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Protocatechuic aldehyde inhibits TNF-a-induced fibronectin
expression in human umbilical vein endothelial cells
via a c-Jun N-terminal kinase dependent pathway
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Abstract. Fibronectin (FN) is one of the most important
extracellular matrix proteins and plays an important role
in the pathogenesis of atherosclerosis (AS). The aim of
the present study was to evaluate the effect of a potent,
water-soluble antioxidant, protocatechuic aldehyde (PA),
which is derived from the Chinese herb Salvia miltiorrhiza,
on the expression of FN in human umbilical vein endothelial
cells (HUVECS) stimulated with tumor necrosis factor-a
(TNF-a). The pharmacological effects of PA on the produc-
tion of FN were investigated using ELISA and western
blot analysis. In addition, ELISA and western blot analysis
were used to examine the activation and suppression of the
mitogen-activated protein kinase (MAPK) pathways and
nuclear factor (NF)-«B in TNF-a-stimulated HUVECs, in
order to explore the underlying pharmacological mechanism
of PA. The inhibitory effect of PA on the total generation
of reactive oxygen species (ROS) in TNF-a-stimulated
HUVECs was assessed using 2',7'-dichlorofluorescein
diacetate. Pretreatment of HUVECs with PA (0.15, 0.45 and
1.35 mM) for 18 h markedly attenuated the TNF-a-stimulated
FN surface expression and secretion in a dose-dependent
manner. Intracellular ROS generation and the expression
of extracellular signal-regulated kinase 1 and 2 (ERK1/2),
c-Jun N-terminal kinase (JNK) and p38 MAPK (p38) were
significantly induced by TNF-a (2 ng/ml) in HUVECs.
TNF-a-induced ROS generation and JNK activation were
inhibited by PA in a concentration-dependent manner. By
contrast, ERK1/2 and p38 activation was not significantly
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affected by PA. Pretreatment of HUVECs with PA for 18 h
markedly attenuated TNF-a-stimulated NF-«kB activation.
In conclusion, the present findings suggest that PA inhibits
TNF-a-induced FN expression in HUVECs through a
mechanism that involves ROS/JNK and NF-kB.

Introduction

Atherosclerosis (AS) has come to be recognized as an
active and inflammatory process, rather than simply a
passive process of lipid infiltration or a reparative process
following endothelial injury (1-3). One of the major inflam-
matory cytokines is tumor necrosis factor-a (TNF-a), a
pro-inflammatory cytokine that is released in response to a
pathological condition (4). TNF-a can injure the structure
of endothelial cells and induce inflammatory responses
by enhancing the expression and secretion of adhesion
molecules, including vascular cell adhesion molecule-1
(VCAM-1), intercellular adhesion molecule-1 (ICAM-1),
endothelial cell selectin and fibronectin (FN) (5,6), which
results in leukocyte recruitment to the endothelium and the
initiation of AS. A number of chemicals derived from plants
with anti-inflammatory properties have been reported to exert
an anti-leukocyte recruitment effect (7,8). FN is a 250-kDa
adhesive glycoprotein and one of the most abundant proteins
in the extracellular matrix (ECM). FN generates a scaffold
that allows the attachment of other ECM components, and
large quantities of FN have been detected in atherosclerotic
plaques, suggesting that it may play a role in the pathogenesis
of AS (9,10). Physiologically, FN plays an important role
in a number of processes, including cell adhesion, motility
and tissue repair; however, its overproduction may decrease
the motility and replication of various cell types, including
endothelial cells (11).

