,
this time for DNA quantification. Using Modfit LT software
(Verity Software House, Topsham, ME), the percentage of cells
in the different cell cycle phases was determined.

2.10.  Determination of oxidative stress in live cells

Vital imaging of oxidative stress in K1735-M2 was determined
according to the protocol by Sardao et al. [38]. Cells seeded in
glass-bottom dishes were incubated with 7.5uM CM-
H,DCFDA (Molecular Probes, Invitrogen, Carlsbad, CA) for
1h at 37 °C in the dark. Media was then replaced by new pre-
warmed DMEM and cells were returned to the incubator for
another hour. Media was then again replaced by 2 ml of Krebs
buffer (1 mM CacCl,; 132 mM NacCl; 4 mM KCl; 1.2 mM Na,HPOy;
1.4 mM MgCl,; 6 mM glucose; 10 mM HEPES, pH 7.4). Cells were
observed by epifluorescence microscopy using a Nikon Eclipse
TE2000U microscope (fluorescein filter) and images were
obtained using Metamorph software (Universal Imaging,
Downington, PA).

2.11.  Collection of total and mitochondrial extracts from
K1735-M2 cells

To obtain total cellular extracts, K1735-M2 cells were
harvested by trypsinization (with Trypsin-EDTA, Gibco-Invi-
trogen, NY) and washed once with PBS, after treatment with
SANG. Floating cells were also collected and combined with
adherent cells. In order to collect the total amount of cells, two
centrifugation steps were performed for 5min at 1000 x g.
Cellular pellet was resuspended in collecting buffer (20 mM
HEPES/NaOH, pH 7.5, 250 mM Sucrose, 10 mM KCl, 2 mM
MgCl,, 1 mM EDTA) supplemented with 2 mM dithiothreitol
(DTT), 100 pM phenylmethylsulfonyl fluoride (PMSF) and a
protease inhibitor cocktail (containing 1 pg/ml of leupeptin,
antipain, chymostatin and pepstatin A) and ruptured by 30
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passages through a 27-gauge needle. The cell suspension was
then rapidly frozen/thawed 3 times in liquid nitrogen and kept
at —80 °C until used. For subcellular fractionation, cells were
harvested as described above and resuspended in homo-
genization buffer (250 mM sucrose, 20 mM K* HEPES pH 7.5,
10 mM KCl, 1.5mM MgCl,, 0.1mM EDTA, 1mM EGTA)
supplemented with 1 mM DTT, 100 uM PMSF and protease
inhibitor cocktail (containing 1 wg/ml of leupeptin, antipain,
chymostatin and pepstatin A). Cell homogenization was
performed in a Potter-Elvehjem homogenizer with Teflon
pestle. The homogenate was subjected to sedimentation at
220 x g during 5min at 4°C. The supernatant, containing
mitochondrial fraction, was centrifuged again at 14,000 x g
during 10min at 4°C. The pellet, corresponding to the
mitochondrial fraction was resuspended in 50 pl of homo-
genization buffer. Samples were stored at —80 °C until used.
Protein contents were determined by the Bradford method.

2.12.  Western blot analysis

Alterations in proteins expression were analyzed by Western
blot. After the treatment of K1735-M2 mouse melanoma cells
with SANG, total and mitochondrial extracts were collected.
After denaturation at 95 °C for 5 min in a Laemmli buffer (Bio-
Rad, Hercules, CA), equivalent amount of proteins (50 p.g) were
separated by electrophoresis on 8 or 12% SDS-polyacrylamide
gels (SDS-PAGE) (Bio-Rad, Hercules, CA) and electrophoreti-
cally transferred to a polyvinylidene difluoride (PVDF) mem-
brane (Bio-Rad, Hercules, CA). After blocking with 5% milk in
TBST (50 mM Tris-HCI, pH 8; 154 mM NaCl and 0.1% Tween 20)
for 2h at room temperature, membranes were incubated,
overnight at 4 °C, with the antibodies directed against to the
denaturated form of p53 (1:200) (Santa Cruz Biotechnology,
CA), Bax (1:5000) (Cell Signalling, Piscataway, NJ) and APAF-1
(1:500) (Cell Signalling, Piscataway, NJ). Membranes were
further incubated with the alkaline phosphatase-conjugated
secondary antibodies, for 1h at room temperature. Mem-
branes were reacted with the ECF detection system (Amer-
sham, UK) and read with the Versa Doc imaging system (Bio-
Rad, Hercules, CA). Densities of each band were calculated
with Quantity One Software (Bio-Rad, Hercules, CA). Mem-
branes were also stained with Ponceau reagent to confirm
equal protein loading in each lane.

2.13.  Immunocytochemistry for phosphorylated H2AX
histone (H2AXy)

K1735-M2s grown on glass coverslips were treated with 2 pM
SANG; controls received an equivalent amount of DMSO
(vehicle only). After a 16 h exposure, cells were loaded with
Mitotracker Red, 1:10,000 dilution from a 1 mM stock solution
(Molecular Probes, Invitrogen, Carlsbad, CA) which was added
directly to the culture medium for 45 min. Cells were then
fixed in 2% paraformaldehyde in PBS for 5min at room
temperature, and subsequently transferred to ice-cold metha-
nol and stored in a freezer overnight. After rehydration in PBS-
T, coverslips were blocked with 1% powdered milk in PBS-T for
30 min at 37°C, and incubated in a mouse monoclonal
antibody to phosphorylated histone H2AX (H2AXgamma;
Upstate, Cell Signalling, Piscataway, NJ) for 1h at 37°C.

Following three PBS-T washes, cells were incubated in goat-
anti-mouse IgG conjugated to fluorescein (1:10,000, Jackson
Immunoresearch) (Cell Signalling, Piscataway, NJ) and
Hoechst 33258 (5 pg/ml) for 1h at 37°C, washed again in
PBS-T, and mounted in anti-fade medium (90% glycerol, 10%
CAPS buffer, pH 9.0, and 0.1% phenylenediamine).

