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Gut microbiota disturbances can elevate the risk of stroke by contributing to
cerebrovascular events. Particularly, the gut tryptophan (TRP) metabolite is an
essential mediator of the gut-brain axis. This review highlights the role of TRP
metabolism in stroke, the influence of intestinal microbiomes on stroke
pathology via TRP metabolism, and the gut-brain axis interactions. Recent
studies indicate that various bioactive molecules produced via TRP
metabolism can regulate various neurological functions and interrupt stroke
pathophysiology. Moreover, the relationship between gut TRP metabolism and
stroke development has been verified. TRP metabolism involves three pathways:
kynurenine, 5-hydroxytryptamine, and indole, which potentially regulate post-
stroke, may function as aryl hydrocarbon receptor agonists to modify neuronal
excitotoxicity, and offer crucial targets for stroke treatment. This suggests that
modulating TRP metabolite levels through various methods can enhance the
prognosis of central nervous system diseases and restore microbiota-gut-brain
axis functions.
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1 Introduction

Stroke is an acute cerebrovascular disease and the second leading cause of death
worldwide (Zhang et al., 2023; Hilkens et al., 2024; Xie et al., 2024b). Stroke is characterized
by sudden interruption of cerebral blood flow resulting in neurological deficits (Xie et al.,
2024a; Zhu et al., 2024). Despite numerous strategies and guidelines for stroke treatment,
research on its precise etiology and pathology remains elusive.

Tryptophan (TRP) is an essential amino acid in humans that is crucial for the synthesis
of various bioactive compounds and proteins and is obtained through diet. The TRP
metabolism primarily involves three pathways: Kynurenine (KYN), 5-hydroxytryptamine
(5-HT), and indoles (Cheong and Sun, 2018). KYN is the primary pathway for TRP
metabolism, accounting for over 95% degradation of TRP bioactive compounds (Vécsei
et al., 2013),which typically occurs in the liver, intestinal epithelial cells, and immune cells
(Agus et al., 2018; Savitz, 2020). This pathway involves three key rate-limiting enzymes:
indoleamine-2,3-dioxygenase 1 (IDO1), indoleamine-2,3-dioxygenase 2 (IDO2), and TRP-
2,3-dioxygenase (TDO), and plays a role in neurotransmission, inflammation, and immune
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responses (Plitman et al., 2017). TRP in neurons of central nervous
system (CNS) and enterochromaffin cells is converted to 5-
hydroxytryptophan (5-HTP) and 5-HT to adapt to
environmental changes, and plays a role in regulating intestinal
motility, mood and cognitive function. (Turner et al., 2006). Unlike
in the case of Try metabolism by the host enzyme, indoles and their
derivatives are directly converted by gut microbes and modulate
proinflammatory or anti-inflammatory cytokine expression to
maintain intestinal homeostasis (Zhang J. et al., 2021).
Accumulating evidence from multiple studies has demonstrated
that TRP metabolism is closely associated with various
neurological disorders, with its pathogenic role in stroke being
particularly well-documented (Agus et al., 2018; Ma et al., 2020;
Wu et al., 2024).

Preclinical and clinical studies have demonstrated the detailed
mechanisms of the gut-brain axis from different perspectives, which
indicate that the gut microbiota is essential for the regulation of
human metabolic homeostasis and other physiological functions
(Agirman et al., 2021; Mayer et al., 2022). Metabolites, such as short-
chain fatty acids (SCFAs), TRP metabolites, and bile acids, are key
mediators between intestinal microbiota and human health or
disease (Xue et al., 2023). Studies have also demonstrated a
strong link between gut microbiota and TRP metabolism in
diseases through inflammatory or immune perspectives (Ding
et al., 2021; Seo and Kwon, 2023). In addition to the indoles
pathway, studies also addressed the importance of intestinal
microbes in enhancing KYN pathway and affecting 5-HT
pathway (Gao et al., 2020). All three pathways rely on intestinal
microorganisms and are stimulated after supplementation with gut
microbes (Clarke et al., 2013; Gao et al., 2020; Xue et al., 2023).
Moreover, some homologous KYN pathway enzymes can be
produced by specific gut bacteria and therefore widen the various
KYN pathway metabolites (Vujkovic-Cvijin et al., 2013).
Furthermore, previous studies have provided abundant evidence
regarding the crucial roles of intestinal microbial flora in the
pathological progression of nervous system diseases, which are
partly realized through the regulation of TRP metabolism
(Gheorghe et al., 2019; Chen et al., 2021; Liaqat et al., 2022).

Therefore, this review aims to provide a comprehensive
summary of TRP metabolism and its significant impacts on
stroke, with a particular emphasis on the roles of gut microbiota
and the enhanced communication between the gut and brain.
Specifically, we aimed to examine the impact of TRP metabolites
and their derivatives on neurological diseases, particularly within the
microbiota-gut-brain axis, and identify potential therapeutic targets.
These discoveries will provide promising directions for future
research on updating drugs for cerebral ischemia.

