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Abstract

Background and Aims: Ferroptosis, an iron-dependent form 
of regulated cell death, serves as an important mechanism 
associated with cancer progression. Natural compounds, par-
ticularly alkaloids, have emerged as attractive candidates for 
regulating ferroptotic cell death, thereby providing a promis-
ing anticancer strategy. However, the molecular mechanisms 
underlying their antitumor effects remain poorly understood. 
In this study, we aimed to investigate the antitumor effects 
and underlying mechanisms of natural alkaloids against HCC. 
Methods: An alkaloid library was used to screen alkaloids 
with anti-hepatocellular carcinoma (HCC) activity. A combi-
nation of proteomic profiling, in vitro functional assays, and 
in vivo animal experiments was performed to explore the 
biological roles and molecular mechanisms of the lead com-
pound. Results: Through high-throughput screening of an 
alkaloid library, we identified palmatine (PAL), an active com-
ponent isolated from Fibraurea recisa Pierre, as a potential 
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ferroptosis sensitizer in HCC cells. PAL treatment triggered 
typical ferroptotic features in HCC cells, including elevated 
ferrous iron, reactive oxygen species, and lipid peroxida-
tion, along with decreased glutathione levels. Importantly, 
the pro-ferroptotic effect of PAL was significantly abolished 
by two ferroptosis inhibitors, ferrostatin-1 and deferoxam-
ine. Mechanistically, PAL directly interacted with troponin T1 
(TNNT1) to trigger its K48-linked polyubiquitination and sub-
sequent protein degradation. Ectopic TNNT1 overexpression 
significantly rescued PAL-mediated ferroptosis and abrogated 
its tumor-suppressive effects. In vivo animal models further 
confirmed that PAL suppressed tumor growth by downregu-
lating TNNT1, with a favorable safety profile. Conclusions: 

Therefore, this study reveals a previously unrecognized role 
of PAL as a ferroptosis sensitizer and highlights its transla-
tional potential for anti-HCC therapy.
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Introduction
Hepatocellular carcinoma (HCC), the most common histo-
logical subtype of primary liver cancer,1 is a leading cause of 
cancer-associated mortality worldwide.2 Over the past few 
decades, its global incidence and mortality have risen con-
sistently, presenting an increasingly severe threat to public 
health.3 HCC tumorigenesis is a complex, multistep process 
driven by a diverse array of risk factors, including chronic 
viral hepatitis infection, metabolic syndrome, and inherited 
hepatic disorders, etc.4,5 Despite notable advances in clini-
cal management strategies, such as surgical resection, liv-
er transplantation, and systemic therapies (tyrosine kinase 
inhibitors and immune checkpoint inhibitors), the clinical 
prognosis of HCC patients remains poor.6,7 Most HCC pa-
tients are diagnosed at advanced and unresectable stages, 
largely owing to the lack of sensitive and specific biomarkers 
for early detection.8 In addition, high rates of postoperative 
recurrence, distant metastasis, and acquired drug resistance 
greatly limit the efficacy of existing therapeutic strategies.9,10 
These intractable clinical challenges are tightly associated 
with the intricate molecular and cellular mechanisms under-
lying HCC initiation, progression, and therapeutic resistance, 
which remain largely elusive to date. HCC is hallmarked 
by the dysregulation of multiple tumor-associated signal-
ing pathways, which dynamically orchestrate tumorigenesis 
and therapeutic evasion.11,12 Thus, there is an urgent and 
unmet clinical need to unravel novel cellular and molecular 

Keywords: Hepatocellular carcinoma; Natural alkaloids; Palmatine; TNNT1 
ubiquitination; K48-linked polyubiquitination; Ferroptosis.
*Correspondence to: Zhiyang Zhou, Department of Breast Surgery, National 
Clinical Research Center for Geriatric Disorders, Xiangya Hospital, Central South 
University, Changsha, Hunan 410008, China. ORCID: https://orcid.org/0009-
0007-8320-9385. Tel: +86-15388011095, Fax: +86-73189753015, E-mail: 
zzywy00000@163.com or zhouzy@csu.edu.cn.

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://crossmark.crossref.org/dialog/?doi=10.14218/JCTH.2026.00215&domain=pdf&date_stamp=2026-07-29
https://doi.org/10.14218/JCTH.2026.00215
https://orcid.org/0009-0007-8320-9385
https://orcid.org/0009-0007-8320-9385
https://orcid.org/0009-0007-8320-9385
mailto:zzywy00000@163.com
mailto:zhouzy@csu.edu.cn


Journal of Clinical and Translational Hepatology 20262

Wang X. et al: Palmatine as a ferroptosis sensitizer in HCC

mechanisms governing HCC development and progression. 
Elucidating these fundamental mechanisms is critical to fill-
ing key knowledge gaps in HCC biology, which will ultimately 
facilitate improvements in long-term survival outcomes for 
HCC patients worldwide.

