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ES2  is a new  type  of jatrophane  diterpenoid  ester  isolated  from  the  fructus  E. sororia,  a traditional  Uyghur
medicine  in China.  Here  we  reported  the  multidrug  resistance  (MDR)  reversal  effect  of  ES2  in  vitro  and
in vivo  by  modulating  the  function  of  ATP-binding  cassette  subfamily  B member  1  (ABCB1).  ES2  exhibited
low  cytotoxicity  to  ABCB1-overexpressing  MDR  cells  and  their  parental  sensitive  cells,  but  sensitized  the
MDR cells  and ABCB1-transfected  HEK293  cells  to chemotherapeutic  drugs  that  are ABCB1  substrates.
The  reversal  ability  of  ES2  was  primarily  due  to  the  inhibition  of  the  efflux  function  of  ABCB1.  Moreover,
ES2  stimulated  the  ATPase  activity  of  ABCB1  in a concentration-dependent  manner.  There  was  no  change
in the expression  of  ABCB1  in  the  presence  of ES2.  The  molecular  docking  analysis  indicated  that  ES2 bond
atrophane diterpenoid ester
hemotherapeutic agents

to  the  drug-binding  site  of ABCB1  transporter.  Importantly,  ES2  significantly  enhanced  the  anti-tumor
effect  of vinorelbine  against  KBv200  cell xenografts  in  nude  mice.  Overall,  these  findings  demonstrate  that
ES2 inhibits  the  ABCB1  transporter  function  and  consequently  reverses  ABCB1-mediated  MDR,  indicating
the  potential  use of  ES2  in combination  therapy  with conventional  chemotherapeutic  drugs  for  cancer

treatment.

. Introduction

Multidrug resistance (MDR), the ability of cancer cells to acquire
rug resistance to a broad spectrum of anticancer drugs that are
tructurally and functionally unrelated, remains one of the major
easons for the clinical failure of cancer chemotherapy [1–3]. Of the
Please cite this article in press as: Y. Fang, et al., ES2 enhances the effic
cells in vitro and in vivo, Pharmacol Res (2017), https://doi.org/10.101

otential mechanisms that mediate the development of MDR, the
ost predominantly reported ones are those which associate with

he overexpression of various members of the ATP binding cassette

Abbreviations: MDR, multidrug resistance; ABCB1, ATP-binding cassette sub-
amily B member 1; ABC, ATP binding cassette; P-gp, P-glycoprotein; Rho123,
hodamine-123; NVB, Vinorelbine; PTX, paclitaxel; DOX, doxorubicin; DDP, cis-
latin; TPT, topotecan; VPL, Verapamil; FTC, Fumitremorgin C; RLU, relative light
nits; RTV, relative tumor volume; TGI, tumor growth inhibition.
∗ Corresponding authors.

E-mail addresses: haji@ms.xjb.ac.cn (H.A. Aisa), xwzhang@sat.ecnu.edu.cn
X. Zhang).
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(ABC) transport proteins. By actively pumping the chemotherapeu-
tic drugs out of the cancer cells, these ABC transporters decrease the
intracellular drug accumulation, therefore causing drug resistance
[2–5].

The human ABCB1/MDR1/P-glycoprotein (P-gp), a classical and
the best-studied ABC transporter, is usually significantly aug-
mented in drug-resistant tumor [6–8]. ABCB1 can extrude out
multiple types of chemotherapeutic drugs, including vinca alka-
loids (vincristine, vinblastine), taxanes (paclitaxel, docetaxel),
anthracyclines (doxorubicin, epirubicin) and epipodophyllotoxins
(etoposide) [8]. Inhibiting the function of ABCB1 or decreasing its
expression could effectively increase the intracellular accumula-
tion and anti-cancer effects of these drugs on MDR  cancer cells.
To date, three generations of ABCB1 inhibitors have been devel-
oped. However, the outcomes from clinical trials were not ideal,
acy of chemotherapeutic agents in ABCB1-overexpressing cancer
6/j.phrs.2017.11.001

which were highly correlated with unacceptable side effects and
unexpected drug–drug interactions [4]. Therefore, developing or

https://doi.org/10.1016/j.phrs.2017.11.001
https://doi.org/10.1016/j.phrs.2017.11.001
http://www.sciencedirect.com/science/journal/10436618
http://www.elsevier.com/locate/yphrs
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ith  the indicated concentration of ES2 for 72 h, and cell survival was  measured b

xperiments were repeated three times.

earching for novel ABCB1 inhibitors with higher efficacy and lower
oxicity still requires plenty of works.

Natural active constituents isolated from plants, usually with
he properties of lower toxicity and fewer side effect, have been
ecoming important resources to obtain novel MDR  modula-
ors. For example, flavonoids, tetrandrine, and emodin have been
eported for their effects on reversing ABCB1-mediated MDR
9–12]. Euphorbia sororia A. Schrenk, an annual herb, is mainly dis-
ributed in northwest China and in some middle Asia countries.
he fructus E. sororia is a traditional Uyghur medicine in China and
as been used to treat abdominal distention, abdominal pain, skin
Please cite this article in press as: Y. Fang, et al., ES2 enhances the effic
cells in vitro and in vivo, Pharmacol Res (2017), https://doi.org/10.101

isease and paralysis [13,14]. We  have previously isolated a new
ype of Jatrophane diterpenoid ester, ES2 (Fig. 1A) from the fructus
. sororia and found it increased the intracellular accumulation of
A) Structure of ES2. (B) The protein expression of ABCB1. (C–E) Cells were treated
 assay. Each point represents the mean ± SD from the cells of triplicate wells. The

rhodamine-123 (Rho123) in ABCB1-overexpessing cell lines, indi-
cating the potential ABCB1 inhibition effect of ES2 [15]. However,
to what extent ES2 inhibits P-gp function and whether this activity
contributes to MDR  reversal remains unknown. This study has been
focused on systematically investigating the MDR  reversal activity of
ES2 in vitro and in vivo, and elucidating its underlying mechanisms.

