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Cinnamaldehyde protects against oxidative stress and
inhibits the TNF-a-induced inflammatory response
in human umbilical vein endothelial cells
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Abstract. Oxidative stress and inflammation play critical roles
in the development of cardiovascular diseases. Cinnamaldehyde
(CA) is a natural compound from Cinnamomum cassia, and
its anticancer, antimicrobial and anti-inflammatory activi-
ties have been widely investigated. In the present study, the
cytoprotective and anti-inflammatory effects of CA on
H,0,- or tumor necrosis factor (TNF)-a-exposed human
umbilical vein endothelial cells (HUVECSs) were examined.
CA and its natural derivative, 2-methoxycinnamaldehyde
(MCA), markedly increased the cellular protein level of heme
oxygenase-1 (HO-1) and promoted the translocation of nuclear
factor erythroid 2-related factor 2 (Nrf2) to the nucleus.
CA-mediated Nrf2/HO-1 activation protected the HUVECs
from H,0,-induced oxidative stress, which promotes apop-
tosis. HO-1 depletion by siRNA attenuated the CA-mediated
cell protective effects against oxidative stress. Additionally,
CA markedly inhibited the adhesion of U937 monocytic cells
to HUVECs by decreasing the expression level of vascular
cell adhesion protein 1 (VCAM-1). An in vivo experiment
confirmed the anti-inflammatory effects of CA, as lipopoly-
saccharide (LPS)-induced inflammatory cell infiltration was
effectively inhibited by the compound. Overall, these obser-
vations suggest that CA may be used as a therapeutic agent
for oxidative stress-mediated cardiovascular diseases, such as
atherosclerosis.
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Introduction

Oxidative stress produces excessive reactive oxygen species
(ROS), such as hydrogen peroxide (H,0,), superoxide radical
(0,) and hydroxyl radical COH). The insufficient elimina-
tion of ROS by antioxidant mechanisms perturbs cellular
redox homeostasis (1-3). Previous studies have demonstrated
that excessive ROS generation leads to the peroxidation of
membrane lipids, disturbs cellular antioxidant signaling and
induces apoptosis (4). ROS also play critical roles as patho-
genic factors in the development of cardiovascular disease by
promoting the apoptosis of endothelial cells (5,6). Therefore,
protecting endothelial cells from apoptosis induced by oxida-
tive stress appears to be an effective strategy for the prevention
and treatment of cardiovascular disease.

Cinnamaldehyde (CA) is a major compound in cinnamon
obtained from the stem bark of Cinnamomum cassia (7). CA
exhibits various biological properties, such as antibacterial,
anti-inflammatory and anticancer activities (8-10). Additionally,
Song et al reported the antioxidative and anti-inflammatory
properties of CA in a model of acute myocardial ischemia (11).
However, the precise molecular mechanisms responsible for
the protective effects of CA on cells remain to be elucidated.

Atherosclerosis and its complications are the most common
causes of mortality in humans, and oxidative stress and inflam-
mation play critical roles in the development of cardiovascular
diseases. During the complex developmental process of
atherosclerosis, damage to vascular endothelial cells is consid-
ered an initiator of vascular disease (12-14). The authors have
recently reported that CA actively protects human dental pulp
cells (hDPCs) under oxidative stress conditions by inducing
nuclear factor erythroid 2-related factor 2 (Nrf2) activation
and subsequent heme oxygenase-1 (HO-1) expression (15). As
a transcription factor, Nrf2 regulates the expression of antioxi-
dant proteins that protect cells against oxidative stress. Under
conditions of stress, Nrf2 is activated and translocated from
the cytoplasm to the nucleus where it induces the expression
of antioxidant defense enzymes, such as HO-1 (16,17). CA
also exerts protective effects against the oxidized low-density
lipoprotein (ox-LDL)-induced proliferation and migration of
vascular smooth muscle cells (VSMCs) (18). Additionally,
2-methoxycinnamaldehyde (MCA), a natural derivative of
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CA, has been shown to exhibit anti-atherosclerotic activity
by inhibiting the proliferation and migration of human aortic
smooth muscle cells (HASMCs) (19). These findings strongly
suggest that CA is a candidate against for the treatment of
cardiovascular diseases. However, to the best of our knowl-
edge, no available studies to date have described the effects of
CA on vascular endothelial cells exposed to oxidative stress.

