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It is well known that pressure overload leads to cardiac hypertrophy. The
physiological, biochemical, or molecular mechanisms, that underlie the myocyte
enlargement occurring during cardiac hypertrophy are not completely understood.
The contribution of the mitochondrial components, the main source of energy for the
hypertrophic growth of the heart, is not well understood. In the present study, using
a model system, complete coarctation of the rat abdominal aorta was used to study the
rapid development of cardiac hypertrophy. One to two days after surgery, we observed
significantly higher blood pressure and cardiac hypertrophy, which remained
constantly high afterwards. We found that mitochondrial COX protein level and
enzyme activity increased as the heart enlarged Iand, héwever, dropped even lower
than baseline 20 days following surgery. We also found-an early increased level of
cytochrome ¢ oxidase (COX)mRNA determined by in sttu hybridization and dot
blotting assays in the hypertrophied, hearts]though the increased level had dropped to
the baseline 20 days after surgery. In addition, the COX protein was significantly
lower in natural hypertension-induced hypertrophic hearts in spontaneously
hypertensive rats (SHR) and stroke-prone SHR (SPSHR) than in normotensive rats
(WKY) throughout the whole period of 12 weeks. Taken together, the lower
efficiency of mitochondrial activity in the enlarged hearts of rats with long-term
complete coarctation or SHR and SPSHR could be, at least partially, the cause of
hypertensive cardiac disease in these two models. Additionally, the rapid cardiac
hypertrophy induced by experimental complete coarctation was accompanied by a
disproportionate increase in COX activity, which was suggested to maintain the

cardiac energy-producing capacity in overloaded hearts.
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Key words: cytochrome ¢ oxidase (COX); complete coarctation; cardiac hypertrophy;

spontaneously hypertensive rats (SHR) and stroke-prone SHR (SPSHR)
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Table. 2-1. "% 2 2 SR B dllex v Roeg2E£2 o€ EHY
£ it
Day Postsurgery H, g H:B, mg:g

Sham Coarcted Sham Coarcted

0 0.96+0.02 --m-mmeee- 3.63£0.08 -
(n=8) (n=8)

1 0.92+0.03 0.97+0.02 3.48+0.08 3.64+0.14
(n=4) (n=4) (n=4) (n=4)

2 0.94+0.02 1.07+0.03* 3.53+£0.07 4.31+0.19*
(n=5) (n=5) (n=5) (n=5)

3 0.95+0.03 1.1340.03° 3.47+0.07 4.56+0.13°
(n=7) (n=6) (n=7) (n=6)

5 0.93+0.01 1.11+0.02° 3.51+0.08 4.98+0.18°
(n=3) (n=3) (n=3) (n=3)

7 1.000:07 1.12£0.04  *3:44+0.08 4.63+0.30°
(n=4) (n=4) (n=4) (n=4)

10 1.04+0:05 1.16+0.03* 3.424+0.09 4.83+0.31*
(n=4) ~(0=4) (n=4) (n=4)

20 1.10+£0.04 1.20+0.03* 3.40+0.12 4.99+0.20°
(n=3) (n=3) (n=3) (n=3)

Data are mean = SE. H and H:B are the heart weights (g) and heart weight to body

weight ratios (mg:g), respectively, following surgery; n, number of animals. Zero day

values represent baseline data from animals sacrificed on the day of surgery. * P<0.05,
1 P<0.025, ¥ P<0.001 compared to the sham animals.
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Table. 2-2. & 2B R B HE <o B> s 1320 X HF >
IR COX 2 4 iE e B 1

Activity (umol cytochrome ¢ oxidized / min per mg mitochondrial protein)

Days Postsurgery

CR S

1 0.43+0.11 0.31+0.06
(n=4) (n=4)

2 0.44+0.06 0.30+0.05*
(n=4) (n=4)

3 0.43+0.05 0.30+0.03*
(n=3) (n=3)

5 0.47+0402 0.33+0.02*
n=3) (n=3)

7 0:29:+0.04 0:33+0.05*
n=4) (n=3)

10 0:47+0.03 0:35+0.03*
(n=3) (n=3)

20 0.24£0.10 0.36+0.09°
(n=3) (n=3)

Activity values are umoles oxidized cytochrome € /min/mg mitochondrial protein
(mean = SE ); n, number of animals. * P <0.05 represents significant increase
when compared to the sham animals. ¥ P < 0.05 represents significant decrease when

compared to the sham animals.
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Fig 2-1. Arterial systolic and diastolic blood pressures of sham-operated and coarcted

1 1 1
—&— Sham

—&— Coarcted

rats following surgery.

Zero day values represent baseline data from animals sacrificed on the day of surgery. Values

are mean = SE. Numbers of animals measured at each data point are given in Table 1. *

5

710
Days postsurgery

P<0.001 represents the comparison to zero day sham animals.
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Days postsurgery 0 1 2 3 5 7 10 20
COX-Vb - ST— -« 200 kDa
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Fig 2-2. Activations of mitochondrial COX-Vb in cardiac tissues of rats.

(A) Western blotting analysis of COX-VDb proteins in LVs of sham-operated and
coarcted rats at 0, 1, 2, 3, 5, 7, 10 and 20 days postsurgery. The blotting of a-tubulin
was used as a loading control. (B) Signal intensity of western blotting was quantitated
using a Phospholmager. The averaged result + SD of three independent experiments is
shown. The 0-day value represents baseline data from animals sacrificed on the day of
surgery. * represents a significant increase compared with the control group with P <
0.05. * represents a significant decrease compared with the control group with P <
0.05.
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Fig 2-3. In situ hybridization of LV COX=Vb mRNA.

