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Abstract

Plagiochin E is a new macrocyclic bisbibenzyl compound isolated from Marchantia polymorpha. In the previous studies, we reported that
when combined with fluconazole, plagiochin E had synergetic effects against the resistant strain of Candida albicans. Herein, we examined the
reversal effect of plagiochin E on multidrug resistance in adriamycin-induced resistant K562/A02 cells and the parental K562 cells. Its cytotoxicity
and reversal effects on multidrug resistance were assessed by MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl-tetrazolium bromide) assay.
Apoptosis percentage of cells was obtained from Annexin V/fluorescein isothiocyanate (FITC) and propridium iodide (PI) double-staining. The
effects of plagiochin E on P-glycoprotein activity were evaluated by measuring rhodamine 123 (Rh123)-associated mean fluorescence intensity
and P-glycoprotein expression on the basis of the flow cytometric technology, respectively. The results showed that plagiochin E ranging from 2 to
12 μg/ml had little cytotoxicity against K562/A02 cells. When combined with adriamycin, it significantly promoted the sensitivity of K562/A02
cells toward adriamycin through increasing intracellular accumulation of adriamycin in a dose-dependent manner. Further study demonstrated that
the inhibitory effect of plagiochin E on P-glycoprotein activity was the major cause of increased stagnation of adriamycin inside K562/A02 cells,
indicating that plagiochin E, as a new class of mutidrug resistance inhibitor, may effectively reverse the multidrug resistance in K562/A02 cells via
inhibiting expression and drug-transport function of P-glycoprotein.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Multidrug resistance, a phenomenon of resistance of can-
cer cells to diverse structurally and mechanically unrelated
anticancer drugs, is a major obstacle to successful cancer che-
motherapy. Over-expression of P-glycoprotein is the most fre-
quent event causing multidrug resistance. P-glycoprotein, a
transmembrane glycoprotein, functions as an adenosine 5′-
triphosphate (ATP)-dependent drug transporter which unilater-
ally transports intracellular drugs out of the cells to acquire drug
resistance (Gottesman et al., 2002; Ushigome et al., 2000;
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Marbeuf-Gueye et al., 2000). A number of natural and synthetic
substances have been tested for their ability to overcome
multidrug resistance in vitro and in vivo (Teodori et al., 2006).
These substances include calcium channel blockers (e.g.
verapamil), calmodulin antagonists (e.g. trifluoperazine) and
many polyphenolic compounds, such as curcuminoids, curcu-
min and eigallocatechin gallate (EGCG) (Di Pietro et al., 2002;
Chearwaw et al., 2004; Kitagawa, 2006). However, these
compounds failed to be applied in clinic because of their severe
side effects and poor pharmacokinetics in vivo (Borowski et al.,
2005).

Macrocyclic bisbibenzyls, belonging to the family of phe-
nolic compounds, are a class of characteristic components from
liverworts. They are attracting more and more attention for their
wide biological activities such as cytotoxicity, antifungi, anti-
virus, antibacteria and antioxidation (Asakawa et al., 2000).
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Previously, we reported that plagiochin E synergetically in-
hibited drug-resistant strain Candida albicans when combined
with fluconazole. The further investigation confirmed that the
function of plagiochin E was ascribed to the increased ac-
cumulation of fluconazole in the C. albicans (Leng et al., 2007).
In this study, we examined the reversal effects of plagiochin E
on human chronic myeloid leukemia cell line K562/A02, which
is known to over-express P-glycoprotein with multidrug resis-
tance phenotype (Qi et al., 2006).

2. Materials and methods

2.1. Plagiochin E

Plagiochin E was first isolated fromMarchantia polymorpha
and its structure was identified as reported previously (Fig. 1)
(Niu et al., 2006). The compound was dissolved in dimethyl-
sulfoxide (DMSO, Sigma-Aldrich) for in vitro assays.

