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Abstract—The antioxidant activity of natural ulvan and its derivatives (acetylated and benzoylated ulvans) in vitro was determined,
including scavenging activity against superoxide and hydroxyl radicals, reducing power, and chelating ability. Obvious differences in
antioxidant activity between natural ulvan and its derivatives were observed, moreover, the antioxidant activity of acetylated and

benzoylated ulvans was stronger than that of natural ulvan.
© 2006 Elsevier Ltd. All rights reserved.

A vast amount of circumstantial evidence implicates
oxygen-derived free radicals (especially superoxide and
hydroxyl radicals) as mediators of inflammation, shock,
and ischemia/reperfusion injury. Furthermore the radi-
cals also play a role in the process of aging and carcino-
genesis.! In order to reduce damage of free radicals,
synthetic antioxidants such as butylated hydroxyanisole
(BHA), butylated hydroxytoluene (BHT), propyl gallate
(PG), and tert-butylhydroquinone (TBHQ) are used.
However, BHA and BHT have been suspected of being
responsible for liver damage and carcinogenesis.” Thus,
it is essential to develop and utilize effective and natural
antioxidants so that they can protect the human body
from free radicals and retard the progress of many
chronic diseases.? In the search of new natural antioxi-
dants, exploration of aquatic habitats has led to the dis-
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covery that marine plants also contain antioxidants.
Marine plants characteristically contain sulfated poly-
saccharides that are not found in land plants. In recent
years, sulfated polysaccharides from marine algae have
been reported to have antioxidant activity. Hu et al.*
found that sulfated polysaccharides from Laminaria
Jjaponica and Ecklonia kurome showed free radical scav-
enging activities; sulfated polysaccharides from Ulva
pertusa were also demonstrated to have antioxidant
activity including scavenging activity against superoxide
and hydroxyl radicals, chelating ability, and reducing
power.’

The green alga, U. pertusa, is distributed in China in
the intertidal zone of the Yellow Sea and the Bohai
Sea. U. pertusa is nutritious with low calorie and abun-
dant vitamins, trace elements, and dietary fibers.® The
polysaccharide extracted from U. pertusa is a group
of sulfated heteropolysaccharides and the main disac-
charide units are [B-D-Glcp A-(1 — 4)-a-L-Rhap 3s]
and [o-L-Idop A-(1 — 4)-a-L-Rhap 3s] (Fig. 1).” For
simplicity, the sulfated polysaccharide is referred to
as ulvan in this paper. In our previous study, ulvan
showed antioxidant activity, but the activity was
weak.> The activity of polysaccharide depends on
several structural parameters such as the degree of
sulfation (DS), the molecular weight, the sulfation


mailto:qihuimin@ms.qdio.ac.cn
mailto:qbzhang@ms.qdio.ac.cn

2442 H. Qi et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2441-2445

Figure 1. The structure of ulvan, the main disaccharide units [B-D-
Glep A-(1 — 4)-0-L-Rhap 3s] and [o-L-Idop A-(1 — 4)-a-L-Rhap 3s],
G: (1 — 4)-linked B-p-glucuronic acid; R: (1 — 4)-linked a-L-rham-
nose-3-sulfate (linked with B-p-glucuronic acid); I: (1 — 4)-linked o-L-
iduronic acid; R": (1 — 4)-linked a-L-rhamnose-3-sulfate (linked with
o-L-iduronic acid).

position, type of sugar, and glycosidic branching.®
Thus, chemical modifications of polysaccharides pro-
vided an opportunity to obtain new agents with possi-
ble therapeutic uses.” In the present study, acetylated
and benzoylated derivatives of ulvan were prepared
and their antioxidant activity in vitro was determined.
To our knowledge, the preparation and antioxidant
activity of acetylated and benzoylated ulvans have
not been reported.