(A) Hybridization of antisense COX-Vb mRNA to LVs of sham-operated and
coarcted rats at 0, 1, 2, 3, 5, 7, 10 and 20 days postsurgery. Arrows point to spots of
immuno-detected hybridized antisense COX-Vb mRNA. (B) Hybridization with a
digoxigenin (DIG)-labeled antisense COX-Vb mRNA probe in the LVs from
sham-operated and coarcted animals at day 7 postsurgery. Control hybridizations with
a sense DIG-labeled COX-Vb mRNA probe and with no probe are also shown,
(essentially no hybridization is detected as expected). (C) Quantitation of in situ
hybridization of COX-Vb mRNA in the LVs from sham-operated and coarcted rats
following surgery. The 0-day value represents baseline data from animals sacrificed
on the day of surgery. Hybridized spots were counted in 100pum? sections. Values
are expressed as mea n = SE (3 animals per value). Data were analyzed by ANOVA
and significant differences between coarcted versus sham animals on each day

postsurgery. ** P<0.01.
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Fig.2-4. Gene expression for COX-Vb and GAPDH (loading control) mRNA in
the hearts of sham-operated and coarcted rats at day 1, 2, 3, 5, 7, 10 and 20
postsurgery.

(A) COX-Vb probe labeled with DIG on UTP was hybridized to 80 ng mRNA from
sham (S) and coarcted (C) animals. COX-Vb and GAPDH mRNA levels were
determined from the dot blots by densitometry. No hybridization occurred with yeast
tRNA which was used as a negative control (data not shown). (B) Graph showed the
level of COX-Vb mRNA relative to the GAPDH mRNA level in the hearts of sham
and coarcted rats at day 1 day 1, 2, 3, 5, 7, 10 and 20 postsurgery (n=3 in all cases).
The level of COX-Vb mRNA in sham hearts was standardized to 1.0. *, P<(0.05 and

** P<0.01 when compared to the sham rats.
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& &
cox-vo ¢ = B 8 - . <200kDa
B-actin N> CEE> D T e —— gyessm——— < 36 kDa

Fig 2-5. COX-Vb level in the left ventricle of hypertensive rats at different ages
as determined by western blotting.

Spontaneously hypertensive rats (SHR) and stroke prone SHR (SPSHR) were
sacrificed at different ages as 1nd1cated Lysates were prepared from hearts, and equal
amounts of protein were separated by" SDS/PAGE and 1mmunoblott1ng with
anti-COX-Vb antibody. - actm was used as a loadlng control. WKY, Wistar rats as a

normotensive control; Wk, week

1960
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FeRE

Insulin-like growth factor-I (IGF-I) signaling is reported to contribute to the
modulation of blood pressure and set in survival and hypertrophic responses in
cardiac tissue. However, whether the IGF-I signaling normally acts in cardiac tissues
of hypertensive rats is unknown. In this study, using spontaneously hypertensive rats
(SHR) and stroke prone spontaneously hypertensive rats (SPSHR), both with early
blood pressure increases, and Wistar-Kyoto (WKY)) as controls, we measured the
hypertrophic and IGF-I signaling activity changes in rat hearts at 4, 6 and 12 weeks of
age. Both SHR and SPSHR were found to have significantly increased blood
pressures and ratios of heart- and left ventricle- to body weight at 12 weeks of age.
However, IGF-IR and its downstream sighaling, in¢luding the protein levels of PI3K
and phosphorylated Akt, known to maintain physiological cardiac hypertrophy and
cardiomyocyte survival, were-downregulated. The results:of dot blotting showed that
cardiac mRNA levels of IGF-I in hypertensive rats werehigher than those in controls
starting from the age of 4 weeks.This di%féf:elrllce stiggests the increased ligand IGF-I
mRNA levels may be a compensatory response caused by the impaired IGF-I
signaling. Moreover, enhanced cardiac cytosolic cytochrome-cC, a
mitochondria-dependent apoptotic pathway component, tended to occur in both
hypertensive rats, although it did not reach a significant level. These findings indicate
that impaired IGF-IR signaling occurs at early stages, and it may contribute, at least
partially, to the development of hypertension and pathological cardiac hypertrophy

and to cardiomyocyte apoptosis at later stages in SHR and SPSHR.

Keywords: insulin-like growth factor-1 signaling pathway; cardiac hypertrophy;

hypertension; SHR&SPSHR
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Table.3-1.+ ¢ H<3E2£32 2w £ EHWL et F

Age (Wk) WKY SHR SPSHR
(Whole heart/BW)(mg/g)
4.17+£0.134 4.11+0.19 4.15+0.09
6 3.34+0.07 3.51+0.13 3.53+0.07
12 2.83+0.07 3.45+0.06* 3.44+0.04*

(LT ventricle/BW)(mg/g)

3.18+0.12 3.38%+0.17 3.63+0.08
6 2.6710.04 2.81x0.11 2.8510.07
12 2.2510.06 2:86:0.06* 2.8610.04*

BW indicates body weight; EFleft; WKY, Wistar-Kyoto.rats as a control; SHR,

spontaneously hypertensive rats; SPSHR, stroke prone spontanecously hypertensive

rats. All values are expressed-as mean + S.E (n=8).

