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Uncovering the ferroptosis related mechanism
of laduviglusib in the cell-type-specific targets
of the striatum in Huntington’s disease

Mei Liu'", Jinlan Zhao®', Chengcheng Xue?®, Jun Yang' and Li Ying"

Abstract

Huntington's disease (HD) is a dominantly inherited neurodegenerative disorder featured by abnormal movements,
arising from the extensive neuronal loss and glial dysfunction in the striatum. Although the causes and
pathogenetic mechanisms of HD are well established, the development of disease-modifying pharmacological
therapies for HD remains a formidable challenge. Laduviglusib has demonstrated neuroprotective effects through
the enhancement of mitochondrial function in the striatum of HD animal models. Ferroptosis is a nonapoptotic
form of cell death that occurs as a consequence of lethal iron-dependent lipid peroxidation and mitochondrial
dysfunction. However, the ferroptosis-related mechanisms underlying the neuroprotective effects of laduviglusib in
the striatum of HD patients remain largely uncharted. In this study, we leveraged single-nucleus RNA sequencing
data obtained from the striatum of HD patients in stages 2—4 to identify differentially expressed genes within
distinct cell-type. We subsequently integrated these differentially expressed genes of HD, laduviglusib target genes
and ferroptosis-related genes to predict the ferroptosis-related mechanisms underpinning the neuroprotective
effects of laduviglusib in HD patients. The Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology
(GO) analyses unveiled that the effects of laduviglusib on direct pathway striatal projection neurons (dSPNs)

is mainly associated with Th17 cell differentiation pathways. Conversely, its impact on indirect pathway striatal
projection neurons (iSPNs) extends to the Neurotrophin signaling pathway, FoxO signaling pathway, and reactive
oxygen species pathway. In microglia, laduviglusib appears to contribute to HD pathology via mechanisms related
to Th17 cell differentiation and the FoxO signaling pathway. Further, molecular docking results indicated favorable
binding of laduviglusib with PARP1 (associated with dSPNs and iSPNs), SCD (associated with astrocytes), ALOX5
(associated with microglia), and HIF1A (associated with dSPNs, iSPNs, and microglia). In addition, the KEGG results
suggest that laduviglusib may enhance mitochondrial function and protect against neuronal loss by targeting
ferroptosis-related signaling pathways, particularly mediated by ALOX5 in microglia. These findings provide valuable
insights into the potential mechanisms through which laduviglusib exerts its effects on distinct cell-types within
the HD striatum.

Keywords Huntington’s disease, Laduviglusib, Ferroptosis, Molecular docking, Single-nuclei RNA sequencing

fMei Liu and Jinlan Zhao contributed equally to this work.

*Correspondence:
LiYing
alili2035@126.com; ndyfy07522@ncu.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-024-10534-5&domain=pdf&date_stamp=2024-6-24

Liu et al. BMC Genomics (2024) 25:633

Introduction

Huntington’s disease (HD) represents a dominantly
inherited neurodegenerative condition featured by the
expansion of a CAG short tandem repeat in exon 1 of
the huntingtin (HTT) gene. This condition is hallmarked
by extensive neuronal loss of striatal spiny projection
neurons (SPNs), accompanied by a pronounced inflam-
matory response involving reactive striatal glia [1, 2].
Depending on the severity of the striatal neuropathologi-
cal involvement and clinical disability, HD is designated
into five grades (0—4) in ascending order of severity [1, 3].
Additionally, post-mortem analyses of HD patient tissue
have demonstrated the gradual emergence of profound
reactive astrocytes in grades 2—4 [4]. Microglial activa-
tion, as observed in post-mortem studies, correlates with
disease severity, contributing to ongoing neuronal degen-
eration in HD [5]. Although the pathogenetic causes of
HD are well understood, there is currently no approved
disease-modifying treatment for HD [6].

Laduviglusib, also known as CHIR99201, is a highly
selective inhibitor of Glycogen synthase kinase 3 (GSK3),
a protein implicated in cell survival. Laduviglusib has
been shown to enhance insulin glucose transporter acti-
vation, pancreatic p cell proliferation, and survival [7,
8]. Beyond its role in GSK3 regulation, laduviglusib also
modulates the Wnt signaling pathway by directly induc-
ing p-catenin phosphorylation; Consequently, laduvi-
glusib, in conjunction with other compounds, often acts
as a mediator in differentiating stem cells into neurons
[9-11]. Furthermore, laduviglusib exhibited potential
therapeutic relevance in neurological disorders, such as
ischemic stroke, Alzheimer’s disease. In ischemic stroke,
the combined use of laduviglusib with other compounds
has been shown to promote the transformation of mac-
rophages into neurons both in vitro and in vivo, leading
to improved neurological function [12]. In Alzheimer’s
disease, laduviglusib has been associated with decreased
tau phosphorylation in human glutamatergic neurons,
suggesting its capacity to counteract tau pathology, par-
ticularly in neurons [13]. Another in vitro study demon-
strated that laduviglusib rescued tubulin polymerization
in ankyrin 3-repressed cells, a perturbation potentially
linked to psychiatric illnesses, by pharmacological inhib-
iting collapsin response mediator protein 2 (CRMP2)
activity [14]. These collectively works corroborate the
protective role of laduviglusib in neurological disease
by potentiating cell survival. Besides, several studies
have claimed that treated with laduviglusib significantly
inhibits oxidative damage, including the upregulation
of reactive oxygen species (ROS) levels, disruption of
mitochondrial membrane potential, excessive lipid per-
oxidation, and the reduction of superoxide dismutase
(SOD) activity [15], indicating the potential involvement
of laduviglusib in oxidative-related dysfunction. Several
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features associated with laduviglusib, such as ROS levels,
mitochondrial dysfunction, increased lipid peroxidation,
and reduced SOD activity, are closely related to ferrop-
tosis [16].

Ferroptosis is a nonapoptotic form of cell death that
occurs as a consequence of lethal iron-dependent lipid
peroxidation and mitochondrial dysfunction [16]. A
bulk of evidences suggest that ferroptosis is integral to
the pathogenesis of HD. For example, previous study
described the accumulation of toxic iron in neurons
in HD mice compared to wild-type mice, which con-
sequently induces neurodegenerative processes [17].
Another MRI study on HD patients also showed iron
accumulation in the brain [18]. Additionally, research by
Sonal et al. has elucidated the critical role of iron in regu-
lating mitochondrial metabolism in HD, as evidenced by
increased mitochondrial iron content, elevated levels of
the iron uptake protein mitoferrin 2, and reduced iron-
sulfur cluster synthesis protein frataxin in brain tissue of
HD patients and HD mice [19]. Enriched mitochondrial
isolates from the brains of HD mice displayed defects in
membrane potential, oxygen uptake, and increased lipid
peroxidation [19]. Likewise, the accumulation of lipid
peroxidation adducts also found in the caudate nucleus
and putamen (CPu) region of the HD striatum, whose
functional integrity critical associated with abnormal
movements in HD [20, 21]. The aforementioned evi-
dences, observed in both HD animal models and human
patients, underscore the strong correlation between fer-
roptosis and biological and clinical features of HD. Fur-
thermore, pharmacological reagents that modulated
morphological and biochemical features implicated in
ferroptosis exhibit great potential in clinical therapies,
especially in HD [22]. Previous studies exploring ferro-
statin-1, a selective inhibitor of ferroptosis, have dem-
onstrated its ability to prevent iron-dependent oxidative
stress and rescue neuronal cell death in cellular models of
HD [23]. This study suggests the efficacy of regulation of
ferroptosis in improving HD-related features.