Ulva pertusa was collected on the coast of Qingdao
China. Algae were washed, air-dried, and kept in plas-
tic bags at room temperature before using. Ulvans were
obtained according to the method of Yu et al.'® The
acetylated ulvan was prepared by the method of Tosh
et al.!' with minor modification. Briefly, a mixture of
ulvan (8g) and DMAc (N,N-dimethylacetamide)
(300 mL) was heated to 150 °C for 26 min. Then, LiCl
(lithium chloride) (6.5 g) was added and the mixture
was heated to 166 °C for 8 min. And then the reaction
mixture was cooled to room temperature and stirred
overnight for dissolution. The ulvan solution prepared
above was diluted to 1% by further addition of DMAc
solvent. To 100 mL of 1% ulvan solution, 7.0 g of p-
TsCl (p-toluenesulfonyl chloride) was added, followed
by dropwise addition of 30 mL of Ac,O (acetic anhy-
dride). After reaction for 10 h at 60 °C, the mixture
was terminated by pouring 50 mL of distilled water,
cooled to room temperature, and precipitated with
85% ethanol for 24 h. The precipitate was filtered off
and washed three times with ethanol, and then dis-
solved in 100 mL distilled water. The solution was dia-
lyzed against tap water for 48 h and distilled water for
48 h using 3600 Da Mw cutoff dialysis membranes. The
product was then concentrated and lyophilized to give
acetylated ulvan (yield, 75.6%). The benzoylated ulvan
was prepared according to a similar procedure, except
that Ac,O was replaced with phthalic acid anhydride
(yield, 65.3%). Infrared spectra were recorded from
polysaccharide powders in KBr pellet on a Nicolet-
360 FTIR spectrometer. The symbols and IR spectrum
data of natural ulvan and its derivatives are shown in
Table 1. The peaks at 1747 and 1716 cm™' were as-
signed to the characteristic absorbance of C=0 (ester)
stretching vibration, which showed that the acetylated
and benzoylated ulvans were obtained.'®!" Both the
derivatives of ulvan (AU and BU) gave broad signals
in the '"H NMR and '>C NMR spectra recorded in
D,O with poor resolution. The substituted positions
needs to be further studied.

Table 1. The symbols and IR spectrum data of natural ulvan and its
derivatives

Samples IR (KBr) (cm™)

U? 1641, 1260, 850

AU® 1747 (C=0)", 1626, 1246, 835

BU® 3028 (=C-H)*, 1716 (C=0)", 1621, 1568 (C=C)', 1447
(C=0C)', 1264, 845

#Ulvan, the natural polysaccharide extracted from Ulva pertusa.
® Acetylated ulvan.

¢ Benzoylated ulvan.

4C=0 of ester.

¢=C-H of phenyl group.

fC=C of phenyl group.

The superoxide radical scavenging ability of natural ul-
van and its derivatives was assessed by the method of
Nishimiki et al.!? The reaction mixture, containing sam-
ples (0.006-0.2 mg/mL), Tris-HCl (16 mM, pH 8.0),
NADH (338 uM), NBT (72 uM), and PMS (30 uM),
was incubated at room temperature for 5 min and the
absorbance was read at 560 nm against a blank. The
capability of scavenging superoxide radical was calculat-
ed using the following equation:

SCﬂVeHging effect (%) = (1 - AsampleSéO nm/Acomrol 560 nm)
x 100,

where Acontrol 560 nm 18 the absorbance of the control
(Tris—HCl buffer, instead of sample).

According to the reference,'? the reaction mixture, total
volume 4.5 mL, containing the samples (0.25-1.52 mg/
mL), EDTA-Fe?* (220 uM), safranine O (0.23 uM),
and H,0, (60 uM) in potassium phosphate buffer
(150 mM, pH 7.4), was incubated for 30 min at 37 °C
and the absorbance was read at 520 nm against a blank.
Hydroxyl radical bleached the safranine O, so decreased
absorbance of the reaction mixture indicated a decrease
in hydroxyl radical scavenging ability. The capability of
scavenging hydroxyl radical was calculated using the
following equation:

Scavenging effect (%) = [(Asample 520 nm

- Ablank 520 nm)/(Acomrol 520 nm
— Ablank 520 nm)] X 100,

where Aplank 520 nm 18 the absorbance of the blank (dis-
tilled water, instead of the samples) and Aconerol 520 nm
is the absorbance of the control (phosphate buffer, in-
stead of H,0»).

