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Abstract. Our previous study showed that oridonin isolated from Rabdosia rubescens
enhanced phagocytosis of apoptotic cells by macrophage-like U937 cells through tumor necrosis
factor (TNF) o and interleukin (IL)-1p release. In this study, we further investigated signaling
events involved in oridonin-augmented phagocytosis. Phagocytic stimulation was significantly
suppressed by inhibitors, including a phosphoinositide 3-kinases (PI3K) inhibitor (wortmannin),
a protein kinase C (PKC) inhibitor (stauroporine), and a phospholipase C (PLC) inhibitor
(U73122). Exposure of U937 cells to oridonin caused an increase in PKC activity time-
dependently, which was prevented by pretreatment with inhibitors of PI3K and PLC. Simulta-
neously, the activation of protein kinase B (PKB/Akt) and the increased expression of PLCy2
were also blocked by wortmannin. In addition, an extracellular signal-regulated kinase (ERK)
MAPK inhibitor, PD98059, suppressed oridonin-augmented phagocytosis, whereas the p38
MAPK inhibitor (SB203580) and c-Jun N-terminal kinase (JNK) MAPK inhibitor (SP98059) had
no inhibitory effect. Furthermore, pretreatment of U937 cells with anti-TNFa and anti-IL-15
antibodies blocked oridonin-induced phagocytic stimulation as well as phosphorylation of ERK,
but did not block the activation of PKC, indicating that these signaling events are triggered by
oridonin, whereas secreted TNFa or IL-15 only activate the ERK-dependent pathway. Taken
together, oridonin is suggested to enhance phagocytosis of apoptotic bodies by activating PI3K,
PKC, and ERK-dependent pathways.
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extracellular signal-regulated kinase

Introduction

prostate carcinoma, non-small cell lung cancer, acute
promyelocytic leukemia, and glioblastoma multiforme

Oridonin, a diterpenoid isolated from the plant
Rabdosia rubescens, which has been used in traditional
Chinese medicine for treatment of human cancers, has
various pharmacological and physiological effects such
as anti-bacteria, anti-tumor, scavenging active oxygen
free radicals, and antimutagenetic effects (1 —4). Pre-
vious reports have demonstrated that oridonin exerted
inhibitory effects on various cancers such as human
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(5). In our previous study, we found that oridonin
induced A375-S2 cell apoptosis via the mitogen-acti-
vated protein kinase (MAPK) and phosphoinositide 3-
kinase (PI3K) pathway (6). In addition, we have shown
that oridonin enhances 12-O-tetradecanoylphorbol-13-
acetate (TPA)-treated U937 cells to phagocytose UV-
irradiated apoptotic U937 cells by a mechanism involv-
ing tumor necrosis factor (TNF) a and interleukin (IL)-
15 release (7). However, little is known about inter-
mediates required for oridonin-induced TNFa and IL-1/
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secretion.

PI3K enzymes are divided in three classes. Class IA
has been reported to regulate diverse cellular processes
including cell growth, apoptosis, endocytosis, phago-
cytosis, and chemotaxis (8 — 10). Class IA mammalian
enzymes are made of a catalytic subunit, p110, and a
regulatory subunit, p85. PI3K inhibition reduced phago-
cytosis and neutrophil migration by polysaccharide
purified from Ganoderma lucidum (11). Neutrophils
isolated from mice lacking PI3K have been reported to
be defective in phagocytosis-related chemotaxis (12).
Pi3k 1/2 null Dictyostelium cells are defective in
chemoattractant-mediated activation of protein kinase B
(PKB/Akt), which is important in modulating chemo-
taxis in Dictyostelium (13). Accumulated evidences
have linked the roles of phospholipase Cy (PLCy) in
phagocytosis (14). PI3K induced activation of PLCyl,
but not that of PLCy2 in mast cells (15). Activated PLCy
translocated to the inside surface of the cell membrane
and activated protein kinase C (PKC) and the calcium
pathway in fibroblast Swiss 3T3 cells (16). Moreover, it
has been shown that PKC inhibition prevents phago-
cytosis in human monocytes and polymorphonuclear
cells (PMN) (17).