In the present study, the value of CA as an anti-atheroscle-
rotic agent was assessed. The cytoprotective effects of CA and
the underlying molecular mechanisms in H,O,-exposed human
umbilical vein endothelial cells (HUVECS) were examined. In
addition, the anti-inflammatory effects of CA in HUVECs and
Sprague-Dawley rats were investigated.

Materials and methods

Materials. CA, zinc protoporphyrin (ZnPP) and SB202190
were obtained from Sigma-Aldrich; Merck KgaA. MCA
and 2'-hydroxycinnamaldehyde (HCA) were purchased from
Santa Cruz Biotechnology, Inc., and H,O, was supplied by
CalBiochem. Cobalt protoporphyrin (CoPP) was purchased
from MP Biomedicals and calcein AM was supplied by
Invitrogen; Thermo Fisher Scientific, Inc. Recombinant
human tumor necrosis factor (TNF)-a was obtained from
R&D Systems, Inc.

Cell culture and viability assay. HUVECs (ATCC, CRL-1730)
were maintained at 37°C under 5% CO, in endothelial cell
medium (ECM) supplemented with reagents provided in
a complete kit (ScienCell Research Laboratories, Inc.).
Human monocytic U937 cells (ATCC, CRL-1593) were
maintained in RPMI-1640 medium supplemented with 10%
FCS, 100 units/ml penicillin and 100 uxg/ml streptomycin.
For viability assays, HUVECs were seeded in 12-well plates
at a density of 5x10* cells/ml, cultured overnight and treated
with various concentrations of CA, MCA or HCA for 24 h.
Cell viability was measured using a 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay according
to a previously described method (20).

Cytotoxicity assay. Cell cytotoxicity was determined by
measuring lactate dehydrogenase (LDH) activity following
treatment with CA, MCA or HCA using a CytoTox 96® nonra-
dioactive assay kit (Promega Corporation) according to the
manufacturer's instructions.

Western blot analysis. HUVECs were treated with various
concentrations of CA or MCA for various periods of time. The
cells were treated with SB202190 (20 yM) 2 h prior to CA
treatment. The cells were washed twice with cold PBS and
lysed in RIPA buffer (PBS supplemented with 1% NP-40,
0.5% sodium deoxycholate, ] mM phenylmethylsulfonyl fluo-
ride, 1 ug/ml aprotinin and 1 mM sodium orthovanadate). The
cell lysates were incubated at 4°C for 30 min and then cleared
by centrifugation at 10,000 x g for 10 min. Alternatively, cyto-
plasmic and nuclear fractions were obtained using a previously
described subcellular fractionation method (21). The protein
concentration was determined using Protein Assay Dye
Reagent Concentrate (Bio-Rad Laboratories, Inc.). A total of
10 pg of proteins were resolved on 10 or 12% SDS-PAGE and
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then transferred to a nitrocellulose membrane. The membrane
was blocked in Tris-buffered saline (TBS) containing 5%
non-fat milk for 4 h at room temperature. Immunoblotting was
performed overnight at 4°C using the following antibodies:
Anti-HO-1 (1:1,000; cat.no. ADI-SPA-896; Enzo Life Sciences,
Inc.), anti-AKT (1:2,000; cat. no. 4691s; Cell Signaling
Technology, Inc.), anti-p-AKT (1:2,000; cat. no. 4060s; Cell
Signaling Technology, Inc.), anti-ERK (1:2,000; cat. no. 4695s;
Cell Signaling Technology, Inc.), anti-p-ERK (1:2,000;
cat. no. 4370s; Cell Signaling Technology, Inc.), anti-p38
(1:2,000; cat. no. 8690s; Cell Signaling Technology, Inc.),
anti-p-p38 (1:2,000; cat. no. 4511s; Cell Signaling Technology,
Inc.), anti-p-nuclear factor (NF)-xB (1:2,000; cat. no. 3033s;
Cell Signaling Technology, Inc.), anti-poly(ADP-ribose)
polymerase (PARP) (1:2,000; cat. no. 9542s; Cell Signaling
Technology, Inc.), anti-cleaved-PARP (1:2,000; cat. no. 5625s;
Cell Signaling Technology, Inc.), anti-Nrf2 (1:1,000;
cat. no. sc365949; Santa Cruz Biotechnology, Inc.), anti-NF-«xB
(1:2,000; cat. no. sc8008; Santa Cruz Biotechnology, Inc.),
anti-intercellular adhesion molecule 1 (ICAM-1) (1:2,000;
cat. no. sc8439; Santa Cruz Biotechnology, Inc.), anti-vascular
cell adhesion protein 1 (VCAM-1) (1:2,000; cat. no. sc8304;
Santa Cruz Biotechnology, Inc.), anti-TATA-binding protein
(TBP) (1:2,000; cat. no. ab818; Abcam) and anti-f-actin
(1:5,000; cat. no. A1978; Sigma-Aldrich; Merck KgaA). The
blots were then incubated with goat anti-rabbit horse-radish
peroxidase (HRP)-conjugated secondary antibodies (1:5,000;
cat. no. ADI-SAB-300-J; Enzo Life Sciences, Inc.) or goat
anti-mouse HRP-conjugated secondary antibodies (1:5,000;
cat. no. ADI-SAB-100-J; Enzo Life Sciences, Inc.) at room
temperature for 1.5 h and then developed using Immobilon®
Western Chemiluminescent HRP substrate (Merck KgaA).

