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Abstract. Sorafenib, a multi-target tyrosine kinase inhibitor,
is widely used for the treatment of advanced hepatocellular
carcinoma (HCC) and renal cell carcinoma (RCC). The present
review explores the potential of sorafenib combination therapy
to overcome drug resistance, mitigate toxicity and enhance
efficacy. Sorafenib inhibits tumor growth and angiogenesis
but is often limited by rapid resistance development and
severe side effects. Combination therapies involving inhibi-
tors of the PI3K/AKT/mTOR pathway, oxidative stress and
autophagy inhibitors show promise in improving antitumor
efficacy, reducing resistance and lowering toxicity. However,
challenges such as complex drug interactions, increased treat-
ment costs and a lack of long-term clinical data remain. Future
research should focus on personalized combination strategies,
exploring new molecular targets and performing large-scale
clinical trials to optimize the safety and efficacy of sorafenib
combination therapies, ultimately advancing cancer treatment
and improving patient outcomes.
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1. Introduction

In the 1980s, research groups investigated key molecular
changes leading to malignant transformation, including the
discovery of oncogenes, tumor suppressor genes and epigen-
etic events such as promoter methylation. These findings
advanced the molecular understanding of cancer. Research
has revealed that oncogenes encode growth factors, shifting
drug discovery from non-specific chemotherapy to targeted
pathway inhibition (1). The goal was to develop targeted
drugs that inhibit cancer cells while causing minimal harm
to normal cells, resulting in fewer side effects compared with
traditional chemotherapy. Targeted inhibition improves treat-
ment precision and enhances patients' quality of life, marking
the beginning of a new era in cancer therapy (2). In this
context, Bayer AG and Onyx Pharmaceuticals, Inc. focused
on the RAS-RAF-MEK-ERK pathway, developing a series of
drugs (3). Screening for Rafl kinase inhibitory activity led to a
promising compound, optimized to become sorafenib (4).
Double-blind, randomized trials have reported that
sorafenib improves prognosis and is well tolerated in patients
with advanced hepatocellular carcinoma (HCC) in the
Asia-Pacific region (5,6). Based on these results, sorafenib
gained U.S. Food and Drug Administration approval,
becoming the first targeted drug for unresectable HCC. As the
first oral multi-target tyrosine kinase inhibitor (TKI) approved
for advanced HCC, sorafenib filled a critical gap in systemic
therapy, improving patient survival rates (7). Sorafenib
inhibits multiple pathways [including RAF/MEK/ERK and
VEGFR /platelet-derived growth factor receptor (PDGFR)] (8),
suppressing tumor cell proliferation and angiogenesis.
Sorafenib has also shown efficacy in advanced renal cell carci-
noma (RCC) and iodine-refractory thyroid cancer, expanding
its applications (9). As an oral medication, it improves patient
compliance and quality of life. This breakthrough laid the
foundation for sorafenib's clinical use and provided an impor-
tant reference for future targeted therapies for other cancers.
The success of sorafenib marks the beginning of a new era
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in the treatment of HCC, offering new hope and treatment
options for numerous patients.

Introduction to sorafenib and its clinical applications.
Cancer remains a major threat, causing notable burdens for
patients. The incidence of malignant tumors such as HCC
and RCC continues to rise globally (10), and these cancers
are often diagnosed at advanced stages, which complicates
treatment. Traditional methods such as surgery, chemotherapy
and radiation therapy offer limited improvement for patients
with late-stage cancer (11). Previously, targeted therapies
have gained attention (12). Since its introduction, sorafenib,
a small-molecule TKI (13), has become a standard treatment.
Sorafenib directly blocks autophosphorylation of receptor
tyrosine kinases (RTKs) such as VEGFR1-3, PDGFR§,
KIT proto-oncogene, RTK (c-Kit) and RET proto-oncogene
(RET) (14), and inhibits Raf kinase subtypes. It targets RTKs
involved in angiogenesis and tumor growth (15).

By inhibiting the VEGFR and PDGFR signaling axes,
sorafenib reduces vascular endothelial proliferation, perme-
ability and new vessel formation, thereby disrupting tumor
angiogenesis (16). In parallel, it suppresses tumor cell prolifera-
tion by downregulating the Ras/Raf/MEK/ERK pathway, a key
cascade in oncogenic signaling (17). The dual inhibition of angio-
genesis and mitogenic signaling leads to both nutrient deprivation
of the tumor microenvironment (TME) and direct cytostatic
effects on tumor cells. Moreover, sorafenib can activate intrinsic
apoptotic pathways by modulating Bcl-2 family proteins and
promoting mitochondrial dysfunction (18). Sorafenib inhibits
angiogenesis, tumor growth and induces apoptosis by targeting
specific pathways (19). Its anti-proliferative and anti-angiogenic
properties make it highly effective (20). Clinical studies have
shown sorafenib markedly improves survival in patients with
advanced HCC and RCC, extending median overall survival
(OS) and delaying disease progression (21).

Limitations and challenges of sorafenib use. However,
sorafenib faces challenges in clinical use. While it improves
survival, its potent activity can cause side effects such as cardiac
dysfunction, myocardial infarction, hypertension, hand-foot
syndrome, acute hepatitis, skin reactions and fatigue. These
adverse events are dose-dependent and vary widely among
individuals, often limiting long-term tolerability and quality of
life. Some patients develop severe grade 3 or 4 toxicities even
at standard therapeutic doses, necessitating dose reduction or
interruption (18).

Additionally, resistance may develop with prolonged use,
reducing efficacy. Clinically, both primary resistance (intrinsic
insensitivity from the outset) and secondary resistance (acquired
after initial response) have been reported, and resistance
mechanisms are often multifactorial and patient-specific (22).
Optimizing sorafenib, minimizing side effects and improving
tolerance remain crucial areas of research. Prolonged use of
sorafenib is often associated with reduced efficacy, fluctuating
plasma levels and reversible toxic effects on various organs,
driven by both acquired resistance and variable metabolism,
which may ultimately lead to treatment discontinuation (23).

The drug exhibits variable oral bioavailability and
is subject to hepatic metabolism via cytochrome P450
3A4, leading to fluctuations in systemic exposure (24,25).

Furthermore, inter-patient differences in metabolic rates can
contribute to unpredictable pharmacokinetics and inconsistent
responses (26).

Increasing the dose of sorafenib may enhance antitumor
effects but could compromise survival. Reducing toxicity
and overcoming resistance are vital to avoid dose reduc-
tion or discontinuation, which could undermine treatment
outcomes (27). A multidisciplinary approach is needed to
improve efficacy and survival while managing adverse events.
The present review summarizes drugs that can be combined
with sorafenib to reduce efficacy, enhance effects and
overcome resistance.

2. Sorafenib resistance and toxicity effects

Common resistance issues in sorafenib treatment. Sorafenib is
recommended as a first-line treatment for advanced HCC (7).
However, resistance may arise from several factors. While
it has achieved encouraging results, resistance to sorafenib
remains a major challenge, with most patients developing
resistance within 6 months, leading to unsatisfactory survival
rates (28).

Common resistance issues in sorafenib treatment for HCC.
Sorafenib resistance in HCC arises from a few recurrent
pathways that operate upstream of or parallel to RAF/VEGFR
signaling (29). Primary epigenetic programs [such as SET
domain containing protein 1A (SETD1A)-H3K4me3 with
Yesl associated transcriptional regulator (YAP)-TEA domain
transcription factor (TEAD) transcription] set a permis-
sive state, while treatment-induced remodeling of signaling
pathways sustains survival via PI3K-AKT and Janus kinase
(JAK)-STATS3 signaling and through MAPK reactivation
despite RAF inhibition (30). Stress-adaptive pathways,
including endoplasmic reticulum (ER) stress/unfolded
protein response (UPR)-AMP-activated protein kinase
(AMPK)-Unc-51-like kinase 1 (ULKI1) autophagy and
epithelial-mesenchymal transition (EMT) with AXL receptor
tyrosine kinase (AXL)/MET proto-oncogene receptor
tyrosine kinase (MET), fibroblast growth factor receptor
1 (FGFR) and integrin-focal adhesion kinase (FAK)-SRC
proto-oncogene, non-receptor tyrosine kinase nodes (SRC),
further inhibit apoptosis. The TME reinforces resistance
through hypoxia/hypoxia-inducible factor 1o (HIF-1a)) meta-
bolic shifts and increased drug efflux [ATP binding cassette
subfamily (ABC) B member 1/ABC G member 2], and this
is consolidated by enhancer of zeste homolog 2-associated
chromatin repression, microRNA (miR/miRNA) changes
(such as miR-181a and loss of miR-122) and cancer stem cell
circuits (Notch, Hedgehog and f3-catenin). Convergent feed-
back through Src homology 2 domain-containing phosphatase
2 (SHP2) and bypass via FGF/FGFR, together with vessel
co-option, explains incomplete responses to VEGF blockade
and motivates use of rational combinations (such as VEGFR
plus FGFR, MEK or mTOR add-ons; SHP2 or autophagy inhi-
bition; and IL-6-JAK/STAT3 targeting) guided by biomarker
stratification.

