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L-Deprenyl exerts cytotoxicity towards acute myeloid
leukemia through inhibition of mitochondrial respiration
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Abstract. The identification of large numbers of genetic
mutations in immature myeloid cells has made it difficult
to identify specific targets for acute myeloid leukemia
(AML) therapy. Although current pharmacological targets
for controlling cancer are focused on identifying genetic
mutations, it is hard to develop the specific drugs to achieve
complete remission due to complex and variable genetic
mutations. To overcome the failure of the genetic mutation
theory, the present study targeted mitochondrial metabolism
as a strategy for inducing anti-leukemic activity, based on
evidence that AML cells have an abnormally high amount
of mitochondria and that somatic mutations can alter meta-
bolic flux in cancer. It was found that L-deprenyl, which is
clinically available for the treatment of Parkinson's disease,
exerts anti-mitochondria activity in KG-la cells, as assessed
by detection of oxygen consumption rate (OCR) and extracel-
lular acidification (ECAR) using XF analyzer, respectively.
Using a luciferase assay for detecting adenosine triphosphate
(ATP) content, it was found that suppression of mitochondrial
activity led to ATP depletion and was associated with potent
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cytotoxic activity. L-Deprenyl is known to target monoamine
oxidase-B (MAO-B) on the outer membrane of mitochon-
dria, therefore, the activity of MAO-A and -B was measured
based on the fluorometric detection of H,O, produced by
the enzyme reaction. Notably, MAO-A and -B activity was
low in AML cells and the present findings suggested that the
anticancer effect of L-deprenyl was independent of MAO-B.
Change of mitochondrial respiration- and glycolysis-related
gene expression levels were measured by reverse transcrip-
tion-quantitative polymerase chain reaction. Consistent
with the aforementioned results, treatment with L-deprenyl
reduced the mRNA level of mitochondrial respiration- and
glycolysis-related genes. Collectively, the present results
identify L-deprenyl as a novel candidate for the treatment of
AML through inhibition of mitochondrial respiration.

Introduction

Acute myelogenous leukemia (AML) is a hematopoietic
cancer with a high mortality rate, and >50% of patients
with AML show no response to chemotherapy (1). Although
individual therapeutic modalities have been developed and
applied to control AML, the diversity of gene mutations and
heterogeneity among cancer cells has largely confounded
efforts to achieve complete remission (2,3). To overcome
difficulties in identifying effective drug targets, the focus in
AML research has increasingly turned from gene regulation
to organelle-based therapy (4).

Mutant forms of the tyrosine kinase FMS-like tyrosine
kinase 3-Internal tandem duplication (FLT3-ITD), encoded
by an AML-associated gene, induce reactive oxygen
species (ROS) production and DNA damage, sequentially
contributing to genetic mutations and a poor prognosis (5).
Mitochondria are responsible for producing ~90% of intracel-
lular ROS, and persistent ROS production is associated with
AML development (6). NADPH oxidase-2-mediated super-
oxide production stimulates mitochondrial transfer from
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bone marrow stromal cells to leukemic blast cells through
AML-derived tunneling nanotubes. Intact mitochondrial
transfer causes higher oxidative phosphorylation activity,
which mediates the supplementation of biosynthetic precur-
sors and adenosine triphosphate (ATP), which finally induces
rapid proliferation of AML cells (7). In addition, depletion of
autophagy results in failure to remove dysfunctional mito-
chondria and causes dysregulation of the glycolytic pathway,
thereby reducing the survival rate of patients with AML (8).
Thus, regulation of mitochondrial-related metabolic flow
has potential as a treatment strategy against AML or other
cancer types characterized by somatic mutations that affect
mitochondrial metabolism.