RNA isolation and RT-PCR. HUVECs were treated with
20 uM CA or MCA for various periods of time. Total RNA
was isolated using TRI-solution (Bio Science Technology)
according to the manufacturer's instructions. Semi-quantitative
RT-PCR was performed using an ONE-STEP RT-PCR PreMix
kit (iNtRON Biotechnology) according to the manufacturer's
instructions. The specific primers and cycling conditions for
RT-PCR have been previously described (15). The RT-PCR
products were electrophoresed on 1.7% agarose gels and
visualized by ethidium bromide staining.

Detection of ROS. HUVECs were treated with 10 yuM ZnPP.
After 2 h, the cells were treated with 20 uM CA for 24 h
and then further treated with 350 xM H,0O, for an additional
6 h. The levels of generated ROS were measured by staining
the cells with 10 yuM dihydroethidium for 30 min according
to a previously described method (15). Fluorescence was
analyzed using a conventional fluorescence microscope (Axio
Observer D1, Carl Zeiss AG).

Transfection with siRNA. HUVECs were seeded in a 12-well
plate at a density of 7x10* cells/ml, cultured overnight and
transfected with either 25 nM of HO-1 siRNA (5'-GGCAGA
GAAUGCUGAGUUC-3") or 5 nM of Nrf2 siRNA (sc-37030,
Santa Cruz Biotechnology, Inc.) using DharmaFECT trans-
fection reagent (GE Healthcare Dharmacon, Inc.) according
to the manufacturer's instructions. After 6 h, the media were
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changed, and the cells were further incubated for 18 h before
being treated with 20 uM CA. siGENOME Non-Targeting
siRNA Pool (GE Healthcare Dharmacon, Inc.) was used as a
control.

Annexin V apoptosis assay. HUVECs were treated with
20 uM CA or 5 uM CoPP for 24 h and then with 350 xM
H,0, for 24 h. An Annexin V apoptosis assay was performed
with a Muse™ Annexin V & Dead Cell kit according to the
manufacturer's protocol (Merck KGaA). Briefly, 100 pl of a
cell suspension was mixed with 100 ul of Muse™ Annexin V
and Dead Cell reagent and then incubated at room temperature
for 20 min. Apoptotic cells were analyzed using a Muse Cell
Analyzer (Merck KGaA).

