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Abstract
The bile salt, sodium deoxycholate (NaDOC), is a natural
detergent that promotes digestion of fats. At high physiologic
levels, NaDOC activates many stress-response pathways and
induces apoptosis in various cell types. NaDOC induces DNA
damage and activates poly(ADP-ribose) polymerase (PARP),
an enzyme that utilizes NAD+ as a substrate to repair DNA.
NaDOC also induces oxidative stress, endoplasmic reticulum
(ER) stress and contributes to protein malfolding. The NAD+

precursors, nicotinic acid (NA) and nicotinamide (NAM) were
found to protect cells against NaDOC-induced apoptosis. NA
and NAM also decreased constitutive levels of both activated
NF-kB and GRP78, two proteins that respond to oxidative
stress. However, the mechanism by which NA and NAM
protects cells against apoptosis does not involve a reduction
in constitutive levels of oxidative stress. NA or NAM treatment
increased the protein levels of glyceraldehyde-3-phosphate
dehydrogense (GAPDH), a multi-functional enzyme, in the
nucleus and cytoplasm, respectively. NAM did not activate the
promoter/response elements of 13 stress response genes nor
reduce intracellular non-protein thiols, suggesting that it is
non-toxic to cells. NAM thus has promise as a dietary
supplement to help prevent disorders involving excessive
apoptosis. Cell Death and Differentiation (2000) 7, 314 ± 326.
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Introduction

Bile salts are natural detergents produced in the liver from
cholesterol1 and function to emulsify fats as an aid to
digestion. However, high concentrations of certain bile salts
are cytotoxic and induce apoptosis in hepatocytes and/or
colonic epithelial cells. Apoptosis-inducing bile salts include
deoxycholate (DOC),2 ± 6 glycodeoxycholate,7,8 chenodeox-
ycholate,2 glycochenodeoxycholate9,10 and taurochenodeox-
ycholate.11 High concentrations of bile salts in the liver are
found in association with cholestatic liver disease, in which a
deficiency in the secretion of bile salts12 or an inborn error in
bile acid metabolism13 results in the accumulation of
hydrophobic bile acids within hepatocytes. High concentra-
tions of bile salts in the colon usually result from a typical
Western-style high fat/low fiber diet, and is associated with
increased risk for colon cancer.1,14,15 The possible mechan-
isms by which the cytotoxic bile salts induce apoptosis include
an increase in oxidative stress,16 ± 26 an increase in DNA
damage18,26 ± 35 and the release of Ca2+ from the endoplas-
mic reticulum.36 Recent work from our laboratory indicated
that DOC activates many stress-response proteins.27,30,37

These are NF-kB, a redox-sensitive transcription factor,38

poly(ADP-ribose)polymerase (PARP), a DNA repair en-
zyme,39,40 GADD153, a 153-kD growth arrest and DNA
damage responsive protein involved in cell regulation,41

HSP70, a major heat shock-related chaperone protein42 and
GRP78, a chaperone protein43 that functions within the ER.44

We have also shown, through the use of pharmacologic
inhibitors, that the activation of NF-kB and PARP is protective
against apoptosis.27

Protective PARP activity against DOC-induced apoptosis
may be limited by substrate availability. As part of its DNA
repair function, PARP consumes nicotinamide adenine
dinucleotide (NAD+) to make ADP-ribose polymers that
covalently attach to nuclear proteins45,46 and add negative
charge to areas of DNA damage.40 This drains the NAD+

pool, which may compromise the further repair of DNA.47 A
major decrease in NAD+ levels also has serious
consequences for mitochondrial function. Since NAD+ is
an electron carrier in mitochondrial respiration and a source
of reducing equivalents, it contributes to the maintenance of
the redox state of mitochondria, the formation of the
mitochondrial membrane potential and the generation of
ATP. ATP is also consumed in the synthesis of NAD+ from
NAM in an endogenous biochemical pathway to replenish
the NAD+ consumed by PARP activity. A major drain on
NAD+ pools would, therefore, eventually compromise
energy production, resulting in the death of the cell. The
addition of the NAD+ precursors, nicotinic acid (NA) and
nicotinamide (NAM) can however, effectively increase
intracellular levels of NAD+,48 ± 50 thereby protecting cells
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against excessive DNA damage, ATP depletion and cell
death.

We now report that both NA and NAM dramatically
protect cells against DOC-induced apoptosis. Potential
mechanisms by which NA and NAM are protective, in
addition to increasing substrate availability for PARP
activity, were also explored in this study. We found that
NA and NAM induce a low sub-lethal level of oxidative
stress, down-regulate NF-kB, increase IkB-g, decrease
GRP78 and increase GAPDH levels in Jurkat cells.

Since increased oxidative damage, DNA damage and
apoptosis are associated with numerous disorders,51 ± 54

such as AIDS,55 ± 57 inflammatory diseases,53 dermatologic-
diseases,58 cardiovascular disease,59 neurodegenerative
diseases,60 aging61 ± 63 and cancer,64 ± 67 NAD+ precursors
may prove useful as chemopreventive68 and therapeutic
agents.69,70 An assessment of relative cellular toxicities of
NA and NAM (using 13 different promoter/response
element CAT reporter constructs in the present study)
indicates that NAM may be the preferred chemopreventive
agent.