* Significant differences from the control (WKY') were determined by the Fisher
PLSD test, P <0.05.
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Fig. 3-1. Systolic blood pre“sTﬂ/re of WKY (white), SHR (light gray) and SPSHR
. =
(dark gray) at 4, 6 and 12 v@?&s of age. ~
. —
Values are expressed as mean ffg}E _(n=85i.fﬁigni%ﬁi}differences from the control
(WKY) were determined using the Fill{érlﬂﬂsti est: * P <0.05.
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Fig 3-2. IGF-IR level in the left VentrlclL })[f rats at different ages as determined
by western blotting.

Lysates were prepared from WKY (white), SHR (light gray) and SPSHR (dark gray)
hearts, and equal amounts of protein were separated by SDS/PAGE and
immunoblotting with anti-IGF-IR antibody. The blotting bands are shown on the top
of the graph. Signal intensity was quantitated using a phospholmager. The average
percentage = S.E. for three independent experiments is related to the control (WKY)
animals in each age group. Significant differences were determined using the Fisher

PLSD test from the control (WKY): *P < 0.05; **P < 0.01.
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Fig 3-3. The alteration of IGF-IR si;gn'al'ilgllié downstream components and
cytochrome-C levels in the left ventricle of rats at different ages.

Lysates were prepared from WKY (white), SHR (light gray) and SPSHR (dark gray)
hearts, and equal amounts of protein were separated by SDS/PAGE and
immunoblotting with (A) anti-PI3K antibody, (B) anti phosphorylated Akt and Akt
antibody, (C) anti-cytochrome-C antibody. The blotting bands are shown on the top of
each graph. Signal intensity was quantitated using a phospholmager. The average
percentage +S.E. for three independent experiments is related to the control (WKY)

animals in each group. Significant differences were determined using the Fisher

PLSD test from the control (WKY): *P <0.05; **P <0.01.
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Fig 3-4. mRNA in the left ventricle of rats as determined by dot-blotting.
Detection was performed with CDP-Star and the film was exposed for 10-30 sec
to determine the linear range of detection for these mRNAs. Total RNA was
spotted at 240 ng per dot. 18S-rRNA was measured as a loading control (top of
graph). Quantitation of activation fold for the SHR (light gray) and SPSHR (dark
gray) versus WKY (white) group is shown in the graph. Values are expressed as
mean * S.E. (n=8). Significant differences from the control (WKY) were

determined using the Fisher PLSD test: *P < 0.05.
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*t4— Dot blotting

The Procedures of making DIG-Probes.

1. Culture E. coli

a.

b.

strip E coli (Sure strain) which has IGFI /COX-Vb gene in Jampicilin-plates
and culture plates in 37°C O/N (12-18 hr).

inoculate E coli (one colony) into 6 ml LB midium O/N.

2. DNA extraction:

Ao o

alkaline lysis of bacteria.

Clearing bacterial lysates using Turbofilter
DNA adsorption to the QIAprep membrane
Washing and elution of plasmid D NA:

3. Linearization of circular DNA (w/restricton enzyme digestion):

a.
b.

measure OD

DNA Volof2 g

10x React 3 10 11

40 U/ul BamH1 3 1 1960

ddH20 (total-100 w2 1)

incubated at 37°C for 5 hr
electrophoresis: 1.2% agarose gel, TBE buffer, 70/80 V
to check the correct sizes of the plasmid DNA

4. Phenol- chlorophorm (1:1) extraction for getting rid of protein

a.

~ oo

= @ oo

same volume of linearized DNA and phenol-chloroform mixture

inverse the mixture many times, then spin 30-60”

get supernatant and transfer to another tube.

DNA (in 200 ¢ 1ddH,O) plus 1/10 V 3M pHS5.2 sodium acetate plus 2-2.5V
100% EtOH at -70°C>1hr or -20°C O/N.

centrifuge 12,000g for 15 min, remove ethanol

70% ethanol wash twice.

air dry, then dissolve in 20 1 ddH,0O

measure OD
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5. Transcription Roche DIG RNA Labeling Kit)

a. DNA template 13 ul2 1ng
10x NTP labeling buffer2 ul
10x Tx buffer 2 unl
RNase Inhibitor 1 pl
T7 RNA polymerase 2 p1
DEPC H,O (Total 20 1)

Incubated at 37°C for 5 hr
b. add EDTA (0.2 M pH 8.0) 2 1 to stop Rx
c. add Dnasel, RNase-free 2 ul, then incubate at 37°C for 15 min.

d. add 4 M LiCl in DEPC H,O 2-5 ul
glycogen I ul
100% ethanol 75 1l

and mix well, incubated at=70°C > 3026t O/N

d. centrifuge 12,000g forkS minysemoveethanol

@

70% ethanol wash twice.
f. air dry, dissolve in 50~ ;21 DEPC H,O with putting in 37°C water bath 15
min or at 4°C for O/N.

g. measure OD to estimateZhow muehprobe is-available for hybridization
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RNA Hybridization and Detection

AN S

o =

Denature diluted RNA samples (80 ng/ul) at 65°C for 15 min.

Spot 3 ul sample to marked memb w/ sucking.

Dry memb at 80°C for 10-15 min in oven incubator.

Cross linking using UV transiluminator for 5 min (RNA side down).
Prehybridization in 3-5 ml/sheet in bag wo/ bubble for 70 min at 68°C
Hybridization memb w/DIG-antisense RNA probe at 68°C overnight (denature
probe at 68°C for 10 min before use).

Wash (2x7.5 min, 2x20 min), and rinse (2min) at RT.

. Blocking w/blocking reagent (60 min, longer is acceptable)

9. Ab (anti-DIG Ab conjugated AP) binding for 60 min at RT.

10.
1.
12.
13.
14.

