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Abstract. A number of studies have linked abnormalities in 
the function of the serotonergic and noradrenergic systems to 
the pathophysiology of depression. It has been reported that 
selective serotonin reuptake inhibitors promote the expres-
sion of tryptophan hydroxylase (TPH), which is involved in 
the synthesis of serotonin. However, limited evidence of TPH 
alteration has been found in selective serotonin and noradrena-
line reuptake inhibitors (SNRIs), and more key enzymes need 
to be investigated. The aim of the present study was to deter-
mine whether venlafaxine (VLX; a classical SNRI) regulates 
TPH and other key enzymes responsible for the synthesis and 
metabolism of monoaminergic transmitters in rats with chronic 
unpredictable stress (CUS). The present results suggested that 
CUS‑exposed rats exhibited decreased locomotor activity in 
the open‑field test and increased immobility time in the forced 
swim test, as compared with the controls. Pretreatment with 
VLX (20 mg/kg) significantly increased locomotor activity 
and reduced immobility time in the CUS‑exposed rats. In addi-
tion, VLX (20 mg/kg) treatment prevented the CUS‑induced 
reduction in tyrosine hydroxylase and TPH expression in 
the cortex and hippocampus. Furthermore, VLX alleviated 
the CUS‑induced oxidative stress in the serum, cortex and 
hippocampus. However, VLX administration did not have an 

effect on indoleamine‑2,3‑dioxygenase overexpression in the 
hippocampus. It was therefore concluded that the regulation 
of abnormalities in the synthesis and metabolism of monoami-
nergic transmitters may be associated with the antidepressant 
effects of VLX, suggesting that multimodal pharmacological 
treatments can efficiently treat depression.

Introduction

Abnormalities in monoamine synthesis and transmission have, 
for a long time, been implicated in the pathogenesis of depres-
sive disorder (1). Tyrosine hydroxylase (TH) and tryptophan 
hydroxylase (TPH) are rate‑limiting enzymes in catechol-
amine and serotonin biosyntheses, respectively and their level 
is closely linked to the etiology and development of depression. 
A previous clinical study showed that the TH immunore-
activity was lower (~30%) in the locus coeruleus of suicide 
victims (2). It was found that chronic mild stress resulted in 
depressive behavior in rats with decreased TH mRNA expres-
sion in the locus coeruleus in both sexes (3). In the brain of 
male C57BL/6 mice, it was found that chronic fluoxetine 
treatment increased locus coeruleus TH (4). Meanwhile, it was 
evidenced that TPH activity was significantly decreased in 
the hippocampus of mice following the induction of chronic 
stress over 20 days (5). In TPH‑2 knockout and TPH1/TPH2 
double knockout mice, central serotonin (5‑HT) levels were 
markedly reduced with associated depressive behaviors (6). 
Previous studies have reported that fluoxetine and sertraline 
contribute to an increase in TPH expression (7‑9). However, 
further studies focusing on the association between the seroto-
nergic/noradrenergic systems and the mechanisms of action of 
antidepressants are still required.

It was recently suggested that the indoleamine‑2,3‑ 
dioxygenase (IDO) pathway of tryptophan metabolism may 
be involved in the onset of depression  (10,11). IDO is  an 
extra‑hepatic rate‑limiting enzyme, which catalyzes the 
metabolism of tryptophan along the kynurenine pathways (12). 
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The activation of IDO leads to tryptophan depletion and the 
accumulation of kynurenine pathway‑induced neurotoxic 
metabolites, including kynurenic acid, quinolinic acid and 
3‑hydroxy kynurenine; both of these changes are considered 
to be associated with the progression of depression (13,14). In 
lipopolysaccharide injection‑induced depressive mice, upreg-
ulation of IDO expression may be observed in the brainstem, 
as well as an increased kynurenine/tryptophan ratio in the 
serum (15). On the other hand, neurotoxic metabolites of IDO 
extensively disturb neurotransmission by releasing oxidative 
stress mediators. In fact, the brain is particularly vulnerable 
to oxidative/nitrosative stress in neurodegenerative disorders. 
Stefanescu et al  (16), reported increased malondialdehyde 
(MDA) content with decreased superoxide dismutase (SOD) 
activity in the serum of depressed patients (particularly in 
patients with recurrent symptoms), which could be reversed by 
treatment with venlafaxine (VLX) and citalopram.

