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Endogenously Synthesized Nitric Oxide Prevents
Endotoxin-induced Glomerular Thrombosis
Pamela J. Shultz and Leopoldo Raij
Department of Medicine, Veterans Administration Medical Center, and University of Minnesota, Minneapolis, Minnesota 55417

Abstract

Escherichia coli endotoxin (LPS) can induce the clinical syn-
drome of septic shock and renal cortical necrosis and can stimu-
late nitric oxide (NO) production from macrophages, vascular
smooth muscle, and glomerular mesangial cells in vitro. NOis
an endogenous vasodilator, which also inhibits platelet aggre-
gation and adhesion. Wetherefore sought to determine whether
LPS would stimulate NOproduction in vivo and, if so, whether
this NOwould modulate endotoxin-induced glomerular throm-
bosis. The stable NOendproducts, NO2and NO3, were mea-
sured in serum and urine collections from rats during baseline
and after injection of LPS, with or without substances that
modulate NOsynthesis. The urinary excretion of NO2/NO3
was 1,964±311 nm/8 h during the baseline and increased to
6,833±776 nm/8 h after a single intraperitoneal injection of 0.1
mg/kg LPS (P < 0.05). The serum concentration of NO2/
NO3also significantly increased after LPS injection. Both the
urine and serum stimulation was significantly prevented by the
NOsynthesis inhibitor, N,,-nitro-L-arginine methyl ester (L-
NAME). L-Arginine, given with LPS + L-NAMEsignificantly
restored the NO2/NO3 levels in the urine. Ex vivo incubation
of tissues from rats treated with LPSdemonstrated NOproduc-
tion by the aorta, whole kidney, and glomeruli, but not cortical
tubules. Histological examination of kidneys from rats given
either LPS or L-NAME alone revealed that 2 and 4.5% of the
glomeruli contained capillary thrombosis, respectively. In con-
trast, rats given LPS + L-NAMEdeveloped thrombosis in 55%
of glomeruli (P < 0.001), which was significantly prevented
when L-arginine was given concomitantly. Weconclude that
LPS stimulates endogenous production of NOin vivo and that
this NOis critical in preventing LPS-induced renal thrombosis.
(J. Clin. Invest. 1992. 90:1718-1725.) Key words: nitrate * ni-
trite * cyclic 3',5'-guanosine monophosphate - cortical necrosis-
fibrin

Introduction

Escherichia coli LPS is an endotoxin that has been shown to
cause the clinical syndrome of septic shock (1). In addition,
clinical and experimental endotoxemia is often associated with
intravascular coagulation, such as renal cortical necrosis (2, 3).
Endothelial injury, activation of the coagulation cascade, and
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platelet aggregation have all been shown to contribute to the
vascular fibrin deposition ( 1, 3, 4). Many substances, includ-
ing cytokines, prostaglandins, vasoactive, and procoagulant
factors have been shown to be stimulated by LPS in vitro and in
vivo and may contribute to the clinical effects of LPS ( 1).
However, the secondary mediator (or mediators) responsible
for the pathological effects of LPS has not been determined.
Identification of this mediator could provide a unifying mecha-
nism to explain the diverse effects of LPS and could suggest
possible therapeutic interventions of benefit in endotoxemia
and septic shock.

A number of recent studies have led to the hypothesis that
nitric oxide (NO) could be a secondary mediator of endotoxe-
mia. NOis an endogenously produced, locally acting vasodila-
tor whose cellular effects appear to be signaled via stimulation
of cyclic 3',5'-guanosine monophosphate (cGMP) (5, 6). NO
has also been shown to inhibit platelet aggregation by itself, as
well as synergistically with prostacyclin, another substance of
endothelial origin (7). In addition, NOinhibits platelet adhe-
sion to damaged endothelium (8). LPS, as well as tumor necro-
sis factor (TNF)' and other cytokines, can stimulate produc-
tion of NOby macrophages and vascular smooth muscle cells
in vitro via an inducible Ca" -independent NOsynthase (9,
10). Wehave demonstrated that rat glomerular mesangial cells
in culture also make NOwhen incubated with LPS and cyto-
kines and that the endogenously produced NOresults in auto-
crine stimulation of cGMPin these cells (1 1). Furthermore,
tissue homogenates from the liver and lung of rats treated with
LPS have been shown to have NOsynthase activity ( 12). Re-
cently, Kilbourn et al. ( 13) found that inhibition of NOsynthe-
sis with the L-arginine analogue, NG-methyl-L-arginine would
inhibit TNF-induced hypotension in dogs. Since much evi-
dence suggests that the systemic hemodynamic consequences
of endotoxemia are in great part mediated by TNF ( 14), the
latter study provides strong evidence that NOcould be a sec-
ondary mediator and perhaps a final pathway for LPS-induced
vasodilatation and shock. Finally, a brief report by Petros et al.
( 15) described a beneficial hemodynamic effect of NOsynthe-
sis inhibition in two patients with life-threatening septic shock.