2. Materials and methods

2.1. Chemicals
acy of chemotherapeutic agents in ABCB1-overexpressing cancer
6/j.phrs.2017.11.001

ES2 was  isolated from the acetone extract of fructus Euphorbia
sororia by Prof. Haji Akber Aisa of Xinjiang Technical Institute of
Physics and Chemistry. MTT, Vinorelbine (NVB), Paclitaxel (PTX),

https://doi.org/10.1016/j.phrs.2017.11.001
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isplatin (DDP), Topotecan (TPT), Verapamil (VPL), Fumitremorgin
 (FTC) and Rho123 were purchased from Sigma-Aldrich. Doxoru-
icin (DOX) and MK571 were from Selleck. For in vitro assays, ES2,
VB, PTX, DOX, DDP and TPT were dissolved in DMSO as 100 mM

tock solution; for in vivo studies, ES2 was suspended in 0.5% car-
oxumethyl cellulose and 5% DMSO and NVB was dissolved in
hysiological saline.

.2. Cell lines and cell culture

Human oral epidermoid carcinoma cell line KB and its
incristine-selected derivative ABCB1-overexpressing cell line
Bv200, DOX-selected ABCB1-overexpressing breast carcinoma
ell line MCF-7/ADR and Paclitaxel-selected ABCB1-overexpressing
ung carcinoma cell lines A549/T were generously provided
y Liguang Lou (Shanghai Institute of Materia Medica, Chi-
ese Academy of Sciences). MCF-7 and A549 cells were
btained from American Type Culture Collection (ATCC). Stable-
ransfected HEK293/pBABE, HEK293/ABCB1, HEK293/ABCG2 and
EK293/ABCC1 cells were established by selection with puromycin

Genomeditech, Shanghai, China) after transfecting HEK293 with
mpty pBABE or pBABE vector containing full-length of ABCB1,
BCG2 or ABCC1, respectively. All cells were cultured in essential
edium containing 10% FBS at 37 ◦C in a humidified atmosphere of

% CO2.

.3. Cell cytotoxicity test

MTT  assay was carried out to assess the sensitivity of cells to
hemotherapeutic drugs [16]. Briefly, cells were plated in 96-well
lates and allowed to attach overnight, and then various concen-
rations of ES2 and/or a full range concentration of conventional
hemotherapeutic drug (NVB, PTX, DOX and DDP) were added to
he wells. After 72 h of incubation, MTT  (0.5 mg/mL) was  added
nto each well and incubated for an additional 1 h or 4 h (37 ◦C).
ubsequently, the medium was discarded, and 100 �L of DMSO
as added to dissolve the formazan product from the metabolism

f MTT. The optical density was measured at 550 nm using a
icroplate reader (SpectraMax M5  Multi-Mode Microplate Read-

rs, Molecular Devices). The concentration required to inhibit cell
rowth by 50% (IC50) was calculated from survival curves using
raphPad Prism 5.0 software. The degree of resistance was esti-
ated by dividing the IC50 for the MDR  cells by that of the parental

ensitive cells. The fold-reversals were calculated as IC50 for cells
ith the anticancer drug in the absence of inhibitors divided by

hat in the presence of inhibitors.

.4. Fluorescence microscope observation of intracellular DOX
nd Rho123

KB and KBv200 cells were seeded in 96-well plates and allowed
o attach overnight. The cells were pretreated with various con-
entrations of ES2 (0, 1, 10 �M)  or VPL (10 �M)  for 4 h at 37 ◦C and
hen treated with DOX (10 �M)  or Rho123 (10 �M)  for an additional

 h in darkness at 37 ◦C. After washed twice with ice-cold PBS, cell
mages were captured by a fluorescence microscopy (Olympus IX3).

.5. Flow cytometric analysis of the accumulation of Rho123

The effect of ES2 on the cellular accumulations of Rho 123 or
OX was measured by flow cytometry as previously described with
Please cite this article in press as: Y. Fang, et al., ES2 enhances the effic
cells in vitro and in vivo, Pharmacol Res (2017), https://doi.org/10.101

ome modifications [17]. Cells were seeded in 6-well plates and
llowed to attach overnight and then incubated with various con-
entrations of ES2 (0, 0.1, 0.3, 1, 3, 10 �M)  or VPL (10 �M)  at 37 ◦C for

 h. Cells were then treated with Rho123 (10 �M)  or DOX (10 �M)
 PRESS
search xxx (2017) xxx–xxx 3

for an additional 1 h in darkness at 37 ◦C. Following this incuba-
tion, cells were collected and analyzed by flow cytometry (Guava
EasyCyte 6HT2L). At least 10,000 cells per samples were counted
and acquired. The relative values were identified by dividing the
fluorescence intensity of each measurement by that of control cells.

2.6. Flow cytometric analysis of Rho123 efflux

Rho123 efflux was determined following a modification of
methods described earlier [17,18]. Briefly, KB and KBv200 cells
were incubated with Rho123 (10 �M)  for 1 h at 37 ◦C. Cells were
washed with PBS and then incubated in Rho123-free medium
with or without 10 �M ES2. Subsequently, at 0, 15, 30, 60, 90 and
120 min, cells were collected for flow cytometric analysis. At least
10,000 cells per samples were counted and acquired.

