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Background: Nicotinamide treatment decreases mitochondrial content and helps cells maintain high mitochondrial
quality.
Results:Metabolically enhanced NAD�/NADH ratio and chemically induced SIRT1 activation similarly decreased mitochon-
drial content, increased autophagy, and induced mitochondrial fragmentation.
Conclusion:Mitochondrial content is modulated by high NAD�/NADH ratio and mechanisms that involve SIRT1 activation.
Significance: Elevation of NAD�/NADH ratio may promote cellular health by facilitating mitochondrial autophagy.

Active autophagy coupled with rapid mitochondrial fusion
and fission constitutes an important mitochondrial quality
control mechanism and is critical to cellular health. In our
previous studies, we found that exposure of cells to nicotina-
mide causes a decrease in mitochondrial content and an
increase in mitochondrial membrane potential (MMP) by
activating autophagy and inducingmitochondrial fragmenta-
tion. Here, we present evidence to show that the effect of
nicotinamide is mediated through an increase of the [NAD�]/
[NADH] ratio and the activation of SIRT1, an NAD�-depen-
dent deacetylase that plays a role in autophagy flux. The
[NAD�]/[NADH] ratio was inversely correlated with the mi-
tochondrial content, and an increase in the ratio by the mobi-
lization of the malate-aspartate shuttle resulted in autophagy
activation and mitochondrial transformation from lengthy
filaments to short dots. Furthermore, treatment of cells with
SIRT1 activators, fisetin or SRT1720, induced similar
changes in the mitochondrial content. Importantly, the acti-
vators induced mitochondrial fragmentation only when
SIRT1 expression was intact. Meanwhile, MMP did not
increase when the cells were treated with the activators, sug-
gesting that the change in MMP is not induced by the mito-
chondrial turnover per se and that elevation of the [NAD�]/
[NADH] ratio may activate additional mechanisms that cause
MMP augmentation. Together, our results indicate that a
metabolic state resulting in an elevated [NAD�]/[NADH]
ratio can modulate mitochondrial quantity and quality via
pathways that may include SIRT1-mediated mitochondrial
autophagy.

Cells from aging tissues and late passage cultures exhibit
abnormalities in mitochondrial electron transport chain

(ETC)3 such as cytochrome c oxidase negativity and mtDNA
mutations (1). Defective ETCs produce large amounts of reac-
tive oxygen species (ROS) and thereby play a major role in the
induction of cellular senescence and possibly tissue aging and
are strongly associated with various aging-associated degener-
ative diseases and cancers as well (2, 3). For this reason, main-
tenance of mitochondria quality is of utmost importance to
body health and longevity (4). Mitochondrial quality control is
mediated largely by the removal of dysfunctional parts of mito-
chondria and biogenesis of new parts of mitochondria. How-
ever, during senescence and aging, the removal of damaged
mitochondria is attenuated, resulting in an increase of mito-
chondrial mass and cellular mitochondrial content (5, 6).
Autophagy is the major cellular mechanism removing organ-
elles, including mitochondria, and along with coordinated
mitochondrial fission and fusion is believed to selectively
remove damaged (depolarized) mitochondria (7). Therefore,
the persistence of a high level of autophagy flux and mitochon-
dria, structural dynamics may be the key to the maintenance of
mitochondrial quality. In fact, the longevity ofmodel organisms
has been linked to the efficient maintenance of autophagy, a
cellular process that is down-regulated during aging (8). The
role of autophagy in the maintenance of health and longevity
was recently highlighted in studies that showed that calorie
restriction exerts its effect by enhancing mitochondrial
autophagy (9). However, themitochondrial status in the cells in
which autophagy is activated has rarely been examined in
detail. Limited information is available as to whether the con-
tent of mitochondria decreases or their quality increases in the
cells in which autophagy has been induced. Meanwhile, mito-
chondrial structural dynamics appear to be attenuated during
cellular senescence and aging as well (10). This change seems to
be a causative event as well as a consequence of cellular senes-
cence. The knockdown of mitochondrial fission results in the
retention of elongated mitochondria, persistence of high ROS
level, and progression into a stage of senescence (11). Exposure
to H2O2 or disruption of ETC function, both of which induce
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senescence, also causes a reduction in mitochondrial fission
activity and formation of elongated or giant mitochondria (12).
Nicotinamide (NAM), an amide formof vitamin B3, is readily

converted to coenzyme �-nicotinamide-adenine dinucleotide
(NAD�) through the salvage pathway involving NAM phos-
phoribosyltransferase (NAMPT) and NAM mononucleotide
adenylyltransferase (13, 14). NAM promotes the survival of a
variety of cell types,mainly by serving as a source ofNAD� (15).
One of the known molecular targets of increased NAD� levels
is SIRT1, a member of the NAD�-dependent protein deacety-
lase family (16). SIRT1 activation has been suggested to pro-
mote cell survival and longevity of organisms (17, 18), although
this effect has been recently challenged (19). It also exerts pro-
tective effects against a number of age-associated disorders and
conditions, such as metabolic, cardiovascular, cancer, and neu-
rodegenerative diseases (20). The dependence of SIRT1 on
NAD� suggests that SIRT1 fine-tunes cellular metabolism and
body physiology according to the availability of cellular NAD�.
SIRT1 also has been shown to play an essential role in the
induction of autophagy during starvation (21, 22). Meanwhile,
its absence results in the appearance of abnormally shaped
mitochondria (21). However, a direct relationship between
SIRT1-mediated autophagy andmitochondrial quantity as well
as quality has not yet been reported.
In previous studies, we demonstrated that the treatment of

