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BACKGROUND AND PURPOSE

Intracellular pharmacokinetics of anticancer drugs in multi-drug resistance (MDR) cancer cells is hugely important in the
evaluation and improvement of drug efficacy. By using adriamycin as a probe drug in MDR cancer cells, we developed a
cellular pharmacokinetic-pharmacodynamic (PK-PD) model to reveal the correlation between cellular pharmacokinetic
properties and drug resistance. In addition, the ability of 20(S)-ginsenoside Rh2 (20(S)-Rh2) to reverse MDR was further
investigated.

EXPERIMENTAL APPROACH

The cellular pharmacokinetics of adriamycin were analysed visually and quantitatively in human breast cancer cells MCF-7 and
in adriamycin-resistant MCF-7 (MCF-7/Adr) cells. Mitochondria membrane potential was assayed to evaluate the apoptotic
effect of adriamycin. Subsequently, a PK-PD model was developed via MATLAB.

KEY RESULTS

Visual and quantitative data of the dynamic subcellular distribution of adriamycin revealed that it accumulated in cells,
especially nuclei, to a lesser and slower extent in MCF-7/Adr than in MCF-7 cells. 20(S)-Rh2 increased the rate and amount of
adriamycin entering cellular/subcellular compartments in MCF-7/Adr cells through inhibition of P-glycoprotein (P-gp) activity,
in turn augmenting adriamycin-induced apoptosis. The integrated PK-PD model mathematically revealed the pharmacokinetic
mechanisms of adriamycin resistance in MCF-7/Adr cells and its reversal by 20(S)-Rh2.

CONCLUSIONS AND IMPLICATIONS

P-gp, which is overexpressed and functionally active at cellular/subcellular membranes, influences the cellular pharmacokinetic
and pharmacological properties of adriamycin in MCF-7/Adr cells. Inhibition of P-gp activity represents a key mechanism by
which 20(S)-Rh2 attenuates adriamycin resistance. Even more importantly, our findings provide a new strategy to explore the
in-depth mechanisms of MDR and evaluate the efficacy of MDR modulators.

Abbreviations
ESI, electrospray ionization; LSCM, laser scanning confocal microscopy; MDR, multi-drug resistance; MMP,
mitochondrial membrane potential; P-gp, P-glycoprotein; PS, phosphatidylserine; TBS/T, Tris-buffered saline/Tween 20
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Introduction

Multi-drug resistance (MDR) has always been closely associ-
ated with clinical cancer therapy. MDR is associated with
cellular pharmacokinetic alterations, such as decreased drug
accumulation, increased detoxification capacity, subcellular
redistribution and increased efflux (Serrone and Hersey, 1999;
Stavrovskaya, 2000; Meijerman et al., 2008). In particular,
ATP-binding cassette (ABC) transporters have received a great
deal of attention in the study of MDR for a long time. One
such transporter that has been investigated in great detail is
P-glycoprotein (P-gp). Many anticancer drugs have been dem-
onstrated to be P-gp substrates, causing their efflux, which
directly leads to a decrease in intracellular drug concentration
in tumour cells and results in MDR. Recently, it has been
demonstrated that these transporters are also expressed in
intracellular compartments such as nuclei, mitochondria and
Golgi apparati, which play a potential role in altered intrac-
ellular distribution of anticancer drugs in MDR cancer cells
(Baldini et al., 1995; Ferrao et al., 2001; Gong et al., 2003;
Munteanu et al., 2006). As many anticancer drugs interact
with targets localized in cells, such as DNA in nuclei, the
intracellular distribution of drugs and the concentrations
around the binding site are determinants of efficacy (Larsen
et al., 2000; Meschini et al., 2000; Duvvuri and Krise, 2005).
Therefore, there is a pressing need to clarify the intracellular
pharmacokinetics of chemotherapeutic agents in MDR cancer
cells, and thus evaluate or improve their efficacy.

Cellular pharmacokinetics is an emerging branch of tra-
ditional pharmacokinetics, and has attracted much attention
recently for the evaluation and improvement of anticancer
and antibiotic drugs (Jung and Zamboni, 2001; Siebert et al.,
2004; Barcia-Macay et al., 2008; Hoffmann et al., 2008). The
unique angle of this field is using the target cell as a whole
subject to analyse the dynamic profiles of drug uptake, dis-
tribution, metabolism and efflux in the cellular environment,
and then develop mathematical models to reflect the intrac-
ellular target binding and efficacy of the drug (Zhou et al.,
2011). In this way, pharmacokinetic research can be trans-
ported from the macrocosm into the microcosm, facilitating
the development of strategies to overcome inappropriate cel-
lular pharmacokinetics of drugs and thus promoting efficacy
in drug discovery. However, in most cases results from intra-
cellular uptake and subcellular distribution studies are used
only for predicting the intracellular activities of drugs, and
few studies refer to the kinetic process and parameters of
intracellular pharmacokinetics. Only a few pharmacokinetic
models have been developed to determine the disposition of
some types of drugs, and without the combination of phar-
macodynamic properties (Hung etal., 2005; Zhang etal.,
2006). More effort is now being made to develop a
pharmacokinetic-pharmacodynamic (PK-PD) model to better
describe the relationship between cellular pharmacokinetic
processes and drug efficacy.

20(S)-ginsenoside Rh2 is a trace active ingredient of
ginseng with a 20(S)-protopanaxadiol dammarane skeleton
aglycone, which was first isolated from red ginseng in 1983
(Kitagawa et al., 1983). In recent investigations, 20(S)-Rh2
(non-toxic dosage) has been shown to have a marked syner-
gistic effect with anticancer agents in tumour models, both in
vitro and in vivo (Kikuchi et al., 1991; Jia et al., 2004; Xie et al.,

2006). In preliminary experiments, we have systemically
demonstrated that 20(S)-Rh2 non-competitively inhibits P-gp
in vitro and in vivo, which could account for at least one of the
mechanisms by which it produces a synergistic effect (Zhang
etal., 2010).