L-Deprenyl is a highly selective and irreversible inhibitor
of monoamine oxidase B (MAO-B) (9) that prevents the
deamination of dopamine, thus maintaining the dopamine
concentrations in the synapses of the nigrostriatal pathway (10).
This dopamine concentration-maintaining action of L-deprenyl
is the basis for its use in the therapy of Parkinson's disease. As
ROS are generated through deamination, L-deprenyl also acts
to decrease ROS levels in neuronal cells, which alleviates the
amount of dopaminergic neuronal cell death from exo- and
endogenous insults (11). The high concentration of L-deprenyl
is known to exert anticancer effects, exhibiting efficacy in
reducing breast tumor size and decreasing tumor cell viability.
There is also evidence that L-deprenyl decreases the activity
of an estrogen-receptor (ER)-dependent intracellular signaling
pathway in ER-positive human breast cancer (12). In addition
to its effects on solid tumors, L-deprenyl also reduces the
number of monoblastic leukemia cells by increasing produc-
tion of norepinephrine, interferon-v, cluster of differentiation
8* lymphocytes and natural killer cells in the spleen (13).
However, whether an intracellular organelle-based mechanism
underlies the antitumor effect of L-deprenyl, and whether this
action is dependent on MAO-B inhibition, remains uncer-
tain. Moreover, the involvement of changes in mitochondrial
respiration in L-deprenyl-induced cytotoxicity has not been
demonstrated. The present study investigated mitochondrial
respiration as a novel target of L-deprenyl in AML cells,
which undergo apoptotic cell death in response to L-deprenyl.

Materials and methods

Animals. Male FLT3-ITD knock-in and wild-type (WT) mice
with a C57BL/6 background were purchased from Jackson
Laboratory (Bar Habor, ME, USA). All animal experiments
were conducted in the animal facility according to institutional
guidelines (standard operating procedure), and approved by the
Institutional Animal Care and Use Committee of Chungnam
National University Hospital (CNUH-015-A0007-2). A total
of 6 mice (aged 8 weeks, weighed 20+2 g) were maintained
in a controlled environment (12-h light/dark cycle; tempera-
ture, 22°C; 55% humidity), and provided with food (cat.
no. AIN-76A; Research Diets Inc., New Brunswick, NJ, USA)
and water ad libitum.

Isolation of mouse bone marrow mononuclear cells (BMMNC:s).
Firstly, the mice were placed into a 1.5-liter volume plastic
chamber, then exposed to 100% CO, at a flow rate of 0.25 I/min.
After the euthanasia, each end of the femur and tibia were cut
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off. Warm phosphate-buffered saline (PBS; 20 mM, pH 7.4)
was then injected into the marrow cavity. Fluids were collected
in 50-ml conical tubes containing 20 ml Lymphoprep (Takeda
Pharmaceuticals International GmbH, Zurich, Switzerland),
which is a density gradient medium recommended for the isola-
tion of MNCs. Centrifugation was performed at 800 x g for
20 min at 20°C. As granulocytes and erythrocytes have a higher
density than MNCs at the osmotic pressure of Lymphoprep,
during the centrifugation process, granulocytes and erythro-
cytes sediment through the Lymphoprep layer and the MNCs
with lower densities remain at the plasma Lymphoprep inter-
face, which allows isolation of the BMMNCs. Subsequent to
centrifugation, the BMMNC layer was collected using a Pasteur
pipette, then washed with PBS and re-suspended in Dulbecco's
modified Eagle's medium (DMEM; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) supplemented with 20% fetal bovine
serum (GE Healthcare Life Sciences, Logan, UT, USA) and
penicillin-streptomycin (Thermo Fisher Scientific, Inc.).

Cell line culture conditions. KG-loo human bone
marrow-derived AML cells were obtained from the American
Type Culture Collection (Manassas, VA, USA). KG-la cells
were maintained in Iscove's modified Dulbecco's medium
(Thermo-Fisher Scientific, Inc.) supplemented with 20%
fetal bovine serum (GE Healthcare Life Sciences) and peni-
cillin-streptomycin (Thermo Fisher Scientific Inc.) at 37°C in a
humidified 5% CO, environment. HL-60 human blood-derived
acute promyelocytic leukemia cells were obtained from the
Korean Cell Line Bank (Seoul, South Korea). HL-60 cells
were maintained in Roswell Park Memorial Institute medium
(Welgene Inc., Gyeongsan, South Korea) supplemented with
10% fetal bovine serum (GE Healthcare Life Sciences) and
penicillin-streptomycin (Thermo Fisher Scientific, Inc.) at
37°C in a humidified 5% CO, environment.

