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A B S T R A C T

Inflammation, especially chronic inflammation, is directly involvement in the pathogenesis of many

diseases including cancer. An effective approach for managing inflammation is to employ chemicals to

block activation of nuclear factor-kB (NF-kB), a key regulator for inflammatory processes.

Piperlongumine (piplartine, PL), an electrophilic molecule isolated from Piper longum L., possesses

excellent anti-cancer and anti-inflammatory properties. In this study, a new PL analogue (PL-0N) was

designed by replacing nitrogen atom of lactam in PL with carbon atom to increase its electrophilicity and

thus anti-inflammatory activity. It was found that PL-0N is more potent than the parent compound in

suppressing lipopolysaccharide (LPS)-induced secretion of nitric oxide and prostaglandin E2 as well as

expression of inducible nitric oxide synthase and cyclooxygenase-2 in RAW264.7 macrophages.

Mechanistic investigation implies that PL-0N exerts anti-inflammatory activity through inhibition of

LPS-induced NF-kB transduction pathway, down-regulation of LPS-induced MAPKs activation and

impairment of proteasomal activity, but also enhancement of LPS-induced autophagy; the inhibition of

NF-kB by PL-0N is achieved at various stages by: (i) preventing phosphorylation of IKKa/b, (ii)

stabilizing the suppressor protein IkBa, (iii) interfering with the nuclear translocation of NF-kB, and (iv)

inhibiting the DNA-binding of NF-kB. These data indicate that nitrogen-atom-lacking pattern is a

successful strategy to improve anti-inflammatory property of PL, and that the novel molecule, PL-0N

may be served as a promising lead for developing natural product-directed anti-inflammatory agents.

� 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Inflammation is a protective attempt of host defense against
injury or infection, and begins the healing process. However, when
inflammation becomes chronic, it has been proven harmful and
may lead to a host of diseases, such as arthritis, atherosclerosis, and
even cancer [1–3]. Nuclear factor-kB (NF-kB) is a key activator in
inflammatory processes, its activity modulation is thus crucial for
various inflammatory responses [4–6].

The NF-kB family comprises five members shared a conserved
Rel homology domain (RHD), that is, p105/p50 (NF-kB1), p100/p52
(NF-kB2), p65 (RelA), RelB and c-Rel. In non-stimulated cells,
homo- or hetero-dimers of these members are typically seques-
tered in the cytoplasm through interaction with its inhibitory
kappa B (IkB), which specifically binds to NF-kB and masks its
nuclear localization signals [7,8]. A large number of stimuli such as
lipopolysaccharide (LPS), tumor necrosis factor (TNF)-a or
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interleukin (IL)-1b can trigger the activation of IkB kinase (IKK),
which in turn phosphorylates IkB and results in its ubiquitination
and degradation by the proteasome, allowing the liberated NF-kB
to translocate into the nucleus. Once in the nucleus, the NF-kB acts
as a transcriptional factor to regulate transcription of diverse genes
encoding cytokines, inflammatory mediators and growth factors.

It has long been recognized that employing chemicals to inhibit
inflammation is an effective method to alleviate the symptoms of
inflammation-related diseases [9,10]. Many electrophilic natural
products containing Michael acceptors, such as a,b-unsaturated
ketone and a,b-unsaturated amide, have been shown to possess a
variety of significant biological activities including anti-cancer and
anti-inflammation activities [11]. Piperlongumine (PL) (Fig. 1A), an
alkaloid isolated from Piper longum L., chemically characterized by
the presence of two a, b-unsaturated imide functionalities and has
been proved to be a promising anticancer molecular by targeting
reactive oxygen species stress-response pathway [12]. In addition,
PL-dependent anticancer activity involves cell cycle arrest,
activation of caspases and mitogen-activated protein kinases
(MAPKs), as well as down-regulation of anti-apoptotic proteins
such as Bcl-2 and NF-kB [13–17]. Therefore, recent years have
echanism investigation of a new piperlongumine derivative as a
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Fig. 1. Molecular structures (A) and synthesis (B) of piperlongumine and its designed analogs. For (B), reagents and conditions: (a) (Boc)2O, TEA, DMAP, CH2Cl2, r.t., 3 h; (b) (i)

LDA, THF, �78–0 8C, 45 min, (ii) PhSSPh, �78 8C—r.t., 5 h; (c) (i) m-CPBA, CH2Cl2, �78–0 8C, (ii) CaCO3, CCl4, reflux; (d) CF3COOH, CH2Cl2, r.t.; (e) Py, Piperidine, 95–100 8C, 3 h;

(f) SOCl2, CH2Cl2, reflux, 4 h; (g) Pd/C, H2, r.t., 24 h; (h) NaH, THF, 0 8C—r.t., 18–24 h; (i) LDA/THF, �78 8C.
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witnessed a growing interest in modifying the molecular structure
of PL to improve its biological functions [18,19]. We believe that its
electrophilicity resulting from the two Michael acceptors is vital
for maintaining its biological functions as evidenced by a pioneer
study on anticancer activity of PL and its analogs [18]. From a
chemical point of view, a replacement of nitrogen atom of lactam
in PL with carbon atom helps to improve its electrophilicity. Thus,
as part of our ongoing research project on anticancer lead-finding
from natural products [20,21], we synthesized a nitrogen-atom-
lacking analog of PL (PL-0N) (Fig. 1A) to find a more important
anti-inflammatory agent than this parent molecular and investi-
gate its action mechanisms. At the same time, to clarify the
importance of the electrophilicity and the structure requirement of
Please cite this article in press as: Sun L-D, et al. Development and m
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PL for its anti-inflammatory activity, we also designed and
synthesized a few other analogs, where the Michael acceptors
are partially reduced (PL-01 and PL-02) (Fig. 1A) or the three
methoxyl groups and the aromatic ring are removed as exemplified
by PL-Ben and PL-CA, respectively (Fig. 1A).

Our work suggests that the Michael acceptor moiety in PL plays
an important role in its anti-inflammatory activity and the
replacement of nitrogen atom of lactam by carbon atom increases
effectively this activity. Investigation of mechanisms underlying
anti-inflammatory activity of PL-0N shows that it prevents the
expression of inducible nitric oxide synthase (iNOS) and cycloox-
ygenase-2 (COX-2) and production of nitric oxide (NO) and
prostaglandin E2 (PGE2) by inhibiting LPS-induced NF-kB signaling
echanism investigation of a new piperlongumine derivative as a
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pathway and MAPKs activation, as well as impairing proteasome
activity, but also enhancing LPS-induced autophagy in macrophage
RAW264.7 cells.

