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Abstract Multidrug resistance (MDR) mediated by ATP binding cassette subfamily B member 1

(ABCB1) is significantly hindering effective cancer chemotherapy. However, currently, no ABCB1-

inhibitory drugs have been approved to treat MDR cancer clinically, mainly due to the inhibitor specificity,

toxicity, and drug interactions. Here, we reported that three polyoxypregnanes (POPs) as the most abundant

constituents ofMarsdenia tenacissima (M. tenacissima) were novel ABCB1-modulatory pro-drugs, which

underwent intestinal microbiota-mediated biotransformation in vivo to generate activemetabolites. Theme-

tabolites at non-toxic concentrations restored chemosensitivity in ABCB1-overexpressing cancer cells via

inhibiting ABCB1 efflux activity without changing ABCB1 protein expression, which were further identi-

fied as specific non-competitive inhibitors of ABCB1 showing multiple binding sites within ABCB1 drug

cavity. These POPs did not exhibit ABCB1/drugmetabolizing enzymes interplay, and their repeated admin-

istration generated predictable pharmacokinetic interaction with paclitaxel without obvious toxicity in vivo.

We further showed that these POPs enhanced the accumulation of paclitaxel in tumors and overcame

ABCB1-mediated chemoresistance. The results suggested that these POPs had the potential to be developed

as safe, potent, and specific pro-drugs to reverse ABCB1-mediatedMDR. Our work also provided scientific

evidence for the use of M. tenacissima in combinational chemotherapy.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sci-

ences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

ABCB1 (MDR1/P-gp) is a 170-kDa ATP-dependent membrane
transporter belonging to ATP-binding cassette (ABC) transporter
family1. ABCB1 is ubiquitously expressed in liver, kidney, in-
testine, placenta, adrenal glands, and bloodebrain barrier (BBB).
Overexpression of ABCB1, which usually results in increased
drug efflux, was first recognized as one of the main causes of
multidrug resistance (MDR) by Ling and co-workers in 19762,3. A
wide range of cancers, including breast cancers, colon cancers,
acute myeloid leukemia, hematological malignancies, and solid
tumors, have been associated with ABCB1 overexpression, which
confers MDR of many anticancer drugs such as epi-
podophyllotoxins (etoposide and teniposide), taxanes (paclitaxel
and docetaxel), Vinca alkaloids (vinblastine and vincristine), and
anthracyclines (doxorubicin and daunorubicin). Clinical signifi-
cance of ABCB1 inhibition as a strategy for MDR reversal has
been extensively studied for more than three decades4e6. Many
ABCB1 modulators, including some promising third-generation
ones (e.g., tariquidar), have been developed5,7. Unfortunately,
there are currently no ABCB1-inhibitory drugs being approved to
treat MDR cancer clinically, mostly due to the problems associ-
ated with specificity, toxicity, and serious drugedrug interactions
[including undesirable interplay between transporter and cyto-
chrome P450 enzymes (CYPs), prolonged drug half-life and nar-
rowed drug therapeutic windows]8. Recently, a drug repurposing
strategy adopted by several research groups emerges as an effec-
tive way to identify MDR reversing agents, which attempts to
repurpose conventional drugs with known pharmacological and
toxicological profiles for overcoming MDR9e12. Similarly, certain
natural products, showing a long history of medicinal use and a
less-toxic profile, may provide an alternative source to discover
novel ideal ABCB1 modulators.

A Chinese medicinal herb, Tong-guan-teng, derived from the
dried stems of Marsdenia tenacissima (M. tenacissima) (Roxb.)
Wight et Arn, has a long history of use in traditional Chinese
medicine. Its standardized herbal extract which called Xiao-ai-
ping has been approved for the treatment of cancers by the
National Medical Products Administration (NMPA) for more than
two decades in China13e16. Xiao-ai-ping is well tolerated in pa-
tients and frequently used in combination with chemotherapeutic
drugs such as paclitaxel receiving good efficacy in prolonging
survival of cancer patients17e19. Our previous studies revealed that
several constituents, belonging to the chemical class of poly-
oxypregnanes (POPs), in M. tenacissima, were putative reversal
agents of MDR in cancer, in particular with ABCB1 inhibitory
effect20e24. However, with the unavailability of adequate amounts
of these bioactive POPs for further research and development, it
remains unclear about the key pharmacologically-relevant de-
terminants of M. tenacissima.

In the present study, we demonstrated that three most abundant
POPs, i.e., P1, P2, and P3 (Fig. 1) in the herbal extract (53%, g/g),
were pro-drugs of three respective bioactive POPs, i.e., P4, P5,
and P6 (Fig. 1), formed via intestinal microbiota-mediated
biotransformation. Thus, the aim of this study is to explore
whether and how the identified pro-drug POPs as safe, potent, and
specific ABCB1 inhibitors to reverse MDR in cancer chemo-
therapy in vitro and in vivo. This study would provide scientific
evidence for the use of a proprietary herbal extract preparation and
its major constituents in combination cancer chemotherapy.

2. Materials and methods

2.1. Cells, reagents, and animals

The human intestinal epithelial Caco-2 cell line was obtained from
the American Type Culture Collection (Rockville, MD, USA).
The human colon cancer cell line SW620 and its doxorubicin-
selected ABCB1-overexpressing subline SW620 Ad30025, and
human embryonic kidney HEK293 cells stably transfected with
pcDNA3.1 vector (HEK293 pcDNA3.1) or wild-type ABCB1
expression vector (HEK293 MDR1)21 were generous gifts from
Dr. Susan Bates from the National Cancer Institute (Bethesda,
MD, USA). Human breast cancer cell lines MDA435/LCC6 and
MDA435/LCC6 MDR126 were kindly provided by Dr. Robert
Clarke from Georgetown University (Washington. DC, USA). To

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Chemical structures of investigated polyoxypregnanes (POPs). Type I POPs, including P1 (marsdenoside H), P2 (marsdenoside K),

and P3 (tenacissoside A), and type II POPs, including P4 (tenacissoside H), P5 (tenacissoside I), and P6 (tenacissoside G), are classified based on

the number of sugar moieties in the structures. Ac, acetyl; Bz, benzoyl; mBu, 2-methylbutyryl; Tig, tigloyl.
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ensure the correctness of cell models, the expression of ABCB1 in
all cell lines was verified and the cytotoxic effect of doxorubicin
was compared in paired cell lines (SW620 vs. SW620 Ad300;
HEK293 pcDNA3.1 vs. HEK293 MDR1; MDA435/LCC6 vs.
MDA435/LCC6 MDR1) (Supporting Information Fig. S1). Cells
were grown in RPMI 1640 or DMEM medium supplemented with
10% fetal bovine serum (FBS), 1% penicillin and streptomycin,
and were incubated at 37 �C in 5% CO2. The stable transfected
cell lines HEK293 pcDNA3.1 and HEK293 MDR1 were main-
tained in complete medium supplemented with 2 mg/mL G418.

Monoclonal antibodies against ABCB1 and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were purchased from Calbio-
chem (1:1000; C219, San Diego, CA, USA) and Merck Millipore
(1:10,000; ABS16, Darmstadt, Germany), respectively. Monoclonal
antibody against b-actin (1:2000; 4970) and anti-mouse (1:2000;
7076) or anti-rabbit (1:2000; 7074) IgG horseradish peroxidase
conjugate was obtained from Cell Signaling Technology (Boston,
MA, USA). Brain heart infusion (BHI) medium was purchased from
Becton Dickinson (Franklin Lakes, NJ, USA). Ginsenoside F2
(purity>99%) was purchased from the National Institute for the
Control of Pharmaceutical and Biological Products (Beijing, China).
Rhodamine 123 (Rh123), doxorubicin, verapamil, sulforhodamineB,
paclitaxel, b-glucosidase, heparin, and Tween 80 were obtained from
SigmaeAldrich (MO, USA). PSC833 (valspodar) was provided by
Novartis (East Hanover, NJ, USA). Acetonitrile, methanol, and
ethanol were of high performance liquid chromatography (HPLC)
grade from RCI Labscan (Bangkok, Thailand). Formic acid was
supplied by Merck (Darmstadt, Germany). Distilled water was pre-
pared using a Milli-Q system (Millipore, Bedford, MA, USA). Ke-
tamine and xylazine were obtained from Alfasan (Woerden,
Holland). P1 (marsdenoside H), P2 (marsdenoside K), P3 (tena-
cissoside A), P4 (tenacissoside H), P5 (tenacissoside I), and P6
(tenacissoside G) (purity>98%) were isolated from M. tenacissima
and characterized by our group as previously reported21,22. Based on
the number of sugar moieties in the structure, these POPs are clas-
sified into two types, namely type I (P1, P2, and P3) and type II (P4,
P5, and P6) POPs (Fig. 1).

