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Abstract

3,4-dihydroxyacetophenone (DHAP), an active component isolated from leaves of Tumaodongqing (Ilex Pubescens Hook.
Et Arn. Var glaber Chang), is initially used to treat cardiovascular diseases. Previously, we found it had anti-inflammatory effect on
macrophages by reducing the production of TNF-alpha in vitro. To further determine whether DHAP could influence inflammatory
resolution, 15-deoxy-Δ12,14-prostaglandin J2 (15dPGJ2), an arachidonic acid metabolite and also crucial pro-resolving mediator in
inflammation, was chosen as the research target. It showed that 10−5 M DHAP resulted in obvious increase of 15dPGJ2 in LPS-
activated macrophages. Further, inflammation related cytokines and cell apoptosis were also studied. We found DHAP could
markedly inhibit LPS-stimulated production of TNF-alpha. However, it could not change the level of IL-10 obviously. At the same
time, LPS-triggered apoptosis of macrophage was enhanced by DHAP significantly. After different kinds of cyclooxygenase
(COX) inhibitors were administrated, it showed that the effects of DHAP on TNF-alpha and apoptosis were COX-2 dependent.
While, inhibition of both COX-1 and COX-2 with indomethacin and administration of 15dPGJ2 simultaneous reserved the effect of
DHAP to inhibit TNF-alpha and enhance apoptosis in LPS-activated macrophages at least partly. The level of COX-2 mRNA and
protein were also detected. It was showed that DHAP could increase the expression of COX-2 at both mRNA and protein levels in
LPS-activated macrophages. Our results suggest that DHAP could accelerate resolution phase of acute inflammation though
enhance the production of 15dPGJ2, which was also proved to mediate the function of DHAP to inhibit TNF-alpha and enhance
apoptosis in vitro. These results are potentially valuable for future use of DHAP.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

3,4-dihydroxyacetophenone (DHAP) is an active
component isolated from leaves of Tumaodongqing
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(Ilex Pubescens Hook. Et Arn. Var glaber Chang) that
has been used as traditional Chinese herbal medicine [1].
DHAP was initially used to promote blood circulation
and remove blood stasis [2]. And it has gradually shown
good pharmacologic effect on the patients with cardio-
vascular diseases such as pregnancy-induced hyperten-
sion and coronary heart disease [2–5]. This might be
partly due to the effect that DHAP could reduce the ratios
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of thromboxane A2 (TXA2) and prostacyclin (PGI2), and
then improve the haemorheology [6].

Since most metabolites of arachidonic acid (AA),
like TXA2 and PGI2, are also important inflammatory
mediators [7], we further investigated whether DHAP
could influence inflammation response. As a result, it
was interesting to find that DHAP had anti-inflamma-
tory effect on macrophages by reducing the production
of TNF-alpha in vitro [8].

As being emphasized in the past few years, the ini-
tiation of inflammation response is under the control of
“go signals” which drive cells trafficking, edema for-
mation and pro-inflammatory cytokines production,
while, the resolution phase is equally coordinated by
“switching-off signals”, such as the endogenous pro-
resolving factors that mediate cell clearance in a non-
phlogistic manner [9,10]. Till now, the mechanism by
which inflammation begins has been extensively char-
acterized but the approach of interrupting the single pro-
inflammatory mediator or pathway has provided the
mainstay of conventional anti-inflammatory therapies
[11]. These therapies are proved to be not so satisfactory
or even still having some shortcomings. For example,
anti-TNF-alpha therapy can depress the hosts' ability to
deal with infection [12], at the same time, specific
cyclooxygenase-2 (COX-2) inhibitor refecoxib causes
an increased risk of stroke and myocardial infarction
[13,14]. Thus, it is important to search for new drugs
which could facilitate the inflammation resolution.

Since it is newly found that 15-deoxy-Δ12,14-
prostaglandin J2 (15dPGJ2), also AA metabolite, is cri-
tical one among these “switch off” signals [15], we are
quite interested in whether DHAP could influence the
generation of 15dPGJ2 in inflammatory cells and finally
affect inflammatory progress. Therefore, the aim of this
research was to investigate the potential influence of
DHAP on 15dPGJ2 and its possible downstream effect.
The murine macrophage cell line RAW264.7 was used
for this purpose. Since the bacterial lipopolysaccharide
(LPS) was the major inducer of macrophages inflam-
mation process, it was served as a stimulus for estab-
lishing inflammatory model in vitro.