In the present study, adriamycin was used as a probe drug
to develop a cellular PK-PD model to determine the correla-
tion between cellular pharmacokinetic properties and drug
resistance. In parallel, the ability of 20(S)-Rh2 to reverse MDR
was further investigated.

Methods

Reagents

20(S)-ginsenoside Rh2 (purity > 98%) was purchased from
Jilin University (Changchun, China). Verapamil and adria-
mycin were purchased from Sigma-Aldrich (St. Louis, MO).
Azithromycin was purchased from the Chinese National
Institute for the Control of Pharmaceutical and Biological
Products (Beijing, China). Hoechst 33342 and Mito-Tracker
Green were purchased from Beyotime Institute of Biotechnol-
ogy (Nantong, China). HPLC-grade methanol was purchased
from Sigma-Aldrich (St. Louis, MO). Deionized water was
prepared by Milli-Q system (Millipore Corporation, Billerica,
MA) and was used throughout. All other reagents and sol-
vents were commercially available and of analytical grade.

Cell culture

Human breast cancer cells MCF-7 and adriamycin-resistant
cells derived from MCF-7 (MCF-7/Adr) were obtained from
the Institute of Hematology and Blood Diseases Hospital
(Tianjin, China), and cultured in RPMI 1640 supplemented
with 10% fetal bovine serum, and 100 U-mL™" penicillin and
streptomycin (Invitrogen, Carlsbad, CA) at 37°C with 5%
CO..

Cell growth inhibition assay

The effects of 20(S)-Rh2 on the sensitivity of MCF-7/Adr cells
to adriamycin were determined by measuring cell growth
inhibition via 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) colorimetric assay after incuba-
tion with various concentrations of adriamycin (0.01, 0.03,
0.1, 0.3, 1, 3, 10, 30, 100 uM) in the absence or presence of
20(S)-Rh2 (1, 5, 10 uM) at 37°C for 72 h. The concentrations
required to inhibit growth by 50% (ICso) were calculated from
survival curves using the Bliss method.

Cellular retention assay

MCF-7 and MCF-7/Adr cells were seeded on 24-well cell
culture plates. After ~90% confluence, cultured cells were
treated with 20(S)-Rh2 (1, 5, 10 uM) or 1% ethanol (solvent
control) for 1 h, followed by addition of 5 uM adriamycin.
Verapamil (10 uM) was used as a positive control. After incu-
bation for another 2 h, the retention was stopped. Cells were
lysed by three freeze-thaw cycles, and protein concentrations
were measured by the method of Bradford (Bradford, 1976).
Adriamycin was determined by LC-MS/MS. All experiments
were conducted in triplicate.
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Subcellular distribution of adriamycin in
fixed and live cells

For fixed cell analysis, cells were treated as in the cellular
retention assay. Then the cells were fixed with 4% paraform-
aldehyde, stained with Hoechst 33342 (5 uM) for nuclei, and
loaded onto Cellomics ArrayScan® VTI HCS (Thermo, USA)
for crude detection of adriamycin subcellular distribution.
Blue and red fluorescence were monitored through different
channels for nuclei and adriamycin, respectively. Quantifica-
tion was performed by use of accessory image analysis
software.

For live cell analysis, MCF-7/Adr cells were subcultured
into Lab-Tek II-chamber slides (Nalge Nunc International,
Rochester, NY). Before the experiment, the cells were stained
with 5 uM Hoechst 33342 for nuclei and 50 nM Mito-Tracker
Green for mitochondria. Then, the cells were treated as in the
cellular retention assay. Images were collected 10, 20, 30,
40 min after the addition of adriamycin using an Olympus
FluoView FV10i laser scanning confocal microscope system
with a 60x/1.35 NA oil-immersion objective (Olympus,
Japan) with identical settings for each confocal study. The
fluorescence of adriamycin (red), Hoechst 33342 (blue) or
Mito-Tracker green (green) was excited and collected at 559/
574, 405/455 or 473/516 nm, respectively.

Cell fractionation approach for quantification
of adriamycin subcellular distribution kinetics
MCEF-7 and MCF-7/Adr cells were subcultured in 75 cm? cell
culture flasks. When ~90% confluent, cultured cells were
treated as in the cellular retention assay. After incubation for
a designated time (10, 20, 30, 45, 60 min for MCF-7 cells, and
30, 60, 90, 120, 180 min for MCF-7/Adr cells), the nuclei and
mitochondria of the cells were isolated according to KeyGen
Mitochondria/Nuclei Isolation Kit (Nanjing Keygen Biotech.
Co., LTD, China). The concentration of adriamycin in each
subcellular compartment was determined by LC-MS/MS, and
further adjusted to the concentrations based on initial dosing
volume. All experiments were conducted in triplicate.

Analysis of apoptosis by phosphatidylserine
(PS) and mitochondrial membrane potential
(MMP) detection

MCE-7/Adr cells were treated with adriamycin (5 uM) in the
absence or presence of 20(S)-Rh2 (1, 5, 10 uM) for various
times (30, 60, 90, 120, 180 min). For PS detection, the cells
were harvested and stained with FITC-Annexin V and
7-Amino-Actinomycin D (7-AAD) (BD Biosciences, San Jose,
CA), and then immediately analysed by flow cytometry
(FACS Calibur, Becton Dickinson, USA). For MMP detection,
the cells were incubated with 5,5’,6,6’-tetrachloro-1,1/,3,3’-
tetraethyl-imidacarbocyanine iodide (JC-1, JC-1 Apoptosis
Detection Kit, Nanjing Keygen Biotech. Co., LTD, China),
and then analysed by fluorescence microscopy (Olympus
IX51, Japan) or harvested for flow cytometry analysis.

