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Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS),

one of the most common maternally inherited mitochondrial diseases, is caused by

mitochondrial DNA mutations that lead to mitochondrial dysfunction. Several treatment

options exist, including supplementation with CoQ10, vitamins, and nutrients, but no

treatment with proven efficacy is currently available. In this study, we investigated the

effects of a novel NAD+ modulator, KL1333, in human fibroblasts derived from a human

patient with MELAS. KL1333 is an orally available, small organic molecule that reacts

with NAD(P)H:quinone oxidoreductase 1 (NQO1) as a substrate, resulting in increases in

intracellular NAD+ levels via NADH oxidation. To elucidate the mechanism of action of

KL1333, we used C2C12 myoblasts, L6 myoblasts, and MELAS fibroblasts. Elevated

NAD+ levels induced by KL1333 triggered the activation of SIRT1 and AMPK, and

subsequently activated PGC-1α in these cells. In MELAS fibroblasts, KL1333 increased

ATP levels and decreased lactate and ROS levels, which are often dysregulated in this

disease. In addition, mitochondrial functional analyses revealed that KL1333 increased

mitochondrial mass, membrane potential, and oxidative capacity. These results indicate

that KL1333 improves mitochondrial biogenesis and function, and thus represents a

promising therapeutic agent for the treatment of MELAS.

Keywords: NAD+, NQO1, mitochondrial function, MELAS, SIRT1, AMPK, PGC-1α, KL1333

INTRODUCTION

Mitochondria are essential organelles that generate most of the energy required by the human body
in the form of adenosine triphosphate (ATP). In addition, mitochondria play roles in generation of
reactive oxygen species (ROS) and control of cell signaling, cell death, and biosynthetic metabolism
(1). Mitochondria also have their ownDNA (mtDNA), which encodes various proteins constituting
the electron transport chain, the critical machinery for ATP production (2). Therefore, mutations in
any of the mitochondrial genes can result in mitochondrial dysfunction, leading to mitochondrial
disease. The effects of mitochondrial diseases may occur in any part of the body, but are observed
most frequently in tissues that require large amounts of energy, such as brain, heart, andmuscle (3).
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Mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like episodes (MELAS) is a progressive neurodegenerative
syndrome associated with multiple organ failure due to
mitochondrial dysfunction (4). In most cases, MELAS is
caused by maternally inherited mutations in mtDNA, of
which the most common is the A3243G mutation in a gene
encoding mitochondrial tRNALeu(UUR) (5). Patients with MELAS
experience stroke-like episodes, dementia, headache, vomiting,
seizures, lactic acidosis, deafness, growth retardation, and
myopathy (6). Supplements such as CoQ10, vitamin C, creatine,
sodium pyruvate, and L-arginine are frequently used to treat
MELAS, but more efficient and scientifically supported therapies
are needed (7).

Nicotinamide adenine dinucleotide (NAD+) and its reduced
form (NADH) are important regulators of intracellular redox
homeostasis, energy metabolism, and many cellular signaling
pathways (8). NAD+ can be synthesized de novo or via a
salvage pathway, and can also be generated by conversion of
NADH by enzymes such as NAD(P)H:quinone oxidoreductase
1 (NQO1) (9). NAD+ acts as a cofactor for several NAD+-
consuming enzymes, such as sirtuins (SIRT1-7), poly(ADP-
ribose) polymerases (PARPs), and cyclic ADP-ribose synthases.
Intracellular NAD+ levels are decreased in diseases associated
with mitochondrial dysfunction or aging (10). Accordingly,
elevation of NAD+ levels, for example, via application of
NAD+ precursors or pharmacological compounds, represents a
promising strategy for relieving symptoms associated with low
NAD+ (10). Here, we hypothesized that KL1333 could be used
as an effective treatment of mitochondrial diseases including
MELAS via its ability to increase the NAD+/NADH ratio, which
is lower in MELAS due to mitochondrial respiratory chain
deficiency (10).

In this study, we found that KL1333 treatment of C2C12
and L6 myoblasts increased NAD+ levels via the action
of NQO1, and activated the SIRT1/AMP-activated protein
kinase (AMPK)/peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1α) signaling network,
which is involved in mitochondrial biogenesis and function.
In fibroblasts derived from human patients with MELAS,
KL1333 also induced the activation of SIRT1, AMPK, and
PGC-1α. In addition, KL1333 increased energy production
and mitochondrial function and decreased oxidative stress in
MELAS fibroblasts. These results suggest that KL1333 could
be used to effectively treat MELAS by modulating intracellular
NAD+ levels via NQO1. KL1333 is currently in a phase I clinical
trial for mitochondrial diseases (randomized, double-blind,
placebo-controlled in healthy male volunteers, NCT03056209).