U937 cell adhesion assay. U937 cells were labeled with
calcein AM fluorescent dye (1 ug/ml) for 30 min at 37°C. The
cells were then washed with PBS and resuspended in ECM.
HUVECs were cultured in a 35 mm dish until confluent, after
which the cells were treated with CA (20 M) and/or TNF-a
(10 ng/ml) for 6 h. The HUVECs were then co-cultured
with calcein AM-labeled U937 cells for 3 h. Non-adhering
U937 cells were removed by washing twice with PBS. Finally,
the HUVECs were fixed with 4% paraformaldehyde in PBS
for 10 min and then mounted using CRYSTAL/MOUNT™
mounting medium (Biomeda Corp.). Fluorescence analysis
was performed using a conventional fluorescence microscope.

Animals, lipopolysaccharide (LPS) administration and
histological analysis. A total of 25 male Sprague-Dawley rats
(4 weeks old, weighing 80-100 g, Samtaco Bio) were used in the
present study. The animals were housed in a controlled environ-
ment with a temperature of 24+1°C and a humidity of 50+5%
with a 12 h light and dark cycle. Food and water were provided
ad libitum. The rats (n=5 in each group) were intraperitone-
ally injected with CA (50 mg/kg). After 3 h, LPS (0.5 mg/kg)
was inoculated subcutaneously into the right flanks of the rats.
After 24 h, the rats were sacrificed, subcutaneous tissues were
excised, and then fixed in 10% buffered formalin and embedded
in paraffin. Tissue sections (4-ym-thick) were stained with
Hematoxylin (Sigma-Aldrich; Merck KgaA) for 5 min and
eosine (Sigma-Aldrich; Merck KgaA) for 10 sec at RT and then
examination by light microscopy.

Ethics statement. Animal care procedures were approved
by the Chosun University Institutional Animal Care and
Use Committee (CIACUC2020-A0012). All research was
conducted in accordance with the provided protocol.

Statistical analysis. The data are expressed as the means + SD
of 3 independent experiments. Statistical analysis was
performed using SPSS 24 (IBM, Corp.). Differences between
groups were analyzed by ANOVA followed by Tukey's post hoc
test. A P-value <0.05 was considered to indicate a statistically
significant difference.

Results

Effect of CA and its derivatives on HUVEC viability and cyto-
toxicity. To evaluate CA and its natural derivatives, MCA and
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Figure 1. Effects of CA and its derivatives on cell viability and cytotoxicity.
HUVECSs were treated with the indicated concentrations of CA, MCA or HCA
for 24 h. (A) Cell viability was assessed by the MTT assay. (B) Cell cytotox-
icity was measured by the LDH assay. The data are expressed as means + SD
of 3 separate experiments. HUVECSs, human umbilical vein endothelial cells;
CA, cinnamaldehyde; MCA, 2-methoxycinnamaldehyde; HCA, 2'-hydroxy-
cinnamaldehyde.

HCA, as possible candidates for the treatment of atheroscle-
rosis, their effects on HUVEC viability were examined. HCA
markedly decreased cell viability in a dose-dependent manner
(Fig. 1A). Cells treated with 50 uM HCA exhibited 57.7%
lower viability compared with the untreated control HUVECs.
HCA also markedly induced cytotoxicity in a dose-dependent
manner (Fig. 1B). However, CA and MCA at concentrations
of up to 50 xM did not induce any notable changes in cell
viability or cytotoxicity. Therefore, CA and MCA were used in
the subsequent experiments.

CA and MCA induce the expression of HO-1. Recently, it was
reported that CA induces HO-1 expression in hDPCs (15).
Therefore, the present study examined the effects of CA
and MCA on HO-1 expression in HUVECs. As shown
in Fig. 2A and B, both CA and MCA induced the expression of
HO-1 in a dose- and time-dependent manner. By showing that
CA and MCA increased the mRNA level of HO-1 (Fig. 2C),
it was confirmed that CA and MCA regulate HO-1 at the
transcriptional level.