PK-PD modelling of adriamycin

Using the above data (Cell Fractionation and MMP Determi-
nation), an integrated PK-PD model was developed to char-
acterize the uptake and distribution profiles of adriamycin in
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Figure 1

Schematic presentation of an integrated PK-PD model describing
the uptake and distribution of adriamycin in cells, coupled with the
related apoptotic effect induced by adriamycin. x;, x,, x3 are the
concentrations of adriamycin in cytosol, nuclei and mitochondria
respectively, ki, ko, ks are the transport rate constant of adriamycin
across the cell membrane of cytosol, nuclei and mitochondria,
respectively, P, P, and Ps are the permeability coefficients across the
membranes of the cell, nucleus and mitochondria, respectively, and
R is the pharmacodynamic effect indicated by MMP.

MCEF-7 and MCEF-7/Adr cells. A brief schematic presentation
of this PK-PD model is presented in Figure 1, of which x;, x,,
x3 are the concentrations of adriamycin in cytosol, nuclei and
mitochondria, respectively, and R is the pharmacodynamic
effect indicated by MMP. As the concentrations of adriamycin
in cytosol, nuclei and mitochondria are based on the same
initial dosing volume, in our PK-PD model drug concentra-
tions could be assumed identical to drug mass.

Furthermore, results from the Cell Fractionation assay
indicated that the amount of adriamycin in nuclei/
mitochondria accumulates with time. Therefore, it can be
assumed that there is a single direction of adriamycin net
transport from the cytosol to nuclei/mitochodria. In addi-
tion, it is accepted that the velocity of adriamycin entering
the cell compartment is positively correlated with the con-
centration difference between the inside and outside of the
compartment in a first order manner. Meanwhile, it is also
assumed that the amount of adriamycin entering into the cell
is extremely small compared to the total amount of adriamy-
cin outside the cell; hence the amount of adriamycin outside
the cell can be kept constant. The pharmacokinetics of adria-
mycin could be described using a logistic model (Peleg, 1997),
defined as follows:

ﬁ=k1~AC1~(1—
dt

Acl)_(&+&); AC =P, -yo—x (1)

Xim1 dt dt

where AC, indicates the difference of adriamycin concentra-
tion between the cytosol and extracellular compartment con-
sidering the permeability of the cell membrane. k; and P, are
the transport rate constant and the permeability coefficient
across the cell membrane, respectively. x, is defined as the
threshold value (carrying capacity) of adriamycin in the
cytosol. dx,/dt and dx;/dt represent the transport of adriamy-
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cin from cytosol to the nuclei and mitochondria compart-
ment, respectively, which could be described as follows:

dXz ( ACZ)

2 —k,-AC,-|1- ;o AC, =P x—x

it 2 2 X 2 =1 X=X 2)
dXs ( AC3)

—==k;-ACs-|1- ;o AC3 =P -x—x

T 3 s 3= 13X — X3 3)

where k; and k; are the transport rate constants of adriamycin
entering the nuclei and mitochondria, respectively. P, and P;
indicate the relative permeability coefficient of adriamycin
from cytosol to the nuclei and mitochondria, respectively.
Similar to x.;, the adriamycin threshold value (carrying
capacity) in the nuclei and mitochondria are described by Xm,
and xn;3, respectively. AC, represents the concentration differ-
ence of adriamycin in the cytosol compared to the nuclei
considering the permeability of nuclei membrane, while AC;
indicates the concentration difference of adriamycin in the
cytosol compared to the mitochondria considering the per-
meability of mitochondria membrane.

As for pharmacodynamics, different types of PD models
were attempted to evaluate the effect of adriamycin on
MMP in MCEF-7/Adr cells, and the final model is depicted in
Equation 4.

dR : ! r
E:—k,'(X1+XZ+X3) {1—[5( X1 + X + X3 )]} (4)

Xem1 Xem2 Xem3

where k; denotes the attenuation rate of MMP and r is the Hill
coefficient. X, Xemz and X.,; are the threshold values of
adriamycin reflecting MMP alterations in cytosol, nuclei and
mitochondria, respectively. The initial value of R was 3.

The model was constructed in two steps: (a) by fitting the
pharmacokinetic data to the concentration-time profiles of
adriamycin; (b) by fitting the pharmacodynamic data to the
concentration-effect profiles of adriamycin. The model fit-
tings were conducted by nonlinear regression analysis using
the maximum likelihood algorithm in MATLAB (The Math-
works Inc., USA). Akaike Information Criterion (AIC) was
adopted for model selection. Objective function and visual
inspection of various diagnostic plots were used as the criteria
for goodness of fit for both PK and PD. Model evaluation was
carried out using nonparametric bootstrap analysis as
reported previously (Chen et al., 2009).

Functions and expressions of subcellular P-gp

Nuclei and mitochondria of both MCF-7 and MCF-7/Adr cells
were isolated according to KeyGen Mitochondria/Nuclei Iso-
lation Kit, and suspended in nuclei incubation buffer (Kita-
zono etal., 1999) and mitochondria incubation buffer
(Solazzo et al., 2006), respectively. Fractions were then incu-
bated with 5 uM adriamycin in the absence or presence of
20(S)-Rh2 (1, 5, 10 uM) for 10, 20, 30 min for MCF-7 cells or
for 15, 30, 45 min for MCF-7/Adr cells at room temperature,
avoiding light exposure. Verapamil (10 pM) was used as a
positive control. The intra-nuclei and intra-mitochondria
concentrations of adriamycin were quantified by LC-MS/MS.

Protein concentrations of nuclei and mitochondria were mea-
sured by the Bradford method.

To detect intracellular P-gp expression in situ, MCF-7 and
MCE-7/Adr cells were seeded on coverslips overnight. After
fixation, permeabilization and blocking, the cells were incu-
bated with primary monoclonal antibody to P-gp (1:100,
clone MM4.17, Millipore, USA) overnight at 4°C. After being
washed, the cells were incubated with secondary antibody
TRITC-conjugated goat anti-mouse IgG (1:200, Bioworld,
USA) for 1 h at 37°C and then were washed again. For the
triplex-labelling of nuclei, mitochondria and P-gp, the cells
were first labelled for P-gp as described above. Then Hoechst
33342 and Mito-Tracker Green were added and incubated for
30 min at 37°C. After being washed, the cells were imaged by
a Carl Zeiss LSM 710 laser scanning confocal microscope
system (Zeiss, Germany) with identical settings for each con-
focal study.

