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Abstract

Inflammatory bowel disease (IBD), which mainly includes ulcerative colitis (UC) and Crohn's disease (CD), is a group
of chronic bowel diseases that are characterized by abdominal pain, diarrhea, and bloody stools. IBD is strongly
associated with depression, and its patients have a higher incidence of depression than the general population.
Depression also adversely affects the quality of life and disease prognosis of patients with IBD. The tryptophan-
kynurenine metabolic pathway degrades more than 90% of tryptophan (TRP) throughout the body, with
indoleamine 2,3-dioxygenase (IDO), the key metabolic enzyme, being activated in the inflammatory environment. A
series of metabolites of the pathway are neurologically active, among which kynerunic acid (KYNA) and quinolinic
acid (QUIN) are molecules of great interest in recent studies on the mechanisms of inflammation-induced
depression. In this review, the relationship between depression in IBD and the tryptophan-kynurenine metabolic
pathway is overviewed in the light of recent publications.
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Introduction

Inflammatory bowel disease (IBD) is a group of chronic

inflammatory autoimmune diseases that primarily affect

the gastrointestinal tract. The main symptoms of IBD

include abdominal pain, diarrhea, bloody stools, and

mucus stools. In severe cases, malnutrition and intestinal

perforation may occur. IBD primarily includes two different

classifications of ulcerative colitis (UC) and Crohn’s disease

(CD), which affect approximately 5 million people world-

wide. There is currently no curative treatment available for

IBD [1]. At present, the prevalence of IBD in China is grad-

ually increasing [2–4]. This increased prevalence may be

linked to the changing environment, the Westernization of

diet and lifestyle, and the resulting shift in the gut micro-

biota [5]. The etiology of IBD is a complex interplay of

genetic, environmental, dietary, infectious, psychological,

and other factors [6], and its pathogenetic repercussions are

thought to be related to disordered gut-brain dialog, with

psychosocial factors, as well as the gut microbiota that are

involved in the process. In recent years, a growing body of

clinical evidence has been published, demonstrating that

IBD is strongly associated with depression. Patients with

IBD have a higher prevalence of depression than the gen-

eral population, and this higher prevalence is particularly

pronounced in patients with active disease [7, 8]. Bidirec-

tional gut-brain interactions have been widely accepted to

explain the mechanism underlying the interactive effects of

IBD and depression [9].
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Tryptophan (TRP) metabolism plays an important role

in the mechanisms associated with the gut-brain axis

[10]. At least 90% of human intake of TRP is converted

to kynurenine for further metabolism, a branch process

known as the kynurenine pathway (KP). The remainder

of TRP is metabolized to serotonin and indole [11].

Clinical studies have shown that TRP metabolism is as-

sociated with the severity of IBD [12]. In parallel, dysreg-

ulation of TRP metabolites such as serotonin, quinolinic

acid (QUIN), and kynerunic acid (KYNA) has been

linked to depressive behavior in animal models as well

as human. Serotonin is associated with the gut micro-

biota and the gut-brain axis [10], while more importantly

the IBD immune response has a significant impact on

KP metabolism. The immune system is involved in the

regulation of KP by influencing the activities of several

enzymes, and downstream of these reactions, a variety of

active substances are considered to be relevant to neural

activity. In this review, the relationship between the key

enzymes, products in KP, and depression in IBD will be

summarized with reference to recent publications.

The tryptophan-kynurenine pathway

TRP is one of the eight essential amino acids in the hu-

man body and is metabolized mainly in the liver. In or-

gans, the presence of TRP ranges from the brain, kidney,

and skeletal muscle [11]. The intestinal environment in-

cludes intestinal epithelial cells, chromophores, and

microbiota, mediating the transformation and biochemical

degradation of some intestinal TRPs [13]. Dietary TRP en-

ters the body and is degraded through three main path-

ways: the serotonin pathway via tryptophan hydroxylase 1

conversion, the tryptophan-indole pathway (which acti-

vates aromatic hydrocarbon receptors and has four sub-

pathways), and the KP pathway via the conversion of

indoleamine 2,3-dioxygenase (IDO) and tryptophan-2,3-

dioxygenase (TDO) (Fig. 1) [13]. The vast majority of

human TRP intake is transformed through KP.

