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Mood disorders, including major depressive disorder and bipolar disorder, have a

profound impact on more than 300 million people worldwide. It has been

demonstrated mood disorders were closely associated with deviations in

biogenic amine metabolites, which are involved in numerous critical

physiological processes. The peripheral and central alteration of biogenic

amine metabolites in patients may be one of the potential pathogeneses of

mood disorders. This review provides a concise overview of the latest research

on biogenic amine metabolites in mood disorders, such as histamine,

kynurenine, and creatine. Further studies need larger sample sizes and multi-

center collaboration. Investigating the changes of biogenic amine metabolites in

mood disorders can provide biological foundation for diagnosis, offer guidance

for more potent treatments, and aid in elucidating the biological mechanisms

underlying mood disorders.
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1 Introduction

Mood disorder is a kind of chronic mental disorder, which has a great impact on

people’s physical and mental health. The broadly defined mood disorders include major

depressive disorder, bipolar disorder, dysthymia and other diseases (1, 2), while major

depressive disorder and bipolar disorder, known as narrowly defined mood disorders,

impact approximately 20% of population worldwide, placing a huge burden on the patients

and society (3–6). Mood disorders, characterized by significant fluctuations in mood and

sleep disturbances, can lead to suicidal tendencies. It is estimated that up to 50% of the

800,000 suicides worldwide each year occur during periods of depressive episodes (7, 8).

The possible pathophysiology of major depressive illness has been attributed to

neuroinflammation, hormones, and hereditary factors (9, 10). On the other hand,

bipolar disorder seems to be caused by internal clock anomalies driven by low-grade

inflammation (11). Studying the pathophysiology of mood disorders not only leads to more

promising treatments, but also offers proof that the illnesses can be prevented altogether.

Prior research has demonstrated an extensive connection between mental health and

physical fitness, with the biochemical alterations in the peripheral system potentially
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contributing to the development of mood disorders (12–14). The

metabolites were reported to supply the substrates for biological

processes and transmit vital signals via regulating other regulatory

proteins (15), indicating whether or not the body’s physiological

functions are proper. Biogenic amines, including catecholamines,

indole amines and histamines, are nitrogen-containing compounds

produced by a-decarboxylation of amino acids (16). Biogenic amines

are highly prevalent in human tissues and are crucial for maintaining

DNA replication, hormone synthesis, protein synthesis, cell activity,

and other regular physiological processes (17). In the human body,

biogenic amine metabolites, such as taurine, aniline, betaine, choline,

histamine, kynurenine, and creatine, can respond to changes in

cellular metabolism and provide insights into the normalcy of the

physiological processes (18). In recent years, it has been discovered

that these metabolites have an intimate connection with mental

illnesses, particularly mood disorders (14, 19). Exploring the

alterations in biogenic amine metabolites in the peripheral and

central nervous systems of individuals suffering from mood

disorders may not only offer an innovative approach to identify the

conditions, but also shed light on the biological mechanisms

underlying mood disorders and pave the way for the discovery of

novel therapeutic targets in the future.
2 Histamine and mood disorders

Histamine, a metabolite of histidine, is expelled from mast cells

in response to tissue damage or allergic reactions (20). As a

transmitter in the nervous system and a signaling molecule in the

gut, skin and immune system (21), histamine mainly exists in

neuroepithelial cells and hematopoietic cells, and plays a great

role in gastric acid secretion, immune regulation, bronchus

smooth muscle contraction, and blood vessel dilation (21). The

axons of histaminergic neurons predominantly reside in the

posterior tuberomammillary nucleus of the hypothalamus (22).

Histamine binds to the brain primarily through G-protein-

coupled receptors, of which the brain contains four types: H1,

H2, H3, and H4. (Table 1).
2.1 Major depressive disorder

As a neurotransmitter, histamine regulates several important

brain functions, including cognition and mood (23). A clinical

study showed that adolescents diagnosed with major depressive

disorder exhibited notably elevated levels of peripheral histamine

compared to healthy individuals (24). Not only peripheral

histamine levels are different, but also histamine receptor levels in

the brain of patients with depressive disorder are differentially

expressed. The degree of the reduction in H1 receptor binding

was found to be linked with the intensity of depression symptoms in

the prefrontal cortex, frontal cortex, and cingulate gyrus (25),

indicating that H1 receptors could be potential targets for

treatment of major depressive disorder (26).

Histamine receptor inhibitors and inverse agonists have been

demonstrated in numerous animal experiments to have
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antidepressant effects in mice (27–31) (Table 2). Previous studies

found that adult mice lacking brain histamine exhibited indications

of depression and reduced levels of activity (32). Selective serotonin

reuptake inhibitors (SSRIs) such as citalopram have limited efficacy

in treating depressive symptoms in mice with histamine synthesis

disorders (33), suggesting that SSRIs antidepressants require a

complete histamine system to be clinically effective. In addition,

compared to normal mice, the mast cell-free mice reported elevated

levels of anxiety and despair (34). Experiments revealed that

inhibiting the activity of the H3 receptor using H3 receptor

antagonists resulted in elevated levels of histamine, which in turn

led to an upregulation of BDNF expression in the prefrontal and

hippocampal regions of depressed mice via the H4 receptor.

Additionally, this intervention normalized the overactive HPA

axis, demonstrating an antidepressant effect (30).

However, early animal studies have shown that acute and chronic

restraint stress elevate histamine turnover in the nucleus accumbens

and striatum in rats (35, 36). After forced swimming experiment,

there was a notable rise in the concentration of the histamine

metabolite tele-methylhistamine in the cerebral cortex of mice.

Antagonizing the H1 receptor may have an antidepressant effect

since the rats’ forced swimming experiment’s rest period decreased

after the H1 receptor antagonist was administered (37). In addition,

the H3 receptor antagonist thioperamide can trigger the release of

histamine in neurons, and the increased histamine stimulates the H1

receptor to mediate the anxiety effect, causing the mice exhibiting

overt anxiety symptoms in the light-dark box experiment (38). H1

receptor antagonists injected into the lateral interventricular septum

(39) and basolateral amygdala (40) significantly reversed anxiety-like
TABLE 1 The distribution and function of histamine receptors in
human body.

Receptor Distribution Effects

H1 Receptor Central nervous system,
especially in thalamus,
cortex and other
regions (210)

Activate neurons and astrocytes
(211); Activate H1R, leading to the
production of cyclic guanosine
monophosphate (cGMP) and nitric
oxide (NO), thus inducing the
production of arachidonic acid
(21, 23)

H2 Receptor Mainly in basal ganglia,
hippocampus, amygdala
and cerebral cortex
(210, 212)

Induce an increase in intracellular
cyclic adenosine phosphate (cAMP)
production (41); Block Ca2+

activated potassium conduction and
inhibit the release of PLA2 and
arachidonic acid (21, 23)

H3 Receptor Widely in the central
nervous system,
especially in the cortex,
hippocampus and
caudate nucleus, but
low in peripheral tissues
(213, 214)

Mediate feedback inhibition of
histamine release and synthesis, and
regulate the release of other
neurotransmitters such as dopamine
and GABA (215)

H4 Receptor Mainly on
hematopoietic cells and
immune cells such as
mast cells, eosinophils,
dendritic cells, and
microglia (41)

Play a role in histamine-mediated
inflammation, but the specific
mechanism is still unclear (41)
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behavior in rats. The aforementioned research demonstrates that

both acute and long-term stress raise histamine turnover in the brain,

which may be connected to the etiology of anxiety. It also reveals that

anxiety symptoms may be mediated by the activation of the

H1 receptor.
2.2 Bipolar disorder

The histaminergic system is involved in many basic physiological

functions, including the sleep-wake cycle, which is strongly associated

with bipolar disorder (41). Sectional analysis of the brains of bipolar

disorder patients found that histamine H3 receptors in the prefrontal

cortex may be involved in the regulation of cognitive impairment by

regulating the connections between the hippocampus and various

cortical and subcortical regions (22).
3 Kynurenine pathway and
mood disorders

Tryptophan, an essential amino acid, forms a vary of neuroactive

compounds with physiologically significant roles. Apart from the

process of serotonin production, the kynurenine pathway is

responsible for the metabolism of approximately 90% (42) of
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tryptophan. The kynurenine route commences with the

transformation of tryptophan into kynurenine, which is the initial

and rate-limiting step, facilitated by indoleamine 2, 3-dioxygenase

(IDO) 1, IDO2, and tryptophan 2, 3-dioxygenase (TDO) (43).