CA protects cells from oxidative stress by inducing
HO-1 expression. Previous studies have demonstrated
that HO-1 exerts cytoprotective effects against oxida-
tive stress (22,23). Therefore, the cytoprotective effects of
CA and MCA on HUVECs were evaluated in the present
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Figure 2. CA and MCA induce the expression of HO-1. (A) HUVECs were treated with the indicated concentrations of CA or MCA for 24 h. Total cell lysates
were prepared, and the levels of HO-1 were detected by western blot analysis. (B and C) Cells were treated with 20 uM CA or MCA for the indicated periods of
time. Total cell lysates were prepared, and the levels of HO-1 were detected by western blot analysis (B). (C) Alternatively, total RNA was isolated, and levels
of HO-1 mRNA were detected by semi-quantitative RT-PCR. CA, cinnamaldehyde; MCA, 2-methoxycinnamaldehyde; HCA, 2'-hydroxycinnamaldehyde;
HO-1, heme oxygenase-1.
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Figure 3. CA protects cells from H,0,-induced oxidative stress by inducing HO-1 expression. (A) HUVECs were pre-treated with 20 M CA or MCA, or
5 uM CoPP for 24 h. The cells were then further treated with H,O, for 24 h, and cell viability was assessed by MTT assay. (B) HUVECs were pre-treated
with 10 uM ZnPP for 2 h and then treated with CA for 24 h. The cells were further treated with H,O, for an additional 24 h, and an MTT assay was performed
to assess cell viability. "P<0.05. (C) Cells were pre-treated with ZnPP for 2 h and then with CA for 24 h and H,0, for a further 6 h. After the cells were
stained with dihydroethidium, the level of generated ROS was monitored by fluorescence microscopy. HUVECs, human umbilical vein endothelial cells;
CA, cinnamaldehyde; MCA, 2-methoxycinnamaldehyde; CoPP, Cobalt protoporphyrin; ZnPP, zinc protoporphyrin.

study. Exposure to H,0, decreased cell viability. However,
pre-treatment with both CA and MCA inhibited H,O,-induced
cell cytotoxicity (Fig. 3A). CoPP, an HO-1 inducer, exerted an
inhibitory effect similar to that of CA and MCA, suggesting
that the cytoprotective effects of CA and MCA are mainly
mediated via the induction of HO-1.

To confirm the role of HO-1 in H,0,-induced cytotoxicity,
HUVECs were treated with ZnPP, an inhibitor of HO-1.
As shown in Fig. 3B, the cytoprotective effects of CA were
almost completely inhibited by ZnPP pre-treatment. ROS

staining also demonstrated that CA effectively reduced the
H,0,-induced intracellular ROS levels (Fig. 3C), and ZnPP
completely reversed the inhibitory effects of CA on ROS
generation induced by H,0,, confirming that HO-1 plays a role
in the CA-mediated cytoprotective effect on HUVECs.

The cytoprotective effects of CA against H,0O,-induced
apoptosis was also evaluated by flow cytometry. H,O,
markedly increased apoptotic cell death compared with the
untreated HUVECsS (Fig. 4A). However, CA effectively inhib-
ited H,0,-induced apoptosis. Although pre-treatment with



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 46: 449-457, 2020

453

A Control H,0,
= =
1.12% 2.74% 0.66% 47.06%|
Z Z
E o q E o o
> >
—1! 0.34% -1 4 10.42%
o4 — ° Coct EE—
0 1 2 3 4 0 1 2 3 4
Annexin V Annexin V
CA+H;0, CoPP+H,0, ZnPP+CA+H,0,
=+ =+ =+
0.92% 2.34% 1.14% 2.44% 1.42% 33.12%
™9 9 . -
Z £ £
& & ©
> > >
0.60% 0.22%
3 4 3 4
Annexin V Annexin V Annexin V
B * * H,0, - + + +
120 - CA - - + +
. 100 - siRNA-HO-1 - - +
32
S. 80 F
2 — — PARP
g 60+
>
- 4 |
8 0 n— & = | Cleaved-PARP
20 | . I B
0 i L i 4 -— el HO-1
HQOQ - + -
— —_— + -+
CA | (2 ctin
siRNA-HO-1 - - - -+

