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Table 2. Reproducibility of parameters of ventricalar functions

EF, % + &P max, MMHES —aP/dtmax, mmHp/s T, s
Rat sl 52 sl s2 ]| s2 st 52

i 45 41 10.594 9615 7,165 6,648 92 9.0
2 3z 46 9,284 11,802 6,364 1372 85 83
3 36 38 16,373 12,129 1.277 6937 9.4 8.1
4 42 54 9274 11,801 7.527 7.013 64 05
5 26 25 8.862 7,610 6,132 4878 14 79
1 34 41 9,308 9,756 7518 7273 11.0 12.4
Mean (5D} 36(N 41 (10) 9,695 (682) 10,452 (1,713) 6,997 (601} 6,687 (923) B87(1.6) 92.2(L.7)
Difference

Mean (SD) 70) 1513 (951 646 (397 1.1{L1)
Percent difference

Mean (SD) 17(13) 159 10 13 (14)

EF, lefi ventricular ejection fraction; dP/d! g, mazimal pressure rise (+) or decrease (—) over time; 1, time constad of isovolumic 1eft ventricular relaxation,

amined using a similar comparison (14, 23). Tto et al. (14) capacity of our system to monitor altered hemodynamics re-
reported a very high and linear correlation {r = 0.97-0.99) main to be evalvated.
between conductance-derived SV and SV measured by an Our telemetry system is potentially useful for the long-term
electromagnetic flowmeter in rats. We also obtained a similar monitoring of LV function. We confirmed that our system was
highly linear relation between SV, and SVaow (Fig. 3B). viable for up to 8 days in this study. However, further studies
The reproducibility of our telemetry system (Table 1) is are required to definitively evaluate the longevity of the im-
good enough for many applications, such as the study of LV  plants over a longer period of time (19). Thrombosis and
remodeling in rats. This is because EDV has been reported to  infection would affect the morbidity and mortality associated
increase to ~200% of the control value in rats with ischemic  with the chronic implantation of our system. Coating of the

heart failure and in heart failure-prone rats 2,7, 12). pressure-conductance catheter with anticoagulants and further
L. rminiaturization of the implant are under development to ame-
Applications of the Telemetry System liorate such problems.

The developed telemetry system enables detailed evatuation We adopted Bluetooth technology for telecommunication.
of cardiac function in small animals by eliminating the effects Bluetooth is a wireless technology designed to allow low-cost,
of anesthesia and acute surgical intervention (13, 22, 30). By short-range radio links between mobile personal computers and
using a single-beat estimation method to determine the Other portable devices (18). While point-to-point connections
ESPVR, our system would enable evaluation of the load- are supported, Bluetooth technology allows up to seven simul-
independent contractile index in conscious animals (24, 25), taneous connections to be established and maintained by a
We validated pressure-volume signals only under control con- single receiver (18). This unique feature of Bluetooth technol-

ditions in this study. The stability of the acquired data and the ogy should be beneficial in experimental settings where a large
population of animals in a single cage must be evaluated (16).

200 Limitations
T The volume calibration factor o was assumed to be unity on
the basis of the prelifninafy experiment, where the conduc-
tance-derived volume was close to true syringe volume in the
normal operating range for rats (Fig. 2). Georgakopoulos and
Kass (9) noted that the relation was quite linear when the
volume range was limited to the physiological operating range
for mice. Hettrick et al. (11) also noted that conductance-
derived volume was close to true syringe volume and o was
unity in a volume range. However, both groups and others
noted that the relation was nonlinear when considered over a
wider volume range (1, 9, 11, 20). In addition, the syringes
have no G, whereas the rat heart does. It has been shown that
‘ G, has significant effects on « (11). Taken topether, these
0 findings suggest that it will be necessary to recalibrate a when
T T ; T 1 we apply our system to the rat LV in heart failure or other
o 100 200 300 40 500 cardiac disorders, where drastic changes in ventricular volume
Volume (pl) and changes in the cléctrical properties of surrounding struc-

) s . . . tures, i.e., change in Gy, are probable (1).
f;ﬁ;fiofg :‘,’,ﬂ;’,‘;‘mﬁm ﬂ,z}f S",ff,‘.',‘; }:u;?:dlf:;p: :::1; ';}JL‘;;‘: Values of EF in Table 2 are low for normal rats (5, 7. Other
apart) were superimposable, parameters of LV function are, however, within the normal

100

Pressure (mmHg)
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Fig. 7. Visual representation of logical processing used to extract 20-, 2-, and
<2-kHz frequency components of digital signals.

range (3, 7} (Table 2). Dual-frequency derived G, values from
the rats in group 3 ranged from 1.8 to 3.3 mS (mean 2.3 + 0.4
mS). The dual-frequency method slightly underestimated Gpin
that range compared with the saline injection method (Fig. 4B).
This might result in an apparent reduction of EF, To settle the
discrepancy between EF and other functional parameters, it is
necessary to compare the telemetric EF with the EF determined
by other independent methods, such as echocardiography.

