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Chronic stress compromises the ability of ALDH?2 to detoxify 4HNE in the hippocampus and prefrontal
cortex, but not the myocardium of rats
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Abstract

Chronic stress is strongly associated with the occurrence and development of depression and cardiovascular disease. Stress can induce
altered mitochondrial function and activation of apoptosis in the cardio-cerebral system. However, it is unknown whether the protein
kinase C ¢ (PKCe)-aldehyde dehydrogenase 2 (ALDH2) pathway is altered under chronic stress, and this study sought to address this
question. A rat model of depression was established using a chronic unpredictable mild stress (CUMS) protocol. After experiencing CUMS
for 4 weeks, the sucrose preference test and the forced swim test verified depressive-like behaviors. Enzyme linked immunosorbent assays
showed that ALDH2 activity was decreased in the rat hippocampus and prefrontal cortex, but was not altered in the myocardium. West-
ern blot assays demonstrated reduced levels of ALDH2 and PKCe, but increased levels of 4-hydroxy-2-nonenal (4HNE) adducts. Caspase-3
expression did not obviously alter, but active forms of caspase-3 were increased in the hippocampus and prefrontal cortex. In the myocar-
dium, expression of ALDH2, PKCe and 4HNE adducts did not remarkably alter; while caspase-3 expression was reduced and the active
forms of caspase-3 were upregulated. Pearson’s correlation test demonstrated that expression of 4HNE adducts was positively correlated
with levels of the active forms of caspase-3 in the hippocampus and prefrontal cortex, but not in the myocardium. In conclusion, chronic
stress can damage the PKCe-ALDH?2 signaling pathway in the hippocampus and prefrontal cortex, but not in the myocardium. Moreover,
4HNE is associated with active forms of caspase-3 in the hippocampus and prefrontal cortex.
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Introduction

Stressful life situations lead to an increased likelihood of de-
pression and cardiovascular diseases. A large sample survey
revealed that 70-80% of patients with depression experi-
enced major stress events, and chronic stress is significantly
associated with depression prognosis and treatment resis-
tance (Lethbridge and Allen, 2008). Permanent stress was

calculated to give a 2.17 higher risk of suffering a myocardial
infarction (Rosengren et al., 2004). Although a considerable
amount of evidence supports the association between stress,
depression, and cardiovascular diseases, the underlying
mechanism has remained elusive. However, accumulating
evidence suggests that mitochondrial dysfunction causing
oxidative stress and dysregulation of apoptosis might be
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involved. In the clinic, mitochondrial DNA deletions have
been recorded in patients with depression or myocardial in-
farction (Gardner et al., 2003; Wang et al., 2015).

Mitochondrial aldehyde dehydrogenase 2 (ALDH2) plays
a crucial role in sustaining the normal function of mito-
chondria. ALDH2 is a tetrameric enzyme, and it is highly
expressed in organs that need a large amount of adenosine
triphosphate, including the heart and brain (Endo et al.,
2009). The activity of ALDH2 can be bi-directionally reg-
ulated. Endogenous protein kinase C-epsilon (PKCe) can
enhance the activity of ALDH2 (Budas et al., 2010), and the
exogenous agent, daidzin, can inhibit its activity (Lowe et al.,
2008). ALDH?2 is capable of detoxifying reactive aldehydes,
generated from reactive oxygen species-dependent lipid per-
oxidation. Reactive aldehydes are also named “toxic second
messengers”. Reactive aldehydes can extend the damage
caused by reactive oxygen species, whose toxicity is often
limited to the generation site (Carletto et al., 2000). 4-Hy-
droxy-2-nonenal (4HNE) is a representative active aldehyde
and is considered to be a marker of oxidative stress and
cell damage (Shoeb et al., 2014). 4-HNE possesses carbon-
yl functional groups that can covalently bind to histidine,
lysine, and cysteine amino acids of proteins via Schift base
and/or Michael adducts (Cebak et al., 2017). Subsequent
conformational changes in protein structure impair cell
function. A constitutive basal level of 4HNE is necessary for
normal cellular function. However, excessive accumulation
of 4HNE can be harmful and can induce the activation of
caspase-3 and apoptosis (Singhal et al., 2015).

