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Abstract: Huntington’s disease (HD) is a neurodegenerative disorder caused by a toxic, aggregation-
prone expansion of CAG repeats in the HTT gene with an age-dependent progression that leads to
behavioral, cognitive and motor symptoms. Principally affecting the frontal cortex and the striatum,
mHTT disrupts many cellular functions. In fact, increasing evidence shows that peripheral tissues
are affected by neurodegenerative diseases. It establishes an active crosstalk between peripheral
tissues and the brain in different neurodegenerative diseases. This review focuses on the current
knowledge of peripheral tissue effects in HD animal and cell experimental models and identifies
biomarkers and mechanisms involved or affected in the progression of the disease as new therapeutic
or early diagnostic options. The particular changes in serum/plasma, blood cells such as lymphocytes,
immune blood cells, the pancreas, the heart, the retina, the liver, the kidney and pericytes as a part
of the blood-brain barrier are described. It is important to note that several changes in different
mouse models of HD present differences between them and between the different ages analyzed. The
understanding of the impact of peripheral organ inflammation in HD may open new avenues for the
development of novel therapeutic targets.
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1. Introduction

Increasing evidence shows that peripheral tissues are affected by neurodegenerative
diseases [1]. The research on neurodegenerative disease progression has been focused on
the mechanisms that occur in neurons and nearby support cells in the brain. Nowadays,
it has been established that there is active crosstalk between peripheral tissues and the
brain in different neurodegenerative diseases, such as Parkinson’s disease [2], Alzheimer’s
disease [3] and prion diseases [4].

Huntington’s disease (HD) is a devastating neurodegenerative disorder caused by
a toxic, aggregation-prone expansion of the trinucleotides (cytosine/adenosine/guanine
(CAQG)) encoding for glutamine (Q) residues in the huntingtin (HTT) gene [5], with an age-
dependent progression that leads to behavioral, cognitive and motor symptoms. Whereas
normal, non-pathogenic HTT has between 6 and 35 glutamine residues, mutant HTT
(mHTT) has >36-250. Similar to wild-type HTT, mutant HTT is expressed in most tissues [6].

In HD patients, gamma-amino butyric acid (GABA)-releasing medium spiny neurons
that are primarily expressed in the D2 dopamine receptor demonstrate an enhanced sus-
ceptibility to neurodegeneration, leading to the development of chorea [7]. Apart from the
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neuronal impairment of HD, some studies have described pathological phenotypes in the
peripheral tissues of HD patients, including altered glucose homeostasis [8] and weight
loss [9]. Other studies have analyzed the particular changes in blood cells such as erythro-
cytes [10] and lymphocytes [11], as well as in fibroblasts [12], immune blood cells [13,14],
the pancreas [15], the heart [16,17], the retina [18], the liver [19], the kidney [20], pericytes
and the blood-brain barrier [21] from HD patients. The models can aid understanding of
how HTT affects peripheral tissues and contributes to disease progression. The potential
peripheral effects have escaped notice due to the strong neural effects in HD patients. The
discovery that normal and mHTT are expressed in many tissues and organs in humans
and other mammals has given rise to the hypothesis that HD could be studied as a neural
disease with potent and unknown systemic effects, rather than only as a condition related
to central nervous system (CNS) dysfunctions [22].

In the study of HD over the years, several animal models have been developed to
recapitulate the genetic and phenotypic aspects of the disease [23,24]. Experimental models
have been studied using yeast, Caenorhabditis elegans, Drosophila [25] and mouse genetic
models expressing the mutant HTT gene [26]. However, not only can animal models
provide a way to understand the pathology of the disease, but different specific tissue
cultures are also included in the most influential experimental approaches.

Actually, there are several mouse models which are generated by randomly inserting
into its genome exon 1 of human HTT with 116 and 144 CAG repeats, respectively, that are
ubiquitously expressed under the human HTT promoter as R6/1 and R6/2 [26]. The N-171-
82Q model contains a longer fragment of the protein HTT than the one carried by the R6,
carrying exons 1 and 2 (the first 171 amino acids) with 82 polyQ repeats under the control
of the protein promoter of the murine prion, so expression occurs throughout the brain but
is restricted to neurons [27]. The HD transgenic models 19Q and 84Q) include exon 1 of the
human HTT gene with the expansion of 84 and 19 CAG trinucleotide repeats, respectively,
inside GFP-HTT fusion genes under the control of a human ubiquitin promoter [28].
Additionally, BACH mice present 97 CAA-CAG repeats [29]. Other mouse models involve
mice into which the complete HTT protein has been inserted and present two copies of
normal murine HTT and one copy of HTT, such as the YAC mouse model. The YAC128
model contains pathogenic expansions of 128 CAG repeats [30], and the zQ175 mouse
presents 175 CAG repeats [31] under the control of the promoter of human HTT [32].

The knock-in genetic models represent human HD more faithfully because they are ob-
tained by introducing the mutation causing HD (polyQ expansion) within the orthologous
gene itself, murine HTT, in the exact position it would occupy if the mutation occurred
naturally. The result is that these mice have two copies of the HTT protein, with either both
modified (homozygous) or only one modified (heterozygotes), with both under the direc-
tion of the endogenous promoter of HTT. There are several types of knock-in models with
expansions of polyQ, ranging from 50 [33] to 150 repeats [34]. The HdhQ150 model was
generated by knocking in an expanded repeat of 150 CAGs into the mouse HTT gene [34].
The CAG140 knock-in mouse has 140 CAG repeats [26].

This review focuses on current knowledge of peripheral tissue effects in HD animal and
cell experimental models and identifies biomarkers and mechanisms involved or affected
in the progression of the disease as new therapeutic or early diagnostic options. It is
important to note that several changes in different mouse models of HD present differences
between them and between the different ages analyzed. Understanding the impact of
peripheral organ inflammation in HD may open new avenues for the development of novel
therapeutic targets.

2. Serum/Plasma

It is well established that changes in circulating levels of cytokines are closely corre-
lated with HD progression [35]. Different studies support the importance of blood markers
and their relationship with the inflammatory response in peripheral organs. Murine mod-
els of HD are powerful tools for studying potential molecular and cellular mechanisms
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underlying HD pathogenesis [36]. However, the different animal models analyzed showed
differential patterns of cytokines along with HD progression.

BACHD mice (12-month-old) presented no changes in their serum levels of cy-
tokines [37], and the quantification of protein levels in blood from 8-week-old R6/2 mice
showed no increase in cytokine levels; however, at 14 weeks old, the IL-6, IL-8, IL-13 and
TNF-o levels in R6/2 mice were elevated in the same way as anti-inflammatory cytokines
IL-2 and IL-10 [38], which correlates with HD disease severity [39]. A study including
serum samples of YAC128 mice reveals significant increases in interleukin-6 (IL-6), CXCL1
(a functional homolog of IL-8 in mice), interferon-y (IFN-y) and IL-10 [13]. BAC-225Q
mouse plasma between 2 and 10 months of age showed increased levels of IL-8, but for
IFNYy, IL-6 and TNF«, no genotype-dependent alterations were found to be associated [40].
The elevated serum cytokine levels are associated with the late stage and severity of the
disease in the animal model analyzed.

3. Innate and Adaptive Immune System in HD

Mutant HTT (mHTT) induces immune activation in a ubiquitous way in the CNS
and the peripheral immune system (blood cells) and at the molecular level (intracellular
signaling). At present, the contribution of the immune system to the pathology of HD
has gained interest due to the development of immune-based therapy tools [38]. HTT is
more highly expressed in neurons as compared to other cell types. However, immune
cells, including B cells, T cells, monocytes and/or macrophages, from patients show de-
tectable levels of HTT that are positively correlated with disease status [38]. Immune
cells such as monocytes produce inflammatory cytokines, and they can differentiate into
pro-inflammatory dendritic cells (DCs) or macrophages [41].

Usually, the innate immune system plays a beneficial role, although sometimes this
system has a negative impact on the organism by promoting an uncontrolled increase in
inflammation [42]. In this context, a direct toxic effect promoted by mHTT induces an
inflammatory response, and both the innate and adaptive immune systems could play
an important role in HD. The possibility of using immune cells from HD patients with
different progression statuses of the disease as an ex vivo experimental approach presents
the opportunity to understand the impact of HD on peripheral immune tissues.

3.1. Macrophages

The regulation of inflammation and the innate immune response is controlled by
macrophages as critical effectors. Macrophages are pleiotropic immune cells with roles
in homeostasis and inflammation, such as phagocytosis and the production of cytokines
and other inflammatory mediators [43]. Macrophages are able to secrete pro- and anti-
inflammatory cytokines and chemokines, which communicate signals to surrounding cells.
In general, the concept of M1/M2 macrophages postulates that M1 macrophages are as-
sumed to have pro-inflammatory functions, and M2 macrophages have anti-inflammatory
and wound-healing functions. Polarization between M1/M2 phenotypes has a critical
therapeutic value, especially in diseases in which M1/M2 imbalance plays a pathophysio-
logical role [44]. Thus, further studies on M1/M2 macrophages in HD are of great interest,
as is the understanding of HTT levels and macrophage function [45].

In a Drosophila model, the expression of mHTT in hemocytes altered the immune
response by causing deficient cellular and humoral immune responses against pathogens.
The presence of mHTT in Drosophila macrophage-like S2 cells in vitro reduced energy
potential, phagocytic activity and the production of antimicrobial peptides, basically due to
the altered production of cytokines and the activation of JAK/STAT signaling [46] (Table 1).
However, macrophages from an R6/2 mouse model of HD (14-week-old) presented ele-
vated IL-4, IL-10, IL1-2 and IL-6 levels compared to wild-type (WT) mice, showing the
potentiation of the M2-like phenotype [38]. The expression of activation markers for
macrophages was also upregulated in zQ175 mice (24-month-old) compared to WT mice.
On the other hand, monocytes were different from macrophage cells in HD patients and HD
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mouse models; when cultured with a pro-inflammatory stimulus, they secreted higher IL-6
levels compared to control or WT macrophages. These results showed that mHTT in mono-
cyte/macrophage cells induces a hyperactive response under deleterious stimulation [39]
(Table 1).

Bone marrow transplants as a source of progenitors of peripheral blood monocytes
in HD mouse models such as YAC128 and BACHD mice replace the peripheral immune
system. A transplanted HD mouse model attenuated kinetic symptoms, and the cytokine
levels were similar to those of WT mice [47]. In R6/1 mouse models, studies have been
performed using bone-marrow-derived mast cells (BMMC). Mast cells are derived from the
yolk sac [48], and in adults, they are generated in bone marrow and migrate as immature
precursors. The BMMC response in R6/1 mice under a pro-inflammatory stimulus is low
compared to that in WT mice.

These results suggest that macrophage cells could be an important tool for new
immunotherapeutic approaches to HD.

3.2. T Cells

In different neurodegenerative diseases, the role of T cells has been analyzed via the
measurement of higher T-cell responses and a shift in CD4" and CD8" cell populations [49].
However, the involvement of T cells in HD is still unclear. T lymphocytes are a major
source of cytokines, and T lymphocytes are subdivided into Th1 and Th2; the cytokines they
produce are known as Th1- and Th2-type cytokines, respectively. Thl-type cytokines tend
to produce the pro-inflammatory responses responsible for killing intracellular parasites
and for perpetuating autoimmune responses. Interferon gamma is the main Th1 cytokine.
Excessive pro-inflammatory responses can lead to uncontrolled tissue damage, so there
must be a mechanism to counteract this. Th2-type cytokines include interleukins 4, 5
and 13; they are associated with the promotion of interleukin-10, which produces an
anti-inflammatory response [50].

