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Combination of lonidamine with devimistat induces
synergistic antitumor effects in lung cancer via
multifaceted disruption of cellular energy metabolism
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Abstract. Disrupting energy metabolic pathways has emerged
as a promising strategy for cancer therapy including non-small
cell lung cancer (NSCLC). However, the ultimate anticancer
effects have not been satisfactory. This is likely because
cellular energy metabolism encompasses multiple processes
and pathways, and tumor cells can flexibly regulate these
processes and pathways to adapt to external disturbances
and changes in the microenvironment in order to maintain
their growth and proliferation. As a result, current strategies
which only target certain aspects of energy metabolism have
not achieved commendable results. In the present study, two
inhibitors lonidamine and devimistat, each with their own
limitations, were combined to treat A549 NSCLC by syner-
gistically interfering with the main aspects of cellular energy
metabolism including glycolysis, the tricarboxylic acid cycle
and oxidative phosphorylation. The synergistic potency was
examined in vitro and in vivo including cytotoxicity, optimal
combination doses, colony formation, mitochondrial function,
adenosine triphosphate (ATP) and reactive oxygen species
(ROS) production, apoptosis and pharmacodynamics in a
xenograft mouse model. Moreover, characteristic metabolite
levels were measured to elucidate the effects of combination
treatment on cellular energy metabolism. The results showed
that this combination therapy could synergistically inhibit
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tumor growth in vitro and in vivo. Furthermore, combining
these two metabolic inhibitors could induce the production
of ROS, reduce the generation of ATP, impair mitochondrial
morphology and function, and ultimately activate apoptosis
in tumor cells through metabolic regulation, facilitating anti-
tumor treatment. The findings underscore the necessity and
effectiveness of targeting tumor energy metabolism for lung
cancer therapy, providing reliable evidence that metabolic
therapies can effectively participate in cancer treatment.

Introduction

Cancer is a notable public health issue worldwide, among which
lung cancer (LC) represents the most commonly diagnosed
cancer and the leading cause of death (1). Traditionally, LC is
classified into two main types: i) Non-small cell LC (NSCLC);
and ii) small cell LC, with the former accounting for ~85%
of cases (2). Traditional treatment modalities for NSCLC,
including surgical treatment, chemotherapy and radiotherapy,
have yet to fulfill the clinical demands. This underscores the
necessity for ongoing research to develop novel therapeutic
approaches (3). Tumors, including those present in LC, are
characterized by the rapid growth and proliferation of cancer
cells, which requires a notable amount of adenosine triphos-
phate (ATP) as an energy source and a substantial supply of
metabolic intermediates for biosynthesis demands. Glucose
metabolism including glycolysis, the tricarboxylic acid (TCA)
cycle and oxidative phosphorylation (OXPHOS) within the
mitochondria, are the main sources of cellular ATP (4). By
relying on the altered glycolysis and mitochondrial function,
tumor cells acquire metabolic advantages over normal cells
for their rapid growth and proliferation. Therefore, targeting
tumor metabolic pathways is a potential effective therapeutic
strategy (5), or possibly a valuable adjuvant treatment to radio-
and chemotherapy (6,7).

Lonidamine (LND),an indole alkaloid, originally explored
as a male contraceptive agent for its spermatogenesis-inhib-
iting properties, has now been acknowledged to exert
regulatory effects on tumor metabolism (8,9). LND exerts its
antitumor effects mainly through inhibiting key glycolysis
enzymes such as hexokinase II and concurrently interfering
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with mitochondrial complex I/II to impair OXPHOS (10,11).
However, clinical trial results for LND in stages II and III of
LC have indicated that its effectiveness is limited and revers-
ible when used alone due to low efficacy in vivo, toxicity,
resistance and high dosage (12). Consequently, researchers
have explored the combination therapies to improve the
efficacy and reduce the toxicity of LND. For example, LND
was combined with the clinically used DNA alkylating drug
nimustine to enhance the antitumor effects in LC cells A549
and H1299 (13). LND was found to exert a chemosensitizer
effect by inhibiting energy metabolism, disrupting redox
homeostasis and downregulating the expression of DNA
repair protein, thereby enhancing the chemotherapeutic
efficacy of nimustine. Similarly, combining LND with
apigenin, a flavonoid compound present in various fruits
and vegetables, could disrupt NAD* metabolism, promote
apoptosis, inhibit cell migration and synergistically induce
antitumor effects in colon cancer cells (14). In another study,
the combination of LND and radiotherapy synergistically
inhibited tumor growth without any obvious side effects to
normal tissues as LND could suppress the repair ability of
radiation-induced potentially lethal damage, which is an
energy dependent process (15). Moreover, in a recent study,
LND was combined with a multifunctional photosensitizer,
which could notably enhance the efficacy of photodynamic
and photothermal therapy by inhibiting intracellular energy
metabolism and downregulating the expression of heat
shock protein 90 (16). Collectively, these studies suggest that
LND-based combination treatment can potentiate antitumor
effects in chemotherapy, radiotherapy, photodynamic therapy
and numerous other therapies through disrupting energy
metabolism.

However, LND-based combination treatment with another
metabolic blocker has not been thoroughly explored for tumor
therapy. Apart from glycolysis and OXPHOS which can be
disrupted by LND, the TCA cycle is also a core participant of
cellular energy metabolism (17,18). In recent years, the TCA
cycle has been confirmed to play an indispensable role in
maintaining mitochondrial function in most tumors, including
NSCLC (19,20). In addition, the TCA cycle mainly uses
pyruvic acid produced by glycolysis as a substrate, and it can
also be nourished by products from other metabolic pathways
such as glutamine metabolism and fatty acid oxidation (21,22).
Therefore, it is hypothesized that combining LND with TCA
cycle inhibitors to simultaneously interfere with glycolysis,
OXPHOS and TCA cycle can more potently disrupt energy
metabolism, thereby developing an efficient antitumor strategy.

In the past several decades, numerous researchers
have studied various inhibitors targeting the TCA cycle,
among which devimistat (CPI-613) has been extensively
reported (23-25). CPI-613 is a lipoic acid derivative that effec-
tively inhibits two key enzymes of the TCA cycle: i) Pyruvate
dehydrogenase (PDH); and ii) a-ketoglutarate dehydrogenase
(a-KGDH) (26,27). Numerous studies have found that CPI-613
can interrupt the supply of ATP from mitochondrial respira-
tion by inhibiting the TCA cycle, demonstrating its potential
in cancer therapy (28,29). However, in practical clinical
trials, the efficacy of CPI-613 monotherapy was limited (30).
As aforementioned, both LND and CPI-613 have notably
limited antitumor efficacy when used alone for the inhibition

of energy metabolism. Therefore, it is worthwhile to explore
the combining antitumor effects of LND and CPI-613, which
suppress multiple metabolic pathways and inhibit different
metabolic targets.

