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Abstract

Resveratrol was esterified with selected fatty acids to improve its lipophilicity and potential application in food 
and biological systems. In this study, resveratrol and monoesters of resveratryl propionate (RC3:0) and resverat-
ryl docosahexaenate (RDHA) were examined for their effects on anti-inflammatory and anti-proliferative activity 
in vitro. All test compounds showed a decreased nitrite production in murine RAW 264.7 cells in a concentra-
tion dependent manner. Resveratrol, RC3:0, and RDHA were evaluated for their effects on cell viability using 
liver cancer (HepG2), colon cancer (HT-29, A431), breast cancer (MCF7), and gastric cancer (AGS) cell lines. All 
test compounds showed decreased cell viability of HepG2, A431, MCF7, HT-29, and AGS in a concentration-
dependent manner. The results suggest that resveratrol esters may serve as potential anti-inflammatory and 
anti-proliferative agents.
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1. Introduction

Inflammation, such as redness, warmth, and swelling, is a normal 
reaction to injuries or infections. However, prolonged inflammation 
can progress further to various chronic diseases such as cardiovas-
cular disease and cancer (Zhong et al., 2012). Reactive oxygen spe-
cies (ROS) and reactive nitrogen species (RNS) may explain the 
link between inflammation and other chronic diseases (Wiseman 
and Halliwell, 1996). It is well known that ROS/RNS are continu-
ously generated in vivo as a by-product of biological reactions (Hal-
liwell, 1996, Fransen et al., 2012). Superoxide (O2•−), hydrogen 
peroxide (H2O2), and nitric oxide (ON•) are the primary ROS/RNS 
in a cell and they can readily form other ROS/RNS (Fransen et al., 
2012). At a low level, ROS/RNS can serve as mediators for various 

biological responses such as gene expression and cell proliferation. 
However, at high levels, they can also cause harmful effects, in-
cluding inflammation, cardiovascular disease, and cancer (Fransen 
et al., 2012; Zhong et al., 2012). Antioxidative defense systems in 
the body are frequently insufficient to keep ROS/RNS level in bal-
ance, therefore external sources of antioxidants are needed for this 
purpose (Yu, 1994; Loft and Poulsen, 1996).

Resveratrol is a powerful antioxidant and has been found in 
more than 70 plant species, especially grape skins. Red wine also 
contains resveratrol that originates from grapes (Dercks and Creasy, 
1989). Resveratrol has received increasing attention since red wine 
was first shown to display cardioprotective effects (Baur and Sin-
clair, 2006). In addition, resveratrol prevents oxidation, cancer, 
coronary heart disease and inflammation (Jang et al., 1997; Wang et 
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al., 2002; Donnelly et al., 2004). Although it has beneficial health 
properties, there are limitations to its bioactivity due to its hydro-
philic nature and fast metabolism in the body (Zhong and Shahidi, 
2011; Walle et al., 2004). Therefore, structural modification may 
provide an opportunity to address this concern (Torres et al., 2010; 
Baur and Sinclair, 2006). Several studies on lipophilic derivatives 
of phenolic compounds, including resveratrol, have demonstrated 
their better performance in biological model systems. Acetylated 
resveratrol showed better inhibition of platelet activating factor 
(PAF; 1-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine)-induced 
washed rabbit platelet aggregation and DU-145 human prostate 
cancer cell-growth than resveratrol itself (Fragopoulou et al., 2007; 
Cardile et al., 2005). In addition, Cichocki et al. (2008) reported 
that pterostilbene (dimethylated resveratrol) acted as an inhibitor of 
tumour promotion biomarker. In addition, Pan et al. (2007) reported 
that pterostilbene was able to inhibit cell proliferation and induce 
apoptosis in human gastric carcinoma cells. Moreover, esterifica-
tion of resveratrol with polyunsaturated fatty acids (PUFAs) may 
provide a synergistic effect due to the individual bioactivities of its 
components. In addition, our preliminary data showed that some 
of the resveratrol esters had an effect on RNS generation in murine 
macrophages. For this reason, resveratrol was esterified with propi-
onyl chloride (C3:0) and docosahexaenoyl chloride (DHA, C22:6), 
as described elsewhere (Oh and Shahidi, 2017). In this study, the 
mixture of R-3-O- and R-4′-O-monoesters (RC3:0 and RDHA) 
were evaluated for inhibition against NO production as well as anti-
proliferative effect in various cancer cell lines.

