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Abstract: Although the pathogenesis of the neurodegenerative phenomena of Huntington’s
disease (HD) is not well known, in the last 30 years, numerous data have been published
that suggest a possible role of oxidative stress. The majority of studies regarding this issue
were performed in different experimental models of this disease (neurotoxic models such as
intraperitoneal injection of 3-nitropropionic acid or intrastriatal injection of quinolinic acid,
transgenic animal models for HD, and cell cultures) and, less frequently, in samples of brain
tissue, plasma/serum, blood cells, and other tissues from patients with a genetic–molecular
diagnosis of presymptomatic and symptomatic HD compared to healthy controls. In this
narrative review, we have summarized the data from the main studies in which oxidative
stress parameters have been measured both in patients with HD and in experimental models
of the same disease, as well as the few studies on gene variants involved in oxidative stress
in patients with HD. Most studies addressing this issue in experimental models of HD have
shown an increase in markers or oxidative stress, a decrease in antioxidant substances, or
both. However, the results of studies on patients with HD have not been conclusive as
few studies have been published on the matter. However, a meta-analysis of blood studies
on HD patients (including a pool of serum and blood cell studies) has shown an increase
in lipid peroxidation markers, OH8dG concentrations, and GPx activity and a decrease
in GSH levels. Future prospective and multicenter studies with a long-term follow-up
period involving a large number of HD patients and healthy controls are needed to address
this topic.

Keywords: Huntington’s disease; pathogenesis; oxidative stress; biological markers;
animal models

1. Introduction
Huntington’s disease (HD), described by George Huntington in 1872, is an infrequent

(5–10 cases per 100,000 inhabitants in Western Europe, Venezuela, and the United States,
with a lower prevalence in Asian countries) neurodegenerative neuropsychiatric genetic dis-
order caused by an autosomal dominant mutation consisting of the pathogenic expansion
of the trinucleotide repeat cytosine-adenine-guanine (CAG) in the huntingtin gene (HTT
or IT-15, chromosome 4p16.3, gene ID 3064, MIM 613004) [1–4]. From a clinical point of
view, HD is characterized by the presence of choreic movements (and, less frequently, other
movement disorders, including bradykinesia, rigidity, dystonia, gait disorders, and/or
tics), a wide variety of psychiatric symptoms (mainly depression or low mood and, less
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frequently, anxiety disorders, schizophrenic-like psychosis, emotional lability, or apathy),
and progressive cognitive impairment that mainly affects executive attention function [1–4].

The main histopathological feature of HD is neurodegeneration, which mainly affects
the striatum and the cerebral cortex [3]. The previously mentioned pathogenic mutation
in the IT-15 gene leads to the synthesis of abnormal huntingtin (a protein that seems to
play an important role in brain development, transcriptional regulation, vesicle transport,
and synaptic transmission) [3]. Although the pathogenetic mechanisms of neuronal degen-
eration are not well understood, it has been suggested that the possible participation of
excitotoxicity at cortico-striatal synapses, mitochondrial dysfunction (leading to oxidative
stress), GABA dysfunction, abnormal protein fragmentation, neuroinflammation, aber-
rant immune activation, direct damage/aggregation, reduction in neurotrophic factors
(mainly brain-derived neurotrophic factor-BDNF), and altered transcription of essential
genes impair astrocyte medium spiny neuron homeostasis [3,5].

The main aim of this narrative review is to summarize the results of studies analyzing
the possible role of oxidative stress in the pathogenesis of HD. These studies include a
description of oxidative stress marker concentrations in different tissues from patients
diagnosed with HD, case–control studies on the possible association of genes related to
oxidative stress with the risk for HD, and studies showing the presence of oxidative stress
in experimental models of HD. For this purpose, we conducted a literature search using
the PubMed Database from 1966 to 27 December 2024, in which we crossed the terms
“Huntington’s disease” and “oxidative stress”. The 1378 references retrieved were analyzed
manually, one by one, and only those strictly related to the topic were selected.

2. Oxidative Stress Markers in Patients with Huntington’s Disease
2.1. Oxidative Stress Markers in the Brain

The results and methodology of studies on oxidative stress markers in the brain of
patients with HD compared to those of healthy controls (HCs) are described in full detail
in Supplementary Table S1 [6–20]. Malondialdehyde (MDA) levels were similar in several
brain areas from HD and HCs in a study [6], and 4-hydroxynonenal (4-HNE) levels were
similar in another [7], while a third study described increased levels of cholesterol oxidation
products and reduction in the activities of cholesterol-degrading enzymes in the putamen
of HD patients [8]. Protein carbonyl concentrations increased in the striatum and cortex of
HD patients in one study [9] but did not differ significantly from those of HCs in another
one [6]. Several markers of DNA oxidation were increased in HD [10,11] or similar in HD
and HCs in certain brain regions [6].