human fibroblasts with 5 mM NAM activates autophagy and
causes a decrease in mitochondrial content and ROS levels,
while increasing mitochondrial membrane potential (MMP).
NAM treatment also induces transformation of mitochondria
from filamentous network structures to short dot structures
(23). Furthermore, long term treatment of NAM resulted in a
significant extension of the replicative life span of normal
human fibroblasts and keratinocytes (24). On the basis of these
findings,wehypothesized that by acceleratingmitophagyNAM
may facilitate the maintenance of high quality mitochondria
and restrict oxidative stress to low levels. However, molecular
mechanisms underlying the acceleration of autophagy and the
mitochondrial transformation have not yet been elucidated. In
this study, we examined the involvement of high cellular
[NAD�]/[NADH] ratios and SIRT1 activation in the NAM-
induced decrease of the mitochondrial content and their trans-
formations. Our results show that cellular NAD� metabolism
modulatesmitochondrial content through pathways thatmight
involve SIRT1 activation.

EXPERIMENTAL PROCEDURES

Cell Culture and Chemicals—Normal human fibroblasts
were cultured in DMEMplus 10% FBSwith or without NAM (5
mM), NAD� (5 mM), L-asparagine (20 mM), or the indicated
amounts of fisetin, resveratrol (Sigma), SRT1720 (Selleck
Chemical, Houston, TX), or FK866 (NIMH Drug Supply Pro-
gram). For long term treatment, the medium supplemented
with the chemicals was replaced every 2 days.
Western Blot Analysis—Cells were lysedwith RIPAbuffer (50

mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS) supplemented with NaF,
NaVO4, and a protease inhibitor mixture (Sigma). Typically,
30–40 �g of proteins were separated by SDS-PAGE, trans-

ferred to nitrocellulose membrane, and blotted with antibodies
against human LC3, acetylated p53 (Cell Signaling Technology,
Beverly, MA), p53, SIRT1, or ERK1/2 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) and acetyl-histone H3 (Millipore) or his-
tone H3(Abcam, Cambridge, UK). Protein bands were visual-
ized by using horseradish peroxidase-conjugated secondary
antibodies and SuperSignalWest Femto substrate (Pierce). For
histone extraction, the RIPA lysate was pelleted, washed in
Tris/EDTA (pH 7.4) buffer, and incubated in 200 �l of 0.4 N

H2SO4 for 90 min on ice. After centrifugation, the supernatant
was mixed with 1 ml of cold acetone and kept at �20 °C over-
night. The histones were collected by centrifugation, air-dried,
and resuspended in H2O. Typically, 1 �g of proteins was
applied to Western blotting analysis.
Measurement of Mitochondrial Content and MMP—Cells

were stained with 50 nM nonyl acridine orange or 100 nMMito-
Tracker Red (both from Invitrogen) for 30 min at 37 °C in dark
and were then subjected to flow cytometry with 488 nm excita-
tion/585 nm emission and 488 nm excitation/530 nm emission,
respectively. For the measurement of MMP, cells were stained
with 0.3 �g/ml JC-1 (Invitrogen) and subjected to flow cytom-
etry with excitation at 488 nm. The emissions at 530 nm (FL-1)
and at 585 nm (FL-2) were recorded, and the FL2/FL1 ratio of
individual cells was calculated by using the software WEASEL.
Themean values of the FL2/FL1 ratio of the samples were plot-
ted by using the software SigmaPlot 9.01 (Systat Software,
Inc., Chicago). Carbonyl cyanide m-chlorophenylhydrazone
(Sigma), an inhibitor of oxidative phosphorylation, was used at
100 �M concentrations to analyze the MMP-independent
staining of mitochondria in viable cells.
Confocal Microscopy for Mitochondria—Cells cultured on a

microscope coverslip were fixed with 3.7% formaldehyde in
PBS for 20 min, stained with OXPHOS complex detection kit
(MitoSciences) and Alexa 488-conjugated anti-mouse 2° Ab,
and visualized under a confocal microscope (LSM 510, Carl
Zeiss, Thornwood, NY). To count the number of LC3 puncta
per cell, the confocal microscopic image of LC3 puncta was
applied to the punctum-counting program ImageJ (a freeware
from National Institutes of Health).
siRNA Transfection—Cells seeded on a chamber slide were

transfected with either control RNA (siNeg), siRNA against
human NAMPT (siNAMPT; CAAGAGAUCUCUUGAA-
UUG), or SIRT1 (siSIRT1; CUUGUACGACGAAGACGAC)
(Bioneer, Daejeon, South Korea) by using Lipofectamine
RNAiMAX (Invitrogen) according to the manufacturer’s pro-
tocol. Cells were analyzed 2–3 days after the transfection. siNeg
RNA (CCUACGCCACCAAUUUCGU (dTdT)) has low homol-
ogy to any human gene.
In Vivo SIRT1Activity Assay—Cells were incubatedwith Flu-

or-de-Lys-SIRT1 deacetylase substrate (BML-K177, Enzo Life
Sciences, Farmingdale, NY) and 1 M trichostatin A for 1 h, and
fluorescence was detected as per the supplier’s protocol.
Measurement of Total [NAD�]—Cells (1� 106) werewashed

in PBS and lysed by the addition of 200 �l of cold HClO4 solu-
tion (0.5 M) and incubated in ice for 15 min. The extracts were
neutralized by adding 61 �l of 2 M KOH, 0.2 M K3PO4 (pH 7.5)
and spun at 13,000 � g for 3 min. Supernatant or NAD� stan-
dard diluents (30 �l) were mixed with 150 �l of the reaction
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solution. The mixtures were incubated for 30 min at 37 °C, and
absorbance at 450 nMwasmeasured. The reaction solution was
composed of 8�MWST-1 (Takara Bio Inc, Shiga, Japan), 70�M

