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Studies on telluric hyaluronic acid (TeHA): A novel antioxidant�
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a b s t r a c t

A novel telluric hyaluronic acid (TeHA) compound was synthesized to imitate the antioxidant enzyme glu-
tathione peroxidase (GPX). The GPX activity of the mimic was found to be 164 U/�mol, which is 165 times
Tellurium
Mitochondria
Glutathione peroxidase

as active as Ebselen [PZ51], a well-known GPX mimic. Antioxidant activity was studied by using a fer-
rous sulfate/ascorbate (Fe2+/Vc)-induced mitochondria damage model system. TeHA markedly decreased
the swelling of mitochondria, inhibited the lipid peroxidation, maintained the activity of cytochrome c
oxidase, and exhibited excellent antioxidant ability.
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. Introduction

Reactive oxygen species (ROS), such as superoxide anion, H2O2,
rganic peroxide, and hydroxyl radical, are constantly being gener-
ted in aerobic organisms during normal respiration. In addition,
nvironmental factors (such as ionizing radiation) and patholog-
cal compounds (such as �-amyloid in Alzheimer’s disease) can
enerate ROS. Although ROS at physiological concentration may
e required for normal cell function, excessive amount of ROS can
amage cellular components, such as lipids, protein, and DNA [1,2].
lutathione peroxidase (GPX) is one of the most crucial antioxi-
ant enzymes in a variety of organisms. It distributes extensively

n cells, blood, and tissues, and can remove various ROS produced
y free radical reactions. However, GPX, a therapy enzyme, has
ome limitations: limited sources, solution instability, short half-
ife, and proteolytic digestion. Therefore, more attention has been
aid to artificial imitation of GPX [3,4]. Some mimics have been
ynthesized, like Ebselen, 6-selenium bridged�-cyclodextrin (6-
eCD), dicyclodextrinyl ditelluride (2-TeCD) [5–7], etc. But most of
hem have low GPX activity. Hyaluronic acid (HA), a high molecu-
ar mass mucopolysacchride, consists of N-acetyl-d-glucosamine
GLcNAc) and d-glucuronic acid. HA is the main component of
xtracellular and intercellular matrix of mammal tissues [8,9]. We
ncorporated the catalytic group —the tellurium bound (-TeH) into
A and synthesized a novel telluric hyraluronic acid compound
eHA, which exhibited good water solubility and high GPX activ-
ty. We constructed a ferrous sulfate/ascorbate (Fe2+/Vc)-induced

itochondria damage model system and investigated the capac-

ty of TeHA in protecting mitochondria from oxidative damage. We
ound that HA is a strong antioxidant. This is the first report about
mitating GPX by using HA.

� This research is one of scientific research items of Ministry of Education of
eilongjiang (No. 11521307), and it was sponsored by Ministry of Education of
eilongjiang.
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. Experimental

.1. Materials

Medical standard hyaluronic acid was obtained from Huayuan
ioengineering Corporation (Shandong, China). P-Toluene sulfony-
hloride (p-TsCL) and tellurium were purchased from Tianjin
hemical Plant (Tianjin, China). Sodium borohydride, reduced
lutathione (GSH), NADPH, glutathione reductase (Type III),
ytochrome c, and ascorbate were products of Sigma. Hydroxyl
eroxide (H2O2) and potassium phosphate were obtained from
eijing Chemical Factory (Beijing, China), and Sephadex G-25 was
urchased from Bio-Rad. Shanghai Biochemistry Reagent Corpora-
ion (Shanghai, China) supplied us with thiobarbituric acid (TBA).
ovine serum albumin was from Shanghai Biochemistry Institute
Shanghai, China). All other chemicals were of the highest purity
ommercially available and were used without further purification.

.2. Apparatus

JJ-2 high-speed tissue blender is made in Changzhou Guo-
ua Electrical Appliance Corporation (Changzhou, China), J-25

ow temperature high speed centrifuger is Beckman Company’s
roduct. TGL-16 bench-top centrifuge is from Shanghai Anting
cience Instrument Plant (Shanghai, China). 752N ultraviolet and
isual light spectrophotometer and 760CRT double beam ultravi-
let and visual light spectrophotometer are both from Shanghai
xactitude Science Instrument Corporation (Shanghai, China). H2S-

constant-temperatured water bath shaker is made in Harbin
onglian Electron Technique Exploiture Corporation (Harbin,
hina).

