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Atorvastatin increases lipopolysaccharide-induced
expression of tumour necrosis factor-o-induced
protein 8-like 2 in RAW264.7 cells
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Abstract. RAW264.7 cells are one of the major sources
of productive inflammatory biomediators, including
tumour necrosis factor-a (TNF-a) and interleukin (IL)-6.
TNF-a-induced protein 8-like 2 (TIPE2) is an essential
negative regulator of Toll-like and T-cell receptors, and
the selective expression in the immune system prevents
hyper-responsiveness and maintains immune homeostasis.
The aim of the present study was to investigate whether
atorvastatin upregulates the expression of TIPE2 and further
regulates the inflammatory response and oxidation emergency
response in RAW264.7 cells. RAW264.7 cells were incubated
in Dulbecco's modified Eagle's medium containing lipopoly-
saccharide (LPS) in the presence or absence of atorvastatin.
Following incubation, the medium was collected and the levels
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of TNF-a and IL-6 were measured using an enzyme-linked
immunosorbent assay. The cells were harvested, and the
mRNA and protein expression levels of TIPE2, macrophage
migration inhibitory factor (MIF), IxB and nuclear factor
(NF-xB)-kB were analysed using quantitative polymerase
chain reaction and western blotting analysis, respectively, the
expression of NOS, COX-2 and HO-1 protein were essayed by
western blotting analysis, NO and ROS activities were deter-
mined. The results revealed that LPS increased the mRNA
and protein expression levels of TIPE2, MIF and NF-«B,
as well as the production of IL-6 and TNF-a, in a dose and
time dependent manner in RAW264.7 cells. Meanwhile, LPS
enhanced the expression of NOS and COX-2 protein, blocked
HO-1 protein expression, increased NO and PGE2 production
and ROS activity in a dose dependent manner in RAW?264.7
cells. Atorvastatin significantly increased LPS induced
expression of TIPE2, downregulated the expression of NOS,
COX-2, MIF and NF-«B and the production of PGE2, NO,
IL-6 and TNF-a in a time and dose dependent manner, and
increased HO-1 protein expression, reduced ROS production
in a dose dependent manner. The observations indicated that
atorvastatin upregulated LPS induced expression of TIPE2
and consequently inhibited MIF, NF-kB, NOS and COX-2
expression and the production of NO, PGE2, TNF-a and IL-6,
increased HO-1 expression, and inhibited ROS activity in
cultured RAW264.7 cells.

Introduction

Sepsis, which results in multiple organ failure, remains a
leading cause of mortality and morbidity in intensive care
units (1,2). Uncontrolled hyperinflammatory and inappropriate
cytokine responses during early sepsis are hypothesised to be
the cause of multiple organ dysfunction syndrome (MODS)
during sepsis. Thus, controlling inflammation during early
sepsis may reduce organ injury and prevent mortality following
septic insult. Sepsis is the leading cause of mortality in criti-
cally ill patients, and the incidence of sepsis is increasing (3.4).
The mortality rate of severe sepsis is very high (up to 70%)
and the calculated costs exceed $15 billion per year in
the United States (3). The incidence rate of severe sepsis
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during hospitalisation almost doubled within the last decade
and is considerably greater than previously predicted (5).
Lipopolysaccharide (LPS), which triggers a systemic inflam-
matory response (SIR) (1,2), can stimulate RAW264.7 and
other inflammatory cells to produce a variety of inflammatory
mediators, including tumour necrosis factor-a. (TNF-a) and
interleukin (IL)-1, 6 and 8. These inflammatory mediators
enhance the activity of nuclear factor-kB (NF-«B), resulting in
a large number of secondary inflammatory mediators, which
aggravates the waterfall effect of SIR, further promoting the
development of systemic inflammatory response syndrome
(SIRS) into MODS (3).

TNF-a-induced protein 8-like 2 (TIPE2) is necessary
for maintaining immune homeostasis (6) and is a member
belonging to TNF-a-induced protein-8 (TNFAIP8) family,
which is highly expressed in inflammatory tissues, thus,
mainly exhibits a negative regulatory effect on the innate
immune response (7). Several studies have shown that TIPE2
can inhibit NF-xB expression by virtue of multiple channels,
thereby reducing the generation of TNF-a, IL-6 and other
proinflammatory mediators and alleviating the sepsis inflam-
matory response (8).

Statin drugs, including hydroxyl methyl glutaric phthalein
coenzyme A (HMG-CoA) reductase inhibitors, are currently
the most widely applied and important lipid-regulating drugs.
A recent study demonstrated that statins not only exhibit
lipid-lowering effects for heart protection, but also inflam-
matory effects (9). A previous study revealed that statins can
inhibit the production of TNF-a, IL-6 and other inflammatory
mediators in rats with sepsis (10).

