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Abstract

Neurotransmitter metabolism plays a critical role in the pathophysiology of major depressive disorder (MDD). However,
whether the neurotransmitter metabolism in adolescent MDD is differentiated from adult MDD is still elusive. In the cur-
rent study, plasma concentrations of monoamine and amino acid neurotransmitters as well as their metabolites, including
tryptophan (TRP), kynurenine (KYN), kynurenic acid (KYNA), serotonin (5-HT), 5-hydroxyindoleacetic acid (5-HIAA),
dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), norepinephrine (NE), vanillylmandelic
acid (VMA), 3-methoxy-4-hydroxyphenylglycol (MHPG), glutamine (GLN), glutamate (GLU) and gamma-aminobutyric
acid (GABA), were measured and compared in two cohorts of subjects (adult cohort: 31 first-episode MDD vs. 35 healthy
controls; adolescent cohort: 33 first-episode MDD vs. 30 healthy controls). To assess the effects of antidepressant treatment,
we also analyzed the concentrations of these indexes pre- and post-treatment in adult and adolescent cohorts. At baseline,
the deficits of neurotransmitter metabolism in adult MDD were manifested in all the neurotransmitter systems. In contrast,
for adolescent MDD, the dysregulation of neurotransmission was mainly indicated in the catecholaminergic systems. After
antidepressant treatment, adult MDD showed increased TRP, KYN, KYNA and GLU levels, together with decreased levels
of 5-HIAA and DOPAC. Adolescent MDD illustrated an increased level of 5-HT and decreased levels of TRP and GABA.
The improvements of Hamilton total scores correlated with the changes in plasma TRP and the turnover of KYN/TRP after
treatment in all MDD patients. However, these correlations were only manifested in the adult MDD rather than in adolescent
MDD patients. The findings highlight the shared and distinguished neurotransmitter pathways in MDD and emphasize the
different antidepressant responses between adults and adolescents. Potentially, the neurotransmitters above could serve as
diagnostic biomarkers and provide a novel pharmacological treatment strategy for MDD.
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Currently, growing evidence indicates that disturbed
metabolisms of neurotransmitters in the brain are intimately
involved in the pathogenesis of depression [4—6]. A previ-
ous study reported that serotonin (5-HT), dopamine (DA)
and norepinephrine (NE) could influence the brain circuits
associated with motivation, mood regulation, cognitive per-
formance and response to psychological stress in depres-
sion [4]. Thus, it has been postulated that the etiological
origin of depression is a deficit in monoaminergic neuro-
transmission (serotonergic, dopaminergic and noradrener-
gic). Moreover, based on the monoaminergic hypothesis
of depression, monoamine reuptake inhibitors have been
developed as antidepressants [7]. Specifically, ample studies
show that a 5-HT deficiency may influence mood in a way
that leads to depression and the role of 5-HT in the antide-
pressant response has been highlighted [5, 8]. In addition,
glutamate (GLU) and gamma-aminobutyric acid (GABA)
as the major excitatory and inhibitory neurotransmitters,
respectively, their changes causing the excitatory/inhibitory
(E/T) imbalance during the brain development may result in
abnormalities in the GABAergic pathway, which contrib-
ute to the recurrences and refractoriness of MDD at a later
stage [6]. It is widely believed that these neurotransmitter
systems are dynamically linked and play a pivotal role in
depression; however, there is no practical way to measure
the levels of these neurotransmitters and their metabolites
in the living brain [9, 10]. Although with some inconsisten-
cies, accumulating evidence has suggested that peripheral
neurotransmitters can reflect corresponding alterations in
the central nervous systems (CNS), thus potentially serving
as a surrogate source to explore the potential mechanisms
underlying MDD [9, 11, 12].

Depression can occur at any age, but often begins in
adulthood. Notably, early onset of depression in children
and adolescents is increasingly common [13-15]. Depressed
adolescents are at high risks of school failure, social iso-
lation, promiscuity, "self-medication”, and even suicide,
urging us to pay more attention to adolescent depression
[16-18]. It is well established that there are symptom pro-
file and treatment response differences between adolescent
and adult depression. As to the clinical presentation, find-
ings suggest that vegetative symptoms are a common pres-
entation in adolescent depression, whereas anhedonia/loss
of interest and concentration difficulties were more com-
mon in adult depression [17]. Moreover, adult and adoles-
cent depression may respond differently to antidepressant
drugs, indicating that lower efficacy and more side effects
were observed in adolescent MDD than in adult MDD [19].
However, the etiological mechanism of MDD, especially for
adolescents, is still poorly understood. Interestingly, with
a metabolomic approach, a recent study has revealed that
the decreased tryptophan (TRP) in plasma is only observed
in first-episode adult depression compared with healthy
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control, whereas there are no apparent changes of plasma
TRP in adolescent depression versus control [12]. As well
established, TRP and its metabolites (5-HT; 5-hydroxyin-
doleacetic acid, 5-HIAA; kynurenine, KYN; kynurenic acid,
KYNA) and related neurotransmitters (DA; NE; glutamine,
GLN; GABA) play crucial roles in physiological func-
tions, and their imbalances are implicated in the pathology
of depression [20, 21]. Therefore, there is an urgent need
to explore further the differential roles of neurotransmitter
metabolism and discrepant response to antidepressant treat-
ment between adult and adolescent MDD.