.3. Methods
.3.1. Synthesis of mimic TeHA

.3.1.1. Preparation of HA Toluene sulfonyl ester. A 2.0 g of HA was
issolved in 80 ml of 0.15 M NaOH (0.15 mol/l). While maintain-

ng the mixture pH > 12.5 with an addition of 1.0 M NaOH solution,

http://www.sciencedirect.com/science/journal/13811177
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0 ml of acetonitrile solution containing 4.0 g of p-TsCl was dropped
lowly into the mixture at ambient temperature. After being stirred
or an hour, the mixture was adjusted to pH 7.0 with 1 M HCl. Then
100 ml of methanol was added into the mixture. The mixture was
ondensed to 80 ml by methanol vaporization under decompress-
ng condition after filtration with 3 mm Whatman filter. Then it was
tored in a 4 ◦C refrigerator. Eight days later, the mixture was fil-
ered to remove insoluble substances. The mixture was centrifuged
t 900 × g (20 min), and the HA Toluene sulfonyl ester in the super-
atant was purified by filtration chromatography with a Sephadex
-25 column. The first peak of the elution containing HA Toluene
ulfonyl ester was collected and freeze-dried by lyophilization.

.3.1.2. Preparation of NaHTe. NaHTe was prepared according to ref-
rence [10]. Finely ground elemental tellurium (1.3 g) and NaBH4
0.9 g) were heated in ethanol (30 ml) at reflux under nitrogen for
.5 h. After cooling to ambient temperature, acetic acid (3 ml) was
dded to the solution. After heading the above solution to 100 ◦C,
ark precipitate was found in the solution and the topper achro-
atous transparent solution is ethanol solution including NaHTe.

.3.1.3. Synthesis of TeHA. A 100 mg of HA Toluene sulfonyl ester
as fully dissolved in 10 ml of H2O, then 5 ml of NaHTe was added
nder the protection of pure nitrogen. Next, the mixture was incu-
ated at 60 ◦C for 48 h. After being oxidized in air, the reaction
ixture was centrifuged at 900 × g (10 min). The supernatant was

oaded onto Sephadex G-25 column for filtration chromatogra-
hy. The first elution peak containing TeHA was collected and

yophilized into dried powder.

.3.2. The GPX activity of TeHA
The TeHA can catalyze the reduction of hydroperoxides such as

OOH.

GSH + ROOH
TeHA−→GSSG + ROH + H2O

The catalytic activities were measured according to Wilson’s
ethod [13]. As shown in the following reactions, the pres-

nce of GSSG reductase and NADPH allows the progress of the
eHA-catalyzed reduction reaction to be spectrophotometrically
onitored at an observance of 340 nm.

The reactions were carried out at 37 ◦C in 0.5 ml of solution con-
aining 50 mM potassium phosphate buffer, pH 7.0, 1 mM EDTA,
mM sodium azide, 1 mM GSH, 0.25 mM NADPH, 1 U of GSH reduc-

ase, and an aliquot of TeHA. The mixtures were preincubated for
0 min. The reactions were then initiated by addition of 0.5 mM
2O2, and the GPX activities of TeHA were detected by measuring

he decrease of NADPH at a 340 nm observance. Appropriate con-
rols were run without TeHA. One unit of enzyme activity is defined
s the amount of mimic that utilizes 1 �mol of NADPH per minute.
he activity is expressed in U/�mol of enzyme mimic.

.3.3. Establishment of ferrous sulfate/ascorbate
Fe2+/Vc)-induced mitochondrial damage model
Bovine heart mitochondria were prepared and stored accord-
ng to the procedures described in Xue’s report [12]. Mitochondria
rotein concentration was determined by the method of Folin
14] with bovine blood serum albumin as standard protein. A fer-
ous sulfate/ascorbate (Fe2+/Vc)-induced mitochondrial damage
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odel was constructed according to the published protocols [15].
he incubation mixture consisted of 0.125 M KLC, 1 mM MgCL2,
mM glutamate, mitochondria (0.5 mg protein/ml), 1 �M GSH, and
ppropriate enzyme mimic in 10 mM potassium phosphate buffer,
H 7.4, 37 ◦C. MDA content and swelling of the mitochondria were
etermined at intervals after addition of 0.5 mmol/l ascorbate and
2.5 �mol/l ferrous sulfate. Damage experiments were carried out
ithout the enzyme mimic as the damage group; experiments
ithout enzyme mimic, ascorbate, and ferrous sulfate were known

s the control group.

