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factors associated with the therapeutic
effect of Jakyakgamcho-tang on

neuropathic pain

Neuropathic pain (NP) is a chronic condition with complex
molecular mechanisms. Jakyakgamcho-tang (JGT) is
derived from Paeoniae Radix and Glycyrrhizae Radix et
Rhizoma, and shows a significant therapeutic potential for
pain management,’ but its underlying mechanisms remain
unclear. This study aimed to elucidate the mechanism of
action of JGT in NP by systematically investigating the key
NP-associated transcription factors (TFs) and signaling
pathways regulated by JGT and its compounds. Addition-
ally, we analyzed the transcriptome of JGT-treated
PC12 cells and performed in vitro experiments to confirm
the regulation of target genes.

We identified the key NP-associated genes by performing
differentially expressed gene analysis using two public RNA-
sequencing datasets (GSE53861% and GSE102937°; Table
S1). Both NP models showed up-regulation of most differ-
entially expressed genes, and functional enrichment anal-
ysis helped identify the key pathways involved in NP
pathogenesis (Fig. S1; Table S2). Next, we analyzed the TFs
that bind to the promoter regions of the differentially
expressed genes in each dataset (Table S3). Comparative
analysis showed that Fos and Jun were the common TFs in
NP (Fig. 1A). We identified the TFs that bound to the active
regions in the NP models by analyzing the H3K4me1 chro-
matin immunoprecipitation-sequencing data from a public
database. We identified 1296 active regions in the NP model
(Fig. 1B), and a subsequent motif analysis confirmed Fos as
a significant TF that binds to these active regions (Fig. 1C;
Table S4). This suggests that Fos is a key TF that mediates
NP-associated molecular mechanisms.

To investigate the key molecular mechanisms of JGT, we
generated transcriptome data from PC12 cells treated with
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water and ethanol extracts of JGT (WJGT/EJGT) for 24 h at
low (4 ug/mL), medium (20 pg/mL), and high (100 pug/mL)
concentrations that were confirmed to be non-cytotoxic
(Fig. S2). Gene Set Enrichment Analysis (GSEA) was per-
formed using the PID gene sets to identify the shared JGT-
modulated molecular pathways. In total, 23 gene sets were
identified, and at least one condition showed a significance
of P < 0.05 (Fig. 1D; Table S5). Furthermore, we investi-
gated the pharmacological mechanisms of JGT by analyzing
the expression changes in NP models. We identified 12
pathways that were up-regulated in the NP model and at
least one pathway that was significantly down-regulated by
JGT treatment. Figure S3 shows the expression networks of
the 12 pathways and genes, highlighting Fos as the key TF in
the NP model, and the “PDGFRB pathway” and “ERBB1
downstream pathway” as the major Fos-related pathways.
Notably, the PDGFRB pathway activates signaling pathways
that enhance neuronal excitability and hypersensitivity in
damaged nerves,* thereby amplifying the pain signals
following nerve injury. In fact, Fos is a key TF linked to
these pathways. GSEA and heatmap analyses showed that
JGT reduced the expression of PDGFRB pathway genes that
were up-regulated in the NP model (Fig. S4), suggesting a
role in modulating pain-related signaling. Among these
pathway genes, Fos was significantly up-regulated in the NP
models; however, EJGT treatment significantly down-
regulated Fos expression in PC12 cells (Fig. 1E and F). We
confirmed the JGT-mediated Fos regulation by determining
the nuclear Fos activity in BV2 microglial cells treated with
lipopolysaccharide (LPS) used to induce Fos-mediated
inflammation. As shown in Figure 1G, nuclear Fos level
increased following LPS treatment for 8 h. However, LPS-
mediated nuclear Fos activation was efficiently inhibited by
EJGT pretreatment, suggesting that Fos is a key TF in the
NP model and an important target for alleviating NP.