Washing (2x20min).

Equilibrate for 25 min.

Luninescence reaction (CDP-star-substrate; 5 min).
Film exposure at RT.

Densitometer measure.
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Solutions and buffers required for RNA dot blotting
detection:

1. Buffer 1 (Maleic acid buffer):
0.1 M Maleic acid (FW=116.1 Sigma)
0.15 M NaCl (FW=58.54)
adjust pH to 7.5 with solid NaOH
autoclave
2. DEPC water: 0.2% (v/v)
3 ml DEPC to 1.5 L water, need to stir for one hour
autoclave
3. Washing Buffer (Buffer 1 + Tween 20)
0.3 % (v/v)Tween 20 to Buffer 1
Do not autoclave Buffer 1 containing Tween 20
4. Blocking Reagent Stock Solution
Commercial powder is dissolvedan Buffer by 10% (w/v) with stirring and heating
either on a stir plate or mictowavesevers“‘aveid beiling “. It is a turbid solution.
—Add 10 g blocking reagent to 100" ml Buffer 1 at60 "C for about I hr, or
completely in solution. If 1t.does not go into solution; adjust the pH. It must be
completely in solution before autoclaving. Autoclave/only for 15°
5. Buffer 2 (Blocking soln)

Buffer 1 90 ml
Blocking stock soln 10 ml
100 ml

6. Buffer 3 (Detection Buffer)
1576 g 0.1 M Tris HCL (FW=157.6)
5.84¢g 0.IM NaCl
10.165g 50 mM MgCl, (no autoclave, otherwise omit)
Dilute Tris and NaCl with DEPC water; adjust pH to 9.5, then autoclave
Filter after adding MgCl,

7. 20x SSC: 3M NaCl and 0.3M Sodium citrate, pH=7.0
10% SDS (w/v) in autoclave DEPC water, filter it

Washing soln 2x
2x SSC 20x SSC 50 ml
0.1%SDS 10% SDS 5ml

500 ml
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Washing soln 0.5x

2x SSC 20x SSC 12.5 ml
0.1%SDS 10% SDS 5ml
500 ml
Washing soln 0.1x
2x SSC 20x SSC 2.5 ml
0.1%SDS 10% SDS 5ml
500 ml
. RNA denaturing buffer”
500 ¢1 formamide
162 nul  37% formaldehyde
100 x1 10x MOPS
. Hybridization Buffer
50% formamide (deionized) 10 ml
5x SSC 20x SSC 5ml
2% Bolcking Reagent 10% stock 4 ml
0.1% (w/v)N-lauroyl sarcesine 10% stock 0.2 ml
0.02% (w/v) SDS 10% stock 0.04 ml
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Summary

The contribution of the mitochondrial components, the main source of energy for the cardiac hypertrophic
growth induced by pressure overload, is not well understood. In the present study, complete coarctation of
abdominal aorta was used to induce the rapid development of cardiac hypertrophy in rats. One to two days
after surgery, we observed significantly higher blood pressure and cardiac hypertrophy, which remained
constantly high afterwards. We found an early increased level of cytochrome ¢ oxidase (COX) mRNA
determined by in-situ hybridization and dot blotting assays in the hypertrophied hearts, and a drop to the
baseline 20 days after surgery. Similarly, mitochondrial COX protein level and enzyme activity increased
and, however, dropped even lower than baseline 20 days following surgery. In addition, in natural
hypertension-induced hypertrophic hearts in genetically hypertensive rats, the COX protein was signifi-
cantly lower than in normotensive rats. Taken together, the lower efficiency of mitochondrial activity in the
enlarged hearts of long-term complete coarcted rats or genetically hypertensive rats could be, at least
partially, the cause of hypertensive cardiac disease. Additionally, the rapid complete coarctation-induced
cardiac hypertrophy was accompanied by a disproportionate COX activity increase, which was suggested
to maintain the cardiac energy-producing capacity in overloaded hearts.

required. The mitochondrial compartment is the
main source of energy needed for hypertrophic

Introduction

The heart has a remarkable capacity to increase
its mass in response to an increased work load,
such as pressure overload, induced either patho-
logically or experimentally [1]. In order to be able
to face the increase of cardiac muscle contraction
for extra work, more energy production is

*To whom correspondence should be addressed. phone + 886-
4-24730022 ext. 1682; E-mail: chuangl @csmu.edu.tw

growth in the myocyte. However, the reports
evaluating the mitochondrial compartment behav-
ior during the onset and progression of cardiac
hypertrophy are inconsistent [2]. In addition, the
investigations on the molecular events involved in
mitochondrial biogenesis and function during the
hypertrophy process are few. This is surprising
since it is well-known that insufficient oxidative
capacity often contributes to the cardiac failure
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observed at least in late stage hypertrophic
cardiomyopathies [3,4].

Cytochrome ¢ oxidase (COX) is located in the
inner membrane of mitochondria and is the last
component of respiration chain. This enzyme
catalyzes the rate-limiting reaction of the mito-
chondrial oxidative phosphorylation (OXPHOS),
which supplies the energy for cardiac contraction
[5, 6]. Therefore, COX plays an essential role in
maintaining normal cardiac function. Since the
effects of this enzyme are important, the reaction
rate of the mitochondrial OXPHOS can be altered
by a small decrease in this oxidase activity under
physiological condition. This tight control of COX
suggests that the dysfunction of the enzyme may
cause the mitochondrial myopathy [7, 8]. Actually,
the number of known mutations of most of the
genes encoding the protein subunits of COX in
patients with cardiomyopathy has increased [9-11].