Cell viability assay. Cell viability was determined using Cell
Counting Kit-8 (CCK-8; Dojindo Molecular Technologies,
Inc., MD, USA). For the 24-h experiment, BMMNCs and
KG-la cells were plated at 1x10* per well in 96-well tissue
culture plates and incubated at 37°C overnight. Following
L-deprenyl (0.5-4 mM; cat. no. M003; Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) and PBS (control) treatment
for 24 h, CCK-8 reagents, which allow sensitive colorimetric
determination of the number of viable cells, were added
to each well. In acute experiments, i.e., treatment with
L-deprenyl for 20 min, once KG-la cells had been plated at
1x10* per well in 96-well tissue culture plates and incubated
at 37°C for overnight, CCK-8 reagents were added to the
KG-la cells. After 40 min, L-deprenyl and PBS was added
and the plate was incubated for an additional 20 min. WST-8 is
reduced by dehydrogenase in cells to form an orange-colored
formazan. The amount of formazan and the number of living
cells are in direct proportion. Absorbance was measured at a
wavelength of 450 nm using a MultiSkan Ascent microplate
spectrophotometer (Thermo Fisher Scientific, Inc.).

Measurements of MAO activity. MAO activity of the whole
brain tissues of WT mice, the bone marrow cells of FLT3-ITD
knock-in mice, and KG-1a and HL-60 cells was determined
using a commercially available kit (Amplex Red Monoamine
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Oxidase Assay kit; cat. no. A12214; Thermo Fisher Scientific,
Inc.), following the manufacturer's protocols. Following sacri-
fice and removal of the brain, whole brain tissue was collected
and then homogenized using a pellet pestle (cat. no. Z359971;
Sigma-Aldrich; Merck KGaA) with radioimmunoprecipita-
tion assay lysis (RIPA) buffer containing 10% phosphatase
and protease inhibitor cocktail (Roche Diagnostics, Basel,
Switzerland), and centrifuged at 14,000 x g for 15 min at 4°C.
Bone marrow cells were collected with 20 mM ice cold PBS
(pH 7.4) from the femur and tibia of FLT3-ITD knock-in mice.
The bone marrow cells, KG-1a cells and HL-60 cells were
centrifuged at 14,000 x g for 5 min at 4°C and then pellets
were placed in RIPA buffer containing 10% phosphatase and
protease inhibitor cocktail (Roche Diagnostics) and centrifuged
at 14,000 x g for 15 min at 4°C. Protein concentration in the
supernatant was determined using a Bradford-based assay
(Bio-Rad Laboratories, Inc., Hercules, CA, USA), and samples
were diluted to 500 pg per 2 ml total volume with reaction buffer.
Samples were pre-incubated for 30 min at room temperature with
the specific MAO-B inhibitor, pargyline hydrochloride (1 M),
and the MAO-A inhibitor, clorgyline hydrochloride (1 #M).
Subsequent to incubation, samples were added to individual
wells of a 96-well microplate. The fluorimetric assay was initi-
ated by adding 100 g1 of a reaction mixture containing Amplex
Red reagent (400 #M), horseradish peroxidase (HRP; 2 U/ml)
and benzylamine (2 mM), a specific substrate of MAO-B. Plates
were incubated for 30 min at room temperature, protected from
light, and fluorescence was measured at excitation and emission
wavelengths of 550 and 590 nm, respectively, using a microplate
fluorometer (Berthold Technologies, Bad Wildbad, Germany).
H,0, (10 uM) was used as a positive control, and reaction buffer
alone was used as a negative control.

Measurement of oxygen consumption rate and extracellular
acidification rate. Oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were measured using
a Seahorse Bioscience XF24 Analyzer (Agilent Technologies,
Inc., Santa Clara, CA, USA), a 24-well format system that
automatically delivers drugs via injection ports during the
assay. Prior to plating KG-1a cells (1x10* cells/well), the XF24
sensor cartridge was initially activated by incubating with
1 ml calibrant solution for 8 h at 37°C under normal atmo-
spheric CO, conditions. Following incubation for 24 h, the
cells were treated with L-deprenyl for 24 h or treated acutely
by drug delivery via port A. Cells were then washed with XF
assay media, consisting of DMEM (pH 7.4) supplemented with
10 mM glucose, 1 mM sodium pyruvate and 2 mM L-glutamine
(without sodium bicarbonate), after which 450 ul XF24 assay
media was added to each well. Following equilibration for
20 min, each well of the XF24 cartridge was sequentially
injected with the ATPase inhibitor oligomycin (2 gg/ml), the
uncoupling agent carbonyl cyanide 3-chlorophenylhydrazone
(5 uM) and the mitochondrial electron transport inhibitor
rotenone (2 uM) (all Sigma-Aldrich; Merck KGaA), and OCR
and ECAR were measured in real-time.

