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1. Introduction

Eriodictyol, 5,7,3',4'-tetrahydroxyflavanone (Figure 
1), is a chiral flavanone presented in citrus fruits and 
herbal products. This flavanone is well known for its 
beneficial health-related properties, such as antioxidant 
(1), antiinflammatory (2), and antimicrobial (3) activity. 
Recent studies have shown that eriodictyol can provide 
cytoprotective effect in UV-irradiated keratinocytes (4), 
induces long-term protection in ARPE-19 cells (5), protect 
neuron-like PC12 cells against H2O2-induced injury 
(6), prevents early retinal and plasma abnormalities in 
streptozotocin induced diabetic rats (7, 8). 
 Eriodictyol is a chiral molecule with an asymmetric 
center at position C-2 and can occur in two enantiomeric 
form, R-eriodictyol and S-eriodictyol (Figure 1). It has long 
been established that stereochemistry is one of the important 
determinant of the biological, pharmacological, and 
toxicological properties of many nutrients (e.g. D-glucose, 
L-ascorbic acid) (9) and drugs (e.g. thalidomide) (10). 
Thioctic acid, a naturally occurring antioxidant, played 

protective role in central nervous system injury related 
to oxidative stress, and only (+)-thioctic acid showed 
pronounced effect both in H2O2 induced cell injury or in 
vivo experiment, while (‒)thioctic acid was inactive (11). 
Naringenin, which is structurally similar with eriodictyol, 
showed stereospecific anti-inflammatory potential in vitro 
(12). This suggested that enantiomers of flavanone might 
have different behaviors in pharmacological action and 
metabolic process (13). It is necessary to consider the 
stereochemistry of fl avanone when studying the biological 
effects. However, most of published results on the biological 
activities of fl avanone in vitro are available for the racemate, 
little is known about the influence of the stereochemical 
confi guration of fl avanone on their biological activity due 
to the lack of readily available pure fl avanone enantiomers. 

Summary Eriodictyol is a flavanone well-known for its antioxidative activity. Due to a chiral carbon 
atom in position C-2, eriodictyol always exist in racemic form. In order to study the 
antioxidant activity under H2O2-induced oxidative stress of each enantiomer, enantiomers 
of eriodictyol were resolved by high-performance liquid chromatography (HPLC), using 
a Chiral Amylose-C column as chiral stationary phase. Online coupling HPLC-circular 
dichroism (CD) method was used for the determination of elution order and the absolute 
configurations of the two eluates. The protective effects of racemic and enantiomeric 
eriodictyol against H2O2-induced cytotoxicity with EA.hy926 cells were tested. The results 
showed that the two enantiomers of eriodictyol and the corresponding racemate were 
equipotent, suggesting that the configuration of the C-2 chiral center does not influence the 
cytoprotective activity against H2O2-induced oxidative stress in EA.hy926 cells.

Keywords: Eriodictyol, enantiomer, cytoprotective activity, oxidative stress 

DOI: 10.5582/ddt.2014.01033Original Article

Figure 1. Structures of RS-, R- and S-eriodictyol.
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For the separation of enantiomers of eriodictyol, a couple 
of methods have been previously reported, such as capillary 
electrophoresis (14), micellar electrokinetic chromatography 
(15), and chiral HPLC (16). 
 In our previous papers, we also described the resolution 
of enantiomers of some fl avanones by chromatography on 
a chiral phase, and we reported the absolute confi guration 
determination by CD spectra (17). However, no bioactivity 
study was carried out using pure enantiomers of eriodictyol. 
As a continuation of our research on small molecule 
antioxidants, this study was designed to investigate the 
effects of the stereochemical confi guration of eriodictyol on 
its cytoprotective effects against oxidative stress. We have 
fi rst prepared the pure enantiomeric forms of eriodictyol by 
chiral phase HPLC, assigned the absolute confi guration by 
the online coupling HPLC-CD method. Furthermore, the 
cytoprotective abilities of R- and S-eriodictyol were tested 
against H2O2-induced EA.hy926 cell injury.

