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Abstract: Hepatocellular carcinoma (HCC) is one of the most common types of cancer worldwide. It is character-
ized by an extremely poor prognosis. Radiofrequency ablation (RFA) and microwave ablation (MWA) have become 
the main local therapies for early HCC. Nevertheless, the high recurrence rate is a key factor that limits the ef-
ficacy of thermal ablation. Numerous studies have suggested that HCC recurrence after thermal ablation involves 
many mechanisms. These include remodeling of immunosuppressive microenvironment, evasion of programmed 
cell death, metabolic reprogramming, reprogramming of metabolic adaptation, activation of epigenetic aberrations, 
acquisition of stemness traits, enhancement of epithelial-mesenchymal transition (EMT), induction of angiogenesis, 
and regulation by non-coding RNAs. To tackle these underlying mechanisms, precision intervention strategies have 
been gradually developed. These included, but were not limited to, immune-targeted therapy, modulation of cell 
death pathways, regulation of metabolic pathways, epigenetic therapeutic strategies, stem cell inhibition interven-
tions, EMT reversal therapy, anti-angiogenesis interventions, and multi-target combination strategies. Our review 
systematically summarizes the research progress from 2017 to 2025, classifying the multidimensional molecular 
mechanisms and precision intervention strategies for HCC recurrence following thermal ablation. This provides a 
theoretical foundation for individualized comprehensive treatment and future research directions.
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Introduction

Hepatocellular carcinoma (HCC) ranks as the 
sixth most prevalent cancer globally and is the 
third leading cause of cancer-related mortality, 
posing a significant threat to public health [1]. 
Radiofrequency ablation (RFA) and microwave 
ablation (MWA) are crucial local treatment 
modalities for early-stage HCC. Due to their 
high complete ablation rates and minimally 
invasive nature, these techniques are widely 
utilized in clinical practice [2, 3]. In patients 

with small tumors, thermal ablation therapy  
can yield favorable therapeutic outcomes [4]. 
However, for lesions larger than 5 cm in diame-
ter, the recurrence rate significantly increas- 
es, adversely affecting long-term survival [5]. 
Studies indicate that postoperative residual 
areas, particularly those near major blood ves-
sels, are susceptible to the formation of viable 
residual cells due to uneven thermal effects 
and blood flow cooling, which creates a condu-
cive environment for tumor recurrence and 
metastasis [6-8].
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Over the past few years, the studies on the 
molecular mechanisms of HCC recurrence af- 
ter ablation procedures have made progress. 
Research has revealed complex mechanisms, 
including immune escape, dysfunction of pro-
grammed cell death, metabolic and epigenetic 
reprogramming, maintenance of tumor stem-
ness, and additional relevant mechanisms. 
Concurrently, precision intervention strategies 
have been increasingly explored, grounded  
in these molecular mechanisms. This review 
systematically summarizes research progress 
from 2017 to 2025, aiming to provide a theo-
retical foundation and guidance for under-
standing the mechanisms underlying HCC re- 
currence after thermal ablation and for devel-
oping innovative therapeutic strategies.

Multidimensional molecular mechanisms driv-
ing HCC recurrence following thermal ablation

Thermal ablation can effectively diminish the 
primary tumor burden. However, residual tumor 
cells in incompletely treated regions may sur-
vive. These cells can adapt to the post-ablation 
microenvironment and undergo malignant pro-
gression through diverse mechanisms. This 
process ultimately drives tumor recurrence  
and metastasis. Existing studies have identi-
fied several mechanisms involved in HCC recur-

rence after thermal ablation. These include 
remodeling of the immune microenvironment, 
evasion of cell death pathways, metabolic  
and epigenetic reprogramming, maintenance 
of cancer stem cells, epithelial-mesenchymal 
transition, and abnormal angiogenesis. This 
section systematically summarizes the key 
molecular mechanisms underlying HCC recur-
rence following thermal ablation. It thereby pro-
vides a theoretical foundation for developing 
precise intervention strategies (Figure 1). 