Numerous immune system cells express the IDO1 enzyme, such as

macrophages, astrocytes, and microglia (44). Compared to IDO1

enzyme, IDO2 enzyme is mainly located in the liver and kidney with

a reduced catalytic activity (45). Additionally, TDO ismostly found in

the liver and can be preferentially triggered by glucocorticoids as well

as low concentrations of reactive oxygen species (46). 60% of

kynurenic acid in the central nervous system originates from the

periphery and is able to cross the blood-brain barrier by utilizing

neutral amino acid transporters (47). Kynurenine aminotransferase

(KAT) I, II, III, and IV catalyzes the conversion of kynurenine in

astrocytes to kynurenic acid, which is believed to have a

neuroprotective impact against the excitotoxic and apoptotic effects

of NMDA receptors (48, 49). In microglia and macrophages,

kynurenine is progressively degraded to 3-hydroxykynurenine (3-

HK), 3-hydroxycyanuric acid (3-HA), and ultimately converted to

neurotoxic quinolinic acid (48)(Figure 1).
3.1 Major depressive disorder

Kynurenine pathway metabolites are intimately related to

inflammatory pathways, and recent studies indicated that

disruption of the kynurenine pathway could potentially contribute

to the etiology of depression (50, 51). Numerous studies have

examined the concentrations of metabolites in the peripheral

kynurenine pathway in patients diagnosed with depression, and

found that in comparison to healthy controls, patients with

depression had lower levels of peripheral tryptophan, kynurenine,

and kynurenine quinolinic acid (52–55), a lower ratio of kynurenine

to kynurenine (56), and a higher ratio of kynurenine to tryptophan

(57, 58). These findings suggest that major depressive disorder

could be caused by an imbalance between neuroprotective and

neurotoxic metabolites in the kynurenine pathway (54, 59).

Previous study found that individuals with endogenous anxiety

had higher plasma kynurenine concentrations than patients with

endogenous depression, which suggests that plasma kynurenine can

be used as an additional standard to discriminate between the two

conditions (60). The severity of depression in individuals with

postpartum depression was found to be positively correlated with

elevated levels of plasma IL-6 and IL-8, as well as reduced levels of

quinolinic acid (61).

Since kynurenine pathway metabolites can penetrate the blood-

brain barrier, alterations in metabolite levels can affect central

neurotransmitter signaling. A favorable association was seen between

the concentration of plasma kynurenine, the 3-HAA content in the

right caudate nucleus, and the total choline in the left putamina

striatum in an adolescent depressive disorder research (62). In

patients with depressive disorder, the ratio of serum kynurenic acid

to 3-hydroxykynurenine was reported to be inversely linked with left

hippocampus activity during autobiographical memory recall (63).

Studies have shown that the ratio of serum kynurequinolinic acid to

quinolinic acid in patients with depressive disorder is negatively
TABLE 2 Studies of histamine receptors in depression animal models.

Author Target
Receptor

Main conclusion

Iida,
et al (27)

H3 Receptor The H3 receptor inverse agonist JNJ reduced LPS-
induced upregulation of microglia
proinflammatory cytokines and improved
depression-like behavior.

Bah,
et al. (28)

H3 Receptor The H3 receptor antagonist ST-1283 can improve
anxiety and depressive behavior in mice, and the
pretreatment of the H3 receptor agonist R-alpha-
methylhistamine can eliminate the antianxiety and
antidepressant effects of ST-1283.

Femenıá,
et al. (29)

H1、H2、
H3 Receptor

The H3 receptor antagonist chlorfenpropyl
alleviated depression, reversed memory deficits,
and increased hippocampal GluN2A protein levels
in rats. The antidepressant effects of clopropyl and
the enhancement of synaptic plasticity require
activation of H1 and H2 receptors in
the hippocampus.

Kumar,
et al. (30)

H3、
H4 Receptor

The H3 receptor antagonist ciproxifan alleviated
frontal depression-like symptoms induced by
chronic unpredictable stress and increased the
expression of BDNF in the prefrontal cortex (PFC)
and hippocampus of depressed mice. Histamine
can significantly induce BDNF expression, and H4
receptor selective antagonists block BDNF
expression, while other histamine receptor
selective antagonists do not block
BDNF expression.

Sanna,
et al. (31)

H4 Receptor The H4 receptor knockout mice showed
significant symptoms of anxiety and depression,
and the immobile time increased in the tail
suspension experiment.
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connected with the severity of depressive symptoms (64, 65), but

positively correlated with hippocampus volume (66). Following the

administration of interferon-gamma, the concentrations of kynurenine,

kynurenquinolinic acid, and quinolinic acid in the cerebral fluid of

patients with hepatitis C were elevated, and were substantially linked to

depressed symptoms (50).

At present, studies on the kynurenine pathway metabolites in

the brain tissue of patients with depressive disorders are very

limited. Patients with depressive disorders exhibited a notable

reduction in the activation of the kynurenine pathway, as well as

decreased levels of quinolinic acid and expression of the IDO1 and

IDO2 enzymes in the ventral prefrontal cortex (67). Furthermore,

studies have demonstrated that patients with major depressive

disorder had higher densities of quinoline-positive microglia in

both the anterior and premedia cingulate cortex (68), which further

suggests certain regional specificity (69).
3.2 Bipolar disorder

In recent years, the equilibrium of the kynurenine pathway’s

neuroprotective and neurotoxic effects has been proposed as one of

the potential physiological underpinnings of bipolar disorder.

Compared with healthy people, the levels of peripheral tryptophan,

kynurenine and kynurenquinolinic acid decreased in BD patients,

and the levels of tryptophan decreased the most in individuals with

manic episodes (70). Peripheral 3-HK levels were associated with the

severity of depressive episodes in patients with bipolar disorder (71),

while peripheral kynurequinolinic acid concentrations had a weakly

negative correlation with depressed episodes (72). A study conducted

on adolescent patients revealed a favorable association between
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depression symptoms and the kynurenic acid/kynurenine ratio, as

well as a negative correlation between depression symptoms with the

kynurenine and kynurenine/tryptophan ratio (73). Peripheral

kynurenine and kynurenic acid levels rose dramatically following

ketamine administration, whereas the quinolinic acid to kynurenine

ratio fell (74).

Studies have indicated that in bipolar disorder patients, there is a

correlation between the integrity of white matter in multiple brain

regions, including the corpus callosum, and the decreased level of

peripheral kynurenic acid (75), the increased level of kynurenic acid,

and the increased kynurenic acid/tryptophan ratio (76). Decreased

levels of tryptophan are associated with depressive symptoms, but

increased amounts of kynurenic acid may safeguard the structure of

white matter in the brain. Activation of the kynurenine pathway may

be cohort-specific in bipolar disorder patients, though, as evidenced

by the lack of a statistically significant correlation between various

metabolites of the kynurenine pathway in cerebrospinal fluid and

depressive symptoms in bipolar disorder patients (77)(Table 3).
4 Creatine/creatine kinase pathway
and mood disorders

Creatine kinase serves as the central regulating enzyme in

cellular energy metabolism and is extensively present in muscle,

brain, renal tubules, and other high-energy-demanding tissues and

organs (78). Within the cell, creatine and creatine phosphate

undergo reciprocal conversion through the control of creatine

kinase, prompting the shuttle of high-energy phosphates at the

site of ATP production, and providing support for mitochondrial

and cellular energy turnover (79). Creatine, as a substrate for the
FIGURE 1

The synthesis and decomposition of kynurenine. TRP, tryptophan; KYN, kynurenine; QUIN, quinolinic acid; KA, kynurenic acid.
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reaction catalyzed by creatine kinase, is mostly present in muscle

tissue and synthesized by the renal-liver axis. In the kidneys,

arginine and glycine are synthesized into guanidine acetate, a

precursor of creatine, under the action of glycinamide transferase

(GATM) (80). After entering the peripheral circulation, guanidine

acetate is absorbed by hepatocytes that produce guanidine acetate

methyltransferase (GAMT), which then catalyzes the conversion of

guanidine acetate to creatine. Following its export from the liver,

creatine is taken up by cells that express creatine transporters and

transformed by creatine kinases into creatine phosphate (81).

