
Abstract. Background: Multidrug resistance protein 1
(MRP1/ABCC1) is one of the drug efflux pumps mediating
multidrug resistance in several cancer types. Efficient nontoxic
inhibitors of MRP1-mediated transport are sought to
potentially sensitise cancer cells to anticancer drugs. This
study examined the potency of a series of plant lignans and
norlignans of various structures to inhibit MRP1-mediated
transport from human erythrocytes. The occurrence of MRP1
in the human erythrocyte membrane makes this cell a useful
model in searching for efficient MRP1inhibitors. Materials and
Methods: The inhibition of 2’,7’-bis-(carboxypropyl)-5(6)-
carboxyfluorescein (BCPCF) transport from human
erythrocytes was measured fluorymetrically. In order to study
possible membrane-perturbing effects of lignans and
norlignans, the potency of these compounds to induce
haemolysis, erythrocyte shape change, and phosphatidylserine
(PS) exposure in the external layer of the erythrocyte
membrane was examined. Results: Nine compounds (six
norlignans and three lignans) of the fourteen that were tested
inhibited BCPCF transport from human erythrocytes. The most
efficient inhibitor, the norlignan coded L1, had IC50=50 μM.
Structure–activity relationship analysis showed that the
strongest inhibitors were found among lignans and norlignans
bearing a carbonyl function at position C-9. The highly
oxidised structures and the presence of an ionisable group such
as the carboxylic acid function enhance activity. All compounds
that significantly decreased BCPCF transport were non-
haemolytic, did not cause PS exposure and did not have any

effect on erythrocyte shapes up to 200 μM. Conclusion:
Lignans and norlignans can inhibit MRP1-mediated transport
from human erythrocytes and should be further investigated as
possible agents reversing multidrug resistance.

Lignans are a heterogeneous group of naturally occurring
phenolic compounds that have attracted much attention
because of their broad range of biological activity, including
anti-oxidative (1), anti-proliferative (2, 3), apoptotic (2-5)
and anticancer (3, 6-9) effects. As they occur in oil seeds,
vegetables, grains, berries, and fruits, lignans are part of the
normal human diet and are studied widely due to their
health-promoting properties. Lignans are extracted from
various plants, including several tree species, which
constitute a rich source of these compounds (10, 11). 

Cancer multidrug resistance (MDR) is one of the major
causes of failure of clinical chemotherapy. MDR is often
associated with an adenosine-5’-triphosphate (ATP)-
dependent decrease in cellular drug accumulation mediated
by MRP1 (ABCC1) and/or P-glycoprotein (P-gp, ABCB1)
belonging to the ATP-binding cassette (ABC) superfamily of
transport proteins (12-14). Nontoxic inhibitors able to block
the transport function of MRP1 and/or P-gp proteins might
be potentially used to overcome MDR. Flavonoids and
stilbenes, plant polyphenols commonly found in vegetables
and fruits, have been shown to modulate different ATP-
binding cassette transporters, including MRP1, in several cell
types (15-20). However, there are only a few reports
concerning the effect of individual lignans on MDR
associated with MRP1 (21-23). Therefore, the present study
investigated a series of fourteen lignans and norlignans of
various structures for their ability to inhibit MRP1-mediated
transport through the human erythrocyte membrane. The
occurrence of MRP1 and lack of P-gp in the human
erythrocyte membrane makes this cell useful in searching for
efficient MRP1 inhibitors. In order to study possible
membrane-perturbing (toxic) effects of lignans and
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norlignans, the potency of these compounds to induce
haemolysis, erythrocyte shape change, and phosphatidylserine
(PS) exposure in the external layer of the erythrocyte
membrane was examined in parallel.

