
Vol.:(0123456789)

Pharmacological Reports (2024) 76:693–713 
https://doi.org/10.1007/s43440-024-00619-z

REVIEW

Mitochondrial targeted antioxidants as potential therapy 
for huntington’s disease

Shubham Upadhayay1   · Puneet Kumar1 

Received: 22 March 2024 / Revised: 18 June 2024 / Accepted: 19 June 2024 / Published online: 9 July 2024 
© The Author(s) under exclusive licence to Maj Institute of Pharmacology Polish Academy of Sciences 2024

Abstract
Huntington’s disease (HD) is an inherited neurodegenerative disorder caused by an expansion in CAG repeat on hunting-
ton (Htt) gene, leading to a degeneration of GABAergic medium spiny neurons (MSNs) in the striatum, resulting in the 
generation of reactive oxygen species, and decrease antioxidant activity. These pathophysiological alterations impair mito-
chondrial functions, leading to an increase in involuntary hyperkinetic movement. However, researchers investigated the 
neuroprotective effect of antioxidants using various animal models. Still, their impact is strictly limited to curtailing oxidative 
stress and increasing the antioxidant enzyme in the brain, which is less effective in HD. Meanwhile, researchers discovered 
Mitochondria-targeted antioxidants (MTAXs) that can improve mitochondrial functions and antioxidant activity through the 
modulation of mitochondrial signaling pathways, including peroxisome proliferator-activated receptor (PPAR)-coactivator 
1 (PGC-1α), dynamin-related protein 1 (Drp1), mitochondrial fission protein 1 (Fis1), and Silent mating type information 
regulation 2 homolog 1 (SIRT-1), showing neuroprotective effects in HD. The present review discusses the clinical and pre-
clinical studies that investigate the neuroprotective effect of MTAXs (SS31, XJB-5–131, MitoQ, bezafibrate, rosiglitazone, 
meldonium, coenzyme Q10, etc.) in HD. This brief literature review will help to understand the relevance of MTAXs in HD 
and enlighten the importance of MTAXs in future drug discovery and development.
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Introduction

Huntington’s disease (HD) is a hereditary disorder char-
acterized by expanded repeated sequences of CAG on 
exon 1 of the huntingtin (Htt) gene in chromosome 4, 
which leads to the production and deposition of mutant 
Htt (mHtt) protein in the cytoplasm [1–3]. These mHtt 
proteins alter mitochondrial function and ubiquitination 
process, followed by excitotoxicity [4]. Various preclinical 
and clinical studies suggest that mutation in the Htt gene 
is a prognostic factor of HD and is responsible for behav-
ioral abnormalities such as jerking movement, postural 
imbalance, difficulty in walking, and cognitive impair-
ments [5–7]. The incidence of HD is greater among peo-
ple aged between 30 and 50 years. The literature reported 
that approximately 2.7 million population globally suffer 
from HD, and the prevalence rate differs between countries 
[8, 9]. The incidence of HD is continuously increasing 
because of complex pathology and unexplored causative 
molecular signaling pathways [10]. The statement reflects 
the necessity of developing therapeutic agents that halt 
the disease progression and exert neuroprotection for HD.

In physiological conditions, the Htt gene retains 7–35 
CAG repeats and produces wild-type Htt protein in the 
nucleus and cytoplasm, regulating embryonic development 
and neurogenesis [11]. In disease conditions, significant 
accumulation of mHtt, oxidative stress, and mitochondrial 
abnormalities have been reported to contribute to HD pro-
gression. However, clinical evidence has also proposed a 
direct link between mitochondria and HD [12]. Studies 
show that in HD, the CAG repeats are more than 35, which 
is accountable for the mutation in the Htt protein.

Further, the mHTT protein translocates into the 
nucleus, interacts with several transcription factors/cofac-
tors, and interferes with their normal functioning, result-
ing in abnormal cellular activities, including a reduction 
in mitochondrial oxidative phosphorylation (OXPHOS), 
membrane permeability, an increase in inner mitochon-
drial membrane translocation (MMT), and a decrease 
axonal transport in the neurons [13, 14]. Additionally, 
significant accumulation of mHtt enhances mitochon-
drial permeability transmission pore, leading to leakage 
of Ca2+ and promoting neuronal excitotoxicity [14–16]. 
Similarly, an in-vitro study observed that 3-nitropropionic 
acid (3-NP) treatment fluctuates Ca2+ levels in neurons 
and astrocytes, leading to Ca2+ overload and excitotoxic-
ity [17, 18]. Likewise, 3-NP inhibits mitochondrial com-
plex II activity, significantly increasing reactive oxygen 
species (ROS) in GABAergic striatal neurons to generate 
HD-like symptoms [19, 20].