MATERIALS AND METHODS

Reagents
KL1333 was synthesized as a derivative of β-lapachone.
Recombinant human NQO1 (rhNQO1) protein, NAD,
NADH, bovine serum albumin (BSA), Coenzyme Q10
(CoQ10), idebenone, and cytochrome c were purchased
from Sigma-Aldrich. CM-H2DCFDA, MitoTracker Green
FM, and tetramethylrhodamine methyl ester (TMRM) were

purchased from Invitrogen. FLAG-tagged mouse PGC-1α
plasmid was purchased from Origen. Nitrocellulose membrane
and the Enhanced Chemiluminescence (ECL) system were
purchased from Amersham. Anti-AMPK, anti-acetyl-CoA
carboxylase (ACC), anti-phospho-AMPK, anti-phospho-ACC,
and anti-phospho-serine antibodies were purchased from Cell
Signaling Technology. Anti-FLAG and anti-actin antibodies were
purchased from Sigma-Aldrich. Anti-NADH dehydrogenase
[ubiquinone] 1 alpha subcomplex subunit A9 (NDUFA9), anti-
ubiquinol-cytochrome c reductase core protein 1 (UQCRC1),
and anti-ATP synthase subunit alpha (ATP5A) antibodies
were purchased from Abcam. Anti-succinate dehydrogenase A
(SDHA) and anti-cytochrome c oxidase I (COX I) antibodies
were purchased from Invitrogen.

Cell Culture
C2C12 mouse myoblasts, L6 rat myoblasts, and HepG2 human
hepatocarcinoma cells were obtained from the American Type
Culture Collection (ATCC). Human fibroblasts were isolated
from a skin biopsy of a healthy person (wild-type, WT) or
MELAS patients harboring a heteroplasmic A3243G mutation.
Cells were cultured in Dulbecco’s modified Eagle’s medium
(25mM glucose) supplemented with 10% fetal bovine serum in
an atmosphere containing 5% CO2 at 37

◦C.

NQO1 Oxidation Assay
NADH oxidation assays were performed with rhNQO1. NQO1
protein (2.5 mU) was mixed with KL1333, CoQ10, or idebenone
at various concentrations (0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50,
and 100µM) in 50mM Tris-HCl (pH 7.5) buffer containing
0.14% BSA. Reactions were initiated by addition of 200µM
NADH, and the change in absorbance at 340 nm was measured
over time for 3min at 25◦C (extinction coefficient for NADH
[εNADH]= 6,220 M−1 · cm−1).

Cytochrome c Reduction Assay
The reaction medium consisted of 77µM cytochrome c, 200µM
NADH, and each compound (KL1333, CoQ10, or idebenone;
0.1–100µM range) in 50mM Tris-HCl (pH 7.5) buffer
containing 0.14% BSA. Cytochrome c reduction activity was
measured at 30◦C using NADH as the immediate electron donor
and cytochrome c as the terminal electron acceptor. Reactions
were initiated by the addition of rhNQO1 (5 mU). Activity was
calculated as µmol of cytochrome c reduced/mg/min of protein,
based on the initial rate of change in OD at 550 nm and the
extinction coefficient for cytochrome c (21.1 mM−1 · cm−1).

Measurement of NAD+/NADH Ratio
Intracellular NAD+ and NADH levels were measured using
the EnzyChrom NAD+/NADH Assay Kit (BioAssay Systems).
Briefly, cells were homogenized in either 100 µl of NAD+

extraction buffer (for NAD+ determination) or 100 µl of
NADH extraction buffer (for NADH determination). Samples
were heated at 60◦C for 5min, and then mixed with 20 µl of
assay buffer and 100 µl of the opposite extraction buffer to
neutralize the extracts. Next, samples were briefly vortexed, and
centrifuged at 14,000 rpm for 5min. Supernatants were subjected
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to NAD+/NADH assays based on the lactate dehydrogenase
cycling reaction, in which the generated NADH reduces a
tetrazolium salt to a purple colored formazan product. NAD+

and NADH levels were quantified by measuring the increase in
formazan at 570 nm using a microplate reader.

To prepare the cell-free enzyme system, 1µM KL1333 was
mixed with 200µM NADH and 200µM NAD in 50mM Tris-
HCl (pH 7.5) buffer containing 0.14% BSA (total volume, 200µl).
Reactions were initiated by addition of rhNQO1 (10 mU), and
assaymixtures were incubated for 1 h at 37◦C. Twentymicroliters
of reaction mixture were mixed with either 100 µl of NAD+

extraction buffer or 100 µl of NADH extraction buffer. Samples
were heated at 60◦C for 5min, and then mixed with 20 µl of
assay buffer and 100 µl of the opposite extraction buffer to
neutralize the extracts. Next, samples were briefly vortexed, and
centrifuged at 14,000 rpm for 5min. Supernatants were subjected
to NAD+/NADH assays, and NAD+ and NADH levels were
measured on a microplate reader by monitoring absorbance at
570 nm.

