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Sirtuin 1 （SIRT1） is an evolutionarily conserved 
NAD+-dependent protein deacetylase. Given that the 
absolute cellular concentrations of NAD+ are much 
higher than the reported SIRT1 Km value for NAD+ （~90 
μM）, we hypothesized that changes in cellular NAD+ 
may not be a significant regulator of SIRT1 activity. To 
test this hypothesis, we examined the effects of boost-
ing or inhibiting NAD+ synthesis on the acetylation of 
histone H4 lysine 16 and H3 lysine 9, reported targets 
of SIRT1. Altering cellular NAD+ concentrations from 
100 to 1400 μM did not affect acetylation, whereas 
treatment with a class I/II histone deacetylase inhibitor 
elevated acetylation dramatically. Unexpectedly, neither 
SIRT1 inhibition nor SIRT1 knockdown increased his-
tone acetylation. We conclude that SIRT1 may not be 
the primary deacetylase of the acetylated histone resi-
dues and that global acetylation levels may not always 
represent cellular SIRT1 activity.
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INTRODUCTION

Sirtuin 1 （SIRT1） is an evolutionarily conserved 
NAD+-dependent protein deacetylase that plays criti-
cal roles in various biological processes, such as 
carbohydrate ［1］ and fat ［2］ metabolism, the cir-
cadian cycle ［3, 4］, and aging ［5, 6］. Increasing 
the deacetylase activity of SIRT1 has been reported 
to protect against age-related functional decline and 
diseases, such as metabolic syndrome, neurodegen-
eration, and cancer ［7-10］. Thus, currently, attention 
has been focused on physiological and pharmaco-
logical interventions that boost cellular NAD+ levels 
to promote healthy aging ［11, 12］.

In mammalian cells, NAD+ synthesis is accom-
plished predominantly through the salvage pathway 
from nicotinamide （Nam） and nicotinic acid （NA） 

［13, 14］. Nam is converted by Nam phosphori-
bosyltransferase （Nampt） to Nam mononucleotide 

（NMN） and is then converted to NAD+ （Fig. 1）. 
NA is converted by NA phosphoribosyltransferase 

（NAPRT） to NA mononucleotide, which is con-
verted to NA adenine dinucleotide and then NAD+ 
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Fig. 1. Metabolic pathways of NAD+ biosynthesis
N a A D ,  n i c o t i n i c  a c i d  a d e n i n e  d i n u c l e o t i d e ; 
NADsyn, NAD+ synthetase; NaMN, nicotinic acid 
mononucleotide; NMNAT, nicotinamide mononucleotide 
adenylyltransferase.
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（Fig. 1）. We have demonstrated previously that NA 
elevates cellular NAD+ levels in cells expressing 
NAPRT, thus protecting cells from stress ［15］.

Using mass spectrometry and cell volume mea-
surements, we recently determined absolute concen-
trations of NAD+ （［NAD+］） in primary cultured 
cells and various mammalian cell lines, and found 
that ［NAD+］ was maintained within a relatively 
narrow range of 400–700 μM, irrespective of cell 
origins ［16］. As the reported SIRT1 Km value for 
NAD+ （~90 µM） ［17］ is much lower than the 
measured cellular ［NAD+］, we hypothesized that 
increased cellular NAD+ levels may not stimulate 
SIRT1 deacetylase activity. The evidence strongly 
suggests that changes in cellular NAD+ levels are 
not a significant regulator of SIRT1 activity ［18, 
19］.

