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Astaxanthin Protects Mesangial Cells From
Hyperglycemia-Induced Oxidative Signaling
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Abstract Astaxanthin (ASX) is a carotenoid that has potent protective effects on diabetic nephropathy in mice model
of type 2 diabetes. In this study, we investigated the protective mechanism of ASX on the progression of diabetic
nephropathy using an in vitro model of hyperglycemia, focusing on mesangial cells. Normal human mesangial cells
(NHMCs) were cultured in the medium containing normal (5 mM) or high (25 mM) concentrations of D-glucose. Reactive
oxygen species (ROS) production, the activation of nuclear transcription factors such as nuclear factor kappa B (NFkB) and
activator protein-1 (AP-1), and the expression/production of transforming growth factor-beta 1 (TGFb1) and monocyte
chemoattractant protein-1 (MCP-1) were evaluated in the presence or absence of ASX. High glucose (HG) exposure
induced significant ROS production in mitochondria of NHMCs, which resulted in the activation of transcription
factors, and subsequent expression/production of cytokines that plays an important role in the mesangial expansion, an
important event in the pathogenesis of diabetic nephropathy. ASX significantly suppressed HG-induced ROS production,
the activation of transcription factors, and cytokine expression/production by NHMCs. In addition, ASX accumulated in
the mitochondria of NHMCs and reduced the production of ROS-modified proteins in mitochondria. ASX may prevent the
progression of diabetic nephropathy mainly through ROS scavenging effect in mitochondria of mesangial cells and thus is
expected to be very useful for the prevention of diabetic nephropathy. J. Cell. Biochem. 103: 1925–1937, 2008.
� 2007 Wiley-Liss, Inc.
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The world’s diabetic population stood at
roughly 171 million in 2000, and the number is
predicted to increase to 366 million by 2030
[Wild et al., 2004]. The most common complica-
tions associated with diabetes mellitus consist

of retinopathy, neuropathy, and nephropathy.
Importantly, growing number of diabetic nephr-
opathy patients who require chronic dialysis
treatment has been reported in many areas in
the world [Lok et al., 2004; Nakai et al., 2006].
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Since the progress of diabetic nephropathy is
mostly irreversible and has an extremely poor
prognosis, it is important to prevent the onset
and progression of the nephropathy in the early
stage of diabetes mellitus.

Production of reactive oxygen species (ROS)
in mitochondria has been reported to have
an impact not only on the development of
diabetes but also on its complications [Baynes
and Thorpe, 1999; Kaneto et al., 2007]. For
example, ROS production is increased in dia-
betic patients, especially in those who are
with poor glycemic control. In addition, rando-
mized clinical trial revealed that the intensive
glycemic control reduced or normalized mito-
chondrial ROS production and consequently
delayed the onset and progression of early stage
of diabetic microvascular and macrovascular
complication [Nishikawa et al., 2007]. Increased
levels of oxidative stress markers such as
8-oxo-7,8-dihydro-20-deoxyguanosine (8-oxodG,
a maker of DNA oxidation) in urine or leuko-
cytes were reported to correlate with the
severity of diabetic nephropathy and retinop-
athy [Hinokio et al., 1999], and the increased
levels of 8-hydroxy-deoxyguanosine (8-OHdG,
a maker of DNA oxidation) was also demon-
strated in the muscle of diabetic patients
with nephropathy [Suzuki et al., 1999]. There-
fore, we supposed that we could prevent the
onset of diabetic nephropathy by suppressing
oxidative stress. One of candidate suppressors
of oxidative stress is a dietary antioxidant
supplementation that is easy to intake, less
toxic, and cheap.

Astaxanthin (ASX), which is found as a
common pigment in algae, fish, and birds is a
carotenoid that has potent pharmacological
effects, such as antioxidative- [Fukuzawa et al.,
1998; Kobayashi, 2000; Naguib, 2000], im-
munomodulating- [Jyonouchi et al., 1994,
1995; Kurihara et al., 2002], anticancer-
[Chew et al., 1999], and anti-inflammatory-
[Bennedsen et al., 1999; Ohgami et al., 2003]
actions. The antioxidant activity of ASX is
greater than that of b-carotene or a-tocopherol,
and one of the effects of ASX is to scavenge ROS,
such as singlet oxygen, superoxide radicals, and
lipid peroxyl radicals [Fukuzawa et al., 1998;
Naguib, 2000].