Several studies suggest that enzymes of the MAPK
family have a critical role in modulating phaogocytosis
and chemotaxis (18 —20). This family includes extra-
cellular signal-regulated kinase (ERK), p38 MAPK, and
c-Jun N-terminal kinase (JNK). The role of MAPK
members in phagocytosis appears to be diverse, depend-
ing on cell types and stimulus. Polysaccharide from
Ganoderma lucidum has been reported to enhance
neutrophil engulfment by activating p38 MAPK but
not ERK (11). However, phagocytosis of Salmonella
typhimuriumo in murine BAC-1.2F5 cells triggered
both ERK and JNK phosphorylation (21). In addition,
it has been demonstrated that the mechanism involved in
the phagocytosis of apoptotic cells differ from those
involved in the phagocytosis of bacteria. P38 inhibition
impaired phogocytosis of E. coli but not that of apoptotic
cells by bone marrow derived macrophages (22).

In addition to regulation of endocytosis, ERK MAPK
has been reported to modulate TNFa production in
lipopolysaccharide-treated human monocytes (23). On
the other hand, TNFa and IL-1/ function to activate the
ERK pathway. In human articular chondrocytes, ERK
phosphorylation is significant after stimulation with
TNFa and IL-15 (24).

U937 cells are induced to differentiate into macro-
phagic-phenotype cells that possess the ability to phago-
cytose apoptotic cells and microspheres. Differentiated
U937 cells have been reported to provide an excellent
tool for determining the function of macrophages (25).

In the present study, we demonstrate that the PI3K
pathway participates in oridonin-enhanced phaogo-
cytosis. Among the PI3K downstream targets are
PKB/Akt and PLCy. Inhibitors of PI3K and PLC
prevent PKC activation. In particular, ERK, but neither
p38 nor JNK, is activated by stimulation of U937 cells
with oridonin. Oridonin, therefore, recruits interacting
moleucules and induces the following signaling events
required for the enhanced phagocytosis: PI3K, PKB/Akt
phosphorylation, PLCy2 overexpression, PKC activa-
tion, and an increase in ERK activity.

Materials and Methods

Reagents

Oridonin was obtained from the Kunming Institute of
Botany, The Chinese Academy of Sciences (Kunming,
China). The chemical structure of oridonin is shown in
Fig. 1A. The purity of oridonin was measured by HPLC
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# Name RT  Area [uv.Sec] %Area
1 5.592 4650 0.313
2 6.975 1479713 99.687

Total Area of Peak = 1484363 [uv.Sec]

Fig. 1. Chemical structure (A) and HPLC profile (B) of oridonin.
Determination and quantitation of oridonin were performed by HPLC
(JASCO system, Tokyo) using a column (Dikma, Diamonsil TMC18,
200 x 4.6 mm, 5 um) at 30°C with MeOH-H>O (65:35, v/v) as the
mobile phase at 0.8 ml/min and detection of the elute at 238 nm. The
retention time (RT) for oridonin was 6.975 min.
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and determined to be about 99% (Fig. 1B). Oridonin was
dissolved in dimethyl sulfoxide (DMSO) to make a
stock solution. The DMSO concentration was kept
below 0.1% in all the cell cultures and did not exert any
detectable effect on cell growth or cell death.

PI3-K family inhibitor wortmannin, TPA, Hoechst
33258, and acridine orange were purchased from
Sigma Chemical (St. Louis, MO, USA). ERK inhibitor
PD98059, P38 MAPK inhibitor SB203580, and JNK
inhibitor SP600125 were from Calbiochem (La Jolla,
CA, USA). The PKC activity assay kit was obtained
from Promega Corporation (Madison, WI, USA). Fetal
calf serum (FCS) was purchased from the Dalian
Biological Reagent Factory (Dalian, China). Polyclonal
rabbit anti-human TNFa antiserum and anti-human IL-
14 antiserum were prepared in our laboratory.

