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Hypocapnia attenuates mesenteric ischemia-reper-
fusion injury in a rat model

[L’hypocapnie atténue la lésion mésentévique d’ischémie-veperfusion chez un modele rat|

Michelle Duggan MD,*t1 Doreen Engelberts,* Robert P. Jankov MD,*§ Jordan M. A. Worrall,q Rong Qu msc,q
Gregory M. T. Hare MD phD,q A. Keith Tanswell MD,*§ J. Brendan Mullen mMD,|| Brian P. Kavanagh mp*t

Purpose: Hypocapnia, a recognized complication of high frequen-
cy oscillation ventilation, has multiple adverse effects on lung and
brain physiology in vivo, including potentiation of free radical injury.
We hypothesized that hypocapnia would potentiate the effects of
mesenteric ischemia-reperfusion on bowel, liver and lung injury.
Methods: Anesthetized male Sprague-Dawley rats were ventilat-
ed with high frequency oscillation and were randomized to one of
four groups, exposed to either mesenteric ischemia-reperfusion or
sham surgery, and to either hypocapnia or normocapnia.

Results: All animals survived the protocol. Ischemia-reperfusion
caused significant histologic bowel injury. Bowel 8-isoprostane gen-
eration was greater in ischemia-reperfusion vs sham, but was atten-
uated by hypocapnia. Laser-Doppler flow studies of bowel
perfusion confirmed that hypocapnia attenuated reperfusion fol-
lowing ischemia. Plasma alanine transaminase, reflecting overall
hepatocellular injury, was not increased by ischemia-reperfusion but
was increased by hypocapnia; however, hepatic isoprostane gener-
ation was increased by ischemia-reperfusion, and not by hypocap-
nia. Oxygenation was comparable in all groups, and compliance
was impaired by ischemia-reperfusion but not by hypocapnia.

Conclusion: Hypocapnia, although directly injurious to the liver,
attenuates ischemia-reperfusion induced lipid peroxidation in the
bowel, possibly through attenuation of blood flow during reperfu-
sion.

Objectif : Lhypocapnie, complication reconnue de la ventilation par
oscillation haute fréquence, a de multiples effets indésirables sur la
physiologie pulmonaire et cérébrale in vivo, dont la potentialisation de
lésion radicalaire. Nous avons émis ['hypothése que I'hypocapnie aug-
menterait les effets d’'une ischémie-reperfusion mésentérique sur une
lésion de I'intestin, du foie et du poumon.

Méthode : Des rats mdles Sprague-Dawley anesthésiés, ventilés par
oscillation haute fréquence, ont été randomisés en quatre groupes,
exposés a une ischémie-reperfusion mésentérique ou a une interven-
tion chirurgicale fictive et a I'hypocapnie ou a la normocapnie.
Résultats : Tous les animaux ont survécu. Lischémie-reperfusion a
causé une lésion histologique intestinale significative. La production
intestinale de 8-isoprostane a été plus importante avec l'ischémie-
reperfusion vs ['opération fictive, mais atténuée par I'hypocapnie. Des
études de la perfusion intestinale par laser-Doppler ont confirmé que
I'hypocapnie avait diminué la reperfusion apres l'ischémie. Lalanine
transaminase plasmatique, traduisant la Iésion hépatocellulaire glo-
bale, n'a pas été augmentée par l'ischémie-reperfusion, mais I'a été
par I'hypocapnie ; toutefois, la production d'isoprostane hépatique
s'est accrue avec ['ischémie-reperfusion, mais non avec I'hypocapnie.
Loxygénation était comparable dans tous les groupes et la compliance
a été affectée par I'ischémie-reperfusion, mais non par I'hypocapnie.
Conclusion: Lhypocapnie, quoique directement nuisible au foie,
diminue la peroxydation lipidique intestinale induite par I'ischémie-
reperfusion, probablement par diminution du débit sanguin pendant la
reperfusion.
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ECENT studies have demonstrated that

high frequency oscillation (HFO) can be

used safely and effectively to ventilate

both pediatric!? and adult® patients with
respiratory failure. Although carbon dioxide can be
casily monitored,* hypocapnia is a recognized compli-
cation of HFO ventilation.>®