2. Materials and methods

2.1. Regents

DHAP (molecular weight 152) was purchased from the
Beijing Pharmaceutical Research Institute, with the purity over
98%. RPMI-1640 cell culture medium and fetal calf serum
were obtained from Gibco BLR Life Technologies Inc (New
York). Propidium Iodide (PI), Hoechst dye 33258 stain kit
were the products of KPL. TNF-alpha and IL-10 ELISA kit
were obtained from Jingmei Biotech Co., China. SC-560 and
NS-398 were purchased from Cayman Chemicals. TRIzol
Reagent was from Invitrogen (Carlsbad, CA, USA). SYBR
green PCR Master Mix was the product of ABI (Applied
Biosystems, Foster City, CA). COX-2 and β-actin polyclonal
antibody were purchased from Santa Cruz (Santa Cruz, CA,
USA) and peroxidase-conjugated IgG was purchased from
Pierce (Rockford, IL, USA). 15dPGJ2, LPS from Escherichia
coli 055:B5 purified by phenol extraction and all other
materials were purchased from Sigma Chemical Co.

2.2. Cell culture and stimulation

RAW 264.7 cells were purchased from Chinese Type
Culture Collection (Shanghai). Cells were cultured at 37 °C in
RPMI-1640 containing 10% heat-inactivated fetal calf serum,
2 g/L NaHCO3 (pH=7.4), penicillin (100 units/mL) and
streptomycin sulfate (100 μg/mL) in a humidified atmosphere
of 5% CO2. Cells were allowed to grow to confluence over a
period of 24 h before different stimuli were administrated into
the culture medium.

2.3. Analysis of 15dPGJ2 in cell culture medium by high
performance liquid chromatography (HPLC)

In order to determine the amount of 15dPGJ2 secreted by
macrophages into cell culture medium , VARIAN Prostar
HPLC system was adopted, including a Prostar 230 pump, a
Prostar 410 automatic injector, a variable wavelength detector
and a Prostar 363 fluorescence detector.

The cell culture medium (0.5 mL) was collected and
centrifuged (300 g, 10 min, 4 °C). After acidification with 1 M
HCl, the samples were extracted by ethyl acetate, dried by
nitrogen and then redissolved in acetonitrile. Since the
concentration of 15dPGJ2 in culture medium was hardly to
be determined directly, the precolumn derivatization reaction
with 4-bromomethyl-7-methoxycoumarin (BrMMC) and dicy-
clohexyl-18-crown-6 as catalyst were adopted.

After derivatization, 30 μL of solution was tested on a
Kromasil C-18 reverse-phase column (4.6×150 mm, 5 μm) ,
using the mixture of acetonitrile–water(60:40, V/V) as the
mobile phase, with the flow rate of 0.8 mL/min and UV
detection wavelength of 315 nm and 370 nm(λex=315 nm,
λem=370 nm). For peak assignment, the standard compounds
of 15dPGJ2 were applied to HPLC and eluted under the same
chromatographic conditions as those in experimental groups.
The quantity of 15dPGJ2 was determined by external standard
peak area.

2.4. Cytokines assay by enzyme-linked immunosorbent assay
(ELISA) method

The quantities of TNF-alpha and IL-10 in cell culture
medium were measured by a standard sandwich cytokine
ELISA procedure to assess the pharmacological effect of DHAP
on cytokines production. Standards (recombinant TNF-alpha or
IL-10 at 0, 31.25, 62.5, 125, 250, 500, 1000, 2000 pg/mL
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concentrations) and samples were added at a volume of 100 μL
per well. Absorbance results were assessed using an ELISA
microplate reader (Sunrise, Tecan Co, Austria) of which
wavelengths were set and corrected according to the manufac-
turer's instruction. TNF-alpha and IL-10 quantities in the
samples were calculated from standard curves of recombinant
cytokines using a regression linear method.

2.5. Flow cytometry analysis of apoptotic cells

According to the protocol, cells were detached using 0.25%
trypsin. Cell suspension was washed in phosphate-buffered
saline and centrifuged (1000 r/min) for 5 min twice. After
fixing with 80% iced ethanol, the cell pellets were incubated in
PBS buffer containing 0.33 mg/L PI and 100 mg/L RNase at
Fig. 1. DHAP increased 15dPGJ2 production in LPS-activated RAW264
chromatogram of cell culture medium added with standard 15dPGJ2. C, HPL
Columns represent the content of 15dPGJ2 in cell culture medium. Cells wer
collected and analyzed by HPLC. ⁎Pb0.01 vs. control group. #Pb0.01 v
experiment was performed 4 times and represented as the mean value±SD.
room temperature in the dark for 30 min. After that, cells were
run in FACScan cytometer with excitation wavelength of
488 nm and emission wavelength of 625 nm. Apoptotic cells
were determined on a PI histogram as a hypodiploid. For each
sample, 20,000 cells were analyzed.