Figure 4. HO-1 is actively involved in CA-mediated cytoprotective effects against H,O,-induced apoptosis. (A) Cells were treated with CA for 24 h and then
treated with H,O, for a further 24 h. Apoptotic cells were analyzed by a Muse™ Annexin V & Dead Cell kit using a Muse™ Cell Analyzer. (B and C) Cells
were transfected with siRNA against HO-1. After 6 h, the media were changed, and the cells were incubated for an additional 6 h. The cells were then treated
with CA for 24 h and H,0, for a further 12 h. Cell viability was determined by MTT assay. The data are expressed as the means + SD of 3 individual experi-
ments. 'P<0.05. (C) Total cell lysates were prepared, and the level of cleaved-PARP was determined by western blot analysis. CA, cinnamaldehyde; MCA,
2-methoxycinnamaldehyde; CoPP, Cobalt protoporphyrin; ZnPP, zinc protoporphyrin; HO-1, heme oxygenase-1; PARP, poly(ADP-ribose) polymerase.

ZnPP failed to protect the cells from oxidative stress, CoPP
exerted a cytoprotective effect to an extent similar to that of
CA, revealing that HO-1 plays an important role in oxidative
stress-induced cell death.

To verify the role of HO-1 in H,0,-induced cell death,
HUVECs were transfected with HO-1-specific siRNA. As
depicted in Fig. 4B, transfection with HO-1-siRNA abrogated
the cytoprotective effects of CA on H,0,-induced apoptosis.
By demonstrating that CA treatment decreased the level of
cleaved PARP and that this cytoprotective effect was abolished
by HO-1-siRNA, the role of HO-1 in CA-mediated cytoprotec-
tion was confirmed (Fig. 4C). The transfection efficiency of
the siRNA was confirmed by demonstrating that the induced
level of HO-1 was effectively inhibited by HO-1-siRNA.

CA induces HO-1 expression through the p38-mediated
Nrf2 signaling pathway. To determine the signaling

mechanisms responsible for CA-induced HO-1 expression,
western blot analysis was performed. CA markedly induced the
nuclear translocation of Nrf2, although it did not affect NF-xB
nuclear translocation, as illustrated in Fig. SA. As Nrf2-specific
siRNA inhibited HO-1 expression in a dose-dependent manner,
CA was confirmed to induce HO-1 expression through Nrf2
activation (Fig. 5B).

The involvement of MAPKs in CA-induced Nrf2 activa-
tion was then examined. CA did not affect the phosphorylation
levels of AKT and ERK; however, the phosphorylated levels of
p38 were markedly increased (Fig. 5C). JNK was not detected
under the same experimental conditions (data not shown).
Treatment with SB202190, an inhibitor of p38, decreased
HO-1 expression in a dose-dependent manner, suggesting
the involvement of the p38 signaling pathway in CA-induced
HO-1 expression (Fig. 5D). Furthermore, treatment with
SB202190 inhibited the nuclear translocation of Nrf2 (Fig. SE),
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Figure 5. CA induces HO-1 expression through p38 and subsequent Nrf2 activation. (A) HUVECs were treated with CA for the indicated periods of time.
Cytoplasmic and nuclear fractions were prepared, and the levels of Nrf2 and NF-xB were detected by western blot analysis. (B) Cells were transfected with
siRNA against Nrf2. After 6 h, the media were changed, and the cells were incubated for an additional 18 h. The cells were then treated with CA for 24 h. Total
cell lysates were prepared, and levels of Nrf2 and HO-1 were detected by western blot analysis. (C) Cells were treated with CA for the indicated periods of time.
Total cell extracts were prepared and subjected to western blot analysis. (D) Cells were pre-treated with SB202190 for 2 h and then with CA for an additional
24 h. Total cell extracts were prepared, and the levels of HO-1 were detected by western blot analysis. (E) Cells were pre-treated with SB202190 for 2 h and then
with CA for the indicated periods of time. Nuclear fractions were prepared, and the levels of Nrf2 were detected by western blot analysis. CA, cinnamaldehyde;

Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase-1.

confirming the involvement of the p38 signaling pathway in
CA-induced Nrf2/HO-1 activation.

