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Abstract. Due to large increases in the elderly populations across the world, age-related diseases are expected to expand
dramatically in the coming years. Among these, neurodegenerative diseases will be among the most devastating in terms of
their emotional and economic impact on patients, their families, and associated subsidized health costs. There is no currently
available cure or rescue for dying brain cells. Viable therapeutics for any of these disorders would be a breakthrough and
provide relief for the large number of affected patients and their families. Neurodegeneration is accompanied by elevated
oxidative damage and inflammation. While natural antioxidants have largely failed in clinical trials, preclinical phenotyping
of the unnatural, mitochondrial targeted nitroxide, XJB-5-131, bodes well for further translational development in advanced
animal models or in humans. Here we consider the usefulness of synthetic antioxidants for the treatment of Huntington’s
disease. The mitochondrial targeting properties of XJB-5-131 have great promise. It is both an electron scavenger and an
antioxidant, reducing both somatic expansion and toxicity simultaneously through the same redox mechanism. By quenching
reactive oxygen species, XJB-5-131 breaks the cycle between the rise in oxidative damage during disease progression and
the somatic growth of the CAG repeat which depends on oxidation.

Keywords: Reactive oxygen species, mitochondria, metabolism, oxidative stress, antioxidant

INTRODUCTION

In the next decade, at least 2% of Americans
will be afflicted with some form of Alzheimer’s
disease (AD) (4,000,000) [1], Parkinson’s disease
(PD) (1,500,000) [2], or Huntington’s disease (HD)
(250,000) [3], among others. Each of these disor-
ders can affect patients for decades with no hope
of a cure [4]. Because the number of affected indi-
viduals will grow dramatically, the gap between the
problem’s size and our capabilities for treatment will

∗Correspondence to: Cynthia T. McMurray, Molecular Bio-
physics and Integrated Bioimaging, Lawrence Berkeley National
Laboratory, Berkeley, CA 94720, USA. Tel.: +1 510 486 6526;
Fax: +1 510 486 6880; E-mail: CTMcmurray@lbl.gov.

widen. Viable therapeutics for any of these disor-
ders would be a breakthrough and provide relief for
affected patients and their families. “Biologics” have
been developed as therapeutics to offset both AD
and HD. For example, the amyloid-�-directed mono-
clonal antibody aducanumab was recently approved
for the treatment of AD [5], but its long-term effi-
cacy is, as yet, unknown. For HD, there was hope
that use of anti-sense oligonucleotide (ASO) ther-
apy would reduce the expression level of the toxic
mutant huntington protein, thereby rescuing disease.
However, Roche halted a phase III study of its
ASO drug, Tominersen (Ionis Pharmaceuticals), for
lack of efficacy, and Wave Life Sciences discontin-
ued the development of two of its HD ASOs that
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were in phase I/II clinical trials [6, 7]. These out-
comes have underscored the need to continue the
search for small molecule drugs for neurodegener-
ation [8–10]. In the past, antioxidants held promise
as efficient inhibitors of damaging reactive oxygen
species (ROS) in aging and age-related neurodegen-
erative diseases [11–13]. Yet, natural antioxidants
such as Coenzyme Q10, (CoQ10) also failed in clin-
ical trials for HD and PD [14–17], casting doubt as
to the efficacy of a ROS inhibitor approach to drug
development [18]. These failures, however, sparked
interest in developing unnatural (synthetic) antioxi-
dants, which increased their effective concentration
by targeting mitochondria (MT) directly and reduc-
ing ROS at its source. Here, we consider the benefits
of the synthetic, mitochondrial-targeted antioxidant,
XJB-5-131, as a potential clinical candidate for HD.

