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Abstract

Pretreatment of low-dose lipopolysaccharide (LPS) induces a hyporesponsive state to subsequent secondary chal-
lenge with high-dose LPS in innate immune cells, whereas super-low-dose LPS results in augmented expression
of pro-inflammatory cytokines. However, little is known about the difference between super-low-dose and low-
dose LPS pretreatments on immune cell-mediated inflammatory and hepatic acute-phase responses to secondary
LPS. In the present study, RAW 264.7 cells, EL4 cells, and Hepa-1clc7 cells were pretreated with super-low-dose
LPS (SL-LPS: 50 pg/mL) or low-dose LPS (L-LPS: 50 ng/mL) in fresh complete medium once a day for 2~3 days
and then cultured in fresh complete medium for 24 hr or 48 hr in the presence or absence of LPS (1~10 pg/mL) or
concanavalin A (Con A). SL-LPS pretreatment strongly enhanced the LPS-induced production of tumor necrosis
factor (TNF)-a., interleukin (IL)-6, TNF-o/IL-10, prostaglandin E2 (PGE,), and nitric oxide (NO) by RAW 264.7
cells compared to the control, whereas L-LPS increased IL-6 and NO production only. SL-LPS strongly aug-
mented the Con A-induced ratios of interferon (IFN)-y/IL-10 in EL4 cells but decreased the LPS-induced ratios of
IFN-y/IL-10 compared to the control, while L-LPS decreased the Con A- and LPS-induced ratios of IFN-y/IL-10.
SL-LPS enhanced the LPS-induced production of IL-6 by Hepalclc-7 cells compared to the control, while L-LPS
increased IL-6 but decreased IL-1f and C reactive protein (CRP) levels. SL-LPS pretreatment strongly enhanced
the LPS-induced production of TNF-a., IL-6, IL-10, PGE,, and NO in RAW 264.7 cells, and the IL-6, IL-18, and
CRP levels in Hepalclc-7 cells, as well as the ratios of IFN-y/IL-10 in LPS- and Con A-stimulated EL4 cells
compared to L-LPS. These findings suggest that pre-conditioning of SL-LPS may contribute to the mortality to
secondary infection in sepsis rather than pre-conditioning of L-LPS.
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INTRODUCTION

Endotoxin, a heat-stable cell wall component of gram-
negative bacteria, is characterized by robust induction of
the systemic inflammatory response in the innate immune
system via the Toll-like receptor 4 (TLR4) pathway, which
can lead to shock, cell damage, and potentially multiple
organ failure (1,2). Endotoxin stimulates the overproduc-
tion of pro-inflammatory mediators such as prostaglandin
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E2 (PGE,), tumor necrosis factor (TNF)-o, interleukin
(IL)-1B, IL-6, interferon (IFN)-y, and C-reactive protein
(CRP), resulting in an acute inflammatory response. Via
an inhibitory feedback effect, lipopolysaccharide (LPS)
also induces anti-inflammatory cytokines such as IL-1
receptor antagonist, IL-4, IL-10, and IL-13 (3,4). How-
ever, pre-exposure of innate immune cells such as macro-
phages to low-dose LPS (L-LPS, > 10 ng/mL) fails to
induce the robust expression of proinflammatory media-
tors to subsequent endotoxin challenge, a phenomenon
known as endotoxin tolerance (5). Endotoxin tolerance
leads to a shift away from a pro-inflammatory response,
including production of TNF-a, IL-1pB, IL-6, and PGE,,
toward a response with key anti-inflammatory features via
IL-10 production. Even though endotoxin tolerance is
known to protect animals from infection, endotoxin toler-
ance-induced immunosuppression on the innate immune
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response, which is clinically observed in sepsis patients, is
associated with worse outcomes, including mortality (6).

Pretreatment of super-low-dose LPS (SL-LPS, <100 pg/
mL) exhibits increased mortality in response to secondary
challenge with a higher dose of LPS (7,8). Endotoxin
priming that is characterized by subclinical SL-LPS causes
a distinct effect by priming monocytes/macrophages for a
more robust response to a secondary LPS challenge, a
phenomenon known as the “Shwartzman reaction” (2,7,9).
This endotoxin priming response has been shown to aug-
ment the LPS-induced production of in vitro pro-inflam-
matory cytokines such as IL-6 and TNF-a (7,9). SL-LPS
removed transcriptional suppressors on the promoters of
pro-inflammatory genes, resulting in the mild but per-
sistent expression of pro-inflammatory mediators (10).