CA inhibits U937 cell adhesion to HUVECs. To further eval-
uate CA as a candidate anti-atherosclerotic agent, a U937 cell
adhesion assay with HUVECs was performed. As shown
in Fig. 6A, TNF-a-induced U937 cell adhesion was markedly
inhibited by CA treatment.

The adhesion of monocytes/macrophages to the
endothelium is induced by adhesion molecules, such as ICAM-1
and VCAM-1. Therefore, the expression levels of these adhesion
molecules in CA-treated HUVECs were examined. CA treatment
induced a dose-dependent decrease in VCAM-1 expression,
whereas it has no effect on ICAM-1 expression (Fig. 6B). MCA
exerts effects similar to those of CA. As the expression of HO-1
and VCAM-1 was inversely regulated by CA, the association
between HO-1 and VCAM-1 expression was then assessed.
As shown in Fig. 6C, the level of HO-1 did not affect the level
of VCAM-1, suggesting that CA independently regulates the
expression levels of HO-1 and VCAM-I1. The transfection
efficiency of HO-1-siRNA was confirmed by examining the
level of HO-1. NF-kB is a well-known transcription factor that
modulates inflammatory cytokines and adhesion molecules.
Although CA did not affect the phosphorylation of NF-kB
induced by TNF-a, it effectively inhibited the TNF-a-induced
nuclear translocation of NF-«kB (Fig. 6D).

CA inhibits inflammatory cell infiltration. To examine the
anti-inflammatory effects of CA in vivo, Sprague-Dawley
rats were pre-treated with CA and then exposed to LPS, as
described in the Materials and methods section. Various
concentrations (20 mg to 100 mg/kg) of CA have been applied
to tumor and inflammatory animal models (24,25). Based on
previous studies, the present study examined the anti-inflam-
matory effects of CA (20 and 50 mg/kg) in an animal model.
In a preliminary experiment, the 50 mg/kg treated group
exhibited a more effective anti-inflammatory effect than the
20 mg/kg-treated group (data not shown). Therefore, CA
50 mg/kg was used in the in vivo experiments. After 24 h,
subcutaneous tissues were subjected to histological examina-
tion. LPS induced excessive inflammatory cell infiltration
in subcutaneous tissues (Fig. 7). However, CA pre-treatment
decreased the LPS-induced inflammatory cell infiltration,
verifying the anti-inflammatory effects of CA. Treatment with
CA alone did not affect subcutaneous tissues.

Discussion

ROS are oxygen-containing compounds that are highly reac-
tive with biomolecules, such as lipids, proteins and DNA. H,0,
is a key ROS, along with O, and "OH. Endogenous H,0, is
generated through the respiratory chain and as a byproduct
of cellular metabolism. Exogenous H,O, can also enter cells
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cell lysates were prepared, and the levels of HO-1,ICAM-1 and VCAM-1 were detected by western blot analysis. (C) Cells were transfected with siRNA against
HO-1. After 6 h, the media were changed, and the cells were incubated for an additional 6 h. The cells were then treated with TNF-a and/or CA for 24 h. Total
cell lysates were prepared, and western blot analysis was performed. (D) Cells were treated with TNF-a and/or CA for 24 h. Cytoplasmic and nuclear frac-
tions were prepared, and the levels of NF-kB and p-NF-kB were detected by western blot analysis. CA, cinnamaldehyde; HO-1, heme oxygenase-1; ICAM-1,
intercellular adhesion molecule 1; VCAM-1, vascular cell adhesion molecule 1; TNF-a, tumor necrosis factor a.
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Figure 7. CA inhibits inflammatory cell infiltration in vivo. Rats were intraperitoneally injected with CA. After 3 h, LPS was subcutaneously inoculated into the
right flanks of the rats. After 24 h, subcutaneous tissues were excised and stained with H&E. Inflammatory cell infiltration was evaluated by light microscopy.
Original magnification, x100; scale bar, 10 gm. The graph shows the quantitative evaluation of the infiltrated cells. The data are expressed as the means + SD
of 3 individual experiments. "P<0.05. CA, cinnamaldehyde; LPS, lipopolysaccharide.
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through simple diffusion or facilitated diffusion by aqua-
porins (26,27). As ROS are an important risk factor for the
development of cardiovascular disease, antioxidant therapies
that scavenge ROS are considered an effective strategy for
anti-atherosclerotic treatment (5,6).

