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This experimental study investigated the effects of long-term hypothermia on the production of interleukin (IL)-8
protein and its mRNA expression in endothelial cells stimulated by lipopolysaccharides (LPS). Human umbilical
vein endothelial cells were separated into a non-cooling group (N group: 37�C) and a cooling group (C group:
30�C). These groups were incubated with LPS (1 lg/mL) for 0, 2, 6, 24, 48, 72, and 96 hours. Production of the
IL-8 protein secreted into the supernatant and mRNA expression in the cells were measured using enzyme-
linked immunoabsorbent assay (ELISA) and real-time reverse transcription polymerase chain reaction (RT-PCR)
analysis. To evaluate mRNA stability, both groups were incubated with actinomycin D at 6 hours after incu-
bation with LPS for 24 hours. The degradation ratio was calculated by comparing the total expression of mRNA
at 6 hours versus 0 hours. The protein levels in the C group were significantly lower than the N group between 6
and 96 hours. The mRNA expression in the C group was also significantly lower than in the N group up to 48
hours, but at 72 hours it was significantly higher than N group. IL-8 mRNA was less degraded in the C group
compared to the N group. Under long-term hypothermia, IL-8 protein production was suppressed, while IL-8
mRNA was stabilized after LPS treatment. The potential of IL-8 to produce an inflammatory response in
endothelial cells may persist even during long-term hypothermia.

Introduction

Therapeutic hypothermia has been reported as an
effective therapy for adult patients following cardiac

arrest (Bernard et al., 2002; HACA Study Group, 2002) and for
neonates with hypoxic-ischemic encephalopathy (Gluckman
et al., 2005; Shankaran et al., 2005). However, the efficacy of
therapeutic hypothermia is still controversial for other injuries
such as acute respiratory distress syndrome (ARDS) and
traumatic brain injury (TBI).

Villar and Slutsky (1993) reported that mild hypothermic
treatment was effective in improving oxygenation and sur-
vival in patients with severe septic ARDS. Experimental
studies also showed that hypothermia for 6 hours following
lipopolysaccharides (LPS) treatment protected against
acute lung injury in rats (Lim et al., 2003; Chin et al., 2007).
Hypothermia may mitigate ARDS, but currently it is not
standard therapy for patients with ARDS (Dellinger et al.,
2008). The lung injury resulting from ARDS is caused
primarily by neutrophil-dependent damage to the endothelial
cells (Ware and Matthay, 2000). Interleukin (IL)-8 is the

neutrophil activator and chemoattractant of neutrophils to
endothelial cells (Huber et al., 1991; Baggiolini et al., 1994). One
clinical study reported that IL-8 was one of the best
biomarkers for predicting mortality in human ARDS (Ware
et al., 2010). These data indicate that IL-8 may play an im-
portant role in the pathogenesis of ARDS. The acute phase of
lung injury caused by neutrophil accumulation may continue
for several days in ARDS (Bachofen and Weibel, 1977).

Multi-center randomized studies demonstrated that hy-
pothermia treatment had little effect for adult patients after
TBI (Clifton et al., 2001, 2011). In these clinical studies, patients
were treated with hypothermia for 48 hours. Interestingly,
Jiang et al. (2006) reported that 5 days of long-term cooling
was more efficacious than 2 days of short-term cooling when
mild hypothermia was used to control refractory intracranial
hypertension in patients with TBI. In an experimental study,
Chatzipanteli et al. (2000) reported that neutrophil infiltration
after TBI peaked at day 3 and may protect against secondary
brain injury. Taken together, these findings suggest that
hypothermia treatment over a longer duration would have
a greater mitigating effect on patients with TBI. This
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experimental study also demonstrated that neutrophils infil-
trated the brain after TBI and promoted secondary brain in-
jury. Hypothermia decreased such infiltration and may
reduce brain damage by targeting secondary inflammatory
processes. In clinical studies with children, the cerebrospinal
fluid interleukin (IL)-8 level was reported to increase re-
markably after severe TBI (Buttram et al., 2007). Because cy-
tokines can be produced in the vascular endothelium, it is also
important to investigate IL-8 production in endothelial cells
after long-term hypothermia to understand the cellular
mechanisms of hypothermia treatment in TBI patients.

Therefore, in order to devise a strategy for long-term hy-
pothermia treatment of patients with ARDS or TBI, it is im-
portant to investigate the effect of long-term hypothermia on
IL-8 production in endothelial cells. The aim of this study was
to investigate the temporal profile of the production of the
IL-8 protein and its mRNA expression in human umbilical
vein endothelial cells (HUVECs) stimulated by LPS and
incubated under long-term hypothermia.