2.2. Cell lines and cell culture

The human chronic myeloid leukemia cell line K562, and its
multidrug-resistant counterpart K562/A02, were obtained from
the Department of Pharmacology, the Institute of Hematology
of Chinese Academy of Medical Sciences (Tianjin, China).
K562/A02 cells were maintained in a complete RPMI-1640 me-
dium containing 1 μg/ml adriamycin (Wanle, Shenzhen, China) at
37 °C in a humidified atmosphere of 5% CO2. The cells were
cultured for two weeks in drug-free medium prior to their use in
the experiments.

2.3. Cytotoxicity and multidrug resistance reversal assay

To determine the reversal effect of plagiochin E on resistant
tumor cells, the cytotoxicity of plagiochin E toward K562/A02
cells was first measured by MTT method. Briefly, K562/A02
cells (1–2×104 per well) were seeded in 96-well plates. After
24 h incubation, the cells were treated with various concentra-
tions of plagiochin E for 24, 48 and 72 h, respectively. Cell
viability was assessed by MTT assay as reported (Qu et al.,
2004).
Fig. 1. Structure of plagiochin E.
The reversal effect of plagiochin E was further investigated
with the same method. K562/A02 and K562 cells seeded into
96-well plates were treated with varying concentrations of
adriamycin in the absence and presence of plagiochin E at doses
of minimum inhibitory effect on the cell growth for 48 h,
respectively. The inhibitory rate of cells growth was obtained
through previously described procedures (Jain et al., 2007), and
IC50 values for adriamycin (the concentration of drug that is
required for 50% inhibition of cell) were calculated from plotted
results using untreated cells as reference. The reversal fold (RF)
values, as potency parameter of reversal, were calculated from
dividing IC50 of adriamycin alone by IC50 of adriamycin in
combination with plagiochin E (Labeed et al., 2003). Triplicate
experiments with triplicate samples were performed. Control
medium included equivalent amount of DMSO (as solvent
control), but the applied dose did not exhibit modulation effects
on the cell growth or drug sensitivity in these studies. In all the
experiments, verapamil (Wanle, Shenzhen, China) was used as a
positive control.

2.4. Apoptosis detection

Surface exposure of phosphatidylserine in apoptotic cells
was quantitatively detected using Annexin V/FITC and PI
apoptosis detection kit (Becton Dickinson, USA). Briefly, cells
(5×105 per well) were seeded into 6-well plates and then treated
with varying concentrations of plagiochin E as mentioned
above. After 48 h, the cells were harvested and washed twice
with ice-cold PBS (0.01 M, pH7.2). After 5 min of centrifuging
at 200 g, Annexin V/FITC and PI double-staining were per-
formed according to manufacturer's instruction. Cell apoptosis
was analyzed on a FACScan flow cytometry (Becton Dick-
inson, USA). Annexin V-positive, PI-negative cells were scored
as apoptotic. Double-stained cells were considered either as
necrotic or as late apoptotic (Wang et al., 2006).

2.5. Intracellular adriamycin accumulation

Accumulation of adriamycin was monitored using a standard
procedure by incubating tumor cells with adriamycin (3 μg/ml)
alone or in combination with plagiochin E (2, 4, 8 μg/ml) for 1 h
at 37 °C. Then cells were placed in ice-water to cease the
reaction followed by harvesting and washing twice with ice-
cold PBS. The intracellular mean fluorescence intensity
associated with adriamycin was determined by FACScan flow
cytometry (Ji et al., 2005). Data analysis was completed with
Cell Quest software.

2.6. Rh123 accumulation and efflux assay

The effect of plagiochin E on P-glycoprotein activity was
assessed by measuring intracellular accumulation of Rh123
(Ji and He, 2007). K562/A02 and K562 cells were seeded into 6-
well plates at a density of 5×105 per well. Cells were pretreated
with 0, 2, 4, 8 μg/ml of plagiochin E respectively for 1 h and then
incubated with 5 μM of Rh123 in the dark for another 1 h. The
cells were washed twice with ice-cold PBS. Mean fluorescence



Table 1
Effects of plagiochin E on the sensitivity of K562/A02 and K562 cells toward
adriamycin