In HD, the neuroprotective effects of laduviglusib ben-
efits are attributed to its influence on the calpastatin
(CAST)—calpain—dynamin-related protein 1 (Drpl) sig-
naling axis [24]. Numerous studies have highlighted the
interplay between calpain, Drpl, and ferroptosis. For
instance, polygalain extract, tenuifolin, has been dem-
onstrated to mitigate ferroptosis by modulating cal-
pain activity, potentially preventing the progression of
Alzheimer’s disease-like phenotypes [25]. Activated cal-
pain mediates calcium influx and caspase activity, which
has been implicated in radiation-induced endothelial
cell ferroptosis [26]. The modulation of calpain activity
is implicated in the pathogenesis of systemic sclerosis
(SSc)-associated ferroptosis [27]. Consistently, enhanced
Drpl activity facilitates ferroptosis in ischemia/
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reperfusion injury [28]. It has been reported that Drpl-
regulated mitochondrial fission is implicated in ferrop-
tosis [29]. Moreover, in hepatocellular carcinoma (HCC)
cells, Drpl can protect against ferroptosis by modulating
mitochondrial function [30]. These findings collectively
suggest that the activation of calpain/Drpl may lead to
mitochondrial and lysosomal damage, thereby promoting
or exacerbating ferroptosis.

In the present study, we conducted a comprehen-
sive analysis by utilizing single-cell sequencing data
obtained from post-mortem samples of HD patients in
stages 2—4. Through integration with laduviglusib target
genes, our aim was to elucidate the potential cellular tar-
gets of laduviglusib within the HD CPu. Subsequently,
through enrichment analysis, we explored the signaling
pathways affected by laduviglusib in the treatment of
HD. Our investigation revealed that laduviglusib exerts
regulatory effects on distinct cell-types in HD, par-
ticularly in direct pathway striatal projection neurons
(dSPNs), indirect pathway striatal projection neurons
(iSPNs), astrocytes, and microglia, where it influences
processes related to ribose metabolism and oxidative
stress response. Building upon previous research, our
findings suggest a pivotal role for ferroptosis in these
processes. Molecular docking results indicated strong
binding affinity of laduviglusib with PARP1 (associated
with dSPNs and iSPNs), SCD (associated with astro-
cytes), AR (associated with astrocytes), ALOX5 (associ-
ated with microglia), and HIF1A (associated with dSPNs,
iSPNs, astrocytes, and microglia). With the integration
of ferroptosis-related data, we postulate that laduviglu-
sib may exert its therapeutic effects in HD by targeting
ferroptosis-associated signaling pathways, particularly
those mediated by ALOX5 in microglia. This targeting
strategy aims to enhance mitochondrial functionality,
protect against neuronal loss, and mitigate the neuro-
pathological changes associated with HD. As a result,
our study highlights the presence of a potentially drug-
gable pathway involving neuronal and glial ferroptosis in
the pathogenesis of HD. Research on this small molecule
drug, laduviglusib, might serve as a pioneering step in
the development of treatments for HD.

Methods

Collection of target genes for different cell-types in HD

We obtained cell-type-specific gene expression profiles
from brain single-nucleus RNA sequencing (snRNA-seq)
data of Huntington’s disease (HD) patients, as reported
by Lee et al. (GSE152058) [1]. Differentially expressed
genes were identified by comparing conditions with an
absolute log-fold change>0.1 and a false discovery rate
(FDR)<0.001 against their respective controls for each
cell-type. The selection of these parameters was primar-
ily based on the foundational work of Lee and colleagues.
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Collection of laduviglusib target genes

We retrieved the Simplified Molecular Input Line Entry
System (SMILES) structure of laduviglusib from the
pharmacology database (https://pubchem.ncbi.nlm.nih.
gov/). To predict the target genes of laduviglusib, we que-
ried multiple databases, including PharmMapper (http://
www.lilab-ecust.cn/pharmmapper/), SEA (https://sea.
bkslab.org/), SuperPred (https://prediction.charite.de/),
and SwissTargetPrediction (http://swisstargetprediction.
ch/), using the SMILES structure of laduviglusib. The
final set of laduviglusib target genes was derived from
the sum of results across these databases after removing
duplicate entries.

Collection of ferroptosis-related genes

We obtained a collection of ferroptosis-associated genes
from the FerrDb V2 database (http://www.zhounan.org/
ferrdb/current/) [31]. This collection included human
genes that either promote, inhibit, or are associated with
the occurrence of ferroptosis.

Gene ontology (GO) and kyoto encyclopedia of genes and
genomes (KEGG) analyses

We performed enrichment analysis of Gene Ontology
and KEGG pathways to elucidate the biological processes
(BP), cellular components (CC), molecular functions
(MF), and pathways associated with the significant genes.
The analysis was conducted using the clusterProfiler
package (version 4.2.2) and the ggplot2 package (version
3.3.6) in R studio. All the mentioned analyses were car-
ried out using R version 4.1.2.

Construction of protein-protein interaction (PPI) networks
for ferroptosis-related genes in laduviglusib against each
cell-type in HD

To explore potential interactions between proteins
encoded by the target genes, we constructed a PPI
network using the online database STRING (https://
cn.string-db.org/). A confidence score cut-oft of 0.4 was
applied to filter the results. The filtered results from
STRING were then imported into Cytoscape software
(version 3.9.0) to construct a PPI network. We utilized
the CentiScaPe 2.2, a Cytoscape plug-in, to identify key
nodes in large networks [32]. ClueGO, another Cyto-
scape plug-in, was employed to perform GO analysis and
visualize the functional genes within a clustered network
(33, 34].

Molecular docking

We downloaded the 3D structures of proteins listed in
Table 1 from the Structural Bioinformatics Protein Data
Bank (RCSB PDB) database (https://www.rcsb.org/)
[35, 36]. Water molecules and excess ligands present
in the protein structures were removed using PyMOL
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Table 1 Molecular docking binding energy results

Protein PDB ID Binding Energy (kcal/mol)
ABCC1 2cbz -7.7
ALOX5 308y -7.85
AR 4hlw -7.97
CTSB Smbm -7.24
GSK3B 6tcu -7.23
HIFTA Th2m -7.83
KDM5A 5e6h -7.61
MAPK1 6954 -7.61
PARP1 5ds3 -8.16
SCD 4zyo -8.06
TGFBR1 6b8y -7.68
TTPA S5mue -6.96

software. The chemical structure of laduviglusib was
obtained from the PubChem database (https://pub-
chem.ncbi.nlm.nih.gov/). Molecular docking analysis
was conducted to predict the binding sites and inter-
action forces between proteins and laduviglusib using
AutoDock Vina software and SwissDock (http://www.
swissdock.ch/) [37-39]. The binding energy and optimal
binding conformations were obtained and visualized
using PyMOL software. The Protein Ligand Interaction
Profiler (PLIP) (https://plip-tool.biotec.tu-dresden.de/
plip-web/plip/index) was used to detect non-covalent
interactions between macromolecules and laduviglu-
sib, while also providing atom-level insights into the
binding characteristics [40]. If necessary, OpenBabel
(https://openbabel.org/wiki/Main_Page) was employed
to convert file formats.

Results

Potential target genes of laduviglusib against each cell-
type of HD

This study focused on the CPu region within the stria-
tum, as these areas are primarily implicated in the mani-
festation of abnormal movements in HD patients [20,
21]. HD is classified into five grades (0—4) based on vari-
ous pathological criteria, including the loss of striatal
spiny projection neurons (SPNs), the presence of reac-
tive astrocytes, and the degree of microglial activation,
reflecting increasing disease severity [1, 3]. To assess the
potential target genes of laduviglusib in specific HD cell-
types, single-cell sequencing data from post-mortem
samples of HD grades 2—4 patients were used. Despite
the well-established causative mutation of HD involv-
ing the expansion of CAG short tandem repeats in the
huntingtin gene, the mutation affects various neuronal
subtypes to varying degrees. Differentially expressed
genes were selected from distinct cell-types within the
CPu region to represent potential target genes for HD
patients. The potential target genes of laduviglusib were
gathered from multiple databases, with redundancies
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removed. The identification of the potential target genes
of laduviglusib against specific HD cell-types involved
the intersection of different cell-types with the poten-
tial targets of laduviglusib (Fig. 1) (Supplemental Table
S1-S3).

