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An acute stress response is a complex process that activates the neuroendocrine and metabolic systems for homeostasis. A study
on acute stress is important to understand how an organism adapts to stress for survival. However, most studies have focused on
chronic stress, and there are few studies on acute stress. They have analyzed the metabolic alterations in the brain at a particular
time after acute stress. This study explored the temporal variations of the brain metabolites in the hippocampus after acute
restraint stress using proton magnetic resonance spectroscopy. All mice in the acute stress group were physically restrained for
two hours in a 50 mL conical tube. A 9.4 Tanimal MRI and MRS scanner was used with point-resolved spectroscopy technique for
data acquisition, which was repeated four times without interscan interval. Metabolites were quantified from the data using
LCModel with a simulated basis set. Based on the change in concentration of metabolites, the data were statistically analyzed using
two-way repeated-measures analysis of variance between groups and a support vector machine for all time points and Student’s ¢-
test with FDR correction for each time point. The present study found that the differences between groups are significantly
(P <0.05) presented in alanine and glutamate. The effect of time of the two metabolites significantly exists (P < 0.05): the first,
second, and third time points in alanine and the first and second time points in glutamate. A combination of stress-specific
metabolites (alanine, glutamate, N-acetyl-aspartate) that best reflect the influence of acute stress was determined using a support
vector machine. These findings may indicate the importance of the timing of analysis after acute stress and provide new insights
into a deeper understanding of acute stress response, including the molecular mechanism of stress-related disorders and stress
resilience or vulnerability.

1. Introduction

The stress response is defined as a neurochemical process,
which is an adaptive or maladaptive reaction to alterations in
the external environment (e.g., stressful situations or events)
that threaten the physiological homeostasis of the brain for
the survival of living organisms [1-5]. External stimuli
triggering the stress response are characterized as different

types of stressors (physical, pharmacological, psychological,
and social) [6, 7]. Depending on the stress-induced time by
one or more stressors, stress is classified as acute or chronic.
As most of the previous studies have focused on chronic
stress [8, 9], the importance of the effects of acute stress has
not emerged and there are only a few related studies [10-13].

Acute stress is based on a single stressor that generates an
intense stimulus once producing negative structural and
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functional changes in the brain [14-18]. The influence of
acute stress in the brain may result in morphological changes
such as hippocampal volume loss [19], apical dendritic re-
traction [20], reduced activity of antioxidant enzymes [12],
neurotoxicity due to the overactivation of glutamate release
[21-24], and diminished cell proliferation [7, 25]. The effects
of acute stress in the brain are caused by atypical physio-
logical responses leading to stress-related disorders. These
results raise the necessity of investigation into the malad-
aptive pathways involved in the acute stress response
[5, 26, 27]. In addition, as the acute stress response is the
underlying response to chronic stress as well as nature’s
fundamental mechanism for survival, the study of acute
stress is essential to develop a deep understanding of the
harmful effects caused by chronic stress and the basal
mechanism of stress-related disorders [28].

In regard to stress, the hippocampus is considered an
important region in the brain regulating the activation of the
hypothalamic-pituitary-adrenal axis based on stress hor-
mones such as glucocorticoids (e.g., corticosterone or cor-
tisol) along with the medial prefrontal cortex [4]. The region
is particularly vulnerable and susceptible to acute stress,
which may lead to neurogenesis inhibition, neurochemistry
alterations, neuron excitability changes, and/or neuron
death [16]. Previous studies reported that acute stress in a rat
brain induced changes in the concentration of metabolites
[29, 30]. Gandhi et al. found that there are significant
metabolic alterations in the urine due to acute cold stress
with a 9.4T NMR spectrometer [29]. Shi et al. found that
trimellitic anhydride decreased in the FST-1d model com-
pared with the control based on a 14.1 T NMR spectrometer
[30]. The ex vivo experiments using high-field NMR may
provide more accurate and reliable information on the
concentrations of metabolites in the rat brain than in vivo
experiments. However, ex vivo experiments are inappro-
priate to apply studies that analyze the effects of acute stress
on living organisms because they sacrifice animals to prepare
dissected brain samples of the regions of interest. Therefore,
noninvasive in vivo experiments using proton magnetic
resonance spectroscopy ("H-MRS) are needed. Recent in
vivo studies have investigated the metabolic changes in the
rodent brain after exposure to acute stress using 'H-MRS
[11, 31]. Kim et al. found significantly increased glutamate
levels in the cerebral cortex and hippocampus of the rat
brain following acute restraint stress, and glutamate levels
returned to the normal state in the hippocampus but not in
the cerebral cortex after a 1-h recovery period from 1-h
restraint stress [11]. Gapp et al. reported that a mouse ex-
posed to acute cold swim stress during early life stages
showed reduced concentrations of N-acetyl-aspartate, glu-
tamate, and y-aminobutyrate in the prefrontal cortex using
141 T 'H-MRS [31].

