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Paclitaxel suppresses proliferation and induces apoptosis
through regulation of ROS and the AKT/MAPK signaling
pathway in canine mammary gland tumor cells

XIAOLI REN, BINGBING ZHAO, HONGJIAN CHANG, MIN XIAO, YUHONG WU and YUN LIU

Department of Veterinary Surgery, College of Veterinary Medicine,
Northeast Agricultural University, Harbin, Heilongjiang 150030, P.R. China

Received October 10, 2017; Accepted March 7, 2018

DOI: 10.3892/mmr.2018.8868

Abstract. Paclitaxel is a diterpenoid compound, derived
from the pacific yew (Taxus brevifolia) berry, which
exhibits antineoplastic effects against various types of
cancer. However, the antitumor effects and the molecular
mechanisms of paclitaxel on canine CHMm cells remain to
be elucidated. The aim of the present study was to investi-
gate the antitumor effects of paclitaxel on CHMm cells and
identify relevant signal transduction pathways modulated
by paclitaxel using multiple methods including MTT assay,
flow cytometry, acridine orange/ethidium bromide staining,
transmission electron microscopy, determination of cellular
reactive oxygen species (ROS), superoxide dismutase (SOD)
and malondiadehyde (MDA) and western blotting, the data
indicated that paclitaxel decreased cell viability, induced
G,/M-phase cell cycle arrest, suppressed the expression of
cyclin Bl and induced apoptosis in a dose-dependent manner.
In addition, paclitaxel upregulated the expression of Bax and
cytochrome c, but reduced expression of apoptosis regulator
Bcl-2, resulting in activation of caspase-3, chromatin conden-
sation, karyopyknosis, intracellular vacuolization, increased
production of ROS and MDA, and decreased activity of SOD.
However, these effects were inhibited when CHMm cells were
treated with N-acetyl-L-cysteine. Furthermore, treatment
with paclitaxel inhibited the level of of phospho (p)-RAC-a
serine/threonine-protein kinase (AKT) and p-ribosomal
protein S6 kinase proteins, and promoted phosphorylation of
P38 mitogen-activated protein kinase (MAPK) and p-90 kDa
ribosomal protein S6 kinase 1 proteins in CHMm cells. It was
observed that paclitaxel in combination with pharmacological
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inhibitors of the P38 and phosphatidylinositol-4,5-bispho-
sphate 3-kinase (PI3K) signaling pathways (SB203580 and
LY294002, respectively) exerted synergistic inhibitory effects
on the proliferation of the CHMm cells. The results of the
present study demonstrated that paclitaxel inhibited tumor
cell proliferation by increasing intrinsic apoptosis through
inhibition of the PI3K/AKT signaling pathway and activation
of MAPK signaling pathway in CHMm cells.

Introduction

Mammary gland tumors are among the most common malig-
nant tumors with high morbidity among female canines (1,2).
As previously determined by histological examination, ~50%
of cases are malignant (2). Metastasis is a primary cause of
treatment failure and mortality in human and veterinary
patients (3). Because canines and humans live in the same envi-
ronment and have similar genetic profiles, canine mammary
gland neoplasia can serve as a model to study human mammary
gland tumors (3). Surgical resection and chemotherapy are
the most commonly used methods of clinical treatment of
mammary gland tumors (3-5). Paclitaxel belongs to the class
of diterpenoid compounds (mitotic inhibitors) derived from
Taxus brevifolia, exerting efficient, broad-spectrum chemo-
therapeutic effects against various cancer types, including
human ovarian cancer (6,7), breast cancer (8,9), gastric
cancer (10) and other malignancies (11,12). The molecular
formula of paclitaxel is C,;H5;NO,, and the relative molecular
mass is 853.890. As an antimicrotubule agent, paclitaxel
has been demonstrated to arrest the G,/M-phase transition,
interfere with several signal transduction pathways and induce
apoptosis through the stabilization of microtubules (13,14).
However, which signaling pathways are altered by paclitaxel to
induce the antitumor effects in canine mammary gland tumors
remains to be elucidated.

