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Abstract

Amyotrophic lateral Sclerosis is an incurable, progressive neurodegenerative motor neuron disease. The disease is charac-
terized by protein aggregates. The symptoms include weakness, denervation of muscles, atrophy and progressive paralysis
of bulbar and respiratory muscles and dysphagia. Various secondary metabolites are evaluated for their ability to improve
symptoms in ALS. Ginseng has been traditionally used for treating several neurodegenerative diseases. Several studies using
model systems have shown a potential role of Ginseng catechins and Ginsenosides in clearing protein aggregation associated
with ALS. We focus on Network pharmacology approach to understand the effect of Ginseng catechins or ginsenosides on
protein aggregation associated with ALS. A catechin/ginsenoside-protein interaction network was generated and the path-
ways obtained were compared with those obtained from transcriptomic datasets of ALS from GEO database. Knock out of
MAPK14, AKT and GSK from Catechin and BACE 1 from ginsenoside modulated pathways inhibited protein aggregation.
Catechins and ginsenosides have potential as therapeutic agents in the management of ALS.
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of muscles, atrophy and progressive paralysis of bulbar and
respiratory muscles and dysphagia, etc. (Brooks 1996).The
incidence of ALS is reported to be between 0.6 and 3.8 per
1,00,000 individuals across the globe [3.8 in Scotland, 2.1
in Norway, 1.2 in South Korea and 0.8 in China] (Longi-
netti and Fang 2019) and a prevalence of 3-5 per 1,00,000
individuals (Pandey and Sarma 2017). There are very few
reports on the prevalence of ALS in India. The average age
of disease onset is estimated between 55 and 65 years in
western literature. The same is estimated to be a decade ear-
lier in Indian population (Vinceti 2012). Though mutations
in about 853 genes are implicated, only 43 genes contribute
to a vast majority of the cases (Mccann et al. 2021). Single
Nucleotide Polymorphism (SNP) in the genes Super Oxide
Dismutase 1 (SOD1) and Chromosome 9 Open Reading
Frame 72 (C90rf72) constitute the bulk of the cases while
those in Fused in Sarcoma (FUS) and Tar DNA Binding
Protein(TDP-43) give rise to very aggressive forms of ALS
(Guerrero et al. 2016). Various environmental and life-
style factors are also implicated as risk factors in the dis-
ease (Malek et al. 2012). The pathogenesis involves protein
aggregation, oxidative stress, mitochondrial dysfunction,
neuroinflammation, excitotoxicity and deregulated metabo-
lism (Tefera and Borges 2017).

Omic studies have been carried out to understand the
global changes in transcriptome, proteome and metabo-
lome of ALS Patients irrespective of genetic background
as well as transgenic Drosophila, Zebrafish and mice model
of ALS (Tokuda 2012; Blasco et al. 2013, 2016; Caballero-
Hernandez et al. 2016; Kori et al. 2016; Patin et al. 2017;
Morello et al. 2020). The transcriptomic analysis of ALS
patients and model systems have implicated a role for tran-
scription factors, cell signaling pathways, inflammation and
metabolic pathways in the disease (Bernardini et al. 2013;
Al-Chalabi et al. 2017; Ederle and Dormann 2017; Wunder-
lich 2019). Proteomic analysis shows changes in signaling
modules while metabolomic analysis shows dysfunction in
various metabolic pathways that might be critical for dis-
ease progression (Caballero-Hernandez et al. 2016). The
deregulated metabolic pathways include glycolysis, citrate
cycle, metabolism of branch chain amino acids, glutamine,
aspartate, tryptophan, etc. (Sas et al. 2007; Ngo and Steyn
2015; Abdel-Khalik et al. 2017; Ferri and Coccurello 2017;
Tefera and Borges 2017). Many transgenic model systems
(mutation in SOD1, C90rf72, FUS and TDP-43) that capture
the tenets of the pathophysiology of ALS have been used
to understand the mechanistic aspects of the disease (Van
Damme et al. 2017). The omic data as well as the data from
gene knockouts, knockdowns or overexpression from these
model systems show the subtle difference in disease pathol-
ogy imparted by the mutant gene.

Despite these efforts, there is only one effective drug
available in market while others have largely failed clinical
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trials (Mathis et al. 2019). Medicinal Plants which are used
in traditional medicine systems for treating neurodegenera-
tive diseases might offer potential alternatives for managing
disease (Luthra and Roy 2022). These medicinal plants have
a plethora of bioactive compounds like flavonoids which
are polyphenolic compounds with potential antioxidant,
anti-inflammatory and iron-chelating properties (Ghareeb
et al. 2014, Kilani-Jaziri et al. 2016). Flavonoids are shown
to mitigate symptoms and improve cognitive and motor
functions in animal models of diseases like ALS, Alzhei-
mer’s, Parkinson’s and Huntington’s Disease (Ayaz et al.
2019; Jiang et al. 2000). Resveratrol and Quercetin have
by far been shown to be the most potent ones, though they
have also failed in clinical trials (Bournival et al. 2009).
Studies have also shown that flavonoids modulate the activ-
ity of various enzymes belonging to tryptophan pathway,
glycolysis citrate cycle and signaling proteins like kinases,
phosphatases, histone acetyltransferase (HAT) and Histone
deacetylases (HDAC) (Spencer 2007).

The yeast model systems with knockout, over expression
and inducible promoter libraries offer a high-throughput
system to understand mechanistic aspects involved in pro-
tein aggregation diseases. The yeast model has been used to
understand gene—protein interactions as well as toxicity to
growth in various diseases like Amyotrophic Lateral Scle-
rosis (ALS) and Huntington’s Disease (HD) (Pradhan et al.
2022; Sai Swaroop et al. 2022). Thus, the yeast model of
ALS can be used for screening the potency of flavonoids and
for their role in mitigating protein aggregation.

