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Abstract. Huntingtin (HTT) protein is expressed in most cell lineages, and the toxicity of mutant HTT in multiple organs
may contribute to the neurological and psychiatric symptoms observed in Huntington’s disease (HD). The proteostasis and
neurotoxicity of mutant HTT are influenced by the intracellular milieu and responses to environmental signals. Recent research
has highlighted a prominent role of gut microbiota in brain and immune system development, aging, and the progression of
neurological disorders. Several studies suggest that mutant HTT might disrupt the homeostasis of gut microbiota (known as
dysbiosis) and impact the pathogenesis of HD. Dysbiosis has been observed in HD patients, and in animal models of the
disease it coincides with mutant HTT aggregation, abnormal behaviors, and reduced lifespan. This review article aims to
highlight the potential toxicity of mutant HTT in organs and pathways within the microbiota-gut-immune-central nervous
system (CNS) axis. Understanding the functions of Wild-Type (WT) HTT and the toxicity of mutant HTT in these organs
and the associated networks may elucidate novel pathogenic pathways, identify biomarkers and peripheral therapeutic targets
for HD.
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INTRODUCTION

The expansion of a CAG repeat (>35) in the exon
1 of huntingtin (HTT) gene is the root cause of
Huntington’s disease (HD), a neurodegenerative dis-
order exemplified by motor and cognitive deficits,
psychiatric symptoms, and peripheral complications.
The expanded CAG repeat produces an abnormal
polyglutamine (polyQ) tract, which increases the
amyloidogenic properties of the HTT exon1 and
forms oligomeric assemblies disrupting numerous
cellular pathways in the nervous system [1, 2].
However, the aberrant functions of mutant HTT
(mHTT) in the peripheral organs like the innate
immune system and gastrointestinal tract are also
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gaining attention as modifiers of HD pathology
[3].

HTT is ubiquitously expressed, and it is predicted
that the toxicity of mHTT in peripheral organs may
contribute to neurodegeneration in the nervous sys-
tem of HD patients [3]. One notable example is the
elevated activation of the innate immune system.
Activated microglia, infiltration of proinflammatory
TH17.1 cells from the periphery into the CNS, and
hyperactive monocytes and macrophages in the cir-
culation are observed in pre-manifest HD patients
several years before any noticeable neurological
symptoms emerge [4–7]. Recent studies suggest that
innate immune pathways promote the loss of cor-
ticostriatal synapses in the brains of postmortem
HD patients and in animal models, and activation
of the intraneuronal immune modulators contribute
to neurodegeneration in the striatum [8, 9]. mHTT
expressed in microglia and peripheral immune cells
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may promote an inflammatory intracellular milieu
through changes in the activity of genes implicated
in cell proliferation. Mechanistically, mHTT directly
binds to and activates the inflammatory IKK/NF-�B
pathway, which is present in most cell types and is a
central node in the innate immune development and
response to microorganisms [10–13].

The gastrointestinal tract (gut) hosts thousands of
microbial species, collectively known as the micro-
biota, and over three million genes and regulatory
DNA sequence, collectively identified as micro-
biome. Compared to the human genome, the gut
microbiome contains approximately 100-fold more
genes [14, 15]. The gut microbiota also produces
and regulates the production of neuromodulators and
neurotransmitters, which influence the physiology of
the nervous system [16]. A sizable portion of gut
microbiota contains inflammatory molecules known
as inflammogens, which trigger defense pathways
in the gut epithelium and innate immune cells to
eliminate excessive growth of pathobionts and main-
tain microbial homeostasis [17]. The IKK/NF-�B
pathway is one of the core pathways implicated in
gut-microbiota communications and plays a role in
the reorganization of gut epithelium in response to
external signals from diet or exposure to pathogens
[18, 19]. The aberrant interaction of mHTT with the
IKK/NF-�B could potentially modify the microbiota-
gut-immune networks in HD [11, 12].

The gut microbiota is remarkably adaptable, and
its composition and physiology are influenced by fac-
tors such as diet, lifestyle, medications, and genetic
makeup of the host. The cellular and humoral com-
ponents of gut microbiota play a significant role in
human physiology and metabolic homeostasis [20].
Recent studies have brought the role of gut microbiota
in brain development and neurological disorders to
the forefront of neuroscience. This has led to explo-
ration of gut-based therapies for complex human
diseases such as autism spectrum disorders (ASD),
neurodegeneration and brain aging [21–23]. Several
studies suggest that changes in the homeostasis of
gut microbiota known as dysbiosis, may influence
the pathogenesis of HD [24–30]. These studies her-
ald new research directions to better understand the
impact of gene-environment interactions in disease
progression. Recent reviews of this literature have
elaborated the importance of gut dysbiosis and micro-
bial metabolites on the pathogenesis of HD and have
speculated on how the gut-brain pathways could help
to better understand the role of gene-environment
interactions in disease onset and severity, as well as

the development of gut-based therapeutics [31–34]. I
refer the readers to these excellent reviews.

In this article, the focus is on exploring the potential
mechanistic toxicity of mHTT within the microbiota-
gut-immune-nervous systems axis (Fig. 1). Emphasis
will be placed on the aberrant interaction between
mHTT and the IKK/NF-�B, which is one the
prominent pathways in the microbiota-gut-immune
communications. Recent findings on the Drosophila
melanogaster models of HD are discussed to high-
light the efficacy of this model in mapping the
molecular networks implicated in a pathogenic gut-
brain pathways in HD, which also shed light on
how individual bacterial species or their component,
like microbial amyloids in the gut, may alter the
proteostasis of mHTT and brain chemistry, thereby
accelerating the neurological symptoms of HD. Fur-
thermore, the utility of the HD Drosophila model for
high-throughput screening of gut-based therapeutic
molecules is discussed. Reference to studies con-
ducted in other human neurodegenerative disorders
will also be made to provide insights for the devel-
opment of future therapeutics and dietary strategies
aimed at promoting a healthy gut environment and
mitigating the systemic toxicity of mHTT.