Previous studies have demonstrated that chemotherapeutic
drugs control growth of cancerous tissue through induc-
tion of apoptosis (10,12,13,15). Therefore, the assessment of
apoptosis following treatment with a novel chemotherapeutic
drug is a marker of efficacy (16). Paclitaxel induces apoptosis
in multiple cell types through different signal transduction
pathways, including the phosphatidylinositol-4,5-bisphosphate
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3-kinase (PI3K)/RAC-a serine/threonine-protein kinase
(AKT) pathway (17), the epidermal growth factor receptor
pathway (12),and the mitogen-activated protein kinase (MAPK)
pathway (18). Targeted inhibition of phosphorylated-phospha-
tidylinositol-3-kinase (p-PI3K) was demonstrated to enhance
the induction of apoptosis and increase the sensitivity of
paclitaxel-resistant ovarian cancer cells to treatment (19).
MAPK signaling is a redox-sensitive signaling pathway (20).
Oxidative stress can regulate cell proliferation, differen-
tiation and apoptosis through the activation of the MAPK
signaling pathway (21). It has been previously reported that
elevated levels of reactive oxygen species (ROS) can increase
the phosphorylation of JNK, P38 MAPK and extracellular
signal-regulated kinase 1/2, regulate the expression of Bcl-2
family proteins and mitochondrial membrane depolariza-
tion, ultimately resulting in apoptosis (19,22). Although these
processes are generally well understood, the mode of action
of paclitaxel in the context of canine mammary gland tumors
remains to be elucidated.

The present study aimed to determine the mechanism
underlying the antitumor effect of paclitaxel and the role of
the AKT/MAPK signal transduction pathway in CHMm cells
in vitro, in order to provide theoretical and experimental basis
for clinical applications and further research.

Materials and methods

Cell culture. Canine CHMm cell line was kindly provided by
the Department of Veterinary Medical Sciences, University
of Tokyo (Tokyo, Japan). Cells were cultured in Dulbecco's
modified Eagle's medium (DMEM; Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS; Hyclone; GE Healthcare
Life Sciences; Logan, UT, USA), 2 mM L-glutamine, 1 mM
non-essential amino acids (Gibco; Thermo Fisher Scientific,
Inc.), antibiotics [100 U/ml penicillin, 100 pxg/ml strepto-
mycin, 2.5 ug/ml amphotericin B (all Beyotime Institute of
Biotechnology, Shanghai, China)] at 37°C in humidified air
with 5% CO,. All experiments were performed using cells in
the phase of logarithmic growth.

Drug treatment. Paclitaxel (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) was dissolved in dimethylsulphoxide
(DMSO; Sigma-Aldrich; Merck KGaA) at a concentration of
50 mg/ml and protected from exposure to light and stored at
-80°C. Prior to use, the stock paclitaxel solution was further
diluted with serum-free DMEM into the concentrations of
0,0.01, 0.1 and 1 uM. The final concentrations of DMSO in
each sample was <0.05%.

Cell viability assays. CHMm cells were collected during the
exponential growth phase by trypsinization (0.25% trypsin;
Beyotime Institute of Biotechnology) and cell densities were
adjusted to 1x10*/ml suspensions. The cells were seeded into
96-well culture plates at a volume of 200 ul/well and incubated
at 37°C in 5% CO, for 24 h. The experimental groups were
treated with different concentrations of paclitaxel (0, 0.01,
0.1 and 1 M) and other treatments to assess synergistic
effects, including 20 uM LY294002 or SB203850 (PI3K/AKT
inhibitor and P38 inhibitor, respectively; both Beyotime
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Institute of Biotechnology) for 24 h. MTT (100 gl; 5 mg/ml;
Sigma-Aldrich; Merck KGaA) was added to each well and
incubated for another 4 h. The supernatants were discarded
and 150 ul DMSO was added while the cells were incubated in
the dark for 10 min. Optical density (OD) values was measured
at a reference wavelength of 490 nm, and a detection wave-
length of 570 nm. Cell viability values were calculated using
the following formula: Cell viability rate (%)=(0OD., erimentat
eroup” ODptank group)(ODnormat controt group™ODbtank group) X100.
Detection of lactate dehydrogenase activity (LDH). The
activity of LDH was measured using the LDH release assay kit
(Beyotime Institute of Biotechnology), according to the manu-
facturer's protocol. Cells (3x10%; 200 ul/well) were treated with
various concentrations of paclitaxel for 24 h and cell super-
natants were then harvested by centrifugation at 400 x g for
5 min at room temperature. The resulting culture supernatants
were added to black to 96-well culture plates (120 ul/well).
Absorbance value was measured at a wavelength of 490 nm in
a microplate reader.

