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Abstract

Apigenin-7-O-f-D-glucuronide (AG), an active flavonoid derivative isolated from the
agricultural residue of Juglans sigillata fruit husks, possesses multiple pharmacological
activities, including anti-oxidant, anti-complement, and aldose reductase inhibitory activities. To
date, no report has that identified the anti-inflammatory mechanisms of AG This study was
therefore designed to characterize the molecular mechanisms of AG on lipopolysaccharide
(LPS)-induced inflammatory cytokines in RAW 264.7 cells and on endotoxin-induced shock in
mice. AG suppressed the release of nitric oxide (NO), prostaglandin E; (PGE;), and tumour
necrosis factor-a (TNF-a) in LPS-stimulated RAW264.7 macrophages in a dose-dependent
manner without affecting cell viability. Additionally, AG suppressed LPS-induced mRNA
expression of inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and TNF-o.
AG treatment decreased the translocation of c-Jun into the nucleus, and decreased activator
protein-1 (AP-1)-mediated luciferase activity through inhibition of both p38 mitogen-activated
protein kinase (MAPK) and extracellular signal-regulated kinase (ERK) phosphorylation.
Consistent with the in vitro observations, AG protected mice from LPS-induced endotoxin shock
by inhibiting proinflammatory cytokine production. Taken together, these results suggest that
AG may be used as a source of anti-inflammatory agents as well as a dietary complement for
health promotion.
Keywords: Juglans sigillata, apigenin-7-O-f-D-glucuronide, anti-inflammatory activity,

cyclooxygenase-2, activator protein-1
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1. Introduction

Inflammation is a physiological defence of the body’s innate immune system against harmful
stimuli such as pathogens, damaged cells, or irritants.' However, aberrant resolution and
prolonged inflammation play significant roles in the pathogenesis of many diseases such as
cancer, cardiovascular diseases, diabetes, skin disorders, Alzheimer’s disease, and other
inflammatory vascular diseases.”” In particular, macrophages play a crucial role in the
modulation of inflammatory responses and reactive oxygen/nitrogen species induced by
proinflammatory factors, such as endotoxin-like lipopolysaccharide (LPS).* Overproduction of
inflammatory mediators such as nitric oxide (NO), prostaglandin E, (PGE,), tumour necrosis
factor (TNF)-a, interleukin (IL)-15, and interleukin 6 (IL-6) have been reported to be involved
in this process.” These inflammatory events require upregulated activity of non-receptor-type
tyrosine kinases such as spleen tyrosine kinase (Syk), Src, Janus kinase (JAK) 2,
phosphoinositide 3-kinase (PI3K), and protein kinase B (Akt), as well as mitogen-activated
protein kinases (MAPKSs), including extracellular signal-regulated kinase (ERK), c-Jun
N-terminal kinase (JNK), and p38.>" Activation of these signaling molecules is linked to the
activation of transcription factors such as nuclear factor (NF)-xB, cAMP response
element-binding protein (CREB), interferon regulatory transcription factor (IRF)-3, and
activator protein (AP)-1.* Current studies are therefore being directed toward the development
of new drugs based on targeting specific events in these inflammatory processes.”!

A large number of steroidal and nonsteroidal anti-inflammatory drugs are currently being
used for the treatment of chronic inflammatory diseases. However, long-term administration of

these anti-inflammatory agents may produce serious side effects, including gastrointestinal
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ulcers, bleeding, colorectal cancer, and renal disorders.'*!® Therefore; many studies are currently
developing drugs to attenuate inflammatory responses that can be used for long periods with
minimal side effects.'*"

Fruit husks and other forestry residues, which have been relatively underutilised, could be
possible sources of novel bioactive compounds. The search for such compounds isolated from
plants is an ongoing process, and is currently leading to new discoveries. '® Juglans sigillata
Dode is a member of the Juglandaceae family. It is a fast-growing deciduous tree indigenous to
the mountain regions of Tibet, Sichuan, Yunnan, and Guizhou provinces in southwest China."’
The seeds of J. sigillata are highly valued for their dietary nutrition, and its seed husks have
long been used as folk medicine for the treatment of esophageal, gastric, cardiac, and lung
cancers.'® The husks of J. sigillata fruits, long been treated as an agricultural and food industry
residue, are therefore a valuable resource for extracting potential value-added medicines,
healthcare agents, and cosmetics. Previous investigation of J. sigillata fruit husks identified as
o-tetralone derivatives.'” However, to the best of our knowledge, this is the first report of
apigenin-7-O-f-D-glucuronide (AG) from this tree. More importantly, the mechanism(s)
responsible for the anti-inflammatory effects of AG from these husks are not known. In the

following study, we characterized the anti-inflammatory mechanism(s) of AG using both in

vitro and in vivo model systems involving the inflammatory response induced by LPS treatment.
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2. Materials and methods
2.1. Plant material and chemicals