Vascular endothelial cells play a critical role in the
maintenance of vascular homeostasis, and endothelial
dysfunction is involved in the pathogenesis of diverse cardio-
vascular and inflammatory diseases (28). To the best of our
knowledge, the present study evaluated, for the first time, the
antioxidant activity of CA and its derivatives in HUVECs.
Stem bark-derived cinnamon is composed of 45-65% CA (7).
HCA and MCA, natural derivatives of CA, contain hydroxy
and methoxy groups, respectively, at the CA 2' site (19).
The authors of the present study, as well as others have
demonstrated that HCA exhibits potent anti-tumor activity in
various types of cancer cells by inducing cell cycle arrest and
subsequent apoptosis (29-31). Consistent with these studies,
the data of the present study clearly demonstrated that HCA
inhibited cell viability and induced cytotoxicity (Fig. 1).
Therefore, HCA was ruled out as a candidate anti-atheroscle-
rotic agent.

Recently, it was demonstrated that CA exhibits antioxidant
activity by enhancing the expression of HO-1 through the
Nrf2 signaling pathway in hDPCs (15). The present study
verified that both CA and MCA induced the expression of
HO-1 and protected HUVECs against oxidative stress through
an HO-1-mediated mechanism. It was also demonstrated that
CA activated Nrf2 nuclear translocation and subsequent HO-1
expression. Nrf2 plays a critical role in protecting cells from
various toxic insults, such as oxidative stress. Under normal
conditions, Nrf2 is inactive and localized in the cytosol.
Upon cellular insult, activated Nrf2 is translocated to the
nucleus, where it binds antioxidant response elements (AREs)
to activate target gene expression (16,17). Several signaling
pathways, such as the AKT and ERK pathways, have been
reported to activate the Nrf2/HO-1 pathway (32). In the present
study, it was demonstrated that CA induced the phosphoryla-
tion of p38 and that a specific inhibitor of p38, SB202190,
completely abolished not only Nrf2 nuclear translocation, but
also subsequent HO-1 expression (Fig. 5). These data suggest
that the induction of the p38 pathway by CA induces Nrf2
nuclear translocation, leading to HO-1 expression. However,
it was previously reported by the authors that CA-induced
activation of Nrf2/HO-1 signaling in hDPCs does not involve
MAPK signaling pathways (15). Furthermore, Huang et al
demonstrated that CA activated the ERK, AKT and JNK
pathways, but not the p38 pathway in HepG2 hepatoma
cells (33). Therefore, the activation of Nrf2 by CA appears to
be controversial and cell-type specific.

Inflammation is also a critical factor in the development
of atherogenic processes (12,34). TNF-a, a well-known major
inflammatory cytokine that induces inflammatory responses
in the vascular endothelium, has been identified in atheroscle-
rotic plaque specimens (35). TNF-a stimulates endothelial cell
adhesion to circulating monocytes by inducing the expression
of the cell adhesion molecules ICAM-1 and VCAM-1. The
present study demonstrated that both CA and MCA effectively
reduced the expression of VCAM-1 and led to the inhibition
of U937 monocytic cell adhesion to endothelial cells (Fig. 6).
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Nonetheless, siRNA specific for HO-1 did not affect the level
of VCAM-1, suggesting that the anti-inflammatory effect of
CA was not related to HO-1 expression. Consistent with these
results, CA inhibited the TNF-a-induced nuclear translocation
of NF-«B.

In the present study, it was found that CA effectively
protected HUVECs from H,0,-induced oxidative stress
through the activation of the Nrf2 signaling pathway and
the subsequent induction of HO-1. The anti-inflammatory
effects of CA were also verified by demonstrating that CA
inhibits monocyte adhesion to endothelial cells by decreasing
the expression of VCAM-1. Taken together, these findings
strongly suggest that CA and MCA are possible candidates for
atherosclerosis treatment.
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