Furthermore, creatine can be synthesized in other cell types,

including fat, skeletal muscle, and pancreatic acinar cells, as well

as absorbed by nutrition (82–84) (Figure 2).
Frontiers in Psychiatry 05
4.1 Major depressive disorder

Studies have demonstrated a robust association between

depression symptoms and fluctuations in levels of creatine and

creatine kinase. Research findings indicated a correlation between

the concentration of serum total creatine kinase and depressive

symptoms in healthy women who are under stress (85). The

volume of gray matter in the right medial superior frontal gyrus

and the concentration of creatine in the prefrontal cortex were

negatively correlated with the severity of depression, whereas the

volume of graymatter in the right medial upper frontal cortex and the

concentration of creatine in the medial prefrontal cortex were

positively correlated (86), suggesting that increasing creatine

concentration in the prefrontal cortex may improve the depressive

symptoms of patients.

Numerous investigations on the amelioration of depression

symptoms through creatine supplementation are already available,

which amply supports the use of creatine in animal studies for the

treatment of depression symptoms (87–92). One study showed that

the administration of creatine helped improve depression-like

behavior triggered by long-term corticosterone use (93). Systematic

reviews have been conducted with an emphasis on creatine’s

application in depression treatment (94). At present, many of the

participants in the studies are women (95); In animal experiments,

female rats exhibited a more favorable response to dietary creatine

supplementation compared tomale rats (96, 97), indicating that there

might be a sex-dependent relationship between creatine and the

treatment of depression symptoms. Studies of animal estrus cycle

data revealed that the antidepressant effect of creatine on females

mainly occurred in the proestrus and estrus, suggesting that ovarian

hormones may have an impact on creatine’s therapeutic effects (96).
FIGURE 2

The synthesis and biological effects of creatine. Gly, glycine; Arg, arginine; CRT, creatine transporter.
TABLE 3 Studies of kynurenine pathway metabolites in mood disorders.

Location Main finding

Major
Depressive
Disorder

Peripheral system Tryptophan↓, Kynurenine↓,
Kynurenic acid↓ (53–55),
Kynurenic acid/Kynurenine↓ (56),
Kynurenine/Tryptophan↑ (57, 58)

Central system Ventral prefrontal cortex
kynurenic acid↓ (67)
Anterior cingulate cortex,
premedial cingulate cortex
kynurenic acid↑ (68)

Bipolar
Disorder

Peripheral system Tryptophan↓, Kynurenine↓,
Kynurenic acid↓ (71, 75),
Kynurenine/Tryptophan↓ (73)
3-hydroxykynurenine↑ (71),
Kynurenic acid/Kynurenine↑ (73)
↑means the level of the metabolite was higher than healthy controls. ↓means that the level of
the metabolite was lower than healthy controls.
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Previous review suggested that oligodendrocyte maturation and

myelogenesis in the prefrontal cortex (PFC) were extremely

responsive to stress experiences, and myelin-related transcriptional

genes (MOG, MOBP, PLLP, PLP1, etc.) were significantly down-

regulated when symptoms deteriorated. Exposing the mice to

unpredictable chronic mild stress resulted in alterations in the

transcription of approximately 30-40 genes, including genes linked

with oligodendrocytes such as MBP, MOB, and CNP (98). Creatine

can directly increase the production of mitochondrial ATP in the

culture of oligodendrocyte line and protect caspase-dependent

apoptosis of oligodendrocytes during myelin regeneration in the

central nervous system (99), while the homozygous loss of GAMT,

the rate-limiting enzyme of creatine production, leads to a significant

reduction of mature oligodendrocytes in the corpus callosum and

delays myelin formation (100). These findings suggested that creatine

therapy may be related to the protection of nervous system

oligodendrocytes and myelination.
4.2 Bipolar disorder

Current studies mostly have shown that patients with bipolar

disorder exhibit notably elevated serum creatine kinase levels than

healthy controls during the manic phase (101, 102). Hillbrand et al.

investigated the relationship between creatine kinase and manic-

like aggressive behavior and found that creatine kinase levels were

strongly associated with aggressive behavior in patients treated with

antipsychotics (103). This suggests that creatine kinase could serve

as a valuable indicator for predicting violent behavior. Additionally,

Meltzer et al. found that increased muscle-type creatine kinase

levels precede aggression and may persist throughout the course of

the disease (104).

In recent years, studies on the structural changes of brain tissue

in patients with bipolar disorder have received extensive attention.

Research has revealed that individuals with bipolar disorder have

significantly reduced amounts of creatine kinase mRNA in

hippocampal and prefrontal cortical regions compared to healthy

individuals (105, 106). Du et al. used 31P magnetization transfer

magnetic resonance spectroscopy to measure the forward response

rate constant of creatine kinase. They discovered a noteworthy

reduction in the forward response rate constant of creatine kinase in

the bipolar disorder group when compared to the healthy control

group. Furthermore, they pinpointed the precise molecular

mechanism underlying bipolar disorder patients’ incapacity to

refuel ATP in the brain during times of high energy demand (107).

A study involving phosphocreatine shuttling in the brain in

bipolar disorder showed that in the frontal lobe and corpus

callosum, high-energy phosphates are reduced in the form of

phosphocreatine (108). Phosphocreatine levels in the frontal and

occipital lobes, as well as the overall brain, are lower in adolescents

and adults with bipolar disorder (109). This lends further credence

to the hypothesis that bipolar disorder is associated with impaired

mitochondrial activity or creatine metabolism. Nonetheless, certain

research has demonstrated that there is no discernible variation in

brain creatine levels between bipolar disorder patients and healthy

individuals (110). The degree of physical and sexual abuse
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throughout childhood was linked to higher levels of creatine

phosphate and lower creatine/creatine phosphate ratios in the

anterior cingulate cortex in bipolar disorder patients (111).

Previous studies have showed that in addition to promoting and

treating muscles, creatine supplementation may also promote brain

health, such as cognitive processing, brain function, and repair after

injury (112, 113). As a mitochondrial regulator, creatine monohydrate

has been utilized as adjuvant therapy for individuals experiencing the

depressive phase of bipolar disorder and has been reported to enhance

cognitive function (114, 115). However, research has indicated that

creatine can improve symptoms in patients with unipolar depression,

while its use in bipolar depression may cause patients to transition to a

manic phase (116). Bipolar disorder patients have been found to have

lower levels of hippocampal myelination (117) and down-regulated

brain oligodendrocytes as well as essential myelination-related genes

(118) when compared to the control group.
5 Other biogenic amine metabolites
and mood disorders

5.1 Taurine

Taurine, a sulfur-containing amino acid, is abundant in skeletal

muscle (119–121) and plays a role in critical physiological processes

including energy metabolism, lipid and carbohydrate metabolism and

anti-inflammatory effects (122–124). As one of the essential amino

acids for brain development, taurine has been found to be associated

with the occurrence and development of depressive disorders.

Previous studies showed that in depressed mice induced by chronic

social failure stress, the level of taurine in extracellular fluid of the

medial prefrontal cortex of the brain was significantly lessened.