Morphological observation of apoptotic cells. Paclitaxel-treated
and untreated cells were removed from culture plates by diges-
tion with 0.25% trypsin. The cells were washed with PBS and
cell densities were adjusted to 1x10%ml in PBS, 20 ul acridine
orange/ethidium bromide (AO/EB; 1:1; Sigma-Aldrich; Merck
KGaA) staining fluid was added to each milliliter of PBS at
room temperature for 2-5 min. Apoptosis was assessed using a
fluorescent microscope (Nikon Corporation, Tokyo, Japan). A
subset of the collected cells was fixed in 2.5% glutaraldehyde
overnight at 4°C, washed thrice with PBS (pH 7.2) and stained
with 2% osmium tetroxide at room temperature for 1.5 h. The
samples stained with osmium tetroxide were subsequently
dehydrated with graded ethanol and immersed in pure acetone.
Subsequently, the samples were embedded in an epoxy resin
mixture. The blocks were sectioned using Ultracut E ultra-thin
slicer, with a section thickness of 5-7 ym. The sections were
subsequently stained with 3% uranyl acetate and lead citrate
at 25°C for 15-20 min, washed with double distilled water and
observed by transmission electron microscopy (TEM; Philips
Medical Systems B.V., Eindhoven, The Netherlands).

Cell cycle analysis. CHMm cells were treated paclitxel for
24 h, as described above. Following the treatment period, cells
were dissociated from the culture plates using 0.25% trypsin,
collected and rinsed with cold PBS. Subsequently, the cells
were fixed with ice-cold 70% ethanol and incubated at 4°C
overnight. The cells were subsequently re-suspended in
cold PBS and incubated with 1 ml propidium iodide (PI)
staining liquid (containing 50 pg/ml propidium iodide and
50 ug/ml RNase A; Beyotime Institute of Biotechnology)
at room temperature for 1 h in the dark. The distribution of
the cell cycle phase was evaluated by flow cytometer (BD
Biosciences, Franklin Lakes, NJ, USA) using Modfit LT 4.0
software (Verity Software House, Inc., Topsham, ME, USA).

Analysis of cell apoptosis. CHMm cells were seeded in
6-well plates at a density of 3x10*/well and incubated over-
night at 37°C. Culture medium was replaced with one of the
described above paclitaxel doses and incubated for 24 h. The
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cells were dissociated from the culture plate and collected by
centrifugation at room temperature 1,000 x g for 5 min, the cell
pellets were re-suspended in 500 pl binding buffer (containing
5 pul FITC Annexin V and 5 ul PI; Nanjing KeyGen Biotech
Co., Ltd., Nanjing, China), and incubated for 20 min at room
temperature in the dark. Apoptotic cells were analyzed by flow
cytometry (BD Biosciences, Franklin Lakes, NJ, USA) using
FACSDiva Version 6.1.3 software (BD Biosciences) after 1 h.

Determination of intracellular ROS levels. CHMm cells were
treated with (0, 0.01, 0.1 and 1 uM) paclitaxel, with or without
5 mM N-acetyl-L-cysteine (NAC). After a treatment period of
24 h, cells were digested with 0.25% trypsin. Levels of ROS
were measured using a dichlorodihydrofluorescein diacetate
(DCFH-DA) detection kit, according to the manufacturer's
protocol (Beyotime Institute of Biotechnology). Briefly, cells
were collected (1x10%/ml), washed with serum free DMEM and
incubated with 10 mM DCFH-DA at 37°C for 20 min. Stained
cells were washed three times and re-suspended in serum-free
DMEM. Intracellular ROS oxidized the non-fluorescent DCFH
resulting in conversion to the fluorescent DCF molecule. The
levels of ROS were measured using a fluorescent microplate
reader using a reference wavelength of 490 nm and a detection
wavelength of 570 nm.

Measurement of superoxide dismutase (SOD) activity and
malondialdehyde (MDA) content. CHMm cells were dissociated
from the culture plates using 0.25% trypsin, collected and rinsed
with cold PBS. Cells were lysed with 0.05 M Tris-HCI (Beijing
Biotopped Science & Technology Co., Ltd., Being, China)
extraction buffer on ice. The cell lysates were centrifuged
at 4°C 12,000 x g for 10 min. The resulting cell lysates were
used to assess the SOD activity and MDA content, which were
measured according to the manufacturer's protocols (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).