Remodeling of immunosuppressive microenvi-
ronment

Residual HCC regions rapidly undergo signifi-
cant changes in the immune microenvironment 
after thermal ablation, with the local microenvi-
ronment swiftly transitioning to an immunosup-
pressive state. This reprogramming is charac-
terized by: (1) impaired function and reduced 
infiltration of effector immune cells, such as T 
cells, dendritic cells (DCs), and natural killer 
(NK) cells; (2) abnormal recruitment and ac- 
tivation of immunosuppressive cell, includ- 
ing myeloid-derived suppressor cells (MDSCs), 
M2-polarized tumor-associated macrophages 
(M2-TAMs), and regulatory T cells (Tregs); (3) 
upregulation of immune checkpoint molecules, 
such as PD-1 and Tim-3; and (4) increased 

Figure 1. Multidimensional molecular mechanisms underlying HCC recurrence following thermal ablation. This im-
age was created using the biorender.com website.
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secretion of immunosuppressive cytokines, 
such as TGF-β and IL-6. Collectively, these  
alterations compromise anti-tumor immunity, 
promote immune evasion, and drive tumor 
recurrence [9-12].

Evasion of programmed cell death

Programmed cell death, including apoptosis, 
autophagy, and ferroptosis, is essential for reg-
ulating tissue homeostasis and removing aber-
rant cells. Although thermal ablation promotes 
anti-tumor effects by inducing tumor cell death, 
incomplete ablation may stimulate adaptive re- 
sponses in residual tumor cells, allowing them 
to escape programmed cell death and conse-
quently decrease the effectiveness of the treat-
ment. It has been reported that incomplete 
radiofrequency ablation (iRFA) results in the 
upregulation of HSP90, the activation of STAT3 
signaling pathways, which subsequently inhib-
its the induction of apoptosis [13, 14]. In addi-
tion, autophagy is triggered after iRFA, pro- 
moting cell survival through maintenance of 
mitochondrial structure and a reduction in oxi-
dative stress. Important regulatory pathways 
are the HIF-1α/LC3B/P62, ATP/AMPK/mTOR 
and NOX4/mtROS/Nrf2/PINK1 axes [15-17]. 
Moreover, hepatocyte growth factor was found 
to accelerate the transition from autophagy to 
a proliferative phenotype via the c-Met/ERK 
pathway and its downstream targets, ATG5, 
Beclin1, and cyclin D1, which in turn expedite 
tumor relapse [18]. Regarding ferroptosis, in- 
complete microwave ablation (iMWA) was sug-
gested to reduce the sensitivity of HCC cells to 
ferroptosis via the H3K18la/NFS1 pathway, 
thereby aiding the cells in evading ferroptosis 
[19]. In summary, tumor cells escape cell death 
after incomplete thermal ablation through vari-
ous signaling pathways, suggesting that multi-
target combination therapy could be an effec-
tive approach to enhance the efficiency of 
thermal ablation.

Reprogramming of metabolic adaptation

Residual HCC cells after incomplete thermal 
ablation exhibit marked metabolic reprogram-
ming, mainly involving alterations in glucose 
metabolism, oxidative stress, and lipid meta- 
bolism. In glucose metabolism, iRFA-induced 
microcirculatory impairment results in tissue 
hypoxia [20], a key driver of glycolytic activa- 

tion in tumor cells [21]. Residual HCC cells dis-
play enhanced glycolytic flux [22] and exces-
sive lactate accumulation, which suppresses 
the proliferation and cytotoxicity of tumor-infil-
trating cytotoxic T lymphocytes (CTLs) [23].  
The resulting immunosuppressive microenvi-
ronment facilitates tumor immune escape [24, 
25]. With respect to oxidative stress, intracel-
lular reactive oxygen species (ROS) promote 
tumor growth and metastasis [26]. Following 
iRFA, residual HCC cells exhibit markedly ele-
vated ROS levels, which enhance cellular inva-
siveness, induce M2 macrophage polarization, 
and ultimately drive metastatic dissemination 
[27]. Lipid metabolism is also profoundly affect-
ed. IMWA increased mitochondrial spare respi-
ratory capacity and impaired glycolytic capaci-
ty. Moreover, the upregulation of the fatty acid 
transporter CD36 promotes excessive lipid 
uptake and overactive metabolism, thereby 
aggravating metabolic dysregulation and con-
tributing to tumor progression through lipid-
metabolism mediated distant effects [11].