While these 'H-MRS studies provided evidence on
metabolic alterations induced by acute stress in the brain
using endpoint analysis [6], these cross-sectional studies
could not investigate metabolic dynamics for the response to
acute stress over time. Houtepen et al. [13] reported that (1)
mean glutamate and y-aminobutyric acid levels varied over
time in the control group, (2) the difference between both
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groups after acute stress and the difference in glutamate
levels before and after acute stress in the stress group were
not similar [13]. These results support that comparing both
groups only at any specific time point can lead to bias and by
chance in the analyzed results. Therefore, metabolic dy-
namics over time are important for acute stress [32].
Physiological variations induced by acute stress in the brain
occur over time, including hormonal changes, classified as
short-term and long-term effects of acute stress. These
prolonged changes may be relevant for stress-related dis-
orders with structural (e.g., dendritic retraction) and
functional (e.g., glutamate release) consequences. This
finding raises the necessity for investigating the metabolic
changes of the acute stress response over time [5].

Recently, machine learning (ML) techniques have been
introduced that have been used in various fields to select the
metabolites that better characterize the effects of acute stress.
One of the methods of ML, a support vector machine (SVM),
is a supervised learning technique that divides into two
different classes using a hyperplane (or decision boundary)
that maximizes the margin between data in a two-dimen-
sional or more feature space [33]. It is a powerful tool for
subtle pattern recognition and classification [34]. Moreover,
the SVM has the advantage of being less error data impact
and less overfitting by adjusting the cost (C) parameter. This
elicits that using the SVM, metabolites that best describe the
effects of acute stress by better classifying both groups can be
selected from time-series in vivo data.

Our primary hypothesis is that acute stress impacts the
metabolic dynamics of the brain; then stress-specific changes
in the concentration of metabolites occur over time. Based
on '"H-MRS data acquired over time, the present study
investigates (1) which metabolites differ in metabolic dy-
namics between control and acute stress groups, (2) the
period that accurately reflects a variation in the character-
istics of the metabolites in the hippocampus after acute stress
exposure, and (3) the metabolites that are most influenced by
acute stress through feature selection using the SVM. To our
knowledge, this is the first study to investigate a dynamic
variation in the metabolites after inflicting restraint stress in
the mouse brain. Furthermore, our proposed noninvasive
approach could help explore the effects of acute stress on
metabolites in human research.

2. Materials and Methods

2.1. Experimental Animals. Male C57BL/6N mice (ORIENT
BIO Inc., South Korea) with body weight over 18g and
below 25g at 4 weeks of age were used as experimental
animals. The mice were housed three per transparent plastic
cage and allowed to acclimatize for 2 weeks before the 'H-
MRS experiment to adapt to the environment and minimize
the stress resulting from an unfamiliar situation. The mice
had unconstrained access to water and food and were
maintained under controlled temperature (21-23°C) and
humidity (50-60%) with a 12-h light/12-h dark cycle (light
on from 06:00 to 18:00). The mice were randomly divided
into a control group (N =12) and a stress group (N =12). All
experiments were approved by the Institutional Animal Care
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and Use Committee and conducted at the Lee Gil Ya Cancer
and Diabetes Institute accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care
International that uses international standards for animal
care and use globally. All procedures for experiments were in
compliance with the Center of Animal Care and Use in
Animal research (guidelines for animal users).

2.2. Restraint Stress Protocol. As shown in Figure 1(a), based
on the stress protocol reported by previous studies [35, 36],
12 mice were exposed to acute restraint stress physically for 2
hours in a transparent 50 mL conical plastic centrifuge tube
(3cm in diameter and 10cm in length) with openings to-
ward the body (3 mm in diameter) and mouth (5mm in
diameter) of the mice to create airflow for ventilation with
background noise in an air-conditioned room for the period
of restraint. The residual space in the tube was filled to create
pressure and minimize mouse movement for perfect im-
mobility. The body and head were fixed to make the mice
immovable and create an inescapable space. After com-
pleting the restraint procedure, the mice were used for in
vivo 'H-MRS data acquisition. The mice in the control group
were not exposed to restraint stress and maintained in the
cage until the initiation of the 'H-MRS experiment.