2.6. Morphological analysis of apoptotic cells

Cells were stained with Hoechst 33258, a classical dye
for identifying apoptosis, to observe nuclear morphology.
Cells were washed with PBS and stained with 2.5 g/L Hoechst
dye 33258 fluorochrome for 5 min at room temperature,
observed on a fluorescence microscope (Olympus BX50) with
an excitation wavelength of 355 to 366 nm and an emission
wavelength of 465 to 480 nm.
.7 cells. A, HPLC chromatogram of standard 15dPGJ2. B, HPLC
C chromatogram of cell culture medium added with LPS or DHAP. D,
e treated for 18 h under indicated condition. Cell culture medium was
s. groups treated with same dose of LPS but without DHAP. Each
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2.7. Analysis of COX-2 RNA by quantitative real-time PCR

Total RNA extraction and reverse transcription was
performed as previously reported with minor modifications
[16]. Briefly, Total RNA was extracted with TRIzol Reagent.
The concentrations of total RNA were measured using a UV
spectrophotometer (UV-1201, Shimadzu corp., Kyoto, Japan).
Four micrograms of total RNA was used in a reverse
transcription reaction using 200 units of M-MLV Reverse
Transcriptase in a 25 μL reaction mixture. First strand cDNAs
were amplified using a real-time PCR thermal cycler.
Quantitative PCR was performed with SYBR green PCR
Master Mix according to the protocols. The following
primers were used to amplify COX-2 cDNA: sense, 5′-
GCATTCTTTGCCCAGCACTT-3′, and antisense, 5′-
AGACCAGGCACCGACCAAAGA-3′. GAPDH cDNA:
sense, 5′-CCTGCACCACCAACTGCTTA-3′, and antisense,
5′-TCATGAGCCCTTCCACAATG-3′. Optimal reaction con-
ditions were 40 cycles of a two stage PCR (denaturation at 95 °C
for 15 s, annealing at 60 °C for 1min) after an initial denaturation
step (95 °C for 10min). The generation of specific PCR products
was confirmed by melting-curve analysis. To ensure the
comparability between 2 PCR assays, the efficiency of each
individual assay was determined bymeasuring serial dilutions of
cDNA in triplicate.OnlyCt valuesb40were used for calculation
of the PCR efficiency from the given slope generated with the
SDS 2.2 software according to the equation: PCR efficiency=
(10[−1/slope]−1)×100. Relative COX-2 cDNA expression was
analyzed by the 2−ΔCt method. The PCR cycle number at the
thresholdwas represented asCt, and the difference betweenCt for
the target and Ct for the internal control, ΔCt (ΔCt=Ct COX-2−
Ct GAPDH), was calculated. The 2−ΔCtm values were used to
represent the amount of COX-2 mRNA in comparison to that of
GAPDH.
Fig. 2. TNF-alpha levels in cell culture medium assessed by ELISA in RAW26
10−5 M DHAP, 10 mM indomethacin, 100 nM SC-560, 100 μMNS-398) for
ELISA kits. ⁎Pb0.01 in relation to LPS group. #Pb0.01 in relation to LPS
group. ▴Pb0.05 in relation to LPS+indomethacin group.
2.8. Analysis of COX-2 protein by western blotting

Cell pellets(107) were resuspended in 50 μL of buffer A
(0.4% Nonidet P-40, 10 mmol/L EDTA, 10 mmol/L EGTA,
10 mmol/L KCl, 10 mmol/L HEPES to that of 1 mmol/L DTT,
0.5 mmol/L PMSF, 10 g/L leupeptin, 1 g/L pepstatin, 1 g/L
trypsin inhibitor, and 1 g/L antipain which were freshly added)
and incubated on ice for 5 min. Cell pellets were sedimented by
centrifuging the lysates at 2500 g for 5 min. The cell pellets were
resuspended in 50 μL of buffer B [1 mmol/L EDTA, 1 mmol/L
EGTA, 0.4 mol/L NaCl, 20 mmol/L HEPES (pH7.9), 5 mmol/L
MgCl2, 25% glycerol, with fresh additions as above] and
incubated for 10 min on ice. The suspensions were clarified by
centrifuging at 12,000 g for 15 min. The supernatants were
recovered as cell extracts and stored at −80 °C. Cell extracts
(60 μg) were separated by 10% SDS-PAGE gel and blotted onto
nitrocellulose membranes. The blots were incubated with rabbit
polyclonal antibodies against COX-2, and reacted with anti-
rabbit horseradish peroxidase-coupled secondary antibody using
an ECL system. β-actin protein was served as loading control.

2.9. Statistical analyses

The results were expressed as the means±SD of the
indicated number of experiments. The statistical significance
was determined using a Student's t-test for unpaired observa-
tions. A P value of b0.05 was considered to be significant.

