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Abstract

Disturbances in the fatty acid lipidome are increasingly recognized as key drivers in the progression of various brain
disorders. In this review article, we delve into the impact of A9 fatty acid desaturases, with a particular focus on
stearoyl-CoA desaturase-1 (SCD1), within the setting of neuroinflammation, neurodegeneration, and brain repair.
Over the past years, it was established that inhibition or deficiency of SCD1 not only suppresses neuroinflammation
but also protects against neurodegeneration in conditions such as multiple sclerosis, Alzheimer’s disease,

and Parkinson’s disease. This protective effect is achieved through different mechanisms including enhanced
remyelination, reversal of synaptic and cognitive impairments, and mitigation of a-synuclein toxicity. Intriguingly,
metabolic rerouting of fatty acids via SCD1 improves the pathology associated with X-linked adrenoleukodystrophy,
suggesting context-dependent benign and harmful effects of SCD1 inhibition in the brain. Here, we summarize
and discuss the cellular and molecular mechanisms underlying both the beneficial and detrimental effects of SCD!1
in these neurological disorders. We explore commonalities and distinctions, shedding light on potential therapeutic
challenges. Additionally, we touch upon future research directions that promise to deepen our understanding of
SCD1 biology in brain disorders and potentially enhance the clinical utility of SCD1 inhibitors.

Keywords Neurodegenerative disorders, Fatty acid metabolism, Stearoyl-CoA desaturases, Cellular and molecular
dysfunction

Introduction

Fatty acids (FAs) play a crucial role in supporting various
cellular and tissular functions, encompassing the synthe-
sis of membranes, signal transduction, energy storage,
and protein modifications. These multifaceted processes
necessitate the presence of a diverse array of lipids, for
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biological membranes, as well as a cellular energy source
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and signaling molecules. Maintaining a balanced ratio of
SFAs and MUFAs is crucial for proper cell physiology, as
disturbances in this balance can significantly impact cel-
lular function in health and disease, in particular in the
lipid-rich central nervous system (CNS) [1].

Function and expression of A9 fatty acid
desaturases

Intracellular levels of SFAs and MUFAs are controlled
by a family of A9 FA desaturases, so called stearoyl-CoA
desaturases (SCDs). SCDs are four-span transmembrane
proteins that are localized in the endoplasmic reticulum
(ER) and function to introduce a cis-double bond at the
A9 position of FAs. Mechanistically, the double bond
formation is catalyzed by a diiron center in SCDs, where
Fe?" interacts with molecular oxygen to extract hydro-
gen atoms from FAs. The recovery of the diiron center
is facilitated by an electron transfer chain comprising
NADH, cytochrome b5 reductase, and cytochrome b5
[2]. According to the prevailing hypothesis, the desatu-
ration reaction catalyzed by SCDs follows a specific pat-
tern, involving the sequential removal of hydrogen atoms
from the C-9 and C-10 position of palmitic acid (C16:0)
and stearic acid (C18:0) [3, 4]. This reaction leads to the
formation of palmitoleic acid (C16:1) and oleic acid (OA,
C18:1).

SCDs are widely distributed in all organisms, span-
ning from unicellular organisms to vertebrates. In Sac-
charomyces cerevisiae, there is only one SCD orthologue,
known as Olel, which is localized to the ER [5]. In con-
trast, C. elegans and D. melanogaster have a greater
number of SCD orthologues: three in C. elegans (Fat-5,
Fat-6, and Fat-7) and two in D. melanogaster (Desatl and
Desat2) [6, 7]. Similarly, vertebrates, including mice and
humans, express multiple isoforms that share remarkable
similarities in their biochemical activity and sequence
[8-12]. Mice, for example, contain four SCD isoforms
(SCD1-4) that are expressed in a tissue-specific man-
ner, with SCD1 being present in all tissues, in particular
in lipogenic tissues, and SCD2, SCD3 and SCD4 being
highly abundant in brain, skin, and heart, respectively.
Humans, on the other hand, have two SCD isoforms,
SCD1 and SCD5. Similar to mice, human SCD1 is ubiqui-
tously expressed, with particularly high levels in lipogenic
tissues, while human SCD5 is predominantly expressed
in the brain and pancreas. Among these isoforms, SCD1
has been most extensively studied and implicated in
a wide range of inflammatory and metabolic diseases,
including cancer, obesity, cardiac pathologies, atheroscle-
rosis, and autoimmune disorders (reviewed in [13-15]).
In this review, we aim to delve into the role of SCD1 in
neurodegenerative and neuroinflammatory disorders,
explore its therapeutic potential in these pathological
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conditions, and identify potential challenges for its use as
a drug target.

SCD1 in neurological disorders

X-linked adrenoleukodystrophy

X-linked adrenoleukodystrophy (X-ALD) is a neurometa-
bolic disease caused by pathogenic variants in the ATP
binding cassette (ABC) subfamily D member 1 (ABCDI)
gene, which is located on the X chromosome (Xq28) and
encodes the peroxisomal transporter of CoA-activated
saturated very long—chain FAs (VLCFAs; 222 C atoms).
Pathogenic variants in ABCDI lead to impaired import
of VLCFAs into peroxisomes, resulting in reduced per-
oxisomal VLCFA B-oxidation and their accumulation in
plasma and tissue, including adrenal glands, spinal cord,
and brain (reviewed in [16]). In childhood, males with
X-ALD often develop progressive damage of the adre-
nal cortex and wide-spread detoriation of the myelin
sheath surrounding the axons in cerebral white matter,
so called demyelination. In adulthood, both males and
females develop a slowly progressive myeloneuropathy
[17]. There are several theories on how the accumulation
of VLCFAs leads to cellular and tissular damage. These
mechanisms range from VLCFAs disrupting membrane
phospholipid function and stability, to enhancing the
production of reactive oxygen species and exerting direct
cytotoxic effects (reviewed in [18]).

Given that cellular accumulation of VLCFAs is the pri-
mary pathological hallmark of X-ALD, therapeutic strat-
egies focused on normalizing VLCFA levels have been
regarded as central to treatment approaches. However,
emerging evidence indicates that VLCFA quality, rather
than or in addition to quantity, underpins their harm-
ful impact in X-ALD. By using human X-ALD fibro-
blasts and a zebrafish Abcdl mutant model, metabolic
rerouting of saturated to monounsaturated VLCFAs by
SCD1 was found to attenuate lipid toxicity (Fig. 1) [19].
Specifically, the authors demonstrated that enhancing
SCD1 expression and activity using an agonist for liver
X receptor (LXR), a nuclear receptor which senses cho-
lesterol and regulates the expression of lipid metabo-
lism genes including ScdI [20-23], partially normalized
the accumulation of toxic saturated VLCFA levels in
X-ALD fibroblasts and male Abcdli-deficient (Abcd1™)
mice [19]. Vice versa, CRISPR knockout of Scdl mim-
icked the motor phenotype observed in Abcdl zebrafish
mutants. These findings are consistent with exposure to
saturated, but not monounsaturated, VLCFAs inducing
ER stress and perturbing oxidative stress homeostasis
and mitochondrial function in human X-ALD fibroblasts
[24-27]. Notably, analysis of liver histology of wild-
types and Abcdl™” mice treated with the LXR agonist
T0901317 also showed adverse effects, including liver
steatosis, cell ballooning, and active inflammation [28].
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Fig. 1 SCD1 isadriver ofimmune, glia, and neuronal physiology in neurodegenerative disorders such as X-ALD, MS, AD, and PD. In X-linked adrenoleuko-
dystrophy (X-ALD, top left), SCD1 plays a crucial protective role by redirecting saturated to monounsaturated very long-chain fatty acids (VLCFAs), thereby
mitigating VLCFA-induced lipotoxicity. However, contrary to X-ALD, heightened activity and abundance of SCD1 drive disease progression in multiple
sclerosis (MS), Alzheimer's disease (AD), and Parkinson’s disease (PD). In MS (top right), SCD1-produced monounsaturated FAs (MUFA) destabilize plasma
membrane ATP-binding cassette transporter ABCA1 in a PKCS-dependent manner, leading to intracellular accumulation of highly inflammatory free cho-
lesterol in foamy myelin-containing macrophages and microglia. Moreover, SCD1 acts as a brake on Treg differentiation, exacerbating neuroinflammation
by suppressing adipose triglyceride lipase (ATGL)-dependent release of docosahexaenoic acid (DHA) and subsequent peroxisome proliferator-activated
receptor y (PPARy) activation. In AD (bottom left), disrupted saturated FAs (SFA)/MUFA ratios disrupt ependymal cell function in the subventricular zone
(SVZ), impairing neural stem cell (NSCs) physiology (e.g. proliferative deficits), a hallmark of AD. Additionally, SCD1 exacerbates the formation of a disease-
promoting microglial phenotype upon amyloid 3 engulfment. In PD (bottom right), SCD1 is implicated in a-synuclein (a-syn)-induced vesicle traffick-
ing deficits and pathogenic interactions with membranes. Increased SCD1-generated oleic acid (OA) enhances ER-mediated a-syn toxicity, potentially
through incorporation into diglycerides (DGs) and lipid droplets (LDs), while also promoting the formation of aggregation-prone a-syn monomers, thus

heightening a-syn membrane association and neurotoxicity

While this study identified the importance of SCD1 in
preventing the toxic accumulation of saturated VLCFAs,
more research is warranted to confirm the therapeu-
tic potential of increasing SCD1 expression in X-ALD
and to assess the suitability of LXR agonists to do so.
For example, it would be valuable to assess whether

treatment with tissue- or isoform-specific LXR agonists
[28], or other SCD1 modulators with reduced toxic-
ity, can impact axonal degeneration in X-ALD without
causing adverse side effects in the liver. More research
is also needed to elucidate the molecular mechanisms
underpinning the impact of LXR modulators on VLCFA
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quality. While LXR activation is indeed a driver of SCD1
expression, the endogenous LXR agonist 25-hydroxcho-
lesterol is also reported to reduce saturated VLCFAs in
X-ALD fibroblasts and oligodendrocytes by decreas-
ing the expression of VLCFA elongase 1 (ELOVL1) [29].
Further, LXR activation can reduce ABCD2 and ABCD3
abundance, which represent essential compensatory
enzymes for lack of ABCD1 [30]. Hence, the protective
impact of LXRs on SCD1 abundance may be nullified by
a simultaneous decrease in ABCD2 and ABCD3 activity.
Notably, alongside increasing ABCD2 and ABCD3 [31],
fibrates increase SCD1 expression through activation of
peroxisome proliferator-activated receptor (PPAR) a and
sterol regulatory element-binding protein (SREBP)lc
[32], and therefore could represent an alternative thera-
peutic approach to simultaneously promote peroxisomal
-oxidation of VCLFAs and the metabolic rerouting of
saturated to monounsaturated VLCFAs in X-ALD [33].
Finally, cell type-dependent and conditional differences
in SCD1 expression and activity, as well as the SFA/
MUFA balance, might well impact the functional proper-
ties of fibroblasts, neurons, and glial cells in X-ALD dif-
ferently. In support of this notion, while being protective
in X-ALD fibroblasts, increased SCD1 activity in mul-
tiple sclerosis (MS), Alzheimer’s disease (AD), and Par-
kinson’s disease (PD) is associated with the formation of
disease-promoting microglia and neuronal dysfunction
(see Sect. 3.2-3.4). Hence, in-depth profiling of cellu-
lar differences in response to changes in the abundance
of SFA, MUFA, and VLCFAs, as well as the activity of
ABCD1 and SCD1, is likely to provide increased insight
into X-ALD disease pathology.