We were able to estimate p in the LV cavity in normal-sized
rats with the present catheter design (Fig. 1B, inser). However,
the catheter design may not be applicable to smaller rats or
mice, where the current distribution volume probably distrib-
utes outside the LV cavity. To apply our system to these small
animals, further reduction of the interelectrode distance is
required for measurement of p.

Conclusion

A novel telemetry system was developed for measurements
of LV pressure, volume, and ECG in conscious, freely moving
rats. The system enabled us to accurately measure the LV
pressure-volume relation with good reproducibility and with-
out the harmful effects of anesthesia or acute surgical trauma
in rats,
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Fig. 8. Relation between syringe diameter and voltage as measured by sensing
electrodes of our conductance catheter designed for blood Tesistivity measure-
ment. Voltage reaches a minimum at a syringe diameter of ~4 mm. This
indicates that current distribution volume is confined to within a 4-mm
diameter around the catheter.
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Fig. 9. Relation between measured voltage and saline resistivity,

APPENDIX

Logical processing of digital signals 10 extract Jrequency compo-
nenss. We extracied frequency components of 20 kHz, 2 kHz, and low
frequency (<2 kHz) by logical processing of digital signals. The
analog signals were converted to digital signals at a sampling rate of
40 kHz, Twenty serial digital values were processed simultaneously
(Fig. 7). We obtained the 20-kHz component on the basis of the
difference between even- and odd-numbered digital values, We cal-
culated an average of every 10 digital values. We obtained the 2-kHz
component on the basis of the difference between the two averaged
values of the former half and the latter half {average of 10 values
cach). We obtained the low-frequency component by averaging all 20
digital values. All this logical processing was petformed by the
programmable logic device (Fig. 10).

Estimation of intraventricular p. First, we experimentally deter-
mined the current distribution volume of the four small electrodes for
estimation of p. We placed our pressure-condoctance catheter at the
center of plastic syringes of various sizes filled with diluted saline.
Saline resistivity was matched to that of the blood (122 ) -cm). We
injected a constant current (20 kHz, 20 1A RMS) into the excitation
¢lectrodes (0.6 mm apart; Fig. 1B, insef) and measured voltage via the
sensing clectrodes. We present the relation between the measured
voltage and the syringe diameter in Fig. 8. As demonstrated, with
increasing syringe diameter, the voltage signal decreased and reached
a minimum at a syringe diameter of ~4 mm. This implied that most
(>95%) of the current was confined to within the cylindrical diameter
at which the voltage reached a minimum. From thess data, we
concluded that the current distribution voleme was confined to within
& 4-mm diameter around the catheter,

Second, the resultant voltage signal was converted to p by a
conversion formula. We determined the conversion formula experi-
mentally by placing the catheter at the center of a plastic syringe with
a diameter of 9 mm. Syringes were filled with diluted saline solutions
with known resistivities in the range of those expected in rat blood
(122 and 244 Q1-cm). Constant currents (20 and 2 kHz, 20 pA RMS)
were injected between the excitation electrodes. We linearly related
the measured RMS voltage to saline resistivity and used this relation
as a conversion formula (Fig. 9).
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ABSTRACT . .

Electrical stimulation of the vagal cfferent perve
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-1a using rat cardiomyocytes under
pormoxia and hypoxia. ACh posttranslationally
regulated HIF-la and incrcased its protein level
under pormoxia, ACh increased Akt phosphorylation,
and wortmanpin or atropine blocked this efiect.
Hypoxia-induced caspase-3  activation and
mitochondrial membrane potential collapse were
preveated by ACh. Dominant-negative HIF-1a
inhibited the cell protective effect of ACh. In acute
myocardial ischemia, vagal nerve stimulation
increased HIF-1a cxpression and reduced the infarct
size. These results suggest that ACh and vagal
stimulation protect cardiomyocyles through the
PI3K/AK/HIF-1a pathway.

