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Biomimetic peptides protect cells from oxidative stress
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Abstract: Most degenerative diseases are caused by free radicals. Antioxidin-RL peptide is a free radical scavenger
found in the skin of plateau frog Odorrana livida, which is more stable than vitamin C as it resists light-induced
degradation. However, whether and how antioxidin-RL protects cells from oxidative stress was not clear. Here we
addressed this issue, and in addition, we designed a series of antioxidin cognates by adding tyrosine residues to en-
hance free radical-binding capability. We performed free radical-clearing assays in solution to screen the mutants,
and found a mutant antioxidin-2 that was as stable as antioxidin-RL and cleared free radical faster. By using PC-12
cells as a model, we demonstrated that both antioxidin-2 and antioxidin-RL inhibited the accumulation of intracel-
lular free radicals triggered by H,0,, reduced mitochondria membrane potential dissipation, maintained mitochon-
drial morphology, and decreased the expression of dynamin-related protein-1 in mitochondria, with antioxidin-RL
more effective. Antioxidin-RL also attenuated the changes in SOD1 and GPx1 expression induced by H,O,. These
findings provide insight into the anti-oxidative mechanisms of antioxidin-RL and its derivatives, which will provide

rational basis for the development of more effective antioxidants to cure diseases.
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Introduction

Most of degenerative diseases in human are
caused by free radicals. For example, neuronal
degenerative diseases such as Parkinson’s dis-
ease and Alzheimer’'s diseases are closely
associated with free radicals [1-3], mainly reac-
tive oxygen species (ROS), cueing for the thera-
py by relieving neurons from ROS insult.
However, most of antioxidants such as vitamin
C are unstable. Therefore, it is important to
develop antioxidants that are more stable and
efficient than those commonly used.

It was recently found that the skin of a type of
frogs, Odorranalivida, had extraordinarily low
level of ROS despite high exposure to UV irra-
diation in the plateau environment, which was
attributed to the peptides secreted in the skin,
and one of the most efficient peptide was anti-
oxidin-RL (AR) [4-6]. Intriguingly, as elucidated
by the study on its ROS clearing mechanism,
unlike ROS scavenging enzymes such as super-
oxide dismutase (SOD) [7], AR functions direct-
ly as a reactant instead of a catalyst to reduce

ROS and not only works much faster than the
ordinary antioxidant L-ascorbic acid (Vc) but
also boasts a large free radical turnover
because one molecule of AR is capable of
reducing 6-7 molecules of 2,2-azino-bis(3-eth-
ylbenzthiazoline-6-sulfonic acid) (ABTS)+ free
radicals and binding additionally 4-6 molecules
of unreduced ABTS+ free radicals.

To explore whether AR mutants could result in
more potent antioxidant, we designed a series
of peptides based on AR structure, and deter-
mined their effects, under ROS insult circum-
stance, on PC12 cells, a cell type often being
used to study neuron functions and the underly-
ing mechanism. First, a batch of antioxidin cog-
nates was derived from rationally designed
amino acid sequence in reference to the in vitro
ROS clearing biochemical mechanism, provid-
ing a pool of peptide candidates for in vitro ROS
clearing activity assay and thus identifying the
promising mutants. Secondly, the effects of the
peptides on cell metabolic activity and intracel-
lular ROS level following H,O, treatment were
evaluated. Thirdly, since mitochondria is the
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most sensitive organelle in cells to oxidative
stress and crucial for cell metabolic activity,
mitochondria membrane potential and the
expression of dynamin-related protein 1 (Drpl)
were evaluated. Lastly, the expression of oxida-
tive stress responsive genes was examined
with and without the peptides protection
against ROS insult to clarify the anti-oxidative
mechanism.

Materials and methods
Peptide synthesis

AR, A2 and other mutant antioxidant peptides
are chemically synthesized by GL Biochem
(Shanghai) Ltd.

Cell culture

PC12 were cultured in high glucose DMEM
(Thermofisher Scientific) supplemented with
10% fetal bovine serum (FBS) (Thermofisher
Scientific) and 1% penicillin/streptomycin
(Thermofisher Scientific) in a humidified incuba-
tor with 5% CO,, at 37°C.