One of the previous studies focusing on flavonoid—protein
interaction has found 1400 flavonoids with about 6500 inter-
actions, which modulate various pathways with potential
implications for disease (Lacroix et al. 2018). With data on
flavonoid—protein interactors, multi-Omic data from patients
and model systems, a systems analysis of different flavonoids
should help to identify the most effective flavonoids for man-
aging ALS. Integrated analysis of omic data sets obtained
from databases and literature as well as disease and Flavo-
noid—protein interaction might help not only to understand
the mechanism of action of different flavonoids but also
identify the potential candidate target genes for therapy to
manage the disease. Further, yeast and mammalian cell cul-
ture model system could be employed to validate the results.

In the present study, we have screened Ginseng for its
ability to clear protein aggregates induced by FUS and TDP-
43 in a yeast model of ALS. The role of Ginseng in the treat-
ment of ALS was further validated by using SymMap. The
flavonoid content in these plants was collected from pub-
lished literature (Kim 2016) and the flavonoids were used
for their ability to prevent protein aggregation in the yeast
system. For understanding the mechanistic aspect of flavo-
noids and ginsenoside mediated reduction of protein aggre-
gation, a network pharmacology approach was employed.
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An interaction network was generated for flavonoids and gin-
senosides that effectively cleared protein aggregates in the
yeast model of ALS (Lacroix et al. 2018). The genes in the
flavonoid/ginsenoside-protein interaction network was fur-
ther binned into pathways which were then compared with
the deregulated pathways from ALS patients and the model
system. Ortholog Finder and Cytoscape were used to gener-
ate the flavonoid/ginsenoside yeast interaction network from
the human network. Further, gene knockout was employed to
evaluate the role of the target genes in the deregulated path-
ways for their ability to clear protein aggregates in the yeast
model system. Our results identify the potential mechanism
of action of different flavonoids and ginsenosides. Over all,
the study helps to raise additional questions and help discern
many core pathways which might have potential as biomark-
ers or therapeutic targets.

Materials and methods

Identification of medicinal plants using literature
mining and SymMap database

Medicinal plants associated with ALS were identified using
literature mining. Key words like Amyotrophic Lateral
Sclerosis and Medicinal plants, traditional medicine and
ALS were searched using Google Scholar, PubMed, Sci-
ence Direct and Embase. Research articles with scientific
authenticity and validity were used for the study. Some of
the important results are presented in Table 1. Further, Sym-
Map database was used to identify medicinal plants asso-
ciated with ALS. SymMap creates an interaction network
between symptoms, diseases, medicinal plants, molecular
ingredients of medicinal plants, genes and protein targets.
Enrichment analysis was performed using direct and indirect
associations with the above-mentioned parameters. Bonfer-
roni method for multiple testing correction was used to fur-
ther narrow down the results. Ginseng was found to be one
of the hits obtained from literature and SymMap database.

Table 1 Table representing the anti-amyloid activity of traditional medicine plants obtained from literature mining

Scientific name Common name Remarks

Withania somnifera Ashwagandha

Phyllanthus emblica Amla

Panax ginseng Ginseng

Ginkgo biloba Ginkgo

Vitis vinifera Grape seed extract

Baccopa monnieri Brahmi

Anti-inflammatory, anti-oxidant, anti-stress, neuro-protection, immune boosting and memory?*
Known to have anti-ALS activity®

It is known to be a cognition enhancer in several neuro-degenerative diseases®

Immune boosting Neuro-protection?

Rich in poly-phenols and Ginsenosides®

Ginsenosides Rgl is known to reduce reactive oxygen species of dopamine, release of
cytochrome c into cytosol, inhibition of caspase-3 activity and lower Nitric Oxide Synthase
production’

It is known to be given for treatment of ALS#®

Known to improve cognitive function” )
Is known to inhibit formation of Ap amyloids'

Grape seed extract was found to attenuate neuro-degeneration in AD mice’

Known to rejuvenate nerve cells'
Helps to fight oxidative stress'

#Konar and Thakur (2017)
"Dutta et al. (2017)
‘Uddin et al. (2016)
dWang et al. (2021)

Lee et al. (2009)

fL(’)pc—:z et al. (2007)
£Jiang et al. (2000)

"Liu et al. (2020)

Luo et al. et al. (2002)
~iJe0ng et al. et al. (2010)
kSarda et al. (2022)
Wishnupriya and Padma (2017)
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Transformation of Saccharomyces cerevisiae (yeast)
with FUS and TDP-43 plasmids