In HD patients, IL-4 levels were higher compared to healthy subjects. IL-4 is related
to promoting M2 in macrophage cells or Th2 in T helper cells [14]. The increase in IL-4
detected in a mouse model at late stages of HD [39] could establish a relation between the
adaptive response in chronic immune activation and the participation of critical players: T
cells and monocytes/macrophages. The determination of T-cell levels in different animal
models showed an increase in R6/2 and zQ175 mice at a late stage of HD compared to WT
mice [51]. In order to determine the specific role of T cells during HD progression, some
works have demonstrated that immunized mutant mice (R6/1 and zQ175) also exhibit the
downregulation of genes that function in Th2 responses and memory T cell responses [52]
at the critical early stage of the disease (Table 1).

Table 1. Immune cell phenotype. || Reduced levels. f Augmented levels. NA, no alterations. -, no
data. a, late stage. b, early stage.

Immune Cells Observations Drosophila R6/1 R6/2 zQ175 Yac128 BACHD
T M2a U Mla M2 fra tMla ftMla tMla
Macrophages M1/M2 response [46] (48] [38] [39] [47] [47]
) } M+ Thla 1+ Thl a } }
14 14
T Cells Th1/Th2 response T [['h% 5 T [fh; 5
i i [52] [52] i i
Dendritic Cell number ] ft cellnumberb 1} cell number a ] j
Cells variations [51] [51]

3.3. Dendpritic Cells

Dendritic cells (DCs) are antigen-processing and presenting migrating cells that regu-
late T-cell responses [53]. DCs present two states: an immature state with strong phagocytic
activity and a mature state with high cytokine production [41]. DCs are able to migrate;
however, they only have short lives [54]. In an animal model of HD, DCs contained mHTT
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and further fostered pathogenic immune responses [55]. DCs in the spleen or peritoneal
cavity were also upregulated in late-stage zQ175 mice as compared to WT mice, as occurred
in R6/2 at 8 weeks old, where an increased percentage of activated DCs was detected
during the early stage of the pathology [51]. Regarding DCs’ role in the pathology of HD,
information on the specific effect of DCs during HD is still lacking (Table 1).

4. Spleen as Immune Tissue

It has been reported that patients with HD exhibit peripheral immune changes, includ-
ing circulating and tissue-based immune cells [12]. In R6/2 mice, activated T cells can be
identified by the expression of cell surface markers, such as OX40, CD40L and CD25 [56].
In the spleen, which contains T cells and a small percentage of DCs and macrophages, the
expression of OX40L and CD40 was increased in R6/2 mice from 8 weeks of age onward,
and high levels of splenic IL-12 and CD40 were detected. The cytokine gene expression
of IL-10, IL-17 and IL-12 in R6/2 was increased in splenic tissue, whereas IL-1f, IL-4, IL-6
and TNF-« levels remained unchanged [38]. However, when individual cultures from each
spleen of the R6/2 mice at 12 weeks of age were stimulated with IFNy and LPS, changes in
IL-1B levels, IL-4 and TNF-& were demonstrated, but no differences in T-cell subsets were
detected in R6/2 spleens when compared with those from WT mice [51].

The analysis of the expression levels of cytokines in splenocytes from late-stage zQ175
mice at 24 months of age showed similar increases to those observed in late-stage R6,/2 mice.
However, a study of the spleens from BACHD mice (12-month-old) showed differential
expression in some pro- and anti-inflammatory cytokines, with no increased detection
in IL-12 expression levels but with a similar pattern of expression in the other cytokines
analyzed [37] compared to R6/2 and zQ175 mice. As occurs in cytokine serum levels, there
is a relation between the late stages of the disease and the levels of cytokines detected in
the spleen.

5. Kidney
5.1. Kidney Organ and mHTT Accumulations

Post-mortem analyses revealed the presence of HIT aggregates in the kidneys of HD
patients [21]. The different HD animal models presented specific mHTT accumulations
in the kidneys. In R6/2 and 150Q mice, the inclusions were only detected in the cell
nucleus, with a moderate frequency of inclusion in the tubular, interstitial and glomerular
cells [57,58] (Table 2). In contrast, CAG140Q (HD knock-in) mice showed no obvious mHTT
in the kidney [59] due to mHTT being more stable in the brain than in peripheral tissues. In
most tissues, the presence of inclusions was correlated with a progressive decrease in the
size of the respective organs [57], suggesting that abnormal cell death may occur in various
tissues [47]. This was dependent on the animal model used and tissue studied because, in
an HTT genetically modified mouse, an HdhQ150 knock-in mouse model (150Q) presents
higher weight in the kidneys compared to WT mice [58] (Table 2).

The relation between inclusion and organ weight has been a topic in studies of mHTT
presence in peripheral organs. The kidney weight in R6/2 (from 6 weeks to 12 weeks)
and hQ150/Q150 (at 22 months) was lower in the HD experimental mice than in their
wild-type littermates. However, in the YAC128 HD mouse model, the organ weight was
increased [60]. In kidney tissues from 84Q) transgenic mice, but not in samples from 19Q
mice, an increased level of HTT aggregates was observed [28] (Table 2).

5.2. Kidney Intracellular Signaling Alteration

Several intracellular signaling pathways are involved in HD progression [20]. The pos-
sible effect of mHTT accumulation during the correct cellular function has been analyzed,
mainly regarding neural systems. On the other hand, there are only a few articles related to
intracellular signaling dysfunction and HD progression in kidney tissue.

In several studies, mitochondrial dysfunction during HD has been analyzed [19].
However, there are only a few articles that describe how mHTT accumulation could be
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responsible, at least in part, for kidney failure during HD progression. The YAC128
mice showed similar O, consumption, CO; release, physical activity, food consumption
and fasting blood glucose levels compared to the WT mice. This metabolically normal
environment suggests that mitochondrial respiratory dysfunction is not essential for HD
pathogenesis in the kidneys [61] (Table 2).

Table 2. Kidney phenotype. || Reduced. ff Augmented. NA, no alterations. -, no data. a, late stage, b,
early stage.

Kidney

Observations R6/2 HdhQ150 YAC128 CAG140Q BACHD CAG19Q CAG840Q
In cell nuclei of In cell nuclei of
mHTT tubular, interstitial tubular, interstitial No detection No detection Yes
inclusion and glomerular cells  and glomerular cells ) [59] a ) [28] a [28] a
[57]1b [58] a
: 0 I f
Organ weight (57]b (58] a [60] a - - - -
Mitochondrial NA
effects B . [61] a } i} } B
Inflammatory 1 IL-6
processes B ) ) B [37] a B )
UPS and NA NA
autophagy - - - - - 28] a 28] a
system

Recently, there has been increased interest in the inflammatory processes associated
with Huntington’s disease [62]. The role of inflammation in kidney failure has been
described in multiple neurodegenerative disorders [63-66]. The BACHD mice showed sig-
nificant changes in IL-6 cytokine levels in the kidneys, in comparison with WT animals [37].
This cytokine is directly associated with the progression of chronic kidney disease [67].

Researching one possible reason for the abnormal mHTT protein aggregation in CNS
and peripheral tissues, some studies have demonstrated that there is inadequate protein
degradation in HD models [68]. However, impairment of the ubiquitin—proteasome system
(UPS) or autophagy in peripheral tissues was not as severe as in the CNS. These results
suggest that the protein clearance pathway is also disturbed in the peripheral tissues
of HD models, leading to the dysfunction of different organs. Therefore, mHTT may
interfere with the basic transcriptional mechanisms of many genes [47]. Supporting this
theory, enhancing autophagy induces beneficial effects in cellular, fly and mouse models of
HD [69,70]. However, the UPS and autophagy system in kidney tissues from 19Q and 84Q
transgenic mice were not affected at different times of the study, but the presence of mHTT
was only detected in 84Q) transgenic mice [28].

In order to understand this potential therapeutic protein clearance system inside
the kidney in HD models, several articles have studied human embryonic kidney cells
(HEK293) expressing GFP-tagged, HTT-exonl-containing 74Q [71] or HEK293FT cells
expressing 84Q or 19Q [28] as cellular models in which UPS induction might reproduce
earlier in kidney tissues of HD models (Table 2).

6. Liver
6.1. Liver Organ and mHTT Accumulations

Previously, it has been noted that mHTT accumulation in peripheral organs or tissues
affects the liver, among other organs [19]. The presence of mHTT was detected in the liver
in different animal models, such as YAC128 [60] and CAG140Q (HD knock-in) [59]; in R6/2
and HdhQ150 knock-in mouse models of HD, it was mainly found in hepatocytes, but only
in R6/2 mice was it found in the bile duct epithelium [58]. In all of these models, weight
loss was not uniform across all tissues, being most evident in the liver and least evident in
the kidneys in R6/2 mice [57], in contrast with 150Q mice [58]. Moreover, in liver tissues,
an increased level of mHTT aggregates over time was displayed in 84Q mice; similar to
other tissues, mHTT was not found in 19Q transgenic mice [28] (Table 3).



Int. J. Mol. Sci. 2022, 23, 6089

7 of 17

Several observations of liver morphology in HD patients revealed a minor failure
or disturbance of liver function [72]. Hepatocytes from HD patients were smaller than
normal and had a shortened survival time [19,73]. Regarding the differential sizes of the
organs [40], the animal model analyzed defines the significant or non-significant differences
between organ weights [58].

6.2. Liver Intracellular Signaling Alteration

The inflammatory processes may be involved in HD progression (see immune sys-
tem paragraphs). To examine this possibility, the levels of inflammatory and regulatory
cytokines in the livers of 12-month-old BACHD mice were enhanced (IL-12p70 and TNF-c)
compared to WT mice [37].

The implication of the UPS during HD progression has been analyzed in CNS and
affected peripheral organs [74]. Specifically, regarding liver tissues, the UPS system in 19Q
and 84Q) transgenic mice was impaired in the liver [28].

Additional whole-organism effects induced by mHTT include a decline in systemic
metabolic homeostasis, which stems from the derangement of the liver. Both R6/2 and
HdhQ150 knock-in mice showed deficiency in the urea cycle, with hyperammonemia, high
blood citrulline levels and the suppression of urea cycle enzymes as prominent features
of HD [75]. Transfections with constructs of mHTT-25Q and mHTT-109Q demonstrated
that those aggregates suppressed the expression of the C/EBPa transcription factor in
HepG2 cells and, moreover, recruited this factor. Consequently, C/EBPa lost its ability
to interact with the CREB-binding protein cofactor, which appears to mediate urea cycle
deficiencies [76]. There was an association between high circulating concentrations of
ammonia and a failure in the transcription of urea-cycle enzymes in the livers of mice with
HD [22] (Table 3).

Table 3. Liver phenotype. |} Reduced. f} Augmented. NA, no alterations. Hep., Hepatocytes. -, no
data. a, late stage. b, early stage.