Consequently, the present study is considered hypothesis
generating and aims to investigate the TRP and related neu-
rotransmitters as well as their metabolites in the circulating
blood of first-episode antidepressant-naive MDD patients.
Systematically, the baseline neurotransmitter metabolic pro-
files and related responses to antidepressant treatment were
compared between two independent cohorts of adult and
adolescent MDD, with the aim of enriching our understand-
ing of the pathophysiology of depression.

Materials and methods
Participants

A total of 129 participants (31 first-episode adult MDD,
35 healthy adults, 33 first-episode adolescent MDD and
30 healthy adolescents) were recruited in this study. The
first-episode MDD patients of adults and adolescents were
recruited from the Department of Psychiatry and Child Psy-
chology of the Fourth People’s Hospital of Urumqi (Urumgqi,
China). All healthy controls in the two cohorts were
recruited from the physical examination center of the Fourth
People’s Hospital of Urumgqi (Urumgqi, China) between May
2019 and May 2020. MDD patients were diagnosed follow-
ing the Diagnostic and Statistical Manual of Mental Disor-
ders, Fourth Edition (DSM-IV) criteria, and the severity of
symptoms was assessed according to the Hamilton Depres-
sion Scale (24-Items) (HAMD-24) by trained psychiatrists
[22]. Adult MDD patients were excluded if: (1) patients had
a history of physical or other mental disorders; (2) patients
had illicit drug or alcohol abuse; (3) patients were actively
suicidal or considered a high suicide risk; (4) female patients
in pregnancy, nursing, breast-feeding or menstruation. Ado-
lescent MDD patients should be enrolled without comor-
bid physical, neurological, or psychiatric disorders, drug or
alcohol dependence. Healthy controls without pre-existing
psychiatric disorders, chronic diseases or mental retarda-
tion were recruited in this study. This study was approved
by the Ethical Committee of the Fourth People's Hospital
of Urumgqi. All subjects or their legal guardians were told
the corresponding details about the study’s procedures and
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provided informed consent. The sample collections and pre-
treatments were carried out uniformly to avoid any impact
from the disparity between the two cohorts by strictly fol-
lowing the protocol.

Antidepressant treatment for adult and adolescent
MDD patients

The regimens primarily prescribed were selective serotonin
reuptake inhibitors (SSRIs), serotonin—norepinephrine reup-
take inhibitors (SNRIs) and second-generation antipsychot-
ics (SGAs), either in monotherapy or combination treatment
for adult and adolescent MDD patients. The detailed infor-
mation of antidepressants used during hospitalization for
adult and adolescent MDD is presented in Supplementary
Tables S1 and S2.

Determination of plasma neurotransmitters

Blood samples were collected at 7 a.m. after 12-h fasting
at week 0 and week 4 and centrifuged (3000 rpm, 4 °C)
for 5 min immediately. Then the plasma samples were sep-
arated and stored at — 80 °C for subsequent biochemical
analysis. In this study, the concentrations of TRP, KYN,
KYNA, 5-HT, 5-HIAA, DA, 3,4-dihydroxyphenylacetic acid
(DOPAC), homovanillic acid (HVA), NE, vanillylmandelic
acid (VMA), 3-methoxy-4-hydroxyphenylglycol (MHPG),
GLN, GLU and GABA were examined by an LC-MS/MS
method previously reported with some modifications [23,
24].