Results

Sodium deoxycholate induces classic apoptosis in
Jurkat cells

Since transmission electron microscopy (TEM) is the gold
standard for the identification of apoptotic cells,71 ± 74 we
first determined if DOC induced classic apoptosis in Jurkat
cells which were derived from a T-cell lymphoma. Jurkat
cells were either untreated or treated with 0.5 mM NaDOC
for 2 h and then fixed for brightfield and TEM. Untreated
cells showed normal morphology by light microscopy and
TEM (Figure 1A,C). NaDOC-treated cells showed chroma-
tin condensation, nuclear fragmentation and cellular
shrinkage by light microscopy, and margination of
chromatin with crescent formation and increased electron
density by TEM, the classic morphologic features of
apoptosis (Figure 1B,D). Jurkat cells (Figure 1D) exhibit
less apoptotic body formation compared with HCT-116
cells (Figure 2), since the former have a higher nuclear/
cytoplasmic ratio. The electron micrographs of HCT-116
cells depicted in Figure 2 show the early stages of nuclear

Figure 1 Light (A,B) and electron micrographs (C,D) comparing untreated Jurkat cells (A,C) with those treated with 0.5 mM NaDOC for 2 h (B,D). (A) The
chromatin is evenly dispersed throughout the nucleus. (B) Several apoptotic cells are present and show chromatin condensation and nuclear fragmentation. (C)
The chromatin is evenly dispersed and shows no margination or crescent formation. (D) Three apoptotic cells are shown. An increase in chromatin condensation is
seen in all three cells. The cell at the upper right shows crescent formation and nucleolar segregation. The electron density of the cytoplasm of the cell at the bottom
is markedly increased compared to untreated cells in (C). [Modified Giemsa stain, 1006 oil immersion lens (A,B); uranyl acetate, lead citrate (C,D)]
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margination with nucleolar segregation (Figure 2A) and the
later stages of extensive apoptotic body formation (Figure
2B).

Nicotinic acid and nicotinamide protect against
NaDOC-induced apoptosis

Dose-response curves (NA/NAM concentration vs apop-
tosis/necrosis) were first carried out over a 24 h period to
determine the maximum concentration of the NAD+

precursors that did not induce cell death in the absence
of NaDOC. A non-lethal concentration of 10 mM NA or
NAM was chosen to pretreat Jurkat cells prior to NaDOC
treatment. Cells were incubated for 24 h in 10 mM NA or
NAM followed by the addition of 0.5 mM NaDOC to the
culture media. NA- and NAM-pretreated cells that did not

receive any NaDOC, as well as cells with no
pretreatment, served as controls. Aliquots of cells were
removed after 1, 2 or 4 h of incubation and the cells
were assessed for viability by dye exclusion and for
apoptosis by morphological analysis. Apoptosis after
NaDOC treatment was substantially reduced by pretreat-
ment with either NA or NAM (Figure 3). Similar results
were obtained in two additional experiments, with NA
consistently being more protective than NAM.

Nicotinic acid and nicotinamide do not affect
cellular proliferation

We have found that Jurkat cells in the very early phase
of logarithmic growth are considerably more resistant to
DOC-induced apoptosis than cells in the very late phase
of logarithmic growth (unpublished results). Thus, we
determined whether pretreatment with NA and NAM
affected cellular proliferation in order to rule out a
growth phase effect as a possible mechanism of the
observed apoptosis resistance. Cells in early logarithmic
growth phase were incubated in the presence or absence
of 10 mM NA or 10 mM NAM for 4 days. At 24 h, the
period of preincubation used in the previous apoptosis
experiments, there was little difference between growth of
untreated vs treated cells (Figure 4). After 4 days of
treatment, only a slight decrease in growth of treated
cells was observed (Figure 4). Similar results were
obtained in two further experiments. These growth
curves do not rule out small, transient cell cycle
perturbations, but convincingly indicate that apoptosis
resistance observed with NAD+ precursors is not caused
by growth inhibition.

Figure 2 Electron micrographs of HCT-116 cells reacted with 0.5 mM
NaDOC for 2 h. (A) Two apoptotic cells are present in this field. The cell
indicated by the arrow exhibits some margination of the chromatin,
nucleolar segretation and an increase in electron density in both the
nucleus and cytoplasm compared with the normal-appearing cell at the left.
(B) This apoptotic cell is at a more advanced stage of apoptosis,
evidenced by the more extensive chromatin condensation, a marked
increase in electron density and apoptotic body formation (uranyl acetate,
lead citrate)

Figure 3 Effect of preincubation with NAD+ precursors on NaDOC-induced
apoptosis
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Nicotinic acid and nicotinamide reduce the
constitutive levels of activated NF-kB

Jurkat, HT-29, and HCT-116 cells were grown in media alone,
or in the presence of 10 mM NA or 10 mM NAM for 24 h. The
cells were then fixed and stained with a monoclonal antibody
against activated NF-kB, followed by immunofluorescent
detection and confocal microscopy. It was found that NA
and NAM treatment reduced the intracellular levels of
activated NF-kB relative to untreated control cells (Figure 5).
Evaluation of fluorescent intensity values, using semi-
quantitative digital image analysis, revealed that NA and
NAM significantly reduced the level of activated NF-kB in the
nuclei of Jurkat cells, with NAM causing the greatest reduction
(44%) (Table 1). NAM and NA caused a small but significant

reduction in the constitutive levels of activated NF-kB in the
nuclei of HT-29 and HCT-116 cells (Table 1).