The activation of innate immune cells by LPS or LPS-
induced inflammatory mediators can result in the develop-
ment of adaptive immunity and acute-phase responses.
The balance between T helper (Th)1 and Th2 cytokines is
associated with the ultimate outcome of the cell-mediated
immune response. IFN-y, which is a Thl cytokine pro-
duced by natural killer cells and activated T cells, medi-
ates host defense against infection via activation of
macrophages, whereas IL-10 plays a role in the Th2
response (11). Endotoxic shock mortality is also increased
via downregulation of the Thl response and endogenous
IFN-y as well as the innate immune response (12). Endo-
toxin tolerance is associated with profound impairment in
the ability to produce IFN-y in response to exposure to an
endotoxin. In contrast, elevation of endogenous IFN-y
increases the mortality rate, but anti-IFN-y induces a pro-
tective effect from endotoxic shock (13). However, because
the immunoparalysis in sepsis has been reported to be par-
tially restored by therapy with recombinant IFN-y (14),
elevated IFN-y may also play a role in the induction of the
T cell-mediated proinflammatory response via an IFN-y-
activated innate immune response.

Increased gut permeability, changes in the composition
and diversity of the gut microbiome, and chronic stress
have been proposed as possible mechanisms to explain the
increased levels of circulating endotoxins in metabolic
syndrome (15,16). Metabolic endotoxemia is described as
a condition of low-grade elevation of plasma LPS at lev-
els 10~50-times lower than those observed during septic
conditions (17). The liver is also associated with high
exposure to circulating endotoxins from the gut microbi-
ota, consequently resulting in metabolic endotoxemia (18).
Circulating levels of SL-LPS may contribute to the devel-
opment of a metabolic disorder in the liver via upregula-
tion of acute-phase proteins, which alter the function of
the liver and contribute to inflammatory and coagulation
processes in sepsis (19). Nevertheless, precisely how pre-
conditioning of SL-LPS in sepsis influences the immune
cell-mediated inflammatory response and hepatic acute-

phase response to secondary infection remains poorly
understood. Therefore, the aim of the present study was to
investigate if and how pretreatment of L-LPS and SL-LPS
alters the inflammatory response to subsequent high-dose
LPS in RAW 264.7 cells, Hepa-1clc7 cells, and EL4 cells.

MATERIALS AND METHODS

Materials. RAW 264.7 cells, Hepa-1clc7 cells, and
EL4 cells were purchased from the Korean Cell Bank
(Seoul, Korea).

Cell culture. RAW 264.7 cells, Hepa-1clc7 cells, and
EL4 cells were maintained in complete Dulbecco’s modi-
fied Eagle medium (Invitrogen, Carlsbad, CA, USA) sup-
plemented with 10% fetal bovine serum (Sigma Chemical
Co., St. Louis, MO, USA) and 1x antibiotic/antimycotic
(Invitrogen). RAW 264.7 cells and EL4 cells were pretreated
with 50 pg/mL or 50 ng/mL LPS in fresh complete medium
once a day for 3 days, and the cells were then cultured for
24 hr in fresh complete medium in the presence or
absence of 1 pg/mL LPS in RAW 264.7 cells, and with
10 pg/mL LPS or concanavalin A (Con A) (Sigma Chemical
Co.) in EL4 cells at 37°C in a humidified atmosphere contain-
ing 5% CO,. Hepa-1clc7 cells were pretreated with 50 pg/
mL LPS in fresh complete medium once a day for 2 days,
and new Hepa-1clc7 cells were pretreated with 50 ng/mL
LPS once on only the second day. Subsequently, both LPS-
pretreated Hepa-1clc7 cells were cultured in fresh com-
plete medium for 24 hr or 48 hr in the presence of 10 pg/mL
LPS. The cell supernatants were then harvested and stored
at —70°C for cytokine, CRP, PGE,, and NO assays.