Obslézzfions Reé/2 HdhQ150 YAC128 CAG140Q BACHD CAG19Q CAG84Q N171-82Q
mHH Hep- a‘nd b.ﬂe Hep. Hep. Hep. NO. Yes
inclusion duct epithelium 58] a [60] a [59] a - detection [28] a
[58] b - [28] a
Organ weight [ 5% b - - - - - - -
Mitochondrial NA Yes
effects ) ) [61] a B B ) ) [77]a
1 IL-12p70
Inflammatory ) ) ) B and TNIIJ:-oc ) ) _
processes [37] a
al:::) i;:gy ) ) ) B ) Impaired Impaired B
[28] a [28] a
system
|} the urea cycle
1 blood citrulline | the urea cycle
Metabolic levels 1 blood citrulline
homeostasis { gluconeogenesis levels ) ) ) . .
|} lactate clearance [75] a, b
[75,78] b

Metabolic processes mainly associated with the liver, such as gluconeogenesis and
lactate clearance, were affected in the R6/2 mouse model, with a reduced hepatic glucose
output following a lactate challenge, as well as alteration to several gluconeogenic enzyme
activities in the mice’s livers, indicating a reduced capacity for gluconeogenesis in HD [78]
(Table 3).

Bioenergetic defects were considered to be major contributing factors to neuronal
dysfunction in HD [79], and in the early stages of the disease, there was an impaired glucose
metabolism [80]. In post-mortem neural tissues from HD patients, there was decreased
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respiratory activity of mitochondria [81] due to defects in mitochondrial Complexes II, I1I
and IV [82]. Additionally, there was an effect on the CNS during HD; examining the effect
of mHTT on oxidative metabolism in liver mitochondria from 2- and 10-month-old YAC128
and WT mice did not yield evidence of mHTT-induced impairment of oxidative metabolism
in YAC128 mice [61]. Mitochondrial function effects in the liver have been reported in NLS-
N171-82Q H and CHL2 knock-in mouse models of HD. mHTT causes the impairment of
mitochondrial function via several different mechanisms. mHTT may interact directly with
mitochondria or alter transcription factors such as PGC-1a in NLS-N171-82Q HD mice [77].
mHTT directly induced mitochondrial permeability transition (MPT) pore opening in
isolated mouse liver mitochondria of a CHL2 HD model [83] (Table 3).

7. The Retinal System

The retina is considered an extension of the brain and shares a common embryological
origin with the CNS; certainly, the retina could be defined as a window to the brain.
Regarding this definition, the retina allows for the study of degenerative processes from
a more accessible position. However, regarding HD, the retina has not been analyzed as
deeply as other areas of the CNS.

7.1. Retinal Histological Characterization

The classical R6/2 model exhibits an accelerated form of the disease, and it has
been reported to show reductions in rod and cone function in addition to alterations in
downstream neuronal function at earlier ages (approx. 10 weeks). However, the R6/1
model, a moderate form of the disease, showed a similar pattern at a late stage of the disease
(32 weeks of age) [18]. HdhQ150 mice had a similar widespread brain and peripheral
pathology [84] to R6/2 mice (Table 4).

HdhQ150 mice at 12 weeks old did not show gross morphological changes in retinal
thickness, as occurred in R6/2 mouse retinas with photoreceptor layer reduction at the
same time point [18,85]. The significant retinal thinning reported in the R6,/2 HD model,
which showed an accelerated disease progression [86], was also detected in a Drosophila
model of HD [87]. The retinal thinning in R6/2 mice was related to the increased number
of TUNEL-positive cells, mainly detected in the outer nuclear layer (ONL) [88]. However,
the R6/1 mouse retinas showed no evidence of TUNEL-positive cells in the ONL, and
there was no evidence of retinal thinning in the late stage of HD (32-week-old), as has been
reported in post-mortem human retina samples [18,88].

A study of Q175 mice showed a different range of morphological abnormalities in
the retina due to the cilium and retinal ciliopathy effects in HD mice [89]. Mutations in
junctophilin 3 are responsible for neurodegenerative Huntington’s disease-like-2 (HDL2),
a rare autosomal-dominant neurodegenerative disorder that is clinically almost indistin-
guishable from HD [90]. The alteration of junctophilin in the retina revealed a mixture of
neurodevelopmental defects and the degeneration of the retinal neurons in Drosophila and
mouse models [90-92].

Generally, Miiller cell gliosis occurs when the retina is placed under stress. R6/1
mouse retinas showed increased Miiller cell gliosis and the beginning of photoreceptor
degeneration by 13 weeks. Reactive gliosis was related to stress events, and visual function
failure due to cone-specific dysregulation and decreased cone function could contribute
to increasing retinal stress [93]. A study of reactive gliosis response in HdhQ150 and
R6/2 mice revealed no signs of glial cell activation, probably due to the absence of mHTT
intranuclear inclusion bodies in retinal Miiller cells and astrocytes, which were not affected
by the deposits [85,88].

7.2. Retinal Nuclear Inclusion

The aggregates are accumulated, in a progressive way, as a cellular inclusion. In retinas
from R6/1 and R6/2 mice, the inclusions presented a nuclear localization throughout the
three neuronal layers, showing a strong prevalence when the neurological phenotype
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was worse. The histological and functional examination of R6/1 and R6/2 mouse retinas
revealed severe retinopathy [18]. The analysis of retinas from HdhQ150 mice revealed that
those nuclear inclusions were found in all neuronal cell types of the retina [85]. Interestingly,
other non-neuronal retinal cells did not contain aggregates (Table 4).

7.3. Visual Function Evaluation

Electroretinogram (ERG) recordings evaluate visual function, and they allow for the
detection of any alterations associated with HD progression. In R6/1 and R6/2 mouse
retinas, the photoreceptor cell layer displayed disorganization, an irregular shape and the
overall impairment of retinal response associated with strong neuronal dysfunction of both
photoreceptors and retinal neurons. ERG recordings indicated that cones were affected
earlier than rods and that cone- and rod-induced responses were severely reduced [93].
The R6/2 mice’s deficits in visual capabilities started as early as 4 weeks; at 8 weeks, there
was severe impairment [94] (Table 4).

7.4. Optical Coherence Tomography

The retina is the only portion of the CNS that is optically accessible for high-resolution
imaging, and it has demonstrated associations between retinal thickness and neurode-
generative disease progression. Retinal imaging technology is rapidly advancing and
can provide ever-increasing amounts of information about the structure, function and
molecular composition of retinal tissue in vivo. Most importantly, this information can be
obtained rapidly and non-invasively through optical coherence tomography (OCT), which
provides a retinal fundus image with high spatial resolution, low-cost and wide availability.
Indirect ophthalmoscopy in R6/1 and R6/2 mice showed the presence of white spots all
across the retina, with a progressive increase during HD [18] (Table 4).

Table 4. Retinal phenotype. || thinning, reduced layer thinning. NA, no alterations. 1} Yes, presence
of described observations. 1} gliosis, increased gliosis. || melanopsin, reduction in melanopsin levels.
1} aggregates, presence of mHTT aggregates. -, no data. a, late stage. b, early stage.

Retina

Location Observations Drosophila R6/1 Mice R6/2 Mice Hdhq150 Mice N171-82Q Mice
Photoreceptors aftk;f:t‘llgfs |l thinning a [87] | thinninga [18] |} thinning b [18] NA b [95] -
Disorganization,
irregular shape - m Pé‘;? a f Pgis] b - -
and impairment
Thinning ; { thinning a B ;
QI alterations NAD[88] [88]
Miiller cells Presence of gliosis - 1 gliosis a [93] NA a [88] NA a [88] -
ipRGCs ri}c}f;i?;; ) ) |} melanopsin b ) |} melanopsin b
concentrations [96] [%7]
Nuclear mHTT 1 aggregates a 1 aggregates a 1 aggregates a }
Neuronal layers aperepates [15] 18] [85]
. Presence of white Tt Yesa 1 Yesb
Whole retina spots - [18] [18] - -

7.5. Retinal Signaling Pathways Altered in HD Experimental Models

Studies of the signaling pathways involved in the neurodegenerative processes of the
retina in the progress of HD are different. Many studies have focused on the potential
regulatory role of chaperones and their link to the activation of intracellular misfolded
protein degradation processes with the activation of proteasomes in the R6/2 mouse model
and reticulum stress in the N163-Q117 mutant fly model [98,99]. Signaling studies have
focused on the role of proteins related to visual signal transmission, specifically in the
layers of the retina identified as responsible for visual failure in R6/2 mice, with analysis of
connexin and related transcription factors [86].
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During Huntington’s disease, circadian disruption is the most common non-motor
symptom. Light/dark cycles are detected by a specific type of retinal ganglion cells
called intrinsically photosensitive retinal ganglion cells (ipRGCs). Furthermore, ipRGCs
respond to direct circadian photo-stimulus due to the expression of the photopigment
melanopsin [100,101], and they act as an integrative station for rod/cone signals [102].
R6/2 and N171-82Q HD mouse models showed an early reduction in melanopsin levels
and ipRGCs [97] associated with the histological changes detected in the neuronal number
and composition of the retina (Table 4). Changes in circadian behavior in HD could be
mediated by the altered molecular oscillation of two clock genes, Period1 and Period2. In
R6/2 mice, the Period2 and Period1 genes were adequately expressed during the light/dark
cycle; however, the expression of the Period2 gene was low [103-105].

8. Pancreas
8.1. Blood Glucose Levels

While most patients with diabetes have Type 1 diabetes (T1D) or Type 2 diabetes
(T2D), there are other etiologies of diabetes associated with neurodegenerative diseases
that occur less frequently. It is well described that HD patients have abnormal glucose
tolerance tests and a higher prevalence of diabetes [8,106].

Table 5. Pancreas phenotype. f Augmented. -, no data, a, late stage, b, early stage.

Pancreas . . . .
Observations R6/1 Mice R6/2 Mice N171-82Q Mice YAC128 Mice
Inclusion-positive T [15,108] a T )
cells [107] a, b 1 [108]
[109] b
Type 2 diabetes
o f f f f
mellitus-like
phenotype [107]a,b [108,110] a, b [111]a, b [112] a

Longitudinal studies of HD subjects have shown reductions in glucose utilization
before the disease’s clinical onset, implying altered energy metabolism as an important
component of HD pathogenesis and evidence of abnormal energy metabolism in the CNS of
HD patients [113]. However, the etiology of this diabetes is unknown. HD transgenic mice
develop hyperglycemia [110,114], providing an excellent experimental model for studies of
diabetes mellitus and HD. It has been observed that some HD animal subjects suffer from
abnormalities in energy homeostasis, and some of them develop T2D, [15,107,114], sug-
gesting that pancreatic function is affected by mHTT (Table 5). Despite these observations,
some evidence argues against the development of diabetes in HD mouse models; one report
found no signs of diabetes in R6/2 mice at 8-9 weeks of age [109], and another described
elevated levels of blood glucose and urine glucose in only a quarter of the 13-week-old
R6/2 mice investigated [115]. N171-82Q mice demonstrated a profound dysglycemic phe-
notype [111]. Similarly, YAC128 mice were hyperglycemic relative to their euglycemic
counterparts at 3-5 months old when fed ad libitum [112]. On the other hand, an R6/1
mouse model, although not diabetic, showed several signs of impaired glucose tolerance.
Additionally, glucose tolerance in young R6/1 mice (10 weeks) was lower compared to WT
mice, and in older mice (38 weeks), glucose tolerance was further impaired in both R6/1
and WT animals [107] (Table 5).

