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ABSTRACT
Exposure to severe stress can lead to the development of neuropsychiatric disorders, including
post-traumatic stress disorder (PTSD). The cause of PTSD is dysregulation of the hypothalamic–
pituitary–adrenal (HPA) axis and an imbalance of monoamines. Fruits and vegetables contain
large amounts of luteolin (LU; 3′,4′,5,7-tetrahydroxylflavone), which has various pharmacological
activities such as anti-inflammatory, antioxidant, and anti-allergic effects. We investigated the
effects of LU on fear, depression, and anxiety following monoamine imbalance and
hyperactivation of the HPA axis in rats exposed to single prolonged stress (SPS). Male rats were
dosed with LU (10 and 20 mg/kg) once daily for 14 days after exposure to SPS. Administration
of LU reduced fear freezing responses to extinction recall and depression- and anxiety-like
behaviors, and suppressed increases in plasma corticosterone and adrenocorticotropic hormone
levels. Also, administration of LU restored the increased norepinephrine and decreased
serotonin levels in the structures within the fear circuit, medial prefrontal cortex, and
hippocampus. Our results showed that administration of LU improved freezing behavior
according in a situation-dependent manner, and showed anti-depressant and anxiolytic effects.
Thus, LU may be a useful therapeutic agent to prevent traumatic stress such as PTSD.
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Introduction

Post-traumatic stress disorder (PTSD) is a serious physical
and mental disorder that is often comorbid with panic
disorder, depression, and anxiety disorders and occurs
after exposure to severe stressors (Kirkpatrick and
Heller 2014). The core symptoms of PTSD are intrusive
memories, avoidance, re-experiencing trauma, and cog-
nitive and mood disorders (Kirkpatrick and Heller 2014).
PTSD has a high prevalence rate that is expected to
increase by 45% within the next 5 years, it causes con-
siderable stress that severely interferes with daily life
(Francati et al. 2007).

PTSD is caused by activation of the serotonergic and
norepinephrinergic systems, changes in the neuroendo-
crine system, and dysregulation of the hypothalamic–
pituitary–adrenal (HPA) axis (Cohen et al. 2009). Seroto-
nin (5-HT) is decreased, and noradrenaline (NE)
increased in the medial prefrontal cortex (PFC) and hip-
pocampus (HIP) in PTSD patients (Krystal and Neumeis-
ter 2009). Some studies have suggested that PTSD is
underpinned by disturbances of the major monoaminer-
gic neurotransmitters that mediate rapid excitatory

synaptic responses in the central nervous system,
and increase inflammatory cytokines in response to
traumatic stimuli following disruption of the fear
circuit (Wang et al. 2018). Traumatic stress causes an
imbalance of neurotransmitters in the PFC, HIP, and
amygdala (AMY), which are structures within the fear
circuit and induce emotional responses, such as fear
and anxiety, through activation of the hypothalamus
(Krishnamurthy et al. 2013). Elevated corticosterone
(CORT) changes the expression of the glucocorticoid
receptor (GR) and mineralocorticoid receptor (MR) in
the HIP and AMY, resulting in alterations in negative
feedback mechanisms and dysfunction of the HPA
axis (Sherin and Nemeroff 2011). Serum levels of
CORT and corticotropin-releasing hormone (CRH),
and adrenocorticotropic hormone (ACTH) are elevated
by dysregulation of the HPA axis in rats exposed to
chronic stress, resulting in anxiety-like behavioral
alterations (Gao et al. 2019). In clinical studies,
anxiety symptoms are alleviated by drugs that target
dysregulation of the HPA axis or modulate serotoner-
gic systems (Faye et al. 2018).
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5-HT and NE reuptake inhibitors, which are currently
used as therapeutics, have very limited efficacy and
can also have various side effects, such as withdrawal,
sedation, dependence, and cognitive dysfunction
(Berger et al. 2009). Therefore, there is a need for new
drugs that are safe and effective.