2 TRP metabolism and stroke

2.1 TRP metabolism pathways

A previous study observed improved TRP metabolism with
reduced TRP levels in a post-stroke model, which evoked interest
in the role of TRP in stroke pathology. After catalyzation by IDO or
TDO to mediated compounds N-formylkynurenine (NFK), KYN is
transformed and may undergo metabolism via one of the following
directions: KYN converted to Kynurenic acid (KYNA) by KYN
aminotransferases (KAT I–IV), anthranilic acid (AA) catalyzed by
Kynureninase (KYNU) and 3-hydroxykynurenine (3-HK) by
Kynurenine-3-monooxygenase (KMO). Additionally, 3-HK will be
continually either catalyzed into 3-hydroxyanthranilic acid (3-HAA)
and alanine by KYNU or xanthurenic acid (XA) by Kynurenine
aminotransferase (KAT) (Lim et al., 2017). Furthermore, 3-HAA
might convert to neurotoxic quinolinic acid (QA) catalyzed by 3-
hydroxyanthranilate-3,4-dioxygenase (HAAO) (Xue et al., 2023). The
KYNA pathway and other pathways have a protective compensatory
mechanism; once KYNA levels increase, the 3-HAA/AA ratio
decreases to fight secondary brain damage (Xue et al., 2023). In
addition, 5-HTP is an intermediate compound in the 5-HT pathway,
where it is catalyzed from TRP by Tryptophan hydroxylase (TPH)
and converted to 5-HT by the interaction between aromatic L-amino
acid decarboxylase and the cofactorpyridoxal-50-phosphate (Lim
et al., 2017). Moreover, 5-HT can be synthesized in both the gut
and brain, however, that synthesized in the gut cannot cross the
blood-brain barrier (BBB) to enhance neurological function (Xue
et al., 2023). The multiple biological functions of 5-HT in the brain are
realized through combining different 5-HT receptors in relative cells
and tissues (Xue et al., 2023). Furthermore, 5-HT can be converted to
5-hydroxyindole acetic acid (5-HIAA) and melatonin to perform
other essential CNS functions, includingmood regulation or the sleep-
wake cycle (Xue et al., 2023). While indoles and its derivatives are
mostly transformed by intestinal microorganisms in the gut (Agus
et al., 2018). Tryptophan produces indole in the presence of
tryptophanase (TnaA) from gut microbiota such as E. coli (Lee
and Lee, 2010). Indole can be further metabolized to produce a
variety of indole derivatives such as indole-3-acetic acid (IAA),
indole-3-aldehyde (IAld), and indole-3-propionic acid (IPA) (Agus
et al., 2018). Among them, tryptophan can be converted into indole-3-
lactic acid (ILA) and IPA by Clostridium sporogenes, and IAld can also
be converted from tryptophan by Lactobacillus spp (Roager and Licht,
2018; Gao et al., 2020).

2.2 Evidence of TRP metabolism in stroke

The pathogenesis of stroke has been studied in relation to
primary and secondary periodic injuries. Following the primary
insult of cerebral blood flow disruption or elevated intracranial
pressure, secondary pathogenic mechanisms typically involve
excitotoxicity, neuroinflammation, and oxidative stress (Ren
et al., 2020; Zhao et al., 2020; Li et al., 2021). With the
progression of cerebral ischemia, cell damage to the brain partly
exacerbates the overactivation of N-methyl-D-aspartic acid
(NMDA)-sensitive glutamate receptors, leading to an increased
concentration of intracellular Ca2+ which in turn leads to the
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activation of destructive enzymes and production of reactive oxygen
species (Vergun et al., 1999).

2.3 The role of TRP in post-stroke
cognitive decline

With current standard of care involving timely treatments and
proper management, stroke is becoming less severe and with patients
demonstrating a longer survival. However, more than 30% of stroke
survivors develop dementia within 5 years, leading to post-stroke
cognitive impairment (PSCI) becoming an urgent public health
issue (Kalaria et al., 2016). Cogo et al. (2021) explored the
correlation between TRP metabolism and PSCI in diabetic ischemic
mice, and reported that increased serum Quinidine (QUIN) levels and
QUIN/KYNA ratios may result in degraded cognitive function (Cogo
et al., 2021). Post-stroke inflammation results in an imbalance between
cerebral pro- and anti-inflammatory cytokines and moving towards a
severe inflammatory response, with the hypothesis that diabetes plays a
role in increasing the inflammatory post-stroke status (Mangin et al.,
2019). Such a status may increase the TRP conversion into KYN by
IDO, although a previous study reported that serum IDO did not
discriminate cognitive impairment in the post-stroke model compared
with the control group. However, further studies verified the neurotoxic
function of the increased cerebral and serum QUIN/KYNA ratio
indicating increased activation of NMDA receptors, especially
presenting degraded cognitive function on a spatial memory task
(Cogo et al., 2021). Despite the need for future large prospective
clinical studies to confirm the results in patients and to distinguish
the effects of age and sex in mice, QUIN concentration and the QUIN/
KYNA ratio provide reliable biomarkers for predicting PSCI.