KP is initiated by the conversion of TRP to N-

formylkynurenine (N-fKYN) in the presence of two rate-

limiting enzymes, IDO, and TDO. N-fKYN is an un-

stable product that is immediately converted to kynure-

nine (KYN) by kynurenine formamidase. TDO has now

been demonstrated to primarily mediate the basal me-

tabolism of KP, whereas IDO functions more in an

immune-activated environment [14]. KYN, the first

stable product of KP, is the central node of the pathway.

Three major transformation pathways diverge from

KYN: (A) being deaminated to KYNA through kynure-

nine aminotransferase (KAT), (B) being degraded to

anthranilic acid (AA) by kynureninase (KYNU), and (C)

being converted to 3-hydroxykynurenine (3-HK) via

kynurenine 3-monooxygenase (KMO).

Then, 3-HK is partially converted to 3-hydroxyanthranilic

acid (3-HAA) by KYNU and partially to xanthurenic acid

(XA) by KAT. A part of AA is also changed to 3-HAA. In

rat brain tissue, AA is a more efficient precursor of 3-HAA

[15]. A portion of the 3-HAA then generates cinnabarinic

acid (CA), and the other portion then goes through 3-

hydroxyanthranilic acid 3,4-dioxygenase (HAAO) to gener-

ate 2-amino-3-carboxymuconate-6-semialdehyde (ACMS), a

precursor that is metabolized to QUIN under physiological

conditions, which further generates nicotinamide-adenine-

dinucleotide (NAD+) via quinolinate phosphoribosyltransfer-

ase (QPRT). In the other two metabolic branches, ACMS

can be generated as picolinic acid (PIC) via the intermediate

2-aminomuconic-6-semialdehyde (AMS) in the pres-

ence of 2-amino3-carboxymuconate-6-semialdehydede-

carboxylase (ACMSD), as 2-aminoglycoside acid

catalyzed by 2-aminomuconic-6-semialdehyde dehydro-

genase (AMSD) and finally as acetyl coenzyme A

through a series of biochemical reactions. All metabo-

lites are collectively referred to as “kynurenergic”

substances.

IBD and depression

Strong emphasis has been placed on the relationship be-

tween gastrointestinal diseases and emotional factors

with the development of the “biopsychosocial” model of

medicine. The inflammatory bowel disease questionnaire

(IBDQ) [16], developed in 1989, includes emotional fac-

tors as one of its four dimensions. Depression and anx-

iety are global health problems and often accompany

illness [17]. Stress is a common cause of early depression

[18]. These three associated factors are usually accom-

panied by each other in IBD.

Since the turn of the twenty-first century, more clin-

ical studies have demonstrated a strong link of IBD to

both depressed mood and even the onset of depression.

First, patients with IBD are more likely to develop mood

disorders such as depression. Clinical studies in different

countries have confirmed that the prevalence of anxiety

and depression is higher in IBD patients than in the gen-

eral population. For instance, in Canada, the combined

results of two national surveys reported a prevalence of

depression of 16.3% in the Canadian IBD population, of

which 30% had considered suicide [19]. The Canadian

IBD cohort study suggested that patients had higher life-

time prevalence rates of generalized anxiety disorder

(GAD) and major depressive disorder (MDD) than the

general population at 13.4% and 27.2% [20]. This is con-

sistent with similar results which were found in studies

initiated in the USA [7], China [21], Italy [22], Ireland

[23], and South Korea [24]. A systematic review that

combined multiple clinical studies showed that IBD had

19.2% and 21.2% anxiety and 21.2% depression, almost

twice the rate of the general population, and 66.4%
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anxious mood and 34.7% depression in IBD patients who

were also active. CD appeared to have a higher risk of

emotional disorders than UC [25], and another systematic

review also found similar results [26]. Most studies have

concluded that women with IBD are more susceptible to

anxiety and depression, while some studies do not support

this conclusion [8]. The influence of gender on depression

in IBD still needs further discussion. IBD-induced depres-

sion and other psychiatric problems affect the develop-

ment of children and adolescents [27]. These problems

need to be prevented since they may induce the risk of

suicide in the elderly [28].

Furthermore, depression itself influences the occur-

rence and development of IBD. A review of studies

based on UK electronic medical records investigating

403,665 cases of depression with 532,986 individuals

with no history of depression reported a significantly in-

creased risk of CD and UC in depressed patients [29].