CHECKERED HISTORY OF
ANTIOXIDANT THERAPY

Considering the damage caused by ROS, it seemed
obvious that antioxidants might be a good therapeutic
strategy to offset at least some pathology that devel-
ops in HD patients (Fig. 1). Indeed, there is significant
evidence that MT are hyperactive at early stages of
disease [19–21], particularly in astrocytes [19–22],
which express inflammatory mediators when they
become reactive [20–22]. In affected striatal astro-
cytes, MT reprogram their fuel use from glucose
to fatty acids under disease conditions, increasing
�-oxidation and ROS production [20]. The mito-
chondrial bioenergetics for neurons and astrocytes in
various HD models are discussed [23]. The naturally
occurring oxidants were obvious candidates to offset
the impact of elevated ROS. Vitamin E and CoQ10
have been a significant focus of antioxidants thera-
peutics in PD and HD in both rodent models [24–27]
and in human clinical trials [14–17]. However, the
triumphs and tribulations of the dietary supplemen-
tation with natural antioxidants has led to uncertainty
as to the benefits of such an approach.

CoQ10 (ubiquinone) is an essential biological
cofactor of the electron transport chain (ETC)
(Fig. 2A) and functions as an important endogenous
antioxidant in mitochondrial and lipid membranes
(Fig. 2B) [28, 29]. Primary CoQ10 deficiency can
affect any part of the body, but particularly the brain,
muscle, and kidney tissues, as a consequence of their
high energy demands [30, 31]. CoQ10 deficiency in
brain tissue can cause ataxia, together with a range of

Fig. 1. Schematic diagram of the deleterious effects of oxidative
damage in Huntington’s disease neurons. Under stress, MT release
high levels of ROS, which can act at short distance as radicals and as
peroxide at longer distance. The MT are the source and major target
of oxidation. The activated ROS interacts with DNA, RNA, cell
membranes, and cytoplasmic proteins, as examples. Additionally,
damaged MT eventually diminish their ATP production leading to
energy depletion and cell death in the HD neurons. This mechanism
may apply to other neurodegenerative diseases as well.

other neurological manifestations, suggesting that an
increase might offset brain toxicity [32–35]. Thus,
the lack of efficacy in clinical trials for CoQ10 for
both PD and HD patients was puzzling [14–17].

The sources of the failures of CoQ10 in HD in clini-
cal trials are unclear. The compound is well tolerated
in humans, and often used as a general nutritional
supplement and efforts to improve CoQ10 efficacy
continue [36]. However, when administered as a
dietary supplement, CoQ10 tends to be retained in cell
membranes, is inefficient in entering the MT [37–39],
and has low permeability across to the blood-brain
barrier (BBB) [39–41]. Moreover, there is uncer-
tainty as to whether plasma CoQ10 status, which is
the result of both dietary intake and hepatic synthesis,
reflects that of the brain [39–41]. The poor outcome of
CoQ10 in humans is thought, at least in part, to occur
due to feedback control, i.e., CoQ10 is the expressed
product of an endogenous gene, and the cell com-
pensates for a dietary increase by down-regulating
CoQ10 synthesis [39, 41, 42]. Thus, even if plasma
concentrations rise during treatment, it remains con-
troversial whether dietary supplementation of CoQ10
will significantly enhance its steady-state level or
reach a pharmacological effective in vivo concen-
tration in the brain. Indeed, in vivo, the effects of
CoQ10 treatment have been marginal, variable, or
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Fig. 2. Schematic diagram of Coenzyme Q10 in the electron transport chain of the mitochondrial inner membrane. A) The structure of
Coenzyme Q10, a lipid soluble component of the mitochondrial inner membrane. B) Mechanisms of oxidative stress involving mitochondria.
The mitochondrial ETC reoxidizes reduced cofactors (NADH and FADH2) using molecular oxygen as the final electron acceptor, and the
energy released in this process is captured in the form of ATP. The electron transport chain (ETC) depicting the position of Coenzyme Q10
(red) in the inner membrane. Coenzyme Q10 is critical for electron transport in the mitochondrial respiratory chain. The enzyme carries
electrons from complexes I and II to complex III, thus participating in ATP production. I, II, III, IV, and V indicate protein components of
the ETC. ‘e’ indicates electrons. and F1 are subunits of ATP synthase complex V (Complex V). ATP and ADP, adenosine triphosphate and
diphosphate, respectively; CoQ 10, coenzyme Q10; FAD, flavin adenine dinucleotide; FADH, reduced flavin adenine dinucleotide. Image
published with permission from Dove Medical Press, Rodick et al., Nutr Diet Supplem. 2017;10:1-11 [107]. C) Several components of the
ETC chain (most often CI and CIII) generate O2