BY4741 yeast strain (MATa his3A1 leu2A0 met15A0
ura3A0) was used for the study. BY4741 yeast cells were
revived from glycerol stocks. FUS [426 Gal-FUS-YFP (Plas-
mid ID: 29,593), 426 Gal-FUS-RRM Mutant-YFP (Plasmid
ID: 29,608)] and TDP-43 [pRS416Gal TDP-43 WT YFP
(Plasmid ID: 27,447) and pRS416 Gal Q331K YFP (Plas-
mid ID: 27,450)] wild-type and mutant plasmids were pur-
chased from Addgene. Plasmid preparation was performed
using conventional alkaline lysis method. Transformation
involves competent cell preparation, inserting the gene
of interest and growing the transformed cells in selective
medium. A single yeast colony of BY4741 was inoculated
in 50 ml YPD broth [Yeast Extract (Himedia-RM027), Pep-
tone (Himedia-RMOO1), Dextrose (Himedia- GRMO016) in
the ratio 1:2:2]. The cells were allowed to grow at 30 °C for
12 h. Cells were then harvested at an OD of 0.8 (600 nm).
The harvested cell pellet was washed with phosphate buffer
saline (PBS), resuspended in 25 ml of electroporation buffer
(0.1 M Lithium acetate [Himedia, GRM1507], 10 mM
Dithiothreitol (DTT) [Himedia, MB070], 10 mM Tris HCL
[Himedia, MB030], 1 mM EDTA [Himedia, RM1370],
ddH20) and was incubated for an hour at 30 °C. The cell
pellet was spun down and washed with 1 M Sorbitol [Hime-
dia, GRM109]. After sorbitol wash the cell pellet was resus-
pended again in 100 pl of 1 M Sorbitol [Himedia, GRM109].
From the above washed pellet, 8 x 10® cells along with 2 pg/
ml of plasmid DNA were transferred into the electroporation
0.2 cm cuvette (Bio-Rad, #1652086). Transformation was
performed using Bio-Rad Gene Pulser Xcell using default
settings (1.5 kV/25uF/200). For 3—4 days, transformed cells
were incubated and allowed to grow on Himedia URA-YNB-
Glucose-Agar [ (Himedia Complete supplement mixture w/o
URA,G112), (Himedia Yeast nitrogen base w/o amino acids,
M878) and (Himedia D-(+)-Glucose, MB037)] media at 30
°C. A single colony from each plate was seeded in Himedia
URA-YNB-Glucose liquid broth. For 12 h, the yeast cells
were allowed to grow. After 12 h, 200 pl of the culture was
transferred into a raffinose medium containing Himedia
URA-YNB-raffinose [(Himedia Complete supplement mix-
ture w/o URA,G112), (Himedia Yeast nitrogen base w/o
amino acids, M878) and (Himedia Raffinose pentahydrate,
RM107)]. The cells were washed with Phosphate Buffer
Saline (pH 7) and put in galactose medium for induction
[(Himedia Complete supplement mixture w/o URA,G112),
(Himedia Yeast nitrogen base w/o amino acids, M878)
and (Himedia D-Galactose, MB177)]. Cells were grown
for 7 h in galactose medium before being harvested at an
OD of 0.8 (600 nm). The induced cells were used in further
investigations. Induced cells were examined at 100X mag-
nification using a Laben fluorescence microscope with an
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excitation and emission wavelength of 510 nm and 535 nm
respectively.

Plant extraction and treatment studies

After validating transformation using fluorescence imag-
ing techniques, we went on to study protein modulations
on treatment with Ginseng extract. Metabolite and extract
treatment studies for understanding protein modulation
have been reported in the literature (Speldewinde and Grant
2016). Literature established method was used for extraction
process (Wu et al. 2001). 200 mg of powdered Ginseng root
extract powder was dissolved in 5 ml MeOH. Water bath
sonication (Branson Sonicator: Model No-CPX5800H-E)
was performed for 2 h. The sonication power level was set
to maximum. The solvent was dried using Heidolph Rota-
Evaporator. Dried extract was dissolved in DMSO and
transformed yeast cells were treated with 25 pg/ml, 50 pg/
ml and 100 pg/ml of the extract during the galactose induc-
tion. Appropriate controls were taken for the study. The
modulation of the protein aggregates was observed using
a Laben fluorescence microscope. Imaging experiments
was performed with 3 biological replicates and 2 technical
replicates.

Composition analysis

Ginseng root extract was found to have good anti-amyloid
activity on the yeast model system for ALS. The polyphe-
nolic composition of ginseng was obtained through literature
mining (Kim 2016). Catechin derivatives were found to be in
higher composition. Saccharomyces cerevisiae transformed
with FUS and TDP-43 plasmids was treated with 100 pg/ml
of catechin (TCI Chemicals, Cat No: G0533), epicatechin
(Sigma-Aldrich, Cat No: 39263), epigallocatechin -3 gallate
(TCI Chemicals, Cat No: E0694), Ginsenoside Rgl (TCI
Chemicals, Cat No: G0533), Ginsenoside Rd (TCI Chemi-
cals, Cat No: G0550), Ginsenoside RH2 (TCI Chemicals,
Cat No: G0567) and modulation of protein aggregation was
studied. The polyphenols were added during the induction
step and protein aggregation was studied using fluorescence
microscopy and quantification techniques.

Statistical analysis

Fluorescence quantification was carried out using ImageJ
software (Collins 2007). Corrected Total Cell Flores-
cence (CTCF) was calculated using the following formula:
CTCF =Integrated Density-(Area of the selected Cell *
Mean Florescence of Background Readings). Further, a
two-tailed t.test was performed to identify significant results
(P<0.05).
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Generation and analysis of protein interaction
networks

