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Nitric Oxide Elevation in Polytrauma is Driven by Oxygen Radicals
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Summary

A common problem in management of polytrauma -
a simultaneous injury to more than one organ or organ system,
at least one of them lethal without intervention — is a discrepancy
between a relatively good initial state and a serious subsequent
development. Since nitric oxide (NO) is produced in high
quantities during tissue injury, we assumed that serum levels of
NO (and its oxidation products, NOx) might serve as a prognostic
marker of polytrauma severity. However, we found recently that
NOx was increased in polytrauma, but not in the most severe
cases. The present study was undertaken to test the hypothesis
that serum NOXx is reduced in severe polytrauma by concomitant
overproduction of reactive oxygen species (ROS). Polytrauma
was induced in rats under anesthesia by bilateral fracture of
femurs and tibiae plus incision of the right liver lobe through
laparotomy. Serum NOx was measured by chemiluminescence
after hot acidic reduction. The role of ROS was assessed by
N-acetyl-L-cysteine (NAC).
polytrauma elevated NOx from 11.0£0.7 to

treatment with an antioxidant,
Experimental
23.8%4.5 ppb. This was completely prevented by NAC treatment
(9.1£2.2 ppb). Serum NOx is elevated in severe polytrauma, and
this is not reduced by ROS. On the contrary, ROS are necessary
for the NOx elevation, probably because ROS produced by
inflammatory cells activated by the polytrauma induce massive
NO production.
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Introduction

Polytrauma is defined as a simultancous injury
to more than one organ or organ systems, where at least
one of those injuries is of such a degree or nature that,
without urgent treatment, can cause death. Patients with
polytrauma are at high risk of developing shock that can
quickly lead to death. Even if shock is managed
successfully, another serious risk is the development of
syndrome (SIRS),
frequently followed by multiorgan failure (Keel et al.

systemic inflammatory response
2005). A common clinical problem in polytrauma is
a discrepancy between a relatively satisfactory initial
clinical state of the patient on one hand and a serious
subsequent development on the other. Therefore, an early
marker of the severity of polytrauma with a predictive
value is desirable.

Nitric oxide (NO) is produced in high quantities
during tissue injury (Pacher et al. 2007) and this
overproduction contributes to the development of shock.
It is thus reasonable to expect that plasma levels of stable
NO forms on admission might represent such a marker.
In aqueous milieu, NO is rapidly oxidized by oxygen to
nitrites and, in the presence of heme proteins, to nitrates
(Moncada et al.
concentrations of NO and its oxidation products, NOx,
has to be used instead of just NO concentration (Archer et
al. 1994, Archer et al. 1995).

In line with this reasoning, we found in a recent

1993). Therefore, sum of plasma

study that plasma NOx concentration on admission
correlated positively with the severity of subsequent
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clinical course of patients with polytrauma (Beitl et al.
2016). Surprisingly, though, this was not true for the most
critically ill patients — those who needed resuscitation or
subsequently died. Their plasma NOx on admission was
similarly low as in healthy controls (Beitl ef al. 2016).

One possible explanation of this paradox could
be a rapid inactivation of NO by its reaction with
superoxide, a radical that is produced at a high rate during
inflammatory response to tissue injury (Aller et al. 2004).
If this explanation is valid, then the low plasma NOx in
extreme polytrauma should not occur if the superoxide-
NO interaction is prevented (e.g. by amplified superoxide
scavenging).

To test this hypothesis, we utilized a rat model of
polytrauma and measured plasma NOx with and without
treatment with N-acetyl-L-cysteine (NAC). NAC is
a precursor of glutathione that, in turn, is one of the main
defenses of the organism against oxidative stress (Halliwell
2012, Koekkoek et al. 2016, Zhang et al. 2011). Our
laboratory had previously used NAC to affect pathological
processes in the lungs (Lachmanova et al. 2005).

Methods

Three groups of adult male Wistar rats (body
weight 444-570 g with no differences among the groups)
were used with the permission of the Ethical Committee
of our institution, in accordance with EU standards. All
procedures were performed under deep anesthesia with
IP ketamine (100 mg/kg) + xylazine (16 mg/kg). In one
group (CA, n=6), NOx (and
hematocrit) determination were drawn from a cannulated

blood samples for

carotid artery before and 12-20 min after inflicting
polytrauma  (pre-PT and  post-PT
measurement, respectively). The catheter was also used to

experimental

follow the mean systemic arterial blood pressure (SBP).
In another group, the procedure was identical, but an
i.p. injection of NAC aqueous solution (400 mg/kg)
(Akbay et al. 1999) was given concurrently with the
induction of anesthesia (CA+NAC, n=6). Since the
process of carotid artery cannulation itself represents
a degree of trauma, another group was used in which this
procedure was avoided. Blood samples in this group
(LV, n=6) were obtained under the same anesthesia by
a quick puncture of the left ventricle across the chest
wall.

Polytrauma was modeled under anesthesia by
bilateral fracture of femurs and tibiae (Ban et al. 2008)
plus incision of the right liver lobe through laparotomy.
This represents a severe polytrauma (in humans with
similar injuries, the ISS score would be above 25). The

ensuing blood loss resulted into gradual SBP decline. The
post-PT blood sample for NOx determination was taken
when the SBP dropped to one half of its initial value.

Serum NOx concentration was measured by
chemiluminescence NO analyzer (Sievers NOA 270)
after hot acidic reduction, as described previously (Beitl
et al. 2016, Hampl et al. 1996), and expressed as parts per
billion (ppb) of NO in the stripping gas.

The data were evaluated statistically using the
GraphPad Prism 6 software. Unpaired t-test, one-way
ANOVA followed by Tukey's multiple comparisons post
hoc test or two-way ANOVA were used as appropriate,
with P<0.05 considered significant. The results are
presented as means = S.E.M.