Briefly, 300 pL of plasma was mixed with 900 puL pure
acetonitrile (cooled to -20 °C) and the mixture was vortexed
for 3 min and then centrifuged (15,000g, 4 °C) for 15 min.
Then, 1 mL supernatant was added to an Eppendorf tube
and placed at -80 °C for 2 h, and later it was evaporated to
dryness by using a vacuum freeze dryer. After that, a dan-
syl derivatization process was applied. After evaporation,
the sample residue was mixed with 100 pL of dansyl chlo-
ride (4 mg/mL) in a new Eppendorf tube and vortexed for
2 min. Then, 100 pL of buffer solution (NaHCO;:Na,CO,,
pH=11.0) was added to the tubes and the mixture was vor-
texed for 2 min and subsequently incubated at 60 °C for
15 min, avoiding light. After the derivatization, the pH of
the mixture was adjusted to approximately 7.0 by adding
5 pL of 15% formic acid—water solution. The mixture was
then centrifuged at 4 °C for 3 min at 15,000 g and 5 pL of
the resulting supernatant was used for LC-MS/MS analysis.

Statistical analysis
Baseline levels of plasma neurotransmitters and related

turnovers, age and BMI were analyzed by Mann—Whitney
U test and the sex composition was analyzed by Chi-squared

test between MDD patients and healthy controls. Wilcoxon
matched-pairs signed-ranks test was used to analyze the
concentration of each neurotransmitter and the turnover
of neurotransmitters in each system between pre-treatment
and post-treatment status of MDD. The correlations between
neurotransmitters and symptomatology were analyzed by
partial correlation analysis, which analyzed the change of
Hamilton total score (S, —S,,) and the change of neuro-
transmitter level (NT,,—NT,,,), with age, fluoxetine-equiv-
alent dose of antidepressants and chlorpromazine-equivalent
dose of antipsychotics as the controlling factors. Owing to
the abnormal distribution of numerical data and the small
sample size, Bonferroni correction was applied for multiple
comparisons. P value less than 0.05/14=0.0036 was consid-
ered significant in neurotransmitter data, while a P value less
than 0.05/13 =0.0038 was statistically significant in turno-
ver comparisons. Statistical analyses were performed using
SPSS (version 26.0, IBM, Armonk, NY, USA).

Results
Demographic and clinical characteristics

The demographic characteristics for patients with MDD and
healthy controls are summarized in Supplementary Table S3.
There were no significant differences in age, sex and BMI
between patients and healthy controls in the adult or adoles-
cent MDD cohorts. The fluoxetine-equivalent dosages were
29.71 £ 19.07 for adult MDD patients, and 22.44 +21.58 for
adolescent MDD patients. The chlorpromazine-equivalent
dosages were 129.15 +140.60 for adult MDD patients,
and 136.44 +125.61 for adolescent MDD patients. There
was no significant difference in the equivalent dosages of
SSRIs (U=441.5, P=0.344) and antipsychotics (U=480.0,
P=0.673) between adult and adolescent MDD.

The onset of adult MDD relies on the changes
in the TRPergic metabolic pathway

Depressed patients vs. healthy controls

The decreased TRP has been identified as a critical dif-
ference between first-episode adult and adolescent MDD,
but the alterations in downstream pathways of TRP are
unknown [12]. To uncover how the TRP metabolic path-
way manifested differently in the early stage of adult and
adolescent MDD, TRP, KYN, KYNA, 5-HT and 5-HIAA
were examined. The decreased TRP (U=210.0, P <0.0001;
Fig. 1A) was only observed in adult instead of adolescent
MDD relative to healthy controls. Although 5-HT was not
changed in either adult or adolescent MDD compared with
controls, its downstream metabolite 5-HIAA (U=112.0,

@ Springer



European Archives of Psychiatry and Clinical Neuroscience

A 50 600 <0.0001
£ 407 = 1 Healthy Controls
= S 400- .
S 307 2 mm Depressed Patients
o
o -
— 20 <
N 7 ul’ % )
o
0 1 1 0 T T
Adult  Adolescent Adult Adolescent
<0.0001 <0.0001
100 <0.0001 2.0 — — 100
> o 80 = 151 E s0-
§ E £ 3
© 60 o 60—
= E E 1.0 2
- £ . = <
® o 407 : z Z 407
& E 5 T < 0.5- x
o 20 i 207 E% :
2 , bk Gl
(=) 0 T T 0.0 T T 0 T T
% Adult Adolescent Adult Adolescent Adult  Adolescent
N
1)
E B <0.0001
.2 60— : 400 <0.0001
en
5 = g B Pre-treatment
E E E B Post-treatment
~ & 2
= <
T <
") T
0
Adult Adolescent Adult  Adolescent
60—  <0.0001 <0.0001 2.0  <0.0001 80— 200
— — —
= = E
S 3 E
E 510— 5
o 4 >
= € 0.5 x
0.0-
Adult  Adolescent Adult  Adolescent Adult Adolescent

