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A B S T R A C T

Depression is gradually becoming a primary mental disease threatening human health. Therefore, there is an
urgent need to clarify the pathogenesis of depression and identify new effective natural antidepressants. This
study aimed to investigate the antidepressant effects of baicalin and explore its potential mechanism in a mouse
model of depression induced by chronic unpredictable mild stress (CUMS). Following a 6-week exposure to
CUMS, mice were treated with baicalin (10 mg/kg) or fluoxetine (10 mg/kg) for 4 weeks by oral gavage. A
sucrose preference test and a forced swimming test were performed to evaluate depression-like behaviors, and the
levels of adenosine triphosphate (ATP) in the prefrontal cortex were measured. Moreover, gene expression and
enzyme activities related to ATP production, and mitochondrial function, were monitored. The results indicated
that baicalin and fluoxetine could alleviate CUMS-induced depression-like behaviors of mice. In addition, baicalin
significantly elevated the ATP content and the expression of genes hexokinase 1 (Hk1), pyruvate dehydrogenase
E1 alpha 1 (Pdha-1), isocitrate dehydrogenase (Idh), peroxisome proliferator-activated receptor, gamma, coac-
tivator 1 alpha (Pgc-1α), and sirtuin-1 (Sirt1) in the prefrontal cortex. Furthermore, baicalin increased the activity
of the respiratory chain complexes I and V as well as the mitochondrial membrane potential. In conclusion,
baicalin may exert its antidepressant effect partly by upregulating the expression of some genes coding for en-
zymes involved in the glycolysis and the tricarboxylic acid cycle, and improving the mitochondrial function to
enhance the ATP level in the brain.
1. Introduction

Depression manifests mainly as persistent low mood, anhedonia,
energy loss, and sleep disturbance [1, 2]. Chronic external stress has
become a primary cause of depression in humans. Growing amounts of
patients with depression will inevitably entail a great burden on family
and society [3]. First-line clinical antidepressants, despite being widely
used, present various disadvantages, such as slow onset, low cure rate,
and serious adverse reactions [4]. Therefore, there is an urgent need to
develop new, effective antidepressants.

Increasing evidence has shown that the pathogenesis of depression is
exceptionally complicated [5]. Previous studies mainly focused on the
hypothesis of “monoamines deficiency,” “hyperactivation of
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hypothalamic-pituitary-adrenal (HPA) axis,” “inflammatory response,”
and “neurotrophic factor deficiency” [6, 7, 8, 9]. In recent years, the
correlation between energy metabolism disorder and depression has
been widely studied [10]. In addition, previous studies have demon-
strated that depression is closely associated with mitochondrial
dysfunction [11, 12]. In particular, recent studies have reported that the
low levels of adenosine triphosphate (ATP) in an animal model of
depression [13, 14]. And the lower energy levels in the brain of patients
with depression and animal models could be significantly reversed by
antidepressants [15, 16, 17, 18]. Moreover, direct intra-
cerebroventricular injection of ATP into the brain could substantially
improve depression-like behaviors in mice exposed to chronic unpre-
dictable mild stress (CUMS) [10]. These findings suggest that improving
Xu).
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the energy levels in the brain may represent a new strategy for treating
depression.

Baicalin, a flavonoid that can cross the blood-brain barrier, pos-
sesses multiple biological functions, including neuroprotective, anti-
apoptotic and anti-inflammatory functions [19, 20, 21, 22]. Our pre-
vious study has shown that baicalin can alleviate the CUMS-induced
depression-like behaviors by inhibiting cyclooxygenase-2 (COX-2)
and reducing prostaglandin E2 (PGE2) levels in hippocampus and
prefrontal cortex in rat [23]. In addition, the inhibition of
COX-2/PGE2 signaling will promote glucose metabolism and mito-
chondrial respiration to produce ATP [24], suggesting that the anti-
depressant effects of baicalin may relate to the increased energy
production. However, whether baicalin can improve the brain energy
level in the depressed animal is unclear.

The main purpose of the present study was to investigate the effects of
baicalin on the levels of ATP, mitochondrial membrane potential (MMP),
and the activity of respiratory chain complexes I–V in the prefrontal
cortex, because mitochondrial oxidative phosphorylation is the main
pathway to produce ATP. Moreover, the effects of baicalin on the mRNA
levels of several key enzymes in glycolysis and TCA cycle were also
investigated.

