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Abstract Objective: This study
assessed whether hyperglycemia and
lipopolysaccharide (LPS) decrease
the depression effect of interleukin
(IL) 8 production by hypothermia in
endothelial cells. Design and set-
ting: Laboratory study in a university
laboratory. Subjects: Human umbili-
cal vein endothelial cells (HUVECs).
Interventions: HUVECs were cul-
tivated in various concentrations
of glucose (5.5 or 16.5 mM = 100
or 300 mg/dl) with or without LPS
stimulation for 5, 12, or 24 h at
either 30° or 37 °C. Results: After
culturing, IL-8 mRNA expressions
and IL-8 levels were measured. At
37 °C, hyperglycemia significantly
increased basal IL-8 mRNA at 12 h
and basal IL-8 at 24 h. At 37 °C
hyperglycemia significantly increased
LPS-stimulated IL-8 mRNA at 12 h
and LPS-stimulated IL-8 at 12 and
24 h. At 30 °C basal IL-8mRNA,
basal IL-8, and LPS-stimulated IL-8
were significantly decreased by

hypothermia, but these hypothermic
effects were not observed in LPS-
stimulated IL-8 mRNA. Furthermore
even at 30 °C hyperglycemia signifi-
cantly increased LPS-stimulated IL-8
mRNA at all time points and LPS
stimulated IL-8 at 24 h. Conclusions:
Hypothermia (30 °C) decreases the
production of IL-8 in HUVECs but
does not decrease the expression of
IL-8 mRNA. When hypothermia is
followed by hyperglycemia and LPS
stimulation, such a combination may
expose the patients to a high risk
of secondary tissue damage during
therapeutic hypothermia.
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Introduction

Hyperglycemia after a stress reaction is frequently
observed after critical illness such as acute myocar-
dial infarction [1]. Exposure to hyperglycemia is an
important factor that contributes to endothelial cell dam-
age [2, 3]. Endothelial cells play an important role in
injury and inflammation by producing and regulating
cytokines and adhesion molecules, free radicals, and
chemoattractant mediators [4]. Interleukin (IL) 8 is
generally recognized as a key mediator after an acute

inflammatory response and plays an essential role in
recruiting and activating neutrophil at the site of the in-
flammation. Recent studies have reported that therapeutic
hypothermia can improve outcome in postresuscitative
comatose patients after cardiogenic cardiopulmonary
arrest (CPA) [5, 6]. Temperature-dependent cytokine
release has been demonstrated for a variety of pro- and
anti-inflammatory cytokines in vivo [7–11]. While mono-
cytes and macrophages are major generators of cytokines,
and cytokine production is clearly temperature dependent,
with decreased production during hypothermia [12, 13], it
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remains unclear whether cytokine production in endothe-
lial cells after lipopolysaccharide (LPS) stimulation is
temperature dependent.

Depending on the degree and duration of organ
ischemia during therapeutic hypothermia, cases such as
postresuscitative comatose patients may develop pneu-
monia [14], systemic inflammation, which can cause
medical complications such as hyperglycemia, or adult
respiratory distress syndrome (ARDS) [14, 15]. These are
the leading causes of late morbidity and mortality in co-
matose patients. ARDS, a component of postresuscitation
disease, occurs frequently after CPA [15]. ARDS often ac-
companies bacteremia, sepsis and bacterial endotoxemia.
LPS can stimulate vascular endothelial cells to produce
IL-8 [16–18]. Moreover, therapeutic hypothermia for
comatose patients is often associated with these medical
complications [14].

We consider it very important to estimate LPS-induced
cytokine production under a hyperglycemic condition
during hypothermia. We hypothesized that hyperglycemia
aggravates LPS induced IL-8 production from endothelial
cells even in combination with hypothermia. The purpose
of this investigation was to assess changes in the IL-8
mRNA expression and IL-8 production from endothelial
cells stimulated by LPS in various concentrations of
glucose during normotherimia or hypothermia.