2. Materials and Methods 

2.1. Chemicals and reagents

Racemic eriodictyol was isolated from Dracocephalum 
rupestre by the procedure of ethanol extraction, polyamide 
column separation and recrystallization (18). The purity 
was proved to be above 98% by HPLC analysis. The 
structure identification was carried out by 1H and 13C 
nuclear magnetic resonance (NMR). R- and S-eriodictyol 
were purified by chiral HPLC from racemic eriodictyol, 
the purities were confirmed to be above 96% by chiral 
HPLC-UV/CD analysis. HPLC-grade n-hexane and 
2-propanol were from Spectrum Chemical MFG Corp. 
(Gardena, CA, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) was purchased 
from Solarbio Science & Technology Co. Ltd. (Beijing, 
China). 2',7'-Dichlorofl uorescin diacetate (DCFH-DA) and 
4',6-diamidino-2-phenylindole (DAPI) was from Sigma-
aldrich (Saint Louis, MO, USA). Annexin V-FITC apoptosis 
detection kit was purchased from Bestbio (Shanghai, China). 

2.2. Chromatographic system and conditions

The HPLC-UV was performed on Agilent 1260 HPLC 
system, equipped with quaternary pump, diode array 
detector and an autosampler (Agilent, Palo Alto, LA, 
USA). The HPLC-CD was performed on a JASCO LC-
Net II/ADC HPLC system, equipped with PU-2089 plus 
pump, CD-2095 plus CD detector and a 7125 Rheodyne 
injector with 20 μL sample loop (Jasco, Tokyo, Japan). 
The column (250 mm × 4.6 mm) was amylose tris-3, 
5-dimethylphenyl carbamate (Chiral Amylose-C) coated on 
5 μm silica gel. The column was obtained from YMC Co. 
(Kyoto, Japan). Experiments were performed at ambient 
temperature. All solvents were degassed in an ultrasonic 
bath prior to use. The flow rate was 0.5 mL/min. Once a 
new chromatographic condition was adopted, the column 

was equilibrated for at least 1 h before injection. Sample 
of eriodictyol was diluted in methanol to a concentration 
of 0.1 mg/mL for HPLC-UV and 0.5 mg/mL for HPLC-
CD. The prepared HPLC sample solutions were filtered 
through a nonsterile 0.45 μm PTEE syringe fi lter. UV and 
CD detection were performed at 284 nm. The CD spectra 
of the enantiomers were obtained by stopped-fl ow scanning 
at each chromatographic peak by CD detector from the 
wavelength range of 220-420 nm. Column void volume 
(t0) was measured by injection of tri-tert-butylbenzene as a 
non-retained marker. The retention factor (k) was calculated 
as k1 = (t1 ‒ t0)/t0 and k2 = (t2 ‒ t0)/t0, where t1 and t2 are the 
retention times for the fi rst and second eluting enantiomers, 
respectively. The separation factor (α) was calculated as α 
= k2/k1. The resolution factor was evaluated according to Rs 

= 2(t2 ‒ t1)/(w1 + w2), i.e. the peak separation divided by the 
mean value of the baseline widths. Retention times (t) were 
mean values of two replicate determinations.

2.3. Cell culture and treatment

Human endothelial-like immortalized cells (EA.hy926) were 
obtained from the Cell Bank of Type Culture Collection of 
Chinese Academy of Sciences (Shanghai, China). The cells 
were maintained in Dulbecco's modified Eagle's medium 
(DMEM) (Gibco, Grand Island, NY, USA) supplemented 
with 10% (v/v) fetal bovine serum (FBS) (Hyclone, Logan, 
UT, USA), 100 U/mL penicillin and 100 U/mL streptomycin 
at 37°C in a humidifi ed incubator containing 5% CO2.