2. Materials and methods

2.1. Animals

Male C57BL/6N mice (6 weeks, 18–20 g) were purchased from Bei-
jing Vital River Laboratory Animal Technology (Beijing, China). Mice
were individually housed in cage (310 � 230 � 157 mm) under a stan-
dard 12 h light and 12 h dark cycle at 23–25 �C and 40–60 % humidity.
Mice were acclimatized to the environment for 1 week and free access to
water and food before use. All animal experiments were performed in
accordance with the National Research Council Guide for the Care and
Figure 1. Effects of baicalin on the SPT and FST in CUMS mice. All values are presen
(B) The sucrose preference in the SPT. (C) The immobility time in the FST. ###p < 0
0.05 as compared with the CUMS group.
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Use of Laboratory Animals and were approved by the Committee of
Animal Care of Henan University of ChineseMedicine (DWLL16020024).

2.2. Drug administration

Before the start of the experiment, we conducted the preliminary
experiments to determine the required sample size according to statis-
tical principles [25], and our result of preliminary experiments verified
the validity of 6-week CUMS followed by 4-week treatment when the
sample size was set to 9. The mice were randomly divided into two
groups: a control group (n ¼ 9) and a stress group (n ¼ 27). The stress
group received CUMS for 6 weeks and kept the control group in a
separate room without any stimulation. After 6 weeks, the stress group
was subdivided into three groups based on equal sucrose preference: a
CUMS group, a baicalin group (10 mg/kg), and a fluoxetine group (10
mg/kg). The dose of baicalin was selected from our previous study, in
which 10 mg/kg of baicalin was found to exert an antidepressant effect in
mice [23, 26]. All drugs were suspended in saline and administered by
oral gavage daily in a volume of 10 mL/kg for 4 weeks. The CUMS group
and control group received an equal volume of saline. The CUMS pro-
cedure was continued during the drug administration period.

2.3. CUMS procedure

The CUMS procedure was slightly modified from that previously
described by Willner et al. [27]. Briefly, the stress group mice were
individually fed in a cage and received 1–2 different stimuli every day.
Stressors including day and night reversal for 24 h, food deprivation for
12 h, tilting of the cage by 45� for 24 h, exposure to cold (4 �C) or hot (45
�C) water for 4 min, exposure to white noise (90 dB) for 12 h, housing in
soiled cage for 24 h, restraining for 3 h, exposure to flashlight (150 fla-
shes/min) for 6 h, and pair-housing for 2 h. The schedule of the experi-
mental procedure was displayed in Figure 1A.
ted as means � SEM (n ¼ 9). (A) schematic timeline of experimental procedures.
.001 and #p < 0.05 as compared with the control group; ***p < 0.001 and *p <



Table 1. The sequence of the primers for qRT-PCR.

Gene name Primer sequence Accession number

Hk Forward: 50- CTACCCGGAGTTGTTCTGCT-30 NM_013820.3

Reverse: 50-CCCTAAGTCTCACTCCTGCC-30

Pfk Forward: 50- TGAGGATGGCTGGGAGAACT-30 NM_008826.5

Reverse: 50-TGAACCACCAGATCCTTCACG-30

Pk Forward: 50- CTAGCGGTCCTTGGACTTCAGG-30 NM_001378869.1

Reverse: 50-ACAAATGATGCCAGTGTTGCG-30

Pdha-1 Forward: 50- TCTGTCGGTTCCCAGTCCA-30 NM_008810.3

Reverse: 50-CGTTTCCTTTTCACAGCACAT-30

Idh Forward: 50- ATTAGACGCCAGCCAGTCG-30 NM_001111320.1

Reverse: 50-AGAAGTCGGTCCAAGAGAGC-30

Ogdh Forward: 50- CCGTGCCCGCTGACATTATCT-30 NM_001252282.1

Reverse: 50-AGGCCATAGAACCCTCCTACTG-30

Cs Forward: 50- TTTGTCTACCCTTCCCCTCA-30 NM_026444.4

Reverse: 50-CAGGATGAGTTCTTGGCTCC-30

Pgc-1α Forward: 50- TGAAAAAGCTTGACTGGCGTC-30 NM_008904.2

Reverse: 50-ACCAGAGCAGCACACTCTATG-30

Sirt1 Forward: 50- CGATGACAGAACGTCACACG-30 NM_019812.3

Reverse: 50-ATTGTTCGAGGATCGGTGCC-30

β-Actin Forward: 50- ACTGAGCTGCGTTTTACACC-30 NM_007393.5

Reverse: 50-GCCTTCACCGTTCCAGTTTTT-30
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2.4. Behavioral tests