On the other hand, free radicals generated during the 
adenosine triphosphate (ATP) production process are 

neutralized by antioxidant enzymes within mitochondria, 
maintaining the redox and antioxidant balance [21, 22]. 
Further, the mitochondria accomplished ATP are utilized 
by neurons to regulate several processes, including regula-
tion of membrane potential, vesicle recycling, exoplasmic 
transport, neurotransmitter synthesis, and synaptic plas-
ticity [23]. Mitochondrial biogenesis is also an important 
phenomenon that regulates the transcription and transla-
tion process of mitochondrial and nuclear DNA-encoded 
proteins. Which facilitates multiple intracellular signal-
ing pathways, including peroxisome proliferator-activated 
receptor (PPAR)-coactivator 1 (PGC-1α), Dynamin-
related protein-1 (DRP-1), and Silent mating type infor-
mation regulation 2 homolog) 1 (SIRT-1) [12, 24].

Moreover, mitochondria have an antioxidant defense sys-
tem that maintains the oxidative stress level by activating 
several enzymes, including superoxide dismutase (SOD), 
Glutathione peroxidase (GPx), and peroxiredoxins [25]. 
A meta-analysis study documented that the generation of 
ROS and decreased antioxidant enzyme levels in the brain 
significantly contribute to HD pathophysiology [26, 27]. 
Previously, it was found that loss of membrane potential, 
reduction in ca2+ buffering capacity, lowering an expression 
of oxidative phosphorylation, and mitochondrial dysfunction 
contribute to the progression of HD [28, 29]. Meanwhile, 
clinical studies also documented abnormal mitochondrial 
complex activity and impaired mitochondrial dynamics in 
HD brains [30, 31]. However, several natural extracts, phyto-
molecules, and synthetic drugs have been reported to reduce 
oxidative stress against various In-vivo and In-vitro experi-
mental models. Still, their mechanisms are limited to oxida-
tive stress-mediated neuroprotection [32–34]. Nevertheless, 
target-based therapy is needed to prevent HD pathological 
conditions that improve the quality of life.

To resolve this issue, researchers investigated MTAXs, 
which exert a mitochondria-mediated neuroprotective effect 
on HD. However, there is still a lack of awareness about 
MTAXs and related molecular mechanisms [35]. However, 
the present review compiled various pre-clinical and clinical 
studies investigating MTAXs and their possible signaling 
pathways in HD. For a critical analysis of study outcomes, 
a comprehensive literature search was conducted to explore 
the neuroprotective mechanisms of various MTAXs in HD 
[36, 37]. Moreover, this review encourages further investiga-
tion of antioxidants as novel approaches to treat HD.

Physiological role of mitochondria

Mitochondria is a unit that generates ATP in the cells, which 
is utilized by the body to regulate multiple functions, includ-
ing metabolism, Ca2+ homeostasis, and apoptosis. Moreover, 
these ATP are used by neurons to release neurotransmitters, 
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maintaining synaptic plasticity and remyelination [38, 
39]. The mitochondrial membrane contains iron, which is 
required for energy metabolism, the formation of respira-
tory complexes, and the regulation of mitochondrial poten-
tial equilibrium [40]. The mitochondria have complexes (I, 
III, and IV) that transfer the protons from the mitochon-
drial matrix into the intermembrane space. These reactions 
can change the potential between matrix and intermem-
brane space, leading to proton transmission, which further 
increases ATP levels in complex V. Alongside, the transfer-
ring of protons during OXPHOS increases the generation of 
superoxide anions (O2-), results oxidative stress [41]. Coen-
zyme Q10 (CoQ10) and ubiquinone help transfer electrons 
from complex I to II in the electron transport chain (ETC). 
Over these, reduced forms of CoQ10 are increased, which 
shows an antioxidant effect by decreasing the damage to 
lipids, DNA, and proteins [41].

On the contrary, free radicals generated during these 
processes act as a redox signaling molecule, which trans-
mits signals to the mitochondria at lower concentrations. 

This is advantageous to the human body [42, 43]. Under 
physiological conditions, mitochondria maintain homeosta-
sis, stimulate Ca2+ associated ATP synthesis, and regulate 
apoptotic pathways. Meanwhile, Ca2+ enhances respiratory 
rates, OXPHOS, and ATP production by enhancing pyruvate 
dehydrogenase, isocitrate dehydrogenase, and ATP synthase 
enzymes [44]. Moreover, the inner mitochondria protein has 
a voltage-gated channel together with Ca2+ dependent trans-
porters that regulate the entry of Ca2+ into the matrix, and 
these Ca2+ regulate the buffering system, maintain mem-
brane potential, cellular integrity, and mitophagy, essen-
tial to remove the mitochondrial waste [45]. Furthermore, 
mitochondria regulate extracellular homeostasis, which is 
necessary for neuronal survival. Simultaneously, the rough 
endoplasmic reticulum (ER) supplies essential lipids and 
amino acids for protein synthesis and regulates Ca2+ pro-
duction and storage, which cells use to maintain an optimal 
cellular environment [46, 47] (Fig. 1).

Conversely, mitochondrial dynamics are engaged in 
cellular metabolism, apoptosis, and synaptic plasticity. 

Fig. 1   Mitochondria ATP formation under the physiological condi-
tion After glycolysis process, the pyruvate is obtained as an end prod-
uct, which is utilized by the mitochondrial TCA cycle for the forma-
tion of NADH and FADH2; thus, reduced coenzyme NADH binds to 
complex I, transferred the electron to complex II, where FADH2 con-
vert to FAD and transfer the elector to complex III and reduced two 
molecules of cytochrome C, then complex IV finally transfer the elec-
tron to oxygen and simultaneously release two proton across, this pro-
ton involved in the phosphorylation of ADP to ATP. During ATP syn-
thesis, + O2 is generated, which is converted to H2O2 by the enzyme 
Superoxide Dismutase, and this H2O2 is converted to H2O + O2. 