Ferroptosis is an iron-dependent, lipid peroxidation-medi-
ated form of regulated cell death. It differs from other cell 
death types, mainly due to its characterization by cellular re-
dox imbalance and glutathione peroxidase 4 (GPX4) dysfunc-
tion.13–15 As a critical biological process in cancer, including 
HCC, ferroptosis is frequently dysregulated in malignant cells, 
which evolve robust evasion mechanisms to escape ferroptot-
ic cell death—an adaptive trait that drives tumor progression, 
metastasis, and resistance to conventional anticancer ther-
apies.16–18 Chen’s group used integrated multi-omics tech-
nologies and found that tumor cells within the primary lesion 
exhibited both epithelial–mesenchymal transition and ferrop-
tosis-associated signatures, which contribute to the formation 
of portal vein tumor thrombus in HCC.19 Increased SCRN1 
expression in HCC cells significantly impaired autophagy-me-
diated degradation of GPX4 by enhancing its phosphorylation, 
consequently alleviating lipid peroxidation and conferring fer-
roptosis resistance.20 Sor@Fe-MOF nanoparticles could drive 
ferroptotic cell death through downregulating GPX4 and up-
regulating ACSL4, exhibiting favorable therapeutic activity 
against HCC.21 Thus, elucidating the precise molecular net-
works governing ferroptosis in cancer cells holds great prom-
ise for developing novel, precision-based ferroptosis-inducing 
therapeutic strategies for HCC treatment.

Natural products represent a promising source for inno-
vative drug discovery and are highly valued for their sig-
nificant biomedical applications.22,23 As an important class 
of natural products, alkaloids possess attractive antitumor 
pharmacological properties.24 For example, a natural alka-
loid isolated from Fibraurea recisa Pierre, named palma-
tine (PAL), possesses a wide spectrum of pharmacological 
bioactivities, such as anti-inflammatory25 and antitumor 
effects.26 Administration of PAL obviously induced G2/M-
phase arrest and antagonized the malignant phenotype 
of colorectal cancer cells by inhibiting myosin heavy chain 
9-mediated nuclear localization of aurora kinase A.27 Anoth-
er study by Ativui’s group indicated that PAL displayed an 
obvious cytotoxic effect through inhibition of metastasis in 
4T1 triple-negative breast cancer cells.28 Although PAL has 
shown potential for HCC therapy,29 its detailed molecular 
mechanisms have not been fully elucidated.

The present study aimed to investigate the antitumor ef-
fects and underlying mechanisms of natural alkaloids against 
HCC. Using high-throughput screening (HTS) of an alkaloid 
library, we identified PAL as a potential anti-HCC agent. Our 
results demonstrated that PAL exerted potent antitumor ac-
tivity by inducing ferroptosis both in vitro and in vivo. To 
explore the molecular mechanisms underlying PAL-mediated 
cytotoxicity, quantitative proteomics was performed to iden-
tify differentially expressed proteins (DEPs) in HCC cells fol-
lowing PAL treatment. We found that PAL markedly down-
regulated troponin T1 (TNNT1) expression by promoting its 
K48-linked polyubiquitination. Collectively, this study repre-
sents a proof of concept for a screening paradigm to develop 
PAL as a promising candidate for HCC treatment.

Methods

Cell culture and reagents
The HCC cell lines HepG2 and Huh7, as well as normal he-
patic HHL5 cells, were all provided by Xiangya Cancer Center, 

Xiangya Hospital, Central South University, China. Cultured 
in Dulbecco’s Modified Eagle’s Medium (Corning) supple-
mented with 10% fetal bovine serum (Gibco) and 1% peni-
cillin/streptomycin, these cells were grown in a humidified 
incubator at 37 °C with 5% CO2.

The alkaloid library containing 269 compounds (L7900), 
PAL (S3769), and MG132 (S2619) were all acquired from 
Selleckchem. GPX4 antibody (67763-1-Ig) and 4-hydrox-
ynonenal (4-HNE) antibody (68538-1-Ig) were acquired 
from Proteintech. TNNT1 antibody (NBP1-32748) was ac-
quired from Novus Biologicals. Actin antibody (sc-58673) 
was acquired from Santa Cruz Biotechnology. Ubiquitin anti-
body (#3936) was acquired from Cell Signaling Technology.

Cell viability and growth assays
Cell viability was quantified using the Cell Counting Kit-8 
(CCK-8, B34304, Bimake) assay following a previously de-
scribed protocol.23 A total of 2 × 103 HCC cells were inocu-
lated into 96-well plates. Following cell adhesion, cells were 
treated with the indicated compounds for various durations. 
Subsequently, 10 µL of CCK-8 reagent was added to each 
well, followed by incubation for 2 h. The absorbance of the 
resulting complex was detected at 450 nm using a microplate 
reader. The cell inhibitory rate was calculated according to 
the following formula:

OD_compound OD_blankInhibition rate 1 .
OD_Ctrl OD_blank

−
= −

−
Cell growth was evaluated using the colony formation as-

say. As described previously,30 1 × 103 HCC cells were inocu-
lated into 6-well plates. Following cell adhesion, cells were 
treated with the indicated compounds. After nearly 14 days 
of culture, HCC cells were washed with pre-cooled phos-
phate-buffered saline and fixed with pre-cooled methanol. 
Thereafter, 0.3% crystal violet solution was used to stain the 
cell colonies.