Cytokine assay. The concentrations of cytokines in
the supernatants harvested from the culture in RAW 264.7
cells, Hepa-1clc7 cells, and EL4 cells were determined
using cytokine monoclonal antibodies (BD Biosciences
Pharmingen, CA, USA). All measurements were carried
out in tetraplicate. The results were measured in pico-
grams per milliliter at 450 nm using an enzyme-linked
immunoassay (ELISA) microplate reader (Molecular
Devices Co., Ltd., CA, USA). The lower limit of sensitiv-
ity for each ELISA was <5 pg/mL.

PGE, immunoassay. The concentrations of PGE, in
the supernatants harvested from the RAW 264.7 cells cul-
ture were determined using a monoclonal antibody/enzyme
immunoassay kit (Cayman Chemicals, MI, USA), accord-
ing to the manufacturer instructions. Concentrations of
PGE, were measured at 405 nm using ELISA. The lower
limit of sensitivity for each ELISA was <5 pg/mL.

NO assay. The concentrations of NO in the superna-
tants harvested from the culture in RAW 264.7 cells were
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assayed by adding 100 pL of freshly prepared Griess reagent
to 100 pL of the sample in 96-well plates, and then the
absorbance was read at 540 nm after 10 min using ELISA.

CRP assay. The concentrations of CRP in the superna-
tants harvested from the culture in Hepalclc-7 cell were
determined using a CRP ELISA kit (R&D Systems Inc.,
MN, USA) according to the manufacturer instructions.
Concentrations of CRP were measured at 450 nm using
ELISA. The lower limit of sensitivity for each ELISA was
<5 pg/mL.

Statistical analysis. All data are expressed as means +
standard error of the mean. Experiments were always run
in tetraplicate and repeated at least twice. Analysis of vari-
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ance and Student’s #-test were used to determine statistical
significance, and p <0.05 was considered to be statisti-
cally significant.

RESULTS

Effects of SL-LPS pretreatment on the LPS-induced
production of cytokines by RAW 264.7 cells. The pri-
mary aim of this study was to examine whether pretreat-
ment of 50 pg/mL LPS (SL-LPS) enhances the production
of cytokines by RAW 264.7 cells in the presence or
absence of high-dose (1 pg/mL) LPS compared to 50 ng/
mL LPS (L-LPS) pretreatment. As shown in Fig. 1A, pre-
treatment of L-LPS and SL-LPS significantly enhanced
the production of TNF-a, IL-6, and IL-10 by RAW 264.7

H control
#SL-LPS
& L-LPS

vehicle LPS

0 '

vehicle LPS

M vehicle
B SL-LPS
B L-LPS

LPS

Fig. 1. Effects of LPS pretreatment on the LPS-induced production of cytokines in RAW 264.7 cells. (A) Cytokines; (B) TNF-a/IL-10
ratio. RAW 264.7 cells were pretreated with concentrations of LPS 50 pg/mL (SL-LPS) or LPS 50 ng/mL (L-LPS) with refresh complete
media once a day for 3ds consequently and the cells were then cultured for 24 hr with refresh complete media in the presence or
absence of LPS (1 pg/mL). Concentration of cytokines was measured using ELISA. These experiments were run in tetraplicate and
repeated at least twice. Each value represents the mean + SE. *p < 0.05 and **p < 0.01. Significantly different from the value in each
control. #p < 0.05 and ##p < 0.01. Significantly different from the value in each SL-LPS.
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cells in the absence of high-dose LPS compared to the
control and SL-LPS treatments. However, in the presence
of high-dose LPS, SL-LPS pretreatment remarkably
enhanced the LPS-induced production of TNF-o, IL-6,
and IL-10 by RAW 264.7 cells compared to the control,
whereas L-LPS increased only the IL-6 level. SL-LPS pre-
treatment remarkably enhanced the LPS-induced produc-
tion of TNF-a, IL-6, and IL-10 by RAW 264.7 cells
compared to L-LPS. TNF-a/IL-10 ratios in RAW 264.7
cells without high-dose LPS were enhanced in cells that
received pretreatment of SL-LPS or L-LPS in a concentra-
tion-dependent manner. The TNF-o/IL-10 ratios with LPS
in the control, SL-LPS, and L-LPS groups were 0.90,
1.00, and 0.89, respectively (Fig. 1B).

