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Tripterine prevents endothelial barrier dysfunction
by inhibiting endogenous peroxynitrite formation

Feng Wu, Min Han and John X Wilson

Department of Exercise and Nutrition Sciences, University at Buffalo, Buffalo, NY, USA

Background and purpose: Tripterine is an inhibitor of heat shock protein 90 and an active component of Tripterygium wilfordii
Hook F., which is used in traditional Chinese medicine to treat inflammatory diseases such as rheumatoid arthritis. We
hypothesized that tripterine inhibits endogenous peroxynitrite formation and thereby prevents endothelial barrier dysfunction.
Experimental approach: Effects of tripterine were investigated on endothelial barrier function, inducible nitric oxide synthase
(iNOS) expression, nicotinamide adenine dinucleotide phasphate (NADPH) oxidase activity, 3-nitrotyrosine formation, protein
phosphatase type 2A (PP2A) activity, activation of extracellular-regulated kinase (ERK), c-Jun terminal kinase (JNK) and Janus
kinase (Jak2), and degradation of IxB in microvascular endothelial cells exposed to pro-inflammatory stimulus [lipopolysac-
charide (LPS) + interferon y (IFNy)] and on vascular permeability in air pouches of mice injected with LPS + IFNy.

Key results: LPS + IFNy caused an increase in monolayer permeability, induction of iNOS and NADPH oxidase type 1 (Nox1)
proteins, formation of superoxide, nitric oxide and 3-nitrotyrosine, and increase in PP2A activity in endothelial cells. These effects
of LPS + IFNy were diminished by tripterine (50-200 nM). Further, LPS + IFNy-induced expression of iNOS and Nox1 was
attenuated by the mitogen-activated protein kinase kinase 1/2 (MEK1/2) inhibitor PD98059, the |NK inhibitor SP600125, the
Jak2 inhibitor AG490 and the NF«xB inhibitor MG132, but not by the p38 mitogen-activated protein kinase inhibitor SB203580.
LPS + IFNystimulated phosphorylation of ERK, JNK and Jak2, and degradation of IkB, but only Jak2 phosphorylation was sensitive
to tripterine (50-200 nM). Further, tripterine diminished the increased vascular permeability in inflamed air pouches.
Conclusion and implications: Our results indicate that, by preventing Jak2-dependent induction of iNOS and Nox1, tripterine
inhibits peroxynitrite precursor synthesis, attenuates the increased activity of PP2A and consequently protects endothelial
barrier function.
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Introduction

Endothelial barrier dysfunction is an important pathological
process in inflammatory diseases, including rheumatoid
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generalized inflammatory response to bacteria or bacterial
endotoxin leads to life-threatening oedema in the lungs,
kidneys, skeletal muscles and brain (Davies, 2002; Holbeck
and Grande, 2003; Peters et al., 2003). Moreover, disruption of
the endothelial barrier facilitates leucocyte emigration from
the circulation into the subendothelial space, which further
contributes to injury of target organs (Middleton et al., 2004).

Pro-inflammatory stimuli [e.g. endotoxin and the major
cytokines tumour necrosis factor (TNF)-o, interleukin (IL)-1B
and interferon (IFN) y] precede the onset of tissue injury in
rheumatoid arthritis and sepsis (Titheradge, 1999; Peters et al.,
2003; Middleton et al., 2004; McInnes and Schett, 2007).
Endothelial cells respond to the pro-inflammatory stimuli by
producing inflammatory effectors such as nitric oxide (NO),
superoxide and peroxynitrite (Peters et al., 2003). NO genera-
tion by endothelial cells is necessary for the maintenance of
the barrier function of endothelium (Cirino et al., 2003; Wong
et al., 2004). However, the protective effect of NO on the
barrier integrity is diminished under inflammatory condi-
tions due to the simultaneous production of superoxide,
which reacts with NO to form the powerful oxidant perox-
ynitrite (Salvemini et al., 2006). Peroxynitrite can oxidize and
nitrate proteins, leading to the modulation of their function
(Alvarez and Radi, 2003; Peluffo and Radi, 2007). It has been
reported that nitration of cytoskeletal proteins by peroxyni-
trite is a cause of endothelial and epithelial barrier dysfunc-
tion (Knepler et al., 2001; Banan et al., 2003; Neumann et al.,
2006). Further, our recent study indicates that increased pro-
duction of peroxynitrite is associated with the activation of
protein phosphatase type 2A (PP2A) that causes an increased
permeability of the endothelial cell monolayer (Wu and
Wilson, 2009). Inhibiting the production of superoxide or NO
by administration of a superoxide dismutase (SOD) mimetic
or NO synthase (NOS) inhibitor preserves the permeability
barrier in cell monolayers challenged with endotoxin and
pro-inflammatory cytokines (Forsythe efal., 2002; Duann
et al., 2006).

Tripterygium wilfordii Hook F. (T. wilfordii), also known as
‘God of Thunder Vine’, is a traditional Chinese medicine that
has been used for hundreds of years to treat rheumatoid
arthritis and other rheumatic diseases (Setty and Sigal, 2005;
Corson and Crews, 2007). Crude extracts of T. wilfordii roots
have been shown to decrease the number of tender or swollen
joints in arthritis patients and animal models (Asano et al.,
1998; Tao et al., 2002). Adverse effects of these extracts have
also been reported, most commonly, disturbances of the gas-
trointestinal tract and amenorrhoea (Setty and Sigal, 2005).