Potential signaling pathways for laduviglusib in different
cell-types of HD

Enrichment analysis revealed the multifaceted impact of
laduviglusib on distinct cellular subtypes associated with
HD. The highest enrichment scores for Biological Pro-
cesses (BP), Cellular Components (CC), Molecular Func-
tions (MF), and KEGG pathways related to the target
genes of laduviglusib are depicted in Fig. 2 and elaborated
upon in Supplemental Table S4 and S5.

As shown in Fig. 2A, in the context of direct pathway
striatal projection neurons (dSPNs), laduviglusib signif-
icantly modulated biological processes such as purine
ribonucleotide metabolism, ribonucleotide metabo-
lism, ribose phosphate metabolism, purine nucleoside
metabolism, and amino acid biosynthesis via cellular
modification. For indirect pathway striatal projection
neurons (iSPNs), the impact of laduviglusib extended
to processes such as ribonucleotide metabolism, ribose
phosphate metabolism, purine nucleoside metabolism,
cellular responses to oxidative stress, and reactions to
oxidative stress. In astrocytes, laduviglusib affected
processes encompassing protein autophosphoryla-
tion, positive regulation of protein kinase B signaling,
purine nucleoside metabolism, responses to exogenous
stimuli and external apoptotic signaling. Addition-
ally, it exhibited a positive regulatory influence on epi-
thelial cell migration and kinase activity. In microglia,
the potential role of laduviglusib was identified in the
regulation of reactive oxygen species metabolism, sug-
gesting its contribution to ameliorating HD-related
dysregulations.

Figure 2B primarily highlights the therapeutic effects of
laduviglusib on Cellular Components in most HD cells,
including neuron spine, neuronal cell body, membrane
microdomain, and membrane raft.

In Fig. 2C, laduviglusib was found to intervene in
Molecular Functions across most HD cell-types, impact-
ing nuclear receptor activity, ligand-activated transcrip-
tion factor activity, amide binding, et al. Notably, it
exhibited different regulatory patterns between dSPNs
and iSPNs, with a particular focus on protein serine/thre-
onine kinase activity in iSPNs.

Figure 2D collectively illustrate the most enriched
KEGG pathways, providing insights into the probable
mechanisms of action of laduviglusib in HD. Notable
pathways associated with dSPNs include the Th17 cell
differentiation, PD-L1 expression, and the PD-1 check-
point pathway in cancer, as well as purine metabolism.
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genes between different cell-types in HD with laduviglusib



Liu et al. BMC Genomics (2024) 25:633

Laduuglusib&Sst_Npy_IN (28)1@0 @ @ © ce ° . oo ce
Laduviglusib&Pvalb_Th_IN (42)~f p.adjust
o4
o0

002

Laduiglusib&OPC (28)-
Laduviglusib&Oligodendrocyte (25)-
Laduviglusib&Mural (22)-
Laduviglusib&Microglia (31)~ o
Laduviglusib&iSPN114)-{
Laduviglusib&FOXP2_OLFM3_Neuron (97)- Count
(ol
@ecceeec @O0 O
00000000000 © o eo o @ O
0o0oc@ee0 0@ On

Laduviglusib&Endothelial (40)-

Laduviglusib&ASPN (88)-
Laduviglusib&Ciated_Ependymal (62)-
Laduviglusib8Astroglia (73)-

circadian thythm

regulation of reactive oxygen sy
pu
positive regul

regulation of cel

Laduviglusib&Sst_Npy_IN (28)

°
°
o

Laduviglusib&Pvalb_Th_IN (42)- . e o0 ° o p.adjust

004
003
002

Laduviglusib&OPC (28){ ee0 oo
Laduviglusib&Oligodendrocyte (25){ o P
Laduviglusib&Mural (22) e
Laduviglusib&Microglia (31)- . e e oo
Laduviglusib&iSPN115). °
Laduviglusib&FOXP2_OLFM3_Neuron (98)- @ ® °
Laduviglusib&Endothelial (40) e @

Laduviglusib&ISPN (89) . e

LaduviglusibGiliated_Ependymal (62)
Laduviglusib8Astroglia (73)

< e
n|® 0 @ e @@ o0 0 0
P

nuclear steroid receptor activity| © @ o o

3.5-oyclio-AMP phosphodiesterase activi

ase activity

deacatylase activity{ ® ®

ase activator activity

scaffold prot
adenyyltransterase activity |

protein serinefthreoning

H

3.5"-cyelic-nucleotide phosphodiesterase activity

hydrolase activiy, acting
hydrolase acivity, acting on carbon-nitrogen (but not pey

Page 6 of 14

B
LaduviglusibaSst_Npy_IN (28)1 © © ocece e e e
Laduviglusib&Pvalb_Th_IN (42) - © ° ©@0®@0 © 00600 @ 00« - padjust
Laduiiglusib&OPC (28)- @ c. © e®@ © © e o0 o 004
Laduviglusib&Mural (22) - . ° e © o e0 o ° 003
Laduviglusib8Oligodendrocyte (25)- o ® o = O o

Laduviglusib&Microgla (31) 1
Laduviglusib&iSPN115) <
Laduviglusib&FOXP2_OLFM3_Neuron (98) <

Laduviglusib&Endothelial (40) <

Laduviglusib&dSPN (88) <

°0000® 00 oo
00o0CGCo00O®® 0O - -

Laduviglusib8Ciliated_Ependymal (62)-

Laduviglusib8Astroglia (73) < [e]

eXe}
g i 5 ge
g5 % g E
3
H
g
D
LaduvglusibaSst Npy_IN (26) @e-00: o000
Laduviglusib8Pvalb_Th_IN (37) ° padust
Laduviglusib&OPC (28); o e o ® ® o 004
Laduviglusib&Oligodendrocyte (24) ° 003
Laduviglusib&Mural (21) © © 002
Laduviglusib&Microglia (31)] © @ o e ° e Ium
Laduviglisib&iSPN(100)|@ @ @ @@ e ® e @eo o
LadwiglisibFOXP2_OLFM3 Newon (88)1 @ @ © @ @ ® 0 @ @ @ © Count
Ladwiglusib8Endothelial (35){ @ @ © © @ @ © @ © © © os
LaduiglishadSPN (80){@ @ @ ® @ ©  © @ © [oR)
LadwiglusibaCiiated Ependymal (561] © ® © ® 0 @ © ® @ O s
Laduviglusib&Astroglia (65) 0cocoo0cee0@e@

vy

carcinoma

Non-sm:

£

Antigen praces
Growth hormone synthes
EGFR tyrosine kinase i
Central carbon metabolism

Chemical carcinogenesis - reactive oxygen sp
Longavity reguiating

Epithelial cell signaling in Helicobacter pylori

PD-L1 exprossion and PD~1 checkpoint pathway in cancer
Parathyroid hormone synt
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In contrast, the impact of laduviglusib on iSPNs extends
to the Neurotrophin signaling pathway, FoxO signal-
ing pathway, and the Chemical carcinogenesis - reactive
oxygen species pathway. In astrocytes, it was found to
be implicated in HD through the MAPK signaling path-
way, PI3K-Akt signaling pathway, FoxO signaling path-
way, Ras signaling pathway, and HIF-1 signaling pathway.
For microglia, laduviglusib may play a role in HD via the
Th17 cell differentiation and Autophagy. The aforemen-
tioned results indicated that a majority of cells are closely
associated with HIF-1 signaling pathway, FoxO signaling
pathway, PI3K-Akt signaling pathway, MAPK signaling
pathway, and Chemical carcinogenesis - reactive oxygen
species.

Collectively, these findings underscore the ability of
laduviglusib to modulate a spectrum of critical biologi-
cal processes, including nucleotide metabolism, reactive
oxygen metabolism, and oxidative stress responses, thus
offering valuable insights into its potential as a therapeu-
tic intervention for HD.