.3.4. Assays for mitochondria swelling
When the membrane of mitochondria is being damaged, mito-

hondrial swelling occurs. The swelling of mitochondria was
ssayed according to the method presented in reference [16].
hanges in light scattering are correlated with the degree of mito-
hondrial swelling. The swelling of mitochondria was measured
s the decrease in turbidity of the reaction mixture at 520 nm. A
ecrease of the absorbance indicates an increase in the mitochon-
rial swelling and a decrease in the mitochondrial integrity.

.3.5. Measurement of lipid peroxidation
The level of lipid peroxidation was determined by measur-

ng the formation of malondialdehyde (MDA), the final product
f lipid peroxidation. MDA content in ferrous sulfate/ascorbate-
reated mitochondria was analyzed by a thiobarbituric acid assay. In
his assay, TBA reacts with MDA and/or other carbonyl by-products
f free radical-mediated lipid peroxidation to give colored conju-
ates in acid environment under heating condition. The colored
onjugates absorb the most light at 532 nm; the absorbance was
irectly proportional to the contents of MDA and/or other car-
onyl by-products of free radical-mediated lipid peroxidation. The
xperiment process was as followed: 1. A sample of 350 �l reac-
ion mixture was taken at different time points. 2. The sample
as mixed with 350 �l of 700 g/l trichloroacetic acid (TCA) and

50 �l of 5 g/l TBA. 3. The mixtures were heated for 40 min at 80 ◦C.
fter cooling and centrifugation, the supernatant was measured at
32 nm.

.3.6. Detection of cytochrome c oxidase (CCO) activity
Samples of 900 �l incubation mixture was taken at different

ime points and centrifuged (10,000 × g, 2 min, 4 ◦C). The pre-
ipitate was washed with 10 mM potassium phosphate buffer,
H 7.4 containing 125 mM KCl, 1 mM MgCl2, and 5 mM gluta-
ate. Then the precipitate was suspended in a small amount

f 100 mM potassium phosphate buffer, pH 7.0, and samples of
00 �l was taken for CCO activity assay [17]. The CCO activity
as measured at 550 nm in a 1 ml reaction volume, in which the

ytochrome c concentration was 15 �M. The absorbance decreases
s the oxidation of cytochrome c processes in the sample. A 5 �l
f 10 mM K3Fe(CN)6 was added into the reaction to oxidize the
ytochrome c thoroughly when the reaction was nearly complete.
he absorbance intensity at this time was recorded as A∞. A plot
f in (At − A∞) versus time was made (At = absorbance at time t).
he absolute values of the line slope and Kapp, the apparent rate
onstants of cytochrome c oxidation, were used for indicating CCO
ctivity.

. Results and discussion
.1. Structure and characterization of TeHA

TeHA was characterized by elemental analysis, IR, 1H NMR, 13C
MR (see Scheme 1) [11,12].
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Scheme 1.

Table 1
The GPX Activity of TeHA and other species

Species Substrate Activity (U/�mol)

Ebselen H2O2 0.99
2-SeCD H2O2 7.4
6-diSeCD H2O2 13.5
2-TeCD H2O2 46.7
TeHA H2O2 163.56

Reactions were carried out in 50 mM potassium phosphate buffer, pH 7.0, 1 mM
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Fig. 1. (A) Effect of concentration of TeHA on the swelling of mitochondria.
(�) Damage; (♦) damage +0.25 �mol/l TeHA; (�) damage +0.5 �mol/l TeHA; (©)
damage +1 �mol/l TeHA; (*) control. (B) Effect of the different GPX mimics on
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integrity of mitochondrial membrane is very important for the

2+
SH, 0.5 mM H2O2. One unit of enzyme activity is defined as amount of mimic which
tilizes 1 �mol of NADPH per minute. The activity is expressed in U/�mol of enzyme
imic.

.2. The GPX activity of TeHA

The GPX activity of TeHA and other species was determined (as
escribed above in Section 2.3.2) by using H2O2 as substrate. The
esults are summarized in Table 1.

The GPX activities of Ebselen, 2-SeCD, 6-diSeCD, and 2-TeCD are
.99, 7.4, 13.5, and 46.7 U/�mol, respectively. Surprisingly, the GPX
ctivity of TeHA in reduction of H2O2 with GSH is 163.56 U/�mol,
hich has a remarkably higher catalytic efficiency than those of

bselen, 2-SeCD, 6-diSeCD, and 2-TeCD.

