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High mobility group box 1 (HMGB1) is a pivotal mediator of sepsis progression.
Remifentanil, an opioid agonist, has demonstrated anti-inflammatory effects in septic
mice. However, it is not yet known whether remifentanil affects the expression of HMGB1.
We investigated the effects of remifentanil on HMGB1 expression and the underlying
mechanism in septic rats. Forty-eight male Sprague-Dawley rats were randomly divided
into 3 groups; a sham group, a cecal ligation and puncture (CLP) group, and a CLP with
remifentanil treatment (Remi) group. The rat model of CLP was used to examine plasma
concentrations of proinflammatory cytokines, tissue HMIGB1 mRNA and the activity of
nuclear factor (NF)-«B in the liver, lungs, kidneys, and ileum. Pathologic changes and
immunohistochemical staining of NF-kB in the liver, lungs, and kidneys tissue were
observed. We found that remifentanil treatment suppressed the level of serum interleukin
(ID)-6 and tumor necrosis factor (TNF)-a. 6 hours after CLP, and serum HMGB1 24 hours
after CLP. HMGB1 mRNA levels and the activity of NF-«B in multiple organs decreased by
remifentanil treatment 24 hours after CLP. Remifentanil treatment also attenuated nuclear
expression of NF-xB in immunohistochemical staining and mitigated pathologic changes in
multiple organs. Altogether, these results suggested that remifentanil inhibited expression
of HMGB1 in vital organs and release of HMIGB1 into plasma. The mechanism was related

to the inhibitory effect of remifentanil on the release of proinflammatory cytokines and

activation of NF-«B.
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INTRODUCTION

Sepsis is an uncontrolled systemic inflammatory response that
can result in multiple organ dysfunction and death. An imbal-
ance between the proinflammatory response and the anti-in-
flammatory response is the primary cause of a poor prognosis
in sepsis (1). Overwhelming systemic inflammatory responses
can lead to lethal multiple organ damages. Accordingly, many
studies have been carried out to elucidate the function of inflam-
matory cytokines and investigate strategies to attenuate the ex-
cessive inflammatory responses in order to improve prognosis.
However, the effects of these strategies are still controversial and
require further studies.

High mobility group box 1 (HMGB1) is a nonhistone chro-
mosomal protein that stabilizes nucleosome formation and fa-
cilitates transcription (2). HMGBI also acts as a principle inflam-
matory mediator in sepsis and plays an important role in sepsis
progression following its release from innate immune cells and
necrotic cells (3). Many studies have indicated a positive corre-
lation between HMGBI levels and the severity of sepsis in pa-
tients and experimental animals (4-6). Inhibition of HMGB1 by
antibodies or inhibitors has been shown to decrease the lethal-
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ity of sepsis in mice (7,8). Therefore, inhibition of HMGB1 ex-
pression has been investigated as a target for the treatment of
sepsis.

Remifentanil, a synthetic opioid agonist, is used as a sedative
or anesthesia adjuvant in critically ill or septic patients because
it reduces the requirement for other anesthetics while maintain-
ing cardiovascular performance. Several recent studies have re-
ported that remifentanil has anti-inflammatory effects in vitro
and in vivo (9,10). Remifentanil inhibits proinflammatory cyto-
kines production and suppresses inducible nitric oxide synthase
(iNOS) expression in a murine cecal ligation and puncture (CLP)
model (11). In addition, remifentanil has a protective effect in
lipopolysaccharide (LPS)-induced acute lung injury in rats by
down regulating the nuclear factor (NF)-«B signaling pathway
and acute-phase inflammatory cytokines (12). Although the re-
lationship between early proinflammatory cytokines, NF-«B
pathway, and HMGBI has been elucidated (2), the effect of remi-
fentanil on HMGBI expression in sepsis has not been explored.

Therefore, we aimed to determine whether remifentanil at-
tenuated the expression and release of HMGB], a crucial medi-
ator of sepsis progression, in CLP-induced septic rats and to in-
vestigate the underlying mechanism.
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MATERIALS AND METHODS

Animals and materials

All experimental protocols were approved by the Experimental
Animal Ethics Committee of the Catholic University of Korea,
St. Vincent’s Hospital. The care and handling of the animals were
in accordance with the criteria outlined in the guide for the care
and use of laboratory animals prepared by the National Institutes
of Health (NIH).