GUT DYSBIOSIS IN HD

Gut dysbiosis has been associated with accelerated
aging and the pathogenesis of several neurologi-
cal and neurodegenerative disorders, including ASD,
multiple sclerosis (MS), Alzheimer’s disease (AD),
Parkinson’s disease (PD), and amyotrophic lateral
sclerosis (ALS) [21–23, 35–37]. In some cases, fecal
transplants from ASD, AD, and PD patients into
mouse models produce symptoms of disease further
strengthening the impact of gut microbiota in neu-
rodevelopment and neurodegeneration [22, 35, 38].
Two studies have demonstrated the presence of gut
dysbiosis in HD patients (Table 1) [26, 27]. In an
examination of fecal matters from 42 symptomatic
and pre-manifest HD patients in Australia, Wasser et
al., found a shift in bacterial community characterized
by a lower number of species (alpha diversity) [26].
Male HD subjects displayed variations among the
abundance of resident bacterial species (beta diver-
sity) at the phylum and family levels and exemplified
by lower abundance of Firmicutes, Lachnospiracea,
and Akermansiacea, some of which are linked to gut
barrier function, inflammation, and the production of
essential metabolites like short chain fatty acids [16,
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Fig. 1. Schematic representation of potential mutant HTT-mediated gut dysbiosis in HD. The toxicity of mHTT may impact the biology
of innate immunity, enteric nervous system (ENS), and gut epithelium, leading to aberrant blooming of pathobionts in the gut microbiota
and enhancing colonization of pathogens (dysbiosis, arrow 1). Dysbiosis may in turn cause a feedback loop further exacerbating the toxic
effects of mHTT in these organs and ultimately promoting neurodegeneration in the brain (arrow 2). Signals from stressed neurons in the
CNS may also cause gut dysbiosis in HD (arrow 3). Furthermore, gut microbes and or microbial compounds produced in the gut could affect
brain health directly (arrow 4).

Table 1
Clinical studies on gut dysbiosis in HD

Ref

1. Gut dysbiosis in Huntington’s disease: associations among gut microbiota, cognitive performance and clinical outcomes
(Wasser et al. 2020).

[26]

Major findings:
• Reduced number of microbial species (alpha diversity) in the fecal microbiome of HD in comparison to healthy controls.
• Altered levels among different microbial species (beta diversity).
• Lowe levels of Firmicutes, Lachnospiraceae and Akkermansiaceae in males.
• Variations in microbial enzymes and metabolic pathways.
• High levels of Eubacterium halli correlates with diminished cognitive performance.

2. Altered gut microbiota related to inflammatory responses in patients with Huntington’s disease (Du et al. 2021) [27]

Major findings:
• Increased alpha and beta diversity in the microbiome of HD patients compared to healthy controls.
• Associations between gut dysbiosis and systemic inflammatory biomarkers.
• Abundance of Intestinimonas correlates with IL-4 concentration.
• Abundance of Biolophila correlates with IL-6 concentration.
• Abundance of Lactobacillus negatively correlated with Mini-Mental State Examination.

17]. Among the premanifest carriers, changes in the
levels of Eubacteria halli correlated with cognitive
performance (Table) [26].

Notably, a similar study examining the microbiome
of 33 HD patients from China showed an increase in
microbial diversity and altered levels of bacteria at the
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genus levels when compared with healthy controls in
both genders [27]. The opposing findings on the alpha
and beta diversities between the two studies highlight
the complexity and adaptability of gut microbiota and
the potential impact of geography, sampling proto-
cols, diet and medications on the composition and
physiology of gut microbiota [26, 27]. In the lat-
ter study, the abundance of gram-negative Bilophila
and Intestinimonas species overlapped with elevated
levels of inflammatory cytokines in the plasma of
HD subjects (Table 1) [27]. Blooming of Bilophila
species in the gut has consistently been linked to high
fat diets, which also coincides with gut inflammation,
elevated levels of inflammatory cytokines and defects
in the gut barrier function (leaky gut) [39]. The cor-
relation between the abundance of inflammatory gut
bacteria and elevated cytokines in HD patients aligns
with the systemic inflammation including activated
microglia and proinflammatory TH17.1 immune cells
in the brains of pre-manifest HD [4–7].

GUT DYSBIOSIS IN PRECLINICAL
MODELS OF HD

Mouse models of HD expressing the neurotoxic
mutant huntingtin exon1 (mHTTex1) also display gut
dysbiosis (Table 2) [24, 25, 28]. For example, twelve-
week-old R6/1 transgenic HD show an increase in
species diversity and elevated levels of the phylum
Bacteroidetes (gram-negative) but reduction in the
phylum Firmicutes (gram- positives). Interestingly, in
male R6/1 mice, gut dysbiosis coincided with lower
body weight despite higher food intake, motor deficit
and loose stool [24, 28]. Metabolomic studies prior to
significant motor and cognitive decline also showed
increased abundance of butanoate, a byproduct of
butyrate metabolism produced by some members
of gut bacteria [28]. The R6/2 HD mouse model,
which expresses mHTTex1 with a polyQ repeat
longer than that of R6/1, also has a higher ratio of
Bacteroides/Firmicutes, which coincides with weight
loss, shorter colon length and a leaky gut [25]. R6/1
HD mice also display changes in the gut mycobiome
(fungi), which may integrate into bacterial dysbiosis
(Table 2) [29]. Cross-communications between gut
bacteria and fungi are important for the homeostasis
of the gut microbiome. These new studies provide
new directions to better understand the mechanism
of gut of dysbiosis in HD and whether manipulation
of the resident fungi is a therapeutic target.