i) Primary resistance. Primary resistance can arise from
genetic heterogeneity, impaired immune surveillance, rapid
drug metabolism or poor absorption. A recurrent epigenetic
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determinant is SETDI1A, a histone methyltransferase that
regulates H3K4me3 and sustains oncogenic transcriptional
programs by activating key survival and pro-proliferative
genes. This chromatin state attenuates Hippo inhibition and
favors Hippo/ YAP activation; YAP accumulates in the nucleus,
engages TEAD and drives expression of its target genes
(such as connective tissue growth factor and cysteine-rich
angiogenic inducer 61). In turn, activated YAP upregulates
anti-apoptotic factors (including BCL-XL and survivin) and
cell-cycle drivers (such as cyclin D1), thereby counteracting
sorafenib-induced cytotoxicity (31). Consistent with this
mechanism, SETD1A knockdown reduces H3K4me3 at these
loci, dampens YAP activity and notably restores sorafenib
sensitivity (21,29). These intrinsic features create a permis-
sive state for therapy-induced selection, favoring the survival
of cell subpopulations with activated pro-survival programs,
such as those with YAP-driven transcriptional activity (32)
or overexpression of anti-apoptotic proteins like BCL-xL or
MCL-1 (33), after which adaptive bypass signaling becomes
the dominant mode of resistance.

ii) Acquired resistance. Acquired resistance often emerges
after an initial benefit. The signaling in tumor cells is rewired
to bypass the RAF/'VEGFR blockade. For example, one route
involves the PI3K/AKT axis: Upregulation of RTKs [such
as EGFR, insulin-like growth factor 1 receptor (IGF1R) and
c-MET/FGFR] activates class I PI3K, leading to phospha-
tidylinositol (3,4,5)-trisphosphate (PIP3) accumulation and
recruitment of AKT to the membrane for phosphorylation
by pyruvate dehydrogenase kinase 1 (PDK1; Thr308) and
mTORC?2 (Serd73) (34). Once active, AKT stabilizes myeloid
cell leukemia-1 (MCL-1) via GSK3p inhibition, suppresses
FOXO-dependent Bcl-2-like protein 11 and promotes
mTORCI1-driven phosphorylation of eukaryotic translation
initiation factor 4E binding protein 1 (4E-BP1) to enhance
cap-dependent translation, thereby sustaining cell survival
despite sorafenib treatment (35,36). A parallel route involves
the JAK/STAT?3 axis: Autocrine/paracrine IL-6-glycoprotein
130-JAK1/2 signaling yields constitutive STAT3 Tyr705
phosphorylation and nuclear translocation; STAT3 then trans-
activates anti-apoptotic genes (BCL-XL, MCL1, survivin) and
cell-cycle drivers (cyclin D1, c-Myc) while inducing VEGFA.
Furthermore, loss or epigenetic silencing of SOCS3 removes
the negative feedback, collectively blunting sorafenib cyto-
toxicity (37-39). In addition, MAPK reactivation can arise
through RAF dimerization or auxiliary kinases; for example,
p21-activated kinase phosphorylates and activates RAF-1 at
Ser338, providing an alternative route to sustain ERK output
despite upstream inhibition, which can reinforce acquired
resistance (40). In parallel with kinase-pathway rewiring, cells
deploy stress-coping programs that buffer cytotoxic signaling.

iii) Autophagy mechanism limitation. Sorafenib has been
shown to induce autophagy in tumor cells, functioning as
an adaptive, cytoprotective response that allows cancer cells
to survive under therapeutic stress (35,41). Mechanistically,
sorafenib provokes ER stress and activates the UPR; the
inositol-requiring enzyme 1 branch culminates in JNK
activation, while the PERK arm phosphorylates eukaryotic
translation initiation factor 2A and induces activating tran-
scription factor 4 (ATF4), together increasing transcription of
beclin-1 (BECN1), autophagy protein (ATG) 5 and ATG7 and
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promoting autophagosome biogenesis; in parallel, activation
of AMPK with concomitant inhibition of mMTORC]1 permits
ULKI-dependent initiation of autophagy (42). Consequently,
this pro-survival autophagy dampens sorafenib's cytotoxicity
and contributes to acquired resistance (43). Consistent with this
model, combining sorafenib with autophagy inhibitors [such as
hydroxychloroquine (HCQ)] restores sensitivity and enhances
its cytotoxic effects, and genetic blockade of autophagy (such
as ATG7 knockdown) reduces LC3-II flux and augments
apoptosis, thereby resensitizing tumors to sorafenib (44).
Thus, targeting autophagy represents a plausible strategy to
overcome sorafenib resistance. Sustained survival under stress
facilitates phenotypic reprogramming, with EMT emerging as
a key route to drug tolerance.

iv) EMT. EMT serves a critical role in promoting resis-
tance to sorafenib by enhancing tumor cell invasiveness and
reducing drug sensitivity (45,46). During EMT, the loss of
epithelial markers (such as E-cadherin) and the acquisition
of mesenchymal traits (such as N-cadherin and vimentin
expression) enable tumor cells to evade apoptosis and assume
a more aggressive phenotype (45,46). Mechanistically,
EMT reroutes signaling toward alternative RTKSs (including
AXL/MET/FGFR) and integrin-FAK-SRC nodes, reacti-
vating PI3K/AKT and ERK outputs despite RAF/VEGFR
blockade. In addition, EMT-related transcription factors
(Snail/twist family BHLH transcription factor 1/zinc finger
E-box-binding homeobox 1) repress cadherin 1 and engage
survival programs-including MCL-1/BCL-XL induction
and mTORCI1-dependent phosphorylation of 4E-BP1 to
enhance elF4E-mediated cap-dependent translation-thereby
limiting drug-induced apoptosis (30). By contrast, sorafenib
suppresses MEK/ERK signaling, lowers cyclin D1 expres-
sion and reduces phospho-elF4E with concomitant MCL-1
downregulation-effects that EMT-driven bypass signaling can
offset, culminating in a mesenchymal, drug-tolerant state (45).
As EMT is reinforced by extrinsic cues, microenvironmental
conditions, especially hypoxia, can further enhance resistance.

v) TME. Hypoxia within the TME drives adaptive resistance
to sorafenib through HIF-1a-centered programs: Stabilized
HIF-1a (via prolyl-hydroxylase inhibition and deubiquitylation
by ubiquitin specific peptidase 29) transcriptionally upregu-
lates glycolytic and acid-base regulators [glucose transporter
1 (GLUT1), hexokinase 2, PDKI, lactate dehydrogenase A
(LDHA), carbonic anhydrase 9 (CAIX)], shifting metabolism
toward aerobic glycolysis, lowering mitochondria-dependent
apoptosis and sustaining survival under treatment pressure.
In addition, HIF-1a enhances drug efflux by increasing ABC
transporters-most notably ABCBI-thereby reducing intracel-
lular sorafenib levels. In parallel, hypoxia activates autophagy
and mitophagy (including BCL2 interacting protein 3-PTEN
induced kinase 1/Parkin and FOXO3a pathways), providing a
cytoprotective buffer against kinase inhibition (30,47).

Beyond tumor cells, stromal and immune crosstalk rein-
forces resistance: M2 tumor-associated macrophages (TAMs)
secrete hepatocyte growth factor (HGF) to drive MET-ERK
signaling in a feed-forward loop, while myeloid-derived IL-6
engages JAK/STAT3 to expand stem-like tumor cells and blunt
sorafenib cytotoxicity (48). Finally, although intratumoral
efflux already limits drug accumulation, acquired-resistance
models demonstrate upregulation of efflux transporters (such
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as ABCC5) under chronic TKI pressure, thereby compounding
TME-mediated resistance (49). Chronic microenvironmental
stress is accompanied by durable epigenetic changes that lock
in resistant states.

vi) Epigenetic regulation. Epigenetic alterations shape
sorafenib response by reprogramming transcription and
post-transcriptional control: IL-6/STAT3 signaling can
upregulate DNA methyltransferase 30, driving promoter
hypermethylation and silencing of tumor-suppressive nega-
tive regulators such as suppressor of cytokine signaling
(SOCS) 1/3, which lifts feedback inhibition of JAK/STAT
and supports survival and drug tolerance (47,50,51). In
parallel, the H3K27 methyltransferase EZH? is upregulated in
sorafenib-resistant HCC; EZH2-driven repressive chromatin
programs modulate NOTCH signaling and miRNAs (such as
miR-21-5p/miR-26a-1-5p) to maintain stemness and resistance
and genetic or pharmacologic EZH?2 inhibition re-sensitizes
cells to sorafenib (52). At the miRNA Ilevel, miR-181a
directly suppresses Ras association domain family member
1, dampening pro-apoptotic signaling and inducing sorafenib
resistance (53). Conversely, loss of miR-122, which is frequent
in HCC, relieves inhibition of the IGFIR-RAS/RAF/ERK
axis, providing a proliferative bypass that sustains survival
under treatment (54). Such epigenetic programs help maintain
stem-like subpopulations that are intrinsically tolerant to
targeted therapy.

vii) Cancer stem cells. Liver cancer stem cells (LCSCs;
such as CDI133*/EpCAM?* subsets) sustain sorafenib toler-
ance by keeping PI3K/AKT and ERK signaling active
through upstream RTKSs and growth factors. Specifically,
tumor-initiating programs activate IGF/FGF signaling to
engage the PI3K/AKT pathway despite RAF/VEGFR inhibi-
tion, and CD133 stabilizes EGFR-AKT signaling to reinforce
this bypass (55-57). Concurrently, LCSCs enhance drug efflux,
most notably via ABCG2/BCRP, and the stemness factor
SOX9 upregulates ABCG2, lowering intracellular sorafenib
and promoting resistance (58). In addition, developmental
pathways preserve the LCSC state and blunt therapy-induced
apoptosis: Notch3 inhibition re-sensitizes HCC to sorafenib by
lowering p21 expression and modulating GSK3f (Ser9) (59);
Hedgehog signaling drives resistance in CD44-high
patient-derived organoids (60); and EPH receptor (EPH)
B2-p-catenin activation amplifies LCSC traits and drives
sorafenib resistance (61). Finally, sorafenib treatment can
enrich EpCAM* tumor-initiating cells, further predisposing
patients to relapse (62). These LCSC-associated mechanisms
align with broader precision-oncology observations that
stem-like subpopulations often underlie targeted-therapy
failure. At the signaling nexus, adaptor phosphatases integrate
multiple RTK inputs that sustain these tolerant states.