Protein interaction networks for catechin, epicatechin, epi-
gallocatechin -3 gallate were generated using literature
(Lacroix et al. 2018) and Cytoscape (Shannon et al. 2003).
Pathway enrichment analysis of these interacting proteins
was performed using Cluego (Naik et al. 2020) and KEGG
database (Kanehisa and Goto 2000). Cluego initially cre-
ates a binary gene term matrix based on the input genes and
their interactions. Based on the input matrix, a term—term
similarity matrix is calculated using Kappa statistics. The
results from Kappa statistics help to understand the associa-
tion between the genes. The created network is visualized
in the form of nodes. The input genes were also grouped
into pathways using KEGG database. Pathways that had a
Bonferroni corrected P. Value <0.05 were used for the study.
Further, genes that were directly associated with ALS were
identified using DisGeNET Interaction Networks (Pifiero
et al. 2016) and an integrated network for catechin, epi-
catechin, epigallocatechin -3 gallate was generated using
Cytoscape (Supplementary Fig. 3C). Biological processes,
cellular components and molecular function were assessed
using the GSEA toolkit (Srimadh Bhagavatham et al. 2022).
GSEA toolkit uses GO Slims tool that maps the input gene
annotations with a higher-level well-defined GO Slim List.
Deconvolution or cell type enrichment analysis was carried
out using Enrichr (Chen et al. 2013; Kuleshov et al. 2016;
Xie et al. 2021) and Azimuth cell type database. Enrichr
uses a combined score to identify significant pathways.
Combined score is calculated by taking the Log of P-value
from Fisher's exact test and multiplying it by the Z-score
of the deviation from the expected rank. The pathways that
have a high combined score are significant. Transcription
factor and kinase enrichment analyses were carried out using
X2K portal (Clarke et al. 2018). The interaction network
created with polyphenols was compared with transcriptomic
interaction networks of ALS patients and ALS transgenic
mice obtained from the Gene Expression Omnibus database
(Clough and Barrett 2016). Interaction networks of human
cortex sections were created from transcriptomic datasets of
post-mortem cortex sections containing 146 ALS patients
and 16 controls [GSE124439 (Tam et al. 2019)]. Similar
networks were constructed for FUS and TDP-43 datasets
of ALS transgenic mice [GSE40652 (Lagier-Tourenne et al.
2012), GSE111775 (Neelagandan et al. 2019)]. The meth-
odology used for transcriptomic analysis involves extrac-
tion of dataset, normalization, differential gene expression
using Deseq2 and generation of interaction networks in
Cytoscape (Pradhan et al. 2022; Sai Swaroop et al. 2022).
The interaction networks created from ALS transcriptomic
sections were overlayed with the polyphenol interaction
network using Cytoscape. Common genes were identified

and pathway enrichment analysis of the common genes was
carried out using Enrichr. Ginsenoside interaction network
was created using the STITCH database (Kuhn et al. 2007)
and pathway enrichment was carried out using Enrichr and
KEGG databases.

Identification of common targets
between the interaction networks

Gene Set Enrichment Analysis (GSEA) and differential gene
expression analysis for the transcriptomic datasets were
carried out using Network analyst (Zhou et al. 2019) and
GREIN (Al Mahi et al. 2019). Pathway enrichment analysis
for the transcriptomic datasets of ALS human cortex, FUS
transgenic mice and TDP-43 transgenic mice was also car-
ried out using Enrichr. The common significant pathways
(p £0.05) were identified using a Venn diagram plotted
using Venny (Oliveros 2007) and bioinformatics.psb.ugent.
be/webtools/Venn tools. Kinases that were known to be
deregulated were obtained from KinMap (Eid et al. 2017).
Top significant kinases obtained from kinase enrichment
analysis using K2K were compared with KinMap results
and common kinases were identified.

Validation of common targets

Yeast knock-outs were procured from Dharmacon (Product
No. YSC1054). Yeast knock-outs of HOG1, BAR1, RIM11
and YPK1 were transformed and fluorescence imaging stud-
ies were carried out. Fluorescence quantification was carried
out using Image J software.

Results

Yeast expressing wild-type and mutant FUS-EYFP
or TDP-43-EYFP produce protein aggregates

Yeast expressing wild-type FUS-YFP or mutant FUS-RRM-
EYFP or wild-type TDP43-EYFP or mutant TDP-43-EYFP
(Q331K) is used in the study (Fig. 1). Our results show that
the FUS and TDP-43 mutants produce elevated levels of
protein aggregates compared to their wild-type counterpart.
The results are consistent with previous studies.

Yeast treated with Ginseng extract shows
a significant decrease in protein aggregates of FUS
and TDP-43 expressing yeast model of ALS

Medicinal plants are used in traditional medical systems for
the treatment of many neurodegenerative diseases (Luthra and
Roy 2022). The scientific name, common name and effects of
the plants used in the study are provided in Table 1. Further,
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Fig.1 A Showing Fluorescence Microscopy results of yeast express-
ing FUS and TDP—43 Wild type and Mutants exposed to different
concentration of Ginseng root extract. 100 ug/ml of Ginseng root
extract showed a considerable reduction in protein aggregates of
FUS, TDP-43 and mutants. Imaging was carried out in the dark field
(blue light) and white light. Images were arranged using PhotoScape.

the plants used to treat ALS were searched in the SymMap
database which conjured Ginseng as one of the hits (Sup-
plementary Fig. 1). We screened medicinal plants for their
efficacy in clearing protein aggregates in FUS and TDP-43
expressing yeast model of ALS. 25 pg, 50 pg and 100 pg each
of dried Ginseng root extract in DMSO solvent was used as
given in methods and the controls were treated with DMSO
vehicle alone. 100 pg/ml of ginseng was found to effectively
clear protein aggregates in wild-type and mutant FUS or
TDP-43 expressing yeast model of ALS (Fig. 1). The results
were reconfirmed using florescence quantification technique
as described in methods. Corrected Total Cell Florescence
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B: Fluorescence quantification results of yeast expressing FUS and
TDP—43 Wild type and Mutants exposed to different concentrations
of Ginseng root extract. 100 pg/ml of ginseng root extract signifi-
cantly reduced protein aggregates. The quantification results corre-
lated with fluorescence imaging. Fluorescence quantification was car-
ried out using ImageJ software (% represents P <0.05)

(CTCF) was calculated for the control and treatment groups.
Yeast cells transformed with ALS mutant genes treated with
Ginseng root extract showed significantly lesser CTCF values.
Having found that ginseng cleared protein aggregates, we next
looked for the composition of ginseng and the effect of these
components on protein aggregate clearance in the yeast model
of ALS.



3 Biotech (2022) 12:333

Page70f19 333

Flavonoids like catechin, epicatechin,
Epigallocatechin-3 gallate and Ginsenoside Rg1
cleared protein aggregates in the yeast model
of ALS.

