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Research highlights

» Leaves of five Ligustrum plants are described in Taiwan flora and used as health tea. p Ligustrum plants leaves exhibit appreciate radical-
scavenging capacity against ROS. p Ligustrum plants leaves inhibit lipid peroxidation and haemolysis in cell-based models. p» Ligustrum
morrisonense is a potential source of natural antioxidants.
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Leaves from the plant species belonging to the genus Ligustrum are widely used as tea or herbal medicine
in Europe, China, and Japan. The antioxidant properties of five Ligustrum species from Taiwan were com-
pared using in vitro antioxidant methods such as DPPH radical scavenging, TEAC, and FRAP assays. Cell-
based antioxidant methods were used, including Fe?*/ascorbate-induced lipid peroxidation on brain
homogenate and AAPH-induced erythrocyte Eaemolysis. The amounts of major phenolic compounds
from the Ligustrum species, including phenylpropanoids, flavonoids, and iridoids, were determined by

Zey sttorzti; spectrophotometric methods. The results showed that all Ligustrum species exhibited antioxidant, radi-
Aggioxidant activity cal-scavenging, inti—haemolytic. and lipid peroxidation-inhibiting activities at different magnitudes of
Phenolics potency. A significant correlation was found between antioxidant activity and the amount of antioxidant

components, in particular, total phenolics and phenylpropanoids. Among all Ligustrum species from Tai-

Phenylpropanoids

DPPH method

Reactive oxygen species (ROS)
Lipid peroxidation

wan, Egustrum morrisonense is presented as potential source of natural antioxidants.

© 2011 Published by Elsevier Ltd.

1. Introduction

Reactive oxygen species (ROS), which are generated from many
redox processes, are major free radicals in the human body that are
capable of inducing damage to biomolecules such as carbohy-
drates, proteins, lipids, and DNA (Valko et al., 2007). Intracellular
oxidative damage by ROS causes many chronic diseases, including
neurodegenerative diseases and cardiovascular diseases (Butter-
field & Sultana, 2008; Leopold & Loscalzo, 2009). All/linimising the
cellular redox imbalance may be one of the most important
approaches to the prevention of these ageing-related diseases.
Antioxidants scavenge free radicals by inﬁiating and propagating
oxidative chain reactions, and thus they can delay or prevent intra-
cellular oxidative damage (Valko et al., 2007). Natural antioxidants
such as phenolics and flavonoids have been shown to possess mul-
tiple pharmacological activities through their antioxidant proper-
ties, including neuroprotective and anti-ageing activities (Auddy
et al., 2003; Uttara, Singh, Zamboni, & Mahajan, 2009).

* Corresponding authors. Tel.: +886 4 22053366 5506 (C.-R. Wu), +886 4
22053366 5507 (H. Ching).
E-mail addresses: crw@mail.cmu.edu.tw (C.-R. Wu), hui235911@mail.tbcnet.net
(H. Ching).

0308-8146/$ - see front matter © 2011 Published by Elsevier Ltd.
doi:10.1016/j.foodchem.2011.01.041

In recent years, numerous plants belonging to the same genera
have been reported to gharacterise antioxidant and radical-
scavenging activities (Tepe, 2008; Tepe & Sokmen, 2007; Zhu
et al.,, 2009). Some species from the genus Ligustrum (Oleaceae),
including Egustrum lucidum, Egustrum robustum, and ELigustrum
purpurascens, have been traditionally used as healthy tea or local
medicine in European, Chinese, and Japanese communities for
centuries. L. lucidum is commonly used by traditional Chinese
physicians to cure hepatitis and igeing—associated symptoms.
L. robustum and L. purpurascens are the major components of
Ku-Ding-Cha, which is used to prevent cardiovascular diseases.
Recent pharmacological studies indicate that these Ligustrum spe-
cies possess antioxidative, anti-mutagenic, hepatoprotective, and
neuroprotective activities (Lau, He, Dong, Fung, & But, 2002; Lin,
Yen, Ng, & Lin, 2007; Nagy et al., 2006, 2009; Sung, Kim, Lee, Lee,
& Kim, 2006; Zhu et al., 2009). Phytochemical characterisation of
the end products of the general phenylpropanﬁid pathway such
as phenylpropanoids, flavonoids, secoiridoids glycosides, and their
aglycones, which possess antioxidant activities (He et al., 2001,
2003; Nagy et al., 2006, 2009; Wong, He, Huang, & Chen, 2‘601),
is included. In the flora of Taiwan, the genus Ligustrum is repre-
sented by four species: Ligustrum liukiuense Koidz., Ligustrum
sinense Lour., Ligustrum pn’?ei Hayata and Ligustrum morTisonense
Kaneh and Sasaki (Yang & Lu, 2000). The‘il were often used as
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herbal tea in the southeast regions of China and Taiwan. However,
no scientific reports on the antioxidant components or in vitro
properties of these Ligustrum species from Taiwan have ever been
published.