Glyceraldehyde phosphate dehydrogenase (GADPH) [10,12] and pyruvate kinase
activities [12] are similar in the striatum and cerebral cortex of HD patients and HCs, while
creatin kinase activity has been found to decrease in the striatum of HD patients [12]. The
activities of monoamine oxidases (MAO) B [10,13] and A [13] have been found to increase
in basal ganglia structures of HD patients.

Citrate synthase activity is decreased in the putamen [10,12] and increased in the
cerebellum of HD patients [10], with contradictory results in the caudate and cortex [10,12].
Mitochondrial complexes II + III decreased in the caudate and putamen [10], complex IV
decreased in the putamen [10], and ATP synthase decreased in the striatum and cortex of
PD patients [12].

Concerning the mechanisms involved in the defense against oxidative stress, a signifi-
cant increase in the activity of total superoxide dismutase [9], glutathione peroxidases (GPx)
1 and 6 [9], peroxiredoxins (PRX) 1, 2, and 6 [9], and catalase (CAT) [9] in the striatum and
cortex has been described. Also, decreased activity of Cu/Zn-SOD in the parietal cortex
and cerebellum decreased oxidized glutathione (GSSG) levels in the caudate [14]; normal
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Mn-SOD activity in the parietal cortex and cerebellum [10] and normal levels of reduced
glutathione (GSH) in the substantia nigra compacta (SNc), caudate, and cerebral cortex [14]
have been shown in HD patients.

Iron concentrations are increased in the pallidus [15–18] and have been reported to be
normal [15,18] or increased in the striatum of patients with HD [16,17]. Total ferritin [19]
and light chain of ferritin levels were increased [9], and aconitase activity was decreased
in the striatum of HD patients [9]. Loeffler et al. [20] described decreased copper levels in
the SNc, the hippocampus, and the parietal cortex and increased ceruloplasmin in the SNc,
hippocampus, and parietal cortex, while Scholefield et al. [15] reported decreased copper
concentrations in the cerebellum. This group described changes in the concentrations of
certain metals in diverse brain regions, with a widespread reduction in selenium levels [15],
while another group described decreased selenium concentrations only in the SNc [21].

Finally, in comparison to the HCs, pyridoxal kinase (PDXK) activity was decreased in
the striatum and cortex [22], glycogen synthase kinase-3β (GSK-3β) activity increased in
the hippocampus [23], glycerophosphocholine phosphodiesterase 1 (GPCPD1) expression
was decreased in the cortex and striatum [24], and uric acid concentrations were decreased
in the prefrontal cortex of HD patients [25].

2.2. Oxidative Stress Markers in Plasma/Serum

Supplementary Table S2 summarizes the results and the methodology of studies
addressing plasma [26–38] or serum [39,40] concentrations of diverse oxidative stress
markers in patients diagnosed with HD and HCs. Regarding lipid peroxidation markers,
plasma/serum concentrations of MDA/TBA/TBARS [26–29], 4-HNE [26,29], and lipid
peroxides [31,32] are increased in HD patients compared to HCs, except for a study by
Olsson et al. [30], which described similar plasma MDA levels in HD patients and HCs.

Plasma levels of protein carbonyls increased in HD patients [31,33] and in asymp-
tomatic HD gene carriers [31] in two studies and were similar to those of HCs in another [30].
Similarly, plasma levels of advanced oxidation protein products (AOPPs) have been re-
ported to be increased in HD patients [33]. Plasma or serum levels of the main oxidation
product of DNA, i.e., 8-hydroxy-deoxyguanosine (OH8dG), have been reported to be sig-
nificantly higher [33,39] or similar [34] to those of HCs, although a longitudinal study with
presymptomatic HD patients showed the lowest levels for HCs and the highest levels for
subjects at higher risk of developing HD [35]. Plasma global oxidant status was increased,
and total antioxidant capacity was decreased in HD patients in a study [33], while another
described similar total antioxidant capacity in HD and HCs [29]. Plasma protein thiol
concentrations were similar to those of HCs in a study [29].

Plasma levels of superoxide anion [31] and total glutathione [33] and plasma activity
of total SOD [29,31] and catalase [29] have been described to be similar in HD and HCs,
although one study described a higher Cu/Zn-SOD activity in HD patients [39]. Plasma
GPx activity increased in HD patients in one study [29] and was similar between HD
patients and HCs in another [31]. Plasma oxidized glutathione levels (GSSG) were increased,
and glutathione reductase (GR) activity was decreased in HD patients [33]. Plasma levels
of reduced glutathione (GSH) decreased in HD patients [31,33] and in asymptomatic HD
gene carriers [31] or were similar between HD patients and HCs [29].