Effects of SL-LPS pretreatment on the LPS-induced
production of PGE, by RAW 264.7 cells. 'We next inves-
tigated the effect of pretreatment of SL-LPS and L-LPS on
the production of PGE, by RAW 264.7 cells in the pres-
ence or absence of 1 pg/mL LPS. In the absence of high-
dose LPS, L-LPS pretreatment remarkably enhanced the
production of PGE, by RAW 264.7 cells compared to the
control or SL-LPS group (Fig. 2). However, SL-LPS but
not L-LPS pretreatment significantly augmented the LPS-
induced production of PGE, by RAW 264.7 cells com-
pared to the control.

Effects of SL-LPS pretreatment on the LPS-induced
production of NO by RAW 264.7 cells. The compari-
son between SL-LPS and L-LPS pretreatment on the LPS-
induced production of NO by RAW 264.7 cells in the
presence or absence of high-dose LPS (1 pg/mL) is sum-

H control
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Fig. 2. Effects of LPS pretreatment on the LPS-induced pro-
duction of PGE, in RAW 264.7 cells. RAW 264.7 cells were pre-
treated with concentrations of LPS 50 pg/mL (SL-LPS) or LPS
50 ng/mL (L-LPS) with refresh complete media once a day for
3ds consequently and the cells were then cultured for 24 hr
with refresh complete media in the presence or absence of
LPS (1 ng/mL). These experiments were run in tetraplicate and
repeated at least twice. Each value represents the mean + SE.
*p < 0.05 and **p <0.01. Significantly different from the value
in each control. *p < 0.05. Significantly different from the value
in each SL-LPS.
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Fig. 3. Effects of LPS pretreatment on the LPS-induced pro-
duction of NO in RAW 264.7 cells. RAW 264.7 cells were pre-
treated with concentrations of LPS 50 pg/mL (SL-LPS) or LPS
50 ng/mL (L-LPS) with refresh complete media once a day for
3ds consequently and the cells were then cultured for 24 hr
with refresh complete media in the presence or absence of
LPS (1 ng/mL). These experiments were run in tetraplicate and
repeated at least twice. Each value represents the mean + SE.
*p <0.05 and **p <0.01. Significantly different from the value

in each control. *p < 0.01. Significantly different from the value
in each SL-LPS.

marized in Fig. 3. The pretreatment of both SL-LPS and
L-LPS remarkably enhanced the production of NO by
RAW 264.7 cells in the absence of high-dose LPS in a
concentration-dependent manner compared to the control.
The pretreatments of SL-LPS and L-LPS strongly enhanced
the LPS-induced production of NO by RAW 264.7 cells in
comparison to the control, but there was no statistically
significant difference between the SL-LPS and L-LPS groups.

Effects of SL-LPS pretreatment on the Con A-induced
production of cytokines by EL4 cells. The effects of
SL-LPS and L-LPS pretreatment on the production of
cytokines by EL4 cells in the presence or absence of
10 pg/mL Con A are summarized in Fig. 4. The results
showed that the Con A-induced productivity of I[FN-y and
IL-10 by EL4 cells was significantly increased in the con-
trol and L-LPS groups, while I[FN-y was increased but IL-
10 was attenuated in the SL-LPS group (Fig. 4A). The
IFN-y/IL-10 ratios in Con A-stimulated EL4 cells in the
control, SL-LPS, and L-LPS groups were 3.01, 3.70, and
2.35, respectively (Fig. 4B).

Effects of SL-LPS pretreatment on the LPS-induced
production of cytokines by EL4 cells. As shown in Fig.
5A, 10 pg/mL LPS remarkably attenuated the production
of IL-10 by EL4 cells in the control but, whereas it attenu-
ated IFN-y but not IL-10 in the SL-LPS and L-LPS
groups. The IFN-y/IL-10 ratios in LPS-stimulated EL4
cells in the control, SL-LPS, and L-LPS groups were 5.83,
1.04, and 0.40, respectively (Fig. 5B).
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Fig. 4. Effects of LPS pretreatment on the Con A-induced
production of cytokines in EL4 cells. (A) Cytokine; (B) IFN-y/IL-
10 ratio. EL4 cells were pretreated with concentrations of LPS
50 pg/mL or LPS 50 ng/mL in refresh complete media once a
day for 3ds consequently and the cells were then cultured for
24 hr with refresh complete media in the presence or absence
of Con A 10 ug/mL. These experiments were run in tetrapli-
cate and repeated at least twice. Each value represents the
mean + SE. *p < 0.05 and **p < 0.01. Significantly different from
the value in each vehicle. *p < 0.05. Significantly different from
the value in positive control.