The origin of signals triggering gut dysbiosis in HD
mice remains unknown and requires expressing the

mHTT exclusively in the gut or the nervous system
to identify the direction of the initial trigger. These
studies would be a complex and expensive experi-
ment to perform in mammalian models. Drosophila
melanogaster with a simple gut microbiota is emerg-
ing as a powerful tool to investigate mechanistic ques-
tions for microbiota-gut-brain pathways and is a rapid
and cost-effective model [40]. To better understand
how mechanistically bacteria affect CNS pathology
in HD, we have been utilizing Drosophila models,
which emerged instrumental in understanding the
role of full-length human mHTT or its N-terminal
fragments on the host-microbiota communications
pathways systemically or in an organ-exclusive man-
ner. For example, transgenic Drosophila models
expressing mHTTex1 exclusively in the nervous sys-
tem display gut dysbiosis suggesting that disruptions
in the nervous system may be a trigger of dysbiosis
[30]. In this model, elimination or modification of
gut microbiota lowers the aggregation and neurotox-
icity of mHTTex1 further suggesting a bidirectional
gut-brain loop (Table 2). Since mHTTex1 progres-
sively accumulates in the neurons of HD patients,
one possibility is that gut dysbiosis may be triggered
by the nervous system. However, pre-manifest HD
patients also show signs of gut dysbiosis suggest-
ing that like the innate immune activation, dysbiosis
may precede the development of neurological and
psychiatric symptoms [4–7, 26, 27]. Drosophila mod-
els expressing full-length human mHTT systemically
display gut dysbiosis exemplified by elevated growth
of gram-negative bacteria and proportional reduction
of gram-positive species prior to the development of
motor defects [30]. Dysbiosis ensues in the absence of
any detectable mHTT aggregates, which is predomi-
nantly formed by the abundance of mHTTex1. Thus,
full-length mHTT and mHTTex1 may promote gut
dysbiosis at different stages of the disease and poten-
tially by different mechanisms, which remains to be
investigated. It is worth mentioning that the assembly
of gut microbiota begins with the vertical acquisition
of bacterial species from the birth canal and reaches
maturity in adulthood with the most diverse number
of microorganisms [23]. Since mHTT is expressed
from the embryonic stage and induces neurodevelop-
mental abnormalities [41], it is tempting to speculate
that it may also affect microbial colonization in
neonates and subsequent time-dependent inclusion
of other members of gut microbiota. Notably, in the
R6/1 HD mice major microbial shifts in the gut micro-
biome are seen only at ∼12 weeks of age, which
coincides with the development of motor symptoms



A. Khoshnan / Gut-Brain Pathway in HD 5

Table 2
A list studies on gut dysbiosis in preclinical models of HD

Ref

1. Microbiome profiling reveals gut dysbiosis in a transgenic mouse model of Huntington’s disease (Kong et al. 2020) [24]

Major findings
• Gut dysbiosis in 12-week-old R6/1 HD mice.
• Increased alpha diversity of gut microbiota in female HD mice.
• ‘Elevated Bacteroides and a potential decrease in Firmicutes in the fecal matters of HD mice.

Gut dysbiosis coincides with weight loss and motor deficits.

2. Increased intestinal permeability and gut dysbiosis in the R6/2 mouse model of Huntington’s disease (Stan et al. 2020) [25]

Major findings
• Gut dysbiosis in R6/2 mice.
• increased relative abundance of Bacteroidetes and decreased of Firmicutes.
• Increased Intestinal permeability independent of changes in the levels of tight junction proteins (occludin, zonula

occludens).
• Reduced body weight, body length and a decrease in colon lengths
• Gene-environment-gut interactions in Huntington’s disease mice are associated with environmental modulation of the gut

microbiome.

3. An integrated metagenomics and metabolomics approach implicates the microbiota-gut-brain axis in the pathogenesis of
Huntington’s disease (Kong et al. 2021)

[28]

Major findings
• Gut dysbiosis is detectable at 12 weeks of age in R6/1 HD mice prior to onset of motor symptoms.
• The composition of Gut microbiome is unstable f in the pre-symptomatic HD mice.
• A correlation between gut dysbiosis and changes in the plasma metabolomes of HD mice including butanoate.

4. Alterations in the Gut Fungal Community in a Mouse Model of Huntington’s Disease (Kong et al. 2022) [29]

Major findings
• The HD mice gut mycobiome beta diversity was significantly different from that of wild-type littermates at 12 weeks of age.
• Increased alpha diversity in mycobiome of HD mice by 12 weeks of age.
• Elevation of Malassezia restricta, Yarrowia lipolytica, and Aspergillus species negatively associated with the onset of

symptoms in HD mice.
• An inverse correlation between the elevation of fungal species and the probiotic bacterium Lactobacillus ruteri

5. Gut Bacteria Regulate the Pathogenesis of Huntington’s Disease in Drosophila Model (Chongtham et al. 2022) [30]

Major findings
• Gut dysbiosis in transgenic Drosophila expressing human mHTTex1 or full-length mHTT exemplified by the elevation of

gram-negative and reduction of gram-positive bacteria.
• Elimination of gut bacteria by antibiotics reduces the oligomerization of mHTTex1 and ameliorates motor defects in

full-length mHTT transgenic flies.
• Colonization with the pathobiont E. coli accelerates the oligomerization of mHTT-586, promotes motor defects and induces

mortality.
• The beta-carotenoid crocin, reduces the aggregation of mHTTex1, ameliorates motor defects and prolongs lifespan in

transgenic flies with full-lengths mHTT.