Treatment K562/A02 K562

IC50 (μg/ml) RF IC50 (μg/ml) RF

Adriamycin 5.78±0.76 – 0.14±0.06 –
Adriamycin+plagiochin E 2 μg/ml 4.03±0.91a 1.43 0.14±0.07 1.06
Adriamycin+plagiochin E 4 μg/ml 2.21±0.58b 2.62 0.13±0.08 1.12
Adriamycin+plagiochin E 8 μg/ml 0.68±0.09b 8.50 0.13±0.08 1.13
Adriamycin+verapamil 8 μg/ml 2.32±0.47b 2.50 0.14±0.05 1.03

Effects of plagiochin E on the sensitivity of K562/A02 and K562 cells toward
adriamycin was examined by MTT method as described in the cytotoxicity
assay and multidrug resistance reversal tests. The cells were treated with varying
concentrations of adriamycin in the presence of 0, 2, 4 and 8 μg/ml of plagiochin
E. IC50 values for adriamycin was calculated and the reversal fold (RF) was
evaluated. Data were expressed as means±S.D. of three independent ex-
periments. aPb0.05, bPb0.01 vs. adriamycin treatment alone.
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intensity associated with Rh123 was measured using FACScan
caliber equipped with a 488 nm argon laser. The emitted
fluorescence was measured by a 530 nm band-pass filter.

In the efflux study, K562/A02 cells were first cultured with
medium containing 5 μM of Rh123 at 37 °C for 90 min, washed
three times with Rh123-free medium, and then incubated in the
absence or presence of 8 μg/ml plagiochin E at 37 °C for 15, 30,
45, 60, 90 min respectively (Liu et al., 2002). Mean fluo-
rescence intensity was measured as described in the accumula-
tion assay.

2.7. Detection of P-glycoprotein expression

The cell-surface P-glycoprotein levels were measured by
immunofluorescence flow cytometry (Kim et al., 2007; Xu
et al., 2006). K562/A02 and K562 cells seeded into 12-well
plates at a density of 3×105 per well were treated with 0, 2, 4
and 8 μg/ml of plagiochin E for 24 h, respectively (Wu et al.,
2003). The cells were harvested, washed twice with ice-
cold PBS, counted and then labeled with R-phycoerythrin-
conjugated mouse anti-human monoclonal antibody against P-
glycoprotein according to manufacturer's instruction. The
fluorescent intensity was analyzed using FACS Caliber with
isotype as control. Duplicate experiments with triplicate sam-
ples were performed.

2.8. Statistical analysis

Data was described as the mean±S.D., and analyzed by the
Student's t-test. P-values below 0.05 were considered as
statistically significant.

3. Results

3.1. Effects of plagiochin E on the growth of K562/A02 cells

The effect of plagiochin E on K562/A02 cell growth was
determined with MTT assay. The viability of the cells was
evaluated as described in Materials and methods. Data in Fig. 2
showed that plagiochin E ranging from 2 to10 μg/ml had no
significant inhibitory effects on the growth of K562/A02 cells,
while the anti-proliferative effect was observed at higher
Fig. 2. Effects of plagiochin E on the growth of K562/A02 cells. The cells were
treated with various concentrations of plagiochin E for 24, 48, 72 h, respectively.
Viable cells were evaluated by MTT assay and denoted as a percentage of
untreated controls at the concurrent time point. The bars indicate means±S.D.
concentrations (12-20 μg/ml). To minimize the effect of
plagiochin E itself on the resistant cell growth, we chose
lower concentrations of plagiochin E (2, 4, 8 μg/ml) in the
reversal experiments.
Fig. 3. Flow cytometric analysis of adriamycin-induced apoptosis of K562/A02
cells. K562/A02 cells were incubated with 3 μg/ml of adriamycin in the presence
of various concentrations of plagiochin E for 48 h. The rate of apoptosis was
measured using flow cytometry as described in Materials and methods. A,
control; B, the treatment of 8 μg/ml of plagiochin E; C, the treatment of 3 μg/ml
of adriamycin; D–F, the treatments of 3 μg/ml of adriamycin in the presence of 2,
4, 8 μg/ml of plagiochin E, respectively.



