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  5-Lipoxygenase (5-LO) plays a pivotal role in the progression of atherosclerosis. Therefore, this study 
investigated the molecular mechanisms involved in 5-LO expression on monocytes induced by LPS. 
Stimulation of THP-1 monocytes with LPS (0∼3 μg/ml) increased 5-LO promoter activity and 5-LO protein 
expression in a concentration-dependent manner. LPS-induced 5-LO expression was blocked by phar-
macological inhibition of the Akt pathway, but not by inhibitors of MAPK pathways including the ERK, 
JNK, and p38 MAPK pathways. In line with these results, LPS increased the phosphorylation of Akt, 
suggesting a role for the Akt pathway in LPS-induced 5-LO expression. In a promoter activity assay 
conducted to identify transcription factors, both Sp1 and NF-κB were found to play central roles in 5-LO 
expression in LPS-treated monocytes. The LPS-enhanced activities of Sp1 and NF-κB were attenuated 
by an Akt inhibitor. Moreover, the LPS-enhanced phosphorylation of Akt was significantly attenuated in 
cells pretreated with an anti-TLR4 antibody. Taken together, 5-LO expression in LPS-stimulated monocytes 
is regulated at the transcriptional level via TLR4/Akt-mediated activations of Sp1 and NF-κB pathways 
in monocytes.
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INTRODUCTION

  Monocytes play a central role in several pathophysio-
logical conditions, when the progression of cardiovascular 
disease stems, from underlying inflammatory reactions [1,2]. 
Lipopolysaccharide (LPS) is a glycolipid component of the 
gram-negative bacterial cell wall and a major inflammatory 
cytokine that induces inflammatory responses by activating 
monocytes [3-5], and 5-lipoxygenase (5-LO) is a potent proin-
flammatory mediator in several inflammatory diseases, in-
cluding atherosclerosis [6-8]. However, mechanisms respon-
sible for the LPS-induced expression of 5-LO in monocytes 
remain unknown. 
  Several independent studies have indicated LPS in con-
junction with LPS-binding protein, binds to CD14 and trans-
membrane Toll-like receptor 4 (TLR4) on the surfaces of 
a variety of cells, including monocytes [9,10]. It is also known 
that LPS stimulation of monocytes effects the generations 
of a number of inflammatory mediators, including 5-LO, 

and recent studies indicate that prolonged exposure to LPS 
upregulates FLAP expression in human monocytes [11]. The 
involvement of LPS in the modulation of 5-LO suggests an im-
portant interaction between bacterial infection and the develop-
ment of 5-LO-mediated inflammation; furthermore, products 
of the 5-lipoxygenase (5-LO) pathway, which metabolizes free 
arachidonic acid to produce proinflammatory leukotrienes 
(LT) [12], have been implicated in the development and pro-
gression of atherosclerosis [13,14]. 
  The cellular activity of 5-LO is regulated in a complex 
manner that involves different signaling pathways [15,16]. 
In particular, 5-LO expression is enhanced on monocyte cells 
by inflammatory stimuli via an Akt-dependent pathway 
[17,18], and Akt is an important mediator of signal trans-
duction and a key player in the regulation of cellular processes. 
Furthermore, the activation of 5-LO in cells involves its phos-
phorylation by Akt. Akt has also been implicated in a varie-
ty of proinflammatory events, and its activation and phos-
phorylation are crucial steps in the signal transduction cas-
cade induced by extracellular stimuli, which supports a link 
between the Akt pathway and 5-LO expression during the 
development of atherosclerosis.
  In this study, 5-LO expression was found to be strongly 
induced by the TLR4 acvivation in monocytes. We further 
investigated the mechanisms by which TLR4 signaling reg-
ulates 5-LO expression in these cells and found that the 
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Akt is the major signaling pathway that contributes to TLR4- 
dependent 5-LO induction. Moreover, an Akt pathway ap-
pears to increase 5-LO expression through activation of the 
Sp1 and NF-κB transcription factors in monocytes. 