The aim of the present study was to investigate the immune
regulatory mechanism of atorvastatin. Since TIPE2 plays a
crucial role during the regulatory process of inflammatory
immune disorders in severely infected patients, the present
study aimed to determine whether atorvastatin inhibited
NF-«B expression via the enhancement of TIPE2 expression
in LPS-induced RAW?264.7 cells, and further decreased the
production of proinflammatory factors, including TNF-a and
IL-6.

Materials and methods

Materials. A murine RAW?264.7 macrophage cell line
was obtained from the American Type Culture Collection
(Rockville, MD, USA). Dulbecco's modified Eagle's medium
(DMEM), trypsin, foetal bovine serum (FBS) and LPS
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Enhanced chemiluminescence (ECL) reagents and NF-xB
and TIPE2 polyclonal antibodies were purchased from BD
Pharmingen. (San Jose, CA, USA). Anti-rabbit IgG horse-
radish peroxidase-conjugated secondary antibodies were
obtained from R&D Systems Inc. (Minneapolis, MN, USA).
HECAMEG was obtained from Vegatec (Villejuif, France),
and TRIzol and electrophoresis reagents were purchased
from Invitrogen Life Technologies (Carlsbad, CA, USA).
Atorvastatin was purchased from Pfizer (New York City, NY,
USA).

TIPE2 knockdown. TIPE2 siRNA (5'-GAAGTGAAA
CTCAGGTCCG-3") or scrambled control siRNA (5'-AGT
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GAAACAGTGCAGCTGC-3") was cloned into the lentiviral
vector, pLL3.7, which carries green fluorescent protein
(GFP) cDNA. Lentiviruses were produced by cotransfecting
293T cells with pLL3.7 plasmids and packaging vectors (11). To
knockdown TIPE2 expression, RAW264.7 were infected with
recombinant lentiviruses that carried the TIPE2 siRNA. Cells
infected with the same number of recombinant lentiviruses
carrying the control siRNA served as wildtype controls. GFP
was used to track the virus-infected cells. For the RAW264.7
cell line, infected cells constituted >90% of the total number
of cells and the transfected cells were used for the following
experiments.

Cell culture. TIPE2 siRNA and control RAW264.7
macrophages were grown in DMEM supplemented with
5% FBS, 100 ug/ml penicillin, 100 yg/ml streptomycin and
50 ug/l amphotericin B. Cells were subcultured in six-well
plates and maintained until subconfluence. The medium was
then replaced with serum-free culture medium for 24 h prior to
the addition of LPS and/or other reagents. The cells were incu-
bated with various concentrations of LPS for 9 h, or 10 ng/ml
LPS with various concentrations of atorvastatin for different
time periods. For the atorvastatin experiments, the cells were
incubated in serum-free medium containing 10 ng/ml LPS in
the presence or absence of atorvastatin for 9 h.

RNA isolation and reverse transcription. Total RNA was
isolated from cultured RAW?264.7 macrophages using the
single-step acid guanidinium thiocyanate/phenol/chloroform
extraction method. Total RNA (1 pg) was incubated with
200 units Moloney-Murine Leukemia Virus reverse tran-
scriptase in buffer containing 50 mmol/l Tris-HCI (pH 8.3),
75 mmol/l KCI, 3 mmol/l MgCl,, 20 units RNase inhibitor,
1 umol/l poly(dT) oligomer and 0.5 mmol/l each dNTP in a
final volume of 20 ul. The reaction mixture was incubated
at 42°C for 1 h and then at 94°C for 5 min to inactivate the
enzyme. A total of 80 ul diethyl pyrocarbonate-treated water
was added to the reaction mixture prior to storage at -70°C.

Quantitative polymerase chain reaction (qPCR). RAW264.7
macrophages were homogenised in TRIzol reagent using a
Mixer 301. Total RNA was extracted according to the manu-
facturer's instructions. RNA samples were electrophoresed in
agarose gels and visualised with ethidium bromide for quality
control. In total, 3 yg RNA was reverse transcribed with reverse
transcriptase for 1 h at 37°C for cDNA synthesis. Quantitative
changes in the mRNA expression levels were assessed with
a CFX Connect Real-Time PCR Detection System (Bio-Rad,
Hercules, USA) using SYBR-Green detection (Aria-tous, Iran).
The PCR master mix consisted of 0.5 units 7aqg polymerase,
2 pl each primer and 3 ul each cDNA sample in a final volume
of 20 pul. All the amplifications were repeated three times.
The oligonucleotide primer sequences are shown in Table I.
[B-actin was used as an endogenous control and each sample
was normalised on the basis of the B-actin content. The rela-
tive quantification of the mRNA expression levels of the target
genes was calculated using the 2" method.