Tripterine (also known as celastrol), a pentacyclic triter-
pene, is an active component of T. wilfordii extracts that has
anti-inflammatory activity (Setty and Sigal, 2005). Tripterine
at nanomolar concentrations (20-200 nM) has no known
cytotoxic effect (Zhang et al., 2006) but inhibits expression of
inflammatory genes, including IL-1B, TNFa, prostaglandin E,
and inducible NOS (iNOS) (He etal., 1998; Allison et al.,
2001). However, high concentrations (ICso = 2.5 uM) of trip-
terine induce apoptosis and exhibit anti-tumour activity
(Yang et al., 2006).

Tripterine is of particular interest because it is an inhibitor
of heat shock protein 90 (hsp90) (Hieronymus et al., 2006)
and the latter has been implicated in the pathophysiology of
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lipopolysaccharide (LPS)-induced vascular leakage (Chatterjee
et al., 2007; 2008). Further, when used to treat arthritis, trip-
terine has been shown to suppress joint swelling and other
manifestations of this condition without any obvious toxic
effects (Allison et al., 2001; Li et al., 2008). Because peroxyni-
trite has been implicated as a causative agent of endothelial
barrier dysfunction (Knepler ef al., 2001; Zhang et al., 2005;
Neumann et al., 2006; Wu and Wilson, 2009), it could be the
target through which tripterine acts to prevent oedema
(Allison et al., 2001; Li et al., 2008). In the present study, we
determined whether tripterine prevents peroxynitrite
formation and maintains barrier function in microvascular
endothelium exposed to pro-inflammatory stimuli.

Methods

Cell cultures

The University at Buffalo Institutional Animal Care and Use
Committee approved the procedures. Microvascular endothe-
lial cells were isolated from hind limb skeletal muscle of male
C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME, USA)
using a cell-trapping technique we described previously (Wu
etal., 2001). Endothelial cells were maintained in a growth
medium consisting of Dulbecco’s modified eagle medium
(DMEM), 10% heat-inactivated fetal bovine serum, 2 mM
L-glutamine, 5 U-L' heparin, 25 ug-mL"' endothelial cell
growth supplement (ECGS), 100 U-L' penicillin and
100 ug-mL! streptomycin, in a CO, incubator. For treatment
of the cells for experiments, ECGS was omitted from the
growth medium and the concentration of serum
was reduced to 2%. Endothelial phenotype identification
was carried out by immunocytochemical staining for von
Willebrand factor, uptake of acetylated low-density lipo-
protein labelled with 1,1-dioctadecyl-3,3,3-tetramethylindo-
carbocyanine perchlorate and binding of fluorescently
labelled Griffonia simplicifolia lectin I (Wilson et al., 1996).
Experiments were performed using confluent monolayers
(passages 3 through 8) obtained from at least three different
mice for each experiment.

Endothelial monolayer permeability assay

Diffusion of Evans blue-coupled bovine serum albumin
through endothelial monolayers was determined as previ-
ously described (Patterson et al., 1992). Cells were plated on
gelatin-coated culture inserts (3 um pore size) in 12-well com-
panion plates and grown to confluency in the growth
medium. For experiments, endothelial cells were incubated
with various drugs (described in the figure legends) in DMEM
containing 2% fetal bovine serum without phenol red. Subse-
quently, Evans blue-coupled bovine serum albumin was added
to the upper chamber and bovine serum albumin was added to
the lower chamber, so that no oncotic pressure gradient
existed. After incubation of the monolayers with Evans blue-
coupled bovine serum albumin for 1 h, medium was collected
from the lower chamber and the absorbance of Evans blue was
measured at 595 nm. The values of the absorbance were refer-
enced to a standard curve in order to obtain trans-endothelial
Evans blue-albumin leak as a flux of albumin in ug-h™.
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Cell viability assay

Endothelial cell viability was measured using the methlythia-
zolydiphenyltetrazolium bromide (MTT) assay. Cells were cul-
tured in 12-well plates and treated with various drugs as
indicated in the figure legends. One hour prior to end point,
the culture medium was changed to phenol red-free DMEM
containing 2% fetal bovine serum and 0.25 mg-mL™"' MTT.
After 1 h incubation at 37°C, the medium was removed and
1 mL of dimethyl sulphoxide (DMSO) was added to each well,
followed by trituration to dissolve the blue formazan. Two
hundred microlitres from each well were transferred, in trip-
licate aliquots, to a 96-well plate and absorbance at 550 nm
was read in a spectrophotometer.