Ferroptosis-related genes in laduviglusib against each cell-
type of HD

Based on the previous enrichment analysis results, there
is a compelling rationale to suggest that the protec-
tive effects of laduviglusib against HD may be linked to
ferroptosis. Consequently, we conducted an intersec-
tion analysis among three datasets: Ferroptosis-related
genes, laduviglusib target genes, and differentially
expressed genes in distinct HD cell-types. The inter-
section genes are visually represented in a Venn dia-
gram [60], as depicted in Supplementary Fig. S1 (detail
listed in Supplemental Table S6). All intersecting data
points are interconnected, forming a Venn relationship
network diagram (Fig. 3A). Furthermore, utilizing the
CentiScape plugin in Cytoscape, we constructed a Pro-
tein-Protein Interaction (PPI) network of the targets of
laduviglusib in different HD cell-types under the condi-
tions of Closeness (0.03973360452816236), Betweenness
(11.374999999999998), and Degree (5.875) (Fig. 3B).
This network analysis provides insights into the potential
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targets of laduviglusib concerning HD treatment within the context of ferroptosis. The node size and edge thickness directly correspond to the degree
and betweenness centrality scores, reflecting the extent of connectivity between nodes

mechanisms underlying the impact of laduviglusib on
distinct cell-types in HD.

Poteintial signaling pathways related to ferroptosis
induced by laduviglusib in distinct cell-types of HD

To preliminarily explore the potential functions of the
target genes of laduviglusib in different cell-types related
to ferroptosis, we conducted enrichment analysis using
the Cytoscape plugin ClueGO. The enrichment results
indicated that these genes are involved in functions such
as the regulation of oxidative stress-induced intrinsic
apoptotic signaling pathway, negative regulation of ATP
metabolic processes, and positive regulation of mito-
chondrial outer membrane permeabilization in the apop-
totic signaling pathway (Fig. 4).

To elucidate the potential signaling pathways targeted
by laduviglusib in the context of HD, we conducted GO
and KEGG enrichment analyses on the genes targeted by
laduviglusib that are associated with ferroptosis across
different cell-types (Supplemental Table S7 and S8).
The results revealed that the influence of laduviglusib
on the ferroptosis-related biological processes in most
HD cells primarily centered around response to reactive
oxygen species, response to oxidative stress, and cellular
response to oxidative stress (Fig. 5A).

Moreover, in both dSPNs and iSPNs, specific cellular
components such as protein-DNA complex and molecu-
lar functions including protein serine/threonine kinase
activity, phosphatase binding, ubiquitin protein ligase
binding, and RNA polymerase II-specific DNA-binding

transcription factor binding, emerged as particularly crit-
ical (Fig. 5B, C).

Furthermore, KEGG enrichment analysis indicated that
laduviglusib may exert its protective effects on different
cell-types in HD, including astroglia, dSPNs and iSPNs,
by interacting with the Chemical carcinogenesis - reac-
tive oxygen species signaling pathway, which is related to
ferroptosis. In microglia, laduviglusib may exert its pro-
tective effects on HD through Th17 cell differentiation
and Autophagy (Fig. 5D).

These findings collectively provide valuable insights
into the potential signaling pathways through which
laduviglusib operates in the context of HD, particularly in
relation to ferroptosis, across distinct cell-types.

Molecular docking

The progression of Huntington’s Disease (HD) predomi-
nantly impacts spiny projection neurons (SPNs) in the
striatum, with Drd2-expressing iSPNs being particu-
larly susceptible compared to Drdl-expressing dSPNs
[1, 41]. This complex pathogenesis involves concurrent
neuroinflammatory processes, characterized by microg-
lial activation preceding clinical symptoms and reactive
astrogliosis occurring later in the disease course [41]. To
assess the potential molecular interactions between ladu-
viglusib and genes associated with ferroptosis processes
in dSPNs, iSPNs, astrocytes, and microglia, molecu-
lar docking studies were conducted (Figs. 6 and 7). The
detail binding information of laduviglusib for each target
protein were listed in Table 1 and Supplemental Table
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Fig. 5 GO and KEGG enrichment Analysis of laduviglusib target genes in HD different cell-types through ferroptosis. Enrichment analysis of laduviglusib
targets in different cell-types relevant to HD through ferroptosis. The analysis includes (A) biological processes, (B) cellular components, (C) molecular
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Fig. 6 Venn network The Venn network visually represents the intercon-
nected genes shared among laduviglusib, ferroptosis, and HD different
cell-type, including astroglia, dSPNs, iSPNs, microglia

S9-11. The binding energy of docking of all proteins with
laduviglusib were less than —6.96 kcal/mol, indicating a
tight binding between the proteins and laduviglusib. The
top five proteins were PARP1 (associated with dSPNs
and iSPNs), SCD (associated with astrocyte), AR (associ-
ated with astrocyte), ALOX5 (associated with microglia),
HIF1A (associated with dSPNs, iSPNs, astrocyte, microg-
lia). These data suggest that laduviglusib exerts its anti-
HD effects by influencing distinct cellular functions, with
multiple ferroptosis-related signaling pathways poten-
tially mediating this effect.

Discussion

In this study, we employed single-cell sequencing data
obtained from post-mortem samples of HD patients in
stages 2—4 to identify gene expressions across different
cell-types in the CPu. Through the integration of these
gene profiles with the putative target genes of laduviglu-
sib, our research has unveiled the regulatory role of ladu-
viglusib across various cell types within the HD striatum,
with a particular emphasis on dSPNs, iSPNs, astrocytes,
and microglia. This regulatory influence extends to pro-
cesses linked to ribose metabolism and oxidative stress.
We highlight that the effects of laduviglusib in neuro-
nal dendritic spines and somas of the iSPNs and dSPNs
may reverse the neuropathological changes related to
movement disorders observed in HD. Molecular dock-
ing results indicated that laduviglusib binding well with
PARP1 (associated with dSPNs and iSPNs), SCD (asso-
ciated with astrocyte), AR (associated with astrocyte),
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ALOX5 (associated with microglia), HIF1A (associated
with dSPNs, iSPNs, astrocyte, microglia). In addition, the
KEGG and molecular docking results suggest that ladu-
viglusib may enhance mitochondrial function and pro-
tect against neuronal loss by targeting ferroptosis-related
signaling pathways, particularly mediated by ALOX5 in
microglia according to the KEGG analysis. We deter-
mined the protective role of laduviglusib in cell-type-
specific in HD striatum, which provides insights into HD
therapy.

This research underscores the potential therapeutic
value of laduviglusib in the context of neurodegenerative
disorders. Laduviglusib serves as a highly selective inhibi-
tor of GSK3 while simultaneously activating the Wnt/p-
catenin signaling pathway, a crucial component for cell
viability preservation. Furthermore, it has shown promise
in enhancing insulin-mediated glucose transport, pro-
moting pancreatic -cell proliferation, and ensuring their
survival [7, 8]. In the context of Alzheimer’s disease, ladu-
viglusib has exhibited the ability to reduce tau phosphor-
ylation in glutamatergic neurons, suggesting a potential
role in counteracting tau accumulation, a hallmark of
Alzheimer’s disease [13]. Recent in vitro studies have
also highlighted the capacity of laduviglusib to salvage
microtubule protein aggregation within ankyrin 3-inhib-
ited cells by pharmacologically inhibiting CRMP2 activity
[14]. Most notably, in HD, laduviglusib has demonstrated
its potential in inhibiting the proteolysis of calpastatin
protein bodies, impeding Drp1 recruitment to mitochon-
dria, and reducing mitochondrial fragmentation [24].
This mechanism provides a possible route for inhibiting
mitochondrial damage, enhancing neuronal viability in
HD mouse models and patients, and safeguarding against
HD-related neuropathological changes.