2.3. Proton Magnetic Resonance Spectroscopy. 'H-MRS ex-
periment was performed using ParaVision 5.0 software
under Red Hat Linux based on Bruker BioSpec Avance III
94/20 USR (Bruker BioSpin MRI GmbH, Ettlingen, Ger-
many) with a 9.4 T horizontal 200 mm bore magnet (inner
diameter: 114 mm) and 660 mT/m actively shielded gradient
coil at cell to in vivo imaging core-facility research center as
shown in Figure 1(b). Excitation resonating at 400 MHz was
conducted using a volume transmit-only resonator. A re-
ceive-only surface coil (2x2 array coil) was used for the
reception of signals from the mouse brain.

Each experiment in both groups was conducted alter-
natively, three mice at a day. Excluding other processes such
as brain positioning in the center of the magnet, shimming,
voxel positioning, and acquisition of unsuppressed water
signal, 'H-MRS data were acquired every 34 minutes at 4
consecutive time points in both groups. Spontaneously re-
spiring mice were anesthetized with 4.0% isoflurane at the
introduction and 1.0-2.0% isoflurane during the experiment
in a 1:2 O,:air mixture. The mice were placed on a flat MR
bed in a prone position. The mouse brain was tightly fixed
with a glass bite bar and 2 plastic ear inserts. A water-heated
body-warming system was applied to the mouse to prevent
the risk of hypothermia during anesthesia [37]. The whole
body of the mouse was maintained at a constant temperature
via a cover connected to the water-circulating equipment that
set the distilled water to 38°C [38]. The rate of respiration was
monitored in real time with MR-compatible instruments (SA
Instruments, Inc., Stony Brook, NY, USA) to adjust anesthetic
concentrations and maintain a stable condition.

To localize the desired voxel of interest (VOI), T2-
weighted images were acquired using rapid acquisition with
relaxation enhancement (RARE) with the following

acquisition parameters: TR =5000 ms, TE.4=48 ms, RARE
factor=8, NA =1, FOV =3 x 3 cm?, slice thickness=1mm,
matrix size =256 x 256, 36 slices (axial =12, sagittal =12,
coronal = 12). The VOI (1.8 x3.4x 1.8 mm?>, 11.016 uL) was
placed to include most of the hippocampus, an area related
to stress through the anatomical images as shown in
Figure 1(b). For uniform homogeneity of the magnetic field
inside the VOI, the shim (first and second order) was ad-
justed automatically using a fast and automatic shimming
technique by mapping along with projections. The proce-
dure for automated shim was repeated until the linewidth of
the resulting water signal was below 14 Hz. A point-resolved
spectroscopy (PRESS) was used for the acquisition of 'H-
MRS data from a single voxel with the following acquisition
parameters: TR =4000 ms, TE=10ms, NA =512, complex
points =4096, spectral width =5000 Hz, including that the
bandwidth of the excitation/refocusing RF pulse is 5600 Hz
to minimize the chemical shift displacement error in the
higher magnetic field. The predominant water signal inside
the VOI was suppressed by variable power RF pulses with
optimized relation delays to detect metabolite signals
[11, 39]. An outer volume suppression scheme was per-
formed for the minimization of artifacts caused by the
unwanted signals outside the VOI. The eight averaged
unsuppressed water signals were acquired in the same
manner and VOI as '"H-MRS data [40]. Additionally, the
compensation of eddy current [41] due to strong gradient
fields and phase correction was applied during data ac-
quisition [42] for distortion resulting from combining the
RF signals with a different phase in the surface coil. When
512 scans were obtained and one averaged raw datum was
computed with one, a procedure for frequency drift like the
alignment of each scan was performed due to the long
acquisition time.

