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Abstract

Introduction: Whether carbon dioxide (CO,) affects systemic oxidative phenomena under conditions
of endotoxemia is not sufficiently clarified. The study aimed to assess the impact of moderate acute hyper-
capnia on the respiratory burst of circulating neutrophils in mechanically ventilated endotoxemic rabbits.

Material and methods: Twenty-four endotoxemic rabbits were mechanically ventilated with stan-
dard or CO,-enriched gas mixture in order to obtain isooxic hypercapnia. At a baseline point and fol-
lowing 180 min of hypercapnic ventilation, luminol-dependent chemiluminescence (CL) of circulating
neutrophils and serum 2-thiobarbituric acid reactive substance (TBARS) concentrations were measured.
Throughout the study, leukocyte and neutrophil counts, pH status, circulatory parameters and body
temperature were also assessed.

Results: Following 180 min of hypercapnic ventilation, opsonized zymosan (OZ)-stimulated neutro-
phils showed lower CL vs. the control group (p = 0.004). Other parameters studied were not affected.

Conclusions: Short-term isooxic hypercapnia in endotoxemic rabbits preserves circulating neu-
trophil count pattern and reactive oxygen species (ROS) generation, but it may reduce phagocytosis.
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Introduction

Hypercapnia may influence the clinical course in septic
settings, but its definite impact is still under ongoing dis-
cussion [1, 2]. Independently of ventilation parameters and
in a pH-dependent or independent manner, carbon dioxide
(CO,) may exert either tissue protective or deleterious effects
[3], corresponding to its anti- or proinflammatory properties,
and improving [4] or not [5] clinical outcomes. Specifical-
ly, in septic conditions hypercapnia was reported to increase
survival [6], even in immunocompromised patients [7].
However, in patients with moderate or severe ARDS worse
outcomes were observed [8]. These partly conflicting results
seem to be due to cohort differences involving severity of
basal clinical condition, stage of disease, type of pathogen,
and organ failure. For the definite impact of hypercapnia, its
cardiocirculatory effects and complex immune implications
may be crucial. Whether, under septic conditions and coex-
isting hypercapnia, neutrophil performance could contribute
to the outcome remains controversial [9-11].

(Cent Eur J Immunol 2021; 46 (1): 47-53)

Neutrophils, key players in inflammation, recognize
pathogen or other ‘danger’ signals and initiate a number
of downstream signaling pathways and effector function
to combat infection. Generation of reactive oxygen spe-
cies (ROS), mainly by the respiratory burst activity of
NADPH oxidase (NOX2), is critically important not only
for pathogen elimination but also for regulation of the in-
flammatory response and restoring homeostasis under sep-
tic challenge [9]. CO, directly inhibits neutrophil NOX2 ac-
tivity, ROS generation, phagocytosis and microbial killing
[10, 12], yet it may occasionally induce oxidative stress [13].
In vivo, neutrophil adaptation mechanisms to changing
environmental conditions are less explored. While mod-
ulating effects of hypercapnia were demonstrated for
neutrophils that had migrated to effector organs, ROS
generation by the systemic neutrophil population under
isooxic hypercapnia was preserved [14]. However, under
concomitant hypoxia, suppression of neutrophil oxidative
capacity occurred [15]. Whether in septic conditions ele-
vated partial pressures of CO, would influence oxidative
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activity of systemic neutrophils, strongly associated with
the overall systemic inflammatory reaction [16], is not suf-
ficiently clarified.

Therefore, the study aimed to assess in vivo the respi-
ratory burst capacity of circulating neutrophils in endo-
toxemic rabbits subjected to isooxic hypercapnia and its
influence on the peripheral blood cell pattern.

Material and methods

Having the approval of the Local Ethic Committee for
Animal Investigations, the experiments were carried out on
24 male Chinchilla rabbits weighing 3.8 +0.4 kg. Animals
were housed under standard conditions with free access to
chow and tap water; they were fasted on the day of exper-
iment. Rabbits’ care followed the recommendations of the
Helsinki Declaration and the regulations of Polish Animal
Protection Law. The rabbit is a suitable experimental mod-
el for both mechanical ventilation and endotoxemia stud-
ies. Among non-primate species, rabbit shows the highest
amino acid similarity to humans regarding lipopolysaccha-
ride (LPS) sensing Toll-like receptor 4 (TLR4) [17].

