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a b s t r a c t

The benzo[c]phenanthridine alkaloid sanguinarine has been studied for its antiproliferative activity in
many cell types. Almost nothing however, is known about the cytotoxic effects of dihydrosanguinarine,
a metabolite of sanguinarine. We compared the cytotoxicity of sanguinarine and dihydrosanguinarine in
human leukemia HL-60 cells. Sanguinarine produced a dose-dependent decline in cell viability with IC50

(inhibitor concentration required for 50% inhibition of cell viability) of 0.9 lM as determined by MTT
assay after 4 h exposure. Dihydrosanguinarine showed much less cytotoxicity than sanguinarine: at
the highest concentration tested (20 lM) and 24 h exposure, dihydrosanguinarine decreased viability
only to 52%. Cytotoxic effects of both alkaloids were accompanied by activation of the intrinsic apoptotic
pathway since we observed the dissipation of mitochondrial membrane potential, induction of caspase-9
and -3 activities, the appearance of sub-G1 DNA and loss of plasma membrane asymmetry. This aside,
sanguinarine also increased the activity of caspase-8. As shown by flow cytometry using annexin V/pro-
pidium iodide staining, 0.5 lM sanguinarine induced apoptosis while 1–4 lM sanguinarine caused
necrotic cell death. In contrast, dihydrosanguinarine at concentrations from 5 lM induced primarily
necrosis, whereas apoptosis occurred at 10 lM and above. We conclude that both alkaloids may cause,
depending on the alkaloid concentration, both necrosis and apoptosis of HL-60 cells.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The quaternary benzo[c]phenanthridine alkaloid sanguinarine
(Fig. 1) has been extensively studied for many years. Its ability to
interact with proteins and DNA underlies its diverse biological
activities (Walterova et al., 1995). Among others, sanguinarine
has been reported to suppress activation of transcription factor
NF-jB (Chaturvedi et al., 1997) and to modulate the function of
various enzymes, such as mitogen-activated protein kinase phos-
phatase-1 (Vogt et al., 2005), protein kinase C (Gopalakrishna
et al., 1995), and phosphoinositide-dependent protein kinase 1
(Vrba et al., 2008a). It also has antimicrobial and antifungal activ-
ities (Walterova et al., 1995). This aside, antiproliferative and/or
cytotoxic effects of sanguinarine have been demonstrated in nor-
mal cells such as human gingival fibroblasts (Malikova et al.,
2006a) and rat hepatocytes (Choy et al., 2008), as well as in many
cancer cell lines (Malikova et al., 2006b), including human promy-
elocytic leukemia HL-60 cells (Slaninova et al., 2007). Plants pro-
duce sanguinarine in response to stress stimuli and use it as a
phytoalexin against fungal and bacterial pathogens. To protect
themselves from the alkaloid, the producing cells may enzymati-
ll rights reserved.

: +420 585632302.
cally reduce sanguinarine to the less toxic dihydrosanguinarine
(Fig. 1) (Weiss et al., 2006). Similarly, dihydrosanguinarine was
identified as the first sanguinarine metabolite in rats too (Dvorak
and Simanek, 2007; Psotova et al., 2006). The mechanism of san-
guinarine reduction in animals remains unclear, though nonenzy-
matic conversion of sanguinarine to its dihydroderivative by
NAD(P)H has been described in vitro (Kovar et al., 1986; Matkar
et al., 2008a).

Sanguinarine and dihydrosanguinarine are suspected of being
responsible for outbreaks of human poisoning caused by the con-
sumption of edible oils contaminated with alkaloids from Arge-
mone mexicana seeds (Das and Khanna, 1997). A pharmacokinetic
study in rats administered a single intragastric dose of 10 mg of
sanguinarine per kg of body weight showed that the maximum
plasma levels of sanguinarine and dihydrosanguinarine reached
192 and 546 ng/ml, i.e. 0.6 and 1.6 lM, respectively (Vecera
et al., 2007). In vivo toxicity of sanguinarine was observed after
an intraperitoneal application in mice (Ansari et al., 2005; Choy
et al., 2008). No toxic response was found in animals after an oral
administration of dihydrosanguinarine (Vrublova et al., 2008).
However, in Bocconia frutescens seeds, dihydrosanguinarine is
recognized as a defense compound toxic to brine shrimp Artemia
salina, thus promoting the seed persistence in the soil (Veldman
et al., 2007). Moreover, dihydrosanguinarine shows antimicrobial
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Fig. 1. Chemical structures of tested alkaloids.
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activity (Navarro and Delgado, 1999) and cytotoxicity against sev-
eral cancer cell lines (Chen et al., 1999).

