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ABSTRACT

Electrical stimulation of the vagal efferent nerve
improves the survival of myocardial infarcted rats.
However, the mechanism for this beneficial effect is
unclear. We investigated the effect of acetylcholine
(ACh) on HIF-1o using rat cardiomyocytes under
normoxia and hypoxia. ACh posttranslationally
regulated HIF-la and increased its protein level
under normoxia. ACh increased Akt phosphorylation,
and wortmannin or atropine blocked this effect.
Hypoxia-induced  caspase-3 . activation  and
mitochondrial membrane potential collapse were
prevented by ACh. Dominant-negative HIF-1o
inhibited the cell protective effect of ACh. In acute
myocardial ischemia, wvagal nerve stimulation
increased HIF-1a expression and reduced the infarct
size. These results suggest that ACh and wvagal
stimulation protect cardiomyocytes through the
PI3K/AXVHIF-1o pathway.
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1, Introduction

The prognosis of patients with chronic heart
failure remains poor, due to progressive remodeling
of the heart and lethal arthythmia. Acute ischemia or
hypoxia causes loss of cardiomyocytes, followed by
remodeling in the chronic phase. Although various
therapeutic approaches have been introduced,
including implantable defibrillators [1], a more
effective modality of therapy has been anticipated for
several years. A recent animal study by Li et al.
demonstrated that vagal nerve stimulation prevented
ventricular remodeling after myocardial infarction,
suggesting a novel therapeutic strategy against heart
failure [2]. Furthermore, Krieg et al. reported that
acetylcholine (ACh) has a cardioprotective effect [3].
Although nitric oxide (NO) is supposed to be a major
signaling molecule induced by ACh, a mechanism for
the beneficial effect of vagal nerve stimulation on

cardiomyocytes remains to be clarified. To
investipate' this mechanism, we hypothesized that
vagal stimulation or ACh directly triggers a cell
survival signal that is subsequently amplified and
leads to protection of the cardiomyocytes from acute
ischemic conditions, and that this effect of ACh, if

continued, could be responsible for chronic
cardioprotection.
In the present study, we focused on

demonstrating the cellular action of ACh through
hypoxia-inducible factor (HIF)-lo. HIF-la is a
transcription factor that is important for cell survival
vnder hypoxia. HIF-1a activates the expression of
many genes indispensable for -cell survival [4,5].
Under normoxia, the HIF-1cx protein level is very low,
due to proteasomal depradation through with ven
Hippel-Lindau tumor suppressor protein (VHL).
However, HIF-la escapes from this degradation
under hypoxia, and this is recognized as the hypoxic
pathway [6,7]. Recently, it was revealed that HIF-1a
can be also induced via a nonhypoxic pathway by
angiotensin I [8,9]. Tzken together, it is conceivabie
that HIF-lo induction is one of the adaptation
processes to hypoxia and ischemia, and - that
additionat induction of HIF-1c¢ during ischemia via a
nonhypoxic pathway could provide further
cardioprotection.

Therefore, we investigated the direct effects of
ACh on survival signaling in cardiomyocytes and of
vagal stimulation on hearts. The results suggest that
ACh and vagal stimulation protect cardiomyocytes
from acute hypoxia and ischemia via additional
HIF-1c profein  induction through a mnonhypoxic
pathway.

2, Materials and Methods

2.1, Cell Culture

To examine the effect of ACh on cardiomyocytes,
H9c2 cells as well as primary cardiomyocyles
isolated from neonatal rats were used, H9¢2 cells,
which are frequently used to investigate signal



transduction and channels in rat cardiomyocytes, are
derived from rat  embryonic  ventricular
cardiomyocytes. H9c2 cells were incubated in
DMEM containing 10% FBS and antibiotics. Primary
cardiomyocytes were isolated from 2-3-day-old
neonatal WKY rats and incubated in DMEM/Ham
F-12 containing 10% FBS. HEK293 cells and HeLa
cells cultured in DMEM containing 109% FBS were
also used.

2.2. Western Blot Analysis

H9c?2 cells and primary cardiomyocytes were treated
with 1 mM ACh to evaluate expression of HIF-1a
protein under normoxia or with 1 mM
S-nitroso-N-acetylpenicillamine (SNAP) to study the
signal transduction. To investigate the signal
transduction, H9¢c2 cells were pretreated with a PI3K
inhibitor, (wortmannin; 300 nM), a muscarinic
receptor, (atropine; T mM), a transcriptional inhibitor,
{actinomycin D; 0.5 ug/ml) or a protein synthesis
inhibitor, (cycloheximide; 10 ug/ml), followed by
ACh treatment. Cell lysates were mixed with a
sample buffer, fractionated by 10% SDS-PAGE and
transferred onto membranes. The membranes were
incubated with primary antibodies against HIF-la
(Santa Cruz Biotechnology, Santa Cruz, California,
USA), Akt and phospho-Akt (Cell Signaling
Technology, Beverly, Massachusetts, USA), and
o-tubulin (Lab Vision, Fremont, California, USA),
and then reacted with an HRP-conjugated secondary
antibody (BD Transduction Laboratories, San Diego,
California, USA), Positive signals were detected with
an enhanced chemiluminescence system (Amersham,
Piscataway, New Jersey, USA). In each study, the
experiments were performed in duplicate and
repeated 3-5 times (n=3-5). Representative data are
shown,

2,3, MTT Activity Assay

To evaluate the effects of hypoxia and ACh on the
mitochondrial function of cardiomyocytes, we
measured  3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl
tetrazolium bromide (MTT) reduction activity in
H%¢2 or HEK293 cells under hypoxia (1% oxygen
concentration), in the presence or absence of ACh.
The cells were pretreated with 1 mM ACh for 12
hours, and then subjected to hypoxia for 12 hours. At
4 hours before sampling, the MTT reagents were
added to the culture and incubated.

