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ABSTRACT

Prolonged assisted ventilation during anesthesia and critical care is associated with increased morbidity and mortality
in both humans and animals. However, no study of mechanically ventilated patients has examined the mortality-
related physiology and pathology. Our study investigated physiological, hematological and pathological changes in
pigs that died during anesthesia. Six pigs were placed under ventilation-assisted anesthesia for up to 48h. The heart
rate (HR), respiratory rate (RR), mean arterial blood (MAP), end-tidal carbon dioxide (ETCO>), and oxygen saturation
(SpO,) were monitored every 15min until the pigs dies. Blood glucose, serum lactate, pH, and serum bicarbonate
(HCO3) were measured every 12h until death. Tissues were harvested from lung, liver, heart, and kidney of pigs
immediately after death during anesthesia. All pigs died during anesthesia. Times of death varied. One pig died at
approximately 18h (Group I), two pigs at 24h (Group Il), one pig at 36h (Group I11), and two pigs at 48h (Group 1V).
Decreased MAP was reported in all groups throughout anesthesia. Each group showed different changes before death;
Group I and 111 showed decreased blood glucose (45mg/dL) and (17mg/dL), respectively; Group Il showed elevated
serum lactate (9.76 mmol/l) and reduced pH (7.13) that suggested metabolic acidosis; Group 1V showed increased
ETCO; (64.35+5.79 mmHg). Pigs that survived longer showed a higher level of cellular injury to the liver and
respiratory system. Blood glucose, MAP, and ETCO, should be carefully monitored during anesthesia for better
patient outcomes and reduced mortality.
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INTRODUCTION

The prolonged use of mechanically assisted
ventilation in operating rooms or intensive care units
poses a major concern due to the associated mortality
(Chelluri et al. 2004; Fernandez-Zamora et al. 2018). In
the 2000s, a study was made of cases of in-hospital
mechanical ventilation lasting from 24h to 96h (Douglas
et al. 2002). The study showed that 47.4% of the patients
died in the hospital, 32.6% of discharged patients died
within a year and that the mortality rate increased with
time spent on the ventilator. Another study of

mechanically ventilated patients reported a mortality rate
43.9% in the hospital but found that only 9% of
discharged patients died within 6 months (Douglas et al.
1997). However, neither of the reports showed significant
physiological or pathological data. Therefore, the
pathogenesis of mortality during long-term anesthesia
with mechanical ventilation is still unclear.

The cardiovascular system of the pig is similar to that
of the human. A pig of approximately 30 to 40 kg has a
heart of a similar size to the heart of a human child and
the lung physiology of the pig also mimics that of humans
(Hannon et al. 1990; Pehbdck et al. 2015; Gabriel et al.
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2021). A study of mechanically ventilated pigs was made
during anesthesia maintained for 96h with ketamine and
pentobarbital (Goldmann et al. 1999). The study showed
non-significant changes in blood cell profiles, blood
chemistry and intestinal pathology. And yet, the
physiology and pathology of mechanically ventilated
human patients is still unclear despite the associated high
mortality. We propose that the physiological, blood and
pathological changes in pigs that died at the early
experimental endpoint may reflect both mortality and co-
mortality factors in humans.

MATERIALS AND METHODS

Animals

The investigation was approved by Chulalongkorn
University Laboratory Animal Center (CULAC),
Chulalongkorn University, Thailand No. 1973017. Six
mixed breed male pigs weighing between 20 and 30 kg
were divided into four groups according to the time of
death during anesthesia: at 18h (Group 1), 24h (Group 1),
36h (Group I11), and 48h (Group V).

Anesthetic Procedures

Eight hours after food was withdrawn, the pigs were
sedated with intramuscular injections of 0.5mg/kg of
xylazine (X-LAZINE, L.B.S. Laboratory Ltd. Part.,
Thailand) and 3mg/kg of Tiletamine-zolazepam (Zoletil
100, Virbac Laboratories, France). Anesthesia was then
induced in the sternal recumbent position using 4mg/kg of
propofol (Pofol, Dongkook Pharm, Korea) administered
intravenously, and maintained via inhalation of 1.5-2.0%
isoflurane (Aerrane. Baxter, US). A volume control
ventilator (AX-500/400, Shenzhen Comen medical,
China) I.E ratio 1:3, tidal volume 10mL/kg, was used to
support oxygenation with 100% oxygen. Throughout the
study, acetate Ringer’s solution was infused at 5-10
ml/kg/h via the cephalic vein. Vital parameters were
assessed every 15 min including heart rate (HR,
beats/min), respiratory rate (RR, breaths/min), oxygen
saturation (SpO2, %), mean diastolic blood pressure
(MAP, mmHg), end-tidal carbon dioxide (ETCOZ2,
mmHg) and electrocardiography. Immediately the patients
were anesthetized, blood samples were collected for
biochemical analysis, and this was repeated every 12h.

Histopathological and Histochemical Studies
The target organs, including lungs, liver, heart, and
kidneys were harvested from the pig that died during

Int J Vet Sci, 2023, 12(3): 470-478.

anesthesia. The pathologist was blind from the
experimental setup. Tissue samples were resected and
fixed for 24h in 10% buffered formalin, then processed
following the routine histopathological protocol. Tissue
sections were H&E-stained to evaluate degeneration,
changes and infiltration patterns of inflammatory cells,
i.e., mononuclear cells, and neutrophils. A light
microscope was used (Olympus BX60 Olympus
Corporation, Essex, UK). Ten high power fields (HPF) in
each sample were investigated under the microscope and
images were captured using Image-Pro Insight version 9.1
(Media Cybernetics, MA, US). Cellular grading was as
follows: grade 0 (-) = 0% of histopathological changes,
grade 1 (+) = 1-25% of histopathological changes, grade 2
(++) = 26-50% of histopathological changes, grade 3
(+++) = >50% of histopathological changes (Lvova et al.
2012; Mets et al. 2015; Suyapoh et al. 2021).

Data Analysis

The physiological data and blood chemistry data were
presented as mean+SD (Tabe 1) and mean+SE (Fig. 1 and
2). The Prism 8.4.3 Graph pad (GraphPad Software, Inc.,
California, USA) was used to process the data.
Histological images were investigated by a pathologist
and compared between pigs that died at 18h (Group I),
24h (Group 1), 36h (Group 11}, and 48h (Group 1V) after
anesthesia.