Measurement of SIRT1 Activity
SIRT1 activity was measured using the SIRT1 Activity Assay
Kit (Abcam). Cells were seeded into 6 well plates (2 × 105

cells/well). The day after, the medium was removed and cells
were treated with 1 or 2µM KL1333. After 1 h, cells were
harvested and lysed in lysis buffer. Reactions were initiated by
adding cell lysates to the reaction mixture containing SIRT1
assay buffer, fluoro-substrate peptides (100mM), and NAD+

(100mM). Fluorescence intensity was measured for 30min at 2–
3min intervals on a microplate fluorometer (excitation, 350 nm;
emission, 460 nm). SIRT1 activity was calculated within the linear
range of reaction velocity, and normalized against the protein
concentration in WT control cells.

Luciferase Assay
C2C12 myoblasts were seeded into 6 well plates (2 × 105

cells/well). The day after, cells were co-transfected with pGL3-
mouse PGC-1α luciferase reporter and pRL-SV40 encoding
Renilla luciferase using Turbofect transfection reagent (Thermo
Scientific). The transfected cells were allowed to stabilize for 24 h,
and then treated with 1µM KL1333 for 24 h. Cell lysates were
subjected to luciferase assay using the Dual-Luciferase Reporter
Assay System (Promega). Luciferase activity was measured
using a luminometer (Anthos Labtec Instrument). Firefly
luciferase activity was normalized against Renilla luciferase
activity.

Quantification of ATP Levels
To measure intracellular ATP levels, the ATP Determination Kit
(Invitrogen) was used. Human fibroblasts were seeded into 6 well
plates (1.5× 105 cells/well). The day after, cells were treated with
1µM KL1333 or 1µM idebenone for 24 h, and then lysed in 100
µl of cell lysis buffer. Cell lysates were centrifuged at 13,000 rpm
for 10min. ATP levels in the supernatant were measured using a
luminometer.

Determination of Intracellular Lactate
Levels
Intracellular lactate levels were measured using the Lactate
Colorimetric Assay Kit (BioVision). Human fibroblasts were
treated with 1µM KL1333 for 24 h, and then homogenized in
assay buffer. Cell lysates were reacted with reaction mixture
containing assay buffer, substrate mix, and enzyme mix, and
then incubated for 30min at room temperature. Lactate levels
in each sample were analyzed by monitoring optical density at
450 nm.

Measurement of Intracellular ROS Levels
Human fibroblasts were treated with 1µM KL1333 for 24 h, and
then incubated with 2µM CM-H2DCFDA for 30min at 37◦C.
The cells were then washed twice with phosphate-buffered saline
(PBS) and resuspended in 500 µl of PBS. ROS levels in each
sample were analyzed using a flow cytometer (excitation, 488 nm;
emission, 530 nm).

Measurement of Mitochondrial Mass and
Mitochondrial Membrane Potential
Human fibroblasts were treated with 1µM KL1333 for 24 h.
After treatment, cells were washed with PBS and trypsinized,
centrifuged at 400 g for 5min, and resuspended in PBS.
Cell suspensions were mixed with 200 nM MitoTracker Green
FM (excitation, 488 nm; emission, 530 nm) for assessment of
mitochondrial mass, or 200 nM TMRM (excitation, 488 nm;
emission, 585 nm) for measurement of mitochondrial membrane
potential. The cells were then stained at 37◦C in a CO2

incubator for 30min, washed with PBS, and analyzed using a flow
cytometer.

Immunoprecipitation and Western Blotting
Cells were lysed in cell lysis buffer containing 50mM Tris-
HCl (pH 7.4), 150mM NaCl, 5mM EDTA, 1% NP-40, and
protease inhibitor cocktail (Roche). For immunoprecipitation
assay, the appropriate antibodies were added to the lysates
followed by the addition of protein A/G agarose (Santa
Cruz biotechnology), and then incubated overnight at
4◦C. Lysates were subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and blotted
onto nitrocellulose membrane. After blocking with 5% skim
milk, the membranes were incubated overnight at 4◦C with
primary antibodies. Membranes were washed, incubated

TABLE 1 | Steady-state kinetic constants of NQO1 with KL1333, CoQ10, and

Idebenone.

NADH oxidation Cytochrome c reduction

KL1333 CoQ10 Idebenone KL1333 CoQ10 Idebenone

Km (µM) 0.27 –* 2.13 0.79 –* 1.76

Vmax

(µmol/mg/min)

63.9 –* 38.3 312.4 –* 68.1

*No enzymatic activity above the background level could be detected for CoQ10; thus,

the steady-state kinetics could not be calculated.

Frontiers in Neurology | www.frontiersin.org 3 July 2018 | Volume 9 | Article 552

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Seo et al. NAD+ Modulation in MELAS

with the appropriate secondary antibodies for 1 h at room
temperature, and rewashed. Proteins were detected by using the
ECL system.

