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ABSTRACT
Purpose: Stress has long been believed to influence

carcinogenesis, but little is known about physiological mech-
anisms that may underlie these effects. We have recently
observed lower levels of vascular endothelial growth factor
(VEGF) in ovarian cancer patients with greater social sup-
port, whereas higher VEGF was found in patients with
greater distress. The goal of this study was to examine
possible mechanisms underlying these relationships.

Experimental Design: The effects of stress-related me-
diators including norepinephrine (NE), epinephrine, isopro-
terenol (a nonspecific �-adrenergic agonist), and cortisol on
the production of VEGF by the ovarian cell lines SKOV3
and EG were investigated.

Results: NE and isoproterenol significantly enhanced
VEGF production by SKOV3 cells, and all three of the
adrenergic agonists enhanced VEGF production by EG
cells. These effects were blocked by the � antagonist pro-

pranolol, supporting a role for �-adrenergic receptors in
these effects. Reverse transcriptase-PCR studies indicated
constitutive expression of �-1 and �-2 adrenergic receptors
on both cell lines. Effects of cortisol on VEGF production
varied according to the specific cell line and dose, with
stimulating effects on SKOV3 at pharmacologic doses (1000
nM) and on EG at physiological stress level doses (10 nM),
and inhibitory effects on EG at pharmacologic doses. Al-
though priming with cortisol blunted NE-induced VEGF
production from both cell lines at 3 h, significant increases in
VEGF were still seen. Priming with cortisol enhanced iso-
proterenol-induced VEGF production from SKOV3.

Conclusion: These findings provide the first experimen-
tal evidence of a pathway by which biobehavioral stress
mediators could directly contribute to the progression of
ovarian tumors.

INTRODUCTION
There is a growing literature reporting effects of stress on

the immune system in cancer patients, including studies citing
lower levels of NK2 cell activity, diminished response of NK
cells to recombinant IFN�, and decreased proliferative response
to mitogens among patients with high levels of stress (1–7).
Surgical stress and other experimental stressors have been as-
sociated with suppressed NK cell activity and increased tumor
progression in an experimental model of breast cancer (2).
However, little is known about other mechanisms by which
biobehavioral processes may influence growth and progression
of cancer. Angiogenesis is a key process in the growth of most
solid tumors and their metastatic spread (8), and involves re-
cruitment of nearby blood vessels to permeate the tumor (8, 9).
Angiogenesis is regulated by a number of factors including
VEGF, a homodimeric Mr 32,000–42,000 heparin-binding gly-
coprotein thought to be one of the most important proangiogenic
cytokines in cancer (10). VEGF is primarily produced by tumor
cells, endothelial cells, and platelets (11–14), and works by
stimulating endothelial cells in microvessels to proliferate, mi-
grate, and alter their pattern of gene expression. It also makes
cells hyperpermeable, resulting in conditions that favor angio-
genesis in the extracellular matrix (15). VEGF appears to play a
key role in the pathogenesis of ovarian cancer and has been seen
as a prognostic indicator in that higher VEGF levels are asso-
ciated with metastatic disease (16) and poorer survival (17, 18).
Tumor indicators of angiogenesis, assessed by microvessel den-
sity counts and by VEGF expression have also been reported as
prognostic indicators in ovarian cancer (19). We have observed
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recently that among ovarian cancer patients, lower levels of
VEGF are found in patients with greater social support, and
higher VEGF is found in patients with greater distress (20).
Little, however, is known about possible mechanisms that may
underlie these relationships in ovarian cancer.

VEGF production is regulated by a number of hormones
and cytokines (21–23). VEGF can be induced by NE, one of the
main neurotransmitters in the sympathetic nervous system (24–
26), and a hormone that is also produced by the adrenal medulla
during acute and chronic stress. NE has been shown to up-
regulate VEGF in brown adipose tissue (24, 25), but there have
been no reports of a direct effect of NE on VEGF production by
cancer cells. Similarly, it is not known whether the sympathetic
neuroeffector E, which is released from the adrenal medulla
during stress, might affect production of VEGF by tumor cells.
�-Adrenergic receptors, which mediate many sympathetic func-
tions of E and NE, have been documented on mammary tumors
(27), and their activation has been related to mammary tumor
growth (28). To date, to the best of our knowledge, there has
been no documentation of �-adrenergic receptors on ovarian
tumor cells. It is also not known whether NE or other cat-
echolamines can increase VEGF production by ovarian cancer
cells.

Another stress hormone that influences VEGF is cortisol, a
glucocorticoid hormone secreted by the adrenal cortex and also
elevated in depression (29). Dexamethasone, a synthetic glu-
cocorticoid, has been shown to down-regulate VEGF in glioma
cells, although the effect is markedly decreased in hypoxic
conditions, as occur in rapidly growing tumors (30). Very low
levels of dexamethasone (10�5–10�7

M) have been found to
stimulate tumor growth, suggesting a bimodal effect of this
hormone on tumor growth (31). Cortisol is also known to act
synergistically with adrenergic cellular mechanisms; for exam-
ple, it potentiates adrenergically induced increases in cyclic
AMP in tumor cells, thus enhancing growth (32). Whereas stress
has been associated with high levels of cortisol and cat-
echolamines, social support has been associated with lower
levels of catecholamines and cortisol in several studies (33, 34),
and stress reduction has been associated with a reduction in
levels of these hormones (35, 36).