Western blot analysis. Protein expression levels of TIPE2,
nitric oxide synthase (NOS), haem oxygenase (HO-1) and
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Table I. Primer sequences of the genes used to validate the microarray analysis by qPCR.
Gene Primer Product (bp)
TIPE2 F: 5-GGGAACATCCAAGGCAAG-3' 195
R: 5-AGCTCATCTAGCACCTCACT-3'
MIF F: 5'-ATGCCTATGTTCATCGTGAAC-3' 341
R: 5-GGCTACGACGAAGGTGGAAC-3'
NF-«B F: 5'-“GCACGGATGACAGAGGCGTGTATAAGG-3' 420
R: 5-GGCGGATGATCTCCTTCTCTCTGTCTG-3'
IxB F: 5-TGCTGAGGCACTTCTGAG-3' 421
R: 5-CTGTATCCGGGTGCTTGG-3'
[B-actin F: 5-GATTACTGCTCTGGCTCCTGC-3' 190

R: 5-GACTCATCGTACTCCTGCTTGC-3'

qPCR, quantitative polymerase chain reaction; TIPE2, tumour necrosis factor-a-induced protein 8-like 2; MIF, macrophage migration inhibi-

tory factor; NF-kB, nuclear factor-xB; F, forward; R, reverse.

cyclooxygenase-2 (COX-2) from cultured RAW264.7 cells
were quantified using western blot analysis. Briefly, proteins
from a 50-ug sample were separated using 10% sodium dodecyl
sulphate polyacrylamide gel electrophoresis and transferred
onto polyvinylidene fluoride membranes. The membranes
were incubated overnight with mouse monoclonal anti-TTPE2
or anti-HO-1 antibodies (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA) or rabbit monoclonal anti-NOS and
anti-COX-2 antibodies (Abcam, Cambridge, MA, USA) at 4°C
overnight. Following incubation with a secondary antibody,
immunoreactive bands were visualised using an ECL detection
system. Data were quantified using densitometry following
scanning with TINA software (Raytest Isotopenmessgeriete
GmbH, Straubenhardt, Germany).

Immunohistochemistry. Immunostaining was performed
on RAW264.7 cells following antigen retrieval using
Retrievagen A (Zymed Laboratories, Inc., South San
Francisco, CA, USA) at 100°C for 20 min, and endogenous
peroxidases were quenched with 3% H,0,. RAW264.7 cells
were blocked with 2% bovine serum albumin in phos-
phate-buffered saline, which was followed by staining with
primary anti-NF-«kB p65 (BD Pharmingen, San Jose, CA,
USA) antibodies at room temperature for 1 h. RAW264.7
cells were washed and incubated with secondary antibodies
(R&D Systems, Minneapolis, MN, USA), and developed
using VECTASTAIN ABC (Vector Laboratories, Inc.,
Burlingame, CA, USA) and 3,3'-diaminobenzidine (Vector
Laboratories, Inc.). Image-Pro Plus analysis software (Media
Cybernetics, Inc., Rockville, MD, USA) was used to calculate
the NF-kB p65-positive expression in RAW264.7 cells, which
was expressed as positive units.

TNF-a, IL-10, IL-6 and prostaglandin E2 (PGE2) assays.
Following incubation, the supernatant was collected for
the measurement of TNF-a, IL-6 and PGE2. TNF-a, IL-6
and PGE2 levels were assayed in RAW264.7 cells using
enzyme-linked immunosorbent assay kits (Assay designs,
Inc., Ann Arbor, MI, USA), according to the manufacturer's
instructions.

Determination of nitric oxide (NO) production. Levels of the
NO derivative, nitrite, were determined using the test. A nitrite
detection kit was used according to the manufacturer's instruc-
tions. The samples were assayed in triplicate and a standard
curve using NaNO, was generated for each experiment for
quantification. Briefly, 100-ml samples of medium or standard
NaNO, was mixed with 100 ml Griess reagent in a 96-well
plate. After 15 min, the optical density was measured with a
microplate reader at 540 nm.

Detection of reactive oxygen species (ROS) production by
chemiluminescence. Chemiluminescence of RAW264.7
macrophages was evaluated using the microplate method in
Hank's balanced salt solution (pH 7.4) at room temperature.
RAW264.7 cells were incubated with various concentrations
of atorvastatin for 9 h in the presence of 10 ng/ml LPS. Next,
luminol (Sigma-Aldrich) solution was added to the wells
containing 2x10° cells, resulting in a final concentration of
110 uM. After 5 min, phorbol myristate acetate (PMA) solu-
tion was added to obtain a concentration of 0.8 M, in order to
stimulate the macrophages. The final volume of each sample
was 200 ul. Chemiluminescence was determined for 5 min
with luminol alone and following stimulation with PMA for
30 min. The measurement system was equipped with a LB 960
CentroXS3 microplate luminometer (Berthold Technologies
GmbH & Co., Wildbad, Germany).

Statistical analysis. Data are expressed as the mean + standard
deviation. Statistical significance was determined using
one-way analysis of variance and post-hoc (Bonferroni) test
deviations. P<0.05 was considered to indicate a statistically
significant difference.