Nicotinic acid and nicotinamide reduce the protein
levels of NF-kB

There are at least three explanations by which activated NF-
kB can be reduced by NA and NAM pretreatment: a decrease
in protein levels of NF-kB proteins, an increase in protein
levels of IkB proteins (inhibitors of NF-kB activation) or a
decrease in constitutive levels of oxidative stress, since NF-
kB is a redox-sensitive transcription factor.38 We used
polyclonal antibodies against p50 and p65, the two proteins
that make up the classic NF-kB heterodimer, and examined
the immunostained Jurkat cells using confocal microscopy.
Control cells express p50 and p65 proteins in both the nucleus
and cytoplasm (Figure 6). Treatment of cells with 10 mM NA
or 10 mM NAM for 24 h resulted in a decrease in both the p50
and p65 proteins; this decrease was evident in both the
nucleus and cytoplasm (Figure 6). In addition, since a
decrease in NF-kB activation is controlled by the amount of
IkB inhibitory proteins, we evaluated NA and NAM modulation
of the protein levels of IkB-a, IkB-b and IkB-g, three major
members of the IkB family of NF-kB inhibitors.75,76 We found
that the protein levels of IkB-g were increased over that of
control cells after pretreatment with NA but not with NAM
(Figure 6). These findings indicate that one way in which both
NA and NAM can decrease activated NF-kB is through a
down regulation of NF-kB(p50) and NF-kB(p65) protein
levels. NA treatment also resulted in an up-regulation of
IkB-g protein levels.

Nicotinic acid and nicotinamide induce a sub-lethal
increase in oxidative stress

It is possible that a decrease in the expression of NF-kB could
be caused by a general decrease in constitutive levels of
oxidative stress. Therefore, we reacted Jurkat cells for 1 h
with an oxidative stress-reactive fluorochrome, carboxy-H2-
DCFDA [5-(and)-6-carboxy-2',7'-dichlorodihydro-fluorescein
diacetate] after 24 h of pre-incubation with 10 mM NA or

Figure 4 Growth of Jurkat cells in unsupplemented medium, or media
supplemented with 10 mM NA or 10 mM NAM for 4 days

Figure 5 Confocal images of Jurkat cells stained for activated NF-kB using a monoclonal antibody that detects an epitope on the p65 protein that includes the
NLS sequence. Cells grown in media supplemented with 10 mM NAM (A) or 10 mM NA (B) show lower levels of activated NF-kB than cells grown in
unsupplemented medium (C). The red color indicates activated NF-kB detected by biotin/streptavidin (Cy5) labeling. The green color indicates DNA stained with
YOYO-1 after RNAase treatment
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Table 1. Mean ¯uorescent intensity values of activated NF-kB in control, NA- and NAM-treated cells

Mean gray level value+S.E.M.

Cell line Control Nicotinamide Nicotinic acid

Jurkat
HT-29
HCT-116

66.60+2.07
22.42+0.47
23.89+1.14

37.60+1.03
19.97+0.28
18.93+0.52

46.72+1.11
19.86+0.69
19.18+0.54

Statistical signi®cance of difference in mean levels of activated NF-kB between treatment groups for each cell line

Cell line Nicotinamide vs control Nicotinic acid vs control Nicotinic acid vs nicotinamide

Jurkat
HT-29
HCT-116

0.0001
0.0004
0.0001

0.0001
0.0007
0.0001

0.0004
0.8761
0.8132

Figure 6 Confocal images of NF-kB/IkB expression in untreated (control) Jurkat cells compared with those that had been incubated with 10 mM NA or 10 mM NAM
for 24 h. The immuno controls represent cells that had been reacted with the secondary antibody and the Cy5-streptavidin fluorochrome in the absence of the
primary antibodies
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10 mM NAM. The cells were fixed and then examined using
confocal microscopy. We found that both NA and NAM
increased the level of oxidative stress over that of control
Jurkat cells (Figure 7). Since this concentration of both NA
and NAM did not induce apoptosis (Figure 3) or cause a
significant decrease in cellular proliferation (Figure 4), the
induced oxidative stress was well tolerated and sub-lethal in
nature. In conclusion, a reduction in constitutive levels of
oxidative stress was not the reason for the decrease in
constitutive levels of NF-kB and GRP78 caused by NA and
NAM.

Nicotinic acid and nicotinamide reduce the
constitutive levels of GRP78

To determine if NA and NAM also reduce constitutive levels of
another major stress-response protein induced by NaDOC,
we examined the effect of these NAD+ precursors on GRP78
protein levels. Jurkat cells were grown in media alone or in
media supplemented with 10 mM NA or 10 mM NAM for 24 h.
Cells were then fixed and stained for GRP78 using a
polyclonal antibody, followed by immunofluorescent detec-
tion and confocal microscopy. Semi-quantitative digital image

analysis indicated that NA reduced nuclear protein levels of
GRP78 by 43% and cytoplasmic protein levels by 20%; NAM
caused a small but significant reduction of cytoplasmic, but
not nuclear, protein levels of GRP78 (Table 2).