On the basis of the relationships outlined above, we hy-
pothesized that mediators of stress such as NE and E would
directly stimulate production of VEGF by ovarian cancer cells,
whereas effects of cortisol on VEGF production would be
dependent on dose. The experiments in this study were under-
taken to examine possible mechanisms underlying relationships
between stress-related hormones and VEGF production in two
ovarian cancer cell lines.

MATERIALS AND METHODS
Cell Culture. NE, E, isoproterenol, and cortisol for in

vitro use were obtained from Sigma Aldrich (St. Louis, MO).
The derivation and source of the established ovarian cancer cell
lines SKOV3 and EG have been reported previously (37). These
cells were maintained and propagated in vitro by serial passage
in RPMI 1640 supplemented with 15% fetal bovine serum and
0.1% gentamicin sulfate (Gemini Bioproducts; Calabasas, CA).
All of the cell lines are routinely screened for Mycoplasma

species (GenProbe detection kit; Fisher, Itasca, IL). All of the
experiments were performed with 70–80% confluent cultures.
Cells were seeded in 12-well plates, with 2.5 � 105 cells/well
cultured for 1 day, and then treated with isoproterenol, E, or NE
at 0, 0.1, 1, and 10 �M or with cortisol at 0, 1, 10, 100, and 1000
nM. In our first set of experiments, supernatants were removed
at 12 and 24 h, centrifuged, and frozen at �80°C until assay. To
simulate effects of joint presence of stress hormones within the
body, costimulation experiments were performed with isoprot-
erenol or NE and cortisol. In these experiments cells were
primed with 10 nM cortisol at the time of seeding, and then
subsequently stimulated 24 h later with (0, 0.1, 1, and 10 �M)
isoproterenol or NE, and the supernatants were harvested as
described above. Experiments were subsequently replicated at 3
and 6 h to determine earlier effects of specific stress hormones
on VEGF. For blocking experiments, propranolol 1 �M was
added to the cell cultures 1 h before adding 0, 1, or 10 �M of NE,
E, or isoproterenol. Supernatants were removed at the time of
maximal VEGF production for each mediator and for each cell
line. Each experiment was repeated at least three times in
duplicate with unstimulated cells and media controls except for
costimulation experiments, which were performed two to six
times in duplicate with the same controls.

RT-PCR Analysis. Total RNA was isolated from un-
stimulated cells and cells stimulated with Isoproterenol using
the RNAeasy minikit (Qiagen). The RNA was quantified with
spectrophotometry at 260 and 280 nm as described previously
(38). The RNA was DNase digested and reverse transcribed as
described previously (38). The resulting cDNA was amplified
by PCR in Gene Amp 10� PCR buffer (Perkin-Elmer, Branch-
burg, NJ) with 20 pmol of gene specific 3� and 5� primers, 2
units of TaqDNA polymerase in a total volume of 50 �l. The
following primers were used for �1AR: forward, 5� – TTTGG-
GAAGGGATGGGAGAG – 3�; reverse, 5� – CCTGGTGGGG-
GAAAAAAAATC – 3�; and for �2AR: forward, 5� – CATGT-
CTCTCATCGTCCTGGCCA-3�; reverse, 5� – CACGATGGA-
AGAGGCAATGGCA-3�. PCR conditions for �1AR included
initial incubation at 94°C for 12 min followed by 38 cycles with
94°C for 1 min, 60°C for 2.5 min, and 72° for 1 min. PCR
conditions for �2AR were: initial incubation at 94°C for 12 min
followed by 38 cycles with 94° for 1 min and 72° for 3.5 min,
and a final incubation at 72°C for 5 min. After RT-PCR, the
reaction products were separated by electrophoresis on a 1% aga-
rose gel. The gels were stained with ethidium bromide to visualize
the PCR product size. To control for variance in loading and in
PCR, samples were compared with glyceraldehyde-3-phosphate
dehydrogenase PCR products.

VEGF. Detection of VEGF present in supernatants was
performed by an ELISA using standard kits (R&D Diagnostics,
Minneapolis, MN; VEGF Quantikine kit), with measurements
performed according to the manufacturer’s instructions and re-
sults interpolated from the standard reference curve provided
with the kit. The minimum detectable level of VEGF is �5.0
pg/ml.

Statistical Analysis. The SPSS version 11.0 (SPSS Inc.,
Chicago, IL) was used for all of the analyses. Data were ana-
lyzed by repeated measures ANOVAs, with time as the within
factor and dose as the between factor to determine whether there
was a statistically significant main effect for dose. Significant
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Fig. 1 VEGF production by SKOV3 cells incubated with 0, .1, 1, 10, and 100 �M NE (A), E (B), isoproterenol (C), and EG cells incubated with
these doses of NE (D), E (E), and isoproterenol (F). In experiment 1, supernatants were harvested at 12 and 24 h; in experiment 2, supernatants were
harvested at 3 and 6 h. For ease of comparison all time points are shown together in the figures. All VEGF levels (pg/ml) were analyzed by ELISA.
Statistical analyses were done within experiment 1 or experiment 2. Data are represented as percentage of the control (media only) well, which was
set to 100% in each experimental series. All data points represent the mean of at least three experiments performed in duplicate. All panels have 200%
of control as the top of the Y-axis except for A, which extended to 400%. Significant overall repeated measures ANOVAs were followed by Dunnett’s
2-sided t tests. � indicates significant differences as compared with the control wells (with media alone added to the cells) when the P was �0.05;
��, P � 0.01; ���, P � 0.001. Bars, �SE.
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main effects were followed up with Dunnett’s tests to control
the experimentwise error rate. All of the statistics reported in
text are from Dunnett’s tests and represent comparisons to the
controls. In experiment 1, supernatants were harvested at 12 and
24 h; in experiment 2, supernatants were harvested at 3 and 6 h.
Statistical analyses were done separately within experiment 1
and experiment 2. For clarity of comparison among cell lines,
time points, and stress hormones, figures are represented as
percentage of control values with the control well set at 100%.