The reducing power of natural ulvan and its derivatives
was quantified by the method described earlier by Yam-
aguchi et al.'* with minor modification. Briefly, 4 mL of
reaction mixture, containing different concentration of
samples (0.39-1.01 mg/mL) in phosphate buffer
(0.2 M, pH 6.6), was incubated with potassium ferricy-
anide (1% w/v) at 50 °C for 20 min. The reaction was
terminated by TCA solution (10% w/v). And then the
solution was mixed with distilled water and ferric chlo-
ride (0.1% w/v) solution and the absorbance was mea-
sured at 700 nm. Reducing power was expressed as a
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percentage of the activity shown by a 1 mM solution of
Vitamin C.

The ferrous ion chelating ability of natural ulvan and
its derivatives was investigated according to the meth-
od of Lopes et al.!> Briefly, the reaction mixture, con-
taining samples (0.25-1.90 mg/mL), FeCl, (0.1 mL,
2mM), and ferroizine (0.4 mL, 5mM), was shaken
well and incubated for 10 min at room temperature.
The absorbance of the mixture was measured at
562 nm against a blank. The ability of all samples to
chelated ferrous ion was calculated using the following
equation:

Chelating ability (%) = (4control 562
- Asample 562 ) /Acontrol 562 X 1007

where Aconirol 562 18 the absorbance of the control (dis-
tilled water, instead of sample).

The data presented are means £SD of three determina-
tions and followed by Student’s ¢ test. Differences were
considered to be statistically significant if P < 0.05.

Superoxide radical was generated in a PMS/NADH sys-
tem for being assayed in the reduction of NBT. Figure
2a depicts the inhibitory effect on the superoxide radical
of U, AU, and BU. The inhibitory effect of all samples
was marked and concentration related. As shown in Fig-
ure 2a, for U, AU, and BU, at the concentration below
0.05 mg/mL, the scavenging effect significantly increased
with increasing concentration, at the concentration
higher than 0.08 mg/mL, the scavenging effect was about
90% and increased slowly. On the other hand, at the
concentration below 0.03 mg/mL, U showed stronger
scavenging activity against superoxide radicals than
AU and BU. At the concentration over 0.08 mg/mL,
scavenging activity of U was weaker than that of AU
and BU, but the difference was not significant. The
ICsy values of U, AU, and BU were 9.17, 12.1, and
22.7 ug/mL, respectively. We also studied the scavenging
activity of Vitamin C against superoxide radical using
the above-mentioned model. As shown in Figure 2b,
the ICsg value of Vitamin C was 1.6 mg/mL. Compared
with this result, natural ulvan and its derivatives showed
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stronger scavenging activity for superoxide radicals than
Vitamin C (P < 0.05). Although superoxide is a relative-
ly weak oxidant, it decomposes to form stronger, reac-
tive oxidative species, such as singlet oxygen and
hydroxyl radicals, which initiate peroxidation of lipids.
Furthermore, superoxides are also known to indirectly
initiate lipid peroxidation as a result of H>O, formation,
creating precursors of hydroxyl radicals.'® These results
clearly suggested that the antioxidant activities of all
samples were related to their abilities to scavenge
superoxides.