2. Materials and methods

2.1. Materials

Resveratrol and DHA were acquired from DSM Nutritional Products 
(Columbia, MD, USA). The RAW 264.7 cells, derived from murine 
macrophages, were procured from the American Type Culture Col-
lection (Rockville, MD, USA). Heat-inactivated fetal calf serum was 
purchased from GIBCO (Grand Island, NY, USA). Lipopolysaccha-
ride (LPS; Escherichia coli O127:E8, molecular weight, 60 kDa) 
was purchased from Sigma Chemical Co. (St. Louis, MO, USA). 
Human hepatocellular carcinoma (HepG2) cells (BCRC 60025) 
were procured from the Food Industry Research and Development 
Institute (Hsinchu, Taiwan). The human A431, AGS, and MCF7 cell 
lines were isolated from epidermoid carcinoma (ATCC CRL-1555), 
gastric adenocarcinoma (ATCC CRL-1739) and breast adenocarci-
noma (ATCC HTB-22), respectively. Fetal bovine serum (FBS) was 
bought from Biological Industries (Cromwell, CT, USA).

2.2. Preparation of resveratrol esters

Preparation of resveratrol esters was the same as that previously 
described (Oh and Shahidi, 2017). Resveratrol was lipophilized 
with propionyl chloride and docosahexaenoyl chloride. The mo-
noesters were identified by HPLC-MS and several types of NMR 
(1H NMR, 13C NMR, COSY, HSQC, NOESY, and HMBC). Res-
veratrol and its esters (Figure 1) were subjected to NO production 
and cell viability assay evaluations.

2.3. Cell culture

The RAW 264.7 cells, derived from murine macrophages, were 

cultured in Dulbecco’s minimal essential medium (DMEM) con-
taining 10% endotoxin-free, heat-inactivated fetal calf serum, 100 
units/mL penicillin, and 100 μg/mL streptomycin. The AGS cell 
lines in DMEM-F12 were grown at 37 °C in 5% CO2 atmosphere. 
HepG2, A431, and MCF7 cell lines were grown in DMEM sup-
plemented with 10% heat-inactivated fetal calf serum, 100 units/
mL of penicillin, and 100 μg/mL of streptomycin. Those cell lines 
were kept at 37°C in a humidified atmosphere of 5% CO2.

2.4. Nitrite assay

The cells were seeded into 24 well plates, after reaching a density 
of 1×106 cells/mL and were activated by changing their medium 
to serum-free DMEM without phenol red containing LPS (Zhong 
et al., 2012). The RAW 264.7 cells were treated with different 
concentrations of each compound and LPS or LPS alone for 24 
h. The supernatants (100 μL) were mixed with the Griess reagent 
(100 μL, 1% sulphanilamide in 5% phosphoric acid and 0.1% 
naphthylethylenediamine dihydrochloride in water) in duplicate 
in 96-well plates. The absorbance was then read at 570 nm with an 
ELISA reader. Sodium nitrite (NaNO2) was employed as a stand-
ard.

2.5. Cell viability of HepG2, A431, MCF7, HT-29, and AGS

Resveratrol and its esters were dissolved in dimethyl sulfoxide 
(DMSO). Cell viability of various cancer cell lines was assessed 
by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-
bromide (MTT) assay (Mosmann, 1983). The cells were plated at 
a density of 2×105 cells/mL into 96 well plates and incubated for 

Figure 1. Structures of RC3:0 and RDHA monoesters. 
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24 h. The cells were then pretreated with test compounds at dif-
ferent concentration for 24 h. The final concentration of DMSO in 
the culture medium was < 0.05% (v/v). MTT (100 μL) was added, 
and the cells were incubated for a further 1 h. Then the medium 
was aspirated and 100 μL of DMSO were added to dissolve the 
MTT-formazan crystals formed by metabolically viable cells. Cell 
viability was scanned with an enzyme-linked immunosorbent as-
say reader with a 570 nm filter.