Previous studies have shown that the major components of
ginseng are catechin, epicatechin, epicatechin gallate and
ginsenosides (Kim 2016). Addition experiments of catechin,

epicatechin or Epigallocatechin-3 gallate were carried out
in a yeast model of ALS. Catechin and Epicatechin signifi-
cantly decreased protein aggregates in both wild type and
mutants FUS and TDP-43 yeast model of ALS (Fig. 2A).
The Epigallocatechin 3 gallate though significantly reduced
protein aggregates was not very effective as catechin or epi-
catechin (Fig. 2A and Supplementary Fig. 2A). Further, we
probed the role of different Ginsenosides which is a major

Fig.2 A Showing Fluorescence
Microscopy results of yeast
expressing FUS and TDP—43
Wild type and Mutants exposed
to different catechin derivatives
and ginsenosides. Epicatechin
and R, showed a considerable
reduction in protein aggregates
of FUS and TDP-43. Imaging
was carried out in the dark field
(blue light) and white light.
Images were arranged using
PhotoScape. Fluorescence quan-
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tification was carried out using
Imagel] software. Quantification
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plementary-2. B Network file
representing interacting proteins
with Ginsenosides. Further,
pathway enrichment analysis
for the interacting proteins was

CONTROL
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GINSENOSIDES Rh2

carried out using Enrichr. Three (100pg/ml)

pathways (nicotine addiction,

neuro-active receptor—ligand GINSENOSIDES Rd
(100pg/ml)

interaction and pathways in
cancer) were found to be signifi-
cant. The network file was cre-

FUS-RRM MUTANT-YFP TDP-43-YFP TDP-43-Q331K-YFP
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constituent of ginseng in clearing protein aggregates. Our
analysis shows that Ginsenoside Rgl significantly reduced
protein aggregates in both wild type or mutants of FUS and
TDP-43 expressing yeast model of ALS (Fig. 2A). Ginseno-
side Rh2 and Rd through reduced protein aggregates, were
not as significant as Rg 1 (Fig. 2A). Florescence imaging
results corroborated with quantification results.

Taken together our analysis shows catechin, epicatechin
and ginsenoside Rg1 significantly reduced protein aggrega-
tion in wild type or mutant, FUS or TDP-43 expressing yeast
model of ALS.

Flavonoids and Ginsenosides modulate the activity
of various proteins in specific pathways
with potential implications for disease.

Having identified the flavonoids and ginsenoside which
mediate clearance of protein aggregates in the yeast model of
ALS, we looked at the pathways they modulate in humans.
Interactors of Ginsenosides were obtained from the STITCH
database (Fig. 2B) and an interaction network was created.
The interacting genes were binned into pathways. The top
significant pathways include nicotine addiction, neuro-active
receptor—ligand interaction and pathways in cancer. Previ-
ous studies have catalogued flavonoids and their protein
interactors (Lacroix et al. 2018). Using the flavonoids and
their protein interactors an interaction network was gener-
ated using Cytoscape. Further, the interacting proteins were
binned into pathways using the plug in ClueGO (Bindea
et al. 2009). Our analysis shows that the interactors of cat-
echin were binned into Hematopoietic cell lineage, malaria,
complement and coagulation cascade, starch and sucrose
metabolism, carbohydrate digestion and absorption, ErB,
HIF1 and P53 signaling pathways and apoptosis (Fig. 3A).
Similarly, the interactors of Epicatachin were binned into
thiamine metabolism, folate biosynthesis, starch and sucrose
metabolism as well as carbohydrate digestion and absorption
(Fig. 3B). The interactors of epigallocatechin-3 gallate were
binned into NFkB and Rap1 signaling pathway, necroptosis,
pathways involving transcriptional mis-regulation, miRNA
and proteoglycans in cancer, pancreatic cancer, fluid shear
stress and arthrosclerosis (Fig. 3C).

Further, the combination of catechin, epicatechin and epi-
gallocatechin 3 gallate was subjected to combined analysis
for biological process, cellular component categories and
molecular function categories as well as cell type analy-
sis. The biological process involves biological regulation,
metabolic process, response to stimulus, cell communi-
cation, etc. (Fig. 4A). The cellular component included
membrane nucleus and various organelles (Fig. 4A). The
molecular function includes the binding of molecules like
proteins, ions, nucleic acids and various classes of enzymes
and regulators (Fig. 4A). The cell type analysis conjured
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neuronal and immune cells (Fig. 4B). The various cell types
include GABAergic neurons, Chandelier neurons, Natural
Killer cells, Central and effector memory T cells, monocyte
and myeloid dendritic type 1 as well as gamma islet cells.
On the whole, these results identify pathways, cellular pro-
cesses and cell types with a potential role in the disease
process. The Flavonoid interaction network generated was
used for the analysis of the transcription factors and kinases
that modulate their expression and function. The kinases
and transcription factors were predictors from the flavonoid
interaction network using X2K. Analysis of the combined
interactors of ginsenoside and flavonoids shows TRIM2B,
SOX2, RELA, STAT3, GATA, AR, etc. (Fig. 4C). Analysis
of kinases shows CDKs, CSNK2A1, ERK, MAPK, HIPK2,
INK, etc. (Fig. 4C).

Catechins modulate deregulated pathways in ALS
which might help to achieve a favourable prognosis
and better management of the disease.

To understand if catechin’s modulated genes exhibit sig-
nificant changes in expression levels in ALS, the expression
profile of genes from ALS patient brain cortex or Trans-
genic FUS or TDP-43 expressing mice model of disease
were imported into the Catechin’s interaction network. The
transgenic FUS mice model showed maximum changes in
the expression profile of genes from the Catechin’s network
(Fig. 5).