Adult (8-week-old) male Sprague-Dawley rats weighing 250~
280 g were obtained from the experimental animal center of the
Catholic University St. Vincent’s Hospital. The rats were housed
3 per cage in the regular animal room and given standard labo-
ratory food and ultraviolet (UV) sterilized tap water ad libitum.
Ultiva® (remifentanil hydrochloride 1.1 mg/vial; GlaxoSmith-
Kline PLC., Brentford, United Kingdom) was purchased from
Daesung Wholesale Pharmacy after approval of the Kyong-in
Food and Drugs Administration (Batch No. Kyongin 313).

Groups and experimental protocols

Forty-eight rats were divided into 3 groups as follows: sham (n =
16), CLP (n = 16), and CLP with remifentanil treatment (Remi)
(n = 16) groups. Sepsis was induced in the CLP and Remi groups
by CLP as previously described (13). The procedure was carried
out at the same time of the day for all rats to account for the ef-
fect of the circadian rhythm on the inflammatory response. Af-
ter fasting for 8 hours, the rats were anesthetized with 2%-3%
isoflurane with 50% oxygen. Tail veins were cannulated with a
24-gauge angio-catheter, then connected to a micro-injection
pump. A 2-cm midline incision was made on the anterior ab-
domen and the cecum was exposed and ligated below the ileo-
cecal junction without causing bowel obstruction. The cecum
was punctured twice with an 18-gauge needle and a small amount
of cecal content was squeezed through punctures. The cecum
was placed back and the peritoneal wall and skin incisions were
closed. Rats in the sham group underwent a similar surgery, but
without the cecal ligation or puncture. All animals received 3
mL of warm sterile normal saline intraperitoneally and 0.2 mL
of 0.5% bupivacaine injection at the incision site. For postoper-
ative pain control, all animals were injected with buprenorphine
(0.1 mg/kg subcutaneously) immediately after surgery. Rats in
the Remi group were administered an intravenous injection of
remifentanil (0.04 mg/kg) for 40 minutes immediately after the
surgery. In the sham and CLP groups, normal saline replaced
remifentanil. All rats were kept warm until they recovered from
anesthesia, after which they were returned to their cages. No an-
tibiotics were administered.

Organ tissue preparation

Eight rats from each group were sacrificed with 150 mg/kg of
sodium pentobarbital intraperitoneally 6 or 24 hours after CLP.
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Blood samples were harvested from the inferior vena cava (3 mL
from each) before death. The samples were centrifuged for 30
minutes at 4°C, and 3,000 rpm, and then stored at -80°C for fur-
ther study. Tissue specimens were collected immediately after
death. Tissues from the liver, kidneys, lungs, and ileum (5 cm
proximal to the ileocecal valve) were separately homogenized
for real-time polymerase chain reaction (PCR) analysis or west-
ern blot analysis. For histologic examinations and immunohis-
tochemistry, rats were perfused through the left cardiac ventri-
cle with 0.9% sodium chloride followed by 4% paraformalde-
hyde. The liver, lungs, and kidneys were removed after they be-
came stiff and were placed in a matrix. Tissues were sliced to 2
mm thickness and immersed overnight in 4% paraformaldehyde.
Each slice was processed in paraffin wax and cut into 5-pm thick
sections.

Measurements of alanine aminotransferase (ALT) and
creatinine

Serum ALT and creatinine were measured using an automatic
biochemistry analyzer (Hitachi7180; Hitachi High-Technolo-
gies Corp., Tokyo, Japan) with commercially available clinical
assay kits.

Measurements of cytokine levels in serum by enzyme
linked immunosorbent assay (ELISA)

Serum was stored at —-80°C after centrifugation, as described
above. Serum HMGB1 levels were determined using a rat HMGB1
ELISA Kit (IBL-Hamburg, Hamburg, Germany) according to
the instructions from the manufacturer. Serum tumor necrosis
factor (TNF)-a and interleukin (IL)-6 levels were determined
using a rat TNF-o Quantikine ELISA Kit (R & D Systems, Min-
neapolis, MN, USA) and a rat IL-6 Quantikine ELISA Kit (R & D
Systems) respectively.

