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Mitochondrial encephalomyopathy, lactic acidosis, and sbke-like episodes (MELAS),
one of the most common maternally inherited mitochondrial ideases, is caused by
mitochondrial DNA mutations that lead to mitochondrial dyfinction. Several treatment
options exist, including supplementation with CoQ10, vitains, and nutrients, but no

treatment with proven ef cacy is currently available. In tis study, we investigated the
effects of a novel NADF modulator, KL1333, in human broblasts derived from a human
patient with MELAS. KL1333 is an orally available, small oagic molecule that reacts
with NAD(P)H:quinone oxidoreductase 1 (NQO1) as a substmtresulting in increases in
intracellular NALY levels via NADH oxidation. To elucidate the mechanism of @on of

KL1333, we used C2C12 myoblasts, L6 myoblasts, and MELAS boblasts. Elevated
NADC levels induced by KL1333 triggered the activation of SIRT1ral AMPK, and

subsequently activated PGC-A in these cells. In MELAS broblasts, KL1333 increased
ATP levels and decreased lactate and ROS levels, which aretefi dysregulated in this
disease. In addition, mitochondrial functional analysesvealed that KL1333 increased
mitochondrial mass, membrane potential, and oxidative cagcity. These results indicate
that KL1333 improves mitochondrial biogenesis and functio, and thus represents a
promising therapeutic agent for the treatment of MELAS.

Keywords: NAD C, NQO1, mitochondrial function, MELAS, SIRT1, AMPK, PGC-1  a, KL1333

INTRODUCTION

Mitochondria are essential organelles that generate mdbkecénergy required by the human body
in the form of adenosine triphosphate (ATP). In addition, mitoondria play roles in generation of
reactive oxygen species (ROS) and control of cell signaktigieath, and biosynthetic metabolism
(1). Mitochondria also have their own DNA (mtDNA), which encaslearious proteins constituting
the electron transport chain, the critical machinery for Ap@duction (2). Therefore, mutations in
any of the mitochondrial genes can result in mitochondrigstunction, leading to mitochondrial
disease. The e ects of mitochondrial diseases may occuryrpart of the body, but are observed
most frequently in tissues that require large amounts ofgpesuch as brain, heart, and muscl (
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Mitochondrial encephalomyopathy, lactic acidosis, andpurchased from Invitrogen. FLAG-tagged mouse PGC-1
stroke-like episodes (MELAS) is a progressive neurodegéveratplasmid was purchased from Origen. Nitrocellulose membrane
syndrome associated with multiple organ failure due toand the Enhanced Chemiluminescence (ECL) system were
mitochondrial dysfunction {). In most cases, MELAS is purchased from Amersham. Anti-AMPK, anti-acetyl-CoA
caused by maternally inherited mutations in mtDNA, of carboxylase (ACC), anti-phospho-AMPK, anti-phospho-ACC,
which the most common is the A3243G mutation in a geneand anti-phospho-serine antibodies were purchased from Cell
encoding mitochondrial tRNASU(UUR) (5) patients with MELAS ~ Signaling Technology. Anti-FLAG and anti-actin antiboslieere
experience stroke-like episodes, dementia, headache, imgmit purchased from Sigma-Aldrich. Anti-NADH dehydrogenase
seizures, lactic acidosis, deafness, growth retardatiord [ubiquinone] 1 alpha subcomplex subunit A9 (NDUFA9), anti-
myopathy ). Supplements such as CoQ10, vitamin C, creatinajbiquinol-cytochrome c¢ reductase core protein 1 (UQCRC1),
sodium pyruvate, and L-arginine are frequently used to treaand anti-ATP synthase subunit alpha (ATP5A) antibodies
MELAS, but more e cient and scienti cally supported therapies were purchased from Abcam. Anti-succinate dehydrogenase A
are needed/). (SDHA) and anti-cytochrome ¢ oxidase | (COX 1) antibodies