For Western blotting analysis, crude membranes were
prepared as described previously (Zhang et al., 2010). Nuclei
and mitochondria were isolated according to KeyGen
Mitochondria/Nuclei Isolation Kit. Protein concentrations
were measured by the bicinchoninic acid method (Smith
et al., 1985) using BCA protein assay kit (Pierce Chemical,
Rockford, IL, USA). Protein samples were separated on an
8% SDS-PAGE and transferred onto a PVDF membrane (Mil-
lipore, USA). The membrane was blocked with 5% non-fat
milk in Tris-buffered saline/Tween 20 (TBS/T) for 1h at
37°C, and then incubated with the primary monoclonal
antibody to P-gp (1:800, clone3C3.2, Millipore, USA),
B-actin (1:200, Boster Biological Technology, China), Lamin
B (1:200, Boster Biological Technology, China) or COX IV
(1:1000, Beyotime Institute of Biotechnology, China) over-
night at 4°C. After being washed, the membrane was
incubated with secondary antibody horseradish peroxidase-
conjugated goat anti-mouse IgG (1:8000, Boster Biological
Technology, China) for 1h at 37°C. The signals were
detected by an enhanced chemiluminescence kit (Pierce
Chemical, Rockford, IL, USA). The chemiluminescent signal
was captured by Bio-Rad ChemiDoc™ XRS* System (Bio-
Rad, USA).

LC-MS/MS method for adriamycin
quantification

Briefly, a SO uL aliquot of the sample was protein-precipitated
with 150 uL methanol (containing azithromycin as internal
standard). After centrifugation, 10 pL of the supernatant was
injected into Finnigan TSQ LC-MS/MS (Thermo Electron, San
Jose, CA, USA) for analysis with a Luna C18 column
(150 x 2.0 mm, 5 um, Phenomenex, USA). The column and
autosampler tray temperatures were at 40 and 4°C, respec-
tively. The mobile phase consisted of solvent A (0.1 % formic
acid) and solvent B (methanol) with the following gradient:
0 min; 20% B—0.5 min; 20% B—0.8 min; 80% B—4 min;
80% B—5.5 min; 20% B—8 min; 20% B. The flow rate was
0.2 mL-min~". The mass spectrometer was operated in posi-
tive electrospray ionization (ESI) mode. MS parameters were
as follows: spray voltage, 4.8 kV; sheath gas/auxiliary gas,
nitrogen; sheath gas pressure, 42 x 10° Pa; auxiliary gas pres-
sure, 6 x 10° Pa; ion transfer capillary temperature, 285°C.
Quantification was performed using selective reaction moni-
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toring mode: m/z 544.7—361.0 at 24 eV for adriamycin; m/z
749.7—591.4 at 27 eV for azithromycin (internal standard).

Data analysis

Data are expressed as mean = SEM (or mean *+ SD for PK-PD
modelling data). Statistical analysis included two-tailed Stu-
dent’s t-test, one-way ANOVA and non-parametric Kruskal-
Wallis test. The difference was considered to be statistically
significant if the probability value was less than 0.05
(P < 0.05).

Results

Reversal of P-gp-mediated adriamycin
resistance in MCF-7/Adr cells by 20(S)-Rh2

In the present study, the ICs, values of MCF-7 cells and their
derivatives MCF-7/Adr cells were 0.42 uM and 87.72 uM,
respectively, which showed that MCF-7/Adr cells were highly
resistant to the effects of adriamycin. When more than 90%
of cells were viable, co-incubation of MCF-7/Adr cells with
various concentrations of 20(S)-Rh2 (1, 5, 10 uM) for 72 h
decreased the ICs, of adriamycin in MCEF-7/Adr cells
concentration-dependently (Figure 2A).

20(S)-Rh2 enhanced intracellular
accumulation of adriamycin in

MCEF-7/Adr cells

The accumulation of adriamycin in MCF-7/Adr cells was 2.6-
fold lower than that in MCEF-7 cells, which is one of the major
reasons for adriamycin-resistance in MCF-7/Adr cells. To cor-
relate the reversal effect of 20(S)-Rh2 on MDR with its P-gp
inhibitory effect, the cellular accumulation of adriamycin in
the absence or presence of 20(S)-Rh2 (1, 5, 10 uM) was
assessed in both MCF-7 and MCF-7/Adr cells using LC-MS/MS
analysis. In MCF-7/Adr cells, 20(S)-Rh2 significantly
increased adriamycin accumulation in a concentration-
dependent manner (P < 0.01), and the potency of 20(S)-Rh2
(10 uM) was comparable to that of the established P-gp
inhibitor verapamil at the same concentration. However,
neither 20(S)-Rh2 nor verapamil had any effect in MCF-7 cells
(Figure 2B).

20(S)-Rh2 increased the subcellular
distribution of adriamycin in fixed

and live MCF-7/Adr cells

As the nucleus is the target of adriamycin, we monitored the
nuclear accumulation of adriamycin qualitatively and quan-
titatively in fixed MCF-7 and MCF-7/Adr cells by use of High
Content Screening technology. As shown in Figure 3A, adria-
mycin (red fluorescence) was primarily located in the nuclei
(blue fluorescence) of MCF-7 cells, which consequently leads
to purple fluorescence. In contrast, much less adriamycin
entered into MCF-7/Adr cells, and adriamycin was mainly
located at the periphery of nuclei. With increasing concen-
trations of 20(S)-Rh2, both the cellular accumulation of adria-
mycin was increased and the accumulation of adriamycin in
nuclei was augmented. Verapamil, used as positive control,
showed similar effects. Fluorescence quantification
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Figure 2

(A) Reversal effects of 20(S)-Rh2 on P-gp-mediated adriamycin resis-
tance. MCF-7 and MCF-7/Adr cells were cultured for 72 h in the
absence or presence of 20(S)-Rh2 (1, 5, 10 uM) with various con-
centrations of adriamycin (0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30,
100 uM). (B) Effects of 20(S)-Rh2 on the accumulation of adriamycin
in MCF-7 and MCF-7/Adr cells. Cells were pre-incubated with 20(S)-
Rh2 for 1 h followed by a further 2 h incubation in the presence of
5 uM adriamycin. Data are the mean *= SEM of three independent
experiments. **P < 0.01 versus control.