In vitro free radical scavenging evaluation

The ability of AR and its mutants to reduce free
radical was tested with ABTS+ free radical, the
reductive product of which presented a maxi-
mum absorbance at 340 nm whereby free radi-
cal scavenging ability could be measured by
calculating the speed of OD340 increase.
ABTS+ radical stock solution was made by addi-
tion of potassium persulfate to 7 mM ABTS
(Sigma) water solution to the final concentra-
tion of 3 mM and incubation at room tempera-
ture for at least 5 hours. Shortly before the test,
the stock solution was diluted by 75 folds with
phosphate buffered saline (PBS). The in vitro
reaction was started by the addition of 3 uM
AR, its mutants or Vc. 0D340 change was mon-
itored by a microplate reader (BioTek). Each
point represents the mean of triplicates + SD.

Cell metabolic activity evaluation

Cell metabolic activity was measured by using
CCK-8 kit (Beyotime Biotechnology). The assay
uses sodium-4-(3-(2-Methoxy-4-Nitrophenyl)-2-
(4-Nitrophenyl)-2H-Tetrazol-3-ium-5-yl) Benze-
ne-1,3-disulfonate (WST-8) that works in the
same principle as 3-(4,5-dimethylthiazole-2-yl)-
2,5-biphenyl tetrazolium bromide (MTT) [8].
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Briefly, cells were incubated in 96 well plate at
the density of 5000/well until 80% confluent,
cells were treated with 10-50 uM AR, A2 and Vc
for 12 hours, then 200 yM H,O, (Sigma) was
used to treat cells. After 12 hours of H,0, treat-
ment, cells were washed with PBS (The-
rmofisher Scientific) thrice before the addition
of 10% (v/v) CCK-8 solution in 100 uL DMEM to
cells in each well. Cells were incubated for
another 1 hour, and the samples were analyzed
by using a microplate reader at 450 nm. All
experiments were carried out in triplicates and
the data were represented as mean + SD.

Intracellular ROS evaluation

ROS accumulated in PC12 cells were tested
quantitatively with 2’,7’-Dichlorofluorescin dia-
cetate (DCFH-DA) probe (Sigma). DCFH-DA mol-
ecule is not fluorescent; it is cell permeable and
can be hydrolyzed to DCFH by intracellular
esterase. Once oxidized by ROS in cells, DCFH
is transformed to DCF, emitting fluorescence at
525 nm when excited under 488 nm so that
intracellular ROS level is reflected indirectly by
fluorescence intensity [9]. Briefly, cells were
seeded in 96 well plate to 80% confluent and
pretreated at 37°C with 10-50 uM AR, A2 or Vc
for 12 hours, and 200 yM H,0, was added for
another 12 hours of culture. Cells were then
washed with serum-free DMEM twice and incu-
bated with 10 uM DCFH-DA at 37°C for 30 min.
After DCFH-DA probe loading, cells were
washed with serum free DMEM twice, and the
fluorescent emission at 525 nm was examined
by a microplate reader with the excitation at
488 nm. All experiments were carried out in
triplicates and the data were represented as
mean = SD. The ROS level was shown as the
percentage with respect to the control.

Mitochondrial membrane potential (MMP)
evaluation

MMP evaluation was conducted with JC-10 Kit
(Yeasen). JC-10 is a soluble fluorescent probe
and is able to permeate through inner mito-
chondria membrane and gather in mitochon-
drial matrix as either monomer at low concen-
tration or dimer at high concentration. The con-
centration of JC-10 molecules in mitochondria
is positively correlated to MMP, consequently
the MMP in uninjured cells tends to amass high
concentration of JC-10, mostly resulting in
dimers, while with MMP declining, JC-10 con-
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Figure 1. Amino acid sequence alignment among antioxidin peptides and
ABTS+ free radical scavenging assay. (A) Amino acid sequence alignment be-
tween AR and its homologs antioxidin-RP1 and antioxidin-RP2. The consensus
was highlighted in frame. (B) ABTS+ free radical scavenging was tested at 340
nm. The in vitro reaction was started by addition of AR, Vc or the mutants to
ABTS solution. Final concentrations of antioxidants and ABTS+ free radical in
the reaction mixture were 3 and 40 uM respectively. (C) The same as (B), except
that samples was kept at room temperature and exposed to light and air for 1

week before the testing.

centration in mitochondria decreases so that a
part of the dimers convert to monomers revers-
ibly. The dimer emits red fluorescence at 590
nm and the monomer emits green fluorescence
at 525 nm. Taken together, the ratio between
the intensity of 590 nm to 525 nm (Emission at
590 nm/Emission at 525 nm) represents MMP.
The final result was the relative JC-10 ratio cal-
culated as the percentage of the JC-10 ratio of
the untreated cells [10]. 80% confluent PC12
cells were incubated in 96 well plate with or
without 10-50 uM AR, A2 or Vc for 12 hours,
followed by the treatment of 200 uM H,O, for
12 more hours. After these treatments, culture
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of cells and incubated for
25 min. The samples were
tested with a microplate
reader (BioTek) at 490/525
and 540/590 nm (Excita-
tion/Emission). All experi-
ments were carried out in
triplicates and the data
were represented as mean
+ SD. The ratio of Emi___to

590
Emi reflected the MMP

525
and the final results were
shown as the percentage

of the control.

