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ABSTRACT

Background: Endothelial inflammation triggered by oxidized LDL (ox-LDL) is a crucial mechanism in-
volved in atherosclerosis. Triptolide (TP), a primary active ingredient of the traditional Chinese medicine
Tripterygium wilfordii Hook F, possesses antioxidant and anti-inflammatory properties in vivo. How-
ever, limited information is available regarding these effects on endothelial inflammation occurring in
atherosclerosis.
Objectives: This study investigated the effects and possible mechanisms of action of TP on ox-LDL-
induced inflammatory responses in human umbilical vein endothelial cells.
Methods: Human umbilical vein endothelial cells were preincubated with TP at the indicated concentra-
tions for 1 hour and then incubated with ox-LDL (50 pg/mL) for the indicated times.
Results:  Preincubation of cultured human umbilical vein endothelial cells with TP inhibited ox-LDL-
induced cytokine and chemokine production, adhesion molecule expression, and monocyte adhesion in a
concentration-dependent manner. The concentrations of 8-isoprostane, malondialdehyde, and superoxide
increased after human umbilical vein endothelial cells were exposed to ox-LDL, which were associated
with decreased activities of total superoxide dismutase and its isoenzyme (ie, CuZn- superoxide dismu-
tase). Preincubation with TP reversed ox-LDL-induced effects in all events. Moreover, preincubation with
TP also attenuated ox-LDL-induced nuclear factor-kappa B transcriptional activation in a concentration-
dependent manner, via the suppression of inhibitor of kappa Balpha (IkBe) phosphorylation and subse-
quent nuclear factor-kappa B DNA binding.
Conclusions: These data indicate that TP inhibits ox-LDL-induced endothelial inflammation, possibly via
suppression of the oxidative stress-dependent activation of the nuclear factor-kappa B signaling pathway.
© 2022 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

dependent vasodilator, such as acetylcholine. Endothelial dysfunc-
tion is also accompanied by high levels of reactive oxygen species

Atherosclerosis is among the primary causes of several cardio-
vascular diseases such as cardiac ischemia and stroke. Endothelial
cells, especially through their production of endothelium-derived
nitric oxide, are critically involved in cardiovascular homeostasis
by modulating inflammatory, atherogenic, and thrombotic condi-
tions.””> In addition to hemodynamic dysregulation, endothelial
dysfunction, defined as a reduction in nitric oxide availability,
is characterized by an impaired response to an endothelium-
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(ROS) and proinflammatory mediators (eg, cytokines and adhesion
molecules) along with enhanced permeability of the vascular
endothelium.?> Mounting evidence shows that endothelial dys-
function is an early hallmark of atherosclerosis that contributes to
the development of pathological conditions.?*

Increased blood levels of oxidized LDL (ox-LDL) are the
most common characteristics of numerous diseases, including
atherosclerosis, hypertension, and diabetes.”® Ox-LDL is recog-
nized as a crucial factor in the development of atherosclerosis. It
has been demonstrated that ox-LDL leads to endothelial dysfunc-
tion at the onset of atherosclerosis.”"® A growing body of evidence
has shown that ox-LDL causes enhanced levels of intracellular ROS,
leading to transcription-dependent inflammation-related factor ex-
pression and synthesis via the activation of nuclear factor kappa B
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(NF-«B).”"!! These are considered the central mechanisms for the
development of atherosclerosis.

Triptolide (TP) is a major biologically active compound ex-
tracted from the traditional Chinese medicinal herb Tripterygium
wilfordii Hook F (TWHF) (family: Celastraceae).'?:'® In China, TWHF
and its preparations are widely used in the treatment of au-
toimmune and inflammatory diseases, including systemic lupus,
rheumatoid arthritis, nephritis, and psoriatic arthritis.'> Recently,
increasing evidence has shown that TP attenuates inflammatory re-
sponses in animal models of autoimmune and inflammatory dis-
eases, such as nephritis, asthma, and arthritis."*-'® However, the
precise mechanisms by which TP attenuates ox-LDL-induced in-
flammatory responses in endothelial cells remain to be fully de-
termined.

Because TP has broad-spectrum therapeutic potential due to its
immunosuppressive, anti-inflammatory, and antioxidant properties,
it was hypothesized that it could have potential implications in the
modulation of atherosclerosis. Therefore, this study was designed
to determine the in vitro effect of TP on oxidative stress and in-
flammatory responses triggered by ox-LDL in human umbilical vein
endothelial cells (HUVECs) and to clarify the potential molecular
mechanisms involved in TP-mediated actions.