METHODS

Chemicals and antibodies

  LPS from Escherichia coli was purchased from Sigma- 
Aldrich (Saint Louis, MO). pGL3 basic vector, pRL CMV 
vector, and dual luciferase reporter assay kits were pur-
chased from Promega (Madison, WI). DNeasy Tissue Kits 
and QIAprep Spin Kits were supplied by Qiagen (GmhH, 
Germany). The various signal pathway inhibitors used were 
acquired from Calbiochem (Ra Jolla, CA) and Sigma (St. 
Louis, MO). 5-LO antibody were purchased from Santa Cruz 
Biotechnology (Beverly, MA). Akt, phosphospecific antibody 
against Akt and IKK were from Cell Signaling Technology 
(Beverly, MA). Purified anti-human TLR4 antibody was 
from eBioscience (San Diego, CA). Horseradish peroxidase 
(HRP)-conjugated IgG (Santa Cruz Biotechnology, Santa Cruz, 
MA) was used as the secondary antibody. 

Cell culture

  THP-1 cells (a human monocytic leukemia cell line) were 
purchased from the ATCC (Manassas, VA, USA). Cells were 
grown in RPMI 1640 medium (Life Technologies) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS), 
antibiotic-antimycotic, and L-glutamine (Life Technologies), 
and maintained at 37oC in a humidified 5% CO2/95% air 
atmosphere. After reaching confluence, cells were detached 
from T75 culture flasks by gentle scraping, washed, and 
resuspended in a complete medium. 

Transient transfection and luciferase assay 

  Monocytes were grown to 90∼95% confluence in 12-well 
plates. Separately, 1 μg of plasmid DNA and 2 μl of Lipo-
fectamine LTX reagent (Invitrogen, CA) were diluted in 50 
μl of Opti-MEM medium (GIBCO, NY), mixed, and in-
cubated at room temperature for 30 min. And then the di-
luted mixed solution was added to the cells. Cells were then 
incubated in plates at 37oC for 6 h, and after removing the 
conditioned medium, grown in fresh medium containing 
10% FBS for 24 h, and then treated or not with LPS. Cell 
lysates were prepared using passive lysis buffer (Promega 
assay system; Promega, WI) and luciferase activities were 
measured according to the manufacturer’s instructions for 
the dual luciferase reporter assay (Promega, WI). All firefly 
luciferase values were normalized versus Renilla luciferase 
to compare transfection efficiencies.

Western blot analysis 

  The levels of 5-LO expression, Akt and IKK phosphor-
ylation were measured by Western blotting. Monocyte 
cell lysates were separated on 8% sodium dodecyl sulphate 
(SDS)-polyacrylamide gels, and transferred electrophoreti-
cally onto nitrocellulose membranes. Membranes were 
blocked with 5% skim milk in tris-buffered saline contain-
ing Tween 20 (TBST), and then incubated with anti-5-LO 
(1 : 1,000) in a blocking buffer. After the blots were in-

cubated with the horseradish peroxidase (HRP)-conjugated 
secondary antibody (1 : 3,000), chemiluminescence intensities 
were measured using the LAS-3000 SYSTEM (Fuji Photo 
Film, Japan). Membranes were re-blotted with an anti-β-ac-
tin antibody (MP Biomedicals, Aurora, Ohio) as an internal 
control.

Statistical analysis

  Results were expressed as means±SEM. Significance was 
examined using the Student’s t-test for unpaired observations 
between two groups or by ANOVA with Bonferroni’s correc-
tion when multiple groups were compared. Statistical sig-
nificance was accepted for p values＜0.05. 