2.4. Metabolite Quantification. As shown in Figure 1(c), the
"H-MRS data corrected were analyzed with the linear
combination analysis method (LCModel) [43, 44] to cal-
culate the concentration of brain metabolites by fitting the
experimentally obtained 'H-MRS data based on eight av-
eraged unsuppressed water signal and a simulated basis set
provided by the LCModel. The simulated macromolecule
signal and the following metabolites were included in the
simulated basis set: alanine (Ala), aspartate (Asp), creatine
(Cr), y-aminobutyric acid (GABA), glucose (Glc), glutamine
(Gln), glutamate (Glu), glycerophosphorylcholine (GPC),
glutathione (GSH), myo-inositol (m-Ins), lactate (Lac),
phosphorylcholine (PCh), phosphocreatine (PCr), scyllo-
inositol (s-Ins), N-acetylaspartate (NAA), N-acetylas-
partylglutamate (NAAG), and taurine (Tau). Among the
basis spectra in the simulated basis set, s-Ins was excluded
from the process of quantification using the LCModel be-
cause it had a smaller concentration (<1 mM) in the mouse
brain and nothing to do with the acute stress [45]. Also,
ascorbate (Asc), phosphorylethanolamine (PE), and glycine
(Gly) were excluded from the analysis based on the LCModel
because these metabolites were not related to acute stress
and it was difficult to detect for the following reasons: (1)
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FiGURE 1: A flowchart of 'H-MRS data analysis: from data acquisition to metabolite quantification. (a) Mouse in the stress group was
exposed to acute restraint stress physically for 2 hours in a transparent 50 mL conical tube. (b) 'H-MRS data in the hippocampus were
collected at 4 consecutive time points using 9.4 T Bruker MRI. (c) Metabolites were quantified using the linear combination analysis method

(LCModel) in four time points.

smaller concentration (Asc: about 1 mM [46]; PE: 1~2 mM;
Gly: <1mM [46, 47]), (2) overlap with other metabolites
(Asc: Glu, Gln, and GSH [48]; PE: other phospholipids with
similar structures; Gly: m-Ins [47]), and (3) multiplicity
(Asc: multiplet at 3.73 and 4.01 ppm [48]; PE: multiplet at
3.22 and 3.98 ppm [47]). Using the LCModel, the concen-
trations of metabolites were calculated from the "H-MRS
data using a prior knowledge about the chemical shift of each
metabolite (e.g., simulated basis set) and the unsuppressed
water signal for water scaling. When the metabolites were
quantified by the LCModel, the unsuppressed water signal
was used as an internal reference and its attenuation by
relaxation and other effects was applied by multiplying the
gain correction factor (ATTH20: 0.01094). The 'H-MRS
data were analyzed at a range between 0.2 ppm and 4.3 ppm
for the most discriminating metabolites. Spectral fitting was
evaluated by the signal-to-noise ratio (SNR) and Cra-
mer-Rao lower bound (CRLB). CRLB was the estimated
standard error in percent of the estimated concentration of
metabolites through the spectral registration by the
LCModel. If the SNR was below 10 [11], and the CRLB for
metabolites and time points was over 20% as recommended
by the LCModel [49], the '"H-MRS data were excluded from
the statistical analysis to minimize bias in the results of
inaccurate quantification.

2.5. Feature Selection. SVM, one of the machine learning
algorithms, is a powerful classifier that separates two dis-
tinguishable classes based on the support vectors and the
optimal hyperplane divided with the maximum margin [50].
The SVM with a linear kernel was used to select the features
that best explain the effect of acute stress by dividing the
control group and stress group. Each of the metabolites
quantified through the LCModel was considered one feature
with each dimension and independent variable; the area
under the concentration curve (AUC) of consecutive four
time points for each metabolite was calculated with nu-
merical integration via the trapezoidal method. The optimal
number of features that best differentiated the stress group
from the control group was determined based on the re-
cursive feature elimination (RFE) with cross-validation
using the linear SVM. To select the features corresponding to

the optimum number, the shuffled stratified 4-fold cross-
validation on the RFE was performed based on the linear
SVM. It provided the information on the ranking of features,
and the features were selected as the optimal number in the
order of highest ranking. Through 100 iterations of this
process, the feature importance was determined by calcu-
lating the number of times features were selected, and then
the features as the optimum number were chosen in the
order of high importance.

2.6. Statistical Analysis. All statistical analyses were per-
formed with IBM SPSS Statistics 24 (IBM Corp., Armonk,
NY, USA) except for the SVM using scikit learn module [51]
in Python software, version 3.6.10 (Python Software
Foundation, Wilmington, DE, USA). The concentration of
brain metabolites are represented as mean + standard de-
viation. Two-way repeated-measures ANOVA, one of the
statistical methods for analyzing time-series data, was per-
formed by comparing the time-dependent change in the
concentrations of metabolites between control and stress
groups to identify the metabolites that best reflect the acute
stress effect. When there were metabolites with statistically
significant (P < 0.05) differences in the metabolic dynamics
between both groups or significant (P <0.05) interactions
between time and group, Student’s ¢-test for each time point
about the metabolites was performed to determine the time
point that accurately reflects the acute stress response. False
discovery rate (FDR) correction was performed to avoid the
multiple comparisons problem of both groups over time.