Anxiety and depression increase the recurrence rate of

IBD [30, 31]. Depression not only increases the risk of

Fig. 1 The tryptophan-kynurenine metabolic pathway. TRP, tryptophan; IDO, indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-dioxygenase; N-
fKYN, N-formyl-kynurenine; AA, anthranilate acid; KYNU, kynureninase; KYN, kynurenine; KAT, kynurenine aminotransferase; KYNA, kynerunic acid;
KMO, kynurenine 3-monooxygenase; 3-HK, 3-hydroxykynurenine; HAAH, 3-hydroxyanthranilic acid 3,4-hydroxylase; 3-HAA, 3-hydroxyanthranilic
acid; HAAO, 3-hydroxyanthranilicacid 3,4-dioxygenase; AMS, 2-aminomuconic-6-semialdehyde; ACMSD, 2-amino-3-carboxymuconate-6-
semialdehydedecarboxylase; ACMS, 2-amino-3-carboxymuconate-6-semialdehyde; AMSD, 2-aminomuconic-6-semialdehyde dehydrogenase; QUIN,
quinolinic acid; QPRT, quinolinate phosphoribosyltransferase; PIC, picolinic acid; NAD+, nicotinamide-adenine-dinucleotide
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surgery or hospitalization in IBD patients [32] but also

reduces postoperative ostomy recovery [33] and affects

the effectiveness of anti-TNF therapy in CD patients

[34]. In addition, anxiety is a better predictor of poor

outcome in IBD than depression [35]. Depression and

anxiety also alleviate the risk of fatigue in IBD patients,

which in turn reduces their quality of life [36]. For IBD

patients already in remission, depression is a factor in

the development of irritable bowel-like symptoms [37].

Stressful life events are among the risk factors for IBD

attacks [38], and maintaining a balanced and regular life-

style may alleviate the severity of IBD [39]. Good sleep

and exercise can help alleviate depression and reduce

IBD episodes, while unhealthy lifestyle habits, such as

smoking and alcohol consumption, invite a poor out-

come of IBD [39]. Furthermore, nonadherence to treat-

ment in IBD patients is strongly associated with disease

relapse. Psychological factors, especially anxiety and de-

pression, are among the focal points of research on

treatment adherence in IBD patients [40], and most

studies have concluded that there is a correlation be-

tween the two [41–44]. In studies of mesalazine [45],

azathioprine, and anti-TNF [46, 47] for IBD, depression

was found to be an important factor in nonadherence to

medication, whereas a study of 356 IBD patients did not

find an association between anxiety, depression, and

treatment adherence, suggesting that further exploration

is needed [48].

Finally, antidepressant treatment, including medication

and psychotherapy, may have an ameliorative effect on

depression in IBD [49]. Antidepressant medications are

currently taken by 10–30% of IBD patients in Western

countries, but the available evidence is still insufficient

to support the improvement in the condition and quality

of life of IBD patients with these medications [50, 51].

Based on epidemiological investigations, drugs such as

selective serotonin reuptake inhibitors and tricyclic anti-

depressants have been shown to be protective against

IBD [29]. Current clinical controlled trials support that

tianeptine (for UC) [52] and duloxetine (for IBD) [53]

may simultaneously reduce anxiety and depression

scores as well as the disease activity index in patients,

while fluoxetine [54] showed no benefit, but the low

sample size may limit the reliability of these studies. A

meta-analysis [55] evaluated 14 psychological treatments

for IBD and found that patients with IBD in remission

showed significant improvements in depression scores

and quality of life at the end of treatment, but this im-

provement was not sustained over time, and the effect

was not significant for active IBD. Treatment of IBD in-

flammation also alters the depressive state of the patient.

Anti-TNF therapy and immunosuppressants can signifi-

cantly reduce depression in IBD patients [56], and anti-

TNF therapy may reduce anxiety and depressive

symptoms by modulating central nervous function and

improving cognitive-emotional processing in IBD pa-

tients [57]. Vedolizumab improves both sleep and de-

pression in IBD patients [58].

