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Abstract

Ginsenosides have been shown to stimulate nitric oxide (NO) production in aortic endothelial cells. However, the signaling pathways
involved have not been well studied in human aortic endothelial cells. The present study was designed to examine whether purified gin-
senoside Rbl, a major active component of ginseng could actually induce NO production and to clarify the signaling pathway in human
aortic endothelial cells. NO production was rapidly increased by Rbl. The rapid increase in NO production was abrogated by treatment
with nitric oxide synthetase inhibitor, L-NAME. Rb1 stimulated rapid phosphorylation of Akt (Ser473), ERK1/2 (Thr202/Thr204) and
eNOS (Ser1177). Rapid phosphorylation of eNOS (Ser1177) was prevented by SH-5. an Akt inhibitor or wortmannin, P13-kinase inhib-
itor and partially attenuated by PD98059, an upstream inhibitor for ERK1/2. Interestingly, NO production and eNOS phosphorylation
at Ser1177 by Rb1 were abolished by androgen receptor antagonist, nilutamide. The results suggest that PI13kinase/Akt and MEK/ERK
pathways and androgen receptor are involved in the regulation of acute eNOS activation by Rb1 in human aortic endothelial cells.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Ginsenoside Rb1; Endothelial cells; Nitric oxide; eNOS; Androgen receptor; P13-kinase; Akt; ERK; MEK; Phosphorylation

Ginseng, the root of Panax ginseng C.A. Meyer (Arali-
aceae), is a well-known and popular herbal medicine used
worldwide. Among more than 30 ginsenosides, the active
ingredient of ginseng, ginsenoside Rbl is regarded as the
main compound responsible for many pharmaceutical
actions of ginseng. The oral administration of ginseng
caused a decrease in blood pressure in essential hyperten-
sion [1]. Intravenous administration of ginsenosides (a mix-
ture of saponin from Panax ginseng C.A. Meyer) lowered
blood pressure in a dose-dependent manner in anesthetized
rats [2]. Although these reports suggest that ginsenosides
could stimulate the production of nitric oxide (NO) by aor-
tic vascular endothelial cells, the precise mechanisms of the

" Corresponding author. Fax: +813 5684 3987.
E-nuail address: okabe-tky{@umin.ac.jp (T. Okabe).

0006-291X/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
d0i:10.1016/.bbrc.2006.12.119

ginsenoside actions have not been fully elucidated [3]. NO
released from endothelial cells via the endothelial nitric
oxide synthetase (¢NOS) is a pivotal vasoprotective mole-
cule. In addition to its vasodilating feature, endothelial
NO has anti-atherosclerotic properties, such as inhibition
of platelet aggregation, leukocyte adhesion, smooth muscle
cell proliferation, and expression of genes involved in
atherosclerosis [4].

The present study aims at investigating the signaling
pathways involved in NO production by purified ginseno-
side Rbl in human aortic endothelial cells in vitro.

Materials and methods

Materials. Rb1, nilutamide, L-NAME (hydrochloride). Hanks' bal-
anced salt solution (HBSS) were purchased from Sigma (St. Louis, MO,
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USA). IC1182780 was from Zeneca Pharmaceuticals (Macdesfield, UK).
4,5-diaminofluorescin diacetate (DAF-2 DA) was purchased from Daiichi
(Daiichi Pure Chemicals Co.. Ltd, Tokyo, Japan). PD98059, SH-3,
wortmannin and Nitric Oxide Synthase Assay Kit were from Calbiochem
(EDM Biosciences, Inc., La Jolla. CA, USA and Germany). L-{*H]Argi-
nine was purchased from Amersham (Amersham Biosciences, Uppsala,
Sweden). Antibody of phospho-eNOS (Ser1177) was from upstate
(Upstate Inc., Lake Placid, NY). Antibody for eNOS/NOS type 11l was
purchased form BD Transduction Laboratories (BD Biosciences, Franklin
Lakes, NJ, USA). All other antibodies were form Cell Signaling Tech-
nology (Beverly, MA, USA). LumiGLO Reserve Chemiluminescent
Substrate Kit was from KPL (Gaithersburg, MD, USA). EBM-2 (endo-
thelial cell base medium) was from Clonetics {Walkersville, MD, USA).
Human aortic endothelial cells (HAECs) were from Cambrex (Cambrex
BioScience Walkersville, Inc. Walkersville, MD, USA). Fetal bovine
serum (FBS) was from CCT (Sanko Junyaku Co., Ltd, Tokyo, Japan),
Fetal bovine serum charcoal stripped was from MultiSer (ThermoTrace
Ltd.. Melbourne, Australia).

