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Fig. 2 In situ hybridization for
ADA mRNA. Small intestines
were harvested 24 h after the
second injection of IND
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Fig. 3 OGT reduced ADA mRNA expression in the small intestines
of both IND-treated and untreated mice. Small intestines were
harvested at 24 h after the second injection of IND. *P < 0.05, ¢ test
with Bonferroni correction. Data represent the means + SEM
(n = 3-5 per group)
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Fig. 4 Adenosine A2a receptor antagonist abrogates the effect of
OGT. Adenosine A2a receptor antagonist (CSC; 10 mg/kg i.p.) was
injected for 5 consecutive days prior to the first injection of IND.
Survival curves were drawn using the Kaplan-Meier method and
statistical analysis was done by the logrank test. *P < 0.02 versus
IND 4+ OGT (n = 15 per group)
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Fig. 5 a Effect of OGT fractions on IND-induced lethality. Diets
containing each fraction at the concentration relevant to that in
2%O0GT were administered from the first injection of IND until the
end of the experiments. HMW: high molecular weight fraction. The
alkaloid fraction had the strongest protective effect. Survival curves
were drawn using the Kaplan-Meier method (n = 10 per group).
b Berberine suppressed IND-induced lethality in a dose-dependent
manner. Diets containing berberine at 1x [Ber(1)], 2x [Ber(2)] or 3x
[Ber(3)] concentration corresponding to -that in 2% OGT were
administered from the first IND injection until the end of the
experiment. Survival curves were drawn using the Kaplan-Meier
method (n = 10 per group)

inflammatory state, large amounts of extracellular adeno-
sine are produced from ATP via the successive conversion
by CD73/ectonucleotidase (Nt5e) and CD39 (Entpd2) and
degraded by ectopically expressed ADA. Extracellular
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adenosine binds to adenosine receptors (A2a, A2b) and
transduces signals to MAPK1 and 3 through relevant G
proteins (Gnall, Gnai2, Gnai3, Gnaol and Gnas3). HIF1A
is a master transcription factor which regulates the large
portion of genes involved in the adenosine system. The
expression of other relevant genes such as endonucleoti-
dase (Nt5c2), nucleotide transporters (SIc28 family and
S1c29 family), adenosine Al and A3 receptors (Adoral,
Adora3) were not detected nor assessed in the present
study. The fold change and P-value for each gene provided
by GeneChip analysis are represented as the size of icon
and the line thickness of the wraparound frame, respec-
tively. The figure clearly shows IND predominantly
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Fig. 6 Berberine reduced ADA mRNA expression in the small
intestine. Small intestines were harvested at 24 h after the second
injection of IND. Diet containing berberine at twice the concentration
corresponding to that in 2% OGT was administered from the first IND
injection until the end of experiment. *P < 0.05, r test with
Bonferroni correction. Data represent the means + SEM (n = 5 per

group)

Fig. 7 Schematic
representation of changes in
gene expression of the
adenosine system using Cell
Illustrator Online (CIO). NT5E
CD73/ectonucleotidase, ADA
adenosine deaminase, ADORA
adenosine receptor, HIFIA
hypoxia inducible factor 1A,
GNA G protein, ADK adenosine

extracellular © &

activates gene expression involved in extracellular adeno-
sine metabolism. This suggests that in IND-treated small
intestines a large amount of adenosine is synthesized and
then degraded resulting in activation of the adenosine
signal transduction pathway. OGT normalizes the changes
induced by IND treatment.

Discussion

Several pathogenic factors of IND-induced enteropathy
have been suggested [13, 14], which were PGs depletion
after COX inhibition [15], increase of intestinal perme-
ability after mitochondrial damage [16], exposure of
luminal bacteria to mucosa [9], oxidative stress [17], nitric
oxide [10], TNF-« [18], neutrophil infiltration [19] and
microcirculatory changes [20-22].

In the present study, we demonstrated that the adenosine
system, including ADA, plays an important role in IND-
induced enteropathy and its amelioration by OGT, which
indicates that the adenosine system is another option of the
mechanism and therapeutic target of IND-induced enter-
opathy. Adenosine is a ubiquitous endogenous purine
nucleoside, which exerts its various biological actions in
many organs via cell surface adenosine receptors (Al, A2a,
A2b, A3) [23]. Normally the extracellular adenosine con-
centration is strictly controlled by a set of synthetic,
transport and metabolic molecules. However, in response
to cellular damage (e.g. inflammation or ischemia), aden-
osine concentration is quickly elevated, which plays a
prominent role in modulating inflammation and helps to
maintain tissue integrity [24]. The cytoprotective functions
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of adenosine have been suggested in several experimental
colitis models by modulation of adenosine signaling.
Indeed, adenosine has been proposed to form the basis of a
novel therapeutic option for inflammatory bowel diseases
(IBDs) [25, 26]. Furthermore, the prominent role of A2a
receptors suggested by the present results is in good
accordance with previous reports on both acute and chronic
colitis models [27, 28].

Here, we showed that OGT decreased ADA mRNA
expression which was increased by injection of IND. ADA
is an enzyme that is largely responsible for the degradation
of adenosine. The cellular concentration of adenosine is
determined by the net balance of adenosine synthesis,
transport and catabolism. Therefore, it is possible that OGT
may increase the adenosine concentration by decreasing
the amount of ADA. Inhibition of ADA as a possible
therapeutic option for enteropathy was also suggested in a
report by Antonioli et al. [29] where it was shown that an
ADA inhibitor attenuates DNBS colitis. Survey and anal-
ysis of the results of microarray data (Fig. 7; Table 3)
suggested that the genes involved in extracellular adeno-
sine metabolism are most profoundly affected, which
support the hypothesis that the effect of IND/OGT is clo-
sely related to the extracellular concentration of adenosine.
Furthermore, because OGT decreased ADA mRNA in
normal mice, the decrease of ADA may not be the result of
a reduction in inflammation but an independent action
executed by OGT.

Pouliot et al. [30] showed that adenosine upregulated
COX-2 enzyme in human granulocytes, and suggested that
adenosine might promote a self-limiting regulatory process
through the increase of PGE2 generation. In our previous
study, we showed that OGT elicited an increase in the
number of COX-2 expressing cells in the lamina propria
and in the production of mucosal PGE2. These observa-
tions could be explained in terms of an increase in the
concentration of adenosine due to inhibition of ADA
activity. However, because we did not determine the
adenosine concentration, further extensive studies are
necessary to clarify this point.

Investigation of active components using major iso-
quinoline alkaloids of OGT has revealed that two
berberine-like alkaloids, berberine and coptisine, display
preventive activity on IND-induced death. We focused the
attention of the effects of berberine, because the alkaloid is
readily available and ethically used in Japan. Berberine
reduced the lethality by IND and decreased ADA mRNA
expression in the small intestine (Figs. Sb, 6). However,
treatment with berberine alone did not have sufficient
efficacy on the lethality even if the dose was increased
(Fig. 5b). Thus, we believe that additional ingredients may
be responsible for the potent preventive effect of OGT
against enteropathy.

@_ Springer

In conclusion, guided by a transcriptome approach using
MGP analysis, we have demonstrated the importance of the
adenosine system in IND-induced enteropathy and its
amelioration by OGT/berberine. This study addresses the
possible efficacy of OGT as a treatment option for the
adverse effect of NSAIDs on the small intestine. We
believe that modulation of the adenosine system may
provide an effective therapeutic strategy for NSAID-
induced enteropathy.
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Tumor necrosis factor-a mediates hyperglycemia-augmented gut
barrier dysfunction in endotoxemia*

Satoshi Yajima, MD; Hiroshi Morisaki, MD; Ryohei Serita, MD; Takeshi Suzuki, MD; Nobuyuki Katori, MD;
Takashi Asahara, PhD; Koji Nomoto, PhD; Fujio Kobayashi, BA; Akitoshi Ishizaka, MD; Junzo Takeda, MD

Objective: To examine whether hyperglycemia would augment
gut barrier dysfunction and inflammatory responses in endotox-
emic rats, and simultaneously to clarify the roles of tumor necro-
sis factor (TNF)- in alterations of gut mucosal permeability
associated with hyperglycemia.

Design: Prospective randomized animal study.

Setting: University research laboratory.

Subjects: Male Wistar rats treated with lipopolysaccharide
(LPS) injection.

Interventions: After LPS injection (4 mg/kg), rats were randomly
allocated into group S (n = 6), group G (n = 7), or group Gl (n = 8) with
continuous infusion of different fluid solutions: normal saline, 40%
glucose or 10% glucose mixed with insulin, respectively. Blood glucose,
insulin, and proinflammatory cytokines, accompanied by gut mucosal
permeability using an in sifu loop preparation of gut with fluorescence
isothiocyanate-conjugated dextran, were measured. Bacterial growth or
alterations in mesenteric flymph nodes and cecal contents were also
assessed. We further determined the roles of TNF-« using an inhibitor of
TNF-o converting enzyme in gut bamier dysfunction under the same

Measurements and Main Results: Hyperglycemia over 400
mg/dL was achieved and kept in group G during the study period
whereas normoglycemia was preserved in group S and Gl, the
latter of which showed the similar extent of hyperinsulinemia to
group G. Plasma concentrations of fluorescence-labeled dextran
and TNF-« in group G were significantly higher vs. group S and G,
and the number of bacteria found in mesenteric lymph nodes in
group G was greater compared with group S. Intestinal environ-
ments including microflora and organic acids were not altered by
blood glucose or insulin level. Inhibiting conversion of membrane-
bound to soluble type of TNF-« restored gut mucosal permeability
augmented by hyperglycemia.

