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ABSTRACT

Objective: Inflammation is crucial to limiting vascular disease. Previously we reported that 
acrolein, a known toxin in tobacco smoke, might play an important role in the progression 
of atherosclerosis via an inflammatory response involving cyclooxygenase-2 (COX-2) and 
prostaglandin production in human umbilical vein endothelial cells (HUVECs). Curcumin 
has been known to improve vascular function and have anti-inflammatory properties. In this 
study, we investigated whether curcumin prevents the induction of inflammatory response 
caused by acrolein.
Methods: Anti-inflammatory effects of curcumin were examined in acrolein-stimulated 
HUVECs. Induction of proteins, mRNA, prostaglandin and reactive oxygen species (ROS) 
were measured using immunoblot analysis, real-time reverse-transcription polymerase chain 
reaction, enzyme-linked immunosorbent assay and flow cytometry, respectively.
Results: Curcumin attenuates inflammatory response via inhibition of COX-2 expression 
and prostaglandin production in acrolein-induced human endothelial cells. This inhibition 
by curcumin results in the abolition of phosphorylation of protein kinase C, p38 mitogen-
activated protein kinase, and cAMP response element-binding protein. Furthermore, 
curcumin suppresses the production of ROS and endoplasmic reticulum stress via 
phosphorylation of eukaryotic initiation factor-2α caused by acrolein.
Conclusion: These results suggest that curcumin might be a useful agent against endothelial 
dysfunction caused by acrolein-induced inflammatory response.

Keywords: Inflammation; Acrolein; Curcumin; Cyclooxygenase-2; Human umbilical vein 
endothelial cells

INTRODUCTION

Vascular cell homeostasis is crucial since, inflammatory response in vascular cells is 
considered as an important limiting factor in the development of arteriosclerosis.1 There 
is increasing evidence that atherosclerosis is a chronic disease caused by inflammatory 
response and oxidative stress within the vessel wall.2
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Smoking is considered the most important risk factor for the progression of arteriosclerosis,3 
however the precise mechanism is not known. Among the toxic substances present in 
tobacco smoke, α,β-unsaturated aldehyde substances are well known.4 Acrolein is the most 
reactive α,β-unsaturated aldehyde, and a toxic substance present in tobacco (about 200–460 
µg per cigarette).5 Acrolein is also present in airborne pollutants caused by automobile 
combustion and might be produced as an end product of lipid peroxidation in vivo. There is 
increasing evidence that acrolein is involved in diseases such as arteriosclerosis, diabetes and 
Alzheimer's disease. Although it is not yet known as to which components of tobacco directly 
cause arteriosclerosis, it is believed that some of the 4,000 chemical components present 
in tobacco, work in combination to harm vascular endothelial cells. The toxic components 
present in the cigarette smoke are believed to pass through the blood vessels, damaging the 
blood vessel walls and causing cholesterol deposits.6

Our previous study showed that acrolein might play an important role in the development 
of atherosclerosis through inflammatory response involving cyclooxygenase-2 (COX-2) 
and prostaglandin production in endothelial cells.7,8 COX exists in 2 distinct forms, COX-1 
and COX-2, which have different distributions and functions, and are the most important 
enzymes for the synthesis of prostaglandin (PG). COX-1 is invariably present in the body 
and is expressed in most tissues and plays an important role in normal physiology. In 
contrast, COX-2 is rarely expressed in normal conditions, but it is rapidly induced by 
stimuli such as mitogens, cytokines, and lipopolysaccharides, and plays a very important 
role in the conversion of arachidonic acid to prostanoid.9 In particular, COX-2 is thought to 
play an important role during inflammatory responses in various vascular diseases. Thus, 
inhibition of COX-2 is considered as a therapeutic strategy for inflammatory diseases such 
as arteriosclerosis.