8.2. Expression of Huntingtin in Pancreatic Islets

The pathology in HD mice, as in HD patients, may be associated with the formation
of nuclear inclusions derived from mHTT. Nuclear inclusions putatively derived from
mHTT have been demonstrated in islets of Langerhans R6/2 mice [57] at week 7, increasing
dramatically mainly in beta cells by week 12, and they have occurred in the same way in
N171-82Q mice [111]. However, the expression of the native protein in the islets has not
been described in animal models or clonal beta cell line 832/13 cells with the detection
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of HTT mRNA [108]. An HdhQ150 knock-in model expressing mutant full-length mHTT
showed identical aggregate pathology distribution to R6/2 mice but only minor differences
in aggregate abundance [58]. Studies using the R6/1 model showed that in the presence
of the HD gene product, HTT was detected in both alpha and beta cells in R6/1 islets of
Langerhans [107] (Table 5).

In an in vitro approach, the expression of N-terminal HTT fragments with different
polyglutamine lengths using an insulinoma cell line (INS-1E) showed that the glucose-
stimulated induction of insulin release was significantly reduced when the insulinoma cell
line expressed highly expanded HTT. These results indicate that insulin release from beta
cells expressing mHTT appears to be polyglutamine-length-dependent [116].

9. Heart

HD patients suffer from heart disease, which is the second leading cause of death
in such patients [117]. These findings have also been observed in mouse models of HD,
which, through electrocardiogram analysis, showed unstable heartbeats and arrhythmia
inR6/1 [118], BACHD [119] and R6/2 mice [120]. This dysregulation was coupled with
reduced heart size early in disease progression in R6/1 mice, and likewise in BACHD
mice, significantly higher blood pressure was found compared to controls [105]. Similar
results were found in pre-symptomatic HdhQ150 knock-in mice. In HdhQ150 knock-in
mice, it was found that all major cardiac volumetric parameters of the heart were reduced
compared to WT mice at 8 months of age, while in R6/2 mice, this was detected at 4 months
of age. Although the heart mass increased in late-stage HhQ150 mice, this was not true
for R6/2 mice, which could be explained by self-limiting mHTT effects or the activation of
compensatory hypertrophic pathways [121]. Some studies showed that a pro-inflammatory
environment, such as high levels of IL-6, is involved in cardiac remodeling by inducing
left ventricular hypertrophy and increasing collagen deposits [122] and, therefore, could
contribute to the cardiac pathology in BACHD mice (Table 6).

A series of changes in the heart at the cellular and tissue levels has been found in
R6/2, HdhQ150 [121] and BACHD [119] animal models due to gap junctional remodeling
and cardiac fibrosis, presumably as a result of the progressive loss of cardiomyocytes
through apoptosis.

Table 6. Heart phenotype. { Augmented. -, no data. a, late stage. b, early stage.

Obenamt R6/1 Mice R6/2 Mice BACHD Mice ~ HdhQ150 Knock-In
Inclusion-positive f T
cells ) [121] a, b B [121] a
Body weight and i
lifespan [115]b B
Arrhythmia, plasma
level of - - -
noradrenaline [118]a,b
Mitochondrial f T T
effects ) [121]a [119] a, b [121] a
Changes in blood 2 2
pressure, heart [118] a, b - [119] b -
weight, contractility. !
Cardiomyocytes 1 2
At - [121]a - [121]a
(Middle to late stage)

10. Vascular System Pericytes in Blood-Brain Barrier (BBB)

The BBB is a highly selective, semi-permeable barrier of endothelial cells that separates
the blood from the brain, filtering non-essential substances from the blood into the brain
and vice versa. A clinical study suggested that there is barrier leakage in HD patients and
that this is possibly due to an increase in smaller blood vessels and a decrease in tight
junction components [123]. Similar results were also found in an R6/2 mouse model. In
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this murine model of HD, tight junctions were found to be perturbed due to lower mRNA
and protein levels of tight-junction-related proteins, resulting in an impaired BBB [124].
Taken together, the studies conducted indicate that pathogenic levels of HTT disrupt the
filtering functions of the BBB to the extent that defects in BBB patency have been increas-
ingly recognized not only as a component of HD but also as a therapeutic opportunity
for HD treatment. Specifically, increased BBB permeability may facilitate the delivery
of neurotrophic cytokines to the brain and thus promote neuroprotection and neuronal
cell proliferation.

11. Conclusions

Taken together, the effects of HD in peripheral tissues are specific to the mouse strain
and the severity the disease. Current studies regarding pathological phenotypes in periph-
eral tissues of HD models show specific and different effects related to the strain, experimen-
tal model and age of study. The identification of new biomarkers and mechanisms related
to the progression of the disease could yield new diagnostic tools or therapeutic targets.

Since a direct toxic effect promoted by mHTT induces an inflammatory response, both
the innate and adaptive immune systems could play an important role in HD, including
circulation and tissue-based immune cells. An analysis of the peripheral organs should also
be carried out in order to reveal the impact of inflammation on peripheral tissue homeostasis
and clinical outcomes in HD. Changes in the circulating levels of cytokines are closely
correlated with HD progression, and mHTT is detected in peripheral tissues as inclusions or
aggregates that contribute to the perturbation of cell signaling, with pathologic implications.
The effect of mHTT in peripheral tissues or organs is specific to each experimental model
analyzed, and alterations are associated with HD progression status.

Author Contributions: Conceptualization, ALA., M.A.-D. and A.C.-C.; Methodology, L.G.-J., EC.-C.
and M.d.C.G.-M.; Original draft preparation, L.G.-J., AILA., EC.-C. and M.d.C.G-M,;
Writing—review and editing, ALA., A.C.-C.,, M.A.-D., M.d.C.G.-M. and L.G.-].; Funding acquisition,
A.IA.and M.A.-D. All authors have read and agreed to the published version of the manuscript.

Funding: A.ILA. was supported by a grant from the Convocatoria de Subvenciones para la Finan-
ciacién de la Investigacion y la Innovacion Biomédica y en Ciencias de la Salud en el Marco de
la Iniciativa Territorial Integrada 2014-2020 para la Provincia de Cadiz, Fondos ITI-FEDER (PI-
0012-2019); M.A.-D. was supported by a grant from Consejeria de Salud de la Junta de Andalucia
(PI-0036-2020).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1.  Cao, W.; Zheng, H. Peripheral immune system in aging and Alzheimer’s disease. Mol. Neurodegener. 2018, 13, 51. [CrossRef]
[PubMed]

2. Adler, C.H.; Beach, T.G. Neuropathological Basis of Nonmotor Manifestations of Parkinson’s Disease. Mov. Disord. 2016, 31,
114-119. [CrossRef] [PubMed]

3.  Hitike, T.T,; Mishra, S.; Kumar, S.; Padmanabhan, P.; Gulyas, B. Peripheral Biomarkers for Early Detection of Alzheimer’s and
Parkinson’s Diseases. Mol. Neurobiol. 2019, 56, 2256-2277. [CrossRef] [PubMed]

4.  Giaccone, G.; Moda, F. Pmca applications for prion detection in peripheral tissues of patients with variant creutzfeldt-jakob
disease. Biomolecules 2020, 10, 405. [CrossRef]

5. Karlovich, C.A; John, RM.; Ramirez, L.; Stainier, D.Y.R.; Myers, R M. Characterization of the Huntington’s disease (HD) gene
homolog in the zebrafish Danio rerio. Gene 1998, 217, 117-125. [CrossRef]

6. Bates, G.P; Dorsey, R.; Gusella, ].F.; Hayden, M.R.; Kay, C.; Leavitt, B.R.; Nance, M.; Ross, C.A.; Scahill, R.I.; Wetzel, R.; et al.

Huntington disease. Nat. Rev. Dis. Prim. 2015, 1, 15005. [CrossRef]


http://doi.org/10.1186/s13024-018-0284-2
http://www.ncbi.nlm.nih.gov/pubmed/30285785
http://doi.org/10.1002/mds.26605
http://www.ncbi.nlm.nih.gov/pubmed/27030013
http://doi.org/10.1007/s12035-018-1151-4
http://www.ncbi.nlm.nih.gov/pubmed/30008073
http://doi.org/10.3390/biom10030405
http://doi.org/10.1016/S0378-1119(98)00342-4
http://doi.org/10.1038/nrdp.2015.5

Int. ]. Mol. Sci. 2022, 23, 6089 13 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Albin, R.L.; Reiner, A.; Anderson, K.D.; Dure, L.S.; Handelin, B.; Balfour, R.; Whetsell, W.O.; Penney, J.B.; Young, A.B. Preferential
loss of striato-external pallidal projection neurons in presymptomatic Huntington’s disease. Ann. Neurol. 1992, 31, 425-430.
[CrossRef]

Podolsky, S.; Leopold, N.A. Abnormal glucose tolerance and arginine tolerance tests in Huntington’s disease. Gerontology 1977,
23,55-63. [CrossRef]

Sanberg, P.R.; Fibiger, H.C.; Mark, R.F. Body weight and dietary factors in Huntington’s Disease patients compared with matched
controls. Med. |. Aust. 1981, 1, 407-409. [CrossRef]

Cells, R.E.D.; Huntington, F.; Zanella, A.; I1zzo, C.; Meola, G.; Colotti, M.T.; Silani, V.; Pellegata, G.; Scarlato, G. Experimental
procedures Haematological investigations. Blood 1980, 93-103.

Mcgovern, D.; Webbt, T. Sensitivity to ionising radiation of lymphocytes from Huntington’s chorea patients compared to controls.
J. Med. Genet. 1982, 19, 168-174. [CrossRef] [PubMed]

Beverstock, G.C. The current state of research with peripheral tissues in Huntington disease. Hum. Genet. 1984, 66, 115-131.
[CrossRef]

Kwan, W.; Magnusson, A.; Chou, A.; Adame, A.; Carson, M.].; Kohsaka, S.; Masliah, E.; Méller, T.; Ransohoff, R.; Tabrizi, S.].; et al.
Neurobiology of Disease Bone Marrow Transplantation Confers Modest Benefits in Mouse Models of Huntington’s Disease. J.
Neurosci. 2012, 32, 133-142. [CrossRef]

Ellrichmann, G.; Reick, C.; Saft, C.; Linker, R.A. The Role of the Inmune System in Huntington’s Disease. Clin. Dev. Immunol.
2013, 2013, 541259. [CrossRef] [PubMed]

Andreassen, O.A.; Dedeoglu, A.; Stanojevic, V.; Hughes, D.B.; Browne, S.E.; Leech, C.A ; Ferrante, R.].; Habener, ].F,; Beal, M.E;
Thomas, M.K. Huntington’s disease of the endocrine pancreas: Insulin deficiency and diabetes mellitus due to impaired insulin
gene expression. Neurobiol. Dis. 2002, 11, 410—-424. [CrossRef]

Wood, N.I; Sawiak, S.J.; Buonincontri, G.; Niu, Y.; Kane, A.D.; Carpenter, T.A.; Giussani, D.A.; Morton, A.J. Direct Evidence
of Progressive Cardiac Dysfunction in a Transgenic Mouse Model of Huntington’s Disease. J. Huntingt. Dis. 2012, 1, 57-64.
[CrossRef]