RESULTS
Adrenergic Stimulation of Ovarian Cancer Cell Lines.

SKOV3 and EG cell lines were stimulated with the specified doses
of NE, E, and isoproterenol, and the supernatants were assayed for
VEGF production as shown in Fig. 1, A–F. The mean basal level
of VEGF production by SKOV3 cells at 3 h with no stimulation
was 75.72 pg/ml (SD � 52.83); the mean basal production of
VEGF by EG cells at 3 h was 220.05 pg/ml (SD � 67.84) with no
stimulation. For both cell lines, NE elicited the most robust VEGF
response; maximum increases in VEGF occurred at 3 h of incuba-
tion. As illustrated in Fig. 1A, incubation of SKOV3 cells with 1
�M NE for 3 h produced an approximately 2-fold increase in VEGF
production (P 	 0.001), and 10 �M NE produced a 2.7 fold
increase in VEGF (P � 0.001) as compared with the control. At
6 h, 10 �M NE produced a significant increase in VEGF (P �
0.001) over the control, and there was a trend to a significant
increase for the 1 �M dose (P 	 0.058). For E, the maximum
VEGF increase (156% of control) occurred at 3 h with 0.1 �M E
and then plateaued at higher doses. (Fig. 1B) However, the overall
VEGF induction by E in the 3- and 6-h model did not differ
significantly from the control values. For isoproterenol (Fig. 1C),
the maximum VEGF increase observed at 3 h of incubation with 10
�M isoproterenol was 150% of the control well (P 	 0.017).
Induction of VEGF at other time points from SKOV3 by isoprot-
erenol was not significant (Fig. 1C).3

To determine the effects of stress hormones on a different
epithelial ovarian cancer cell line, we used EG cells, and similar
patterns of VEGF stimulation were observed (Fig. 1, D–F). The
maximum level of VEGF induced in EG cells by NE was 194% of
control, observed at 3 h after incubation with 1 �M NE (Fig. 1D).
At 3 and at 6 h, both 1 and 10 �M of NE produced significant

increases in VEGF (3 h: P 	 0.005, P 	 0.007, respectively; 6 h:
P 	 0.03, P � 0.001, respectively). E (0.1 �M) significantly
induced VEGF secretion at both 3 (P 	 0.028) and 6 h (P 	 0.03).
For both cell lines, the maximum E stimulation was induced by 0.1
�M rather than by the higher doses of NE, which were necessary to
induce maximum production of VEGF (Fig. 1E). Isoproterenol
produced significant increases in VEGF at 3 and 6 h (3 h: 1 �M,
P 	 0.02; 10 �M, P 	 0.002; 6 h: 1 �M, P 	 0.053; 10 �M, P 	
0.001; Fig. 1F). Induction of VEGF at 12 and 24 h was not
significant for any mediator nor for either cell line.

Assessment of �-Adrenergic Receptors and Blocking
Experiments. RT-PCR analysis revealed that both �-1 and
�-2 adrenergic receptors were expressed by both SKOV3 and
EG cell lines (Fig. 2). To test whether VEGF stimulation could
be mediated through �-adrenergic receptors, both cell lines were
treated with a nonspecific � antagonist, propranolol 1 �M, for
1 h before stimulation with isoproterenol, NE, or E at the time
points of maximum VEGF release. Adrenergically induced
VEGF release was completely blocked by propranolol pretreat-
ment (Fig. 3).

Stimulation with Cortisol and Costimulation Experi-
ments. Both ovarian cancer cell lines were treated with dif-
ferent doses of cortisol, and results are shown in Fig. 4, A and
B. For SKOV3, a significant decrease in VEGF was seen after
incubation with 1 nM cortisol (P 	 0.017) at 3 h, whereas a
small but statistically significant increase in VEGF production
was seen after incubation with 1000 nM cortisol (P 	 0.012; Fig.
4A). The latter dose is approximately equivalent to pharmaco-
logical levels of dexamethasone. At 6 h, a similar but nonsig-
nificant trend was seen with the 1000 nM dose of cortisol. In
contrast, at 12 and 24 h, both 1000 nM doses caused suppression
in VEGF, but these changes did not reach significance. For EG,
6 h of incubation with 10 nM cortisol (simulating physiological
stress levels) induced a significant increase in VEGF (P 	
0.046; Fig. 4B). However, with increasing cortisol concentra-
tions, VEGF declined, showing a significant decrease after
incubation with 1000 nM cortisol at 6 h (P 	 0.037). At both 12

3 The main effect for dose in the overall 3-6 h repeated measures
ANOVA was marginally significant at 0.073.

Fig. 2 RT-PCR analysis of �-adrenergic receptors (�1AR and �2AR)
in the ovarian cancer cell lines SKOV3 and EG.