Real-Time PCR
Total RNA was isolated using TRIzol Reagent (Invitrogen)
according to the manufacturer’s instructions. Complementary
DNAwas synthesized usingM-MLV reverse transcriptase (ELPIS
Biotech) at 42◦C for 1 h. The mixture was then boiled for 5min
to inactivate reverse transcriptase and quickly chilled on ice.
Synthesized cDNAs were analyzed by real-time PCR using an
EXPRESS SYBR GreenER (Invitrogen) kit on an IQ5 Real-Time
PCR detection system (BioRad). Each value was normalized to
18S rRNA levels.

Measurement of Oxygen Consumption
Rate
Mitochondrial oxygen consumption rate (OCR) was measured
using a Seahorse XF24 extracellular analyzer (Seahorse
Bioscience). Cultured human fibroblasts were washed and
incubated with assay medium (DMEM without sodium
bicarbonate) at 37◦C in a non-CO2 incubator for 1 h. Three
baseline measurements of OCR were taken before sequential

injection of mitochondrial inhibitors: oligomycin (2µg/ml),
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP)
(10µM), and antimycin A (5µM). OCR was automatically
calculated and recorded by the Seahorse XF24 software.
Percentage change relative to the basal rate was calculated
as the value of the change divided by the average value of
the baseline readings. After the assays, cells in each well
were lysed by cell lysis buffer, and the protein levels were
measured by the Bradford method. OCRs in each sample were
normalized against the protein concentration of WT control
cells.

Statistical Analysis
Results are expressed as means ± standard error of the
mean (SEM). Statistical significance between two groups was
determined by using the unpaired Student’s t-test. Comparisons
among several groups were performed by analysis of variance,
and statistical significance was calculated by using Dunnett’s
multiple comparison test.

The statistical significance of differences between groups
was analyzed using Student’s t-test or analysis of variance
(ANOVA). Differences were considered to be significant at
P < 0.05.

FIGURE 1 | KL1333 increases the intracellular NAD+/NADH ratio. (A) Reaction mixtures consisting of rhNQO1, NAD+, NADH, and KL1333 were incubated at 37◦C

for 1 h, and then NAD+ and NADH levels were measured using a microplate reader. (B) C2C12 myoblasts were treated with 1µM KL1333 for 30min. Intracellular

NAD+ and NADH were extracted, and NAD+ and NADH levels were measured using a microplate reader. NAD+/NADH ratio was calculated based on the

concentration of NAD+ and NADH. (C) L6 myoblasts were treated with 2µM KL1333 for 30min. Intracellular NAD+ and NADH were extracted, and then NAD+ and

NADH levels were measured using a microplate reader. NAD+/NADH ratio was calculated based on the concentration of NAD+ and NADH. Each experiment was

repeated four times. Error bars indicate ±SEM. *P < 0.05.
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RESULTS

KL1333 Increases NQO1 Activity and
Intracellular NAD+/NADH Ratio
We investigated the effects of KL1333 on NQO1 in two
experiments. First, to determine how fast NADH is oxidized to

NAD+, we measured the rate of decrease in the concentration
of NADH. Second, to determine how fast reduced KL1333
transports electrons to cytochrome c, we measured the rate
of cytochrome c reduction. In both experiments, CoQ10 and
idebenone, a CoQ10 derivative that accepts electrons from
NQO1, were used for comparison (11). The results of the NADH

FIGURE 2 | KL1333 activates SIRT1 and AMPK. (A) C2C12 and L6 myoblasts were treated with 1 and 2µM KL1333 for 1 h, respectively. SIRT1 activities in both cell

lines were analyzed using a fluorescence-based assay. (B) C2C12 myoblasts were treated with 1µM KL1333 for the indicated times. The activity of AMPK was

examined by Western blotting using the indicated antibodies. (C) Quantification of pAMPK levels in C2C12 cell lysates using its band density normalized to that of

total AMPK. (D) Quantification of pACC levels in C2C12 cell lysates using its band density normalized to that of total ACC. (E) L6 myoblasts were treated with 2µM

KL1333 for the indicated times. The activity of AMPK was examined by Western blotting using the indicated antibodies. (F) Quantification of pAMPK levels in L6 cell

lysates using its band density normalized to that of total AMPK. (G) Quantification of pACC levels in L6 cell lysates using its band density normalized to that of total

ACC. Each experiment was repeated three times. Error bars indicate ± SEM. *P < 0.05.
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oxidation assays revealed little or no change in the absorbance
of idebenone and CoQ10, whereas KL1333 exhibited a much
higher NADH oxidation activity than either of the comparison

compounds (Table 1). These experiments revealed that KL1333

was significantly more active and potent than idebenone and
CoQ10.