Fresh husks of J. sigillata fruits were gathered at Santai County, Yunnan Province, China in
October 2008, and were authenticated by Prof. Dan Wang at Institute of Chemical Industry of
Forest Products, Chinese Academy of Forestry, China. A voucher specimen (CMSCE-081006)
was deposited at the herbarium of Tianjin Key Laboratory of Pulp and Paper, Tianjin University
of Science and Technology, China. The supplies of sulfanilamide, naphthylethylenediamine
dihydrochloride, LPS (E. coli 0111:B4), NG-monomethyl-L-arginine (L-NMA), and
1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT) were purchased from Sigma (St.
Louis, MO). SB203580 and PD98059 were purchased from Calbiochem (San Diego, CA). The
kit for RNA isolation and the first-strand cDNA synthesis were obtained from Invitrogen
(Carlsbad, CA). The RPMI medium 1640, trypsin-EDTA, and antibiotics were acquired from
Gibco BRL (Life Technologies, China). Fetal bovine serum (FBS) was acquired from Gibco
BRL (Grand Island, NY). All culture supplies were obtained from the BD-Falcon brand (BD,
Franklin Lakes, NJ). The reporter plasmids NF-kB-LUC and AP-1-LUC were purchased from
Stratagene (La Jolla, CA). The phospho-specific ERK, c-Jun N-terminal kinase (JNK), [kBa,
p38 mitogen-activated protein kinase (p38 MAPK), and the total antibodies to ERK, JNK, IkBa,
p38 MAPK, and fB-actin were obtained from Cell Signaling Technology (Beverly, MA).
Antibody binding was measured using the enhanced chemiluminescence (ECL) Western blotting

substrate (ComWin Biotech, China). All other chemicals were of analytical grade.

2.2. General Experimental
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Open column chromatography (OCC) was carried out with Sephadex LH-20 and silica gel
(Merck) as packing materials. Eluents were collected with a fraction collector (SBS-160). In
TLC performance, DC-Plastikfolien Cellulose F (Merck, Darmstadt, Germany) plates were used
and ~-BuOH-HOAc-H,O (3:1:1, v/v/v, solvent A) and HOAc-H,O (3:47, v/v, solvent B) were
used as developing solvents. TLC spots detection was conducted by UV light exposure (254 and
365 nm) and by spraying with 1% ethanolic FeCls solution followed by heating. 'H and "*C
NMR spectra were recorded in (CD3),SO with TMS as an internal standard on a Bruker Avance
DPX 400 spectrometer at frequency of 400 and 100 MHz, respectively. Positive fast atom
bombardment mass (FAB-MS) spectroscopy at measured with a Micromass Autospec M363

instrument.

2.3. Extraction and Purification

The air-dried and finely powdered fruit husks of J. sigillata (3.15 kg) were extracted five
times in a jar (20 1) with 70% aqueous acetone (v/v) for more than four days at room
temperature. The aqueous residues were combined, concentrated under vacuum, and then
sequentially fractionated to give soluble fractions of n-hexane, CHCls;, n-BuOH and H,O,
respectively. A portion of the above resulted H,O-soluble fraction powder (25.60 g) was
subjected to an OCC packing with silica gel with a gradient of CHCl;-MeOH as the solvent
system (39:1—3:1, v/v, 4000 ml) to produce five fractions, which were guided and grouped by
TLC experiments. Then the third fraction JSHW; (8.25 g) was further loaded over an OCC
packing with Sephadex LH-20 and eluting with MeOH-H,O (2:1, v/v, 2000 ml) to give three

fractions JSHW3;, JISHW3, and JSHW33. JSHW3, (3.06 g) was also chromatographed on a
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Sephadex LH-20 open column with repeated MeOH-H,O (1:2 and 1:6, v/v, 1000 and 800 ml,
respectively) to yield a yellow amorphous compounds (1, 122.4 mg).
Apigenin-7-O-f-D-glucuronide (1): Yellow amorphous powder; Ry 0.50 (solvent A) and 0.06
(solvent B); Positive FAB-MS m/z: [M+H-GluA]" at 271 and [M+H]" at 447. "H-NMR (400 MHz,
0, (CD3),S0): 3.68 (3H, m, H-2", 3", 4"), 4.06 (1H, d, J = 8.1 Hz, H-5"), 5.19 (1H, d, J = 6.1
Hz, H-1"), 6.52 (1H, d, J = 1.9 Hz, H-6), 6.73 (1H, d, J = 1.9 Hz, H-8), 6.90 (1H, s, H-3), 7.12
(2H, d, J=8.2 Hz, H-3', 5'), 7.80 (1H, d, J=8.2 Hz, H-2', 6); *C-NMR (100 MHz, J,
(CD3),S0): 70.2 (C-4"), 75.6 (C-3"), 76.6 (C-5"), 73.9 (C-2"), 94.3 (C-8), 99.6 (C-1"), 99.8
(C-6), 103.4 (C-3), 105.7 (C-10), 116.8 (C-3',5"), 121.9 (C-1"), 129.4 (C-2',6"), 157.6 (C-9),