Two major modes of cell death induced by cytotoxic com-
pounds are apoptosis and necrosis. Apoptosis is a regulated process
characterized by cell shrinkage, nuclear disintegration, selective
degradation of DNA, and formation of apoptotic bodies with a rel-
atively intact plasma membrane. The execution of apoptosis re-
quires energy in the form of ATP and depends on activation of
the caspase cascade. Necrosis, in contrast, is considered to be a pas-
sive form of cell death resulting from ATP depletion and character-
ized morphologically by cell swelling and plasma membrane
rupture. Induction of necrosis is generally associated with gross in-
jury, which may be caused by an overdose of cytotoxic agent (Dar-
zynkiewicz et al., 1997; Edinger and Thompson, 2004). To date, the
apoptogenic activity of sanguinarine has been well-documented. In
contrast, the cytotoxicity of dihydrosanguinarine has not been
studied in detail. Therefore, the aim of the present work was to
examine whether HL-60 cells are sensitive to dihydrosanguinarine,
and if so, to compare the cytotoxic effects of dihydrosanguinarine
with those of sanguinarine.
2. Materials and methods

2.1. Tested alkaloids

Sanguinarine chloride in 99% purity was isolated from Macleaya
cordata extract purchased from Camas Technologies (Broomfield,
CO, USA). Dihydrosanguinarine in 99% purity was prepared from
sanguinarine by reduction with NaBH4 in methanol and did not
contain any admixture of sanguinarine (HPLC). All the separations
and procedures were performed at the Department of Medical
Chemistry and Biochemistry, Palacký University, Olomouc, Czech
Republic, and specimens of the preparations are deposited in the
alkaloid collection of the Department.

2.2. Cell culture and treatment

The human promyelocytic leukemia cell line HL-60 (ECACC,
Salisbury, UK) was cultured at 37 �C in RPMI-1640 medium con-
taining 2 mM L-glutamine, 100 U/ml penicillin, 100 lg/ml strepto-
mycin (Sigma–Aldrich, St. Louis, MO, USA), and 10% fetal bovine
serum (FBS; Invitrogen, Carlsbad, CA, USA) in a humidified atmo-
sphere containing 5% CO2 and maintained between 1 � 105 and
9 � 105 cells/ml.

Exponentially growing cells, passages 10–30, were used for all
experiments performed in the complete medium with 5% FBS. To
prevent cell overgrowth, the initial cell density was either
2.5 � 105 cells/ml for 2–24 h treatment or 1 � 105 cells/ml for
48 h treatment. The tested alkaloids were dissolved and diluted
freshly before each experiment in dimethyl sulfoxide (DMSO).
The final DMSO concentration in all experiments was 0.1% and
had negligible effect on the measured parameters. Negative con-
trols were treated with 0.1% DMSO only.
2.3. MTT reduction assay

HL-60 cells were plated into a 96-well plate at 5 � 104 cells/
0.2 ml/well and treated for 4 or 24 h at 37 �C with DMSO (control),
alkaloids or 1.5% Triton X-100 (positive control). After treatment,
the cell viability was assessed by MTT assay as described previ-
ously (Vrba et al., 2008b).

2.4. Trypan blue exclusion method

HL-60 cells were plated into a 6-well plate at 2.5 � 105 or
1 � 105 cells/ml and exposed for the appropriate time at 37 �C to
DMSO (control) or alkaloids. After this, the cell viability was deter-
mined by the trypan blue exclusion technique (Patterson, 1979)
using a cell viability analyzer Vi-Cell XR (Beckman Coulter, Fuller-
ton, CA, USA).