•–. (left) The radical is converted into H2O2 by mitochondrial SOD. Through the Fenton
reaction, H2O2 is converted into •OH, a molecule that produces oxidative cell injury through DNA damage, carboxylation of proteins, and
lipid peroxidation. (right) •NO is produced by the activity of intracellular NOS. •NO can be combined with O2

•– to produce peroxynitrite
(ONOO–), a molecule that acts as a strong oxidant and can damage many cellular structures and alter their function. •NO, nitric oxide; •OH,
hydroxyl radical; H2O2, hydrogen peroxide; O2

•–, superoxide anion; ONOO–, peroxynitrite.

tissue specific [39, 42–46]. For example, MitoQ, a
mitochondrial-targeted CoQ10 derivative, failed to
offset neurodegeneration in PD clinical trials, but has
shown unexpected promise in the periphery as a ther-
apeutic in treating non-alcoholic fatty liver disease
[47, 48].

A second consideration is the charge of CoQ10
and its derivatives, which can also diminish their
efficacy. Loss of the charge gradient is a major
feature of MT in dying neurons, yet mitochon-
drial entry of cationic antioxidants such as MitoQ
requires the charge gradient [49]. Thus, uptake of
these potential-driven antioxidants is self-limiting
[50] as there is inevitable depolarization of MT
with disease progression. Indeed, MitoQ and a
mitochondrial targeted Vitamin E (MitoVitE) pro-
tect cultured fibroblasts from Friedrich’s ataxia
(FRDA) patients; yet, their enhanced potency is
abolished in cells pretreated with carbonyl cyanide-
4-(trifluoromethoxy)phenylhydrazone (FCCP), an
uncoupling agent that dissipates the mitochondrial

membrane potential [51]. The diminution of efficacy
in FRDA cells raises the issue as to whether MitoQ
will have any benefit if treatment starts after disease
onset. Treatment time is important, and many com-
pounds have protective effects in offsetting toxicity in
animals if treatment begins early. However, for most
compounds, efficacy in counteracting toxicity after
disease onset is typically untested but may be a better
predictor of clinical success.

XJB-5-131: A PLATFORM TECHNOLOGY
FOR DIRECT TARGETING OF
MITOCHONDRIA

The failure of natural antioxidants to offset the fea-
ture of HD has prompted the search for unnatural
(synthetic) analogs and new approaches to improve
antioxidant specificity. Improvements have taken the
form of increasing the steady state level of com-
pounds, increasing the antioxidant metabolic stability
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Fig. 3. A) The structure of XJB-5-131. XJB-5-131 is a bifunctional molecule with a peptide isostere for delivery (black box and structure
in dashed box) of the antioxidant and a radical scavenger, 4-amino-TEMPO (red circle and structure in red dashed box). B) XJB-5-131
was “bioinspired” by the cyclopeptide antibiotic Gramicidin S (see blue and purple portions of Gramicidin S). Structure, sequence, and
hairpin folding of Gramicidin S (GS; top) and the GS-analog XJB-5-131 (bottom). Regions of close structural analogy are highlighted in
purple, identical sequence is marked in blue; unrelated moieties are grayed. The purple dipeptide segment has a regular amide bond in GS,
which is replaced by an alkene peptide bond isostere in XJB-5-131. The red payload only present in XJB-5-131 is the ROS scavenging
4-amino-Tempo (4-AT) nitroxide. Boc, tert-butoxycarbonyl; Cbz, benzyloxycarbonyl.

