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Summary

The current study aimed to examine the effects and underlying mechanisms of chronic
psychological stress on the growth of ovarian carcinoma. Human ovarian carcinoma cells
SKOV-3 were subcutaneously inoculated into nude mice to establish an ectopic mouse model.
The animals were experimentally stressed 6 h daily for a total of 42 days with a physical
restraint system. We examined the effects of stress on the growth of tumor cells that were
inoculated 7 days after the initiation of stress. The growth of SKOV-3 xenografts in the stress
group showed a more rapid trend than that in the control. The mean weight of tumors that
were removed at the end of the experiment increased by 71.7% in the stress group as compared
to the control. In order to explore the underlying mechanisms, we first determined the serum
levels of norepinephrine (NE) and interleukin 10 (IL-10) in the mice using an enzyme-linked
immunoabsorbent assay (ELISA) and then analyzed protein expression profiles of SKOV-3
xenografts using a proteomics-based approach combining two-dimensional electrophoresis
with ultra performance liquid chromatography-electrospray tandem mass spectrometry
(nanoUPLC-ESI-MS/MS). Results demonstrated that serum levels of NE and IL-10 were
obviously increased in the mice receiving 6 h of immobilization daily for 42 days. In xenografts
exposed to stress, a tumor promoting protein nm23 was significantly upregulated while a
tumor suppressing protein NDRG1 was obviously downregulated, which were confirmed by
subsequent Western blot analysis. Results obtained in the current study suggested that chronic
stress promoted the growth of ovarian carcinoma in nude mice through increasing serum levels
of NE and IL-10 and altering nm23 and NDRGI1 expression in tumor tissues.
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1. Introduction

Ovarian carcinoma is the second most common
gynecologic cancer, with the incidence and mortality of
224,747 and 140,163 cases worldwide in 2008 according
to the statistics published by World Health Organization
(7). Due to non-specific symptoms in the early stage,
approximately two thirds of patients are at the advanced
stage of this disease upon diagnosis (2). Thus far, ovarian
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carcinoma is still the leading cause of death among
gynecological cancers, with overall five-year survival
rates of 19-39% (3). Although studies indicated that the
initiation and progression of ovarian carcinoma involves
alternations or dysregulation of multiple genes and signal
transduction pathways (4), factors that drive tumor growth
and the underlying mechanisms are not well understood.
Substantial evidence indicated that the onset and
progression of cancer is influenced by psychological
factors such as stress, and depression as well as social
isolation, and adequate psychotherapies are beneficial
to cancer patients (5-7). The mechanisms underlying
the effects of psychological stress on cancer cells
were revealed to be related to the sympathetic nervous
system (SNS) and the hypothalamic-pituitary-adrenal
(HPA) axis, which further act on the immunological
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system and consequently influence tumor development
and prognosis (8). In a previous study, Sood and
colleagues demonstrated that chronic stress promoted
tumor growth and angiogenesis in a mouse model of
ovarian carcinoma via activation of the tumor cell cyclic
adenosine monophosphate (cAMP)/protein kinase A
(PKA) signaling pathway (9). These results suggested
psychosocial factors are implicated in the pathologies
of ovarian carcinoma and provided clues for possible
therapeutic interventions in managing this disease.

In the current study we used a mouse model in
which human ovarian carcinoma cells SKOV-3 were
subcutaneously inoculated to further illustrate the
mechanisms behind the effects of chronic stress on the
progression of ovarian carcinoma. From neurochemical
and immunological perspectives, we examined alternations
of serum levels of norepinephrine (NE) and interleukin-10
(IL-10) in mice exposed to chronic stress. In addition,
differential expression of proteins in ovarian cancer tissues
were analyzed from the view point of proteomics.

2. Materials and Methods
2.1. Cell lines and cell culture

The human ovarian cancer cell line, SKOV-3, was
obtained from the Institute of Biochemistry and Cell
Biology, Shanghai Institute of Biological Sciences,
Chinese Academy of Sciences, China. Cells were
maintained in RPMI-1640 medium (Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10%
heat-inactivated fetal bovine serum (FBS; Thermo Fisher
Scientific) and penicillin-streptomycin (50 U/mL) at 37°C
in a humidified atmosphere of 5% CO, and 95% air. Cells
were harvested after brief incubation in trypsin.