Tissue ischemia, followed by vascular reperfusion, is
an ubiquitous and serious element of many processes
present in critical illness.” The complex, referred to as
‘ischemia-reperfusion’ (IR) involves ischemic depletion
of cellular energy sources and accumulation of free rad-
ical precursors; subsequent reperfusion - especially with
high levels of circulating O, - results therefore in a dual
insult to a susceptible vascular bed.!®!! IR is therefore
especially important, with immense practical applica-
tions, in the key vascular territories including brain,
heart, lung, skeletal muscle and bowel.!? Mesenteric IR
may be an especially relevant model in critical care, since
intestinal mucosal ischemia and injury may initiate or
propagate multiple organ dysfunctions via translocation
of circulating bacterial products.

It is increasingly recognized that hypocapnia may
have adverse effects on many clinical diseases. At a tis-
sue level, hypocapnia may cause or aggravate cellular
or tissue ischemia by both decreasing the cellular oxy-
gen supply and increasing the cellular oxygen
demand.!® In addition, hypocapnia causes systemic
arterial vasoconstriction, decreasing global and
regional oxygen supply.!*!®

In the setting of organ injury and critical illness,
altered CO, tension may impact upon outcome,'®
with hypocapnic alkalosis being associated with
adverse effects.!® Impaired perfusion of the bowel
occurs in many clinical states and may occur in the
presence of altered CO, levels. Thus, the coexistence
of hypocapnia and mesenteric IR would be important
considerations in critical care, and their combination
could result in interactions of significant clinical and
mechanistic importance.

We hypothesized that hypocapnia would potentiate
the organ injury resulting from IR in the splanchnic
circulation. We therefore examined the impact of
hypocapnia (produced by HFO) on the development
of bowel, hepatic and lung injury, in a rat model of
superior mesenteric artery IR.

Methods

Following Institutional Ethics approval (conforming
to the guidelines of the Canadian Council for Animal
Care), male Sprague-Dawley rats (400-550 g) were
used in all experiments.
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Anesthesia and suvgical dissection
General anesthesia was induced with ketamine and
xylazine, and maintained with ketamine. Tracheostomy
was performed, and pancuronium used for muscle
relaxation. The animals were ventilated with HFO
(Humming VTM, Senko Medical Instrument
Manufacturers, Tokyo, Japan) with the following set-
tings (F1O, 0.21, frequency 15 Hz, mean airway pres-
sure 7-10 cm H,0). Carbon dioxide (CO,, 5%) was
administered in the inspired gas, because pilot studies
established that at these HFO settings, the resultant
PaCO, was approximately 40 mmHg. The carotid
artery was cannulated for invasive blood pressure mon-
itoring and blood sampling. Stable conditions were
obtained, baseline inclusion criteria assessed, and base-
line static lung compliance measured.

Arterial blood pressure, airway pressure, and tem-
perature were recorded at baseline and at 40, 120 and
180 min following randomization in each group.

Randomization

Following documentation of baseline stability and
absence of exclusion criteria (PaO, < 65 mm Hg;
PaCO, < 35 or > 45 mmHg; hemoglobin < 15 g-dL™;
pH < 7.36; peak airway pressure > 7 cm H,O follow-
ing inflation with 5 mL inflation volume), the animals
were randomized into one of four groups:

Hypocapnia and superior mesenteric artery
ischemia reperfusion injury (Hypocapnia-IR)
Normocapnia and superior mesenteric artery
ischemia reperfusion injury (Normocapnia-IR)
Hypocapnia and sham laparotomy (Hypocapnia-
Sham)

Normocapnia  and
(Normocapnia-Sham)

sham  laparotomy

Experimental outline

Normocapnia was maintained by leaving the fraction
of inspired carbon dioxide (F1ICO,) at 0.05 (5%), and
hypocapnia was achieved by changing the FICO, to
0.00 (0%). Pilot experiments performed previously
had established that this resulted in a stable and pred-
icable hypocapnic alkalosis. The same HFO settings
were maintained for each of the four groups with or
without the addition of inspired 5% CO, for the
remainder of the experiment.