2. Materials and methods

2.1. Materials

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) was purchased from Amresco, Inc. (Solon, OH, USA).
LPS from Escherichia coli 0111:B4, Sulfanilamide, N-(1-naphthyl)
ethylenediamine dihydrochloride, 3-methyladenine (3-MA) and
the primary antibody against LC3B were obtained from Sigma-
Aldrich Co. LLC. (St. Louis, MO, USA). Dulbecco’s modified eagle
medium (DMEM) was obtained from Life Technologies Corp.
(Grand Island, NY, USA). The primary antibodies against iNOS,
COX-2, p50, p65, IkBa, p-IkBa, IKKb, p-IKKa/b, p38, p-p38, JNK, p-
JNK, ERK1/2, p-ERK1/2, TAK1, p-TAK1, TAB2, mTOR, p-mTOR, Akt
and p-Akt were purchased from Cell Signaling Technology, Inc.
(Beverly, MA, USA). The primary antibody against p62 was
purchased from BD biosciences (San Jose, CA, USA). The primary
antibodies against b-Actin and Lamin A and Protein A/G PLUS-
Agarose were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). HRP-labeled secondary antibody was
obtained from TransGen Biotech Co., Ltd. (Beijing, China). Alexa
Fluor 488-labeled goat anti-rabbit IgG and 40,6-diamidino-2-
phenylindole (DAPI) were purchased from Beyotime Institute of
Biotechnology (Jingsu, China). Fluorogenic peptide substrates Suc-
LLVY-AMC, Z-LLE-AMC and Z-ARR-AMC were obtained from
Calbiochem, Inc. (San Diego, CA, USA). Specific pharmacological
antagonists SB203580 and U0126 were purchased from Cell
Signaling Technology, and SP600125 was from Sigma-Aldrich.
Rapamycin was purchased from Selleck Chemicals (Houston, TX,
USA). All other chemicals were of analytical grade.

2.2. Synthesis of PL and its designed analogs

Synthesis of PL and its designed analogs was conducted
according to the route described in Fig. 1B. 1H and 13C NMR
spectra were recorded on a Bruker AVANCE III 400 MHz NMR
spectrometer (Bruker Daltonic Inc., Bremen, Germany). The
electron spray ionization mass spectra (ESI-MS) were measured
on a Bruker micrOTOF II mass spectrometer (Bruker Daltonic Inc.,
Bremen, Germany). The electron ionization mass spectra (EI-MS)
were obtained on a Trace GC Ultra & DSQ mass spectrometer
(Thermo scientific Inc., Allured, Illinois, USA). High resolution mass
spectra (HRMS) were recorded on a Bruker APEX II 47e mass
spectrometer (Bruker Daltonic Inc., Bremen, Germany).

2.2.1. Synthesis of tert-butyl-2-oxopiperidine-1-carboxylate [22]

Triethylamine (13.6 mL, 97.8 mmol), 4-dimethylaminopyridine
(DMAP)(1.20 g, 9.78 mmol) and di-tert-butyl dicarbonate (32.0 g,
147 mmol) were added to a stirring solution of d-valerolactam
(9.69 g, 97.8 mmol) in CH2Cl2 (150 mL). The solution was stirred at
room temperature for 3 h. The reaction mixture was then
concentrated under reduced pressure to give an orange semi-solid.
The semi-solid was dispersed into CH2Cl2 and purified by column
chromatography (silica gel, diethyl ether/hexanes 3:1) to yield tert-
butyl-2-oxopiperidine-1-carboxylate, a white crystalline solid (18 g,
90.4%).

2.2.2. Synthesis of tert-butyl 2-oxo-3-(phenylthio)piperidine-1-

carboxylate [23]

To a stirring solution of tert-butyl-2-oxopiperidine-1-carboxyl-
ate (4.0 g, 20.1 mmol) in tetrahydrofuran (THF) (20 mL) was added
dropwise Lithium diisopropylamide (LDA) (11.0 mL, 22.1 mmol)
Please cite this article in press as: Sun L-D, et al. Development and m
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under stirring at �78 8C. The mixture was stirred at �78 8C for
45 min, and then a solution of 4.82 g (22.1 mmol) diphenyl disulfide
in THF (10 mL) was added to the reaction system at �78 8C. The
reaction was maintained for 2 h at �78 8C and allowed to warm up to
0 8C, continuing to stir for 3 h. The reaction was then quenched with
H2O (10 mL), diluted using water and extracted with CH2Cl2
(3 � 80 mL). The organic layers were combined, washed with brine
(80 mL) and dried over MgSO4, filtered and concentrated to form an
orange oil. The oil was dissolved in CH2Cl2 and purified by flash
column chromatography on silica gel (petroleum/ethyl acetate 4:1)
to provide tert-butyl 2-oxo-3-(phenylthio)piperidine-1-carboxylate
as a colorless oil (2.80 g, 45.4%).

2.2.3. Synthesis of tert-butyl 2-oxo-5,6-dihydropyridine-1(2H)-

carboxylate [23,24]

m-Chloroperbenzoic acid (90%) (1.81 g, 9.45 mmol) was added
portion-wise to a solution of tert-butyl 2-oxo-3-(phenylthio)pi-
peridine-1-carboxylate (2.76 g, 9 mmol) in 100 mL of CH2Cl2 at
�78 8C. The solution was stirred for 1 h at �78 8C, followed by
addition of saturated NaHCO3 solution (80 mL), and then warmed
up to 0 8C for 30 min. The organic phase was separated and
the aqueous layer was extracted with CH2Cl2 (2 � 60 mL). The
combined organic phase was dried over anhydrous Na2SO4 and
removed the solvent. CaCO3 (0.912 g, 9.12 mmol) was added to the
residue in CCl4 (100 mL) and refluxed for 4 h. The reaction mixture
was cooled to room temperature, filtered calcium carbonate and
washed with CH2Cl2 (2 � 40 mL). The combined organic phases
was washed with brine (80 mL), dried over anhydrous Na2SO4,
filtered and concentrated. The residue oil was refined by flash
column chromatography (petroleum ether/ethyl acetate 6:1 to
3:1) to provide tert-butyl 2-oxo-5,6-dihydropyridine-1(2H)-car-
boxylate as a colorless oil (1.104 g, 61.5%).

2.2.4. Synthesis of 5,6-dihydropyridin-2(1H)-one [22]

To a solution of amide tert-butyl 2-oxo-5,6-dihydropyridine-
1(2H)-carboxylate (1.576 g, 8 mmol) in CH2Cl2 (10 mL) was added
dropwise trifluoroacetic acid (8 mL). The mixture was allowed to
stir at room temperature for 1 h. Toluene (20 mL) was added to the
reaction mixture and the solution was concentrated under reduced
pressure to give a light yellow oil. The oil was then dissolved in
CH2Cl2 (50 mL) and washed with an aqueous saturated solution of
K2CO3 (40 mL). The aqueous layer was then extracted with CH2Cl2/
CH3OH (10/1) (4 � 50 mL). The organic layers were then combined,
dried over MgSO4, filtered and concentrated under reduced
pressure. The crude product was further purified by flash column
chromatography (petroleum ether/ethyl acetate) to give a white
solid 5,6-dihydropyridin-2(1H)-one (0.66 g, 85%).