6. Dietary fibre confers therapeutic effects in a preclinical model of Huntington’s disease (Gubert et al. 2023) [109]

Major findings
• Relative abundance of the phyla Actinobacteriota, Campylobacterota and Proteobacteria were decreased the relative

abundance of the families. Bacteroidaceae, Oscillospiraceae and Ruminococcaceae were increased in HD mice when
compared to wild-type mice on similar diet.

• Fiber in the diet improved cognition and the depressive behavior in HD mice.

7. Faecal microbiota transplant ameliorates gut dysbiosis and cognitive deficits in Huntington’s disease mice (Gubert et al. 2022) [113]

Major findings
• Fecal microbial transplants (FMTs) from WT to HD mice improves cognition especially in females.
• Males did not show any effects since FMTs did not stabilize likely due to variations in the immune status and elevated

acetate.

[24, 28]. However, it is important to note that neu-
rotoxicity of mHTTex1 and fluctuations in the gut
microbiota may commence long before the onset of
motor defects. Conducting similar longitudinal stud-

ies in HD models expressing full-length mHTT or
examination of fecal samples from HD patients, par-
ticularly juvenile HD cases, may offer insights into
the mechanisms of gut dysbiosis in HD.
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PATHOBIONTS AND PATHOGENS AS
TRIGGERS OF NEUROLOGICAL
SYMPTOMS IN HD

The notion that brain disorders may have a micro-
bial origin is not new. Over two decades ago, Braak et
al., proposed that PD may be induced by pathogenic
microorganisms [42]. Since then, a substantial body
of research has implicated bacteria and viruses in the
etiology of PD [43]. For instance, in genetic mouse
models of PD (Pink1–/–, or �-synuclein overexpres-
sion), gut infection with Citrobacter rodentium or
E. coli accelerates motor impairment and the loss of
dopaminergic neurons in the midbrain [44, 45]. E. coli
also promotes the pathogenesis of ALS in a super-
oxide dismutase mutant mouse model [46]. These
findings are consistent with similar dysbiotic bacte-
ria present in the gut of some PD patients. Staining
of intestinal biopsies of early diagnosed PD patients
show elevated levels of Escherichia coli (E. coli) [47].
Furthermore, fecal samples of PD patients exhibit
elevated levels of Enterobacteriaceae species, which
are associated with inflammatory diseases [48, 49].
Collectively, these studies identify specific bacterial
species in the gut as promoters of neurodegeneration
in the CNS and periphery.

The role of infectious agents in the pathophys-
iology of HD remains unknown. Interestingly, a
recent study reported on unmasking of two cases
of HD by the COVID-19 infection [50]. Moreover,
two different HD mouse models infected with Toxo-
plasma gondii, displayed aberrant activation of the
inflammatory kynurenine pathway, reduced num-
ber of CD8 + T cells, elevated levels of soluble
mHTT in brain, increased striatal neurodegenera-
tion, and accelerated death [51, 52]. Colonization
of transgenic Drosophila models of HD with E.
coli accelerates the aggregation of an amyloido-
genic mutant HTT 586 (N-terminal 586 amino acids
with 120Qs) fragment, induces motor impairment
and shortens lifespan. Elevated levels of Acetobac-
ter, another gram-negative bacterium and a member
of Drosophila gut microbiota, or E. coli also accel-
erate HD pathology and shorten lifespan in models
expressing full-length mHTT [30]. In other studies,
colonization of C. elegans with several gram-negative
bacteria promotes proteotoxicity and the aggregation
of expanded polyQ peptides, which is consistent with
E. coli mediated aggregation of mHTT in Drosophila
[30, 53]. These findings support a role for ele-
vated gram-negative gut bacteria as modifiers of
mHTT oligomerization and potentially HD patho-

genesis in preclinical animal models. However, this
does not negate the potential pathogenic contribution
of gram-positive bacteria. The mechanism of how
gram-negative bacterial may influence HD pathol-
ogy remains to be investigated. Recent findings from
our laboratory suggest that the brains of transgenic
Drosophila with mHTT infected with E. coli dis-
play significant reductions in the expression of genes
implicated in neurodevelopment, neurotransmission
and synaptogenesis suggesting that gut infections
may accelerate the mHTT-induced neurotoxicity
[54]. Further investigation on “infection-driven HD
pathology” and the mechanisms by which gram-
negative bacteria and their metabolites change brain
chemistry and the development neurological symp-
toms in HD will provide knowledge on the role of
gut bacteria in the pathogenesis of HD.

TRANSLOCATION OF GUT BACTERIA IN
THE CNS OF HD PATIENTS

One growing area of research is whether gut
bacteria gain access to the CNS and promote neu-
rodegeneration. Recent studies support gut-brain
translocation of bacteria through the vagus nerve
in preclinical rodents’ models of PD and AD.
In these models, the presence of bacteria in the
brain coincides with inflammation, microglial acti-
vation, and the accumulation aggregated proteins
[55]. In AD subjects, the oral bacterial pathogen
Porphyromonas gingivalis, implicated in periodontal
disease, enters the CNS, and promotes AD pathol-
ogy [56]. Notably, fungal antigens and bacterial DNA
sequence have been detected in the post-mortem brain
tissue of HD patients. Sequencing of the isolated
DNA shows selective enrichment of gram-negative
bacterial species like Pseudomonas, Acinetobacter,
and Burkholderia in HD brains compared to other
neurodegenerative disorders [57]. The notion that
bacteria may gain access to the nervous system
of HD patients remains a worthy area of investi-
gation. However, it should be noted that bacteria
and their components may also affect brain chem-
istry indirectly through neuroimmune pathways. For
example, hyperactivation of Toll-like receptor 4
(TLR4) signaling in the gut has been implicated in
neurodegeneration in PD and HD [58, 59].