Oxidative stress and the production of intracellular
reactive oxygen species (ROS) have been implicated in
the pathogenesis of AS (12). ROS and their by-products
may not only be cytotoxic to cells but also play a role in
signal transduction processes, such as cell growth and the
post-translational modification of proteins, which contributes
to the formation of AS (13). The common key point in the
pathophysiology of AS is believed to be the intracellular
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redox signal-induced expression of specific inflammatory
genes (14). Salvia miltiorrhiza (S.M.), a herb that is often
used in Traditional Chinese Medicine, has been found
to exert beneficial effects on the circulatory system (15).
Aqueous extracts of S.M. that are rich in antioxidants have
been described as being effective in reducing AS in experi-
mental studies in vitro and in vivo (16,17). Our previous
studies have demonstrated that the main compounds of
S.M. inhibit endothelin-1 expression, stimulate nitric oxide
production (18) and attenuate plasminogen activator inhibitor
type 1 production in TNF-a-treated human umbilical vein
endothelial cells (HUVECS) (19). Furthermore, we reported
that protocatechuic aldehyde (PA, also known as 3,4-dihy-
droxybenzaldehyde), a compound isolated from the aqueous
extract of S.M., selectively inhibits TNF-a-induced VCAM-1
and ICAM-1 expression and reduces monocyte adhesion to
endothelial cells (20); however, no studies examining the
effect of PA on the regulation of FN in endothelial cells exist,
to the best of our knowledge.

The aim of the present study was four-fold: i) To examine
the effect of TNF-a on FN secretion and expression in
cultured HUVECS; ii) to investigate the effect of PA on
TNF-a-induced FN expression in HUVECs; iii) to explore
the effect of PA on the TNF-a-induced activation of extra-
cellular signal-regulated kinase 1 and 2 (ERK1/2), c-Jun
N-terminal kinase (JNK) and p38 mitogen-activated protein
kinase (p38) in HUVECsS; and iv) to investigate the activity
of the key AS-related transcription factor nuclear factor-xB
(NF-«B).

Materials and methods

Reagents. PA was purchased from the Chinese National
Institute for the Control of Pharmaceutical and Biological
Products (Beijing, China). PA was dissolved in warm culture
medium just before incubation with HUVECs. Direct
exposure of the PA to light and air was avoided during the
experiments. Recombinant human TNF-a, the CellTiter
Aqueous One Solution Cell Proliferation Assay (MTS)
and the Gel Shift Assay Core system were purchased from
Promega Corp. (Madison, WI, USA). Antibodies to FN
(rabbit polyclonal; 1:500; cat. no. sc-9068) , phosphorylated
(P-)ERK1/2 (rabbit polyclonal; 1:200; cat. no. sc-101761),
ERK1/2 (rabbit polyclonal; 1:250; cat. no. sc-292838), p38
(rabbit polyclonal; 1:400; cat. no. sc-535) and JNK (rabbit
polyclonal; 1:400; cat. no. sc-571) were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA), and the
antibodies to P-JNK (rabbit monoclonal; 1:500; cat. no. 4668)
and P-p38 (rabbit polyclonal; 1:500; cat. no. 9211) and the
anti-rabbit IgG horseradish peroxidase (HRP)-conjugated
secondary antibody (1:1,200; cat. no. 7074P2) were obtained
from Cell Signaling Technology, Inc. (Beverly, MA, USA).
The FN ELISA kit was obtained from Shanghai Sun Biotech
Co., Ltd. (Shanghai, China).

Cell culture. HUVECs were obtained from Cascade
Biologics, Inc. (Portland, OR, USA), in the form of cryo-
preserved primary cultures, and grown in culture flasks
(Costar® Corning, New York, NY, USA) in M200 endothelial
cell growth medium (Cascade Biologics, Inc.) supplemented
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with 2% low serum growth supplement (LSGS; Cascade
Biologics, Inc.) according to the manufacturer's instructions.
The growth medium was changed every other day until the
cells reached confluence. Passage 3 and 4 cells were grown
in monolayers at 37°C in a humidified atmosphere of 5% CO,
and 95% air and used for experiments at 80% confluency.
At 24 h prior to the experiments, the control medium was
removed and replaced with LSGS-free medium containing
0.4% fetal bovine serum. For the experiments, HUVECs
were cultured in medium containing 0.4% fetal bovine serum
with or without the PA for 18 h, prior to further culture for
6 h with TNF-a (2 ng/ml).

