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Abstract
Background Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related mortality. Although 
multi-kinase inhibitors can prolong the overall survival of late-stage HCC patients, the emergence of drug resistance 
diminishes these benefits, ultimately resulting in treatment failure. Therefore, there is an urgent need for novel and 
effective drugs to impede the progression of liver cancer.

Methods This study employed a concentration gradient increment method to establish acquired sorafenib or 
regorafenib-resistant SNU-449 cells. Cell viability was assessed using the cell counting kit-8 assay. A library of 793 
bioactive small molecules related to metabolism screened compounds targeting both parental and drug-resistant 
cells. The screened compounds will be added to both the HCC parental cells and the drug-resistant cells, followed 
by a comprehensive assessment. Intracellular adenosine triphosphate (ATP) levels were quantified using kits. Flow 
cytometry was applied to assess cell apoptosis and reactive oxygen species (ROS). Real-time quantitative PCR studied 
relative gene expression, and western blot analysis assessed protein expression changes in HCC parental and drug-
resistant cells. A xenograft model in vivo evaluated Mito-LND and (E)-Akt inhibitor-IV effects on liver tumors, with 
hematoxylin and eosin staining for tissue structure and immunohistochemistry staining for endoplasmic reticulum 
stress protein expression.

Results From the compound library, we screened out two novel compounds, Mito-LND and (E)-Akt inhibitor-IV, 
which could potently kill both parental cells and drug-resistant cells. Mito-LND could significantly suppress 
proliferation and induce apoptosis in HCC parental and drug-resistant cells by upregulating glycolytic intermediates 
and downregulating those of the tricarboxylic acid (TCA) cycle, thereby decreasing ATP production and increasing 
ROS. (E)-Akt inhibitor-IV achieved comparable results by reducing glycolytic intermediates, increasing TCA cycle 
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Background
Hepatocellular carcinoma (HCC) constitutes 70-90% of 
primary liver cancers, making it the sixth most preva-
lent cancer and the third leading cause of cancer-related 
fatalities globally [1]. Currently, curative treatments for 
early-stage HCC patients include surgical resection, 
liver transplantation, and local ablation. However, most 
HCC patients are diagnosed at advanced stages, limiting 
treatment options to methods like transarterial chemo-
embolization and systemic therapies to extend survival 
[2]. Although multi-kinase inhibitors, like sorafenib, len-
vatinib, and regorafenib, can prolong overall survival of 
advanced HCC patients, the evolution of HCC dimin-
ishes the efficacy and eventually leads to treatment fail-
ure [3]. Therefore, new and effective drugs that retardate 
cancer progression are urgently needed.

Metabolic reprogramming is one of the hallmarks of 
cancer [4], providing treatment vulnerabilities. Cancer 
cells undergo several metabolic adaptations to sustain 
continuous proliferation and metastasis. A century ago, 
Otto Warburg observed cancer cells using a lot of glu-
cose to produce lactate, even with oxygen—a phenom-
enon known as aerobic glycolysis or the Warburg effect 
[5]. This increase in glycolysis leads to the production of 
glycolytic intermediates, such as pyruvate and lactate, 
which can be used as building blocks for the synthesis 
of new molecules, such as nucleotides, lipids, and amino 
acids, required for cell proliferation. These intermediates 
can also be converted into other metabolic intermedi-
ates through the tricarboxylic acid (TCA) cycle, which 
acts as an important hub for anabolism in cancer cells. 
By disrupting cancer cell metabolism or altering redox 
balance, it may be possible to inhibit tumor growth and 
improve patient outcomes [6]. Recent investigations 
have unveiled diverse metabolic reprogramming occur-
rences, such as an augmented requirement for electron 
acceptors, heightened dependence on shielding against 
oxidative stress, and escalated nitrogen demand [7]. The 
susceptibility resulting from metabolic reprogramming 
could present therapeutic prospects since cancer cells 
depend on particular metabolic pathways. For instance, 
in 1948, Farber and Diamond documented that ami-
nopterin, an anti-folate medication, could bring about 
remission in pediatric acute lymphocytic leukemia [8]. 

Thereafter, numerous metabolic medications, such as the 
folate metabolism inhibitor methotrexate and various 
agents suppressing nucleotide synthesis, have received 
approval for clinical utilization [9]. Overall, these find-
ings highlight the complex interplay between metabolism 
and cancer development and provide potential targets for 
therapeutic intervention.

Mitochondria are important bioenergetic and biosyn-
thetic factories that are essential for normal cell func-
tion and human health. Mitochondria play a central and 
multifaceted role in the progression of malignant tumors, 
offering opportunities for targeted therapy in cancer [10]. 
Stimulating mitochondrial reactive oxygen species (ROS) 
generation to induce cancer cell death can enhance the 
efficacy of chemotherapy [11]. The complex I inhibitor 
metformin is a biguanide commonly used to treat diabe-
tes and has anticancer activity in diabetic patients [12]. 
Succinate dehydrogenase (SDH)-deficient cells relying 
on extracellular pyruvate for Warburg-like bioenergetics 
and sustaining growth through pyruvate carboxylation, 
highlighting a metabolic vulnerability for potential SDH-
associated malignancy treatment [13].

The compound library targeting cancer metabolism 
serves as a powerful tool for screening novel potent com-
pounds against cancer. Imatinib, a tyrosine kinase inhibi-
tor primarily used for treating chronic myeloid leukemia, 
was selected from the compound library [14]. Simultane-
ously, panitumumab was also discovered through library 
screening [15]. This highlights the compound library’s 
effectiveness in targeting cancer metabolism, serving as 
a robust tool for screening novel compounds against can-
cer. Consequently, we conducted a study on mitochon-
dria-targeted mito-lonidamine (Mito-LND) and (E)-Akt 
inhibitor-IV ((E)-AKTIV), identified from screening an 
anti-cancer metabolism compound library, to investigate 
their cytotoxic effects on both wild-type and drug-resis-
tant HCC cells. Additionally, we delved into the potential 
underlying mechanisms of action.