RESULTS

The approximate survival times were 18h for one pig
(Group 1), 24h for two pigs (Group Il), 36h for one pig
(Group II), and 48h for two pigs (Group IV). The
physiology data and blood chemistry data were analyzed
from the time of measurement (6h) to the time just before
death (Table 1). The physiological data were analyzed
with reference to normal ranges throughout the time of
anesthesia, including RR, HR, MAP, ETCO, SpO..
Blood chemistry analysis took into account blood glucose,
serum bicarbonate (HCOj3'), serum lactate, and pH.

Cardiorespiratory Effects

These parameters fluctuated in all groups between 6
and 48h after the induction of anesthesia. In Group I,
Group Il, and Group 1V, HR increased to 118.6+11.56
beats/min before cardiac arrest. These results contrasted
the HR of Group 111 which was 67.50+2.12 before cardiac
arrest. MAP data were in line with HR data. The MAP of
all pigs was between 41.50+13.44 and 60.23+9.33mmHg,

Table 1: Physiological and chemical profiles (mean+SD) show final data before death

Time of death (Final data)

Profile Group | Group Il Group 111 Group IV Reference Values*
Respiratory rate 12.56£2.25 22.47+3.26b 14.00 21.15+5.75b  10-15breaths/min
Heart rate 112.2412.87b 116.2+23.93b  67.50+2.12a  118.6+11.56b  90-107beats/min
Mean arterial blood 42.81+2.90a 55.41+12.72a 41.50+13.44a  60.23+9.33a  86-123mmHg
End-tidal carbon dioxide (ETCO,)  34.33%1.18a 36.28+4.14 42.50+3.54 64.35£5.79b  35-45mmHg
Oxygen saturation (SpOz) 99.56+0.51 97.62+4.77 100.0 99.75+0.54 95-100%

Blood glucose 45a 105 17a 117.3+4.60 75-136mg/dL
Serum bicarbonate (HCOs") 29.8 32.7+2.12 25.7a 37.1£3.25b  28-35mmol/L
Serum lactate 2.07b 1.07+0.43 9.76b 1.25+0.21 0.5-1.5mmol/L
pH 7.47 7.59+0.05b 7.13a 7.3920.02 7.38-7.48

The values bearing “a” were lower while values with “b” were higher than the maximum reference values. *(Hannon et al. 1990;
Cooper et al. 2014; Solevag et al. 2014; Morgaz et al. 2015; Malavasi 2015).
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which indicated hypotension, and MAP remained in the
critical range to the end apart from in Group IlI, where
MAP increased from 47.75+3.19mmHg to 98.69+49.52
mmHg after 24h of anesthesia and then dropped to
41.5+13.44mmHg before cardiac arrest (Fig. 1).

The pigs were ventilated using a ventilator set at 10
breaths/min, but they were able to breathe spontaneously at
more than that rate. The RR of all the pigs was between
12.00+0.43 and 22.47+3.26 breaths/min from 6h to the time
before respiratory arrest (Fig. 1). ETCO; is an indicator of
carbon dioxide production and elimination out of the body.
It is therefore influenced by ventilation. ETCO; increased to
64.35+5.79 mmHg in Group IV before respiratory arrest,
whereas other groups were within the reference range from
the beginning to the end. In addition, peripheral SpO,
showed within the reference range (Fig. 1).

Blood Glucose and Blood Chemistry

Before death, blood glucose and blood chemistry
changed suddenly in the first 12-36h of anesthesia (Fig.
2). In Group I and Group Ill, blood glucose levels, an
indicator of body metabolism, decreased from the normal
values of 121 and 70mg/dL, respectively at 6h before
arrest to 45 and 17mg/dL. Serum lactate, an indicator of
anaerobic respiration, was within the reference range from
6h to the time just before death in all pigs apart from
Group | and 111, in which serum lactate increased to 2.07
and 9.76 mmol/l, respectively. The pH of Group IlI
decreased to 7.13, which suggests the onset of metabolic
acidosis (Fig. 2).

Signs of Respiratory Pathologies
This study comprised a histopathological examination
of tissue samples of lung, liver, heart, and kidneys.
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Lesions were semi-quantitatively evaluated to provide
profiles of cellular degeneration and inflammatory cell
infiltration. The major pathological changes presented in
lung and liver tissues while changes in heart and kidney
tissues remained within normal limits.

Generally, cellular degeneration was evaluated from
observation of the peri-nucleolar space and cytoplasmic
blebs (Fig. 3A). Peri-nucleolar space was observed mainly
in the pneumocyte of the alveolar duct. It was identified
by a clear or empty area within the pneumocyte cytoplasm
(Fig. 3A, pink spots in color-inverted images). The
grading level for pigs in Groups I, Il and 111 was low (+),
moderate (++), and moderate (++), respectively. Alveolar
wall cytoplasmic blebs were characterized by outward
bulging of the cell membrane of pneumocytes. In Groups
Il and 111 cytoplasmic bleb was graded moderate (++) and
in Group | there was no lesion development (Fig. 3B).
Pulmonary emphysema and enlargement of the airspaces
were observed mainly in the peripheral area of the lung
and occasionally around the bronchus. Atelectasis of the
lung, partial collapse of the air sac, was noticed within the
pulmonary parenchyma and air spaces. The grading level
of these changes in Groups II, 1l and IV was moderate
(++), but was low (+) in Group | (Fig. 3B). Congestion
was identified by the engorgement of red blood cells in
vascular areas. It was presented only in Group I, at the
low grade (+) at short-term anesthesia (Fig. 3B).
Inflammatory cell infiltration into the lung parenchyma
was observed in all groups at the low grade (+) over all
the period of anesthesia. Changes in bronchiolar tissue
were assessed along with the treatment. There were no
significant changes in the airways of pigs in Groups I, 1l
and Il (Fig. 3B).
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# iz In Group I, mild peri-nucleolar
¥ Sk spaces without cytoplasmic bleb
++ it were observed. The increasing
++ ++ number of peri-nucleolar spaces
4 - (pink) and moderate number of
4 " cytoplasmic blebs were seen in
Group I, Il and 1V. The highest
number of peri-nucleolar spaces
with cytoplasmic bleb was seen in
& s the last section. The table (B) lists
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Overall, histopathological examination of Group IV
showed a high grade (+++) of cytological and tissue
changes. The degeneration of the lung was primarily
detected in the airway at grade 2 (++) and extended to
pulmonary parenchyma at grade 3 (+++). Bronchiolar cell
degeneration, including Clara cell loss of bleb, epithelial
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bleb, and sloughing of the epithelium was observed (Fig.
3B). Semi-quantitatively, peri-nucleolar space and
cytoplasmic bleb of the pneumocyte were significantly
changed (Fig. 3A). These changes were seen with a low
level of inflammatory cell infiltration, e.g., neutrophils
and mononuclear cells, including macrophages, and



hemosiderinophages (hemosiderin-laden macrophages).
Ten per cent of neutrophils accumulated along the
peribronchiolar area and inside the bronchiolar lumen.