Assessment of cell viability and cellular ROS generation. In
order to evaluate cytotoxicity, cells were seeded at a density
of 5,000 cells/well into 96-well culture plates (Costar) and
grown for 48 h. The cells were incubated with PCA (6.75,
13.5, 27, 54 or 108 nM) with or withour TNF-a (2 ng/ml)
in M200 media (serum-free) containing 0.4% fetal bovine
serum for 24 h, and 20 ul MTS was then added to each
well for further incubation at 37°C for 2 h. The absorbance
of the solubilized formazan was read at 490 nm using a
Victor 1420 Multilabel Counter instrument (Wallac, Turku,
Finland). Cells incubated in control media were taken to be
100% viable. The generation of ROS was assessed using the
ROS-sensitive fluorescence indicator 2',7'-dichlorofluores-
cein diacetate (DCFH-DA). A total of 10 gmol/l DCFH-DA
was added to the cell culture wells in a potassium phosphate
buffer for 30 min. The fluorescence of 2'7'-dichlorofluores-
cein, the oxidation product of DCFH-DA, was measured at an
excitation wavelength of 485 nm and an emission wavelength
of 530 nm on a fluorescence spectrophotometer (Victor 1420
Multilabel Counter; Wallac).

Cell surface immunoassay and FN secretion. To detect the
expression of adhesion molecules, ELISA was performed as
previously described (19). In brief, the HUVECs were plated
onto 96-well plates overnight and growth-arrested for 24 h
with 0.4% serum-containing medium. The cells were then
stimulated with TNF-a with or without PA, washed with
phosphate-buffered saline (PBS) and fixed. Anti-FN antibody
(Shanghai Sun Biotech Co., Ltd.) was added to the wells for
1 h at 37°C. Cells were washed and the expression of FN was
quantified by the addition of o-phenylenediamine dihydro-
chloride in phosphate-citrate buffer. Following incubation
for 20 min at 37°C, the reaction was terminated through the
addition of 5 N H,SO,, and the absorbance of each well was
measured at 490 nm using a Multilabel reader. In order to
measure the FN secretion by the HUVECsS, an ELISA kit was
used to determine the levels of soluble FN antigens in the
culture supernatant of the HUVECs, according to the manu-
facturer's instructions (Shanghai Sun Biotech Co., Ltd.).

Preparation of nuclear extracts. Upon reaching 80%
confluency, the HUVECs were administered the indicated
treatment and nuclear protein extracts were prepared, as
described previously (19). All nuclear extraction procedures
were performed on ice with ice-cold reagents. The cells were
harvested, washed with PBS, resuspended in Buffer A, which
contained 10 mM HEPES (pH 7.6), 10 mM KCI, 0.1 mM
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EDTA, 1 mM dithiothreitol (DTT) and 0.5 mM phenyl-
methylsulfonyl fluoride (PMSF), and incubated for 10 min
at 4°C. Following centrifugation at 300 x g for 10 min, the
pellets containing the nuclei were suspended in Buffer B,
which contained 20 mM HEPES (pH 7.6), 10 mM KCl,
1 mM EDTA, 1 mM DTT, 0.5 mM PMSF, 25% glycerol and
0.4 M NaCl, for 30 min. Nuclear proteins were isolated by
centrifugation at 12,000 x g for 20 min. The protein concen-
trations were determined using a Bicinchoninic Acid Protein
Assay kit (Pierce Biotechnology, Rockford, IL, USA, and the
proteins were stored at -80°C until use in the NF-xB binding
activity assay.

NF-kB binding activity assay. The NF-kB activity in the
nuclear protein (20 pg) of treated or control HUVECs was
measured using a DNA-binding ELISA kit (TransAM™
NF-xB p65 assay; Active Motif, Carlsbad, CA, USA)
according to the manufacturer's instructions and analyzed
using a microplate absorbance reader.