3 TRP signaling pathway in stroke

3.1 TRP targeting the KYN pathway in stroke

L-TRP can be transferred from the peripheral intestinal tract
across the BBB and be metabolized by IDO or TDO into L-KYN. In
the KYN pathway, KYN, AA, 3-HK, and KYNA are converted in the
brain and peripheral tissues, among which KYNA is mainly
produced by astrocytes (Guillemin et al., 2001; Huang et al.,
2023). Among them, only KYN, AA, 3-HK, and XA are able to
cross the BBB and regulate neural functions; KYN can directly
protect against damage induced by transient forebrain ischemia (Lee
et al., 2015). An experiment revealed increased L-KYN levels and
decreased L-TRP levels in the brain after MCAO (Fan et al., 2022).
In the conversion processes, KYN positively affects the expression
and activity of IDO. Thus, the KYN/TRP ratio is a valuable marker
of IDO activity (Brochez et al., 2018). IDO-dependent TRP
metabolism can modulate vessel atherosclerosis in cardiovascular
diseases by increasing the levels of downstream metabolites, which
can influence the apoptosis of innate and adaptive immune cells
(Ketelhuth, 2019). One study reported that a higher KYN/TRP ratio
is related to disease severity in cerebral ischemic injury, while
another study suggested that reduced TRP indicates enhanced
TRP metabolism, and increased IDO activity is correlated with
stroke prognosis (Mo et al., 2014; Xue et al., 2023). As a vital

noncompetitive NMDA glutamate receptor antagonist, KYNA plays
a potential role in inhibiting excitotoxicity and neuroinflammation
(Lim et al., 2017). Cozzi et al. found that KYN hydroxylase inhibitors
upregulated KYNA and reduced infarct volume in a rat brain
ischemia model (Cozzi et al., 1999).

Microglia expressing Kynurenine 3-Monooxygenase (KMO)
promote the conversion of 3-HK to QA (Young et al., 2016).
Moreover, 3-HK functions as a nerve agent which may result in
neuronal degeneration and apoptosis by producing free radicals
(Xue et al., 2023). QA is considered as a neurotoxic property for
being an NMDAR agonist (Guillemin et al., 2003). QA converts to
NAD+, participating energy metabolism (Xue et al., 2023). Increased
brain QA was observed in transient ischemic attack (TIA) animal
models via the activation of IDO, KYN and 3-HK, which probably
contribute to stroke progression (Heyes and Nowak, 1990; Barattè
et al., 1998). Moreover, QA/KYNA ratio has been investigated in
animal experiments showing immune cell infiltration and increased
severity of ischemic stroke as well as cognitive impairment (Cogo
et al., 2021). However, María’ findings showed that KYN might not
always exert neuroprotective effects, instead it may downregulate
endogenous neuroprotective or anti-apoptotic pathways and
participate in post-stroke brain damage (Cuartero et al., 2014b).
It has been shown that the anti-inflammatory factor IL-4
downregulates the rate-limiting enzyme IDO, inhibiting KP
activation and reducing Kyn production (Chen et al., 2024).

3.2 TRP targeting the 5-HT pathway in stroke

TRH1 transforms TRP into a precursor for 5-HT synthesis, which
is upregulated in the brain tissue of MCAO animals 4 days after artery
occlusion (Duan et al., 2018). Therefore, studies have suggested that
TRH1 expression might be a risk factor for thrombosis (Boros et al.,
2021). The role of 5-HT in innate and adaptive immunity has also been
addressed. A recent study revealed that plasma 5-HT could stimulate
monocytes and lymphocytes to regulate CNS function via cytokine
secretion (McLean et al., 2007; Wu et al., 2019). Moreover, after stroke,
the concentration of the 5-HT downstream molecule melatonin
decreases. Thus, it may be a potential neuroprotective agent for
improving prognosis (Huang et al., 2023). Multiple effects of
melatonin have been observed, including antioxidation, anti-
inflammation, anti-apoptosis, and the restoration of tissue function
(Reiter et al., 2016). Melatonin can penetrate the BBB and reduce Glu
toxicity (Alghamdi, 2018). Furthermore, melatonin can directly
scavenge free radicals and indirectly inhibit oxidative enzymes,
thereby facilitating antioxidant activity (Fox et al., 2007; Cavaleri,
2015). Additionally, melatonin displays anti-inflammatory effects by
inhibiting NO, NF-κB signals and suggesting its role in the CNS
(Simunkova et al., 2019). However, only few preclinical and clinical
stroke studies have described the detailed effects of the 5-HT pathway,
indicating a novel direction for research.

3.3 TRP targeting the indole pathway
in stroke

Indole metabolism in the tryptophan metabolic pathway is
strongly associated with stroke. Tryptophan metabolism produces
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indoles and their derivatives that are ligands for AhR. AhR is a
highly conserved ligand-activated transcription factor that regulates
immune differentiation and neuroinflammation (Agus et al., 2018).
A study showed that AhR expression is upregulated after stroke, and
that postoperative treatment of aged stroke mice by using AhR
ligands such as IPA and IAld resulted in significant reductions in
infarct volume and neurological defects, as well as amelioration of
MG-mediated neuroinflammation (Peesh et al., 2025). In addition,
It has been shown that IPA levels were reduced in middle cerebral
artery occlusion mice, the structural richness of the gut flora as well
as the area of cerebral infarction in mice was improved after IPA
gavage and tube feeding (Xie et al., 2022). In addition, IPA may also
exert antioxidant effects by mechanisms related to melatonin
receptor binding in target cells and upregulation of peroxisome
proliferator-activated receptor gamma-activated factor-1 α (PGC-
1α) uncoupling protein 2 (UCP 2) expression (Li et al., 2022). IPA
can also exert anti-inflammatory effects, and some experiments have
shown that the level of pro-inflammatory factor IL-6 was decreased
and the level of anti-inflammatory factor IL-10 was increased after
IPA gavage (Xie et al., 2022). Overall, IPAmay exert neuroprotective
effects through antioxidant as well as modulating the levels of
inflammatory factors. In addition, intestinal probiotics were
positively correlated with stroke outcome, and IPA was also
positively correlated with intestinal probiotics (Bhave et al.,
2023). NLRP3 is an important sensor of innate immunity, and
activation promotes IL-1β and IL-18 secretion to drive
inflammation and cellular pyroptosis (Swanson et al., 2019).
Microbial metabolites indole derivatives may inhibit
NLRP3 inflammatory vesicles through activation of the AhR,
reducing intestinal and systemic inflammation. It may also affect
HPA axis function by modulating vagal or immune signaling, which
can regulate the organism, stress immunity and metabolism
(Rothhammer et al., 2018). A clinical trial showed that serum
IPA levels were significantly lower in patients with acute cerebral
infarction (ACI) than in healthy individuals, and thus IPA can be
called an important indicator between ACI patients and healthy
individuals (Li et al., 2024). Indole metabolites in the tryptophan
metabolic pathway have important protective roles in stroke. These
metabolites attenuate stroke injury through various mechanisms
including modulation of intestinal flora and inhibition of
inflammatory responses.

