Is the L-Arginine-Nitric Oxide Pathway Involved in Endotoxemia-Induced
Muscular Hypercatabolism in Rats?
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We investigated the role of the nitric oxide (NO) synthase (NOS)} pathway in muscular metabolism during endotoxemia in four
groups of male Wistar rats. Two groups were injected with the lipopolysaccharide (LPS) of Escherichia coli (3 mg/kg), with one
group treated using NS-nitro-L-arginine methylester ([L-NAME] 85 mg/kg/d} and the other not. The two control groups
included one treated with L-NAME and the other not. After 24 hours of fasting, the rats were fed by controlied enteral nutrition
and killed on day 3. The results showed that (1} NOS inhibition was detrimental during endotoxemia, increasing lethality from
20% to 80.5%, and (2) NOS inhibition did not modify the hypercatabolic state consecutive to endotoxemia, particularly at the
muscular level (nitrogen balance, total-body and muscular weight loss, and muscular protein and glutamine concentrations).
However, myofibrillar catabolism was delayed in the LPS-NAME group. In conclusion, NO production is of major importance
for survival after an endotoxemic challenge, but contributes weakly to the metabolic response of muscle to injury.
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ITRIC OXIDE (NO) is a versatile molecule produced by
mammalian cells, formed from L-arginine and molecular
oxygen by NO synthase (NOS) and yielding L-citrulline as a
coproduct. Several types of NOS, constitutive (cNOS) or
inducible (iNOS), have been described and are selectively
inhibited by arginine analogs.!

Endotoxemic shock is mainly characterized by acute cardio-
vascular collapse resulting from the systemic response to
bacterial infection? and results in hypotension, a lack of
response to vasoconstrictors, intestinal damage, and multiorgan
failure. During endotoxemia or septic shock, increased NOS
activity leads to NO overproduction, which is responsible for
some of the associated hemodynamic disorders.! In addition to
hypotension and intestinal damage, one of the major character-
istic responses to injury is muscular weight loss, net proteolysis,
and a decrease in the muscle glutamine concentration due to a
high rate of transfer from the muscle to the splanchnic area,
kidneys, and immune cells.®> These processes depend on hor-
mones and are modulated by cytokines, particularly tumor
necrosis factor alpha, for which NO acts as a second messen-
ger.* Endotoxins and cytokines can act as signals to increase NO
production.! In addition, several recent studies indicate that
muscle tissue produces NO>!® and increases NOS activity in
various pathological conditions, with upregulation of cNOS and
expression of INOS.% 10 However, whether increased NO produc-
tion is involved in the muscular hypercatabolic response during
injury remains to be clarified.

The purpose of the present study was to evaluate the
implication of the L-arginine-NO pathway in muscular metabo-
lism during septic shock. The well-described and reproducible
model of endotoxemia in young rats was used to mimic a septic
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shock-like syndrome. To determine the role of NO in muscular
changes, NOS was selectively inhibited with NC-nitro-L-arginine
methylester (L-NAME) during the 3 days of the hypermetabolic
phase in response to lipopolysaccharide (LPS) injection.

MATERIALS AND METHODS
Animals

Eighty-three male Wistar rats (Centre d’Elevage René Janvier,
Saint-Denis-les-Laval. France) aged 4 weeks and weighing 90 to 110 g
were used for three consecutive experiments. They were housed
mdividually in stainless steel wire-bottom metabolic cages on a
reversed 12-hour light/dark cycle (8 aM to 8 PM) in a thermostatically
controlled room (22°C). They were acclimatized for 5 days to standard
laboratory conditions with free access to water and rat chow (Usine
d’Alimentation Rationnelle [UAR] AO3; Epinay-sur-Orge, France)
before beginning the experiments. Animal care comphed with the rules
of the Saint-Antoine Hospital. In addition, three of the investigators
(J.G.. L.C, and C.C.-L.) are authorized by the French Ministry of
Agriculture to use this experimental model.