2.14.  Caspase-like activity assay

Total cellular extracts were collected as described above and
protein contents were assayed using the Bradford method. To
measure caspase 3 and 9-like activity, aliquots of cell extracts
containing 25 pg (for caspase 3) or 50 g (for caspase 9) were
incubated in a reaction buffer containing 25 mM HEPES (pH
7.4),10% sucrose; 10 mM DTT, 0.1% CHAPS and 100 .M caspase
substrate (Ac-DEVD-pNA for caspase 3 or Ac-LEHD-pNA for
caspase 9, purchased from Calbiochem, NJ, USA) for 2h at
37 °C. Caspase-like activities were determined by following the
detection of the chromophore p-nitroanilide after cleavage
from the labelled substrate Ac-DEVD-p-nitroanilide or Ac-
LEHD-p-nitroanilide. The method was calibrated with know
concentrations of p-nitroanilide (purchased from Calbiochem,
NJ, USA).

2.15.  Isolation of rat liver mitochondria

Mitochondria were isolated from the livers of male Wistar rats
as previously described [32]. Homogenization medium con-
taining 250 mM sucrose, 10 mM HEPES (pH 7.4), 1 mM EGTA,
and 0.1% BSA lipid-free was used. EGTA and BSA were omitted
from the final washing medium, adjusted at pH 7.2. Mitochon-
drial protein was determined by the Biuret method using BSA
as a standard. The mitochondrial suspension was kept on ice
during experiments, which were carried out after a 30 min
recovery period and within 5 h.

2.16. Oxygen consumption

Oxygen consumption of isolated liver mitochondria was
measured using a Clark-type oxygen electrode connected to
a suitable recorder in a 1ml thermostated, water-jacketed,
closed chamber with magnetic stirring, at 30 °C. The standard
respiratory medium consisted of 135 mM sucrose, 65 mM KCI,
2.5 mM MgCl,, 5 mM KH,PO,, 5 mM HEPES (pH 7.2). Mitochon-
dria were suspended at a concentration of 1.5mg/mL.
Respiration was started by adding 5 mM glutamate/malate
or 5mM succinate together with 3mM rotenone. ADP
(125 nmol) was used to induce state 3. State 4 was measured
as the respiratory rate after ADP phosphorylation. Oligomycin
(1 pg) and FCCP (1 pM) were also added to the system in order
to inhibit passive flux through the ATP synthase and to
uncouple respiration, respectively. SANG was pre-incubated
with mitochondria in the reaction medium for 2 min before
the addition of the respiratory substrate.

2.17.  Mitochondrial transmembrane potential
The mitochondrial transmembrane potential (A¥) was indir-

ectly estimated by the mitochondrial accumulation of the
lipophilic cation tetraphenylphosphonium (TPP*) as detected
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by using a TPP* selective electrode in combination with an
Ag/AgCl-saturated reference electrode. Both the TPP* elec-
trode and the reference electrode were inserted into an open
vessel with magnetic stirring and were connected to a pH
meter (Jenway, Model 3305). The signals were fed to a
potentiometric recorder (Kipp & Zonen, Model BD 121). No
correction was made for the “passive’” binding of TPP* to the
mitochondrial membranes, since the purpose of the experi-
ments was to show relative changes in potentials rather than
absolute values. Mitochondrial protein (1.5mg) was sus-
pended under constant stirring in 1 mL of reaction medium
composed of 125 mM sucrose, 65 mM KCIl, 5 mM KH,POy,,
2.5 mM MgCl, and 5 mM HEPES (pH 7.4, 30 °C), supplemented
with 3 uM TPP".

Mitochondria were energized with 10 mM glutamate/
malate or 10 mM succinate plus 3 uM rotenone. SANG was
added prior to mitochondrial protein. ADP (125 nmol) was
added to initiate phosphorylation. Absolute values for
membrane potential (in millivolts) were determined as
previously described [32], assuming Nernst distribution
of the ion across the membrane electrode. A matrix volume
of 1.1 pl/mg protein was assumed.

2.18. Mitochondrial swelling

Mitochondrial osmotic volume changes were measured by
the apparent absorbance at 540 nm with a JASCO V-560
spectrophotometer. The assays were performed in 2 ml of the
reaction media (200 mM sucrose, 10 mM Tris-MOPS (pH 7.4),
10 uM EGTA, 1 mM KH,PO,, 1.5 puM rotenone and 2.5 mM
succinate) and with 1.5 mg protein with constant stirring, at
30 °C. Calcium (20 pM) was added to the system after 60 s in
order to start mitochondrial swelling. Cyclosporin A (1 pM)
was added to the mitochondrial preparation before the
addition of calcium to inhibit the MPT. SANG was incubated
with the mitochondrial fraction for 2min in reaction
medium.

2.19.  Mitochondrial calcium loading

Extramitochondrial free calcium was assayed by using the
hexapotassium salt of the fluorescence probe Calcium Green
5-N (100 nM) (Molecular Probes, Invitrogen, Carlsbad, CA) as
previous described [32]. Briefly, liver mitochondria (0.4 mg)
were resuspended in 2ml of buffer containing 200 mM
sucrose, 10 mM Tris, 10 puM EGTA (to complex basal calcium),
1 mM KH,PO,, 2 pM rotenone, and 4 mM succinate. Fluores-
cence was continuously recorded in a water-jacketed cuvette
holder at 30°C using a PerkinElmer LS-55 fluorescence
spectrometer with excitation and emission wavelengths of
506 and 531 nm, respectively. Slits used were 5 nm for both
excitation and emission wavelengths.

2.20.  Mitochondrial ATPase activity

First, the activity of mitochondrial ATPase was evaluated
thorough the variations of pH occurring during ATP synthesis,
as previously described [32]. Decrease of pH due to the
hydrolysis of ATP was monitored polarographically with an
electrode of pH connected to a suitable recorder in 1ml

thermostated, water-jacketed, opened chamber with mag-
netic stirring, at 30 °C. Mitochondria (1.5 mg protein) were
incubated in 1 mlreaction media (125 mM sucrose, 65 mM KCl,
2.5 mM MgCl,, 5 mM KH,PO,). Reaction was initiated by the
addition of 3 mM ATP. Oligomycin was used as a selective
inhibitor of ATP synthase (Fo unit), and completely abolished
proton consumption. SANG was pre-incubated with the
mitochondrial fraction in reaction medium for 2 min before
ATP addiction. Known concentrations of KOH were used to
calibrate the system. To confirm the results, ATP-induced
generation of transmembrane potential (A¥) was measured by
using a TPP" selective electrode as described in the measure-
ment of mitochondrial transmembrane potential. Mitochon-
dria (1.5 mg protein) were incubated in 1 ml of reaction media
(125 mM sucrose, 65 mM KCI, 2.5 mM MgCl,, 5 mM KH,POy,
5 mM HEPES) pH 7.4 at 30 °C. The media was supplemented
with 3 uM TPP* and 3 pM rotenone. Reaction was started by
3 mM ATP. Oligomycin was used as a selective inhibitor of ATP
synthase (Fo unit). SANG was pre-incubated with the
mitochondrial fraction in reaction medium for 2 min before
ATP addition.