Aortic constriction has been used to induce
cardiac hypertrophy in many studies. Our previous
data showed that the heart was rapidly enlarged
within 1-2 days postsurgery in this model by using
a complete coarctation of the abdominal aorta in
rats to induce a cardiac pressure overload [2,12,13].
In the present study, we investigated the biochem-
ical and molecular events underlying the adapta-
tion of the mitochondrial compartment to meet the
increased energy demands of the cardiomyocyte as
they underwent this rapid hypertrophic growth.
We have used COX as a model protein for
investigating the underlying adaptive mechanism.
We measured COX activity and examined COX
gene expression by determining COX-Vb mRNA,
one of the nuclear-encoded subunits of COX
enzyme, during cardiac hypertrophy in the model
system using complete coarctation of the abdom-
inal aorta from 1 to 20 days. The measurement of
cardiac COX protein in spontaneously hyperten-
sive rats (SHR) and stroke prone SHR (SPSHR)
with naturally occurring hypertensive cardiac
hypertrophy was also included in this study.

Methods
Coarctation of abdominal aorta
Male Sprague-Dawley rats weighing between 240

and 300 g were used to induce cardiac hypertrophy
by complete coarctation of the abdominal aorta

between the origins of the renal arteries [14]. After
a rat was anesthetized with pentobarbital sodium
(45.5 mg/kg), its left side was shaved and a
horizontal incision 3 cm in length was made.
Using curved hemostats, the superficial fascia were
separated and an incision of the same size was
made into the abdominal musculature. The viscera
were exposed, and adipose tissue was separated
from the left kidney which was moved to obtain
maximal clearance to the abdominal aorta. The
abdominal aorta was isolated and completely
coarcted with a ligature (Coats, Dual Duty Plus,
carpet thread) fixed between the origins of the
renal arteries. The left kidney and adipose tissue
were returned to their normal positions, the
abdominal musculature was rejoined using coated
vicryl sutures (Ethicon, Johnson & Johnson, FS-2
cutting), and the epidermis was rejoined using
wound clips. Then, a solution of 1% iodine in 70%
ethanol was used to clean the wound. The rats
were returned to the animal care room (one per
cage) and allowed to recover. All animals were fed
standard rat chow and water supplemented with
tetracycline (22 mg/kg body weight) to ward off
infection. Sham rats were subjected to the same
procedure, but no ligature was placed. All animals
were handled according to the guidelines of the
Taiwan Society for Laboratory Animal Sciences
for the Care and Use of Laboratory Animals.

Femoral arterial pressure measurement

The blood pressure of coarcted and sham animals
was measured at 1, 2, 3, 5, 7, 10 and 20 days
postsurgery. The animals not subjected to the above
surgery were measured as 0 day controls. After
catheterization of the femoral artery of animals,
blood pressure monitor (Recorder 2200S, GOULD,
U.S.A.) was used to measure both the systolic and
diastolic pressure by connecting the femoral artery
with a sensor. The blood pressure was measured and
recorded continuously [15].

Heart isolation

Once the blood pressure measurements were
taken, the animals were sacrificed by cervical
transaction. The thoracic cavity was opened, and
the heart was removed. After removing excess
adipose and connective tissue from the heart, it
was drained of blood and weighed. The ratios of
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the total heart weight to body weight were
calculated. The isolated heart was washed in cold
(0—4° C) SNTE buffer (0.20 M sucrose, 0.13 NaCl,
I mM Tris—-HCI, pH 7.4 [5], and 1 mM EGTA
neutralized with Tris to pH 7.4), and the entire left
ventricle (LV) was excised from the heart. The LV
was separated into four parts, and stored at
—70° C for further analysis.

Preparation of heart mitochondria

One part of LV was minced with scissors, added
with SNTE buffer (1.5 ml per g tissue) and homog-
enized at ice temperature with a Model PT 10/35
Polytron homogenizer for 2 cycles of 10 s each.
The homogenate was centrifuged at 500xg for
10 min in a Beckman J20.1 centrifuge. Then, the
pellet was discarded, and the supernatant was
further centrifuged at 8000xg for 15 min. The
mitochondrial pellet was resuspended with SNTE
buffer. The mitochondrial protein was measured
[16], and prepared for COX enzyme activity assay.

Cytochrome ¢ oxidase activity

Cytochrome ¢ (horse heart, Sigma Chemical Co.
no. C-7752, Type III, prepared without using
TCA) was reduced with dithionite as described [17]
in 50 mM phosphate (K,;HPO4,~KH,PO,) buffer
at pH 7.0 [18]. Reduced cytochrome ¢ was made
fresh for each experiment and stored in an air-tight
container on ice for the assays. COX activity was
measured spectrophotometrically by following the
oxidation of reduced cytochrome ¢ at 550 nm [18§]
in 50 mM phosphate buffer (pH 7.0) containing
0.5% Tween 80 [19]. Rates are expressed as pmol
cytochrome ¢ oxidized per min per mg mitochon-
drial protein.

