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Purpose
Chronic stress and related hormones are key in cancer progression. Peroxisome prolifera-
tor-activated receptor ! (PPAR!) and its agonists was reported that inducing anti-tumor 
effect. However, the function of PPAR! in pro-tumorigenic effects induced by chronic stress
in breast cancer remains unknown. Herein, we have characterized a novel role of PPAR!
and vascular endothelial growth factor (VEGF)/fibroblast growth factor 2 (FGF2) signals in
breast cancer promoted by chronic stress.   

Materials and Methods
We performed experiments in vivo and in vitro and used bioinformatics data to evaluate
the therapeutic potential of PPAR! in breast cancer promoted by stress.    

Results
Chronic stress significantly inhibited the PPAR! expression and promoted breast cancer in
vivo. VEGF/FGF2-mediated angiogenesis increased in the chronic stress group compared
to the control group. PPAR! agonist pioglitazone (PioG) injection offset the pro-tumorigenic
effect of chronic stress. Moreover, specific "2-adrenergic receptor ("2R) antagonist ICI11-
8551 inhibited the effect of chronic stress. In vitro, norepinephrine (NE) treatment had a
similar tendency to chronic stress. The effect of NE was mediated by the "2R/adenylate 
cyclase signaling pathway and suppressed by PioG. PPAR! suppressed VEGF/FGF2 through
reactive oxygen species inhibition. Bioinformatics data confirmed that there was a low PPAR!
expression in breast invasive carcinoma. Lower PPAR! was associated with a significantly
worse survival.     

Conclusion
"2R activation induced by chronic stress and related hormones promotes growth and VEGF/
FGF2-mediated angiogenesis of breast cancer by down-regulating PPAR!. Our findings hint
that " receptor and PPAR! as two target molecules and the novel role for their agonists or
antagonists as clinical medicine in breast cancer therapy. 
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Introduction

Social-psychological stress has been implicated in the 

development of cancer, hematopoietic, and cardiovascular

diseases [1,2]. Previous studies have reported that sympa-

thetic nervous system (SNS) activation or catecholamine sec-

retion induced by chronic stress act on adrenoceptors to

modulate cell behavior, which plays a significant role in mul-

tiple solid tumors, including ovarian, breast, and pancreatic

cancers [3-5]. Our earlier work has confirmed that chronic

stress can strengthen breast cancer progression in mice [6].

The mammary gland and pancreas were innervated by SNS

fibers and both of cancer cells had receptors for SNS neuro-

transmitters [7], strongly suggesting that these cancers may

be sensitive to neural signaling.

http://crossmark.crossref.org/dialog/?doi=10.4143/crt.2019.510&domain=pdf&date_stamp=2020-07-15
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Peroxisome proliferator-activated receptors (PPARs) 
belong to a nuclear receptor superfamily of ligand-activated
transcription factors, which play crucial roles in several types
of metabolic processes. Three types of PPARs (!, ", and #)
have been identified thus far. The most studied subtype
PPAR#, which was identified as a critical regulatory factor in
adipogenesis, is also involved in islet cell sensitization, cell
cycle arrest, and proliferation [8]. PPAR# agonist has been
used for type II diabetes and related metabolic disease ther-
apy, including obesity, hypertension, and dyslipidemia. 
Recently, more studies have suggested that PPAR# and its
agonists play an anti-tumor role in cancer biology by sup-
pressing angiogenesis [9,10], inducing apoptosis [11] and ma-
trix metalloproteinase degradation [12].

To date, the role of PPAR# in pro-tumorigenic effects 
induced by chronic stress in breast cancer remains unclear.
Stress-related hormone norepinephrine (NE) has been shown
to repress the PPAR# gene expression in brown adipocytes
[13]. In addition, chronic social stress decreases the PPAR#
levels in adipose adiponectin production [14]. Thus, we 
hypothesized that chronic stress promotes breast cancer by
suppressing PPAR# expression. It is well known that vascu-
lar endothelial growth factor (VEGF)/fibroblast growth fac-
tor 2 (FGF2)-dependent angiogenesis acts as a crucial factor
in tumor metastasis, and PPAR# activation inhibited angio-
genes. Thus, it was important to explore whether VEGF and
FGF2 was involved in PPAR# inhibition of tumor progres-
sion induced by chronic stress. We found that chronic stress
and NE decreases the PPAR# levels and facilitates VEGF/
FGF2-related vascularization in breast cancer. The "2 receptor
was also determined to be involved in the effect of stress. 