2.5. Flow cytometric analysis of cell cycle

HL-60 cells were plated into a 6-well plate at 2.5 � 105 or
1 � 105 cells/ml in a total volume of 4 ml and exposed for the
appropriate time at 37 �C to DMSO (control), alkaloids, or campto-
thecin (positive control). After treatment, cells were collected by
centrifugation, fixed in 70% ethanol, and cellular DNA content
was analyzed as described (Vrba et al., 2008b). In brief, fixed cells
were gently centrifuged and resuspended in 2 ml of PBS containing
0.1% Triton X-100, 20 lg/ml ribonuclease A (Sigma), and 20 lg/ml
propidium iodide (PI; Sigma). Samples were incubated for 30 min
at room temperature and analyzed by flow cytometry on a Cyto-
mics FC 500 (Beckman Coulter). PI was excited with an argon laser
at 488 nm and the fluorescence of 20,000 events per sample was
detected on FL3 channel using a 600 nm long-pass filter and a
615 nm short-pass filter. The percentage of cells in G1, S, and G2/
M phase of cell cycle and the percentage of cells in sub-G1 peak
were calculated using MultiCycle AV software (Phoenix Flow Sys-
tems, San Diego, CA, USA), which eliminated the debris effect.

2.6. Measurement of mitochondrial membrane potential by flow
cytometry

HL-60 cells were plated into a 6-well plate at 2.5 � 105 or
1 � 105 cells/ml in a total volume of 2 ml and treated for the appro-
priate time at 37 �C with DMSO (control), alkaloids, or valinomycin
(positive control). After treatment, the plate was centrifuged for
3 min at 150g and the medium was changed using careful aspira-
tion. To determine the mitochondrial membrane potential, cells
were incubated with 0.5 lM tetramethylrhodamine ethyl ester
(TMRE; Sigma) for 20 min at 37 �C and immediately analyzed on
a Cytomics FC 500 (Beckman Coulter). Cells were excited with a
488 nm argon laser line and TMRE emission was detected through
a 575/29 nm band-pass filter on FL2 channel (Jayaraman, 2005),
counting 15,000 events per sample. The percentage of cells with
decreased mitochondrial potential was calculated.

2.7. Assessment of caspase activity

HL-60 cells were plated into 10-cm Petri dishes at 2.5 � 105 or
1 � 105 cells/ml in a total volume of 12 ml and treated for the
appropriate time at 37 �C to DMSO (control), alkaloids, or etoposide
(positive control). After treatment, cells were harvested by centrifu-
gation, lysed and fold changes in caspase activities were determined
as described previously (Vrba et al., 2008b). In brief, specific fluoro-
genic substrates, Ac-DEVD-AMC, Z-IETD-AFC (Merck, Darmstadt,
Germany), and Ac-LEHD-AFC (Bachem, Bubendorf, Switzerland),
and specific inhibitors, Ac-DEVD-al, Ac-IETD-al (Merck), and
Ac-LEHD-al (Bachem), were used to assess the activity of caspase-
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3, -8, and -9, respectively. The fluorescence of caspase-released
AMC or AFC was read on a multifunctional microplate reader Infi-
nite M200 (Tecan, Salzburg, Austria) at excitation and emission
wavelengths of 380 and 450 nm for AMC or 400 and 505 nm for
AFC. The fluorescence differences in the absence and presence of
caspase inhibitors were standardised against the protein content,
determined by the coomassie dye binding technique (Bradford,
1976), and used for calculation of fold changes versus control.

2.8. Flow cytometric analysis of apoptosis

HL-60 cells were plated into a 6-well plate at 2.5 � 105 cells/ml
in a total volume of 2 ml and exposed for the appropriate time at
37 �C to DMSO (control), alkaloids, or camptothecin (positive con-
trol). After treatment, cells were collected by centrifugation for
3 min at 150g, washed with PBS, and resuspended in 0.5 ml of
HEPES buffer pH 7.4 containing 140 mM NaCl and 2.5 mM CaCl2.
The cell suspension was mixed with 5 ll of annexin V-FITC (Molec-
ular Probes, Eugene, OR, USA) and 10 ll of 100 lg/ml PI (Sigma),
incubated for 10 min in the dark at room temperature, and imme-
diately analyzed on a Cytomics FC 500 (Beckman Coulter). Using
excitation with a 488 nm argon laser line, annexin V-FITC emission
was detected through a 525/39 nm band-pass filter on FL1 channel
and PI emission was detected through a 600 nm long-pass filter
and a 615 nm short-pass filter on FL3 channel, counting 20,000
events per sample. The dual parameter dot plots were used for cal-
culation of the percentage of nonapoptotic live cells in the lower
left quadrant (annexin V negative/PI negative), early apoptotic cells
in the lower right quadrant (annexin V positive/PI negative), and
late apoptotic or necrotic cells in the upper right quadrant (annex-
in V positive/PI positive) (Darzynkiewicz et al., 1997).