4 Correlation between gut microbiota
and TRP metabolism in stroke

4.1 Gut microbiota and TRP metabolism

Although most TRP is ingested in the small intestine, a notable
amount of TRP can be metabolized by the intestinal microbiota in
the large intestine and participate in numerous physiological
processes. TRP metabolism involves three direct and indirect
pathways in the gastrointestinal tract. The gut microbiota can
directly transform TRP into indoles and its derivates to act as
ligands of the aryl hydrocarbon receptor (AhR) (Zelante et al.,
2013). Moreover, approximately 90% of ingested TRP is degraded
by immune and epithelial cells through the KYN pathway (Clarke
et al., 2013; Vécsei et al., 2013). IDO1 is the only rate-limiting

enzyme in the gut KP pathway and is immunoresponsive because of
its similarity to innate immunity, in which microbial components
such as LPS activate Toll-like receptors (TLRs) and initiate the KYN
pathway (Kennedy et al., 2017). Additionally, TLRs, SCFAs, and
specific molecules like H2O2 are mainly found to be involved in the
modulation of central KYN pathway by gut microbes (Mu et al.,
2016; Marin et al., 2017; Martin-Gallausiaux et al., 2018). Moreover,
Gao et al. showed that KYNA could protect the mucosa and regulate
immunity by binding to the G-protein-coupled receptor (GPR35)
expressed in the gut epithelial and immune cells, indicating that
metabolites of the KP pathway may exhibit specific effects in the gut
(Gao et al., 2018). Notably, numerous studies have indicated that
modulation of the KYN pathway, by altering the gut microbiota,
might affect brain function, especially in terms of recognition and
behavior (Gao et al., 2020). The gut is responsible for 90% of the 5-
HT produced in the body, which is catalyzed by the TRP
hydroxylase one enzyme (TPH1), and is mainly involved in the
production of melatonin (Chen et al., 2011). Although 5-HT cannot
cross the BBB under physiological conditions, the process of binding
to various receptors can trigger 5-HT to function in the
gastrointestinal tract affecting a wide range of human
physiological processes (Mawe and Hoffman, 2013). On the
contrary, gut microbiota also play a role in influencing CNS
serotonergic neurotransmission by controlling peripheral TRP
availability, whereas SCFA stimulation or inflammatory stimuli
indirectly activate the KP pathway (Zhu et al., 2015; Brooks
et al., 2016; Sun et al., 2016). Several reviews have indicated that
several bacteria in the gut can directly produce indole and its
derivatives, such as Clostridium perfringens converts tryptophan
to tryptamine, ILA, and IPA; eptostreptococcus spp. converts
tryptophan to IA and IPA; and Lactobacillus spp. converts
tryptophan to IA via aromatic amino acid transaminase (ArAT)
and indolylactic acid dehydrogenase (ILDH) (Agus et al., 2018).
Indoles and their derivatives, such as IPA, IAA, IAld and indole-3-
acetic acid (IAAld), in addition to acting on the gut microbiota, are
absorbed into the blood circulation and affect brain function and
behavior. In one study, acute mass production of indoles was
mimicked by injecting indoles into the cecum of normal rats.
This treatment resulted in a significant reduction in the
locomotor behavior of the rats (Gao et al., 2020). Thus, gut
microbiota-derived TRP metabolites exhibit multifaceted
biological functions, including modulation of intestinal mucosal
homeostasis, regulation of both innate and adaptive immune
responses, and mediation of antioxidant and anti-inflammatory
effects (Roager and Licht, 2018; Fan et al., 2022).

4.2 Gut microbiota and KYN pathway
metabolism crosstalk in stroke

The gut-brain axis has been extensively studied for complicated
signals and has revealed novel strategies targeting the gut
microbiota, metabolites, and various ligands to ameliorate
ischemic injury. Communication between the gut and brain
occurs mainly via four mechanism: metabolism, immune
signaling, endocrine signaling, and nerve conduction (Cox and
Weiner, 2018). A previous review indicated dysbiosis of gut
microbiota and interrupted TRP metabolism can be observed
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after cerebral ischemia through whole acute and chronic stages
(Cuartero et al., 2014b; Cuartero et al., 2016). Thus, gut
microbiota dysbiosis, such as the abnormal abundance of
Lactobacillus, Peptostreptococcus, and Akkermansia in patients
post-stroke, interferes with TRP metabolism (Pernomian et al.,
2020; Yang et al., 2023).