THE ROLE OF MICROBIAL AMYLOIDS
IN HD PATHOGENESIS

Cross-seeding of human amyloid proteins by
microbial amyloids is another exciting area of
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research in neurodegenerative disorders. Functional
bacterial amyloids Curli produced by members of
Enterobacteriaceae like E. coli, Salmonella, and
Shigella, seed the aggregation of a-synuclein protein
and accelerate PD pathology in several animal mod-
els like C. elegans, mice, and rats [44, 60, 61]. Curli
amyloids also activate the inflammatory pathways
and are linked to inflammation in the gut, urinary
tracts, and autoimmunity [62, 63]. It is noteworthy
that inflammation and the induction of autoimmunity
by curli amyloids involve the IKK/NF-�B path-
way, which may be exacerbated by the binding of
mHTT in immune cells [11, 12, 62]. Curli amyloids
enhance the aggregation of mHTTex1 in mammalian
cells, and in Drosophila models of HD it signifi-
cantly reduces survival [30]. The potential aberrant
interactions of mHTT with Curli and its down-
stream signaling pathways in the host may represent
an example of how microbial products may con-
tribute to the formation of neurotoxic assemblies and
inflammation-mediated neurodegeneration in HD.
Curli amyloids also induce disease in a mouse model
of ALS suggesting that bacterial amyloids may play
a significant role in the pathogenesis of multiple neu-
rological disorders [46]. Curli is just one example of
trans-kingdom modulation of proteins implicated in
brain disorders as the human gut microbiota contains
numerous amyloid-producing bacteria and thousands
of prion-like coding sequences with the propensity to
oligomerize [64]. Recent studies indicate yeast prions
trigger �-synuclein- and tau-mediated pathologies
in mouse models [65, 66]. Interestingly, yeast pri-
ons also seed mHTTex1 and promote the formation
of toxic oligomers [67]. Thus, further investigation
into the mechanism of how microbial amyloids may
affect the proteostasis and neurotoxicity of mHTT
may reveal valuable insights into the impact of gut-
brain pathways on the pathogenesis of HD. Since
bacterial amyloids enhance gut colonization and
have the propensity to trigger gut inflammation, it
will be interesting to examine whether HD patients
harbor a higher abundance amyloid producing bac-
teria. Such bacterial strains may serve as useful gut
biomarkers.

POTENTIAL TOXICITY OF MHTT IN
GUT-IMMUNE-ENS NETWORKS

Gut epithelium, innate immune cells, and the
enteric nervous system (ENS) collectively main-
tain the homeostasis of gut microbiota and defend

against pathogenic infections [68]. At the molecular
level, a list of germ line-encoded pattern recogni-
tion receptors (PRRs) such as Toll-like receptors
(TLR), nucleotide-binding oligomerization (NOD)-
like receptors (NLR) expressed by gut, immune,
and ENS cells, monitor microbial balance by detect-
ing pathogen-associated molecular patterns (PAMPs)
including lipopolysaccharides (LPS), peptidogly-
cans and bacterial amyloids [69]. These MAMPs
bind to PRRs and activate the IKK/NF-�B, lead-
ing to the expression of cytokines, antimicrobial
peptides, and other regulatory molecules that pre-
vent excessive growth of gut bacteria [69]. PRRs
are also expressed in the CNS. For example, bind-
ing of microbial antigens to NOD-like receptor in
the brains of mice regulates complex behaviors
like appetite and body temperature [70]. Inter-
estingly, in Drosophila brain, Toll receptors bind
neurotrophin ligands and influence structural and
behavioral mediated neuroplasticity, reinforcing the
notion that microbial products may directly influ-
ence brain physiology [71]. I will discuss how mHTT
may potentially disrupt these and additional path-
ways in the gut, immune and ENS responses to gut
microbiota.

SPECULATIVE TOXICITY OF MHTT IN
THE GUT EPITHELIUM

Little is known about the functions of mHTT in
the gut epithelium, however, hypothetically, mHTT
may alter the microbiota-gut communication path-
ways, namely the PRRs signaling pathways. The
amplified signaling of PRR-MAMPs by the potential
interaction of mHTT with the IKK/NF-�B pathway in
the gut may intensify and prolong gut inflammation,
which could contribute to dysbiosis. HTT plays a crit-
ical role in the development and morphogenesis of the
brain and mammary tissue in mammals, and human
embryos with mHTT exhibit neurodevelopmental
abnormalities [41, 72, 73]. With this knowledge in
mind, mHTT could hypothetically disrupt the biogen-
esis of gut epithelium. The gut epithelium is highly
dynamic and continuously regenerates itself from a
pool of intestinal stem cells (ISCs) located within
the crypt of villi in the intestinal epithelium of mam-
mals [74]. Signals from dietary cues, microbiota, and
pathogens stimulate the proliferation and differentia-
tion of ISCs, reshaping the gut architecture to adapt to
various triggers [75]. mHTT is abundant in the crypt
cells of Q140 and its derivative ZQ170 HD knock-in
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mice, however, whether it disrupts gut regeneration is
unknown [54]. Notably, gastric mucosa biopsies from
a small number of HD patients show reduced expres-
sion of gastrin, coinciding with decreased number
of gastric cells, and a trend towards lower num-
bers of endocrine cells [76]. Since ISCS proliferation
and differentiation into various lineages including
endocrine cells is dependent on the activation of
IKK/NF-�B, theoretically disruption of this pathway
by the mHTT could alter the physiology of ISCs
[11, 12, 18, 19].