viii) SHP2. SHP2 (PTPNI11) is a non-receptor phospha-
tase that integrates RTK into the RAS-RAF-MEK-ERK and
PI3K-AKT circuits by dephosphorylating docking proteins
[such as GRB2 associated binding protein 1 (GRB2)] and
scaffolding GRB2/Son of Sevenless (SOS), thereby promoting
RAS-GTP loading. Under sorafenib pressure, compensatory
upregulation of multiple RTKs (AXL, EGFR, EPH receptor
A2, IGFIR) engages and activates SHP2 (including phosphor-
ylation on Tyr542), restoring downstream ERK/AKT signaling
and sustaining survival (63,64). Consistent with this adaptive

role, pharmacologic SHP2 inhibition (SHP099) or genetic
silencing disrupts the feedback, triggers senescence/apoptosis
and re-sensitizes HCC cell lines, organoids and xenografts
to sorafenib (63). Clinically, PTPN11/SHP2 is overexpressed
in a majority of HCCs and is associated with aggressive
features and poor prognosis; reducing SHP2 diminishes
tumor growth, supporting its value as a predictive/therapeutic
biomarker for sorafenib combinations (65,66). Among the
RTK-driven escapes, FGF/FGFR signaling provides a potent
VEGF-independent conduit to reactivate ERK and AKT
signaling.

ix) Upregulation of the FGF signaling pathway. Under
VEGF inhibition by sorafenib, hypoxia and stromal cues
upregulate FGF ligands-most notably FGF2-in tumor and
perivascular compartments, thereby enabling evasive angio-
genesis (67-69). Upon ligand engagement, FGFR1/2 (and
FGFR4 in HCC) recruit fibroblast growth factor receptor
substrate 2 (FRS2a) and reactivate RAS-ERK and PI3K-AKT
signaling despite VEGF/RAF blockade. In HCC, FGFR4
signaling drives a particularly strong FRS2-ERK output
even in the presence of sorafenib (67,68). At the tumor cell
level, FGF19-FGFR4 and FGF2-FGFRI1 sustain ERK/AKT
activity, proliferation and survival, and genetic or phar-
macologic disruption of FGF19/FGFR4 restores sorafenib
sensitivity (55,69). Therapeutically, co-targeting FGF/FGFR
alongside VEGF/VEGFR can overcome or delay resistance,
providing a mechanistic rationale for dual-pathway inhibi-
tion in this setting (70,71). Even when angiogenic signaling
is restrained, tumors can maintain perfusion by structural
adaptation of the vasculature.

x) Vessel co-option. Beyond sprouting angiogenesis, tumors
can co-opt pre-existing vessels by collectively migrating
along sinusoidal and other endothelial tracks; because this
mode of vascularization is largely VEGF-independent, it
remains poorly suppressed by VEGF/VEGFR blockade
such as sorafenib (72,73). Mechanistically, anti-angiogenic
pressure intensifies hypoxia and activates HIF-1a-dependent
programs that upregulate stromal cell-derived factor 10/C-X-C
chemokine receptor type 4 (CXCR4) signaling and recruit
pro-angiogenic bone marrow-derived cells together with
TAMs/cancer-associated fibroblasts; acting in concert, these
inputs restore perfusion and favor non-sprouting vasculariza-
tion, including vessel co-option (20,72). These adaptations
explain how tumors can maintain blood supply without de novo
sprouting under VEGF inhibition, and why simultaneous
targeting of escape axes [such as angiopoietin 2 (ANGPT?2),
placental growth factor, CXCR4] alongside VEGF may be
required to blunt vessel co-option-driven resistance (72).

Taken together, this supports a systems-level view in which
resistance arises from the interplay of intracellular survival
programs (autophagy, EMT, epigenetic drift) with extrinsic
microenvironmental rewiring (hypoxia-HIF signaling,
stromal-immune crosstalk), rather than from any single
dominant pathway (20).

Notably, the plasticity of cancer stem cells and their
ability to reprogram survival signaling, such as PI3K/AKT
or JAK/STATS3, enables both primary and acquired resis-
tance (15). Furthermore, non-genetic adaptive processes
such as vessel co-option and HIF-la-driven metabolic
rewiring, underscore the challenge of targeting a dynamic,
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heterogeneous tumor ecosystem (19). Therefore, combination
strategies that integrate pathway inhibition (such as MEK,
FGFR or autophagy inhibitors), microenvironmental modu-
lation and biomarker-driven patient stratification (including
SHP2 or EZH?2 levels) may offer the most promising avenue
for durable responses. Taken together, this evidence supports
a shift from monotherapies to rational polytherapy tailored to
tumor-specific resistance signatures.

Common resistance issues in sorafenib treatment for RCC.
In RCC, sorafenib resistance centers on bypass signaling and
stress adaptation: Under VEGF inhibition, pericyte-derived
FGF?2 activates FGFR2 and signals via the FRS2a-GRB2/SOS
adaptor complex to re-engage RAS-ERK and PI3K-AKT,
while MET/IGF1R together with mTORC2/PDK1 fully
activates AKT (67,74-76). Hypoxia/pseudohypoxia [HIF-2a
transactivation of polo-like kinase 1 (PLK1), HIF-1a meta-
bolic rewiring with MCT4-mediated lactate efflux] and
long doublecortin-like kinase 1 (DCLK1) isoforms enforce
stem-like, multi-TKI tolerance (77-79). Efflux increases
through ABCG2/ABCBI1/ABCC2, with NFE2 like BZIP
transcription factor 2 (NRF2)-driven ABCG2 expres-
sion and lysosomal ABCBI sequestration, while ncRNAs
[miR-30a-BECNI, extracellular vesicle miR-31-5p-MutL
homolog 1 (MLH1), sorafenib-resistance-related long nc
(Inc)RNA (SRLR)-IL-6-JAK/STAT3, nuclear paraspeckle
assembly transcript 1 (NEAT1)-miR-34a-MET] hard-wire
resistance (80-89). Therapeutically, these insights lead to
development of rational combinations of VEGFR plus FGFR
co-targeting (67), MEK add-on and everolimus to suppress
ERK reactivation and AKT/mTOR (74,90), efflux modula-
tion (80) and ncRNA-guided autophagy or IL-6-JAK/STAT3
interventions (86).

i) ncRNA. miRNAs can tune the sorafenib response by
modulating apoptosis-autophagy and DNA-repair pathways
in RCC. For example, miR-30a directly suppresses BECN1
to inhibit autophagy, such that when miR-30a is downregu-
lated, sorafenib-induced autophagy becomes pro-survival,
whereas restoring miR-30a or pharmacologic autophagy
blockade re-sensitizes RCC cells (86). Beyond cell-intrinsic
regulation, resistant cells can export resistance cues:
Extracellular-vesicle-shuttled miR-31-5p from resistant RCC
cellstargets MLH1 inrecipient cells,impairing mismatch repair
and propagating sorafenib resistance within the tumor (87). At
the IncRNA layer, SRLR binds NF-«kB p65 at the IL-6 promoter
to increase IL-6 transcription and activate JAK/STAT3
signaling; this STAT3-dependent survival program underlies
intrinsic (primary) sorafenib resistance, which is reversed
with IL-6/STAT3 inhibition (88). Complementarily, NEAT1
acts as a competing endogenous RNA that sponges miR-34a
to de-repress c-MET, promoting EMT and chemoresistance,
while NEAT1 knockdown increases sorafenib sensitivity
in RCC cells (89). Other RCC-associated IncRNAs include
kinesin family member 9-ASI1, which sponges miR-497-5p
to modulate TGF-f signaling and autophagy which increases
the 1C;, of sorafenib, and PLK1S1, which sponges miR-653
to upregulate CXCRS, thereby enhancing proliferation and
sorafenib resistance (91).

ii) Pro-angiogenic signaling pathway. Host genetics
can shape sorafenib response in RCC: In a multi-center
cohort, VEGFA rs1570360 and VEGFR2 rs2239702 were
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associated with shorter progression-free survival (PFS)/OS
with sorafenib treatment, consistent with a higher pro-angio-
genic set-point under VEGF blockade (92). A phase-III
pharmacogenomic analysis further found that VEGFR2
152071559 predicted PFS/OS in sorafenib-treated metastatic
RCC (93). Under VEGF/VEGFR inhibition, tumors enlist
pericyte-derived FGF2 to activate endothelial FGFR2,
which via FRS2a-GRB2/SOS reactivates RAS-ERK and
PI3K-AKT signaling, preserving endothelial proliferation
and perfusion independently of VEGF. Dual VEGFR/FGFR
blockade (such as with lenvatinib) suppresses this adaptive
angiogenesis and restores control in RCC models (67). With
chronic VEGF-targeted pressure, alternative ligands (such as
FGF, ANGPT, IL-8) are upregulated from tumor and stromal
compartments, maintaining neovascularization despite VEGF
inhibition (94).

iii) RAF/MEK/ERK and PI3K/AKT/mTOR pathways.
As a type-II RAF inhibitor, sorafenib can facilitate RAF
dimerization and cross-activation (notably RAF1), allowing
MEK/ERK phosphorylation to increase under drug pres-
sure; this, in turn, helps sustain proliferation and survival
despite VEGFR inhibition. In RCC models, anti-angiogenic
pressure also elevates p-ERK in the tumor endothelium,
and adding a MEK inhibitor more completely extinguishes
RAS-RAF-MEK-ERK signaling and enhances antitumor
activity (74). In parallel, bypass RTKs (such as MET/IGFIR)
activate PI3K to generate PIP3, recruiting AKT to the
plasma membrane for phosphorylation by PDK1 (Thr308)
and mTORC?2 (Ser473), achieving full activation (95). Once
active, AKT cooperates with ERK/ribosomal S6 kinase to
phosphorylate and inhibit tuberous sclerosis complex 2 (such
as at AKT Ser939/Thrl462), activating Ras homolog enriched
in brain and switching on mTORCI (75). Activated mTORC1
then hierarchically phosphorylates 4E-BP1, liberating eIF4E to
drive cap-dependent translation that preferentially maintains
short-lived anti-apoptotic proteins such as MCL-1, thereby
counteracting sorafenib-induced apoptosis (76).