Animals randomized to IR (normocapnic or
hypocapnic) received a standardized abdominal wall
incision with clamping of the superior mesenteric
artery for 45 min. Collateral arteries (the right gas-
troepiploic artery and the ileocolic artery) were tied
off, to eliminate collateral flow. Following ischemia,
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TABLE Final variables (all groups)
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Hypocapnia IR Normocapnia IR Hypocapnin Sham Normocapnia Sham
pH 7.39+0.17 7.20 £ 0.12 7.62 +0.08 7.35 +0.02 *§
PaO, (mmHg)) 97.3 £16.8 98.8+85 885 +12.3 99.0 £ 11.1
PaCO, (mmHg) 17.0 = 3.0 41.6 £ 3.7 17.1 £ 19 408 £ 09§

Lung compliance (mL-cm™ H,0) 0.54 £0.2 047 £ 0.1 0.96 + 0.2 0.83+03*
Lactate (mmol-L!) 6.7 24 6.3+4.1 43+37 28+08*

Values are expressed as mean = SD. IR = ischemia-reperfusion. *IR groups (Hypocapnic and Normocapnic) > Sham groups (Hypocapnic
and Normocapnic) P < 0.05. §Hypocapnic groups (IR and Sham) > Normocapnic groups (IR and Sham) P < 0.05.

the clamp was removed and the animal was observed
for a further 120 min. The animals that were random-
ized to a sham laparotomy (normocapnic or hypocap-
nic) received a standardized abdominal incision only,
with no additional intra-abdominal manipulation or
dissection, and were observed for the same duration as
the mesenteric IR animals.

At the end of the experiment, static lung compliance
was measured, and the animals exsanguinated under
general anesthesia. Samples of plasma, liver and bowel
were retained for analysis. The first 2 cm of small bowel
was examined in each case. There were four indices to
determine bowel injury, each with a score of 0 to 4. The
highest score for the most severe injury was 16 and the
lowest score for an uninjured sample was 0 (Table A,
available as Additional Material at www.cja-jca.org).
There were five indices to determine lung injury, each
with a score of 0 to 4. The highest score for the most
severe injury was 20 and the lowest score for an unin-
jured sample was 0 (Table B, available as Additional
Material at www.cja-jca.org).

Liver injury was assessed by plasma alanine
transaminase (ALT), and lipid peroxidation injury by
tissue 8-isoprostane concentrations in the bowel and
liver. 8-Isoprostane was purified and quantified using
commercially available affinity columns and an
enzyme immunoassay kit (Cayman Chemical, Ann
Arbor, MI, USA), according to the manufacturer’s
instructions.!” The lung block was dissected and fixed
for histologic analysis.

Additional experiments were carried out to mea-
sure intestinal blood flow before and after IR, using a
laser-Doppler flowmetry under conditions of normo-
capnia and hypocapnia.!® Rats were conventionally
ventilated and baseline mesenteric blood flow was
assessed in all animals using laser-Doppler flow probes
(Oxyflo, Oxford Optronix, Oxford, UK) which were
positioned over the splanchnic arteries on the small
bowel, and the intestinal blood flow measured with
probes in two separate sites. Animals were then

assigned to normocapnia (# = 4; PaCO, = 40 mmHg,
F1CO, 0.05, F10, 0.5, balance N,) or hypocapnia (7
= 4; PaCO, = 17 mmHg, FICO, 0.00, F10, 0.5, bal-
ance N,). Mesenteric ischemia was then induced (see
above), and maintained for 45 min, and the clamp
removed and blood flow assessed following ten min-
utes of reperfusion. At the end of the experiment, the
animals were exsanguinated under general anesthesia.
The background signal was determined in exsan-
guinated animals, and this was used to correct all
other in vivo flow signals.

Statistical analysis

Statistical analysis utilized ANOVA followed, if signif-
icant, by post-hoc Student-Newman-Keuls tests.
Differences were considered significant when P <
0.05. Results are expressed as mean + standard devia-
tion (SD).