Cell death assay
Cell death was quantified using the Calcein/PI Live/Dead Vi-
ability/Cytotoxicity Assay Kit (C2015M, Beyotime) following a 
previously described protocol.31 HCC cells were seeded onto 
glass coverslips. After treatment with the indicated com-
pounds, the cells were stained with 1 mL of Calcein acetoxym-
ethyl ester (AM)/propidium iodide (PI) solution at 37 °C for 30 
min in the dark. A fluorescence microscope (ZEISS Axio Ob-
server 3) was used to detect fluorescence staining of the cells. 
Specifically, green fluorescence from Calcein AM indicated liv-
ing cells, while red fluorescence from PI indicated dead cells.

Intracellular Fe2+ analysis
Intracellular ferrous iron (Fe2+) levels were quantified us-
ing an iron assay kit (labscience, E-BC-K881-M) following a 
previously described protocol.31 Cells were lysed on ice and 
centrifuged at 15,000 × g for 15 min. The supernatant was 
collected and incubated with the iron probe at 37 °C for 60 
min in the dark. The absorbance of the generated complex 
was detected at 593 nm using a microplate reader. The Fe2+ 
concentration was then quantified based on the proportional 
relationship between absorbance intensity and Fe2+ content.

Intracellular malondialdehyde (MDA) assay
Intracellular MDA content was quantified using the Malondial-
dehyde ELISA Kit (MEIMIAN) following a previously described 
protocol.31 A total of 1 × 106 HCC cells were homogenized on 
ice in butylated hydroxytoluene-containing MDA lysis buffer. 
After centrifugation at 13,000 × g for 10 min, the superna-
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tant was collected and incubated with thiobarbituric acid solu-
tion at 95 °C for 1 h. The absorbance of the generated MDA-
thiobarbituric acid adduct was detected at 532 nm. The MDA 
concentration was then quantified based on the proportional 
relationship between absorbance intensity and MDA content.

Reactive oxygen species (ROS) assay
The cellular ROS concentration was quantified using the 
DCFDA/H2DCFDA Kit (35845, Sigma) following a previously 
described protocol.31 After treatment with the indicated com-
pounds, suspended HCC cells were stained with DCFDA so-
lution for approximately 30 min in the dark. A fluorescence 
microscope (ZEISS Axio Observer 3) was used to detect cells 
with green fluorescence signals.

Western blot
Western blot analysis was performed following a previously 
described protocol.31 Approximately 50 µg of proteins ex-
tracted from HCC cells or tumor tissues were separated by 
10% sodium dodecyl-sulfate polyacrylamide gel electropho-
resis and transferred onto methanol-activated polyvinylidene 
fluoride membranes by electroblotting. The membranes were 
then shaken in 5% defatted milk-containing Tris-buffered sa-
line for 1 h, followed by incubation with the following primary 
antibodies: GPX4 antibody, TNNT1 antibody, 4-HNE antibody, 
ubiquitin antibody, and actin antibody.

HCC mouse model
Animal experiments were performed following a previously 
described protocol.21 BALB/c nude mice (3–4 weeks old) were 
purchased from Sleck Jingda (Hunan, China). Approximately 
5 × 106 Huh7 cells were subcutaneously injected into the 
flanks of mice to establish xenograft tumors. When the tu-
mor volume reached approximately 100 mm3, all mice were 
randomly divided into four groups: the Control (Ctrl) group, 
PAL-treated group, PAL + Flag-Ctrl group, and PAL + Flag-
TNNT1 group. After a 20-day treatment cycle, all mice were 
euthanized. Tumor tissues, as well as major organs (heart, 
liver, spleen, lung, and kidney), were surgically excised and 
reserved for the indicated analyses. The Ethics Committee of 
Xiangya Hospital, Central South University, approved these 
animal experiments (XY20260303003).

Statistical analysis
All experimental findings are presented as mean ± stand-
ard deviation. Results represent at least three independent 
experiments. Two-tailed unpaired or paired Student’s t-tests 
were used to calculate statistical significance between two 
groups. The relationship between two variables was analyzed 
using Pearson correlation coefficients. All statistical proce-
dures were conducted using GraphPad Prism 8 software (San 
Diego, CA, USA), with significance thresholds set at P < 0.05 
and P < 0.01.