Western blotting. Western blot analysis was used to evaluate
the expression level of cytochrome c (cyt-c; cat. no. WL02410;
1:500), cyclin Bl (cat. no. WL02310; 1:500), Bcl-2 (cat.
no. WL01556; 1:500), apoptosis regulator BAX (Bax, (cat.
no. WLO01637; 1:500), cyclin dependent kinase inhibitor 1
(P21; cat. no. WL0362; 1:500; Wanleibio Co., Ltd., Shenyang,
China), tumor protein 53 (P53; cat. no. 9282; 1:750) and
cleaved-caspase-3 (cat. no. 9664; 1:750; CST Biological
Reagents Co., Ltd., Shanghai, China); AKT (cat. no. E1IA6259;
1:500), p-AKT (ser-124; cat. no. E1A3260; 1:500), P38 (cat.
no. E1A6456; 1:500), p-p38 (tyr-182; cat. no. E1A3455;
1:500), p-ribosomal protein S6 kinase (P70S6K; ser-229; cat.
no. E1A3226; 1:500), P70S6K (cat. no. E1A6226; 1:500), p-90
kDa ribosomal protein S6 kinase 1 (P9ORSK; ser-352; cat.
no. EO11113; 1:500) and P9ORSK (cat. no. E110536; 1:500;
Enjing Biotech Co., Ltd., Nanjing, China) in CHMm cells
following treatment with paclitaxel. The synergistic effects
of paclitaxel and inhibitors of cell signaling molecules in
CHMm cells. CHMm cells were incubated in serum-free
medium with LY294002 (20 uM) or SB203580 (20 uM) for
1 h and subsequently incubated with paclitaxel (1 uM) for
30 min at 37°C. Then, the cells were lysed with cell RIPA
lysis buffer (Beyotime Institute of Biotechnology) to obtain a
total protein lysate. For the detection of cyt-c, the collected
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cells were processed using a mitochondria isolation kit
(Beyotime Institute of Biotechnology) to obtain the cytosolic
component and mitochondrial pellet. Protein concentration
from each culture was determined using a bicinchoninic
acid protein assay kit (Beyotime Institute of Biotechnology).
Proteins were denatured by boiling for 10 min and separated
using 10-15% SDS-PAGE. Subsequently, the resolved protein
bands were transferred onto nitrocellulose membranes and
blocked with 5% skim milk at room temperature for 1 h.
The membranes were incubated with the primary antibodies
at 4°C overnight. The membranes were subsequently washed
three times for 10 min each in TBST buffer (1% Tween-20)
and incubated with horseradish peroxidase-labeled secondary
antibodies (goat anti-rabbit, cat. no. ZB2301, 1:2,000; goat
anti-mouse, cat. no. ZB2305, 1:2,000; OriGene Technologies,
Inc., Beijing, China) at 37°C for 1 h. The immunoreactive
bands were visualized using Tanon™ High-sig ECL Substrate
(Tanon Science and Technology Co., Ltd., Shanghai, China)
and images of membranes were captured using Chemidoc XRS
system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Total
protein and B-actin protein (cat. no. TA09; 1:1,000; OriGene
Technologies, Inc.) served as internal controls. Relative protein
levels were quantified using ImageJ 1.48 software (National
Institutes of Health, Bethesda, MD, USA).

Statistical analysis. Data are presented as the mean + standard
deviation. Analyses of differences between groups were carried
out using one-way analysis of variance followed by Tukey's
multiple comparison test in the GraphPad Prism 5.0 software
package (GraphPad Software, Inc., La Jolla, CA, USA). All
experiments were replicated at least three times. P<0.05 was
considered to indicate a statistically significant difference.

Results

Effects of paclitaxel on growth and cytotoxicity in CHMm
cells. The efficacy of paclitaxel-mediated inhibition of CHMm
cell growth was assessed using MTT assay. The data indicated
that with increasing concentration of paclitaxel (0, 0.01, 0.1
and 1 yM), cell viability decreased in a dose-dependent
manner, compared with the control group (P<0.01; Fig. 1A).
Furthermore, treatment with paclitaxel enhanced LDH activity
in CHMm cells in a dose-dependent manner (P<0.01; Fig. 1B).
These data indicate that paclitaxel effectively suppressed
CHMm cell proliferation.