Western blot analysis. Subsequent to the KG-1la cells being
washed with ice-cold 20 mM PBS (pH 7.4), proteins were
extracted using radioimmunoprecipitation assay lysis buffer
containing 10% phosphatase and protease inhibitor cocktail
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(Roche Diagnostics). Following centrifugation of the lysates at
14,000 x g for 15 min at 4°C, supernatants were collected and
protein concentration was determined using a Bradford-based
assay. Proteins in cleared lysates (10 ug/sample) were resolved
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
on 7% or 10.5% gels, and then transferred to a nitrocellulose
membrane. Non-specific binding was blocked by incubating
the membrane with Tris-buffered saline plus Tween-20
[10 mM Tris-HCI (pH 7.6), 150 mM NacCl and 0.1% Tween-20]
containing 5% skimmed milk for 1 h. Thereafter, membranes
were firstly incubated at 4°C overnight with the following
primary antibodies: Anti-poly (ADP-ribose) polymerase 1
(PARP-1; rabbit polyclonal; 1:1,000 dilution; cat. no. sc-7150;
Santa Cruz Biotechnology, Inc., Dallas, TX, USA), anti-actin
(rabbit polyclonal; 1:2,000 dilution; cat. no. sc-1616; Santa
Cruz Biotechnology, Inc.), anti-caspase-3 (rabbit polyclonal;
1:1,000 dilution; cat. no. 9662s; Cell Signaling Technology,
Inc., Danvers, MA, USA) and anti-cleaved caspase-3 (rabbit
polyclonal; 1:500 dilution; cat. no. 9661; Cell Signaling
Technology, Inc.). The membranes were then incubated with
the appropriate HRP-conjugated anti-immunoglobulin G
secondary antibody (1:2,000 dilution; cat. no. 12-348; EMD
Millipore, Billerica, MA, USA). Immunoreactive proteins
were detected using an enhanced chemiluminescence
(ECL) system (WEST-ZOL plus; Intron Biotechnology, Inc.,
Seongnam, South Korea). The quantification of band intensity
was normalized with actin using Image J program (version
1.52¢; National Institutes of Health, Bethesda, MD, USA).