Real-time PCR analysis to determine the expression of
HMGB1 mRNA

Total RNA was extracted from tissues of the lung, liver, and kid-
ney using an RNeasy Plus Mini Kit (QIAGEN GmbH, Hilden,
Germany). RNA was reverse transcribed using a PrimeScript
RT Reagent Kit (TaKaRa Bio Inc., Shiga, Japan). Relative expres-
sion levels of mMRNA were determined using a Roche Diagnos-
tics LightCycler 2.0 Real-Time PCR System (Roche Diagnostics
GmbH, Mannheim, Germany) with a SensiFAST™ SYBR® Hi-
ROX Kit (Bioline, Luckenwalde, Germany) and gene-specific
primers (Table 1). A total volume of 10 pL of reaction system
liquid was subjected to the following PCR program: 1 cycle at
95°C for 30 seconds (initial denaturation), followed by 41 cycles
at 95°C for 5 seconds, 60°C for 25 seconds. All protocols were
performed according to the manufacturer’s instructions.
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Table 1. Primer sequences for real-time PCR

Primers Accession No. Sequences (5" — 3’) Size, bp Cycle No. Annealing temperature, °C
HMGB1 NM012963 F: GGCGAGCATCCTGGCTTATC 142 35 60

R: AGGCAGCAATATCCTTCTCATAC
GAPDH NM0170084 F: GCACAGTCAAGGCTGAGAATG 142 36 60

R: ATGGTGGTGAAGACGCCAGTA

PCR = polymerase chain reaction, HMGB1 = high mobility group box1, GAPDH = glyceraldehyde-3-phosphate dehydrogenase.

Western blotting analysis for activity of NF-kB

Fresh tissues from the liver, lungs, kidneys, and ileum were ho-
mogenized and lysates were made using the PRO-PREP protein
extraction solution (Intron Biotech, Sungnam, Korea). Lysates
were clarified by centrifugation at 13,000 rpm at 4°C for 5 min-
utes and the protein concentration of the supernatant was de-
termined with a Bradford assay kit (Pierce Biotechnology, Rock-
ford, IL, USA). Equal amounts of protein extract were loaded on
10% polyacrylamide gels and separated by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis. The extracts were then
transferred to polyvinylidene difluoride membranes using Semi-
Dry Trans-Blot Cells (Bio-Rad Laboratories, Hercules, CA, USA).
Polyvinylidene difluoride membranes containing transferred
proteins were blocked with tris-buffered saline (TBS) contain-
ing 0.1% Tween 20 (TBST) and 5% skim milk for 1 hour at 25°C.
After 3 washes with TBST, membranes were incubated with rab-
bit anti NF-kB (p65) antibody (1:1,000; Santa Cruz Biotechnolo-
gy, Inc., Dallas, TX, USA) and, anti B-actin antibody (1:1,000; Cell
Signaling Technology, Danvers, MA, USA) overnight at 4°C. Af-
ter another 3 washes with TBST, membranes were incubated
with horseradish peroxidase linked secondary antibodies (1:1,000;
Cell Signaling Technology) for 1 hour at 25°C. After 3 final wash-
es in TBST, membranes were treated with electrochemilumines-
cence reagents (Amersham, Buckinghamshire, UK), and then
exposed digitally with an Image Reader ImageQuant™ LAS 4000
mini (GE Healthcare Europe GmbH, Freiburg, Germany). Pro-
teins were quantified for statistical analysis using Multi Gauge
version 3.0 software (Fujifilm Life Science, Tokyo, Japan).

Immunohistochemistry for NF-xB

Paraffin section were dried for 45 minutes, and then dewaxed
in 2 changes of xylene for 15 and 20 minutes each, followed by a
descending ethanol series and antigen retrieval in citric acid.
The sections were incubated in 3% hydrogen peroxide for 15
minutes in a humidistat box at 25°C and rinsed 3 times in phos-
phate buffered saline (PBS) for 5 minutes. After an overnight
incubation at 4°C with monoclonal rabbit anti rat NF-«B anti-
body (1:400 for kidney and lung, 1:1,000 for liver; Cell Signaling
Technology), sections were incubated with InmPRESS Anti-
Rabbit Ig secondary antibodies (Ready to use, VECTOR Labo-
ratories, Burlingame, CA, USA) at 25°C for 1 hour. After being
washed 3 times with PBS for 5 minutes each, the sections were
developed with 3,3’-diaminobenzidine (DAB) peroxidase sub-
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strate (VECTOR Laboratories), terminated in distilled water,
and counterstained with hematoxylin for 5 minutes. The slides
were then dehydrated in graded concentrations of ethanol, cleared
in 2 changes of xylene for 10 minutes each, and mounted with
Canada balsam. The sections were examined and photographed
with an Olympus BX51 light microscope (Olympus, Tokyo, Japan)
at x 400. Atleast 4 sections from each organ were evaluated.