The predominant structural changes seen
in diabetic nephropathy are extracellular
matrix accumulation of proteins such as col-
lagen, laminin, and fibronection, which lead to

mesangial expansion and glomerular basement
membrane thickening [Coughlan et al., 2007]
that is induced by cytokines produced by
mesangial cells. We have previously reported
that oral treatment with ASX alleviated
albuminuria, but also glomerular histological
changes in db/db mice, a rodent model of
type 2 diabetes, with little effects on blood
glucose levels, the effect being accompanied
by decreased urinary excretion of 8-OHdG.
Especially, we found that oral treatment of
diabetic mice with ASX reduced hyperglycemia-
induced 8-OHdG expression in mesangial
lesions as assessed by immunohistochemical
staining and reduced mesangial expansion.
We therefore concluded that hyperglycemia-
induced oxidative stress might be a crucial
mechanism of diabetic renal damage and the
suppression of oxidative stress in mesangial
lesions by ASX might be a novel approach for the
prevention of diabetic nephropathy [Uchiyama
et al., 2002; Naito et al., 2004]. However, it is
unclear as to how ASX ameliorates the renal
damage induced by high glucose (HG) levels.
In the present study, we investigated the
protective effects of ASX in vitro using normal
human mesangial cells mainly focused on the
molecular mechanisms of cytokine production
that is important for mesangial expansion.

MATERIALS AND METHODS

Reagents

D-glucose was from Otsuka Pharmaceutical
Co. Ltd. (Tokyo, Japan); L-glucose, from MP
Biomedicals (Eschwege, Germany); MsBM, from
Cambrex (Long Beach, CA); fetal bovine serum
(FBS), from EQUITECH-BIO. Inc. (Kerrville,
TX) and phosphate-buffered saline (PBS), from
Nissui Pharmaceutical Co. Ltd. (Tokyo, Japan);
bovine serum albumin, from Sigma Chemical
(St. Louis, MO); trypsin EDTA, from Gibco BRL
(Carlsbad, CA); dimethyl sulfoxide (DMSO),
acetone, and methanol were from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan).

A rabbit polyclonal antibody directed against
nuclear factor kappa B (NFkB) subunit, RelA
(p65), and goat-anti-rabbit IgG were from Santa
Cruz Biotechnology Inc. (Santa Cruz, CA). A
rabbit polyclonal antibody directed against
4-hydroxy-2-nonenal (4HNE) was kindly pro-
vided by Professor Koji Uchida (Nagoya Uni-
versity, Nagoya, Japan).

1926 Manabe et al.



ASX was from Sigma Chemical (St. Louis,
MO), dissolved in DMSO and diluted in
PBS with 5% FBS. In a clinical study [Coral-
Hinostroza et al., 2004], it has been shown that
10 mg of ASX administered to three healthy
adults resulted in their plasma concentration of
ASX ranging 0.08–0.28 mg/L (1.3� 10�7–
5� 10�7 M) [Coral-Hinostroza et al., 2004].
Therefore, ASX at the final concentration of
10�7–10�4 M in 0.05% DMSO in PBS with 5%
FBS were used in this study. As a control
condition, 0.05% DMSO in PBS with 5% FBS
were used.

Cell Line

Normal human mesangial cells, (NHMCs;
Cambrex, Long Beach, CA) at passage 5–
10 were used. The cells were maintained in
MsBM, supplemented with 5% FBS, 50 mg/ml
gentamicin and 50 mg/ml amphotericin-B. The
cell culture medium was changed every 3 days.
The cells were incubated at 378C in humidified
atmosphere with 5% CO2. When NHMCs were
fully confluent, these cells were tripsinized and
seeded into each adequate apparatus described
below.

Cell Viability Assay

Cell viability of NHMCs was assessed
using MTT-based assay (WST-1, Cell Counting
Kit, Dojin Laboratory, Kumamoto, Japan) and
lactate dehydrogenase (LDH) release.

Briefly, NHMCs were cultured in 96-well plates,
and were incubated in the medium containing
5 mM (normal glucose: NG) or 25 mM HG of
D-glucose and/or ASX (10�4 or 10�5 M) for 48 h.
Subsequently, the cells were washed and incubat-
edwith5mMofWST-1solutionfor2hat378C,and
the optical density of each well was read at wave
length of 450 nm by MPR-A4i microplate reader
(Tosoh, Tokyo, Japan).

At the same time, LDH release in the cell
supernatant, the marker of cell death was
measured using a MTX-LDH kit (Kyokuto-
seiyaku Co. Ltd., Tokyo, Japan). Briefly, a
50 ml of cell culture supernatant was mixed
with 37 ml of nitrotetrazolum blue, and LDH
was quantified by the rate of change in absorb-
ance at wavelength of 560 nm for 30 min at 378C
by MPR-A4i.

Production of Reactive Oxygen Species (ROS)

Confluent NHMCs cultured on labtek chamber
slide were pre-incubated with or without ASX

(10�6 M) for 24 h, washed with PBS, and were
further incubated with NG or HG for 30 min.
Subsequently the cells were washed with PBS
and stained with 1 mM of mitochondria-selective
fluorescent probe, MitoTracker Green FM
(Molecular Probes; Eugene, OR) and 0.1 mM of
redox-sensitive fluorescent probe, RedoxSensor
Red CC-1 (Molecular Probes). ROS production
in mitochondria was observed under a confocal
laser scanning microscopy (FV1000; Olympus,
Tokyo, Japan) using sequential activation of
each fluorescence. Photographic images were
taken from four random fields.