RESULTS

LPS increased 5-LO expression in monocytes

  To determine the potential role for LPS in the transcrip-
tional regulation of 5-LO expression, we initially examined 
the promoter activity of 5-LO in LPS-treated monocytes. 
As shown in Fig. 1A and 1B, the levels of 5-LO promoter 
activity in LPS-treated monocytes were significantly in-
creased in a concentration- and time-dependent manners. 
In addition, stimulation of monocytes with various concen-
trations of LPS was found to increase 5-LO protein expression 
in a concentration-dependent manner (Fig. 1C). These re-
sults suggest that LPS increases 5-LO expression via an 
enhanced up-regulation of 5-LO transcription in monocytes.

Involvement of Akt signaling pathway in LPS-induced 
5-LO expression

  To determine the role played by various signaling pro-
teins such as MAPKs and the Akt in LPS-induced 5-LO 
expression, we examined their pharmacological inhibitors 
on LPS-induced 5-LO expression in monocytes. In this study, 
monocytes were pretreated with various MAPK inhibitors 
including PD98059 (a ERK inhibitor), SB203580 (a p38 
MAPK inhibitor), and SP600125 (a JNK inhibitor), and an 
inhibitor for Akt pathway (AI), and then stimulated with 
LPS. As shown in Fig. 2A, LPS-induced 5-LO expression 
was significantly inhibited by an Akt inhibitor, but not by 
MAPK inhibitors. In addition, LPS significantly and time-de-
pendently increased the level of phosphorylated Akt, but not 
total Akt, indicating a pivotal role of LPS on the activation 
of Akt pathway in monocytes.
  To identify transcription factors involved in LPS-induced 
5-LO expression, this study determined whether Sp1 and 
NF-κB is involved in LPS-induced 5-LO transcription in 
monocytes. As shown in Fig. 2C and 2D, the luciferase re-
porter activities of Sp1 and NF-κB in LPS-treated monocytes 
were significantly increased in a time-dependent manner. These 
results indicate that the Akt/Sp1 and Akt/NF-κB pathways 
mediate LPS-induced 5-LO transcription in monocytes.

Role of the Akt pathway on Sp1 and NF-κB activation 
in LPS-induced 5-LO expression

  To determine the links between Akt pathway and the ac-
tivities of Sp1 and NF-κB, the luciferase reporter activities 
of these transcription factors in LPS-treated monocytes 
were investigated in the presence or absence of an Akt 
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Fig. 2. Effects of various signal 
pathway inhibitors on LPS-induced 
5-LO expression. (A) Monocytes we-
re pre-treated with MAPK inhibitors 
including PD98059 (PD, 30 mM), 
SP600125 (SP, 30 mM), SB203580 
(SB, 30 mM), or AI (3 mM) for 30 
min, and then stimulated with 1 μg/ 
ml of LPS. 5-LO expressions were 
analyzed by immunoblotting, and 
data were presented as means±SEM
from 4∼6 independent experiments. 
**p＜0.01 vs. value of control (Con), 
##p＜0.01 vs. value of vehicle (Veh). 
(B) Monocytes were stimulated with 
1 μg/ml of LPS for the indicated 
times. The cell lysates were analy-
zed for phosphorylated (p-Akt) and 
total Akt (t-Akt) by Western blo-
tting. Relative intensity of p-Akt to 
t-Akt was quantified, and data were 
presented as means±SEM from 6∼7 
independent experiments. *p＜0.05, 
**p＜0.01 vs. value at time 0. (C and 
D) Monocytes were transiently tran-
sfected with the Sp1 and NF-κB 
luciferase reporter constructs for 36 
h, and then stimulated with LPS for 
the indicated times. Sp1 and NF-κB 
activities were analyzed using luci-
ferase reporter assays. Data were 
presented as means±SEM of 4-5 
independent experiments performed 
in triplicate. **p＜0.01 vs. value at 
time 0.