2.2. Chronic restraint stress model

Female BALB/c-nu mice (4-6 weeks old) were
purchased from the Laboratory Animal Research Center
of Hubei Province (Wuhan, Hubei, China), and housed in
laminar air flow cabinets under pathogen-free conditions
with a 12-h light/12-h dark schedule and fed autoclaved
standard chow and water. The research protocol was
in accordance with the institutional guidelines of the
Animal Care and Use Committee.

Mice were randomly divided into stress and control
groups after a week in the new environment (six mice per
group). Mice in the control group were allowed freedom
of action throughout the experiment. For the chronic
restraint stress group, each mouse was subjected to an
established chronic physical restraint protocol (/0,11), in
which the mouse was restrained for 6 h daily (from 11 a.m.
to 5 p.m.) in a 50 mL conical centrifuge tube filled with
multiple punctures to allow ventilation. The mice were
neither physically compressed nor experiencing pain. For
both groups, SKOV-3 cells (2 x 107) were suspended in

100 pL of Matrigel (Collaborative Biomedical, Bedford,
USA) and were injected subcutaneously into the right
lateral chest wall in close proximity to the axilla on
day 8 after starting the experiment. All the mice were
kept according to the protocol for 35 consecutive days
after tumor cells implantation. Tumors were measured
using callipers and volumes were approximated by the
formula, volume = 1/6zab’, where a and b represent
two perpendicular tumor diameters (/2). Blood was
drawn from the postorbital venous plexus of the mice for
hematological analysis as described below. Mice in each
group were sacrificed by cervical dislocation at the end
of the experiment. Tumors were removed, weighed, and
then stored at —80°C for further analysis. Tumor growth
inhibition rates were defined as a percentage of the
control tumor weight.

2.3. Serum NE and IL-10 assay

Blood samples were centrifuged at 3,000 rpm for 10
min immediately after collection, and plasma was
frozen until analysis. The serum NE and IL-10 levels
were determined using Mouse NE (Wuhan Youersheng
Technology Co., Ltd., Wuhan, Hubei, China) and IL-10
(Wuhan Boster Biological Engineering Co., Ltd., Wuhan,
Hubei, China) ELISA kits, respectively, according to the
manual instructions.

2.4. Protein extraction

Frozen xenograft tissue samples were homogenized on
ice using a glass tissue grinder. For every 100 mg tissue,
1 mL lysis buffer (consisting of 40 mmol/L tris buffer (pH
7.5), 7 mol/L urea, 2 mol/L thiourea, 1% dithiothreitol,
4% 3-[3-(cholamidopropyl) dimethylammonio]-1-
propanesulfonate (CHAPS), and 1 mmol/L ethylenediam
inetetraacetic acid (EDTA)) and 10 pL protease inhibitor
cocktail were added. The homogenates were sonicated on
ice using a sonifier (Sonoiprep150, SANYO Electric Co.,
Ltd., Moriguchi, Osaka, Japan). After sonication, 5 uL (10
pg/ul) DNase and 5 pL (10 pg/ul) RNase were added.
Subsequently, the sample was incubated for 20 min on
ice. Cellular debris was removed by centrifugation at
14,000 rpm/min for 20 min at 4°C, and the supernatants
were collected. The protein concentrations were
quantified by the Bradford protein assay. The obtained
protein samples were sub-packaged, labeled, and stored at
—80°C.