Results

HTS methods identify PAL as the potential anti-HCC 
alkaloid
We screened a small alkaloid library to explore its inhibitory 
effects against HCC cells. A total of 269 alkaloid compounds 
were tested in Huh7 cells at a concentration of 10 µM, and 
the results are presented as the percentage of cell inhibition 
relative to untreated Ctrl cells. Among the 269 compounds 
examined, PAL exhibited the most potent inhibitory effect on 
tumor cell viability (Fig. 1A and B). We subsequently used 

the CCK-8 assay to confirm the antitumor effects of PAL in 
Huh7 and HepG2 cells. As expected, PAL effectively inhibited 
tumor cell survival in a time- and dose-dependent manner 
(Fig. 1C and D). In contrast, no significant effects of PAL 
were observed in normal hepatic HHL5 cells (Fig. 1E). Next, 
clonogenic survival assays were performed to investigate the 
role of PAL in regulating cell growth. As shown in Figure 1F, 
exposure of Huh7 and HepG2 cells to PAL led to a significant 
decrease in colony formation compared with that in Ctrl cells. 
Meanwhile, live/dead cell staining was performed to evaluate 
the extent of cell death. PAL treatment resulted in a higher 
proportion of PI-positive dead cells (Fig. 1G), suggesting that 
PAL was highly effective in promoting cell death in HCC cells. 
Based on these results, we selected PAL as a candidate anti-
HCC drug for further mechanistic investigation.

PAL successfully exerted stimulatory effects on fer-
roptosis
Following confirmation of PAL’s cytotoxicity against HCC cells, 
we conducted further research to determine how PAL affects 
cell death. To characterize the biological effects of PAL treat-
ment on changes in the cellular proteome, Huh7 cells were 
treated with PAL or dimethyl sulfoxide. Subsequently, pro-
tein extracts were trypsinized and analyzed using quantitative 
proteomics. The DEPs were defined as |log2(fold change)| ≥ 
1 (Supplementary Table 1). Functional enrichment analysis 
of these DEPs indicated that several ferroptosis-associated 
pathways, such as ROS metabolism, glutamate receptor ac-
tivity, and adenosine triphosphate (ATP) metabolism, were 
overrepresented in PAL-treated Huh7 cells (Fig. 2A). Moreo-
ver, as depicted in Figure 2B, the inhibitory effect of PAL on 
cell viability was significantly abolished by two ferroptosis in-
hibitors, ferrostatin-1 and deferoxamine.32 The elevated Fe2+, 
ROS, and lipid peroxidation levels, accompanied by decreased 
reduced glutathione (GSH) levels, are typical hallmarks of fer-
roptosis.33 Accordingly, the intracellular contents of Fe2+ and 
the lipid peroxidation product MDA were both significantly in-
creased in PAL-treated Huh7 and HepG2 cells (Fig. 2C and D). 
In contrast, PAL treatment significantly reduced GSH levels 
in Huh7 and HepG2 cells (Fig. 2E). GPX4 expression, another 
key indicator of ferroptosis, effectively reflects the cellular 
ability to detoxify lipid peroxides.34 Here, GPX4 expression 
was investigated by western blot, and as shown in Figure 
2F, GPX4 expression was clearly downregulated in Huh7 and 
HepG2 cells treated with PAL. Given the critical physiologi-
cal roles of ferroptosis in promoting the release of damage-
associated molecular patterns (DAMPs), including ATP secre-
tion and passive release of high mobility group protein B1 
(HMGB1),35 we sought to explore the regulatory effect of PAL 
on DAMP homeostasis. Upon PAL treatment, we observed in-
creased extracellular levels of HMGB1 and ATP (Fig. 2G and 
H), confirming the stimulatory effect of PAL on DAMP release. 
Taken together, the above-mentioned results demonstrated 
that PAL induced ferroptotic cell death and represented a 
promising agent for the treatment of ferroptosis-related HCC.

