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Network pharmacology and molecular simulation suggest potential
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Abstract: Background: Hand—foot skin reaction (HFSR) is a dose-limiting adverse effect of sorafenib, yet its molecular
etiology remains elusive. Objectives: This study investigated the potential targets and pathways of sorafenib-induced
HFSR using integrated computational methods. Methods: Network pharmacology was used to identify overlapping targets
between sorafenib and HFSR. After pathway enrichment, hub targets were analyzed via molecular docking and 100-ns
molecular dynamics (MD) simulations to assess binding stability. Results: Network analysis identified 71 targets, primarily
in the MAPK/ERK and PI3K-Akt pathways. EGFR and MAPK1 (ERK2) were identified as key hubs. MD simulations
revealed that sorafenib maintains superior structural stability when complexed with EGFR rather than with ERK2.
Conclusion: Computational evidence suggests that off-target engagement and RTK-MAPK/PI3K dysregulation mediate
HFSR. These findings provide a mechanistic basis for mitigating sorafenib-induced toxicity, pending experimental

validation.
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INTRODUCTION

Sorafenib, a multikinase inhibitor approved by the U.S.
FDA, was the first of its kind to be approved for advanced
hepatocellular carcinoma (HCC) treatment. It remained the
standard systemic therapy until lenvatinib was approved in
2018 (Qin et al., 2024). This drug acts by targeting a variety
of kinases, such as Raf-1, B-Raf, VEGFR-2/3, PDGFR-J,
Flt-3 and c-KIT, leading to its antiproliferative and
antiangiogenic effects (Guo et al., 2023). In addition to
HCC, sorafenib is also used to treat metastatic renal cell
carcinoma (Liu et al., 2023).

Despite its clinical efficacy, sorafenib is commonly
associated with various side effects, such as diarrhea,
fatigue, hypertension and especially HFSR. Although most
of these events are mild to moderate, they can significantly
impair quality of life and necessitate dose reductions or
treatment discontinuation, thus limiting therapeutic
outcomes (Li et al., 2024, Pang et al., 2022, Wei et al.,
2025). Elucidating the molecular mechanisms of the
sorafenib-induced toxicity is critical for optimizing patient
management (Adefisan-Adeoye et al., 2025, Li et al., 2024,
Liang et al., 2022, Lim et al., 2023, Rui et al., 2025, Trivedi
etal.,2023).

Among these adverse effects, HFSR is particularly
common and clinically significant. First reported as a dose-
limiting toxicity during early-phase clinical trials (Inaba et
al., 2019, Liang et al., 2025, Ochi et al., 2021, Panetta et
al., 2021), HFSR has emerged as a leading cause of
treatment interruption (Guo et al., 2023, Lee et al., 2020,
Zhang et al., 2024). In HCC patients, it is the most
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prevalent adverse event, characterized by painful
hyperkeratotic lesions on pressure-bearing surfaces,
distinct from classical chemotherapy-induced hand—foot
syndrome (Baby ef al., 2025, Chen et al., 2021, Kumari et
al., 2022, Pang et al., 2022).

From a pharmacokinetic perspective, sorafenib undergoes
extensive metabolism primarily via CYP3A4 and UGT1A9
in the liver and intestine (Cai et al., 2024, Franczyk et al.,
2022). Key metabolites include sorafenib N-oxide (M2),
which retains pharmacological activity and constitutes a
significant circulating component (Gong et al., 2017,
Wang et al., 2023). Given the complex metabolism and
variable bioavailability of sorafenib, both the parent drug
and its metabolites may contribute to toxicity profiles such
as HFSR (Saigusa ef al., 2021) (Fig. 1).

In this research, we adopted a combined strategy of
network pharmacology, molecular docking and MD
simulation to investigate the molecular mechanisms
underlying sorafenib-induced HFSR. Our findings
highlight two key targets—MAPK1 (ERK2) and EGFR—
implicated in the pathogenesis of HFSR through their
involvement in MAPK and PI3K-Akt signaling pathways.
Comparative docking and simulation studies were
conducted to evaluate the binding preferences of sorafenib
and its major metabolite M2 toward ERK2 and EGFR,
offering mechanistic insight into differential target
engagement and toxicity.

