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ABSTRACT—Nitric oxide (NO) produced by the inducible isoform of nitric oxide synthase contributes to the
hypotension and vascular hyporeactivity in shock. Nicotinamide is protective against the cytotoxic effects
of exogenous and endogenous NO in vitro. We investigated the effect of nicotinamide on the cellular
energetic and vascular failure in a rat model of endotoxin shock. Administration of nicotinamide to rats,
starting at 1 h after bacterial lipopolysaccharide, maintained higher blood pressure levels, without affecting
induction of nitric oxide synthase. Nicotinamide treatment prevented the lipopolysaccharide-induced
decrease in mitochondrial respiration and intracellular NAD™ levels in peritoneal macrophages and im-
proved the contractility of the thoracic aorta ex vivo. Thus, nicotinamide protects against the delayed,
NO-mediated vascular failure in endotoxic shock. Its actions are unrelated to inhibition of NO biosynthesis
but may be related to inhibition of the NO-mediated activation of an energy-consuming DNA repair cycle

triggered by polyADP ribose synthetase.

INTRODUCTION

The inducible isoform of nitric oxide (NO) synthase (iNOS),
first identified in macrophages, is expressed in response to
immunological stimuli and produces large amounts of NO for
sustained time periods. Once produced in high local concen-
trations, NO may act as a cytostatic and cytotoxic molecule
acting against fungal, bacterial, helminthic, and protozoal or-
ganisms as well as tumor cells. Bacterial lipopolysaccharide
and a variety of pro-inflammatory cytokines also induce the
expression of iNOS in a number of nonhematopoietic cells,
including fibroblasts, glial cells, and cardiac myocytes, as well
as vascular and nonvascular smooth muscle cells (1). The
mechanism of iNOS induction involves transcription of new
mRNA and biosynthesis of new protein. Sequencing the pro-
moter regions of the iNOS gene revealed separate promoter
regions for the induction of iNOS that are activated by tran-
scription factors induced by lipopolysaccharide (LPS) and
v-interferon, respectively. The expression of iNOS is regulated
both at the level of transcription and at the level of iNOS
mRNA stability. Induction of iNOS can be inhibited by nu-
merous agents including glucocorticoids, thrombin, macro-
phage deactivation factor, tumor growth factor beta, platelet-
derived growth factor, interleukin (IL)-4, IL-8, IL-10, and
IL-13 (1-4)

Various forms of circulatory shock are associated with iNOS
induction and NO overproduction. In endotoxic shock, iNOS is
expressed in various tissues and organs, including lung, spleen,
liver, heart, and blood vessels. NO produced by iNOS results in
a fall in blood pressure, a decrease in peripheral vascular
resistance, and a hyporesponsiveness of arteries and veins to
endogenous and exogenous vasoconstrictors (3-5). The induc-
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tion of iNOS in vivo is mediated by secondary cytokines, such
as tumor-necrosis factor, gamma-interferon, and IL-183 (6, 7).
Enhanced formation of NO by iNOS clearly contributes to the
peripheral vascular failure associated with prolonged periods
of endotoxemia.

Recent in vitro reports have demonstrated inhibitory effects
of nicotinamide on the induction of iNOS. Nicotinamide has
been shown to inhibit the cytokine- or endotoxin-induced in-
crease in iINOS mRNA expression and NO production in
macrophages, insulinoma cells, fibroblasts, and islet cells (8—
10). In addition, nicotinamide has been shown to protect
against the cytotoxic actions of NO in islet cells (11, 12) This
protection has been shown to be related to the inhibition by
nicotinamide of the activation of poly (ADP) ribosyltransferase
(PARS), a protein-modifying and nucleotide polymerizing en-
zyme that is present in the nucleus of eukaryotic cells. Accord-
ing to the “suicide-theory” of PARS activation, activation of
PARS in response to NO-mediated DNA single strand breaks
acts as a trigger of a futile, energy-depleting feedback cycle, in
which the activation of PARS depletes NAD™ and ATP levels
and is deleterious to the cell. In the present study, we have
therefore investigated whether administration of nicotinamide
has protective effects against the iNOS-mediated vascular and
cellular energetic failure in a rodent model of endotoxic shock.