Further, from the catechin’s network, the genes which
showed significant changes in expression levels were binned
into pathways. Our analysis shows that the genes whose
expression profile changes in ALS patient's cerebral cortex
were binned into pathways involved in immune cell path-
ways like Thl cytokine production, regulation of astrocyte
activation, glial cell proliferation, cell adhesion molecule
production, gliogenesis, acute inflammatory response, leuko-
cyte adhesion to vascular endothelial cells, etc. (Supplemen-
tary Fig. 3B). The genes whose expression profile changes
in Transgenic mice expressing FUS were binned into path-
ways involved in negative regulation of neuroinflamma-
tory response, regulation of fibroblast and smooth muscle
proliferation, response to Iron and cadmium ion, regulation
of release of cytochrome ¢ from mitochondria, response to
ROS etc. (Supplementary Fig. 3C). The genes whose expres-
sion profile changes in Transgenic mice expressing TDP-43
were binned into pathways involved in osteoclast develop-
ment and differentiation, DNA damage checkpoint signaling,
protein hydroxylation, eye morphogenesis, endopeptidases
activity involved in the apoptotic process of cytochrome c,
etc. (Supplementary Fig. 3C).

Commonality analysis between pathways obtained from
the catechin—protein interaction network and those obtained
from the transcriptomic analysis shows a considerable overlap
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Fig.3 A Figure representing interacting protein networks and path-
ways enriched by Catechin. B Figure representing interacting pro-
tein networks and pathways enriched by Epicatechin. C Figure rep-
resenting interacting protein networks and pathways enriched by

Epigallactocatechin-3-gallate. Networks were made using Cytoscape
and pathway enrichment was carried out using the ClueGo plugin of
Cytoscape
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«Fig.4 A Bar graph representing results obtained from biological
processes, cellular components and molecular functions. The graphs
were made using the GSEA toolkit (webgestalt.org). B Pie chart rep-
resenting results obtained from Cell type analysis of interacting pro-
teins with catechin derivatives. The pie chart was made using Enri-
chr, Azimuth database and Microsoft Excel 2019. C Bar graph and
network file representing results obtained from transcription factor
and kinase enrichment analysis of proteins that interact with catechin
derivatives. Figures were made using X2K website (maayanlab.cloud/
X2K)

of signaling pathways. The overlapping signaling pathways
include Phospholipase D, RAP1, MAPK, PI3K-Akt, Ras,
EGFR, Neurotrophin, insulin and ErbB signaling pathways
(Fig. 6A). Common biological pathways between ALS cor-
tex, FUS transgenic mice brain, TDP-43 transgenic mice brain
and catechin-enriched pathways were obtained (Fig. 6B). Non-
Alcoholic Fatty Liver Disease (NAFLD) and Alzheimer’s dis-
ease were found to be common pathways. Further, autophagy
was common between catechins, ALS cortex and FUS brain.
Based on the genes in the pathways and kinase, four kinases
were identified as potential targets. These kinases include
MAPK14, BACE2, GSK3B and AKT1 (Fig. 7).

Gene knock-out in pathways modulated
by Catechin’s or ginsenoside mitigate protein
aggregation in the yeast model of ALS.

Having identified the human kinases modulated by flavonoids
in the deregulated pathways we used (flyrnai.org/cgi-bin/
DRSC_orthologs.pl) an online tool to identify the correspond-
ing yeast orthologues. The yeast orthologues of the human
kinases MAPK 14, BACE2, GSK3B and AKT1 were identified
as HOG1, BARI1, RIM11 and YPK1.To validate the predic-
tions yeast KO (Dharmacon) of HOG1, BARI1, RIM11 and
YPK1 were employed. The kinase KO significantly reduced
protein aggregation. Taken together, our results show that
flavonoid-mediated clearance of protein aggregates might
potentially involve kinases.

We further looked at literature to understand the potential
targets of ginsenosides. Previous studies have shown that gin-
senoside modulates the activity of BACE2. Further, we used
the yeast BAR1 knockout which is the orthologue of BACE2.
Our results show that BAR1 KO significantly reduced pro-
tein aggregates in both-wild type and mutant FUS or TDP-
43 expressing yeast model of ALS (Fig. 7). Collectively, our
results show that BACE2 potentially modulates aggregation
of wild-type and mutant FUS and TDP-43.

Discussion

Medicinal plants from Indian, Chinese, or Tibetan tradi-
tional medicinal systems have been used to treat many
neurodegenerative diseases. Similarly, Ginseng has been
evaluated for its efficacy to treat many neurodegenerative
diseases. Our analysis shows that Ginseng was very effec-
tive in clearing protein aggregates in both wild-type and
mutant TDP-43 or FUS expressing yeast models of ALS.
Further, analysis with the SymMap database showed that
ginseng is used in the treatment of ALS in Chinese medi-
cine. Previous studies have shown a beneficial effect of
ginseng root in the SOD1 (G93A) transgenic mice model
of ALS (Jiang et al. 2000). Having identified ginseng to
mitigate protein aggregation in yeast we looked at litera-
ture to understand the composition of ginseng. Previous
studies have catalogued that the major components of
ginseng are Flavonoids and Ginsenosides (Kim 2016).
The flavonoids include catachin, epicatechin and epigal-
lacatachin-gallate (Kim 2016). The Ginsenosides include
the ginsenoside Rgl, ginsenoside Rh2 and ginsenoside Rd
(Kim 2016).