Methods
Cell lines and cell culture
Human liver cancer cell lines Huh7, SK-Hep1, SNU-449 
were obtained from the American Type Culture Collec-
tion (Manassas, VA, USA). All the cells were identified by 

intermediates, and decreasing ATP synthesis and ROS levels. Both compounds trigger apoptosis in HCC cells through 
the interplay of the AMPK/MAPK pathway and the endoplasmic reticulum stress response. In vivo assays also showed 
that these two compounds could significantly inhibit the growth of HCC cells and induce endoplasmic reticulum 
stress.

Conclusion Through high throughput screening, we identified that Mito-LND and (E)-Akt inhibitor-IV are two novel 
compounds against both parental and drug-resistant HCC cells, which could offer new strategies for HCC patients.
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short-tandem-repeat profiling, and without mycoplasma 
contamination. Cells were cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM) pH 7.4 (Gibco, Rockville, 
MD, USA). All culture media were supplemented with 
10% fetal bovine serum (Natocor, SFBNTC, Natocor-
Industria Biologica, Argentina), 100 units/mL penicillin, 
and 100  µg/mL streptomycin (HyClone). All cells were 
grown in a 37  °C humidified atmosphere containing 5% 
CO2.

Drug resistant cultivation
The SNU-449 wild-type cells (SNU-449 WT) were sub-
jected to a gradient increment induction method using 
the drugs (sorafenib/regorafenib), and resistant cultiva-
tion was carried out for a minimum of 8 months. After 
resistant cells and its parental cells (5000 cells per well) 
treated with 1 to 64 µM of regorafenib (HY-10331, Med-
ChemExpress) and 1 to 32 µM of sorafenib (HY-10201, 
MedChemExpress) for 48 h, the cell viability was deter-
mined by cell counting kit-8 assay (CCK-8) (GlpBio, 
China). The resistance index (RI) was calculated accord-
ing to the following formula: RI= (IC50 of the resistant 
cell line)/ (IC50 of the parental cell line).

High-throughput drug screening
In the screening of the anti-cancer metabolism com-
pound library (HY-L083, MedChemExpress), 5000 SK-
Hep1/Huh7/SNU-449/SNU-449 regorafenib-resistant 
cells (SNU-449 RR) were seeded per well in a 96-well 
plate. After cell attachment, each compound was added 
to the cells at a concentration of 10 µM. Following a 
48-hour incubation period, absorbance was measured 
using CCK-8. The absorbance was measured at 450  nm 
by a microplate reader (Thermo varioskan lux). Cell 
viability (%) was calculated according to the formula: 
(experiment OD value-blank OD value)/ (control OD 
value-blank OD value) × 100%.

Protein extraction and Western blot analysis
SNU-449 WT, SNU-449 sorafenib-resistant cells (SNU-
449 SR) and SNU-449 RR were treated with Mito-LND 
(HY-134832, MedChemExpress) or (E)-Akt inhibitor 
IV (HY-14971, MedChemExpress) at a concentration 
of 4 µΜ for 48  h. Subsequently, total protein was har-
vested. Cells were lysed using protein lysate (Beyotime, 
China) and the protein concentration of cell lysates was 
assessed by the bicinchoninic acid protein assay (Beyo-
time, China). 30 µg aliquots of proteins from whole cell 
lysates were separated by 8–12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to a 
PVDF membrane. Closure with NcmBlot blocking buf-
fer for 30  min. The protein expression levels of AMPK 
(5832  S, Cell Signaling Technology), p-AMPK (2535  S, 
Cell Signaling Technology), AKT (9272 S, Cell Signaling 

Technology), p-AKT (4060 S, Cell Signaling Technology), 
ERK (ET601-29, HUABIO), p-ERK (ET1610-13, HUA-
BIO), P38 (66234-1-IG, Proteintech), p-P38 (YP0338, 
Immunoway), JNK (66210-1-IG, Proteintech), p-JNK 
(ET1601-28, HUABIO), mTOR (66888-1-IG, Protein-
tech), p-mTOR (67778-1-IG, Proteintech), IRE1 (27528-
1-AP, Proteintech), p-IRE1 (YP1798, Abcam), XBP1S 
(24868-1-AP, Proteintech) and CHOP (15204-1-AP, 
Proteintech) were measured by specific antibodies with 
β-Tubulin (TA-10, ZSGB-BIO), vinculin (66305-1-IG, 
Proteintech), or β-actin (81115-1-RR, Proteintech) as the 
loading control.

Intracellular ATP assay
After overnight apposition of cells in 24-well plates, 
Mito-LND and (E) -AKTIV were added at 4 µ M con-
centrations. 1 × 105 cells per group after 48 h incubation, 
100ul lysate was added, and cells were lysed on ice. Fol-
low instructions according to the ATP extraction kit from 
Beyotime (Jiangsu, China).

Assessment of intracellular reactive oxygen species (ROS)
SNU-449 WT, SNU-449 SR and SNU-449 RR cells were 
seeded in 1 × 106 cells/well. After treatment with Mito-
LND (4 µΜ) and (E)-AKTIV (4 µΜ) for 48 h, cells were 
collected and centrifuged at 1,000  rpm for 5  min. The 
DCFH-DA probe (Beyotime, China) was introduced and 
incubated at 37 °C for 20 min. Uninternalized probe was 
washed off twice with phosphate-buffered saline (PBS). 
Subsequently, the cells were transferred to flow tubes. 
Flow cytometry was employed to determine the percent-
age of ROS-positive cells, and the data were analyzed 
using FlowJo-V10 software.

Real-time quantitative PCR analysis
SNU-449 parental cells, along with the corresponding 
resistant cells SNU-449 SR and SNU-449 RR in the loga-
rithmic growth phase, were treated with 0 or 4 µM Mito-
LND or (E)-AKTIV for 48 h. Total RNA was isolated from 
cells by trizol reagent from Esscience (Shanghai, China) 
according to manufacturer’s protocol. The isolated total 
RNA underwent reverse transcription to generate cDNA 
using a reverse transcription kit from SparkJade (Shan-
dong, China). Subsequently, the CFX Opus real-time 
PCR system (Bio-Rad, USA) was employed to load the 
reverse transcription products obtained from the total 
RNA onto the Taq Man array for quantitative reverse 
transcription-polymerase chain reaction (RT-qPCR). 
The specificity of amplification was validated through 
melting curve analysis. Normalizing with the internal 
reference (B2M), the relative mRNA levels of genes were 
calculated using Ct values according to the formula: Ct 
value = 2^-ΔCt [ΔCt = Ct target gene - Ct B2M]. The Ct 
value was utilized to determine the relative expression 
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level of gene mRNA. The entire experiment was repli-
cated three times, and then the average was computed.