In this study, we employed two human cell lines 
as model systems, altered cellular ［NAD+］ with NA 
and the Nampt inhibitor FK866 ［20］, and examined 
the effects of changes in ［NAD+］ on the acetylation 
of histone H4 lysine 16 （H4K16） and histone H3 
lysine 9 （H3K9）, the preferred targets of the class 
III histone deacetylase （HDAC） SIRT1 ［21-28］. 
An NA-driven increase in cellular ［NAD+］ to 1000–
1400 μM from basal levels of 450–600 μM did not 
affect H4K16 （H4K16Ac） and H3K9 （H3K9Ac） 
acetylation, whereas treatment with the class I/
II HDAC inhibitor trichostatin A （TSA） ［29］ in-
creased histone H4 and H3 acetylation dramatically. 
Decreasing ［NAD+］ from basal levels to 100–250 
μM with FK866 also did not affect histone acetyla-
tion. To our surprise, EX-527, a SIRT1 inhibitor 

［30］, and SIRT1 knockdown also failed to increase 
histone acetylation. We conclude that SIRT1 may 
not be the primary deacetylase of acetylated H4K16 
and H3K9 and that global H4K16 or H3K9 acetyla-
tion levels may not always be accurate indicators of 
cellular SIRT1 deacetylase activity.

 

MATERIALS AND METHODS

Materials
NA and Nam were obtained from Nacalai Tesque 

（Kyoto, Japan）, and TSA was obtained from FU-
JIFILM Wako Pure Chemical Corporation （Osaka, 
Japan）. FK866 and EX-527 were obtained from 

Sigma-Aldrich （St. Louis, MO, USA） and AdooQ 
Bioscience （Irvine, CA, USA）, respectively. Stock 
solutions of TSA （1 mM） and EX-527 （30 mM） 
were prepared in dimethyl sulfoxide （DMSO）. Cus-
tom Eagle’s minimum essential medium （MEM） 
without Nam （Nam-free MEM） was obtained from 
Biological Industries （Beit Haemek, Israel）.

Cell cultures
Human hepatoma HepG2 cells stably expressing 
NAPRT （HepG2-NAPRT） ［31］ and cervical carci-
noma HeLa cells （RCB0007）, obtained from RIK-
EN Cell Bank （Tsukuba, Japan）, were maintained 
in MEM （FUJIFILM Wako Pure Chemical Corpo-
ration） containing antibiotics and 10% fetal bovine 
serum.

HepG2-NAPRT （1.5–2 × 105 cells/well） and 
HeLa （1.5–2 × 105 cells/well） cells were seeded in 
collagen I-coated 12-well plates （BD Biosciences, 
Bedford, MA, USA） and CELLSTAR 12-well plates 

（Greiner Bio-One, Frickenhausen, Germany）, re-
spectively. HepG2-NAPRT cells were pre-cultured 
for 16 h in 0.95 mL Nam-free MEM supplemented 
with dialyzed serum at a final concentration of 
0.5% and then cultured in media containing vari-
ous concentrations of NA, FK866, EX-527, or TSA 
for 8 h. HeLa cells were pre-cultured for 48 h in 1 
mL Nam-free MEM supplemented with 2 μM Nam 
and then cultured in media containing the indicated 
concentrations of NA or FK866 for 24 h. For each 
experiment, a second replicate was performed to de-
termine cell counts and volumes.

SIRT1 knockdown
HepG2-NAPRT cells （1.2 × 105 cells/well） were 
seeded in 12-well plates, as described above. The 
next day, cells were transfected with 50 nM final 
concentrations of SIRT1 siRNA （sc-40986, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA） or con-
trol siRNA （sc-37007, Santa Cruz Biotechnology） 
using the Avalanche-Omni transfection reagent （EZ 
Biosystems, College Park, MD, USA）. Two days 
after transfection, cells were cultured in Nam-free 
MEM containing 0.5% dialyzed serum for 8 h.

Determination of cell counts and volume
Cells were trypsinized, suspended, and counted us-
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ing a Scepter instrument （Millipore, Billerica, MA, 
USA）, which also provides a readout of the counted 
cells’ approximate volume. These data allowed for 
calculations of the cellular NAD+ concentrations 

［16］.

NAD+ extraction
NAD+ extraction was performed by removing the 
culture media from each well and adding 0.4 mL 
of 0.5 M perchloric acid. After centrifugation, the 
supernatant was collected, neutralized with an equal 
volume of 1 M ammonium formate, and analyzed 
by liquid chromatography with tandem mass spec-
trometry （LC/MS/MS）, as described below.