Signs of Liver Pathologies

Hepatobiliary injuries in response to short to
moderate-term anesthesia, such as centrilobular-midzonal
degeneration,  cholestasis,  congestion,  sinusoidal
dilatation, portal degeneration, and inflammation were
evaluated (Fig. 4A-C). Centrilobular-midzonal
degeneration was indicated by vacuolar ballooning areas
within hepatocytes established in the zone of the hepatic
lobule, including the intermediary zone (purple) and the
perivenous zone (blue) (Fig. 4B). The change was first
observed only in Group Il at the moderate grade (++)
(Fig. 4A). Semi-quantitatively, congestion and cholestasis
displayed a similar trend, showing a low grade (+) in all
terms of anesthesia (Fig. 4C). Sinusoidal dilatation from

A

Experimental groups
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anesthesia in Groups I, 1l and 1l was low (+), low (+),
and moderate (++), respectively. Inflammatory cell
infiltration and portal system degeneration was not
detected in these groups (Fig. 4C).

Zonal degeneration was significant in Group IV.
Ballooning and vacuolar degeneration presented at
moderate grade (++) and high grade (+++), respectively.
The pattern and detail of centrilobular-midzonal
degeneration are shown in Fig. 4Bi-iii. Dilatation of the
hepatic sinusoid was observed at the high grade (+++),
whereas congestion, cholestasis, inflammation, and portal
injuries presented at the same grades as Group |, Il and 111
(Fig. 4A, C).

These results suggest that prolonged assisted
ventilation during anesthesia induced cellular injuries in
the lungs and airway, causing hypoxia, resulting in severe
centrilobular-midzonal degeneration of the hepatic lobule.
shown that isoflurane directly inhibited insulin secretion
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infiltration. Group | was a pig that
died on 18h, Group Il comprised
two pigs that died on 24h, Group
111 was a pig that died on 36h, and
Group IV comprised two pigs that
died on 48h. Images (A) show
hepatocyte  degeneration  using
cytochemistry (H&E), moderate
and high grades of vacuolation
were observed in group Il and IV,
respectively. Unremarkable
changes in the portal area were
observed in all groups. Original
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magnifications = x10, x40, x100.
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(B). Photomicrograph of affects
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(centrilobular-midzonal zone) of
the hepatic lobule. The
degeneration pattern is
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vacuolar-ballooning degeneration
of the hepatic parenchyma (Bi),
Zonation of the liver, including
periportal area (orange), midzonal
area (purple), and centrilobular
area (blue) (Bii), the illustration of
centrilobular-midzonal
degeneration show vacuolization
of blue and purple area of liver
(Biii). Original magnifications
x10. The table (C) lists the
dynamic  changes of each
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DISCUSSION

Our study showed that a decrease in glucose occurred
during the first 36h of anesthesia. Previous studies have
from pancreatic beta cells (Desborough et al. 1993) and
impaired glucose tolerance during anesthesia (Tanaka et
al. 2011; Tanaka et al. 2005). Moreover, prolonged
inhalation-maintained anesthesia may induce changes in
splenic hemodynamics which affect hepatic blood flow
(Bernard et al. 1992) and pancreatic perfusion, resulting in
both impaired hepatic glucose uptake and insulin output
(Kim et al. 2016).

Isoflurane inhalation induced hepatic injury (Gunza
and Pashayan 1992) and increased liver apoptosis, in part
by regulating the expression of IGF-1 (Zhu et al. 2017).
Liver dysfunction leads to hypoproteinemia and
hypoglycemia that can impair gluconeogenesis and
eventually glycogen storage (Bednarski et al. 2011).
Hepatobiliary ~ pathologies  such as  hepatocyte
degeneration, cholestasis and oedema were found in all
pigs, but far more in the pig that died 48h after anesthesia.
Prolonged mechanically assisted ventilation during
anesthesia coincided with hepatocellular damage that was
associated with local ischemia caused by hypoxia from
lung damage or reduced hepatic blood flow due to
hypotension, which presented in all the pigs in our study.

Glucose is the main metabolic fuel for the brain under
normal physiological conditions (Mathew and Thoppil
2021). Reduced blood glucose is a significant indicator of
metabolic failure before death. Hypoglycemia-induced
bradycardia and sudden death (Nordin 2014; Reno et al.
2018) has been associated with ST wave change,
lengthening of the QT interval (Robinson et al. 2003;
D'Imperio et al. 2021), and cardiac repolarization
(Koivikko et al. 2008; Andersen et al. 2021). Thus, we
suggest that blood glucose must be monitored for all
patients who undergo assisted ventilation, and
hypoglycemia should be treated immediately with
intravenous glucose.