Neurons utilize the mitochondrial-generated ATP to perform various 
activities, including generating the action potential and maintaining 
homeostasis through calcium signaling, mitochondrial membrane 
potential, antioxidant defense system, and synaptic plasticity. The fig-
ure is drawn with the help of biorender software and a PowerPoint 
presentation. [Abbrevations; Tricarboxylic acid cycle (TCA), nicoti-
namide adenine dinucleotide (NAD) + hydrogen (H) (NADH), Flavin 
adenine dinucleotide hydride (FADH), Flavin Adenine Dinucleo-
tide (FAD), Adenosine diphosphate (ADP), Adenosine triphosphate 
(ATP), Hydrogen Peroxide (H2O2)]
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Alterations in dynamics are regulated by the DRP-1 mito-
chondrial fission protein, which divides the mitochondria 
cells into daughter cells and another. Mitochondrial fusion 
allows the mitochondria to join into a giant tubular organelle 
[48, 49]. This process enables the mitochondrial network to 
move, maintain its shape, and establish physical connections 
between organelles at the synaptic level [50].

The fusion and fission are essential processes; the outer 
membrane proteins [mitofusin1 (Mfn1) and mitofusin2 
(Mfn2)] and inner membrane proteins [optic atrophy1 
(OPA1), mitochondrial fission protein 1 (Fis1), and DRP-1] 
are highly preserved GTPase that is essential for maintaining 
homeostasis and protect the cells from Ca2+ mediated exci-
totoxicity [49, 51, 52]. Similarly, the PGC-1α is a transcrip-
tional coregulator that activates mitochondrial biogenesis by 
expressing the nuclear respiratory and mitochondrial tran-
scription factors that enhance mitochondria DNA replication 
and gene transcription [53]. All these mitochondrial proteins 
are significantly involved in maintaining and regulating neu-
ronal survival.

Several other signaling pathways are also interlinked with 
mitochondria, and their impairment causes neurodegenera-
tive disorders [54, 55]. To overcome this issue, research-
ers target mitochondrial protein as a therapeutic target for 
preventing neurological disorders, including HD [56, 57].

Evidence of ROS and oxidative stress in HD

ROS are oxygen-carrying radicals that have the potency to 
exist independently with one or more unpaired electrons 
[58]. Mitochondrial antioxidants further decompose these 
free radicals, but an alteration in the mitochondrial com-
plex activity enhances the production of ROS; these ROS 
activate endoplasmic ryanodine receptors and block sarco-
plasmic reticulum Ca2+ ATPase (SERCA) pumps that lead 
to higher Ca2+ levels into the cytoplasm results resulting in 
excitotoxicity [70, 71]. Moreover, the frequent ROS genera-
tion causes oxidative stress by suppressing the mitochon-
drial enzyme activity, including SOD, and catalase results in 
impairment in mitochondrial activity followed by cell death 
[27, 59]. Another study indicates an increase in oxidative 
damage and altered antioxidant signaling molecules involved 
in the degeneration of GABAergic striatal neurons [60]. On 
the other hand, a case report found a significant increase in 
oxidative stress levels in the brain of HD patients, showing 
their involvement in disease progression [26, 61].

Moreover, researchers observed that mutation in the 
HTT protein enhanced oxidative stress, resulting in dam-
age of DNA and proteins in the brains of HD rodents [62]. 
Increased oxidative stress was also found in the brains of 
transgenic HD animals [5, 63]. Similarly, several stud-
ies utilized a 3-NP-induced HD model to investigate the 

neuroprotective effect of compounds, and their findings 
indicate that 3-NP treatment significantly enhanced oxida-
tive stress by inhibiting mitochondrial complex II enzyme 
in the striatum [60, 64]. Our previous study also observed 
a significant increase in nitrite and malonaldehyde levels in 
3-NP-treated rats related to the progression of various patho-
logical processes, including apoptosis and neuroinflamma-
tion [20, 63]. It was found that 3-NP treatment impaired the 
activity of the antioxidant defense system and increased the 
oxidative stress, followed by downregulation of the nuclear 
factor erythroid 2 related factor 2 (Nrf2)/Hemeoxydenase-1 
(HO-1) signaling pathway, which is majorly responsible for 
the oxidative balance [65, 66].

Moreover, oxidative stress impaired mitochondrial sign-
aling molecules, including PGC-1α, DRP-1, and SIRT-
1, maintaining mitochondrial biogenesis, whereas their 
alteration induced HD-like pathophysiological condition 
in rodents [67–69]. To resolve this issue, researchers are 
now focusing on developing MTAXs because mitochondrial 
proteins and their associated signaling pathways are directly 
linked with oxidative stress and could be a treatment option 
for HD.