2.7. ABCB1 ATPase activity assay

The changes of ATPase activity were evaluated by ABCB1-
GloTM assay systems (Promega Corp., Madison, WI,  USA). Sodium
orthovanadate (Na3VO4) was used as a selective inhibitor of
ABCB1 ATPase. For the impact of ES2 on ABCB1 ATPase activity,
ABCB1-GloTM Assay Buffer, Na3VO4 (0.25 mM),  VPL (0.5 mM)  or
ES2 at various concentrations, recombinant human ABCB1 mem-
branes (25 �g) and MgATP (25 mM)  were added into designated
white opaque 96-well plate in turn. For the impact of ES2 on
verapamil-stimulated ABCB1 ATPase activity, ABCB1-GloTM Assay
Buffer, Na3VO4 (0.25 mM),  VPL (0.5 mM),  ES2 at various concentra-
tions, recombinant human ABCB1 membranes (25 �g) and MgATP
(25 mM)  were added into designated white opaque 96-well plate in
turn. And then the plate was  incubated at 37 ◦C for 80 min. Subse-
quently, luminescence was  initiated by ATP detection buffer. After
incubation at room temperature for 20 min to allow luminescent
signal to develop, the plate was read on a luminometer (spectra-
Max  M5,  molecular devices, USA). The relative light units (RLU)
in the untreated samples (NT) compared to the Na3VO4-treated
samples reflects the consumption of ATP by the basal P-gp ATPase
activity. The RLU in the ES2 or/and VPL-treated samples compared
to the Na3VO4-treated samples reflect the consumption of ATP by
compounds. The results were represented by comparing the ATP
consumption in the compound treated samples to the basal ATP
consumption.

2.8. Real-time quantitative PCR

After treating the KBv200 cells with different concentra-
tions and for different duration of ES2, total cellular RNA was
isolated by Trizol Reagent (Invitrogen, Carlsbad, CA, USA) follow-
ing manufacturer’s instruction. The first strand cDNA synthesis
and amplification were performed according to the M-MLV  1 st
Strand Kit protocol (Invitrogen, Carlsbad, CA, USA). Real-time PCR
was performed as described in the SYBR premix Ex Taq proto-
col (Takara) with a CFX96 Real-Time PCR platform (BIO-RAD).
Specific PCR primers used were 5′-GTGGGGCAAGTCAGTTCATT-
3′ (forward) and 5′-TCTTCACCTCCAGGCTCAGT-3′ (reverse) for
ABCB1 [19] and 5′-CTGCACCACCAACTGCTTAG-3′ (forward) and 5′-
TTCAGCTCAGGGATGACCTT-3′ (reverse) for GAPDH [20]. GAPDH
mRNA levels were used for normalization. The fold-change for gene
expression was calculated using the Pfaffl method.

2.9. Western blot
acy of chemotherapeutic agents in ABCB1-overexpressing cancer
6/j.phrs.2017.11.001

Cells after different treatment were lysed with RIPA Lysis
and Extraction Buffer (Thermo) containing protease and phos-
phatase inhibitor cocktail (100×) (Thermo scientific). The protein
concentration was determined using a BCA assay (Beyotime

https://doi.org/10.1016/j.phrs.2017.11.001
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iotechnology, Haimen, China) and equalized before loading. A
otal of 10–40 �g of protein extracted from cultured cells was sepa-
ated by 6%-10% SDS-PAGE and transferred onto PVDF membranes.
fter the membranes were blocked and blotted with the rele-
ant primary antibodies, the membranes were then incubated with
RP-conjugated secondary antibody, and then visualized using the
B Femto ECL Substrate (Thermo scientific). The expression of

APDH or Actin was used as loading control. Primary antibodies
sed were as follows: ABCB1 (P7965) Sigma-Aldrich (St. Louis, MO);
BCC1 (ab32574) (abcam, Cambridge, UK); ABCG2 (4477) (Cell Sig-
aling technology, Inc, Beverly, MA); and Actin (sc-1615) (Santa
ruz Biotechnology, Dallas, TX).

.10. Molecular modeling of ABCB1

The crystal structures of mouse ABCB1 in complex with QZ59-
RR (PDB ID: 4M2S) and QZ59-SSS (PDB ID: 4M2T) were used to
enerate the drug-bound homology model of the human ABCB1
s previously described [21]. Homology models were generated by
WISS-MODEL (http://swissmodel.expasy.org/). The 3D structures
f ES2 and VPL were built using the fragment dictionary of Mae-
tro v10.1. Docking simulations of ES2 and VPL were carried out
sing the “Extra precision” (XP) mode of Glide docking program
ersion6.5 (Schrödinger, LLC, New York, NY, 2014) and the param-
ters were by default in this software. The top-scoring pose-ABCB1
omplex structures were used for graphical analysis.

.11. Nude mice xenograft tumor assay

Female BALB/c nu/nu mice (5–6 weeks, 16–18 g) were obtained
rom Sino-British SIPPR/BK Lab. Animal Ltd, Shanghai, China, with
he certification number of 2008001638201. The animals were
oused in specific pathogen-free (SPF) conditions at Key Labo-
atory of Brain Functional Genomics, Ministry of Education, East
hina Normal University, and were acclimatized for a week prior
o use. The use and care of experimental animal was  approved by
nstitutional Animal Care and Use Committee, East China Normal
niversity.

Human KBV200 xenografts were established by subcutaneously
noculating 3 × 106 cells into the right armpit of athymic nude

ice (BALB/C-nu/nu, female). When the tumors reached a mean
roup size of 100 ∼ 150 mm3, the mice were randomized into four
roups and received various treatments: (i) vehicle (q3d); (ii) NVB
4 mg/kg, intraperitoneal injection/i.p., q3d); (iii) ES2 (150 mg/kg,
avage/p.o, q3d); (iv) NVB (4 mg/kg, intraperitoneal injection/i.p.,
3d) plus ES2 (150 mg/kg, gavage/p.o, q3d). The tumor growth
as recorded with the measurement of length (L) and width (W)

y caliper three times a week, and calculated as tumor volume
V) = L × W2/2. The relative tumor volume (RTV) on day n was calcu-
ated according to the following formula: RTV = TVn/TV0, where TVn
s the tumor volume on day n and TV0 is the tumor volume on day
. The tumor growth inhibition was calculated as TGI% = (1 − (mean
umor volume of the treatment group on the first day-mean tumor
olume of the treatment group on the end day)/(mean tumor vol-
me  of the control group on the first day-mean tumor volume of
he control group on the end day)) × 100%.
Please cite this article in press as: Y. Fang, et al., ES2 enhances the effic
cells in vitro and in vivo, Pharmacol Res (2017), https://doi.org/10.101

.12. Color figures preparation

Color figures were prepared following the published guidelines
22].
 PRESS
search xxx (2017) xxx–xxx

2.13. Statistical analysis

The statistical significance of differences between groups was
evaluated by the unpaired Student’s t-test and indicated with
***P < 0.001, **P < 0.01, *P < 0.05. All statistical tests were two sided.