2.21.  Statistical analysis

All obtained values were expressed as means + S.E.M. and
compared by one-way ANOVA with Bonferroni multiple
comparisons post-test. A value of p < 0.05 was considered
statistically significant. Data was analyzed by using GraphPad
Prism 4.0 (GraphPad Software).

3. Results

3.1.  Effect of sanguinarine in K1735-M2 cell line
proliferation

In order to investigate the effects of SANG on cell proliferation
and cell death, K1735-M2 rat cells were incubated in the
absence and presence of increasing concentrations of the drug
(2, 4 and 8 pM) for 12, 24, 36 and 48 h. In Fig. 2, panel A, the
survival curve shows that SANG has a dose/time-dependent
effect inhibiting K1735-M2 cell proliferation. The inhibitory
effect on cell proliferation is more visible after 12h of
incubation with SANG. After 48 h of incubation, 8 uM SANG
has a profound effect on cell proliferation, most likely because
of induction of cell death as the corresponding line is below
control levels. Panel B is the same experiment but with the
extra addition of the mitochondrial uncoupler FCCP. Data
shows that FCCP synergistically increases the effect of 4 pM
SANG. By visualizing mitochondrial TMRM accumulation after
incubation with the same concentration of FCCP, no signal
was detected, revealing that the concentration of protono-
phore is effective depolarizing mitochondria in situ (data not
shown). Also interesting is the fact that FCCP, per se, was not
able to decrease cell mass during the full time frame of the
experiments. A third trial was performed to confirm cell death
induced by SANG. When measuring cell death by flow
cytometry, a significant difference was observed for the
highest concentration tested (8 pM), which caused more than
20% of cell death (Fig. 2, panel C).
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**1®)

Hrs. in Sanguinarine/FCCP

4uM 8uM
Sanguinarine (pM)

Fig. 2 - Inhibition of cell proliferation and induction of cell death by SANG. (A) Inhibition of cell proliferation by SANG as
measured by using the sulforhodamine B assay. Data in the ordinate represent the absorbance of the dye, which is
proportional to the amount of cells. Data are means + S.E.M. of three independent experiments. (B) As in (A), except that
cells were previously incubated with 10 uM FCCP for 30 min before adding SANG. The two molecules were present
throughout the entire time frame. Data are means *+ S.E.M. of three independent experiments. (C) Determination of cell
death after incubating cells with SANG for 24 h. Ethidium homodimer and calcein-AM were used as a tool to measure cell
death by flow cytometry. Ethidium homodimer-positive, calcein-negative cells were considered necrotic. p < 0.05 vs.
control. Data are means * S.E.M. of three independent experiments.

3.2.  Sanguinarine preferably accumulates in
K1735-M2 cells nuclei

In order to assess the intracellular site for SANG accumula-
tion, K1735-M2 cells were incubated with 4 uM SANG for 3 h.
Intracellular accumulation of the drug was identified by
epifluorescence microscopy as SANG exhibits self-fluores-
cence [20]. TMRM, a cationic fluorescent probe that
accumulates in mitochondria was used to assess the co-
localization of the alkaloid and TMRM. The set of images of
Fig. 3, upper panel, clearly shows that SANG (green
fluorescence) is accumulated by the cell nuclei at a greater
level than by mitochondria, this despite the molecule
having a positive charge (Fig. 1). In the absence of
TMRM, SANG was also not significantly detected in
extra-nuclear spaces. Next, SANG intracellular accumula-
tion was quantified by flow cytometry; the lower panel of
Fig. 3 reveals that the relative fluorescence increases
directly with the increasing SANG concentrations even for
concentrations much higher than the ones used in most
experiments.

3.3.  Sanguinarine induces morphologic changes and
mitochondrial depolarization in K1735-M2 cells

Cells pre-treated with SANG were incubated with TMRM
(mitochondria), Hoechst 33342 (nuclei) and calcein-AM (cell
viability) for 30 min at 37 °C. Fig. 4 shows several images
obtained by epifluorescence. Panels A-D show a control group,
with cells showing 70-80% confluence (A), a vast majority of
cells maintaining viability (B), normal nuclear morphology (C)
and normal mitochondrial polarization (D). By treating cells
with 8 pM SANG for 24 h, most cells round up and detach (E),
although most still maintain membrane integrity (F) and
present abnormal nuclei, with clear signs of condensed
chromatin (G). Also, the majority of cells exhibit mitochondrial
depolarization (H). A higher magnification of cells treated with
4 pM SANG for 24 h shows that two distinct populations of
cells co-exist. Although by phase contrast, cells have mostly a
normal appearance (K), some are completely depolarized (L),
not showing any TMRM labelling. In contrast, control cells (I, ])
display a normal appearance and TMRM mitochondrial
labelling. Because of these mitochondrial effects, some
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Fig. 3 - Nuclear accumulation of SANG. Upper panel, epifluorescence microscopy of K1735-M2 cells treated with 4 pM SANG
for 3 h. Cells were also co-incubated with 100 nM TMRM (red) which accumulates in polarized mitochondria. An image
obtained by differential interference contrast is also shown. White bar represents 15 pm. Lower panel, SANG accumulation
as quantified by flow cytometry. Cells were exposed for 150 min with 1.25, 2.5, 5, 10 and 20 pM SANG. Data are

means =+ S.E.M. of three independent experiments.

selected concentrations of SANG were also used to investigate
if mtDNA copy number is altered with treatment for 24 h. In
fact, no significant alterations in mtDNA were detected (M) for
any of the concentrations studied.