Results

TIPE?2 siRNA interference increases NF-kB p65 expres-
sion and the secretion of TNF-a. and IL-6 in LPS-induced
RAW264.7 macrophages. To investigate the effect of TIPE2
on NF-kB p65 expression and the secretion of TNF-a
and IL-6, RAW264.7 cells or TIPE2-siRNA RAW?264.7
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Figure 1. Effect of TIPE2 on NF-kB p65 protein expression in LPS induced RAW264.7 cells. TIPE2 siRNA and control RAW264.7 cells were incubated with
various concentrations of LPS for 9 h, or 10 ng/ml LPS for various time periods. NF-xB p65 protein expression was measured using western blot analysis.
Values are expressed as the mean + standard deviation of three independent experiments. Groups: 1, TIPE2 siRNA RAW264.7 cells; 2, RAW264.7 cells; C,
control. (A) Dose and (B) time dependent effects of LPS on NF-xB p65 protein expression in RAW264.7 cells and TIPE2 siRNA RAW264.7 cells. (A) P<0.05,
group 1 (5,10 and 15 mg/ml) vs. group 2 (5, 10 and 15 mg/ml); group 1: "P<0.05, "P<0.01, vs. control; group 2: “P<0.05, “P<0.01, vs. control. (B) P<0.05, group
1 (6,9 and 12 h) vs. group 2 (6, 9 and 12 h); group 1: "P<0.05, “P<0.01, vs. control; group 2: “P<0.05, *P<0.01, vs. control. TIPE2, tumour necrosis factor-a

induced protein 8 like 2; NF-kB, nuclear factor kB; LPS, lipopolysaccharide.

cells were incubated with LPS (10 ng/ml) for various time
periods. The expression of NF-kB p65 and the secre-
tion of IL-6 and TNF-a in the two groups increased with
LPS at each time point; however, when compared with the
RAW264.7 macrophages, the NF-kB p65 expression and
secretion of IL-6 and TNF-a were significantly elevated in
the TIPE2-siRNA RAW264.7 macrophages at 6,9 and 12 h
(Figs. 1B and 2C and D). Thus, TIPE2 downregulated the
expression of NF-«kB p65 and decreased the production of
IL-6 and TNF-a in a time-dependent manner (Figs. 1B and
2C and D). To determine the concentration-dependent effects
of LPS, RAW264.7 cells or TIPE2-siRNA RAW?264.7 cells
were incubated at various concentrations of LPS for 9 h. LPS
increased the expression of NF-kB p65 and the production
of IL-6 and TNF-a in a concentration-dependent manner
(Figs. 1A and 2A and B). However, when compared with
the RAW264.7 macrophages, the NF-kB p65 expression and
secretion of IL-6 and TNF-a were significantly elevated in
the TIPE2-siRNA RAW264.7 macrophages treated with 5,
10 and 15 ng/ml LPS.

LPS upregulates TIPE2 expression in a dose- and
time-dependent manner in RAW264.7 macrophages. To
determine the dose-dependent effect on TIPE2 expres-
sion in LPS-induced RAW264.7 macrophages, RAW264.7
cells were incubated with various concentrations of LPS
for 9 h. LPS increased the expression of TIPE2 mRNA in a
concentration-dependent manner (Fig. 3B). Concentrations
as low as 5 ng/ml LPS were effective in inducing the mRNA
expression of TIPE2. To determine the time-dependent effect,
RAW264.7 cells were incubated with 10 ng/ml LPS for various

time periods. The expression of TIPE2 was increased by LPS
as early as 6 h, which was the earliest time point investigated.
Maximum induction was reached after 9 h incubation, which
remained stable for at least 12 h, which was the longest time
point investigated (Fig. 3A).

Atorvastatin upregulates LPS-induced TIPE2 and IxB
mRNA expression and inhibits LPS-induced NF-kB and
MIF mRNA expression in RAW264.7 macrophages. To
determine whether atorvastatin affected the LPS-induced
gene expression of TIPE2, [kB, MIF and NF-«B, RAW264.7
cells were incubated with various concentrations of atorvas-
tatin for 9 h in the presence of 10 ng/ml LPS. TIPE2, IxB,
MIF and NF-kB expression levels were measured using
gPCR analysis. PCR analysis indicated that the LPS-induced
mRNA expression of TIPE2 and IkB increased significantly
with atorvastatin (Figs. 4 and 5). Consistent with this obser-
vation, the LPS-induced mRNA expression of NF-xB and
MIF was also suppressed by atorvastatin (Figs. 4 and 5).
Therefore, atorvastatin upregulated the LPS-induced expres-
sion of TIPE2, but decreased NF-kB and MIF expression in
a dose-dependent manner.