Clinically, early experience indicates that sorafenib
combined with the mTOR inhibitor everolimus is tolerable at
a maximum tolerated dose (everolimus 10 mg qd + sorafenib
400 mg bid) and shows antitumor activity in metastatic RCC,
supporting vertical pathway inhibition of the AKT/mTOR
axis in combination with sorafenib (90). Taken together with
preclinical MEK-inhibitor co-treatment data, these observa-
tions demonstrate that dual-pathway inhibition of MAPK
and PI3K/AKT/mTOR can suppress both ERK reactivation
and pro-survival translation, two escape nodes underlying
resistance in RCC.

iv) Intracellular drug disposition and efflux. Sorafenib is an
active substrate of ABC transporters, transported efficiently by
ABCG?2 and more modestly by ABCBI; therefore, overexpres-
sion of these pumps lowers intracellular drug levels, whereas
genetic or pharmacologic blockade (such as Kol43/elacridar)
restores accumulation and sensitivity (80,81). Transcriptionally,
oxidative-stress signaling via NRF2 directly drives ABCG2
expression by binding to an antioxidant-response element
at -431/-420 bp in the ABCG2 promoter, thereby enhancing
efflux capacity; such NRF2-driven ABCG2 upregulation is a
recognized chemoresistance pathway (82). Clinically relevant
to RCC, high ABCG2 expression is associated with worse
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OS, supporting the importance of this efflux mechanism (83).
Beyond these pumps, sorafenib is also transported by ABCC2;
enforced ABCC2 expression increases the ICs, and reduces
intracellular sorafenib (84). Finally, intracellular sequestra-
tion contributes to sorafenib resistance: ABCBI-positive
lysosomes can trap TKIs and promote exocytosis, reducing
cytosolic target engagement; ABCBI inhibition (such as with
verapamil) partially reverses this phenotype and lowers the
IC,, of sorafenib in hepatocellular models, a paradigm likely
pertinent to RCC as well (85).

v) Hypoxic TME. Hypoxia (or von Hippel-Lindau
tumor suppressor loss-driven ‘pseudohypoxia’) stabi-
lizes HIF-a, with HIF-2a predominating in clear cell
RCC; HIF-2a can directly transactivate PLK1 via a
hypoxia-response element, and high PLKI1 promotes
metastasis and TKI resistance-changes that blunt sorafenib
efficacy (77). Concurrently, HIF-1la reprograms the
metabolism, upregulating GLUT1, PDK1, LDHA, CAIX
and increasing MCT4-mediated lactate efflux, thereby
enhancing glycolysis and inhibiting pyruvate dehydroge-
nase to lower mitochondrial reactive oxygen species (ROS)
and apoptosis under treatment stress, reducing sorafenib's
cytotoxicity (78). In addition, hypoxia nurtures stem-like
subpopulations: Long DCLK1 isoforms (isoform-2/4)
are enriched in RCC and drive aldehyde dehydrogenase
1 family, member Al and HIF-la expression, spheroid
self-renewal and resistance to RTKIs/mTOR inhibitors;
genetic or antibody targeting of DCLKI1 reverses these
phenotypes (79). Experimentally, the RCC 786-0 cell line
under 1% O, exhibits HIF-2a/COX-2-dependent sorafenib
resistance that is mitigated by the COX-2 inhibitor NS-398.
In addition, hypoxic 3D RCC models also demonstrate
sorafenib resistance (96,97). Furthermore, hypoxia-induced
stress can activate the NRF2-xCT antioxidant axis, whereby
NRF2 upregulates xCT (the cystine/glutamate antiporter
light-chain subunit), enhancing cystine uptake and gluta-
thione biosynthesis, which strengthens redox defenses and
contributes to sorafenib resistance in RCC (98,99).

Sorafenib resistance in RCC is increasingly recognized
as a convergence of intrinsic molecular reprogramming and
adaptive microenvironmental responses (100). The inter-
play between ncRNAs and epigenetic regulation facilitates
resistance by reshaping gene expression without altering
the DNA sequences, suggesting potential for RNA-targeted
therapeutics (101).

Meanwhile, aberrant angiogenic signaling and the compen-
satory activation of survival pathways such as RAF/MEK/ERK
and PI3K/AKT/mTOR illustrate how tumors bypass VEGFR
inhibition. Additionally, intracellular drug efflux and meta-
bolic reprogramming reduce sorafenib bioavailability, a
challenge that may be mitigated through nanocarrier delivery
systems or ABC transporter inhibitors (102). Hypoxia-driven
dedifferentiation, particularly the emergence of stem-like
RCC cells marked by DCLKI1 isoform 2, highlights the need
for therapies that target cellular plasticity and metabolic
resilience (103). Based on the above, Fig. 1 summarizes and
illustrates the mechanisms of sorafenib resistance in HCC and
RCC. A deeper understanding of these mechanisms supports a
precision medicine approach in which multi-targeted regimens
are tailored to the molecular profile of resistance.

Toxicity of sorafenib and its impact on organs. Sorafenib is
a multi-kinase inhibitor that, while effective against tumors,
causes a spectrum of toxicities affecting multiple organ
systems. These toxicities often overlap mechanistically,
primarily stemming from sorafenib's inhibition of VEGF
receptors, PDGFR, c-Kit, RAF kinases and other targets. In
this section, sorafenib's major adverse effects are discussed,
including cardiovascular toxicity, bleeding, dermatologic reac-
tions, gastrointestinal and renal toxicities, with an emphasis on
their molecular mechanisms.

Cardiovascular toxicity. Sorafenib commonly induces
hypertension, often within the first weeks of treatment.
Mechanistically, this is an on-target effect of VEGF pathway
inhibition. Under normal physiology, VEGF signaling
maintains endothelial health and induces nitric oxide (NO)
production for vasodilation. Sorafenib's inhibition of VEGFR
acutely reduces endothelial NO release, causing unopposed
vasoconstriction and removes an endothelial survival signal,
leading to capillary rarefaction (104). Sorafenib-induced
hypertension can cause cardiac dysfunction, including left
ventricular ejection fraction impairment, heart failure and
coronary artery disease (105). Patients should undergo cardiac
function tests and be monitored carefully (106).

Hypertension. Hypertension is dangerous, as it increases
cardiac afterload and impairs the heart's ability to cope with
pressure overload, thereby promoting ventricular dysfunc-
tion (107). Additionally, VEGF signaling inhibition leads to
endothelial dysfunction via oxidative stress and NO reduction,
which accelerates atherosclerosis (108). Clinically, sorafenib
has been associated with arterial thromboembolic events, such
as myocardial infarction and ischemia (109). The mechanism
of sorafenib-related arterial thromboembolism (ATE) is
associated with endothelial injury and a prothrombotic state:
Normally, endothelial cells provide antithrombotic protective
surfaces, but sorafenib-induced VEGF inhibition alters these
properties (110). Endothelial dysfunction (such as reduced
NO and prostacyclin) and damage can expose pro-coagulant
surfaces and increase platelet adhesion, heightening the risk
of thrombosis (111). Notably, VEGF pathway inhibitors are
known to roughly double the incidence of arterial thrombotic
events in patients with cancer (112); therefore, anti-thrombotic
therapy is recommended (113).

Bleeding tendencies. Paradoxically, while sorafenib can
cause thrombosis, it also increases the risk of bleeding in
patients (114). Severe hemorrhagic events (such as gastrointes-
tinal bleeding), some of which are life-threatening, have been
reported (109), and patients may have an elevated risk of major
hemorrhage, especially in tumor sites or organs predisposed to
bleed (115). Clinicians should be vigilant for signs of bleeding
and correct any coagulopathies. In those with a high bleeding
risk, sorafenib should be used cautiously, and if severe hemor-
rhage occurs, drug discontinuation is usually warranted (54).