Nicotinamide adenine dinucleotide (NA®) and its reduced were purchased from Invitrogen.
form (NADH) are important regulators of intracellular redox
homeostasis, energy metabolism, and many cellular signalifCell Culture
pathways §). NADC can be synthesizede novoor via a C2C12 mouse myoblasts, L6 rat myoblasts, and HepG2 human
salvage pathway, and can also be generated by conversionhepatocarcinoma cells were obtained from the American Type
NADH by enzymes such as NAD(P)H:quinone oxidoreductase&ulture Collection (ATCC). Human broblasts were isolated
1 (NQO1) ©). NADC acts as a cofactor for several NAD from a skin biopsy of a healthy person (wild-type, WT) or
consuming enzymes, such as sirtuins (SIRT1-7), poly(ADPMELAS patients harboring a heteroplasmic A3243G mutation.
ribose) polymerases (PARPSs), and cyclic ADP-ribose syrdhas€ells were cultured in Dulbecco's modied Eagle's medium
Intracellular NADF levels are decreased in diseases associatéts mM glucose) supplemented with 10% fetal bovine serum in
with mitochondrial dysfunction or aging 1(0). Accordingly, an atmosphere containing 5% G@t 37 C.
elevation of NAL levels, for example, via application of
NADC precursors or pharmacological compounds, represents lQO1 Oxidation Assay
promising strategy for relieving symptoms associated with lo NADH oxidation assays were performed with rhNQO1. NQO1
NADC (10). Here, we hypothesized that KL1333 could be usegrotein (2.5 mU) was mixed with KL1333, CoQ10, or idebenone
as an e ective treatment of mitochondrial diseases inclgdin at various concentrations (0.1, 0.25, 0.5, 1, 2.5, 5, 105@5,
MELAS via its ability to increase the NADNADH ratio, which  and 10amiM) in 50mM Tris-HCI (pH 7.5) bu er containing
is lower in MELAS due to mitochondrial respiratory chain 0.14% BSA. Reactions were initiated by addition of r800
de ciency (L0). NADH, and the change in absorbance at 340 nm was measured

In this study, we found that KL1333 treatment of C2C12over time for 3min at 25C (extinction coe cient for NADH
and L6 myoblasts increased NADlevels via the action [HNADH] D 6,220M 1 cm 1).
of NQO1, and activated the SIRT1/AMP-activated protein
kinase (AMPK)/peroxisome proliferator-activated receptorCytochrome ¢ Reduction Assay
gamma coactivator l-alpha (PG@) signaling network, The reaction medium consisted of @M cytochrome c, 2060V
which is involved in mitochondrial biogenesis and function NADH, and each compound (KL1333, CoQ10, or idebenone;
In broblasts derived from human patients with MELAS, 0.1-100mM range) in 50mM Tris-HCI (pH 7.5) buer
KL1333 also induced the activation of SIRT1, AMPK, andontaining 0.14% BSA. Cytochrome c reduction activity was
PGC-A-. In addition, KL1333 increased energy productionmeasured at 3@ using NADH as the immediate electron donor
and mitochondrial function and decreased oxidative stress and cytochrome c as the terminal electron acceptor. Reactions
MELAS broblasts. These results suggest that KL1333 couldere initiated by the addition of rhNQO1 (5 mU). Activity was
be used to e ectively treat MELAS by modulating intracellularcalculated asmol of cytochrome ¢ reduced/mg/min of protein,
NADC levels via NQO1. KL1333 is currently in a phase | clinicabased on the initial rate of change in OD at 550 nm and the
trial for mitochondrial diseases (randomized, doublesbli extinction coe cient for cytochrome ¢ (21.1 mM! cm 1).
placebo-controlled in healthy male volunteers, NCT0309$20

Measurement of NAD ©/NADH Ratio

MATERIALS AND METHODS Intracellular NAD® and NADH levels were measured using
the EnzyChrom NAIY/NADH Assay Kit (BioAssay Systems).
Reagents Briey, cells were homogenized in either 108 of NAD®

KL1333 was synthesized as a derivative befapachone. extraction buer (for NAD® determination) or 100m of
Recombinant human NQO1 (rhNQO1) protein, NAD, NADH extraction bu er (for NADH determination). Samples
NADH, bovine serum albumin (BSA), Coenzyme QlOwere heated at 6@ for 5min, and then mixed with 20n of
(CoQ10), idebenone, and cytochrome c were purchaseassay buer and 100n of the opposite extraction buer to
from Sigma-Aldrich. CM-H2DCFDA, MitoTracker Green neutralize the extracts. Next, samples were brie y vortesed
FM, and tetramethylrhodamine methyl ester (TMRM) werecentrifuged at 14,000 rpm for 5 min. Supernatants were suisject
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to NADC/NADH assays based on the lactate dehydrogenad@etermination of Intracellular Lactate

cycling reaction, in which the generated NADH reduces g _evels

tetrazolium salt to a purple colored formazan product. NAD |nracellular lactate levels were measured using the Lactate

and NADH levels were quanti ed by measuring the increase incolorimetric Assay Kit (BioVision). Human broblasts were

formazan at 570 nm using a microplate reader. treated with ImM KL1333 for 24 h, and then homogenized in
To prepare the cell-free enzyme systenmmM KL1333 was  assay buer. Cell lysates were reacted with reaction mixture

mixed with 200mM NADH and 200mM NAD in 50mM Tris-  containing assay bu er, substrate mix, and enzyme mix, and

HCI (pH 7.5) bu er containing 0.14% BSA (total volume, 20).  then incubated for 30 min at room temperature. Lactate levels

Reactions were initiated by addition of hNQO1 (10 mU), andjy each sample were analyzed by monitoring optical density at
assay mixtures were incubated for 1 h atG7Twenty microliters 450 nm.