However, in addition to the potential deleterious systemic
effects of NOproduction in endotoxemia, a critical amount of
locally produced NOmay be necessary for the maintenance of
organ perfusion and the prevention of vascular thrombosis. In
the present studies, the effects of a single intraperitoneal injec-
tion of LPS was examined in the rat, a species that is generally
resistant to developing glomerular injury after a single expo-
sure to LPS. Wehave determined the effects of this treatment
on the in vivo synthesis of NO, by measuring the serum and

1. Abbreviations used in this paper: D-ARG, D-arginine; L-ARG, L-ar-
ginine; L-NAME, Nw-nitro-L-arginine methyl ester; NS, normal saline;
PAS, periodic acid Schiff; TNF, tumor necrosis factor.
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urine levels of the stable NOmetabolites, nitrite (NO2) and
nitrate (NO3), and by measuring urinary cGMPlevels. We
have also assessed the effects of the NOsynthesis inhibitor,
N,-nitro-L-arginine methyl ester (L-NAME), and the NOpre-
cursor, L-arginine (L-ARG), on the LPS-induced changes in
these biochemical measurements. In addition, we have exam-
ined the histological changes within the kidney after exposure
to these substances. Wehave found that a single injection of
LPS resulted in endogenous production of NO. Moreover, al-
though neither LPS or L-NAME alone caused glomerular in-
jury, inhibition of LPS-stimulated NOsynthesis resulted in loss
of renal function and histological evidence of fibrin deposition
and glomerular thrombosis.

Methods

Male Sprague-Dawley rats (Harlan Sprague Dawley Inc., Indianapolis,
IN), weighing between 250 and 300 g were used for all experiments.

In vivo experiments
Serum and urine samples from the rats were obtained on two consecu-
tive days in the following manner: Animals were placed in metabolic
cages and 8-h urine collections were obtained for measurement of
N02/NO3, creatinine, and protein. Animals were allowed free access
to water but were not given food during the urine collections. At the
end of this period, serum was obtained from a tail incision for NO2/
NO3and creatinine. On the first day, no treatment was given and these
samples are labeled as baseline. On the next day, animals were given
intraperitoneal injections following the protocols outlined below and
experimental serum and urine samples were obtained in the same man-
ner as the baseline samples. Four different groups of animals were
studied:

Group I, LPS. Rats (n = 15) in this group received a single intraperi-
toneal injection of LPS (serotype 0127:B8, Difco Laboratories Inc.,
Detroit MI) at a dose of 0.1 mg/kg given at time 0.

Group II, LPS + L-NAME. These rats (n = 12) also received a
single intraperitoneal dose of LPS (0.1 mg/kg) at time 0, but in addi-
tion were given the competitive inhibitor of NOsynthesis, L-NAME
(Sigma Chemical Co., St. Louis, MO) 75 mg/kg i.p., 30 min before,
simultaneously with, and 2, 4, and 6 h after the LPS.

Group III, LPS+ L-NAME+ L-ARG. These rats (n = 8) were given
LPS and L-NAME as above and in addition were given 300 mg/kg i.p.
L-ARG (Sigma Chemical Co.) concomitantly with each injection of
L-NAME. L-ARG ( 1%wt/vol) was also given in the drinking water of
these animals, beginning 12 h before the experimental period.

Group IV, L-NAME. These rats (n = 5) were given L-NAME in the
same concentration and at the same times as described above, however,
1 cm3/kg i.p. of sterile normal saline (NS) was given instead of LPS at
time 0.

All substances were dissolved in saline and prepared fresh each day.
In preliminary experiments, it was determined that intraperitoneal in-
jections of saline in the same volume and times as described above had
no effect on the parameters measured in our study.

At the end of the 8-h experimental period, the rats were anesthe-
sized and killed by exsanguination, and the kidney tissue was prepared
for light and immunofluorescence microscopy as previously described
(16). Formalin-fixed, paraffin-embedded 4-Mm sections were stained
with periodic acid Schiff (PAS) whereas frozen sections were treated
with FITC-labeled goat anti-rat polyclonal antibody against fibrinogen
(Cappel Laboratories, Durham, NC). The PAS sections were exam-
ined in a blinded manner and the percent of glomeruli showing any
PAS-positive material in the glomerular capillaries was determined. At
least 50 glomeruli were examined from each kidney. Immunofluores-
cence microscopy was performed on selected tissues to confirm the
nature of the PAS-positive material observed on light microscopy. In
addition to the groups outline above, the renal histology was also exam-

ined in five rats given LPS plus L-NAMEplus D-arginine (D-ARG), the
biologically inactive enantiomer of L-ARG. D-ARGwas given in the
same concentration and at the same times as the L-ARG described in
group III.