Atorvastatin increases TIPE2 protein expression, and
inhibits COX-2 and NOS protein expression in RAW264.7
macrophages. To observe whether atorvastatin affected
LPS-induced TIPE2, COX-2 and NOS protein expression,
RAW264.7 cells were incubated with various concentrations
of atorvastatin for 9 h in the presence of 10 yg/ml LPS. Protein
expression levels of TIPE2, COX-2 and NOS were determined
using western blot analysis. The results indicated that the
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Figure 2. Effect of TIPE2 on proinflammatory factors in LPS induced RAW264.7 cells. TIPE2 siRNA and control RAW264.7 cells were incubated with
various concentrations of LPS for 9 h, or 10 ng/ml LPS for various time points. TNF-a and IL-6 levels in the supernatant were assayed using ELISA. Values
are expressed as the mean =+ standard deviation of three independent experiments. Groups: 1, TIPE2 siRNA RAW264.7 cells; 2, RAW264.7 cells; C, control.
(A,B) Dose and (C,D) time dependent effects of LPS on IL-6 and TNF-a. levels in RAW264.7 cells and TIPE2 siRNA RAW264.7 cells. (A,B) P<0.05, group 1
(5, 10 and 15 mg/ml) vs. group 2 (5, 10 and 15 mg/ml); group 1: "P<0.05, “P<0.01, vs. control; group 2: “P<0.05, #P<0.01, vs. control. (C,D) P<0.05, group 1 (6,
9 and 12 h) vs. group 2 (6,9 and 12 h); group 1: "P<0.05, “P<0.01, vs. control; group 2: “P<0.05, #P<0.01, vs. control. TIPE2, TNF-a induced protein 8 like 2;
LPS, lipopolysaccharide; TNF-a, tumour necrosis factor a; IL, interleukin; ELISA, enzyme linked immunosorbent assay.
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Figure 3. LPS increased TIPE2 mRNA expression in RAW264.7 cells. RAW264.7 cells were incubated with various concentrations of LPS for 9 h, or
10 ng/ml LPS for various time periods. TIPE2 mRNA expression was measured using qPCR. Values are expressed as the mean + standard deviation of three
independent experiments. (A) Time and (B) dose dependent effects of LPS on TIPE2 mRNA expression in RAW264.7 cells. (A) “P<0.05, “P<0.01, vs. control;
(B) "P<0.05, “P<0.01, vs. control. TIPE2, tumour necrosis factor o induced protein 8 like 2; LPS, lipopolysaccharide.

LPS-induced protein expression of COX-2 and NOS was  Atorvastatininhibits the production of inflammatory mediators
significantly inhibited , and TIPE2 was further increased by  in RAW264.7 macrophages. To observe whether atorvastatin
atorvastatin in a dose-dependent manner (Figs. 6 and 7). affected LPS-induced IL-6, TNF-a, PGE2 and NO expression,
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Figure 4. Dose-dependent effect of atorvastatin on LPS-induced TIPE2, MIF, NF-«kB and IxB expression in RAW264.7 cells. RAW264.7 cells were incubated
with various concentrations of atorvastatin for 9 h in the presence of 10 ng/ml LPS. TIPE2, MIF, NF-kB and IxkB mRNA expression levels were measured using
qPCR. Representative qPCR analysis shows the mRNA expression levels of TIPE2, MIF, NF-kB and IkB in RAW264.7 cells. M, mark; A, LPS (10 ng/ml);
B, LPS (10 ng/ml) + atorvastatin (10 zM); C, LPS (10 ng/ml) + atorvastatin (15 yM); D, LPS (10 ng/ml) + atorvastatin (20 zM); TIPE2, tumour necrosis
factor-a-induced protein 8-like 2; LPS, lipopolysaccharide; NF-xB, nuclear factor-kB; MIF, macrophage migration inhibitory factor; qPCR, quantitative
polymerase chain reaction.
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Figure 5. Dose-dependent effect of atorvastatin on LPS-induced (A) TIPE2, (B) IkB, (C) NF-kB and (D) MIF expression in RAW264.7 cells. RAW264.7 cells
were incubated with various concentrations of atorvastatin for 9 h in the presence of 10 ng/ml LPS. TIPE2, MIF, NF-kB and IkB mRNA expression levels were
measured using qPCR. Data are expressed as the mean + standard error of the mean of three independent experiments.’P<0.05 and “P<0.01, vs. ATV (10, 15
and 20 #M). a, LPS (10 ng/ml); b, LPS (10 ng/ml) + atorvastatin (10 zM); ¢, LPS (10 ng/ml) + atorvastatin (15 zM); d, LPS (10 ng/ml) + atorvastatin (20 xM);
TIPE2, tumour necrosis factor-a-induced protein 8-like 2; LPS, lipopolysaccharide; NF-xB, nuclear factor-kB; MIF, macrophage migration inhibitory factor;
qPCR, quantitative polymerase chain reaction.