Multiple sclerosis

MS is a neurodegenerative disease of the CNS that is
fueled by an unequivocal autoimmune response directed
against CNS-derived antigens. While genetic predispo-
sition accounts for part of the disease risk [34], a range
of lifestyle and environmental factors also play a critical
role in disease progression (reviewed in [35]). Key play-
ers in the immune response in MS include autoreactive
T cells which cross the blood-brain barrier (BBB) and
trigger inflammation. This leads to the CNS infiltration
and activation of additional immune cells, including mac-
rophages and microglia, resulting in demyelination and
axonal loss [36]. While endogenous CNS repair processes
such as remyelination are apparent in early MS lesions,
they frequently fail in progressive forms of MS. This has
profound pathophysiological consequences as sustained
loss of myelin disrupts axonal integrity and increases the
susceptibility of axons to inflammatory mediators [37].
With neurodegeneration standing as the primary catalyst
for MS disease symptoms, these studies accentuate the
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significance of unraveling the cellular and molecular driv-
ers of failure of CNS repair in MS.

Growing evidence from preclinical models that mimic
autoimmunity-mediated demyelination and remyelin-
ation highlights that imbalances in FA metabolism and
levels drive MS disease pathology by regulating the
inflammatory and regenerative properties of immune
cells (reviewed in [1]). Of particular interest, SCD1 abun-
dance and activity are highly elevated in macrophages
and microglia in active brain lesions of MS patients,
and loss and inhibition of SCD1 improves brain repair
in toxin-induced ex vivo and in vivo models for demy-
elination [38]. Mechanistically, SCD1-generated MUFAs
were demonstrated to reduce the surface abundance
of cholesterol efflux transporter ATP-binding cassette
transporter A1 (ABCA1) in a protein kinase C (PKC)
O-dependent manner. Loss of ABCA1l enhanced the
intracellular accumulation of highly inflammatory free
cholesterol in foamy myelin-containing macrophages
and microglia, thereby promoting the induction of an
inflammatory, disease-promoting phagocyte pheno-
type (Fig. 1). These findings are consistent with previous
studies showing that MUFAs can destabilize membrane
ABCAL1 and inhibit ABCA1l-mediated cholesterol efflux
[39-42]. The authors further showed that activation of
LXRs by myelin-derived cholesterol, LXRp in particular,
increased SCD1 expression in macrophages and microg-
lia after sustained intracellular accumulation [38, 43].
Collectively, these findings provide a molecular rationale
for the progressive nature of demyelinating lesions in MS
and identify SCD1 as a promising therapeutic target to
promote remyelination. Nevertheless, in light of the del-
eterious consequences associated with heightened SCD1
activity in foam cells, further investigation is essential to
elucidate the underlying molecular basis for the escalated
SCD1 activity in these cells. In particular, the findings
emphasize the crucial role of continuous endogenous
LXRp activation and subsequent SCDI1 induction in
driving the formation of inflammatory foam cells in MS,
despite the prevailing assumption that LXR activation
suppresses the formation of inflammatory macrophage
and microglia subsets (reviewed in 44). While these find-
ings could be contingent on specific cellular and environ-
mental differences, they align with existing evidence that
prolonged LXR activation, in contrast to short-term acti-
vation, can elicit inflammatory responses in human mac-
rophages [43]. Furthermore, since the expression levels of
Scdl transcripts are notably elevated in mature myelin-
forming oligodendrocytes compared to their precursor
cells [45], it is imperative to undertake a more in-depth
investigation into the consequences of inhibiting SCD1 in
this specific cell population as well.

Alongside suppressing remyelination by promoting
the induction of an inflammatory phagocyte phenotype,
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more recent findings indicate an important role for
SCD1 in autoimmune-mediated demyelination in MS as
well, with patient-derived T cells displaying enhanced
SCD1 activity [46]. Pharmacological inhibition and
genetic deficiency of SCD1 was further found to reduce
autoimmune-mediated demyelination in the experi-
mental autoimmune encephalomyelitis (EAE) model, a
well described animal model for MS that mimics auto-
immune-mediated degenerative events in the CNS [47].
Mechanistically, loss and inhibition of SCD1 primed
naive CD4" T cells to differentiate into immunosuppres-
sive regulatory T cells (Tregs). Guided by RNA sequenc-
ing and lipidomics analysis, absence of SCD1 in T cells
was found to enhance hydrolysis of TGs and phosphati-
dylcholine through adipose triglyceride lipase (ATGL).
This process culminated in the release of docosahexae-
noic acid (DHA), an omega-3 PUFA, which, in turn,
augmented Treg differentiation and diminished CNS
pathology in EAE mice by activating the nuclear recep-
tor PPARy (Fig. 1) [46]. Intriguingly, the latter find-
ing suggest a reciprocal interaction between SCD1 and
PPARY, where SCD1 is not merely a responsive gene of
PPARy but also contributes to the continuous activation
of PPARYy [48]. All in all, this study provides evidence that
SCD1 acts as an endogenous brake on the differentiation
of Tregs, thereby likely contributing to autoimmune-
mediated demyelination and neuroinflammation in the
EAE model. Although these findings align with previous
observations showing that (1) absence of SCD1 heightens
splenic follicular Tregs after influenza immunization [49],
(2) ATGL favors the hydrolysis of TGs and phosphatidyl-
choline rich in PUFAs [50], (3) DHA is a potent endog-
enous ligand for PPARy [51], and (4) both DHA and
PPARy promote Treg differentiation and suppress neu-
roinflammation [51-58], several unanswered questions
persist. For example, in contrast to promoting the differ-
entiation of immunomodulatory Tregs in the EAE model,
absence of SCD1 has also been reported to enhance the
colitogenic potential of Scdl™/~ CD4*CD25™ T cells when
transplanted into Rag]'/ ~ mice [59], an immunodeficient
mouse model lacking mature T and B cells. Deficiency
of Scdl led to elevated levels of SFAs, resulting in an
enhanced secretory profile of effector T cells and, unex-
pectedly, an increased cellular membrane fluidity. While
differences in the experimental animal models used may
account for this discrepancy, it also raises the intrigu-
ing question of whether increased Treg differentiation
serves as a protective response against the concurrent
induction of the colitogenic potential in T cells deficient
in Scdl. In addition, the precise molecular mechanisms
driving increased ATGL-dependent release of DHA in
T cells lacking SCD1 await further elucidation. While
it could signify a compensatory mechanism aimed at
maintaining sufficient cellular MUFAs, ATGL-mediated
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liberation of free DHA could also ensue to safeguard T
cells against ER stress and cellular inflammation trig-
gered by elevated SFA levels, potentially through the
activation of PPARY [60, 61]. Supporting this hypoth-
esis, dietary supplementation with »w-3 PUFAs has been
shown to mitigate the side-effects associated with SCD1
inhibition in Ldlr~”~ApoB!°”1% mice, including the accel-
eration of atherosclerosis, lipoprotein abnormalities, and
heightened toll-like receptor 4 (TLR4) sensitivity [62].
All in all, these intriguing discrepancies and molecular
mechanisms associated with SCD1 deficiency merit fur-
ther exploration.

Alzheimer’s disease

AD is a neurodegenerative disorder characterized by a
progressive decline in cognitive function, driven by com-
plex pathological mechanisms that involve the accumula-
tion of amyloid B (Ap) plaques and hyperphosphorylated
tau tangles. These hallmark protein aggregates initiate
widespread neuronal damage, synaptic dysfunction, and
eventually neuronal loss, leading to brain atrophy and
impaired neural networks (reviewed in [63]). Next to
these classical pathological features, numerous studies
highlight a central role of neuroinflammation, vascu-
lar dysfunction, and mitochondrial impairment, in AD
pathology (reviewed in [64]). Moreover, neural stem cell
(NSC) dysfunction is associated with AD [65—69], with
NSC proliferation, differentiation, and migration being
disrupted by AP and tau proteins [70, 71].

Metabolic disturbances are increasingly recognized as
key contributors to AD pathology, highlighted by signifi-
cant alterations in brain lipids in AD patients and genetic
risk factors associated with lipid metabolism, including
APOE, TREM?2, APOJ, PICALM, ABCA1, and ABCA7
(reviewed in [72]). Notably, few studies found that SCD1
activity and expression is increased in plasma and brains
of AD patients, and is associated with disease progres-
sion and decreased cognitive performance [73-77]. In
support of enhanced SCDI1 activity, post-mortem AD
brains and triple-transgenic AD (3xTg-AD) mice dem-
onstrate an accumulation of MUFA-enriched TGs within
ependymal cells in the subventricular zone (SVZ) lining
the ventricles, with the majority of TGs being enriched in
SCD1-derived MUFAs such as OA [78]. This increase in
MUFA-enriched TGs in SVZ ependymal cells was found
to perturb NSC proliferation in the SVZ in a paracrine
manner via soluble mediators (Fig. 1). Locally increasing
OA in wild-type mice recapitulated the AD-associated
ependymal TG phenotype and impaired NSC expansion.
Mechanistically, OA inhibited NSC expansion by pro-
moting hyperactivation of the AKT signaling pathway,
which is consistent with SCD1 driving AKT Ser473 phos-
phorylation and activation in cancer cells [79, 80]. In sup-
port of the disease-promoting impact of SCD1-generated
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MUFAs in AD, intraventricular infusion with an SCD1
inhibitor reduced the accumulation of MUFA-rich TGs
and rescued early NSC dysfunction in periventricular
and hippocampal regions in pre-symptomatic 3xTg-AD
mice [78]. The latter findings point towards a key role of
SCD1 in controlling TG accumulation and SVZ NSC dys-
function in AD, and argues for SCD1 inhibitors being a
promising therapeutic tool to attenuate early pathologi-
cal hallmarks in AD. Nevertheless, observed disturbances
in SVZ lipid metabolism and the impact on NSC activity
also raise a number of mechanistic questions [81]. First,
the root cause of the disturbances in FA metabolism and
subsequent NSC dysfunction in 3xTg-AD mice remains
enigmatic. It could stem from AD genetic mutations
directly, represent a non-specific response to the stress
AD imposes on the brain, or serve as a secondary conse-
quence of other AD-related pathologies. With respect to
the latter, although Hamilton et al. showed that impair-
ments in neurogenesis in the 3xTg-AD mouse model
occur prior to the accumulation of AB and tau tangles
[82], other studies found that AP and tau can interfere
with NSC function and neurogenesis [70, 71]. Hence, it
remains unclear whether the disturbances in FA metab-
olism and subsequent NSC dysfunction are linked to
AP and tau pathology, highlighting the need for further
research. Secondly, the cellular targets and molecular
mechanisms of the SCD1 inhibitor responsible for alle-
viating neurogenic defects in 3xTg-AD mice remain
unclear. In this respect, despite the adverse effects of
heightened OA levels and SCD1 activity on NSC physiol-
ogy in the SVZ, OA also plays a pivotal role in promoting
NSC survival within the dentate gyrus and can instigate
hippocampal NSC neurogenesis [83]. This duality under-
scores the complexity of lipid metabolism’s impact on
NSCs in various brain regions during disease progres-
sion. Lastly, the specific FA species responsible for per-
turbed NSC physiology in the SVZ during AD remain to
be conclusively identified. While OA may contribute sig-
nificantly, it is possible that the disruption also involves
downstream PUFAs, or a combination of both MUFA
and PUFA species.