2.4. Caspase-3 Activity Assay

Caspase-3  activity was measured wusing a
CPP32/Caspase-3 Fluorometric Protease Assay Kit,
(CHEMICON  INTERNATIONAL, Temecula,
California, USA). Hypozxia-treated H9c2 cells with or
without 1 mM ACh pretreatment were Iysed and the

cytosolic extract was added to the caspase-3 substrate.

A fluorometer equipped with a 400-nm excitation
filter and 505-nm emission filter was used to measure
the samples.

2,5, DePsipher Assay

To examine the effects of hypoxia and ACh on the
mitochondrial electrochemical gradient, we analyzed
cardiomyocytes using 2 DePsipher™ Mitochondrial
Potential Assay Kit (Trevigen, Gaithersburg,
Maryland, USA). Apoptotic cells, which undergo
mitochondrial membrane potential collapse cannot
accumulate the DePsipher reagent in their
mitochondria. As a result, apoptotic cells show
decreased red fluorescence in their mitochondria, and
the reagent remazins in the cytoplasm as a green
fleorescent monomer. Therefore, apoptotic cells were
easily differentiated from healthy cells, which
showed more red fluorescence.

2.6. Evaluation of NO production

NO production was measured using the 4,5
diaminoflucresceindiacetate  (DAF-2DA;  Alexis,
Lausen, Switzerland) fluorometric NO detection
system as previously reported [10]. The intensity of
the DAF-2DA green fluorescence in ACh-treated
cells was measured and compared with that in
non-treated cells (A Ex. 492 nm; A Em. 515 nm).

2.7. Transfection

To investigate the direct contribution of Akt
phosphorylation to HIF-la stabilization or that of
HIF-1a to the ACh effect, HEK293 cells were
transfected with an expression vector for wild-type
Akt (wt Akt), dominant-negative Akt (dn Akt),
wild-type HIF-1a (wt HIF-10) or dominant-negative
HIF-le (dn HIF-la), using. Effectene (Qiagen,
Valencia, California, USA) according to the
manufacture’s protocol. The Akl vectors were
generous gifts from by Dr. K. Okudela {Yokohama
City University, Kanagawa, Japan) [11], while the
HIF-1a vectors were kindly provided by Dr. M.
Kobayashi (Hokkaido University, Sapporo, Japan)
[12]. After transfection, HEK293 cells were
pretreated with 1 mM ACh for 12 hours, followed by
evaluating the HIF-1a protein level or by hypoxia for
12 hours and MTT activity in each group was
evaluated. As a control, cells were transfected with a
vector for green flnorescent protein (GFP).

2.8. RI.PCR

Total RNA was isolated from H9¢c2 cells according to
a modified acid guanidinium-phenol-chleroform
method using an RNA isolation kit (ISOGEN;
Nippon Gene, Tokyo, Japan), and reverse-transcribed
to obtain a first-strand cDNA. This first-strand cDNA
was amplified by specific primers for HIF-1a, and the
PCR products were fractionated by electrophoresis.

2.9. Vagal Nerve Stimulation
Ischemia

Left ventricular myocardial ischemia (MI) was
performed by 3 hours of left coronary artery (LCA)
lipation in anesthetized 9-week-old male Wistar rats

in Myocardial



under artificial ventilation previously described [2].
Sham-operated (control} rats did not undergo LCA
ligation. For vagal nerve stimulation (VS), the right
vagal nerve in the neck was isolated and cut. Only the
distal end of the vagal nerve was stimulated in order
to exclude the effects of the vagal afferent. The
electrode was connected to an isolated constant
voltage stimulator. VS was performed from 1 min
before the LCA ligation until 3 hours afterwards,
using 0.1 ms pulses at 10 Hz (MI-VS). The electrical
voltage of the pulses was adjusted to obtain a 10%
reduction in the heart rate before LCA ligation, but
VS (MI-VS) was not associated with any blood
pressure reduction during the experiments, compared
with MI. At the end of the experiments, the rats were
either injected with 2 ml of 2% Evans blue dye via
the femoral vein to measure the risk area followed by
determination of the infarct size with 2% triphenyl
tetrazolium chloride (TTC) staining or the heart was
excised for protein isolation and subsequent western
blotting to detect HIF-1a protein. The percentage of
the infarcted area of the left ventricle (LV) was
calculated as the ratio of the infarcted area to the risk
area.

2.10. Densitometry .

The western bloiting data were analyzed using Kodak
1D Image Analysis Software {Eastman Kodak Co.,
Rochester, New York, USA).

2.11. Statistics

The data were presented as means = S.E. The mean
values between two groups were compared by the
unpaired Student’s t test. Differences among data
were assessed by ANOVA for multiple comparisons

of results. Differences were considered significant at .

P<0.05.

3. Results

3.1. Posttranslational Regulation of HIF-1a by ACh
through a Nonhypoxic Pathway

ACh {1 mM) increased HIF-1a protein expression in
H9c2 cells under normoxia (Fig. 1A). ACh increased
NO production, as evaluated by DAF-ZDA (Figure
1B), suggesting that NO is involved in the signal
transduction of HIF-1a induction. Actinomycin D
(0.5 pg/ml; Figs. 2A, 2B) and cycloheximide (10
ug/ml; Fig. 2C) did not decrease the HIF-la level
under normoxia, suggesting that HIF-1o degradation
is regulated by ACh. Furthermore, ACh increased
HIF-1 o level in primary cardiomyocytes without
reducing their beating rate (Fig. 3). Since H9¢2 cells
did not beat, these results suggest that HIF-la
induction is independent of the heart rate-decrecasing
effect of ACh.

3.2. Akt Phosphorylation by ACh

ACh had no effect on the total Akt protein level, but
increased Akt phosphorylation (Fig. 4A) as
effectively as SNAP (data not shown). The

ACh-induced Akt phosphorylation was inhibited by
atropine in a dose-dependent manner (Fig. 4B).
ACh-induced Akt phosphorylation and its inhibition
by atropine were also observed in rat primary
cardiomyocytes (Fig. 4C).