Cell culture. HAECs were cultured in a 37 °C humidified atmosphere
of 95% air/5% CO, in EGM-2 (endothelial cell grows medium 2) medium
supplemented with 10% FBS. The EGM-2 medium consisted of 0.1%
EGF. 0.04% hydrocortisone, 0.4% hFGF-B, 0.1% VEGF, 0.1% R3-IGF-1,
0.1% ascorbic acid, 0.1% GA-1000. and 0.1% heparin. Experiments were
performed with cells from passages 5 to 7. For all experiments, HAECs
were plated at a concentration of 1 x 10*/mL and grown to confluence.
Then cells were serum-starved for 6 h in phenol red free EBM-2 containing
1% DCC-FBS, that was removed the steroid by processing it with dextran-
coated charcoal (DCC-FBS). In some inhibitory experiments, the inhibi-
tors were added to cells 60 min before the stimuli. DMSO was used as a
solvent for Rbl, PD98059. wortmannin, SH-5, L-NAME, nilutamide, and
DAF-2 DA present at equal concentrations (0.01%) in all groups,
including the vehicle.

Western blot analvsis. After treatment with reagents, confluent mon-
olayers of cells were washed two times in ice-cold phosphate-buffered
saline and lysed with buffer containing 20 mmol/L Tris-HCl (pH 7.5),
150 nimol/L. NaCl, | mmol/L EDTA, | mmol/L EGTA, 1% Triton-X,
2.5mmol/L sodium pyrophosphate, 1 mmol/L B-glycerophosphate,
1 mmol/LNa;VO,, 1 ug/mL Leupeptin, | mM PMSF). For western blot
analysis, total cell lysate was subjected to SDS-polyacrylamide gel elec-
trophoresis (PAGE). and proteins were transterred to poly vinilidene
difluoride (PVDF) membrane. The antibodies used in this study were anti-
phospho-ERK1/2 (Thr202/Thr204), anti-ERK!/2, anti phospho-Akt
(Ser473), anti-Akt, anti-phosph-eNOS (ser1177) and anti-NOS. Antibod-
ies were detected by means of a horseradish peroxidase-linked secondary
antibody and immunoreactive bands were visualized using LumiGLO
Reserve Chemiluminescent Substrate Kit.

Endothelial NO synthase activity assay. Endothelial cell NO synthase
(eNOS) activity was quantified by measuring the conversion of L-[*H}
arginine to L-[*H}-citrulline by the use of a NO synthase assay kit.

Measurement of intracellular production of NO. Production of NO was
assessed using the NO-sensitive fluorescent dye DAF-2 DA {35]. Briefly,
confluent cells were serum-staved for 6 h. Because NOS generates O»~
instead of NO in the absence of L-arginine, so L-arginine (100 pmol/L) was
add 1 h prior to all solutions, except for the experiment with N-nitro-L-
arginine methyl ester (L-NAME; a NOS inhibitor)-treated cells. Cells were
loaded with DAF-2 DA (final concentration 5 pmol/L, 30 min 37 °C) and
than rinsed three times with HBSS, kept in the dark, and maintained at
37°C in 1% EBM-2 medium with a warming stage. After 30 min, cells
were then treated with Rbl or other stimuli. In some inhibitory experi-
mients, the inhibitors were administered 30 min before loading with DAF-
2 DA. Green fluorescence intensity was measured with a laser scanning
confocal microscopy system (LSCM) (Bio-Rad Laser Sharp2000). The
fluorescence image was obtained as a 512 x 512 pixel frame. Ex = 488 nm,
EM =510 nom. All other settings, including scanning speed, pinhole
diameter, and voltage gain, remained the same for all experiments.

Statistics. Data are means = SEM. Statistical comparisons were per-
formed by Student’s T test between two groups. A value of P < 0.05 was
considered significant.

Results

Rb1 stimulates rapid production of NO in human aortic
endothelia cells

We used the NO-specific fluorescent dye DAF-2 DA to
evaluate the effect of Rbl on NO production in HAECs. S,
10, 15, 30, 60, 120 and 180 min after Rbl treatment, cells
were fixed and then viewed using a fluorescence micro-
scope. Emission of green light (510 nm) from cells excited
by light at 488 nm is indicative of NO production. A signif-
icant increase in green fluorescence was observed >15 min
after the addition of Rbl and lasted for 60 min in HAECs
(Fig. TA). Maximal stimulation of NO production was
obtained at 30 min.

To verify that the rapid increase in green fluorescence in
response to Rbl treatment specifically reflected NO pro-
duction, we compared results from HAECs treated with
acetylcholine (1 pmol/L) or Rbl (1 pmol/L) for 5min.
Reassuringly, treatment with either acetylcholine and calci-
um ionophore or Rbl resulted in a increase in green fluo-
rescence (Fig. 1B). We next examined the effects of the
NOS inhibitor L-NAME to determine whether the NO
increase was attributable to NOS derived de novo synthe-
sis. As shown in Fig. 1C, the Rbl-induced DAF-2 DA fluo-
rescence was completely suppressed by pretreatment with
L-NAME (0.5 mmol/L). The results suggested that the
rapid increase in NO production after Rbl treatment was
mediated by an increase in NOS activity.