Male SpragueeDawley rats (210e230 g) and male BALB/c
nude mice (20e22 g) were supplied by the Laboratory Animal
Service Center, the Chinese University of Hong Kong (Hong
Kong, China). Animals were maintained under standard condi-
tions of temperature (22e24 �C), humidity (55%e60%), and a
light/dark cycle of 12/12 h, and given food and water ad libitum. A
mixed solution containing ketamine (37.5 mg/mL) and xylazine
(5 mg/mL) was prepared for anesthetization of animals. The care
of animals and all experimental procedures were approved by the
Animal Ethics Committee of the Chinese University of Hong
Kong.

2.2. Cytotoxicity assay

The anti-proliferative effects of anticancer drugs in MDA435/
LCC6 and MDA435/LCC6 MDR1 cells were evaluated by the
sulforhodamine B assay as previously described24. The MDR
reversal effect of the tested POPs (10 mmol/L) was assessed by
fold changes of the half maximal inhibitory concentration (IC50)
value of MDR cells treated with paclitaxel or doxorubicin alone
relative to IC50 value of MDR cells treated with combination
therapy. PSC833 (0.4 mmol/L) was used as a positive control.

2.3. Cell cycle and apoptosis assay

The cell cycle and apoptotic assays were conducted by the stan-
dard propidium iodide (PI) staining or PIeannexin V co-staining
method, respectively, as previously reported21,22. Briefly, the cell
cycle distribution and apoptotic cell population were evaluated on
MDA435/LCC6 and MDA435/LCC6 MDR1 cells after treatment
of paclitaxel alone (20 nmol/L), individual type II POPs
(10 mmol/L), or their combinations for 24 and 48 h, respectively.
After staining, an LSRFortessa Cell Analyzer (BD Biosciences,
San Jose, CA) was used for flow cytometry analysis.

2.4. Immunoblotting analysis

Cell lysates (30 mg protein) of SW620 Ad300 cells after treatment
of individual POPs at 10 mmol/L for 72 h were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gel and transferred onto a nitrocellulose membrane. After
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blocking with 5% nonfat milk, the membranes were probed with
anti-ABCB1. b-Actin or GAPDH was applied as loading control.
Following incubation with horseradish peroxidase conjugated
anti-mouse or anti-rabbit antibodies, protein bands were visualized
by chemiluminescence using electrochemiluminescence (ECL)
blotting detection reagents.

2.5. Flow cytometry-based substrate efflux assay

The ABCB1 substrate rhodamine 123 (Rh123) efflux assay was
performed as previously described7. Briefly, MDA435/LCC6 or
MDA435/LCC6 MDR1 cells were incubated with Rh123
(0.5 mg/mL) alone or co-incubated with individual POPs at
10 mmol/L, verapamil at 50 mmol/L and PSC833 at 0.4 mmol/L
(ABCB1 inhibitors as positive controls), respectively, at 37 �C for
30 min. After a 1 h Rh123-free efflux, fluorescence retention in
the cells was measured by an LSRFortessa Cell Analyzer.

2.6. Transport study across Caco-2 cell monolayer

Culture of Caco-2 cells and transport of POPs across Caco-2 cell
monolayer were performed as previously published27. Briefly,
Caco-2 cells were seeded into Transwells (Corning, NY, USA) at
2 � 105 cell/mL for 21e25 days. The integrity was verified by
measuring the apparent permeability (Papp) values of atenolol and
propranolol, a paracellular marker and a transcellular marker,
respectively, and the transepithelial electrical resistance (TEER)
using an epithelial tissue voltohmmeter (EVOM) from World
Precision Instruments (Sarasota, FL). Monolayers with
TEER>450 U‧cm2 were used for assays. The bidirectional
transport (the basolateral to apical (B to A) transport and the
apical to basolateral (A to B) transport) assays of individual type II
POPs [10 mmol/L in Hankʹs balanced salt solution (HBSS)] were
performed at 37 �C. At the designated time points, ranging from
15 to 90 min, 400 mL samples were collected from the receiver
compartment and 400 mL receiver compartment solution was
replaced immediately. Samples were stored at �20 �C until
analysis by liquid chromatography coupled with mass spectrom-
etry (LCeMS). Papp is calculated as in Eq. (1):

Papp Z dC=dT �V=A=C0 ð1Þ
where dC/dT is the initial slope of the plot of cumulative con-
centrations vs. time (mmol/L/s); V is the volume of receiver
chamber, which is 0.5 mL for the apical side and 1.5 mL for the
basolateral side; A is the apparent surface area of the monolayer,
which was 1.12 cm2 for the 12-well transwell plate; C0 is the
initial concentration in donor chamber (mmol/mL).

2.7. ABCB1 ATPase assay

The effect of individual POPs (10 mmol/L) on ATPase activity of
human recombinant ABCB1 in a cell membrane fraction was
measured by Pgp-Glo™ Assay Systems (V3601, Promega) ac-
cording to the manufacturer’s instruction. Verapamil (an ABCB1
ATPase stimulator) at 50 mmol/L and PSC833 (an ABCB1 ATPase
inhibitor) at 0.4 mmol/L were used as the positive controls.

2.8. Mouse monoclonal ABCB1 antibody (UIC-2) shift assay

The binding of the conformation sensitive anti-ABCB1 UIC-2
antibody to the transporter protein ABCB1 in MDA435/LCC6
MDR1 cells was measured by flow cytometer as previously
described28. Briefly, cells were incubated with individual POPs (1,
5, or 10 mmol/L) in 2% FBS at 37 �C in 5% CO2 for 10 min before
labeled with 0.5 mg/mL phycoerythrin (PE)-conjugated UIC-2
antibody or IgG2b negative control antibody for another 45 min.
Cells were then washed twice with cold phosphate buffer saline
(PBS) and stored on ice before the analysis by an LSRFortessa
Cell Analyzer. Oxaliplatin, which is not an ABCB1 substrate or
inhibitor, was used as a negative control. Verapamil (50 mmol/L)
and PSC833 (0.4 mmol/L) were used as positive controls.

2.9. Molecular docking

Docking calculations were performed on AutoDock 4.2 (the
Scripps Research Institute, La Jolla, CA, USA) using the human
ABCB1 homology model as previously described24,29. Both
inactive and active conformations of ABCB1 were used for
docking analysis. For co-docking calculations, verapamil and
PSC833 were pre-docked on ABCB1 and their effects on the
lowest binding energies (LBEs) and interacting residues of indi-
vidual POPs were evaluated. Because all compounds mainly
docked to the drug binding pocket, we focused on this site for the
co-docking calculations.

2.10. Pharmacokinetics study of POPs

A type I POPs mixture containing P1, P2, and P3 was prepared at
the weight composition of 1.4:1:1.1, which was equivalent to their
composition in the original herb23. Vehicle A (Tween 80/saline,
5%/95%) was used to prepare type I POPs mixture solution. Right
jugular cannulation was performed on rats for drug administration
and blood sampling on the day before the treatment. Rats were
randomly divided into three groups (6/group). The rats in group 1
or 2 received intravenously (5 mg/kg) or orally (50 mg/kg) type I
POPs mixture. The rats in group 3 received orally antibiotics
(containing 200 mg/kg neomycin sulfate, 200 mg/kg streptomycin
sulfate, and 200 mg/kg bacitracin) every 12 h (twice daily) for 5
consecutive days and then orally 50 mg/kg type I POPs mixture at
4 h after the last treatment of antibiotics. After type I POPs
mixture treatment, 0.2 mL of blood were collected from the
catheter at 2, 5, 15, 30, and 45 min, and 1, 2, 4, 8, 9, 12, and 24 h
into heparinized tube. After each blood sampling, rats immedi-
ately received an equal volume of isotonic saline to composite the
blood loss. The collected blood samples were then centrifuged at
6000�g for 10 min to obtain plasma and stored at �20 �C until
LCeMS analysis.