Additionally, the depression symptoms of the mice were

significantly alleviated following taurine supplementation (125). In

addition, taurine can lessen anxiety and enhance spatial memory in

depressed rats, achieving the role of preventing depression-like

behavior (126). The results suggested that the antidepressant effect

of taurine may be related to the regulation of the hypothalamic-

pituitary-adrenal (HPA) axis and the promotion of hippocampal

neurogenesis, neuron survival and proliferation (126).
5.2 Betaine

Betaine, also known as trimethyl glycine, is mainly distributed

in liver, kidney and brain (127). It can regulate human energy

metabolism, relieve chronic inflammation (128), and help treat a

range of illnesses, including obesity (129), diabetes (130, 131),

Alzheimer’s disease (132) and other diseases. Furthermore, the

research verified that betaine could ameliorate depression-like

behavior in mice and has a neuroprotective effect on depressed

mice generated by exposure to zinc oxide nanoparticles (133).

Combining betaine with S-adenosine-methionine (SAMe) is more

effective than SAMe alone in patients with mild to moderate

depressive disorder (134, 135).
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5.3 Choline

Choline is the hydrophilic head group of phosphatidylcholine

and is involved in several physiological processes: the structural

integrity of cell membranes, the transmission of lipid-derived

signals and cholinergic neurotransmission and methylation (136).

Choline supplementation might provide several beneficial outcomes,

including diminishing the likelihood of cardiovascular events and

breast cancer, as well as decreasing levels of inflammatory markers

(137). In recent years, the connection between choline level and

mood disorders has drawn a lot of attention. Dietary choline

consumption was found to be inversely associated with the

likelihood of experiencing depression symptoms in a cross-

sectional study (138). Patients with refractory depressive disorder

exhibited significantly elevated levels of choline in both the left and

right hippocampus regions of the central nervous system, in

comparison to first-episode patients and healthy individuals (139).

Furthermore, a notable and favorable connection was discovered

between the Hamilton Depression (HAMD) score and the choline/

creatine (Cho/Cr) ratio in both the bilateral hippocampus areas and

the left thalamus of patients with poststroke depression (140). After

treatment, a significant decrease was detected in the Cho/Cr ratio of

both the left thalamus and the bilateral hippocampal regions, raising

the possibility that the aberrant cholinemetabolism in these regions is

connected to post-stroke depression.

Manic individuals with greater average levels of choline in red

blood cells are more likely to be unwell, have a worse prognosis, and

a limited response to lithium treatment (141). Patients who do not

respond to lithium demonstrate higher amounts of choline in the

dorsolateral prefrontal lobe in comparison to patients who do

respond positively to lithium (142). In addition, in contrast to

controls, bipolar disorder patients had a considerably greater Cho/

Cr-PCr ratio in the right cingulate cortex (143). The choline/

creatine ratio in anterior cingulate cortex in adolescents with

depressive disorder is significantly higher than that in patients

with bipolar disorder (144), indicating that the total choline in

anterior cingulate cortex may serve as a biomarker for the diagnosis

of mood disorders in adolescents.
6 Associations between biogenic
amine metabolites

The relationship between different biogenic amine metabolites

remains uncertain. Taurine and amino acid metabolites such as

creatine and histamine may work together through the same solute

carrier superfamily. The SLC6 family, consisting of taurine and

creatine transporters, is expressed in an array of tissues and is

capable of actively transporting substrates on biofilms via gradients

in sodium ion concentration (145). According to the study of Kurtz,

J. A. et al., taurine supplementation can promote muscle

regeneration and increase strength in male athletes (146),

suggesting that exogenous taurine supplementation may affect

creatine metabolism. Moreover, taurine and creatine have been

found to present a time - and space-dependent imbalance in the
Frontiers in Psychiatry 07
brains of Alzheimer’s disease rats (147). Taurine supplementation

throughout gestation can increase the N-acetyl aspartic acid

(NAA)/creatine (Cr) ratio related to the number of neurons. It

can also decrease the ratio of choline (Cho) to creatine (Cr), which

is related to the number of glial cells. This improvement in

hippocampal neuronal metabolism suggests that the balance

between taurine and creatine may be linked to cognitive function

(148). A previous study found that gut microbiota derived

metabolites taurine, histamine, and spermine maintain the

balance between host and gut microbiota by co-regulating NLRP6

inflammasome signaling, epithelial IL-18 secretion, and

downstream antimicrobial peptide (AMP) profiles (149).

Choline, which is an organic penetrant and methyl donor in

carbon metabolism (127), is converted to betaine, an oxidized

byproduct. Betaine is a crucial neurotransmitter in a number of

physiological functions, including memory retention and muscular

control (150). A study in obese patients showed that choline and

betaine supplements specifically raised histidine levels while

simultaneously lowering taurine, acetic acid, and beta-hydroxybutyric

acid levels, suggesting that choline and betaine supplements may have a

beneficial effect on the citric acid cycle and can assist in the treatment of

obesity-related diseases (151).
7 Other biological mechanisms of
mood disorders interacting with
biogenic amine metabolites

7.1 Inflammation

It has been discovered that inflammation is linked to stress-

related mental diseases, such as major depressive disorder and

bipolar disorder (152). Previous studies have shown that

proinflammatory cytokines and acute phase proteins in blood

were increased in depressive patients compared to healthy

controls (153), and antidepressant treatment can considerably

decrease the levels of IL-6, TNF, IL-10 and CCL2 in peripheral

blood (154, 155). Furthermore, bipolar disorder patients also

showed elevated serum levels of IL-2, IL-4, and IL-6 (156).

Inflammatory factors can act on the kynurenine pathway, thus

affecting the occurrence of depression. Excessive activation of the

kynurenine pathway results in disruptions in the levels of neurotoxic/

neuroprotective compounds, particularly 3-HK/QA/Kyna. Studies

have shown that patients treated with IFN-alpha have reduced

serum tryptophan levels, increased Kyn levels and Kyn/Trp ratio

activity, and increased depressive symptoms (157). Besides,

antidepressants with anti-inflammatory properties suppress the

activation of IDO by reducing levels of pro-inflammatory cytokines

in immune-activated individuals, thereby aiding in the alleviation of

depressive symptoms (158). The application of saffron extract can

reduce depression-like behavior in mice through modulating the

expression of KYN-related neurotoxicity (159).

Studies have shown that acute inflammation induced by

lipopolysaccharides may lead to increased histamine and decreased

serotonin in the central nervous system, leading to depression-like
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behaviors (160, 161). In addition, the utilization of creatine

supplements has been shown to effectively alleviate many

inflammation-related conditions, such as cancer (162) and

osteoarthritis (163). Dietary creatine supplementation can delay the

emergence of tumors in mice by regulating CD8+ T cell immunity

(164). Zhang et al. demonstrated that betaine could facilitate the

conversion of microglia from theM1 phenotype to theM2 phenotype

by suppressing the activation of NLRP3 inflammasome, thus

reducing the depressed-like behavior induced by lipopolysaccharide

in mice (165).
7.2 Gut microbiota

A growing number of studies has demonstrated the link

between mood disorders and alterations in the gut microbiome. It

was widely acknowledged that proinflammatory bacteria were

enriched and anti-inflammatory bacteria decreased in the gut of

depressive patients, further strengthening the inflammatory

hypothesis of depression (166). Metabolites derived from gut

microbes are also strongly connected to mood disorders (167–170).

Increasing evidence suggests that kynurenine and its

downstream metabolites, occurring in the gut, play an important

role in regulating immune cell function, intestinal inflammation,

and altering the production and inhibition of inflammatory

cytokines (171, 172). Rats that received fecal microbiota

transplants from depressive patients showed more pronounced

depressive symptoms, associated with higher circulating

kynurenine and kynurenine/tryptophan ratios (173). Probiotics,

including L. helveticus R0052 and B. longum R0175, have been

shown to have anxiety-reducing benefits in rats and positive

psychological effects in healthy human volunteers (174).