Conclusions: These findings indicate that hyperglycemia dete- -
riorates LPS-elicited gut barrier dysfunction and bacterial trans-
location independently of plasma insulin level, and that TNF-«
mediates such mucosal dysfunction of gut in endotoxemia. (Crit
Care Med 2009; 37:1024-1030)

Kev Woros: hyperglycemia; insulin; endotoxin; TNF-oz convert-
ing enzyme; gut mucosal permeability

experimental settings.

yperglycemia has been rec-
ognized as a consequential
risk factor to increase the
mortality and morbidity in
critically ill even without diabetes mellitus
(1, 2). Clinical trials demonstrated that in-
tensive insulin therapy to regulate blood
glucose level <110 mg/dL improved the
outcome of both medical and surgical pa-
tients who were admitted in intensive care
units (3, 4), whereas the most recent study

*See also p. 1160.
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alarmed that such tight control of blood
glucose increased a potential threat for se-
rious adverse events associated with hypo-
glycernia (5). Previous reports showed that
acute hyperglycemia enhanced systemic in-
flammatory responses including oxidative
stress and cytokine production (6), which
were lessened by hyperinsulinemic eugly-
cemia in animal models of endotoxemia
(7). Although a multivariate analysis of the
clinical data suggests that normoglycemia
is the key factor rather than insulin infu-
sion to improve the outcome (8), insulin by
itself attenuated endotoxin-induced in-
creases of nitric oxide (NO) and superoxide
production, and subsequently slowed the
progression of lung injury (9). Neverthe-
less, it still remains unclear which factor,
keeping normoglycemia or plasma insulin
level, is the determinant to improve the
outcome in critically ill.

Despite being long considered as a non-
vital organ, gut has now become one of
therapeutic targets in critically ill (10). A
loss of barrier function, regulated by several
factors such as NO and tumor necrosis fac-

tor (TNF)-a (11, 12), permits an invasion of
intraluminal bacteria and/or toxins into
systemic bloodstream and lymph nodes,
subsequently augments systemic inflam-
matory responses and the development of
multiple organ failure (10). Because hyper-
glycemia modulates inflammatory re-
sponses involving both NO and TNF-a (13),
we hypothesized that hyperglycemia dam-
aged gut mucosa and evoked bacterial
translocation, resulting in the increase of
modality-like positive blood culture as
shown in clinical trials (3, 4). In addition,
excessive abnormality of bacterial flora in
gut is another element to induce bacterial
translocation and to determine the out-
come in critically ill (14). In an endotox-
emic rat model, we, therefore, evaluated
the effects of hyperglycemia and plasma
insulin level on gut barrier function, intes-
tinal flora, and production of proinflamma-
tory cytokines. As a second aim of this
study, we further examined the roles of
TNF-a in the relationship between hyper-
glycemia and gut barrier dysfunction in
endotoxemia.

Crit Care Med 2009 Vol. 37, No. 3




METHODS

This study protocol was approved by the
animal care and use committee of Keio Uni-
versity School of Medicine in accordance with
the National Institute of Health.

Animal Model. Male Wistar rats, weighing
220-250 g, were studied after a 37 days period
of acclimatization in our laboratory. With isoflu-
rane anesthesia in oxygen, the jugular vein and
carotid artery were cannulated with a catheter
(PES0; Intermedic, Sparks, MD) under sterile
condition. After this preparation, the animals
were placed in a metabolic cage that allowed
time for awakening and stabilization for 1 hour.
Arterial catheter was connected to a pressure
transducer (Nihon Kohden, Tokyo, Japan) to
record the mean arterial pressure and heart rate
on a polygraph recorder (Power lab, AD Instru-
ments, Mountain View, CA). Then, all animals
received intravenous injection of 4 mg/kg lipo-
polysaccharide (LPS) (Escherichia coli, Sigma
Chemicals, St. Louis, MO) and fluid therapy for
the next 3 hours.

Study Protocol 1. After the preparatory
surgery described above, 21 animals were ran-
domized into three groups using a computer-
generated random number: group S (n = 6)
received intravenous infusion of normal sa-
line, group G (n = 7) received 40% glucose
solution (Ohtsuka Pharma, Tokushima, Ja-
pan), and group GI (n = 8) received 10%
glucose solution (Ohtsuka Pharma) mixed
with insulin (8 mUkg~Ymin~!) (Insulin Hu-
man, Novolin-R injection, Novo-Nordisk,
Copenhagen, Denmark). All solutions were in-
fused at the rate of 10 mLkg~'hr~!. The
target glucose level in group G was 300-350
mg/dL commonly applied in previous experi-
mental studies (15, 16) whereas those in
group S and GI were ranged at 80-110 mg/dL
as described by van den Berghe et al (3, 4). Our
pilot study showed a continuous infusion of
glucose and insulin mixture réached approxi-
mately within each blood glucose range, ac-
companied by hyperinsulinemia in rats. Arte-
rial blood was sampled for measuring blood
glucose levels (ACCU-chek; Roche Diagnos-
tics, Basel, Switzerland) at baseline, 1, 2, and 3
hour after the randomization. Simultaneously,
at 3-hour study period, plasma concentration of
insulin, cytokines, and nitric oxide metabolites
(NOx) were measured. Thereafter, laparotomy
was performed under isoflurane anesthesia and
sterile condition for the examination of gut mu-
cosal permeability. In a separate series of exper-
iments, sampling of mesenteric lymph nodes
(MLNs) and cecal contents for the assessment of
intestinal flora from 21 animals (group S: n = 6,
group G: n = 7, and group GL n = 8) was per-
formed as described below. To evaluate intestinal
microbes and plasma insulin level in normal rats,
we analyzed the samples obtained from four sham
rats which received the same catheterization and
fluid therapy with saline without LPS injection.

Study Protocol 2. Following the catheter-
ization, another 32 rats which received the
same amount of LPS were randomized into

Crit Care Med 2009 Vol. 37, No. 3

four groups: group S (n = 8) received normal
saline, group ST (n = 9) received normal saline
containing 0.3 mg/mL of tumor necrosis factor
converting enzyme (TACE) inhibitor (Y-41654;
Tanabe-Mitsubishi Pharma, Ohsaka, Japan),
group G (n = 8) received 40% glucose solution,
and group GT (n = 7) received 40% glucose
solution containing 0.3 mg/mL of Y-41654. All
solutions were infused at the rate of 10
mLkg™ hr~!, At the 3-hour study period, arte-
rial blood was obtained for measurements of
several markers described in Study Protocol 1
section, and thereafter laparotomy was per-
formed for examination of gut mucosal perme-
ability as described below. Y-41654, a water-
soluble compound with a molecular weight of
approximately 700 and a half-life of 30 minutes in
rat blood, has a peptide-mimicking hydroxamate
structure which facilitates chelation of the zinc ion
in the active site of the TACE. This compound was
found to show high potency against TACE in sub-
strate assays (data not shown), suggesting that it
behaves as a competitive inhibitor.

Measurements of Gut Mucosal Permeabil-
ity. We determined gut mucosal permeability by
using fluorescein isothiocyanate-conjugated
dextran (FD4) with a molecular weight of 4000
Da, as described previously (17). Briefly, the ab-
domen was opened for preparation of an in sifu
loop of gut. After removal of undigested food in
observed segment of ileum with phosphate-
buffered saline (pH 7.4), double ligatures at both
ends were made on the 10-cm length of terminal
ileum. Through a cannula placed into this seg-
ment of terminal ileum, FD4 (10 mg in 1 mL of
phosphate-buffered saline, Sigma, St. Louis,
MO) was injected, which resulted in a slight
distension of intestinal loop. After 30 minutes,
blood samples from both portal vein and artery
were obtained and centrifuged, and plasma FD4
concentrations were measured at an excitation
wavelength of 480 nm and an emission wavelength
of 520 nm using fluorescence spectrometry (Spec-
trofluorophotometer: RF-1500, Shimadzu, Kyoto,
Japan). Results were corrected for plasma protein
contents measured by Lowry method.

Sampling of MLNs and Cecal Contents. To
perform the sampling of MLNs and cecal con-
tents under sterile condition, another 21 rats,
which were randomized and treated with fluid
therapy for 3 hours according to Study Proto-
col 1, were examined. After laparotomy, cecum
and distal ileum were externalized, and three
MLNs in each rat were randomly sampled and
homogenized in 0.5 mL sterilized phosphate
buffer solution. The MLNs in phosphate buffer
solution were submerged in RNAlater (Am-
bion, Austin, TX), followed by being stored
under conditions where RNA degradation
would normally take place rapidly. Blood (1
mL) obtained from portal vein was mixed with
sodium citrate (0.38%, wt/vol) and RNApro-
tect™ bacterial reagent (Qiagen, Hilden, Ger-
many). Thereafter, a 10-cm segment of distal
ileum was dissected and its contents were col-
lected into the tube including 2 mL RNAlater
and mixed vigorously for the examination of gut
flora in MLNs as described below. The contents

of cecum were collected for examination of or-
ganic acid concentrations and pH as described
below. All samples were weighed and stored at
—20°C until further examinations.

