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Abstract: The need to identify new potentially druggable biochemical mechanisms for Alzheimer’s
disease (AD) is an ongoing priority. The therapeutic limitations of amyloid-based approaches are
further motivating this search. Amino acid metabolism, particularly tryptophan metabolism, has
the potential to emerge as a leading candidate and an alternative exploitable biomolecular target.
Multiple avenues support this contention. Tryptophan (trp) and its associated metabolites are
able to inhibit various enzymes participating in the biosynthesis of β-amyloid, and one metabolite,
3-hydroxyanthranilate, is able to directly inhibit neurotoxic β-amyloid oligomerization; however,
whilst certain trp metabolites are neuroprotectant, other metabolites, such as quinolinic acid, are
directly toxic to neurons and may themselves contribute to AD progression. Trp metabolites also have
the ability to influence microglia and associated cytokines in order to modulate the neuroinflammatory
and neuroimmune factors which trigger pro-inflammatory cytotoxicity in AD. Finally, trp and
various metabolites, including melatonin, are regulators of sleep, with disorders of sleep being an
important risk factor for the development of AD. Thus, the involvement of trp biochemistry in AD is
multifactorial and offers a plethora of druggable targets in the continuing quest for AD therapeutics.
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1. Introduction

From a global perspective, dementia is an evolving healthcare crisis, with dementia
risk being strongly correlated to age and with afflicted individuals typically demonstrating
decreased survival compared to age-matched cohorts [1–3]. Alzheimer’s disease (AD)
is the most common type of dementia, accounting for more than 70% of all diagnoses.
Alzheimer’s disease has classically been defined by the presence of β-amyloid (Aβ) plaques
and tau neurofibrillary tangles, combined with a loss of brain volume [4–6]. As these mark-
ers are difficult to assess during the early stages of the disease, diagnosis has historically
been suggested by a decline in cognitive function, with a definitive diagnosis being best
achieved by means of post-mortem brain analysis.

Despite its immense world-wide socioeconomic impact, coupled with decades of
biomedical research, there are no curative disease-modifying drugs available for AD.
Therapeutic approaches have usually targeted the neurotoxic proteopathy associated with
the misfolding and aggregation of Aβ and tau; however, to date, such approaches have
demonstrated limited utility. Accordingly, the need to identify alternative druggable
biochemical pathways is an ongoing research priority in the AD research realm. The
metabolic pathways of amino acids are emerging as potentially important players in the
panoply of molecular participants in AD pathology, with tryptophan metabolism being a
front runner [7].

Tryptophan (trp) is an essential amino acid centrally implicated in the molecular patho-
genesis of multiple neurological disorders, including major depressive disorder (MDD)
and dementia [8]. Trp is metabolized to serotonin (5-hydroxytryptamine, 5-HT) via initial
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conversion to 5-hydroxytryptophan, catalyzed by tryptophan hydroxylase, and then to
5-HT, catalyzed by aromatic amino acid decarboxylase. 5-HT is a well-studied neurotrans-
mitter that is the target of multiple potent neuroactive agents, ranging from therapeutic
antidepressant selective serotonin reuptake inhibitors (SSRIs) to recreational serotonin-
releasing agents (SRAs) such as amphetamines [9]. Beyond these obvious psychotropic
indications, trp and its various metabolites may likewise be starting-point candidates in
the rational design of small-molecule therapeutics for AD and related dementias for a vari-
ety of pathogenic and mechanistic reasons. Herein, multiple trp-influenced biomolecular
processes implicated in AD are summarized and reviewed.

2. Tryptophan Metabolism

Trp is an essential amino acid which higher trophic lifeforms are incapable of produc-
ing in vivo and must acquire from dietary sources. Trp is required for protein formation, as
well as being catabolized into a variety of bioactive metabolites, primarily via two distinct
metabolic pathways: the serotonin pathway leading to melatonin, and the kynurenine
pathway leading to the nicotinamides. Each pathway produces biologically important reg-
ulatory chemical intermediates, involved in regulating neural function, immune response,
and metabolism [10].

2.1. Serotonergic Pathway

The serotonin pathway is the less dominant of the two pathways, responsible for
generating the 5-HT neurotransmitter. In this pathway, trp is initially hydroxylated to
5-HTP by tryptophan hydroxylase (TPH) then decarboxylated to 5-HT by aromatic acid
decarboxylase (DDC) (Figure 1). TPH is part of a family of biopterin-dependent aromatic
amino acid hydroxylase enzymes. TPH requires a reduced pteridine cofactor, molecular
oxygen, and non-heme iron to hydroxylate its substrate L-tryptophan. In humans, as well
as in other mammals, there are two distinct TPH genes; in humans, these genes are located
on chromosomes 11 and 12 and encode two different homologous enzymes TPH1 and TPH2.
Since the conversion of 5-HTP to 5-HT is facile and rapid, TPH-mediated hydroxylation is
the rate-limiting step in 5-HT production. 5-HT synthesis is largely confined to the central
nervous system (CNS), although the gut microbiome may also be an important source of
5-HT. 5-HT is eventually converted into the hormone melatonin, involved in sleep and
circadian rhythm regulation.
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Figure 1. Conversion of tryptophan to serotonin.

2.2. Kynurenic Pathway

The kynurenic pathway (KP) produces a variety of biologically important kynurenic
compounds and is the dominant catabolic pathway of trp metabolism. The first and
rate-limiting step is the conversion of trp to N-formylkynurenine by either indoleamine
2,3-dioxygenase (IDO-1) or tryptophan 2,3-dioxygenase (TDO), followed by rapid N-
formylkynurenine formamidase-catalysed conversion to kynurenine (KYN). KYN metabolism
in the CNS follows two pathways: astrocytes convert KYN to kynurenic acid (KYNA) as
catalyzed by kynurenine aminotransferases (KATs), whilst microglia convert KYN to 3-
hydroxykynurenine (3-HK) via kynurenine monooxygenase (KMO). 3-HK is converted to
3-hydroxyanthranilic acid (3-HAA) and then to quinolinate (QUIN), which is eventually
catabolized into nicotinamide (Figure 2).
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Metabolites involved in the kynurenine pathway include tryptophan, kynurenine,
kynurenic acid, xanthurenic acid, quinolinic acid, and 3-hydroxykynurenine. However, ulti-
mately, this pathway leads to the production of nicotinamide adenine dinucleotide (NAD+),
which plays a critical role in generating cellular energy. Because energy requirements are
substantially increased during a neuroimmune response, the KP is a key regulator of the im-
mune system in the brain [11]. Moreover, many kynurenines are neuroactive, modulating
neuroplasticity and/or exerting neurotoxic effects in part through their effects on NMDA
receptor signaling and glutamatergic neurotransmission, thus impacting emotion, cogni-
tion, pain, metabolic function, and aging, and in doing so potentially increasing the risk
of developing neurodegenerative disorders [12]. In the brain, KYN is processed by either
astrocytes or microglia to produce distinct neuroactive compounds that have been shown
to alter not only glial-mediated immunological processes but also downstream synaptic
glutamatergic neurotransmission; therefore, the KP facilitates communication between
the brain and the immune system, constituting a conceptual confluence of immunologic,
monoaminergic, and glutamatergic processes at the neural-immune homeostatic interface.