The PKCe-ALDH2 pathway might be involved in the etiol-
ogy of depression and cardiovascular diseases. Clinical data
shows that the serum levels of active aldehydes are increased in
patients with depression. Abnormally high levels of active al-
dehydes are not only associated with the severity of depressive
symptoms, but are also related to the impairment of working
memory and declarative memory (Talarowska et al., 2012).
ALDH2 has been proposed as a key mediator against myocar-
dial ischemia and reperfusion injury (Chen et al., 2008). Fur-
thermore, an inactive form of the ALDH2 gene is linked to an
increased risk of myocardial infarction (Jo et al., 2007).

In animal studies, a chronic unpredictable mild stress
(CUMS) model is widely used to study the role of stress
in depression and cardiovascular diseases. CUMS induces
depressive-like behaviors and also causes abnormal heart
function in rats (Grippo and Johnson, 2009). Therefore,
we used this model to explore the following questions: (i)
Whether ALDH2, as well as PKCe and 4HNE, is perturbed
in the hippocampus, prefrontal cortex, and/or myocardium
under chronic stress. (ii) Whether there is a correlation be-
tween 4HNE accumulation and caspase-3 activation in these
tissues under chronic stress.

Materials and Methods

Animals

Experiments were conducted on fourteen male specif-
ic-pathogen-free Sprague-Dawley rats (200 + 20 g, aged
6-8 weeks), provided by the Experimental Animal Center
of the Hunan Provincial People’s Hospital [license No.
SYXK (Xiang) 2015-0013]. All rats were maintained under
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standard laboratory conditions (12-hour light/dark cycle,
temperature 22 + 1°C, relative humidity 55 + 10%, and food
and water ad libitum except for rats under deprivation con-
ditions). The rats were habituated for seven days before the
experiment. The rats were randomly divided into control and
CUMS groups (n = 7 per group). The rats were individually
housed (cage size: 47.5 cm x 35 cm x 20 cm). The control
rats were undisturbed except for necessary procedures such
as cage cleaning, and the CUMS rats were subjected to the
CUMS protocol. The animal experiments were performed
with the approval of the Animal Ethics Committee of Zhong-
shan Affiliated Hospital of Sun Yat-sen University of China
(archives No. Z5-2014-08).

CUMS model establishment

The CUMS procedure followed a previous method with
minor modification (Zheng et al., 2010). The CUMS proce-
dure lasted for 4 weeks: food deprivation for 24 hours and
water deprivation for 24 hours; 45° cage tilting for 24 hours;
damp bedding and group housing for 24 hours; restraint
for 4 hours in an empty water bottle (Wahaha, Hangzhou,
China); 20 minutes of noise; 1 minute of tail clamping; and
day-night reversal (12 hours/12 hours). Rats suffered one of
these stressors each day. However, the same stressor was not
implemented on two consecutive days.

Sucrose preference test

The sucrose preference test was performed as described pre-
viously (Rygula et al., 2005) at one-week intervals through-
out the experiment (starting from baseline). During the test,
all rats were provided a free choice for 24 hours between
two bottles, one containing tap water and the other 0.8% su-
crose solution. To avoid possible spatial bias in drinking, the
side (left and right) of the two bottles was switched after 12
hours. The bottles were weighed to measure the consump-
tion of water and sucrose solution. The sucrose preference
was determined as a percentage of the consumed sucrose
solution relative to the total liquid consumption. The rats
were not deprived of food or water.

Forced swim test

The forced swim test was performed according to a classic
method with minor modifications (Porsolt et al., 1978) and
was performed 24 hours after the final sucrose preference
test. The forced swim test contained two trials, during which
the rats were individually forced to swim in a self-made cyl-
inder (50 cm high, 21 cm in diameter,) filled with water (25
* 1°C) to a height of 30 cm. The rats were forced to swim for
15 minutes in the first trial, and for 5 minutes in the subse-
quent trial 24 hours later. In the second trial, the duration of
immobility was measured by two observers who were blind
to the group assignment of animals. A rat was considered as
immobile when it was floating motionless or only making
the movements necessary to maintain its head just above the
water surface.