Mitochondrial morphology
imaging

Cells were cultured to 80%
confluence and then treat-
ed with or without 50 uM
AR, A2 or L-ascorbic acid
(Ve) respectively for 12
hours. After being treated
with 200 uM H,0, for 12
hours, cells were washed
with HBSS and incubated
with 0.2 uM MitoTracker
Green (the excitation and
emission wavelength of Mi-
toTracker Green are 490
and 516 nm) for 25 min.
Then cells were washed
with  HBSS twice and
observed with confocal
microscope (Leica) at 40 x
objective.

Drp1 expression test

PC12 cells were treated with or without 10 uM
of AR, A2 and Vc for 12 hours, and 200 uM
H,0, was added for another 12 hours. Proteins
were isolated from the cells with Whole Cell
Extraction Kit (Chemicon). The extracted pro-
teins were quantified by BCA Protein Assay Kit
(Novagen). For Western blotting analysis, 12%
SDS-polyacrylamide gel was used for electro-
phoresis, and then protein samples were trans-
ferred to polyvinylidene difluoride (PVDF) mem-
branes (Millipore). The membrane was blocked
with 5% fat free milk in 1 X TBST buffer (10 x

Am J Transl Res 2017;9(12):5518-5527
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Table 1. Amino acid sequences and solubility of Antioxidin-RL and

the mutants

ments were carried out in
triplicates and the data

Name Sequence

AR Ala Met Arg Leu Thr Tyr Asn Arg Pro Cys lle Tyr Ala Thr

Al Ala Met Arg Leu Thr Tyr Asn Arg Pro Cys lle Tyr Ala Thr Tyr
A2 Tyr Met Arg Leu Thr Tyr Asn Arg Pro Cys lle Tyr Ala Thr

A3 Ala Met Arg Leu Thr Tyr Asn Arg Pro Cys lle Tyr Tyr Thr

Ad Tyr Ala Met Arg Leu Thr Tyr Asn Arg Pro Cys lle Tyr Ala Thr
A5 Tyr Met Arg Leu Thr Tyr Asn Arg Pro Cys lle Tyr TyrThr

Solubility were represented as mean
H + SD.
H . .
H Statistical analysis
L The results were displayed
L

as means +* standard devi-
L ation. SPSS 17.0 was used

The added tyrosine was marked in red. ‘H’ denotes high solubility and ‘L’ denotes low

solubility.

TBS contains 88 g NaCl, 24 g Tris Base and 13
ml HCl'in 1 L dH,0, 1 X TBST was made up of 1
L 1 x TBS and 1 mL Tween-20) and incubated
with rabbit monoclonal antibody Drpl (Novus
Biological Inc) and B-actin (Sigma) (1:1000 dilu-
tion) at 4°C overnight. After incubation with the
primary antibodies, the membrane was incu-
bated with horseradish peroxidase (HRP)-
conjugated anti-rabbit 1gG (R&D) for 1 hour at
room temperature. Chemiluminescent reaction
was performed with Chemiluminescent HRP
Substrate Kit (Millipore). The image was pre-
sented and analyzed by Chemi Doc XRS imag-
ing system (BIO-RAD). B-actin was used as the
internal reference for normalization.