Materials and Methods 

Chemicals. The 9-norlignans L1 and L4 were semi-synthetically
prepared as described previously (24). L2, L3, L5, L6, and L7 were
prepared by further synthetic modifications of L1. L2 was obtained
by hydrogenation of L1 with Pd/C and H2 in ethanol. L3 was
prepared by acid catalyzed esterification of L2 in methanol/H2SO4.
L5 was obtained by treatment of L1 in trifluoroacetic acid (TFA) and
L6 was obtained by reduction of L5 with lithium aluminium hydride
(LAH) in dry tetrahydrofuran (THF). L7 was prepared from L5, first
by esterification (as above) followed by oxidation with 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) in dichloromethane. When
necessary, the prepared compounds were purified by column
chromatography and analyzed by nuclear magnetic resonance
spectroscopy (NMR), gas chromatography-mass spectrometry
(GCMS) and high resolution mass spectrometry (HRMS). L10 (7-
hydroxymatairesinol) and L12 (pinoresinol) were isolated from
Norway spruce (Picea abies) knotwood material (10, 11). The
lignans L8 (mataresinol), L9 (conidendrin), L11 (7-oxomatairesinol),
and L13 (7-hydroxy-secoisolariciresinol) were prepared by synthetic
modification of L10 as described previously (25-27). Lignan L14
(4,4’-dihydroxy-enterolactone) was prepared by demethylation of L8.
The purity (>95%) and the structure of all lignans were analysed by
GCMS and NMR. The chemical characteristics of norlignans (L1-
L7) and lignans (L8-L14) are presented in Figure 1. The tested
compounds were dissolved in DMSO. 2’,7’-Bis-(carboxypropyl)-5-
(6)-carboxyfluorescein acetoxymethyl ester (BCPCF-AM) was
obtained from Molecular Probes (Eugene, USA) and FITC-Annexin
V was obtained from BenderMed Systems (Vienna, Austria).

Isolation of erythrocytes. Blood drawn from the authors (M.B-H.,
A.W., and H.H.) by venipuncture into heparinised tubes was
centrifuged (10 min, 3000 × g) and the buffy coat was removed. The
erythrocytes (1.65×109 cells/ml) were suspended in buffer of pH 7.4
containing Hepes (10 mM), NaCl (150 mM), KCl (5 mM),
CaCl2•2H2O (1.8 mM), MgCl2•6H2O (1 mM), and glucose (10 mM)
and were stored at +4˚C and used within 36 h.

Measurement of BCPCF efflux. Erythrocytes (3.3×108 cells/ml) were
loaded with BCPCF-AM (2 μM) for 30 min at 37˚C. Following three
washes on ice, the erythrocytes (1.65×108 cells/ml) were incubated at
37˚C for 60 min with or without the tested lignan or norlignan (10,
50, 70, 100, 150, and 200 μM). Following incubation, the samples
were centrifuged (1 min, 3000 × g, 0˚C), then the extracellular
BCPCF fluorescence intensity was measured using 96-well plates on
a PerkinElmer Wallac VICTOR2 1420 Multilabel Counter (Turku,
Finland) at λex=485 nm and λem=535 nm. The inhibition of BCPCF
transport (I) was calculated from the formula I=(FC–FL/FC) ×100%,
where FC is the fluorescence of the control supernatant and FL the
fluorescence of the supernatant from a sample incubated with the
tested compound. The IC50 values, i.e. the concentration of
compound required to obtain 50% inhibition of BCPCF efflux, were
determined from dose–response curves obtained from three to four
separate experiments performed in duplicate with erythrocytes from
different blood donors. 

Haemolytic activity. The degree of haemolysis was determined by
comparing the amount of haemoglobin in the supernatant against a
standard curve. The absorbance of supernatants was measured in
parallel with fluorescence on a PerkinElmer Wallac VICTOR2 1420
Multilabel Counter (Turku, Finland) at λ=560 nm.

Erythrocyte shape and PS exposure. To study the shape changes
induced by lignans L9, L11, L14 and norlignans L1, L2, L5, L7
(100 and 200 μM), the erythrocyte samples were put onto glass
coverslips, inverted, and immediately examined with a phase
contrast microscope at a magnification of ×500. Following pre-
treatment of the erythrocytes with the aminophospholipid
translocase inhibitor N-ethylmaleimide (10 mM, RT, 30 min, two
washes) and treatment with lignans or norlignans (100 μM, 37˚C,
60 min), the cell suspensions were labelled with FITC-Annexin V
and analysed for PS exposure with a FACSCalibur flow cytometer
(Becton Dickinson, San Jose, CA, USA).