Culture of U937 cells

Human histocytic lymphoma (U937 #CRL-1593.2)
cells were obtained from American Type Culture
Collection, (Manasas, VA, USA). The cells were
cultured in RPMI 1640 (Gibco, Grand Island, NY, USA)
supplemented with 10% FCS, 0.03% L-glutamine
(Gibco), penicillin (100 U/ml), and streptomycin
(100 ug/ml) and maintained at 37°C with 5% CO, in a
humidified atmosphere.

Induction of differentiation of U937 cells into macro-
phages

U937 cells were placed into the individual wells of the
6-well plates at a seeding density of 1 x 10° cells/ml.
TPA was added into each well from a DMSO stock
solution to reach the final concentration of 50 ng/ml
(final DMSO concentration was 0.02%, which had no
detectable effect on cell differentiation). The cells were
incubated at 37°C for 15 h before being used in the
experiments. Seventy percent of the cells adhered to the
plate’s bottom by 15 h.

Induction and measurement of apoptosis

Apoptosis of U937 cells was induced by UV irradia-
tion and analyzed by observation of chromatin conden-
sation and DNA fragmentation. U937 cells (1 x 10°
cells/ml) were seeded into a culture plate and cultured
overnight. Then, the cells were treated with UV irradia-
tion (52.1 J/m?) followed by incubation for the indicated
time. UV-irradiated U937 cells were fixed with 3.7%
paraformaldehyde at 37°C for 30 min, and then they
were washed twice with PBS and stained with Hoechst
33258 at 167 uM at 37°C for 15 min. Nuclear mor-
phology of the cells was observed under a fluorescence
microscope (Olympus, Tokyo).

For measurement of DNA fragmentation, U937 cells

treated with UV irradiation (52.1 J/m?) (1 x 10° cells)
were collected by centrifugation at 150 x g for 5 min
and washed once with Ca**- and Mg*'-free phosphate-
buffered saline (PBS). The cell pellet was suspended in
100 ul cell lysis buffer pH 8.4 (10 mM Tris-HCI, pH 7.4;
10 mM EDTA, pH 8.0; 0.5% Triton X-100) and kept at
4°C for 30 min. The lysate was centrifuged at 7,200 x g
for 20 min. The supernatant was incubated with 20 ug/ul
RNase A (Sigma) at 37°C for 60 min and then incubated
with 20 ug/ul proteinase K (Merck, Rahway, NJ) at
37°C for 60 min. The supernatant was again mixed
with 0.5 M NaCl and 50% isopropyl alcohol overnight
at —20°C, followed by centrifugation at 7,200 x g for
15 min. After drying, DNA was dissolved in TE buffer,
pH 7.8 (10 mM Tris-HCI, pH 7.4 and 1 mM EDTA,
pH 8.0) and separated by 2% agarose gel electrophoresis
at 100 V for 40 min and stained with 0.1 mg/l ethidium
bromide.

Phagocytosis assays

U937 cells in RPMI 1640 supplemented with 10%
FCS were seeded into 6-well plates (2 x 10° cells/well),
in which coverslips (20 x 20 mm) were placed, and
cultured with 80nM TPA at 37°C with 5% CO,
atmosphere for 15 h. The monolayers of U937 cells on
coverslips were washed three times with RPMI 1640
medium. The cells were treated with inhibitors for 1 h
prior to the administration of oridonin. Then the cells
were challenged with UV-irradiated U937 cells after
being labeled with acridine orange (10 mg/1) and stood
at 37°C for 1.5 h. Floating cells were washed three times
with PBS, and the adhering U937 cells and macrophage-
like cells were fixed with 3.7% paraformaldehyde at
room temperature for 2 h and then stained with 167 uM
Hoechst 33258 at 37°C for 10 min. The coverlips were
examined by fluorescence microscopy, and the number
of macrophage-like cells that bound and/or engulfed
U937 cells was scored. A mininum of 200 cells were
counted in random fields in each experimental condition.
Results are expressed as the percentage of macrophage-
like cells that had taken up U937 cells.