3.3. PI3K/Akt Pathway for HIF-1a induction by
ACh

Wortmannin completely inhibited the ACh-induced
Akt phosphorylation (Fig. 4D), in clear contrast to the
data in Fig. 4A. Furthermore, it also attenuated the
HIF-1c induction by ACh (Fig. 4E). To elucidate the
contribution of Akt phosphorylation to HIF-la
protein level in normoxia, dn Akt was introduced into
HEK?293 cells, and found to partially inhibit the
HIF-1c¢ induction by ACh (Fig. 4F).

3.4. Effect of ACh on Apoptosis during Hypoxia

The DePsipher assay clearly showed that hypoxia
(1% oxygen concentration) for 12 hours caused
mitochondrial membrane potential collapse leading to
cell death, and that 1 mM ACh inhibited this collapse
in H9¢2 cells (Fig. 5A). ACh attenuated the decrease
in MTT activity caused by 12 hours of hypoxia in
H9c2 cells (Fig. 5B; 103.4+0.8% in ACh+hypoxia vs.
56.6£0.7% in hypoxia, p<0.01, n=8) and HEK293
cells (p<0.01 vs. hypoxia). The caspase-3 activity
was increased by hypoxia in H9c2 cells, and
pretreatment with 1 mM ACh inhibited this increase
(Fig. 5C, 128+2% in hypoxia vs. 90+2% in
ACh+hypoxia, p<0.01, n=4). To elucidate the
dependency of the ACh-induced protective effect on
HIF-1c, dn HIF-lc was transfected into HEK293
cells, followed by ACh pretreatment and then
hypoxia. It was found that dn HIF-1a inhibited the
protective effect of ACh from hypoxia (Fig. 5D;
115.1+1.2% in wt HIF-1a and 111.8+1.8% in GFP vs,
56.0+3.4% in dn HIF-1¢, p<0.05, n=10), suggesting
that HIF-1a induction by ACh is partially responsible
for the protective effect.

3.5. Effect of Vagal Stimulation on HIF-1a in
Myocardial Ischemia

To evaluate the significance of ACh for
cardioprotection * in vivo, the vagal nerve was
stimulated prior to the myocardial ischemia.
Histological analysis demonstrated a tendency for the
infarcted area from the vagal nerve-stimulated
(MI-VS) hearts to be smaller than that from
non-stimulated {MI) hearts (31.5#4.6% in MI-VS vs.
40.9£2.5% in MI, n=3), even though the risk areas
(non-perfused areas) were comparable (Fig. 6A;
59.2+1.0% in MI-VS vs. 53.721.0% in ML, n=3). In
the MI-VS hearts, the HIF-la protein level was
further elevated compared toc that in the MI hearts
(Fig. 6B; 244+24% in MI-VS vs, 112+1% in MI,
n=3). These results suggest that vagal nerve
stimulation in the ischemic heart activates both the
hypoxic and nonhypoxic pathways of HIF-la



induction, resulting in increased induction of HIF-1a.

3.6. Nonhypoxic Induction of HIF-la in Other
Cells

The observed ACh-mediated HIF-1e induction was
not limited 1o H%2 or primary cultured
cardiomyocytes, but also found in several other types
of cell lines, including HEK293, and Hela cells
(Figure 7). Since these cells did not beat
spontaneously, the results suggest that the system of
ACh-mediated HIF-la induction is mnot only
independent of the beating rate of cardiomyocytes,
but aiso a generally conserved system in cells,

4. Discussion
Cardioprotective Action by ACh and Vagal
Stimulation via the Muscarinic Receptor

Using animal models, several studies have shown
that accentuated antagonism against the sympathelic
nervous system is a major mechanism for the
beneficial effect of vagal tone on the ischemic heart
[13]. Although ACh was involved in triggering
preconditioning mechanisms in an
ischemia-reperfusion model [3), it remained unclear
whether vagal nerve stimulation in acute ischemia or
hypoxia followed these mechanisms. In the present
study, we have disclosed that ACh possesses a
protective effect on cardiomyocytes. In rat
cardiomyocytes, ACh triggered a sequence of
survival signals through Akt that eventually induced
HIF-1c, inhibited the collapse of the mitochondrial
membrane potential and decreased caspase-3 activity,
thereby leading to the survival of cardiomyocytes
under hypoxia. Furthermore, our results suggest ACh
exerts this action through Akt in other cells. The
current study therefore provides another insight into
the cellular mechanism for the cardioprotective
effects of ACh and vagal stimulation,

Signaling Pathway of ACh via PI3K/Akt and
Antiapoptotic Effects of ACh

Since previous studies demonstrated that a PI3K
inhibitor greatly reduced HIF-la induction in heart
and renal cells [14,15] and a few studies have
reported that MAP kinase is activated through ACh,
we focused on the PI3K/Akt pathway, one of the
important cell survival signaling pathways [16], and
found that ACh directly activated Akt
phosphorylation via PI3K. PI3K/Akt signaling has
been reported to have an antiapoptotic activity
through wvarious features, such as inhibition of
Bad-binding to Bcl-2, caspase 9, Fas and glycogen
synthetase kinase-3 [17,18]. These facts imply a

definite involvement of Akt activation in cell survival.

As shown using dn HIF-la, ACh inhibited
hypoxia-induced cell death through HIF-1a induction
via Akt phosphorylation, These results indicate that
ACh actually protects cardiomyocytes from hypoxia
at the cellular level.