ISCs must produce the proper ratios of different
cell lineages such as enterocytes (ECs), enteroen-
docrine cells (EECs) and disruptions in their numbers
or functions could produce various systemic com-
plications [74]. ECs primarily play a role in diet
digestion, nutrient sensing, and absorption [77]. HD
patients often experience unintended weight loss,
which is attributed to metabolic changes, mitochon-
drial dysfunction, and chorea [78]. Malabsorption of
nutrients and the resulting weight loss have been
reported in the R6/2 mouse model of HD [79].
ECs also serve as a fundamental component of gut
barrier function, and disruption in their arrange-
ment and physiology may contribute to a leaky gut
[77]. Further research into the toxicity of mHTT
in ECs is warranted since it may provide knowl-
edge on the nutritional deficiencies and leaky gut
in HD.

EECs in the gut epithelium exhibit neuronal
properties and establish direct connection with neigh-
boring vagal neurons through projections named
neuropods, which transmit gut signals to the brain
in mammals [80]. EECs also secrete various gut hor-
mones, regulating food digestion, absorption, glucose
homeostasis, satiety, and systemic metabolic adapta-
tion across species [81]. Notable examples include
ghrelin crucial for the regulation of satiety, as well
as incretins responsible for insulin and glucagon pro-
duction, both of which have been implicated in HD
[82, 83]. EECs have also garnered attention in the gut-
brain pathways for their potential role in propagating
a-synuclein oligomers and their subsequent transport
to the CNS through vagus nerve in PD models [84,
85]. Importantly, vagotomy has been associated with
a lower risk of PD in humans [86]. Exploring the
toxicity of mHTT in EECs along with the impact
of gut microbiota on its misfolding and aggregation,
and probable spread to CNS may expand our under-
standing of gut-triggered proteostasis of mHTT and
the molecular mechanisms of how gut defects may
contribute to HD pathogenesis.

LIKELY CONTRIBUTION GUT
DYSBIOSIS TO ABERRANT ACTIVATION
OF INNATE IMMUNITY IN HD

Innate immunity plays a crucial role in health
and disease as it represents the main body’s initial
defense against various pathogens and cellular dam-
age. However, exaggerated innate immune activation
has been implicated in most neurodegenerative dis-
orders like tauopathies, AD, PD, and HD [6, 7, 22,
87]. Dysregulated innate immune activation in HD
patients was reported ∼2 decades ago [6]. While
acute activation of innate immune cells may offer
protection in HD, persistent activation is considered
pathogenic. Recent studies indicate that activation of
innate immunity in the central nervous system of
HD patients may lead to synaptopathies and neu-
rodegeneration [8, 9]. It is noteworthy that ∼70%
of innate immune cells are present in the gut [88].
Macrophages, monocytes, and TH17.1 cells, which
directly and indirectly communicate with the gut
microbiota, are activated in HD patients [4–7]. While
further investigation is required, hyperactivation of
innate immune cells in the gut of HD patients by
microbial antigens like LPS could potentially be a
significant contributor to gut dysbiosis. Deletion of
wild-type huntingtin protein (WT HTT) in monocytes
and phagocytes reduces lipopolysaccharide (LPS)-
mediated expression and secretion of inflammatory
cytokines, enhances phagocytosis, and decreases cel-
lular resilience to stress [89]. Conversely, monocytes
from individuals in the premanifest and manifest
stages of HD exhibit an exaggerated response to
LPS, resulting in elevated levels of inflammatory
cytokines like TNF-�, IL-1�, and IL-6 [6, 12, 90,
91]. In a transgenic R6/1 HD mouse model, reducing
the levels of TLR4, which primarily binds to LPS,
delays the onset of HD pathology, and presents a
potential gut-based therapeutic targets [59]. Under-
standing the delicate balance between the beneficial
and detrimental aspects of innate immunity in the gut
is vital for developing gut-based strategies that har-
ness protective mechanisms while mitigating harmful
inflammation, potentially slowing, or even preventing
the progression of HD.

PROBABLE ENS DEFECTS IN HD

The ENS, a constellation of various neuronal and
glial cell lineages in humans, is situated along the
length of gut and regulates physiological systems
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such as blood flow, gut motility, intestinal secretion,
inflammation, and microbial homeostasis [68]. Given
the neurotoxicity of mHTT in the CNS, it is probable
that it may also impair the development and physiol-
ogy of ENS. mHTT aggregates in the ENS of Q140
and ZQ170 and R6/2 HD mice [54, 92]. However,
the specific neuronal lineages that are susceptible
to mHTT proteotoxicity in the ENS and the poten-
tial influence of gut microbiota on ENS degeneration
remain to be investigated. mHTT may also disrupt the
physiology of enteric glial cells, which play a central
role in gut inflammation [93]. For instance, the acti-
vation of TLR4 in enteric glial cells has been shown
to promote necrotizing colitis and is associated with
reduced production of brain-derived neurotropic fac-
tor (BDNF), which is also reduced in HD [2, 94].
Although more research is needed, one may specu-
late that the cumulative interference of mHTT with
microbial antigens interactions with PRRs signaling
pathways in the gut epithelium, innate immune cells
including microglia, and ENS may contribute to gut
dysbiosis and the development of a pathogenic gut-
brain axis in HD. Amelioration of HD pathology in
TLR4 knockout mice is consistent with a pathogenic
role of gut-immune pathways [59].

SPECULATIVE INVOLVEMENT OF GUT
DYSBIOSIS IN MICROGLIA
DYSREGULATION IN HD

The development and maturation of microglia,
the innate immune cells of the central nervous sys-
tem (CNS), are dependent on signals from the gut
microbiota. Germ-free mice exhibit underdeveloped
microglia, a condition that can be reversed by fecal
transplants from pathogen-free counterparts [95]. Gut
dysbiosis has been linked to microglial-mediated
neuroinflammation and neuropathology in PD and
AD [22, 96]. In HD activated microglia are observed
years before the onset of neurological symptoms.
This activation coincides with abnormal levels of
proinflammatory cytokines like IL-1�, TNF-�, and
IL-6, along with synaptic degeneration and cognitive
decline [5, 6, 9, 97]. Additionally, post-mortem exam-
inations of pre-manifest HD patients’ brains indicate
microglial-dependent degeneration of corticostriatal
synapses [8].