Via the serotonergic and kynurenic pathways, trp and trp metabolites have the capacity
to influence the etiopathogenesis of AD by means of multiple mechanistic routes.

3. Tryptophan and Alzheimer’s Disease Pathogenesis
3.1. Trp and Proteopathy in AD

While the causative contributions of the ‘amyloid hypothesis’ to AD have come into
question in recent years, deposits of misfolded Aβ oligomers and higher-order aggregates
(e.g., fibrils), the so-called amyloid plaques, are strongly correlated with the well-described
neuropathology of AD [4]. β-Amyloid aggregates (particularly small oligomers) are gener-
ally considered to be neurotoxic and neuroinflammatory, and even if not the root cause of
AD, have a pronounced cytotoxic effect and possibly contribute to disease progression [13].

The biosynthesis of Aβ has received considerable study. Amyloid precursor protein
(APP) is cleaved by amyloid secretase, an enzyme with several variants that cleave APP at
the designated α, β and γ sites [4]. Generally, APP may be cleaved either by α-secretase, or
alternatively by β-secretase then γ-secretase [4], with this latter route being responsible for
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the production of sAPPβ and the Aβ monomer. APP cleaving is thought to be competitive,
suggesting that Aβ deposition could be downregulated by increasing the production of
the α-secretase, as the α cleavage site is within the Aβ domain, and hence, sAPPα cannot
produce Aβ [14]. There has been interest in α-secretase as a therapeutic target as sAPPα
has potent neuroprotective actions against glutamate neurotoxicity, Aβ peptide-induced
oxidative injury, and glucose deprivation. The investigation of sAPPα as a therapeutic
target has indicated that trp’s serotonergic signaling pathways in the CNS are involved in
the upregulation of α-secretase production; moreover, 5-HT4 agonists stimulate increased α-
secretase production, as well as reduced amyloid burden and decreased neuroinflammation,
indicating that sAPPα inhibition may have some efficacy in mitigating the pathology of
AD progression [15].

In terms of other trp-influenced enzymes implicated in Aβ biochemistry, neprilysin
(NEP) is a metalloproteinase regulating the brain clearance of Aβ peptides; a decrease in Aβ

elimination may be a significant contributor to AD pathogenesis [16]. Two trp metabolites,
5-hydroxyindole-acetic acid (5-HIAA) and KYNA, stimulate NEP activity/expression to
prevent Aβ peptide-induced neurotoxicity, possibly by interacting with the aryl hydrocar-
bon receptor. These data suggest promising perspectives for the design of a tryptophan
metabolite-based enzyme targeting therapies against AD [17].

In addition to trp metabolism’s influence on enzymes involved in the biosynthesis
of Aβ, various trp metabolites have also demonstrated the ability to directly inhibit Aβ

oligomerization and aggregation. The trp metabolite 3-hydroxyanthranilic acid, generated
via the kynurenic pathway, has the capacity to function as an endogenous inhibitor of Aβ

aggregation [18].
Therefore, trp and trp metabolites are able to modulate Aβ biochemistry in a poten-

tially beneficial manner by interacting with various enzymes, including α-secretase and
neprilysin, and by directly interacting with Aβ itself.

3.2. Trp and Sleep Disorders in AD

The effects of sleep deprivation or poor quality of sleep have long been anecdotally
evident, and voluminous research backs up the powerful effects of sleep on health [19,20].
In an era during which 4% of North American adults report using sleeping aids [21], the
so-called sleeplessness epidemic is likely to have an ongoing negative impact on health
outcomes—of concern, the sleeplessness epidemic might overlap with the AD epidemic.
Recent findings have correlated disturbed sleep in middle-aged and older adults with a
30% increase in AD risk compared to those with healthy sleeping patterns [22].

Sleep has important roles in learning and memory consolidation. Not surprisingly,
there are accumulating data suggesting that sleep disorders contribute to cognitive decline
and the development of AD [23]. People who sleep six hours or less per night are more
likely to develop Alzheimer’s dementia later in life, an observation which suggests that
inadequate sleep duration increases dementia risk [24]. Common sleep-related symptoms
found in AD include difficulties in falling asleep, easy arousal at night, repeated awaken-
ings, and waking up too early in the morning with consequent sleepiness and frequent
naps during the day. Amongst sleep disorders commonly occurring in people living with
AD, the most frequent include sleep breathing disorders and restless legs syndrome [25].
Mechanistically, disordered sleep may influence circadian fluctuations in the concentration
of Aβ in interstitial brain fluids and in glymphatic brain fluids; sleep disorders also promote
the biosynthesis of Aβ.

Studies have shown Aβ levels in cerebrospinal fluid (CSF) increase throughout the
day and fall away overnight, as well as a relationship between fragmented sleep and
increased amyloid burden [26]. Additionally, other studies have linked sleep deprivation
with increased Aβ and extracellular tau, both linked to the pathology of AD [27–29]. In
humans, sleep deprivation has been shown to promote neuroinflammation through the
increased production of pro-inflammatory cytokines including the interleukins IL-1β, IL-6
and IL-17 [30]. Inflammation has been strongly linked to the progression of AD as part
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of the inflammatory theory of AD, and as such, sleep deprivation appears to function
as a double-edged sword, promoting negative effects through inflammation, while also
impeding the potentially beneficial clearance of Aβ that happens during normal sleep.
Sleep disorders are a common co-morbidity in dementia and have been suggested to
promote Aβ biosynthesis and deposition [28,30].

Since trp metabolism is an endogenous regulator of the sleep cycle and since trp sup-
plementation has been shown to aid sleep, the role of trp upon AD risk and pathogenesis
via the physiological function of sleep is another important connection between trp and
AD [31]. Trp has a long-recognized sedative effect, and the serotonergic metabolites 5-HT
and melatonin have also been demonstrated to have a beneficial effect on sleep [22,32].
The relationship between the trp metabolite 5-HT and sleep is complex. Based on elec-
trophysiological, neurochemical, genetic, and neuropharmacologic studies, evolving data
demonstrate that 5-HT functions predominantly to promote wakefulness and to inhibit
rapid eye movement sleep via the serotonergic innervation of the cerebral cortex, amygdala,
basal forebrain, thalamus, preoptic and hypothalamic areas, raphe nuclei, locus coeruleus,
and pontine reticular formation which comes from the dorsal raphe nucleus.