Materials and methods

Cell culture

Human umbilical vascular endothelial cells (HUVECs;
Cambrex Bio Science, Walkersville, Md., USA) were
maintained as monolayers in EBM2 medium (Cambrex
Bio Science) containing 10% fetal calf serum at 37 °C in
a humidified atmosphere containing 5% carbon dioxide.
Cells were passaged at 70–80% confluence and were
maintained no longer than 4 weeks.

Experimental groups

HUVECs (5 × 105 cells/well, n = 6 wells each) were
maintained at 37 °C in EBM2 medium and incubated for
48 h. The cells were then cultured in various media to
examine the effect of osmolalities, glucose or LPS stimu-
lation on IL-8 production. EBM2 medium was replaced
with Medium 199 (Invitrogen Corporation, Carlsbad,
Calif., USA) containing 10% fetal calf serum, which
were prepared in various glucose concentrations contain-
ing 5.5 mM (100 mg/dl) glucose, 16.5 mM (300 mg/dl)
glucose, or 5.5 mM (100 mg/dl) glucose plus 11 mM
(200 mg/dl) mannitol. Some of the media were prepared
with 1 µg/ml LPS (Sigma-Aldrich, St. Louis Mo., USA).

To determine the effect of changes in glucose or
osmolality on IL-8 production responses we used different
concentrations of glucose or osmolality culture medium.
Because the osmolality of the 16.5 mM glucose culture
medium was higher than that of the 5.5 mM glucose
culture medium, we prepared a hyperosmolality medium
(5.5 mM of glucose plus 11 mM of mannitol) with
a glucose concentration of 5.5 mM, which had the same
osmolality as the medium of 16.5 mM of glucose plus
mannitol. Medium osmolalities were assessed by freezing
point depression. The HUVECs were then incubated for
5, 12, or 24 h at either 30 °C or 37 °C. The LPS doses
and periods of exposure to the high glucose medium were
determined by previous preliminary experiments (results
not shown) [19].

Enzyme-linked immunoabsorbent assay

After incubation the supernatants were stored at minus
80 °C until the cytokine assay. IL-8 levels in the super-
natants were quantified using a commercially available
enzyme-linked immunosorbent assay (ELISA) kit (Quan-
tikine Human IL-8 Immunoassay, R&D Systems, Min-
neapolis, Minn., USA) according to the manufacturer’s
instructions.

RNA isolation and reverse transcription

Total RNA was isolated from cells using a Micro-to-Midi
Total RNA Purification System (Invitrogen) according to
the manufacturer’s instructions, which included a DNase
process. Of the total RNA 500 ng was reverse-transcribed
using a Takara RNA PCR kit (AMV, version 3.0; Takara,
Shiga, Japan), according to the manufacturer’s instruc-
tions, using random 9mers primers (Takara). After the
reverse transcription (RT) reaction the cDNA was diluted
with distilled water to 10 µl; 1 µl cDNA was used for each
PCR reaction.

TaqMan real-time RT-PCR analysis

An Assay-on-Demand Gene Expression Assay (exon-
overlapping primers and minor groove binder probes for
real-time RT-PCR) was purchased from Applied Biosys-
tems (Foster City, Calif., USA); housekeeping gene 18s
[assay ID (Hs99999901_s1), IL-8 (Hs00174103_m1)].
These primers and minor groove binder probes were
mixed in TaqMan PCR Master MIX (Applied Biosystems)
according to the manufacturer’s instructions. TaqMan
real-time RT-PCR was performed using a 7500 Real Time
PCR system (Applied Biosystems). Amplification was
performed under the following cycling conditions: 2 min
at 50 °C, 10 min at 95 °C, and 40 two-step cycles of 15 s
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at 95 °C and 1 min at 60 °C. According to the comparative
Ct method described in the Applied Biosystems manual,
gene expression was normalized to the expression of the
housekeeping gene 18s, yielding the ∆Ct value. The ∆Ct
value obtained from the control sample (incubated 5 h at
37.0 °C in Medium 199 with a glucose concentration of
5.5 mM and no LPS) was then subtracted from the ∆Ct
value of each sample that was subject to the experimental
conditions described above, yielding the ∆ ∆Ct value. The
gene expression level, normalized to the housekeeping
gene and relative to the control sample, was calculated
using 2-∆ ∆ Ct. The mRNA levels were normalized to
those of untreated control cells arbitrarily set to a value 1.

