SHOCK, Vol. 6, No. 4, pp. 248-253, 1996

LOW-LEVEL EXPRESSION AND LIMITED ROLE FOR THE INDUCIBLE
ISOFORM OF NITRIC OXIDE SYNTHASE IN THE VASCULAR
HYPOREACTIVITY AND MORTALITY ASSOCIATED WITH CECAL
LIGATION AND PUNCTURE IN THE RAT

Amos Vromen Marc S. Arkowtz Basma Zingarelli*, Andrew L. Salzman®*,
Victor F. Garc:a and Csaba Szabo*
Children’s Hospital Medical Center, *Division of Crlt/cal Care, and *Department of Pediatric Surgery,
3333 Burnet Avenue, Cincinnati, Ohio 45229

Received 5/22/96; accepted in the final form 6/25/96.

ABSTRACT—Expression of the inducible isoform of nitric oxide synthase (INOS) contributes to the hypo-
tension and vascular hyporeactivity in various models of shock induced by bacterial lipopolysaccharide
(LPS). However, the role of INOS in response to shock caused by live bacteria is more controversial. In the
present study, we investigated the role of INOS in a rat model of cecal ligation and puncture (CLP). CLP
resulted in increased plasma nitrite/nitrate levels (up to 59 uM at 24 h) and increased pulmonary iINOS
activity (up to 71 fmoles/mg/min at 12 h) and caused a significant vascular hyporeactivity at 18 h. The
degree of NO production and iNOS induction was approximately 30% of that observed several hours after
administration of LPS in the same species, and the degree of vascular hyporeactivity was less than that
observed after LPS injection. Selective inhibition of iNOS with mercaptoethylguanidine (MEG) reduced
plasma nitrite/nitrate levels, but did not prevent the development of vascular hyporeactivity, and did not
improve survival in this model of CLP. Thus, CLP-induced sepsis causes low-level induction of iINOS, but

factors other than iNOS are the crucial determinants of the vascular failure and mortality in this model.

INTRODUCTION

The expression of the inducible isoform of nitric oxide (NO)
synthase (iNOS) has been shown to be expressed in experi-
mental animals injected with bacterial lipopolysaccharide
(LPS) or in animals subjected to hemorrhagic shock (1, 2). NO
overproduction, due to iNOS induction, has been proposed as
an important pathway leading to vascular hyporeactivity, hy-
potension, organ injury, and mortality in various models of
shock induced by LPS (1, 2). Isoform-selective NOS inhibitors
and selective ablation of the iNOS gene have been shown to
provide substantial benefit in animals challenged with LPS
(3—8). On the other hand, there are also separate, parallel,
iNOS-independent pathways of mortality in shock (9-11).

There are distinct differences in the pathophysiology of
shock induced by LPS versus shock triggered by live polymi-
crobial sepsis (12). The aim of the present study was to
investigate the expression and the role of iNOS in the patho-
genesis of septic shock elicited by cecal ligation and puncture
(CLP). Using mercaptoethylguanidine (MEG), a novel inhibi-
tor with selectivity toward iNOS (13), we investigated the
effect of inhibition of iNOS on the development of vascular
failure and mortality in this model. The results show that iNOS
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is expressed and NO is produced at relatively low levels in this
model of shock, and that iNOS plays little role in the vascular
hypocontractility or mortality associated with CLP.

MATERIALS AND METHODS

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 Research Foundation.

Cecal ligation and puncture model of sepsis

Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA)
weighing 125-150 g were anesthetized with isoflurane 2% inhalation. A 1.5-2
cm. midline incision was made, and the cecum was exteriorized. A 3-0 silk
ligature was used to ligate the cecum at its base without obstructing intestinal
continuity. The cecum was then punctured twice through and through with a
18-gauge needle. The cecum was returned to the peritoneal cavity, and the
incision was closed in two layers with a 3-0 silk running suture. Immediately
after the procedure, the animals received 5 mL of normal saline subcutaneously
dorsally for resuscitation. The animals were allowed to recover with food and
water provided ad libitum. The procedure used in the present study results in
four holes in the cecum; this model appears to be more severe than those
previously used (1 or 2 holes, 18—22-gauge needle) (14). However, the present
CLP protocol resulted in 24 and 48 h mortality rates, which is comparable with
those seen in the previous models (14).

iNOS activity and plasma NO—Att = 3, 6, 12, 18, and 24 h, dmma]s were
anesthetized, and blood was withdrawn by direct cardiac puncture. Lungs were
harvested and stored in liquid nitrogen. Plasma levels of nitrite/nitrate, the
degradation products of NO, were measured using the modified Griess reaction
(see below)

INOS inhibition—At t = 4, 10, and 16 h, a separate group of animals
received MEG at 30 mg/kg i.p. or vehicle. At t = 18 h the animals were killed.
Blood was withdrawn for nitrite/nitrate levels, and lungs and thoracic aortae
were harvested for iNOS activity. To account for the time-related changes in
the plasma nitrite/nitrate levels in response to the surgical procedure, a group
of sham-CLP controls were also used. These animals were killed at the same
time as the CLP group, and plasma nitrite/nitrate levels were measured.
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Sham-operation did not result in significant alterations in plasma nitrite/nitrate
concentrations, when compared with t = 0 h controls (not shown).

iNOS inhibition and survival—At t = 4, 10, 16, 22, 28, and 34 h, a third of
animals received either MEG (30 mg/kg i.p.) or vehicle, and survival was
monitored.

