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The intestinal flora has been the focus of numerous investigations recently, with inquiries not just into the
gastrointestinal aspects but also the pathomechanism of other diseases such as nervous system disorders and
mitochondrial diseases. Mitochondrial disorders are the most common type of inheritable metabolic illness caused
by mutations of mitochondrial and nuclear DNA. Metabolites of the kynurenine pathway are linked to many
disorders, such as depression, schizophrenia, migraine, and also diseases associated with impaired mitochondrial

function. The kynurenine pathway includes many substances, for instance kynurenic acid and quinolinic acid.

kynurenine pathway intestinal flora

| 1. Introduction

The gut microbiota, also referred to as the intestinal flora, has become a focal point in healthcare. One of the most
noteworthy advancements in recent gut microbiota research has been the revelation that the assembly of
microorganisms in our digestive system has the capacity to influence various aspects of brain development and

function.

Examining the neurobiological mechanisms responsible for the degree of influence exerted by microbial organisms
on host physiology, brain function, and behavior has become a top research priority. Researchers are currently
exploring various pathways and potential mechanisms that may govern the interactions between intestinal flora and

the brain.

One central focus in this area of investigation is how the microbiota regulates the availability of circulating
tryptophan (Trp). Trp is an essential amino acid that is responsible for the synthesis of serotonin (5-HT) and,
moreover, is an initial compound of the kynurenine pathway (KP). The KP has a crucial role in many disorders,
such as immunological @, neurological &, and mitochondrial diseases . Mitochondrial disorders are chronic
genetic illnesses that occur when mitochondria in cells fail to produce sufficient energy due to damage to their own
DNA.

There is limited direct evidence establishing a clear and causal connection between the gut microbiota and
mitochondrial disorders. However, research in both areas has been progressing, and there is growing interest in

understanding potential links between them.
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2. Connections between the Intestinal Flora and the
Kynurenine Pathway

2.1. Intestinal Flora

Intestinal flora, also known as the gut microbiota or gut microbiome, refers to the diverse community of
microorganisms that inhabit the human gastrointestinal tract, primarily the colon. These microorganisms consist of
bacteria, viruses, fungi, and other microorganisms, with bacteria being the most abundant and well-studied
component. The human gut is home to trillions of microorganisms, with an estimated 1000 to 1150 different

species of bacteria.

The initial colonization of microbes primarily occurs during the process of childbirth. Newborns delivered through
the vaginal route are exposed to bacteria from their mother’s feces and vaginal region, while infants born via
cesarean section initially encounter bacteria from the hospital environment and their mother’s skin &, It is important
to note that despite the long-lasting belief that the prenatal environment is completely sterile, recent research has
shown that before breastfeeding, the placenta, the amniotic fluid, and meconium can carry a certain amount of
bacteria . Studies have detected, in the infant gut, the presence of bacteria such as Enterobacteriaceae,

Bifidobacterium and Bacteroides [,

The infant gut microbiota remains highly changeable and dynamic until around the age of two when the
consumption of solid foods begins . Afterward, around the third year of life, as the diet becomes more diverse, the
microbiota stabilizes and starts resembling the microbial compositions found in adults 2!, In adulthood, healthy
people’s gut microbiota is primarily populated by four main phyla: Firmicutes, Actinobacteria, Bacteroidetes, and
Verrucomicrobia . The composition of the gut microbiota in healthy young adults and middle-aged individuals is
characterized by a high diversity of bacterial species . However, as individuals age, their gut microbiota
undergoes changes, with a higher proportion of Bacteroides spp. and distinct patterns of Clostridium groups
identified in the elderly compared to younger adults [, Bacteria in these species can also metabolize Trp into

