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Genetic Analysis of the Role of the PI3K-Akt Pathway in

Lipopolysaccharide-Induced Cytokine and Tissue Factor

Gene Expression in Monocytes/Macrophages1

James P. Luyendyk,2,3 Gernot A. Schabbauer,2,4 Michael Tencati, Todd Holscher,

Rafal Pawlinski, and Nigel Mackman5,6

LPS stimulation of monocytes/macrophages induces the expression of genes encoding proinflammatory cytokines and the proco-

agulant protein, tissue factor. Induction of these genes is mediated by various signaling pathways, including mitogen-activated

protein kinases, and several transcription factors, including Egr-1, AP-1, ATF-2, and NF-�B. We used a genetic approach to

determine the role of the phosphatidylinositol-3-kinase (PI3K)-protein kinase B (Akt) pathway in the regulation of LPS signaling

and gene expression in isolated macrophages and in mice. The PI3K-Akt pathway is negatively regulated by the phosphatase and

tensin homologue (PTEN). We used peritoneal exudate cells from Pik3r1-deficient mice, which lack the p85� regulatory subunit

of PI3K and have reduced PI3K activity, and peritoneal macrophages from PTENflox/flox/LysMCre mice (PTEN�/�), which have

increased Akt activity. Analysis of LPS signaling in Pik3r1�/� and PTEN�/� cells indicated that the PI3K-Akt pathway inhibited

activation of the ERK1/2, JNK1/2, and p38 mitogen-activated protein kinases and reduced the levels of nuclear Egr-1 protein and

phosphorylated ATF-2. Modulating the PI3K-Akt pathway did not affect LPS-induced degradation of I�B� or NF-�B nuclear

translocation. LPS induction of TNF-�, IL-6, and tissue factor gene expression was increased in Pik3r1�/� peritoneal exudate cells

and decreased in PTEN�/� peritoneal macrophages compared with wild-type (WT) cells. Furthermore, LPS-induced inflamma-

tion and coagulation were enhanced in WT mice containing Pik3r1�/� bone marrow compared with WT mice containing WT bone

marrow and in mice lacking the p85� subunit in all cells. Taken together, our results indicate that the PI3K-Akt pathway

negatively regulates LPS signaling and gene expression in monocytes/macrophages. The Journal of Immunology, 2008, 180:

4218–4226.

B
acterial LPS is a component of the Gram-negative bac-

terial cell membrane. LPS engagement of the CD14/

TLR4/MD2 receptor complex on monocytes/macro-

phages leads to the phosphorylation of various intracellular

kinases, including the I�B� kinase (IKK)7 and the ERK1/2, p38,

and JNK1/2 mitogen-activated protein kinases (MAPKs) (1, 2).

Activation of these intracellular signaling pathways results in the

activation of a variety of transcription factors, including ATF-2,

AP-1, Egr-1, and NF-�B, and the induction of genes encoding

proinflammatory cytokines, such as TNF-� and IL-6 (1, 3). In

addition, activated monocytes/macrophages express the procoagu-

lant transmembrane protein tissue factor (TF) (4).

Several studies have shown that LPS also activates the phos-

phatidylinositol-3-kinase (PI3K)-protein kinase B (Akt) pathway

in monocytes/macrophages (5–7). The PI3K family is divided into

four classes: IA, IB, II and III (8). Recent studies using siRNA

silencing of the PI3K catalytic subunit p110� have shown that LPS

activation of Akt in monocytic cells is mediated by class IA PI3K

(6). This class consists of 85kD regulatory subunits and 110 kD

catalytic subunits, which catalyze the phosphorylation of PI(4,5)P2

to the lipid second messenger PI(3,4,5)P3 (PIP3). Binding of

PDK-1 and Akt to PIP3 leads to the phosphorylation of Akt. The

PI3K-Akt pathway is negatively regulated by the phosphatase and

tensin homologue (PTEN), which converts PIP3 to PI(4,5)P2. The

PI3K-Akt pathway has been shown to control a variety of cellular

processes, including cell survival and proliferation (8). Wortman-

nin and LY294002 are pharmacologic inhibitors of PI3K. These

compounds have been used extensively to analyze the role of PI3K

in the regulation of different intracellular pathways (9, 10). How-

ever, wortmannin and LY294002 have been reported to inhibit

other kinases.