There is evidence that trp and melatonin supplements can exert sleep-related effects,
increasing the quality of sleep and inhibiting Aβ formation [33]. Melatonin is a terminal
metabolite in the serotonergic metabolic path and is a highly conserved molecule in all
aerobic organisms. Its primary role appears to be influencing the sleep–wake cycle, as
melatonin synthesis exhibits pronounced light–dark variation, with levels rising to a maxi-
mum in the early morning and decreasing throughout the day [32]. While in mammalian
lifeforms, circulating melatonin is primarily produced in the pineal gland, mitochondria
also produce melatonin as an antioxidant, as melatonin is an effective scavenger of oxygen
radicals (O2

−·) as well as the hydroxyl radical (OH·) and nitric oxide (NO·).
Since trp is prerequisite for the synthesis of melatonin, plasma trp levels exert a notable

impact on the quality and duration of sleep. Trp supplementation or diets which promote
an increase in trp uptake have a demonstrated positive effect on sleep onset, duration,
and quality [34]. This connection with sleep neurochemistry may be part of the complex
relationship between trp and AD.

3.3. Trp and Kynurenic Neurotoxicity in AD

Tryptophan conversion to kynurenine accounts for more than 95% of all trp catabolism;
the first and rate-limiting step in this pathway is the conversion of trp to KYN by the en-
zymes IDO and TDO [35]. TDO is primarily produced in the liver and is responsible for the
majority of KYN production [35], while IDO exists in two subtypes, IDO-1 and IDO-2. IDO-
1 is produced in many different tissues as an anti-inflammatory immune-downregulating
signal pathway; IDO-2 is less common [36]. KYN can then be converted to KYNA, a
neuroprotective compound, which is subsequently metabolized into 3-hydroxyanthranilic
acid (3-HAA) via anthranilic acid (AA) or 3-hydroxy-L-kynurenine (3-HK). 3-HAA then
breaks down into either picolinic acid (PIC) or quinolinic acid (QUIN), the latter of which is
the precursor to NAD+. Many of these breakdown products are neuroactive: AA, 3-HAA
and KYNA are typically considered to be neuroprotective, whilst 3-HK and QUIN are
typically considered neurotoxic [37]. This makes the kynurenic pathway (KP) of particular
interest to the study of neurodegenerative diseases such as AD.

QUIN is one of the principal neurotoxic metabolites of trp. QUIN is able to complex
with Fe(II), inducing the formation of the hydroxyl radical (•OH), and other reactive ox-
idant species (ROS), indicating that QUIN may be a potent mediator of oxidative stress
(OS). Furthermore, QUIN-mediated OS and tau hyperphosphorylation are strongly linked,
synergistically augmenting the neurotoxicities of both chemical entities [38]. Neurofibrillary
tau tangles (NFTs) are a result of tau hyperphosphorylation and significantly contribute
to the neurotoxic proteopathy of AD; NFTs contribute to neuronal death and the loss of
cognitive ability [5]. QUIN, the KP metabolite downstream of the kynurenine monooxyge-
nase (KMO) enzyme, co-localizes with NFTs, indicating that KMO inhibition may have a
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complex therapeutic effect against AD by promoting the production of the neuroprotec-
tive KP metabolites KYNA and 3-HAA while simultaneously reducing the production of
QUIN and potentially impacting the formation of NFTs [39]. The goal of reducing QUIN
neurotoxicity has thus led to the consideration of the trp metabolism KMO enzyme as a
therapeutic target for AD [40].

The inhibition of both the IDO-1 and KMO enzymes has become a subject of interest
in recent years due to their potential implications in neurodegenerative diseases such as
AD. IDO-1 inhibitor research is already well developed in the field of oncology, with IDO-1
playing a potential role in tumor immune escape. IDO-1 inhibitors have demonstrated the
amelioration of AD symptoms in rodent trials [41]. KMO inhibition has also been shown to
strongly and beneficially drive the increased production of KYNA in vitro, as well as in
rodent models [42]. Unfortunately, the penetration of the blood–brain barrier (BBB) has
become a significant stumbling block for IDO inhibition, and while some tools exist for the
rational design of brain-penetrant IDO-1 inhibitors [43], no drug candidates have emerged
to date. Likewise, KMO inhibitors must also contend with the BBB, as well as potential
unfavorable interactions with the FAD cycle leading to significantly increased hydrogen
peroxide generation [44].

Fully understanding the role of the KP in neurodegenerative disease is a subject of
much recent interest as it appears to exhibit both neurodegenerative and neuroprotective
properties. Generally, it has been accepted that an excess of KYN will lead to the increased
production of neurotoxic intermediates, and as such, research into therapeutic targeting of
the KP has largely focused on the inhibition of key enzymes such as IDO-1 [45]. IDO-1 is
an inflammation-upregulated enzyme that catalyzes the conversion of trp to KYN, the rate-
limiting step in the KP, and as such, it is the obvious target for any KP-based interventions.
However, despite its clear therapeutic potential, IDO-1 inhibition has yet to progress past
murine models. A new target of interest may be KMO, the enzyme responsible for the
metabolism of KYN to 3-HK. KMO inhibition could preferentially shift the KP away from
neurotoxic metabolites 3-HK and QUIN and instead toward the neuroprotective KYNA
metabolite, providing a therapeutic effect on the reduction in inflammatory action due to
the KP [46].

3.4. Trp and Neuroinflammation in AD

Among the predominant sources of KMO in the CNS are microglia, the first cellular
line of response for the CNS immune system. In the classic understanding of microglia,
resting-state microglial cells are quiescent and dendritic, extending sensory probes into
the brain’s microenvironments and monitoring for stimuli; once activated, they shift into a
mobile amoebic form, dubbed “activated microglia” and start expressing pro-inflammatory
cytokines such as TNF-α, IL-6, IL-1β, and IFN-γ, as well as chemokines to signal other mi-
croglia [47]. As technology has evolved, a deeper understanding of activated microglia has
developed, with the identification of several ‘alternative’ activation states. ‘Alternatively’
activated microglia were dubbed M2-activated, while ‘classically’ activated microglia were
renamed to M1-activated [48]. M2 were then subdivided further based on specific cytokine
production, as well as chemokine secretion and function, with a generally accepted M2a,
M2b, and M2c subtype [49,50]. Improved in vivo analysis then began to show microglia
demonstrating hybrid phenotypes and suggested microglial activation is instead a spec-
trum, with microglia able to tailor phenotypes as needed based on the local environment.
Generally, though, the M1-M2 axis is useful, though dated, shorthand for differentiating
between the more pro-inflammatory and the more anti-inflammatory states of microglial
activation, and it will be the terminology used going forward in this review.