Morphological alterations characteristic of apoptosis induced
by paclitaxel in CHMm cells. To further investigate the effects
of paclitaxel on CHMm cells, the morphological alterations
were observed using an inverted phase contrast microscope.
In the paclitaxel treatment group at 24 h, irregularities in cell
growth and development were observed. Specifically, the cells
appeared oval or round with no or one nucleus. Detached or
necrotic cells, reductions in the numbers of adherent cells
and poor cell refraction were observed in a dose dependent
manner (Fig. 1C). The results of AO/EB staining demonstrated
that the control group cells stained light green with few apop-
totic cell present. Following response to paclitaxel, a notable
increase in cells with intense green, orange and red staining
were observed, which represented cells undergoing early
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Figure 1. Effects of paclitaxel on CHMm cell viability and morphology. (A) The effect of paclitaxel on CHMm cell viability was assessed by MTT assay
after 24 h of treatment. (B) The effect of paclitaxel on LDH levels in CHMm cells was evaluated by the LDH assay following 24 h of treatment. (C) Cell
morphology was observed by light microscopy (magnification, x100). (D) Acridine orange/ethidium bromide staining. Normal cells exhibited green staining
(blue arrows), early apoptotic cells were bright green (yellow arrows), and late apoptotic cells were orange (white arrow); necrotic cells were red (red arrow).
Magnification, x200. (E) Morphological alterations of CHMm cells following treatment with paclitaxel for 24 h under transmission electron microscope. Cell
chromatin condensation and marginalization (green arrow), intracellular vacuolization (red arrow), the emergence of apoptosis bodies (yellow arrow) were
observed (magnification, x6,000). Data are presented as the mean + standard deviation from results of three individual experiments. ““P<0.01 vs. 0 xM. LDH,

lactate dehydrogenase.

apoptosis, late apoptosis and necrosis, respectively (Fig. 1D).
The morphology of apoptotic cells was observed by TEM. The
observed characteristics included marginalization and conden-
sation of chromatin, nuclear fragmentation, intracellular
vacuolization and emergence of apoptotic bodies (Fig. 1E).

The effect of paclitaxel on cell-cycle arrest and apoptosis
in CHMm cells by flow cytometry. The data collected using
flow cytometry demonstrated that the percentage of cells
arrested in G,/M-phase significantly increased in the groups
treated with 1 yM paclitaxel, compared with the untreated
controls, after 24 h (P<0.01). The effect of 1 uM paclitaxel
was more pronounced compared with 0.1 uM paclitaxel
(Fig. 2A and B). The number of apoptotic CHMm cells
increased in a dose dependent manner after 24 h of treatment

with paclitaxel. The proportion of apoptotic cells reached the
greatest value when cells were treated with 1 uM paclitaxel.
Treatment with 5 mM NAC had significant inhibitory effect
the paclitaxel-induced apoptosis in CHMm cells. These
results indicate that paclitaxel likely promoted apoptosis in the
CHMm cells, through a process that may be associated with
increased oxidative stress, ultimately arresting the cell cycle in
the G,/M-phase (Fig. 2C and D).

Effect of paclitaxel on the ROS, SOD and MDA in CHMm
cells. Excess ROS production is an early event that triggers
cell apoptosis. To determine the involvement of ROS, SOD
and MDA during paclitaxel-induced apoptosis on CHMm
cells. ROS levels were evaluated using a DCFH-DA probe,
compared with the control group, the levels of ROS and
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Figure 2. Effects of paclitaxel on apoptosis, cell cycle distribution and levels of ROS, SOD and MDA in CHMm cells. (A) Cell-cycle distribution was assayed
with PI staining by flow cytometry after 24 h of treatment with paclitaxel. (B) Percentage of cells in G,/G,, S or G,/M-phases of the cell cycle. Data are
presented as the mean + standard deviation of triplicates. (C) Apoptotic cells were determined by flow cytometry with Annexin V-fluorescein isothiocyanate/PL
staining. (D) Quantitative analysis of the results of flow cytometry analysis presented the mean + standard deviation of triplicates. (E) ROS levels were
measured by DCFH-DA staining. (F) SOD activity and (G) MDA content in cells treated with paclitaxel was estimated compared with the control group.
“P<0.05 and "P<0.01 vs. 0 M. “P<0.05 and #P<0.01, 1 uM paclitaxel vs. | uM +5 Mm NAC. ROS, reactive oxygen species; SOD, superoxide dismutase; MDA,
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Figure 3. Effects of paclitaxel on expression of apoptosis-associated proteins in CHMm cells. Expression levels of (A) Bax, Bcl-2 and cyclin B1, (B) cytc -, (C) P53,
(D) cleaved caspase-3 and (E) P21 protein in CHMm cells treatment with paclitaxel were estimated by western blot analysis after 24 h. 3-actin was used as
the protein loading control. Data are presented as the mean + standard deviation of triplicates. "P<0.05 and “P<0.01 vs. 0 uM. Bax, apoptosis regulator BAX;
cyt-c, cytochrome c; Bcel-2, apoptosis regulator Bel-2; P53, tumor protein 53; P21, cyclin dependent kinase inhibitor 1.