In a follow-up study, the authors demonstrated that
SCD1 inhibition also reverses deficits in spatial learn-
ing and memory in symptomatic 3xTg-AD mice [84].
Here, improved cognitive performance was associated
with a reduced inflammatory activation of microglia and
improved dendritic spine number and structure. When
considering alterations in microglial function in AD, an
intriguing parallel emerges with MS. Specifically, akin to
the uptake of myelin by MS-associated microglia [38], the
endocytosis of A elevates SCD1 expression in microg-
lia [85], and absence of SCD1 triggers an advantageous
microglia phenotype in both AD and MS (Fig. 1). Inter-
estingly, SCD1 inhibition did not impact NSC activity in
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symptomatic 3xTg-AD mice, nor did it impact other key
AD hallmarks such as AP accumulation, tau aggregation,
or neuronal loss. Although the exact molecular mecha-
nisms behind this discrepancy remain unclear, previous
research has shown that synaptic loss and memory can
be restored in AD mouse models without a reduction
in AP levels [86—88]. It is worth noting that the authors
showed that SCD1 inhibition substantially reduced Mhc-
I gene expression in activated microglia within 3xTg-AD
mice [84]. Given the association of MHC-I with synap-
tic pruning, learning, and memory [89, 90], future inves-
tigations should aim to clarify whether SCD1 inhibition
offers protection in late-stage AD by modulating MHC-I
signaling in microglia. In summary, these studies sug-
gest that SCD1 inhibition holds therapeutic potential for
AD, but further research is needed to determine whether
it operates through a single mechanism and cell type, or
multiple mechanisms across different cell types.

Parkinson’s disease

PD is a progressive neurodegenerative disorder charac-
terized by the loss of dopamine-producing neurons in the
substantia nigra, leading to impaired motor function. A
key pathological hallmark of PD is the accumulation of
Lewy bodies, which are intracellular aggregates com-
posed predominantly of misfolded a-synuclein (a-syn).
Under normal physiological conditions, «-syn is involved
in synaptic function and neurotransmitter release. How-
ever, in PD, genetic mutations and environmental factors
promote the abnormal aggregation of a-syn in neurons
and possibly its transmission between cells, resulting in
widespread synaptic dysfunction and progressive neuro-
nal loss (reviewed in [91]). The proposed consequences
of a-syn dyshomeostasis range from disrupted mito-
chondrial function to impaired ER-Golgi and synaptic
vesicle trafficking, hampered plasma membrane integrity,
reduced protein degradation, and dysregulated inflam-
matory responses (reviewed in [92]).

Similar to X-ALD, MS, and AD, ample evidence points
towards disturbances in lipid metabolism being patho-
logical characteristic and potentially even driver of PD
disease progression. For instance, large-scale sequencing
studies of PD patients have identified several risk genes
related to lipid metabolism, including GBA1, ASAHI,
SMPDI, and SREBF1, which are involved in the synthe-
sis and metabolism of ceramides, sphingomyelin, cho-
lesterol, and other major lipid classes. Furthermore,
sporadic PD patients exhibit significant alterations in
their brain lipidome (reviewed in [93]). Notably, by using
models for a-syn dyshomeostasis, a group of neurode-
generative diseases characterized by the abnormal accu-
mulation of a-syn in the brain, SCD1 was identified as a
potential therapeutic target for PD. Employing a cellular
model expressing a-syn 3 K:YFP, Imberdis et al. screened
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a library of 1902 compounds for their ability to lower
a-syn inclusion burden, and found inhibitors of SCD as
the most compelling hits [94]. Accordingly, Vincent et
al. applied a phenotypic screening and target identifica-
tion platform in which human a-syn is expressed in yeast
under control of the galactose-inducible GAL1 promoter,
and found a series of 1,2,4-oxadiazoles to protect from
a-syn toxicity by inhibiting SCD1 [95]. These findings
were confirmed in human iPSC-derived cortical neu-
rons, where they showed that pharmacological inhibition
of SCD1 using CAY10566 protects from a-syn toxicity.
Different mechanisms for this protective effect of SCD1-
inhibition were proposed by the authors. First, SCD1
inhibition was postulated to mitigate the disruption of
vesicle trafficking induced by a-syn (Fig. 1). Second,
SCD1 inhibition was suggested to alleviate pathogenic
interactions of a-syn with membranes (Fig. 1). With
respect to the latter, distinct a-syn species, such as a-syn
oligomers, can interact with and disrupt lipid packing
and membrane integrity [96].

In support of a key role of SCD1 in PD pathology, Fan-
ning et al. demonstrated that human a-syn-expressing
yeast have increased levels of diacylglycerols (DGs),
TGs, and MUFAs, in particular SCD1-derived OA [97].
Genetic and biochemical analyses further revealed that
increased OA production and DG accumulation in the
ER enhanced a-syn toxicity, but only when these lip-
ids were not converted to TGs and incorporated in lipid
droplets (Fig. 1). The metabolic and toxic disturbances
associated with pathogenic a-syn expression were vali-
dated in rat cortical neurons, human iPSC-derived neu-
rons, and human ESC-derived neurons carrying the
PD-causing E46K mutation. Consistent with SCD1 activ-
ity underpinning increased OA levels, pharmacological
inhibitors and genetic knockdown of SCD1 reduced OA
levels and attenuated a-syn toxicity in human neuroblas-
toma cells. By using a C. elegans model that expresses
a-syn in dopaminergic neurons, the authors further
showed that Scd-deficiency protected from a-syn neu-
rotoxicity in vivo. On a molecular level, OA was found
to enhance the formation of aggregation-prone a-syn
monomers in C. elegans, leading to heightened mem-
brane association, gradual membrane sequestration into
a-syn aggregates, and neurotoxicity.

Several other studies have identified and vali-
dated the pathogenic role of SCD in PD. For instance,
the brain-penetrant SCD inhibitor 5b was demon-
strated to be protective in the 3 K mouse model, in
which mice have an amplified familial PD a-syn muta-
tion (E35K+E46K+E61K [“3K”]), making a-syn more
prone to aggregation [98, 99]. Inhibition of SCD by
5b was found to improve resting tremor and progres-
sive motor decline, increase the formation of corti-
cal aggregation-resistant o-syn species, and decrease
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proteinase K-resistant lipid-rich aggregates in this model.
Similar outcomes were observed in 3 K mice bred on a
Scdl knockout background, highlighting the key role of
SCD1 in PD pathology and suggesting that SCD1 is the
primary target of 5b. Furthermore, SCD inhibition fully
restored cell growth in neuroblastoma cells with doxy-
cycline-inducible a-syn-3 K:YFP expression, while not
reducing cell growth in the absence of doxycycline [100].
Finally, in an independent study using a similar model,
SCD inhibitors were also found to reduce the formation
of a-syn accumulations [101]. Knockdown experiments
further demonstrated that a reduction of both SCD1I and
SCDS5 reduces a-syn accumulations, highlighting both
enzymes as putative drug targets [101]. Overall, these
studies underscore the detrimental impact of SCD on PD
pathology; however, further research is necessary to vali-
date the relative importance of the proposed underlying
mechanisms, which include alterations in vesicle traffick-
ing, pathogenic interactions of a-syn with membranes,
and an increase in the formation of aggregation-prone
a-syn. Also, caution is warranted when studying SCD1
inhibition in a-syn models, as there are some important
experimental caveats. For instance, SCD1 inhibitors are
established to be toxic to early human and rat neuron
in vitro cultures, while displaying minimal toxicity to
late cultures [101]. A reduced dependency on MUFAs
and OA as cultures mature could underpin this find-
ing, which is consistent with the decreasing expression
of SCD1 in primary neuron cultures through time [101].
Furthermore, exogenous a-syn levels can be suppressed
by high SCD1 inhibitor concentrations in amplified
familial a-syn E46K models, thereby obscuring the true
effect size [101].

In response to findings from preclinical models, a
phase 1 clinical trial (NL72549.056.20) was conducted
to evaluate the impact of the SCD inhibitor YTX-7739
on PD using a randomized, double-blind, placebo-
controlled design. The trial included both single- and
multiple-ascending doses administered to patients with
mild-to-moderate PD and healthy volunteers. No seri-
ous adverse events were reported and favorable pharma-
cokinetics and pharmacodynamics were demonstrated.
Mild to moderate adverse events included increased PD
symptoms, lower back pain, headache, and myalgia. In
the treatment group, certain adverse events —such as
myalgia and dry eye—occurred more frequently than in
the placebo group, while others, like orthostatic hypoten-
sion and fatigue, were higher in the placebo group. After
28 days of treatment with a once-daily 20 mg dose, YTX-
7739 reduced the fatty acid desaturation index by approx-
imately 20-40%. Importantly, the drug was also shown
to cross the blood-brain barrier, as indicated by target
engagement in cerebrospinal fluid [102].
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It is intriguing to observe that numerous PD-associated
mutations are associated with lipid metabolism, nota-
bly including SREBPI, a key transcriptional activator of
SCD1 [103, 104]. This connection raises the possibil-
ity that SCD1 inhibition might not only be a promising
therapeutic avenue for PD, but also that genetic predis-
position to PD could be linked to intrinsic changes in
SCD1 expression or activity. Yet, whether PD-associated
mutations directly contribute to altered SCDI expres-
sion or activity remains uncertain and warrants further
investigation.

Other neurological disorders

Alongside playing a role in MS, X-ALD, AD, and PD
pathology, significant connections between SCD1 and
other neurological disorders exist. Notably, due to the
protective effects of SCD1 inhibition observed in mod-
els of synucleinopathies, SCD1 may serve as a promis-
ing therapeutic target for other diseases characterized
by pathogenic a-syn accumulations, such as dementia
with Lewy bodies (DLB) and multiple system atrophy.
Interestingly, in addition to pathogenic a-syn accumula-
tions, DLB is characterized by early microglial activation,
occurring prior to cognitive decline, along with elevated
levels of IL-2, a key marker of T cell activation [105].
Given SCD1’s crucial role in dampening microglial acti-
vation and limiting effector T cell activation by enhanc-
ing Treg formation, its inhibition could offer a promising
therapeutic strategy to reduce neuroinflammation in DLB
and potentially other inflammatory synucleinopathies.

Huntington’s disease (HD) is also closely linked to lipid
dysregulation, including significant alterations in FA
metabolism (reviewed in [106]). HD is caused by muta-
tions in the gene encoding the huntingtin protein (HTT),
leading to the oligomerization and aggregation of Hitt,
ultimately resulting in neuronal death [106]. By using
R6/2 HD transgenic mice, Valenza et al. demonstrated
that disruptions in lipid biosynthesis are, at least par-
tially, attributed to a mutant Htt-dependent reduction
in SREBP activity [107]. As SREBP1 serves as a key tran-
scriptional activator of SCD1 [103, 104], future studies
should aim to define the causality of this signaling axis
in driving lipid disturbances and the progression of HD
pathology. HD has also been linked to impaired autoph-
agy, which contributes to the accumulation of Htt aggre-
gates [108]. Given SCD1’s established connection with
autophagy (see Sect. 4.6), inhibiting SCD1 may exert pro-
tective effects in HD pathology through the induction of
autophagy.

