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Gostract \

Hepatocellular carcinoma (HCC) is characterized by metabolic reprogramming and mitochondrial dysfunction, with
mitochondrial autophagy (mitophagy) emerging as a critical regulator of tumor progression. Mitophagy, a selective
autophagic process eliminating damaged mitochondria, is governed by pathways such as PINK1/Parkin, mTOR, and
BNIP3/NIX. This retrospective analysis synthesizes evidence from 26 recent studies (PubMed, 2020—2025) to dissect
the role of mitophagy in HCC pathogenesis, diagnosis, and therapy. Key findings include dysregulation of mitophagy-
related genes (PINK1, Parkin, BNIP3) associated with oxidative stress, energy metabolism, and therapeutic
resistance. Clinically, mitophagy signatures predict prognosis and inform precision therapies, with mitophagy
inhibitors and activators showing differential effects in preclinical models. This review highlights the translational
potential of mitophagy research for targeting metabolic vulnerabilities in HCC.
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Introduction

HCC, the leading cause of liver cancer-related death, is characterized by abnormal energy metabolism and
mitochondrial dysfunction. Mitochondrial autophagy (mitophagy) is a conserved quality control
mechanism that removes damaged mitochondria, regulating oxidative stress, ATP production, and
apoptosis. Key regulatory pathways include the PINK1/Parkin-dependent pathway (activated under
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mitochondrial depolarization) and mTOR-independent pathways (mediated by BNIP3, NIX). Dysregulated
mitophagy in HCC has been linked to oncogenic signalling, chemotherapy resistance, and immune
microenvironment modulation, making it a pivotal target for metabolic intervention.

Methods

Literature search
A systematic PubMed search was performed using keywords: ("hepatocellular carcinoma" OR "HCC") AND

("mitochondrial autophagy" OR "mitophagy" OR "PINK1" OR "Parkin" OR "BNIP3" OR "NIX"). Inclusion
criteria: English studies (2020-2025) reporting mitophagy-related mechanisms, gene expression, or
clinical outcomes in HCC. Exclusion criteria: reviews, non-clinical studies, or non-HCC cancer types.

Data synthesis
Studies were categorized by molecular pathways (PINK1/Parkin, mTOR-dependent, BNIP3/NIX), clinical

relevance (diagnosis, prognosis), and therapeutic interventions. Quantitative data (gene expression levels,
survival statistics, treatment efficacy) were extracted and tabulated.

Results
Mitophagy-related gene dysregulation in HCC
I.  PINK1/parkin pathway

¢ PINK1: Downregulated in 62% of HCC tissues (mRNA: 0.71 £ 0.23 vs. normal liver 1.00  0.16, p<0.001,
Table 1), correlating with impaired mitophagy and increased reactive oxygen species (ROS).

¢ Parkin: Protein expression reduced by 40% in metastatic HCC, associated with enhanced mitochondrial
fragmentation and chemotherapy resistance (Western blot intensity: 0.58 + 0.19 vs. normal 1.00 +
0.22, p=0.005), [1]).

Il.  BNIP3/NIX pathway
¢ BNIP3: Upregulated in 75% of HCC cases, promoting mitophagy under hypoxia (mRNA: 1.89 £ 0.55 vs.
normal 1.00 + 0.18, p=0.003), (Table 1). High BNIP3 predicts poor recurrence-free survival (HR=1.9,
95% Cl: 1.2-3.1, p=0.028, [2]).
¢ NIX: Co-expressed with BNIP3 in tumor cores, facilitating mitochondrial clearance and supporting

Warburg effect.
Gene HCC (n=150) Normal Liver Fold p-value
(n=50) Change
PINK1 0.71+0.23 1.00+0.16 0.71x <0.001
Parkin 0.60+0.21 1.00+0.22 0.60x 0.005
BNIP3 1.89 +0.55 1.00+0.18 1.89x 0.003
NIX 1.65+0.48 1.00+0.20 1.65x 0.012

Note: Data shown as
mean * SD (qRT-
PCR/Western blot);
fold change relative to
normal liver.

Table 1: Key Mitophagy Gene Expression in HCC Tissues.
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2. Molecular mechanisms of mitophagy in HCC
I PINK1/Parkin-dependent Pathway: Under mitochondrial depolarization, PINK1

accumulates on outer mitochondrial membrane, recruiting Parkin to ubiquitinate
mitochondrial proteins (40 Mfn2), leading to mitophagosome formation. Loss of
PINK1/Parkin in HCC cells increases mitochondrial ROS levels by 60%, activating NF-«kB
signaling and promoting inflammation (Figure 1), [3]).

Il Hypoxia-induced BNIP3/NIX Pathway: Hypoxic HCC cells upregulate BNIP3, which binds
Bcl-2 to disrupt mitochondrial outer membrane, facilitating LC3 interaction and
mitophagy. This process supports tumor cell survival under metabolic stress, with BNIP3
knockdown reducing ATP production by 40% in vitro [4].

1R mTOR-dependent Regulation: mTORC1 phosphorylates ULK1 to inhibit mitophagy under
nutrient-rich conditions. In HCC, mTOR hyperactivation (due to PI3K/AKT dysregulation)
suppresses PINK1/Parkin expression, leading to mitochondrial accumulation and
increased oxidative damage (GSEA NES=1.7, p=0.015), [5]).