Activation of epigenetic aberrations

After thermal ablation, residual HCC cells sig-
nificantly promote tumor progression through 
epigenetic remodeling. SUMOylation, a key epi-
genetic modification, occurs through the cova-
lent attachment of SUMO2/3 to lysine residues 
on target proteins. SUMOylated SETDB1 binds 
to the IFN-I promoter and suppresses its tran-
scription, establishing an immunosuppressive 
tumor microenvironment [28, 29]. In residual 
HCC following iRFA, SUMO2 expression and 
overall SUMOylation levels are elevated, ac- 
companied by suppressed IFN-I transcription. 
These findings suggest SUMOylation-mediated 
regulation, as previously reported, although the 
specific SUMOylation sites in residual HCC fol-
lowing iRFA have yet to be identified [30]. At the 
same time, iMWA upregulates lactate levels, 
induces lactylation modification of the histone 
H3K18 site, and promotes the transcriptional 
expression of NFS1, thereby reducing the sen-
sitivity of HCC cells to ferroptosis and enhanc-
ing their resistance to platinum-based che- 
motherapy [19]. In addition, METTL3-mediated 
m6A methylation modification can enhance the 
mRNA stability of the immune checkpoint mol-
ecule CD47 by binding to IGF2BP1, further pro-
moting tumor immune escape [31].
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Acquisition of stemness traits

In recurrent HCC, CD133+ and EpCAM+ cancer 
stem cells (CSCs) are significantly enriched, 
indicating that CSCs play a crucial role in  
tumor recurrence following thermal ablation 
[32]. Studies have shown that iRFA-induced 
hypoxia can enhance the stemness of CSCs 
through the HIF-1α/Wnt/β-catenin pathway 
[33]. Vascular endothelial growth factor (VEGF) 
promotes the expression of CSCs markers  
and maintains cell self-renewal through the 
VEGFR1/PIGF and VEGFR2/Nanog signaling 
pathways, respectively [34, 35]. In addition, 
activated hepatic stellate cells can activate the 
ITGβ1/AKT/GSK-3β/β-catenin/TCF4/Nanog 
pathway through POSTN, further inducing the 
stemness phenotype [36]. In summary, incom-
plete thermal ablation promotes the enrich-
ment and functional maintenance of CSCs and 
increases the risk of tumor recurrence by acti-
vating endogenous stemness signals and 
remodeling the microenvironment, providing a 
potential intervention strategy for combined 
therapy targeting CSCs.

Enhancement of epithelial-mesenchymal tran-
sition (EMT)

EMT plays a crucial role in HCC recurrence after 
incomplete thermal ablation, enabling tumor 
cells to exhibit stronger migration and invasion. 
Studies have shown that iRFA can activate the 
Akt/Wnt/β-catenin pathway by upregulating  
flotillin-1/2 [37], promote Snail1 nuclear trans-
location through the STIP1-HSP90 complex 
[38], and induce EMT through multiple mecha-
nisms such as the METTL3/IGF2BP1/CD47 
axis [31]. Additionally, platelet lysate can down-
regulate E-cadherin expression through the 
Akt/Smad3/Snail pathway, thereby accelerat-
ing the EMT process [39], while POSTN signal-
ing further enhances the EMT phenotype by 
activating the ITGβ1/p52Shc/ERK1/2 pathway 
[40]. In summary, EMT is regulated by multiple 
signaling pathways and plays an important role 
in tumor recurrence and treatment resistance.

Induction of angiogenesis

Angiogenesis plays a key role in the recurrence 
and metastasis of HCC after thermal ablation. 
Heat stimulation induces upregulation of exo-
somal circPTPRK and activates PLA2G4E, the- 
reby promoting the formation of new blood ves-

sels [41]. At the same time, iRFA can enhance 
the expression of ICAM-1 in tumor-associated 
endothelial cells, activate the ICAM-1/Ezrin/
VE-cadherin axis, destroy the endothelial barri-
er and increase permeability, and promote the 
metastasis of tumor cells [42]. Metabolic-
related factors are also involved in the regula-
tion of angiogenesis: IF1 upregulation promot- 
es angiogenesis through the NF-κB pathway 
[43], while the EGFR/Ca2+/CaMKII/ERK/VEGF 
pathway can drive angiogenesis [44]. In sum-
mary, the proangiogenic environment that 
forms after thermal ablation is an important 
driving factor for tumor progression.