As is widely recognized, HD primarily stems from the
aggregation of toxic large-molecule proteins formed
due to mutations in the Htt gene. The severity of these
aggregates varies based on the cell-types they accumu-
late in and their specific locations [6, 42]. In neuronal
cytoplasm, these accumulations have the potential to
disrupt systems responsible for managing abnormal pro-
teins, including proteasomes, chaperone proteins, and
autophagic proteins. In the neuronal nucleus, these toxic
large molecules can disrupt the transcription of anti-
oxidant genes. Moreover, in glial cells, the expression of
mutant Htt (mHtt) stimulates immune cells to secrete
pro-inflammatory cytokines, further exacerbating mito-
chondrial dysfunction and disrupting the redox state of
neurons [43]. These observations emphasize the signifi-
cance of comprehending how different cell-types con-
tribute to HD pathology in the context of laduviglusib
treatment. Our research demonstrates that laduviglusib
influences ribose metabolism and elicits responses to oxi-
dative stress in both dSPNs, iSPNs, astrocytes, microglia,
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Fig. 7 Schematic diagram of molecular docking for laduviglusib. (A-E) 3D diagrams represent the molecular binding of laduviglusib with ABCC1 (A),
ALOX5 (B), AR (C), CTSB (D), GSK3B (E), HIFTA (F), KDM5A (G), MAPKT (H), PARP1 (I), SCD (J), TGFBRT1 (K), TTPA (L), respectively

and other cell-types. Furthermore, we noted that it regu-
lates potential ROS metabolism in microglia and iSPNs.
Importantly, it’s worth highlighting that laduviglusib
exhibits distinct regulatory patterns between dSPNs and
iSPNs, with a particular emphasis on regulating serine/
threonine kinases in iSPNs. This differential regulatory
pattern extends to the level of signaling pathways. For
instance, potential pathways influenced by laduviglusib
in dSPNs encompass the HIF-1 signaling pathway, neu-
rotrophin signaling pathway, and PI3K-Akt signaling
pathway. In contrast, its effects on iSPNs are associated
with neurotrophin signaling, FoxO signaling, and the
chemical carcinogenesis-ROS pathway. These unique
regulatory patterns underscore the notion that different
cell-types play distinct roles in the development of motor
dysfunction in HD. SPNs in HD patients exhibit vary-
ing susceptibilities, with iSPNs being more vulnerable

compared to dSPNs and other cell-types [1, 44]. More-
over, we found that laduviglusib affects dendritic spines
and somas of iSPNs and dSPNs. This indicates that the
mechanism of laduviglusib is closely related to abnormal
dendritic spine changes and neuronal death. Compelling
evidence suggests that the deficiency of the mHtt in HD
synapses leads to synaptic changes, including dendritic
spine enlargement, but these changes result in decoupled
synaptic function, ultimately leading to the death of HD
neurons [45]. This is pivotal in the ultimate development
of HD symptoms. KEGG enrichment analysis unveiled
shared signaling pathways, with the PI3K-Akt signal-
ing pathway notably among them. This is likely due to
laduviglusib being a highly selective GSK3 inhibitor and
Wnt/B-catenin signaling activator. Recent studies have
shown that laduviglusib can inhibit the activation of Akt,
PI3K, nuclear factor-kB induced by IL-1p and TNF-a in
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cells modeling Graves’ orbitopathy [46]. This reverses the
inhibitory effects of Wnt and p-catenin in the fat genera-
tion process, reduces the production of pro-inflamma-
tory cytokines, and inhibits fibroblast differentiation into
fat cells [46]. However, Di et al. recently discovered that
laduviglusib can inhibit the degradation of the calpastatin
protein, suppress Drpl recruitment to mitochondria,
reduce mitochondrial fragmentation, and thus inhibit
mitochondrial damage [24]. This leads to improved cell
viability in HD mice and patients, suggesting that ladu-
viglusib may enhance mitochondrial function in HD
neurons by targeting the CAST/calpain/Drpl pathway,
rather than GSKS3, thus providing protection against HD.
All these findings underscore the notion that laduviglu-
sib likely exerts its protective effects in HD by modulat-
ing signaling pathways in different cell-types, ultimately
enhancing mitochondrial function and ameliorating HD-
associated functional impairments.

In HD, the neuroprotective effects of laduviglusib stem
from its modulation of the CAST-calpain-Drpl pathway
[24]. Numerous studies have highlighted the pivotal roles
of calpain and Drp1 in ferroptosis. The modulation of fer-
roptosis by calpain is linked to its potential for prevent-
ing the onset of Alzheimer’s disease-like phenotypes and
its involvement in the pathogenesis of systemic sclerosis
[25, 27]. Consistently, enhanced Drp1 activity is reported
to facilitate ferroptosis by regulating mitochondrial fis-
sion [28-30]. These findings collectively suggest that the
activation of calpain/Drpl may lead to mitochondrial
and lysosomal damage, thereby promoting or exacerbat-
ing ferroptosis. Furthermore, prior studies have hinted at
the potential role of laduviglusib through mitochondrial
oxidative stress-related pathways. It has been observed
to significantly oxidative damage, including the eleva-
tion of ROS levels, mitochondrial membrane potential
disruption, excessive lipid peroxidation, and decreased
SOD activity [15]. These suggest that laduviglusib could
be involved in mitigating oxidative-related functional
impairments. In line with these findings, our enrich-
ment analysis has uncovered that laduviglusib mediates
oxidative stress responses in dSPNs, iSPNs, astrocytes,
and microglia within HD. Oxidative stress and mitochon-
drial function are closely associated with iron-dependent
cell death processes, notably ferroptosis, which is a non-
apoptotic form of cell death linked to lethal iron-depen-
dent lipid peroxidation [16]. Studies have illustrated
that under conditions of oxidative stress, neurons tend
to undergo ferroptosis, emphasizing the role of iron in
oxidative stress-induced neurodegeneration [47]. Previ-
ous research has established the pivotal role of ferrop-
tosis in the pathogenesis of HD. Iron accumulation has
been identified in both HD mouse models and patients
[17, 18]. The regulation of iron, especially within mito-
chondria, is crucial for metabolic processes. For instance,
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mitochondrial iron accumulation has been detected in
the brain tissues of HD patients and HD mice, leading to
mitochondrial dysfunction and increased lipid peroxida-
tion [19]. Accumulation of lipid peroxidation in the CPu
has been closely associated with abnormal movements in
HD patients [20, 21]. This aligns with prior findings by Di
et al. [24], raising reasonable suspicion that laduviglusib
might regulate ferroptosis-related pathways to enhance
mitochondrial function and counteract HD-related neu-
ropathological changes.

Pharmacological agents targeting ferroptosis pathways
have shown immense potential in the clinical treatment
of HD [22]. Earlier studies have demonstrated that fer-
rostatin-1, which selectively inhibit iron oxidation, can
rescue neurons from death in HD cell models [23]. Treat-
ing HD mice with iron chelator deferiprone restores the
normal mitochondrial iron content in the striatum and
cortex, leading to improved mitochondrial membrane
potential, oxygen consumption, reduced lipid peroxi-
dation, and increased ATP and GSH levels [19]. In our
study, we discovered that laduviglusib primarily impacts
ferroptosis-related processes in most HD cells, including
dSPNs, iSPNs, astrocytes, microglia. This impact centers
around responses to reactive oxygen species, oxidative
stress, and cellular reactions to oxidative stress. KEGG
enrichment analysis predicts that laduviglusib may inter-
act with active oxygen signaling pathways related to fer-
roptosis to protect astrocytes and both dSPNs and iSPNs
in HD. Molecular docking results found that laduviglu-
sib binding well with PARP1 (associated with dSPNs and
iSPNs), SCD (associated with astrocyte), AR (associated
with astrocyte), ALOX5 (associated with microglia),
HIF1A (associated with dSPNs, iSPNSs, astrocyte, microg-
lia). Numerous evidence also indicated that PARP1, SCD,
AR, ALOX5, HIF1A are critical involved in HD or neu-
rodegenerative diseases [48—54]. These results indicated
that these proteins may play crucial role in ferroptosis-
related pathway in HD interact with laduviglusib. For
instance, we found several genes, particularly HIF1A,
exhibit interactions with multiple cell types. Notably, our
findings revealed that HIF-1a expression is perturbed in
neurons, microglia, and astrocytes. HIF-1a is a pivotal
regulator of ROS in neurons, where it upregulates Drpl
expression, resulting in mitochondrial fragmentation
and elevated ROS production [55]. Following stress or
trauma, HIF-1a activation in microglia leads to increased
ROS production and subsequent inflammation, poten-
tially causing cellular damage [56]. Moreover, mutation
of the Surfl gene activates a mitochondrial ROS-HIF-1a
signaling cascade that stimulates astrocytic glycolysis,
mitigating the hypersensitivity of dopaminergic neu-
rons to trauma-induced degeneration [57]. Conversely,
acute MeHg exposure decreases HIF-la in astrocytes
via PHD and the UPS, suppressing ROS production
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and exacerbating neurotoxicity [58]. The activation of
HIF-1a in various neural cells is critical for the genera-
tion of reactive oxygen species, underscoring its pivotal
role in the pathogenesis of Huntington’s disease. Notably,
we found that the effect of laduviglusib on HD microglia
in counteracting ferroptosis is mediated by HIF1A and
ALOX5 through Th17 cell differentiation and autoph-
agy signaling pathways, respectively. The latter discov-
ery parallels the findings of Song et al., who uncovered
that HTT fragment expression induces ferroptosis under
ROS-induced stress conditions via ALOX5 mediation
[25]. Recent research also highlights microglia cells as
key players in cellular iron oxidation cascades, with their
unique neurotoxic status contributing to neurodegenera-
tive diseases [59]. Removing microglia cells in a three-
cell culture system reduces lipid peroxidation in neurons
and significantly delays neuronal death under iron dys-
regulation conditions [59]. This evidence indicates that
ferroptosis-related mechanisms play a crucial role in the
pathophysiological development of HD in various cell-
types. Combined with our current research, it’s reason-
able to suspect that laduviglusib may exert its therapeutic
properties in HD by targeting different cell-type-specific
ferroptosis-related signaling pathways. These findings
offer valuable insights into the potential signaling path-
ways of laduviglusib within the context of HD, especially
those associated with iron oxidation in various cell-types.