of reaction mixture were mixed with either 108l of NADC

extraction bu er or 100m of NADH extraction bu er. Samples Measurement of Intracellular ROS Levels

were heated at 6@ for 5min, and then mixed with 20n of  Human broblasts were treated withrbM KL1333 for 24 h, and
assay buer and 100r of the opposite extraction buer to then incubated with 20M CM-H2DCFDA for 30 min at 37C.
neutralize the extracts. Next, samples were brie y vortex@dl  The cells were then washed twice with phosphate-bu ered saline
centrifuged at 14,000 rpm for 5 min. Supernatants were suect (PBS) and resuspended in 589 of PBS. ROS levels in each

to NAD®/NADH assays, and NAB and NADH levels were sample were analyzed using a ow cytometer (excitation, 488 nm;
measured on a microplate reader by monitoring absorbance &mission, 530 nm).

570 nm.
Measurement of Mitochondrial Mass and

Measurement of SIRT1 Activity Mitochondrial Membrane Potential

SIRT1 activity was measured using the SIRT1 Activity Assay Ma" broblasts were treated with rti\/l KL1333 for 24.h,'
Kit (Abcam). Cells were seeded into 6 well plates (210P fter treatment, cells were washed with PBS and trypsinized,

cells/well). The day after, the medium was removed and celf€Ntrifuged at 400g for Smin, and resuspended in PBS.
were treated with 1 or BV KL1333. After 1h. cells were Ce€ll suspensions were mixed with 200nM MitoTracker Green

harvested and lysed in lysis bu er. Reactions were initiatgd pM (excitation, 488 nm; emission, 530nm) for assessment of

adding cell lysates to the reaction mixture containing SIRT Mitochondrial mass, or 200nM TMRM (excitation, 488nm;
assay bu er, uoro-substrate peptides (100mM), and N&D emission, 585 nm) for measurement of mitochondrial memlaan

(100 mM). Fluorescence intensity was measured for 30 min at zflmen“a'- The C?"S were thgn stained at G7in a ,COZ
3min intervals on a microplate uorometer (excitation, 35mp  ncubator for 30 min, washed with PBS, and analyzed usinga ow
emission, 460 nm). SIRT1 activity was calculated withirlitiear ~ CYtometer.

range of reaction velocity, and normalized against the prote

concentration in WT control cells. Immunoprecipitation and Western Blotting

Cells were lysed in cell lysis buer containing 50 mM Tris-

HCI (pH 7.4), 150mM NaCl, 5mM EDTA, 1% NP-40, and
Luciferase Assay protease inhibitor cocktail (Roche). For immunoprecipitation
C2C12 myoblasts were seeded into 6 well plates (AP assay, the appropriate antibodies were added to the lysates
cells/well). The day after, cells were co-transfected pi@Ei.3- followed by the addition of protein A/G agarose (Santa
mouse PGC-4 luciferase reporter and pRL-SV40 encodingCruz biotechnology), and then incubated overnight at
Renillaluciferase using Turbofect transfection reagent (Thermat C. Lysates were subjected to sodium dodecyl sulfate
Scienti ¢). The transfected cells were allowed to stabfiar 24 h, polyacrylamide gel electrophoresis (SDS-PAGE) and blotted
and then treated with inM KL1333 for 24 h. Cell lysates were onto nitrocellulose membrane. After blocking with 5% skim
subjected to luciferase assay using the Dual-LuciferaserRepo milk, the membranes were incubated overnight aC4with
Assay System (Promega). Luciferase activity was measuf@dmary antibodies. Membranes were washed, incubated
using a luminometer (Anthos Labtec Instrument). Firey
luciferase activity was normalized agairRenilla luciferase

activity. TABLE 1 | Steady-state kinetic constants of NQO1 with KL1333, CoQ10and
Idebenone.

Quanti Cation Of ATP Levels NADH oxidation Cytochrome c reduction

To measure intracellular ATP levels, the ATP Determination KL1333 CoQ10 Idebenone KL1333 CoQ10 Idebenone

(Invitrogen) was used. Human broblasts were seeded inte8 w

plates (1.5 10 cells/well). The day after, cells were treated withm V) 027 = 2.13 079 = 176

1mM KL1333 or ImM idebenone for 24 h, and then lysed in 100 Vmax 639 383 3124 =+ 68.1

(mmol/mg/min)

ml of cell lysis bu er. Cell lysates were centrifuged at 13,00

for 10 min. ATP levels in the supernatant were measured USING+Ro enzymatic activity above the background level could be detected for CoQ10; thys
luminometer. the steady-state kinetics could not be calculated.
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with the appropriate secondary antibodies for 1h at roominjection of mitochondrial inhibitors: oligomycin (&g/ml),
temperature, and rewashed. Proteins were detected by using tcarbonyl cyanide-p-tri uoromethoxyphenylhydrazone (FCICP

ECL system. (20mM), and antimycin A (5mM). OCR was automatically
calculated and recorded by the Seahorse XF24 software.
Real-Time PCR Percentage change relative to the basal rate was calculated