RAW264.7 cells were incubated with various concentrations
of atorvastatin for 9 h in the presence of 10 ng/ml LPS. The
levels of IL-6, TNF-a, PGE2 and NO in the supernatant were
assayed. As shown in Fig. 8, atorvastatin reduced IL-6, TNF-a,
PGE2 and NO production in a dose-dependent manner.

Atorvastatin increases HO-1 expression and reduces ROS
production. To investigate whether atorvastatin affected
LPS-induced HO-1 and ROS expression, RAW264.7 cells were
incubated with various concentrations of atorvastatin for 9 h in

the presence of 10 ng/ml LPS. As shown in Fig. 9, atorvastatin
upregulated HO-1 expression, but reduced the production of
ROS in a dose-dependent manner.

Discussion

A largely unopposed early proinflammatory response occurs
in severe sepsis, which results in cell death (12). Serum
levels of proinflammatory cytokines, including TNF-a,
IL-1p and IL-6, peak at early time points during sepsis (13).
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Figure 6. Dose-dependent effect of atorvastatin on LPS-induced TIPE2, COX-2 and NOS expression in RAW264.7 cells. RAW264.7 cells were incubated
with various concentrations of atorvastatin for 9 h in the presence of 10 ng/ml LPS. TIPE2, COX-2 and NOS expression levels were measured using western
blot analysis. Representative western blot showing the protein expression levels of TIPE2, COX-2 and NOS in RAW264.7 cells. A, LPS (10 ng/ml); B, LPS
(10 ng/ml) + atorvastatin (10 xM); C,LPS (10 ng/ml) + atorvastatin (15 yM); D, LPS (10 ng/ml) + atorvastatin (20 xM); TIPE2, tumour necrosis factor-a-induced
protein 8-like 2; LPS, lipopolysaccharide; COX-2, cyclooxygenase-2; NOS, nitric oxide synthase.
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Figure 7. Dose-dependent effect of atorvastatin on LPS-induced (A) TIPE2,
(B) COX-2 and (C) NOS expression in RAW264.7 cells. RAW264.7 cells
were incubated with various concentrations of atorvastatin for 9 h in
the presence of 10 ng/ml LPS. TIPE2, COX-2 and NOS expression levels
were measured using western blot analysis. Data are expressed as the
mean * standard error of the mean of three independent experiments.’P<0.05
and “P<0.01, vs. atorvastatin (10, 15 and 20 xM). a, LPS (10 ng/ml); b,
LPS (10 ng/ml) + atorvastatin (10 #M); ¢, LPS (10 ng/ml) + atorvastatin
(15 uM); d, LPS (10 ng/ml) + atorvastatin (20 zM); TIPE2, tumour necrosis
factor-a-induced protein 8-like 2; LPS, lipopolysaccharide; COX-2, cyclo-
oxygenase-2; NOS, nitric oxide synthase.

Monocytes-macrophages are important cells of the innate
immune system and are widely present in blood, spleen, liver,
lung and other tissues. Upon severe infections, macrophages
produce a large number of inflammatory mediators, such
as IL-1, TNF-a, NO, IL-8 and IL-6 (14). Excessive inflam-

matory factors produced by activated macrophages are
associated with the pathophysiology of various acute
inflammatory diseases, including acute respiratory distress
syndrome (ARDS), SIRS and MODS (15-17). The present
study revealed that LPS can stimulate the production of
various inflammatory factors in a time- and dose-dependent
manner, while inhibiting NF-kB expression decreases the
generation of TNF-a, IL-6 and other inflammatory factors,
which is conducive to inhibiting the further development of
sepsis.