161.8 (C-5), 162.8 (C-4"), 163.4 (C-7), 164.8 (C-2), 173.5 (C-6"), 182.8 (C-4).

2.4. Cell line and cell culture

The RAW 264.7 cell line was purchased from the American Type Culture (Manassas, VA).
The RAW 264.7 cells were maintained in RPMI 1640, supplemented with L-glutamine (2 mM),
10% heat-inactivated FBS, 100 U ml™" of penicillin, and 100 pg ml" of streptomycin. Cells were
incubated at 37°C in a 5% CO, humidified atmosphere (MCO-15AC CO; incubator, SANYO,

Osaka, Japan).

2.5. Cell viability assay
The cytotoxicity of AG on the RAW 264.7 cells was investigated by MTT assay.” RAW
264.7 cells were incubated in 96-well cell plate with a density of 1 x 10°cells well”! overnight

and then exposed to the medium in the presence of different concentrations of AG for 24 h.
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Subsequently, the supernatants were carefully aspirated from each well. Then, a total of 10 pl of
MTT solution [5 mg ml" in phosphate-buffered saline (PBS)] and 90 ul of FBS-free medium
were added to each well for another 3 h. The dark blue formazan crystals formed inside the
intact mitochondria were solubilized with 100 pl of MTT stop solution [containing 10% sodium
dodecyl sulfate (SDS) and 0.01 M hydrochloric acid]. The optical density was measured at 550
nm using an Infinite M200 Pro spectrophotometer (Tecan, Switzerland). The experiments were
repeated in triplicate, three times independently. The data are expressed as mean percentages of

the viable cells compared to the respective control.

2.6. Determination of NO, PGE,, and TNF-a production

RAW 264.7 cells were plated in a 96-well cell plate with 1 x 10° cells well” and allowed to
adhere overnight. Then, medium was removed and pretreated with different concentrations of
AG or positive control (L-NMA) for 30 min, followed by stimulated with LPS (1 pg/ml) for an
additional 24 h. The aliquots of 100 pl of the cell culture medium were mixed with an equal
volume of Griess reagent (1% sulfanilamide in 5% phosphoric acid and 0.1%
naphthylethylenediamine dihydrochloride) in a separate 96-well plate and incubated at room
temperature for 5 min. The absorbance was measured at 550 nm using an Infinite M200 Pro
spectrophotometer. Fresh culture media were used as blanks in all experiments and NO
production by LPS stimulation was designated as 100% for each group. The production of PGE,
and TNF-o in the supernatant was quantified using the enzyme immunoassay kits (R&D
Systems, MN) according to the manufacturer's instructions. The production of PGE, and TNF-«a

were measured relative to that of the control.
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2.7. RNA extraction and reverse transcription-polymerase chain reaction (RT-PCR)

A total of 5 x 10°cells were plated per well in 60-mm cell culture plates with 4 ml culture
medium for 16 h and exposed to different concentrations of AG for 30 min, followed by
treatment with LPS and incubation for additional 6 h. RT-PCR was done as described
previously with minor modification.! Total RNA was isolated using the Trizol reagent
(Invitrogen, Carlsbad, CA). The concentration and purity of RNA was measured with a UV
spectrophotometer (Nanodrop 2000c, Thermo Scientific, Wilmington, DE). The total RNA (2
pg) was incubated with oligo-dT15 and dNTPs for 5 min at 65 °C, and then transferred to ice,
mixed with a 5 x first-strand buffer, RNase inhibitor, and 0.1 M DTT. The reaction mixture was
further incubated for 2 min at 37 °C and for 1 h after the addition of M-MLV reverse
transcriptase reverse transcriptase. The reaction was stopped by heating at 70 °C. The following
primers (Generay Biotech Co., Ltd, Shanghai, China) were used for the amplification of