Materials and Methods

1. Cell culture and reagents

NE, phentolamine (phent), propranolol (PPL), metoprolol,
ICI118551, forskolin, pioglitazone (PioG), and GW9662 were
obtained from Sigma-Aldrich (Shanghai, China). Murine
breast cancer cells 4T1 were incubated in 10% fetal bovine
serum (BI) RPMI1640 medium. NE was treated at a concen-
tration of 0, 1, 10, and 100 µM. After conducting the dose 
response and time course experiments, 10 µM NE [5] was
added to 4T1 cells for 3 hours. Phent, PPL, metoprolol, and
ICI118551 were used at a concentration of 1 µM. Concentra-
tions of forskolin and PioG were 10 and 50 µM [15], respec-
tively. H2O2 (250 µmol/L) and the antioxidant N-acetylcys-
teine (NAC, 5 mmol/L) was treated for 24 hours.

2. Animal models

Female BALB/c mice (6-8 weeks old, Vital River Lab Ani-
mal Technology Co., Ltd., Beijing, China) were inoculated
subcutaneously with 1!106 of 4T1 cells. The animals were
then randomly divided into experimental groups. For chro-
nic stress group, the mice were exposed to social isolation
stress, as described by Thaker et al. [3]. Briefly, each mouse
was individually housed in a cage with a wall of at least 24
inch between cages. For control or PioG groups, five mice
were housed per cage. PioG (25 mg/kg, intraperitoneally,
four times a week) [16], ICI118551 (25 mg/kg, intraperito-
neally, every 2 days), or GW9662 (1 mg/kg/day, intraperi-
toneally) was injected on day 7 after the 4T1 cell inoculation.
The mice were sacrificed 28 days after inoculation and 
tumors were weighed and frozen for other experiments.

3. Lung metastasis measurement

Briefly, 2 mL of India ink was injected directly into the tra-
chea. After dissection, some lung samples were washed with
Fekete's solution and lung nodules were observed and
counted. The other lung samples were fixed and used for
hematoxylin and eosin (H&E) staining to observe the metas-
tasis more clearly.

4. In vivo angiogenesis assay

Matrigel plug assay was used for angiogenesis measure-
ment in vivo. 4T1 cells (1!105) mixed with 250 µL of Matrigel
(Corning 354234, Shanghai, China) were injected subcuta-
neously into the backs of mice. The mice were then randomly
divided into four groups: control, PioG, chronic stress with
or without PioG. After 10 days, the resulting Matrigel plugs
were extracted, photographed and then measured hemoglo-
bin content (QuantiChrom hemoglobin assay, BioAssay Sys-
tems, Hayward, CA).

5. Reverse transcription polymerase chain reaction and
quantitative real-time polymerase chain reaction analysis

Total RNA (1 µg) from each sample was collected using the
TRIzol reagent (Thermo Fisher, Shanghai, China) and used
for first-strand cDNA synthesis using M-MLV Reverse Tran-
scriptase (Promega, Madison, WI). The quantitative real-time
polymerase chain reaction (qPCR) amplifications were per-
formed using the SYBR Green Mix (TransGen, Beijing, China).
Glyceraldehyde 3-phosphate dehydrogenase was used as an
internal control. Primers were listed as follows: PPAR!: 
5!-GGGATCAGCTCCGTGGATCT-3! (F); 5!-TGCACTTTG-
GTACTCTTGAAGTT-3! (R). VEGF: 5!-GTGAGGTGTGTA-
TAGATGTGGGG-3! (F); 5!-ACGTCTTGCTGAGGTAACC-
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TG-3! (R); FGF2: 5!-GCGACCCACACGTCAAACTA-3! (F);
5!- TCCCTTGATAGACACAACTCCTC-3! (R).