Fig. 5. Effect of plagiochin E on Rh123 accumulation in K562 and K562/A02
cells. Cells were pretreated with 0, 2, 4, 8 μg/ml of plagiochin E for 1 h and then
exposed to 2 μg/ml of Rh123 for another 1 h. Rh123-associated mean fluorescence
intensity (MFI) was evaluated by flow cytometry. Data were expressed as means±
S.D. of three independent experiments. ⁎Pb0.05 vs. untreated K562/A02 cells.
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3.2. Plagiochin E strengthens the potency of adriamycin

The modulation of plagiochin E on the sensitivity of
adriamycin against K562/A02 and K562 cells was shown in
Table 1. The treatment of plagiochin E at non-toxic concentra-
tions induced a significant decrease of the IC50s of adriamycin
against K562/A02 cells in a concertration-dependent manner.
The RF of 8 μg/ml plagiochin E (8.5) was comparable to that of
verapamil (2.5). However, no such activity was found in K562
cells. Therefore, significant differences of the IC50s were seen
in cell responses (K562 and K562/A02) and in dose responses
(2, 4 and 8 μg/ml) to adriamycin treatment. These findings
indicated that plagiochin E enhanced the potency of adriamycin
against K562/A02 cells, whereas, had little effects on K562
cells, supporting the notion that plagiochin E could reverse P-
glycoprotein-mediated resistance of K562/A02 cells.

3.3. Enhancement of adriamycin-induced apoptosis

The regulation of plagiochinEon the cytotoxicity of adriamycin
toward K562/A02 cells was also evaluated by quantification of
apoptotic cells. As shown in Fig. 3, 8 μg/ml of plagiochin E
treatment resulted in 0.47% of apoptosis of K562/A02 cells, and
the percentage of apoptosis was 7.81% when exposed to 3 μg/ml
of adriamycin. When adriamycin was combined with 2, 4 and
8 μg/ml of plagiochin E, the mean apoptotic population of K562/
A02 cells was increased by 1.86, 2.73 and 5.01 times, re-
spectively, comparedwith 3 μg/ml of adriamycin treatment alone.
Plagiochin E raised the adriamycin-induced apoptosis percent-
age in a dose-dependent manner in K562/A02 cells. The result
suggested that the increased inhibitory effect on K562/A02
cells from the combination of plagiochin E with adriamycin was
achieved through the action of plagiochin E, which enhanced the
adriamycin-induced apoptosis.

3.4. Increased accumulation of adriamycin

The ability of plagiochin E to increase the adriamycin-
induced cytotoxicity toward K562/A02 cells was further eval-
Fig. 4. Effect of plagiochin E on adriamycin accumulation in K562 and K562/
A02 cells. Cells were treated with 3 μg/ml adriamycin in the absence and
presence of plagiochin E for 1 h. Intracellular accumulation of adriamycin was
evaluated by measuring the mean fluorescence intensity, expressed as MFI,
using flow cytometry. Data were expressed as means±S.D. of three independent
experiments. ⁎Pb0.05 vs. untreated K562/A02 cells.
uated by the intracellular adriamycin-associated mean fluores-
cence intensity. As shown in Fig. 4, the accumulation of
adriamycin in K562/A02 cells was significantly lower than that
in K562 cells, which is an essential cause of decreased inhibitoy
effect of adriamycin on K562/A02 cells. After the treatment
with 4 and 8 μg/ml of plagiochin E for 1 h respectively, in-
tracellular accumulation of adriamycin was completely restored
in K562/A02 cells, while this was not the fact in K562 cells. The
accumulation levels of adriamycin in K562/A02 cells were
fitted well with the cytotoxicity in each data point, indicating
that plagiochin E elevated the sensitivity of K562/A02 cells
toward adriamycin through increasing adriamycin accumula-
tion inside K562/A02 cells, and simultaneously providing a
strong evidence that plagiochin E could effectively reverse P-
glycoprotein-mediated multidrug resistance.