Western blot analysis

Cells harvested from each well of the 12-well-plates were lysed
in Laemmli sample buffer. The proteins were separated in 12%
sodium dodecyl sulfate (SDS)-polyacrylamide gel by electro-
phoresis and then transferred to polyvinylidene fluoride
membrane. For protein detection, blocked membranes were
incubated with primary antibodies in Tris-buffered saline con-
taining 5% non-fat milk (or 5% bovine serum albumin for
anti-phosphorylated protein antibodies) and 0.1% Tween 20.
Subsequently, the membranes were washed and then further
incubated with their respective horseradish peroxidase-
conjugated secondary antibodies in Tris-buffered saline con-
taining 5% non-fat milk and 0.1% Tween 20. Immunoreactive
proteins were detected using the enhanced chemiluminescent
(ECL) detection system and autoradiography film. Blots were
further probed with anti-p-actin antibody to normalize for
protein loading. The intensity of each protein band was nor-
malized to the respective B-actin band and then expressed as
percentage of the value for the LPS + IFNy group, with the
exception of p-eNOS and IkB. In the case of p-eNOS, the band
intensity was normalized to the eNOS band. In the case of IkB,
the band intensity was expressed as percentage of the value
for the control group.

Measurement of superoxide production

Superoxide production was measured using a previously
described cytochrome c reduction assay (Wu et al., 2007).
Cells harvested from each 35 mm culture dish were disrupted
by sonication in 200 pL lysis buffer composed of 5 mM
potassium phosphate (pH 7.4), 250 mM sucrose, 0.1 mM eth-
ylenediaminetetraacetic acid (EDTA) and 1 mM phenylmeth-
ylsulphonylfluoride (PMSF). This mixture was added to
200 pL phenol red-free DMEM containing 40 uM cytochrome
c and 200 uM NADPH, and incubated at 37°C for 30 min with
or without manganese SOD (500 U-mL™). The reduction of
cytochrome ¢ was measured spectrophotometrically at
550 nm. To calculate superoxide production, reduction of
cytochrome c in the presence of SOD was subtracted from the
value obtained without SOD.

Measurement of nitrate and nitrite
The concentration of NO metabolites in the culture medium
was measured to estimate the total production of NO in
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cultured cells. An aliquot of the medium was filtered through
a 10 kDa molecular weight cut-off filter to eliminate proteins.
Nitrate was converted to nitrite by nitrate reductase. Total
nitrite was then measured using a nitrate/nitrite colorimetric
assay kit. Briefly, the reduced sample was mixed with an equal
volume of Griess reagent, and the absorbance at 545 nm was
measured immediately. The concentration of NO metabolites
was determined by comparison to a standard curve based on
serial dilution of a sodium nitrate standard.

Measurement of PP2A activity

PP2A activity was determined as okadaic acid-inhibitable
phosphatase activity by the method we described previously
(Wu and Wilson, 2009). Cells harvested from each well of
12-well plates were lysed by sonication in 100 pL assay buffer
(50 mM Tris-Cl, pH 7.0, 0.1 mM EDTA and 1 mM PMSF). The
cell extract was combined with 100 pL assay buffer containing
10 mM p-nitrophenyl phosphate (p-NPP) (final concentration
=5 mM) and 6 mM MnCl, (final concentration = 3 mM), with
or without 50 nM okadaic acid, and was incubated for 30 min
at 30°C. The hydrolysis of p-NPP was measured at 405 nm,
and PP2A activity was calculated as total phosphatase activity
minus okadaic acid-insensitive activity.

Induction of air pouches

The University at Buffalo Institutional Animal Care and Use
Committee approved the following procedures. To induce an
air pouch, 8-9-week-old mice were injected subcutaneously on
the back with 5 mL of air. After 3 days, the pouches were
reinflated with 3 mL of air. On day 6, mice were injected with
tripterine (3 mg-kg™, i.p.) or vehicle (10% DMSO plus 90%
cremophor; 10 mL-kg™, i.p.), 1 h before injection of 1 mL of
either LPS (25 ng-mL™) + IFNy (100 U-mL™) or saline vehicle
into the air pouch. The dose and route of administration of
tripterine have been described previously (Cleren et al., 2005).
Thirty minutes before the air pouch injections, mice were also
injected with 0.1 mL of Evans blue dye (6.25 mg-mL™" in saline)
through the tail vein. After 6 h, the animals were killed, the air
pouches were washed with 1 mL saline and the fluids were
harvested. Blood was obtained by cardiac puncture. The absor-
bance of Evans blue in exudates and sera was measured at
595 nm. A standard curve was prepared by serial dilution of
Evans blue dye. The value of the absorbance was referenced to
the standard curve in order to calculate the concentration of
Evans blue. To calculate the Evans blue leak, the concentration
of Evans blue in the pouch exudates was expressed as the
percentage of the concentration of Evans blue in the serum.

Statistics

Data are presented as mean * standard error mean values.
They were analysed with the Prism statistical program
(GraphPad Software, San Diego, CA, USA). Comparisons
between treatment groups were performed with one-way
analysis of variance followed by the Tukey multiple compari-
son test. P < 0.05 was considered significant.

