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ABSTRACT: Lung cancer ranks as the second most diagnosed cancer
and the leading cause of cancer-related deaths worldwide. Novel
chemotherapeutic strategies are crucial to efficiently target tumor cells
while minimizing toxicity to normal cells. In this study, we proposed a
combination strategy using energy blocker lonidamine (LND) and
cytotoxic drug nimustine (ACNU, 1-[ (4-amino-2-methyl-S-pyrimidinyl)-
methyl]-3-(2-chloroethyl)-3-nitrosourea) to enhance the killing of a
human lung cancer cell line and investigated the potential chemo-
sensitizing mechanism of LND. LND was found to remarkably increase
the cytotoxicity of ACNU to AS549 and H1299 cells without significantly
affecting normal lung BEAS2B cells. The combination of LND and
ACNU also produced significant effects on cell apoptosis, colony
formation, cell migration, and invasion assays compared to single drug

Lonidamine increases the cytotoxic effect of ACNU via energy inhibition, disrupting redox
is and downr ing MGMT expression in human lung cancer cell line
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treatment. Mechanistically, LND decreased intracellular ATP levels by inhibiting glycolysis and inducing mitochondrial dysfunction.
Furthermore, the combination of LND and ACNU could intensify cellular oxidative stress, decrease cellular GSH contents, and
increase reactive oxygen species (ROS) production. Notably, LND alone dramatically downregulated the expression of DNA repair
protein MGMT (O®methylguanine-DNA methyltransferase), enhancing DNA interstrand cross-link formation induced by ACNU.
Overall, LND represents a potential chemo-sensitizer to enhance ACNU therapy through energy inhibition, disrupting redox
homeostasis and downregulating MGMT expression in human lung cancer cell line under preclinical and clinical background.

1. INTRODUCTION

According to the latest global cancer statistics, lung cancer is
estimated as the second most diagnosed cancer (11.4%) and
the leading cause (18%) of cancer mortality worldwide." The
metastatic characteristic and drug resistance make the
treatment of lung cancer a great challenge, although several
kinase inhibitors like gefitinib and dacomitinib have been
approved for clinical application.” Usually, a monofunctional
drug is very difficult to efficiently kill tumor cells because they
commonly have multiple survival or resistance pathways.’ In
this case, combi-molecules or combination therapy targeting
two or more cellular targets are promising for the treatment of
malignant tumors.”*

DNA antitumor alkylating agents, such as nimustine
(ACNU), carmustine (BCNU), lomustine (CCNU), temozo-
lomide (TMZ), and procarbazine (PCZ), are widely used in
the cancer treatment, including brain tumor, lung cancer,
leukemia, and Hodgkin’s lymphoma.s’6 ACNU, BCNU, and
CCNU are bifunctional DNA alkylating agents, whose
antitumor activity is mainly associated with the DNA
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interstrand cross-links (ICLs) between G and C.””® The
formation of DNA ICLs is the result of O choloethylation of
guanine.”®® TMZ and PCZ are monofunctional alkylating
agents, which exert antitumor activity via the formation of O°-
methylguaine (0%-MG).”~"" However, tumor resistance
seriously limits their clinical applications. For example, O°-
methylguanine-DNA methyltransferase (MGMT) can remove
the alkyl groups located at the DNA guanine to the Cys145
residue of its active center, leading to the decrease in the level
of O®-MG or DNA ICLs.”'>"* MGMT is a frequently studied
resistance target for improving the chemotherapeutic effects of
such agents over the past several decades.'”™"® Up to date, O%-
benzylguanine (O°~BG) and OS-(4-bromothenyl)guanine

Received: January 19, 2024
Revised:  July 30, 2024

Accepted: August 13, 2024
Published: August 17, 2024

https://doi.org/10.1021/acsomega.4c00641
ACS Omega 2024, 9, 3613436147


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tengjiao+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lin+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yaxin+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lijiao+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rugang+Zhong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guohui+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guohui+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c00641&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00641?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00641?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00641?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00641?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00641?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/34?ref=pdf
https://pubs.acs.org/toc/acsodf/9/34?ref=pdf
https://pubs.acs.org/toc/acsodf/9/34?ref=pdf
https://pubs.acs.org/toc/acsodf/9/34?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c00641?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

(lomeguatrib, O%4-BTG) are two MGMT inhibitors entering
clinical trials."”'® However, it is disappointing that the
combination of the two MGMT inhibitors with the
aforementioned guanine O°-alkylating agents produced serious
adverse effects in tumor patients as the chemo-sensitization
was also observed in normal tissues.'”'> As a matter of fact,
ATP-dependent multidrug resistance (MDR) and GSH-
mediated drug inactivation also result in the occurrence of
tumor resistance.'”">> Therefore, other pathways must be
considered to overcome the resistance.