ATP. Total ATP content was measured using an ATPlite
assay in KG-la cells (PerkinElmer, Inc., Waltham, MA, USA)
according to the manufacturer's protocols. The resulting
luminescence emitted by the ATP-dependent luciferase reac-
tion was measured using a Lumino Plate-reader (Thermo
Labsystems, Santa Rosa, CA, USA).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total RNA was isolated in KG-1a cells
using an eCube Tissue RNA Mini kit (Ep52050; PhileKorea,
Seoul, South Korea) and cDNA was synthesized from 1 ug
total RNA using Moloney murine leukemia virus reverse
transcriptase, 5X First-Strand Buffer, dithiothreitol (DTT)
(cat. no. 28025-021; Invitrogen; Thermo Fisher Scientific,
Inc.), deoxynucleotide triphosphates (cat. no. U15111; Promega
Corporation, Madison, WI, USA) and Oligo(dT),s primer (cat.
no. C1101; Promega Corporation). RT-qPCR was performed on
a 7500 Real-Time PCR system (Applied Biosystems; Thermo
Fisher Scientific, Inc.) using cDNA, SYBR Green PCR Master
mix (iCycleriQ Real-Time PCR Detection system; Bio-Rad
Laboratories, Inc.), and the following primer pairs (designed
using Primer3 version 0.4.0; Whitehead Institute, Cambridge,
MA, USA and Howard Hughes Medical Institute, Chevy
Chase, MD, USA): Hexokinase-1 (HK1) forward, 5'-GGC
CACGATGTAGTCACCTT-3' and reverse, 5'-CACGTC
CAGGTCAAATTCCT-3"; phosphofructokinase-1 (PFKI)
forward, 5'-AGAGGGTTTCGATGATGCTT-3' and reverse,
5'-GTTGTAGGCAGCTCGGAGTC-3"; pyruvate dehydro-
genase (lipoamide) al (PDHA) forward, 5'-AGAACTTCT
ACGGGGGCAAT-3" and reverse, 5'-CGAATATCTGGC
CCTGGTTA-3; isocitrate dehydrogenase-2 (IDH2) forward,
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Figure 1. L-Deprenyl induces cell death in BMMNCs and KG-1a cells. (A) Relative cell viability of isolated BMMNCs in FLT3-ITD knock-in mice, measured
using a Cell Counting Kit-8 assay. Cells were exposed to different concentrations (0.5-4 mM) of L-deprenyl for 24 h. (B) Relative cell viability following
treatment with L-deprenyl in KG-1a cells. Cells were exposed to different concentrations (0.5-4 mM) of L-deprenyl for 24 h. (C) Cell counts obtained
using a hemocytometer following treatment of KG-la cells with different concentrations of L-deprenyl for 24 h. (D) Western blot analysis of KG-1la cells
with anti-PARP-1 and anti-caspase-3 antibodies following treatment with L-deprenyl for 24 h. (E) The densitometry analysis of panel D for ratio of cleaved
form/total form, using Image J program. Data are presented as the means + standard error of the mean (error bars) (""P<0.001 vs. untreated controls).
C-, cleaved; PARP-1, poly (ADP-ribose) polymerase 1; BMMNCs, bone marrow mononuclear cells.

5'-CTCATCAGGTTTGCCCAGAT-3' and reverse, 5'-GTC
CGTGGTGTTCAGGAAGT-3'; NADH dehydrogenase
la-subcomplex subunit 9 (NDUFA9) forward, 5'-CGAGAC
TGGGAAACCAAAAA-3" and reverse, 5-GCTTCCTTG
GACAGTTGAGC-3"; and 18S rRNA forward, 5-CTGGTT
GATCCTGCCAGTAG-3' and reverse, 5'-CGACCAAAG
GAACCATAACT-3". The PCR amplification process was as
follows: 5 min denaturation at 95°C, followed by 40 cycles at
95°C for 20 sec, 60°C for 15 sec and 72°C for 15 sec. Relative
expression of target mRNAs was quantified and normalized
with respect to that of 18S rRNA, which was used as an
endogenous control, using the 2-*4%4 method (14).

Statistical analysis. GraphPad Prism (GraphPad Software,
Inc., San Diego, CA, USA) was used for all statistical analyses.
All experiments were performed 3-4 times, and results are
presented as the mean + standard error of the mean. The
significance of differences between the groups was analyzed

using one-tailed Student's t-test or one-way analysis of vari-
ance with Dunnett's multiple comparison test. P<0.05 was
considered to indicate a statistically significant difference.
Individual P-values are indicated in figure legends.

Results

L-Deprenyl induces cell death in BMMNCs and KG-1a cells.
A previous study reported that L-deprenyl inhibits neuro-
toxin-induced apoptosis at low concentrations (10 to 10" M),
but induces apoptosis at a high concentration (10~ M) in tissues
of neuro-ectodermal origin (11). Considering the focus of the
present study on inducing cytotoxic effects against AML cells,
high concentrations of L-deprenyl were used.