6. Immunoblotting assay

Preparation of total cell or tumor tissue extracts and immu-
noblotting with appropriate antibodies was performed. Pri-
mary antibodies were used to detect PPAR! (ab41928, Abcam,
Cambridge, UK), VEGF (sc-7296, Santa Cruz Biotechnology,
Santa Cruz, CA) or FGF2 (MA1-24682, Invitrogen, Shanghai,
China). Labeled proteins were visualized using the enhanced
chemiluminesence chemiluminescence kit (Millipore, Bed-
ford, MA).

7. Flow cytometry

4T1 cells after different treatments resuspended and incu-
bated with primary anti-PPAR! for 1 hour at room tempera-
ture. The cells were washed with phosphate buffered saline
(PBS) and then incubated with phycoerythrin (PE)-conju-
gated secondary antibody for 30 minutes. Reactive oxygen
species (ROS) intensity was measured by a DCFH-DA probe
kit (Solarbio, Beijing, China). 4T1 cells with different treat-
ments were trypsinized, incubated with DCFH-DA for 20
minutes at 37°C, washed with PBS and then detected the 
intensity of DCF signal to examine the ROS levels. The cells
were measured using flowcytometry and analyzed with
FlowJo software (BD Biosciences, San Jose, CA).

8. Immunohistochemical analysis

For immunohistochemistry, tumor tissue paraffin sections
from tumor-bearing mice were stained with anti-CD31
(1:100, sc-71873, Santa Cruz Biotechnology) or anti-PPAR!
primary antibodies (1:100). The immunoactivity was detec-
ted with diaminobenzidine (ZSGB-BIO, Beijing, China). The
micro-vascular density (MVD) was measured by 10 inde-
pendent fields. 

9. Small interfering RNA

SiCtrl, si"2R(1) (target sequence 5!-CAGAGTGGATAT-
CACGTGGAA-3!) and si"2R(2) (target  sequence 5!-CCGA-
TAGCAGGTGAACTCGAA-3!); si-PPAR! (target sequence
5!-CACTGATATTCAGGACATTTTTA-3!) (Qiagen, Shang-
hai, China) were transfected into 4T1 cells with lipofectamine
2000 (Invitrogen, Shanghai, China).

10. Immunofluorescence microscopy

For immunofluorescence analysis, 4T1 cells were washed
twice with PBS, fixed in 4% paraformaldehyde, and then 

incubated with anti-PPAR! monoclonal antibody (ab41928,
Abcam, Cambridge, UK) overnight at 4°C. Immunoreactive
proteins were detected by incubating with TRITC-conjugated
IgG. The nuclei were stained with DAPI (50 µg/mL) for 5
minutes. Images were assessed using a fluorescence inver-
sion microscope system (Olympus, Tokyo, Japan).

11. Cell proliferation assay

Cells were incubated in a 96-well plate at a density of 4!103

cells per well treated with NE alone or in combination with
PioG for 48 hours. Cell viability was detected using the Cell
Counting Kit-8 assay (CCK-8, Dojindo, Kyushu, Japan). Each
assessment was performed in triplicate in three independent
experiments.

12. Soft agar colony formation assay

Agar (0.5%, diluted with serum-free Dulbecco's modified
Eagle's medium) was added to 6-well plates as a bottom
layer and incubated at room temperature for 30 minutes. The
4T1 cells treated with NE alone or in combination with PioG
(1,000 cells/well) were mixed with 0.375%-agar to form a
middle layer. Serum-free Dulbecco's modified Eagle's medium
was then added as a top layer. The 6-well plates were incu-
bated for 2 weeks, at which point the cell colonies were coun-
ted.

13. Statistical analysis

Data were represented as mean±standard error of mean
and analyzed with SigmaStat 10.0 (SPSS Inc., Chicago, IL).
The differences between two groups were analyzed using the
Student’s t test. The differences among three or more groups
were evaluated by one-way ANOVA, followed by Turkey
test. p < 0.05 was considered statistically significant.