Finally, akin to AD, frontotemporal dementia (FTD), a
group of disorders caused by progressive nerve cell loss
in the brain’s frontal lobes, is characterized by extensive
microglial activation and lipid disturbances [109]. Hence,
while direct evidence is lacking, SCD1 inhibition could
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hold promise in suppressing pathological microglia acti-
vation in FTD. Overall, substantial evidence suggests
a link between SCD1 and neurodegenerative disorders
other than MS, AD, PD, and X-ALD.

Therapeutic implications and future perspectives
Recent studies highlight the potential of SCD inhibition
as a promising therapeutic avenue for alleviating inflam-
mation and neurodegeneration, and promoting repair in
CNS disorders such as MS, AD, and PD. However, several
critical considerations demand thorough examination.

Adverse side-effect associated with SCD inhibition

Although numerous SCD inhibitors have been devel-
oped, only a few have progressed to clinical trials, pri-
marily for the treatment of type 2 diabetes [110-112],
and one for Parkinson’s disease [102]. The limited num-
ber of clinical trials for SCD inhibitors is likely a result
of the undesirable side effects associated with their use.
Specifically, both genetic SCD1 deficiency and pharma-
cological inhibition of SCD result in a cutaneous pheno-
type characterized by dry skin, alopecia, and sebocyte
hypoplasia [113-115]. Absence of SCD1 further leads
to extreme cold sensitivity, with ScdI~'~ mice unable to
survive longer than 2—4 h when exposed to a 4 °C envi-
ronment [116]. Unlike liver-specific Scdl-deficiency
[117], skin-specific deletion of Scdl recapitulates the
cutaneous and thermogenic abnormalities observed in
Scdl-deficient mice [118]. These findings point towards
the importance of SCD1 in maintaining skin integrity
and body temperature, and argue for inhibitors that do
not target skin SCD1 being a therapeutically interest-
ing option in neurodegenerative disorders. However, it
should be noted that, akin to Scdl~~ mice, skin-specific
ScdI”'~ mice are lean and protected from diet-induced
obesity and insulin resistance [119]. Given that obesity
and insulin resistance are established risk factors for neu-
rodegenerative diseases such as MS, AD, and PD [119-
121], the use of SCD1 inhibitors that do not target skin
SCD1 could potentially undermine the neuroprotective
effects of SCD1 inhibition on these metabolic param-
eters. Alongside the abovementioned adverse effects,
untargeted and targeted SCD1 inhibition could increase
susceptibility to the development of acute colitis and lead
to cellular ER stress [122, 123]. With respect to the lat-
ter, pancreatic [ cells are particularly susceptible to SFA-
induced ER stress after SCD1 inhibition [124, 125], which
may be accelerated in individuals exposed to a Western
diet rich in SFAs. In summary, the cumulative adverse
effects, coupled with the uncertainties surrounding the
isoform specificity of SCD1 inhibitors, particularly con-
cerning SCD5 (see Sect. 4.2), are probable explanations
for the limited clinical efficacy or significance of SCD1
inhibitors in human diseases. Future studies should
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investigate whether lower concentrations that achieve
partial SCD or SCD1 inhibition can provide similar pro-
tective effects with fewer adverse events. Additionally,
targeted CNS delivery through nanoparticles, liposomes,
or BBB-specific receptor targeting could offer a promis-
ing approach for more precise SCD or SCD1 inhibition
in the brain.

SCD isoform-specific functions in neurological disorders

To date, a plethora of SCD inhibitors have been devel-
oped, including compounds with high efficacy in reduc-
ing SCD1 activity such as CAY10566 and YTX-7739. It
is however essential to note that many so-called SCD1
inhibitors also impact the activity of the other human
SCD isoform, SCD5, albeit to a lower degree [14]. Hence,
it is important to evaluate the role of SCD5 in the healthy
and diseased CNS as well. Since human SCD5 is highly
abundant in the brain compared to peripheral tissues,
targeting SCD5 could offer a more selective approach
to inhibit SCD activity in the CNS with limited adverse
effects in other tissues [9]. While the catalytic and meta-
bolic roles and regulation of SCD1 have been extensively
studied, the properties of SCD5 and its relevance in the
CNS are only poorly characterized. In neurons, SCD5
has been shown to govern the initial phases of neuro-
nal differentiation, with constitutive expression of this
desaturase strongly impairing human neuronal prolifera-
tion and differentiation [126]. SCD5-mediated attenua-
tion of phosphorylation and activation of EGFR and its
downstream signaling molecules ERK and Akt, which
play central roles in neuronal replication and functional
maturation, was demonstrated to partially contribute to
this effect. Interestingly, SCD1 activity is required for
the full induction of Akt and ERK pathways [127], high-
lighting that human SCD isoforms may exhibit opposing
functions in certain human cell types. Given the crucial
role of SCD5 in neuronal proliferation and differentia-
tion, pathological alterations in the CNS might be linked
to this enzyme. Accordingly, elevated mRNA levels of
SCDS were found in the brains of AD patients [74]. Fur-
thermore, SCDS5 is recognized as a susceptibility gene for
the development of depression, schizophrenia, and bipo-
lar disorders, three clinical entities that are considered
to be genetically connected [128]. Yet, evidence on the
mechanisms by which SCD5 contributes to these pathol-
ogies is currently lacking and requires further investiga-
tion. Finally, as discussed in Sect. 4.3, knockdown of both
SCD1 and SCD5 reduces the accumulation of a-syn in
a neuroblastoma model [101], suggesting that, next to
SCD1, SCD5 could represent an interesting therapeutic
target for synucleinopathies as well. All in all, since cur-
rent pharmacological modulators likely target both the
SCD1 and SCD5 isoform, it is challenging to determine
which isoform is responsible for the protective effects of
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SCD inhibition in neurodegenerative disorders. There-
fore, further genetic research is needed to clarify this
issue.

Common and uncommon effects of SCD1 inhibition on
neurological disorders

As outlined in this review, ample evidence underscores
an important, although divergent, role for SCD1 in differ-
ent neurological disorders. While SCD1 inhibition holds
therapeutic potential in neurological disorders such
as MS, AD, and PD [38, 73-77, 101], absence of SCD1
seems to be detrimental in X-ALD, as demonstrated by
CRISPR-mediated knockout of SCD1 mimicking the
motor phenotype observed in Abcdl zebrafish mutants
[19]. This discrepancy might stem from inherent varia-
tions in the disease-associated expression and activity
of SCD1. Concerning the latter, heightened SCD1 abun-
dance is associated with disease progression in MS, AD,
and PD [38, 73-77, 101], while X-ALD patients show an
accumulation of saturated as compared to unsaturated
VLCFAs [129], suggestive of reduced SCD1 activity.
Alternatively, or concurrently, the disparity might origi-
nate from the fact that amino acid comparisons reveal a
closer resemblance between zebrafish SCD homologues
(such as SCD and SCDd) and human SCD5, as opposed
to the similarity observed with mouse and human
SCD1'%. This suggests potential functional divergence
among SCD isoforms, hinting that absence of SCD5,
rather than SCD1, would exacerbate X-ALD pathology.
In light of functional divergence among SCD isoforms,
while Scd17~ mice are protected from diet-induced obe-
sity, Scd-deficient zebrafish display significant ectopic
visceral fat accumulation in adult stages [130]. Lastly, dis-
crepancies in the therapeutic efficacy of SCD1 inhibitors
in neurological disorders may arise from differences in
the affected cell types and brain regions. Hence, under-
standing these nuances is crucial for unraveling the com-
plexities of SCD1 modulation in X-ALD.

In addition to the abovementioned discrepancy, com-
mon mechanisms of SCD1 inhibition emerge across dif-
ferent neurodegenerative disease. For instance, in both
MS and AD, the uptake of myelin or AP, respectively,
leads to the induction of SCD1 and subsequently pro-
motes the formation of an inflammatory, disease-pro-
moting microglia phenotype [38, 84, 85]. With SCD1
promoting effector T cell activity at the expense of immu-
nosuppressive Tregs as well [46], SCD1 may act as a com-
mon driver of harmful immune responses across various
inflammatory neurodegenerative disorders. SCD1 inhi-
bition also exerts protective effects through reducing
MUFA-induced harmful changes in non-immune cell
physiology in PD and AD. In AD, increased SCD1 activity
and the concomitant formation of OA-enriched TGs in
ependymal cells was found to perturb NSC proliferation
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[78], while in PD, enhanced SCD1 activity and OA for-
mation enhance a-syn toxicity in neurons [94, 95, 97, 98,
100, 101]. Based on these commonalties, we postulate
that targeting SCD1 represents a promising therapeutic
strategy for addressing shared pathogenic mechanisms
across neurodegenerative disorders, with the notable
exception of disorders characterized by extensive VLCFA
accumulation such as X-ALD.

Exogenous SFAs may impair the benign impact of SCD1
inhibitors in neurological disorders

SCD1 plays a pivotal role as a regulator of peripheral
metabolic disorders, including atherosclerosis, display-
ing a nuanced interplay of both favorable and adverse
effects [131-133]. The repercussions of alterations in
SCD1 activity within these pathologies appear to hinge
not only on cellular and tissue-specific functions, but also
on exogenous (dietary-derived) SFAs. With respect to
the latter, Scd1 deficiency combined with a Western diet
rich in SFAs, rather than a high-cholesterol diet, signifi-
cantly worsens the formation of atherosclerotic plaques
in preclinical models [131-133]. Hence, it is tempting to
speculate that an excess of SFAs, facilitated by exogenous
supplementation in conjunction with SCD1 inhibition or
deficiency, may potentially surpass a critical threshold,
thereby amplifying SFA-induced toxicity. Consequently,
investigating whether a Western diet, enriched in SFAs,
renders SCD1 inhibitors ineffective or even harmful
in neurodegenerative disorders, could yield valuable
insights. Simultaneously, given that SCD1 abundance
is highly sensitive to dietary factors (reviewed in [134]),
exploring whether the impact of diet on neurological
disorders is contingent on changes in SCD1 expression
becomes of paramount interest. For example, obesity
and adherence to a Western diet are associated with
significantly increased expression and activity of SCDI,
predominantly in the liver [135-137]. Conversely, con-
sidering that DHA inhibits ScdI expression [138], evalu-
ating whether diet-induced variations in SCD1 underlie
the benign and harmful properties of dietary interven-
tions in neurological disorders would be a relevant ave-
nue for further investigation. In this respect, a growing
body of epidemiological, preclinical, and observational
studies suggest that Western diets and omega-3 PUFA
supplementation are associated with disease progression
and regression of neurological disorders, respectively
[139-143].