Identification of proto-oncogenic TNNT1 as the po-
tential target of PAL
To identify potential targets of PAL in HCC, we analyzed the 
DEPs in PAL-treated Huh7 cells. Heatmap analysis identified 
TNNT1 as the most significantly downregulated protein (Fig. 
3A), suggesting that it may serve as a potential therapeu-
tic target of PAL. Next, we determined the effect of PAL on 
TNNT1 expression in Huh7 and HepG2 cells by western blot 
and quantitative real-time polymerase chain reaction. Inter-
estingly, the results demonstrated that PAL treatment down-
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Fig. 1.  Identification of PAL as an anti-HCC alkaloid. (A) Schematic workflow of alkaloid library screening for anticancer candidates. (B) The CCK-8 assay indicated the 
inhibitory effects of 269 alkaloid compounds on HCC cell viability. The top three candidate alkaloids with obvious anti-HCC activity were also displayed. (C-D) The time- and 
dose-dependent effects of PAL on HCC cells Huh7 and HepG2. (E) Changes in the viability of normal hepatic HHL5 cells after PAL treatment. (F) Clonogenic survival assays 
indicated the roles of PAL in regulating cell growth. (G) Live/dead cell staining indicated the roles of PAL in regulating cell death. Calcein AM (green) stained live cells, and 
PI (red) labeled dead cells. NS, not significant. *P < 0.05; **P < 0.01. HCC, hepatocellular carcinoma; CCK-8, Cell Counting Kit-8; PAL, palmatine; PI, propidium iodide; 
AM, acetoxymethyl ester; DMSO, dimethyl sulfoxide.
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Fig. 2.  PAL-induced effects on ferroptosis. (A) Functional enrichment analysis of the DEPs upon PAL exposure. (B) The regulatory effects of two ferroptosis inhibitors, 
Fer-1 and DFO, on PAL-mediated cell viability inhibition. (C) The effects of PAL on Fe2+ levels. (D) The effects of PAL on lipid peroxidation product MDA levels. (E) The effects 
of PAL on GSH levels. (F) The effects of PAL on the expression of the ferroptosis biomarker GPX4. (G-H) The effects of PAL on the release of HMGB1 and ATP. **P < 0.01. 
DEPs, differentially expressed proteins; Fer-1, ferrostatin-1; DFO, deferoxamine; PAL, palmatine; Fe2+, ferrous iron; MDA, malondialdehyde; DMSO, dimethyl sulfoxide; 
ATP, adenosine triphosphate; HMGB1, high mobility group protein B1; GSH, reduced glutathione; GPX4, glutathione peroxidase 4; +, with; -, without.
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regulated TNNT1 at the protein level but exerted no effect on 
its mRNA transcription (Fig. 3B and C). We then employed Mo-
lecular Operating Environment software to perform molecular 
docking analysis between PAL and TNNT1. As shown in Figure 
3D, PAL could be well docked into the TNNT1 protein struc-
ture, with a docking score of −4.8768. Accumulating studies 
have shown that the cellular thermal shift assay (CETSA) can 
be used to evaluate the direct interaction between drugs and 
endogenous targets in cells.31,36 CETSA analysis revealed that 
PAL treatment significantly decreased the thermal stability of 
TNNT1 in HCC cells, supporting the direct binding of PAL to 
TNNT1 (Fig. 3E). As reported, TNNT1 might be a proto-onco-
genic biomarker for several cancers, including HCC.37 To eval-
uate changes in TNNT1 expression across pan-cancers, we 
analyzed high-throughput genomics data from human cancer 
patients using the HCC Database v2.0 platform.38 TNNT1 ex-
pression was significantly upregulated in multiple cancers, in-
cluding bladder urothelial carcinoma, breast cancer, lung ad-
enocarcinoma, etc. (Supplementary Fig. 1A). Moreover, three 
HCC datasets all confirmed the upregulation of TNNT1 in HCC 
tissues (Supplementary Fig. 1B). We evaluated the prognostic 
value of TNNT1 in HCC patients using Kaplan-Meier Plotter,39 

and found that high TNNT1 expression was significantly asso-
ciated with poor overall survival and recurrence-free survival 
(Supplementary Fig. 1C and D). Another two Gene Expres-
sion Omnibus datasets (GSE7642740 and GSE1018641) from 
PanCanSurvPlot42 also confirmed the unfavorable prognostic 
value of TNNT1 for patients’ overall survival (Supplementary 
Fig. 1E and F). Taken together, these findings collectively sug-
gested that PAL might inhibit the expression of the tumor 
promoter TNNT1 in human HCC cells.

PAL promoted TNNT1 K48-linked ubiquitination
Administration of PAL reduced TNNT1 protein levels but 
had no effect on its mRNA levels (Fig. 3B and C), indicat-
ing that PAL regulates TNNT1 at the post-translational level. 
Meanwhile, as shown in Fig. 4A, the PAL-induced decrease in 
TNNT1 protein levels was abolished by the proteasome inhibi-
tor MG132,43 suggesting that PAL modulates TNNT1 stability 
through the ubiquitin-proteasome pathway. Using cyclohex-
imide chase assays, we further determined the protein stabil-
ity of TNNT1. As expected, PAL treatment markedly short-
ened the protein half-life of TNNT1 in Huh7 and HepG2 cells 
(Fig. 4B). As K48-linked ubiquitination is critical for regulating 

Fig. 3.  Identification of TNNT1 as the potential target of PAL. (A) Heatmap of the significantly downregulated proteins. (B-C) The effects of PAL on the expression 
of TNNT1. (D) Molecular docking analysis of PAL and TNNT1. (E) CETSA analysis of the PAL-TNNT1 direct interaction in HCC cells. NS, not significant; PAL, palmatine; 
CETSA, cellular thermal shift assay; HCC, hepatocellular carcinoma; Log2 FC, Log2 fold change; TNNT1, troponin T1; CASQ1, calsequestrin 1; TNNI1, troponin I1; 
FAM136A, family with sequence similarity 136 member A; FABP3, fatty acid binding protein 3, TNNI2, troponin I2; MYBPC1, myosin binding protein C1; DDA1, DET1- 
and DDB1-associated 1; C1D, C1D nuclear receptor corepressor; MYOZ1, myozenin 1; DMSO, dimethyl sulfoxide; Ctrl, Control; +, with; -, without.
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protein stability through the ubiquitin-proteasome system,44 
we next examined the effect of PAL on TNNT1 ubiquitination. 
As expected, treatment with PAL significantly increased the 

polyubiquitination of TNNT1 in both Huh7 and HepG2 cells 
compared with the Ctrl groups (Fig. 4C). To further character-
ize PAL-mediated TNNT1 ubiquitination, we performed ubiqui-