Dermatological toxicity. Sorafenib's most characteristic
toxicity is a hand-foot skin reaction (HFSR), a dose-limiting
dermatologic condition. HFSR typically presents within
2-4 weeks of therapy (116). At the molecular level, recent
research has elucidated a crosstalk mechanism between
endothelial cells and keratinocytes in sorafenib-induced
HFSR (117). Sorafenib's inhibition of VEGFR in skin micro-
vasculature causes damage to dermal endothelial cells, which
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Figure 1. Mechanisms of sorafenib resistance in HCC and RCC. HCC, hepatocellular carcinoma; RCC, renal cell carcinoma; SLC7A11, solute carrier
family 7 member 11; GPX4, glutathione peroxidase 4; NRF2, NFE2 like BZIP transcription factor 2; TAMs, tumor-associated macrophages; EMT, epithelial-
mesenchymal transition; HIF-1a; hypoxia-inducible factor la; xCT, cystine/glutamate antiporter light-chain subunit.

then release soluble heparin-binding EGF-like growth factor
(HB-EGF) (118). The shed HB-EGF acts on epidermal kerati-
nocytes by activating EGFR signaling, which in turn triggers
the INK2/sirtuin 1 pathway, driving keratinocyte hyperpro-
liferation and abnormal differentiation (hyperkeratosis). This
cascade ultimately produces the thickened stratum corneum
and lesions characteristic of HFSR (118). Histologically,
biopsy of HFSR lesions shows keratinocyte necrosis in the
epidermal basal layer and capillary damage (119). Preventive
measures (such as keratolytic creams, callus removal and
avoiding friction or pressure) are recommended. If HFSR
becomes grade 2 or 3 (painful, limiting function), dose reduc-
tion or temporary interruption of sorafenib along with topical
steroid creams can help manage symptoms (113,120). Notably,
the development of HFSR has been associated with improved
tumor responses in certain studies (121,122), suggesting it may
be a marker of sorafenib's pharmacodynamic effect.
Gastrointestinal toxicity. Sorafenib frequently causes
diarrhea, which is usually mild to moderate but can affect
quality of life (123). Diarrhea often occurs early in treat-
ment and is considered to be dose-dependent (124). At the
molecular level, the precise mechanism of sorafenib-induced
diarrhea is not fully understood, but several hypotheses exist.
Sorafenib may directly injure the gastrointestinal mucosa or
alter intestinal epithelial turnover through off-target effects on
kinases in the GI tract. VEGFR and PDGFR are expressed
in intestinal vasculature and stromal cells; their inhibition
could compromise mucosal blood flow or repair mechanisms,

leading to mucosal inflammation or malabsorption (125,126).
Additionally, alteration in the gut microbiota has been
implicated: A recent preclinical study in mice found that
sorafenib disturbs the gut microbiome, leading to intestinal
inflammation, oxidative stress, and tissue damage (127). This
dysbiosis-induced mucosal injury could contribute to diarrhea.
In practice, sorafenib-related diarrhea is usually manage-
able with anti-motility agents (such as loperamide) and dose
modification. Patients should stay hydrated and report severe
or persistent diarrhea (113). Fortunately, diarrhea rarely neces-
sitates permanent drug discontinuation, but supportive care is
essential to maintain nutritional status and comfort.
Nephrotoxicity. Renal toxicity from sorafenib manifests
primarily as proteinuria and, less commonly, as reduced renal
function or acute kidney injury. The incidence of high-grade
nephrotoxicity is relatively low, as sorafenib is mainly metabo-
lized by the liver (128). However, even subtle effects on the
kidney are of mechanistically importance. VEGF signaling is
crucial for glomerular health as VEGF produced by podocytes
maintains the fenestrated glomerular endothelium and the
integrity of the slit diaphragm (129). Sorafenib's anti-VEGF
activity disrupts this homeostasis. Inhibition of the VEGF
axis in the kidney leads to the downregulation of nephrin,
a key protein of the slit diaphragm that prevents protein
leakage (128). Consequently, the glomerular filtration barrier
becomes leaky, causing proteinuria. Notably, combining
sorafenib with other VEGF inhibitors (such as bevacizumab)
may further impair the pathways that maintain glomerular
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integrity (130). In summary, sorafenib's nephrotoxicity is
chiefly due to its anti-angiogenic impact on the glomerulus,
leading to proteinuria and rarely acute renal failure.

Hepatotoxicity. As an oral therapy often used in HCC,
sorafenib is administered to patients with preexisting liver
dysfunction, making it essential to distinguish drug-induced
liver injury from underlying disease progression. Nonetheless,
sorafenib itself can cause hepatotoxicity, ranging from asymp-
tomatic liver enzyme elevations to rare cases of severe hepatitis
or hepatic necrosis (131). The mechanism of sorafenib-induced
hepatotoxicity involves oxidative stress and mitochondrial
dysfunction in hepatocytes. Experimental studies in rats have
reported that sorafenib treatment induces oxidative stress
in the liver, evidenced by increased markers such as NF-kB
and p65 and reduced levels of antioxidant enzymes. This
pro-oxidant state leads to damage to cellular components and
triggers apoptotic pathways in hepatocytes (132). Specifically,
sorafenib has been shown to upregulate pro-apoptotic proteins
(Bax, cleaved caspase-3) and downregulate the anti-apoptotic
protein Bcl-2 in liver tissue. The result is enhanced hepatocyte
apoptosis and occasional hepatocellular necrosis (33,133). In
addition, the metabolic activation of sorafenib in the liver
may generate reactive intermediates that injure hepatocytes.
Long-term sorafenib use has been associated with decreased
activity of antioxidant defenses (such as glutathione peroxidase
and superoxide dismutase), further exacerbating oxidative
injury (134).

Clinically, 8-11% of sorafenib-treated patients experience
notable elevations in alanine aminotransferase (ALT) or bili-
rubin. It is recommended to monitor liver function tests (LFTs)
periodically during therapy (135). Patients should be counseled
to report symptoms of liver injury (such as jaundice, dark urine
and abdominal pain). If drug-induced hepatitis is suspected
[for example ALT >5x upper limit normal (ULN) or bilirubin
>3x ULN causally linked to sorafenib], the drug should be
withheld. Supportive care and corticosteroids (in cases of
immune-mediated injury) may be employed, although the
primary management is cessation until LFTs normalize (114).
Notably, in patients with liver cancer, some hepatotoxicity may
also result from the cancer itself or underlying cirrhosis; thus,
clinical judgment is needed to attribute causality. Overall,
sorafenib's hepatotoxicity is considered to result from oxida-
tive stress and apoptosis in hepatocytes, and while uncommon,
it can limit therapy if severe.

Fatigue. Fatigue is among the most frequently reported
systemic side effects of sorafenib. Patients often experience
profound tiredness, weakness and lack of energy during the
first weeks to months of treatment (136). This fatigue can
be multifactorial. A notable contributor is sorafenib-induced
hypothyroidism. Sorafenib and other multi-kinase inhibitors
can affect thyroid function, possibly by damaging thyroid
follicular cells or reducing thyroid peroxidase activity,
although the exact mechanism is unclear (137). Clinical
studies have noted that 20-30% of patients on long-term
sorafenib develop elevated thyroid stimulating hormone levels
or reduced thyroid hormone concentrations (137,138). Even
subclinical hypothyroidism can cause symptoms of fatigue,
lethargy, cold intolerance and a depressed mood. Indeed,
Cancer Research UK notes that sorafenib may lower thyroid
hormone levels and patients ‘might feel tired, cold, sad or

depressed’ as a result (139). Therefore, monitoring thyroid
function during therapy is advisable, and thyroid hormone
replacement can markedly improve sorafenib-related fatigue
in such cases (137).

Aside from thyroid issues, fatigue may also stem from
sorafenib's effects on energy metabolism. Sorafenib can
induce a catabolic state with loss of appetite and weight, and it
may impair mitochondrial function in muscle cells (due to its
effect on RAF/ERK and AMPK pathways), leading to reduced
endurance (140). Additionally, chronic low-grade toxicities
(such as diarrhea and hand-foot pain) and the underlying
cancer itself contribute to persistent fatigue. Patients should
be encouraged to engage in light physical activity as tolerated,
maintain adequate nutrition and rest as needed. Typically,
sorafenib-related fatigue is most pronounced in the first
1-2 months and may improve over time. If fatigue is severe
(grade 3) and limits self-care, a dose reduction or temporary
interruption can be considered until symptoms improve (136).
Managing contributing factors (such as hypothyroidism or
anemia) is also essential for alleviating fatigue.

Alopecia and hair changes. Some patients on sorafenib
experience thinning of the hair or alopecia, which is usually
reversible. Hair loss can range from diffuse thinning across
the scalp to patchy areas hair loss, and in rare instances, nearly
total alopecia, although complete baldness is uncommon (141).
Patients might also notice changes in hair texture or color (such
as hair becoming dry, brittle or turning white). The under-
lying mechanism involves sorafenib's impact on hair follicles
dynamics and pigmentation pathways (142). Hair follicles are
highly proliferative and rely on growth factor signaling to regu-
late their cycle. Sorafenib's inhibition of the RAF/MEK/ERK
pathway likely reduces keratinocyte proliferation in the hair
matrix, shortening the anagen (growth) phase of hair (143).

Moreover, sorafenib targets c-Kit, the receptor for stem cell
factor (SCF). The SCF/c-Kit signaling axis is crucial for mela-
nocyte function within hair and for the maintenance of hair
follicle stem cells. Inhibition of c-Kit can lead to hair depig-
mentation (loss of hair color) and fragility; indeed, a related
TKI (sunitinib) causes a well-known syndrome of intermittent
hair depigmentation through this mechanism (144). Similarly,
sorafenib's effect on c-Kit and other follicular signaling path-
ways is considered to contribute to alopecia and pigmentary
changes (145,146). Essentially, the drug may injure rapidly
dividing cells within the hair bulb and disturb signaling path-
ways (such as SCF, PDGF, VEGF) that nourish the follicle,
causing hairs to shed or grow abnormally (145).