The etiology of depression in IBD includes both exter-

nal and somatic factors. A cross-sectional investigation

indicated that lack of social support and increasing dis-

ease activity are both independent correlators with IBD

depression [59]. At the level of external factors, the con-

dition of IBD has been suggested to enhance insecurity

of patients and alter their psychological attachment style,

thus creating chronic stress and leading to an impact on

their mental health [60]. At the somatic level, the patho-

logical effects of IBD may disrupt the neurological func-

tion of the patients by themselves. With deepening

research on gut-brain interactions, diseases with obvious

features of gut-brain dysfunction, such as irritable bowel

syndrome and IBD, have recently been proposed to be

called disorders of “gut-brain interaction (DGBI)” [61].

The pathology of these diseases generally consists of

both central nervous disorders and gut dysfunction, the

latter further including peristaltic disorder, allergic reac-

tions, mucosal inflammation, alterations in immune and

microbial integrity, etc. Gracie et al. [62] presented a

clinical trial validating the relationship between IBD ac-

tivity and the bidirectional gut-brain and brain-gut ex-

acerbation of anxiety and depression. These studies have

expanded the knowledge of depression in IBD, and thus,

depression has been suggested to be an extraintestinal

manifestation of IBD inflammation [63]. Many current

assessments of anxiety and depression in IBD have been

suggested to be methodologically problematic [64, 65].

The Hospital Anxiety and Depression Scale (HADS),

which has been widely used in IBD depression-related

studies, has some limitations in sensitivity, whereas the

Patient Health Questionnaire (PHQ-9) may ameliorate

these problems [64, 66]. Moreover, there is little evi-

dence that corticosteroids induce depression in patients

with IBD [67, 68]. Therefore, future relevant clinical

studies need to place more emphasis on medication and

other demographics of the patients [65].

KP and gut-brain axis metabolism in IBD
KP and intestinal inflammation in IBD

A multilevel association exists between KP and IBD. Ad-

ministration of TRP and some of its metabolites to a

mouse model of colitis has been found to reduce the se-

verity of colitis. Removal of TRP from the diet increases

the susceptibility of mice to colitis [69, 70]. The gut

microbiota phenotype of TRP-deficient mice can be

transferred to normally nourished mice by transplant-

ation of microbiota [71]. Several animal studies have

confirmed that TRP promotes the remission of experi-

mental colitis by modulating intestinal protein turnover
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[72], mucosal permeability [73], immune response [74],

and gut microbiota [75]. Studies on IBD patients have

also confirmed that their serum TRP levels were also

significantly lower than the serum TRP levels of normal

controls, and serum TRP levels in IBD patients were

negatively correlated with disease activity and C-reactive

protein levels, along with a greater decrease in CD than

UC, which may be related to aberrant intake and metab-

olism of TRP in IBD patients. Low TRP levels may also

serve as a predictor of IBD surgery [12].

Since diet is a factor in the progression of IBD, IBD

patients are often advised by physicians to change their

dietary habits [76]. From the end of TRP absorption, it is

unclear what effect dietary changes in IBD patients will

have on TRP intake. Although serum TRP levels in CD

patients are lower than serum TRP levels in UC patients,

no difference in dietary TRP intake between the two dis-

eases has been found in recipe surveys [12]. TRP is

ingested via the sodium-dependent neutral amino acid

transporter protein family 6 member SLC6A19/B0AT1

[71], which is predominantly expressed in the small intes-

tine in humans and rodents [77]. B0AT1 messenger RNA

was found to be significantly lower in colon biopsies from

IBD patients than in controls, suggesting that IBD patients

may have a specific TRP uptake disorder [12].

At the metabolic end of TRP, more than 90% of TRP

is degraded by IDO/TDO-mediated KP, while the re-

mainder is metabolized to serotonin or generated as in-

dole derivatives via the gut microbiota [13]. The findings

in colon biopsies of IBD patients with IDO messenger

RNA and KYN/TRP [78] were considerably elevated, in-

dicating that IDO is activated and accelerates the metab-

olism of TRP to KYN, further reducing the serum TRP

reserve [12], which may be due to the activation of IDO

by increased proinflammatory cytokines in IBD, includ-

ing IFN-γ, IL-1, and IL-6 [79]. Several studies have sup-

ported that KYN/TRP is associated with important

biomarkers of disease activity, C-reactive protein, sedi-

mentation rate [80], and endoscopic score [81]; thus,

KYN/TRP may be used as one of the biomarkers for the

evaluation of IBD activity.