Type A monoamine oxidase (MAO‑A) is an enzyme 
associated with monoamine transmitter metabolism, and 
plays a vital role in the onset, development and treatment of 
depression (17). The MAO‑A level in the brain is determined 
prior to birth, and MAO‑A and its major substrate, 5‑HT, 
regulate the development of the neuronal architecture (18). 
A clinical study of 17 depressed individuals concluded that 
MAO‑A levels in the brain were elevated during untreated 
major depression and that this was the primary mono-
amine‑lowering process (19). Following exposure to chronic 
social defeat stress, a significant increase was observed in 
rat serum corticosterone (glucocorticoids) levels, which was 
correlated with the upregulation of MAO‑A (20). In fact, the 
reversible inhibitor of MAO‑A moclobemide has shown an 
antidepressant effect in the treatment of a wide spectrum of 
depressive disorders (21).

Selective serotonin and noradrenaline reuptake inhibi-
tors (SNRIs) are a major class of antidepressants, and their 
therapeutic effect is generally attributed to an increase in 
the availability of monoamines in the synapses between 
neurons (22). The efficiency of the drugs takes up to 4‑6 weeks 
to manifest, and the understanding of this mechanism remains 
unclear. Whether the drugs regulate the key enzymes asso-
ciated with the synthesis and metabolism of monoamine 
neurotransmitters needs to be further evaluated. In the present 
study, the expression of TH, TPH, IDO and MAO‑A, as well 
as the oxidative stress levels in response to treatment with 
VLX (a classical SNRI), were measured in a rat model of 
CUS‑induced depression.

Materials and methods

Animals. A total of 80 6‑week‑old male Sprague‑Dawley rats 
(Animal Experimental Center, Chongqing Medical University) 
weighing 180‑200 g were housed in groups of 4 rats/cage. 
Before the experiment, rats were kept at 25±2˚C and a rela-
tive humidity of 55±5% in a quiet, airy and clean environment 
(12‑h light/dark cycle) with ad libitum feeding and drinking. 
The animals were allowed to habituate to the room for 7 days 
and received health checks daily. Rats were anesthetized with 
10% chloral hydrate [30 mg/0.1 kg; intraperitoneal (i.p.)] before 
being sacrificed. All experimental procedures were approved 
by the Ethics Committee of Chongqing Medical University.

Experimental design. A total of 80 screened rats were randomly 
divided into four groups (n=20): The control group; chronic 
unpredictable stress (CUS) group; VLX group; and VLX+CUS 
group. VLX (Wuhan Shengtianyu Technology Co. Ltd.) was 
dissolved in 0.5% sodium carboxymethyl cellulose (CMC‑Na) 
solution to obtain a concentration of 2 mg/ml. Animals in 
the VLX and VLX+CUS groups were treated with VLX 
(20 mg/kg·day) by gavage once a day for 28 days. Control and 
CUS group rats were treated with same volume of CMC‑Na.

CUS paradigm. CUS and VLX+CUS group rats were exposed 
to various stressors for 28 days, and the matched control rats 
did not receive any stressors. The stressors were little‑modified 
from a method described previously  (23), including 1‑min 
nip‑tail, 5‑min forced swimming in ice water, 24‑h cage tilting 
at 45 ,̊ 24‑h wet bedding, 24‑h food and water deprivation, 
5‑min thermal environment at 47˚C, 3‑min electric shock at 
45V, 2‑h loud noise, overnight illumination, and alterations 
of the light‑dark cycle (2‑h light/dark cycle). On average, rats 
were individually exposed to the stressors once a day. The 
same stressors were never performed in succession within 
4 days.

Open‑field test (OFT). The locomotive activity was measured 
by OFT following a previously published method (24), in quiet 
and semi‑dark conditions. A self‑made wooden box (100 cm 
x100 cm x40 cm; 4 cm x4 cm square grids in the bottom) with 
a black inner surface was used in this experiment. Each rat was 
carefully placed in the center of the bottom of the box sequen-
tially and allowed to freely explore for 5 min. Ambulation and 
rearing scores were collected by two experienced observers. 
The box was cleaned thoroughly between tests.