3. Results

3.1. Effects of DHAP on 15dPGJ2 production in macrophages

In order to determine the effects of DHAP on the production
of 15dPGJ2 in LPS-activated macrophages, cells treated with
4.7 cells. Cells were treated with indicated conditions (100 ng/mL LPS,
18 h and content of TNF-alpha in cell culture medium was measured by
+DHAP group. ▵Pb0.01 in relation to LPS+DHAP+indomethacin



Fig. 3. Apoptotic rate of RAW 264.7 cells assessed by FACS. Cells were treated with indicated conditions for 24 h, stained with 0.33 mg/L PI and then
analyzed by flow cytometry. (A) 1, Control group; 2, 100 ng/mL LPS group; 3, 100 ng/mL LPS+10 mM indomethacin group; 4, 100 ng/mL LPS+
10−5 M DHAP group; 5, 100 ng/mL LPS+10−5 M DHAP+10 mM indomethacin group; 6, 100 ng/mL LPS+10−5 M DHAP+100 nM SC-560
group; 7, 100 ng/mL LPS+10−5 M DHAP+100 μM NS-398 group; 8, 100 ng/mL LPS+10−5 M DHAP+10 mM indomethacin+10 μM 15dPGJ2
group. (B) 1, 2, 3, 4, 5, 6 ,7 and 8 represent the above seven FACS analysis figures, respectively. Data were the mean×SD of 4 separate samples.
⁎Pb0.01 vs. LPS group. ⁎⁎Pb0.01 vs. LPS+DHAP group. # Pb0.01 vs. LPS+DHAP+indomethacin group. ▴Pb0.01 in relation to LPS+
indomethacin group.
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LPS alone were firstly studied. After incubation with LPS for
18 h, the culture mediumwas collected and analyzed by HPLC.
As shown in Fig. 1A–C, the retention time of 15dPGJ2 was
9.4 min. In control group, 15dPGJ2 was nearly undetectable.
However, when cellswere challengedwith 50, 100 or 200 ng/mL
LPS, 15dPGJ2 in supernatant increased obviously to 200 pg/mL
(±23.34), 508 pg/mL (±43.92) and 688 pg/mL (±47.88),
respectively.

And then, DHAP and LPS were administrated simulta-
neously. The results showed that none of 10−7 M, 10−6 M
and 10−5 M DHAP could change the amount of 15dPGJ2
compared with control group. But in any of the groups
exposed to 50 ng/mL, 100 ng/mL or 200 ng/mL LPS, all of
10−7 M, 10−6 M and 10−5 M DHAP obviously enhanced the
production of 15dPGJ2 (Fig. 1D). At the same time, DHAP
showed a dose-dependent manner in the cells treated with any
given dose of LPS. In order to explore further why DHAP had
different effects on LPS-activated or non-LPS-activated cells,
in the following experiments, different doses of LPS with only
10−5 M DHAP were used.

3.2. Changes of cytokine levels

As well known, TNF-alpha and IL-10 are crucial pro-
inflammatory and anti-inflammatory cytokine [17,18], then
their contents in culture medium were chosen as the index to
assess whether the production of 15dPGJ2 could bring about
the pro-resolution pharmacological effect of DHAP in vitro.
To this end, cells were treated with both 100 ng/mL LPS
+10−5 M DHAP and 10 mM indomethacin (a nonselective
COX inhibitor), 100 nM SC-560 (a selective COX-1
inhibitor), or 100 μM NS-398 (a selective COX-2 inhibitor),
Fig. 4. Morphological changes in the nuclei (typical of apoptosis) of RAW 264
for 24 h, stained with Hoechst 33258 and observed with a fluorescence mi
RAW264.7 cells as marked with arrows. 1, Control group; 2, 100 ng/mL LPS
LPS+10−5 M DHAP group; 5, 100 ng/mL LPS+10−5 MDHAP+10 mM ind
group; 7, 100 ng/mL LPS+10−5 M DHAP+100 μM NS-398 group; 8, 100 n
group.
respectively. Another group was served to study the direct
effect of 15dPGJ2, in which LPS, DHAP, indomethacin and
15dPGJ2 were administrated simultaneously.

Consistent with what we had proved previously [8], DHAP
could markedly inhibit the production of TNF-alpha in LPS-
stimulated macrophage. However, DHAP could not change the
level of IL-10 obviously (data not shown). As shown in Fig. 2,
indomethacin attenuated this inhibitory effect of DHAP by
∼70% (Pb0.01), and this result was reversed, in part, by
15dPGJ2 (Pb0.01). Experiments with SC-560 and NS-398
showed that only selective COX-2 inhibitor treated group had
obvious higher TNF-alpha concentration compared with
DHAP treated group (Pb0.01).

We also established LPS+10 mM indomethacin group as
a control, it showed an inhibitory effect on the production
of TNF-alpha (from 267.33 pg/mL to 218.98 pg/mL), but not
as efficient as DHAP (from 267.33 pg/mL to 102.23 pg/mL).
The results showed that there was no significance difference
between LPS+indomethacin group and LPS+DHAP+indo-
methacin group. Combining with above results, it demonstrated
that when activity of COX was inhibited, DHAP could not exert
its function to lessen the production of TNF-alpha.