We and others (5, 7, 11–13) have found that inhibition of PI3K

with wortmannin and LY294002 enhanced LPS activation of

MAPKs (i.e., ERK1/2, JNK1/2, and p38), various transcription

factors (i.e., AP-1, Egr-1, and NF-�B), and gene expression (i.e.,

TNF-� and TF) in monocytic cells. In addition, we found that a

dominant-negative mutant of Akt enhanced LPS induction of
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TNF-� promoter activity in monocytic cells (7). Another study (6)

showed that siRNA inhibition of the class I PI3K catalytic subunit

p110� enhanced LPS induction of TNF-� and activation of the

MAPKs. These studies are consistent with results showing that

phosphorylation of Raf-1 and ASK1 by Akt is inhibitory (7, 14–

16). Martin and colleagues (11) have shown that the phosphory-

lation of GSK-3� by Akt inhibited NF-�B transcriptional activity

in monocytes. In addition, inhibition of PI3K enhanced inflamma-

tion and coagulation in mouse models of endotoxemia and sepsis

(17, 18). These studies indicate that the PI3K-Akt pathway nega-

tively regulates LPS signaling and gene expression in monocytic

cells.

In contrast, other studies have shown that the PI3K-Akt pathway

is required for LPS induction of gene expression in monocytes/

macrophages. For example, one study (19), using wortmannin and

LY294002, found that the PI3K-Akt pathway positively regulated

LPS induction of TNF-� expression in mouse macrophages.

Another study (20) showed that transfection of RAW264.7 cells

with a class I PI3K p110� dominant negative mutant inhibited

LPS-induced NF-�B activation and the induction of TNF-� ex-

pression. Moreover, other studies have shown that pharmaco-

logic inhibition of PI3K with wortmannin or LY294002 pre-

vents LPS-induced I�B� degradation and NF-�B translocation

(19, 21, 22). These studies suggest that the PI3K-Akt pathway

positively regulates LPS signaling in monocytes/macrophages.

The role of the PI3K-Akt pathway in the regulation of LPS

signaling has been discussed in two recent reviews (13, 23).

Additional studies are required to clarify the role of the PI3K-

Akt pathway in LPS activation of intracellular signaling and

gene expression in monocytes/macrophages.

We used a genetic approach to examine the role of the PI3K-Akt

pathway in LPS-induced cytokine and TF expression in mono-

cytes/macrophages. We determined the effect of either genetically

decreasing or increasing the activation of the PI3K-Akt pathway

on LPS activation of the MAPKs (i.e., ERK1/2, JNK1/2, and p38),

transcription factors (i.e., Egr-1, ATF-2, and NF-�B), and gene

expression (i.e., TNF-�, IL-6, and TF). Our results demonstrate

that the PI3K-Akt pathway negatively regulates LPS signaling in

isolated peritoneal exudate cells and peritoneal macrophages and

in endotoxemic mice.

Materials and Methods
Mice

All studies were approved by The Scripps Research Institute Animal Care
and Use Committee and comply with National Institutes of Health guide-
lines. Male mice used for these studies were between 6 and 8 wk of age.
Wild-type (WT) C57BL/6J mice were obtained from The Scripps Research
Institute Breeding Colony. The Pik3r1 gene encodes the PI3K regulatory
subunit p85� and the two splice variants, p55� and p50�. Mice deficient
in p85�, p55�, and p50� (hereafter referred to as Pik3r1�/� mice) were
provided by Dr. L. C. Cantley (Harvard Medical School, Boston, MA) (24)
and were maintained on a mixed 129Sv/C57BL/6J background. Pik3r1�/�

mice develop hypoglycemia, liver necrosis, and exhibit a high rate of peri-
natal lethality. We generated 18% of the expected number of mice (total of
20 mice) from intercrosses between Pik3r1�/� mice. Mice deficient in
p85�, which retain p50� and p55� (hereafter referred to as p85��/� mice)
were obtained from the RIKEN Bioresource Center and were deposited by
Dr. Shigeo Koyasu, Keio University, Tokyo, Japan (25). p85��/� mice
were maintained on a mixed 129Sv/C57BL/6J background and were gen-
erated at the expected frequency from intercrosses between p85��/� mice.
PTENflox/flox mice were provided by Dr. J.M. Penninger (University Health
Network, Toronto, Canada) (26). To selectively reduce PTEN expression
in myeloid cells, PTENflox/flox mice were crossed with mice expressing the
Cre recombinase under the control of the Lysozyme M (LysM) promoter
(provided by Dr. R. Johnson, University of California San Diego, La
Jolla, CA) (27). PTENflox/flox/LysMCre mice and PTENflox/flox mice
were backcrossed 6 times onto the C57BL/6J background. PTENflox/

flox/LysMCre mice and PTENflox/flox mice were generated by breeding
male PTENflox/flox/LysMCre mice with female PTENflox/flox mice.

Bone marrow transplantation

WT C57BL/6J mice (8-wk-old) were irradiated with 13 Gy (1300 rad)
using a cesium 137 irradiator (Gammacell 40; Atomic Energy of Canada)
to ablate endogenous bone marrow-derived cells. Irradiated mice were in-
jected via the retro-orbital sinus with 2 � 106 bone marrow cells isolated
from male or female Pik3r1�/� mice or WT littermate mice. Mice were
allowed to recover for 6 wk. PBMC were used for genotyping to demon-
strate reconstitution with the donor bone marrow (24).