Chemicals and reagents
ECGS and the 12-well companion plates were obtained from
BD Biosciences (San Jose, CA, USA); LPS (from Escherichia coli



055:B5) and mouse IFNy (recombinant) were obtained from
Sigma/Aldrich Chemical Co. (St. Louis, MO, USA). Apocynin,
PD98059, 1400W, MG132, AG490, SB203580, SP600125 and
tripterine were obtained from VWR (West Chester, PA, USA).
Anti-IxB and anti-Nox1 antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
phosphorylated extracellular-regulated kinase (pERK) and
anti-phosphorylated c-Jun terminal kinase (pJNK) antibodies
were obtained from Cell Signaling Technology (Danvers, MA,
USA); anti-phosphorylated Janus kinase (pJak2), anti-PP2A
catalytic subunit (PP2Ac) and anti-3-nitrotyrosine antibodies
were obtained from Millipore Corporation (Temecula, CA,
USA); anti-p-eNOS (Ser 1179), anti-eNOS and anti-iNOS anti-
bodies were obtained from BD Biosciences; anti-B-actin anti-
body was obtained from EMD Chemicals (San Diego, CA,
USA); nitrate/nitrite colorimetric assay kit was obtained from
Cayman (Ann Arbor, MI, USA).

Results

Tripterine prevents LPS + IFNy-induced endothelial barrier
dysfunction

LPS (25 ng-mL™) + I[FNy (100 U-mL™) [i.e. optimal combina-
tion for iNOS induction in endothelial cells (Geiger et al.,
1997)] induced a time-dependent increase in Evans blue-
labelled albumin leak through the microvascular endothelial
monolayer over a period of 48 h (Figure 1A). In the following
experiments, exposure to LPS +IFNy for 24 h was used to
cause a moderate increase of endothelial monolayer perme-
ability (Figure 1A).

The increased endothelial permeability induced by
LPS + IFNy was attenuated by the NADPH oxidase inhibitor
apocynin (250 uM; based on Coyle and Kader, 2007), iNOS
inhibitor 1400W (50 uM; based on Hortelano et al., 2000),
and tripterine (50 nM and 200 nM; based on Allison et al.,
2001) (Figure 1B). Neither apocynin, 1400W nor tripterine
(50 nM and 200 nM) altered the endothelial permeability in
the absence of a pro-inflammatory stimulus (Figure 1B). The
observed effects of LPS + IFNy, apocynin, 1400W and tripter-
ine (50-200 nM) were not due to changes in cell viability,
because these treatments did not influence cell survival
(Figure 1C). However, tripterine at a concentration of 1 uM
(based on Allison et al., 2001), either alone or together with
LPS + IFNy, significantly decreased cell viability, which may
have caused the permeability increase observed for this high
dose (Figure 1B,C).

LPS + IFNy induces NO and superoxide production in
microvascular endothelial cells (Wu et al., 2001; 2002; 2008).
Tripterine may act by scavenging these free radicals and so
protecting the integrity of the endothelial barrier. In this
regard, we determined the effect of tripterine on the alter-
ations in endothelial permeability induced by SIN-1, which
generates simultaneously NO and superoxide (Knepler et al.,
2001). SIN-1 (250-500 uM; based on Knepler et al., 2001)
increased the monolayer permeability to albumin and this
effect was not altered by tripterine (200 nM) (Figure 2A).
SIN-1, either alone or together with tripterine, did not affect
cell survival (Figure 2B).
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Figure 1 Tripterine inhibited endothelial monolayer leakage. (A)
Time course of LPS + IFNy-induced endothelial monolayer leakage.
Endothelial monolayers were incubated with vehicle (i.e. PBS) or LPS
(25 ng-mL™") + IFNy (100 U-mL™") for 0, 12, 24 and 48 h, and the
permeability was then detected at each time point (n=3). *P < 0.05
compared with 0 h group. For detection of permeability and cell
viability, endothelial monolayers were pretreated for 2 h with vehicle
(i.e. 0.05% DMSO), apocynin 250 uM, 1400W 50 uM, or tripterine
50, 200 nM and 1 uM, and then incubated with the same drugs and
either LPS + IFNy or vehicle for another 24 h. (B) A summary of
permeability results (n = 3). (C) Determination of cell viability (n = 3).
In both (B) and (C), *P<0.05 compared with control; #P <0.05
compared with LPS + IFNy. DMSO, dimethyl sulphoxide; IFNy, inter-
feron v; LPS, lipopolysaccharide; PBS, phosphate buffered saline.