3.4.  Sanguinarine-induced mitochondrial depolarization is
not associated with oxidative stress

In order to evaluate whether cells with depolarized mitochon-
dria have increased oxidative stress, co-labelling of 4 uM
SANG-treated cells with TMRM and the redox-sensitive probe
CM-H,DCFDA was performed after 6 and 24 h of treatment
(Fig. 5). As described above, SANG shows a time-dependent
effect on mitochondrial membrane potential, with a general
mild depolarization observed after 6 h and an “all-or-nothing”
effect for 24 h. In the two time-points studied, no significant
increase in cell fluorescence due to oxidative stress was
observed, showing no direct correlation between mitochon-
drial depolarization and oxidative stress. The same protocol
confirmed that berberine, an alkaloid similar to SANG caused
an increase in cell oxidative stress (data not shown and [32]).
To confirm the absence of oxidative stress in the mechanism
of SANG-induced toxicity, we also incubated K1735-M2 cells
with n-acetylcysteine (NAC) and SANG and could not find any
protection afforded by NAC for 24 or 48 h of treatment (data
not shown).

3.5.  Sanguinarine does not cause significant effects
on the K1735-M2 cycle

Ithas been described that SANG arrests the cell cycle of several
cancer cell lines [12,39] but no information was available
regarding melanoma, with the exception of a single study [13].
Fig. 6 describes the data obtained by evaluating cell cycle
alterations induced by SANG on K1735-M2 cells. The most
noticeable result is an increase in the sub-G1 peak in a dose
and time-dependent manner. Although for 24 h of incubation
time no significant differences are found, an increase in sub-
G1 peaks occurs for 48 and 72 h. As consequence, the number
of cells in G1, S or G2 phases of the cell cycle decrease
accordingly, which is more severe for the highest SANG
concentration used and for higher exposure times. Of
particular interest is the decrease of cells in S phase observed
for 24 h for all SANG concentrations tested and the decrease in
the number of cells in G1 phase observed for 72 h.

3.6. Sanguinarine activates caspase 3 and 9

By using a colorimetric method, an increase in caspase-like
activity was investigated in extracts from cells treated with
SANG for 6 and 24 h. The data in Fig. 7 shows that for 6 h of
treatment, 4 uM SANG causes an increase for caspase 3 and 9-
like activity. Treatment of cells with 8 uM resulted into a large
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Fig. 4 - Vital imaging of K1735-M2 cells treated with SANG. Cells were incubated with TMRM (100 nM), Hoechst 33342 (1 p.g)
and calcein-AM (300 nM) for 30 min at 37 °C. Panels A-D: Control cells treated for 24 h with the vehicle DMSO ((A) phase
contrast, (B) calcein-AM, (C) Hoechst, (D) TMRM). Panels E-H: Cells treated with 8 puM SANG for 24 h ((A) phase contrast, (B)
calcein-AM, (C) Hoechst, (D) TMRM). Panels I and J: Control cells treated for 24 h with the vehicle ((I) 600x DIC, (J) TMRM).
Panels K and L: Cells treated with 4 pM SAN for 24 h. Notice the cell with the white arrow which although showing normal
morphology, has no mitochondrial TMRM accumulation. Panel M: Quantification of mitochondrial DNA copy number by RT-

PCR as described in Section 2.

increase of caspase 3-like activity (more than 4-fold increase,
data not shown), although a clear loss of cell mass was
determined. For 24 h incubation, no significant alteration of
caspase 9 activity was observed for the concentrations tested
while 4 pM SANG resulted into an increase of caspase 3-like
activity (Fig. 7).

3.7.  Role of Bax and p53 on sanguinarine-induced
cytotoxicity

For the data obtained regarding SANG-induced mitochondrial
depolarization, one possible explanation would be that SANG

causes DNA damage, which is followed by p53 activation and
increased Bax expression. By its turn, Bax is recognized to
induce mitochondrial dysfunction upon apoptotic stimuli [40].
By performing Western blotting on total cell extracts, an
increase in the protein p53 was indeed found (Fig. 8). The
density of the band increased in a dose-dependent manner but
had no correspondence in an increase in Bax or APAF-1
concentration in the same samples. When analysing mito-
chondrial fractions obtained from the same cells, the same
trend of results was found, meaning that increased mitochon-
drial p53 but not Bax translocation occurs (Fig. 8). The lack of
Bax up-regulation in the mechanism of SANG-induced
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Fig. 5 - SANG causes mitochondrial depolarization but does not generate free radicals when incubated with K1735-M2 cells.
Cells were incubated with 4 pM SANG for 6 or 24 h. 45 min before the end of the incubation period, the fluorescent probes
TMRM (red, mitochondria), Hoechst (blue, nuclei) and CM-H2DCFDA (green, oxidative stress) were added to the cell
suspension and cells were imaged with a Nikon Eclipse 3000 epifluorescence microscope. Notice that a sub-set of cells still
have polarized mitochondria after 24 h of incubation (last row, TMRM column), although no intracellular oxidative stress is

evident.

cytotoxicity was confirmed by performing sulforhodamine B
assays with two compounds that are supposed to inhibit the
mitochondrial role of Bax on the induction of cell death. The
two compounds used were Bax-inhibiting peptide V5 and Bax-
channel blocker [41,42]. No protection was afforded by any of
the blockers (data not shown).

3.8.  Does DNA damage correlate with mitochondrial
depolarization induced by sanguinarine?

To test whether SANG resulted in nuclear DNA damage,
SANG and control cells were labelled with an antibody to
phosphorylated histone H2AX (H2AXY), which is a recognized
marker for DNA damage [43]. An increase in nuclear
fluorescence in the SANG-treated group was readily observed
by immunofluorescence (Fig. 9 upper panel and lower panel,
left graph). Cells were double-labelled with MitoTracker Red
and the level of nuclear fluorescence of H2AXy was measured
in cells with polarized vs. cells with depolarized mitochon-
dria. As seen in Fig. 9, lower panel, right graph, cells with low
mitochondrial polarization possessed higher levels of
nuclear H2AXy labelling, demonstrating a relation of both
events. It is worth mentioning that vital imaging with TMRM

resulted into an all-or-nothing effect while using Mito-
Tracker Red with fixed cells always resulted in cells with low
basal fluorescence vs. cells with high, mitochondrial-
derived, fluorescence.