Symbiotic microbes in the gut can produce histamine and

related compounds under physiological conditions, suggesting

that intestinal histamine might play a regulatory role in

maintaining intestinal barrier function (149, 175, 176). Diets rich

in polyunsaturated fatty acids, short-chain fatty acid and vitamin A

have a protective effect against chronic stress in mice, while

histamine deficiency can block this effect (177, 178).

The gut microbiome converts choline into several compounds,

including trimethyl glycine (betaine) and trimethylamine (179). In

addition, choline can undergo metabolism to produce hepatotoxic

methylamines, such as dimethylamine, trimethylamine (TMA), and

trimethylamine N-oxide (TMAO) (180). A high-fat diet alters the

way choline is processed, leading to an increase in methylamine

production (181). Furthermore, patients with major depressive

disorder had higher levels of TMAO compared to healthy

individuals, indicating that gut microorganisms can influence

choline metabolism and are suspected of depressive symptoms in

patients (182).

Multiple studies have shown dysregulation of intestinal taurine

metabolism is significantly associated with anxiety and depression

symptoms (183), and remedies using medication or modifications

to the gut microbiota can ameliorate these symptoms by enhancing

taurine metabolism (184, 185).
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7.3 Brain-derived neurotrophic factor

Brain-derived neurotrophic factor (BDNF) binds to the tyrosine

kinase receptor B (TrkB) receptor, which is directly involved in

neurite growth, neuroplasticity and phenotypic maturation, and is

crucial for the development and plasticity of synapses (186). The

change of BDNF expression is closely related to normal and

pathological aging (187), and has been verified to have a close

correlation with mood disorders (188).

It is reported that the histamine H3R antagonist thioperamide

hinders microglia activity and inflammatory response, and improves

neurogenic injury and cognitive dysfunction by enhancing histamine

release (189, 190). Besides, H3R antagonist s38093 was found to

reverse the age-related effects of BDNF in the hippocampus of aging

mice and increased hippocampal neurogenesis in adults, providing an

innovative strategy to address cognitive deficits (191).

The mixture of creatine and taurine can trigger a notable rise in

the expression of BDNF in stressed rats, and its antidepressant effect

is related to the increase of behavior pattern mediated by

extracellular regulated protein kinases (ERK)/BDNF pathway and

mTORC1 signal pathway (192, 193). The presence of a specific

genetic variation (BDNF rs6265) in the BDNF gene has a notable

two-way interaction with creatine in bipolar disorder patients,

suggesting that the pathogenesis of bipolar disorder may be

related to the metabolism of the anterior cingulate cortex (194).

Taurine restores cognitive function and memory in rats exposed

to toxic chemicals by stimulating N-methyl-D-aspartate (NMDA)

receptors and elevating the expression of BDNF (195, 196), and

counteracts the negative effects of cAMP-PKA-CREB signaling

pathway on behavior and cognitive function of rats (197).

Furthermore, taurine efficiently suppresses oxidative stress,

neuroinflammation, and apoptosis in stressed rats by restoring

BDNF expression and blocking the NF-kB signaling pathway (198).
7.4 Circadian rhythm

The disruption of rhythm is firmly connected with mood, sleep

and physiological activities, and is one of the core symptoms of mood

disorders, indicating that circadian rhythm disturbance is an

important factor in the pathogenesis of mood disorders (199). The

circadian system helps regulate a variety of vital functions, such as

memory formation and maintenance, emotional regulation, cognitive

function, and neuroplasticity (199, 200), via controlling the

production of the CLOCK protein. Clock protein resides in various

brain regions such as the hippocampus and amygdala (201), and can

regulate the monoaminergic system in each region, thus regulating

emotion-related behaviors (202, 203).

Tryptophan and kynurenine, as substrates for melatonin

generation, could affect the synthesis of melatonin and the

circadian rhythm, thereby impacting cognition and mood (204).

In bipolar disorder, overactivation of the kynurenine pathway result

in reduced tryptophan-produced melatonin, which leads to

emotional symptoms and disruption of circadian rhythms (205).

In addition, the kynurenine pathway and melatonin production
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may also be related to BDNF production, suggesting that the

emergence of bipolar disorder may include a more intricate process.

Melatonin can interact with histamine signaling pathways and

ultimately affect circadian rhythms (206). Previous studies have shown

that histamine is associated with behavior and sleep-wake control

(207), and is considered to be a downstream target of circadian action

(208). Organic cation transporter 3 (OCT3) facilitates the transmission

of histamine in mast cells and is linked to the regulation of the CLOCK

gene, indicating that OCT3 plays a role in controlling the body’s

internal clock (209). Changes in circadian rhythms can lead to

modifications in the synthesis and transport of histamine, hence

causing alterations in mood and behaviors.
8 Conclusion

Studies have shown that compared with healthy people, patients

with mood disorders present notable variations in the biogenic

amine metabolites in the peripheral and central nervous system.

Future investigations should concentrate on the molecular pathway

that links biogenic amine metabolites to mood disorders.

The two branches of kynurenine metabolism in the brain

exhibit neuroprotective and neurotoxic effects, respectively, and

the underlying mechanism of disease may be the equilibrium

between the two branches, rather than the absolute levels of their

metabolites. The disruption of circadian rhythm and melatonin

synthesis may be attributed to the imbalance between the

neurotoxic and neuroprotective pathways of kynurenine. Anti-

inflammatory antidepressants may help to improve this imbalance.

Creatine, as a mitochondrial regulator, has been used to treat

depressive disorders and bipolar depression, but there is a risk of

transforming bipolar depression into bipolar mania. Previous studies

have shown that patients with bipolar disorder and depressive disorder

exhibit a decrease in the expression of genes associated with the

development of oligodendrocytes and myelin. Additionally, creatine

supplementation has been shown to protect oligodendrocytes and

enhance myelin formation, raising the possibility that mood

disorders may be caused by the creatine-related oligodendrocyte

myelin pathway. The study on the mechanism of creatine as an

adjunct therapy for depression can not only offer a fresh perspective

on the treatment of depression, but also serve as a guide for managing

depressive phase of bipolar disorder. In addition, peripheral creatine

kinase levels also differed in patients with unipolar depression and

bipolar disorder. Exploring the pathogenesis of peripheral creatine and

creatine kinase pathway in mood disorders is helpful to identify new

targets for the treatment of mood disorders.

Furthermore, biogenic amine metabolites are generated in

peripheral tissues, such as liver and kidney, and it has been
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established that biogenic amine metabolites interact peripherally with

the molecular processes of mood disorders, including gut microbiota

and inflammation. In the future, studying the connections between

peripheral signaling molecules and different brain regions—such as

blood-brain barrier crossing and hormone axis changes—may be

crucial to understanding the molecular foundations of mood disorders.
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from brain resident MAST cells promotes wakefulness and modulates behavioral states.
PLoS One. (2013) 8:e78434. doi: 10.1371/journal.pone.0078434

35. Ito C. The role of brain histamine in acute and chronic stresses. BioMed
Pharmacother. (2000) 54:263–7. doi: 10.1016/s0753-3322(00)80069-4

36. Ito C, Shen H, Toyota H, Kubota Y, Sakurai E, Watanabe T, et al. Effects of the
acute and chronic restraint stresses on the central histaminergic neuron system of
Fischer rat. Neurosci Lett. (1999) 262:143–5. doi: 10.1016/s0304-3940(99)00052-x

37. Noguchi S, Fukuda Y, Inukai T. Possible contributory role of the central
histaminergic system in the forced swimming model. Arzneimittelforschung. (1992)
42:611–3.