2.11. Incubation with intestinal microbiota or b-glucosidase

Intestinal microbiota extracted from pooled human fecal samples
was used to investigate the hydrolysis of type I POPs. Fresh
human fecal samples were collected from four healthy Chinese
volunteers (two male and two female, aged 20e32). The micro-
biota solution was prepared as described previously27. To assure
maximum viability of microbiota, the anaerobic bacteria, during
the experiment, individual POPs (50 mmol/L) was incubated
anaerobically in the Anaerobe Pouch System (GasPakTM EZ, BD
Biosciences) containing 25 mL of microbiota solution in BHI
medium at 37 �C for 0, 0.5, 1, 2, 3, 6, 9, 12, and 24 h. Reactions
were stopped by the addition of an equal volume of ice-cold
methanol, followed by immediate centrifugation at 15,000�g for
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10 min. Supernatant was collected for LCeMS analysis. The
percentage of parent POP metabolized (metabolic rate) and
metabolite formed (metabolite formation rate) were calculated in
Eqs. (2) and (3), respectively:

Metabolic rate

Z Ct ðparent POP; mmol=LÞ=C0 ðparent POP; mmol=LÞ�100%

ð2Þ

Metabolite formation rate

Z Ct ðmetabolite; mmol=LÞ=C0 ðparent POP; mmol=LÞ � 100%

ð3Þ

where Ct represents the concentration at designated time points
and C0 represents the concentration of parent POP at time zero.

b-Glucosidases, which hydrolyze b-glucopyranoside linkage
from the non-reducing end of b-glucosides, are one of the most
abundant enzymes distributed in animals, plants and microor-
ganisms. To investigate whether b-glucosidase is responsible for
the hydrolysis of type I POPs into type II POPs, the hydrolysis
reaction was performed in a 100 mmol/L phosphate buffer
(200 mL, pH 7.0) containing 800 ng/mL b-glucosidase and indi-
vidual type I POPs (10 mmol/L) at 37 �C for 2 h. Then, 200 mL
ice-cold methanol containing 500 nmol/L ginsenoside F2 (internal
standard) were added into the mixture for stopping the reaction.
Samples were vortexed for 1 min and centrifuged for 15 min at
15,000�g, and supernatants were filtered and collected for
LCeMS analysis.
2.12. Pharmacokinetic study of paclitaxel

Rats were randomly divided into six groups (6/group) receiving
50 mg/kg of type I POPs orally and 6 mg/kg of paclitaxel intra-
venously. Vehicle B (ethanol/Tween 80/saline, 5%/5%/90% was
used to prepare paclitaxel solution. Dosage regimen and sampling
procedures were: group 1 or 2, vehicle A or type I POPs was
administered 8 h prior to paclitaxel; group 3 or 4, vehicle A or
type I POPs was administered once-daily for 7 consecutive days.
On Day 7, paclitaxel was given at 8 h after type I POPs. For
groups 1e4, blood (0.2 mL/sample) was collected as aforemen-
tioned with saline compensation at 0, 2, 5, 15, and 30 min, and 1,
2, 4, 6, 8, 10, 12, and 24 h, and feces and urine were collected
within 0e24 h after paclitaxel dosing; group 5 or 6, vehicle A or
type I POPs was given 8 h prior to paclitaxel once-daily for 6
consecutive days. On Day 1, five blood samples were collected at
5 min prior to type I POPs dosing, 5 min prior to paclitaxel dosing,
and 2 min, 1 h, and 8 h after paclitaxel dosing. During Days 2e6,
three blood samples were collected at 5 min prior to type I POPs
dosing, 5 min prior to paclitaxel dosing and 2 min after paclitaxel
dosing. On Day 6, pharmacokinetics of paclitaxel was monitored
by measuring blood samples collected at 2, 15, and 30 min, and 1,
3, 6, 8, and 24 h after its last-dose. Tissue (heart, liver, spleen,
lung, kidney, and brain) specimens were collected at the end of
experiments. The collected blood samples were centrifuged at
6000�g for 10 min to obtain plasma, feces, and urine samples
were weighed, and tissue specimens were washed with cold PBS,
blotted dry, and weighed. All these samples were stored at �80 �C
until LCeMS analysis.
2.13. Cocktail assay

Pooled rat liver microsomes from six rats were prepared following
the published report30. The cocktail assay has been described
previously30. Substrates of individual cytochrome P450 isozymes
(CYPs) and their final concentrations for the incubations were:
nifedipine (10 mmol/L, rat CYP3A1/2 substrate), S-mephenytoin
(20 mmol/L, rat CYP2C11 substrate), coumarin (2 mmol/L, rat
CYP2A2 substrate), bupropion (5 mmol/L, rat CYP2B1 substrate),
dextromethorphan (20 mmol/L, rat CYP2D1 substrate), and
phenacetin (20 mmol/L, rat CYP1A2 substrate). A reaction
mixture (200 mL) containing microsomes and substrates with or
without individual POPs (10 mmol/L) was pre-incubated for
5 min at 37 �C in a shaking incubator block before the addition of
reduced nicotinamide adenine dinucleotide phosphate (NADPH)
regeneration system to initiate the reaction. Each reaction was
stopped after 60 min by the addition of 200 mL of ice-cold
methanol containing 500 nmol/L gensinoside F2 (internal stan-
dard). Samples were vortexed for 1 min and centrifuged for
15 min at 15,000�g, and supernatants were filtered and collected
for LCeMS analysis.

2.14. Toxicity study and total CYPs content measurement

Four rats were treated orally with vehicle or type I POPs
(50 mg/kg/day) for 7 consecutive days with daily measure-
ment of body weight. Rats were sacrificed at Day 8. Liver,
kidney, lung, heart, spleen, and small intestine (duodenum)
were collected, rinsed with cold PBS, blotted dry, and stored
for analysis. Histological studies of the collected tissue
specimens were conducted by hematoxylin and eosin (H&E)
staining following our previous report31. The total CYPs
content in liver microsomes prepared from type I POPs-
treated or untreated rats was determined using reduced CO-
difference spectra as previously described32.

2.15. Real-time reverse transcription-polymerase chain reaction
(PCR)

Total RNA isolation from rat liver, small intestine (duodenum),
and kidney was performed using Trizol reagent (Ambion, Life
Technologies) following the manufacturer’s protocol. Reverse
transcription PCR was carried out using PrimeScript RT re-
agent kit (TaKaRa). Quantitative PCR (qPCR) analysis was
performed in an ABI ViiA 7 Real Time PCR System (Applied
Biosystem, Thermo Fishier Scientific) using SYBR Green Real
Time PCR kit (applied Biosystems, life technologies). Primers
of Gapdh, multi-drug resistance-1a (Mdr1a), Cyp3a1,
Cyp2c11, Cyp1a2, Cyp2a2, Cyp2b2, and Cyp2d1 for quanti-
tative PCR (qPCR) reactions are shown in Supporting Infor-
mation Table S1.

2.16. Tumor xenograft mouse model

Drug treatments were evaluated in the parental sensitive MDA435/
LCC6 and ABCB1-overexpressing resistant MDA435/LCC6
MDR1 xenograft models. MDA435/LCC6 or MDA435/LCC6
MDR1 cells (1 � 106 cells per mouse) were subcutaneously
inoculated into the left flank of BALB/c nude mice. When a
palpable tumor appeared (approximate 400 mm3), tumor-bearing
mice were randomly allocated into 4 groups (5/group). Mice
were treated on every other day for 10 days as follows: group 1 or



Table 1 Pharmacokinetic parameters of P1, P2, and P3, and their respective metabolites of P4, P5, and P6 after an intravenous or oral

administration of type I POPs in rats.

Parameter Type I POP (iv, 5 mg/kg) Type I POP (po, 50 mg/kg)

P1 P2 P3 P1 P2 P3 P4 P5 P6

Tmax (h) N.A. N.A. N.A. 0.25 � 0.00 0.56 � 0.16 0.31 � 0.06 8.50 � 0.50 8.75 � 0.48 7.50 � 0.96

Cmax (mg/L) N.A. N.A. N.A. 0.17 � 0.02 0.04 � 0.00 0.11 � 0.02 1.19 � 0.09 0.91 � 0.10 1.14 � 0.07

AUC0eN

(mg$h/L)
1.80 � 0.432 4.04 � 0.327 2.76 � 0.193 0.80 � 0.17 0.27 � 0.04 0.40 � 0.07 7.44 � 0.42 4.84 � 0.30 6.35 � 0.40

t1/2 (h) 0.119 � 0.016 0.169 � 0.003 0.286 � 0.016 4.17 � 0.77 6.55 � 1.88 2.99 � 0.37 2.54 � 0.04 2.15 � 0.23 2.38 � 0.15

MRT0eN (h) 0.190 � 0.026 0.225 � 0.005 0.393 � 0.026 5.12 � 0.51 6.30 � 1.36 4.19 � 0.28 8.62 � 0.37 9.27 � 0.42 8.13 � 0.47

Vd/F (L/kg) 0.103 � 0.014 0.061 � 0.005 0.153 � 0.019 5.14 � 0.31 3.33 � 0.51 2.41 � 0.21 N.A. N.A. N.A.