Curcumin is a polyphenol found in the dietary spice turmeric.10 The unique yellow color in 
turmeric is due to curcumin. It is one of the compounds that have gained attention recently 
due to studies reporting its anti-cancer properties.11 Curcumin has a remarkable effect in 
inhibiting angiogenesis essential for cancer cell growth and has been shown to inhibit the 
development of various cancers.12 It is non-toxic to normal cells and is effective in inducing 
cancer cells to kill themselves.13 Curcumin is also believed to prevent or delay dementia and 
is known to inhibit cellular senescence.14 Its positive role in blood vessels is also known. 
Curcumin attenuates inflammatory responses in endothelial cells via inhibition of adhesion 
molecules.15 Anti-inflammatory effect of curcumin also involves inhibition of production 
of cytokines such as interferon-γ.16 The protective mechanism of curcumin associated 
with anti-inflammation, is thought to be related to the regulation of COX-2. Inflammatory 
mediators such as COX-2 and cytokines play a crucial role in chronic inflammation 
process.17,18

In this study, we investigated whether curcumin prevents the induction of inflammatory 
response caused by acrolein in endothelial cells. We determined that curcumin suppresses 
acrolein-induced COX-2 expression at the protein level, and this inhibition is results in the 
abolition of oxidative stress and endoplasmic reticulum (ER) stress. We also demonstrated 
that p38 mitogen-activated protein kinase (MAPK) and cAMP response element-binding 
protein (CREB) pathways are important signaling pathways in this process.
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MATERIALS AND METHODS

1. Materials
Acrolein, curcumin and β-actin antibody (Ab) were purchased from Sigma Co. (St. Louis, MO, 
USA). Abs against phospho-specific p38 MAPK, protein kinase C (PKC) δ, CREB, and Abs 
against total p38 MAPK, PKCδ, and CREB were purchased from Cell Signaling Technology Inc. 
(Beverly, MA, USA). Anti-COX-1 and COX-2 polyclonal Abs were purchased from Santa Cruz 
Biotechnology (San Diego, CA, USA). Prostaglandin E2 (PGE2) assay kit was purchased from 
Cayman Co. (Ann Arbor, MI, USA). Other chemicals were of the highest grade available.

2. Cell culture
Human umbilical vein endothelial cells (HUVECs) were purchased from STEMCELL 
Technologies (Vancouver, Canada). HUVECs were cultured in M199 medium with 10% fetal 
bovine serum, 10 ng/mL basic fibroblast growth factor, 5 units/mL heparin, 50 units/mL 
penicillin, and 50 µg/mL streptomycin at 37°C in a humidified atmosphere containing 5% 
CO2. The cells were passaged every 3–4 days. HUVECs were cultured to about 80% confluency 
and then further incubated with fresh medium containing the above reagents. Cells within 
passages 4–9 were used for all experiments.19

3. PGE2 production assay
PGE2 in the culture medium was measured using an enzyme immunoassay kit (Cayman 
Chemical Co. Inc., Ann Arbor, MI, USA). The assay was performed according to the 
manufacturer's instructions. Briefly, 25 or 50 µL of the medium along with a serial dilution of 
PGE2 standard samples were mixed with appropriate amounts of acetylcholinesterase-labeled 
tracer and PGE2 antiserum, followed by incubation at room temperature for 18 hours. After 
the wells were emptied, cells were rinsed with wash buffer and 200 µL of Ellman's reagent 
containing substrate for acetylcholinesterase was added. The enzyme reaction was carried 
out on a slow shaker at room temperature. The plate was read at 405 nm in an enzyme-linked 
immunosorbent assay reader after 1 hour incubation.

4. Western blotting
HUVECs were washed with phosphate-buffered saline, harvested in lysis buffer 
(radioimmunoprecipitation assay) with protein inhibitor cocktail (Roche Co., Basel, 
Switzerland). After protein quantification, equal amount of protein (cell lysates 20–50 µg) 
was separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis and then 
transferred onto a PVDF membrane. After blocking by incubation with 5% skim milk in 
Tris-buffered saline (TBS) for 1 hour at room temperature, the membrane was incubated 
with primary Abs at 4ºC overnight and then washed with TBS containing 0.05% Tween 
20. The membrane was further incubated with peroxidase-conjugated goat anti-rabbit 
immunoglobulin G (1:3,000; Organon Teknika Co., Durham, NC, USA) for 1 hour and then 
washed. The peroxidase activity was detected by the chemiluminescence method using 
WESTSAVE Up™ (Ab Frontier, Seoul, Korea).