2.4. Measurement of cell viability

Cell viability was monitored by two kinds of method. 
The fi rst method is MTT assay (19). In brief, 1 × 104 cells 
per well were seeded in a 96-well plate and incubated 
overnight. Cells were pretreated with several concentrations 
of compound for 2 h before exposure to H2O2 for 24 h. After 
addition of 20 μL 2.0 mg/mL MTT solution, the cells were 
incubated at 37°C for 4 h, the plate was centrifuged and the 
medium was removed. For each well, 100 μL DMSO was 
added and crystals were dissolved by shaking the plate at 
room temperature. Absorbance was measured at 570 nm 
by a microplate reader (Biorad, Model 680, Hercules, CA, 
USA). Triplicate wells were used for each sample and the 
experiments were repeated at least three times to get means 
and standard deviations.  
 The second method is the real time cellular analysis 
(RTCA) by using the xCELLigence system (ACEA 
Biosciences, San Diego, CA, USA), which monitors cell 
growth in response to treatment in real-time (20). Cells grow 
on top of electrodes so that the impedance varies based on 
the number of cells attached and the quality of cell-electrode 
interaction. Electrode impedance, which is displayed as Cell 
Index (CI), can be used to monitor cell viability, number, 
morphology, and cell adhesion (21). Cells (10,000/well) 
were seeded overnight and then treated with each chemical 
alone or in combination, and cell growth was monitored.
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Amylose-C column and mobile phase composition are 
shown in Figure 2. The optimized mobile phase consisted of 
30% n-hexane and 70% 2-propanol, and the fl ow rate was 
0.5 mL/min. The good resolution obtained for eriodictyol 
allowed us to separately collect the individual enantiomers 
used for the biological assays. R- and S-eriodictyol (3.0 mg 
each) were purified using the above-mentioned optimized 
HPLC condition as shown in Figure 2G. 
 The elution order was easily determined by the online 
HPLC-CD method. It has been previously reported that a 
negative CD signal at 280-290 nm of fl avanone is related 
to the S-configuration at C-2, whereas a positive CD 
signal establish an R-configuration (14). As evidenced 

2.5. DAPI nuclear staining

EA.hy926 cells (2 × 105 cells/well) in 12-well plates were 
exposed to compounds for 24 h, then cells were fixed in 
ice-cooled acetone-methanol (1:1) mixture for 5 min, after 
rinsing with PBS, cells were stained with DAPI (2 mg/mL) 
for 15 min at room temperature. Cells were viewed and 
photographed under fluorescence microscopy (Olympus 
IX71, Olympus Co., Tokyo, Japan). Apoptotic cells were 
recognized based on characteristic observations including 
the presence of condensed, fragmented and degraded nuclei. 

2.6. Apoptosis assays

Apoptotic rates were analyzed by fl ow cytometry using an 
annexin V-FITC/PI kit (Bestbio, Shanghai, China) according 
to the manufacturer’s instruction. Briefl y, cells were treated 
with compounds for 24 h, and then 1 × 106 cells were 
harvested, washed twice with ice-cold PBS, and evaluated 
for apoptosis by double staining with annexin V-FITC and 
propidium iodide in binding buffer using a fl ow cytometer 
(FACSCalibur, BD Biosciences, San Jose, CA, USA).

2.7. Measurement of intracellular Reactive oxygen species 
(ROS)

ROS levels were determined using DCFH-DA as 
fluorescent probes (22). The cells were treated with H2O2 
for 24 h after being pretreated with or without compounds 
for 2 h, washed cells with PBS, then incubated cells in fresh 
medium containing 10 μg/mL DCFH-DA at 37°C for 30 
min. Subsequently, the cells were trypsinized and diluted 
with PBS to approximate 1 × 106 cells per mL, analyzed 
with fl ow cytometry at an excitation wavelength of 488 nm 
and an emission wavelength of 530 nm.

2.8. Statistical analysis

One way analysis of variance (ANOVA) and post hoc 
multiple comparison Bonferroni test were used to determine 
the signifi cant difference between two groups. Results are 
presented as the mean ± SD. p < 0.05 was considered to be 
signifi cant.