Regulation by non-coding RNAs

Non-coding RNAs play a key regulatory role in 
HCC recurrence after ablation. After iRFA, 
GAS6-AS2 acts as a competing endogenous 
RNA by sponging miR-3619-5p, thereby re- 
lieving miR-3619-5p-mediated suppression of 
ARL2 [45]. Similarly, exosomal ASMTL-AS1 is 
activated by MYC and exacerbates the malig-
nant progression of residual HCC after iRFA 
through the miR-342-3p/NLK/YAP signaling 
pathway [46]. CTBP1-AS2 is induced by SP1 
and enhances the invasion and drug resistance 
of HCC after iMVA through the miR-195-5p/
CEP55 axis [47]. In addition, miR-103 targets 
PTEN and activates the PI3K/Akt pathway, pro-
moting the proliferation and migration of RFA-
mimicking transition zone liver cancer cells 
[48]. These studies highlight the significance  
of RNA regulatory networks in HCC recurrence 
and provide potential targets for RNA interfer-
ence therapy.

Precision therapeutic strategies for HCC recur-
rence following ablation

As our understanding of the mechanisms  
driving HCC recurrence after thermal ablation 
deepens, a range of precision intervention 
strategies have emerged. Researchers have 
proposed multi-faceted therapeutic approach-
es aimed at immune evasion, activation of cell 
survival pathways, metabolic reprogramming, 
and epigenetic alterations. These strategies 
encompass immunotherapy, promotion of cell 
death, metabolic reprogramming, stem cell-
targeted therapies, and combinatorial interven-
tions. This section will provide a comprehensive 
review of the current advancements in preci-
sion intervention research based on the mech-
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anisms of HCC recurrence following thermal 
ablation (Figure 2).

Immune-targeted therapy 

Considering the immunosuppressive microen-
vironment induced by thermal ablation, multi- 
dimensional immunotherapy approaches have 
been proposed. It has been reported that the 
combination of RFA with anti-PD-L1 or CTLA-4 
therapy can potentiate the function of CD8+ 
and CD4+ T cells and modulate the immune 
microenvironment [49, 50]. Meanwhile, MWA 
combined with dual PD-1/CTLA-4 blockade 

also significantly elevates the levels of Th1-type 
immune responses and enhances overall sur-
vival in animal models [51]. Additionally, lever-
aging the multifunctional properties of poly- 
dopamine-based nanoregulators, researchers 
have constructed a precise delivery platform 
for the targeted administration of GW4869 and 
amlodipine, which inhibits exosome generation 
and secretion, and triggers autophagic degra-
dation of PD-L1, offering a novel approach to 
immune activation [49]. Increasing attention 
has been paid to the TGF-β signaling pathway. 
Inhibitors such as SB431542 and SB-525334 
have been shown to alleviate immunosuppres-

Figure 2. Precision therapeutic strategies targeting post-ablation recurrence of HCC.
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sion and synergize with anti-PD-1 therapy or 
MWA to exert an antitumor effect [52, 53]. With 
respect to activation of effector cells, CD169+ 
macrophage transplantation or D-mannose-
ferrosoferric oxide nanoparticles trigger M1 
polarization, leading to enhanced systemic 
effects and antitumor immunity [54, 55].

Furthermore, STING pathway agonists promote 
M1 polarization, antigen presentation, and T 
cell activation. Researchers have utilized Ca2+-
responsive sodium alginate as a carrier to form 
an injectable hydrogel, which achieves in situ 
gelation triggered by Ca2+, provides sustained 
drug release, and significantly improves the 
local delivery efficiency and therapeutic effects 
of STING agonists [56]. Targeted depletion of 
MDSCs using antibodies can also alleviate 
immune suppression after RFA, thereby incre- 
asing the levels of Th1 cytokines and CD8+ T 
cells [12]. In conclusion, multi-targeted im- 
mune intervention protocols could significantly 
enhance the systemic immune response to 
thermal ablation for the prevention of HCC 
recurrence.