Fig.1 Identified differential changes of neurotransmitters between
first-episode MDD and healthy controls and between post-treat-
ment and pre-treatment in tryptophanergic metabolic pathway. A
Depressed patients vs. healthy controls in adult and adolescent
cohorts. B Post-treatment vs. pre-treatment in adult and adolescent
cohorts. Mann—Whitney U test was applied for comparing depressed

P <0.0001; Fig. 1A) was also elevated in adult MDD
patients. In addition, KYN significantly decreased in both
adult (U=91.5, P<0.0001; Fig. 1A) and adolescent MDD
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patients and healthy controls, Wilcoxon matched-pairs signed-ranks
test was applied for comparing post-treatment and pre-treatment lev-
els (n=31 for adult MDD, n=33 for adolescent MDD, n=235 for
adult healthy controls, n=30 for adolescent healthy controls). P value
less than 0.05/14=0.0036 was considered significant

(U=143.5, P<0.0001; Fig. 1A). Furthermore, the analyses
of neurotransmitters turnover changes revealed that KYNA/
KYN (U=244.5, P<0.0001; Table 1) and 5-HIAA/5-HT
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Table 1 The turnover of neurotransmitters between depressed patients and healthy controls in the tryptophanergic, dopaminergic, noradrenergic

and GABAergic systems

Adult? U p-value® Adolescent® U p-value®
Control Disease Control Disease
1. Tryptophanergic system
KYN+5-HT/TRP 36.85+20.71 43.38+28.88 466.0 03311  43.15+27.26 28.26+9.27 308.0 0.0096
KYN/TRP 36.19+19.99 41.89+27.53 473.0 0.3778  42.44+27.06 27.97+9.21 315.0 0.0128
KYNA/KYN 0.02+0.01 0.05+0.04 244.5 <0.0001 0.02+0.03 0.01+0.01 468.0 0.7141
5-HT/TRP 0.65+1.11 1.49+2.51 446.0 0.2178 0.71+0.90 0.29+0.20 419.5 0.3026
5-HIAA/5-HT 30.08 +£22.45 144.60+199.60  298.0 0.0014  44.97+58.55 40.25+35.65 393.0 0.1635
2. Dopaminergic system
DOPAC+HVA/DA  258.00+104.00 156.30+152.80 283.0 0.0007 135.20+72.94 191.30+85.38  283.0 0.0032
DOPAC/DA 20.47+13.51 24.23+18.07 454.0 0.2601  26.44+14.01 22.63+14.60 361.0 0.0659
HVA/DA 237.60+97.33 132.10+143.90  244.0 <0.0001 108.70+63.59 168.70+79.61  265.0 0.0013
3. Noradrenergic system
VMA + MHPG/NE 99.11+183.40 71.72+91.40 393.0 0.0522  42.70+56.22 1791+1522  228.0 0.0002
VMA/NE 85.07+160.4 60.26+75.28 404.0 0.0761  31.61+44.80 22.56+42.73  276.0 0.0023
MHPG/NE 14.04+23.72 11.46+16.85 431.0 0.1548  11.08+13.74 5.48+9.54 183.0 <0.0001
4. GABAergic system
GABA/GLU 46.03+19.73 94.06 +87.52 372.0 0.0280  31.95+26.97 28.83+15.56  493.0 0.9836
GLU + GABA/GLN 42.16+21.07 35.86+19.85 442.0 0.2003  77.53+43.05 99.25+46.57 358.0 0.0600

After the Bonferroni correction, significant p-values less than 0.05/13 = 0.0038 are given in bold

2The data was showed as mean + standard deviation (SD)
®Analyzed by Mann-Whitney U test

(U=298.0, P=0.0014; Table 1) were higher in adult MDD
versus healthy controls.

Post-treatment vs. pre-treatment

In response to 4-week treatment, the level of TRP was
increased in adult MDD (W=366.0, P <0.0001; Fig. 1B),
whereas an opposite changing trend is shown in adolescent
MDD (W=- 463.0, P <0.0001; Fig. 1B). Moreover, ele-
vated 5-HT (W=- 372.0, P<0.0001; Fig. 1B) was found
in post-treatment adolescent MDD, while post-treatment
adult MDD just exhibited a marked decrease in 5-HIAA
(W=545.0, P<0.0001; Fig. 1B). The metabolic differ-
ence was also seen for the KYN pathway between the two
cohorts of MDD: post-treatment adult MDD showed a sig-
nificantly increasing trend in KYN (W=378.0, P <0.0001;
Fig. 1B) and KYNA (W=340.0, P <0.0001; Fig. 1B), but
no alteration was seen in post-treatment adolescent MDD
compared to the pre-treatment levels. When analyzing the
difference of changes in neurotransmitters turnover across
MDD subgroups, both KYN/TRP (W=375.0, P=0.0005;
Supplementary Table S4) and KYN +5-HT/TRP (W=411.0,
P=0.0001; Supplementary Table S4) were significantly
increased, whereas 5-HT/TRP (W=555.0, P <0.001; Sup-
plementary Table S4) was only decreased in post-treatment
adolescent MDD patients. For both adult and adolescent

MDD cohorts, significantly lower levels of 5-HIAA/5-
HT was observed in post-treatment versus pre-treatment
(W=-300.0, P=0.0001; W=—- 525.0, P <0.0001; Sup-
plementary Table S4).