Flow cytometric analysis

In some experiments, phagocytosis was further
measured by flow cytometry. UV-irradiated U937 cells
were labeled with acridine orange (10 mg/l) at room
temperature for 5 min. After washing twice with PBS,
the labeled cells were co-incubated with macrophages
similarly to the assay described above. After washing,
the cells on the plates were scraped and suspended in
PBS, and then 10,000 cells were analyzed by a FACScan
flow cytometer (Becton Dickinson, Franklin Lakes,
NJ, USA).
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PKC activity assay

PKC activity assay was carried out according to the
instructions of the PepTag® Non-Radioactive Protein
Kinase C Assay Kit (Promega). Briefly, the cells were
washed once with PBS and lysed in lysis buffer, includ-
ing 20 mM Tris-HCL, 0.5 mM EGTA, 2mM EDTA,
2mM dithiothreitol, 1 mM phenylmethanesulfonyl
fluoride (PMSF), and 10 mg/l leupeptin (pH 7.5).
Assays were then performed at 30°C in a total volume
of 25 ul containing 5 ul PKC reaction 5 x buffer, 5 ul
PLSRTLSVAAK peptide, 5Sul PKC activator, 1 ul
peptide protection solution, and 9 ul sample. Reactions
were initiated by the addition of 9 ul sample and
terminated after 30 min by incubation of the reaction
mixture at 95°C for 10 min. After adding 1 ul of 80%
glycerol, each sample was separated by 0.8% agarose
gel electrophoresis at 100 V for 15 min.

Western blotting analysis

Western blotting analysis was performed as pre-
viously described (26). Briefly, both adherent and
non-adherent cells were harvested; washed twice with
ice-cold PBS; and then lysed in lysis buffer (50 mM
Hepes pH7.4, 1% Triton X-100, 2mM sodium
orthovanadate, 100 mM sodium fluoride, 1 mM EDTA,
1 mM EGTA, 1 mM PMSF, 10 ug/ml aprotinin and
10 ug/ml leupeptin) at 4°C for 60 min. The lysate was
centrifuged at 15,000 x g for 10 min and the superna-
tants were used for Western blotting analysis. Protein
concentration was determined by the Folin assay. Equal
amounts of total protein were separated by 12% gel
electrophoresis and electrophoretially transferred to
nitrocellulose membranes. Proteins were detected with
the primary antibodies against AKT/PKB, phospho-
AKT/PKB, p38, phospho-p38, ERK, phospho-ERK,
JNK, and phospho-JNK (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), followed by horseradish
perosidase (HRP)-conjugated secondary antibody (Santa
Cruz Biotechnology) and visualized by using 3,3-
diaminobenzidine tetrahydrochloride as the HRP sub-
strate.

Statistical analyses of data

All results were confirmed in at least three separate
experiments. The data are expressed as means = S.D.
One way ANOVA followed by Tukey’s post-hoc test
was used for multiple comparisons. P<0.05 was
considered significant.