NA and NAM increase protein levels of
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)

We have previously reported77 that NA and NAM increased
the mRNA levels of GAPDH, a multifunctional enzyme
involved in energy production, DNA repair, DNA replication,
apoptosis, cytoskeletal control of endocytosis and control of
gene expression (e.g. through RNA chaperone activity).78 ± 83

Therefore, we tested the hypothesis that one mechanism by
which NA and NAM could protect against apoptosis is through
elevation of GAPDH protein levels. We used a monoclonal
antibody to GAPDH, followed by fluorescent detection and
confocal microscopy. Jurkat cells were incubated in medium
alone, or in the presence of 10 mM NAM or 10 mM NA for
24 h. NA increased the levels of GAPDH predominantly in the
nucleus, whereas NAM increased GAPDH levels predomi-
nantly in the cytoplasm (Figure 8).

Figure 7 Confocal images of Jurkat cells treated with NA and NAM for 24 h, followed by incubation with the oxidative stress-sensitive fluorochrome, Carboxy-H2-
DCFDA. The fluorescence of the control cells represent background autofluorescence

Table 2. Mean ¯uorescent intensity values of GRP78 in control, NA- and NAM-treated cells

Mean gray level value+S.E.M.

Cell line Control Nicotinamide Nicotinic acid

Jurkat nuclei
Jurkat cytoplasm

46.34+3.01
88.34+1.96

41.49+3.13
74.99+1.67

26.33+1.12
70.90+3.41

Statistical signi®cance of difference in mean levels of GRP78 between treatment groups

Cell line Nicotinamide vs control Nicotinic acid vs control Nicotinic acid vs nicotinamide

Jurkat nuclei
Jurkat cytoplasm

0.2179
0.0007

0.0001
0.0001

0.0010
0.2515
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Nicotinamide is non-toxic to cells

Two different methods that measure intracellular stresses
were used to compare the relative toxicities of NA and NAM,
the first involving activation of promoter/response element
CAT reporter constructs, and the second involving measure-
ment of cellular non-protein thiol levels.

Gene promoter/response element activity of stress-response
genes To assess genotoxic, oxidative and ER stress,
HepG2 cells, transfected with 13 different promoter/
response element CAT reporter constructs, were treated
with 10 mM NAM or 10 mM NA for 24 h. Gene activation was
measured using a CAT ELISA assay. NAM failed to activate
promoters or response elements of any of the 13 genes
associated with cellular stresses. NA produced only marginal
but statistically signi®cant induction of grp78 promoter
activation levels (1.1-fold induction) and hsp70 promoter
activation levels (1.1-fold induction). Previous positive control
tests of these stress-related promoter/response element
constructs with mitomycin C, H2O2, camptothecin, and
methyl methanesulfonate showed substantial positive
responses.84 Thus, NA and NAM at 10 mM cause little, if
any, genotoxic, oxidative or ER stress to HepG2 cells. [Note:-
the slight promoter activation of grp78 by NA contrast,
somewhat, with the reduced protein expression (Table 2).
Since there are multiple points of regulation between
promoter activation and the ®nal level of protein expression,
it is probable that events downstream of transcriptional
activation are critical in controlling the observed levels of
grp78 protein expression].

Nicotinamide does not reduce intracellular non-protein thiol
levels Non-protein thiol levels were measured in Jurkat cells
by staining with mercury orange and detecting ¯uorescence
intensity using ¯ow cytometry. Cells treated with 10 mM NAM
had no apparent effect on the intensity of staining with
mercury orange (Figure 9). On the other hand, cells treated
with 10 mM NA had reduced mercury orange ¯uorescent
intensity levels, comparable to those achieved after treatment
of cells with 5 mM DL-buthionine-S,R-sulfoximine (BSO), but
not to the low levels obtained when cells were treated with

Figure 8 Confocal images of Jurkat cells stained for GAPDH. Cells grown in
medium supplemented with 10 mM NAM (B) show increased levels of GAPDH
compared to cells grown in unsupplemented medium (C), while cells grown in
the presence of 10 mM NA (A) have increased levels of GAPDH in the nuclei
(C). Jurkat cells stained without the primary antibody present (background
control) are shown in panel (D)

Figure 9 FACS analysis of mercury orange fluorescence of Jurkat cells with
the peak of fluorescence indicated for each treatment: mercury orange alone
(HgO control), BSO in the presence of HgO (BSO), DEM in the presence of
HgO (DEM), NA in the presence of HgO (NA), NAM in the presence of HgO
(NAM), untreated (NEG control)

Figure 10 Effect of preincubation with 5 mM BSO on NaDOC-induced
apoptosis
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5 mM diethylmaleate (DEM). BSO speci®cally decreases the
synthesis of glutathione (GSH) by inhibi t ing g -
glutamylcysteine synthase,85 whereas DEM is a general
non-protein thiol-depleting agent.86

A reduction in glutathione levels does not protect
cells against NaDOC-induced apoptosis

Our flow cytometry data indicate that a possible mechanism
by which NA has a somewhat greater protective effect on
NaDOC-induced apoptosis compared with NAM is that
decreased GSH levels produced by NA could have an anti-
apoptotic effect as shown in certain other experimental
situations.87 Jurkat cells were pretreated with 5 mM BSO for
24 h to deplete cellular GSH levels and then challenged with
0.5 mM NaDOC. We found that BSO treatment dramatically
sensitized cells to NaDOC-induced apoptosis (Figure 10).
Therefore, the marked reduction in NaDOC-induced apopto-
sis after pretreatment with NA is not caused by decreased
GSH levels.