In this paper, the results are presented as a comparative analy-
sis of the antioxidant and radical-scavenging activities of methanol
extracts from the four aforementioned Ligustrum species leaves in
addition to L. lucidum leaves. Several different in vitro antioxidant
test systems have been used, such as the 1-diphenyl-2-pic-
rylhydrazyl (DPPH) radical-scavenging assay, the Trolox equivalent
antioxidant capacity (TEAC) assay, the ferric-reducing antioxidant
power (FRAP) assay, and the iron-chelating activity (ICA) assay.
Since ROS play an important role in intracellular oxidative damage,
effects of methanol extracts from the aforementioned Ligustrum
leaves on the scavenging activities of superoxide anions were
evaluated, hydrogen peroxide (H,0,) and hydroxyl radicals, the
inhibition of lipid peroxidation induced by the Fenton reaction
and the erythrocyte haemolysis caused by the peroxyl radical
2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH). Based on
phytochemical reports on the genus Ligustrum (He et al., 2001,
2003; Nagy et al., 2006, 2009; Wong et al., 2001), the amounts of
total phenolics, flavonoids, phenylpropanoids, and iridoids in the
methanol extracts from the aforementioned Ligustrum leaves were
determined by spectrophotometry.

2. Materials and methods
2.1. Chemicals

1,1-Diphenyl-2-picrylhydrazyl (DPPH), 2-deoxyribose, 2,2'-azi-
no-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS), 2,2’-azo-
bis(2-amidinopropane) dihydrochloride (AAPH), 2,4,6-tri(2-
pyridyl)-s-triazine (TPTZ), g,5’—dithio—bis(Z—nitrobenzoic) acid
(DTNB), 6-hydroxy-2,5,7,8-tetramethy-chroman-2-carboxylic acid
(Trolox), acetic acid, aluminium nitrate, ascorbic acid, (+)-catechin,
copper sulphate (CuS0,4), dimethyl sulfoxide (DMSO), ferric chloride,
ferrous Eulpl}ate, ferrozine, Eolin—Ciocalteu's reagent, gallic acid,
homovanillic acid (HVA), horseradish peroxidase (HRPase), hydro-
chloric acid (HCl), nitroblue tetrazolium (NBT), potassium ferricya-
nide, potassium persulfate, quercetin, sodium carbonate, sodium
hydroxide, sodium molybdate, sodium nitrate, superoxide dismu-
tase (SOD), thiobarbituric acid (TBA), trichloroacetic acid (TCA), xan-
thine, and xanthine oxidase were purchased fromiigma—Aldrich (St.
Louis, MO). Acteoside and aucubin were purchased from Extrasyn-
these (France). Hydrogen peroxide (H,0,) and HPLC grade methanol
were purchased from Merck (Darmstadt, Germany).

2.2. Apparatus

Microplate spectrophotometer (PowerWavey, Bio-Tek instru-
ments, Inc., USA) was used to record the absorbance of in vitro
antioxidant test systems and phytochemical content assays.
Fluorescence microplate reader (FLx800, Bio-Tek instruments,
Inc., USA) was only used to record the fluorescence intensity in
hydrogen Eeroxide—scavenging activity assay.

2.3. Collection of plant materials

The five Ligustrum species studied were obtained from the
following sources. L. morrisonense was obtained from the Seed
Improvement and Propagation Station, Taichung County. L. pricei
was obtained from the Chi-Tou Forest Recreational Area, Nantou
County. L. sinense and L. liukiuense were obtained from the Botan-
ical Garden of National Museum of Natural Science, Taichung City.
L. lucidum was obtained from the Herbal Garden of China Medical

University, Taichung City. These species were identified by Profes-
sor Dr. Chung-Chuan Chen from the Department of Chinese Medic-
inal Resources, China Medical University.

2.4. Plant extraction

The air-dried leaves (10 g) obtained from the Ligustrum species
were macerated with 100 ml of methanol and incubated at 37 °C
for 24 h. After incubation, all sample solutions were sonicated for
90 min using a sonicated bath. The solutions were then filtered
with a 0.45 m filter and the volume was adjusted to 100 ml with
methanol. The concentration of all sample solutions was 100 mg
of leaves of Ligustrum species per ml.