14. Ethical statement

All animal experimental protocols used in this study were
in accordance with institutional Guidelines for Animal 
Experiments and approved by the Animal Ethics Committee
of Nankai University.
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dard error of mean. #p < 0.05 vs. control group, *p < 0.05 vs. chronic stress+PioG group on day 28. 
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Results

1. Effect of PioG of tumor growth and lung metastasis 
induced by chronic stress in a xenograft model 

First, the role of PPAR! in tumor progression induced by
chronic stress in vivo was determined. After 4T1 cells were
injected into the mammary fat pads of female BALB/c mice
to establish a mouse xenograft model, social isolation was
also imposed for 4 weeks to implement a chronic stress
model until the mice were sacrificed on day 28. One week
after cell inoculation, PPAR!-specific agonist PioG (25 mg/
kg) was injected intraperitoneally four times a week (Fig.
1A). In our previous work [6], we have reported that chronic
stress can strengthen breast cancer progression. In the cur-
rent study, this result was also explicitly confirmed. More-
over, PioG treatment markedly inhibited tumor growth
compared to the control group. When PioG was injected after
the chronic stress stimulation, tumor growth was inhibited
compared to the chronic stress alone group (Fig. 1B). Com-
pared with the tumor volume on day 28 in control group
(1,960.838±380.528 mm3), the chronic stress group (2,643.856±
197.824 mm3) bore bigger tumors while PioG group (1,360.097±
213.938 mm3) bore smaller tumors. The tumor volume on day
28 in the combination group was smaller than chronic stress
alone group (2,119.997±405.572 mm3 vs. 2,643.856±197.824
mm3, p < 0.05) (Fig. 1C). The PioG group also showed the
lowest tumor weight, while the chronic stress group showed
the heaviest tumor weight on day 28 (Fig. 1D). In addition,
lung metastasis was observed using the India ink staining
and H&E staining. This result was similar to the tumor
growth volume and weight. The chronic stress group had the

most lung metastatic nodules, while the PioG group had the
fewest nodules. The number of lung nodules in the combi-
nation group was moderate (Fig. 1E). H&E staining revealed
a similar tendency to the ink staining (Fig. 1F). These data
imply that PPAR! inhibits the tumor growth and distant
metastasis induced by chronic stress. 

2. Role of PPAR! in the angiogenic response and VEGF
production induced by chronic stress in vivo

To confirm the role of PPAR! in tumors in vivo, PPAR! lev-
els in the tumor tissues were detected. Both PPAR! mRNA
and protein expression levels detected by RT-PCR, qPCR and
western blot were lowest in the tumor from chronic stress
group and highest in the PioG alone group. The PioG injec-
tion reversed PPAR! inhibition induced by chronic stress 
(p < 0.05) (Fig. 2A-C).

Angiogenesis is one of the most crucial factors that pro-
motes cancer metastasis. Thus, it was important to explore
whether angiogenesis was involved in PPAR! inhibition of
tumor progression induced by chronic stress. An in vivo
angiogenesis Matrigel plug assay was performed, where 4T1
cells were mixed with the Matrigel solution and then injected
subcutaneously into the backs of BALB/c mice. After 10
days, Matrigel plugs in the chronic stress group were red and
contained many blood vessels (Fig. 2D). In contrast, Matrigel
plugs from the PioG alone group remained clear and were
poorly vascularized (p < 0.05) (Fig. 2D). Assay images further
revealed a functional vascular network invading into the 
tumors in the chronic stress group, whereas vessels in the
PioG-treated tumors were only found at the tumor periphery
(Fig. 2D). Similarly, the number of blood vessels in the chro-
nic stress with PioG treatment group showed a decreased
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blood vessel number in contrast to the chronic stress group

(p < 0.05) (Fig. 2D). 

An endothelial marker, CD31, was also tested by immuno-

histochemistry staining of tumor sections. CD31-positive 

results validated the presence of blood vessels in the tumors.