Materials and Methods

Cell culture

HUVECs (Lonza, Walkersville, MD) were maintained as a
monolayer in a medium of Endothelial Cell Growth Medium-
2 (EGM2; Lonza) at 37�C in a humidified atmosphere con-
taining 5% carbon dioxide. The cells were passaged at 70% to
80% confluence and maintained for no longer than 4 weeks.

Definition of experimental groups

Two experimental groups were used in this study. HUVECs
(5 · 105 cells/well) in each group (n = 6 wells) were maintained
at 37�C in an EGM2 medium and incubated for 48 hours. The
HUVECs in the non-cooling group (N group) were incu-
bated with 90% of MEDIUM 199 (Invitrogen, Carlsbad, CA)
and 10% of fetal bovine serum (Sigma-Aldrich, St. Louis, MO)
and with LPS (1 lg/mL: Escherichia coli serotype 055:B5,
Sigma-Aldrich) and without steroids for 0, 2, 6, 24, 48, 72, and
96 hours at 37�C. The HUVECs in the cooling group (C group)
were acclimated at 30�C for 60 minutes and were then incu-
bated under the same conditions as the N group but at a lower
temperature (30�C). Control groups without LPS treatment
were established for both groups. Trypan blue staining con-
firmed a cell viability of at least 90% at each time point for each
group. In addition, on checking cell viability with a micro-
scope, we found no significant abnormal morphological
changes in the cells in each group at each time point.

Enzyme-linked immunoabsorbent assay (ELISA)

After incubation (at each time point for each group), the
supernatants were stored at - 80�C until the time of the cy-
tokine assay. IL-8 protein levels in the supernatant were
quantified using a commercially available ELISA kit, the
Quantikine Human IL-8 Immunoassay (R&D Systems, Min-
neapolis, MN), following the manufacturer’s instructions.

RNA isolation and reverse transcription (RT)

Total RNA was isolated from the cells (at 0, 2, 6, 24, 48, 72,
and 96 hours for each group) using a Micro-to-Midi total RNA
Purification System (Invitrogen) according to the procedure

prescribed by the manufacturer, including a DNase digestion
step to remove gDNA. Sufficient RNA required for mea-
surement was purified at every time point for each group,
with the purified RNA increasing slightly over time. Five
hundred ng of total RNA was reverse-transcribed with a Ta-
KaRa RNA PCR kit (AMV) V3.0 (TaKaRa Bio Co., Shiga,
Japan) using random 9-mer primers (TaKaRa Bio Co.)
according to the manufacturer’s instructions. After the RT
reaction, the cDNA was diluted with distilled water to 10 lL,
and 1 lL of cDNA was used for each PCR reaction.

TaqMan� real-time analysis

Exon-overlapping primers and minor groove binder
(MGB) probes for real-time RT-PCR were purchased as
Assay-on-Demand products from Applied Biosystems
(Applied Biosystems, Foster City, CA): housekeeping gene
18s (assay ID Hs99999901_s1), IL-8 (Hs00174103_m1). These
primers and MGB probes were mixed in TaqMan PCR Master
MIX (Applied Biosystems) according to the manufacturer’s
instructions. TaqMan� real-time RT-PCR was performed with
a 7500 Real Time PCR system (Applied Biosystems). The
genes were amplified under the following cycling conditions:
2 minutes at 50�C, 10 minutes at 95�C, and 40 two-step cycles
of 15 seconds at 95�C and 1 minute 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 DCt value. There
were no significant differences in fluorescence of the house-
keeping gene 18s between groups at each time point. The DCt
obtained from the control sample (incubated for 5 hours at
37.0�C in medium 199 (glucose concentration: 100 mg/dL)
without LPS) was then subtracted from the DCt of each
sample subject to the experimental conditions described,
yielding the DDCt value. The gene expression level, normal-
ized to the housekeeping gene and relative to the control
sample, was calculated as 2 -DDCt. The mRNA levels were
normalized to those of the untreated control cells, which were
arbitrarily set at 1.

