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Abstract. The ATP-binding cassette subfamily B member 1
(ABCBYI) is a transporter that mediates multidrug resistance
(MDR) against chemotherapy, which leads to decreased
patient survival. To inhibit ABCBI activity in MDR cancer
cells, the authors previously designed and synthesized a
derivative from 20(S)-protopanaxadiol (PPD) PPDI2 and
verified its efficacy in ABCBI1-overexpressing cancer cells.
In the present study, the reversal effect of PPD12 on MDR
was further evaluated and its pharmacokinetics and toxicity
in vitro and in vivo were investigated. Incubation with PPD12
may significantly ameliorate the drug resistance of KB/VCR
cells in a short time and maintain its reversed MDR ability
for increasing time periods. In assays on a series of CYP450
activities, PPD12 demonstrated slight inhibition effects on the
majority of enzymes. The bioavailability of PPD12 was nearly
100% by oral administration in a mouse model. Single PPD12
oral gavage at either high doses or subchronic low doses,
was well tolerated by the mice. In addition, PPD12 at the
therapeutic dosage did not significantly increase the toxicity of
the chemotherapeutic agent Adriamycin when mice received
a combination of the two compounds. In conclusion, PPD12
represents a novel type of ABCBI inhibitor that has significant
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Introduction

Chemotherapy has contributed significantly to the development
of cancer treatment. However, it has some unpleasant features,
such as side-effects at therapeutic dosages and multidrug
resistance (MDR). As a frontline chemotherapeutic agent, the
use of Adriamycin (ADM) can never avoid these problems. To
date, researchers have found that a variety of mechanisms are
responsible for MDR, including increased drug efflux, reduced
drug intake and the induction of anti-apoptotic mechanisms.
Inefficient drug absorption is partly due to the overexpression
of adenine triphosphate (ATP)-binding cassette (ABC) trans-
porters, which can pump therapeutic agents from cancer cells.

Ginseng has been used in Asian countries for thousands of
years as an herbal medicine to prevent and treat diseases (1). Its
active ingredients, ginsenosides, have appealed to researchers
for their promising anticancer activity and low toxicity (2,3).
20(S)-protopanaxadiol (PPD) is a major gastrointestinal meta-
bolic product and possesses many pharmacological activities,
including anti-inflammatory (4), antidepressant (5) and anti-
cancer properties (6-8). However, although PPD acts as an
active ingredient and major metabolic product, the amount of
PPD in natural herbal medicine is far from meeting clinical
needs, which has limited its drug efficiency and clinical
application. We have tried to better evaluate its effectivity
and improve its industrialized production. On the basis of
the literature, the oxidation of the 24,25-double bond is the
predominant metabolic pathway of PPD (9,10). Previously, we
modified the 24,25-double bond and designed and synthesized
a series of PPD derivatives (11). Furthermore, we found that
PPDI12 could sensitize MDR cancer cells to chemotherapeutic
agents in vitro via ABC subfamily B member 1 (ABCBI),
which is an important member of the ABC family (12). The
administration of 100 mg/kg PPDI12 significantly enhanced
the inhibitory effect of ADM against a multidrug-resistant
tumor in the xenograft model.
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However, further details regarding PPD12 remain unclear.
The reverse ability of PPD12 on MDR requires further inves-
tigation. Many chemosensitizing agents have had preliminary
success but are precluded from clinical use for their toxicity
at the doses required to have a therapeutic effect. For PPD12,
we briefly explored its reversibility on MDR, but its toxicity
has not been established. Previous studies suggested that in
clinical settings, the co-administration of a ginsenoside with
other therapeutic agents might lead to ginseng drug interac-
tions (13,14). Thus, the toxicity of a single treatment of PPD12
and the role that PPD12 plays in the ADM toxicity must be
investigated. In addition to in vitro and in vivo toxicity studies,
we investigated PPD12's pharmacokinetics.