2.2.5. Synthesis of substituted acrylic acid [25]

Malonic acid (12 mmol) was added to a mixture of substituted
aryl aldehyde (10 mmol), pyridine (6 mL) and piperidine (0.6 mL).
The reaction was heated to 95–100 8C and stirred for 3 h, then cooling
for 10 min. The solution was poured into 10 mol/L hydrochloric acid
solution (80 mL) at 0 8C to produce white solid after standing for half
an hour. The solid was filtered, washed several times with water, and
dried under vacuum to give product substituted acrylic acid.

2.2.6. Synthesis of 3-(3,4,5-trimethoxyphenyl)propionic acid [26]

Palladium 10% on carbon (0.3 g) was added to the solution of
3-(3,4,5-trimethoxyphenyl) acrylic acid in 60 mL of absolute
ethanol. The air molecules in the reactor were evacuated by
vacuum pump, and hydrogen was introduced into reactor with a
balloon as buffer. The reaction was stirred at room temperature for
24 h, and then the catalysts were filtered away. The reaction
mixture washed with ethanol. Combined organic phases were
concentrated to obtain a white crude product, which was further
echanism investigation of a new piperlongumine derivative as a
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purified by recrystallization with methanol and water to give 3-
(3,4,5-trimethoxyphenyl)propionic acid as a white crystal (3.28 g,
91%).

2.2.7. Synthesis of substituted acryloyl chloride [27]

Thionyl chloride (0.65 mL, 9 mmol) was added to a solution of
substituted acrylic acid (3 mmol) in CH2Cl2 (6 mL). The reaction
was stirred and refluxed for 4 h under dry condition. The solution
was concentrated under reduced pressure to give a light yellow
solid or colorless oil substituted acryloyl chloride. The synthesized
substituted acryloyl chloride was directly used in the subsequent
reactions without further purification.

2.2.8. Synthesis of piperlongumine and its analogs (PL, PL-01, PL-02,

PL-Ben, PL-CA)

The corresponding acyl chloride (or acid anhydride) (3 mmol)
was added to a solution of d-valerolactam or 5,6-dihydropyridin-
2(1H)-one (3.3 mmol) in 15 mL of THF. The system was cooled to
0 8C with ice water and NaH (3.3 mmol) was slowly added to the
reaction mixture. The reaction was continued at 0 8C for 2 h and then
stirred for 18–24 h at room temperature under dry air. The solution
was poured into appropriate ice water, stirred for a few minutes and
extracted with ethyl acetate. Combined organic phases were dried
and concentrated. Purification was performed by flash column
chromatography (petroleum ether/ethyl acetate) to give the
corresponding analogs.

2.2.9. Synthesis of (E)-6-(3-(3,4,5-

trimethoxyphenyl)acryloyl)cyclohex-2-enone (PL-0N) [28]

Cyclohex-2-enone (0.48 g, 6 mmol) was dissolved in 15 mL of
THF, and the solution was stirred and cooled to �78 8C under dry
nitrogen. Then LDA (6.6 mmol in THF) was dropped to the system
by syringe, stirring the system for 45 min under �78 8C. The acyl
chloride (3 mmol) dispersed into 15 mL of THF was slowly added to
the reaction mixture, and the reaction was continued for 1 h at
same temperature then 1 h at 0 8C. 10 mL of water was used to
terminate the reaction and appropriate water was poured into the
reaction system again. The system was stood for a while, and then
water phase was separated from the system and extracted by ethyl
acetate. Combined organic phases were washed using brine, dried
over anhydrous Na2SO4 and concentrated by rotary evaporator.
Crude product was purified by flash column chromatography
(petroleum ether/ethyl acetate) to give yellow PL-0N.

2.2.10. (E)-1-(3-(3,4,5-Trimethoxyphenyl)acryloyl)-5,6-

dihydropyridin-2(1H)-one (PL)

White solid, yield 72%; 1H NMR (400 MHz, CDCl3): d = 7.68 (d,
J = 15.6 Hz, 1H), 7.43 (d, J = 15.6 Hz, 1H), 6.98–6.93 (m, 1H), 6.81 (s,
2H), 6.06 (d, J = 9.6 Hz, 1H), 4.05 (t, J = 6.4 Hz, 2H), 3.90 (s, 6H), 3.88
(s, 3H), 2.51–2.47 (m, 2H); 13C NMR (100 MHz, CDCl3): d = 168.9,
165.8, 153.3, 145.5, 143.8, 139.9, 130.6, 125.8, 121.0, 60.9, 56.1,
56.1, 41.6, 24.8; MS (EI): (m/z) = 318.3 [M + H]+.

2.2.11. (E)-1-(3-(3,4,5-Trimethoxyphenyl)acryloyl)piperidin-2-one

(PL-01)

White solid, yield 65.1%; 1H NMR (400 MHz, CDCl3): d = 7.64 (d,
J = 15.4 Hz, 1H), 7.36 (d, J = 15.4 Hz, 1H), 6.79 (s, 2H), 3.89 (s, 6H),
3.87 (s, 3H), 3.80 (t, J = 6.0 Hz, 2H), 2.63–2.60 (m, 2H), 1.91–1.88
(m, 4H); 13C NMR (100 MHz, CDCl3): d = 173.9, 169.6, 153.3, 143.4,
139.9, 130.6, 121.3, 105.4, 60.9, 56.1, 44.6, 34.9, 22.5, 20.6; MS
(ESI): (m/z) = 319.9 [M + H]+.

2.2.12. (E)-1-(3-(3,4,5-Trimethoxyphenyl)acryloyl)piperidin-2-one

(PL-02)

White solid, yield 37.2%; 1H NMR (400 MHz, CDCl3): d = 6.89
(dt, J = 9.6, 4.0 Hz, 1H), 6.47 (s, 2H), 6.00 (dt, J = 9.6, 2.0 Hz, 1H), 3.98
Please cite this article in press as: Sun L-D, et al. Development and m
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(t, J = 6.4 Hz, 1H), 3.85 (s, 6H), 3.82 (s, 3H), 3.25 (t, J = 8.0 Hz, 2H),
2.94 (t, J = 8.0 Hz, 2H), 2.42–2.37 (m, 2H); 13C NMR (100 MHz,
CDCl3) d = 175.5, 165.3, 153.0, 145.2, 136.9, 136.2, 125.8, 105.4,
60.8, 56.0, 40.9, 31.5, 24.6; HRMS (ESI): m/z calculated for [M + H]+:
320.1492. Found: 320.1488, error = 1.2 ppm.

2.2.13. 1-Cinnamoyl-5,6-dihydropyridin-2(1H)-one (PL-Ben)

White solid, yield 26.8%; 1H NMR (400 MHz, CDCl3): d = 7.76 (d,
J = 16.0 Hz, 1H), 7.60–7.56 (m, 2H), 7.52 (d, J = 16.0 Hz, 1H), 7.41–
7.37 (m, 3H), 6.94 (dt, J = 9.6, 4.0 Hz, 1H), 6.05 (dt, J = 9.6, 1.6 Hz,
1H), 4.05 (t, J = 6.4 Hz, 2H), 2.50–2.46 (m, 2H); 13C NMR (100 MHz,
CDCl3): d = 168.9, 165.8, 145.4, 143.6, 135.1, 130.0, 128.7, 128.3,
125.8, 121.8, 41.6, 24.8; MS (ESI): (m/z) = 228.1 [M + H]+.