Materials and methods
Reagents and chemicals

TP (molecular weight=360.4 and purity >98% by HPLC, as
described in the product sheet supplied by Sigma-Aldrich (St
Louis, Missouri), catalog No. T3652), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), proteinase inhibitor so-
lution, dimethyl sulfoxide (DMSO), Tiron, and Triton X-100 were
purchased from Sigma-Aldrich. Ox-LDL was purchased from the
Beijing Solarbio Life Science Company (Beijing, China). RPMI-
1640 medium, carboxyfluorescein diacetate succinimidyl ester, fe-
tal bovine serum, and Lipofectamine 2000 were obtained from
Invitrogen (Carlsbad, California). Cytokine and chemokine ELISA
kits were obtained from R&D Systems (Minneapolis, Minnesota).
An 8-isoprostane assay kit was purchased from Cayman Chemi-
cal (Ann Arbor, Michigan). Malondialdehyde (MDA) and superox-
ide dismutase (SOD) activity assay kits were obtained from Bey-
otime Biotechnology Institute (Shanghai, China). A protein assay kit
and RIPA lysis buffer were supplied by Bio-Rad Laboratories (Her-
cules, California) and Thermo Scientific (Waltham, Massachusetts),
respectively.

Cell culture and experimental protocols

HUVECs, obtained from Lonza (Allendale, New Jersey), were cul-
tured in an EGM-2 Bullet kit medium supplemented with growth
supplements (Lonza) and used at passage 3-7. HUVECs were cul-
tured to confluence (80%-90%) and starved in endothelial basal
medium-2 without growth supplements for 4 hours before the
start of experiments. THP-1, a human monocytic cell line, was
purchased from ATCC (Manassas, Virginia) and cultured in RPMI-
1640 medium containing 10% fetal bovine serum at a density of 2
through 5 x 106 cells/mL, as suggested in the product specification
sheet supplied by the vendor. The cells were cultured in a humid-
ified 37°C incubator at 5% carbon dioxide.

TP was dissolved in DMSO and stock solutions (1 mg/mL) were
stored at -20°C. The reagents were freshly diluted to the indicated
concentrations in the culture medium before use. For the exper-
iments, the cells were cultured in a medium containing growth
supplements. At confluence, cells were exposed to TP at concen-
trations of 25, 50, or 100 nM for 1 hour and then incubated with
ox-LDL (50 pg/mL) for the indicated times. The cells were used for
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subsequent experiments. Cells exposed to equal dilutions of DMSO
alone were used as controls. The DMSO concentration in the cul-
ture medium was adjusted to a final concentration of 0.1% v/v.

Cell viability assay

The viability of HUVECs was determined using an MTT col-
orimetric assay. Briefly, HUVECs were seeded in 96-well plates
(1x10* cells/well) and allowed to attach overnight. The MTT
reagent was then added to a final concentration of 0.5 mg/mL at
the indicated times after the corresponding exposure and incu-
bated for an additional 4 hours. After MTT removal, 100 pL DMSO
was added to solubilize the crystals. Absorbance was measured at
570 nm using a SpectraMax microplate reader (Molecular Devices,
Sunnyvale, California). The viability of HUVECs was expressed as
the change relative to the control with no TP exposure.

Cytokine/chemokine assay

Cell-free supernatant fractions from HUVECs exposed to ox-
LDL in the presence or absence of TP in 24-well plates (1 x 10°
cells/well) were collected to determine the concentrations of cy-
tokines and chemokines. The concentrations of cytokines and
chemokines were assayed using the corresponding ELISA Kkits fol-
lowing the manufacturer’s instructions. The concentrations of cy-
tokines and chemokines were recorded as picogram per milliliter
of the culture media.

Cell-based ELISA assay

The effects of TP on the levels of adhesion molecules (inter-
cellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion
molecule 1 (VCAM-1) ) and phosphorylated inhibitor of kappa Bal-
pha (IkBa) (Ser32) were determined using a cell-based ELISA assay
as described previously.”” Briefly, HUVECs in a 96-well plate were
fixed with 4% paraformaldehyde for 5 minutes after incubation
with ox-LDL and washed 3 times with phosphate-buffered saline.
The fixed cells were permeabilized with prechilled methanol for
10 minutes at 4°C, followed by blocking with phosphate-buffered
saline containing 1% bovine serum albumin (BSA) and 0.2% Tri-
ton X-100 for 1 hour. Next, the cells were incubated with mouse
anti-ICAM-1 monoclonal antibody, mouse anti-VCAM-1 monoclonal
antibody (dilutions, 1:100; Santa Cruz Biotechnology, Santa Cruz,
California), or rabbit antiphosphorylated IxBa (Ser32) polyclonal
antibody (dilution, 1:200; Cell Signaling Technology Inc, Danvers,
Massachusetts) overnight at 4°C. After washing with phosphate-
buffered saline, the cells were incubated with fluorescein isothio-
cyanate (FITC) conjugated anti-mouse immunoglobulin G or FITC-
conjugated anti-rabbit immunoglobulin G (dilutions, 1:200; Jack-
son ImmunoResearch Laboratories, West Grove, Pennsylvania) at
room temperature for 1 hour. Negative control experiments were
performed by omitting the primary antibody during incubation.
The optical density of each well was quantified using a Spectra-
Max microplate reader an excitation wavelength of 485 nm and
an emission wavelength of 520 nm. Optical density of the negative
control was subtracted from that of each well. Data are presented
as changes relative to the control.