Materials and methods

Cells and regents. The human oral carcinoma cell line KB
were obtained from the American Type Culture Collection.
The KB cells was originally thought to originate from an oral
epidermal carcinoma, but has now been shown to be a HeLa
derivative (15,16) and vincristine-selected cell line KB/VCR
was subscribed by professor Lihong Hu from Shanghai
Institute of Materia Medica of Chinese Academy of Sciences.
All cell lines have been under cell line authentication service
and its result showed cell lines could be used for research.
Cells were maintained in DMEM supplemented with
10% fetal bovine serum, 100 units/ml penicillin and 100 pg/ml
streptomycin at 37°C and 5% CO,. PPD12 was synthesized by
our laboratory as previously reported (11). ADM, midazolam,
testosterone, phenacetin, bupropion, amodiaquine,
diclofenac, s-mephenytoin, dextromethorphan, Ketoconazol,
a-Naphthoflavone, Ticlopidine, Quercetin, Sulfaphenazole,
Ticlopidine, Quinidine, "*C,,"’N-acetaminophen and
d,-1'-hydroxybufuralol were purchased from Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany). Acetonitrile and
methanol [high-performance liquid chromatography (HPLC)
grade] were obtained from Thermo Fisher Scientific, Inc.
(Waltham, MA, USA). All other chemicals were of the highest
quality available. A TUNEL staining assay kit was purchased
from Wuhan Boster Biological Technology, Ltd. (Wuhan,
China).

Cell growth and survival assays. Cell viability was assessed
using the MTT assay as previously described (17). Cells were
seeded in 96-well microculture plates overnight to allow cell
attachment and then incubated with various concentrations
of PPD12 and different concentrations of chemotherapeutic
agents. Then, MTT reagent was added to each well. After
4 h of incubation, we photometrically quantified the colored
formazan products at 490 nm using a multiwell plate reader
(Bio-Rad Laboratories, Hercules, CA, USA).

Animal toxicity studies. All animal studies were performed
in accordance with the Guide for Care and Use of Laboratory
Animals (The Ministry of Science and Technology of China,
2006) and the related regulations of the Ninth People's Hospital
(Shanghai, China). Forty SPF Balb/c mice (age 4-5 weeks old)
were supplied by the Shanghai Laboratory Animal Center
(Shanghai, China) and housed under pathogen-free conditions
in the animal care facilities of the Ninth People's Hospital

WEI et al: NOVEL ABCBI INHIBITOR REVERSES MULTIDRUG RESISTANCE

affiliated with Shanghai Jiao Tong University. Half of the mice
were female, and the other half were male. The mice were
divided into four groups, with 5 females and 5 males in each
group. Weight-matched groups of mice were used. The control
group was treated with a related vehicle. The PPD12 group
was treated with PPD12 at 100 mg/kg via gavage twice weekly
for 2 weeks. The ADM group was given ADM at 20 mg/kg
through intraperitoneal injection on the 6th day from the start
of the experiment. After pretreatment with PPD12 at 100 mg/kg
twice a week for one week, the combined group received
ADM at 20 mg/kg via intraperitoneal injection on the 6th day
and continued receiving PPD12 at 100 mg/kg twice a week
for another week. This study continued for 3 weeks. Animals
were weighed every day. At the end of this experiment, mice
were euthanized for subsequent necropsy.

H&E and TUNEL assay. Animals' tissues were fixed in
4% formaldehyde, dehydrated with gradient ethanol and
embedded in paraffin. The tissue sections (4 ym) were dewaxed
and rehydrated per a standard protocol. For histological
analysis, the sections were stained with hematoxylin and eosin.
Once cell got damaged, cells became edematous and deformed
and finally got necrosis with its structure disorganized and
nuclear fragmentation. And at least 3 tissue samples and
5 fields of view were analyzed to determine the cell damages
in each experimental group. H&E assay could partly indicate
cell damage but the damaged cells need a specific staining.
So we performed TUNEL assay which can specifically
distinguish apoptotic cells. For the TUNEL assay, an in situ
apoptosis detection kit (Wuhan Boster Biological Technology,
Ltd.) was used to detect apoptotic cells in heart tissues. The
positive cells were identified, counted (three random fields per
slide) and analyzed through ECLIPSE 80i light microscopy
(Nikon, Tokyo, Japan).