Given that KL1333 increases NQO1 activity, we investigated

whether this compound could oxidize NADH to NAD+ in cell-
free enzyme assays. The results revealed that KL1333 completely

converted NADH to NAD+ (Figure 1A). Next, we examined

the effect of KL1333 on the NAD+/NADH ratio in several cell
lines. In C2C12 mouse myoblasts, L6 rat myoblasts, and HepG2
human hepatocarcinoma cells, KL1333 significantly increased
the intracellular NAD+/NADH ratio (Figures 1B,C; Figure S1A).
The KL1333-induced increase in the NAD+/NADH ratio was
blocked by the NQO1-specific inhibitor ES936 (Figure S1B).
Taken together, these results indicate that KL1333 promotes
oxidation of NADH to NAD+ by NQO1.

Downstream Effects on SIRT1, AMPK, and
PGC-1α Activation
An increase in the NAD+/NADH ratio, such as that induced
by KL1333, can activate NAD+-dependent deacetylases such as
SIRT1. To explore this possibility, we treated C2C12 and L6
myoblasts with KL1333 for 1 h. KL1333 significantly increased
SIRT1 activity in both cell lines (Figure 2A). Activation of
SIRT1 by elevated intracellular NAD+ controls the activity
of liver kinase B1, resulting in activation of AMPK, and
concurrent dual activation of SIRT1 and AMPK increases
intracellular metabolism (12). To determine whether the increase
in intracellular NAD+ induced by KL1333 leads to the
activation of AMPK, we treated C2C12 and L6 myoblasts with
KL1333 for the indicated times. KL1333 dramatically induced
activating phosphorylation of the catalytic α subunit of AMPK
(Figures 2B–G). In addition, AMPK-dependent phosphorylation
of ACC was induced by KL1333. Next, we examined the effect
of NQO1 and NQO2 inhibitors on KL1333-induced AMPK

FIGURE 3 | KL1333 activates AMPK in a NQO1-dependent manner. (A) L6 myoblasts were pretreated with 250 nM ES936 or 10µM quercetin for 1 h, and then

treated with 2µM KL1333 for the indicated times. The activity of AMPK was examined by Western blotting using the indicated antibodies. (B) Quantification of the

pAMPK/AMPK ratio in ES936 and KL1333-treated cells. (C) Quantification of the pACC/ACC ratio in ES936 and KL1333-treated cells. (D) Quantification of the

pAMPK/AMPK ratio in quercetin and KL1333-treated cells. (E) Quantification of the pACC/ACC ratio in quercetin and KL1333-treated cells. Each experiment was

repeated three times. Error bars indicate ± SEM. *P < 0.05: significance with respect to the control group. #P < 0.05: significance with respect to the ES936- or

quercetin-treated group.
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activation. For this purpose, we pretreated L6 myoblasts with
ES936 or quercetin, a NQO2 inhibitor, and then treated with
KL1333 for the indicated times. As shown in Figures 3A–E,
ES936 dramatically blocked KL1333-induced phosphorylation
of AMPK and ACC, whereas quercetin had no effect on the
phosphorylation of either protein. These results indicate that
KL1333 activates AMPK in a NQO1-dependent manner.

Both SIRT1 and AMPK are upstream regulators of PGC-
1α, and directly activate PGC-1α by deacetylation and
phosphorylation, respectively (12). To determine whether
activation of SIRT1 and AMPK induced by KL1333 leads to
activation of PGC-1α, we overexpressed a plasmid encoding
FLAG-tagged mouse PGC-1α (mPGC-1α-FLAG) in C2C12
myoblasts, treated the PGC-1α-overexpressing cells with
KL1333 for the indicated times, and then measured the
extent of acetylation and phosphorylation of PGC-1α by
immunoprecipitation. The results revealed that KL1333
decreased acetylation of PGC-1α, but increased phosphorylation

of the protein (Figures 4A,B). PGC-1α can induce its own
expression through an autoregulatory loop (13). Hence, we
performed a PGC-1α promoter luciferase assay to determine
whether KL1333 increases PGC-1α promoter activity. Indeed,
treatment of C2C12 myoblasts with KL1333 for 24 h increased
transcription from the PGC-1α reporter by∼35% (Figure 4C).

Taken together, these results suggest that KL1333 increases
PGC-1α activity by increasing NAD+ levels, which in turn
activate SIRT1 and AMPK.

KL1333 Regulates ATP, Lactate, and ROS
Levels in MELAS Fibroblasts
Due to its role in mitochondrial biogenesis and functions
related to oxidative phosphorylation (OXPHOS) capacity and
oxidative stress (14), PGC-1α is considered to be a therapeutic
target for mitochondrial diseases including MELAS. In light
of our observation that KL1333 increases PGC-1α activity, we
investigated whether KL1333 could restore ATP production in

FIGURE 4 | KL1333 induces PGC-1α activation. (A) C2C12 myoblasts were transfected with FLAG-tagged mPGC-1α for 48 h, and then treated with 2µM KL1333

for the indicated times. Cell lysates were subjected to immunoprecipitation using antibody against FLAG. The acetylation levels of PGC-1α were examined by Western

blotting using anti-acetyl lysine antibody. Histograms show the levels of acetylation of PGC-1α relative to total FLAG-tagged mPGC-1α under each of the indicated

conditions. The experiment was repeated three times. (B) C2C12 myoblasts were transfected with FLAG-tagged mPGC-1α for 48 h, and then treated with 2µM