GAPDH, iNOS, COX-2, and TNF-o: 5-CACTCACGGCAAATTCAACGGCA-3' and

5'-GACTCCACGACATACTCAGCAC-3' for GAPDH,
5'-CCCTTCCGAAGTTTCTGGCAGCAG-3' and
5'-GGCTGTCAGAGCCTCGTGGCTTTGG-3' for iNOS,

5'-CACTACATCCTGACCCACTT-3" and 5'-ATGCTCCTGCTTGAGTATGT-3" for COX-2,
and 5'-CCTGTAGCCCACGTCGTAGC-3' and S5-TTGACCTCAGCGCTGAGTTG-3' for
TNF-a. The condition for semi-quantitative PCR was 94 °C for 5 min followed by 25 (GAPDH
and iNOS), 20 (COX-2), or 30 (TNF-a) cycles of 94 °C for 60 s, 55 °C for 60 s, and 72 °C for

90 s, with a final extension at 72 °C for 7 min. The amplified products were separated by 1%
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agarose gel electrophoresis. The gels were stained with ethidium bromide and photographed
with a Gel Doc XR system (Bio-Rad Laboratories, Hercules, CA). Quantification of mRNA was
performed using real-time RT-PCR with manufacturer's instructions of SYBR Premix Ex Taq
(TaKaRa, Dalian, China) using real-time thermal cycler (Bio-Rad, Hercules, CA). The real-time
RT-PCR amplifications were carried out on a 96-well plate in the total volume of 40 nl
containing 25 pul SYBR Premix Ex Taq, 4 ul cDNA template, 1 pul ROX reference dye, 1 pl each
of forward and reverse primer and 9 pl distilled water. The condition for real-time PCR was 94
°C for 10 min followed by 30 cycles at 94 °C for 15 s, 55 °C for 15 s, and 72 °C for 30 s, with a
final extension at 72 °C for 1 min. Relative expression levels of the target genes were calculated

AACT
from 2-24¢T,

2.8. Transfections and luciferase assay

The RAW 264.7 cells (5x10° cells ml") were seeded to 12-well plates to maintain
approximately 70-80% confluence. Prior to transfection, cells were washed three times in 1 ml
of Opti-MEM and 0.4 pg of plasmids containing NF-xB or AP-1 as well as f-galactosidase were
transfected using the Lipofectamine 2000 (Invitrogen, CA). After 24 h, the medium was
replaced by complete PRMI-1640 and the transfected cells were treated with test samples in the
presence or absence of LPS. Luciferase and fS-galactosidase enzyme activities were performed
using the luciferase assay system according to the procedure provided by the manufacturer

(Promega, Madison, WI). Luciferase activity was normalized by f-galactosidase activity.

2.9. Cell lysis and imunoblotting
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A total of 5 x 10°cells was plated per well in 60-mm cell culture plates for 16 h and then
exposed to AG for 30 min before stimulation with LPS for indicated time. After washed twice
with cold PBS, cells were harvested by scraping. Cell pellets were lysed in 200 ul lysis buffer
(20 mM Tris-HCI, pH 7.4, 2 mM EDTA, 2 mM ethyleneglycotetraacetic acid, 50 mM
[-glycerophosphate, 1 mM sodium orthovanadate, | mM DTT, 1% Triton X-100, 10% glycerol,
10 pg ml™ aprotinin, 10 pg ml™ pepstatin, I mM benzimide, and 2 mM hydrogen peroxide). Cell
lysates were centrifuged at 12,000 g for 5 min at 4 °C. The supernatant was collected and
concentration of protein was determined by enhanced bicinchoninic acid (BCA) protein assay
kit (ComWin Biotech, China). Followed the treatment, the nuclear protein was extracted using
nuclear protein isolation kit (ComWin Biotech, China). The procedures were as described
previously.”” Equal amounts of protein were boiled at 95 °C for 5 min and separated on a
sodium dodecyl sulfate-polyacrylamide gel and transferred to polyvinylidene difluoride (PVDF;
Bio-Rad) membranes. The membranes were blocked in blocking buffer (Tris-buffered saline
containing 3% BSA, 20 mM NaF, 2 mM EDTA, and 0.2% Tween 20) for 1 h in at room
temperature. The membrane was incubated for 1 h with the appropriate primary antibody at
room temperature, and then washed three times with the TBST buffer (Tris-buffered saline
containing 20 mM NaF, 2 mM EDTA, and 0.2% Tween 20), incubated further for 1 h with
horseradish peroxidase (HRP)-conjugated goat immunoglobulin G and washed three times with
TBST buffer. Bound antibodies were detected by ECL system and blots were observed with the

Tanon-5200 chemiluminescence detection (Tanon Science, China).