3. Results

To investigate the temporal effects of acute stress in the
mouse hippocampus from a metabolic perspective, all mice
in the stress group were under restraint stress for two hours.
To objectively evaluate the influence of acute stress, all
conditions except for the stress remained the same in both
groups. As shown in Figure 2, the metabolites were quan-
tified from 'H-MRS data of both groups acquired in four
consecutive time points (0.8 h: the first time point, 1.6 h: the
second time point, 2.4h: the third time point, 3.2h: the
fourth time point). Among the fifteen metabolites quantified
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FIGURE 2: Averaged 'H-MRS raw data (transparent black) and LCModel fit (red) measured from the mouse hippocampus at 9.4 T Bruker
MRI: (a) control and (b) stress. The residuals (top) were the difference between the raw data and the LCModel fit. The baseline (middle) and
each metabolite (bottom) constituting the raw data were represented in the range from 0.2 ppm to 4.3 ppm.

except for Lac (CRLB: 999%), four metabolites were ex-
cluded from the statistical analysis based on the comparison
of metabolite concentrations in both groups by using all
mouse and time points because they did not meet the av-
eraged CRLB criteria: Asp (166%), Glc (144%), GPC (88%),
and NAAG (279%).

As shown in Table 1, a total of eleven metabolites were
used for the statistical analysis between both groups. Before
the analysis, Mauchly’s test of sphericity was performed for
the time points (within-subject effect), and if the sphericity
was violated, the Greenhouse-Geisser and Huynh-Feldt
correction were executed using Epsilon. A two-way re-
peated-measures ANOVA demonstrated a significant dif-
ference (P < 0.05) in the concentrations of Glu and Ala. The
concentrations of Glu and Ala in the stress group were
higher than those in the control group at all time points. The
effect of time, which is a repetition factor, was statistically
significant in most metabolites except for the following
metabolites: PCh, Tau, tCr, and tNAA. The interactions
between time and group significantly (P < 0.05) existed only
in Ala, but other metabolites did not.

To make multiple comparisons based on each time point
between both groups for Ala and Glu, Student’s t-test and
FDR correction [52, 53] were performed for each time point
including NAA and GIn associated with stress: reduced
apical dendrites (NAA) [5, 20] and glutamate-glutamine

(Glu-Gln) cycle (Gln) [54]. Figure 3 illustrates the change in
concentration over time for each of the four metabolites.
First, Ala was represented in order of time as shown in
Figure 3(a): 0.8h (adjusted P =0.02), 1.6h (adjusted
P =0.01), 24h (adjusted P =0.02), and 3.2h (adjusted
P =0.67); second, Glu in Figure 3(b): 0.8h (adjusted
P =0.03), 1.6h (adjusted P =0.05), 2.4h (adjusted
P =0.08), and 3.2h (adjusted P =0.08); third, NAA in
Figure 3(c): 0.8h (adjusted P =0.98), 1.6h (adjusted
P =0.74), 2.4h (adjusted P =0.74), and 3.2h (adjusted
P =0.74); and finally, Gln in Figure 3(d): 0.8 h (adjusted
P=0.76), 1.6h (adjusted P =0.76), 2.4h (adjusted
P =0.76), and 3.2h (adjusted P = 0.76).

Figure 4 elucidates the optimal number of features,
feature importance, and decision boundary in two- and
three-dimensional space. Based on the RFE and the cross-
validation score that was considered the ratio of correct
classification from the linear SVM using repeated stratified
4-fold cross-validation (n=100), the optimal number of
features that best explain the effects of acute stress while
classifying both groups was three as in Figure 4(a). To select
three features among the eleven features, a stratified 4-fold
cross-validation that randomly shuftled the data into 3
training sets and 1 test set was used to train the linear SVM
and three features with the RFE were determined from the
trained linear SVM. Through 100 iterations of this process,
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TaBLE 1: The effects of acute restraint stress through two-way repeated-measures ANOVA at four time points. Each metabolite was analyzed
whether there were effects over time and interaction between time and groups with within-subject effects and whether there was a significant
difference between groups due to acute stress.