In the case of a typical inflammatory episode, such as an invading pathogen or tissue
damage, pro-inflammatory cytokines, especially INF-γ and TNF-α, signal the microglia
to assume an M1-activated state, whereby they deploy a wide range of immune receptors
including Toll-like receptors (TLRs), nucleotide-binding oligomerization domains (NODs),
NOD-like receptors, and scavenger receptors [51]. These M1-type microglia recruit more
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M1-type microglia via the production of M1-polarizing cytokines, present antigens and ex-
press inducible NO as part of an effort to neutralize invading pathogens. While a necessary
part of the immune response, M1-type microglia create high levels of local oxidative stress,
and if not downregulated, can perpetuate the recruitment of additional M1-type microglia
through the continued production of M1-polarizing cytokines, potentially creating a vi-
cious cycle of inflammation begetting further inflammation—a cytotoxic hypercytokinemic
state [52]. The anti-inflammatory M2 phenotypes are predominately triggered by the IL-4
cytokine IL-4; however, a wide range of different M2-type phenotypes can be triggered by
various anti-inflammatory cytokines, including IL-3, IL-10, IL13, glucocorticoids, TLRs and
other receptors, demonstrating the impressive plasticity of microglial phenotypes [53,54].
In contrast to the M1-type activated state, M2-type microglia are more involved in restor-
ing homeostasis and assisting healing by secreting anti-inflammatory and neurotrophic
factors [54].

While M1-type activation is usually a response to an acute event, chronic low-level
inflammation can create a ‘priming’ effect, in which microglia are more easily activated and
the overall phenotyping skews towards M1 [55]. As part of their function, M1 microglia
generate ROS and reactive nitrogen species, which increases stress on the CNS, and sus-
tained M1 activation has been implicated in the pathogenesis of multiple neurodegenerative
disorders. This ‘priming’ effect may explain the overexpression of M1 in several neurode-
generative disorders, notably including AD, in which M1-type microglia are observed
in high concentrations in the local region surrounding NFTs and amyloid plaques [56].
The clearance of Aβ is a function of activated microglia; however, M1-activated microglia
demonstrate impaired Aβ and perpetuate the chronic inflammation local to the plaques via
the production of pro-inflammatory cytokines [57]. As a result, inactivation or phenotype
transition from M1 towards M2 has become a subject of recent interest in the fight against
AD, potentially able to provide a double effect of reducing amyloid burden while also
reducing the inflammatory factors that have been proposed to contribute to the progression
of the disease.

Given the potential importance of M1/M2 polarity distribution to AD pathogenesis,
factors which influence this ratio emerge as relevant neurochemical compounds. Trp
metabolites have the capacity to fulfill this role; for example, the 3-hydroxyanthranilate
metabolite has the ability to reduce IL-6 and TNF-α inflammatory cytokine production.
Conversely, it has been reported that IL-1β and IL-6 potentiate the metabolic pathways
from trp to KA and QUIN, suggesting that M1 microglia can decrease 5-HT production.
Therefore, neuroinflammation represents yet another biomolecular mechanism whereby
trp and trp metabolites may exert a regulatory influence on AD progression.

3.5. Trp and Innate Autoimmunity in AD

Neuroinflammation is a product of the neuroimmune system, and not surprisingly,
the disordered function of brain immunity is another postulated disease mechanism for
AD; in this mechanistic conceptualization, AD is a fundamental chronic, progressive dis-
ease of the neuroimmune system. Within the spectrum of possible immunotoxicities
contributing to AD, the concept of AD as an autoimmune disease has recently gained
attention [58–60]. In this concept of AD as an autoimmune disease model, the following
sequence of events is suggested to cause AD: in response to either pathogen-associated
molecular pattern-stimulating events (e.g., infection or air pollution), or damage-associated
molecular pattern-stimulating events (e.g., trauma or ischemia), Aβ is physiologically
produced and released (in monomeric and multiple oligomeric aggregate forms) as an early
immunopeptide responder which instigates an innate immunity cascade. Once released,
Aβ, exhibiting cytokine-like immunopeptidic properties, functions in both immunomod-
ulatory and antimicrobial roles, regardless of the stimulus that prompted its release (i.e.,
infection vs. depression); thus, released Aβ is going to exhibit both immunomodulatory
and “antimicrobial” properties even if no microbes are present.
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The antimicrobial properties of Aβ arise from Aβ’s coulombic interactions, mediated
by the cationic HHQK motif within Aβ, with anionic macromolecules in the membranes of
electrophysiologically active cells, such as bacteria [59]. Regrettably, Aβ’s antimicrobial
actions result in a misdirected attack upon “self” neurons, arising from the electrophysi-
ological similarities between neurons and bacteria in terms of transmembrane potential
gradients (−80 mV) and topologically similar anionic charge distributions on outer leaflet
membrane macromolecules (gangliosides in neurons; cardiolipin or lipopolysaccharides
in bacteria). This inadvertent, but specific, attack upon neurons, which have been mis-
taken for bacteria, causes membrane rupture and neuronal death by necrosis—this renders
the process as autoimmune. Thus, Aβ’s antimicrobial activities enable autoimmune neu-
rotoxicity, ultimately contributing to neuronal death via necrosis. In addition to such
innate autoimmune neurotoxicity, the antimicrobial properties of Aβ also contribute to
mitochondriopathy (mitochondria are bacterial endosymbionts and susceptible to antimi-
crobial peptides). The subsequent breakdown products of necrotic (but not apoptotic)
neurons include the release of GM1-Aβ molecular complexes which diffuse to nearby
neurons eliciting the further release of Aβ, thus leading to a chronic, self-perpetuating
ongoing autoimmune cycle with microglial activation, pro-inflammatory cytokine release,
tau aggregation, and synaptotoxicity.

Considering AD as an autoimmune disorder raises the possibility of identifying
endogenous factors to ameliorate disease progression. Recently, to identify such a factor,
Meier-Stephenson et al. sought to identify a compound endogenous to the human brain
which could be either administered directly or used as a starting point in the design
of an orally active, brain-penetrant drug [60]. They screened a library of 1137 human
brain molecules (molecular weight < 650 g/mol), first using biotinylated Aβ1–42 anti-
oligomerization and kinetic thioflavin T (ThT) Aβ1–40 anti-aggregation assays, and secondly
using cytokine-based anti-inflammatory assays. The initial screening identified multiple
‘hits’ against Aβ aggregation within the tryptophan metabolic pathway, including both
indole-based and anthranilate-based metabolites. Although trp was inactive, metabolites
from its principal catabolic pathways including tryptamine, 5-hydroxytryptamine (5-HT),
5-methoxytryptamine, and 3-hydroxyanthranilate inhibited Aβ1–42 oligomerization and
Aβ1–40 aggregation. In secondary anti-immunopathy screens, these same metabolites
modified the release of pro-inflammatory cytokines: 5-HT, for example, modulated IL-
1β production and release from microglia. Their high-throughput screening campaign
suggests tryptophan metabolites as a single molecular platform for the design of putatively
therapeutic agents targeting both of AD’s immunopathic–proteopathic pathologies.