It is well-known that tumor cells have unique energy
metabolism characteristics that are highly dependent on
glycolysis rather than mitochondrial oxidative phosphorylation
(OXPHOS) for energy supply.”” The altered glucose
metabolism is characterized by high glucose uptake and lactate
production, and this metabolic reprogramming supports rapid
cell growth and proliferation by providing both energy and
biosynthetic precursors.”>~>° This unique metabolism is called
“Warburg effect”, which is associated with intrinsic or acquired
resistance to radiotherapy and routine anticancer drugs via
generating an extracellular acid microenvironment, a chemi-
cally reduction milieu, activating DNA damage repair and
triggering exosome release.”® In fact, tumor cell is a hybrid
glycolysis/ OXPHOS phenotype,27 in which OXPHOS pro-
vides ~40% energy, while glycolysis not only accounts for
~60% energy but also supplies anabolic materials.”® Therefore,
it is highly suggested that blocking tumor energy metabolism
may be a promising strategy to improve the therapeutic effects
of conventional chemotherapeutic drugs. Indeed, several
energy blockers like 3-bromopyruvate (3-BrPA), metformin,
2-deoxy-D-glucose (2-DG), and lonidamine (LND) have been
used in combination therapy and exhibited promising results
with respect to chemoresistance.””*””* Among, LND has a
special attention because of its initial usage as antispermato-
genic drug.34 In addition, as a single drug, LND has limited
anticancer activity; however, it exhibits low toxicity to normal
cells and high tumor selectivity.””**™*” In several published
papers, LND selectively reduced the energy levels and
intracellular pH of tumor cells while had no remarkable
influence on normal tissues such as skeletal muscle and
brain.***® When LND is combined with conventional
anticancer drugs such as nitrogen mustards,”*** doxorubi-
cin,*** and TMZ,* significant tumor growth inhibition has
been reported.

The beneficial effects of LND for human heath provide a
novel window in therapeutic intervention when in combination
with other chemotherapeutic drugs. Recently, we reported an
interesting study using the combination strategy of LND and
ACNU in human glioblastoma cells in vitro and in vivo.*” In
this study, we investigated the sensitizing effects of LND on
the anticancer activity of ACNU in the human lung cancer
AS549 cell line. ACNU was chosen in this study because it can
be used for the treatment of lung cancer in a clinical setting.
The underlying chemosensitizing mechanism mediated by the
LND was also explored.

2. MATERIALS AND METHODS

2.1. Chemicals. LND and ACNU (hydrochloride) were
purchased from Meryer Co., Ltd. (Shanghai, China) and TCI
Co., Ltd. (Shanghai, China), respectively. N-acetylcysteine
(NAC, Cat#A0737) were obtained from Aladdin Co., Ltd.
(Shanghai, China). MEM-EBSS medium and penicillin—
streptomycin were obtained from HyClone (South Logan,

UT, USA). Fetal bovine serum (FBS) was purchased from
Dakewe Biotech Co., Ltd. (Shenzhen, China). Trypsin with/
without 0.25% ethylenediaminetetraacetic acid was purchased
from GIBCO (Grand Island, USA) and ThermoFisher
Scientific Inc. (Massachusetts, USA), respectively. 3-(4,S-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), dimethyl sulfoxide (DMSO), CellTiter-Lumi lumi-
nescent cell viability assay kit, reactive oxygen species (ROS)
assay kit, enhanced BCA protein assay kit, phenylmethane-
sulfonyl fluoride (PMSF), sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE) gel quick preparation
kit, loading buffer, and color protein ladder were obtained from
Beyotime Biotechnology Co., Ltd. (Shanghai, China). Matrigel
was purchased from Corning (New York, USA). GSH and
lactic acid assay kits were obtained from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). Crystal violet
staining solution, hexokinase (HK) activity assay kit,
mitochondrial membrane potential assay kit, and Hoechst
33342 solution were obtained from Beijing Solarbio Science &
Technology Co., Ltd. (Beijing, China). The Annexin V-FITC/
propidium iodide (PI) apoptosis detection kit was acquired
from Yeasen (Shanghai, China). Mouse monoclonal f-actin
monoclonal antibody was obtained from Proteintech Group,
Inc. (Rosemont, USA). Goat antimouse IgG H&L 203 (IRDye
800CW), goat antirabbit IgG H&L (IRDye 800CW), rabbit
monoclonal MMP2 primary antibody (ab181286), and rabbit
monoclonal MGMT primary antibody (abl08630) were
purchased from Abcam Inc. (Cambridge, UK). The DNA
damage detection kit was obtained from KeyGEN BioTECH
(Nanjing, China).

2.2. Cell Culture. Human nonsmall cell lung cancer
(NSCLC) AS549 and normal lung epithelial BEAS2B cell lines
are gifts provided by Dr. Jingtao Li at Beijing University of
Technology. Human NSCLC HI1299 cell line was obtained
from the Cell Resource Center, Peking Union Medical College.
The tumor cells were maintained in MEM-EBSS (AS549) or
RPMI 1640 (H1299) or Dulbecco’s modified Eagle’s medium
(BEAS2B) medium supplemented with 10% FBS, 100 U/mL
penicillin, and 100 ug/mL streptomycin, respectively. The cells
were cultured in a humidified incubator at 37 °C and 5% CO,/
95%. When reaching the confluence, cells were treated with
drugs for the indicated time.