(Figure 3B) showed that the accumulation of adriamycin in
nuclei in MCF-7 cells was fourfold higher than that in MCF-
7/Adr cells, and 20(S)-Rh2 enhanced the accumulation of
adriamycin in nuclei in MCF-7/Adr cells concentration-
dependently, which was comparable to verapamil at the same
concentration. Neither 20(S)-Rh2 nor verapamil had an effect
on adriamycin accumulation in MCF-7 cells.

To further confirm the subcellular distribution of adria-
mycin in live cells, Laser Scanning Confocal Microscopy
(LSCM) was used for detection of adriamycin in specific
organelles. In MCF-7/Adr cells, there was little adriamycin in
the nuclei until 40 min, but an obvious amount of adriamy-
cin in the mitochondria (reddish brown fluorescence). In the
presence of 20(S)-Rh2 (1, 5, 10 uM), both the rate and extent
of adriamycin which was distributed into the nuclei and
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Figure 3

Effects of 20(S)-Rh2 on the subcellular distribution of adriamycin in fixed and live cells. (A)Representative images of MCF-7 and MCF-7/Adr cells
treated with 5 uM adriamycin for 2 h with or without 20(S)-Rh2, followed by fixation, staining and observation on Cellomics ArrayScan® VTl HCS
(red and blue fluorescence represent adriamycin and nuclei, respectively. Purple fluorescence is an overlay of red and blue fluorescence).
(B)Fluorescence quantification of the accumulation of adriamycin in nuclei acquired from accessory image analysis software are presented as mean
+ SEM. **P < 0.01 versus control. (C, D) Time-course analysis of adriamycin accumulation in nuclei (C) and mitochondria (D) in the absence or
presence of 20(S)-Rh2 for 10, 20, 30, 40 min in live MCF-7/Adr cells obtained by laser scanning confocal microscopy (400 magnification), after
prestaining of nuclei and mitochondria with Hoechst 33342 and Mito-Tracker Green, respectively.

mitochondria were significantly enhanced. 20(S)-Rh2
(10 uM) obviously accelerated the penetration of adriamycin
into nuclei (purple fluorescence) and mitochondria (flaming
yellow fluorescence) 20 min after adriamycin addition, and
effected a significant increase in adriamycin accumulation in
the nuclei and mitochondria at 40 min, which was compa-
rable to the effect of verapamil (10 uM).

20(S)-Rh2 altered the kinetic profiles for the
subcellular distribution of adriamycin

To quantitatively analyse the time course for the subcellular
distribution of adriamycin in the absence or presence of 20(S)-
Rh2, a cell fraction approach was used to separate nuclei and
mitochondria from MCF-7 and MCF-7/Adr cells. As shown in
Figure 4, in MCF-7 cells, the maximum amount of adriamycin
accumulated in nuclei was achieved as early as 30 min
(approximately 100 nM). Adriamycin accumulation in mito-
chondria was linear for the first 45 min, and was boosted at
60 min. Meanwhile, adriamycin increased linearly in the
cytosol throughout the 60 min. There was no difference
between the control group and 20(S)-Rh2-treated groups.

However, in MCF-7/Adr cells the nuclear uptake rate of adria-
mycin was quite slow; it took 90 min to reach the maximum
(only approximately 40 nM). Furthermore, in MCF-7/Adr
cells adriamycin accumulation in mitochondria and cytosol
were not increased linearly throughout 180 min and in the
presence of 20(S)-Rh2, the uptake rate and accumulation of
adriamycin in nuclei, mitochondria and cytosol were all
elevated significantly in a concentration-dependent manner.

20(S)-Rh2 potentially promoted
adriamycin-induced early apoptosis

in MCF-7/Adr cells

In our experiments, the early apoptosis indicator Annexin
V/7-AAD was not altered markedly with time, while the 3 h
treated group showed that 20(S)-Rh2 tended to promote
adriamycin-induced apoptosis in a concentration-dependent
manner (Figure 5A). Adriamycin (5 uM) plus 20(S)-Rh2
(10 uM) cells showed an obvious increase in FITC fluores-
cence, which indicated an increased population of early apo-
ptotic cells (Annexin V*/7-AAD"). As the time period for
monitoring apoptosis in this experiment was too short (the
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Figure 4

Time-course analysis of the subcellular accumulation of adriamycin in MCF-7 cells and MCF-7/Adr cells obtained with the cell fraction approach.
Cells were incubated with 5 uM adriamycin in the absence or presence of 20(S)-Rh2 for 10, 20, 30, 45, 60 min in MCF-7 cells (A-D) or 30, 60,
90, 120, 180 min in MCF-7/Adr cells (E-H). Then nuclei, mitochondria and cytosol were extracted and adriamycin concentrations were quantifed
by LC-MS/MS. Data are the mean * SEM of three independent experiments.

longest was 3 h) to measure significant apoptosis, the indica-
tor of apoptosis should be sensitive enough to detect the trace
levels of early apoptosis.

The loss of MMP is a hallmark for apoptosis, which is an
early event preceding PS externalization and caspase activa-
tion. As shown in Figure 5B,C, adriamycin induced a decrease
in MMP (an increased green fluorescence signal and a
decreased red fluorescence signal) in MCF-7/Adr cells in a
time-dependent manner. When co-treated with 20(S)-Rh2,
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MCE-7/Adr cells exhibited an augmented decrease in MMP in
a 20(S)-Rh2 concentration-dependent manner.