CL/F (L/h/kg) 0.640 � 0.112 0.253 � 0.020 0.367 � 0.026 0.97 � 0.21 0.40 � 0.06 0.59 � 0.09 N.A. N.A. N.A.

F (%) N.A. N.A. N.A. 4.45 0.678 1.45 N.A. N.A. N.A.

N.A.: Not applicable. Data are expressed as mean � SD (nZ 6). Tmax, time for peak concentration; Cmax, peak concentration; AUC0eN, area under

plasma concentration vs. time curve; t1/2, elimination half-life; MRT, mean residence time; Vd, volume of distribution; CL, clearance; F,

bioavailability.
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2, animals received vehicle A orally at 2 h prior to intravenous
injection of vehicle B or 12 mg/kg paclitaxel; group 3 or 4, ani-
mals received 200 mg/kg type I POPs orally at 2 h prior to vehicle
B or paclitaxel. The tumor sizes were measured with vernier
calipers and tumor volumes were calculated by the formula
[(shortest diameter)2 � (longest diameter)]/2. All mice were
euthanized on Day 11, and tumors and other tissues were excised
and stored at �80 �C.

2.17. LCeMS analysis

Sample preparation and LCeMS methods developed for quanti-
fication are described in Supporting Information.

2.18. Data and statistical analysis

Non-compartmental method using WinNonlin version 4.0 (Phar-
sight, Mountain View, CA, USA) was applied for pharmacokinetic
parameters calculation. Statistical analysis was applied using un-
paired two-tailed Student’s t-test for comparison between two
groups, or one-way or two-way ANOVA with a post hoc Tukey
test for comparison among three or more groups. A P value less
than 0.05 was considered as significant. All data are presented as
mean values � standard derivation (SD).

3. Results

3.1. Type I POPs are biotransformed into type II POPs by
intestinal microbiota

After oral administration, type I POPs (P1, P2, and P3) had very
low bioavailability (0.68%e4.45%, Table 1) due to their
dramatically biotransformed into type II POPs (P4, P5, and P6).
The converted type II POPs peaked at about 8 h displayed high
systemic exposures (Fig. 2A) with Cmax values ranging from
0.91 � 0.1 to 1.19 � 0.09 mg/L and AUC0eN values from
4.84 � 0.30 to 7.44 � 0.42 mg$h/L, while type I POPs showed
much less systemic exposure with Cmax values from 0.04 � 0.00
to 0.17 � 0.02 mg/L and AUC0eN values from 0.27 � 0.04 to
0.80 � 0.17 mg$h/L (Table 1). However, these biotransformations
were almost negligible in the antibiotics-pretreated rats with only
trace amounts of P4, P5, and P6 detected in the plasma (Fig. 2B).
Further intestinal microbiota incubation demonstrated that P1, P2,
and P3 were completely converted into P4, P5, and P6, respec-
tively, within w8 h (Fig. 2CeE), while liver microsomal incu-
bation did not mediate the same conversion (Supporting
Information Fig. S2). All the results suggest that intestinal
microbiota played an important role in biotransformation of type I
to type II POPs. Further study confirm that b-glucosidase, a
common enzyme in intestinal bacteria, was responsible for the
conversion (Fig. 2FeH). In summary, type I POPs are bio-
transformed into the respective type II POPs via hydrolysis of the
terminal glucose in type I POPs primarily mediated by b-gluco-
sidase in intestinal microbiota.
3.2. Type II but not type I POPs sensitize ABCB1-overexpressing
cancer cells to ABCB1 substrate chemotherapeutics

Type II POPs, i.e., P4, P5, and P6, were identified as ABCB1
inhibitors in our previous study using the drug-selected ABCB1-
overexpressing SW620 Ad300 cells24. As MDR of chemothera-
peutics is mediated by multiple mechanisms33, in the present
study, MDA435/LCC6 and ABCB1-transfected MDA435/LCC6
MDR1 cells were used for studying the role of ABCB1 in MDR
(Fig. 3). In order to determine the concentration of POPs for the
MDR reversal study, we firstly evaluated the effect of different
concentrations of all tested POPs to the cells. The concentration of
10 mmol/L was selected because all the tested POPs did not
appreciably affect cell viability at or below 10 mmol/L. The results
demonstrated that all type II POPs, but not type I POPs at
10 mmol/L significantly inhibited ABCB1-mediated MDR of
paclitaxel and doxorubicin (both are ABCB1 substrates) in
MDA435/LCC6 MDR1 cells (Table 2 and Fig. 3AeF). Strikingly,
the reversal effect of type II POPs was 4.4e4.6 times
superior (P4 and P5) or at least comparable (P6) to that of
verapamil (Table 2). Overall, type II POPs potently sensitize
ABCB1 substrate anticancer agents to ABCB1-overexpressing
MDR cells.

To further confirm the mechanism underlying circumvention of
ABCB1-mediated MDR caused by type II POPs was mainly due
to the inhibition of ABCB1 activity, we performed cell cycle and
apoptosis studies. In MDA435/LCC6 cells, the results show that
paclitaxel induced a significant G2/M phase cell cycle arrest
(Fig. 3G) and apoptosis (Fig. 3I), and such effects were not
enhanced by the combination treatment with type II POPs. In the
resistant MDA435/LCC6 MDR1 cells, paclitaxel alone did not



Figure 2 Gut microbiota-mediated biotransformation of type I POPs to type II POPs. The plasma concentration vs. time curve of P1, P2, and

P3 and their respective metabolites P4, P5, and P6 after an oral administration of 50 mg/kg type I POPs mixture to normal rats (A), or to rats

orally pretreated with antibiotics for 5 days (B). Conversion of P1, P2, or P3 to their respective metabolites in the incubation with intestinal

microbiota within 24 h (C)e(E), or with b-glucosidase for 2 h (F)e(H). Black and red curves in (C)e(E) represent metabolic rate and metabolite

formation rate, respectively. N.D., not detected. All data are expressed as mean � standard derivation (SD) (n Z 6 for pharmacokinetic study;

n Z 4 for in vitro incubation study).
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induce G2/M phase cell cycle arrest and apoptosis, while the
addition of Type II POPs completely (P4 or P5) or partially (P6)
restored G2/M phase cell cycle arrest (Fig. 3H) and apoptosis
(Fig. 3J) induced by paclitaxel. On the other hand, both type I and
type II POPs themselves have no effect on cell cycle and did not
cause apoptosis in both parental and ABCB1-mediated MDR
cancer cells (Fig. 3HeJ). The results imply that type II but not
type I POPs sensitize paclitaxel to MDA435/LCC6 MDR1 cells
through restoration of paclitaxel-induced cell cycle arrest and
apoptosis. Notably, type I POPs are biotransformed to type II
POPs in the body, and thus identified as ABCB1-modulatory pro-
drugs.
3.3. Type II POPs inhibit the efflux activity of ABCB1 via
interaction and induction of ABCB1 conformational change

Type II but not type I POPs dose-dependently inhibited ABCB1-
mediated Rh123 efflux in MDA435/LCC6MDR1 cells (Fig. 4A)
but not in MDA435/LCC6 cells (Fig. 4B), indicating that the
efflux inhibition was specific. The efflux inhibition of type II
POPs was superior (P4 and P5) or comparable (P6) to that of
verapamil (Fig. 4A, right panel), further confirming that type II
POPs suppress ABCB1-mediated efflux activity. On the other
hand, the results from permeability study in Caco-2 monolayer
model showed that the ratio of Papp (B to A) to Papp (A to B) of all



Figure 3 Type II POPs but not type I POPs overcome ATP binding cassette subfamily B member 1 (ABCB1)-mediated multidrug resistance

(MDR) of paclitaxel and doxorubicin in MDA435/LCC6 MDR1 cells. Cytotoxicity of paclitaxel (A)e(C) and doxorubicin (Dox) (D)e(F) in

MDA435/LCC6 and ABCB1-transfected MDA435/LCC6 MDR1 cells in the absence or presence of PSC833, P1, or P4. Effect of type II POPs

(P4, P5, or P6) on paclitaxel-induced cell cycle arrest in MDA435/LCC6 (G) and MDA435/LCC6 MDR1 (H) cells, and on paclitaxel-induced

apoptosis in MDA435/LCC6 (I) and MDA435/LCC6 MDR1 (J) cells. All data are expressed as mean � SD (n Z 3). *P < 0.05, **P < 0.01,

***P < 0.001, compared to the corresponding subgroups in control group; #P < 0.05, ##P < 0.01, ###P < 0.001, compared to the corresponding

subgroups in paclitaxel alone group, by two-way ANOVA test followed by Tukey post hoc test.
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type II POPs ranged from 1.010 to 1.429, indicating that these
POPs were not actively transported from the basolateral to apical
sides (Table 3), demonstrating that type II POPs are not ABCB1
substrates and thus not competitive inhibitors of ABCB1.