Immunocytochemical Staining for NFkB

Confluent NHMCs cultured on labtek cham-
ber slide glass were pre-incubated with or
without ASX (10�6 M) for 24 h, washed with
PBS, and were further incubated with NG or
HG for 60 min. Immunocytochemical staining
method was the same as described before
[Handa et al., 2004]. Briefly, cells were fixed
with a mixture of acetone and methanol, in-
cubated with a rabbit polyclonal antibody
directed against NFkB subunit, RelA (p65)
for 2 h at room temperature, and then incubat-
ed with fluorescein isothiocyanate (FITC)-
conjugated goat-anti-rabbit IgG (Santa Cruz
Biotechnology Inc.) for 2 h at room temperature.
NFkB nuclear translocation images were taken
from four random fields using FV1000.

Electro-Mobility Gel-Shift Assay (EMSA) for
Nuclear Transcription Factors

Experimental settings were the same as des-
cribed in NFkB translocation assay except
for NHMCs being cultured in 6-cm cell
culture dishes. Nuclear protein fractions were
extracted and the method for EMSA was same
as described before [Cepinskas et al., 2003;
Handa et al., 2006b]. Briefly, 10 mg of total
extracted nuclear proteins was incubated with
1.0 pmol double-stranded [32P] ATP end-labeled
oligonucleotides containing consensus binding
sequences for NFkB (sense strand: 50-AGTT-
GAGGGGACTTTCCCAGGC-30 and antisense
strand: 30-TCAACTCCCCTGAAAGGGTCCG-50)
or for activator protein-1 (AP-1), (sense strand: 50-
d(CGCTTGATGAGTCAGCCGGAA)-30 and anti-
sense strand: 30-d(GCGAACTACTCAGTCGG-
CCTT)-50) in binding buffer (10 mM Hepes,
pH 7.9, 80 mM NaCl, 3 mM MgCl2, 0.1 mM
EDTA, 1 mM DTT, 1 mM PMSF, and 10%
glycerol). After the electrophoresis, gels were
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dried and radioactive bands were visualized on
X-ray films. Band intensity of NFkB and AP-1
was densidometrically quantified using Image
J program (National Institutes of Health,
Bethesda, MD).

ELISA for TGFb1 and MCP-1 Production

Transforming growth factor beta 1 (TGFb1)
production in cell culture supernatant was
assessed using an ELISA kit (R&D Systems
Inc., Minneapolis) according to the manu-
facturer’s instructions. Confluent NHMCs in
96-well plates were pre-incubated with or with-
out ASX (10�6 M) for 24 h, washed with PBS,
and were further incubated with NG or HG for
24 or 48 h. After centrifugation of 96-well plates,
cell culture supernatant (200 ml) was removed
from each well and treated with 40 ml of 1 N HCl
for 10 min at room temperature to activate
latent TGFb1. After neutralization (to pH 7.2–
7.6) of acidified samples by 40 ml of 1.2 N NaOH/
0.5 HEPES solution, 200 ml of standard or
activated samples were placed into 96-well
plates coated with recombinant human TGFb1

receptor type 2 and incubated for 3 h at room
temperature. Then the plate was washed with
wash buffer, added 200 ml of a horseradish
peroxidase-conjugated polyclonal anti-TGFb1

antibody, and incubated at room temperature
for further 90 min. A volume of 200 ml of
substrate solution (1:1 mixture of H2O2 and
the chromogen tetramethylbenzidine solution)
was added to each well. The amount of activated
TGFb1 was determined colorimetrically at 450
nm wavelength by MPR-A4i using tetramethyl-
benzidine as a substrate.

Monocyte chemoattractant protein-1 (MCP-1)
production was also measured by ELISA kit
(Biosource International, Camarillo, CA). For
MCP-1, experimental settings were the same as
those in TGFb1 and 50 ml cell supernatants were
added to MCP-1 antibody-coated 96-well plates.
After the addition of biotinylated anti-MCP-1
and streptavidin-peroxidase, tetramethylben-
zidine was used as a stabilized chromogen. The
absorbance of each well was read at 450 nm by
MPR-A4i.

Real Time Polymerase Chain Reaction
(Real Time PCR)

Confluent NHMCs in 6-cm cell culture dishes
were pre-incubated with or without ASX (10�6,
10�7 M) for 24 h, washed with PBS, and were
further incubated with NG or HG for 60 min.