Determination of RNA, Bacteria, and
Organic Acid Concentrations in Gut or MLNs.
After serial 1/10 dilutions of all samples were
made in RNAlater, they were added to two vol-
umes of RNAprotect™ bacterial reagent, and
then the preparations were incubated for 5 min-
utes at room temperature. After centrifugation
of each mixture at 5000 g for 10 minutes, the
supernatant was discarded and the pellet was
stored at —80°C until it was used for extraction
of RNA. RNA was isolated using the method
described elsewhere (18). Finally, the nucleic
acid fraction was suspended in 50 wL-nuclease-
free water. A standard curve was generated with
reverse transcription-quantitative polymerase
chain reaction data (using the threshold cycle
[C;] value, the cycle number when the threshold
fluorescence was reached) and the correspond-
ing cell count, which was determined micro-
scopically with 4,6-diamidino-2-phe-nylindole
(Vector Laboratories, Burlingame, CA) staining
(19) for dilution series of the standard strains
described elsewhere (20). For determination of
the bacteria presented in samples, three serial
dilutions of an extracted RNA sample were used
for reverse transcription-quantitative polymer-
ase chain reaction, and the C; values in the
linear range of the assay were applied to the
standard curve generated in the same experi-
ment to obtain the corresponding bacterial cell
count in each nucleic acid sample and then
converted to the number of bacterial per sample.
The specificity of the reverse transcription-
quantitative polymerase chain reaction assay us-
ing the group- or species-specific primers was
determined as described previously (20).

The contents of cecum were homogenized
in 1 mL distilled water, and centrifuged at
10,000 rpm at 4°C for 10 minutes. A mixture
of 0.9 mL of the resulting supernatant and 0.1
mL of 1.5 mol/L perchloric acid was mixed in
a glass tube, and allowed to stand at 4°C for 12
hours. The suspension was then passed
through a filter with a pore size of 0.45 um
(Millipore Japan, Tokyo). The sample was an-
alyzed for organic acids by high-performance
liquid chromatography, and the concentra-
tions of organic acids were calculated with the
use of external standards, and the reproduc-
ibility and stability of these measurements
were described previously (21).

Immunohistochemical Staining of Ileal
Mucosa for Inducible Nitric Oxide Synthase
(iNOS). In a separate series of experiments,
the iNOS expression on ileum was determined
by immunohistochemistry. At 3-hour study
period, three rats in each study group with
three sham rats were anesthetized, and termi-
nal ileum was excised, immediately frozen in
OCT compound (Tissue-Tek; Sakura Finetek
Japan, Tokyo. Japan), and then sectioned into
8-wm square. Tissue sections were fixed with
10% neutral buffered formalin for 10 minutes,
and washed with Tris buffer solution. They
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were treated with Protein Block (Dako, Glostrup,
Denmark) for 10 minutes, and incubated with 2
wg/mL anti-mouse iNOS rabbit polyclonal an-
tibody (Wako Pure Chemical Industry, Osaka,
Japan) at 4°C overnight, and washed with Tris
buffer solution. Endogenous peroxidase activ-
ity was blocked with 0.3% hydrogen peroxide
in methanol for 30 minutes. They were treated
with Biotin blocking system (Dako) and incu-
bated with biotin-conjugated goat anti-rabbit
immunogloburin (Dako) diluted 1:600, for 30
minutes at reverse transcription. After wash-
ing with Tris buffer solution, they were treated
with peroxidase-conjugated streptavidin
(Nichirei Biosience, Tokyo, Japan) for 5 minutes.
Peroxidase activity was visualized by diamino-
benzidine. The sections were counterstained
with Mayer’s Hematoxylin (Mutoh Chemical,
Tokyo, Japan), dehydrated, and then mounted
with Malinol (Mutoh), Ten images per each sam-
ple were randomly photographed using a micro-
scope attached modular photomicrographic sys-
tem {Nikon Eclipse TS 100, Nikon, Tokyo). The
immunostaining area of the ileum was mea-
sured using computer software (NIH image 1.63
software, National Institutes of Health, Be-
thesda, MD) in a blinded manner (22), and the

(mg/dL) o Group S
0 Grouwp G
m Group GI
500

250,

0 1 2 3 ()

Figure 1. Changes of blood glucose concentra-
tions during the 3-hour study period in endotox-
emic rats treated with saline, glucose, and glu-
cose mixed with insulin solutions. Values are
expressed as means = sp. Group S (n = 6) =
saline alone, group G (n = 7) = 40% glucose
solution, and group GI (n = 8) = 10% glucose
mixed with insulin solution, Significance *p < 0.01
vs. group S and GI, tp < 0.05, $p < 0.01vs. 0 hour.

ratio of this area to all field of the image was
determined as the expression density of iNOS.

Biochemical Analyses. Arterial blood at
3-hour study period was centrifuged at 2500
rpm for 10 minutes at 4°C, and then stored at
—80°C for measurements of insulin, cyto-
kines, and NOx. Plasma insulin concentration
was measured in duplicate with a specific en-
zyme-linked immunosorbent assay method
using commercially available enzyme-linked
immunosorbent assay kit (Mercodia AB, Upp-
sala. Sweden), which showed cross-reactivity
with human insulin. TNF-a and interleukin
(IL)-18 were measured in duplicate by en-
zyme-linked immunosorbent assay using
commercially available kits (Immunoassay
Kit, Biosource International, CA). Briefly, after
incubation in immobilized antibody and a bi-
otinylated antibody specific for each cytokine,
streptavidine-peroxidase is added. This binds
to the biotinylated antibody to complete the
four-member sandwich. Then, a substrate so-
lution is added, which is acted on by the bound
enzyme to produce color. The intensity of this
colored product is directly proportional to the
concentration of each cytokine, NO release was
assessed by the determination of plasma NO me-
tabolites (nitrate and nitrite; NOx) by colorimet-
ric assay using the enzyme nitrate reductase
(Oxford Biomedical Research Oxford, MI). The
intensity was measured using a plate analyzer
(ETY-3A, Toyosokki, Tokyo, Japan).

Statistical Analyses. Data were expressed
as mean * sp unless otherwise specified. Data
obtained at various periods were analyzed by
two-way analysis of variance with repeated
measures using a statistical software package
of SPSS/15.0J for Windows (SPSS Inc, Chi-
cago, IL). One-way analysis of variance was
applied to examine the data obtained at one
study period such as portal FD4, cytokines,
and blood gas analyses. Kruskal-Wallis test
was used to examine the nonparametric data
such as intestinal microbes. Post hoc test was
made by using Tukey's test. Values of p < 0.05
were considered statistically significant.

RESULTS

All animals in both Study protocol 1
and 2 survived for 3-hour study periods.

Table 1. Arterial blood gas and lactate levels in endotoxemic rats after 3 hr-infusion of saline, glucose,

and glucose mixed with insulin solutions

Group S Group G Group GI

(n = 6) n=17 (n =8)
pH 7.43 = 0.06 7.35 + 0.04° 7.45 = 0.07°
Pa0, (mm Hg) 99+9 100 * 12 98 £ 20
PaCO, (mm Hg) 273 £34 26.0 = 4.8 273+ 64
Base excess -63+14 ~-99+25 -5.8 +3.1°
Lactate (mmol/L) 1.6+ 0.3 47 £ 0.6° 24 * 05%¢
Osmolarity (mOsm/L) 287+ 2 2935 289 =5

Data were expressed as mean * SD.

Group S, saline alone; Group G, 40% glucose solution; Group GI, 10% glucose solution mixed with insulin.
Significance: % < 0.05, % <0.01 vs. Group S, p <0.05, 4p < 0.01 vs. Group G.
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Study Protocol 1

Changes of Systemic Hemodynamics,
Blood Glucose, and Insulin Concentra-
tions. At the baseline (0 hour), the values of
mean arterial pressure, heart rate, and
blood glucose concentration were not
different between the groups. Overall
changes of mean arterial pressure and
heart rate were trivial throughout the study
periods (data not shown), suggesting that
the outcome of the present study was un-
likely to be dependent on systemic hemo-
dynamics. Blood glucose level in group G
was significantly increased at 1 hour and
remained higher than the level of 400 mg/
dL, which was to some extent higher than
we planned (Fig. 1). Those in group S and
GI were slightly but significantly elevated at
1 and 2 hour vs. the baseline (0 hour), and
became down to the baseline level, i.e., ap-
proximately at 100 mg/dL. On the other
hand, plasma insulin concentration at
3-hour study period remained low level in
group S, but group G and GI showed a
marked increase (6.2 * 4.7 wg/L vs.
124.1 *+ 134 pg/L and 112.7 + 1.0 pg/L,
respectively; p < 0.001). Because of neces-
sary blood sampling limitation, we did not
assess the changes of plasma insulin levels
during the 3-hour study period. In all sham
rats, plasma insulin level was undetectable,
i.e., less than 3 pg/L. Collectively, under sim-
ilar extent of hyperinsulinemia developed, the
animals in group G and GI showed stable
hyperglycemia and normoglycemia, respec-
tively, for 3-hour study period.

