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Is the combinational administration of doxorubicin and
glutathione a reasonable proposal?

Bo-yu Shen', Chong Chen', Yang-fan Xu', Jia-jia Shen’, Hui-min Guo', Hao-feng Li, Xi-nuo Li', Dian Kang', Yu-hao Shao',
Zhang-pei Zhu', Xiao-xi Yin', Lin Xie', Guang-ji Wang' and Yan Liang'

The combinational administration of antioxidants and chemotherapeutic agents during conventional cancer treatment is among
one of the most controversial areas in oncology. Although the data on the combinational usage of doxorubicin (DOX) and
glutathione (GSH) agents have been explored for over 20 years, the duration, administration route, and authentic rationality have
not yet been fully understood yet. In the current study, we systematically investigated the pharmacokinetics (PK) and
pharmacodynamics (PD) with both in vivo and in vitro models to elucidate the influence of GSH on the toxicity and efficacy of DOX.
We first studied the cardioprotective and hepatoprotective effects of GSH in Balb/c mice, H9c2, and HL7702 cells. We showed that
coadministration of exogenous GSH (5, 50, and 500 mg/kg per day, intragastric) significantly attenuated DOX-induced cardiotoxicity
and hepatotoxicity by increasing intracellular GSH levels, whereas the elevated GSH concentrations did not affect the exposure of
DOX in mouse heart and liver. From PK and PD perspectives, then the influences of GSH on the chemotherapeutic efficacy of DOX
were investigated in xenografted nude mice and cancer cell models, including MCF-7, HepG2, and Caco-2 cells, which revealed that
administration of exogenous GSH dose-dependently attenuated the anticancer efficacy of DOX in vivo and in vitro, although the
elevated GSH levels neither influenced the concentration of DOX in tumors in vivo, nor the uptake of DOX in MCF-7 tumor cells
in vitro. Based on the results we suggest that the combined administration of GSH and DOX should be contraindicated during

chemotherapy unless DOX has caused serious hepatotoxicity and cardiotoxicity.
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INTRODUCTION

Chemotherapy agents typically exert antitumor activity by
producing reactive oxygen species (ROS) or free radicals.
Unfortunately, these ROS are also responsible for serious side
effects. A few antioxidant supplements, including melatonin, N-
acetylcysteine (NAQ), vitamin E, glutathione (GSH), 3-carotene, and
vitamin C, prevent oxidative damage caused by chemotherapy
agents by combining free radicals and reducing ROS levels in
organs [1, 2]. Ascorbic acid, a familiar antioxidant, has been shown
to enhance the apoptotic effect of arsenic trioxide in acute
myeloid leukemia (AML) [2, 3]. Decades ago, nearly 70% of cancer
patients took antioxidant supplements in combination with
conventional chemotherapy [4]. However, the effects of antiox-
idant supplements on the efficacy of chemotherapeutic drugs
remain unknown [5-7]. On the one hand, the use of antioxidant
supplements during chemotherapy has been considered to
counteract the actions of chemotherapeutic agents and subse-
quently decrease their antitumor activities [8]. On the other hand,
antioxidant supplements have been considered useful because
they allow patients to tolerate chemotherapy by alleviating toxic
side effects, decrease multidrug resistance (MDR), and occasionally
enhance chemotherapeutic drug efficacy [9-12].

