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Background: Ginsenoside Rb1, a triterpene saponin, is derived from the Panax ginseng root and has
potent antiinflammatory activity. In this study, we determined if Rb1 can increase macrophage
phagocytosis and elucidated the underlying mechanisms.
Methods: To measure macrophage phagocytosis, mouse peritoneal macrophages or RAW 264.7 cells
were cultured with fluorescein isothiocyanateeconjugated Escherichia coli, and the phagocytic index was
determined by flow cytometry. Western blot analyses were performed.
Results: Ginsenoside Rb1 increased macrophage phagocytosis and phosphorylation of p38 mitogen-
activated protein kinase (MAPK), but inhibition of p38 MAPK activity with SB203580 decreased the
phagocytic ability of macrophages. Rb1 also increased Akt phosphorylation, which was suppressed by
LY294002, a phosphoinositide 3-kinase inhibitor. Rb1-induced Akt phosphorylation was inhibited by
SB203580, (5Z)-7-oxozeaenol, and small-interfering RNA (siRNA)emediated knockdown of p38a MAPK
in macrophages. However, Rb1-induced p38 MAPK phosphorylation was not blocked by LY294002 or
siRNA-mediated knockdown of Akt. The inhibition of Akt activation with siRNA or LY294002 also
inhibited the Rb1-induced increase in phagocytosis. Rb1 increased macrophage phagocytosis of IgG-
opsonized beads but not unopsonized beads. The phosphorylation of p21 activated kinase 1/2 and
actin polymerization induced by IgG-opsonized beads and Rb1 were inhibited by SB203580 and
LY294002. Intraperitoneal injection of Rb1 increased phosphorylation of p38 MAPK and Akt and the
phagocytosis of bacteria in bronchoalveolar cells.
Conclusion: These results suggest that ginsenoside Rb1 enhances the phagocytic capacity of macro-
phages for bacteria via activation of the p38/Akt pathway. Rb1 may be a useful pharmacological adjuvant
for the treatment of bacterial infections in clinically relevant conditions.
� 2018 The Korean Society of Ginseng, Published by Elsevier Korea LLC. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Phagocytosis by macrophages is the cornerstone of the innate
immune response, which eliminates invading pathogens,
cellular debris, and foreign bodies. Several phagocytic receptors
including Fcg receptors, the complement receptor, integrins
such as a5b1 and avb3, the lipopolysaccharide (LPS) receptor
CD14, and the mannose receptor are involved in the phagocytic
uptake of particles [1e4]. The binding of pathogens or specific
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molecules by these receptors results in the rapid responses of a
series of intracellular signaling proteins, including the Rho
family of G proteins, which play an important role in the reor-
ganization of the actin cytoskeleton [1,3]. Recent studies have
reported that several kinases including p38 mitogen-activated
protein kinase (MAPK) or adenosine monophosphate-activated
protein kinase can activate Rac1, a subfamily of the Rho family,
which plays a pivotal role in the phagocytic uptake of particles
[5e8].
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Previous studies have revealed that the activation of p38 MAPK
can regulate actin cytoskeletal reorganization, which plays an
important role in phagocytosis, cell migration, and morphological
changes in various cell populations [9e11]. Specifically, p38 MAPK
activation by various stimuli enhances the ability of macrophages
to phagocytose bacteria [7,11e14]. Stimulation of toll-like receptors
(TLRs) with specific ligands enhances bacterial phagocytosis by
macrophages and was blocked by p38 MAPK inhibitors or small-
interfering RNA (siRNA)emediated knockdown of p38 MAPK
[11,13]. Deprivation of nutrients, such as amino acids or glucose, has
been shown to increase the phosphorylation of p38MAPK, which is
required for the starvation-induced increase in macrophage bac-
terial phagocytosis [12].