LC/MS/MS
LC/MS/MS was performed as described previously 

［16］, using a Shimadzu Prominence HPLC system 
（Shimadzu, Kyoto, Japan） connected to a triple 

quadrupole tandem mass spectrometer （LCMS-8030, 
Shimadzu） equipped with an ESI source operating 
in positive mode. Briefly, NAD+ was separated on 
an Atlantis dC18 resin column （150 × 2.1 mm i.d. 
column; 3-µm particle size; Waters, Milford, MA, 
USA）. The mobile phase consisted of 5 mM ammo-
nium formate （solvent A） and methanol （solvent B）. 
Solvent B was applied in a linear progression: 0 
min, 2%; 3 min, 20%; 6 min, 70%; 11 min, 70%; 
11.1 min, 2%; and 17 min, 2%. The flow rate was 
0.15 mL/min. NAD+ quantitation was performed by 
the selected reaction monitoring mode with an ion 
transition of m/z 644.1 > 136.1. Shimadzu LabSolu-
tions software （version 5.60SP2） was used for data 
acquisition and processing.

Determination of protein acetylation levels
SDS sample buffer was added to the cells af-
ter removing the culture media. Cell lysates were 
separated using SDS-PAGE and transferred onto 
Immobilon-P membranes （Millipore）. Membranes 
were blocked with 20% EzBlock Chemi （ATTO, 
Tokyo, Japan） and then incubated in Can Get Sig-
nal Immunoreaction Enhancer Solution 1 （Toyobo, 
Osaka, Japan） for 18 h at 4°C with anti-acetyl-
lysine （#9441, Cell Signaling Technology, Danvers, 
MA, USA）, anti-H4K16Ac （#07-329, Upstate, 
Temecula, CA, USA）, anti-H3K9Ac （#61664, Ac-

tive Motif, Carlsbad, CA, USA）, anti-histone H4 
（#07-108, Upstate）, anti-histone H3 （#17168-1-AP, 
Proteintech, Rosemont, IL, USA）, or anti-SIRT1 
antibodies （#8469, Cell Signaling Technology）. The 
blots were incubated at room temperature for 1–3 h 
in Can Get Signal Immunoreaction Enhancer Solu-
tion 2 containing horseradish peroxidase–conjugated 
goat anti-rabbit immunoglobulin G （IgG） antibod-
ies （#458, MBL, Nagoya, Japan）, anti-mouse IgG 
antibodies （#330, MBL）, or anti-rat IgG antibodies 

（#0825, Immunotech, Marseille, France）. The bound 
antibodies were then detected with Chemi-Lumi One 
Super （Nacalai Tesque）.

 

RESULTS

SIRT1 deacetylates histones with a preference for 
H4K16Ac and H3K9Ac ［21-28］. To determine 
whether SIRT1 deacetylase can be activated by el-
evating cellular ［NAD+］, we examined the effects of 
increasing ［NAD+］ on H4K16 and H3K9 acetyla-
tion using NA, a precursor of the NAPRT-dependent 
NAD+ biosynthetic pathway （Fig. 1）. For these 
experiments, we used HepG2 cells overexpressing 
human NAPRT （HepG2-NAPRT cells） ［31］. We 
reported previously that exogenous NA added to 
mammalian cells expressing NAPRT increases cel-
lular NAD+ levels ［15］. In this study, supplying 
HepG2-NAPRT cells with 20 μM NA increased 
cellular ［NAD+］ to 1400 μM from the basal level 
of 450 μM （Fig. 2A）. As shown in Fig. 2B, two 
major acetylated protein bands corresponding to his-
tones H4 and H3 were detected by anti-acetyl-lysine 
antibodies in HepG2-NAPRT whole-cell lysates. 
However, this increase in cellular NAD+ did not 
decrease the acetylation levels of H4K16 or H3K9 