Statistical analysis

Statistical analyses were performed using Stat-View 5.0
(SAS Institute, Cary, NC, USA). Duplicate or triplicate
samples were obtained via parallel cultures throughout the
entire experimental protocol. For the bioassays each sam-
ple was plated in triplicate and the results were averaged.
Data were expressed as mean values ± SD. Comparisons
of cytokine IL-8 data between the groups were conducted
using one-way analysis of variance. The unpaired t-test
was performed to determine differences between groups
(glucose 5.5 mM vs. glucose 5.5 mM + mannitol 11 mM,
glucose 5.5 mM + mannitol 11 mM vs. glucose 16.5 mM,
glucose 5.5 mM vs. glucose 16.5 mM) adjusted using
Bonferroni’s method. Two-factor analysis of variance
was performed to examine the between-group com-
parisons of IL-8 data after temperature manipulations.
When there were no statistically significant interactions,
the Tukey–Kramer post-hoc test was performed. When
there were statistical interactions, a one-factor analysis
of variance and the Tukey–Kramer post-hoc tests were
performed. Differences were considered statistically
significant if the p-value was less than 0.05.

Results
The real osmolality (mOsm/kgH2O) of the culture media
with 5.5 mM glucose was 295.8 ± 0.4, that of the culture
media with 16.5 mM glucose was 306.8 ± 0.8, and that
of the culture media with 5.5 mM glucose plus 11 mM
mannitol culture was 306.8 ± 0.4. There were no signifi-
cant differences in the osmolality of the culture medium
with 16.5 mM glucose and that with 5.5 mM glucose
plus 11 mM mannitol, but the osmolalities of both were
significantly greater (p < 0.01) than that of the culture
medium with 5.5 mM glucose.

Sequential changes in constitutive IL-8 mRNA and IL-8
without LPS stimulation

Changes in the IL-8 mRNA expression of HUVECs at vari-
ous time points (5, 12, 24 h) and glucose concentrations
are illustrated in Fig. 1a. In the 16.5 mM glucose culture
medium, significant (p < 0.05) increases in IL-8 mRNA
expression were observed at 12 h vs. the 5.5 mM culture
media. The groups showed no significant differences in
IL-8 mRNA expression at 5 and 24 h. Changes in the IL-8
levels at various times are illustrated in Fig. 1b. In the
16.5 mM glucose culture medium significant increases
in IL-8 were observed at 24 h vs. the 5.5 mM or 5.5 mM
glucose plus 11 mM mannitol culture media. There was no

Fig. 1 Changes in IL-8 mRNA expression (a) and IL-8 (b) in HU-
VECs after 5, 12, 24 h of incubation at different glucose concen-
trations (without LPS stimulation). IL-8 mRNA expression at 12 h
(a) and IL-8 at 24 h (b) in 16.5 mM glucose culture medium (glu-
cose 16.5 mM) was significantly higher than in 5.5 mM glucose (glu-
cose 5.5 mM; p < 0.05). Glucose 5.5 mM, 5.5 mM glucose culture
medium without LPS; glucose 5.5 mM + mannitol 11 mM, 5.5 mM
glucose plus 11 mM mannitol culture medium without LPS; glucose
16.5 mM, 16.5 mM glucose culture medium without LPS; N.S., not
significant; bars, mean ± SD
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significant difference in the IL-8 mRNA and IL-8 levels
between the 5.5 mM glucose and 5.5 mM glucose plus
11 mM mannitol culture media during 5, 12, or 24 h of
incubation.