The sucrose preference test (SPT) and forced swimming test (FST)
evaluated depression-like behaviors. Xiaohui Jin performed these
behavioral tests, and the results were analyzed by Ming Bai, both of
whom were blinded to the experimental conditions.

SPTwas performedaccording to the protocol described in Liu et al. [28].
Pre-test, all mice were trained to consume two bottles of 1% sucrose solu-
tion for 24 h. Then, all the sucrose solution bottles were replacedwith fresh
sucrose solution and water for another 24 h. After the training, the mice
received 12 h of water and food deprivation, and then the SPT was per-
formed. Briefly, weigh the bottles containing sucrose solution or freshwater
and given them to the mice for 24 h. To avoid any position preference, the
two bottles were replaced every 12 h. At the end of the test, all bottles were
weighed again. Sucrose preference was calculated as follows: sucrose
preference (%) ¼ sucrose intake/(sucrose intake þ water intake) �100%.

FST was carried out according to the protocol described in Porsolt
et al. [29]. The mice were placed in a 13 cm� 25 cm (diameter� height)
glass cylinder filled with 10 cm of water (23–25 �C). The mice were
forced to swim in the water for 6 min, and a camera was used to record
the immobility time of the mice in the last 4 min.

2.5. Collection and distribution of brain tissues

All mice were recovered for 24 h at the end of the behavioral test.
Thirty minutes after the last administration, all mice were sacrificed by
decapitation after deep anesthesia with isoflurane. The prefrontal cortex
was collected immediately, frozen by liquid nitrogen, and stored at �80
�C until analysis. The prefrontal cortices were collected from each group
(two tissues in each mouse), and the tissues were distributed as follows
for subsequent analyses: ATP content, five tissues; gene expression, five
tissues; MMP and activity of the respiratory chain complexes I–V, five
tissues. Moreover, two tissues were used to determine the efficiency of
mitochondrial extraction and the detection limit of the kit. The tissues
were randomly selected from each group, and we ensured that the tissues
used for each analysis came from different mice.

2.6. Extraction of mitochondrion

The prefrontal cortices were homogenized in a 10-fold volume lysis
buffer (SM0020, Solarbio, Beijing, China). The homogenate was then
centrifuged at 1000� g for 5 min, and the supernatants were centrifuged
at 1000� g for another 5 min. Next, the supernatants were centrifuged at
12,000� g for 10 min, and then collected and used as cytoplasmic ex-
tracts. The precipitate was then resuspended in wash buffer and centri-
fuged at 1000� g for 5 min. The supernatant was centrifuged again at
12,000� g for 10 min. Finally, the precipitate was resuspended in store
buffer and considered a highly pure mitochondrial extract, which was
used to detect the level of MMP and the activity of mitochondrial res-
piratory chain complexes.

2.7. Biochemical analyses

The measurement of ATP content. An ATP kit (S0027; Beyotime
Biotechnology, Shanghai, China) was used for ATP detection. The pre-
frontal cortex was weighed and homogenized in pre-cooled lysate (10
μL/mg). The lysate was centrifuged at 12,000� g and 4 �C for 5 min. After
the supernatant was fully mixed with the detection reagent, lumines-
cence signal was detected by Cytation 5 (Biotek, Winooski, VT, USA), and
ATP content was calculated using standard curve.

The measurement of MMP. A JC-10 kit (CA1310, Solarbio) was used
for MMP measurement. The prepared JC-10 solution was mixed with
purified mitochondria at a 9:1 ratio. Fluorescence signals were detected
using Cytation 5 at excitation/emission wavelengths of 485/590 nm.