Real-time quantitative PCR

PC12 cells were treated with or without 10 uM
of AR, A2 and Vc for 12 hours, and 200 uM
H,0, was added to the culture for 12 hours.
Total RNA from cells was isolated with TRIzol®
Reagent kit (Invitrogen) following the manufac-
turer’s protocol. First strand cDNA was synthe-
sized with the template of the extracted total
RNA through TIANScript cDNA kit (Tiangen).
About 100 ng of cDNA for each type of treat-
ment was used for quantification with Su-
perReal Premix Plus SYBR Green kit (Tiangen)
and ABI 7900HT Real Time PCR system. All the
samples were run in triplicates in a 384 well
plate. gPCR primers are listed below: GAPDH
(forward)-5’ GTGCCAGCC TCGTCTCATAG 3, GAP-
DH (reverse)-5° GAACTTGCCGTGGGTAGAGT 3/,
SOD1 (forward)-5 CCACGAGAAACAAGATGACT
3’, SOD1 (reverse)-5 GACTCAGACCACATAGGG-
AA 3, GPx1 (forward)-5 ATAGAAGCCCTGCTGT-
CCAA 3’, GPx1 (reverse)-5" ATCACCAAGCCCAGA-
TACCA 3'. Real-Time PCR analyses were carried
out using the 2(-Delta Delta C(T)) method
(2-AACt). The data were analyzed with the
2(-Delta Delta C(T)) method (2-AACt). All experi-
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to analyze the data in one-
way analysis of variance
(ANOVA) and LSD post hoc
test. P<0.05 was defined statistically signifi-
cant. Besides, two-factor analyses of variance
followed by LSD post hoc test were used for
comparison among efficacy of Vc, AR and A2 on
H,0, injured PC12 cells.

Results and discussion

A2 scavenges ABTS+ free radical faster than
the native counterpart AR

We designed a series of mutants based on the
conserved and variant domains of AR peptide.
The amino acid sequence alignment among AR
and its homologs antioxidin-RP1 and antioxidin-
RP2 highlighted a group of conserved amino
acid residues (Figure 1A), among which tyro-
sine 6 and 12 (Y6 and Y12) and cysteine 10
(C10) were reported to play a key role in free
radical reduction with Y6 and Y12 binding free
radicals and C10 forming anion first and then
donating an electron to reduce the bound free
radicals. The formation of cysteine anion
depends on the basic residue at the position 8
separated from C10 by proline 9 (P9). The
deprotonation of the thiol group in C10 is medi-
ated by the positive charge on the position 8
basic amino acid which was arginine (R) in AR
and lysine (K) in both antioxidin-RP1 and antiox-
idin-RP2 [4].

We postulated that adding the binding residue
tyrosine might promote the reductive potency
of the peptides on free radicals. Therefore, tyro-
sine was used to replace some non-conserved
residues or inserted directly into the sequenc-
es at various locations. The reason why no
more reductive residue cysteine was added to
the sequence was to avoid the generation of
intramolecular disulfide bond which would
block the generation of cysteine anion and in
turn hamper free radical reduction. Based on
this rationale, five AR-derivatives were con-

Am J Transl Res 2017;9(12):5518-5527
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trived (Table 1). However, 3 peptides A3, A4
and A5 had low solubility, and were excluded
from the further studies.

In the reaction of the peptides with ABTS+ free
radical, ABTS (maximal optical absorption at
340 nm) is formed as the reductive product
from the free radical, accompanied by the inter-
mediate product rendering maximal optical
absorption at 550 nm, which is the complex
of ABTS+ free radical and the peptide [11].
Considering the persistence of the free radical
in the intermediate product, OD,,, alone was
examined during the assay to keep track of the
reduction of free radicals. ABTS+ free radical
assay showed that AR and A2 cleared ABTS+
free radicals faster than Vc, with A2 more effec-
tive than AR (Figure 1B). To compare the stabil-
ity of A2, AR and Vc, the antioxidant in solution
were kept at room temperature and exposed to
light and air for 1 week before being used for
the free radical assays. As shown in Figure 1C,
the radical clearing efficiency dropped slightly
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Figure 2. PC12 Cell metabolic activity examined with
CCK-8 kit and intracellular ROS level examined with
DCFH-DA probe. A. Metabolic activity of cells treated
with antioxidants in the absence of H,0,. B. Metabol-
ic activity of H,O_-insulted cells with antioxidants. C.
intracellular ROS accumulation of H,O_-insulted cells
with antioxidants. All experiments were carried out
in triplicates. Data were shown as the percentage of
the values corresponding to the uninjured cells and
represented as mean + SD. *P<0.05 compared to
H,O -treated cells. X P<0.05 compared to untreated
cells. #P<0.05 compared to cells treated with H,0O,
and Vc at respective concentration.

for A2 and AR while Vc lost all activity (Figure
1C), suggesting that A2 and AR had excellent
stability. As the only promising mutant among
the cognates pool, A2 was selected to be fur-
ther examined together with AR and Vc (as
control).