Fig. 3. Representative blocking experiment (B). SKOV3 cells were
incubated for 3 h with 0 �M NE (control well), 10 �M NE (center), or
1 �M propranolol one h before incubation with 10 �M NE (right). Data
are represented as percentage of the control (media only) well, which
was set to 100%. All data points represent the mean of at least three
experiments performed in duplicate. Bars, �SE.
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and 24 h, all doses of cortisol produced decreases in VEGF
production in EG cells, but these did not reach significance.

Next we assessed the influence of cortisol on cate-
cholamine-mediated VEGF stimulation of both ovarian cancer
cell lines. These experiments were performed with NE and
isoproterenol, because these mediators had produced consistent
stimulation in both cell lines. Results of costimulation experi-
ments suggested that effects of priming cells with 10 nM cortisol
varied according to the adrenergic agent, the time point, and the
specific cell line. For both cell lines, the NE effect on VEGF
stimulation was generally dominant even when the cells were
pretreated with cortisol (Fig. 4, C and D).

Specifically, in the series of experiments cited above, 3 h of
incubation of SKOV3 with 10 �M NE alone induced VEGF
production that was 370% of the control (Fig. 1A); in experi-
ments including priming with cortisol and 3-h incubation with
10 �M NE, VEGF levels dropped to 190% of the control (Fig.

4C).4 The NE-induced VEGF secretion after cortisol priming
was still significant at 3 h as compared with the control wells (1
�M, P 	 0.03; 10 �M, P 	 0.001). In EG cells, effects of
cortisol priming depended on the incubation time. In the series
of experiments involving NE stimulation of VEGF, after 3 h of
incubation with NE alone, maximum VEGF secretion was 183%
of control (Fig. 1D); in the priming experiments, this dropped to
157% of control at 3 h (Fig. 4D). In contrast, at 6 h, priming
with cortisol appeared to enhance VEGF. After 6 h of incubation
with 10 �M NE alone, mean VEGF secretion was 152% of
control; in the priming experiments, mean VEGF secretion

4 These values were not compared statistically because they are the
result of different series of experiments. Thus, inferences from these
comparisons with priming experiments should be considered as prelim-
inary.

Fig. 4 VEGF production by SKOV3 (A) and EG cells (B) incubated with 0, 1, 10, 100, and 1000 nM cortisol. In experiment 1, supernatants were
harvested at 12 and 24 h; in experiment 2, supernatants were harvested at 3 and 6 h. Statistical analyses were done within each experiment. Data are
represented as percentage of the control (media only) well, which was set to 100% in each experimental series. All data points represent the mean
of at least three experiments performed in duplicate. VEGF production by SKOV3 cells (D) and EG cells (E) incubated with 0, 0.1, 1, and 10 �M

NE after priming with 10 nM cortisol. Supernatants were harvested at 3 and 6 h, and VEGF levels were analyzed by ELISA. Data are means of two
to three experiments with all experiments done with duplicate wells. Data are represented as percentage of the control well (cells incubated in the absence
of NE), set at 100%. Significant increases when compared with control are indicated by �, for P � 0.05; ��, P � .01; ���, P � .001. Bars, �SE.
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increased to 177% of control. The VEGF levels after cortisol
priming in EG cells were significant at both 3 and 6 h as
compared with the control wells (P 	 0.006 at both time points).

With isoproterenol, priming with cortisol appeared to en-
hance VEGF production in SKOV3 cells. In the experiments
conducted in the absence of cortisol, maximum isoproterenol-
induced production of VEGF was 150% of control at 3 h and
137% of control at 6 h (Fig. 1C). After cortisol priming these
values rose to 168% of control and 148% of control, respec-
tively (data not shown). The VEGF secretion in SKOV3 cells
after cortisol priming was significantly elevated as compared
with the control wells after 3 h (1 �M, P 	 0.009; 10 �M, P �
0.001), but not at other time points.5 After cortisol priming,
isoproterenol stimulation in EG produced significant increases
of VEGF over the control at both 3 and 6 h (3 h: 10 �M, P 	
0.031; 6 h: 10 �M, P 	 0.048). However, with isoproterenol,
VEGF secretion at 3 h but not at 6 h was lower than from
nonprimed conditions.

DISCUSSION
These results indicate that stress-related mediators (NE, E,

and isoproterenol) can directly enhance the production of the
proangiogenic cytokine VEGF from two ovarian cancer cell
lines. These effects are mediated through �-adrenergic receptors
because propranolol, a �1 and �2 receptor antagonist, eliminated
the VEGF stimulation induced by these adrenergic agents. Fur-
thermore, the presence of �-1 and �-2 adrenergic receptors in
both cell lines was demonstrated by RT-PCR. Because angio-
genesis is an important component of the estrous cycle, the
regulation of ovarian angiogenesis by hormones has been sug-
gested previously (23). However, to the best of our knowledge,
this is the first report demonstrating direct regulation of a
proangiogenic cytokine in ovarian cancer cells by stress-related
hormones.