2.5. DPPH radical-scavenging effect

DPPH radical-scavenging capacity was determined as described
in our previous paper (Wu, Huang, Lin, Ju, & Ching, 2007). First, 251
of sample solution or catechin standard was pipetted into each
well. Then 1751 of 300 M DPPH methanol solution was added.
The absorbance of the mixture at 517 nm was read after 30 min
of incubation at room temperature (RT). The inhibition percentage
(I%) of the radical-scavenging capacity was calculated using the
following equation: 1% = ((Apppu ~ Ablank) — (As-DPPH [~ As-blank))/
(Appph ~ Ablank) % 100, where Apppy is the absorbance of the DPPH:
solution, Aplank is the absorbance of methanol instead of DPPH', As.
pepy 1S the absorbance of the EPPH' solution in the presence of
sample, and As_pank is the absorbance of methanol in the presence
of sample. The results are expressed as mmol of (+)-catechin equiv-
alents per gramme of sample.

2.6. TEAC assay

TEAC was measured by the ABTS radical-scavenging assay (Wu
etal., 2007). Briefly, the ABTS radical was prepared from the reaction
of aqueous 8 mM ABTS solution and 8.4 mM potassium persulfate
solution at a ratio of 2:1. After storage in the dark at RT for 12—
16 h, the radical solution was further diluted in ethanol until an ini-
tial absorbance value of 0.70 + 0.05 at 734 nm was reached. One
hundred and seventy-five microlitres of diluted ABTS solution was
mixed with 25 I of sample solution or Trolox standards. The inhibi-
tion percentage (I%) of the radical-scavenging capacity was
calculated using the following equation: I% = i(AABTSJ Ablan@:
(As-pBTs — As-blank))/ (AABTS; Aplant) % 100, where Apgrs is the absor-
bance of the ABTS solution, Apank is the absorbance of ethanol
instead of ABTS, As_agts is the absorbance of the ABTS solution in
the presence of sample, and As_pjank is the absorbance of ethanol in
the presence of sample. The results are expressed as TEAC values.

2.7. FRAP assay

The FRAP assay described by Zhu et al. (2009) was used with
some modifications. Briefly, 25 | of sample solution or Trolox stan-
dards was mixed with 25 1 of freshly prepared FRAP reagent, which
consisted of 10 mM TPTZ solution in 40 mM HCl, 20 mM FeCls, and
50 mM acetate buffer (pH 3.6). The absorption of the reaction mix-
ture was measured at 595 nm. The results were calculated on the
basis of a standard curve obtained using Trolox, and are expressed
as the relative Trolox equivalents per gramme of sample.

2.8. Superoxide anion-scavenging activity

Superoxide anion-scavenging activity was assessed using the
NBT method (Valentdo et al., 2002). Briefly, 25 | of sample solution
or SOD standards was loaded into a 96-well plate. Seventy-five
microlitres of 168 mM NBT in 50 mM phosphate buffer (pH 7.4)
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and 751 of 800 M xanthine were added. The reaction was initiated
by adding 251 of 0.24 U/ml xanthine oxidase in 50 mM phosphate
buffer (pH 7.4) to the above mixture. The reaction was incubated at
RT, and the absorbance at 560 nm was determined every ]-5 min
using the Microplate spectrophotometer. Absorbance values were
corrected for radical decay using control solutions and percentage
inhibition was calculated. The results were expressed as U of SOD
equivalents per milligramme of sample.

2.9. Hydrogen peroxide-scavenging activity

Hydrogen peroxide-scavenging activity was evaluated as
described in our previous paper (Wu et al., 2007). The reaction
mixture contained 501 of 25 mM phosphate buffer (pH 7.4), 501
of 0.5 mM H,0,, and 501 of sample solution or Trolox standards.
After incubating for 5 min at RT, 251 of 5 mM HVA and 251 of
8 U/ml HRPase were added; the solution was then mixed and incu-
bated for 25 min at RT. The fluorescence intensity was measured at
an excitation of 315 nm and an emission of 425 nm, correcting for
radical decay using control solutions. Percentage inhibition was
calculated. The results were expressed as mol of Trolox equivalents
per gramme of sample.