Total RNA was isolated using TRIzol Reagent (Invitrogenps the value of the change divided by the average value of
according to the manufacturer's instructions. Complemeypta the baseline readings. After the assays, cells in each well

DNA was synthesized using M-MLV reverse transcriptase (ELPIgere lysed by cell lysis buer, and the protein levels were
Biotech) at 42C for 1 h. The mixture was then boiled for 5min measured by the Bradford method. OCRs in each sample were

to inactivate reverse transcriptase and quickly chilled om ic Normalized against the protein concentration of WT control
Synthesized cDNAs were analyzed by real-time PCR using &§llS-

EXPRESS SYBR GreenER (Invitrogen) kit on an 1Q5 Real-Time

PCR detection system (BioRad). Each value was normalized ®tatistical Analysis

185 rRNA levels. Results are expressed as meansstandard error of the

. mean (SEM). Statistical signi cance between two groups was
Measurement of Oxygen Consumption determined by using the unpaired Studenttest. Comparisons
Rate among several groups were performed by analysis of variance,

Mitochondrial oxygen consumption rate (OCR) was measure@nd statistical signi cance was calculated by using Dursett
using a Seahorse XF24 extracellular analyzer (Seahorseltiple comparison test.

Bioscience). Cultured human broblasts were washed and The statistical signi cance of dierences between groups
incubated with assay medium (DMEM without sodium was analyzed using Studentstest or analysis of variance

bicarbonate) at 37T in a non-CQ incubator for 1 h. Three (ANOVA). Dierences were considered to be signicant at

baseline measurements of OCR were taken before sequenfiak 0.05.

A 30 - ONAD*
—_ ENADH *
s 25 1
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w 20 -
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(]
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FIGURE 1 | KL1333 increases the intracellular NAB/NADH ratio. (A) Reaction mixtures consisting of rhiNQO1, NAB, NADH, and KL1333 were incubated at 37 C
for 1h, and then NADF and NADH levels were measured using a microplate readefB) C2C12 myoblasts were treated with ImM KL1333 for 30 min. Intracellular
NADC and NADH were extracted, and NAY and NADH levels were measured using a microplate reader. NADNADH ratio was calculated based on the
concentration of NADF and NADH. (C) L6 myoblasts were treated with 2mM KL1333 for 30 min. Intracellular NAS and NADH were extracted, and then NAIS and
NADH levels were measured using a microplate reader. NADNADH ratio was calculated based on the concentration of NAB and NADH. Each experiment was
repeated four times. Error bars indicate SEM. *P < 0.05.
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RESULTS NADC, we measured the rate of decrease in the concentration
.. of NADH. Second, to determine how fast reduced KL1333

KL1333 Increasescl:\lQO]' ACtIVI,ty and transports electrons to cytochrome c, we measured the rate

Intracellular NAD *~/NADH Ratio of cytochrome ¢ reduction. In both experiments, CoQ10 and

We investigated the e ects of KL1333 on NQOL1 in twoidebenone, a CoQ10 derivative that accepts electrons from
experiments. First, to determine how fast NADH is oxidized toNQO1, were used for comparisofi). The results of the NADH

A
160 - OControl WKL1333
140 - "
£ 1204 *
2 100 -
2
£ 80
©
< 60 -
-
© 40 1
MPT
0 .
c2c12
B c2c12 E L6
KL1333 0 5 15 30 60 120 (min) KL1333 0 5 15 30 60 120 (min)
c F

PAMPK/AMPK
(fold change)
o - N w H
? *
PAMPK/AMPK
(fold change)

KL1333 0 5 15 30 60 120 (min) KL1333 0 5 15 30 60 120 (min)
D G
6
= 5 ” -
og ®
Q24 32
] <<
o5 3 o5
Q %) o
<3 2 <3
281 ag
0
KL1333 0 5 15 30 60 120 (min) KL1333 0 5 15 30 60 120 (min)