2352-3042/© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gendis.2025.101805&domain=pdf
http://www.keaipublishing.com/en/journals/genes-diseases
https://doi.org/10.1016/j.gendis.2025.101805
https://doi.org/10.1016/j.gendis.2025.101805
http://creativecommons.org/licenses/by/4.0/

Rapid Communication

GSE102937
GSES53861

_102937)

PID_FGF_PATHWAY

&l PID_UPA_UPAR_PATHWAY
PID_INTEGRIN2_PATHWAY

[0 PID_INTEGRIN_CS_PATHWAY
| PID_AVB3_INTEGRIN_PATHWAY

[ PID_INTEGRIN1_PATHWAY

[ PID_IL1_PATHWAY A

[Ell PID_ANGIOPOIETIN_RECEPTOR_PATHWAY

.PID RB_1PATHWAY

il PID_ECADHERIN_NASCENT_AJ_PATHWAY

I Pi0_PTP1B_PATHWAY

[l PID_PLK1_PATHWAY

|16l PID_P53_REGULATION_PATHWAY

IR Pio_AR_PATHWAY
PID_ERBB1_DOWNSTREAM_PATHWAY

[l PID_FAK_PATHWAY

IR Pio_PDGFRB_PATHWAY

ﬂ PID_MTOR_4PATHWAY

Bl PID_PI3K_PLC_TRK_PATHWAY

Nalve

v/»(wmvqu

0.0
20 TSS 201

Gene

E

Q
o

20 vg— 1,296 Naive_ C T Number of Targels
regions 8 ® 200
175 © 6 ® 0 8w
i — gefes ® ® ® o
o | |l N 510
H F} factor(TF _type)
& 2 H -
e . : . L BN © BHLH
: 30 TS 3.0Kp g8 ¢ . e
o cal 9 coolele ® o + comr
2 .o
e 2 6 * o . o o . e
g e o . . ® O « Homeobox
2 — - R
50 10 ofnes 4 oo . PR -
2 10 5 S ‘%é SR %&\%\\Q‘;‘,«\\Qe q"\,\;:‘;‘g AR RAR c‘ SR
&
. 30  TSS 3.0kb &
20788 308 &
TFs
sistance (5p)
¥
] GSE53861 I ) F G w
4 EJGT M 7.5 == s 5
- ——t— [ £
EJGT_L 4 §70 v % 2o
265 . 8
EJGT_H goo == 3
GSE102037 ;&2 3
WJGT M 55 . § 100
. 5.0 :
WJGT_L A ™) . R R 33 3
WJGT_H PN ’
JGT W@ @\0 00 Q}C’ pr’ $§9 \‘\03 LPS(ng/ml) 0 O 0 250250 250 250 250 BL PC
[ 2 WJGT (ug/ml) - 300 - 30 300
. Group EJGT (ugiml) - - 300 - - - 30 300
wJeT < Spectrum PDA: UV = 240 nm
“ - 3
o Base Peak MS m/z = 50.0000-1250.0000
] o 12
1l oy o oo e

4

Spectrum PDA: UV = 240 nm

PID_NFAT_TFPATHWAY .. EoT
R Po_HIF1_TFPATHWAY . }
IE W P0_SMAD2_3NUCLEAR_PATHWAY (N
S 244, o
“3&' 6‘5’9»0» SORONN .
%@(\4,\4\(\4,\& " -
o mj';‘\ggm 51 a1 5P

Base Peak MS miz = 50.0000-1250.0000

PDGFRS pathway

Color range (fold change) Node shape
il 1 Gene
| i
Pathway
M Compound
Fos target-

Ang -

o

Fos mRNA (fold)
Jun mRNA (fold)

o 00.
ESGT(igm) Con 30 0 3 100 30  EJGT(gmi

T TPS @S0 ngm)

g 3

16 mRNA (fold)
8

‘Socs3 MRNA. (fold)

EIGTUom) Con W0 6 0 100 W0 ENGTGom) Con %0 6 % 100 3w

~LPS (250 ngim)

Figure 1

Node color
Up-regulation
Down-reguiation

00
) Con M0 0 % 100 30 Catechin (M) Con

T

s

115 MRNA (fold)
8

ol
Catechin (M) Con
TIPS @angm)

W o0 1t 10
TS Eongm)

W o f 30 10
T s@mngm)

Compound

Jun mRNA (fold)

00.
Catochin (M) Con 100 0

Socs3 mRNA (fold)

o
Catechin (M) Con 100 0

Paconiforin_l-
Paconiforin_L-
Paconiforin_H-
Catechin_l-
Catechin_L-

Catechin_H-

T s@sngm)

~

Catechin & ERK2
(-8.586kcalimol)