2.3. Cytotoxicity Assay. The MTT method was used to
perform the cytotoxicity assay.** After seeding at 96-well plates
and cultured for 24 h, the cells were incubated by LND or
ACNU for 24 h or LND (24 h pretreatment) + ACNU (24 h
treatment). After treatment, each well was added with S mg/
mL MTT (20 uL) and allowed to incubate for 4 h in the dark.
Subsequently, we added 150 uL of DMSO to completely
solubilize formazan after removing the supernatant. The
optical density (OD) at 570 nm was recorded using a
Multiskan FC microplate reader (Thermo Scientific, Waltham,
MA, USA). The mean cell viability was calculated as the
percentage of the OD value of the control group. The survival
rate (%) was calculated as (Odeg — ODy)/(OD ool —
ODypn) X 100%. For combination treatment, the IC,s and
ICy, values of LND were used for 24 h pretreatment before
exposure to ACNU. The synergy was calculated according to
the following formula:** Q = E(ap)/(Ex + Bz — Ey X Ep), in
which Q < 0.85 means antagonism, Q = 0.85—1.15 means
additive, and Q > 1.15S means synergism. E,,p) is the
combined inhibition rate of LND and ACNU, and E, and
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Eg are the single inhibitory rates of drug A (LND) and B
(ACNU), respectively.

2.4. Colony Formation Assay. Human NSCLC AS549
cells (800 cells/well) were seeded at six-well plates. After 24 h
of adherence, the cells were pretreated with LND for 24 h
before treatment with ACNU (24 h). Each well was refreshed
with fresh medium every 3 days. After a 9 day culture, the
colonies were stained using 0.5% crystal violet, followed by a
three time phosphate-buffered saline (PBS) washing. After the
cells were dried at room temperature, the cloning number
(=50 cells) was counted.

2.5. Migration Assay. The migration ability was assessed
by a wound healing assay. Cells were seeded at six-well plates
with appropriate density and cultured to ~90% confluence. A
10 uL pipet tip was used to make a scratch on the cell
monolayer at the bottom of the six-well plate. The scraped cell
debris was gently rinsed by PBS. Afterward, we added LND to
the plate for a 24 h pretreatment, followed by treatment with
ACNU for 48 h. The initial scratch width was expressed as d,,,
and the width at different time points was also recorded. The
migration rates at different time points were calculated based
on the formula: Migration rate (%) = (d, — dy)/d, X 100%,
among d, indicates the scratch width at ¢ h time point.

2.6. Invasion Assay. Briefly, after drug treatment, the cells
were starved in a serum-free medium for 12 h. Subsequently,
the cells were transferred to the upper side of the Matrigel-
coated transwell insert (8 ym pore size) for 24 h incubation.
The lower side of the transwell insert was filled with fresh
medium containing 20% FBS to generate a concentration
gradient. The cells were then stained with a 1% crystal violet
solution for 40 min. After two times PBS washing, the transwell
insert was taken for photographing after wiping the upper side
cells using a cotton swab. The invading cells on the lower side
were counted using ImageJ software (National Institutes of
Health, USA).

2.7. HK Activity Assay. HK activity assay is based upon
the reduction of NADP" to reduced nicotinamide adenine
dinucleotide phosphate having maximum absorbance at 340
nm. After drug treatment, the cells were trypsinized, washed
with PBS, and ultrasonically disrupted. Cell suspension was
homogenized on ice, and the protein concentration was
quantified by the BCA protein assay kit.*> The HK activity in
the supernatant was determined according to the manufac-
turer’s instruction of the HK assay kit and expressed as nmol
per min per mg protein. The absorbance was recorded at 340
nm with an ultraviolet spectrophotometer (U-3010, Hitachi,
Japan).

2.8. Intracellular ATP Determination. Intracellular ATP
levels were determined by using a CellTiter-Lumi assay Kkit.
Briefly, cells growing in the exponential growth phase were
seeded at opaque black 96-well plates with § X 10° cells per
well (100 uL) and allowed to 24 h adherence. Afterward, the
cells were incubated with LND for 24 h, followed by treatment
with ACNU for 24 h. After treatment, the plates were
equilibrated at room temperature for 10 min. Each well was
added with 100 pL of CellTiter-Lumi Luminescent Reagent
and shaken for 2 min to promote cell lysis. The plate was
incubated for 10 min to stabilize the luminescence signal. The
luminescence signal was recorded by a Multimode Plate
Reader (PerkinElmer, Waltham, MA, USA). In the presence of
ATP, the luciferase-catalyzed luciferin monooxygenation
generates a luminescence signal proportional to the ATP
contents.

2.9. Determination of Cellular GSH and ROS Level.
The quantitation of cellular GSH content is based on the
reaction of GSH and $,5'-dithiobis(2-nitrobenxoic acid) to
yield a yellow 2-nitro-S-thiobenzoic acid.*® Briefly, 1 X 10°
cells was seeded at each well of a six-well plate and left to
adhere for 24 h. After the combination treatment of LND and
ACNU, the medium containing drugs was discarded. The cells
were then trypsinized and centrifuged. After removing the
supernatant, the cell pellets were washed and resuspended in
0.2 mL of saline solution, followed by three-time freezing and
thawing, and centrifugation to remove the cellular debris. A 0.1
mL aliquot of supernatant was taken for GSH quantitative
determination according to the manufacturer’s instructions.
We determined the absorbance at 405 nm and determined the
protein concentration using the BCA assay kit. Here, the
cellular GSH content was expressed as pmol per g protein
(umol/gprot).