KL1333 for the indicated times. Cell lysates were subjected to immunoprecipitation using antibody against phospho-serine. The phosphorylation levels of PGC-1α

were examined by Western blotting using an anti-FLAG antibody. Histograms show the levels of phosphorylation of PGC-1α relative to total FLAG-tagged mPGC-1α

under each of the indicated conditions. The experiment was repeated three times. (C) Cells expressing PGC-1α luciferase were treated with 1µM KL1333 for 24 h.

Cell lysates were subjected to luciferase assays, and the activity of the PGC-1α promoter was analyzed. The experiment was repeated four times. Error bars indicate

± SEM. *P < 0.05.
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human fibroblasts derived from three MELAS patients harboring
the A3243Gmutation. The ATP levels in all three fibroblasts were
markedly lower than in WT fibroblasts (Figure 5A). However,
treatment with KL1333 for 24 h significantly increased the ATP
levels in two out of three MELAS patient fibroblasts (MELAS
1 and MELAS 2, but not MELAS 3). Next, we examined
the effect of KL1333 on lactate levels in MELAS fibroblasts.
As shown in Figure 5B, KL1333 attenuated the elevation in
intracellular lactate levels in MELAS 1 fibroblasts, but had
no significant effect on lactate in the other two cell lines.
Finally, to determine whether KL1333 reduces oxidative stress,
we measured ROS levels in MELAS fibroblasts. All three MELAS
fibroblast lines contained significantly higher ROS levels than
WTfibroblasts (Figure 5C). However, treatment with KL1333 for
24 hmarkedly decreased ROS levels in all threeMELAS fibroblast
lines. Taken together, these results indicated that KL1333 can
rescue the impairment of energy production and elevated
oxidative stress in MELAS fibroblasts in a cell line-specific
manner.

Next, because KL1333 exhibited higher activity toward
NQO1 than idebenone, we compared the changes in ATP
levels treated with each compound. In this experiment,
cells were treated with KL1333 or idebenone at the
same concentration for 24 h, and then intracellular ATP
levels were measured. KL1333 significantly increased
ATP levels in MELAS 1 fibroblasts, but not in control
fibroblasts, whereas idebenone caused no significant change
(Figure 5D).

KL1333 Improves Mitochondrial Mass and
OXPHOS in MELAS Fibroblasts
Since KL1333 induces the activation of the SIRT1/AMPK/PGC-
1α signaling network through NQO1-mediated oxidation
of NADH to NAD+ in C2C12 and L6 myoblasts, we
investigated whether KL1333 also increases the NAD+/NADH
ratio and activates SIRT1, AMPK, and PGC-1α in MELAS
fibroblasts. As shown in Figure 6A, MELAS 1 fibroblasts had
a lower NAD+/NADH ratio than WT fibroblasts, but KL1333
significantly increased the NAD+/NADH ratio in MELAS
fibroblasts above the WT level. In addition, KL1333 induced
the activation of SIRT1 and AMPK in MELAS 1 fibroblasts
(Figures 6B–D). To examine whether KL1333 activates PGC-1α
in MELAS 1 fibroblasts, we investigated the mRNA expression of
PGC-1α and its target genes such as Tfam, Nrf1, Nrf2, and Sod2
(14). The mRNA levels of PGC-1α and its target genes were lower
in MELAS 1 fibroblasts than in WT fibroblasts (Figure 6E), but
KL1333 significantly increased the mRNA levels of these genes.

Mitochondrial dysfunction is closely related to impaired
energy production and elevated oxidative stress (15). Based
on our findings that KL1333 increased ATP generation and
decreased ROS levels in MELAS fibroblasts, we examined the
effect of KL1333 on mitochondrial mass and OXPHOS. To
this end, we treated cells with 1µM KL1333 for 24 h, and
then measured mitochondrial mass. As shown in Figure 7A,
MELAS 1 fibroblasts had lower mitochondrial mass than WT
fibroblasts, but KL1333 significantly increased mitochondrial
mass in MELAS 1 fibroblasts above the WT level. In addition,

FIGURE 5 | KL1333 regulates intracellular ATP, lactate, and ROS levels in MELAS fibroblasts. Human fibroblasts derived from three patients with MELAS were treated

with 1µM KL1333 for 24 h. (A) Cells were lysed in extraction buffer, and intracellular ATP levels were measured. (B) Cell lysates were reacted with enzyme mixtures,

and intracellular lactate levels were measured. (C) Cells were stained with CM-H2DCFDA, and ROS levels were measured using a flow cytometer. (D) MELAS 1

fibroblasts were treated with 1µM KL1333 (KL) or 1µM idebenone (Ide) for 24 h. Cell lysates were used for measurement of ATP levels. Each experiment was

repeated three times. Error bars indicate ± SEM. #P < 0.05: MELAS fibroblast vs. WT control. *P < 0.05: presence versus absence of KL1333.
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analysis of mitochondrial membrane potential revealed that
KL1333 could also improve mitochondrial function (Figure 7B).