The highest serum lactate level we recorded was
9.76mmol/l and the lowest pH was 7.13 at 12h before
death. Mortality is strongly correlated with blood glucose
and serum lactate levels. A study of critically ill patients
(Chen et al. 2019) found that the mortality rate was
approximately 23% when serum lactate was higher than
2.3mmol/l and approximately 10% when blood glucose
was lower than 70mg/dL (Freire Jorge et al. 2017). During
the first 24h after admission, the coincidence of low
glucose and high serum lactate was associated with a high
risk of acute kidney injury, liver dysfunction, and hospital
mortality (Freire Jorge et al. 2017). The results of our
study support these findings. The decrease in blood
glucose level as a result of ischemia (Desouza et al. 2003;
Paelestik et al. 2017) led to lactate production and
accumulation, which induced tissue acidosis and cellular
damage (Bakker et al. 1996; Rehni et al. 2018).
Hyperlactatemia is a marker for tissue hypoperfusion
(Régnier et al. 2012; Alegria et al. 2017) or hypoxia,
which indicate the onset of the anaerobic glycolysis
process (Garcia-Alvarez et al. 2014; Semler and Singer
2019). Venous blood gas analysis of 302 dogs (Kohen et
al. 2018) showed that plasma lactate concentration levels
between 3.3 and 7.7mmol/l coincided with a mortality rate
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of 45.4%. In a study of 185 cats (Kohen et al. 2018),
serum lactate concentration between 3.5 and 8.7mmol/l
was correlated with a mortality rate of 44.6%. Patients
with blood lactate concentrations of more than 2.5mmol/I
should be closely evaluated for signs of deterioration
(Kohen et al. 2018).

In this study, MAP showed a decline from the
beginning of anesthesia until death, perhaps due to
hypoglycemia or prolonged isoflurane inhalation.
Isoflurane can induce changes in heart rate and MAP that
reduce both cardiac output (the product of heart rate and
stroke volume) and total peripheral resistance (TPR)
through a reduction of the sympathetic nervous system
(Constantinides et al. 2011). The sympathetic nervous
system initiates the mechanism of cardiovascular
stabilization, which stimulates catecholamine release
leading to positive inotropic cardiac function, increased
heart rate (Schwertz et al. 2004; De Backer and Foulon
2019), increased oxygen demand, and increased blood
glucose level (Barth et al. 2007; L6pez Garcia de Lomana
et al. 2022). The hemodynamic balance of physiological
activity depends on tissue oxygen metabolism (Shen et al.
2021). If certain conditions that cause tissue and organ
damage cannot be resolved, organ failure and death occur
(McKinley et al. 2016).

The primary adverse effect of isoflurane is respiratory
depression (Gargiulo et al. 2012; Cavalcante et al. 2018),
followed by lung injury caused by systemic vasodilation
and reversed pulmonary constriction (Putensen et al.
2002). Rats exposed to 1.5% isoflurane for 4h showed
highly increased incidence of neurogenic pulmonary
edema to 100%, due to the release of vascular endothelial
growth factor in bronchial epithelium (Kandatsu et al.
2005). Strosing et al. (2016) reported that ventilated mice
that inhaled isoflurane for 6h presented histologic features
of lung injury. Dogs with injured lungs that received low
concentrations of isoflurane (0.25, or 0.5 vol%) during
mechanical ventilation showed decreased systemic blood
flow and oxygen delivery (Putensen et al. 2002).

In the present study, longer durations of anesthesia
resulted in an increase in lung injury. Emphysema,
atelectasis, and inflammatory cell infiltration showed in
all the pigs, but the pig that died at 48h showed a higher
level of ETCO,, which has been associated with
inadequate ventilation or decreased CO; elimination
during anesthesia (Peltekova et al. 2010; Solhpour et al.
2022), which led to respiratory failure in our study. A
study of patients who showed postoperative pulmonary
complications (PPCs) acquired during prolonged (>24h)
anesthesia with mechanical ventilation (Pedersen et al.
1992) found that the most frequent lesions on the PPCs
were pathologies of atelectasis and pneumonia, which
presented on 2.6% and 50% of the subjects, respectively.
Correct mechanical ventilation relies on pressure and
volume control. Continuous ventilation with a high tidal
volume (>700 ml) and high positive end-expiratory
pressure (PEEP) (>30 cmH,0) was associated with acute
respiratory distress syndrome (ARD), which developed at
48h after exposure (Gajic et al. 2005). Moreover, longer
isoflurane-maintained anesthesia induced more alveolar
macrophage aggregation, but less phagocytic activity
(Kotani et al. 1998). Long term exposure to isoflurane is
also related to airway inflammation (Oshima et al; 2021



Odeh et al. 2022). IL-8 is one of the key chemokines
involved in the migration of epithelial granulocytes,
which promote pulmonary inflammation and asthma
(Cromwell et al. 1992). We found more epithelial
pathology lesions of the airway in the pig that died 48h
after anesthesia was induced. Longer exposure of
epithelial cilia to isoflurane resulted in less frequent
ciliary beating, as shown by a rat tracheal epithelial model
(Matsuura et al. 2006).

Conclusion

MAP was below the reference range in all pigs before
death. Severe hypoglycemia was found in the pigs that
died between 18 and 36h after anesthesia was induced.
Therefore, blood glucose might be a good predictor of
early endpoint death. Only the pig that died at 48h showed
a high ETCO,. All the pigs showed pulmonary
degeneration and emphysema lesions, but a longer
duration of anesthesia resulted in more pathological
changes in lungs, airway, and signs of life. Therefore,
blood glucose, MAP, and ETCO, were the essential
parameters that we conclude should be closely monitored
during anesthesia. The first system to fail during assisted
ventilation under anesthesia might be the glucose
metabolism and the second, the respiratory system.

Acknowledgement
This project was funded by National
Council of Thailand (Grant No. N41A640071).

Research

Author Contributions

SL, SPV, KD, and JS contributed to the concept
planning. JS, SL, SD, CW, NA, and VL collected data.
JS, KD, and WS performed the analysis of data and
interpretation. JS, KD, and WS prepared the initial draft
of the manuscript. All authors approved the final
submission.

Competing Interests
The authors declare that they have no competing
interest.