Results

Effects of inhibitors of PI3K, PKC, and PLCy on
phagocytic stimulation

U937 cells were induced to undergo apoptosis by
treatment with UV irradiation (52.1 J/m?). Apoptosis
was confirmed by examining the nuclear morphology
after Hoechst 33258 staining and DNA fragmentation.
In the control group, U937 cell nuclei were stained
homogeneously with Hoechst 33258 (Fig. 1Aa),
whereas after treatment with UV irradiation followed
by 12-h culture, the cells showed marked blebbing of
nuclei and apoptotic bodies (Fig. 2Ab). Furthermore,
UV-irradiated U937 cells exhibited a typical DNA
fragmentation that is a hallmark of apoptosis (Fig. 2B).
The phagocytosis assay was performed using UV-
irradiated apoptotic bodies as phagocytic targets. Treat-
ment with 200nM PI3K inhibitor (wortmannin),
100 nM PKC inhibitor (stauroporine), and 10 uM PLCy
inhibitor (U73122) significantly reversed the effect of
oridonin (2.7 uM) (Fig.2C). It was suggested that
oridonin enhanced phagocytic activity of macrophage-
like U937 cells through activating the PI3K-dependent
signaling pathways.

PKC activity increased time dependently during oridonin-
induced phagocytic stimulation

Since a PKC inhibitor, stauroporine, effectively
inhibited the effect of oridonin on phagocytosis, PKC
activity was assayed under the influence of these
inhibitors. The specific fluorescent substrate phosphory-
lation was observed by treatment with 2.7 uM oridonin.
The extent of phosphorylation continued to increase
and reached the maximal upon 24 h of treatment with
2.7uM oridonin (Fig. 3). Oridonin time-dependently
increased PKC activity. However, PKC activation was
attenuated by pretreatment of U937 cells with the PI3K
inhibitor wortmannin, PLC inhibitor U73122, and PKC
inhibitor stauroporine, suggesting PKC activation in
response to oridonin required the PI3K pathway.

Expression of PLCy2 and phosphorylation of PI3K
downstream, PKB/Akt, were involved in oridonin-
enhanced phagocytosis

It has been reported that PKB/Akt works downstream
of PI3K in the signal transducing pathway to regulate
endocytosis (17). To ascertain whether PKB/Akt acti-
vation was involved in the phagocytic stimulation,
Western blot analysis was performed to examine
phospho-PKB/Akt and PKB/Akt expression. The
expression level of phospho-PKB/Akt began to increase
from 3 to 12h, peaked at 12h, and then slightly
declined, whereas the expression of PKB/Akt protein in
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Fig. 2. Effects of inhibitors on enhanced phaogocytic activity of oridonin. A: UV-irradiation induced apoptosis in U937 cells.
Morphological changes of U937 cell nuclei were observed at 0 h (a) and 12 h (b) after UV irradiation (52.1 J/m?) followed by
treatment with Hoechst 33258 staining at x200 magnification. Arrows indicate fragmented nuclei. B: DNA fragmentation induced
by UV irradiation. U937 Cells were incubated for 0, 6, and 12 h after UV irradiation (52.1 J/m?). C: Macrophage-like U937 cells
were preincubated with 200 nM wortmannin, 100 nM stauroporine, or 10 uM U73122 for 1 h and then incubated with 2.7 uM
oridonin for 12 h. Following incubation, the cells were co-cultured with apoptotic bodies at 37°C for another 90 min. Phago-
cytosis was then determined by light microscopy. n=3. Mean + S.D. Asterisk indicates significant difference between cells
treated with vehicle and oridonin-treated cells; Triangles indicate significant difference between the cells treated with inhibitors
and the oridonin-treated cells.
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Fig. 3. Effects of oridonin on PKC activity in macrophage-like U937 cells. U937 cells were pretreated with wortmannin (wort),
U73122 (U), and stauroporin (stau) for 60 min, followed by the addition of oridonin. After incubation for different time periods as
indicated, PKC activity was determined using a PKC activity assay kit, according to the manufacturer’s instructions. Triplicate
experiments gave similar results.
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Fig. 4. Oridonin-induced up-regulated PLCy2 expression and PKB/Akt phosphorylation. Cells were pretreated with 200 nM
wortmannin (wort) or 10 M U73122 (U) for 60 min and then incubated with 2.7 uM oridonin for the indicated time period. Cell
lysates were separated by 12% SDS-PAGE; and PLCy2 (A), phospho-PKB/Akt, and PKB/Akt proteins (B) bands were detected
by Western blot analysis. Triplicate experiments gave similar results. Asterisks indicate significant difference between cells
treated with vehicle and oridonin-treated cells; Triangles indicate significant difference between the cells treated with inhibitors