3. Results

3.1. Anti-proliferative effects of ES2 on ABCB1-overexpessing
cancer cell lines and their parental cells

To characterize ABCB1-overexpressing and corresponding
parental cell lines, we  first detected ABCB1 expression by West-
ern blot in three pairs of cell lines. As shown in Fig. 1B, ABCB1 was
overexpressed in KBv200, MCF-7/ADR and A549/T cell lines, while
was almost undetectable in their respective parental cell lines. MTT
assay was  then performed to determine the anti-proliferative effect
of ES2 alone on these cell lines. The results showed that ES2, at up
to 30 �M,  exhibited weak anti-proliferative effects on both ABCB1-
overexpressing cells and their parental sensitive cells. Notably,
more than 85% of cells survived after treated with ES2 at the concen-
tration of 10 �M for 72 h (Fig. 1C–E). Therefore, ES2 at a maximum
concentration of 10 �M was used in the following experiments to
determine its MDR  reversal activity and to investigate underlying
mechanisms.

3.2. ES2 sensitizes ABCB1-overexpressing cells to
chemotherapeutic agents

To determine whether ES2 could reverse ABCB1-mediated MDR,
cell survival assay was  performed in the presence or absence of
a range of different concentration of ES2 (0.1, 0.3, 1, 3, 10 �M),
using ABCB1-overexpressing cells (KBv200 and MCF-7/ADR) and
their parental cells (KB and MCF-7). A control ABCB1 inhibitor (VPL,
10 �M)  was used for comparison. As expected, two MDR  cell lines
were highly resistant to NVB, PTX or DOX (all are substrates of
ABCB1) than their parental cell lines. In the presence of ES2, both the
MDR  cell lines, but not their parental cells, were found to be sensi-
tized to these chemotherapeutic agents (Figs. 2 and 3). And the MDR
reversal activity of ES2 was  in a dose-dependent manner. The IC50
values of anti-cancer drugs (NVB, PTX and DOX) in all cell lines were
shown in Tables 1 and 2. Of note, the reversal effect of ES2 was more
potent than verapamil at the same concentration in both cell lines.
For example, in KBv200 cells, treatment with 10 �M ES2 reduced
the IC50 of NVB by 315.44-fold and PTX by 82.54-fold, respectively;
however, treatment with 10 �M verapamil only reduced the IC50 of
NVB by 43.88-fold and PTX by 26.25-fold, respectively. In addition,
ES2 did not alter the cytotoxicity of DDP which is not an ABCB1
substrate either in MDR  cells or their parental sensitive cells.

3.3. ES2 does not enhance the sensibility of ABCG2- or
ABCC1-overexpressing cells to chemotherapeutic agents

In order to determine the effects of ES2 on ABCG2-or ABCC1-
mediated MDR, we  established HEK293/ABCB1, HEK293/ABCG2
and HEK293/ABCC1 cells. Overexpression of ABCB1, ABCG2 and
ABCC1 in HEK293 cells and drug resistance to their respective
substrates were shown in Supplemental Fig. S1. The 10 �M was
chosen as a non-toxic concentration for ES2, because more than
90% of these cells survived at 10 �M (Fig. 4A–C). As expected, ES2
successfully sensitized HEK293/ABCB1 cells to DOX  without alter-
ing the sensitivity of HEK293/pBABE cells (Fig. 4A and Table 3).
acy of chemotherapeutic agents in ABCB1-overexpressing cancer
6/j.phrs.2017.11.001

However, ES2 could not alter the sensitivity of HEK293/pBABE and
HEK293/ABCG2 cells to TPT while FTC, a positive inhibitor of ABCG2,
was able to reverse the resistance of HEK293/ABCG2 to TPT (Fig. 4B
and Table 3). In addition, ES2 slightly decreased the resistance of

https://doi.org/10.1016/j.phrs.2017.11.001
http://swissmodel.expasy.org/
http://swissmodel.expasy.org/
http://swissmodel.expasy.org/
http://swissmodel.expasy.org/
http://swissmodel.expasy.org/
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ifferent concentration of chemotherapeutic agents (NVB, PTX and DDP, respective
y  MTT assay. Each point represents the mean ± SD from the cells of triplicate wells

EK293/ABCC1 to VP-16, which was almost negligible compared
ith its effect to reverse ABCB1-mediated drug resistance (Fig. 4C

nd Table 3). Together, these results demonstrated that ES2 did
ot reverse ABCG2- or slightly affect ABCC1-mediated MDR, but
ignificantly overcome ABCB1-mediated MDR  in vitro.