Trujillo, A.S.; Ramos, R.; Bodmer, R.; Bernstein, S.I.; Ocorr, K.; Melkani, G.C. Drosophila as a potential model to ameliorate mutant
Huntington-mediated cardiac amyloidosis. Rare Dis. 2014, 2, €968003. [CrossRef]

Helmlinger, D.; Yvert, G.; Picaud, S.; Merienne, K.; Sahel, J.; Mandel, J.-L.; Devys, D. Progressive retinal degeneration and
dysfunction in R6 Huntington’s disease mice. Hum. Mol. Genet. 2002, 11, 3351-3359. [CrossRef]

Hoffmann, R.; Stiiwe, S.H.; Goetze, O.; Banasch, M.; Klotz, P.; Lukas, C.; Tegenthoff, M.; Beste, C.; Orth, M.; Saft, C. Progressive
hepatic mitochondrial dysfunction in premanifest Huntington’s disease. Mov. Disord. 2014, 29, 831-834. [CrossRef]

Chuang, C.L.; Demontis, F. Systemic manifestation and contribution of peripheral tissues to Huntington’s disease pathogenesis.
Ageing Res. Rev. 2021, 69, 101358. [CrossRef]

Rieux, M.; Alpaugh, M.; Sciacca, G.; Saint-Pierre, M.; Masnata, M.; Denis, H.L.; Lévesque, S.A.; Herrmann, F; Bazenet, C,;
Garneau, A.; et al. Shedding a new light on Huntington’s disease: How blood can both propagate and ameliorate disease
pathology. Mol. Psychiatry 2021, 26, 5441-5463. [CrossRef] [PubMed]

Van der Burg, ].M.; Bjorkqvist, M.; Brundin, P. Beyond the brain: Widespread pathology in Huntington’s disease. Lancet Neurol.
2009, 8, 765-774. [CrossRef]

Gusella, ].F.; MacDonald, M.E. Huntington’s disease: Seeing the pathogenic process through a genetic lens. Trends Biochem. Sci.
2006, 31, 533-540. [CrossRef] [PubMed]

Landles, C.; Bates, G.P. Huntingtin and the molecular pathogenesis of Huntington’s disease: Fourth in molecular medicine review
series. EMBO Rep. 2004, 5, 958-963. [CrossRef]

Marsh, J.L.; Thompson, L.M. Drosophila in the Study of Neurodegenerative Disease. Neuron 2006, 52, 169-178. [CrossRef]
Mangiarini, L.; Sathasivam, K.; Seller, M.; Cozens, B.; Harper, A.; Hetherington, C.; Lawton, M.; Trottier, Y.; Lehrach, H.; Davies,
S.W.; et al. Exon 1 of the HD Gene with an Expanded. Cell 1996, 87, 493-506. [CrossRef]

Schilling, G.; Becher, M.W.,; Sharp, A.H.; Jinnah, H.A.; Duan, K.; Kotzuk, J.A.; Slunt, H.H.; Ratovitski, T.; Cooper, ] K.; Jenkins,
N.A.; et al. Intranuclear inclusions and neuritic aggregates in transgenic mice expressing a mutant N-terminal fragment of
huntingtin. Hum. Mol. Genet. 1999, 8, 397-407. [CrossRef]

Her, L.S; Lin, ].Y,; Fu, M.H,; Chang, Y.E; Li, C.L.; Tang, T.Y,; Jhang, Y.L.; Chang, C.Y.; Shih, M.C.; Cheng, PH.; et al. The
Differential Profiling of Ubiquitin-Proteasome and Autophagy Systems in Different Tissues before the Onset of Huntington’s
Disease Models. Brain Pathol. 2015, 25, 481-490. [CrossRef]

Gray, M.; Shirasaki, D.I.; Cepeda, C.; André, V.M.; Wilburn, B.; Lu, X.H.; Tao, J.; Yamazaki, I.; Li, S.H.; Sun, Y.E.; et al. Full-length
human mutant huntingtin with a stable polyglutamine repeat can elicit progressive and selective neuropathogenesis in BACHD
mice. J. Neurosci. 2008, 28, 6182-6195. [CrossRef]

Slow, E.J.; van Raamsdonk, ].; Rogers, D.; Coleman, S.H.; Graham, R K,; Deng, Y.; Oh, R.; Bissada, N.; Hossain, S.M.; Yang, Y.Z,;
et al. Selective striatal neuronal loss in a YAC128 mouse model of Huntington disease. Hum. Mol. Genet. 2003, 12, 1555-1567.
[CrossRef]

Menalled, L.B.; Kudwa, AE.; Miller, S.; Fitzpatrick, J.; Watson-Johnson, J.; Keating, N.; Ruiz, M.; Mushlin, R.; Alosio, W,;
McConnell, K;; et al. Comprehensive Behavioral and Molecular Characterization of a New Knock-In Mouse Model of Huntington’s
Disease: ZQ175. PLoS ONE 2012, 7, e49838. [CrossRef]


http://doi.org/10.1002/ana.410310412
http://doi.org/10.1159/000212174
http://doi.org/10.5694/j.1326-5377.1981.tb135681.x
http://doi.org/10.1136/jmg.19.3.168
http://www.ncbi.nlm.nih.gov/pubmed/6213774
http://doi.org/10.1007/BF00286586
http://doi.org/10.1523/JNEUROSCI.4846-11.2012
http://doi.org/10.1155/2013/541259
http://www.ncbi.nlm.nih.gov/pubmed/23956761
http://doi.org/10.1006/nbdi.2002.0562
http://doi.org/10.3233/JHD-2012-120004
http://doi.org/10.4161/2167549X.2014.968003
http://doi.org/10.1093/hmg/11.26.3351
http://doi.org/10.1002/mds.25862
http://doi.org/10.1016/j.arr.2021.101358
http://doi.org/10.1038/s41380-020-0787-4
http://www.ncbi.nlm.nih.gov/pubmed/32514103
http://doi.org/10.1016/S1474-4422(09)70178-4
http://doi.org/10.1016/j.tibs.2006.06.009
http://www.ncbi.nlm.nih.gov/pubmed/16829072
http://doi.org/10.1038/sj.embor.7400250
http://doi.org/10.1016/j.neuron.2006.09.025
http://doi.org/10.1016/S0092-8674(00)81369-0
http://doi.org/10.1093/hmg/8.3.397
http://doi.org/10.1111/bpa.12191
http://doi.org/10.1523/JNEUROSCI.0857-08.2008
http://doi.org/10.1093/hmg/ddg169
http://doi.org/10.1371/journal.pone.0049838

Int. ]. Mol. Sci. 2022, 23, 6089 14 of 17

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Hodgson, J.G.; Agopyan, N.; Gutekunst, C.A.; Leavitt, B.R.; Lepiane, F.; Singaraja, R.; Smith, D.].; Bissada, N.; McCutcheon,
K.; Nasir, J.; et al. A YAC mouse model for Huntington’s disease with full-length mutant huntingtin, cytoplasmic toxicity, and
selective striatal neurodegeneration. Neuron 1999, 23, 181-192. [CrossRef]

White, J.K.; Auerbach, W.; Duyao, M.P,; Vonsattel, ].-P.; Gusella, ].F.; Joyner, A.L.; Macdonald, M.E. Huntingtin is required
for neurogenesis and is not impaired by the Huntington’s disease CAG expansion. Nat. Genet. 1997, 17, 404—410. [CrossRef]
[PubMed]

Lin, C.H.; Tallaksen-Greene, S.; Chien, W.M.; Cearley, J.A.; Jackson, W.S.; Crouse, A.B.; Ren, S.; Li, X.J.; Albin, R.L.; Detloff, PJ.
Neurological abnormalities in a knock-in mouse model of Huntington’s disease. Hum. Mol. Genet. 2001, 10, 137-144. [CrossRef]
[PubMed]

Rocha, N.P; Ribeiro, EM.; Furr-Stimming, E.; Teixeira, A.L. Neuroimmunology of Huntington’s Disease: Revisiting Evidencefrom
Human Studies. Mediat. Inflamm. 2016, 1-10. [CrossRef]

Menalled, L.; El-Khodor, B.E,; Patry, M.; Suarez-Farifias, M.; Orenstein, S.J.; Zahasky, B.; Leahy, C.; Wheeler, V.; Yang, X.W.,;
MacDonald, M.; et al. Systematic behavioral evaluation of Huntington’s disease transgenic and knock-in mouse models. Neurobiol.
Dis. 2009, 35, 319-336. [CrossRef] [PubMed]

Valadio, P.A.C.; da Silva Oliveira, B.; Joviano-Santos, ].V.; Vieira, E.L.M.; Rocha, N.P; Teixeira, A.L.; Guatimosim, C.; de Miranda,
A.S. Inflammatory changes in peripheral organs in the BACHD murine model of Huntington’s disease. Life Sci. 2019, 232, 116653.
[CrossRef]

Pido-Lopez, J.; Andre, R.; Benjamin, A.C.; Ali, N; Farag, S.; Tabrizi, S.J.; Bates, G.P. In vivo neutralization of the protagonist role
of macrophages during the chronic inflammatory stage of Huntington’s disease. Sci. Rep. 2018, 8, 11447. [CrossRef]

Bjorkqvist, M.; Wild, E.J.; Thiele, J.; Silvestroni, A.; Andre, R.; Lahiri, N.; Raibon, E.; Lee, R.V.; Benn, C.L.; Soulet, D.; et al. A
novel pathogenic pathway of immune activation detectable before clinical onset in Huntington’s disease. J. Exp. Med. 2008, 205,
1869-1877. [CrossRef]

Wegrzynowicz, M.; Bichell, T.].; Soares, B.D.; Loth, M.K.; Mcglothan, J.L.; Alikhan, ES.; Hua, K.; Coughlin, ].M.; Holt, HK_; Jetter,
C.S,; et al. Novel BAC mouse model of Huntington’s disease with 225 CAG repeats exhibits an early widespread and stable
degenerative phenotype. J. Huntingt. Dis. 2015, 4, 17-36. [CrossRef]

Banchereau, J.; Steinman, R.M. Dendritic cells and the control of immunity. Nature 1998, 392, 245-252. [CrossRef] [PubMed]
Arts, RJ.; Joosten, L.A.; Netea, M.G. The Potential Role of Trained Immunity in Autoimmune and Autoinflammatory Disorders.
Front. Immunol. 2018, 9, 298. [CrossRef] [PubMed]

Ginhoux, E; Guilliams, M. Tissue-Resident Macrophage Ontogeny and Homeostasis. Immunity 2016, 44, 439—449. [CrossRef]
[PubMed]

Novellino, F,; Sacca, V.; Donato, A.; Zaffino, P.; Spadea, M.F,; Vismara, M.; Arcidiacono, B.; Malara, N.; Presta, I.; Donato, G.
Molecular Sciences Innate Immunity: A Common Denominator between Neurodegenerative and Neuropsychiatric Diseases. Int.
J. Mol. Sci. 2020, 21, 1115. [CrossRef]

O'regan, G.C.; Farag, S.H.; Ostroff, G.R.; Tabrizi, S.J.; Andre, R. Wild-type huntingtin regulates human macrophage function. Sci.
Rep. 2020, 10, 17269. [CrossRef]