Modulation of cell death pathways 

Heat stress induced by incomplete thermal 
ablation weakens the therapeutic effect and 
promotes recurrence by activating multiple  
survival mechanisms in HCC cells, including  
the inhibition of apoptosis, enhancement of 
autophagy, and escasion of ferroptosis. The- 
refore, targeting these escape pathways is 
expected to significantly improve therapeutic 
efficacy. In terms of apoptosis regulation, the 
HSP90 inhibitor XL888 blocks the binding of 
HSP90 to STAT3, inhibits the STAT3-Mcl-1 path-
way, and promotes the apoptosis of HCC cells 
after thermal ablation [13]. The main strategies 
for inhibiting autophagy include (1) drug inhibi-
tion of autophagy, such as 3-methyladenine 
(3-MA), hydroxychloroquine, and N-acetylcyste- 
ine, combined with c-Met inhibitors to inhibit 
tumor survival [14, 17, 18, 57]. (2) genetic in- 
tervention, such as NOX4 inhibitors or siNOX4 
and silencing Beclin-1/Atg5 [16, 17], and (3) 
signaling pathway regulation, intervening in the 
HIF-1α/LC3B/P62 pathway through Rutheni- 
um Complex, reversing autophagy dependence 
and improving the immune environment [15]. In 
conclusion, interventions targeting these key 
pathways are expected to become an impor-

tant strategy for improving the efficacy of ther-
mal ablation therapy and reducing tumor 
recurrence.

Regulation of metabolic pathways

Metabolic reprogramming after thermal abla-
tion provides an adaptive survival advantage  
to the residual HCC cells, characterized by 
enhanced glycolysis, increased oxidative st- 
ress, and reprogrammed lipid metabolism 
associated with tumor progression. To over-
come these metabolic changes, various target-
ed approaches have been developed to reverse 
metabolic adaptations and enhance therapeu-
tic efficacy. In glycolysis, lactate accumulation 
fosters an immunosuppressive environment. 
An injectable nanoparticle-hydrogel conjugate 
capable of sustained lactate oxidase release 
has demonstrated efficacy in reducing lactate 
levels and restoring immune activity [23]. 
Strategies for regulating oxidative stress in- 
clude (1) the radiofrequency dynamic therapy 
to increase ROS levels, facilitate M1 macro-
phages polarization, reduce immunosuppres-
sive cell populations and enhance T-cell res- 
ponses [58]; (2) an injectable delivery system 
based on a coacervate, loaded with polyoxo-
metalates that release ROS scavengers to pre-
vent M2 macrophages polarization and allevi-
ate immune suppression [27]. In enhanced 
lipid metabolism, the overexpression of CD36 
in distant tumors after iMWA is closely associ-
ated with immune evasion. Pharmacologic inhi-
bition of CD36 restores T-cell-mediated antitu-
mor immunity in non-ablated lesions, which 
abrogates the immune-suppressive impact of 
iMWA [11]. In summary, multitargeted metabol-
ic interventions not only disrupt tumor meta-
bolic plasticity but also synergistically repro-
gram the immune microenvironment, offering 
promising therapeutic avenues for integrating 
thermal ablation with immunotherapy. 

Epigenetic therapeutic strategies

Residual HCC following incomplete thermal 
ablation undergoes epigenetic reprogramming 
that drives disease progression. As previously 
described, SUMOylation in residual HCC post-
iRFA modulates IFN-I transcription, thereby 
reinforcing immune suppression and tumor 
progression. Focusing on the role of SUMO- 
ylation in chromatin regulation, researchers 
employed the SUMO inhibitor TAK-981 to block 
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SUMOylation. This intervention markedly in- 
creased IFN-I transcription and restored the 
immune microenvironment. Consequently, TAK-
981 effectively restrained tumor progression, 
highlighting its promising potential for clinical 
translation [30].