MATERIALS AND METHODS

Endotoxic shock

The animal experiments have been performed in accordance with National
Institutes of Health guidelines and with the approval of the institutional review
board of the Children’s Hospital Rescarch Foundation. Male Wistar rats
(Charles River Laboratories, Wilmington, MA) were anesthetized with sodium
thiopentol (120 mg/kg, i.p.) and instrumented as described (13). Rats of
280-300 g weight were used in all experiments, and there were no significant
differences between the various treatment groups in this respect. The trachea
was cannulated to facilitate respiration and temperature was maintained at
37°C using a homeothermic blanket. The right carotid artery was cannulated
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and connected to a pressure transducer for the measurement of phasic and
mean arterial blood pressure (MAP) and heart rate, which were digitalized
using a Maclab A/D converter (AD Instruments, Milford, MA) and stored and
displayed on a Macintosh personal computer. The left femoral vein was
cannulated for the administration of drugs. Upon completion of the surgical
procedure, cardiovascular parameters were allowed to stabilize for 10 min.
After recording baseline hemodynamic parameters, endotoxic shock was in-
duced by injection of Escherichia coli LPS (15 mg/kg i.v.) at time 0. Starting
from 60 min after LPS, saline was then infused at a rate of .2 mL/kg for a
further 120 min (vehicle-treated LPS-rats), or at 60 min after LPS, nicoti-
namide was injected (as a bolus at 200 mg/kg i.v. in .1 mL/kg saline) and then
infused (10 mg/kg/h in .2 mL/kg) for a further 120 min (nicotinamide-treated
LPS-rats). In the control group, animals were injected with vehicle (saline, .1
mL/kg i.v.) at time O (vehicle-treated control rats). At 60 min, nicotinamide
was injected (as a bolus at 200 mg/kgi.v. in .1 mL/kg saline) and then infused
(10 mg/kg/h in .2 mL/kg) for a further 120 min (nicotinamide-treated control
rats).

NO synthase assay

Calcium-independent conversion of L-arginine to L-citrulline in homoge-
nates of lungs obtained from rats treated with E. coli LPS (15 mg/kg i.v. for
180 min) served as an indicator of iNOS activity (13). Lungs were taken from
the animals and stored at —70°C. Lungs were homogenized on ice in a buffer
composed of 50 mM Tris-HCl, .1 mM EDTA, and 1 mM phenylmethylsulfonyl
fluoride (pH 7.4) on ice using a Tissue Tearor 985-370 homogenizer (Biospec
Products, Racine, WI). Conversion of [*H]-L-arginine to [*H]-L-citrulline was
measured in the homogenates as described (13). Briefly, homogenates (30 uL)
were incubated in the presence of [*H]-L-arginine (10 pM, 5 kBg/tube),
NADPH (1 mM), calmodulin (30 nM), tetrahydrobiopterin (5 uM), and EGTA
(2 mM) for 20 min at 22°C. Reactions were stopped by dilution with .5 mL of
ice cold N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) buffer
(pH 5.5) containing EGTA (2 mM) and EDTA (2 mM). Reaction mixtures
were applied to Dowex 50W (Na* form) columns and the eluted [*H]-L-
citrulline activity was measured by a Wallac scintillation counter (Wallac,
Gaithersburg, MD).

In the first series of experiments, iNOS activity was compared in lung
samples obtained from the following groups: control; control + nicotinamide;
LPS; and LPS + nicotinamide. In an additional set of experiments, the direct
effect of nicotinamide on iNOS activity was investigated. In these studies, lung
homogenates from the LPS-treated animals were incubated in the presence of
various concentrations (10 uM-3 mM) of nicotinamide for 20 min followed by
the measurement of [*H]-L-citrulline activity (n = 3). Under these conditions,
direct enzyme inhibitors, such as NY-methyl-L-arginine (LNMA) cause a
marked inhibition of the conversion of [*H}-L-arginine to [*H]-L-citrulline (13).

Plasma nitrite/nitrate production

In plasma samples, nitrate is the major degradation product of NO. Nitrate
was converted to nitrite by incubation with 60 mU nitrate reductase and 25 uM
NADPH for 180 min. Nitrite was then measured as previously described (13)
by adding Griess reagent (1% sulfanilamide and .1% naphthylethylenediamine
in 5% phosphoric acid) to plasma samples diluted (1:10) in phosphate-buffered
saline. The optical density at 550 nm (ODss,) was measured by using a
Spectramax 250 microplate reader (Molecular Devices, Sunnyvale, CA). Ni-
trite/nitrate concentrations were calculated by comparison with ODss, of
standard solutions of sodium nitrite and sodjum nitrate. The measurements of
nitrite/nitrate were performed using reagents free of nitrite and nitrate: no basal
or background nitrite or nitrate levels were detected.

Preparation of peritoneal macrophages

Peritoneal macrophages from rats were harvested by peritoneal lavage with
RPMI medium containing L-glutamine (3.5 mM), penicillin (50 U/mL), strep-
tomyecin (50 pg/mL), and heparin sodium (10 U/mL.). The cells were collected
at 3 h after i.v. injection of E. coli endotoxin (15 mg/kg), with or without
treatment with nicotinamide (as above). The cells were plated on 12 well
plastic plates at 1 million cells/mL and incubated for 2 h at 37°C in a
humidified 5% CO, incubator. After incubation, supernatant was collected for
the measurement of nitrite (as above). Nonadherent cells were removed by
rinsing the plates three times with 5% dextrose in phosphate-buffered saline. In
some of the 12 well plates, after removing nonadherent cells, adherent mac-
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rophages were scraped for the measurement’ of cellular NAD™ content. In
other 12 well plates, after removal of the nonadherent cells, a medium con-
taining 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was added to the cells and mitochondrial respiration was measured in the
adherent cells in the subsequent 1 h time period.