Measurement of mRNA stability

HUVECs were incubated with LPS (1 lg/mL) for 24 hours
in the N group and C group in the same manner as outlined
above. After incubation for 24 h, the media of each group
was changed to one without LPS. Actinomycin D was added
(10 lg/mL final concentration of actinomycin D) to the
media and the cells were incubated for 2, 4, and 6 hours
at 37�C in the N group and 30�C in the C group. The cells
were collected and mRNA was measured for each group at
each time point using RNA isolation, reverse transcription,
and TaqMan� real-time analysis. Since actinomycin D in-
hibits de novo synthesis of mRNA at transcription, the time-
dependent decrease in IL-8 mRNA reveals its degradation
(Atwater et al., 1990). Therefore, to evaluate IL-8 mRNA
stability at the point of turnover from the N group to the
C group, the ratio of IL-8 mRNA degradation was calculated
by dividing the mean value of each hour by of the value
obtained at the 0-hour time point. This ratio shows that the
higher the degradation ratio, the more mRNA that remains.
Since these data were calculated using mean values, signif-
icant differences between the values at each time point could
not be evaluated statistically.
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Statistical analysis

Statistical analyses were performed using Stat-View 5.0
(Cary, NC: SAS Institute, Inc. 1998). Data were expressed as
mean values – SD. Comparison of data between the N group
and C group at the same time points was performed by the
non-paired t-test. Comparison of data between the time points
was performed by one-way analysis of variance (ANOVA).
The protected Fisher’s least-squares difference (LSD) test was
performed to determine the difference between time points.
Differences were considered significant when the p value
was < 0.05.

Results

IL-8 concentration of supernatant measured by ELISA

The concentration of the IL-8 protein in the supernatant
incubated with LPS as measured by ELISA was significantly
higher in the N group than in the C group at 6, 24, 48, 72, and
96 hours. At 72 hours, the inhibitory effect of hypothermia
was attenuated. In the N group, the production of the IL-8
protein increased significantly ( p < 0.0001) for the period 2 to
96 hours. In the C group, IL-8 increased significantly
( p < 0.0001) from 6 to 96 hours, except for the period 24 to
48 hours (Fig. 1). Without LPS IL-8 protein, production was
almost nondetectable until 2 hours. Then it was significantly
higher in the N group than in the C group at 6 hours (0.3 – 0 vs.
0.1 – 0; N group vs. C group; ng/mL; p < 0.001), 24 hours
(0.7 – 0.1 vs. 0.5 – 0.1; p < 0.001), 48 hours (0.7 – 0.1 vs. 0.4 – 0.1;
p < 0.001), 72 hours (2.4 – 0.1 vs. 0.8 – 0; p < 0.001), and 96 hours
(2.4 – 0.1 vs. 0.5 – 0.1; p < 0.001). (Data not shown in the
figures.)

Expression of mRNA measured by real-time RT-PCR

The mRNA expression of IL-8 in cells incubated with LPS
measured using real-time RT-PCR was significantly higher in
the N group than in the C group at 2, 6, and 48 hours. How-
ever, at 72 hours, the pattern was reversed, with mRNA ex-
pression being lower in the N group than in the C group.

There was no significant difference between the groups at 0,
24, and 96 hours. The mRNA expression with LPS in the
N group peaked at 6 hours and decreased gradually there-
after, while that in the C group peaked at 72 hours (Fig. 2).
Without LPS, mRNA expression of IL-8 was significantly
higher in the N group than in the C group at 2 hours (0.9 – 0.2
vs. 0.4 – 0.1; N group vs. C group; fold; p < 0.001), 24 hours
(0.2 – 0.1 vs. 0.1 – 0; p < 0.05), 48 hours (0.4 – 0.1 vs. 0.1 – 0;
p < 0.0001), 72 hours (1.0 – 0.1 vs. 0; p < 0.0001), and 96 hours
(0.5 – 0.1 vs. 0; p < 0.0001). (Data not shown in the figures.)

Evaluation of IL-8 mRNA stability in calculating
the ratio of degradation between N and C group

After addition of actinomycin D, IL-8 mRNA expression
significantly ( p < 0.05) decreased in both groups at 4 and 6
hours, compared with the level at 0 and 2 hours. IL-8 mRNA
expression was significantly higher ( p < 0.05) in the C group
than in the N group at 6 hours (Fig. 3). The degradation ratio
of IL-8 mRNA in the N group was 84%, 48%, and 50% at 2, 4,
and 6 hours respectively, while in the C group it was 110%,
68%, and 78% (Fig. 4). Note that more IL-8 mRNA remained in
the C group than in the N group.