Key words: acetylchboline, ischemia, apoptosis, -

proein kinases

1. Introduction

The prognosis of paticnts with chronic heart
failure remains poor, due to progressive remodeling
of the heart and lethal arthythmia. Acuie 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 tobe 2 major
signaling molecule induced by ACh, a mechanism for
the beneficial effect of vagal merve stimulation on

cardiomyocyles remains o be clarified. To
investigate 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 1esponsible  for chropic
cardioprotection. :

In the present study, Wwe focused on
demonstrating the cellular action of ACh through
hypoxia-inducible factor (HIF}-la. HiF-1a is a
transcription factor that is important for cell survival
under hypoxia. HIF-1o. activates the cxpression of
many genes indispensable for cell survival [4,5]
Under normoxia, the HIF-1c protein Jevel is very low,
due to proteasomal degradation through with von.
Hippel-Lindau tumor suppressor protein (VHL).
However, HIF-1a 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 II [8,9]. Taken together, it is conceivable
that HIF-1a induction is one of the adaptation
processes to hypoxia and ischemia, and that
additional induction of HIF-1a during ischemia via a
nonhypoxic  pathway could provide further
cardioprotection.

Therefore, we investigated the direct effects of
ACh on survival signaling in cardiomyocyles and of
vagal stimulation on bearts. The resulls suggest that
ACh and vagal stimulation protect cardiomyocyles
from acute hypoxia and ischemia via additional
HIF-1a protein induction through a noshypoxic
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. HOc2 cells,
which are frequently used to jnvestigate 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 10% FBS were
also used.

2.2, Western Blot Analysis

H9¢2 cells and primary cardiomyocytes were treated
with1 mM ACh to evaluate expression of HIF-1a
protein  under normoxia or with 1 mM
S-nitroso-N-acetylpenicillamine (SNAP) 1o study the
signal transduction. To investigate the signal
transduction, H9¢2 cells were pretreated with a PI3K
inhibitor, (wortmannin; 300 nM), a muscarinic
receplor, (atropine; 1 mM), a transcriptional inhibitor,
(actinomycin D; 0.5 pg/ml) or 2 protein synthesis
inhibitor, (cyclobeximide; 10 fig/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-1a _

(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 sccondary
antibody (BD Transduction Laboratories, San Dicgo,
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
repcated 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
fetrazolium bromide (MTT) reduction activity in
HSc2 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 o the culture 2nd incubated.

24. Caspase-3 Activity Assay

Caspase-3  activity was measured using a
CPP32/Caspase-3 Fluorometric Protease Assay Kit,
(CHEMICON  INTERNATIONAL,  Temecula,
California, USA). Hypoxia-treated H9¢2 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 2 400-nm excitation
filler and 505-nm emission filter was used 1o measure
the samples.

2.5, DePsipher Assay

To examine the effects of hypoxia and ACh on the
mitochondrial electrochemical gradient, we analyzed
cardiomyocytes using a DePsipher™ Mitochondrial
Potential Assay Kit (Trevigen, Gaithersburg,
Marylaad, USA). Apoptotic cells, which undergo
mitochondrial membrane potential collapse cannot
accumulatc the DePsipher reagent in  thejr
mitochondria. As a result, apoptotic cells show
decreased red fluoresceace in their mitochondria, and
the reagent remains in the cyloplasm as a green
fluorescent monomer. Therefore, apoptotic cells were
casily differentiated from healthy cells, which
showed more red fluorescence.

2.6. Evaluation of NO production
NO production was measured using the 4,5
diaminofluoresceindiacetate (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-ireated cells (A Ex. 492 nm; A Em. 515 nm),

2.7, Transfection

To investigate the direct contribution of Akt
phosphorylation to HIF-1a stabilization or that of
HIF-1a to the ACh effect, HEK293 cells were
transfected with an expression vector for wild-type
Akt (w1 AK), dominant-negative Akt (dn Akt),
wild-type HIF-1a (wt HIF-1a) or dominant-negative
HIF-la (dn HIF-1a), using Effectene (Qidgen,
Valencia, California, ‘USA) according to the
manufacture’s protocol. The Ak 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 bours, followed by
evaluating the HIF-1¢t protein level or by hypoxia for
12 hours and MTT ‘aclivity in each group was
cvaluated. As a control, cells were transfected with a
vector for green fluorescent protein (GFP).