Additional rats underwent placement of an indwelling femoral ar-
tery catheter just before the experimental period in order to obtain
intraarterial pressure readings. Animals were anesthetized with 5-sec-
butyl-5-ethyl-2-thiobarbituric acid (Inactin, 100 mg/kg i.p.) and a PE-
50 catheter was placed in the femoral artery and then tunneled subcuta-
neously to an exit site at the dorsum of the neck, using sterile tech-
niques. The catheter was filled with heparinized saline to maintain
patency and flushed with 0.1 cm3 after each blood pressure reading.
After recovery from the anesthesia, animals were injected with LPS
alone, LPS + L-NAME, or L-NAME alone (n = 4 animals in each
group) as described above for groups I, II, and IV, respectively. The
arterial catheter was intermittently connected to a pressure transducer
(TNF transducer; Gould Inc., Oxnard, CA) and mean intraarterial
blood pressures were obtained before the first injection, 30 min later,
and every 2 h thereafter for the next 8 h.

Ex vivo experiments
For these studies, additional rats were treated with either normal saline
( I cm3/kg i.p.), LPS (as for group I of the in vivo experiments), or LPS
+ L-NAME (as for group II of the in vivo experiments). Urine was
collected for 8 h and the amount of cGMPexcreted by each animal was
measured. At the end of the 8-h protocol, tissues from these animals
were removed for ex vivo incubations. Rats were anesthetized with
Inactin (100 mg/kg i.p.), and, using sterile technique, a midline inci-
sion was performed to expose the aorta at the level of the renal arteries.
A 22-gauge needle was placed in the aorta with the tip positioned be-
tween the left and right renal artery. The aorta was clamped above the
level of the renal arteries and both renal veins were cut to facilitate
drainage. The kidneys were perfused gently with sterile PBS until they
blanched and were then removed. One kidney from each rat was sliced
in 2-mm sections. Glomeruli were isolated from the other kidney using
a series of nylon sieves as previously described ( 17). The cortical tissue
suspension remaining after harvesting the glomeruli, containing
mostly fragments of tubules, was incubated separately. The thoracic
aorta from each rat was also removed, washed with sterile PBS, cleaned
of fascia, and cut into 4-mm segments, using care not to damage the
endothelium. The aortae, whole kidney slices, isolated glomeruli, and
cortical tubules were pooled from all the rats in each group and placed
in Eagle's MEMwithout phenol red, supplemented with L-ARG (final
concentration = I mM)and 10% fetal calf serum without any further
addition of LPS or L-NAME. The endotoxin contamination in this
media was < 0.01 pg/ml by Limulus assay ( 11). Tissues were incu-
bated at 37°C in 95%02/5% CO2for 24 h. At the end of this time, the
medium was removed from the tissues and frozen at -20°C until it was
assayed in duplicate for NO2/NO3. Background NO2/NO3 levels in
medium not exposed to tissues was subtracted from the sample results
which were then factored for the wet weight of the tissue in each dish.

Creatinine, urinary protein excretion, and cGMPassays
Serum and urine creatinine obtained from the in vivo experiments
were measured using a Creatinine Analyser 2 (Beckman Instruments
Inc., Fullerton, CA) and urine protein was measured by the Coomassie
dye method (Bio-Rad Laboratories, Richmond, CA). cGMPwas as-
sayed on 8-h urine collections from the three groups of animals used for
the ex vivo experiments using a radioimmunoassay, as we have previ-
ously described ( 1 1, 17). Urinary excretion of these substances was
calculated by multiplying the measured concentration in the urine by
the total urine volume during the 8-h collection. Creatinine clearance
was calculated as the urinary excretion of creatinine divided by the
plasma creatinine.

N02/N03 assay
Serum and urine samples, as well as the media from the ex vivo tissue
incubations were assayed for the stable end products of NO, NO2, and
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NO3. Samples were first incubated with E. coli nitrate reductase to
convert the NO3 in the samples to NO2, as described by Bartholomew
(18) and Granger et al. (19). To prepare this enzyme, E. coli (ATCC
25922) were grown for 18 h under anaerobic conditions, washed, resus-
pended in PBS, and frozen at -70C. until use. The samples were incu-
bated with enzyme in a ratio of 50:1 (sample/enzyme) in Hepes-am-
monium formate buffer for 1 h at 370C. In preliminary assays, this
ratio and time were found to give maximum and virtually complete
reduction of NO3without any significant effect on NO2levels of stan-
dards as well as samples. After the enzyme incubation, the total NO2in
the samples (representing both NO2and the reduced NO3) was mea-
sured using the Griess reagent, as previously described by ourselves
(11) and Green et al. (20). Known concentrations of NaNO2and
NaNO3were used as standards in each assay.