Histopathology (hematoxylin and eosin [H & E] stain)
Paraffin sections were dried for 45 minutes, and then dewaxed
twice in 2 changes of xylene for 15 and 20 minutes each, followed
by a descending ethanol series and a rinse in running tap water
for 2 minutes. Thereafter, the slides were stained with hematox-
ylin for 5 minutes, washed in tap water, differentiated in 1% acid
alcohol, blued in 1% ammonia water, and counterstained with
eosin for 1 minute. The slides were then washed in running tap
water, dehydrated by a descending ethanol series, cleared in 2
changes of xylene for 10 minutes each, and mounted with neu-
tral gum. The slides were examined and photographed by an
Olympus BX51 light microscope (Olympus) to evaluate inflam-
mation and tissue damage.

Statistical analysis

Statistical analysis was carried out using SPSS® statistical software,
version 21.0 (SPSS Inc., Chicago, IL, USA) for Windows®. Contin-
uous variables were tested for normal distribution using the Kol-
mogorov-Smirnoff test. Data are presented as mean + standard
deviation (SD). Statistical analysis was performed using 1-way
analysis of variance (ANOVA) followed by Bonferroni or Turkey
post hoc test for normally distributed data or Kruskal-Wallis test
with Mann-Whitney-U post hoc test, as appropriate. For compari-
son of discrete variables, the Mann-Whitney test was used after the
Kruskal-Wallis test. A value of P < 0.05 was considered significant.

Ethics statement

All experimental protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) in St. Vincent’s Hos-
pital, The Catholic University of Korea (animal IRB 15-20).
RESULTS

General status
During intravenous infusion of the study drug, all rats maintained
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Table 2. Temporal changes in serum ALT and creatinine concentration after under-
went CLP/sham operation in each group of rats (n = 8)

ALT, U/L Creatinine, mg/dL
Groups
6 hr 24 hr 6 hr 24 hr
Sham  43.64 + 3.44" 44,96 + 3.14! 0.36 £ 0.06 0.42 £+ 0.03

CLP 97.52 + 28.38* 173.50 + 84.20*
Remi  60.74 £ 13.05"  70.28 £ 12.90*"

Data were expressed as the mean £ SD.

ALT = alanine aminotransferase, CLP = cecal ligation and puncture, Sham = sham
operatio, Remi = cecal ligation and puncture with remifentanil treatment, SD = standard
deviation.

*P < 0.05 compared with sham group; P < 0.05 compared with CLP group.

0.40 £0.02 0.51 £0.13
0.37 £ 0.05 0.45+£0.02

self-respiration. In Remi group, rats showed slowed respiratory
rate during infusion of remifentail, but distress symptoms such
as gasping through mouth, blue extremities and apnea did not
occur. Approximately 20 minutes after the end of remifentanil
infusion, all rats recovered from the anesthesia, could move ac-
tively.

With the progression of sepsis, sluggish actions, diarrhea, leth-
argy, and decreased water and food intake occurred in rats of
the CLP group. The rats in the Remi group also appeared less
active and piloerection but their symptoms were less severe than
rats in the CLP group.

ALT and creatinine

To investigate the effect of remifentanil on CLP-induced organ
injury, serum ALT and creatinine levels were determined. ALT
was significantly higher 6 hours after surgery in the CLP group
compared to sham group (P = 0.032, Table 2). However, there
were no significant differences between ALT in Remi group and
Sham group 6 hours after surgery (P = 0.101). ALT was signifi-
cantly higher 24 hours after surgery in the CLP and Remi groups
than in the sham group (P = 0.040 and 0.026, respectively) but
ALT in the Remi group was significantly lower than that in the
CLP group (P = 0.016, Table 2). There were no significant differ-
ences between groups in creatinine levels 6 hours or 24 hours
after surgery (Table 2).

Plasma cytokine levels (TNF-q, IL-6, and HMGB1)
To evaluate the effect of remifentanil on early onset proinflam-
matory cytokines in CLP-induced septic rats, serum samples
were collected to evaluate TNF-a and IL-6 levels using ELISA.
TNE-a levels were significantly higher 6 hours after surgery in
the CLP group than in the sham group (P = 0.026). TNF-o. levels
in the Remi group were significantly higher than in the sham
group (P = 0.011), but significantly lower than in the CLP group
(P = 0.020) 6 hours after surgery. TNF-a levels 24 hours after sur-
gery in the CLP and Remi groups were significantly higher than
in the sham group (P = 0.003 and 0.003, respectively; Fig. 1).
Differences in IL-6 levels were similar to differences in TNF-a
levels. A significant increase in IL-6 was observed 6 hours after
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Fig. 1. Effects of remifentanil treatment in inflammatory cytokines release 6 and 24
hours after sham/CLP operation. Serum TNF-a, IL-6, and HMGB1 concentration were
analyzed by ELISA in rats subjected to sham/CLP operation. Data were presented as
mean £ SD (n = 8).