Intracellular ROS was monitored by staining all the cells
with 2',7’-dichloro fluorescent yellow diacetate (DCFH-DA).
DCFH-DA is a fluorescence-free cell permeable dye which can
be hydrolyzed by cellular esterase to generate DCFH that can
be oxidized by ROS to generate a fluorescent DCE." Lung
cancer A549 cells were treated with indicated drugs in six-well
plates. After drug treatment, each well was added with 1 mL of
serum-free medium solution containing Hoechst 33342 (10
mg/mL) and DCFH-DA (10 M) for 20 min at 37 °C.
Subsequently, the cells were washed three times with fresh
serum-free medium. The fluorescence intensity was detected
by a fluorescence microscope (Olympus IX51, Tokyo, Japan).

2.10. Intracellular Lactic Acid Assay. Intracellular lactic
acid was quantitated with a lactic acid assay kit. Using NAD™ as
an H" acceptor, lactic acid can be dehydrogenated by LDH to
generate pyruvate, with the formation of NADH, in which
nitrotetrazolium blue chloride is reduced to a purple color
substance through the H transmission of phenazine metho-
sulfate. The absorbance at 530 nm is linearly proportional to
the lactic acid content. Briefly, cells were seeded at six-well
plates (1.5 X 10° per well, 2 mL) and allowed to incubate at 37
°C for 24 h, then treated with the combination of LND (24 h
pretreatment) and ACNU (24 h treatment). Afterward, the
cells were collected and lysed through repeated freezing and
thawing. According to the manufacturer’s protocol, a 20 uL
aliquot of lysate was taken from each sample for intracellular
lactic acid quantitation.

2.11. Cell Apoptosis Analysis. Cell apoptosis was
determined using an Annexin V-FITC/PI apoptosis detection
kit. Cells were seeded at six-well plates for 24 h culture and
treated by LND or ACNU or LND in combination with
ACNU, followed by trypsinization, centrifugation, washing
with precooled PBS, and resuspension in 1 X binding buffer
(100 pL). Subsequently, 5 uL of Annexin V-FITC solution and
10 uL of PI were added to the cell suspension. After incubation
in the dark for 15 min, 400 pL of 1 x binding buffer was added
to each well. The samples were then placed on ice, and flow
cytometry analysis was performed within 1 h. Cell apoptosis
were analyzed using FlowJo software (Ashland, OR, USA).

2.12. Mitochondrial Membrane Potential Measure-
ment. JC-1 dye is an ideal fluorescent probe for detecting the
reduction of mitochondrial membrane potential."® AS49 cells
were treated with LND for 24 h and ACNU for an additional
24 h. Afterward, the cells were collected and stained with fresh
medium solution containing JC-1 and Hoechst 33342 for 20
min at 37 °C. 1 mL of staining buffer was added to the cells for

https://doi.org/10.1021/acsomega.4c00641
ACS Omega 2024, 9, 36134-36147


https://dict.youdao.com/w/incubator/
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00641?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

6100 A549 BA 100 A549 Emu s H1289 D 100 s H1299
& g ° £ g E g * S
2 2 ] 2
© ©
Z 60 L Z 60 L
g 40 g 40 g 40 g 40
2 2 2 s o
3 20 N 3 20 3 20 3 20
o . [5) [¥) Y [¥)
v T T T 1 v T T T v T T T 1 T T T T 1
0 1 2 3 1 2 3 0 1 2 3 4 0 1 2 3 4
LND log[conc.] ACNU log[conc.] LND log[conc.] ACNU log[conc.]
E 100- F 100 G 100-
. ° A549 -e- LND O pM _ H1299 | NDoOpm . BEAS2B -e- LND 0 uM
X X X
< 80+ -= LND 188 yM < 801 -= LND 200 yM < 801 -= LND 188 yM
- ° - -
£ 6o- s ™ LND280uM B 6o -+ LND 284 uM E ool - LND 280 yM
2 40 2 40 2 40
=2 =3 3
" 7] "
T 20 3 20 3 204
o o o
T T Ll 1 0 T T 1 0 T T T 1
0 1 2 3 4 0 2 3 4 0 1 2 3 4

ACNU log[conc.]

ACNU log[conc.]

ACNU log[conc.]

Figure 1. Cell survival rates of human lung cancer A549, H1299 cells, and normal lung epithelial BEAS-2B cells treated with different drugs. (A)
A549 cells were treated with LND alone; (B) A549 cells were treated with ACNU alone; (C) H1299 cells were treated with LND alone; (D)
H1299 cells were treated with ACNU alone; (E) AS49 and (F) H1299 cells were pretreated with LND for 24 h and then treated by ACNU for 24
h; and (G) BEAS-2B cells were pretreated with LND for 24 h and then treated by ACNU for 24 h. All data are shown as mean = SD (1 = 3 per

group).

three washing. Finally, the mitochondrial membrane potential
change was detected by using a fluorescent microscope. The
JC-1 is present as a monomer with green fluorescence rather
than red fluorescence when mitochondrial membrane potential
is reduced.