1-methoxy-5-methylphenazinium methyl sulfate, 20 IU alco-
hol dehydrogenase (Sigma), 64 mM nicotinamide, and 0.32 M

ethanol (Sigma) in 64 mM Gly-Gly buffer (pH 7.4).
Measurement of Free [NAD�]/[NADH] Ratio—For the lac-

tate oxidase assay, 10 �l of the culture medium or lactate stan-
dard solution was mixed with 196 �l of the assay buffer (0.1 M

citrate, 1 mg/ml BSA, 0.1% CaCl2, 0.02% NaN3, adjusted to pH
6.5 with 1 M Na2HPO4), 1 �l of 2 milliunits/�l lactate oxidase
stock (lactate oxidase enzymes (Sigma) were dissolved in the
enzyme dilution buffer (10 mM KH2PO4, 10 �M FAD, adjusted
to pH 7.0 with KOH)), 1 �l of 0.5 units/�l peroxidase stock
(peroxidase (Sigma) dissolved in distilled water), and 2 �l of 5
mM Amplex UltraRed stock (Invitrogen). Assay mixtures were
incubated for 30 min at 37 °C, and fluorescence was read at
excitation/emission � 535/590 nm. For the pyruvate oxidase
assay, 10 �l of the culture medium or pyruvate standard solu-
tion wasmixed with 196 �l of the assay buffer (50mMKH2PO4,
1mg/mlBSA, 0.2mM triphenylphosphine, 10�MFAD, 0.97mM

EDTA, 9.8mMMgCl2, 0.02%NaN3, adjusted to pH 6.5 with 1 M

NaOH), 1 �l of 2 milliunits/�l lactate oxidase stock (pyruvate
oxidase dissolved in buffer (10 mM KH2PO4, 10 �M FAD,
adjusted to pH 7.0 with KOH)), 1 �l of 0.5 units/�l peroxidase
stock, and 2 �l of 5 mM Amplex UltraRed stock. The assay
mixtures were then incubated for 30 min at 37 °C, and fluores-

cence was read at excitation/emission � 535/590 nm. For the
calculation of the ratio of free [NAD�]/[NADH], Equation 1
was used (25).

free
NAD�

NADH
�

�pyruvate�

�lactate�
�

1

K
, �K� � 1.11 � 10�4	

(Eq. 1)

Statistical Analysis—All quantitative measurements were
made at least in triplicate, and mean 
 S.E. values were pre-
sented. Intergroup comparison of the mean values was per-
formed by one-way analysis of ANOVA using InStat 3.06
(GraphPad Software Inc., San Diego). A p value of �0.05 was
considered to be statistically significant.

RESULTS

NAM-induced Decrease of Mitochondrial Content Requires
NAM Conversion to NAD�—Fig. 1A shows an example of the
change in the mitochondrial content that is commonly
observed in various tested human cells (including normal fibro-
blasts and MCF-7, H460, and HCT116 cancer cell lines) after
supplementation of 5 mM NAM in culture media. The mito-
chondrial content as determined by flow cytometry using
two different mitochondrion-specific dyes was substantially
decreased for the first 3 days and thereafter remained at a level
about 70% that in the untreated cells, as reported previously
(23).

FIGURE 1. Importance of NAM conversion to NAD� for the decrease of mitochondrial content. A, time course change in cellular mitochondrial content.
Cells cultured in the medium supplemented with 5 mM NAM (replaced every 3 or 4 days) were collected and stained with nonyl acridine orange or MitoTracker
Red and analyzed in flow cytometry. The mean fluorescence of three biological repeats of the NAM-treated cells was divided by that of the mock-treated cells,
and the relative values were plotted. B, total [NAD�] was determined in the cells collected at 3, 6, 12, 24, and 48 h after the addition of 5 or 20 mM NAM, and the
values relative to the concentration in the mock-treated cells were plotted. C and D, cells were cultured in the presence (gray bars) or absence (black bars) of 5
mM NAM (or 1 mM NMN) for 3 days. For FK866 treatment, 10 nM FK866 was added at the same time of NAM treatment. For siNAMPT expression, cells were first
transfected with the siRNA 2 days prior to NAM addition. Cells were collected for analysis of [NAD�] (C) or stained with MitoTracker Green for quantification of
mitochondrial content. Nonspecific RNA (siNeg) was used as a transfection control (D). The mean values from triplicate experiments were used to make the
plots. *, p � 0.05; **, p � 0.01 (compared with the mock-treated cells (without NAM)); ##, p � 0.01 (compared with the mock-treated cells (with NAM)), by
ANOVA test (Dunnett’s test)).
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In mammalian cells, NAM is readily converted to NAD�

through the salvage pathway; the first step of this pathway is the
conversion of NAM to nicotinamide mononucleotide
(NMN), which ismediated byNAMphosphoribosyltransferase
(NAMPT) (26). In the cells pulsed with 5 mM NAM, cellular
NAD� concentration increased by close to 40% in 12 h, and this
increase was maintained throughout the 21 days of the investi-
gation (Fig. 1, B and C (�), gray bar; and supplemental Fig. 1).