Effects of SL-LPS pretreatment on the LPS-stimu-
lated production of cytokines and CRP by Hepa-1c1c7
cells. Finally, we investigated the effects of SL-LPS and
L-LPS pretreatment on the LPS-induced production of
hepatic acute-phase proteins. SL-LPS pretreatment remark-
ably enhanced the LPS-induced production of IL-6 but did
not alter the IL-1B and CRP levels for 24 hr compared to
the control, while L-LPS increased IL-6 but decreased IL-
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Fig. 5. Effects of LPS pretreatment on the LPS-induced pro-
duction of cytokines in EL4 cells. (A) Cytokine; (B) IFN-y/IL-10
ratio. EL4 cells were pretreated with concentrations of LPS
50 pg/mL or LPS 50ng/mL in refresh complete media per
each day for 3ds consequently and the cells were then cul-
tured for 24 hr with refresh complete media in the presence or
absence of LPS (10 ug/mL). These experiments were run in tet-
raplicate and repeated at least twice. Each value represents
the mean + SE. *p <0.05 and **p < 0.01. Significantly different
from the value in each vehicle. *p < 0.05 and *p < 0.01. Signifi-
cantly different from the value in positive control.

1B and CRP levels (Fig. 6). In addition, the LPS-stimu-
lated production of IL-6, IL-1B, and CRP produced by
Hepa-1clc7 cells were remarkably enhanced in the SL-
LPS pretreatment compared to those in the L-LPS group.

DISCUSSION

LPS (> 1~300 ng/mL), a potent inducer of inflammation,
rapidly causes robust induction of pro- and anti-inflamma-
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Fig. 6. Effects of LPS pretreatment on the LPS-induced pro-
duction of cytokines and CRP in Hepa-1c1c7 cells. Hepa-1cl1c7
cells were pretreated with LPS 50 pg/mL in fresh complete
media once a day for 2 days and new Hepa-1cl1c7 cells were
pretreated with LPS 50 ng/mL once on only 2nd day. And
then both of LPS-pretreated Hepa-1c1c7 cells were cultured in
fresh complete media for 24 hr or 48 hr in the presence of LPS
10 ug/mL. These experiments were run in tetraplicate and
repeated at least twice. Each value represents the mean + SE.
*p <0.05 and **p <0.01. Significantly different from the value
in each positive control. *p < 0.05. Significantly different from
the value in each SL-LPS.

tory mediators in monocytes/macrophages through the
TLR4 pathway (3,4). Endotoxin tolerance, which is induced
by pre-exposure of low-dose LPS (> 10 ng/mL in vitro)
leads to a refractory state limiting the innate immune
response by macrophages to infection or injury via a shift
away from a pro-inflammatory response toward an anti-
inflammatory response to subsequent secondary chal-
lenge with high-dose LPS (8). SL-LPS (1~100 pg/mL in
vitro) “primes” monocytes/macrophages for a more robust
response and leads to increased mortality to a secondary

LPS challenge, a phenomenon known as the “Shwartz-
man reaction”, which is characterized by platelet aggrega-
tion, vascular occlusion, inhibition of fibrinolysis, neutrophil
accumulation, endothelial injury, and variable degrees of
apoptosis and necrosis in the microvasculature (2,7,9).
One study showed that the endotoxin priming response to
SL-LPS resulted in the augmented expression of in vitro
pro-inflammatory cytokines such as IL-6 and TNF-a,
although SL-LPS failed to activate nuclear factor-kB (20).
SL-LPS has been reported to promote the expression of
pro-inflammatory mediator genes via a mechanism by
which transcriptional suppressors are removed (10). This
evidence suggests that LPS induces pro- and anti-inflam-
matory mediators in monocytes/macrophages, endotoxin
tolerance exhibits a shift away from a pro-inflammatory
response toward an anti-inflammatory response to second-
ary challenge with LPS, and SL-LPS may promote a shift
toward more of a proinflammatory response through sup-
pression of the anti-inflammatory response.