2.2.14. (E)-6-(3-(3,4,5-Trimethoxyphenyl)acryloyl)cyclohex-2-enone

(PL-0N)

Yellow solid, yield 65.3%; 1H NMR (400 MHz, CDCl3): d = 7.55 (d,
J = 15.6 Hz, 1H), 6.87–6.78 (m, 2H), 6.76 (s, 2H), 6.16 (dt, J = 9.6,
1.6 Hz, 1H), 3.90 (s, 6H), 3.88 (s, 3H), 2.76 (t, J = 7.2 Hz, 2H), 2.44–
2.38 (m, 2H); 13C NMR (100 MHz, CDCl3): d = 190.1, 169.9, 153.4,
146.9, 139.7, 139.0, 131.2, 129.8, 117.7, 105.8, 105.0, 60.9, 56.2,
24.6, 22.0; MS (EI): (m/z) = 317.3[M + H]+.

2.2.15. (E)-1-(But-2-enoyl)-5,6-dihydropyridin-2(1H)-one (PL-CA)

Liquid, yield 73%; 1H NMR (400 MHz, CDCl3): d = 7.06–6.96 (m,
1H), 6.94–6.77 (m, 1H), 6.00–5.94 (m, 1H), 3.97–3.90 (m, 2H), 2.43–
2.40 (m, 2H), 1.92–1.86 (m, 3H); 13C NMR (100 MHz, CDCl3):
d = 168.7, 165.6, 145.3, 143.4, 126.2, 125.7,41.4, 24.7, 18.2; MS (EI):
(m/z) = 165 [M].

2.3. Cell culture

Murine macrophage RAW264.7 cells were obtained from
Shanghai Institutes for Biological Sciences, Chinese Academy of
Sciences, and grown at 37 8C in a humidified CO2 (5%) incubator.
The cells were maintained in DMEM medium supplemented with
10% heat-inactivated fetal bovine serum, 100 U/mL penicillin and
100 U/mL streptomycin.

2.4. Cell viability assay

Cell viability was evaluated by the MTT reduction assay. Briefly,
the cells were seeded at a density of 8000 cells/well in 96-well
plates and treated with the test compounds. After 24 h incubation,
the medium was replaced by fresh medium containing 0.5 mg/mL
MTT and the cells were incubated for 4 h at 37 8C. The dark blue
formazan crystals formed in the cells were dissolved in 100 mL of
DMSO, and then the absorbance was measured at 570 nm using a
Bio-Rad M680 microplate reader (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA).

2.5. Nitrite assay

The nitrite concentration in the culture medium was measured
as an indicator of NO production based on the Griess reaction
[29]. RAW264.7 cells (8 � 104 cells/well) were plated in 96-well
plates for overnight and pretreated with the diverse compounds
for 1 h, then stimulated with LPS for 18 h. Equal volumes (100 mL)
of cultured medium and Griess reagent (1% Sulfanilamide in 5%
phosphoric acid and 0.1% N-(1-naphthyl) ethylenediamine dihy-
drochloride in distilled water) were mixed in a 96-well plate and
incubated for 10 min at room temperature. The optical density was
read at 540 nm with a Tecan Infinite1 200 PRO multimode reader
(Tecan Group Ltd., Männedorf, Switzerland), and nitrite concen-
tration was calculated by comparison with a sodium nitrite
solution standard curve.
echanism investigation of a new piperlongumine derivative as a
dx.doi.org/10.1016/j.bcp.2015.03.014
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2.6. Determination of PGE2 production

RAW264.7 cells (3 � 105 cells/well) were plated in 24-well plates
for overnight and pretreated with the test compounds for 24 h with
or without LPS. The PGE2 concentration in the culture medium was
quantified using a commercially available enzyme-linked immuno-
sorbent assay (ELISA) kit (R&D Systems, Inc., Minneapolis, MN, USA)
according to the manufacturer’s instructions.

2.7. Protein preparation, immunoprecipitation, and Western blot

analysis

Cells were harvested, washed two times with ice-cold
phosphate-buffered saline and whole-cell and nuclear proteins
were extracted according to the protocol of Western and IP lysis
buffer (Beyotime Institute of Biotechnology) and Nuclear and
Cytoplasmic Protein Extraction Kit (Viagene Biotech Inc., Beijing,
China), respectively. For immunoprecipitation, equivalent
amounts of whole-cell lysates were incubated with specific
primary antibodies overnight at 4 8C under rotation. Protein A/G
PLUS-Agarose was then added and incubated for an additional 4 h
at 4 8C under rotation. The immunoprecipitated complexes were
washed 5 times with Western and IP lysis buffer. For immuno-
blotting, the immunoprecipitates, proteins from whole-cell,
nuclear or cytoplasm were separated on SDS-polyacrylamide gels
and transferred onto the nitrocellulose membranes (Bio-Rad
Laboratories, Inc.) or Immun-BlotTM PVDF membrane (Bio-Rad
Laboratories, Inc.). The membranes were blocked with 5% skim
milk in Tris buffered saline (TBS) containing 0.1% Tween-20, and
probed for the protein of interest with a specific primary antibody
before incubation with its corresponding HRP-conjugated second-
ary antibody. Blotted proteins were detected using the Image-
Quant 400 capture imaging system (GE Healthcare, Little Chalfont,
UK), and band intensities were quantified using Image J software
(National Institutes of Health, Bethesda, MD, USA).

2.8. Electrophoretic mobility shift assay (EMSA) for NF-kB

The cells were pretreated with test compounds for 5 h and then
stimulated with LPS (1 mg/mL) for another 30 min. The DNA
binding activity of NF-kB was determined with a biotin-labeled
oligonucleotide bio-NF-kB probe according to the manufacturer’s
instruction of EMSA kit (Viagene Biotech Inc.).

2.9. Immunofluorescence analysis

RAW264.7 cells were grown on glass coverslip in six-well plates,
fixed with 4% paraformaldehyde (w/v) for 20 min at room
temperature and blocked for 1 h with 5% BSA in TBS containing
0.1% Triton X-100. Then, the cells were incubated with a primary
antibodies, followed by Alexa Fluor 488-labeled goat anti-rabbit IgG.
After a wash step, they were stained with DAPI and the images were
acquired.