or by modifying target specificity. In this regard,
biological studies suggested that a synthetic antiox-
idant, XJB-5-131, was paradigm-shifting in that it
provided a platform for targeting MT, leading to
increased compound bioavailability and improved
antioxidant efficacy (Fig. 3) [52–54]. XJB-5-131 is
a bi-functional molecule comprising a peptide deliv-
ery component (Fig. 3A, black box), which directly
targets the mitochondrial membrane and delivers an
antioxidant nitroxide, 2,2,6,6-tetramethyl piperidine-
1-oxyl (TEMPO) (Fig. 3A, red) to neutralize reactive
species such as radicals, electrons, and oxidants
[53, 54]. XJB-5-131 was bioinspired by the activity
of naturally occurring antibiotic gramicidin S (GS)
(Fig. 3B). The C2-symmetric GS (cyclo(Leu-D-Phe-
Pro-Val-Orn)2) is well-known for its type II’ �-turn
secondary structure backbone, which buries the polar
amide functions in the interior space of the reverse
turn, presents the lipophilic and charged side chains
above and below the plane of the cyclopeptide back-
bone, and supports ambiphilic properties that convey
a high affinity to microbial membranes.

While targeted antioxidants such as MitoQ are
often cationic, XJB-5-131 has no charge at phys-
iological pH, which enhances its permeability for
lipid membrane entry. In contrast to GS, the δ-NH2
of Orn of XJB-5-131 is capped by a benzyl car-
bamate to avoid a positive charge that could lead

to membrane disruption. These features of XJB-5-
131’s targeting not only enhance penetration of the
pentapeptide mimetic but also do so without desta-
bilizing the mitochondrial membranes. XJB-5-131
crosses the BBB, and both electron paramagnetic
resonance (EPR) studies and mass spectrometry con-
firmed a 600-fold accumulation of XJB-5-131 in MT
[55] (Fig. 4A). XJB-5-131 targeting was tested in
primary striatal neurons and synaptosomes [56, 57]
from HdHQ(150/150) animal model for HD [56].
HdhQ(150/150) mice harbor a disease-length 150
CAG tract “knocked-into” both alleles of the mouse
HD gene homologue [58]. Neurons isolated from
these animals were treated with BODIPY-FL-XJB-
5-131, a derivative labeled with a fluorescent (FL)
boron-dipyrromethene (BODIPY) dye (Fig. 4B) [56].
Within one hour of incubation, BODIPY-FL-XJB-5-
131 crosses the plasma membrane and stains MT, as
verified by co-staining with MitoTracker Deep Red
(Fig. 4C) [56]. Thus, XJB-5-131 has high affinity for
its target, the MT.

XJB-5-131 mechanisms of action

The centerpiece of the XJB-5-131 efficacy is tar-
geting the active nitroxide moiety as cargo directly
to MT (Fig. 3A and 4C). ROS are highly reactive,
transient species but are rapidly converted to hydro-
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Fig. 4. Distribution and mitochondrial accumulation of XJB-5-131 in vivo and in vitro. A) Design and results of in vivo EPR detection
of XJB-5-131 distribution in rats. A) Top: Computed tomography (CT) scan of a rat and CT contour drawing; Bottom: EPR detection of
XJB-5-131 nitroxide (green, center) indicating its distribution in the brain 5 min and 25 min after administration, together with two EPR
standards at the tips of two cannulae (green, top left and right). Taken with permission from [55]. B) Schematic of XJB-5-131-BODIPY
conjugate. The derivative is analogous to XJB-5-131 as shown in Fig. 3 but adds the BODIPY fluorescent marker (black dashed box). Taken
with permission from [56]. C) Co-localization of XJB-5-131-BODIPY (right, blue) and MitoTracker (left, red) establishing the accumulation
of XJB-5-131 in MT of a primary neuron from the striatum of an HdhQ(150/150) animal. Taken with permission from [56].

