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Abstract

Background and Purpose: Nervonic acid plays a vital role in maintaining normal brain
and neuronal function. Nervonic acid has gained increasing attention because of its
potential neuroprotective and anti-inflammatory properties. Nonetheless, the benefi-
cial effects of nervonic acid are yet to be fully investigated. Adrenomyeloneuropathy
(AMN), a type of X-linked adrenoleukodystrophy (ALD), is a progressive inherited
metabolic disease characterised by accumulation of saturated very long-chain fatty
acids (VLCFAs) in plasma and tissues, leading to increasing oxidative stress, mito-
chondrial dysfunction, neuroinflammation, cognitive dysfunction and disability. We
previously found that nervonic acid can biochemically reverse the accumulation of
saturated VLCFAs and increase cellular ATP production in ALD. Here, we investi-
gated nervonic acid as a potential therapy for ALD by assessing its impact on mito-
chondrial function.

Experimental Approach: We assessed the effect of nervonic acid on cellular bioener-
getics and oxidative stress in AMN patient-derived fibroblasts. We employed Sea-
horse real-time cell metabolic analysis and imaging of cells treated with increasing
concentrations of nervonic acid. Normal dermal fibroblasts served as the healthy
control.

Key Results: AMN cells demonstrate significantly impaired basal respiration, ATP
production, maximal respiration and spare respiratory capacity compared to healthy
fibroblasts. These mitochondrial respiration parameters significantly improved on
treatment with nervonic acid in a concentration-dependent manner. Nervonic acid
treatment also significantly reduced mitochondria-derived and total cellular reactive
oxygen species, indicating mitigation of total oxidative stress.

Conclusion and Implications: Our findings indicate a new mechanism of action
for nervonic acid in ALD and other mitochondrial dysfunction-associated diseases.
This can also indirectly prevent downstream inflammation, thus altering disease

progression.

Abbreviations: ALD, Adrenoleukodystrophy; AMN, Adrenomyeloneuropathy; cALD, Cerebral adrenoleukodystrophy; MEM, Minimum essential medium; VLCFA, Very long-chain fatty acid.
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1 | INTRODUCTION

Nervonic acid (NA, C24:1n-9) is a 24-carbon very long-chain fatty acid
(VLCFA) that plays an essential role in human health (Li et al., 2019).
As a naturally occurring fatty acid in human milk, nervonic acid helps
with myelination in the early stages of life (Yu et al., 2019). Further, as
the major monounsaturated fatty acid in sphingomyelin that contrib-
utes to the formation of the myelin sheath, nervonic acid is crucial for
the development and maintenance of the brain and nervous system
(Lewkowicz et al., 2019; Martinez & Mougan, 1998). Preclinical and
clinical investigations have indicated that nervonic acid holds the
potential to alleviate motor, cognitive and neurological impairments
(Aihaiti et al., 2023; Song et al., 2022; Zhang et al., 2024). Preliminary
evidence suggests that nervonic acid can also modulate cellular anti-
oxidant defence systems and inflammation in neurodegenerative con-
ditions, rendering it a promising therapeutic candidate for neurological
diseases (Aihaiti et al., 2023).

X-linked adrenoleukodystrophy (ALD) is one such inherited neu-
rodegenerative disorder with an incidence of approximately 1 in
14,700 to 17,000 births in the United States (Moser et al., 2016; Turk
et al,, 2020). It is a rapidly progressive and devastating condition that
typically results in fatality within a few years from disease onset,
particularly affecting boys in the first decade of life (Santosh Rai
et al., 2013). Substantial phenotypic variability has been shown in
ALD, ranging from the milder form of adrenomyeloneuropathy (AMN,
40-46%) to the more severe form of cerebral ALD (cALD, 40-45%),
with over 50% of AMN and cALD patients developing adrenocortical
insufficiency (Addison's disease) (Engelen et al., 2012; Ronghe
et al.,, 2002). In addition, women who have ALD will also eventually
develop symptoms in adulthood, with over 80% developing spinal
cord disease (Huffnagel et al., 2019). Current approved therapies are
targeted toward young boys with cerebral ALD in the early stages of
the disease to arrest disease progression (Gupta et al, 2022).
However, to date, there are no FDA-approved treatments available
for all patients with ALD, especially those who will ultimately develop
one of the ALD phenotypes in the later decades of life.