Experimental protocol

A 19G intravenous cannula was inserted into the right
ear marginal vein. Anaesthesia was induced intravenously
by pentobarbital, 40 mg/kg, and maintained with subse-
quent continuous infusion, 25 mg/kg/h. Rabbits were intu-
bated with a cuffed endotracheal tube of 3.5 mm internal
diameter. Muscle relaxation was obtained by intravenous
pancuronium 1 mg, with subsequent hourly supplemen-
tation. Rabbits were mechanically ventilated by a vol-
ume-cycled animal ventilator (Zimmermann, WGL, Ger-
many) with tidal volume (TV) of 10 ml/kg and ventilation
frequency adjusted to achieve a PaCO, of 35-45 mmHg
(4.7-6 kPa), FO,— 0.40.

While intubated, animals were i.v. administered with
lipopolysaccharide of Escherichia coli 0111:B4 (Sigma)
20 mg/kg over 10 min. At this dose, there is observed
leukocyte sequestration in lung capillaries and a systemic
blood pressure decrease, but no lung injury occurs (that
would require doses exceeding 500 mg/kg) [18].

After 30 min of stabilization, rabbits were randomized
to two groups: normocapnia (n = 12) and hypercapnia
(n=12). PaCO, was 35-45 and 60-68 mmHg, respective-
ly. A moderate, clinically acceptable degree of the PaCO,
increase (not exceeding 68 mmHg) [19] was applied as
higher partial pressure might potentially implicate aug-
mentation of tissue injury via nitrosative mechanisms and
undesirably interfere with local organ blood flow [20]. The
carbon dioxide concentration in the range of 66-75 mmHg
has been recently demonstrated to be most strongly associ-
ated with improved survival in emergency department me-
chanically ventilated patients (aOR 3.18) [4]. Hypercapnia
was obtained by adding CO, to the respiratory mixture.

Arterial access (17G) to the right ear median artery was
established allowing arterial pressure continuous recording
and drawing blood samples for gas and acid base analy-
sis, and cellular studies. Continuous monitoring involved
mean arterial pressure (MAP), ECG, rectal temperature,
end-tidal CO, and inspiratory O, fraction (Anaesthetic Gas
Monitor Type 1304, Brueel & Kijaer, Denmark). Arterial
blood PaCO,, PaO, and pH were determined at a baseline
point (BL) and at the 30™, 60™, 120" and 180™ minute of
hypercapnic or normocapnic CMV (Ciba Corning Analy-
ser 248, Ciba Corning, England).

Neutrophil studies

Neutrophils were separated from the whole peripheral
blood drawn at a baseline point and following 180 min of
hypercapnia and processed using hydroxyethyl cellulose
(HEC) and Percoll according to Issekutz [21]. Briefly,
the whole blood samples with 2% EDTA were mixed with
1% HEC (Fluka Chemicals) and red blood cells were al-
lowed to sediment for 60 min. Leukocyte-rich plasma was
then harvested, layered over 68% Percoll (Sigma) and spun
down at 400 g, 4°C for 20 min. Then, neutrophils were
washed and the remaining erythrocytes were lysed with
0.84% NH,CI. Then, the cells were repeatedly washed and
resuspended in Tyrode’s solution, pH 7.2; cell preparations
contained about 97% of viable neutrophils (Trypan blue
exclusion assay).

Luminol-dependent chemiluminescence (CL) accord-
ing to Allen et al. reflecting both intra- and extracellular
ROS generation was measured by a 1250 LKB luminom-
eter (Bioorbit, Denmark) with minor modifications [22].
The reaction mixture contained 5 x 10°cells, 0.15 mM lu-
minol (Sigma), and either serum (FCS, Sigma; 1 mg/ml),
opsonized zymosan (OZ, Sigma), 10>*M N-formyl-methi-
onyl-leucyl-phenylalanine (fMLP, Sigma) or 100 ng/ml
phorbol 12-myristate 13-acetate (PMA, Sigma). CL was
recorded at 37°C for 60 min and data integrated. Respira-
tory burst on stimulation with OZ reflects phagocytosis.
OZ was prepared according to Labedzka et al. [23].