Additional Induction of HIF-1a by ACh and Vagal
Stimulation

HIF-1a regulates the transcriptional activities of very
diverse genes involved in cell survival and is itself
regulated at the posttranslational level by VHL
[4,6,7]. Recent studies have shown that HIF-1e is
also regulated through a nonhypoxic pathway
involving angiotensin II, TNF-o and NO [8,5,19,20].
Therefore, it is speculated that cardiomyocytes
possess a similar system for regulating HIF-1g
through ACh, independent of the oxygen
concentration, Induction of HIF-la is a powerful
cellular r1esponse against hypoxia, and further
increases in its expression by other pathways may be
beneficial. The present results indicate that the
significance of ACh or vagal nerve stimulation in
hypoxic stress can be attributed to additicnal HIF-1c.
induction through dual induction pathways, ie.,
hypoxic and nonhypoxic pathways,

The present study has revealed that
ACh-mediated HIF-1c induction is widely conserved
in other cells. Consistent with a previous report [10],
the current results suggest that NO is produced by
ACh. According to a report that NO attenuates the
interaction between pVHL and HIF-1a through
inhibiting PHD activity [21], it is possible that ACh
may increase the HIF-1a protein level through NO.
Recent studies conducted by Krieg et al. and Xi et al.,
have provided supportive data compatible with our
results [3,22], while another study by Hirota et al.
also revealed a nonhypoxic pathway for HIF-la
induction by ACh in a human kidney-derived cell line
[23].

The signaling pathway of the muscarinic receptor
has been studied extensively, and many pathways are
involved in its specific biological effects. Therefore,
possible involvement of other pathways in the
nonhypoxic induction of HIF-1a cannot be excluded.
However, it was demonstrated that dn Akt and dn
HIF-1a decreased the effect of ACh. Consistent with
a recent study [24], we have revealed that ACh or
vagal stimulation protects cardiomyocytes in the
acute phase. This observation suggests that the
protective effect in the acute phase may result in
inhibition of cardiac remodeling in the chronic phase,
since vagal stimulation produces additional HIF-1a
induction through a nonhypoxic pathway, which
increases cell survival,
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Figure legends

Figure 1

HIF-1a is induced by ACh in rat cardiomyocytes
even under normoxia.

A. After treatment of H9¢2 cells with 1 mM ACh for
8 hours, the HIF-1a protein level is increased (#
p<0.05 vs. control, n=4). B. ACh (1 mM) increases
the intensity of DAF-2DA fluorescence (# p<0.01 vs.
control, n=3).

Figure 2

HIF-1a induction by ACh is posttranslationally
regulated in rat cardiomyocytes under normoxia.
A. The HIF-1a protein level in H92 cells in the
presence of 0.5 pg/m! of actinomycin D is
increased by 1 mM ACh to a comparable level to



that in the absence of actinomycin D (N.S., not
significant, n=3). B. Actinomycin D does not
decrease the HIF-1o mRNA level, as evaluated by
RT-PCR. C. Cycloheximide (10 pg/ml) does not
affect the HIF-1a protein level (n=3).

Figure 3

Rat primary cultured cardiomyocytes show
comparable HIF-1et induction by 1 mM ACh to
that in H9¢2 cells (# p<0.05 vs. control, n=3).

Figure 4

Akt is activated by ACh in rat cardiomyocytes,
leading to HIF-1o induction, '

A. Akt phosphorylation in H92 cells is rapidly
increased by 1 mM ACh (# p<0.05 vs. baseline,
n=4), whereas the total protein level of Akt
remains unaffected. B. The ACh-induced increase
in Akt phosphorylation is blocked by 1 mM
atropine (# p<0.05 vs. 0 uM atropine, n=3). C.
ACh (1 mM) also increases Akt phosphorylation in
rat primary cardiomyocytes (# p<0.05 vs. baseline,
n=3), and atropine blocks this effect. D,
Pretreatment with 300 nM wortmannin completely
inhibits ACh-induced Akt phosphorylation in H9¢2
cells (N.S., not significant, n=3). E. Wortmannin
(300 nM) also inhibits HIF-1¢t induction by ACh
(# p<0.05 vs. wortmannin (+), n=3). Each figure
shows a representative result from 3 independently
performed experiments (n=3). F. In contrast to wt
Akt, HIF-1c induction y ACh is blocked by dn Akt
in HEK293 cells (n=4).

Figure 5

Coliapse of the mitochondrial membrane potential
in rat cardiomyocytes under hypoxia is attenuated
by ACh pretreatment.

A. Hypozxia decreases the mitochondrial membrane

potential in H9c2 cells within 12 hours. Red spots
are decreased by hypoxia, whereas pretreatment
with 1 mM ACh for 12 hours inhibits this effect. B.
Pretreatment with 1 mM ACh inhibits the decrease
in MTT reduction activity induced by 12 hours of
hypoxia not only in H%9c2 cells (# p<0.01 vs.
hypoxia, n=8) but aiso in HEK293 cells (* p<0.01
vs. hypoxia, n=8). C. Hypoxia increases caspase-3
activity, whereas pretreatment with 1 mM ACh
inhibits this effect (# p<0.01 vs. hypoxia, n=3}. D.
In contrast to wt HIF-1a or GFP, dn HiF-1a alone
decreases the MTT activity under hypoxia after
ACh treatment (# p<0.01 vs. wt and GFP, * p<0.05
vs. non-transfection, n=10).

Figure 6

Vagal nerve stimulation decreases infarcted area
with increased HIF-1a expression.

A. A quantitative analysis reveals comparable
non-perfused areas in both vagal-stimulated
(MI-VS) and non-stimulated (MI) hearts, whereas
the infarcted area identified by TTC staining is
smaller in the MI-VS heart than in the MI heart, B,
HIF-1c induction in the ischemic heart is
increased by vagal stimulation (MI-VS) compared
with that in ischemia alone (MI) (#, p<0.01 vs. MI)
(m=3). '

Figure 7

HIF-1a is induced by ACh under normoxia in other
cells.