FIGURE 2 | KL1333 activates SIRT1 and AMPK(A) C2C12 and L6 myoblasts were treated with 1 and 2nM KL1333 for 1 h, respectively. SIRT1 activities in both cel
lines were analyzed using a uorescence-based assayB) C2C12 myoblasts were treated with 1mM KL1333 for the indicated times. The activity of AMPK was
examined by Western blotting using the indicated antibodi (C) Quanti cation of pAMPK levels in C2C12 cell lysates using iteand density normalized to that of
total AMPK. (D) Quanti cation of pACC levels in C2C12 cell lysates using itsdnd density normalized to that of total ACC(E) L6 myoblasts were treated with 2mM
KL1333 for the indicated times. The activity of AMPK was exaimed by Western blotting using the indicated antibodies(F) Quanti cation of pAMPK levels in L6 cell
lysates using its band density normalized to that of total ARK. (G) Quanti cation of pACC levels in L6 cell lysates using its bandensity normalized to that of total
ACC. Each experiment was repeated three times. Error bars dicate SEM. *P < 0.05.
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oxidation assays revealed little or no change in the absma Downstream Effects on SIRT1, AMPK, and
of idebenone and CoQ10, whereas KL1333 exhibited a muqgpGC-1a Activation
higher NADH oxidation activity than either of the comparison an increase in the NAG/NADH ratio, such as that induced
compounds Table 1). These experiments revealed that KL133%y K.1333, can activate NADdependent deacetylases such as
was signi cantly more active and potent than idebenone ands|RT1. To explore this possibility, we treated C2C12 and L6
CoQ10. myoblasts with KL1333 for 1 h. KL1333 signi cantly incregise
Given that KL1333 increases NQOL1 activity, we investigated|RT1 activity in both cell linesFgure 2A). Activation of
whether this compound could oxidize NADH to NABin cell-  SIRT1 by elevated intracellular NAD controls the activity
free enzyme assays. The results revealed that KL1333 colyipletsf liver kinase B1, resulting in activation of AMPK, and
converted NADH to NADF (Figure 1A). Next, we examined concurrent dual activation of SIRT1 and AMPK increases
the e ect of KL1333 on the NAB/NADH ratio in several cell intracellular metabolismi?). To determine whether the increase
lines. In C2C12 mouse myablasts, L6 rat myoblasts, and HepG2 intracellular NAD® induced by KL1333 leads to the
human hepatocarcinoma cells, KL1333 signi cantly increlaseactivation of AMPK, we treated C2C12 and L6 myoblasts with
the intracellular NAGF /NADH ratio (Figures 1B,C Figure S1A). KL1333 for the indicated times. KL1333 dramatically indiice
The KL1333-induced increase in the NAINADH ratio was  activating phosphorylation of the catalyticsubunit of AMPK
blocked by the NQO1-specic inhibitor ES936 (Figure S1B)(Figures 2B-G. In addition, AMPK-dependent phosphorylation
Taken together, these results indicate that KL1333 promotesf ACC was induced by KL1333. Next, we examined the e ect

oxidation of NADH to NADC by NQO1. of NQO1 and NQO?2 inhibitors on KL1333-induced AMPK
A Control ES936 Control Quercetin
0 51530 60 0 5 15 30 60 KL1333 0 5153060 0 5 15 30 60 (min)

[ o 0 0 e 0 B | ANPK | oy e e e e o o

[ mm === A (mmm———————]

B D
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276 " 23’
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< < 6 1
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[ * &g 4 -
== # ==
<L 2 - <
o< ot 2
0 - 0 -
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m
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»

[ Control M ES936

bl ¥
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*
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n
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- N
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(fold change)
N

-

FIGURE 3 | KL1333 activates AMPK in a NQO1-dependent manner(A) L6 myoblasts were pretreated with 250 nM ES936 or 10nM quercetin for 1 h, and then
treated with 2mM KL1333 for the indicated times. The activity of AMPK was exained by Western blotting using the indicated antibodies(B) Quanti cation of the
PAMPK/AMPK ratio in ES936 and KL1333-treated cells(C) Quanti cation of the pACC/ACC ratio in ES936 and KL1333-treatd cells. (D) Quanti cation of the
PAMPK/AMPK ratio in quercetin and KL1333-treated cells(E) Quanti cation of the pACC/ACC ratio in quercetin and KL1333-teated cells. Each experiment was
repeated three times. Error bars indicate SEM. *P < 0.05: signi cance with respect to the control group.# P < 0.05: signi cance with respect to the ES936- or
quercetin-treated group.
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activation. For this purpose, we pretreated L6 myoblasts witf the protein Figures 4A,B. PGC-B can induce its own
ES936 or quercetin, a NQO2 inhibitor, and then treated withexpression through an autoregulatory loofp3(. Hence, we
KL1333 for the indicated times. As shown Figures 3A—E  performed a PGC-4 promoter luciferase assay to determine
ES936 dramatically blocked KL1333-induced phosphorylatiowhether KL1333 increases PG@-fromoter activity. Indeed,
of AMPK and ACC, whereas quercetin had no e ect on thetreatment of C2C12 myoblasts with KL1333 for 24 h increased
phosphorylation of either protein. These results indicatet thatranscription from the PGC-a reporter by 35% Eigure 40).
KL1333 activates AMPK in a NQO1-dependent manner. Taken together, these results suggest that KL1333 increase
Both SIRT1 and AMPK are upstream regulators of PGCPGC-J activity by increasing NAB levels, which in turn
la, and directly activate PGCal by deacetylation and activate SIRT1 and AMPK.
phosphorylation, respectively1®. To determine whether
activation of SIRT1 and AMPK induced by KL1333 leads td<L1333 Regulates ATP, Lactate, and ROS
activation of PGC-&, we overexpressed a plasmid encodind_evels in MELAS Fibroblasts
FLAG-tagged mouse PGG1(mPGC-l-FLAG) in C2C12 Due to its role in mitochondrial biogenesis and functions
myoblasts, treated the PGG-bverexpressing cells with related to oxidative phosphorylation (OXPHOS) capacity and
KL1333 for the indicated times, and then measured thexidative stressl{4), PGC-A is considered to be a therapeutic
extent of acetylation and phosphorylation of PG&-by target for mitochondrial diseases including MELAS. In light
immunoprecipitation. The results revealed that KL1333of our observation that KL1333 increases PGZLattivity, we
decreased acetylation of PG@;but increased phosphorylation investigated whether KL1333 could restore ATP production in