Protein extraction and Western blot analysis

The second part of LV was minced with scissors,
homogenized with lysis buffer (50 mM Tris
(pH 7.5), 0.5 M NacCl, 1.0 mM EDTA (pH 7.5),
10% glycerol, 1 mM BME, 1% IGEPAL-630 and
proteinase inhibitor cocktail tablet (Roche)) and
spun down 12,000 rpm for 30 min. Then, the
supernatant was collected and stored at —70° C
for further Western blotting. Proteins from animal
heart extracts were quantitated by the Bradford
protein assay [16] and then separated in 10%

3

gradient sodiumdodecyl sulfate-polyacrylamide
gel electrophoresis. The samples were electropho-
resed at 140 V for 3.5 h and equilibrated for 15 min
in 25 mM Tris—HCI, pH 8.3, containing 192 mM
glycine and 20% (v/v) methanol. Electrophoresed
proteins were transferred to nitrocellulose paper
(Amersham, Hybond-C Extra Supported, 0.45
Micro) at 100 mA for 14 h. Nitrocellulose papers
were incubated at room temperature for 2 h in
blocking buffer containing 100 mM Tris—HCI,
pH7.5, 0.9% (w/v) NaCl, 0.1% (v/v) fetal bovine
serum. Antibody of COX-Vb (Santa Cruz Biotech-
nology) was diluted in antibody binding buffer
containing 100 mM Tris—HCI, pH7.5, 0.9%(w/v)
NaCl, 0.1% (v/v) Tween 20 and 1%(v/v) fetal
bovine serum. Incubations were performed at room
temperature for 3.5 h. The immunoblot was
washed three times in 50 ml blotting buffer for
10 min and then immersed in the second antibody
solution containing alkaline phosphatase goat anti-
rabbit IgG (Promega) for 1 h and diluted 1000-fold
in binding buffer. The filters were then washed in
blotting buffer for 10 min three times. Color
development was presented in a 20 ml mixture
consisting of 7 mg nitro blue tetrazolium, 5 mg
5-bromo-4-chloro-3-indolyl-phosphate, 100 mM
NaCl and 5 mM MgCl, in 100 mM Tris—HCI,
pH 9.5. The immunoblot with antibody against o-
tubulin which was performed with the same
procedure was used as an internal control.

RNA extraction

The third part of LV was used to extract total
RNA using the Ultraspec RNA Isolation System
(Biotecx Laboratories, Inc.) according to direc-
tions supplied by the manufacturer. Each heart
was thoroughly homogenized (1 ml Ultraspec
reagent per 100 mg tissue) with a Polytron homog-
enizer. The RNA precipitate was washed twice by
gentle vortexing with 70% ethanol, collected by
centrifugation at 12,000x g, dried under vacuum
for 5-10 min, dissolved in 50-100 pl of diethyl-
pyrocarbonate-treated water, and incubated for
10-15 min at 55-60° C.

Measurement of heart mRNA levels by dot blotting
RNA dot blotting was used for the hybridiza-

tion and detection of mRNAs according to the
method described in our previous study [20]. The
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corresponding digoxigenin (DIG)-labeled anti-
sense RNA probes were prepared from pGEM-
7Zf(+) containing a 500-bp cDNA encoding COX
subunit Vb insert (supplied by Dr. Dennis E.
Buetow, Univ. of Illinois, IL, USA, and originally
form Dr. Avadhani, Univ. of Pennsylvania, PA,
USA).

In-situ hybridization of COX-Vb mRNA and
quantitation

The fourth part of LV was used to detect the
COX-Vb mRNA in tissues, using DIG-labeled
antisense RNA probes described above. The pro-
cedures of in-situ hybridization used in this study
were described previously [13].

Statistical analysis

Statistical differences were analyzed by one-way
analysis of variance (ANOVA). Fisher’s Least
Significant Difference test was used to determine
differences. p<0.05 was considered statistically
significant. Data are expressed as the mean=+
standard error (SE).

Results

Hypertensive cardiac hypertrophy in pressure-
overloaded rats

Blood pressure measurements of rats subjected to
complete coarctation clearly demonstrated the
hypertensive effects of the aortic coarctation (Fig-
ure 1). On day 1, 7 and 20 postsurgery, the arterial
systolic blood pressure of sham animals was
137+5, 148+3 and 152+ 6 mm Hg, respectively,
while that of the coarcted animals was 172+6,
220+ 10 and 200+ 10 mm Hg, respectively. Simi-
larly, the arterial diastolic blood pressure of sham
animals was 100+5, 110+5 and 115+5 mm Hg,
while that of the coarcted animals was 128 +5,
154+6 and 148+9 mm Hg on day 1, 7 and 20
postsurgery, respectively.

The development of cardic hypertrophy after
complete aortic coarctation is illustrated in Table 1.
Heart weights of sham animals remained unchanged
throughout the postsurgery period. In contrast, by
day 2 after coarctation, hearts of coarcted rats were
significantly enlarged and remained so through the

(a) | L._ ISham T T T T T T T T T T
240 —@—Coarcted * *
220 | . i /I/I .
200 | .o I
v
180 | ;/

Systolic Blood Pressure (mmHg)

120

160 [ /
_a—" I
140 | \E/!H/I

180

—
=
=

T T T T T T T T T T T T
—&— Sham

—@— Coarcted

160

140

100

Diastolic Blood Pressure (mmHg)

Days postsurgery

Figure 1. Arterial systolic and diastolic blood pressures of
sham-operated and coarcted rats following surgery. Zero day
values represent baseline data from animals sacrificed on the
day of surgery. Values are mean+SE. Numbers of animals
measured at each data point are given in Table 1. *p <0.001
represents the comparison to zero day sham animals.

rest of the observation period of 20 days. The heart
weight-to-body weight ratios were increased signif-
icantly from day 2 through 20 postsurgery in the
coarcted animals compared to the 0-day controls. In
sham animals, these ratios remained unchanged
compared to the 0-day controls during the same
postsurgery period.