4.3 Gut Microbiota-TRP metabolism-AhR-
Th17/IL-17 signaling

The AhR has been suggested to be significantly activated during
acute ischemic damage and subsequent neuroinflammation by TRP
metabolites generated by gut microbes (Ma et al., 2020; Peesh et al.,
2025). As a xenobiotic receptor (XR), AhR shuttles between the
nucleus and cytoplasm to participate in the modulation of target
genes expressed for cell proliferation, metabolism, and immune
response (Mackowiak and Wang, 2016). In the KP pathway, KYN
and KAwere evaluated as AhR agonists in the pathological processes
of cancer and the immune system (Liu et al., 2018). Additionally, 5-
HT and its catabolites 5-HIAA are AhR ligands (Manzella et al.,
2018). Moreover, most indole metabolites produced by gut microbes
are recognized as AhR-selective agonists (Ma et al., 2020).
Furthermore, AhR is widely expressed in the CNS neurons,
endothelial cells and many glia including astrocytes and
microglia (Rzemieniec et al., 2021). Gut TRP metabolites act as
AhR agonist which facilitate its movement across BBB and the
inhibition of nuclear factor-κB (NF-κB) via the activation of
microglia and astrocytes. AhR not only interrupts chemokine
production but also activates CNS resident myeloid cells and
causes neurotoxicity to regulate CNS inflammation (Rothhammer
et al., 2016). Thus, after stroke, crosstalk in the gut-brain axis may
lead to gut microbiota dysbiosis and cause abnormal TRP
metabolism, decreasing AhR agonists and inducing enhanced
neuroinflammation through interactions with microglia and
astrocytes (Fan et al., 2022). Alterations in the gut microbiota
may also drive focal pro-inflammatory T helper cell
differentiation and polarization, a process dependent on
cytokines such as TGF-β, IL-6, and IL-23 (Ivanov et al., 2009).
These differentiated cells subsequently migrate to the brain, where
AhR activation induces the production of IL-17 and IL-22. Among
them, Th17 cells differentiated from CD4 + Th cells can specifically
produce IL-17, which plays a key role in exacerbating the post-stroke
inflammatory response and mediating secondary neuronal injury
(Veldhoen et al., 2008; Wang et al., 2024). Mechanistically, IL-17
binds to its receptor IL-17R, triggering activation of the adaptor
protein Act1, which recruits TRAF6 to initiate downstream NF-κB
and MAPK signaling pathways (Gaffen, 2009). This cascade
promotes the secretion and expression of pro-inflammatory
cytokines TNF-α, IL-6 and chemokines CXCL1/2 (Song et al.,
2011), while concurrently enhancing neutrophil infiltration into
the central nervous system, impairing the integrity of the BBB
and stimulating the development of ischemic stroke (Benakis
et al., 2016; Durgan et al., 2019; Sun et al., 2020; Zhang et al.,
2021b). Therefore, gut microbiota-TRP metabolism-Th17/IL-
17 signaling is a novel target for medical research, however,
additional details regarding the multiple pathways are
warranted (Figure 1).

5 TRP metabolism-related treatments

5.1 Indoles

Enteric microorganisms metabolize TRP into indoles and their
derivatives. These metabolites can be absorbed into the circulatory
system and contribute to immune function, metabolic processes,
and neural communication within the “microbiota-gut-brain axis”
through mechanisms dependent on the AhR as well as
other pathways.

Probiotic strains may enhance the diversity and prevalence of
dominant gut microbial genera, thereby potentially serving as a
therapeutic adjunct for neurological and neuropsychiatric
disorders (Sanders et al., 2019). In a study focusing on patients
with Parkinson’s disease (PD) with constipation, those receiving
probiotics exhibited a significant reduction in gut transit time
(GTT). Additionally, a notable increase in g_Christensenella_sp._
Marseille-P2437 was observed in probiotic-treated mice, whereas
g_Eubacterium_oxidoreducens_group, g_Eubacterium_hallii_
group, and s_Odoribacter_sp._N54. MGS-14 were decreased (Du
et al., 2022). Another study demonstrated that treatment with the
probiotic Bacteroides fragilis corrected intestinal permeability in
offspring with maternal immune activation and restored elevated
levels of the pro-inflammatory cytokine IL-6 in the colon
(Doenyas, 2018). Moreover, supplement probiotics showed
reduced TNF-α and IFN-γ levels following chronic mild stress
(Li et al., 2018). Probiotics have also been used in clinical trials to
mitigate the adverse effects associated with gut microbial
imbalance, potentially leading to the enrichment of indole-
producing genera and their derivatives, such as Lactobacillus
(Kelly et al., 2016). Additionally, research has indicated that
Lactobacillus supplementation may enhance cognitive function
and mood, and reduce aging-related inflammation in rodent
models (Jeong et al., 2015; Chesnokova et al., 2016). It was
found that Buqi-Huoxue-Tongnao (BHTD) reversed gut
microbiota dysbiosis and upregulated tryptophan metabolism to
enhance ILA synthesis to attenuate ischemic stroke (Liu et al.,
2024). Akkermansia muciniphila (AKK) was found to be a
promising probiotic that produces ILA with protective effects
against ischemic stroke. ILA inhibited neuronal iron death by
activating the aryl hydrocarbon receptor (AhR) and nuclear
transcription factor Nrf2, upregulating SLC7A11 and
GPX4 protein expression, and attenuating ischemic stroke-
induced lipid peroxidation and intracellular iron accumulation
(Wang et al., 2025) (Figure 2).