3. Results and Discussion

3.1. Chiral separation of eriodictyol

The effect of mobile-phase on the separation process was 
examined by modifying the ratio of n-hexane and 2-propanol. 
The chromatographic parameters, capacity factor (k), 
separation factor (α), and resolution factor (Rs) for the 
resolved eriodictyol are given in Table 1. The table showed 
that eriodcityol could be resolved with good separation 
factors (α) and resolution factors (Rs) on Chiral Amylose-C 
column by optimizing the mobile phase composition. 
Typical enantiomeric separations of eriodictyol on Chiral 

Table 1. Chromatographic results for enantiomeric 
resolution of eriodictyol on Chiral Amylose-C CSP

Eluent

2-Propanol
n-Hexane-2-propanol 5:95
n-Hexane-2-propanol 10:90
n-Hexane-2-propanol 15:85
n-Hexane-2-propanol 20:80
n-Hexane-2-propanol 25:75
n-Hexane-2-propanol 30:70

k1

0.37
0.37
0.38
0.38
0.39
0.42
0.46

k2

0.47
0.47
0.49
0.51
0.54
0.58
0.64

Rs

0.85
0.91
0.95
1.12
1.19
1.28
1.49

α

1.27
1.27
1.29
1.34
1.38
1.38
1.39

Figure 2. Typical HPLC chromatograms of enantiomeric 
resolution of eriodictyol on Chiral Amylose-C column. 
Mobile phase: (A) 2-propanol; (B) n-hexane-2-propanol, 5:95 
(v/v); (C) n-hexane-2-propanol, 10:90 (v/v); (D) n-hexane-
2-propanol, 15:85 (v/v); (E) n-hexane-2-propanol, 20:80 (v/
v); (F) n-hexane-2-propanol, 25:75 (v/v); (G) n-hexane-2-
propanol, 30:70 (v/v), at 0.5 mL/min in all cases.
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by the positive and negative CD signals at 284 nm, the 
R-enantiomer eluted as the fi rst peak (Figure 3). Beside to 
obtain CD signal at a chosen λ, the complete CD spectrum 
of the eluting peak could also be obtained in a stop-flow 
mode. Based on the obtained CD spectra, the absolute 
confi guration of the elutes could also be determined.  

3.2. Effects of racemic and enantiomeric eriodictyol on 
H2O2-induced cytotoxicity in EA.hy926 cells   

To evaluate the efficacy of racemic and enantiomeric 
eriodictyol on H2O2-induced cytotoxicity, EA.hy926 cell 
line was used. Firstly, cells were treated with 200 μM H2O2 
in the presence or absence of racemic and enantiomeric 
eriodictyol (5, 10, 15, 20 μM), and the cell viability was 
assessed by performing MTT assay. All the compounds 
tested were clearly able to block the cytotoxic effects of 
H2O2 on EA.hy926 cells, and also both enantiomers and the 
correspoding racemate were almost equipotent (Figure 4A).

Figure 3. HPLC-CD chromatograms and CD spectra of the eluted peaks of eriodictyol on Chiral Amylose-C. Mobile phase: 
n-hexane-2-propanol, 25:75 (v/v).

Figure 4. Protective effects of RS-, R- and S-eriodictyol on H2O2-induced EA.hy926 cell injury. (A) EA.hy926 cells were 
treated with 200 μM H2O2 alone or co-treated with indicated concentrations of RS-, R- and S-eriodictyol for 24 h, and cell 
viability was determined by MTT assay. Data are presented as mean ± SD of three independent experiments. ## p < 0.01 versus 
untreated cells and * p < 0.05, ** p < 0.01 versus H2O2-treated cells. (B) EA.hy926 cells were treated with 200 μM H2O2 alone or 
co-treated with indicated concentrations of RS-, R- and S-eriodictyol, and cell viability was determined by the xCELLigence live 
cell analysis system.
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 The xCELLigence live cell analysis system can be 
used as a rapid monitoring tool for cellular viability 
and be applied in toxicity testing of xenobiotics using 
in vitro cell cultures. For the assay of the protective 
effects of racemic and enantiomeric eriodictyol against 
H2O2-induced cytotoxicity, the xCELLigence live 
cell analysis system was used as the second testing 
method. After seeding the EA.hy926 cells to E-plates, 
the proliferation, attachment and spreading of the cells 
was monitored every 15 min by the xCELLigence 
system. Approximately 24 h after seeding, the cells 
were treated with DMSO, H2O2, racemic/enantiomeric 
eriodictyol, or in combination, and cell growth was 
monitored for a period of up to 48 h. H2O2 (200 μM) 
could elicit signifi cant cytotoxicity in EA.hy926 cells, 
which displayed as sharp CI decreasing, whereas 
treatment with racemic/enantiomeric eriodictyol (10 
and 20 μM) alone did not affecte the cell growth. 
However cotreatment significantly improved cell 