20(S)-Rh2 altered PK/PD parameters of
adriamycin in MCF-7/Adr cells

The PK-PD model reasonably described the PK and PD profiles
of adriamycin in MCF-7/Adr and/or MCEF-7 cells with or
without 20(S)-Rh2. As shown in Figure 6, the fitting
results matched the measured values reasonably well.
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Figure 5

Adriamycin-induced apoptosis in the absence or presence of 20(S)-Rh2 in MCF-7/Adr cells. MCF-7/Adr cells were treated with adriamycin or
adriamycin plus various concentrations of 20(S)-Rh2 for 30, 60, 90, 120, 180 min, respectively. (A) The representative flow cytometry diagrams
of MCF-7/Adr cells treated with adriamycin minus or plus 20(S)-Rh2 for 3 h, stained with Annexin V/7-AAD and analysed on flow cytometry (viable
cells are in the lower left quadrant, early apoptotic cells are in the lower right quadrant, late apoptotic cells are in the upper right quadrant and
non-viable necrotic cells are in the upper left quadrant.). The representative flow cytometry diagrams (B), and fluorescence microscopy images
(C) of MCF-7/Adr cells treated with adriamycin minus or plus 20(S)-Rh2 for 2 h, and stained with JC-1. (D) Quantitative analysis of JC-1-stained
cells by flow cytometry presented as the ratio of red fluorescence intensity to green fluorescence intensity. Data are the mean * SEM of three
independent experiments.
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(A) Concentration-time curves for the accumulation of adriamycin in the MCF-7 cells and MCF-7/Adr cells with or without 20(S)-Rh2 are shown
in panels a-c and d-f, respectively. (B) The MMP—-time profiles induced by adriamycin in the absence or presence of 20(S)-Rh2 in MCF-7/Adr cells.
Observations are reported as mean = SD (n = 3), and the lines are depicted using the parameters obtained from the original data.

The model simulation results indicate that adriamycin
passively diffuses into MCE-7 cells, as the adriamycin concen-
tration in each compartment increased linearly with time.
However, a saturation of adriamycin accumulation appeared
in MCF-7/Adr cells with a marked platform in the
concentration-time curve, suggesting the involvement of
P-gp. As indicated in Table 1, the permeability of adriamycin
through cytosol (P;), nuclei (P,) and mitochondria (P;) in
MCE-7 cells were significantly higher than that in MCF-7/Adr

128 British Journal of Pharmacology (2012) 165 120-134

cells, while the threshold values (x,,) for each cellular com-
partment in MCF-7/Adr cells were lowered compared to those
in parent MCF-7 cells. Meanwhile, the marked differences in
the transport rate constants (k) of adriamycin across each
cellular compartment between the two cell lines could also be
observed: elevated k; and k;, while k, decreased in MCF-7/Adr
cells.

In the presence of 20(S)-Rh2 or verapamil, the threshold
values for both PK (x,,) and PD (x.,) models in MCF-7/Adr
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cells were increased. It was also found that in MCF-7/Adr cells
20(S)-Rh2 not only enhanced the permeability of adriamycin
through cytosol (P;) and mitochondria (Ps), but also increased
the transport rate constant of adriamycin across nuclei (k)
and mitochondria (k;). It is interesting to note that, 20(S)-Rh2
decreased the transport rate constant of adriamycin from
extracellular compartment to cytosol (k;) in MCF-7/Adr cells.
Correspondingly, 20(S)-Rh2 significantly enhanced the
attenuation rate of MMP (k;) induced by adriamycin in MCEF-
7/Adr cells.

Analysis of the functions and expressions of
subcellular P-gp

As shown in Figure 7A, adriamycin accumulation in isolated
nuclei of MCF-7 cells was significantly higher than that in
MCE-7/Adr cells (Figure 7A-a,c), while adriamycin accumula-
tion in isolated mitochondria of MCF-7 cells was lower than
that in MCF-7/Adr cells (Figure 7A-b,d); this might be one
cause of adriamycin resistance. In MCF-7/Adr cells, adriamy-
cin accumulation in isolated nuclei was increased with time
and increased concentrations of 20(S)-Rh2 (Figure 7A-c). In
contrast, adriamycin accumulation in isolated mitochondria
was decreased with increasing concentrations of 20(S)-Rh2
(Figure 7A-d). However, no such effect of 20(S)-Rh2 occurred
in MCEF-7 cells (Figure 7A-a,b).

Immunofluorescence staining was used to determine
whether an alteration in the intracellular distribution of P-gp
is involved in MDR. As shown in Figure 7B, P-gp is overex-
pressed not only in the cytomembrane, but also in nuclei and
mitochondria of MCF-7/Adr cells. Western blot analysis
further verified our initial observation.

Discussion and conclusions

Breast cancer is the most common cancer for women
throughout the world (Althuis ef al., 2005; Rivera, 2010), and
the classic treatment with anthracyclines often encounters
MDR. Among the many factors involved in anthracycline
resistance, P-gp is the protein most studied for drug resistance
(Kroger etal., 1999). DNA is the target of anthracyclines
(Arcamone et al., 1997), therefore, cellular pharmacokinetic
strategies have focused on the relationship between anthra-
cycline resistance, P-gp and the drug target.

As demonstrated in our MTT assay, MCF-7/Adr cells were
200-fold more resistant to adriamycin than MCEF-7 cells
(Figure 2A). Correspondingly, Western blot analysis showed
that the expression of P-gp in MCF-7/Adr cells is extremely
high compared to MCF-7 cells (Figure 7B-c). These results are
similar to those found previously (Yu et al., 2007; Tao et al.,
2009; Hien et al., 2010) and assure us that the cell model used
in our experiment is credible.