Sequential changes in the levels of IL-8 mRNA and IL-8
with LPS stimulation

There were increased levels of IL-8 mRNA (e.g., in the
5.5 mM glucose culture medium at 5 h, from 1.0 ± 0.2 to
96.5 ± 21.2) and IL-8 (e.g., in the 5.5 mM glucose culture
medium at 5 h, from 233.1 ± 70.0 to 8774.0 ± 643.0)
after LPS stimulation when there was no LPS stimula-
tion. The changes in the IL-8 mRNA (Fig. 2a) and IL-8
levels (Fig. 2b) stimulated by LPS at various times were
observed. IL-8 mRNA was significantly higher (p < 0.05)

Fig. 2 Changes in IL-8 mRNA expression (a) and IL-8 (b) in
HUVECs after 5, 12, 24 h of incubation at different glucose concen-
trations (with LPS stimulation). LPS induced IL-8 mRNA expres-
sion (a) was significantly higher at the high glucose concentration
(16.5 mM glucose, glucose 16.5 mM + LPS) at 12 h (p < 0.05).
IL-8 (b) was significantly higher at the high glucose concentration
after 12 h (p < 0.05). Glucose 5.5 mM + LPS, 5.5 mM glucose culture
medium stimulated by LPS; glucose 5.5 mM + mannitol 11 mM +
LPS, 5.5 mM glucose plus 11 mM mannitol culture medium stimu-
lated by LPS; glucose 16.5 mM + LPS, 16.5 mM glucose culture
medium stimulated by LPS; N.S., not significant; bars mean ± SD

in the high glucose medium (16.5 mM glucose medium)
than in the 5.5 mM glucose medium at 12 h. IL-8 level
was significantly higher (p < 0.05) in the high glucose
medium (16.5 mM glucose medium) than in the 5.5 mM
glucose medium at 12 and 24 h. There was no significant
difference in the levels of IL-8 mRNA and IL-8 between
the 5.5 mM glucose and 5.5 mM glucose plus 11 mM
mannitol culture media during 5, 12, or 24 h of incubation.

Effect of temperature manipulation

The levels of IL-8 mRNA expression (Fig. 3a) and IL-8
(Fig. 3b) under a hypothermic condition (30 °C) during 5,
12, or 24 h of incubation without LPS decreased signifi-
cantly (p < 0.01) vs. those of IL-8 at 37 °C in the 5.5 and
16.5 mM glucose culture media. Temperature manipu-

Fig. 3 Effect of hypothermia on IL-8 mRNA expression (a) and
IL-8 (b; without LPS stimulation). IL-8 mRNA expression (a) and
IL-8 (b) under hypothermic conditions (30 ◦C) during 5, 12, and
24 h of incubation without LPS was more significantly attenuated
than the IL-8 levels at 37 ◦C in 5.5 (glucose 5.5 mM) or 16.5 mM
glucose (glucose 16.5 mM) culture medium (p < 0.01); Glucose
5.5 mM, 5.5 mM glucose culture medium without LPS; glucose
16.5 mM, 16.5 mM glucose culture medium without LPS; bars,
mean ± SD
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lation did not affect on IL-8 mRNA expression of the 12-
or 24-h incubation groups stimulated by LPS except at 5-h,
as shown in Fig. 4a. IL-8 levels under a hypothermic condi-
tion (30 °C) decreased significantly 5, 12, and 24 h after in-
cubation with LPS (p < 0.01) vs. the group at 37 °C (37 °C
vs. 30 °C, p < 0.01) at the same glucose concentration (5.5
or 16.5 mM), but differences in IL-8 levels of 16.5 mM
glucose culture medium at 24 h were not significantly by
temperature manipulation (Fig. 4b). IL-8 mRNA levels
(12 and 24 h of incubation) and IL-8 levels (24 h of incu-
bation) were significantly high (p < 0.05) in the hyper-