Results

Baseline variables

Baseline variables were comparable in all four groups
(Table C, available as Additional Material at www.cja-
jca.org). These variables were measured during ventila-
tion with HFO, with FiCO, 0.05 producing
normocapnia. Twenty-two animals were entered. Two
animals failed to meet the baseline criteria and were
excluded from the study. The 20 animals (7 = 6 for
both laparotomy groups; # = 4 for both sham groups)
that were randomized completed the protocol (survival
100%). Once randomized, animals assigned to normo-
capnia and hypocapnia were ventilated with identical
HEFO parameters, but with different FICO,. In normo-
capnic groups, the FICO, was maintained at 0.05 (5%
CO,), yielding comparable mean PaCO, levels of 40.6
+ 1.9 mmHg (Normocapnia-IR) »s 39.5 + 1.4 mmHg
(Normocapnia-Sham), (P = 0.7). In the hypocapnic
groups the FICO, was changed to 0.00, yielding mean
PaCO, levels of 17.5 + 0.9 mmHg (Hypocapnia IR) »s
16.8 + 0.7 mmHg (Hypocapnia Sham), (P = 0.6).
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FIGURE 1 Panel A: Bowel histology injury was significantly worse in both ischemia-reperfusion groups (normocapnia and hypocapnia)
compared with sham operation groups (normocapnia and hypocapnia); (* P < 0.05). Panel B: Bowel tissue 8-isoprostane was significantly
increased in both ischemia-reperfusion groups (normocapnia and hypocapnia) compared with sham operation groups (normocapnia and

hypocapnia); (*P < 0.05). However the normocapnic ischemia-reperfusion group had a significantly greater increase than the hypocapnic

ischemia-reperfusion group (§P < 0.05).

Bowel injury

Histological bowel injury!® was severe in both IR
groups (normocapnia and hypocapnia) ps sham groups
(Figure 1A), with no additive effect of hypocapnia. In
sham-operated animals, there was no difference in lipid
peroxidation (tissue 8-isoprostane concentration)
between the hypocapnia »s normocapnia groups
(Figure 1B). IR was associated with higher levels of tis-
sue 8-isoprostane compared with sham experiments, in
both normocapnic and hypocapnic groups (Figure 1B).
The 8-isoprostane concentration however, was less in
the hypocapnic »s normocapnic group following IR.

Hepatic injury

Global hepatocellular injury, assessed by plasma levels
of ALT, occurred in the presence of hypocapnia
regardless of whether IR or sham procedure was per-
formed (Figure 2A). Hepatic lipid peroxidation, mea-
sured as tissue 8-isoprostane concentration, resulted
from mesenteric IR, and was independent of CO,
level (Figure 2B).

Pulmonary effects
Following superior mesenteric artery IR, final lung
compliance was significantly impaired compared with

sham operations. This was not altered by normocapnia
or hypocapnia (Figure 3A). There was no significant
difference in the final PaO, between the four groups,
reflecting maintenance of constant mean airway pres-
sure with HFO (Table). Lung histology?® (Table B,
available as Additional Material at www.cja-jca.org)
was also assessed but there were no changes apparent
at the light microscopic level in any of the four groups.

Systemic effects

Base excess was measured at four time points during
the experiment. At the end of the experiment base
excess was significantly lower in both IR groups (nor-
mocapnic and hypocapnic) compared to sham operat-
ed groups (normocapnic and hypocapnic); (Figure
3B), and plasma lactate was significantly higher in
both IR groups (normocapnic and hypocapnic) com-
pared to sham operated groups (normocapnic and
hypocapnic; Table).

Intestinal blood flow

Following reperfusion, the blood flow rose to 105.1 =
13.9% of baseline flow rate in the normocapnic group,
and to 53.8 £ 10.2% of baseline flow rate in the
hypocapnic group.
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FIGURE 2 Panel A: Hepatic injury was assessed by measuring alanine transaminase (ALT) (IU-L™). There was a significant increase in
ALT in both hypocapnic groups (ischemia-reperfusion and sham operations) compared to the normocapnic groups [ischemia-reperfusion
and sham operations; §P < 0.05]. There was no significant difference between the ischemia-reperfusion and sham operation groups. Panel
B: Liver tissue 8-isoprostane was significantly increased in both ischemia-reperfusion groups (normocapnia and hypocapnia) compared with

sham operation groups (normocapnia and hypocapnia; *P < 0.05).