Mouse endotoxemia

The mouse model of endotoxemia used in these studies consisted of a
single intraperitoneal injection of 5 mg/kg Escherichia coli LPS of sero-
type 0111:B4 (Sigma-Aldrich) (17, 28). Blood was collected from the
retro-orbital sinus into sodium citrate (final concentration, 0.38%) at var-
ious times after LPS administration (0–8 h). For analysis of plasma throm-
bin-antithrombin (TAT) levels, blood was collected from the inferior vena
cava into sodium citrate (final concentration, 0.38%). Plasma was collected
and stored at �80°C until analyzed.

Isolation and culture of peritoneal exudate cells (PECs) and

peritoneal macrophages (PMs)

PECs were isolated by peritoneal lavage 3 days after intraperitoneal injec-
tion of mice with 2 ml of a 3% thioglycollate solution. Nonadherent cells
were removed by washing, and the adherent PMs were allowed to recover
overnight in fresh medium. PMs were isolated from PTENflox/flox mice and
PTENflox/flox/LysMCre mice. Loss of Pik3r1 causes a defect in macrophage
adherence (29). Therefore, for studies with Pik3r1�/� mice we used PECs
that contained both adherent and nonadherent cells. PECs were isolated
from WT and Pik3r1�/� mice, as well as WT mice containing WT or
Pik3r1�/� bone marrow. Cells were adjusted to a density of 1 � 106

cells/ml in RPMI 1640 supplemented with 2 mM L-glutamine, 10 mM
HEPES, 50 U/ml penicillin 50 �g/ml streptomycin, and 8% heat-inacti-
vated FCS, and cultured at 37°C in 5% CO2. Cells were stimulated with 1
�g/ml LPS. This concentration has been shown to elicit induction of
TNF-� through TLR4 signaling (30).

Isolation of cytosolic and nuclear extracts

Whole cell extracts were prepared by lysis of cell pellets in 2� SDS sam-
ple buffer (Invitrogen). For isolation of nuclear proteins, 3 � 106 cells were
collected from culture plates, resuspended in 1 ml of ice-cold PBS, and
cells centrifuged at 2000 � g for 2 min. The cell pellet was resuspended in
50 �l of a buffer containing 10 mM HEPES, 10 mM KCl, 300 mM sucrose,
1.5 mM MgCl2, 0.5 mM DTT, 0.5 mM PMSF, 0.1% Nonidet P-40, and
protease inhibitors (Roche Applied Science), incubated for 5 min on ice,
and centrifuged for 10 min at 3500 � g. Supernatant (cytosolic fraction)
was collected and the resulting pellet was resuspended in 50 �l of a buffer
containing 20 mM HEPES, 100 mM KCl, 100 mM NaCl, 0.5 mM DTT,
0.5 mM PMSF, 20% glycerol, and protease inhibitors (Roche). After a 30
min incubation on ice, samples were centrifuged for 2 min at 21,000 � g,
and the supernatants (nuclear proteins) collected, aliquoted, and stored at
�80°C before analysis.

Western blotting and densitometry

Proteins were separated by SDS-PAGE on 8–16% Tris-glycine gels (In-
vitrogen Life Technologies) and transferred to Immobilon-P membrane
(Millipore). The phosphorylation of Akt (Ser473), ERK1/2 (Thr202/
Tyr204), p38 (Thr180/Tyr182), JNK1/2 (Thr183/Tyr185), and ATF-2
(Thr69/71) was determined by overnight incubation at 4°C with a 1/1000
dilution of anti-phosphospecific primary Abs (Cell Signaling Technology),
followed by incubation for 1 h at room temperature with a secondary anti-
rabbit IgG-HRP conjugated Ab diluted at 1/1000 (Amersham Biosciences).
Membranes were washed and incubated with Supersignal West Pico sub-
strate (Pierce Biotechnology) solution and exposed to Hyblot CL film
(Denville Scientific). Blots were stripped and reprobed using a 1/1000 di-
lution of Abs against the nonphosphorylated forms of each protein (Cell
Signaling Technology) to monitor protein loading. Levels of I�B� and
actin levels were determined using Abs from Santa Cruz Biotechnology.
p85� protein levels were determined using an anti-p85� Ab (Millipore).
Films were scanned and band intensity was determined using a Bio-Rad
densitometer and Quantity One software (Bio-Rad).

4219The Journal of Immunology
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EMSA

Nuclear extracts were incubated with radiolabeled double-stranded oligo-
nucleotide probes (Operon Technologies) containing either the murine Ig
Ig �B site (underlined), 5�-CAGAGGGGACTTTCCGAGA-3�; an Egr-1
site (underlined), 5�-CCCGGCGCGGGGGCGATTTCGAGTCA-3�; or a
Sp1 site (underlined), 5�-ATTCGATCGGGGCGGGGCGAGC-3� (31).
Protein-DNA complexes were separated from free DNA probe by electro-
phoresis through 6% nondenaturing tris-borate-EDTA gels (Invitrogen Life

Technologies) in 0.5� tris-borate-EDTA buffer (Invitrogen Life Technol-
ogies). Gels were dried and protein-DNA complexes were visualized by
autoradiography.