TNF = tumor necrosis factor, IL = interleukin, HMGB1 = high mobility group box 1,
ELISA = enzyme linked immunosorbent assay, SD = standard deviation, Sham = sham
operation group, CLP = cecal ligation and puncture with normal saline group, Remi =
cecal ligation and puncture with remifentanil treatment group.

*P<0.05 vs. sham; FP<0.05 vs. CLP.

surgery in the CLP group compared to the sham group (P = 0.002),
but the IL-6 level in the Remi group was significantly lower than
in the CLP group (P = 0.019, Fig. 1).

Serum HMGBI levels were also evaluated by ELISA to deter-
mine the effect of remifentanil on systemic HMGBI release in
CLP-induced septic rats. As shown in Fig. 1, the HMGBI levels
6 hours after surgery in the CLP and Remi group were significant-
ly higher than in the sham group (P = 0.010 and 0.034, respec-
tively). In addition, HMGBI levels in the Remi group were sig-
nificantly lower than those in the CLP group (P = 0.008). HMGB1
levels 24 hours after surgery in the Remi group were significant-
ly higher than those in the sham group (P = 0.042), but signifi-
cantly lower than those in the CLP group (P = 0.010).

Real-time PCR (HMGB1 mRNA expression)

To further explore the effect of remifentanil on HMGBI transcrip-
tion in various organs, we extracted total RNA from the liver, lungs,
kidneys, and ileum after CLP. HMGB1 mRNA levels were deter-
mined by real-time PCR. As shown in Fig. 2, HMGB1 mRNA lev-
els in the organs of rats in the CLP group significantly increased
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Fig. 2. The expressions of HMGB1 mRNA in tissues of rats in each group 24 hours after sham/CLP operation. Liver, lungs, kidneys, and ileum were collected 24 hours after sur-
gery. HMGB1 mRNA expression in multiple organs were measured by real-time PCR. Data were presented as mean =+ SD (n = 8).
HMGB1 = high mobility group box 1, PCR = polymerase chain reaction, SD = standard deviation, Sham = sham operation group, CLP = cecal ligation and puncture with normal

saline group, Remi = cecal ligation and puncture with remifentanil treatment group.
*P<0.05 vs. sham; TP<0.05 vs. CLP.

than those in the sham 24 hours after surgery (P = 0.001 for liv-
er, P =0.002 for lungs, P = 0.002 for kidneys, and P = 0.001 for
ileum). HMGB1 mRNA levels in the Remi group were significant-
ly lower than those in the CLP group 24 hours after CLP (P = 0.003
for liver, P = 0.004 for lungs, P = 0.002 for kidneys, and P = 0.002
forileum).

Western blot analysis of NF-xB

The effect of remifentanil on NF-«B activation was examined to
investigate the anti-inflammatory mechanisms of remifentanil
24 hours after surgery. Fig. 3A indicates that the expression of
NE-«B activation, which was increased in the CLP group com-
pared to that of the sham group (P = 0.037 for liver, P < 0.001 for
lungs, P < 0.001 for kidneys, and P = 0.001 for ileum). The ex-
pression of NF-«kB activation in the Remi group was decreased
significantly compared to that of the CLP group (P = 0.035 for
lungs, P = 0.011 for kidneys, and P = 0.027 for ileum).

Immunohistochemistry for NF-kB

Immunohistochemistry was performed to determine the nu-
clear fraction of NF-«B activity in tissues from the liver, lungs,
and kidney. The immunohistochemical staining of NF-«xB p65
in tissues from the sham group was mainly in the cytoplasm with
light brown coloration (Fig. 3). On the other hand, the tissue stain-
ing of NF-kB p65 of rats subjected to CLP was dark brown and
the nucleus could not be seen clearly due to the strong staining
of NF-«B p65. However, in Remi group, tissue staining became
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lighter compared to CLP group and nucleus was blue and clear-
ly seen. Therefore, remifentanil treatment inhibited nuclear trans-
location and activity of NF-kB in various organs of CLP-induced
septic rats.