5.2 AhR

Indoles and their derivatives serve as ligands for AhR and are the
principal targets of TRP metabolites in brain microvessels,
demonstrating elevated expression of the AhR protein (Salminen,
2023). Consequently, the activation of AhR signaling disrupts
vascular homeostasis in the brain, induces oxidative stress,
stimulates inflammation, promotes cellular senescence, and
enhances vascular wall calcification (Salminen, 2023). Moreover,
the involvement of AhR ligands in the mitigation of learning and
memory deficits has been corroborated in mouse models (Prinz
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FIGURE 1
Crosstalk between gut microbiota and the brain through TRP metabolism after cerebral ischemia. Intestinal microbiota synthesized indole and its
derivatives in TRP metabolism, which act as AhR receptor ligands to further induce Th17 cells to secrete cytokines IL-17A and IL-22 in intestinal cells.
Metabolites and cytokines entered the blood circulation and entered the brain, participating in central immune inflammatory response together with glial
AhR receptors, promoting peripheral neutrophils to pass through the BBB and exacerbating the inflammatory response. Other metabolites in TRP
metabolism could also be influenced by gut microbiota. Both TRP and KYN could enter astrocytes andmicroglia through the blood to participate in brain
TRP metabolism, producing KYNA and QUINA respectively, exerting neuroprotective or neurotoxic functions, and interfering with NMDARs.
Abbreviations: TRP, tryptophan; 5-HT, 5-hydroxytryptamine; AhR, aryl hydrocarbon receptor; KYN, kynurenine; IDO1, indoleamine-2,3-dioxygenase 1;
5-HTP, 5-hydroxytryptophan; KYNA, kynurenic acid; KYNU, kynureninase; 3-HK, 3-hydroxykynurenine; KMO, kynurenine-3-monooxygenase; 3-HAA, 3-
hydroxyanthranilic acid; NMDA, N-methyl-D-aspartic acid; TLRs, toll-like receptors; SCFAs, short-chain fatty acids; IPA, indole-3-propionic acid; IAA,
indole-3-acid-acetic; IL-4, interleukin-4; QUINA, quinolinic acid; NAD+, nicotinamide adenine dinucleotide; TPH2, tryptophan hydroxylase 2; KMO,
kynurenine 3-monooxygenase; IL-17A, interleukin-17A; IL-22, interleukin-22; IL-6, interleukin-6; Th17 cells, T helper 17 cell; TNF-α, tumor Necrosis
Factor-alpha; CXCL1, Chemokine (C-X-C motif) ligand 1; EC cell, Embryonal carcinoma cell; LPS, Lipopolysaccharid.
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et al., 2021). Activation of the AhR signaling pathway by endogenous
ligands, including L-KYN and 6-Formylindolocarbazole (FICZ), as
well as exogenous ligands, such as diosmin and indole-3-carbinol,
enhances the expression and enzymatic activity of neprilysin in
amyloid precursor protein/presenilin 1 (APP/PS1) transgenic mice.
This activation effectively ameliorated cognitive impairment in these
mice. Furthermore, TRP metabolites, including 5-
hydroxyindoleacetic acid and Kynurenic acid, have shown
promise in mitigating cognitive impairment and reducing
amyloid-β (Aβ) burden in patients with mild cognitive
impairment via activation of the AhR (Klein et al., 2018; Qian
et al., 2021). In addition to targeting AhR, pharmacological agents
that influence other components of the indole pathway may exhibit

therapeutic potential. This hypothesis warrants further investigation
through future research endeavors.

5.3 5-HT receptors

The gastrointestinal tract is colonized by trillions of bacteria
that play a crucial role in regulating the host’s production of
various signaling molecules, including 5-HT, hormones, and
neurotransmitters. Approximately 90% of 5-HT is synthesized
in the intestine (De Vadder et al., 2018). Activation of the 5-HT4

receptor (5-HT4R) within the enteric nervous system has been
associated with adult neurogenesis and neuroprotection (De

FIGURE 2
The effects of indoles on neurological disorders within themicrobiota-gut-brain axis. By activating the AhR, indoles suppress neuroinflammation via
inhibition of the NLRP3/NF-κB pathway and subsequent reduction of inflammatory cytokines (IL-1β, IL-18). Additionally, indoles inhibit AChE activity,
affecting motor behavior, while modulation of the HPA axis (CRF-ACTH-cortisol) may contribute to stress-related behavioral changes. Abbreviations:
HPA axis, the hypothalamic-pituitary-adrenal axis; CRF, Corticotropin releasing factor; ACTH, Adrenocorticotropic hormone; AchE,
Acetylcholinesterase; NLRP3, NOD-like receptor thermal protein domin associated protein 3; NF-κB, Nuclear factor-κB; AhR, Aryl hydrocarbon receptor;
TRP, Tryptophan; Pro-IL-1β, pro-interleukin-1β; Pro-IL-18, pro-interleukin-18.
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Vadder et al., 2018). Empirical evidence has confirmed the
expression of 5-HT4R in the enteric nervous system,
particularly within myenteric neurons, and has demonstrated
that this expression is contingent upon the presence of a gut
microbiota (De Vadder et al., 2018). Moreover, Prucalopride,
AT-7505, and Velusetrag are three novel 5-HT4 receptor
agonists that have been evaluated for the treatment of chronic
constipation, with prucalopride demonstrating efficacy in three
multicenter studies (Quigley and Craig, 2012). The 5-HT3