Arterial blood gas analyses at 3 hours
after LPS injection showed that arterial pH
in all groups were slight metabolic acidosis
but were basically compensated well by re-
spiratory alkalosis (Table 1). However, arte-
rial lactate level in group G showed a sig-
nificant elevation compared with group S
and GI. Serum osmolarity, calculated by
the standard formula including the values
of plasma sodium ion, glucose and urea ni-
trogen levels, stayed within normal ranges at
3-hour study period in all study groups.

Gut Mucosal Permeability, Cytokines,
and NO. Plasma FD4 concentration
showed a marked increase in group G
compared with the other two groups (Fig.
2). Because portal FD4 concentration in
group S was slightly higher than normal
value, usually being less than 0.15-mg/mg
protein in rats, hyperglycemia augmented
gut mucosal permeability which was al-
ready elevated by endotoxin injection. Arte-
rial concentration of FD4 showed the sim-
ilar results as portal levels (data not
shown). Simultaneously, arterial concen-
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Figure 2. Plasma concentrations of fluorescence-conjugated dextran (FD4), tumor necrosis factor-o
(TNF-a), interleukin-1B (/L-1B), and nitric oxide metabolites (VOx) at 3-hour study period in endotoxemic
rats treated with saline, glucose, and glucose mixed with insulin solutions. Values are expressed as means +
sb. Group S (n = 6) = saline alone, group G (n = 7) = 40% glucose solution, group GI (n = 8) = 10%
glucose mixed with insulin solution. Significance: *p < 0.05 vs. group S and GI, #» < 0.05 vs. group S.

Figure 3. Representative micrographs of immunohistochemical staining of ileal mucosa for inducible
nitric oxide synthase (iNOS) in sham and endotoxemic rats treated with saline, glucose, and glucose
mixed with insulin solutions. Positive staining for iNOS is brown. 4, A representative immunostaining
of ileal mucosa from a Sham rat. B-D, A representative immunostaining of ileal mucosa from a rat in
group S, G, and GI, respectively. Note that the density of iNOS expression is apparently augmented vs.
the Sham rat but appears to be similar between the LPS-treated groups.

trations of proinflammatory cytokines,
TNF-o, and IL-13, were significantly ele-
vated in group G vs. group S and GI. On the
other hand, plasma concentrations of NOx,
considered as a marker of NO production,
were similar between the three groups.
Weak but constant staining of iNOS was
observed in microvilli of mucosal layer in
sham-operated rats (Fig. 34). Compared
with the sham, LPS infusion in all study
groups increased iNOS expression on the
surface of villus epithelial cells and in
crypts more intensely as shown in Figure 3,
B-D. However, no significant differences of
iNOS expression were not found between
the three LPS-treated groups (data not
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shown), indicating that LPS injection was a
dominant factor to iNOS on ileal mucosa in-
dependently of blood glucose or insulin level.

Bacterial Microflora and Organic
Acids in Gut and Bacteria in MLNs. In
sham rats, the majority of intestinal flora
consisted of Clostridium group and Bac-
teroides fragilis in Obligate anaerobes,
and Lactobacillus and Enterococcus in
Facultative microbe whereas pathogenic
microbes such as Staphylococcus or
Pseudomonas remained relatively low level
(Table 2). The three study groups showed
the similar tendency to the sham, suggest-
ing that LPS injection did not cause signif-
icant alterations of intestinal flora for

3-hour periods. Total organic acids domi-
nated by acetic, propionic, and butyric acids
in all LPS-treated groups appeared to be
depressed vs. the sham group (Table 3). No
significant differences were found between
the study groups. Simultaneously, pH level
in cecal contents was kept higher vs. the
sham, but no statistical difference was
found between the three study groups.
Total counts of bacteria present in
MLNs of group G were significantly higher
vs. group S, whereas the former appeared
to be higher vs. group GI but it did not reach
statistical significance (Fig. 4). No bacteria
was found in the MLNs of all animals in
group S, whereas the numbers of animals
which showed no bacteria in MLNs were 1 in
group G and 3 in group GI, respectively.

Study Protocol 2

Roles of TNF-a in Hyperglycemia-
Related Gut Barrier Function and Cyto-
kines. The infusion of Y-41654 did not
modulate blood glucose levels at 3 hours
in both normoglycemia and hyperglyce-
mia (data not shown). Blood gas analyses
at 3-hour period were not altered signif-
icantly with Y-41654 infusion whereas
hyperglycemia group showed mild meta-
bolic acidosis with a slight but significant
elevation of arterial lactate (Table 4).

Plasma FD4 concentration, a marker of
gut mucosal permeability, was not altered
by treatment with a TACE inhibitor in nor-
moglycemia whereas hyperglycemia-aug-
mented mucosal permeability was signifi-
cantly reduced by inhibiting TACE activity
(Fig. 54). Figure 5B shows that TACE in-
hibitor treatment significantly depressed
the production of TNF-a, which was exces-
sively discharged by endotoxin injection, in
normoglycemia, and simultaneously did
reduce the excessive discharges of TNF-a
in hyperglycemia. Figure 5C shows that
TACE inhibitor treatment did not signif-
icantly modulate IL-18 discharges in ei-
ther normoglycemia or hyperglycemia
group. NOx levels were not different be-
tween these four study groups (Fig. 5D).

DISCUSSION

The present study demonstrates that hy-
perglycemia augments endotoxin-induced
gut barrier dysfunction, subsequently in-
ducing bacterial translocation into MLNs,
and concurrently excessive production of
proinflammatory cytokines such as TNF-a
and IL-1B. The regulation of blood glucose
level with insulin infusion ameliorates such
dysfunction of gut mucosal barrier in en-
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Table 2. Intestinal flora in sham or endotoxemic rats after 3 hr-infusion of saline, glucose, and glucose

: il s e R (bacteria / g-tissue)
mixed with insulin solutions

_*-
Group S Group G Group GI Sham 100 g
(n = 6) n=17) (n=28) (n=4)
Obligate anaerobes S | |
Clostridium lepfum subgroup 91%0.6 87+13 9.6 0.2 9704
Clostridium coccoides group 99 0.7 96+13 103+ 0.3 103 £ 0.4 )
Bacteroides fragilis group 93+08  87:14  98+04  98+03 0
Bifidobacterum 79+0.8 79+ 14 83+ 0.6 88+04 § G Gl
Atopobium cluster 81%05 78+12 84+02 82 % 0.2 Figure 4. Total bacterial counts in mesenteric
Fa?ruif;ttzilemanaembes and aorob 9.0 +0.7 84+12 95+0.2 94+ 03 lymph nodes of endotoxemic rats treated with
L actobacillius oves 95 = 0.6 o6 i 102+ 03 101 * 04 saline, glucose, and glucose mixed with insulin
Enterobacteriaceae 71+ 11 6.1+ 1.0 71206  64%07 E‘"““f“s'fm“p S (0= 6) = mlinealon; group
Enterococcus 84+08  81+07  83+03  84xq1 O(n=7 =40% glucosesolution, group Gl (n =
Staphylococcus 60+09  57+09  61+08  61+02 5 = 10% glucose mixed with insulin solution.
Pseudomonas <24 <24 <24 <24 The box represents the 25th to 75th percentiles
Total microbes 103 £ 0.6 10.2 + 0.3 108 £ 0.1 108 = 0.1  in which black line is the median. The extended

Data were expressed as mean + SD (bacteria/g-intestinal contents).
Group S, saline alone; Group G, 40% glucose solution; Group GI, 10% glucose solution mixed with

insulin; Sham, saline without endotoxin injection.

No significant differences of intestinal microflora were found between the groups.

Table 3. Organic acids and pH of cecal contents in endotoxemic rats after 3 hr-infusion of saline,

glucose, and glucose mixed with insulin solutions

bars represent the 10th to 90th percentiles. Sig-
nificance: *p < 0.05 vs. group S.

tant finding of the present study was to
show that total organic acids in cecal con-
tents were apparently reduced in all LPS-
treated groups vs. the Sham animals. As
energy substrates, short-chain fatty acids

f‘r?:p 6? c(;;°:p7()3 G(“’“: 8();1 (Shf";) such as butyric, propionic, and acetic acids

A m produced by intestinal microflora contrib-
Total organic acid 57.8 + 18.8 665+ 19.8 659 + 219 766+ 231 uted to the preservation of gut homeostasis
Acetic acid 34176 37.6 + 84 38.6 + 109 477+159 and proliferation of epithelial injury (25,
Propionic acid 11.8 £25 126 = 4.7 12.1 £5.0 141+51  26).0n the other hand, intestinal pH, mod-
Butyric acid 46+ 24 5.7 =3.0 6.9 =28 112+ 12 ing intraluminal m ;
Succinic acid 15+ 1.0 1.3 +0.7 1.1 =05 1.3+04 :ll)z}::}ng mtgal v mflc;c’ﬂ 0?’ absorption
Lactic acid 59+ 45 77+55 71%51 24+ 17 ility, and activity of digestive enzymes
Formic acid 0 0 02 %04 0105 (27), was not affected by blood glucose or
Isovaleric acid 24+04 23+03 24+05 0 insulin level, suggesting that intraluminal
Valeric acid 1.6 £05 16+ 03 1.1+01 0 environments were not directly associated
pH 7.37 £0.44 7.35+0.53 7.41 =039 722 +0.29

Data were expressed as mean * SD.
Organic acids (wmol/g-intestinal contents).