Sample preparation

Twenty-four hours after the final behavioral test, all the rats
were anesthetized with a peritoneal injection of 10% chloral
hydrate (0.3 mL/100 g). Prefrontal cortex, hippocampus,
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and heart samples were dissected and thoroughly washed
with cold physiological saline and then immediately frozen
in liquid nitrogen. Samples were stored at —80°C until anal-
ysis.

Enzyme linked immunosorbent assay (ELISA)

The activity of ALDH2 in the hippocampus, prefrontal
cortex, and myocardium was determined in duplicate us-
ing enzyme immunoassay kits (Abcam, Cambridge, UK).
Rat-specific antibodies in the kits were used to immunocap-
ture ALDH2 within the wells of the microplate. The activity
of ALDH2 was measured through the generation of NADH
in the following ALDH2-catalyzed reaction: acetaldehyde +
NAD" - acetic acid + NADH. The NADH was coupled to
the 1:1 reduction of a reporter dye to yield a yellow colored
product whose concentration could be determined by the
increase in absorbance at 450 nm (dye molar extinction co-
efficient —37,000 M"'cm™). The ALDH2 activity was calcu-
lated as the change in absorbance per minute per amount of
sample loaded into the well.

Western blot assay

Total protein was prepared from 100 mg of tissue (hippo-
campus, prefrontal cortex, and myocardium). The protein
concentration was determined using the Bradford method
(Kruger, 1994). Samples were loaded onto a precast 12%
SDS-PAGE gel with 50 pg protein in each lane. Proteins in
the gels were transferred to a polyvinylidene fluoride mem-
brane (Millipore, Bedford, MA, USA) and then blocked
for one hour in 5% non-fat dried milk in Tris buffered
saline-Tween (25 mM Tris, 150 mM NaCl, pH 7.5, 0.05%
Tween-20). Antibodies at concentrations listed below were
used overnight at 4°C: ALDH2 (rabbit anti-rat; 1:500; SCBT,
Santa Cruz, CA, USA), PKCe (rabbit anti-rat; 1:500; Pro-
teintech, Chicago, IL, USA), 4HNE (goat anti-rat; 1:3000;
Millipore), caspase-3 (rabbit anti-rat; 1:1000; CST, Boston,
MA, USA), and B-actin (mouse anti-rat; 1:4000; Protein-
tech). Membranes were subsequently probed with horse-
radish peroxidase-conjugated goat anti-rabbit IgG (1:3000;
Proteintech) for 45 minutes at room temperature. Finally,
film signals were scanned and quantified using Image-Pro
Plus 6.0 (Media Cybernetics, Baltimore, MD, USA). Signals
were normalized to B-actin as an internal standard.

Statistical analysis

Data, expressed as the mean + SEM, were analyzed using
SPSS version 13.0 software (SPSS, Chicago, IL, USA). Dif-
ferences between groups were determined by two-tailed un-
paired Student’s t-test or Welch’s t-test. Correlation analysis
was performed using the Pearson correlation test. P < 0.05
was considered statistically significant.

Results

CUMS rats exhibited depressive-like behaviors

The CUMS group had decreased sucrose preference versus
the control group after the second week (week 2: P < 0.05;
week 3: P < 0.05; week 4: P < 0.01). In the forced swim test,
the CUMS group showed a longer immobility time com-
pared with the control group (P < 0.01; Figure 1).

ALDH2 activities were decreased in the hippocampus and
prefrontal cortex, but not the myocardium of CUMS rats
After 4 weeks of CUMS, ALDH2 activity was significantly
decreased in the CUMS group compared with the control
group in the hippocampus (P < 0.05) and prefrontal cortex (P
< 0.01), but not in the myocardium (P > 0.05; Figure 2).