The NAM-induced change in the mitochondrial status
appears to bemediated by the increase in theNAD� level. First,
treatment of cells with 1mMNMN,which caused an increase in
the level of basal [NAD�] by nearly 40–50% (Fig. 1C (NMN)),
resulted in a decrease in the mitochondrial content to the level
achieved by NAM treatment, although NAM co-treatment did
not cause any further decrease (Fig. 1D (NMN)). Next, the sup-
pression of NAMPT by treatment with either FK866, a potent
inhibitor of NAMPT (27), or NAMPT-specific siRNA resulted
in a substantial decrease in the basal as well as the NAM-raised
levels of NAD� (Fig. 1C, FK866 and siNAMPT). Furthermore,
these treatments resulted in a significant increase in the basal as
well as the NAM-suppressed levels of the mitochondrial con-
tent. Importantly, this increase in mitochondrial content was
attenuated by NMN supplementation, which enables cells to
bypass the FK866- or siNAMPT RNA-induced inhibition of

NAMPT (Fig. 1, C and D, FK866�NMN and siNAMPT�
NMN). Overall, these results suggest that the NAD� level deter-
mines the cellular mitochondrial content.
Lactate Treatment Alters Both the [NAD�]/[NADH] Ratio

and Mitochondrial Content—We further questioned if the
down-regulation of mitochondrial content by NAM is caused
by an increase in the cellular ratio of [NAD�]/[NADH] rather
than the increase of [NAD�] per se. In fact, the ratio of free
[NAD�]/[NADH] increased nearly 2-fold on day 1 and
remained elevated thereafter (Fig. 2A). (Interestingly, it further
increased after day 3.) The ratio of the total [NAD�]/[NADH]
also increased, albeit to a slightly lesser extent (Fig. 2B, compare
NAM(�) and NAM(�)). The [NAD�]/[NADH] ratio is recip-
rocally regulated by the [pyruvate]/[lactate] ratio through lac-
tate fermentation, and when elevated, it down-regulates the
conversion of pyruvate to lactate. Indeed, in the NAM-treated
cells, the cellular lactate production, as determined by its
concentration in the culture medium, decreased with an
inverse correlation to the change in the [NAD�]/[NADH] ratio
(Fig. 2A). Meanwhile, the addition of 10 mM lactate to the
medium resulted in a decrease in the ratio in the control as well
as the NAM-treated cells to the levels well below those of the
mock-treated cells (Fig. 2B). Surprisingly, lactate treatment
resulted in an increase in the mitochondrial contents of both

FIGURE 2. NAM-mediated change in [NAD�]/[NADH] ratio and lactate production, and the effects of lactate and asparagine on the mitochondrial
content. A, cells were cultured in the presence of 5 mM NAM, and at the indicated time points, cultured medium was collected and applied to the lactate/
pyruvate oxidase assay to measure the ratio of free [NAD�]/[NADH] or to quantify lactate production per cell per h. B and C, cells cultured in the presence or
absence of NAM for 3 days were treated with 10 mM L-lactate (5 or 10 mM in C) and further incubated for 3 more days prior to collection for the analysis for
[NAD�]/[NADH] ratio (B) or for staining with MitoTracker Green to quantify mitochondrial content (C). The mean values from triplicate experiments were used
to make the plots (p � 0.05 for all the comparisons to the mock-treated cells (�). D and E, effects of NAD� and asparagine on the mitochondrial content.
Fibroblasts cultured in the presence of 5 mM NAD� (f) or 10 mM Asn (F) for 1, 3, or 7 days were collected, stained with MitoTracker Green and JC-1, and applied
to flow cytometry for quantification of mitochondrial content (D) and MMP (E), respectively. The mean values from triplicate experiments were used to make
the plots (*, p � 0.05; **, p � 0.01 (compared with the day 0 control) by ANOVA test (Dunnett’s test)).
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the control and NAM-treated cells in a dose-dependent man-
ner (Fig. 2C). This indicates that lactate itself or the lactate-
induced decrease in the [NAD�]/[NADH] ratio increases the
mitochondrial content.
High [NAD�]/[NADH] Ratio Lowers Mitochondrial Content

and IncreasesMMP—The importance of the [NAD�]/[NADH]
ratio as a determining factor of the cellular mitochondrial sta-
tus was confirmed in the cells where the ratio was altered
through the modulation of the malate-aspartate shuttle. In this
shuttle, malate dehydrogenase oxidizes NADH to NAD� by
transferring a hydrogen atomand an electron to oxaloacetate to
produce malate, which crosses the mitochondrial membrane
through the malate/�-ketoglutarate antiporter and becomes
oxaloacetate again by reducing mitochondrial NAD� to
NADH. The mitochondrial oxaloacetate returns to cytosol in
the form of aspartate (28). The cytosolic conversion of NADH
to NAD� can be promoted by an increase in the concentration
of aspartate, which can be achieved by the addition to the cul-
turemediumof asparagine that is readily converted to aspartate
by cytosolic asparaginase (29). We treated cells with 20 mM