Context-dependent impact of SFAs and MUFAs on
neurological disorders

While SFAs are commonly considered lipotoxic and
pro-inflammatory, MUFAs are recognized for their anti-
inflammatory properties and their ability to counteract
SFA-induced lipotoxicity [1]. Paradoxically, this review
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sheds light on the fact that pharmacological inhibition
and genetic deficiency of SCD1 improves disease pathol-
ogy in AD, MS and PD, despite increasing SFA levels.
This incongruity begs the question what drives the benign
and harmful properties of MUFAs and SFAs. We postu-
late that the outcomes of alterations in cellular SFA and
MUFAs levels are likely multifaceted. First, variations in
cellular responses to SFAs and MUFAs can be attributed
to cell- and context-dependent differences. This notion
aligns with the diverse fates of these FAs, encompassing
their integration into membrane lipids, storage within
lipid droplets, acting as protein modifiers, or undergo-
ing mitochondrial B-oxidation [1]. In support of this
concept, divergent cell types display varying resilience to
SFA-induced ER stress, and the transcriptional response
to this stress can be modified under diverse metabolic
and pathological conditions [144—149]. In a related con-
text, ABCA1 destabilization by MUFAs in macrophages
is more likely to become inflammatory in those cells that
rely on lipid efflux to protect themselves from lipotoxic-
ity, such as myelin-containing phagocytes in demyelinat-
ing disorders like MS [38]. Accordingly, Abcal-deficiency
in non-lipid-loaded macrophages induces a pro-angio-
genic phenotype, characterized by a reduced expression
of inflammatory mediators [150]. Finally, alterations in
cellular physiology are also reported to impact the chan-
neling of FAs within cells. For instance, pro-inflammatory
macrophages exhibit higher accumulation of exogenous
FAs within TGs and CEs, while anti-inflammatory mac-
rophages show increased enrichment of FAs within glyc-
erophospholipids, ether lipids, and sphingolipids [151].
The molecular underpinnings of these variations and the
significance of these alterations in preserving the func-
tional phenotype remain elusive. Alongside cell- and
context-dependent changes, the source of FAs, whether
endogenously synthesized or exogenously administered,
may contribute to their harmful or beneficial impact on
cell physiology. For example, endogenously synthesized
and exogenously administrated FAs are reported to show
a divergent positional distribution in TGs and impact
cellular function differently, thereby having a divergent
impact on lysosomal acidity and MHC class II expres-
sion [152, 153]. All in all, this intricate web of interactions
emphasizes the need for a comprehensive understanding
of cellular and conditional factors influencing the diverse
effects of SFAs and MUFAs on cellular physiology and
pathology.

SCD1 and autophagic processes in the brain

SCD1, in addition to or as a result of its role as a rate-
limiting enzyme in SFA desaturation, exerts significant
influence on a diverse range of cellular processes that
were not discussed in this review. For example, emerg-
ing evidence indicates an important link between SCD1
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and autophagy, and dysregulation of autophagy has been
implicated in multiple neurodegenerative proteinopa-
thies, including AD, PD, and HD (reviewed in [154]).
Studies conducted in Drosophila, S. cerevisiae, and mam-
malian cell cultures revealed that deficiency of Desatl,
Olel, and Scdl, respectively, impedes autophagy induc-
tion during starvation, accompanied by impaired trans-
location of key autophagy proteins such as ULK1, P62/
SQSTM1, and ATG9 to autophagosome formation sites
[155-157]. Intriguingly, contradicting observations have
been reported in colon and hepatocellular carcinoma
cell lines in non-starved conditions, where genetic defi-
ciency and pharmacological inhibition of SCD1 enhances
autophagy by activating AMPK and subsequently sup-
pressing mTOR signaling [158, 159]. In support of this
discrepancy, the impact of elevated palmitate levels on
selective autophagy of the ER may differ under starva-
tion versus nutrient-rich conditions as well [160]. While
these investigations underscore the importance of SCD1
in autophagy regulation, the precise mechanisms under-
lying these discrepancies as well as the importance of
SCD1-mediated autophagy regulation in neurological
disorders remain to be elucidated.

Summary

Collectively, this review emphasizes the crucial role of
SCD1 in contributing to the pathogenesis of diverse
neurodegenerative and neuroinflammatory disorders,
thereby highlighting the therapeutic potential of SCD1
modulation in conditions such as MS, AD, and PD.
In this regard, early-phase 1 clinical trials in PD using
YTX-7739 have shown highly promising results, indicat-
ing the feasibility of SCD modulation as a therapeutic
strategy. However, despite these promising prospects, it
remains essential to carefully consider potential hurdles
related to SCD inhibitor specificity and associated side-
effects. Moreover, given the detrimental impact of SCD1
deficiency on X-ALD, careful consideration of cell- and
tissue-specific effects, along with disease- and context-
dependent differences, is essential for advancing the clin-
ical application of SCD1 modulators.

Acknowledgements
All illustrations are made with BioRender.com.

Author contributions

Melanie Loix: Conceptualization, Investigation, Writing-Reviewing and Editing.
Sam Vanherle: Writing-Reviewing and Editing. Marta Turri: Reviewing and
Editing. Stephan Kemp: Writing-Reviewing and Editing. Karl J.L. Fernandes:
Writing-Reviewing and Editing. Jerome J.A. Hendriks: Writing-Reviewing and
Editing. Jeroen FJ. Bogie: Conceptualization, Investigation, Writing-Reviewing,
Editing and Supervision. All authors have accepted responsibility for the entire
content of this manuscript and approved its submission.

Funding

This work was funded by the Flemish Fund for Scientific Research (FWO
Vlaanderen), the Belgian Charcot Foundation, GSK Funding, the special
research fund UHasselt (BOF), and the Transnational University Limburg (TUL).

Page 11 of 15

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 29 May 2024 / Accepted: 11 November 2024
Published online: 19 November 2024

References

1.

14.

Bogie JFJ, Haidar M, Kooij G, Hendriks JJ. A. fatty acid metabolism in the pro-
gression and resolution of CNS disorders. Adv Drug Deliv Rev. 2020;159:198-
213. https://doi.org/10.1016/j.addr.2020.01.004.

Shen J,Wu G, Tsai AL, Zhou M. Transmembrane helices mediate the forma-
tion of a stable ternary complex of b(5)R, cyt b(5), and SCD1. Commun Biol.
2022;5:956. https://doi.org/10.1038/542003-022-03882-z.

Behrouzian B, Savile CK, Dawson B, Buist PH, Shanklin J. Exploring the
hydroxylation-dehydrogenation connection: novel catalytic activity of castor
stearoyl-ACP Delta(9) desaturase. J Am Chem Soc. 2002;124:3277-83. https://
doi.org/10.1021/ja012252l.

Broadwater JA, Laundre BJ, Fox BG. Desaturation of trans-octadecenoyl-acyl
carrier protein by stearoyl-acyl carrier protein delta9 desaturase. J Inorg
Biochem. 2000;78:7-14. https://doi.org/10.1016/50162-0134(99)00199-3.
Stukey JE, McDonough VM, Martin CE. The OLE1 gene of Saccharomyces
cerevisiae encodes the delta 9 fatty acid desaturase and can be func-
tionally replaced by the rat stearoyl-CoA desaturase gene. J Biol Chem.
1990;265:20144-9.

Bouyanfif A, Jayarathne S, Koboziev I, Moustaid-Moussa N. The Nematode
Caenorhabditis elegans as a Model Organism to Study Metabolic effects of
w-3 polyunsaturated fatty acids in obesity. Adv Nutr. 2019;10:165-78. https://
doi.org/10.1093/advances/nmy059.

Brock TJ, Browse J, Watts JL. Genetic regulation of unsaturated fatty acid
composition in C. Elegans. PLoS Genet. 2006;2:¢108. https://doi.org/10.1371/j
ournal.pgen.0020108.

Zhang L, Ge L, Parimoo S, Stenn K, Prouty SM. Human stearoyl-CoA desatu-
rase: alternative transcripts generated from a single gene by usage of tandem
polyadenylation sites. Biochem J. 1999,340:255-64.

Wang J, et al. Characterization of HSCD5, a novel human stearoyl-CoA desatu-
rase unique to primates. Biochem Biophys Res Commun. 2005;332:735-42.
https://doi.org/10.1016/jbbrc.2005.05.013.

Miyazaki M, et al. Identification and characterization of murine SCD4, a Novel
Heart-specific Stearoyl-CoA desaturase isoform regulated by leptin and
dietary Factors*. J Biol Chem. 2003;278:33904-11. https://doi.org/10.1074/jbc.
M304724200.

Tabor D, Xia Y-R, Mehrabian M, Edwards P, Lusis A. A cluster of stearoyl CoA
desaturase genes, Scd1 and Scd2, on mouse chromosome 19. Mamm
Genome. 1998;9:341-2.

Zheng Y, et al. Scd3—A novel gene of the Stearoyl-CoA desaturase family
with restricted expression in skin. Genomics. 2001;71:182-91. https://doi.org/
10.1006/gen0.2000.6429.

Liu X, Strable MS, Ntambi JM. Stearoyl CoA desaturase 1: role in Cellular
inflammation and stress. Adv Nutr. 2011;2:15-22. https://doi.org/10.3945/an.1
10.000125.

Sun Q et al. SCD1 is the critical signaling hub to mediate metabolic diseases:
mechanism and the development of its inhibitors. Biomed Pharmacother.
2024;170:115586. https://doi.org/10.1016/j.biopha.2023.115586.

Sen U, Coleman C, SenT. Stearoyl coenzyme a desaturase-1: multitasker in
cancer, metabolism, and ferroptosis. Trends Cancer. 2023;9:480-9. https://doi.
0rg/10.1016/j.trecan.2023.03.003.



Loix et al. Molecular Neurodegeneration

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

(2024) 19:85

Kemp S, Huffnagel IC, Linthorst GE, Wanders RJ, Engelen M. Adrenoleukodys-
trophy - neuroendocrine pathogenesis and redefinition of natural history.
Nat Rev Endocrinol. 2016;12:606-15. https://doi.org/10.1038/nrendo.2016.90.
Engelen M, et al. International recommendations for the diagnosis and
management of patients with adrenoleukodystrophy: a Consensus-Based
Approach. Neurology. 2022,99:940-51. https://doi.org/10.1212/wnl.00000000
00201374.

Yska HAF, Engelen M, Bugiani M. The pathology of X-linked adrenoleukodys-
trophy: tissue specific changes as a clue to pathophysiology. Orphanet J Rare
Dis. 2024;19:138. https://doi.org/10.1186/513023-024-03105-0.

Raas Q, et al. Metabolic rerouting via SCD1 induction impacts X-linked adre-
noleukodystrophy. J Clin Invest. 2021;131. https://doi.org/10.1172/JC1142500.
Zhang X, et al. Liver X receptor activation increases hepatic fatty acid desatu-
ration by the induction of SCD1 expression through an LXRalpha-SREBP1c-
dependent mechanism. J Diabetes. 2014;6:212-20. https://doi.org/10.1111/1
753-0407.12081.

ZhangY, et al. Liver X receptor agonist TO-901317 upregulates SCD1
expression in renal proximal straight tubule. Am J Physiol Ren Physiol.
2006;290:F1065-1073. https://doi.org/10.1152/ajprenal.00131.2005.

Yao DW, et al. Liver X receptor alpha promotes the synthesis of monoun-
saturated fatty acids in goat mammary epithelial cells via the control of
stearoyl-coenzyme A desaturase 1 in an SREBP-1-dependent manner. J Dairy
Sci. 2016,99:6391-402. https://doi.org/10.3168/jds.2016-10990.

Chu K, Miyazaki M, Man WC, Ntambi JM. Stearoyl-coenzyme A desaturase 1
deficiency protects against hypertriglyceridemia and increases plasma high-
density lipoprotein cholesterol induced by liver X receptor activation. Mol
Cell Biol. 2006;26:6786-98. https://doi.org/10.1128/MCB.00077-06.

van de Beek MC, et al. Lipid-induced endoplasmic reticulum stress in X-linked
adrenoleukodystrophy. Biochim Biophys Acta Mol Basis Dis. 2017;1863:2255-
65. https://doi.org/10.1016/j.bbadis.2017.06.003.

Fourcade S, et al. Early oxidative damage underlying neurodegeneration in
X-adrenoleukodystrophy. Hum Mol Genet. 2008;17:1762-73. https://doi.org/1
0.1093/hmg/ddn085.