Discussion

The current study showed that IL-8 protein production was
significantly suppressed during hypothermia treatment,
while IL-8 mRNA expression was significantly suppressed
initially but then increased in response to long-term hypo-
thermia. The present data also indicate that the ratio of IL-8
mRNA degradation significantly decreased during hypo-
thermia. However, it remains unclear whether any long-term
effects persist after rewarming. If hypotherimic stimulation of
endothelial cells has the prolonged effect of causing residual
mRNA expression to result in a rebound IL-8 production
by rewarming, then the process may subsequently lead to

FIG. 1. IL-8 protein levels measured using an enzyme-
linked immunoabsorbent assay (ELISA) after 0, 2, 6, 24, 48,
72, and 96 hours of incubation with lipopolysaccharides
(LPS). The values for the non-cooling group (N group: 37�C)
are indicated by the unshaded bars and the values for the
cooling group (C group: 30�C) are indicated by the shaded
bars. Asterisks indicate significantly high levels of protein in
the N group; *p < 0.0001, **p < 0.001, ***p < 0.05 (n = 6).

FIG. 2. IL-8 mRNA expression measured using real-time
reverse-transcriptase polymerase chain reaction (RT-PCR)
after 0, 2, 6, 24, 48, 72, and 96 hours of incubation. The values
for the non-cooling group (N group: 37�C) are indicated by
the unshaded bars and the values for the cooling group (C
group: 30�C) are indicated by the shaded bars. Asterisks
indicate significantly higher mRNA expression in the N
group than in the C group; *p < 0.0001, **p < 0.05. Hash
symbols indicate significantly ( p < 0.0001) higher mRNA
expression in the C group than in the N group (n = 6).
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increased infiltration of neutrophils into the injured tissue.
This in turn could worsen the outcome by enhancing sec-
ondary injury processes. Further study is therefore needed to
estimate whether the rebound effect of cytokine production
by endothelial cells after long-term hypothermic stimuli may
be induced by rewarming.

Aspiration pneumonia is a common medical complication
during therapeutic hypothermia in postresuscitation patients
(HACA Study Group, 2002). Recent reports indicate that

hypothermia inhibits IL-8 production from HUVECs. Clinical
reports of accidental hypothermia patients show that plasma
IL-8 levels on admission were not noticeably elevated, but after
rewarming the serum IL-8 level rose significantly (Aibiki et al.,
1999). Similar results were reported for surface expression of
E-selectin on HUVECs induced by LPS and hypothermia
(25�C). Cells rewarmed to 37�C showed greater surface ex-
pression of E-selectin than cells treated at 37�C (Haddix et al.,
1996). IL-8 has been shown to be a key mediator of chemotactic
activity for neutrophils, participating in this process by re-
cruiting neutrophils (Mantovani and Dejana, 1989; Huber et al.,
1991; Baggiolini et al., 1994). Neutrophil activation and adhe-
sion to the endothelium plays an important role in sepsis and
TBI. If the inflammatory potential caused by the stabilization of
IL8 mRNA persists during the rewarming phase after hypo-
thermia, it may accelerate IL-8 production in endothelial cells
and promote neutrophil infiltration. Therefore, while there is
still a significant rise in IL-8 mRNA levels in a long-term
hypothermic condition, therapeutic hypothermia may increase
the risk to endothelial cells and subsequently promote adverse
effects in the secondary inflammatory process.

The present study showed that in the early phase of hy-
pothermia, from 6 to 48 hours, IL-8 protein production and
mRNA expression, stimulated by LPS, were suppressed.
Diestel et al. (2008) reported that the release of IL-8 in HUVECs
stimulated by TNF-a was also diminished by hypothermia up
to 48 hours. The underlying mechanisms of this down-
regulation were found to be reduced extracellular signal-
regulated kinase (ERK) 1/2 phosphorylation and incomplete
IjB-a degradation resulting in reduced NFjB-dependent IL-8
gene expression. It appears that recent studies indicate that
IL-8 gene expression stimulated by LPS in endothelial cells
may also be inhibited by hypothermia in this phase. However,
in the later phase of hypothermia IL-8 mRNA expression was
amplified at 72 hours and the suppressive effect of hypo-
thermia on the production of the IL-8 protein seemed to be
attenuated (Figs. 1 and 2). It appears that the inhibitory effect
of hypothermia on IL-8 may change from transcription to
posttranscription at this phase of hypothermia. Atkins et al.
(2007) reported that hypothermia potentiated ERK 1/2 activa-
tion and ERK 1/2 regulated mRNA translation through phos-
phorylation of mitogen-activated protein kinase-interacting
kinase and the translation factor eukaryotic initiation factor 4E
in the brains of rats with TBI. Our study demonstrated that
hypothermia could enhance mRNA translation. Further inves-
tigation is therefore necessary to clarify the mechanism under-
lying IL-8 production under long-term hypothermic conditions,
including signal transduction.