Fig. 4.  The effects of PAL on K48-linked polyubiquitination and protein stability of TNNT1. (A) PAL-treated HCC cells Huh7 and HepG2 were treated with 
vehicle or the proteasome inhibitor MG132 (50 µM) for 3 h. Cell lysates were then blotted with the indicated antibodies. (B) CHX chase assays indicated the role of PAL 
in regulating the half-life of TNNT1 protein. (C) The role of PAL in TNNT1 ubiquitination. (D) The role of PAL in TNNT1 K48-linked and K63-linked polyubiquitination. (E) 
UbiBrowser 2.0 showing the potential E3 ligase for TNNT1 ubiquitination. (F) The effect of PAL on the interaction between exogenous PRKN and TNNT1. Cell lysates from 
PAL-treated Huh7 and HepG2 cells were subjected to immunoprecipitation with TNNT1 antibody and then blotted with the indicated antibodies. (G) HepG2 cells were 
transduced with PRKN siRNA pool, and cell lysates were blotted with the indicated antibodies. (H) The role of PRKN siRNA pool in PAL-mediated TNNT1 ubiquitination. 
HCC, hepatocellular carcinoma; PAL, palmatine; CHX, Cycloheximide; siRNA, small interfering RNA; TNNT1, troponin T1; DMSO, dimethyl sulfoxide; Ub, ubiquitin; IgG, 
Immunoglobulin G; PRKN, Parkinson disease protein 2; HA, human influenza hemagglutinin; +, with; -, without.
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tin linkage-specific assays using a panel of ubiquitin mutants 
with only a single lysine residue preserved. We found that PAL 
treatment specifically enhanced K48-linked polyubiquitination 
of TNNT1 (Fig. 4D). Given the important roles of E3 ubiquitin 
ligases in protein ubiquitination,45 we used UbiBrowser 2.046 
to identify Parkinson disease protein 2 (PRKN) as the poten-
tial E3 ligase for TNNT1 ubiquitination (Fig. 4E). PAL treat-
ment significantly enhanced the interaction between PRKN 
and TNNT1 (Fig. 4F). However, knockdown of PRKN abolished 
the stimulatory effects of PAL on TNNT1 ubiquitination in both 
Huh7 and HepG2 cells (Fig. 4G and H). Collectively, our data 
demonstrated that PAL promoted PRKN-mediated TNNT1 
ubiquitination and degradation.

PAL participated in ferroptotic cell death through a 
TNNT1-dependent manner
To better characterize whether TNNT1 signaling affects 
PAL-mediated ferroptosis, we constructed a TNNT1 overex-

pression vector to restore TNNT1 protein levels (Fig. 5A). 
Interestingly, ectopic expression of TNNT1 in PAL-treated 
Huh7 and HepG2 cells completely reversed the decrease in 
cell viability (Fig. 5B). Next, we sought to confirm the an-
ti-ferroptotic potential of TNNT1 against PAL. We used the 
Gene Expression Profiling Interactive Analysis 2 database47 
to examine the correlation between TNNT1 expression and 
ferroptosis-associated markers. As shown in Supplementary 
Figure 2A and B, a positive correlation between TNNT1 and 
several ferroptosis suppressors, such as ferritin heavy chain 
1 (FTH1, P = 0.012, Pearson r = 0.13), heat shock protein 
beta-1 (HSPB1, P = 7.5 × 10−12, Pearson r = 0.35), and 
solute carrier family 7 member 11 (SLC7A11, P = 0.049, 
Pearson r = 0.1), was observed in human HCC specimens. 
TNNT1 expression also displayed a negative correlation with 
several ferroptosis drivers, such as lysophosphatidylcholine 
acyltransferase 3 (LPCAT3, P = 0.054, Pearson r = −0.1), 
nuclear receptor coactivator 4 (NCOA4, P = 0.009, Pearson 

Fig. 5.  Effects of TNNT1-dependent PAL activity on ferroptosis. (A) HCC cells Huh7 and HepG2 were transduced with Flag-TNNT1, and cell lysates were blotted 
with the indicated antibodies. (B) The CCK-8 assay indicated the regulatory effects of Flag-TNNT1 on PAL-mediated cell viability inhibition. (C) The regulatory effects 
of Flag-TNNT1 on the PAL-mediated increase in Fe2+. (D) The regulatory effects of Flag-TNNT1 on the PAL-mediated increase in lipid peroxidation product MDA. (E) 
The regulatory effects of Flag-TNNT1 on the PAL-mediated decrease in GSH. (F) The regulatory effects of Flag-TNNT1 on the PAL-mediated increase in ROS. NS, not 
significant. *P < 0.05;**P < 0.01. HCC, hepatocellular carcinoma; CCK-8, Cell Counting Kit-8; PAL, palmatine; Fe2+, ferrous iron; MDA, malondialdehyde; ROS, reactive 
oxygen species; GSH, reduced glutathione; TNNT1, troponin T1; DMSO, dimethyl sulfoxide; Ctrl, Control; +, with; -, without.
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r = −0.14), and transferrin (TF, P = 0.0017, Pearson r = 
−0.16). These results indicated that TNNT1 might act as a 
negative regulator of ferroptosis. Notably, overexpression of 
TNNT1 effectively blocked the promoting effects of PAL on 
cellular Fe2+ and MDA levels (Fig. 5C and D). Meanwhile, the 
decreased GSH levels induced by PAL treatment were effi-
ciently reversed by ectopic expression of TNNT1 in both Huh7 
and HepG2 cells (Fig. 5E). Immunofluorescence staining 
showed that TNNT1 overexpression could also abolish PAL-
mediated upregulation of cellular ROS concentrations (Fig. 
5F). Therefore, these findings suggested that PAL generated 
ferroptotic cell death in a TNNT1-dependent manner.