Histopathology (H & E stain)

In the sham group, no pathological changes occurred, whereas
many inflammatory cell infiltrations and severe injuries in mul-
tiple organs of the CLP group occurred 6 hours and 24 hours af-
ter surgery (Fig. 4). The major acute inflammatory injuries in
the lungs from CLP-induced septic rats were infiltration of leu-
kocytes and leakage of erythrocytes into alveolar and interstitial
spaces, edema and thickening of the alveolar capillary mem-
brane. Injuries in the liver included substantial hepatic tissue
malformation, intracellular and interstitial edema, and necro-
sis. In the kidneys, the major morphological alterations were
interstitial leukocyte infiltration, intercapillary cell proliferation,
endothelial cell swelling, and kidney tubular hyperemia. How-
ever, organs from the Remi group showed minor damage and
fewer inflammatory cell responses.

DISCUSSION
In the present study, the effects of remifentanil on inflammato-
ry cytokines and organ damage were evaluated in a septic rat

model. We observed that remifentanil had protective effects as
evidenced by suppression of the expression and release of HM-
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Fig. 3. Effects of remifentanil treatment on activity of NF-
«B in organs of septic rats 24 hours after CLP operation.
(A) Liver, Lungs, kidneys, and ileum were collected 24
hours after sham/CLP operation and NF-xB p65 activa-
tion was analyzed by Western blot. Data were presented
as mean = SD (n = 8). (B) Immunohistochemical staining
of NF-xB p65 in liver, lungs, and kidneys from rats sub-
jected to sham/CLP operation 24 hours after surgery. Origi-
nal magnification: x 400.

NF = nuclear factor, SD = standard deviation, Sham = sham
operation group, CLP = cecal ligation and puncture with
normal saline group, Remi = cecal ligation and puncture
with remifentanil treatment group.

Liver Lung Kidney lleum O  P<0.05us sham; 'P<0.05 vs. CLP.
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GB1 in CLP-induced septic rats. We also determined that remi-  initial hyperinflammatory phase, major proinflammatory cyto-
fentanil attenuated NF-kB activation. kines, including IL-1, IL-6, TNF-q, and chemokines, increase.

The pathogenesis of sepsis can be explained by an early pro-  Excessive proinflammatory cytokines facilitate inflammation
inflammatory response, a failure of the compensatory anti-in- by enhancing endothelial cell-leukocyte adhesion, promoting
flammatory response, and immunoparalysis (1). During the  the release of nitric oxide and arachidonic acid metabolites,
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Fig. 4. H & E stained sections of liver, lungs and kidneys from rats subjected to sham/CLP operation 6 hours and 24 hours after surgery. Original magnification: x 400.
H & E = hematoxylin and eosin, Sham = sham operation group, CLP = Cecal ligation and puncture with normal saline group, Remi = cecal ligation and puncture with remifent-

anil treatment group.

and activating the complement cascade. Several studies have
evaluated the effects of unopposed proinflammatory cytokines
in the outcome of sepsis and indicated that inhibition of the cy-
tokines prevents an exaggerated inflammatory response and
attenuates organ dysfunction (14,15). TNF-a is 1 of the initial
mediators of sepsis progression and is, known to be closely cor-
related with mortality (16). High concentrations of IL-6 are as-
sociated with mortality and morbidity in septic patients (17).
Early proinflammatory cytokines also activate innate immune
cells to release late mediators of sepsis such as HMGBI1. There-
after, sepsis may progress to septic shock and multiple organ
failure. Therefore, we investigated serum proinflammatory cy-
tokines, including IL-6, TNF-0, and HMGB], to explore the ben-
eficial effects of remifentanil on CLP-induced sepsis.

The CLP-induced sepsis model resembles the progression of
human sepsis in that there is an early hyperdynamic phase fol-
lowed by a late hypodynamic phase (13). Considering the clini-
cal manifestation of CLP and the results of the present study,
the sepsis model was appropriate for the present study. In sep-
tic rats, CLP led to an increase in the serum concentrations of
TNF-o and IL-6 in the acute phase and HMGBI in the delayed
phase. In contrast, administration of remifentanil attenuated
the generation of these serum pro-inflammatory cytokines. Our
results were similar to previous findings that intravenous anes-
thetics attenuated acute and delayed phase proinflammatory
cytokines and led to improved outcomes (18,19).