Primers used for RT-qPCR

Primer name Primer sequence
XBP1_Forward  T G G C G G T A T T G A C T C T T C A
XBP1_Reverse  G G A A C T G G G T C C T T C T G G
ATF4_Forward  G A G C A G C G A G G T G T T G G
ATF4_Reverse  C C C G C C T T A G C C T T G T C
B2M_Forward  G A G T G C T G T C T C C A T G T T T G
B2M_Reverse  C T G C T C C C C A C C T C T A A G T
GADD45A_Forward  G C C C G G A G A T A G A T G A C T T
GADD45A_Reverse  T T T C C T T C C T G C A T G G T T
ITPR1_Forward  A G G C T T C C T G C T C T G T T G
ITPR1_Reverse  C T A T G A C C A C G C T G T C T C C
IRE1_Forward  A T C T C G G G G T G G T G C T C
IRE1_Reverse  C T G G G T C T T C G C T G C T C T
CHOP_Forward  C T T T C T C C T T C G G G A C A C T
CHOP_Reverse  G A C C T C T G C T G G T T C T G G

Evaluation of cell apoptosis
Approximately 1 × 106 cells per well were collected, 
centrifuged at 1,000  rpm for 5  min at room tempera-
ture, resuspended in ice-cold PBS, centrifuged again 
at 1,000  rpm for 5  min, and then washed. Subsequent 
flow cytometry analysis was performed by a qualified 
instructor.

Transcriptome sequencing
Preparation of Normal Transcriptome Samples: SNU-
449 WT cells were seeded in a 6-well plate at 75% 
confluency. After cell adhesion, 4 µM Mito-LND and (E)-
AKTIV were added, with a control group designated as 
the untreated group. Each experimental condition was 
repeated three times. After 48 h, cells were lysed with 500 
µL Takara trizol on ice and stored at -80 °C until analysis. 
The samples were sent to Oebiotech for further analysis 
(Shanghai, China).

Metabolome analysis
Metabolome Sample Preparation: SNU-449 WT cells 
were seeded in a 10 cm2 dish at 75% confluency. After cell 
adhesion, 4 µM Mito-LND and (E)-AKTIV were added, 
with an untreated group as the control. Each experimen-
tal condition was repeated eight times. After 48 h, 1 × 107 
cells from each group were collected and stored at -80 °C. 
The samples were sent to Oebiotech for further analysis 
(Shanghai, China) for gas chromatography-mass spec-
trometry (GC-MS) and liquid chromatography-mass 
spectrometry (LC-MS) analysis.

Drug synergism
Administer Mito-LND, (E)-AKTIV, sorafenib, and rego-
rafenib at concentrations approximately half of their 
respective IC50 values to SNU-449 RR and SNU-449 SR 
cell lines for 48  h, observing their inhibitory effects on 
HCC proliferation. The combined effect of the drugs [16] 
is estimated using the following formula: q = EAB / [EA + 
(1 - EA) × EB], where EAB represents the inhibition rate 
when two drugs are used in combination, while EA and EB 
denote the individual inhibition rates of each drug alone. 
If q falls within the range of 0.85 to 1.15, it indicates an 
additive effect of the two drugs; if q > 1.15, it suggests a 
synergistic interaction between the drugs; conversely, if q 
< 0.85, it signifies antagonism when the drugs are used 
together.

Subcutaneous xenograft model
Four-week male athymic nude mice were obtained from 
Hunan Anshengmei Pharmaceutical Research Institute 
Co., Ltd. (Hunan, China), raised in the specific pathogen-
free (SPF) -free environment. The animal experiments 
were approved by the Animal Ethics Committee of the 
Second Affiliated Hospital of Chongqing Medical Uni-
versity (Approval No: 2021 − 115) in accordance with the 
National Laboratory Animal Regulations of the China 
Science and Technology Commission. In brief, SK-hep1 
cells (5 × 106) in 100 µL PBS were subcutaneously inocu-
lated into the right flank of mice. The mice, randomized 
into three groups (n = 6/group) – control, Mito-LND, (E)-
AKTIV – received subcutaneous injections of Mito-LND 
and (E)-AKTIV at a dose of 100 µmol/kg, while the con-
trol group received daily saline injections. Tumor volume, 
calculated using the formula V = L×W2/2 (where “W” is 
the longest transverse axis perpendicular to the longest 
axis, and “L” is the longest axis), was measured weekly. At 
the experiment’s conclusion, tumors were harvested, and 
their weight and size were measured.

Orthotopic model
Four-week male NCG mice were obtained from Gem-
Pharmatech Company (Jiangsu, China), raised in the 
specific SPF -free environment. The animal experiments 
were approved by the Animal Ethics Committee of the 
Second Affiliated Hospital of Chongqing Medical Uni-
versity (Approval No: 2021 − 115) in accordance with the 
National Laboratory Animal Regulations of the China 
Science and Technology Commission. Mice were divided 
into three groups (Mito-LND, (E)-AKTIV, Control), with 
nine animals per group. One week later, NCG mice (5 
weeks old) were anesthetized using isoflurane and placed 
in a supine position. Luciferase-expressing lentivirus was 
used to transduce SK-Hep1 (designated SK-Hep1-Luc) 
cells for imaging. 1 × 106 SK-Hep1-Luc cells suspended 
in 30 µL of growth factor-reduced matrigel (#356234, 
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Corning) were injected into the liver. Ten days post-
injection, mice were gavaged daily for three consecutive 
weeks with Mito-LND, (E)-AKTIV, or vehicle control 
at a dose of 7.5µmol/kg. Tumor growth and metastasis 
were monitored utilizing an imaging system (AniView 
Kirin, Guangzhou, China) by intraperitoneally injecting 
D-Luciferin potassium salt (HY-12591B, MedChemEx-
press) into the mice, followed by imaging 10  min post-
injection. Mice were euthanized on day 31, and livers and 
lungs were excised for further imaging. And perform HE 
staining on the heart, liver, spleen, lung, and kidney of 
the NCG mice.