Oxidative stress

Reflecting oxidative stress, 2-thiobarbituric acid re-
active substances (TBARS), which consist of lipid hy-
droperoxides and aldehydes and parallel concentrations of
malondialdehyde (MDA), were estimated by the spectro-
photometric method of Macfarlane [24]. Serum (100 ml)
was mixed with 1 M suprachloric acid and 42 mM thiobar-
bituric acid and heated at 100°C for 30 min. Then, after ob-
taining room temperature the samples were spun down and
the absorbance was estimated by A = 507, 532, and 557 nm
(Specord M-40, Germany).

End result was estimated as: cA,,,/0.152 (molar absor-
bance index for MDA) x volume (0.1 ml); where cA,,,
(corrected absorbance measured) = A, — 172 (A, — A ).
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Statistics

Statistical analysis was performed using GraphPad
Prism Version 6 (La Jolla, USA). Data were expressed
as the mean + standard error of the mean. Statistical com-
parisons between the groups were performed using the
Mann-Whitney U-test. Differences between time points
were assessed using the Wilcoxon signed rank test and
Friedman’s ANOVA with post hoc Dunn’s multiple com-
parisons. Correlations were performed by means of the
Spearman rank test. Statistical significance was set at
p<0.05.

Results

Neutrophil studies

At the 30" min of hypercapnia both leukocyte and
neutrophil counts were strikingly lower than at baseline
(Fig. 1A, B) and remained decreased until the end of the
experiment. Hypercapnic and normocapnic rabbits fol-
lowed a similar cell count pattern, p > 0.05.
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Acute hypercapnia did not result in significant differ-
ences in neutrophil CL values as compared to normocap-
nic conditions (Fig. 1A-D). Following 180 min of hyper-
capnic ventilation, neutrophil CL also remained stable in
unstimulated and PMA- and fLMP-stimulated neutrophils
(Fig. 1A, C, D), whereas under OZ stimulation a signifi-
cant decrease could be noted (p = 0.004; Fig. 1B).

Ocxidative stress evaluation

TBARS concentrations were comparable between the
groups and timepoints (p > 0.05, Fig. 1G).

Blood gas and acid-base status, hemodynamic
measurements and body temperature evaluation

Mean results of the arterial blood pH, PaCO,, and PaO,
values at the time points selected are presented in Figure
2A-C. Hypercapnic rabbits demonstrated acidosis begin-
ning at the 30™ min, which could also be observed in nor-
mocapnic rabbits from the 120™ min (Fig. 2A). Conditions
of isooxia were assured (Fig. 2C).
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points, solid line, gray bars). M + SEM; *** p < 0.001, ** p < 0.01 , * p <0.05 vs.
BL in normocapnia group; #p < 0.001, #p < 0.01, #p < 0.05 vs. BL in normocap-
nia group. D) ** denotes exact p value = 0.004 (Mann-Whitney U-test)
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Fig. 2. Arterial blood pH (A), PaCO, (B), PaO, (C), mean arterial pressure (D), heart rate (E), and rectal temperature
(F) in endotoxemic rabbits mechanically ventilated under normo- and hypercapnic conditions at a baseline (BL) and
following 30, 60, 90, and 180 min. M = SEM; ***p < 0.001, **p < 0.01, *p < 0.05 vs. BL in normocapnia group;
#ip < 0.001, #p < 0.01, *p < 0.05 vs. BL in normocapnia group. A, B) Significant differences between the groups, exact
p values are as follows: ¥#¥p < 0.0001, ¥*$p = 0.0005, ¥p = 0.0238 vs. normocapnia group (Mann-Whitney U-test)

Mean arterial pressure (MAP) and heart rate were com-
parable between the groups throughout the study period
(Fig. 2D,E). In the normocapnia group arterial pressure
and heart rate were lower at the end of the experiment. In
hypercapnic rabbits a pressure decrease could be detected
as soon as at the 60" min of hypercapnia with no signifi-
cant changes in heart rate throughout the experiment.

Rectal temperature was comparable for the groups and
the timepoints measured (Fig. 2F), p > 0.05.

Associations between neutrophil CL, neutrophil
count, pH and blood gas values in endotoxemic
rabbits

At the end of the study period independently of partial
CO, pressures, CL of unstimulated and stimulated circulat-
ing neutrophils appeared to inversely correlate with the cell
count (Table 1). In both studied groups the association was
most pronounced regarding unstimulated neutrophils and
could also be confirmed in OZ-stimulated cells. A signif-
icant correlation between the neutrophil count and CL of
the PMA-stimulated cells was observed under normocap-
nic conditions; in hypercapnic rabbits the association was
significant under fMLP stimulation.