HMGB], a nonhistone chromosomal protein, is produced by
nearly all cell types and mediates diverse cellular functions (3).
When inflammation or injuries occur, HMGBI is actively relea-
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sed by innate immune cells to induce inflammation, and is pas-
sively released by necrotic cells to conduct an injury signal to
neighboring cells (3). Once released, HMGBL itself signals through
the receptor for advanced glycation end products (RAGE) and
toll-like receptors (TLRs), TLR2 and TLRA4. In addition, it acti-
vates the NF-kB signaling pathway and the mitogen-activated
protein kinase (MAPK) pathway (20). As a result, innate immune
cells are activated to release proinflammatory cytokines, endo-
thelial adhesion molecules are upregulated, and chemotactic
cell movement and epithelial cell dysfunctions occur, all of which
sustain the inflammatory response (3). Therefore, HMGBI plas-
ma concentrations parallel the severity of sepsis (21) and onset
of animal lethality from endotoxemia or septic shock. Wang et
al. (7) reported that delayed administration of antibodies to HM-
GBI attenuated endotoxin lethality in mice and administration
of HMGBI itself was lethal. Clinical studies also demonstrated
that a high serum HMGBI level was maintained in patients with
severe sepsis and septic shock (6,21). Several experimental stud-
ies also substantiated that agents decreasing HMGB1 expres-
sion attenuates multiple organ failure and reduced mortality
(22-24). Data from the present study indicated that increased
serum HMGB1 and HMGB1 mRNA expression in the lungs,
liver, ileum, and kidneys was correlated with histological find-
ings and elevated levels of plasma ALT in septic rats. Remifent-
anil treatment substantially reduced serum HMGBI levels and
alleviated mRNA expression and inflammatory histologic alter-
ation caused by sepsis in multiple organs. The results demon-
strated that remifentanil down-regulated excessive HMGBI gene
expression secondary to septic change.
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HMGBI signaling is amplified at several levels by reciprocal
functional relationships. NF-«B, mediated by TLR and RAGE
signaling, plays a crucial role in sustaining HMGB1 signaling
(2). NF-kB is a transcription factor that regulates many target
genes in different cells to facilitate their various functions (25).
HMGBI1-induced RAGE can lead to the phosphorylation and
degradation of IkB and NF-kB-mediated activation of gene ex-
pression, NF-«kB signaling pathway also affect HMGB1 expres-
sion by cross-talk (2). When stimulated by bacterial products
and viruses, the activation and nuclear translocation of NF-xB
leads to increased transcription of genes encoding proinflam-
matory cytokines, including HMGB1, chemokines, immune re-
ceptors, and cell surface adhesion molecules, therefore, enhance
leukocyte infiltration. NF-«B also mediates the upregulation of
HMGBI receptors (2). Accordingly, to elucidate the underlying
mechanisms for the attenuation of HMGBI1 in CLP-induced sep-
sis by remifentanil, we investigated NF-«B activation in vital or-
gans. Our data showed that remifentanil inhibited both the NF-
«B signaling pathway and the expression of HMGBLI. This result
was partially consistent with a recent study, which reported that
remifentanil reduced the activation of NF-«xB by inhibition of
IxkBo degradation and limited cytokine transcription in an LPS-
induced lung injury model (12). Downregulation of NF-kB re-
sulted in the attenuation of lung injury (12). Therefore, inhibi-
tory effects of remifentanil on activity of NF-xB may also con-
tribute to organ protection by preventing exaggerated inflam-
matory process of sepsis.

The anti-inflammatory effects of opioids, including remifent-
anil, have been widely studied, but the exact mechanism has
not yet been elucidated. Opioids exert rapid effects on immune
cells via active opioid receptors on the cell surface (26). During
the delayed effect, activation of central opioid receptors affects
the peripheral immune system via the stimulation of the sym-
pathetic nervous system and its effects on lymphoid organs (27).
Among various opioids, only remifentanil attenuates the activa-
tion of human neutrophils exposed to LPS by decreasing the
activation of inflammatory cytokines and p38 MAPKs in vitro
(28). Because RAGE, the cell surface receptor of HMGBI, can
signal through the activation of p38 MAPK and lead to NF-«B-
mediated activation of gene expression (2), the results of the
present study can be explained by these mechanisms. Zongze
et al. (11) obtained similar results that indicated remifentanil
has protective effects in septic mice by repressing inflammatory
cytokines and pathologic changes. In addition, several clinical
studies supported the results from the present study. Ke et al.
(29) found that total intravenous anesthesia using propofol and
remifentanil attenuates TNF-a and IL-6 induction after open
cholecystectomy. A few studies also demonstrated that contin-
uous infusion of remifentanil could suppress an exaggerated
inflammatory response and endocrine stress reaction in patients
undergoing cardiac surgery (30,31). Neuroendocrine response
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reduced by remifentanil during operation could also affect the
postoperative immune function that may result in good prog-
nosis such as shorter intensive care unit (ICU) stay (30). How-
ever, the precise mechanisms by which remifentanil attenuates
the expression of HMGB1 should be further studied. The effects
of remifentanil on related upstream signaling pathways, includ-
ing RAGE, TLRs, and myeloid differentiation primary response
88 (MyD88), still need to be clarified.