3.3. Changes of cell apoptosis

Emerging data suggested that apoptosis of macrophages is a
key event in the resolution of inflammation [19]. Thus apoptosis
was also chosen as the index to study the role of 15dPGJ2 in the
pro-resolving pharmacological effect of DHAP in vitro.

As seen in the results of flow cytometry analysis
(Fig. 3A1,2), the untreated cells showed only 2.14% apoptotic
rate while 100 ng/mL LPS made no obvious change in this
.7 cells induced by DHAP. Cells were treated with indicated conditions
croscope. Cells with condensed chromatin were defined as apoptotic
group; 3, 100 ng/mL LPS+10 mM indomethacin group; 4, 100 ng/mL
omethacin group; 6, 100 ng/mL LPS+10−5 MDHAP+100 nM SC-560
g/mL LPS+10−5 M DHAP+10 mM indomethacin+10 μM 15d-PGJ2
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rate. Then we further studied the effect of DHAP on cell
apoptosis. As a result, in the presence of LPS, 10−5 M DHAP
markedly enhanced the percentage of apoptosis to 36.43%
(±3.79) (Fig. 3A4). After different COX inhibitors were
administrated simultaneously with LPS and DHAP, it was
found that nonspecific inhibition of COX obviously reduced
cell apoptotic percentage from 36.43%(±3.79) to 9.07%
(±2.58), while it rose back to 27.01%(±3.98) by 15dPGJ2
replacement (Fig. 3A5,8). COX-2 specific inhibitor NS-398, but
Fig. 5. DHAP increased COX-2 mRNA expression in LPS-activated RAW2
expressed as fold compared with control. Cells were treated with indicated co
time PCR (SYBR Green) using primers specific for COX-2. GAPDH was
expressed as mean±SD of 6 samples of each group. ⁎Pb0.01 vs. control gr
not COX-1 specific inhibitor SD-560, could reduce cell
apoptosis percentage to 13.99% (±2.56) which was obviously
lower than LPS+DHAP group (Pb0.01).

Apoptosis was further confirmed by analyzing the nuclear
morphology of RAW 264.7 macrophages. Nuclear morphology
was evaluated with membrane-permeable blue Hoechst 33258.
Fig. 4 showed representative Hoechst 33258 fluorescence
photomicrographs of cultured RAW 264.7 macrophages treated
under indicated conditions. In control, LPS,LPS+indomethacin,
64.7 cells. A, The COX-2 and GAPDH melting curves. B, Data were
nditions for 18 h, and then total RNAwas analyzed by quantitative real-
used as an internal standard. The value of control is 1. Values were
oup. #Pb0.05 vs. LPS group.



Fig. 6. DHAP increased COX-2 protein expression in LPS-activated
RAW264.7 cells. Cells were treated with indicated conditions for 24 h,
and then COX-2 protein level was analyzed by western blot. β-actin
protein served as a loading control.
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LPS+DHAP+ indomethacin and LPS+DHAP+NS-398
groups (Fig 4.1,2,3,5,7), nuclei of RAW 264.7 cells appeared
with regular contours and were round and large in size. Rarely
RAW 264.7 cells with smaller nuclei and condensed chromatin
were seen. In contrast, most nuclei of LPS+DHAP, LPS+
DHAP+SD-560 and LPS+DHAP+indomethacin+15dPGJ2
groups, RAW 264.7 cells appearing hypercondensed (brightly
stained) were obviously increased (Fig. 4.4,6,8). Results from
both flow cytometry analysis and nuclear morphology study
confirmed that 15dPGJ2 played a critical way in the pro-
apoptotic effect of DHAP in vitro.

3.4. Changes of mRNA and protein of COX-2

Since COX-2 was crucial in the generation of 15dPGJ2, we
subsequently focused our study on the expression of COX-2
in different groups. The displayed efficiencies of two PCR
assays were 96.80% for COX-2 and 98.75% for GAPDH,
respectively. As shown in the melting curves, both curves
were a single melting peak, indicating the specialty was good
(Fig. 5A). The results of quantitation demonstrated that LPS-
induced COX-2 gene expression increased about 3 folds, and
DHAP increased LPS-induced COX-2 gene expression from
relative value 3.1 (±0.17) to 3.8 (±0.35) (Fig. 5B).

We also assessed COX-2 protein levels by immunoblotting
using polyclonal antibodies raised against COX-2. As ex-
pected, COX-2 protein was only detectable in control cells,
both LPS and DHAP treatment alone could up-regulate its
expression in cytoplasm, while, the COX-2 protein level in
LPS+DHAP group was obviously higher than LPS group
(seen in Fig. 6).
4. Discussion

Recently, there is an increasing notion in inflamma-
tion research field that the resolution phase of inflam-
mation is equally well coordinated by “switching-off
signals”, such as the endogenous pro-resolution factors,
including cyclopentenone prostaglandins (cyPGs) [15],
lipoxin [20], heme-oxygenase-1(HO-1) [21], and angio-
poietin-1 [22]. Since this innate inflammatory response
is a beneficial defensive event [9], and most of the pro-
resolving factors are triggered by mediators produced
during the onset phase of inflammation [23], thus it isn't
hard to understand that excessively dampening the onset
phase of acute inflammation may ultimately inhibit
resolution. These reasons may be responsible for the
limitation of the current anti-inflammatory therapies to
some extent.