Stem cell inhibition interventions

Incomplete thermal ablation can promote the 
enrichment and maintenance of CSCs, becom-
ing an important cause of HCC recurrence. A 
variety of drugs have been shown to effec- 
tively inhibit the stemness and self-renewal of 
CSCs, including a β-catenin inhibitor (FH535 or 
XAV939), a PI3 kinase inhibitor (Ly294002), or 
niclosamide, an antihelminthic drug [59]. In 
addition, metformin can intervene in the main-
tenance process of CSCs by inhibiting the 
secretion of POSTN by hepatic stellate cells and 
downregulating CSCs markers, providing a new 
therapeutic strategy for anti-recurrence after 
thermal ablation [36]. All-trans retinoic acid 
effectively eliminates residual tumor stem cells 
by inhibiting the PI3K/AKT pathway and signifi-
cantly inhibits tumor growth after iRFA [32]. In 
summary, multi-target intervention on CSCs 
provides a significant theoretical basis and 
promising prospects for enhancing the long-
term efficacy of thermal ablation therapy.

EMT reversal therapy 

EMT plays a key role in HCC recurrence and pro-
gression after thermal ablation. Studies have 
shown that YC-1 can regulate the expression of 
E-cadherin, N-cadherin, and vimentin, and fur-
ther inhibit EMT by activating the β-catenin sig-
naling pathway, thereby effectively preventing 
the progression and metastasis of HCC [60]. In 
addition, Calcipotriol plus cisplatin treatment 
blocked the progression of residual HCC cells 
by downregulating POSTN expression and at- 
tenuating EMT [40].

Anti-angiogenesis intervention

Tumor angiogenesis following thermal ablation 
is an important factor influencing treatment 
efficacy and promoting tumor recurrence. Stu- 
dies have shown that antiplatelet therapy and 
ICAM-1-targeted therapy can improve vascular 
permeability and effectively block the progres-
sion of HCC after iRFA [42]. In addition, metfor-
min promotes the normalization of abnormal 

blood vessels in HCC after iRFA by regulating 
the miR-302b-3p/TXNIP axis [61]. Arsenic triox-
ide can significantly inhibit angiogenesis by 
inhibiting the p-Akt/HIF-1α/Ang-1/Ang-2/Tie2 
pathway [62]. The above studies offer diversi-
fied intervention strategies for tumor vascular 
remodeling following thermal ablation, paving 
the way for new directions in enhancing treat-
ment effects and preventing recurrence. 

Multi-target combination strategies 

In recent years, the treatment strategy for HCC 
after thermal ablation has been gradually 
expanding from single-target intervention to 
multi-target combined therapy. Researchers 
have developed a combined strategy targeting 
immunosuppression and abnormal angiogene-
sis. RFA combined with attenuated Salmonella-
delivered siRNA-PD-L1-endostatin treatment 
can synergistically enhance immune cell infil-
tration and anti-angiogenic ability [63]. Lipo- 
somal nanoparticles co-loaded with a modified 
PKM2 inhibitor and an immune checkpoint 
inhibitor, such as anti-PD-L1, can effectively 
modulate the immunosuppressive microenvi-
ronment by interfering with glycolysis and the 
immune checkpoint pathway [64]. Moreover, 
drugs such as melatonin and sunitinib have 
demonstrated promising anti-relapse potential 
in multi-mechanism combined interventions by 
acting simultaneously on immune regulation, 
hypoxia adaptation, and EMT pathways [65, 
66].

Combined treatment strategies related to epi-
genetics, metabolism, autophagy and ferropto-
sis are also constantly expanding the boundar-
ies of comprehensive intervention after thermal 
ablation. For example, nanomedicines contain-
ing antigen capture systems and m6A demeth-
ylase inhibitors can enhance the antigen-pre-
senting ability of DCs [67]. Liposomes co-load- 
ed with 3-MA and lonidamine LND improve the 
sensitivity of RFA treatment by jointly blocking 
glycolysis and autophagy [14]. NFS1 deficiency 
combined with oxaliplatin treatment estab-
lished a link between ferroptosis and chemo-
therapy, effectively overcoming heat-resistant 
metastasis [19]. Additionally, a nano-epigene-
tic therapeutic platform that integrates MAT2A 
inhibitors, manganese dioxide nanoparticles 
and anti-PD-L1 antibodies synergistically acti-
vates immune responses by mediating DNA 
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and RNA demethylation modifications and re- 
storing the activity of the STING pathway, sig-
nificantly inhibiting recurrence and metastasis 
[68].