2.8. RT-PCR :

Total RNA was isolated from H9¢2 cells according to
a modified acid guanidinium-phenol-chloroform
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 in Myocardial
Ischemia '

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



ander artificial ventilation previously described [2]-
Sham-operated (conirol) 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 jsolated 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 fo obtain a 10%
reduction in the heart rate before LCA ligation, but
VS (MI-VS) was pot associated with any blood
pressure reduction during the experiments, compared
with ML At the end of the experiments, the rats were
citber injected with 2 ml of 2% Evans blue dye via
{he 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 subscquent 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 blotting 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 1 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-I1aby ACh
through a Nonhypoxic Pathway

ACh (1 mM) increased HIF-1ct protein expression in
H9¢2 cells under normoxia (Fig. 1A). ACh increased
NO production, as evaluated by DAF-2DA (Figure
1B), suggesting that NO is involved in the signal
transduction of HIF-1a induction. Actinomycin D
(0.5 pgml; Figs. 24, 2B) and cycloheximide (10
pg/ml; Fig. 2C) did not decrease the HIF-1a level
under normoxia, suggesting that HIF-1a degradation
is regulated by ACh. Furthermore, ACh increased
HIE-1 a level in primary cardiomyocyles without
reducing their beating rate (Fig. 3). Since H9c2 cells
did not beat, these results suggest that HIF-1a
induction is independent of the heart rate-decreasing
cffect 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
cffectively as SNAP (data not shown). The

ACh-induced' Akt phosphorylation was inhibited by
atropine in a dose-dependent manaer (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-la 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-10o induction by ACh (Fig. 4E). To clucidate the-
contribution of Akt phosphorylation to HIF-1a
protein Jevel in normoxia, dn Akt was introduced into
HEK293 cells, and found to partially inbibit the
HIF-1a 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 H9c2 cells (Fig. 5A). ACh attenuated the decrease
in MTT activity caused by 12 hours of hypoxia in
H9c2 cells (Fig. SB; 103.4+0.8% in ACh+hypoxia vs.
56.640.7% in hypoxia, p<0.01, n=8) and HEK293
cells (p<0.01 vs. hypoxia). The caspase-3 activity
was increased by hypoxia in H9¢2 cells, and |
pretreatment with 1 mM ACh inhibited this increase
(Fig. 5C; 128:22% 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-1q, dn HIF-la was transfected into HEK293
cells, followed by ACh pretreatment and then
hypoxia. It was found that da HIF-1a inhibited the
protective effect of ACh from hypoxia (Fig. 5D;
115.1+1.2% in wt HIF-1ct and 111.8¢1.8% in GFP vs.
59.0+3.4% in dn HIF-1q, 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 ‘

fo evaluate the significance of ACh for
cardioprotection in vivo, the vagal nerve Wwas
stimulated prior 1o the myocardial ischemia.

. Histological analysis demonstrated a tendency for the

infarcted arca from the vagal nerve-stimulated
(MI-VS) hearls to be smaller than that from
pon-stimulated (MI) hearts (31.5+4.6% in MI-VS vs.
40.942.5% in MI, n=3), even though the risk areas
(non-perfused areas) were comparable (Fig. 6A;
§0.2+1.0% in MI-VS vs. 53.7¢1.0% in Mi, n=3). In
the MI-VS hearts, the HIF-1a protein level was
further clevated compared to that in the MI hearts
(Fig. 6B; 244224% in MI-VS vs. 112¢1% in M],
n=3). These results  suggest that vagal nerve
stimulation in the ischemic beart activates both the
hypoxic and nonhypoxic pathways of HIF-la



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

3.6, Nonhypoxic Induction of HIF-Ia in Other
Cells

The observed ACh-mediated HIF-1ae induction was
not limited 1o H9c2 or primary cultured
cardiomyocytes, but also found in several other types
of cell lines, including HEK293, and HeLla cells
(Figure 7). Since these cells did not beat
spontancously, the resulis suggest that the system of
ACh-mediated HIF-loo  induction is not only
independent of the beating rate of cardiomyocyies,
but also 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 sympathetic
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-1ct, inhibited the collapse of the mitochondrial
membrane potential and decreased caspase-3 activity,
thereby leading to the survival of cardiomyocytes
under hypoxia, Furthcrmore, 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 previcus studies demonstrated that a PI3K
inhibitor greatly reduced HIF-1a 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/AKl pathway, one of the
important ccll survival signaling pathways [16], and
found that ACh directly activated Akt
phosphorylation via PI3K. PI3K/AK signaling has
been reported to have zn antiapoptotic activity
through' various 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 wusing dn HIF-1a, ACh inhibited
hypoxia-induced cell death through HIF-1c induction
via Akt phosphorylation. These results indicate that
ACh actually protects cardiomyocytes from hypoxia
at the cellular level.