Fig. 5. Schematic of Redox chemistry in XJB-5-131. A) The basic chemistry of a hydroxylamine-nitroxide-oxoammonium redox cycle as
described in the text. B) The structure of the three redox forms of XJB-5-131.

gen peroxide by superoxide dismutase (SOD) under
conditions of normal redox homeostasis [59–61]
(Fig. 2C and Fig. 5A). The TEMPO moiety of XJB-
5-131 regulates the amount of ROS by supporting
redox homeostasis, and, similar to SOD, undergoes

one- or two-electron transfer processes to hydroxy-
lamines or oxoammonium cations, respectively [54,
59] (Fig. 5A,B). The nitroxide moiety in XJB-5-
131 can serve as a superoxide dismutase-mimic and
participates in a similar reduction-oxidation (redox)
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mechanism (Fig. 5B) [60, 61]. This electron scav-
enging activity prevents superoxide radical anion
formation, neutralizes ROS when it is formed, and
prevents the occurrence of organic peroxides and
subsequent mitochondrial DNA (mtDNA) damage.
Peroxides can also diffuse away from MT to other cell
components. Mechanistically, to avoid the formation
of superoxide radical anion, the redox cycling abil-
ity of XJB-5-131 prevents the leakage of electrons
during the reduction of O2 to H2O at cytochrome
c oxidase. Additionally, in the hydroxylamine state,
XJB-5-131 can reduce a radical species by hydro-
gen atom donation to regenerate the nitroxide state
[54, 59–61] (Fig. 5B). Thus, XJB-5-131 is both an
electron scavenger and an antioxidant [54]. When
located in the membrane, the nitroxide or hydrox-
ylamine moiety returns the electrons to the ETC
after the reduction of water, and therefore XJB-5-131
can exert antioxidant properties without significantly
diminishing ATP production (Fig. 2) [54].

XJB-5-131 rescues features of toxicity in HD
models for disease

The antioxidant properties of XJB-5-131 as
therapeutic for HD were tested initially in high
quality preparations of synaptosomes [56] from the
HdHQ(150/150) mice. Synaptosomes are “pinched
off” nerve terminals that are generated during brain
homogenization [57]. They harbor intact MT and
represent a simple and robust system to test mitochon-
drial function within a physiological milieu [56, 57].
In synaptosomes from untreated HdHQ(150/150)
animals, oxidation of mtDNA was elevated and
mtDNA copy number was diminished in aging
animals [56]. However, treatment with XJB-5-131
restored the copy number of MT genomes [56].
XJB-5-131 also improved survival of cultured con-
trol neurons, suggesting the favorable effects of the
compound were not limited to a specific HD pathol-
ogy trigger for mitochondrial dysfunction [56]. These
findings imply that the beneficial effects of specific
targeting of this synthetic antioxidant to MT in vitro
and in vivo arose from its function as an antiox-
idant and regulator of redox homeostasis. While
XJB-5-131 has minimal effects on mitochondrial
metabolism in the resting state, XJB-5-131 neutral-
izes the rise in ROS under stress and sustains the
bioenergetics of MT in HD animals.

The antioxidant properties of XJB-5-131 may also
reduce aggregation, which has relevance to both
HD and AD. For AD, there is great interest in the

pharmaceutical industry to identify molecules that
can degrade (NPT002 from Neurophage) or pre-
vent proteolytic formation (various BACE inhibitors)
of amyloid-� plaques [62]. Oxidative damage to
protein and to membranes of MT lowers the rates
of clearance and enhances the gradual accumula-
tion of toxic partially degraded peptides (Fig. 1).
A mitochondrial-targeted antioxidant with electron
scavenging properties is predicted to decrease aggre-
gation, to reduce the level of small, toxic peptides,
and to enhance their clearance. In AD the accumula-
tion of oxidized lipid species is observed in plaques,
which are hallmarks of the disease [1]. Similarly, the
elevated oxidized lipid species, which are observed
in HD animals [20, 63, 64], are likely to contribute
to inclusion formation. Indeed, XJB-5-131 is effec-
tive in reversing the accumulation of oxidized lipids
in older HdHQ(150/150) animals concomitantly with
rescue of pathology [20].