Total RNA was isolated with acid guanidinium
phenol chloroform method using ISOGEN re-
agent (Nippon Gene, Toyama, Japan). The RNA
concentration was determined spectrophoto-
metrically at 260/280 nm. The RNA was used
for real time PCR amplification. An aliquot
(1 ng) of extracted RNA was reverse-transcribed
into first-strand complementary DNA (cDNA)
at 428C for 30 min, using 100 U/ml reverse-
transcriptase (Takara Biochemicals, Shiga,
Japan) and 0.1 mM of oligo (dT)-adapter primer
(Takara) in a 20 ml reaction mixture. RT-PCR
was carried out with a 7300 Real Time PCR
system (Applied Biosystems, Foster City, CA)
using the DNA-binding dye SYBER Green 1 for
the detection of PCR products. The reaction
mixture (RT-PCR kit, Code RRo43A, Takara)
contained 12.5 ml Premix Ex Taq, Rox reference
dye, and 2 ml of cDNA to give final reaction
volume of 25 ml. Primers were as follows: for
TGFb1, sense: 50-CCGCGGGACTATCCACCT-
30 and antisense: 50-ATGGCCTCGATGCGCTT-
30, for MCP-1, sense: 50-CGCCTCCAGCATGA-
AAGTCT-30 and antisense: 50-GGAATGAAGG-
TGGCTGCTATG-30, and for cyclooxygenase-2
(COX-2), sense: 50-GAAGCACTCTATGGTGA-
CATCGAT-30 and antisense: 50-GCATCTGGC-
CGAGGCTTT-30. The PCR settings were as
follows: initial denaturation of 15 s at 958C was
followed by 40 cycle of amplification for 15 s at
958C and 31 s at 608C. The PCR products were
quantified using standard DNA for each puri-
fied by PCR products of reverse-transcribed
RNA. The relative expression was then calcu-
lated as the density of the product of the
respective target gene divided by that for
GAPDH from the same cDNA.

Fractioning for Mitochondrial/Cytosolic Proteins

NHMCs were fractionated into cytosol and
mitochondria by using a mitochondrial/cytosol
fractionation kit (BioVision Research Products;
CA) according to the manufacturer’s instruc-
tions with some modifications. Briefly, cells
were incubated with Cytsol Extraction Buffer
without dithiothreitol (DTT) on ice for 10 min
were homogenized with the grinder and centri-
fuged at 700g for 10 min at 48C. The pellet
was discarded and the supernatant was
further centrifuged at 1,000g for 30 min at
48C. The supernatant (cytosolic fraction) and
pellet (mitochondrial fraction) were collected
separately, and mitochondrial fraction was
re-suspended with Mitochondrial Extraction
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Buffer (without DTT). The purity of mito-
chondrial fraction was determined by using
mouse monoclonal antibody against cytochrome
C oxidase complex IV subunit (COX) of mito-
chondrial electron transport chain (Molecular
Probes), a well-known mitochondrial protein
marker.

Western Blotting for
Mitochondrial/Cytosolic Proteins

Five dishes (10-cm cell culture dishes) of
confluent NHMCs in each group were pre-
incubated with or without ASX (10�6 M) for
24 h, washed with PBS, and were further
incubated with NG or HG for 24 h. Sub-
sequently, the cells were fractionated into
mitochondrial/cytosolic fraction by the above
described method. These fractions were incu-
bated with 4� sample buffer without mercap-
toethanol (Invitrogen, Carlsbad, CA) and
denatured at 708C for 10 min. Twenty micro-
grams of protein was electrophoresed on 4–20%
gradient SDS–polyacrylamide gel and trans-
ferred to polyvinylidene fluoride membranes
(Amersham Bioscience, Buckinghamshire,
England) using an semi-dry electrophoretic
transfer unit (Nippon Eido, Tokyo, Japan) at a
constant current of 180 mA for 1 h in a transfer
buffer containing 25 mM Tris, 192 mM glycine,
and 10% methanol. Transferred membranes
were incubated for 60 min in a blocking solution
(5% skim milk). Then the membranes were
treated with a rabbit anti-human 4HNE poly-
clonal antibody in PBS with 0.1% Tween-20 for
overnight. ECL anti-rabbit IgG1 horseradish
peroxidase-linked antibody (Amersham Bio-
science) was used as a secondary antibody and
the ECL Western blotting detection reagent
(Amersham) was used to optimize the primary
antibody, and bands were visualized on hyper-
film ECL (Amersham). Band intensity of 4HNE
in mitochondrial fraction was densidometri-
cally quantified with that of COX as a control
using Image J program (National Institutes of
Health, Bethesda, MD).

Quantitative Analysis of ASX Concentration in
Mitochondria and Cytoplasm

ASX content in mitochondrial and cytosolic
fractionation was quantified by high perform-
ance liquid chromatography (HPLC). Five
dishes (10-cm cell culture dishes) of confluent
NHMCs in each group were pre-incubated
with or without ASX (10�5 or 10�6 M) for

24 h, washed with PBS, and NHMCs were
fractionated into cytosol and mitochondria as
described above. The fractionation was evapo-
rated to dryness. The residue was dissolved
in 200 ml of acetone and filtered through a
0.45-mm polytetrafluoroethylene membrane
filter; then 20 ml of solution was subjected
to HPLC on a Shimadzu SPD-6AV spectro-
photometer (Shimadzu, Kyoto, Japan) set at
460 nm. The column used was a Wakosil 5C18

(ODS) column (250 nm length� 4.6 mm internal
diameter) with a mobile phase of methyl alcohol.
A low rate was used (1.0 ml/min). ASX was
quantified relative to calibration with a standard
sample (F. Hoffman-La Roche Ltd., CA).
Obtained quantity of ASX in total mitochondria
in samples was adjusted by added total ASX
quantity and expressed as % of added total ASX.