The effective dosages of stress-related hormones (�10 �M)
were within the levels that would be produced in the body from
stress-related catecholamine secretion. VEGF induction in both
cell lines was more robust at 3 h than at later time points. This
timing is consistent with the relatively rapid course of action of
these adrenergic agents (39). Moreover, effects of NE were
more pronounced than effects of E in both cell lines, although E
did have significant effects on EG. Reasons for this difference in
the effects of NE and E are not totally clear at this time. We have
shown constitutive expression of both �-1 and �-2 receptors on
both ovarian cancer cell lines. � 1 receptors are known to be
more sensitive to NE than to E, whereas �-2 receptors are more
sensitive to E (39). Whether the differential response of ovarian
cancer cells is because of differences in relative ratio of �-
receptor subtypes is not known and is the subject of ongoing
research in our laboratory.

Moreover, it should be noted that our findings with E
stimulation of SKOV3 represent the results of a conservative
statistical analysis, and the lack of a significant main effect for
dose in the overall test is likely because of the absence of effects

at 6 h. If the 3-h stimulation of SKOV3 by E is examined by
itself in comparison with control values using Dunnett’s test,
VEGF induction by each dose of E is significant, ranging from
P 	 0.006 at 0.1 �M to P 	 0.032 at 10 �M. Thus, future
examination of E induction of VEGF at 3 h is likely to be
productive.

Our findings are consistent with a previous report of in-
creased VEGF expression in brown adipose tissue from rats in
a cold-exposure stress paradigm (25). This increased VEGF
expression was activated by sympathetic nerves, abolished by
surgical sympathetic denervation, and mimicked by administra-
tion of NE or a �-adrenergic agonist (24, 25). Endogenous NE
has also been shown to increase VEGF expression in a dose- and
time-dependent manner in adipocytes, an effect that was abol-
ished by propranolol. NE also up-regulated transcription of the
VEGF gene in adipocytes (26).

Effects of cortisol differed according to the dose of cortisol
and cell line. As hypothesized, in EG cells at 6 h, cortisol at
physiological stress levels (10 nM) increased VEGF secretion,
whereas cortisol levels that were closer to pharmacologic con-
centrations (1000 nM) induced significant reductions in VEGF.
Similar nonsignificant patterns were observed at all of the time
points in EG cells at 1000 nM. This is consistent with the
demonstration of an inhibitory effect of dexamethasone on
VEGF gene expression by rat glioma cells (30). In contrast, with
SKOV3 cells a pattern opposite to that hypothesized emerged.
Low cortisol levels (1 nM) decreased VEGF secretion, whereas
pharmacologic concentrations increased VEGF secretion at 3 h.
This suggests possible differences in receptors or in downstream
activation patterns between the two cell lines. In glioma cells it
has been noted that the hypoxia-induced up-regulation of VEGF
was more pronounced than the effect of the dexamethasone (30),
suggesting the importance of repeating the present experiments
in normoxic and hypoxic conditions to clarify cortisol effects in
both.

Because stress states often involve elevations in cortisol
and catecholamines, we used a costimulation paradigm to sim-
ulate conditions that might be seen in the body under acute or
chronic stress. The enhancement of VEGF production by
SKOV3 cells after costimulation with cortisol and isoproterenol,
and after costimulation of EG with cortisol and NE at 6 h is
consistent with reports that glucocorticoids increase �-adrener-
gic receptor density in pulmonary adenocarcinoma cells (32, 40)
and potentiate adrenergically induced increases in cyclic AMP
in these tumor cells (32). One report has also indicated that �2

adrenoreceptors were increased in number and responsiveness
to catecholamines as a result of chronic stress-induced eleva-
tions in plasma cortisol (41). In contrast, cortisol appeared to
blunt effects of NE on both SKOV3 and EG at 3 h. Mechanisms
underlying these differences are still unclear and are the target
of ongoing research.

These findings demonstrate that stress hormones can stim-
ulate production of a potent proangiogenic factor by ovarian
cancer cells and provide the first experimental evidence of a
pathway by which a biobehavioral stress state could directly
influence the progression of a malignancy. Social support has
been associated with lower tonic levels of stress hormones
including E, NE, and cortisol (34, 42–44). Stress reduction has
also been associated with decreased levels of these neuroendo-

5 The main effect for dose in the overall repeated measures ANOVA
was marginally significant at 0.057.
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crine hormones (35, 36). Thus, the present results suggest path-
ways that may underlie our previous finding of a relationship
between greater social support and lower levels of serum VEGF
in ovarian cancer patients (20). Although the in vivo effects of
stress-related hormones on tumor vascularity are currently not
known, we are actively studying such effects.

Previous work has supported a relationship between biobe-
havioral factors, such as social support and distress, and cancer
progression (6, 45). However, previous studies provide rela-
tively weak evidence that cellular immune factors account for
this relationship (3–6). Although cellular immune mechanisms,
such as the cytotoxic activity of NK cells, are important in
control of ovarian tumors (46–50), ovarian tumors have a va-
riety of mechanisms to evade immune detection and destruction
(51–54). The lack of strong findings in support of mediation by
cytotoxic immune factors of a relationship between biobehav-
ioral factors and disease progression suggests that other mech-
anisms, such as those described above, may underlie these
relationships. Taken together with a recent report that the neu-
rotransmitter �-aminobutyric acid (GABA) inhibits migration of
colon cancer cells (55), the present findings suggest new pos-
sibilities for direct neurohormonal regulation of tumor cells.

ACKNOWLEDGMENTS
We thank Dr. Virginia Sanders from Ohio State University for

providing primer sequences.