Flavonoids like catechin, epicatechin and epigallocat-
echin-gallate have been evaluated for their efficacy in the
treatment of many Alzheimer’s and Parkinson’s diseases
(Ozduran et al. 2021). Studies have also shown a favour-
able effect of green tea catechins in the treatment of Alz-
heimer’s and Parkinson’s disease (Burnstock 2008). The
therapeutic effects of catechins have been extensively
documented in both human and animal models of dis-
eases (Sebastiani et al. 2021). Hence, we treated the yeast
model of ALS used in our study with catechin, epicat-
echin and epigallocatechin-gallate. Our analysis shows that
catechin and epicatechin were very effective in clearing
protein aggregates in the yeast model of ALS used in the
study. However, epigallocatechin-gallate was not as effec-
tive as other catechins used. The catechins are shown to
exert their beneficial effects by their antioxidant (metal
ion chelating and ROS scavenging), anti-inflammatory and
anti-apoptotic properties. Studies have also shown that cat-
echin reduces phosphorylation of Tau and aggregation of
amyloid-beta as well as reduces the levels of alpha-synu-
clein and increases dopamine levels (Ozduran et al. 2021).
They are also shown to modulate mitochondrial function
and prevent the release of apoptotic proteins (Mercer et al.
2005; Schroeder et al. 2009).

Having shown that catechins could mitigate protein
aggregation formation in the yeast model of ALS we
looked for the proteins which are modulated by it. A pre-
vious study has catalogued the interactors of different fla-
vonoids (Lacroix et al. 2018). Using this we generated
a network of different catechin interactors and further
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Fig.5 A Network file obtained
from the overlay of catechin
derivative interacting pro-

teins and significant genes
enriched in human post-mortem
ALS cortex. Blue represents
down-regulated genes while

red represents up-regulated
genes. B Network file obtained
from the overlay of catechin
derivative interacting proteins
and significant genes enriched
in transgenic FUS mice. Blue
represents down-regulated
genes while red represents
up-regulated genes. C Network
file obtained from the overlay o
of catechin derivative interact-
ing proteins and significant
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binned them into pathways. Our analysis showed that the
genes fall into many signaling and metabolic pathways.
Further, we carried out cell type analysis which conjured
inflammatory cells, GABAergic neurons, Chandelier neu-
rons and gamma islet cells. The commonality analysis
of pathways between catechin-modulated pathways and
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those obtained from the transcriptomic analysis of ALS
patients showed an overlap of 19 pathways. These path-
ways included the MAPK, PI3K-AKT pathway, etc. The
commonality analysis of kinases enriched in catechin-
modulated pathways and those obtained for data sets from
ALS patients showed GSK3B as the common kinase. One
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Fig.6 A Venn diagram repre-
senting common signaling path-
ways and kinases enriched by
catechin derivative interacting
proteins and significant genes
enriched in human post-mortem
ALS cortex. B Venn diagram
and table representing common
biological pathways enriched
by catechin derivative interact-
ing proteins, significant genes
enriched in human post-mortem
ALS, significant genes enriched
in transgenic FUS mice and
significant genes enriched in
transgenic TDP-43 mice. Venn
diagrams were made using
Venny (bioinfogp.cnb.csic.es/
tools/venny). The individual
list of enriched pathways is pro-
vided in SUPPLEMENTARY-4
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of the previous reviews had propounded many kinases
as potential targets in ALS (Guo et al. 2020). Hence, we
used the yeast model of ALS which is knocked out for the
kinases of their human orthologues to evaluate their effect
on protein aggregation.

Our analysis showed that knockout of HOG1 (MAPK14),
RIM11 (GSK3B) and YPK1 (AKT1) significantly reduced
protein aggregation. It has been demonstrated that in APP-
PS1 transgenic mice brain expression of MAPK14/p38a

is upregulated and genetic deficiency to MAPK14 was
shown to stimulate autophagy (Alam and Scheper 2016).
The increased autophagy in turn leads to degradation of
BACE1 which helps to reduce protein aggregates (Alam
and Scheper 2016). In ALS MAPK14/P38 is activated
in motor neurons, microglia and astroglia. Similarly, in
SODI-ALS patients and SOD1 transgenic mice, MAPK14
is found to be upregulated in motor neurons and astroglia
(Bendotti et al. 2004). The MAPK 14 activation also leads
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Fig.7 A Fluorescence Microscopy results of yeast Knock-outs
expressing FUS and TDP—43 Wild type and Mutants. All the knock-
outs showed a significant reduction in protein aggregates. Imaging
was carried out in the dark field (blue light) and white light. Images
were arranged using PhotoScape. B Graph representing fluores-

to activation of nNOS which produces Nitric oxide which
acts as a feed-forward loop through the FAS receptor to acti-
vate MAPK 14 and more nNOS. Activation of MAPK14 is
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cence quantification results of yeast Knock-outs expressing FUS and
TDP—43 Wild type and Mutants. The quantification results had a
strong correlation with imaging results. Fluorescence quantification
was carried out using ImageJ software (% represents P <0.05)

correlated with motor neuron cell death (Sahana and Zhang
2021). P38 activation is also linked to pathogenic aggre-
gates in ALS involving FUS (Sama et al. 2017). Similarly,
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FUS and SOD1 mutant mice showed impaired axonal trans-
port (Baldwin et al. 2016). Injection of FUS mutants into
squid axoplasm led to activation of p38 and impaired axonal
transport showing a toxic gain of function for FUS mutants
(Sama et al. 2017). Inhibition of p38 prevents apoptosis and
cyclosporine-induced cell death in the SOD1 mice model of
ALS (Dewil et al. 2007). In all, these results show that inhi-
bition of MAPK14 orthologue HOG1 could inhibit protein
aggregation or amyloid clearance in the yeast model of ALS.