The aryl hydrocarbon receptor (AhR) is currently consid-

ered a potential target for the control of intestinal inflam-

mation [75], with multiple metabolites of TRP (dominated

by the gut microbiota-indole pathway) being its ligands

[82]. In the presence of overactivation of IDO, reduced

gastrointestinal TRP availability may result in a decrease in

AhR ligands, which are produced by the gut microbiota. A

similar situation occurs in the setting of intestinal inflam-

mation such as DSS-induced colitis in mice, where supple-

mentation with dietary TRP can reduce the severity of

colitis by restoring AhR ligand production in the gut micro-

biota compartment [83]. A comparable protective effect of

TRP was observed in a porcine model of colitis [84].

IDO may also have a physiological effect in controlling

intestinal inflammation. Takamatsu et al. [85] knocked

out IDO1 in mice, resulting in a more severe inflamma-

tory response to TNBS-treated colitis. The pathological

damage caused by IDO1 deficiency is partly due to the

activation of proinflammatory cytokines and a decrease

in the number of CD4+Foxp3+ regulatory T cells in the

colon. However, Shon et al. [86] found that DSS-

induced intestinal inflammation in IDO1 knockout mice

was less severe than DSS-induced intestinal inflamma-

tion in wild-type mice. The discrepancy in conclusions

may be due to the different mechanisms of modeling,

and the specific mechanisms remain for further experi-

mentation. Lee et al. [87] found that nonsynonymous

single nucleotide polymorphisms of IDO1 in a small

number of patients were associated with the occurrence

of CD exacerbation, perianal disease, extraintestinal

manifestations, and reduced serum KYN/TRP during the

active phase, suggesting an association between hypo-

function of IDO1 and increased inflammation in some

patients with CD.

The gut microbiota play an important role in KP me-

tabolism. Serum levels of tryptophan are lower in con-

ventionally fed mice than in germ-free mice, indicating

that the gut microbiota may metabolize a portion of

tryptophan [88]. In addition to inducing the conversion

of tryptophan to indole, evidence suggests that the gut

microbiota have a role in regulating KP [10, 13], as dem-

onstrated by the lower expression of IDO in the intes-

tinal epithelium of germ-free mice [89]. As different

bacteria carry different KP metabolism enzymes [90], we

can hypothesize that KP is shared by multiple bacteria in

the gut microbiota. Escherichia coli converts KYN to

KYNA [91]. The concentration of KYNA in the intes-

tinal lumen is much higher than the high concentration

in the intestinal wall, which may be a combination of the

gut microbiota and digestive fluid [91, 92]. KYNA is sug-

gested to exhibit some bactericidal effects, and low-

medium concentrations of KYNA in the digestive fluid

also promote the growth of some probiotics [93]. Inter-

estingly, KYNA in the intestinal lumen is thought to

have two sides: promoting or inhibiting inflammation at

the same time. On the one hand, KYNA activates G

protein-coupled receptor 35 (GPR35) in the intestinal

wall, which may exacerbate chronic stress and DSS-

induced intestinal inflammation by affecting nod-like re-

ceptor protein 3 (NLRP3) [94]. On the other hand,

KYNA is a broad-spectrum competitive antagonist of

glutamate (Glu) receptors. KYNA antagonizes intestinal

N-methyl-D-aspartate (NMDA) receptors, a type of Glu

receptor. KYNA regulates oxidative and nitrosative stress

pathways and reduces the production of inflammatory

factors [95]. A recent meta-analysis showed that probio-

tics significantly affect serum KYN and KYN/TRP ratios,
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suggesting that probiotics can regulate KP [96]. A

methyldeficiency diet upregulates KP, and probiotic sup-

plementation relatively downregulates KP, especially re-

ducing AA and 3-HK. Similar effects have been observed

for multiple probiotic strains [97].

The subsequent metabolism of KYN was similarly al-

tered during the pathology of IBD. KMO knockdown re-

duced intestinal inflammation in TNBS-infused rats,

suggesting that KYN may have a protective effect on in-

testinal inflammation [98]. Among the patient popula-

tion, significant decreases in PIC levels were observed in

CD patients, and significant increases in serum QUIN

levels were observed in both CD and UC patients [12].