Statistics
Results were analyzed by comparing the experimental data from each
group using analysis of variance.

Results

Rats were assigned to the groups at random and the baseline
values for all the parameters measured were not different be-
tween any of the groups. For this reason, the baseline values for
body weight, urine volume, creatinine clearance, and urinary
protein excretion were combined for analysis (Table I). Ani-
mals treated with a single intraperitoneal injection of LPS
showed no obvious illness, even when observed for longer than
the 8-h study period. In contrast, rats treated with LPS + L-
NAMEappeared ill and lethargic and 25% of the animals re-
ceiving this protocol expired before the end of the 8-h experi-
mental period. Samples from animals that expired were not
included in the analysis and additional rats were given this
protocol to replace those that expired. There were no deaths
among animals receiving any of the other experimental proto-
cols, including those receiving L-NAME alone.

Intraarterial blood pressure. The average of the mean intra-
arterial blood pressures obtained before treatment was not sig-
nificantly different in the animals that received LPS alone
(129±4), LPS + L-NAME (133±3), or L-NAME alone
(121±2) (mean±SE, n = 4 animals in each group). A single
dose of LPS (0.1 mg/kg i.p.) caused no significant change in
mean blood pressure when measured 1, 3, 5, or 7 h later (data
not shown). In contrast, animals receiving LPS + L-NAMEor
L-NAME alone were found to have significant increases in
mean intraarterial blood pressure within 30 min ( 163±5 and
156±2 mmHg,respectively). The blood pressure was sustained
at similar levels in these two groups of rats for the entire experi-
mental period. At the end of 7 h, the mean intraarterial blood

pressure was 128±1 in the LPS group, 162±2 in the LPS + L-
NAMEgroup, and 162±4 in the L-NAME alone group. The
latter two values are not significantly different from each other,
but both are significantly higher than LPS alone (P < 0.05).

Urine volume, creatinine clearance, and protein excretion.
The body weight, urine volume, creatinine clearance, and uri-
nary protein excretion values at baseline and after the experi-
mental periods for the four groups of animals are shown in
Table I. There was no significant effect of any of the experimen-
tal protocols on body weight. Urine volume was significantly
increased in all experimental groups compared with baseline,
which maybe partially related to the NSin the injections. How-
ever, animals that received L-NAME, either with LPS, with
LPS + L-ARG, or alone, had significantly greater diuresis than
animals that received only LPS without L-NAME. This effect is
likely due to the increase in blood pressure induced by L-
NAME, as described above, leading to a pressure natriuresis.
The mean creatinine clearance during the baseline period (all
groups) was 1 .09±.09 ml/min and did not change significantly
during the experimental period in the group which received
LPS (Table I). In contrast, LPS + L-NAME rats had a signifi-
cant reduction in creatinine clearance compared with both
baseline and rats that received LPS alone (P < 0.01 vs. baseline,
P< 0.05 vs. LPS alone). WhenL-ARG was given in addition to
LPS + L-NAME, partial restoration of the creatinine clearance
towards baseline was observed. L-NAME alone tended to re-
duce creatinine clearance, similar to what has been reported
with the acute intrarenal administration of NOsynthesis inhibi-
tors ( 21 ), but this reduction was not as great as that observed
with LPS + L-NAMEand did not reach statistical significance.

Urinary protein excretion (shown in Table I) during the
baseline period was negligible and was not affected by a single
injection of LPS alone. L-NAME, however, caused a marked
increase in protein excretion, either when given with LPS
(88±15 mg/8 h) or when given alone (63±27 mg/8 h). The
animals treated with LPS + L-NAME + L-ARG had interme-
diate levels of protein excretion (29±5 mg/ 8 h, n = 8).