Pharmacokinetic study. The protocol utilized is based on a
previous report (18). PPD12 was administered as a single
dose of 10 mg/kg by tail vein injection or oral gavage into
adult male SD rats. At predose and at 0.083, 0.25,0.5, 1,2, 4,
8, and 24 h post-dose, blood was collected from three male
rats and immediately processed for plasma by centrifugation
for 10 min at 3,000 x g. The resulting plasma was frozen on
dry ice, and the samples were stored at -80°C until analysis.
Proper measures were taken to minimize any pain and
discomfort the rats experienced. All experimental procedures
were performed in accordance with the National Institutes
of Health Guide for Care and Use of Laboratory Animals
(revised 2006). The experiments were performed in compli-
ance with ethical regulations, and the institute's committee
approved the protocols. For mouse plasma sample analysis of
PPDI12, a 0.1-ml aliquot of plasma sample was treated with
0.3 ml of methanol containing 250 nM internal standard (IS)
for direct deproteinization. After vortex mixing for 1 min and
centrifuging for 5 min at 10,000 x g, 0.2 ml of supernatant
was transferred to a sample vial, and 5 pl of the sample was
injected onto the LC/MS/MS. The LC was performed on an
Agilent 1200 HPLC system (Agilent Technologies, Inc., Santa
Clara, CA, USA), and separation was performed at 30°C using
an Xterra column (2.1x50 mm, 3.5 ym; Waters Corporation,
Milford, MA, USA).
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Figure 1. PPD12 ameliorates drug resistance against ADM in KB/VCR cell lines in a time-dependent manner. The KB cell line was treated with ADM and
different concentrations of PPD12 for (A) 24, (B) 48, (C) 72 and (D) 96 h. The KB/VCR cell line was treated with ADM and different concentrations of PPD12
for (E) 24, (F) 48, (G) 72 and (H) 96 h. Cell viability was assayed using MTT. ADM, adriamycin; PPD12, 20(S)-protopanaxadiol derivative.

Inhibitory effects of PPDI2 on seven major CYP activities
in human liver microsomes. The inhibitory potencies (ICs,
values) of PPD12 on CYP3A4, CYP1A2, CYP2C8, CYP2C9,
CYP2C19, CYP2B6 and CYP2D6 activities were evaluated
in pooled human liver microsomes using a cocktail of seven
CYP substrates and liquid chromatography-tandem mass
spectrometry (LC-MS/MS). The incubation mixtures consisted
of pooled human liver microsomes (0.1 mg/ml), 1.3 mM NADPH,
3.3 mM MgCl2, various concentrations of PPD12 or selective
inhibitors in dimethyl sulfoxide (DMSO; final concentrations
of PPDI12 of 0.1-33 uM; DMSO <1% v/v) and a cocktail of eight
CYP probe substrates, as described previously (19). The CYP
substrates were used at concentrations approximating their
respective K, values: 5 yuM Midazolam, 120 yM testosterone,
50 uM Phenacetin, 50 uM Bupropion, 5 uM Amodiaquine, 7 yM
Diclofenac, 40 uM S-Mephenytoin, or 7 M Dextromethorphan.
After a 3-min preincubation at 37°C, the reactions were initiated
by the addition of NADPH; incubation proceeded for 15 min
at 37°C in a shaking water bath. The reaction was stopped by
placing the tubes on ice and adding 100 p1 of ice-cold methanol
containing IS (**C,, "N-acetaminophen for acetaminophen
and desethylamodiaquine, dy-1'-hydroxybufuralol for
4'-hydroxydiclofenac, 4'-hydroxy-mephenytoin and
1'-hydroxymidazolam). The incubation mixtures were then
centrifuged (13,000 rpm for 4 min at 4°C). All assays were
performed in triplicate, and the mean values were used in
subsequent calculations.

The metabolites formed from the seven substrates were
simultaneously quantified using our previously described
LC-MS/MS method. To this end, we employed a tandem mass
spectrometer (TSQ Quantum Access; Thermo Fisher Scientific,
Inc.) coupled to a Nanospace SI-2 LCsystem (Shiseido, Tokyo,
Japan). The column and auto sampler temperatures were 50°C
and 6°C, respectively. The mass spectrometer was equipped with
an electrospray ionization (ESI) source and operated in positive

ion mode. The ESI source settings for metabolite ionization were
as follows: Capillary voltage, 4200 V; vaporizer temperature,
350°C; Capillary temperature, 330°C; sheath gas pressure, 35 psi;
and auxiliary gas pressure, 15 psi. Quantification was performed
by selected reaction monitoring (SRM) of the [M+H]+ion and
the related product ion for each metabolite: Acetaminophen,
152.1>110.3; N-desethylamodiaquine, 328.1>283.0;
7-hydroxycoumarin, 163.0>107.2; 4'-hydroxydiclofenac,
312.0>231.1; 4-hydroxy-mephenytoin, 235.1>150.1; 1'-hydroxy-
bufuralol, 278.1>186.1, 1'-hydroxymidazolam, 341.9>324.0;
13C2-15N-acetaminophen 155.1>111.2; and d9-1'-hydroxybu-
furalol, 287.2>187.0. Analytical data were processed using the
Xcalibur® software (Thermo Fischer Scientific, Inc.).