3.9. Mitochondrial effects on isolated mitochondrial
fractions—respiration, mitochondrial transmembrane
potential and ATPase

The effect of SANG on isolated mitochondrial fractions was
evaluated by comparing oxygen consumption and the gen-
eration of the transmembrane electric potential (A¥) in the
absence and presence of the drug. Tables 1 and 2 show the
results obtained when hepatic mitochondria were energized
by using glutamate-malate and succinate, respectively. Sig-
nificant statistical differences are visible for the higher
concentrations of SANG used for both complex I- and complex
II-sustained respiration, although it is clear that complex I-
sustained respiration is more affected. In general, SANG
stimulates state 4 and state 4 plus oligomycin respiration and
inhibits uncoupled and state 3 respiration. The largest
inhibition is actually seen for uncoupled respiration (a.p.
75% decrease).
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Fig. 6 - Effect of SANG on K1735-M2 cell cycle and sub-G1
phases. Nuclear binding of propidium iodide was used to
determine cell cycle phase. Cells were incubated with
SANG for 24, 48 and 72 h, as described in Section 2. Results
are represented as % total cells. Data are means + S.E.M. of
three independent experiments. p < 0.05 vs. control for
the same time point.

Variations in mitochondrial A¥ resulting from energization
and ADP phosphorylation were also measured in control and
SANG-treated mitochondria. Results obtained in mitochon-
dria energized with glutamate/malate and succinate are
shown in Tables 3 and 4 respectively. No statistically
significant differences were observed for any concentration
of SANG tested.

Another experiment on isolated liver mitochondria
regarded the possible effect of SANG on the ATP synthase.
The first approach to test a possible effect rely on the fact
that ATP hydrolysis by freeze-thawed mitochondria lead to
an increase of protons on the reaction medium. The second
approach is based on the generation of transmembrane
potential of isolated intact mitochondrial fractions in the
presence of ATP and with inhibited respiration. In this
particular case, the ATP synthase acts as an ATPase,
pumping matrix protons to the mitochondrial inter-mem-
brane space and consuming ATP in the process. Table 5
shows that only one of the methods yielded a statistically
significant result, with the highest SANG concentration
showing a slight but significant decrease in the rate of proton
production.
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Fig. 7 - Caspase 3 and 9-like activity in K1735-M2 cells
treated with SANG. Cells were treated as described in
Section 2 with SANG for 6 and 24 h. For higher SANG
concentrations, it was not possible to obtain enough
protein to conduct all experiments. Data are

means = S.E.M. of five independent experiments. p < 0.05
vs. control for the same time point.

3.10.  Sanguinarine effects on the mitochondrial
permeability transition

One of the effects of MPT pore opening is mitochondrial water
influx which causes mitochondrial swelling. The effect of
SANG on calcium-induced mitochondrial swelling was stu-
died by measuring the changes in the suspension absorbance
at 540nm in a sucrose-based media. Table 6 shows the
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Fig. 8 — Detection by Western blotting of p53, Bax, APAF-1
in total fractions and p53 and Bax in mitochondrial
extracts from K1735-M2 cells. Equal protein loading in
each lane was confirmed by Ponceau labelling. Cells were
incubated with 2 and 4 pM SANG for 6 and 24 h and total
extracts and mitochondrial fractions were collected as
described. The results are representative of 3-5 separate
experiments.
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Fig. 9 - Relationship between SANG-induced mitochondrial depolarization and H2AXy. Upper panel, epifluorescence
microscopy of control and SANG-treated (2 nM SANG for 16 h) K1735-M2 cells. The panels represent phase contrast,
MitoTracker Red and nuclear H2AXy and Hoechst labelling. Lower panel, left graph, quantification of nuclear H2AXy
fluorescence in control and SANG-treated cells. Lower panel, right graph, quantification of nuclear H2AXy fluorescence in
cells with polarized vs. cells with depolarized mitochondria. The latter group included cells without specific mitochondrial
MitoTracker Red labelling. Data are means =+ S.E.M., of multiple independent experiments. 'p < 0.05 vs. other experimental

group.

Table 1 - Effects of SANG on glutamate-malate-energized mitochondria

Protein (nmol/mg) State 3 State 4 Voligo Viccp RCR ADP/O Vfccp/Voligo
Control 83.0+9.6 73+£26 54+22 90.0 +13.0 18.0+5.1 2.7 £0.22 38.0+16.0
100 + 0.0% 100 + 0.0% 100 + 0.0% 100 + 0.0% 100 £ 0.0% 100 + 0.0% 100 + 0.0%
0.7 79.0+7.7 89+35 6.7 £3.2 71.0+£19.0 20.0+9.8 29+0.18 29.0+11.0
97.0 £2.7% 131.0 + 44.0% 111.0 + 23.0% 74.2 £ 13.0% 111.0 + 37.0% 110.0 + 4.2% 76.0 £ 20.0%
13 64.0 +£13.0 9.3+23 6.8+24 63.0 +21.0 8.6+t24 3.1+£0.21 23.2+16.0
75.0 £ 9.9% 167.0 + 50.0% 179.0 £ 71.0% 66.0 + 15.0% 57.0 + 13.0% 117.0 £ 11.0% 81.3 +£47.0%
2.7 58.0+17.0 13.0+3.2 10.0+3.3 48.0 £15.0 6.3+3.1 3.5+0.45 8.8+44
67.0 + 16.0% 252.0 + 75.0% 302.0 + 131.0% 51.0 + 12.0% 42.0+17.0% 129.0 + 13.0% 30.0 + 10.0%
5.3 41.0 +10.0 14.0+ 2.7 11.0+ 2.9 26.0+ 8.0 3.6+12 35+04 3.0+10
48.0+9.9%  250.0+56% 320.0 £ 120% 29.0 + 6.8% 24.0 £ 6.0% 128.0 £ 12% 15.0 +4.5%

Mitochondria (1.5 mg) were incubated in 1 ml respiration media at 30 °C as described above. State 4 was measured in the presence of 5 mM
glutamate/malate. ADP (125 nmol) was added to induce state 3 respiration. Oligomycin (1 wg) and FCCP (1 pM) were also added to the system in
order to inhibit passive proton flux through the ATP synthase and to uncouple respiration. The RCR is defined as the ratio between state 3 and
state 4 respiration. The ADP/O was calculated as the number of nmol ADP phosphorylated per nano-atoms oxygen consumed during ADP
phosphorylation. Respiration rates are expressed in natms O/minute/mg protein and also as the percentage of control. Data are
means + S.E.M. of 5-6 different preparations.