COX-Vb gene expression

COX-Vb gene expression was measured as levels
of COX-Vb mRNA using in-situ hybridization
(Figure 2) and dot blotting (Figure 3) with an
antisense COX-Vb mRNA DIG-labeled probe in
hearts from rats. The level of hybridized COX-Vb
mRNA in heart sections of coarcted animals
significantly increased and reached a peak at day
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Table 1. Heart weight and heart weight to body weight ratios of sham-operated and coarcted rats.

Day postsurgery H, g

H:B, mg:g

Sham Coarcted

Sham Coarcted

0 0.96+0.02 (n = 8) -
1 0.924£0.03 (n = 7)
2 0.9440.02 (n = 7)
3 0.95£0.03 (n = 7)
5 0.93£0.01 (n = 7)
7 1.00£0.07 (n = 7)
10 1.04£0.05 (n = 7)
20 1.10£0.04 (n = 7)

1.20£0.03* (n

0.97+0.02 (n = 7)
1.07£0.03* (n = 6)
1.134£0.03%* (n
111 40.02%* (n =
1.12£0.04* (n
1.16£0.03* (n

3.63£0.08 (n = 8) -
3.48+0.08 (n = 7) 3.64+0.14 (n = 7)
3.53£0.07 (n = 7) 431£0.19% (n = 6)

= 6) 347007 (n = 7) 4.56+0.13%* (n = 6)
6) 3.51+£0.08 (n = 7) 498 £0.18%* (n = 6)
4) 3.44+£0.08 (1 = 7) 4.63£0.30%%* (n = 4)
4) 3424009 (1 = 7) 4.83 L0315 (n = 4)
37) 3.40+£0.12 (n = 7) 4.99£0.20%* (n = 3)

Data are mean+SE. H and H:B are the heart weights (g) and heart weight to body weight ratios (mg:g), respectively, following
surgery; n, number of animals. Zero day values represent baseline data from animals sacrificed on the day of surgery. *p<0.05,

*p <0.025, *#**p<0.001 compared to the sham animals.

5. Then, the level declined and returned to the
baseline at day 20 postsurgery (Figure 2a and 2c¢).
In the sham animals, LV COX-Vb mRNA did not
change during the 20-day postsurgery period
(Figure 2c). The representative images of COX-
Vb gene expression in in-situ hybridization at day 7
are shown in Figure 2b. No hybridization was
detectable in control experiments that used a sense
probe or lacked a probe. The dot blotting of
hybridized COX-Vb mRNA is shown in Fig-
ure 3a. Levels of GAPDH mRNA were used as a
loading control. The density of each COX mRNA
dot was measured and divided by the density of
the corresponding GAPDH mRNA dot. Data
were quantified by densitometry, Figure 3b.
Clearly, the levels of COX-Vb mRNA are signif-
icantly higher in the coarcted animals compared to
the sham animals at each day postsurgery, and
decreased to basal level at day 20 postsurgery.

Changes of COX-Vb protein level and enzyme
activity

The levels of COX activity and subunit Vb protein
were measured by enzyme kinetic assay and
western blotting, respectively. The effects of the
stress of the surgery were apparent in coarcted
animals. A general increase in cardiac COX enzyme
activity in coarcted animals after day 2 postsurgery
was observed (Table 2). In all cases, COX activity
per mg mitochondnal protein of coarcted hearts
was significantly higher than that of sham hearts by
day 10 with an exception at day 20 which was
significantly lower. Cardiac COX-specific activity in

coarcted animals was significantly different from
that of shams. Compared with 0-day protein level,
the COX-VD protein levels at day 2, 3, 5 and 7 were
significantly increased. Conversely, the COX pro-
tein level at day-20 is significantly lower than that at
0-day control (Figure 4).

Impairments of cardiac COX-Vb protein in the rat
models of genetic hypertension

Relative to coarctation-induced pressure-over
loaded rats, the cardiac COX-Vb protein level by
Western blotting was examined in naturally hyper-
tensive rats, spontaneously hypertensive rats (SHR)
and stroke prone SHR (SPSHR), using normoten-
sive Wistar rats (WKY) as a control group, and
results were shown in Figure 5. Using B-actin as a
loading control, cardiac COX-VDb protein levels of
both SHR and SPSHR at age of 4-week, 6-week or
12-week-old were apparently lower than that of
WKY. This indicates that the COX-Vb of hearts
was impaired in genetically hypertensive rats.

Discussion

Cardiac hypertrophy resulting from chronic pres-
sure overload was rapidly induced in the present
model system in which complete coarctation of the
rat abdominal aorta was done between the origins
of the renal artery. In this model system, systolic
blood pressure was found to increase significantly
one day following surgery. It reached a peak and
remained fairly constantly above 200 mm Hg after
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Figure 2. In-situ hybridization of LV COX-Vb mRNA. (a) Hybridization of antisense COX-Vb mRNA to LVs of sham-operated
and coarcted rats at 0, 1, 2, 3, 5, 7, 10 and 20 days postsurgery. Arrows point to spots of immuno-detected hybridized antisense
COX-Vb mRNA. (b) Hybridization with a digoxigenin (DIG)-labeled antisense COX-Vb mRNA probe in the LVs from sham-
operated and coarcted animals at day 7 postsurgery. Control hybridizations with a sense DIG-labeled COX-Vb mRNA probe and
with no probe are also shown, (essentially no hybridization is detected as expected). (c) Quantitation of in-situ hybridization of
COX-Vb mRNA in the LVs from sham-operated and coarcted rats following surgery. The 0-day value represents baseline data
from animals sacrificed on the day of surgery. Hybridized spots were counted in 100 pm?® sections. Values are expressed as
mean + SE (3 animals per value). Data were analyzed by ANOVA and significant differences between coarcted vs. sham animals on
each day postsurgery. **p<0.01.