KYN levels and serum KYNU expression were specific-

ally decreased and 3-HAA specifically increased in ileal

CD patients [99]. The results of serum KYNA levels

have varied in different studies. Nikolaus et al. [12]

found an overall decrease in KYNA levels in CD pa-

tients, while some other studies [100–102] found an in-

crease in KYNA during the active phase of both types of

IBD. The difference in results may be due to the vari-

ation in sample size. Overall, the KP metabolism of IBD

patients is shifted towards QUIN compared to the

healthy population.

KP and inflammation-induced depression

The association between KP and depression is extensive

and profound. Serotonin, one of the most essential me-

tabolites of TRP, is involved in the central nervous sys-

tem (CNS) in the regulation of mood, behavior, and

cognitive function. As early as 1969, a review published

in The Lancet proposed the “serotonin hypothesis” of

depression, stating that increased blood levels of steroids

lead to activation of hepatic TRP-pyrrolase (TDO),

resulting in increased metabolism of the TRP-KP path-

way and decreased production of serotonin, which af-

fects neurological function. As the inhibitory effect of

serotonin on the amygdala of the brain is diminished,

this diminution leads to increased steroid production

and a negative cycle [103]. Subsequently, selective sero-

tonin reuptake inhibitors have been widely adopted as

antidepressants, and this hypothesis has become a popu-

lar research direction in the field of depression [104].

After absorption of TRP through the intestinal tract,

some of the TRP is metabolized to subsequent products

through the intestine, liver, and other organs, and some

of the TRP enters the circulation directly [9]. TRP, KYN,

and other of their products can pass the blood-brain

barrier [105]. In the intracerebral environment, IDO is

expressed mainly on astrocytes and microglia. Approxi-

mately 40% of the KYN content is synthetically pro-

duced in the brain, and the rest is derived from plasma

[106]. IDO has been proven to be activated by inflamma-

tory cytokines such as IFN-γ and TNF-α. Researchers

have found reduced circulating TRP levels in cancer pa-

tients treated with IL-2 or IFN-α [107], as well as ele-

vated inflammatory cytokines in some depressed

patients [108]. With this evidence, the concept of “in-

flammation-induced depression” was developed, and the

“immune activation-mediated TRP depletion hypothesis”

was proposed as a hypothesis for the etiology of

inflammation-induced depression [109].

However, after a period of exploration, researchers

found that direct TRP injections did not seem to im-

prove inflammation-induced depressive symptoms.

There was no direct evidence to support reduced TRP

and serotonin levels in the brains of patients with

inflammation-induced depression, and depressive symp-

toms appeared to lack a direct link to TRP availability

[96]. Similar findings have been confirmed in clinical

studies in CD [110]. A series of animal studies demon-

strated that the breakdown products of TRP have

powerful pharmacological effects on the brain [111],

while IDO pharmacological inhibition or knockdown at-

tenuated depressive behavior in rats [112, 113]. Re-

searchers are beginning to focus their studies on

inflammation-induced depression on the metabolites of

KYN. When KYN is metabolized downstream, the pro-

duction of KYNA occurs primarily in astrocytes, whereas

3-HK and its downstream product QUIN are produced

primarily in microglia [114], and QUIN needs to travel

to QPRT-containing astrocytes or neurons to be further

metabolized into NAD+ [115].

The main metabolite of KP, QUIN, is an agonist of

NMDA receptors. QUIN is a neuroexcitatory toxin that

is found mainly in the forebrain [111]. Glu is the most

abundant excitatory neurotransmitter in the brain and is

essential for information processing, memory, and neur-

onal plasticity. Glu is interconverted with glutamine in-

side and outside the synapse through a series of

mechanisms to form the glutamatergic system. NMDA

receptors are one of the types of Glu receptors. Current

research suggests that the series of neurotoxic effects

produced by overactivation of NMDA receptors is one

of the important mechanisms of depression [116]. QUIN

lacks the capacity to cross the blood-brain barrier and

requires local generation in the brain [105]. During KP

metabolism in the CNS, the rate of QUIN generation by

3-HAO is much higher than the rate at which QPRT

metabolizes QUIN, allowing QUIN to accumulate read-

ily in brain regions and produce persistent stimulation

of NMDA receptors [111], thereby damaging the corre-

sponding neuronal cells and inducing depression. The

hippocampus is a major component of the limbic system

that plays a role in the regulation of mood, behavior, im-

munity, learning and memory, and cognitive functions.