asparagine or NAD� (treatment included as a positive control),
and the effects on the mitochondrial content and MMP were
monitored. Treatment of Asn caused a decrease in the mito-
chondrial content, with the kinetics being similar to that
induced byNAD� orNAM. For 3 days, nearly 40% reduction in
the mitochondrial content was observed in both cases of Asn
and NAD� (Fig. 2D). The change in the MMP induced by Asn
treatment was also similar to that induced by NAM treatment,
an increase of nearly 50% in 3 days (Fig. 2E) (23). These results
strongly indicate that the cytosolic [NAD�]/[NADH] ratio

indeed plays a determinative role in the regulation of the mito-
chondrial content and MMP.
Both NAD� and Asparagine Induce Autophagosome Forma-

tion andMitochondrial Transformation—Our previous studies
showed that NAM-induced changes in the mitochondrial sta-
tus are dependent on the activation of autophagy and the trans-
formation of mitochondria from long filaments to short dots
(23). Whether Asn treatment also activates autophagy and
induces mitochondrial transformation was determined. First,
the effect of NAD� or Asn treatment on autophagy activation
was determined by examining the formation of LC-3 puncta
through immunofluorescence for the endogenous LC-3 pro-
teins (Fig. 3A). The numbers of prominent LC-3 puncta were
significantly higher, and the puncta appeared to bemore prom-
inent in the cells treated with either NAD� or Asn. The indi-
vidual puncta were as big as those in the cells treated with res-
veratrol, which is known to induce autophagy through the
activation of either SIRT1 (30) orAMP-activated protein kinase
(31). Overall, these results suggest that autophagy flux is indeed
increased by the treatment of Asn.
Next, a change in mitochondrial structure was examined

through confocal microscopy. In mock-treated fibroblasts,
most mitochondria appeared as long thread-like structures, as
represented in Fig. 3B (�). However, in most of the NAM-
treated cells, they seemed to be fragmented and appeared as
short filaments or dots, many of which were shorter than 2 �m
in length (Fig. 3B, NAM) (23). Importantly, in the NAD�- or
Asn-treated cells, a decrease in mitochondrial length was also
noted (Fig. 3B,NAD� andAsn). Overall, all the three chemicals,
NAM, NAD�, and Asn, increased autophagy flux and induced

FIGURE 3. Increase in LC3 puncta and mitochondrial fragmentation in the cells treated with NAD� or Asn. A, cells cultured on a coverslip were either
mock-treated (�) or incubated in the presence of 5 mM NAM, 5 mM NAD�, 10 mM Asn, or 10 �M resveratrol for 2 days and immunostained with antibody against
LC3B protein (white) and counter-stained with Hoechst 33258 for nuclear DNA (gray). Representative confocal microscopic image of a cell is presented. The
numbers of prominent LC3 puncta (bigger than 0.5 �m in diameter) in a cell were counted using the ImageJ program (rsbweb.nih.gov), and the mean numbers
are presented in the table. B, cells cultured in the absence (�) or the presence of NAM, NAD�, or Asn for 2 days as above were stained with MitoTracker Red,
fixed, and visualized in confocal microscopy. Magnifications: top row, �252; bottom row, �1000.
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mitochondrial fragmentation, which strongly suggests that the
increased [NAD�]/[NADH] ratio accelerates mitochondrial
turnover via the induction of autophagy that is accompanied by
mitochondrial fragmentation.
NAM at 5 mM but Not at Higher Concentrations Causes the

Activation of SIRT1 and the Decrease of Mitochondrial Content—
SIRT1 plays an essential role in autophagy by deacetylating the
proteins involved in autophagosome formation (21). SIRT1
requires NAD� as a substrate, and its activity is enhanced by an
increase in the NAD� level or [NAD�]/[NADH] ratio (32–34).
However, SIRT1 activity is also inhibited by NAM itself (35),
which makes it difficult to directly point to SIRT1 as a key
mediator of the effect of NAM. In our previous study, knocking
down SIRT1 substantially increased the level of the mitochon-
drial content both in the control and the NAM-treated cells,
which rather demonstrates the importance of SIRT1 in the
basal level autophagy (23). To determine whether the effect of
NAM ismediated by the activation of SIRT1, we first checked if
SIRT1 activity is indeed elevated in cells treated with 5 mM

NAM. In the fibroblasts treated with 5 mM NAM, the acetyla-
tion level of histone H3, a known SIRT1 substrate (36), was
apparently decreased from the 1st day and maintained at low
levels thereafter, indicating an elevation of SIRT1 activity (Fig.
4A). Interestingly, SIRT1 protein level itself was substantially
higher in the NAM-treated cells (Fig. 4A). Although the under-
lying mechanism is not known yet, this increase in the protein
level would certainly help cells maintain high SIRT1 activity.
Furthermore, the results from the Western blots where p53

acetylation level appeared to be lower at least from 12 h post-
treatment (Fig. 4B) and the in vivo assay in which the deacety-
lation of a p53-based artificial substrate (37) similarly increased
suggest an activation of SIRT1 upon the treatment of 5 mM