Monocyte adhesion assay

A monocyte adhesion assay was performed as previously re-
ported.!” Briefly, HUVECs were cultured in 96-well plates at a den-
sity of 1 x 10* cells/well for 12 hours, exposed to TP at the indi-
cated concentrations for 1 hour, and incubated with ox-LDL (50
pg/mL) for an additional 6 hours. THP-1 cells prelabeled with 1
UM carboxyfluorescein diacetate succinimidyl ester at 37°C for 30
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minutes were added to HUVECs exposed to ox-LDL. The labeled
monocytes were then co-incubated with HUVECs and allowed to
adhere at 37°C for 30 minutes in a 5% carbon dioxide incuba-
tor. The nonadherent cells were gently aspirated. Subsequently, the
cells were washed 3 to 5 times with phosphate-buffered saline and
incubated in phosphate-buffered saline containing 2% Triton X-100
to lyse the monocytes. The total fluorescence intensity of the sam-
ples was quantified at a 485 nm excitation wavelength and 520
nm emission wavelength using a SpectraMax microplate reader.
Based on the fluorescence intensity per well of adherent THP-1
cells, the data were recorded as the change relative to the con-
trol. In another set of experiments, HUVECs were grown in 24-well
plates (0.5 x 10> cells/well). Fluorescence staining of monocyte at-
tachment to HUVECs was performed as described above. Finally,
after the removal of nonadherent pre-labeled THP-1 cells, residual
cells were washed 3 times with phosphate-buffered saline and ob-
served under a fluorescence microscope (DMI 3000 B, Leica, Wet-
zlar, Germany) at 485 nm excitation and 535 nm emission wave-
lengths.

Oxidative stress-related parameter assay

HUVECs in 6-well plates (3 x 10° cells/well) were exposed to TP
at the indicated concentrations for 1 hour, followed by incubation
with ox-LDL (50 pg/mL) for 6 hours. After incubation, the super-
natants and cells were collected and cell extracts were prepared
in ice-cold RIPA buffer with a proteinase inhibitor or 20 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (pH
7.2) containing 1 mM ethylene glycol-bis-(beta-aminoethyl ether)-
N,N,N’,N’-tetraacetic acid (EGTA), 210 mM mannitol, and 70 mM
sucrose. Measurements of 8-isoprostane, MDA, and total SOD and
its isoenzyme activities were conducted using the corresponding
assay Kkits. Protein levels of the cell extracts were measured us-
ing a protein assay kit and used to normalize the levels of MDA
and activities of total SOD and its isoenzymes. MDA levels were
determined using a lipid peroxidation MDA assay kit: The cell ex-
tract was mixed with the assay solution and incubated at 100°C
for 15 minutes in the dark. After cooling to room temperature,
the mixtures were centrifuged at 1000 x g for 10 minutes. The su-
pernatants (200 uL) were transferred to a 96-well plate, and the
absorbance was immediately measured at 532 nm using a Spec-
traMax microplate reader. A standard curve was constructed ac-
cording to the manufacturer’s recommended protocol. The activity
of total SOD and its isoenzymes was determined using a copper
and zinc/manganese-SOD (CuZn/Mn-SOD) assay kit (water-soluble
tetrazolium salt-8,WST-8). The activity of Mn-SOD was assayed by
adding an inhibitory solution to inactivate CuZn-SOD activity. The
difference between the activities of total SOD and Mn-SOD was
considered the activity of CuZn-SOD. Absorbance was measured at
450 nm using a SpectraMax microplate reader. SOD activity was
expressed as units per milligram of protein (1 unit of SOD activ-
ity was defined as the amount of enzyme that attenuated WST-8
reduction by approximately 50%).

Superoxide (0, -) assay

Superoxide production in HUVECs was determined by a
lucigenin-enhanced chemiluminescence assay as reported previ-
ously.’ In brief, HUVECs in 6-well plates (3 x 10° cells/well) were
exposed to TP at the indicated concentrations for 1 hour, fol-
lowed by incubation with ox-LDL (50 pg/mL) for 6 hours. Cells
were then washed with a modified Krebs-HEPES buffer con-
taining 119 mM sodium chloride, 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 4.6 mM potassium chlo-
ride, 1.0 mM magnesium sulfate, 0.15 mM sodium phosphate, 0.4
mM potassium dihydrogen phosphate, 5 mM sodium bicarbonate,
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1.2 mM calcium dichloride, and 5.5 mM glucose (pH 7.4), and
scraped off using a rubber policeman. To prepare cell lysates, the
cells were homogenized in ice-cold modified Krebs-HEPES buffer
and centrifuged at 5000 x gram for 10 minutes. The protein con-
tents of the samples were measured using a protein assay kit. Cell
lysates (10-30 g protein) were incubated at 37°C for 30 minutes
in the modified Krebs-HEPES buffer containing diethyldithiocarba-
mate (10 mM) and B-nicotinamide adenine dinucleotide phosphate
(NADPH) (0.1 mM). Lucigenin (5 pM final concentration) was gen-
tly added to the tube and incubated at 37°C for an additional
30 minutes in the dark. After incubation, repeated measurements
were made over 10 minutes at 1-minute intervals using a TD-20/20
luminometer (Turner BioSystems, Sunnyvale, California) and aver-
aged for each tissue sample. The cell-permeant superoxide scav-
enger Tiron (10 mM final concentration) was added to the tube,
and 10 additional measurements were recorded and averaged. The
remaining samples were incubated with 0.1 mM apocynin, a se-
lective NADPH oxidase inhibitor, to determine the potential role of
NADPH oxidase in superoxide production. Data were recorded as
the difference in average counts per minute per milligram of pro-
tein before and after Tiron supplementation.