Forced swim test (FST). The FST was conducted according 
a reported method (25) by placing rats individually into a 
vertical transparent acrylic cylinder (60 cm height x 30 cm 
diameter). The cylinder was filled with water at a depth of 
35 cm (at 23±2˚C) which kept the rat upright and unable to 
touch the bottom nor jump out of the cylinder. Each rat was 
forced to swim for 6 min, and the immobile time during the 
first 3, last 3 and total 6 min was recorded by an observer 
blinded to the treatments. Immobility was defined as a state 
of floating (>2 sec, no climbing or swimming) with necessary 
stroke to keep the head above water.

Western blot analysis. On the 29th day, the animals were sacri-
ficed by rapid decapitation and their heads were immediately 
snap frozen in liquid nitrogen for few seconds. In each rat, the 
cortex and hippocampi were rapidly dissected on an ice‑cold 
surface, and frozen in liquid nitrogen before protein extraction. 
Protein samples were extracted using a Membrane and Cytosol 
Protein Extraction kit (cat. no. P0033; Beyotime Institute of 
Biotechnology) following homogenization. A bicinchoninic 
acid kit (cat. no. P0011; Beyotime Institute of Biotechnology) 
was used to measure the protein concentration. Protein 
samples were boiled in SDS‑PAGE buffer for 5 min. A mass 
of 50 µg/lane total protein was separated by 10% SDS‑PAGE 
and transferred to polyvinylidene fluoride membranes. The 
membrane was blocked with 5% milk in TBST (TBS with 
0.05% Tween-20) for 1 h at room temperature. Following 
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blocking, the membrane was washed with TBST, then incubated 
with anti‑TH (cat. no. AB152) and anti‑TPH (cat. no. AB1541) 
antibodies separately (1:1,000  dilution; EMD Millipore) 
overnight at 4˚C, and β‑actin (cat. no. TA‑09, 1:2,000 dilu-
tion, OriGene Technologies, Inc.) was established as loading 
control. After washing, the membranes were incubated with 
peroxidase‑conjugated secondary antibodies (cat. no. A0208, 
1:1,000 dilution, Beyotime Institute of Biotechnology; cat. 
no. D110174, 1:5,000 dilution, Sangon Biotech Co., Ltd.) for 
1 h at room temperature. The membranes were developed 
using an enhanced chemiluminescence western blot detection 
system (Pierce; Thermo Fisher Scientific, Inc.). Images were 

acquired and analyzed using Quantity One version 4.5.2 soft-
ware (Bio‑Rad Laboratories, Inc.).

Reverse transcription‑quantitative PCR (RT‑qPCR). Tissue 
samples were homogenized for RNA isolation using TRIzol® 
(Thermo Fisher Scientific, Inc.) in combination with RNeasy 
Minikits (Qiagen GmbH). RT was conducted using iScript 
cDNA synthesis kit (Bio‑Rad Laboratories) for 5 min at 25˚C, 
30 min at 42˚C, and 5 min at 85˚C. qPCR was performed using 
SYBR Premix Ex Taq II (Takara Biotechnology Co., Ltd.) in 
a Real‑Time PCR detection system (Bio‑Rad Laboratories).
Thermocycling conditions were an initial step of 30 sec at 95˚C 

Figure 1. Effect of CUS on the scores of the rats in the open‑field test, and the effect of intervention with VLX. The ambulation scores of the rats at the (A) 3rd 
and (B) 4th weeks are presented. The rearing scores of the rats at the (C) 3rd and (D) 4th weeks are presented. Mean ± SEM, n=10. *P<0.05, **P<0.01 vs. control; 
ΔP<0.05 vs. CUS. CUS, chronic unpredictable stress; VLX, venlafaxine.