Deficiencies in OXPHOS proteins are closely associated with
mitochondrial dysfunction, and PGC-1α plays an important
role in mitochondrial biogenesis, mitochondrial protein
expression, and mitochondrial respiratory function (16). Hence,
we investigated whether KL1333 increases protein expression
of mitochondrial complex subunits and mitochondrial OCR.
To evaluate the effect of KL1333 on mitochondrial protein
expression, we treated MELAS 1 fibroblasts with 1µM
KL1333 for 24 h. KL1333 significantly increased the levels of
mitochondrial complex I and III subunits in MELAS 1 fibroblasts
(Figures 7C,D), but had no significant effect on the levels of
complex II, IV, and V subunits.

Next, we evaluated the effect of KL1333 on mitochondrial
respiration by measuring OCR in WT and MELAS 1 fibroblasts.
For this purpose, we treated MELAS 1 fibroblasts with 1µM
KL1333 for 24 h, and then measured OCR in the presence
of several compounds that control mitochondrial respiration.
Oligomycin, a mitochondrial complex V inhibitor, was used to
determine the proportion of OCR utilized for ATP production
under basal conditions, and the uncoupler FCCP was used to
determine maximal mitochondrial respiration (17). In addition,
antimycin A was used to inhibit the flow of electrons through
complex III, preventing the oxidation of both NADH and
succinate by mitochondria. As shown in Figure 7E, OCR
was significantly lower in MELAS 1 fibroblasts than in WT
fibroblasts. Basal OCR (baseline minus oligomycin), maximal

FIGURE 6 | KL1333 increases the NAD+/NADH ratio and activates SIRT1, AMPK, and PGC-1α in MELAS fibroblasts. (A) MELAS 1 fibroblasts were treated with

1µM KL1333 for 30min lysed in extraction buffer, and intracellular ATP levels were measured. Intracellular NAD+ and NADH were extracted, and NAD+ and NADH

levels were measured using a microplate reader. The NAD+/NADH ratio was calculated based on the concentration of NAD+ and NADH. (B) MELAS 1 fibroblasts

were treated with 1µM KL1333 for 30min. SIRT1 activity was analyzed using a fluorescence-based assay. (C) MELAS 1 fibroblasts were treated with 1µM KL1333

for the indicated times. The activity of AMPK was examined by Western blotting using the indicated antibodies. (D) Quantification of pAMPK levels in MELAS 1

fibroblasts using its band density normalized to that of total AMPK. (E) MELAS 1 fibroblasts were treated with 1µM KL1333 for 24 h. The expression of PGC-1α and

its target genes were measured by real-time PCR using specific primers for Ppargc1a, Tfam, Nrf1, Nrf2, and Sod2. Each experiment was repeated three times. Error

bars indicate ±SEM. *P < 0.05.
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mitochondrial respiration, and area under the curve of OCR
(AUCOCR) inMELAS fibroblasts were about half of those inWT
fibroblasts (Figure 7F). However, KL1333 significantly increased
basal and AUC OCR compared with untreated MELAS 1
fibroblasts, demonstrating that KL1333 improved mitochondrial
respiration.

DISCUSSION

Cellular energy deficiency resulting from mitochondrial
dysfunction is a hallmark of mitochondrial diseases. Defects

in mitochondrial OXPHOS, and the increase in glycolysis to
compensate for the resultant energy deficiency, cause lactate
accumulation and acidosis (18). In addition, elevated levels of
ROS from electron leakage in themitochondrial respiratory chain
can further cause mtDNA damage, leading to a vicious cycle of
ROS accumulation (19). Therefore, strategies aimed at improving
mitochondrial function could provide more fundamental and
efficacious therapy for patients with mitochondrial diseases than
supplementation with nutrients or antioxidants.

Pharmacological stimulation of several proteins improves
mitochondrial biogenesis and function; for example,

FIGURE 7 | KL1333 improves mitochondrial mass and OXPHOS in MELAS fibroblasts. MELAS 1 fibroblasts were treated with 1µM KL1333 for 24 h. (A) Cells were

stained with MitoTracker Green FM, and mitochondrial mass was measured using a flow cytometer. (B) Cells were stained with TMRM, and mitochondrial membrane

potential was measured using a flow cytometer. (C) Protein levels of mitochondrial complex subunits were analyzed by Western blotting using the indicated

antibodies. (D) Quantification of mitochondrial complex subunit proteins using their band densities normalized to that of VDAC. (E) MELAS 1 fibroblasts were treated

with 1µM KL1333 for 24 h, and OCR was measured using the Seahorse XF24 analyzer. Oligomycin, FCCP, and antimycin A were sequentially added at the indicated

time points (arrow). (F) Basal OCR and AUC OCR are shown in the histogram. Each experiment was repeated three times. Error bars indicate ± SEM. *P < 0.05.