The measurement of mitochondrial complexes activity. To measure
the activity of the mitochondrial complexes I and II, appropriate kits
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(ab109721, ab109908, Abcam, Cambridge, UK) were used. The purified
mitochondria were reacted with the reagent, and then the absorbance
was detected at 450 nm or 600 nm wavelength using Cytation 5. For
complexes III–V, the BC3245, BC0945, and BC1445 kits (Solarbio) were
used. Then, an appropriate volume of extraction buffer was added to the
purified mitochondria, and ultrasonic crushing (power 20%, 5 s on/10 s
off for 15 times) was performed. Finally, the absorbance was detected at
550 nm or 660 nm wavelength using Cytation 5.

Protein concentration was determined using a BCA kit (CW0014S,
CWBIO, Beijing, China). Absorbance was measured using Cytation 5.
Concentrations were calculated using standard curve.
2.8. Quantitative real-time polymerase chain reaction

Total RNA was extracted from the prefrontal cortex, and cDNA was
synthesized using a commercial kit following the manufacturer's in-
structions (DP451, Tiangen, Beijing, China). Real-time PCR reactions
were performed in the ABI-Q6 system (Applied Biosystems, Waltham,
MA, USA) using the SYBR Green kit (208054, Qiagen, Hilden, Germany).
The primers were synthesized by Invitrogen (Carlsbad, CA, USA). The
primer sequences are listed in Table 1 β-actin was used to normalize the
expression levels.
2.9. Western blot

The mitochondrial and cytoplasmic proteins of the prefrontal cortex
were extracted using an appropriate kit (SM0020, Solarbio) and quan-
tified using a BCA kit (CW0014S, CWBIO, Beijing, China). Protein sam-
ples were mixed with loading buffer and boiled at 99 �C for 5 min.
Protein samples (10 μg) were then separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto
polyvinylidene difluoride (PVDF) membranes (IPVH00010, Millipore,
Billerica, MA, USA) for blocking in 5% skim milk (BD Biosciences,
Franklin Lakes, NJ, USA). The membranes were incubated with poly-
clonal rabbit primary antibodies in blocking solution at 4 �C overnight,
including anti-GAPDH (1:60.000, KC-5G5, Kangchen, Shanghai, China)
and anti-COXIV (1:1000, 4844, Cell Signaling Technology, Danvers, MA,
USA) antibodies. The membranes were then washed three times with
PBST and incubated with goat anti-rabbit secondary antibody
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(1:120,000, KC-RB-025, Kangchen) for 30 min at room temperature.
Immunoblotting bands were visualized by incubation with ECL reagent
(WBLUF0100, Merck Millipore, Darmstadt, Germany) and exposed to an
X-ray film (6535876, Kodak, Rochester, NY, USA).

2.10. Statistical analysis

Statistical analysis was performed using SPSS version 24.0. Data are
expressed as the mean � SEM. Differences between the control and
CUMS groups were analyzed by Student's t-test. Data relative to the
CUMS, baicalin, and fluoxetine groups were analyzed by one-way
ANOVA followed by Tukey's post hoc test. Statistical significance was
set at p < 0.05.

3. Results

3.1. Effects of baicalin on the SPT and FST in CUMS mice

To investigate the effects of baicalin on CUMS-induced depression-like
behaviors in mice. In the SPT (Figure 1B), sucrose preference was signif-
icantly reduced in the CUMS group compared with that in the control
group [t (16) ¼ 9.025, p < 0.001]; this effect was partially reversed by
treatment [F (2, 24) ¼ 12.818, p < 0.001; baicalin, p < 0.001 and fluox-
etine, p< 0.05]. As shown in Figure 1C, the immobility time in the FSTwas
longer in the CUMS group [t (16) ¼ �2.723, p < 0.05]. However, both
baicalin and fluoxetine reduced immobility time [F (2, 24) ¼ 13.892, p <
0.001; baicalin, p < 0.05 and fluoxetine, p < 0.001]. In addition, baicalin
had no effect on normal mice (Figure S1). These results indicated that a
mouse model of depression was successfully established and confirmed
that baicalin can exert antidepressant effects in a CUMS mouse model.