Statistical analysis. The final results are presented as the mean±SE
of n separate experiments. Differences between means were
evaluated by Student’s t-test. The values were taken as significantly
different when p≤0.05. 

Results

Nine compounds (six norlignans and three lignans) of the
fourteen tested (coded L1-L14, Figure 1) inhibited BCPCF
transport from human erythrocytes (Figure 2). The most
efficient inhibitors were L1 (IC50=50 μM), L7 (IC50=100 μM)
and L14 (IC50=125 μM). The IC50 values for L1, L7 and L14
were determined from dose–response curves (Figure 3). For
six compounds (L2, L4, L5, L6, L9 and L11), the inhibition
of BCPCF transport was lower than 50% at concentrations
≤200 μM. All the tested lignans and norlignans were non-
haemolytic up to 200 μM and did not cause PS exposure
(data not shown). Compounds that significantly decreased
BCPCF transport (besides L1, L7, L14 also L2, L5, L9) did
not have any effect on erythrocyte shape up to 200 μM. 

Discussion

It has previously been shown that natural phenolic
compounds, for example flavonoids and stilbenes, are
interesting as potential agents to inhibit MRP1-mediated
transport (15-20). Using human erythrocytes as a model, a
large variety of different compounds have been previously
tested as potential MRP1 inhibitors (18-20, 28-30). By
studying the structure-activity relationship, it was previously
shown that the strongest inhibitors among the flavonoids were
flavanones bearing a hydrophobic group at position 8C (19)
and that among stilbenes, the increase in resveratrol inhibitory
activity positively correlated with the oligomerisation state of
the compound (18). Plant lignans, another group of naturally
occurring phenolic compounds, have long been known to
have beneficial biological properties, but only a few reports
concerning the role of plant lignans and their derivatives in
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reversing multidrug resistance have been published (21-23,
31-35). This study of fourteen lignans and norlignans with
various chemical structures shows that these phenolic
compounds can inhibit MRP1-mediated transport from
human erythrocytes. The most efficient inhibitors were L1
(IC50=50 μM), L7 (IC50=100 μM) and L14 (IC50=125 μM).
The inhibitory effect of L1 was clearly evident even at the
low micromolar range. Compared with structurally related
polyphenols previously studied in the erythrocyte system (18,
19), the IC50 values of the effective lignans and norlignans

were not particularly low (compared with the resveratrol
derivative (+)-α-viniferin (IC50=0.8 μM) and the flavonoids
euchrestaflavanone A and sophoraflavanone H (IC50=3 μM)).
Importantly however, all the tested lignans and norlignans
were non-haemolytic and did not have a significant effect on
the transmembrane PS distribution or erythrocyte shape up to
200 μM, which suggests a favourable ‘therapeutic width’, the
necessary and crucial property for drugs to be used as MRP1
inhibitors. Structure–activity relationship analysis showed that
the strongest inhibitors were found among lignans and
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Figure 1. Structures of lignans and norlignans.



norlignans bearing a carbonyl function at position C-9.
Comparing the most efficient inhibitor L1 with the compound
L2, it is clear that the lack of a double bond between C-7’
and C-8’ in L2 decreases the inhibitory potency
approximately two times. The replacement of the free
carboxylic acid with the methyl ester at C-9 in L1 leads to L4
and decreases the inhibitory potency by a factor of four.
Similarly, the replacement of the free carboxylic acids with
the methyl ester at C-9 in L2 and the additional methylation
at the 4 and 4’ positions leads to a complete disappearance of
inhibition for L3. These facts stress the importance of the
presence a carboxylic acid function at the C-9 position and
indicate that phenolic groups contribute to the activity of
norlignans. Cyclisation of L1 leads to L5 and causes an
decrease in inhibitory potency. The introduction of a
butyrolactone ring in L5 group leads to L9 and a decrease in
inhibitory potency. Aromatisation of the ring system of L5
leads to L7 and causes a significant increase in inhibitory
potency. The naturally occurring lignans matairesinol (L8), 7-
hydroxymatairesinol (L10), pinoresinol (L12) and 7-
hydroxysecoisolariciresinol (L13) were inactive as MRP1
inhibitors. The addition of an oxygen atom (oxidation) at the
C-7 position of L8 leads to 7-oxomatairesinol (L11), with
moderate inhibitory potency. However, didemethylation of L8
leading to L14 completely changes the inhibitory properties
of the compound, converting an inactive lignan to a lignan
with high inhibitory potency. When comparing different
lignan and norlignan structures, it is evident that the number
of hydroxyl groups is important but not the only factor