Tripterine inhibits endogenous peroxynitrite formation

Our previous study identified NADPH oxidase activity as the
principal source of superoxide in LPS + IFNy-stimulated
microvascular endothelial cells (Wu et al., 2007; 2008). Nox1
is a catalytic subunit of NADPH oxidase that is expressed in
endothelial cells (Sorescu et al., 2004; Wu et al., 2008). Our
present results indicate that Nox1 is also expressed in
microvascular endothelial cells and is up-regulated by
LPS + IFNy (Figure 3). Further, LPS + IFNy-induced increases in
Nox1 protein expression and superoxide production were
diminished by treatment of the cells with 200 nM tripterine
(Figure 3A,B,C). Tripterine alone did not alter Nox1 expres-
sion or superoxide production in the endothelial cells
that had not been subjected to LPS+IFNy stimulation
(Figure 3A,B,C).
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Figure 2 Tripterine had no effect on SIN-T-induced endothelial
monolayer leakage. (A) Effect of tripterine on SIN-1-induced endot-
helial monolayer leak. Endothelial monolayers were pretreated for 2 h
with vehicle or tripterine (200 nM), and then incubated with the
same drugs and either SIN-1 (250 and 500 uM) or vehicle for another
8 h. Subsequently, the permeability was determined (n=3).
*P < 0.05 compared with vehicle control. (B) Effects of SIN-1 on cell
viability (n = 3).
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Endothelial cells synthesize NO by eNOS under basal con-
ditions and produce large amounts of NO through induction
of iNOS during inflammation. We analysed the actions of
tripterine on the expression of p-eNOS (Ser 1179), total eNOS
and iNOS, and the synthesis of NO in LPS + IFNy-stimulated
microvascular endothelial cells. Our results show that
LPS + [FNy and tripterine, either alone or in combination,
failed to alter the levels of p-eNOS or total eNOS (Figure 4A,B).
However, LPS + IFNy markedly increased the expression of
iNOS and the production of NO (Figure 4A,C,D). Further,
these increases were abolished by 200 nM tripterine. Tripter-
ine alone also decreased the basal production of NO in
endothelial cells, in the absence of LPS + IFNy stimulation
(Figure 4D).

iNOS-derived NO and NADPH oxidase-derived superoxide
react to form peroxynitrite that can nitrate the tyrosine
residues of target proteins, leading to the formation of
3-nitrotyrosine. We determined the effect of tripterine on the
formation of 3-nitrotyrosine in LPS + I[FNy-stimulated endot-
helial cells. As shown in Figure 5, LPS + [FNyinduced a marked
increase in total 3-nitrotyrosine; this appeared as several
intense protein bands at positions of 92, 40, 35 and 25 kDa.
This increase was diminished by apocynin, 1400W and trip-
terine (Figure 5A,B). Apocynin, 1400W and tripterine alone
did not alter the 3-nitrotyrosine levels in endothelial cells in
the absence of LPS + IFNy stimulation (data not shown).

Increased production of peroxynitrite is associated with the
activation of PP2A; this causes an increase in the permeability
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Figure 3 Tripterine inhibited the expression of Nox1 and superox-
ide production. Endothelial cells were pretreated for 2 h with vehicle
or 200 nM tripterine, and then incubated with the same drugs and
either LPS+IFNy or vehicle for another 24 h. (A) Western blot
examples for Nox1 and B-actin. (B) The summary of protein band
intensities for Nox1 (n =4). (C) The summary of superoxide produc-
tion (n=4). In both (B) and (C), *P < 0.05 compared with vehicle
control; #P < 0.05 compared with LPS + IFNy. IFNy, interferon v; LPS,
lipopolysaccharide; Nox1, NADPH oxidase type 1.

of the endothelial cell monolayer (Wu and Wilson, 2009).
Therefore, we determined the effect of tripterine on PP2A
activity in LPS + IFNy-stimulated endothelial cells. As shown
in Figure 6A and B, treatment of endothelial cells with
LPS + [FNy, either alone or in the presence of 50-200 nM
tripterine, did not alter the expression of the PP2Ac. However,
LPS + IFNy markedly increased the PP2A activity and, further,
this increase was diminished by tripterine (Figure 6C).

Signalling pathways in the induction of Nox1 and iNOS
Exposure of the cells to LPS + IFNy led to marked increases in
the expression of iNOS and Nox1, which were attenuated by
the MEK1/2 inhibitor PD98059 (30 uM; based on Chan and
Riches, 2001), the JNK inhibitor SP600125 (20 uM; based on
Lahti et al., 2003), the Jak2 inhibitor AG490 (100 uM; based
on Kristof et al., 2000) and the NFxB inhibitor MG132 (10 uM;
based on Barua et al., 2001) (Figure 7A,B,C). The p38 mitogen-
activated protein kinase (p38 MAPK) inhibitor SB203580
(10 uM; based on Kristof et al., 2000) had no effect on the
expression of either Nox1 or iNOS (Figure 7A,B,C). Treatment
of endothelial cells with the drugs alone, in the absence of
LPS + IFNy, did not alter the baseline levels of Nox1 and iNOS
(data not shown).
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Figure 4 Tripterine inhibited the induction of iNOS and production
of NO but had no effect on the expression and phosphorylation of
eNOS. Endothelial cells were pretreated for 2 h with vehicle or
200 nM tripterine, and then incubated with the same drug and either
LPS + IFNy or vehicle for another 24 h for Western blot analysis.
The culture media were also harvested for measurement of
nitrite + nitrate. (A) Western blot examples for p-eNOS (Ser1179,
phosphorylation site), eNOS, iNOS and B-actin. (B) The summary of
p-eNOS protein band intensities (n =4). (C) The summary of iNOS
protein band intensities (n=4). (D) The summary of nitrite + nitrate
concentrations in the culture medium (n=4). In both (C) and (D),
*P < 0.05 compared with vehicle control; #P < 0.05 compared with
LPS + IFNy. eNOS, endothelial nitric oxide synthase; IFNy, interferon
v; INOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; NO,
nitric oxide; p-eNOS, phosphorylated-eNOS.