Within-subject effects Between-subject effects

Metabolites
Time Time x group Group

Ala Fs,66=20.78, P<0.001*** Fs46=3.38, P = 0.02" Fy,, =895, P =0.01*
Cr F3,66 = 1007, P<0.001%** F3,66 = 200, P=0.12 F1,22 = 152, P =0.23
GABA F3,66 = 781, P< 0001*** F3,66 = 1.83, P=0.15 FI,ZZ = 0.69, P =042
Gln F3,66=16.30, P <0.001*** Fs66=2.02, P = 0.12 F12,=0.50, P = 0.49
Glu F3,66:43'15) P< 0.001**;k F3,66:0'09) P =0.97 F1‘22: 505, P =0.04*
GSH Fra25316=9.53, P<0.001*** Frar5316=2.05, P =0.13 Fi,,=019, P = 0.67
m-Ins Fs45="7.26, P <0.001*** Fs45=0.46, P = 0.71 Fr,,=2.83,P=0.11
NAA F3,66 = 3.22, P< 003* F3,66 = 049, P =0.69 F1,22 = 031, P =0.58
PCh Fs46=0.41, P<0.75 Fs4=0.78, P = 0.51 Fy,=0.88, P = 0.36
PCr F3,66 = 615, P< 0001*** F3,66 = 077, P=0.52 F1)22 = 0.98, P=0.33
Tau Fy68.50.00 = 0.47, P<0.68 Py 85004 =1.04, P = 0.38 Fi,,=2.76, P =0.11
Glx Fs45=9.87, P<0.001*** F365=0.60, P = 0.62 Fy,,=0.96, P = 0.34
tCho Fs.6057.12 = 87.46, P < 0.001*** Fr05712=1.53, P = 0.22 Fy,,=0.44, P = 0.51
tCr F2.6(),56.51 20002, P =1.00 F2.60,56.51 :0.58, P =0.61 F1,22: 301, P =0.10
tNAA F3,66 = 200, P=0.12 F3,66 = 033, P =0.80 Fl,22 = 0.34, P =0.57

Glx, glutamate + glutamine; tCho, total choline; tCr, total creatine; tNAA, N-acetylaspartate + N-acetylaspartylglutamate.
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the feature importance (7 =300), which quantified the
influence of each feature to indicate its importance in best
distinguishing between both groups, was calculated and
three features were selected in order of high ranking based
on feature importance as follows: Ala=30% (#scccted = 89),
Glu=18% (Ngelectea =54), and NAA=17% (#gelected =51).
The feature importance as in Figure 4(b) was indicated by the
number of times, and the percentage above the rectangular
bar for each feature was the ratio of the number of times to
the total times. Figure 4(c) shows the decision boundary that
best classified both groups. This was a three-dimensional
analysis using Ala, Glu, and NAA identified by the linear
SVM.

4. Discussion

The present study revealed that acute restraint stress sig-
nificantly had a time-based effect on the levels of metabolites
in the hippocampus of a mouse. There have been few studies
on acute stress over the past decades [10-12, 55, 56] because
chronic stress linked to neurological or physiological
changes due to an abnormal regulation resulting from a
multitude of adaptations to the stress response of the brain
has been the focus of interest in stress studies [57, 58].
However, there have been differences in responses to
chronic and acute stress [59], and hence, the necessity of
studies on acute stress has recently emerged [5].

To our knowledge, the current study using "H-MRS was
the first attempt to analyze the effect over time on acute
restraint stress with the SVM technique providing the fol-
lowing information: (1) acute restraint stress was associated
with neurotransmitter transmission through tripartite
synapses [54] based on the changes in the concentrations of
metabolites including Ala and Glu along with four con-
secutive time points; (2) the time points that best represented
the effect of acute restraint stress were identified; and (3) the
three metabolites (Ala, Glu, NAA) were used as an acute
stress-specific biomarker, most affected by and vulnerable to
acute restraint stress.

Based on the significant difference between both groups
using the two-way repeated-measures ANOVA, Ala and Glu
are selected for metabolites associated with acute restraint
stress. Acute restraint stress is a single extreme stressor, and
the acute stress response resulting from the stressor is an
immediate neurochemical reaction to adapt for survival [7].
Acute restraint stress activates the hypothalamic-pituitary-
adrenal axis. The hypothalamus releases the corticotropin-
releasing hormone (CRH). CRH stimulates the pituitary
secretion of adrenocorticotropic hormone (ACTH), which
activates the release of glucocorticoids such as corticosterone
(CORT) from the adrenal glands [60-62]. CORT enters the
hippocampus via the bloodstream and combines with the
glucocorticoid receptors to release an excitatory neuro-
transmitter, Glu, from the presynaptic membrane of the
neuron [63]. Although Glu has been implicated in stress, the
role of Ala in the stress response is unclear. The physiological
characteristics of Ala associated with stress suggest that it
may act as a regulator of the acute stress response [64]. First,
L-alanine is mediated via the glycine receptor and glycine is