Statistical analysis. Data are presented as the mean + standard
error of the mean. The body weight data and percentage of
apoptotic cells were analyzed using one-way analysis of variance
(ANOVA) followed by Dunnett's post hoc test. The IC, data
were analyzed using an unpaired t-test. Statistical analyses were
performed with GraphPad Prism, and P<0.05 was considered
to indicate a statistically significant difference. Plasma
concentration data were used to calculate the PK parameters
by a noncompartmental iv.-bolus input model (WinNonlin 5.0;
Pharsight Corporation, Mountain View, CA, USA).

Results

Effect of PPDI2 on reversing drug resistance in KB/VCR cells
with increasing time. PPD12 has been evaluated for its ability
to reverse MDR in several cell lines in a dose-dependent
manner (20). To better investigate the relationship between the
anti-MDR ability and the duration of drug action, KB/VCR
and its parent cell line KB were incubated with ADM alone or
in combination with 2.5 uM PPDI2 for different durations of
time (24,48, 72 and 96 h) (Fig. 1). Indeed, KB/VCR cells had a
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Table I. Effect of PPD12 on ADM-MDR reversal in KB/VCR and KB cells.

IC5,+ SD (uM)* (fold reversal®)

Compound Incubation time KB KB/VCR

ADM 24 h 2.3830+0.0304 (1.00) 150.900+0.2891 (1.00)
48 h 0.3898+0.0373 (1.00) 4.782+0.0476 (1.00)
72 h 0.0713+0.0510 (1.00) 1.521+0.0492 (1.00)
96 h 0.0351+0.0736 (1.00) 1.193+0.0540 (1.00)

ADM+2.5 uM PPD12 24 h 2.0640+0.0242 (1.15)¢ 8.4310+0.0265 (17.90)"
48 h 0.5732+0.0265 (0.68) 0.7795+0.0213 (6.13)°
72h 0.1493+0.0321 (0.48) 0.2292+0.0328 (6.64)¢
96 h 0.0968+0.0241 (0.36) 0.0692+0.0550 (17.24)¢

1[Cso% SD (uM) values are represented as the mean = SD of three independent experiments performed in triplicate. "The fold reversal of MDR
was calculated by dividing the ICs, of cells with ADM and PPD12 by that with ADM alone. °P<0.05, P<0.01, °P<0.001 and 'P<0.0001 vs. the
ADM group at the same time point. ADM, adriamycin; PPD12, 20(S)-protopanaxadiol derivative; SD, standard deviation.

higher tolerance of ADM than did KB cells. For KB cells, the
ADM dosage-effect curve was close to the PPD co-treatment
curves. In addition, in the first 24 h, the absence of PPDI12
could significantly sensitize KB to ADM. However, for incu-
bations of longer duration, this type of sensitivity did not exist.

In contrast to the KB's response, KB/VCR cells were much
more vulnerable to co-treatment with PPD12 and ADM. A
summary of the ICs, values is shown in Table I. As the incu-
bation time increased, the ICs, values of KB cells to ADM
treatment ranged from 2.383 to 0.0351 xM, whereas the ICy,
values of KB cells to the combination of ADM and PPD12
varied from 2.064 to 0.0968 M. In contrast to the response
observed in KB cells, within 24 h of incubation, the addition
of PPD12 sharply decreased the 1Cs, value of KB/VCR cells
to ADM treatment from 150.9 to 8.431 yM, which is nearly
an 18-fold reversal. After 48, 72, and 96 h of incubation, the
IC;, values of KB/VCR to ADM decreased from 4.782 to
1.193 uM, and those of KB/VCR to the combination of ADM
and PPD12 were all less than 1 xM; they were all near the
values of the KB cells to ADM alone or the combination of
ADM and PPDI12. PPD12 helped ADM agents reach a satisfac-
tory anti-MDR activity level within a short period of time and
keep its effectiveness in the long term.