Some isolated studies described increased plasma myeloperoxidase (MPO) [36] and
aminopeptidase activities [32], increased serum neuron-specific enolase (NSE) [39], in-
creased plasma lactate levels [32], decreased plasma thioredoxin [36] and serum carnitine
levels [40], and decreased plasma thioredoxin reductase 1 activity [36] in patients with HD.
Mean and acrophase plasma melatonin levels decreased in HD [37], and plasma uric acid
levels decreased in females with premanifest HD and symptomatic HD compared to female
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HCs [25]. Plasma oxyhemoglobin and alpha-1-microglobulin have been found to be similar
in HD patients and HCs [30].

Finally, a study measuring plasma levels of trace metals showed increased iron, zinc,
selenium, chromium, and arsenic, decreased lead, vanadium, and antimonium, and normal
levels of copper and manganese in comparison to HCs [38]. In another study, plasma
selenium concentrations did not differ from those of HCs [21].

2.3. Oxidative Stress Markers in Blood Cells and Fibroblasts

The results and methodology of studies addressing markers of oxidative stress in
leukocytes, peripheral blood mononuclear cells, erythrocytes, and skin fibroblasts of HD
patients are described in full detail in Supplementary Table S3 [28,33,36,41–46].

A study performed in leukocytes found increased levels of the DNA oxidation product
OH8dG and of deleted and total mitochondrial DNA (mtDNA) copy numbers in patients
with HD, while mRNA expression levels of mtDNA-encoded mitochondrial enzymes,
and expression levels of NADH dehydrogenase subunit 1 (ND1), cytochrome b (CYTB),
and cytochrome c oxidase I (COXI) were similar to those of HC patients [28]. In contrast,
another study described decreased total mtDNA copy numbers in patients with HD [41].
PerezGrovas-Saltijeral et al. [47], in a study involving 71 HD patients, 29 asymptomatic
carriers of the HD gene, and 102 HCs, showed that HD patients have a shorter relative
telomeric length in the leukocytes than the other two groups (which were telomere short-
ening related to DNA damage caused by reactive oxygen species and defective DNA
repair mechanism).

A study on peripheral blood mononuclear cells showed decreased activity of aconitase-2
(an enzyme involved in the tricarboxylic acid cycle and in iron metabolism) in patients
with HD [32].

Studies on erythrocytes have shown increased lipid peroxides [33] and protein carbonyl
concentrations [33] and GR [43], hexokinase [43], and pyruvate kinase activities [43], de-
creased GSH [33] and thioredoxin-1 (Trx-1) concentrations [36], decreased Cu/Zn-SOD [28],
GPx [28], CAT [43], and thioredoxin reductase 1 (TrRD-1) activities [36], and non-significant
differences between HD and HC patients of GSSG [33] and LDH concentrations [43], as
well as GADPH [43] and ATPase activities [43]. Total glutathione concentrations have been
found to be decreased [43] or similar to those of HCs [33] in two different studies.

Two studies on skin fibroblasts have shown non-significant differences between HD pa-
tients and HCs regarding Cu/Zn-SoD, GPx, and mitochondrial respiratory chain complexes
I–V [44,45]. GR activity increased [44], ATP levels decreased [44], and cytosolic ROS [44],
mtO2•− [44], and CoQ10 levels [45], as well as mitochondrial membrane potential [44],
were similar to those of HCs. Mn-SOD activity increased in HD patients in one study [44]
and was similar to that of HCs in another [45]; CAT activity decreased in one study [45] and
was similar to that of HCs in another [44]. Finally, Ooi et al. [46] found increased MAO-A
mRNA and MAO-A activity in the fibroblasts of HD patients.

A meta-analysis of studies on blood oxidative markers (combining results of plasma,
serum, and erythrocytes), involving 375 HD patients and 447 HCs from 12 studies, showed
an increase in lipid peroxidation markers and OH8dG concentrations and in GPx activity, a
decrease in GSH levels, and similar SOD activity in HD patients compared to HCs [48].

2.4. Oxidative Stress Markers in Other Body Fluids

Milstien et al. [49] reported a lack of differences between HD patients and HCs in
nitrate + nitrite and quinolinic acid levels in the cerebrospinal fluid. Olsson et al. [30] found
similar MDA and protein carbonyl levels but increased levels of oxyhemoglobin and
alpha-1-microglobulinin the urine of HD patients and HCs. Finally, Corey-Bloom et al. [25]
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described decreased salivary uric acid concentrations in female pre-HD and manifest HD
patients and males with manifest HD in comparison to HCs (Supplementary Table S3).

3. Genetic Variants of Genes Related to Oxidative Stress in Patients with
Huntington’s Disease

Weydt et al. [50], in a study involving 447 unrelated HD patients, showed an as-
sociation between two haplotypes in the PPARG coactivator 1 alpha gene (PPARGC1A or
PGC-1alpha, chromosome 4p15.2, Gene ID 10891, MIM 604517; this gene encodes a tran-
scriptional coactivator that regulates the genes involved in energy metabolism) and the age
at the onset of HD.