Expression of PKCe, ALDH2, 4HNE adducts and
caspase-3 in the hippocampus and prefrontal cortex of
CUMS rats

The protein levels of PKCe (P < 0.05) and ALDH2 (P < 0.01)
were significantly decreased in the hippocampus of the
CUMS group compared with the control group. As a result,
levels of 4HNE adducts (P < 0.05, Welch’s correction) were
significantly increased in the CUMS group (Figure 3A).
There was no significant difference in levels of caspase-3 (35
kDa) between groups (P > 0.05); however, the active forms
of caspase-3 (P < 0.05, Welch’s correction) were significantly
increased in the CUMS group (Figure 3B).

Similar results were found in the prefrontal cortex. The
levels of PKCe (P < 0.01) and ALDH2 (P < 0.05) were sig-
nificantly decreased in the CUMS group compared with
the control group. As a result, levels of 4HNE adducts (P
< 0.01, Welch’s correction) were significantly increased in
the CUMS group compared with the control group (Figure
3C). Caspase-3 (35 kDa) levels were not significantly dif-
ferent between groups (P > 0.05); however, the active forms
of caspase-3 (P < 0.01) were significantly increased in the
CUMS group compared with the control group (Figure 3D).

Pearson’s correlation test showed that 4HNE adducts were
positively correlated with caspase-3 (19 kDa) (r = 0.675, P
< 0.01, hippocampus; r = 0.657, P < 0.05, prefrontal cortex)
and caspase-3 (17 kDa) (r = 0.793, P < 0.01, hippocampus; r
=0.659, P < 0.05, prefrontal cortex) (Figure 4A, B).

Expression of PKCe, ALDH2, 4HNE adducts and
caspase-3 in the myocardium of CUMS rats

In the myocardium, there were no significant differences in
the levels of PKCe, ALDH2 and 4HNE adducts (P > 0.05)
between the CUMS and control groups (Figure 3E). How-
ever, levels of caspase-3 (35 kDa), caspase-3 (19 kDa), and
caspase-3 (17 kDa) were significantly different. Caspase-3
(35 kDa) levels were decreased in the CUMS group, while
the active forms of caspase-3 were upregulated in the
CUMS group (P < 0.01; Figure 3F). Pearson’s correlation
test showed that 4HNE adducts were not correlated with
caspase-3 (19 kDa) (r = —0.389, P > 0.05) or caspase-3 (17
kDa) (r =-0.290, P > 0.05; Figure 4C).

Discussion

In this study, CUMS rats, which showed a depressive-like state,
had decreased expression and activity of ALDH2, decreased
levels of PKCe and an accumulation of 4HNE adducts in the
hippocampus and prefrontal cortex. However, these indicators
were unchanged in the myocardium. Moreover, chronic stress
increased the levels of the active forms of caspase-3 in these
tissues. A significantly positive correlation was found between
4HNE adducts and active forms of caspase-3 in the hippocam-
pus and prefrontal cortex, but not in the myocardium. These
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data indicated that PKCe-ALDH2 pathway perturbation and
the elevated active forms of caspase-3 might participate in
stress-related disorders in the brain and heart.

The CUMS model is a classic model that resembles depres-
sion in humans. The sucrose preference test reflects an an-
hedonia-like change of behavior, a core depressive symptom
(Sigwalt et al., 2011). Decreased preference for sucrose, rep-
resenting a reduction in responsiveness to rewards, is consid-
ered as anhedonia. Furthermore, the immobility time of the
forced swim test is considered to be “behavioral despair” as
observed in depression (Porsolt et al., 1978). Consistent with
previous findings (Grippo et al., 2003; Sun et al., 2016), we
found that CUMS reduced sucrose preference and prolonged
immobility time in the forced swim test, indicating a depres-
sive-like state of rats.

The hippocampus is part of the limbic system and plays
important roles in learning, memory, behavior, and emotion.
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=-0.290, P> 0.05). 4HNE: 4-Hydroxy-2-nonenal.