determining the inhibitory properties of the compounds. The
number and positions of hydroxyl groups as well as the
presence of carbonyl functions, especially carboxylic acids,
are important for the inhibitory potency. It seems that highly
oxidised lignan and norlignan structures enhance activity. The
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Figure 2. Inhibition of BCPCF efflux from human erythrocyte caused by various lignans and norlignans. Compounds are numbered according to
Figure 1. Erythrocytes were treated with lignans or norlignans for 60 min at 37˚C. Data are the mean±SE of duplicate determinations in three to
four experiments or the mean of duplicate determinations of two experiments. Only results for compounds showing inhibition greater than 10% are
presented. *p<0.05, **p<0.01, ***p<0.001.

Figure 3. Concentration-dependent inhibition of BCPCF efflux from
human erythrocytes caused by L1. Erythrocytes were treated with L1 for
60 min at 37˚C. Data are the mean ± SE of duplicate determinations in
three experiments. Inset: IC50 values for L1, L7, and L14.



presence of an ionisable group, such as a carboxylic acid,
gives the highest activity, which suggests that negatively
charged structures (anions) may be involved in the
mechanism. This is not surprising, since MRP1 effectively
transports anionic substrates (28, 36-38). 

Structure–activity relationship characteristics of lignans
and norlignans as inhibitors of MRP1-mediated transport in
human erythrocytes cannot be meaningfully related to
literature data reporting the effect of lignans on other
multidrug resistance phenomena associated with MRP1
because only the effect of dibenzocyclooctadiene lignans
have been studied (21-23). Of these, schizandrins such as
schisandrin A, schisandrin B, schisantherin A, schisandrol
A, and schisandrol B are potent inhibitors of MRP1-
mediated drug resistance in leukaemia cell lines
overexpressing MRP1, showing concentration-dependent
inhibitory effects (21). Two other dibenzocyclooctadiene
lignans, deoxyschizandrin and γ-schizandrin, effectively
overcome MRP1-mediated drug resistance in human lung
cell carcinoma (22). The reversal effect of deoxyschizandrin
and γ-schizandrin seems to be dependent on the R-biaryl
configuration and the absence of a hydroxyl group at C-8,
the common structural feature of both these active lignans
(22). Schisandrins are an interesting group of lignans
because many of them are dual inhibitors of both MRP1 and
P-gp, as shown in two human leukaemia cell lines over-
expressing MRP1 (21) and P-gp (35), respectively. Notably,
a reversal of P-gp-mediated multidrug resistance has also
been shown for the dibenzocyclooctadiene compound
gomisin A (32), nordihydroguaiaretiacid derivatives M4N
and maltose-M3N (33), and a derivative of podophyllotoxin
L1EPO (34). Considering the fact that the MDR phenotype
exhibited by cancer cells is mainly due to the ABC drug
transporters P-gp, MRP1, and breast cancer resistance
protein (ABCG2) (39, 40) the use of compounds with a
broad spectrum of activity may be more beneficial than the
use of a combination of several specific drugs. From this
point of view, dual inhibitors of MRP1 and P-gp might
bring advantages to clinical chemotherapy by reducing drug-
drug interactions and overall toxicity. In addition to
transport-inhibitory properties, antiproliferative, apoptotic,
anticancer, and antioxidative effects have been reported 
for some lignans, for example mataresinol (5),
hydroxymataresinol (8), lariciresinol (3), and phyllotoxin
glucoside (2). Schisandrin B, a dual inhibitor of MRP1 and
P-gp, has also been shown to enhance doxorubicin-induced
apoptosis of human hepatic carcinoma and breast cancer
cells without enhancing apoptosis in normal cells (4). One
of the most efficient lignans selected as inhibitors of MRP1
transport in this study, L14, has been reported to be an
effective radical scavenger (1). The combined impact of
lignans on various biological targets might bring health
benefits.