The growth of herbal medicines or functional foods
based on natural medicinal plants has gained rapid
development in recent years around the globe [24].
Unfortunately, as for the research on the Chinese tra-
ditional anti-inflammatory herbs, relatively less attention
has been focused on whether these herbs are associated
with resolving of acute inflammation. In our previous
work, it was showed that DHAP, an active component
isolated from leaves of Tumaodongqing (Ilex Pubescens
Hook. Et Arn. Var glaber Chang), exerted anti-inflam-
matory effect by reducing the TNF-alpha protein level in
macrophages [8], thus, the present study was under-
taken to explore whether it had potential pharmacological
effects on the resolution stage of inflammation.

15dPGJ2, a bioactive cyPGs, is physiologically
formed by dehydration and isomerization of the PGD2

[25]. Since 15dPGJ2 preferentially prevents monocyte
rather than polymorphonuclear leukocyte (PMN) from
trafficking into the inflammatory site, therefore, it
indicated that this cyPG does not control the onset
phase in which PMNs predominated, instead, it tightly
regulated the resolution phase in inflammatory response
[10]. Thus this attractive pro-resolving lipid was chosen
as our research target. In the present study, we first
studied the effect of DHAP on the generation of 15dPGJ2
in macrophages. Our results demonstrated that 10−5 M
DHAP alone is insufficient to enhance the level of
15dPGJ2 in cell culture medium, but it could obviously
do this way with simultaneous treatment with LPS. Since
LPS stimulation could commendably trigger the condi-
tion of inflammation, certainly, this result revealed the
pro-resolving potential of DHAP in vitro.

To clarify the pharmacologic effect of DHAP on
inflammatory resolution and its relation with 15dPGJ2
more clearly, we further studied on some other important
features. Decrease of pro-inflammatory cytokines and
increase of anti-inflammatory cytokines are important
changes in inflammatory resolution stage [10]. Thus we
investigated whether DHAP could influence these
cytokines. Consistent with what we had proved previ-
ously [8], DHAP could markedly inhibit the production
of TNF-alpha in LPS-stimulated macrophage. However,
in contrast, it could not change the level of IL-10
(data not shown). Then we questioned whether 15dPGJ2
mediated this effect of DHAP to block the production
of TNF-alpha. Since PGD2 and its cyPG breakdown
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product 15dPGJ2 were generated in COX-2 pathway
[10], then, different kinds of COX inhibitors were
applied. As expected, indomethacin itself could partly
inhibit the generation of TNF-alpha induced by LPS.
That meant LPS-triggered TNF-alpha production was
partly dependent on COX-2 pathway. When macro-
phages were co-treated with DHAP and above inhibitors,
the results showed that DHAP could not depress the
production of TNF-alpha so efficiently while COX-2 was
inhibited by indomethacin or NS-398. That meant one
or more of COX-2 derived prostaglandins might be
involved in the inhibition of DHAP on TNF-alpha.
Further more, the experiment of 15dPGJ2 replacement by
simultaneous administration of indomethacin and
15dPGJ2 showed a direct mediating role of 15dPGJ2
playing in this effect.

As being well documented, the fate of leukocytes
should be efficient clearance after they had carried out
their role [9], including systemic re-circulation and
apoptosis [26,27]. As for the macrophages, being the
phagocytotic executant to clear apoptotic leukocytes,
they were always thought to be cleared by lymphatic
drainage [28]. But in vivo data suggested that apoptosis
of macrophages was also a key component of acute
inflammatory resolution stage [19]. From then on, more
attentions had been attracted in this field. Castrillo A et
al. found 15dPGJ2 exerted its pro-resolving function by
inducing apoptosis of activated macrophages [15,29].
Reactive oxygen and nitrogen species all were thought
to control the fate of macrophages in inflammation [30].
So, in the present study, apoptosis was also chosen as
the important index to assess the pharmacologic effect
of DHAP on inflammatory resolution. The results of
both flow cytometry and nuclear morphologic analysis
confirmed that DHAP could increase the apoptosis
of macrophage when it was stimulated with LPS. This
elevation was markedly inhibited by indomethacin
and NS-398, while 15dPGJ2 could partly reverse this
change. So, we could get the conclusion that 15dPGJ2
mediated, at least partly, the effect of DHAP to enhance
the LPS-activated macrophages.