38. Imaizumi M, Onodera K. The behavioral and biochemical effects of
thioperamide, a histamine H3-receptor antagonist, in a light/dark test measuring
anxiety in mice. Life Sci. (1993) 53:1675–83. doi: 10.1016/0024-3205(93)90204-g

39. Zarrindast MR, Valizadegan F, Rostami P, Rezayof A. Histaminergic system of
the lateral septum in the modulation of anxiety-like behaviour in rats. Eur J Pharmacol.
(2008) 583:108–14. doi: 10.1016/j.ejphar.2008.01.003

40. Hajizadeh Moghaddam A, Roohbakhsh A, Rostami P, Heidary-Davishani A,
Zarrindast MR. GABA and histamine interaction in the basolateral amygdala of rats in
the plus-maze test of anxiety-like behaviors. Pharmacology. (2008) 82:59–66.
doi: 10.1159/000131110

41. Shan L, Bao AM, Swaab DF. The human histaminergic system in
neuropsychiatric disorders. Trends Neurosci. (2015) 38:167–77. doi: 10.1016/
j.tins.2014.12.008

42. Schwarcz R, Bruno JP, Muchowski PJ, Wu HQ. Kynurenines in the mammalian
brain: when physiology meets pathology. Nat Rev Neurosci. (2012) 13:465–77.
doi: 10.1038/nrn3257

43. Brown SJ, Huang XF, Newell KA. The kynurenine pathway in major depression:
What we know and where to next. Neurosci Biobehav Rev. (2021) 127:917–27.
doi: 10.1016/j.neubiorev.2021.05.018

44. Yamazaki F, Kuroiwa T, Takikawa O, Kido R. Human indolylamine 2,3-
dioxygenase. Its tissue distribution, and characterization of the placental enzyme.
Biochem J. (1985) 230:635–8. doi: 10.1042/bj2300635

45. Meininger D, Zalameda L, Liu Y, Stepan LP, Borges L, McCarter JD, et al.
Purification and kinetic characterization of human indoleamine 2,3-dioxygenases 1 and
2 (IDO1 and IDO2) and discovery of selective IDO1 inhibitors. Biochim Biophys Acta.
(2011) 1814:1947–54. doi: 10.1016/j.bbapap.2011.07.023

46. Li JS, Han Q, Fang J, Rizzi M, James AA, Li J. Biochemical mechanisms leading
to tryptophan 2,3-dioxygenase activation. Arch Insect Biochem Physiol. (2007) 64:74–
87. doi: 10.1002/arch.20159

47. Gál EM, Sherman AD. L-kynurenine: its synthesis and possible regulatory
function in brain. Neurochem Res. (1980) 5:223–39. doi: 10.1007/bf00964611

48. Perkins MN, Stone TW. An iontophoretic investigation of the actions of
convulsant kynurenines and their interaction with the endogenous excitant
quinolinic acid. Brain Res. (1982) 247:184–7. doi: 10.1016/0006-8993(82)91048-4

49. Han Q, Cai T, Tagle DA, Li J. Structure, expression, and function of kynurenine
aminotransferases in human and rodent brains. Cell Mol Life Sci. (2010) 67:353–68.
doi: 10.1007/s00018-009-0166-4

50. Raison CL, Dantzer R, Kelley KW, Lawson MA, Woolwine BJ, Vogt G, et al. CSF
concentrations of brain tryptophan and kynurenines during immune stimulation with
IFN-alpha: relationship to CNS immune responses and depression. Mol Psychiatry.
(2010) 15:393–403. doi: 10.1038/mp.2009.116

51. Wichers MC, Koek GH, Robaeys G, Verkerk R, Scharpé S, Maes M. IDO and
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Kynurenine pathway in major depression: evidence of impaired neuroprotection.
J Affect Disord. (2007) 98:143–51. doi: 10.1016/j.jad.2006.07.013

60. Orlikov AB, Prakhye IB, Ryzov IV. Kynurenine in blood plasma and DST in
patients with endogenous anxiety and endogenous depression. Biol Psychiatry. (1994)
36:97–102. doi: 10.1016/0006-3223(94)91189-4

61. Achtyes E, Keaton SA, Smart L, Burmeister AR, Heilman PL, Krzyzanowski S,
et al. Inflammation and kynurenine pathway dysregulation in post-partum women
with severe and suicidal depression. Brain Behav Immun. (2020) 83:239–47.
doi: 10.1016/j.bbi.2019.10.017

62. Gabbay V, Liebes L, Katz Y, Liu S, Mendoza S, Babb JS, et al. The kynurenine
pathway in adolescent depression: preliminary findings from a proton MR
spectroscopy study. Prog Neuropsychopharmacol Biol Psychiatry. (2010) 34:37–44.
doi: 10.1016/j.pnpbp.2009.09.015

63. Young KD, Drevets WC, Dantzer R, Teague TK, Bodurka J, Savitz J. Kynurenine
pathway metabolites are associated with hippocampal activity during autobiographical
memory recall in patients with depression. Brain Behav Immun. (2016) 56:335–42.
doi: 10.1016/j.bbi.2016.04.007

64. Schwieler L, Samuelsson M, Frye MA, Bhat M, Schuppe-Koistinen I, Jungholm
O, et al. Electroconvulsive therapy suppresses the neurotoxic branch of the kynurenine
pathway in treatment-resistant depressed patients. J Neuroinflamm. (2016) 13:51.
doi: 10.1186/s12974-016-0517-7

65. Meier TB, Drevets WC, Wurfel BE, Ford BN, Morris HM, Victor TA, et al.
Relationship between neurotoxic kynurenine metabolites and reductions in right
medial prefrontal cortical thickness in major depressive disorder. Brain Behav
Immun. (2016) 53:39–48. doi: 10.1016/j.bbi.2015.11.003

66. Savitz J, Drevets WC, Smith CM, Victor TA, Wurfel BE, Bellgowan PS, et al.
Putative neuroprotective and neurotoxic kynurenine pathway metabolites are associated
with hippocampal and amygdalar volumes in subjects with major depressive disorder.
Neuropsychopharmacology. (2015) 40:463–71. doi: 10.1038/npp.2014.194

67. Clark SM, Pocivavsek A, Nicholson JD, Notarangelo FM, Langenberg P,
McMahon RP, et al. Reduced kynurenine pathway metabolism and cytokine
expression in the prefrontal cortex of depressed individuals. J Psychiatry Neurosci.
(2016) 41:386–94. doi: 10.1503/jpn.150226

68. Steiner J, Walter M, Gos T, Guillemin GJ, Bernstein HG, Sarnyai Z, et al. Severe
depression is associated with increased microglial quinolinic acid in subregions of the
anterior cingulate gyrus: evidence for an immune-modulated glutamatergic
neurotransmission? J Neuroinflamm. (2011) 8:94. doi: 10.1186/1742-2094-8-94

69. Busse M, Busse S, Myint AM, Gos T, Dobrowolny H, Müller UJ, et al. Decreased
quinolinic acid in the hippocampus of depressive patients: evidence for local anti-
inflammatory and neuroprotective responses? Eur Arch Psychiatry Clin Neurosci.
(2015) 265:321–9. doi: 10.1007/s00406-014-0562-0

70. Bartoli F, Misiak B, Callovini T, Cavaleri D, Cioni RM, Crocamo C, et al. The
kynurenine pathway in bipolar disorder: a meta-analysis on the peripheral blood levels
of tryptophan and related metabolites.Mol Psychiatry. (2021) 26:3419–29. doi: 10.1038/
s41380-020-00913-1

71. Savitz J, Dantzer R, Wurfel BE, Victor TA, Ford BN, Bodurka J, et al.
Neuroprotective kynurenine metabolite indices are abnormally reduced and
positively associated with hippocampal and amygdalar volume in bipolar disorder.
Psychoneuroendocrinology. (2015) 52:200–11. doi: 10.1016/j.psyneuen.2014.11.015

72. van den Ameele S, van Nuijs AL, Lai FY, Schuermans J, Verkerk R, van Diermen
L, et al. A mood state-specific interaction between kynurenine metabolism and
inflammation is present in bipolar disorder. Bipolar Disord. (2020) 22:59–69.
doi: 10.1111/bdi.12814