Rb1 stimulates phosphorylation of eNOS (Serl177) and
increases NOS activity

To examine involvement of eNOS in the NO increase,
the effect of Rbl on eNOS phosphorylation at Ser-1177
was tested by Western blotting. As shown in Fig. 2, Rbl
induced rapid eNOS phosphorylation after 10 min of incu-
bation, maximal eNOS phosphorylation by Rbl was
observed from 30 to 60 min of incubation. The relative
magnitude of eNOS phosphorylation falls subsequently
but is still significantly greater than control after 120 min
of Rbl incubation (Fig. 2A, upper blots). The acute effect
by Rbl on eNOS phosphorylation was concentration
dependent (Fig. 2B, upper blots). Rbl did not affect eNOS
protein expression (Fig. 2A and B, lower blots).

To see whether Rbl actually activates NOS in HAECs,
we measured NOS activity after 30 min of treatment with
Rbl. As shown in Fig. 2C, Rbl significantly increased
NOS activity in HAECs.

PI3-kinasel Akt and MEKIERK pathways are involved in
eNOS phosphorviation and NO production

Previous studies have demonstrated that PI3-kinase/
Akt and MEK/ERK pathways are two important signal-
ing cascades mediating eNOS activation by many stimuli
in vascular endothelial cells [6.7]. Therefore, we examined
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Fig. 1. Effect of Rbl on production of NO. HAECs were starved and loaded with DAF-2 DA (5 umol/L) as described in Materials and methods prior to
treatment with either Rbl (1 pumol/L) for 0, 5, 10, 15, 30, 60, 120, and 180 min (A) or acetylcholine (1 pmol/L) for $ min (B). After Rbl treatment, cells
were fixed in 2% paratormaldehyde for 10 min at 4 °C and then viewed using a fluorescent microscope. Emission of green light (510 nm) from cells excited
by light at 488 nm is indicative of NO production. In some groups of cells, L-NAME (0.5 mmol/L) was added 30 min before loading cells with DAF-2 DA
(B). A representative time course experiment is shown for experiments that were repeated independently for three times. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this paper.)
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Fig. 2. Effects of Rbl on eNOS phosphorylation and NOS activity. Phosphorylation of eNOS in HAECs. Starved HAECs were treated with the vehicle
(0.01% DMSO) or Rbl (1 ymol/L) for indicated times (A) or with various concentrations of Rb! for 30 min (B). Western analysis performed to detect
phospho-eNOS (Ser1177) and total eNOS. The experiments were repeated three times in triplicates, with equal result. NOS activity in HAECs
homogenates. Rbl (1 pmol/L) were added to the starved medium for 30 min, then activity of NOS was measured by the conversion of L-arginine to L-
citrulline at 37 °C for 60 min (C). Histograms and error bars represent means = SEM of four independent experiments performed in duplicate. *P < 0.01

vs control.
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whether Rbl activated Akt and ERK1/2. We used phos-.

pho-specific antibodies to evaluate the ability. of Rbl to

stimulate phosphorylation of Akt and ERKI/2 in
HAECs. Rbl rapidly increased phosphorylation of Akt
{Ser473) and ERKI/2 (Fig. 3A, upper blots) in
HAECs > Smin after the addition of Rbl. Maximal
phosphorylation was attained at 30 min in Akt and at
I5min in ERKI1/2. The relative magnitude of the Rbl
response falls subsequently but is still significantly greater
than control after 120 min of Rbl treatment. Rbl did not
affect total Akt and ERK protein expression (Fig. 3A,
lower blots).

p-Akt (ser*’?)

total-Akt

p-ERK1/2
total-ERK1/2

Rb1 (1 pmol/L) 0 5 10

B p-eNOS (ser''™) 4

15

ETX I

767

We next examined the rapid phosphorylation of eNOS
at Ser1179 by Rbl either in the absence or presence of
PI3 kinase inhibitor wortmannin, and Akt inhibitor SH-5
or MEK (ERK kinase) inhibitor PDD98059. As shown in
Fig. 3B, the rapid eNOS phosphorylation was abolished

by pretreatment of cells with wortmannin (5 pmol/L) or

SH-5, and partially attenuated by MEK inhibitor
PD98059 (10 pmol/L). NO production viewed by fluores-
cent microscopy showed the similar inhibition by these
inhibitors (Fig. 3C). These results suggest that acute activa-
tion of eNOS and NO production by Rbl were mediated
through activation of PI3-kinase/Akt and ERK1/2.

- - ey e D G P
- G G W o =
G eoeoeooew

30 60 120 (min)

p-eNOS (ser''”") 7 ‘“

total-NOS m wavos (D EDED
Rb1 - - - +* - + Rb1 . + . +
SH-5 . . + + - - PD98059 . . + *
wortmannin R . . . + +
C inhibitor (-) SH5 (+) Wortmannin (+) PD98059 (+)
B . -
- . -