MATERIALS AND METHODS

Prediction of sorafenib and metabolite targets
The canonical SMILES of sorafenib and its major
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metabolites were generated using ChemDraw and imported
into SwissTargetPrediction and SuperPred to predict
potential protein targets (Ahmad Roslan et al., 2025, Raju
et al., 2025). For SwissTargetPrediction, targets with a
probability > 0.9 were retained, while for SuperPred, only
those with a prediction score > 50% were included.
Additionally, the ChEMBL database was queried for
experimentally validated targets with confidence scores >
90%.

Collection of HFSR-associated genes

Genes associated with HFSR were retrieved by searching
GeneCards (Stelzer ef al., 2016) using keywords such as
“hand—foot skin reaction,” “palmar-plantar
erythrodysesthesia,” “skin toxicity,” “acral erythema,” and
“chemotherapy-induced hand—foot syndrome.” Genes with
arelevance score > 10 were retained. Similarly, DisGeNET
(Pifiero et al., 2020) was searched using the same terms and
genes with a GDA score > 0.01 were collected. Duplicate
entries were excluded and gene symbols were standardized
according to UniProt (Zaru et al., 2023). Overlapping
targets between sorafenib-related proteins and HFSR-
related genes were identified using the bioinformatics
platform (Chen et al., 2023, Wang ef al., 2025).

Protein—protein interaction (PPI) network construction
The overlapping targets were imported into the STRING
database (Szklarczyk et al., 2025), restricting the search to
Homo sapiens and retaining only interactions with the
highest confidence (score > 0.9); disconnected nodes were
removed. The constructed network was visualized using
Cytoscape 3.10.4 (Kumar et al., 2022). Hub genes were
identified through topological analysis with the cytoHubba
plugin (Balasundaram et al., 2022).

Enrichment analysis methods

Functional and pathway enrichment analyses were
performed using Metascape (Song et al., 2025). The
analysis integrated multiple authoritative databases,
including Gene Ontology (GO) Biological Processes,
Molecular Functions, Cellular Components, KEGG
Pathways, Reactome, WikiPathways, PID and Canonical
Pathways. Statistical significance was determined using
the hypergeometric test with Benjamini-Hochberg FDR
correction. Enriched terms with adjusted p < 0.01 were
considered significant.

Construction of the compound—target network

A compound—target interaction network comprising
sorafenib, its metabolites and predicted targets was
constructed using R v4.5.2. Sankey diagrams and bubble
plots were generated to highlight key compounds and
central targets.

Molecular docking
Molecular docking was performed using Discovery Studio
2017 (Dassault Systemes, BIOVIA). Crystal structures of

target proteins were retrieved from the Protein Data Bank
(PDB). Symmetrical chains were removed and proteins
were prepared using the prepare protein protocol: polar
hydrogens were added, protonation states were assigned at
physiological pH (7.4) under the CHARMm force field,
missing residues were modeled and all crystallographic
water molecules were deleted to emphasize direct ligand—
protein interactions. Ligands (sorafenib and co-crystallized
reference inhibitors) were processed with the prepare
ligands module, generating low-energy 3D conformations
via energy minimization under the CHARMm force field.
Flexible ligand docking was conducted using CDOCKER.
The binding site was defined using PDB site records. The
top 10 poses were ranked by —-CDOCKER Interaction
Energy (kcal/mol), incorporating van der Waals,
electrostatic and desolvation contributions. Protocol
accuracy was validated by redocking reference inhibitors
under identical conditions. For EGFR (PDB: 9QXN; ligand:
Sevabertinib), the RMSD was 0.5245 A; for ERK2 (PDB:
6SLG; ligand: AZD0364), RMSD was 0.7410 A,
confirming reliable pose reproduction.

Molecular dynamics simulation

To assess the dynamic stability of the ligand—protein
complexes, MD simulations were performed using
GROMACS 2021.4 with the CHARMM36 force field
(Wieczor et al., 2025). Ligand topology files were created
via the CGenFF server (Wieczér et al., 2025). Each
complex was solvated in a dodecahedral box with TIP3P
water molecules and periodic boundary conditions were
applied. After system equilibration, a 100 ns production
run was carried out.

RESULTS

Potential targets of sorafenib and its metabolites
associated with HFSR

A total of 321 putative targets of sorafenib and its
metabolites were predicted using SwissTargetPrediction,
SuperPred and ChREMBL databases. Concurrently, 806 and
68 HFSR-related genes were retrieved from GeneCards
and DisGeNET, respectively. After deduplication, 834
unique HFSR-associated genes were retained. Venn
analysis revealed 71 overlapping targets potentially
implicated in sorafenib-induced HFSR (Fig. 2).
Hypergeometric test confirmed significant enrichment of
overlapping targets (k = 71; n = 321; K = 834; N = 1,084;
p = 1.13 x 10°%%; enrichment factor = 4.65).