MDA in the CHMm cells treated with paclitaxel were signifi-
cantly increased (P<0.05 and P<0.01), whereas SOD activity
decreased significantly in a dose-dependent manner (P<0.01;
Fig. 2E-G). However, compared with the 1 uM group, the ROS
(P<0.01) and MDA (P<0.05) contents in the 5 mM NAC-treated
cells decreased (Fig. 2E and G). By contrast, compared with
the 1 uM group, SOD activity in 5 mM NAC-treated cells was
increased (P<0.05; Fig. 2F). These results indicate that pacli-
taxel may lead to increased generation of ROS in CHMm cells
and excessive accumulation of intracellular ROS can cause
oxidative stress damage and promote apoptosis.

Effect of paclitaxel on the expression of apoptosis-associated
proteins in CHMm cells. To further determine the cellular
basis of the apoptotic response observed in CHMm cells,
the expression of apoptosis-associated proteins was detected
by western blot analysis. P53, a tumor suppressor gene,
is upregulated in response to several cellular processes,
including DNA damage and oxidative stress, which directly
or indirectly regulate mitochondrial physiology (23,24). The
results of the present study demonstrated that paclitaxel may
promote expression of P53 protein in CHMm cells. Bcl-2
family members serve regulatory roles in the mitochondrial
dysfunction during programed cell death (25). Treatment with
paclitaxel decreased the expression of Bcl-2 and increased
the expression of Bax in a dose-dependent manner in CHMm
cells, as determined by western blot analysis. The results
indicated that expression levels of cyt-c (cytoplasmic), Bax
and cleaved caspase-3 were upregulated whereas the expres-
sion of Bcl-2 was downregulated following a 24 h paclitaxel
treatment in CHMm cells, and these expression patterns were
dose-dependent, and differences were statistically significant
compared with the control group (P<0.05 and P<0.01; Fig. 3).
These results indicate that paclitaxel-induced cell apoptosis

is medicated by increased activation of pro-apoptotic protein
Bax, release of cyt-c to cytosol and increased levels of cleaved
caspase-3 in CHMm cells.

Effects of paclitaxel on the AKT/MAPK signaling pathway
in CHMm cells. The aim of subsequent experiments was
to confirm whether the effect of paclitaxel on the viability
of CHMm cells was associated with alterations in the
AKT/MAPK signal transduction pathways. Western blot
analysis indicated that the level of p-P38 and p-P9ORSK was
significantly increased in the paclitaxel-treated groups, in a
dose-dependent manner (P<0.05 and P<0.01). By contrast,
expression levels of total P38 and POORSK proteins remained
unaltered. In addition, treatment with paclitaxel resulted in
decreased levels of p-AKT and p-P70S6K in a dose-dependent
manner (P<0.05 and P<0.01; Fig. 4). The above results
indicate that paclitaxel-induced apoptosis is likely mediated
the AKT/MAPK signaling transduction pathway in CHMm
cells.

Effects of treatment with paclitaxel in combination with
inhibitors of cell signaling proteins on the AKT/MAPK signal
transduction in CHMm cells. To determine whether the reduc-
tion in viability of CHMm cells following treatment with
paclitaxel was mediated by the AKT/MAPK pathway, cell
viability was measured in CHMm cells treated with 1 xM
paclitaxel alone or in combination with pharmacological
inhibitors including LY294002 (PI3K/AKT inhibitor; 20 zM)
or SB203850 (P38 inhibitor; 20 #M). Compared with control
cells, viability of CHMm cells to 45% (P<0.01) when treated
with paclitaxel alone. Compared with cells either treated
with paclitaxel alone or the pharmacological inhibitors alone,
CHMm cells treated in combination exhibited a significant
reduction in viability (P<0.05; Fig. 5A). Furthermore, the
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Figure 4. Effects of paclitaxel on the AKT/mitogen-activated protein kinase signal transduction pathway in CHMm cells. Levels of (A) p-AKT, (B) p-P70S6K,
(C) p-P38 and (D) p-P90RSK proteins in CHMm cells treatment with paclitaxel were estimated by western blot analysis after 24 h. The total protein was used
as loading control. Data are presented as the mean + standard deviation of triplicates. "P<0.05 and “"P<0.01 vs. the control group. POORSK, 90 kDa ribosomal
protein S6 kinase 1; P70S6K, ribosomal protein S6 kinase; p, phospho; AKT, RAC-a serine/threonine-protein kinase.