73. Benevenuto D, Saxena K, Fries GR, Valvassori SS, Kahlon R, Saxena J, et al.
Alterations in plasma kynurenine pathway metabolites in children and adolescents with
Frontiers in Psychiatry 11
bipolar disorder and unaffected offspring of bipolar parents: A preliminary study.
Bipolar Disord. (2021) 23:689–96. doi: 10.1111/bdi.13027

74. Kadriu B, Farmer CA, Yuan P, Park LT, Deng ZD, Moaddel R, et al. The
kynurenine pathway and bipolar disorder: intersection of the monoaminergic and
glutamatergic systems and immune response. Mol Psychiatry. (2021) 26:4085–95.
doi: 10.1038/s41380-019-0589-8

75. Poletti S, Myint AM, Schüetze G, Bollettini I, Mazza E, Grillitsch D, et al.
Kynurenine pathway and white matter microstructure in bipolar disorder. Eur Arch
Psychiatry Clin Neurosci. (2018) 268:157–68. doi: 10.1007/s00406-016-0731-4

76. Comai S, Melloni E, Lorenzi C, Bollettini I, Vai B, Zanardi R, et al. Selective
association of cytokine levels and kynurenine/tryptophan ratio with alterations in white
matter microstructure in bipolar but not in unipolar depression. Eur
Neuropsychopharmacol. (2022) 55:96–109. doi: 10.1016/j.euroneuro.2021.11.003

77. Trepci A, Sellgren CM, Pålsson E, Brundin L, Khanlarkhani N, Schwieler L, et al.
Central levels of tryptophan metabolites in subjects with bipolar disorder. Eur
Neuropsychopharmacol. (2021) 43:52–62. doi: 10.1016/j.euroneuro.2020.11.018

78. Brewster LM, Clark JF, van Montfrans GA. Is greater tissue activity of creatine
kinase the genetic factor increasing hypertension risk in black people of sub-Saharan
African descent? J Hypertens. (2000) 18:1537–44. doi: 10.1097/00004872-200018110-
00002

79. Ellington WR. Phosphocreatine represents a thermodynamic and functional
improvement over other muscle phosphagens. J Exp Biol. (1989) 143:177–94.
doi: 10.1242/jeb.143.1.177

80. Wyss M, Kaddurah-Daouk R. Creatine and creatinine metabolism. Physiol Rev.
(2000) 80:1107–213. doi: 10.1152/physrev.2000.80.3.1107

81. Kazak L, Cohen P. Creatine metabolism: energy homeostasis, immunity and
cancer biology. Nat Rev Endocrinol. (2020) 16:421–36. doi: 10.1038/s41574-020-0365-5

82. Russell AP, Ghobrial L, Wright CR, Lamon S, Brown EL, Kon M, et al. Creatine
transporter (SLC6A8) knockout mice display an increased capacity for in vitro creatine
biosynthesis in skeletal muscle. Front Physiol. (2014) 5:314. doi: 10.3389/
fphys.2014.00314

83. da Silva RP, Clow K, Brosnan JT, Brosnan ME. Synthesis of guanidinoacetate
and creatine from amino acids by rat pancreas. Br J Nutr. (2014) 111:571–7.
doi: 10.1017/s0007114513003012

84. Kazak L, Chouchani ET, Lu GZ, Jedrychowski MP, Bare CJ, Mina AI, et al.
Genetic depletion of adipocyte creatine metabolism inhibits diet-induced
thermogenesis and drives obesity. Cell Metab. (2017) 26:660–671.e3. doi: 10.1016/
j.cmet.2017.08.009

85. Kato A, Sakakibara H, Tsuboi H, Tatsumi A, Akimoto M, Shimoi K, et al.
Depressive symptoms of female nursing staff working in stressful environments and
their association with serum creatine kinase and lactate dehydrogenase - a preliminary
study. Biopsychosoc Med. (2014) 8:21. doi: 10.1186/1751-0759-8-21

86. Faulkner P, Paioni SL, Kozhuharova P, Orlov N, Lythgoe DJ, Daniju Y, et al.
Relationship between depression, prefrontal creatine and grey matter volume. J
Psychopharmacol. (2021) 35:1464–72. doi: 10.1177/02698811211050550

87. Okwuofu EO, Ogundepo GE, Akhigbemen AM, Abiola AL, Ozolua RI, Igbe I,
et al. Creatine attenuates seizure severity, anxiety and depressive-like behaviors in
pentylenetetrazole kindled mice. Metab Brain Dis. (2021) 36:571–9. doi: 10.1007/
s11011-021-00684-w

88. Kanekar S, Ettaro R, Hoffman MD, Ombach HJ, Brown J, Lynch C, et al. Sex-
based impact of creatine supplementation on depressive symptoms, brain serotonin
and SSRI efficacy in an animal model of treatment-resistant depression. Int J Mol Sci.
(2021) 22:8195. doi: 10.3390/ijms22158195

89. Rosa JM, Pazini FL, Cunha MP, Colla ARS, Manosso LM, Mancini G, et al.
Antidepressant effects of creatine on amyloid b(1-40)-treated mice: The role of GSK-
3b/Nrf(2) pathway. Prog Neuropsychopharmacol Biol Psychiatry. (2018) 86:270–8.
doi: 10.1016/j.pnpbp.2018.05.001

90. Bakian AV, Huber RS, Scholl L, Renshaw PF, Kondo D. Dietary creatine intake
and depression risk among U.S. adults. Transl Psychiatry. (2020) 10:52. doi: 10.1038/
s41398-020-0741-x

91. Yoon S, Kim JE, Hwang J, Kim TS, Kang HJ, Namgung E, et al. Effects of creatine
monohydrate augmentation on brain metabolic and network outcome measures in
women with major depressive disorder. Biol Psychiatry. (2016) 80:439–47. doi: 10.1016/
j.biopsych.2015.11.027

92. Kondo DG, Sung YH, Hellem TL, Fiedler KK, Shi X, Jeong EK, et al. Open-label
adjunctive creatine for female adolescents with SSRI-resistant major depressive
disorder: a 31-phosphorus magnetic resonance spectroscopy study. J Affect Disord.
(2011) 135:354–61. doi: 10.1016/j.jad.2011.07.010

93. Pazini FL, Cunha MP, Azevedo D, Rosa JM, Colla A, de Oliveira J, et al. Creatine
prevents corticosterone-induced reduction in hippocampal proliferation and
differentiation: possible implication for its antidepressant effect. Mol Neurobiol.
(2017) 54:6245–60. doi: 10.1007/s12035-016-0148-0

94. Kious BM, Kondo DG, Renshaw PF. Creatine for the treatment of depression.
Biomolecules. (2019) 9:406. doi: 10.3390/biom9090406