Hematoxylin and eosin (H&E) and immunohistochemistry 
(IHC) staining
H&E and IHC analyses were performed on tissue sections 
obtained from formalin-fixed and paraffin-embedded tis-
sue blocks of xenograft models. Immunohistochemical 
staining involved 4  μm FFPE unstained sections using 
antibodies targeting p-IRE1 (YP1798, Abcam) and CHOP 
(15204-1-AP, Proteintech). Deparaffinization of tissue 
sections was carried out using xylene, followed by rehy-
dration in decreasing concentrations of ethanol. Antigen 
retrieval was conducted in a microwave oven for 30 min 
using sodium citrate buffer (pH = 6.0). Endogenous per-
oxidase activity was suppressed with 3% H2O2 in metha-
nol for 30 min, followed by overnight incubation with the 
primary antibody at 4 °C. After washed with PBS, slides 
were incubated with secondary antibody with strepta-
vidin horseradish peroxidase for 20  min at 37  °C, then 
washing the slides with PBS. Diaminobenzidine stain 
for 5 min, and then hematoxylin counterstain for 5 min. 
Finally, sections were sealed with neutral resin and dried 
in a fume hood.

Statistical analysis
Statistical analyses were conducted using GraphPad 
Prism (version 9.5.1). Data with normal distributions 
underwent analysis through t-tests and ANOVA. A sig-
nificance level of P < 0.05 was applied to determine statis-
tical significance.

Results
High-throughput analysis revealed that Mito-LND and 
(E)-AKTIV could potently kill both parental and drug-
resistant HCC cells
Among the cells used in this study, SNU-449 cells exi-
bited the lowest half maximal inhibitory concentra-
tion (IC50) to sorafenib and regorafenib (Fig.S1 A&B). 
Therefore, SNU-449 cell lines were employed to develop 
resistance to sorafenib and regorafenib. The initial assess-
ment utilized the CCK-8 assay, revealing a significantly 
greater growth-suppressive effect of the two drugs in 
parental cells compared to their resistant counterparts 

(Fig.  1A&B). IC50 value of SNU-449 wild type cells 
(also called SNU-449 WT) in sorafenib and regorafenib 
respectively were 1.98 µM and 7.954 µM. Neverthe-
less, IC50 of their resistant cells respectively increased 
to 6.518 µM and 58.59 µM (Fig.  1C&D). The resistance 
index of SNU-449 sorafenib-resistant cells (also called 
SNU-449 SR) and SNU-449 regorafenib-resistant cells 
(also called SNU-449 RR) was respectively 3.29 and 7.37.

After the establishment of resistant cell lines, 793 
small-molecule compounds were screened against SK-
Hep1 wild-type cells (SK-Hep1 WT) (Table S1). Thirty-
two compounds demonstrated superior tumor-killing 
efficacy, defined as cell viability below 2%. Subsequently, 
these compounds were selected for evaluation against 
Huh7 wild-type cells (Huh7 WT) (Fig.  1E), SNU-449 
WT (Fig.  1F), and SNU-449 RR (Fig.  1G). This led to 
the identification of two small-molecule compounds, 
Mito-LND and (E)-AKTIV, which could potently kill all 
the tested HCC cells (Fig. 1H). Interestingly, both Mito-
LND (Fig.  1I) and (E)-AKTIV (Fig.  1J) were recognized 
to target mitochodria. All together, our high-throughput 
analysis revealed that Mito-LND and (E)-AKTIV were 
novel compounds to potently kill both parental and drug-
resistant HCC cells.

Mito-LND and (E)-AKTIV restrained parental and drug-
resistant HCC cells by increasing ROS level and imparing 
ATP synthesis
To investigate the anti-cancer effect of Mito-LND and 
(E)-AKTIV in inhibiting the growth of HCC cells, SNU-
449 parental cells and drug-resistant cells were treated 
with these two compounds. Mito-LND and (E)-AKTIV 
significantly suppressed growth of the HCC parental 
cells or resistant cells. Mito-LND inhibited SNU-449 
WT, SNU-449 SR, SNU-449 RR cell viability of 50% in 
the concentration of 2.757 µM, 5.941 µM, and 4.583 µM 
respectively (Fig.  2A). (E)-AKTIV inhibited SNU-449 
WT, SNU-449 SR, SNU-449 RR cell viability of 50% in 
the concentration of 1.927 µM, 6.759 µM, and 4.9 µM 
respectively (Fig.  2B). Therefore, we employed a drug 
concentration of 4 µM for the pharmacological interven-
tion. Both types of HCC resistant cells appear to be more 
resistant to these two drugs. Consistent with previous 
studies [17, 18], we found that Mito-LND promoted the 
elevation of ROS in HCC parental cells and two resis-
tant cells (Fig. 2C-E). (E)-AKTIV is like AKTIV [19], with 
increased ROS compared to control (Fig.  2C-E). Gluta-
thione (GSH) is one of the most important antioxidants 
in the cellular antioxidant system [20]. It has been shown 
that loss of GSH disrupts cellular redox homeostasis, 
leading to ROS accumulation and eventually triggering 
cell damage and even death [21].

We further analyzed the impact of Mito-LND and (E)-
AKTIV on HCC metabolism by metabolomic analysis. 
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Fig. 2 Mito-LND and (E)-AKTIV increased ROS and decreased GSH in HCC cells. A&B In SNU-449 WT, SNU-449 RR, and SNU-449 SR cells, different concen-
trations of Mito-LND and (E)-AKTIV were added, and after 48 h of incubation, the IC50 values were obtained using the CCK-8 method. C-E In SNU-449 WT, 
SNU-449 RR, and SNU-449 SR cells, 4 µM of Mito-LND and (E)-AKTIV were added. After 48 h of incubation, 5 µM of DCFH-DA probe was introduced and 
incubated for an additional 30 min. Subsequently, the levels of ROS were measured using flow cytometry. F The metabolomic analysis revealed variations 
in GSH levels among Mito-LND, (E)-AKTIV, and the control group. G-I Using CCK-8 assay evaluated the cell viability after combined drug treatment. All the 
data were presented as means ± SD. **P < 0.01, ***P < 0.001, ****P < 0.0001