Doxorubicin (DOX), an anthracycline anticancer drug, is widely
used as a single agent or in combination with other cytotoxic
drugs for the treatment of a variety of tumors, including lung,
ovary, stomach, thyroid, bile ducts, esophagus, liver, and breast
cancers, as well as osteosarcomas, soft-tissue sarcomas, and
pediatric cancers [13, 14]. However, the clinical use of DOX is
severely limited due to dose-related adverse reactions and MDR
after long-term treatment [15]. Cardiotoxicity or even congestive
heart failure have been reported in the most serious cases of DOX-
induced toxicity [16]. Increasing evidence has shown that patients
suffer from liver injury with high-dose DOX treatments [17, 18].
ROS generation is viewed as one of the main mechanisms of
anthracycline cytotoxicity. To counteract the harmful conse-
quences of ROS generation, several types of pharmacologic
agents, including antioxidants, hematopoietic cytokines, and
iron-chelating agents, were used in conjunction with DOX during
the course of treatment [18-20]. For example, oral supplementa-
tion with taurine zinc was found to attenuate DOX-induced
hepatotoxicity and cardiotoxicity by elevating GSH biosynthesis,
increasing superoxide dismutase activity, and attenuating mal-
onaldehyde accumulation [21]. Thus, antioxidants may help
minimize the toxic side effects of DOX.
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GSH, a common endogenous antioxidant, plays a crucial role
in protecting cells from oxidative damage [22, 23]. More than 25
years ago, GSH was used to improve the safety of DOX in
clinical use. For example, a conjugate of DOX and GSH was
found to play an important role in the induction of apoptosis by
inhibiting glutathione S-transferase (GST) activity of rat hepa-
toma AH66 cells [24]. Current evidence has suggested that NAC,
the source material for the synthesis of GSH, could reverse DOX-
induced MDR by downregulating the over-expression of P-
glycoprotein caused by DOX [25]. However, much debate
surrounding the use of antioxidants in cancer therapy has
risen because antioxidants may weaken the cytotoxicity of DOX
on tumor cells [7, 8, 26]. However, DOX kills cancer cells
through multiple pathways, including via ceramide and ROS,
free radical generation, cell membrane damage, and DNA
cleavage by interacting with topoisomerase Il [27]. Thus, the
rationality for combining GSH and DOX has not been clear until
now.

To gain a more robust understanding of the role that GSH plays
in DOX-based chemotherapy, we investigated the dose-
dependent effects of GSH on the toxicity and efficacy of DOX
from the pharmacokinetic and pharmacodynamic perspectives on
both in vivo and in vitro models. The results demonstrated that
exogenous GSH contributes to the prevention of acute myocardial
and hepatic toxicity of DOX. However, exogenous GSH signifi-
cantly attenuated the efficacy of DOX in a dose-dependent
manner. Based on our findings, the combined use of DOX and
GSH provides certain advantages and disadvantages. GSH should
be exploited to attenuate DOX toxicity and prevented from
counteracting DOX activity in clinical applications.

MATERIALS AND METHODS

Materials

DOX, Tris, L-serine, boric acid, and acivicin were purchased from
Sigma-Aldrich (St. Louis, MO, USA). NAC was purchased from Jindu
Co., Ltd (Shanghai, China). GSH (Lot. No. B141015) was kindly
supplied by Kunming Jida Pharmaceutical Co., Ltd (Kunming,
Yunnan, China). Captopril (CAP) and N-ethylmaleimide (NEM)
standards were purchased from Sigma-Aldrich Corporation (St.
Louis, MO, USA). Deionized water was prepared by a Milli-Q
system (Millipore Corporation, Billerica, MA, USA).

Animals

All animal experiments were approved by the Ethical Committee
of Animal Experiments of China Pharmaceutical University. BALB/c
nude mice (5 weeks old, weighing 18-20 g) were purchased from
Vital River Laboratory Animal Technology Co., Ltd (Beijing, China).
All animals were housed in an environmentally controlled
breeding room (temperature: 20-24 °C, humidity: 40-70%, 12-h
dark/light cycle). They were fed with a standard laboratory mouse
diet and provided with water. Prior to each experiment, all mice
were fasted for 12 h with free access to water. Ethical procedures
were conducted following the principles of reduction, replace-
ment, and refinement (i.e., the 3R’s rule).

The antitumor effects of combined therapy against a solid
tumor model were assessed using male BALB/c nude mice. The
mice were subcutaneously injected with 0.2mL of S180 cell
suspension (1 x 107 cells) at the left axilla. Tumor-bearing mice
were used when the volume of tumors reached 100-200 mm?.
Tumor sizes and body weights were measured every 3 days during
the experiment.

Cell culture

Rat cardiac myocytes (H9¢2), human colon carcinoma cells (Caco-2),
and human hepatocellular carcinoma cells (HepG2) were purchased
from American Type Culture Collection (ATCC, Rockville, MD, USA),
and cultured in Dulbecco’s modified Eagle’s medium containing
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10% fetal bovine serum (FBS), penicillin (100 U/mL), and streptomy-
cin (100 U/mL) at 37 °C with 5% CO,.

Human breast cancer cells (MCF-7) and human hepatocyte cells
(HL7702) were obtained from the Institute of Hematology and
Blood Diseases Hospital (Tianjin, China), and cultured in RPMI-1640
medium supplemented with 10% FBS, 100 U/mL of penicillin, and
100 U/mL of streptomycin at 37 °C with 5% CO,.