It is regrettable that our current study has not yet
encompassed the experimental validation of several key
genes. Due to the absence of experimental corroboration,
the conclusions of this research are subject to caveats,
particularly with regard to the predicted interactions of
laduviglusib with multiple proteins, which require fur-
ther in vitro or in vivo laboratory investigation. This gap
in our research will be addressed through the design of
supplementary experimental validations in future studies.

Conclusion

In conclusion, this study enhances our comprehension of
the potential signaling pathways affected by laduviglusib
in the context of HD, shedding light on its multifaceted
impact across diverse cell types, particularly with regard
to ferroptosis-related signaling pathways. These findings
represent a promising starting point for future investiga-
tions, encompassing animal and patient validation stud-
ies, as well as an in-depth examination of the distinctive
regulation of ferroptosis by laduviglusib in dSPNs, iSPN,
and microglia cells. These forthcoming endeavors hold
the potential to greatly enhance our knowledge of the
applications of laduviglusib in the intricate landscape of
neurodegenerative diseases.

Abbreviations

HD Huntington's disease
KEGG The Kyoto Encyclopedia of Genes and Genomes
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GO Gene Ontology

dSPNs Direct pathway striatal projection neurons
iSPNs Indirect pathway striatal projection neurons
HTT Huntingtin

SPNs Striatal spiny projection neurons

ROS Reactive oxygen species

SOD Superoxide dismutase

CPu Caudate nucleus and putamen

AD Alzheimer's disease

SSc Systemic sclerosis

HCC Hepatocellular carcinoma

snRNA-seq  Single-nucleus RNA sequencing

FDR False discovery rate

SMILES Simplified Molecular Input Line Entry System
BP Biological processes

CcC Cellular components

MF Molecular functions

PPI Protein-Protein Interaction

RCSB PDB Structural Bioinformatics Protein Data Bank
PLIP Protein Ligand Interaction Profiler

mHtt Mutant Htt

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512864-024-10534-5.

Supplementary Material 1
Supplementary Material 2
Supplementary Material 3
Supplementary Material 4
Supplementary Material 5
Supplementary Material 6
Supplementary Material 7
Supplementary Material 8
Supplementary Material 9
Supplementary Material 10
Supplementary Material 11

Supplementary Material 12

Author contributions

L.Y.: performed the experiments and wrote the manuscript; M.L, C.X.:
performed the experiments, J.Z., J.Y.: supervised the experiments. All authors
have read and agreed to the published version of the manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(No. 82201596, 82260268), project supported by Jiangxi Provincial Natural
Science Foundation (No. 20232BAB216041, 20232BAB206069), Guangdong
Basic and Applied Basic Research Foundation (2024A1515012232), the
Educational Science and Technology Research Project of Department of
Education of Jiangxi Province (No. GJJ200162, GJJ200222).

Data availability

The original contributions presented in the study are included in the
article/ Supplementary Material. Further inquiries can be directed to the
corresponding authors.

Declarations

Ethics approval and consent to participate
Not applicable.


https://doi.org/10.1186/s12864-024-10534-5
https://doi.org/10.1186/s12864-024-10534-5

Liu et al. BMC Genomics (2024) 25:633

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

!Jiangxi Key Laboratory of Neurological Diseases, Department of
Neurosurgery, The First Affiliated Hospital, Jiangxi Medical College,
Nanchang University, Nanchang, Jiangxi, China

2Joint Laboratory for Translational Cancer Research of Chinese Medicine
of the Ministry of Education of the People’s Republic of China, School of
Pharmaceutical Science, International Institute for Translational Chinese
Medicine, Guangzhou University of Chinese Medicine, Guangzhou, China
*Department of Neurology, First Affiliated Hospital of Nanchang
University, Nanchang, China

Received: 30 November 2023 / Accepted: 17 June 2024
Published online: 25 June 2024

References

1. Lee H, Fenster RJ, Pineda SS, Gibbs WS, Mohammadi S, Davila-Velderrain J,
Garcia FJ, Therrien M, Novis HS, Gao F, et al. Cell type-specific Transcriptomics
reveals that mutant huntingtin leads to mitochondrial RNA release and
neuronal Innate Immune activation. Neuron. 2020;107(5):891-e908898.

2. MacDonald ME, Ambrose CM, Duyao MP, Myers RH, Lin C, Srinidhi L, Barnes
G, Taylor SA, James M, Groot N, et al. A novel gene containing a trinucleotide

repeat that is expanded and unstable on Huntington’s disease chromosomes.

Cell. 1993;72(6):971-83.

3. Vonsattel J-P, Myers RH, Stevens TJ, Ferrante RJ, Bird ED, Richardson EP Jr.
Neuropathological classification of Huntington's Disease. J Neuropathology
Experimental Neurol. 1985;44(6):559-77.

4. Khakh BS, Beaumont V, Cachope R, Munoz-Sanjuan |, Goldman SA, Grantyn
R. Unravelling and exploiting astrocyte dysfunction in Huntington’s Disease.
Trends Neurosci. 2017;40(7):422-37.

5. Pavese N, Gerhard A, Tai YF, Ho AK, Turkheimer F, Barker RA, Brooks DJ, Piccini
P.Microglial activation correlates with severity in Huntington disease: a clini-
cal and PET study. Neurology. 2006;66(11):1638-43.

6.  Tabrizi SJ, Estevez-Fraga C, van Roon-Mom WMC, Flower MD, Scahill RI, Wild
EJ, Mufoz-Sanjuan |, Sampaio C, Rosser AE, Leavitt BR. Potential disease-
modifying therapies for Huntington’s disease: lessons learned and future
opportunities. Lancet Neurol. 2022;21(7):645-58.

7. Cline GW, Johnson K, Regittnig W, Perret P, Tozzo E, Xiao L, Damico C, Shul-
man Gl. Effects of a novel glycogen synthase kinase-3 inhibitor on insulin-
stimulated glucose metabolism in Zucker diabetic fatty (fa/fa) rats. Diabetes.
2002,51(10):2903-10.

8. Ring DB, Johnson KW, Henriksen EJ, Nuss JM, Goff D, Kinnick TR, Ma ST,
Reeder JW, Samuels |, Slabiak T, et al. Selective glycogen synthase kinase 3
inhibitors potentiate insulin activation of glucose transport and utilization in
vitro and in vivo. Diabetes. 2003;52(3):588-95.