Frontiers in Neurology | www.frontiersin.org 10 July 2018 | Volume 9 | Article 552

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Seo et al. NAD+ Modulation in MELAS

polyphenolic compounds, such as resveratrol, improve
mitochondrial function through the activation of SIRT1,
which results in PGC-1α activation (20). AMPK-activating
compounds also promote mitochondrial function by increasing
the expression of PGC-1α target genes involved in mitochondrial
biogenesis (21). In addition, a transcription factor, NF-E2
p45-related factor 2 (Nrf2), is an attractive target for improving
mitochondrial function since it regulates antioxidant responses,
mitochondrial membrane potential, fatty acid oxidation, and
OXPHOS activity (22). Furthermore, compounds targeting
mitochondrial uncoupling protein improve metabolic conditions
such as diabetes and NASH and neurodegenerative diseases
such as Alzheimer’s disease in experimental models (23, 24).
As increased flux in the electron transport chain induced by
mitochondrial uncoupling increases utilization of NADH,
modulation of NAD+/NADH ratio by other means, such as
KL1333 reduction by NQO1, may also have a wider therapeutic
potential where the NAD+/NADH ratio is perturbed (25, 26).

Recently, the approach of providing precursors of NAD+

biosynthesis has attracted a great deal of attention in research on
mitochondrial medicine. Elevation of NAD+ levels by precursors
can improve mitochondrial function. For example, nicotinamide
riboside increases mitochondrial biogenesis and whole-body
metabolism in mouse models of mitochondrial myopathy
and diet-induced obesity (27, 28). Similarly, nicotinamide
mononucleotide improves age-related phenotypes in mice,
including changes in energy metabolism, physical activity, and
insulin sensitivity (29). In addition, NAD+-boosting compounds
such as inhibitors of PARP and CD38 have been studied
as therapeutics for treatment of mitochondrial diseases and
metabolic syndrome (30, 31). Here, we demonstrated that
increasing NAD+ through NQO1 represents a promising
therapeutic approach for mitochondrial diseases.

NQO1 has been studied as a molecular target for several
diseases related to NAD+ decline. The reaction of NQO1 with
β-lapachone exerts beneficial effects on symptoms of aging,
obesity, hypertension, arterial restenosis, acute pancreatitis,
cisplatin-mediated acute kidney injury, and hearing impairment
(32–34). In addition, we showed previously that β-lapachone
increases energy production and improves mitochondrial
function in MELAS cytoplasmic hybrid (cybrid) cells, also via
the reaction with NQO1 (35). On the other hand, idebenone, a
compound recently approved for treatment of Leber’s hereditary
optic neuropathy (LHON) disease, increases intracellular ATP
production and decreases lactate levels inMELAS cybrid cells in a
NQO1-dependent manner (11). In addition, idebenone prevents
oxidative stress in human fibroblasts derived from patients with
LHON (36). Another NQO1 substrate compound, EPI-743, has
been developed as a drug for mitochondrial diseases (37, 38).
In this study, we showed that KL1333, an orally available small

molecule derived from β-lapachone, increased energy production
and improved mitochondrial dysfunction and oxidative stress
in MELAS fibroblasts. Compared with idebenone, KL1333 was
a more potent substrate for NQO1 and had a stronger effect
on ATP levels in MELAS fibroblasts. These results suggest that
KL1333 may be more effective than idebenone for treatment of
mitochondrial diseases.

Our results show that KL1333 augments mitochondrial
biogenesis and functions by upregulating the major
mitochondrial regulator PGC-1α, which is a well-investigated
target in mitochondrial medicine research due to its roles in
mitochondrial function and metabolism; specifically, it activates
several transcription factors involved in mitochondrial and
metabolic gene expression (14). The activity of PGC-1α can
be regulated by post-translational modifications. As shown
in Figure 4, we found that KL1333 induces dual activation of
PGC-1α through deacetylation and phosphorylation, probably
mediated by SIRT1 and AMPK, respectively. SIRT1 and AMPK
are major metabolic sensors that play various roles in glucose and
lipid metabolism, mitochondrial biogenesis, and transcriptional
regulation (12). Therefore, the indication for KL1333, as an
activator of the SIRT1/AMPK/PGC-1α signaling network,
could be extended to aging-related and metabolic diseases such
as neurodegeneration, diabetes, and non-alcoholic fatty liver
diseases.

Taken together, our results suggest that pharmacological
modulation of NAD+ via the action of KL1333 on NQO1
improves energy balance, decreases oxidative stress, and restores
mitochondrial functions and could be used to relieve the
deleterious effects of mitochondrial diseases.
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