Cardioprotective and hepatoprotective effects of GSH in Balb/c
mice

The in vivo cardioprotective and hepatoprotective effects of GSH
were evaluated using male Balb/c mice. The mice were weighed
and randomly divided into seven groups with six animals each
and treated as follows: Group 1: control group, intragastric (i.g.)
administration of saline (0.1 mL/10g per day) + intraperitoneal
(i.p.) administration of saline (every other day); Group 2: model
group, i.g. administration of saline (0.1 mL/10g per day) +i.p.
administration of DOX (2 mg/kg, every other day); Group 3: low-
dose group, i.g. administration of GSH (5mg/kg per day) + i.p.
administration of DOX (2mg/kg, every other day); Group 4:
medium-dose group, ig. administration of GSH (50 mg/kg
per day) + i.p. administration of DOX (2 mg/kg, every other day);
Group 5: high-dose group, i.g. administration of GSH (500 mg/kg
per day) + i.p. administration of DOX (2 mg/kg, every other day);
Group 6: taurine (positive agent for cardioprotection) group, i.g.
administration of taurine (100 mg/kg per day) + i.p. administration
of DOX (2 mg/kg, every other day); Group 7: silymarin (positive
agent for hepatoprotection) group, i.g. administration of silymarin
(100 mg/kg per day) + i.p. administration of DOX (2 mg/kg, every
other day).

The treatment lasted for 2 weeks. DOX was injected i.p. into
the mice in groups 2-7 every other day from days 1 to 15 until the
total cumulative dosage reached 16 mg/kg, while the mice in the
control group were treated with an equal volume of saline. All
mice were weighed every day to adjust the gavage volume. On
the 15th day, the mice were weighed and killed 2 h after DOX
administration.

Echocardiographical analysis of cardiac function of Balb/c mice

After the final treatment on the 15th day, the mice were fasted
overnight, and then anesthetized with 2% isoflurane delivered via
a nose cone. For the analysis of cardiac function, echocardio-
graphy was performed using a Vevo 770 system (VisualSonics,
Toronto, Canada). The mouse heart was first imaged in B-mode in
the parasternal long-axis view to examine the left ventricle (LV). To
acquire accurate measurements of cardiac dimensions, M-mode
images were obtained from long-axis and short-axis B-mode
images by placing the M-mode sample gate perpendicular to the
interventricular septum and LV walls at the level of papillary
muscles. All M-mode measurements were performed during end-
diastole (—d) and end-systole (—s) according to the leading-edge
method of the American Society of Echocardiography. The LV
structural parameters measured from the short-axis view in M-
mode were used in the calculation of LV ejection fraction (LVEF).

Preparation of mouse blood, heart, and liver samples

Mouse blood, and heart and liver samples were collected after the
echocardiographical analysis. Blood from the carotid aorta was
collected into heparin-free tubes. The serum was separated by
centrifugation at 2200 x g for 10 min at 4°C and subsequently
stored at —20 °C before use. After blood collection, the mice were
sacrificed by cervical dislocation under anesthesia. The heart and
liver were immediately excised and washed with ice-cooled saline.
All specimens were stored at —80 °C until analysis.

Measurement of brain natriuretic peptide

Mouse serum was collected to determine the concentration of
brain natriuretic peptide (BNP) using an ELISA Kit (Invitrogen,
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Carlsbad, CA, USA) according to the manufacturer's instructions.
The optical density of the final product was measured at 450 nm
by a SynergyMx MBalb/coplate Reader (Biotek, USA).

Biochemical assays

The activities of serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) were measured by commercial
kits purchased from Nanjing lJiancheng Bioengineering, Inc.
(Nanjing, Jiangsu, China) strictly according to the manufacturer's
instructions.

Antitumor effect of GSH in xenografted nude mice

The antitumor effects of combined therapy against a solid tumor
model were assessed on xenografted nude mice. All xenografted
mice were randomly assigned to five groups when the average
tumor volume reached 100 mm?* (n =5 in each group): Group 1:
control group, i.g. administration of saline (0.1 mL/10 g per day) +
i.p. administration of saline (every other day); Group 2: model
group, i.g. administration of saline (0.1 mL/10g per day) +i.p.
administration of DOX (2 mg/kg from days 1 to 7, every other day);
Group 3: low-dose group, i.g. administration of GSH (5 mg/kg
per day from days 1 to 7) + i.p. administration of DOX (2 mg/kg
from days 1 to 7, every other day); Group 4: medium-dose group, i.
g. administration of GSH (5 mg/kg per day from days 1 to 7) +i.p.
administration of DOX (2 mg/kg from days 1 to 7, every other day);
Group 5: high-dose group, i.g. administration of GSH (5 mg/kg
per day from days 1 to 7) + i.p. administration of DOX (2 mg/kg
from days 1 to 7, every other day).