We next assessed the effects of tripterine on phosphoryla-
tion of ERK, JNK and Jak2, and degradation of IxB. LPS + IFNy
caused marked phosphorylation of Jak2, ERK and JNK, as well
as complete degradation of IxB (Figure 8A,B,C,D,E). The
maximal changes in ERK, JNK and Jak2 phosphorylation and
IxB degradation occurred 30 min after the start of incubation
with LPS + IFNy (data not shown). Treatment of the cells with
tripterine at nanomolar concentrations (50-200 nM) pre-
vented the LPS + IFNy-induced phosphorylation of Jak2, but
had no effect on the phosphorylation of ERK and JNK or
on the degradation of IxB (Figure 8A,B,C,D,E). However,
tripterine at micromolar concentration (1 uM) inhibited
LPS + IFNy-induced phosphorylation of Jak2, ERK and
JNK, and, to a large extent, the degradation of IxB
(Figure 8A,B,C,D,E). In the absence of a pro-inflammatory
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Figure 5 Tripterine inhibited the formation of 3-NT. Endothelial
cells were pretreated for 2 h with vehicle, apocynin, 1400W or
200 nM tripterine, and then incubated with the same drugs and
either LPS + IFNy or vehicle for another 24 h for Western blot analysis.
(A) Western blot examples for 3-NT and B-actin. (B) The summary of
3-NT band intensities (n=3). *P<0.05 compared with vehicle
control; #P < 0.05 compared with LPS + IFNy. 3-NT, 3-nitrotyrosine;
IFNY, interferon vy; LPS, lipopolysaccharide.

stimulus, exposure of the cells to tripterine, either at
nanomolar or micromolar concentrations, did not cause ERK,
JNK and Jak2 phosphorylation or IkB degradation
(Figure 8A,B,C,D,E)

Tripterine prevents vascular leakage

To elucidate the effect of tripterine in vivo, we determined
LPS + IFNy-induced vascular leakage to Evans blue in the air
pouches of mice that were injected i.p. with tripterine. Our
results show that injection of LPS+IFNy significantly
increased the air pouch vascular permeability because
increased levels of Evans blue were detected in the exudates
(Figure 9). Tripterine alone tended to decrease the baseline
vascular permeability to Evans blue in the air pouches
(Figure 9) and it abolished the vascular permeability response
to LPS + IFNy (Figure 9).

Discussion

Endothelial barrier dysfunction is an important pathological
process in inflammatory diseases. Increased permeability of
the endothelium leads to plasma extravasation, oedema for-
mation and swelling of the joints and tissues (Marx, 2003;
Middleton etal.,, 2004). The effectiveness of T. wilfordii
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Figure 6 Tripterine inhibited PP2A activity without affecting the
expression of PP2Ac protein. Endothelial cells were pretreated for 2 h
with vehicle, 50 and 200 nM tripterine, and then incubated with the
same drugs and either LPS + IFNy or vehicle for another 24 h for PP2A
activity assay and Western blot analysis. (A) Western blot examples for
PP2Ac and B-actin. (B) The summary of PP2Ac protein band intensi-
ties (n=3). (C) The summary of PP2A activity (n=3). *P<0.05
compared with vehicle control; #P < 0.05 compared with LPS + IFNy.
IFNY, interferon vy; LPS, lipopolysaccharide; PP2A, protein phos-
phatase type 2; PP2Ac, PP2A catalytic subunit.

extracts in treatment of rheumatoid arthritis and other rheu-
matic diseases (Setty and Sigal, 2005; Corson and Crews,
2007) may be partially due to maintenance of the microvas-
cular barrier by tripterine, through the mechanism described
in the present study.

In unstimulated and LPS + IFNy-stimulated endothelial
cells, reactive oxygen species (ROS) are derived from NADPH
oxidase, mitochondrial respiration and NOS (Wu et al., 2007;
2008). However, because inhibition of NADPH oxidase
by apocynin, DPI and p47phox deficiency abolishes the
LPS + IFNy-induced increase in superoxide production, we
presume that NADPH oxidase is the major source of ROS
induced by LPS + IFNy (Wu et al., 2007; 2008; and present
study). On the other hand, iNOS is the principle enzyme that
produces NO in LPS + I[FNy-stimulated endothelial cells (Wu
et al., 2001; 2002; and present study). iNOS-derived NO and
NADPH oxidase-derived superoxide react to form peroxyni-
trite. Peroxynitrite may alter endothelial permeability by two
potential mechanisms. First, peroxynitrite is a powerful
oxidant, which can oxidize cysteine residues in proteins,
leading to barrier dysfunction (Alvarez and Radi, 2003; Peluffo
and Radi, 2007). It has been shown that the increase in endot-
helial permeability induced by SIN-1 or authentic peroxyni-
trite is partially inhibited by cysteine, suggesting that protein

British Journal of Pharmacology (2009) 157 1014-1023

b
=
(=

80

iNOS band intensity 0

(% of LPS + IFNy)
o838
=
=
[ e nre=s: BE
I
.
- =
-

A Sy
B o (=T NI
(== (== -]

Nox1 band intensity ()
8

(% of LPS +IFNy)
>

- SB PD SP AG MG
- o+ o+ o+ + +  + LPS+IFNy

=]