In the present study, the combination of CPI-613 and LND
was applied in A549 NSCLC cells to investigate the syner-
gistic inhibition effects in vitro and in vivo. The mechanism
of combination therapy was assessed by evaluating cellular
cytotoxicity, ATP generation and cell death. In addition, major
metabolites in metabolic pathways were detected to find their
combined influence on energy metabolism.

Materials and methods

Cell lines. NSCLC cell lines A549, H1975, PC9 and HCC827
were purchased from the National Collection of Authenticated
Cell Cultures. The cells were cultured with Dulbecco's
Modified Eagle Medium (Shanghai VivaCell Biosciences,
Ltd.) containing 10% fetal bovine serum (Shanghai VivaCell
Biosciences, Ltd.) and 1% penicillin-streptomycin complex
(Shanghai VivaCell Biosciences, Ltd.) in a humidified incu-
bator with 5% CO, at 37°C.

Animals. A total of 20 specific pathogen-free male BALB/c
nude mice (Beijing Huafukang Biotechnology Co., Ltd.,
China), aged 4-6 weeks, and weighing 16-19 g were housed
under controlled environmental conditions with a 12/12-h
light/dark cycle at 20-26°C and provided with sterilized
food and water ad libitum. In vivo animal experiments were
conducted following approval by the Instructional Animal
Care and Use Committee of Southwest Medical University
(Luzhou, China; approval no. 20210223-079), all procedures
adhered to the National Research Council's Guide for the Care
and Use of Laboratory Animals, and authors complied with
the TACUC guidelines.

Evaluation of cell proliferation. A MTT assay was used to
examine the cytotoxic effects of specific drugs on A549
cells. A total of 3x10° cells were inoculated in 96-well plates,
and treated with LND (purity, >99%; Meryer (Shanghai)
Chemical Technology Co., Ltd.), CPI-613 (purity, >98%;
Bide Pharmatech Co., Ltd.) or a combination of both drugs at
different concentrations for 24, 48 or 72 h. After which, 100 ul
pre-diluted MTT (Beijing Solarbio Science & Technology,
Co., Ltd.; 0.5 mg/ml) was added to each well, and the incuba-
tion was continued for 4 h. Finally, 110 1 DMSO was added
to each well after the solution with MTT was aspirated, and
the absorbance of the solution was determined by a microplate
reader (Bio-Tek, Inc.) at 490 nm. The measured absorbance is
the response to the cell viability rate.

Analysis of the synergistic antitumor effect by SynergyFinder
and CompuSyn. A total of 3x10° cells A549 cells were seeded
in 96-well plates and left to adhere overnight. After that,
the cells were treated with fresh medium containing LND,
CPI-613 or a combination of LND and CPI-613 at 37°C for
72 h (n=5). Subsequently, cell viability was assessed using the
MTT assay.

The effects of combining LND and CPI-613 were analyzed
by CompuSyn software (version 1.0 by Ting-Chao Chou and



Bzl SPANDIDOS
7] .§, PUBLICATIONS

Nick Martin) (31). This method evaluates drug combina-
tions based on the median-effect equation and calculates
the combination index (CI) at all investigated doses or effect
levels. Specifically, CI>1 indicates antagonism between the
two agents, CI=1 indicates additive effect and CI<I1 indicates
synergism.

Moreover, the obtained cell viability data were input
into SynergyFinder (https://synergyfinder.fimm.fi), which
utilized the zero-interaction potency (ZIP) model to analyze
the interaction between the two drugs. Based on the synergy
scores derived from the dose-response curves provided by the
software, it was determined whether the combination exhib-
ited synergistic, additive or antagonistic effects. Specifically,
a ZIP score <-10 indicated potential antagonism between the
two agents, a ZIP score between -10 and 10 suggested an addi-
tive effect, and a ZIP score >10 indicated the possibility of
synergism between the two drugs.

Colony formation assay. Colony formation assays were
conducted to investigate the inhibitory effects of LND in
combination with CPI-613 on the proliferation of tumor cells.
A total of 300 A549 cells were seeded into each well of a
six-well plate and incubated at 37°C for 24 h. Subsequently,
the cells were treated with different drugs (LND at 150 M,
CPI-613 at 150 uM or LND + CPI-613 at 150 uM each) and
further cultured for 1-2 weeks. After that, the cells were fixed
with 4% paraformaldehyde at room temperature for 20 min
and stained with 0.5% crystal violet at room temperature for
10 min. The wells were rinsed twice with PBS and allowed
to dry. Finally, images of the cell colony area were captured
and colonies containing >50 cells were counted and analyzed
using the Cytation 5 High-Throughput Cell Imaging System
(Bio-Tek, Inc.).

Real-time imaging of living cells. Cellular changes were moni-
tored in real-time using the Incucyte SX5 (Sartorius AG). A
total of 3.5x10° cells were seeded in a 96-well plate. Once the
cells were fully adhered, fresh medium (control group) or fresh
medium containing LND (150 M), CPI-613 (150 uM) or a
mixture of both drugs (LND and CPI-613; 150 #M each) were
added for incubation at 37°C for 72 h; each group included six
replicate wells. After addition of the drugs, the plate was placed
under a live cell microscope system of Incucyte SX5 to capture
four images from each well every 6 h for 72 h. Subsequently,
the collected images were quantitatively analyzed using the
Incucyte S3 analysis system EssenBioscience (Sartorius AG)
to calculate the cellular viability among different groups.