The tumor volume was measured every day by Vernier caliper
to evaluate relative tumor growth ratio. All mice were executed
and tumors were harvested. The samples were analyzed for tumor
volume, relative tumor growth ratio, tumor inhibition ratio, DOX
concentrations, and GSH concentrations in the tumor.

Cell growth inhibition assay

H9C2, HL7702, MCF-7, HepG2, and Caco-2 cells were seeded in 96-
well plates. When 90% confluent, the cells were incubated with 2
UM of DOX pretreated with control medium or NAC (10 uM) for 2
h. Cell viability and proliferation were determined using CCK-8
assays. The assays were performed in five replicate wells and three
parallel experiments for each sample.

Cell apoptosis assay

Apoptosis was measured by flow cytometry via dual Annexin V-
FITC/DAPI staining of MCF-7 cells. For the apoptosis assay, MCF-7
cells were seeded in 6-well plates. At approximately 90%
confluence, the cells were pretreated with or without NAC for 2
h and then harvested after a 24 h treatment with DOX (2 uM). Cell
apoptosis assays were performed using Annexin V/DAPI iodide
detection kits (Keygene, Nanjing, China) according to the
manufacturer's instructions.

Cell migration assay

MCF-7 cells were seeded in 6-well plates. An artificial scratch
“wound” was created with a 10-uL pipette tip on confluent cell
monolayers. Cells pretreated with or without NAC (5mM) in
serum-free medium for 2 h were treated with DOX (2 uM) for 24 h.
Disruption recovery was observed at 0, 12, and 24h. Each
experiment was performed in triplicate at least three times.

Quantitative analysis of DOX using the LC-MS/MS system

First, mouse heart and liver tissues (~0.1 g) were homogenized in
0.5 mL of H,O and protein-precipitated using a 5-fold volume of
methanol (containing 100 ng/mL azithromycin as an internal
standard). Then, the samples were centrifuged at 30,000 x g for 10
min at 4 °C. The supernatant was injected into a Finnigan TSQ LC-
MS/MS (liquid chromatography with tandem mass spectrometry)
system (Thermo Electron, San Jose, CA, USA). A chromatographic
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separation was performed on a Luna C;g column (150 X 2.0 mm?,
5mm) (Phenomenex, Lake Forest, CA, USA). The mobile phase
consisted of solvent A (water containing 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—8min, 20% B. The flow rate was 0.2mL/min. The MS
parameters were as follows: spray voltage was 4.8 kV, sheath gas
pressure was 42 x 10° Pa, auxiliary gas pressure was 6 x 10° Pa,
and ion transfer capillary temperature was 285 °C. The multiple
reaction monitoring (MRM) transitions were as follows: m/z
544.7 — 361.0 (DOX), m/z 749.7 - 591.4 (azithromycin, internal
standard).

Quantitative analysis of GSH using the LC-MS/MS system

Three steps were followed in the purification of GSH in mouse
heart and liver: (i) preparing tissue homogenization: the mouse
heart and liver were collected, quickly washed with cold saline,
and homogenized in a 5-fold volume of homogenization buffer
(6 mg/mL of Tris, 1.24 mg/mL of boric acid, 0.2 mg/mL of serine,
4ug/mL of acivicin, and 7.76 mg/mL of NEM, pH=8); (ii)
derivatization of GSH: 10 pL of internal standard solution (5 ug/
mL of CAP-NEM) were added into the tissue homogenization, and
derivation was conducted for 1 h; (iii) protein precipitation in the
tissue homogenization: methanol (5-fold volume) was added to
the homogenization. After vortex-mixing for 1 min, the mixture
was centrifuged at 30,000xg for 10 min. An aliquot of 5pL
supernatant was analyzed by LC-MS/MS (LC-MS/MS 4000 system,
SCIEX, MA, USA).