Discussion

The principal findings in the current study are that
hypocapnia causes hepatic injury under control condi-
tions, but attenuates bowel tissue lipid peroxidation
following IR. We further demonstrated that following
ischemia, hypocapnia attenuates reperfusion, and sug-
gest that such an inhibition may be responsible for the
reduced lipid peroxidation.

Interactions of hypocapnin and mesenteric IR

There are several reasons for concern about the poten-
tial interaction between mesenteric ischemia and sys-
temic hypocapnia. First, hypocapnia has been
associated with potentiation of ischemic injury in the
brain?! heart and lung,?? and with worsening of edema
following ex vivo IR in the lung.?® Second, the corol-
lary - that elevated CO, is protective - has been
demonstrated experimentally, where hypercapnia has
been associated with protection from IR in several
organ systems, including brain?! heart and lung.*
Third, in terms of gastrointestinal vulnerability,
hypocapnia specifically impairs local oxygenation.!*
Fourth, with increasing utilization of specialized tech-
niques to manage pulmonary or cardiopulmonary fail-
ure (e.g., extracorporeal membrane oxygenation,

HFO, high frequency ventilation) especially in pedi-
atric patients, hypocapnia - because it develops so
rapidly with these therapies - may become a more
prevalent entity.!32

Implications of results

We found that hypocapnia potentiated the ischemic
component and attenuated the reperfusion elements
of mesenteric IR injury. We used ALT as a marker of
hepatocellular injury?®?” and found that this was sig-
nificantly elevated in the presence of hypocapnia
regardless of whether IR or sham operation was per-
formed. We propose that this elevation was secondary
to ischemia caused by vasoconstriction as a result of
the profound hypocapnia. Others have documented
that hypocapnia reduces splanchnic perfusion and
causes ischemia,'* and our data confirm that hypocap-
nia reduces reperfusion following mesenteric IR in
this model. Hepatic lipid peroxidation, measured as
tissue 8-isoprostane concentration, resulted from
mesenteric IR, and was independent of CO, level. The
difference may reflect ongoing hepatic artery flow
during mesenteric artery occlusion resulting in selec-
tive total bowel ischemia but partial hepatic ischemia,
as opposed to globally decreased flow in all vascular
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FIGURE 3 Panel A: Final lung compliance (mL-cm™ H,0) was significantly impaired in both ischemia-reperfusion groups (normocapnia
and hypocapnia) compared with sham operation groups (normocapnia and hypocapnia); (* P < 0.05). Panel B: Plasma base excess
(mmol-L!) was measured at four time points: baseline, 40 min, 120 min, and 180 min. The decrease in base excess over time was signifi-
cantly greater in both ischemia-reperfusion groups (normocapnia and hypocapnia) compared with sham operation groups (normocapnia

and hypocapnia) at 120 and 180 min (*P < 0.05).

beds during hypocapnia. The dual hepatic blood sup-
ply may therefore explain the differential effects of
hypocapnia on lipid peroxidation in the liver.

HFO was used in order to easily obtain hypocapnia
without causing stretch-induced lung injury. HFO has
been previously found to be protective in animal mod-
els of lung injury.?®2° Other authors have used HFO
in animals of similar size*? and because the tidal vol-
umes delivered with HFO represent only a fraction of
conventional tidal volumes, its use in the initial series
of experiments reduced the potential for concomitant
ventilator-induced lung injury.

Limitations of study

The current study has several limitations that limit
extrapolation to the clinical context. First, we utilized
a normal lung model which may have diminished the
pulmonary effects of IR and hypocapnia. Second, the
independent effects of pH »s CO, were not examined,
which is extremely difficult in the % vivo context.
Third, the differences of prolonged ischemia »s IR
were not studied. Finally severe hypocapnia is uncom-
mon in clinical situations with experienced clinicians
and careful monitoring; however, it is certainly possi-

ble to develop severe hypocapnia with the institution
of extracorporeal membrane oxygenation and HFO in
critically ill children or during cardiopulmonary
bypass.6-8-25

Conclusion

In this experimental model of superior mesenteric
artery IR injury, hypocapnia achieved by HFO venti-
lation although directly injurious to the liver, attenu-
ated reperfusion bowel injury.
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