Statistical Analysis

The results are presented as the mean�
SEM. Two-way ANOVA was used to assess
the differences between multiple groups. If the
F statistic was significant, the mean values
obtained from each group were then compared
by Bonferroni’s method. P< 0.05 was used
as the criterion for statistically significant dif-
ference. Statistical analysis was performed
using the SPSS12.0-J program (SPSS Japan,
Inc., Tokyo, Japan).

RESULTS

HG and ASX Did Not Affect Cell Viability
of NHMCs

As shown in Figure 1A, incubation of NHNCs
with HG in the absence or presence of ASX did
not affect NHMCs viability for 48 h as assessed
by WST-1. ASX itself did not affect NHMCs
viability within 48 h.

These findings were further confirmed by
measuring LDH release into the cell culture
medium. Same as the result obtained in WST-1
assay, HG or/and ASX did not affect LDH
release by NHMCs (Fig. 1B). In addition, high
concentration of L-glucose (25 mM, osmotic
control) did not affect cellular viability of
NHMCs as assessed by WST-1 assay and LDH
release (data not shown).

ASX Reduced HG-Induced Mitochondria-
Dependent ROS Production in NHMCs

As shown in Figure 2, mitochondria were
equally stained with MitoTracker Green FM in
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each group. In contrast, fluorescent intensity
of RedoxSensor Red CC-1 was increased in
HG-exposed NHMCs, indicating the increased
production of ROS (H2O2, HOO., or O2

.�) in HG-
exposed NHMCs (Fig. 2B). Merged images
clearly indicated that mitochondria are the
major source of ROS production in HG-exposed
NHMC. Pre-treatment of NHMCs with ASX
reduced HG-induced ROS production in mito-
chondria of NHMCs (Fig. 2D). ASX itself did not
affect ROS production in NHMCs (Fig. 2C).

ASX Suppressed HG-Induced Activation of NFkB

NFkB translocation from the cytoplasm to the
nuclei is a crucial step for NFkB activation. The

images obtained by a laser scanning confocal
microscopy indicated that p65 subunit of NFkB
was localized exclusively to the cell cytoplasm in
NHMCs cultured in NG (Fig. 3A, upper left).
However, incubation of NHMCs with HG for 1 h
resulted in apparent translocation of p65 to the
cell nuclei (Fig. 3A, upper right). In addition,
pre-incubation of NHMCs with ASX for 24 h
prevented this HG-induced nuclear transloca-
tion of p65 in NHMCs (Fig. 3A, lower right).
ASX itself did not affect p65 localization
(Fig. 3A, lower left).

To provide more direct evidence, DNA-bind-
ing activity of NFkB was assessed by EMSA.
Analysis of nuclear extracts from HG-incubated
NHMCs demonstrated that the binding activity
of NFkB was significantly higher than that in
NG-incubated cells. Moreover, pre-incubation
of NHMCs with ASX for 24 h inhibited the
HG-induced increase in NFkB-binding activity
(Fig. 3B). ASX itself did not affect NFkB
activation in NHMCs.

ASX Inhibited the Expression/Production
of MCP-1 and Expression of COX-2

As shown in Figure 4A and B, incubation of
NHMCs with HG for 48 h induced a significant
increase of the expression/production of MCP-1.
In addition, pre-incubation of NHMCs with
ASX significantly reduced HG-induced MCP-1
expression/production compared to that in con-
trol group. ASX itself did not affect MCP-1
expression/production by NHMCs. Similarly,
HG-induced expression of COX-2 were signi-
ficantly reduced by ASX pretreatment (Fig. 4C).

ASX Suppressed HG-Induced Activation of AP-1

DNA-binding activity of AP-1 was also assess-
ed by EMSA. Similar to the results obtained in
NFkB assay, HG induced significant activation
of AP-1 in NHMCs. Pre-incubation of NHMCs
with ASX for 24 h also inhibited the HG-
induced increase in AP-1-binding activity
(Fig. 5). ASX itself did not affect AP-1 activation
in NHMCs.

ASX Inhibited the Expression/Production
of TGFb1

As shown in Figure 6A and B, incubation of
NHMCs with HG for 48 h induced a significant
increase of the expression/production of TGFb1.

In addition, pre-incubation of NHMCs with
ASX significantly reduced HG-induced TGFb1

Fig. 1. HG and ASX did not affect cellular viability. Cell
viability assessed by WST-1 assay (A) and LDH release (B) was
presented. The results are given as percentage variation of O.D.
versus NG (5 mM of D-glucose alone) group. Data are presented
as mean� SEM of nine independent experiments performed in
triplicate samples.
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expression/production compared to that in
control group. ASX itself did not affect TGFb1

expression/production by NHMCs.

ASX Was Accumulated
in Mitochondria of NHMCs

ASX (10�5, 10�6 M) added to NHMCs was
clearly accumulated in mitochondria but not
in cytosol of NHMCs as assessed by HPLC
(Table I).