Pharmacokinetic interactions of PPDI2 with CYP450 in
human liver microsomes. It is postulated that most metabolic
drug interactions can be attributed to inhibition or induction
of the drug-metabolizing cytochrome P450 (CYP or P450)
enzymes (21). However, ginseng and its extract seem to have
different impacts on CYP, and the effect that PPD12 has on
CYP450 is unknown. To evaluate the influence of PPDI2 on
the CPY450 enzymes, their activities were examined with
pooled human liver microsomes, and selective inhibitors were
used as a positive control. For the selective inhibitors, the ICs,
values were all less than 0.01 M. For PPD12, the values had
a wide range. PPD12 potently inhibited CYP2B6-catalyzed
bupropion hydroxylation and CYP3A4-catalyzed midazolam
1'-hydroxylation, with ICs, values of 2.21 and 1.03 uM,
respectively (Table II). PPD12 moderately inhibited

CYP3A4-mediated testosterone 6-B-hydroxylation and
CYP2C8-mediated amodiaquine N-deethylation with ICs,
values of 8.43 and 9.57 uM, respectively. PPD12 weakly
inhibited CYP2C19-catalyzed s-mephenytoin4'-hydroxylation
and CYP2D6-catalyzed dextromethor phandextrorphan, with
IC,, values of 15.04 and 11.85 uM, respectively. At 33 uM,
PPDI12 produced a negligible inhibition of CYP1A2-mediated
phenacetin 0O-deethylation and CYP2C9-mediated
diclofenac4'-hydroxylation.

Plots of the plasma concentrations vs. time of PPD12
after oral and i.v. administration to male SD rats are shown
in Fig. 2. For intravenous (i.v.) administration, the plasma
concentration of PPD12 rapidly declined within the first
2 h but then was maintained at a high level, followed by a
gradual linear decrease. The oral absolute bioavailability was
114.41+22.24%.

Evaluation of the toxicity of PPDI2 in mice. To determine
the maximum tolerant dosage of a single PPD12 treatment in
the mice, we administered a high dosage of 1 g/kg PPDI12
to Balb/c mice. Interestingly, we did not observe any lethal
effects, even at such a high level, which suggests that a
severe and high-dosage treatment of PPDI12 is well tolerated
by and non-toxic to animals. After a chronic, low-dosage
and long-term administration of PPD12 at 100 mg/kg for
3 weeks, we found that PPD12 did not markedly reduce the
body weight in either female or male mice compared with
the control group, as shown in Fig. 3. Similarly, compared
with the control group, PPD12 incurred either no damage or,
at most, an acceptable amount of damage to organs such as
the heart, kidney, spleen and others that are not shown in this
paper (Figs. 4 and 5).

These results all suggested that PPD12 exhibits low toxicity
with either short- or long-term administration.

Evaluation of the combination treatment of PPDI2 and ADM
in mice. To further evaluate the role that PPD12 plays in ADM
toxicity, we used the same method used for the single PPD12
treatment. Mice received ADM or a combination of ADM and
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Table II. Inhibitory effect of PPD12 on major CYP metabolic activities in human liver microsomes.
1Csy (#M)
CYP enzyme Catalysis Inhibitor Inhibitor PPD12
3A4 Midazolam 1'-hydroxylation Ketoconazole 0.0040 1.03
3A4 Testosterone 6-f3-hydroxylation Ketoconazole 0.0154 843
1A2 Phenacetin 0-deethylation a-Naphthoflavone 0.0168 >33
2B6 Bupropion hydroxylation Ticlopidine 0.0823 221
2C8 Amodiaquine N-deethylation Quercetin 0.7319 9.57
2C9 Diclofenac4'-hydroxylation Sulfaphenazole 0.0856 >33
2C19 S-mephenytoin4'-hydroxylation Ticlopidine 0.5120 15.04
2D6 Dextromethorphandextrorphan Quinidine 0.0235 11.85
PPD12, 20(S)-protopanaxadiol derivative; CYP, cytochrome P450.
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Figure 2. Plasma concentration vs. time profiles of PPD12 following its oral and i.v. administration in male SD rats. (A) Three SD rats received 10 mg/kg PPD12
viaiv.administration. (B) Three SD rats received 10 mg/kg PPD12 via oral administration. i.v.,intravenous; SD, Sprague-Dawley; PPD12,20(S)-protopanaxadiol
derivative; PO, oral administration.
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Figure 3. Changes in body weight following treatment with PPD12 or a placebo in combination with ADM in Balb/c mice. (A) For female Balb/c mice, the
PPDI12 and the combination group received 100 mg/kg PPD12 via oral administration twice a week for two weeks, while the ADM and combination group
received a single treatment of ADM at 20 mg/kg i.p. on the 6th day. (B) The male Balb/c mice received the same treatment as the females. N.S., no significant
difference; PPD12, 20(S)-protopanaxadiol derivative; ADM, adriamycin.