REFERENCES
1. Andersen, B. L., Farrar, W. B., Golden-Kreutz, D., Kutz, L. A.,
MacCallum, R., Courtney, M. E., and Glaser, R. Stress and immune
responses after surgical treatment for regional breast cancer. J. Nat.
Cancer Inst., 90: 30–36, 1998.

2. Ben-Eliyahu, S., and Page, G. In vivo assesment of natural killer cell
activity in rats. Prog. Neuroendocrine Immunol., 5: 199–214, 1992.

3. Fawzy, F. I., Cousins, N., Fawzy, N. W., Kemeny, M. E., Elashoff,
R., and Morton, D. A structured psychiatric intervention for cancer
patients. I. Changes over time in methods of coping and affective
disturbance. Arch. Gen. Psychiatry., 47: 720–725, 1990.
4. Fawzy, F. I., Kemeny, M. E., Fawzy, N. W., Elashoff, R., Morton,
D., Cousins, N., and Fahey, J. L. A structured psychiatric intervention
for cancer patients. II. Changes over time in immunological measures.
Arch. Gen. Psychiatry., 47: 729–735, 1990.
5. Fawzy, F. I., Fawzy, N. W., Hyun, C. S., Elashoff, R., Guthrie, D.,
Fahey, J. L., and Morton, D. L. Malignant melanoma: Effects of an early
structured psychiatric intervention, coping, and affective state on recur-
rence and survival 6 years later. Arch. Gen. Psychiatry., 50: 681–689,
1993.
6. Levy, S., Herberman, R., Lippman, M., D’Angelo, T., and Lee,
J. Immunological and psychosocial predictors of disease recurrence in
patients with early-stage breast cancer. Behav. Med., 17: 67–75, 1991.
7. McGregor, B., Antoni, M., Boyers, A., Alferi, S., Blomberg, B., and
Carver, C. Effects of cognitive behavioral stress management on im-
mune function and positive contributions among women with early
stage breast cancer. J. Psychosom. Res., in press.
8. Folkman, J. What is the evidence that tumors are angiogenesis
dependent? J. Nat. Cancer Inst., 82: 4–6, 1990.
9. Kerbel, R. Tumor angiogenesis: past, present, and the near future.
Carcinogenesis (Lond.), 21: 505–515, 2000.
10. Folkman, J. Tumor angiogenesis. In: J. Mendelsohn, P. M. Howley,
M. A. Israel, and L. A. Liotta (eds.), The Molecular Basis of Cancer, pp.
206–232. Philadelphia: W.B. Saunders, 1995.

11. Lewin, M., Bredow, S., Sergeyev, N., Marecos, E., Bogdanov, A.,
and Weissleder, R. In vivo assessment of vascular endothelial growth
factor-induced angiogenesis. Int. J. Cancer, 83: 798–802, 1999.

12. McCourt, M., Wang, J., Sookhai, S., and Redmond, H. Proinflam-
matory mediators stimulate neutrophil-directed angiogenesis. Arch.
Surg., 134: 1325–1332, 1999.

13. Inoue, M., Itoh, H., Tanaka, T., Chun, T. H., Doi, K., Fukunaga, Y.,
Sawada, N., Yamshita, J., Masatsugu, K., Saito, T., Sakaguchi, S., Sone,
M., Yamahara, K. I., Yurugi, T., and Nakao, K. Oxidized LDL regulates
vascular endothelial growth factor expression in human macrophages
and endothelial cells through activation of peroxisome proliferator-
activated receptor-�. Arterioscler. Thromb. Vasc. Biol., 21: 560–566,
2001.

14. Wartiovaara, U., Salven, P., Mikkola, H., Lassila, R., Kaukonen, J.,
Joukov, V., Orpana, A., Ristimaki, A., Heikinheimo, M., Joensuu, H.,
Alitalo, K., and Palotie, A. Peripheral blood platelets express VEGF-C
and VEGF which are released during platelet activation. Thromb. Hae-
most., 80: 171–175, 1998.

15. Brown, L., Detmar, M., Claffey, K., Nagy, J., Feng, D., Dvorak, A.,
and Dvorak, H. Vascular permeability factor/vascular endothelial
growth factor: a multifunctional angiogenic cytokine. EXS, 79: 233–
269, 1997.

16. Kraft, A., Weindel, K., Ochs, A., Marth, C., Zmija, J., Schumacher,
P., Unger, C., Marme, D., and Gasti, G. Vascular endothelial growth
factor in the sera and effusions of patients with malignant and nonma-
lignant disease. Cancer (Lond.), 85: 178–187, 1999.

17. Paley, P. J., Staskus, K. A., Gebhard, K., Mohanraj, D., Twiggs,
L. B., and Carson, L. F. Vascular endothelial growth factor expression
in early stage ovarian carcinoma. Cancer (Lond.), 80: 98–106, 1997.

18. Cooper, B. C., Ritchie, J. M., Broghammer, C. L. W., Coffin, J.,
Sorosky, J. I., Buller, R. E., Hendrix, M. J. C., and Sood, A. K.
Preoperative serum vascular endothelial growth factor (VEGF) levels:
significance in ovarian cancer. Clin. Cancer Res., 8: 3193–3197, 2002.

19. Abulafia, O., Triest, W., and Sherer, D. Angiogenesis in malignan-
cies of the female genital tract. Gyn. Oncol., 72: 220–231, 1999.