Valanne, S.; Sassone, J.; Lin, Y.-H.; Zurovec, M.; Ouns Maaroufi, H.; Ibrahim, E.; Kucerova, L. Expression of Human Mutant
Huntingtin Protein in Drosophila Hemocytes Impairs Immune Responses. Front. Immunol. 2019, 10, 2405. [CrossRef]

Sassone, ].; Colciago, C.; Cislaghi, G,; Silani, V.; Ciammola, A. Huntington’s disease: The current state of research with peripheral
tissues. Exp. Neurol. 2009, 219, 385-397. [CrossRef]

Gentek, R.; Ghigo, C.; Hoeffel, G.; Bulle, M.].; Msallam, R.; Gautier, G.; Launay, P; Chen, J.; Ginhoux, F.; Bajénoff, M. Hemogenic
Endothelial Fate Mapping Reveals Dual Developmental Origin of Mast Cells. Immunity 2018, 48, 1160-1171.e5. [CrossRef]
Huizinga, R.; Hintzen, R.Q.; Assink, K.; van Meurs, M.; Amor, S. T-cell responses to neurofilament light protein are part of the
normal immune repertoire. Int. Immunol. 2009, 21, 433-441. [CrossRef]

Gereda, ].E.; Leung, D.Y.M.; Thatayatikom, A.; Streib, J.E.; Price, M.R.; Klinnert, M.D.; Liu, A.H. Relation between house-dust
endotoxin exposure, type 1 T-cell development, and allergen sensitisation in infants at high risk of asthma. Lancet 2000, 355,
1680-1683. [CrossRef]

Tréager, U.; Andre, R.; Magnusson-Lind, A.; Miller, ].R.C.; Connolly, C.; Weiss, A.; Grueninger, S.; SilajdZi¢, E.; Smith, D.L.; Leavitt,
B.R.; et al. Characterisation of immune cell function in fragment and full-length Huntington’s disease mouse models. Neurobiol.
Dis. 2015, 73, 388-398. [CrossRef] [PubMed]

Ramsingh, A.I; Manley, K.; Rong, Y.; Reilly, A.; Messer, A. Transcriptional dysregulation of inflammatory/immune pathways
after active vaccination against Huntington's disease. Hum. Mol. Genet. 2015, 24, 6186-6197. [CrossRef] [PubMed]

Mellman, I.; Steinman, R.M. Dendritic Cells: Specialized and Regulated Antigen Processing Machines. Cell. 2001, 106, 255-258.
[CrossRef]

Liu, K.; Victora, G.D.; Schwickert, T.A.; Guermonprez, P.; Meredith, M.; Yao, K.; Chu, F; Randolph, G.J.; Alexander, Y,;
Nussenzweig, M. In vivo analysis of dendritic cell development and homeostasis. Science 2010, 324, 392-397. [CrossRef]
Nayak, A.; Ansar, R.; Verma, S.K.; Bonifati, D.M.; Kishore, U. Huntington’s disease: An immune perspective. Neurol. Res. Int.
2011, 2011, 563784. [CrossRef]

Murata, K.; Ishii, N.; Takano, H.; Miura, S.; Ndhlovu, L.C.; Nose, M.; Noda, T.; Sugamura, K. Impairment of antigen-presenting
cell function in mice lacking expression of OX40 ligand. J. Exp. Med. 2000, 191, 365-374. [CrossRef]


http://doi.org/10.1016/S0896-6273(00)80764-3
http://doi.org/10.1038/ng1297-404
http://www.ncbi.nlm.nih.gov/pubmed/9398841
http://doi.org/10.1093/hmg/10.2.137
http://www.ncbi.nlm.nih.gov/pubmed/11152661
http://doi.org/10.1155/2016/8653132
http://doi.org/10.1016/j.nbd.2009.05.007
http://www.ncbi.nlm.nih.gov/pubmed/19464370
http://doi.org/10.1016/j.lfs.2019.116653
http://doi.org/10.1038/s41598-018-29792-x
http://doi.org/10.1084/jem.20080178
http://doi.org/10.3233/JHD-140116
http://doi.org/10.1038/32588
http://www.ncbi.nlm.nih.gov/pubmed/9521319
http://doi.org/10.3389/fimmu.2018.00298
http://www.ncbi.nlm.nih.gov/pubmed/29515591
http://doi.org/10.1016/j.immuni.2016.02.024
http://www.ncbi.nlm.nih.gov/pubmed/26982352
http://doi.org/10.3390/ijms21031115
http://doi.org/10.1038/s41598-020-74042-8
http://doi.org/10.3389/fimmu.2019.02405
http://doi.org/10.1016/j.expneurol.2009.05.012
http://doi.org/10.1016/j.immuni.2018.04.025
http://doi.org/10.1093/intimm/dxp011
http://doi.org/10.1016/S0140-6736(00)02239-X
http://doi.org/10.1016/j.nbd.2014.10.012
http://www.ncbi.nlm.nih.gov/pubmed/25447230
http://doi.org/10.1093/hmg/ddv335
http://www.ncbi.nlm.nih.gov/pubmed/26307082
http://doi.org/10.1016/S0092-8674(01)00449-4
http://doi.org/10.1126/science.1170540
http://doi.org/10.1155/2011/563784
http://doi.org/10.1084/jem.191.2.365

Int. ]. Mol. Sci. 2022, 23, 6089 15 of 17

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Sathasivam, K.; Hobbs, C.; Turmaine, M.; Mangiarini, L.; Mahal, A.; Bertaux, F.; Wanker, E.E.; Doherty, P.; Davies, S.W.; Bates, G.P.
Formation of polyglutamine inclusions in non-CNS tissue. Hum. Mol. Genet. 1999, 8, 813-822. [CrossRef]

Moffitt, H.; McPhail, G.D.; Woodman, B.; Hobbs, C.; Bates, G.P. 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, e8025. [CrossRef]
Wade, B.E.; Wang, C.E,; Yan, S.; Bhat, K.;; Huang, B.; Li, S.; Li, X.J. Ubiquitin-activating enzyme activity contributes to differential
accumulation of mutant huntingtin in brain and peripheral tissues. J. Neurosci. 2014, 34, 8411-8422. [CrossRef]

Van Raamsdonk, ].M.; Gibson, W.T.; Pearson, J.; Murphy, Z.; Lu, G.; Leavitt, B.R.; Hayden, M.R. Body weight is modulated by
levels of full-length Huntingtin. Hum. Mol. Genet. 2006, 15, 1513-1523. [CrossRef]

Hamilton, J.; Pellman, ]J.J.; Brustovetsky, T.; Harris, R.A.; Brustovetsky, N. Oxidative metabolism in YAC128 mouse model of
Huntington’s disease. Hum. Mol. Genet. 2015, 24, 4862—4878. [CrossRef] [PubMed]

Sanchez-Lopez, F,; Tasset, I.; Agtiera, E.; Feijéo, M.; Fernandez-Bolafos, R.; Sanchez, FM.; Ruiz, M.C.; Cruz, A.H.; Lix Gascon, E;
Ttnez, I. Oxidative stress and inflammation biomarkers in the blood of patients with huntington’s disease. Neurol. Res. 2012, 34,
721-724. [CrossRef] [PubMed]

Adesso, S.; Magnus, T.; Cuzzocrea, S.; Campolo, M.; Rissiek, B.; Paciello, O.; Autore, G.; Pinto, A.; Marzocco, S. Indoxyl sulfate
affects glial function increasing oxidative stress and neuroinflammation in chronic kidney disease: Interaction between astrocytes
and microglia. Front. Pharmacol. 2017, 8, 370. [CrossRef] [PubMed]

Zoccali, C.; Vanholder, R.; Massy, Z.A.; Ortiz, A.; Sarafidis, P.; Dekker, EW.; Fliser, D.; Fouque, D.; Heine, G.H.; Jager, K.J.; et al.
The systemic nature of CKD. Nat. Rev. Nephrol. 2017, 13, 344-358. [CrossRef]

Stanciu, G.D.; Ababei, D.C.; Bild, V.; Bild, W.; Paduraru, L.; Gutu, M.M.; Tamba, B.I. Renal contributions in the pathophysiology
and neuropathological substrates shared by chronic kidney disease and Alzheimer’s disease. Brain Sci. 2020, 10, 563. [CrossRef]
Rostami, S.; Emami-Aleagha, M.S.; Ghasemi-Kasman, M.; Allameh, A. Cross-talks between the kidneys and the central nervous
system in multiple sclerosis. Casp. ]. Intern. Med. 2018, 9, 206-210. [CrossRef]

Su, H.; Lei, C.T.; Zhang, C. Interleukin-6 signaling pathway and its role in kidney disease: An update. Front. Immunol. 2017,
8, 405. [CrossRef]

Rubinsztein, D.C. The roles of intracellular protein-degradation pathways in neurodegeneration. Nature 2006, 443, 780-786.
[CrossRef]

Ravikumar, B.; Vacher, C.; Berger, Z.; Davies, ].E.; Luo, S.; Oroz, L.G.; Scaravilli, F.; Easton, D.F,; Duden, R.; O’Kane, C.J.; et al.
Inhibition of mTOR induces autophagy and reduces toxicity of polyglutamine expansions in fly and mouse models of Huntington
disease. Nat. Genet. 2004, 36, 585-595. [CrossRef]

Sarkar, S.; Rubinsztein, D.C. Huntington’s disease: Degradation of mutant huntingtin by autophagy. FEBS ]. 2008, 275, 4263—4270.
[CrossRef]

Liu, Y,; Hettinger, C.L.; Zhang, D.; Rezvani, K.; Wang, X. Sulforaphane enhances proteasomal and autophagic activities in mice
and is a potential therapeutic reagent for Huntington’s disease. J. Neurochem. 2014, 129, 539-547. [CrossRef] [PubMed]

Bolt, ].M.; Lewis, G.P. Huntington’s chorea: A study of liver function and histology. Q. J. Med. 1973, 42, 151-174. [PubMed]
Myers, R.H.; Marans, K.S.; MacDonald, M.E. Huntington’s disease. In Genetic Instabilities and Hereditary Neurological Diseases;
Warren, S.T., Wells, R.T., Eds.; Academic Press: Cambridge, MA, USA, 1998; pp. 301-323.