Biopsies in some cases of sorafenib-associated alopecia
showed non-scarring hair loss with perifollicular inflamma-
tion, suggesting an inflammatory component as well (147). In
most patients, hair loss begins after 1-2 months of therapy and is
relatively mild; notable alopecia is less common. Management
is supportive: Patients should be reassured that hair typically
regrows after discontinuing sorafenib (or occasionally even
while continuing, as the body adapts) (144). Gentle hair care
is advised (avoiding harsh chemicals and tight hairstyles).
If cosmetically distressing, options include using wigs or
hairpieces during therapy. In some reports, temporary dose
reduction helped hair to regrow, but as alopecia is not medi-
cally harmful, the priority is cancer control unless the patient's
quality of life is seriously impacted. Notably, hair changes
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indicate the drug's on-target pharmacological activity; for
example, hair depigmentation results directly from c-Kit inhi-
bition in melanocytes, which parallels sorafenib's therapeutic
action on c¢-Kit mutant tumors (148). Thus, while bothersome,
such side effects can be viewed as a pharmacodynamic effect
of sorafenib.

Overall, sorafenib's toxicity profile is characterized by these
on-target effects of kinase inhibition in non-tumor tissues. A
number of side effects (hypertension, proteinuria, HFSR) are
mechanistically associated with its anti-angiogenic activity,
whereas others (fatigue, alopecia) involve off-target effects
on hormonal and proliferative pathways. Understanding the
molecular basis of these toxicities helps clinicians anticipate
and manage them effectively. Dose modification, symptomatic
treatments and patient education can mitigate most adverse
reactions, allowing patients to continue sorafenib therapy when
the therapeutic benefit outweighs toxicity. In severe cases,
however, treatment interruption or permanent discontinuation
is warranted to ensure patient safety.

3. Combination therapy strategies to enhance the efficacy
of sorafenib

Sorafenib as a single agent has shown promising activity
in certain cancers, such as RCC, HCC and thyroid cancer.
However, numerous clinical studies have demonstrated
limitations when sorafenib is used alone in treating other
types of cancer (149), including poor pharmacokinetics, low
bioavailability, development of resistance and side effects. In
combination therapy, the common strategy is to synergisti-
cally enhance sorafenib's antitumor effects while reducing its
toxicity to protect patients (150).

Enhancing the efficacy of sorafenib with combination therapy.
A variety of combination strategies have been developed to
enhance the therapeutic efficacy of sorafenib. These strate-
gies mainly fall into three broad categories: i) Targeting key
oncogenic signaling pathways, such as the PI3K/AKT/mTOR
axis; ii) inducing oxidative stress to sensitize tumor cells;
and iii) modulating cellular survival mechanisms, including
autophagy and apoptosis. In the following sections, represen-
tative combination therapies under each of these mechanistic
categories are systematically reviewed, highlighting the under-
lying molecular rationale and potential therapeutic advantages.
Table I summarizes the investigated sorafenib-based drug
combinations alongside their respective mechanisms
and research stages (preclinical or clinical), providing a
comprehensive reference for translational relevance.

Inhibition of the PI3K/AKT/mTOR signaling pathway.
i) PI3BK/AKT/mTOR. The PI3K/AKT/mTOR pathway serves
a pivotal role in cell proliferation, metabolism and survival,
and its hyperactivation is often associated with sorafenib
resistance (151). Targeting this pathway can restore sorafenib
sensitivity and enhance apoptosis (152).

ii) Paris saponin (RPS). A natural compound from Paris
polyphylla, RPS enhances sorafenib efficacy by regulating
p53 expression. Although promising in vitro and in vivo, its
pharmacokinetic profile and clinical feasibility remain to be
fully elucidated (153).
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iii) Curcumin. Curcumin inhibits aerobic glycolysis and
sensitizes HCC cells to sorafenib. This approach addresses the
Warburg effect, a metabolic reprogramming in which cancer
cells preferentially rely on aerobic glycolysis rather than oxida-
tive phosphorylation even in the presence of oxygen; however,
the low bioavailability of curcumin remains a major obstacle
to clinical translation (154).

iv) Artesunate (ART). ART disrupts the PI3K/AKT/mTOR
and induces ferroptosis. The dual mechanism involving
combining pathway inhibition and oxidative stress offers a
promising strategy for multi-target synergy (155).

v) PI-103. A dual PI3K/mTOR inhibitor, PI-103 enhances
the efficacy of sorafenib by simultaneously inhibiting the
Ras/MAPK and PI3K pathways. This combined inhibition
confers broad-spectrum cytotoxicity but may elevate the risk
of systemic toxicity (102).

vi) LY3214996. LY3214996 is a selective ERK inhibitor
which enhances apoptosis when combined with sorafenib by
suppressing MAPK/ERK and PI3K pathways. However, reac-
tivation of the ERK pathway is common, warranting further
in vivo evaluation (156).

In summary, targeting the PI3K/AKT/mTOR axis effec-
tively restores sorafenib sensitivity, although numerous studies
remain preclinical and face translational limitations due to
pharmacodynamics and toxicity concerns.

Increasing oxidative stress. Oxidative stress, through the
accumulation of ROS, promotes cancer cell death. Several
agents enhance sorafenib efficacy by disrupting redox
homeostasis (157).

i) Metformin. Metformin, widely used in the treatment of
diabetes, induces ferroptosis and elevates ROS levels when
combined with sorafenib. While preclinical data are strong,
optimal dosing and appropriate patient stratification remain
necessary for clinical translation (63,158).

ii) Proteasome inhibitors. Proteasome inhibitors induce
ER stress and DNA damage; sorafenib enhances their effects
by modulating the UPR. Dual targeting of protein homeostasis
and redox pathways may trigger synthetic lethality, but poses a
risk of off-target effects (159).

iii) Diclofenac. As a non-steroidal anti-inflammatory
drug (NSAID), diclofenac enhances ROS production via
mitochondrial disruption. This mechanism is straightforward
and cost-effective, but lacks specificity and supporting clinical
evidence (160).

iv) HCQ. HCQ reverses sorafenib resistance by
regulating autophagy and oxidative DNA damage
through the toll like receptor 9/superoxide dismutase
1/hsa-miR-30a-5p/BECNI1 axis. This multistep regulation
highlights the role of immune-autophagy cross-talk but is
mechanistically too complex for clinical validation (161).

Collectively, oxidative stress inducers sensitize tumors
to sorafenib, but the precise ROS thresholds and potential
off-target toxicities require further investigation.

Synergistic mechanism of small molecules and natural
products. In addition to well-defined pathway-specific
inhibitors, a number of natural products and small-molecule
compounds have been shown to enhance the efficacy of
sorafenib through multi-target or pleiotropic mechanisms.
These agents often exert synergistic effects by simultaneously
modulating multiple signaling pathways (such as PI3K/AKT,
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ERK and STAT3), redox homeostasis or cellular stress

n
& @ @ g % responses. Although their precise molecular targets may be
gl T é less well-defined, their integrated biological effects make them
o promising candidates for combination therapy. This section
2 discusses representative compounds with such multifaceted
£ mechanisms.
f i) Wogonin. Wogonin inhibits autophagy and promotes
g apoptosis with minimal toxicity to normal cells. However, it
° %‘ lacks in vivo validation for safety and systemic delivery (162).
%0 § ii) Quercetin. Quercetin blocks heat shock proteins (HSP)
& g 27 and 72, enhancing sorafenib-induced apoptosis. Targeting
% = HSPs provides a novel therapeutic angle, but greater specificity
2|38 8 g is required (163,164).
X | 28 = = iii) SHP099. SHP099 inhibits SHP2, thereby blocking RTK
833 38 = feedback loops activated in response to sorafenib. This repre-
AA A 2 sents a rational combination strategy, especially in RTK-driven
v tumors, but clinical validation is still lacking (165).
é iv) TRAIL and histone deacetylase (HDAC) inhibitors.
o | 2> > B TRAIL and HDAC inhibitors trigger activation of death
g :g :g 7:6 _eg re?ceptors and modulgte gene ex.pr.ession via epi.genetic m.ec.ha-
g % % g % nisms. .T.he synergy is mf:c.hamstlcallly attractive, but clinical
E| 53 ‘g 5 tolerability of HDAC inhibitors remains a concern (166,167).
= S S 2 = v) Crocin. The carotenoid, Crocin, reduces oxidative stress
g 83 g 2 S,:) and inflammation, thereby enhancing apoptosis. Its efficacy
g —qg) —§ —q%: g % has been primarily validated in murine models, and data on its
O | ¥ X & 8 o bioavailability remain limited (168).
'&3 g vi) Biochanin A. The isoflavone biochanin A induces
8 5 mitochondrial apoptosis and arrests the cell cycle. Isoflavones
@ § g exhibit multitarget effects but lack pharmacokinetic studies in
o 8 G £ humans (169).
2 '5 8 g ‘g vii) Ascorbic acid (vitamin C). Ascorbic acid enhances
go s £ i calcium imbalance and membrane disruption in HCC cells.
=t T = Q o9 . . . .
s ‘§ S i T =2 .It is simple and safe, but dosage and delivery remain key
é £ B S & “g issues (170).
'g % é & 5 viii) Melatonin. Melatonin is a physiological hormone
5 ‘g‘ @ ‘g‘ @ & primarily secreted by the pineal gland, with a wide range
2| 8 8 = g of biological functions, including physiological regulation,
= X a, X o = .. . . .. ;
S o .S = 8 antioxidant activity, anti-inflammatory effects, immune
g E 5 % é modulation and antitumor properties. It shows potential as an
= 3 adjunct chemotherapy agent for various cancers and modulates
% % sigm.lling pathways involved in cell proliferation, apoptosis,
E 2 survival, ER stress and autophagy.
g £ Melatonin has been shown to enhance the antitumor efficacy
‘é 'é" %’J of sorafenib through multiple synergistic mechanisms. Firstly,
8, z ks melatonin promotes apoptosis in HCC cells by markedly
g = & 2! downregulating the Bcl-2/Bax ratio in HepG2 cells, thereby
§0 5 '§ _ 5 §f increasing apoptotic rates (171). In parallel, it inhibits cyto-
g :'; é § 2 > protective autophagy via the PERK-ATF4-BECNI signaling
2 o = g 8 ax1s,.sen51t.121ng HCC ce.:lls to sorafemb-l.n.duced cytotox1C1Fy
£E by disrupting autophagic flux (41). Additionally, melatonin
g g potentiates sorafenib-induced apoptosis through the activation
R~ § of the JNK/c-Jun pathway and cleavage of caspase-3, further
g % amplifying apoptotic signaling cascades (172).
S ?3 v Moreover, under normoxic conditions, melatonin
8‘ @ B g suppresses the mTORCl/p7OS6K/HIF-1a path\jvay in Hep3B
E = 2% cells, thereby reducing hypoxia-induced mitophagy and
g k< % = enhancing sorafenib's cytotoxicity (173). This effect is comple-
S I § 5 § mented by melatonin-induced early mitochondrial autophagy,
T; = g E Q % % which leads to excessive ROS production, mitochondrial
s | B 2 =832 > 2 membrane depolarization and ultimately increased apoptosis
SIS =283 |HE
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Table II. Combinations to reduce sorafenib resistance.