3.2. Effects of baicalin on the ATP levels in the prefrontal cortex in CUMS
mice

To investigate whether the antidepressant effects of baicalin were
related to the regulation of the energy level in the brain, ATP levels in the
prefrontal cortex were detected. Figure 2 shows that the ATP levels of the
prefrontal cortex were significantly reduced in the CUMS group [t (8) ¼
4.148, p < 0.01]. Such reduction was significantly reversed by baicalin
Figure 2. Effects of baicalin on the ATP levels in the prefrontal cortex in CUMS
mice. All values are presented as means � SEM (n ¼ 5). ##p < 0.01 as compared
with the control group; **p < 0.01 as compared with the CUMS group.
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treatment [F (2, 12)¼ 12.705, p< 0.01; baicalin, p< 0.01]. Interestingly,
the ATP level was also increased in normal mice [t (10) ¼ �3.475, p <

0.01] (Figure S2). These results indicate that baicalin can increase ATP
levels, and thus energy level, in the prefrontal cortex of CUMS mice.

3.3. Effects of baicalin on the mRNA levels of several key glycolysis-related
enzymes in the prefrontal cortex in CUMS mice

To investigate the efficacy of baicalin on glycolysis in the prefrontal
cortex, we detected the expression of three genes encoding key enzymes
of glycolysis. As shown in Figure 3, The expression of Hk and Pk was
significantly downregulated in the CUMS group [t (8) ¼ 7.744, p <

0.001; t (8) ¼ 9.478, p < 0.001] (Figure 3A, C). However, the expression
of Hk was significantly increased in the treatment groups [F (2, 12) ¼
13.961, p < 0.001; baicalin, p < 0.05 and fluoxetine, p < 0.001], and
baicalin had no effects in theHk in normal mice (Figure S3), whereas that
of Pk was significantly decreased in the treatment group [F (2, 12) ¼
11.157, p < 0.01; fluoxetine, p < 0.05]. Both baicalin and fluoxetine had
no effect on the mRNA levels of Pfk (Figure 3B). There results suggest that
baicalin might upregulate the expression of Hk to produce ATP.

3.4. Effects of baicalin on the mRNA levels of several key TCA cycle-
related enzymes in the prefrontal cortex in CUMS mice

To investigate whether baicalin affects the activity of the TCA cycle in
the prefrontal cortex, the expression of four genes encoding key enzymes
in the TCA cycle was detected. The results are presented in Figure 4.
There were no significant differences in the expression of these genes in
the CUMS and the control groups (Figure 4A–D). However, the expres-
sion of Pdha-1 and Idh was significantly upregulated in the treatment
groups compared to the CUMS group [F (2, 12) ¼ 15.815, p < 0.001;
baicalin, p < 0.05. F (2, 12) ¼ 6.083, p < 0.05; baicalin, p < 0.05]
(Figure 4A, C), and baicalin had no effects in the Pdha-1 and Idh in
normal mice (Figure S3). Moreover, the expression of Cs and Ogdh was
slightly upregulated in the baicalin group, although not significantly [F
(2, 12)¼ 6.315, p< 0.05; baicalin, p¼ 0.152 and fluoxetine, p¼ 0.311. F
(2, 12) ¼ 4.498, p < 0.05; baicalin, p ¼ 0.196 and fluoxetine, p ¼ 0.520]
(Figure 4B, D). These results indicated that baicalin may upregulate the
expression of Pdha-1 and Idh, thereby promoting the production of ATP.

3.5. Effects of baicalin on the activity of complex I–V in the prefrontal
cortex in CUMS mice

To investigate whether reduced energy levels in depressed mice
resulted from the impairment of the mitochondrial ETC, the activity of
the five mitochondrial respiratory chain complexes was assessed. The
results are shown in Figure 5A–E. The activity of complexes II and V were
significantly reduced in the CUMS group [t (8)¼ 8.454, p< 0.001; t (8)¼
17.686, p < 0.001]. Interestingly, the activity of complex I was signifi-
cantly increased by baicalin treatment [F (2, 12) ¼ 12.992, p < 0.001;
baicalin, p < 0.01], but that of complex II was further reduced in the
treatment group [F (2, 12) ¼ 16.153, p < 0.001; baicalin, p < 0.01 and
fluoxetine, p < 0.05]. In addition, the activity of complex V was signifi-
cantly increased in the treatment groups [F (2, 12) ¼ 4.636, p < 0.05;
baicalin, p < 0.05 and fluoxetine, p < 0.05]. In normal mice, baicalin
reduced the activity of complex II [t (8) ¼ 4.957, p < 0.01], but did not
affect complex I and V (Figure S4). These results suggest that the effect of
baicalin on complex I may be responsible for contributing to the observed
elevated ATP levels. Determination of the purity of extracted mito-
chondria by western blotting (Figure 5F).