2.5. Two-dimensional electrophoresis (2-DE)

Protein samples (100 pg) were mixed with rehydration
solution (8 mol/L urea, 2% CHAPS, 0.5% IPG buffer,
18 mmol/L DTT and a trace of bromophenol blue) to
a volume of 350 pL. This sample was loaded into strip
holders together with 18 cm Immobiline DryStrips (linear
pH gradient from pH 3 to 10), and the loaded strips were
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covered with Drystrip Cover Fluid. The rehydration
holders were placed in the IPGphor isoelectric focusing
electrophoresis (IEF) system for passive rehydration for
12 h at 30 V at 20°C. Subsequently, isoelectric focusing
of the first dimension was carried out. The proteins were
focused at 20°C for 1 h at 500 V, then 1 h at 1,000 V,
and finally 6 h at 8,000 V. After completion of the IEF
program, the strips were equilibrated at room temperature
in two steps: 15 min in an IPG equilibration buffer (50
mmol/L Tris-HCI solution (pH 8.8), 6 mol/L urea, 30%
glycerol, 2% sodium dodecyl sulfate (SDS), and a trace
of bromophenol blue) plus 1% DTT, followed by 15 min
in IPG equilibration buffer plus 2.5% iodoacetamide
(IAA). For the second dimension, SDS-PAGE with a 13%
polyacrylamide gel was used. The IPG strips were placed
on the top of the gel and the proteins were then separated
according to their molecular weights. Electrophoresis was
carried out at 20°C, 15 mA/gel for 15 min, followed by a
6 h run at 30 mA/gel until the bromophenol blue indicator
front reached the bottom of the gels. Three 2-DE gels
were performed for each group.

2.6. Gel scanning and image analysis

After silver staining, the two-dimensional gels were
imaged on an image scanner in a transmission mode,
and quantitative analyses of the digitized images were
performed using the Image Master 2D PlatinumTM
software (Amersham Pharmacia Biotech, Amersham,
UK) according to the protocols provided by the
manufacturer, which included background subtraction,
spot detection, defining landmark annotations, and
matching. The intensity of each spot was normalized
to the total valid spot intensity. Gels from the control
and stress group were analyzed simultaneously. Each
sample was analyzed based on triplicate gels produced
in identical conditions to demonstrate reproducibility
and diminish experimental errors. An average gel would
be selected as a standard gel in each group by matching
analysis, with more homogeneous spots, fewer impurities
and better representation of the spot distribution. Using
image analysis software, target spots were compared to
the average gel to detect increases/decreases in expression
(to more than double/half that of control, respectively),
and to catalogue significant inter-group variations.

2.7. Protein identification by ultra performance liquid
chromatography-electrospray tandem mass spectrometry
(nanoUPLC-ESI-MS/MS)

Considering its compatibility to nanoUPLC-ESI-MS/
MS analysis, we chose Coomassie Brilliant Blue G-250
staining in this study. We selected the preparative gels
to perform Coomassie Brilliant Blue G-250 staining.
Differentially expressed protein spots were selected,
which were chosen according to the spots of silver
staining gels. The spots were carefully excised from gels

using a biopsy scalpel, and spot pieces were digested
with trypsin in a 1.5 mL siliconized Eppendorf tube.
Spot pieces were washed twice with Milli-Q water,
destained in 50% acetonitrile containing 100 mmol/L
ammonium bicarbonate for 20 min at room temperature,
dehydrated and dried using a vacuum centrifuge.
The dried gel pieces were incubated in 50 mmol/L
ammonium bicarbonate containing 0.1 pg/pul modified
trypsin for digestion at 37°C overnight (12-16 h). The
resulting harvested peptide mixture was prepared as a
sample solution as described previously (/3). Sample
solution (5 pL) was injected into a nano-Acquity system
and subjected to nanoUPLC-ESI-MS/MS analysis.
The UPLC-ESI-MS/MS system consists of a nano-
ACQUITY UPLC system and a Synapt high definition
mass spectrometer using an electrospray ionization
source Z-spray. The ACQUITY UPLC analytical column
uses a 75 pum x 250 mm BEH CI18 column packed with
1.7 pm particles, and the enrichment column is a 180 pm
x 20 mm symmetry C18 packed with 5 um particles. The
column temperature was maintained at 35°C. Optimum
separation was achieved with a gradient mobile phase
(which flowed at a rate of 200 nL/min) and two mobile
phases consisting of 0.1% formic acid in water and 0.1%
formic acid in acetonitrile. The gradient conditions were
80 min 1-40% B, 10 min 40-80% B, 10 min 80% B, and
20 min 100% B, then a return to initial conditions. For
ESI-MS/MS, ionization was achieved by using nano-
electrospray ionization positive ions with a capillary
voltage of 2.5 kV and a cone voltage of 35 V, the source
temperature and desolvation temperature were set at 90
and 300°C, respectively. Nitrogen was used as the cone
gas and for desolvation, with a flow rate of 50 and 500
L/h, respectively. Argon was used as the collision gas set
at 2.5 x 10~ mbar. Data were acquired in data dependent
acquisition (DDA) mode, and the two highest intensity
ions were selected from each scan, which was carried out
using tandem mass spectrometry. MS/MS spectra were
processed using total data acquisition software (PLGS,
v2.3), and then analyzed with the Mascot search engine
(www.matrixscience.com) against the NCBInr database
including two variable modifications: Carbamidomethyl
(C) and Oxidation (M). One missed cleavage site was
allowed for trypsin digestion, all mass values were
considered monoisotopic, and the MS/MS tolerance was
set at 0.2 Da. Individual ion scores of > 38 indicate
identity or extensive homology (p < 0.05).