（Fig. 2B）. Next, we decreased cellular ［NAD+］ 
with 100 nM FK866, a Nampt inhibitor ［20］. The 
resulting decrease in ［NAD+］ to 250 μM from the 
basal level （Fig. 2A） also did not affect acetyla-
tion levels of H4K16 or H3K9 （Fig. 2B）. SIRT1 
expression also was not altered after the treatment 
with NA or FK866 （Fig. 2B）. Thus, an increase 
in cellular ［NAD+］ from 250 to 1400 μM, which 
is 15-fold higher than the reported SIRT1 Km value 
for NAD+ （~90 μM） ［17］, does not affect histone 
acetylation levels.
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Unlike NA or FK866, 1 μM TSA, a class I/
II HDAC inhibitor ［29］, dramatically increased 
the acetylation of sites on both histone H4 and H3 
without accompanying changes in cellular ［NAD+］ 
or SIRT1 expression （Fig. 2）, confirming that the 
signals we observed using targeted acetylated lysine 
antibodies indeed represent protein acetylation.

We next examined the effect of NA on histone 
acetylation in HeLa cells expressing endogenous 
NAPRT ［16］. As shown in Fig. 3A, the addition of 
5 and 10 μM NA to the culture medium of HeLa 
cells elevated cellular ［NAD+］ to around 1000 μM, 
which is 10-fold higher than the reported Km value 
for NAD+ of SIRT1, from basal levels of 600 μM. 

Such large increases in ［NAD+］ did not decrease 
acetylation levels of H4K16 or H3K9 （Fig. 3B）. 
Adding 30 and 100 nM FK866 decreased cellular 

［NAD+］ from 600 to near 100 μM, close to the Km 
value of SIRT1 for NAD+ （Fig. 3A）, but did not 
increase acetylation levels of H4K16 or H3K9, as 
shown in Fig. 3B. Moreover, SIRT1 expression was 
unchanged by FK866 （Fig. 3B）. Thus, increasing 
cellular ［NAD+］ by 10-fold from near the Km value 
for NAD+ of SIRT1 does not affect histone acetyla-
tion levels.

Although these findings indicate that cellular 
SIRT1 activity may not be altered by large changes 
in the ［NAD+］, we could not exclude the possibil-

 

 

 

 
  

 

 

 

 
 
 Fig. 2. Effects of NA and FK866 on [NAD+] and protein 

acetylation in HepG2-NAPRT cells
(A) HepG2-NAPRT cells were cultured in the absence 
(Ctrl) or presence of 20 μM NA, 100 nM FK866, 30 μM 
EX-527, or 1 μM TSA for 8 h. After incubation, cellular 
[NAD+] was measured by LC/MS/MS, as described 
under “MATERIALS AND METHODS.” Data shown 
are the mean ± standard deviation (SD) of three separate 
experiments. (B) The lysates from HepG2-NAPRT cells 
treated identically were immunoblotted with antibodies 
against acetyl-lysine (Ac-K), H4K16Ac, histone H4 
(H4), H3K9Ac, histone H3 (H3), and SIRT1. Data 
shown are representative of three separate experiments in 
(A). An arrowhead and an asterisk indicate the positions 
of histone H4 and histone H3, respectively.

Fig. 3. Effects of NA and FK866 on [NAD+] and protein 
acetylation in HeLa cells
(A) HeLa cells were cultured in the absence (Ctrl) or 
presence of NA (5 and 10 μM) or FK866 (30 and 100 
nM) for 24 h. After incubation, cellular [NAD+] was 
measured by LC/MS/MS. Data shown are the mean ± 
SD of three separate experiments. (B) The lysates from 
HeLa cells treated identically were immunoblotted with 
antibodies against acetyl-lysine (Ac-K), H4K16Ac, 
histone H4 (H4), H3K9Ac, histone H3 (H3), and 
SIRT1. Data shown are representative of three separate 
experiments in (A). An arrowhead and an asterisk 
indicate the positions of histone H4 and histone H3, 
respectively.
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ity that SIRT1 does not deacetylate a majority of 
histones. To test this possibility, we examined the 
effect of SIRT1 deacetylase activity inhibition or re-
ductions in SIRT1 expression on histone acetylation 

in HepG2-NAPRT cells. To our surprise, treatment 
with EX-527 （30 μM）, a SIRT1 inhibitor ［30］ 

（Fig. 2B）, and SIRT1 knockdown （Fig. 4） did not 
increase histone acetylation levels, indicating that 
SIRT1 deacetylates a limited number of histones.