ACh (1 mM) increases HIF-1a protein level in
HEK293 and Hela cells (n=3 each) under
noermexia.
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Abstract

Background/Aim: Among various kidney . disease
models, there are few rat glomerulonephritis (GN)
models that develop in a short time,;and with mainly
glomerular lesions. Hypoxia-inducible factor
(HIF)-1a is a transcriptional factor that induces genes
supporting cell survival, but the involvement of
HIF-1a in attenuating the progression of GN remains
to be elucidated. We developed a:new model of rat
GN by co-administration of Angiotensin II (AIT) with
Habu snake venom (HV) and investigated whether
HIF-1c is involved in remal -protection. Methods:
Male Wistar rats were unilaterally nephrectomized on
day -1, and divided into 4 groups on day 0; N group
{no treatment), HV group, A group (AIl), and H+A
group (HV and AIl). To pre-induce HIF-1c, cobalt
chloride (CoCl;) was injected twice before injections
of HV and AIl in 11 rats.

Results: GN was detected only in the H+A group;
observed first on day 2 and aggravated thereafter.
HIF-1a was expressed in the glomeruli and renal
tubules in the A and H+A groups.:In the H+A group,
GN was remarkably réduced by CoCl, pre-treatment
(44.9% to 12.2%, p<0.01). Conclusion: Both HV and
All were critical for the development of GN, and
HIF-1oe remarkably attenuated the progression of
GN.

Key Words
Glomerulonephritis, Habu snake venom, Angiotensin
IL, HIF-1o

Introduction

Many animal studies have been performed in
attempts to overcome the poor prognosis of chronic
renal failure due to diabetic nephropathy and
glomerulonephritis (GN) [1-5]. Although factors
involved in the pathogenesis of GN have been
intensively investigated, the development of a proper
animal GN model with high reproducibility and

simplicity as well as a model without
time-consuming process are required. Experimental
rat models of GN are classified into several groups in
terms of the pathophysiological mechanisms of renal
diseases. Anti-glomerular basement membrane
(GBM) nephritis was developed with depositions of
immune complex using anti-glomerular basement
membrane antibody [3,6], tubulo-interstitial injury
was caused by cyclosporine A {4] and injury of renal
tubules by ischemia [5]. However, there are few rat
GN models with mainly pathological features in the
glomeruli that are developed in-a short time [7].
Angiotensin IT -(AIl) is known to increase blood
pressure through vascular contraction, and to be
profoundly involved in vascular hypertrophy and the
contraction of intrarenal arteries. All is also directly
involved in the progression of glomerulosclerosis via
the - effect of hyperfiltration with or without
hypertension [8,9]. Many studies have revealed
important factors involved in the pathogenesis of GN
or factors aggravating GN, but evaluating further
factors that suppress the occurrence of GN is also
crucial. To investigate the features of renal protection,
we focused on hypoxia-inducible factor {(HIF)-lo.
HIF-1¢, a transcriptional factor with formation of a
heterodimer with HIF-1B [10], is
post-transcriptionally regulated and its protein Jevel is
elevated by hypoxia through inhibition of
ubiquitin-mediated degradation. HIF-1a is known to
be a survival factor responsible for inducing lines of
genes supporting cell survival such as glucose
metabolism (glucose transporters and -glycolysis
enzymes), vasomotor regulation (heme- oxygenase-1
and endothelin-1), angiogenic growth (vascular
endothelial growth factor), and anemia control
(erythropoietin and tramsferrin) [11-13]. Recent
studies have demonstrated that non-hypoxic stimuli
like AII can also activate HIF-1c. {14,15], but the role
of HIF-1c induction in attenuating the progression of
GN remains to be elucidated. Accordingly, we



developed a new rat GN model by co-administration
of ATl with Habu snake venom (HV) and investigated
whether pre-induction of HIF-1o leads to renal
protection.

Materials and Methods
Development of Rat GN Model

All  experiments were approved by the
institutional review board for the care of animal
subjects and were performed in accordance with
guidelines of Kochi Medical School. Nine-weeks old
male Wistar rats (180-220g) were purchased from
Japan SLC (Shizuoka, Japan). Rats were unilaterally
nephrectomized on day -1. On day O, the rats were
divided into 4 groups. In the first group, no treatment
was performed with any reagents or surgical
procedure (N group, p=6). In the second group, rats
were injected with 3.5 mg/kg of HV (Sigma-Aldrich
Co., Steinheim, Germany) through the femoral vein
(HV group, n=11). In the third group, rats were
continuously administered with AIl (100ng/min,
Peptide Institute, Inc., Osaka, Japan) using Alzet
osmotic pumps (DURECT Co., Cupertino, CA) (A
group, n=11). In the fourth pgroup, rats were
administered with both HV and AIl (H+A group,
n=22), Rats were sacrificed on days 1, 2, 3 or 4, and
- kidneys excised for histochemical analysis (fig. 1).

Measurement of Systolic Blood Pressure

Systolic blood pressure (SBP) was measured by
the tail-cuff method with an
electro-sphygmomanometer (BP-98A, Seftron Co.,
Tokyo, Japan). SBP was measured in conscious rats
every day from day -1 to day 2, The SBP value for
each rat was calculated as the average of 3 separate
measurements at each session. SBP measurement was
performed between 9 and 12 a.m. by a single blinded
investigator.

Measurements of Serum Urea Nitrogen and
Creatinine
Before the sacrifice, blood samples were obtained
via an axillary vein for determination of serum urea
nitrogen (UN) and creatinine (Cr) levels. Serum UN
and Cr levels were determined enzymatically with
' automation-analysis equipment (Hitachi 7350,
Hitachi Co., Ibaragi, Japan) in our laboratory center.