FIGURE 4 | KL1333 induces PGC-1a activation. (A) C2C12 myoblasts were transfected with FLAG-tagged mPGC-a for 48 h, and then treated with 2mM KL1333
for the indicated times. Cell lysates were subjected to immuoprecipitation using antibody against FLAG. The acetylein levels of PGC-k were examined by Western
blotting using anti-acetyl lysine antibody. Histograms sbw the levels of acetylation of PGC-a relative to total FLAG-tagged mPGC-& under each of the indicated
conditions. The experiment was repeated three times(B) C2C12 myoblasts were transfected with FLAG-tagged mPGC-a for 48 h, and then treated with 2mM
KL1333 for the indicated times. Cell lysates were subjectetb immunoprecipitation using antibody against phospho-séne. The phosphorylation levels of PGC-4
were examined by Western blotting using an anti-FLAG antiley. Histograms show the levels of phosphorylation of PGC-4 relative to total FLAG-tagged mPGC-&
under each of the indicated conditions. The experiment wasapeated three times.(C) Cells expressing PGC-A luciferase were treated with ImM KL1333 for 24 h.
Cell lysates were subjected to luciferase assays, and the @wity of the PGC-1a promoter was analyzed. The experiment was repeated four tigs. Error bars indicate
SEM. *P < 0.05.
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human broblasts derived from three MELAS patients harboringKL1333 Improves Mitochondrial Mass and
the A3243G mutation. The ATP levelsin all three broblastseve QXPHOS in MELAS Fibroblasts
markedly lower than in WT broblastsKigure 5A). However,  since KL1333 induces the activation of the SIRT1/AMPK/PGC-
treatment with KL1333 for 24 h signi cantly increased the AT 15 sjgnaling network through NQOZ1-mediated oxidation
levels in two out of three MELAS patient broblasts (MELASof NADH to NADC in C2C12 and L6 myoblasts, we
1 and MELAS 2, but not MELAS 3). Next, we examinednyestigated whether KL1333 also increases the RINBDH
the e ect of KL1333 on lactate levels in MELAS broblasts.ratio and activates SIRT1, AMPK, and PG&-in MELAS
As shown inFigure 5B KL1333 attenuated the elevation in proplasts. As shown inFigure 6A, MELAS 1 broblasts had
intracellular lactate levels in MELAS 1 broblasts, but hady |ower NADF/NADH ratio than WT broblasts, but KL1333
no signicant eect on lactate in the other two cell lines. gignjcantly increased the NAB/NADH ratio in MELAS
Finally, to determine whether KL1333 reduces oxidativessly  proplasts above the WT level. In addition, KL1333 induced
we measured ROS levels in MELAS broblasts. All three MELA$e activation of SIRT1 and AMPK in MELAS 1 broblasts
broblast lines contained signi cantly higher ROS levelsaath  (Figures 6B-[). To examine whether KL1333 activates PGC-1
WT broblasts (Figure 50. However, treatment with KL1333for jn MELAS 1 broblasts, we investigated the mRNA expression of
24 hmarkedly decreased ROS levelsin all three MELAS broblagiGc-13 and its target genes such &&am, Nrf1, Nrf2, andSod2
lines. Taken together, these results indicated that KL1&88 (14 The mRNA levels of PGCaland its target genes were lower
rescue the impairment of energy production and elevategh MELAS 1 broblasts than in WT broblastsRigure 6B, but
oxidative stress in MELAS broblasts in a cell line-speci ck| 1333 signi cantly increased the mRNA levels of these genes
manner. Mitochondrial dysfunction is closely related to impaired
Next, because KL1333 exhibited higher activity towargtnergy production and elevated oxidative stress).(Based
NQO1 than idebenone, we compared the changes in ATBn our ndings that KL1333 increased ATP generation and
levels treated with each compound. In this experimentgecreased ROS levels in MELAS broblasts, we examined the
cells were treated with KL1333 or idebenone at the ect of KL1333 on mitochondrial mass and OXPHOS. To
same concentration for 24h, and then intracellular ATPthis end, we treated cells withmM KL1333 for 24h, and
levels were measured. KL1333 signicantly increasethen measured mitochondrial mass. As shown Figure 7A,
ATP levels in MELAS 1 broblasts, but not in control MELAS 1 broblasts had lower mitochondrial mass than WT
broblasts, whereas idebenone caused no signicant changgroblasts, but KL1333 signi cantly increased mitochonali
(Figure 5D). mass in MELAS 1 broblasts above the WT level. In addition,