The hydroxyl radicals, generated by the Fenton reaction
in the system, were scavenged by natural ulvan and its
derivatives. The scavenging effects of all samples and
Vitamin C are shown in Figure 3. Among the three sam-
ples and Vitamin C, AU exhibited the strongest scaveng-
ing activity against hydroxyl radical. Moreover, the
three samples showed higher scavenging activity against
hydroxyl radical than Vitamin C, and that the scaveng-
ing effect of all samples and Vitamin C increased with
increasing the concentration. At a concentration of
0.25-1.52 mg/mL, the scavenging effect was 3.3-37%
for U, 30.8-70.2% for AU, 10.4-46.9% for BU, and
2.7-36.2% for Vitamin C. The ICsy value of AU was
0.88 mg/mL, however, the ICs, values of U, BU, and
Vitamin C could not be read in Figure 3.
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Figure 3. Scavenging effect of natural ulvan, its derivatives and
Vitamin C on hydroxyl radicals. Values are means £ SD (n = 3).
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Figure 2. (a) Scavenging effect of natural ulvan and its derivatives on superoxide radicals. Values are means * SD (n = 3). (b) Scavenging effect of

Vitamin C on superoxide radicals. Values are means + SD (n = 3)
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For hydroxyl radical, there are two types of antioxida-
tion mechanism; one suppresses the generation of the
hydroxyl radical, and the other scavenges the hydroxyl
radicals generated. In the former, the antioxidant activ-
ity may ligate to the metal ions which react with H,O, to
give the metal complexes. The metal complexes thus
formed cannot further react with H,O, to give hydroxyl
radicals.!” In this study, in another assay system, we
demonstrated the iron chelating ability of all samples.
U and BU samples exhibited weak chelating ability. It
was likely that both of the two mechanisms might be
responsible for the inhibition of hydroxyl radical. How-
ever, AU showed strong chelating ability. It was likely
that the radical scavenging activity of AU might be
attributed to the chelating ability. The mechanism of
natural ulvan and its derivatives on the hydroxyl
radicals need to be further investigated.

In the reducing power assay, the yellow color of test
solution changes into various shades of green and blue
colors depending on the reducing power of antioxidant
samples. The reducing capacity of a compound may
serve as a significant indicator of its potential
antioxidant activity. The presence of reductants such
as antioxidant substances in the antioxidant samples
causes the reduction of the Fe®*/ferricyanide complex
to the ferrous form. Therefore, Fe?* can be monitored
by measuring the formation of Perl’s Prussian blue at
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Figure 4. Reducing power of natural ulvan and its derivatives. Values
are means £ SD (n = 3). Reducing power was expressed as a percent-
age of the activity shown by a 1 mM solution of Vitamin C.
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700 nm.'® Figure 4 depicts the reducing power of U,
AU, and BU. The reducing power of AU and BU corre-
lated well with increasing concentration. In addition, the
reducing power of ulvan derivatives was more pro-
nounced than that of natural ulvan, and that of BU
was the most pronounced (P <0.05, compared with
U). The orders of reducing power were BU > AU > U.
However, for all the samples, the reducing power was
weaker than that of Vitamin C. Tanaka et al.'® reported
that the antioxidant activity was concomitant with the
reducing power. Our data on the reducing power of all
samples, especially AU and BU, suggested that it was
likely to contribute toward the observed antioxidant
effect.

Among the transition metals, iron is known as the most
important lipid oxidation pro-oxidant due to its high
reactivity. The ferrous state of iron accelerates lipid oxi-
dation by breaking down hydrogen and lipid peroxidase
to reactive free radicals via the Fenton type reaction
(Fe** + H,0, — Fe’* + OH™ + OH’). Fe’* jon also
produces radicals from peroxides, although the rate is
tenfold less than that of Fe** ion.2° Fe** ion is the most
powerful pro-oxidant among various species of metal
ions.?! Ferrozine can quantitatively form complexes
with Fe?*. In the presence of other chelating agents,
the complex formation is disrupted with the result that
the red color of the complexes decreases. Measurement
of color reduction therefore allows estimating the metal
chelating activity.?>?* Figure 5a shows that the ferrous
ion chelating ability of AU was concentration related
and that of U and BU was not concentration dependent.
The chelating ability of U and BU was weak. At a con-
centration of 0.31-1.88 mg/mL, the chelating ability ran-
ged from 10% to 20% for U and BU. AU showed the
strongest chelating ability among the three samples. At
a concentration of 0.31-1.88 mg/mL, the chelating abil-
ity ranged from 37% to 78% for AU. However, as shown
in Figure 5b, compared with EDTA, the chelating abil-
ity of all samples, especially U and BU on ferrous ion,
was weaker. Gordon reported that chelating agents,
which form ¢ bonds with a metal, are effective as
secondary antioxidants because they reduce the redox
potential, thereby stabilizing the oxidized form of the
metal ion.?* In addition, it was reported that the
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Figure 5. (a) Chelating ability of natural ulvan and its derivatives. Values are means + SD (n = 3). (b) Chelating ability of EDTA. Values are