2.10. Assays of proteasome activity

The various peptidase activities of the proteasome were
measured using the fluorogenic substrates Suc-LLVY-AMC (for
chymotrypsin-like activity), Z-LLE-AMC (for peptidylglutamyl
peptide hydrolyzing (PGPH) activity) and Z-ARR-AMC (for
trypsin-like activity) as described previously [30]. Treated cells
were suspended in 50 mM Tris–HCl/pH7.4 containing 5 mM EDTA,
150 mM NaCl, 0.5% Nonidet P-40, 5 mM ATP, 0.5 mM phenyl-
methylsulfonyl fluoride, and 0.5 mM dithiothreitol. The cell
suspensions were incubated on ice for 30 min with vigorous
vortexing every 10 min for 10 s. After centrifugation, the equal
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amounts of protein from each sample were incubated with each
substrate (20 mM, final concentration) for 30 min at 37 8C in
100 mL of the assay buffer (50 mM Tris–HCl, pH7.4). Each
proteasomal activity was monitored by measuring fluorescence
of hydrolyzed AMC groups using a Tecan Infinite1 200 PRO
multimode reader with excitation and emission setting of 380 and
460 nm, respectively.

2.11. Statistical analysis

Results are expressed as the mean values � standard deviation
(SD) and were analyzed statistically with analysis of variance
(ANOVE), and differences between groups were assessed with the
Tukey’s method. A value of p < 0.05 was considered to be statistically
significant.

3. Results

3.1. PL-0N was the most potent one among the PL analogs in

inhibiting NO and PGE2 production in LPS-stimulated RAW264.7 cells

Results from the MTT assay showed that among the test
compounds, PL-0N possessed the highest cytotoxicity against
RAW264.7 cells, but was not cytotoxic up to 2.5 mM (Fig. 2A).
Accordingly, we chose the concentrations ranging from 0.1 to 2.5 mM
for each compound to test the anti-inflammatory activity in LPS-
stimulated RAW264.7 cells, a model of inflammation. Using the
nitrite assay, we initially evaluated the inhibitory effects of PL and its
analogs on the LPS-induced NO (an inflammatory mediator)
production. As shown in Fig. 2B, treatment with LPS alone induced
a considerable production of NO, which was dose-dependently
inhibited by PL, PL-0N, PL-Ben and PL-CA. Among the four
compounds, PL-Ben and PL-CA had effects similar to those of the
parent molecule, and, as expected, PL-0N presented the highest
activity with the inhibitory rates of 80, 50, 25 and 7% at 2.5, 1.0,
0.5 and 0.1 mM, respectively. In contrast, both PL-01 and PL-02 were
inactive in inhibiting the LPS-stimulated NO production, indicating
that either of the two Michael acceptor units is essential for anti-
inflammatory activity of PL. Furthermore, the structure-activity
relationship (SAR) of PL and its analogs in inhibiting PGE2 (another
inflammatory mediator) production was in agreement with that
obtained in inhibiting NO production, and PL-0N again ranked top
among the test compounds (Fig. 2C). Based on the above experi-
ments, we subsequently selected the concentrations of 1.0 and
2.5 mM to further probe anti-inflammatory mechanisms of PL and
PL-0N.

The iNOS and COX-2 are the key enzymes involved in stimulus-
induced synthesis of NO and PGE2, respectively [31,32]. Therefore,
we detected the expression of iNOS and COX-2 in LPS-stimulated
RAW264.7 cells using immunoblot. As shown in Fig. 2D, the LPS-
mediated induction of iNOS and COX-2 proteins was dose-
dependently suppressed by PL or PL-0N, and, noticeably, the
former was completely inhibited in the presence of 2.5 mM PL-
0N. Based on these observations, we can conclude that compared
with PL, PL-0N exerts the increased inhibitory effects on
production of NO and PGE2 through suppression of expression
of iNOS and COX-2 in LPS-induced RAW264.7 macrophages.

3.2. PL-0N exhibited potent inhibitory effect on nuclear translocation

of NF-kB in LPS-stimulated RAW264.7 cells

To gain an insight into the mechanisms by which both the
compounds inhibit inflammation process, we sought to determine
whether disruption of the distribution of NF-kB was involved in
this process. Based on immunofluorescence analysis (Fig. 3A), NF-
kB subunit P65 was almost exclusively observed in the cytoplasm
echanism investigation of a new piperlongumine derivative as a
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Fig. 2. Among the test compounds, PL-0N was the most potent one in inhibiting production of NO and PGE2 in LPS-stimulated RAW264.7 cells. (A) Cells were treated with 0.1,

1.0, 2.5, 3.5, 5.0, 7.5, 10.0, 20.0 and 40.0 mM PL or its analog for 24 h and cell viability was analyzed using the MTT method. (B and C) Cells were treated with PL and its analogs

for 1 h, followed by stimulation with LPS for another 18 h (B) or 24 h (C). At the end of incubation time, concentrations of NO and PGE2 in the culture medium were quantified

by nitrite and ELISA assay, respectively. (D) Cells were pretreated with different concentrations of PL or PL-0N for 1 h, LPS was then added and incubated for 24 h. The

expression of iNOS, COX-2 and b-Actin was analyzed by Western blot. Results are the mean � SD, for the NO assay, n = 5, other experiments, n = 3. ## p < 0.01, vs. Contol. *

p < 0.05, ** p < 0.01, vs. LPS alone.
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in the un-stimulated cells. After stimulation with LPS for 1 h, most
cytoplasmic p65 was translocated into the nucleus. Nuclear
localization of p65 was significantly reduced by PL-0N at all
concentrations examined (Fig. 3A). Similar result was also found
with 2.5 mM PL, but no inhibitory effect appeared at 1 mM
(Fig. 3A). Consistent with these findings, immunoblot showed that
the levels of both p65 and p50 were significantly increased in
nuclear after LPS-induction for 30 min, which were prevented by
PL and PL-0N in a concentration-dependent manner (Fig. 3B).
Please cite this article in press as: Sun L-D, et al. Development and m
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These data indicates that the two compounds have the ability to
inhibit nuclear translocation of NF-kB.

3.3. PL-0N effectively inhibited the LPS-induced phosphorylation of

IKKa/b and IkBa and impaired the proteasome activity in RAW264.7

cells

Stimulation with LPS activates the IKK complex, leading to
the phosphorylation and degradation of IkB and permitting
echanism investigation of a new piperlongumine derivative as a
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Fig. 3. PL-0N exhibited potent inhibitory effect on nuclear translocation of NF-kB in LPS-stimulated RAW264.7 cells. Cells were treated with PL or PL-0N for 5 h, followed by

stimulation with LPS for 1 h (A) or 30 min (B). The subcellular localization of NF-kB was determined by immunofluorescence and images were acquired using a Leisa DM4000

B fluorescence microscope (Scale bar: 15 mm) (A). The cytosolic and nuclear fractions were prepared and analyzed by Western blotting (B). Results are the mean � SD, n = 3.

## p < 0.01, vs. Contol. * p < 0.05, ** p < 0.01, vs. LPS alone. (Concerning the original color figure, please see the web version of this article).
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translocation of NF-kB to the nucleus. Thus, we analyzed the
effects of PL and PL-0N on LPS-induced IKKa/b activation and
IkBa degradation by immunoblotting. In response to LPS
stimulation, phosphorylated IKKa/b and IkBa levels were
markedly increased, and IkBa protein expression was correspond-
ingly diminished (Fig. 4A and B). PL and PL-0N markedly blocked
LPS-induced phosphorylation of IKKa/b and IkBa as well as
degradation of IkBa in a concentration-dependent manner (Fig. 4A
and B). Noticeably, the LPS-induced IKKa/b phosphorylation was
entirely suppressed by pretreatment with 2.5 mM PL-0N (Fig. 4A).