Differentially expressed catecholaminergic
metabolic pathway between adults and adolescents
with MDD

Depressed patients vs. healthy controls

In catecholaminergic metabolic pathway, adult MDD
showed significant changes in concentration comparisons.
However, the neurotransmitter turnover changes were more
common in adolescent depression than in healthy controls.
Specifically, baseline levels of NE (U=235.5, P<0.0001;
Fig. 2A), VMA (U=94.0, P <0.0001; Fig. 2A), and MHGP
(U=124.0, P<0.0001; Fig. 2A) were significantly higher
in adult MDD, while adolescent MDD only showed a
decreased MHPG level (U=251.0, P=0.0006; Fig. 2A)
in the NE metabolic pathway. In the DA metabolic path-
way, the level of DOPAC (U=274.0, P=0.0004; Fig. 2A)
was higher, whereas the HVA level (U=184, P <0.0001;
Fig. 2A) was lower in adult MDD, but with no changes in
adolescent MDD compared to healthy controls. In ratio
analyses, adolescents with MDD showed lower MHPG/
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Fig.2 Identified differential changes of neurotransmitters between
first-episode MDD and healthy controls and between post-treat-
ment and pre-treatment in catecholaminergic metabolic pathway.
A Depressed patients vs. healthy controls in adult and adolescent
cohorts. B Post-treatment vs. pre-treatment in adult and adolescent
cohorts. Mann—Whitney U test was applied for comparing depressed

NE (U=183.0, P<0.0001; Table 1) and VMA + MHPG/
NE (U=228.0, P=0.0002; Table 1) than healthy controls.
However, all ratio indicators above have not changed in
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Adult

Adolescent Adult Adolescent

patients and healthy controls, Wilcoxon matched-pairs signed-ranks
test was applied for comparing post-treatment and pre-treatment lev-
els (n=31 for adult MDD, n=33 for adolescent MDD, n=235 for
healthy adults, n=30 for healthy adolescents). The significance level
was set at P <0.05/14=0.0036

adult MDD compared to healthy controls. Notably, the ratio
of HVA/DA and DOPAC + HVA/DA were decreased in
adult MDD (U=244.0, P<0.0001; U=283.0, P=0.0007;
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Table 1), but opposite trends were observed in adolescent
MDD (U=265.0, P=0013; U=283.0, P=0.0032; Table 1)
when compared with healthy controls.

Post-treatment vs. pre-treatment

The catecholamine metabolic pathway in adolescent MDD
was not sensitive to antidepressant treatment, since no
significant changes in concentration or neurotransmitters
turnover were observed. However, adult MDD presented
lower DOPAC (W=- 326.0, P<0.0001; Fig. 2B) level
and DOPAC/DA (W=-302.0, P<0.0001; Supplementary
Table S4) following the 4-week antidepressant treatment.

Different responses to antidepressant treatment
in the GABAergic metabolic pathway

Depressed patients vs. healthy controls

Notably, GLN, GLU and GABA showed no significant
changes at baseline of both adult and adolescent MDD com-
pared to healthy controls. Moreover, no significant changes
emerged in comparing the related neurotransmitter turnover
between MDD and healthy controls in the adult or adoles-
cent cohort (Fig. 3A and Table 1).

Post-treatment vs. pre-treatment
After the 4-week treatment, GLN did not respond to anti-
depressant treatment either in adult (W=115.0, P=0.0901;