Fig. 1. Effects of LPS on 5-LO expre-
ssion in monocytes. Monocytes were 
transiently cotransfected with the 
empty luciferase vector pRL CMV or 
5-LO promoter constructs for 36 h, and 
then stimulated with the indicated 
concentrations of LPS for 4 h (A) or 
1 μg/ml of LPS for the indicated time 
(B). The promoter activity of 5-LO 
was analyzed using a luciferase reporter 
assay. (C) Monocytes were stimulated 
with the indicated concentrations of 
LPS for 4 h, and the protein expression 
of 5-LO were analyzed by immuno-
blotting. Relative band intensity of 
5-LO to β-actin was quantified, and 
the results were presented as the 
mean±SEM of 4-5 independent expe-
riments performed in triplicate. *p＜
0.05, **p＜0.01 vs. value at concen-
tration 0 or time 0.
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Fig. 3. Role of Akt on LPS-induced 5-LO expression mediated by Sp1 and NF-κB signaling pathways. (A) Monocytes were transiently 
cotransfected with the empty luciferase vector pRL CMV or 5-LO promoter constructs for 36 h, and then stimulated with LPS (1 μg/ml) 
in the presence of AI (3 μm). 5-LO promoter activities were determined using a luciferase reporter assay. The data is presented as the 
mean±SEM from 5∼6 independent experiments. (B) Monocytes were transiently transfected with the Sp1 and NF-κB luciferase reporter 
constructs for 36 h. After pretreatment with AI (3 μm) for 30 min, cells were treated with LPS (1 μg/ml). Sp1 and NF-κB activities 
were analyzed using luciferase reporter assays, and data were presented as the mean±SEM from 5∼6 independent experiments. **p＜0.01
vs. control (Con), ##p＜0.01 vs. vehicle (Veh). (C) Monocytes were stimulated with LPS (1 μg/ml) for the indicated time in the presence 
or absence of AI (3 μm). The cell lysates were analysed for the phosphorylated levels of IKK (pIKK). Relative intensity to β-actin was 
presented as the mean±SEM from 6∼7 independent experiments. **p＜0.01 vs. value at time 0.

Fig. 4. Involvement of TLR4 pathway 
in Akt phosphorylation induced by 
LPS. Monocytes were pre-treated with 
a TLR4 functional blocking antibody 
(anti-TLR4) for 30 min, and then 
stimulated with LPS (1 μg/ml). Cell 
lysates were analyzed for the total 
(t-Akt) and phosphorylated levels of 
Akt (p-Akt) using Western blotting. 
Relative band intensity of p-Akt to 
t-Akt was quantified, and data were 
presented as the mean±SEM from 5∼
6 independent experiments. **p＜0.01 
vs. control (Con), #p＜0.05, ##p＜0.01 
vs. vehicle (Veh). 

inhibitor. As shown in Fig. 3A, AI inhibited the increase 
in the LPS-induced 5-LO promoter activity, and also mark-
edly attenuated the increase in the activities of Sp1 and 
NF-κB (Fig. 3B). Moreover, the increased phosphorylation 
of IKK by LPS was also attenuated by pre-treatment with 
AI in monocytes (Fig. 3C), suggesting an important role for 
Akt signaling pathway on the activation of Sp1 and NF-κB 
in LPS-stimulated monocytes.

Involvement of TLR4 on the regulation of Akt activity 
in monocytes stimulated by LPS

  To determine whether the LPS-induced activation of Akt 
was mediated via the activation of TLR4, Akt phosphor-
ylation was investigated in LPS-stimulated monocytes pre-
treated with a TLR4 functional blocking antibody. As shown 
in Fig. 4, the increase in LPS-induced Akt phosphorylation 
was attenuated in a concentration-dependent manner in 
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Fig. 5. Schematic diagram showing the signal pathways involved 
in LPS-induced 5-LO expression in Monocytes.

monocytes pretreated with an anti-TLR4 antibody. These 
results suggest that TLR4 on the surface of monocytes is 
a pivotal mediator linking LPS and Akt pathway in monocytes.