Figure 2. Effect of CUS on the immobility time of the rats in the FST, and the effect of intervention with VLX. The immobility times in (A) the first 3 min, 
(B) the last 3 min and (C) the total 6 min at the 3rd week are presented. In addition, the immobility times in (D) the first 3 min, (E) the last 3 min and (F) the 
total 6 min at the 4th week are presented. Mean ± SEM, n=10. *P<0.05 vs. control; ΔΔP<0.01, ΔΔΔP<0.001 vs. CUS. CUS, chronic unpredictable stress; VLX, 
venlafaxine; FST, forced swim test.
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and 40 cycles of 5 sec at 95˚C, 30 sec at 55˚C, and 1 min 
at 72˚C, with a final extension of 10 min at 72˚C. β‑actin was 
included as a loading control in each analysis. Quantification 
was conducted via the 2‑ΔΔCq method (26). Primer sequences 
were: β‑actin (NM_031144.3), forward 5'‑CGT​AAA​GAC​CTC​
TAT​GCC​AAC​A‑3' and reverse 5'‑TAG​GAG​CCA​GGG​CAG​
TAA​TC‑3'; TH (NM_012740.3), forward 5'‑AGA​GGA​CAG​
CAT​CCC​ACA​GC‑3' and reverse 5'‑ ATC​ACG​GGC​GGA​CAG​
TAG​A‑3'; TPH (NM_173839.2), forward 5'‑TTT​GTA​GCC​
AAC​ATT​CCT​CA‑3' and reverse 5'‑ACT​ATT​GAA​AGT​AGA​
AAC​CAC​CTC‑3'; IDO (NM_023973.1), forward 5'‑TGA​TGT​
CCT​TCT​GGG​AAT​AAA‑3' and reverse 5'‑AGC​CTC​CTT​
CAA​GTCT​TCAT​T‑3'; and MAO‑A (NM_033653.1), forward 
5'‑GCC​AGC​CAG​TAG​GTA​GGA​T‑3' and reverse 5'‑CTT​GGA​
CTC​GGG​TTC​TTCA‑3'.

Determination of SOD activity and MDA content. Rat blood 
samples were collected after rapid decapitation and deposited 
at 4˚C for 30 min. Serum was obtained after centrifugation at 
1,000 x g for 10 min at 4˚C (Thermo Fisher Scientific, Inc.). 
The cortex and hippocampi of each rat were isolated rapidly 
on ice. Tissue samples were weighed and then homogenized 
separately with an electric tissue homogenizer (IKA Werke 
GmbH & Co. KG) in ice‑cold homogenization buffer. The 
homogenate was centrifuged at 5,000 x g for 10 min at 4˚C.The 
supernatant was carefully obtained for the determination of 
SOD activity and MDA content according to the instructions 
of the assay kit (Nanjing Jiancheng Bioengineering Institute).

Statistical analysis. Data from behavioral and biochemical 
studies are presented as the mean ± SEM. Experiments were 
repeated ≥5 times. All statistical analyses were conducted using 
GraphPad 5.0 (GraphPad Software, Inc.) via one‑way ANOVA 
followed by the Bonferroni test for multiple comparisons. P<0.05 
was considered to indicate a statistically significant difference.

Results

Behavioral changes in the OFT and FST. In the OFT at the 
3rd week, CUS rats displayed a significant decrease in both 
ambulation and rearing score, compared with control rats 
(P<0.01, Fig. 1A; P<0.05, Fig. 1C). Similarly, in the OFT at 
the 4th week, decreased ambulation and rearing scores were 
also observed in the CUS group compared with the control 
group (P<0.05, Fig. 1B; P<0.01, Fig. 1D). Administration of 
VLX prevented the decrease in ambulation and rearing score 
in the VLX+CUS rats at the 4th week (P<0.05 vs. CUS rats; 
Fig. 1B and D).

In the FST, the immobility time of the CUS rats was 
significantly prolonged at the 4th week (P<0.05 vs. control rats; 
Fig. 2D‑F). VLX treatment inhibited this increase in immo-
bility time in the VLX+CUS rats at the 4th week, compared 
with the CUS rats (P<0.01, Fig. 2D and E; P<0.001, Fig. 2F).