Discussion

We have found that the NAD+ precursors, NA and NAM,
protect against apoptosis induced by the natural detergent,
NaDOC. This hydrophobic bile acid induces several cellular
stresses, including DNA damage, oxidative stress, ER stress
and protein malfolding.37 Several of these stresses presum-
ably act upstream of the classic pro-apoptotic gene products,
such as bax and caspase-3 activation. Therefore, these NAD+

precursors may be involved in increasing viability through
multiple mechanisms directed at the different stresses. NA
and NAM are precursors for NAD+ and NADH, and probably
aid in DNA repair. An increase in ability to repair DNA is
suggested by the role of NAD+ as a substrate for PARP, a
DNA repair enzyme, and the induction of GAPDH, which also
functions in DNA repair through its uracil glycosylase activity.
We have previously reported27 that PARP is protective
against apoptosis, since 3-aminobenzamide, a strong PARP
inhibitor,88 sensitized cells to NaDOC-induced apoptosis. In
the present study, we found that both NAD+ precursors were
effective at preventing apoptosis, with NA consistently
showing a greater protective effect. This could be explained
by the fact that NAM is a weak PARP inhibitor, whereas NA
has no effect on PARP activity.88 A protective effect of NAM
against apoptosis was also demonstrated in the in vivo
studies of Klaidman et al.89 and Mukherjee et al.,90 who
showed that NAM treatment prevented neuronal apoptosis
produced by tertiary-butylhydroperoxide,89 an organic per-
oxide, and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine,90 a
neurotoxin.

A major finding of the present study was that both NA
and NAM decreased NF-kB, as measured by a decrease in
the activated form of NF-kB and a decrease in protein
expression of the NF-kB(p50) and NF-kB(p65) proteins.
These findings corroborate the findings of Pero et al.91 who
showed that NAM reduced the levels of TNF-a whose
promoter is under the control of the transcription factor, NF-
kB. They also showed that MAC (metoclopramide), a model
N-substituted benzamide, decreased NF-kB activity using a

plasmid comprised of a promoter containing 3 NF-kB sites
and a CAT reporter gene.91 We chose to first understand
the mechanism(s) by which NA and NAM reduced the
levels of NF-kB. Two plausible mechanisms to reduce the
level of NF-kB proteins and/or the activated form of NF-kB
(both of which were measured in this study) is to reduce
constitutive levels of oxidative stress and/or to increase the
levels of one or more NF-kB inhibitory proteins. The fact
that NAM was more effective than NA in reducing the levels
of activated NF-kB, in the present study, may result from
the free-radical scavenging ability of NAM90,92 and its ability
to inhibit xanthine oxidase activity.93 Therefore, to test the
oxidative stress hypothesis, we treated cells with carboxy-
H2-DCFDA, a fluorochrome that fluoresces in the presence
of increased reactive oxygen species (ROS).94 Pretreat-
ment of Jurkat cells with either NA or NAM resulted in an
increase in oxidative stress. Thus, a reduction in oxidative
stress does not appear to be a major mechanism
responsible for the decrease in constitutive levels of
activated NF-kB. To test the hypothesis that these NAD+

precursors decrease activated NF-kB through a general
decrease in NF-kB protein levels or an increase in IkB
inhibitor protein levels, we used polyclonal antibodies
against two major members of the NF-kB family of
proteins, p50 and p65, and three major members of the
IkB family of inhibitory proteins, IkB-a, IkB-b and IkB-g. We
found that both NA and NAM decreased protein levels of
p50 and p65. NA, but not NAM, increased the protein levels
of IkB-g over that of control, whereas both NA and NAM
reduced the protein levels of IkB-a and IkB-b compared to
those of the control. Therefore, at least two mechanisms by
which these NAD+ precursors decrease activated NF-kB
are through a general decrease in the levels of NF-kB
proteins and an increase in the inhibitory protein, IkB-g. The
mechanism by which IkB-g remains elevated in the
presence of an increase in ROS is not known.

It is somewhat paradoxical that NA and NAM both
dramatically protect cells against apoptosis, although the
protein levels and the activated form of NF-kB, an anti-
apoptotic protein,95 ± 98 is decreased in the nucleus and
cytoplasm after NA and NAM treatments. We have
previously reported27 on the anti-apoptotic nature of
NF-kB using pyrrolidine dithiocarbamate (PDTC), a
potent inhibitor of NF-kB activation.99 Pretreatment of
cells with PDTC sensitized cells to NaDOC-induced
apoptosis in Jurkat cells, and decreased the levels of
activated NF-kB in both Jurkat and HCT-116 cells.27