ALD is caused by mutations in the ABCD1 gene and is charac-
terised by the accumulation of saturated VLCFA, predominantly
hexacosanoic acid (C26:0), in plasma, brain white matter, adrenal
cortex and testis (Ferrer et al., 2010; Gordon et al., 2018; Kemp &
Wanders, 2010). Elevated levels of VLCFA are the predominant driv-
ing factor of disease progression in ALD. VLCFA toxicity can increase
reactive oxygen species (ROS) production, leading to oxidative stress,
impaired mitochondrial function, thereby inducing neuroinflammation
in ALD models (Fourcade et al., 2008, 2015; Singh & Pujol, 2010).
Dysfunction in mitochondria by itself can further result in issues such
as accelerated lipid peroxidation of neuronal membranes, decreased

mitochondrial inner membrane potential and ATP production, axonal

What is already known?

e In X-linked ALD, the accumulation of VLCFA triggers

oxidative  stress, mitochondrial dysfunction and
neuroinflammation.
e Nervonic acid can significantly decrease VLCFA levels in

ALD patient-derived fibroblasts.

What does this study add?

(AMN) cells

impaired mitochondrial function, which can be normalised

e Adrenomyeloneuropathy demonstrate
by nervonic acid treatment.
o Additionally, nervonic acid treatment can mitigate cellular

and mitochondrial oxidative stress.

What is the clinical significance?

e Nervonic acid has therapeutic benefits for ALD through
multiple mechanisms of action.
e The effect on mitochondrial function supports its clinical

use in other related conditions.

degeneration and ultimately neuronal death (Fourcade et al., 2015;
Zhao et al, 2022). These processes, triggered by toxic VLCFAs
can occur in all individuals harbouring ABCD1 mutations, thus
serving as a major therapeutic target for developing disease-modifying
interventions.

Considering the neuroprotective properties of nervonic acid, we
postulate that this fatty acid can directly and indirectly benefit the
treatment of ALD. Our previous publication demonstrated a direct
effect of nervonic acid, by biochemically reversing the accumulation
of free and complex C26:0 in fibroblasts derived from patients with
ALD. In addition, we observed nervonic acid to concurrently increase
ATP production and indirectly offer cytoprotection in these cells
(Terluk et al., 2022). However, the underlying mechanisms by which
nervonic acid mitigates oxidative damage and enhances ATP produc-
tion have not been comprehensively investigated. In this paper, using
patient-derived fibroblasts and live cell analyses, we elucidate the
therapeutic benefits of nervonic acid, specifically targeting mitochon-
drial dysfunction and cellular oxidative stress in AMN. The enhanced

comprehension of the pharmacological benefits of nervonic acid in


https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=154&objId=788#788

LI ET AL

4136 BRITISH
PHARMACOLOGICAL:
SOCIETY

AMN will facilitate its future development as a potential therapy for
all forms of ALD and may extend to treating a broader range of
neurological diseases associated with mitochondrial dysfunction and

oxidative damage.

2 | METHODS

21 | Fibroblast culture and treatments

Normal human dermal fibroblasts (NHDF) were purchased from
Lonza Bioscience (cat. no. CC-2509, Walkersville, MD, USA). This
cell line, derived from the dermis of the normal human neonatal
foreskin, was used as the healthy control for evaluating mitochon-
drial function. Normal human dermal fibroblasts were generously
provided by Dr. James Dutton (Stem Cell Institute, University of
Minnesota, Minneapolis, MN, USA). AMN fibroblasts (GM17819,
RRID:CVCL_WO059) derived from the forearm skin of an adult AMN
patient were purchased from Coriell Institute (Camden, NJ, USA).
Fibroblasts were seeded on either 8-well chamber slides or 96-well
plates using MEM supplemented with 5% FBS, 1% MEM non-
essential amino acids solution and 1% penicillin-streptomycin in a
humidified incubator at 37°C with 5% CO,. The cells were treated
concentrations of freshly prepared nervonic
acid solutions (5, 20 and 50 uM), EtOH (vehicle control) or medium

only (control), using 2% FBS medium with supplements. Following

with  various

5 days of treatment, cells were subjected to mitochondrial function

analysis or cell imaging.

2.2 | Live cell staining and cell imaging

Oxidative stress in AMN fibroblasts was quantified utilising live cell
staining and cell imaging techniques. Cells were seeded on chamber
slides at a density of 1.25 x 10* cells per well. After 5 days of treat-
ment, the cellular ROS, mitochondrial superoxide and content of
mitochondria were measured by staining the cells with specific fluo-
rescent dyes. CelROX™ Green reagent (5 uM) was employed for the
detection and quantification of total ROS in AMN cells. MitoSOX™
Red reagent (5 uM), which is selectively targeted to the mitochon-
dria, was utilised for the detection and quantification of mitochon-
drial superoxides. MitoTracker™ Green reagent (200 nM) was used
for labelling and localisation of mitochondria. DAPI (5 pg ml~%) was
used to stain cell nuclei by binding to DNA, facilitating the visualisa-
tion and localisation of cells. Following the staining procedure, cells
were fixed with 4% paraformaldehyde (PFA) and promptly used for
cell imaging. Cell imaging and fluorescence visualisation were
performed using the All-in-One Fluorescence Microscope BZ-X800
(Keyence, Osaka, Japan) with appropriate excitation filters as recom-
mended by the manufacturer. Quantification analysis of fluorescence
intensity was performed using the BZ-X800 Analyser (Keyence,
Osaka, Japan) with single extraction mode. The total fluorescence

intensity was quantified for each image and the corresponding total

cell numbers were counted. The average fluorescence intensity was
calculated by dividing the total fluorescence intensity by the total

cellular content.