20. Lutgendorf, S. K., Johnsen, E., Cooper, B., Anderson, B., Sorosky,
J. I., Buller, R. E., and Sood, A. K. Vascular endothelial growth factor
and social support in patients with ovarian carcinoma. Cancer (Lond.),
95: 808–815, 2002.

21. Saito, H., Tsujitani, S., Oka, S., Kondo, A., Ikeguchi, M., Maeta,
M., and Kaibara, N. The expression of transforming growth factor-�-1
is significantly correlated with the expression of vascular endothelial
growth factor and poor prognosis of patients with advanced gastric
carcinoma. Cancer (Lond.), 86: 1455–1462, 1999.

22. Cullinan-Bove, K., and Koos, R. D. Vascular endothelial growth
factor/vascular permeability factor expression in the rat uterus: rapid
stimulation by estrogen correlates with extrogen-induced increases in
uterine capillary permeability and growth. Endocrinology, 133: 829–
837, 1993.

23. Shweiki, D., Itin, A., Neufeld, G., Gitay-Goren, H., and Keshet, E.
Patterns of expression of vascular endothelial growth factor(VEGF) and
VEGF receptors in mice suggest a role in hormonally regulated angio-
genesis. J. Clin. Investig., 91: 2235–2243, 1993.

24. Tonello, C., Giordano, A., Cozzi, V., Cinti, S., Stock, M. J., Car-
ruba, M. O., and Nisoli, E. Role of sympathetic activity in controlling
the expression of vascular endothelial growth factor in brown fat cells of
lean and genetically obese rats. FEBS Lett., 442: 167–172, 1999.

25. Asano, A., Morimatsu, M., Nikami, H., Yoshida, T., and Saito, M.
Adrenergic activation of vascular endothelial growth factor mRNA
expression in rat brown adipose tissue: implication in cold-induced
angiogenesis. Biochem. J., 328: 179–183, 1997.

26. Fredriksson, J. M., Lindquist, J. M., Bronnikov, G., and Neder-
gaard, J. Norepinephrine induces vascular endothelial growth factor
gene expression in brown adipocytes through a beta-adrenoreceptor/
cAMP/Protein Kinase A pathway involving Src but independently of
Erk1/2. J. Biol. Chem., 275: 13802–13811, 2000.

4520 Stress-Related Mediators and VEGF in Ovarian Cancer

 

http://clincancerres.aacrjournals.org/


27. Vandewalle, B., Revillion, F., and Lefebvre, J. Funtional beta-
adrenergic receptors in breast cancer cells. J. Cancer Res. Clin. Oncol.,
116: 303–306, 1990.

28. Marchetti, B., Spinola, P. G., Pelletier, G., and Labrie, F. A poten-
tial role for catecholamines in the development and progression of
carcinogen-induced mammary tumors: hormonal control of beta-adren-
ergic receptors and correlation with tumor growth. J. Ster. Biochem.
Mol. Biol., 38: 307–320, 1991.

29. Chrousos, G. The concepts of stress and stress system disorders.
JAMA, 267: 1244–1252, 1992.

30. Machein, M., Kullmer, J., Ronicke, V., Machein, U., Krieg, M.,
Damert, A., Breier, G., Risau, W., and Plate, K. Differential downregu-
lation of vascular endothelial growth factor by dexamethasone in nor-
moxic and hypoxic rat glioma cells. Neuropath. Appl. Neurobiol., 25:
104–112, 1999.

31. Kawamura, A., Tamaki, N., and Kokunar, T. Effect of dexametha-
sone on cell proliferation of neuroepithelial tumor cell lines. Neurol.
Med Chir., 38: 633–638, 1998.

32. Nakane, T., Szentendrel, T., Stern, L., Virmani, M., Seely, J., and
Kunos, G. Effects of IL-1and cortisol on beta-adrenergic receptors, cell
proliferation, and differentiation in cultured human A549 lung tumor
cells. J. Immunol., 145: 260–266, 1990.

33. Kemp, V. H., and Hatmaker, D. D. Stress and social support in high
risk pregnancy. Res. Nurs. Health., 12: 331–336, 1989.

34. Seeman, T. E., Berkman, L. F., Blazer, D., and Rowe, J. W. Social
ties and support and neuroendocrine function: The MacArthur studies of
successful aging. Ann. Behav. Med., 16: 95–106, 1994.

35. Antoni, M., Cruess, D., Wagner, S., Lutgendorf, S., Kumar, M.,
Ironson, G., Klimas, N., Fletcher, M., and Schneiderman, N. Cognitive
behavioral stress management reduces anxiety and 24-hour urinary
catecholamine output among symptomatic HIV-infected gay men.
J. Consult. Clin. Psychol., 66: 31–45, 2000.

36. Antoni, M., Cruess, S., Cruess, D., Kumar, M., Lutgendorf, S.,
Ironson, G., Dettmer, E., Williams, J., Klimas, N., Fletcher, M., and
Scheiderman, N. Cognitive-behavioral stress management reduces dis-
tress and 24-hour urinary free cortisol output among symptomatic HIV-
infected gay men. Ann. Behav. Med., 22: 29–37, 2000.

37. Sood, A. K., Seftor, E. A., Fletcher, M. S., Gardner, L. M., Heidger,
P. M., Buller, R. E., Seftor, R. E., and Hendrix, M. J. Molecular
determinants of ovarian cancer plasticity. Am. J. Pathol., 158: 1279–
1288, 2001.