Since we measured oxidative stress levels and protein
levels of NF-kB and IkB proteins after 24 h of pre-
treatment with NA or NAM, it is possible that the
increase in oxidative stress might have occurred early on
resulting in a subsequent increase in expression of
antioxidant defense genes. The increase in antioxidant
defense genes may then have relieved oxidative stress,
causing a reduction in the level of NF-kB proteins by
24 h. Therefore, a mild, sub-lethal increase in oxidative
stress at an earlier time may induce a response
sufficient to protect cells against a greater oxidant
challenge, such as that caused by hydrophobic cytotoxic
bile acids, at a later time.
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It is probable that NA and NAM can modulate gene
expression and that this modulation occurs through diverse
mechanisms. We previously reported that these NAD+

precursors increased the mRNA level of GAPDH,77 a
multifunctional enzyme involved in energy production, DNA
repair, DNA replication, apoptosis, cytoskeletal control of
endocytosis and control of gene expression (e.g. through
RNA chaperone activity).78 ± 83,100 In the present study, we
determined whether NA and NAM also modulated gene
expression of GAPDH at the protein level. We found that
NA increased the level of GAPDH in the nucleus, whereas
NAM increased the levels of GAPDH in the cytoplasm. This
subcellular distribution of GAPDH may have consequences
for protection against apoptosis.82,83,101,102 GAPDH has
been previously shown to translocate to the nu-
cleus,83,101,102 where it could participate in DNA repair,
DNA replication or activate gene transcription.79 GAPDH
can also participate in protecting against oxidative stress
and increasing energy production by catalyzing an increase
in NADH levels.77

We also found that NA and NAM reduced the
constitutive levels of GRP78, a chaperone protein that
responds to ER stress.44,103 Our results are consistent with
the results obtained by Chatterjee et al.,104 who showed
that treatment of cells with 6-aminonicotinamide, which
pharmacologically produces niacin deficiency,105,106 in-
duces GRP78 activity. NA and NAM may reduce ER
stress by protecting against protein malfolding in the ER
and/or prevention of Ca2+ pool depletion within the ER,
although there is no evidence from the literature for either
of these possibilities.

Since many disorders (see Introduction) are associated
with oxidative stress, DNA damage, and an increase in
apoptosis,107,108 we hypothesize that NA and NAM may be
protective as dietary supplements for such conditions by
increasing protective defenses against these deleterious
effects. Although NA was more protective against apoptosis
than NAM, NAM appeared to be the least toxic to cells in
our in vitro experiments. This was evidenced by the
absence of activation of promoters or response elements
for 13 stress response genes and a lack of reduction in
non-protein thiols by NAM. NA treatment, on the other
hand, caused marginal induction of GRP78 and HSP70
promoters and reduced non-protein thiols to some extent.
The major non-protein thiol in mammalian cells is
glutathione, a cysteine-containing tripeptide that catalyzes
reactions for the detoxification of xenobiotic compounds
and regulates cellular redox balance.109 GSH has been
reported to protect cells against induced apoptosis.110 ± 112

Although NA reduced GSH levels in Jurkat cells, it
markedly protected against apoptosis. A reduction in GSH
levels has also been shown to protect cells against
apoptosis,87 and could have been a possible mechanism
by which NA was so protective against apoptosis in the
present study. However, we tested this hypothesis by
depleting cells of GSH with BSO and then reacting these
cells with the apoptosis-inducing agent, NaDOC. The
depletion of GSH sensitized cells to NaDOC-induced
apoptosis; therefore, a reduction in GSH levels is not a
mechanism by which NA protects cells against apoptosis.

Our in vitro toxicity studies are consistent with the in vivo
clinical trials which used NAM for the prevention or delay of
Type 1 (insulin-dependent) diabetes mellitus in 173 children
over a 7 year period with no observable liver toxicity.113 In
addition, if NAM is to be considered as a dietary
supplement for the prevention of certain diseases, it is
noteworthy that it induces a considerably greater increase
in the tissue concentration of NAD+ than does NA. This
increase in tissue NAD+ concentrations after NAM
treatment most probably results from the much longer
half-life of NAM in liver and blood compared with NA.114

In conclusion, we have shown that NAM reduces
apoptosis, decreases constitutive levels of activated NF-
kB and GRP78, increases intracellular levels of GAPDH
and is non-toxic to cells in millimolar concentrations. We
suggest that NAM may be useful as a dietary supplement
to reduce oxidative damage, enhance DNA repair and to
alleviate cellular stresses leading to apoptosis. NA may
also prove beneficial as a chemopreventive agent against
neurodegenerative diseases that are associated with
increased neuronal apoptosis since it is more protective
against apoptosis than NAM.

Materials and Methods

Chemicals

Sodium deoxycholate (NaDOC) was obtained from ICN Biochemicals
(Cleveland, Ohio), and was stored as a 50 mM stock solution in water
at 7208C. NAM and NA were obtained from Sigma (St. Louis, MO,
USA). NAM and NA solutions were made fresh for each use.
Chemicals used in the flow cytometry experiments, mercury orange
[1(4-chloromercuryphenyl-azo-2-naphthol)], diethylmaleate, and DL-
buthionine-S,R-sulfoximine were obtained from Sigma, and solutions
were made fresh for each use. Mercury orange was dissolved in
acetone, while BSO and DEM were dissolved in water. Carboxy-H2-
DCFDA was obtained from Molecular Probes, Inc. (Eugene, OR,
USA).