2.10. In vivo endotoxin shock model
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C57BL/6 mice weighing 20-22 g were obtained from Laboratory Animal Service Center of
Yangzhou University and housed at a room temperature of 20 °C-25 °C under relative humidity
(50 £ 10%) with a 12 h light/12 h dark cycle. All animals were allowed free access to a
commercial stock diet and water throughout the experiment. All experiments were performed in
accordance with guidelines established by the Animal Care and Use Committee of Nanjing
Medical University. The C57BL/6 mice were injected intraperitoneally (i.p.) with LPS (20 mg
kg™) dissolved in 10 mM cold sodium citrate buffer. AG (5 or 10 mg/kg) was administered (i.p.)
2 h before LPS challenge. Survival was monitored over the next 84 h and the blood samples
were collected 12 h after LPS injection. Blood was allowed to clot, and serum was separated by
centrifugation at 3000 rpm for 15 min. The levels of TNF-a and IL-1/4 were estimated using

standard kits.

2.11. Statistical analysis

The data are expressed as the mean = standard deviation (SD). Each experiment was repeated
at least 3 times. One-way analysis of variance (ANOVA) was used to determine the significant
differences between the groups, followed by a Duncan’s multiple range test or Student's t-test.
The p-values of less than 0.05 were considered as significant. All analyses were performed using

SPSS 20 (SPSS Inc., Chicago, IL).
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3. Results and discussion
3.1. Elucidation of chemical structure of isolated compound

Compound 1, obtained as a yellow amorphous powder, gave a dark brown spot on a cellulose
plate by spaying with ethanolic FeCl; and its Ry values were 0.50 (solvent A) and 0.06 (solvent B).
It gave [M+H] and [M+H-GIuA]" ions at m/z 447 and 271, respectively, in positive FAB-MS
spectrum, which was consistent with the molecular formula C,;H;30y;. In the "H-NMR spectrum,
an AA'BB' system constituted by two doublets (/= 8.2 Hz) at 6 7.12 and & 7.80 attributable to
H-3',5' and H-2',6' due to a para-substituted B ring. The meta coupling of H-6 and H-8 on
phloroglucinol A ring presented at 6 6.52 (d, J = 1.9 Hz) and 6.73 (d, J = 1.9 Hz) respectively.
The singlet of 3-H of heterocyclic C ring was observed at & 6.90. The presence of a
f-configuration glucuronic acid was evidenced by an anomeric proton doublet (J = 6.1 Hz) at ¢
5.19, together with four protons ranging between J 3.68 and 4.06. In ?C-NMR spectrum, the
sugar's carboxyl carbon typically resonance at ¢ 173.5 indicating a glucuronic acid moiety. In
the HMBC spectrum, long range correlations were observed between the anomeric proton signal
(0 5.19) of glucuronic acid and C-7 of the aglycon (6 163.4) demonstrating the linkage at the
C-7 of apigenin. Thus, compound 1 was elucidated as apigenin-7-O--D-glucuronide.”** To the

best of knowledge, this is the first report of this compound from Juglans genus.

3.2. AG decreases LPS-induced release of NO, PGE,, and TNF-a
Inflammation is a physiological function that is initiated in response to bacterial infection or

tissue damage. This inflammatory reaction involves complicated networking, and is usually

526

mediated by immune cells such as monocytes and macrophages.”*® During inflammation,
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activation of macrophages results in the secretion of a series of proinflammatory mediators,
including NO, PGE,, and TNF-¢, which help the immune cells escape from the bloodstream.”’
NO, synthesized from L-arginine by inducible nitric oxide synthase (iNOS), is a key
inflammatory mediator that plays an important role in various types of inflammatory processes.
TNF-a is an important inflammatory mediator that can elicit acute inflammatory diseases and
cause tissue destruction.”® Thus, reduction of LPS-induced proinflammatory cytokines in
macrophages may represent an effective strategy for the development of novel
anti-inflammatory agents.

A large number of flavonoids have been shown to possess anti-inflammatory properties based
upon their abilities to scavenge reactive oxygen and nitrogen species. Sulfuretin, a flavonoid
isolated from the heartwood of Rhus verniciflua, inhibits LPS-induced iNOS, COX-2, and
proinflammatory cytokine expression via the downregulation of NF-kB in RAW 264.7 murine
macrophage cells.” Kolaviron, a natural flavonoid from the seeds of Garcinia kola, reduces
LPS-induced inflammation in macrophages by inhibiting IL-6 secretion and inflammatory
transcription factors ERK1/2, NF-xB, p38, Akt, p-c-Jun, and INK.¥ Isoliquiritigenin, isolated
from the roots of Glycyrrhiza uralensis, inhibits LPS-induced iNOS and COX-2 expression via
the attenuation of NF-xB in RAW 264.7 macrophages.31