Chromatographic separation was achieved on a Sepax Bio-ODS
SP column (4.6 x 150 mm?, 5 pm, GL Sciences Inc., Japan) under a
gradient program. The mobile phase consisted of solvent A (H,0O
containing 0.1% formic acid and 2 mM ammonium formate) and
solvent B (methanol). The elution program was as follows: 0 min,
10% B — 0.2 min, 10% B — 0.4 min, 50% B — 4 min, 50% B — 4.5
min, 10% B — 6 min, 10% B. The optimized MS parameters were as
follows: ion spray voltage, 5000 V; ion source gas 1, 60; ion source
gas 50; curtain gas, 10; collision gas, 6; source temperature, 550 °C.
The MRM transitions were as follows: m/z 433.1 — 304.1 (GSH-
NEM), m/z 343.1 — 228.1 (CAP-NEM, internal standard).

Quantification of intracellular concentrations of GSH and DOX
MCF-7 cells were seeded in 12-well plates. At approximately 90%
confluence, the cultured cells were pretreated with control
medium or NAC (10 uM) for 2 h, treated with DOX (5 uM) for a
designated period of time (0.5, 1, 2, and 4 h), and subsequently
collected. The concentrations of intracellular GSH and DOX were
determined by LC-MS/MS.

Statistical analysis

Statistical analyses were performed with the Prism software
(version 6.0c). All data are presented as the mean + standard
deviations (SD). Arithmetic means were compared using two-
tailed t tests. P < 0.05 were considered statistically significant.

RESULTS

GSH alleviates DOX-induced cardiotoxicity

The LVEF was measured to investigate the influence of GSH on
DOX-induced cardiotoxicity. As shown in Fig. 1a, the LVEF
significantly decreased from 66.20 +4.83 to 39.14 +3.09 after a
multi-dose administration of DOX (P < 0.01). Combined treatment
with GSH (5, 50, and 500mg/kg per day, i.g.) significantly
attenuated the down-regulated LVEF levels caused by DOX. BNP,
a biomarker of cardiac disease, was determined to further
elucidate the protective effects of GSH on DOX-induced cardio-
toxicity. Clearly, the multi-dose administration of DOX significantly
enhanced BNP levels in the mouse heart, and the combined use of
GSH markedly decreased the high BNP levels caused by DOX
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Fig. 1

The effect of GSH on the DOX-induced cardiotoxicity. a Left ventricle ejection fraction (LVEF) levels. b Brain natriuretic peptide (BNP)

levels. ¢ Relative survival of H9c2 cardiac muscle cells. Mean + SD. n = 3. **P < 0.01 vs. control group; P <0.05, P <0.01 vs. DOX + saline

group

(Fig. 1b). The protective function of GSH toward H9c2 cardiac
muscle cell damage induced by DOX was also investigated.
Results from CCK-8 detection assays showed that increasing DOX
concentration from 1 to 25 uM reduced the survival rate of H9c2
cells. Pretreatment with NAC (10 mM) for 2 h, that is, a source of
GSH, greatly enhance the survival rate of the H9c2 cells (Fig. 1c).

GSH alleviates DOX-induced hepatotoxicity

ALT and AST activities were measured to investigate the influence
of GSH on DOX-induced hepatotoxicity. As shown in Fig. 2a, serum
ALT activity was significantly enhanced by multi-dose administra-
tion of DOX (P <0.001). Combined treatment with GSH (5, 50, and
5000 mg/kg per day, i.g.) greatly attenuated the elevation of
serum ALT activity caused by DOX. Similarly, serum AST activity
was significantly enhanced by DOX, and the combined use of GSH
dramatically decreased the high serum AST activity caused by
DOX (Fig. 2b). The effect of GSH on DOX-induced hepatotoxicity
was investigated on HL7702 cells. Results from CCK-8 detection
assays showed that DOX (1, 2, 5, 10, and 25 uM) concentration-
dependently reduced the survival rate of the HL7702 cells.
Pretreatment with 10 mM of NAC greatly increased the survival
rate of the HL7702 cells (Fig. 2c).

SPRINGERNATURE

Increased GSH has no effect on targeted distribution of DOX in
hearts and livers of mice