Western blotting and activity assay of mitogen-activated
protein kinases (MAPKs) (ERK1/2, JNK and p38). Following
treatment with the reagents, the cells were washed with
PBS and harvested in 200 ul lysis buffer containing 20 mM
HEPES (pH 7.9), 10 mM NaCl, 1 mM EDTA, 1 mM DTT,
0.1% Nonidet P40 (V/V) and protease inhibitor (0.1 xg/ml
leupeptin, 5 ug/ml aprotinin and 0.5 mM PMSF). Cell lysates
were subjected to sodium dodecyl sulfate polyacrylamide
gel electrophoresis, and proteins were transferred to a poly-
vinylidene difluoride membrane (Schleicher and Schuell
Biosciences, Inc., Keene, NH, USA). The membrane was
blocked for 1 h at room temperature with Tris buffered
saline-Tween 20 (0.5%)/5% non-fat skim milk. The blots
were then incubated overnight with antibodies against FN, or
the phosphorylated or unphosphorylated forms of ERK1/2,
JNK or p38 at 4°C, followed by incubation for 1 h with
HRP-conjugated secondary antibody. Immunoreactive bands
were visualized using Western Blotting Luminol Reagent
(Santa Cruz Biotechnology, Inc.), and the blots were exposed
to XBT-1 film (Kodak, Xiamen, China).

Statistical analysis. All values are expressed as the
mean + standard error of the mean of independent determi-
nations. Statistical analysis was performed with analysis of
variance and the Tukey test using GraphPad Prism® software
(GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was
considered to indicate a statistically significant difference.

Results

Effects of PA on FN secretion and cell surface expression.
To examine the effect of TNF-a on FN secretion and surface
expression in HUVECs, the HUVECs were exposed to
2 ng/ml TNF-a for 6, 12 and 18 h. The expression of FN was
determined in accordance with the aforementioned method.
As shown in Fig. 1, the surface expression of FN increased in
a time-dependent manner (maximum at 18 h). To investigate
whether PA affected the TNF-a-induced FN secretion and
expression, the effect of various concentrations of PA on
TNF-a-induced FN secretion and expression was examined
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Figure 1. Effects of PA on the cell surface expression and secretion of FN in
human umbilical vein endothelial cells stimulated with TNF-a. (A) HUVECs
were exposed to 2 ng/ml TNF-a for 6, 12 and 18 h. (B and C) Cells were
pretreated with PA (0.15,0.45 and 1.35 mM) for 18 h and then activated with
TNF-a (2 ng/ml) for 18 h. Following incubation, (B) the expression of FN
was assessed by cell ELISA and (C) the concentration of FN in the culture
medium was examined. The data are presented as the mean + standard error
of the mean (n=4). Asterisks indicate a statistically significant difference
when compared with results from the TNF-a-stimulated cells in the absence
of PA ("P<0.05). PA, protocatechuic aldehyde; FN, fibronectin; TNF-a., tumor
necrosis factor-a; OD, optical density.

using ELISA and cell surface ELISA. PA at doses of 0.15,
0.45 and 1.35 mM induced a significant dose-dependent
inhibition of FN protein surface expression. FN protein
surface expression was reduced to 73.4, 55.8 and 55.5% of
the control, respectively, and FN secretion was significantly
reduced to 48.2, 17.4 and 18.2%, respectively (Fig. 1). The
FN expression in the cytoplasm was also examined using
western blot analysis. As shown in Fig. 2, the FN expres-
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Figure 2. Western blotting shows the dose-dependent effect of PA on FN
expression in TNF-a-induced human umbilical vein endothelial cells. The
cells were pretreated with PA (0.15, 0.45 and 1.35 mM) for 18 h and then
activated with TNF-a (2 ng/ml) for 6 h. PA, protocatechuic aldehyde; FN,
fibronectin; TNF-a, tumor necrosis factor-a.