Fig. 3. Effects of inhibitors for PI3kinae/Akt or MEK (ERK kinase) on eNOS, phosphorylation and NO production. Starved HAECs were treated with
the vehicle (0.01% DMSO) or Rbl (1 pmol/L) for indicated times (A). In some groups, cells were pretreated with SH-5 (10 pumol/L). wortmannin (5 ypmol/
L) or PD98059 (10 umol/L) for 1 h, then cells were treated without or with Rbl (1 umol/L) for 30 min (B). Cell lysates were analyzed by Western blot as
described in Materials and methods. Anti-phospho-Akt (Ser473) antibody and anti-Akt antibody; anti-phospho-ERK1/2 antibody and anti-ERK1/2
antibody (A}. anti-phospho-eNOS (Ser1177) antibody and anti-eNOS antibody (B) were used for western blot analysis. Experiments were repeated three
times. with equ1\ alent result. Starved cells were loaded with DAF-2 DA as described in Materials and methods before treatment with Rbl (1 pmol/L). Ini
some groups of cells, SH-5 (10 pmol/L), wortmannin (5 pmol/L) or PD98059 (10 pumol/L} were added 60 min before cells were loaded with DAF-2 DA.
After Rb] treatment, cells were fixed in 2% paratorma]dehyde for 10 min at 4 °C and then viewed using a fluorescent microscope (C). Emission of green
light (510 nm) from cells excited by light at 488 nm is indicative of NO production. A representative set of experiments is shown for experiments that were
repeated independently three times. (For interpretation of the réferences to color in this figure legend, the reader is referred to the web version of this

paper.)
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Fig. 4. Effects of nilutamide, an antagonist of androgen receptor, on eNOS phosphorylation and NO production. HAECs were starved 6 h and then
treated without or with Rb1 (1 ymol/L) for 30 min. Some groups of cells were pre-treated with androgen receptor agonist nilutamide (10 ymol/L} for 1 h.
Cell lysates were then subjected to immunoblotting as described in Materials and methods. The experiments were repeated three times in triplicates, with
equal results. Starved cells were loaded with DAF-2 DA as described in Materials and methods before treatment with Rb1 (1 umol/L). In some groups of
cells, nilutamide (10 pmol/L) were added 60 min before cells were loaded with DAF-2 DA. After Rbl treatment, cells were fixed in 2% paraformaldehyde
for 10 min at 4 °C and then viewed using a fluorescent microscope (B). Emission of green light (510 nm) from cells excited by light at 488 nm is indicative
of NO production. The experiments were repeated independently three times with equal results. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this paper.)

Rb1-induced eNOS phosphorylation is inhibited by androgen
receptor antagonisi

Increasing evidence shows that activation of the steroid
hormone receptor such as estrogen receptor (ER) lead to
NO production and vasodilation within minutes by non-
transcriptional pathways. Ginsenosides have steroidal
skeleton structure and can act as an agonist for steroid
hormones receptor. To see whether steroid hormone
receptors were involved in acute activation of eNOS to
produce NO in HUACs by Rbl, we examined the effects
of the androgen receptor antagonist nilutamide and estro-
gen receptor antagonist ICI182780. Representative western
blots obtained using anti-phospho-eNOS (Serl177) anti-
body and anti-eNOS antibody are shown in Fig. 4A. The
Rbl-induced eNOS phosphorylation {Ser1177) was inhibit-
ed by the androgen receptor antagonist nilutamid
(10 umol/L) In addition, NO production was diminished
to the baseline level in the presence of nilutamid
(Fig. 4B). However, the Rbl-induced eNOS phosphoryla-
tion (Serl177) and NO production were unaffected by an
estrogen receptor {ER) antagonist IC1182780 (10 pmol/L)
(data not shown).

Discussion

We have shown that purified Rbl rapidly stimulates
production of NO in HAECs > [5min after treatment.
Maximal stimulation of NO production was obtained at
30 min. The increase in NO production was abrogated by
the addition of eNOS inhibitor, L-NAME. It is generally
well known that eNOS is tightly regulated not only at the
transcriptional level but also by several post-transcriptional

mechanisms [8]. The enhanced phosphorylation at Serl1177
leads to increased eNOS activity. In our experiments,
Rbl induced rapid phosphorylation of eNOS at
Ser1177 > 10 min after Rbl treatment. Maximal eNOS
phosphorylation by Rbl was observed from 30 to 60 min
of incubation. NOS activity was also increased by the addi-
tion of Rbl in HAECs. Taken together, our results suggest
that the acute effect on NO production in HAECs is attrib-
utable to rapid phosphorylation of eNOS at Ser1177. NO
produced by eNOS is a fundamental determinant of
cardiovascular homeostasis responsible for regulating
systolic blood pressure, vascular remodeling and angiogen-
esis. It is possible to consider that Rbl, a major active
component of ginseng could be a candidate responsible
for the antihypertensive effects of ginseng previously
reported [1.2].

Recent studies have revealed that PI3-kinase/Akt and
MEK/ERK /2 pathways are crucial regulator in cell pro-
liferation, cell-cycle progression, and mediator of cellular
survival. Both of them also contribute to enhanced phos-
phorylation of eNOS at Serl1177/1179 and production of
NO [6.7]. The present study showed that Rbl also stimu-
lated the phosphorylation of Akt (Ser473) and ERK1/2
(Thr202/Thr204) in HAECs. Rbl-induced eNOS phos-
phorylation was prevented by inhibitors for PI3-kinase/
Akt or MEK (ERK kinase). Our data suggest that the acti-
vation of PI3-kinase/Akt and MEK/ERK-mediated path-
ways are involved in the regulation of acute eNOS
phosphorylation by ginsenoside Rbl in HAECs.