AR and A2 attenuated PC12 cell injury in-
duced by H,0,

CCK-8 kit was used to evaluate cell metabolic
activity. First, we established the dosage range
of AR, A2 and Vc in which the antioxidants did
not harm cells. Vc at 100 uM significantly
decreased cell metabolic activity, yet the anti-
oxidant peptides AR and A2 showed no obvious
toxicity to PC12 cells at 100 yM (data not
shown). Therefore, all the subsequent experi-
ments were performed by using concentrations
10 and 50 yM. As shown in Figure 2A, AR as
well as A2 at 10 and 50 yM had no significant
effect on cell metabolic activity, while Vc at 10
and 50 uM caused a modest decrease in cell
metabolic activity.

Am J Transl Res 2017;9(12):5518-5527
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Figure 3. MMP evaluation with JC-10 probe and mitochondrial morphology
with MitoTracker Green. A. Relative JC-10 ratio representing MMP. JC-10 ratio
equals the intensity at 590 nm divided by that at 525 nm, and relative JC-10
ratio is represented as the percentage of values corresponding to the uninjured
cells. All experiments were carried out in triplicates and the data were shown
as mean + SD. % P<0.05, *P<0.05 and #P<0.05 as indicated in Figure 2. B.
Confocal microscopy image of mitochondrial morphology.

H,0, treatment decreased cell metabolic activ-
ity by 50% (Figure 2B). Vc failed to rescue the
effect of H,O,. AR was the most effective, show-
ing a dose-dependency in rescuing cells, and
AR at 50 yM completely abolished the adverse
effect of H,0,. A2 also displayed the protective
effect, however, weaker than its native counter-
part AR, which posed a contrast with its advan-
tage over AR in removing ABTS+ free radical.

AR and A2 suppress intracellular ROS content
boosted by H,0,

DCFH-DA was used to evaluate intracellular
ROS level. Consistent with the results of the
cell metabolic activity assay, Vc only slightly
decreased ROS level, while both AR and A2
decreased intracellular ROS in a dose-depen-
dent manner, with AR most effective (Figure
2C). These results suggest that the protective
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effect of the antioxidant
peptides could be attribut-
ed to the suppression of
intracellular ROS induced
by oxidative stress. How-
ever, other mechanisms by
which the peptides work to
protect oxidatively stress-
ed cells remains to be
investigated.

AR and A2 maintained
mitochondria membrane
potential (MMP) and mito-
chondrial morphology in
H,O treated PC12 cells

The energy producing me-
tabolism of mitochondria
depends critically on the
rigorous permeability of mi-
tochondrial membrane sys-
tem that holds up MMP
- formed by the proton gradi-
- ent between the intermem-
50 brane space and mitochon-
drial matrix. MMP is the
energy source for ATP syn-
thase localized on mito-
chondrial inner membrane
to convert ADP and phos-
phate into ATP. Oxidative
damage often results in
lossing permeability of the
membrane system, which causes dissipation or
even loss of MMP, not only impeding or termi-
nating ATP generation but mediating the gen-
eration of large amount of ROS as the byprod-
uct of the inefficient phosphorylation and
meanwhile the signal cascade to apoptosis will
be activated [12, 13]. Therefore, MMP was
used to evaluate mitochondria function and
test the protective effect of antioxidants pep-
tides on cells suffering from oxidative stress.
As shown in Figure 3A, H,0, treatment
decreased MMP by 50%. Vc at both concentra-
tions had modest effect, restoring MMP by
10%. 50 uyM AR and A2 recovered MMP by
30%, while 10 uM of AR as well as A2 rescued
MMP by 20-25%.

Since MMP reflects the functional state of mito-
chondria, it was expected that mitochondrial
morphology might also show difference under

Am J Transl Res 2017;9(12):5518-5527
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Figure 4. Drp1 expression by Western blotting analysis. (A) Images of the West-
ern blot. B-actin was used as the internal reference. (B) Bar graph showing
quantified densitometry from (A). Relative density was represented as the per-
centage of values corresponding to the uninjured cells. All experiments were
carried out in triplicates. Data were shown as mean * SD. »*P<0.05, *P<0.05

and #P<0.05 as indicated in Figure 2.