Luteolin (LU, 3′,4′,5,7-tetrahydroxylflavone) is a
flavonoid found in foods consumed on a daily basis
including fruits, vegetables, nuts, and herbs (Kim et al.
2000). Preclinical studies have shown that LU has
various biological and pharmacological activities, such
as anti-inflammatory, antitumor, antihepatotoxic, antiox-
idant, and anti-allergic effects (Chen et al. 2017; Albara-
kati et al. 2020; Dong et al. 2021). LU reduces oxidative
stress in diabetic rats and exerts cardioprotective
effects by inhibiting the mitochondrial permeability
transition pore (Xiong et al. 2017). LU also exerts
anti-inflammatory and antioxidant effects in acute pan-
creatitis caused by oxidative stress and retinal pigment
epithelial cells (Hytti et al. 2016; Li et al. 2019; Rajapriya
and Geetha 2021). LU crosses the blood–brain barrier
(Zhang et al. 2017) and has been shown to reduce
inflammatory cytokines, improve short-term memory,
and promote synaptic plasticity in a cognitive deficit
animal model following a decline in chronic cerebral
perfusion (Yao et al. 2018). LU also improves spatial
learning and memory in streptozotocin-induced Alzhei-
mer’s disease (Wang et al. 2016). In addition, LU protects
PC12 cells from 6-hydroxydopamine, suppresses Bcl-2-
associated increases in X protein mRNA expression,
and decreases B-cell lymphoma 2 expression (Guo
et al. 2013). Because many studies have suggested the
neuroprotective effects of LU, it is reasonable to expect
that LU will be effective for treating PTSD.

In this study, animals were exposed to single pro-
longed stress (SPS), which caused them to exhibit
PTSD-like symptoms due to the damage of fear extinc-
tion. This model is based on the premise that people
with multiple or early traumas are more likely to
develop PTSD after a traumatic event.

Therefore, this study investigated theabilityofLU toalle-
viate the fear response and anxiety-like symptoms caused
by dysregulation of the HPA axis and neurotransmitter
imbalance in an animal model of PTSD caused by SPS.

Materials and methods

Animals and LU administration

As experimental animals, 6∼7 week-old male Sprague–
Dawley rats (200∼220 g; Samtaco Animal Co., Seoul,
Korea) were used. All experimental methods and pro-
cedures were approved by the Animal Care and Use

Committee of Kyung Hee University (KHUASP(SE)-21-
045). All laboratory procedures and animal room
environments were performed in accordance with the
guidelines for the Care and Use of Laboratory Animals.

For the experiment, the standard doses of LU (Sigma-
Aldrich Chemical Co., St. Louis, MO, USA) and paroxetine
hydrochloride (PAX, positive control; Sigma-Aldrich)
were determined based on previous studies (Wang
et al. 2016). LU (10 and 20 mg/kg) and PAX (15 mg/kg)
were dissolved in 0.9% saline before use and injected
intraperitoneally (i.p.) once daily for 14 days. The exper-
imental schedule is shown in Figure 1.

SPS

In the PTSD animal model, rats were immobilized for 2 h,
forced to swim for 20 min, and then rested for 15 min.
After rest, they were exposed to isoflurane (2∼3%) until
losing consciousness. For sensitization, rats were left
alone in cages for 7 days. In the sucrose preference test,
intake of water and sucrose solution (1%, w/v) was
measured for 3 h, as previously described (Lee et al. 2020).

Behavioral test

To evaluate the fear response (fear conditioning test,
FCT), rats were acclimatized to a conditioned chamber
(conditioned stimuli [CS, audible alarm]; 30 s, 85 dB) for
5 min followed by a single electric foot shock (uncondi-
tioned stimuli [US]; 2 s, 0.5 mA). After 24 h, when the rats
were briefly re-exposed to the CS, the freezing response
was measured for 5 min as previously described (Lee
et al. 2020).

To evaluate depression-like behavior (forced swim-
ming test, FST), rats were forced to swim in a water bath
(20 cm diameter × 50 cm height) for 5 min. Rats that did
not swim and were floating were considered to be in a
depressed state, as previously described (Lee et al. 2020).

To evaluate anxiety-like behavior using the apparatus
detailed in a previous study (elevated plus maze [EPM]
test) (Lee et al. 2020), rats were placed in the center of
a maze and tested for 5 min. The time spent in, and
number of visits to, two open and two closed arms
were measured. Behavior in the maze was measured
by the S-MART program (PanLab, Barcelona, Spain).