AG is an active flavonoid derivative isolated from the agricultural residue of J. sigillata fruit
husks. This flavonoid possesses multiple biological activities, including anti-oxidant,
anti-complement, and aldose reductase inhibitory activities.”*>* To date, there have been no
reports describing the anti-inflammatory mechanisms of AG. The present study was therefore

undertaken to characterize the pharmacological effects and mechanisms of AG in



Food & Function

LPS-stimulated macrophage-like RAW 264.7 cells and in an LPS-induced septic shock model.
First, to determine the appropriate concentrations of AG, cell viability was measured by the
MTT assay following exposure to AG. As shown in Figure 2A, the viabilities of RAW 264.7
cells were 104.97 + 3.26%, 100.15 £+ 9.90%, 97.92 + 0.64%, and 94.42 + 9.81% after exposure
to 12.5, 25, 50, and 100 yM AG, respectively, for 24 h. Based upon these results, cells were
incubated with AG at concentrations less than 100 uM for all subsequent experiments. LPS, one
of the most powerful activators, binds to the CD14/TLR4 receptor complex and stimulates
macrophages to secrete overproduced proinflammatory cytokines. To determine whether AG
possesses anti-inflammatory activities, multiple proinflammatory mediators induced by LPS
were monitored in RAW264.7 cells. As shown in Figure 2B, NO significantly accumulated in
the media following LPS stimulation for 24 h; however, AG and NG-methyl-L-arginine
(L-NMA) (a nonspecific iNOS blocker) suppressed NO production in a dose-dependent manner,
with ICsq values of 62.48 uM and 92.26 uM, respectively (Fig. 2B). The results showed that AG
inhibited NO production more efficiently than L-NMA. In addition, the inhibitory efficiency of
this positive control was comparable with previous studies, indicating that our experimental
conditions were valid. In agreement, a lot of scientific evidence supports the
ethnopharmacological significance of apigenin derivatives with different efficacy in immune

3537 Moreover, we also found that

models.
apigenin-7-O-(S-D-glucuronopyranosyl(1—2)-O-f-D-glucuronide didn’t show any effect on
LPS-stimulated RAW 264.7 cells (data not shown). We can see that, for apigenin, the addition

of a glucuronic acid residue could remain its inflammatory activity. However, two glucuronoic

acid units attached to apigenin decreased its anti-inflammatory property. It's indicated that the
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inflammatory activities among apigenin and its derivatives are complex and it provided the
impetus for further studies to delineate the structure-activity relationship of apigenin and its
derivatives. We further investigated the effect of AG on the secretion of PGE, and TNF-a in
LPS-stimulated RAW264.7 cells using an ELISA. As shown in Figures 2C and D, treatment
with AG resulted in a dose-dependent inhibition of cytokine secretion, indicating that AG was

able to inhibit the inflammatory response in macrophage cells.

3.3. AG inhibits LPS-induced iNOS, COX-2, and TNF-a expression

The secretion of inflammatory mediators requires a complicated signaling cascade for
transcriptional activation of inflammatory genes.”® iNOS activation occurs predominantly in
activated macrophages, and can be induced by proinflammatory cytokines to cause NO
accumulation in the cell supernatant.39 COX-2 is the rate-limiting enzyme involved in the
conversion of PGE, from arachidonic acid.*” Hence, mRNA expression levels for this key
enzyme and cytokines are logical targets for the development of novel anti-inflammatory agents.
To determine whether AG-mediated inhibition of proinflammatory cytokines is regulated at the
transcriptional level, RAW 264.7 cells were preincubated with AG for 30 min and then
stimulated with LPS for 6 h. Semi-quantitative reverse transcription polymerase chain reaction
(RT-PCR) (Fig. 3A) and real-time polymerase chain reaction (Fig. 3B) showed that the levels of
iNOS, COX-2, and TNF-a mRNA expression in the unstimulated RAW 264.7 cells were low;
however, these mRNA levels were upregulated by LPS, consistent with previous reports.*'**

Pretreatment with AG strongly suppressed LPS-stimulated iNOS, COX-2, and TNF-a

expression. Moreover, AG alone did not affect mRNA expression compared to the control group
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(data not shown). Taken together, these results suggest that the effects of AG are at the

transcriptional level.