The mechanistic study was further conducted. Firstly, neither
type II POPs (P4, P5, or P6) nor type I POPs (represented by P1)
appreciably changed the protein expression level of ABCB1 in
SW620 Ad300 cells (Fig. 4C), demonstrating that type II POPs
inhibit ABCB1 transport function without altering its expression.
Secondly, type II but not type I POPs significantly stimulated
ABCB1 ATPase activity in a way similar to the competitive in-
hibitor verapamil (Fig. 4D). It has been reported that ATPase
activity of ABCB1 is activated when the substrates are transported
by ABCB1 or certain conformational changes occur in ABCB1,
such as cross-linking of N-terminal and central regions of ABCB1
nucleotide-binding domains34. Apparently as non-ABCB1 sub-
strates, type II POPs might possibly induce conformational change
of ABCB1 via interaction with rather than competitive trans-
portation by ABCB1. Therefore, thirdly, UIC-2 shift assay, in
which a conformation sensitive monoclonal antibody UIC-2 binds
to an extracellular loop of ABCB1 and the binding of UIC-2 to
ABCB1 is increased in certain conformations of ABCB1, espe-
cially in the presence of substrates/modulators or ATP hydrolyzing
agents26, was further performed. The results reveal that in the
presence of type II but not type I POPs, the interaction between
UIC-2 and ABCB1 was significantly enhanced in a concentration-
dependent manner (Fig. 4E), suggesting that type II POPs inter-
acted with ABCB1 and changed its conformation.

All above data indicate that type II POPs stimulated ABCB1
ATPase activity via altering the conformation of ABCB1 but not
being transported by ABCB1, in a way similar to tariquidar (a
known ABCB1 inhibitor) but different from verapamil (an
ABCB1 substrate stimulating ATPase activity) and PSC833 (a
non-ABCB1 substrate inhibiting ATPase activity)12. To further
test this hypothesis, we performed interaction analysis of type II
POPs with ABCB1 (in both inactive and active conformations)
using in silico molecular docking. Our previous report indicated
that P4, P5, and P6 predominantly docked to the drug binding



Table 2 Reversal effect of type II POPs (P4, P5, and P6) on ABCB1-mediated paclitaxel or doxorubicin MDR in MDA435/LCC6

MDR1 resistant cells.

Drug treatment IC50 of paclitaxel or doxorubicin (nmol/L)

MDA435/LCC6 MDA435/LCC6 MDR1 Fold changea

Paclitaxel alone 1.36 � 0.14 119.50 � 9.44 N.A.

þPSC833 (0.4 mmol/L) 1.39 � 0.16 2.01 � 0.45*** 59

þVerapamil (10 mmol/L) 1.29 � 0.13 25.1 � 4.45*** 5

þP4 (10 mmol/L) 1.41 � 0.20 5.33 � 2.52*** 22

þP5 (10 mmol/L) 1.29 � 0.12 5.23 � 2.51*** 23

þP6 (10 mmol/L) 1.26 � 0.04 32.46 � 2.16*** 4

þP1 (10 mmol/L) 1.19 � 0.05 105.18 � 7.45 1

þP2 (10 mmol/L) 1.14 � 0.15 101.09 � 3.55 1

þP3 (10 mmol/L) 1.20 � 0.09 98.58 � 8.41 1

Doxorubicin alone 76 � 8 695 � 40 N.A.

þPSC833 (0.4 mmol/L) 95 � 6 62 � 6*** 11

þVerapamil (10 mmol/L) 80 � 9 175 � 31*** 4

þP4 (10 mmol/L) 72 � 7 111 � 10*** 6

þP5 (10 mmol/L) 55 � 7 50 � 9*** 14

þP6 (10 mmol/L) 86 � 6 192 � 7*** 4

þP1 (10 mmol/L) 90 � 6 725 � 61 1

þP2 (10 mmol/L) 93 � 7 791 � 35 1

þP3 (10 mmol/L) 92 � 9 755 � 33 1

þ: combination with paclitaxel or doxorubicin. Except for fold change, data are expressed as mean � SD (n Z 3). ***P < 0.001, compared to the

IC50 value of paclitaxel or doxorubicin alone in MDA435/LCC6 MDR1 cells.
aFold changeZ IC50 of paclitaxel or doxorubicin alone in MDA435/LCC6 MDR1 cells/IC50 of paclitaxel or doxorubicin in combination with the

indicated compounds.

Prodrug polyoxypregnanes overcome multidrug resistance in cancer. 1893
pocket of the inactive conformation of ABCB1 and well fitted into
the drug cavity24. Further docking with inactive ABCB1 confor-
mation pre-docked with verapamil or PSC833 showed that P4, P5,
or P6 in the co-docking analysis revealed significantly lower LBE
values, and that the interacting amino acid residues were quite
different from the single docking (Supporting Information Table
S2). These data indicate that P4, P5, and P6 displayed alterna-
tive binding sites within the drug-binding pocket of ABCB1. In
order to further evaluate that P4, P5, and P6 present an interacting
mode with ABCB1 similar to tariquidar, docking analysis on
inactive and active conformations of ABCB1 was conducted. As
shown in Fig. 4F and Table 4, P4, P5, and P6 were strongly bound
to the inactive ABCB1 conformation in the range of �8 kcal/mol
and the docking poses were similar with that of tariquidar.
Notably, P5 was bound in close proximity to tariquidar for both
inactive and active ABCB1 conformations, implying the similar
activity of P5 with tariquidar. Moreover, P5 revealed stronger
interaction than P4 and P6 with active ABCB1 conformation. The
overall results demonstrate that P4, P5, and P6 (especially P5)
interact with both inactive and active conformations of ABCB1
and have a similar binding mode and effect like tariquidar.

3.4. Type I POPs as ABCB1 modulatory pro-drugs induce
predictable pharmacokinetic interaction with paclitaxel in rats

Subsequently, we systemically evaluated the potential pharmaco-
kinetic interaction between the ABCB1-modulating POPs with
paclitaxel in vivo. Type I POPs mixture, as the three most abundant
POPs in M. tenacissima and putative pro-drugs of type II POPs,
were orally administered to animals for the pharmacokinetic
interaction study (Fig. 5). A single oral dose of type I POPs mixture
dramatically increased the plasma concentrations of paclitaxel in
rats (Fig. 5A). AUC0e24 h of paclitaxel was significantly elevated to
62%, while t1/2, Cmax, and mean residence time (MRT0eN) of
paclitaxel were not changed (P > 0.05) by type I POPs (Table 5).
Notably, the repeated administration of type I POPs mixture for 7
days exerted a similar effect on paclitaxel pharmacokinetics with
64% increase in AUC0e24 h but unchanged t1/2, Cmax, and
MRT0e24 h (Fig. 5E and Table 5). Excretion study showed that the
increased systemic exposure of paclitaxel was mainly due to its
remarkably inhibited fecal/biliary excretion that was presumably
mediated by ABCB1 (Fig. 5B and F, and Supporting Information
Fig. S3). The results also demonstrate that type I POPs mixture (1)
did not significantly alter tissue distribution profile (Fig. 5C) and
metabolism (Fig. 5D) of paclitaxel; (2) did not affect the activities
of major drug metabolizing enzymes, including CYP3A1, 2C11,
2A1, 2D1, and 1A2 (Table 6); and (3) did not alter the expression of
ABCB1 (Fig. 6A and B) and major CYPs (Fig. 6C) in the body, and
total content of CYPs in the liver (Fig. 6D) after 7 days repeated
treatment. The findings of type I POPs mixture-induced control-
lable pharmacokinetic interaction with the increased systemic
exposure but unchanged other pharmacokinetic parameters of
paclitaxel are beneficial for future designing dosage regimen of
paclitaxel combination therapy with type I POPs mixture.