Group S, saline alone; Group G, 40% glucose solution; Group GI, 40% glucose solution mixed with
insulin solution; Sham, saline without endotoxin injection.
There were no significant differences in all organic acids and pH between the study groups.

dotoxemia, accompanied by inhibition of
excessive production of proinflammatory
cytokines. Although previous study demon-
strated that increased insulin administra-
tion is positively associated with poor out-
come regardless of the prevailing blood
glucose level (23), the present study showed
that hyperglycemia rather than plasma insu-
lin level played a significant role in the regu-
lation of gut mucosal permeability, possibly
associated with the modality and mortality in
critically ill. Additionally, inhibiting the con-
version of membrane-bound to soluble
TNF-a plays a key role in the hyperglycemia-
augmented gut barrier dysfunction evoked by
endotoxin. Collectively, these findings indi-
cate that control of blood glucose in critically
ill is of great consequence in the preservation
of gut barrier function through TNF-o dis-
charge-dependent mechanisms.
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In the present study, abnormal over-
growth and/or distribution of bacterial mi-
croflora in gut lumen were not found but
pathogenic bacteria were translocated into
the MLNs only in group G. Thus, hypergly-
cemia did not modulate microflora but fa-
cilitate the translocation of pathogenic mi-
crobes through increased mucosal
permeability of gut. Because the transcrip-
tion of rRNA and production of ribosome
are extremely greater in viable vs. nonvia-
ble bacteria, the total amount of YRNA pro-
duced by nonviable bacteria could be ig-
nored (24). Previous study clearly
demonstrated that reverse transcription-
quantitative polymerase chain reaction,
highly correlated with conventional cul-
ture, was a valuable method to assess the
number of viable microbes by targeting
rRNA from bacteria (20). Another impor-

with hyperglycemia or hyperinsulinemia
under endotoxemia. Given these findings,
at least for 3-hour examination period, LPS
injection, rather than the changes of blood
glucose or insulin level, deteriorates the
production pathway of organic acids by in-
testinal microflora, and subsequently mod-
ulates mucosal function. However, we need
to be cautious that bacterial analysis of
stool is a complicated procedure and the
results might be depending on the intesti-
nal segment as described previously (28).
Several mechanisms to regulate gut
barrier function have been proposed to
date. Among them, endogenous production
of NO plays the most important role in the
modulation of gut permeability (11, 29) al-
though NO is known to have paradoxic

‘effects on gastrointestinal perfusion and in--

tegrity depending on its concentrations
(30). In sepsis, up-regulation of iNOS ex-
pression leads to a prolonged increase of
NOx in tissue and plasma levels (31). In-
deed, expression of iNOS on mucosal layer
was apparently augmented in all LPS-
treated animals vs. the sham, whereas we
were able to find neither significant alter-

Crit Care Med 2009 Vol. 37, No. 3




Table 4. Arterial blood gas and lactate levels in endotoxemic rats after 3 hr-infusion of saline or
glucose solution, with or without tumor necrosis factor converting enzyme (TACE) inhibitor

Group S Group ST Group G Group GT

(n=8) (n=29) (n = 8) n=17
pH 7.43 = 0.03 7.45 £ 0.04 7.37 £ 0.05%° 740 =007
Pa0, (mmHg) 85+ 7 87T +7 95+7 88+ 8
PaCO, (mmHg) 29+ 2 28+5 23+5 25*6
Base excess —5+2 —4+2 —12 + 32 —10 = 322
Lactate (mmol/L) 13+£05 1.1 0.2 5.1 = 0.8%¢ 42 * 112

Data were expressed as mean * SD.

Group S, saline alone; Group ST, saline with TACE inhibitor; Group G, 40% glucose solution alone;
Group GT, 40% glucose solution with TACE inhibitor.
Significance: % <0.05 vs. Group S; p <0.05 vs. Group ST.
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Figure 5. Plasma concentrations of fluorescence-conjugated dextran (FD4), tumor necrosis factor-a
(TNF-a), interleukin-1B (/L-1B), and nitric oxide metabolites (NVOx) in endotoxemic rats after 3-hour
infusion of saline or glucose solution with or without tumor necrosis factor converting enzyme (TACE)
inhibitor. Group S (n = 8) = saline alone, group ST (n = 9) = saline with TACE inhibitor, group G
(n = 8) = 40% glucose solution alone, group GT (n = 7) = 40% glucose solution with TACE inhibitor.
Values are expressed as means =+ sp. Significance: *p < 0.05 vs. group S, #p < 0.05 vs. group G.

ations of plasma NOx levels nor intensity of
iNOS expression using immunohistochem-
ical study in this hyperglycemia model.
Consequently, the local production of INOS
protein on the mucosal layer and plasma
NO production is unlikely to regulate hy-
perglycemia-augmented gut barrier dys-
function evoked by endotoxin. However, re-
cent study showed that circulating NO level
did not necessarily reflect regional or local
NO availability, and that local NO produc-
tion was modulated not only by NOS gene
transcription but also by other mechanisms
such as glycemic control, substrate for NOS
availability, and endogenous NOS inhibi-
tors (32). Nevertheless, the possibility that
hyperglycemia-induced gut barrier dys-
function is caused by modulating NO bio-
availability in sifu cannot be excluded. As
another regulatory factor in gut barrier
function, previous studies indicated that
TNF played a critical role in in vivo and in
vitro experimental settings (12, 33). For
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examples, TNF-a caused the disruption of
tight junction in intestinal epithelial cells
by up-regulating myosin light chain kinase
activity and expression (34), and gut barrier
function in patients with Crohn’s disease,
characterized by permeable epithelial bar-
rier, was restored by anti-TNF treatment
using monoclonal antibody (12). In this
experiment, we applied a TACE inhibitor
which was found to have competitive prop-
erty against TACE per se to inhibit cleavage
of membranous TNF-a and release soluble
TNF-e, and found that an inhibition of
TACE suppressed gut mucosal permeability
significantly despite a marked hyperglyce-
mia presented. Thus, soluble TNF-a was
apparently engaged as a major factor in the
regulation of gut barrier dysfunction in-
duced by hyperglycemia in this endotox-
emic animal. However, the present study
was unable to answer whether the presence
of membrane-bound TNF-a, characterized
by potent protective property against lethal

dose of LPS (35), or limited amount of
soluble TNF-a is a key factor to minimize
hyperglycemia-augmented gut barrier dys-
function. On the other hand, given the
finding that IL-18 was also significantly
discharged in group G as shown in Figure 2,
IL-18 could be another contributor to the
hyperglycemia-augmented gut barrier dys-
function. Indeed, recent study demonstrated
that IL-1 increased gut epithelial tight junc-
tion permeability possibly through the activa-
tion of nuclear factor kB (36). Further study
is warranted to examine the roles of IL-1p as
well as biological activity of TACE in hyper-
glycemia-elicited gut barrier dysfunction.
There were several issues which should
be resolved to justify our model. With a
marked elevation of blood glucose, high
serum osmolarity possibly caused by hyper-
glycemic state could modulate the out-
come of this study. However, serum osmo-
larity calculated using a standard formula
showed no significant differences between
the groups (Table 1). Second, we applied
low-dose endotoxin injection to mimic crit-
ically ill state. Under this dose of endotoxin
injection with fluid therapy, mean arterial
pressure remained constant and gut muco-
sal permeability was increased slightly but
significantly at 3 hours in our pilot study.
Some may argue that the range of hyper-
glycemia in this model might be too high
to represent clinical situation. In our pilot
study, we were unable to keep 200-300
mg/dL of blood glucose for 3- to 5-hour
study period by using 10% or 20% glucose
solution in this endotoxemic rat model pos-
sibly because of endogenous insulin dis-
charges. Although the validity of clinical
relevance in this hyperglycemia model may
become lesser, we were obliged to choose
40% glucose solution in group G, and
found the reproducibility of stable hyper-
glycemia and the similar extent of hyperin-
sulinemia to group GI in this experimental
setting. Previous study using burned ani-
mal model also showed that a marked hy-
perglycemia, primarily intended to range
between 250 and 350 mg/dL of blood glu-
cose, reached approximately 300-450
mg/dL to be examined (15). It might be
occasionally tough to keep this range of
hyperglycemia for certain time periods in
animal model of critically ill. Third, the
3-hour study period might be too short to
be relevant to clinical situations that usu-
ally persist for several days. Indeed, we were
unable to find significant alterations of gut
microflora despite a marked increase of
mucosal permeability. Chronic hyperglyce-
mia enhanced production of reactive oxy-
gen species accompanied by attenuation of
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antioxidant mechanisms (37), whereas
even short term of hyperglycemia could
modulate immune function and cytokine
production (6, 38). Ling et al (6) demon-
strated that 3 hours of hyperglycemia
(300-350 mg/dL) increased the discharges
of inflammatory cytokines. On the con-
trary, the present study showed that only 3
hours, being rather realistic in clinical situa-
tion as an interval of blood glucose evalua-
tion, was long enough to cause these signifi-
cant alterations of gut mucosal permeability
if excessive hyperglycemia persisted. Fourth,
our study design may not allow us to answer
the issue which factor, keeping normogly-
cemia vs. glycemia-independent action of
insulin, was significant to ameliorate hy-
perglycemia-augmented gut barrier dysfunc-
tion in endotoxemia as previously reported
(15). However, it should be noted that gut
barrier function was apparently different be-
tween group G and GI, both of which showed
the similar level of hyperinsulinemia. In other
words, gut barrier dysfunction associated
with hyperglycemia was restored, at least, in-
dependently of plasma insulin concentration.
Finally, we applied an in vivo ligated intestinal
loop model, characterized by anatomically
intact blood supply and drainage as well as
autonomic innervation, to evaluate gut
mucosal permeability although several lim-
itations were pointed out (39, 40).