Lopez-Erauskin J, et al. Impaired mitochondrial oxidative phosphorylation in
the peroxisomal disease X-linked adrenoleukodystrophy. Hum Mol Genet.
2013;22:3296-305. https://doi.org/10.1093/hmg/ddt186.

Launay N, et al. Tauroursodeoxycholic bile acid arrests axonal degeneration
by inhibiting the unfolded protein response in X-linked adrenoleukodystro-
phy. Acta Neuropathol. 2017;133:283-301. https://doi.org/10.1007/500401-01
6-1655-9.

Griffett K, Burris TP. Development of LXR inverse agonists to treat MAFLD,
NASH, and other metabolic diseases. Front Med (Lausanne). 2023;10:1102469.
https://doi.org/10.3389/fmed.2023.1102469.

Jang J, Lee JW, Song J, Kim DW, Min KH. Exogenous Addition of 25-Hydroxy-
cholesterol Reduces Level of Very Long-Chain Fatty Acids in X-Linked Adreno-
leukodystrophy. ChemistryOpen 8, 188-191 (2019). https://doi.org/10.1002/0
pen.201800281

Gondcaille C, et al. LXR antagonists induce ABCD2 expression. Biochim
Biophys Acta. 2014;1841:259-66. https://doi.org/10.1016/j.bbalip.2013.11.003.
Rampler H, et al. Evaluation of the therapeutic potential of PPARalpha ago-
nists for X-linked adrenoleukodystrophy. Mol Genet Metab. 2003;80:398-407.
https://doi.org/10.1016/j.ymgme.2003.09.002.

Hebbachi AM, Knight BL, Wiggins D, Patel DD, Gibbons GF. Peroxisome
proliferator-activated receptor alpha deficiency abolishes the response of
lipogenic gene expression to re-feeding: restoration of the normal response
by activation of liver X receptor alpha. J Biol Chem. 2008;283:4866-76. https:/
/doi.org/10.1074/jbc.M709471200.

Yamazaki T, et al. Differential induction of stearoyl-CoA desaturase 1 and 2
genes by fibrates in the liver of rats. Biol Pharm Bull. 2012;35:116-20. https://d
0l.0rg/10.1248/bpb.35.116.

International Multiple Sclerosis Genetics. Multiple sclerosis genomic map
implicates peripheral immune cells and microglia in susceptibility. Science.
2019;365. https://doi.org/10.1126/science.aav7188.

Vandebergh M, Degryse N, Dubois B, Goris A. Environmental risk factors in
multiple sclerosis: bridging mendelian randomization and observational
studies. J Neurol. 2022;269:4565-74. https://doi.org/10.1007/500415-022-110
72-4.

Attfield KE, Jensen LT, Kaufmann M, Friese MA, Fugger L. The immunology of
multiple sclerosis. Nat Rev Immunol. 2022,22:734-50. https://doi.org/10.1038
/s41577-022-00718-z.

Simkins TJ, Duncan GJ, Bourdette D. Chronic demyelination and Axo-

nal Degeneration in multiple sclerosis: Pathogenesis and therapeutic

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Page 12 of 15

implications. Curr Neurol Neurosci Rep. 2021;21:26. https://doi.org/10.1007/s
11910-021-01110-5.

Bogie JFJ, et al. Stearoyl-CoA desaturase-1 impairs the reparative properties of
macrophages and microglia in the brain. J Exp Med. 2020;217. https://doi.org
/10.1084/jem.20191660.

SunY, et al. Stearoyl-CoA desaturase inhibits ATP-binding cassette transporter
Al-mediated cholesterol efflux and modulates membrane domain structure.
J Biol Chem. 2003;278:5813-20. https://doi.org/10.1074/jbc.M208687200.
Yang, Jiang Y, Wang Y, An W. Suppression of ABCA1 by unsaturated fatty
acids leads to lipid accumulation in HepG2 cells. Biochimie. 2010,92:958-63.
https://doi.org/10.1016/j.biochi.2010.04.002.

Wang Y, Oram JF. Unsaturated fatty acids inhibit cholesterol efflux from
macrophages by increasing degradation of ATP-binding cassette transporter
A1. ) Biol Chem. 2002;277:5692-7. https://doi.org/10.1074/jbc.M109977200.
Wang Y, Oram JF. Unsaturated fatty acids phosphorylate and destabilize
ABCAT1 through a protein kinase C delta pathway. J Lipid Res. 2007;48:1062-8.
https://doi.org/10.1194/jlrM600437-JLR200.

Bogie JF, et al. Myelin-derived lipids modulate macrophage activity by liver X
receptor activation. PLoS ONE. 2012;7:e44998. https://doi.org/10.1371/journal
.pone.0044998.

Zelcer N, Tontonoz P. Liver X receptors as integrators of metabolic and inflam-
matory signaling. J Clin Invest. 2006;116:607-14. https://doi.org/10.1172/JCI2
7883.

Hayes CE, Ntambi JM. Multiple Sclerosis: Lipids, Lymphocytes, and Vitamin D.
Immunometabolism 2 (2020). https://doi.org/10.20900/immunometab20200
019

Grajchen E, et al. Fatty acid desaturation by stearoyl-CoA desaturase-1 con-
trols regulatory T cell differentiation and autoimmunity. Cell Mol Immunol.
2023. https://doi.org/10.1038/541423-023-01011-2.

Ransohoff RM. Animal models of multiple sclerosis: the good, the bad and
the bottom line. Nat Neurosci. 2012;15:1074-7. https://doi.org/10.1038/nn.31
68.

Yao D, et al. SCD1 alters long-chain fatty acid (LCFA) composition and its
expression is directly regulated by SREBP-1 and PPARgamma 1 in dairy Goat
Mammary cells. J Cell Physiol. 2017;232:635-49. https://doi.org/10.1002/jcp.2
5469.

Son YM, Cheon IS, Goplen NP, Dent AL, Sun J. Inhibition of stearoyl-CoA
desaturases suppresses follicular help T- and germinal center B- cell
responses. Eur J Immunol. 2020,50:1067-77. https://doi.org/10.1002/eji.20194
8257.

Echeverria F, Ortiz M, Valenzuela R, Videla LA. Long-chain polyunsaturated
fatty acids regulation of PPARs, signaling: relationship to tissue development
and aging. Prostaglandins Leukot Essent Fat Acids. 2016;114:28-34. https://d
0i.0rg/10.1016/j.plefa.2016.10.001.

Schreiber R, Xie H, Schweiger M. Of mice and men: the physiological role of
adipose triglyceride lipase (ATGL). Biochim Biophys Acta Mol Cell Biol Lipids.
2019;1864:880-99. https://doi.org/10.1016/j.bbalip.2018.10.008.

Kim JY, et al. N-3 polyunsaturated fatty acids restore Th17 and Treg balance in
collagen antibody-induced arthritis. PLoS ONE. 2018;13:€0194331. https://doi
.0rg/10.1371/journal.pone.0194331.

Bi X, et al. omega-3 polyunsaturated fatty acids ameliorate type 1 diabetes
and autoimmunity. J Clin Invest. 2017;127:1757-71. https://doi.org/10.1172/]
Cl87388.

Adkins Y, Soulika AM, Mackey B, Kelley DS. Docosahexaenoic acid (22:6n-3)
ameliorated the Onset and Severity of Experimental Autoimmune encepha-
lomyelitis in mice. Lipids. 2019;54:13-23. https://doi.org/10.1002/lipd.12130.
Wohlfert EA, Nichols FC, Nevius E, Clark RB. Peroxisome proliferator-activated
receptor gamma (PPARgamma) and immunoregulation: enhancement

of regulatory T cells through PPARgamma-dependent and -independent
mechanisms. J Immunol. 2007;178:4129-35. https://doi.org/10.4049/jimmun
0l.178.7.4129.

Guri AJ, Mohapatra SK, Horne WT 2nd, Hontecillas R, Bassaganya-Riera J. The
role of T cell PPAR gamma in mice with experimental inflammatory bowel
disease. BMC Gastroenterol. 2010;10:60. https://doi.org/10.1186/1471-230X-1
0-60.

Cipolletta D, et al. PPAR-gamma is a major driver of the accumulation and
phenotype of adipose tissue Treg cells. Nature. 2012;486:549-53. https://doi.o
rg/10.1038/nature11132.

Park HJ, et al. PPARgamma negatively requlates T cell activation to

prevent follicular helper T cells and germinal center formation. PLoS ONE.
2014;9:299127. https://doi.org/10.1371/journal.pone.0099127.



Loix et al. Molecular Neurodegeneration

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

(2024) 19:85

Yeoh BS, et al. Deficiency of stearoyl-CoA desaturase-1 aggravates colitogenic
potential of adoptively transferred effector T cells. Am J Physiol Gastrointest
Liver Physiol. 2016;311:G713-23. https://doi.org/10.1152/ajpgi.00174.2016.
Begum G, Harvey L, Dixon CE, Sun D. ER stress and effects of DHA as an ER
stress inhibitor. Transl Stroke Res. 2013;4:635-42. https://doi.org/10.1007/5129
75-013-0282-1.

Shen X, et al. Fetuin A promotes lipotoxicity in beta cells through the TLR4
signaling pathway and the role of pioglitazone in anti-lipotoxicity. Mol Cell
Endocrinol. 2015;412:1-11. https://doi.org/10.1016/j.mce.2015.05.014.

Brown JM, et al. Combined therapy of dietary fish oil and stearoyl-CoA
desaturase 1 inhibition prevents the metabolic syndrome and atherosclero-
sis. Arterioscler Thromb Vasc Biol. 2010;30:24-30. https://doi.org/10.1161/atvb
aha.109.198036.

Vejandla B, Savani S, Appalaneni R, Veeravalli RS, Gude SS. Alzheimer's Dis-
ease: the past, Present, and future of a globally progressive disease. Cureus.
2024;16:251705. https://doi.org/10.7759/cureus.51705.

Knopman DS, et al. Alzheimer disease. Nat Rev Dis Primers. 2021,7:33. https://
doi.org/10.1038/541572-021-00269-y.

Yang CP, Gilley JA, Zhang G, Kernie SG. ApokE is required for maintenance of
the dentate gyrus neural progenitor pool. Development. 2011;138:4351-62.
https://doi.org/10.1242/dev.065540.

Li G, et al. GABAergic interneuron dysfunction impairs hippocampal neuro-
genesis in adult apolipoprotein E4 knockin mice. Cell Stem Cell. 2009;5:634-
45. https://doi.org/10.1016/j.stem.2009.10.015.

Levi O, Michaelson DM. Environmental enrichment stimulates neurogenesis
in apolipoprotein E3 and neuronal apoptosis in apolipoprotein E4 transgenic
mice. J Neurochem. 2007;100:202-10. https://doi.org/10.1111/].1471-4159.20
06.04189.x.

Lazarov O, Marr RA. Neurogenesis and Alzheimer’s disease: at the crossroads.
Exp Neurol. 2010;223:267-81. https://doi.org/10.1016/j.expneurol.2009.08.00
9.

Nho K, et al. Protective variant for hippocampal atrophy identified by whole
exome sequencing. Ann Neurol. 2015;77:547-52. https://doi.org/10.1002/ana
24349,

Lee IS, Jung K, Kim I-S, Park KI. Amyloid-@ oligomers regulate the proper-

ties of human neural stem cells through GSK-3( signaling. Exp Mol Med.
201345:e60-60. https://doi.org/10.1038/emm.2013.125.