To investigate the effect of GSH on the targeted distribution of
DOX, the concentrations of GSH and DOX in mouse heart and liver
were determined. As shown in Fig. 3a, DOX treatment did not
significantly decrease GSH levels in mouse heart; the concentra-
tions of GSH in the DOX group were 5.99 + 0.40 ug/g heart. The
combined use of GSH at 50 and 500 mg/kg with DOX enhanced
the GSH levels to 9.76 137 and 10.82+1.30ug/g heart,
respectively. The concentrations of DOX in mouse hearts are
shown in Fig. 3b. After i.p. administration of DOX, the concentra-
tions of DOX were 53.96 + 3.12 ug/g heart. The concentrations of
DOX in the DOX+ GSH (5 mg/kg), DOX+ GSH (50 mg/kg), and
DOX+ GSH (500 mg/kg) groups were 45.30 + 6.80, 60.02 +2.94,
and 59.56 + 9.72 ug/g heart, respectively. Thus, the combined use
of GSH and DOX had no obvious influence on the concentration of
DOX in mouse heart. In mouse liver, DOX decreased GSH from
9.91 £ 0.60 to 6.86 +0.34 pug/g liver. The combined use of GSH at
50 and 500 mg/kg with DOX restored GSH levels to 10.09 + 0.83
and 10.68 £0.68 ug/g liver (Fig. 3c). However, as illustrated in
Fig. 3d, increased GSH levels had no obvious effect on the
exposure of DOX in mouse liver.
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GSH attenuates antitumor efficacy of DOX in nude mouse model
The influence of GSH on the antitumor efficacy of DOX was
investigated by measuring solid tumor volume and relative tumor
growth ratio. As shown in Fig. 4a, b, DOX treatment significantly
suppressed tumor growth, and the tumor inhibitory ratio of DOX
was more than 90%. The combined use of GSH dose-dependently
attenuated the antitumor efficacy of DOX. Tumor growth curves of
the DOX, DOX + low-dose GSH (5 mg/kg), DOX + medium-dose
GSH (50 mg/kg), and DOX + high-dose GSH (500 mg/kg) groups
clearly showed that the combined use of GSH from the first day to
the seventh day significantly decreased the antitumor efficacy of
DOX (Fig. 40).

Increased GSH has no effect on targeted distribution of DOX in
tumors of nude mice

To investigate the effect of GSH on the targeted distribution of
DOX, the concentrations of GSH and DOX in mouse tumors were
quantitatively analyzed. As shown in Fig. 4d, the concentrations of
GSH in the control group were 4.39+1.15ug/g tumor. DOX
treatment significantly decreased the GSH levels in mouse tumors,
and the GSH concentration in the DOX group was 0.60 + 0.15 ug/g
tumor. The combined use of GSH at 5, 50, and 500 mg/kg with

Acta Pharmacologica Sinica (2019) 40:699 - 709

DOX enhanced GSH levels to 1.76 +£0.73, 2.00 £ 0.34, and 2.23 +
0.44 pug/g tumor, respectively. The concentrations of DOX in
mouse tumors are illustrated in Fig. 4e. After i.p. administration of
DOX at a dose of 2 mg/kg, the concentrations of DOX were 1.53 +
0.72 pg/g tumor. The concentrations of DOX in the DOX+ GSH (5
mg/kg), DOX+ GSH (50 mg/kg), and DOX+ GSH (500 mg/kg)
groups were 1.65+0.54, 1.72+0.35, and 1.54+0.38 ug/g tumor,
respectively. Thus, the combined use of GSH with DOX had no
obvious influence on the concentration of DOX in tumors.

GSH attenuates antitumor efficacy of DOX in tumor cell lines
Three types of tumor cell lines (Caco-2, HepG2, and Mcf-7) were
cultured and used to investigate the effect of GSH on the
antitumor efficacy of DOX. The results from the CCK-8 detection
assays showed that DOX (0.25, 0.5, 1.0, 2.5, and 5puM) dose-
dependently reduced the survival rates of Caco-2 and HepG2 cells.
Furthermore, co-incubation of NAC (10 mM) greatly attenuated
the inhibition efficacy of DOX on these cancer cells (Fig. 5a, b). In
MCF-7 cells, 0.1, 0.25, 0.5, 1, and 2.5 uM of DOX also inhibited the
survival rate in a dose-dependent manner. The inhibition efficacy
of DOX was significantly reduced by treatment with 10 mM of NAC
(Fig. 5¢).
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A wound healing assay using MCF-7 cells was conducted to
investigate the influence of GSH and DOX on cell migration. In the
control group, the wound width in the MCF-7 monolayer at 24 h
was much smaller than that at 0 h (Fig. 5d). DOX (5 uM) efficiently
prevented the migration of the MCF-7 cells. After combining
treatment with NAC (400 uM, 2 mM, and 10 mM), the wound width
in the MCF-7 layer at 24 h was clearly smaller than that in the DOX
group; NAC attenuated the inhibition efficacy of DOX in a dose-
dependent manner.