Study Design

After acclimatization, the rats were randomly ailocated into four
groups defined by the presence or absence of LPS administration and
NOS inhibition with L-NAME (Table 1). Injections were performed
intraperitoneally (volume, 1 mL/100 g body weight). The following
groups were used: LPS-NAME, 36 rats injected first with 85 mg/kg
L-NAME (Sigma-Aldrich, Saint Quentin Fallavier, France) dissolved in
saline and 30 minutes later with 3 mg/kg endotoxin from Escherichia
coli 0127:B8 (Sigma-Aldrich) dissolved in salme: LPS, 18 rats injected
first with saline and 30 minutes later with 3 mg/kg endotoxin from E.
coli 0127:B8 dissolved in saline; T-NAME, 13 rats first injected with 85
mg/kg L-NAME dissolved in saline and 30 minutes later with saline;
and T, 16 rats injected twice with saline. The LPS-NAME group was made
larger than the others because of the high mortality rate expected.!1-12

After injections, the rats were fasted for 24 hours with free access to
water (day O to day 1) to aggravate the effects of injury and induce
long-lasting metabolic alterations.!® Enteral nutrition (Osmolite: Ab-
bott, Rungis, France) was then administered for 48 hours from day 1 to
day 3 in three daily gavages (210 kcal/kg/d, 1.2 g N/kg/d).!* In the
T-NAME and LPS-NAME groups, L-NAME (85 mg/kg/d) was mixed
with the enteral nutrition to maintain NOS inhibition till death. Finally.
the surviving rats were killed by decapitation on day 3.

From day O to day 3, the rats were monitored for total body weight
variation and urine was collected daily and stored at —20°C for
determination of nitrogen and 3-methythistidine (3-MH) excretion. A
50-pl vol of 1%o sodium ethylmercurithiosalicylate solution (Prolabo,
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Table 1. Definition of Four Experimental Groups According
to the Presence or Absence of NOS Inhibition and Endotoxemia

T T-NAME LPS LPS-NAME
Parameter {n =17} {n = 13) (n = 20) {n = 36)

First injection, time 0

Saline + - + -

L-NAME - + - +
Second injection, time

0 + 30 min
Saline + + - —
LPS - - + +

Paris, France) was added to each urine collection container to prevent
bacterial growth. At death, the anterior tibialis and extensor digitorum
longus were promptly removed, weighed, and stored at —80°C until
determination of total protein and glutamine concentrations.

Measurements

Urinary nitrogen. Total urmary nitrogen levels were measured by
chemiluminescence on an Antek 8000 N (Antek Instrument, Dussel-
dorf. Germany). Day-to-day nitrogen balance was calculated (difference
between nitrogen intake and urinary nitrogen excretion).

Urinary 3-MH. In the rat, 3-MH is chiefly excreted in the urine in
acetylated form. Therefore, samples were hydrolyzed with HC1 6 mol/LL
(vol/vol) at 100°C for 24 hours before quantification by ion-exchange
chromatography and ninhydrin detection using a model 6300 analyzer
(Beckman, Palo Alto, CA).

Muscle glutamine. Muscles were homogenized in 10% trichloroace-
tic acid containing 0.5 mmol/l EDTA. After centrifugation. glutamine
concentrations were measured in supernatants by ion-exchange chroma-
tography on a Beckman 6300 analyzer.

Total muscle protein. After homogenization of the muscles and
centrifugation, total muscle protein concentrations were measured by
the method of Gornall et al’® on centrifugation precipitates after
treatment with NaOH 1 mol/L.

Statistical Analysis

Data are expressed as the mean * SD. Comparisons were made using
the x? test for the mortality rate and one-way ANOVA for all other
parameters. When ANOVA results indicated an overall significant
difference among the four groups, the Newman-Keuls test was per-
formed to determine which groups differed. Differences were consid-
ered significant at a P level less than .05.
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RESULTS
Mortality Rate

Deaths occurred only in groups injected with LPS, within 24
hours after treatment. The results showed that NOS mbhibition is
deleterious in endotoxemic rats: the mortality rate in the
LPS-NAME group (80.5%) was statistically higher (x? = 19.48,
P <.001) than in the LPS group (20%). Moreover, deaths
occurred earlier in the LPS-NAME group, with 62% of deaths
(18 of 29) in the first 6 hours versus 0% (none of four) in the
LPS group. Two rats were accidentally killed during gavages in
the LPS group.

Consequently, 50 rats had a full 3-day follow-up period (T,
n = 16: T-NAME, n = 13; LPS, n = 14; LPS-NAME, n = 7).