Model Active substance Effect Mechanism (Refs.)
Human liver Regorafenib Reduces resistance Inhibits p-ERK and p-STAT3, blocks (176)
cancer cells HGF-induced EMT

Human liver 3-Methyladenine Reduces resistance Inhibits autophagosome formation 177)
cancer cells

Human liver Aspirin Reduces resistance Regulates glycolysis and apoptosis (178)
cancer cells, mice

Human liver Dichloroacetate Reduces resistance Activates OXPHOS (179)
cancer cells, mice

Human liver Silybin Reduces resistance Increases STAT3/ERK/AKT (180)

cancer cells, mice
liver cancer cells,
mice

phosphorylation

HGF, hepatocyte growth factor; EMT, epithelial-mesenchymal transition; OXPHOS, mitochondrial oxidative phosphorylation.

and reduced cell viability (174). Finally, melatonin contributes
to cell cycle regulation by activating the AKT/p27 signaling
pathway, resulting in cell growth arrest and increased
sensitivity to sorafenib (175).

Together, these findings underscore the potential of
melatonin as a multifaceted adjuvant that not only enhances
apoptosis and inhibits autophagy, but also modulates hypoxia
and cell cycle pathways, thereby improving the overall efficacy
of sorafenib in HCC. Melatonin demonstrates excellent syner-
gistic effects in combination therapy, and further investigation
into the mechanisms underlying its interaction with sorafenib
is warranted.

In summary, although these natural products and small
molecules do not target a single canonical pathway, their
ability to exert synergistic effects through multi-level modu-
lation of cellular signaling, stress responses and metabolic
balance supports their therapeutic value. These agents
represent a versatile class of adjuvants that complement the
pathway-specific inhibitors discussed in previous sections. A
more refined mechanistic understanding of these compounds
could facilitate their integration into rational polytherapy
regimens.

Combination therapies to reduce sorafenib resistance. This
section focuses on combination therapies designed to mitigate
sorafenib resistance. For an overview of key combination strat-
egies targeting resistance mechanisms, Table II summarizes
representative agents, their molecular targets and experimental
stages.

Regorafenib. Regorafenib is an oral diphenylurea
multi-kinase inhibitor that targets angiogenesis (VEGFRI-3,
TEK receptor tyrosine kinase), tumor stroma (PDGFR-f,
FGFR) and oncogenic receptor tyrosine kinases (KIT, RET
and RAF). It reverses sorafenib resistance by inhibiting p-ERK
and p-STATS3 signaling, thereby blocking HGF-induced
EMT-a key mechanism in resistance development (176). These
findings are primarily derived from in vitro and in vivo models;
therefore, further clinical validation is warranted.

3-Methyladenine (3-MA). 3-MA is a classical autophagy
inhibitor that functions by blocking PI3K. By preventing
autophagosome formation, 3-MA reduces cytoprotective
autophagy, which has been implicated in sorafenib resis-
tance. Its combination with sorafenib enhances apoptosis and
suppresses tumor viability in HCC cell models (177). However,
this mechanism has yet to be validated in clinical studies.

Aspirin. Aspirin (acetylsalicylic acid) is a widely used
NSAID with anti-inflammatory and antiplatelet properties.
When combined with sorafenib, it enhances apoptosis in
resistant HCC cell lines by downregulating glycolysis via the
HIF-1a/6-phosphofructo-2-kinase/fructose-2 ,6-biphosphatase
3/phosphofructokinase-1 signaling pathway. This metabolic
reprogramming improves efficacy and may also mitigate
sorafenib-induced adverse effects (178). However, supporting
data from in vivo or clinical studies remain limited.

Dichloroacetate (DCA). DCA is a PDK inhibitor that shifts
cancer cell metabolism from glycolysis toward mitochondrial
oxidative phosphorylation. This metabolic reprogramming
reverses resistance to sorafenib by restoring mitochondrial
respiration, which is typically suppressed in resistant pheno-
types. Preclinical data suggest strong synergy with sorafenib
in overcoming resistance, although the underlying mechanistic
details remain under investigation (179).

Silybin. Silybin is a bioactive flavonolignan derived from
milk thistle, traditionally used as a hepatoprotective agent.
Recent studies indicate that silybin can enhance sorafenib
efficacy by modulating STAT3, ERK and AKT signaling
pathways, which are frequently hyperactivated in resistant
HCC cells and stem-like subpopulations (180,181). This dual
targeting of both the bulk tumor and cancer stem cells suggests
therapeutic potential, although no clinical data currently
support this application (180).

Combination therapies to reduce sorafenib toxicity. In this
section, combination therapies aimed at reducing sorafenib
toxicity are explored. Table III summarizes various protective
agents that mitigate organ damage associated with sorafenib,
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Table III. Combinations to reduce sorafenib toxicity.
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Model Active substance Effect Mechanism (Refs.)

Mouse Apigenin Reduces toxicity, Antioxidant, reduces chromosomal (182)
protects liver abnormalities

Mouse, rat ATF4 Reduces heart toxicity Upregulates GSH to promote cell survival (184)

Mouse, rat Nobiletin Reduces heart toxicity Downregulates NLRP3/TLR4 signaling, (135)

inhibits apoptosis

Rat myocardial Ferrostatin-1 Reduces heart toxicity Inhibits lipid peroxidation and damage (185)

cells, mice in myocardial cells

Mouse Lupeol Reduces liver and kidney Reduces oxidative stress, restores redox (186)
toxicity system

ATF4, activating transcription factor 4; GSH, glutathione; NLRP3, NLR family pyrin domain containing 3; TLR4, toll like receptor 4.

with a particular focus on renal, cardiac and hepatic protection.
These strategies involve the use of antioxidants, anti-ferroptosis
agents and stress response modulators that target key cellular
damage pathways.

Apigenin. Apigenin, a common dietary flavonoid
4,5,7-trihydroxyflavone), exhibits antioxidant, anti-inflamma-
tory and anticancer properties. Preclinical studies have shown
that combining apigenin with sorafenib markedly reduces
nephrotoxicity. Histological analysis of kidney slices revealed
near-complete restoration of normal structure, suggesting a
protective effect on renal tissues (182,183).

ATF4. ATF4 is a major transcriptional regulator of
the UPR, responsible for cellular adaptation to stress.
By upregulating solute carrier family 7 member 11 and
enhancing intracellular glutathione synthesis, ATF4 counter-
acts sorafenib-induced ferroptosis in cardiomyocytes. This
mechanism has been validated in in vitro cardiomyocyte
models, highlighting ATF4 as a potential cardioprotective
co-treatment strategy (184).

Nobiletin. Nobiletin, a polymethoxylated flavonoid
primarily derived from citrus peel, exhibits cardio-
protective and anti-inflammatory properties. When
co-administered with sorafenib, Nobiletin markedly reduces
cardiotoxicity, as evidenced by improved myocardial histology
and normalization of oxidative stress biomarkers. These
findings are currently limited to animal models and warrant
further investigation (135).

Ferrostatin-1 (Fer-1). Fer-1 is a potent ferroptosis inhibitor
that scavenges hydroperoxide radicals. Experimental studies in
HO9c2 myocardial cells have demonstrated that Fer-1 co-treat-
ment effectively inhibited lipid peroxidation and cell death
induced by sorafenib. These findings confirm that targeting
ferroptosis is a viable strategy to prevent cardiomyocyte injury
during therapy (185).

Lupeol. Lupeol is a lupane-type triterpene with well-estab-
lished antioxidant and hepatoprotective properties. When
combined with sorafenib, lupeol has been shown to restore
redox homeostasis, modulate p53 signaling and repair hepatic
and renal tissue damage. This synergistic effect has been
validated in rodent models of sorafenib-induced toxicity,
highlighting its potential for preserving organ function during
treatment (186).

Novel combination strategies involving immunotherapy
and nanotechnology. In previous years, notable progress has
been made in combining sorafenib with immunotherapy and
nanotechnology-based delivery systems, offering promising
avenues for improving efficacy and overcoming resistance.
These innovative strategies, mostly of which have emerged
since 2023, address the limitations of conventional combina-
tion therapies by improving tumor specificity, minimizing
off-target toxicity and activating antitumor immune responses.
Immunotherapy-based combinations have emerged as a
pivotal approach. A recent study demonstrated that combining
sorafenib with an engineered DNA vaccine targeting
a-fetoprotein notably enhanced the antitumor immune
response by promoting CD8* T-cell infiltration and down-
regulating programmed death-ligand 1 expression in HCC
models (187). This suggests a synergistic interaction between
sorafenib and immune checkpoint modulation.