.4. ES2 increases the intercellular accumulation of rhodamine
23 and doxorubicin in ABCB1-overexpressing cells

To examine whether ES2 antagonizing ABCB1-mediated cancer
DR  is due to its inhibitory effect on the transporter function of

BCB1, we measured the intracellular levels of two  substrates of
Please cite this article in press as: Y. Fang, et al., ES2 enhances the effic
cells in vitro and in vivo, Pharmacol Res (2017), https://doi.org/10.101

BCB1, rhodamine 123 (Rho123) and doxorubicin (DOX) in the
resence or absence of ES2 using fluorescence microscope and
ow cytometry. As shown in Fig. 5A, the intracellular levels of
ho123 and DOX in KBv200 and DOX in MCF-7/ADR were signif-
CB1-overexpressing KBv200 cells. (A–F) KB and KBv200 cells were treated with
the presence of indicated concentration of ES2 for 72 h. Cell survival was measured
experiments were repeated three times.

icantly lower than those in KB and MCF-7 cells, respectively. ES2
treatment induced a remarkable increase in intracellular accumu-
lation of Rho123 and DOX in KBv200 and MCF-7/ADR cells, which
were indicated by the stronger fluorescence intensities. Of note,
the effect of ES2 at 10 �M on the accumulation of Rho123 and DOX
obviously outperformed verapamil at the same concentration.

Then the intracellular accumulation of Rho123 and DOX
were quantitated by flow cytometry. As shown in Fig. 5B, ES2
concentration-dependently increased the intracellular levels of
Rho123 and DOX in KBV200 and MCF-7/ADR cells but not in KB and
MCF-7 cells, respectively. This phenomenon was also observed in
ES2 treated ABCB1-overexressing A549/T cells (Supplemental Fig.
acy of chemotherapeutic agents in ABCB1-overexpressing cancer
6/j.phrs.2017.11.001

S2). Meaningfully, ES2 at 1 �M exhibited similar or better effect on
increasing Rho123 or DOX accumulation as verapamil did at 10 �M
in all three cell lines. Therefore, these results demonstrated that ES2
promoted the intracellular accumulation of ABCB1 substrates.

https://doi.org/10.1016/j.phrs.2017.11.001


ARTICLE IN PRESSG Model
YPHRS-3716; No. of Pages 13

6  Y. Fang et al. / Pharmacological Research xxx (2017) xxx–xxx

F  ABCB
w  respe
m licate 

3
A

o

ig. 3. ES2 enhances the sensitivity of ABCB1-substrate chemotherapeutic agents in
ith  different concentration of chemotherapeutic agents (NVB, PTX, DOX and DDP,
easured by MTT assay. Each point represents the mean ± SD from the cells of trip

.5. ES2 significantly decreases the efflux of Rho123 in
Please cite this article in press as: Y. Fang, et al., ES2 enhances the effic
cells in vitro and in vivo, Pharmacol Res (2017), https://doi.org/10.101

BCB1-overexpressing cells

To determine whether the increased intracellular accumulation
f ABCB1 substrates was due to an inhibition of substrates efflux, we
1-overexpressing MCF-7/ADR cells. (A–H) MCF-7 and MCF-7/ADR cells were treated
ctively) in the presence of indicated concentration of ES2 for 72 h. Cell survival was
wells. The experiments were repeated three times.

performed a time course study to evaluate the efflux of Rho123 in
acy of chemotherapeutic agents in ABCB1-overexpressing cancer
6/j.phrs.2017.11.001

the presence of ES2 in KBv200 and its parental KB cells. As expected,
KBv200 cells extruded a significantly higher percentage of accumu-
lated Rho123 compared to KB cells. The accumulation of Rho123 at

https://doi.org/10.1016/j.phrs.2017.11.001
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Table  1
Effect of ES2 on reversing ABCB1-mediated MDR  in KBv200 cells.

Compounds IC50 ± SD (�M) (fold-reversal)

KB KBv200

NVB 0.0053 ± 0.0001 (1.00) 1.367 ± 0.136 (1.00)
+ES2  0.1 �M 0.0050 ± 0.0009 (1.06) 1.194 ± 0.097 (1.14)
+ES2  0.3 �M 0.0049 ± 0.0004 (1.09) 1.021 ± 0.100*** (1.34)
+ES2  1 �M 0.0050 ± 0.0004 (1.07) 0.224 ± 0.016*** (6.09)
+ES2  3 �M 0.0044 ± 0.0003 (1.22) 0.041 ± 0.004*** (33.69)
+ES2  10 �M 0.0035 ± 0.0005 (1.54) 0.004 ± 0.004*** (315.44)
+VPL  10 �M 0.0055 ± 0.0018 (0.97) 0.031 ± 0.001*** (43.88)

PTX  0.0073 ± 0.0005a (1.00) 1.858 ± 0.640 (1.00)
+ES2  0.1 �M 0.0064 ± 0.0014a (1.14) 1.606 ± 0.381 (1.16)
+ES2  0.3 �M 0.0072 ± 0.0010a (1.02) 1.150 ± 0.161 (1.62)
+ES2 1 �M 0.0066 ± 0.0009a (1.10) 0.295 ± 0.013** (6.29)
+ES2  3 �M 0.0071 ± 0.0001a (1.03) 0.037 ± 0.010** (50.41)
+ES2  10 �M 0.0072 ± 0.0013a (1.02) 0.023 ± 0.004** (82.54)
+VPL  10 �M 0.0083 ± 0.0004a (0.88) 0.071 ± 0.017** (26.25)

DDP  1.481 ± 0.063 (1.00) 1.570 ± 0.089 (1.00)
+ES2  1 �M +ES2 10 �M 1.416 ± 0.1791.647 ± 0.223 (1.05)(0.90) 1.482 ± 0.1201.376 ± 0.069 (1.06)(1.14)
+VPL  10 �M 1.587 ± 0.444 (0.93) 1.686 ± 0.366 (0.93)

Drug cytotoxicity was evaluated in KB and KBv200 by MTT  assay as described in the Materials and Methods. VPL was used as the positive control. Data are the mean ± SD from
triplicate wells. The experiments were repeated three times and a representative data was shown. The fold-reversal of MDR (values given in parentheses) was calculated
by  dividing the IC50 for cells with the chemotherapeutic drugs in the absence of ES2 by that obtained in the presence of ES2. **P  < 0.01 and ***P < 0.001 for values vs.  that
obtained in the absence of ES2 or VPL.

a The unit of IC50 values was nM.