In addition, IkB stability is regulated by ubiquitin-mediated
proteasomal degradation pathway. To determine whether PL- and
PL-0N-induced attenuation of IkB degradation is related to
impairment of proteasome activity, we detected various peptidase
activities associated with the 20S proteasome. As shown in Fig. 4C,
chymotrypsin, trypsin-like and PGPH activities were significantly
decreased in the cells treated with 2.5 mM PL-0N as compared with
that in the untreated cells. In contrast, PL at indicated concentrations
was inactive in decreasing activities for all three 20S peptidases
examined (Fig. 4C). This outcome is also in accordance with the
previous observation of inactivity of PL in inhibiting chymotrypsin-
like activity of 26S proteasome [33]. Taken together, these results
demonstrate that PL-0N strongly prevents the NF-kB signaling by
inhibiting LPS-induced IKKa/b activation and impairing proteaso-
mal activity, thereby maintaining IkB stability in RAW264.7 cells.

3.4. PL-0N suppressed the LPS-induced MAPK phosphorylation in

macrophages

MAPKs are also known to participate in regulating inflamma-
tion process [34]. To clarify the role of MAPKs in LPS-induced iNOS
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and COX-2 expression, the macrophages were challenged by LPS
for 24 h in the presence or absence of three specific pharmacologi-
cal antagonists SB203580, U0126, and SP600125 for activation of
p38, ERK and JNK, respectively. Fig. 5A shows that all the three
inhibitors could suppress LPS-induced over-expression of iNOS
and COX-2, implying that all the three kinases are indeed involved
in the inflammatory response. We next investigated the effect of PL
and PL-0N on MAPKs in LPS-stimulated macrophages. It can be
seen from Fig. 5B–D that LPS induced a sharp increase in the
phosphorylation levels of p38, JNK and ERK1/2 in the cells.
Pretreatment with PL or PL-0N blocked significantly the increased
phosphorylation of p38 and JNK at 2.5 mM, but only marginally for
p-ERK. These results suggest that PL-0N and PL mitigate LPS-
induced over-expression of iNOS and COX-2 partially through
inhibition of MAPK signaling pathway.

3.5. PL-0N appeared not to affect LPS-induced TAK1-TAB1 complex

formation and TAK1 activation in RAW264.7 cells

Transforming growth factor b-activated kinase 1 (TAK1) is the
upstream signaling molecule of IKK and MAPKs and its activation is
mediated through a complex formation between TAK1 and TAK1-
binding protein (TAB) adaptor proteins including TAB2 [35]. Thus,
we examined whether PL and PL-0N interfered with the formation
of the TAK1-TAB2 complex and phosphorylation of TAK1 in LPS-
induced RAW264.7 cells. Immunoprecipitation and immunoblot-
ting analyses show that TAB2 and TAK1 formed a stronger complex
in macrophages derived from the LPS group relative to the control
(Fig. 6A). Neither PL nor PL-0N exhibited appreciable effect on LPS-
induced TAK1–TAB2 complex formation (Fig. 6A). For TAK1
phosphorylation, LPS induced an increase in p-TAK1 expression
echanism investigation of a new piperlongumine derivative as a
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Fig. 4. PL-0N effectively inhibited the LPS-induced phosphorylation of IKKa/b and IkBa and impaired the proteasome activity in RAW264.7 cells. (A and B) Cells were

pretreated with different concentrations of PL or PL-0N for 5 h, LPS was then added and incubated for another 10 min for p-IKKa/b and IKKb or 15 min for p-IkBa and

IkBa. Total cellular proteins were prepared and analyzed by Western blotting. (C) Cells were treated with indicated concentrations of PL-0N and PL for 5 h and then

collected and processed for proteasome activity assay as described in Section 2. Results are the mean � SD, n = 3. # p < 0.05, ## p < 0.01, vs. Contol. * p < 0.05, ** p < 0.01, vs.

LPS alone.
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and pre-incubation with PL and PL-0N failed to inhibit the increase
at the indicated concentrations (Fig. 6B), suggesting that anti-
inflammatory activity of PL and PL-0N is independent of p-TAK1
suppression.

3.6. PL-0N strongly inhibited LPS-induced DNA binding of NF-kB in

LPS-stimulated RAW264.7 cells

Although inhibition of NF-kB activation can be achieved at
various steps along NF-kB signaling, the direct suppression of
DNA binding of NF-kB is a more attractive approach in inhibiting
NF-kB activation [36]. Thus, we applied EMSA assay, a technique
used to detect protein complexes with nucleic acids, to
investigate whether PL-0N and PL is able to inhibit the DNA
binding of NF-kB. As shown in Fig. 7, LPS stimulated a rapid
increase in NF-kB-DNA-binding activity as indicated by forming
a strong NF-kB-DNA complex band, and this activity was
inhibited by 2.5 mM PL. At the same concentration, the inhibition
effect of PL-0N was much more pronounced than that of
PL. Specificity of the protein/DNA reaction was also confirmed by
the finding that excess unlabeled, but not excess mutant
unlabeled oligonucleotide, completely prevented the band shifts.
These data indicate that inhibition of NF-kB activation by PL and
PL-0N can be mediated, at least in part, by reducing formation of
NF-kB-DNA complexes.
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3.7. Autophagy induced by PL-0N and PL may restrict LPS-induced

inflammatory responses in RAW264.7 cells

It has been reported that autophagy can directly regulate
inflammatory responses [37]. To confirm this phenomenon, we
pre-treated RAW264.7 cells with 3-MA (an autophagy inhibitor by
blocking the class III PI3Ks) or rapamycin (an autophagy inducer by
targeting the negative regulators against autophagy as mammalian
target of rapamycin (mTOR)), followed by addition of LPS.
Incubation of RAW264.7 cells with LPS led to the accumulation
of microtubule-associated protein 1 light chain 3 (LC3) puncta,
typical of autophagosomes. LPS-induced punctate LC3 was
markedly reduced and enhanced in the presence of 3-MA and
rapamycin, respectively (Fig. 8A). Moreover, the levels of LPS-
induced iNOS were down-regulated upon treatment of rapamycin
plus LPS, but were not changed in the presence of 3-MA plus LPS
(Fig. 8B), further supporting the role of autophagy in reducing
inflammatory responses in RAW264.7 cells.