NF-kB p65 DNA-binding activity assay

HUVECs in 6-well plates (3 x 10°/well) were exposed to TP at
the indicated concentrations for 1 hour, followed by incubation
with ox-LDL (50 pg/mL) for an additional 30 minutes. After incuba-
tion, nuclear protein was extracted from the cells using a nuclear
extraction kit (Active Motif, Carlsbad, California), as described by
the manufacturer. A specific TransAM NF-«B p65 Transcription Fac-
tor Assay Kit (Active Motif) was used to quantify the DNA-binding
activity of NF-kB p65 following the manufacturer’s instructions.
Briefly, extracted nuclear proteins were added to each well coated
with an unlabeled oligonucleotide containing the consensus bind-
ing site for NF-xkB (5’-GGGACTTTCC-3’) and incubated for 1 hour.
After washing, a primary antibody directed against the NF-xB p65
subunit was applied and incubated for 1 hour. Subsequently, a sec-
ondary antibody conjugated to horseradish peroxidase was added
and incubated for 1 hour. A colorimetric reaction was initiated by
adding a developing solution. After termination with a stop solu-
tion, the plate was read at 450 nm with an absorbance microplate
reader (Molecular Devices, Downingtown, Pennsylvania). The pro-
tein levels of the nuclear extract were assayed using a protein as-
say kit and used to normalize the DNA-binding activity of NF-«B
p65.

Dual-luciferase reporter assay for NF-«xB

For the NF-«B transcriptional activity assays, HUVECs were
transfected with a cis-reporter plasmid containing 5 copies of
consensus NF-«xB sequences linked to a minimal E1B promoter-
luciferase gene (pNF-«B Luc; Stratagene, La Jolla, California) us-
ing Lipofectamine 2000, following the manufacturer’s instructions.
The pRL-SV40 Renilla luciferase control reporter vector (Promega
Corporation, Madison, Wisconsin) was used as an internal con-
trol. Twenty-four hours after transfection, the cells were exposed
to TP at the indicated concentrations for 1 hour, followed by in-
cubation with ox-LDL (50 pg/mL) for an additional 1 hour. After-
ward, the cells were harvested and lysed with a cell lysis buffer
(Cell Signaling Technology Inc, Danvers, Massachusetts). Firefly lu-
ciferase activity was assayed using a dual-luciferase reporter as-
say system (Promega Corporation) with a TD-20/20 luminometer
(Turner BioSystems). To express relative luciferase activity, Renilla
luciferase activity was used to normalize firefly luciferase activity.
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Figure 1. Triptolide (TP) reduced the viability of human umbilical vein endothe-
lial cells (HUVECs) in a concentration- and time-dependent manner. HUVECs were
incubated with TP at the indicated concentrations for the indicated times. Cell via-
bility was evaluated by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide assay. Values are presented as the mean (SE) of 4 independent analyses. *P <
0.05 and **P < 0.01 compared with the corresponding control group.

Control

Statistical analysis

All data from at least 3 independent experiments were ex-
pressed as mean (SE). Comparisons between more than 2 groups
were performed using 1-way analysis of variance, followed by Bon-
ferroni’s adjustment for multiple comparisons. A value of P < 0.05
indicated a statistically significant difference. GraphPad Prism ver-
sion 6.0 (GraphPad Software Inc, La Jolla, California) was used to
perform all the analyses.

Results
Effects of TP on the viability of HUVECs

As shown in Figure 1, TP reduced the viability of HUVECs in
a concentration- and time-dependent manner. Compared with the
control, the viability of HUVECs was reduced 12 or 24 hours after
exposure to 50 or 100 nM TP, respectively. However, no changes
in the viability of HUVECs were observed when HUVECs were ex-
posed to 25 to 100 nM TP for 6 hours. In addition, a pilot study
showed that cell viability did not change when HUVECs were ex-
posed to ox-LDL (50 pg/mL) for 6 hours (data not shown). Based
on the results, 50 pg/mL ox-LDL, 25-100 nM TP, and an incubation
duration of 6 hours were chosen for the multiplex assay in the fol-
lowing experiments.