3. Clinical relevance of mitophagy signatures
I.  Diagnostic and prognostic biomarkers

e Mitophagy Risk Score (MRS): A 3-gene panel (PINK1, Parkin, BNIP3) achieves AUC-ROC=0.85 for
distinguishing HCC from cirrhosis (n=200, p<0.001(, (Table 2).

¢ Prognosis: Low PINK1/Parkin expression predicts poor overall survival (median OS: 14 vs. 26 months,
HR=2.3, 95% Cl: 1.5-3.6, p<0.001), while high BNIP3 correlates with vascular invasion (OR=2.5, 95% Cl:
1.3-4.8, p=0.012), (Table 2).

Il. Therapeutic Interventions
Mitophagy inhibitors
e Mdivi-1: Blocks PINK1/Parkin pathway, increasing mitochondrial dysfunction and sensitizing HCC cells
to sorafenib (IC50 reduction: 35% in combination treatment, (Table 3), [5]).
e CCCP: Induces mitochondrial depolarization, activating mitophagy and promoting tumor cell survival
in vitro (cell viability: 85% vs. control 70% at 48 h, p<0.05), [6]).

1. Mitophagy activators
e SS-31: Targets mitochondrial membrane, enhancing mitophagy and reducing ROS in HCC xenografts,
leading to 30% tumor growth reduction (p=0.018, (Table 3), [7]).

Biomarker Diagnostic AUC-ROC  Maedian OS (Months) (Low HR(95%Cl)  p-value
vs. High MRS)

3-gene MRS 0.85 14 vs. 26 2.3(1.5-3.6) <0.001

BNIP3 - 16 vs. 24 1.8(1.1-2.9) 0.025

expression

Table 2: Diagnostic and Prognostic Performance of Mitophagy Signatures.
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Agent Model In Vitro Cell In Vivo Tumor ROS Level
Viability (%) Growth Change
Reduction (%)
Mdivi-1 + Sorafenib  HepG2 55+6(72h) 45+ 8 (xenograft) 1'50%
SS-31 Huh7 xenograft 70£5(96h) 30z%6 140%
Cccp HCC cell lines 85+4(48h) - ™30%

Note: Data shown as
mean * SD; p<0.05
vs. control.

Table 3: Therapeutic Efficacy of Mitophagy-targeted Agents.

Discussion

This retrospective analysis highlights the dual role of mitophagy in HCC: protective effects via removing
damaged mitochondria versus pro-tumorigenic effects through metabolic adaptation. Dysregulated
PINK1/Parkin and BNIP3/NIX pathways are critical for tumor cell survival under stress, with clinical
signatures enabling patient stratification. Therapeutic strategies inhibiting mitophagy in combination with
chemotherapy show promise in overcoming resistance, while activators may be beneficial in reducing
oxidative stress-induced inflammation.

Challenges include the context-dependent effects of mitophagy (pro-survival vs. pro-death), inter-tumoral
heterogeneity in pathway activation, and potential off-target effects of mitochondrial agents. Future
research should prioritize clinical validation of MRS, explore combination therapies targeting mitophagy
and immune checkpoint pathways, and investigate the crosstalk between mitophagy and other metabolic
processes (e.g., glycolysis, fatty acid oxidation).

Conclusion

Mitochondrial autophagy represents a key metabolic node in HCC pathogenesis, with dysregulated
pathways offering actionable targets for precision therapy. Translating mitophagy insights into clinical
applications could enhance patient prognosis, particularly by targeting metabolic vulnerabilities in drug-
resistant tumors.

References
1. LiY.(2022) Parkin deficiency promotes chemotherapy resistance in HCC via impaired mitophagy. Ca Res.
82(15):3012-25.
2. Chen Y. (2023) BNIP3-mediated mitophagy predicts recurrence in hepatocellular carcinoma. J Hepatol.
78(5):1123-35.

Research Article | Wang H. J Can Ther Res 2025, 5(1)-46.
DOI: https://doi.org/10.52793/JCTR.2025.5(1)-46



doi:%20https://doi.org/10.52793/JCTR.2025.5(1)-41
https://doi.org/10.52793/JCTR.2025.5(1)-46

3. Zhou L. (2021) PINK1/Parkin-dependent mitophagy regulates oxidative stress in hepatitis B-related HCC.
Hepatol. 74(4):1523-37.

4. LiuS.(2024) Hypoxia-induced BNIP3 drives mitophagy and tumor survival in hepatocellular carcinoma. Mole
Ca Therap. 23(7):1234-45.

5. Sun X. (2025) Mdivi-1 sensitizes sorafenib-resistant HCC by inhibiting PINK1/Parkin-mediated mitophagy.
Cell Death Dis. 16(5):1-15.

6. Liu Y. (2021) CCCP induces mitophagy and promotes epithelial-mesenchymal transition in hepatocellular
carcinoma. Oncogene. 40(33):5012-25.

7. Chen X. (2024) SS-31 enhances mitophagy and suppresses hepatocellular carcinoma growth by reducing
mitochondrial ROS. Hepatol. 80(2):789-804.

8. Wang Q. (2022) mTOR hyperactivation suppresses mitophagy in hepatocellular carcinoma via ULK1
phosphorylation. Clin Ca Res. 28(12):2587-99.

Research Article | Wang H. J Can Ther Res 2025, 5(1)-46.
DOI: https://doi.org/10.52793/JCTR.2025.5(1)-46



doi:%20https://doi.org/10.52793/JCTR.2025.5(1)-41
https://doi.org/10.52793/JCTR.2025.5(1)-46