Additionally, cell apoptosis was determined by Annexin V-FITC/
DAPI double staining method to further investigate the influence
of GSH on the antitumor efficacy of DOX. In the apoptosis scheme
in Fig. 6a-e, Q1-UR indicates late apoptosis and necrosis, Q1-LL
represents live cells, and Q1-LR represents early apoptotic cells.
Clearly, DOX induced significant increases in late apoptosis and
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necrosis of MCF-7 cells at 24 h, and the live cell percentage
decreased from 96.2% (control group) to 32.3%. After pretreatment
with 400 pM of NAC, the live cell percentage increased to 58.1%
(Fig. 6¢). Furthermore, 2 mM and 10 mM of NAC increased the live
cell percentage to 63.8% and 64.9%, respectively (Fig. 6d, f).

Increased GSH has no effect on the uptake of DOX in tumor cell
lines

NAC, the pro-drug for the synthesis of GSH, supposedly enhances
intracellular GSH levels [4, 19]. Herein, the GSH concentrations in
control, DOX-treated, DOX + NAC-treated (400 uM), DOX + NAC-
treated (2 mM), and DOX + NAC-treated (10 mM) MCF-7 cells were
quantitatively analyzed using LC-MS/MS. As shown in Fig. 7a, the
GSH concentration levels in MCF-7 cells decreased with 2 uM DOX
treatment and with increasing incubation time. However, the
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combined treatment with NAC significantly enhanced GSH
concentrations in MCF-7 cells (P<0.01). Additionally, the effect
of GSH on the uptake of DOX in MCF-7 cells was determined. The
results suggested that the combined treatment with NAC had no
obvious influence on the exposure levels of DOX in MCF-7 cells
(Fig. 7b).

DISCUSSION

The clinical application of antioxidants during conventional cancer
treatment is among one of the most controversial areas in
oncology. Some supporters have observed a relationship between
the enhanced intake of antioxidants and a declined risk of
producing lung, esophageal, and gastrointestinal cancers [28-31].
During the past decade, ascorbic acid, a familiar antioxidant, has
been shown to enhance the apoptotic effect of arsenic trioxide
(As,03) on AML cells and various clinical samples of AML. This
suggests a possible combined As,0s/ascorbic acid therapy in
patients with AML [2, 3]. However, increasing evidence indicates
that antioxidants may weaken the antitumor activity of che-
motherapeutic agents [7, 8, 26]. Although the combined use of
antioxidants and chemotherapeutic agents has been explored for
more than 20 years, the duration, administration route, and type
of antioxidant that may elicit interactive effects have not been
established until now.