receptor is not only present in the gastrointestinal epithelium
(Glatzle et al., 2002; Walstab et al., 2014), but also plays a role in
mediating intestinal secretion via a non-neuronal pathway
(Budhoo et al., 1996). Additionally, the gut microbiota has
been shown to enhance 5-HT biosynthesis through the action
of SCFAs, which may subsequently influence 5-HT3 receptor
expression. Furthermore, 5-HT3 receptor antagonists influence
the transit time and inhibit visceral pain, as demonstrated in

animal and human studies (McLean et al., 2007). Consequently,
these compounds have been used to treat diarrhea-predominant
irritable bowel syndrome (IBS). Particularly, romosetron, a
novel 5-HT3 receptor antagonist, has been shown to
ameliorate global symptoms in both female and male patients
with IBS without any significant adverse effects. This compound
has now received approval for use in Japan (Chey et al., 2011). In
addition, it has been found that melatonin, as a product of the 5-
HT pathway of tryptophan metabolism, stimulates the
proliferation of specific beneficial bacteria, including
Enterobacter, the Bacteroidales S24-7 group, Prevotella 9,
Ruminococcaceae, and Lachnospiraceae. These bacteria
collectively established a favorable co-occurrence pattern
within the intestinal microecology. This shift enhanced gut
homeostasis and strengthened the intestinal barrier function,
which in turn mitigated both brain and gut injury (Lian
et al., 2023).

TABLE 1 Tryptophan metabolism-related treatments and different neurological diseases: Preclinical studies.

Treatments Disease Subjects Samples Results References

Probiotics Parkinson’s disease Parkinson’s disease
patients with
constipation
Probiotic-treated mice

Fresh stool
samples

↓BSS score (0.65 ± 0.93 vs. − 0.17 ± 0.94, P = 0.004), PAC-
SYM score (4.09 ± 6.31 vs. − 1.83 ± 4.14, P < 0.001), PAC-
QOL score (10.65 ± 16.53 vs. 0.57 ± 12.82, P = 0.042), and
degree of defecation effort score (1.00 ± 0.80 vs. 0.00 ± 0.30,
P < 0.001)
↑g_Christensenella_sp._Marseille-P2437
↓g_Eubacterium_oxidoreducens_group,
g_Eubacterium_hallii_group and
s_Odoribacter_sp. _N54.MGS-14

Du et al. (2022)

Probiotics Chronic mild stress Chronic mild stress
mouse model
Old male C57BL/
6 mice

Hippocampus
sample
Cecal contents

↓Anxiety- and depressive-like behaviors
↑Lactobacillus abundance
Reverse the immune changes in the hippocampus

Li et al. (2018)

Probiotics Depression Patients with major
depression
Microbiota-depleted
rats

Fecal samples ↓Adverse effects associated with gut microbial imbalance
↑Indole-producing genera and their derivatives, such as
Lactobacillus

Kelly et al.
(2016)

Lactobacillus pentosus
var. plantarum C29

Memory
impairment

Aged Fischer 344 rats
Male C57BL/6 mice

Hippocampus
samples
Peritoneal
macrophages

↓The expression of p16, cyclooxygenase-2, and inducible
nitric oxide synthase
Activate Akt, mTOR, and NF-κB in the hippocampus

Jeong et al.
(2015)

AhR agonists Alzheimer’s disease APP/PS1 mice
N2a cells

Brain tissues
Cells sample

↑NEP expression and enzyme activity Qian et al.
(2021)

5-hydroxyindolacetic
acid (5-HIAA)

Alzheimer’s disease Transgenic APPSWE
mouse model
Human
neuroblastoma SH-
SY5Y cells and human
neuroblastoma
SH-SY5Y-APPwt cells

Brain tissue
Cells sample

↑Memory performance
↑NEP level in vivo and in neuroblastoma cells

Klein et al.
(2018)

Indole-3-propionic
acid (IPA)

Sepsis-associated
encephalopathy
(SAE)

Specific pathogen-free
male C57BL/6 mice
Pure primary
microglia

Mouse feces
Cortex and cells
sample

↓CLP-induced anxiety and spatial memory impairment in
septic mice
↓NLRP3 inflammasome activation and IL-1β secretion in
lipopolysaccharide-stimulated microglia

Fang et al.
(2022)

Tryptophan-rich diet
(0.6% tryptophan w/w)

Chronic
unpredictable mild
stress (CUMS)

Male C57BL/6 mice Brain and gut
tissue
Serum samples

↓Depression- and anxiety-like behaviors
↑ Neuroinflammation and mitochondrial energy
metabolism
↑The expression of BDNF
↓Stress-induced gut barrier damage
↓Inflammatory responses in the colon