The mechanisms underlying microglial activation
in HD are not fully understood, and whether gut
dysbiosis plays a role remains to be investigated.
However, since the development, maturation and

inflammatory or protective functions of microglia are
dependent on gut microbiota [95], one could specu-
late that gut dysbiosis in HD may be connected to
aberrant elevation of microglia. Although indirect,
studies have shown that IPSC-derived microglia from
HD patients’ stem cells or microglia of HD mice are
hyperactive, producing excessive proinflammatory
cytokines when stimulated with microbial antigens
like LPS [98, 99]. Gut microbiota, including bacte-
ria in other body sites, are the predominant source of
systemic LPS in mammals, and LPS has been identi-
fied as a major promoter of microglial and astrocytes
activation in the nervous system [100]. Data on the
presence of LPS in the CNS of HD patients is not
available, however bacterial DNA has been detected
in the brains of some HD patients [57]. Bacterial DNA
are potent inducer of TLR3 and TLR9 expressed
by microglia and other CNS cells, activating the
cGAS-STING pathway, which is a key promoter of
inflammasome activation [101]. Prolonged cGAS-
STING has been implicated in neuroinflammation
and the loss of dopaminergic neurons in preclinical
models of PD [102]. cGAS is found in elevated levels
in post-mortem brain tissue of human HD brains, and
its inhibition in mouse models has shown promise in
ameliorating neuroinflammation and HD pathology
[103]. Notably, activation of IKK/ NF-�B pathway is
a central node in the cGAS-STING pathway, which
may further be exacerbated by the aberrant interaction
of mHTT [101].

Microbial metabolites such as short-chain fatty
acids (SCFA)—acetate, propionate, and butyrate,
produced from fiber fermentation in the colon—
also activate microglia and have been implicated
in neuroinflammation and neurodegeneration in PD
and AD [22, 104]. Surprisingly, a fiber-rich diet,
metabolized by gut bacteria into SCFAs, promotes
a healthy gut microbiota, ameliorates motor defects,
reduces �-synuclein aggregation, and enhances the
anti-inflammatory phenotype of microglia [105]. In
these studies, the depletion of microglia in the CNS
diminishes the protective effects of the fiber-rich
diet, emphasizing the impact of gut dysbiosis on
the inflammatory behavior of microglia and the pro-
gression of PD [105]. Therefore, SCFA may wield
a double-edged sword, having both protective and
detrimental effects. Since inflammatory microglia
and TH17.1 cells in HD develop several years before
the onset of neurological symptoms [4–5, 7, 97],
future studies on the link between gut microbiota
and the activation of CNS immune cells may provide
novel strategies to reduce their toxic phenotypes.



10 A. Khoshnan / Gut-Brain Pathway in HD

DIETARY AND ENVIRONMENTAL
MODULATION OF GUT MICROBIOTA
IN HD

Accumulating studies have identified diet as a
modulator of gut microbial composition and physiol-
ogy. For example, recent clinical studies indicate that
diet-mediated alteration of gut microbiota influence
the development immune system and the activation
of the inflammatory pathways at a personal level
[106]. Relevant to HD are the effects of fermented
foods on increasing microbial diversity and reducing
systemic inflammation [106]. Fiber-rich diets, which
are predicted to increase the levels of SCFAs, are
also potential candidates for influencing gut micro-
bial diversity and reducing inflammation [105, 106].
Notably, before the gut microbiome was identified
as pathogenic modality in neurodegenerative disor-
ders, studies showed that treatment with butyrate has
protective effects in mouse and Drosophila models
of HD [107, 108]. However, whether these effects
are mediated by changing gut microbiota and phys-
iology remains unknown. A recent study showed
that a fiber-rich diet enhances gut function, alters
gut microbiota, and boosts cognition, and partially
ameliorates the affective behavioral deficit in R6/1
HD mice (Table 2) [109]. Unexpectedly, in healthy
humans a fiber-rich diet alone for a short period
did not alter markers of inflammation or the diver-
sity of gut microbiota [106]. Thus, the effects of
SCFAs on the composition of gut microbiota, how
they may integrate into the environmental regula-
tion of HD pathology demand further investigation.
Amelioration of gut dysbiosis in brain disorders by
probiotics dubbed as “psychobiotics” has proven pro-
tective in depression and sleep disorders in pilot
clinical studies [110]. However, a recent small clin-
ical pilot trial with probiotics in HD patients did
not ameliorate gut dysbiosis or any of the clinical
parameters analyzed thus, requiring further investi-
gations on the benefits of probiotics in HD [111].
Clinical investigations of fecal microbial transplants
(FMTs) as remedies for various disorders includ-
ing PD are gaining momentum [112]. Interestingly,
FMT from WT to R6/1 HD mice improves cog-
nition in female mice, highlighting the need for
further investigations [113]. Replication of these
studies may provide a relatively safe therapeutic strat-
egy for HD. Prebiotics (compounds, which promote
the growth of beneficial bacteria in the host) offer
novel tools and candidate therapeutics to modulate
gut microbiota and lower the levels of inflamma-