Mortality in sepsis is crucially influenced by organ injury and
dysfunction. One important consideration for the choice of drugs
may be whether the drug has protective effects on vital organs.
The effect of remifentanil in the function of the lungs was already
evaluated in several studies. Zhang et al. (12) showed that remi-
fentanil reduced myeloperoxidase (MPO) activity in rats with
LPS-induced lung injury. Remifentanil also protected intestines
by decreasing the percentage of damaged villi and the amount
of mucosal damage in an intestinal ischemia-reperfusion injury
model (32). Therefore, we evaluated mRNA levels in the vital
organs, serum ALT, and creatinine. The liver contains the larg-
est number of macrophages (Kupffer cells) in the body that can
initiate the systemic inflammatory response. Serum ALT would
be elevated by increased membrane permeability caused by
cell injury. Data from the present study implied that remifent-
anil had a protective effect on organ injury and attenuated the
elevation of ALT. Serum creatinine reflects the function of the
kidneys. Although the difference was not significant, the creati-
nine level of the remifentanil treatment group was lower than
that in the CLP group. These results indicated a positive correla-
tion between organ injury and HMGB1 mRNA expression in
multiple organs.

Because the administration of anesthetics is inevitable in se-
verely septic or critically ill patients, the anti-inflammatory ef-
fects of various anesthetics have been studied. Recent studies
demonstrated that the administration of intravenous anesthet-
ics or local anesthetics, such as ketamine, propofol, lidocaine,
and levobupivacaine, inhibited HMGBI release and manifested
protective effects against sepsis (18,23,33,34). However, the car-
diovascular depressive effects of these drugs tend to prevent
their use in patients with sepsis. Remifentanil is frequently ad-
ministered as an analgesic agent in patient undergoing general
anesthesia in operating room or invasive care in ICU. Remifent-
anil is also proved to be a well-tolerated agent for analgesia-based
sedation of critically ill patients in ICU for up to 10 days (35). Al-
though patients with septic shock are usually hemodynamically
unstable, use of remifentanil may be preferable because it allows
for fast discontinuation in the event of hemodynamic instability
(36). In the present study, we deduced that remifentanil could
be helpful by decreasing the exaggerated inflammatory response
during anesthesia and sedation of septic patients. Therefore, remi-
fentanil may be advantageous as both a sedative/analgesic and
apotential therapeutic agent for septic patients.
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There are a few limitations in the present study. First, the mor-
tality rate was not evaluated. In several studies, other anesthet-
ics that inhibited HMGBI release, including ketamine, lidocaine,
and levobupivacaine, raised survival rates in sepsis models (23,
33,37). Therefore, we could infer that remifentanil may have a
similar effect on survival rate. Second, plasma levels of remifen-
tanil were not maintained. We chose the dose of remifentanil
0.04 mg/kg in the present study because previous studies have
shown that this dose of remifentanil significantly reduces inflam-
matory responses after CLP and lung injury after LPS-induced
acute lung injury model (11,12). To reproduce a situation simi-
lar to clinical conditions, remifentanil should have been admin-
istered by continuous infusion after the inflammation occurred.
We only studied the short-time effects of remifentanil on CLP-
induced inflammatory cytokines, but the dose and long-term
effects of remifentanil also need to be clarified. However, inhi-
bition of inflammation in the early phase of sepsis still has im-
plication for limiting sepsis spread. Finally, hemodynamic vari-
ables were not monitored during surgery and study drug ad-
ministration. Although opioids including remifentanil have less
pronounced cardiovascular effect compared to other intrave-
nous or inhaled anesthetics, remifentanil can induce bradycar-
dia and hypotension depending on dose. We observed the re-
spiratory rate and occurrence of distress symptoms without in-
vasive monitoring throughout the continuous infusion of remi-
fentanil and recovery periods. If we had administered an arteri-
alline, an equipment to measure the respiratory frequency and
pulse oximetry, we would monitor the side effects of remifent-
anil precisely.

In conclusion, the present study suggested that remifentanil
exhibited a protective effect against sepsis in rats. The mecha-
nism was the suppression of HMGB1 expression by inhibition
of NF-«B activity and proinflammatory cytokine release. There-
fore, remifentanil is worthy of further investigation as a poten-
tial intervention strategy for multiple organ failure in sepsis. Fur-
ther studies are required to elucidate the precise mechanism.
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