In conclusion, hyperglycemia deteriorates
endotoxin-induced gut barrier dysfunction
which can be restored by keeping normogly-
cemia with insulin infusion. Among several
factors, the modulation of soluble TNF-a dis-
charges plays a significant role to prevent
bacterial translocation in critically ill.
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An 87-year-old woman with interstitial pneumonia
and renal dysfunction had persistent type II endoleak
after endovascular stent grafting for abdominal aortic
aneurysm (AAA). Four years after the stent grafting,
she underwent open AAA repair under general anesthe-
sia. The operation was successfully performed and the
patient was discharged 2 weeks after the operation.
Open AAA repair after stent grafting is expected to
increase in the future, and anesthesiologists need to
take account the risks not only arising from patients
but also from surgical procedure.

(J Clin Anesth (Jpn) 2009 ; 33 : 1049-50)

Key words : Endovascular stent grafting,

Open abdominal aortic aneurysm repair,
Endoleak
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Fig.2 Type II endoleak from lumbar artery.
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Technical Communication

Can Mixed Venous Hemoglobin Oxygen Saturation Be
Estimated Using a NICO Monitor?

Yoshifumi Kotake, MD, »PhD*
Takashige Yamada, MD*
Hiromasa Nagata, MD+
Takeshi Suzuki, MD, PhDt

Junzo Takeda, MD, PhD+

BACKGROUND: We hypothesized that mixed venous hemoglobin oxygen saturation
(SvO,) can be estimated by calculation from CO, production, cardiac output, and
arterial oxygen saturation measured using a noninvasive cardiac output (NICO)
monitor (Novametrix-Respironics, Wallingford, CT).

METHODS: Twenty-three patients undergoing aortic aneurysm repair underwent
SvO, monitoring using a pulmonary artery catheter and cardiac output monitoring
using a NICO monitor. The estimated SvO, value calculated from NICO monitor-
derived values was compared with the SvO, value measured using a pulmonary
artery catheter. The accuracy of this estimation was analyzed with Bland-Altman
method. The ability of this estimation to track the change of SvO, was also
evaluated using correlation analysis to compare the changes of estimated SvO, and
measured SvO,.

RESULTS: The bias * limits of agreement of the estimated SvO, against measured
SvO, was —2.1% = 11.2%. The change of estimated SvO, was modestly correlated
with the change of measured SvO,.

CONCLUSIONS: SvO, derived from the values measured by the NICO monitor cannot
be used interchangeably with the values measured spectrophotometrically using
the pulmonary artery catheter. More refinement is required to obtain more reliable
estimate of SvO, less invasively. However, large changes of SvO, may be detected
with this method and can be used as a precautionary sign when the balance
between oxygen supply and demand is compromised without inserting a central

venous catheter.

(Anesth Analg 2009;109:119-23)

M ixed venous oxygen saturation (SvO,) or its
surrogate, central venous oxygen saturation (ScvO,),
is used to assess the oxygen supply-demand relation-
ship.'” However, central venous access is required to
measure these values, which carries some risk to the
patient. Theoretically, SvO, can be calculated using
cardiac output (CO), the concentration of oxygen
saturated hemoglobin (Hb), and oxygen consumption
(VO,).* If the relationship between VO, and CO, pro-
duction (VCO,) remains stable during anesthesia, SvO,
 can be estimated with CO, VCO,, and Hb concentration
and its arterial oxygen saturation. Because CO, VCO,,

From the *Department of Anesthesiology, Toho University
Medical Center Ohmori Hospital; and tDepartment of Anesthesiol-
ogy, School of Medicine, Keio University, Tokyo, Japan.

Accepted for publication January 21, 2009.

Supported by Intramural Department Sources Only.

Yoshifumi Kotake is a paid consultant of Edwards Lifesciences.
All others authors have no conflict of interest to disclose.

Reprints will not be available from the author.

- Address correspondence to Yoshifumi Kotake, MD, PhD, De-
partment of Anesthesiology, Toho University Medical Center
Ohmori Hospital, 6-11-1, Ohmori-nishi, Ohta, Tokyo 143-8541,
Japan. Address e-mail to ykotake@med.toho-u.ac.jp.

Copyright © 2009 International Anesthesia Research Society
DOI: 10.1213/ane.0b013e3181a85¢22

Vol. 109, No. 1, July 2009

and Spo, are continuously monitored with a noninva-
sive cardiac output (NICO) monitor (Respironics-
Novametrics, Wallingford, CT), we hypothesized that
SvO, could be mathematically estimated using these
NICO-derived parameters and the Hb concentration.>®
The purpose of this prospective study was to assess the
accuracy of estimating SvO, using the NICO monitor in
anesthetized, ventilated patients.

METHODS

The study protocol was approved by the IRB of
Keio University, and written informed consent was
obtained from the participants. Twenty-three patients
undergoing elective infrarenal aortic reconstruction
were enrolled in this prospective, observational study.
Patients’” lungs were mechanically ventilated with a
tidal volume of 10 mL/kg, and the respiratory rate
was adjusted to maintain normocapnia. CO, VCO,,
and Spo, were continuously monitored with a NICO
monitor (Ver. 5.2, Novametrix-Respironics, Walling-
ford, CT). The NICO sensor was placed between the
heat and moisture exchanger and the Y-piece of the
respiratory circuit, and the length of the rebreathing
circuit was adjusted to maintain optimal condition.
NICO-derived CO, VCO,, and Spo, values were
downloaded to a personal computer and later used for
calculation. For CO, results of average mode (CO-a)
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were used. An 8Fr pulmonary artery catheter (PAC)
equipped with continuous CO measurement and ve-
nous oximetry functions (746HF8, Edwards Life-
sciences, Irvine, CA) was inserted via the right internal
jugular vein. CO and SvO, were continuously moni-
tored after the SvO, was calibrated using an in vivo
method of measuring mixed venous blood with a
CO-oximeter (Stat M Profile, Nova Biochemicals,
Waltham, MA). The averaged SvO, during a 3-min
rebreathing cycle of the NICO monitor was used as a
representative measured SvO, value. Hb was mea-
sured every 60 min by the same blood gas analyzer.
Between these measurements, Hb concentration was
assumed to change linearly between these measure-
ments, and these interpolated values were used for
subsequent calculations.

Estimated SvO, is defined by followmg formula
(see appendix):

Estimated SvO, = SpO,

. VCO, (mL/min)/0.85
1.36 X Hb (g/dL) x CO-a(L/min) X 0.1

Data were excluded from the analysis when the signal
quality indicator was reported as 3 or 4 by the
Vigilance II monitor. Data obtained during the first 20
min after cross-clamp release were also excluded from
the analysis, because venous blood returned from
infrarenal lesions upon the release of cross-clamp was
significantly hypoxemic and caused independent ef-
fects on SvO,. Additionally, CO was measured several
times during the surgery with intermittent bolus ther-
modilution method (ICO). The estimated SvO, value
with ICO was then calculated by substituting the ICO
value in the above formula to analyze the possible
contribution of measurement error with NICO-
derived CO.

Data are expressed as mean * SD and were statis-
tically analyzed using the Prism software (ver 4,
Graphpad, San Diego, CA). Bland-Altman analysis
was initially applied to the individual data to describe
the agreement between estimated SvO, and measured
SvO,. Thereafter, the data were pooled to derive
overall bias * limits of agreement (25D of difference)
in all the measurement pairs. A correction was made
according to the literature because multiple observa-
tions from individuals were used in this analysis.”” To
assess how the estimated SvO, tracks the changes of
measured SvO,, the relationship between the change
of estimated SvO, between the two consecutive mea-
surement against the incidental change of measured
SvO, was analyzed with Pearson’s correlation coeffi-
cient and regression analysis according to a previous
report.”