expression levels of relevant signaling proteins in CHMm
cells following treatment with paclitaxel or pharmacological
inhibitors were determined by western blot analysis. The
AKT phosphorylation following paclitaxel treatment alone
was further inhibited using SB203580 and LY294002 in
CHMm cells, and expression of p-P70S6K was inhibited by
SB203580 and LY294002 in CHMm cells. Compared with the
paclitaxel treatment group, activation of p-P38 was completely
suppressed by SB203580 (P<0.05). The 90 kDa ribosomal S6
kinases are a family of Ser/Thr kinases that regulate various
cellular growth processes, as downstream molecule of the
Ras-MAPK and ERK1/2 signaling pathway (26), p-P90RSK
was inhibited by SB203580 and LY294002 (Fig. 5B-E), The
above results suggest that the molecular mechanisms under-
lying the inhibition of CHMm cells proliferation by paclitaxel
was mediated by inhibition of the PI3K/ AKT signaling and
activation of MAPK signaling pathway.

Discussion

Although numerous studies have revealed the anticancer effect
of paclitaxel in a number of human cancer cells, including
breast cancer, to the best of the authors' knowledge, the role
of paclitaxel in canine mammary gland tumor has not been
studied before (8). In the present study, the effect of paclitaxel
on the viability of CHMm cells was assessed by MTT and
LDH release assay in vitro. The results demonstrated that
paclitaxel inhibited proliferation of CHMm cells in vitro, in a
dose-dependent manner. In addition, as the paclitaxel-mediated
activity of LDH increased, cellular viability was inhibited in a
dose-dependent manner.

Apoptosis is a proactive cell death process in which cells
undergo a certain stimulus to maintaining the stability of
the internal environment, The morphological alterations of
apoptosis are characterized by cell shrinkage, chromatin
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Figure 5. Effects of combined treatment with paclitaxel and inhibitors of cell signaling proteins on the AKT/mitogen-activated protein kinase signal transduc-
tion pathway in CHMm cells. (A) Inhibition of CHMm cell viability was observed in cells treated with paclitaxel and either LY294002 or SB203580, or
their combination. CHMm cells were treated with paclitaxel (1 xM) and LY294002 (20 xM), SB203580 (20 M) or their combination for 24 h. Cell viability
was estimated using a proliferation assay. The synergistic effects of paclitaxel and inhibitors of cell signaling molecules in CHMm cells were investigated.
CHMm cells were incubated in serum-free medium with LY294002 (20 M) or SB203580 (20 #M) for 1 h and subsequently incubated with paclitaxel (1 M)
for 30 min. The effect of LY294002 and SB203580 in combination with paclitaxel on levels of (B) p-AKT, (C) p-P38, (D) p-P70S6K, and (E) p-P90RSK
proteins was estimated by western blot analysis. Total protein was used as loading control. Data are presented as the mean + standard deviation of triplicates.
“P<0.01 vs. untreated group. *P<0.05 vs. compared with paclitaxel alone; "P<0.05 vs. LY294002; °P<0.05 vs. SB203580 alone. p, phospho; P9ORSK, 90 kDa
ribosomal protein S6 kinase 1; P70S6K, ribosomal protein S6 kinase; AKT, RAC-a serine/threonine-protein kinase.
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Figure 6. Graphical representation of the current working hypothesis regarding anticancer mechanisms induced by paclitaxel targeting multiple signaling path-
ways in CHMm cells. P, phospho; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; AKT, RAC-a serine/threonine-protein kinase; P70S6K, ribosomal
protein S6 kinase; POORSK, 90 kDa ribosomal protein S6 kinase 1; ROS, reactive oxygen species; NAC, N-acetyl-L-cysteine; Bax, apoptosis regulator BAX;

Cyt ¢, cytochrome c; Bcl-2, apoptosis regulator Bel-2; p53, tumor protein 53.

condensation, nuclear fragmentation, DNA degradation,
and apoptotic body formation (27). Paclitaxel may arrest
the division of cancer cells in the G,/M-phase and elevate
the expression of cyclinB1 (28,29). In the present study,
paclitaxel-treated CHMm cells exhibited morphological
alterations characteristic of apoptosis, including cell shrinkage,
intracellular vacuolization and chromatin condensation. Flow
cytometry demonstrated that with increasing concentration
of paclitaxel, the rates of apoptosis increased and cell cycle
arrest in the G,/M-phase was promoted. The P53 protein is
a multifunctional transcription factor, associated with the
occurrence and progression of numerous human tumors,
mainly responsible for tumor cell apoptosis and cell cycle
arrest (23,24). Activation of P53 induces the expression of
P21 and cyclinBI1. Taken together, the above results suggest
that paclitaxel-induced apoptosis and cell-cycle arrest in the
G,/M-phase in CHMm cells are likely to be associated with
activation of P53 by DNA damage.