2.3 | Mitochondrial function analysis

Mitochondrial function was assessed on normal human dermal
fibroblasts and AMN cells using the Mito Stress Test (MST) in an
XFe96 Extracellular Flux Analyser (Agilent Technologies, Santa Clara,
CA, USA). Cells (1.25 and 2.25 x 10* cells per well) were seeded over-
night on Cell-Tak™ coated XFe96 microplate and then treated with
nervonic acid (5, 20 and 50 uM) for either 24 h or 5 days. For the
Mito stress test measurements, the culture medium was replaced with
XF DMEM medium supplemented with glutamine 4 mM, sodium
pyruvate 1 mM and glucose 24.9 mM, and set to pH 7.4 and 37°C.
Oxygen consumption rate (OCR) was detected at baseline and after
the following injections: (1) oligomycin (2.5 uM), (2) carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone/FCCP (2 uM) and (3) rotenone
(1 uM) combined with antimycin A (1 uM). This protocol allowed the
analysis of the following parameters: basal respiration, ATP produc-
tion, proton leak, maximal respiration, spare respiratory capacity, non-
mitochondrial respiration, coupling efficiency percentage and spare
respiratory capacity percentage. The Mito stress test assay protocol
was conducted following the manufacturer's instructions (Agilent).
Oxygen consumption rate data were normalised by the number of
cells determined by CyQUANT™ NF Cell Proliferation Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA) and using a fluores-
cence BioTek Synergy 2 Multimode Reader, along with BioTek Gen5
software (Agilent). Oxygen consumption rate results were generated
by Seahorse Wave Pro (Agilent), analysed with the Seahorse Analytics
software (Agilent) and expressed as the oxygen consumption rate in

pmol min~* cells™2.

24 | Data and statistical analysis

All results are presented as the mean * standard error of the mean
(SEM). All the analyses were based on data from at least 5 indepen-
dent experiments performed on different days. Data were analysed
using one-way analysis of variance (ANOVA) with Tukey's test or
Fisher's Least Significant Difference (LSD) test for multiple compari-
sons and the unpaired Student's t-test. A significance level of
P < 0.05 was adopted as the threshold for determining statistical sig-
nificance. Post hoc tests were run only when F achieved P < 0.05
and there was no variance inhomogeneity. All statistical analyses
were performed using GraphPad Prism 8 software (GraphPad Soft-
ware, Boston, MA, USA). Randomization or blinding were not carried
out as they were considered not applicable for this study. Graphical
abstract was generated using BioRender (Created in https://
BioRender.com). This paper complies with British Journal of Pharma-
cology recommendations and requirements on experimental design
and analysis (Curtis et al., 2022).
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2.5 | Materials
2.5.1 | Cell culture medium and reagents

Minimum essential medium (MEM), heat-inactivated foetal bovine
serum (FBS), MEM non-essential amino acids solution, penicillin-
streptomycin (5000 units mI~? of penicillin and 5000 pg mlI~! of
streptomycin) and trypsin-EDTA (0.05%) were obtained from Thermo
Fisher Scientific (Carlsbad, CA, USA); phosphate-buffered saline (PBS)
was acquired from Genesee Scientific (San Diego, CA, USA).
Cell-Tak™ Cell and Tissue Adhesive was purchased from Corning Inc.
(Corning, NY, USA).

252 | Cell treatment

Nervonic acid (purity > 99%) was purchased from Sigma-Aldrich
(Burlington, MA, USA). Ethanol (EtOH, 200 proof) that was used for the
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preparation of nervonic acid stock solution was purchased from Decon
Laboratories Inc. (King of Prussia, PA, USA). The concentration of EtOH

in the medium was maintained below 0.1% for all treatment groups.

2.53 | Cell staining reagents

CellROX™ Green reagent, MitoSOX™ Red mitochondrial superoxide
indicator and MitoTracker™ Green FM were obtained from Thermo
Fisher Scientific (Carlsbad, CA, USA). DAPI (4',6-Diamidino-2-Pheny-
lindole, Dilactate) was purchased from Sigma-Aldrich (Burlington,
MA, USA).