In our previous studies, we demonstrated that 20(5)-Rh2
is a non-competitive inhibitor of P-gp (Zhang et al., 2010). In
this study, we found that the cellular retention of adriamycin
in MCF-7/Adr cells, which was less than half of that in MCF-7
cells (Figure 2B), was increased significantly by 20(S)-Rh2.
However, 20(S)-Rh2 had no effect on the accumulation of
adriamycin in MCF-7 cells. Therefore, we hypothesize that
the decreased cellular accumulation of adriamycin in MCF-
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7/Adr cells might be the cause of adriamycin resistance, and
the inhibitory effect of 20(S)-Rh2 on P-gp possibly leads to
the synergistic effect of non-toxic concentrations of 20(S)-
Rh2 with adriamycin in the MTT assay.

As the accumulation of adriamycin into its target nuclei
governs its cytotoxic effect, the accumulation of adriamycin
in nuclei in the absence and presence of 20(S)-Rh2 was
qualitatively and quantitatively analysed by use of a
Cellnomics High Content Screening platform in fixed cells.
The contrast between nuclei accumulation of adriamycin in
the control group of MCF-7 with that of MCF-7/Adr cells
indicated that the prevention of the uptake of adriamycin
into nuclei is the major cause of adriamycin resistance in
MCEF-7/Adr cells. In addition, 20(S)-Rh2 enhanced the
amount of adriamycin present in the nuclear fraction by
inhibition of P-gp (Figure 3A). As the mitochondria is also
an important organelle in cellular structure and function,
and has been reported to be linked with adriamycin resis-
tance (Munteanu et al., 2006), we monitored the accumula-
tion of adriamycin in both nuclei and mitochondria using a
staining technique. Direct optical observation (Figure 3C,D)
suggested that 20(S)-Rh2 also promoted subcellular accumu-
lation of adriamycin. Similar investigations were conducted
by Fei Shen and colleagues, in which they found that several
P-gp modulators could increase nuclei and cytoplasm accu-
mulation of adriamycin and mitoxantrone (Shen etal.,
2008; 2009).

However, the dynamic profiles obtained from LSCM do
not indicate absolute drug concentrations but fluorescent
intensities. Metabolites of adriamycin or other substances
might interfere with adriamycin fluorescence, which could
affect the interpretation of the results. It is also possible that
the cells themselves are affected by length of time that they
are kept in nonsterile conditions with LSCM. In contrast,
with the cell fraction approach, the subcellular localization of
small molecule compounds can be quantitatively evaluated
(Duvvuri et al., 2004), and the cells can be kept in sterile
conditions until the isolation of organelles is complete.

From our findings, the time—concentration curves illus-
trate that there are significant differences in cellular pharma-
cokinetic behaviour of adriamycin between MCEF-7 and
MCE-7/Adr cells. This is in good agreement with our optical
observations, and further provides more accurate quantita-
tive results. We further determined if the ability of 20(S)-Rh2
to increase the cellular/subcellular accumulation of adriamy-
cin directly strengthens the cytotoxic effect of adriamycin.
Cell apoptosis was determined using the same time point and
doses as the cellular pharmacokinetic study. With increasing
concentrations of 20(S)-Rh2, the cellular/subcellular accumu-
lations of adriamycin were increased, and MMP reduced cor-
respondingly. But the augmented early apoptosis denoted by
PS in the presence of 20(S)-Rh2 was only observed at the end
of the experiment. This is because the early apoptosis indica-
tor PS was not as sensitive as the previous early apoptosis
indicator MMP when the treatment time is short (Korper
et al., 2003; Halder et al., 2008; Guha et al., 2011). Thus, a
marked link between cytotoxic effect and subcellular accu-
mulation of adriamycin was observed, and an integrated
PK-PD model was further established.

Initially, a compartment model, Michaelis-Menten model
and logistic model were tried for PK modelling. However,
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(A) Adriamycin accumulation in isolated nuclei and mitochondria of MCF-7 and MCF-7/Adr cells. The isolated nuclei or mitochondria were
incubated with 5 uM adriamycin minus or plus 20(S)-Rh2 (1, 5, 10 uM) for 10, 20, 30 min for MCF-7 cells (a and b) or for 15, 30, 45 min for
MCEF-7/Adr cells (c and d) at room temperature, avoiding light exposure. Data are the mean = SEM of three independent experiments. *P < 0.05,
**P < 0.01 versus control. (B) Detection of intracellular P-gp expression in MCF-7 and MCF-7/Adr cells. For immunofluorescence analysis, after
washing and cell fixation, P-gp was labelled with primary antibody and TRITC-tagged secondary antibody, and then nuclei and mitochondria were
stained by Hoechst 33342 and Mito-Tracker Green, respectively. Co-localization analysis of P-gp intracellular distribution in MCF-7 cells (a) and
MCEF-7/Adr cells (b) was achieved by laser scanning confocal microscopy (400 magnification). Red, blue and green fluorescence indicates P-gp,
nuclei and mitochondria, respectively. The overlay between red fluorescence (P-gp) and blue fluorescence (nuclei)/green fluorescence (mito-
chondria) suggests a high expression of P-gp in nuclei and mitochondria of MCF-7/Adr cells. For Western blot analysis, proteins from whole cell,
nuclei lysates or mitochondrial lysates were resolved by SDS-PAGE (c) and quantified as mean = SEM of three independent experiments for relative
protein level (d).

neither the compartment model nor the Michaelis-Menten
model fitted or matched our results well. Only the logistic
model could describe the cellular pharmacokinetic behav-
iours of adriamycin in cells. This is because: (i) the amount of
adriamycin in each subcellular organelle accumulated with
time, which is a monotony course; (ii) with the decrease in
concentration differences, the net transport of adriamycin

also slowed down; and (iii) the concentration-time curves in
each subcellular organelle were characterized as sigmoid
curves. These three characteristics mentioned above are in
high accordance with a logistic model (Peleg, 1997).