DOX, one of the most effective antitumor agents, has been
included in standard chemotherapy protocols for breast cancer
since first used decades ago [32, 33]. However, the clinical use of
DOX has been restricted by dose-dependent toxicity (myelosup-
pression and cardiotoxicity), narrow therapeutic ranges, MDR, and
low specificity against cancer cells [22, 25]. Several reports suggest
that DOX can initiate a reaction cascade leading to oxygen free
radical generation in the myocardium and result in extensive
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peroxidative damage [34-37]. The oxidative stress hypothesis of
DOX-induced cardiotoxicity is based on a series of studies on
transgenic mice [38]. GSH, a common endogenous antioxidant,
plays a crucial role in protecting cells from oxidative damage. In
1986, Yoda et al. [22], reported that i.p. administration of
exogenous GSH (500 mg/kg) protected heart muscles from DOX
toxicity without reducing the antitumor effects of DOX. In 1990,
Villani et al. [23], investigated that the effects of GSH and NAC (a
ROS scavenger) on DOX-induced cardiotoxicity for in vitro and
in vivo models. The results showed that GSH significantly
prevented negative inotropic effects produced by DOX in the
DOX-treated animals and isolated rat atria [23]. Furthermore,
antioxidants have been shown to increase the effectiveness of
cytotoxic therapy [7, 25, 39-41]. The combined use of DOX and
GSH seems to be beneficial in the clinical application of DOX.
However, antioxidants have also been considered to diminish the
effects of conventional cytotoxic therapies [7, 8, 26]. In the present
study, the rationality for the combined use of DOX and GSH was
systematically investigated by exploring the effects of GSH on the
toxicity and efficacy of DOX. Pharmacokinetic and pharmacody-
namic approaches were used for in vivo and in vitro models.
Cardiac toxicity is the main side effect of DOX. The cardiopro-
tective effects of GSH against DOX-induced heart injury were
studied with in vivo (Balb/c mice) and in vitro (H9c2 cells) models.
As shown in Fig. 1, the LVEF and BNP in DOX-induced heart injury
mice were significantly improved by the combined DOX treatment
with GSH (i.g. 5, 50, and 500 mg/kg per day). Additionally, GSH was
found to apparently reverse H9c2 cell apoptosis caused by DOX.
As shown in Fig. 3¢, the combined uses of DOX with GSH at 5, 50,
and 500 mg/kg had no obvious influences on the distribution of
DOX but did enhance GSH concentrations in mouse heart. In
addition to these cardioprotective effects, hepatoprotective
effects of GSH against DOX-induced liver injury were studied with
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in vivo (Balb/c mice) and in vitro (HL7702) models. In the in vivo
mouse model, the activities of serum ALT and AST were
significantly elevated by DOX and decreased by the combined
treatment with GSH (i.g. 5, 50, and 500 mg/kg per day) (Fig. 2a, b).
In the in vitro cell model, DOX (1, 2, 5, 10, and 25 pM) was shown
to reduce the survival rate of HL7702 cells in a dose-dependent
manner. Exogenous NAC significantly improved the viability of
HL7702 cells caused by DOX (Fig. 2c). The concentrations of DOX
and GSH in mouse liver were measured to investigate hepatic
distribution interactions between DOX and GSH. As shown in
Fig. 3, the i.g. administration of GSH had no obvious influence on
the exposure levels of DOX in mouse liver. However, the ip.
administration of DOX greatly decreased the GSH concentrations
in mouse liver. More importantly, exogenous GSH dose-
dependently enhanced GSH concentration levels in mouse liver;
however, this increased GSH concentration was not directly
proportional with dose. These results suggested that exogenous
GSH increased intracellular GSH levels and contributed to reduced
DOX cardiotoxicity and hepatotoxicity. Furthermore, the enhanced
GSH levels did not affect the PK characteristics of DOX.
Although GSH has been shown to reduce the toxicity of DOX,
the influence of GSH on the efficacy of DOX is another key factor
in determining whether the combined use of DOX and GSH is
reasonable. In the current study, the effect of GSH on the
antitumor efficacy of DOX was systematically investigated from
the PK and PD aspects with in vivo (tumor-bearing nude mice) and
in vitro (MCF-7, HepG2, and Caco-2 cells) models. In the PK studies,
the i.g. administration of GSH did not significantly influence the
target distribution of DOX in mouse tumors (Fig. 4e). Similarly, the
combined treatment with NAC, that is, a source of intracellular
GSH, had no significant influence on the exposure levels of DOX in
MCF-7 cells (Fig. 7b). Thus, GSH did not have a significant impact
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on the PK characteristics of DOX. In the PD studies, treatment of
GSH was found to significantly attenuate the antitumor efficacy of
DOX in a dose-dependent manner in tumor-bearing nude mice
(Fig. 4). Combined treatment with NAC further weakened the cell
inhibition of DOX in MCF-7, HepG2, and Caco-2 cells (Fig. 5 and
Fig. 6). More importantly, the concentrations of GSH in tumor and
cancer cells were measured to elucidate the relationship between
GSH and DOX antitumor activity. The results revealed that the GSH
levels in the tumors of the DOX-treated group were significantly
lower than those in the control group, and the combined use of
GSH significantly enhanced the GSH levels in the tumors of DOX-
treated mice (Fig. 4c). Exogenous NAC similarly significantly
reversed the reduction of GSH levels caused by DOX in MCF-7
cells (Fig. 7a).

In summary, our study provided significant data as follows: (i)
treatment with DOX decreased GSH levels in target tissues and
cancer cells; (ii) reduced GSH levels could be reversed by
exogenous GSH; (iii) exogenous GSH greatly reduced the
cardiotoxicity and hepatotoxicity caused by DOX; (iv) combined
use of DOX with GSH significantly attenuated the antitumor
efficacy of DOX in a dose-dependent manner. The results
demonstrated that GSH should be avoided during DOX che-
motherapy treatment. When the use of DOX results in obvious
hepatotoxicity and cardiotoxicity after chemotherapy, GSH can be
used as an antidote to reduce the toxicity caused by DOX.
Therefore, the combined use of DOX and GSH contains
advantages and disadvantages. GSH should be used to attenuate
DOX toxicity, and GSH should not be used to counteract DOX
activity in clinical applications.
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