Measurement of the reduction of MTT to formazan, as an
indicator of mitochondrial respiration

The mitochondrial-dependent reduction of MTT to formazan was used as an
indicator of mitochondrial respiration (13). Cells were incubated (37°C) with
MTT (.2 mg/mL for 60 min) and then lysed in DMSO (100 uL/well). The
extent of reduction of MTT to formazan within cells was quantitated by
measurement of ODss, using the Spectramax microplate reader.

Measurement of cellular NAD" levels

Cells in 12 well plates were extracted in .25 mL of .5 N HCIO,, scraped,
neutralized with 3 M KOH and centrifuged for 2 min at 10,000 X g. The
supernatant was assayed for NAD™, using a modification of the colorimetric
method (14), in which NADH, produced by enzymatic cycling with alcohol
dehydrogenase, reduces MTT to formazan through the intermediation of
phenazine methosulfate. The rate of MTT reduction is proportional to the
concentration of the co-enzyme. The reaction mixture contained the following:
10 pL of a solution of 2.5 mg/mL MTT, 20 uL of a solution of 4 mg/mL
phenazine methosulfate, 10 uL of a solution of .6 mg/mL alcohol dehydroge-
nase (300 U/mg), and 190 pL .065 M glycyl-glycine buffer, pH 7.4, that
contained .1 M nicotinamide and .5 M ethanol. The mixture was warmed to
37°C for 10 min and the reaction started by addition of 20 uL of the sample.
The rate of increase in the absorbance was read immediately after addition of
the NAD™ samples and after 10 and 20 min of incubation at 37°C against a
blank at 560 nm in the Spectramax spectrophotometer.

Organ bath experiments

Thoracic aortae from rats were cleared of adhering periadventitial fat and
cut into rings of 3—4 mm width. Endothelium was removed from some of the
rings by gently rubbing the intimal surface with a thin wooden stick (15). The
rings were mounted in organ baths (5 mL) filled with warmed (37°C), oxy-
genated (95% O,/5% CO,) Krebs’ solution (pH 7.4) consisting of the follow-
ing (in mM): NaCl, 118; KCI, 4.7; KH,PO,, 1.2; MgS0,, 1.2; CaCl,, 2.5;
NaHCOj,, 25; and glucose, 11.7, in the presence of indomethacin (10 uM).
Isometric force was measured with isometric transducers (Kent Scientific
Corp., Litchfield, CT), digitalized using a Maclab A/D converter (AD Instru-
ments) and stored and displayed on a Macintosh personal computer. A tension
of 1 g was applied and the rings were equilibrated for 60 min, changing the
Krebs’ solution every 15 min (15). Indomethacin was used to prevent the
production of cyclooxygenase metabolites that are predominantly vasocon-
strictors in the present experimental setting (16). After incubation and wash-
outs, first the vessels were precontracted with a medium concentration of
norepinephrine (100 nM), and then the effect of acetylcholine (1 nM-10 uM)
was tested. Lack of a detectable acetylcholine-induced relaxation was taken as
evidence that endothelial cells had been removed.

Concentration-response curves to noradrenaline (107°-107° M) in the ab-
sence or presence of the NOS inhibitor aminoethyl-isothiourea (100 uM, 30
min treatment) were obtained in endothelium-denuded aortic rings taken from
either control rats or rats injected with LPS (15 mg/kg i.v—with or without
nicotinamide treatment) and sacrificed 180 min later.

Materials

LPS (E. coli, serotype No. 0127:B8), DMSO, EGTA, EDTA, HEPES,
indomethacin, NADPH, L-glutamine, heparin sodium, MTT, NADPH, nicoti-
namide, nitrate reductase (from Aspergillus), norepinephrine hydrochloride,
penicillin, phenazine methosulfate, phenylmethylsulfonyl fluoride, sodium ni-
trite, sodium nitrate, streptomycin, Tris*HCI, and Dowex 50W anion exchange
resin were obtained from Sigma (St. Louis, MO). Sodium pentathol was
obtained from Abbott Laboratories (Chicago, IL). Tetrahydrobiopterin was
obtained from Cayman Chemical (Ann Arbor, MI). Perchloric acid and S-
aminoethyl-isothiourea was obtained from Aldrich (St. Louis, MO). Alcohol
dehydrogenase and NAD™ were obtained from Boehringer Mannheim (Indi-
anapolis, IN). (2,3,4,5->H)-L-arginine hydrochloride was obtained from Du-
Pont/NEN (Boston, MA).