Although this autoimmune mechanism is not one of the current frontrunner hypothe-
ses for AD, this work is interesting, particularly within the context of understanding a
fundamental role for trp in AD. In their high-throughput screening of all small brain
molecules, trp metabolites emerged as the highest hits for endogenous compounds able to
modulate both the proteopathy and immunopathy of AD.

4. Conclusions

The role of trp in AD is complex and controversial. Could AD arise from an imbalance
between neuroprotective and neurotoxic effects arising from trp and trp metabolites? In
addition, do neurotoxic metabolites from trp metabolism also possibly contribute to the neu-
ropathology of AD? These issues await further study, but arguably, the careful manipulation
of trp metabolism may afford therapeutic opportunities via multiple mechanisms.

Tryptophan metabolism plays a major role in CNS biochemistry and, unsurprisingly,
has implications for the onset and progression of AD, humankind’s principal neurode-
generative disease. The kynurenic side of trp metabolism has been of particular interest
as inflammatory theories of brain disease have become more prominent in the scientific
discourse and synergize with new understandings of the role of microglia in the damaged
brain. However, there are multiple biomolecular routes by which trp and its metabolites
may contribute to AD progression. Tryptophan and its associated metabolites are able to
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inhibit various enzymes participating in the biosynthesis of β-amyloid, and one metabo-
lite, 3-hydroxyanthranilate, is able to directly inhibit β-amyloid oligomerization. While
certain tryptophan metabolites are neuroprotectant, other metabolites, such as quinolinic
acid, are neurotoxic and may contribute to AD progression. Trp metabolites also have the
ability to influence microglia and cytokines in order to modulate the neuroinflammatory
and neuroimmune factors which trigger pro-inflammatory cytotoxicity in AD. Finally, trp
and various metabolites, including melatonin, are regulators of sleep, with disorders of
sleep being an important risk factor for the development of AD. Thus, the involvement of
trp biochemistry in AD is multifactorial and offers a plethora of druggable targets in the
continuing quest for AD therapeutics.

The concept that trp and its metabolites, particularly 5-HT, are involved either directly
or indirectly in AD is not new. A simple PubMed search of “tryptophan” and “Alzheimer”
yields 545 hits, with 305 in the past decade; similarly, a search of “tryptophan” and “sero-
tonin” yields 1831 hits with 231 from clinical protocols and clinical trials. The aim of this
review was not a comprehensive recitation of trp and conventional thinking of AD, but
rather to uniquely position trp as a central player in many of the neurochemical processes
of AD, and not merely as a supporting actor to the Aβ story. Trp and trp metabolism
are key players in the etiopathogenesis of AD and worthy holders of the position as
druggable targets.

Future Directions

Trp metabolism is a complex biochemical process worthy of further evaluation as
a source of potentially druggable targets. Inhibitors of the various enzymes (IDO and
KMO) participating in trp metabolism as well as analogs of the various trp metabolites
(3-hydroxyanthranilate) represent possible drug-development opportunities. Such com-
pounds could be either de novo designed new chemical entities or potentially repurposed
drugs. Since some of these targets are already being considered for other indications (e.g.,
IDO inhibitors for cancer), drug design lessons from these other disorders may be imported
into the task of AD drug development. Finally, trp-related druggable targets may enable
small-molecule therapeutics to be developed rather than biologics. Small-molecule thera-
peutics afford the opportunity of having the capacity to be ‘dirty drugs’ (i.e., targeting more
than one receptor at once), conceivably providing a drug with the ability to concomitantly
target both Aβ and neuroinflammatory mechanisms, which is different from the tightly
receptor-focused mechanism of action of biologics. Small-molecule therapeutics addition-
ally have the potential to be cost-effective and more readily produced and distributed
on a global scale. AD is unquestionably a disorder of worldwide prevalence, and global
diseases deserve global solutions—the therapeutic manipulation of trp metabolism may
be such a solution.

Author Contributions: K.S. and D.F.W. participated in the writing and editing of this manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by grants from the Krembil Foundation and the Weston Foundation.

Acknowledgments: D.F.W. acknowledges salary support from a Canada Research Chair Tier 1 in
Protein Misfolding Diseases.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fiest, K.M.; Roberts, J.I.; Maxwell, C.J.; Hogan, D.B.; Smith, E.E.; Frolkis, A.; Cohen, A.; Kirk, A.; Pearson, D.; Pringsheim, T.; et al.

The Prevalence and Incidence of Dementia Due to Alzheimer’s Disease: A Systematic Review and Meta-Analysis. Can. J. Neurol.
Sci. 2016, 43, S51–S82. [CrossRef] [PubMed]

2. Guehne, U.; Riedel-Heller, S.; Angermeyer, M.C. Mortality in Dementia. Neuroepidemiology 2005, 25, 153–162. [CrossRef]
3. Villarejo, A.; Benito-León, J.; Trincado, R.; Posada, I.J.; Puertas-Martín, V.; Boix, R.; Medrano, M.J.; Bermejo-Pareja, F. Dementia-

Associated Mortality at Thirteen Years in the NEDICES Cohort Study. J. Alzheimers Dis. 2011, 26, 543–551. [CrossRef] [PubMed]

http://doi.org/10.1017/cjn.2016.36
http://www.ncbi.nlm.nih.gov/pubmed/27307128
http://doi.org/10.1159/000086680
http://doi.org/10.3233/JAD-2011-110443
http://www.ncbi.nlm.nih.gov/pubmed/21694455


Brain Sci. 2023, 13, 292 10 of 12

4. Sasaguri, H.; Saido, T.C. Amyloid-β in Brain Aging and Alzheimer’s Disease. In Aging Mechanisms II: Longevity, Metabolism, and
Brain Aging; Mori, N., Ed.; Springer Nature: Singapore, 2022; pp. 335–354. [CrossRef]

5. Brion, J.-P. Neurofibrillary Tangles and Alzheimer’s Disease. Eur. Neurol. 1998, 40, 130–140. [CrossRef] [PubMed]
6. Tapiola, T.; Overmyer, M.; Lehtovirta, M.; Helisalmi, S.; Ramberg, J.; Alafuzoff, I.; Riekkinen, P.S.; Soininen, H. The Level

of Cerebrospinal Fluid Tau Correlates with Neurofibrillary Tangles in Alzheimer’s Disease. NeuroReport 1997, 8, 3961–3963.
[PubMed]

7. Fathi, M.; Vakili, K.; Yaghoobpoor, S.; Tavasol, A.; Jazi, K.; Hajibeygi, R.; Shool, S.; Sodeifian, F.; Klegeris, A.; McElhinney, A.;
et al. Dynamic changes in metabolites of the kynurenine pathway in Alzheimer’s disease, Parkinson’s disease, and Huntington’s
disease: A systematic Review and meta-analysis. Front. Immunol. 2022, 13, 997240. [CrossRef] [PubMed]