Enzyme-linked immunosorbent assay to assess
neurotransmitter levels

Plasma levels of CORT (Novus Biologicals, LLC., Littleton,
CO, USA), ACTH (Abcam, Cambridge, UK), and CRH (Bio-
compare, South San Francisco, CA, USA), and concen-
trations of 5-HT (Abcam) and NE (Novus Biologicals) in
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the PFC, HIP, and AMY, were measured by competitive
enzyme-linked immunosorbent assay (ELISA), as pre-
viously described (Lee et al. 2020).

Total RNA preparation and reverse transcription-
polymerase chain reaction

TRIzol reagent (Sigma-Aldrich) was added to the HIP iso-
lated from the brain to recover total RNA. After the RNA
had been synthesized to cDNA by reverse transcription
reaction, polymerase chain reaction (PCR) was per-
formed as previously described (Lee et al. 2020). To
confirm the results of the PCR reaction, electrophoresis
was performed on a 1.5% agarose gel.

Western blot analysis

Total protein was extracted from the brain to detect GR
protein in the HIP. The protein concentration was
measured using a colorimetric protein assay kit (Bio-
Rad, Hercules, CA, USA). After incubation with a mouse
GR antibody (1:500; Cell Signaling, Danvers, MA, USA),
the membrane was incubated with horseradish peroxi-
dase conjugated goat anti-mouse IgG secondary anti-
body (Santa Cruz Biotech, Santa Cruz, CA, USA). A
chemiluminescent kit (Super Signal West Pico; Pierce,
Rockford, IL, USA) was used to detect GR protein.
Protein content was analyzed using an enhanced chemi-
luminescence detection system (Santa Cruz), and the
density was measured using the Tina 2.1 program.

Statistical analyses

Data are presented as the mean ± standard error. To test
for statistical differences between groups, one-way

analysis of variance was performed using SPSS software
(version 23.0; SPSS, Inc., Chicago, IL, USA), followed by
Tukey’s post hoc test. P < 0.05 was considered statisti-
cally significant.

Results

Effects of body weight and sucrose intake
according to SPS

Rats exposed to SPS showed a significant decrease in the
change of body weight over time compared to the
saline-treated normal (SAL) group (t = 7.455, p < 0.05, p
< 0.01 and p < 0.001, respectively; Figure 2(A)). This
change in body weight showed a significant difference
from day 2 after exposure to SPS.

Rats exposed to SPS showed a significant decrease in
sucrose intake on days 7 and 14 compared to the SAL
group (t = 4.884, p < 0.05 and p < 0.01, respectively;
Figure 2(B)). The rats exhibited sufficient physiological
changes and anhedonia due to traumatic stress follow-
ing SPS exposure.

Effects of LU on behavioral changes by SPS

In the FCT, rats exposed to SPS showed a similar pattern
of freezing responses to the fear stimulus (conditioning
trials; C1∼C3) to the SAL group (t = 0.623, p = 0.575;
Figure 3(A)). During fear both extinction (E1∼E6) and
fear extinction recall (R1; short-term recall), the rats
exposed to SPS showed a significantly increased freezing
response compared to the SAL group (p < 0.05 and p <
0.01, respectively). However, administration of 20 mg/kg
LU significantly decreased the freezing response during
fear extinction recall compared to the SPS group (p <

Figure 1. Experimental protocols for inducing anxiety-like behaviors via SPS and treating rats with luteolin. Different groups of rats (n
= 7 per group) were used in each experimental condition.
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Figure 2. Results of body weight and sucrose intake analyses of rats subjected to 14 days of SPS. Body weights and food intake were
significantly lower in SPS-exposed than SAL-treated rats (n = 7 per group, mean ± SEM). *p < 0.05, **p < 0.01 and ***p < 0.001 vs. SAL
group.

Figure 3. Effect of luteolin (LU) on freezing behavior in response to conditioning (C1∼C3), extinction (E1∼E6), and short-term recall
(R1)(A) and the percentage of time spent frozen during short-term recall (B) in the FCT; on the immobility time (C), climbing behavior
(D) and swimming time (E) in the FST; on the time spent in the open (F) and closed (G) arms, numbers of entries into the open (H) and
closed (I) arms, and anxiety index (J) in the EPM test (n = 7 per group, mean ± SEM). *p < 0.05 and **p < 0.01 vs. SAL group; #p < 0.05
and ##p < 0.01 vs. SPS group.