Mitochondrial dysfunction in HD

HD is an autosomal dominant neurodegenerative disorder. 
Almost nine distinct inherited neurodegenerative diseases 
are triggered by the repetition of a CAG trinucleotide that 
causes disease by encoding extended polyglutamine (poly 
Q) tracts in each protein product, and HD is one of them 
[70, 71]. Several studies have reported that mHtt protein is 
extensively expressed in the striatum and degenerates the 
GABAergic MSNs [5]. Earlier in 1993, Beal et al. and their 
team showed that impairment in mitochondrial function is 
a prognostic factor for HD. However, preclinical studies 
revealed that administering 3-NP, a mitochondrial toxin, 
selectively degenerates the striatal MSNs in rodents and 
induces HD-like symptoms [63, 64, 72]. This investigation 
shows that impairing mitochondrial activity could contribute 
to HD pathogenesis [2].

Additionally, an earlier report found a substantial reduc-
tion in mitochondrial OXPHOS and mitochondrial complex 
(II, III, and IV) activities significantly damage the caudate 
nucleus and putamen [73, 74]. Similarly, another study 
found remarkable mitochondrial dysfunction and the forma-
tion of mHtt proteins in HD patient’s brain [62]. Moreover, 
the substantial reduction in membrane potential, homeosta-
sis, and elevation of Ca2+ mediated permeability with the 
activation of apoptotic pathways have been reported as a 
causative factor for HD [20, 27, 75].

Similarly, the preclinical study reported that mHtt pro-
teins altered mitochondria complex activity, incredibly 
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complex II and IV, resulting in ROS generation and cell 
death. Besides this, the mHtt protein interacts with the exter-
nal membrane of mitochondria and enhances transcriptional 
changes associated with HD [66, 76]. Furthermore, PGC-1α 
is expressed in mitochondria, and its downregulation has 
been documented in mHtt-expressed HD mice, indicating 
its role in HD [77]. Other than these impaired mitochon-
dria, subsequently enhance the protease activity that cleaves 
HTT protein, increasing the production of N-terminal HTT 
fragments and enhancing disease progression [13]. Several 
clinical and preclinical studies reported mitochondrial dys-
function, ROS generation, transcriptional dysfunction, and 
impaired mitochondrial antioxidant enzyme as pathological 
markers of HD [78–80]. To address this problem, research-
ers started investigating antioxidants as a treatment option 
for HD (Fig. 2).

MTAX‑regulated signaling pathways in HD

Mitochondria regulates several antioxidant targets, includ-
ing SIRT 1, DRP-1, and PGC-1α, a transcription coac-
tivator factor involved in regulating energy metabolism, 
mitochondrial biogenesis, and homeostasis. In addition, 
the PGC-1α regulates the expression of nuclear-encoded 
subunits of the ETC complexes, mitochondrial antioxidant 
defense proteins, and nuclear respiratory factors 1 and 2 
(Nrf1 and Nrf2); all these factors are essential for mito-
chondrial redox balance and neuronal survival [24]. Previ-
ously it was found that an increase in H2O2 can promote 
the mRNA expression of PGC-1α and enhance the level 
of detoxifying enzymes, including SOD, GPx, and GSH 
[67, 69]. In contrast, an excessive release of H2O2 can 
downregulate the PGC-1α activity and increase oxidative 

Fig. 2   Mitochondrial dysfunction associated HD Pathophysiology 
The abnormal mHtt formation and 3-Nitropropionic Acid inhib-
its mitochondrial complex II activity and leads to an increase in 
the ROS, which crosses the mitochondrial membrane pores and 
releases the endoplasmic stored Ca2+ into the cytoplasm that initi-
ates the excitotoxicity. Alongside, ca2+ disrupts the inner mitochon-
drial membrane, leading to the release of caspases, resulting in cell 
death. Meanwhile, mHtt protein altered various mitochondrial pro-
teins, including PGC-1α, SIRT-1, DRP-1, and NF-kβ; this abnormal 

genetic expression is responsible for abnormal mitochondrial biogen-
esis, antioxidant system, and neurodegeneration leads to progression 
of HD. The figure is drawn with the help of biorender software and 
a PowerPoint presentation. [Abbrevations; Reactive Oxygen Species 
(ROS), peroxisome proliferator-activated receptor (PPAR)-coactivator 
1 (PGC-1α), silent mating type information regulation 2 homolog 1 
(SIRT-1), Dynamin-related protein 1 (DRP-1), and Nuclear factor 
kappa B (NF-kβ)]
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stress-mediated cell death [69]. Furthermore, a substantial 
reduction of PGC-1α has been recorded in transgenic HD 
mice [71].

Similarly, a study reported spongiform degeneration 
of striatal neurons in PGC-1α knockout mice and showed 
abnormal hyperkinetic motor activities; the results indi-
cate that it could be used as a therapeutic target for treat-
ing HD [81–83]. The evidence confirmed that mutation in 
the Htt protein downregulates the expression of PGC-1α, 
leading to evoked HD pathogenesis [12]. For this reason, 
the researcher investigated photoactive molecules that can 
enhance the expression of PGC-1α and show neuroprotective 
effects against the HD model [12, 68]. A study examined a 
PGC-1α mediated activation of an HO-1 signaling pathway; 
the study used PGC-1α knockout 3T3-L1 cells and found 
downregulation of HO-1 levels, study concluded that acti-
vation of PGC-1α could be implemented as an antioxidant 
therapy (Singh et al., 2016, Waldman et al., 2016).