38. Sood, A., Fletcher, M. S., Gruman, L. M., Coffin, J. E., Jabbari, S.,
Khalkhali-Ellis, Z., Arbour, N., Seffor, E. A., and Hendrix, M. J. The
paradoxical expression of maspin in ovarian carcinoma. Clin. Cancer
Res., 8: 2924–2932, 2002.

39. Hardman, J. G., Limbird, L. E., and Gilman, A. G. Goodman &
Gilman’s The Pharmacological Basis of Therapeutics, 10 ed. New York:
McGraw Hill, 2001.

40. Stern, L., and Kunos, G. Synergistic regulation of pulmonary
b-adrenergic receptors by glucocorticoids and interleukin-1. J. Biol.
Chem., 263: 15876–15879, 1988.

41. Reid, S. D., Moon, T. W., and Perry, S. F. Rainbow trout hepatocyte
�-adrenoceptors, catecholamine responsiveness, and effects of cortisol.
Am. J. Physiol., 31: R794–R799, 1992.

42. Turner-Cobb, J., Sephton, S., Koopman, C., Blake-Mortimer, J.,
and Spiegel, D. Social support and salivary cortisol in women with
metastatic breast cancer. Psychosom. Med., 62: 337–345, 2000.
43. Cruess, D., Leserman, J., Petitto, J., Golden, R., Szuba, M., Mor-
rison, M., and Evans, D. Psychosocial-immune relationships in HIV
disease. Sem. Clin. Neuropsychiatry, 6: 241–251, 2001.
44. Seeman, T., and McEwen, B. Impact of social environment char-
acteristics on neuroendocrine regulation. Psychosom. Med., 58: 459–
471, 1996.
45. Fawzy, F. I., Canada, A. L., and Fawzy, R. N. Malignant melanoma:
effects of a brief, structured psychiatric intervention on survival and
recurrence at 10-year follow-up. Arch. Gen. Psychiatry., 60: 100–103,
2003.
46. Barton, D., Blanchard, D., Duan, C., Roberts, W., Cavanagh, D.,
DeCesare, S., and Djeu, J. Interleukin-12 synergizes with interleukin-2
to generate lymphokine-activated killer activity in peripheral blood
mononuclear cells cultured in ovarian cancer ascitic fluid. J. Soc.
Gynecol. Investig., 2: 762–771, 1995.
47. Garzetti, G., Cignitti, M., Ciavattini, A., Fabris, N., and Romanini,
C. Natural killer cell activity and progression-free survival in ovarian
cancer. Gynecol. Obstet. Investig., 35: 118–120, 1993.
48. Ioannides, C., Freedman, R., Platsoucas, C., Rashed, S., and Kim,
Y. Cytotoxic T cell clones isolated from ovarian tumor-infiltrating
lymphocytes recognize multiple antigenic epitopes on autologous tumor
cells. J. Immunol., 146: 1700–1707, 1991.
49. Lotzova, E., Savary, C., Freedman, R., and Bowen, J. Natural
immunity against ovarian cancers. Comp. Immunol. Microbiol. Infect.
Dis., 9: 269–275, 1986.
50. Zhang, L., Conejo-Garcia, J. R., Katsaros, D., Gimotty, P. A.,
Massobrio, M., Regnani, G., Makrigiannakis, A., Gray, H., Schlienger,
K., Liebman, M. N., Rubin, S. C., and Coukos, G. Intratumoral T cells,
recurrence, and survival in epithelial ovarian cancer. N. Engl. J. Med.,
348: 203–213, 2003.
51. Kooi, S., Freedman, R. S., Rodriguez-Villanueva, J., and Platsou-
cas, C. D. Cytokine production by T-cell lines derived from tumor
infiltrating lymphocytes from patients with ovarian carcinoma: tumor
specific immune responses and inhibition of antigen-independent cyto-
kine production by ovarian tumor cells. Lymphokine Cytokine Res., 12:
429–437, 1993.
52. Loercher, A. E., Nash, M. A., Kavanagh, J. J., Platsoucas, C. D.,
and Freedman, R. S. Identification of an IL-10-producing HLA_DR-
negative monocyte subset in the malignant ascites of patients with
ovarian carcinoma that inhibits cytokine protein expression and prolif-
eration of autologous T cells. J. Immunol., 163: 6251–6260, 1999.
53. Rabinowich, H., Reichert, T. E., Kashii, Y., Gastman, B. R., Bell,
M. C., and Whiteside, T. L. Lymphocyte apoptosis induced by Fas
ligand-expressing ovarian carcinoma cells: implications for altered ex-
pression of T cell receptor in tumor-associated lymphocytes. J. Clin.
Investig., 101: 2579–2588, 1998.
54. Nakashima, M., Sonoda, K., and Watanabe, T. Inhibition of cell
growth and induction of apoptotic cell death by the human tumor-
associated antigen RCAS1. Nat. Med., 5: 938–942, 1999.
55. Joseph, J., Biggemann, B., Zaenker, K. S., and Entschladen, F. The
neurotransmitter �-aminobutyric acid (GABA) is an inhibitory regulator
for the migration of SW 480 colon carcinoma cells. Cancer Res., 62:
6467–6469, 2002.

4521Clinical Cancer Research

http://clincancerres.aacrjournals.org/