and the oridonin-treated cells at 12 h.
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a whole cell lysate did not change (Fig. 4B). In contrast,
the expression of PLCy2 protein continued to increase
in that time period (Fig. 4A). Pretreatment with wort-
mannin, followed by 12h incubation, reduced both
the phosporylation of PKB/Akt and the expression of
PLCy2 protein, compared with those at 12h in the
oridonin-treated cells without inhibitors. The PLCy
inhibitor U73122 blocked PKC activation (Fig. 3), but
had no effect on PKB/Akt phosphorylation (Fig. 4B).
These results indicated that two PI3K downstream
parallel targets, PKB/Akt and PLCy2, were involved
in response to oridonin, and PLCy2 expression was
required for PKC activation.

Effects of inhibitors of ERK, p38, and JNK on oridonin-
enhanced phagocytosis

To determine whether MAPK family was involved in
oridonin-enhanced phagocytosis, 10 uM ERK inhibitor
PD98059, 10uM p38 MAPK inhibitor SB203580,
and 10 uM JNK inhibitor SP600125 were administrated.
The percentage of phagocytosis was determined by light
microscopy or by flow cytometery. Macrophage-like
U937 cells were pretreated with 10 uM PD98059,
SB203580, and SP600125 for 60 min, and then cultured
with 2.7 uM oridonin for 12 h. The results showed that
the stimulated effect of oridonin was unaffected in the
presence of SB203580 or SP600125, while the ERK
inhibitor PD98059 significantly reduced the enhance-

ment (Fig. 5A). Simultaneously, fluorescence intensity
of apoptotic bodies labeled with acridine orange was
measured by flow cytometery. Apoptotic bodies engulfed
by U937 cells corresponded to the peak. Pretreatment
with PD98059 resulted in a decrease in the number of
apoptotic bodies engulfed by U937 cells, but SB203580
and SP600125 had no effect (Fig.5B). In addition,
phagocytosis was further observed by incubating UV-
irradiated apoptotic bodies that had been labeled with
acridine orange with macrophage-like U937 cells tagged
with Hoechst 33258 staining (Fig. 6A). As expected,
addition of PD98059 decreased the number of macro-
phages that have engulfed apoptotic bodies (Fig. 6B).
These observations indicated that oridonin-stimulated
phagocytosis did not require p38 MAPK and JNK acti-
vation; however, it was dependent on ERK activity.

ERK phosphorylation was activated in oridonin-induced
phagocytic stimulation

After U937 cells were exposed to 2.7 uM oridonin
for 12 h, expression of phospho-ERK increased in a
time-dependent manner, whereas the expression of
phospho-p38 and phospho-JNK did not change in that
time period (Fig. 7). Although PD98059, SB203580,
and SP600125 were able to inhibit phosphorylation of
their specific proteins, the expressions of ERK and
INK as well as p38 MAPK protein in a whole cell
lysate did not change.
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Fig. 5. Effect of MAPK inhibitors on oridonin-induced phagocytic stimulation. U937 cells were pretreated with 10 uM
PD98059 (PD), SB203580 (SB), and SP600125 (SP) for 60 min, followed by the addition of oridonin. After 12 h, phagocytosis
was determined by both light microscopy (A) and flow cytometry (B). n=3. Mean £ S.D. Asterisk indicates significant difference
between cells treated with vehicle and oridonin-treated cells; Triangle indicates significant difference between the cells treated

with inhibitors and the oridonin-treated cells.
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Apoptotic bodies

U937 cells

Fig. 6. Morphological observation of phagocytosis of apoptotic bodies by macrophage-like U937 cells. U937 cells were
pretreated in the absence (A) and presence (B) of 10 M PD98059 for 60 min, followed by the addition of oridonin. After 12 h,
cells were co-cultured with acridine orange-labeled apoptotic bodies for 90 min, stained with Hoechst 33258, and observed by
fluorescence microscopy at x200 magnification. Insertion shows apoptotic bodies engulfed by the macrophage-like U937 cell at
x400 magnification. Bar represents 15 um. The results are representative of those of three independent experiments.