Another interesting finding is that acute phosphoryla-
tion of eNOS by Rbl was abolished by an antagonist for
androgen receptor. Recent studies have shown Rbl acts
as a phytoestrogen in MCF-7 human mammary carcinoma
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cells [9]. However, in HAECs, Rbl-induced eNOS phos-
phorylation was not prevented by an antagonist for estro-
gen receptor {(data not shown). It is known that
testosterone prevents coronary artery disease, and lower
testosterone level is a risk factor for ischemic heart disease
in men [10 12]. Recent studies revealed that endothelial
NO has antiatherosclerotic properties, such as inhibition
of platelet aggregation, leukocyte adhesion, smooth muscle
cell proliferation, and expression of genes involved in ath-
erosclerosis [4]. Together with these observations, our
results that Rbl induced eNOS phosphorylation has been
abolished by the androgen receptor antagonist will be the
beginning of the experimental analyses at cellular levels
and may provide a clue for better understanding of the
mechanisms by which androgens exert their action for pre-
venting coronary artery disease. Further studies are
required for elucidation.
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Exacerbation of Albuminuria and Renal Fibrosis in Subtotal
Renal Ablation Model of Adiponectin-Knockout Mice

Koji Ohashi, Hirotsugu Iwatani, Shinji Kihara, Yasuhiko Nakagawa, Noriyuki Komura, Koichi Fujita,
Norikazu Maeda, Makoto Nishida, Fumie Katsube, Iichiro Shimomura, Takahito Ito, Tohru Funahashi

Objective—Obesity is recognized increasingly as a major risk factor for kidney disease. We reported previously that plasma
adiponectin levels were decreased in obesity. and that adiponectin had defensive properties against type 2 diabetes and
hypertension. In this study. we investigated the role of adiponectin for kidney disease in a subtotal nephrectomized

mouse model.

Methods and Results—Subtotal (5/6) nephrectomy was performed in adiponectin-knockout (APN-KO) and wild-type
(WT) mice. The procedure resulted in significant accumulation of adiponectin in glomeruli and interstitium in the
remnant kidney. Urinary albumin excretion, glomerular hypertrophy. and tubulointerstitial fibrosis were signiticantly
worse in APN-KO mice compared with WT mice. Intraglomerular macrophage infiltration and mRNA levels of vascular
cell adhesion molecule (VCAM)-1, MCP-1, wmor necrosis factor (TNF)-«, transforming growth factor (TGF)-g1,
collagen type I/HI. and NADPH oxidase components were significantly increased in KO mice compared with WT mice.
Treatment of APN-KO mice with adenovirus-mediated adiponectin resulted in amelioration of albuminuria, glomerular
hypertrophy. and tubulointerstitial fibrosis and reduced the elevated levels of VCAM-1, MCP-1, TNF-a, TGF-81,
collagen type /11, and NADPH oxidase components mRNAs to the same levels as those in WT mice.

Conclusions—Adiponectin accumulates to the injured kidney, and prevents glomerular and tubulointerstitial injury through
modulating inflammation and oxidative stress. (Arterioscler Thromb Vasc Biol. 2007;27:1910-1917.)

Key Words: adiponectin m obesity m subtotal nephrectomy m inflammation m oxidative stress

besity is recognized increasingly as a major risk factor

for kidney disease. It has been reported that body mass
index (BMI) was associated significantly with increased risk
for chronic kidney disease after adjusting for the other
confounders.’

The adipose tissue produces and secretes many bioactive
substances, known as adipocytokines, which directly contrib-
ute to obesity-linked metabolic and vascular diseases. Adi-
ponectin is an adipocyte-specific plasma protein that was
identified in our laboratories in a human adipose tissue cDNA
library.? In a series of publications, we reported that physio-
logical concentrations of human recombinant adiponectin
suppressed the expression of endothelial adhesion molecules,
vascular smooth muscle cell (VSMC) proliferation, macro-
phage-to-foam cell transformation, and tumor necrosis factor
(TNF)-a production by macrophages in vitro.*-® We have
also shown that adiponectin selectively increased the expres-
sion of tissue inhibitor of metalloproteinases, which inhibits
extracellular matrix degradation and protects the vascular
wall from plaque disruption, in human monocyte-derived
macrophages through interleukin (IL)-10 induction. an anti-