substances of the KP 19,

Therefore, during infancy and old age, gut microbiota composition is highly dynamic and experiences significant
shifts, whereas in healthy young adults and middle-aged individuals, it tends to be more stable and diverse. Even
during adulthood, the composition of the gut microbiota can undergo significant changes over the course of a year
(L1 This has led to debates regarding the best way to characterize and monitor an individual’s gut microbiota
composition. The concept of “enterotypes” (three core clusters of bacterial genera: Bacteroides, Prevotella, and
Ruminococcus) is not universally accepted due to variations between individuals and challenges in categorizing an
individual’s gut microbial composition within one specific enterotype 1. An alternative approach suggests that the
gut microbiota composition reflects a core set of functional profiles, where certain bacterial species play a more

critical role in influencing health and disease 12,
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This diversity plays a crucial role in maintaining a healthy gut. So gut microorganisms are an intricate microbial
community recognized as a crucial influencer of neurodevelopment (131 and their involvement in the development
of excitotoxicity is highly probable 4. The potential contribution of gut microbiota to brain development can be
described as follows 22!, On the one hand, Trp serves as a precursor for various biologically significant metabolites
with crucial physiological roles, and it holds significant implications for the development of the central nervous
system (CNS). Serotonin (5-hydroxytryptamine, 5-HT), originating from Trp via the action of Trp hydroxylase,
regulates essential neurodevelopmental approaches 2. These processes are under the influence of short-chain
fatty acids (SCFAs) produced by the gut microbiome, such as acetate, propionate, and butyrate 187 These
substances can influence the brain by modifying the levels of neurotransmitter precursors 18 and via the vagal
nerve 22, On the other hand, neurotrophins such as brain-derived neurotrophic factor (BDNF), which are closely
associated with neurodevelopment and neuroprotection, play crucial roles in promoting neuronal survival, synaptic
plasticity, and cognitive function 121, Recently, it has been also shown that the KP is changed in BDNF knock-in
mice 29, so there is a connection between the substances of the KP and the BDNF pathway. Additionally, it is
proposed that gut microbiota may influence the expression of N-methyl-D-aspartate (NMDA) receptors and

contribute to brain development 211,

To sum up, bacteria in the gut microbiome can metabolize Trp, leading to the production of various metabolites

within the gut (Figure 1).
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Figure 1. The gut microbiota influences the brain through tryptophan, short-chain fatty acids via the vagus nerve,

and the precursor of neurotransmitters. Abbreviation: SCFAs—short-chain fatty acids.
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2.2. The KP and Its Receptors

Trp is an essential amino acid that is crucial in the brain as it is the precursor of 5-HT. Several bacterial strains
have the capability to enhance the production of Trp in the body, potentially playing a role in maintaining regular gut
motility (221, Nonetheless, the majority (more than 90%) of Trp in mammalian cells metabolizes in the KP and not
towards the 5-HT (Figure 2). Kynurenic acid (KYNA) is one of the best-known substances of the KP, which was
first described by Justus von Liebig in 1853 23], Liebig was a German scientist, who discovered KYNA in dog urine.
It is important to know that KYNA is an endogenous glutamate receptor antagonist and has neuroprotective effects.
This substance is created by kynurenine aminotransferases (KATs) from L-kynurenine (L-KYN), which is
constructed by the formamidase enzyme from N-formylkynurenine. N-formylkynurenine, and is formed from L-Trp
by two iron-dependent enzymes: indolamine 2,3-dioxygenase 1 and 2 (IDO1 and IDO2) and tryptophan 2,3-
dioxygenase (TDO). It is noteworthy that, besides KYNA, L-KYN can transform into anthranilic acid (ANA) in
reaction to kynureninase (3-HAO) and to 3-hydroxykynurenine (3-HK) when reacting to kynurenine 3-
monooxygenase (KMO). KMO, in eukaryotic cells, is a mitochondrial protein located in the outer membrane of
mitochondria 24, ANA can further transform into 3-hydroxyanthranilic acid (3-HAA) when exposed to 3-
hydroxyanthranilic acid hydroxylase. Furthermore, 3-HK can also be converted to 3-HAA by the kynureninase
enzyme. In addition to this, 3-HK can also transform into xanthurenic acid. 3-HAA can further be converted to
quinolinic acid (QUIN) when exposed to 3-hydroxyanthranillic acid 3,4-dioxygenase. In the last step of the KP,
QUIN is transformed into nicotinamide adenine dinucleotide (NAD™) in reaction to quinolinic acid phosphoribosyl
transferase. NAD* has a pivotal role in mitochondrial energy management and redox reactions 221, Different from
KYNA, QUIN is an endogenous glutamate receptor agonist, which when produced by microglia 28, can provoke
lipid peroxidation 22 and has a relevant role in the neurodegenerative process (28 QUIN can exert its effects,
probably by stimulating NMDA receptors, yielding the overproduction of free radicals and inhibiting the respiratory
chain. Research shows that the enzymes and substances of the KP have pivotal roles in the pathomechanisms of