3.4. AG inhibits activator protein-1 (AP-1)-induced nuclear translocation and MAPK
phosphorylation

It is well-known that, during inflammation, AP-1 and NF-xB play important roles in the
regulation of iNOS, COX-2, and TNF-a gene expression.” Therefore, we used immunoblot
analyses and reporter gene assays to examine whether the reduction in mRNA levels was
associated with nuclear translocation of c-Jun, c-fos, and NF-«kB. As shown in Figure 4A,
nuclear levels of c-Jun were decreased by AG treatment, without affecting levels of cytosolic
proteins, as confirmed by levels of cytosolic B-tubulin. In agreement with these results, cells
transfected with a luciferase reporter construct for AP-1 and NF-kB produced strong luciferase
activity following stimulation by LPS, indicating that LPS activated AP-1- and NF-kB-mediated
transcription in RAW 264.7 cells, whereas AG abrogated the activation of AP-1 (Figs. 4B and C).
Induction of AP-1 activity is known to be triggered by ERK, p38 MAPK, and JNK, suggesting
that MAPK signaling pathways are crucial for the regulation of AP-1 activity.** AP-1 complex is
composed of a heterogeneous set of dimeric proteins, including Jun (c-Jun, JunB, and JunD) and
Fos (c-Fos, FosB, Fra-1, and Fra-2) families. It was confirmed that c-Jun but not c-Fos is part of
this complex at the AP-1 site in RAW 264.7 cells.”” Taken together, our findings suggest that AG
exert their anti-inflammatory effects by suppressing AP-1, which lead to the inhibition of NO,
PGE, and TNF-a production in RAW 264.7 cells.

Signaling cascades that include MAPKs and PI3K/Akt are activated by LPS through binding
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to its TLR4 receptor on cell membranes, leading to the regulation of inflammatory mediators.*®
MAPKs are members of a highly conserved family of protein serine/threonine kinases
composed of three subtypes: JNK, ERK, and p38 kinase.*” Once activated, MAPKs regulate the
functional responses of cells through phosphorylation of transcription factors and stimulation of
downstream signaling pathways.* In addition to MAPKs, when macrophages are activated by
inflammatory stimuli, phosphorylated [kBa in the cytosol is translocated with the NF-kB p65
subunit into the nucleus.”” Previous studies have reported that increases in p38, ERK, and
IkBa led to the activation of redox-sensitive transcription factors (e.g., NF-xkB and AP-1), and
have further suggested that the MAPKs and PI3K/Akt signaling pathways directly facilitate
DNA-binding activity, leading to upregulation of iNOS and TNF-a mRNA expression in RAW
264.7 cells.”®! For example, carabrol suppresses LPS-induced iNOS expression by inactivation
of p38 and JNK via inhibition of IkBa degradation in RAW 264.7 cells.’” Vitisin A suppresses
LPS-induced NO production by inhibiting ERK, p38, and NF-kB activation in RAW 264.7
cells.® Suppression of iNOS and COX-2 expression by flavokawain A involves inhibition of
NF-kB and AP-1 activation in RAW 264.7 cells,”* and fucoxanthin inhibits the inflammatory
response by suppressing the activation of NF-kB and MAPKs in LPS-induced RAW 264.7
cells.”> Moreover, it has been demonstrated that specific MAPK inhibitors (e.g., SB203580,
PD98059, and SP10065) suppress the expression of iNOS and COX-2.°%%

Based upon these results, it is possible that upstream signaling molecules are involved in AG
inhibition of LPS-induced inflammation. Therefore, MAPKs and PI3K/Akt pathways were
selected to determine whether AG was able to modulate upstream signaling events. RAW 264.7

cells were preincubated with 100 uM AG for 30 min and stimulated with LPS for the indicated
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times. As shown in Figure 5A, phosphorylation of ERK and p38 was attenuated by AG, while
that of JNK was unaffected. In addition, AG did not inhibit IkBa phosphorylation in
LPS-stimulated RAW 264.7 cells (Fig. 5B). Consistent with these results, activation-related
phosphorylation of Akt and p85, an important event for NF-xB activation and translocation, was
not altered by AG (data not shown). To further confirm that the inhibitory effect of AG on
LPS-induced iNOS and COX-2 expression was due to its influence on the activation of ERK
and P38 MAPK pathways, specific inhibitors of ERK (PD98059) and p38 MAPK kinase
(SB203580) were used. As shown in Figure 5C, treatment of cells with these inhibitors
decreased iNOS and COX-2 expression in LPS-stimulated RAW264.7 cells. Taken together,
these results support our hypothesis that inhibition of AP-1 activation by AG is due to inhibition

of ERK and p38 phosphorylation, but not PI3K/Akt.