TH and TPH mRNA expression in the cortex and hippo-
campus. TH mRNA expression in the hippocampus, and TPH 
mRNA expression in both the cortex and hippocampus were 
significantly decreased in the CUS rats (P<0.05 vs. control 
rats; Fig. 3B‑D). VLX administration clearly prevented the 
decrease in TH mRNA in the cortex and hippocampus in the 
VLX+CUS rats (P<0.05 vs. CUS rats; Fig. 3A and B). VLX 
treatment tended to upregulate TPH mRNA expression in the 
cortex and hippocampus in VLX+CUS rats, but there was no 
significant difference (P>0.05 vs. CUS rats; Fig. 3C and D).

TH and TPH protein expression in the cortex and hippo-
campus. Meanwhile, TH protein expression was clearly 
decreased in the cortex and hippocampus of CUS rats (P<0.05 
vs. control rats; Fig. 4A and B). TPH protein expression in 
CUS rats was significantly reduced in the hippocampus 
(P<0.01 vs. control rats; Fig. 4D) and tended to decrease in the 

Figure 3. Effect of CUS on TH and TPH mRNA expression in the rat cortex and hippocampus, and the effect of intervention with VLX. The graphs indicate 
TH mRNA expression in the (A) cortex and (B) hippocampus, and TPH mRNA expression in the (C) cortex and (D) hippocampus. Mean ± SEM, n=5. *P<0.05 
vs. control; ΔP<0.05 vs. CUS. CUS, chronic unpredictable stress; VLX, venlafaxine; TH, tyrosine hydroxylase; TPH, tryptophan hydroxylase.
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cortex (P>0.05 vs. control rats; Fig. 4C). VLX administration 
prevented the decrease in TH and TPH protein expression in 
the hippocampus of VLX+CUS rats (P<0.05 vs. CUS rats; 
Fig. 4B and D). VLX treatment tended to increase TPH protein 
expression in the cortex of VLX+CUS rats, but no significant 
difference was observed (P>0.05 vs. CUS rats; Fig. 4C).

mRNA expression of IDO and MAO‑A. In CUS rats, IDO 
mRNA expression was significantly elevated and MAO‑A 
mRNA expression tended to be upregulated compared with 
control rats (P<0.01, Fig. 5A; P>0.05, Fig. 5B). Administration 
of VLX inhibited the increase in MAO‑A expression but failed 
to have an effect on IDO overexpression in VLX+CUS rats, 
compared with CUS rats (P>0.05, Fig. 5A; P<0.05, Fig. 5B).

Alteration in SOD activity and MDA content. Compared 
with control rats, the CUS rats showed significantly lower 
SOD activity in the serum, cortex and hippocampus (P<0.05; 
Fig. 6A‑C), as well as a higher MDA content in the cortex and 
hippocampus (P<0.05, Fig. 6E and F). There was no significant 
difference in MDA content of serum between CUS and control 
rats (P>0.05, Fig. 6D).VLX intervention prevented the decrease 
in SOD activity in the serum and cortex in VLX+CUS rats 
(P<0.05 vs. CUS rats; Fig. 6A and B). VLX also inhibited the 
increase in MDA content in the cortex and hippocampus in 
VLX+CUS rats, compared with CUS rats (P<0.05, Fig. 6E; 
P<0.01, Fig. 6F).However, VLX failed to decrease the MDA 

content of serum significantly in VLX+CUS rats (P>0.05 vs. 
CUS rats, Fig. 6D).

Discussion

In the present study, it was shown that exposure to CUS for 
4 weeks not only induced depression‑like behaviors, but also 
resulted in a general downregulation of TH and TPH, as well as 
an upregulation of IDO and MAO‑A. The results indicated that 
chronic stress‑induced depression‑like behavior may be asso-
ciated with abnormalities in the synthesis and metabolism of 
monoaminergic transmitters. Moreover, CUS induced increased 
MDA content and decreased SOD activity, suggesting neuronal 
damage induced by oxidative stress. Chronic VLX treatment 
(20 mg/kg·day) for 4 weeks alleviated depression‑like behavior 
in CUS rats in the OFT and FST. When the dose of VLX used 
in this study is converted to a human dose, it is 195 mg/day 
based on the body surface area normalization method (27). 
This converted dose is in the normal range of human dosages 
(the recommended maximum dosage of VLX is 225 mg/day 
orally) (28). The dose of VLX in this study was also reported 
effective in previous studies (29,30). In addition, it was shown 
that chronic VLX treatment not only mitigated oxidative stress, 
but also prevented the decrease in TH and TPH and inhibited 
the overexpression of IDO and MAO‑A, suggesting that its 
antidepressant effect may involve mitigating oxidative stress 
and augmenting monoamine neurotransmitter synthesis.