As the culture medium supplemented with 1 μM 
TSA or 30 µM EX-527 contained 0.1% DMSO, 
we examined the effects of 0.1% DMSO on histone 
acetylation and cellular ［NAD+］. The presence of 
0.1% DMSO in the culture medium did not affect 
histone acetylation in HepG2-NAPRT or HeLa cells 

（Fig. 5A）. ［NAD+］ in HepG2-NAPRT cells was 
also unaltered in the presence of 0.1% DMSO （Fig. 
5B）.

DISCUSSION

NAD+ is an essential co-substrate required for SIRT1 
deacetylase activity. We investigated whether chang-
es in ［NAD+］ indeed regulate SIRT1 deacetylase 
activity. We altered cellular ［NAD+］ using NA and 
FK866 and examined the resulting changes in acety-
lated H4K16 and H3K9, which are reported SIRT1 
targets ［21-28］. We found that increasing cellular 

［NAD+］ to 1000–1400 μM from basal levels of 
450–600 μM or decreasing the ［NAD+］ to 100 μM 
did not affect histone H4 and H3 acetylation, where-
as treatment with TSA, a class I/II HDAC inhibitor 

［29］, increased acetylation levels dramatically. Un-
expectedly, neither EX-527, a SIRT1 inhibitor ［30］, 
nor SIRT1 knockdown increased histone acetylation, 
indicating that global acetylation levels of H4K16 
and H3K9 may not be appropriate indicators of in-
tracellular SIRT1 deacetylase activity.

We investigated whether SIRT1 deacetylase ac-
tivity is regulated strictly by cellular ［NAD+］. In 
contrast to most studies that have described cellular 
NAD+ content ［16］, we provided absolute cellu-
lar NAD+ concentrations by calculating the molar 
amounts of NAD+ based on LC/MS/MS and cellular 
volume measurements. We manipulated ［NAD+］ by 
boosting NAD+ synthesis with NA in HepG2 cells 
overexpressing NAPRT （HepG2-NAPRT） and HeLa 
cells expressing endogenous NAPRT. In HepG2-
NAPRT cells, NA-induced increases in ［NAD+］ 
from 450 to 1400 μM did not reduce H4K16 and 
H3K9 acetylation. In addition, increasing ［NAD+］ in 

 

 

 

  

Fig. 4. Effects of SIRT1 knockdown on protein 
acetylation
HepG2-NAPRT cells were transfected with control (Ctrl) 
or SIRT1 (SIRT1) siRNA as indicated. The cells were 
also cultured with 1 μM TSA for 8 h. The cell lysates 
were immunoblotted with antibodies against H4K16Ac, 
histone H4 (H4), H3K9Ac, histone H3 (H3), and 
SIRT1.