Weight Variation

No statistically significant differences were found among the
animals for day-to-day total body weight variation (data not
shown). In particular, no difference among the groups appeared
during the 2 days of enteral nutrition.

Nitrogen Balance

Day-to-day nitrogen balance is presented in Fig 1. On day 1,
nitrogen balance was more negative (P <.0l) in the two
injured groups (LPS and LPS-NAME) compared with the
control groups (T and T-NAME). This difference persisted for
the first 24 hours of renutrition (P <C.05). but only the
LPS-NAME group maintained a negative nitrogen balance on
day 2 that was still not statistically different versus the LPS
group (P = .06). On day 3, nitrogen balance was positive in all
groups, with no difference between groups.

Myofibrillar Catabolism

Day-to-day total urinary excretion of 3-MH was used to
evaluate myofibrillar catabolism (Fig 2). On day 1, increased
excretion was found in the LPS group compared with all other
groups (P < .01), with no difference between LPS-NAME, T,
and T-NAME. On day 2, myofibrillar catabolism in the LPS
group remained higher compared with the T and T-NAME
groups (P << .01), but the highest excretion rate for 3-MH was
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Fig 1. Effect of endotoxemia and NOS inhibition on day-to-day nitrogen balance. Results are the mean = SD. T, n = 16; T-NAME, n = 13; LPS,

n = 14; LPS-NAME, n =

7.*P < .05and **P < .01 vT; TP < .05and 1P < .01 vT-NAME.
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Fig 2. Day-to-day and 3-day cumulative urinary 3-IVMIH excretion. Results are expressed as nmol/24 h or nmol/3 d. T, n = 16; T-NAME, n = 13;
LPS, n = 14; LPS-NAME, n = 7. *P < .01 vT; TP < .01 vT-NAME; P < .05 vLPS.

found in the LPS-NAME group (P < .01 v all others). On day 3,
the groups were not different. Three-day cumulative values
showed that 3-MH urinary excretion was higher in both
endotoxemic groups versus controls (P < .01), with no differ-
ence between LPS and LPS-NAME groups. This figure was the
same when comparisons were made cumulatively for day 1 and
day 2, ie, during the high myofibrillar catabolism period.

Muscular Parameters

On day 3, the anterior tibialis weight was decreased in both
endotoxemic groups compared with the T group. In addition,
the anterior tibialis weight was also lower in the LPS-NAME
group compared with the T-NAME group (Table 2). No
differences were found for the protein concentration in muscle.
Muscular glutamine concentrations were decreased in the LPS
and LPS-NAME groups compared with the T and T-NAME
groups (P < .01). The same statistical significance was found in
extensor digitorum longus for the weight and protein and
glutamine concentrations as observed in anterior tibialis (data
not shown).

DISCUSSION

Despite the plethora of biological functions proposed for NO,
studies relating NO to skeletal muscle metabolism are few, and
a role for NO in muscular metabolism during injury has not
been investigated. However, it is well documented that LPS
injection is responsible for induction of the iNOS isoform?5-16
and upregulation of the NOS isoform® with increased muscular
NO production. In addition, it has been shown that NO
production is implicated in decreased muscular strength® and
modulates glucose transport.'®16 Given that during septic shock,

skeletal muscle undergoes catabolism for energy production
and inflammatory protein synthesis, we investigated the relation-
ship between NO production and alteration in muscle protein
metabolism. Accordingly, an endotoxemic rat model developed
by our group!* was used to evaluate the effect of NOS inhibition on
the induced hypercatabolic state especially at the muscular level.

Weanling rats were chosen because young animals (4 weeks
old) are in an anabolic phase and more sensitive to injury. Given
that the rat is resistant to trauma and early enteral feeding
induces rapid recovery,!>!7 induction of a hypercatabolic state
in this model requires more than endotoxemia, ie, 24-hour
fasting followed by low-calorie hyponitrogenous nutrition.
Controlled hyponutrition with enteral feeding was also advanta-
geous, enabling us to form pair-fed groups, because endotox-
emia generates anorexia!® and NO can modulate food intake.!®
Hence, this method of feeding avoids the influence of variable
food intake on the metabolic changes observed.