In vivo antitumor efficacy. A549 LC cells (4x10°) were
inoculated subcutaneously into the right flank of each
BALB/c nude mouse to establish a xenograft model. When
the tumor volume approached ~100 mm?3, the mice were
randomly divided into four groups: i) Ctrl group; ii) LND
group; iii) CPI-613 group; and iv) LND + CPI-613 group.
Every four days, the mice received intratumoral injections
of LND at a dose of 40 mg/kg and/or CPI-613 at a dose of
48 mg/kg. Mouse body weight was recorded, and tumor
volume were calculated using the following formula: Tumor
volume (mm?)=tumor length x tumor width?/2. The drug was
administered every four days for eight consecutive doses, and
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detection of changes in tumor volume was continued after
discontinuation of the drug. On day 36, mice were injected
intraperitoneally with a lethal dose of sodium pentobar-
bital (150 mg/kg), and cervical dislocation was carried out
to confirm the death of the mice. After that, mouse blood
samples were collected for biochemical analysis to evaluate
the adverse effects of the drugs on hepatic and renal func-
tions, and heart, liver, spleen, lung, kidney and tumor tissues
were harvested for pathological analysis. The experimental
protocol was approved by the Instructional Animal Care and
Use Committee of Southwest Medical University (Luzhou,
China; approval no. 20210223-079), and all procedures
adhered to the National Research Council's Guide for the
Care and Use of Laboratory Animals. The tumor burden did
not exceed a diameter of 2.0 cm at their widest point.

Immunohistochemistry.Immunohistochemistry wasperformed
on 3-um-thick paraffin-embedded tumor tissue sections. After
deparaffinization in xylene and rehydration of tissue sections
through a descending ethanol series (100, 95, 90, 80%, 2 min
each) to distilled water, antigen retrieval was performed using
the microwave method, followed by blocking non-specific
antigens with 5% normal goat serum (Beijing Zhongshan
Golden Bridge Biotechnology Co., Ltd.). After that, the
primary antibody (Ki-67; cat. no. GB111499; 1:1,000; Wuhan
Servicebio Technology Co., Ltd.) was added for incubation
overnight at 4°C, and after washing with PBS, the secondary
antibody of horseradish peroxidase (HRP)-conjugated Goat
Anti-Rabbit IgG (H+L) (1:1,000; cat. no. 111-035-003; Jackson
ImmunoResearch Laboratories, Inc.) was applied for incuba-
tion at 37°C for 60 min. DAB (Wuhan Servicebio Technology
Co., Ltd.) was used for chromogenic detection, and the nuclei
were counterstained with hematoxylin. Finally, the sections
were dehydrated, cleared and mounted. Observations were
made under a light microscope.

Targeted metabolomics assay. The gas chromatography-mass
spectrometry (GC-MS) targeted metabolomics assay
was conducted similarly to a previous method with some
modifications (32).

GC-MS metabolite extraction. A549 cells were treated
with LND (150 uM), CPI-613 (150 uM) or a mixture of both
drugs (LND and CPI-613; 150 uM each) at 37°C for 48 h.
The cells were rinsed with pre-cooled PBS on dry ice after
the removal of the culture medium. After that, 80% methanol
containing 2.5 pg/ml myristic d-27 acid (Thermo Fisher
Scientific, Inc.) was added, and the cells were quenched at
-80°C for 30 min. The cells were collected with a scraper, the
samples were shaken at 4°C, 200 x g for 10 min and sonicated
for 10 min at 4°C. After centrifugation at 4°C, 16,200 x g for
20 min, the supernatant was aspirated and dried in a centrifugal
concentrator, and 100 ul 80% methanol was added. Finally,
the samples were subjected to shaking, sonication, centrifugal
concentration and drying, and finally stored at -80°C.

Sample derivatization. The samples were removed from
-80°C storage, and 45 pl methoxy-amine hydrochloride pyri-
dine (MilliporeSigma; Merck KGaA; 20 mg/ml) was added
and incubated in a thermal shaker at 37°C with shaking at
500 rpm in the dark for 120 min. After which, 45 yl MSTFA
(with 1% TMCS; Agilent Technologies, Inc.) was added and
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mixed evenly. The samples were incubated in a metal bath
at 37°C and 500 rpm in the dark for 90 min. Finally, the
supernatant was centrifuged and transferred into glass sample
injection vials.

GC-MS. GC-MS analysis was performed on a GC system
coupled to a mass spectrometer (Agilent 8890/LECO Pegasus
BT GC-TOF MS). A Rxi-5ms capillary column (30 m x 250 ym
x 0.25 ym) was used to separate the derivatized sample. The
injection volume was 1 ul, with helium used as the carrier gas
at a flow rate of 1 ml/min. The temperature of the injector was
250°C, whereas the GC temperature program was as follows:
80°C (2 min), 12°C/min to 176°C (0 min), 8°C/min to 196°C
(1 min) and 12°C/min to 300°C (10 min). The temperatures of
the transfer line and ion source were 280 and 250°C, respec-
tively. The mass spectrometry original data were acquired
with electron impact ionization (70 eV) and the spectra were
recorded within the mass range of 50-550 m/z.

PDH activity detection. PDH activity in A549 cells was
detected by the PDH Activity Assay Kit (Solarbio Science &
Technology, Co., Ltd.) according to manufacturer's instruc-
tions. In total, three replicates of cells were collected and
washed with cold PBS after different treatment with LND,
CPI-613 or their combination. Meanwhile, after cell counting,
the cells were sonicated in an ice bath, and the supernatant
was centrifuged at 11,000 x g for 10 min at 4°C. Then 50 pl
of supernatant and 900 ul of the working solution were added
to the quartz cuvette, and the OD value at 605 nm was deter-
mined at 10 sec and 1 min 10 sec. PDH activity levels were
normalized to the cell number.

a-KGDH activity detection. a-KGDH activity in A549 cells
was detected by the a-KGDH Activity Assay Kit (Solarbio
Science & Technology, Co., Ltd.) according to manufac-
turer's instructions. In total, three replicates of cells were
collected and washed with cold PBS after different treatment
with LND, CPI-613 or their combination. Meanwhile, after
cell counting, 1 ml of Reagent 1 and 10 ul of Reagent 2
were added and cells were sonicated in an ice bath, and the
supernatant was centrifuged at 11,000 x g for 10 min at 4°C.
Then 60 ul of supernatant, 40 ul of Reagent 8 and 900 ul of
the working solution were added to the quartz cuvette, and
the OD value at 340 nm was determined at 10 sec and 2 min
10 sec. a-KGDH activity levels were normalized to the cell
number.