.3. The effect of telluric hyaluronic on the swelling of damage
itochondria

The model of ferrous sulfate/ascorbate (Fe2+/Ve)-induced mito-
hondrial swelling was established for evaluating the antioxidant
unction of TeHA. Mitochondrial swelling can be correlated with
hanges in light scattering. The results are shown in Fig. 1A.

decrease in the absorbance at 520 nm reflects an increase in
itochondrial swelling and a decrease in mitochondrial integrity.

he absorbance at 520 nm for the control group (without TeHA
s well as ferrous sulfate/ascorbate) remained basically constant,
hereas the absorbance for the damage group (with ferrous sul-

ate/ascorbate) decreased considerably with time, indicating that
he Fe2+/Vc-induced damage resulted in extensive mitochondrial
welling. In other words, in the absence of TeHA, mitochondria were
everely damaged by ferrous sulfate/ascorbate, and such damage
ncreased as the incubation time increased. The reason for mito-
hondria swelling is that H2O2 produced by Fe2+/Vc was converted
nto •OH which initiates lipid peroxidation and destroys the struc-
ure of membrane. However, in the presence of TeHA, the swelling of

itochondria decreased, showing the protection effect of TeHA on
itochondria against the damage from ferrous sulfate/ascorbate.

uch protection effects increased significantly as the concentration
f TeHA increased. That is, the reactive oxygen radicals produced by
errous sulfate/ascorbate were eliminated by TeHA. The GPX mim-

cs TeHA, 2-TeCD, and Ebselen displayed different levels of ability
o inhibit the swelling of mitochondria. As evidenced by Fig. 1B,
eHA was the best ROS scavenger among those studied. This is in
greement with the H2O2 removal activities of these GPX mimics.

a
o
d
t

he swelling of mitochondria. (�) Damage; (♦) damage +2 �mol/l Ebselen; (�)
amage + 2 �mol/L2-TeCD; (©) damage + 2 �mol/l TeHA; (*) control. For damage
onditions, see Section 2.3.4. The ordinate axes have been interrupted in both (A)
nd (B).

.4. The effect of telluric hyaluronic on lipid peroxidation

The antioxidant effects of TeHA were also evaluated in protecting
itochondria against lipid peroxidation. The polyunsaturated fatty

cid in mitochondrial membrane is readily attacked by ROS, pro-
ucing MDA. MDA therefore was used to measure the extent of lipid
eroxidation. Fig. 2A shows that TeHA effectively protects mem-
rane lipids from Fe2+/Vc-induced oxidative damage. The inhibition
f lipid peroxidation by TeHA was strongly dependent on the con-
entration of TeHA. The amount of MDA accumulation increased
ith time and decreased with the increase of TeHA concentra-

ion. That is, lipid peroxidation in mitochondria was considerably
educed in the presence of TeHA. To gauge the capacity of the three
PX mimics, TeHA, 2-TeCD, and Ebselen to inhibit MDA accumula-

ion, their antioxidant activities were determined under identical
onditions. As evidenced by Fig. 2B, the capacity of TeHA to decrease
he MDA accumulation was greater than that of 2-TeCD and Ebselen.

.5. The protective effects of telluric hyaluronic on CCO

CCO is not only one of the key redox enzymes of electron trans-
ort chain, but is also a marker enzyme of mitochondria. The
ctivity of this enzyme. Mitochondria exposed to Fe /Vc-induced
xidative stress leads to peroxidization. The integrity of mitochon-
ria is destroyed, resulting in a decrease in CCO activity. Fig. 3 shows
hat the CCO activity was decreased by ferrous sulfate/ascorbate
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Fig. 2. (A) Dependence of extent of MDA accumulation on concentration of TeHA.
(♦) Control; (�) damage + 1 �mol/l TeHA; (�) damage + 0.5 �mol/l TeHA; (*) dam-
age + 0.25 �mol/l TeHA; (©) damage. (B) Effect of different GPX mimics on the MDA
accumulated during damage of mitochondria. (♦) Control; (�) damage + 2 �mol/l
TeHA; (�) damage + 2 �mol/l 2-TeCD; (*) damage + 2 �mol/l Ebselen; (©) damage.
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or damage conditions, see Section 2.3.5. The optical density (absorbance) values
epresent MDA equivalents and each is the mean of three determinations. The ordi-
ate axes have been interrupted in both (A) and (B).

Fe2+Vc)-mediated mitochondria damage. After 45 min, the CCO
ctivity of the damaged group was 59.7% of that of the control

roup, whereas 91% of CCO activity was retained in the presence
f 2 �mol TeHA. After 45 min under identical conditions, the CCO
ctivities retained in the presence of 2 �mol of 2-TeCD or Ebselen
ere 74.6% and 65.6% of the control group activity, respectively.

ig. 3. Effect of different GPX mimics on CCO activity in damaged mitochondria.
♦) Control; (�) damage + 2 �mol/l TeHA; (�) damage + 2 �mol/l 2-TeCD; (*) dam-
ge + 2 �mol/l Ebselen; (©) damage. Activity of CCO in the control group is defined
s 100%. For damage conditions, see Section 2.3.6. Values are mean values from three
ets of experiments. The ordinate axis has been interrupted.
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his results indicates that TeHA was the most effective GPX mimic
mong those tested.