REFERENCES

Alegria L, Vera M, Dreyse J, Castro R, Carpio D, Henriquez C,
Gajardo D, Bravo S, Araneda F, Kattan E, Torres P,
Ospina-Tascon G, Teboul JL, Bakker J and Hernandez G,
2017. A hypoperfusion context may aid to interpret
hyperlactatemia in sepsis-3 septic shock patients: a proof-
of-concept study. Annals of Intensive Care7: 29.
https://doi.org/10.1186/s13613-017-0253-x

Andersen A, Bagger JI, Baldassarre M, Christensen MB, Abelin
KU, Faber J, Pedersen-Bjergaard U, Holst JJ, Lindhardt
TB, Gislason G, Knop FK and Vilsbgll T, 2021. Acute
hypoglycemia and risk of cardiac arrhythmias in insulin-
treated type 2 diabetes and controls. European Journal of
Endocrinology 185: 343-353. https://doi.org/10.1530/EJE-
21-0232

Bakker J, Gris P, Coffernils M, Kahn RJ and Vincent JL, 1996.
Serial blood lactate levels can predict the development of
multiple organ failure following septic shock. American
Journal of Surgery 171: 221-226. https://doi.org/10.1016/
S0002-9610(97)89552-9

Barth E, Albuszies G, Baumgart K, Matejovic M, Wachter U,
Vogt J, Radermacher P and Calzia E, 2007. Glucose

476

Int J Vet Sci, 2023, 12(3): 470-478.

metabolism and catecholamines. Critical Care Medicine
35(9 Suppl): S508-S518.  https://doi.org/10.1097/01.
CCM.0000278047.06965.20

Bednarski R, Grimm K, Harvey R, Lukasik VM, Penn WS,
Sargent B, Spelts K, and American Animal Hospital A,
2011. AAHA anesthesia guidelines for dogs and cats.
Journal of the American Animal Hospital Association 47:
377-385. https://doi.org/10.5326/JAAHA-MS-5846

Bernard JM, Doursout MF, Wouters P, Hartley CJ, Merin RG
and Chelly JE, 1992. Effects of sevoflurane and isoflurane
on hepatic circulation in the chronically instrumented dog.
Anesthesiology 77: 541-545. https://doi.org/10.1097/
00000542-199209000-00021

Cavalcante AN, Gurrieri C, Sprung J, Schroeder DR and
Weingarten TN, 2018. Isoflurane and postoperative
respiratory depression following laparoscopic surgery: A
retrospective propensity-matched analysis. Bosnian Journal
of Basic Medical Sciences 18: 95-100. https://doi.org/
10.17305/bjbms.2017.2478

Chelluri L, Im KA, Belle SH, Schulz R, Rotondi AJ, Donahoe
MP, Sirio CA, Mendelsohn AB, and Pinsky MR, 2004.
Long-term mortality and quality of life after prolonged
mechanical ventilation. Critical Care Medicine 32: 61-69.
https://doi.org/10.1097/01.CCM.0000098029.65347.F9

Chen X, Bi J, Zhang J, Du Z, Ren Y, Wei S,Ren F, Wu Z, Lv Y
and Wu R, 2019. The Impact of Serum Glucose on the
Predictive Value of Serum Lactate for Hospital Mortality in
Critically 11l Surgical Patients. Disease Markers 2019:
1578502. https://doi.org/10.1155/2019/1578502

Constantinides C, Mean R and Janssen BJ, 2011. Effects of
isoflurane anesthesia on the cardiovascular function of the
C57BL/6 mouse. ILAR Journal 52: e21-31.

Cooper CA, Moraes LE, Murray JD and Owens SD, 2014.
Hematologic and biochemical reference intervals for
specific pathogen free 6-week-old Hampshire-Yorkshire
crossbred pigs. Journal of Animal Science and
Biotechnology 5: 5. https://doi.org/10.1186/2049-1891-5-5

Cromwell O, Hamid Q, Corrigan C, Barkans J, Meng Q, Collins
PD and Kay AB, 1992. Expression and generation of
interleukin-8, IL-6 and granulocyte-macrophage colony-
stimulating factor by bronchial epithelial cells and
enhancement by IL-1 beta and tumour necrosis factor-
alpha. Immunology 77: 330-337.

De Backer D and Foulon P, 2019. Minimizing catecholamines

and optimizing  perfusion. Critical care (London,
England) 23:  149.  https://doi.org/10.1186/s13054-019-
2433-6

Deshorough JP, Jones PM, Persaud SJ, Landon MJ and Howell
SL, 1993. Isoflurane inhibits insulin secretion from isolated
rat pancreatic islets of Langerhans. British Journal of
Anaesthesia 71: 873-876. https://doi.org/10.1093/bja/71.6.
873

Desouza C, Salazar H, Cheong B, Murgo J and Fonseca V,
2003. Association of hypoglycemia and cardiac ischemia: a
study based on continuous monitoring. Diabetes Care 26:
1485-1489. https://doi.org/10.2337/diacare.26.5.1485

D'Imperio S, Monasky MM, Micaglio E, Negro G and Pappone
C, 2021. Early Morning QT Prolongation During
Hypoglycemia: Only a Matter of Glucose? Frontiers in
Cardiovascular  Medicine 8:  688875.  https://doi.org/
10.3389/fcvm.2021.688875

Douglas SL, Daly BJ, Brennan PF, Harris S, Nochomovitz M
and Dyer MA, 1997. Outcomes of long-term ventilator
patients: a descriptive study. American Journal of Critical
Care 6: 99-105.

Douglas SL, Daly BJ, Gordon N and Brennan PF, 2002.
Survival and quality of life: short-term versus long-term
ventilator patients. Critical Care Medicine 30: 2655-2662.
https://doi.org/10.1097/00003246-200212000-00008



https://doi.org/10.1186/s13613-017-0253-x
https://doi.org/10.1530/EJE-21-0232
https://doi.org/10.1530/EJE-21-0232
https://doi.org/10.1016/%20S0002-9610(97)89552-9
https://doi.org/10.1016/%20S0002-9610(97)89552-9
https://doi.org/10.1097/01.%20CCM.0000278047.06965.20
https://doi.org/10.1097/01.%20CCM.0000278047.06965.20
https://doi.org/10.5326/JAAHA-MS-5846
https://doi.org/10.1097/%2000000542-199209000-00021
https://doi.org/10.1097/%2000000542-199209000-00021
https://doi.org/%2010.17305/bjbms.2017.2478
https://doi.org/%2010.17305/bjbms.2017.2478
https://doi.org/10.1097/01.CCM.0000098029.65347.F9
https://doi.org/10.1155/2019/1578502
https://doi.org/10.1186/2049-1891-5-5
https://doi.org/10.1186/s13054-019-2433-6
https://doi.org/10.1186/s13054-019-2433-6
https://doi.org/10.1093/bja/71.6.%20873
https://doi.org/10.1093/bja/71.6.%20873
https://doi.org/10.2337/diacare.26.5.1485
https://doi.org/%2010.3389/fcvm.2021.688875
https://doi.org/%2010.3389/fcvm.2021.688875
https://doi.org/10.1097/00003246-200212000-00008