3. Results and discussions

3.1. Nitric oxide (NO) production

NO is an important molecule with known beneficial activities such 
as vascular relaxation and neurotransmission in mammals (Cole-
man, 2001). The solubility and diffusion properties of NO are 
similar to those of oxygen and it can freely cross cell membranes 
and has a long half-life (Coleman, 2001). It is a relatively stable 
radical, however it can form peroxynitrite anion (ONOO−) which 
is a more reactive form of RNS (Kruidenier and Verspaget, 2002). 
Moreover, presence of an excessive amount of NO in activated 
immune cells leads to tissue damage during inflammation (Zhong 
et al., 2012). NO is generally synthesized from L-arginine by three 
different types of NO synthase (NOS), namely neural NO synthase 
(nNOS), endothelium NO synthase (eNOS), and inducible NO 
synthase (iNOS). Unlike nNOS and eNOS, iNOS is continuously 
active once expressed and produces NO at a sustained high level. 
Expression of iNOS can be induced by LPS or cytokines such as 
tumour necrosis factor (TNF)-α and interleukin (IL)-1 (Coleman, 
2001).

In this study, inhibition of LPS-induced NO production in mu-
rine RAW 264.7 was examined for two different resveratrol esters 
(Figure 1) and compared with resveratrol. The nitrite concentra-
tion in the culture medium was considered as NO production. As 
shown in Figure 2, the nitrite level of LPS treatment alone (LPS) 
increased greatly compared to that of the control (p < 0.005). All 
samples were able to attenuate NO production in murine RAW 
264.7 cells. Resveratrol and RC3:0 showed decrease of NO pro-
duction at both 5 and 25 μg/mL. However, RDHA at 5 μg/mL was 
able to attenuate the NO production slightly but an insignificant 
difference was observed as compared to LPS; RDHA at 25 μg/mL 
was able to inhibit overproduction of NO effectively and it was as 

effective as resveratrol itself at the same concentration.
Tsai et al. (1999) reported that resveratrol inhibited the gen-

eration of NO and reduced the level of iNOS protein. They also 
found almost complete suppression of iNOS mRNA by resvera-
trol, suggesting that the inhibition of iNOS generation might be 
due to suppression of iNOS mRNA. Bi et al. (2005) reported 
that resveratrol inhibited the release of NO as well as TNF-α in-
duced by LPS. Zhong et al. (1999) stated that resveratrol showed 
inhibition of IL-6 release. TNF-α and IL-6 are involved in pro-
inflammatory responses. Resveratrol esters have not been studied 
on the iNOS protein generation, iNOS gene expression, and the 
release of IL-6 and TNF-α, however they are expected to exert 
an effect on pro-inflammatory agents due to possessing inhibi-
tory activity on NO production. This implies that all tested com-
pounds may render an inhibitory effect on NO production and 
possibly serve as anti-inflammatory agents, but this needs to be 
further investigated.

3.2. Effect of resveratrol and its esters on the viability of HepG2, 
A431, MCF7, HT-29, and AGS cells

The effect of resveratrol and its esters at various concentrations on 
the viability of HepG2, A431, MCF7, HT-29, and AGS cells was 
determined by employing the MTT assay. As shown in Figure 3, 
resveratrol and its esters decreased the growth in cultured human 
cancer cells. Resveratrol at 5 μg/mL was able to decrease cell vi-
ability in all tested cancer cell lines except for A431 cells, whereas 
5 μg/mL of RC3:0 showed cytotoxicity in all cancer cells. Con-
centration at 50-75 μg/mL, resveratrol decreased the cell viability 
less than 40% in HepG2, MCF7, HT29, and AGS, whereas RC3:0 
showed less than 40% cell viability in HepG2, A431, MCF7, and 
AGS. RDHA at all concentrations showed the lowest cytotoxicity 
in HePG2, A431, HT29, and AGS cells compared to resveratrol 
and RC3:0. However, 50 and 75 μg/mL of RDHA in MCF7 cells 
showed no cell viability.