Mertens J, et al. Embryonic stem cell-based modeling of Tau Pathology in
human neurons. Am J Pathol. 2013;182:1769-79. https://doi.org/10.1016/j.ajp
ath.2013.01.043. https://doi.org/https://doi.org/.

Yin F. Lipid metabolism and Alzheimer’s disease: clinical evidence, mechanis-
tic link and therapeutic promise. FEBS J. 2023;290:1420-53. https://doi.org/10.
1111/febs.16344.

Huynh K, et al. Concordant peripheral lipidome signatures in two large clini-
cal studies of Alzheimer’s disease. Nat Commun. 2020;11:5698. https://doi.org
/10.1038/541467-020-19473-7.

Astarita G, et al. Elevated stearoyl-CoA desaturase in brains of patients with
Alzheimer’s disease. PLoS ONE. 2011;6:e24777. https://doi.org/10.1371/journa
l.pone.0024777.

Cunnane SC, et al. Plasma and brain fatty acid profiles in mild cognitive
impairment and Alzheimer’s disease. J Alzheimers Dis. 2012;29:691-7. https://
doi.org/10.3233/JAD-2012-110629.

Fraser T, Tayler H, Love S. Fatty acid composition of frontal, temporal and
parietal neocortex in the normal human brain and in Alzheimer’s disease.
Neurochem Res. 2010;35:503-13. https://doi.org/10.1007/511064-009-0087-5.
Snigdha S, Astarita G, Piomelli D, Cotman CW. Effects of diet and behavioral
enrichment on free fatty acids in the aged canine brain. Neuroscience.
2012;202:326-33. https://doi.org/10.1016/j.neuroscience.2011.12.002.
Hamilton LK, et al. Aberrant lipid metabolism in the Forebrain Niche sup-
presses adult neural stem cell proliferation in an animal model of Alzheimer’s
Disease. Cell Stem Cell. 2015;17:397-411. https://doi.org/10.1016/j.stem.2015.
08.001.

Tan SH, et al. Critical role of SCD1 in autophagy regulation via lipogenesis and
lipid rafts-coupled AKT-FOXO1 signaling pathway. Autophagy. 2014;10:226—
42. https://doi.org/10.4161/auto.27003.

She K, et al. SCD1 is required for EGFR-targeting cancer therapy of lung can-
cer via re-activation of EGFR/PI3K/AKT signals. Cancer Cell Int. 2019;19:103.
https://doi.org/10.1186/512935-019-0809-y.

Hamilton LK, Fernandes KJL. Neural stem cells and adult brain fatty acid
metabolism: lessons from the 3xTg model of Alzheimer’s disease. Biol Cell.
2018;110:6-25. https://doi.org/10.1111/boc.201700037.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

2

102.
103.

104.

Page 13 of 15

Hamilton LK, et al. Widespread deficits in adult neurogenesis precede plaque
and tangle formation in the 3xTg mouse model of Alzheimer’s disease. Eur J
Neurosci. 2010;32:905-20. https://doi.org/10.1111/}.1460-9568.2010.07379.x.
Kandel P, et al. Oleic acid is an endogenous ligand of TLX/NR2E1 that triggers
hippocampal neurogenesis. Proc Natl Acad Sci U S A. 2022;119:e2023784119.
https://doi.org/10.1073/pnas.2023784119.

Hamilton LK, et al. Stearoyl-CoA desaturase inhibition reverses immune,
synaptic and cognitive impairments in an Alzheimer’s disease mouse model.
Nat Commun. 2022;13:2061. https://doi.org/10.1038/541467-022-29506-y.
Uryu S, Tokuhiro S, Oda T. beta-amyloid-specific upregulation of stearoyl
coenzyme a desaturase-1 in macrophages. Biochem Biophys Res Commun.
2003;303:302-5. https://doi.org/10.1016/50006-291x(03)00334-6.
Spangenberg E, et al. Sustained microglial depletion with CSF1R inhibitor
impairs parenchymal plague development in an Alzheimer’s disease model.
Nat Commun. 2019;10:3758. https://doi.org/10.1038/541467-019-11674-z.
Spangenberg EE, et al. Eliminating microglia in Alzheimer’s mice pre-

vents neuronal loss without modulating amyloid-beta pathology. Brain.
2016;139:1265-81. https://doi.org/10.1093/brain/aww016.

Dagher NN, et al. Colony-stimulating factor 1 receptor inhibition prevents
microglial plaque association and improves cognition in 3xTg-AD mice. J
Neuroinflammation. 2015;12:139. https://doi.org/10.1186/512974-015-0366-9.
Lee H, et al. Synapse elimination and learning rules co-regulated by MHC
class | H2-Db. Nature. 2014;509:195-200. https://doi.org/10.1038/nature1315
4.

Nelson PA, et al. MHC class | immune proteins are critical for hippocampus-
dependent memory and gate NMDAR-dependent hippocampal long-term
depression. Learn Mem. 2013;20:505-17. https://doi.org/10.1101/Im.031351.1
13.

Morris HR, Spillantini MG, Sue CM, Williams-Gray CH. The pathogenesis of
Parkinson’s disease. Lancet. 2024;403:293-304. https://doi.org/10.1016/S014
0-6736(23)01478-2.

Bridi JC, Hirth F. Mechanisms of a-Synuclein Induced Synaptopathy in Parkin-
son’s Disease. Front Neurosci. 2018;12:80. https://doi.org/10.3389/fnins.2018.0
0080.

Xicoy H, Wieringa B, Martens GJM. The Role of Lipids in Parkinson'’s Disease.
Cells. 2019;8. https://doi.org/10.3390/cells8010027.

Imberdis T, et al. Cell models of lipid-rich alpha-synuclein aggregation vali-
date known modifiers of alpha-synuclein biology and identify stearoyl-CoA
desaturase. Proc Natl Acad Sci U S A. 2019;116:20760-9. https://doi.org/10.10
73/pnas.1903216116.

Vincent BM et al. Inhibiting Stearoyl-CoA Desaturase Ameliorates alpha-
Synuclein Cytotoxicity. Cell Rep 25, 2742-2754 2731 (2018). https//doi.org/1
0.1016/j.celrep.2018.11.028

Fusco G, et al. Structural basis of membrane disruption and cellular toxicity
by alpha-synuclein oligomers. Science. 2017,358:1440-3. https://doi.org/10.1
126/science.aan6160.

Fanning S, et al. Lipidomic analysis of alpha-synuclein neurotoxicity identi-
fies stearoyl CoA desaturase as a target for Parkinson Treatment. Mol Cell.
2019;73:1001-14. https://doi.org/10.1016/j.molcel.2018.11.028. €1008.

Nuber S, et al. A stearoyl-coenzyme A desaturase inhibitor prevents mul-
tiple Parkinson Disease Phenotypes in alpha-synuclein mice. Ann Neurol.
2021;89:74-90. https://doi.org/10.1002/ana.25920.

Nuber S, et al. Abrogating native a-Synuclein tetramers in mice causes a
L-DOPA-Responsive motor syndrome closely resembling Parkinson's Disease.
Neuron. 2018;100:75-e9075. https://doi.org/10.1016/j.neuron.2018.09.014.
Terry-Kantor E, et al. Rapid Alpha-Synuclein toxicity in a neural cell model and
its rescue by a Stearoyl-CoA desaturase inhibitor. Int J Mol Sci. 2020;21. https:/
/doi.org/10.3390/ijms21155193.

. Nicholatos JW, et al. SCD inhibition protects from alpha-synuclein-Induced

Neurotoxicity but is toxic to early neuron cultures. eNeuro. 2021;8. https://doi.
0rg/10.1523/ENEURO.0166-21.2021.

YTX-7739, https://www.alzforum.org/therapeutics/ytx-7739 (2022).
Blauwendraat C, Nalls MA, Singleton AB. The genetic architecture of Parkin-
son’s disease. Lancet Neurol. 2020;19:170-8. https://doi.org/10.1016/S1474-4
422(19)30287-X.

Do CB, et al. Web-based genome-wide association study identifies two novel
loci and a substantial genetic component for Parkinson’s disease. PLoS Genet.
2011;7:21002141. https://doi.org/10.1371/journal.pgen.1002141.

. Surendranathan A, et al. Early microglial activation and peripheral inflamma-

tion in dementia with Lewy bodies. Brain. 2018;141:3415-27. https://doi.org/
10.1093/brain/awy265.



Loix et al. Molecular Neurodegeneration

106.

107.

108.

109.

111

112

114.

115.

117.

119.

120.

121.

122.

123.

124.

125.

126.

127.

(2024) 19:85

Block RC, Dorsey ER, Beck CA, Brenna JT, Shoulson I. Altered cholesterol and
fatty acid metabolism in Huntington disease. J Clin Lipidol. 2010;4:17-23.
https://doi.org/10.1016/jjacl.2009.11.003.

Valenza M, et al. Dysfunction of the cholesterol biosynthetic pathway in
Huntington'’s disease. J Neurosci. 2005;25:9932-9. https://doi.org/10.1523/jne
urosci.3355-05.2005.

Brattas PL, et al. Impact of differential and time-dependent autophagy activa-
tion on therapeutic efficacy in a model of Huntington disease. Autophagy.
2021;17:1316-29. https://doi.org/10.1080/15548627.2020.1760014.

Malpetti M, et al. Microglial activation in the frontal cortex predicts cognitive
decline in frontotemporal dementia. Brain. 2023;146:3221-31. https://doi.org
/10.1093/brain/awad078.

. Ratziu'V, et al. Aramchol in patients with nonalcoholic steatohepatitis: a

randomized, double-blind, placebo-controlled phase 2b trial. Nat Med.
2021,27:1825-35. https;//doi.org/10.1038/541591-021-01495-3.

Zhang Z, Dales NA, Winther MD. Opportunities and challenges in develop-
ing stearoyl-coenzyme A Desaturase-1 inhibitors as Novel therapeutics for
Human Disease. J Med Chem. 2014;57:5039-56. https://doi.org/10.1021/jm40
1516¢.

Meingassner JG, et al. Pharmacological inhibition of stearoyl CoA desaturase
in the skin induces atrophy of the sebaceous glands. J Invest Dermatol.
2013;133:2091-4. https:;//doi.org/10.1038/jid.2013.89.

. Ntambi JM, et al. Loss of stearoyl-CoA desaturase-1 function protects mice

against adiposity. Proc Natl Acad Sci U S A. 2002,99:11482-6. https://doi.org/1
0.1073/pnas.132384699.

Miyazaki M, Man WC, Ntambi JM. Targeted disruption of stearoyl-CoA desatu-
rasel gene in mice causes atrophy of sebaceous and meibomian glands and
depletion of wax esters in the eyelid. J Nutr. 2001;131:2260-8. https://doi.org/
10.1093/jn/131.9.2260.

Sundberg JP, et al. Asebia-2J (Scd1(ab2J)): a new allele and a model for scar-
ring alopecia. Am J Pathol. 2000;156:2067-75. https://doi.org/10.1016/S000
2-9440(10)65078-X.

. Lee SH, et al. Lack of stearoyl-CoA desaturase 1 upregulates basal ther-

mogenesis but causes hypothermia in a cold environment. J Lipid Res.
2004;45:1674-82. https://doi.org/10.1194/jIrM400039-JLR200.