Conclusion

This study shows that lignans and norlignans can inhibit
MRP1-mediated transport from human erythrocytes and
suggests that this group of compounds should be further
investigated as possible agents reversing multidrug
resistance. To analyse the biological effects of lignans and
norlignans, the importance of different chemical groups in
their structure for their effects must become clear. To date,
only a few lignans can be isolated in sufficient amounts for
scientific research. The large-scale availability of
hydroxymatairesinol by isolation from knotwood material
(10, 11) makes it a potential starting compound for the
synthesis of many interesting new lignans whose biological
activities can be studied. 

Acknowledgements

We are grateful to the Paulo Foundation, the Borg Foundation, and
Understödsföreningen Liv och Hälsa r.f. for financial support. 

References 

1 Eklund PC, Långvik OK, Wärnå JP, Salmi TO, Willför SM and
Sjöholm RE: Chemical studies on antioxidant mechanisms and
free radical scavenging properties of lignans. Org Biomol Chem
3: 3336-3347, 2005. 

2 Qi YL, Liao F, Zhao CQ, Lin YD and Zuo MX: Cytotoxicity,
apoptosis induction, and mitotic arrest by a novel
podophyllotoxin glucoside, 4DPG, in tumor cells. Acta
Pharmacol Sin 26: 1000-1008, 2005.

3 Saarinen NM, Wärri A, Dings RP, Airio M, Smeds AI and
Mäkelä S: Dietary lariciresinol attenuates mammary tumor
growth and reduces blood vessel density in human MCF-7 breast
cancer xenografts and carcinogen- induced mammary tumors in
rats. Int J Cancer 123: 1196-1204, 2008. 

4 Li L, Lu Q, Shen Y and Hu X: Schisandrin B enhances
doxorubicin- induced apoptosis of cancer cells but not normal
cells. Biochem Pharmacol 71: 584-595, 2006. 

5 Peuhu E, Rivero-Müller A, Stykki H, Torvaldson E, Holmbom T,
Eklund P, Unkila M, Sjöholm R and Eriksson JE: Inhibition of
Akt signaling by the lignin matairesinol sensitizes prostate cancer
cells to TRAIL-induced apoptosis. Oncogene 29: 898-908, 2006. 

6 Saarinen NM, Wärri A, Airio M, Smeds A and Mäkelä S: Role
of dietary lignans in the reduction of breast cancer risk. Mol
Nutr Food Res 51: 857-866, 2007.

7 Saarinen NM, Penttinen PE, Smeds AI, Hurmerinta TT and
Mäkelä SI: Structural determinants of plant lignans for growth
of mammary tumors and hormonal responses in vivo. J Steroid
Biochem Mol Biol 93: 209-219, 2005.

8 Bylund A, Saarinen N, Zhang JX, Bergh A, Widmark A,
Johansson A, Lundin E, Adlercreutz H, Hallmans G, Stattin P
and Mäkela S: Anticancer effects of a plant lignan 7-
hydroxymatairesinol on a prostate cancer model in vivo. Exp
Biol Med 230: 217-223, 2005. 

9 Chang ST, Wang DS, Wu CL, Shiah SG, Kuo YH and Chang CJ:
Cytotoxicity of extractives from Taiwania cryptomerioides
heartwood. Phytochemistry 55: 227-232, 2000. 

Wróbel et al: Lignans and Norlignans as Inhibitors of MRP1 (ABCC1)

4427



10 Willför SM, Hemming JE, Reunanen MH, Eckerman C and
Holmbom BR: Lignans and lipophilic extractives in Norway
spruce knots and stemwood. Holzforschung 57: 27-36, 2003.

11 Holmbom BR, Eckerman C, Eklund P, Hemming JE, Nisula L,
Reunanen MH, Sjöholm R, Sundberg A and Sundberg K: Knots
in the trees – a new rich source of lignans. Phytochem Rev 2:
331-340, 2004.