Table 2
Effect of ES2 on reversing ABCB1-mediated MDR  in MCF-7/ADR cells.

Compounds IC50 ± SD (�M) (fold-reversal)

MCF-7 MCF-7/ADR

NVB 0.0065 ± 0.0001 (1.00) 11.849 ± 1.533 (1.00)
+ES2  0.1 �M 0.0058 ± 0.0007 (1.13) 13.449 ± 0.620 (0.88)
+ES2  0.3 �M 0.0044 ± 0.0001 (1.47) 11.548 ± 2.267 (1.03)
+ES2  1 �M 0.0041 ± 0.0007 (1.58) 4.431 ± 0.460*** (2.67)
+ES2  3 �M 0.0065 ± 0.0016 (1.00) 0.512 ± 0.049*** (23.12)
+ES2  10 �M 0.0053 ± 0.0012 (1.21) 0.193 ± 0.011*** (61.34)
+VPL  10 �M 0.0046 ± 0.0009 (1.42) 0.534 ± 0.101*** (22.20)

PTX  0.024 ± 0.012 (1.00) 21.747 ± 4.066 (1.00)
+ES2  0.1 �M 0.014 ± 0.003 (1.77) 28.693 ± 0.784 (0.76)
+ES2  0.3 �M 0.009 ± 0.002 (2.57) 17.167 ± 1.620* (1.27)
+ES2  1 �M 0.014 ± 0.005 (1.66) 9.750 ± 0.553*** (2.23)
+ES2  3 �M 0.032 ± 0.006 (0.76) 0.554 ± 0.080*** (39.29)
+ES2  10 �M 0.014 ± 0.008 (1.72) 0.216 ± 0.045*** (100.82)
+VPL  10 �M 0.028 ± 0.029 (0.84) 0.873 ± 0.112*** (24.90)

DOX  0.245 ± 0.0003 (1.00) 27.984 ± 1.422 (1.00)
+ES2  0.1 �M 0.317 ± 0.003 (0.77) 25.326 ± 2.419 (1.10)
+ES2  0.3 �M 0.241 ± 0.071 (1.02) 17.798 ± 1.326*** (1.57)
+ES2  1 �M 0.248 ± 0.069 (0.99) 6.780 ± 0.476*** (4.13)
+ES2  3 �M 0.245 ± 0.057 (1.00) 1.574 ± 0.285*** (17.78)
+ES2  10 �M 0.319 ± 0.003 (0.77) 0.455 ± 0.045*** (61.48)
+VPL  10 �M 0.314 ± 0.011 (0.78) 1.653 ± 0.190*** (16.93)

DDP  11.698 ± 4.606 (1.00) 15.576 ± 0.460 (1.00)
+ES2  1 �M 7.117 ± 1.208 (1.64) 10.893 ± 0.146 (1.43)
+ES2  10 �M 7.162 ± 1.316 (1.63) 7.444 ± 0.342 (2.09)
+VPL  10 �M 6.920 ± 1.153 (1.69) 10.923 ± 0.135 (1.43)

Drug cytotoxicity was evaluated in MCF-7 and MCF-7/ADR by MTT  assay as described in the Materials and Methods. VPL was used as the positive control. Data are the
m  repre
w absenc
f

0
a
6
p
1
H
C
l
i

ABCB1-mediated ATP hydrolysis after treated with different con-
ean  ± SD from triplicate wells. The experiments were repeated three times and a
as  calculated by dividing the IC50 for cells with the chemotherapeutic drugs in the 

or  values vs.  that obtained in the absence of ES2 or VPL.

 min  was set at 100% and at 15, 30, 60, 90 and 120 min, the percent-
ges of the remaining Rho123 in KBv200 cells were 35.92%, 13.68%,
.16%, 3.76% and 6.03%, respectively. With the addition of ES2, the
ercentages of the remaining Rho123 in KBv200 cells increased to
03.93%, 68.50%, 42.88%, 45.82% and 25.08%, respectively (Fig. 5C).
owever, ES2 did not influence drug efflux in sensitive KB cells.
ollectively, these results suggested that ES2 was able to modu-
Please cite this article in press as: Y. Fang, et al., ES2 enhances the effic
cells in vitro and in vivo, Pharmacol Res (2017), https://doi.org/10.101

ate MDR  by attenuating the efflux of ABCB1 substrates, thereby
ncreasing their intracellular accumulation.
sentative data was shown. The fold-reversal of MDR  (values given in parentheses)
e of ES2 by that obtained in the presence of ES2. *P < 0.05, **P < 0.01 and ***P < 0.001

3.6. ES2 stimulates the ATPase activity of ABCB1

ABCB1 is an ATP-dependent membrane transporter, and its
drug-efflux function depends on the ATP hydrolysis, which is stim-
ulated when ABCB1 interacts with its modulators [23,24]. To assess
the effect of ES2 on the ATPase activity of ABCB1, we  tested the
acy of chemotherapeutic agents in ABCB1-overexpressing cancer
6/j.phrs.2017.11.001

centrations of ES2 (0–50 �M). As illustrated in Fig. 6A, ES2 enhanced
ABCB1 ATPase activity in a concentration-dependent manner with
a maximal stimulation of 4.7-fold of the basal activity.

https://doi.org/10.1016/j.phrs.2017.11.001
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ean  ± SD from the cells of triplicate wells. The experiments were repeated three t

We  then examined the effect of ES2 on verapamil-stimulated
BCB1 ATPase activity. As shown in Fig. 6B, ES2 had no impact on
erapamil-stimulated ABCB1 ATPase activity.