RNA isolation, cDNA synthesis, and real-time PCR

RNA was isolated from 3 � 106 cells using TRI reagent (Applied Bio-
systems) according to the manufacturer’s protocol. cDNA was synthe-
sized from 1 �g of RNA according to the manufacturer’s protocol using

FIGURE 1. LPS activation of Akt and MAPK path-

ways in WT and PTEN�/� PMs. WT and PTEN�/�

PMs were stimulated with LPS (1 �g/ml) for 0–20 min.

The activation of Akt (A), ERK1/2 (B), JNK1/2 (C), and

p38 (D) was determined in whole cell extracts by west-

ern blotting using anti-phospho specific Abs. Each blot

was stripped and reprobed for the nonphosphorylated

form of each protein to assess loading. Representative

western blots are shown. Normalized levels of phos-

phorylated proteins are shown as mean � SEM (n �

3–6) relative to WT cells stimulated with LPS for 20

min (defined as 100%). �, p � 0.05.

FIGURE 2. LPS activation of Akt and MAPK path-

ways in WT and Pik3r1�/� PECs. WT and Pik3r1�/�

PECs were stimulated with LPS (1 �g/ml) for 0–20

min. The activation of Akt (A), ERK1/2 (B), JNK1/2

(C), and p38 (D) was determined in whole cell protein

extracts by Western blotting using anti-phospho specific

Abs. Each blot was stripped and reprobed for the non-

phosphorylated form of each protein to assess loading.

Representative western blots are shown. Normalized

levels of phosphorylated proteins are shown as mean �

SEM (n � 3–6) relative to WT cells stimulated with

LPS for 20 min (defined as 100%). �, p � 0.05.

4220 PI3K-Akt INHIBITS LPS-INDUCED INFLAMMATION AND COAGULATION
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a High Capacity cDNA Reverse Transcription kit (Applied Biosystems)
and MyCycler themal cycler (Bio-Rad). Levels of TNF-�, IL-6, TF,
Egr-1, and GAPDH were determined using TaqMan gene expression assays
from Applied Biosystems (Mm99999915_g1, Mm00656724_m1,
Mm00443258_m1, Mm00446190_m1, Mm00438855_m1) and TaqMan gene
expression master mix (Applied Biosystems) on an ABI Prism 7300 sequence
detection system (Applied Biosystems). The expression of each gene was nor-
malized relative to GAPDH expression levels, and relative expression levels
were determined using the comparative Ct method.

Procoagulant activity

Cell pellets (3 � 106 cells) were solubilized at 37°C for 15 min using 15
mM n-Octyl-�-D-glucopyranoside. The procoagulant activity of cell ly-
sates was measured using a one-stage clotting assay as described previ-
ously (32) using a Start4 clotting machine (Diagnostica Stago). Clotting
times were converted to procoagulant activity by comparison with a stan-
dard curve established with mouse brain extract. The procoagulant activity
of each sample was normalized to total protein concentration determined
using a Bio-Rad DC protein assay (Bio-Rad).

Cytokine and TAT

Levels of IL-6 and TNF-� in cell culture supernatant and plasma were
determined using commercially available ELISA kits (R&D Systems).
Levels of TAT in plasma were determined using a commercially available
ELISA (Dade-Behring).

Determination of white blood cell counts

Blood leukocyte counts were determined using a Unopette white blood cell
determination kit (BD Biosciences) and a hemocytometer. Slides were pre-
pared from whole blood anticoagulated with EDTA and stained using the
Hema 3 staining system (Fisher Diagnostics). Differential counting was
performed in a blinded manner.

Measurement of LDH activity

Cells were pelleted by centrifugation and the culture supernatant removed.
Cells were lysed in 1% Triton X-100. The activity of LDH in the super-
natant and pellet fractions was determined spectrophotometrically and the
percentage LDH release determined.

Statistical analysis

Data are presented as mean � SEM. Unpaired Student’s t test was used
when two groups were compared. The criterion for significance for all
experiments was p � 0.05.

Results
Genetic modulation of the PI3K-Akt pathway alters LPS

activation of the MAPK pathways in macrophages

First, we determined the effect of reducing PTEN expression on

LPS activation of Akt and the MAPK pathways. Both basal and

LPS activation of Akt were enhanced in PTEN�/� PMs compared

with WT PMs (Fig. 1A). In contrast, LPS activation of ERK1/2,

JNK1/2, and p38 was significantly reduced in PTEN�/� PMs com-

pared with WT cells (Fig. 1, B–D). Next, we evaluated the effect

of Pik3r1 deficiency on LPS activation of Akt and the MAPK

pathways. LPS activation of Akt was significantly reduced in

Pik3r1�/� PECs compared with WT PECs (Fig. 2A). In contrast,

LPS activation of ERK1/2 and JNK1/2 was significantly enhanced

in Pik3r1�/� PECs (Fig. 2, B and C). LPS activation of p38 was

slightly enhanced in Pik3r1�/� PECs 20 min after LPS, although

this increase did not achieve statistical significance (Fig. 2D).