4

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

HIF-1a regulates the transcriptional activitics of very
diverse genes involved in cell survival and is jtself
regulated at the posttranslational level by VHL
[4,6,7]. Recent studies have shown that HIE-1¢ is
also regulated through a nonhypoxic pathway
involving angiotensin I, TNF-« and NQ [8,9,19,20].
Therefore, it is speculated that cardiomyocytes
possess a similar system for regulating HIF-1q
through ACh, independent of the oxygen
concentration. Induction of HIF-1a is a powerful
cellular  response against hypoxia, aod 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 aitributed to additional HIF-1cx
induction through dual induction pathways, i.ec.,
hypoxic and nonhypoxic pathways.

The present study has zevealed that
ACh-mediated HIF-1a 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 ddta compatible with our
results {3,22], while another study by Hirota ¢t al.
also revealed a nomhypoxic pathway for HIF-1a
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-10 decreased the effect of ACh, Consistent with
a recent study {24), we have revealed that ACh or
vagal stimulation profects cardiomyocytes in the
acute phase. ThiS observation supgests 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 nponhypoxic pathway, which
increases cell survival.
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Figure legends

Figurel

HIF-1a is induced by ACh in 7at cardiomyocyles
even under normoxia.

A. After treatment of H9¢2 cells with 1 mM ACh for
8 hours, the HIF-1a proicin 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-1o induction by ACh is posttranslationally
regulated in rat cardiomyocytes under normoxia.
A. The HIF-1at protein level in H9¢2 cells in the
presence of 0.5 pg/ml 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-1a 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-1o induction by 1 mM ACh to
that in H9c2 cells (# p<0.05 vs. control, n=3).

Figure 4

Alt is activated by ACh in rat cardiomyocytes,
leading to HIF-1a induction.

A. Akt phosphorylation in H9¢2 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 pM atropine, n=3). C.
ACh (1 mM) also increases Akt phosphorylation in
rat primary cardiomyocytes (# p<0.05 vs, bascline,
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-1a 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-1¢ induction y ACh is blocked by dn Akt
in HEK293 cells (n=4).

Figure 5

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

A. Hypoxia decreases the mitochondrial membrane

6

potential in H9¢2 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 H9%2 cells (# p<0.01 vs.
hypoxia, n=8) but also 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 pon-stimulated (MT) hearts, whereas
the infarcted area identified by TTC staining is
smaller in the MI-VS heart than in the MI heart. B.
HIF-1a induction in the ischemic heart is
increased by vagal stimulation (MI-VS) compared
with that in ischemia alone (M) (#, p<0.01 vs. MI)
(n=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
normoxia.
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Abstract '
Background/Aim: Among various kidoey diseasc
models, there are few rat glomeruloncphritis (GN)
models that develop in a short time, and with mainly
glomerular  lesions. Hypoxia-inducible  factor
(HIF)-1aisa transcriptional factor that induces genes
supporting cell survival, but the involvement of
HIF-1ct in attenuating the progression of GN 1emains
to be elucidated. We developed a new model of rat
GN by co-administration of Angiotensin I (AIl) with
Habu snake venom (HV) and investigated whether
HIF-1a is involved in renal 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 All). To pre-induce HIF-1o, cobalt
chloride (CoCl;) was injected twice before injections
of HV and All 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 reduced by CoClz pre-treatment
(44.9% 10 12.2%, p<0.01). Conelusion: Both HV and
All were critical for the development of GN, and
HIF-1a remarkably attenuated the progression of
GN. L