-log10(pval)
® o5
® w0
[ 25
® 20

POGRFE.pathway

Catechin & INK2

zs02s0zioasozio o, po

0% 10

3D Secondary Structure

Photodynamic Therapy Induced AP 1 Survival Signaling-
Pholodynamic Therapy Induced NFE2L2 NRF2 Suryval

L 24
Brain Derived Neum'mpnlcT;a%lar abif Sehaling bathiay
omfammalion Ad Gl

Disturbed Fat Dy
Sudden Infant Deatn synmme SIS Susceptibiity Palhwa

Corticotropin Releasln%ﬂarmans Sonaing Pamway—
way

iL sg?
Hepalits C And Hepaiocaluar

3D Molecular Surface 2D Diagram

5 g
g [

Pleural Mesothelioma-
Signaling
ng Fbrosts-
§ignaling Pattiay -

Cell Differentiation Pathway

atergic Signaling -
T Buichango HuSculdr DySropny

ansduction Treough 1L R

ar Receptors Meta Pathy
Ary Hydrocgrban Roceplor PaGmway -
ene:

1€26 S nairg Fathways
s Bttty -

arcinoma -
Gastrin Signaling Pathway -

-Log10P

PDGFRB pathway |

164, Jun , Socs3 |

w100
T s @ ngm)

b Glutamatergic Antis
S‘gnahng inflammatiol
b erived Neuratrophic Factor
(BONF) Sgnatng Patmeny

Therapeutic effects of Jakyakgamcho-tang (JGT) and catechin in neuropathic pain via regulation of PDGFRB pathway

and Fos. (A) Comparison of transcription factor (TF) analysis of differentially expressed gene (DEG) regulation in the two datasets.
The Venn diagram in the top panel shows the number of TFs enriched in each dataset (GSE53861 and GSE102937). The diagram
highlights the overlap and unique TFs identified in each dataset. The bottom panel shows the detailed TF analysis for each dataset
and specific factors that regulate the DEGs in the context of NP. (B) Identification of active chromatin regions in the NP model using
H3K4me1 chromatin immunoprecipitation-sequencing data. Transcription start site (TSS) heatmap (left panel) shows the chromatin
immunoprecipitation signal for H3K4me1 at various distances from the TSSs in both naive and chronic constriction injury (CCl)
conditions. The heatmap highlights differences in H3K4me1 enrichment and reflects changes in chromatin accessibility and active
enhancer regions. The line plot on the right panel shows the average H3K4me1 chromatin immunoprecipitation signal for naive and
CCl samples, which further emphasizes the NP-associated differential chromatin modifications. (C) Enriched TF motifs of the
identified 1263 active chromatin regions. (D) Molecular pathways and processes modulated by JGT treatment. The gray-highlighted
regions indicate the specific pathways where expression levels are modulated by JGT and provide insights into the therapeutic
effects of JGT in reversing or modulating the NP-associated dysregulated pathways. High dose (H): 100 ug/mL; medium dose (M):
20 pg/mL; and low dose (L): 4 ug/mL *P < 0.05 and **P < 0.01. (E, F) The heatmap (E) and boxplot (F) showing the changes in gene
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Next, we identified the compounds in JGT extracts by
performing compound pattern analysis of WJGT/EJGT using
ultra-high-performance liquid chromatography coupled
with hybrid quadrupole-orbitrap tandem mass spectrom-
etry. The top 10 peaks were determined based on the base
peak chromatogram peak area ratio. Among these, eight
components were identified by comparison with standard
components (Fig. 1H; Fig. S5). We selected the six major
compounds of JGT (albiflorin, catechin, glycyrrhizic acid,
liquiritin, paeoniflorin, and pentagalloylglucose) based on
target gene and disease information from PubChem. To
identify key interactions with the PDGFRB pathway, we
constructed a compound—target network and integrated it
with the JGT-modulated PDGFRB pathway (Fig. 11). Then,
we analyzed transcriptome data to assess the expression
profiles of three previously studied compounds in
A549 cells.” The normalized enrichment score was negative
for the PDGFRB pathway for three JGT compounds: albi-
florin, catechin, and paeoniflorin (Fig. 1J). Most PDGFRB
pathway genes, including Fos, were down-regulated in
A549 cells after treatment with the three compounds
(Fig. S6). Additionally, we elucidated the relationship be-
tween Fos and these compounds through docking analysis
and examining their interactions with ERK2, JNK2, and p38,
which are the upstream mitogen-activated protein kinases
of Fos (Fig. 1K; Table S6). We found that JNK2 (—8.878 kcal/
mol) showed the highest interaction potential with cate-
chin (Table S7). Furthermore, we investigated whether
albiflorin, catechin, and paeoniflorin down-regulated LPS-
induced Fos activation in BV2 cells and found that all three
compounds marginally induced nuclear Fos activation in the
absence of LPS treatment (Fig. 1L). However, under LPS-
induced inflammatory conditions, pretreatment with all
three components inhibited nuclear Fos activation, and
catechin showed the most pronounced effect in down-
regulating Fos activation in LPS-challenged BV2 cells.