The bar graph showed that tumor tissue derived from the

chronic stress group demonstrated a significant increase in

the MVD compared to the control group, while in the PioG

alone group the MVD was the lowest among all groups. 

Angiogenesis was thus restrained after the PioG injection
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combined with chronic stress treatment (p < 0.05) (Fig. 2E).
The in vivo angiogenic properties suggested that chronic

stress produced pro-angiogenic factors. VEGF and FGF2 are
two of the most well-known proangiogenic factors com-
monly up-regulated in human tumors [17] and were induced
by chronic stress [3]. Therefore, their expression was exam-
ined in this study. qPCR and western blot analysis showed
that both of VEGF and FGF2 expression was up-regulated in
the chronic stress group and down-regulated in the PioG
alone group compared to the control group. The PioG treat-

ment attenuated VEGF/FGF2 upregulation induced by
chronic stress (p < 0.05) (Fig. 2F and G). Hence, the angio-
genic properties reflected that chronic stress enhanced the
production of two proangiogenic factors and new blood ves-
sel formation, which correlated with the rapid growth and
metastasis of tumors in vivo. Therefore, PioG inhibited the
VEGF/FGF2 production and angiogenesis potentiated by
chronic stress, thus inhibiting tumor promotion. 
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3. Effect of NE on PPAR! expression and viability of 4T1
cells

NE released under stress condition. Thus, it was important

to explore whether NE could affect the PPAR! expression in
vitro. PPAR!mRNA expression was detected by reverse tran-

scription polymerase chain reaction (RT-PCR) in 4T1 cells

after NE treatment for 10 minutes, 1, 3, or 12 hours with dif-

ferent concentrations (0, 1, 10, and 100 µM). PPAR! mRNA

expression detected by RT-PCR and qPCR was decreased in

4T1 cells treated with 10 or 100 µM of NE for 1 hour, 3 hours,

or longer durations (Fig. 3A-C). According to these results,

10 µM and 3 hours were chosen as the optimum conditions

for NE treatment in the subsequent experiments (Fig. 3B and
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C). PPAR! expression in 4T1 cells was detected using cyto-

fluorescence staining. Compared with the vehicle group, 

PE-conjugated PPAR! fluorescence intensity in 4T1 cells 

decreased significantly after treatment with NE (Fig. 3D). To

investigate whether PPAR! inhibition affected cell viability

and proliferation, CCK-8 (Fig. 3E) and clonogenic assays 

(Fig. 3F) were performed. The data showed that NE alone en-

hanced the viability and proliferation ability, where the latter

was measured by counting clone numbers growing in soft

agar. PioG inhibited cell viability and proliferation. Consis-

tent with the in vivo results, NE in combination with PioG

offset their individual effects (p < 0.05) (Fig. 3E and F).

4. Role of !2 receptor activation and adenylyl cyclase sig-
naling pathway in PPAR" and VEGF expression induced
by NE

We also investigated whether the effect of PPAR! on 

angiogenesis in 4T1 cells induced by NE was similar to that

in vivo. 4T1 cells were treated with NE (10 µM) for 3 hours or

PioG (50 µM) for 24 hours. PPAR! mRNA and protein 

expression was significantly decreased after NE stimulation

(p < 0.05) (Fig. 4A and B). PioG, the PPAR! agonist, triggered

PPAR! mRNA and protein upregulation (p < 0.05) (Fig. 4A

and B). VEGF/FGF2 expression showing an opposite trend

to that of PPAR! (p < 0.05) (Fig. 4A and B). NE and PioG

combination treatment offset the effect achieved by single

stimulation (p < 0.05) (Fig. 4A and B). 

Stress hormones function by binding to the adrenergic 

receptors, including subtypes "1 or "2 and #1, #2, or #3. The

roles of all the subtypes involved in PPAR! inhibition indu-

ced by NE were detected in 4T1 cells. As shown in Fig. 4C, 

# receptor inhibitor PPL and not " receptor inhibitor phent

reversed the NE-induced PPAR! inhibition (0.267±0.016 vs.