Damage to the hippocampus may be a mechanism for

depression [117]. The damage affects both neurons and
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glial cells. NMDA receptor 2A and 2B subtypes have

the highest affinity for QUIN and are widely distributed

in the hippocampus. QPRT activity is low in the hippo-

campus, and QUIN is difficult to metabolize in the

hippocampus; therefore, neurotoxic QUIN damages the

hippocampus more easily [118]. Imaging studies also

suggest that the increase in gray matter volume in the

hippocampus and other emotion-generating brain

regions of CD patients is closely related to changes in

depression and anxiety [119], which may be related to

immune activation prompting changes in glial cells

[120]. This process presents a hypothesis for the

depression-promoting mechanism of increased QUIN

in the brain. In addition, the relevant targets of QUIN

neurotoxicity involve energy dysfunction, oxidative stress,

transcription factors, cytoskeletal disruption, behavioral

changes, and cell death. These numerous factors may all

be potential mechanisms by which QUIN promotes

depression.

KYNA is a broad-spectrum competitive antagonist of

Glu receptors and an inhibitor of α7 nicotinic acetylcho-

line receptors (α7nAChRs). Due to its polarity, KYNA in

the circulation rarely crosses the blood-brain barrier into

the CNS, and KYNA in the CNS is generated mainly by

local metabolism of KYN [121]. α7nAChRs are major

targets of KYNA in the brain, mediating the bidirec-

tional effects of KYNA on neurotransmitter levels. In

different regions of the forebrain, a modest increase in

KYNA leads to a rapid decrease in extracellular Glu and

dopamine levels, whereas inhibition of KYNA synthesis

increases these neurotransmitter and acetylcholine levels

[111]. As a consequence, KYNA exhibits certain neuro-

protective effects and may have the potential to alleviate

depression.

In terms of clinical evidence, a recent meta-analysis of

22 studies summarizing the clinical situation of a total of

1894 patients with depression and their KP metabolites

of KYN, KYNA, and QUIN found that depressed patients

had reduced levels of KYNA and KYN and increased

levels of QUIN in patients not on antidepressants [122].

The vast majority of the studies tested the serum or

plasma of the patients. Three groups of studies directly

analyzed the levels of relevant metabolites in human brain

tissue and cerebrospinal fluid: Clark et al. [123] detected

ventral lateral frontal cortex tissue from 45 patients who

passed away from various causes of depression and found

reduced expression of TDO and IDO messenger RNA

and lower levels of QUIN compared to controls. A cere-

brospinal fluid study of 64 suicide attempts by Erhardt

et al. [124] found that QUIN was elevated and KYNA was

decreased. The increase in QUIN was associated with

cerebrospinal fluid IL-6 levels. Another group of autopsy

studies found that QUIN levels were higher in the anterior

cingulate cortex and midbrain cortical microglia in

patients who died by suicide from depression [125]. The

different findings may be related to differences in study

methodology. Studies on the association of KP metabolites

in the peripheral blood and CNS are scarce, and only one

study that included 16 patients receiving IFN-α for hepa-

titis C showed that peripheral and QUIN levels in the

CNS were highly correlated after IFN-α-induced IDO acti-

vation [126].

Several studies identified KYNA/QUIN as a putative

neuroprotective factor that was lower in depressed pa-

tients and negatively correlated with low pleasure and

positively correlated with the volume of the hippocam-

pus and amygdala in depressed patients [127, 128]. Keta-

mine, as an NMDA receptor antagonist, has shown high

efficacy in depression. While antagonizing the action of

QUIN, ketamine can act on brain microglia to reduce

QUIN production. Baseline KYNA/QUIN may serve as a

predictor of the response to ketamine in drug-resistant

depression [120]. However, ketamine is also an addictive

drug, for which further promotion is limited.