L-NAME was chosen because it is the inhibitor most
frequently used in similar studies in rats using experimental
models of injury. At the muscular level, it has been shown that
L-NAME can inhibit NO production in vivo?®2! and in vitro,'6
particularly using the oral route and a dose similar to that used
in the present study.?! We also verified that the active metabolite
of L-NAME, L-nitro-arginine,?? which is the true inhibitory
molecule, was found in anterior tibialis and extensor digitorum
longus in muscle amino acid chromatograms.

In our experimental model, long-term administration of 85
mg/kg L-NAME in healthy rats for 3 days did not induce any
significant modifications compared with untreated healthy rats.
This indicates that L-NAME has no action per se on the
parameters studied, and therefore, any differences observed

Table 2. Muscular Weight, Total Protein, and Free Glutamine on Day 3 in Anterior Tibialis (mean + SD)

T T-NAME LPS LPS-NAME
Parameter (n =16} (n=13) {n=14) (n=7)
Muscular weight (mg/100 g) 369 + 17 358 * 23 349 * 26* 333 = 23t1%
Protein {mg/g muscle) 178 + 18 165 * 27 171 = 16 158 = 30
Glutamine (umol/L) 7,284 + 1,028 7,114 = 1,441 5,649 + 92818 4,876 = 28418

*P<.05,TP<.01VvT.
$P < .05, 8P < .01 vT-NAME.
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between the two injured groups, such as lethality, can be
attributed to NOS pathway-LPS interactijon.

Endotoxin from E. coli 0127:B8 3 mg/kg has been shown to
be a nonlethal dose in adult rats."* Hence, the mortality rate of
20% in the LPS group we observed is probably related to the use
of young animals, which are usually more sensitive to injury.
Concerning the early high mortality rate observed in the
LPS-NAME group, data from the present experiments are
consistent with previous studies showing a detrimental role for
NO inhibition during endotoxemia.!'? In the present experi-
ment, because deaths in the LPS-NAME group were observed
within the 6 first hours after injections, these could be related to
an early aggravation of cardiovascular failure consequent to
increased plasma levels of tumor necrosis factor alpha and
interleukin-6 that are reported to be involved in this lethal-
ity.1>23 No attempt was made to measure plasma cytokine levels
in the present study.

Although NOS inhibition severely impairs the cardiovascular
system during endotoxemia, the present study provides evi-
dence that the hypercatabolic state and its important muscular
component are not clearly aggravated. The nitrogen balance showed
that endotoxemia induces a catabolic state for 2 days that is not
significantly modified by NOS inhibition. Related to this hyperme-
tabolism, the glutamine depletion found in muscles of endotoxemic
rats!* also is not significantly worsened by NOS inhibition.

Muscle weight loss observed during endotoxemia is known
to be related to myofibrillar catabolism, with transfer of amino
acids from the muscle to splanchnic areas for energy production
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and inflammatory protein synthesis. In our model, this muscle
weight loss, found at the same level in the LPS and LPS-NAME
groups, shows no further action due to L-NAME treatment.
NOS inhibition also has no effect on the muscular protein
concentration.

However, daily urinary 3-MH excretion shows that myofibril-
lar catabolism in endotoxemic rats is modified by L-NAME
treatment. NOS inhibition delays the urinary 3-MH excretion
peak in endotoxemic rats from day 1 to day 2 without increasing
the cumulative excretion observed during the 3-day follow-up
period. This transiently delayed 3-MH excretion was not
previously reported. It may also indicate that NOS inhibition
induced a strong deleterious effect on renal and/or hepatic
function. A profound renal insufficiency in the LPS-NAME
group does not seem to be involved, since diuresis and urinary
nitrogen and creatinine excretion were not different in the LPS
and LPS-NAME groups during the 3-day follow-up period
(data not shown). However, the precise state of renal function is
unknown on day 1, ie, when 3-MH excretion is altered in the
LPS-NAME group, because plasma creatinine and creatinine
clearance were not evaluated at that time. A defect in hepatic
acetylation of 3-MH may also be involved, because 3-MH in
rats is chiefly excreted in the acetylated form. This possibility
deserves further investigation.

In conclusion, NOS expression appears to be of major importance
for survival after an endotoxemic challenge, but seems weakly
contributive to the metabolic response of muscle to injury.
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