ASX Suppressed the Production of Lipid
Peroxidation of Mitochondrial Proteins

Since mitochondria is one of the major site for
ROS generation, we analyzed the production of
4-hydroxy-2,3-nonenal (4HNE) protein adducts
as a maker of oxidative lipid oxidation [Uchida,
2005], since 4HNE is an aldehydic molecule
generated endogenously during the process of
lipid peroxidation. We found that HG induced
at least three 4HNE protein adducts produc-
tion (bands) in mitochondrial fraction that
were significantly reduced by pretreatment of
NHMCs with ASX (Fig. 7A,B). 4HNE protein
adducts production were also found in cytosolic
fraction in HG-treated NHMCs in lesser extent
than that in mitochondrial fraction that was
suppressed by ASX pre-treatment.

DISCUSSION

Oxidative stress caused by chronic high blood
glucose levels has been reported to involve in the
onset and progression of diabetes mellitus [Ha
and Lee, 2001; Lee et al., 2003]. The increases
in oxidative stress in the kidney of diabetic
patients originates from renal vascular endothe-
lial cells [Inoguchi et al., 2000; Nishikawa et al.,
2000; Lee et al., 2003] as well as from mesangial
cells [Catherwood et al., 2002; Kang et al., 2003].
Mesangial cells are cells that not only surround
vascular endothelium in the glomerulus, and
produce the extra cellular matrix to support
surrounding cells [Ziyadeh, 1993] but also
produce cytokines that interact with vascular
endothelial cells or inflammatory cells. In addi-
tion, the overproduction of mesangial matrix is a
most important event in the pathogenesis of
diabetic nephropathy. Recently, we found that
ASX prevented the onset ofdiabetic nephropathy
using an animal model of type 2 diabetes [Naito
et al., 2004]. Therefore, in the present study, we
investigated the mechanism of protective effect
of ASX on the onset of diabetic nephropathy,
focusing on mesangial cells.

At first, we investigated whether or not HG
might affect cellular viability of NHMCs, and
found that HG did not affect cellular viability of

Fig. 2. ASX reducedHG-induced mitochondria-dependent ROS production in NHMCs.The laser scanning
confocal microscopic image of NHMCs treated with (A) NG, (B) HG, (C) NGþASX, and (D) HGþASX were
presented. In each panel, the image of mitochondria (MitoTracker: green fluorescence) and ROS production
(RedoxSensor: red fluorescence) were presented in the upper panel, and merged (yellow fluorescence)
images were presented in the lower panel. A representative image out of three independent experiments
performed in triplicate samples were presented. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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NHMCs within 48 h. HG (25 mM of D-glucose)
is relevant to high serum glucose around
400 mg/dl in human body and NG (5 mM of
D-glucose) is relevant to normal serum glucose
around 90 mg/dl. On the contrary to our
findings, it has been reported that HG induced
proapoptotic signaling in NHMCs [Kang et al.,

Fig. 3. ASX suppressed HG-induced nuclear translocation and
activation of NFkB. A: Immunocytochemical images of NFkB
nuclear translocation under the laser scanning confocal micro-
scopy were shown. NHMCs treated with NG (upper left), HG
(upper right), NGþASX (lower left), and HGþASX (lower right)
were presented. In each panel, the image of FITC-conjugated
NFkB (green fluorescence) localization was presented. Re-
presentative image out of three independent experiments was
performed in triplicate samples. B: DNA-binding activity of
NFkB was assessed by EMSA. Representative image out of three
independent experiments was presented in upper panel. The
result of densidometrical analysis shown in the lower panel is
given as percentagevariationof O.D. versus NG group. *P< 0.01
versus NG group, #P<0.01 versus HG group.

Fig. 4. ASX inhibited HG-induced MCP-1 expression/produc-
tion and COX-2 expression by NHMCs. A: MCP-1 mRNA
expression in NHMCs was assessed by RT-PCR. The relative
MCP-1 mRNA expression was calculated as the density of the
product of the respective target gene divided by that for GAPDH
from the same cDNA. B: MCP-1 production in NHMCs culture
supernatant was assessed by ELISA. C: COX-2 mRNA expression
in NHMCs was assessed by RT-PCR. The relative COX-2 mRNA
expression was calculated as the density of the product of the
respective target gene divided by that for GAPDH from the same
cDNA. Data are expressed as mean� SEM of six independent
experiments performed in triplicate in each assay. *P< 0.05,
#P<0.05.
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2003; Mishra et al., 2005]. One of the reasons for
this discrepancy between our and their study
is that they [Mishra et al., 2005] cultured
NHMCs in higher concentration of FBS (17%)
and exposed NHMCs with higher concentration
of D-glucose (30 mM) than that in our experi-
ments (5% of FBS and 25 mM of D-glucose). Such
high concentration of serum and glucose in
the cell culture medium may cause excessive
electron flow in the mitochondria of NHMCs
and result in overproduction of cytotoxic ROS.
Another possibility is that they [Kang et al.,
2003; Mishra et al., 2005] used sub-confluent
cell monolayers that are supposed to be more
susceptible to glucose cytotoxicity than con-
fluent cell monolayers might be. In addition,
we could not detect apoptosis in HG-treated
NHMCs by using Hoechest33342, a fluorescent
probe that can detect apoptotic bodies in cells, a
marker of apoptosis [Handa et al., 2006a] (data
not shown).