As FLT3-ITD mutation is one of the most lethal mutations
in AML (15) and FLT3-ITD knock-in mice can develop myelo-
proliferative disease (16), cell viability tests were performed
in isolated BMMNCs of FLT3-ITD knock-in and WT mice.
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Following isolation from the bone marrow, cell viability was
measured in the BMMNCs using CCK-8 24 h after L-deprenyl
(0.5-4 mM) treatment. L-Deprenyl treatment in isolated
BMMNCs of FLT3-ITD knock-in mice showed decreased cell
viability in a dose-dependent manner (Fig. 1A). To measure
the potency of L-deprenyl on immature leukocyte cells specif-
ically, the cell viability of isolated BMMNCs in FLT3-ITD
knock-in mice and WT mice were compared. As shown in
Table I, treatment with L-deprenyl at a 2 mM concentration
showed an almost two-fold potent effect on isolated BMMNCs
in FLT3-ITD knock-in mice compared with that in WT mice.
To identify the type of cell death induced by L-deprenyl in
leukemia cells, the cell viability was assessed in KG-1a cells,
one of the AML cell lines. Consistent with the result in the
BMMNC:s, cell viability was reduced in the KG-1a cells in a
dose-dependent manner. The results were confirmed by CCK-8
assay and by counting cell number using a hemocytometer
(Fig. 1B and C). Moreover, an increase in cleaved PARP-1 and
caspase-3, markers of apoptosis, was detected by western blot-
ting following treatment with 4 mM L-deprenyl (Fig. 1D and E).
These results suggest that prolonged treatment with L-deprenyl
induces apoptotic cell death in BMMNCs and KG-1a cells.

Bone marrow cells and AML cell lines lack MAO-A and B
activity. Given that L-deprenyl selectively inhibits MAO-B,
the present study tested for the presence of MAO-B activity in
bone marrow cells and whole brain tissue, used as a positive
control. As expected, whole brain possessed MAO-B activity;
notably, however, bone marrow cells did not (Fig. 2A).
Previous reports have indicated that cancer cells (glioma)
express high levels of MAO-B (17). To determine whether bone
marrow-derived cancer cells possess MAO activity, MAO-A
and MAO-B activity was assessed in the leukemia KG-1a and
HL-60 cell lines. Unexpectedly, there was no difference found
whether MAO-A and -B inhibitors were used or not, which
means that neither leukemic cell line showed MAO-A or -B
activity (Fig. 2B and C). These observations suggest that the
toxic effects of L-deprenyl on KG-1a cells are independent of
inhibition of MAO-B enzymatic activity.

L-Deprenyl suppresses mitochondrial respiration without
affecting extracellular acidification in KG-la cells. Previous
studies have shown that high-dose L-deprenyl treatment
causes toxic effects on cancer cells and mammary tumors
through production of ROS (12,13,18). Since the main sites of
ROS generation are mitochondrial oxidative phosphorylation
complex I and III, the mitochondrial OCR was measured using
an XF24 analyzer (19). Treatment with L-deprenyl for 24 h
inhibited mitochondrial respiration in KG-la cells (Fig. 3A
and B). As depletion of mitochondrial ATP production is
abruptly compensated for by upregulation of the glycolytic
pathway so as to maintain intracellular ATP content (20), the
ECAR, which reflects intracellular lactate production, was
also measured (Fig. 3C and D). Unexpectedly, although ECAR
showed a decreasing tendency, this difference did not reach
statistical significance.

Acute treatment with L-deprenyl suppresses mitochon-
drial respiration. L-Deprenyl is rapidly absorbed into the
body and reaches its highest plasma concentration within
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Table I. Cytotoxic ratio of L-deprenyl in bone marrow mono-
nuclear cells of FLT3-ITD knock-in versus WT mice.

Concentration of L-deprenyl, mM Toxicity ratio

0 1.00
0.5 1.55
1 1.89
2 191
4 1.75

FLT3-ITD, FMS-like tyrosine kinase 3-Internal tandem duplication;
WT, wild-type.
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Figure 2. Lack of MAO-A and B activity in bone marrow cells and acute
myeloid leukemia cell lines. (A) MAO-B activity in whole mouse brain and
bone marrow cells, determined using an Amplex Red Monoamine Oxidase
Assay kit. H,O, was used as a positive control. (B) MAO-A activity in
KG-1la and HL-60 cells, incubated with the MAO-A inhibitor, clorgyline
hydrochloride or PBS (control). (C) MAO-B activity in KG-1la and HL-60
cells incubated with the MAO-B inhibitor, pargyline hydrochloride, or
PBS (control). Data are presented as the mean + standard error of the mean
(error bars). MAO, monoamine oxidase; RFU, relative fluorescence units;
NS, not significant.