0.893±0.04, p < 0.05) and blocked NE-induced VEGF and

FGF2 (2.6±0.35 vs. 1.4±0.1; 3.3±0.75 vs. 1.2±0.15,  p < 0.05) 
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(Fig. 4C). A specific !2 receptor antagonist ICI118551 but not
a !1 receptor antagonist (metoprolol) inhibited NE-induced
changes (p < 0.05) (Fig. 4D). In addition, we also confirmed
the PPAR" expression in protein level by flow cytometry. The
result showed that !2 receptor inhibition by ICI118551 
induced PPAR" enhancement (p < 0.05) (Fig. 5A). To further
illustrate the role of !2 receptor in PPAR" inhibition induced
by NE, si!2Rs experiments were performed. Both of two
si!2Rs silenced !2R protein expression effectively (data not
shown). Compared with siCtrl group, PPAR" protein expres-
sion was no longer suppressed by NE treatment in si!2R(1)
group (p < 0.05) (Fig. 5B). The PPAR" fluorescence intensity
also showed the same results (Fig. 5C). It is well known that
! receptor activate the cAMP signaling pathway through
stimulation of adenylyl cyclase (AC) [18]. The cells were
treated with an AC activator forskolin, causing a decrease in
PPAR" and an increase in VEGF and FGF2, in accordance
with the results of NE-alone treatment (Fig. 5D). Because
cAMP activates both cyclic-AMP response binding (CREB)
and EPAC-mediated downstream events, it is unclear whe-
ther PPAR" is associated with the forskolin-induced VEGF
expression. For clarification, PPAR" was silenced and then
we examined whether the forskolin-mediated VEGF modu-
lated or not. The data showed that after PPAR" silenced,
VEGF expression was not increased (p < 0.05) (Fig. 5E).

It has been reported that PPAR" inhibited proliferation of
lung cancer cells was based on metabolic changes, especially
targeting ROS [19]. ROS played a prominent role in VEGF-
dependent angiogenesis [20]. Therefore, we further explore
the underlying role of ROS by flowcytometry in cross-talk
between PPAR" and VEGF. Compared with that in dimethyl
sulfoxide group, PPAR" agonist PioG inhibited ROS level,
while it could not induce the same effect in siPPAR" group
(p < 0.05) (Fig. 5F). Does ROS affect the expression of VEGF
induced by PPAR" activation at least partly? To probe into
this, H2O2 (250 µmol/L) and NAC (5 mmol/L) was used to
increase and eliminate ROS, respectively. As shown in Fig. 5G
and H, PioG treatment inhibited VEGF expression (p < 0.05)
(Fig. 5G), which was rescued by H2O2 addition. Similarly,
NAC suppressed VEGF increase induced by PPAR" silenc-
ing (p < 0.05) (Fig. 5H). 

Therefore, all above data supported the contribution of !2

receptor in regulating PPAR" and VEGF/FGF2 induced by
stress hormones.

5. Role of !2 receptor in PPAR" inhibition induced by
chronic stress in vivo

The in vitro results suggested that !2 receptor is mainly 
involved in NE function. The role of the !2 receptor was also
investigated in vivo. Mice bearing xenograft tumors were 
exposed to chronic stress and then divided into four groups:

control (n=3), chronic stress group (n=4), chronic stress+ICI1-
18551 (25 mg/kg every other day, intraperitoneally, n=4),
and chronic stress+PPAR" antagonist GW9662 (1 mg/kg/
day, intraperitoneally, n=5). As expected, chronic stress 
accelerated the tumor promotion again (p < 0.05) (Fig. 6A-
C). After blocking the !2 receptor with ICI118551, tumor
growth was inhibited significantly compared to the chronic
stress only group. While after PPAR" inhibition by GW9662,
the tumor growth was strengthened markedly (p < 0.05) 
(Fig. 6A and B). Tumor weight on day 28 showed a similar
trend. The mice treated with GW9662 were burdened with
the heaviest tumors. However, ICI-118551 injection reduced
the tumor weight (p < 0.05) (Fig. 6C). Furthermore, PPAR"
expression and angiogenesis in tumors were measured using
RT-PCR, qPCR, western blotting, and immunohistochem-
istry staining. As shown in Fig. 6D-F, both PPAR" mRNA
and protein expression levels were greater in the ICI118551
group and lower in the GW9662 group compared with
chronic stress alone group. VEGF/FGF2 expression showed
a reverse tendency. Immunohistochemistry results also
showed a similar PPAR" change (Fig. 6G). Finally, the num-
bers of blood vessels in the tumor tissue labeled with CD31
were counted. Blood vessel numbers were the greatest in
mouse tumors treated with GW9662 and the least with
ICI118551 among all the three groups (Fig. 6H left and right
panel). Combined results in vitro and in vivo demonstrated
that chronic stress heightens VEGF/FGF2-mediated angio-
genesis and then promotes breast cancer progression by !2R
activation and PPAR" inactivation. 

6. Bioinformatics analysis of PPAR" in breast cancer pati-
ents

According to the experimental results, PPAR" can serve as
a key player in stress-induced tumor progression. A possible
explanation for this result may be partly due to poor PPAR"
expression in cancer tissue. Data analysis of 1,104 breast can-
cer samples and 113 normal mammary tissue samples that
were catalogued in the StarBase v3.0 [21], revealed an obvi-
ous decrease in PPAR" mRNA levels (Fig. 7A). Another 
result from GEPIA database [22] also displayed the same 
result as data from StarBase (p < 0.05) (Fig. 7B). Moreover, in
this population, high PPAR" (greater than median) was asso-
ciated with a significantly better overall survival, compared
to patients with lower than median PPAR" expression
(p=0.039) (Fig. 7C). High PPAR" was also associated with a
significantly better relapse-free survival (p < 0.001) (Fig. 7D),
when analyzing data from the Kaplan-Meier plotter (http://
kmplot.com/analysis/index.php?p=service&cancer=breast).
This result was consistent with findings from the above 
experimental data, further highlighting PPAR"’s potential
clinical relevance and application.
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It can be concluded that !2 receptor activation by chronic
stress and NE silences PPAR" and promotes ROS-VEGF/
FGF2-mediated angiogenesis to accelerate tumor growth and
metastasis (Fig. 7E). Therefore, a combination of PPAR"
agonist and !-blocker may be used as a promising approach
in clinical cancer therapy. 

Discussion

In this study, it was found that the tumorigenic effect of
chronic stress is chiefly mediated by inhibition of PPAR",
leading to VEGF upregulation and resulting in neovascular-
ization in vitro and in vivo. These findings correlate chronic
stress and breast cancer with PPAR", which classical role is
maintaining lipid and glucose homeostasis. Our results
demonstrated that PPAR", which was implicated in the 
inhibition of carcinogenic processes, is suppressed after
chronic stress stimulation. The critical anti-tumor effect of
PPAR" was also confirmed using bioinformatics analysis.
Taken together, these data indicate that PPAR" is a promis-
ing target for cancer therapy.

Catecholamines such as NE and epinephrine are released
from the SNS and adrenal medulla by chronic stress condi-
tions. Of note, adrenal medulla secrets NE as hormone that
circulates systemically, while sympathetic nerve releases NE
as neurotransmitter from nerve ending. In our previous
study in Chinese, we found that with using surgical adrena-
lectomy, the tumor growth and metastasis was also inhibited
[23]. In view of the nerve end innervation in the mammary
tissue, chronic stress–induced NE release derived from both
adrenal medulla and the sympathetic nerve system. 