The Bcl-2 family of proteins, including Bcl-2, Bel-like 1,
Bax and BH3-interacting domain death agonist, have emerged
as regulators of mitochondria-mediated apoptosis. An increase
in the levels of pro-apoptosis proteins and/or a decrease in
anti-apoptosis proteins can lead to a decrease in mitochon-
drial membrane potential and an opening of mitochondrial
permeability transition pores, leading to cyt-c release from
mitochondria into cytoplasm (30). A previous study revealed
that paclitaxel can induce apoptosis of NB-1 cells, which may
be mediated by downregulation of Bcl-2 and upregulation of
Bax (31).

In the present study, treatment of CHMm cells with
paclitaxel resulted in a dose-dependent decrease in the
levels of anti-apoptotic proteins Bcl-2 and a simultaneous
increase in pro-apoptotic protein Bax. This alteration is
known to be responsible for the concomitant execution
phase of apoptosis, including the disruption of mitochon-
drial membrane potential (MMP), increased release of cyt-c
into cytoplasm and cleavage of caspase-3 protein (32,33).

Regulation of intrinsic apoptosis by Bcl-2 family proteins
occurs through ROS production and is followed by reduction
in the MMP level, which stimulates mitochondria to release
proapoptotic molecules and results in activation of caspase-9
and -3 (34,35). The results of the present study demonstrated
that levels of ROS and MDA were elevated, whereas SOD
activity decreased following exposure to paclitaxel, when
paclitaxel was administered with NAC, the levels of ROS
and MDA were reduced, and SOD activity was increased.
These results indicated that paclitaxel induced alterations
in expression of apoptosis-associated proteins and genera-
tion of ROS. However, it remains to be elucidated whether
mitochondria-dependent apoptosis induced by paclitaxel is
mediated by ROS; the mechanism in which paclitaxel selec-
tively induced apoptosis of CHMm cells has been defined but
requires further investigation.

Paclitaxel induces apoptosis in various tumor types and
regulates different signaling mechanisms in each (12,17,36).
The AKT/MAPK signaling pathway is hypothesized to have
a role in sensitivity to paclitaxel and serve as a potential
therapeutic target for treatment of gastric cancer (37). Previous
results indicate that regulation of AKT/MAPK signaling
pathways is closely associated with proliferation, migration
and invasion of cancer cells during carcinogenesis (38). Based
on the data presented in the present study, level of p-AKT and
p-P70S6K signaling proteins decreased, whereas expression
of the p-P38 and p-P90RSK signaling proteins increased
in response to paclitaxel treatment in a dose-dependent
manner. Furthermore, the present study demonstrated a
synergistic effect when inhibitors LY294002 and SB203580
were administered in together with paclitaxel, significantly
decreasing the viability of CHMm cells. Phosphorylation
levels of PO9ORSK and P70S6K proteins were reduced by
treatment with LY294002 and SB203580, the level of p-P38
was decreased significantly by treatment with SB203580 and
p-AKT was decreased by LY294002. These results indicate
that the paclitaxel-mediated suppression of proliferation
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of CHMm cells was likely the result of alterations to the
AKT/MAPK pathway signaling.

In conclusion, to the best of our knowledge, the present
study is the first to demonstrate that paclitaxel effectively
suppresses proliferation of CHMm cells, induces cell cycle
arrest in G,/M-phase, increases the levels of MDA, ROS and
reduces levels of SOD. Based on the results of the present study,
treatment with paclitaxel induced cell apoptosis which may be
mediated by downregulation of Bcl-2 and upregulation of Bax,
and is likely associated with the inhibition of the PI3K/AKT
signaling and activation of MAPK signaling pathways (Fig. 6).
Collectively, the present study provides a theoretical basis for
the clinical use of paclitaxel for treatment of canine mammary
gland tumors.
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