Reactive oxygen species (ROS) assay. The intracellular
levels of ROS were measured using the DCFH-DA fluores-
cent probe method and ROS Assay Kit (Beyotime Institute
of Biotechnology). DCFH-DA can freely permeate the
cell membrane and be hydrolyzed by esterase to DCFH.
Intracellular ROS can further oxidize DCFH to produce
the fluorescent compound DCF. Therefore, the fluorescence
intensity of DCF detected in the cells can reflect the intracel-
lIular ROS levels. In brief, A549 cells (3x10°) were seeded
in six-well plates and treated with fresh medium containing
LND (150 uM), CPI-613 (150 uM) or a combination of LND
(150 uM) and CPI-613 (150 uM) at 37°C for 24 h. After incuba-
tion, the diluted DCFH-DA fluorescent probe was added and
incubated at 37°C for 20 min. The fluorescence intensity of

DCF within the cells was assessed using the DMi8 Automated
Inverted Fluorescence Microscope (Leica Microsystems
GmbH) to detect intracellular ROS levels.

JC-1 analysis for mitochondrial membrane potential (MMP).
MMP was assessed using the MMP Assay Kit (Beyotime
Institute of Biotechnology). A549 cells were seeded in
six-well plates at a density of 3x10° cells/well. After that, cells
were treated with fresh medium containing LND (150 uM),
CPI-613 (150 uM), or a combination of LND (150 #M) and
CPI-613 (150 uM) at 37°C for 24 h. After washing with PBS,
the cells were incubated with 10 uM JC-1 dye at 37°C in the
dark for 20 min. Following incubation, the cells were washed
again with PBS to remove unbound JC-1. Fluorescence images
were observed using a DMi8 automated inverted fluorescence
microscope (Leica Microsystems GmbH) to assess the changes
in MMP after different treatments. Data were analyzed using
GraphPad Prism 9.0 (Dotmatics) to determine the effects of
LND, CPI-613 and their combination on MMP variation,
which serves as an indicator of mitochondrial function.

Intracellular ATP levels. Intracellular ATP concentrations
were detected using an ATP assay kit (Beyotime Institute of
Biotechnology). A total of 3x10° A549 cells were seeded into
6-well plates and treated with fresh medium containing LND
(150 uM), CPI-613 (150 pM) and LND (150 xM) + CPI-613
(150 uM) for at 37°C 72 h. After incubation, ATP content was
measured by the ATP Assay Kit following the manufacturer's
instructions. As ATP is required in the luciferin-luciferase
reaction system to emit bioluminescence, the bioluminescence
measured by a luminometer (EnVision 2015; PerkinElmer,
Inc.) can be expressed as the amount of ATP.

Malondialdehyde (MDA) assay. A549 cells (3x10%) were
seeded into six-well plates and left to adhere overnight. After
which, the cells were treated with fresh medium containing
LND (150 uM), CPI-613 (150 uM), or a combination of LND
(150 uM) and CPI-613 (150 uM) at 37°C for 24 h. After
treatment, the cells were resuspended with PBS and lysed by
sonication. MDA levels were quantified using the MDA Assay
Kit (Wuhan Servicebio Technology Co., Ltd.) according
to the manufacturer's instructions. Briefly, the cell lysate
was mixed with the MDA reagent provided in the kit and
incubated at 95°C for 30 min to promote the reaction. After
cooling, the solution was centrifuged at 1,000 x g for 10 min
at room temperature to remove the residue. The supernatant
was transferred to a 96-well plate and the optical density was
measured at a specific wavelength (532 nm) using a microplate
reader. The level of lipid peroxidation in treated A549 cells
was determined by calculating the MDA concentration from
a standard curve generated using an established concentration
of MDA.

Isolation of mitochondria from A549 cells. After treatment,
mitochondria were isolated from A549 cells using an Animal
Tissue/Cell Mitochondria Isolation Kit (Wuhan Servicebio
Technology Co., Ltd.) following the manufacturer's instruc-
tions with minor modifications. Briefly, after treatment with
LND, CPI-613, or their combination, ~5x10° A549 cells were
collected and washed twice with ice-cold PBS. Cell pellets
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were resuspended in 1 ml of ice-cold mitochondria isolation
reagent A, then gently pipetted, homogenized on ice bath for
50 times to disrupt cell membranes. The lysate was centri-
fuged at 1,000 x g for 10 min at 4°C to remove nuclei, cell
debris and unbroken cells. The supernatant was centrifuged
at 12,000 x g for 10 min at 4°C. The resulting supernatant was
collected as the cytosolic fraction, which was subsequently
used for cytochrome ¢ detection by western blotting. The pellet
was collected and washed twice with mitochondria isolation
reagent A 12,000 x g, 10 min, 4°C). At last, the mitochondrial
pellets were collected and used for cytochrome c detection by
western blotting.

Western blotting. After treatment, A549 cells or isolated
mitochondria were collected and lysed using RIPA solution
(Beyotime Institute of Biotechnology) supplemented with
PMSF (Beyotime Institute of Biotechnology). Subsequently,
the lysate was subjected to centrifugation at 4°C, 12,000 x g
for 10 min to obtain the supernatant. Protein concentra-
tion was determined using a BCA assay kit (Beyotime
Institute of Biotechnology) according to the manufacturer's
instructions. After that, the proteins in the supernatant
were separated and detected using western blot analysis.
Specifically, 20 ug of protein samples were separated by
10 or 12.5% SDS-PAGE (Oriscience Biotechnology Co.,
Ltd.) under a constant current and subsequently transferred
to a PVDF membrane (MilliporeSigma) at a constant
voltage. The membrane was blocked for 15 min using a
Protein-Free Rapid Blocking Buffer and washed three
times with Tris-buffered saline containing 0.1% Tween
20 (TBST; Shanghai Yuanye Bio-Technology, Co., Ltd.).
After that, the membrane was incubated overnight at 4°C
with the following primary antibodies: -actin rabbit pAb
(1:10,000; cat. no. AC006; ABclonal Biotech Co., Ltd.),
anti-cleaved poly (ADP-ribose) polymerase (PARP)-1;
1:1,000; cat. no. BML-SA249; Enzo Life Sciences, Inc.),
anti-caspase 3 (1:2,000; cat. no. A19654; ABclonal Biotech
Co., Ltd.), anti-Bax pAb (1:10,000, cat. no. ER0907; Huabio
Co., Ltd.), anti-Bcl-2 mAb (1:10,000, cat. no. ET1702-53;
Huabio Co., Ltd), anti-Cytochrome ¢ mAb (1:5,000,
cat. no. A4912; Abclonal Biotech Co., Ltd.) and anti-VDACI1
mAb (1:2,000, cat. no. YP-rAb-17947; UpingBio technology
Co., Ltd.). After removing the primary antibodies, the
membrane was washed three times with TBST. Next, the
secondary antibodies of HRP-conjugated Goat Anti-Rabbit
IgG (H+L) (1:10,000; cat. no. AS014; ABclonal Biotech
Co., Ltd.) were applied and incubated at room tempera-
ture for 2 h. Ultimately, the target protein bands were
visualized using an ECL substrate (Beyotime Institute of
Biotechnology) and imaged with a Syngene G: Box system
(Syngene). Quantification was performed using Imagel
software (version 1.54g; National Institutes of Health).