3.6. Effects of baicalin on the MMP level in the prefrontal cortex in CUMS
mice

To further investigate the effects of baicalin on mitochondrial func-
tion, the mitochondrial membrane potential (MMP) was measured. The



Figure 3. Effects of baicalin on the mRNA levels of several key glycolysis-related enzymes in the prefrontal cortex in CUMS mice. The mRNA levels were normalized to
β-actin, and subsequently represents as fold change relative to control group. All values are presented as means � SEM (n ¼ 5). ###p < 0.001 as compared with the
control group; ***p < 0.001 and *p < 0.05 as compared with the CUMS group. Hk: Hexokinase; Pfk: Phosphofructokinase; Pk: Pyruvate kinase.
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results are presented in Figure 6. The MMP was reduced in CUMS-
exposed mice [t (8) ¼ 3.409, p < 0.01]. As expected, both baicalin and
fluoxetine increased MMP levels [F (2, 12)¼ 19.807, p< 0.001; baicalin,
p < 0.001 and fluoxetine, p < 0.01]. These results suggest that baicalin
may elevate energy levels by increasing the MMP in the prefrontal cortex
of CUMS mice.
Figure 4. Effects of baicalin on the mRNA levels of several key TCA cycle-related enz
to β-actin, and subsequently represents as fold change relative to control group. All v
CUMS group. Pdha-1: pyruvate dehydrogenase E1 alpha 1; Cs: Citrate synthase; Idh: I
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3.7. Effects of baicalin on the mRNA levels of Pgc-1α and Sirt1 in the
prefrontal cortex in CUMS mice

To further clarify the dysfunctional energy metabolism in the pre-
frontal cortex of CUMS-induced depressionmice at the transcription level,
the expression of two key genes related to the regulation of mitochondrion
ymes in the prefrontal cortex in CUMS mice. The mRNA levels were normalized
alues are presented as means � SEM (n ¼ 5). *p < 0.05 as compared with the
socitrate dehydrogenase; Ogdh: Oxoglutarate dehydrogenase.



Figure 5. Effects of baicalin on the activity of complex I–V in the prefrontal cortex in CUMS mice. All values are presented as means � EMD (n ¼ 5). (A-E) Mito-
chondria electron transport chain complex I–V. (F) Purity of mitochondria. 1, 2 Mitochondrial. 3, 4 Cytoplasmic. ##p < 0.001 as compared with the control group; **p
< 0.01 and *p < 0.05 as compared with the CUMS group.
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activity was assessed by qPCR. Compared with the control group, the
expression of Sirt1 was significantly downregulated in the CUMS group [t
(8)¼ 5.183, p< 0.001] (Figure 7B). Contrarily, the expression of both Pgc-
1α and Sirt1was significantly upregulated in the baicalin treatment group
[F (2, 12)¼ 7.840, p< 0.01, baicalin, p< 0.05. F (2, 12)¼ 7.111, p< 0.01;
baicalin, p < 0.05] (Figure 7A, B). However, fluoxetine did not affect the
expressions of these genes (Figure 7). In addition, baicalin had no effects in
these genes in normal mice (Figure S3). These results suggest that baicalin
might promote the Pgc-1α and Sirt1 expression to improve mitochondrial
function in the prefrontal cortex of mice.
Figure 6. Effects of baicalin on the MMP level in the prefrontal cortex in CUMS
mice. All values are presented as means � SEM (n ¼ 5). ##p < 0.01 as compared
with the control group; ***p < 0.001 and **p < 0.01 as compared with the
CUMS group.
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4. Discussion

The antidepressant effect of baicalin has been widely demonstrated in
our and other previous studies, suggesting that its mechanism of action
may be related to brain-derived neurotrophic factor (BDNF), inflamma-
tion, and the HPA axis [22, 23, 24]. In the present study, the antide-
pressant effect of baicalin was confirmed in CUMS-exposed mice, as
revealed by an increased sucrose preference and a reduced immobility
time in the FST. Moreover, we found that baicalin significantly reversed
CUMS-induced reduction of ATP levels in the prefrontal cortex, which
may be related to its antidepressant effect.