tory biomarkers, as was reported for fermented food
products in clinical trials [106]. Nutraceuticals are
also attractive gut-modifying therapeutic candidates
for HD. For example, crocin, a beta carotenoid pro-
motes the growth of beneficial bacteria in the gut,
reduces inflammation, increases the expression of
neurotrophins like BDNF, prevents neurodegenera-
tion in rodent brain ischemia models, and enhances
memory in AD models [114–116]. Furthermore,
crocin ameliorates LPS-induced neuroinflammation
in PD models by reducing the level and activity
of the inflammasome pathways, which are also ele-
vated in HD [98, 117]. Notably, in Drosophila models
of HD, crocin reduces the levels of gram- nega-
tive bacteria, prevents colonization of exogenous
human pathobiont E. coli, reduces the buildup of
toxic oligomers of mHTT, ameliorates motor defects,
increases lifespan, and prevents mHTT mediated
downregulation of gene products in the nervous sys-
tem [30, 54]. These findings are exciting since crocin
has proven protective in clinical trials and other pre-
clinical models [113–118]. The speed and low cost
of Drosophila allow for simultaneous testing of a
large number of gut-based compounds or probiotics,
which will expedite the discovery of therapeutics to
treat the neurological and psychiatric symptoms of
HD.

CONCLUDING REMARKS

The concept that mHTT may play a disruptive
role in organs involved in gut microbiota homeosta-
sis, gut health and development, nutrition, immunity,
and gut-brain communications, adds to the functional
repertoire of both WT and mHTT. Extending these
studies could help to define how gene-environment
interactions may impact the stability, turnover and
toxicity of mHTT systemically. These studies also
hold the promise of introducing novel gut-based
therapeutic interventions for HD and other brain
disorders with overlapping symptoms. One could
imagine reducing the levels and systemic toxicity of
mHTT from the gut with dietary compounds or spe-
cific small molecules. Simultaneously, implementing
strategies to enhance the protective properties of
WT HTT in the gut-brain organs may prove
beneficial.

While we have knowledge of various biological
properties of HTT in the nervous system, little is
known of its functions in other organs. The pres-
ence of HTT in the gut and gut stem cells heralds
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various functions, which are yet to be discovered.
Intriguingly, when WT human HTT is expressed sys-
temically or selectively in the gut of Drosophila,
it alters the composition and physiology of the gut
microbiota. One noteworthy phenotype of WT HTT
is its ability to lower the abundance of gram-negative
bacteria like Acetobacter, a member of Enterobacte-
riaceae, while simultaneously elevating the levels of
gram-positive Lactobacillus species [30]. An inter-
esting possibility is that HTT in the gut epithelium
influences pathways that determine the abundance of
specific bacterial species, a function which is lost in
mHTT. Given the known functions of HTT in neu-
rodevelopment, it would be valuable to investigate
whether its presence in gut stem cells affects devel-
opment and the heterogeneity of various professional
epithelial cells, including EECs, which exhibit neu-
ronal properties and communicate with the nervous
system [41, 80].

mHTT accelerates and prolongs the response of
innate immune cells from HD patients to micro-
bial antigens by augmenting the activity of the
IKK/NF-�B pathway, which plays a crucial role in
microbiota-immune system homeostasis. IKKs are
key players in the communication between micro-
biota in the gut epithelium and innate immune cells.
Understanding the outcomes of IKK/mHTT inter-
actions in these organs, within the context of gut
homeostasis, could provide valuable insights for drug
development. It is noteworthy that IKKs or their
intermediary kinases phosphorylate HTT at its N-
terminus, impacting turnover and the proteotoxicity
of mHTT [119–121]. Targeting these interactions
may provide opportunities to influence the levels of
WT and mHTT in the nervous system through inter-
ventions in the gut. In this context, it is noteworthy
that genetic modulation of IKK� in the brain regu-
lates neurotoxicity and HD pathology in R6/1 HD
mouse model [122].

It is likely that WT and mHTT serve overlap-
ping functions in the CNS and ENS. mHTT misfolds
and oligomerizes in the ENS, potentially enhancing
its neurotoxic properties [54, 92]. In the context of
gut microbiota, it would be worthy to investigate
whether dysbiosis and gut pathogens influence the
oligomerization of mHTT in the ENS and whether
interventions could delay this process. Moreover,
identifying the specific neuronal lineages in the ENS
affected by mHTT may offer valuable insights into
gut pathology and disruptions of microbial homeosta-
sis in HD. Ultimately, these studies will provide novel
and specific targets to develop precise and effective

gut-based therapies.
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Mombelli E, Nicolas S, et al. Microbiota from Alzheimer’s
patients induce deficits in cognition and hippocampal neu-
rogenesis. Brain. 2023;18:awad303.

[36] Zeng Q, Shen J, Chen K, Zhou J, Liao Q, Lu K, et
al. The alteration of gut microbiome and metabolism
in amyotrophic lateral sclerosis patients. Sci Rep.
2020;10:12998.
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Domı́nguez V, Ilhuicatzi-Alvarado D, Ochoa SA,
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Stone TC, et al. RNA-Seq of Huntington’s disease patient
myeloid cells reveals innate transcriptional dysregulation
associated with proinflammatory pathway activation. Hum
Mol Genet. 2016;25(14):2893-904.

[92] Moffitt H, McPhail GD, Woodman B, Hobbs C, Bates GP.
Formation of polyglutamine inclusions in a wide range of
non-CNS tissues in the HdhQ150 knock-in mouse model
of Huntington’s disease. PLoS One. 2009;4(11):e8025.

[93] Margolis KG, Gershon MD. Enteric neuronal reg-
ulation of intestinal inflammation. Trends Neurosci.
2016;39(9):614-24.

[94] Kovler ML, Gonzalez Salazar AJ, Fulton WB, Lu
P, Yamaguchi Y, Zhou Q, et al. Toll-like receptor

4-mediated enteric glia loss is critical for the devel-
opment of necrotizing enterocolitis. Sci Transl Med.
2021;13(612):eabg3459. 9
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