Given that the reversal of ABCB1-mediated MDR  can be achieved
ither by inhibiting its pump activity or by decreasing its expression
10], we then determined the mRNA and protein levels of ABCB1
n KBv200 and MCF-7/ADR cells after ES2 treatment. The results
howed that neither the mRNA nor the protein level of ABCB1 was
ltered in KBv200 and MCF-7/ADR cells treated with different con-
entration of ES2 or with different times even up to 72 h (Fig. 6C and
). Together, these results demonstrated that ES2 could stimulate

he ATPase activity of ABCB1, but did not affect the expression of
BCB1, suggesting that ES2 might be a substrate of ABCB1.
Please cite this article in press as: Y. Fang, et al., ES2 enhances the effic
cells in vitro and in vivo, Pharmacol Res (2017), https://doi.org/10.101

.7. Model for binding of ES2 to ABCB1

To better understand the interaction between compound ES2
nd ABCB1, we performed a virtual docking experiment. Docking
o chemotherapeutic agents. Cells were treated with ES2 alone or in combination
ely) for 72 h. Cell survival was measured by MTT  assay. Each point represents the

simulation of ES2 into the binding site of ABCB1 (PDB ID: 4M2S) had
better scoring pose (-7.2) and was chosen for analysis of ES2-ABCB1
binding interactions. As shown in Fig. 7, ES2 (labeled in yellow)
could fit into the drug-binding cavity of human homology ABCB1
as VPL (labeled in green) did. Interestingly, ES2 shared some bind-
ing sites with verapamil, including the residues GLN979, MET975,
PHE972, GLN714, ALA976, ILE329, LEU328, PHE325, PHE717 and
TYR299. But the binding sites of ES2 and verapamil to ABCB1 were
not completely overlapped. ES2 was  also found to interact with
residues GLN336, GLY335, THR188, LEU57, PHE332 and SER982.
This docking result further confirmed ES2-induced ABCB1 malfunc-
tion may  through directly binding to it.

3.8. ES2 potentiates the anticancer activity of NVB in
acy of chemotherapeutic agents in ABCB1-overexpressing cancer
6/j.phrs.2017.11.001

ABCB1-overexpressing tumor xenograft nude mouse model

KBv200 cell xenograft model in nude mice was  used to investi-
gate the efficacy of ES2 to reverse resistance to NVB in vivo. There

https://doi.org/10.1016/j.phrs.2017.11.001
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Fig. 5. ES2 increases intracellular accumulation of DOX and/or Rho123 and decreases efflux of Rho123. (A) Fluorescence microscopy observation of the intracellular accumu-
lation  of DOX and/or Rho123 in KB, KBv200, MCF-7 and MCF-7/ADR cells. The results are representative images of three independent experiments. Scale bar, 20 �m. (B) The
accumulation of Rho123 in KB and KBv200 cells and DOX in MCF-7 and MCF-7/ADR cells were measured by flow cytometric analysis. The data are presented as fold-change
in  fluorescence intensity relative to control cells (KBv200 or MCF-7/ADR). (C) Time course of Rho123 efflux was measured in KB and KBv200 cells in the presence or absence
of  ES2 (10 �M).  The results are shown as the mean ± SD of three independent experiments. ***P < 001, **P < 0.01 vs.  vehicle-treated KBv200 cells.

https://doi.org/10.1016/j.phrs.2017.11.001
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Table 3
Effect of ES2 on reversing ABCB1-, ABCG2- and ABCC1-mediated MDR  in stable-transfected cells.

Compounds IC50 ± SD (�M) (fold-reversal)

HEK293/pBABE HEK293/ABCB1

DOX 0.009 ± 0.005 (1.00) 0.328 ± 0.059 (1.00)
+ES2  10 �M 0.006 ± 0.004 (1.50) 0.005 ± 0.001*** (65.6)
+VPL  10 �M 0.010 ± 0.010 (0.90) 0.031 ± 0.023** (10.58)

Compounds IC50 ± SD (�M) (fold-reversal)

HEK293/pBABE HEK293/ABCG2

TPT 0.007 ± 0.001 (1.00) 0.870 ± 0.095 (1.00)
+ES2  10 �M 0.004 ± 0.001 (1.75) 0.575 ± 0.119 (1.51)
+FTC  5 �M 0.008 ± 0.002 (0.88) 0.018 ± 0.005** (43.45)

Compounds IC50 ± SD (�M)  (fold-reversal)

HEK293/pBABE HEK293/ABCC1

VP-16 0.100 ± 0.055 (1.00) 2.844 ± 0.556 (1.00)
+ES2  10 �M 0.074 ± 0.048 (1.35) 1.084 ± 0.395* (2.63)
+MK571 25 �M 0.050 ± 0.025 (2.00) 0.381 ± 0.191** (7.47)

Drug cytotoxicity was  evaluated by MTT  assay as described in the Materials and Methods. VPL (specific inhibitor of ABCB1), FTC (specific inhibitor of ABCG2) and MK571
(specific inhibitor of ABCC1) were used as the positive control. Data are the mean ± SD from triplicate wells. The experiments were repeated three times and a representative
data  was shown. The fold-reversal of MDR  (values given in parentheses) was calculated by dividing the IC50 for cells with the chemotherapeutic drugs in the absence of
inhibitor by that obtained in the presence of inhibitor. *P < 0.05, **P < 0.01 and ***P < 0.001 for values vs.  that obtained in the absence of inhibitor.