PPI network construction and core target identification
The 71 overlapping targets were imported into the
STRING database (version 12.0; https://string-db.org/),
with Homo sapiens selected as the organism and a
minimum interaction score of 0.9 (highest confidence).
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Fig. 1: Metabolism map of sorafenib and its metabolites.
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Fig. 2: Overlapping targets between sorafenib (and its metabolites) and HFSR-related targets.
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Fig. 3: PPI network of the 71 overlapping targets.
Table 1: Top 15 central hub genes ranked by MCC.

Rank Display name Score Tissue::Skin
1 PIK3R1 1038 2.664916
2 PIK3CB 1036 3.630261
3 PTPNI11 1030 3.161275
4 EGFR 982 3.728087
5 KRAS 896 3.173103
6 PDGFRB 744 3.1422

7 PDGFRA 726 2.989698
8 ERBB2 240 3.632999
9 JAK3 127 2.343779
10 KDR 26 2.881478
11 KIT 24 3.506328
12 RAF1 19 4.117622
13 STAT1 15 4.237799
14 BRAF 12 3.494023
15 MAPKI 11 3.552505

The resulting protein—protein interaction (PPI) network
consisted of 70 nodes and 98 edges, exhibiting an average
node degree of 2.8 and a clustering coefficient of 0.394
(Fig. 3). Hub genes were identified via topological analysis
using the cytoHubba plugin in Cytoscape (v3.10.4). The
top 15 nodes, ranked by Maximal Clique Centrality (MCC),
were designated as the central hub genes (Table 1).

Functional enrichment analysis

As shown in Fig. 4, Metascape enrichment analysis of the
top 15 hub genes (skin expression > 3.0 log, (TPM + 1))
revealed a highly significant convergence on receptor
tyrosine kinase (RTK) signaling pathways and their
downstream cascades. The most enriched biological
processes included cell surface receptor protein tyrosine
kinase signaling, enzyme-linked receptor protein signaling,
regulation of the MAPK cascade and the ERBB signaling
pathway, alongside cell population proliferation and
positive regulation of protein phosphorylation. At the
cellular component level, receptor complexes, focal
adhesions and cell-substrate junctions were prominently
featured. Molecular function analysis highlighted protein
kinase activity, transmembrane receptor protein tyrosine
kinase activity and growth factor binding.

KEGG pathway analysis further underscored the
involvement of central carbon metabolism in cancer,
pancreatic cancer, EGFR tyrosine kinase inhibitor