Ginsenosides are the major bioactive constituents of the Panax
ginseng root, which contain many types of ginsenosides including
Rb1, Rg1, Rc, and Rg3. The ginsenoside Rb1 appears to be the most
abundant of the bioactive ginsenosides [15]. Rb1 exhibits antiin-
flammatory, anticarcinogenic, and antioxidant activities [16e20].
For example, Rb1 decreased TLR4 mRNA expression, production of
tumor necrosis factor-a, and pathological changes in hepatic and
lung tissues in septic rats [16]. Rb1 and its metabolite, compound K,
significantly diminished the activation of interleukin-1 receptor-
associated kinase-1, nuclear factor-kB, and MAPKs, and the pro-
duction of inflammatory cytokines in macrophages stimulated with
LPS [20]. These observations suggest that Rb1 may have beneficial
effects in acute inflammatory conditions such as bacterial infection.
In this study, we investigated whether Rb1 can increase macro-
phage phagocytosis of bacteria and the related intracellular
signaling pathways.

2. Materials and methods

2.1. Mice

Male BALB/c mice (20e25 g, 8e10 weeks old) were purchased
from Samtako Science (Daejeon, Korea). The mice were maintained
in a 12 h light/dark cycle that allowed them to freely consume food
and water. All experiments were conducted with the approval of
the Animal Care and Ethics Committee of Chonnam National Uni-
versity Medical School (CNU IACUC-H-2015-28).

2.2. Reagents and antibodies

Ginsenoside Rb1 from P. ginseng (Korean ginseng) root,
LY294002, and (5z)-7-oxozeaenol were purchased from Sigma-
Aldrich (St Louis, MO, USA). Bovine serum albumin, Roswell Park
Memorial Institute 1640 with L-glutamine, penicillin-streptomycin,
and fetal bovine serum (FBS) were obtained from GIBCO (Gai-
thersburg, MD, USA). Antibodies specific for phosphor-Akt or total-
Akt, p38, MAPK kinase 3/6 (MKK3/6), p21-activated kinase (PAK)1/
2 and heat shock protein (HSP) 27 were obtained from Cell
Signaling Technology (Beverly, MA, USA). SB203580 was purchased
from Calbiochem (La Jolla, CA, USA). Fluorescein isothiocyanate
(FITC)econjugated Escherichia coli (K-12 strain), 1-mm fluorescent
FluoSpheres beads, and opsonizing reagent were obtained from
Invitrogen (Eugene, OR, USA).

2.3. Cell isolation and culture

Murine peritoneal macrophages were isolated as described
previously [14,21]. Briefly, 4% Brewer thioglycollate was intraperi-
toneally injected, and then peritoneal macrophages were isolated
after 4 days and cultured at 37�C in Roswell Park Memorial Institute
1640 media containing 5% FBS in a 12-well plate. After 1 h, non-
adherent cells were discarded by vigorous washing with culture
medium. Murine macrophage RAW 264.7 cells were obtained from
the American Type Culture Collection (Rockville, MD, USA). Cells
were cultured in Dulbecco's Modified Eagle's media supplemented
with 5% FBS at 37�C.

2.4. Western blotting

The protein concentrations of whole cell lysates were
measured by BCA protein assay kit to the manufacturer's manual
(Thermo Fisher Scientific, Pierce, WI, USA). Equal amounts of
protein were subjected to electrophoresis in 10e12% sodium
dodecyl sulphate polyacrylamide gel, and then transferred to
polyvinylidene difluoride membranes. After blocking with 5%
nonfat dry milk, the membranes were maintained with primary
antibodies diluted 1:1000 in tris-buffered salin-Tween with 5%
bovine serum albumin for overnight at 4�C and then incubated
with horseradish peroxidase-coupled secondary Ab in 5% nonfat
dry milk. The signals were detected using enhanced chem-
iluminescence (Millipore, Billerica, MA, USA).

2.5. siRNA knockdown of p38a or Akt

RAW 264.7 cells (2 � 105 cells/well) in 12-well plates were
incubated in Lipofectamine (Thermo Fisher Scientific, Pierce, WI,
USA) with siRNA against mouse p38aMAPK, Akt, and control siRNA
(50 nM) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 48 h.
The transfected cells were assayed for phagocytosis or analyzed by
Western blot as described in the figure legends.