8. Cutuli, D.; Giacovazzo, G.; Decandia, D.; Coccurello, R. Alzheimer’s disease and depression in the elderly: A trajectory linking
gut microbiota and serotonin signaling. Front. Psych. 2022, 13, 1010169. [CrossRef]

9. Elsworthy, R.J.; Aldred, S. Depression in Alzheimer’s Disease: An Alternative Role for Selective Serotonin Reuptake Inhibitors? J.
Alz. Dis. 2019, 69, 651–661. [CrossRef]

10. Platten, M.; Nollen, E.A.A.; Röhrig, U.F.; Fallarino, F.; Opitz, C.A. Tryptophan metabolism as a common therapeutic target in
cancer, neurodegeneration and beyond. Nat. Rev. Drug Discov. 2019, 18, 379–401. [CrossRef]

11. Routy, J.P.; Routy, B.; Graziani, G.M.; Mehraj, V. The Kynurenine Pathway Is a Double-Edged Sword in Immune-Privileged Sites
and in Cancer: Implications for Immunotherapy. Int. J. Trp. Res. 2016, 9, 67–77. [CrossRef]

12. Newcomer, J.W.; Farber, N.B.; Olney, J.W. NMDA receptor function, memory, and brain aging. Dialogues Clin. Neurosci.
2000, 2, 219–232. [CrossRef] [PubMed]

13. Donev, R.; Kolev, M.; Millet, B.; Thome, J. Neuronal Death in Alzheimer’s Disease and Therapeutic Opportunities. J. Cell. Mol.
Med. 2009, 13, 4329–4348. [CrossRef] [PubMed]

14. Lichtenthaler, S.F. Alpha-Secretase in Alzheimer’s Disease: Molecular Identity, Regulation and Therapeutic Potential. J. Neurochem.
2011, 116, 10–21. [CrossRef] [PubMed]

15. Castro-Alvarez, A.; Chávez-Ángel, E.; Nelson, R. Understanding the Molecular Basis of 5-HT4 Receptor Partial Agonists through
3D-QSAR Studies. Internat. J. Mol. Sci. 2021, 22, 3602. [CrossRef]

16. Howell, E.H.; Cameron, S.J. Neprilysin inhibition: A brief review of past pharmacological strategies for heart failure treatment
and future directions. Cardiol. J. 2016, 23, 591–598. [CrossRef]

17. Humpel, C. Intranasal neprilysin rapidly eliminates amyloid-beta plaques, but causes plaque compensations: The explanation
why the amyloid-beta cascade may fail? Neural Regen. Res. 2022, 17, 1881–1884. [CrossRef]

18. Sutphin, G.L. Systemic Elevation of 3-Hydroxyanthranilic Acid (3HAA) to Extend Lifespan and Delay Alzheimer’s Pathology.
Innov. Aging. 2018, 2 (Suppl. 1), 74. [CrossRef]

19. Owens, J.; Adolescent Sleep Working Group; Committee on Adolescence; Au, R.; Carskadon, M.; Millman, R.; Wolfson, A.;
Braverman, P.K.; Adelman, W.P.; Breuner, C.C.; et al. Insufficient Sleep in Adolescents and Young Adults: An Update on Causes
and Consequences. Pediatrics 2014, 134, e921–e932. [CrossRef]

20. Chattu, V.K.; Manzar, M.D.; Kumary, S.; Burman, D.; Spence, D.W.; Pandi-Perumal, S.R. The Global Problem of Insufficient Sleep
and Its Serious Public Health Implications. Healthcare 2019, 7, 1. [CrossRef]

21. Products—Data Briefs—Number 127—August 2013. Available online: https://www.cdc.gov/nchs/products/databriefs/db127
.htm (accessed on 9 December 2022).

22. Sabia, S.; Fayosse, A.; Dumurgier, J.; van Hees, V.T.; Paquet, C.; Sommerlad, A.; Kivimäki, M.; Dugravot, A.; Singh-Manoux, A.
Association of Sleep Duration in Middle and Old Age with Incidence of Dementia. Nat. Commun. 2021, 12, 2289. [CrossRef]

23. Porter, V.R.; Buxton, W.G.; Avidan, A.Y. Sleep, Cognition and Dementia. Curr. Psychiatry Rep. 2015, 17, 97. [CrossRef] [PubMed]
24. Ezzati, A.; Pak, V.M. The effects of time-restricted eating on sleep, cognitive decline, and Alzheimer’s disease. Exp. Gerontol.

2023, 171, 112033. [CrossRef] [PubMed]
25. Panossian, L.A.; Avidan, A.Y. Review of sleep disorders. Med. Clin. North Am. 2009, 93, 407–409. [CrossRef]
26. Brown, B.M.; Rainey-Smith, S.R.; Villemagne, V.L.; Weinborn, M.; Bucks, R.S.; Sohrabi, H.R.; Laws, S.M.; Taddei, K.; Macaulay,

S.L.; Ames, D.; et al. The Relationship between Sleep Quality and Brain Amyloid Burden. Sleep 2016, 39, 1063–1068. [CrossRef]
[PubMed]

27. Shokri-Kojori, E.; Wang, G.-J.; Wiers, C.E.; Demiral, S.B.; Guo, M.; Kim, S.W.; Lindgren, E.; Ramirez, V.; Zehra, A.; Freeman,
C.; et al. β-Amyloid Accumulation in the Human Brain after One Night of Sleep Deprivation. Proc. Natl. Acad. Sci. USA
2018, 115, 4483–4488. [CrossRef]

28. Holth, J.K.; Fritschi, S.K.; Wang, C.; Pedersen, N.P.; Cirrito, J.R.; Mahan, T.E.; Finn, M.B.; Manis, M.; Geerling, J.C.; Fuller, P.M.;
et al. The Sleep-Wake Cycle Regulates Brain Interstitial Fluid Tau in Mice and CSF Tau in Humans. Science 2019, 363, 880–884.
[CrossRef]

29. Blattner, M.S.; Panigrahi, S.K.; Toedebusch, C.D.; Hicks, T.J.; McLeland, J.S.; Banks, I.R.; Schaibley, C.; Ovod, V.; Mawuenyega,
K.G.; Bateman, R.J.; et al. Increased Cerebrospinal Fluid Amyloid-β During Sleep Deprivation in Healthy Middle-Aged Adults Is
Not Due to Stress or Circadian Disruption. J. Alzheimers Dis. 2020, 75, 471–482. [CrossRef]