Statistical analysis. Statistical analysis of all experimental data
was performed using GraphPad Prism 9.0 (Dotmatics). Data
were presented as the mean + standard deviation. Statistical
significance analyses of the experimental data were derived by
unpaired Student's t-test or one-way ANOVA test followed by
Tukey's or Dunnett's test. P<0.05 was considered to indicate a
statistically significant difference.
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Results

LND and CPI-613 induce antitumor effects on NSCLC
cells in vitro. LND and CPI-613 were used to treat NSCLC
cell lines (H1975, HCC827, PC9 and A549) for 48 h. For
LND treatment, the IC, in H1975, HCC827, PC9 and A549
cells were 741.4, 403.2, >1,000 and 394.3 uM, respectively
(Fig. 1A). For CPI-613 treatment, the ICy, in H1975, HCC827,
PC9 and A549 cells were 299.4, 266.0, 201.3 and 252.8 uM,
respectively (Fig. 1B and C). Moreover, in A549 cells, the CI
values across all Fa values (ranging from 0 to 1) for LND +
CPI-613 treatment were <0.9, suggesting that this combination
synergistically inhibited the viability of A549 cells (Fig. 1D).
In H1975 cells, CI values were <1 only when Fa was <0.6, indi-
cating that the drug combination showed synergistic antitumor
effects at lower inhibition levels, but additive or antagonistic
effects at higher inhibition levels. Moreover, for HCC827 and
PCO cells, CI values were >1 for most Fa values, indicating that
the interaction was largely antagonistic. As A549 cells showed
the highest sensitivity to both LND and CPI-613 (lowest ICs,
value) and a synergistic antitumor effect upon combination
treatment, A549 cells were selected as the most suitable
NSCLC cells for subsequent investigation.

Validation and optimal dosage of LND + CPI-613 for syner-
gistic inhibition of the proliferation and survival on A549
NSCLC cells by combination treatment. MTT cytotoxicity
assays were further performed on A549 cells to investigate
IC,, values at different times. The results showed that the
IC4, values for both LND (Fig. S1A) and CPI-613 (Fig. S1B)
were time-dependent on A549 cells, with both ICs, values
decreasing with prolonged drug exposure. The synergistic
effect of both drugs on A549 cells was further analyzed by
SynergyFinder. The full dose-response matrices were shown in
Fig. S2A and B. The ZIP synergy score was calculated as 12.708
with a 95% confidence interval of 0.95 via SynergyFinder 3.0,
indicating a high level of synergy between LND and CPI-613
on A549 cells (a ZIP score >10 indicates notable synergy and
the maximum synergistic area is represented by the white
rectangle; Fig. 2A, Table SI). The best synergistic effect was
observed with LND concentrations 100-300 M combined
with CPI-613 concentrations 100-250 xM. Furthermore, the
combination of CPI-613 at 150 yuM with LND at the mol
ratio of ~1:1 (150:150 yM) encompassed the region of highest
synergy and significantly inhibited A549 cell proliferation
and markedly induced cell death. Thus, the concentration of
150 uM for both LND and CPI-613 at the mol ratio of 1:1 was
selected as the best combined concentration for subsequent
experiments.

To improve validation of the effects of LND and CPI-613
on A549 cell proliferation and cytotoxicity during combina-
tion treatment, colony-forming assays and real-time dynamic
live cell imaging analysis (Incucyte SX5; Sartorius AG) were
performed. The results of the colony-forming assay demon-
strated that the number and area of colonies in the LND and
CPI-613 combination treatment group were significantly
lower than that in the control group and the monotherapy
groups, indicating that the combination treatment signifi-
cantly inhibited the colony-forming capacity of A549 cells
(Figs. 2B and C; and S3). The results of real-time dynamic
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Figure 1. LND and CPI-613 treatment show antitumor effects in NSCLC cells (H1975, HCC827, PC9 and A549) and their combination effects. (A) Dose effect
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live cell monitoring experiments showed that starting at ~24 h
after the combination treatment of LND and CPI-613, the cell
morphology and proliferative capacity of A549 cells were
markedly different from the other three groups (Fig. 2D). A
total of ~24 h after the combination treatment, A549 cells
exhibited significantly deteriorated morphology, which was
worsened with prolonged exposure. Concurrently, the cell
proliferation rate in the combination treatment group was
also significantly suppressed, ultimately resulting in a marked
decrease in A549 cell proliferative capacity and an increase in
cell death (Fig. 2E).

CPI-613 enhances the antitumor effects of LND on A549
cells in vivo. In vitro experimental results indicated that
combined treatment with LND and CPI-613 induced a
synergistic antitumor effect on A549 cells. To investigate
the synergistic effects of the combined treatment in vivo,
a subcutaneous xenograft tumor model was established in
nude mice by implanting A549 cells. A total of two weeks
after the implantation of A549 cells, the mice were injected
with physiological saline as a control, LND (40 mg/kg)
alone, CPI-613 alone (48 mg/kg), and a combination of LND
(40 mg/kg) and CPI-613 (48 mg/kg; Fig. 3A). At the end of
the experiment, the mice were euthanized, and their blood,
vital organs and tumor tissues were collected for subsequent
biochemical and pathological analyses. During the drug
administration period, changes in body weight (Fig. 3B) and

tumor volume (Fig. 3C) were regularly monitored. Notably,
both tumor volume (Fig. 3C) and tumor weight (Fig. 3D) in
treated mice were significantly diminished compared with the
control group. The inhibitory effect of LND combined with
CPI-613 treatment group on tumor growth was also clearly
observed in isolated tumors (Fig. 3E). Following the histo-
logical processing of tumor tissues, H&E staining, TUNEL
staining and immunohistochemical analysis for Ki-67 were
performed (Fig. 3F). The results revealed that tumor tissues
from the LND and CPI-613 combination treatment group
exhibited the highest apoptotic rate and the lowest prolifera-
tion rate. These findings suggested that combination of LND
and CPI-613 significantly enhanced the inhibitory effects on
tumor growth in vivo.