Simultaneously, nanotechnology-based delivery plat-
forms have opened new avenues for precise and controlled
drug administration. For instance, hybrid nanoparticles
co-delivering sorafenib and the autophagy inhibitor 3-MA
have demonstrated improved therapeutic efficacy in resistant
HCC cells, attributed to enhanced intracellular uptake and
inhibition of autophagic flux (188). Other nanocarriers, such
as MnO,-based nanosystems (189) and calcium carbonate
nanoparticles functionalized with polyethylene glycol and
folic acid (190), have exhibited TME-responsive release and
improved bioavailability of sorafenib. Furthermore, pH-sensi-
tive coordination nanostructures (191) and self-assembled
nanocomplexes targeting mitochondria (192) have shown
potential to enhance sorafenib cytotoxicity while minimizing
systemic toxicity.

Taken together, these immuno-nanotechnological strategies
represent a promising frontier for sorafenib combination therapy
and warrant further investigation in both preclinical and clinical
settings to facilitate a comprehensive understanding.

4. Clinical applications, advantages and future directions
of sorafenib combination therapy

Potential clinical application value. Sorafenib is widely
used in the clinically treatment of advanced HCC and
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RCC. However, the limitations of monotherapy have
become increasingly apparent, including the rapid emer-
gence of resistance and notable side effects. By combining
sorafenib with other agents, particularly those that regulate
the PI3K/AKT/mTOR signaling pathway, increase oxida-
tive stress or inhibit autophagy, its antitumor efficacy has
been markedly enhanced. Specifically, drugs that inhibit
the PI3K/AKT/mTOR signaling pathway, such as RPS and
curcumin, effectively enhance tumor cell sensitivity to
sorafenib when used in combination, thereby delaying or over-
coming resistance. Additionally, these combination therapies
synergistically inhibit tumor cell proliferation and promote
apoptosis, thus improving patient survival rates. Moreover,
agents that increase oxidative stress (such as metformin
and proteasome inhibitors) can induce tumor cell death and
reduce the development of resistance when combined with
sorafenib. These compounds enhance the production of ROS,
thereby disrupting the antioxidant defense mechanisms of
tumor cells and further compromising their resistance and
survival capacity (158,159).

Another important combination therapy strategy
involves use of autophagy inhibitors, such as HCQ,
which block the autophagy pathway in tumor cells used
to evade treatment. By inhibiting autophagy, sorafenib's
antitumor activity can be further enhanced, making
tumor cells more susceptible to the drug's effects and
effectively delaying the onset of resistance (161). Although
combining sorafenib with other drugs has shown potential
in preclinical studies, large-scale, long-term clinical trials
are still required to confirm the safety and efficacy of these
combination therapies. In the future, exploring more precise
combination therapy strategies tailored to individual patient
characteristics will be a key direction for enhancing the
therapeutic efficacy of sorafenib. Such approaches not
only have the potential to extend patient survival but also
to improve their quality of life, thereby advancing cancer
treatment.

Advantages and limitations of sorafenib combination therapy
strategies

Advantages of sorafenib combination therapy strategies. The
primary advantage of sorafenib combination therapy lies in
overcoming the limitations of monotherapy, particularly in
mitigating resistance and reducing toxicity. By combining
sorafenib with various types of agents, its antitumor activity
is notably enhanced. For example, inhibitors targeting the
PI3K/AKT/mTOR pathway effectively suppress tumor cell
proliferation, promote apoptosis and delay the onset of resis-
tance when used in combination with sorafenib (193). These
combination therapies have demonstrated notable synergistic
effects in preclinical studies, suggesting promising potential
for clinical applications.

Additionally, combination therapy can reduce the toxicity
of sorafenib. For instance, combining sorafenib with antioxi-
dants not only enhances its antitumor effects but also reduces
side effects caused by oxidative stress, thereby improving
patient tolerance and quality of life (194). By targeting
different molecular pathways, these combination therapies
offer a multi-angle, multi-level cancer treatment strategy,
further improving therapeutic precision and efficacy.

Limitations of sorafenib combination therapy strategies.
Despite the notable advantages of sorafenib combination
therapy, its clinical application faces several challenges and
limitations. Firstly, the complexity of combination therapy can
increase the risk of drug interactions, leading to unpredict-
able side effects (195). For example, overlapping metabolic
pathways between different drugs may elevate the risk of
liver and kidney toxicity (130). Therefore, careful drug selec-
tion and dose adjustments are necessary in clinical practice
to avoid cumulative adverse effects. Secondly, numerous
combination therapy strategies are still in the preclinical
or early clinical trial stages, lacking large-scale, long-term
follow-up data. Individual differences among patients, tumor
heterogeneity and the complex interactions between different
treatment regimens can result in varying outcomes across
patients populations (196). Future research needs to further
clarify the scope of these therapies and develop standardized
treatment protocols. Lastly, the cost of combination therapy
cannot be overlooked. The use of multiple drugs inevitably
increases the financial burden of treatment, especially in cases
requiring long-term therapy. Balancing enhanced efficacy
with cost control remains an important issue that needs to be
addressed (197).

In summary, sorafenib combination therapy strategies
show great potential in improving tumor treatment outcomes,
delaying the development of resistance and reducing toxicity.
However, challenges such as drug interactions, limited
long-term clinical data and high treatment costs must be
addressed in future research and clinical practice. Ongoing
studies and clinical trials will be essential to optimize these
combination approaches, making them safer, more effective
and tailored to individual patients (198).

Future directions for sorafenib combination therapy research.
Despite the notable potential of sorafenib combination therapy
in overcoming tumor resistance and enhancing antitumor
efficacy, a number of unresolved questions and research gaps
remain. Future research should focus on the following key areas.
In-depth study of molecular mechanisms. Current under-
standing of the molecular mechanisms behind sorafenib
combination therapy remains incomplete. Future studies should
investigate how these combination therapies achieve synergistic
effects through multiple signaling pathways and molecular
targets. For example, exploring the interactions among the
PI3K/AKT/mTOR pathway, autophagy and oxidative stress
pathways will help clarify their roles in drug resistance. By
applying molecular biology and systems biology approaches,
new therapeutic targets can be identified to support the develop-
ment of more effective combination therapies (199).
Development of personalized treatment strategies. Tumor
heterogeneity and individual patient differences are key factors
influencing treatment outcomes. Future research should aim to
develop personalized treatment strategies based on biomarkers
to precisely identify patient groups suitable for combination
therapies (200). This requires comprehensive analysis of patient
genomes, proteomes and the TME, using big data and artificial
intelligence technologies to design personalized treatment plans
that maximize efficacy and minimize side effects (201).
Accumulation of long-term clinical trials and real-world
data. Numerous studies on sorafenib combination therapy are
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still in the preclinical stage and lack large-scale, long-term
clinical data. Future research should design and conduct
multicenter, randomized controlled clinical trials to verify the
safety and efficacy of these combination therapies. In addition,
accumulating real-world data will provide important evidence
for evaluating the actual efficacy of these therapies in clinical
practice (202,203), helping to optimize treatment protocols
and guide clinical applications.

Exploration of new combination therapy regimens. As
new drugs are continuously developed and brought to market,
future research should explore more innovative combina-
tion therapy regimens. In particular, combining sorafenib
with drugs targeting novel molecular pathways may further
improve treatment outcomes. For example, combining immune
checkpoint inhibitors with sorafenib could enhance antitumor
responses by activating the patient's immune system (204).
Additionally, the combination of metabolism-regulating agents
and antioxidants is worth further investigation (205).

Strategies for reducing treatment costs. Since combina-
tion therapies may lead to increased treatment costs, future
research should also focus on strategies to reduce expenses
by optimizing dosages, selectively using drugs and devel-
oping more cost-effective combinations (206). Exploratory
studies can evaluate the effectiveness of low-dose combina-
tion therapy and investigate ways to minimize unnecessary
drug use without compromising efficacy, thereby easing the
financial burden on patients.

Interdisciplinary collaboration and application of new
technologies. Research on sorafenib combination therapy
requires collaboration among experts in pharmacology,
oncology and related fields, as well as input from disciplines
such as bioinformatics and materials science. For example,
nanotechnology-based drug delivery systems and CRISPR
gene editing for target validation could lead to breakthroughs
in combination therapy research (207). Interdisciplinary
collaboration will facilitate develop more precise and effective
treatment strategies.

Future research should continue to explore the molecular
mechanisms underlying sorafenib combination therapy,
develop personalized treatment strategies, perform long-term
clinical trials and investigate novel combination regimens.
These efforts will not only improve cancer treatment outcomes
but also provide new insights and tools for clinical practice,
ultimately improving patient prognosis and quality of life.

5. Conclusions

The present article reviews the application and challenges
of sorafenib combination therapy in cancer treatment.
By analyzing the co-administration of various signaling
pathway inhibitors, antioxidants and autophagy inhibitors
with sorafenib, the study highlights the notable potential of
these strategies to enhance its anticancer efficacy, delay the
onset of resistance and reduce side effects. However, several
challenges remain, including complex drug interactions and
a lack of robust clinical application data. Future research
should focus on further elucidating the molecular mechanisms
underlying combination therapies, developing personalized
treatment strategies based on biomarkers and validating safety
and efficacy through large-scale clinical trials. These efforts
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offer valuable insights into cancer therapy, and hold the poten-
tial to promote more precise and effective clinical practices,
ultimately improving patient survival and quality of life.
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