30000

25000+

20000+

15000+

10000+

Fluorescence density

5000+

=

T T T

0 015 045 135 0 0I5 045 135 PA(mM)

TNF-u

Figure 3. Effect of PA on TNF-a-induced intracellular ROS generation in
HUVECs. HUVECs were treated with PA (0.15, 0.45 and 1.35 mM) for
30 min before treatment with TNF-a (2 ng/ml) for 15 min; ROS were quan-
titatively analyzed. The data are presented as the mean + standard error of
the mean. "P<0.05, vs. the TNF-a-stimulated cells in the absence of PA. PA,
protocatechuic aldehyde; FN, fibronectin; TNF-a, tumor necrosis factor-a;
ROS, reactive oxygen species; HUVECs, human umbilical vein endothelial
cells.

sion in the TNF-a-stimulated HUVECs increased notably,
whereas the pretreatment of HUVECs with PA for 18 h
markedly attenuated the TNF-a-stimulated FN expression in
a dose-dependent manner.

PA attenuates TNF-a-induced ROS production in HUVECsS.
As shown in Fig. 3, incubating the HUVECsS for 15 min with
2 ng/ml TNF-a significantly increased the intracellular ROS
generation. PA was found to inhibit the TNF-a-induced increase
in ROS generation in a dose-dependent manner (Fig. 3).

Effect of PA on TNF-a-induced ERK1/2,JNK and p38 activation
in HUVECs. To examine whether PA affects TNF-a-induced
MAPK activation, the effect of various concentrations of PA on
TNF-a-induced ERK1/2, INK and p38 activation in HUVECs
was assessed. The cells were pretreated with PA for 60 min
prior to the addition of TNF-a (2 ng/ml) for 15 min for ERK1/2,
JNK and p38 activation. TNF-a-induced JNK activation was
inhibited by PA in a concentration-dependent manner (0.15,
0.45, and 1.35 mM). By contrast, ERK1/2 and p38 activation
were not affected by PA (Fig. 4). Western blot analysis with
anti-ERK1/2, -JNK and -p38 antibodies revealed no differences
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Figure 4. PA inhibits the TNF-a-induced JNK activation in a concentra-
tion-dependent manner in human umbilical vein endothelial cells, but not
ERK1/2 and p38 activation. Cells were pretreated with PA at the indicated
concentrations for 60 min. The cells were then stimulated with 2 ng/ml
TNF-a for 15 min for ERK1/2, JNK and p38 activation. Cells were har-
vested, lysed and used for subsequent analysis. No significant differences
in the levels of ERK1/2, INK and p38 were observed using immunoblot
analysis with anti-ERK1/2, -JNK and -p38 antibodies. PA, protocatechuic
aldehyde; FN, fibronectin; TNF-a, tumor necrosis factor-a; p-ERK1/2,
phosphorylated extracellular signal-regulated kinase 1 and 2; JNK, c-Jun
N-terminal kinase; p38, p38 mitogen-activated protein kinase.
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Figure 5. NF-kB DNA binding activity was measured using a NF-xB p65
assay. Human umbilical vein endothelial cells were pretreated with 0, 0.45
and 1.35 mM PA for 18 h and then treated with or without TNF-a (2 ng/ml)
for 6 h. The data are presented as the mean + standard error of the mean
(n=4). Asterisks indicate a statistically significant difference when compared
with results from the TNF-a-stimulated cells in the absence of PA ('P<0.05).
PA, protocatechuic aldehyde; NF-kB, nuclear factor-«B; TNF-a, tumor
necrosis factor-a; OD, optical density.

in the total quantities of ERK1/2, JNK and p38. These findings
suggest that TNF-a-induced JNK activation, but not ERK1/2
and p38 activation, is specifically sensitive to PA in HUVECs.

PA inhibits the TNF-a-induced transcriptional activa-
tion of NF-xkB in HUVECs. To examine the effect of PA
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on constitutive NF-xB activation, an NF-kB p65 activity
assay was performed using a DNA-binding ELISA kit. As
shown in Fig. 5, increased DNA binding activity for NF-kB
was observed in the TNF-a-stimulated HUVECs, whereas
the pretreatment of the HUVECs with PA for 18 h mark-
edly attenuated the TNF-a-stimulated NF-kB activation in a
dose-dependent manner.