2.13. Western Blot Assay. After drug treatment, the cell
lysates were obtained from cells treated with different drugs
using RIPA lysis buffer supplemented with 1 mM PMSEF. The
protein concentration in the supernatant was quantified by the
BCA protein assay kit."> After mixing with loading buffer, the
protein sample was denatured at 95 °C for S min.
Approximately 60 pg of protein per sample was loaded in
12% SDS-PAGE gel, transferred to poly(vinylidene difluoride)
membrane (Millipore Inc., Billerica, MA, USA), blocked
overnight, incubated with primary antibody at 1:1000 (rabbit
monoclonal anti-MGMT/anti-MMP2 antibodies) or 1:10,000
(mouse monoclonal anti-f-actin antibody) at 4 °C for 12 h,
and incubated with preadsorbed goat antimouse or antirabbit
IgG second antibody (IRDye 800CW) at room temperature
for 1 h. The bands were captured by an Odyssey infrared
imaging system (LI-COR Biosciences, Lincoln, NE, USA). The
P-actin was used as a reference protein.

2.14. Determination of DNA ICLs. The DNA ICLs in
human lung cancer AS549 cells after drug combination
treatment were determined by single-cell gel electrophoresis.*’
AS49 cells were seeded in T2S culture flasks and cultured until
the cell density reached approximately 90%, followed by
treatment with LND (24 h pretreatment) and ACNU (24 h
treatment), respectively. To distinguish cross-linked and un-
cross-linked DNA, 100 uL of 0.3% H,O, solution was added to
cells for 20 min treatment on ice to induce DNA strand breaks.
The reaction was quenched by adding 1% (v/v) DMSO.
Subsequent steps were performed according to the DNA
damage detection kit. Cells were embedded in agarose,
electrophoresed under alkaline conditions, and stained by PL
Images were captured by fluorescence microscopy, where the
single cell revealed a comet-like form. Here, cross-linked DNA
migrates slowly and presents as the round comet “head”,

36137

whereas the broken DNA yields the “tail”. The analysis was
performed using the Comet Assay Software Project. The DNA
ICL rate was calculated as the decrease in percentage of olive
tail moment (OTM) in cells treated with indicated drugs and
H,0, relative to cells treated with only H,0,."”* The percent
decrease representing the level of ICLs was calculated as
follows:

1 OTM(drug + H,0,) — OTM(drug) — OTM(control)
OTM(H,0,) — OTM(control)

X 100

where OTM (control), OTM (H,0,), OTM (drug), and
OTM (drug + H,0,) indicate the OTM of cells treated with
neither drug nor H,0,, with only H,0,, with only drug, and
with both drug and H,0,, respectively.

2.15. Statistical Analysis. Graphpad Prism 8.0 software
was used for statistical analysis. Unless otherwise stated, all
results were calculated from at least three independent
experiments and expressed as the mean + the standard
deviation. Two-tailed standard Student’s t-test was performed
to determine the significance between two groups (paired one-
tail t-test for Western blot analysis). *p < 0.05, **p < 0.01, and
*#%p < 0.001 indicate significant statistical difference between
different groups.

3. RESULTS AND DISCUSSION

3.1. LND Enhanced the Sensitivity of Human Lung
Cancer Cell Lines to ACNU. As a single agent, LND is shown
to have limited anticancer activity; however, it exhibits unique
potential to modulate the chemotherapeutic effects of
conventional drugs: (1) tumor selectivity; (2) low toxicity to
normal cells; and (3) multiple biochemical mechanisms,
including inhibiting glycolysis, mitochondrial respiration,
lactate efflux, and pyruvate uptake.?’s_37 Here, we compared
the effects of LND and ACNU, either alone or in combination,
on the survival of human lung cancer A549 cells using an MTT
method.

As shown in Figure 1A,B, LND or ACNU alone decreased
the cell survival rate in a dose-dependent manner in AS549 cells.
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Table 1. Combination Index (Q)“ of LND and ACNU in Human Lung Cancer A549, H1299 Cells, and Normal Lung Epithelial

BEAS-2B Cells

AS549 H1299 BEAS-2B
LND (uM) ACNU (uM) Q LND (uM) ACNU (uM) Q” LND (uM) ACNU (uM) Q“
188 10 1.31 200 10 1.29 188 10 0.97
188 25 1.25 200 25 1.24 188 25 0.95
188 50 113 200 N 1.17 188 NY 0.89
188 100 1.24 200 100 1.28 188 100 1.03
188 200 1.28 200 200 123 188 200 1.03
188 500 121 200 500 1.22 188 500 0.98
188 1000 1.07 200 1000 1.14 188 1000 1.03
188 2000 1.04 200 2000 1.13 188 2000 1.00
280 10 1.46 284 10 1.48 280 10 1.12
280 25 1.42 284 25 143 280 2S5 1.05
280 N 1.32 284 N 133 280 S0 1.08
280 100 1.29 284 100 1.27 280 100 112
280 200 1.26 284 200 1.29 280 200 115
280 500 1.16 284 500 115 280 500 1.03
280 1000 1.06 284 1000 1.09 280 1000 1.03
280 2000 1.03 284 2000 1.06 280 2000 1.01

“Q is the combination index derived from the formula: Q = E,p)/(Es + Eg — E5 X Eg), in which E(,,p indicates the cell killing rate of
combination treatment; E, and Ejy indicate the cell killing rates of drug A (LND) and B (ACNU)), respectively. Q > 1.15, synergism; Q < 0.85,

antagonism; 0.85 < Q < 1.1S, additive.