" p <0.05 vs. control.
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Table 2 - Effects of SANG on succinate-energized mitochondria

Protein (nmol/mg) State 3 State 4 Voligo Vfcep RCR ADP/O Vfcep/Voligo
Control 85.2+4.0 20.7 £3.8 16.5+ 3.8 1473 £5.7 53+1.1 1.7 +0.1 12.4+3.2
100.0 £ 0.0% 100.0 + 0.0% 100.0 + 0.0% 100.0 £ 0.0% 100.0 £ 0.0% 100.0 £ 0.0% 100.0 £ 0.0%
0.7 96.4+5.3 27.3+43 20.7 £4.4 149.8 £ 19.3 4.1+0.6 1.6+0.1 121+ 4.2
113.1 £ 6.3% 147.8 £22.1% 135.4 £31.2% 141.4 +£ 11.0% 84.0 £9.9% 95.3 +2.5% 97.0 £+ 28.6%
1.3 88.0+7.6 265+5.9 20.0+5.2 125.2+29.1 6.0+28 20+04 17.3+9.9
104.6 £9.7% 138.4 +33% 131.1 £ 36.3% 83.6 +18.3% 114.7 £39.8% 115.2 £+ 25.0% 138.1+73.9%
2.7 82.1+15.38 282+4.1 20.5+4.1 96.2 + 24.6 3.2+0.8 1.7 +0.3 71.4+33
94.2 +£16.7% 156.6 + 18.2% 123.4 +£4.9% 63.3 £15.2% 65.5 +13.2% 102.9 £ 17.4% 53.3+13.1%
5.3 75.3+13.5 31.0+5.8 242+5.0 58.0 + 14.1 2.8+0.7 1.7+0.3 3.1+1.0

86.1+13.2%  170.1+24.0%  151.7 +15.8% 39.0 +9.1% 55.6 +9.1% 102.1 + 17.2% 294 +9.1%

Mitochondria (1.5 mg) were incubated in 1 ml respiration media at 30 °C as described above. State 4 was measured in the presence of 5 mM
succinate plus rotenone. ADP (125 nmol) was added to induce state 3 respiration. Oligomycin (1 ng) and FCCP (1 pM) were also added to the
system in order to inhibit passive proton flux through the ATP synthase and to uncouple respiration. The RCR is defined as the ratio between
state 3 and state 4 respiration. The ADP/O was calculated as the number of nmol ADP phosphorylated by nano-atoms oxygen consumed during
ADP phosphorylation. The ADP/O was calculated as the number of nmol ADP phosphorylated per nano-atoms oxygen consumed during ADP
phosphorylation. Respiration rates are expressed in natms O/minute/mg protein and also as the percentage of control. Data are

means + S.E.M. of 5-6 different preparations.
" p <0.05 vs. control.

Table 3 - Effects of SANG on glutamate/malate-energized mitochondria

Protein (nmol/mg) A¥ (—mV) ADP depolarization (—mV) Lag phase (s)
Control 2159+23 27.6 £2.0 27.2+28
100 + 0.0% 100 £ 0.0% 100 £ 0.0%
0.7 2132 £3.8 27.14 £2.23 342+35
98.5+£0.7% 98.3 + 23.0% 165.4 4+ 3.8%
1.3 2153 +4.1 24.89 £+ 2.20 33+£21
99.4 £ 0.7% 91.4 +2.8% 120.6 + 20.5%
2.7 2103 +£1.7 227 +2.4 33.6+4.2
97.1+0.5% 87.5+0.7% 123.3 +3.8%
5.3 2053 +£2.7 16.2+ 25 294+26
94.9 £ 0.9% 68.4 +12.3% 102.9 £ 2.9%

Avmax, ADP depolarization and lag phase was measured by using a TPP*-selective in the conditions of Table 1.

swelling rate and amplitude after calcium addition. The
data shows that a significant difference is obtained only for
a high SANG concentration (14.4 nmol/mg protein). Cyclos-
porin A was able to inhibit SANG-induced mitochondrial
swelling.

We also measured mitochondrial calcium accumulation by
using the fluorescent probes Calcium Green 5-N. Shortly after
an increase in probe fluorescence due to calcium addition
(Fig. 10), fluorescence decreased in all conditions tested,
indication of mitochondrial calcium uptake. Interestingly,
SANG showed a mixed effect regarding calcium loading
capacity. For lower concentrations, SANG actually decreases
calcium loading capacity (lowers the time of calcium reten-
tion), while for the highest concentration tested (5 nmol/mg
protein), SANG actually increased calcium retention, this
without any effect on the A¥ (Table 4). The mixed effect on
mitochondrial calcium accumulation was confirmed by
following A¥ variations associated with calcium uptake and
MPT pore induction. In fact, we also confirmed that for lower
concentrations, SANG stimulates calcium-induced A¥ depo-

larization, while for higher concentrations the MPT induction
is similar to control (data not shown).

4, Discussion

Several plant extracts containing sanguinarine (SANG) as
their active compound have been used in traditional
Chinese and North American traditional medicine for
centuries due to their wide range of pharmacological effects
[44]. A search in the literature clearly indicates that
traditional medicine is growing in interest due to the
discovery of novel applications or to the knowledge of the
mechanisms behind the known effects. One particular case
is the alkaloid berberine, that was recently discovered by us
to be a mitochondrially targeted alkaloid, inducing an arrest
of proliferation in a murine melanoma cell line [32,33]. For
the present study, we investigated whether SANG, an
alkaloid similar to berberine, could also be cytotoxic for
the same melanoma cell line. The K1735-M2 cell line is a
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Table 4 - Effects of SANG on succinate-energized mitochondria

Protein (nmol/mg) AV (—mV) ADP depolarization (—mV) Lag phase (s)
Control 214.1+4.2 28.8+4.2 29.7 £6.2
100 £ 0.0% 100 £ 0.0% 100 £ 0.0%
0.7 209.0 £3.3 28.9 +3.00 36.6 +£5.3
98.8 +£2.5% 100.3 + 1.0% 157.1 + 57.1%
1.3 213.0+£3.6 264+34 31.8+7.4
99.9 + 1.4% 91.7 £0.1% 107.2% + 0.1%
2.7 210.1+4.0 25.1+2.9 33.0+£7.2
98.6 + 1.5% 88.7 £5.4% 1113 +£7.1%
53 202.6 £2.8 20.7 £2.7 43.2+6.3
95.7 £2.1% 71.9 £10.3% 164.3 £ 50.0%