FIGURE 5 | KL1333 regulates intracellular ATP, lactate, and ROS lewein MELAS broblasts. Human broblasts derived from three paients with MELAS were treated
with 1 mM KL1333 for 24 h. (A) Cells were lysed in extraction buffer, and intracellular ATlevels were measured(B) Cell lysates were reacted with enzyme mixtures,
and intracellular lactate levels were measuredC) Cells were stained with CM-H2DCFDA, and ROS levels were meaged using a ow cytometer. (D) MELAS 1
broblasts were treated with 1 mM KL1333 (KL) or ImM idebenone (Ide) for 24 h. Cell lysates were used for measurent of ATP levels. Each experiment was
repeated three times. Error bars indicate SEM.# P < 0.05: MELAS broblast vs. WT control. P < 0.05: presence versus absence of KL1333.
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analysis of mitochondrial membrane potential revealed that Next, we evaluated the e ect of KL1333 on mitochondrial
KL1333 could also improve mitochondrial functioRifure 7B).  respiration by measuring OCR in WT and MELAS 1 broblasts.
De ciencies in OXPHOS proteins are closely associated witkor this purpose, we treated MELAS 1 broblasts witindl
mitochondrial dysfunction, and PGCal plays an important KL1333 for 24h, and then measured OCR in the presence
role in mitochondrial biogenesis, mitochondrial protein of several compounds that control mitochondrial respiration
expression, and mitochondrial respiratory functiohdf. Hence, Oligomycin, a mitochondrial complex V inhibitor, was used to
we investigated whether KL1333 increases protein expressidetermine the proportion of OCR utilized for ATP production
of mitochondrial complex subunits and mitochondrial OCR. under basal conditions, and the uncoupler FCCP was used to
To evaluate the eect of KL1333 on mitochondrial protein determine maximal mitochondrial respiratiori.{). In addition,
expression, we treated MELAS 1 broblasts withm  antimycin A was used to inhibit the ow of electrons through
KL1333 for 24 h. KL1333 signi cantly increased the levels ofomplex Ill, preventing the oxidation of both NADH and
mitochondrial complex | and Il subunits in MELAS 1 broblasts succinate by mitochondria. As shown ifigure 7E OCR
(Figures 7C,D, but had no signi cant e ect on the levels of was signi cantly lower in MELAS 1 broblasts than in WT
complex I1, 1V, and V subunits. broblasts. Basal OCR (baseline minus oligomycin), maximal

FIGURE 6 | KL1333 increases the NALS /NADH ratio and activates SIRT1, AMPK, and PGC-d.in MELAS broblasts. (A) MELAS 1 broblasts were treated with

1 mM KL1333 for 30 min lysed in extraction buffer, and intracallar ATP levels were measured. Intracellular NADand NADH were extracted, and NALY and NADH
levels were measured using a microplate reader. The NADYNADH ratio was calculated based on the concentration of NAB and NADH. (B) MELAS 1 broblasts
were treated with 1mM KL1333 for 30 min. SIRT1 activity was analyzed using a uoresnce-based assay.(C) MELAS 1 broblasts were treated with 1mM KL1333
for the indicated times. The activity of AMPK was examined bWestern blotting using the indicated antibodies(D) Quanti cation of pAMPK levels in MELAS 1
broblasts using its band density normalized to that of totaAMPK. (E) MELAS 1 broblasts were treated with 1mM KL1333 for 24 h. The expression of PGC-4& and
its target genes were measured by real-time PCR using speci rimers for Ppargcla, Tfam, Nrfl, Nrf2, and Sod2. Each experiment was repeated three times. Error
bars indicate SEM. *P < 0.05.

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



Seo et al. NADC Modulation in MELAS

mitochondrial respiration, and area under the curve of OCRin mitochondrial OXPHOS, and the increase in glycolysis to
(AUC OCR) in MELAS broblasts were about half of those in WT compensate for the resultant energy de ciency, cause kctat
broblasts (Figure 7F. However, KL1333 signi cantly increased accumulation and acidosisl®). In addition, elevated levels of
basal and AUC OCR compared with untreated MELAS I1ROS from electron leakage in the mitochondrial respiratorgioh
broblasts, demonstrating that KL1333 improved mitochorar can further cause mtDNA damage, leading to a vicious cycle of

respiration. ROS accumulationl©). Therefore, strategies aimed at improving
mitochondrial function could provide more fundamental and
DISCUSSION e cacious therapy for patients with mitochondrial diseasesith

supplementation with nutrients or antioxidants.
Cellular energy deciency resulting from mitochondrial ~ Pharmacological stimulation of several proteins improves
dysfunction is a hallmark of mitochondrial diseases. Defec mitochondrial biogenesis and function; for example,