Histological Analysis

To evaluate the progression of GN in our animal
model, histological analyses were performed using
the periodic acid-Schiff (PAS) and periodic
acid-methenamine silver (PAM) reagents. After the
specimens were paraffin-embedded, 4-micrometer
sectioned samples were stained with PAS and PAM
reagents and counterstained with hematoxylin. For
quantitative analysis, the ratio of damaged glomeruli
to all glomemnli in the sectioned sample was
calculated and the percentage of GN in the section
was evaluated. Moreover, semiquantitative analysis
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was performed to evaluate more precisely the
morphological changes of our GN model according
to the protocol in previous studies [16,17]. A
minimum of 20 glomeruli (ranging from 20 to 60
glomeruli) in each specimen were examined and the
severity of the mesangiolysis lesion was graded from
0 to 4+ according to the percentage of glomerular
involvement; a 1+ lesion represented an involvement
of 25 % of the glomerulus while a 4+ lesion indicated
that 100 % of the glomerulus was involved. Thus, the
mesangiolysis score (MES) was then obtained by
multiplying the degree of damage (0 to 4+) by the
percentage of the glomeruli with the lesion. Tubular
injuries including tubular necrosis or occlusion of
collecting ducts by cast material were graded as mild
(1+4), moderate (2+), or severe (3+).

Western Blot Analysis

Nuclear protein from whole kidney was prepared
using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Pierce Biotechnology, Inc. .Rockford,
[linois, USA). Nuclear protein-was electrophoresed
using 10% SDS-PAGE gels and transferred - to
polyvinylidene ‘difluoride membrane (Immobilon-P,
Millipore Co.,  Bedford, Massachusetts, USA). A
monoclonal IgG -HIF-la actibody a67 (Novus
Biological, Littleton, Colorado, USA) was used; a
horseradish peroxidase-conjugated antibody
{Promega - Co., Madison, USA)} was used as a
secondary antibody. The ECL Western blotting
systems (Amersham Bioscience, Upsala, Sweden)
was used for detection,

Immunohistochemical Analysis

Paraffin sections including the samples were
dewaxed in xylene and rehydrated in a series of
ethanol, and then washed in distilled water before
staining procedures. According to the instruction
provided by the manufacturer, HIF-1cx was identified
with rabbit polyclonal anti-HIF-la antibody H-206
(Santa Cruz Biotechnology, California, USA)
utilizing the catalyzed signal amplification’ system
(Dako, Hamburg, Germany) based on the
streptavidin-biotin-peroxidase  reaction.  Antigen
retrieval was performed for 5 min in a preheated
Dako target retrieval solution using a microwave,
Incubation procedures were performed in a
bumidified chamber, Following the incubation,
specimens were washed 3 times in TBST buffer. The
specificity of staining was confirmed by substitution
of the primary antibody for a normal rabbit IgG and
additionally by an immunohistochemical reaction
without a primary antibody but with the secondary
antibody alone.
An  Experiment wusing Cobalt Chloride as a
Pretreatment

Rats were twice subcutanecusly administered
30mg/kg of cobalt chloride (CoCly) at a 12 hour
interval (CoCl, group) (n=11), followed by unilateral



nephrectomy. Then, the rats were administered with
HYV and All. As a comparison, rats were injected with
0.9% NaCl solution instead of CoCl, followed by the
same protocol as the CoCly group (n=11). After
CoCl, administration, however, before injection of
HV and All, a kidney was excised as a sample to
examine expression level of HIF-1a (CoCl; Pre).
Likewise, 2 days after administration of HV and All,
a kidney was also excised (CoCl, Day2). To
compare the expression level of HIF-1o by CoCl,
before GN and the severity of pathology of GN, we
investigated whether pre-induction of HIF-la  is
involved in renal protection,

Statistical Analysis

Data are reported as mean + SEM, A paired ¢ test
was used for paired samples and Student’s ¢ test was
used 1o compare the 2 groups. One-way layout
analysis of variance or repeated measures of analysis
of variance were used to compare multiple groups. If
the p value was significant, Scheffe’s multiple
comparison was performed. A p value < 0.05 were
considered significant,

Results
AIl combined with HV developed GN

Morphological studies using PAS and PAM
staining revealed that there are no glomerular or
tubular injuries in N group (fig. 2A), HV group (fig.
2B), A group (fig. 2C), however, GN was detected
only in the H+A group (fig. 2E). Although renal
tubular casts were observed, glomerular changes
were scarcely observed on day 1 after All and HV
administration (figs. 2D, 3). GN was initially detected
on day 2 (figs. 2E, 2F, 3), followed by further
aggravation during the time course (data not shown).
Renal tubular injury including tubular necrosis was
not remarkable, and extensive cellular infiltration was
not found in the interstitial regions (fig. 3). On the
other band, characteristic focal and segmental
mesangiolysis, explained as capillary aneurysmal
ballooning, " was observed with dilatation of
glomerulus (figs, 2E, 2F). The rate of occurrence of
GN on day 2 was 44.9+2.6 %, and the MES score of
the H+A group was 19915 (fig. 3). On the other
hand, in the HV group, less than 2 % had
morphologic changes of mesangiolysis during 4 days,
and the MES score was 10+5 (figs. 2B, 3). Moreover,
in the A group, there were no morphologic changes
during the time course (fig. 2C).

Changes in serum UN and Cr

Serum UN and Cr were 18.4+0.7, 0.31:0.01
mpg/dl, respectively, on day 2 in the N group. In the
H+A group, serum UN and Cr levels increased to
41.5+4.0, 0.57£0.05 mg/dl, respectively, on day 2;
significantly higher than those in the N group (figs.
4A, 4B). In contrast, serum UN and Cr levels in the
H+A group on day 1 (24.01.8 and 0.42+0.02 mg/dl,
respectively) were similar to the level of the N group.
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There were no significant differences in serum UN
and Cr level among the HV, A and N groups.