5. Real-time quantitative polymerase chain reaction (PCR)
Total RNA was isolated from cells using TRIzol, according to the manufacturer's 
instructions. Real-time reverse-transcriptase PCR was performed as previously described,20 
cDNA was synthesized using random primers and Moloney murine leukaemia virus 
reverse transcriptase (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's 
instructions. Real-time reverse-transcriptase PCR analysis was performed using an 
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StepOnePlus Real-Time PCR Instrument (Applied Biosystems, Foster City, CA, USA). The 
primer sequences for human COX-2 were GAATGGGGTGATGAGCAGTT (forward) and 
GCCACTCAAGTGTTGCACAT (reverse).

6. Promoter assay
COX-2 promoter-luciferase plasmid DNA was generated by transfer of enhancer 2 and 
minimal promoter sequences into the luciferase reporter plasmid pGL3-Basic. ARE promoter 
activity was determined as previously described.21

7. Intracellular peroxide production
Generation of intracellular reactive oxygen species (ROS) was measured using a specific 
fluorescent dye, H2DCF-DA. Cells were treated with acrolein, 10 mM N-acetyl-cysteine (NAC; 
Sigma Co.), or a combination of acrolein and 10 mM NAC, and were then stained with 20 µM 
H2DCF-DA in a 37°C incubator for 30 minutes; fluorescence was observed using a FACScan 
instrument (Becton–Dickinson, Mountain View, CA, USA). For image analysis, cells were 
analyzed for fluorescence intensity using a lysis cell analysis system.

8. Statistical analysis
Data were analyzed by the Student's t-test and the results were expressed as mean±standard 
deviation (GraphPad Prism version 4; GraphPad Software, San Diego, CA, USA).

RESULTS

1.  Curcumin suppresses acrolein-induced COX-2 and prostaglandin production
To determine the effect of curcumin on the expression COX-2 protein and mRNA, cells were 
pretreated with curcumin for 30 minutes, followed by addition of 25 µM acrolein for 16 hours 
and 1 hour, respectively. COX-2 levels were analyzed by western blotting and real-time PCR. 
COX-2 protein and mRNA was completely abolished by curcumin in HUVECs (Fig. 1A and B). We 
tested whether curcumin affects PGE2 production, the product of COX-2, which was increased 
by acrolein. As shown in Fig. 1C, curcumin decreased PGE2 secretion to basal levels at 16 hours. 
These results indicate that curcumin could suppress acrolein-induced COX-2 protein expression 
and subsequently PGE2 biosynthesis in HUVECs.

2.  Inhibitory effect of curcumin on acrolein-induced activation of COX-2 
promoter

Cells were transiently transfected with a human COX-2 promoter-luciferase reporter 
construct (−1,432 to +59) and treated with 10 µM acrolein for 6 hours, and luciferase activity 
was determined. As expected, treatment of cells with low concentration (10 µM) of acrolein 
increased COX-2 promoter activity by approximately 8-fold and decreased it to basal levels 
when treated with curcumin (Fig. 1D).

3. Curcumin inhibits ROS production induced by acrolein
To assess the role of ROS during the induction of COX-2 by acrolein, the effect of NAC, an 
antioxidant, was examined on acrolein-induced COX-2 induction in HUVECs. The NAC 
pretreatment completely abolished acrolein-induced COX-2 expression (Fig. 2). This data 
strongly suggests that the COX-2 induction by acrolein depends on ROS, which are produced as 
a result of acrolein treatment. Further, we examined the effect of curcumin on acrolein-induced 
PGE2 production. As shown in Fig. 3, NAC prevented acrolein-induced PGE2 production.
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4.  Curcumin inhibits phosphorylation of p38 and CREB in acrolein-induced 
HUVECs

In our previous study we found that activation of PKC, p38 MAPK, and CREB were required 
for COX-2 activation by acrolein. To test whether curcumin inhibits signaling pathways 
including PKC, CREB, and p38 MAPK in HUVECs, cells were pretreated with curcumin for 
0.5 hours before adding acrolein to the culture medium. We found that activation of these 
kinases by acrolein was completely abolished by curcumin treatment in HUVECs (Fig. 4). 
This result implies that the PKCδ-p38 MAPK-CREB pathway is involved in the inhibition of 
COX-2 expression.