9. Bar-Nur O, Verheul C, Sommer AG, Brumbaugh J, Schwarz BA, Lipchina |,
Huebner AJ, Mostoslavsky G, Hochedlinger K. Lineage conversion induced by
pluripotency factors involves transient passage through an iPSC stage. Nat
Biotechnol. 2015;33(7):761-8.

10.  Hesselbarth R, Esser TU, Roshanbinfar K, Schrifer S, Schubert DW, Engel FB.
CHIR99021 promotes hiPSC-Derived Cardiomyocyte Proliferation in Engi-
neered 3D microtissues. Adv Healthc Mater. 2021;10(20):e2100926.

11. Zhang N, Lu X, Wu S, Li X, Duan J, Chen C, Wang W, Song H, Tong J, Li S,
et al. Intrastriatal transplantation of stem cells from human exfoliated
deciduous teeth reduces motor defects in parkinsonian rats. Cytotherapy.
2018,20(5):670-86.

12. Ninomiya |, Koyama A, Otsu Y, Onodera O, Kanazawa M. Regeneration of the
cerebral cortex by direct chemical reprogramming of macrophages into
neuronal cells in acute ischemic stroke. Front Cell Neurosci. 2023;17:1225504.

13. Cheng C, Reis SA, Adams ET, Fass DM, Angus SP, Stuhimiller TJ, Richardson
J, Olafson H, Wang ET, Patnaik D, et al. High-content image-based analysis
and proteomic profiling identifies tau phosphorylation inhibitors in a
human iPSC-derived glutamatergic neuronal model of tauopathy. Sci Rep.
2021;11(1):17029.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

Page 13 of 14

Garza JC, Qi X, Gjeluci K, Leussis MP, Basu H, Reis SA, Zhao WN, Piguel NH,
Penzes P, Haggarty SJ, et al. Disruption of the psychiatric risk gene ankyrin

3 enhances microtubule dynamics through GSK3/CRMP2 signaling. Transl
Psychiatry. 2018,8(1):135.

Zhao H, Meng W, Li Y, Liu W, Fu B, Yang Y, Zhang Q, Chen G. The protec-

tive effects of CHIR99021 against oxidative injury in LO2 cells. Pharmazie.
2016;71(11):629-35.

Tang D, Chen X, Kang R, Kroemer G. Ferroptosis: molecular mechanisms and
health implications. Cell Res. 2021;31(2):107-25.

Chen J, Marks E, Lai B, Zhang Z, Duce JA, Lam LQ, Volitakis I, Bush Al, Hersch
S, Fox JH. Iron accumulates in Huntington's disease neurons: protection by
deferoxamine. PLoS ONE. 2013;8(10):e77023.

Rosas HD, Chen Y1, Doros G, Salat DH, Chen NK, Kwong KK, Bush A, Fox J,
Hersch SM. Alterations in brain transition metals in Huntington disease: an
evolving and intricate story. Arch Neurol. 2012,69(7):887-93.

Agrawal S, Fox J, Thyagarajan B, Fox JH. Brain mitochondrial iron accumulates
in Huntington's disease, mediates mitochondrial dysfunction, and can be
removed pharmacologically. Free Radic Biol Med. 2018;120:317-29.

Kasper J, Eickhoff SB, Caspers S, Peter J, Dogan |, Wolf RC, Reetz K, Dukart J,
Orth M. Local synchronicity in dopamine-rich caudate nucleus influences
Huntington'’s disease motor phenotype. Brain. 2023;146(8):3319-30.

Costa |, Barbosa DJ, Silva V, Benfeito S, Borges F, Remido F, Silva R. Research
Models to Study Ferroptosis's Impact in Neurodegenerative Diseases. Phar-
maceutics 2023, 15(5).

QiuY,CaoY, Cao W, JiaY, Lu N.The application of ferroptosis in diseases.
Pharmacol Res. 2020;159:104919.

Skouta R, Dixon SJ, Wang J, Dunn DE, Orman M, Shimada K, Rosenberg

PA, Lo DC, Weinberg JM, Linkermann A, et al. Ferrostatins inhibit oxidative
lipid damage and cell death in diverse disease models. J Am Chem Soc.
2014;136(12):4551-6.

Hu D, Sun X, Magpusao A, Fedorov Y, Thompson M, Wang B, Lundberg K,
Adams DJ, Qi X. Small-molecule suppression of calpastatin degradation
reduces neuropathology in models of Huntington's disease. Nat Commun.
2021;12(1):5305.

Song S, Su Z Kon N, Chu B, Li H, Jiang X, Luo J, Stockwell BR, Gu W. ALOX5-
mediated ferroptosis acts as a distinct cell death pathway upon oxidative
stress in Huntington'’s disease. Genes Dev. 2023;37(5-6):204-17.

Guo XW, Zhang H, Huang JQ, Wang SN, Lu Y, Cheng B, Dong SH, Wang YY, Li
FS, Li YW. PIEZO1 lon Channel mediates lonizing Radiation-Induced Pulmo-
nary endothelial cell ferroptosis via ca(2+)/Calpain/VE-Cadherin signaling.
Front Mol Biosci. 2021;8:725274.

Cao D, Zheng J, Li Z,Yu Y, Chen Z, Wang Q. ACSL4 inhibition prevents mac-
rophage ferroptosis and alleviates fibrosis in bleomycin-induced systemic
sclerosis model. Arthritis Res Therapy. 2023;25(1):212.

Zhang Y, Gong X. Fat mass and obesity associated protein inhibits neuronal
ferroptosis via the FYN/Drp1 axis and alleviate cerebral ischemia/reperfusion
injury. CNS Neurosci Ther. 2024;30(3):e 14636.

Basit F, van Oppen LM, Schockel L, Bossenbroek HM, van Emst-de Vries SE,
Hermeling JC, Grefte S, Kopitz C, Heroult M, Hgm Willems P, et al. Mitochon-
drial complex I inhibition triggers a mitophagy-dependent ROS increase
leading to necroptosis and ferroptosis in melanoma cells. Cell Death Dis.
2017,8(3):e2716.

Qiu 'S, Zhong X, Meng X, Li S, Qian X, Lu H, Cai J, Zhang Y, Wang M, Ye Z, et
al. Mitochondria-localized cGAS suppresses ferroptosis to promote cancer
progression. Cell Res. 2023;33(4):299-311.

Zhou N, Yuan X, Du Q, Zhang Z, Shi X, Bao J, Ning Y, Peng L. FerrDb V2: update
of the manually curated database of ferroptosis regulators and ferroptosis-
disease associations. Nucleic Acids Res. 2023;51(D1):D571-82.

Scardoni G, Tosadori G, Faizan M, Spoto F, Fabbri F, Laudanna C. Biological
network analysis with CentiScaPe: centralities and experimental dataset
integration. F1000Research. 2014;3:139.

Ren J, LvY,Wu L, Chen'S, Lei C,Yang D, Li F, Liu C, Zheng Y. Key ferroptosis-
related genes in abdominal aortic aneurysm formation and rupture as
determined by combining bioinformatics techniques. Front Cardiovasc Med.
2022;9:875434.

Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A, Fridman
WH, Pagés F, Trajanoski Z, Galon J. ClueGO: a Cytoscape plug-in to decipher
functionally grouped gene ontology and pathway annotation networks.
Bioinf (Oxford England). 2009;25(8):1091-3.

Burley SK, Bhikadiya C, Bi C, Bittrich S, Chen L, Crichlow GV, Christie CH, Dalen-
berg K, Di Costanzo L, Duarte JM, et al. RCSB Protein Data Bank: powerful
new tools for exploring 3D structures of biological macromolecules for basic



Liu et al. BMC Genomics

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

(2024) 25:633

and applied research and education in fundamental biology, biomedicine,
biotechnology, bioengineering and energy sciences. Nucleic Acids Res.
2021,49(D1):D437-51.