SBP response

SBP values of each group are shown in figure 4C.
There were no significant differences in SBP after
nephrectomy among the 4 groups. Administration of
Al caused a significant increase of SBP on day 1
(186+4 mmHg) and persisted to day 2 (192%1
mmHg). SBP in the H+A group on day 2 (1833
mmHg) was comparable to that in the A group.
Administration of HV had mno influence on SBP
during the 2 days.

Expression Level of HIF-1a Protein

Western blot analysis revealed that the expression
level of HIF-1a protein increased in the H+A and A
groups (fig. 5A), -compatible with the results of
immunohistochemical analysis. Expressions of
HIF-1o protein were observed in the A and H+A
groups, but protein expression was not detected in the
N and HV groups. These data suggest that HIF-1la
was induced mainly by All, and, at Jeast in part, was
related to the pathogenesis of GN or to the defense
mechanism against the progression of GN.

Induction of HIF-1ca in Glomeruli and Renal Tubules

Immunohistochemical  study  demonstrated
positive nuclear staining of HIF-lar in glomeruli,
renal tubules (figs. 21, 2J), collecting ducts and
epithelium of the papilla (data not shown} in the A
and H+A groups. In contrast, no positive nuclear
signals were detected in the N (fig. 2H) and HV (data
not shown) groups. HIF-la positive cells were
mainly detected in mesangial cells in glomeruli (figs.
21, 21). As demonstrated, especially in the H+A group
(fig. 2J), HIF-1o was expressed in the intact part of
the glomerulus, but not in the injured part of the same
glomerulus. Furthermore, nuclear HIF-la positive
signals were observed in smooth muscle cells in
peripheral renal arteries (data not shown).

CoCl; Pretreatment Inhibits the Progression of GN

To further investigate whether HIF-1q is involved
in the development of nephropathy or in the
anti-progressive action, we pretreated rats with CoCl,.
As demonstrated in fig. 5B, pretreatment with CoCl;
increased HIF-1a expression before administration of
HV and Al (Pre-1), suggesting that HIF-la was
induced by CoCl, before development of GN. Even
on day 2, the expression level of HIF-la was
increased in the CoCl, grouvp (CoCl, Day2-1). In the
CoCl, group, focal mesangiolysis with glomeruli
enlargement was still observed, but the number of
GN was much less than in those without CoCl,
pretreatment (fig. 2G).

Thus, 7 of 11 rats (63.6%) with CoCl,
pretreatment were rescued from GN alone, while the
other 4 (36.4%) were not; showing a comparable
severity level of GN with the non-CoCl, group. As



demonstrated in fig. 5B, unlike Pre-1, Pre-2 did not
induce HIF-1la with CoCl, and showed no CoCl;
suppression of GN. The ratio between rats rescued or
not-rescued from GN was comparable with that
between pre-induction and non-induction of HIF-1a
by CoCl,, as demonstrated in fig. 5C. In the CoCl,
group the rate of GN from each rat decreased to
12.2+2.1%, which was in great contrast to 44.9+2.6%
in the non-CoCl, group. Furthermore, serum UN and
Cr levels on day 2 were significantly lower in the
CoCl, than in the non-CoCl, group (p<0.05) (figs. 6A,
6B), despite comparable SBP values between the 2
groups (fig. 6C).

Discussion

In this study, we developed a new model of GN
induced by both HV and AII, This model has several
distinct characteristics. First, GN developed rapidly,
and was detected on the second day after
administration of HV and All, Many models of GN
have been reported including 5/6 nephrectomized and
Thy-1.1 nephritis models [18,19]. However, these
models take a long time to develop nephropathy, In
contrast, our protocol induced GN in 2 days,
suggesting that one of the advantages our model has
over others is in terms of the time course. Further,
pathological findings were restricted to glomerular
regions without remarkable tubular or interstitial
lesions. Since our GN model developed within 2 days,
our model also has advantages for disclosing the
specifically critical time point of the development of
GN. Further, the development rate of GN was almost
100%, indicating the high reproducibility of our
model. This basis of the rat model was initially
developed by Bames JL et al. who reported that the
progression of All-induced renal injury was
accelerated by preexisting injury induced by HV
[20]; ours, whick now optimizes the reproducibility
of GN, is a modification of their model.

Habu induced nephropathy was reported to
develop within 1 day by a dose of 2.0-4.0 mg/kg HV
(in our model 3.5 mg/kg) and the main pathological
change was "mesangiolysis" [21,22]. However, for
reasons we haven’t as yet ascertained, in our study no
rats showed Habu-nephropathy specific pathological
findings during the first week in the HV group. On
the other hand, AIl is one of the major factors
responsible for the pathogenesis of GN, because it
remarkably increases glomerular pressure causing
hyperfiltration, production of extracellular matrix and
expression of lines of genes involving GN [23-25].
Further, since AIl has some ischemic effects on
kidney, there is the possibility that an All-induced
ischemic effect causes the GN depicted in our model.
However, as demonstrated in this study, glomerular
injury was predominantly observed, and was not
associated with renal tubular lesions, ie., tubular
necrosis suggesting renal ischemia. Therefore, in
accordance with the pathological characteristic of this
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GN, All-induced renal ischemia may not be
responsible for the development in our model.
Additionally, in this study, SBP increased in the A
and A+H groups, but GN was not induced in the A
group. Therefore, GN in our model was induced not
by HV or AIl alone, but by the combination of HV
and All, independent of any increase in systemic
blood pressure,

HIF-lo. is a master transcriptional factor,
transactivating the expression of many genes
important for cell survival under hypoxic conditions
[11-13,26]. These genes are responsible for glycolysis,
angiogenesis, proliferation and iron metabolism, all
of which are induced by hypoxic stress; thus, the
induction of HIF-1a is a marker of hypoxia. HIF-1a
is regulated at the post-translational level by the
proteasome system through ubiquitination with von
Hippel Lindeau (VHL) protein [27,28]. As previously
reported, this regulation of HIF-1a protein level is
dependent on the concentration of oxygen, Hypoxia
induces enhancement of HIF-lo protein stability
leading to the elevation of the protein level due to
inhibition of degradation by VHL, Therefore,
hypoxia induces adaptation in cells including
induction of HIF-1c; the hypoxic pathway. On the
other hand, a line of evidence has recently
accumulated that suggests that HIF-lo is also
regulated independent of oxygen concentration
throngh the non-hypozxic pathway [14,15]. All is
reported to regulate HIF-1a both at transcriptional
and post-translational levels in vascular smooth
muscle cells cultured under normozxic condition
through the AIl type 1 receptor [14,15). Moreover,
HIF-la is also post-transliationally regulated in
several cell lines in the presence of tumor pecrosis
factor-a or npitric oxide independent of oxygen
contents [29,30].