 

Fig. 1 New compounds to target HCC cells were found through drug-screening. A&B Treated with varying concentrations of sorafenib and regorafenib 
for 48 h, cell viability was assessed using the CCK-8 assay. C&D The IC50 values of the drugs in different cell types were calculated using GraphPad Prism. 
E-G Thirty-two drugs selected from the SK-Hep1 WT cell line were subjected to a CCK-8 assay at a concentration of 10 µM. Cell viability was then calcu-
lated for Huh7 WT, SNU-449 WT, and SNU-449 RR cell lines based on the experimental results. H The intersection was determined for the cell viability of 
the drugs in Huh7 WT, SNU-449 WT, and SNU-449 RR cell lines, where the viability was less than 2%. I&J The structural formulas of Mito-LND and (E)-AKTIV
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The results indicated a significant downregulation of 
GSH in SNU-449 WT upon the addition of Mito-LND 
and (E)-AKTIV (Fig.  2F). Simultaneously, in SNU-449 
RR cells, the combination of regorafenib and Mito-LND 
displayed synergistic effects with a q value of 2.23, while 
in SNU-449 SR cells, the same drug combination showed 
synergy with a q value of 1.61. Moreover, the experimen-
tal results from combining sorafenib with (E)-AKTIV in 
the SNU-449 RR cell line also demonstrated synergism, 

with a q value of 2.82 (Fig. 2G-I). The enrichment analysis 
showed that both drugs dramatically affected the glyco-
lytic and TCA cycle pathways (Fig. 3A&B). As expected, 
metabolomics revealed a significant downregulation of 
citric acid, isocitric acid, and oxoglutaric acid (α-KG) 
in the Mito-LND group compared with unmedicated 
controls. D-Glycerate 3-Phosphate (G-3-P) and Beta-D-
Glucose 6-phosphate (G-6-P) were instead upregulated 
in glycolysis (Fig.  3C). This suggested that Mito-LND 

Fig. 3 Mito-LND inhibited tricarboxylic acid cycle, and (E)-AKTIV suppressed electron transport chain in HCC cells. A&B The metabolomic analysis re-
vealed associations of Mito-LND and (E)-AKTIV with glycolysis and TCA cycle. C&D Metabolomic analysis revealed alterations in metabolites related to 
glycolysis and TCA cycle upon treatment with Mito-LND and (E)-AKTIV. E-G After treatment with 4 µM of Mito-LND and (E)-AKTIV for 48 h, ATP levels were 
measured. All the data were presented as means ± SD. ****P < 0.0001
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seems to enhance glycolysis and attenuate the TCA 
cycle. On the other hand, we found TCA cycle metabo-
lites, such as citric acid, isocitric acid, α-KG, and suc-
cinic acid increased, but glycolytic metabolites of L-lactic 
acid decreased in the (E)-AKTIV group (Fig. 3D), imply-
ing that (E)-AKTIV has opposite function to Mito-LND. 
Although the mechanism seems to be different, both 
drugs could result in a significant decrease in ATP levels 
across the three cell types (Fig. 3E-G). In sum, Mito-LND 
and (E)-AKTIV exert cytotoxic function on HCC Cells by 
increasing ROS level and imparing ATP synthesis.

Mito-LND and (E)-AKTIV effectively Induced apoptosis in 
HCC
ROS were the byproduct electron transport chains of 
mitochondria. High levels of ROS and the depletion of 
GSH indicated mitochondrial dysfunction, which was an 

important hallmark of apoptosis [19]. When SNU-449 
WT, SNU-449 SR and SNU-449 RR cells were treated 
with 4 µM Mito-LND for 48 h in annexin V-FITC stain-
ing, the proportion of apoptotic cells was significantly 
higher as compared to the control (Fig. 4A-C). Like Mito-
LND, (E)-AKTIV also induced increased apoptosis in 
both parental and drug-resistant cells (Fig.  4A-C). The 
reduced apoptosis rate in HCC-resistant cells compared 
to HCC wild-type cells is likely because drug-resistant 
cells have been associated with an apoptotic resistant 
phenotype [22].

Mito-LND and (E)-AKTIV effectively suppressed AMPK/AKT/
MAPK signaling pathway
To reveal the molecular mechanism of these two drugs, 
we performed transcriptomic analysis after drug treat-
ment. The subsequent kyoto encyclopedia of genes and 

Fig. 4 Mito-LND and (E)-AKTIV induced apoptosis in both parental and resistant HCC cells. A-C After treating SNU-449 WT, SNU-449 RR, and SNU-449 
SR cells with 4 µM of Mito-LND and (E)-AKTIV for 48 h, apoptosis rates were detected using flow cytometry. All the data were presented as means ± SD. 
**P < 0.01, ***P < 0.001
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genomes (KEGG) pathway analysis demonstrated that 
the apoptosis and MAPK signaling were significantly 
changed (Fig.  5A&B). Furthermore, gene set enrich-
ment (GSEA) analysis also corroborated the same 
results (Fig.  5C&D). We have demonstrated that both 
compounds could affect the glycolysis, TCA cycle and 
ATP synthesis. Inhibition of mitochondrial respiration 
can induce energy stress and promote the activation of 
AMPK, which then leads to catabolism and restoration 
of energy homeostasis [23]. AMPK phosphorylation was 
increased in the drug groups as compared to the control 
group in SNU-449 SR, SNU-449 RR cells due to increased 
ROS and decreased ATP (Fig. 5E&F). Low level of mTOR 

causes slower cell growth and reduced protein synthesis. 
Meanwhile, Phosphorylation of AKT regulates mTORC1 
activation and inhibits apoptosis [24]. Same as in the 
previous study [17], Mito-LND and (E)-AKTIV reduced 
the level of phosphorylated AKT and mTOR in the three 
cells (Fig.  5E&F). There are a minimum of four MAPK 
subfamilies: extracellular signal-regulated kinase 1 and 2 
(ERK1/2), Jun N-terminal kinases (JNKs), P38 MAPKs, 
and ERK5. MAPKs play a pivotal role in coordinating 
extracellular stimuli to regulate diverse cellular activities, 
including gene expression, cell proliferation, survival, 
and migration [25]. Phosphorylated MAPKs (ERK1/2, 
JNK, P38) levels were found significantly increased in 