2.10. Hydroxy! radical-scavenging activity

Hydroxyl radical-scavenging activity was monitored using the
2-deoxyribose method. Briefly, the assay mixture contained
2.8 mM 2-deoxyribose, 20 M ferrous ion solution, 100 M EDTA,
and sample solution in a total volume of 1 ml of 10 mM potassium
phosphate buffer (pH 7.4). The ferrous iron solution and EDTA were
premixed before they were added to the assay mixture. The reac-
tion was initiated by the addition of a mixture of 1.42 M H,0,
and 100 M ascorbate. The mixture solution was incubated at
37 °C for 30 min. At the end of the incubation period, 1 ml of 1%
(w/v) TBA in 50 mM sodium hydroxide and 1 ml of 2.8% (w/v)
TCA were added and this solution was heated for 30 min in a boil-
ing water bath, cooled, and measured at an absorbance of 532 nm
(this corresponds to deoxyribose damage) (Wu et al., 2007). The
reciprocal absorption values obtained for different concentrations
were plotted against the concentrations of sample solution. From
the graph, the second-order rate constants were calculated as
described by Halliwell, Gutteridge, and Aruoma (1987), assuming
that 2-deoxyribose reacts with the hydroxyl radical with a rate
constant of 3 x 10°M_'S .

2.11. ICA assay

This method is based on the formation of the coloured ferro-
zine—Fej+ complex that has a strong absorbance at 562 nm. Reac-
tion mixtures contained 251 of sample solutions, 1001 of 50 M
ferrous sulphate, and 100 | of 300 M ferrozine. After incubation at
RT for 10 min, the absorbance was recorded (Wu et al., 2007).

2.12. Lipid peroxidation inhibition assay

Rat brain homogenate was used as a source of polyunsaturated
fatty acids for determining the extent of lipid peroxidation. The
entire brain was homogenised (100 mg/ml) in ice-cold 0.1 M
phosphate buffer (ﬁH 7.4), and the brain homogenate was then
centrifuged at 10,000 rpm for 15 min at 4 °C. The supernatant
was divided into 1-ml aliquots and preserved at —80 °C until use.
The reaction mixture consisted of 1001 of brain homogenate, 50|
of aqueous 1 mM ferrous sulphate, 100 I of aqueous 5 mM ascorbic
acid and 501 of sample solution. The reaction solution was incu-
bated in a shaking water bath in an open tube. After the solution
incubated at 37 °C for 30 min, the TBARS test was performed by

rapidly adding 250 1 of 1.2% (w/v) TBA in 50 mM sodium hydroxide
and 501 of 10% TCA. Then, the tubes were incubated at 90 °C for
60 min. After cooling, the system was centrifuged at 3000 rpm
for 10 min and the absorbance of the supernatant was determined
at 532 nm (Wu et al., 2007). Absorbance was recorded against
blanks prepared in the same way as the experimental samples
but without the homogenate.

2.13. Oxidative haemolysis inhibition assay (OXHLIA)

First, erythrocytes were prepared from rat blood by centrifuga-
tion (10 min, 2500 rpm). Erythrocytes were washed twice with
0.9% NacCl and once with phosphate-buffered saline (PBS, pH 7.4);
they were then suspended in PBS to obtain approximately 10% hae-
matocrit. Haemolysis of erythrocytes was carried out following the
method described by Takebayashi, Chen, and Tai (2010) with min-
or modifications. Erythrocytes in 10% suspension were shaken
gently while being incubated with AAPH (final concentration
50 mM) at 37°C for 3 h. Then, the samples were centrifuged
(10 min, 2500 rpm) and the extent of haemolysis was determined
spectrophotometrically by measuring the absorbance of superna-
tants diluted with PBS (1:9, v/v) at 540 nm. The percentage of
haemolysis was calculated in relation to 100% haemolysis caused
by deionised water added in 9 parts per 1 part of erythrocyte
suspension.

2.14. Determination of amount of antioxidant compounds

2.14.1. Determination of total phenolic content

The total phenolic content was determined as described in our
previous paper (Wu et al., 2007). This method is based on the
formation of blue-coloured products by the redox reaction with
Folin-Ciocalteu’s reagent. The absorbance of the coloured solutions
at 725 nm is proportional to the total phenolic concentration. The
total phenolic concentration of the samples was calculated on the
basis of a standard curve obtained using gallic acid and is
expressed as milligrammes of gallic acid equivalents (GAE) per
gramme of sample.

2.14.2. Determination of flavonoid content

Flavonoid content was also assessed using the 96-well microti-
ter spectrophotometric method at 415 nm (Wu et al., 2007). This
method is based on the formation of coloured products by flavo-
noids with iluminium salt. The absorbance of the coloured solu-
tions is proportional to the total flavonoid concentration. The
total flavonoid concentration of the samples was calculated on
the basis of a standard curve obtained using quercetin and is
expressed as milligrammes of quercetin equivalents per gramme
of sample.