NF-«B is considered to play a key role in the production of
inflammatory mediators, including proinflammatory cytokines
(TNF-a and IL-1), cell adhesion molecules (intercellular cell
adhesion molecule-1 and vascular cell adhesion molecule-1),
immunoreceptors and acute phase protein production (18,19).
In resting cells, NF-«B is localised to the cytoplasm as a heter-
odimer consisting of two polypeptides of 50 (p5S0) and 65 kDa
(p65), which are noncovalently associated with cytoplasmic
inhibitory proteins, such as IkB. In response to LPS exposure,
viral infection, the expression of specific viral products or
other physiological stimuli, IxB undergoes a series of biolog-
ical events, namely rapid phosphorylation in the N-terminal
domain by a large multikinase complex, polyubiquitination
and degradation by the 26 S proteasome, which enables
translocation of the NF-xB heterodimer to the nucleus (20).
Once NF-«B reaches the nucleus, it activates the transcrip-
tion of several inflammatory enzymes, including COX-2 and
inducible NOS (iNOS), by interacting with kB sites in their
promoter regions. Furthermore, NO derived from iNOS and
PGE2, which is synthesised by COX-2, plays a pivotal role in
the pathogenesis of acute and chronic inflammation. Activated
NF-«B facilitates the secretion of proinflammatory mediators,
such as TNF-a and IL-6. The present study also found that
LPS promoted NF-«B p65 activation, inhibited IkB activation,
increased proinflammatory mediator production, upregulated
COX-2 and NOS expression and enhanced PGE2 and NO
expression. However, the increase in TIPE2 expression caused
by atorvastatin treatment reduced the production of TNF-a,
IL-6, PGE2 and NO via blocking NF-«B p65 activation and
upregulating IxB activation.
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Figure 8. Effect of atorvastatin on the LPS-induced production of IL-6, TNF-a, NO and PGE2 in RAW264.7 cells. RAW264.7 cells were incubated with
various concentrations of atorvastatin for 9 h in the presence of 10 ng/ml LPS. Following incubation, the supernatant was collected, and IL-6, TNF-a, NO
and PGE2 levels were assayed. Data are expressed as the mean + standard error of the mean of three independent experiments. "P<0.05 and “P<0.01, vs. LPS
control. a, LPS (10 ng/ml); b, LPS (10 ng/ml) + atorvastatin (10 uM); ¢, LPS (10 ng/ml) + atorvastatin (15 xM); d, LPS (10 ng/ml) + atorvastatin (20 gM);
TNF-a, tumour necrosis factor-a; IL, interleukin; LPS, lipopolysaccharide; PGE2, prostaglandin E2, NO, nitric oxide.
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Figure 9. RAW264.7 cells were incubated with various concentrations
of atorvastatin for 9 h in the presence of 10 ng/ml LPS. HO-1 and ROS
expression levels were measured. (A) Representative western blot shows the
protein expression levels of HO-1 in RAW264.7 cells. Statistical summary
of the densitometric analysis of (B) HO-1 protein expression and (C) ROS
production in RAW264.7 cells. Data are expressed as the mean + standard
error of the mean of three independent experiments.”P<0.05 and “"P<0.01,
vs. atorvastatin (10, 15 and 20 xM). LPS, lipopolysaccharide; ROS, reac-
tive oxygen species; HO-1, haem oxygenase; a, LPS (10 ng/ml); b, LPS
(10 ng/ml) + atorvastatin (10 zM); ¢, LPS (10 ng/ml) + atorvastatin (15 gM);
d, LPS (10 ng/ml) + atorvastatin (20 zM).

TIPE2, as a negative regulatory protein, predominantly
functions in the regulation of the inflammatory mediator
response process (21). Several studies have demonstrated
that in TIPE2-deficient rats, weight loss, splenomegaly,
leukocytosis and multiple-organ spontaneous inflamma-
tory mediator reactions in multiple organs occur. Following
LPS attacks, the excessive response increases, thus, sepsis
occurs, which results in premature mortality. According to
our previous study, TNF-o and IL-1, -6 and -12 levels are
high, and are accompanied with higher levels of IL-10. In
addition, the number of T, B and dendritic cells significantly
increase (22,23). As indicated by previous studies, TIPE2 may
be involved in the regulation of multiple signalling transduc-
tion pathways (24,25). TIPE2 can inhibit the activation of
c-jun N-terminal kinase (JNK) and p38 mitogen-activated
protein kinase (MAPK), and decrease the activation of
transcription factor activator protein-1, such that it negatively
regulates the JNK and p38 MAPK signalling transduction
pathways. In addition, TIPE2 plays a role in the extracel-
lular signal-regulated kinase signalling pathway. It is well
established that in a resting state, NF-xB exists as a trimeric
complex in cells, connecting the two subunits, p65 and p50,
with IkB. Upon TIPE2 deletion or mutation, the inhibitor IxB
is degraded from the trimeric complex via protein kinase C
phosphorylation, thus, NF-kB can be freely translocated from
the cytoplasm to the nucleus. By virtue of the binding site,
NF-«B initiates the transcription and translation of a variety
of cytokine genes, including TNF-a, IL-1 and IL-6, thereby
inducing the activation of inflammatory cells (26). The present
study demonstrated that increased NF-kB expression resulted
in enhanced expression levels of IL-6, TNF-a and TIPE2 in
RAW264.7 cells via a compensatory effect. However, further
enhancement of TIPE2 expression significantly lowered
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NF-kB expression and the production of proinflammatory
mediators.

MIF is a proinflammatory mediator that plays a crucial role
in sepsis. In human plasma, MIF normally circulates at levels
ranging between 2 and 10 ng/ml, but fluctuates in a diurnal
rhythm, which reflects neuroendocrine control (27). Plasma
MIF concentrations are elevated to extremely high levels in
various inflammatory disorders, which is the first indication
that MIF may be involved in systemic infection and sepsis.
Healy et al reported that macrophages are peripheral sources
of MIF that respond to inflammatory stimuli in vivo (28).
Subsequently, Donnelly and Rogers (29) demonstrated that
increased concentrations of MIF are present in the lungs of
individuals with ARDS, and that alveolar macrophages are a
source of protein. These studies also demonstrated that MIF
enhances, and anti-MIF antibodies attenuate, the secretion
of the proinflammatory cytokines, TNF-a and IL-8, from
alveolar macrophages. In the present study, LPS was shown
to increase MIF expression; however, the increase in MIF
expression was inhibited by regulating TIPE2 via atorvastatin
treatment.