~ *\—ﬁ-\\
FGFR_Z BRAI5 -FG'FR1 KIT \MAP_K1
~~~~ FGFR3 =
e W
ITGB1 INS| FLT3 NTRK1

resistance and multiple cancer-specific pathways (prostate,
endometrial, breast, melanoma and non-small cell lung
cancer). Canonical pathways from PID showed strong
enrichment in PDGFRB, ERBBI1 proximal and
downstream signaling, ERBB2/ERBB3 and SHP2
pathways. WikiPathways and Reactome analyses
reinforced these findings, with significant hits in
glioblastoma signaling, EGF/EGFR signaling, Ras and
MAPK family cascades and aberrant PI3K/AKT signaling
in cancer.

Compound—target—pathway network analysis
Compound-target—pathway network analysis revealed that
sorafenib and its metabolites (M 1-MS8) converge on 8 core
RTK-MAPK/PI3K nodes (EGFR, ERBB2, KIT, KRAS,
PDGFRB, PIK3CB, MAPK1, RAF1). The most significant
pathway enrichments were observed in Central Carbon
Metabolism in Cancer (-log(q) = 15.09), Pancreatic Cancer
(-log(q) = 14.98) and EGFR Tyrosine Kinase Inhibitor
Resistance (-log(q) = 14.92). sorafenib and the metabolite
M1 exhibit the broadest and fully overlapping target
profiles, while M2-M3 act synergistically and M4-M§
partially overlap, collectively amplifying the off-target
effects. The Sankey diagram (Fig. 5) illustrates Sorafenib’s
dominant flow through the EGFR-RAF1-MAPKI1 axis to
resistance pathways. The bubble plot (Fig. 6), using bubble
size to represent gene count and color intensity for -logio(q-
value), confirms that inhibition of the EGFR/RAF1-MAPK
axis disrupts keratinocyte signaling and metabolism.

Molecular docking of sorafenib with potential targets

Molecular docking analysis focused on the key targets on
the core RTK-MAPK/PI3K axis identified by network
pharmacology: EGFR and ERK2 (MAPKI). Crystal
structures co-crystallized with known inhibitors (EGFR—
Sevabertinib, PDB: 9QXN; ERK2-AZD0364, PDB: 6SLG)
were employed for the docking study. As shown in Fig. 7,
sorafenib formed four conventional hydrogen bonds with
residues LYS745, ASP800 and ASP855 in EGFR, with the
optimal conformation exhibiting a —CDOCKER
interaction energy of 48.6402 kcal/mol. As illustrated in
Fig. 8, sorafenib also formed four conventional hydrogen
bonds with residues LYS54, MET108, ASPI11 and
SER153 in ERK2, with the optimal conformation showing
a —CDOCKER interaction energy of 52.6134 kcal/mol.
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Fig. 4: Enrichment analysis of skin-highly expressed hub genes in sorafenib-induced HFSR.
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Molecular dynamics simulation results

Backbone-fitted ligand RMSD: The backbone-fitted ligand
Root Mean Square Deviation (RMSD) profiles revealed
distinct stabilization behaviors between the two complexes
(Fig. 9). For the 9QXN-sorafenib system, the trajectory
reached a stable plateau after approximately 18.45 ns, with
a stable-phase RMSD 0f 0.199 + 0.050 nm. In contrast, the
6SLG—Sorafenib complex stabilized earlier, at 5.5 ns, but
exhibited a slightly higher RMSD of 0.236 + 0.040 nm
during the equilibrium phase.

Binding pocket residue flexibility (RMSF): Analysis of
Root Mean Square Fluctuation (RMSF) for binding-site
residues (<0.5 nm) demonstrated lower overall flexibility
in 9QXN compared with 6SLG (mean RMSF 0.0938 nm
vs. 0.129 nm, respectively) (Fig. 10). The most fluctuating
residues in 6SLG (e.g., 36, 114, 56) reached RMSF values
up to 0.324 nm, whereas the highest fluctuation in 9QXN
was 0.289 nm at residue 723.

Distance between ligand COM and pocket COM: The
center-of-mass (COM) distance analysis revealed
markedly different ligand retention behaviors (Fig. 11). In
the 9QXN-Sorafenib system, the COM distance remained
tightly clustered at 2.50 + 0.28 nm, with a minimal range
(1.64-5.13 nm), indicative of persistent anchoring within
the binding cavity. Conversely, the 6SLG complex
displayed a wider distribution (8.24 + 0.85 nm, range 5.47—
12.0 nm).

Hydrogen bond analysis: Hydrogen bond analysis further
supported the difference in binding stability (Fig. 12). The
9QXN-Sorafenib complex maintained 0.90 + 0.62
hydrogen bonds on average (max 4), whereas the 6SLG
system formed only 0.39 + 0.70 hydrogen bonds (max 5).
The low mean value in 6SLG, despite transient peaks,
indicates sporadic and unstable hydrogen-bonding
interactions, while 9QXN consistently maintained at least
one hydrogen bond throughout the stable phase.
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DISCUSSION

The compound-target—pathway network analysis further
refined this mechanism, showing that sorafenib and its
metabolites converge on 8 core RTK-MAPK/PI3K nodes,
specifically involving EGFR, MAPK1 (ERK2) and RAF1.
This convergence suggests that cutaneous toxicity is
mediated by the accumulation of multiple off-target effects
rather than a single event (Chen ef al., 2022, Liang ef al.,
2025, Moon et al., 2021, Siddharth ef al., 2022, Takao et
al., 2022, Wang et al., 2021).

The biological relevance of these core targets is strongly
supported by recent literature. Our findings resonate with
the recent work showing that epiregulin drives keratinocyte
hyperproliferation through EGFR signaling, identified as a