Thus, it is of interest to check whether PL and PL-0N exhibit
anti-inflammatory activity by influencing the LPS-induced autop-
hagy. As illustrated in Fig. 8C, PL alone induced an increase in the
percentage of autophagosomes in RAW264.7 cells, but to a lesser
extent than PL-0N alone did. In comparison with treatment with
LPS alone, co-treatment of LPS with either PL-0N or PL further
enhanced accumulation of punctate LC3. Additionally, it can be
echanism investigation of a new piperlongumine derivative as a
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Fig. 5. PL-0N suppressed the LPS-induced MAPK phosphorylation in macrophages. (A) Roles of MAPK signaling pathways in LPS-induced macrophages. Cells were pretreated

with each inhibitor for 1 h, LPS was then added and incubated for 24 h. Total cellular proteins were prepared and analyzed by Western blotting. (B–D) PL-0N suppressed the

LPS-induced phosphorylation of p38 (B), JNK (C) and ERK1/2 (D) in macrophages. Cells were pretreated with different concentrations of PL or PL-0N for 5 h before exposure to

LPS for 15 min. Total cellular proteins were prepared and analyzed by Western blotting. Results are the mean � SD, n = 3. # p < 0.05, ## p < 0.01, vs. Contol. * p < 0.05, **

p < 0.01, vs. LPS alone.
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seen from Fig. 8D obtained by immunoblot that PL or PL-0N alone
stimulated an increase in LC3-II amount together with a reduction
in p62 expression. LC3-II is considered as a marker for autophagy
and p62 is widely used as an indicator of autophagic degradation
[38]. Therefore, PL and PL-0N induced autophagy by initiating
autophagosome formation. Considering that Akt/mTOR signaling
axis is a crucial pathway to regulate the formation of autophago-
somes and PL induces autophagy through the Akt/mTOR pathway
in several cancer cells [39], we tested the effects of PL and PL-0N on
levels of p-Akt and p-mTOR in RAW264.7 cells by immunoblot.
Levels of p-mTOR were down-regulated by treatment with PL or
PL-0N, but those of p-Akt remained unchanged (Fig. 8D).
Collectively, these data imply that PL-0N or PL induces autophagy
in an mTOR- rather than Akt-dependent manner and resulted in
further accumulation of autophagosomes in the presence of LPS,
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thereby restricting LPS-induced inflammatory responses in
RAW264.7 cells.

4. Discussion

Natural products, traditionally referred to as secondary
metabolites, have been used for the treatment and prevention of
cancer throughout history [40]. They provide extraordinarily
diverse chemical scaffolds on which chemical modification can
be applied to recognize the structural requirements that are
responsible for the related biological activity and to derive new
lead drug molecules with superior activity. Piperlongumine, a
natural product, features a prominent anti-cancer activity in a
broad variety of human cancer cell lines, and does not affect
noncancerous cell types even at high does [12]. Subsequently, the
echanism investigation of a new piperlongumine derivative as a
dx.doi.org/10.1016/j.bcp.2015.03.014

http://dx.doi.org/10.1016/j.bcp.2015.03.014


Fig. 6. PL-0N appeared not to affect LPS-induced TAK1-TAB1 complex formation and TAK1 activation in RAW264.7 cells. Cells were pretreated with the indicated

concentrations of PL or PL-0N for 5 h and then challenged with LPS for 10 min. (A) Lysates were immunoprecipitated with anti-TAK1 antibody, and the immune complexes

were analyzed by Western blotting using antibody against TAB2. (B) The total cellular proteins were prepared and the expression of p-TAK1, TAK1 and b-Actin was analyzed

by Western blot. Results are the mean � SD, n = 3. # p < 0.05, vs. Contol.
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mechanisms of underlying its anticancer activity have been widely
investigated using PL and/or its analogs [13–17,39]. However,
there are few researches focusing on anti-inflammatory activity
and mechanisms of PL-based analogs.

The present work studied anti-inflammatory activity of six PL-
based analogs (Fig. 1A) with different structural features that
enable us to clarify the structural determinants for the activity and
a SAR. Specifically, either of the two Michael acceptors in PL is
indispensible for its anti-inflammatory activity (Fig. 2B and C). This
result is also in line with the previous observation showing that
both the olefins are necessary to recapitulate the level of
cytotoxicity observed for PL [18]. On the other hand, removal of
either the methoxyl group or the aromatic ring has no appreciable
effect on anti-inflammatory activity of PL. Notably, a replacement
of nitrogen atom of lactam by carbon atom increases the NO- and
PGE2-inhibiting activity of PL (Fig. 2B and C), thereby indicating
that the structural modification based on the electrophilicity-
increasing strategy is feasible in improving its anti-inflammatory
activity.
Fig. 7. PL-0N strongly inhibited LPS-induced DNA binding of NF-kB in LPS-stimulated RAW

for 5 h and then challenged with LPS for 30 min. Nuclear extract proteins (10 mg) wer

indicated by arrows. The lanes designated ‘‘C’’ show the effect of adding excess unlabele

oligonucleotide.
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The inflammatory cascade is triggered by various signaling
pathways, among which IKK/NF-kB signaling is the most impor-
tant one, and has been long identified as a major target for many
anti-inflammatory agents. In this study, we identified PL-0N, a
nitrogen-atom-lacking analog of PL, as a potential anti-inflamma-
tory agent through targeting the IKK-dependent NF-kB pathway
(Fig. 4A). IKK complex is the master regulator of NF-kB activation
and harbors a cysteine 179 (Cys179) positioned in active site of IKK
catalytic subunit IKKb [41]. This active cysteine residue can serve
as a potential target of some electrophilic molecules containing
Michael acceptor unit such as epoxyquinone A monomer (EqM)
[42], plumbagin [43], butein [44], and parthenolide [45]. They can
covalently modify Cys179 of IKKb and thereby inhibit activation of
IKK. In addition, in terms of its Michael acceptors, PL has been
previously proven to directly interact with this active cysteine
residue together with a significant inhibition on IKK activity
[46]. The current work confirms that PL-0N, compared with PL,
displays increased inhibitory effect on phosphorylation of IKKa/b
(Fig. 4A), resulting in subsequent failure in phosphorylation of
264.7 cells. Cells were pretreated with the indicated concentrations of PL or PL-0N
e prepared and analyzed by EMSA assay. NF-kB complex and excessive probe are

d NF-kB oligonucleotide; ‘‘M’’, the effect of adding excess unlabeled mutant NF-kB
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Fig. 8. Autophagy induced by PL-0N and PL may restrict LPS-induced inflammatory responses in RAW264.7 cells. (A) LPS induced autophagy in RAW264.7 cells. Cells were

incubated with 1 mM 3-MA or 10 mM Rapamycin in the absence or presence of LPS (1 mg/mL) for 16 h. Then immunofluorescence for LC3 was visualized using a Zeiss LSM

710 confocal microscope (left panel) and quantified by LC3 puncta per cell (right panel). (B) Autophagy may restrict expression of iNOS in LPS-induced RAW264.7 cells. Cells

were pretreated with 1 mM 3-MA or 10 mM rapamycin for 30 min, and incubated for 24 h after addition of LPS. Total cellular proteins were prepared and analyzed by Western

blotting. (C) PL-0N and PL enhanced the LPS-induced autohagy. Cells were incubated with 2.5 mM of either PL or PL-0N with or without LPS (1 mg/mL) for 16 h. Then

immunofluorescence for LC3 was captured (left panel) and quantified by LC3 puncta per cell (right panel). (D) PL and PL-0N promote autophagy in an mTOR-dependent

manner. Cells were incubated with 2.5 mM of either PL or PL-0N for 24 h, then the total cellular proteins were prepared. The expression of p62, p-mTOR, mTOR, p-Akt, Akt, LC3

and b-Actin was analyzed by Western blot. Results are the mean � SD, n = 3. # p < 0.05, ## p < 0.01, vs. Contol. ** p < 0.01, vs. LPS alone. s p < 0.05. For D, * p < 0.05, ** p < 0.01,

vs. Control. Scale bars = 10 mm. (For this figure in color, please see the web version of this article).

