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Abstract Stress, a state of perceived threat to homeostasis,
regulates a panel of important physiological functions. The
human mind and body respond to stress by activating the
sympathetic nervous system and secreting the catecholamines
epinephrine and norepinephrine in the Bfight-or-flight^ re-
sponse. However, the protective mechanism of acute stress
is still unknown. In the present study, an acute stress mouse
model was constructed by intraperitoneal injection of epi-
nephrine (0.2 mg kg−1) for 4 h. Epinephrine treatment induced
heat shock 70(Hsp70) expression in the stress responsive tis-
sues, such as the cortex, hippocampus, thymus, and kidney.
Further, the expression of thioredoxin-1(Trx-1), a
cytoprotective protein, was also upregulated in these stress
responsive tissues. In addition, the phosphorylation of
cAMP-response element binding protein (CREB), a transcrip-
tion factor of Trx-1, was increased after treatment with epi-
nephrine. The block of CREB activation by H89 inhibited the
acute epinephrine stress-induced Trx-1 and Hsp70 expression.
Taken together, our data suggest that acute stimuli of epineph-
rine induced Trx-1 expression through activating CREB and
may represent a protective role against stress.
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Abbreviations
CRE cyclic AMP responsive element
CREB cAMP-response element binding protein
HSF1 Heat shock factor 1
Hsp70 Heat shock protein
PKA Protein kinase A
Trx-1 Thioredoxin-1

Introduction

Whenever an endogenous or exogenous challenge is per-
ceived as unpleasant, aversive or threatening, a series of sys-
tems and processes are activated that generates a coordinated
response to that particular challenge, or stressor. This so-called
stress response, an integral part of any adaptive biological
system, is conserved throughout evolution. Many factors can
initiate a stress response (Lucassen et al. 2014), enhancing the
secretion of catecholamines epinephrine and norepinephrine
(Faraut et al. 2015; Vandael et al. 2015). These hormones can
promote the intracellular expression of oxidative stress genes
(Graziano et al. 2014) and result in proto-oncogene activation,
tumor suppressor gene inactivation, DNA damage, and geno-
mic instability (Calvani et al. 2015; Pacak 2011). Our previous
results showed that chronic epinephrine stress induced DNA
damage via activating the β-adrenergic receptors/β-arrestin-
1(Jia et al. 2014). Acute stress is considered to protect against
harmful environmental stimuli. However, the protective
mechanism of acute stress is largely unknown.

Thioredoxin-1(Trx-1) is a small multifunctional protein
with a redox-active disulfide/dithiol in its active site (Cys-
Gly-Pro-Cys) and operates together with NADPH and
thioredoxin reductase as an efficient reducing system for ex-
posed protein disulfides. Trx-1 has various biological activi-
ties and is upregulated in response to a wide variety of
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stresses, including viral infections and ultraviolet and X-ray
irradiation (Masutani et al. 2004). Our previous findings
showed that Trx-1 played neuroprotective roles in oxidative
stress, neurodegenerative disorders, cerebral ischemia, chron-
ic stress, and morphine addiction (Jia et al. 2014; Luo et al.
2013; Zeng et al. 2014a; Zeng et al. 2015; Zeng et al. 2014b).
However, it is unclear whether Trx-1 is involved in acute
stress.

Here, we constructed a mouse model of acute stress by
treatment with epinephrine and explored the expression of
Trx-1 in the stress responsive tissues. The mechanism was
further investigated. Trx-1 was induced by acute stress
through activating CREB.

Materials and methods

Chemicals

Epinephrine hydrochloride was obtained from Shenyang First
Pharmaceutical Factory (Shenyang, China). The primary an-
tibodies against Hsp70, p-CREB, CREB, and β-actin were
supplied by Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA). Anti-mouse Trx-1 was obtained from Cell
Signaling Technology (Boston, MA, USA). The horse radish
peroxidase labeled anti-Rabbit IgG (H+L) antibody and anti-
mouse IgG (H+L) antibody were purchased from KPL, Inc.
(Gaithersburg, MD, USA). H-89 was purchased from Sigma-
Aldrich Corporation (St. Louis, MO, USA).