Measurement of plasma nitrite/nitrate

The blood was placed on ice and centrifuged at 600 g for 10 min and the
serum frozen at —80°C. Total nitrite/nitrate was measured using a modified
Griess reaction (15). Briefly, the serum was diluted 1:10 with PBS. 50 uL of
the diluted samples were then placed in a 96-well plate and incubated with 60
mU of nitrate reductase and 25 uM of BNADPH for 180 min at room
temperature (final volume: 100 nL). After incubation, 50 uL of 1% sulfanil-
amide and 50 pL of .1% naphthylethylene diamine dihydrochloride/2.5%
H3PO, were added to each well and incubated for 10 min at room temperature.
The absorbance of the mixture at 546 nm was determined by a microplate
reader (Molecular Devices Corporation, Menlo Park, CA). All samples were
assayed in triplicate. In the serum, NO is rapidly oxidized to NO, ™, which then
further oxidizes to NO,™. Nitrate concentrations were calculated by compar-
ison with ODss, of standard solutions of sodium nitrate.

Nitric oxide synthase assay

Calcium-independent conversion of L-arginine to L-citrulline in homoge-
nates of lungs obtained from rats at various times after CLP and in homoge-
nates of aortae obtained at 18 h after CLP served as an indicator of iNOS
activity. Tissues were taken from the animals and stored at —70°C. Tissues
were homogenized on ice in a buffer composed of 50 mM Tris"HCI, .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 de-
scribed (13). Briefly, homogenates (30 uL) were incubated in the presence of
[SH]—L-arginine (10 uM, 5 kBq/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 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).

Organ bath experiments

Thoracic aortae (1-2 rings per animal) were cleared of adhering periadven-
titial fat and cut into rings of 3~4 mm width. The rings were mounted in organ
baths (5 mL) filled with warmed (37°C), oxygenated (95% O,/5% CO,) Krebs’
solution (pH 7.4) consisting of (mM) NaCl 118, KC14.7, KH,PO, 1.2, MgSO,
1.2, CaCl, 2.5, NaHCO; 25, and glucose 11.7 in the presence of indomethacin
(10 uM). Isometric force was measured as described (15) with isometric
transducers (Kent Scientific Corp., Litchfield, CT), digitized using a Maclab
A/D converter (AD Instruments, Milford, MA) 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. Indometh-
acin was used to prevent the production of cyclooxygenase metabolites that are
predominantly vasoconstrictors in the present experimental setting. After in-
cubation and wash-outs, first the vessels were precontracted with a medium
concentration of norepinephrine (100 nM), and then the effect of acetylcholine
(.1-10 uM) was tested. Concentration-response curves to noradrenaline (10~°-
107> M) in the absence or presence of MEG (100 uM, 30 min treatment) or
NC-nitro-L-arginine methyl ester (L-NAME, 3 mM) were obtained in aortic
rings taken from either control rats (no CLP, no sham-operation, t = 0 h) or
rats that underwent CLP and were killed 18 h later.

Materials

MEG was prepared from its corresponding aminoalkylisothiourea precursor
as previously described (13). EGTA, EDTA, indomethacin, BNADPH, 1.-
NAME, nitrate reductase (from Aspergillus), norepinephrine hydrochloride,
sodium nitrite, sodium nitrate, and Dowex 50W anion exchange resin were
obtained from Sigma. (St. Louis, MO). Tetrahydrobiopterin was obtained from
Cayman Chemical (Ann Arbor, MI). S-aminoethyl-isothiourea was obtained
from Aldrich (St. Louis, MO). (2, 3, 4, 5-°H)-L- arginine hydrochloride was
obtained from DuPont/NEN (Boston, MA).

249

INDuCiBLE NO SYNTHASE IN A RAT SEPsis MoDEL

Statistical evaluation

All values in the figures and text are expressed as mean = standard error of
the mean (SEM) of n observations. Student’s unpaired ¢ test was used to
compare means between two groups. When more than two groups were
compared, an analysis of variance, followed by a post-hoc test (Student’s 7 test
with the Bonferroni correction for multiple comparisons), was used. For
comparisons in the survival rate, the Chi-square test was used. A p-value less
than .05 was considered to be statistically significant.

RESULTS

Production of NO and induction of iNOS in CLP

CLP caused a significant increase in plasma nitrite/nitrate
concentration at 3-24 h (Fig. 1). Interestingly, there was no
additional increase in the plasma levels of the NO metabolites
after 6 h (Fig. 1). While there was no detectable iNOS activity
in the lungs of control animals, there was a significant increase
in iNOS activity at 3-24 h (Fig. 2a). In the lung, iNOS activity
reached its maximum at 12 h after CLP (Fig. 2a).