3.5. Effect on intracellular Rh123 accumulation and efflux
inhibition

The aforementioned results proved that plagiochin E had the
capability to increase adriamycin accumulation in K562/A02
Fig. 6. Effect of plagiochin E on Rh123 efflux in K562/A02 cells. Cells were
exposed to 2 μg/ml of Rh123 in the presence of plagiochin E (8 μg/ml). The cells
were then washed three times in ice-cold medium and resuspended in 1 ml of
medium. Following 15, 30, 45, 60, 90 min of efflux at 37 °C in the medium, the
cells were washed twice in ice-cold PBS. The mean fluorescence intensity (MFI)
of retained intracellular Rh123 was then estimated by flow cytometry. ● K562
cell control; ▲ K562/A02 cells treated with 8 μg/ml of plagiochin E; ■ K562/
A02 cells treatedwith 8 μg/ml of verapamil; ◇K562/A02 cells without treatment.
Data were expressed as means±S.D. of three independent experiments.
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cells. In this assay, we further investigated the effect of pla-
giochin E on the P-glycoprotein activity by detecting accumula-
tion of Rh123 in cancer cells. As shown in Fig. 5, K562/A02
cells in the absence of plagiochin E exhibited a significant
decrease of Rh123 compared to K562 cells, while a notable
increase was seen in K562/A02 cells in the presence of pla-
giochin E (4 and 8 μg/ml). The short time (60 min) treatment
with plagiochin E induced the increase of Rh123 in K562/A02
cells, suggesting that plagiochin E had the ability to inhibit
the drug-transport activity of P-glycoprotein, which is a major
reason for inducing elevation of intracellular accumulation of
adriamycin in K562/A02 cells.

The role of plagiochin E to block outward transporting
function of P-glycoprotein was also determined in the Rh123
efflux experiment. Fig. 6 demonstrated that without plagiochin
E, a rapid decrease of intracellular Rh123 level was observed
in K562/A02 cells after incubation in Rh123-free medium for
90 min. The average percentage of Rh123 retention in individual
time point (15, 30, 45, 60, 90 min) was 38.2, 24.0, 18.6, 12.2 and
9.4%, respectively, compared to K562 cells (100%). In the
presence of plagiochin E, Rh123 efflux was drastically sup-
pressed in K562/A02 cells, suggesting that P-glycoprotein's
active outward transport was inhibited.

3.6. Plagiochin E decreases the expression of P-glycoprotein

To comfirmed if plagiochin E down-regulated P-glycopro-
tein expression, cells were exposed to various concentrations of
plagiochin E. The expression level of P-glycoprotein in K562/
A02 and K562 cells was analyzed by flow cytometry. K562
cells showed virtually the same fluorescent intensity labeled by
anti-P-glycoprotein monoclonal antibody as that in the control
(Fig. 7 A). Plagiochin E treated K562 cells expressed the similar
amount of P-glycoprotein with untreated one (Fig. 7 B, C, D).
In contrast, K562/A02 cells exhibited a strong fluorescent
Fig. 7. P-glycoprotein expression in K562 (top panels) and K562/A02 cells
(bottom panels). Cells were incubated with various concentrations of plagiochin
E for 24 h and subjected to flow cytometry analysis of P-glycoprotein. P-
glycoprotein was determined by flow cytometry using R-PE-conjugated mouse
anti-human monoclonal antibody against P-glycoprotein and the non-specific
fluorescent labeling was corrected by the isotype control. A, K562 cells showed
virtually the same curve as that in the isotype control; B–D, K562 cells without
(white background) or with 2, 4, 8 μg/ml of plagiochin E (gray background),
respectively. E, isotype control (left) and P-glycoprotein expression curve (right)
of K562/A02 cells; F–H, K562/A02 cells without (white background) or with 2,
4, 8 μg/ml of plagiochin E (gray background).
peak corresponding to P-glycoprotein (Fig. 7 E). After 24 h
incubation with 2, 4, and 8 μg/ml of plagiochin E, the expres-
sion level of P-glycoprotein was decreased by 12.7%, 30.4%,
45.3% respectively (Fig. 7 F, G, H) in comparison to untreated
K562/A02 cells. The result indicated that plagiochin E down-
regulated expression of P-glycoprotein in a dose-dependent
manner.