Urinary excretion and serum concentrations of N02/N03.
Fig. 1 compares the urinary excretion of N02/N03 at baseline
and after the four different experimental protocols. The base-
line urinary excretion of N02/NO3 was not different between
any of the four groups, so this data was pooled and is shown as a
single baseline value in Fig. 1. The value for the baseline uri-
nary N02/NO3 excretion was 1,964.4+311 nmol/8 h. LPS in-
jection significantly increased this value to 6,833.0±776 (P
< 0.001 ). Treatment of the animals with the NOsynthesis in-
hibitor L-NAME completely inhibited the increase in urinary

Table L Effect of LPSand NOSynthesis Inhibition on Body Weight and Renal Functional Parameters

Group n Body weight Urine volume CrCl UVprot

g mI/8 h mg/min mg/8 h

Baseline (mean of 4 groups) 28 273.4±3.7 3.3±0.4 1.09±0.09 4±0.4
LPS 7 265.7±8.8 8.3±1.1* 1.12±0.09 4±0.5
LPS + L-NAME 8 268.1±5.7 14.9±1.00 0.57±0.05** 88±15**
LPS + L-NAME+ L-ARG 8 295.6±4.5 16.2±1.1* 0.72±0.11 29±5s
L-NAMEalone 5 273.0±8.9 12.8±0.5* 0.70±0.15 63±27*

Values are mean±SE. See text for definitions of groups. Cr, creatinine; CrCl, creatinine clearance; UVprot, urinary excretion of protein -in 8 h.
* P < 0.01 vs. baseline. * P < 0.05 vs. LPS. I P < 0.01 vs. LPS + L-NAME.
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Figure 1. Urinary excretion of N02/NO3 during baseline period and
in rats receiving LPS (n = 15), LPS + L-NAME (n = 16), LPS
+ L-NAME+ L-ARG (n = 8), or L-NAMEalone (n = 5). See text for
concentrations and timing of injections of the various substances.
Total NO2 (after reduction of NO3) was measured using the Griess
reagent. Mean±SE; *P < 0.001 versus baseline; tP < 0.001 versus
LPS; UP< 0.001 versus LPS + L-NAME.

excretion of N02/NO3 induced by LPS (P < 0.01 LPS + L-
NAMEvs. LPS alone; Fig. 1 ). Whenanimals were treated with
L-ARG in addition to L-NAMEand LPS, significant reversal of
this inhibition could be seen (P < 0.001). L-NAME given
alone, without LPS, had no effect on urine N02/NO3. The
mean value for urinary excretion of N02/NO3 in this latter
group was 2,054.±162, which was not significantly different
than the values obtained during the baseline period.

The concentration of N02/NO3 in the serum of rats at
baseline and after completion of each of the experimental pro-
tocols is shown in Fig. 2. The baseline serum N02/NO3 level,
pooled from all four groups, was 131.1±9 AM. 8 h after a single,
intraperitoneal injection of LPS, the N02/NO3 concentration
rose significantly to 546.1±92 AM(P < 0.001 ). This increase
was significantly prevented in rats given LPS + L-NAME (P
< 0.05). In contrast to the urinary N02/NO3 excretion, the
mean serum N02/N03 levels in rats receiving LPS + L-NAME
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Figure 2. Concentrations of N02/N03 in serum from rats at baseline
and 8 h after receiving LPS (n = 15), LPS + L-NAME (n = 12),
LPS + L-NAME + L-ARG (n = 4), or L-NAME alone (n = 5). See
text for concentrations and timing of injections of the various sub-
stances. Total NO2(after reduction of NO3) was measured using the
Griess reagent. Mean±SE; *fP < 0.001 versus baseline; tP < 0.05 ver-
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Figure 3. Urinary excretion of cGMPduring the experimental period
in rats given NS in a volume equal to that given in the other groups,
LPS or LPS + L-NAME. See text for concentrations and timing of
injections. Values are mean±SE; n = 6 rats in each group. *P < 0.05
versus NS; tp < 0.05 versus LPS.

+ L-ARG was not different than the LPS + L-NAME group.
Lastly, L-NAME alone did not significantly alter serum N02/
NO3levels compared with baseline.

Urinary cGMPexcretion. Wealso measured urinary cGMP
excretion on 8-h urine collections obtained from rats treated
with normal saline, LPS, or LPS + L-NAME. Rats injected
with saline excreted 19.5±1.4 nmol cGMP/8 h (Fig. 3)
whereas rats treated with a single injection of LPS excreted
35.8±5.5 nmol cGMP/8 h (P < 0.01 vs. NS). Lastly, the rats
that received L-NAME+ LPS excreted 21.6±3 nmol cGMP/8
h, a value that is significantly lower than rats receiving LPS
alone (P < 0.01 vs. LPS alone) and no different than rats given
saline.