In addition, SIRTs are class-III histone deacetylases 
that depend on NAD + and are divided into seven different 
forms (SIRT-1–7) [81]. The SIRT-1 and SIRT-3 specifically 
correlated to HD. The SIRT-1 is a NAD + dependent his-
tone deacetylase primarily found in mitochondria and their 
lower levels in HD patients’ brains [84, 85]. Additionally, 
the downregulation or knockdown of SIRT-1 elevates the 
oxidative stress in cultured C2C12 myoblasts [81, 86]. The 
decrease in NAD + levels damages the DNA, which inacti-
vates the SIRT-1 gene expression in the mitochondria and 
encourages neuronal inflammation and cognitive dysfunc-
tion in HD [87]. Meanwhile, the upregulation of SIRT-1 
has been demonstrated to strengthen locomotor activity, 
decreasing cortical and striatal neuronal lesions in the N171-
82Q and BACHD transgenic HD models [88, 89]. Another 
study examined the fact that mHtt protein interferes with 
the CREB-regulated transcription coactivator 1 (TORC-1) 
with CREB interaction, which suppresses the transcription 
of BDNF and SIRT-1. In contrast, activation of SIRT-1 
promotes the survival of neurons in HD mice [88, 90, 91]. 
Similarly, R6/2 mice with brain-specific SIRT-1 knockout 
exacerbate HD pathophysiology. However, activation of 
SIRT-1 in HD brains overexpresses Brain derived neuro-
trophic factor (BDNF), demonstrating neuroprotective action 
against HD [81, 88].

SIRT-3 is also found in the mitochondria and exerts 
NAD + dependent activity, but their downregulation or 
knockout increases the free radicals. However, activation 
of SIRT-3 restricts the development of the mitochondrial 
permeability transition pore by deacetylating cyclophilin D 
[86, 92]. SIRT-3 plays an essential role in maintaining mito-
chondrial integrity via the regulation of succinate dehydro-
genase [93], while SIRT-3 reduces the ROS levels through 
stimulation of antioxidant enzymes, including SOD2, which 
is triggered by SIRT-3 activation [94, 95].

According to Cheng et al., mice lacking SIRT-3 exhibit 
glutamate-induced excitotoxicity, oxidative stress, and mito-
chondrial damage in cortical neurons. Also, 3-NP injected 
rats showed significant striatal neuronal loss in SIRT-3 defi-
cient mice compared to mice with the SIRT-3 gene [96]. 
Furthermore, researchers tested various SIRT-3 activators 
and inhibitors against in-vitro and in-vivo models. They 
found that SIRT-3 modulators exert neuroprotection by alle-
viating mitochondrial abnormalities and improving rodents’ 
HD-like pathological conditions [65, 97, 98]. These findings 
suggest that SIRT-1 could be a potential mitochondrial target 
for HD.

Moreover, DRP-1 is a cytoplasmic GTPase that frequently 
regulates mitochondrial fission. The DRP-1 gets translocated 
into the mitochondria by a set of adaptor proteins found in 
the outermost layer of mitochondria, including Fis1, Mff, 
and mitochondrial elongation factor 1 [99, 100]. After enter-
ing the mitochondria, the DRP-1 binds to the specific site 
of the endoplasmic reticulum (ER) and then oligomerizes to 
form an outer mitochondrial membrane. These events can 
cleave mitochondria into two daughter mitochondria [99, 
101, 102]. Earlier researchers found abnormal expression 
of DRP-1 proteins in several neurological disorders [49], 
including AD [103], PD [104], and Epilepsy [105].