The in vivo antitumor activity of PAL by regulating 
TNNT1
Previously, we demonstrated the pivotal functions of PAL 
in regulating ferroptosis, which were achieved by inhibiting 
TNNT1 levels. Next, we sought to validate these findings us-
ing BALB/c nude mouse xenograft models (Fig. 6A). Unsur-
prisingly, tumor size and weight were drastically suppressed 
after PAL monotherapy. However, TNNT1 overexpression di-
minished the antitumor effect of PAL (Fig. 6B–D). Meanwhile, 
western blot analysis of tumor tissue proteins showed de-
creased GPX4 and increased levels of the lipid peroxidation 
product 4-HNE following PAL treatment. However, TNNT1 
overexpression distinctly antagonized these effects mediated 
by PAL (Fig. 6E). Next, we assessed whether PAL treatment 
or TNNT1 overexpression could cause adverse effects in mice. 
No significant changes in body weight were observed among 
groups during the experimental period (Fig. 6F). Given that 
alanine transaminase and aspartate transaminase reflect he-
patic function, whereas creatinine indicates renal function, 
we measured their serum levels using spectrophotometry. 
No significant differences in serum alanine transaminase, 
aspartate transaminase, or creatinine levels were detected 
among the four groups (Fig. 6G). Furthermore, hematoxy-
lin and eosin staining revealed no obvious histopathological 
abnormalities in several organs, including the heart, liver, 
spleen, lung, and kidney (Fig. 6H). Taken together, these re-
sults supported the potential clinical activity and negligible 
adverse effects of PAL against HCC.

Discussion
Nowadays, natural compounds represent promising bioactive 
agents owing to their distinct antitumor properties and mini-
mal adverse effects.48–50 Despite these merits, their detailed 
antitumor mechanisms are still poorly understood. Alkaloids, 
naturally occurring organic compounds, hold significant value 
in the clinical prevention and treatment of cancers, especially 
HCC.51 The Nelumbo nucifera-derived alkaloid liensinine could 
impair glycolysis and the immunosuppressive microenviron-
ment in HCC cells by activating the AMP-activated protein ki-
nase-hypoxia-inducible factor-1α signaling axis, thereby en-
hancing therapeutic sensitivity.52 Berberine, an isoquinoline 
alkaloid isolated from Coptis chinensis, significantly activates 
the anti-HCC immune response by enhancing the effector 
function of T lymphocytes.53 In the present study, we used an 
alkaloid library to explore their underlying anti-HCC potential 
and identified the natural compound PAL as a promising can-
didate with remarkable anticancer activity. Moreover, in vivo 
models confirmed that PAL exhibited favorable clinical efficacy 
against HCC along with negligible adverse effects.

Accumulating evidence indicates that the induction of pro-
grammed cell death holds great promise for the development 
of novel antitumor therapies. As an iron-dependent form of 
programmed cell death, ferroptosis has rapidly become a 

hotspot with substantial scientific value and significant thera-
peutic potential.54 In HCC cells, the highly bioactive alkaloid 
piperine displays pharmacological properties by eliciting fer-
roptotic cell death through increasing ROS activity and Fe2+ 
content.55 Additionally, Li’s group pointed out that berberine, 
a natural alkaloid from some medicinal herbs, induces ferrop-
tosis in HepG2 cells by stimulating severe mitochondrial dys-
function and ROS accumulation.56 Similarly, our work identi-
fied TNNT1 as the critical target for PAL-driven ferroptosis in 
HCC cells. The present study further clarified the mechanism 
by which TNNT1 inhibited ferroptosis. Correlation analysis us-
ing the Gene Expression Profiling Interactive Analysis 2 data-
base showed that TNNT1 expression was positively correlated 
with multiple ferroptosis suppressors (e.g., FTH1, HSPB1, and 
SLC7A11), while being negatively correlated with ferroptosis 
drivers (e.g., TF, NCOA4, and LPCAT3) in human HCC tissues. 
These results suggest that TNNT1 might inhibit ferroptosis 
mainly through regulating iron metabolism, enhancing anti-
oxidant capacity, and maintaining the SLC7A11/GPX4 sign-
aling axis. Mechanistically, TNNT1 may reduce intracellular 
Fe2+ accumulation by upregulating FTH1 and downregulating 
TF, thereby limiting iron-dependent lipid peroxidation. Mean-
while, TNNT1 may elevate HSPB1 to alleviate oxidative stress 
and preserve GSH levels by enhancing SLC7A11-mediated 
cystine uptake, which further stabilizes GPX4 activity and 
inhibits ferroptosis. Consistently, functional rescue experi-
ments confirmed that overexpression of TNNT1 significantly 
reversed PAL-induced increases in Fe2+, MDA, and ROS, as 
well as the decrease in GSH.