Previous studies on breast cancer have been focusing on
genetic and environmental factors [24]. In recent years, more
evidence has revealed that social-psychological factors play
a critical role in carcinogenesis progression [25]. The relation-
ship between social-psychological factors and breast cancer
have attracted extensive attention and is regarded as a key
factor in evaluating and formulating comprehensive therapy
regimens for breast cancer patients. Our previous report [6]
and this study consistently propose that chronic stress pro-
motes breast cancer via stress-related hormone by activating
adrenergic receptors. In non-small cell lung cancer tumor
cells, stress hormones act on !2 receptors and promote epi-
dermal growth factor receptor inhibitor resistance [5]. In 
addition, ! blockers drugs intake is associated with a signifi-
cantly decreased risk of breast cancer recurrence and death
in postmenopausal women [26]. These findings consistently
suggest that adrenergic system plays a crucial role in tumor
development and provide a wider therapeutic window for a

social-psychological aspect in addition to conventional che-
motherapy. It was also confirmed that the effect of chronic
stress is mainly mediated by activating !2 receptor. However,
a detailed mechanism between !2 receptor and PPAR" has
not yet been fully investigated.

Adrenergic ! receptors and G-protein coupled receptors
activate the AC-cAMP–protein kinase A (PKA) signaling
pathway [27]. This study demonstrated that !2 receptors act
after activation of the AC signaling pathway. In fatty metab-
olism, PKA induces the CREB phosphorylation, which then
directly results in PPAR activation [28]. CREB is able to target
PPAR" and is known to be its coactivator [29]. In our study,
we found that after !2 receptor silenced, PPAR" expression
was no longer suppressed by NE. Therefore, it is possible
that the adrenergic system can inhibit PPAR" via the PKA/
CREB pathway, although this needs to be confirmed by fur-
ther study. 

PPAR" triggers several types of biological effects, includ-
ing regulation of fatty metabolism, enhanced sensitivity to
insulin, and tumor inhibition. It has been reported that the
level of PPAR"may be associated with tumor incidence [30].
This result was also validated by the current study analysis,
where PPAR" expression is demonstrated to be obviously
lower in breast cancer than in normal tissue. PPAR" agonist
can suppress cell proliferation, enhance apoptosis [31], and
inhibit cell migration by repressing angiogenesis and matrix
metalloproteinase activity [32]. In this study, chronic stress
was shown to inhibit the anti-tumor function of PPAR" and
the resulting VEGF and FGF2 expression and neovascular-
ization. This is consistent with previous research showing
that PPAR" or PPAR#affect the expression of VEGF in colon
tumors [33]. Aljada et al. [9] found that PPAR" ligands, rosig-
litazone and pioglitazone, inhibit FGF2- and VEGF-mediated
angiogenesis.

Some authors have reported that PPAR" agonist could 
enhance VEGF expression [34,35]. The reason for this kind of
discrepancy in the literature on PPAR" agonists-induced 
expression of VEGF could be due to variation in the experi-
mental design, cell line types and passage, tissue specificity,
experimental conditions and reagent difference. In this
study, after PPAR" was knock down by siPPAR", forskolin
did not activate VEGF production. We also found that ROS
was involved in PPAR"-induced VEGF suppression. In our
study, PPAR" inhibited ROS level and then VEGF expres-
sion. Even though this result is not accordance with another
study [19] in which PPAR" increasing ROS, the inconsistency
may be due to the different cancer and the double-edged role
of ROS in cancer progression [36]. Hence, no matter what 
effect, our data and the previous research about PPAR"/
VEGF axis [37] confirmed that PPAR" directly or indirectly
influenced VEGF expression.

Another intriguing aspect of this work included the result
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showing that chronic stress suppresses the expression of
PPAR! through activation of "2 receptor. " blocker is possible
to be used as an ancillary drug in cancer therapy. PPAR! lig-
ands thiazolidinediones, including pioglitazone as well as
rosiglitazone, have been used clinically as anti-diabetic drugs.
The current data indicates that usage of PPAR! in combina-
tion with "R inhibitors, such as PPL hydrochloride in triple-
negative breast cancer therapy, may be more economic than
a new drug that needs long-term research and development
with numerous clinical trials.

In conclusion, "2 receptor activation induced by chronic
stress potentiates breast cancer progression by suppressing
PPAR!, VEGF/FGF2-mediated angiogenesis. "2 receptors
and PPAR! may be new valuable targets for cancer treat-

ment.
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