30-120 min (21). To investigate the effects of acute L-deprenyl
treatment on KG-1la cells, the cell viability was first assessed
following treatment with L-deprenyl for 30 min. It was found
that cell viability was not changed over this time frame
following treatment with 0.5 to 4 mM L-deprenyl (Fig. 4A).
Next, mitochondrial OCR was assessed using an XF24
analyzer following injection of L-deprenyl into 24-well XF
cell plates. In contrast to the absence of an acute effect on
viability, L-deprenyl decreased mitochondrial respiration,
every 7 min, by 21 to 32% in a concentration-dependent
manner (Fig. 4B and C). In general, inhibition of mitochon-
drial respiration is accompanied by upregulation of the
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Figure 3. L-Deprenyl suppresses mitochondrial respiration without affecting glycolysis in KG-1a cells. (A) OCR in KG-1a cells pretreated with L-deprenyl
for 24 h. Oligomycin (2 pg/ml), CCCP (5§ uM) and rotenone (2 uM) were sequentially injected into cells. (B) The AUC of OCR, calculated using the
third to fifth time points from the graphs in (A). (C) ECAR of KG-1a cells after L-deprenyl pretreatment for 24 h. Oligomycin (2 yg/ml), CCCP (5 uM)
and rotenone (2 yuM) were sequentially injected onto cells. (D) The AUC of ECAR, calculated using the third to fifth measurement points in graphs in
(C) Data are presented as the mean + standard error of the mean (error bars). Each OCR and ECAR measurement point (rate) consisted of a drug injection
for 2 min, wait time for 2 min, and detection of oxygen and hydrogen for 3 min. "P<0.05 vs. untreated controls. OLI, oligomycin; ROT, rotenone; CCCP,
carbonyl cyanide 3-chlorophenylhydrazone; OCR, oxygen consumption rate; ECAR, extracellular acidification rate; AUC, area under the curve; NS, not

significant.

glycolytic pathway, which serves to maintain intracellular
ATP homeostasis. As expected, L-deprenyl increased ECAR
at 0.5 mM (Fig. 4D and E); however, at higher concentra-
tions, it decreased ECAR and led to depletion of total ATP
content (Fig. 4F). Taken together with the effects of the 24-h
treatment with L-deprenyl, these findings suggest that high
concentration and prolonged treatment with L-deprenyl
cause deterioration in the intracellular energy supply in
KG-1a cells and lead to apoptotic cell death.

Acute treatment with L-deprenyl alters expression levels
of mRNAs for glycolysis- and tricarboxylic cycle-related
genes in KG-Ila. To investigate the physiological relevance
of changes caused by acute treatment with L-deprenyl at the
molecular level, changes in the expression of genes encoding

proteins involved in glycolysis and the tricarboxylic acid
cycle were examined. KG-la cells were treated with
L-deprenyl for 20 min, and levels of HK1, PFK1, PDHA,
IDH2 and NDUFA9 mRNAs were measured by RT-qPCR.
Although there was no change in mRNA levels of HK1
(Fig. 5A), consistent with the ECAR results, a high concentra-
tion (4 mM) of L-deprenyl reduced the level of PFK1 mRNA
(Fig. 5B) and a low concentration (0.5 mM) of L-deprenyl
induced a strong increase in PDHA mRNA levels (Fig. 5C).
However, no concentration of L-deprenyl treatment changed
the mRNA levels of IDH2 and NDUFAO9 (Fig. 5D and E).
Collectively, these results indicate that, although L-deprenyl
improves glycolysis at a low concentration, thereby compen-
sating for decreased ATP content, high concentrations of
L-deprenyl reduce mitochondrial respiration and glycolysis,
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the curve; NS, not significant.

and decrease ATP content, leading to cell death in the
chronic phase.

Discussion

AML cells have a larger mitochondrial content than leuko-
cytes and require mitochondrial ATP for survival and
proliferation (22). The complexity of AML development
involving variable genetic mutations creates challenges for
achieving complete remission through genetic-targeting
strategies, shifting the focus towards development of meta-
bolic regulators. The higher content of mitochondria, the
intracellular energy supply centers, in AML cells has driven
the development of mitochondrial-targeting drugs. The
results of the present study suggest the L-deprenyl reduces
AML proliferation through inhibition of mitochondrial
respiration.