2.54 | Reagents for Seahorse assay

Seahorse XFe96 FluxPak, Seahorse XF DMEM medium and
Seahorse XF 1.0 M glucose solution were purchased from Agilent.
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FIGURE 1

Mitochondrial function in patient-derived fibroblasts from adrenomyeloneuropathy (AMN; GM17819) compared to normal cells

(NHDF) was assessed using the mitochondrial stress test (MST) conducted by Seahorse Analyser. (a) The mitochondrial respiration and (b-g)
mitochondrial parameters were calculated from oxygen consumption rates (OCR). Data are presented as individual values and means + SEM for
NHDF (h = 6) and AMN cells (n = 6). Statistical analysis was performed using Student's t-test (*, P < 0.05).
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L-Glutamine was obtained from Thermo Fisher Scientific (Waltham,
MA, USA). Sodium pyruvate was sourced from Life Technologies
(Carlsbad, CA, USA). Oligomycin complex, 2-[2-[4-(trifluoromethoxy)
phenyl]lhydrazinylidene]-propanedinitrile (FCCP), antimycin A and
rotenone were acquired from Cayman Chemical (Ann Arbor, M,
USA). Additionally, the 0.1% gelatine in water was procured from
Stem Cell Technologies (Vancouver, British Columbia, CA).

Details of other materials and suppliers are provided in specific

sections.

2.6 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
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http://www.guidetopharmacology.org and are permanently archived
in the Concise Guide to PHARMACOLOGY 2023/24 (Alexander
etal.,, 2023).

3 | RESULTS

3.1 | Mitochondrial function is impaired in
adrenomyeloneuropathy (AMN) fibroblasts

We first assessed the extent of mitochondrial dysfunction in AMN
in relation to normal fibroblasts (NHDF) using a real-time cell
metabolic analysis. Mitochondrial respiration profiles of normal human
dermal fibroblasts and AMN cells were determined (Figure 1a), and

key respiration parameters were calculated from oxygen consumption
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FIGURE 2

Effect of nervonic acid (NA) on mitochondrial bioenergetics in adrenomyeloneuropathy (AMN) fibroblasts. Cells were treated with

increasing concentrations of NA (5, 20 and 50 uM), growing media only or ethanol (vehicle) plus growing media (control) for 5 days, and
subsequently analysed using the mitochondrial stress test (MST) by Seahorse analyser. The (a) mitochondrial respiration profile and (b-g)
mitochondrial parameters were calculated from oxygen consumption rates (OCR). Data are presented as individual values and means + SEM
(n = 5). Statistical analysis was conducted by one-way ANOVA with Fisher's LSD test (*, P < 0.05).
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rate measurements before and after the sequential injections of oligo-
mycin, FCCP and rotenone with antimycin A, as utilised in the Mito
stress test. This approach allows for the calculation of mitochondrial
respiration parameters illustrated in Figure 1b-g, including basal respi-
ration, ATP production, maximal respiration and spare respiratory
capacity. Additionally, coupling efficiency and spare respiratory capac-
ity percentages were calculated. Our results indicate that basal respi-
ration, ATP-linked respiration, maximal respiration, spare respiratory
capacity and spare respiratory capacity percent in AMN cells are sig-
nificantly lower than those in normal cells. However, coupling effi-
ciency percentage was found to be elevated in AMN compared to
normal fibroblasts. Additionally, oxygen consumption rate values for
proton leak were significantly reduced, while non-mitochondrial
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respiration was higher in AMN cells compared to normal human der-
mal fibroblasts cells. These observations strongly support the involve-
ment of bioenergetics failure in ALD pathogenesis.

3.2 | Nervonic acid contributes to mitochondrial
function improvement in AMN fibroblasts

Following the confirmation of mitochondrial dysfunction in AMN
cells, we investigated the mitochondrial effects of nervonic acid in
this in vitro model. Treatment with 50 UM nervonic acid for 5 days
significantly improved key parameters, including basal respiration and
ATP-linked respiration. Additionally, maximal respiration and spare

(D) () )
NA 20puM

NA 50pM

I Control
3 Vehicle
O 5uM
= 20 yM
£ 50 uM

(a) Representative images of adrenomyeloneuropathy (AMN) fibroblasts after 5 days of treatment as follows: (I) control (cell

culture medium only); (Il) vehicle (0.1% ethanol); (Ill) 5 UM nervonic acid (NA); (IV) 20 uM NA; (V) 50 uM NA. Reactive oxygen species in cells
were stained by CellROX™ in green as shown in the first row; nuclear DNA was stained by DAPI in blue as shown in the second row; overlay of
the two fluorescent signals is shown in the third row. (b) Quantification of CelROX™ fluorescence intensity in AMN fibroblasts after 5 days of
different treatments (n = 5). Data are presented as individual values and means + SEM. Data were normalised with the control group, which was
set to 100% fluorescence. Data from all groups were obtained from independent experiments performed on different days. One-way analysis of
variance (ANOVA) followed by Tukey's post hoc test was employed to compare the fluorescence intensity among groups and to correct for