In vivo safety analysis. The systemic safety profiles of
different treatments in mice were evaluated by monitoring
changes in body weight and various biochemical indicators, as
well as histopathological tissue examination. Throughout the
experimental period, all groups of mice exhibited an upward
trend in body weight with no significant differences (Fig. 3B).
The potential toxicity of drugs on vital organs was also
analyzed by H&E staining. H&E staining images revealed
no histopathological abnormalities in the vital organs (heart,
liver, spleen, lungs and kidneys) of the mice (Fig. 4A). Serum
biochemical analysis demonstrated no significant differences
in hepatic functional markers (aspartate aminotransferase
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and alanine aminotransferase), renal functional parameters
(UREA) and lactate dehydrogenase between the combined
treatment group and control group (Fig. 4B-E). In summary,
these results demonstrated that the combined treatment of
LND and CPI-613 was well-tolerated in mice with no obvious
toxic side effects, suggesting a favorable safety profile in vivo.

Combined LND and CPI-613 treatment inhibits energy
metabolism in A549 cells. Considering the metabolic inhibitor
attributes of LND and CPI-613, the effect of their combination
treatment on cellular energy metabolism was firstly investi-
gated using GC-MS targeted metabolomics technology. It was
observed that in the glycolysis process, the combination treat-
ment of LND and CPI-613 reduced the utilization of glucose
by the cells, as demonstrated by an increase in the amount of
intracellular glucose (Fig. 5A). Meanwhile, the key substances
for glycolysis, 1,6-bisphosphofructose (Fig. 5B), 3-phospho-
glycerate (Fig. 5C) and phosphoenolpyruvate (Fig. 5D), were
significantly inhibited. The notable decrease in the content of
pyruvic acid (Fig. 5E) also confirmed this inhibition. These
results demonstrated that a stronger decrease of the metabo-
lites involved in glycolysis was observed in the combination
treatment group.

In addition, it was observed that mitochondrial function
was subjected to stronger suppression during combination
treatment with LND and CPI-613. First, the decrease in total

intracellular pyruvic acid (Fig. 5E) suggested a reduction in
pyruvic acid entering the mitochondria to participate in the
TCA cycle. Meanwhile, it could be observed that the produc-
tion of citrate (Fig. 5F) and a-ketoglutaric acid (Fig. 5G) were
significantly inhibited, demonstrating a weakened mitochon-
drial function within the cells. There was no difference in
succinate (Fig. SH), which was probably due to the compensa-
tion effects from alternative metabolic pathways. It was shown
that the production of succinate and fumarate were similar
between control group and combination group (Fig. 5I), but the
malate was significantly inhibited by the combined treatment
(Fig. 5J). These results demonstrated that a stronger decrease
of the metabolites involved in mitochondrial respiration was
also observed in the combination treatment group.

To further confirm that the combined treatment could
inhibit glycolysis and mitochondrial respiration, extracellular
lactate level and activities of two key enzymes of TCA cycle
were detected. As shown in Fig. S4, compared with the control
group and LND single treatment group, the combined treat-
ment of LND and CPI-613 revealed a significant reduction in
extracellular lactate content. Moreover, activity of PDH, which
was a key indicator of the transition efficiency from glycolysis
to mitochondrial respiration, was also significantly decreased
after combination treatment (Fig. S5). Both results could indi-
cate effective suppression of glycolytic activity in tumor cells.
Consistent with the inhibition of mitochondrial respiration,
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the combined treatment significantly reduced a-KGDH
activity compared with the control and LND groups, further
confirming that the combined treatment could effectively
inhibit mitochondrial respiration in tumor cells (Fig. S5).
Second, the suppression of mitochondrial function is
also associated with the inhibition of the respiratory chain,
including a blockage of electron transfer and electron leakage,
which may result in the formation of ROS (33,34). Thus, the
combined effect of LND and CPI-613 on ROS production was
determined using DCFH-DA fluorometry. The green fluores-
cence indicated that the ROS level in the single drug groups
was notably weak (Fig. 6A and B). By contrast, combination

treatment of LND and CPI-613 induced significantly higher
ROS. The electron microscopy images exhibited notable
changes in mitochondrial morphology after the combined
treatment of LND and CPI-613, primarily characterized by a
reduction in mitochondrial volume, increased electron density
and disorganization of mitochondrial cristae (Fig. 6C and D).
These results indicated that LND combined with CPI-613 treat-
ment could alter the mitochondrial morphology in A549 cells.
Moreover, MMP depolarization was observed, with stronger
green-fluorescent intensity of JC-1 monomers and weaker
red fluorescent intensity of JC-1 aggregates; the monotherapy
groups and control groups showed less depolarized MMP
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(Fig. 6E). Statistical analysis also revealed similar patterns
(Fig. 6F). Moreover, the combination treatment significantly
upregulated intracellular MDA levels, indicating that the cells
were under oxidative stress conditions (Fig. 6G). These results
demonstrated that the combination treatment of LND and
CPI-613 may be the cause of significant oxidative stress and
dysfunction in mitochondria, including structural changes and
depolarization of MMP in A549 cells.

As a principal product of cellular energy metabolism, ATP
is important in maintaining the cell viability and providing
energy for biochemical reactions. Therefore, the changes in
ATP content in A549 cells was investigated during LND and
CPI-613 combination treatment. At 24 h, both single treat-
ment with LND or CPI could moderately increase ATP levels,
whereas the combination treatment showed a slight increase
in ATP content. At 48 h, ATP levels remained relatively stable
across all groups, with no significant differences between the
combination group and either monotherapy or the control
group. Notably, the results revealed that after 72 h of combina-
tion treatment, the ATP levels in A549 cells were significantly
reduced, far exceeding that of other treatment groups (Fig. 6H).
This marked decline in ATP levels at 72 h indicates that the
combined treatment of LND and CPI-613 could effectively
impair glycolysis and mitochondrial function, thereby causing
the dysfunction of energy metabolism in tumor cells.