GSK3b emerged as one of the common kinases in the
kinase enrichment analysis of both catechin interactors and
ALS transcriptomic data sets. Dysregulation of GSK3b is
found to be associated with many neurodegenerative dis-
eases (Hernandez et al. 2009; Duda et al. 2018). GSK3b was
found to be activated in both patients and ALS model sys-
tems (Koh et al. 2011) and inhibition of GSK3b was found to
be neuroprotective in ALS pathogenesis (Choi et al. 2020).
Inhibition of GSK3f suppresses pathogenesis caused by
SOD, TDP-43 and FUS expression in various models (Yang
et al. 2013; White et al. 2021; Choi et al. 2022). Collectively
our analysis shows that catechins might modulate protein
aggregation through GSK3b.

Our analysis shows PI3K-AKT]1 as one of the deregulated
pathways in ALS. Consistent with this observation inhibi-
tion of the AKT1 homologue leads to a reduction in pro-
tein aggregates in the yeast model of ALS. Previous studies
have shown that C9orf72 forms a heterodimer with SMCR8
and SMCRS loss leading to a marked reduction of c9orf72
protein levels (Liang et al. 2019). SMCRS loss was shown
to reduce the levels of proteins in the autophagy-lysosome
pathways due to activation of mMTOR and AKT1 (Liang et al.
2019). Investigation of RAB11 expression and MAPK/ERK/
AKT signaling in en post-mortem spinal cord specimens
showed down-regulation of RAB11. RAB11 was found to
be downregulated in all the ALS samples while phosphor-
AKT and phosphor-S6 kinase were upregulated (Mitra
et al. 2019). Loss of RAB11 is associated with ALS and
overexpression of RAB11 was found to be neuroprotective
(Chutna et al. 2014). However, in the mice model of ALS
carboxy-terminal modulator protein which regulates AKT
signaling by reducing the activity of AKT was found to be
upregulated. Decreased AKT activity is attributed to muscle
atrophy in ALS and is associated with increased expression
of genes involved in atrophy (Wang et al. 2019). Our analysis
shows a potential role for AKT in modulating protein aggre-
gation in the yeast model of ALS.

Further, Ginsenosides are a major constituent of Gin-
seng. We analyzed if Ginsenoside Rgl, Ginsenoside Rh2
and Ginsenoside Rd for their ability to clear protein aggre-
gates in FUS or TDP-43 expressing yeast model of ALS.
Our analysis showed that treatment with Ginsenoside Rgl
significantly reduced protein aggregation. Previous studies
have shown that Ginsenoside Re exhibited a neuroprotective

effect by largely inhibiting microglial inflammation poten-
tially involving CAMK/MAPK/NFkB signaling (Madhi
et al. 2021). Ginsenoside Re also attenuated neuroinflamma-
tion in the SOD1 (G93A) symptomatic mice model of ALS
(Cai and Yang 2016). Having found that Ginsenoside Rgl
clears protein aggregates in the yeast model we looked for
Ginsenoside Rg1 interactors in the literature. Our literature
search showed BACE2 as a potential interactor of Ginseno-
side Rgl (Mohanan et al. 2018). KO of BACE2 orthologue
BARI in a yeast model of ALS abrogated protein aggrega-
tion. Studies have shown that BACE1 processing of amyloid
precursor protein in skeletal muscle of mice model of ALS.
Inhibition of BACE affects survival and motor function
in mice model of ALS (Rabinovich-Toidman et al. 2012).
Hence inhibition of BACE might help to achieve a favour-
able prognosis in ALS.

All things considered, our results show that Ginseng root
extract contains secondary metabolites which could help
clear protein aggregates. The catechins act by interacting
and inhibiting multiple key proteins like MAPK 14, GSK3b
and AKT which modulate deregulated pathways in ALS thus
mitigating protein aggregation in the yeast model of ALS.
The Ginsenoside Rgl interaction was also shown to clear
protein aggregates in the yeast model of ALS by interacting
with BAR1 an orthologue of BACE2. Overall, our results
not only identified some of the active ingredients of Ginseng
which helped to clear protein aggregates but also the poten-
tial targets using the network pharmacology approach. Given
the identified proteins drugs targeting MAPK14, GSK3B,
AKT or BACE2 could be repurposed for the treatment of
ALS. The results of the study are summarized in Fig. 8.

Conclusion

Amyotrophic Lateral Sclerosis is an incurable, progressive
neurodegenerative disease affecting the motor neurons.
Medicinal plants from traditional medical systems used for
treating neurodegenerative disease were screened for their
efficacy to clear protein aggregates in yeast model of ALS.
Our analysis shows that Ginseng mitigated protein aggre-
gates in yeast model of ALS. Further, the active ingredients
of ginseng which include flavonoids and ginsenosides were
screened for their efficacy to clear protein aggregates. We
used a network pharmacology approach to identify poten-
tial targets. Flavonoids like catechin, epicatechin and epi-
gallocatechin-3-gallate mitigated protein aggregates in yeast
model system. Ginsenosides like ginsenoside Rg1 effectively
cleared protein aggregates while Rd, Rh2 had minimal effect
on protein aggregates. Commonality analysis of pathways
obtained from interactors of catechin, epicatechin and epi-
gallocatechin-3-gallate as well as ginsenoside interactors
overlapped with those obtained from transcriptomic analysis
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Fig.8 Flow chart summarizing
the methodology and the results
of the study
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of ALS datasets. The common genes from the deregulated
pathways were MAPK 14, GSK3B, AKT and BACEI. Fur-
ther Knock-outs of either of MAPK14, GSK3B, AKT and
BACE]1 showed clearance of protein aggregates. Our analy-
sis shows that flavonoids like catechin, epicatechin and epi-
gallocatechin-3-gallate and ginsenoside Rg1 potentially act
through MAPK 14, GSK3B, AKT and BACEI to mitigate
protein aggregation in yeast model of ALS. Flavonoids and
ginsenosides could be potential therapeutic agents in ALS.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13205-022-03401-1.
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