migraine 22, Parkinson’s disease 2%, schizophrenia [ and mitochondrial dysfunction B3233134],
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Figure 2. The kynurenine pathway. This figure illustrates the main metabolites of the KP. Abbreviations: 3-HAA—3-
hydroxyanthranilic acid, 3-HK—3-hydroxykynurenine, 5-HT—serotonin, ANA—anthranilic acid, KYNA—kynurenic
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acid, L-KYN—L-kynurenine, NAD*—nicotinamide adenine dinucleotide, QUIN—quinolinic acid, Trp—tryptophan,
XA—xanthurenic acid.

Kynurenines exert their effects on different receptors, such as glutamate receptors in a dose dependent manner,
aryl hydrocarbon (AhR) receptors, G protein-coupled receptor 35 (GPR35), and a-7 nicotinic (a7 nACh) receptors
(Figure 3). Glutamate receptors are a class of neurotransmitter receptors found in the CNS of animals, hence
humans. Glutamate is the most abundant excitatory neurotransmitter in the brain, and its receptors play a
fundamental role in various aspects of neuronal communication and synaptic plasticity. There are several types of
glutamate receptors, but they are generally categorized into two major classes. The ionotropic glutamate receptors
function as ligand-gated ion channels. This implies that upon binding with glutamate, they facilitate the movement
of ions, including the influx of sodium (Na*) and calcium (Ca?*) as well as the efflux of potassium (K*) through the
cell membrane. lonotropic receptors mediate fast synaptic transmission and include three subtypes: NMDA
receptors, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, and kainate receptors. The
other types of glutamate receptors are metabotropic glutamate receptors, which are G protein-coupled receptors
that are indirectly linked to ion channels through intracellular signaling pathways. They modulate synaptic
transmission and play a role in the regulation of neuronal excitability. KYNA is an antagonist at the strychnine-
insensitive glycine-binding site of NMDA receptors at low doses 22! and can also inhibit the glutamate-binding site
of the NMDA receptors at higher doses 8. In addition to this, KYNA has an antagonistic impact on kainate- and
AMPA receptors 32l The effect of KYNA on AMPA receptors is also concentration dependent, which means that
KYNA can stimulate the receptors at nanomolar and micromolar concentrations but in different circumstances,
namely between micromolar and millimolar concentrations, can inhibit the AMPA receptors 738!,
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Figure 3. Potential binding sites for kynurenic acid. The figure provides an overview of potential receptors for
kynurenic acid and their corresponding actions. Recent inquiries have raised uncertainties regarding its impact on
the alpha-7 nicotinic receptor. Abbreviations: NMDAR—N-methyl-D-aspartate receptors, AMPA—a-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptors, GPR35—G protein-coupled receptor 35.

AhR receptors are a family of proteins found in many species, including humans. AhR is a ligand-activated
transcription factor that can bind to various aromatic hydrocarbons, including environmental pollutants like dioxins
and polycyclic aromatic hydrocarbons (PAHs). When AhR binds to its ligands, it undergoes a conformational
change and translocates to the cell nucleus, where it regulates the expression of various genes. The AhR receptor
activation promotes equilibrium in host-microbe interactions, with indole derived from microbial Trp serving as a
crucial ligand for this transcription factor 22, Additionally, the AhR receptor is involved in the regulation of IDO and
TDO expression 4944 Elevated AhR receptor activation has been noted in individuals with post-acute sequelae of
SARS-CoV-2 infection, correlating with heightened IDO2 activity 42, Additionally, a decline in mitochondrial
function is evident in these patients. Experimental findings indicate that AhR receptor antagonists can diminish
IDO2 activation 2. Consequently, it can be inferred that modifications in the KP might impact mitochondrial