Furthermore, the effect of type I POPs mixture on pharmaco-
kinetics of repeated doses of paclitaxel was evaluated (Fig. 7). In
rats daily receiving paclitaxel alone or with type I POPs mixture
for 6 consecutive days, again significantly increased systemic
exposure (plasma AUC0e24 h) of paclitaxel was observed daily in
the combination treatment (Fig. 7A and C), while there were no
significant differences in peak and trough plasma concentration
(Cmax and Ctrough) of paclitaxel after the last dose in paclitaxel
alone group (2976 � 299 and 15.8 � 6.6 nmol/L) and combination
treatment group (3252 � 397 and 24.0 � 5.2 nmol/L) (Fig. 7A).
The daily paclitaxel accumulation (indicated by the ratio of
plasma AUC0e24 h, last-dose/AUC0e24 h, first-dose) was no significant
difference between both treated groups (Fig. 7B), and the elimi-
nation t1/2 of paclitaxel was not changed (paclitaxel group vs.



Figure 4 Mechanisms of ABCB1 inhibition by type II POPs. Representative flow cytometry histogram and fluorescence retention in MDA435/

LCC6 MDR1 (A) and MDA435/LCC6 (B) cells incubated with ABCB1 substrate Rh123 in the absence or presence of individual POPs or positive

controls (verapamil and PSC833) for 30 min plus a 1-h substrate-free efflux. **P < 0.01, ***P < 0.001, compared to Rh123 alone group, by one-

way ANOVA test followed by Tukey post hoc test. (C) Protein expression of ABCB1 in SW620 Ad300 cells treated with individual POPs. (D)

Effects of individual POPs, verapamil, and PSC833 on ATPase activity of human recombinant ABCB1. *P < 0.05, **P < 0.01, ***P < 0.001,

compared to vehicle control, by one-way ANOVA test followed by Tukey post hoc test. (E) Relative shift of the mouse monoclonal ABCB1

antibody (UIC-2) in MDA435/LCC6 MDR1 cells treated with individual POPs. The results are presented as % UIC-2 shift (relative to IgG2b

fluorescence signal) normalized to the signal of PSC833 (set as 100%). *P < 0.05, **P < 0.01, ***P < 0.001, compared to oxaliplatin group, by

two-way ANOVA test followed by Tukey post hoc test. (F) Molecular docking of type II POPs (P4, P5, and P6) to both inactive and active state of

human ABCB1. Tariquidar, an ABCB1 inhibitor known to activate ABCB1, was also docked for a comparison. All data are expressed as

mean � SD (n Z 3). FITC, fluorescein isothiocyanate.

Table 3 Efflux ratio of type II POPs in Caco-2 cell

monolayer.

Drug Papp (10
�6 cm/s) Efflux ratioa

A to B B to A

P4 1.52 � 0.16 1.53 � 0.16 1.010

P5 7.66 � 0.25 10.70 � 0.76 1.396

P6 6.38 � 0.52 9.12 � 0.86 1.429

aEfflux ratioZ Papp (B to A)/Papp (A to B), where Papp (B to A) is the

average of the permeability coefficient from basolateral to apical

side; Papp (A to B) is the average of the permeability coefficient from

apical to basolateral side.

1894 Xu Wu et al.
combination treatment group, 4.2 � 0.3 vs. 3.9 � 1.4 h, P > 0.05)
(Fig. 7C). Moreover, at 24 h after last paclitaxel dosing, tissue-to-
plasma concentration ratios of paclitaxel in major organs (liver,
lung, heart, spleen, and kidney) also showed no significant dif-
ference (P > 0.05) between two groups (Fig. 7D), suggesting the
unchanged distribution profile. In addition, no brain accumulation
of paclitaxel (Fig. 7E) and no abnormality in behavior and no
significant weight losses of rats (Fig. 7F) in both treated groups
were observed. The results indicate that type I POPs mixture in
combination with paclitaxel has predictable pharmacokinetic in-
teractions, in particular the significantly increased systemic
exposure of paclitaxel, which provides a beneficial basis for the
combination therapy for reversal of ABCB1-mediated MDR.



Table 4 Lowest binding energy (LBE) values of P4, P5, P6, and tariquidar docked to inactive or active conformation of human ABCB1

and the interacting amino acid residues at the drug-binding domain of human ABCB1.

Docking LBE (kcal/mol) Interacting amino acid residuea

ABCB1 (inactive conformation)b

P4 �8.28 � 0.33 Ala229, Ala230, Trp232, Ala233, Lys234, Leu236, Ala295, Ser298, Phe343,

Gly346, and Gln990

P5 �8.27 � 0.65 Ala229, Trp232, Ala233, Lys234, Leu236, Ala295, Ser298, Ile299, Gln347, and

Pro350

P6 �8.35 � 0.46 Ala229, Ala230, Trp232, Ala233, Lys234, Leu236, Ala295, Ser298, Ile299,

Ala302, Phe343, and Gln990

Tariquidar �10.92 � 0.56 Leu65, Met68, Met69, Phe72, Tyr310, Phe336, Leu339, Ile340, Phe343, Gln347,

and Phe978

ABCB1 (active conformation)

P4 �6.52 � 0.25* Ile840, Leu843, Ile847, Val865, Ile868, Ala869, Gly872, Thr941, Thr945, Val988,

Val991, and Ser992

P5 �7.19 � 0.38* Val713, Phe716, Cys717, Ile720, Asn721, Leu724, Ala727, Leu758, Leu762,

Ile765, Ser766, Thr769, and Leu772

P6 �6.80 � 0.38* Ile840, Leu843, Val865, Ile868, Ala869, Gly872, Val991, Ser992, Phe994, and

Ala995

Tariquidar �11.56 � 1.35 Met69, Phe72, Leu332, Phe336, Leu339, Phe728, Ile731, Phe732, Ser733, Ile735,

Ile736, Phe755, Leu758, Phe759, Leu762, Leu976, and Ser979

Data are presented as mean � SD (n Z 3). *P < 0.05, compared to the LBE value in docking to inactive-conformation ABCB1 by unpaired

student’s t-test.
aAmino acid residues labeled in bold are forming hydrogen bond with the ligand.
bData showing the docking to inactive-conformation of ABCB1 are retrieved from our previous study24.
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3.5. Oral administration of type I POPs did not cause toxicity in
rats

After repeated daily oral doses of type I POPs mixture for 7
consecutive days, the rats revealed no obvious abnormality in
behaviors and no weight losses, compared to the control rats. H&E
staining of major tissues, including heart, liver, spleen, kidney,
lung, and small intestines, also confirmed that type I POPs did not
cause any observable toxicity in the treated rats (Fig. 8).

3.6. Type I POPs as ABCB1 modulating pro-drugs reversed
ABCB1-mediated MDR of paclitaxel in LCC6 MDR1 tumor
bearing mice

In MDA435/LCC6 breast tumor-bearing mice, the combination
treatment of type I POPs mixture and paclitaxel showed no
enhanced inhibitory effect on tumor growth caused by paclitaxel
alone (Fig. 9A). However, in combination treatment, type I POPs
mixture significantly potentiated antitumor effect of paclitaxel on
drug-resistant MDA435/LCC6 MDR1 tumors (Fig. 9B), demon-
strating that oral type I POPs circumvented the MDR of paclitaxel
to ABCB1-overexpressing tumors in mice.