The involvement of ROS in a wide variety of diseases and
he ageing process is now widely accepted [18,19]. Mitochon-
ria are one of the major sources of ROS production in cells
nd are particularly susceptible to oxidative stress [18,20]. It has
een revealed that ROS of mitochondria regulate the physiolog-

cal state of the cell and influence cell death [21]. Therefore, we
hose the mitochondrion as the model for our oxidative dam-
ge experiments. Exposing mitochondria in vitro to redox active
enobiotics can mimic the oxidative damage of mitochondria in
ivo.

In the ferrous sulfate/ascorbate-induced mitochondrion dam-
ge model system, the extent of swelling, MDA content, and
CO activity of the mitochondria were chosen as standards to
valuate the antioxidant effects of TeHA. Swelling and shrinking
f mitochondria is a normal physiological phenomenon during
espiration. However, abnormal swelling will disrupt the mitochon-
rial membrane and result in cell death. Mitochondrial swelling
herefore characterizes its integrity. Polyunsaturated fatty acids,
hich are found predominantly in mitochondrial membranes, are

specially vulnerable to ROS attack because of the high concen-
ration of allylic hydrogen in their structure. The resulting lipid
ydroperoxides can affect membrane fluidity and the function of
embrane proteins. The end products of lipid peroxidation are

eactive aldehydes such as 4-hydroxyl nonenal and malondialde-
yde, many of which are highly toxic to cells. Malondialdehyde
herefore was used to measure the extent of lipid peroxidation.
eHA reduced the swelling of mitochondria resulting from its
xidative damage and decreased the maximal level of MDA accu-
ulation and the slope of rapid phase of MDA accumulation. The

welling of mitochondria and MDA accumulation decreased by
eHA is a dose-dependent manner. Increasing concentration of
eHA prevented MDA accumulation and mitochondrial swelling
nd preserved CCO activity. The reason that TeHA inhibited MDA
ccumulation preserved CCO activity and decreased the swelling
f mitochondria can be explained by TeHA acting as a GPX
imic, which effectively scavenged hydroperoxides and protected
itochondria against oxidative damage. In order to further eval-

ate the GPX-like activity and the capacity of antioxidation of
eHA, we compared TeHA to other mimics. The GPX activities
re shown in Table 1. The activity of TeHA for the reduction
f H2O2 by GSH was measured to be 163.56 U/�M, a catalytic
fficiency remarkably higher than those of Ebselen, 2-SeCD, 6-
iSeCD, and 2-TeCD. The investigations of mitochondrial damage

nduced by ferroussulfate/ascorbate (Fe2+Vc) indicate that TeHA
s a more excellent antioxidant than other GPX mimics. A GPX

imic (2-TeCD) which is superior to Ebselen was reported in
eference [10]. According to their report, in the experiment of
ssaying mitochondrial swelling, when both TeCD and Ebselen con-
entration was 8 �mol/l in 20 min of incubation, the absorbance
as 55.2 and 89.6% of that of damage group, respectively, How-

ver, in our experiment, under the same conditions, when TeHA
oncentration was 1 �mol/l with a 20 min of incubation, the
bsorbance only was 36.2% of that of damage group; In the lipid
eroxidation experiment reported by Xue et al. [10] when both
-TeCD and Ebselen concentration was 8 �mol/l, in 30 min, the
bsorbance was 56.7 and 83.3%, of that of damage group, respec-
ively, whereas in our experiment, under identical conditions, when
eHA concentration was 1 �mol/l, the absorbance only was 14.3%
f that of damage group. This further indicated that the pro-
ection effect provided by TeHA is much greater than that by

-TeCD and Ebselen. Our data presented here strongly indicates
hat TeHA, as a novel PGX mimic, is superior to other reported GPX

imics.
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. Conclusions

In summary, TeHA is an excellent GPX mimic with the
dvantages of good water solubility and high GPX activity.
he investigation of mitochondrial damage model induced by
errous sulfate/ascorbate suggested that TeHA has stronger antiox-
dant activity than other GPX mimics. TeHA, as a novel GPX

imic, may have a widely application prospect of enzyme
herapy.
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