Combined treatment with LND and CPI-613 induces syner-
gistic effects on apoptosis in A549 cells. Considering the
notable increase in cell death and dysfunction of cellular

energy metabolism after co-incubation of LND and CPI-613,
the effect of the combination treatment on inducing cell apop-
tosis was analyzed by flow cytometry. The results showed that
the ratio of apoptotic cells in the LND single-drug group or
CPI-613 single-drug group exhibited similar patterns to those
of the control group (Fig. 7A). However, the ratio of apoptotic
cells in the combined treatment group of LND and CPI-613
(29.04%) was significantly increased, and there were signifi-
cant differences compared with the control group (3.79%), the
LND (4.09%) and CPI-613 (8.83%) single-treatment groups
(Fig. 7B). Western blot analysis revealed significant upregula-
tion of apoptotic markers after co-treatment with LND and
CPI-613 (Fig. 7C). Specifically, the protein level of Bax was
upregulated (Fig. 7D), while Bcl-2 expression was slightly
downregulated (Fig. 7E), leading to a pronounced increase in
the Bax/Bcl-2 ratio (Fig. 7F). In addition, the levels of cleaved
caspase 3 (Fig. 7G) were significantly increased following
combination treatment, although the total caspase 3 expression
(Fig. 7H) remained unchanged. Moreover, after combination
treatment, the levels of cleaved PARP were slightly upregu-
lated (Fig. 71) and the total PARP was slightly downregulated
(Fig. 7J), leading to a pronounced increase in the cleaved
PARP/total PARP ratio (Fig. 7K). Furthermore, co-treatment of
LND and CPI-613 caused a reduction in cytochrome c content
in the mitochondrial fraction, accompanied by an increase in
the cytoplasmic fraction (Fig. S6). Mechanistically, impaired
cellular energy metabolism promotes the upregulation of
pro-apoptotic Bax and the subsequent release of cytochrome
¢ from mitochondria into the cytoplasm. This event initiates
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gas chromatography-mass spectrometry; LND, lonidamine; CPI-613, devimistat.

the proteolytic cleavage and activation of caspase 3, which in
turn catalyzes the cleavage of PARP, resulting in the loss of its
DNA repair enzymatic activity and subsequent acceleration of
apoptosis.

In summary, combination treatment of the two metabo-
lism inhibitors LND and CPI-613 could efficiently suppress
both glycolysis and mitochondrial function, resulting in
the dysfunction of cellular energy metabolism, which could
induce intrinsic apoptosis in A549 cells, potentiating syner-
gistic antitumor effects in vitro and in vivo.

Discussion

Tumor cells are characterized by rapid proliferation, which
requires substantial ATP as an energy source (5). Therefore,
researchers have begun to consider therapeutic approaches
that involve disrupting the energy supply to tumors. However,
this strategy has not yet achieved satisfactory therapeutic
results. This is possibly because current energy metabolism
inhibitors only target partial processes within cellular energy
metabolism, while tumor cells such as A549 cells can adap-
tively regulate other processes to resist external interference
and continue to maintain intracellular energy production to
support its continued growth and proliferation (35,36). It has
been widely recognized that glycolysis, as well as OXPHOS

and the TCA cycle within mitochondria, are three critical
processes that generate ATP to promote tumor growth, making
them key targets in current studies on tumor energy metabo-
lism therapies (37,38). Therefore, it is hypothesized that using
a combination of two or more drugs to achieve multifaceted
disruption of the energy sources in tumor cells, may prevent
or overcome the metabolic self-regulatory capacity of tumor
cells (18).

In the present study, two energy metabolism-inhibiting
agents (LND and CPI-613) were combined as a novel strategy
for the treatment of NSCLC, especially for its main subtype,
lung adenocarcinoma (39). Current studies have both high-
lighted their potential for clinical use and demonstrated their
existing limitations. LND, as an energy metabolism inhibitor
fostering extensive research attention, has demonstrated
its inhibitory effect on glycolysis and OXPHOS in various
tumors including NSCLC (13,40,41). However, its efficacy is
still not sufficient to meet the clinical treatment requirements.
As aforementioned, this may be attributed to the fact that the
undisturbed TCA cycle in tumor cells can utilize the products
derived from glucose metabolism or other metabolic pathways
to maintain energy metabolism (17-22). In addition, CPI-613
is a novel effective inhibitor specifically targeting the TCA
cycle (42). When in combination with LND, it is expected
to address the limitations of LND, thereby more forcefully
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Figure 6. Combination of LND and CPI-613 induces mitochondrial morphology and functional damage in tumor cells. (A) Representative fluorescent images
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(D) after co-incubation with LND and CPI-613. (E) Representative micrographs of JC-1-stained A549 cells showing JC-1 aggregates (red fluorescence) and
JC-1 monomers (green fluorescence) in mitochondria, and (F) statistical analysis of the MMP calculated by the ratio of JC-1 monomers (green) to aggregates
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the four experimental groups after 24, 48 and 72 h treatment with LND and/ or CPI-613 (n=3). "P<0.05 and “P<0.01. ROS, reactive oxygen species; MMP,
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cutting off the energy metabolism of tumor cells and achieving  different NSCLC subtypes. The interaction exhibits a syner-
efficient synergistic treatment. Therefore, at the beginning,  gistic effect in A549, whereas it was antagonistic in HCC827
the combination effect of LND and CPI-613 was assessed on  and PC9, showing only a partial synergy in H1975. This
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Figure 7. Combination of LND and CPI-613 induces apoptosis in A549 cells. (A) Apoptosis detection of drug-treated cells by flow cytometry. (B) Statistical
analysis of apoptotic rates in the four treatment groups. (C) Western blot analysis of apoptotic markers. Original blots are presented in Fig. S7. (D-K)
Semi-quantitative analysis of (D) Bax, (E) Bcl-2, (F) the ratio of Bax to Bcl-2, (G) cleaved Caspase 3, (H) Caspase 3, (I) cleaved PARP, (J) PARP and (K) the
ratio of cleaved PARP to PARP (n=3). "P<0.05 and ""P<0.01. LND, lonidamine; CPI-613, devimistat; PARP, poly (ADP-ribose) polymerase.

inconsistency between different cell lines might originate from
distinct genetic mutations and different metabolic preferences
across NSCLC subtypes. A549 is KRAS-mutated NSCLC
cells, which drives the continuous activation of downstream
MAPK and PI3K-AKT-mTOR pathways, leading to a high
dependence on glucose metabolism such as aerobic glycolysis

to maintain rapid proliferation, thus it is relatively sensitive to
energy metabolism inhibitors. By contrast, HCC827, PC9 and
H1975 are all EGFR-mutated types (such as 19-del or L858R),
and their metabolic regulation is more dependent on the EGFR
signaling pathway. Under certain conditions, they can flexibly
switch stronger metabolic adaptability (43-46).
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The synergistic effect of LND combined with CPI-613 in
A549 cells has been demonstrated by the relatively high ZIP
synergy score through Synergyfinder analysis, allowing the
identification of the optimal dosing regimen for their combina-
tion therapy. Specifically, the most effective synergies occurred
when LND and CPI-613 were administered in a concentration
of ~150 M. When these concentrations were applied to A549
cells, a notable decrease in cell viability, proliferation and
colony-forming capacity was observed. In addition, it was also
observed that LND combined with CPI-613 treatment signifi-
cantly induces apoptosis in A549 cells.