5.  Curcumin prevents the phosphorylation of eukaryotic initiation factor 
(eIF)-2α induced by acrolein

Recently Haberzettl et al.22 reported that acrolein is a potent inducer of ER stress via 
phosphorylation of eIF-2α. To examine whether curcumin abolished ER stress induced by 
acrolein, cells were treated with curcumin in HUVECs. Curcumin completely abolished 
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Fig. 1. Curcumin suppresses acrolein-induced COX-2 and prostaglandin production in HUVECs. 
(A) HUVECs were preincubated with 25 µM curcumin before treatment with 10 µM acrolein and COX-2 protein 
levels were assessed by western blot. (B) Relative expression of COX-2 was measured by real-time quantitative 
PCR as described in the methods section. (C) The production of PGE2 was measured in the supernatants as 
described in the methods section. (D) Inhibitory effect of curcumin on acrolein-induced activation of COX-
2 promoter. HUVECs were transfected with COX-2 promoter construct (−1,432 to +59) for 48 hours. After 
transfection, cells were preincubated with 25 µM curcumin for 30 minutes before exposure to 10 µM acrolein for 
6 hours. Data represents luciferase activity that has been normalized to co-transfected β-galactosidase activity. 
Data were analyzed by the Student's t-test. Data represent the mean±standard deviation of results from three 
independent experiments. 
HUVEC, human umbilical vein endothelial cell; COX-2, cyclooxygenase-2; PGE2, prostaglandin E2. 
*p<0.05 vs control group.
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Fig. 3. Effect of curcumin on acrolein-induced intracellular peroxide production. 
(A) Cells were incubated with (black area) or without (white area) 10 µM acrolein for 30 minutes, and then treated 
with a peroxide sensitive dye, H2DCF-DA (20 µM) during the final 30 minutes of each treatment. The relative 
peroxide concentrations in cells were then measured by flow cytometry. (B) After preincubation with 10 mM NAC 
for 4 hours, the cells were treated with (black area) or without (white area) 10 µM acrolein and flow cytometric 
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Fig. 2. Effect of NAC on acrolein-induced COX-2 and PGE2 production in HUVECs. 
(A) HUVECs were preincubated with 10 mM NAC for 12 hours. The cells were treated with 10 µM acrolein for 16 
hours and western blotting was performed for COX-2 expression. (B) HUVECs were preincubated with 10 mM 
NAC for 12 hours. The cells were then treated with 10 µM acrolein for 16 hours and then release of PGE2 was 
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NAC, N-acetyl-cysteine; COX-2, cyclooxygenase-2; HUVEC, human umbilical vein endothelial cell; PGE2, 
prostaglandin E2. 
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acrolein-induced phosphorylation of eIF-2α (Fig. 5). This finding supports that decreasing 
ER stress by curcumin treatment could inhibit acrolein-induced inflammatory responses in 
endothelial cells.
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Fig. 4. Effects of curcumin on acrolein-induced phosphorylation of PKCδ, p38, and CREB in HUVECs. 
Cells were pre-treated with curcumin (10 and 25 µM) for 30 minutes prior to acrolein treatment (10 µM). After 
30 minutes of incubation, the cell lysates (20 µg) were prepared and western blot analysis was performed with 
Abs against phosphorylated PKCδ, p38, and CREB or total PKCδ, p38, and CREB. Quantitative data were obtained 
using an imaging densitometer (ImageJ version 1.52a software, NIH, Bethesda, MD, USA). Data were analyzed by 
the Student's t-test. Data represent the mean±standard deviation of results from 3 independent experiments. 
PKC, protein kinase C; CREB, cAMP response element-binding protein; HUVEC, human umbilical vein endothelial 
cell; Ab, antibody; p, phosphorylated. 
*p<0.05 vs. control group.
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DISCUSSION

In this study, we show that curcumin suppresses acrolein-induced COX-2 expression at the 
protein level, and this inhibition is involved in the abolition of oxidative stress and ER stress 
in HUVECs. We also found that acrolein-induced activation of PKCδ, p38 MAPK, and CREB 
pathway is blocked by curcumin.