2.14.3. Determination of phenylpropanoid content

The total phenylpropanoid content was determined by a
96-well microtiter spectrophotometric method at 525 nm, modi-
fied from the method described by Arnow (1937). One-hundred
and fifty microlitres of sample solution was pipetted into each
well, and then 501 of 0.5 N HCl, 501 of Arnow reagent (contained
5% (w/v) sodium nitrate and 5% sodium molybdate), and 501 of
2N sodium hydroxide were added. After incubation at RT for
10 min, the absorbance was read. The absorbance of the coloured
solutions is proportional to the total phenylpropanoid concentra-
tion. Total phenylpropanoid concentration of the samples was cal-
culated on the basis of a standard curve obtained using acteoside
and is expressed as milligrammes of acteoside equivalents per
gramme of sample.
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2.14.4. Determination of total iridoid content

Total iridoid concentration was determined by a 96-well micro-
titer spectrophotometric method at 609 nm, modified from the
method described by Trim and Hill (1952). Twenty-five microlitres
of sample solution was pipetted into each well, and then 2501 of
Trim-Hill reagent (acetic acid/0.2% CuSO4/HCl at a ratio of
10:1:0.5) was added. After heating at 100 °C for 5 min, the absor-
bance was read. The absorbance of the coloured solutions is pro-
portional to the total iridoids concentration. The total iridoid
concentration of the samples was calculated on the basis of a stan-
dard curve obtained using aucubin and is expressed as milli-
grammes of aucubin equivalents per gramme of sample.

2.15. Statistical analysis

All results are expressed as the mean + standard deviation (SD).
The significance of difference was calculated by SPSS one-way
ANOVA followed by Scheffe’s test; values < 0.05 were considered
to be significant.

3. Results and discussion
3.1. Antioxidant and radical-scavenging activity of Ligustrum leaves

DPPH and TEAC assays are simple, rapid methods commonly
used to assess radical-scavenging activities in vitro. The methanol
extracts of all collected Ligustrum leaves exhibited appreciative
scavenging capacities against both radicals, and the inhibition
percentage was proportional to the concentration of each sample

(A) DPPH assay

B |.. morrisonense
C L. liukivense
E=3 L. pricei

L. sinense

. . lucidum

100

60 F

wEK

40

20 F

Trolox equivalents (umol Trolox/g)

Catechin equivalents (mmol (+)-catechin/g)

(C) FRAP assay

60

10

Trolox equivalents (umol of trolox/g)
DPPH assay (mmol of catechin/g)

solution. The ICsq values for L. mmorrisonense, L. ljukiuense, L. pricei,
L. sinense, and L. lucidum in the DPPH assay were 0.48, 0.94, 1.38,
1.47, and 2.06 mg/ml, respectively. The results obtained from the
DPPH assay is similar to recent reports of other Ligustrum species,
including L. lucidum and L. robustum (Chen, Wong, Leung, He, &
Huang, 2002; Katsube et al., 2004; Nagy et al., 2006; She, Wang,
Zeng, Yang, & Zhang, 2008; Zhu et al., 2009). For the TEAC assay,
the ICso values for L. morrisonense, L. ljukiuense, L. pricei, L. sin-
ense, and L. lucidum were 0.21, 0.24, 0.37, 0.52, and 1.40 mg/ml,
respectively. The relative radical-scavenging potencies of the col-
lected leaves from the Ligustrum species for (+)-catechin in the
DPPH method and Trolox in the TEAC assay are shown in
Fig. 1(A) and (B). L. morrisonense had the highest scavenging capac-
ity against both radicals compared with the other Ligustrum spe-
cies collected in Taiwan. The Trolox equivalent of L. morrisonense
in the TEAC assay was higher than that of L. robustum, which is
used as a source material of Ku-Ding-Cha (Zhu et al., 2009).