Several studies have demonstrated the anticancer activity of 
resveratrol and its derivatives. Jang et al. (1997) studied the an-
ticancer activity of resveratrol in three major stages of carcino-
genesis and found its chemopreventive effect due to acting as an 
antioxidant, antimutagen, anti-inflammatory, antipromotion, and 
antiprogression agent. In addition, resveratrol inhibited preneo-
plastic lesions in a mouse mammary glands culture model of car-
cinogenesis and inhibited tumorigenesis in a mouse skin cancer 
model. Pan et al. (2007) demonstrated that pterostilbene also pos-
sessed effects on cancer cells. They studied the inhibition of cell 
proliferation in pterostilbene treated human cancer cells such as 
COLO 205, AGS, HL-60, HepG2, and HT-29. They reported that 
pterostilbene (60 μM) showed the largest sensitive inhibitory ef-
fect on AGS cell-growth compared to the other cell tested. Patel 
et al. (2010) revealed the concentration of resveratrol and its me-
tabolites in the colorectal tissue of cancer patients and the poten-
tial benefit of resveratrol as a chemopreventive agent in colorectal 
cancer. They found that daily doses of 0.5 or 1.0 g resveratrol 
could reduce cancer cell proliferation by 5%. However, some 
studies have failed to show such anticancer activity. For example, 
Bove et al. (2002) found that resveratrol showed inhibitory effect 
on the growth of 4T1 breast cancer cell line (in vitro) in a dose- 
and time-dependent manner, however it showed no effect on the 
growth of 4T1 breast cancer in mice (in vivo). Baur and Sinclair 
(2006) suggested that this failure could be due to an inadequate 
dose of resveratrol, delivery method, and tumor origin. In phar-
macokinetic perspective, resveratrol has extremely low bioavail-
ability, and increasing the dose of resveratrol to overcome its low 

Figure 2. Effect of resveratrol and its monoesters on NO production in 
LPS-induced RAW 264.7 macrophages. RAW264.7 cells were treated with 
resveratrol, RDHA and RC3:0 different concentrations and LPS (100 ng/mL) 
for 24 h. Results were statistically analysed with one-way ANOVA followed 
by Tukey’s post hoc test. Statistical significance, *P < 0.05, **P < 0.01 and 
***P < 0.001, compared with the LPS-treated group.
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Figure 3. Effect of (a) resveratrol, (b) RC3:0, and (c) RDHA on cell viability of various human cancer cells. Cancer cell lines were treated with different con-
centrations of resveratrol, RDHA and RC3:0 for 24 h and then analysed by MTT assay. Results were statistically analysed with one-way ANOVA followed by 
Tukey’s post hoc test. Statistical significance, *P < 0.05, **P < 0.01 and ***P < 0.001, compared with the control group.
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bioavailability might not be possible due to toxicity. Therefore, 
lipophilised resveratrols need to be evaluated further in vivo for 
their anti-proliferative effect, which may ultimately lead to anti-
cancer potential.

4. Summary

Two resveratrol esters demonstrated anti-inflammatory and anti-
proliferative activities in this study. The test compounds were able 
to inhibit NO production in murine RAW 264.7 cells, suggesting 
their potential anti-inflammatory effect, which needs to be further 
investigated on the generation of iNOS protein, iNOS gene ex-
pression, the release of IL-6 and TNF-α. In addition, all test com-
pounds in this study showed decreased cell viability of HepG2, 
A431, MCF7, HT-29, and AGS. The results suggest that resvera-
trol esters need to be further investigated for their anti-inflamma-
tory and anti-proliferative potential.
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