Cell culture

The Jurkat cell line [human T-cell lymphoma, American Type Culture
Collection (ATCC), Bethesda, MD; ATCC #TIB 152] was maintained in
RPMI 1640 medium (Irvine Scientific, Santa Ana, CA, USA)
supplemented with 10% fetal calf serum (Omega Scientific, Inc.,
Tarzana, CA, USA), 100 U/ml penicillin, 100 mg/ml streptomycin, and
3.44 mg/ml L-glutamine (Gibco BRL Life Technologies, Grand Island,
NY, USA). Two colon adenocarcinoma cell lines, HCT-116 (ATCC
#CCL 247) and HT-29 (ATCC #HTB 38), were grown in DMEM
medium supplemented with 10% fetal calf serum, penicillin/
streptomycin/glutamine (same concentrations as for Jurkat cells),
and 1% MEM non-essential amino acids (Sigma, St. Louis, MO, USA).
A transformed human hepatoma cell line, HepG2 (ATCC #HB 8065),
was grown in MEM medium containing 10% fetal calf serum, 50 mg/ml
streptomycin, 50 U/ml penicillin, 100 mM MEM non-essential amino
acids, 2 mM L-glutamine, and 1 mM sodium pyruvate (Gibco).
Experiments were performed between passages 3 and 15, and at
concentrations of 4 ± 56105 cells/ml. This cellular density placed the
cells approximately in the middle of the growth curve. This was an
important variable to control in our apoptosis experiments, since cells
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in very early (1 ± 26105 cells/ml) or very late (8 ± 96105 cells/ml)
logarithmic phase of cell growth are unusually resistant or sensitive,
respectively, to NaDOC-induced apoptosis (unpublished data).

Determination of membrane integrity

Trypan Blue dye exclusion was used as a measure of membrane
integrity. One hundred cells were counted using a hemocytometer and
the percentage of cells that excluded trypan blue was determined.

Quanti®cation of apoptosis using bright®eld
microscopy

At various times after NaDOC treatment, cytospins were prepared
using a Shandon Cytospin 3 cytocentrifuge. Cells were then fixed
with 100% methanol for 1 min, and after drying, stained overnight
with a modified Giemsa stain in methanol (Sigma Diagnostics, St.
Louis, MO, USA) [1 : 20 dilution of 0.4% w/v (pH 6.9)]. Under a
1006-oil immersion objective employing brightfield microscopy, 200
cells were counted from each slide and scored for normal,
apoptotic, and mitotic cells. Apoptotic cells were identified by the
presence of condensed chromatin, fragmented nuclei, cell
shrinkage, cytoplasmic vacuolization, and formation of apoptotic
bodies, as previously described.115,116

Preparation of cells for confocal microscopy

Suspension cells (Jurkat) were spun onto 0.17 mm thick coverslips
using the Shandon Cytospin 3 cytocentrifuge, while the adherent
cells, HCT-116 and HT-29, were grown directly on coverslips. The
coverslips were fixed in 4% methanol-free formaldehyde for 20 min
at room temperature, and then further permeabilized at 7208 in
100% methanol for 6 min, air-dried, and stored at 7208C until
immunostained.

Immuno¯uorescent procedures

NF-kB A monoclonal antibody (Boehringer Mannheim, Indianapolis,
IN, USA) was used that recognizes an epitope of the p65 subunit of
NF-kB that includes the nuclear localization signal (NLS)
sequence.117 Positive staining with this antibody therefore measures
presence of activated NF-kB. The antibody was used at a dilution of
1 : 100 in 1% BSA (bovine serum albumin)/PBS. An assessment of the
expression of two proteins present in the classic NF-kB dimer, NF-
kB(p50) and NF-kB(p65), was made using polyclonal antibodies
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Treatment with a biotinylated goat anti-mouse secondary antibody
(Vector Laboratories, Inc, Burlingame, CA, USA) followed by Cy5-
conjugated streptavidin (Vector Laboratories) was used as the
detection system for the primary monoclonal antibody; biotinylated
goat anti-rabbit secondary antibody (Vector Laboratories, Inc,
Burlingame, CA, USA) followed by Cy5-conjugated streptavidin
(Vector Laboratories) was used as the detection system for the
polyclonal antibodies. Nuclei were identified using YOYO-1 staining
after RNase digestion, as previously described.27

IkB Polyclonal antibodies to IkB-a, IkB-b and IkB-g were obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Biotinylated goat anti-rabbit secondary antibody (Vector Labora-
tories, Inc, Burlingame, CA, USA) followed by Cy5-conjugated
streptavidin (Vector Laboratories) was used as the detection system

for the polyclonal antibodies. Nuclei were identified using YOYO-1
staining after RNase digestion, as previously described.27

GRP78 An affinity-purified goat polyclonal antibody that recognizes
an amino acid sequence at the amino terminus of the 78 kDa glucose-
regulated protein (GRP78) precursor of human origin was obtained
from Santa Cruz Biotechnology, Inc (Santa Cruz, CA, USA). The
antibody was used at a dilution of 1 : 50. A biotinylated goat anti-rabbit
secondary antibody (Vector Laboratories) followed by Cy5-conjugated
streptavidin (Vector Laboratories) was used as the detection system.
Nuclei were identified using YOYO-1 staining after RNase digestion.