These results indicate that the PI3K-Akt pathway inhibits LPS ac-

tivation of the MAPK pathways.

FIGURE 3. LPS activation of ATF-2 in WT and PTEN�/� PMs, and

WT and Pik3r1�/� PECs. WT and PTEN�/� PMs (A and B), and WT and

Pik3r1�/� PECs (C and D) were stimulated with LPS (1 �g/ml) for 30 min.

Levels of phosphorylated ATF-2 in nuclear extracts were determined by

western blotting using an anti-phospho specific Ab. Each blot was stripped

and reprobed for the nonphosphorylated form of ATF-2 to assess loading.

Representative western blots are shown. Normalized levels of phosphory-

lated ATF-2 are shown as mean � SEM (n � 3–6) relative to WT cells

(defined as 100%). �, p � 0.05.

FIGURE 4. LPS induction of Egr-1 in WT and PTEN�/� PMs, and WT

and Pik3r1�/� PECs. WT and PTEN�/� PMs (A–C) or WT and Pik3r1�/�

PECs (D–F) were stimulated with LPS (1 �g/ml) and the induction of

Egr-1 mRNA was determined (A and D). Levels of Egr-1 and Sp1 in

nuclear extracts of PMs stimulated for 120 min were determined by EMSA.

Sp1 was used to assess loading. Representative EMSAs are shown. Egr-1

mRNA levels normalized to levels of GAPDH are shown as mean � SEM

(n � 5– 6) relative to WT cells stimulated with LPS (defined as 100%).

Egr-1 levels normalized to levels of Sp1 are shown as mean � SEM

(n � 3– 6) relative to WT cells stimulated with LPS (defined as 100%).

�, p � 0.05.

4221The Journal of Immunology
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Role of the PI3K-Akt pathway in LPS activation of ATF-2 in

macrophages

LPS activation of p38 and JNK1/2 induces the phosphorylation

and activation of various transcription factors, including ATF-2

(33). ATF-2 is a member of the AP-1 family of transcription fac-

tors and ATF-2/c-Jun heterodimers have been shown to mediate

induction of TNF-� expression in LPS-stimulated monocytes (3,

34, 35). We found that the nuclear levels of phosphorylated ATF-2

were reduced in LPS-stimulated PTEN�/� PMs compared with

WT PMs (Fig. 3, A and B). In contrast, nuclear levels of phos-

phorylated ATF-2 were increased in LPS-stimulated Pik3r1�/�

PECs compared with WT PECs (Fig. 3, C and D). These results

indicate that the PI3K-Akt pathway negatively regulates LPS ac-

tivation of ATF-2.

Role of the PI3K-Akt pathway in LPS induction of Egr-1 in

macrophages

LPS activation of the MEK1-ERK1/2 pathway leads to the induc-

tion of Egr-1 gene expression by phosphorylation of the transcrip-

tion factor Elk1 (4). Egr-1 mediates LPS induction of TNF-� and

TF gene expression in monocytes (4, 36, 37). We found that LPS

induction of Egr-1 mRNA and protein was significantly reduced in

PTEN�/� PMs compared with WT PMs (Fig. 4, A–C). In contrast,

the levels of Egr-1 mRNA and protein were increased in LPS-

stimulated Pik3r1�/� PECs compared with WT PECs (Fig. 4,

D–F). These results indicate that the PI3K-Akt pathway negatively

regulates LPS induction of Egr-1 gene expression.

Genetic modulation of the PI3K-Akt pathway does not affect

LPS-induced I�B� degradation or nuclear translocation

of NF-�B in macrophages

LPS induces IKK-dependent phosphorylation of I�B� and subse-

quent degradation. This is required for nuclear translocation of

NF-�B. We found that LPS-induced I�B� degradation and resyn-

thesis were not affected by either reducing PTEN levels in PMs or

deleting Pik3r1 in PECs (Fig. 5, A, B, D, and E). In addition,

changes in the levels of the PI3K-Akt pathway did not affect nu-

clear translocation of NF-�B (Fig. 5, C and F). These results in-

dicate that the PI3K-Akt pathway does not modulate LPS-induced

FIGURE 5. LPS-induced I�B� degradation and resynthesis and NF-�B

nuclear translocation in WT and PTEN�/� PMs, and WT and Pik3r1�/�

PECs. A–C, Data from WT or PTEN�/� PMs and data from WT or

Pik3r1�/� PECs is also shown (D–F). Cells were stimulated with LPS (1

�g/ml) for 0–120 min. The degradation (0–20 min) and resynthesis of

I�B� (0, 120 min) was determined in whole cell extracts by Western blot-

ting using an anti-I�B� Ab (A, B, D, and E). A and D, Representative

Western blots from three to six independent experiments. B and E, Results

from three independent samples. Levels of NF-�B in nuclear extracts were

determined by EMSA 30 min after LPS stimulation (C and F).