Animal experiments and treatment

Male C57BL/6 mice, 8 weeks of age, were used in the exper-
iments. Mice were housed in plastic cages and maintained on
a 12 h light-dark cycle and had free access to food and water.
Mice were randomly divided into two groups (n = 10 per
group). Mice of epinephrine group were intraperitoneally ad-
ministered with epinephrine (0.2 mg kg−1) for 4 h and mice of
control group were treated with equivalent saline. After ad-
ministration, animals were killed and the cortex, hippocam-
pus, thymus and kidney were rapidly dissected out, frozen,
and stored in a deep freezer at −80 °C until analyzed. All
animal care and use were in accordance with the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the local
Committee on Animal Use and Protection.

Cell culture and treatment

PC12 cells of the rat pheochromocytoma tumor cell line were
purchased from Kunming Institute of Zoology, Chinese
Academy of Sciences (Kunming, China) and maintained in
RPMI1640 medium supplementary with a 10 % heat-

inactivated horse serum and 5 % heat-inactivated fetal bovine
serum and antibiotics (100 IU/ml penicillin and 100 mg/ml
streptomycin) at 37 °C in a humid atmosphere containing 5 %
CO2. PC12 cells that were plated in a 6-well plates at density
of 4 × 105 and allowed to adhere for 12 h. PC12 cells were
pretreated with H89(20 μM) for 30 min followed by incuba-
tion with epinephrine (10 μM) for 2 h and then harvested for
immunoblot assay.

Immunoblot

Protein lysates were prepared using the solubilizing solution
(20 mMTris-HCl (pH 7.4), 150 mMNaCl, 1 % NP-40, 1 mM
EDTA, 1 mM PMSF, 1 mM EGTA, 1 % Triton X-100,
2.5 mM sodium pyrophosphate, 1 mM Na3VO4, 1 mM β-
glycerolphosphate and 1 mg/ml leupeptin). Protein concentra-
tion was determined using Bio-Rad protein assay reagent
(Hercules, CA, USA). An equal quantity of proteins was sep-
arated by 10 %(for Hsp70), 12 % (for p-CREB) or 15 % (for
Trx-1) SDS-PAGE and transferred to a PVDF membrane
(Millipore Corporation, Billerica, MA, USA). The mem-
branes were soaked in 5 % bovine serum albumin (in TBS,
pH 7.2, containing 0.1 % Tween-20) for 2 h at room temper-
ature, then incubated with primary antibodies(1:1000) over-
night followed by peroxidase-conjugated anti-mouse or anti-
rabbit IgG (1:10,000). The immunoreactive proteins were vi-
sualized by an ECL immunoblot detection kit (Millipore
Corporation, Billerica, MA, USA). Densitometry analysis
was performed by using ImageJ software.

Data analysis

Data were expressed as means ± SD values. Statistical analy-
sis was performed by using SPSS software. The one-way
ANOVA followed by a post hoc multiple comparison test
was used to compare control and treated groups. P values less
than 0.05 were considered statistically significant. All blots
are representative of experiments that were performed at least
three times.

Results

Acute epinephrine stress induced Hsp70 expression

Heat shock proteins (Hsps) are an evolutionarily conserved
family of proteins, with individual members named according
to their molecular weight. Intracellular Hsps are expressed
both constitutively and inducibly after exposure to a wide
array of physiological and psychological stressors (Lee et al.
2015). Hsp70 remains the most widely studied member of the
Hsp family due to its multiple functions related to protein
folding (Kampinga et al. 2009). In the present study, the levels
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of Hsp70 in the cortex and hippocampus, the stress responsive
tissues of mice treated with acute epinephrine were detected
by western blot. As shown in Fig. 1a, b, Hsp70 was increased
after acute epinephrine stress. We also examined the expres-
sion of Hsp70 in another two stress responsive tissues. The
immunoblot results showed that acute epinephrine stimuli in-
duced the expression of Hsp70 in the thymus and kidney
(Fig. 1c, d). These results suggest that the acute stress model
was constructed successfully.