function through AhR receptors.
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GPR35 is a member of the G protein-coupled receptor family. The exact function of GPR35 is not fully understood,
and it appears to have diverse roles in different tissues. Research has implicated GPR35 in immune responses,

inflammatory processes, and gastrointestinal functions.

The a7 nACh receptor is a type of nicotinic acetylcholine receptor that plays a crucial role in neurotransmission
within the CNS. Nicotinic receptors are ionotropic receptors that respond to the neurotransmitter acetylcholine, and
they are named after nicotine, which also binds to and activates these receptors. Doubts regarding the effects of

KYNA on a7 nACh receptors have been raised by Stone 43,

2.3. Role of the Intestinal Flora in the KP Metabolism

The relationship between diet, the KP, and the gut microbiome is a complex and emerging area of research in the
fields of nutrition, metabolism, and microbiology. Various diets can significantly influence the composition and
function of the gut microbiome 4!, For example, diets rich in fiber from fruits, vegetables, and whole grains can
promote the growth of beneficial bacteria in the gut 43, On the other hand, high-fat and high-sugar diets can alter

the microbiome composition and may contribute to the development of metabolic disorders €,

Research has shown that Trp, and thus the KP, has a unigue role in the dual communication between
microorganisms of the gut and the various organs of the host 2. Bacteria in the gut can influence the activity of
IDO1 in the gut, and some of these bacteria have enzymes very similar to those of the KP and thus contribute to
the production of the metabolites of the KP 4. |t is widely recognized that the bidirectional communication
between the microbiota and the immune system plays a crucial role in shaping the host's intestinal immune
response 28l Consequently, mice that lack gut microbiota display a deficiency in their innate immune system.
When compared to conventional mice, germ-free mice exhibit decreased degradation of Trp via the KP, leading to
higher levels of available Trp and lower levels of KYNA in their bloodstream “2B3  Additionally, the levels of

circulating Trp and KYNA return to normal after microbial colonization in mice immediately after weaning 9.

In a recent study, Sun and his colleagues found that long-term high-fat diets disrupted the metabolism of Trp in the
bloodstream in mice B, This disruption was characterized by a reduction in Trp levels and an increase in the
activity of the KP. Notably, this aberrant Trp metabolism strongly correlated with the proliferation of the
Proteobacteria phylum in the colon, so deviations in Trp metabolism can induce changes in the KP metabolism 5]
as well. In this interesting research, the authors could abrogate the long-term high-fat diet shift with antibiotic
treatment, but changes induced by the long-term high-fat diet could be transferred to mice with a standard diet
through fecal transplantation, thus revealing the role of gut microbiota in this process. In another experimental
setting, it was shown that the administration of Bacillus infantis to rats elevates Trp and KYNA levels but decreases
the level of 5-Hydroxyindoleacetic acid 22, which is the main metabolite of 5-HT 58, These data obviously prove

that the gut microbiome influences the KP.

Alterations in the KP have been documented in several diseases linked to a disrupted microbiome. Patients

diagnosed with irritable bowel syndrome (IBS) have reported heightened KP metabolism and altered microbiome
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(41551561 ' providing evidence of a connection between these two systems. The roles of altered microbiome and
oxidative stress have also been described in patients with Crohn’s disease B4E8l |n a recent study, it has been
shown that Trp has a protective impact on Crohn’s disease and IBS B2, by strengthening the role of the KP against

mitochondrial stress and supporting a normal microbiome.

However, it is important to note that the interplay between diet, kynurenine, and the gut microbiome is still an active
area of research and that the mechanisms involved are not fully understood. It is also important to consider

individual variations in microbiome composition and responses to diet.
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