2.6. In vitro phagocytosis assay

The phagocytic index was measured as described previously
[7,14]. FITC-conjugated E. coli and fluorescent beads were added to
peritoneal macrophages or RAW 264.7 cells at a ratio of 2:1 for
20 min and 30 min, respectively, at 37�C. Fluorescent beads were
opsonized with IgG opsonizing reagent for l h at 37�C. Non-
phagocytized E. coli or fluorescent beads were removed by
washing three times with cold phosphate buffered saline (PBS),
and 0.2% trypan blue solution was added to the macrophages to
quench fluorescence of the E. coli attached to the cells. The cells
were isolated from the wells using 0.25% trypsin/EDTA in PBS. The
phagocytic index was calculated as percentage of macrophages
positive for fluorescent E. coli using flow cytometry.

2.7. In vivo phagocytosis assay

The phagocytic index was quantified by flow cytometry [7,14].
Rb1 (0 or 5 mg/kg) was injected intraperitoneally into mice. Two
hours after Rb1 injection, 50 mL PBS with FITC-labeled E. coli
(10 � 106/mouse) was injected into the mouse lung via tracheot-
omy under anesthesia with sevoflurane. The cells in the lungs
were obtained through three times of bronchoalveolar lavage
(BAL) with 1 mL of ice-cold PBS with 5 mM EDTA 2 h after the
administration of FITC-labeled E. coli. The cells in BAL fluid were
washed with cold PBS and treated with 0.2% trypan blue solution.
The number of E. coli positive cells was measured by flow
cytometry.

2.8. Actin polymerzation

Actin polymerization was performed as described previously
[6]. Briefly, macrophages were plated in 96-well plates. The cells
were fixed with 4% paraformaldehyde for 20 min, washed, and
permeabilized with 0.1% Triton X-100. The cells were washed and
stained with Alexa Fluor 594-conjugated phalloidin (Invitrogen)
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and then stained with 40,6-diamidino-2-phenylindole (DAPI). Actin
polymerization was measured as a relative fluorescent unit of
phalloidin to DAPI.

2.9. Statistical analysis

Data are expressed as means � standard deviation. Statistical
significance was determined using the Student t test for compari-
sons between two groups. Multigroup comparisons were per-
formed using one-way analysis of variance with Tukey’s post hoc
test (SPSS, version 21.0). A value of p < 0.05 was considered
significant.

3. Results

3.1. Ginsenoside Rb1 increases macrophage phagocytosis toward E.
coli through activation of the MKK3/6ep38 MAPK pathway

In the first set of experiments, we determined whether Rb1
could increase the phagocytic ability of macrophages toward E. coli.
As shown in Figs. 1A, 1B, addition of Rb1 to peritoneal macrophage
cultures enhanced phagocytosis of fluorescent E. coli in a dose-
dependent manner, with a peak effect at a concentration of 3 mM.
Because previous studies have shown that p38 MAPK may be
involved in macrophage phagocytosis of bacteria [7,14], we exam-
ined whether Rb1 can increase the activity of p38 MAPK in mac-
rophages. Rb1 dose-dependently increased the phosphorylation of
p38 MAPK in peritoneal macrophages, and maximal phosphoryla-
tion of p38 MAPK was attained at a concentration of 3 mM (Figs. 1C,
1D), in parallel with the increased phagocytic ability of macro-
phages. As shown in Figs. 1E, 1F, treatment of macrophages with
Rb1 increased p38 MAPK phosphorylation, which began to rapidly
increasewithin 15min, peaked at 30min, and lasted more than 2 h.
Fig. 1. Ginsenoside Rb1 enhances macrophage phagocytosis through p38 mitogen-activated
(0, 0.3, 1, 3, and 10 mM) for 2 h, and fluorescein isothiocyanate (FITC)-conjugated Escherich
sentative flow cytometry histograms are shown. (CeF) Peritoneal macrophages were culture
time periods (E, F). The whole cell lysates were subjected to electrophoresis in polyacrylamid
30 min before culture with Rb1 (0 or 3 mM) for 2 h and then subjected to FITC-conjugated E
compared to the control.
Moreover, the addition of SB203580, a p38 MAPK inhibitor, before
the addition of Rb1 to macrophage cultures, decreased Rb1-
induced macrophage phagocytosis of E. coli (Fig. 1G). The activa-
tion of p38 MAPK can be regulated by upstream kinases including
transforming growth factor-b-activated kinase 1 (TAK1), which
phosphorylates MAPKs such as MKK3/6 [22]. As shown in Figs. 2A,
2B, treatment of macrophages with Rb1 induced the phosphory-
lation of MKK3/6, an upstream kinase of p38 MAPK, in a time-
dependent manner, reaching maximum levels after 30 min. Addi-
tion of (5Z)-7-oxozeaenol, a TAK1 inhibitor, to macrophage cultures
suppressed Rb1-induced phosphorylation of MKK3/6 and p38
MAPK (Figs. 2Ce2E) and inhibited the Rb1-induced increase in
macrophage phagocytosis (Fig. 2F).