Effects of TP on ox-LDL-induced production of proinflammatory
cytokines/chemokines and adhesion molecules in HUVECs

To investigate the possible effects of TP on endothelial in-
flammation, the inhibitory effect of TP on ox-LDL-induced pro-
duction of inflammatory mediators in endothelial cells was first
determined. As illustrated in Figure 2, incubation with ox-LDL
(50 pg/mL) for 6 hours enhanced the production of proinflam-
matory cytokines and chemokines, including tumor necrosis fac-
tor alpha (TNF-«), interleukin 6 (IL-6), and monocyte chemoattrac-
tant protein-1 (MCP-1), in HUVECs. Preincubation with TP attenu-
ated the ox-LDL-induced effects on proinflammatory cytokines and
chemokines in a concentration-dependent manner. Taken together,
these results show that TP can attenuate inflammatory responses
in endothelial cells at the tested exposure conditions.
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Figure 2. Triptolide (TP) inhibited ox-LDL-induced production of proinflammatory
cytokines and chemokines, including tumor necrosis factor alpha (TNF-«) (A), inter-
leukin (IL) 6 (B), and chemokines (MCP-1) (C) in human umbilical vein endothelial
cells (HUVECs). After preincubation with TP at the indicated concentrations for 1
hour, HUVECs were incubated with oxidized LDL (ox-LDL) (50 pg/mL) for 6 hours.
ELISA was used to determine the concentrations of proinflammatory cytokines and
chemokines in the culture supernatant. Values are presented as the mean (SE) of 3
to 4 independent analyses. *P < 0.05 and **P < 0.01 compared with HUVECs ex-
posed to ox-LDL alone; #P < 0.05 compared with the control group.

It has been demonstrated that adhesion molecules are involved
in the pathological process of leukocyte recruitment. Thus, the ef-
fect of TP in the attenuation of ox-LDL-induced expression of ad-
hesion molecules in endothelial cells was determined. As shown
in Figure 3, incubation with ox-LDL (50 pg/mL) for 6 hours in-
creased the expression of ICAM-1 and VCAM-1 in HUVECs, and
the responses were inhibited in a concentration-dependent man-
ner by preincubation with TP 1 hour before ox-LDL incubation.
Together, the decreased expression of adhesion molecules induced
by TP may lead to inhibition of leukocyte adhesion to endothelial
cells.

Effects of TP on ox-LDL-induced monocyte adhesion to HUVECs

Because the adhesion of leukocytes to endothelial cells via ad-
hesion molecules is a crucial step in the process of inflammation,
the effect of TP in the attenuation of ox-LDL-induced leukocyte at-
tachment to endothelial cells was determined. As shown in Figure
4, incubation with ox-LDL increased the number of monocytes that
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Figure 3. Triptolide (TP) inhibited oxidized LDL (ox-LDL)-induced intercellular ad-
hesion molecule 1 (ICAM-1) (A) and vascular cell adhesion molecule 1 (VCAM-1) (B)
expression in human umbilical vein endothelial cells (HUVECs). After preincubation
with TP at the indicated concentrations for 1 hour, HUVECs were incubated with
ox-LDL (50 pg/mL) for 6 hours. The cell-based ELISA was used to determine the
expression of I[CAM-1 and VCAM-1 in HUVECs. Values are presented as the mean
(SE) of 4 independent analyses. *P < 0.05 and **P < 0.01 compared with HUVECs
exposed to ox-LDL alone; #P < 0.05 compared with the control group.

adhered to HUVECs. Preincubation with TP attenuated ox-LDL-
mediated monocyte adhesion in a concentration-dependent man-
ner. Overall, the data suggest that TP, at the tested exposure con-
ditions, can attenuate ox-LDL-induced leukocyte attachment to en-
dothelial cells via the inhibition of adhesion molecule expression.

Effects of TP on ox-LDL-induced changes in oxidative stress-related
parameters in HUVECs

To confirm the potential antioxidative action of TP in ox-LDL-
treated HUVECs, 8-isoprostane, MDA, total SOD and its isoenzyme
activities, and superoxide production were assayed in the super-
natants and cell extracts of HUVECs exposed to ox-LDL. As shown
in Figure 5 and Figure 6, compared with the control group, in-
cubation with ox-LDL for 6 hours increased the production of 8-
isoprostane and MDA in HUVECs. In contrast, incubation with ox-
LDL lowered the total SOD and CuZn-SOD activities in HUVECs, but
the activity of Mn-SOD did not change following incubation with
ox-LDL in HUVECs. All ox-LDL-induced effects, except for those on
Mn-SOD activity, were reversed by pre-incubation with TP.