DISCUSSION

  In this study, we examined molecular mechanisms that 
regulate LPS-induced 5-LO expression in monocytes. Our 
results show that LPS enhances the activities of Sp1 and 
NF-κB in monocytes, and that these activations increase 
5-LO promoter activity and protein expression. We found 
that increased Sp1 and NF-κB activities and the sub-
sequent expression of 5-LO by LPS were significantly atte-
nuated by inhibiting the Akt pathway. Furthermore, LPS-en-
hanced Akt phosphorylation was attenuated markedly by 
a TLR4 functional blocking antibody. These results support 
the hypothesis that LPS enhances 5-LO expression in mon-
ocytes via the TLR4-mediated up-regulation of the activ-
ities of Sp1 and NF-κB and activation of the Akt pathway.
  Atherosclerosis is known to be a major contributor to car-
diovascular disease [19,20]. Bacterial infection, such as lip-
opolysaccharide (LPS) has also been shown to be an im-
portant factor responsible for triggering atherosclerosis and 
the associated cardiovascular diseases [21]. LPS is a con-
stituent of the cell wall of gram-negative bacteria and major 
cause of inflammatory response associated with bacterial 
infection. In fact, elevated serum LPS levels have been re-
ported to increase the risk of atherosclerosis development 
in man [22] and in mouse models [23], and the modulatory 
effects of inflammatory stimuli on 5-lipoxygenase-activating 
protein (FLAP) gene expression in monocytes have at-
tracted considerable interest [24]. To investigate these rela-
tionship, we evaluated the effects of LPS on the regulation 
of 5-LO expression in monocytes. Although our results sug-
gest that activated monocytes play an important role in 
atherosclerosis, the role played by 5-LO signaling in LPS-medi-
ated pathophysiological processes that lead to the pro-
gression of atherosclerosis has not been fully determined. 
  The present study provides insight of the mechanism 
whereby LPS modulates 5-LO gene expression in monocytes. 
Previous studies have shown that LPS activates MAPKs 
and Akt pathways in several cell types. In the present study, 
the induction of 5-LO protein expression by LPS was atte-
nuated by AI (an Akt inhibitor), but not by MAPK in-
hibitors including PD98059 (an ERK inhibitor), SP600125 
(a JNK inhibitor), or SB203580 (a p38 inhibitor), showing 

that the Akt signaling pathway participates in LPS-induced 
5-LO expression. In addition, it has been shown 5-LO ex-
pression is regulated at the transcriptional level [25,26]. 
One of these studies showed that the promoter activity of 
LPS-stimulated p5LO-213 in monocytes was approximately 
6.2 (±0.4) times higher than that in untreated controls. In 
our previous study [25], sequence analysis of the region be-
tween nt −213 and ＋1 demonstrated the presence of con-
sensus binding sites for Sp1 and NF-κB. This result was 
confirmed by observations of the reporter activities of Sp1 
and NF-κB, as LPS significantly enhanced their reporter 
activities and 5-LO promoter activity, which showed Sp1 
and NF-κB are essential transcription factors for LPS-in-
duced 5-LO transcription. Furthermore, LPS-induced re-
porter activities of Sp1 and NF-κB were significantly in-
hibited by AI, an Akt inhibitor. Accordingly, we found that 
LPS-induced 5-LO expression occurs via Akt-mediated Sp1 
and NF-κB pathways.
  In the present study, 5-LO expression was significantly 
elevated in LPS-stimulated monocytes, and this elevation 
was associated with increased 5-LO promoter activity. The 
Sp1 and NF-κB transcription factors were found to be es-
sential for LPS-induced 5-LO transcription, and increases 
in Sp1 and NF-κB activity induced by LPS were attenuated 
by inhibiting the Akt pathway. Furthermore, TLR4 func-
tional blocking antibody attenuated Akt phosphorylation 
and 5-LO up-regulation in monocytes induced by LPS. 
Collectively, these results suggest that LPS-induced 5-LO 
transcription is mediated via the TLR4 mediated activa-
tions of Sp1 and NF-κB through the Akt signaling pathway 
(Fig. 5). This finding provides novel options for therapeutic 
interventions aimed at regulating 5-LO transcription in 
atherosclerosis.
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