3.2. p38 MAPKeAkt activation is responsible for the Rb1-dependent
increase in macrophage phagocytosis

Although our initial experiments showed that p38 MAPK acti-
vation was involved in the Rb1-induced increase in macrophage
phagocytosis, the mechanism through which Rb1 enhances
macrophage phagocytosis is yet to be determined. Because previ-
ous studies have demonstrated that phosphoinositide 3-kinase
(PI3K)/Akt plays an important role in macrophage phagocytosis
[23], we evaluated if Rb1 could increase the activation of Akt, a
well-recognized downstream target of PI3K in multiple cell types.
As shown in Figs. 3A, 3B, the addition of Rb1 to macrophage cul-
tures increased Akt phosphorylation. To determine whether Akt is
an upstream regulator of p38 MAPK, macrophages were cultured
with LY294002, a PI3K inhibitor, before the addition of Rb1 to
cultures. Rb1 increased the phosphorylation of p38 MAPK in the
presence of LY294002 or under the Akt knockdown condition
(Figs. 3Ce3E). However, addition of SB203580 or (5Z)-7-oxozeaenol
to macrophage cultures before Rb1 exposure diminished Akt
protein kinase (MAPK) activation. (A) Peritoneal macrophages were cultured with Rb1
ia coli was added to culture media for 20 min, followed by flow cytometry. (B) Repre-
d with Rb1 (0, 0.3, 1, 3, and 10 mM) for 30 min (C, D) or with Rb1 (3 mM) for the indicated
e gels. (G) Peritoneal macrophages were incubated with SB203580 (SB; 0 or 10 mM) for
. coli for 20 min. Each bar represents the mean � standard deviation (n ¼ 4). *p < 0.05



Fig. 2. Rb1 increases activation of the p38 MAPK pathway. (AeB) Peritoneal macrophages were cultured with Rb1 for the indicated times. (CeE) Peritoneal macrophages were
cultured with (5Z)-7-oxozeaenol (OXO; 0 or 1 mM) for 1 h before exposure to Rb1 (0 or 3 mM) for 30 min. The whole cell lysates were subjected to electrophoresis in polyacrylamide
gels. (F) Peritoneal macrophages were cultured with OXO (0 or 1 mM) for 1 h prior to incubation with Rb1 (0 or 3 mM) for 2 h, and FITC-conjugated E. coli was added to the culture
media for 20 min, followed by flow cytometry. Each bar represents the mean � SD (n ¼ 4). *p < 0.05 compared to the control. yp < 0.05 compared to Rb1 only.
FITC, fluorescein isothiocyanate; MAPK, mitogen-activated protein kinase; SD, standard deviation.
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phosphorylation, p38 MAPK, and heat shock protein 27, a down-
stream target of p38MAPK (Figs. 3F, 3G). In addition, knockdown of
p38a in RAW 264.7 cells also inhibited the Rb1-induced increase in
Akt phosphorylation (Fig. 3H). Addition of Rb1 to RAW 264.7 cells
also enhanced the phagocytosis of fluorescent E. coli in a dose-
dependent manner (Fig. 3I), consistent with the above results,
which demonstrated that Rb1 increased peritoneal macrophage
phagocytosis. siRNA-mediated knockdown of p38a inhibited the
Rb1-induced increase in macrophage phagocytosis, and knock-
down of Akt also blocked the Rb1-induced increase in macrophage
phagocytosis (Figs. 3J, 3K). Moreover, the addition of LY294002 also
inhibited the Rb1-induced increase in phagocytosis (Fig. 3L).