The results also revealed the comparable paclitaxel concen-
tration increase in MDA435/LCC6 tumors (1.5 folds) and other
organs (i.e., heart, liver, kidney, and spleen) (1.4e2.1 folds) in the
combination therapy group compared to that in paclitaxel alone
group (Fig. 9C), suggesting that the increased paclitaxel concen-
tration in MDA435/LCC6 tumors was due to the elevated systemic
exposure of paclitaxel. On the other hand, in MDA435/LCC6
MDR1 tumors, the concentration of paclitaxel in combination
therapy group was increased remarkably by 5.4 folds compared to
that in paclitaxel alone group, while about 1.8e2.3 folds increases
in other organs were observed in combination treatment group
(Fig. 9D). The results demonstrate that combination therapy
significantly enhances the penetration of paclitaxel into ABCB1-
overexpressing MDA435/LCC6 MDR1 tumors due to the
significantly inhibited activity of overexpressed ABCB1 in tumors
by bioactive POPs, and thereby overcome the ABCB1-mediated
paclitaxel resistance.
4. Discussion

The presence of pro-drugs in natural products has long been
recognized, while it is largely an unexplored area of research.
Many pro-drugs devoid of direct pharmacological effects are
usually excluded from further drug development. In the present
study, we applied a sequential pharmacokineticse
pharmacodynamics study and for the first time demonstrated the
ABCB1-specific modulatory effect of type I POPs (P1, P2, and
P3) as natural pro-drugs derived from M. tenacissima and evalu-
ated their applicability of reversing cancer MDR both in vitro and
in vivo. Intriguingly, type II POPs (P4, P5, and P6), as the active
metabolites of type I POPs, were only found in M. tenacissima at
very low abundance (<0.01%, g/g), but can be readily bio-
transformed in the body from type I POPs, the major ingredients
(w50%, g/g) in M. tenacissima. Our study also represented as an
example to identify new pro-drugs of MDR-reversal agents and to
elucidate scientific basis of a clinically-used well-tolerated herbal
medicine with previously unknown mechanisms of action.

Although more and more endeavors are advocated to discover
novel ABCB1 modulators that are capable of inhibiting ABCB1-
mediated drug efflux in MDR cancer cells, no ABCB1 inhibitor
reported to date was able to prolong overall survival of cancer
patients bearing MDR tumors4. The major limitation of the early
developed agents, such as verapamil, cyclosporine A, and
PSC833, is that they are usually not specific inhibitors of ABCB1.
At MDR-reversing concentrations, they also lead to unacceptable
toxicity8. Another critical issue is the unfavorable pharmacoki-
netic interaction8. Some ABCB1 modulators alter the activity of
CYPs. Upon repeated dosing, they may also result in altered
expression of ABCB1 and/or CYPs35e38. Since many anticancer



Figure 5 Effect of single or repeated oral doses of type I POPs mixture on pharmacokinetics of paclitaxel in rats. Plasma concentration vs. time

profiles (A), fecal and urinary excretion within 0e24 h (B), tissue distribution profile (C), and metabolism (D) of paclitaxel (6 mg/kg) intra-

venously injected after a single oral dose of vehicle or type I POPs (50 mg/kg). Metabolism of paclitaxel was monitored by the total amount of its

two major metabolites, M1 (p-30-hydroxylpaclitaxel) and M2 (m-20-hydroxylpaclitaxel) in bile, tissues and plasma at 1 and 6 h post paclitaxel

administration. Plasma concentration vs. time profiles (E) and fecal and urinary excretion within 0e24 h (F) of paclitaxel (6 mg/kg) intravenously

injected after a 7-day repeated oral dose of vehicle or type I POPs (50 mg/kg). All data are expressed as mean � SD (n Z 6). **P < 0.01, by

Student’s t-test.
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drugs are both substrates of ABCB1 and CYPs, the aforemen-
tioned factors often lead to unpredictable pharmacokinetic in-
teractions, thus making it difficult to establish a safe but effective
dosage regimen of combination of ABCB1 modulators and anti-
cancer drugs39. Therefore, ideal ABCB1 modulators should be
specific and non-toxic, and produce no or predictable pharmaco-
kinetic interactions. In the present study, one of the main findings
is that type II POPs show advantages over other ABCB1 inhibitors
reported in the literature. We firstly demonstrated that type II
POPs significantly abrogated ABCB1-mediated chemoresistance
in MDR cells. Further mechanistic studies suggested that, unlike
verapamil (a substrate and competitive inhibitor of ABCB1) and
PSC833 (a non-competitive inhibitor of ABCB1), type II POPs
were not ABCB1 substrates, did not affect ABCB1 expression,
and served as non-competitive inhibitors of ABCB1 via altering
ABCB1 into a conformation that increased the binding of UIC-2
and stimulated ATPase activity. Docking studies showed that
type II POPs were well fitted into the drug cavity of human
ABCB1 and displayed multiple drug binding sites which differ
from verapamil and PSC833 but share similarity to tariquidar.
Taken together, the advantages of using these POPs as ABCB1
inhibitors include: (1) type II POPs were effective in reversing
MDR in vitro at concentrations above 0.4 mmol/L24. Their effects
were 2.5e4.6 times superior to or at least comparable to that of
verapamil; (2) type II POPs were devoid of cytotoxicity at MDR-
reversing concentrations (Supporting Information Fig. S4); (3)
type II POPs were much more selective toward ABCB1 compared
to the other two major efflux transporters, ATP binding cassette
subfamily C member 1 (ABCC1), and ATP binding cassette
subfamily G member 2 (ABCG2)24; and (4) type II POPs were not
the competitive inhibitors of ABCB1. Therefore, type II POPs
were safe, potent and specific ABCB1 inhibitors, which displayed
a unique mechanism of action (Table 77,11,24,39e43).

Moreover, type I POPs were identified as pro-drugs with
druggable characteristics. We showed that type I POPs (P1, P2,
and P3) were significantly biotransformed to type II POPs (P4,



Table 5 Pharmacokinetic parameters of paclitaxel after single or repeated oral doses of type I POPs mixture to rats.

Parameter Vehicle

A þ paclitaxel

Type I

POP þ paclitaxel

Repeated Vehicle

A þ paclitaxel

Repeated type

I POP þ paclitaxel

t1/2 (h) 3.2 � 0.7 3.0 � 0.3 2.8 � 0.8 2.7 � 0.7

Cmax (nmol/L) 2769 � 197 2830 � 640 2795 � 17 2991 � 143

AUC0eN (nmol$h/L) 1278 � 28 1969 � 257** 1285 � 180 2241 � 223***

AUC0e24 h (nmol$h/L) 1149 � 68 1860 � 270** 1240 � 188 2040 � 277***

CL (L/h/kg) 5.5 � 0.1 3.6 � 0.5*** 5.5 � 0.7 3.3 � 0.3***

Vd (L/kg) 31.5 � 7.5 16.0 � 2.3** 29.2 � 1.6 13.09 � 4.63**

MRT0e24 h (h) 5.3 � 1.0 4.5 � 0.6 4.6 � 1.6 4.9 � 1.6

**P < 0.01, ***P < 0.001, compared to the corresponding vehicle þ paclitaxel group. Data are presented as mean � SD (n Z 6).

Table 6 Effect of individual POPs on the activity of major cytochrome P450 isozymes in rat liver microsomes determined by cocktail

assay.

CYP isozyme

(probe substrate)

Metabolite formation (%) of individual probe substrate with/without individual POP (10 mmol/L, n Z 3)

Negative controla Blankb P1 P2 P3 P4 P5 P6

CYP3A (nifedipine) N.D. 39.5 � 2.7 43.2 � 3.4 41.0 � 2.8 43.5 � 3.8 43.7 � 1.2 38.2 � 1.4 37.3 � 1.4

CYP2C11

(S-mephenytoin)

N.D. 16.8 � 0.9 18.2 � 0.7 17.1 � 1.0 17.6 � 0.9 17.3 � 0.7 16.9 � 1.2 17.2 � 0.9

CYP2A1 (coumarin) N.D. 61.4 � 1.6 61.1 � 2.6 61.0 � 1.1 62.1 � 1.6 62.1 � 1.1 60.9 � 2.6 60.8 � 0.5

CYP2B1 (bupropion) N.D. 25.5 � 1.6 22.2 � 2.4 29.3 � 1.8 25.1 � 5.7 22.5 � 1.6 21.9 � 2.0 22.7 � 0.2

CYP2D1

(dextromethorphan)

N.D. 31.1 � 3.8 29.7 � 2.5 27.2 � 1.4 30.7 � 0.8 30.2 � 1.9 31.5 � 3.1 28.3 � 2.6

CYP1A2 (phenacetin) N.D. 20.7 � 1.0 20.3 � 2.2 22.4 � 0.5 20.9 � 2.0 19.6 � 2.4 20.3 � 1.1 19.4 � 1.8

aNegative control: denatured rat liver microsomes were used.
bBlank: incubation system in the absence of POPs.
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P5, and P6) both in vitro and in vivo. Notably, the biotransfor-
mation rate was nearly 100%, which might be due to the fact that a
readily-found enzyme in almost all intestinal microbiota,
b-glucosidase, was responsible for the bioconversion. We also
demonstrated that oral administration of type I POPs at
50 mg/kg/day was adequate to maintain the concentrations of type
II POPs in vivo above 0.4 mmol/L (the MDR-reversing concen-
tration in vitro) for 4e8 h (Fig. 2A). Thus, type I POPs as pro-
drugs can be potentially used for overcoming ABCB1-mediated
chemoresistance in vivo.