Ortega, Z.; Lucas, J.J. Ubiquitin-proteasome system involvement in Huntington’s disease. Front. Mol. Neurosci. 2014, 7, 77.
[CrossRef] [PubMed]

Chiang, M.C.; Chen, HM.,; Lee, YH.; Chang, H-H.; Wu, Y.C.; Soong, B.W.; Chen, C.M.; Wu, Y.R.; Liu, C.S.; Niu, D.M.; et al.
Dysregulation of C/EBPx by mutant Huntingtin causes the urea cycle deficiency in Huntington’s disease. Hum. Mol. Genet. 2007,
16, 483-498. [CrossRef]

Chiang, M.C.; Chern, Y.; Juo, C.G. The dysfunction of hepatic transcriptional factors in mice with Huntington’s Disease. Biochim.
Biophys. Acta Mol. Basis Dis. 2011, 1812, 1111-1120. [CrossRef]

Chaturvedi, R.K.; Calingasan, N.Y.; Yang, L.; Hennessey, T.; Johri, A.; Beal, M.F. Impairment of PGC-1lalpha expression,
neuropathology and hepatic steatosis in a transgenic mouse model of Huntington’s disease following chronic energy deprivation.
Hum. Mol. Genet. 2010, 19, 3190-3205. [CrossRef]

Josefsen, K.; Nielsen, S.M.B.; Campos, A.; Seifert, T.; Hasholt, L.; Nielsen, ].E.; Norremelle, A.; Skotte, N.H.; Secher, N.H.; Quistorff,
B. Reduced gluconeogenesis and lactate clearance in Huntington’s disease. Neurobiol. Dis. 2010, 40, 656—-662. [CrossRef]

Beal, M.F,; Hyman, B.T.; Koroshetz, W. Do defecs in mitochondrial energy metabolism underlie the pathology of neurodegenera-
tive diseases? Trends Neurosci. 1993, 16, 125-131. [CrossRef]

Kuhl, D.E.; Markham, C.H.; Metter, E.J.; Riege, W.H.; Phelps, M.E.; Mazziotta, J.C. Local cerebral glucose utilization in symp-
tomatic and presymptomatic Huntington’s disease. Res. Publ. Assoc. Res. Nerv. Ment. Dis. 1985, 63, 199-209.

Brennan, W.A; Bird, E.D.; Aprille, ].R. Regional Mitochondrial Respiratory Activity in Huntington’s Disease Brain. J. Neurochem.
1985, 44, 1948-1950. [CrossRef]

Browne, S.E.; Bowling, A.C.; MacGarvey, U.; Baik, M.].; Berger, S.C.; Mugqit, M.M.K,; Bird, E.D.; Beal, M.F. Oxidative damage
and metabolic dysfunction in Huntington’s disease: Selective vulnerability of the basal ganglia. Ann. Neurol. 1997, 41, 646-653.
[CrossRef] [PubMed]


http://doi.org/10.1093/hmg/8.5.813
http://doi.org/10.1371/journal.pone.0008025
http://doi.org/10.1523/JNEUROSCI.0775-14.2014
http://doi.org/10.1093/hmg/ddl072
http://doi.org/10.1093/hmg/ddv209
http://www.ncbi.nlm.nih.gov/pubmed/26041817
http://doi.org/10.1179/1743132812Y.0000000073
http://www.ncbi.nlm.nih.gov/pubmed/22889672
http://doi.org/10.3389/fphar.2017.00370
http://www.ncbi.nlm.nih.gov/pubmed/28659803
http://doi.org/10.1038/nrneph.2017.52
http://doi.org/10.3390/brainsci10080563
http://doi.org/10.22088/cjim.9.3.206
http://doi.org/10.3389/fimmu.2017.00405
http://doi.org/10.1038/nature05291
http://doi.org/10.1038/ng1362
http://doi.org/10.1111/j.1742-4658.2008.06562.x
http://doi.org/10.1111/jnc.12647
http://www.ncbi.nlm.nih.gov/pubmed/24383989
http://www.ncbi.nlm.nih.gov/pubmed/4265947
http://doi.org/10.3389/fnmol.2014.00077
http://www.ncbi.nlm.nih.gov/pubmed/25324717
http://doi.org/10.1093/hmg/ddl481
http://doi.org/10.1016/j.bbadis.2011.05.006
http://doi.org/10.1093/hmg/ddq229
http://doi.org/10.1016/j.nbd.2010.08.009
http://doi.org/10.1016/0166-2236(93)90117-5
http://doi.org/10.1111/j.1471-4159.1985.tb07192.x
http://doi.org/10.1002/ana.410410514
http://www.ncbi.nlm.nih.gov/pubmed/9153527

Int. J. Mol. Sci. 2022, 23, 6089 16 of 17

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

Choo, Y.S.; Johnson, G.V.W.; MacDonald, M.; Detloff, PJ.; Lesort, M. Mutant huntingtin directly increases susceptibility of
mitochondria to the calcium-induced permeability transition and cytochrome c release. Hum. Mol. Genet. 2004, 13, 1407-1420.
[CrossRef] [PubMed]

Heng, M.Y,; Tallaksen-Greene, S.J.; Detloff, PJ.; Albin, R.L. Longitudinal Evaluation of the Hdh (CAG)150 Knock-In Murine
Model of Huntington’s Disease. ]. Neurosci. 2007, 27, 8989-8998. [CrossRef] [PubMed]

Young, D.; Mayer, E; Vidotto, N.; Schweizer, T.; Berth, R.; Abramowski, D.; Shimshek, D.R.; van der Putten, PH.; Schmid, P.
Mutant Huntingtin Gene-Dose Impacts on Aggregate Deposition, DARPP32 Expression and Neuroinflammation in HdhQ150
Mice. PLoS ONE 2013, 8, €75108. [CrossRef]

Petrasch-Parwez, E.; Habbes, H.W.; Weickert, S.; Lobbecke-Schumacher, M.; Striedinger, K.; Wieczorek, S.; Dermietzel, R.; Epplen,
J.T. Fine-structural analysis and connexin expression in the retina of a transgenic model of Huntington'’s disease. J. Comp. Neurol.
2004, 479, 181-197. [CrossRef]

Jackson, G.R,; Salecker, I.; Dong, X.; Yao, X.; Arnheim, N.; Faber, PW.; MacDonald, M.E.; Zipursky, S.L. Polyglutamine-expanded
human huntingtin transgenes induce degeneration of Drosophila photoreceptor neurons. Newuron 1998, 21, 633-642. [CrossRef]
Petrasch-Parwez, E.; Saft, C.; Schlichting, A.; Andrich, J.; Napirei, M.; Arning, L.; Wieczorek, S.; Dermietzel, R.; Epplen, ].T. Is the
retina affected in Huntington disease? Acta Neuropathol. 2005, 110, 523-525. [CrossRef]

Karam, A.; Tebbe, L.; Weber, C.; Messaddeq, N.; Morlé, L.; Kessler, P.; Wolfrum, U.; Trottier, Y. A novel function of Huntingtin in
the cilium and retinal ciliopathy in Huntington’s disease mice. Neurobiol. Dis. 2015, 80, 15-28. [CrossRef]

Seixas, A.L; Holmes, S.E.; Takeshima, H.; Pavlovich, A.; Sachs, N.; Pruitt, ].L.; Silveira, I.; Ross, C.A.; Margolis, R.L.; Rudnicki,
D.D. Loss of junctophilin-3 contributes to huntington disease-like 2 pathogenesis. Ann. Neurol. 2012, 71, 245-257. [CrossRef]
Moriguchi, S.; Nishi, M.; Komazaki, S.; Sakagami, H.; Miyazaki, T.; Masumiya, H.; Saito, S.Y.; Watanabe, M.; Kondo, H.; Yawo,
H.; et al. Functional uncoupling between Ca?* release and afterhyperpolarization in mutant hippocampal neurons lacking
junctophilins. Proc. Natl. Acad. Sci. USA 2006, 103, 10811-10816. [CrossRef]

Nishi, M.; Takeshima, H.; Hashimoto, K.; Kano, M.; Hashimoto, K.; Kuriyama, K.; Komazaki, S.; Shibata, S. Motor discoordination
in mutant mice lacking junctophilin type 3. Biochem. Biophys. Res. Commun. 2002, 292, 318-324. [CrossRef] [PubMed]

Batcha, A.H.; Greferath, U.; Jobling, A.L; Vessey, K.A.; Ward, M.M.; Nithianantharajah, J.; Hannan, A.J.; Kalloniatis, M.; Fletcher,
E.L. Retinal dysfunction, photoreceptor protein dysregulation and neuronal remodelling in the R6/1 mouse model of Huntington’s
disease. Neurobiol. Dis. 2012, 45, 887-896. [CrossRef] [PubMed]

Ragauskas, S.; Leinonen, H.; Puranen, J.; R6 Nkko, S.; Nymark, S.; Gurevicius, K.; Lipponen, A.; Kontkanen, O.; Puolivali,
J.; Tanila, H.; et al. Early Retinal Function Deficit without Prominent Morphological Changes in the R6/2 Mouse Model of
Huntington’s Disease. PloS ONE 2014, 9, e113317. [CrossRef]

Moran, A.; Bundy, B.; Becker, D.J.; DiMeglio, L.A.; Gitelman, S.E.; Goland, R.; Greenbaum, C.J.; Herold, K.C.; Marks, ].B.;
Raskin, P; et al. Interleukin-1 antagonism in type 1 diabetes of recent onset: Two multicentre, randomised, double-blind,
placebo-controlled trials. Lancet 2013, 381, 1905-1915. [CrossRef]

Ouk, K.; Hughes, S.; Pothecary, C.A.; Peirson, S.N.; Morton, A.]J.; Morton, J. Attenuated pupillary light responses and downregu-
lation of opsin expression parallel decline in circadian disruption in two different mouse models of Huntington’s disease. Hum.
Mol. Genet. 2016, 25, 5418-5432. [CrossRef]

Lin, M.S; Liao, PY.; Chen, H.M.; Chang, C.P; Chen, S.K.; Chern, Y. Degeneration of ipRGCs in mouse models of Huntington’s
disease disrupts non-image-forming behaviors before motor impairment. J. Neurosci. 2019, 39, 1505-1524. [CrossRef]

Sroka, K.; Voigt, A.; Deeg, S.; Reed, ].C.; Schulz, ].B.; Bdhr, M.; Kermer, P. BAG1 modulates huntingtin toxicity, aggregation,
degradation, and subcellular distribution. J. Neurochem. 2009, 111, 801-807. [CrossRef]

Kuo, Y.; Ren, S; Lao, U.; Edgar, B.; Wang, T. Suppression of polyglutamine protein toxicity by co-expression of a heat-shock
protein 40 and a heat-shock protein 110. Cell Death Dis. 2013, 4, 833. [CrossRef]

Berson, D.M.; Dunn, F.A.; Takao, M. Phototransduction by retinal ganglion cells that set the circadian clock. Science 2002, 295,
1070-1073. [CrossRef]

Lucas, R.J.; Hattar, S.; Takao, M.; Berson, D.M.; Foster, R.G.; Yau, K.W. Diminished pupillary light reflex at high irradiances in
melanopsin-knockout mice. Science 2003, 299, 245-247. [CrossRef]

Giiler, A.D.; Ecker, ].L.; Lall, G.S.; Haq, S.; Altimus, C.M.; Liao, H.W.,; Barnard, A.R.; Cahill, H.; Badea, T.C.; Zhao, H.; et al.
Melanopsin cells are the principal conduits for rod-cone input to non-image-forming vision. Nature 2008, 453, 102-105. [CrossRef]
[PubMed]

Morton, A.]J.; Wood, N.I.; Hastings, M.H.; Hurelbrink, C.; Barker, R.A.; Maywood, E.S. Disintegration of the sleep-wake cycle and
circadian timing in Huntington’s disease. J. Neurosci. 2005, 25, 157-163. [CrossRef] [PubMed]

Pallier, PN.; Maywood, E.S.; Zheng, Z.; Chesham, J.E.; Inyushkin, A.N.; Dyball, R.; Hastings, M.H.; Morton, A.]. Pharmacological
imposition of sleep slows cognitive decline and reverses dysregulation of circadian gene expression in a transgenic mouse model
of Huntington’s disease. J. Neurosci. 2007, 27, 7869-7878. [CrossRef] [PubMed]