On the basis of the reports that showed the antioxidant activity
of plants being closely associated with their reducing power (Wu
et al,, 2007; Zhu et al., 2009), we further evaluated the reducing
powers of the collected leaves from the Ligustrum species using
the FRAP assay. FRAP is a simple and speedy method that actually
measures the reducing capability of antioxidants and screens for
the ability to maintain the redox status in cells (Huang, Ou, & Prior,
2005). Our present results confirmed that L. morrisonense indeed
has the highest reducing power (Fig. 1(C)), which is consistent with
the free radical-scavenging capacity observed in the DPPH and
TEAC scavenging assays. Our data also supported another finding
that demonstrated that the FRAP values were lower than the TEAC
values when low pH values decreased the ionisation potential and

(B) TEAC assay

180

150 |

120 f

(D) Regression

100 - @ FRAP assay vs DPPH assay 7250
A FRAP assay vs H,0, scavenging activity assay é/,

80

60 4150
40 4 100
20 4150

=1
L
(=]

0 10 20 30 40 50
FRAP assay (umol of trolox/g)

H,0, scavenging activity assay (mmol of trolox/g)

Fig. 1. Antioxidant activity of methanol extracts of Ligustrum species leaves on DPPH assay (A), TEAC assay (B), FRAP assay (C) and correlation between TEAC, total phenolic
contents and reducing power (D). Data are expressed as mean + SD (n = 3). **p < 0.01, **p <0.001 compared with L. lucidum.
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increased the redox potential (Huang et al., 2005). This result fur-
ther suggests that the antioxidant activities of the collected Ligu-
strum species leaves may be related to the modulation of the
redox situation brought about by their reducing power.

3.2. ROS-scavenging activity of Ligustrum leaves

ROS, which mainly include the superoxide anion, hydrogen
peroxide, and the hydroxyl radical, are major intracellular free
radicals. The superoxide anion radical, a primary ROS, is produced
within the mitochondrial of a cell and has been implicated in the
pathophysiology of many diseases. Hydrogen peroxide, generated
from the superoxide anion, readily crosses the cellular mem-
branes and gives rise to the highly reactive hydroxyl radical by
the Fenton reaction. The hydroxyl radical has the ability to react
with biomolecules and ultimately damage cells. Thus, the above-
mentioned ROS are largely involved in many serious diseases,
including neurodegenerative and cardiovascular disorders (Valko
et al., 2007). Because DPPH and ABTS do not exist in vivo, our
present study further investigated the scavenging activities of
the leaves against the superoxide anion, hydrogen peroxide, and
hydroxyl radicals using the X/XO plus NBT spectrophotometric
method, the HRPase plus HVA spectrofluorimetric method, and
the 2-deoxyribose method. All sample solutions from the col-
lected Ligustrum leaves also exhibited appreciable scavenging
capacities against the superoxide anion and hydrogen peroxide.
The ICso values for L. inorrisonense, L. Eukiuense, L. Ericei, L. iin-
ense, and L. lucidum from the superoxide anion-scavenging assay
were 95, 283, 252, 595, and 619 g of leaves/ml, respectively.

(A) Superoxide anion radical scavenging activity
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Fig. 2. ICsq values of scavenging superoxide anion (A), hydrogen peroxide (B), kinetic constant of scavenging hydroxyl radical (C) or iron chelating capacity (D) by methanol

The relative superoxide anion-scavenging potencies of these col-
lected Ligustrum species for SOD are shown in Fig. 2(A). The high-
est superoxide anion-scavenging capacity was also seen in L.
morrisonense, which was consistent with the free radical-scaveng-
ing capacity noted in the DPPH and TEAC assays. Furthermore, the
highest H,0,-scavenging capacity was also observed in L. morri-
sonense. The ICso values for L. morrisonense, L. ljukiuense, L. pricei,
L. sinense, and L. lucidum from the H,0,-scavenging assay were
0.42, 0.81, 1.11, 1.30, and 1.94 mg of leaves/ml, respectively.
The relative H,0,-scavenging potencies of these collected Ligu-
strum species leaves for Trolox are shown in Fig. 2(B). The order
of H,0,-scavenging activities for the leaves from the other col-
lected Ligustrum species is as follows: L. liukiuense > L. pricei > L.
sinense > L. lucidum. This study used the Fenton system (a mixture
of ascorbic acid, hydrogen peroxide, and Fei";EDTA) as a source
of hydroxyl radicals to degrade its sugar target 2-deoxyribose.
Among the other Ligustrum species used, L. morrisonense also
had the highest second-order rate constants in scavenging the hy-
droxyl radicals (Fig. 2(C)). Since the reported correlations of some
compounds with iron-chelating properties (Moran, Klucas, Grayer,
Abian, & Becana, 1997; Rice-Evans, 1995; Wu et al., 2007), the
iron-chelating activities of the Ligustrum species was further
investigated. The leaves from the Ligustrum species showed a lack
of iron-chelating activity (Fig. 2(D)). These results further re-
vealed that all Ligustrum leaves collected from Taiwan possesses
various degrees of scavenging activity against ROS and that L.
morrisonense has the best ROS-scavenging activity among these
Ligustrum species. Therefore, this antioxidant mechanism may
not be related to iron chelation.