Berger et al. [51], studied the nine most common single nucleotide variants (SNVs)
in the 8-oxo guanine DNA glycosylase (OGG1, chromosome 3p25.3, gene ID 4968, MIM
601982; this gene encodes the enzyme responsible for the excision of 8-oxo guanine) and
XPC complex subunit, DNA damage recognition, and repair factor genes (XPC, chromosome
3p25.1, gene ID 7508, MIM 613208; these genes encode a protein involved in global genome
nucleotide excision repair) in 299 HD patients and 482 HCs and found an association
between two OGG1/XPC haplotypes (related to altered protein levels via allele-specific
mIR binding and a lower 8-oxoG repair activity) and younger age at the onset, which was
independent of the number of CAG repeats within the IT-15 gene.

Chang et al. [52], in a study involving 16 HD patients, four pre-HD asymptomatic
carriers, and 20 HCs, measured the expression levels in the peripheral leukocytes of
17 candidate genes that were differentially expressed in a transgenic HD model. They
found downregulation of four genes involved in oxidative stress in pre-HD and HD
patients (S-adenosyl-L-homocisteine hydrolase—AHCsY-, aconitase 2-ACO2-, 3-oxoacid CoA
transferase 1-OXCT1-, and adenylyl cyclase-associated protein 1-CAP1) and downregulation of
the Uncoupling protein 2 (UCP2) gene in HD patients only.

4. Data from Experimental Models of Huntington’s Disease
Most of the data published to date on the possible role of oxidative stress in HD come

from studies in different experimental models of this disease. The most important included
neurotoxic models (e.g., administration to animals or use in culture media of excitotoxins,
whose effects mimic those of HD, primarily 3-nitropropionic acid—3-NPA-, quinolinic acid,
or malonic acid) and transgenic rodent models such as R6/1 and R6/2 mice (these carry
only a fragment of the mutant human HTT gene), BAC-HD mice and rats, YAC-128 mice
(artificial chromosome models), and the zQ175 and Hdh mice series (full-length knock-in
models). There are also transgenic models of rats and large animals, including minipigs,
sheep, and non-human primates, and even HD models in invertebrate animals (see [53–57]
for review).

4.1. Lipid Peroxidation Markers

The results and methodology of published studies on lipid peroxidation markers in experi-
mental models of HD, including MDA/TBARS, lipid peroxides, 4-hydroxyalkenals, and/or
4-hydroxynonenal (4-HNE) [7,24,58–94] are described in full detail in Supplementary Table S4.
Most of them have shown increased levels of these markers in the (1) brain tissues [59–67,69–78],
striatal and cortical synaptosomes [58], and plasma [65] of rats receiving intraperitoneal 3-NPA
compared to those receiving vehicle controls; (2) murine neuroblastoma cells in culture [64] or
striatal slices [88] incubated with 3-NPA compared to vehicle controls; (3) brain tissue of rats
after intrastriatal injection with quinolinic acid [79–81,83,84] of malonic acid [82] compared to
vehicle controls; (4) brain homogenates, brain synaptic vesicles, or striatal slices exposed to
quinolinic acid [85–88]; (5) brain homogenates of different types of mice transgenic for HD
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compared to the wild-type cells [7,24,89–91]; and (6) cultures of striatal cell lines transgenic
for HD compared to wild-type cells [94].

In contrast, a study on brain homogenates from the striatum and cerebellum of rats
injected intraperitoneally with 3-NPA [68], one on the cerebellum, cerebral cortex, prefrontal
cortex, hippocampus, and striatum in the yeast artificial chromosome 128 (YAC 128) line
of transgenic mice [92], and other one on the frontal cortex, basal ganglia, and peripheral
blood mononuclear cells (PBMCs) [93] showed similar MDA concentrations regarding their
respective controls.

4.2. Protein Oxidation Markers

Supplementary Table S4 summarizes the results and methodology of studies addressing
protein carbonyl concentrations in experimental models of HD [12,48,65,66,70–72,77,83,84,92,
95–101]. Most of these studies have shown increased protein carbonyl levels in the brain
tissues [60,65,66,68,70–72,77,81], striatal synaptosomes [48,95,96], and plasma [65] of rats
injected with intraperitoneal 3-NPA and in the brain tissue of rats after intrastriatal injection
of quinolinic acid [83,84,98,99] compared to their respective controls.

Several studies have shown increased protein carbonyl levels in the brain tis-
sues [12,100,101], liver [101], and muscle [101] of different models of mice transgenic
for HD.

Souza et al. [97] failed to find increased protein carbonyl concentrations in the striatum
of rats treated with intraperitoneal 3-NPA, and Brocardo et al. [92] found similar protein
carbonyl levels in homogenates from several brain areas of YAC-128 transgenic mice
compared to wild-type controls.