In the xenograft tumor model, the tumor volume and
weight in the combination treatment group were significantly
smaller than those in both the control and monotherapy groups.
TUNEL and Ki-67 staining of tumor tissues also confirmed
the highest cytotoxicity and inhibition in the combination
group. However, no obvious systemic toxicity was found in the
mice after treatment, confirming the safety of the combined
treatment regimen. These findings suggested that the combina-
tion of LND and CPI-613 induced potent antitumor activity
both in vitro and in vivo, while also maintaining a reliable
safety profile.

Previous studies have shown that tumor cells have a
high demand for ATP, and extracellular ATP levels in
tumors (ATP levels in the tumor mesenchyme) have been
found to be 10°-10*-fold higher than in normal tissues of
the same cellular origin (5,47,48). Inhibiting the genera-
tion of ATP in tumor cells can suppress their viability
and invasiveness, indicating a promising new strategy for
cancer treatment (49,50). In the present study, the combina-
tion treatment of LND and CPI-613 resulted in a notable
decrease in glycolysis and mitochondrial function, thus
resulting in a significant reduction of ATP levels within the
cells. On the one hand, it was observed that the combined
treatment of LND and CPI-613 could significantly alter the
substances related to glycolysis and mitochondrial function
at the metabolomics level. On the other hand, damage to the
mitochondria of A549 cells further proved that the combi-
nation therapy did have an inhibitory effect on cellular
energy metabolism, indicating that targeting cellular ATP
supply from the perspective of both glycolysis and mito-
chondrial function could be an effective antitumor therapy.
Furthermore, it has been established that this decrease in
ATP levels is associated with diminished cell viability and
inhibited proliferative capacity (51,52).

Additionally, the impairment of cellular energy metabo-
lism serves as a critical trigger to initiate intrinsic apoptotic
pathway. On the one hand, the inherent rapid growth and
proliferation characteristics of tumor cells leads to their
notable energy requirements, and thus the ATP depletion
caused by the combination therapy of LND and CPI-613
will induce a starvation state in tumor cells, making them
unable to maintain normal function, and ultimately initiating
apoptosis (53,54). On the other hand, the mitochondrial
damage occurring during treatment is also an important
pathway for inducing cell apoptosis (55). In the present study,
the combination of LND and CPI-613, which simultaneously
attacked glycolysis, OXPHOS and the TCA cycle, could
inhibit the progression of these crucial processes in cellular
energy metabolism and induce the accumulation of ROS
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within A549 cells, as well as an accumulation of the lipid
peroxide MDA, which suggests that the combined treatment
can induce oxidative damage of mitochondria in A549 cells.
Then, the mitochondrial damage, characterized by reduced
membrane potential, loss of mitochondrial cristae and
alteration of mitochondrial morphology are hypothesized to
promote the increase in the Bax/Bcl-2 ratio, a key regula-
tory node for cell apoptosis (56,57), as well as the release
of cytochrome c, thereby activating the apoptotic signaling
cascade. The damage, including ATP depletion and mito-
chondrial perturbations induced by the combination therapy
of LND and CPI-613, resulted in the cleavage of caspase
3 and subsequent cleavage of PARP, which collectively
enhanced the level of tumor cell apoptosis and strengthened
the antitumor therapeutic efficacy (Fig. 7). Therefore, the
combined therapy could induce tumor cell apoptosis through
ATP depletion-mediated starvation therapy and mitochon-
drial damage caused by energy metabolism inhibition, which
may represent a potential mechanism by which the combined
treatment of LND and CPI-613 ultimately culminates in the
death of A549 cells.

In summary, the in vitro and in vivo experiments in the
present study provided compelling evidence for the efficacy
and safety of the combined treatment of LND and CPI-613.
The two agents exerted multifaceted inhibition on cellular
energy metabolism by simultaneously disrupting both
glycolysis and mitochondrial function, thus synergistically
enhancing cytotoxicity and suppressing cell proliferation and
inducing apoptosis. These findings suggest that combination
therapy involving different energy metabolism inhibitors is
a promising strategy for cancer treatment. Furthermore, the
strong inhibition of abnormal energy metabolism is expected
to enhance the sensitivity of tumors to other treatments (such
as chemotherapy, photodynamic therapy and photothermal
therapy) (6,7). Additionally, as the immunosuppressive metab-
olites (such as L-lactic acid) decrease, functional immune cells
are activated, which is one of the key factors for the effective-
ness of immunotherapy (58).

Nevertheless, there also are some limitations in the
present study. Based on the reported clinical data, the
maximum serum concentrations of CPI-613 and LND in the
human body are only ~80 and ~105 uM, respectively (59,60).
However, as in other preclinical studies involving CPI-613
or LND (41,61-63), in order to achieve a significant tumor
suppression effect, very high drug concentrations had to be
used in the present study. Furthermore, due to the significant
adverse reactions and unexpected deaths caused by systemic
intravenous administration of LND and CPI-613 in mice,
the present study was forced to adopt the intratumoral injec-
tion to ensure successful drug intervention and observe the
direct antitumor effect of the combined treatment, which is
also an obstacle to achieving clinical application. To address
these limitations, further research will focus on chemically
modifying the drugs or developing efficient delivery systems.
In addition, increased ROS accumulation, elevated MDA
levels and abnormal mitochondrial morphology observed in
the present study suggest that ferroptosis cannot be excluded
and warrants investigation in future research. In the present
study, Ki-67 and TUNEL staining within tumor tissues veri-
fied the antiproliferative and pro-apoptotic effects induced
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by combined treatment. Nevertheless, these indicators cannot
serve as direct pharmacodynamic evidence of metabolic
target engagement in vivo, which remains an obvious limi-
tation of the current research. Further targeted detection
in vivo will be implemented in future studies to support
clinical applicability.
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