Next, we found that HG induced ROS pro-
duction in mitochondria of NHMCs. This is in
consistent with the results obtained in previous
reports in vitro [Kiritoshi et al., 2003] and in
vivo [Naito et al., 2004, 2006]. With regard to the
mechanism behind this, Lee et al. [2003] has
reported that rotenone, an inhibitor of mito-
chondrial electron transport chain complex I,
effectively blocked HG-induced ROS generation
in mesangial cells, suggesting that ROS are

produced in the transfer of electrons from
complex I to ubiquinone in HG-treated NHMCs.
In addition, Kiritoshi et al. [2003] reported that
thenoyltrifluoroacetone (TTFA), an inhibitor of

Fig. 5. ASX suppressed HG-induced AP-1 activation. Repre-
sentative image out of three independent experiments was
presented in upper panel as assessed by EMSA. The result of
densidometrical analysis shown in the lower panel is given as
percentage variation of O.D. versus NG group. *P< 0.01 versus
NG group, #P< 0.01 versus HG group.

Fig. 6. ASX inhibited HG-induced TGFb1 expression/
production by NHMCs. A: TGFb1 mRNA expression in NHMCs
was assessed by RT-PCR. The relative TGFb1 mRNA expression
was calculated as the density of the product of the respective
target gene divided by that for GAPDH from the same cDNA.
B: TGF-b1 production in NHMCs culture supernatant was
assessed by ELISA. Data are expressed as mean� SEM of six
independent experiments performed in triplicate in each assay.
*P<0.05, #P< 0.05.

TABLE I. ASX Content in Subcellular
Fractions of NHMCs

ASX content (% of added ASX)

Mitochondria Cytosol

ASX 10�6 M 0.33� 0.12 0
ASX 10�5 M 0.16� 0.05 0

Values are means of three samples. Obtained quantity of ASX in
total mitochondria of NHMCs (2.5� 107 cells) in three samples
were adjusted by added total ASX quantity, and expressed as %
of added total ASX. There were no statistically significant
differences between 10�6 M of ASX group and 10�5 M of ASX
group.
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mitochondrial electron transport chain complex
II, and carbonyl cyanide m-chlorophenylhydra-
zone (CCCP), an uncoupler of mitochondrial
oxidative phosphorylation, as well as over-
expression of uncoupling protein-1 (UCP-1) or
manganese superoxide dismutase (MnSOD),
an antioxidant enzyme, effectively blocked
HG-induced ROS production in NHMCs, sug-
gesting that the active involvement of mito-
chondrial electron transport system and
intracellular enzymes in HG-induced ROS
production in NHMCs. Although the mecha-
nisms by which HG induces the dysfunction of
mitochondrial transport system in mesangial
cell is still unclear, the probable mechanism is
that HG induces the production of advanced

glycation end products (AGE) [Tuttle et al.,
2005] that can produce ROS via the binding of
AGE to its receptor (RAGE) on mesangial cells
[Fukami et al., 2004]. However this issue should
be further elucidated.

This HG-induced ROS production in NHMCs
was effectively inhibited by ASX. In order
to investigate the mechanism behind this
phenomenon more in detail, we measured ASX
concentrations in mitochondria and cytoplasm
of NHMCs by HPLC, and found that ASX added
to NHMCs primarily accumulated in the mito-
chondria fraction of NHMCs. Although the
mechanism by which ASX inhibits the produc-
tion of ROS must be further elucidated, we
speculate that ASX might affect the mito-
chondria electron transport system, and protect
mitochondria from the detrimental effects of
HG, thereby inhibiting the production of ROS
from mitochondria. In the present study, we
showed the accumulation of ASX within mito-
chondria of NHMCs. To our knowledge, this
is the first report that ASX accumulates in
mitochondria of NHMCs and inhibits HG-
induced ROS production in NHMCs. However
it has been reported that ASX, liposoluble, could
be detected within the cell membrane, same as
a-carotene, b-carotene, and lycopene [Cantrell
et al., 2003], and orally administrated ASX
could accumulate in microsomes or sarco-
plasmic reticulum as well as in mitochondria
[Takahashi et al., 2004]. The discrepancy bet-
ween these studies and ours might be mainly
due to the time point of each study when ASX
content was measured. Therefore in order to
further identify the localization of ASX in
organelle of NHMCs and to investigate the role
of ASX on ROS production, the kinetic experi-
ments should be needed in the future.