The IC,; and ICs, values were 188 and 280 yM for LND, and
225 and 512 uM for ACNU, respectively. When LND (24 h
pretreatment) was used in combination with ACNU (24
treatment), we found the survival rate of AS49 cells
significantly decreased compared to ACNU alone (Figure
1E). As seen in Table 1, we calculated the combination index
using Jin’s formula.** It is very clear that LND in combination
with ACNU exhibited a synergistic killing effect in AS49 cells,
the Q values ranged from 1.03—1.46 (Q > 1.15: synergistic
effect, Q < 0.85: antagonistic effect, and 0.85 < Q < L.1S:
additive effect). To further validate the generalizability of the
findings, we also explored the synergistic effect of the
combination in H1299 cells. As shown in Figure 1F, LND in
combination with ACNU also produced a synergistic killing
effect in H1299 cells (Table 1). In addition, to verify the
combination effect of LND and ACNU in normal cells, we
evaluated the combination index Q in normal lung epithelial
BEAS-2B cell line. As expected, we did not observe a
remarkable increase in ACNU-induced cytotoxicity after
LND pretreatment (Figure 1G). The combination index also
confirmed this result (Table 1). However, it should be noted
that LND and ACNU had an additive effect in BEAS-2B cell
line; possible off-target effects need further exploration. From
the cytotoxicity assay, LND showed a promising chemo-
sensitization effect for ACNU in lung cancer cells rather than
normal lung epithelial cells. These results also indicate the
beneficial role of LND as a chemosensitizer when in
combination with conventional chemotherapeutic agents to
some extent.

3.2. Combined Effects of LND and ACNU on Cell
Apoptosis, Colony Formation, Migration, and Invasion
of Human Lung Cancer A549 Cells. After the cytotoxicity
assay, we also determined the apoptosis-inducing effects using
the Annexin V-FITC/PI apoptosis assay kit. As shown in
Figure 2, compared to LND or ACNU alone, LND in
combination with ACNU significantly increased the apoptosis
rate in the human lung cancer AS49 cell line.
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To investigate whether LND could enhance the inhibitory
effect of ACNU on the growth of A549 cells, we performed the
colony formation assay. Initially, the IC,5 and ICs, values of
ACNU or LND were measured under colony formation assay
(Figure 3A and 3B). LND or ACNU reduced the cell
proliferation in a dose-dependent manner, and the IC,s and
ICy, values were 87 and 232 uM for LND, and 19 and 55 uM
for ACNU, respectively. As shown in Figure 3C,D, the
combination of LND and ACNU significantly reduced the
proliferation of AS49 cells when compared with ACNU or
LND alone. For example, almost no colonies were generated in
the group treated with the combination of 232 M LND and
55 uM ACNU. This result indicates that LND pretreatment
can enhance the growth inhibitory effect of ACNU against
human lung cancer cells.

The cell migration and repair ability after drug treatment
were also determined by the migration assay. As depicted in
Figure 4A, the wound was almost completely healed at 48 h in
the control group. In combined treatment groups, the
migration rates were remarkably lower than those of single
drug groups (Figure 4B). It should be noted that 188 M LND
combined with 225 or 512 yuM ACNU, and 280 uM LND
combined with 225 or 512 uM ACNU significantly inhibited
the migration of AS49 cells at 48 h compared with groups
without LND pretreatment. The results indicate that LND and
ACNU have a synergy in inhibiting the migration of A549 cell
and the wound repair.

The metastatic ability after drug treatment was further
investigated by a transwell assay. By comparing the number of
invaded cells, we found LND remarkably strengthened the
inhibition of ACNU on the invasion ability of A549 cells than
ACNU alone (Figure 5A,B). For example, the invasion rates of
groups exposed to 280 yuM LND combined with 225 or 512
UM ACNU decreased by 48 and 37% when compared with
ACNU alone, respectively. The invasion assay indicated that
LND in combination with ACNU produced a significant
suppression of the invasion of the human lung cancer A549 cell
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Figure 2. Apoptosis in AS49 cells after the combination treatment of LND (24 h pretreatment) and ACNU (24 h treatment). (A) Distribution of
apoptotic cells using flow cytometry and (B) apoptosis rates in different groups. All data are shown as mean + SD (n = 3). *p < 0.0S, **p < 0.01,
and **p < 0.001 indicate the statistical difference between different groups.

line. Thus, the combination strategy may have the potential to
inhibit clinical tumor metastasis.

In addition, migration- and invasion-related protein matrix
metalloproteinase-2 (MMP2) was also checked by Western
blotting. LND is known to disrupt cellular energy metabolism,
leading to a reduced ATP level and increased oxidative stress.
ACNU, a cytotoxic alkylating agent, induces DNA damage and
can affect the expression of genes involved in cell survival and
apoptosis. These changes may influence the expression and
activity of various proteins involved in cell migration and
invasion, including MMPs. As seen in Figure SC,D, it is
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obvious that MMP2 expression was significantly decreased in
cells treated with ACNU alone or LND in combination with
ACNU when compared to the control group. It should be
clarified that the apoptosis-inducing effects did not completely
follow the same trends as the invasion results, indicating that
invasion inhibition may be independent of apoptosis induction.
Especially, we noticed that LND alone did not show any
inhibition on MMP?2 expression, and the combination of LND
and ACNU had no obvious difference with ACNU alone on
MMP?2 expression, implying the lack of additive or synergistic
inhibition of MMP2 by the combination of LND and ACNU
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Figure 3. Colony formation ability of A549 cell line after exposure to different formulations. Cells were treated with increasing concentrations of
(A) LND or (B) ACNU for 24 h; (C,D) colony images and efficiency of cells pretreated with LND for 24 h, followed by exposure to ACNU for 24
h, respectively. All data are shown as mean + SD (n = 3). *p < 0.05, **p < 0.01, and **p < 0.001 vs ACNU alone treated groups.