FIGURE 6. LPS-induced expression of TNF-�,

IL-6, and TF mRNA in WT and PTEN�/� PMs, and

WT and Pik3r1�/� PECs. Levels of TNF-� (A), IL-6

(B), and TF (C) mRNA in WT and PTEN�/� PMs were

determined 60 and 120 min after LPS stimulation. Lev-

els of TNF-� (D), IL-6 (E), and TF (F) mRNA in WT

and Pik3r1�/� PECs were determined 60 and 120 min

after LPS stimulation. mRNA levels normalized to

GAPDH are expressed as mean � SEM (n � 5–6) rel-

ative to WT cells stimulated with LPS for 120 min (de-

fined as 100%). �, p � 0.05.
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I�B� degradation or nuclear translocation of NF-�B in mouse

peritoneal exudate cells or peritoneal macrophages.

Genetic modulation of the PI3K-Akt pathway alters LPS

induction of TNF-�, IL-6, and TF expression in macrophages

To determine whether PTEN or Pik3r1 deficiency alters LPS in-

duction of gene expression, we evaluated the expression of genes

encoding both proinflammatory and procoagulant proteins in

PTEN�/� PMs and Pik3r1�/� PECs. LPS induction of TNF-�,

IL-6, and TF mRNA expression was reduced in PTEN�/� PMs

compared with WT PMs (Fig. 6, A–C). In contrast, LPS induction

of TNF-�, IL-6, and TF mRNA expression was increased in

Pik3r1�/� PECs compared with WT PECs (Fig. 6, D–F). How-

ever, the increase in TNF-� mRNA in the Pik3r1�/� PECs did not

achieve statistical significance (Fig. 6D). Next, we determined

whether PTEN or Pik3r1 deficiency altered the levels of TNF-�,

IL-6, and TF protein expression. LPS induction of all three pro-

teins was reduced in PTEN�/� PMs compared with WT PMs (Fig.

7, A–C). In contrast, LPS induction of TNF-�, IL-6, and TF ex-

pression was significantly increased in Pik3r1�/� PECs compared

with WT PECs (Fig. 7, D–F). Cell viability was determined by the

release of LDH into the culture medium after 6 h of LPS stimu-

lation. Cell viability was not affected by either deletion of Pik3r1

in PECs or reducing PTEN levels in PMs (data not shown). These

results indicate that modulation of the PI3K-Akt signaling pathway

affects LPS induction of gene expression in macrophages.

Regulation of inflammation and coagulation by the PI3K-Akt

pathway in endotoxemic mice

We found that the loss of PTEN in myeloid cells led to a 2.5-fold

increase in the number of circulating monocytes (Table I). This

increase in the number of circulating inflammatory cells precluded

studies on the effect of increasing Akt activity on LPS-induced

inflammation and coagulation in vivo.

Hemopoietic cells are a major source of cytokine and TF ex-

pression in endotoxemic mice (28, 38). To determine the effect of

selectively reducing activation of the PI3K-Akt pathway in hemo-

poietic cells on LPS-induced inflammation and coagulation in

vivo, we used bone marrow transplantation to generate WT

C57BL/6J mice containing either Pik3r1�/� or WT bone marrow.

Reconstitution of the bone marrow in WT recipient mice was con-

firmed by PCR analysis of peripheral blood cell DNA and the level

of p85� protein in blood cells (Fig. 8, A and B). Endotoxemic WT

mice containing Pik3r1�/� bone marrow had significantly higher

plasma levels of TNF-�, IL-6, and TAT, a biomarker of coagula-

tion, compared with WT mice containing WT bone marrow (Fig.

8, C–E). We also analyzed LPS induction of inflammation and

FIGURE 7. LPS-induced expression of TNF-� and

IL-6 protein, and TF activity in WT and PTEN�/� PMs,

and WT and Pik3r1�/� PECs. Levels of TNF-� (A),

IL-6 (B), and TF (C) protein in WT and PTEN�/� PMs

were determined 6 h after LPS stimulation. Levels of

TNF-� (D), IL-6 (E), and TF (F) protein in WT and

Pik3r1�/� PECs were determined 6 h after LPS stimu-

lation. Data are expressed as mean � SEM (n � 8–10).

�, p � 0.05.