Effects of anti-TNFa and anti-IL-1f antibodies on PKC
activity and ERK phosphorylation

Our previous reports have demonstrated that oridonin
exhibited remarkable stimulatory effect on phagocytosis
through TNFa and IL-1p release (7). To confirm the
involvement of moleucular events by oridonin, but not
by secreted TNFa and IL-1p, U937 cells were incubated
with anti-TNFa and anti-IL-14 antibodies for 12 h. As
shown in Fig. 8A, although anti-TNFa and anti-IL-1f
antibodies exert significant inhibitory effect on oridonin-
enhanced phagocytosis, activity of the key phagocytic
regulator PKC was not inhibited in the presence of these
two antibodies (Fig. 8B). Both antibodies and the PKC
inhibitor stauroporine caused decrease in ERK phos-
phorylation (Fig. 8C). These results suggest that the
signal events involved were triggered by oridonin, and
TNFa and IL-1/ acted on the downstream ERK pathway
to regulate phagocytosis.

Discussion

In this study, we have demonstrated that wortmannin,
stauroporine, and U73122 significantly reduced phago-
cytic stimulation by oridonin. In addition, wortmannin
and U73122 markedly reduced PLCy2 expression and
PKC activation, but U73122 had no effect on PKB/Akt
phosphorylation. The MAPK family member, ERK was
phosphorylated in oridonin-induced stimulation. These

observations indicate that the following signal molecules
are involved in the action of oridonin: PI3K, PLCy2,
PKB/Akt, PKC, and ERK.

PI3K is an important regulator of cellular processes
including phagocytosis (27). Downstream of PI3K lies
PKB/Akt and PLCy2, a second messenger in phago-
cytosis, which in turn stimulate the process of endo-
cytosis by up-regulation of PKC activation (23). Our
results show that at 12 h after administration of wort-
mannin, stauroporine, and U73122, oridonin-augmented
phagocytosis was suppressed markedly, indicating that
the PI3K signal cascade including PI3K, PLCy, and
PKC was involved in the enhancement. It was further
confirmed by up-regulated PLCy2 expression, which
was reversed by the PI3K inhibitor wortmannin or PLC
inhibitor U73122. In addition, PKB/Akt has been
reported to modulate Fcy receptor-mediated endocytosis
(17). At 12 h after oridonin treatment, PKB/Akt phos-
phorylation was significant, indicating that PKB/Akt
was activated in this process. However, further study
will be required to elucidate the relationship of
PKB/Akt phosphorylation and the phagocytic action of
oridonin. Accumulated evidence has linked the crucial
roles of PKC in macrophagic phagocytosis (28 —30).
The results in this study show that PKC activity in
response to oridonin increased in a time-dependent
manner. However, by inhibiting PI3K activity, wort-
mannin prevented the expression of PLCy2 and, in turn,
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inhibited the subsequent activation of PKC, resulting in
inhibition of phagocytosis. In addition, our previous
study showed that PI3K and the downstream p53 were
involved in oridonin-induced A375-S2 cell apoptosis
(6). These results indicated that oridonin-mediated
phagocytosis and apoptosis share a common PI3K
pathway and then diverge downstream of PI3K.