Discussion

S.M. has been demonstrated to be clinically effective for the
prevention and treatment of AS (21,22). Previous studies have
demonstrated that S.M. is an antioxidative, antithrombogenic
and anti-inflammatory plant (23). AS is characterized by
endothelial cell injury and dysfunction. One of the earliest
events in atherogenesis is the adhesion of monocytes to the
endothelium, followed by their infiltration and differentiation
into macrophages (2). This key step is mediated by the inter-
action of monocytes with molecules expressed on the surface
of endothelial cells (24). FN is a large, multifunctional
glycoprotein that is important in ECM organization, tissue
remodeling and wound healing (25). The overproduction of
FN can decrease the motility and replication of numerous
types of cells, including endothelial cells. Inflammation
or injury can trigger the deposition of transitional ECM
proteins, such as FN and fibrinogen (FG), into the suben-
dothelial matrix (26). In vivo, FN and FG are deposited at
AS-prone sites prior to other signs of AS (27). Cellular FN
(cFN) normally makes up <2% of the total FN present in the
plasma and is synthesized locally by endothelial cells, smooth
muscle cells or fibroblasts in response to cytokine stimula-
tion or vascular injury (28). cFN and soluble VCAM-1 have
been found to be reliable markers of endothelial injury (29).
In the present study, the effect of PA on the expression and
secretion of endothelial FN was investigated. It was found
that the surface expression, secretion and content of FN in
the cytoplasm increased significantly following the treatment
of HUVECs with TNF-a. PA treatment attenuated basal and
TNF-a-induced FN surface expression and secretion in a
dose-dependent manner.

In previous study, we reported that the aqueous compound
of S.M., PA, selectively inhibited cytokine-induced VCAM-1
and ICAM-1 expression and reduced monocyte adhesion to
endothelial cells through an antioxidative mechanism (20).
In the present study, PA was found to dose-dependently
attenuate the ROS production in HUVECs with or without
TNF-a stimulation. ROS overproduction leads to oxidative
modifications of DNA, lipid oxidation, protein modifica-
tion and the activation of redox-sensitive genes (13,30,31),
including the upregulation of FN expression (32), as well
as that of VCAM-1 and ICAM-1. The earliest stages of AS
are associated with the increased attraction and adhesion
of monocytes to the endothelium, which is mediated by the
adhesive molecules expressed by the activated endothelium.
FN plays an important role in the initiation and progression
of AS.

In response to TNF-a treatment, the transcription factor
NF-«B and MAPKs, including ERK, p38 and JNK, are acti-
vated in most types of cells (33). Activation of NF-xB and
MAPKSs plays an important role in the induction of numerous
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cytokines and immune-regulatory proteins and is pivotal
for several inflammatory responses (34). In the present
study, the mechanisms underlying the action of PA were
investigated by examining the effects of PA on the MAPK
and NF-«B pathways. It was found that PA specifically
inhibited TNF-a-induced JNK activation, but not ERK1/2
and p38 activation, in HUVECs. The effect of PA on JNK
activation by TNF-a would be expected to have important
consequences for the expression of adhesion molecules by
endothelial cells (35). The most likely mechanism for the
PA-induced inhibition of TNF-a would be crosstalk between
the MAPK and NF-«B signaling pathways. At another level,
each of the three major MAPK pathways (p38, ERK and
JNK) has been shown to phosphorylate p65 or p50 in various
cell types, affecting transcriptional activity (36). To directly
assess whether NF-kB activity was attenuated in endothelial
cells treated with PA, the DNA binding activity of NF-xB was
analyzed using a commercial DNA-binding ELISA assay,
and it was found that the TNF-a-induced NF-«B activity was
significantly inhibited by PA.

In conclusion, the present study has demonstrated that
PA, the aqueous ingredient of S.M., significantly inhibits
TNF-a-induced JNK activation, but not ERK1/2 and p38
activation, in HUVECs. Experimental data also showed
that PA inhibits NF-kB transcriptional activation and the
resultant expression and secretion of the adhesion molecule
FN. These results may provide useful insight to enhance the
understanding of the pharmacological action of S.M.
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