Results

In the LV group, serum NOx concentration was
11.0+0.7 ppb. There was a tendency for the carotid artery
cannulation procedure to increase NOx (to 15.6+1.6 ppb
in the CA group pre-PT) that, however, did not reach
statistical significance. The experimental polytrauma
caused further, this time significant, rise in NOx
(to 23.8+4.5 ppb; Fig. 1). NAC administration at the time
of inducing anesthesia resulted in NOx concentration
pre-PT that was significantly lower than that without
NAC (9.1£2.2 ppb). NAC prevented any increase in NOx
after polytrauma (Fig. 1).
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Fig. 1. N-acetyl-L-cysteine (NAC) prevents an increase in serum
NOx concentrations caused by experimental polytrauma.
LV = the group in which blood samples were obtained by left
heart ventricle puncture; CA = the group in which blood samples
were obtained from cannulated carotid artery; CA+NAC = the
group in which blood samples were obtained from cannulated
carotid artery after treatment with NAC; pre-PT = measurement
obtained before inflicting experimental polytrauma;
post-PT = measurement obtained when systemic blood pressure
fell to 50 % of its initial value after inflicting experimental
polytrauma. * P<0.05.



2017

Nitric Oxide in Polytrauma S563

Administration of NAC did not affect mean SBP
pre-PT (68.5£3.8 mm Hg in CA, 73.5+5.0 mm Hg in
CA+NAC, P>0.05), nor post-PT (28.844.6 vs.
19.3+£0.7 mm Hg, P>0.05). Similarly, hematocrit was not
affected by NAC pre-PT (42.5£0.9 % in CA, 41.3+0.7 in
CA+NAC, P>0.05) nor post-PT (19.2+0.5 s.
14.3+2.3 %, P>0.05).

Discussion

The main finding of this study is that
augmentation of antioxidant defense by NAC admini-
stration prevents serum NOx increase caused by
experimental polytrauma. In addition, this experiment in
rats confirms our previous finding in human patients that
serum NOxX is a suitable candidate for a marker of the
severity of polytrauma clinical course. Our observation
that the procedure of carotid artery cannulation did not
result in an increase in serum NOx that would be
statistically significant corresponds to our previous
finding in humans that only more severe, but not minor,
injuries cause NOx elevation (Beitl ef al. 2016). In terms
of practical utility, this is advantageous — serum NOx
seems to be a selective marker of only a serious, but not
minor, injury. This — together with the significant
elevation of NOx after experimental polytrauma —
confirms the selectivity of this marker for just serious
injuries.

The present study in rats did not replicate our
previous finding in human patients that serum NOx
increases only up to quite severe polytrauma, but the
most serious cases display normal NOx levels (Beitl et al.
2016). In fact, our experimental rats were in a serious
condition after the polytrauma — their mean SBP fell by
one-half at the post-PT
NOx measurement, as did their hematocrit. The reason

about time of the
for this discrepancy cannot be revealed from our data, but
it is possible that the differences in methodology might
be responsible. In human patients, NOx levels had
predictive value only when measured on admission to the
trauma center, but not later (Beitl e al 2016). In the
experimental rats, the post-PT values were measured only
after the animals proceeded to a critical condition.
Alternatively, the differences in treatment are likely to
contribute to the observed discrepancy. While the human

patients with severe polytrauma received massive
supporting therapy, the rats were left with no
intervention.

Treatment with NAC completely prevented the

increase in NOx after polytrauma. This result very clearly
refutes the hypothesis that increased superoxide levels are
responsible for the reduction of NOx observed in human
patients with extremely severe polytrauma. If it were so,
NAC treatment should potentiate, rather than reduce
NOx. Our present results prove that the causality is the
other way around — ROS are necessary for the elevation
of NOx in polytrauma. The most likely explanation is that
ROS)
inflammatory cells activated by the polytrauma induce

superoxide  (and/or  other produced by
massive NO production. One likely mechanism involves
stabilization of hypoxia-inducible factor(s) (HIF) by ROS
(Niecknig et al. 2012, Pan et al. 2007). HIF is well
known to regulate vascular endothelial growth factor
(VEGF) (Forsythe et al. 1996) that, in turn, induces and
upregulates NO synthase (Kroll et al. 1998, Shen et al.
1999). VEGF is upregulated in polytrauma (Grad et al.
1998, Vajtr et al. 2014). The NO production must be
high, as the

insufficient to offset this effect. The most likely source of

interaction with superoxide appears
greatly elevated NO production is the inducible isoform
of the NO synthase. Most of the cells that express this
enzyme are sensitive to oxidative stress (Preiser 2012).

NO participates in the maintenance of
SBP (Hampl et al. 1993). Thus, reduced NOx after
NAC treatment in polytrauma might be expected to help
prevent the drop in SBP. However, We did not observe
any significant effect on SBP post-PT caused by NAC. It
is possible more effect could be seen with more
prolonged duration, or factors other than NO play
considerably larger role in severe hypotension.

An important practical question is whether our
results with NAC can have some practical utility. Serum
NOx concentration can either be just a marker of injury,
or it can, in addition, have a pathogenetic role in the
consequences of polytrauma. If the latter is true, then
augmentation of the antioxidant defense, for example by
NAC (a substance already used clinically), can improve
the prognosis of patients with severe polytrauma. This is
quite likely, inasmuch high production of the highly
reactive NO are well known to damage proteins, lipids
and DNA (Pacher et al. 2007). Further research of this
issue is warranted.

In conclusion, we have shown that experimental
polytrauma in rats causes elevation in serum NOXx
concentration that is prevented by antioxidant treatment
with NAC. This implies that ROS production is necessary
for the NOx to rise after polytrauma.
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