4. Discussion

In this study, we evaluated the efficacy of plagiochin E as
a potent reversal agent to overcoming multidrug resistance of
K562/A02 cells. The results showed that plagiochin E alone
ranging from 2 to10 μg/ml did not display a significant anti-
proliferative effect on K562/A02 cells, while the compound at
these concentrations enhanced the cytotoxicity of adriamycin
toward K562/A02 cells through accumulating adriamycin
inside cells. Moreover, the increased sensitivity of K562/A02
cells to adriamycin was also confirmed by the enhanced
adriamycin-induced apoptosis in the presence of plagiochin E.

Rh123 is a special substrate for P-glycoprotein. The uptake
of Rh123 is resulted from passive inward diffusion (Lehnert
et al., 1996; Krishna and Mayer, 2000), while the efflux is
known to be P-glycoprotein-dependent. Rh123 has been used
extensively as an indicator of P-glycoprotein activity in drug-
resistant cell lines with P-glycoprotein over-expression (Green
et al., 2001, Galski et al., 2006). Herein, Rh123 was used to
assess the modulating ability of plagiochin E in drug-transport
function of P-glycoprotein. As shown in Fig. 5, the treatment
of plagiochin E at 4 and 8 μg/ml resulted in a remarkable
increment of the fluorescent intensity from Rh123 in K562/A02
cells, indicating that plagiochin E elevated accumulation of
adriamycin in K562/A02 cells by suppressing the drug-trans-
port activity of P-glycoprotein. The accumulation level of Rh123
was hardly varied in K562 cells no matter with or without pla-
giochin E treatment, supporting the notion that plagiochin E
enhanced adriamycin-induced cytotoxicity toward K562/A02
was attributed to its inhibition activity to P-glycoprotein.

In the previous study, we examined the activity of the com-
pound in reversing fluconazole-resistant C. albicans (Leng et al.,
2007). Plagiochin E might enhance the accumulation of
fluconazole via inhibiting the activity of Cdr1p, a 170 KD trans-
membrane glycoprotein with homology to ABC superfamily
proteins (Leng et al., 2007). The result is quite similar to the
effects which block the function of P-glycoprotein or inhibit
the expression of P-glycoprotein. On the one hand, plagiochin E
inhibited drug-transport function of P-glycoprotein, this conclu-
sion was confirmed by the fact that short time incubation (60–
90 min) of K652/A02 cells with plagiochin E caused an increase
of intracellular Rh123 and a inhibition of its efflux (Figs. 5, 6). On
the other hand, the reversal effect of plagiochin E on multidrug
resistance of K562/A02 cells may be actualized by down-
regulating P-glycoprotein (Fig. 7).

Inhibiting the activity of P-glycoprotein is an ideal means to
overcome tumor multidrug resistance. Many natural phenolic
compounds, such as curcuminoid and curcumin, have been
reported to inhibit the P-glycoprotein activity through blocking
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its drug-transport function or down-regulating its expression
(Anuchapreeda et al., 2002; Limtrakul et al., 2004). In this
study, we added a new member to the class of compounds with
P-glycoprotein inhibition activities to the multidrug-resistant
cancer cells. Plagiochin E appears to be similar to verapamil
and curcuminoids in the mechanism to reverse P-glycoprotein-
mediated drug resistance. Therefore, the compound is of
dual functions of inhibiting P-glycoprotein's drug-pump and
expression.

In conclusion, plagiochin E, as a novel bisbibenzyl compound
from liverwort, has potent effects in reversing P-glycoprotein-
mediated multidrug resistance. This suggests that plagiochin E
may be a potential candidate for reversing drug resistance in
cancer chemotherapy. The reversal effect study of plagiochin E on
different resistant cancer cell lines and its in vivo pharmacoki-
netics is in progress.
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