Fig. 6 Mito-LND and (E)-AKTIV induced endoplasmic reticulum stress in HCC cells. A&B Through transcriptome analysis, we identified upregulated 
genes associated with apoptosis in SNU-449 WT cells treated with Mito-LND and (E)-AKTIV. C&D Following treatment with 4µM of Mito-LND and (E)-
AKTIV for 48 h, mRNA levels in both SNU-449 RR and SNU-449 SR cell lines were assessed. E&F After a 48-hour exposure to 4µM Mito-LND and (E)-AKTIV, 
protein levels of p-IRE, IRE, XBP1S, and CHOP were assessed using western blot analysis. All the data were presented as means ± SD. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001
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most human HCC samples [26–28]. Activity of ERK has 
been shown to inhibit apoptosis, promote proliferation 
and increase survival [29, 30]. Interestingly, our study 
found that the phosphorylation levels of MAPK (includ-
ing ERK1/2, JNK and P38) were reduced, inhibiting cell 
growth and proliferation, and promoting apoptosis in 
Mito-LND and (E)-AKTIV treated SNU-449 WT cells 
(Fig.  5G&H). To reaffirm the association between the 
MAPK signaling pathway and the inhibition of HCC cell 
growth by Mito-LND and (E)-AKTIV, we treated drug-
resistant HCC cells with these compounds. By subjecting 
resistant cells to the influence of both drugs, we reevalu-
ated the inhibitory impact of Mito-LND and (E)-AKTIV 
on the signaling pathway in HCC cells. Western blot 
analysis showed that phosphorylated ERK1/2, JNK, and 
P38 were all significantly reduced (Fig. 5G&H). Overall, 
Mito-LND and (E)-AKTIV reduced cell proliferation and 
promoted apoptosis of parental cells and drug-resistant 
cells through AMPK/AKT/MAPK pathways in HCC. 
Mutual crosstalk of these pathways enhances the apop-
totic death of HCC cells in vitro.

Mito-LND and (E)-AKTIV triggered ER stress and activated 
the IRE1-XBP1-CHOP Axis to induce intrinsic apoptosis
Increased protein secretion or disruption of endoplasmic 
reticulum (ER) protein folding causes the accumulation 
of unfolded or misfolded proteins in the ER lumen — a 
condition known as “ER stress”. Protein misfolding fol-
lowing overexpression of secretory proteins triggers the 
unfolded protein response (UPR), which promotes stress 
adaptation [31]. Increased ROS generation, hypoxia, 
nutrient deprivation, chemotherapeutic drug exposure, 
and improper calcium homeostasis can cause the UPR 
[32]. Induction of ER stress and activation of the UPR 
impairs the epithelial cell phenotype transition and the 
development of apoptosis [33]. The transcriptome results 
in SNU-449 WT showed that inositol requiring enzyme 
1 (IRE1), activating transcription factor 4 (ATF4), tran-
scription factor C/EBP orthologue (CHOP) and x-box 
binding protein 1 (XBP1) were significantly increased in 
the UPR pathway. In addition, pro-apoptosis genes such 
as inositol 1,4,5-trisphosphate receptor, type 1 (ITPR1), 
growth arrest and DNA damage-inducible α (GADD45A) 
were upregulated (Fig.  6A&B). Consistent with the 

Fig. 5 Mito-LND and E-AKTIV depressed MAPK signaling while activate AMPK signaling. A&B Analysis of transcriptomic results using the KEGG database 
revealed associations of Mito-LND and (E)-AKTIV with apoptosis and the MAPK pathway. C&D Utilizing GSEA on transcriptomic data, significant associa-
tions were observed between the two drugs and the MAPK pathway. E, F After treatment with 4 µM of Mito-LND and (E)-AKTIV for 48 h, changes in the 
levels of p-AMPK, AMPK, p-AKT, AKT, p-mTOR and mTOR were assessed using western blot, in comparison to the control group. G&H After treating with 
4 µM of Mito-LND and (E)-AKTIV for 48 h, changes in the levels of p-ERK, ERK, p-JNK, JNK, p-P38 and P38 were assessed using western blot, in comparison 
to the control group
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transcriptomic results, the Real-time quantitative PCR 
(RT-qPCR) results showed that the mRNA expression 
of IRE1, XBP1, ATF4, CHOP, ITPR1, GADD45A all 
increased in SNU-449 SR and SNU-449 RR after treat-
ment (Fig.  6C&D). We further validated that p-IRE1, 
spliced XBP1(XBP1S), and CHOP protein levels in the 
UPR pathway were significantly increased in both drugs 
as compared with the control group (Fig.  6E&F). This 
showed that parental cells promote apoptosis through 
the same signaling pathway as resistant cells.

Anticancer effect of Mito-LND and (E)-AKTIV in vivo
In view of the good cytotoxic function of the above two 
drugs in vitro, we performed the validation in athymic 
nude mice. Briefly, SK-Hep1 cells (5 × 106) were injected 
subcutaneously into the right flank of athymic nude 
mice. One week after injection, mice were treated with 
the same dose of Mito-LND or (E)-AKTIV (100 µmol/
kg) or vehicle (administered saline + DMSO) by subcu-
taneous injection for 3 weeks (Fig. 7A). We choose sub-
cutaneous injection due to the strong side effect of these 
drugs in peritoneal injection model. The tumor volume 
and weight were significantly reduced relative to the con-
trol group upon sustained stimulation with Mito-LND 
and (E)-AKTIV (Fig. 7B-D). In continuous observations, 
Mito-LND reduced the growth rate of SK-Hep1 tumor 
xenografts, maintained the tumor volume and kept 
them silent (Fig.  7E). However, (E)-AKTIV significantly 
reduced the tumor size and seems to show a stronger 
tumor killer in vivo. Histological examination with hema-
toxylin and eosin (H&E) staining revealed an increased 
incidence of cell necrosis in both drug-treated groups. 
Concurrently, histological and immunohistochemical 
(IHC) experiments demonstrated elevated expression 
levels of p-IRE1, CHOP, and XBP1 in tissues treated with 
Mito-LND and (E)-AKTIV, suggesting an induction of 
cell apoptosis through ER stress (Fig. 7F). Concurrently, 
we conducted an orthotopic tumor formation experi-
ment in NCG mice, administering gavage treatment for 
three weeks (Fig.  7A). Initiated with 9 NCG mice per 
group, post-treatment outcomes revealed a mortality 
of 6 in the control, 3 in Mito-LND, and 4 in (E)-AKTIV 
groups, underscoring superior survival rates in the 
treated cohorts relative to controls (Fig.  7G). Through 
in vivo imaging, we observed that the mean biolumines-
cence intensity of hepatic tumors and pulmonary metas-
tases was lower in the treatment groups compared to 
controls, indicating suppressed tumor growth (Fig. 7H-J). 
Despite a general decline in body weight over time across 
all mice, no significant inter-group differences in weight 
were noted (Fig. 7K). Further H&E staining confirmed the 
absence of drug-induced damage to major organs, affirm-
ing the safety of the treatments (Fig.  7L). Our findings 
demonstrate that Mito-LND and (E)-AKTIV effectively 