Efficacy of XJB-5-131 as a suppressor of toxicity
in HD models

Due to its strong electron scavenging and antioxi-
dant properties, XJB-5-131 has been tested in several
diseases or adverse conditions where elevated ROS
is thought to contribute significantly to pathology
[20, 65–71]. The most detailed analysis of XJB-5-
131 was performed using late and early onset mouse
models for HD [20, 56, 65]. To test efficacy in vivo,
HdHh(150/150) mice were intraperitoneally injected
with XJB-5-131 at 1 mg/kg dosing three times a
week for up to 57 weeks, and tested for improve-
ment of disease phenotypes. XJB-5-131 had striking
in vivo effects [20, 56, 65]. Chronic treatment of
HdhQ(150/150) mice with XJB-5-131 suppressed
weight loss, a feature that is commonly observed
in HD patients [1, 65]. Genetically matched BL6
control animals increased in weight to an average
of 44 ± 5 g at 52 weeks. Age and gender-matched
HdhQ(150/150) mouse (32 ± 3 g) were smaller than
control mice; treatment of HdhQ(150/150) litter-
mates with XJB-5-131 suppressed weight loss and
resulted in an 18% increase in the average body
mass. Early signs of HD pathophysiology manifest
as motor abnormalities [56, 65]. The effect of XJB-
5-131’s efficacy on motor function has also been
evaluated [56, 65]. Standard tests of rotarod perfor-
mance and grip strength were measured at 9, 28, and
57 weeks of XJB-5-131 treatment. All animals at 9
weeks displayed robust and equivalent performance
on the rotarod [56]. However, by 28 weeks, motor
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function in HdhQ(150/150) mice declined, and was
substantially diminished by 57 weeks. Remarkably,
little decline in rotarod performance was observed
between 9 and 57 weeks [56] in XJB-5-131-treated
HdhQ(150/150) littermates, whose performance was
similar to WT animals.

Long term treatment of HD mice administered by
intraperitoneal (IP) administration with 1 mg/kg for
1 year, and 2 mg/kg XJB-5-131 for 2.5 years had no
adverse effects in controls at these concentrations [20,
56, 65]. Thus, the phenotypic improvement depended
on the compound treatment. Beneficial effects were
not limited to HD models. XJB-5-131 treatment
improved mitigated lethal hemorrhagic shock in a rat
model [69], resulted in a reduction in oxidative dam-
age, decreased radiation damage [68], reduced the
ischemia-reperfusion injury during brain trauma [55],
and offset aging-related intervertebral disc degenera-
tion [70], among others [66]. An important finding in
HD animals was that XJB-5-131 treatment was not
only effective in blocking the progression of neurode-
generative disease if treatment was early but was also
effective in blocking disease progression if treatment
began after disease onset [65]. A derivative of XJB-
5-131 with enhanced metabolic stability in humans
would be a promising candidate for clinical testing.
XJB-5-131 also improved pathological features of
HD in R6/2 mice [71], a severe, early onset model
of HD. Chronic treatment of R6/2 mice with XJB-5-
1-131 reduced weight loss and improved the motor
functions, especially in male mice [71]. Low doses of
XJB-5-131 that were used in the study had no effect
on the lifespan of R6/2 mice but the analysis has left
open the possibility that higher doses might do so
[71].

XJB-5-131, an efficient inhibitor of somatic
mutation in HD animal models

The importance of oxidative DNA damage in pro-
moting trinucleotide expansion led to the testing of
XJB-5-131 as a suppressor of expansion in mice
[67, 71]. Indeed, XJB-5-131 effectively suppressed
expansion [67, 71]. To resolve the mechanism, we
proposed over fifteen years ago that base excision
repair (BER) and mismatch repair (MMR) cooper-
ated in a “toxic oxidation cycle” to cause somatic
mutation (Fig. 6A) [72]. The cycle was proposed
based on wide-spread findings that loss of compo-
nents of the MMR machinery (reviewed recently,
[73]), MSH2 and MSH3 [74–82], PMS2, MulL�
MutL�) [83–89] and loss of the BER machinery

(8-oxo-guanine glycosylase (OGG1) [72], NEILS 1
[90], and Polymerase � [91]) suppressed CAG expan-
sion. Conversely, interaction of MSH2-MSH3 and
Pol� promoted expansion [92–94]. The involvement
of the MMR and BER pathways was consistent with
genome wide association studies in HD patients,
which confirmed that components of the MMR
machinery and the factors regulating the metabolism
of MT influenced onset of HD pathology in humans
[95–98]. Thus, the toxic oxidation model provided
a plausible mechanism for expansion that integrated
both repair pathways in causing the mutation.