Avmax, ADP depolarization and lag phase was measured by using a TPP*-selective in the conditions of Table 2.

very invasive melanoma cell line and is considered a good Table 6 - Mitochondrial swelling due to MPT pore
model for metastatic melanoma [30,31]. opening
In the present work, we demonstrate that SANG inhibits Amplitude (A.U.) Swelling rate (—A.U./min)
cell proliferation by causing cell death and an arrest of
. . . Control 0.1+0.1 0.02 +0.0
proliferation of K1375-M2 cells (Figs. 2 and 6). Another 100 £ 0.0% 100 £ 0.0%
published work demonstrated that SANG causes G1 arrest
in vascular smooth muscle cells [39] and a disruption of 0.9 01401 0.02:£0.0
. . . . 94.6 +19.1% 140.9 + 37.8%
nucleocytoplasmic trafficking of cyclin D1 in breast cancer
MCEF-7 cells [20]. In the present study, a clear increase in sub- 1.8 01+01 0.02+0.0
G1 peaks is observable, especially at 48 and 72 h of incubation LB 2=l kgt i
with SANG, which suggests the occurrence of apoptosis. At the 3.6 0.2+0.1 0.03 £0.0
24 h time point, a decrease in the proportion of cell in S phase 258.6 +74.5% 224.1 +67.3%
may be due to heightened sensitivity of cells to actively 72 02401 0.03 + 0.0
replicating DNA to SANG-induced DNA damage, resulting in 249.6 + 51.9% 194.9 + 30.3%
cgll death. For the 48h jume point, it a‘ppears that for the 144 04401 0.04 4+ 0.01
highest SANG concentration, cells are dying regardless of the 4242 +911 344.5 4 57.9%"
cell cycle phase. Finally, the data suggests that for 72 h, cell
death continues for lower concentrations. The much higher 14.4% Cycla 006:£0.0 00101
: g 78.2 + 30.2%! 64.8 + 27.6%'

number of control cells in G1 phase when compared with
other cell cycle phases for this time point results in an Evaluated. parameFers were .studied by r.neasuring light dispe.rsion
apparent higher sensitivity of cells in his cell cycle phase to changes in the mitochondrial preparation at 540 nm. Amplitude
SANG. Work is being carried out in our laboratories to identify was calculated as the difference between basal line absorbance

. X R and the absorbance registered 500 s after calcium addition. Rate
alterations in key melanoma cell cycle checkpoints after values represent the initial mitochondrial swelling rate after the

treatment with SANG. addition of calcium (60 s after the beginning of the experiment).
Data are means =+ S.E.M. of at least four different experiments.
" p <0.05 vs. control.

t 2+ .
Table 5 - SANG effects on the mitochondrial ATPase b <0.05 vs. Ca™ + 14.4 nmol SANG/mg protein.

activity evaluated by using two distinct methodologies

nmol H*/mg protein AY (—mV)
The data obtained also indicates that SANG kills K1735-M2
Control 40+0.3 1674 +1 : : : :

cells by apoptosis, as measured by caspase activation (Fig. 7).

100 + 0.0% 100 + 0.0% . . . .
The results also confirms that SANG is highly effective in
2.7 4.0+£03 167.1£1 killing the invasive K1735-M2 cell line since it is effective
RS2 SEHIEE 00 below 10 pM. Interestingly, when FCCP was pre-incubated
5.3 3.8+0.2 167.8+1 with K1735-M2 cells, the cytotoxicity of SANG was increased
94.2+1.0% 100.2 +0.2% for one of the concentrations tested (Fig. 2). The result may
In freeze-thawed mitochondria, ATP hydrolysis induces variations indicate 'that. for that precise concentr.ation, S.ANG and FCCEP
in the pH medium which were followed by a pH electrode. Intact may act in different targets. Another interesting hypothesis
liver mitochondria generate A¥ when ATP is added and respiration is that the decrease in the levels of ATP caused by FCCP, as
is inhibited. Data are presented as percentage of control. Control is described previously [32], would increase the cytotoxicity of

expressed in absolute values. nmol H*/mg protein and mV. Values
are means + S.E.M. of 4 different mitochondrial preparations.
" p <0.05 vs. control.

SANG by inhibiting the activity of the multi-resistance drug
protein responsible for the efflux of chemotherapeutic
agents [45].
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Fig. 10 - Evaluation of mitochondrial calcium loading.
SANG was incubated with mitochondria (0.4 mg) in the
following concentrations: (1) 2.5 nmol/mg protein, (2)

1.25 nmol/mg protein, (4) 5 nmol/mg protein, (5) 2.5 nmol
SANG/mg protein in the presence of Cyclosporin A

(100 nM). Line 3: Control (no SANG). The fluorescent probe
Calcium Green 5-N (100 nM) was used to follow
extramitochondrial calcium variations.

As previously described for MCF-7 cells [20], SANG is
accumulated by the nuclei of K1735-M2 cells (Fig. 3). Using
epifluorescence microscopy and using SANG self-fluorescence,
a larger nuclear to mitochondrial ratio of SANG accumulation
was detected (Fig. 3), this despite the similarity in structure with
berberine, an alkaloid that is accumulated by polarized
mitochondria [32]. One possible explanation for the differential
accumulation may be that the positive moiety in SANG is less
polar due to the existence of a methyl group linked with the
nitrogen atom. By using flow cytometry, a direct relationship
between drug concentration and cell fluorescence was
obtained, indicating that SANG is accumulated by cells most
likely by passive diffusion (Fig. 3). No plateauin cell fluorescence
was obtained even for concentrations of SANG that were much
higher than the ones used in the present study. Although not
measured in the present study, Holy et al. [20] demonstrated
that nuclear accumulation of SANG decreases after a few hours,
which may suggest localization to other intracellular targets as
mitochondria, although further studies are needed to assess if
SANG can exist in other extra-nuclear organelles in a non-
fluorescent form.

SANG was found to cause the rounding up of cells and
chromatin condensation, which are typical signs of apoptosis
[46]. Another interesting finding was that SANG causes a
mixed effect on mitochondrial polarization (Fig. 4L). A
complete lack of TMRM signalling was found inside some
living cells, in contrast with other cells in the same field of
view, which showed clear, although weaker than control,
TMRM labelling. An association between mitochondrial
depolarization and increased oxidative stress was not found
for 6 and 24 h (Fig. 5), although it has been previously that the
release of cytochrome c can in some circumstances increase
superoxide production by the respiratory chain [47].