PPDI12, and the body weight, morphology of different tissues
and apoptosis were examined. As shown in Fig. 3A, for female
mice, a significant reduction in body weight was observed
in both the ADM group and the ADM plus PPDI12 group
compared to the control group. However, neither the female

nor the male mice exhibited significant evaluated body weight
loss when the combination group was compared to the ADM
alone group.

For tissue observations, we first observed the morphological
changes in the hearts. We found that in the ADM group, the


https://www.spandidos-publications.com/10.3892/ol.2018.9338
https://www.spandidos-publications.com/10.3892/ol.2018.9338
https://www.spandidos-publications.com/10.3892/ol.2018.9338

5896 WEI et al: NOVEL ABCBI INHIBITOR REVERSES MULTIDRUG RESISTANCE

Male Control PPD12 ADM Combination

Figure 4. Hematoxylin and eosin staining assay for PPD12 alone or combined with ADM in male Balb/c mice tissues. PPD12 does not cause toxicity in the heart,
kidney and spleen. Arrows indicate damaged heart cells and the asterisk labels the tube cast. PPD12, 20(S)-protopanaxadiol derivative; ADM, adriamycin.

Female Control _ PP12 _ _ ADM ) Combinaton

Spleen
(x100)

Figure 5. Hematoxylin and eosin staining assay for PPD12 alone or combined with ADM in female Balb/c mice tissues. PPD12 does not cause toxicity in the
heart, kidney and spleen. Arrows indicate damaged heart cells. PPD12, 20(S)-protopanaxadiol derivative; ADM, adriamycin.

interstitial tissue was widened, and some myocardial cells  these damages were slightly reduced by the combination of
became edematous, with pale red H&E staining. Moreover, ~PPDI12 and ADM. Furthermore, it seemed that PPD12 could
with ADM alone, much more obvious necrosis was observed  reverse the cardiac toxicity of the female group to a level
in the treated female mice than in the male mice. However, similar to that of the male group.
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Figure 6. (A) TUNEL staining assay of heart tissues within the single groups of ADM and PPD12 or in the combination group of PPD12 and ADM in male and
female Balb/c mice. Those with the nucleus stained brownish yellow are apoptotic cells. Magnification, x100. (B) Percentage of apoptotic cells in female and

ok

male mice.

We next focused on the kidney. In the ADM group, kidney
epithelial cells were enlarged, and the cytoplasm was loose
and contained vacuoles, and some of it was even necrotic. In
contrast to the hearts of female and male mice, ADM did more
damage to the kidneys of the male group, and a hyaline cast
was much more common in male mice than in female mice.
Nevertheless, co-treatment with PPD12 and ADM visibly
reversed ADM's toxicity on the kidney PPD12, especially in
the male group.

The spleen was also examined in this study. Whereas ADM
alone treatment severely shrank the splenic nodule, narrowed
the medullary cord and dilated and congested the splenic
sinus, many types of lesser damage were observed following
co-treatment with PPD12 and ADM, such as a larger spleen
nodule.

To better distinguish damaged cells, we also performed
specific staining to evaluate apoptosis. Cardio toxicity was
the most common and serve adverse effect of ADM so the
apoptosis in heart was analyzed. In the TUNEL assay of heart
tissues (Fig. 6), there was no obvious difference in apoptotic
cells between the control and PPD12 group but a significant
increase in apoptosis in the single ADM group. The toxicity
of PPD12 was well tolerated compared to ADM. Similar to
the results of body weight loss, there was a significant increase
in apoptotic cells in the combined and single ADM group
compared to the control group. In addition, there was no
obvious difference between the combination group and ADM

group.

P<0.0001. N.S., no significant difference; PPD12, 20(S)-protopanaxadiol derivative; ADM, adriamycin.

Discussion

ADMisanordinary chemotherapy agent,butsome treatments that
use it result in failure. The MDR is one of the main causes respon-
sible for such failures (22). Although targeting special molecules
responsible for MDR, many clinical trials do not reach the third
stage because the agents cannot reach a satisfactory effect at
clinically tolerant doses.