Acute epinephrine stress induced Trx-1 expression

Trx-1 is an inducible redox protein. Our previous study sug-
gested that chronic epinephrine stress induced Trx-1 expres-
sion. Here we tested whether acute epinephrine treatment in-
creases the expression of Trx-1. As shown in Fig. 2a, b,
Western blot analysis clearly showed upregulation of Trx-1

expression in the cortex and hippocampus after mice were
treated with epinephrine compared with those treated with
saline only. Similarly, the expression of Trx-1 in the thymus
and kidney was enhanced by acute epinephrine treatment
(Fig. 2c, d). These data suggest that acute stress induced the
Trx-1 expression.

Effect of acute epinephrine stress on CREB activation

The 5′-upstream sequence of Trx-1 gene contains cyclic AMP
responsive element (CRE) (Masutani et al. 2004). The aug-
mentation of Trx-1 expression upon acute stress was hypoth-
esized to be by activating its transcription factor, cAMP-
response element binding protein (CREB). So the phosphor-
ylation of CREB was examined. The phosphorylation of
CREB (p-CREB, Ser-133) was significantly increased in the
cortex and hippocampus by epinephrine compared with the
control mice (Fig. 3a, b). Also, the levels of p-CREB (Ser-

Fig. 1 Hsp70 expression was induced by acute epinephrine stress. a
Changes in Hsp70 expression after epinephrine treatment (0.2 mg kg−1,
for 4 h) in the cortex and hippocampus of mouse brain. b Quantitative
analyses of epinephrine-induced Hsp70 expression in the cortex and
hippocampus. c Changes in Hsp70 expression after epinephrine
treatment (0.2 mg kg−1, for 4 h) in the thymus and kidney of mouse
brain. d Quantitative analyses of epinephrine-induced Hsp70 expression
in the thymus and kidney. Each bar represents the mean ± SD (n = 10).
Asterisks indicate statistical significance (**P < 0.01, ***P < 0.001)

Fig. 2 Trx-1 expression was induced by acute epinephrine stress
a Changes in Trx-1 expression after epinephrine treatment (0.2 mg kg−1,
for 4 h) in the cortex and hippocampus of mouse brain. b Quantitative
analyses of epinephrine-induced Trx-1 expression in the cortex and
hippocampus. c Changes in Trx-1 expression after epinephrine
treatment (0.2 mg kg−1, for 4 h) in the thymus and kidney of mouse
brain. d Quantitative analyses of epinephrine-induced Trx-1 expression
in the thymus and kidney. Each bar represents the mean ± SD (n = 10).
Asterisks indicate statistical significance (***P < 0.001).
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133) in the thymus and kidney was upregulated markedly by
acute epinephrine treatment (Fig. 3c, d).

PKA activity was required for Trx-1 and Hsp70 by acute
epinephrine stress

CREB phosphorylation and transcriptional activation are me-
diated by protein kinase A (PKA) (Avni et al. 2010; Kwok
et al. 1994). To clarify that whether the CREB is related to
acute epinephrine treatment-induced Trx-1 expression, PC12
cells were pretreated with H89, a PKA inhibitor, for 30 min
followed by administration with epinephrine for 2 h.
Epinephrine induced phosphorylation of CREB (Ser-133)
compared with control , which was inhibi ted by
H89(Fig. 4a, b). As expected, the expression of Trx-1 was
enhanced by acute epinephrine treatment and attenuated by
H-89(Fig. 4a, c). In addition, the expression of Hsp70 in
PC12 cells was also detected with or without epinephrine

and H89 and the variety is similar to Trx-1(Fig. 4a, d).
These findings indicate that CREB activity was required for
Trx-1 increase by acute epinephrine stress.