oxidative stress. The correlation of MMP to
mitochondrial morphology was validated by the
fluorescent imaging with laser confocal micro-
scope at 40 x objective. As shown in Figure 3B,
the uninjured cells adopted a polar shape with
mitochondria distributing homogeneously and
successively while the H,0, injured cells
appeared much rounder with mitochondria
agglomerating to tiny particles and distributing
discretely. The mitochondria morphology of the
impaired cells treated with AR was the closest
to the untreated cells, and A2 treatment had
more mitochondria recovery than Vc. Altogether,
MMP measurement and mitochondrial imaging
demonstrated that the antioxidant peptides
were able to rescue mitochondrial function and
morphology in H,0, injured cells, which also

5524

Western blotting analysis
indicated H,0, treatment
significantly boosted Drpl
expression and that AR, A2
and Vc all damped the
expression, with AR most
effective (Figure 4). The
apparent difference in
Drpl expression between cells with and with-
out AR or A2 suggested the antioxidant pep-
tides might inhibit oxidative stress induced
apoptosis by downregulating Drpl expression.
Together with the foregoing MMP evaluation
and mitochondrial morphology imaging, Drpl
expression once again highlighted mitochon-
dria as a crucial target for the antioxidant pep-
tides to protect cells from oxidative stress.

AR and Vc inhibited the change in SOD1 and
GPx1 expression caused by H,0, stimulation

To our knowledge, cells may exploit the inher-
ent defensive mechanism to resist oxidative
stress by regulating oxidative stress-responsive
genes, SOD1 and GPx1. SOD1 reduces super-

Am J Transl Res 2017;9(12):5518-5527
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Figure 5. Oxidative stress responsive gene expression detected by qPCR.
A. SOD1 mRNA expression level. B. GPx1 mRNA expression level. »$P<0.05,
*P<0.05 and #P<0.05 as indicated in Figure 2.

from oxidative stress from
superoxide and H,0,. So-
me antioxidants like lira-
glutide, piper sarmento-
sum and oleuropein, have
been reported to relieve
cells from oxidative stress
by regulating the expres-
sion of GPx1 and SOD1
[18-20]. To test whether AR
and A2 could also function
in the same way, gPCR was
done to test the expression
of SOD1 and GPx1 in H,0,-
treated PC12 cells. H,0,
treatment led to >2.5 fo-
Ids upregulation of SOD1,
which might have likely
conduced to the further
accumulation of H,0, in
cells. AR and Vc inhibited
H,0,-induced SOD1 upreg-
ulation, whereas A2 at this
concentration only partially
inhibited SOD1 upregula-
tion (Figure 5A). Therefore,
AR, Vc and A2 could inhibit
the possible H,0, accumu-
lation in the injured cells by
limiting SOD1 upregulation
caused by extracellular
H,0, stimulation.

In contrast, H,0, treatment
downregulated GPx1 level
by half compared with that
in untreated cells (Figure
5B), which might compro-
mise the removal of H,0,
catalyzed by GPx1. AR and
Ve raised GPx1 expression
from that of H,0, insulted
cells to the level in untreat-
ed cells. Although A2 also
raised GPx1 level in the
injured cells, but the extent
of the increase was much
smaller than that caused
by AR and Vc. Consequent-

oxide to H,0, that is then converted by GPx1 to ly, through hampering SOD1 upregulation and
H20 and 02, with the formation of disulfide-con- GPx1 downregulation induced by H202 treat-
taining oxidized glutathione from reduced glu- ment, AR, A2 and Vc were able to inhibit intra-
tathione [17]. Obviously, the sequential trans- cellular H,0, accumulation, but A2 was not as
formation by the two enzymes relieved cells effective as AR and Vc for this mechanism.
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Conclusion

The antioxidant peptide AR with the binding
residue tyrosine and the catalyzing residue cys-
teine scavenges ROS in vitro at a high efficien-
cy. We introduced additional tyrosine residue(s)
into AR, but several mutants had poor solubili-
ty. Although the soluble mutant A2 cleared
ABTS+ free radical more effectively than AR, AR
exhibited its advantage over A2 and Vc in the
tests with PC12 cells. The protective effect of
AR and A2 was more than clearing intracellular
ROS and inhibiting H,0,-stimulated expression
change of oxidative stress responsive genes.
AR and A2 targeted mitochondria to exert its
antioxidant potency, considering its mainte-
nance of MMP and mitochondrial morphology
as well as downregulation of Drpl, which may
keep cells from suffering apoptosis caused by
mitochondrial dysfunction. Collectively, AR and
its derivatives hold great promise for the treat-
ment of ROS-related neuronal degeneration
and many other diseases.
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