In addition, as illustrated in Figure 7, incubation with ox-LDL
for 6 hours increased superoxide production in HUVECs compared
with that in the control group. These responses were inhibited
in a concentration-dependent manner by preincubation with TP.
Ex vivo incubation of samples with apocynin (0.1 mm), a selec-
tive NADPH oxidase inhibitor, prevented ox-LDL-induced superox-
ide production (data not shown). These results suggest that NADPH
oxidase is the major source of ox-LDL-induced superoxide produc-
tion in HUVECs.
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Figure 4. Triptolide (TP) inhibited oxidized LDL (ox-LDL)-induced monocyte ad-
hesion to human umbilical vein endothelial cells (HUVECs). After preincubation
with TP at the indicated concentrations for 1 hour, HUVECs were incubated with
ox-LDL (50 pg/mL) for 6 hours, and followed by coincubation with fluorescence-
labeled THP-1 cells for 30 minutes. (A) Representative images of fluorescence-
stained monocyte attachment to HUVECs. Magnification, x 200. HUVECs were in-
cubated with (a) a vehicle (control) or (b) ox-LDL alone and in the presence of
TP at the concentration of (c) 25, (d) 50, or (e) 100 nM before coincubation with
fluorescence-labeled THP-1 cells. (B) Fluorescence intensity of THP-1 cells was mea-
sured using a spectrofluorometer. Values are presented as the mean (SE) of 4 inde-
pendent analyses. *P < 0.05 and **P < 0.01 compared with HUVECs exposed to
ox-LDL alone; #P < 0.05 compared with the control group.
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Figure 5. Triptolide (TP) inhibited oxidized LDL (ox-LDL)-induced production of 8-
isoprostane (A) and malondialdehyde (MDA) (B) in human umbilical vein endothe-
lial cells (HUVECs). After preincubation with TP at the indicated concentrations for
1 hour, HUVECs were incubated with ox-LDL (50 pg/mL) for 6 hours. The levels of
8-isoprostane in the culture supernatant and MDA in HUVECs were assayed using
the corresponding kit, respectively. Values are presented as the mean (SE) of 4 in-
dependent analyses. *P < 0.05 and **P < 0.01 compared with HUVECs exposed to
ox-LDL alone; #P < 0.05 compared with the control group.
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Figure 6. Triptolide (TP) reversed oxidized LDL (ox-LDL)-induced changes in the
activities of total superoxide dismutase (SOD) (A) and its isoenzymes, including
copper- and zinc-SOD (CuZn-SOD) (B) and manganese-SOD (Mn-SOD) (C) in human
umbilical vein endothelial cells (HUVECs). After preincubation with TP at the indi-
cated concentrations for 1 hour, HUVECs were incubated with ox-LDL (50 pg/mL)
for 6 hours. The activities of total SOD and its isoenzymes, including CuZn-SOD and
Mn-SOD, in HUVECs were assayed using a commercial assay kit. Values are pre-
sented as the mean (SE) of 4 independent analyses. *P< 0.05 and **P < 0.01 com-
pared with HUVECs exposed to ox-LDL alone; #P < 0.05 compared with the control

group.

Collectively, these results suggest that TP reduces ox-LDL-
induced ROS production, possibly by attenuating NADPH oxidase
activity and enhancing antioxidative enzyme activity in endothelial
cells.

Effects of TP on ox-LDL-induced activation of the NF-xB signaling
pathway in HUVECs

The transcription factor NF-xB plays a critical role in the ex-
pression of inflammatory factors. Phosphorylation of IkBa (Ser32)
is necessary for the activation and subsequent nuclear translo-
cation of NF-«kB. As shown in Figure 8, the phosphorylation of
IkBa increased 30 minutes after incubation with ox-LDL in HU-
VECs, and this effect was suppressed by preincubation with TP
in a concentration-dependent manner. Because phosphorylation of
I«Ba is followed by the binding of NF-kB to DNA and transcrip-
tional activation, the effects of TP on ox-LDL-mediated NF-«B ac-
tivation were also determined by measuring the DNA-binding ac-
tivity of NF-«kB p65 and NF-xB transcriptional activity. Incuba-
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Figure 7. Triptolide (TP) inhibited oxidized LDL (ox-LDL)-induced increases in su-
peroxide production in human umbilical vein endothelial cells (HUVECs). After
preincubation with TP at the indicated concentrations for 1 hour, HUVECs were in-
cubated with ox-LDL (50 pg/mL) for 6 hours. The levels of superoxide were mea-
sured using a lucigenin-enhanced chemiluminescence assay. Values are presented
as the mean (SE) of 4 independent analyses. *P < 0.05 and **P < 0.01 compared
with HUVECs exposed to ox-LDL alone; #P < 0.05 compared with the control group.

tion with ox-LDL increased the DNA-binding activity of NF-«B
p65 in HUVECs, and this effect was inhibited in a concentration-
dependent manner by preincubation with TP. Moreover, incubation
with ox-LDL enhanced NF-«B reporter activity in HUVECs, which
was attenuated by preincubation with TP in a concentration-
dependent manner. Taken together, these data demonstrate that
preincubation with TP, at the tested exposure conditions, atten-
uated ox-LDL-mediated NF-xB transcriptional activation by sup-
pressing IxBa phosphorylation and subsequent NF-xB DNA bind-
ing.

Discussion

The studies described were performed to investigate the ef-
fects of TP, a major bioactive ingredient of TWHF, on ox-LDL-
induced inflammatory responses in endothelial cells. First, the re-
sults showed that TP suppressed the release of inflammation-
related factors and inflammatory cell adhesion to endothelial cells
(ie, HUVECs) exposed to ox-LDL. Second, the data suggest that the
anti-inflammatory actions of TP are mediated via the attenuation
of the signaling cascade that results from oxidative stress-induced
NF-kB activation. These results improve our understanding of the
potential role of TP in the suppression of ox-LDL triggered en-
dothelial inflammation. Moreover, the results highlight the thera-
peutic potential of TP in atherosclerosis treatment.