Miyazaki M, et al. Hepatic stearoyl-CoA desaturase-1 deficiency protects
mice from carbohydrate-induced adiposity and hepatic steatosis. Cell Metab.
2007,;6:484-96. https://doi.org/10.1016/j.cmet.2007.10.014.

. Sampath H, et al. Skin-specific deletion of stearoyl-CoA desaturase-1 alters

skin lipid composition and protects mice from high fat diet-induced obesity.
J Biol Chem. 2009;284:19961-73. https://doi.org/10.1074/jbc.M109.014225.
Davanzo GG, et al. Obesity increases blood-brain barrier permeability and
aggravates the mouse model of multiple sclerosis. Mult Scler Relat Disord.
2023;72:104605. https://doi.org/10.1016/j.msard.2023.104605.

Terzo S, Amato A, Mule F. From obesity to Alzheimer’s disease through insulin
resistance. J Diabetes Complications. 2021;35:108026. https://doi.org/10.1016
/jjdiacomp.2021.108026.

Neto A, Fernandes A, Barateiro A. The complex relationship between obesity
and neurodegenerative diseases: an updated review. Front Cell Neurosci.
2023;17:1294420. https://doi.org/10.3389/fncel.2023.1294420.

Aljohani A, et al. Hepatic Stearoyl-CoA desaturase-1 deficiency-mediated
activation of mTORC1- PGC-1alpha axis regulates ER stress during high-
carbohydrate feeding. Sci Rep. 2019,9:15761. https://doi.org/10.1038/54159
8-019-52339-7.

Chen C, et al. Metabolomics reveals that hepatic stearoyl-CoA desaturase

1 downregulation exacerbates inflammation and acute colitis. Cell Metab.
2008;7:135-47. https://doi.org/10.1016/j.cmet.2007.12.003.

Busch AK; et al. Increased fatty acid desaturation and enhanced expres-

sion of stearoyl coenzyme a desaturase protects pancreatic beta-cells from
lipoapoptosis. Diabetes. 2005;54:2917-24. https://doi.org/10.2337/diabetes.5
4.10.2917.

Hellemans KH, et al. Susceptibility of pancreatic beta cells to fatty acids is
regulated by LXR/PPARalpha-dependent stearoyl-coenzyme A desaturase.
PLoS ONE. 2009;:4:e7266. https://doi.org/10.1371/journal.pone.0007266.
Sinner DI, Kim GJ, Henderson GC, Igal RA. StearoylCoA desaturase-5: a

novel regulator of neuronal cell proliferation and differentiation. PLoS ONE.
2012,7:€39787. https://doi.org/10.1371/journal.pone.0039787.

Nashed M, Chisholm JW, Igal RA. Stearoyl-CoA desaturase activity modulates
the activation of epidermal growth factor receptor in human lung cancer
cells. Exp Biol Med (Maywood). 2012;237:1007-17. https://doi.org/10.1258/eb
m.2012.012126.

130.

134.

135.

136.

138.

139.

140.

141.

142.

143.

145.

146.

148.

149.

150.

Page 14 of 15

. Tang J, Chen X, Cai B, Chen G. A logical relationship for schizophrenia, bipolar,

and major depressive disorder. Part 4: evidence from chromosome 4 high-
density association screen. J Comp Neurol. 2019;527:392-405. https://doi.org
/10.1002/cne.24543.

. Ferrer |, Aubourg P, Pujol A. General aspects and neuropathology of X-linked

adrenoleukodystrophy. Brain Pathol. 2010;20:817-30. https://doi.org/10.1111/
J.1750-3639.2010.00390.x.

Zhang Q, Sun S, Zhang Y, Wang X, Li Q. Identification of Scd5 as a functional
regulator of visceral fat deposition and distribution. iScience. 2022,25:103916.
https://doi.org/10.1016/.isci.2022.103916.

. Savransky V, et al. Dyslipidemia and atherosclerosis induced by chronic

intermittent hypoxia are attenuated by deficiency of stearoyl coenzyme a
desaturase. Circ Res. 2008;103:1173-80. https://doi.org/10.1161/CIRCRESAHA.
108.178533.

. MacDonald ML, et al. Despite antiatherogenic metabolic characteristics,

SCD1-deficient mice have increased inflammation and atherosclerosis.
Arterioscler Thromb Vasc Biol. 2009;29:341-7. https://doi.org/10.1161/ATVBA
HA.108.181099.

. Brown JM, et al. Inhibition of stearoyl-coenzyme A desaturase 1 dis-

sociates insulin resistance and obesity from atherosclerosis. Circulation.
2008;118:1467-75. https://doi.org/10.1161/circulationaha.108.793182.
Ntambi JM. The regulation of stearoyl-CoA desaturase (SCD). Prog Lipid Res.
1995;34:139-50. https://doi.org/10.1016/0163-7827(94)00010-j.

Biddinger SB, et al. Effects of diet and genetic background on sterol regula-
tory element-binding protein-1c, stearoyl-CoA desaturase 1, and the devel-
opment of the metabolic syndrome. Diabetes. 2005;54:1314-23. https://doi.o
rg/10.2337/diabetes.54.5.1314.

Flowers MT, Ntambi JM. Stearoyl-CoA desaturase and its relation to high-
carbohydrate diets and obesity. Biochim et Biophys Acta (BBA) - Mol Cell
Biology Lipids. 2009;1791:85-91. https://doi.org/10.1016/j.bbalip.2008.12.011.

. Hu CC, Qing K, Chen Y. Diet-induced changes in stearoyl-CoA desaturase 1

expression in obesity-prone and -resistant mice. Obes Res. 2004;12:1264-70.
https://doi.org/10.1038/0by.2004.160.

Bellenger J, et al. A new hypotensive polyunsaturated fatty acid dietary
combination regulates oleic acid accumulation by suppression of stearoyl
CoA desaturase 1 gene expression in the SHR model of genetic hypertension.
Faseb j. 2004;18:773-5. https://doi.org/10.1096/f).03-0950fje.

Swank RL, Lerstad O, Strem A, Backer J. Multiple sclerosis in Rural Norway. N
Engl J Med. 1952;246:721-8. https://doi.org/10.1056/NEJM195205082461901.
Alter M, Yamoor M, Harshe M. Multiple sclerosis and Nutrition. Arch Neurol.
1974;31:267-72. https://doi.org/10.1001/archneur.1974.00490400081010.
Timmermans S, et al. High fat diet exacerbates neuroinflammation in an
animal model of multiple sclerosis by activation of the Renin Angiotensin
system. J Neuroimmune Pharmacol. 2014;9:209-17. https://doi.org/10.1007/s
11481-013-9502-4.

Matveeva O, et al. Western lifestyle and immunopathology of multiple sclero-
sis. Ann N'Y Acad Sci. 2018;1417:71-86. https://doi.org/10.1111/nyas.13583.
Hoscheidt S, et al. Mediterranean and Western diet effects on Alzheimer’s dis-
ease biomarkers, cerebral perfusion, and cognition in mid-life: a randomized
trial. Alzheimers Dement. 2022;18:457-68. https://doi.org/10.1002/alz.12421.

. Bettigole SE, Glimcher LH. Endoplasmic reticulum stress in immunity. Annu

Rev Immunol. 2015;33:107-38. https://doi.org/10.1146/annurev-immunol-03
2414-112116.

Puthalakath H, et al. ER stress triggers apoptosis by activating BH3-only pro-
tein Bim. Cell. 2007;129:1337-49. https://doi.org/10.1016/j.cell.2007.04.027.
Lipke K, Kubis-Kubiak A, Piwowar A. Molecular mechanism of Lipotoxicity as
an interesting aspect in the development of Pathological States-Current View
of Knowledge. Cells. 2022;11. https://doi.org/10.3390/cells11050844.

. Wolzak K, et al. Neuron-specific translational control shift ensures proteostatic

resilience during ER stress. EMBO J. 2022;41:¢110501. https://doi.org/10.1525
2/embj.2021110501.

Namgaladze D, et al. Inhibition of macrophage fatty acid beta-oxidation
exacerbates palmitate-induced inflammatory and endoplasmic reticulum
stress responses. Diabetologia. 2014;57:1067-77. https://doi.org/10.1007/s00
125-014-3173-4.

Jantti MH, et al. Palmitate and thapsigargin have contrasting effects on ER
membrane lipid composition and ER proteostasis in neuronal cells. Biochim
Biophys Acta Mol Cell Biol Lipids. 2022;1867:159219. https://doi.org/10.1016/j
bbalip.2022.159219.

Sene A, et al. Impaired cholesterol efflux in senescent macrophages pro-
motes age-related macular degeneration. Cell Metab. 2013;17:549-61. https:/
/doi.org/10.1016/j.cmet.2013.03.009.



Loix et al. Molecular Neurodegeneration

151.

152.

153.

154.

155.

156.

157.

(2024) 19:85

Morgan PK, et al. Macrophage polarization state affects lipid composition
and the channeling of exogenous fatty acids into endogenous lipid pools. J
Biol Chem. 2021;297:101341. https://doi.org/10.1016/jjbc.2021.101341.
Schweitzer SC, et al. Endogenous versus exogenous fatty acid avail-

ability affects lysosomal acidity and MHC class Il expression. J Lipid Res.
2006;47:2525-37. https://doi.org/10.1194/jlrM600329-JLR200.

Henderson RJ, Christie WW, Moore JH. Positional distribution of exogenous
and endogenous fatty acids in triacylglycerols formed by rat adipocytes in
vitro. Biochim Biophys Acta. 1979;574:8-17. https://doi.org/10.1016/0005-276
0(79)90078-x.

Guo F, Liu X, Cai H, Le W. Autophagy in neurodegenerative diseases: patho-
genesis and therapy. Brain Pathol. 2018;28:3-13. https://doi.org/10.1111/bpa.
12545.

Kohler K, et al. A combined proteomic and genetic analysis identifies a role
for the lipid desaturase Desat1 in starvation-induced autophagy in Dro-
sophila. Autophagy. 2009;5:980-90. https://doi.org/10.4161/auto.5.7.9325.
Ogasawara Y, et al. Stearoyl-CoA desaturase 1 activity is required for autopha-
gosome formation. J Biol Chem. 2014;289:23938-50. https://doi.org/10.1074/
jbcM114.591065.

Ogasawara Y, Kira S, Mukai Y, Noda T, Yamamoto A. Ole1, fatty acid desaturase,
is required for Atg9 delivery and isolation membrane expansion during

Page 15 of 15

autophagy in Saccharomyces cerevisiae. Biol Open. 2017,6:35-40. https://doi.
0rg/10.1242/bi0.022053.

. Ono A, et al. Feedback activation of AMPK-mediated autophagy acceleration

is a key resistance mechanism against SCD1 inhibitor-induced cell growth
inhibition. PLoS ONE. 2017;12:e0181243. https://doi.org/10.1371/journal.pon
e0181243.

. Huang GM, Jiang QH, Cai C, Qu M, Shen W. SCD1 negatively regulates

autophagy-induced cell death in human hepatocellular carcinoma through
inactivation of the AMPK signaling pathway. Cancer Lett. 2015;358:180-90.
https://doi.org/10.1016/j.canlet.2014.12.036.

. LimY, Kim S, Kim EK. Palmitate reduces starvation-induced ER stress by inhib-

iting ER-phagy in hypothalamic cells. Mol Brain. 2021;14:65. https://doi.org/10
.1186/513041-021-00777-8.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