Fig. 5. Effects of DMSO on histone acetylation and 
cellular [NAD+]
(A) HepG2-NAPRT (left) and HeLa (right) cells were 
cultured in the presence (DMSO) or absence (Ctrl) of 
0.1% DMSO or TSA (0.5 or 1 μM) for 8 h. Cell lysates 
were subject to immunoblotting with antibodies targeting 
H4K16Ac, histone H4 (H4), H3K9Ac, histone H3 (H3). 
(B) After the identical incubation of HepG2-NAPRT 
cells with DMSO, cellular [NAD+] was measured by LC/
MS/MS. Data shown are the mean ± SD of three separate 
experiments. 
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HeLa cells from 600 to 1000 μM using NA did not 
reduce histone acetylation. We also manipulated cel-
lular NAD+ levels using the Nampt inhibitor FK866. 
In HepG2-NAPRT and HeLa cells, treatment with 
FK866 decreased cellular ［NAD+］ from 450 to 250 
μM and from 600 to 100 μM, respectively, which 
did not result in increased H4K16 and H3K9 acety-
lation. Cellular NAD+ concentrations obtained here 
could represent the concentrations of nuclear/cytosol 
fractions ［16］. Thus, our observations are consistent 
with the notion that normal levels of cellular NAD+ 
are more than what is required for the nuclear en-
zyme SIRT1, and thus, ［NAD+］ is not a limiting 
factor for deacetylase activity under normal condi-
tions if SIRT1 is a major deacetylase of acetylated 
H4K16 and H3K9.

We found that SIRT1 knockdown or inhibition 
with EX-527 did not influence H4K16 or H3K9 
acetylation. In contrast, the class I/II HDAC inhibi-
tor TSA elevated H4K16 and H3K9 acetylation dra-
matically. H4K16 and H3K9 may thus be deacety-
lated mainly by class I/II HDACs but not SIRT1. 
These observations provide evidence that global 
acetylation levels of H4K16 and H3K9 may not 
always be proper indicators of intracellular SIRT1 
deacetylase activity.

Acetylated H4K16 or H3K9 are preferred SIRT1 
substrates ［21-28］. Gardell et al. reported that 
boosting NAD+ synthesis with a Nampt activa-
tor and the resultant activation of SIRT1 decreases 
H4K16 acetylation in A549 cells ［26］. In contrast, 
we found that increasing or decreasing ［NAD+］ 
in two different cell types did not affect H4K16 
or H3K9 acetylation. Okabe et al. also found that 
H3K9 acetylation is not changed by NAD+ synthesis 
blockade by FK866 in 3T3-L1 cells ［27］. These 
contradictory findings might arise from different cel-
lular contexts, such as the cell type–specific recruit-
ment of SIRT1 and class I/II HDACs to chromatin. 
In our culture models, class I/II HDACs rather than 
SIRT1 may be the primary deacetylators of H4K16 
and H3K9.

Resting NAD+ levels in this study were 450–600 
μM. Although we cannot directly determine whether 
SIRT1 deacetylase activity depends strictly on cel-
lular ［NAD+］, based on the much higher cellular 

［NAD+］ than the Km value for NAD+ of SIRT1 （~90 

μM） ［17］ under resting conditions, any increase 
in cellular ［NAD+］ beyond basal levels would not 
further increase SIRT1 deacetylase activity. Thus, 
changes in cellular ［NAD+］ would not be a sig-
nificant regulator of SIRT1 deacetylase. Indeed, 
several lines of evidence strongly suggest the exis-
tence of SIRT1 regulation mechanisms independent 
of changes in NAD+ levels. For example, SIRT1 is 
phosphorylated in response to adrenergic stimula-
tion, resulting in enhanced deacetylase activity ［18］. 
SIRT1 also physically associates with nuclear pro-
tein deleted in breast cancer-1 （DBC-1） under feed-
ing conditions that inhibit SIRT1 activity, whereas 
DBC-1 dissociates from SIRT1 after starvation, thus 
increasing SIRT1 activity ［19］.

In conclusion, global acetylation levels of H4K16 
or H3K9 do not always serve as accurate indicators 
of intracellular SIRT1 deacetylase activity. A con-
clusive determination of whether SIRT1 deacetylase 
activity depends strictly on cellular NAD+ levels 
will require studies with specific SIRT1 substrates 
for which acetylation levels increase significantly on 
SIRT1 knockdown. Measures of intracellular SIRT1 
deacetylase activity based on global H4K16 or 
H3K9 acetylation levels should be evaluated care-
fully, and the effects of SIRT1 knockdown should 
be considered ［26, 27］.
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