inflammatory cytokine.® Recently. it has been reported that
adiponectin exhibited cardioprotective effects after myocar-
dial ischemia/reperfusion through the reduction of oxidative
stress.” In human studies, we also reported the presence of
hypoadiponectinemia in patients with obesity, type 2 diabetes
mellitus. and coronary artery disease.®-'” Interestingly,
plasma adiponectin levels are an inverse predictor of cardio-
vascular outcomes in patients with end-stage renal disease'!
even though plasma adiponectin levels show a negative
correlation with GFR through unknown mechanisms.!?
Experimental subtotal (5/6) renal ablation of mice and rats
results in progressive glomerular hypertrophy, podocyte in-
jury, and subsequent fibrosis and proteinuria through adaptive
glomerular hypertittration,'* ' oxidative stress,” and inflam-
mation.!> We performed the renal mass reduction by surgical
resection of the poles of the kidney rather than by renal artery
ligation to prevent the development of severe hypertension,
which would be a signiticant confounding factor in the
assessment of the effects of microvascular injury on renal
progression.' In the present study, we investigated the role of
adiponectin against glomerular and tubulointerstitial injury
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using adiponectin-knockout (KO) mice burdened with subto-
tal renal ablation.

Methods

Animal and Animal Treatment
KO mice were generated as described previously and backcrossed to
wild-type (WT) CS7BL/6J.'7 Both APN-KO and WT male mice (8-

to 10-week-old) were assigned to 2 groups with or without subtotal -

renal ablation. Subtotal (5/6) nephrectomy was performed by the
surgical excision method.'® Al surgical procedures were carried out
under anesthesia with intraperitoneal pentobarbital (30 mg/kg body
wt: Sigma). The left kidney was exposed through a left paramedian
incision and then decapsulated, leaving the adrenal gland intact. The
upper and lower poles (two-thirds of the left kidney) were resected,
and the remnant kidney was allowed to recover for 1 week. Then the
remaining right kidney was removed through a right paramedian
incision after ligation of the right renal artery, vein, and ureter. Eight
weeks atter ablation, KO and WT mice were euthanized for analysis.
Tissues were fixed by perfusion of 10% buffered formalin via heart
and subsequent immersion in 10% buffered formalin at 4°C for 4
hours. The experimental protocol was approved by the Ethics
Review Committee for Animal Experimentation of Osaka University
School of Medicine.

Histology and Immunohistochemistry

Four-um paraffin or optimal cutting temperature (OCT) compound
(Sakura) -embedded sections were analyzed immunohistochemically
by use of rabbit polyclonal anti-mouse adiponectin antibody (Otsuka
Pharmaceuticaly. goat monoclonal anti-mouse F4/80 antibody (Ce-
darlane) and goat polyclonal anti-mouse nephrin antibody (Sanla
Cruz). After incubation with biotin-conjugated secondary antibody,
as to adiponectin and nephrin antibody. the specimens were pro-
cessed by use of the avidin-biotin-peroxidase complex kit (Vector
Laboratories). Peroxidase activity was detected with a Liquid DAB
Substrate Kit (Zymed Laboratories Inc). As to F4/80. the {luores-
cent-labeled secondary antibody. Alexa Fluor 488-conjugated guinea
pig anti-goat antibody (Molecular Probes), was used. To analyze
renal fibrosis, paraftfin-embedded sections were stained with periodic
acid-Schift (PAS) method and Masson trichrome method. More than
20 consccutive sections in each mouse were examined, and the mean
number of macrophages in the glomeruli was calculated. The number
of cells was determined from light microscopic images (Provis AX
80 equipped with an HDTV system and a color-chilled 3 charged
coupled device camera: Olympus) using an image analysis system
(Macscope version 2.55: Mitani).

Blood Pressure Measurement

Systolic blood pressure (SBP) and heart rate (HR) were measured
using the tail cuff technique with an automatic sphygmomanometer
(BP98A: Softron) at the tail artery while the animals were restrained.
Mice were trained to the tail cuff apparatus at least twice. Ten
readings were taken for each measurement. and a mean value was
assigned to each individual mouse.

Laboratory Methods

Blood samples were oblained from the retroorbital sinus from these
mice before and 4. 6, and 8 weeks after ablation. Spontaneously
voided urine was collected between 8 and 11 am. The blood
concentrations of urea nitrogen and creatinine were measured by
using appropriate biochemical methods in a commercial laboratory
(SRL). Creatinine clearance. in microliters of plasma and urine per
minute was calculated by creatinine clearance CCr=(Cu/Cp)XV.
where Cu is the concentration of creatinine in urine. Cp is the
concentration of creatinine in plasma at the time of a 24-hour urine
collection. and V is the urine flow rate in microliters per minute.
Urinary albumin excretion was assayed with a murine albumin
enzyme-linked immunosorbent assay kit (Exocell). To standardize

Albuminuria and Renal Fibrosis in Adiponectin-Null Mice 1911

urinary albumin excretion for GFR. albuminuria was expressed as
milligrams of urinary albumin per gram of urinary creatinine.
Adiponectin concentrations were determined with ACRP30 ELISA
kits (Otsuka Pharmaceutical Co).

Gene Expression Analysis
Total RNA was extracted using RNA-STAT kit (TEL-TEST) ac-
cording to the protocol supplied by the manufacturer. and 0.5 ug
RNA was reverse-transcribed using the ThermoScript RT-PCR
system (Invitrogen). Real-time PCR was performed on a LightCycler
using the FastStart DNA Master SYBR Green | (Roche Diagnostics)
according to the protocol provided by the manufacturer.