Wang et al.
(2022)
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5.4 Diet

Gut microbiota has been identified as a critical factor in the
regulation of brain processes and behavior. Diet plays a
significant role in shaping the composition of the gut
microbiota throughout the lifespan (Berding et al., 2021).
Research has indicated that a high-fat diet may impair the
microbial TRP degradation pathway (Krishnan et al., 2018).
Furthermore, increased carbohydrate availability has been
shown to enhance intestinal serotonin synthesis (Kashyap
et al., 2013). TRP, an essential amino acid in the human
body, is obtained via dietary intake. Foods rich in TRP
include fish, poultry, cereals, and dairy products (Fang et al.,
2022). The TRP-enriched diet demonstrated neurotherapeutic
potential by augmenting the dietary TRP intake and leveraging
the conversion of TRP by the gut microbiota to regulate indole
levels. Researchers observed that a diet rich in TRP (0.6%
tryptophan (TRP, w/w) significantly ameliorated
neuroinflammation, enhanced BDNF expression, and
improved mitochondrial energy metabolism in the brains of
mice subjected to chronic unpredictable mild stress (CUMS).
Additionally, TRP supplementation may preferentially shift
TRP metabolism towards the serotonin pathway in CUMS-
treated mice (Wang et al., 2022). Serum-targeted
metabolomics and 16S rRNA sequencing further
corroborated the potential role of the microbiota-gut-brain
axis in modulating depressive-like behavioral dysfunction in
the context of a TRP-rich diet. However, excessive TRP intake
can result in the accumulation of KYN and indole metabolites,
activation of the AhR pathway, and subsequent kidney injury
(Hu et al., 2023). Given the alterations in the human gut
microbiome following nervous system injury (Kigerl et al.,
2016), dietary regulation may represent a straight forward yet
efficacious approach for the treatment of neurological and
neuropsychiatric disorders (Table 1).

6 Discussion

TRP metabolites are essential for protein biosynthesis and
mainly participate in neuronal construction and maintenance
(Huang et al., 2023). These metabolites participate in the entire
process of neurological diseases such as depression,
schizophrenia, AD, and cerebral ischemic injury. Among
them, it has been noted that the inflammatory response due to
stroke-induced brain injury is associated with activation of
kynurenine metabolism of tryptophan metabolism (Brouns
et al., 2010). In addition, a significant correlation was found
between the decrease in the 3HAA:AA ratio and infarct volume
(Darlington et al., 2007). IDO1, one of the key enzymes of the
kynurenine metabolic pathway, has increased activity after stroke
onset and is associated with an increased risk of death. In this
study, the results showed an approximately six-fold increase in
IDO activity after stroke and a more than two-fold increase in
both plasma kynurenine accumulation and tryptophan
consumption. However, treatment with the IDO inhibitor 1-
MT reduced mean IDO activity by >50% (Jackman et al.,
2011). AhR has an important role in stroke, and its activation

can aggravate ischemic injury and promote inflammatory
response. In mice, AhR is overexpressed in the ischemic core
infarct, peri-infarct, and cortical regions, and its activation
inhibits the cAMP response element binding protein (CREB)
signaling pathway, which in turn inhibits the expression of
neurotrophic factors (e.g., brain-derived neurotrophic factor
(BDNF)) and exacerbates neuronal injury. (Cuartero et al.,
2014a). Therefore, the regulation of the tryptophan metabolic
pathway is of great significance in relation to the onset and
progression of ischemic stroke.

Cross talk in the gut-brain axis has verified that stroke may cause
intestinal microbial dysbiosis, abnormal intestinal motility, destroyed
gut barrier, failed response to stress, and systemic infection (Xie et al.,
2024a). In contrast, these processes can change the abundance of gut
microbiota, abnormal immune cell migration, and result in an
imbalance in inflammatory status, which induces severe ischemic
stroke and exacerbates prognosis (Martin et al., 2018). According to
related studies, ischemic stroke causes gut microbiota disruption, and
the phyla Bacteroidetes, the family Prevotellaceae, and the genera
Alloprevotella show a significant increase in abundance after stroke
onset, while the phyla Firmicutes, the family Lachnospiraceae, and the
genera Roseburia significantly decreased in abundance (Zhang et al.,
2022). Furthermore, studies focusing on adult hippocampus
neurogenesis, which is also regarded as potential therapeutic
strategy for neural regeneration, have verified that indole-AhR
signaling represents one mechanism of gut microbes (Wei
et al., 2021).

Thus, this review summarizes novel insights into the
relationship between gut TRP metabolism in microbes and its
influence on stroke by targeting the gut-brain axis and partially
ignores TRP metabolism in the pathophysiology of intracerebral
hemorrhage (ICH), which warrants further studies to explore the
role of TRP in the preclinical and clinical status of ICH. Since
previous studies have suggested several targets to improve prognosis
of stroke including inhibitors of TDO, KMO, NMDAR, oral
melatonin which shows efficacy of reducing the severity of stroke
and improve cognitive symptoms and AhR is thought to be a
potential therapeutic target for tightly participating in “gut
microbiota-TRP-brain” axis in ischemia stroke treatment.
Nevertheless, further research is required to identify molecules
involved in the multiple directions of stroke treatment focusing
on TRP metabolism (Sadanandan et al., 2020; MartInez-Coria
et al., 2021).
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