survival as judged by slight CI decreasing compared 
with H2O2 treatment alone (Figure 4B). Consistant 
with the results tested by MTT assay, both enantiomers 
and the correspoding racemate of eriodictyol were 
equipotent.

3.3. Ef fects of  enantiomeric eriodictyol on DNA 
condensation and H2O2-induced apoptosis in EA.hy926 
cells 

DAPI staining revealed that nuclear DNA condensation 
and nuclear fragmentation occurred after treatment with 
200 μM H2O2 for 24 h. Pretreatment with both R- and 
S-eriodictyol inhibited these apoptotic features (Figure 
5). Annexin V cell surface staining followed by flow 
cytometry analysis also showed similar results. After 
exposure to 200 μM H2O2 for 24 h, the apoptotic rate 
of cells increased from 8.95 ± 0.2% to 33.59 ± 2.0%. 
Pretreatment with both racemic and enantiomeric 

Figure 5. DAPI staining of nuclei and assessment of nuclear morphology.

Figure 6. Cellular apoptosis was assayed by annexin V-FITC and PI staining, and analyzed with flow cytometry. 
Quantifi cation of apoptotic cells are from three independent experiments. Values are expressed as mean ± SD.
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eriodictyol (20 μM) reduced the rate of apoptosis. 
These results indicated that R- and S-eriodictyol have 
anti-apoptotic effects against H2O2-induced apoptosis 
in EA.hy926 cells, and the anti-apoptotic effects were 
almost the same for the two enantiomers (Figure 6). 

3.4. Effects of enantiomeric eriodictyol on intracellular 
ROS production

To determine the effects of compounds on ROS 
induction, DCFH-DA and fl ow cytometry were used to 
detect intracellular peroxide levels. As shown in Figure 
7, when EA.hy926 cells were exposed to 200 μM 
H2O2 for 24 h, the intracellular ROS levels increased 
signifi cantly compared with untreated cells. Treatment 
with both R- and S-eriodictyol attenuated the increase 
of ROS induced by H2O2 in a dose-dependent manner, 
and the inhibiting intracellular ROS effects were almost 
the same for the two enantiomers.

4. Conclusion

Oxidative stress is an imbalance between the production 
of ROS and antioxidant defense mechanisms, 
potentially leading to cellular damage. Oxidative stress 
has a key role in the development of cardiovascular 
and/or cerebrovascular diseases. This phenomenon 
is mainly mediated by an enhanced ROS production 
by the vascular endothelium with its consequent 
dysfunction. Eriodictyol was chosen as an antioxidant 
as increasing evidences indicates the protection activity 
of the compound in many kinds of cellular disorders 
characterized by ROS overproduction (1, 7). Although 
there are a certain number of investigations detailing 
the antioxidant activity of the racemic eriodictyol (1, 4, 
5, 7), no studies have properly assessed the differences 

in activity between the enantiomers of eriodictyol. This 
work reports for the fi rst time the comparison of effects 
of R- and S-eriodictyol against H2O2-induced oxidative 
stress in EA.hy926 cells. The results showed that 
eriodictyol could be resolved well on Chiral Amylose-C 
column. The two enantiomers of eriodictyol appeared to 
be almost equally effective in inhibiting H2O2-induced 
cell viability reduction and cell apoptosis, and also 
equipotent in deceasing intracellular ROS levels. 
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