Table I. White blood cell counts in PTENflox/flox/LysMCre micea

Mouse

No. of Cells/�L of Blood

WBCs Lymphocytes Neutrophils Monocytes

PTENflox/flox 9358 � 438 8069 � 360 1065 � 94 208 � 44
PTENflox/flox/LysMCre 11367 � 736b 9341 � 644 1482 � 186b 494 � 66b

a Determination of white blood cell counts in untreated PTENflox/flox and PTENflox/flox/LysMCre mice. Data are expressed

as mean � SEM.
b Significantly different from WT mice. p � 0.05. n � 9–12 mice per group.
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coagulation in p85��/� mice, which lack the p85� regulatory sub-

unit in all cells. Plasma levels of TNF-�, IL-6, and TAT were

significantly increased in endotoxemic p85��/� mice compared

with WT mice (Fig. 8, F–H). These results indicate that genetically

reducing the activation of the PI3K-Akt pathway either selectively

in hemopoietic cells or in all cells enhances LPS-induced inflam-

mation and coagulation in mice.

Discussion
We used a genetic approach to determine the role of the PI3K-Akt

pathway in LPS signaling and gene expression in monocytes/mac-

rophages. We show that Pik3r1-deficient macrophages have re-

duced LPS activation of Akt, whereas PTEN-deficient macro-

phages have enhanced LPS activation of Akt. Using these models,

we found that the PI3K-Akt pathway negatively regulates LPS

activation of intracellular signaling pathways, transcription factors

and induction of gene expression in monocytes/macrophages.

LPS activation of various MAP3Ks leads to phosphorylation of

JNK1/2, ERK1/2, and p38 (1, 2). Akt has been shown to phos-

phorylate and inhibit the MAP3Ks ASK1 and Raf-1, which are

required for LPS activation of ERK1/2, p38, and JNK1/2 (14–16).

We show that genetically increasing levels of phosphorylated Akt

results in reduced LPS activation of the MAPK pathways. In con-

trast, decreasing PI3K-Akt pathway activation enhances LPS ac-

tivation of ERK1/2 and JNK1/2. The kinetics of Akt activation

relative to MAPK inhibition were consistent with inhibitory phos-

phorylation of upstream MAP3Ks by Akt and feedback inhibition

of the MAPKs. This result is consistent with our previous studies

showing that pharmacologic inhibition of PI3K enhanced LPS ac-

tivation of the MAPKs (7). LPS activation of p38 was slightly

enhanced in Pik3r1-deficient PECs, although this pathway was less

sensitive to the effects of decreasing PI3K activity. Importantly, we

show that the levels of Egr-1 mRNA and nuclear Egr-1, a tran-

scription factor induced by the MEK1-ERK1/2 pathway (4, 36),

and the phosphorylation of ATF-2, which is activated by the

JNK1/2 and p38 MAPK pathways (33, 39), are decreased in

PTEN�/� PMs and increased in Pik3r1-deficient PECs. ATF-2

and Egr-1 coordinate the expression of various proinflammatory

genes including TNF-�, IL-6, and TF (4, 34). Taken together,

these results indicate that the PI3K-Akt pathway inhibits LPS-in-

duced gene expression by inhibiting activation of the MAPK path-

ways and the transcription factors Egr-1 and ATF-2.

The transcription factor NF-�B is required for the induction of

TNF-�, IL-6 and TF gene expression in monocytic cells. We and

others (5, 7) have previously shown that pharmacologic inhibition

of PI3K enhances LPS-induced I�B� degradation and the nuclear

translocation of NF-�B. However, contradictory findings have

been published and exactly how the PI3K-Akt pathway regulates

nuclear translocation of NF-�B remains unclear (19, 21). This may

be due, in part, to nonspecific effects of the PI3K inhibitors, or

other factors including species, cell type, agonist, and the concen-

tration of the inhibitor. For example, neither LY294002 nor wort-

mannin affected LPS-induced NF-�B nuclear translocation in

FIGURE 8. Effect of Pik3r1 or p85� deficiency on

inflammation and coagulation in endotoxemic mice. A,

Genotyping of blood cells from WT mice containing

either WT or Pik3r1�/� bone marrow (4 mice per

group). B, p85� protein levels in blood cells isolated

from WT mice containing either WT or Pik3r1�/� bone

marrow. WT mice with either WT or Pik3r1�/� bone

marrow were injected with LPS (5 mg/kg) and the

plasma levels of TNF-� (C), IL-6 (D), and TAT (E) (8

h) were determined. n � 20–30 mice for each group.

WT and p85��/� mice were injected with LPS (5 mg/

kg) and the plasma levels of TNF-� (F), IL-6 (G), and

TAT (H) (8 h) were determined. n � 10 mice for each

group. Data are expressed as mean � SEM. �, p � 0.05.
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RAW264.7 cells (19). In another study, LY294002, but not wort-

mannin, inhibited NF-�B nuclear translocation in LPS-treated

RAW264.7 cells (21). Interestingly, an inactive analog of

LY294002 also inhibited LPS-induced NF-�B nuclear transloca-

tion, suggesting an effect of LY294002 independent of PI3K (21).