The most common oxidative damage product in
DNA is 8-oxoguanine. In the toxic oxidation cycle,
the damaged base is enzymatically removed by
OGG1, leaving an abasic site with an unpaired
cytosine (Fig. 6A). This site is nicked by apoen-
donuclease I (APE1), leaving a transient single strand
break (SSB) as an intermediate and a 3’-OH end for
extension by gap-filling polymerases. MSH2-MSH3
stimulates polymerase � to traverse the repeat tract
and complete gap filling synthesis [92]. In the pro-
cess, the MSH2-MSH3-pol� complex displaces the
CAG flap [92, 93], which folds back into a stable hair-
pin. MSH2-MSH3 binds to the mismatched hairpin
stem at the end of gap filling synthesis and facilitates
ligation [94]. An “in trans” endonuclease clips across
from the hairpin strand. Extrusion of the DNA hairpin
loop and its incorporation into the duplex DNA results
in expansion (Fig. 6A). Loss of MutL homologues 1
(MLH1) and MLH3 [85–89], which are partners with
MSH2-MSH3 in MMR, stops expansion in mice,
suggesting that MLH-related endonucleases consti-
tute at least one of the “in trans” endonucleases that
process the loop. Since repair of the oxygen mod-
ification constituted at least one important pathway
for initiating the somatic expansion, it made sense
that XJB-5-131, if it reduced ROS, should also block
expansion. Indeed, in R6/2 animals, treatment with
XJB-5-131 attenuated somatic expansion at 12 weeks
of treatment and reduced the density of inclusions
(Fig. 6B) [71]. XJB-5-131 also suppressed the expan-
sion mutation in HdhQ(150/150) animals compared
to WT animals at older ages [67]. The ability for XJB-
5-131 to reduce expansion is perhaps the most direct
evidence that expansion arises from oxidative DNA
damage and that targeted neutralization of oxidation
in MT can offset HD onset and progression. (Some
models for somatic expansion have been recently
reviewed in a special issue of the Journal of Hunt-
ington’s Disease, 2021). Toxicity and expansion are
directly related by oxidation and form a feedback loop
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Fig. 6. A) The step schematic of the toxic-oxidation cycle, image modified with permission from [72], as described in the text. B) XJB-5-131
blocks somatic expansion in R6/2 animals as they age [71]. Blue is the number of repeats in the CAG tract of the tail DNA at birth, while the
red is the number of repeats in the repeat tract at 8 or 12 weeks in brain tissue from the striatum. Vehicle treated R6/2 animals expand their
repeats tract over time, while somatic expansion is suppressed in XJB-5-131-treated animals. The repeats tracts are illustrated by Genescan
plots, which display the size distribution of the most prevalent repeat tract lengths as peaks in the distribution. The results are taken from
Polyzos et al., PLoS One. 2018;13(4):e0194580 [71], which is freely available under the Creative Commons CC0 public domain dedication.

Fig. 7. Beneficial properties of XJB-5-131. A) Schematic diagram of XJB-5-131 entry into brain MT and the mechanism of neuronal
protection. B) Summary of the beneficial properties of XJB-5-131.

in which the two processes exacerbate each other. By
reducing reactive oxygen species, XJB-5-131 breaks
the cycle between the rise in oxidative damage dur-

ing disease progression and the somatic growth of
the CAG repeat, which is a response to the oxida-
tion.
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Fig. 8. Analogs of XJB-5-131. Upper: Schematic diagram of JP4-039 and alternative analogs. The tripeptide moiety in XJB-5-131 is deleted
in the truncated JP4-039, which only retains the dipeptide alkene isostere and nitroxide components. Lower: Structures of 3 hypothetical
XJB-5-131analogs with decreasing structural complexity from left to right and increasing similarity to JP4-039.