multiple comparisons. (**, P < 0.01; ***, P < 0.001).
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respiratory capacity showed an increasing trend following nervonic
acid treatment, although the changes were not statistically significant
(Figure 2b-f). Notably,

levels comparable to those observed in normal cells (compare parame-

the parameter values increased to
ters in Figure 2 versus Figure 1). However, proton leak and non-
mitochondrial respiration did not show significant changes. We also
observed a concentration-dependent effect across all three nervonic
acid concentrations on most of the parameters following 5-day treat-
ment. In contrast, nervonic acid treatment at the same concentrations
for only 24 h did not show mitochondrial functional benefits, thus
requiring longer-term exposure. Mitochondrial respiration parameters
from the 24-h and 5-day nervonic acid treatment studies are
summarised in Tables S1 and S2.

(a) 0 0

Control Vehicle

DAPI MitoSOX

Overlay

(b)

*
- 1
200 *
| p— |
150+ A
100

Fluorescence (% of Control)

RN

n .
1 I I
>

FIGURE 4

3.3 | Nervonic acid mitigates oxidative stress by
decreasing the total cellular ROS

Given the close association between mitochondrial dysfunction
and oxidative damage, we further assessed the impact of nervonic
acid on cellular oxidative stress by quantifying the total ROS
levels in AMN cells. After 5 days of nervonic acid treatment, a
significant reduction in cellular ROS levels was observed across all
nervonic acid treatment groups compared to the vehicle control
(Figure 3).
dependent effect of nervonic acid on ROS, as evidenced by the

However, we did not observe a concentration-

consistent reduction of up to 23% in ROS levels observed across

the three concentrations of nervonic acid treated groups.

() () v)
NA 5pM

NA 20pM NA 50pM

I Control
3 Vehicle
0 5uM
= 20 uMm
1 50 uyM

(a) Summarised representative images of adrenomyeloneuropathy (AMN) fibroblasts after 5 days of treatment as follows:

(I) control (cell culture medium only); (Il) vehicle (0.1% ethanol); (Ill) 5 uM nervonic acid (NA); (IV) 20 uM NA; (V) 50 uM NA. Superoxide generated
in the mitochondria was stained by MitoSOX™ in red as shown in the first row; nuclear DNA was stained by DAPI in blue as shown in the second
row; overlay of the two fluorescent signals is shown in the third row. (b) Quantification of MitoSOX™ fluorescence intensity in AMN fibroblasts
after 5 days of different treatments (n = 5). Data are presented as individual values and means + SEM. Data were normalised with the control
group, which was set to 100% fluorescence. Data from all groups were obtained from independent experiments performed on different days.
One-way analysis of variance (ANOVA) followed by Tukey's post hoc test was employed to compare the fluorescence intensity among the groups

and to correct for multiple comparisons. (*, P < 0.05).
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Furthermore, the corresponding multiple comparisons conducted
among the nervonic acid treatment groups revealed no statistically
significant differences in ROS levels. Overall, this finding provides
clear evidence of attenuated oxidative stress in AMN cells treated

with nervonic acid.
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3.4 | Nervonic acid significantly attenuates
mitochondrial superoxide production

Building upon the effect of nervonic acid on cellular ROS levels, we

proceeded to investigate its specific impact on superoxide generated

{1
NA 5pM

()
NA 20pM

)
NA 50uM

()
NA 5pM

)
NA 20pM

)
NA 50pM

I Control
O Vehicle
0 5uM
3 20 uM
1 50 uM

(a) Phase-contrast images and (b) summarised representative images of adrenomyeloneuropathy (AMN) fibroblasts after 5 days of

treatment as follows: (I) control (cell culture medium only); (Il) vehicle (0.1% ethanol); (Ill) 5 uM nervonic acid (NA); (IV) 20 uM NA; (V) 50 uM NA.
Active mitochondria in cells were stained by MitoTracker™ in green as shown in the first row; nuclear DNA was stained by DAPI in blue as shown
in the second row; overlay of the two fluorescent signals is shown in the third row. (c) Quantification of MitoTracker™ fluorescence intensity in
AMN fibroblasts after 5 days of different treatments (n = 5). Data are presented as individual values and means + SEM. During image acquisition,
data were normalised with the control group, which was set to 100% fluorescence. Data from all groups were obtained from independent
experiments performed on different days. One-way analysis of variance (ANOVA) followed by Tukey's post hoc test was employed to compare
the fluorescence intensity among groups and to correct for multiple comparisons.