Moreover, the role of DRP-1 is well reported in HD 
pathophysiology; earlier researchers observed that mHtt 
protein erratically interacts with Drp 1 mediated mitochon-
drial fission in rodents and humans to stimulate enzymatic 
activity. This process further promotes mitochondrial frag-
mentation and lowers the mitochondrial transport activity, 
leading to neuronal damage [106]. Furthermore, the mHtt 
protein interacts with DRP-1 and enhances the activity of 
GTPase DRP-1 enzymes, resulting in abnormal anterograde 
mitochondrial dynamics and synaptic modification in the 
transgenic BACHD mouse model of HD [107]. Addition-
ally, a study found elevated levels of S-nitroso-DRP-1 in 
the striatum of postmortem brains of HD patients and trans-
genic mice models. This elevated S-nitroso-DRP-1 could 
be responsible for excessive mitochondrial fragmentation, 
dendritic spine loss, and synaptic alterations [108]. Another 
study’s results indicate that DRP-1 heterozygous knockout 
mice had no differences in mitochondrial proteins, synaptic 
plasticity, or dendritic functions compared to wild-type mice 
[109]. Several in-vitro and in-vivo experiments demonstrated 
that inhibiting DRP-1 could decrease mitochondrial frag-
mentation and improve synaptic activity [110–112], suggest-
ing that it could be used as a therapeutic strategy for HD. 
However, there is a contradiction about DRP-1, which shows 
that DRP-1 knockout mice showed higher levels of H2O2 
and lipid peroxidation than wild-type mice (Manczak et al., 
2012). So, there is still a conflict over DRP-1-mediated mito-
chondrial regulation. To resolve this puzzle, further studies 
must target Drp 1 against HD.
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More so, coenzyme Q10 is another protein that regulates 
MTAX and is a crucial transporter of electrons from com-
plex I to II, involved in ATP generation and neuron survival 
[113]. The reduction in COQ10 expression was reported in 
the striatum region of the HD patient’s brain [114, 115]. 
In-vivo experimental findings indicate that administration 
of COQ10 improves mitochondrial ATP generation and pre-
vents lipid peroxidation, as well as DNA damage in the R6/2 
transgenic mouse model of HD [116, 117]. Moreover, in 
another study, COQ10 restored the motor performance and 
declined behavioural abnormalities in N171-82Q transgenic 
HD mice [118]. Additionally, it has been proven that activa-
tion of the COQ10 enzyme enhances grip strength, locomo-
tor function, and cognition in a 3-NP-induced HD model 
[119, 120]. Research indicates that administering COQ10 
or triggering the COQ10 exerts neuroprotection by reduc-
ing oxidative stress and improving mitochondria activity in 
HD models [121, 122]. Although many signaling pathways 
are linked to mitochondria, the focus of this review is on 
MTAXs because they have been extensively studied and 
have been shown to have important neuroprotective effects 
against HD. Thus, MTAXs could be implemented as a treat-
ment option for HD.

Preclinical and clinical studies targeting 
MTAX in HD

Mitochondria contains a variety of antioxidant proteins that 
regulate the physiological function of neurons via balancing 
the ROS and antioxidant levels in the brain, which is dis-
cussed in the above section [123]. The abnormal expression 
of mitochondrial proteins is also reported in HD patients 
and rodents’ brains [6, 61]. Furthermore, researchers started 
discovering MTAXs that activate or inhibit the specific 
mitochondrial signaling pathways to halt the progression 
of neurodegenerative disorders [1, 124]. Afterward, several 
natural and synthetic compounds were tested to investigate 
the molecular mechanism that provides neuroprotective 
effects against animal models of HD. Their results indicate 
that MTAXs can reduce oxidative damage, mitochondrial 
dysfunction, and neurodegeneration, improving locomotor 
performance in HD rodents [1, 124]. This section discusses 
the selective MTAXs that modulate specific mitochondrial 
targets and regulate their downstream signaling pathways, 
demonstrating a neuroprotective effect against HD models 
[35].

Previous, plenty of evidence found that downregulation 
of PGC-1α is involved in the progression of HD [125]. As 
a result, a study was carried out to investigate the beneficial 
effect of resveratrol, a polyphenol mainly extracted from 
grapes and cranberries, against YAC128 transgenic HD 
mice. The study findings revealed that resveratrol treatment 

boosts the activity of ETC complexes and the expression of 
PGC-1α, demonstrating neuroprotection against YAC128 
HD mice [126]. Resveratrol also showed neuroprotection 
via upregulation of PGC-1α in C. elegans HD model [127]. 
Similarly, rosiglitazone, a PPARgamma agonist, reduced 
mHtt-induced striatal neurotoxicity, strengthened motor 
activity, and reduced hyperglycaemic condition in N171-
82Q HD mice [71]. B-lapachone is a naturally occurring 
substance derived from the inner bark of the Lapacho tree 
that has medicinal properties. For this reason, it was tested 
against HD; the B-Lapachone treatment reduced the elevated 
level of ROS in the In-vitro HD model. In contrast, its oral 
administration improves muscular strength via upregulation 
of SIRT-1 mediated PGC-1α expression in R6/2 HD mice 
[97].

Moreover, nicotinamide, a prominent water-soluble 
vitamin with antioxidant properties, was explored in HD. 
Nicotinamide (250  mg/kg) administration intensified 
BDNF mRNA levels and enhanced PGC-1α activation in 
B6.HDR6/1 transgenic mice. Thus, activation of PGC-1α 
could enhance locomotor activity and neuromuscular coor-
dination, but no effect on mHtt aggregation was observed 
[128]. Meldonium is a fatty acid oxidation inhibitor pri-
marily used to treat cardiovascular diseases. It alters the 
pathways for carnitine, a nutrient that aids fat breakdown. 
Later, Cristo et  al., and his colleagues investigated the 
effect of meldonium against a transgenic Drosophila HD 
model; the results suggest that meldonium significantly 
increases the expression of PGC-1α exerting neuroprotec-
tive effect by restoring motor function and reduces ROS-
mediated apoptotic process in transgenic Drosophila HD 
model [59]. Bezafibrate is a lipid-lowering drug that has 
poor blood–brain barrier permeability, and its high dose 
and prolonged duration exerts severe side effects, including 
gastrointestinal disturbances, liver enzyme abnormalities, 
myopathy, and, in rare cases, rhabdomyolysis. Apart from 
this, the earlier researchers investigated its potential against 
HD; the study administered 0.5% of bezafibrate with diet 
for 10 months–16 months showed a substantial decrease 
in oxidative stress and apoptotic damage in the striatum of 
BACHD mice. Additionally, benzafibrate increased PGC-1α 
expression in the striatum, which may be responsible for 
improved motor coordination in the BACHD mouse model 
of HD [129]. Aside from that, several compounds activate 
PGC-1α, demonstrating a possible neuroprotective effect by 
halting the progression of HD-like symptoms in rodents. 
These outcomes indicate that PGC-1α may be a more precise 
target for HD drug development.