(B) HyO9 scavenging activity
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extracts of Ligustrum species leaves. Data are expressed as mean + SD (n = 3). **p < 0.01, **p < 0.001 compared with L. lucidum.
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B3 L. morrisonense
1 L. livkiuense
B= L pricei
L. sinense
W L. lucidum
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Fig. 3. ICso values of lipid peroxidation inhibition on ferrous/ascorbate-treated rat
brain homogenate by methanol extracts of Ligustrum species leaves. Data are
expressed as mean = SD (n = 3). ***p <0.001 compared with L. lucidum.

3.3. Inhibition of lipid peroxidation by Ligustrum leaves

Hydroxyl radicals cause lipid peroxidation by attacking adja-
cent biomolecules, especially polyunsaturated fatty acids. Brain
tissues - enriched polyunsaturated fatty acids in biological sys-
tems - easily carry out lipid peroxidation initiated by free radical
chain reactions. Since the collected leaves from the Ligustrum
species showed appreciable scavenging capacity against ROS, we
further selected the rat brain homogenate as the oxidizable biomo-
lecular target for the Fe*/ascorbate method to investigate the lipid
peroxidation-inhibiting effects of the Ligustrum leaves. All samples
showed a linear correlation between concentration and lipid
peroxidation-inhibiting activity within the applied concentrations
(r2 0.96-0.99). Fig. 3 shows the ICsq values corresponding to the
inhibition of Fe? *lascorbate-induced lipid peroxidation. Again, the
highest activity related to the inhibition of Fe?*/ascorbate-induced
lipid peroxidation was also observed in L. morrisonense, followed
by Lpricei, L. sinense, L. liukiuense, and L. lucidum. These results indi-
cate that the collected Ligustrum leaves from Taiwan inhibit lipid

peroxidation in brain homogenate systems by terminating the oxi-
dative chain reaction through their radical-scavenging capacity.

3.4. Inhibition of erythrocyte haemolysis by Ligustrum leaves

The OxHLIA system is based on the property of erythrocytes
that renders them susceptible to oxidative damage and ytilises
the biologically relevant radical source AAPH-derived peroxyl rad-
icals to attack the erythrocyte membrane and cause erythrocyte
haemolysis (Takebayashi et al., 2010). It is thus a good model for
studying free radical-induced biomembranes and estimating “bio-
logically relevant” antioxidant activity. The cell-based antioxidant
bioassay method was used to compare the antioxidant activities of
the collected Ligustrum leaves. The inhibition percentage of the
leaves on AAPH-induced oxidative haemolysis was also dependent
on concentration. All of the collected Ligustrum leaves were shown
to protect erythrocytes from oxidatively-induced haemolysis in
this order: L. morrisonense > L. pricei > L. sinense = L. lucidum > L.
liukiuense (Fig. 4). From these cell-based data, it is suggested that
the leaves from the Ligustrum species, especially L. morrisonense,
may prevent ROS attack on biomolecules such as polyunsaturated
fatty acids and lipoproteins in biological systems.

3.5. Quantification of phytochemical profiles in Ligustrum leaves

Phenolic compounds belong to the main class of natural antiox-
idants and have been shown to be closely correlated to the antiox-
idant activities of plants (Cai, Luo, Sun, & Corke, 2004; Huang et al.,
2005; Wu et al., 2007). The most widespread and diverse phenolic
compounds are the flavonoids (Hernandez, Alegre, Van Breusegem,
& Munne-Bosch, 2009). Phenylpropanoids are the intermediate
compounds in the biosynthesis of flavonoids and some phenolic
compounds, and they also possess antioxidant activities (Korkina,
2007). Moreover, several phytochemical reports point to the anti-
oxidant and anti-mutagenic activity of some phenylethanoids,
flavonoids, and secoiridoids isolated from the genus Ligustrum
(He et al, 2001, 2003; Nagy et al., 2006, 2009; Wong et al,,
2001). Thus, the total phenolic, flavonoid, and phenylpropanoid
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Fig. 4. Anti-haemolytic activity of methanol extracts of Ligustrum species leaves on AAPH-induced erythrocyte haemolysis in vitro. Data are expressed as mean + SD (n = 4).

*p <0.01, ™*p < 0.001 compared with AAPH group.
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Table 1
The phytochemical composition of Ligustrum species leaves extracted with methanol.