LI ET AL

4142 BRITISH
PHARMACOLOGICAL:
SOCIETY

within mitochondria. In line with the above results, we observed a sig-
nificant decrease of up to 22% in mitochondrial superoxide levels fol-
lowing the treatment with 5 and 20 uM of nervonic acid, whereas
treatment with 50 uM nervonic acid did not lead to an obvious
reduction in the level of superoxides (Figure 4). Moreover, the effect
of nervonic acid on mitochondrial superoxide was not found to be
concentration dependent, as there was no statistically significant dif-
ference in superoxide levels between the 5 and 20 uM nervonic acid
treatment groups. The findings from this study provide additional evi-
dence supporting the beneficial effect of nervonic acid in mitigating
oxidative stress by specifically targeting mitochondria. Furthermore,
our results suggest that the concentration-response relationship of
nervonic acid on total ROS and mitochondrial superoxide may follow
a nonlinear pattern, with an optimal concentration likely falling within
the range of 20 to 50 uM. However, further investigation is necessary
to elucidate the underlying mechanisms driving this nonlinear

response.

3.5 | Nervonic acid demonstrates no toxic effect
on cellular morphology and mitochondrial content

Considering the impact of nervonic acid on mitochondrial function
and cellular oxidative stress, it is essential to ensure that nervonic acid
concentrations tested here do not lead to mitochondrial damage or
disrupt the normal cellular structure. Phase-contrast imaging was per-
formed to evaluate the morphology of cells subjected to the same
treatments as described earlier. After 5 days of treatment, no signifi-
cant differences in cell size and morphology were observed among
the treatment groups (ranging from 5 to 50 uM), indicating that ner-
vonic acid did not induce cellular toxicity (Figure 5a). The total content
of mitochondria was then quantified and visualised using fluorescent
imaging. Our results indicate that nervonic acid did not reduce or
impair the total level of mitochondria in AMN fibroblasts (Figure 5b,c).
Moreover, cells treated with nervonic acid exhibited a slightly increas-
ing trend in mitochondrial quantity, implying its potential mitochon-
drial benefits.

4 | DISCUSSION AND CONCLUSIONS

Mitochondrial dysfunction and oxidative stress may play a causal role
in neurodegenerative disease pathogenesis (Lin & Beal, 2006). Mito-
chondrial damage leads to increased ROS production, while oxidative
stress can exacerbate the decline of mitochondrial function and ulti-
mately cause neuronal death (Carri et al., 2015). In adrenoleukodys-
trophy (ALD), oxidative damage has been observed in the brain and
adrenal cortex obtained posthumously from patients (Powers
et al., 2005). The metabolic dysfunction of very long-chain fatty acids
(VLCFA:s) triggers a cascade of pathological changes such as destabili-
sation of the myelin sheath and defective cellular functions that
worsen the disease condition (Dubois-Dalcq et al., 1999; Ho
et al,, 1995; Kruska et al., 2015). The accumulated C26:0 has been

found to specifically impair oxidative phosphorylation and mitochon-
drial function while promoting mitochondrial ROS generation in both
the spinal cord of Abcdl mice and ALD fibroblasts (Fourcade
et al., 2008; Lopez-Erauskin et al., 2012, 2013; Singh & Pujol, 2010).
Altogether, secondary pathologies in ALD, including mitochondrial
damage, oxidative stress, proteostasis dysfunction and neuroinflam-
mation, synergistically contribute to axonal degeneration and neuronal
demise (Fourcade et al., 2015). The combined information unveils the
potential therapeutic targets for ALD, focussing on mitochondrial fail-
ure and oxidative stress, thereby bringing more opportunities for the
development of disease-modifying therapies.

To date, there is a lack of FDA-approved therapies to prevent or
arrest the pathogenesis of AMN, the most common phenotype of
ALD. The two approved therapies, haematopoietic stem cell trans-
plantation and lentiviral-based gene therapy have only demonstrated
favourable outcomes when administered during the early stages of
active childhood cALD. Furthermore, allogeneic transplantation is typ-
ically accompanied by significant complications and carries a risk of
infections, while gene therapy poses the potential risk of inducing
hematologic malignancy (Gupta et al., 2022). Since 2016, ALD has
been added to the Recommended Uniform Screening Panel for new-
born screening in the United States, leading to an increased number
of at-risk individuals (Moser et al., 2016). Several pharmacological can-
didates with various therapeutic goals are currently under develop-
ment for ALD; however, none of them have demonstrated significant
efficacy in arresting or delaying disease progression. Vitamin D sup-
plementation has been developed to mitigate the risk of brain lesions
and inflammation, but its efficacy has not been fully determined (Van
Haren et al., 2023). Pioglitazone, an anti-diabetic thiazolidinedione,
has been shown to reduce VLCFA levels and improve mitochondrial
function in ALD cell and mouse models (Monternier et al., 2022). A
phase 2 trial has been conducted to evaluate the effectiveness of Pio-
glitazone in adrenomyeloneuropathy (AMN) patients, but the results
are still pending. Leriglitazone, a peroxisome proliferator-activated
receptor gamma (NR1C3) agonist, has also been investigated for its
potential in regulating oxidative stress and neuroinflammation, but the
phases 2 and 3 trials failed to meet its primary endpoint in patients
with AMN (Kéhler et al., 2023). Taken together, there is an urgent
need to develop a single, efficacious agent capable of targeting the
multiple pathological mechanisms in ALD.