We used the primers listed in supplemental materials (available
online at http://atvb.ahajournals.org). All results were normalized to
36B4.

Preparation and Delivery of

Adenoviral Adiponectin

Adenovirus producing the full-length adiponectin was constructed
with Adenovirus Expression Vector Kit (TaKaRa) as described
previously.'? Then. 5X10* plaque-forming units of adenovirus-
adiponectin (Ad-APN) or adenovirus -galactosidase (Ad-f8 gal) was
injected intravenously via the tail vein.

Statistical Methods

Data are presented as mean=SEM. Differences between groups were
evaluated by the Student 7 test or analysis of variance (ANOVA) with
Fisher PLSD test. A probability value less than 0.05 denoted the
presence of a statistically significant difference. All calculations
were performed by using a standard statistical package (StatView for
Macintosh, version 5.0).

Results

Accumulation of Adiponectin in Glomeruli and
Interstitum in Remnant Kidney

Immunohistochemical analysis showed abundant immuno-
staining for adiponectin in the glomeruli and interstitum of
the remnant kidney of WT mice at 8 weeks after subtotal
nephrectomy but not in the control glomeruli and interstitum
(Figure 1a to 1d). However, real-time PCR showed no
detectable level of adiponectin mRNA in the remnant kidney
of WT mice (data not shown). These findings indicate
accumulation of adiponectin in the glomeruli and interstitum
in the injured kidney. '

Severe Glomerular Hypertrophy and
Tubulointerstitial Fibrosis in Subtotal-
Nephrectomized Adiponectin-KO Mice
Subtotal nephrectomy resulted significant rise in urinary
excretion of albumin in KO mice but not in WT mice (Table).
On the other hand. subtotal nephrectomy did not significantly
change levels of blood urea nitrogen. Cr concentrations,
creatinine clearance, body weight. SBP. heart rate (HR), or
number of glomeruli per section in KO compared with WT
mice (Table). Importantly. blood pressure remained within
the normal range during our study both in KO and WT mice.
Eight weeks after subtotal nephrectomy. kidney sections of
WT mice showed mild glomerular hypertrophy. increased intra-
glomerular cells mostly in the mesangial area, and tubuloin-
terstitial tibrosis (compare Figure 2a and 2b with 2e and 2f).
These changes were more severe in adiponectin-KO mice
(compare Figure 2¢ and 2d with 2g and 2h).
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Figure 1. Representative results of immunohistochemical analy-
ses for adiponectin in non-operated WT (a and c¢) and WT mice
after subtotal nephrectomy (b and d). Control nonoperated mice
showed limited glomerular and tubulointerstitial staining for adi-
ponectin (a and c¢), whereas glomerular and tubulointerstitial im-
munostaining for adiponectin was augmented after subtotal
nephrectomy (b and d). Magnification, x40 (a and b), X200 (c
and d).

To analyze these changes quantitatively, the glomerular
cross-sectional area and number of intraglomerular cells in
every specimen were measured (Figure 2i through 2Kk).
Without subtotal nephrectomy, the average cross-sectional
area and number of intraglomerular cells of control KO mice
were similar to those of control WT mice [cross-sectional
arca  (mm?): 2.55+£0.01X107" for KO mice (n=6),
2.5220.11 X107 for WT mice (n=6); intraglomerular cell
number (cells/glomerulus): 23.9+0.8 for KO mice, 23.8%1.2
for WT mice:; Figure 2i and 2j)]. On the other hand, subtotal
nephrectomy resulted in increases in glomerular cross-
sectional area and number of intraglomerular cells of both
WT (n=6) and KO (n=8) mice at 8§ weeks (cross-sectional
area: 2.72+0.11X107" and 3.1320.11X 107" mm’, respec-
tively, intraglomerular cell number: 34.3%1.0 and 38.3x1.4/
section, respectively, Figure 2i and 2j). These increases were
more significant in KO mice than in WT mice (P<0.05, for
both, Figure 2i and 2j). Furthermore. subtotal nephrectomy
resulted in increase area of tubulointerstitial fibrosis in both

September 2007

WT and KO mice (Figure 2k), which was also significantly
more severe in KO mice (7.6*1.1%) than in WT mice
(4.720.3%: P<0.05). Nephrin immunostaining tended to
reduce in the remnant kidneys of both WT and KO mice by
subtotal renal ablation (supplemental Figure I-a, I-b, I-c. and
I-d). To quantify the expression of nephrin, quantative real-
time PCR was performed in the control and remnant kidney.
Subtotal nephrectomy resulted in significant reduction of
nephrin mRNA levels in the remnant kidney in KO mice than
in WT mice (supplemental Figure I-e). Adiponectin defi-
ciency had no effect on nephrin mRNA levels without renal
ablation.