suppress HCC cell growth in vivo, and that they can have 
the potential to be safe and effective anticancer agents.

Discussion
HCC is one of the most lethal cancers worldwide [34]. 
The intrinsic or acquired drug resistance is the main 
reason for treatment failure. More and more evidence 
showed that targeting cancer metabolism could be an 
effective way to enhance the therapeutic efficacy. We 
herein successfully established sorafenib-resistant and 
regorafenib-resistant HCC cells and screened two mito-
chondria targeted drugs (Mito-LND and (E)-AKTIV) 
in SK-Hep 1, Huh7, SNU-449, and SNU-449 RR cells 
by anti-cancer metabolism compound library. Previous 
research has indicated that Mito-LND can impede cells in 
the G0/G1 phase, leading to the inhibition of cell prolif-
eration [18]. Additionally, Mito-LND has been observed 
to suppress the activity of mitochondrial respiratory 
chain complex I, leading to a reduction in mitochondrial 
membrane potential and subsequently promoting ROS 
production [17, 18]. It can also induce apoptosis and 
autophagy in cancer cells [17, 18]. Mechanistically, can-
cer cell proliferation was reduced by inactivating AKT/
mTOR/p70S6K signaling and blocking Raf/MEK/ERK 
signaling in lung cancer and glioma, respectively [17, 18]. 
(E)-AKTIV is similar to Mito-LND in some parts, both 
as mitochondrial depolarization, reduced mitochondrial 
respiration and release of ROS [19]. We found that both 
Mito-LND and (E)-AKTIV could impair glycolysis and 
TCA cycle in HCC cells, thus suppressing ATP synthesis 
and inducing ROS accumulation.

Glycolysis and TCA cycle coupled to the electron 
transport chain can provide ATP to supply cellular 
energy [35]. Cancer cells generally exhibit an enhanced 
ability to take up glucose from the extracellular envi-
ronment to meet its energetic requirements. However, 
most cancer cells breathe through the TCA cycle to pro-
mote tumor growth. In the past decade, the TCA cycle 
has also returned as a key anabolic center supporting 
tumor growth. Mitochondria, as sites where TCA cycling 
occurs, not only support ATP generation but also partici-
pate in redox and calcium homeostasis, transcriptional 
regulation and control of cell death [36]. Therefore, tar-
geting mitochondrial metabolism holds promise for the 
development of innovative anti-tumor agents. The main 
sources of ROS are lipid peroxidation of the mitochon-
drial respiratory chain, and mitochondrial polyunsatu-
rated membranes. Although excessive proliferation of 
tumor cells is accompanied by high ROS production, 
high ROS levels are cytotoxic [37]. Excess ROS, triggered 
by pathological or pharmacological factors, can lead to 
mitochondrial dysfunction, reduced ATP, lipid peroxida-
tion, and DNA damage, ultimately inhibiting cell growth 
or promoting cell death [38]. Our previous study also 
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Fig. 7 Mito-LND and (E)-AKTIV suppressed the growth of HCC cells in vivo via inducing ER stress. A The flowchart of nude/NCG mice drug administra-
tion. B-E Record tumor volume and body weight post-administration, with continuous monitoring of tumor volume. F Perform H&E and IHC staining 
for Mito-LND, (E)-AKTIV, and the control group, scale bar: 200 μm. G&H Live imaging of NCG mice and post-mortem imaging of livers and lungs from 
the mice. I The mean bioluminescence intensity in NCG mice across the Mito-LND, (E)-AKTIV, and control groups. J The weight of NCG mice. K The mean 
bioluminescence intensity in the lungs of NCG mice. L H&E stained images of the liver, lungs, heart, spleen, and kidneys from NCG mice, scale bar: 200 μm. 
The dashed areas denote the regions of hepatic in situ tumors and pulmonary metastatic lesions. All the data were presented as means ± SD. *P < 0.05, 
***P < 0.001, ****P < 0.0001
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showed that nuclear factor NFIB could transcription-
ally upregulate Complex I subunit NDUFV4 to reduce 
sorafenib-induced ROS level [39].

Lonidamine (LND), owing to its low toxicity and tar-
geted approach to energy metabolism, holds promise 
for augmenting the efficacy of therapeutic agents in 
clinical cancer treatment [40]. Mito-LND is synthesized 
by conjugating a long alkyl chain to triphenylphospho-
nium cation and linking it to LND [41]. Mito-LND can 
cause mitochondrial swelling, decrease mitochondrial 
membrane potential, weakened complex I activity and 
decreased GSH activity, and many factors can increase 
ROS [17, 18]. (E)-AKTIV acts in a manner similar to 
AKTIV, causing mitochondrial swelling and mitochon-
drial depolarization and promoting the production of 
ROS [18]. Notably, our results also confirmed that Mito-
LND and (E)-AKTIV can promote ROS production in 
HCC parental and drug-resistant cells. ROS serves as a 
potent trigger for apoptosis, activating the intrinsic mito-
chondrial pathway, extrinsic death receptor pathway, 
and ER stress pathway [42]. And prolonged ER stress has 
overoxidized the ER lumen, which may lead to the leak-
age of H2O2 into the cytoplasm and directly induce ROS 
in the cytoplasm [43]. When the capacity of the UPR to 
maintain proteostasis is exceeded, cells initiate apoptotic 
programs [44]. IRE1α, double-stranded RNA activated 
protein kinase-like ER kinase (PERK), and activated tran-
scription factor 6 (ATF6) were identified as UPR trans-
ducers [31]. Our study showed that ROS prompted the 
ER pathway activation of IRE1-XBP1-CHOP to induce 
apoptosis in HCC (Fig.  8). IRE1α, a Ser/Thr kinase and 
endoribonuclease, activates unconventional splicing of 
XBP1 mRNA upon induction. This leads to increased 