30. Van Leeuwen, W.M.A.; Lehto, M.; Karisola, P.; Lindholm, H.; Luukkonen, R.; Sallinen, M.; Härmä, M.; Porkka-Heiskanen,
T.; Alenius, H. Sleep Restriction Increases the Risk of Developing Cardiovascular Diseases by Augmenting Proinflammatory
Responses through IL-17 and CRP. PLoS ONE 2009, 4, e4589. [CrossRef]

http://doi.org/10.1007/978-981-16-7977-3_21
http://doi.org/10.1159/000007969
http://www.ncbi.nlm.nih.gov/pubmed/9748670
http://www.ncbi.nlm.nih.gov/pubmed/9462474
http://doi.org/10.3389/fimmu.2022.997240
http://www.ncbi.nlm.nih.gov/pubmed/36263032
http://doi.org/10.3389/fpsyt.2022.1010169
http://doi.org/10.3233/JAD-180780
http://doi.org/10.1038/s41573-019-0016-5
http://doi.org/10.4137/IJTR.S38355
http://doi.org/10.31887/DCNS.2000.2.3/jnewcomer
http://www.ncbi.nlm.nih.gov/pubmed/22034391
http://doi.org/10.1111/j.1582-4934.2009.00889.x
http://www.ncbi.nlm.nih.gov/pubmed/19725918
http://doi.org/10.1111/j.1471-4159.2010.07081.x
http://www.ncbi.nlm.nih.gov/pubmed/21044078
http://doi.org/10.3390/ijms22073602
http://doi.org/10.5603/CJ.a2016.0063
http://doi.org/10.4103/1673-5374.335138
http://doi.org/10.1093/geroni/igy023.281
http://doi.org/10.1542/peds.2014-1696
http://doi.org/10.3390/healthcare7010001
https://www.cdc.gov/nchs/products/databriefs/db127.htm
https://www.cdc.gov/nchs/products/databriefs/db127.htm
http://doi.org/10.1038/s41467-021-22354-2
http://doi.org/10.1007/s11920-015-0631-8
http://www.ncbi.nlm.nih.gov/pubmed/26478197
http://doi.org/10.1016/j.exger.2022.112033
http://www.ncbi.nlm.nih.gov/pubmed/36403899
http://doi.org/10.1016/j.mcna.2008.09.001
http://doi.org/10.5665/sleep.5756
http://www.ncbi.nlm.nih.gov/pubmed/27091528
http://doi.org/10.1073/pnas.1721694115
http://doi.org/10.1126/science.aav2546
http://doi.org/10.3233/JAD-191122
http://doi.org/10.1371/journal.pone.0004589


Brain Sci. 2023, 13, 292 11 of 12

31. Wu, H.; Dunnett, S.; Ho, Y.-S.; Chang, R.C.-C. The Role of Sleep Deprivation and Circadian Rhythm Disruption as Risk Factors of
Alzheimer’s Disease. Front. Neuroendocrinol. 2019, 54, 100764. [CrossRef]

32. Wang, X.; Wang, Z.; Cao, J.; Dong, Y.; Chen, Y. Melatonin Ameliorates Anxiety-like Behaviors Induced by Sleep Deprivation in
Mice: Role of Oxidative Stress, Neuroinflammation, Autophagy and Apoptosis. Brain Res. Bull. 2021, 174, 161–172. [CrossRef]

33. Friedman, M. Analysis, Nutrition, and Health Benefits of Tryptophan. Int. J. Trp. Res. 2018, 11, 1178646918802282. [CrossRef]
34. Silber, B.Y.; Schmitt, J.A.J. Effects of Tryptophan Loading on Human Cognition, Mood, and Sleep. Neurosci. Biobehav. Rev.

2010, 34, 387–407. [CrossRef] [PubMed]
35. Badawy, A.A.-B. Kynurenine Pathway of Tryptophan Metabolism: Regulatory and Functional Aspects. Int. J. Tryptophan Res. IJTR

2017, 10, 1178646917691938. [CrossRef]
36. Mbongue, J.C.; Nicholas, D.A.; Torrez, T.W.; Kim, N.-S.; Firek, A.F.; Langridge, W.H.R. The Role of Indoleamine 2, 3-Dioxygenase

in Immune Suppression and Autoimmunity. Vaccines 2015, 3, 703–729. [CrossRef]
37. Kwidzinski, E.; Bechmann, I. IDO Expression in the Brain: A Double-Edged Sword. J. Mol. Med. 2007, 85, 1351–1359. [CrossRef]

[PubMed]
38. Alavi Naini, S.M.; Soussi-Yanicostas, N. Tau Hyperphosphorylation and Oxidative Stress, a Critical Vicious Circle in Neurodegen-

erative Tauopathies? Oxid. Med. Cell Longev. 2015, 2015, e151979. [CrossRef]
39. Guillemin, G.J.; Brew, B.J.; Noonan, C.E.; Takikawa, O.; Cullen, K.M. Indoleamine 2,3 Dioxygenase and Quinolinic Acid

Immunoreactivity in Alzheimer’s Disease Hippocampus. Neuropathol. Appl. Neurobiol. 2005, 31, 395–404. [CrossRef]
40. Thevandavakkam, M.A.; Schwarcz, R.; Muchowski, P.J.; Giorgini, F. Targeting Kynurenine 3-Monooxygenase (KMO): Implications

for Therapy in Huntington’s Disease. CNS Neurol. Disord. Drug Targets CNS Neurol. Disord. 2010, 9, 791–800. [CrossRef]
41. Yu, D.; Tao, B.-B.; Yang, Y.-Y.; Du, L.-S.; Yang, S.-S.; He, X.-J.; Zhu, Y.-W.; Yan, J.-K.; Yang, Q. The IDO Inhibitor Coptisine

Ameliorates Cognitive Impairment in a Mouse Model of Alzheimer’s Disease. J. Alzheimers Dis. 2015, 43, 291–302. [CrossRef]
42. Zwilling, D.; Huang, S.-Y.; Sathyasaikumar, K.V.; Notarangelo, F.M.; Guidetti, P.; Wu, H.-Q.; Lee, J.; Truong, J.; Andrews-Zwilling,

Y.; Hsieh, E.W.; et al. Kynurenine 3-Monooxygenase Inhibition in Blood Ameliorates Neurodegeneration. Cell 2011, 145, 863–874.
[CrossRef]

43. Gupta, M.; Lee, H.J.; Barden, C.J.; Weaver, D.F. The Blood–Brain Barrier (BBB) Score. J. Med. Chem. 2019, 62, 9824–9836. [CrossRef]
[PubMed]

44. Phillips, R.S.; Iradukunda, E.C.; Hughes, T.; Bowen, J.P. Modulation of Enzyme Activity in the Kynurenine Pathway by Kynurenine
Monooxygenase Inhibition. Front. Mol. Biosci. 2019, 6, 3. [CrossRef] [PubMed]

45. Zheng, Y.; Stafford, P.M.; Stover, K.R.; Mohan, D.C.; Gupta, M.; Keske, E.C.; Schiavini, P.; Villar, L.; Wu, F.; Kreft, A.; et al. A
Series of 2-((1-Phenyl-1H-imidazol-5-yl)methyl)-1H-indoles as Indoleamine 2,3-Dioxygenase 1 (IDO1) Inhibitors. ChemMedChem
2021, 16, 2195–2205. [CrossRef] [PubMed]