Fig. 3B) or adolescent MDD (W=- 47.0, P=0.7656;
Fig. 3B) patients. Interestingly, the antidepressant treatment
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Fig.3 Identified differential changes of neurotransmitters between
first-episode MDD and healthy controls and between post-treatment
and pre-treatment in GABAergic metabolic pathway. A Depressed
patients vs. healthy controls in adult and adolescent cohorts. B Post-
treatment vs. pre-treatment in adult and adolescent cohorts. Mann—
Whitney U test was applied for comparing depressed patients and
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healthy controls, Wilcoxon matched-pairs signed-ranks test was
applied for comparing post-treatment and pre-treatment levels (n=31
for adult depression, n=33 for adolescent depression, n=35 for
healthy adults, n=30 for healthy adolescents). Significance value was
presented when it was less than P <0.05/14=0.0036
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exerted different effects on the GABAergic system, mani-
fested as elevated GLU levels (W=2318.0, P <0.0001,
Fig. 3B) in adult MDD and decreased GABA (W=—-401.0,
P <0.0001, Fig. 3B) levels in adolescent MDD, respectively.
Moreover, we also found a reduced turnover of GABA/GLU
(W=-316.0, P<0.0001, Supplementary Table S4) in post-
treatment adult MDD.

Hamilton total scores positively correlated
with the plasma tryptophan levels and negatively
correlated with KYN/TRP in adult MDD

The partial correlation analyses showed that the reduction
of Hamilton total scores was positively correlated with
increase of plasma TRP levels (r=0.347, P=0.006) after
overall treatment in MDD patients. Interestingly, this cor-
relation only manifested in the adult MDD cohort (r=0.385,
P =0.043) rather than in adolescent MDD cohort (r=0.195,
P=0.302). Moreover, a negative correlation between
HAMD total score reduction and KYN/TRP changes was

A Total MDD

a
g

= 0.347, p=0.006

40
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20

Improvement in Hamilton total score
Improvement in Hamilton total score
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r=0.385, p=0.043

found in total MDD patients (r=— 0.354, P=0.005) and
adult MDD cohort (r=— 0.427, P=0.024), but not adoles-
cent MDD cohort (r=— 0.200, P=0.290). No other associa-
tions between the changes in neurotransmitter or turnover
and the changes in Hamilton total score approached signifi-
cance (Fig. 4).

All the above-mentioned significant findings are sum-
marized in Supplementary Table S5 for the sake of a better
understanding of the results.

Discussion

Our study revealed that the neurotransmitters have differ-
ent baseline levels and diverse responses to antidepressants
in TRP, DA, NE and GABA metabolic pathways between
adult and adolescent MDD. In the TRPergic pathway, we
confirmed that decreased TRP was only observed in first-
episode adult depression compared with healthy controls.
Further exploration showed that the correlation between the
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week 0 and week 4. The correlation exploration was performed by
partial correlation analysis controlling for age, fluoxetine-equivalent
dose of antidepressants and chlorpromazine-equivalent dose of antip-
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improvement in Hamilton total scores and changes of TRP
or turnover KYN/TRP were significant only in adult MDD
after 4-week antidepressant treatment. For the catechola-
minergic pathway, we found that the neurotransmitters are
closely related to the pathophysiology of both cohorts of
MDD, but less relevant to the treatment outcomes as it is
almost not changed in response to the antidepressant treat-
ment. In addition, comparisons of the GABAergic pathway
revealed an increment of excitatory neurotransmitter GLU
in post-treatment adult MDD, whereas a reduction of inhibi-
tory neurotransmitter GABA was found in post-treatment
adolescent MDD.

TRP metabolic pathway was considered central in the
pathophysiology of MDD [25]. Our findings are consist-
ent with the previous literature, where adults with MDD
showed lower TRP than healthy controls [12]. The correla-
tion between the improvement of Hamilton total score and
the change of TRP was only found in adult MDD, suggesting
that TRP was closely related with both the onset and recov-
ery of MDD in adults rather than in adolescents. In addition,
KYN was found to be decreased at baseline of both adult and
adolescent MDD, which is in accordance with the previous
study [26]. Interestingly, the imbalanced KYN metabolism
thus can disturb the compositions of neuroprotective and
neurotoxic metabolites, which help to maintain the activity
of excitotoxic neuronal cells and the release of GLU via
interacting with the N-methyl-D-aspartate (NMDA) recep-
tors [11]. Emerging evidence suggests that NMDA receptor
is the target for treating MDD, as its antagonist ketamine
showed a rapid antidepressant effect [27]. Quinolinic acid
(QA), a neurotoxic metabolite of KYN, could cause exci-
totoxic neuronal cell loss and convulsions and increase the
generation of reactive oxygen species (ROS) via activating
the NMDA receptor. KYNA, another metabolite of KYN,
functions as NMDA receptor antagonists, which have a
therapeutical effect in neurological disorders by reducing
free radicals and modulating immune functions [11, 28].
As a downstream metabolite of TRP, 5-HT is lower in the
hippocampus [29], serum [30], frontal cortex [31], and
prefrontal cortex (PFC) [32], but not in the cingulate cor-
tex [33] of the chronic unpredictable mild stress (CUMS)
model. Yet, we only observed a non-significant decreasing
trend in first-episode adult or adolescent MDD in our study.
Besides, a lower level of 5-HT in plasma has been found
in the association with MDD [34, 35] and its metabolite
5-HIAA is connected with suicidal behavior in humans
[36-38]. In support, a post-mortem study has found that
reduced 5-HIAA concentrations in cerebrospinal fluid (CSF)
were closely related to attempted suicidal history in MDD
[36]. It is consistent with the study in the periphery that con-
firmed that lower plasma 5-HIAA and TRP could manifest
in suicide attempt patients compared to non-suicidal MDD
and healthy controls [37, 38]. Notably, the neurotransmitter