SIRT is the second most common mitochondrial target 
involved in HD modulation. Its activation has a beneficial 
effect on neurodegenerative disorders [89, 130]. Previously, 
researchers investigated the neuroprotective potential of 
diapocynin in a 3-NP-induced animal model. Their results 
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indicated that Diapocynin activates the SIRT-1-mediated 
downstream pathways, including the Nrf2/BDNF signal-
ing, which reduces oxidative stress and increases antioxi-
dants. Apocynin also inhibited the NF-kB and P53-mediated 
apoptotic pathways and restored histopathological changes 
caused by 3-NP [65].

Furthermore, researchers discovered SRT2104, a syn-
thetic compound, and found that its administration increases 
SIRT-1 expression in HD mice and improves motor abilities 
and neuronal survival in N171-82Q HD mice [131]. Simi-
larly, selisistat reversed the toxic effect of mHtt fragments 
via activation of SIRT signaling and ameliorated neurotox-
icity in drosophila and mouse models of HD [132]. Mela-
tonin has also been tested against HD; the results show that 
melatonin treatment activated multiple signaling pathways, 
including SIRT-1 and PGC-1α, and inhibits the NF-kB, 
demonstrating neuroprotective potential against HD [133]. 
Similarly, viniferin, a natural phytomolecule, was tested 
against cells overexpressing the mHtt protein. Viniferin 
appears to upregulate SIRT3, increasing antioxidant capac-
ity and mitochondrial dynamic while decreasing fission 1 
and DRP-1 levels in mitochondria, increasing cell survival 
[98]. There have been very few studies on SIRT-1 and SIRT3 
activators against HD, so more drugs must be developed that 
improve HD via the activation of SIRT signaling pathways.

Earlier researchers reported abnormal expression of 
DRP-1 in the HD rodent models, and it was found that the 
peptide inhibitor P110 specifically inhibited DRP-1 under 
stress conditions and played a crucial role in HD pathology. 
Also, it reduced mitochondrial fragmentation and enhanced 
neuronal survival against the mHtt-induced zQ175 knock-in 
mouse model of HD [134]. Previously, researchers investi-
gated the neuroprotective potential of N-acetylcysteine and 
edaravone against preclinical animal models. The findings 
suggest that both compounds can reduce mitochondrial 
membrane potential dysfunction, apoptosis, and neuronal 
death in 3-NP treated striatal cells [135]. However, another 
study developed synthetic compound 3-(2,6-diethylphenyl)
quinazoline-2,4-dione (PAQ-22) for HD, and the result 
indicated that PAQ-22 could inhibit DRP-1 and it could be 
used in the treatment of HD [112] Moreover, several studies 
reported that downregulation of DRP-1 reduced apoptotic 
markers and increased antioxidants, followed by a decrease 
in histopathological alteration in HD rodents [48, 104, 107, 
136].

Researchers also developed synthetic compounds and 
evaluated their impact on mitochondria protein; the study 
investigated the effect of XJB-5–131 on a transgenic mouse 
model of HD [137]. Findings indicate that XJB-5–131 
restored mitochondrial function and improved locomotor 
functions and neuronal survival [137, 138]. Similarly, Coen-
zyme Q, a mitochondrial enzyme tested against R6/2 HD, 
the Coenzyme Q treated mice showed a substantial reduction 

in oxidative stress and improved motor control compared 
to R6/2 HD mice [139]. With this, coenzyme Q alleviates 
overactive autophagy induced in the R6/2 muscle, which has 
been interlinked with muscle wasting, but coenzyme Q10 
treatment did alter autophagic markers in the brain. Thereby 
limiting the risk of neuronal impairments [139].

In another study, Ying et al. investigated the treatment 
of MitoQ and SS31, which improved neuronal survival by 
enhancing mitochondrial function in neurons with mHtt-
induced mitochondrial and synaptic damage. Their results 
indicate that it could be a potent therapy for treating HD 
[140]. Furthermore, a study explored the structure–activ-
ity relationship of four different mitochondrial-targeted 
tetrapeptides in which SPN10 and SS-31 showed a strong 
relation with oxidative stress. The SPN10 and SS-31 dem-
onstrate neuroprotective potential by restoring the mito-
chondrial membrane potential, increasing ATP content, 
and neuronal survival [141]. The elamipretide is another 
mitochondrion-targeted tetrapeptide explored against neu-
rodegenerative disorders, and their outcomes suggest that 
elamipretide increases mitochondrial respiration and neural 
mitochondrial biogenesis through mitochondrial biogene-
sis regulators (PCG-1α and TFAM) and translocate factors 
(TOM-20). In addition, it activates mitochondrial fusion 
(MNF-1, MNF-2, and OPA1), downregulates the expres-
sion of mitochondrial fission proteins (Fis-1 and DRP-1), 
and enhances mitochondria autophagy. Evidence suggests 
that treatment with elamipretide reduced oxidative stress 
and neuroinflammation and promoted neural pro-survival 
by increasing the expression of BDNF and TrkB proteins 
[142] (Fig. 3).