FIGURE 7 | KL1333 improves mitochondrial mass and OXPHOS in MELAS brdiasts. MELAS 1 broblasts were treated with ImM KL1333 for 24 h. (A) Cells were
stained with MitoTracker Green FM, and mitochondrial mass as measured using a ow cytometer.(B) Cells were stained with TMRM, and mitochondrial membrane
potential was measured using a ow cytometer.(C) Protein levels of mitochondrial complex subunits were angted by Western blotting using the indicated
antibodies. (D) Quanti cation of mitochondrial complex subunit proteins ugng their band densities normalized to that of VDAQE) MELAS 1 broblasts were treated
with 1 mM KL1333 for 24 h, and OCR was measured using the Seahorse XF2dnalyzer. Oligomycin, FCCP, and antimycin A were sequentiy added at the indicated
time points (arrow).(F) Basal OCR and AUC OCR are shown in the histogram. Each expergnt was repeated three times. Error bars indicate SEM. *P < 0.05.

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



Seo et al.

NADC Modulation in MELAS

polyphenolic compounds, such as resveratrol,
mitochondrial function through the activation of SIRT1,
which results in PGC-4 activation @0). AMPK-activating

improvenolecule derived fromb-lapachone, increased energy production

and improved mitochondrial dysfunction and oxidative sses
in MELAS broblasts. Compared with idebenone, KL1333 was

compounds also promote mitochondrial function by increasinga more potent substrate for NQO1 and had a stronger e ect

the expression of PGCaltarget genes involved in mitochondrial
biogenesis 41). In addition, a transcription factor, NF-E2
p45-related factor 2 (Nrf2), is an attractive target for impirg
mitochondrial function since it regulates antioxidant pesises,
mitochondrial membrane potential, fatty acid oxidation, can
OXPHOS activity 22). Furthermore, compounds targeting
mitochondrial uncoupling protein improve metabolic conditie

on ATP levels in MELAS broblasts. These results suggest that
KL1333 may be more e ective than idebenone for treatment of
mitochondrial diseases.

Our results show that KL1333 augments mitochondrial
biogenesis and functions by upregulating the major
mitochondrial regulator PGC-d, which is a well-investigated
target in mitochondrial medicine research due to its roles i

such as diabetes and NASH and neurodegenerative diseas@isochondrial function and metabolism; speci cally, it acites

such as Alzheimer's disease in experimental modes {4).

several transcription factors involved in mitochondrial can

As increased ux in the electron transport chain induced bymetabolic gene expressiori4]. The activity of PGC-& can

mitochondrial uncoupling increases utilization of NADH, be regulated by post-translational modi cations. As shown
modulation of NADC/NADH ratio by other means, such as in Figure 4 we found that KL1333 induces dual activation of
KL1333 reduction by NQO1, may also have a wider therapeutiPGC-Ja through deacetylation and phosphorylation, probably

potential where the NAB/NADH ratio is perturbed @5, 26).
Recently, the approach of providing precursors of NAD
biosynthesis has attracted a great deal of attention irareseon
mitochondrial medicine. Elevation of NABlevels by precursors
can improve mitochondrial function. For example, nicotinatai
riboside increases mitochondrial biogenesis and wholéybo

mediated by SIRT1 and AMPK, respectively. SIRT1 and AMPK
are major metabolic sensors that play various roles in gluande
lipid metabolism, mitochondrial biogenesis, and transcoptl
regulation (L2). Therefore, the indication for KL1333, as an
activator of the SIRT1/AMPK/PGCadl signaling network,
could be extended to aging-related and metabolic diseasés suc

metabolism in mouse models of mitochondrial myopathyas neurodegeneration, diabetes, and non-alcoholic fattgr li
and diet-induced obesity 2(7, 28). Similarly, nicotinamide diseases.

mononucleotide improves age-related phenotypes in mice, Taken together, our results suggest that pharmacological
including changes in energy metabolism, physical actiéind modulation of NADC via the action of KL1333 on NQO1
insulin sensitivity 29). In addition, NAD® -boosting compounds  improves energy balance, decreases oxidative stress,siorkge
such as inhibitors of PARP and CD38 have been studiethitochondrial functions and could be used to relieve the
as therapeutics for treatment of mitochondrial diseases andeleterious e ects of mitochondrial diseases.

metabolic syndrome 30, 31). Here, we demonstrated that

increasing NALY through NQO1 represents a promising ETHICS STATEMENT

therapeutic approach for mitochondrial diseases.

NQO1 has been studied as a molecular target for sever@ahe study was approved by the Institutional Review Board
diseases related to NADdecline. The reaction of NQO1 with of Gangnam Severance Hospital, Yonsei University College of
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