The gut microbiota have an impact on KP in the CNS

and are involved in the process of psychiatric disorders

such as depression [129]. Experimental animals subjected

to different stresses have increased brain and intestinal

KYN/TRP ratios and upregulated IDO expression, accom-

panied by changes in the gut microbiota [130, 131]. Trans-

plantation of gut microbiota from depressed patients to

experimental animals increases depressive behavior, the

KYN/TRP ratio and serum C-reactive protein in the ani-

mals [132, 133]. Small sample clinical studies suggest that

fecal bacteria transplantation may alleviate depressive

symptoms in IBD [134]. Probiotics can be used to assist in

the treatment of depression [135]. As mentioned above,

both preclinical and clinical studies revealed that a variety

of probiotics lower the KYN/TRP ratio while alleviating

depressive symptoms [136–138].

The field of metabolic enzymes of KP, in addition to

IDO/TDO, decreased activity of KAT [139], KMO acti-

vation [140], and single nucleotide polymorphisms of

KMO and KATIII [141], are also associated with depres-

sion; however, the scale of the study is still limited.

ACMSD is a key enzyme in KP for the generation of

QUIN and mediates the synthesis of another product,

PIC. As one of the products of KP can be excreted dir-

ectly from the body, the role of PIC is currently poorly

understood [142]. A clinical study of suicide attempts

shows a decrease in cerebrospinal fluid and blood PIC

and a simultaneous decrease in the PIC/QUIN ratio, and

the SNP rs2121337 minor C allele of ACMSD, associ-

ated with an increase in cerebrospinal fluid QUIN, is

more prevalent in suicide attempts [143]. Other inter-

mediate products of KP, such as 3-HK [144], 3-HAA

[145] and AA, have been found to be involved in com-

plex pro-oxidant and antioxidant processes in the CNS
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[111], which may cause neuronal damage. Some bypro-

ducts of the KP such as XA and CA have been found to

be neuroactive [146]. Research on the specific relation-

ship between these products and inflammation-related

depression remains to be expanded.

Conclusions
As one of the mechanisms of depression, KP metabolism

disorder connects two important etiology hypotheses of

depression: “cytokine hypothesis” and “receptor hypoth-

esis”. Due to its impact on the hippocampus, the two

important etiology hypotheses of depression are also re-

lated to the “neuroplasticity hypothesis” [147]. As men-

tioned above, depression in IBD may arise through an

“IBD-inflammation-KP-depression” association (Fig. 2).

The core mechanism may be the overactivation of IDO

throughout the body and in the brain due to chronic in-

flammation, which increases the metabolic rate of KP

and ultimately generates excess QUIN and less KYNA in

the brain. The neurotoxicity of QUIN affects glial cells

and neurons, resulting in inflammation-induced depres-

sion. KYNA has a neuroprotective effect, and KYNA/

Fig. 2 The link between intestinal inflammation, KP, and depression in IBD. In the process of IBD, inflammatory activity stimulates intestinal cells
to produce a series of inflammatory cytokines such as IFN-γ, IL-6, and IL-1. Activation of IDO by inflammatory cytokines results in increased
degradation of TRP to KYN, which crosses the blood-brain barrier and is metabolized by different branches to QUIN and KYNA. In an
inflammatory environment, a higher rate of production of neurotoxic molecules such as QUIN, 3-HK, and 3-HAA may cause depression by
damaging hippocampal neurons. In contrast, KYNA is a neuroprotective factor. These KP metabolites affect the mood of IBD patients through a
complex series of neurobiological responses. IFN, interferon; IL, interleukin; α7nAChRs, α7 nicotinic acetylcholine receptors; Glu, glutamate;
NMDA, N-methyl-D-aspartate
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QUIN can be considered a neuroprotective index.

Regarded as a “bottom-up” pathway in the gut-brain

interaction, this metabolic pathway begins in the gut and

ends in the hippocampus and other brain structures.

Preliminary evidence for this pathway has been found in

experimental animals [148] and in patients with IBD

[12]. Regarding the issues of IBD inflammation affecting

KP in the CNS, IDO activation is a strong focus in the

current literature, while unknown aspects such as the ac-

tivation and expression of other key KP enzymes such as

KMO, KAT, and ACMSD remain to be explored. The

involvement of KP intermediates in CNS oxidative and

antioxidative stress needs to be revealed in more detail.

These downstream metabolic factors may be more im-

portant than IDO in the regulation of KP and should at-

tract more attention from researchers in the next phase

of research, which will help in more precise management

of inflammation and psychological conditions in IBD

patients.
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