The hippocampus represents one of the most vulnerable re-
gions to stressors in the brain (McGregor et al., 2003). The
prefrontal cortex is involved in personality expression, plan-
ning complex cognitive behavior, moderating social behavior,
and decision making (Yang and Raine, 2009). Both these brain
regions are important in depression, and have morphological
and functional alterations in patients with depression, such
as hippocampal atrophy (Jiang et al., 2013), and altered me-
tabolism in the prefrontal cortex (Galeotti and Ghelardini,
2012). In this study, the expression of PKCe was reduced in
the hippocampus and prefrontal cortex. Consistent with this
study, one post-mortem study found that PKCe was decreased
in the prefrontal cortex in persons with depression (Shelton et
al., 2009). In addition, a genome-wide study found an associ-
ation between the gene encoding PKCe and suicide attempts
in patients with depression (Perlis et al., 2010). In the central
nervous system, PKCe is highly expressed in presynaptic nerve
fibers, and PKCe plays a role in synapse formation, neurite
outgrowth and neurotransmitter release (Shirai et al., 2008).
Furthermore, PKCe can stimulate the expression of brain-de-
rived neurotrophic factor, an important biomarker involved
in the pathogenic mechanism of depression (Sun et al., 2008;
Duan et al., 2016).

In this study, we found decreased expression and activity of
ALDH2 and subsequent accumulation of 4HNE adducts in the
hippocampus and prefrontal cortex in the CUMS group. As
the brain is rich in unsaturated fatty acids and contains a high
level of oxygen within the lipid bilayer, these features make
the brain susceptible to the generation of active aldehydes. The
impaired protein function caused by active aldehydes could
contribute to overall cellular disorders in the brain (Petersen
and Doorn, 2004), such as decreased production of monoami-
nergic neurotransmitters (Beckman and Koppenol, 1996). All
these changes might contribute to the development of depres-
sion. The over-accumulation of 4HNE adducts in the CUMS
rats also suggests that the activation of ALDH2 may have
potential as a novel therapeutic strategy for depression. An
in vitro study showed that upregulation of the ALDH2 gene
could relieve 4HNE-induced death of neurons by reducing the
levels of reactive oxygen species and caspase-3 protein in cul-
tured hippocampal neurons (Bai and Mei, 2011). Recently, an
in vivo study found that the ALDH2 activator, Alda-1, could
markedly attenuate the depressive-like behaviors in prenatally
stressed rats (Stachowicz et al., 2016).

It has been proposed that apoptosis is a contributing factor
to the decrease in hippocampal volume and loss of neuronal
function and viability seen in depressive disorders (Bachis et
al., 2008). We found that CUMS upregulated the active forms
of caspase-3, a generally accepted apoptosis executor, in the
hippocampus and prefrontal cortex. 4HNE itself can induce
apoptosis in neurons (Kruman et al., 1997). In this exper-
iment, we found a significant positive correlation between
4HNE adducts and the active forms of caspase-3. However, in
addition to its well-known role in apoptosis, limited caspase-3
activation can be essential for synaptic plasticity in neurons
(Snigdha et al., 2012). Thus, we cannot assume that the in-
creased levels of active forms of caspase-3 indicate activation
of apoptosis. However, chronic stress can increase apoptosis
in these brain regions (Kubera et al., 2011).

The mechanisms that underlie the relationships between
stress and cardiovascular diseases are complex, and include
dysfunction of the neuroendocrine system, activation of
pro-inflammatory cytokines, and dysregulation of the auto-
nomic heart system (Grippo and Johnson, 2009). In the myo-
cardium, the levels of active forms of caspase-3 were increased
in the CUMS rats compared with the control rats, but there
was no statistical difference in levels of PKCe, ALDH2, and
4HNE adducts. In addition, there was no correlation between
4HNE adducts and the active forms of caspase-3. These results
indicate that the myocardium is relatively more resistant to
oxidative stress than the brain, and the elevated active forms
of caspase-3 induced by stress might be independent of the
PKCe-ALDH?2 pathway in the myocardium.

The major limitations of this study are that we only used the
CUMS model and we did not test apoptosis directly. Despite
for these limitations, the conclusion still can be made that
chronic stress compromises the ability of ALDH?2 to detoxify
4HNE in the hippocampus and prefrontal cortex, but not in
the myocardium. Furthermore, chronic stress elevates levels of
the active forms of caspase-3 in these tissues.
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