Figure 4. Effect of CUS on TH and TPH protein expression in the rat cortex and hippocampus, and the effect of intervention with VLX. TH protein expression 
in the (A) cortex and (B) hippocampus, and TPH protein expression in the (C) cortex and (D) hippocampus was analyzed. Mean ± SEM, n=5. *P<0.05, **P<0.01 
vs. control; ΔP<0.05 vs. CUS. CUS, chronic unpredictable stress; VLX, venlafaxine; TH, tyrosine hydroxylase; TPH, tryptophan hydroxylase.

https://www.spandidos-publications.com/10.3892/mmr.2019.10489
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The dysregulation of TH and TPH has been linked to the 
pathogenesis of depression, due to their roles in synthesis 
of monoaminergic transmitters. As previously reported, 
decreased TH protein and mRNA expression in the hippo-
campus may be observed in mice with depression caused by 
repeated injections of corticosterone (31). Following daily 
administration (5 mg/kg, i.p.) of fluoxetine for 2 weeks, the TH 
mRNA levels markedly increase in the rat locus coeruleus (32). 
In addition, evidence suggests that, when repeatedly separated 
from their pups, maternal rats become depressed, exhibiting 
lower expression of 5‑HT and TPH in the dorsal raphe (33). 
Rats receiving fluoxetine treatment exhibit an increase in 
TPH expression in the dorsal raphe  (7). Similarly, in the 
present study, the mRNA and protein TH and TPH expression 
in the cortex and hippocampus was generally decreased in 
the CUS rats, which was prevented by VLX treatment. These 
data showed that CUS might induce depressive symptoms 
by decreasing the synthesis of monoamine neurotransmit-
ters. It is also possible that VLX exerted an antidepressant 
effect not only through the short‑term reuptake inhibition of 
serotonin and noradrenalin, but also via long‑term promotion 

of monoamine neurotransmitter synthesis. On the contrary, it 
has been reported that chronic restraint stress induces anxiety 
and depression‑like behaviors accompanied by an increased 
TH mRNA expression in the nucleus accumbens, with fluox-
etine treatment able to reverse this (34). Moreover, the protein 
expression of TPH was found to be increased by chronic 
social stress and normalized by citalopram (35). Interestingly, 
another study showed that chronic fluoxetine treatment raised 
TPH immunoreactivity in treated adolescent rats, while it 
reduced TPH immunoreactivity in treated adult rats in total 
dorsal raphe nuclei (36). Based on previous studies and the 
present results, these discrepancies in the expression of TH 
and TPH may be due to the variety of depression models, 
disparities in animal age, diversity of brain regions, and 
differences among the antidepressants used. However, further 
research is required to determine how SNRIs mediate the TH 
and TPH expression.

Tryptophan metabolism mediated by the kynurenine 
pathway may directly affect the synthesis of 5-HT. During 
this process, IDO catalyzes the conversion of tryptophan to 
kynurenine, usually via oxidative stress and cell‑mediated 

Figure 6. Effect of CUS on SOD activity and MDA content in the rat serum, cortex and hippocampus, and the effect of intervention with VLX. SOD activity in 
the (A) serum, (B) cortex and (C) hippocampus was assessed. The MDA content of the (D) serum, (E) cortex and (F) hippocampus was measured. Mean ± SEM, 
n=10. *P<0.05 vs. control; ΔP<0.05, ΔΔP<0.01 vs. CUS. CUS, chronic unpredictable stress; VLX, venlafaxine; SOD, superoxide dismutase; MDA, malondialdehyde.

Figure 5. Effect of CUS on IDO and MAO‑A mRNA expression in the rat hippocampus, and the effect of intervention with VLX. (A) IDO mRNA expres-
sion. (B) MAO‑A mRNA expression. Mean ± SEM, n=5. **P<0.01 vs. control; ΔP<0.05 vs. CUS. CUS, chronic unpredictable stress; VLX, venlafaxine; IDO, 
indoleamine‑2,3‑dioxygenase; MAO‑A, type A monoamine oxidase.