Fernandez-Zamora MD, Gordillo-Brenes A, Banderas-Bravo E,
Arboleda-Sanchez JA, Hinojosa-Pérez R, Aguilar-Alonso
E, Herruzo-Aviles A, Curiel-Balsera E, Sanchez-Rodriguez
A, Rivera-Fernandez R and ARIAM Andalucia Group,
2018. Prolonged Mechanical Ventilation as a Predictor of
Mortality After Cardiac Surgery. Respiratory Care 63: 550—
557. https://doi.org/10.4187/respcare.04915

Freire Jorge P, Wieringa N, de Felice E, van der Horst ICC,
Oude Lansink A and Nijsten MW, 2017. The association of
early combined lactate and glucose levels with subsequent
renal and liver dysfunction and hospital mortality in
critically ill patients. Critical Care 21: 218. https://doi.org/
10.1186/s13054-017-1785-z

Gabriel GC, Devine W, Redel BK, Whitworth KM, Samuel M,
Spate LD, Cecil RF, Prather RS, Wu Y, Wells KD and Lo
CW, 2021. Cardiovascular Development and Congenital
Heart Disease Modeling in the Pig. Journal of the American
Heart Association 10: e021631. https://doi.org/10.1161/
JAHA.121.021631

Gajic O, Frutos-Vivar F, Esteban A, Hubmayr RD and Anzueto
A, 2005. Ventilator settings as a risk factor for acute
respiratory distress syndrome in mechanically ventilated
patients. Intensive Care Medicine 31: 922-926.

Garcia-Alvarez M, Marik P and Bellomo R, 2014. Stress
hyperlactataemia: present understanding and controversy.
The Lancet Diabetes & Endocrinology 2: 339-347.
https://doi.org/10.1016/S2213-8587(13)70154-2

Gargiulo S, Greco A, Gramanzini M, Esposito S, Affuso A,
Brunetti A and Vesce G, 2012. Mice anesthesia, analgesia,
and care, Part I: anesthetic considerations in preclinical
research. ILAR Journal 53: E55-69. https://doi.org/10.1093
filar.53.1.55

Goldmann C, Ghofrani A, Hafemann B, Fuchs P, Khorram-
Seffat R, Afify M, Kippe, W and Pallua N, 1999.
Combination anesthesia with ketamine and pentobarbital: a
long-term porcine model. Research in Experimental
Medicine 199: 35-50. https://doi.org/10.1007/s00433005
0131

Gunza JT and Pashayan AG, 1992. Postoperative elevation of
serum transaminases following isoflurane anesthesia.
Journal of Clinical Anesthesia 4: 336-341. https://doi.org/
10.1016/0952-8180(92)90143-0

Hannon JP, Bossone CA and Wade CE, 1990. Normal
physiological values for conscious pigs used in biomedical
research. Laboratory Animal Science 4: 293-298.

Hannon JP, Bossone CA and Wade CE, 1990. Normal
physiological values for conscious pigs used in biomedical
research. Laboratory Animal Science 4: 293-298.

Kandatsu N, Nan YS, Feng GG, Nishiwaki K, Hirokawa M,
Ishikawa K, Komatsu T, Yokochi T, Shimada Y and
Ishikawa N, 2005. Opposing effects of isoflurane and
sevoflurane on neurogenic pulmonary edema development
in an animal model. Anesthesiology 102: 1182-1189.
https://doi.org/10.1097/00000542-200506000-00018

Kim SP, Broussard JL and Kolka CM, 2016. Isoflurane and
Sevoflurane Induce Severe Hepatic Insulin Resistance in a
Canine Model. PLoS ONE 11: e0163275.
https://doi.org/10.1371/journal.pone.0163275

Kohen CJ, Hopper K, Kass PH and Epstein SE, 2018.
Retrospective evaluation of the prognostic utility of plasma
lactate concentration, base deficit, pH, and anion gap in
canine and feline emergency patients. Journal of Veterinary
Emergency and Critical Care 28: 54-61. https://doi.org/
10.1111/vec.12676

Koivikko ML, Karsikas M, Salmela Pl, Tapanainen JS,
Ruokonen A, Seppénen T, Huikuri HV and Perkiéméki JS,
2008. Effects of controlled hypoglycaemia on cardiac
repolarisation in patients with type 1 diabetes. Diabetologia,
51: 426-435. https://doi.org/10.1007/s00125-007-0902-y

477

Int J Vet Sci, 2023, 12(3): 470-478.

Kotani N, Hashimoto H, Sessler DI, Kikuchi A, Suzuki A,
Takahashi S, Muraoka M and Matsuki A, 1998.
Intraoperative modulation of alveolar macrophage function
during isoflurane and propofol anesthesia. Anesthesiology
89: 1125-1132. https://doi.org/10.1097/00000542-1998110
00-00012

Lopez Garcia de Lomana A, Vilhjalmsson Al, McGarrity S,
Sigurdardéttir R, Anuforo O, Viktorsdéttir AR,
Kotronoulas A, Bergmann A, Franzson L, Halldérsson H,
Henriksen HH, Wade CE, Johansson PI and Rolfsson O,
2022. Metabolic Response in Endothelial Cells to
Catecholamine Stimulation Associated with Increased
Vascular Permeability. International Journal of Molecular
Sciences 23: 3162. https://doi.org/10.3390/ijms23063162

Lvova MN, Tangkawattana S, Balthaisong S, Katokhin AV,
Mordvinov VA and Sripa B, 2012. Comparative
histopathology of Opisthorchis felineus and Opisthorchis
viverrini in a hamster model: an implication of high
pathogenicity of the European liver fluke. Parasitology
International 61: 167-172. https://doi.org/10.1016/j.parint.
2011.08.005

Malavasi LM, 2015. Swine. In Grimm KA, Lamont LA,
Tranquilli WJ, Greene SA and Robertson SA (ed),
Veterinary Anesthesia and Analgesia, The Fifth Edition of
Lumb and Jones. John Wiley & Sons Inc, lowa, USA, pp:
928-940.