We further studied the direct effect of DHAP on COX-
2 expression by real-time PCR and western blotting.
DHAPwas found to up-regulate the COX-2 gene in LPS-
activated macrophages. This might help us to understand,
at least to a certain extent, why DHAP could increase
15dPGJ2 and then exert its pro-resolving potential.

Thus, above results demonstrated that DHAP had the
pro-resolving pharmacological effect on LPS-triggered
inflammation though up-regulation 15dPGJ2, apoptosis
and down-regulation of TNF-alpha of macrophages
in vitro. As the regulative target of DHAP, 15dPGJ2 was
also partly mediated its function to inhibit TNF-alpha
and enhance apoptosis. More and more researchers
believe developing drugs based on endogenous media-
tors that are inherent to resolution might represent a new
but attractive strategy in anti-inflammatory therapy
[31,32] Unfortunately, such therapeutics, with the
exception of those that regulate leukocyte apoptosis
[33], is far from the clinic applications [9]. Thus, our
results might give a clue for the future research on the
pharmacologic effect of some anti-inflammatory Chi-
nese Herbs.

Acknowledgement

This study was supported by the National Natural
Scientific Foundation of China (No30070929) and
(No30100226).

References

[1] Beijing Pharmaceutical Research Institute. Research on the
effective components of leaves of Tumaodongqing. Chin Tradit
Herb Drugs 1977;8(9):7–10.

[2] Beijing Pharmaceutical Research Institute. Research on the
pharmacologic effect of leaves of Tumaodongqing on coronary
heart disease. Chin Tradit Herb Drugs 1980;11(8):358–66.

[3] Huang YP, Ye DY, Ma TY, Wu XR, Chen HP, Qiu AZ, et al. The
effects of 3,4-dihydroxyacetophynone on the activity of nitric
oxide synthetase in placental vascular endothetial cells and
smooth muscle cells and on the level of endothelin-1 in plasma
from pregnancy-induced hypertension patients. Chin J Obstet
Gynecol 1996;31(11):667–9.

[4] Huang YP, Ye DY, Ma TY, Wu XR, Chen HP, Qiu AZ, et al.
Influence of 3,4-dihydroxyacetophynone on activity of nitric
oxide synthetase in the vascular endothelial cells and smooth
muscle of human placenta from PIH patients. Chin J Histochem
Cytochem 1996;5(3):326–30.

[5] Huang YP, Ye DY, Wu P, Huang YF, Ying HG, Ma TY. The
therapeutic effectiveness of inhaled DHAP in the treatment of
intrauterine growth retardation. J Huazhong Univ Sci Technol
(Health Sci) 2002;31(2):192–4.

[6] Yang DS, Xi-rui W, Ting-yuan M. Effects of 3,4-dihydroxyace-
tophenone on the biosynthesis of TXA2 and PGI2 in human
placental villus and umbilical artery segments in vitro.
Prostaglandins 1989;38(4):497–504.

[7] Serhan CN. Novel chemical mediators in the resolution of
inflammation: resolvins and protectins. Anesthesiol Clin
2006;24(2):341–64.

[8] Wu P, Ye D, Zhang D, Zhang L, Wan J, Pan Q. Dual effect of 3,4-
dihydroxyacetophenone on LPS-induced apoptosis in RAW264.7
cells by modulating the production of TNF-alpha. J Huazhong
Univ Sci Technolog Med Sci 2005;25:131–4.

[9] Gilroy DW, Lawrence T, Perrttti M, Rossi Ag. Inflammatory
resolution: new opportunities for drug discovery. Nat rev Drug
Discov 2004;3:401–16.

[10] Gilroy DW, Colville-Nash PR, Willis D, Chivers J, Paul-Clark
MJ, Willoughby DA. Inducible cyclooxygenase may have anti-
inflammatory properties. Nat Med 1999;5:698–701.



1459P. Wu et al. / International Immunopharmacology 7 (2007) 1450–1459
[11] Gilroy DW, Vallance P. Resolution for sepsis? Circulation
2005;111:2–4.

[12] Antoni C, Braun J. Side effects of anti-TNF therapy: current
knowledge. Clin Exp Rheumatol 2002;20:S152–7.

[13] Couzin J. Drug safety: withdrawal of Vioxx casts a shadow over
COX-2 inhibitors. Science 2004;306:384–5.

[14] Motsko SP, Rascati KL, Busti AJ, Wilson JP, Barner JC, Lawson
KA, et al. Temporal relationship between use ofNSAIDs, including
selective COX-2 inhibitors, and cardiovascular risk. Drug Saf
2006;29(7):621–32.

[15] Hortelano S, Castrillo A, Alvarez AM, Bosca L. Contribution of
cyclopentenone prostaglandins to the resolution of inflammation
through the potentiation of apoptosis in activated macrophages.
J Immunol 2000;165:6525–31.

[16] Survival of Virulent Mycobacterium tuberculosis involves
preventing apoptosis induced by Bcl-2 upregulation and release
resulting from necrosis in J774 macrophages. Microbiol
Immonol. 2005; 49 (9) 845–852.