RESULTS

Twenty male and three female patients participated
in this study. The age, height, and weight of these
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Figure 1. Distribution of bias between estimated mixed
venous hemoglobin oxygen saturation (SvO,) and measured
SvO, from an individual subject. x axis denotes ranges of the
bias from an individual subject. y axis denotes number of
subjects. Number of the measurement in each subject varies
between 45 and 82.
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Figure 2. Distribution of precision between estimated mixed
venous hemoglobin oxygen saturation (SvO,) and measured
SvO, from an individual subject. x axis denotes ranges of the
limits of agreement from an individual subject. y axis
denotes number of subjects. Number of the measurement in
each subject varies between 45 and 82.

participants were 72 * 8 yr old, 164 = 6 cm, and 62 *
13 kg, respectively. The duration of surgery and of
cross-clamp were 266 * 54 min and 59 * 18 min,
respectively. The mean (range) of measured SvO, was
78% (44%-94%). One thousand three hundred thirty-
three pairs of estimated SvO, and measured SvO,
were included in the analysis. Between 45 and 82 pairs
of measurements from each individual were included.
The bias and the limits of agreement in each study
subjects are summarized in Figures 1 and 2. Figure 3
demonstrates the Bland-Altman plot of all the mea-
surements. The bias * limits of agreement of esti-
mated SvO, by NICO monitor was —2.1% = 11.2%
against the spectrophotometrically measured SvO,.
Even when the analysis was limited to the hemody-
namically stable period, which is arbitrarily defined as
CO change was within 2% between 3-min interval, the
bias did not significantly change (1172 data points,
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Figure 3. Bland-Altman plot of 1333 pairs of estimated and measured mixed venous hemoglobin oxygen saturation (SvO,).
The bias is demonstrated as a solid line, and the limits of agreement (2SD of the difference) are also demonstrated as a dashed

line in this figure.
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Figure 4. Changes of measured mixed venous hemoglobin
oxygen saturation (SvO,) and estimated SvO, between two
consecutive measurement cycles. n = 1265, solid line denotes
regression line: r* = 0.145, P < 0.001, the change of estimated
SvO, = 0.39 X the change of measured SvO, — 0.06.

bias * limits of agreement: —2.1% * 11.0%). CO was
determined with bolus thermodilution 120 times in
these subjects. The bias * limits of agreement of
ICO-derived SvO, estimation against measured SvO,
was —4.4% * 13.8% and no clear improvement of
agreement was demonstrated. The relationship be-
tween the change of estimated SvO, and the change of
measured SvO, is summarized in Figure 4. The change
of estimated SvO, was modestly but significantly
correlated with the change of measured SvO, between
the measurement cycle (¥ = 0.145, P < 0.001).

DISCUSSION

This study demonstrated that the bias * limits of
agreement between the estimated SvO, and the mea-
sured SvO, were —2.1% * 11.2%. This study con-
firmed that SvO, could be reasonably estimated by the

Vol. 109, No. 1, July 2009

NICO-derived parameters with several assumptions.
However, these data indicate that the NICO-derived
SvO, value cannot be used interchangeably against
the SvO, value obtained with PAC equipped with
oximetry function.

It is intuitively advantageous to objectively assess
hemodynamic status with CO. However, the goal of
hemodynamic optimization should be to achieve well-
balanced oxygen supply and VO, instead of a prede-
termined CO. Based on this perspective, the clinical
importance of venous oximetry as a tool to evaluate
oxygen supply-demand balance is well established.!”
However, measuring SvO, requires PAC insertion,
which carries some additional risk over central venous
catheterization. Alternatively, ScvO, has been used for
the same purpose.>'® However, previous reports dem-
onstrated that there was a significant variability be-
tween SvO, and ScvO, and concluded that these two
parameters are not interchangeable.>'™'® The differ-
ences in regional oxygen extraction, especially the
hepatosplanchnic region’and central nervous system
have been attributed to this significant variability. To
assess the balance of oxygen supply and demand less
invasively, several attempts have been made to estimate
the SvO, value without inserting a central venous cath-
eter.!*”'® Alternatively, SvO, can be estimated if CO, Hb,
Sa0,, and VO, are known. As NICO measures CO, Spo,,
and VCO,, we speculated that SvO, could be calculated
with reasonable accuracy if Hb and the relationship
between VO, and VCO, were adequately estimated.

We found considerably wide limits of agreement
between the estimated SvO, and the measured SvO,.
This finding may be attributed to several factors,
including the inaccuracy or the temporal delay of one
of the measured values incorporated into the formula
and several assumptions. First, the accuracy of CO
measurement may contribute to a relatively large
variation. The NICO monitor has been known to .
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underestimate the CO in general.'”’® Our unpub-
lished analysis demonstrated that the bias * limits of
agreement of the current version of the NICO monitor
was —0.18 + 1.70 L/min against standard ICO. How-
ever, when CO values derived from ICO were used in
the same calculation, the limits of agreement remained
large. Thus, using a presumably more accurate and
instantaneous CO data from ICO failed to increase the
accuracy of the estimation of SvO,. These findings
suggest that the inaccuracy of CO data from the NICO
monitor cannot fully account for the variability be-
tween the estimated and measured SvO,. Further-
more, the temporal delay of NICO-derived CO after
hemodynamic change may also contribute to the wide
variability. Although the response time of the NICO
monitor has not yet been determined, SvO, changes
are generally believed to change more rapidly than
continuous CO and NICO. Alternatively, the response
of SvO, to the actual hemodynamic change may be
delayed, because the physiological process, such as
increasing oxygen extraction in tissues, is involved in
this process. These possibilities remain to be evalu-
ated. Second, several assumptions used in' this study
may contribute to the observed variability. For ex-
ample, Hb concentration may be a source of error,
because it is only determined intermittently and the
interpolated value between these measurement was
used in this study. However, bias * limits of agree-
ment of paired measurements was not significantly
improved when the Hb was measured (data not
shown). Similarly, using SaO, data obtained from
blood gas analysis did not improve the accuracy
either. Therefore, the Hb concentration or Spo, may
not be a major source of error. Recently, a device that
continuously and percutaneously measures Hb has
become available. Thus, with the advance of technol-
ogy, this issue may be resolved in the future. Using
VCO, to estimate VO, is another potential source of
error in this estimation. We used a fixed 0.85 value of
the VCO,/VO, ratio to convert VCO, to VO, through-
out this study to make monitoring settings as simple
as possible. Although it is intuitively obvious that the
ratio may significantly vary in anesthetized patients
and critically ill patients, this variability may primarily
contribute to the large limits of agreement found in this
study. Although measuring VO, instead of VCO, should
improve the accuracy, the precise and continuous deter-
mination of VO, requires specialized equipment and
may substantially compromise the applicability of this
method.

It is debatable whether the estimated value of SvO,
has reasonable accuracy for clinical use. Previous
discussions on SvO, and its surrogate, ScvO,, can be
used for this purpose. Dueck et al.’ investigated the
bias and limits of agreement between ScvO, and SvO,
in neurosurgical patients and found the largest 95%
limits of agreement to be +9.3%. They concluded that

ScvO, values are not interchangeable with SvO,, but

they reported that the trend of the two parameters
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moved in the same direction. Reinhart et al.'! also
reported the limits of agreement between ScvO, and
SvO, as 7.95% in critically ill patients. In our study, the
95% limits of agreement was 11.2% and was larger
than the limits of agreement found in these previous
studies. This finding suggests that the estimated SvO,
values are not interchangeable with measured SvO,.
However, our results indicate that estimated SvO, dem-
onstrates large changes when actual SvO, significantly
changed. Rivers emphasized the importance of dem-
onstrating trend of oxygen supply-demand relation-
ship'® and we believe that our methods also enable
physicians to detect deteriorated oxygen supply-
demand balance without a central venous catheter.
Although this technique can only be applied to trache-
ally intubated and mechanically ventilated patients,
we believe this possibility is especially useful for the
anesthetic management of patients with limited car-
diac reserve or significant intraoperative blood loss
when central venous catheterization is not indicated.
In conclusion, we demonstrated that SvO, can be
estimated from the data obtained by the NICO moni-
tor, Hb concentration, and assumption of VCO,/VO,
ratio in mechanically ventilated patients. The data
suggest that this estimation is not interchangeable
with the SvO, value obtained from a PAC, but it can
detect large changes of SvO,. This method may pro-
vide an estimate of balance of oxygen supply and
demand without inserting a central venous catheter.