(Figure SD), which should be due to the existence of other
migration/invasion-related proteins (e.g., MMP9) affected by
LND.

3.3. LND in Combination with ACNU Induced De-
energization through Inhibiting Glycolysis and Mito-
chondrial Dysfunction. To explore the mechanism of
enhanced ACNU sensitivity mediated by LND in the human
lung cancer A549 cell line, we determined the influence of the
combination of LND and ACNU on glycolysis and
mitochondrial membrane potential. In previous studies, LND
was reported to inhibit HK activity and disrupt mitochondria,
thereby cutoff the energy supply for tumor cell prolifer-
ation.”"* First, we measured the HK activity in the A549 cells
after drug treatment. It was found that ACNU almost had no
influence on HK activity, while LND exhibited a dose-
dependent decrease of HK activity (Figure 6A). The
combination of LND and ACNU further decreased the HK
activity; however, even 280 yM LND in combination with 512
UM ACNU only produced a moderate decrease (less than
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40%) compared to the control group (Figure 6A). In this case,
the decreasing degree of HK activity should be not sufficient to
markedly reduce intracellular ATP levels.

Mitochondrion is also a potential target of LND that can
induce permeability transition pore opening in mitochondrial
membrane and inhibit complex II in respiratory chain, leading
to the reduction of transmembrane potential””*”**** As
depicted in Figure 6B, LND alone produced an increasing
green fluorescence, while a slight effect was found in ACNU-
treated groups. When LND was combined with ACNU, more
green fluorescence was generated, accompanied by a gradual
fading of red fluorescence. This result indicates that the
combination of LND and ACNU could produce a more
significant decrease in mitochondrial membrane potential.

The above results showed that both glycolytic inhibition and
mitochondrial dysfunction are generated under the combina-
tion of LDN and ACNU. This should result in the
downregulation of intracellular energy levels. As seen in Figure
6C, compared with LND alone, LND combined with ACNU
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Figure 4. Cell migration of A549 cells cotreated with LND (24 h pretreatment) and ACNU (0—48 h). (A) Wound healing status at various time
points; (B) quantitative analysis of the migration rates in different groups. All data are shown as mean + SD (n = 3). *p < 0.05, **p < 0.01 vs

ACNU alone treated groups.

remarkably reduced intracellular ATP levels. Because the
increased drug efflux is closely associated with the intracellular
ATP level,>*32%%° the significant de-energization by LND in
combination with ACNU should overcome the ATP-mediated
MDR and DNA damage repair, increasing the tumor killing
effect.

3.4. Influence of Combination Treatment on Redox
State of Human Lung Cancer A549 Cells. The
mitochondrial dysfunction induced by LND or its combination
with ACNU may result in the ROS formation because complex
I is a source of ROS when the respiratory chain is inhibited.*®
On the other hand, the partial glycolytic inhibition by LND
should downregulate the pentose phosphate pathway which is
a major source of cellular reduced substances.””*” Thus, we
explored the effect of LND in combination with ACNU on the
cellular redox state of AS549 cells by determining the GSH and
ROS levels.
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As shown in Figure 7A, LND or ACNU alone produced a
dose-dependent decrease in the cellular GSH contents.
ACNU-induced GSH decrease should be derived from the
reaction of GSH with parent drug or its decomposed
intermediates.”*>*” The combined treatment further de-
creased the cellular GSH contents compared to those of
ACNU or LND alone. For instance, after exposure to 188 uM
or 288 LND combined with 512 yuM ACNU, approximately 38
and 44% GSH reduction was observed with respect to the
control group.

The ROS levels in A549 cells were determined using DCFH-
DA fluorometry (Figure 7B,C). The green fluorescence
indicates the ROS existence. Similar to the change of cellular
GSH contents, the combination treatment of LND and ACNU
induced significantly higher ROS levels than single drug group.
On the contrary, the addition of NAC neutralized the
induction of ROS (Figure 7B,C), indicating that the redox
homeostasis disruption is indeed caused by LND.
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As we know, GSH is involved in drug detoxification through
chemical conjugation, leading to the development of chemo-
resistance.”’ Meanwhile, ROS can induce cell apoptosis via
causing DNA oxidative damage.58 Thus, ROS generation and
GSH quenching by the combination of LND and ACNU
should promote the tumor killing effect.