HO-1 is an inducible enzyme that catalyses the rate-limiting
step in the conversion of free haem to carbon monoxide, free
iron and biliverdin, which is subsequently catabolised into bili-
rubin via biliverdin reductase (30). In addition to the primary
role in haem degradation, HO-1 has also been recognised to
play other important roles in inflammation via HO-1 knockout
mice and a human case of genetic HO-1 deficiency (31).
According to references, the gaseous molecule CO is respon-
sible for most of the anti-inflammatory actions of HO-1. CO
inhibited the production of pro-inflammatory cytokines, such
as TNF-a, IL-1p by activating macrophages. Therefore, HO-1
and its enzymatic metabolites are critical regulators of inflam-
mation, with activate macrophages function as critical targets.
An imbalance between ROS and the antioxidant defence
system results in oxidative stress, which is closely associated
with the pathogenesis of sepsis (32). Increased levels of ROS
cause direct tissue injury and promote inflammatory responses
via the regulation of diverse proinflammatory mediators. In
the present study, LPS inhibited HO-1 expression, increased
ROS activity and promoted an inflammatory response.
However, atorvastatin upregulated HO-1 expression via
increasing TIPE2 expression, which decreased ROS activity
and prevented an inflammatory response.

Statins are drugs that lower lipid levels typically via the
inhibition of HMG-CoA reductase. Research on statins is
no longer limited to investigating the lipid lowering effects,
with an increasing number of studies investigating the
anti-inflammatory effects. Due to the anti-inflammatory
effects, statins can inhibit the release of inflammatory factors,
thus, statins may exert effects on the inflammatory response
against sepsis (33,34). Chello er al (35) used cecal ligation and
puncture (CLP) to generate a rat model of sepsis. The study
indicated that the average survival rate of mice following statin
pretreatment is four times greater compared with controls.
Furthermore, Chello et al (36) indicated that simvastatin,
in addition to its direct role in the neutrophil proinflamma-
tory effect, can also decrease the levels of C reactive protein
(CRP), TNF-a, IL-6 and other proinflammatory factors, thus,
being conducive to anti inflammatory effects. Chaudhry et
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al (37) found that cerivastatin significantly reduced the release
of TNF-a and IL-6, improving the survival rate of rats with
sepsis. In addition, cerivastatin accelerated bacterial removal
in rats 24 h after infection with Salmonella typhi and 48 h
with Staphylococcus aureus. The anti inflammatory mecha-
nism of statins is associated with NF-xB. Statins function to
reduce the isoprenylation of Rho proteins, preventing Rho
proteins from binding to the cell membrane, which decreases
the release of NF-«xB into the nucleus, thereby decreasing
inflammatory cytokine secretion (24) and achieving an anti
inflammatory response. Previous studies have found that
statins can reduce the binding of bacterial LPS induced C Rel/
p65 heterodimers with tissue factor kB sites, thereby regu-
lating inflammatory factors at the gene level, promoting anti
inflammatory cytokine (IL-10) synthesis and thereby playing
a significant anti inflammatory role (38,39). In a previous
study, CLP based sepsis models were generated 18 days after
intragastric administration of statins on a 10 mg/kg/day basis.
After ~24 h, the serum TNF-a, IL-1 and IL-6 levels were
significantly lower compared with the control group and the
number of white blood cells and neutrophils had significantly
decreased (40), confirming that statins can reduce the level of
inflammatory factors in sepsis rats, resulting in anti inflam-
matory effects (41). Gonzalez et al (42) performed studies on
patients with sepsisand demonstrated that at day 14 following
oral administration of 80 mg/day simvastatin, the level of CRP
gradually decreased and reached a normal level. However, in
the control group, the CRP level increased on a daily basis,
indicating that statins can reduce the systemic inflammatory
response. As indicated by the present study, atorvastatin can
promote TIPE2 expression in RAW?264.7 cells, inhibit NF-«kB,
COX-2, MIF and NOS expression, increase IxB and HO-1
expression, significantly reduce the generation of TNF-a
and IL-6 and suppress oxidation reactions in a dose- and
time-dependent manner.

In conclusion, the production of high levels of proinflam-
matory mediators is a key factor during the occurrence and
development of sepsis. Atorvastatin inhibits NF-xB, MIF,
COX-2 and NOS expression, increases HO-1 and IxB expres-
sion and significantly reduces the expression of TNF-a and
NO proinflammatory factors. Furthermore, prevented PGE2
and IL-6, oxidative stress via an increase in TIPE2 expression,
which may contribute to the suppression of the occurrence and
development of sepsis upon severe infection.
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