Kudo, T,; Schroeder, A.; Loh, D.H.; Kuljis, D.; Jordan, M.C.; Roos, K.P.; Colwell, C.S. Dysfunctions in circadian behavior and
physiology in mouse models of Huntington’s disease. Exp. Neurol. 2011, 228, 80-90. [CrossRef]

Farrer, L.A. Diabetes mellitus in Huntington disease. Clin. Genet. 1985, 27, 62—-67. [CrossRef]

Josefsen, K.; Nielsen, M.D.; Jorgensen, K.H.; Bock, T.; Nerremeolle, A.; Serensen, S.A.; Naver, B.; Hasholt, L. Impaired glucose
tolerance in the R6/1 transgenic mouse model of Huntington’s disease. ]. Neuroendocrinol. 2008, 20, 165-172. [CrossRef]


http://doi.org/10.1093/hmg/ddh162
http://www.ncbi.nlm.nih.gov/pubmed/15163634
http://doi.org/10.1523/JNEUROSCI.1830-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17715336
http://doi.org/10.1371/journal.pone.0075108
http://doi.org/10.1002/cne.20327
http://doi.org/10.1016/S0896-6273(00)80573-5
http://doi.org/10.1007/s00401-005-1092-7
http://doi.org/10.1016/j.nbd.2015.05.008
http://doi.org/10.1002/ana.22598
http://doi.org/10.1073/pnas.0509863103
http://doi.org/10.1006/bbrc.2002.6649
http://www.ncbi.nlm.nih.gov/pubmed/11906164
http://doi.org/10.1016/j.nbd.2011.12.004
http://www.ncbi.nlm.nih.gov/pubmed/22198376
http://doi.org/10.1371/journal.pone.0113317
http://doi.org/10.1016/S0140-6736(13)60023-9
http://doi.org/10.1093/hmg/ddw359
http://doi.org/10.1523/JNEUROSCI.0571-18.2018
http://doi.org/10.1111/j.1471-4159.2009.06363.x
http://doi.org/10.1038/cddis.2013.351
http://doi.org/10.1126/science.1067262
http://doi.org/10.1126/science.1077293
http://doi.org/10.1038/nature06829
http://www.ncbi.nlm.nih.gov/pubmed/18432195
http://doi.org/10.1523/JNEUROSCI.3842-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15634777
http://doi.org/10.1523/JNEUROSCI.0649-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17634381
http://doi.org/10.1016/j.expneurol.2010.12.011
http://doi.org/10.1111/j.1399-0004.1985.tb00185.x
http://doi.org/10.1111/j.1365-2826.2007.01629.x

Int. ]. Mol. Sci. 2022, 23, 6089 17 of 17

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Bjo Rkqvist, M.; Fex, M.; Renstro, E.; Wierup, N.; Sa Petersé, A.; Gil, J.; Bacos, K.; Popovic, N.; Li, J.-Y.; Sundler, F; et al. The R6/2
transgenic mouse model of Huntington’s disease develops diabetes due to deficient b-cell mass and exocytosis. Hum. Mol. Genet.
2005, 14, 565-574. [CrossRef]

Fain, ].N.; del Mar, N.A; Meade, C.A.; Reiner, A.; Goldowitz, D. Abnormalities in the functioning of adipocytes from R6/2 mice
that are transgenic for the Huntington’s disease mutation. Hum. Mol. Genet. 2001, 10, 145-152. [CrossRef]

Jenkins, B.G.; Klivenyi, P; Kustermann, E.; Andreassen, O.A.; Ferrante, ].; Rosen, B.R.; Beal, M.F. Nonlinear Decrease over Time in
N-Acetyl Aspartate Levels in the Absence of Neuronal Loss and Increases in Glutamine and Glucose in Transgenic Huntington’s
Disease Mice. J. Neurochem. 2000, 74, 2108-2119. [CrossRef]

Martin, B.; Golden, E.; Carlson, O.D,; Pistell, P.; Zhou, J.; Kim, W.; Frank, B.P; Thomas, S.; Chadwick, W.A.; Greig, N.H.; et al.
Exendin-4 Improves Glycemic Control, Ameliorates Brain and Pancreatic Pathologies, and Extends Survival in a Mouse Model of
Huntington’s Disease. Diabetes 2009, 58, 318-328. [CrossRef]

Lopes, C.; Duarte, A.I; Hayden, M.; Rego, A.C. Peripheral and cerebral metabolic features in an animal model of Huntington’s
disease. In Proceedings of the 2012 IEEE 2nd Portuguese Meeting in Bioengineering (ENBENG), Coimbra, Portugal, 23-25
February 2012. [CrossRef]

Young, A.B.; Penney, ].B.; Starosta-Rubinstein, S.; Markel, D.S.; Berent, S.; Giordani, B.; Ehrenkaufer, R.; Jewett, D.; Hichwa, R.
PET scan investigations of Huntington’s disease: Cerebral metabolic correlates of neurological features and functional decline.
Ann. Neurol. 1986, 20, 296-303. [CrossRef] [PubMed]

Hurlbert, M.S.; Zhou, W.; Wasmeier, C.; Kaddis, F.G.; Hutton, ].C.; Freed, C.R. Mice transgenic for an expanded CAG repeat in the
Huntington’s disease gene develop diabetes. Diabetes 1999, 48, 649-651. [CrossRef] [PubMed]

Carter, R.J.; Lione, L.A.; Humby, T.; Mangiarini, L.; Mahal, A.; Bates, G.P.; Dunnett, S.B.; Morton, A.]. Characterization of
Progressive Motor Deficits in Mice Transgenic for the Human Huntington’s Disease Mutation. J. Neurosci. 1999, 19, 3248-3257.
[CrossRef] [PubMed]

Boesgaard, T.W.; Nielsen, T.T.; Josefsen, K.; Hansen, T.; Jorgensen, T.; Pedersen, O.; Norremelle, A.; Nielsen, J.E.; Hasholt, L.
Huntington’s disease does not appear to increase the risk of diabetes mellitus. J. Neuroendocrinol. 2009, 21, 770-776. [CrossRef]
[PubMed]

Asger, S.S.; Fenger, K. Causes of death in patients with Huntington’s disease and in unaffected first degree relatives. J. Med. Genet.
1992, 29, 91-92. [CrossRef]

Kiriazis, H.; Jennings, N.L.; Davern, P.; Lambert, G.; Su, Y.; Pang, T.; Du, X.; La Greca, L.; Head, G.A.; Hannan, A]; et al.
Neurocardiac dysregulation and neurogenic arrhythmias in a transgenic mouse model of Huntington’s disease. J. Physiol. C 2012,
590, 5845-5860. [CrossRef]

Schroeder, A.M.; Wang, H.B.; Park, S.; Jordan, M.C.; Gao, E,; Coppola, G.; Fishbein, M.C.; Roos, K.P.; Ghiani, C.A.; Colwell, C.S.
Cardiac Dysfunction in the BACHD Mouse Model of Huntington’s Disease. PLoS ONE 2016, 11, e0147269. [CrossRef]

Melkani, G.C.; Trujillo, A.S.; Ramos, R.; Bodmer, R.; Bernstein, S.I.; Ocorr, K.; Lu, B. Huntington’s Disease Induced Cardiac
Amyloidosis Is Reversed by Modulating Protein Folding and Oxidative Stress Pathways in the Drosophila Heart. PLoS ONE 2013,
9, €1004024. [CrossRef]

Mielcarek, M.; Inuabasi, L.; Bondulich, M.K.; Muller, T.; Osborne, G.E,; Franklin, S.A.; Smith, D.L.; Neueder, A.; Rosinski, J.;
Rattray, I; et al. Dysfunction of the CNS-Heart Axis in Mouse Models of Huntington’s Disease. PloS ONE 2014, 10, e1004550.
[CrossRef]

Meléndez, G.C.; Mclarty, J.L.; Levick, S.P.; Du, Y.; Janicki, ].S.; Brower, G.L. Heart Interleukin 6 Mediates Myocardial Fibrosis,
Concentric Hypertrophy, and Diastolic Dysfunction in Rats. Hypertension 2010, 56, 225-231. [CrossRef]

Drouin-Ouellet, J.; Sawiak, S.J.; Cisbani, G.; Lagacé, M.; Kuan, W.L.; Saint-Pierre, M.; Dury, RJ.; Alata, W.; St-Amour, I;
Mason, S.L.; et al. Cerebrovascular and blood-brain barrier impairments in Huntington’s disease: Potential implications for its
pathophysiology. Ann. Neurol. 2015, 78, 160-177. [CrossRef] [PubMed]

Di Pardo, A.; Amico, E.; Scalabri, F,; Pepe, G.; Castaldo, S.; Elifani, F.; Capocci, L.; de Sanctis, C.; Comerci, L.; Pompeo, E; et al.
Impairment of blood-brain barrier is an early event in R6/2 mouse model of Huntington Disease. Sci. Rep. 2017, 7, 41316.
[CrossRef]


http://doi.org/10.1093/hmg/ddi053
http://doi.org/10.1093/hmg/10.2.145
http://doi.org/10.1046/j.1471-4159.2000.0742108.x
http://doi.org/10.2337/db08-0799
http://doi.org/10.1109/ENBENG.2012.6331390
http://doi.org/10.1002/ana.410200305
http://www.ncbi.nlm.nih.gov/pubmed/2945510
http://doi.org/10.2337/diabetes.48.3.649
http://www.ncbi.nlm.nih.gov/pubmed/10078572
http://doi.org/10.1523/JNEUROSCI.19-08-03248.1999
http://www.ncbi.nlm.nih.gov/pubmed/10191337
http://doi.org/10.1111/j.1365-2826.2009.01898.x
http://www.ncbi.nlm.nih.gov/pubmed/19602103
http://doi.org/10.1136/jmg.29.12.911
http://doi.org/10.1113/jphysiol.2012.238113
http://doi.org/10.1371/journal.pone.0147269
http://doi.org/10.1371/journal.pgen.1004024
http://doi.org/10.1371/journal.pgen.1004550
http://doi.org/10.1161/HYPERTENSIONAHA.109.148635
http://doi.org/10.1002/ana.24406
http://www.ncbi.nlm.nih.gov/pubmed/25866151
http://doi.org/10.1038/srep41316

	Introduction 
	Serum/Plasma 
	Innate and Adaptive Immune System in HD 
	Macrophages 
	T Cells 
	Dendritic Cells 

	Spleen as Immune Tissue 
	Kidney 
	Kidney Organ and mHTT Accumulations 
	Kidney Intracellular Signaling Alteration 

	Liver 
	Liver Organ and mHTT Accumulations 
	Liver Intracellular Signaling Alteration 

	The Retinal System 
	Retinal Histological Characterization 
	Retinal Nuclear Inclusion 
	Visual Function Evaluation 
	Optical Coherence Tomography 
	Retinal Signaling Pathways Altered in HD Experimental Models 

	Pancreas 
	Blood Glucose Levels 
	Expression of Huntingtin in Pancreatic Islets 

	Heart 
	Vascular System Pericytes in Blood–Brain Barrier (BBB) 
	Conclusions 
	References