Figure 7 Signalling pathways involved in the induction of iINOS and
Nox1 by LPS + IFNy. Endothelial cells were pretreated for 2 h with
vehicle, SB203580 (SB; 10 uM), PD98059 (PD; 30 uM), SP600125
(SP; 20 uM), AG490 (AG; 100 uM) or MG132 (MG; 10 uM), and
then incubated with the same drugs and either LPS+IFNy or vehicle
for another 24 h for Western blot analysis. (A) Western blot examples
for iNOS, Nox1 and B-actin. (B) and (C) The summaries of protein
band intensities of INOS and Nox1 (n = 3). *P < 0.05 compared with
vehicle; #P < 0.05 compared with LPS + IFNy. IFNy, interferon v;
iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; Nox1,
NADPH oxidase type 1.

cysteine residues are a target of peroxynitrite in this process
(Knepler etal., 2001). Second, peroxynitrite can nitrate
tyrosine residues in proteins, leading to a modulation of their
function (Alvarez and Radi, 2003; Peluffo and Radi, 2007). For
example, nitration of cytoskeletal proteins by peroxynitrite
may contribute to endothelial barrier dysfunction (Knepler
et al., 2001; Neumann et al., 2006). Nevertheless, the results
from our recent study indicate that peroxynitrite also nitrates
PP2Ac. This nitration is associated with increased PP2A activ-
ity (Wu and Wilson, 2009). PP2A activity may mediate
dephosphorylation and redistribution of the tight junction
proteins, leading to paracellular leakage (Nunbhakdi-Craig
et al., 2002). The reason that LPS + IFNy does not enhance
PP2Ac protein expression but increases PP2A activity, as
observed in Figure 6 in the present study, has been explained
in our previous publication (Wu and Wilson, 2009).

We observed that LPS + IFNy-increased PP2A activity was
completely inhibited in cells treated with tripterine at con-
centrations of 50-200 nM. Our study further indicates that
tripterine acts upstream from peroxynitrite formation,
because it had no inhibitory effect on SIN-1-induced increase
in endothelial permeability. Moreover, in our study, it was
found that tripterine inhibited LPS + IFNy-induced increase in
Nox1 and iNOS and consequently attenuated the production
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Figure 8 Effects of tripterine on the phosphorylation of Jak2, ERK
and |NK, and the degradation of IxB. Endothelial cells were pre-
treated with vehicle or 50, 200 nM and 1 uM tripterine for 2 h, and
then incubated with the same drugs and either LPS + IFNy or vehicle
for another 30 min for Western blot analysis. (A) Western blot
examples for pJak2, pERK, pJNK, total IxB and B-actin. (B), (C), (D)
and (E) The summaries of the band intensity of pJak2, pERK, pJNK and
total IxB (n=3) respectively. *P<0.05 compared with vehicle
control; #P < 0.05 compared with LPS + IFNy. IFNy, interferon v; LPS,
lipopolysaccharide; pERK, phosphorylated extracellular-regulated
kinase; pJak2, phosphorylated Janus kinase 2; pJNK, phosphorylated
c-Jun terminal kinases.

of superoxide and NO as well as the formation of
3-nitrotyrosine. Although eNOS and p-eNOS (Ser 1179) are
detectable, the levels of these proteins were not altered by
LPS + IFNy and tripterine. Nonetheless, the baseline levels of
NO were attenuated by tripterine. It is known that eNOS
activity can be modulated by the addition of hsp90 (Sessa,
2005). Therefore, the reduction of the basal levels of NO may
be due to inhibition of hsp90 by tripterine. This inhibition
may cause dissociation of hsp90 from eNOS, and as a conse-
quence, decrease eNOS activity (Sessa, 2005). Alternatively,
tripterine may directly inhibit basal PP2A activity; PP2A
dephosphorylates eNOS at Thr495. Therefore, tripterine may
prevent the activation of eNOS that is associated with dephos-
phorylation of Thr495 (Fleming et al., 2001; Thomas et al.,
2002). Thus, inhibition of the production of peroxynitrite
by tripterine may account for the decreased PP2A activity,
because PP2A activity is peroxynitrite dependent in
LPS + IFNy-stimulated cells (Wu and Wilson, 2009).

LPS + IFNy induce iNOS expression in macrophages
through activation of ERK and JNK, but not through p38
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Figure 9 Tripterine prevented the increase in vascular permeability
induced by LPS and IFNyin mouse air pouches. Tripterine (3 mg-kg™)
or vehicle (10% DMSO plus 90% cremophor, 10 mL-kg™") was
administered i.p. to mice 1h before injection of 1T mL of LPS
(25 ng-mL™") + IFNy (100 U-mL™) or 1 mL saline into the air pouch.
Thirty minutes before the air pouch injections, 0.1 mL of Evans blue
dye (6.25 mg-mL™" in saline) was injected via the tail vein. After 6 h,
the animals were killed, air pouches were washed with 1 mL saline
and the fluids were collected. Blood was obtained by cardiac punc-
ture. Evans blue leak in the pouch exudate was calculated as the
percentage of total Evans blue in the serum. Data were obtained from
five mice. *P < 0.05 compared with vehicle control; #P < 0.05 com-
pared with LPS + I[FNy. DMSO, dimethyl sulphoxide; IFNy, interferon
Y; LPS, lipopolysaccharide.