[17] Korcheva V, Wong J, Lindauer M, Jacoby DB, Iordanov MS,
Magun B. Role of apoptotic signaling pathways in regulation of
inflammatory responses to ricin in primary murine macrophages.
Mol Immunol 2007;44(10):2761–71.

[18] Matsumoto K, Inoue H, Tsuda M, Honda Y, Kibe A, Machida K,
et al. Different roles of interleukin-10 in onset and resolution of
asthmatic responses in allergen-challenged mice. Respirology
2005;10(1):18–26.

[19] Gilroy DW, Colville-Nash PR, McMaster S, Sawatzky DA,
Willoughby DA, Lawrence T. Inducible cyclooxygenase-derived
15-deoxy(Delta)12-14PGJ2 brings about acute inflammatory
resolution in rat pleurisy by inducing neutrophil and macrophage
apoptosis. FASEB 2003;17(15):2269–71.

[20] Levy BD, Clish CB, Schmidt B, Gronert K, Serhan CN. Lipid
mediator class switching during acute inflammation: signals in
resolution. Nat Immunol 2001;2:612–9.

[21] Naito Y, Takagi TT, Yoshikawa T. Heme oxygenase-1: a new
therapeutic target for inflammatory bowel disease. Aliment
Pharmacol Ther 2004;20:177–84.
[22] Witzenbichler B, Westermann D, Knueppel S, Schultheiss HP,
Tschoepe C. Protective role of angiopoietin-1 in endotoxic shock.
Circulation 2005;111:97–105.

[23] Serhan CN, Savill J. Resolution of inflammation: the beginning
programs the end. Nat Immunol 2005;6(12):1191–7.

[24] Lin BF, Chiang BL, Lin JY. Amaranthus spinosus water extract
directly stimulates proliferation of B lymphocytes in vitro. Int
Immunopharmacol 2005;5(4):711–22.

[25] Bell-Parikh LC, Ide T, Lawson JA, McNamara P, Reilly M,
FitzGerald GA. Biosynthesis of 15-deoxy-delta12,14-PGJ2 and
the ligation of PPARgamma. J Clin Invest 2003;112(6):945–55.

[26] Martin C, Burdon PC, Bridger G, Gutierrez-Ramos JC, Williams
TJ, Rankin SM. Chemokines acting via CXCR2 and CXCR4
control the release of neutrophils from the bone marrow and their
return following senescence. Immunity 2003;19(4):583–93.

[27] Savill J, Fadok V. Corpse clearance defines the meaning of cell
death. Nature 2000;407(6805):784–8.

[28] Bellingan GJ, Xu P, Cooksley H, Cauldwell H, Shock A,
Bottoms S, et al. Adhesion molecule-dependent mechanisms
regulate the rate of macrophage clearance during the resolution of
peritoneal inflammation. J Exp Med 2002;196(11):1515–21.

[29] Castrillo A, Traves PG, Martin-Sanz P, Parkinson S, Parker PJ,
Bosca L. Potentiation of protein kinase C activity by 15-
deoxy-Δ12,14-prostaglandin J2 induces an imbalance between
mitogen-activated protein kinases and NF-κB that promotes
apoptosis in macrophages. Mol Cell Biol 2003;23(4):1196–208.

[30] Bosca L, Zeini M, Traves PG, Hortelano S. Nitric oxide and cell
viability in inflammatory cells: a role for NO in macrophage
function and fate. Toxicology 2005;208(2):249–58.

[31] Yasui K, Baba A. Therapeutic potential of superoxide dismutase
(SOD) for resolution of inflammation. Inflamm Res 2006;55(9):
359–63.

[32] Rajakariar R, Yaqoob MM, Gilroy DW. COX-2 in inflammation
and resolution. Mol Interv 2006;6(4):199–207.

[33] Murphy FJ, Seery LT, Hayes I. Therapeutic approaches to the
modulation of apoptosis. Essays Biochem 2003;39:131–353.


	Inflammation pro-resolving potential of 3,4-dihydroxyacetophenone through 15-deoxy-Δ12,14-prost.....
	Introduction
	Materials and methods
	Regents
	Cell culture and stimulation
	Analysis of 15dPGJ2 in cell culture medium by high performance liquid chromatography (HPLC)
	Cytokines assay by enzyme-linked immunosorbent assay (ELISA) method
	Flow cytometry analysis of apoptotic cells
	Morphological analysis of apoptotic cells
	Analysis of COX-2 RNA by quantitative real-time PCR
	Analysis of COX-2 protein by western blotting
	Statistical analyses

	Results
	Effects of DHAP on 15dPGJ2 production in macrophages
	Changes of cytokine levels
	Changes of cell apoptosis
	Changes of mRNA and protein of COX-2

	Discussion
	Acknowledgement
	References