considered an inhibitory neurotransmitter that inhibits the
sensitivity of the neurons in the brain region with the highest
CRH concentration. Second, L-alanine produces -alanine,
considered to have an antistress effect, as a by-product of the
reaction to convert to pyruvate. f-alanine increases the
amount of carnosine that enhances the resilience to stress
and regulates the stress response in the mouse hypothalamus
[55, 65]. Finally, using alanine transaminase and ammonium
ions from a-ketoglutarate, L-alanine provides pyruvate and
Glu through the Glu-Gln cycling during pyruvate conver-
sion, and pyruvate is converted into glucose [66, 67]. The
metabolism involved in converting L-alanine to glucose
through pyruvate may be responsible for the sedative effects
of L-alanine [64, 68]. Based on the above evidence, acute
stress can increase the concentrations of Ala and Glu. This
finding is consistent with the results of the present study,
which show higher concentrations of Ala and Glu in the
stress group than in the control group.

In the control group, the concentration of Glu decreases
over time, the one of Ala shows a trend of decreasing and
then recovering, and the one of Gln shows a constant trend.
The brain is trying to reduce the Glu in the extracellular
space (ECS) such as synaptic clefts as much as possible to the
normal state [13, 69]. Conversely, the concentrations of Ala
and Glu decrease over time in the stress group and the one of
Gln increases over time. As a result of acute stress, more
glutamate is produced and a pattern that decreases with time
is like the one of the control group due to trying to reduce it
as much as possible. Glu-Gln cycling in the hippocampus of
the mouse brain can be described as the transport of Glu
acting as the excitatory neurotransmitter and Gln forming
through the amidation of glutamate in the tripartite synapses
[54, 70-72]. Thus, Gln production and Glu decomposition
occur in astrocytes, and the opposite effects occur in neurons
via Glu-Gln cycling [67]. The tripartite synapses consist of
presynaptic and postsynaptic neurons and astrocytes. Stress
stimulates the presynaptic neuron to release Glu into the
ECS. Subsequently, Glu is transported via glutamate
transporter-1 (GLT-1) to neighboring astrocytes as a glial
cell type adjacent to the neuron, where it is amidated to Gln
using ammonium ijons and converted into a nontoxic
neutral amino acid. Elimination of Glu controls its ECS
concentration, enables the maintenance of homeostasis in
the tripartite synapses, and prevents excitotoxicity resulting
from Glu accumulation in the ECS [54, 73]. Impaired as-
trocyte and GLT-1 function can produce symptoms of
neurodegenerative diseases and mental disorders such as
depression [54, 74-76]. Thus, the opposite effects of Glu and
Gln over time can be attributed to the Glu-Gln cycle that is
responsible for Glu removal and Glu synthesis in the ECS
following acute stress. As the Ala cycle is associated with the
Glu-Gln cycle [77], Ala may represent the same results as
Glu. The continuous decrease in the concentration of Ala
and Glu over time following acute stress can be explained as
follows: (1) the estimate of astrocyte-to-neuron ratio in the
hippocampus is 0.68 [78], and therefore, several hippo-
campal astrocytes decompose Ala into pyruvate and covert
Glu to Gln compared to synthesis of Gln via Glu in neurons
[67]; (2) the physiological responses during acute stress



increase the energy demands for various neural activities,
such as glutamatergic neurotransmission, including Glu-Gln
cycling. The energy required for Glu cycling in Glu-Gln
cycling between astrocytes and neurons can be estimated as
three ATP molecules per glutamate molecule, approximately
[63, 79, 80]. Thus, lactate dehydrogenase converts the py-
ruvate caused by Ala to Lac, which is used as a material for
energy metabolism in astrocytes [63, 67, 81].