Nervonic acid stands out as one such therapeutic candidate with
multiple mechanisms of action. As an indispensable component for
myelination, nervonic acid has recently gained increasing attention
across various diseases, including neurological disorders, diabetes and
cancer (Phung et al., 2023). Furthermore, a decreased level of nervo-
nic acid has been observed in sphingolipids from postmortem brains
of patients with multiple sclerosis and ALD, indicating the significance
of nervonic acid in demyelinating diseases (Sargent et al., 1994). Liter-
ature evidence indicates that nervonic acid exhibits antioxidant capac-
ity, improves learning and memory ability, and alleviates inflammation
in an Alzheimer's disease mouse model (Aihaiti et al., 2023). Similarly,
nervonic acid treatment was found to activate the cellular antioxidant

defence system, improve cell viability and upregulate the elimination
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of ROS, highlighting its potential as a neuroprotective agent in the
brain (Umemoto et al., 2021). Furthermore, nervonic acid has also
been found to tackle inflammation in the intestine and liver by reduc-
ing the secretion of inflammatory factors (tumour necrosis factor-a,
interleukin-6 [IL-6] and interleukin-1p [IL-1B]) and suppressing the
nuclear factor kappa B signalling pathway (Hu et al., 2023; Wang
et al., 2023; Yuan et al., 2023).

We demonstrated that nervonic acid treatment can increase ATP
production and effectively improve total lipid profiles in ALD fibro-
blasts (Terluk et al., 2022). Here we present the protective effects of
nervonic acid treatment on mitochondrial function and oxidative
stress. Baseline comparison of AMN with healthy cells reveals
impaired energy production, which is critical for cellular function and
survival, and consistent with literature findings (Fourcade et al., 2014).
The lower proton leak suggests reduced mitochondrial membrane per-
meability to protons, contributing to bioenergetics impairment. The
decreased maximal respiration and spare respiratory capacity highlight
the limited ability of these cells to meet increased energy demands as
observed during chronic VLCFA toxicity. In AMN, the increased non-
mitochondrial respiration and coupling efficiency when compared to
control cells suggest compensatory mechanisms to keep energy
homeostasis, but these are insufficient to overcome the overall bioen-
ergetics failure. These findings contribute to the increasing evidence
implicating mitochondrial dysfunction in the pathogenesis of ALD. An
excess of C26:0 induces oxidation of mitochondrial DNA and impairs
oxidative phosphorylation (OXPHOS), leading to increased production
of mitochondrial ROS from electron transport chain complexes
(Lopez-Erauskin et al, 2013). This also highlights the cross-talk
between mitochondria and peroxisomes in ALD pathogenesis. The
diminished mitochondrial bioenergetics observed in fibroblasts
derived from patients with ALD were also linked to decreased
of AMP-activated protein (AMPKA1),
which regulates mitochondrial biogenesis and function (O'Neill
et al., 2011; Singh & Giri, 2014). In addition to the peroxisomal defect,
examination of neural tissue from patients with AMN revealed lipidic

levels kinase alphal

inclusions within the mitochondria at the ultrastructural level. These
inclusions may contribute to impaired mitochondrial function and
subsequent axonal degeneration (Berger et al, 2014; Powers
et al., 2001).

At the molecular level, the ROS reduction following nervonic
acid treatment was associated with increased expression of Mn-SOD,
Cu/Zn-SOD and y-glutamylcysteine synthetase, which is responsible
for glutathione synthesis (Umemoto et al., 2021). Mn-SOD, located in
the mitochondria, and Cu/Zn-SOD, primarily found in the cytoplasm,
play crucial roles in antioxidant defence. By boosting glutathione syn-
thesis, which is essential for maintaining redox balance and reducing
oxidative stress, nervonic acid may protect mitochondrial integrity
and functionality in AMN cells. This can also explain the lack of nervo-
nic acid effects on mitochondrial parameters following the 24 h treat-
ment. Additionally, we have observed that pre-incubation with
nervonic acid, at concentrations up to 50 uM for 24 h or 5 days, does