APPENDIX: THE FORMULA TO ESTIMATE SVO, BY CO, VCO,,
AND HEMOGLOBIN CONCENTRATION

VO, (mL/min) = DO, (mL/min) — 1.36 X Hb (g/dL)

X CO (L/min) X SvO, (%) X 0.1
VO, (mL/min) = 1.36 X Hb (g/dL) X CO (L/min)

X Sa0, (%) X 0.1 — 136 X Hb(g/dL)

X CO (L/min) X SvO, (%) X 0.1
If Sa0, = SpO, and VO, (mL/min) = VCO, (mL/min)/R
R: respiratory quotient
VCO, (mL/min)/R = 1.36 X Hb (g/dL) X CO (L/min)
X SpO, (%) X 0.1 — 1.36 X Hb(g/dL) X CO (L/min)

X SvO, (%) X 0.1

VCO, (mL/min)/R

SvO, = SpO, —
1.36 X Hb (g/dL) X CO (L/min) X 0.1

If R can be estimated as 0.85,

VCO, (mL/min)/0.85
136 X Hb (g/dL) X CO(L/min) X 0.1

SV02 = SPOQ -

Adapted from Mark and Slaughter.*
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Epidural Cooling Minimizes Spinal Cord Injury after Aortic
Cross-clamping through Induction of Nitric Oxide

Synthase

Akiko Ishikawa, M.D.,* Atsuo Mori, M.D.,T Nobuyuki Kabei, Ph.D.,f Akihiro Yoshitake, M.D.,§ Takeshi Suzuki, M.D.,*
Nobuyuki Katori, M.D.,* Hiroshi Morisaki, M.D.,|| Ryohei Yozu, M.D.,# Junzo Takeda, M.D.**

Background: By using a U-shaped lumen catheter, the authors
examined the effects of epidural cooling on spinal cord injury
after aortic cross-clamping (ACC), with a focus on changes of
spinal cord blood flow and expression of inducible nitric oxide
synthase.,

Metbods: Sixteen pigs were randomized into two groups: Con-
trol group (n = 8) or Cooling group (n = 8). In the latter, epidural
cooling started at 30 min (baseline) before 45 min of ACC and
persisted for the next 30 min of reperfusion period. Spinal cord
blood flow and somatosensory-evoked potentials were assessed
during peri-ACC period. At 48 h, we evaluated hind limb function
by using Tarlov score and expression of inducible nitric oxide
synthase on spinal cord using immunohistochemistry.

Results: After ACC, spinal cord blood flow dropped to a sim-
ilar extent in both groups. During the reperfusion period, spi-
nal cord blood flow increased up to 113% (103-124%), median
(interquartile range), level transiently and decreased to 32%
(22-47%) level versus baseline in the Control group, whereas it
increased and remained at 92% (86-97%) level in the Cooling
group. Simultaneously, somatosensory-evoked potentials showed
that onset of loss time was delayed and recovery time was
shortened in the Cooling group. Tarlov scores in the Cooling
group were significantly higher and accompanied by normal-
appearing motor neurons and significantly greater expression
of inducible nitric oxide synthase on spinal cord versus the
Control group.

Conclusions: This study shows that epidural cooling during
ACC minimized the risk of spinal cord injury, possibly by pre-

venting delayed hypoperfusion and upregulating inducible ni-
tric oxide synthase expression.

ALTHOUGH the outcome of surgical repair for throaco-
abdominal aortic aneurysm has been improved as a re-
sult of a marked advance of perioperative care and sur-
gical techniques, paraplegia, occurring with high
incidence between 6 and 16%, is not yet resolved as the
most severe complication.!? Although the underlying
mechanisms remain to be fully determined, several fac-
tors, such as interruption of blood flow and/or increased
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cerebrospinal fluid pressure, have been proposed.® Clin-
ically available protection of spinal cord consists of two
approaches, i.e., preservation of regional blood supply
and reduction of oxygen demand during aortic cross-
clamping (ACC). The former can be achieved with inter-
costal implantation, left heart bypass grafting, or cere-
brospinal fluid drainage, whereas the latter with various
pharmacologic agents and hypothermia.?-> Hypothermia
is one of the most promising ways; however, given at
systemic level detrimental complications such as coagu-
lation abnormality, cardiac arrhythmia and pulmonary
dysfunction could be unmasked.%”

Cambria ef al. demonstrated that regional hypothermia
of spinal cord by infusion of iced saline into epidural
space reduced spinal cord injury without systemic com-
plications.® However, another concern has been raised
to question whether this approach increases cerebrospi-
nal fluid pressure associated with further deterioration of
spinal cord perfusion. We, therefore, developed a newly
designed epidural cooling catheter with closed perfu-
sion circuit and demonstrated protective effects against
spinal cord injury without elevating cerebrospinal fluid
pressure.” Other investigators also described as a prelim-
inary report that regional cooling with a closed perfusion
system could be a good approach to prevent spinal cord
injury during aortic surgery.'® We, therefore, designed
the current study to examine the effects of epidural
cooling with focus on the changes of blood flow and
somatosensory-evoked potentials (SEP) of spinal cord
during peri-ACC periods, accompanied by evaluation of
neurologic outcomes in a porcine model. In spinal cord
injury induced by ischemia, activation of inducible nitric
oxide synthase (iNOS) and subsequent nitric oxide pro-
duction has been appreciated as a marker and therapeu-
tic target.'""'? Whereas two time periods of moderate to
excessive nitric oxide discharge after spinal cord isch-
emia have been defined, 7 e., immediately after injury and
several hours to days later, previous studies indicated
that iNOS expression was mainly responsible for the
latter.>"'> In the current study, we therefore assessed
histologic alterations concurrent with iNOS expression
on spinal cord at 48 h after ischemic insults.

Materials and Methods

This experimental protocol was approved by the Ani-
mal Care Committee of Saitama Cardiovascular and Re-
spiratory Center, Kumagaya, Saitama, Japan.
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EPIDURAL COOLING AND SPINAL CORD INJURY

Animal Model and Preparatory Surgery

Male domestic pigs (40-50 kg) were studied after a 3-
to 7-day period of acclimatization in our laboratory. The
animals were initially anesthetized with intramuscular
ketamine (10 mg/kg), and the trachea was intubated.
With isoflurane anesthesia in oxygen, respiratory rate
and tidal volume were adjusted to maintain normocap-
nia. Under the right lateral decubitus position, a cooling-
warming blanket was applied to maintain rectal temper-
ature at approximately 36°C throughout the study
periods. An epidural cooling catheter (Unitika, Tokyo,
Japan), which was developed by our group,” was in-
serted at L2 level via laminectomy and removal of liga-
mentum fluvum. The catheter has 16-gauge outer diam-
eter and 35-cm length and a closed countercurrent
lumen, allowing fluid to circulate the inside. The tip of
catheter directed into cephalad of epidural space was
placed at Thé level, which was confirmed for each ani-
mal by using an x-ray examination. The other side of this
catheter was connected to an external roller pump and
heat exchanger (MERA modular type and CP-4; Senko
Medical Instrument, Tokyo, Japan), which enabled
cooled-saline to circulate inside the catheter (fig. 1).
Epidural cooling catheter, cooling unit, and circulating
pump made up the circuit. Distilled water was not in-
fused into epidural space directly but was circulated as a
coolant within the U-shaped lumen of epidural catheter
and extracorporeal circuit. This system and an epidural
catheter with closed countercurrent lumen could pro-
vide regional cord cooling without increasing intrathecal
pressure as described previously.” Bipolar electrodes for
monitoring of SEP were placed in epidural space at L4/5
level for stimulation and at Th5/6 level for record. To
continuously monitor epidural and subarachnoidal tem-
peratures, thermistor probes were placed on dorsal dura
and in subarachnoid space at L3 level. Arterial catheters
were inserted in right axillary artery (proximal to clamp
site) and right femoral artery to measure arterial blood
pressure (distal to clamp site), respectively. Heart rate
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Fig. 1. Schematic drawing of continuous cord cooling system and
epidural cooling catheter with a closed countercurrent lumen.
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Fig. 2. Study protocol.

and rectal temperature were continuously monitored
throughout the study periods.

Study Protocol

After the placement of epidural cooling and monitor-
ing catheters, 16 domestic pigs were randomly allocated
into two groups by using a computer-generated random
number. Control group (n = 8) received placement of an
epidural catheter alone, Cooling group (n = 8) received
regional cooling by continuous cord cooling system with
an epidural cooling catheter (fig. 2). The animals then
underwent thoracotomy at the fourth and seventh inter-
costals under sterile conditions. After surgical prepara-
tion for ACC, heparin sulfate (60 U/kg) was injected to
provide systemic anticoagulation. In Cooling group, epi-
dural cooling by circulating cooled saline (4°C) at a rate
of 75-90 ml/min was started 30 min before ACC and
continued until 30 min after ACC (105 min for total
epidural cooling time). All animals underwent segmental
ACC for 45 min between the distal site to left subclavian
artery and the proximal site to the diaphragm. Complete
ACC was confirmed by the loss of femoral artery pres-
sure (distal blood pressure) during ACC. Transient hyper-
tension detected at the right axillary artery after ACC was
regulated with intermittent injection of intravenous nicar-
dipine hydrochloride. Blood pressure after declamping was
maintained with fluid resuscitation and intravenous injec-
tion of phenylephrine hydrochloride. After a 3-h examina-
tion period, all catheters and monitors were removed and
wounds were closed. When emergence from anesthesia
was achieved, the trachea was extubated, and the animal
was returned to the cage for subsequent examination of
neurologic outcome in hind limb for 48 h.

Measurements of Blood Flow and SEP of Spinal

Cord

Blood flow to spinal cord (SCBF) was continuously
measured by using laser-Doppler flowmetry (Model LBF-
III; Biomedical Science, Tokyo, Japan) adjusted for high-
flow measurement (12 kHz, gain 1 or 3) and a time
constant of 3.0 s. The signal was continuously recorded
on a 2-channel strip-card recorder and referred to as
SCBF. The tip of laser-Doppler probe was implanted on
the epidural surface at L2 level, because porcine spinal