To further confirm the production of ROS
in mitochondria of NHMCs, we assessed the
production of 4HNE, a maker of oxidative lipid
oxidation [Uchida, 2005], in mitochondria- and
cytosolic-fractions in NHMCs. Our Western
blotting analysis clearly showed that at least
four bands having molecular size of about 60, 80,
85, and 105 kDa were strongly stained by anti-
4HNE antibody in mitochondrial fraction of
HG-treated NHMCs, suggesting the occurrence
of lipid peroxidation mainly in mitochondria of
HG-treated NHMCs. Moreover, these bands
were less stained by anti-4HNE antibody in
mitochondrial fraction of NG-treated, ASX-
treated, or HG- and ASX-treated groups as well

Fig. 7. ASX inhibited HG-induced production of oxidative
stress-modified proteins in mitochondria of NHMCs. A: Re-
presentative Western blotting image out of three independent
experiments was shown. Anti-4HNE antibody was used to detect
protein adducts in mitochondrial- and cytosolic-fractions of HG-
treated NHMCs. Anti-COX antibody was used as a mitochondrial
protein marker. Arrows indicate bands stained with anti-4HNE
antibody. M: marker. B: The result of densidometrical analysis of
4HNE in mitochondrial fraction is adjusted by that of COX and
given as percentage variation of O.D. versus NG group.
*P<0.01 versus NG group, #P< 0.05 versus HG group.
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as in cytosolic-fractions of all groups. These
findings further confirmed that HG induced
ROS production mainly via mitochondria-
dependent pathway in NHMCs and that ASX
specifically reduced HG-induced ROS produc-
tion in the mitochondria of NHMCs. 4HNE
protein adducts production were also found in
cytosolic fraction, in lesser extent than that in
mitochondria fraction, in HG-treated NHMCs
that was suppressed by ASX pre-treatment.
Since ROS and 4HNE-modified proteins pro-
duced in mitochondria have been reported to
reduce mitochondrial function, resulting in
more ROS production in mitochondria [Choksi
et al., 2004], it is possible that excessive
ROS production leaked from mitochondria
could result in the production of HNE-modified
proteins in cytosol and the suppression of ROS
and 4HNE production in mitochondria by ASX
might also reduce the ROS and 4HNE produc-
tion in cytosol.

HG-induced ROS production changes redox
status of mesangial cells resulting in the
activation of the redox-sensitive transcription
factors, NFkB and AP-1, which has been shown
to play a key role in diabetic nephropathy
[Guijarro and Egido, 2001; Mezzano et al.,
2004]. For example, HG-induced NFkB activa-
tion resulted in the induction of COX-2 mRNA
and protein, as well as PGE2 synthesis in
mesangial cells resulting in the glomerular
hyperfiltration observed in the early stage of
diabetes [Diaz-Cazorla et al., 1999; Kiritoshi
et al., 2003]. Furthermore, the activation of
NFkB resulted in the increased expression/
production of MCP-1 mRNA and protein in
mesangial cells that plays an important role in
the inflammatory process and subsequent
injury of mesangial area [Ha et al., 2002].
Similarly HG-induced ROS-dependent AP-1
activation has reported to increase TGFb1

production in mesangial cells that plays a
central role in the glomerular matrix production
and pathogenesis of diabetic nephropathy [Lee
et al., 2003]. Consistent with the previously
reported findings, we found that HG exposure
increased NFkB and AP-1 activation and
subsequent expression/production of COX-2,
MCP-1, and TGFb1 in NHMCs. In addition,
ASX effectively inhibited these events.

In the present study, we showed that HG
induced the production of ROS-modified proteins
(4HNE protein adducts) in the mitochondria of
HG-treated NHMCs. We speculate that these

ROS-modified proteins may contribute to the
progression of diabetic nephropathy via COX-2,
MCP-1, and TGFb1 production by NHMCs, since
many reports has shown that 4HNE induced
COX-2 [Uchida and Kumagai, 2003], MCP-1
[Nitti et al., 2002], and TGFb1 [Leonarduzzi
et al., 1997] production. In these reports they
showed that 4HNE stabilized COX-2 mRNA and
induced its expression via p38 mitogen-activated
protein kinase pathway, 4HNE induced MCP-1
production by increased activity of beta-PKC
isoforms, and4HNE induced both mRNAexpres-
sion and synthesis of TGFb1. To identify these
ROS-modified proteins and their precise func-
tions is very important and is now a matter of
active investigation by using proteomics techno-
logy [Naito et al., 2007]. Although there are
many reports that identified 4HNE-modified
proteins in the cell, only a few reports identified
4HNE-modified proteins in mitochondria so
far [Choksi et al., 2004]. In that report, Choksi
et al. identified several proteins of 4HNE-
modified mitochondrial respiratory chain com-
plexes. However, the molecular weight of these
proteins are smaller than that obtained in our
study. The identification of these ROS-modified
proteins in mitochondria is under investigation
in our laboratory.

In summary, ASX added to NHMCs accumu-
lated in the mitochondria, possibly scavenged
overproduced ROS, reduced ROS-modified pro-
tein production and inhibited subsequent trans-
cription factors activation and COX-2, MCP-1,
and TGFb1 production, thus might prevent
the progression of diabetic nephropathy. ASX
might be a novel and safety approach for the
prevention of diabetic nephropathy.
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