On the other hand, it is reported that downregulation
of MEK/ERK activation blocked BAC-1.2F5 cell
phagocytosis of Salmonella typhimurium (21). Also,
studies in neutrophil in response to a variety of stimuli
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Fig.7. Involvement of ERK activation during oridonin-
enhanced phagocytosis. The cells were pretreated with 10 M
PD98059 (A), SB203580 (B), and SP600125 (C) and then
incubated with 2.7 uM oridonin for the indicated time period.
Cell lysates were separated by 12% SDS-PAGE; and the
phospho-ERK, phospho-p38, and phospho-JNK; and total ERK,
p38, and JNK proteins bands were detected by Western blot
analysis. Triplicate experiments gave similar results. Asterisks
indicate significant difference between cells treated with vehicle
and oridonin-treated cells; Triangles indicate significant differ-
ence between the cells treated with inhibitors and the oridonin-
treated cells at 12 h.

have indicated that phagocytosis is regulated by p38
MAPK (31, 32). Therefore, the MAPK family is investi-
gated in the present study. Neither the p38 inhibitor
SB203580 nor the JNK inhibitor SP600125 blocked
oridonin-stimulated phagocytosis of apoptotic bodies,
whereas the MEK/ERK inhibitor PD98059 did.
Western blot analysis further confirmed that phosphory-
lation of ERK increased, but those of JNK and p38
did not change. These results indicated that phagocytic
stimulation required activation of ERK but not that of
p38 MAPK, which might be dependent on the type of
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200 Fig. 8. Effects of anti-TNFa and anti-IL-14 antibodies on PKC or
ERK activation. A: U937 cells were cultured for 12 h in the presence
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= anti-IL-14 antiserum (o-I) (1:1000 dilution), or anti-TNFa plus
§z o A anti-IL-1f antiserum. n=3, Mean+S.D. B: PKC activity was
A 100 1 assayed by using the PKC activity assay kit. C: phospho-ERK and
ERK were analyzed by Western blotting. Triplicate experiments
50 | gave similar results. Asterisk indicates significant difference
between cells treated with vehicle and oridonin-treated cells;
0 |, Triangles indicate significant difference between the cells treated

medium o-T o1 oT+o-1 stau

macrophages and phagocytic stimuli.

Our previous study demonstrated that oridonin stimu-
lated the secretion of TNFa and IL-1f4 in macrophage-
like U937 cells (7). In this study, anti-TNFa and anti-1L-
1p antibodies neutralized TNFa and IL-1§ activities
resulting in inhibition of phagocytosis, whereas they did
not attenuate PKC activation, indicating that participat-
ing signal cascades including PI3K, PLCy2, PKB/Akt,
and PKC are independent of secreted TNFa and IL-15.
However, the downstream target of ERK involves path-
ways influencing TNFa or IL-1p production, and TNFa«
and IL-14 conversely phosphorylate ERK MAPK (24,
33). In this study, decreased ERK phosphorylation in
the presence of anti-TNFa and anti-IL-14 antibodies
suggests that TNFa and IL-1p function downstream of
the ERK pathway to regulate phagocytosis. Further-
more, it is possible that oridonin stimulates TNFo and
IL-1p release through activating ERK MAPK. Further
study remains required.

The human macrophage cell line U937 has been used
extensively as an in vitro model for human macrophage
differentiation and effector functions including phago-
cytosis (34). U937 cells have been shown to have a
relatively efficient phagocytosis pathway for processing

with antibodies or inhibitors and the oridonin-treated cells.

pathogen and particles (35). In this study, we used U937
as macrophage-like cells to investigate oridonin-
enhanced phagocytosis of apoptotic bodies through the
PI3K-dependent pathway. Thus, we hope the present
results may provide a basic view for a further study on
the phagocytic effect of oridonin.

Taken together, the present study shows that oridonin
enhances phagocytosis of apoptotic bodies by macro-
phage-like U937 cells through activation of the PI3K
pathway involving PKB/Akt phosphorylation and
PLCy2 overexpression, leading to the activation of
downstream PKC. Simultaneously, ERK activation is
involved in the process.
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