Increased partial pressures of CO, were negatively as-
sociated with CL of the fMLP-stimulated neutrophils after
180 min of hypercapnia; at that time the decreased pH in
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hypercapnic animals nearly positively correlated with both
fMLP- and PMA-stimulated neutrophils.

Discussion

The current study demonstrated that short-term isooxic
hypercapnia of moderate degree in the mechanically ven-
tilated, endotoxemic rabbits neither modulates peripheral
leukocyte and neutrophil count patterns nor changes ex-
tra- and intracellular ROS generation by circulating neu-
trophils. However, in hypercapnic animals it could induce
phagocytosis impairment.

Neutrophil count

Depending on experimental conditions, systemic endo-
toxin administration may increase or decrease the neutro-
phil count. In this study, quite in line with previous findings
in endotoxemic rabbits, a rapid neutropenia persisting until
the end of the study was observed [18]. In rabbits, expres-
sion of the critical for LPS sensing TLR4 is the highest
in lungs and bone marrow [17]. Endotoxemic neutropenia
results from preferable lung sequestration of the bone mar-
row-released, less deformable neutrophils of mixed maturi-
ty and this is due to L-selectin activation [18, 25].

In the present study, a similar degree of neutropenia
between normo- and hypercapnic animals was observed.

Central European Journal of Immunology 2021; 46(1)
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Table 1. Spearman rank correlations between neutrophil chemiluminescence, cell count, pH and blood gas values (pH,
PaCO,, Pa0,) in endotoxemic rabbits following 180 min of hypercapnic mechanical ventilation and respective control

animals

Neutrophil chemiluminescence

Unstimulated OZ-stimulated fMLP-stimulated PMA -stimulated

Normocapnia

Neutrophil count -0.829 (0.003) -0.667 (0.032) —-0.564 -0.782 (0.038)

pH 0.091 0.212 0.286 0.143

PaCoO, -0.109 0.274 0.393 0.143

PaO, -0.745 (0.013) —-0.479 -0.179 -0.464
Hypercapnia

Neutrophil count -0.774 (0.009) -0.646 (0.043) —0.898 (0.002) —0.159

pH 0.353 0.151 0.703 (0.078) 0.634 (0.066)

PaCO, —0.343 —0.100 —0.929 (0.003) —0.343

PaO —0.100 -0.300 -0.071 —-0.100

2

Significant correlations are bolded; only significant (p < 0.05) or nearly significant p values are displayed. OZ — opsonized zymosan, fMLP — N-formyl-methionyl-

leucyl-phenylalanine, PMA — phorbol 12-myristate 13-acetate.

Depending on experimental model, hypercapnia was re-
ported to increase or not neutrophil lung sequestration in
septic conditions [1, 10]. In our study, concomitant acido-
sis decreasing L-selectin expression could have counteract-
ed possibly increased neutrophil pulmonary sequestration
in hypercapnic endotoxemic rabbits [18, 26].

ROS generation

In line with our previous observations in rabbits not
treated with endotoxin, we found that neutrophil ROS gen-
eration remained stable under short-term moderate increase
of systemic partial pressures of CO, and an inflammatory
microenvironment [14]. Nor did endotoxin administration
at the dose applied affect systemic neutrophil oxidative
capacity, following an 180 min observation period. De-
pending on experimental conditions, endotoxin can ei-
ther suppress or stimulate oxidative activity of systemic
neutrophils [27, 28]. In this study, after 210 min (includ-
ing stabilization period) a moderate, single dose of LPS
(T1/2 = 53 min) could be insufficient to cause any priming
effect of LPS itself or secondary priming factors, e.g. tu-
mor necrosis factor o (TNF-a) [18, 29].