4.3. DNA Oxidation Markers

The results and methodology of studies addressing concentrations of DNA oxidation
markers, mainly 8-hydroxy-deoxyguanosine (OH8dG) and 8-oxo guanine (8-oxoG) in the
experimental models of HD, are summarized in Supplementary Table S4 [79,91,93,102–104].
OH8dG and 8-oxoG have been found to increase in slices from the striatum, cerebral cortex,
and cerebellum of mice after intraperitoneal administration of 3-NPA compared to vehicle
controls [102]. Transgenic mice for Sod2 gene mutations were more susceptible to DNA
oxidation (assessed by OH8dG) than wild-type after 3-NPA.

OH8dG has been found to increase in the brain tissue of rats injected intrastriatal with
quinolinic acid compared to that of vehicle controls [79] and in different types of transgenic
mice models for HD compared to wild-type models [91,102]. Finally, Askeland et al. [93]
described increased 8-oxoG in the frontal cortex, basal ganglia, and PBMCs of minipigs
transgenic for HD.

4.4. Nitrosative and Nitrosidative Stress Markers

Supplementary Table S4 summarizes the results and methodology of studies
addressing the concentrations of nitrites or nitrites + nitrates (nitric oxide produc-
tion) and other markers of nitrosative stress in different experimental models of
HD [22,61–64,66–69,71–75,80,82–84,87,103,105–109]. The majority of studies described
increased nitrite concentrations and increased NO production in brain homogenates of mice
treated with 3-NPA in comparison to mice treated with vehicle controls [61–63,66–69,71–75],
except for Chang et al. [105], who described decreased NO production in brain homogenates
from the cortex, striatum, and hippocampus and similar NO production in the plasma of
rats treated with 3-NPA compared to those treated with vehicle controls. Tasset et al. [64]
found increased nitrite concentrations in murine neuroblastoma cells incubated with 3-NPA
compared to those incubated with the vehicle controls. Intrastriatal injections of quinolinic
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acid or malonic acid in rats caused increased brain nitrite levels [80–82,84], nitrotyrosine
concentrations [87], and nitric oxide synthase (NOS) activity [87].

Increased production of NO [23] and nitrotyrosine [103] and increased NOS activity
have been described in different models of transgenic animals [106]. Finally, NOS mRNA
and protein expression increased in the striatum of rats after the intraperitoneal administra-
tion of 3-NPA [107] and after intrastriatal injection of quinolinic acid [108] and in striatal
slices incubated with 3-NPA [109].

4.5. Global Oxidative Stress Markers and Trace Metals and Related Proteins

The results and methodology of studies addressing global stress markers,
trace metals, and proteins related to trace metals are described in full detail in
Supplementary Table S4 [19,21,40,60,63,68,70,76,79,81,86,88,94,97,99,103,110–119].

Reactive oxygen substances (ROS) production has been found to increase, compared to
vehicle controls, in brain homogenates from rats after the intraperitoneal administration of
3-NPA [63,68,70,76,97] or after intrastriatal injection with quinolinic acid [79,99], as well as in
striatal slices of rats incubated with 3-NPA, quinolinic acid or both neurotoxins [88]. These
substances also increased in cellular cultures from striatum or striatal cell lines [94,110,112–115]
and chromaffin cells [112] of different mice species transgenic for HD, in striatal progenitor cell
lines expressing the huntingtin gene incubated with 3-NPA [116], and in rat pheochromocytoma
cells expressing the huntingtin gene [117]. Superoxide anion production was increased in
homogenates from the striatum after intrastriatal injection with quinolinic acid [81] and in
heterozygote mice transgenic for the Sod2 gene after the intraperitoneal administration of
3-NPA [103].

Total radical-trapping antioxidant potential (TRAP) and total antioxidant reactivity
decreased in brain homogenates from rats treated previously with 3-NPA [60] and in
homogenates from the cerebral cortex of rats incubated with quinolinic acid [86].

Iron [118,119] and ferritin [19] concentrations increased, while transferrin recep-
tor [119], iron response proteins 1 and 2 (IRP-1 and IRP-2) [119], ferroportin [119], and
aconitase 2 [42] decreased in brain tissues of several models of mice transgenic for HD
compared to wild-type mice, and transferrin did not differ significantly between the two
groups [119]. Finally, brain copper levels [118] and plasma selenium levels [21] were
increased in mice transgenic for HD compared to wild-type mice.

4.6. Mitochondrial Respiratory Chain Complexes

The results and methodology of studies addressing mitochondrial dysfunction and/or
the activities of mitochondrial respiratory chain complexes are described in full detail
in Supplementary Table S4 [8,60–64,66,69–74,77,80–84,87,90,93,97,100,101,103,107,120,121].
The presence of mitochondrial dysfunction has been described in brain homogenates from rats
treated with 3-NPA [62,63,69–72,74] or after intrastriatal injection with quinolinic [80,83] or
malonic acid [82], in brain homogenates of rats incubated with 3-NPA [120] or quinolinic
acid [87,120], and in vehicle controls.