Moreover, researchers developed different types of nano-
formulations that increase the target specificity of mitochon-
dria, increasing the drug’s bioavailability. Apocynin nano-
formulation is the best example; the exposure of apocynin 
nanoformulation reduces oxidative stress-induced mitochon-
drial dysfunction and promotes dopaminergic neuronal sur-
vival [143]. There is a list of preclinical studies investigat-
ing the effect of compounds that target the mitochondrial 
proteins and exert the neuroprotective effect against HD 
(Table 1).

All the promising drug candidates and phytochemicals 
that show positive outcomes from preclinical studies are uti-
lized in clinical trials being conducted in humans. Accord-
ing to the U.S National Library of Medicine, approximately 
172 studies have been registered focused on investigating 
the effect of potential molecules in HD patients. Out of 172 
studies, six studies were found (By searching mesh words 
Huntington disease and mitochondrial antioxidants) on 
MTAXs this includes Melatonin (NCT04421339), Res-
veratrol (NCT02336633), (2)-epigallocatechin-3-gallate 
(EGCG) ( NCT01357681), Complete symptomatic treatment 
therapy (Haloperidol 2 mg Tab, Risperidone 1 mg, Zoloft 
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50 mg Tab) (NCT04071639), and N-Acetyl Cysteine (NAC) 
(NCT05509153), The study’s results could provide a new 
treatment therapy for HD.

Conclusion

HD is mainly caused by mHtt aggregation and abnormal 
mitochondrial functioning, which are directly related to 
the progression of HD. However, targeting mitochondrial 
proteins may be an effective drug discovery and develop-
ment strategy. Thus, discussing various aspects of mitochon-
drial dysfunction and its targeted therapy can be essential 

in managing HD pathophysiology. Some mitochondrial 
signaling targets, such as PGC-1α, SIRT-1 & 3, and DRP-
1, are being investigated by researchers to demonstrate 
the neuroprotective effect of various synthetic and natural 
molecules by employing an HD model. The outcomes of 
both clinical and preclinical studies evidence that mHtt and 
mitochondrial dysfunction increase ROS production, oxida-
tive stress, and apoptosis, which can be done by modulating 
specific mitochondrial proteins. As a result, several MTAXs 
(SS31, CDDO-ethyl amide, XJB-5–13, MitoQ, bezafibrate, 
rosiglitazone, meldonium, and coenzyme Q10) have shown 
neuroprotection against HD models. Based on the evidence, 
MTAXs could be a beneficial target for mitochondrial 

Fig. 3   Mitochondrial-targeted antioxidants showing neuroprotection 
against HD In physiological conditions, calcium releases in response 
to stimuli such as physical exercise cause activation of CAMK, 
which further activates MAPK, followed by expression of PCG-1α. 
Similarly, adrenergic stimulation increases cAMP level, then expres-
sion of CREB, which leads to activation of PCG-1α. The NAD + and 
cAMP levels also enhance PCG-1α activity via SIRT-1 acetylation 
and AMPK phosphorylation, respectively. Including this activa-
tion of eNOS increases cGMP and PCG-1α expression. However, 
PCG-1α activates NRF2 signalling to regulate oxidative phospho-
rylation, increases SIRT-3 to promote GSH, SOD, and GPx levels, 
also facilitate the activity of PPAR-γ to maintain Bax/Bcl ratio, and 

mitochondrial oxidation, also inhibits Drp-1 to reduce mitofusion and 
exert neuroprotection. The figure is drawn with the help of bioren-
der software and a PowerPoint presentation. [Abbrevations; Reac-
tive Oxygen Species (ROS), Calmodulin-dependent protein kinase 
(CAMK), Mitogen-activated protein kinase (MAPK), peroxisome 
proliferator-activated receptor (PPAR)-coactivator 1 (PGC-1α), cyclic 
adenosine monophosphate (cAMP), cAMP-response element binding 
protein (CREB), silent mating type information regulation 2 homolog 
1 (SIRT-1), endothelial nitric oxide synthase (eNOS), nuclear factor 
erythroid 2–related factor 2 (Nrf2), and Nuclear factor kappa B (NF-
kβ), superoxide dismutase (SOD), glutathione (GSH), glutathione 
peroxidases (GPx),]
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homeostasis and might be used as a treatment strategy 
for HD. However, further research is required to identify 
mitochondrial-associated downstream pathways relevant to 
HD and whose modulation can slow disease progression. 
Additionally, more natural and synthetic compounds should 
be tested to explore their molecular mechanism and neuro-
protective effect against HD. Furthermore, preclinical tested 
MTAXs should be evaluated for their efficacy and safety 
potential in clinical trials.
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