3.3. Rb1-induced actin polymerization is mediated by p38 MAPK
and Akt activation

Because Fcg receptor (FcgR) plays a pivotal role in the removal of
extracellular pathogens, we investigatedwhether Rb1 is involved in
FcgR-mediated phagocytosis using IgG-opsonized beads (IgGbead).
Rb1 did not affect macrophage phagocytosis of unopsonized beads,
but increased phagocytosis of IgGbead (Fig. 4A, 4B). In addition,
culture of macrophages with E. coli or IgGbead increased p38MAPK
phosphorylation (Fig. 4C). Reorganization of actin cytoskeleton is
required for FcgR-mediated phagocytosis and PAKs; downstream
effectors of small GTPases of the Rho family such as Rac1/Cdc42 are
mainly involved in actin polymerization [5,24]. In our studies, FcgR
engagement with IgGbead increased phosphorylation of PAK1/2
and co-culture of macrophages with IgGbead and Rb1 further
increased the phosphorylation of PAK1/2 (Figs. 4D, 4E). A previous
study suggested that Akt was involved in PAK activation [25].
Therefore, we examined whether Rb1-induced p38/Akt activation
could modulate PAK activation. Addition of SB203580 or LY294002
to macrophage cultures inhibited the phosphorylation of PAK1/2
(Fig. 4D, 4E) and actin polymerization induced by IgGbead or/and
Rb1 (Fig. 4F). These results suggest that Rb1-induced p38 MAPK
activation can modulate FcgR-mediated phagocytic pathways.

3.4. Rb1 increases phagocytosis of bacteria in mouse lungs

Although our experiments showed that Rb1 could increase
macrophage phagocytosis in vitro, we investigated whether such
results could also be seen in vivo. Mice were subjected to intra-
peritoneal administration of Rb1 for 2 h. As shown in Figs. 5Ae5C,
Rb1 increased the phosphorylation of p38 MAPK and Akt in the
lungs of mice, consistent with the in vitro results. Mice were
injected intraperitoneally with Rb1 for 2 h before intratracheal
administration of FITC-conjugated E. coli. The number of E. coli-
positive cells in the BAL fluid was measured using flow cytometry,
and a significant increase in the number of cells was found in mice
treated with Rb1 compared to control mice (Figs. 5D, 5E).

4. Discussion

Phagocytic processes require finely controlled actin cytoskeletal
remodeling for the internalization of foreign particles and phag-
osome maturation [1,3]. p38 MAPK is involved in the reorganiza-
tion of the actin cytoskeleton, which is essential for cell migration
and internalization of bacteria [6,10]. In this study, ginsenoside Rb1