The expression of COX-2 enzyme is known to rapidly increase during inflammatory 
reactions, and many studies have reported that toxic components present in tobacco induce 
this enzyme.20 Increased COX-2 expression promotes and exacerbates atherosclerotic 
inflammation. Therefore, chronic inflammation with increased COX-2 might play an 
important role in vascular diseases such as atherosclerosis.23

Curcumin is a chemical substance that is present in large amounts (0.5%–6.5%), in turmeric 
root.24 Turmeric, also known as yellow ginger, is used as a dietary spice and a natural dye. It 
contains “curcumin” as its main ingredient and “glucuronide” as a secondary plant phenolic 
substance. It has been used for thousands of years in Asia, including India, as a natural 
remedy. As a traditional medicine, curcumin has been widely used for centuries to treat 
inflammatory disorders such as arthritis, colitis, hepatitis, and cancer.25,26 It is known that 
curcumin exhibits better anti-inflammatory effects compared to ibuprofen and naproxen, 
which are general anti-inflammatory analgesics. In traditional Indian medicine, turmeric has 
long been used as a medicine to relieve inflammation.27

The effect of curcumin has been investigated in various inflammatory chronic diseases such 
as arthritis, Crohn's disease, diabetes, obesity and atherosclerosis.28 Several epidemiological 
studies have reported that curcumin has a good effect on vascular diseases.29,30 The anti-
inflammatory effects of curcumin have been attributed to the suppression of PG synthesis.17,31 
In experiments using animal models of arteriosclerosis, curcumin was effective in inhibiting 
arteriosclerosis.32 Therefore, inhibition of COX-2 expression by curcumin could be a 
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Fig. 5. Effects of curcumin on acrolein-induced phosphorylation of eIF-2α in HUVECs. 
HUVECs were treated with curcumin (10 and 25 µM) for 30 minutes before acrolein (10 µM) treatment. After 30 
minutes, cell lysates were prepared, and 20 µg of protein was used to perform western blotting using the anti-
phosphorylated eIF-2α, and total eIF-2α antibody was used as a loading control. Quantitative data were obtained 
using an imaging densitometer (ImageJ version 1.52a software, NIH). Data were analyzed by the Student's t-test. 
Data represent the mean±standard deviation of results from three independent experiments. 
eIF, eukaryotic initiation factor; HUVEC, human umbilical vein endothelial cell; p, phosphorylated. 
*p<0.05 vs. control group.



protective mechanism in vascular diseases such as arteriosclerosis. Anti-atherosclerotic 
action of curcumin is not fully understood but, it is possible that curcumin might suppress 
the anti-inflammatory component in atherosclerosis.

Atherosclerosis is caused due to impaired function of the vascular endothelium.33,34 
Endothelial cells are primary targets of oxidative stress. Upon exposure to ROS, endothelial 
cells increase cell permeability, produce inflammatory mediators, and increase the level of 
adhesion molecules. Increased endothelial cell damage by ROS is thought to be the cause of 
many cardiovascular diseases. Therefore, removal of ROS could be an effective therapeutic 
target. The extent of COX-2 induction by acrolein in HUVECs depends upon the antioxidant 
potential of HUVECs, which is strongly diminished by treatment with NAC, a precursor 
of glutathione (Fig. 2). These data suggest that the oxidative effects of acrolein and its 
metabolites mediate the induction of COX-2 in HUVECs.

In conclusion, the present study demonstrates that curcumin attenuates inflammatory 
response via inhibition of COX-2 and prostaglandin production in acrolein-induced human 
endothelial cells suggesting that the inhibitory effect of curcumin on acrolein-induced COX-2 
expression could be associated with inhibition of the activation of p38, CREB, and ROS. 
Our finding suggests that curcumin might be a useful agent in the treatment of endothelial 
dysfunction against acrolein-induced inflammatory response.
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