Decreased CL values of OZ stimulated circulating
neutrophils following 180 min of hypercapnia could in-
dicate phagocytosis impairment; however, no differences
between the groups at this timepoint were found. Of note,
a decreasing tendency in the fMLP-stimulated CL reflect-
ing antibacterial activity following 180 min of hypercapnia
turned out to be insignificant. However, G-protein-coupled
receptor (GPCR) signaling mediating fMLP-induced oxi-
dative burst is complex and involves a number of down-
stream proteins and negative feedback loops that may
implicate a substantial dispersion of the final results [30].
Additionally, coexisting hypercapnia may influence turn-

over of phosphatidic acid critical for the fMLP-stimulated
CL neutrophil response [31]. Neutrophil phagocytosis sup-
pression that may also result in deficient antimicrobial de-
fense at the early stage of infection was observed under ex-
posure to CO,, cold stress and hypoxia [15], and following
peritoneal CO, insufflation [32]. On the other hand, prob-
ability of developing ARDS in trauma patients was asso-
ciated with greater ROS production by the OZ-stimulated
neutrophils [33]. Therefore, the phenomenon observed
in this study could be desirable in terms of the possible
protective effect of moderate hypercapnia regarding lung
injury under endotoxemia. Interestingly, in ARDS patients
severe hypercapnia predicted worse clinical outcome [8].

In this study, under isooxic conditions a moderate
increase of CO, partial pressures did not impact either
fMLP- or PMA-stimulated respiratory burst. In an onco-
logic cohort, PMA-stimulated neutrophil respiratory burst
was suggested to be a reliable predictor of susceptibility
to infection [34]. In vitro, following 15 min and 2 h ex-
posure to 100% CO,, decreased ROS generation by the
PMA-stimulated neutrophils was reported [12].

We also found that neutrophil count negatively cor-
related with ROS generation. The neutropenic population
represents unsequestered cells with possibly lower L-selec-
tin expression; an inverse relationship between neutrophil
L-selectin shedding and respiratory burst was previously
reported [35].

Earlier research attributed the effect of hypercapnia
attenuating neutrophil ROS generation to coexisting aci-
dosis [3]. In this study, despite differences in systemic pH
decrease, deeper in hypercapnic rabbits, mean pH values
in both groups were still in the clinically acceptable range
(>7.15) [19]. A value of 7.2 was previously reported to
be optimal regarding the respiratory burst, but still phago-
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cytosis of opsonized bacteria could be depressed [36]. In
this study, CL inhibition of the OZ-stimulated neutrophils
isolated from hypercapnic rabbits supports these observa-
tions. Extracellular followed by a rapid intracellular pH
decrease may also directly activate neutrophils, although
at a level (pH = 6.5) far below those observed in this study
[37]. Eventually, in this study, no impact of hypercapnia
on systemic oxidative stress, an important biomarker of
experimental endotoxemia, could be observed [38].

With regard to experimental conditions applied in this
study, mild stretch respiratory pattern could promote a sys-
temic inflammatory response; however, in a rabbit model
of pneumonia no relevant systemic reaction could be ob-
served until 8 h of mechanical ventilation [39]. Similar
end-point blood pressure values observed in both groups
in line with previous findings [18] despite systemic pH
differences suggest that acidosis was of minor signifi-
cance for circulatory events in this experimental model.
Bradycardia, also comparable between the groups, could
indicate parasympathetic shift which may contribute to the
anti-inflammatory compensatory response, of possible im-
portance also for oxidative phenomena [40].

Limitations

We are aware of limitations. First, we addressed ex-
perimental conditions with moderate elevation of pCO, for
a short time; in postresuscitation patients values of PaCO,
between 60 and 70 mmHg, as applied in this study, turned
out to be optimal concerning the neurological outcome.
Second, we also applied a moderate LPS dose, which does
not reflect severe inflammatory conditions; data suggest
that severity of the overall inflammatory response may
portend a negative impact of hypercapnia on the final out-
come [5, 8]. Third, the TBARS assay as a biomarker of
lipid peroxidation and oxidative stress despite its broad
application has relatively low specificity and should be
interpreted with caution. Fourth, neutrophils constitute
a highly heterogenous population and our results reflect
an overall response of these cells. Further research should
discriminate between neutrophil phenotypes under endo-
toxin challenge and assess the influence of hypercapnia on
ROS generation by particular cell subsets.

Conclusions

Taken together, acute isooxic moderate hypercapnia
in endotoxemic rabbits influences neither peripheral leu-
kocyte and neutrophil count patterns nor neutrophil ROS
generation. Our results support safety of short-term hy-
percapnia of moderate degree in inflammatory conditions
regarding its impact on innate immunity. A putative regu-
latory role of hypercapnia considering further inflammato-
ry implications under conditions of endotoxemia warrants
further studies.
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