NAM (Fig. 4C). Meanwhile, NAMat a 10 or 20mM dose caused
an increase of [NAD�] to the levels almost identical to that in
the cells treated with 5 mM NAM (Fig. 1B) but resulted in an
inhibition of SIRT1 activity during the early time period (data
not shown). Importantly, the mitochondrial content was not
down-regulated but rather increased in the cells treatedwith 20
mMNAM (Fig. 4D). This suggests that SIRT1 activities, includ-
ing that which induces autophagy, are indeed inhibited when
cells were fed with higher dose of NAM (especially at the early
time period when a large quantity of NAM has not been con-
verted to NMN and remains as NAM). In this regard, it is note-
worthy that, in contrast to NAM, the treatment of NAD� at a
wide range of similar concentrations (1 �M to 5mM) resulted in
a decrease in the mitochondrial content, and not a single high
dose caused an increase over the level that was maintained in
the control cells (supplemental Fig. 2). This difference between
NAM and NAD� quite likely points to the inhibitory effect of
NAM exerted at high doses.
SIRT1 Activation Induces the Decrease of the Mitochondrial

Content—The results above suggest that SIRT1-mediated
autophagy activation may be at least one of the underlying
mechanisms for the decrease in the mitochondrial content in
the NAM-treated cells. This possibility was verified by examin-
ing the effect of the two chemicals that activate SIRT1 as fol-

FIGURE 4. SIRT1 activity and the mitochondrial content in NAM-treated cells. A and B, cells incubated with 5 mM NAM for indicated time periods were
applied to Western blotting for acetylated or total H3 or SIRT1 protein (A) and acetylated or total p53 or Erk protein. The protein bands were quantified by
densitometry, and the values relative to those in the control cells (0 h) were averaged (from three different blots) and plotted. C, in vivo SIRT1 activity measured
using Fluor-de-Lys assay kit. Each bar represents the mean 
 S.E. of six independent experiments. *, p is � 0.02 compared with the 0 h control (�). D, cells
cultured in the presence of 5 or 20 mM NAM were collected at the indicated time points, stained with nonyl acridine orange, and applied to flow cytometry to
determine mitochondrial content. The quantities relative to those of the 0 h control from three biological repeats were averaged and plotted. A and D, *, #, p �
0.05; ##, p � 0.01 compared with the day 0 control by ANOVA test (Dunnett’s test).
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lows: fisetin (3,7,3�,4�-tetrahydroxyflavone), which is structur-
ally and functionally similar to resveratrol and therefore suffers
from the problem of off-target effects (38, 39), and SRT1720,
which is known to be highly specific to SIRT1 (40). Treatment
with either chemical caused a decrease of the mitochondrial
content to levels similar to that achieved by NAM treatment
(Fig. 5,A–C). In the case of fisetin, the effect tended to be rapid,
with the minimum level being attained on the 1st day, even at
the lowest dose (10 �M). On the 2nd day, the content was
restored a little bit but remained at nearly 80% of the mock-
treated cells. Resveratrol also cased a similar change in the
mitochondrial content (data not shown). Meanwhile, the treat-
ment of SRT1720 caused a gradual decrease in the content,
which reached nearly 60% that in themock-treated cells on day
2, resembling that of the NAM treatment. Moreover, the doses
of 80 and 800 nM caused almost identical changes, possibly
reflecting a high specificity of the chemical. Together, the find-
ing that different SIRT1 activators cause a decrease in themito-
chondrial content to largely similar extents suggests that SIRT1
activation indeed causes down-regulation of cellularmitochon-
drial content. In addition, themitochondrial content wasmain-
tained at low levels as long as the cells were continuously fed
fresh activators as was the case with NAM (Fig. 5C).
SIRT1 Activation Induces Mitochondrial Fragmentation—

Next, we examined whether SIRT1 activation induces mitochon-
drial fragmentation as well. Treatment of 10 �M fisetin or 160 nM
SRT1720 indeed resulted in the appearance of severedmitochon-
dria in a largepopulationof the cells onday1 (Fig. 6A,panels b and
c, respectively). Interestingly, mitochondria were severed but
appeared to still be aligned with the location of the previous fila-
ments in some cells treated with SRT1720 (Fig. 6A, panel c).
Importantly, the mitochondrial fragmentation was blocked when

SIRT1 mRNA was knocked down (Fig. 6B). As shown in Fig. 6A,
(panels eand f),mitochondria remainas long filaments in thepres-
ence of fisetin or SRT1720 in the cells transfected with siRNA to
SIRT1.These findings imply thatmitochondrial transformation to
dot structures is an event dependent on SIRT1 activation.
NAM-induced MMP Change Is Not Dependent on SIRT1

Activation—Finally, we sought to determine whether the
increase inMMPobserved in the cells treated byNAM,NAD�,
or Asn is also induced by SIRT1 activation. For this purpose,
cells were treated with the SIRT1 activators, stained with JC-1,
and subjected to flow cytometry for MMP determination. Sur-
prisingly, none of the SIRT1 activators induced a significant
increase in MMP (Fig. 7, A and B). This indicates that the
increase in MMP by the treatment of NAM, NAD�, or Asn is
mostly not due to SIRT1 activation or SIRT1-induced
autophagy activation but is due to certain unknown mecha-
nisms induced by the elevation of the [NAD�] or [NAD�]/
[NADH] ratio. Finally, fisetin treatment induced a substantial
decrease inMMP. This suppressive effect was not significant in
the SRT1720-treated cells, and therefore it was likely caused by
the off-target effect.