Molecular Medicine REPORTS  20:  2954-2962,  20192960

immune activation (37). The upregulation of IDO is considered 
to be a biomarker of depressive disorder. A previous study 
reported that IDO was upregulated in the cortex following 
exposure to mild CUS, with markedly increased tumor 
necrosis factor (TNF)‑α expression in the plasma and cerebral 
cortex (38). In a clinical study, it was shown that peripheral 
interferon (IFN)‑α treatment led to IDO activation, ultimately 
causing depressive symptoms (39). It was shown that imipra-
mine reduced IDO expression in both the hippocampus and 
raphe nuclei of rats exposed to chronic mild stress; however, 
these effects were not statistically significant (40). The present 
study showed that CUS led to a large increase in IDO expression 
in the hippocampus, with a generally increased MDA content 
and decreased SOD activity, indicating that CUS may inactivate 
5‑HT synthesis, partly through the IDO‑induced kynurenine 
pathway of tryptophan metabolism. Interestingly, although 
VLX treatment clearly reversed the changes in oxidative stress 
parameters, it did not have an effect on IDO overexpression, 
suggesting that the antidepressant effect of VLX may involve 
the prevention of the harmful effects of oxidative stress, but not 
the correction of IDO overexpression. This result was similar 
to that of a previous study, which found that neither VLX alone, 
nor VLX in combination with agomelatine, had an effect on 
IDO activity in mice with chronic stress (41). This confirmed 
that the antidepressant effects of VLX were not mediated by its 
effect on the kynurenine pathway, at least in the present model.

Furthermore, an increasing body of evidence suggests that 
the monoamine metabolic enzyme MAO‑A is a key regulator 
of depressive disorder (42,43). 5‑HT, an MAO‑A substrate, has 
been known to be essential for neuronal plasticity and central 
to the pathogenesis of depression and age‑related neurological 
diseases (44). MAO‑A is not only present by heredity, but also 
by environmental factors, including hormonal factors and 
stress. An early study showed that salivary MAO‑A activity 
was closely linked to stress (45). A previous study showed that 
the MAO‑A expression was increased in the losing male mice 
following repeated experiences of social defeat, as compared 
with the winners and controls (46). It was also reported that 
MAO‑A binding is elevated in postpartum or perimenopausal 
depression (47,48). In fact, MAO‑A activity can be inhibited 
by several types of antidepressants, including fluoxetine and 
VLX, suggesting that a decrease in MAO‑A activity may be 
linked to the effects of the drugs on serotonergic, noradren-
ergic and dopaminergic neurotransmission (49). The present 
study showed that the MAO‑A mRNA expression was gener-
ally elevated in the hippocampi of CUS rats, suggesting that 
chronic stress may cause depressive symptoms via the disrup-
tion of the metabolism of monoamine neurotransmitters. 
Long‑term venlafaxine intervention clearly inhibited MAO‑A 
overexpression, indicating that its antidepressant effect may 
involve weakening the metabolic abnormalities of monoamine 
neurotransmitters.

In conclusion, depression is usually the outcome of inter-
actions between genetic and environmental factors, and its 
pathophysiology involves alterations of key enzymes responsible 
for monoamine neurotransmitter synthesis and metabolism. 
The therapeutic effect of VLX appears to upregulate the TH 
and TPH and decrease the MAO‑A expression, indicating that 
strategies that facilitate monoamine neurotransmitter synthesis 
and correct metabolic disturbance may be beneficial for human 

depressive disorder. Moreover, VLX treatment mitigated 
oxidative stress, suggesting its importance in the protection of 
neurons from invasion, which is essential for neuroplasticity. 
However, VLX failed to have an effect on IDO overexpression, 
highlighting the need for more comprehensive and individual-
ized treatments focusing on human depression. This article 
studied alterations in certain enzymes involved in the synthesis 
and metabolism of monoamine neurotransmitters. However, 
future research is required to explain the exact mechanism.
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