Nicotine adenine dinucleotide phosphatase (NADP) dehydrogenase (complex I) activity has
been found to decrease significantly compared to vehicle controls in most studies using
brain homogenates of rats after the intraperitoneal administration of 3-NPA [61,62,69–74]
and after intrastriatal injection with quinolinic acid [80,83,84]. In contrast, Sandhir et al. [63]
described non-significant differences in rats injected intraperitoneally with 3-NPA, and
Kalonia et al. [82] found no significant differences in rats injected intrastriatally with
malonic acid [82] compared to vehicle controls. Askeland et al. [93] described similar
complex I activity in minipigs transgenic for HD compared to wild-type animals.
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Succinate dehydrogenase (SDH, complex II) activity decreased significantly in brain tis-
sues of rats treated with 3-NPA [48,60–64,66,69–74,77,97,105,107,121] and rats receiving
an intrastriatal injection of quinolinic [80,83,84] or malonic acid [82] compared to vehicle
controls. While Johri et al. [90] reported a significant decrease in SDH in the muscle tissue
of transgenic R6/2 mice, other authors described similar SDH activities between wild-
type animals and in the brain, liver, and muscle of R6/2 transgenic mice [91] and in the
frontal cortex, basal ganglia, and PBMCs of transgenic minipigs [93]. In the latter model,
cytochrome c oxidoreductase (complex III) activity was also similar to that in wild-type control
animals [93].

Compared to vehicle controls, cytochrome oxidase (complex IV) activity was decreased
in brain tissues in rats after the intraperitoneal administration of 3-NPA [62,63,69–74] and
intrastriatal injection of quinolinic acid [80,83,84] but not after intrastriatal malonic acid
administration [82]. The only study addressing complex IV activity in brain tissues from
transgenic R6/2 mice did not show significant differences compared to wild-type mice.
Finally, ATPase (complex V) activity was decreased in brain homogenates of rats treated with
intraperitoneal 3-NPA [69–72] or after intrastriatal injection of quinolinic acid [83].

4.7. Proteins, Enzymes, and Vitamins Protective Against Oxidative Stress

The results and methodology of studies addressing proteins, enzymes, and vitamins pro-
tective against oxidative stress processes are summarized in Supplementary Table S4 [12,21–24,
46–48,60–62,64–74,78,80,82–86,91,93,94,97–99,101,105,107,110,111,113,114,117,118,122–128].

Total superoxide dismutase (SOD) activity was decreased in brain tissues from rats in-
jected with 3-NPA [62,65,66,68,70,73,78,105] and rats injected intrastriatally with quinolinic
acid [80,83,84,99,122], malonic acid [82], or 3-NPA [122], while it was found to be similar
to in the plasma of rats treated with 3-NPA and that of vehicle controls [105]. In contrast,
Túnez et al. [48] described an increased activity of this enzyme in striatal and cortical synap-
tosomes from rats injected with 3-NPA. Regarding brain homogenates from transgenic R6/1
mice, Santamaría et al. [122] described an increase in total SOD and Cu/Zn-SOD (SOD-1)
activity but not in Mn-SOD (SOD-2) activity after a 19-week period; they also found a
decrease in these factors after a 35-week period. Fox et al. [118] described non-significant
differences in total brain SOD activity in R6/2 transgenic mice compared to wild-type
controls, and Dominah et al. [94] found an increase in total SOD activity in a mutant stri-
atal cell line, compared to wild-type controls, after incubation with an organophosphate
compound. In addition, SOD-1 activity was decreased in brain homogenates of rats after
striatal injection of quinolinic acid or 3-NPA, while SOD-2 activity showed a decrease only
after 3-NPA [122]. SOD-1 mRNA expression increased in transgenic mice with HD [123],
SOD-2 activity was increased in the brain, liver, and muscle homogenates from transgenic
R6/2 mice [101], and SOD-2 protein increased in striatal but not cortical synaptosomes of
transgenic R6/2 mice in comparison to wild-type mice [110].

Glutathione peroxidase (GPx) activity decreased in brain homogenates of rats treated
with intraperitoneal 3-NPA [60,65,97], in murine neuroblastoma cell cultures [64], and
brain homogenates of rats injected intrastriatally with quinolinic acid [83,84], compared to
vehicle controls. In contrast, it has been found to increase in striatal cell lines transgenic
for HD compared to wild-type cells [113]. Similarly, GPx-1 expression has been found to
increase, compared to wild-type cells, in iPSCs from fibroblasts of YAC128 HD transgenic
mice [123].