Next, we identified the downstream targets of Fos by
performing a correlation analysis between Fos and its
target gene expression. In total, 256 Fos target genes were
derived from TargetScan, and correlation analysis identified
34 genes that were significantly co-expressed with Fos
(P < 0.05; Fig. 1M; Table S8). We identified the top 20 most
significant pathways by performing GSEA of the 34 Fos

target genes (Fig. 1N; Table S9). Fos expression significantly
and positively correlated with the expression of three
target genes (Socs3, Il6, and Jun; Fig. S7). We confirmed
the changes in the expression of Fos and its target genes in
response to JGT by measuring their intracellular mRNA
levels in BV2 cells co-treated with EJGT and LPS. As shown
in Figure 10, EJGT down-regulated Fos expression in BV2
cells even without LPS challenge. Furthermore, LPS treat-
ment up-regulated Fos expression, which was inhibited in a
dose-dependent manner by EJGT pretreatment. Potential
Fos target genes, such as Jun, Il6, and Socs3, were up-
regulated by LPS treatment, which was inhibited by pre-
treatment with EJGT except for Jun. Next, we determined
the effects of catechin on the expression of Fos and its
target genes in LPS-treated BV2 cells. Catechin pretreat-
ment marginally but significantly inhibited the expression
of Fos and its target genes in LPS-challenged BV2 cells in a
dose-dependent manner (Fig. 1P). Figure 1Q summarizes
the key TFs involved in NP, along with the underlying
mechanisms of JGT and their key compounds in NP.

In conclusion, this study shows that JGT and its key
compound catechin inhibit the expression of Fos, which is a
key TF involved in NP, by inducing anti-inflammatory ef-
fects via modulating the PDGFRB pathway and down-regu-
lating the inflammation-related Fos downstream targets
such as /16, Jun, and Socs3.
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expression of Fos regulated by ethanol and water extracts of JGT (EJGT and WJGT). (G) Experimental validation of Fos expression
activity. (H) Ultraviolet chromatogram (UV = 240 nm), base peak chromatogram (BPC; m/z = 50—1250), and BPC for each

compound (WJGT, upper panel; EJGT, lower panel). (I) Compound—target interactive network for six JGT compounds and PDGFRB
pathway genes. This network shows the interactions between the six JGT compounds, their known molecular targets, and JGT-
modulated PDGFRB pathway genes. The compounds included in the analysis were paeoniflorin, albiflorin, catechin, liquiritin,
glycyrrhizic acid, and pentagalloylglucose. (J) Expression changes induced by three JGT compounds in the PDGFRB pathway in
A549 cells. This figure shows the changes in PDGFRB pathway expression in A549 lung cancer cells following treatment with the
three JGT compounds. (K) Molecular docking analysis of catechin with mitogen-activated protein kinases (ERK2, JNK2, and p38)
involved in Fos expression. The yellow and green circles indicate optimal sites for the interaction of catechin with proteins. (L)
Experimental validation of anti-inflammatory effects of three JGT compounds. (M) Identification of Fos targets through correlation
analysis. Correlation coefficients were calculated to determine the relationship between Fos and potential target genes. Strongly
correlated genes were selected based on statistical significance (P < 0.05) and correlation thresholds. (N) Functional enrichment
analysis of genes that were significantly associated with Fos expression in correlation analysis. (O) Experimental validation of Fos
target genes altered by EJGT treatment. Gene expression levels were analyzed using quantitative real-time PCR. (P) Experimental
validation of Fos target genes altered by catechin treatment: Expression changes of four Fos target genes in response to catechin
treatment. (Q) The schematic summarizes the key study findings by depicting the proposed molecular mechanisms, key target
genes, signaling pathways, and effects of JGT or its active compound.
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