260 SHOCK voL. 5, No. 4

Statistical evaluation

ECsq values (concentration of agonist causing half maximal contraction)
were calculated by linear regression after logit-log transformation of concen-
tration-response curves. All values in the figures and text are expressed as
mean = SEM of 7 observations. Student’s unpaired ¢ test was used to compare
means between groups, using the Bonferroni correction for multiple compar-
isons. A p value less than .05 was considered to be statistically significant.

RESULTS

Hemodynamic effects of nicotinamide in endotoxic shock

Administration of nicotinamide (200 mg/kg i.v. bolus and 10
mg/kg/h infusion) given at 60 min after LPS injection, caused
a gradual increase in blood pressure and stabilization of the
blood pressure at levels that were significantly higher than the
blood pressure values in vehicle-treated LPS controls at 150—
180 min after LPS (Fig. 1a). In contrast, administration of the
same dose of nicotinamide to control rats had no significant
effect on blood pressure (Fig. 1b) or heart rate (not shown)
over 120 min. There were no differences in the heart rate
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Fia. 1. Nicotinamide maintains MAP in endotoxic shock. (a) MAP
values of rats treated with LPS (15 mg/kg at time 0) and subsequently
injected (at 60 min) with saline (closed circles) or nicotinamide (200
mg/kg bolus and 10 mg/kg/h infusion, open circles). Data are ex-
pressed as mean + SEM of n = 10 and 11 animals in the LPS and LPS
+ nicotinamide groups, respectively. (b) The lack of effect of nicoti-
namide on blood pressure in vehicle-treated rats. Data are expressed
as mean = SEM of n = 3 and 4 animals in the vehicle and vehicle +
nicotinamide groups, respectively. *p < .05 represents significant pro-
tective effect of nicotinamide when compared with vehicle-treated
control at the same time point. Arrows on panel a indicate the time of
LPS injection (t = 0) and the time of the beginning of nicotinamide
administration (t = 60 min).
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values in the vehicle-treated or the nicotinamide-treated groups
of rats, before or at 180 min after LPS injection (Fig. 2).

Effects of nicotinamide on NO production and iNOS
induction in endotoxic shock

LPS caused a significant increase in the pulmonary iNOS
activity and in the plasma nitrite/nitrate levels at 180 min (Figs.
3- 4). This was unaffected by nicotinamide treatment (Figs.
3—4). In vitro nicotinamide (10 wM-3 mM) treatment for 30
min did not directly affect iNOS activity in the lung homoge-
nates (Fig. 3b) (n = 3).

Effects of nicotinamide on the development of cellular
energetic deficit in macrophages ex vivo

LPS caused a significant increase in the ex vivo production
of nitrite in peritoneal macrophages (Fig. 5a), obtained at 180
min after the injection of LPS. This was unaffected by in vivo
nicotinamide treatment (Fig. 5a). Nicotinamide, however,
caused a significant inhibition of the LPS-induced decrease in
the mitochondrial respiration (Fig. 50) and in the intracellular
NAD? levels (Fig. 5¢).

Effects of nicotinamide on ex vivo vascular reactivity in
endotoxic shock

LPS also caused a significant depression of the contractile
ability of the thoracic aorta to norepinephrine (1 nM-10 uM)
ex vivo, an effect which was significantly reduced by in vivo
nicotinamide treatment (Fig. 6). This improvement was com-
parable to the one seen by a 30 min in vitro incubation with the
iNOS inhibitor aminoethylisothiourea (AETU; 100 uM) to
rings obtained from LPS-treated animals (Fig. 6). Interestingly,
incubation of rings obtained from nicotinamide-treated LPS
rats with AETU did not result in additional improvement in the
contractile ability of the vessels, although a tendency for in-
crease was observed (Fig. 6). Nicotinamide (bolus and infu-
sion, as above), did not affect the contractile ability of the
endothelium-denuded control rings, nor did in vitro incubation
with 100 uM AETU (not shown). ECs, values for the contrac-
tions to norepinephrine were 40 = 8, 81 = 12,42 = 6, 41 *
5, and 26 * 5 nM for control, LPS, nicotinamide + LPS, LPS
+ AETU, and nicotinamide + LPS + AETU groups, respec-
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Fic. 2. Heart rates, expressed as beats/minute (initial and at 180
min after LPS) in rats treated with LPS (15 mg/kg at time 0) and
subsequently injected (at 60 min) with saline (closed bars) or nic-
otinamide (200 mg/kg bolus and 10 mg/kg/h infusion, hatched
bars). Data are expressed as mean = SEM of n = 10 and 11 animals
in the LPS and LPS + nicotinamide groups, respectively.