As demonstrated in this study, immunoreactivity
of HIF-1a was not detected in the N group (no
treatment group), but HIF-la was detected in the
nuclei of glomerular, tubular and epithelium eells of
the papilla by administration of All alone or AIl and
HV together. This is the first evidence showing that
HIF-la was detected in the kidney by All,
independent of systemic hypoxic stress. As indicated
here, HIF-1a was found to be expressed only in
intact, not damaged glomeruli. Even within a
glomerulus, only the intact part of glomerular cells
expressed HIF-la, Considering the fact that
induction of HIF-laa is one of the defense
mechanisms for cell survival [31-33)], our data
indicate that induction of HIF-la is a marker of
glomeruli survival; indeed, it could be a marker of
renal protection,

To further investigate whether HIF-la is
involved in the progression or protection of GN,
pre-induction of HIF-1a was performed with CoCl,
before administration of HV and AIl. Surprisingly,
the induction of HIF-la by CoCl, pretreatment



attenuated the progression of GN; the level of GN

. was reduced from 44.9% to 12.2% and the incidence
of GN was reduced from 100% to 36.4%.
Furthermore, as indicated, the pre-induction of
HIF-10 actually affects the inhibition of GN, because
the rate of HIF-1a induction was parallet with that of
the attenuation of GN. Therefore, our data suggest
that HIF-1a is involved, at least in part, in the
defense mechanism against the progression of GN,
and hence could be a marker for renal protection.

ATl is reported to induce HIF-1a [14,15] and it
plays a partial role in the renal protective effect;
however, the other effects of All, such as increasing
glomerular pressure and modulating gene expression
involving in the remal failure, may overcome any
protective effect of All-induced HIF-1¢t, and so as a
result it may lead to the progression of GN.

In conclusion, we developed a highly
reproducible GN model by combining HV and AIL
Pre-induction of HIF-1a remarkably attenuated the
progression of GN, indicating that HIF-la was
involved in the defense mechanism of the kidney.
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Figure Legends

Fig. 1. Study Protocol. All rats are unilaterally
nephrectomized on day -1 and divided into 4 groups
on day 0.

N group; no injection of reagents. HV group;
injection of 3.5mg/kg of Habu snake venom (HV). A
group; continuous administration of  100ng/min of
Angiotensin II {AII). H+A group; administration of
HV and ATl

Fig. 2. Glomerulonephritis is developed with the
combination of HV and All, and HIF-1a is induced
in the intact glomeruli.

There are no glomerular or tubular injuries in N
group {A), HV group (B), A group (C) and H+A
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group on day 1 (D). Damaged glomeruli,
characterized by extensive mesangiolysis, are
observed in H+A group on day 2. PAS staining.
Magnification, *100 (E). Focal and segmental
mesangiolysis with large capillary aneurysmal
ballooning are observed in the H+A group on day 2.
PAM staining, Magnification, *400 (F). The number
of GN was significantly less in pre-treatment with
CoCl, than without. PAS staining. Magnification,
*100 (G). Immunoreactive HIF-1a positive signals
are not detected in the N group (H}. Nuclear HIF-1a
signals are observed in a glomerulus and tubules in
the A group. Magnification, *200 (). A glomerulus in
the H+A group on day 2 possesses intact cells with
HIF-1a positive signals, in contrast, other parts have
few HIF-la signals due to mesangiolysis.
Magnification, *200 (J).

Fig. 3. Semiquantitative analysis of morphologic
changes in our glomerulonephritis model. The main
lesion in the H+A group is initially detected on day 2
as mesangiolysis in glomeruli; however, there are no
tubular lesions of necrosis except for tubular casts; in
contrast, there are no morphological changes in the N
and A groups. MES, Mesangiolysis score.

Fig. 4. Serum UN, Cr and SBP are increased with the
combination of HV and AIl. The serum UN (A) and
Cr (B) levels in the H+A group on day 2 are
significantly higher than other groups. SBP increases
significantly with administration of All (A and H+A

groups) (C).

Fig. 5, The protein level of HIF-1cx is increased by
administration of HV and AIl, and pretreatment of
CoCl, increases HIF-la expression before
development of GN. HIF-1a is not detected in the N
and HV groups (Day2). However, HIF-1a is detected
in A (Day2) and H+A (Days 1 and 2) groups (A). The
CoCl, group, in accord with the level of HIF-1c
induction, was divided into two groups. HIF-1a is
greatly induced before the development of GN
{CoCl, group Pre-1}, and is followed by a high level
{CoCl, group Day2-1); in contrast, it is not efficiently
induced (CoCl, group Pre-2), and also is scarcely
detected on day 2 (CoCl; group Day2-2) (B). The rate
of pre-induction of HIF-ia by CoCl; is comparable
with that of the inhibition of GN by CoCl; (C).

Fig. 6. Pretreatment with CoCl, attenuates GN.
Serum UN (A) and Cr (B) levels in the CoCl; group
on day 2 are significantly decreased compared o
those in the non-CoCl; group. There is no significant
difference in SBP between the CoCl; and non-CoCl,

groups (C).
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