Renal histology. The light microscopic and immunofluores-
cent findings of a representative glomerulus from a rat treated
with a single intraperitoneal injection of 0.1 mg/kg LPS are
shown in Fig. 4 A and B. Minimal glomerular or tubular abnor-
malities were seen in these animals and, using polyclonal anti-
body for rat fibrinogen, fibrin deposition in these glomeruli was
quite rare. In contrast, a glomerulus from a rat that received
LPS + L-NAME is shown in Fig. 4, C and D. Many of the
glomeruli from these rats showed deposition of a PAS-positive
homogeneous material within the capillary loops, as well as
proteinaceous material within Bowman's space and the tubular
lumen. In addition, there was tubular epithelial cell swelling
and desquamation noted. No significant cellular infiltration or
proliferation was noted within the glomerulus or the intersti-
tium. Immunofluorescence microscopy, (Fig. 4 D) confirmed
that the material deposited within the glomerular capillary
loops was antigenically related to fibrinogen, consistent with
fibrin. Most of the glomeruli showing thrombi had diffuse fi-
brin deposition throughout all the capillary loops, although in
some glomeruli the fibrin deposition was segmental.

Fig. 5 depicts the percent of glomeruli containing thrombo-
sis by light microscopy in rats subjected to the four experimen-
tal protocols used for the in vivo experiments. Of all the glo-
meruli examined from rats treated with LPS alone, only
2.2±2% (mean±SE) showed thrombosis whereas rats treated
with LPS + L-NAMEhad 54.6±1 1%of glomeruli thrombosed,
most of which was global (P < 0.00I compared with LPS
alone). Rats treated with LPS + L-NAME+ L-ARG had signifi-
cantly less glomerular thrombosis ( 16.5±5%) than rats treated
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Figure 4. Representative photomicrographs of glomeruli from rats given LPS alone (A and B) or LPS + L-NAME (C and D). Kidneys were re-
moved at the end of the 8-h experimental period, and portions were examined under light microscopy with PAS staining (A and C) or processed
for immunofluorescence with FHTC-labeled antibody to fibrinogen (B and D). Glomeruli from animals given LPS alone showed no significant
changes from normal and negative fluorescence whereas those given LPS + L-NAME showed extensive thrombi within the glomerular capillary
loops and markedly positive fluorescent staining (original magnification X400).

with LPS + L-NAME(P < 0.01 ). To rule out the possibility of
a nonspecific protective effect of amino acid injection on the
observed glomerular injury, five rats were treated with LPS
+ L-NAME + r-ARG (the biologically inactive enantiomer of
L-ARG, which is not a substrate for NOsynthesis). These rats
were found to have 45.8±1 1% of their glomeruli thrombosed
(n = 5, data not shown), which was not significantly different
than the LPS + L-NAME group. Finally, rats treated with L-
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NAMEalone had 4.6±2% of glomeruli thrombosed, which was
not significantly different from that observed in rats treated
with LPS alone (Fig. 5).

Ex vivo incubations. To determine possible sources of the
increased serum and urine NO2/NO3 seen in rats after LPS
treatment, selected tissues were removed at the end of the 8-h
experimental period for ex vivo incubations. NO2/ NO3produc-
tion during these ex vivo incubations in tissues from rats
treated with normal saline (NS), LPS, or LPS + L-NAME is
shown in Fig. 6. Wefind that the aortic segments, kidney slices,
and glomeruli from animals treated with LPS all produced
more N02/NO3 during the 24-h ex vivo incubation than simi-
lar tissues taken from animals treated with NS. Aortic seg-
ments, whole kidney slices, and glomeruli from LPS-treated
rats produced 2.4-, 2.0-, and 48.0-fold more N02/NO3, respec-
tively, than the same tissues from NS-treated rats. This induced
production of N02/NO3 was markedly reduced in the same
tissues obtained from rats treated with LPS + L-NAME, con-
firming that the NO2/NO3measured in the media derives from
NO. In contrast, the cortical tubules from NS-, LPS-, and LPS
+ L-NAME-treated rats all produced similar amounts of NO2/
NO3 during the ex vivo incubation (Fig. 6), suggesting that
LPS does not stimulate NOproduction in this tissue.

Figure 5. Percent of glomeruli with thrombosis in kidneys from the
four experimental groups. 50 glomeruli from each kidney were ex-
amined under light microscopy and the results shown are the
mean±SE in kidneys from five to eight rats from each group. *P
< 0.001 versus LPS; tp < 0.01 versus LPS + L-NAME.

Discussion

Our studies demonstrate that a single intraperitoneal injection
of LPS increases the levels of the NOend products, NO2and
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Figure 6. N02/NO3 production by rat aortic segments, whole kidney
slices, isolated glomeruli, and cortical tubular fragments after ex vivo
incubation. Rats were injected in vivo with either NS (solid bars),
LPS (hatched bars), or LPS + L-NAME(stippled bars). See text for
details of the concentrations and timing of the injections. 8 h after
the injections, rats were killed and tissues were removed and incu-
bated for 24 h in Eagle's MEMcontaining 1 mML-ARG and 10%
serum. Total NO2(after reduction of NO3) was measured in the me-
dium and factored for wet weight of the tissue in the same dish. Tis-
sues were pooled from eight rats in one experiment and four rats in a
second experiment. Values shown are the means of the results from
these two experiments.