DISCUSSION

Removal of dysfunctional mitochondria requires the activa-
tion of autophagy coupled with ongoing mitochondrial fission
(7). Our current and previous studies show that both of these
processes can be induced by NAM treatment. The earlier part
of this study showed that the effect of NAM was exerted
through an increase of [NAD�]/[NADH] ratio. The decrease of
the mitochondrial content was not only dependent on the con-
version of NAM to NAD� but was also inversely proportional
to the cellular levels of lactate, which is tightly linked to the
[NAD�]/[NADH] ratio via lactate fermentation. More impor-
tantly, treatment of Asn, which mobilizes the aspartate-malate
shuttle toward an increase in the [NAD�]/[NADH] ratio in
cytosol, caused a decrease in the mitochondrial content and an
increase in MMP with the kinetics and extent of change being
similar to those induced by the NAM treatment. Furthermore,
NAM, NAD�, and Asn commonly induced mitochondrial
fragmentation, an essential prerequisite for mitochondrial
autophagy.
The plausibility of SIRT1 being involved in the effect of the

elevated [NAD�]/[NADH] ratiowas examined in the latter part
of this study. In our previous study, knocking down SIRT1
mRNA attenuated the effect of NAM on both mitochondrial
content and MMP (23). However, SIRT1 appears to be an
essential element in the basal level of autophagy (21). If this is
the case, its absence would nullify cellular autophagy activity,
and the results of this SIRT1 knockdown experiment may
emphasize the requirement of SIRT1 for the effect of NAM but
do not prove that NAM exerts its effect through the activation
of SIRT1. In this study, the possibility for the involvement of
SIRT1 activation is better supported. SIRT1 activation by fise-
tin, resveratrol, or SRT1720 caused a decrease in themitochon-
drial content, with the extents being similar in all the cases and
almost equivalent to those induced by NAM, NAD�, and Asn.
More importantly, the treatment of the activators, similar to the

FIGURE 5. Mitochondrial content in the cells treated with fisetin or
SRT1720. A and B, cells cultured for 1 or 2 days in the medium supplemented
either with 10, 50, 100, or 250 �M fisetin (A) or 80, 160, of 800 nM SRT1720
(B) were fixed and stained with MitoTracker Green and applied to flow cyto-
metric quantification of mitochondria. C, mitochondrial contents in the cells
treated with either 10 �M fisetin or 160 nM SRT1720 for 1, 3, or 7 days were
measured. The fluorescence values relative to those in the 0 day control cells
were averaged from two biological repeats and plotted. (All the points are of
p � 0.01 compared with the 0 day control cells (�) by ANOVA test.)
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treatment of NAM, NAD�, and Asn, caused mitochondrial
fragmentation, and this effect required SIRT1 expression.
One important message of our study is that the activation of

SIRT1 causes a decrease in the cellular content ofmitochondria
through the induction of autophagy and mitochondrial frag-
mentation. Previous studies showed that SIRT1 overexpression
or its activation by resveratrol (although the effect of resveratrol
may also be mediated by AMP-activated protein kinase activa-
tion (31)) induces autophagy (21, 41). SIRT1 has also been
shown to play an essential role in the induction of autophagy in
fasting cardiac myocytes (42). However, in these studies, it was
not determined whether the cellular mitochondrial status is
affected by the SIRT1-activated autophagy. Active autophagy
does not necessarily mean ongoing mitophagy or a change in
the status of mitochondria. Increased autophagy should be

accompanied by the transformation of mitochondria to the
structures that are suitable for autophagosome encirclement.
In fact, a recent study showed that mitochondria are spared
during starvation-induced autophagy by acquiring an elon-
gated structure (43).
With regard to reasons for the decrease in themitochondrial

content, the possibility of down-regulation of mitochondrial
biogenesis was ruled out in the previous study on the basis of
the finding that the mRNA levels of PGC-1�, NRF-1 TFAM, as
well as the ETC proteins were by and large unaffected by NAM
treatment, at least soon after the treatment (23). On the con-
trary, SIRT1 activation has been reported to induce mitochon-
drial biogenesis, which would result in an increase in the mito-
chondrial content. In these studies, treatment with either
resveratrol (44) or SRT1720 (45) activated PGC-1� and thereby
induced mitochondrial biogenesis, which in turn results in an
increased aerobic capacity of primary cultured cells or mice. If
bothmitochondrial autophagy andbiogenesis occur simultane-
ously in a cell, these seemingly contradictory effects of SIRT1
would play an important role in mitochondrial quality mainte-
nance, because mitochondrial biogenesis coupled with active
mitophagy would repopulate functional mitochondria, result-
ing in the restoration of a healthy population of mitochondria
(46). However, in our study, no activator, at any concentration,
increased theMMP (Fig. 7). This suggests that SIRT1 activation
most probably does not induce mitochondrial biogenesis nor
activate mitophagy selective for depolarized ones in vitro. It is
noteworthy that in a study (47) SIRT1-activated PGC-1� up-
regulated gluconeogenic genes but not mitochondrial genes
during fasting.
NAM is the end product of SIRT1 activity and noncompeti-

tively inhibits the activity in vitro (35). Therefore, NAM has

FIGURE 6. Mitochondrial structure in the cells treated with fisetin or SRT1720. A, cells cultured in DMEM (panels a and d), DMEM containing 10 �M fisetin
(panels b and e), or 160 nM SRT1720 (panels c and f) for 1 day were stained with MitoTracker Green, fixed, and microphotographed through confocal microscopy.
Cells in panels a– c were transfected with siNegative RNA, and cells in panels d–f were transfected with siRNA to SIRT1 2 days prior to the chemical treatment.
Magnifications: �1000. B, status of SIRT1 protein in the cells transfected with siRNA to SIRT1 and mock-treated (lane c) or treated with fisetin (lane f) or SRT1720
(lane s).