2.8. Western blot analysis

For Western blotting, the method was essentially as
previously described (/4-16). Briefly, protein extracts were
separated on SDS-PAGE and then blotted to polyvinylidene
difluoride (PVDF) membranes (Millipore, USA). After
incubating for 1 h with PBS containing 0.1% Tween 20
and 5% non-fat dried milk, primary antibodies were added
and the membrane was incubated at room temperature
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overnight. Primary antibodies in this study were rabbit
anti-NDRG1 (Millipore, USA), and mouse anti-nm23
(Beijing Biosynthesis Biotechnology Co., Ltd., Beijing,
China). After washing, goat anti-rabbit and goat anti-mouse
horseradish peroxidase-conjugated secondantibody were
added, depending on the species of the primary antibody.
After incubation for 1 h, membranes were decolorized
with phosphate buffered saline (PBS) at room temperature,
subjected to enhanced chemiluminescence, and exposed
to film. The exposed films were examined visually and
photographed or scanned.

2.9. Statistical analysis

Data was described as the mean + SD, and analyzed
by Student's two-tailed ¢-test. The limit of statistical
significance was p < 0.05. Statistical analysis was done
with SPSS/Winl7.0 software (SPSS, Inc., Chicago, IL,
USA).

3. Results
3.1. Chronic restraint stress enhanced tumor growth

Mice in the stress group generally manifested as
hyperactive with biting of the restraint tube for the
first several days, indicating that they were in a state
of dysphoria and anxiety. These manifestations were
moderately improved in the subsequent days until the
end of the experiment. Tumor nodules that were palpable
appeared at about the fourth day after subcutaneous
inoculation of SKOV-3 cells and started to grow quickly
approximately at the ninth day in both groups. However,
the growth of xenografts in the stress group showed a
more rapid trend than that in the control group (Figure
1). Tumor volumes measured in the stress group were
obviously larger than those in the control group at the
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Figure 1. Tumor volumes measured in the stress group
and control. SKOV-3 cells were inoculated into the mice
7 days after initiation of stress and were allowed to grow
in nude mice for 35 days. Tumor volumes measured at a 3
day interval until the end of the experiment. The growth of
SKOV-3 xenografts in stress group demonstrated a more
rapid trend compared to control. * p < 0.05, stress group vs.
control.

time points of 24, 27, 30, 33, and 35 days (p < 0.05 at
each indicated time point). The SKOV-3 xenografts were
removed after the experiment and weighed 1.717 + 0.571
g and 1.083 + 0.286 g for the stress group and control
group, respectively, indicating that the chronic restraint
stress significantly enhanced tumor growth (p < 0.05).

3.2. Chronic restraint stress increased serum levels of NE
and IL-10

Blood samples of mice in both the control and stress
groups were obtained and centrifuged. The supernatant
serum was subjected to ELISA assays for determination
of NE and IL-10. NE concentrations of the stress and
control group were measured at 315.95 + 55.87 and
199.18 +27.96 ng/mL, respectively. There is a significant
difference in NE concentration between the two groups
(p <0.01). The serum level of IL-10 in the stress group
was determined at 240.03 + 22.25 pg/mL, which is also
obviously higher than that (201.08 + 21.30 pg/mL) in the
control group (p < 0.05). These results indicated chronic
restraint stress increased the serum levels of both NE and
IL-10 in mice (Figure 2).