In the present study, we found that repeated pre-expo-
sure to 50 ng/mL LPS (L-LPS) or 50 pg/mL LPS (SL-
LPS) in the absence of subsequent challenge with high-
dose LPS enhanced the production of both pro-inflamma-
tory and anti-inflammatory cytokines such as TNF-a, IL-
6, and IL-10 in RAW 264.7 cells in a dose-dependent
manner. These results indicate that pre-exposure to endo-
toxin may enhance endotoxin-induced signaling cascades
that elicit many pro- and anti-inflammatory pathways in a
dose-dependent manner. However, in the presence of high-
dose LPS, SL-LPS pretreatment significantly enhanced the
LPS-induced production of TNF-a, IL-6, and IL-10 but
not IL-1P in RAW 264.7 cells compared to the control,
while L-LPS increased only IL-6 but not TNF-a. These
data may support recent evidence showing that pretreat-
ment of L-LPS can induce a hyporesponsive state to sub-
sequent secondary challenge with high-dose LPS in innate
immune cells, while SL-LPS results in more robust expres-
sion of pro-inflammatory cytokines (9). The TNF-o/IL-10
ratio also contributes to the balance of proinflammatory
and anti-inflammatory responses. IL-10, which is known
as an anti-inflammatory cytokine induced by macrophages
in sepsis (21), is dispensable for the development of endo-
toxin tolerance, but neutralization of IL-10 during the first
LPS stimulation induced non-tolerant TNF-o production
in response to a secondary endotoxin challenge (22). Our
results showed that the TNF-a/IL-10 ratios in LPS-stimu-
lated RAW 264.7 cells in the control, SL-LPS, and L-LPS
groups were 0.90, 1.00, and 0.89, respectively. These data
indicate that SL-LPS pretreatment may be characterized
by endotoxin priming in the innate immune system, while
L-LPS is characterized by endotoxin tolerance.

PGE, mediates the stimulatory effects of LPS in the
innate immune system, which is associated with regula-
tion of immune responses and induction of inflammatory
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responses (23). In the present study, repeated pre-expo-
sure of L-LPS strongly enhanced the production of PGE,
by RAW 264.7 cells even without secondary LPS expo-
sure in a dose-dependent manner. In addition, the results
obtained from the L-LPS pretreatment support a previous
report showing that endotoxin tolerance leads to the sup-
pressed expression of COX2 and production of eicosa-
noids such as PGE, (24). Herein, SL-LPS pretreatment
remarkably enhanced the LPS-induced production of
PGE, by RAW 264.7 cells compared to the control. These
observations indicate that endotoxin tolerance may fail to
induce the production of PGE, by macrophages to the sub-
sequent secondary challenge with high-dose LPS, while
endotoxin priming greatly enhanced PGE, production.

Endotoxin can initiate systemic and local inflammation,
bidirectionally leading to reactive oxygen species produc-
tion, which can induce tissue damage or interfere with
normal metabolism in cells (25,26). The results of the pres-
ent study demonstrated that repeated pretreatment of low-
dose LPS remarkably enhanced the production of NO by
RAW 264.7 cells without secondary LPS exposure in a
dose-dependent manner. The LPS-induced production of
NO by RAW 264.7 cells was remarkably enhanced in the
SL-LPS and L-LPS groups compared to the control, with
no difference between the SL-LPS and L-LPS groups.
These observations suggest that both endotoxin priming
and endotoxin tolerance may exhibit NO-dependent effects,
including oxidative stress and inflammation.

LPS is a potent T-independent antigen promoting humoral
immune responses, suggesting that LPS can lead to the
downregulation of cell-mediated immunity with a shift in
the Th1/Th2 balance toward Th2 and allergic inflamma-
tion (27). Endotoxin tolerance also induces suppression of
the T-cell mediated immune response (28). Endotoxin tol-
erance resulted in the reduced production of IL-2 and IFN-y
and the increased production of IL-4 and IL-6 (12,29),
indicating that endotoxin tolerance may attenuate cell-
mediated immunity with a shift in the Th1/Th2 balance
toward Th2. Con A is a selective T cell mitogen relative to
its effects on B cells. Herein, Con A-induced productivity
of IFN-y by EL4 cells was strongly increased in the con-
trol, SL-LPS, and L-LPS pretreatment, while Con A-
induced productivity of IL-10 increased in the control and
L-LPS groups but was attenuated in the SL-LPS group. In
other words, IFN-y/IL-10 ratios in Con A-stimulated EL4
cells were enhanced in the SL-LPS group compared to the
control, while they were attenuated in the L-LPS group.
Therefore, these data indicate that L-LPS pretreatment
may exhibit a shift in the Th1/Th2 balance toward Th2 by
T cell mitogen-stimulated T lymphocytes, while SL-LPS
induces a shift in the Th1/Th2 balance toward Th1.