ANIMAL CELLS AND SYSTEMS 177



0.05; Figure 3(B)). The freezing response of the LU20
group were similar to those of the PAX group.

In the FST, rats exposed to SPS had a significantly
increased immobility time compared to the SAL group
(p < 0.01; Figure 3(C)). Administration of 20 mg/kg LU
significantly decreased the immobility time compared
to the SPS group (p < 0.05). The immobility time of the
LU20 group were similar to those of the PAX group.
However, administration of 20 mg/kg LU increased the
climbing time compared to the SPS group, although
not statistically significantly (p = 0.795; Figure 3(D)).
Also, there was no difference in swimming time
among all groups (F4,34 = 2.621, p = 0.054; Figure 3(E)).

In the EPM test, the percentage of time spent in, and
the number of entries into, the open arms of rats
exposed to SPS was significantly decreased compared
to the SAL group (p < 0.01; Figure 3(F,H)). However,
administration of 20 mg/kg LU significantly increased
the percentage of time spent in, and number of
entries into, the open arms compared to the SPS
group (p < 0.05). The number of entries into the open
arms of the LU20 group were similar to those of the
PAX group. Among all groups, the time spent in, and
the number of entries into, in the closed arms did not
differ (F4,34 = 1.163, p = 0.347 and F4,34 = 1.352, p =
0.274, respectively; Figure 3(G,I)). The administration of
20 mg/kg LU significantly decreased the anxiety index
compared to the SPS group (p < 0.05; Figure 3(J)).

Effects of LU on HPA axis activation and
neurotransmitter changes induced by SPS

Rats exposed to SPS had significantly increased plasma
CORT level compared to the SAL group (p < 0.01;
Figure 4(A)). Compared to the SAL group, rats exposed
to SPS had significantly increased plasma ACTH level
(p < 0.05; Figure 4(B)), but there was no significant differ-
ence in plasma CRH level (p = 0.983; Figure 4(C)).
However, the administration of 20 mg/kg LU signifi-
cantly decreased the plasma CORT level compared to
the SPS group (p < 0.05). Similarly, rats in the PAX
group significantly decreased the plasma CORT level
compared to the SPS group (p < 0.05).

Rats exposed to SPS had significantly decreased 5-HT
concentrations in the PFC and HIP compared to the SAL
group (p < 0.05; Figure 4(D,E)), but there was no signifi-
cant difference in 5-HT concentration in the AMY (p =
0.195; Figure 4(F)). However, the administration of
20 mg/kg LU significantly increased the 5-HT concen-
trations in the PFC and HIP compared to the SPS
group (p < 0.05). Similarly, rats in the PAX group signifi-
cantly increased the 5-HT concentrations in the PFC and
HIP compared to the SPS group (p < 0.05).

Rats exposed to SPS had significantly increased NE
concentrations in the PFC and HIP compared to the
SAL group (p < 0.05 and p < 0.01, respectively; Figure 4
(G,H)), but there were no significant changes in NE con-
centration in the AMY (p = 0.102; Figure 4(I)). The admin-
istration of 20 mg/kg LU significantly decreased the NE
concentrations in the PFC and HIP compared to the
SPS group (p < 0.05). Similarly, rats in the PAX group sig-
nificantly decreased the NE concentrations in the PFC
and HIP compared to the SPS group (p < 0.05).

Effects of LU on the GR and MR mRNA expression
induced by SPS

Rats exposed to SPS had significantly reduced GR and
MR mRNA expression in the HIP compared to the SAL
group (p < 0.05; Figure 5(A)). However, the adminis-
tration of 20 mg/kg LU increased GR and MR mRNA
expression in the HIP compared to the SPS group,
although not statistically significantly (p = 0.428 and p
= 0.071, respectively).

Effect of LU on GR activation in the hippocampus
by SPS

The effect of LU on the protein expression level of GR in
hippocampal tissue were determined by Western blot-
ting. The SPS group showed decrease in GR protein
expression level in the HIP compared to the SAL
group, although not statistically significantly (p = 0.126;
Figure 5(B)). However, LU treatment (20 mg/kg) attenu-
ated the SPS-induced decrease in GR protein expression
level, although not statistically significantly (p = 0.965).