In summary, synergistic multi-target combina-
tion therapy had shown significant advantages 
and has provided a new direction and opportu-
nities for the comprehensive treatment of HCC 
after thermal ablation. 

Conclusion and perspectives

With the continuous advances in elucidating 
the mechanisms of HCC recurrence following 
thermal ablation, substantial progress has 
been made in basic research. At the mechan- 
istic level, systematic findings have been 
achieved, including immune microenvironment 
reprogramming, resistance to programmed cell 
death through autophagy, EMT, angiogenesis, 
and non-coding RNA regulation. However, stud-
ies on new types of cell death, such as ferropto-
sis and disulfidoptosis, are still limited, and 
many of their mechanisms remain unclear. Re- 
search on epigenetic changes and metabolic 
reprogramming is also in its early stages and 
needs deeper investigation.

In the context of HCC recurrence after ablation, 
immunotherapy strategies have been widely 
explored, including the activation of effector 
immune cells, the depletion of immunosup-
pressive cells, and the inhibition of immune 
checkpoints. A systemic intervention frame-
work has been initially established. In contrast, 
therapeutic approaches targeting emerging 
forms of programmed cell death, such as fer-
roptosis and disulfidptosis, are still in the devel-
opmental stage and lack effective implementa-
tion. Although epigenetic regulation strategies 
have shown therapeutic promise, other inter-
vention modalities require further development 
and rigorous validation.

Small molecule inhibitors, such as SI-1, NIO-1, 
and AZD5582, have significantly altered the 
treatment landscape of HCC, serving as effec-
tive tools for translating mechanistic insights 
into therapy and showing great promise in the 
treatment of post-ablation HCC. Recently, sev-
eral clinical drugs, including melatonin, metfor-
min, all-trans retinoic acid, and arsenic trioxide, 
have been reported to have promising thera-
peutic effects in preventing HCC recurrence 

after thermal ablation, thus providing a valu-
able supplement to the repurposing strategy of 
existing drugs. The combination of nanoparticle 
carriers, hydrogel sustained-release systems, 
and attenuated Salmonella delivery systems 
has the potential to enable localized, efficient, 
and multimodal therapeutic delivery, which was 
not previously unavailable and could expand 
the depth and specificity of therapeutic app- 
roaches.

Several key research directions are emerging 
regarding the mechanisms and management  
of HCC recurrence after thermal ablation: (1) 
Advancing mechanistic insights and uncovering 
heterogeneity: Enhance the depth of mechanis-
tic investigations by integrating multi-omics 
approaches to elucidate the biological hetero-
geneity of residual HCC following thermal abla-
tion. (2) Discovery of novel targets and reposi-
tioning of existing drugs: The goal is to speed 
up the development of new inhibitors and 
explore new uses for existing drugs. This is 
based on key molecules discovered through 
mechanistic research. It is also important to 
systematically evaluate the therapeutic poten-
tial of these drugs against newly identified tar-
gets. These efforts aim to help translate basic 
research findings into clinical practice. (3) 
Combination intervention strategies: Develop 
integrated multi-target therapies that combine 
immune modulation, metabolic reprogramm- 
ing, epigenetic regulation, and cell death path-
ways to overcome the limitations of monothe- 
rapies and promote precision interventions of 
synergistic mechanisms. (4) Optimization of 
drug delivery system safety and functionality: 
Investigate the biocompatibility, tissue target-
ing, and intelligent release of newly develop- 
ed delivery platforms, including nanomaterials 
and hydrogels, and improvement of their effec-
tiveness in cellular and animal models for the 
basis of the clinical application. (5) Integrated 
diagnosis and treatment development: Develop 
therapeutic delivery systems that are also 
endowed with real-time imaging capability, for 
example, nanoparticles containing drugs and 
ultrasound contrast agents. This strategy en- 
ables accurate intervention in tumor relapse 
and early diagnosis of postoperative relapse 
through imaging methods, allowing for dynamic 
regulation of treatment plans and significantly 
improving the accuracy and timeliness of per-
sonalized treatment.
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Building on deeper mechanistic insights and 
technological innovations, effective control of 
HCC recurrence after thermal ablation is on the 
horizon. These advances will prolong patient 
survival and elevate the precision of minimally 
invasive therapy to a new level.
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