3.3. 2-DE map of SKOV-3 xenografts after exposure to
chronic restraint stress

Proteins extracted from SKOV-3 xenografts were
separated using 2-DE. Similar patterns of protein
expression were detected in the tumor tissues from
control and chronic restraint stress treated mice. On
average, 1,400 protein spots were detected per gel in the
stress and control group. Nineteen protein spots showed
a significant difference in expression levels between the
stress group and control (p < 0.05), including 14 spots
that were upregulated, 4 spots that were downregulated,
and 1 spot that was only detected in the stress group.
The spots were all distributed between pl of 4-10 and
molecular weight (MW) of 14-60 kDa. Among these
differential staining spots, the expression levels in two
spots (designated names S7121 and S5543) positioned
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Figure 2. NE and IL-10 levels determined in the stress
group and control. The mice in the stress group were
immobilized 6 h daily for a total of 42 days with a restraint
system. Blood samples were obtained at the end of the
experiment and serum concentrations of NE and IL-10
were determined using ELISA. Chronic stress significantly
increased the serum levels of NE and IL-10 compared to
control. * p <0.05, ** p <0.01, stress group vs. control.
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Figure 3. 2-DE maps of SKOV-3 xenografts in the stress group and control. Tumor tissues were removed at the end of
experiment and subjected to 2-DE. After silver staining, the two-dimensional gels were imaged on an image scanner in a
transmission mode, and quantitative analyses of the digitized images were performed. Protein S7121 (pI 7.1, MW 21 kDa) was
significantly upregulated while protein S5543 (pI 5.5, MW 43 kDa) was obviously downregulated in tumor tissues of stress

group.

Table 1. NanoUPLC-ESI-MS/MS analyses of nm23 and NDRG1 in SKOV-3 xenografts

. Nominal mass (Mr)/ a Sequence Change in Change-fold c
Protein name Score T p-value
calculated PI value coverage (%) expression (mean + SD)
nm23 20398/7.1 349 33 Up 2.28+0.16 <0.05
NDRGI 42808/5.5 736 36 Down ~(2.42£0.17) <0.05

* Individual ions scores > 38 indicate identity or extensive homology. " Up- or down-regulated in the stress group vs. the control group. ¢ Data
were analyzed with an independent Student's #-test with SPSS version 17.0 software. Differences was considered significant if p < 0.05.

at pl 7.1, MW 21 kDa and pl 5.5, MW 43 kDa were
profoundly different between the two groups (Figure 3).
Expression level of protein S7121 in the stress group
was up-regulated and was shown to be 2.2-fold over
that in the control. On the contrary, expression level of
protein S5543 in the stress group was down-regulated
and was about 0.4-fold over that in the control. These
results suggested chronic restraint stress altered protein
expression profiles in SKOV-3 xenografts.

3.4. Ildentification of differentially expressed proteins in
SKOV-3 xenografis

To identify differentially expressed proteins in the
xenografts after exposure of chronic restraint stress,
protein spots S7121 and S5543 were excised from 2-DE
gels, and then subjected to nanoUPLC-ESI-MS/MS
analysis. Proteins S7121 and S5543 were identified as
nm23 and NDRGI by searching the NCBInr database.
An overview of these two proteins is presented in
Table 1.

In order to verify the results of proteomic analyses,
tumor tissues from both groups were grinded and total
proteins were extracted and subjected to Western blotting

Control

Stress Group

nm23

NDRG1

B-actin

Figure 4. Western blot analyses of nm23 and NDRG1
expression in SKOV-3 xenografts. Compared to control,
nm23 expression is increased while NDRG1 expression is
downregulated in the stress group.

analysis. As shown in Figure 4, the average band intensity
of nm23 in the stress group was increased compared to
control, whereas the signal of NDRG1 was decreased in
this group. These results indicated that expression of nm23
was enhanced and expression of NDRG1 was reduced
after exposure to chronic restraint stress, which were in
agreement with the results of proteomic analyses.
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4. Discussion

The current study used an established ectopic mouse
model in which human ovarian carcinoma cells
SKOV-3 were subcutaneously inoculated into the right
lateral chest wall in close proximity to the axilla of nude
mice. We experimentally stressed animals 6 h daily for
a total of 42 days with a physical restraint system, in
which periodic immobilization is supposed to induce
high levels of SNS and HPA activity characteristic of
chronic stress. We examined the effects of stress on the
growth of tumor cells which were inoculated 7 days
after the initiation of stress. In mice exposed to stress,
mean tumor weight increased by 71.7% compared to
control. We found that serum levels of NE and IL-10
were obviously increased in the mice receiving stress.
Furthermore, we demonstrated that two proteins nm23
and NDRG1 were differentially expressed in tumor
tissues in the stress group. These results suggested that
alteration of serum levels of NE and IL-10 and tissue
expressions of nm23 and NDRGI1 may be involved in
the effects of chronic stress in promoting the growth of
ovarian carcinoma.