Discussion

The present study aimed to examine the expression of Trx-1 in
the various organs of the adult male mice following an acute
epinephrine stress. As expected, acute epinephrine stress elic-
ited significant elevation of Trx-1 levels in the cortex, hippo-
campus, thymus and kidney. And the activation of CREB is
required for acute epinephrine stress-induced Trx-1
expression.

Stress is a response of the central nervous system to envi-
ronmental stimuli perceived as a threat to homeostasis. The
stress response involves a complex network of mechanisms
essential for survival and triggers the release of neurotransmit-
ters and hormones from the hypothalamic pituitary adrenal
axis and the hypothalamic sympathetic axis (Lee et al.
2016). Chronic epinephrine stress is linked to lead to DNA
damage (Jia et al. 2014). The heart muscle can be damaged by
excessive epinephrine release (Paur et al. 2012). Acute stress
induces a Bfight-or-flight^ reaction that promotes a rapid re-
sponse to injury (Bigler et al. 2015). Acute stress causes the
rapid release of stress hormones which bind to hippocampal
receptors, continues for several hours following the stressful
event, and has powerful effects on hippocampally dependent
memory that generally promote acquisition and consolidation
(Osborne et al. 2015). It is critical to determine the biological
effects of acute stress if we are to understand the protective
roles of acute stress. In the present study, we constructed an
acute stress mouse model administrated with epinephrine. We
showed that acute epinephrine treatment induced the expres-
sion of Hsp70 in the stress responsive tissues, such as the
cortex, hippocampus, thymus, and kidney (Fig. 1). Hsp70 is
a commonly used marker of the cellular stress response
(Morris et al. 2015). An increase in expression of genes
encoding Hsp70 may indicate an increase in intracellular mac-
romolecular damage in the stress response (Feder and
Hofmann 1999). The finding in our study suggests that the
increase of Hsp70 expression may be a defensive response
against acute stress.

Oxidative stress, which could be triggered by chronic
stress, is considered as a principal contributor in the path-
ogenesis of many diseases (Rahal et al. 2014). Chronic
mild stress increased the oxidative stress in mitochondrial
particles in the brain of rats (Lucca et al. 2009). Acute
epinephrine administration modulated α-adrenoceptors to
increase the levels of the antioxidant glutathione and ame-
liorated severe gastric hemorrhage and decreased gastric
mucosal lipid peroxidation (Hsu et al. 2005). Trx-1, an-
other vital redox protein, plays a critical role against

Fig. 3 CREB was activated by acute epinephrine stress
a Changes in p-CREB expression after epinephrine treatment
(0.2 mg kg−1, for 4 h) in the cortex and hippocampus of mouse brain. b
Quantitative analyses of epinephrine-induced p-CREB expression in the
cortex and hippocampus. c Changes in p-CREB expression after
epinephrine treatment (0.2 mg kg−1, for 4 h) in the thymus and kidney
of mouse brain. d Quantitative analyses of epinephrine-induced p-CREB
expression in the thymus and kidney. Each bar represents the mean ± SD
(n = 10). Asterisks indicate statistical significance (***P < 0.001).
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oxidative stress (Madrigal-Matute et al. 2015; Zeng et al.
2015). Our previous study suggests that Trx-1 protects
PC12 cells and the several organs (thymus, cortex, and
hippocampus) of mice against chronic epinephrine
stress-induced DNA damage (Jia et al. 2014). Here, we
detected the effect of acute epinephrine treatment on Trx-
1 expression. As expected, the levels of Trx-1 in the
above organs of mice were significantly increased after
acute epinephrine stress (Fig. 2). The induction of Trx-1
could maintain the redox homeostasis in the mice under
acute stress, which is consistent with the reduced lipid
peroxidation in the brain of male albino rats subjected to
acute administration of stress hormone (Han et al. 2015).
Therefore, Trx-1 may be pivotal in the protection of acute
stress, so the precise mechanism of Trx-1 will be investi-
gated further.