12 Legrand O, Simonin G, Beauchamp-Nicoud A, Zittoun R and
Marie JP: Simultaneous activity of MRP1 and Pgp is correlated
with in vitro resistance to daunorubicin and with in vivo resistance
in adult acute myeloid leukemia. Blood 94: 1046-1056, 1999.

13 Allen JD, Brinkhuis RF, van Deemter L, Wijnholds J and
Schinkel AH: Extensive contribution of the multidrug
transporters P-glycoprotein and Mrp1 to basal drug resistance.
Cancer Res 60: 5761-5766, 2000. 

14 Borst P and Elferink RO: Mammalian ABC transporters in health
and disease. Annu Rev Biochem 71: 537-592, 2002.

15 Wu CP, Calcagno AM, Hladky SB, Ambudkar SV and Barrand
MA: Modulatory effects of plant phenols on human multidrug-
resistance proteins 1, 4 and 5 (ABCC1, 4 and 5). FEBS J 272:
4725-4740, 2005.

16 van Zanden JJ, de Mul A, Wortelboer HM, Usta M, van Bladeren
PJ, Rietjens IM and Cnubben NH: Reversal of in vitro cellular
MRP1 and MRP2 mediated vincristine resistance by the
flavonoid myricetin. Biochem Pharmacol 69: 1657-1665, 2005.

17 Leslie EM, Mao Q, Oleschuk CJ, Deeley RG and Cole SP:
Modulation of multidrug resistance protein 1 (MRP1/ABCC1)
transport and atpase activities by interaction with dietary
flavonoids. Mol Pharmacol 59: 1171-1180, 2001.

18 Bobrowska-Hägerstrand M, Lillås M, Mrówczyñska L, Wróbel
A, Shirataki Y, Motohashi N and Hägerstrand H: Resveratrol
oligomers are potent MRP1 transport inhibitors. Anticancer Res
26: 2081-2084, 2006.

19 Bobrowska-Hägerstrand M, Wróbel A, Mrówczyńska L,
Söderström T, Shirataki Y,Motohashi N, Molnár J, Michalak K
and Hägerstrand H: Flavonoids as inhibitors of MRP1-like efflux
activity in human erythrocytes. A structure–activity relationship
study. Oncol Res 13: 463-469, 2003. 

20 Bobrowska-Hägerstrand M, Wróbel A, Rychlik B, Bartosz G,
Söderström T, Shirataki Y, Motohashi N, Molnár J, Michalak K
and Hägerstrand H: Monitoring of MRP-like activity in human
erythrocytes: inhibitory effect of isoflavones. Blood Cells Mol
Dis 27: 894-900, 2001. 

21 Li L, Pan Q, Sun M, Lu Q and Hu X: Dibenzocyclooctadiene
lignans: a class of novel inhibitors of multidrug resistance-
associated protein 1. Life Sci 80: 741-748, 2007.

22 Slaninová I, Brezinová L, Koubíková L and Slanina J:
Dibenzocyclooctadiene lignans overcome drug resistance in lung
cancer cells–study of structure–activity relationship. Toxicol In
Vitro 23: 1047-1054, 2009. 

23 Sun M, Xu X, Lu Q, Pan Q and Hu X: Schisandrin B: a dual
inhibitor of P-glycoprotein and multidrug resistance-associated
protein 1. Cancer Lett 246: 300-307, 2007.

24 Eklund PC, Riska AI and Sjöholm RE: Synthesis of R-(–)-
imperanene from the natural lignan hydroxymatairesinol. J Org
Chem 67: 7544-7546, 2002.

25 Eklund P, Sillanpää R and Sjöholm RE: Synthetic transformation
of hydroxymatairesinol from Norway spruce (Picea abies) to 7-
hydroxysecoisolariciresinol, (+)-lariciresinol and (+)-cyclolarici-
resinol. J Chem Soc Perkin Trans 1 16: 1906-1910, 2002.

26 Eklund P and Sjöholm R: Oxidative transformation of the natural
lignan hydroxymatairesinol with 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone. Tetrahedron 59: 4515-4523, 2003.