Discussion

In this study, we showed that administration of LU can
ameliorate PTSD-like behaviors following fear,
depression, and anxiety. Also, administration of LU sup-
pressed the increase in CORT and ACTH by controlling
the HPA axis, and ameliorated the imbalance of NE
and 5-HT in the structures within the fear circuit, such
as the PFC and HIP. Therefore, the anti-PTSD-like effect
of LU may be exerted via regulation of the HPA axis
and monoamine balance.

PTSD is an anxiety disorder that occurs when people
experience trauma, such as a serious accident or vio-
lence (Fokkens et al. 2015). In this study, after exposure
to SPS, rats showed a decrease in body weight and
sucrose intake compared to the control group. After
exposure to SPS, an increase of anhedonia induced
depression in association with traumatic stress. Also,
although body weight loss is not a direct indicator of
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fear, depression, and anxiety, physiological changes
caused by these maladaptive responses to traumatic
stress occur after exposure to SPS.

PTSD patients experience recurrent psychological dis-
tress due to fear memories of traumatic events (Corley
et al. 2012). These fear responses and memories are
key features of PTSD (Careaga et al. 2016). Rats
exposed to SPS in this study showed a fear response in
association with the fear memory (sound + electric foot
shock). However, if the rat was put in the same place
again without an electric foot shock, the fear memory
was suppressed to some extent. However, on the follow-
ing day, when the same sound was played without an
electric foot shock, the fear response reappeared. Rein-
statement of extinct freezing behaviors reflects the
impairment of fear extinction due to dysregulation of
the HPA axis and activation of the PFC and HIP, which
are structures within the fear circuit (Feng et al. 2021;
Wang et al. 2018). Also, the increased freezing behavior
of our rats was highly spatially and context-dependent.

However, administration of LU led to a decrease in freez-
ing behavior following the attenuation of fear and short-
term extinction. Therefore, LU can improve PTSD-like
behavior mediated by fear memory due to enhanced
fear extinction.

Depression and anxiety-like behaviors have been
identified as comorbid symptoms in both human and
animal studies of PTSD (Careaga et al. 2016; Jang et al.
2021). After SPS exposure, our rats exhibited increased
immobility time in the FST, which indicated more fear
and behavioral despair due to traumatic stress (i.e.
forced swimming). In addition, after exposure to SPS in
the EPM test, the rats spent significantly less time in,
and made fewer entries into, the open arms. This
reflected an increase in anxiety-like behavior on
exposure to an aversive experience novel and threaten-
ing situation (Gao et al. 2019). Increased depression and
anxiety-like behaviors are associated with CORT level
and changes in monoamine levels in various brain
regions (Gao et al. 2019). Our results showed that

Figure 4. Effect of LU on CORT (A), ACTH (B), CRH (C) levels in the plasma, the 5-HT concentrations in the PFC (D), HIP (E), and AMY (F)
and the NE concentrations in the PFC (G), HIP (H), and AMY (I) of rats exposed to SPS for 14 consecutive days are shown (n = 3∼4 per
group, mean ± SEM). *p < 0.05 and **p < 0.01 vs. SAL group; #p < 0.05 vs. SPS group.
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administration of LU helped to suppress SPS-induced
depression and anxiety-like behavior.

Similar to the unpredictable chronic stress model, the
SPS model is associated with HPA axis sensitization; elev-
ated CORT is increased due to dysfunction of the HPA
axis and alterations in negative feedback mechanisms
(Cohen et al. 2009). In PTSD, excessive CORT secretion
may disrupt homeostasis due to dysregulation of the
HPA axis in response to stress (Krishnamurthy et al.
2013). Accordingly, in this study, exposure to SPS led
to increased plasm CORT and ACTH levels, although
there was no significant change in CRH level. Elevated
CORT level cause behavioral changes, such as anxiety,
following the processing of traumatic stimuli (Gao
et al. 2019). However, administration of LU may reduce
plasma CORT level and excitability of the HPA axis, as
well as ameliorate dysregulation of the HPA axis,
thereby improving fear, depressive, and anxiety
behaviors.