The PK/PD parameters calculated mathematically
revealed the mechanisms of adriamycin resistance and the
reversal effect of 20(S)-Rh2 from a cellular pharmacokinetic

British Journal of Pharmacology (2012) 165 120-134 131
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Figure 8

Proposed cellular pharmacokinetic mechanisms of adriamycin resistance in MCF-7/Adr cells (B,C) compared to MCF-7 cells (A), and the reversal
effect of 20(S)-Rh2 in MCF-7/Adr cells (D-F). (A) Adriamycin-sensitive cells; (B) adriamycin-resistant cells, with decreased permeability; (C)
adriamycin-resistant cells, with increased transport rate constant (k;, k3) for compensation; (D) 20(S)-Rh2-treated adriamycin-resistant cells, with
inhibited P-gp in cytomembrane; (E) 20(S)-Rh2-treated adriamycin-resistant cells, with inhibited P-gp in mitochondria and nuclei membrane; (F)
20(S)-Rh2-treated adriamycin-resistant cells, redistribution of adriamycin with complete inhibition of P-gp at all levels.

view (Figure 8). The threshold value of adriamycin in each
cellular compartment (x,,) determined the content of adria-
mycin in that compartment. When the content of adriamy-
cin was beyond x,, adriamycin would flow out of the
compartment. As to the permeability parameter (P), it is an
apparent permeability, which is directly linked to the net
retention of adriamycin. In MCF-7/Adr cells, both x,, and P
were all much lower than those in MCF-7 cells, which
reflected the nature of MDR in MCF-7/Adr cells. Also, the
transport rate constant (k) of adriamycin into nuclei (k) of
MCEF-7/Adr cells was lower than that in MCF-7 cells, while it
was just the opposite for the transport rate constant of adria-
mycin in the cytosol (k;) or mitochondria (ks;). The increased
k might be compensating for the sharply decreased P in
MCEF-7/Adr cells. As the membrane structure of nuclei is dif-

132 British Journal of Pharmacology (2012) 165 120-134

ferent from that of the cytomembrane or mitochondrial
membrane, which are lipid bilayers, there might be no com-
pensation occurring at the nuclear membrane resulting in a
decreased k.. In the presence of 20(S)-Rh2, x,, and P were all
elevated except for P,. There could be a few reasons for this
increase. For one, 20(S)-Rh2 inhibits P-gp, causing more net
retention of adriamycin. Secondly, 20(S)-Rh2 interacts with
the lipid bilayer membranes, influencing the physical prop-
erties of the membrane such as membrane fluidity (Yi et al.,
2009; Jiang et al., 2010). As for the unchanged P,, this might
be linked to the uniqueness of the nuclear membrane struc-
ture. As k is related to the content of adriamycin in each
compartment, the enhanced adriamycin accumulation in
nuclei and mitochondria induced by 20(S)-Rh2 are coupled
with an augmented k, and ks;. However, in the cytosol a
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redistribution of adriamycin into other subcellular compart-
ments occurred, decreasing k;.

All the above results suggest the existence of intracellular
P-gp in MCF-7/Adr cells, so the function and expression of
subcellular P-gp was subsequently analysed. Uptake assays in
isolated nuclei and mitochondria were performed. Unexpect-
edly, 20(S)-Rh2 and verapamil decreased adriamycin accumu-
lation in isolated mitochondria of MCF-7/Adr cells
(Figure 7A), which was opposite to our results from previous
experiments. This phenomenon has also been observed in
isolated mitochondria of K562/MDR cells and cadmium-
exposed oyster gills (Munteanu et al., 2006; Ivanina and
Sokolova, 2008). Previous investigators have suggested that
mitochondrial P-gp orientates in a direction opposite to that
of cytomembrane P-gp, pumping drugs from the cytoplasm
into mitochondria thus protecting nuclear targets from adria-
mycin, which might be another possible mechanism of adria-
mycin resistance (Munteanu et al., 2006). With regard to the
different effect of the P-gp inhibitor 20(S)-Rh2 on adriamycin
accumulation between mitochondria of intact live cells and
isolated mitochondria, it may be due to 20(S)-Rh2 inhibiting
cytomembrane P-gp, which would lead to large amounts of
adriamycin entering the cells and causing mitochondria to be
exposed to more adriamycin than those in the control group.
Therefore, even if 20(S)-Rh2 inhibited the inverted P-gp in
mitochondria, the decreased level of adriamycin induced by
mitochondrial P-gp inhibition would be overwhelmed by an
increased amount of adriamycin entering the mitochondria
as a result of cytomembrane P-gp inhibition. Hence, P-gp
inhibitors would cause an increased amount of adriamycin to
be accumulated in mitochondria. Another cause of the dis-
crepancy could be differences in the concentrations of adria-
mycin between the organelles and cytosol in intact live cells.

The high subcellular expression of P-gp in the cytomem-
brane, nuclei and mitochondria of MCEF-7/Adr cells was
further confirmed by immunocytochemistry and Western
blot assays. These results linked the sequestration of adriamy-
cin away from its target mediated by P-gp and the MDR
reversal effect of 20(S)-Rh2 through P-gp inhibition. More-
over, the organic cation transporter SLC22A16 was recently
reported to induce an influx of adriamycin, which might also
cause adriamycin resistance (Ota etal., 2007; Sato etal.,
2007). The expression of SLC22A16 and its role in adriamycin
resistance in MCF-7/Adr cells is currently under investigation.

In conclusion, in the present study a key cellular pharma-
cokinetic mechanism of adriamycin resistance was identified
in MCF-7/Adr cells: P-gp, expressed in cellular/subcellular
membranes, modulates the cellular pharmacokinetic behav-
iour and pharmacological responses of adriamycin in MCF-
7/Adr cells. Meanwhile, 20(S)-Rh2 attenuates adriamycin
resistance by inhibiting P-gp. This provides a strategy for
exploring the in-depth mechanisms of MDR and effectively
evaluating the efficacy of MDR modulators.
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