2.9. Statistical analysis

Results were expressed as means ± SD of three independent
experiments. The differences in mean values were analyzed by stu-
dent’s t-test. A p value of less than 0.05 was considered as statisti-
cally significant. The IC50 values were derived using Microsoft Excel
2000 software (Microsoft Corporation, USA) supplemented with
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Fig. 2. Cytotoxicity of sanguinarine and dihydrosanguinarine in HL-60 cells. (A and B) Ce
(B) dihydrosanguinarine for 24 h and the viability was determined by the MTT redu
sanguinarine for 24 h or (D) dihydrosanguinarine for 24 and 48 h and the percentage of v
Data are means ± SD of three experiments. *p < 0.05; **p < 0.01; ***p < 0.001, significantly
LSW Data Analysis Toolbox software (MDL Information Systems,
San Ramon, CA, USA).

3. Results

3.1. Cytotoxicity of sanguinarine and dihydrosanguinarine in HL-60
cells

As shown by the MTT reduction assay, treatment of HL-60 cells
with 0.1–4 lM sanguinarine for 4 and 24 h resulted in a dose-
dependent decrease in the cell viability with IC50 values of
0.92 ± 0.27 and 0.72 ± 0.33 lM, respectively (Fig. 2A). To a lesser
extent, HL-60 cells were also found to be sensitive to dihydrosan-
guinarine, tested with regard to its limited solubility in the culture
medium at concentrations 0.1–20 lM. After 24 h, 20 lM dihydro-
sanguinarine decreased the cell viability to 52% (Fig. 2B), whereas
no significant changes in the viability were observed after 4 h of
incubation (data not shown). The cytotoxicity of both alkaloids
was confirmed by the trypan blue exclusion assay. Untreated HL-
60 cells required less than 24 h to double their number (data not
shown) and their viability exceeded 98% at the end of all experi-
ments (Fig. 2C and D). A 24 h cell treatment with 0.5 and 1 lM san-
guinarine reduced the number of viable cells to 56% and 31%,
respectively, compared to untreated cells (data not shown) while
the cell viability decreased to 71% and 39%, respectively (Fig. 2C).
Cell exposure to 20 lM dihydrosanguinarine for 24 and 48 h
diminished the viable cell number respectively to 48% and 4% com-
pared to control cells (data not shown) with the viability decreased
to 69% and 22%, respectively (Fig. 2D).

3.2. Effect of sanguinarine and dihydrosanguinarine on cell cycle
distribution

To examine whether the cytotoxic effects of sanguinarine and
dihydrosanguinarine involved cell cycle alterations, we analyzed
the DNA profiles of HL-60 cells by flow cytometry using cell stain-
ing with PI. The reliability of the method to detect cell cycle
changes and sub-G1 DNA content, characteristic of apoptotic cells,
was confirmed by analysis of cells treated with camptothecin, an
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inhibitor of topoisomerase I (Del Bino et al., 1990). After 16 h expo-
sure to 1 lM camptothecin, we observed an accumulation of HL-60
cells in the G1 phase of the cell cycle and an appearance of cells
with sub-G1 DNA (Fig. 3A). In HL-60 cells treated with sanguinarine
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reduced DNA content. The maximal number of sub-G1 cells was de-
tected at 0.5 lM sanguinarine concentration but at higher concen-
trations, a decrease in sub-G1 cells was found (Fig. 3B). After 24 h
exposure, sanguinarine only at a concentration of 0.5 lM signifi-
cantly decreased the cell population in the G2/M phase from
13.4 ± 1.1% (control) to 5.6 ± 2.0% (p < 0.01; n = 5) (Fig. 3C). At con-
centrations of 0.5–4 lM and 24 h of incubation, sanguinarine also
induced the formation of sub-G1 cells. The number of sub-G1 cells
reached a maximum at 1 lM sanguinarine concentration where
the whole cell population showed sub-G1 DNA but at the concen-
tration of 4 lM, a normal cell cycle profile reappeared (Fig. 3C). Fol-
lowing the treatment of HL-60 cells with dihydrosanguinarine for
24 or 48 h, we detected no significant changes in the cell cycle dis-
tribution apart from an appearance of cells with sub-G1 DNA. After
24 h, the sub-G1 cell formation was detected at concentrations of
10 and 20 lM (Fig. 3D). After 48 h, dihydrosanguinarine treatment
resulted in a large number of sub-G1 cells at 5 lM concentration
followed by a complete loss of the normal cell cycle profile at high-
er alkaloid concentrations (Fig. 3E).