Various studies have measured mRNA stability by its half-
life after the addition of actinomycin (Villarete and Remick,
1996; Fairchild et al., 2004; Natarajan et al., 2007). The half-life
of IL-8 mRNA after 23 hours of LPS stimulation is known to be
extremely prolonged (Villarete and Remick, 1996). Thus it
appears to be difficult to evaluate IL-8 mRNA stability using
half-life readings after 24 hours of stimulation with LPS in
endothelial cells. Therefore, in this study the degradation ratio
was calculated to give an estimation of IL-8 mRNA stability.
The present study indicates that more IL-8 mRNA remained
in the C group (78%) than in the N group (50%) after the
addition of actinomycin D (Fig. 4). This finding indicates that
IL-8 mRNA was stabilized by hypothermia in this phase at the
point of turnover.

FIG. 3. IL-8 mRNA measured using real-time RT-PCR at 0,
2, 4, and 6 hours after addition of actinomycin D followed by
incubation for 24 hours with LPS. Data are expressed as
mean values – SD. The values for the non-cooling group (N
group: 37�C) are indicated by the unshaded bars and the
values for the cooling group (C group: 30�C) are indicated by
the shaded bars. Asterisks indicate a significant ( p < 0.05)
difference from the 0- and 2-hour readings in the same
group. Hash symbols indicate a significant difference be-
tween groups for the same point in time (n = 6).

FIG. 4. mRNA degradation ratio calculated using the mean
value of expression of mRNA at each time point compared
with 0 hours. The values for the non-cooling group (N group:
37�C) are indicated by the shaded squares and the values for
the cooling group (C group: 30�C) are indicated by the sha-
ded circles. Since these data were calculated using mean
values, significant differences between the values at each
time point could not be evaluated statistically.
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Hagiwara et al. (2007) reported that after 48 hours of in-
cubation with LPS (100 ng/mL), the viability of murine
macrophage cells as measured by trypan blue was signifi-
cantly reduced from 90% (control) to 60%. However, Diestel
et al. (2008) reported that HUVECs kept under hypothermia
(32�C and 17�C) conditions for 48 hours demonstrated 90%
cell viability by trypan blue. In the present study, the cell
viability by trypan blue was at least 90% at all time points for
each group. Indeed, mRNA levels of IL-8 after 72 or 96 hours
of incubation was equal to or significantly higher in the
cooling group than that of the non-cooling group. These dif-
ferences of cell viability between the Hagiwara study and
the present investigation may be due to differences in cell
types and/or the method of stimulation used. In the present
study, no differences in morphological change were found
between the groups at each time point. However, one study
showed that confluent endothelial cells exposed to hypo-
thermia displayed elongated cell shapes with intercellular gap
formation, increased endothelial cell-layer permeability, and
loss in adherence (Diestel et al., 2009). They used confluent
monolayers to observe cell morphology. This may be an
effective way to observe cell morphological changes during
long-term hypothermia.

Our study has several limitations. Other studies have
evaluated the general IL-8 response of HUVECs to hypo-
thermia using in vitro models (Haddix et al., 1996; Noda et al.,
2008). We used HUVECS to investigate the general response
of long-term hypothermia. However, there may be organ
specificity in IL-8 production with hypothermia, so more tis-
sue specific cells such as neural, microglial, or lung epithelial
cells should be used to mimic injury during TBI or ARDS.
Because IL-8 is one of the key cytokines in the pathology of
TBI (Chatzipanteli et al., 2000; Buttram et al., 2007) and ARDS
(Ware et al., 2010), we investigated the inflammatory effect
during long-term hypothermia with IL-8. However, it is
probable that many other cytokines are related to the pa-
thology of injury for TBI and ARDS. One experimental study
reported that mild hypothermia altered the pattern of endo-
thelial expression under conditions of ischemic reperfusion
injury, by varying the expression of genes associated with the
inflammatory response (Yang et al., 2010). Another study
demonstrated that hypothermia changes the balance of cyto-
kine release in microglial cells stimulated by LPS in response
to anti-inflammatory cytokines (Diestel et al., 2010). Further
investigation of the role of other cytokines in long-term hy-
pothermia appears to be necessary.

Based on the present findings, we conclude that the con-
stitutive expression of IL-8 mRNA is normally low but can be
greatly stimulated in response to infection. Enhanced LPS-
induced IL-8 production may therefore contribute to the im-
munomodulatory effects in various pathological settings.
Also, long-term hypothermia (30�C) did not attenuate the
upregulation of IL-8 mRNA in the presence of infection. These
temperature-sensitive processes may be further aggravated
by chronic infection, leading to secondary medical complica-
tions in critically ill patients.
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