Treatment of the animals with MEG caused a significant
suppression of plasma nitrite/nitrate concentration, as mea-
sured at 18 h after CLP (Fig. 3).

Effects of CLP on the ex vivo vascular reactivity

CLP caused a significant induction of iNOS (Fig. 2b) and a
marked depression of the contractile ability of the thoracic
aorta to norepinephrine (1 nM—10 uM) ex vivo (Fig. 4). In vitro
treatment of the rings with MEG or the non-isoform-selective
NOS inhibitor L-NAME, however, failed to restore the vascular
hypocontractility (Fig. 4). In accordance with previous data
(see Discussion), we found a reduction in the acetylcholine-
induced relaxations (ICs, for acetylcholine shifted from 110 =
26 to 340 = 96 nM after CLP, p < .05, n = 6) (Fig. 5).
Inhibition of iNOS with MEG did not influence the develop-
ment of this endothelial dysfunction (ICs,: 348 += 74 nM,
n = 6) (Fig. 5).

It should be pointed out that at 18 h after CLP, approxi-
mately 30% of the animals died (Fig. 6). Thus, the changes in
the vascular reactivity were only studied in the survivors,
which may not adequately represent the vascular reactivity of
the entire population (and most likely, results in an underesti-
mation of the extent of vascular hyporeactivity and endothelial
dysfunction).

Nitrite/nitrate (LM)

0 3 6 12 18 24
Time after CLP (h)

Fic. 1. CLP induces NO production: time course. Depicted are
plasma nitrite/nitrate levels in control rats (time 0) and in rats at various
times after CLP. Data are expressed as mean = SEM of n = five-six
animals. "p < .05 represents significant increase in plasma nitrite/
nitrate levels in response to CLP when compared with control.
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Fia. 2. CLP induces iNOS: a, time course. Depicted are pulmo-
nary iNOS activities in control rats (time 0) and in rats at various times
after CLP. b, INOS activity in the thoracic aorta: depicted are iINOS
activities in control vessels and in vessels at 18 h after CLP. Data are
expressed as mean = SEM of n = five-six animals. *o < .05 and *p <
.01 represent significant increase in iINOS activity in response to CLP
when compared with control.
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Fia. 3. MEG treatment reduces NO production in CLP. Depicted
are plasma nitrite/nitrate levels in control rats (time 0), in rats at 18 h
after CLP and in MEG-treated rats at 18 h after CLP. Data are ex-
pressed as mean + SEM of n = five-six animals. *p < .05 represents
significant increase in plasma nitrite/nitrate levels in response to CLP
when compared with control; #p < .05 represents significant reduction
in plasma nitrite/nitrate levels in response to MEG during CLP induced
sepsis.

Effects of MEG on the mortality associated with CLP

There was a time-dependent mortality in the rats at 12-36 h
after CLP (Fig. 6). Treatment with MEG did not alter the
mortality rate in animals subjected to CLP (Fig. 6).

DISCUSSION

The role of NO in shock has been the subject of much
controversy. It is generally accepted that, whereas NO from
endothelial constitutive nitric oxide synthase (ecNOS) serves
physiological purposes and its inhibition is not desirable, over-
production of NO or its toxic metabolite, peroxynitrite, plays a
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Fia. 4. NO overproduction is not responsible for vascular hypo-
reactivity in CLP-induced sepsis. Depicted are concentration-re-
sponse curves for noradrenaline (107°-107° M) in aortic rings from
control animals (Control), from animals at 18 h after CLP (CLP), in rings
after 18 h of CLP after incubation with 100 uM MEG for 30 min in vitro
(CLP+MEG), and in rings after 18 h of CLP after incubation with 3 mM
L-NAME for 30 min in vitro (CLP+L-NAME). Data shown represent
mean = SEM of data obtained from n = five-seven rings. Statistically
significant differences are shown for the respective concentrations of
norepinephrine. **, represents a significant decrease in the contractions
in response to CLP (p < .01).
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Fic. 5. Endothelial dysfunction in CLP-induced sepsis: effect of
inhibition of iINOS by MEG. Depicted are concentration-response
curves for acetylcholine (1078-107% M) in aortic rings from control
animals (Control), from animals at 18 h after CLP (CLP), in rings after
18 h of CLP after incubation with 100 uM MEG for 30 min in vitro
(CLP+MEGQG). **represents a significant decrease in the contractions in
response to CLP, when compared with control. Data shown represent
mean *= SEM of data obtained from n = 6 rings.

role in the vascular and cellular energetic failure in shock
induced by LPS (1-11, 13, 15-17). Importantly, while inhibi-
tion of ecNOS in shock has frequently been shown to have
deleterious effects (1, 11, 18-20), all published data to date
using iNOS-selective inhibitors show therapeutic benefit, or, in
some cases, lack of effect, but no worsening of the outcome of
the condition (311, 21). An additional important factor is the
issue of timing: it appears that the protective effect of ecNOS
in shock is more crucial in the early phase (22, 23). Inhibition
of NOS in the early phases of shock can be deleterious, while
posttreatment with the NOS inhibitor in the same model can
provide therapeutic benefit (1-6, 22, 23). This has relevant