NO3, in the serum and urine of rats. The changes in urinary
NO2/NO3 were completely inhibited by the NOsynthesis in-
hibitor, L-NAME, and significantly restored when rats were
given excess L-ARG in addition to LPS + L-NAME. This con-
firms that the changes in urinary NO2/NO3 that we detected
were due to changes in NOproduction. The serum NO2/NO3
levels were also significantly, although not completely inhib-
ited in rats given LPS + L-NAME. L-ARG failed to reverse this
inhibitory effect, but this could be due to the fact that the serum
NO2/NO3 levels represent a single point in time whereas the
urine N02/NO3, measured on a timed collection, represents a
more integrated value, reflecting the accumulated NO2/NO3
production during the entire 8-h experimental period. Alterna-
tively, it may suggest that exogenous L-ARG is more effective
in reversing the inhibitory effect of L-NAMEon NOsynthesis
in the kidney. In either case, our studies demonstrate that LPS
given in vivo to rats can induce endogenous production of NO.
Our findings are consistent with a previous report in mice (22)
and with a recent publication by Hibbs et al. (23), which dem-
onstrated increases in serum and urine ['5N] NO3 in humans
given L-[ '5N]arginine and interleukin-2. This latter study, as
well as the present results, establish that urinary NO2/NO3
excretion, and perhaps to a lesser extent serum concentrations
of N02/NO3, can be used as markers of NOproduction in
vivo.

Urinary excretion of cGMPhas previously been shown by
Tolins et al. (24) to be a marker of NOsynthesis after intrave-
nous acetylcholine infusion. In that study, acetylcholine was
thought to stimulate NOproduction via the constitutive NO
synthase in the vascular endothelium. In the present study, we
show that urinary cGMPexcretion also increases after LPS and
that this rise is prevented when L-NAME is given with the LPS.
These changes in urinary excretion of cGMPare further evi-
dence that LPS induces NOproduction in vivo. Furthermore,
the increase in cGMPexcretion suggests that the NObeing
produced is biologically active since most cellular actions of

NOoccur via stimulation of intracellular soluble guanylate cy-
clase, leading to increases in cGMP(6, 11, 12).

Our in vivo studies do not allow us to determine precisely
the relative contributions of different tissues to the changes in
serum and urine NO2/NO3 after intraperitoneally injected
LPS. However, the ex vivo incubations demonstrate that the
aorta, the kidney, and the glomeruli, taken from animals
treated in vivo with LPS all produced greater amounts of NO2/
NO3than tissues removed from animals treated with saline. Of
all tissues tested, the glomeruli showed the most dramatic in-
crease in N02/NO3 after exposure to LPS. Moreover, the in-
creased production of NO2/NO3was inhibited in tissues taken
from animals treated with LPS + L-NAME. The stimulatory
effect of LPS continued for 24 h after removing the tissues from
the animals, suggesting that either the LPS accumulates in
these tissues or, more likely, that an NOsynthase enzyme has
been induced and continues to synthesize NOeven after the
stimulus is removed (25).

These results are consistent with the findings of ourselves
and others of an inducible NOsynthase in vascular smooth
muscle and glomerular mesangial cells in culture (10, 11 ). In
those studies, 2 4 h of incubation with LPS were required be-
fore increases in NO2/NO3and cGMPcould be detected from
the mesangial cells (11). Other investigators have demon-
strated an inducible type of NOsynthase enzyme, responsive to
LPS and other cytokines, in macrophages (6, 26). Glomerular
endothelial cells also possess an inducible cytokine-stimulated
NOsynthase, in addition to the well-studied constitutive iso-
form (27). Thus although several different cell types within the
aorta and glomerulus may be contributing to the changes in
NO2/NO3 that we measured, it is clear that the aorta and kid-
ney are major sources of the LPS-induced NOproduction in
vivo in our studies. Whether the constitutive NOsynthase en-
zyme in vascular or glomerular endothelium is also activated
under these experimental conditions is difficult to conclude
from the present studies.