turnover analyses illustrated that 5-HIAA/5-HT and KYNA/
KYN were elevated in first-episode adult MDD rather than
adolescent MDD, suggesting imbalanced metabolisms of
5-HT and KYN are more prominent at a later stage of this
disease. These differences indicate that the TRPergic system
of first-episode adult MDD is more sensitive and more com-
promised than first-episode adolescent MDD, which may
be attributed to the immaturity of the central serotonin sys-
tem or the lower serotonin transporter binding in the brain
regions during the adolescent period [39].

The brain contains vast numbers of serotonergic, dopa-
minergic and noradrenergic neurons, and the three neuro-
transmitter systems mutually interact. Serotonin innervates
all brain areas and is the largest cohesive neurotransmit-
ter system in the brain. In contrast, the dopaminergic sys-
tem modulates reward and motivation functions, working
memory and attention. The noradrenergic system plays a
role in working memory processing and regulates behavior
and attention [3]. As proposed in the monoamine hypothesis
of depression, an increase in the levels of 5-HT (and also
DA and NE) in the brain of depressed subjects should be
accompanied by fewer depressive symptoms. Evidence sug-
gests that SSRI treatment increasing the availability of 5-HT
can stimulate 5-HT,, receptors to enhance the release of
NE, whereas stimulation of 5-HT , receptors in the medial
prefrontal cortex could enhance the activity of the ventral
tegmental area DA neurons, along with meso-cortical DA
release [40]. Additionally, 5-HT, receptors play a role in
the tonic regulation of ascending dopaminergic activity,
which may also contribute to the effects of antidepressant
drugs [41]. In accordance with these findings, our data indi-
cate that the turnovers of serotonergic, dopaminergic and
noradrenergic systems were decreased after antidepres-
sant treatment, especially in adult MDD (Supplementary
Table S4).

It is supported by a range of studies that DA and NE
together play an important role in the mood regulation of
MDD [40, 42]. The different symptoms in adult and ado-
lescent MDD may be attributed to the different pathophysi-
ological mechanisms underlying the catecholaminergic
system of MDD [17]. In our study, the disturbance of the
catecholamine system was evident in adult MDD, revealed
by the higher levels of NE, VMA, MHPG and DOPAC,
together with a lower HVA level. However, at the onset of
adolescent MDD, the neurotransmitter turnover rate of DA
showed an opposite situation to adult MDD. Higher ratios
of HVA/DA and HVA + DOPAC/DA at the onset of adoles-
cent MDD suggest that the metabolism of the dopaminergic
system was hyperactive in adolescent MDD, whereas the
dopamine metabolism was downregulated in adult MDD.
Given the interactions between serotonergic, dopaminergic
and noradrenergic, the serotonergic system may be able to
modulate both dopaminergic and noradrenergic systems
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via a receptor-mediated mechanism [4], which can partly
explain the different catecholamine metabolism between
adult and adolescent MDD.

Glutamate and Gaba were, respectively, regarded as the
primary excitatory and inhibitory neurotransmitters in the
brain. The ratio of GABA/GLU was suggested to reflect the
E/I balance of neurotransmission systems and its disturbance
may be associated with the pathophysiology of MDD [43].
Recently, a meta-analysis showed lower GABA in plasma
and anterior cingulate cortex (ACC) in MDD [44], which
was not replicated in our study. Nevertheless, inconsist-
ent results in the GABAergic system have been reported
in the CNS. A magnetic resonance spectroscopy (MRS)
study used to determine the relevant neurotransmitters in
CSF has revealed elevated GABA and decreased GLU avail-
abilities in first-episode MDD patients [6]. Even without
significance, an increasing GABA and GABA/GLU trend
was only found in adult MDD, suggesting that E/I imbalance
is not that obvious in adolescent MDD. This is explainable,
since the evidence of previous studies indicated that brain
functions, including E/I balance, can show different aspects
during brain development [43].