An attractive possibility is that mitochondrial depolariza-
tion could be associated with nuclear DNA damage, already
identified in other tumour cell lines [19,48]. DNA damage can
lead to the activation of p53 [49], which would lead to several
biological effects among which the expression of pro-

apoptotic proteins such as Bax and APAF-1 [49]. Both Bax
and p53 can be translocated to mitochondria, with Bax
forming channels in the outer mitochondrial membrane
through where pro-apoptotic proteins enclosed in the inter-
membrane space can be released. The role of p53 translocation
to mitochondria is not as clear. Some researchers have
proposed that the mitochondrial translocation of p53 can
act to cause cell death or to protect the mitochondrial genome
during several aggressions [50,51]. Because of this, one initial
hypothesis would be that mitochondrial depolarization would
be a consequence of Bax and/or p53 translocation to
mitochondria. Western blotting assays demonstrated that
SANG induces an increase in p53 concentration in both total
cell extracts and mitochondrial fractions, but no Bax upregu-
lation was found in total cells extracts (Fig. 8). Nevertheless, it
would still be possible that selective accumulation of Bax in
mitochondria would occur. However, Western blotting did not
indicate that Bax translocation to mitochondria occurred
(Fig. 8). We also performed Western blotting against APAF, a
downstream target of p53 and again, quantitative increases in
either whole-cell or mitochondrial preparations were not
observed (Fig. 8) Although further work is necessary, it is
possible that K1735-M2 do not respond to p53-mediated
apoptotic stimuli due to mutations on the p53 binding site
or in the protein itself.

A final explanation for mitochondrial SANG effects would
be a direct effect on the bioenergetic apparatus of such
organelles. To test this possibility, experiments on isolated
hepatic fractions were conducted. Although differences exist
between mitochondria from normal and tumour cells, the
basic machinery for energy production is the same. It was also
difficult to obtain a good mitochondrial isolation yield from
K1735-M2 cells in order to perform all the necessary experi-
ments. Because of these reasons, we tested the effects of
sanguinarine on isolated hepatic mitochondrial fractions in
the same context as in previous studies [32]. In the range of
SANG concentrations used in cells, we observed that SANG, for
the highest concentrations tested, inhibited uncoupled and
state 3 respiration, although no negative effects were observed
in the ADP/O ratio and only very minor effects were observed
in the activity of the ATPase (Tables 1, 2 and 5). The effects
occurred for substrates for both complexes I and II, although
they were more prominent for complex I substrates (Table 1).
The results indicate that SANG inhibits mostly the respiratory
chain and not the phosphorylative system, since most end-
points of activity of the former were not affected. Stimulated
state 4 or state 4 plus oligomycin respiration also suggests
proton permeabilization through the membrane or a decou-
pling effect on the components of the respiratory chain (Figs. 1
and 2). The most interesting results arise from measurements
of the MPT pore activity (Fig. 6). When measuring mitochon-
drial swelling, no increased swelling rate or amplitude
occurred after calcium addition in the presence of SANG,
except when a high concentration of the compound was used.
For concentrations of SANG in the same range as the ones used
in cells, not only no increased swelling due to MPT pore
opening occurred, as SANG appeared to have a mixed type of
effect according to the concentration when directly measuring
calcium accumulation (Fig. 10). For lower concentrations,
SANG consistently decreased calcium loading capacity but
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increased calcium uptake for the largest concentrations tested
(Fig. 10). One possible explanation for this behaviour would be
that SANG would decrease mitochondrial A¥ for the highest
concentrations, thus decreasing calcium entry and hence pore
opening but measurements of A¥ using a TPP-selective
electrode excluded this hypothesis. Another likely explana-
tionis that SANG can act as an antioxidant [52,53], effective for
the highest concentrations tested, thus inhibiting pore open-
ingby reducing the amount of oxidized thiol groups in the pore
complex [54]. The differential activity of SANG on calcium
loading capacity (Fig. 10) invites to at least a partly explanation
regarding the effects of SANG on mitochondrial polarization of
intact melanoma cells. As we cannot exclude that SANG, even
if in lower amounts, can accumulate in mitochondria after its
peak on nuclear accumulation (see above), an attractive
hypothesis is that SANG, by achieving different concentra-
tions in mitochondria can activate or inhibit MPT pore
induction. The activation would lead to mitochondrial
depolarization, while hardly any effect would be seen by
SANG inhibition of pore openings in situ. Activation of caspase
9 (Fig. 7) is an indication of the involvement of the intrinsic
pathway for apoptosis. In fact, induction of the MPT pore in situ
could lead to rupture of the mitochondrial outer membrane
and escape of pro-apoptotic proteins including cytochrome c,
thus activating the mitochondrial pathway for apoptosis [55].

The true purpose of the present work was to identify the
mechanisms of cell death induced by SANG. The results here
shown demonstrate that SANG causes apoptosis for micro-
molar concentrations on an invasive metastatic melanoma
cell line, which involves caspase 9 and 3 activation. The data
indicates that in opposition to other tumour cell lines [21,56],
SANG does not increase Bax levels in K1735-M2 melanoma
cells. A similar result was obtained in human CEM T-leukemia
cells [26]. The interesting result was that the absence of Bax
over-expression occurred with an increase of p53 protein.
Matkar et al. [19] demonstrated that SANG-induced death in
human colon cancer cells was p53-independent, although
DNA damage was detected in K1735-M2 cells.

The results suggest that mitochondrial depolarization
induced by SANG is associated with nuclear DNA damage,
although it may not exclusively result from pathways
activated by the latter event. Other factors such as direct
effects of the drug on the organelle after initial nuclear effects
can also account for mitochondrial dysfunction and lead cells
to die upon caspase activation despite the fact that the p53-
Bax pathway is not operating. The data presented suggest that
SANG acts as a DNA damaging agent, showing also collateral
damage to mitochondrial bioenergetics, in a fashion similar to
doxorubicin, a powerful anti-cancer agent which acts both at
the mitochondrial and nuclear level [57]. SANG should be
considered as a potential novel chemotherapeutic for the
treatment of aggressive melanoma, with further tests required
to identify potential advantages of combinations with other
molecules.
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