3.5. AG prevents LPS-induced septic shock in mice

Because AG attenuates LPS-induced proinflammatory cytokine levels in macrophages in vitro,
it is important to confirm the physiological function of AG in an animal model. An established
model to study the efficiency of anti-inflammatory agents is septic shock caused by LPS, which
triggers severe injury and mortality in mice. As shown in Figure 6A, animal treatment with LPS
resulted in 100% lethality at 36 h post-injection. However, pretreatment with varying
concentrations of AG for 2 h before LPS challenge reduced this lethality. Proinflammatory
cytokines have been shown to be key mediators of septic shock in several models of
endotoxemia. LPS injection markedly increased the levels of TNF-a and IL-1/ in serum, but

pretreatment with AG significantly decreased the production of these two proinflammatory
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cytokines (Fig. 6B and C). Using a mouse model, these results demonstrate that AG also has

anti-inflammatory activity in vivo.

4. Conclusions

AG, a flavone glycoside isolated from fruit husks of J. sigillata for the first time, effectively
reduced inflammatory responses via downregulation of inflammatory-related gene expression
through the suppression of AP-1 and MAPK signaling pathways in LPS-stimulated RAW 264.7
cells. Using an in vivo model, AG also protected against lethality in mice that was triggered by
endotoxin administration. The current work indicated that AG from fruit husks of J. sigillata
may be applied as supplemental and/or functional foods having a beneficial effect against
inflammation. And the investigation laid a foundation for comprehensive exploring the

industrial forest and its products.
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Figure legends:

Figure 1. Chemical structure of AG.

Figure 2. In vitro anti-inflammatory effect of AG in LPS-activated RAW 264.7 cells. (A) RAW
264.7 cells were plated in 96-well plate and then exposed to different concentrations of AG for
24 h and the cell viability was determined using an MTT assay. (B—D) The RAW 264.7 cells
were cultured with different concentrations of AG in the presence or absence of LPS (1 ug ml™)
for 24 h. The levels of NO, PGE,, and TNF-a in the culture supernatants were determined by
Griess assays and ELISAs as described in Materials and Methods. Each value is the mean +
standard deviation (n=3). Values with the same color bars with the same superscript letters are

not significantly different from each other at p < 0.05.

Figure 3. The effect of AG on iNOS, COX-2, and TNF-a expression in LPS-activated
RAW264.7 cells. RAW264.7 cells were incubated with AG in the presence or absence of LPS (1
ug ml'l) for 6 h. Semi-quantitative PCR (A) and real time-PCR (B) were performed to determine
the mRNA level of each gene with gene-specific primer. Within a column, values with the same

superscript letters are not significantly different from each other at p <0.05.

Figure 4. Effect of AG on translocation of transcription factors. (A) RAW264.7 cells (5 x 10°
cells ml™") pre-treated with AG for 30 min were stimulated in the presence or absence of
lipopolysaccharide (LPS) (1 pg ml™) for indicated time. After preparation of the nuclear fraction,

protein levels of c-Jun, c-fos, p65, lamin A/C, and B-tublin were determined by immunoblotting
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analysis. RAW 264.7 cells co-transfected with the plasmid constructs activating protein
luciferase (NF-kB) (B) or AP-1-luc (C) and B-gal (as a transfection control) were treated with
the AG in the presence or absence of LPS for 12 h. Luciferase activity was determined by
luminometry. Values with the same superscript letters are not significantly different from each

other at p <0.05.

Figure 5. Effect of AG on the upstream signaling activation of AP-1. RAW264.7 cells (5 x 10°
cells ml™") pre-treated with AG for 30 min were stimulated in the absence or presence of
lipopolysaccharide (LPS) (1 pug mI™) for the indicated times. After immunoblotting, the levels of
phospho- or total MAPKSs (ERK, p38, and JNK) (A) or [kBa (B) were identified based on their
antibodies. (C) Inhibitory effects of specific inhibitors of ERK (PD98059) and p38 MAPK
kinase (SB203580) on LPS-induced iNOS and COX-2 expression in RAW 264.7 cells. Cells
were pre-treated with PD98059 or SB203580 and real time-PCR were performed to determine
the mRNA level of each gene with gene-specific primer. Within a column, values with the same

superscript letters are not significantly different from each other at p < 0.05.

Figure 6. /n vivo anti-inflammatory activity of AG. Ten mice per group were intraperitoneally
administered with vehicle only or AG (5 or 10 mg kg™) 2 h before LPS challenge (20 mg/kg,
i.p.). (A) Survival rates were observed over the next 84 h. Serum samples were obtained from
each mouse 12 h after LPS injection. The levels of TNF-« (B) and IL-14 (C) were estimated
using standard kits. Values with the same superscript letters are not significantly different from

each other at p <0.05.
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Fig. 1.

B—Glucuronosyl Apigenin
OH O

Apigenin-7-O-B-D-glucuronide (AG)
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