not significantly reduce ROS production when AMN fibroblasts are
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exposed to high concentrations (25 to 75 uM) of the oxidising agent
tert-Butyl hydroperoxide (TBHP). Thus, nervonic acid does not appear
to act as a direct free radical scavenger. Further investigations are
warranted to decipher the underlying mechanisms of how nervonic
acid acts against oxidative damage in ALD. On the other
hand, evidence from the literature supports that fatty acids are main
source of acetyl-CoA that can be used in the citric acid cycle for
energy production (de Carvalho & Caramujo, 2018). Polyunsaturated
fatty acids can be incorporated into mitochondrial membranes,
thereby potentially affecting the membrane structure and function
(Sullivan et al., 2018). In addition, stearic acid has been identified as a
regulator of mitochondrial function, with dietary stearic acid capable
of promoting mitochondrial fusion, altering mitochondrial morphology
and restoring mitochondrial bioenergetics (Senyilmaz et al., 2015;
Senyilmaz-Tiebe et al., 2018). Similarly, another study reported that
mono- and polyunsaturated fatty acids ameliorate mitochondrial mor-
phological changes and improve mitochondrial respiration (Nisr
et al., 2020). Therefore, we propose that the effects of nervonic
acid on mitochondrial function are likely mediated through the modu-
lation of antioxidant signalling pathways, alterations in mitochondrial
membrane composition, regulation of mitochondrial morphology or
the enhancement of fatty acid p-oxidation pathways. nervonic acid,
being a monounsaturated omega-9 fatty acid, may thus modulate lipid
metabolism leading to increased energy production. Overall, our study
highlights the benefits of long-term exposure to nervonic acid in tar-
geting bioenergetics failure and ameliorating redox imbalances, sug-
gesting a promising therapeutic approach for AMN.

Dietary fatty acid supplements have been developed for the man-
agement of various diseases. Dietary supplementation of omega-3, a
polyunsaturated fatty acid, can help reduce relapse rates and improve
the quality of life in patients with multiple sclerosis (AlAmmar
et al., 2021). Moreover, polyunsaturated fatty acids have also been
found to be beneficial in cardiovascular diseases by preventing myo-
cardial infarction, exerting antithrombotic activity and improving vas-
cular function (Sokota-Wysoczanska et al., 2018). Similarly, dietary
intake of monounsaturated fatty acids is inversely associated with the
risk of all-cause mortality, indicating its potential benefits for human
health (Lotfi et al., 2021). This evidence indicates nervonic acid to be a
safe and viable dietary option in AMN. This would also benefit women
with the ABCD1 gene mutation, who are classified as patients with
AMN but who will develop symptoms in the later stages of life. As a
dietary therapy that can boost energy production and maintain an
optimal lipid profile, nervonic acid will be a promising intervention for
all individuals with ALD variants.

Herein, we present a well-designed adequately controlled study
demonstrating the therapeutic efficacy of nervonic acid on mitochon-
drial function and oxidative stress utilising live cell techniques. Our
study provides robust evidence that enhances the current under-
standing of the mechanism of nervonic acid action on cellular bioener-
getics, thereby laying the foundation for future evaluations in this
area. Further assessment of nervonic acid in a cALD cell line is needed

to gain a comprehensive understanding of its therapeutic benefits in
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the aggressive form of ALD. Moreover, the underlying mechanisms by
which nervonic acid improves mitochondrial function and metabolic
pathways require further in-depth investigation. It is also crucial to
investigate nervonic acid's impact on mitochondrial morphometry,
particularly regarding fission/fusion events and cristae swelling, in
future studies. The concentrations of nervonic acid used in this study
were determined based on our previous findings, wherein the selected
concentrations have shown biochemical effects in ALD cells (Terluk
et al., 2022). However, additional research is necessary to translate
these concentrations into those that can generate equivalent expo-
sures in future preclinical and clinical studies. To be applicable for clin-
ical use in conditions such as ALD and other neurological diseases, it
is also crucial to thoroughly understand the pharmacokinetics and tis-
sue disposition of nervonic acid, particularly in the brain. However,
plasma nervonic acid levels were considered potential biomarkers for
major depressive disorder and attention levels, suggesting the impor-
tance of safety assessment and dose determination in its development
as a pharmacological treatment (de Seymour et al., 2022; Kageyama
etal, 2017).

In summary, the multifaceted actions of nervonic acid,
which include reversing biochemical abnormalities, enhancing mito-
chondrial function and reducing oxidative stress, position it as a
promising therapeutic option for all patients with ABCD1 gene vari-
ants. Having a single therapy with multitarget activity would mark-
edly enhance efficacy, mitigate the risk of potential drug
interactions and expedite the drug development process, which
would be particularly crucial in rare disease research. Furthermore,
the mitochondrial benefits and antioxidant/anti-inflammatory prop-
erties of nervonic acid, as demonstrated in our study and supported
by literature, render it a possible candidate for treating various neu-
rological disorders associated with mitochondrial dysfunction and
inflammation.
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