expression of XBP1s, which in turn regulates a broad 
array of UPR genes involved in protein folding, ER 
entry, redox balance, ERAD, and protein quality control 
[45]. CHOP is not only a transcriptional target of ATF4, 
but also that of XBP1 and ATF6 [44]. IRE1α also binds 
to adaptor proteins and has crosstalk with other stress 
response pathways (including macroautophagy and 
MAPK pathways) [46]. JNK activation caused increased 
expression of anti-apoptotic proteins (cIap 1, cIap 2, and 
XIap) and decreased ER-induced cell death [47].

Mechanistically, the accumulation of ROS and decrease 
in ATP activate multiple pathways and can have dif-
ferential effects on cancer cell survival. AMPK acts as 
an energy-sensing factor that rewiring metabolism and 
maintain redox balance [48]. As a proto-oncogene, AKT 
contributes to cancer development and progression by 
primarily enhancing cell survival and suppressing apop-
tosis. Notably, AKT counteracts the role of AMPK in 
ROS-induced apoptosis. AMPK suppresses mTORC1 
activity, thereby decreasing protein synthesis and aug-
menting autophagy. Inversely, AKT activates mTOR by 
inhibiting TSC2, enabling Rheb-GAP to phosphorylate 
mTORC1 [49]. In addition, AMPK reversely inhibits 
AKT phosphorylation [50]. Our study showed that Mito-
LND and (E)-AKTIV increased AMPK phosphorylation 
and inhibited the phosphorylation of AKT and mTOR. 
This explains part of the increase of ROS in HCC wild-
type cells as well as in drug-resistant cells.

Over the past few decades, massive studies have shown 
that MAPK plays a key role in transforming extracellular 
stimuli into a wide range of cellular responses (including 
cell growth, migration, proliferation, differentiation, and 
apoptosis). ERK 1/2 plays a central role in the control of 

Fig. 8 Mechanism diagrams of Mito-LND and (E)-AKTIV. Mito-LND increases mitochondrial glycolysis, decreases TCA cycle products, leading to reduced 
ATP and increased ROS. In contrast, (E)-AKTIV reduces mitochondrial glycolysis, increases TCA cycle products, resulting in decreased ATP and elevated ROS. 
Both drugs activate the AMPK/MAPK pathway and involve ER proteins in endoplasmic reticulum stress
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cell proliferation [51]. Meanwhile, JNK and P38 activa-
tion regulate apoptosis [52]. On the one hand, numerous 
studies have reported the positive effects of JNK and P38 
in pro-apoptosis [53–55]. On the other hand, JNK and 
P38 have shown anti-apoptotic potential in some stud-
ies [56, 57]. In our study, ERK 1/2, JNK and P38 phos-
phorylation level were all down-regulated in Mito-LND 
and (E)-AKTIV treated HCC cells. However, the spe-
cific mechanism of JNK and P38 on pro-apoptosis in 
HCC remains unclear. We further demonstrated that 
Mito-LND and (E)-AKTIV reduce ATP production and 
increase ROS accumulation through the interaction of 
AMPK/AKT/MAPK and ER stress pathways, thereby 
promoting apoptosis of HCC parental and drug-resistant 
cells (Fig.  8). However, the specific regulatory mecha-
nisms affecting glycolysis, TCA cycle and GSH need to 
be further explored in the following studies. However, we 
speculate that due to the targeting characteristics of these 
two drugs, this may be closely related to mitochondrial 
dysfunction. Therefore, the mechanisms by which Mito-
LND and (E)-AKTIV inhibit tumor growth and promote 
apoptosis deserve further investigation. Furthermore, 
the combined use of sorafenib/regorafenib with Mito-
LND or (E)-AKTIV demonstrates a synergistic inhibitory 
effect against HCC. 3-Bromopyruvate optimizes the effi-
cacy of chloroethyl nitrosourea in the treatment of hepa-
tocellular carcinoma, due to its potent inhibitory effect 
on glycolysis [58]. 2-Deoxy-D-glucose may potentiate the 
metabolic vulnerability of glioblastoma cells to 1,3-bis(2-
chloroethyl)-1-nitrosourea by modulating glycolysis, 
ROS, and ER stress pathways [59]. These suggest that the 
combination of energy metabolism inhibitors with anti-
tumor drugs may also augment the therapeutic efficacy 
against HCC.

In vivo experiments reveal that Mito-LND and (E)-
AKTIV markedly inhibit hepatic tumor growth and 
reduce lung metastasis incidence. Notably, mice that 
did not survive to the study endpoint exhibited larger 
tumor volumes. Bioluminescence imaging of the mice’s 
livers showed a decrease in fluorescence values, albeit 
without reaching statistical significance (Figure S2). This 
may be attributed to the drugs’ enhanced efficacy in sup-
pressing pulmonary metastases. H&E staining combined 
with body weight monitoring indicates that these drugs 
exhibit no significant adverse effects on major organ 
function and body weight, highlighting their safety and 
outstanding antitumor efficacy.

Conclusions
Mitochondria-focused drugs, Mito-LND and (E)-AKTIV, 
have shown promise in slowing the growth of both wild-
type and drug-resistant tumor cells in HCC. These com-
pounds also decrease ATP production, increase ROS 
level, and trigger apoptosis by targeting AMPK/AKT/

MAPK and IRE1-XBP1-CHOP pathway. Furthermore, 
they exhibit strong anti-tumor effects and biological 
safety in vivo experiments. These characteristics suggest 
that these compounds could potentially become the cor-
nerstone of a new treatment regimen or play a crucial 
role in developing drugs that extend patient lifespans by 
overcoming drug resistance in HCC.
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