We show here using a genetic approach that modulation of the

PI3K-Akt pathway does not affect LPS-induced degradation of

I�B� and NF-�B nuclear translocation in mouse macrophages.

This result suggests that the PI3K-Akt pathway does not inhibit

LPS-induced gene expression in mouse macrophages by reducing

NF-�B nuclear translocation. However, a recent study showed that

the PI3K-Akt pathway does regulate NF-�B nuclear activity by

affecting its interaction with CREB and CBP (11).

Importantly, we show that genetically reducing the activity of

the PI3K-Akt pathway by deleting the Pik3r1 gene enhances LPS-

induced TNF-�, IL-6 and TF expression in PECs. These results are

consistent with previous studies, which showed that pharmaco-

logic inhibition of PI3K enhanced LPS induction of TF and TNF-�

in monocytic cells (7, 40). In contrast, reducing the level of PTEN

increased Akt activation and inhibited LPS induction of TNF-�,

IL-6 and TF expression. Our results are consistent with previous

studies showing reduced TNF-� expression in LPS-stimulated

macrophages from PTENflox/flox/LysMCre mice, and macrophages

from mice deficient in SH2 domain-containing inositol phospha-

tase, another phosphatase that negatively regulates Akt activation

(41, 42). Taken together, our results indicate that activation of the

PI3K-Akt pathway inhibits LPS induction of TNF-�, IL-6 and TF

expression in macrophages.

Wortmannin and LY294002 enhanced inflammation in mouse

models of endotoxemia and cecal-ligation and puncture (17, 18).

However, the potential for effects of these compounds independent

of PI3K inhibition may be increased in vivo due to distribution or

pharmacokinetics. These experiments also do not address the rel-

ative contribution of the PI3K-Akt pathway in different cell types.

Our in vitro results indicate that the PI3K-Akt pathway modulates

LPS induction of proinflammatory and procoagulant mediators in

macrophages. Hemopoietic cells, including monocytes/macro-

phages, contribute significantly to inflammation and coagulation in

endotoxemic mice (28, 38). Using a bone marrow transplantation

strategy, we show that genetically decreasing PI3K-Akt pathway

activity in hemopoietic cells significantly increases the plasma lev-

els of TNF-�, IL-6, and TAT in endotoxemic mice. These results

identify the PI3K-Akt pathway in hemopoietic cells as an impor-

tant anti-inflammatory signaling pathway in endotoxemia. We also

found that the plasma levels of TNF-�, IL-6 and TAT were en-

hanced in endotoxemic p85��/� mice compared with WT mice.

Interestingly, the enhancement in TNF-�, IL-6, and TAT levels in

endotoxemic p85��/� mice was greater than that observed in WT

mice with Pik3r1�/� bone marrow. This suggests that the PI3K-

Akt pathway in both hemopoietic and nonhemopoietic cells inhib-

its inflammation and coagulation in endotoxemic mice. Consistent

with these findings, a recent study showed that inflammation in-

duced by the TLR5 agonist flagellin was increased in p85��/�

mice (43).

Based on our in vitro results, we hypothesized that the selective

activation of Akt in monocytes/macrophages would reduce inflam-

mation and coagulation in endotoxemic mice. Importantly, PTEN

is a tumor suppressor gene and its deletion is associated with many

cancers. Recent studies (44, 45) have shown that deletion of the

PTEN gene in hemopoietic cells causes the proliferation of my-

eloid cells. We found that reducing PTEN expression in myeloid

cells using Cre-LoxP technology selectively increased the number

of circulating monocytes and neutrophils. Although genetic acti-

vation of the PI3K-Akt pathway in monocytes may yield con-

founding results due to altered cellular proliferation, several stud-

ies have suggested that acute, pharmacologic activation of the

PI3K-Akt pathway inhibits inflammation in endotoxemic mice.

The anti-inflammatory effects of some agents, including glucan

and �-lipoteichoic acid are mediated by activation of the PI3K-Akt

pathway (18, 46). Some peroxovanadium compounds have been

shown to inhibit PTEN (47). However, these compounds are

highly unstable in an aqueous environment and have a short half-

life in vivo. At present, stable and selective small m.w. inhibitors

of PTEN are not yet available.

In summary, we show using a genetic approach that the PI3K-

Akt pathway negatively regulates LPS induction of TF and inflam-

matory cytokines in macrophages by inhibiting activation of the

MAPK pathways and the transcription factors ATF-2 and Egr-1

(Fig. 9). Moreover, we show that reducing PI3K-Akt pathway ac-

tivity either selectively in hemopoietic cells or in all cell types

enhances inflammation and coagulation in endotoxemic mice.

Taken together, our results suggest that pharmacologic activation

of the PI3K-Akt pathway or inhibition of PTEN may be novel

strategies to limit inflammation and coagulation and improve sur-

vival in endotoxemia and other inflammatory diseases.
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