Mathew P and Thoppil D, 2022. Hypoglycemia. In StatPearls.
StatPearls Publishing

Matsuura S, Shirakami G, lida H, Tanimoto K and Fukuda K,
2006. The effect of sevoflurane on ciliary motility in rat
cultured tracheal epithelial cells: a comparison with
isoflurane and halothane. Anesthesia and Analgesia 102:
1703-1708. https://doi.org/10.1213/01.ane.0000216001.369
32.a3

McKinley TO, McCarroll T, Gaski GE, Frantz TL, Zarzaur BL,
Terry C and Steenburg SD, 2016. Shock Volume: A
Patient-Specific  Index That Predicts Transfusion
Requirements and Organ Dysfunction in Multiply Injured
Patients. Shock 45: 126-132. https://doi.org/10.1097/SHK.
0000000000000501

Mets OM, Roothaan SM, Bronsveld I, Luijk B, van de Graaf
EA, Vink A and de Jong PA, 2015. Emphysema is common
in lungs of cystic fibrosis lung transplantation patients: a
histopathological and computed tomography study. PLoS
ONE 10: e0128062. https://doi.org/10.1371/journal.pone.
0128062

Morgaz J, Navarrete R, del Mar Granados M and Gémez-
Villamandos RJ, 2015. Swine model in transplant research:
Review of anaesthesia and perioperative management.
World Journal of Anesthesiology 4: 73-82. https://doi.org/
10.5313/wja.v4.i3.73

Nordin C, 2014. The proarrhythmic effect of hypoglycemia:
evidence for increased risk from ischemia and bradycardia.
Acta Diabetologica 51: 5-14. https://doi.org/10.1007/
500592-013-0528-0

Odeh D, Orsoli¢ N, Adrovié¢ E, Gaéina L, Peri¢ P, Odeh S, Balta
V, Lesar N and Kukolj M, 2022. Effects of Volatile
Anaesthetics and Iron Dextran on Chronic Inflammation
and Antioxidant Defense System in Rats. Antioxidants
(Basel) 11: 708. https://doi.org/10.3390/antiox11040708

Oshima Y, Otsuki A, Endo R, Nakasone M, Harada T,
Takahashi S and Inagaki Y, 2021. The Effects of Volatile
Anesthetics on Lung Ischemia-Reperfusion Injury: Basic to
Clinical Studies. The Journal of Surgical Research 260:
325-344 https://doi.org/10.1016/j.Jss.2020.11.042

Paelestik KB, Jespersen NR, Jensen RV, Johnsen J, Botker HE
and Kristiansen SB, 2017. Effects of hypoglycemia on
myocardial susceptibility to ischemia-reperfusion injury
and preconditioning in hearts from rats with and without



https://doi.org/10.4187/respcare.04915
https://doi.org/%2010.1186/s13054-017-1785-z
https://doi.org/%2010.1186/s13054-017-1785-z
https://doi.org/10.1161/%20JAHA.121.021631
https://doi.org/10.1161/%20JAHA.121.021631
https://doi.org/10.1016/S2213-8587(13)70154-2
https://doi.org/10.1093%20/ilar.53.1.55
https://doi.org/10.1093%20/ilar.53.1.55
https://doi.org/10.1007/s00433005%200131
https://doi.org/10.1007/s00433005%200131
https://doi.org/%2010.1016/0952-8180(92)90143-o
https://doi.org/%2010.1016/0952-8180(92)90143-o
https://doi.org/10.1097/00000542-200506000-00018
https://doi.org/10.1371/journal.pone.0163275
https://doi.org/%2010.1111/vec.12676
https://doi.org/%2010.1111/vec.12676
https://doi.org/10.1007/s00125-007-0902-y
https://doi.org/10.1097/00000542-1998110%2000-00012
https://doi.org/10.1097/00000542-1998110%2000-00012
https://doi.org/10.3390/ijms23063162
https://doi.org/10.1016/j.parint.%202011.08.005
https://doi.org/10.1016/j.parint.%202011.08.005
https://doi.org/10.1213/01.ane.0000216001.369%2032.a3
https://doi.org/10.1213/01.ane.0000216001.369%2032.a3
https://doi.org/10.1097/SHK.%200000000000000501
https://doi.org/10.1097/SHK.%200000000000000501
https://doi.org/10.1371/journal.pone.%200128062
https://doi.org/10.1371/journal.pone.%200128062
https://doi.org/%2010.5313/wja.v4.i3.73
https://doi.org/%2010.5313/wja.v4.i3.73
https://doi.org/10.1007/%20s00592-013-0528-0
https://doi.org/10.1007/%20s00592-013-0528-0
https://doi.org/10.3390/antiox11040708
https://doi.org/10.1016/j.jss.2020.11.042

type 2 diabetes. Cardiovascular Diabetology 16: 148.
https://doi.org/10.1186/s12933-017-0628-1

Pedersen T, Viby-Mogensen J and Ringsted C, 1992.
Anaesthetic  practice and postoperative  pulmonary
complications. Acta Anaesthesiologica Scandinavica 36:
812-818. https://doi.org/10.1111/j.1399-6576.1992. tb035
70.x

Pehbdck D, Dietrich H, Klima G, Paal P, Lindner KH and
Wenzel V, 2015. Anesthesia in swine : optimizing a
laboratory model to optimize translational research. Der
Anaesthesist, 64: 65-70. https://doi.org/10.1007/s00101-
014-2371-2

Peltekova V, Engelberts D, Otulakowski G, Uematsu S, Post M
and Kavanagh BP, 2010. Hypercapnic acidosis in
ventilator-induced lung injury. Intensive Care Medicine 36:
869-878. https://doi.org/10.1007/s00134-010-1787-7

Putensen C, Ré&sdnen J, Putensen-Himmer G and Downs JB,
2002. Effect of low isoflurane concentrations on the
ventilation-perfusion distribution in injured canine lungs.
Anesthesiology 97: 652-659. https://doi.org/10.1097/000
00542-200209000-00020

Régnier MA, Raux M, Le Manach Y, Asencio Y, Gaillard J,
Devilliers C, Langeron O and Riou B, 2012. Prognostic
significance of blood lactate and lactate clearance in trauma
patients. Anesthesiology 117: 1276-1288. https://doi.org/
10.1097/ALN.0b013e318273349d

Rehni AK, Shukla V, Perez-Pinzon MA and Dave KR, 2018.
Acidosis  mediates  recurrent  hypoglycemia-induced
increase in ischemic brain injury in treated diabetic rats.
Neuropharmacology 135: 192-201. https://doi.org/10.1016/
j.neuropharm.2018.03.016