GAPDH A monoclonal antibody that recognizes GAPDH from human
erythrocytes, skeletal and heart muscle was obtained from Biogenesis
Ltd (England, UK). The antibody was used at a dilution of 1 : 50. A
biotinylated goat anti-mouse secondary antibody (Vector Laboratories)
followed by Cy5-conjugated streptavidin (Vector Laboratories) was
used as the detection system.

Semi-quantitative digital image analysis

A LEICA LSM10 laser scanning confocal microscope was used to
obtain confocal images. To compare relative fluorescent intensity
values from confocal images, laser scans were carried out by keeping
the laser power and voltage on the photomultiplier (PMT) at a constant
setting, and performing the same number of line averages as
previously described.27,118 Scanned and processed images were
saved to a ZIP diskette and imported to the hard drive of a PC.
Fluorescent intensity levels in the nuclei and cytoplasm of the
pixelated images were assessed using Image Pro-Plus (Media
Cybernetics, Silver Spring, MD, USA), an automated image analysis
software package, as previously described.27,118

Statistical analysis of immuno¯uorescence
intensity levels

The mean and standard error of the gray level intensity was computed
for each cell line under some of the different experimental conditions
used. Statistical comparison of the mean gray level between NA or
NAM treated cells versus untreated control cells was performed using
a one-way analysis of variance. An alternative method used the
number of pixels in each nucleus to perform a weighted analysis. The
results of the weighted analyses were statistically equivalent to the
results of the unweighted analyses. The unweighted analyses are,
therefore, presented in this study for simplicity. When images were
visually distinct in certain experimental situations, no image analysis
was performed.

CAT ELISA assays

J Schneider and S Beard at Xenometrix, Inc. (Boulder, CO, USA)
performed these assays. Briefly, HepG2 cells were transfected with the
pSP-CAT plasmid by electroporation using a gene pulser (Bio-Rad
Laboratories, Richmond, CA, USA), as previously described.84 After
treatment of HepG2 cells with NA or NAM, the cells were lysed and the
lysate transferred to 8-well microtiter strips coated with anti-CAT
antibodies. The CAT ELISA was performed according to the protocol
described in the Xenometrix CAT-Tox assay manual. Microtiter plates
were read at an absorbance of 405 nm in a microtiter plate reader (Bio-
Tek Instruments, Inc). Xenometrix software was used to collect and
analyze data.84
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Con®rmation of apoptotic cells by transmission
electron microscopy (TEM)

Jurkat and HCT-116 cells were treated with 0.5 mM NaDOC for
2 h, then fixed overnight in 3% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.2). The cells were pelleted, post-fixed in 2% osmium
tetroxide, dehydrated in a graded series of ethanols, and
embedded in epoxy resin. Electron microscopy is the gold
standard for the identification of apoptotic cells.6,71,74,119

Ultrastructural features characteristic of apoptosis include con-
densation and margination of chromatin, fragmentation of the
nucleus into double membrane-bound bodies, an increase in
electron density, cytoplasmic vacuolization, normal appearing
mitochondria, and apoptotic body formation.

Mercury orange ¯uorescence and ¯ow cytometry

Jurkat cells were pretreated with 10 mM NA or 10 mM NAM for
24 h before harvest. As controls, Jurkat cells were pretreated for
4 h with 5 mM diethylmaleate (DEM), 18 h with 5 mM DL-
buthionine-S,R-sulfoximine (BSO), or were not pretreated. DEM
induces non-protein thiol depletion through oxidation of sulfhydryl
groups,86 while specific depletion of GSH occurs with BSO, an
inhibitor of g-glutamylcysteine synthase.85 After pretreatments,
cells were centrifuged for 5 min at 1200 r.p.m. The cell pellets
were resuspended in 100 mM mercury orange (MO) for 5 min on
ice, then centrifuged for another 5 min at 1200 r.p.m.20 The
pellets were resuspended in ice-cold PBS supplemented with 1%
FCS.

Mercury orange fluorescence was detected using a FACStarPLUS

(Becton Dickinson Immunocytometry Systems, San Jose, CA, USA)
flow cytometer, utilizing a Coherent 90-5 (Palo Alto, CA, USA) water
cooled argon laser tuned to 488 nm at 100 milliwatts. Fluorescence
emission was captured through a 575/26 band-pass filter. A minimum
of 10 000 events were collected, and debris and fragments were
excluded from analysis based on forward scatter and side scatter.
Data were acquired and analyzed using Lysis II (BD, San Jose, CA,
USA) software. Results are presented as single parameter histograms
with four-decade log scale.

Oxidative stress measurements

Carboxy-H2-DCFDA [5-(and-6)-carboxy-2',7'-dichlorodihydrofluores-
cein diacetate] was obtained from Molecular Probes, Inc.
(Eugene, OR, USA) and used at a final concentration of 5 mM.
Jurkat cells were pretreated with 10 mM NA or 10 mM NAM for
24 h, and then incubated for 1 h in Carboxy-H2-DCFDA. Cytospins
were prepared and pelleted cells were fixed in 4% formaldehyde
(methanol-free)(Ted Pella, Inc., Redding, CA, USA) for 20 min,
washed with PBS and mounted using DAKO mounting media
(DAKO Corp., Carpinteria, CA, USA). Images were scanned on a
LEICA confocal microscope using the 488 laser line. Images were
compared by leaving the laser power and the voltage on the PMT
at the same settings.
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