Furthermore, we demonstrated that the ABCB1 inhibitory pro-
drugs type I POPs were safe in vivo, and induced predictable
pharmacokinetic interaction with no obvious toxicity. We further
showed that single and daily repeated doses of type I POPs
elevated systemic exposure of paclitaxel to the similar extent.
Despite the change of systemic exposure, it should be noted that
major pharmacokinetic parameters such as Cmax, MRT0eN, and
t1/2 were not altered, which may presumably be explained by the
following findings: (1) oral administration of type I POPs did not
significantly change the distribution profile and metabolism of
paclitaxel; (2) the active metabolites of type I POPs, namely P4,
P5, and P6, did not affect the activity of major hepatic CYPs; and
(3) repeated doses of type I POPs did not alter the expression of
CYPs and ABCB1 in the body. These characteristics have largely
distinguished the POPs from most previously developed ABCB1
modulators, which often induced CYPs and ABCB1 interplay, and
caused complicated pharmacokinetic interaction by altering the
expression of CYPs and/or ABCB1 after repeated doses36,44. In
contrast, repeated dosing of the combination therapy (type I POPs
mixture plus paclitaxel) produced a repeatable pharmacokinetic
interaction, which was characterized by no significant systemic
accumulation, unchanged tissue distribution profile and un-
changed elimination t1/2 value. The combination treatment also
did not show appreciable toxicity (no brain accumulation and no
body weight loss) in vivo.

The MDR reversal effect of type I POPs was also demonstrated
in vivo in drug-resistant and ABCB1-overexpressing MDA435/
LCC6 MDR1 tumor-bearing mice. Oral administration of type I
POPs mixture overcame ABCB1-mediated MDR of paclitaxel by
increasing the intratumoral penetration of paclitaxel. While, the
distribution profiles of paclitaxel in other tissues were not
remarkably affected. The MDR-reversal effect was specific,
because type I POPs did not affect the antitumor activity of
paclitaxel in sensitive MDA435/LCC6 tumor-bearing mice.

Consequently, our findings added significant knowledge to
understand the combinational use of Xiao-ai-ping, a standardized
herbal extract of M. tenacissima, via oral ingestion with chemo-
therapeutics. As an herb-derived anticancer prescription drug,
Xiao-ai-ping has both oral and injectable formulations. Previous
studies have suggested that the oral or injectable Xiao-ai-ping was
effective in combinational chemotherapies against several cancer
types45,46. Based on the current and previous investigations on the
chemical basis and underlying mechanisms of Xiao-ai-ping, its
anticancer actions included multiple modes. Firstly, Xiao-ai-ping
alone (particularly via injection route) exhibits direct anticancer
effect in different cancer cell lines and animal tumor xeno-
grafts47,48. Secondly, the injectable Xiao-ai-ping enhances the
antitumor effects of several anticancer drugs through various
mechanisms including the inhibition of CYP3A4 activity, down-
regulation of activating transcription factor 3 (ATF3), and sup-
pression of pregnane X receptor (PXR) expression and
downstream targets49e51. Moreover, our research team also



Figure 6 Effect of repeated oral doses of type I POPs mixture on the expression of ABCB1 and CYPs in rats (n Z 4) treated with type I POPs

at 50 mg/kg per day for 7 consecutive days. ABCB1 expression in rat liver, kidney, and duodenum tissues evaluated by Western blot (loading

control: b-actin or GAPDH) (A). Relative Western blot signals were quantified by Image J after normalization to b-actin or GAPDH (B).

Quantitative PCR analysis of gene expression of major CYPs and ABCB1 (Mdr1a) performed in rat liver and intestine tissues (C). Total cyto-

chrome P450 (CYP450) content measured in liver microsomes prepared from the treated rats (D). All data are expressed as mean � SD (n Z 4).

Figure 7 Effects of type I POPs mixture (po, 50 mg/kg/day for 6 consecutive days) on pharmacokinetics, distribution, and safety of repeatedly dosed

paclitaxel (iv, 6 mg/kg/day for 6 consecutive days) in rats. Plasma concentration vs. time profiles of paclitaxel (A), AUC0e24 h, last-dose/AUC0e24 h, first-dose

ratio of paclitaxel (B), pharmacokinetic parameters of the last-dose of paclitaxel (C), distribution profile (tissue-to-plasma concentration ratio) of

paclitaxel (D) and brain accumulation of paclitaxel (E) in rats at 24 h after the last-dose paclitaxel, and the net body weight changes of rats (F). All data

are expressed as mean � SD (n Z 6). *P < 0.05, compared to vehicle þ paclitaxel group, by Student’s t-test.
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reported that several POPs in M. tenacissima inhibited the MDR
ABC transporters and potentiated the cytotoxic effect of chemo-
therapeutic drugs previously24. However, to date, there is no
evidence demonstrating the anticancer effect of M. tenacissima
and Xiao-ai-ping through oral route. Therefore, the present study
is the first report to demonstrate the major constituents of M.



Figure 8 Effect of repeated oral doses of type I POPs mixture (50 mg/kg/day for 7 consecutive days) on safety of rats. Hematoxylin and eosin

(H&E) staining of major tissues, including heat, liver, lung, kidney, spleen, and duodenum in the treated rats was viewed under microscope using

10 � magnification. Scale bar Z 100 mm.

Figure 9 Anti-cancer effect of paclitaxel, type I POPs mixture, and their combination in MDA435/LCC6 (A) and MDA435/LCC6 MDR1 (B)

tumor-bearing mice. Tumor and tissue distribution of paclitaxel in MDA435/LCC6 (C) and MDA435/LCC6 MDR1 (D) tumor-bearing mice after

sacrifice. Data are expressed as mean � SD (nZ 5). *P < 0.05, **P < 0.01, ***P < 0.001, compared to control group; #P < 0.05, ###P < 0.001,

compared to paclitaxel alone group; þP < 0.05, þþP < 0.01, þþþP < 0.001, compared to type I POPs alone group, by two-way ANOVA followed

by Tukey post hoc test.
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Table 7 Comparison of type II POPs with known ABCB1 inhibitors.

Comparison Type II POP Verapamil PSC833 Tariquidar

Inhibitory potency þþ þ þþþ þþþ40

Selectivity7,41 þþ � þþþ þþþ
Pharmacokinetics interaction:

Affect CYPs activity7,39 � O O �
Induce drugedrug interaction þ þþþ11 þþþ11 �7

Mechanism:

ABCB1 substrate � O � �
Alter ABCB1 expression � O42 O43 N.A.

Activate ATPase O O � �40

Binding site Binding to drug

cavity in a way

similar to

tariquidar, but

with alternative

binding sites

Both binding with different sites from type II POPs24 Binding to drug cavity at

different site from type

II POPs

�, no or negative; O, yes or positive; þ, low; þþ, moderate; þþþ, high.
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tenacissima, type I POPs, as prodrugs after oral administration to
reverse chemotherapeutic MDR via modulating ABCB1. Our
interesting findings would facilitate new drug development from
M. tenacissima and potentially support its use through oral
ingestion in combination with other anticancer drugs.

5. Conclusions

Type I POPs (P1, P2, and P3) isolated from M. tenacissima were
identified as novel ABCB1-modulating pro-drugs that have been
demonstrated to be safe, potent, and specific, and are promising to
be further developed for circumventing ABCB1-mediated MDR in
clinic. Since P1, P2, and P3 are the major constituents of M.
tenacissima extract, the sole herb extract of the NMPA-approved
proprietary herbal medicine Xiao-ai-ping, this study for the first
time provided scientific data for the use of Xiao-ai-ping (partic-
ularly through oral ingestion) and its major constituents in com-
bination chemotherapy. In addition, the strategy to identify active
constituents from herbal preparations with long-time clinical uses
to overcome the resistance of other conventional drugs may be a
promising direction in the field of adjuvant chemotherapy.
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