key pathological mechanism of HFSR (Liang et al., 2025).
Consequently, off-target inhibition or dysregulation of
EGFR by sorafenib may directly impair skin homeostasis
and repair. MAPK1 (ERK2), as a downstream effector of
the MAPK cascade, has a central role in regulating
keratinocyte proliferation, differentiation and wound repair
(Satoh et al., 2009); its functional disruption is closely
implicated in HFSR pathology. Furthermore, RAF1
inhibition, sorafenib's primary mechanism, can trigger
complex feedback mechanisms, potentially impacting skin
cells through paradoxical activation or alteration of
downstream ERK/MAPK activity (Wei et al., 2025).

Crucially, these computational predictions are strongly
supported by existing biological and clinical evidence:
histopathological examinations of HFSR lesions revealing
epidermal hyperkeratosis and keratinocyte ballooning
(Yang et al., 2008) are highly consistent with the known
effects of EGFR- and MAPK-related dysregulation on
keratinocyte proliferation and differentiation. In parallel,
pharmacokinetic analyses confirm that sorafenib and its
metabolites reach measurable local concentrations in
human skin (Hussaarts et al., 2020), providing the
necessary basis for these local off-target effects.

To validate the off-target hypothesis at the molecular level,
we focused on the most critical components. Given the
trace amounts and minimal systemic exposure of the
metabolite M1 (Gong ef al., 2017), sorafenib was selected
as the dominant active entity for the simulation studies.
Due to structural uncertainties regarding RAF1, molecular
docking and dynamics simulations were strategically
concentrated on the two structurally validated targets,
EGFR and ERK2. Initial docking results confirmed
favorable binding energies and stable hydrogen bonds for
sorafenib with both targets, preliminarily supporting their
potential for off-target engagement.

However, the subsequent molecular dynamics simulations
provided the key mechanistic insight. The collective results
from all dynamic metrics (RMSD, RMSF, COM distance

and hydrogen bond analysis) consistently demonstrated
that the sorafenib—EGFR (PDB: 9QXN) complex exhibits
significantly superior dynamic binding stability compared
to the sorafenib—ERK2 (PDB: 6SLG) complex. While the
static molecular docking affinity was slightly higher for
ERK2 (52.6134 kcal/mol), the dynamic simulation
revealed that sorafenib adopts a more rigid, persistent and
tightly anchored binding mode within the EGFR pocket.
This finding suggests that, in the physiological skin
environment, sorafenib may exhibit higher binding
persistence and greater pharmacological relevance for the
EGFR target, which is crucial for explaining the
mechanism of its off-target cutaneous toxicity.

In summary, this study provides a coherent mechanistic
hypothesis: sorafenib and its metabolites induce HFSR
through the accumulated dysregulation of RTK-
MAPK/PI3K signaling in skin tissues, leading to altered
keratinocyte proliferation, adhesion and inflammatory
responses (Chen et al., 2020, Gong et al., 2017, Morgos et
al., 2024, Stefani et al., 2021, Uremis et al., 2023). A key
limitation remains the reliance on public disease—gene
associations lacking phenotype specificity. Future
experimental validation of the mediating roles of the EGFR
and ERK2 pathways in skin models is essential to confirm
these computational hypotheses.

CONCLUSION

This study successfully employed a computational
pharmacology approach to delineate the molecular
mechanism underlying sorafenib-induced Hand—Foot Skin
Reaction (HFSR). Our network analysis strongly linked
HFSR pathogenesis to the abnormal activation of the RTK-
MAPK/ERK and PI3K-Akt signaling pathways,
identifying EGFR and ERK2 as central toxicological
targets. Molecular dynamics simulations further suggested
that sorafenib's off-target interference with both of these
critical pathways collectively drives the pathological
process in skin keratinocytes. The plausibility of these
computational predictions is reinforced by recent literature:
for instance, in-vitro studies have confirmed that the
upregulation of the EGFR ligand epiregulin (EREG) drives
keratinocyte hyperproliferation in HFSR(Liang et al.,
2025), while reviews underscore the central role of the
RTK-MAPK/PI3K  axis in  sorafenib-associated
toxicity(Abizadeh ef al., 2025). These findings provide an
important  predictive mechanistic = framework for
understanding Sorafenib-related cutaneous toxicity.

It is crucial to state that all conclusions drawn in this study
are based entirely on pure computational models, which
constitutes the primary limitation of our work. Future
efforts must focus on experimental validation, involving in
vitro cell models or protein activity analysis in clinical
samples, to confirm the mediating roles of the EGFR and
ERK2 pathways. This validation is essential to translate our
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computational hypotheses into reliable biological evidence,
ultimately guiding the development of prophylactic and
therapeutic strategies for HFSR.
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