Natural products derived from plants, animals, marine organ-
isms, and bacteria have been used by human beings for many cen-
turies to treat various illnesses. Natural products and their deriva-
tives have been investigated for their potential pharmacological
applications.'?19-21 TP was first extracted from TWHF in 1972.1?
Commonly referred to as thunder god vine, TWHF has been widely
used as a therapeutic agent to treat autoimmune and inflamma-
tory diseases in China for hundreds of years. Increasing evidence
has shown that TP attenuates inflammatory responses in vivo.!4-16
Although considerable effort has been made to determine the ef-
fects of TP on inflammatory responses, the specific mechanisms
of TP in the regulation of ox-LDL-induced inflammatory responses
have not yet been fully elucidated. In this study, the results showed
that TP significantly suppressed inflammatory responses triggered
by ox-LDL in endothelial cells, suggesting that TP is involved in the
regulation of ox-LDL-induced inflammatory responses in endothe-
lial cells. Moreover, the studies described suggest that the potential
mechanisms for TP-mediated inhibition of inflammatory responses
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Figure 8. Triptolide (TP) inhibited oxidized LDL (ox-LDL)-induced increases in the
protein levels of phosphorylated Ik Ba (phospho-lkBe) (A) and activities of nuclear
factor kappa B (NF-«B) p65 DNA binding (B) and its transcription (C) in human
umbilical vein endothelial cells (HUVECs). After preincubation with TP at the indi-
cated concentrations for 1 hour, HUVECs were incubated with ox-LDL (50 pg/mL)
for 30 minutes or 1 hour. The protein levels of phospho-IxBa and activities of NF-
kB p65 DNA binding and its transcription were assayed using a cell-based ELISA, a
nonradioactive ELISA-based assay Kkit, and a dual luciferase reporter assay system,
respectively. Values are presented as the mean (SE) of 3 to 4 independent analyses.
*P < 0.05 and **P < 0.01 compared with HUVECs exposed to ox-LDL alone; #P <
0.05 compared with the control group.

induced by ox-LDL in endothelial cells may be related to the sup-
pression of the oxidative stress and NF-«B signaling pathway.
Atherosclerosis is recognized to involve a chronic inflammatory
process.® In addition to the overproduction of inflammatory me-
diators, inflammation is characterized by a massive infiltration of
leukocytes from the blood into the sites of inflammation. The re-
cruitment of leukocytes involves the interaction between adhesion
molecules on endothelial cell surfaces and their counter receptors
on the surface of leukocytes.?2>> Ox-LDL-bound MCP-1 is also in-
volved in facilitating the recruitment of monocytes to endothe-
lial cells.2* The results of this study showed that TP, at some of
the exposures tested, clearly inhibited the ox-LDL-induced produc-
tion of proinflammatory factors, including cytokines (TNF-a and
IL-6)(tumor necrosis factor alpha and interleukin 6), chemokines
(eg, MCP-1), and adhesion molecules (eg, ICAM-1 and VCAM-1).
Moreover, the co-culture cellular adhesion experiments described
demonstrated the inhibitory effects of TP on monocyte recruitment
to endothelial cells. Collectively, these results suggest that TP has
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the potential to act as a protective agent against vascular inflam-
mation.

ROS have been shown to be involved in the development of
atherosclerosis.®-2> Atherosclerosis has been found to be associated
with an oxidative stress imbalance, including enhanced ROS and
reduced net antioxidant activity. It has been demonstrated that ox-
idative stress produced by ROS induces an initial inflammatory re-
sponse through positive feedback, resulting in additional ROS gen-
eration and further tissue injury.®:26 ROS generation and elimina-
tion are involved in many cellular processes, including inflamma-
tory responses. Increasing evidence has demonstrated that oxida-
tive stress, reflected by the excessive generation of ROS, contributes
to the pathogenesis of atherosclerosis.®:2> Therefore, targeting the
site of inflammation and eliminating ROS may be an effective strat-
egy to treat atherosclerosis.

Ox-LDL is a critical factor contributing to the development of
atherosclerosis.?’-%8 It increases vascular oxidative stress, thereby
leading to endothelial dysfunction.”® As a result, inflammatory fac-
tor production is increased, which in turn induces leukocyte ad-
herence to the endothelium and infiltration.® ROS derived from
NADPH oxidase is strongly associated with atherosclerosis.?? Ac-
cumulating evidence has shown the link between ox-LDL and
NADPH oxidase, which in turn gives rise to ROS generation, includ-
ing superoxide and hydrogen peroxide.®:?? Previous studies have
demonstrated that ox-LDL-mediated endothelial inflammation is
prevented by radical-scavenging agents.’” In this study, TP inhibited
the ox-LDL-induced increase in intracellular ROS, which was asso-
ciated with decreased NADPH oxidase activity as determined us-
ing a lucigenin-enhanced chemiluminescence assay. These results
suggest that NADPH oxidase is involved in the ox-LDL-mediated
increases in intracellular ROS levels. Normalization of ROS also ap-
pears to inhibit endothelial inflammation. These data imply that
the decrease in ROS levels in endothelial cells is a critical mech-
anism involved in TP-mediated effects on endothelial inflamma-
tion. The results are congruent with previous studies demonstrat-
ing that the suppression of endothelial dysfunction in atheroscle-
rotic lesions in ApoE~/~ mice is linked to a reduction in oxidative
stress derived from NADPH oxidase activation.3?