Usually epinephrine plays various activities by binding
the α- and β-adrenergic receptors (Jia et al. 2015). The
increase of Trx-1 expression by acute epinephrine stress is
in accord with our previous study, in which chronic epi-
nephrine stress induced Trx-1 expression via a β-
adrenergic receptors-mediated signaling pathway (Jia
et al. 2014). Several studies suggested the important role
of α1-adrenergic receptors in the norepinephrine-induced
expression of 70-kDa heat shock-protein family (Chin
et al. 1996; Johnson et al. 2005). However, there is no
evidence suggesting that epinephrine increases Hsp70 ex-
pression through adrenergic receptors. We speculated that
acute epinephrine stress induced Hsp70 via α1-adrenergic
receptors and the precise signaling pathway will be
researched in the future.

We further investigated the inducing mechanism of
Trx-1 by epinephrine. Stimulation of the adrenergic recep-
tors leads to Gs-dependent adenylyl cyclase activation and
Cyclic AMP production, followed by the activation of
PKA (Lefkowitz 2007). CREB is a PKA substrate and
one of the transcription factors activated by multiple ex-
tracellular signals. The transcription of many target genes
is activated by the phosphorylation of CREB after it is
affected by extracellular signals. The 5′-upstream se-
quence of Trx-1 gene contains the cAMP response ele-
ment, the binding site of CREB (Masutani et al. 2004).
Our previous study also showed that Trx-1 expression is
induced by ephedrine through the PKA-CREB cascades
(Jia et al. 2013). In the present study, acute epinephrine
stress activated CREB (Fig. 3). CREB phosphorylation
and transcriptional activation are mediated by PKA
(Avni et al. 2010; Kwok et al. 1994). So H89, the PKA
inhibitor, was used to clarify whether the activation of
CREB was involved with the upregulation of Trx-1 by
acute epinephrine stress. As shown in Fig. 4a, b, the
epinephrine-induced activation of CREB was blocked by
H89 pretreatment. The increase of Trx-1 was also sup-
pressed by H89(Fig. 4a, c). Hsp70 was usually induced
in heat shock response through the activation of its tran-
scription factor heat shock factor 1(HSF1), while the ad-
ministration of a PKA inhibitor suppressed exercise-
induced Hsp70 expression, suggesting a role for PKA in
the regulation of HSF1 activation (Melling et al. 2006).
HSF1 was activated by PKA through regulating the phos-
phorylation of HSF1 at Ser320(Murshid et al. 2010).
Here, we also confirmed that acute epinephrine stress-

Fig. 4 PKA activity was required
for Trx-1and Hsp70 by acute
epinephrine stress. PC12 cells
were pretreated with H89(PKA
inhibitor, 20 μM) for 30 min and
then stimulated with epinephrine
(10 μM) for 2 h. a The effects of
H89 on CREB phosphorylation
and increase of Trx-1 and Hsp70
by acute epinephrine stress. b
Quantitative analyses of p-CREB
expression. c Quantitative
analyses of Trx-1 expression. d
Quantitative analyses of Hsp70
expression. Each bar represents
the mean ± SD. All experiments
were repeated for three times.
Asterisks indicate statistical
significance (***P < 0.001)
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induced Hsp70 expression was blocked by the PKA in-
hibitor H89(Fig. 4A and D). These results suggest that
PKA plays an important role in acute epinephrine stress-
induced expression of Trx-1 and Hsp70.

In conclusion, the acute epinephrine stress induces Trx-1
expression. And Trx-1 may have an important role in the
protection of acute epinephrine stress. The precise role should
be researched further.
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