3.3. Loss of mitochondrial membrane potential induced by
sanguinarine and dihydrosanguinarine

Mitochondrial dysfunction produced by toxic stress may lead to
both apoptotic and necrotic cell death (Lemasters et al., 1999).
Therefore, we examined the effect of sanguinarine and dihydrosan-
guinarine on the inner mitochondrial membrane potential. Flow
cytometric analysis of cells stained with a mitochondria-specific
dye TMRE showed that 4–7% of untreated HL-60 cells had low
mitochondrial membrane potential (Fig. 4A and B). After 6 h expo-
sure to 2 lM valinomycin, a potassium ionophore used as a posi-
tive control (Abdalah et al., 2006), a loss of the mitochondrial
potential was found in 39 ± 2% of cells (data not shown). Treatment
of HL-60 cells with sanguinarine for 4 or 24 h significantly in-
creased the number of cells with low mitochondrial potential at
concentrations from 0.5 lM (Fig. 4A). The dissipation of the mito-
chondrial potential induced by sanguinarine was generally dose-
and time-dependent, with the exception of 1 and 2 lM sanguina-
rine at 4 h of incubation. At this time point, 0.5 lM sanguinarine
raised the cell population with depolarized mitochondria to 32%
while 1 and 2 lM sanguinarine reduced the mitochondrial poten-
tial in 22% and 24% of cells, respectively. After treatment with
4 lM sanguinarine for 4 h, a complete loss of mitochondrial poten-
tial was found (Fig. 4A). These results suggest that at certain con-
centrations, sanguinarine can stimulate transient stabilization of
the mitochondrial potential which may arise, for instance, during
early stages of necrosis (Darzynkiewicz et al., 1997). A dose- and
time-dependent decline in the mitochondrial potential occurred
also after treatment of HL-60 cells with dihydrosanguinarine. A
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time-response analysis showed that 20 lM dihydrosanguinarine
induced a significant increase in the cell population with low mito-
chondrial potential 12 h after the start of the treatment (data not
shown). After 12, 24, and 48 h of incubation with 20 lM dihydro-
sanguinarine, a loss of mitochondrial potential was detected in
22% (not shown), 46%, and 98% of cells, respectively (Fig. 4B).
Dose-response experiments at 24 and 48 h of dihydrosanguinarine
treatment showed a significant mitochondrial depolarization at
concentrations from 5 lM (Fig. 4B).

3.4. Induction of caspase activities by sanguinarine and
dihydrosanguinarine

We assessed whether the cell treatment with sanguinarine and
dihydrosanguinarine increased the levels of caspase activities.
Chemically induced apoptosis of HL-60 cells may involve activa-
tion of two initiator caspases, caspase-8 and caspase-9, both acti-
vating effector caspase-3. A topoisomerase II inhibitor etoposide,
used as a positive control (Maianski et al., 2004), induced at
100 lM concentration and 6 h exposure (10.3 ± 1.4)-fold, (7.8 ±
0.9)-fold, and (3.1 ± 0.4)-fold increase in the activities of caspase-
3, -9, and -8, respectively, compared to untreated cells. Analyzing
the time response of HL-60 cells to 4 lM sanguinarine, a dramatic
increase in caspase-3 and -9 activities and a modest induction of
caspase-8 activity were found after 2 h. The maximal levels of cas-
pase-3, -9, and -8 activities occurred 4 h after the start of the treat-
ment and reached respectively 8.8-fold, 7.2-fold, and 2.8-fold
values compared to untreated cells (Fig. 5A). After 4 h of incuba-
tion, sanguinarine elevated the caspase-3 and -9 activities in a
dose-dependent manner with a significant increase found at con-
centrations from 0.5 lM. In contrast, the activity of caspase-8
was significantly elevated only at the highest concentration tested
(Fig. 5B). Activation of caspases in HL-60 cells by dihydrosanguin-
arine required higher alkaloid concentration and longer incubation
time in comparison with sanguinarine. At the concentration of
20 lM, dihydrosanguinarine appeared to significantly increase
the activity of caspase-3 and -9 with a maximum reached at 18
to 24 h of cell treatment, whereas the level of caspase-8 activity re-
mained unaffected. After 24 h of incubation, caspase-3 and -9
activities were elevated by 20 lM dihydrosanguinarine to 4.9-fold
and 4.7-fold levels compared to control cells (Fig. 5C). The effect of
a 24 h treatment on the caspase-3 and -9 activities was dose-
dependent while a significant increase in the activities required
at least 5 lM dihydrosanguinarine (Fig. 5D).