L.-D. Sun et al. / Biochemical Pharmacology xxx (2015) xxx–xxx 11

G Model

BCP-12213; No. of Pages 14

Please cite this article in press as: Sun L-D, et al. Development and mechanism investigation of a new piperlongumine derivative as a
potent anti-inflammatory agent. Biochem Pharmacol (2015), http://dx.doi.org/10.1016/j.bcp.2015.03.014

http://dx.doi.org/10.1016/j.bcp.2015.03.014


L.-D. Sun et al. / Biochemical Pharmacology xxx (2015) xxx–xxx12

G Model

BCP-12213; No. of Pages 14
IkBa and nuclear entry of p65 and p50. Consequently, Cys179 of
IKKb probably serves as an interaction site for PL-0N based on its
structural and functional similarities to that of PL. Apart from
Cys179 of IKKb, Cys38 in p65 and Cys62 in p50 have been recognized
as the attachment sites of a few electrophiles as exemplified by
EqM [42], plumbagin [43] and andrographolide [47]. The direct
interaction with both p65 and p50 reduces generally the binding
affinity of NF-kB toward DNA [36,42,43,47]. As demonstrated by
EMSA analysis (Fig. 7), both PL and PL-0N inhibited obviously the
NF-kB-DNA binding activity stimulated by LPS, and the inhibitory
activity of the latter is superior to that of the former, suggesting the
possibility of their targeting Cys38 in p65 or Cys62 in p50 or both of
them. Taken together, their anti-inflammatory activity is closely
associated with their ability to inhibit IKK phosphorylation and the
NF-kB-DNA binding.

In inflammatory process, the ubiquitin-proteasome pathway
plays an important role since it regulates activation of IKK and
degradation IkB as well as processing of the NF-kB precursors,
p100 and p105, in to the mature subunits p52 and p50 [48]. It is not
surprising that proteasome inhibitors, such as epoxomicin,
cyclosporine A, can inhibit NF-kB activation [49,50]. In this work,
inhibition of 20S proteosomal activity is observed only in the case
of 2.5 mM PL-0N instead of PL. It appears likely that the enhanced
anti-inflammatory activity of PL-0N is due, at least in part, to its
ability to impair proteasome activity.

MAPKs, including p38, ERK1/2 and JNK subgroups, are a highly
conserved family of protein serine/threonine kinases involved in a
variety of fundamental cellular processes. These three MAPKs are
Fig. 9. Schematic diagram showed the molecular mechanism through which PL and PL
response to LPS stimulation, IKK, p38, ERK and JNK becomes activated. After activation, t

20S proteasome, thereby leading to the activation of NF-kB and subsequent transcription

exception that the former is inactive in impairing proteasome activity. Besides, induction

The Cys179 of IKKb, Cys38 in p65 and Cys62 in p50 are possible attachment sites of PL and 

of inhibition. (Concerning this illustration in color, please see the web version of this a
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known to play an important role in regulating LPS-induced
inflammation responses [34]. Fig. 5 confirms that p38, ERK1/2
and JNK are involved in LPS-induced inflammation responses, and
their phosphorylation (especially p-p38 and p-JNK) inhibition
contributes to anti-inflammatory activity of PL and PL-0N.

TAK1, a member of the MAPKKK family, is an indispensable
signaling intermediate in LPS/toll-like receptor (TLR)4 signaling
pathway. Following LPS stimulation, TLR4 activates myeloid
differentiation protein 88 (MyD88)-dependent pathway and leads
to TAK1-TAB2 complex formation, TAK1 activation, and subse-
quent activation of IKK and MAPKs [51–53]. It can be seen from
Fig. 6 that neither PL nor PL-0N interferes with formation of TAK1-
TAB2 complex and TAK1 phosphorylation in LPS-induced
RAW264.7 cells, suggesting that TAK1 and its upstream molecules
including TLR4 should not be affected by PL or PL-0N. There should
be other targets contributing to down-regulation of PL and PL-0N
for the LPS-induced phosphorylated MAPKs.

Autophagy is a regulated bulk degradation process inside cells,
and contributes to the turnover of cellular components. A recent
wave of interest in autophagy has been characterized by its
involvement in regulating inflammatory responses [37]. Using
Atg16L1-deficiency mice, Saitoh et al. found that autophagy
dysregulation enhances endotoxin-induced production of IL-1b
[54]. In contrast, we found that rapamycin is able to significantly
decrease LPS-induced iNOS expression (Fig. 8B). Furthermore,
Fig. 8C shows that anti-inflammatory activity of PL and PL-0N can
be partly due to inducing autophagy. In fact, NF-kB activation in
LPS-activated cells is inversely correlated to the enhancement of
-0N inhibit LPS-induced inflammatory process in LPS-induced RAW264.7 cells. In

he IKK complex phosphorylates IkBa, which is then ubiquitinated and degraded by

 of iNOS and COX-2. Each of these events can be blocked by PL and PL-0N with one

 of autophagy by PL and PL-0N also contributes to their anti-inflammatory activity.

PL-0N in terms of their Michael acceptors (see Section 4). P, phosphate group; ?, site

rticle).
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autophagy. Moreover, NF-kB provides a molecular link between
autophagy and its function in suppressing inflammation [55].
Autophagy selectively degrades NF-kB-inducing kinase (NIK) and
IKK, resulting in attenuation of NF-kB activation [56,57], while
activated NF-kB represses autophagy activation induced by TNF-a
[58]. In view of the fact that NF-kB is a key regulator in
inflammation responses and autophagy degrades NIK and IKK,
we postulate that anti-inflammatory activity of PL and PL-0N is
primarily mediated by inhibiting NF-kB activation, and the
autophagic induction by them in an mTOR-dependent manner
further contributes to this inhibition.

In conclusion, by using a LPS-stimulated RAW264.7 cell
model, we identified PL-0N, a nitrogen-atom-lacking analog of
PL, as a promising lead for developing natural product-directed
anti-inflammatory agents, and revealed its anti-inflammatory
mechanisms including inhibition of NF-kB transduction pathway,
down-regulation of MAPKs activation, impairment of proteasome
activity and induction of autophagy (Fig. 9). Additionally, this work
highlights the feasibility in designing PL-inspired anti-inflamma-
tory agents by the electrophilicity-increasing strategy.
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