Although there is no statistically significant difference,
Gln and NAA related to acute stress are added. Gln is di-
rectly related through the Glu-Gln cycle and NAA is as-
sociated with the effects of acute stress such as reduced
neurons based on recent studies [5, 20, 27]. Comparing the
concentrations of the above four metabolites between both
groups at each time point, Ala differs in the first, second, and
third time points, and Glu differs in the first time point after
FDR correction, while NAA and Gln do not differ at every
point in time. After acute stress is induced, Ala is found to
have a time-dependent effect on acute stress for up to an
hour and a half and Glu for half an hour. This observation
demonstrates that the acute stress response and its effect
varies over time, which can overcome the limitation of the
existing end-point analysis methods due to several adaptive
changes occurring during acute stress responses in many
animal studies [10, 11, 13], and provides a deep under-
standing of the stress response for important time points and
related metabolism with time after acute stress. Moreover,
recent studies have shown that the effects of acute stress over
time can be divided as short-term and long-term effects,
necessitating a consideration of the stress response itself
[5, 58, 82]. The time-lasting effects can cause morphological
changes such as remodeling and atrophy of apical dendrites
in the hippocampus [4, 18, 83-86]. An impaired physio-
logical and functional response to stress may lead to the
development of stress-related disorders in the brain [20].
These time-related short-term and long-term effects provide
an understanding of acute stress response mechanisms in the
brain from the metabolic viewpoint [5, 28, 87]. This ob-
servation may help us to identify turning points (recovery
via adaption) [5, 58] and sensitivity (vulnerable vs. resilient)
[88, 89] for stress response by evaluating the time-based
effects of acute stress and monitoring maladaptive acute
stress responses that may induce stress-related brain
disorders.

Because of the small sample size, the AUC is used for the
selection of features basing on the linear SVM to reduce the
bias such as the difference between animals rather than using
absolute concentrations at four time points. The AUC of
each metabolite is calculated through the integration based
on the trapezoidal method under the concentration curve of
four time points, and it reflects the change over time and is
similar to the averaged concentration of all time points.
Using the cross-validation and RFE of the linear SVM based
on the AUC in each feature as a metabolite, the three features
(Ala, Glu, and NAA) are selected in the order of high im-
portance in Figure 4(b). This indicates that the three me-
tabolites as stress-specific metabolites are important for
acute stress response and best represent the temporal effects
of acute stress. Using the RFE and cross-validation with the
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linear SVM rather than the two-way repeated-measures
ANOVA and Student’s t-test adds one additional metabolite
(NAA) that differentiates the effects of acute stress. Based on
the recent studies [5, 27], NAA is demonstrated to be a
metabolite affecting the effects of acute stress as well as the
third most important one as shown in Figure 4(b), although
there is no statistically significant difference. The decision
boundary that best classifies between both groups using
three metabolites, one metabolite is one dimension, is shown
in Figure 4(c). This can be obtained from a different per-
spective than the information obtained by comparing and
analyzing the concentration itself and can be used as a bi-
ological indicator or stress-specific biomarker to charac-
terize the effect of acute stress in the future.

There are a few limitations to the present study. First, the
simulated lipid and macromolecule is used because it cannot
be acquired under the same conditions as before due to
breakdowns, repairs, and upgrades of the MRI machine. This
indicates that the concentration of metabolites can be under-
and overquantified rather than precisely quantified. Second,
the sample size is too small, which may have resulted in bias
due to various reasons, including differences between ani-
mals. Third, the time resolution is low. The current study
takes 30 minutes to acquire a single point of time. As there is
a 30-minute interval for each time point, we cannot evaluate
the physiological responses occurring within the interval
from a metabolic point of view. Fourth, the experimental
animals are anesthetized for a prolonged period to acquire
"H-MRS data. Prolonged administration of isoflurane to
obtain all time points can influence several metabolites.
Finally, the total acquisition time may have been short for
analyzing the long-term effects of acute stress, which can
only be assessed in part in the overall response. Despite these
limitations, the current study can provide useful information
such as stress-specific or stress-related metabolites and
important time points after acute stress on the temporal
effects of acute stress.

5. Conclusions

This study analyzes the effect of acute restraint stress on the
metabolite levels in the mouse hippocampus over time. We
found the following results: (1) there was a significant dif-
ference in Ala and Glu levels due to acute restraint stress; (2)
among the four time points, the statistical difference between
both groups occurred in the preceding three time points in
Ala and the first time point in Glu after acute restraint stress;
and (3) Ala, Glu, and NAA, which best classified the two
groups, were selected with SVM as an optimal combination
of metabolites. Our findings indicate the effects of acute
stress over time, providing information on the timing of
analysis after acute stress. Furthermore, the stress-specific
biomarker, a combination of three metabolites (Ala, Glu,
and NAA), best explains the influence of acute stress.
Moreover, this study may provide a better understanding of
the acute stress response mechanisms and present new
insights into whether laboratory animals such as rodents are
vulnerable or resilient to acute stress from a metabolic point
of view.
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