46. Hughes, T.D.; Güner, O.F.; Iradukunda, E.C.; Phillips, R.S.; Bowen, J.P. The Kynurenine Pathway and Kynurenine 3-
Monooxygenase Inhibitors. Molecules 2022, 27, 273. [CrossRef]

47. Lively, S.; Schlichter, L.C. Microglia Responses to Pro-Inflammatory Stimuli (LPS, IFNγ+TNFα) and Reprogramming by Resolving
Cytokines (IL-4, IL-10). Front. Cell Neurosci. 2018, 12, 215. [CrossRef] [PubMed]

48. Orihuela, R.; McPherson, C.A.; Harry, G.J. Microglial M1/M2 Polarization and Metabolic States. Br. J. Pharmacol. 2016, 173, 649–665.
[CrossRef]

49. Jurga, A.M.; Paleczna, M.; Kuter, K.Z. Overview of General and Discriminating Markers of Differential Microglia Phenotypes.
Front. Cell. Neurosci. 2020, 14, 198. [CrossRef]

50. Mosser, D.M.; Edwards, J.P. Exploring the Full Spectrum of Macrophage Activation. Nat. Rev. Immunol. 2008, 8, 958–969.
[CrossRef]

51. Boche, D.; Perry, V.H.; Nicoll, J.a.R. Review: Activation Patterns of Microglia and Their Identification in the Human Brain.
Neuropathol. Appl. Neurobiol. 2013, 39, 3–18. [CrossRef]

52. Block, M.L.; Zecca, L.; Hong, J.-S. Microglia-Mediated Neurotoxicity: Uncovering the Molecular Mechanisms. Nat. Rev. Neurosci.
2007, 8, 57–69. [CrossRef]

53. Stein, M.; Keshav, S.; Harris, N.; Gordon, S. Interleukin 4 Potently Enhances Murine Macrophage Mannose Receptor Activity: A
Marker of Alternative Immunologic Macrophage Activation. J. Exp. Med. 1992, 176, 287–292. [CrossRef] [PubMed]

54. Cherry, J.D.; Olschowka, J.A.; O’Banion, M.K. Neuroinflammation and M2 Microglia: The Good, the Bad, and the Inflamed. J.
Neuroinflam. 2014, 11, 98. [CrossRef]

55. Cunningham, C.; Wilcockson, D.C.; Campion, S.; Lunnon, K.; Perry, V.H. Central and Systemic Endotoxin Challenges Ex-
acerbate the Local Inflammatory Response and Increase Neuronal Death during Chronic Neurodegeneration. J. Neurosci.
2005, 25, 9275–9284. [CrossRef]

56. Sheffield, L.G.; Marquis, J.G.; Berman, N.E.J. Regional Distribution of Cortical Microglia Parallels That of Neurofibrillary Tangles
in Alzheimer’s Disease. Neurosci. Lett. 2000, 285, 165–168. [CrossRef]

57. Koenigsknecht-Talboo, J.; Landreth, G.E. Microglial Phagocytosis Induced by Fibrillar β-Amyloid and IgGs Are Differentially
Regulated by Proinflammatory Cytokines. J. Neurosci. 2005, 25, 8240–8249. [CrossRef] [PubMed]

58. Weaver, D.F. β-Amyloid is an Immunopeptide and Alzheimer’s is an Autoimmune Disease. Curr. Alzheimer Res. 2021, 18, 849–857.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.yfrne.2019.100764
http://doi.org/10.1016/j.brainresbull.2021.06.010
http://doi.org/10.1177/1178646918802282
http://doi.org/10.1016/j.neubiorev.2009.08.005
http://www.ncbi.nlm.nih.gov/pubmed/19715722
http://doi.org/10.1177/1178646917691938
http://doi.org/10.3390/vaccines3030703
http://doi.org/10.1007/s00109-007-0229-7
http://www.ncbi.nlm.nih.gov/pubmed/17594069
http://doi.org/10.1155/2015/151979
http://doi.org/10.1111/j.1365-2990.2005.00655.x
http://doi.org/10.2174/187152710793237430
http://doi.org/10.3233/JAD-140414
http://doi.org/10.1016/j.cell.2011.05.020
http://doi.org/10.1021/acs.jmedchem.9b01220
http://www.ncbi.nlm.nih.gov/pubmed/31603678
http://doi.org/10.3389/fmolb.2019.00003
http://www.ncbi.nlm.nih.gov/pubmed/30800661
http://doi.org/10.1002/cmdc.202100107
http://www.ncbi.nlm.nih.gov/pubmed/33759400
http://doi.org/10.3390/molecules27010273
http://doi.org/10.3389/fncel.2018.00215
http://www.ncbi.nlm.nih.gov/pubmed/30087595
http://doi.org/10.1111/bph.13139
http://doi.org/10.3389/fncel.2020.00198
http://doi.org/10.1038/nri2448
http://doi.org/10.1111/nan.12011
http://doi.org/10.1038/nrn2038
http://doi.org/10.1084/jem.176.1.287
http://www.ncbi.nlm.nih.gov/pubmed/1613462
http://doi.org/10.1186/1742-2094-11-98
http://doi.org/10.1523/JNEUROSCI.2614-05.2005
http://doi.org/10.1016/S0304-394001037-5
http://doi.org/10.1523/JNEUROSCI.1808-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16148231
http://doi.org/10.2174/1567205018666211202141650
http://www.ncbi.nlm.nih.gov/pubmed/34856900


Brain Sci. 2023, 13, 292 12 of 12

59. Weaver, D.F. Alzheimer’s disease as an innate autoimmune disease (AD2): A new molecular paradigm. Alzheimers Dement. 2022.
early view. [CrossRef]

60. Meier-Stephenson, F.S.; Meier-Stephenson, V.C.; Carter, M.D.; Meek, A.R.; Wang, Y.; Pan, L.; Chen, Q.; Jacobo, S.; Wu, F.; Lu, E.;
et al. Alzheimer’s disease as an autoimmune disorder of innate immunity endogenously modulated by tryptophan metabolites.
Alzheimers Dement. 2022, 8, e12283. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/alz.12789
http://doi.org/10.1002/trc2.12283

	Introduction 
	Tryptophan Metabolism 
	Serotonergic Pathway 
	Kynurenic Pathway 

	Tryptophan and Alzheimer’s Disease Pathogenesis 
	Trp and Proteopathy in AD 
	Trp and Sleep Disorders in AD 
	Trp and Kynurenic Neurotoxicity in AD 
	Trp and Neuroinflammation in AD 
	Trp and Innate Autoimmunity in AD 

	Conclusions 
	References