Fig. 3. Rb1 increases the phosphorylation of Akt through the p38 MAPK pathway. (AeB) Peritoneal macrophages were cultured with Rb1 for 1 h at the indicated doses. The cell
lysates were subjected to western blotting. Each bar represents the mean � SD (n ¼ 4). *p < 0.05 compared to the control. (C, F, and G) Macrophages were cultured with LY294002
(LY; 0 or 10 mM) for 30 min, SB203580 (SB; 0 or 10 mM) for 30 min or (5Z)-7-oxozeaenol (OXO; 0 or 1 mM) for 1 h before exposure to Rb1 (0 or 3 mM) for 1 h. (DeE) RAW 264.7 cells
were treated with control small-interfering RNA (siRNA) or siRNA targeting mouse Akt and cultured with Rb1 (0 or 3 mM) for 1 h. Each bar represents the mean � SD (n ¼ 4).
*p < 0.05 compared to the control siRNA; yp < 0.05. (H) RAW 264.7 cells were treated with control or p38a siRNA and cultured with Rb1 (0 or 3 mM) for 1 h. The whole cell lysates
were subjected to electrophoresis in polyacrylamide gels. Representative gels are shown, and the other two independent experiments provided similar results. (I) RAW 264.7 cells
were cultured with Rb1 (0, 0.3, 1, 3, and 10 mM) for 2 h and subjected to FITC-conjugated E. coli for 30 min, followed by flow cytometry. (JeK) RAW 264.7 cells were treated with
control siRNA or siRNA targeting mouse p38a or Akt. The cells were cultured with Rb1 (0 or 3 mM) for 2 h and subjected to FITC-conjugated E. coli for 30 min, followed by flow
cytometry. (L) LY294002 (LY; 0 or 10 mM) was added to peritoneal macrophage culture for 30 min before exposure to Rb1 (0 or 3 mM) for 2 h, and FITC-conjugated E. coli was added
to the culture media for 20 min, followed by flow cytometry. Each bar represents the mean � SD (n ¼ 4). *p < 0.05 compared to the control; yp < 0.05.
FITC, fluorescein isothiocyanate; MAPK, mitogen-activated protein kinase; SD, standard deviation.
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increased phagocytosis of bacteria in cultured macrophages and in
the mouse lung. Rb1 dose-dependently increased p38 MAPK in
cultured macrophages, in parallel with enhanced engulfment of
bacteria. However, inhibition of Rb1-induced activation of p38
MAPK by pharmacologic inhibitors or siRNA targeting p38a MAPK
suppressed the increase in macrophage phagocytosis. These results
showed that the Rb1-induced increase in p38 MAPK activity was
involved in the enhanced phagocytic uptake of bacteria by mac-
rophages. This is consistent with previous observations that acti-
vation of p38 MAPK by various agents increases the phagocytic
ability of macrophages, but inhibition of p38 MAPK activation
suppresses macrophage bacterial phagocytosis [6,7,14].
TAK1 is a member of the serine/threonine protein kinase family
and is activated in response to a diverse range of intracellular or
extracellular stimuli. It is a major upstream signaling molecule of
MKK3/6ep38MAPK [26]. In this study, Rb1 increased the activation
of MKK3/6, but addition of the TAK1 inhibitor (5Z)-7-oxozeaenol to
macrophage cultures inhibited Rb1-mediated activation of MKK3/6
and p38 MAPK and internalization of bacteria. Stimulation of TLRs
activates the MyD88-dependent pathway, which results in activa-
tion of TAK1 [27,28]. A previous study demonstrated that activation
of the bacterial-mediated TLR-p38 MAPK pathway is important for
bacterial phagocytosis [29]. Recognition of E. coli by TLR4 promotes
activation of the MyD88-p38 MAPK pathway in macrophages,



Fig. 4. Rb1 increased actin polymerization through p38 MAPK and Akt activation. (AeB) Peritoneal macrophages were cultured with (A) unopsonized beads or (B) IgG-opsonized
beads (IgGbead) for 20 min and followed by flow cytometry. (C) Macrophages were cultured with E. coli or IgGbead for the indicated times, and the whole cell lysates were subjected
to electrophoresis in polyacrylamide gels. (DeE) Macrophages were cultured with LY294002 (LY; 10 mM) or SB203580 (SB; 10 mM) for 30 min, before exposure to Rb1 (3 mM) for
1 h and then subjected to IgGbead for 20 min. (D) The whole cell lysates were subjected to western blotting. (E) Relative fluorescent units of phalloidine to DAPI were measured by
fluorescence plate reader. Each bar represents the mean � SD (n ¼ 5). *p < 0.05 compared to the control. yp < 0.05.
MAPK, mitogen-activated protein kinase; PAK, p21-activated kinase; SD, standard deviation.