Fig. 4 Effect of hypothermia on IL-8 mRNA expression (a) and
IL-8 (b; with LPS stimulation). Hypothermia did not affect IL-8
mRNA expression (a) in the groups incubated for 12 or 24 h and
stimulated by LPS, but it significant decreased IL-8 mRNA expres-
sion in 5.5 mM glucose culture medium incubated for 5 h (p < 0.01).
In hypothermic conditions (30 ◦C) IL-8 mRNA expression (12 and
24 h of incubation) in 16.5 mM glucose culture medium (glucose
16.5 mM + LPS) was significantly higher than the levels in 5.5 mM
glucose culture medium (glucose 5.5 mM + LPS; p < 0.01). The
IL-8 levels under hypothermic conditions (30 ◦C) during 5, 12, or
24 h incubation with LPS were significantly lower than the IL-8
levels at 37 ◦C in 5.5 mM (glucose 5.5 mM + LPS) or 16.5 mM
glucose culture medium (glucose 16.5 mM + LPS; p < 0.01), but
there was no significance in IL-8 level in 16.5 mM glucose culture
medium incubated for 24 h. In hypothermic conditions (30 ◦C) IL-8
level at 24 h of incubation in 16.5 mM glucose culture medium
(glucose 16.5 mM + LPS) was significantly higher than the level in
5.5 mM glucose culture medium (glucose 5.5 mM + LPS; p < 0.01)

glycemic (16.5 mM glucose) hypothermic group (30 °C)
vs. the normoglycemic (5.5 mM glucose) and hypo-
thermic (30 °C) group.

Discussion

Prolonged exposure to hyperglycemia is an important fac-
tor in the pathogenesis of diabetic complications [20–22]
that contribute to endothelial cell damage [2, 3, 23] in the
clinical state. It is remains unclear, however, whether a hy-
perglycemic episode after postresuscitation from CPA or
during therapeutic hypothermia can affect secondary en-
dothelial cells damage. We demonstrated increases in both
IL-8 mRNA expression and IL-8 level after incubation (12
or 24 h) in endothelial cells under high glucose conditions
stimulated by LPS. Although IL-8 mRNA expression did
not increase in the high-glucose medium (16.5 mM) after
5 h of incubation, it reached noticeably high levels after
12 h of incubation. In this study we concluded that the
higher glucose concentrations in the presence of LPS en-
hance the expression of IL-8 mRNA from HUVECs cul-
tured for 12 h since no significant changes were observed
in the higher osmolality culture medium of mannitol with-
out high glucose.

Hyperglycemia can cause vascular dysfunction in
a variety of ways, including hyperosmolality, oxidant for-
mation, and protein kinase C activation. Wilmer et al. [24]
showed that high levels of extracellular glucose activate
intracellular signal transduction (p38 mitogen-activated
protein kinase; p38MAPK) and can be induced by oxi-
dants, hyperosmolality, and proinflammatory cytokines,
leading to apoptosis, cell growth, and gene regulation in
human mesangial cells. Gosmanov et al. [25] showed that
production of IL-8 from endothelial cells rises signifi-
cantly due to hyperglycemia, but the glucose level in their
experiment was 30 mM which was higher than the glucose
level in our study. Igarashi et al. [26] also reported that
the effect of hyperglycemia on p38MAPK activation and
that glucose at 16.5 mM increased p38MAPK activity in
a time-dependent manner vs. 5.5 mM glucose in rat aortic
smooth muscle cells. However, hyperosmolality itself is
the key factor that induces IL-8 production, through the
signal transduction (p38MAPK) from the cell membrane
to the nucleus [27].