MAPK signalling pathways (Chan and Riches, 2001). Consis-
tent with this observation, our results with microvascular
endothelial cells showed that the induction of iNOS by
LPS + I[FNy involves ERK and JNK but not p38 MAPK. The
activation of ERK and JNK leads to the activation of transcrip-
tion factor AP1 that is necessary for the induction of iNOS
(Kleinert et al., 2004). In addition to activator protein 1 (AP1),
NFxB and Jak2-interferon regulatory transcription factor 1
(IRF1) have also been identified as necessary signalling mol-
ecules for the induction of iNOS by LPS + IFNy (Kleinert et al.,
2004; Lowenstein and Padalko, 2004). The findings of the
present study that show inhibitors of Jak2 and NF«xB attenuate
iNOS expression are consistent with this mechanism.

The signalling pathways leading to the activation of the
Nox1 gene are not completely understood. Our observation of
simultaneous inhibition of iNOS and Nox1 expression by
inhibitors of ERK, JNK, Jak2 and NFkB suggests that common
signalling pathways regulate the activation of Nox1 and iNOS
genes. Further, inhibition of Jak2 phosphorylation by tripter-
ine suppressed the expression of Nox1 and iNOS, consistent
with the findings of several studies that show Jak2 activation
is essential for the expression of iNOS and NADPH oxidase
subunits (Dell’Albani et al., 2001; Kakar et al., 2005; Uto et al.,
2005; Wu et al., 2007).

In our study, it was found that Jak2 activation is a target of
tripterine. Jak is the client protein of hsp90 (Shang and
Tomasi, 2006), whereas tripterine is an inhibitor of hsp90
(Hieronymus et al., 2006). We postulate that inhibition of
hsp90 by tripterine prevents the formation of the Jak-hsp90-
CDC37 functional complex (Shang and Tomasi, 2006). This
inhibitory effect of tripterine on the activation of Jak2 may
attenuate the increased expression of Nox1 and iNOS, and
PP2A activity induced by LPS + IFNy, leading to the protection
of endothelial barrier function. Indeed, inhibition of hsp90
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by small interferring RNA (siRNA) or other pharmacological
inhibitors blocks IFNy-induced gene expression (Shang and
Tomasi, 2006). Further, Jak inhibitors are capable of decreas-
ing pulmonary vascular permeability in LPS-injected mice
(Severgnini et al., 2005).

Tripterine, at 0.2-2.2 uM, has been found to inhibit NFxB
activity by suppressing IxB degradation (Lee et al., 2006). This
inhibition may increase the cytotoxic effect of TNFo (Lee
et al., 2006). Consistently, we observed that tripterine at 1 uM
prevented the degradation of IxB induced by LPS + IFNy.
However, in our study, this effect is not related to cytotoxicity
because micromolar concentrations of tripterine cause cell
death to the same extent in unstimulated and LPS + IFNy-
stimulated endothelial cells. Moreover, tripterine at micromo-
lar concentrations has been shown to induce apoptosis by
inhibiting proteasome activity (Yang et al., 2006). However,
inhibition of the proteasome by MG132 prevents LPS-induced
IxB degradation but enhances ERK and JNK activation (Cus-
chieri et al., 2004). In our study, it was shown that tripterine
at 1 uM inhibits not only LPS + IFNy-induced degradation of
IxB but also the activation of ERK and JNK. Thus, tripterine at
micromolar concentrations may cause cell death by a non-
selective mechanism.

The prolonged increase in endothelial permeability seen in
inflammatory diseases, such as arthritis and sepsis, leads to
tissue and organ injury (Marx, 2003; Peters efal., 2003;
Middleton et al., 2004). Peroxynitrite, produced in response
to pro-inflammatory stimuli, oxidizes and nitrates proteins in
microvascular endothelial cells, leading to barrier disruption
and sustained leakage. Tripterine is an active component of
T. wilfordii extracts that have been used in China for hundreds
of years to treat rheumatoid arthritis and other rheumatic
diseases (Setty and Sigal, 2005). In the present study, it was
found that tripterine inhibits the synthesis of the peroxyni-
trite precursor, attenuates the increase in PP2A activity and
prevents barrier dysfunction in microvascular endothelial
cells exposed to LPS + IFNy. Similarly, i.p. administration of
tripterine diminished the increase in vascular permeability
induced in air pouches injected with LPS + IFNy. These results
provide a scientific basis for the use of tripterine as a treat-
ment for inflammatory diseases, such as arthritis and sepsis.

In conclusion, the results from this study demonstrate that
tripterine prevents LPS + [FNy-induced microvascular endot-
helial barrier dysfunction. This effect of tripterine is associ-
ated with inhibition of the expression of Nox1 and iNOS
proteins, formation of 3-nitrotyrosine and increase in PP2A
activity induced by LPS + IFNy. Further, signalling pathways
dependent on ERK, JNK, Jak2 and NFxB mediate the induc-
tion of Nox1 and iNOS, but only the activation of Jak2 was
found to be sensitive to tripterine.
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