In recent years, the relationship between abnormal energy meta-
bolism and depression has received increasing attention. Imaging studies
have revealed obvious dysregulation of energy metabolism in the brains
of patients with depression [30, 31], these findings were also confirmed
in the brain of chronic mild stress (CMS)-exposed rats [32]. In addition,
baicalin has the effect of reducing oxidative stress and improving mito-
chondrial dysfunction [33, 34]. This may be closely related to the pro-
duction of ATP and the treatment of depression.

ATP is the most important energy source of the cell and its levels
directly reflect the cellular energy status. Previous studies have shown
lower ATP levels in the brains of patients with depression and in animal
models [35, 36]. In particular, Jun et al. reported that calcium homeo-
stasis modulator family protein 2 (Calhm2) knockout mice displayed a
low ATP content in the brain and exhibited depression-like behavior
[37]. Moreover, Cao et al. demonstrated that lateral intra-
cerebroventricular and intraperitoneal injection of ATP, or an increase in
endogenous ATP released by astrocytes, could significantly improve
depression-like behaviors in mice induced by chronic social defeat stress
(CSDS) [10]. In addition, increasing ATP levels could alleviate synaptic
damage, increase spine density and neural activity in the hippocampus,
and improve depression-like behavior in CUMS-exposed mice [10, 37].

Altogether, these studies have shown that increasing ATP levels might
represent a new strategy for treating depression. In the present study, we
found that the ATP content of the prefrontal cortex was significantly
reduced in the CUMS group, and that this effect was reversed by baicalin.



Figure 7. Effects of baicalin on the mRNA levels of Pgc-1α and Sirt1 in the prefrontal cortex in CUMS mice. The mRNA levels were normalized to β-actin, and
subsequently represents as fold change relative to control group. All values are presented as means � SEM (n ¼ 5). ###p < 0.001 as compared with the control group;
*p < 0.05 as compared with the CUMS group. Pgc-1α: peroxisome proliferator-activated receptor, gamma, coactivator 1 alpha; Sirt1: Sirtuin-1.

S. Lu et al. Heliyon 8 (2022) e12083
However, baicalin increased the ATP level but did not affect the behav-
iors in normal mice. This may be due to the difference in the age of the
mice used in the two experiments. In CUMS mice, both production and
consumption of ATP were impaired [38]. The results indicated that
baicalin improved energy metabolism. Our results suggested that
baicalin-mediated increase in ATP content is beneficial for maintaining
the function of neurons, this phenomenon may partly explain the anti-
depressant effect of baicalin.

Glycolysis is essential for ATP production in most organisms [39].
Reduced glycolysis has been observed in various neurodegenerative
diseases, such as depression, Alzheimer's disease, and amyotrophic
lateral sclerosis [40, 41]. HK, PFK, and PK are key enzymes in the
glycolytic pathway [42], and the expression of the genes in the prefrontal
cortex was measured to examine the effect of baicalin on glycolytic ac-
tivity. We found that baicalin did not affect the mRNA levels of Pk and
Pfk, but significantly upregulated the mRNA levels of Hk. The upregu-
lation of mRNA levels may increase protein levels and further increase
enzymatic activity, accelerating glycolysis. Therefore, we speculated that
baicalin may promote glycolysis by upregulating the mRNA level of Hk.
However, the changes in mRNA levels are not always consistent with
changes in protein levels and enzymatic activity, which cannot fully
reflect the level of glycolysis. Therefore, more studies focusing on the
protein levels and enzyme activity to HK are needed in the future.