After SPS exposure, the plasma CRH level did not sig-
nificantly change, as stated above. Because CRH neurons
are widely distributed in the central nervous system,
including in the hypothalamus, changes in the concen-
tration of CRH can be affected by some of the numerous
factors should be stated (Walker et al. 2009). For
example, expression of CRH in the AMY is associated
with stress-induced anxious behavior in rats (Walker
et al. 2009). CRH neurons in the paraventricular hypo-
thalamic nucleus of the hypothalamus are important in

the activation of the HPA axis associated with PTSD,
although changes in plasma CRH level are inconsistent.

PTSD involves the AMY, which processes primitive
emotions, and the PFC, which suppresses emotional
response and impulses, such as fear, through reason
(Schöner et al. 2017). In patients with PTSD, disturbances
in the adrenergic system in the structures within the fear
circuit cause behavioral dysregulation (Schöner et al.
2017). An increase in NE in PTSD is associated with avoid-
anceandre-experienceof traumatic stress (Krystal andNeu-
meister 2009). This leads to depression and anxiety, ever
after the memory of the traumatic event is extinguished
(Krystal and Neumeister 2009). In our study, SPS-induced
rats showed increased levels of NE in the PFC and HIP.
However, administration of LU suppressed the increase of
NE in the PFC and HIP caused by SPS. This suggests that
LU can prevent an imbalance of catecholamines, which is
an important pathophysiological factor in PTSD.

5-HT regulates behavior and emotions, and sup-
presses aggressive behavior on exposure to new
environments (Krystal and Neumeister 2009; Wang
et al. 2018). Reduced levels of 5-HT increase fear,
leading to aggressive behavior, emotions such as
sadness and depressive-like symptoms (Krystal and Neu-
meister 2009; Wang et al. 2018). Our SPS-induced rats
had decreased 5-HT in the structures within the fear
circuit, including the PFC and HIP (Krystal and Neumeis-
ter 2009; Gao et al. 2019). However, administration of LU
restored normal 5-HT levels in the PFC and HIP,

Figure 5. Effect of LU of GR and MR mRNA expression in rats with SPS-induced hippocampal impairment (A). PCR bands on agarose
gels and relative intensities are shown (n = 3 per group, mean ± SEM) Activation of GR in the HIP after LU treatment (B). Western blot
analysis of protein expression levels of GR (n = 3∼4 per group, mean ± SEM). *p < 0.05 vs. SAL group; #p < 0.05 vs. SPS group.
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suggesting that LU can prevent an imbalance of 5-HT,
which is an important pathophysiological factor in PTSD.

In our study, mRNA expression of GR and MR was
decreased in the HIP of SPS-exposed rats. However,
plasma CORT levels increased in the HIP. Elevation of
CORT due to dysregulation of the HPA axis is associated
with co-regulation of GR and MR mRNA in the HIP. The
decreased GR mRNA expression in the HIP of our SPS-
exposed rats may have been caused by excessive
CORT secretion due to dysregulation of the HPA axis
(Han et al. 2014). Decreased GR and MR mRNA
expression in the HIP is correlated with immobility
time in the FST, and with the amount of time spent in,
and number of entries into, the open arms in the EPM
test. Thus, after SPS exposure, the decrease of GR
mRNA seen in the HIP is directly related to maintenance
of the fear memory, which can lead to fear, depression,
and anxiety (Han et al. 2014). The decreased GR and
MR mRNA expression in the HIP associated with the
administration of LU is in turn associated with improve-
ments in anxiety-like behavior and negative feedback in
the HPA axis in rats (Han et al. 2014). However, adminis-
tration of LU suppressed the decreased GR and MR
mRNA expression associated with SPS, but did not lead
to complete recovery. Therefore, the antidepressant
and anti-anxiety effects of administration of LU is
related to the modulation of HPA axis, but it does not
appear to be directly related to the reduction of GR
protein. Therefore, our results suggested that anti-
depressant and anti-anxiety effects caused by LU is
mediated via HPA axis-independent mechanism.

Finally, our results showed that administration of LU in
an SPS-induced PTSD animal model reduced the dysregu-
lation of the HPA axis, thus improving freezing behavior,
and also exerted antidepressant and anti-anxiety effects
bymodulatingmodulation ofmonoamine neurotransmit-
ters. These results suggest that LU may be a useful thera-
peutic agent to prevent traumatic stress, such as PTSD.
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