95. Lyoo IK, Yoon S, Kim TS, Hwang J, Kim JE, WonW, et al. A randomized, double-
blind placebo-controlled trial of oral creatine monohydrate augmentation for enhanced
response to a selective serotonin reuptake inhibitor in women with major depressive
disorder. Am J Psychiatry. (2012) 169:937–45. doi: 10.1176/appi.ajp.2012.12010009
frontiersin.org

https://doi.org/10.1016/j.neubiorev.2018.03.023
https://doi.org/10.1038/s41380-020-00951-9
https://doi.org/10.1111/pcn.12944
https://doi.org/10.1016/j.jad.2018.04.007
https://doi.org/10.1016/j.jad.2018.04.007
https://doi.org/10.1111/j.1469-7610.2010.02245.x
https://doi.org/10.1111/j.1469-7610.2010.02245.x
https://doi.org/10.2174/1568026621666210909160210
https://doi.org/10.2174/1568026621666210909160210
https://doi.org/10.1016/j.jad.2006.07.013
https://doi.org/10.1016/0006-3223(94)91189-4
https://doi.org/10.1016/j.bbi.2019.10.017
https://doi.org/10.1016/j.pnpbp.2009.09.015
https://doi.org/10.1016/j.bbi.2016.04.007
https://doi.org/10.1186/s12974-016-0517-7
https://doi.org/10.1016/j.bbi.2015.11.003
https://doi.org/10.1038/npp.2014.194
https://doi.org/10.1503/jpn.150226
https://doi.org/10.1186/1742-2094-8-94
https://doi.org/10.1007/s00406-014-0562-0
https://doi.org/10.1038/s41380-020-00913-1
https://doi.org/10.1038/s41380-020-00913-1
https://doi.org/10.1016/j.psyneuen.2014.11.015
https://doi.org/10.1111/bdi.12814
https://doi.org/10.1111/bdi.13027
https://doi.org/10.1038/s41380-019-0589-8
https://doi.org/10.1007/s00406-016-0731-4
https://doi.org/10.1016/j.euroneuro.2021.11.003
https://doi.org/10.1016/j.euroneuro.2020.11.018
https://doi.org/10.1097/00004872-200018110-00002
https://doi.org/10.1097/00004872-200018110-00002
https://doi.org/10.1242/jeb.143.1.177
https://doi.org/10.1152/physrev.2000.80.3.1107
https://doi.org/10.1038/s41574-020-0365-5
https://doi.org/10.3389/fphys.2014.00314
https://doi.org/10.3389/fphys.2014.00314
https://doi.org/10.1017/s0007114513003012
https://doi.org/10.1016/j.cmet.2017.08.009
https://doi.org/10.1016/j.cmet.2017.08.009
https://doi.org/10.1186/1751-0759-8-21
https://doi.org/10.1177/02698811211050550
https://doi.org/10.1007/s11011-021-00684-w
https://doi.org/10.1007/s11011-021-00684-w
https://doi.org/10.3390/ijms22158195
https://doi.org/10.1016/j.pnpbp.2018.05.001
https://doi.org/10.1038/s41398-020-0741-x
https://doi.org/10.1038/s41398-020-0741-x
https://doi.org/10.1016/j.biopsych.2015.11.027
https://doi.org/10.1016/j.biopsych.2015.11.027
https://doi.org/10.1016/j.jad.2011.07.010
https://doi.org/10.1007/s12035-016-0148-0
https://doi.org/10.3390/biom9090406
https://doi.org/10.1176/appi.ajp.2012.12010009
https://doi.org/10.3389/fpsyt.2024.1460631
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Yang et al. 10.3389/fpsyt.2024.1460631
96. Allen PJ, D'Anci KE, Kanarek RB, Renshaw PF. Sex-specific antidepressant
effects of dietary creatine with and without sub-acute fluoxetine in rats. Pharmacol
Biochem Behav. (2012) 101:588–601. doi: 10.1016/j.pbb.2012.03.005

97. Allen PJ, D'Anci KE, Kanarek RB, Renshaw PF. Chronic creatine
supplementation alters depression-like behavior in rodents in a sex-dependent
manner. Neuropsychopharmacology. (2010) 35:534–46. doi: 10.1038/npp.2009.160

98. Zhou B, Zhu Z, Ransom BR, Tong X. Oligodendrocyte lineage cells and
depression. Mol Psychiatry. (2021) 26:103–17. doi: 10.1038/s41380-020-00930-0

99. Chamberlain KA, Chapey KS, Nanescu SE, Huang JK. Creatine enhances
mitochondrial-mediated oligodendrocyte survival after demyelinating injury. J
Neurosci. (2017) 37:1479–92. doi: 10.1523/jneurosci.1941-16.2016

100. Rosko LM, Gentile T, Smith VN, Manavi Z, Melchor GS, Hu J, et al. Cerebral
creatine deficiency affects the timing of oligodendrocyte myelination. J Neurosci. (2023)
43:1143–53. doi: 10.1523/jneurosci.2120-21.2022

101. Feier G, Valvassori SS, Rezin GT, Búrigo M, Streck EL, Kapczinski F, et al.
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211. Kárpáti A, Yoshikawa T, Naganuma F, Matsuzawa T, Kitano H, Yamada Y,
et al. Histamine H(1) receptor on astrocytes and neurons controls distinct aspects of
mouse behaviour. Sci Rep. (2019) 9:16451. doi: 10.1038/s41598-019-52623-6

212. Karlstedt K, Senkas A, Ahman M, Panula P. Regional expression of the
histamine H(2) receptor in adult and developing rat brain. Neuroscience. (2001)
102:201–8. doi: 10.1016/s0306-4522(00)00464-4

213. Pillot C, Heron A, Cochois V, Tardivel-Lacombe J, Ligneau X, Schwartz JC,
et al. A detailed mapping of the histamine H(3) receptor and its gene transcripts in rat
brain. Neuroscience. (2002) 114:173–93. doi: 10.1016/s0306-4522(02)00135-5

214. Sallmen T, Lozada AF, Anichtchik OV, Beckman AL, Panula P. Increased brain
histamine H3 receptor expression during hibernation in golden-mantled ground
squirrels. BMC Neurosci. (2003) 4:24. doi: 10.1186/1471-2202-4-24

215. Ellenbroek BA, Ghiabi B. The other side of the histamine H3 receptor. Trends
Neurosci. (2014) 37:191–9. doi: 10.1016/j.tins.2014.02.007
frontiersin.org

https://doi.org/10.1038/srep42946
https://doi.org/10.1038/s41598-020-68424-1
https://doi.org/10.1016/j.cbi.2020.109281
https://doi.org/10.1007/s11682-023-00757-7
https://doi.org/10.1007/s11682-023-00757-7
https://doi.org/10.3389/fvets.2022.999040
https://doi.org/10.3390/molecules25122819
https://doi.org/10.3390/molecules25122819
https://doi.org/10.1096/fj.202001290R
https://doi.org/10.1007/s11064-019-02945-8
https://doi.org/10.1038/s41583-018-0088-y
https://doi.org/10.1038/s41583-018-0088-y
https://doi.org/10.1038/s41467-020-20795-9
https://doi.org/10.1016/j.neubiorev.2020.07.023
https://doi.org/10.1016/j.neubiorev.2020.07.023
https://doi.org/10.1111/apha.13928
https://doi.org/10.1016/j.tips.2023.07.008
https://doi.org/10.1016/j.tips.2023.07.008
https://doi.org/10.3390/ijms222111714
https://doi.org/10.2174/1566524016666160126144027
https://doi.org/10.1111/jpi.12699
https://doi.org/10.1016/s0166-4328(01)00222-4
https://doi.org/10.3389/fimmu.2018.01526
https://doi.org/10.3389/fimmu.2018.01526
https://doi.org/10.1038/srep39934
https://doi.org/10.1016/j.pharmthera.2017.02.039
https://doi.org/10.1038/s41598-019-52623-6
https://doi.org/10.1016/s0306-4522(00)00464-4
https://doi.org/10.1016/s0306-4522(02)00135-5
https://doi.org/10.1186/1471-2202-4-24
https://doi.org/10.1016/j.tins.2014.02.007
https://doi.org/10.3389/fpsyt.2024.1460631
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

	The major biogenic amine metabolites in mood disorders
	1 Introduction
	2 Histamine and mood disorders
	2.1 Major depressive disorder
	2.2 Bipolar disorder

	3 Kynurenine pathway and mood disorders
	3.1 Major depressive disorder
	3.2 Bipolar disorder

	4 Creatine/creatine kinase pathway and mood disorders
	4.1 Major depressive disorder
	4.2 Bipolar disorder

	5 Other biogenic amine metabolites and mood disorders
	5.1 Taurine
	5.2 Betaine
	5.3 Choline

	6 Associations between biogenic amine metabolites
	7 Other biological mechanisms of mood disorders interacting with biogenic amine metabolites
	7.1 Inflammation
	7.2 Gut microbiota
	7.3 Brain-derived neurotrophic factor
	7.4 Circadian rhythm

	8 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