Endotoxin tolerance is associated with profound impair-
ment in the ability to produce the IFN-y in response to
endotoxin (12). Endotoxin tolerance-induced immunosup-

pression in the innate immune system is clinically observed
in sepsis patients, leading to pathologic alteration and
mortality (6). However, the immunoparalysis in sepsis has
been reported to be partially restored by therapy with
recombinant IFN-y (14), indicating that suppression of the
IFN-y-mediated immune response may also contribute to
the immunoparalysis and mortality in sepsis. IL-10 upreg-
ulation was also reported to be correlated with higher mor-
tality in patients with sepsis (30). In contrast, elevation of
endogenous IFN-y increased mortality, whereas anti-IFN-y
induced a protective effect from endotoxic shock (13).
Collectively, these findings suggest that IFN-y may play a
significant indirect role as an activator of macrophages on
the excessive inflammatory response to secondary infec-
tion. Interestingly, our results demonstrated that the LPS-
stimulated production of IFN-y but not IL-10 by EL4 cells
was strongly downregulated in the SL-LPS and L-LPS
groups compared to the control. In other words, IFN-y/IL-
10 ratios in LPS-stimulated EL4 cells in the control, SL-
LPS, and L-LPS were 5.83, 1.04, and 0.40, respectively,
which were 2.6-fold higher in the SL-LPS group than in
the L-LPS group. These data indicate that pretreatments of
SL-LPS and L-LPS may contribute to the downregulation
of cell-mediated immunity with a shift in the Th1/Th2 bal-
ance toward Th2 such as allergic inflammation to subse-
quent LPS challenge. At the same time, SL-LPS pretreatment
may contribute to the induction of a greater Thl-mediated
proinflammatory response compared to L-LPS, conse-
quently leading to a proinflammatory response in innate
immune cells. However, further studies are needed to reveal
the precise mechanism of the role of IFN-y in the effects
of SL-LPS and L-LPS.

The liver, which is a metabolic and immunologic organ,
can rapidly activate immunity and promote the produc-
tion of acute-phase proteins in response to infections or
tissue damage, leading to systemic inflammation (31,32).
The LPS-induced production of acute-phase proteins by
hepatocytes contributes to systemic inflammation and
exacerbates the accumulation of oxidative damage prod-
ucts in the liver (33-35). Preconditioning by L-LPS pre-
vented subsequent LPS-induced severe liver injury via
Nrf2 activation in mice (36). Acute-phase proteins, includ-
ing IL-6, IL-1B, and CRP, are well-known markers of
inflammation and potent predictors of future metabolic
syndrome and cardiovascular disease (37,38). IL-6 and IL-
1B are considered to be strong inducers of CRP in the liver
(39). IL-6 and CRP also mediate the development of
hepatic insulin resistance and type 2 diabetes (40). How-
ever, the effects of pretreatment of SL-LPS and L-LPS on
LPS-induced production of acute-phase proteins have
been poorly understood to date. The present study indi-
cates that SL-LPS pretreatment may deteriorate hepatic
inflammation and the acute-phase response to secondary
infection via enhanced production of IL-6, while the L-
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LPS decline partly occurs by the attenuated production of
IL-1B and CRP, despite elevated IL-6 levels. In addition,
induction of metabolic inflammation and acute-phase
responses to secondary endotoxin may be dependent on
the preconditioning of low-grade endotoxemia with SL-
LPS rather than L-LPS.

In conclusion, these findings suggest that pre-condition-
ing of SL-LPS may contribute to the mortality to second-
ary infection in sepsis rather than the pre-conditioning of
L-LPS.

Received October 31, 2017; Revised December 17, 2017;
Accepted December 20, 2017
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