Key Words
Glomerulonephritis, Habu snake venom, Angiotensin
11, HIF-1a

Introduction

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

simplicity as well as a model  without
{ime-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
jmmune 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 2 short time [7].
Angiotensin II (AIT) 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 fcatures of renal protection,
we focused on ‘hypoxia-inducible factor (HIF)-1c..
HIF-10, a transcriptional factor with formation of a
héterodimer with HIF-1p [10], is
post-transcriptionally regulated and its protein Jevel is
clevated by hypoxia through inhibition of
ubiquitin-mediated degradation. HIF-1a is known to
be a survival factor responsible for inducing Jines of
genes supporting cell survival such as plucose
metabolism (glucose transporiers and glycolysis
enzymes), vasomotor regulation (heme oxygenase-1
and endothelin-1), angiogenic growth (vascular
endothelial growth factor), and anemia control
(erythropoietin and transferrin)  [11-13). Recent
studies have demonstrated that noo-hypoxic stimuli
like Al can also activate HIF-1a [14,15], but the role
of HIE-1a induction in attenuating the progression of
GN remains to be elucidated. Accordingly, we



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

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 0, the rats were
divided into 4 groups. In the first group, no treatment
was performed with any reagents or surgical
procedure (N group, n=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, rais 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 group, 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
clectro-sphygmomanometer (BP-98A, Softron Co.,
Tokyo, Japan). SBP was measured in conscious rats
every day from day -1 to day 2. The SBP value for
cach rat was calculated as the average of 3 scparate
measurements at each session. SBP measurement was
performed between 9 and 12 a.m. by a single blmdcd
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 (Cy) levels. Serum UN
and Cr levels were determined enzymatically with
automation-znalysis equipment (Hitachi 7350,
Hitachi Co., Ibaragi, Japan) in our laboratory ceater.

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. Afier 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 glomeruli 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 1o 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+4) by the
percentage of the glomeruli with the lesion. Tubular
injuries including tubular mccrosis or occlusion of
collecting ducts by cast material were graded as mild
(1+4), moderate (24), 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,
Hlinois, USA). Nuclear protein was electrophoresed
using 10% SDS-PAGE gels and transferred to
polyvinylidene difluoride membrane (Immobiion-P,
Millipore Co., Bedford, Massachusetts, USA). A
monoclonal IgG HIF-la antibody 67 (Novus
Biological, Littleton, Colorado, USA) was used; a
horseradish peroxidase-conjugated antibedy
(Promega Co., Madison, USA) was used as a
secondary antibody. The ECL Western blotting
systems (Amersham Bioscience, Upsala, Sweden)
was used for detection.

Immunokhistochemical Analysis

Paraffin sections including the samples were
dewaxed in xylene and rchydrated in a series of
cthanol, and then washed in distilled water before
staining procedures. According to the instruction
provided by the manufacturer, HIF-1a was identified
with rabbit polyclonal anti-HIF-1ct antibody H-206
(Santa Cruz Biotechnology, California, USA)
utilizing the cafalyzed signal ampl:ficauon 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
humidified 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 using Cobalt Chloride as @
Pretreatment

Rats were twice subcutancously 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
HV and AIL As a comparison, rats were injected with
0.9% NaCl solution instead of CoCl,, followed by the
same protocol as the CoCl, group (n=11). After
CoCl, administration, however, before injection of
HV and All, a kidoey 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-1a by CoCl:
before GN and the severity of pathology of GN, we
jnvestigated whether pre-induction of HIF-1a  is
involved in renal protection.

Statistical Analysis

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

Results
AlI combined with HV developed GN
Morphological studies using PAS and PAM
staining revealed that there are 1o glomerular of
tubular injuries in N group (fig. 2A), HV group (fig.
2B), A group (fig. 20), 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 AIl and HV
administration (figs. 2D, 3). GN was initially detected
on day 2 (figs. 2B, 2F, 3), followed by -further
aggravation during the time course (data not shown).
Renal tubular injury inciuding tubular pecrosis was
not remarkable, and extensive cellular infiltration was
not found in the interstitial regions. (fig. 3). On the
other hand, characteristic focal and segmental
mesangiolysis, explained as capillary ancurysmal
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). Morcover,
in the A group, there were no morphologic changes
during the time course (fig. 20C).

Changes in serum UN and Cr

Serum UN and Cr were 18.410.7, 0.31+0.01
mg/dl, respectively, on day 2 in the N group. In the
H+A group, serum UN and Cr levels increased 1o
41.5%4.0, 0.5720.05 mg/dl, respectively, on day 2;
sigaificantly higher than those in the N group (figs.
4A, 4B). In contrast, serum UN 2and Cr levels in the
H+A group on day 1 (24.0:1.8 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
ncphrectomy among the 4 groups. Administration of
AII caused a significant increase of SBP on day 1
(1864 mmHg) and persisted to day 2 (19221
mmHg). SBP in the H+A group on day 2 (18323
mmHg) was comparable to that in the A group.
Administration of HV had no influence on SBP
during the 2 days.