Under aerobic conditions, the TCA cycle and coupled oxidative
phosphorylation are the main pathways for ATP production in mito-
chondria. Previous studies reported that mitochondrial function is
strongly connected to depression [43]. Other researchers have reported
that chronic stress can inhibit oxidative phosphorylation in mitochon-
dria, disrupt the MMP, and damage the mitochondrial structures in
various regions of mouse brains, such as the hippocampus and the pre-
frontal cortex [44, 45]. In addition, disruption of the TCA cycle has been
shown to reduce ATP production in a CMS-induced rat model of
depression [46]. We found that baicalin upregulated the mRNA levels of
Pdha-1 and Idh, but not Cs and Ogdh. Similar to glycolysis, we speculated
that baicalin may promote the TCA cycle by upregulating the mRNA
levels of Pdha-1 and Idh. However, it is necessary to detect the changes in
protein expression and enzyme activity level to clarify the effect of bai-
calin on the TCA cycle.

The electrons generated during the TCA cycle, carried by nicotinamide
adenine dinucleotide (NADH) and nicotinamide adenine dinucleotide
phosphate (NAPDH), are delivered to the mitochondrial intermembrane
space by the proton pump of the ETC; the resulting proton gradient is used
7

by ATP synthase to generate ATP [47]. Mitochondrial ETC dysfunction is
closely related to depression [48, 49]. In the present study, baicalin was
found to upregulate the activity of complexes I and V, but to repress that of
complex II. Together, the mitochondrial respiratory chain complexes I and
II provide the electrons needed for the ETC-mediated reactions, which
represent the main mechanism of energy production in mitochondria.
Nevertheless, complex I is often the starting point of such process [50],
although both complexes I and II represent entry points for electrons in the
respiratory chain. These two complexes recognize different substrates, so
that they do not interfere with each other during electron transfer along
the respiratory chain. However, most of the electrons in the respiratory
chain are provided by complex I, not complex II [47]. In our study, bai-
calin was found to promote the activity of complex I, while inhibiting that
of complex II. In addition, baicalin reduced the activity of complex II,
increased ATP level and did not affect the complex I and V in normal mice
suggested the baicalin inhibited the activity of complex II to increase the
role of complex I in the TCA cycle, thereby increased the ATP level.
Therefore, we speculate that the effect of baicalin on improving
depression-like behaviors by increasing ATP levels may be achieved by
increasing the flux of complexes I to V and inhibiting the flux of complexes
II to V. Unfortunately, this study failed to further explore its plausibility.
Such phenomenon may represent one of the mechanisms by which bai-
calin increases ATP levels and exerts an antidepressant effect.

Altogether, these results suggest that baicalin promoted the activity of
TCA cycle and mitochondrial complex I, thereby increasing the ATP
content. It is well known that the MMP depends on electron transfer by
the respiratory chain. And complex V will use the potential to produce
ATP. A previous study reported a significantly reduced MMP in the
prefrontal cortex of CUMS-induced mice [44]. In the present study,
baicalin and fluoxetine increased the MMP in the CUMS group. Previous
studies have reported that fluoxetine can alter mitochondrial function
and ATP levels [49]. These results suggest that baicalin may exert its
antidepressant effect by activating complex I and V to enhance MMP and
then increase ATP content.

Sirt1 and Pgc-1α are two key genes closely related to mitochondrial
function, biogenesis, and oxidative stress damage [51]. Previous studies
have shown an association between depression and decreased the mRNA
level of Sirt1 [52]. Pgc-1α, a downstream target gene of Sirt1, is closely
linked to the mitochondrial biogenesis [53]. Notably, increased expres-
sion of Pgc-1α can significantly alleviate mitochondrial dysfunction and
reduce neuronal damage [54]. In addition, previous studies have re-
ported that the activation of the SITR1/PGC-1α pathway plays a major
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role in mitochondrial function and neuroprotection [55]. In our study,
baicalin was found to significantly increase the mRNA level of Sirt1 and
Pgc-1α. This result suggested that baicalin might activate the
SIRT1/PGC-1α pathway to promote energy metabolism.

5. Conclusions

In summary, the present study demonstrated that baicalin could
improve CUMS-induced depression-like behaviors of mice and increase
ATP levels. Additionally, baicalin upregulated the mRNA levels of Hk,
Pdha-1, Idh, Pgc-1α, and Sirt1. Baicalin also improved mitochondrial
function, promoted the activity of complexes I and V, and increased the
MMP. These findings unclosed the possible antidepressant mechanism of
baicalin and provided a new strategy for developing novel antidepres-
sants. In order to promote the clinical use of baicalin, more studies need
to be performed in the future.
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