3.5. LND Significantly Induced Intracellular Acid-
ification and Downregulated MGMT Expression in A549
Cells. Previous study’’ indicates that LND can inhibit
monocarboxylate transporter and mitochondrial pyruvate
carrier, respectively, which may lead to the accumulation of
lactate in cytoplasm thus intracellular acidification of tumors.
Ben-Yoseph et al. demonstrated that LND inhibited lactate
efflux and induced intracellular acidification in rat 9L tumor
cells in vitro and in vivo.”> Notably, LND did not exert any
influence on the intracellular pH and energy metabolism of the
brain and skeletal muscle. Nath and co-workers showed that in
human DB-1 melanoma mice xenografts, LND-caused acid-
ification could stabilize the active intermediates of N-mustard
drugs and inhibit GST that is critical for GSH formation.****
Moreover, the authors suggested that intracellular acidification
may inhibit MGMT expression and thus DNA damage
repair.”®*” Nevertheless, to the best of our knowledge, there
is no clear experimental evidence that intracellular acidification
inhibits MGMT expression in human lung cancer cells.

Here, we determined the lactate levels after drug treatment
and MGMT expression levels. As shown in Figure 8A, ACNU
alone had no any influence on the intracellular lactate content
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of A549 cells. On the contrary, LND alone induced a dose-
dependent increase in the intracellular lactate content.
Notably, the combination of LND and ACNU further
enhanced the levels of intracellular lactate.

As a DNA repair protein, MGMT can transfer the alkyl
groups at guanine O° position to its active site Cys14S residue,
thus conferring resistance to the anticancer alkylating agent like
ACNU, BCNU, and TMZ."> Therefore, effective down-
regulation of MGMT expression is crucial for improving the
chemotherapeutic effects of these agents.””®" We determined
the MGMT expressing levels in A549 cells after drug treatment
using Western blot. As seen in Figure 8B,C, ACNU alone had
no influence on the MGMT expression. On the contrary, LND
alone significantly downregulated the expression of MGMT
(less than 10% control). The combination of LND and ACNU
almost completely inhibited the MGMT expression. The
purpose of setting up the combination treatment group of
LND and ACNU is to verify the effectiveness of MGMT
downregulation and ensure the blockade of MGMT-mediated
DNA repair in the combination strategy.

The above results provided sufficient evidence that LND
could inhibit MGMT expression by intracellular acidification
and thus may weaken the repair of DNA cross-linking
precursors in tumor cells and lead to enhanced antitumor
activity of ACNU.

3.6. Effect of LND on the Formation of DNA ICLs
Induced by ACNU. The antitumor activity of ACNU and
related alkylating agents is mainly associated with the
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statistical difference between any two groups.

formation of DNA ICLs that can induce apoptosis via
inhibiting DNA replication and transcription.'”'>®* In  this
work, based on the results of LND-induced energy blockade,
MGMT and GSH downregulation reduction, it is speculated
that LND should enhance the amount of DNA ICLs induced
by ACNU. Thus, we determined the levels of DNA ICLs using
alkaline comet assay*”>’ in AS49 cells after drug treatment.
After exposure to indicated drugs, H,O, was added to induce
DNA strand breaks so that the cross-linked DNA can be
distinguished from uncross-linked DNA. In comet assay, cross-
linking can prevent the mobility of DNA and decrease DNA
content in comet tail, thus shortening the comet tail length.
The levels of DNA ICLs in A549 cells were calculated by the
decreasing degree of DNA migration relative to the H,O,
alone treated group. The comet electrophoresis showed that
LND alone almost produced no DNA ICLs (Figure 9). As
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expected, as a DNA cross-linking agent, ACNU alone yielded
an obvious decrease in comet tail moment (~60%), suggesting
the generation of DNA ICLs. When cells were pretreated with
LND, we found a significant increase of the decreasing degree
(~75%) in tail moment, indicating an increasing level of
ACNU-induced DNA ICLs in AS49 cells. The comet assay
suggests that LND can further enhance the levels of DNA ICLs
induced by ACNU.

4. CONCLUSIONS

In this study, we demonstrated that energy metabolism
inhibitor LND can increase the sensitivity of human lung
cancer AS549 cell line to anticancer alkylating agent ACNU.
The underlying mechanisms of LND in modulating ACNU
sensitivity include: glycolytic inhibition and mitochondrial
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dysfunction, GSH decrease and ROS generation, and MGMT
downregulation via intracellular acidification. As a result, the
formation of DNA ICLs induced by ACNU was significantly

enhanced by LND pretreatment. Interestingly, lung cancer cell
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metastasis may also be inhibited by the combination of LND

and ACNU in a clinical setting. In terms of the analysis results

of multiple biochemical indexes, drug resistance is mainly cut

off at three aspects, namely, DNA damage repair, drug
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Figure 9. Quantitative analysis of ACNU-induced DNA ICLs in AS49 cells with or without LND pretreatment using alkaline comet assay (head:
circle and tail: rectangle). LND alone treated group was used as the negative control group. All data are shown as mean + SD (n = 3). *p < 0.05

and *p < 0.01 indicate the statistical difference between two groups.

inactivation, and drug efflux. In other words, LND increases
the antitumor effect of ACNU via energy inhibition, disrupting
redox homeostasis and downregulating MGMT expression in
the human lung cancer cell line. Notably, whether the relatively
high drug concentrations in vitro will result in the effectiveness,
in vivo or clinical setting remains to be solved. Moreover, the
combination strategy of LND and ACNU should be validated
on multiple tumor cells. This combined treatment strategy
using LND as a chemosensitizer warrants further investigation
in both preclinical and clinical trials. These findings suggest
that incorporating LND into ACNU-based therapies could
potentially improve treatment outcomes for lung cancer
patients.
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