Expression Level of HIF-1a Protein

Western blot analysis revealed that the expression
Jevel of HIF-1a protein increased in the HtA and A
groups (fig. 5A), compatible with the results of
immunohistochemical  analysis. Expressions  of
HIF-1c. 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-1a
was induced mainly by AT, and, at least in part, was
related to the pathogenesis of GN or to the defense
mechanism against the progression of GN.

Induction of HIF-1ain Glomeruli and Renal Tubules

Immunohistochemical  study demonstrated
positive nuclear staining of HIF-la in gloméruli,
yenal tubules (figs. 2L, 21), 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
pot shown) groups. HIF-la positive cells were
mainly detected in mesangial cells in glomeruli (figs.
21, 2J). As demonstrated, especially in the H+A group
(fig. 2J), HIF-1a was expressed in the intact part of
the glomerulus, but not in the injured part of the same
glomerulus. Furthermore, nuclear HIF-1a positive
signals were observed in smooth muscle cells in
peripheral renal arteries (data not shown).

CoCl, Pretreatment Inhibits the Progression of GN

* o further investigate whether HIF-1a 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 Co(l,
increased HIF-1c expression before administration of
HV and AIl (Pre-1), suggestiog 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, group (CoC1; 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;
preireatment 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-1a 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 fo
12.242.1%, 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. 64,
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 All. This mode] has several
distinct characteristics. First, GN developed rapidly,
and was detected on the second day after
administration of HV and AIl. Many models of GN
have been reported including 5/6 nephrectomized and
Thy-1.1 pephritis models [18,19). However, these
models take a fong 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. Furthes, 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 Barnes JL et al. who reported that the
progression of All-induced renal injury was
accelerated by preexisting injury induced by HV
[20]; ours, which now optimizes the reproducibility
of GN, is a modification of their mode}.

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 yel ascertained, in our study no
rais showed Habu-nephropathy specific pathological
findings during the first week in the HY group. On
the other hand, Alf is one of the major factors
responsible for the pathogenesis of GN, because it
remarkably increases glomerular pressure causing
hyperfiliration, production of extracellular matrix and
expression of lines of genes involving GN [23-25].
Further, since Al 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, plomerular
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 All 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-1a profein 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-1a; the hypoxic pathway, On the
other hand, a line of evidence has recently
accumulated that suggests that HIF-1¢ is also
regulated independent of oxygen concentration
through the non-hypoxic pathway [14,15). AIl is
reported to rcgulate HIF-1a: both at transcriptional
and post-translational levels in vascular smooth
muscle cells cultured under normoxic condition
through the AII type 1 receptor [14,15). Moreover,
HIF-1o. is also post-translationally regulated in
several cell lines in the presence of tumor necrosis
factor-a or nitric oxide independent of oxygen
contents [29,30). ‘

As demonstrated in this study, immunoreactivity
of HIF-1a was pot detected in the N group (no
treatment group), but HIF-1a was detected in the
nuclei of glomerular, tubular and epithelium cells of
the papilla by administration of AIl alonce or All and
HY together. This is the first evidence showing that .
HIF-la was detected in the kidncy by Al -
independent of systemic hypoxic stress. As indicated
here, HIF-1a was found 1o be expressed only in
intact, pot damaged glomcruli. Even within a
glomerulus, only the infact part of glomerular cells
expressed HIF-1a. Considerding the fact that
induction of HIF-lo is one of the defense
mechanisms for cell survival [31-33], our data
indicate that induction of HIF-1a is a marker of
glomeruli survival; indecd, 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 AllL Surprisingly,
the induction of HIF-la by CoCl, pretreatment



attenuated the progression of GN; the level of GN
was reduced from 44.9% 10 12.2% and the incidence
of GN was reduced from 100% fo 36.4%.
Furthermore, as indicated, the pre-induction of
HIF-1ct actually affects the inhibition of GN, because
the rate of HIF-1a induction was parallel with that of
{he 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 1enal protection.

All is reported o induce HIF-1c [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-1a, and 50 as a
result it may lead to the progression of GN.

In conclusion, we developed a highly
reproducible GN model by combining HV and AllL
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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