Iridoids contents
(mg of aucubin/g)

Phenylpropanoids contents
(mg of verbascoside/g)

Samples Phenolic contents Flavonoids contents
(mg of GAE/g) (mg of quercetin/g)

L. morrisonense 34.0£1.22 7.45 £0.70

L. liukiuense 25.2+0.43 5.70 £0.11

L. pricei 15.1+0.06 0.43 £0.10

L. sinense 11.6+0.32 3.16 £0.54

L. lucidum 8.04 £ 0.04 2.06 £0.11

18.7+0.61 1.63 +£0.09
6.77 £ 0.94 0.42 £ 0.05
4.03+0.12 1.01+0.12
0.63+0.14 5.17+£0.12
3.90+0.61 2.39+0.28

Data were expressed as mean + SD (n = 3).

Table 2

Pearson correlation coefficients (r) between parameters describing the amount of total phenolic (TP), flavonoids (TF), phenylpropanoids (TPP), and iridoids (TI) and different

antioxidant activity of Ligustrum species leaves.

DPPH TEAC FRAP 05 H,0, OH LPO TP TF TPP

TEAC 0.87"

FRAP 0.94" 0.86"

0; 097" 0.81° 0.88"

H,0,; 0.999" 0.89" 0.93" 0.97"

OH- 0.54 0.32 0.32 0.72 0.57

LPO 0.83° 0.99" 0.80 0.79 0.85 0.36

TP 0.95" 097" 0.95" 0.81° 0.96" 0.36 0.94""

TF 0.85" 0.77 0.89" 0.70 0.83" 0.05 0.68 0.86"

TPP 096" 0.78 0957 097" 0.96™" 0.57 0.73 0.90 0.78

TI -0.31 -0.52 -0.53 -0.37 -0.33 —0.06 -0.53 —0.50 -0.18 -0.43
" p<0.05.
™ p<0.01.

content in the aforementioned Ligustrum leaves was further
measured. L. morrisonense, with the highest radical-scavenging
capacity, also had the highest amount of phenolic, flavonoid, and
phenylpropanoid compounds (Table 1). However, the highest
amount of total iridoids was seen in L. sinense. The relationship
between antioxidant potency parameters (DPPH, TEAC, FRAP,
superoxide anion radical, H,0,, hydroxyl radical-scavenging
activities, and LPO) and the amount of antioxidant components
of the aforementioned Ligustrum leaves is shown in Table 2. These
results indicate a significant positive correlation between various
antioxidant potency parameters and antioxidant components,
except for the hydroxyl radical-scavenging activity and total
iridoids. All antioxidant assays (DPPH, TEAC, FRAP, superoxide an-
ion radical, H,0, and LPO) showed high correlation coefficients,
suggesting the reliability and interchangeability between these
spectrophotometer-based methods in predicting the antioxidant
activities of natural plants. Among all phytochemical profiles, total
phenylpropanoid content was positively and highly correlated
with DPPH (r=0.96), FRAP (r=0.95), H,0, (r=0.96), and total
phenolic content (r = 0.90) (Fig. 1(D) and Table 2). Total flavonoid
content was also positively correlated with DPPH (r=0.85), FRAP
(r=0.89), H,0, (r=0.83), and total phenolic content (r=0.86)
(Table 2). Some phenylpropanoid and flavonoid compounds such
as acteoside, luteolin, quercetin and kaempferol glycosides isolated
from L. robustum, L. vulgare and L. purpurascens are major active
compon?nts involved in antioxidant activities (He et al., 2001,
2003; Nagy et al., 2006; Romani et al., 2000; Wong et al., 27)01).
Our own data and those of other reports on Ligustrum species indi-
cate that phenolic compounds, especially phenylpropanoids and
flavonoids but not iridoids, are major determinants of the antioxi-
dant activities of the collected Ligustrum species, although some
reports indicate that secoiridoids determine the antioxidant prop-
erties of Oleaceae spp. (Romani et al., 2000).

4. Conclusions

On the basis of the results obtained using in vitro antioxidant
methods and cell-based antioxidant methods, the leaves from the

Ligustrum species, especially L. morrisonense, L. pricei, and L. sin-
ense, were found to be used as sources of natural antioxidants to
prevent and/or cure oxidative stress-related diseases, exactly as
these have been traditionally used for centuries. Their antioxidant
components may be mainly phenylpropanoids and flavonoids but
not iridoids. Further work can be carried out on the isolation, puri-
fication, and quantification of the active components from the
leaves from these collected Ligustrum species.
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