means * SD (n = 3).
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compounds with structures containing two or more of
the following functional groups: ~-OH, —SH, ~-COOH,
-PO3;H,, C=0, -NR,, -S—, and —O- in a favorable
structure—function configuration can show metal chela-
ting activity.?>-2°

The acetylated and benzoylated ulvans exhibited higher
antioxidant activity than natural ulvan in certain antiox-
idant systems in vitro, which indicated that the chemical
modification of ulvan could enhance their antioxidant
activity. In our previous study, different sulfate content
ulvans showed different antioxidant activity, further-
more, high sulfate content ulvans showed stronger anti-
oxidant activity than natural ulvan.’> In addition, the
acetylated ulvan (AU) exhibited stronger chelating abil-
ity compared with high sulfate ulvan (HUS, sulfate con-
tent 32.8%). At a concentration of 1.85mg/mL, the
chelating ability was 36% and 75%, for HUS5 and AU,
respectively. Yuan et al.?’ reported that oversulfated
and acetylated k-carrageenan oligosaccharides showed
higher scavenging activity on superoxide radical than
k-carrageenan oligosaccharides. These results proved
that chemical structure modification of polysaccharide
could enhance their antioxidant activity.

According to previous studies, the addition of electron-
donating substituents to a heterocyclic ring increased
radical scavenging activity as a result of increasing elec-
tron density at carbon atoms in the heterocyclic ring. In
contrast, the presence of electron-withdrawing substitu-
ents decreases electron density around the heterocyclic
ring, hence decreasing its ability to scavenge free radi-
cals.?®?° However, Yanagimoto et al.3® reported that
addition of electron-withdrawing groups (acetyl) to the
pyrrole enhanced antioxidant activity. This suggests that
only the electron density of carbon atoms on a heterocy-
clic ring may not determine the strength of antioxidant
activity. Other properties of the compounds, such as
polarity, may also be involved in their antioxidant activ-
ity. Thus, further investigation is necessary to clarify this
point.3® One of the mechanisms involved in antioxidant
activity is the ability of a molecule to donate a hydrogen
atom to a radical and the propensity of hydrogen dona-
tion is the critical factor that involves free radical scav-
enging.>! In our opinion, the antioxidant activity may
have originated from their hydrogen atom-donating
capacity. The acetyl and benzoyl groups, which might
substitute in C-2 and (or) C-3 of ulvan, could activate
the hydrogen atom of the anomeric carbon. The higher
activated capacity of the group, the stronger hydrogen
atom-donating capacity the derivatives have. The acety-
lated and benzoylated ulvans appear to function as good
hydrogen atom donors and therefore should be able to
terminate radical chain reactions by converting free rad-
icals to more stale products. Hence, acetylated and ben-
zoylated ulvans showed more pronounced antioxidant
activity than natural ulvan.

In conclusion, the antioxidant activity of natural ulvan,
acetylated and benzoylated ulvans in vitro was deter-
mined, including scavenging activity against superoxide
and hydroxyl radicals, reducing power, and chelating
ability. Among the three samples, acetylated ulvan

showed the strongest scavenging activity against
hydroxyl radical and chelating ability, however, benzoy-
lated ulvan exhibited the strongest reducing power.
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