Inflammatory Response in Adiponectin KO Mice
and WT Mice

Next, we investigated glomerular macrophage infiltration,
which is regarded as a key event in glomerular injury that
leads to renal fibrosis and proteinuria. Immunohistochemical
analysis revealed increased number of glomerular infiltration
of F4/80-positive macrophages in KO mice after renal abla-
tion (Figure 3a). The gene expressions of F4/80 and CD6S,
which were specifically expressed in macrophages and mac-
rophage-related cells, were significantly increased in KO
mice after subtotal nephrectomy (supplemental Figure 11-a).
To determine the mechanism of severe glomerular and tubu-
lointerstitial damage in KO mice, we examined the mRNA
levels of proteins associated with macrophage infiltration,
glomerular and tubulointerstitial fibrosis, oxidative stress,
and chronic hypoxia. Subtotal nephrectomy resulted in sig-
nificant overexpression of VCAM-1, MCP-1, TNF-«, TGF-
B1. collagen I, and collagen III mRNA levels in the remnant
kidney in KO mice than in WT mice (Figure 3b and 3c). The
mRNA levels of NADPH oxidase components, gp91™»,
p47™=, and p67™"*, were increased in the remnant kidney in
KO mice than in WT mice (Figure 3d). On the other hand,
there were no significant difterences in the mRNA expression
levels of catalase and Cu,Zn-SOD, as antioxidant enzymes,
between KO and WT mice, although subtotal nephrectomy
significantly reduced antioxidant enzyme mRNA levels both
of KO and WT mice (supplemental Figure H-b). There were
no significant differences in the mRNA levels of VEGF-A, as

Characteristics of Adiponectin Knockout (KO) and Wild-Type (WT) Mice

Control Subtotal Nephrectomy
Parameters WT (n=6) KO {n=6) WT (n=6) KO (n=8)
Body Weight, g 32712 316+1.2 27.6x05 27.1+0.7
Systolic blood pressure, mm Hg 103.0x1.7 103.0+1.3 103.2:30 102.0+0.8
Heart rate, beat/min 681.2+129 675.8+20.2 705.0x24.1 7174123
No. of glomeruli/section 184.6x10.9 176.5:79 73.5+57 70.3x2.1
Blood urea nitrogen, mg/d! 29336 28.0+1.8 70.0=40 72.5+45
Serum creatinine, mg/d 0.11+0.02 0.09+0.01 0.25=0.01 0.25+0.02
Creatinine Clearance, pl/min 208.1x220 174.7+35.8 113.0=149 101.5=10.9
Serum adiponectin, ug/mt 19.0+1.4 ND 32.2+39 ND
Urinary albumin, mg/g Cr 352+21.5 27.1+6.1 52.2x11.4 99.4+14.8"

Data are mean=SEM. P<<0.05 compared with WT after subtotal nephrectomy. ND indicates not detectable.
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Figure 2. a through h, Histology of the kidneys of nonoperated WT (a and b}, nonoperated KO (c and d), and WT (e and f) and KO
(g and h) mice after subtotal nephrectomy. Representative periodic acid-Schiff (PAS)-stained sections (a, ¢, e, and g) and Masson
trichrome stained sections (b, d, f, and h}. Note the lack of differences in the glomeruli and tubules between nonoperated WT and KO
mice (2 and ¢, b and d). Eight weeks after subtotal nephrectomy, glomerular hypertrophy and tubulointerstitial fibrosis were only mod-
estly increased in WT mice (e and f} but remarkably increased in KO mice (g and h). Mean values of area of glomerular cross-section (i),
number of intraglomerular cells (j), and area of interstitial fibrosis (k) were quantitatively analyzed for WT and KO mice with or without
subtotal nephrectomy. Magnification, x200. #P<:0.05 for control WT mice. *P<0.05 for renal-ablated WT mice.

the downstream of hypoxia inductive factor-1« (supplemen-
tal Figure H-b).

Adiponectin Supplementation Ameliorates
Albuminuria, Glomerular Hypertrophy, and
Tubulointerstitial Fibrosis in Subtotal
Nephrectomized-KO Mice

To determine the effect of exogenous adiponectin replenish-
ment, KO and WT mice were treated with Ad-APN or Ad-8
gal. Four weeks after subtotal nephrectomy. Ad-APN or
Ad-f3 gal was injected intravenously via the tail vein. On day

14 postinjection, plasma adiponectin levels were 65.1222.9
pg/mL in KO mice treated with Ad-APN (KO/Ad-APN,
n=9). not detectable in KO mice treated with Ad- B gal
(KO/Ad-B gal. n=9), 59.7+9.2 ug/mL in WT/Ad-APN
(n=10). and 19.1£2.0 pg/mL in WT/Ad-B gal (n=9).
Immunohistochemical analysis at 4 wecks after Ad-APN
injection showed adiponectin accumulation in the glomeruli
and interstitum of the remnant kidneys of KO mice (Figure
4a). Such immunohistochemical improvement was coupled
with significant decrease in urinary albumin excretion/Cr
(mg/g Cr) in KO/Ad-APN compared with KO/Ad-g3 gal after
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