Catalase (CAT) activity in rat brains after intraperitoneal injection of 3-NPA has been
found to be decreased [60,62,65–67,71–75], similar to vehicle controls [68], and increased in
murine neuroblastoma cells after incubation with this toxin [64]. Intrastriatal administration
of quinolinic [83,84,99] or malonic acid [84] in rats also caused a decrease in CAT activity.
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Reduced glutathione (GSH) concentrations were decreased in brain homogenates from
rats treated with 3-NPA compared to rats treated with vehicle [60,61,64–67,70–75,78], in
murine neuroblastoma cells after incubation with this substance [64], in rats after in-
trastriatal injection with quinolinic [80,83,84,86] or malonic acid [82], and in brain cor-
tex homogenates incubated with quinolinic acid [86]. Brain homogenates [21,91,127]
and cellular cultures [94,113,114] of different species of mice transgenic for HD, spon-
taneously [21,91,113,114,127] or after incubation with an organophosphate compound [94],
have shown decreased GSH concentrations compared to wild-type mice, while a study on
primary chromaffin cells from adrenal medulla showed similar concentrations [111].

Oxidized glutathione (GSSG) concentrations were found to increase in the brain of
rats treated with an intrastriatal injection of quinolinic [80] and malonic acid [82], in
some species of mice transgenic for HD [21,127], and in cultures of striatal cells [113] and
chromaffin cells from the adrenal medulla [111] of certain species of mice transgenic for
HD in comparison to wild-type mice. The results of studies on glutathione reductase (GR)
activity [65,83,97,113], GR mRNA, and proteins [91] in different experimental models are
inconsistent. Glutathione-S-transferase (GST) activity in brain homogenates after 3-NPA is
decreased [67] or similar to that of controls [97] and decreased in brain homogenates of rats
after intrastriatal injection with quinolinic acid [83]. Glutathione synthetase is decreased in
cell cultures of striatal cells from mice transgenic for HD [113].

Data from studies addressing the concentrations or activities of other antioxidants
(described in full detail in Supplementary Table S4) include the following:

1. Decrease in glucose-6-phosphate dehydrogenase (G6PD) and 6 phosphogluconate
dehydrogenase (6PGD) activities in striatal cell lines of transgenic mice for HD [113].

2. Decrease in glyceraldehyde-3-phosphate-dehydrogenase (GADPH) in striatal slices of
mice treated with intraperitoneal 3-NPA compared to vehicle controls [107].

3. Decrease in glycerophosphocholine phosphodiesterase 1 (GPCPD1) expression in
brain homogenates [24] and in glycogen synthase kinase-3β (GSK-3β) expression in
primary neuronal and astrocytic cultures [23] of transgenic R6/2 mice compared to
wild-type mice.

4. Decrease in monoamine oxidase A (MAO-A) mRNA and activity in cell cultures of
mice transgenic for HD compared to wild-type mice [46].

5. Non-significant differences in thioredoxin reductase (TRR) activity in brain ho-
mogenates of rats treated with intraperitoneal 3-NPA compared to vehicle con-
trols [68].

6. Increased expression of peroxiredoxin-1 (Prx-1) in cellular cultures of iPSCs from
fibroblasts of YAC128 transgenic mice [123].

7. Significant increase in heme oxygenase-1 (HO-1) mRNA and protein expression and
HO-1 activity in rats after intrastriatal injection of quinolinic acid compared to vehicle
controls [98] and a significant decrease in HO-1 mRNA and protein expression in mice
transgenic for HD compared to wild-type mice [91].

8. Significant increase in NADPH oxidase (NOX) activity in cellular cultures of a trans-
genic model of HD in mice after incubation with an organophosphate compound,
compared to the wild type [94].

9. Significant decrease in pyridoxal kinase (PDXK) [12,22] and pyridoxal-5-phosphate
(PLP) [12] activities in the brain of mice transgenic for HD compared to the wild type.

10. Significant decrease in vitamin E concentrations in brain homogenates and plasma from
rats following intraperitoneal 3-NPA [65] or in brain homogenates from rats following
intrastriatal quinolinic acid injection [83,84] compared to vehicle controls.

11. Significant decrease in vitamin C levels in brain homogenates [65] and plasma [65,105]
from rats following intraperitoneal 3-NPA, in brain homogenates of rats after intrastriatal
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quinolinic acid injection [83,84] compared to vehicle controls, and in transgenic R6/2
mice compared to wild-type mice [128].

12. Significant decrease in total [67] and non-protein thiol [97] concentrations in brain ho-
mogenates of rats after intraperitoneal 3-NPA and in non-protein thiol levels in brain
homogenates from rats after intrastriatal injection of quinolinic acid [99], compared to
vehicle controls.

5. Discussion and Conclusions
The pathogenesis of HD is not well known but has been suggested to play a role

in several factors, including, among others, excitotoxicity, autophagic dysregulations,
protein accumulation and aggregation in organelles, loss of trophic support, and oxidative
stress [129]. In Figure 1, we demonstrate the possible interactions between the different
mechanisms proposed in the etiopathogenesis of HD, including oxidative stress.
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Figure 1. Possible interactions between the different pathogenic mechanisms proposed for Hunting-
ton’s disease.