27 Eklund PC, Sundell FJ, Smeds AI and Sjöholm RE: Reactions
of the natural lignin hydroxymatairesinol in basic and acidic
nucleophilic media: formation and reactivity of a quinone
methide intermediate. Org Biomol Chem 2: 2229-2235, 2004.

28 Bobrowska-Hägerstrand M, Wróbel A, Mrówczyńska L,
Söderström T and Hägerstrand H: Modulation of MRP1-like
efflux activity in human erythrocytes caused by membrane
perturbing agents. Mol Membr Biol 20: 255-259, 2003.

29 Bobrowska-Hägerstrand M, Wróbel A, Rychlik B, Ohman I and
Hägerstrand H: Flow cytometric monitoring of multidrug drug
resistance protein 1 (MRP1/ABCC1-mediated transport of 2’,7’-
bis-(3-carboxypropyl)-5-(and-6)- carboxyfluorescein (BCPCF)
into human erythrocyte membrane inside-out vesicles. Mol
Membr Biol 24: 485-495, 2007.

30 Mrówczynska L, Bobrowska-Hägerstrand M, Wróbel A,
Söderström T and Hägerstrand H: Inhibition of MRP1-mediated
efflux in human erythrocytes by mono-anionic bile salts.
Anticancer Res 25: 3173-3178, 2005.

31 Huang M, Jin J, Sun H and Liu GT: Reversal of P-glycoprotein-
mediated multidrug resistance of cancer cells by five schizandrins
isolated from the Chinese herb Fructus schizandrae. Cancer
Chemother Pharmacol 62: 1015-1026, 2008.

32 Wan CK, Zhu GY, Shen XL, Chattopadhyay A, Dey S and Fong
WF: Gomisin A alters substrate interaction and reverses P-
glycoprotein-mediated multidrug resistance in HepG2-DR cells.
Biochem Pharmacol 72: 824-837, 2006.

33 Chang CC, Liang YC, Klutz A, Hsu CI, Lin CF, Mold DE, Chou
TC, Lee YC and Huang RC: Reversal of multidrug resistance by
two nordihydroguaiaretic acid derivatives, M4N and maltose-
M3N, and their use in combination with doxorubicin or
paclitaxel. Cancer Chemother Pharmacol 58: 640-653, 2006.

34 Chen H, Wang J, Zhang J, Wang Y, Cao B, Bai S, Yu PF, Bi W
and Xie W: L1EPO, a novel podophyllotoxin derivative
overcomes P-glycoprotein-mediated multidrug resistance in
K562/A02 cell line. Biol Pharm Bull 32: 609-613, 2009.

35 Pan Q, Lu Q, Zhang K and Hu X: Dibenzocyclooctadiene
lingnans: a class of novel inhibitors of P-glycoprotein. Cancer
Chemother Pharmacol 58: 99-106, 2006.

36 Dekkers DW, Comfurius P, Schroit AJ, Bevers EM and Zwaal RF:
Transbilayer movement of NBD-labeled phospholipids in red blood
cell membranes:outward-directed transport by the multidrug
resistance protein 1 (MRP1). Biochemistry 37: 14833-14837, 1998.

37 Rychlik B, Pułaski L, Sokal A, Soszyński M and Bartosz G:
Transport of organic anions by multidrug resistance-associated
protein in the erythrocyte. Acta Biochim Pol 47: 763-772, 2000.

38 Borst P, Zelcer N and van Helvoort A: ABC transporters in lipid
transport. Biochim Biophys Acta 1486: 128-144, 2000.

39 Lee CH: Reversing agents for ATP-binding cassette drug
transporters. Methods Mol Biol 596: 325-340, 2010.

40 Fletcher JI, Haber M, Henderson MJ and Norris MD: ABC
transporters in cancer: more than just drug efflux pumps. Nat
Rev Cancer 10: 147-156, 2010.

Received September 17, 2010
Revised October 13, 2010

Accepted October 15, 2010

ANTICANCER RESEARCH 30: 4423-4428 (2010)

4428