Efforts to develop mitochondria-inhibiting drugs
that arrest AML progression have employed molec-
ular and genetic targeting strategies. For example,
inhibition of fatty acid oxidation in the mitochondrial
matrix by etomoxir and inhibition of glutaminase-1 by

bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide
have been studied for their potential to induce metabolic
changes that suppress the energy supply required for AML
proliferation (23,24). In addition, AG-221 and AGI-6780
target mutant IDH2, thereby inhibiting 2-hydroxygluta-
rate production and inducing the differentiation of AML
cells (25,26). However, the clinical trials necessary to
demonstrate the safety of these mitochondrial-targeting
agents involve considerable time and expense. By contrast,
L-deprenyl is already widely used to treat Parkinson's disease
patients and could be rapidly enrolled as a novel therapeutic
agent for AML as a mitochondrial respiration-targeting drug.

It has been reported that treatment with high-dose
L-deprenyl induces toxicity against monoblastic leukemia
and pituitary and mammary cancer (13,27-29). In addition,
treatment of mono-mac-6 cells with a high concentration
of L-deprenyl reduces cell proliferation and metastasis (13).
It has also been shown that decreasing norepinephrine and
dopamine, metabolites of MAO, by treatment with L-deprenyl
reduces tumor size in vivo (27-29). However, these previous
reports did not identify the molecular- and organelle-based
mechanism underlying the resulting apoptotic cell death.
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Figure 5. Expression levels of glycolysis- and TCA cycle-related genes with acute treatment of L-deprenyl in KG-1a. (A-E) mRNA levels of genes encoding
enzymes involved in glycolysis and the TCA cycle. KG-1a cells were treated with L-deprenyl for 20 min, after which (A) HK1, (B) PFK1, (C) PDHA, (D) IDH2
and (E) NDUFA9 mRNAs were quantified by reverse transcription-quantitative polymerase chain reaction. Data are presented as the mean + standard error of
the mean (error bars) ("P<0.05 vs. untreated controls). NS, not significant; TCA, tricarboxylic acid; HK1, hexokinase-1; PFK1, phosphofructokinase-1; PDHA,
pyruvate dehydrogenase (lipoamide) al; IDH2, isocitrate dehydrogenase-2; NDUFA9, NADH dehydrogenase 1a-subcomplex subunit 9.

One possible mitochondria-associated mechanism by which
L-deprenyl could exert these effects would be through
modulation of the stability of mitochondrial membrane
potential (MMP) (30,31). Low concentrations of L-deprenyl
stabilize MMP in neuronal cells by increasing expression
of the B-cell lymphoma 2 gene (32). As high concentra-
tions of L-deprenyl have cytotoxic effects on the integrity
of cellular homeostasis mechanisms in cancer cells, inhibi-
tion of mitochondrial respiration could be one mechanism
underlying L-deprenyl-induced apoptotic cell death (13).
The changes in ATP production caused by inhibition of
mitochondrial respiration are consistent with the observed
reduction in key glycolysis-regulating enzymes, and deple-
tion of ATP content without compensatory glycolysis can
lead to apoptotic cell death (33). Moreover, The R(-) amphet-
amine and R(-) methamphetamine produced by L-deprenyl
increase the production of ROS, which impose oxidative

stress on the mitochondria. As a result, mitochondria release
apoptotic proteins, including cytochrome ¢ and apoptosis
inducing factor, which lead to apoptotic cell death (18).
Definitive confirmation that L-deprenyl-induced cell death
is mitochondria-dependent will require additional studies
evaluating changes in ROS in AML cells.

Trials of new organelle-targeting drugs designed to exert
an anti-AML effect could pioneer a novel treatment strategy.
However, the amount of time and money required for novel
drug development represents an enormous hurdle. To shorten
the time required to bring a drug to treat AML to the market,
the clinically used drug L-deprenyl was tested in the present
study and its novel targets identified. On the basis of these
findings, it may be concluded that L-deprenyl causes apoptotic
cell death in AML coincident with inhibition of mitochondrial
OCR and cytosolic ECAR, an effect that is not mediated by
MAO-B inhibition in vitro and ex vivo. In the future, regarding
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the importance of the development of a drug for controlling
intracellular metabolic flux, L-deprenyl would be a candidate
for first-line therapy in AML.
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