SUMMARY: THE BENEFICIAL
PROPERTIES OF XJB-5-131

In conclusion, the use of XJB-5-131 in neurode-
generative pathologies has three main advantages
that overcome at least some potential sources of
past clinical failures of antioxidant therapies (Fig. 7).
Since XJB-5-131 is a synthetic antioxidant, it is not
modulated by gene expression and is capable of
achieving and maintaining pharmacologically effec-
tive concentrations in cells. XJB-5-131 crosses the
BBB and is readily visualized in the brains of rats
by in vivo EPR imaging [55]. Furthermore, XJB-
5-131 is charge neutral and does not influence the
mitochondrial membrane potential nor does it depend
on the electrostatic gradient to enter MT (Fig. 7).
These properties of XJB-5-131 provide a mecha-
nism for improving mitochondrial function even after
membrane depolarization. Mitochondrial targeting
delivers the antioxidant directly to the specific site
needed for neutralization, increases the lifetime of
the antioxidant, and protects the mtDNA, membranes
and proteins against damage (Fig. 7). The use of
synthetic derivatives avoids the inevitable downregu-
lation of endogenous natural antioxidants production
that limits the efficacy of vitamin Q10 supplements,

for example. Taken together, direct targeting of the
synthetic antioxidant to MT is poised to provide
a level of specificity and efficacy that enables a
viable therapeutic strategy. Because mitochondrial
decline is a common and central feature of toxicity
in the brain, targeted nitroxides such as XJB-5-131
are expected to be useful in a wide spectrum of
neurodegenerative diseases, or in other deleterious
ROS-induced conditions and mitochondrial malfunc-
tions. Indeed, recent studies have also established
XJB-5-131’s efficacy in renal injury [99], progres-
sive optic neuropathy [100] and in worm models for
PD [101]. Collectively, XJB-5-131 and its derivatives
are promising clinical candidates, and this class of
compounds warrants further investigation for their
efficacy.

XJB-5-131 may be effective alone or as an adju-
vant. Indeed, several hybrid compounds of tacrine
and structural moieties derived from natural sources
such as flavonoids [quercetin, rutin, coumarin, gal-
lamine, resveratrol, scutellarin, anisidine, hesperetin,
(-)-epicatechin], melatonin, and trolox have also been
applied as multitarget-directed ligands that reduce
oxidation in cells [102–106]. Co-treatment with XJB-
5-131 might improve efficacy. By either approach
(alone or as an adjuvant), the properties of synthetic
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XJB-5-131 show considerable promise and overcome
at least some sources of past failures.

LIABILITIES AND FUNCTIONAL
IMPROVEMENTS

The first-generation molecule, XJB-5-131, is
enriched in mitochondria 600-fold over the cytosol
[55]. However, the compound has a high molecular
weight, and low water solubility [53, 54]. Although
it is typically a detriment for small molecules, in
the case of XJB-5-131, the low solubility appears
to play a beneficial role in that it drives the com-
pounds from the cytosol into the MT, preventing
rapid clearance at its target. However, the cost of
this is that animals must be treated continuously
with the drug to achieve pharmacological activity (by
intraperitoneal injection). Additionally, the synthe-
sis of XJB-5-131 requires a minimum of 17 steps,
which is challenging for scale-up [54]. A simplified
second-generation analog, JP4-039, has substantially
improved the physical properties of XJB-5-131 [66]
(Fig. 8). This molecule benefits from lower MW, and
higher solubility, and an easily scalable synthesis. In
preliminary testing, JP4-039 has attractive biological
properties while maintaining significant mitochon-
drial localization and ROS-scavenging abilities. The
structural complexity from XJB-5-131 to JP4-039
retains a significant amount of structural diversity
and provides structural variations and conformations
that are yet to be explored. While it is realistic to
anticipate that future analogs of XJB-5-131 are likely
to have even better properties, clinical development
would require a complete set of preclinical studies in
multiple animal models to establish merit.
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