C. Xin et al / Rb1 increases macrophage phagocytosis 399
which leads to the internalization of bacteria and phagosome
maturation. Macrophages from TLR or MyD88 knockout mice were
impaired in engulfment of bacteria compared to wild-type mac-
rophages, similar to the addition of p38 inhibitors to macrophage
cultures [29]. These results suggest that Rb1-induced activation of
the TAK1ep38 MAPK pathway may potentiate the phagocytic
ability of macrophages induced by the bacterial-mediated TLR4e
p38 MAPK pathway, although it is presently unclear whether Rb1
directly affects the activation of TLR or MyD88.

PI3K regulates the internalization of various types of particles
including IgG-opsonized particles, apoptotic cells, zymosan, and
bacteria [30,31]. Akt is a serine-threonine kinase and downstream
target of the PI3K pathway, which regulates macrophage survival,
migration, polarization, and response to extracellular stimuli
including inflammatory signals [23]. A recent study showed that
ginsenoside Rb1 enhanced the activation of PI3K/Akt and protected
against neuronal cell death induced by ischemic insults [32]. In fact,
macrophages transfected with a constitutively active form of Akt
showed enhanced Fc-receptoremediated phagocytosis [33]. Mac-
rophages from phosphatase and tensin homolog knockout mice
displayed enhanced Akt activity and a subsequent increase in
phagocytic ability [34]. In our experiments, Rb1 increased Akt
phosphorylation inmacrophages, but phagocytosis was suppressed
by inhibiting PI3K/Akt activation with the PI3K inhibitor LY294002
or siRNA targeting Akt. These results indicate that the PI3K/Akt
pathway is involved in the Rb1-induced increase in macrophage
phagocytosis. Next, we investigated the interplay between the
p38 MAPK and PI3K/Akt pathways in our experimental setting. A
previous study demonstrated that p38 MAPK activation in MAPK
phosphatase-1 deficient macrophages resulted in PI3K/Akt acti-
vation [35]. Deficiency of p38a MAPK inhibited Akt activation in
macrophages, which resulted in endoplasmic reticulum stresse
induced macrophage apoptosis [36]. In this study, Rb1-induced
Akt activation was suppressed by inhibition of the p38 MAPK
pathway. However, inhibition of PI3k/Akt activation by LY294002
or siRNA targeting Akt did not block Rb1-induced p38 MAPK
activation. These results suggest that PI3K/Akt acts downstream
of p38 MAPK in the Rb1-induced phagocytic pathway in
macrophages.

In this study, Rb1 increased the phosphorylation of p38 MAPK
and Akt and macrophage phagocytosis of bacteria in mouse lung
cells, consistent with the in vitro results. A recent study showed that
Rb1 diminished the severity of lung injury in rats exposed to LPS.
Rb1 inhibited the LPS-induced increase in inflammatory mediators,
including tumor necrosis factor-a, monocyte chemoattractant
protein-1, and interleukin-8 [37]. In addition, Rb1 ameliorated
pathologic changes in the liver and lung, decreased mortality, and
stabilized arterial oxygenation and blood pressure in a poly-
microbial septic shock model [16]. Therefore, Rb1 may be a good
adjuvant for the treatment of bacterial infection and the resolution
of acute inflammatory conditions, such as sepsis and acute lung
injury.



Fig. 5. Rb1 increases macrophage phagocytosis in the mouse lung. (AeC). Mice were injected intraperitoneally with Rb1 (0 or 5 mg/kg) for 2 h and bronchoalveolar lavage (BAL)
cells were obtained from mouse lungs. The cell lysates were subjected to electrophoresis in polyacrylamide gels. (A) Representative western blots and (B and C) quantitative density
ratio of phospho-p38 or total-p38 and Akt from five mice in each group. *p < 0.05 compared to the control. (DeE) Mice were injected intraperitoneally with Rb1 (0 or 5 mg/kg) for
2 h and FITC-conjugated E. coli was added to mouse lungs for 2 h. BAL cells isolated from the lungs were assayed by flow cytometry. (D) Representative flow cytometry histograms
are shown. (E) Each bar represents the mean � SD (n ¼ 4). *p < 0.05 compared to the control.
FITC, fluorescein isothiocyanate; SD, standard deviation.
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