Although the neurotransmitter metabolic profile of adult
MDD differs from adolescent MDD, their disturbances of
neurotransmitter metabolism may eventually lead to MDD
pathophysiology through a shared pathway (Fig. 5). As
shown in our study, the enhanced metabolism of the TRP
pathway induced by the activated indoleamine-2,3-dioxy-
genase (IDO) [45] and the hyperactivity of DA metabolism
[46] were considered to be responsible for the onset of adult
MDD and adolescent MDD, respectively. KYN could be
catabolized into two active metabolites: the neuroprotective
KYNA and neurotoxicity QA [11]. In our study, the lower
KYN and unchanged KYNA were indicated in both adult
and adolescent MDD, suggesting that KYN is degraded
into 3-hydroxykynurenine (3-HK) to a greater extent and
then converted to QA. It has been reported that inflam-
mation and oxidative stress interactions can influence the
KYN metabolism [47]. The QA and 3-HK from the acti-
vated KYN metabolic pathway could also enforce oxida-
tive stress [48, 49]. Meanwhile, the higher ratios of HVA/
DA and DOPAC +HVA/DA in adolescent MDD suggest a
higher metabolic turnover rate in this pathway, which results
in more free radicals or ROS and promotes oxidative stress
[50, 51]. Additionally, the energy and membrane fatty acid
metabolism intimately related to neurotransmitter signaling
could be modulated by oxidative stress and considered the
pivotal components of MDD for a long time [52].

With regard to the antidepressant treatment, there is no
significant difference in the equivalent dosages of SSRIs
between adult and adolescent MDD (Supplementary
Table S3). SSRIs, the kind of drugs that inhibit the reuptake
of 5-HT, are recognized as the most common and effective
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antidepressants [53, 54], and in animal models of MDD,
the juvenile rats have shown a different sensitivity to SSRIs
in structural plasticity and serotonin synthesis of the brain
compared to adult rats [55]. Interestingly, the metabolite
5-HT and its precursor TRP can predict the outcomes of
antidepressant treatment, suggesting higher levels of TRP
and 5-HT are positively correlated with the efficacy of the
antidepressant treatment [56]. Our results showed a higher
TRP in post-treatment adult depression, but a lower TRP
in post-treatment adolescent depression relative to the pre-
treatment level in this study. It may be one of the reasons
why adolescents with MDD usually have a worse response
when treated with SSRIs or other antidepressant drugs [57].
Meanwhile, the increase of DA and NE modulated by SSRIs
could enhance the catecholaminergic transmission to allevi-
ate depressive symptoms [58]. However, we failed to find
these changes in the current study, which may be attributed
to the confounding influence of the antipsychotics used
for the patients. In addition, the decreased GABA in adult
depression and the elevated GLU in adolescent depression
were found after treatment. The opposite trends of these
amino acid neurotransmitters in the two different cohorts
may produce a similar excitatory effect on brain activ-
ity. Consistently, the increase of GLU and the decrease of
GABA/GLU in the brain have reduced depressive symptoms
in MDD patients [59].

There are several limitations to this study. Firstly, the
small sample size may restrict the generalization of the find-
ings. The results were adjusted for multiple testing by very
conservative Bonferroni correction to screen out the most
truly significant results, but at the same time may result in
missing some meaningful indicators. Secondly, the neuro-
transmitters were tested in plasma, which may be controver-
sial. Relatively more evidence supports the central—periph-
eral associations for monoamine neurotransmitters and their
metabolites such as DA, DOPAC, HVA, 5-HT, 5-HIAA,
KYN, KYNA, NE, VMA and MHPG, whereas conflicting
reports indicate that peripheral amino acid neurotransmitter
levels of TRP, GLN, GLU and GABA do not necessarily
predict central alterations [10, 21]. Thirdly, QA, was not able
to be analyzed in this study. This metabolite cannot be deri-
vatized by dansyl chloride, since the dansylation procedure
selects the molecules’ primary amino, secondary amino,
and phenolic hydroxyl groups. QA has none of these groups
and thus cannot be determined by our established method.
Fourthly, we recruited adult patients aged 19-30 years.
However, patients over 30 years of age may have a different
metabolic profile than younger patients.

In conclusion, our study has revealed that multiple neu-
rotransmitter systems are involved in the onset of MDD and
indicated shared and distinct neurotransmitter pathways in
the pathogenesis of MDD between adults and adolescents.
Further studies are warranted to elaborate these findings as
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diagnostic biomarkers and provide a novel pharmacological
treatment strategy for MDD.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00406-022-01406-8.
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