3.5. Apoptotic activity of sanguinarine and dihydrosanguinarine

To confirm the apoptotic effect of the tested alkaloids, we ana-
lyzed phosphatidylserine externalization and plasma membrane
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integrity by flow cytometry using the annexin V/PI dual cell stain-
ing. This method showed that 1 lM camptothecin, which induced
apoptotic DNA fragmentation after 16 h exposure (Fig. 3A), under
the same conditions increased the proportion of early apoptotic
cells (annexin V-positive/PI-negative) from 15 ± 2% (control) to
36 ± 2% and the proportion of late apoptotic or necrotic cells (an-
nexin V-positive/PI-positive) from 2 ± 1% (control) to 16 ± 1% (data
not shown). The effects of sanguinarine and dihydrosanguinarine
were tested after 4 and 24 h, respectively, i.e. the time of the max-
imal caspase activation (Fig. 5A and C). After 4 h of incubation, un-
treated HL-60 cells showed 18% of early apoptotic cells and 3% of
late apoptotic or necrotic cells (Fig. 6A and C). Cell treatment with
0.5 lM sanguinarine for 4 h solely elevated the population of early
apoptotic cells. In contrast, 1 lM sanguinarine increased primarily
the proportion of late apoptotic or necrotic cells and at higher san-
guinarine concentrations almost the whole cell population was late
apoptotic or necrotic. In cells exposed to 0.5, 1, and 2 lM sanguin-
arine, we observed 61%, 27%, and 4% of annexin V-positive/PI-neg-
ative cells together with 4%, 65%, and 94% of annexin V/PI double
positive cells, respectively (Fig. 6A and C). After 24 h, 15% of un-
treated HL-60 cells were early apoptotic and 3% of the cells were
late apoptotic or necrotic (Fig. 6B and D). When the cells were trea-
ted with dihydrosanguinarine for 24 h, we observed a significant
dose-dependent increase in late apoptotic/necrotic cells at concen-
trations from 5 lM, whereas the increase in the proportion of early
apoptotic cells required at least 10 lM concentration of dihydro-
sanguinarine. After the cell exposure to 5, 10, and 20 lM dihydro-
sanguinarine, we detected 14%, 22%, and 25% of annexin V-
positive/PI-negative cells along with 11%, 30%, and 58% of annexin
V/PI double positive cells, respectively (Fig. 6B and D).

4. Discussion

This study was designed to compare the cytotoxic effects of two
benzo[c]phenanthridine alkaloids, sanguinarine and its metabolite
dihydrosanguinarine. Cell exposure to sanguinarine produces a
number of alterations arising from the alkaloid’s ability to interca-
late DNA (Kaminskyy et al., 2006) and nonspecific protein interac-
tions through the addition of thiol groups to the iminium bond or
by ionic interactions (Walterova et al., 1995). In various cell mod-
els, sanguinarine was found to cause DNA damage (Kaminskyy
et al., 2008a; Matkar et al., 2008b; Philchenkov et al., 2008) and
to modulate expression of proteins involved in regulating the cell
cycle (Adhami et al., 2004; Lee et al., 2008) and apoptosis (Ahsan
et al., 2007; Kim et al., 2008; Weerasinghe et al., 2006). However,
sanguinarine may induce apoptosis independently of the tumour
suppressor p53 (Matkar et al., 2008b), a transcriptional factor
mediating cell response to DNA damage and other kinds of cellular
stress (Yu and Zhang, 2005). Further, the rapid apoptotic cell death
induced by sanguinarine appears to be a consequence of mitochon-
drial impairment that may occur without parallel changes in
expression of the Bcl-2 family proteins (Kaminskyy et al., 2008b).