Burley SK, Berman HM, Bhikadiya C, Bi C, Chen L, Di Costanzo L, Christie C,
Dalenberg K, Duarte JM, Dutta S, et al. RCSB Protein Data Bank: biological
macromolecular structures enabling research and education in fundamen-
tal biology, biomedicine, biotechnology and energy. Nucleic Acids Res.
2019/47(D1):.D464-74.

Trott O, Olson AJ. AutoDock Vina: improving the speed and accuracy of dock-
ing with a new scoring function, efficient optimization, and multithreading. J
Comput Chem. 2010;31(2):455-61.

Eberhardt J, Santos-Martins D, Tillack AF, Forli S. AutoDock Vina 1.2.0: new
docking methods, expanded force field, and Python Bindings. J Chem Inf
Model. 2021,61(8):3891-8.

Grosdidier A, Zoete V, Michielin O. SwissDock, a protein-small molecule
docking web service based on EADock DSS. Nucleic Acids Res. 2011;39(Web
Server issue):W270-277.

Adasme MF, Linnemann KL, Bolz SN, Kaiser F, Salentin S, Haupt VJ, Schroeder
M. PLIP 2021: expanding the scope of the protein-ligand interaction profiler
to DNA and RNA. Nucleic Acids Res. 2021:49(W1):W530-4.

Malaiya S, Cortes-Gutierrez M, Herb BR, Coffey SR, Legg SRW, Cantle JP, Colan-
tuoni C, Carroll JB, Ament SA. Single-nucleus RNA-Seq reveals dysregulation
of Striatal Cell Identity due to Huntington's disease mutations. J Neurosci.
2021;41(25):5534-52.

Ross CA, Tabrizi SJ. Huntington'’s disease: from molecular pathogenesis to
clinical treatment. Lancet Neurol. 2011;10(1):83-98.

Bradford J, Shin JY, Roberts M, Wang CE, Sheng G, Li S, Li XJ. Mutant hunting-
tinin glial cells exacerbates neurological symptoms of Huntington disease
mice. J Biol Chem. 2010;285(14):10653-61.

Niccolini F, Pagano G, Fusar-Poli P, Wood A, Mrzljak L, Sampaio C, Poli-

tis M. Striatal molecular alterations in HD gene carriers: a systematic

review and meta-analysis of PET studies. J Neurol Neurosurg Psychiatry.
2018;89(2):185-96.

Wennagel D, Braz BY, Capizzi M, Barnat M, Humbert S. Huntingtin coordinates
dendritic spine morphology and function through cofilin-mediated control
of the actin cytoskeleton. Cell Rep. 2022;40(9):111261.

Lee JS, Chae MK, Kikkawa DO, Lee EJ, Yoon JS. Glycogen synthase Kinase-3(
mediates proinflammatory cytokine secretion and adipogenesis in Orbital
fibroblasts from patients with Graves' Orbitopathy. Investig Ophthalmol Vis
Sci. 2020,61(8):51.

Tian R, Abarientos A, Hong J, Hashemi SH, Yan R, Drager N, Leng K, Nalls MA,
Singleton AB, Xu K, et al. Genome-wide CRISPRIi/a screens in human neurons
link lysosomal failure to ferroptosis. Nat Neurosci. 2021;24(7):1020-34.
Niatsetskaya Z, Basso M, Speer RE, McConoughey SJ, Coppola G, Ma TC, Ratan
RR. HIF prolyl hydroxylase inhibitors prevent neuronal death induced by
mitochondrial toxins: therapeutic implications for Huntington's disease and
Alzheimer’s disease. Antioxid Redox Signal. 2010;12(4):435-43.

49.

50.

5T

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 14 of 14

Prados ME, Correa-Saez A, Unciti-Broceta JD, Garrido-Rodriguez M, Jimenez-
Jimenez C, Mazzone M, Minassi A, Appendino G, Calzado MA, Murioz E. Betu-
linic Acid Hydroxamate is neuroprotective and induces protein phosphatase
2A-Dependent HIF-1a stabilization and post-transcriptional dephosphoryla-
tion of Prolyl hydrolase 2. Neurotherapeutics. 2021;18(3):1849-61.

Rusmini P, Cortese K, Crippa V, Cristofani R, Cicardi ME, Ferrari V, Vezzoli

G, Tedesco B, Meroni M, Messi E, et al. Trehalose induces autophagy via
lysosomal-mediated TFEB activation in models of motoneuron degeneration.
Autophagy. 2019;15(4):631-51.

Bianchi VE, Rizzi L, Bresciani E, Omeljaniuk RJ, Torsello A. Androgen therapy in
neurodegenerative diseases. J Endocr Soc. 2020;4(11):bvaa’20.

Park H, Kam TI, Dawson TM, Dawson VL. Poly (ADP-ribose) (PAR)-depen-

dent cell death in neurodegenerative diseases. Int Rev cell Mol Biology.
2020;353:1-29.

Paldino E, D’Angelo V, Laurenti D, Angeloni C, Sancesario G, Fusco FR. Modu-
lation of Inflammasome and Pyroptosis by Olaparib, a PARP-1 Inhibitor, in the
R6/2 Mouse Model of Huntington’s Disease. Cells 2020, 9(10).

Fanning S, Haque A, Imberdis T, Baru V, Barrasa MI, Nuber S, Termine D,
Ramalingam N, Ho GPH, Noble T, et al. Lipidomic analysis of a-Synuclein
neurotoxicity identifies stearoyl CoA desaturase as a target for Parkinson
Treatment. Mol Cell. 2019;73(5):1001-e10141008.

Sun H, Li X, Chen X, Xiong Y, Cao Y, Wang Z. Drp1 activates ROS/HIF-1a/EZH2
and triggers mitochondrial fragmentation to deteriorate hypercalcemia-
associated neuronal injury in mouse model of chronic kidney disease. J
Neuroinflammation. 2022;19(1):213.

Gu S, LiY, Jiang Y, Huang JH, Wang F. Glymphatic Dysfunction Induced oxida-
tive stress and neuro-inflammation in Major Depression disorders. Antioxid
(Basel Switzerland) 2022, 11(11).

Solano Fonseca R, Metang P, Egge N, Liu Y, Zuurbier KR, Sivaprakasam K,
Shirazi S, Chuah A, Arneaud SL, Konopka G et al. Glycolytic preconditioning in
astrocytes mitigates trauma-induced neurodegeneration. Elife 2021, 10.
Chang J, Yang B, Zhou Y, Yin C, Liu T, Qian H, Xing G, Wang S, Li F, Zhang Y,

et al. Acute Methylmercury exposure and the Hypoxia-Inducible Factor-1a
signaling pathway under normoxic conditions in the rat brain and astrocytes
in Vitro. Environ Health Perspect. 2019;127(12):127006.

Ryan SK, Zelic M, Han Y, Teeple E, Chen L, Sadeghi M, Shankara S, Guo L, Li C,
Pontarelli F, et al. Microglia ferroptosis is regulated by SEC24B and contributes
to neurodegeneration. Nat Neurosci. 2023;26(1):12-26.

Yang M, Chen T, Liu Y-X, Huang L: Visualizing set relationships: EVenn's com-
prehensive approach to Venn diagrams. iMeta 2024, 3(3):.e184.

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



	﻿Uncovering the ferroptosis related mechanism of laduviglusib in the cell-type-specific targets of the striatum in Huntington’s disease
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Collection of target genes for different cell-types in HD
	﻿Collection of laduviglusib target genes
	﻿Collection of ferroptosis-related genes
	﻿Gene ontology (GO) and kyoto encyclopedia of genes and genomes (KEGG) analyses
	﻿Construction of protein-protein interaction (PPI) networks for ferroptosis-related genes in laduviglusib against each cell-type in HD
	﻿Molecular docking

	﻿Results
	﻿Potential target genes of laduviglusib against each cell-type of HD
	﻿Potential signaling pathways for laduviglusib in different cell-types of HD
	﻿Ferroptosis-related genes in laduviglusib against each cell-type of HD
	﻿Poteintial signaling pathways related to ferroptosis induced by laduviglusib in distinct cell-types of HD