No significant changes in renal function or histology were
detected after the single injection of LPS. This is consistent
with many previous studies demonstrating that a single injec-
tion of LPS in a normal rat is not sufficient to cause renal
cortical necrosis (2, 3, 28). However, in our rats given the NO
synthesis inhibitor L-NAME, in addition to a single injection of
LPS, we found a significant reduction in CrCl as well as throm-
bosis and fibrin deposition within the glomerular capillaries
(Table I and Fig. 4). The histological changes within the kid-
ney are similar to what has been described in the generalized
Schwartzman reaction (3, 29). Partial restoration of NOpro-
duction by L-ARG significantly reversed both the decrease in
CrCl and the glomerular thrombosis seen with LPS + L-
NAME. The effect of L-ARG was specific, presumably by over-
coming the competitive inhibitory effect of L-NAME, since
D-ARGdid not reverse the glomerular injury induced by LPS
+ L-NAME. Importantly, NO synthesis inhibition by itself
caused only an insignificant decrease in CrCl and caused glo-
merular thromboses in < 5%of glomeruli. Weconclude from
these studies that inhibition of the LPS-stimulated NOproduc-
tion leads to glomerular thrombosis and dysfunction whereas
inhibition of basal NOproduction does not. Wespeculate that
direct injury to the vascular endothelium from LPS (4) in addi-
tion to loss of NOproduction are required for glomerular
thrombosis to occur.
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Marked increases in proteinuria were also observed in the
animals given LPS + L-NAME. However, nearly similar de-
grees of proteinuria were seen in the rats that received L-NAME
alone. Since the latter animals had minimal glomerular dam-
age upon histological examination, it is unlikely that the pro-
teinuria is indicative of renal injury in this case. Rather, it is
probable that the proteinuria observed in our model after NO
inhibition was due to glomerular hypertension, since both the
group treated with L-NAMEalone and those treated with LPS
+ L-NAMEhad systemic hypertension. In addition, recent mi-
cropuncture studies have demonstrated that both acute and
chronic inhibition of NOsynthesis leads to increased glomeru-
lar capillary pressure (29, 30) and the latter was also associated
with proteinuria in the rat (30).

Most investigators now concur that NOis one of the endo-
thelium-derived relaxing factors and that it plays a role in basal
vascular tone, as well as in disease states, such as hypertension
and acute renal failure (24, 31, 32). Most of this work has
studied alterations in the constitutive enzyme within the vascu-
lar endothelium. However, as discussed above, it is likely that
LPS is activating the inducible type NOsynthase in the present
studies. Although LPS alone did not cause a reduction in sys-
temic blood pressure in our hands, others have suggested that
NOproduced in response to high circulating levels of endo-
toxin and/or cytokines may be responsible for vasodilatation
and shock sometimes seen in these conditions ( 12-14). In this
way, NOcould contribute in a detrimental way to the patho-
physiology of endotoxemia. However, local vasodilatation in-
duced by NOcould also help to maintain critical organ perfu-
sion during periods of hypoperfusion. In addition, the antiag-
gregatory and antiplatelet adhesion properties of NO(5, 7, 8)
could protect against vascular thrombosis in small vessels.
Both of these actions of NO, as well as other yet undefined
effects, could be protective in endotoxemia and may explain
why inhibition of NOproduction in our model caused exten-
sive glomerular thrombosis and renal dysfunction. A recent
study has observed increased thrombosis and necrosis in the
livers of rats treated with Corynebacterium parvum + LPS after
inhibition of NOproduction (33). Thus, it is likely that pre-
vention of LPS-induced NOproduction can lead to capillary
thrombosis in a variety of organs and confirms our concept
that NOproduction in response to LPS is a protective or coun-
terregulatory response.

Species and individual variability in the susceptibility to
acute and chronic renal failure during endotoxemia is well doc-
umented (2, 28). Most animal species require a "priming"
maneuver before LPS injection to develop glomerular thrombi
(2, 3, 28). In addition, in clinical medicine, it is well known
that not all patients with endotoxemia, or even all those with
septic shock, develop acute renal failure or cortical necrosis
(34). It is possible that an individual's capacity to produce NO
in response to LPS, as well as variations in the local response to
this mediator, could determine the overall clinical outcome of
individuals with endotoxemia.

Recent studies have suggested that inhibition of NOmay
improve the systemic vasodilitation and hypotension asso-
ciated with endotoxemia and septic shock ( 15, 35 ), however,
others have suggested that high doses of NOsynthesis inhibi-
tors in this setting may increase mortality (36). Our study sug-
gests that inhibition of NOsynthesis may induce or potentiate
glomerular thrombosis and injury during endotoxemia. There-

fore, we conclude that any therapeutic manipulation of NO
production in vivo must be undertaken cautiously. A complete
understanding of the physiological and pathophysiological as
well as the potential therapeutic role of NOin renal disease
must await further studies.
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