Cellular ROS levels are regulated by the balance between the
oxidant and antioxidant defense systems. SOD protects against
superoxide-mediated cytotoxicity by catalyzing superoxide to form
hydrogen peroxide. Thus, intracellular levels of superoxide are very
low under normal physiological conditions. However, CuZn-SOD
(SOD-1), not Mn-SOD (SOD-2), is inactivated by hydrogen perox-
ide derived from dismutation of the superoxide anion. Consistent
with previous studies,?! these data suggest that TP significantly
reduced NADPH oxidase-mediated superoxide production in en-
dothelial cells exposed to ox-LDL, which subsequently improved
the CuZn-SOD activity. Based on these results, it was speculated
that the inhibitory effects of TP on oxidative stress might be due
to the attenuation of NADPH oxidase activity and enhancement of
antioxidative enzyme activity.

NF-kB is an oxidant-sensitive transcription factor, and its acti-
vation has been linked with endothelial dysfunction.®:32:33 In the
pathogenesis of atherosclerosis, ox-LDL induces enhanced levels of
intracellular ROS, which results in transcription-dependent proin-
flammatory factor synthesis via IxBa phosphorylation and subse-
quent NF-«B activation.®-34 In addition to attenuating NF-«B tran-
scriptional activation, as determined by an NF-«B luciferase re-
porter gene assay, the studies described also showed that TP inhib-
ited events upstream of NF-«B transcriptional activation, includ-
ing IkBa phosphorylation and translocation of NF-xBp65 into the
nucleus from the cytoplasm. Based on the finding that TP atten-
uated the activity of NADPH oxidase associated with a concomi-
tant decrease in ROS generation, we assumed that TP attenuates
endothelial inflammation induced by ox-LDL by blocking the ox-
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idative stress and NF-xB signaling cascade, and reducing the gen-
eration of proinflammatory factors. Thus, in addition to inhibiting
NF-xB activation at the transcriptional level, this study suggests
that the protective effects of TP are a result of the suppression of
oxidative stress and the ROS/NF-«B signaling pathway in ox-LDL-
mediated endothelial inflammation. Previous studies demonstrated
that TP attenuated LPS-induced endothelial inflammation by in-
hibiting NF-xB activation at the transcriptional level, but did not
investigate the effect of TP on oxidative stress.>®

The concentrations of TP (25-100 nM) used in this study were
similar to those that have been reported to inhibit inflammatory
responses in human lung epithelial cells, and induce apoptotic cell
death and cell cycle arrest in leukemia cell lines.>®>” The concen-
trations were much lower than the plasma concentrations of TP
in rats after oral administration of TP at a dose of 1 mg/kg, or
similar to those detected in human beings when the extracts of
TWHF were orally administered (200 mg, 3 times daily) as anti-
systemic lupus agents.>®:39 Thus, the concentrations of TP used in
this study are comparable to those achieved pharmacologically. The
current study initially examined the effects of TP on the viability
of endothelial cells. These data showed that the viability of HU-
VECs noticeably decreased when higher concentrations of TP (>50
nM) were present in the growth media for 12 or 24 hours. There-
fore, the cytotoxicity caused by TP may restrict its clinical appli-
cation. The use of appropriate structural modifications and combi-
nation pharmacotherapy as possible solutions to alleviate the cy-
totoxicity of TP and broaden its therapeutic window and clinical
applications are proposed. An additional limitation of these studies
is that the experiments described, including the intervention allo-
cation and outcome assessment, were not conducted in a blinded
manner. To diminish the possibility of a subjective effect in data
collection and analysis, blinding procedures should be considered
in future studies.

Overall, TP attenuated ox-LDL-induced inflammatory responses
in endothelial cells. The effects of TP appear to be attributable
to its suppression of ROS generation triggered by ox-LDL, thereby
leading to the inhibition of NF-xB activation.

Conclusions

Inflammation is involved in the pathogenesis of a number of
cardiovascular diseases, including atherosclerosis and hypertension.
This suggests that the prevention or control of these diseases will
require the development of effective therapeutic regimens for the
treatment of inflammation. The data generated by this study pro-
vide insights into the mechanisms responsible for the suppression
of ox-LDL-induced inflammatory responses of endothelial cells by
TP, a major bioactive ingredient of the Chinese herb TWHF. The
ability of TP to attenuate endothelial cell-associated inflammatory
responses triggered by ox-LDL suggests that TP may be useful for
the prevention of atherosclerosis.
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