In this study we chose p53-null human promyelocytic leukemia
HL-60 cells (Wolf and Rotter, 1985), which are known to be sensi-
tive to sanguinarine treatment (Slaninova et al., 2007). Our results
confirm the cytotoxicity of sanguinarine against HL-60 cells with
the IC50 value of 0.9 lM determined after 4 h exposure by MTT
reduction assay. The cytotoxic effect of sanguinarine was associ-
ated with dissipation of the inner mitochondrial membrane poten-
tial. Mitochondrial depolarization by sanguinarine, also
demonstrated in human KB cancer cells (Chang et al., 2007), hu-
man CEM T-leukemia cells (Kaminskyy et al., 2008b) and rat hepa-
tocytes (Choy et al., 2008), may be produced by several
mechanisms. Sanguinarine is known to block the respiratory chain
by inhibiting succinate dehydrogenase and NADH dehydrogenase
(Barreto et al., 2003). In addition, sanguinarine, similarly as other
hydrophobic cations, may neutralize the negative charge of the in-
ner mitochondrial membrane, thus uncoupling oxidative phos-
phorylation (Faddeeva and Beliaeva, 1997). The loss of the
mitochondrial potential facilitates the release of cytochrome c
from mitochondria, a key event in initiating the intrinsic/mito-
chondrial apoptotic pathway (Gottlieb et al., 2003). In the cytosol,
cytochrome c triggers the formation of the apoptosome complex
leading to activation of caspase-9 which in turn activates effector
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caspases including caspase-3 (Orrenius, 2004). Consistently, after
4 h treatment of HL-60 cells with 0.5 lM sanguinarine, the de-
crease in the mitochondrial potential is accompanied by the induc-
tion of caspase-9 and -3 activities, the appearance of sub-G1 DNA,
and the loss of plasma membrane asymmetry detected as external-
ization of phosphatidylserine on the cell surface. Since the treated
cells underwent these apoptotic changes while maintaining the
plasma membrane integrity intact, 0.5 lM sanguinarine solely
induced apoptosis of HL-60 cells. At higher concentrations
(P1 lM), sanguinarine appeared to cause necrotic cell death as
indicated by the loss of the plasma membrane integrity. It should
be mentioned that sanguinarine was also found to increase the le-
vel of caspase-8 activity and to induce modest cell accumulation in
the G2/M phase. However, these events were found only at 4 lM
concentration of the alkaloid, and thus they play a negligible role
in mediating cell death.

In comparison with sanguinarine, little is known about the
cytotoxic effects of dihydrosanguinarine. The absence of positive
charge and nonplanarity due to lack of conjugation in the dihydro-
sanguinarine molecule seem to be linked with markedly decreased
biological activity. For instance, dihydrosanguinarine, unlike san-
guinarine, does not inhibit protein kinase C (Vrba et al., 2008a)
and is not cytotoxic to rat hepatocytes (Vavreckova et al., 1994).
On the other hand, the cytotoxicity of dihydrosanguinarine in four
mammalian cancer cell lines has been reported with murine lym-
phocytic leukemia P388 cells found to be the most sensitive (Chen
et al., 1999). In HL-60 cells, dihydrosanguinarine showed cytotoxic
effect after 24 h exposure. At 20 lM concentration, i.e. the highest
concentration tested, dihydrosanguinarine reduced the cell viabil-
ity to 52% as shown by the MTT assay. Cell treatment with the alka-
loid caused no significant changes in the cell cycle. However,
treatment of HL-60 cells with 5 to 20 lM dihydrosanguinarine re-
sulted in dissipation of the mitochondrial potential and increase in
the levels of caspase-9 and -3 but not caspase-8 activity. At 10 to
20 lM concentrations of dihydrosanguinarine, these events were
accompanied by the formation of apoptotic sub-G1 peak, suggest-
ing involvement of the intrinsic apoptotic pathway in the cell re-
sponse to dihydrosanguinarine. Apart from these results, 5 to
20 lM dihydrosanguinarine induced primarily necrosis of HL-60
cells while the induction of apoptotic cell death required at least
10 lM concentration of the alkaloid as shown by the annexin V/
PI dual cell staining.

In summary, we have shown that dihydrosanguinarine is less
cytotoxic than sanguinarine. Nevertheless, dihydrosanguinarine
as well as sanguinarine may cause, depending on the alkaloid con-
centration, both necrosis and apoptosis of HL-60 cells with the lat-
ter mode of cell death linked to activation of the intrinsic apoptotic
pathway. Since sanguinarine and dihydrosanguinarine induce
respectively apoptosis and necrosis at low concentrations, we
may presume that the cytotoxic effect of sanguinarine is not
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caused by its conversion to dihydrosanguinarine or vice versa. The
metabolic fate of the tested alkaloids in different types of animal
cells remains to be elucidated.
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