Previous studies suggested that changes in stress-
related neuroendocrine transmitters such as NE during
psychological stress lead to a modulation of immune
cells and tumor microenvironment (8§). Mechanisms
underlying modulation of the immune function by
NE were demonstrated that adrenergic receptors in
immune cells bind NE to activate the cAMP response
element-binding protein (CREB), which in turn
induces the transcription of genes encoding for a
variety of cytokines such as IL-10 (/7-20). IL-10 is
an immunosuppressive cytokine that has a variety of
inhibition effects on the anti-tumor immune response
such as reducing macrophage inflammatory response
(21). Besides those indirect antitumor effects by NE
through suppressing the immune function of organisms,
research has recognized that NE could exhibit direct
influence on tumor progression and this effect was
mainly through NE and the B-adrenergic receptor
(B-AR) signal pathway in cancer cells (7,9,22-23). B-AR
signals can activate several common intracellular pro-
proliferative and pro-migratory signaling pathways,
such as the cAMP/PKA, the mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase
(ERK1/2) and phosphatidylinositol-3-kinase (PI3K)/
AKT signaling pathways (24,25). Thus, the total effects
of psychological stress converging on ovarian cancer
cells observed in our study are probably mediated
by indirect immune suppression and direct tumor
promotion processes.

We further explored the changes in protein
expression in ovarian carcinoma after receiving
chronic psychological stress and found that the stress
altered the protein expression profiles of tumor
tissues. Among a series of differentially expressed

proteins, levels of two proteins which were identified
as nm23 and NDRG1 were profoundly different
between the stress group and control. We found that
nm23 was significantly upregulated while NDRGI
was obviously downregulated in tumor tissues when
the mice were exposed to stress. The nm23 gene is a
putative metastasis-suppressor gene that was originally
identified by screening of cDNA libraries from murine
melanoma cell sublines of varying metastatic potential
(26). However, subsequent studies showed that this
protein plays controversial or tissue-specific roles in
cancer progression (27,32). In ovarian carcinoma,
evidencein favor of its role in promoting tumor
progression were reported (33,34). These studies
suggested that nm23 has a biological function that leads
to poor clinical outcomes in ovarian carcinoma. In light
of those findings, upregulation of nm23 may contribute
to the effects of chronic stress in stimulating the
growth of ovarian carcinoma. Another protein NDRGI
that was found significantly downregulated in stress-
imposed tumor tissue is encoded by the gene belonging
to the N-myc downregulated gene family. NDRGI is
a cytoplasmic protein involved in stress responses,
hormone responses, cell growth, and differentiation
(35,36). Studies demonstrated that NDRG1 expression
was decreased in cancer primary and metastatic cells
when compared to normal cells and was thought to
function as a metastasis suppressor in cancer types
including ovarian, colon, and prostate cancers (37-39).
NDRGT1 has also been reported to be necessary for p53-
mediated apoptosis and it plays a role in suppressing
malignant cell growth (40). Thus, the stimulatory
effects of chronic stress on the growth of ovarian
carcinoma may also be partially ascribed to decreased
expression of NDRGI in tumor tissues.

In conclusion, the current study confirmed that
chronic psychological stress exhibited an adverse
effect on the progression of ovarian carcinoma in a
mouse model. Mechanisms underlying this effect were
revealed to be related to increasing the serum levels of
NE and IL-10 in the mice as well as upregulating and
downregulating the expression of a tumor promoting
protein nm23 and a tumor suppressing protein NDRG,
respectively, in ovarian carcinoma tissues. Evidence
provided in this study should help further understanding
of the molecular mechanisms of the adverse effects
of psychological stress on the progression of ovarian
carcinoma and designing corresponding strategies to
cope with this disease.
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