FIGURE 7. Effect of fisetin or SRT1720 treatment on MMP. Cells cultured in
the presence of 10, 50, 100, and 250 �M fisetin (A) or 80, 160, and 800 nM

SRT1720 (B) for 1 or 2 days were collected, stained with JC-1, and applied to
flow cytometry for quantification of MMP. Values were normalized by those
from the 0-day control cells, and an average from three different biological
repeats was plotted. In addition to the activators, the values from the cells
treated with carbonyl cyanide 3-chlorophenylhydrazone, which induces
mitochondrial depolarization, were added as a control showing a very low
level of MMP. A, all the values are p � 0.05 compared with the 0 day control
cells by ANOVA test.
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been widely used as an inhibitor of SIRT1. Meanwhile, NAM,
when added to a cell culture, is readily converted to NMN by
the intracellular and extracellular NAMPT enzymes (48). In
fact, NAD� level increased rapidly and was maintained at ele-
vated levels for 21 days of experiment (see Fig. 1 and supple-
mental Fig. 1). Furthermore, in our studies thus far, it appears
that SIRT1 stimulation rather than SIRT1 inactivation is the
outcome of the treatment with 5 mM NAM. In MCF-7 and
H460 human cancer lines, NAM treatment at 5 mM (but not at
20 mM) caused a similar decrease in the mitochondrial con-
tent.4 Meanwhile, to induce SIRT1 inhibition in vivo, NAM is
frequently used at concentrations higher than 5 mM (for exam-
ple, 40 mM was used in Ref. 49). With regard to this contradic-
tory effect of NAM, it is noteworthy that 5 mM NAM inhibited
SIRT1-mediated PGC-1� deacetylation in 293T cells, but even
at 50 mM it was unable to increase PGC-1� acetylation when
the SIRT1 protein level was increased by the adenoviral trans-
duction of the gene (47). This indicates that the inhibitory effect
ofNAMis sensitive to the cellular level of the SIRT1protein.An
apparent increase of SIRT1 protein level occurred, and this, in
the presence of the high concentration of NAM, would also
enable cells to maintain a high level SIRT1 activity (Fig. 4A).
Meanwhile, during the course of the NAM-induced change in
the mitochondrial content, a brief increase in the content
occurred within 12 h post-treatment suggesting a possibility
that SIRT1might be transiently inactivated at an early period of
NAM treatment (Fig. 4D). This raises a possibility that the
SIRT1 inhibitory effect of NAM lasts only transiently, and
therefore, it has to be sought immediately after the treatment.
This also emphasizes the importance ofmeasuring the intracel-
lular concentration of NAM itself at various time points after
treatment in this study as well as in other studies that may
examine the cellular effect of NAM. Meanwhile, there is a pos-
sibility that SIRT1 may function indirectly in the NAM-in-
duced autophagy activation. For example, SIRT1may work as a
sink for the incoming NAM. Activity of certain unknown mol-
ecules may benefit from this SIRT1-modulated [NAM] or
NAD�/NADH ratio and cause mitochondrial degradation or
mitophagy. Despite appearing to be rather remote and consid-
ering the molecular ratio of SIRT1 and NAM in cells, such a
possibility needs to be experimentally ruled out.
Mitochondria frequently undergo changes in morphology

that are mediated by continuous and rapid fusion and fission
(7). Mitophagy coupled with this structural dynamic functions
in removing the depolarized parts of mitochondria. Mitochon-
drial dynamics appear to be implicated in many cellular pro-
cesses, including proliferation, apoptosis (50), and senescence
(51). For example, fission activity declines during the course of
cellular senescence (10), and conversely, blocking mitochon-
drial fission leads to senescence (11). Mitochondrial dynamics
are also implicated in cardiac and neuronal development (50,
52) and in a variety of neurodegenerative diseases and meta-
bolic disorders (reviewed in Ref. 50). Our results suggest a pos-
sibility that these physiological and pathological processes may
be affected by the status of the [NAD�]/[NADH] ratio through

its effect on the mitochondrial dynamics. Furthermore, certain
beneficial effects of calorie restriction may be driven by this
metabolic modulator. In fact, calorie restriction is associated
with an increase in mitochondrial turnover (41). Our results
support the previous notion by other reports that, under con-
ditions of calorie restriction, the maintenance of a high
[NAD�]/[NADH] ratio elevates the rate ofmitochondrial turn-
over through the activation of SIRT1. It would be interesting to
see whether the beneficial effects of calorie restriction and
SIRT1 activation on various age-related disorders are accom-
panied by a change in mitochondrial content and morphology.
Finally, fragmented punctiform mitochondria have been

found in cells undergoing apoptosis (53), and a long filamen-
tous form appears to be associated with better energy metabo-
lism (54, 55). Failure inmitochondrial fusion has been shown to
cause accumulation of defective mitochondrial DNA (56). The
continued presence of the fragmental mitochondria during the
long term culture in the presence of NAM did not cause an
increase of ROS or shorten cellular life span (24). Therefore,
such transformation of mitochondria by NAM treatment does
not seem to be associated with apoptosis or functional deterio-
ration of mitochondria. Still, for a practical application of
NAM, it may be important to further examine the functional
significance of this fragmental transformation and its mainte-
nance in energy metabolism.
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