Slow skeletal muscle TNNT1 acts as a poor prognostic bio-
marker in multiple human cancers, such as colon adenocar-
cinoma. Functional analyses suggested that increased TNNT1 
could drive cellular malignant behaviors.57 In lung cancer, 
knockdown of TNNT1 notably attenuates cell migration and 
invasion through suppressing the Wnt/β-catenin pathway.58 
Findings from Huang’s group reported similar discoveries, 
confirming the oncogenic functions of TNNT1 in HCC.37 Here, 
our findings also demonstrated that TNNT1 exerted a tumor-
promoting role in HCC cells. Patients with high TNNT1 ex-
pression exhibited poor overall survival. Furthermore, over-
expression of TNNT1 significantly antagonized both the tumor 
growth inhibition and ferroptosis induction mediated by PAL.

While this study clarifies that PAL promotes TNNT1 deg-
radation to reverse ferroptosis resistance, several limitations 
need to be addressed. Specifically, only two HCC cell lines, 
Huh7 and HepG2, were employed to verify the biological 
effects of PAL on TNNT1 ubiquitination and ferroptosis in-
duction. The applicability of these findings to other HCC cell 
subtypes (such as MHCC97H and SK-Hep-1) or primary HCC 
cells isolated from clinical samples remains unclear. Recently, 
ferroptosis has increasingly been recognized as a pivotal im-
munomodulatory mechanism that enhances anticancer im-
munity.59 However, the in vivo experiments only adopted 
nude mouse xenograft models, which lack a functional im-
mune system. This deficiency limits the assessment of po-
tential crosstalk between PAL-induced TNNT1 degradation, 
ferroptosis activation, and remodeling of the tumor immune 
microenvironment. This study also failed to characterize the 
in vivo pharmacokinetic and pharmacodynamic profiles of 
PAL, including the optimal administration route and dosage 
in mouse models. Clarifying these pharmacokinetic/pharma-
codynamic parameters is essential for facilitating the clinical 
translation of PAL as a potential anti-HCC therapeutic agent. 
In addition, whether other E3 ubiquitin ligases or deubiq-
uitinating enzymes participate in TNNT1 stability warrants 
further exploration. Moreover, we mainly focused on TNNT1 
as the primary downstream target of PAL. Whether other 
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downregulated proteins are target molecules of PAL requires 
further verification in future experiments.

Conclusions

We screened an alkaloid library and identified PAL as a candi-

date anti-HCC compound. Our work reveals that PAL revers-
es ferroptosis resistance by inducing TNNT1 ubiquitination 
and degradation. Using a combination of in vitro tumor cell 
experiments and in vivo xenograft models, we provide com-
pelling evidence that PAL exerts its antitumor effect by in-
ducing ubiquitination and subsequent degradation of TNNT1, 

Fig. 6.  In vivo antitumor abilities of PAL against HCC. (A) Schematic illustration of the experimental protocol for HCC xenograft models, which were treated with 
vehicle or PAL. (B) Representative photographs of tumors. (C-D) Quantitative analysis of tumor volume (C) and weight (D) in Huh7 xenograft-bearing mice following the 
indicated treatment. (E) Western blot analysis indicated the expression of GPX4, 4-HNE, and TNNT1 in tumor tissues. (F) Quantitative analysis of body weight in Huh7 xen-
ograft-bearing mice following the indicated treatment. (G) The serum levels of ALT, AST, and CR. (H) H&E staining of several organs among the treated groups, including the 
heart, liver, spleen, lung, and kidney. NS, not significant. **P < 0.01. HCC, hepatocellular carcinoma; H&E, hematoxylin and eosin; PAL, palmatine; ALT, alanine transami-
nase; AST, aspartate transaminase; CR, creatinine; TNNT1,  troponin T1; GPX4,  glutathione peroxidase 4; 4-HNE, 4-hydroxynonenal; Ctrl, Control; +, with; -, without.
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thereby restoring the sensitivity of HCC cells to ferroptosis. 
The clinical significance of this study lies in identifying a novel 
anti-HCC strategy and providing new insights into targeted 
therapy for HCC. PAL, a bioactive natural alkaloid with potent 
antitumor properties, promotes ferroptosis through TNNT1 
downregulation. Our discovery demonstrates the promising 
prospects of PAL for anti-HCC clinical translation and pro-
vides a novel therapeutic target and treatment paradigm. 
Notably, PAL displays a satisfactory safety profile, laying a 
solid foundation for its future clinical application. Its unique 
mechanism also fills a gap in current HCC treatment and pro-
vides a new option for patients lacking effective therapies.
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