Reno CM, Skinner A, Bayles J, Chen YS, Daphna-lken D and
Fisher SJ, 2018. Severe hypoglycemia-induced sudden
death is mediated by both cardiac arrhythmias and seizures.
Am J Physiol Endocrinol Metab, American Journal of
Physiology. Endocrinology and Metabolism 315: E240-
E249. https://doi.org/10.1152/ajpendo.00442.2017

Robinson RT, Harris ND, Ireland RH, Lee S, Newman C and

Heller SR, 2003. Mechanisms of abnormal cardiac
repolarization during insulin-induced hypoglycemia.
Diabetes 52: 1469-1474. https://doi.org/10.2337/

diabetes.52.6.1469

Schwertz H, Miller-Werdan U, Prondzinsky R, Werdan K and
Buerke M, 2004. [Catecholamine therapy in cardiogenic
shock: helpful, useless or dangerous?]. Deutsche
Medizinische Wochenschrift 129: 1925-1930.
https://doi.org/10.1055/s-2004-831364 (Katecholamine im
kardiogenen Schock: hilfreich, nutzlos oder gefahrlich?)

478

Int J Vet Sci, 2023, 12(3): 470-478.

Semler MW and Singer M, 2019. Deconstructing
Hyperlactatemia in Sepsis Using Central Venous Oxygen
Saturation and Base Deficit. American Journal of
Respiratory and Critical Care Medicine 200: 526-527.
https://doi.org/10.1164/rccm.201904-0899ED

Shen C, Wei D, Wang G, Kang Y, Yang F, Xu Q, Xia L and Liu
J, 2021. Swine hemorrhagic shock model and
pathophysiological changes in a desert dry-heat
environment. PloS ONE 16: e0244727. https://doi.org/10.
1371/journal.pone.0244727

Solevdg AL, Dannevig |, Saltyte-Benth J, Saugstad OD and
Nakstad B, 2014. Reliability of pulse oximetry in hypoxic
newborn pigs. The journal of Maternal-Fetal & Neonatal
Medicine 27: 833-838. https://doi.org/10.3109/14767058.
2013.842550

Solhpour A, Tajbakhsh A, Safari S, Movaffaghi M,
Pourhoseingholi MA and Soltani F, 2022. Inadvertent
severe hypercapnia during general anesthesia: drop-in
oxygen saturation or electrocardiography changes; which
one warns us earlier? Ain-Shams Journal of Anesthesiology
14: 9. https://doi.org/https://doi.org/10.1186/s42077-021-
00207-w

Strosing KM, Faller S, Gyllenram V, Engelstaedter H, Buerkle
H, Spassov S and Hoetzel A, 2016. Inhaled Anesthetics
Exert Different Protective Properties in a Mouse Model of
Ventilator-Induced Lung Injury. Anesthesia and Analgesia
123: 143-151. https://doi.org/10.1213/ANE.0000000000
001296

Suyapoh W, Tangkawattana S, Suttiprapa S, Punyapornwithaya
V, Tangkawattana P and Sripa B, 2021. Synergistic effects
of cagA+ Helicobacter pylori co-infected with Opisthorchis
viverrini on hepatobiliary pathology in hamsters. Acta
Tropica 213: 105740. https://doi.org/10.1016/j.actatropica.
2020.105740

Tanaka K, Kawano T, Tsutsumi YM, Kinoshita M, Kakuta N,
Hirose K, Kimura M and Oshita S, 2011. Differential
effects of propofol and isoflurane on glucose utilization and
insulin secretion. Life Sciences 88, 96-103. https://doi.org/
10.1016/j.1s.2010.10.032

Tanaka T, Nabatame H and Tanifuji Y, 2005. Insulin secretion

and glucose utilization are impaired under general

anesthesia with sevoflurane as well as isoflurane in a

concentration-independent manner. Journal of Anesthesia,

19: 277-281. https://doi.org/10.1007/s00540-005-0341-1

Y, Xiao X, Li G, Bu J, Zhou W and Zhou S, 2017.

Isoflurane anesthesia induces liver injury by regulating the

expression of insulin-like growth factor 1. Experimental

and Therapeutic Medicine 13: 1608-1613. https://doi.org/
10.3892/etm.2017.4157

Zhu



https://doi.org/10.1186/s12933-017-0628-1
https://doi.org/10.1111/j.1399-6576.1992.%20tb035%2070.x
https://doi.org/10.1111/j.1399-6576.1992.%20tb035%2070.x
https://doi.org/10.1007/s00101-014-2371-2
https://doi.org/10.1007/s00101-014-2371-2
https://doi.org/10.1007/s00134-010-1787-7
https://doi.org/10.1097/000%2000542-200209000-00020
https://doi.org/10.1097/000%2000542-200209000-00020
https://doi.org/%2010.1097/ALN.0b013e318273349d
https://doi.org/%2010.1097/ALN.0b013e318273349d
https://doi.org/10.1016/%20j.neuropharm.2018.03.016
https://doi.org/10.1016/%20j.neuropharm.2018.03.016
https://doi.org/10.1152/ajpendo.00442.2017
https://doi.org/10.2337/%20diabetes.52.6.1469
https://doi.org/10.2337/%20diabetes.52.6.1469
https://doi.org/10.1055/s-2004-831364
https://doi.org/10.%201371/journal.pone.0244727
https://doi.org/10.%201371/journal.pone.0244727
https://doi.org/10.3109/14767058.%202013.842550
https://doi.org/10.3109/14767058.%202013.842550
https://doi.org/https:/doi.org/10.1186/s42077-021-00207-w
https://doi.org/https:/doi.org/10.1186/s42077-021-00207-w
https://doi.org/10.1213/ANE.0000000000%20001296
https://doi.org/10.1213/ANE.0000000000%20001296
https://doi.org/10.1016/j.actatropica.%202020.105740
https://doi.org/10.1016/j.actatropica.%202020.105740
https://doi.org/%2010.1016/j.lfs.2010.10.032
https://doi.org/%2010.1016/j.lfs.2010.10.032
https://doi.org/10.1007/s00540-005-0341-1
https://doi.org/%2010.3892/etm.2017.4157
https://doi.org/%2010.3892/etm.2017.4157