Traditional herbal medicine, such as ginsenosides,
have recently been gaining more attention for their natural
constituents, biological activities and low toxicity (23). Among
these ginsenosides, 20(S)-PPD is the main ingredient respon-
sible for anti-neoplastic effects (24) and is the final active
metabolite (25). To better improve its effectiveness, based
on a structure analysis, we designed and synthesized PPD
derivates and found that PPD12 is a prominent candidate. In
a previous study, we demonstrated that PPD12 could sensitize
multidrug-resistant cancer cells to chemotherapeutic agents
in vitro and in vivo and that it worked to reverse MDR partly
by inhibiting ABCBI activity.

In the present study, we further found that PPD12 did not
obviously alter the effect of ADM in KB cells. However, for
the MDR cell line KB/VCR, PPDI12 apparently strengthened
the anticancer activity of ADM, reversed MDR at early time
points and could maintain or even enhance this effect with
increasing time. After 24 h of incubation, the addition of
PPD12 to ADM achieved nearly an 18-fold reversal of MDR
and attained a noteworthy decrease in cell viability. These
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findings all suggest the perfect anticancer and anti-MDR
qualities of PPD12.

It is postulated that most metabolic drug-drug interactions
can induce an inhibition or drug-metabolization of CYP450
enzymes (21) and that the inhibition of P450 s by ginsenosides
can be attributed to ginseng-drug interactions (26). Different
ginsenosides or ginsenoside extracts have different impacts on
CYP450. In assays on a series of CYP450 activities, the IC,
values for PPD12 were significantly higher than those of the
positive selective inhibitors that were used as positive controls;
furthermore, PPD12 showed slight inhibition of the activities
of CYP450 enzymes. PPD12 was also determined to be well
absorbed in the mouse model, and the bioavailability of PPD12
was nearly 100% by oral administration.

We next evaluated the maximum tolerant dosage in the
PPDI12 alone treatment group. The results demonstrated that
PPDI12 was well tolerated in the mice tested, even in the 1 g/kg
treatment group. A chronic low-dose treatment of PPD12 also
did not show any obvious influence on body weight, tissue
morphology and apoptosis.

Furthermore, an additional treatment with PPD12 did
not increase the toxicity of the chemotherapy drug ADM
but did partly decrease the damage incurred by ADM.
Interestingly, the PPD12-reduced kidney toxicity of ADM
was more obvious in male mice than in female mice, whereas
the PPD12-reduced cardio-toxicity of ADM, as shown by the
contrast phenomenon, was more significant in female mice,
in agreement with previous studies. Lipshultz et al stated that
ADM cardiac toxicity was more severe in female patients than
in male patients (27). Further, ADM cardiac toxicity occurred
more readily in females than in males (28-30). In our studies,
the cardiac toxicity of ADM was more serious in female mice.
Sakemi et al reported that ADM treatment induced more
massive nephropathy in male rats compared with female rats
and that castration significantly reduced the nephropathy to
an extent equal to the levels observed in female rats (31). In
addition, H&E staining showed that the damage in the kidney
was more serious in male mice. Although the damage of ADM
differed in the heart and kidney of the different sexes, the
morphological modifications in the heart and kidney of the
combination group remained at a similar level in both female
and male mice. The toxicity of ADM alone had a wide range
in female and male mice, which may have been due to sex
hormones. This range could be reversed by the additional
administration of PPD12. Based on the literature, ginsenosides
share a backbone similar to estrogen hormones, and some have
even been shown to bind to hormone receptors (32-35). Studies
confirmed that melatonin could kill breast cancer cells,
reduce cellular damage and mitochondrial degeneration of
epirubicin and protect the integrity of the subcellular structure
in doxorubicin-treated hearts via an estrogen signaling
pathway (27). Therefore, PPDI12 possibly helped to reduce the
adverse effect of ADM because of the special structure shared
by PPD12 and estrogen.

In conclusion, PPD12 was able to achieve and maintain
satisfactory ADM-MDR reversal. PPD12 also exhibited low
toxicity and high bioactivity and did not further increase the
toxicity of ADM treatment. PPD12 is a promising candidate to
help overcome MDR in cancer chemotherapy and is suitable
for further clinical trials in tumor patients.
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