In the present study we examined the effect of
higher glucose medium and hyperosmolar mannitol
stimulation on IL-8 production. Our results showed that
hyperglycemia (16.5 mM) itself is the mediator of IL-8
production concomitant with IL-8 mRNA expression,
regardless of hyperosmolar mannitol stimulation. Recent
evidence [28] suggests that LPS-induced IL-8 synthesis in
HUVECs depends on two parallel intracellular signaling
pathways converging at the level of nuclear factor κB
via p38MAPK or rho protein. The mechanism of LPS-
induced IL-8 synthesis in HUVECs is still unclear, but
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we speculate that high glucose itself has an impact on the
degree of activation of intracellular signaling molecules,
and that the presence of LPS in a high glucose condition
enhances the expression of IL-8 mRNA from HUVECs
after 12 h of incubation. The increased levels of IL-8
after infection may work in combination with the hy-
perglycemia to aggravate endothelial cell damage and
enhance the inflammatory process. If so, the process may
subsequently lead to neutrophil infiltrating the injured tis-
sue which in turn could worsen the outcome by enhancing
secondary injury processes. These results suggest that it is
important to strictly manage even short-term increases in
blood glucose after acute stress.

Cardiac arrest with widespread cerebral ischemia fre-
quently leads to severe neurological impairment. A recent
study reported that for unconscious adult patients who
have been successfully resuscitated after CPA, therapeutic
mild hypothermia could increase the chance of a favorable
neurological outcome and reduce mortality [5, 6]. An
effect of reduction in the enzymatic reaction and certain
reactions has been presented concerning cellular response
under hypothermia in some cell lines [29]. However, little
is known about the effects of temperature manipulation on
the levels of IL-8 mRNA and IL-8 in HUVECs. The levels
of constitutive IL-8 mRNA and IL-8 without stimulation
by LPS from HUVECs decreased significantly during
incubation at hypothermia (30 °C for 5 to 24 h) in various
glucose concentrations. Although hypothermia attenuated
LPS-induced IL-8 levels for 5–24 h, it failed to attenuate
LPS induced IL-8 mRNA expression at any time for any
glucose concentration except the glucose 5.5 mM medium
at 5 h. Moreover, the levels of IL-8 mRNA in a 16.5 mM
glucose concentration were significantly higher than that
in a 5.5 mM glucose culture medium during hypothermia.
Our study may indicate that hypothermia (30 °C) cannot
attenuate expression of IL-8 mRNA in the presence of
infection but can suppress the protein translation process
after expression of IL-8 mRNA or other enzymatic activity
for IL-8 protein synthetases.

We frequently see hyperglycemia and pneumonia
as medical complications during therapeutic hypother-
mia [14]. Endogenous IL-8 has been shown to be a key
mediator of chemotactic activity for neutrophils, partici-
pating in this process by recruiting neutrophils [16, 18].
Neutrophil activation and adhesion to the endothelium
play important roles in inflammation and sepsis. Therefore
while there is still a significant rise in IL-8 mRNA levels
in a hypothermic condition with these medical compli-
cations, endothelial cells may be at risk of subsequently
developing adverse affects in the secondary inflammatory
process during therapeutic hypothermia. Thus taken
together our data suggest that tight glucose control and
management of infectious complications is necessary
to prevent the secondary inflammatory process during
therapeutic hypothermia.

Conclusion

We conclude that high glucose concentration is an import-
ant factor of IL-8 production in HUVECs. Constitutive
expression of IL-8 mRNA is usually low but can be
greatly stimulated in response to infection. Hyperglycemia
may have a deleterious effect because the exaggerated
inflammatory response cannot efficiently control infection,
which may predispose the patients to secondary tissue
injury. Enhanced LPS induced IL-8 production may con-
tribute to the immunomodulatory effects of hyperglycemia
in various clinical settings. Hypothermia (30 °C) could
not attenuate expression of IL-8 mRNA in the presence
of LPS. Theses processes may be further aggravated by
hyperglycemia, and leading to medical complications in
critically ill patients. In cases of combined hyperglycemia
and infection such a process would leave postresusci-
tation patients at high risk of secondary tissue damage.
Strict management of plasma glucose and infectious
complications may be key strategies during therapeutic
hypothermia.
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