The possible role of oxidative stress in the pathogenesis of HD has been suggested by
studies in humans with HD (mainly for studies performed in brain samples from autopsies
and plasma or serum; surprisingly, studies on CSF are scarce) and, above all, by studies in
different experimental models of HD, such as the neurotoxic models of 3-NPA, quinolinic,
and malonic acid, animals (especially mice) transgenic for HD, and cellular cultures.

The most important data obtained in the studies addressing oxidative stress markers
in patients with HD or experimental models of this disease, which have been summarized
in Figure 2, include the following:
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1. Increased levels of markers of lipid peroxidation in most studies performed in ex-
perimental models and in the plasma of HD patients (studies in the brain are scarce
and not conclusive; lipid peroxidation markers were increased in a meta-analysis
involving a large number of patients [48]).

2. Increased levels of markers of protein and DNA oxidation in most studies performed
in experimental models of HD, with inconsistent results for brain samples from
HD patients (although a meta-analysis showed increased plasma OH8dG concentra-
tions [48]).

3. Increased markers of nitrosative and nitro-oxidative stress in most studies performed
in experimental models of HD, while in humans with HD, a study showed no differ-
ences in CSF concentration of nitrates + nitrites compared to HCs [49].

4. Increased ROS and superoxide anion production and a decrease in global markers of
antioxidant status in experimental models of HD.

5. Increased iron levels in the striatum of patients with HD [15–18] and in transgenic
R6/2 mice [119].

6. Presence of mitochondrial dysfunction and decreased brain complexes I, II, IV, and
V of the mitochondrial respiratory chain activities in most of the studies performed
using experimental models of HD and a limited number of studies on HD patients.

7. Significant decrease in total SOD, GPx, and CAT activities and GSH concentrations in
most of the studies using experimental models. Although data obtained in studies
with HD brain samples are not conclusive, a meta-analysis of studies on blood oxida-
tive markers of HD patients compared to HCs showed increased GPx activity, similar
SOD activity, and decreased GSH levels [48]

8. Significant decrease in brain concentrations of vitamins E and C in experimental
models of HD.
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6. Future Directions
As we have described in the previous sections in sufficient detail, numerous data from

studies in different HD models suggest an important role of oxidative stress mechanisms
in this disease. However, the data in patients with HD, especially for brain samples, are
insufficient as few studies have been published in this regard. On the other hand, and
strikingly, despite the easy accessibility of CSF, there are hardly any published studies on
markers of oxidative stress in patients with HD.

To better understand the possible role of oxidative stress in HD, it is important to
significantly increase the number of studies on oxidative stress markers in patients with
HD compared to HCs, for which we propose the following conditions:

1. Design prospective and multicenter studies with a long-term follow-up period (at
least 10 years).

2. Ensure the participation of a significant number of patients with a genetic–molecular
diagnosis of HD, both symptomatic and presymptomatic, as well as a similar num-
ber of healthy individuals, matched by age and sex, who are not carriers of HTT
gene mutations.

3. The participants of the two study groups (HD patients and HCs) involved in the
study should only be included after ruling out situations that could influence the
oxidative stress measurement parameters, such as therapy with steroids, diuretics,
diphosphonate vitamins, calcium or mineral supplements, or drugs that could af-
fect oxidative stress, obesity, undernutrition, pregnancy, oncologic diseases, acute
infectious diseases, liver, kidney, thyroid, or parathyroid disease, a recent history of
surgery of traumatisms, and atypical dietary habits (for example, diets consisting
exclusively of one type of food, such as vegetables).

4. It would be desirable to collect plasma/serum, blood cells, and CSF for the analysis of
multiple oxidative stress biomarkers, both in HD patients and in HCs, at the baseline
and after 5 and 10 years of follow-up.

5. Patients with HD should undergo periodic clinical evaluations every 6 months to
evaluate the severity and progression of HD, measured according to the Unified
Huntington’s Disease Rating Scale [130].

6. A new collection of plasma/serum, CSF, and blood cells should be performed for the
analysis of multiple oxidative stress biomarkers at the end of the follow-up period.

7. Finally, it would be desirable, in the event of death, to obtain a brain donation from
patients with HD and healthy HCs to be able to examine the different parameters of
oxidative stress in them.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom15040527/s1, Table S1: Oxidative stress markers in the brain
from patients with Huntington’s disease (HD) and healthy controls (HC); Table S2. Oxidative stress
markers in serum/plasma from Huntington’s disease (HD) patients and healthy controls (HC); Table
S3. Oxidative stress markers in blood cells, skin fibroblasts, cerebrospinal fluid, urine, and saliva from
Huntington’s disease (HD) patients and healthy controls (HC). Table S4. Oxidative stress markers in
experimental models of Huntington’s disease (HD).
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