Fig. 6. ES2 stimulates the ATPase activity of ABCB1 and did not affect the expression of ABCB1. (A) The ABCB1 ATPase activity were determined after incubated with increasing
concentrations of ES2 (0–50 �M).  (B) The ABCB1 ATPase activity were determined after incubated with increasing concentrations of ES2 (0–50 �M)  in the presence of VPL
(100  �M).  (C) The mRNA expression of ABCB1 in KBv200 cells was  determined by real-time PCR. The results are shown as the mean ± SD of three independent experiments.
(D)  The protein expression of ABCB1 in KBv200 cells was determined by western blot analysis. The results are representative of three independent experiments.

https://doi.org/10.1016/j.phrs.2017.11.001


ARTICLE IN PRESSG Model
YPHRS-3716; No. of Pages 13

Y. Fang et al. / Pharmacological Research xxx (2017) xxx–xxx 11

F  posit
r

w
w
N
N
a
c
t
f
i
l

4

c
p
p
i
o
o
i
a

c
M
r
M
l
s

ig. 7. Docking analysis of ES2 and VPL toward ABCB1. (A) The binding mode and
esidual amino acid around ES2 and VPL.

as no significant difference in tumor size among animals treated
ith vehicle, NVB, and ES2 alone. But the combination of ES2 and
VB significantly inhibited tumor growth compared with vehicle,
VB or ES2, and the TGI% was 43% (Fig. 8A and B). Moreover, the
verage tumor weight of ES2 and NVB-treated mice was  signifi-
antly lower than that of saline-treated mice (Fig. 8C). In addition,
here was no animal death or obvious body weight loss in all these
our groups (Fig. 8D). These results indicated that ES2 had a signif-
cant reversal effect on ABCB1-mediated MDR  in vivo and did not
ead to increased side effects.

. Discussion

Given the properties of low toxicity and few side effects, active
onstituents from natural plants to reverse MDR  have attracted
lenty of interest. We  have previously isolated a new type of Jatro-
hane diterpenoid ester, ES2 from the fructus E. sororia and found

t increased the intracellular accumulation of Rho123 in ABCB1-
verexpessing cells [15]. In this paper, we determined the effect
f ES2 on reversing ABCB1-mediated MDR  in vitro and in vivo, and

nvestigated the mechanisms by which ES2 exerts its MDR  reversal
ctivity.

The anti-proliferative activity of ES2 on ABCB1-overexpressing
ells (KBv200, MCF-7/ADR and A549/T) and their parental cells (KB,
CF-7 and A549) were very weak, as more than 85% of cancer cells
Please cite this article in press as: Y. Fang, et al., ES2 enhances the effic
cells in vitro and in vivo, Pharmacol Res (2017), https://doi.org/10.101

emained survival after treated with ES2 for 72 h at 10 �M. The
DR  reversal activity of ES2 could be detected at concentration as

ow as 0.3 �M. ES2 at non-cytotoxic concentrations (0.3–10 �M)
ignificantly increased the sensitivity of KBv200 and MCF-7/ADR
ion of ES2 and VPL with ABCB1. (B) The residual amino acid around ES2. (C) The

to NVB, PTX and DOX which are substrates of ABCB1, whereas it
could not appreciably affect the cytotoxicity of these drugs in the
parental sensitive KB and MCF-7 cells. Of note, the ability of ES2
at 10 �M to decrease the IC50 values of these chemotherapeutic
agents was much better than that of VPL at the same concentration.
Moreover, ES2 did not affect the cytotoxicity of DDP, which is not
a substrate of ABCB1, in both resistant and parental cells. ES2 did
not reverse ABCG2- or slightly affect ABCC1-mediated MDR. These
results demonstrated ES2 can increase the sensitivity of ABCB1-
mediated MDR  cells to chemotherapeutic agents.

To demonstrate the mechanism of the reversal effect of ES2, we
investigated whether ES2 could inhibit the efflux function of ABCB1
to enhance the cytotoxicity of agents by increasing the intracellu-
lar drug concentration. It was  found ES2 significantly enhanced the
intracellular accumulation of Rho123 and DOX  in drug resistant
cells. Moreover, ES2 remarkably reduced the efflux ratio of Rho123
in drug resistant cells. These findings suggested that ES2 sensi-
tized ABCB1-overexpressing cells to chemotherapeutic agents by
inhibiting the efflux function of ABCB1 transporter, thus increasing
the intracellular accumulation of chemotherapeutic agents which
exerted anti-proliferative effects on drug resistant cells.

The drug-efflux function of ABCB1 is known to utilize energy
from ATP hydrolysis, so the rate of ATP hydrolysis is directly propor-
tional to the transport activity of ABCB1 [23,24]. We  found that ES2
stimulated ABCB1 ATPase activity in a concentration-dependent
acy of chemotherapeutic agents in ABCB1-overexpressing cancer
6/j.phrs.2017.11.001

manner and ES2 had no inhibitory effect on VPL stimulated ATPase
activity, suggesting ES2 might have direct interaction with ABCB1,
which may  be different from VPL. Docking simulation study was
further conducted with human ABCB1 homology model to illustrate

https://doi.org/10.1016/j.phrs.2017.11.001
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he molecular interaction between ES2 and ABCB1. The docking
esults pointed out that ES2 binding to ABCB1 partly coincided with
he sites of verapamil, but did not completely overlap. Together,
S2 might work as a substrate of ABCB1 to reverse the MDR  of
BCB1-overexpressing cells to chemotherapeutic agents.

The decreased ABCB1 transporting function can also be resulted
rom the downregulation of ABCB1 expression [10]. However, the
eal-time PCR and Western blot analysis of ABCB1 expression
howed that neither mRNA nor protein level of ABCB1 was altered
y ES2 in KBv200 and MCF-7/ADR cells. These findings support that
S2 suppressed the efflux function of ABCB1 by a mechanism other
han downregulating the expression of ABCB1.

In conclusion, our results showed that ES2, a new type of
atrophane diterpenoid ester, reversed ABCB1-mediated MDR
y inhibition of its drug efflux function, and increased the

ntracellular accumulation of chemotherapeutic agents in ABCB1-
verexpressing cells. We  further found the MDR  reversal effect of
S2 might be related with its binding to ABCB1 as a substrate, which
as supported by its ability to stimulate the ATPase activity and the

inding mode predicted by docking analysis. In addition, ES2 had
o effect on downregulating the protein level of ABCB1. These find-

ngs provided solid evidence in supporting the application of ES2 in
ombination with chemotherapeutic agents for cancer treatment.
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