3 days. Blood pressures of sham controls remained
around 140 mm Hg during the same postsurgical
period. In the coarcted animals, cardiac hypertro-
phy was observed at one and two days after the
surgery. These results support the view that the

model system using complete coarctation in rats
was a more accelerated model of inducing cardiac
hypertrophy than in the other rat models, for
example, those that are partially coarcted [2,12] or
treated with excess thyroid hormone [12]. To
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Figure 3. Gene expression for COX-Vb and GAPDH (loading control) mRNA in the hearts of sham-operated and coarcted rats at
day 1, 2, 3, 5, 7, 10 and 20 postsurgery. (a) COX-Vb probe labeled with DIG on UTP was hybridized to 80 ng mRNA from sham
(S) and coarcted (C) animals. COX-Vb and GAPDH mRNA levels were determined from the dot blots by densitometry. No
hybridization occurred with yeast tRNA which was used as a negative control (data not shown). (b) Graph showed the level of
COX-Vb mRNA relative to the GAPDH mRNA level in the hearts of sham and coarcted rats at day 1 day 1, 2, 3, 5, 7, 10 and 20
postsurgery (n = 3 in all cases). The level of COX-Vb mRNA in sham hearts was standardized to 1.0. *p<0.05 and **p<0.01

when compared to the sham rats.

maintain normal tissue function in response to
extra workload during cardiac hypertrophy, the
occurrence of cellular enlargement must be syn-
chronized with proportional increases in the com-

Table 2. COX-Vb enzyme activity in mitochondria of coarc-
ted (CR) and sham (S) rats on day 1 through 20 postsurgery.

Days Activity

postsurgery S CR

0.31+£0.06 (1 = 7)
0.30+£0.05 (n = 7)

1 043£0.11 (n = 7)
2

3 0.304£0.03 (n = 7)

5

7

0.44£0.06* (n = 7)
0.43£0.05% (n = 7)
0.47+0.02% (n = 7)
0.49£0.04* (n = 7)
0.47+0.03* (n = 7)
0.24£0.10%* (n = 7)

0.33£0.02 (n = 7)

0.33£0.05 (n = 7)
10 0.35+£0.03 (n = 7)
20 0.36+0.09 (n = 7)

Activity values are pmoles oxidized cytochrome c¢/min/mg
mitochondrial protein (mean=+SE); n, number of animals.
*p <0.05 represents significant increase when compared to the
sham animals. **p <0.05 represents significant decrease when
compared to the sham animals.

ponents of cellular organelles. In order to provide
the energy needed for the hypertrophic growth and
the functional maintenance of the enlarged cardiac
myocytes, increases in the mitochondrial compo-
nents can be expected.

COX is an enzyme containing thirteen different
subunits. Among them, the three largest polypep-
tides (I, IT and III subunits) are synthesized within
mitochondria under the control of mitochondria
DNA (mtDNA). The other ten smaller subunits
(IV, Va, Vb, Vla, Vb, VIc, Vlla, VIIb, Vllc and
VIII) are encoded by nuclear DNA (nDNA) and
synthesized in cytosol [6].In the present study,
COX-Vb mRNA detected by in-situ hybridization
and dot blotting increased after day 1 following
the surgery, reached a peak at day 5 or 7 and
decreased to baseline by day 20. The results of the
COX protein and activity demonstrated similar
alteration patterns, and the values on the 20th day
even dramatically dropped below the baseline.
Indeed, by 20 days postsurgery, the mortality of
completely coarcted rats at this time point was
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Figure 4. Activations of mitochondrial COX-Vb in cardiac tissues of rats. (a) Western blotting analysis of COX-Vb proteins in
LVs of sham-operated and coarcted rats at 0, 1, 2, 3, 5, 7, 10 and 20 days postsurgery. The blotting of a-tubulin was used as a
loading control. (b) Signal intensity of western blotting was quantitated using a Phospholmager. The averaged result + SD of
three independent experiments is shown. The 0-day value represents baseline data from animals sacrificed on the day of surgery.
*Represents a significant increase compared with the control group with p <0.05. *Represents a significant decrease compared with
the control group with p <0.05.
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Figure 5. COX-VD level in the left ventricle of hypertensive rats at different ages as determined by western blotting. Spontaneously
hypertensive rats (SHR) and stroke prone SHR (SPSHR) were sacrificed at different ages as indicated. Lysates were prepared from
hearts, and equal amounts of protein were separated by SDS/PAGE and immunoblotting with anti-COX-Vb antibody. B-actin was
used as a loading control. WKY, Wistar rats as a normotensive control; Wk, week.

around 50% (data not shown). Our findings renovascular hypertension-induced cardiac hyper-
indicate that COX may be an essential adaptive trophy are also variable. Two reports, however,
factor of hypertensive cardiac hypertrophy in early indicate changes in COX activity and the levels of
onset and even prolonged pathological conditions. mRNAs encoding COX subunits remain constant
A review of the relevant literature [2], however, per mg total heart protein during adaptive cardiac
reveals discrepancies regarding the behavior of the growth induced by partial aortic coarctation
mitochondrial components during the onset and [2,12]. It has been suggested that mitochondrial
progression of cardiac hypertrophy even when biogenesis is balanced with the increase of ven-
induced by the same stimulus. Some studies of tricular weight for 7 days [12] or even up to
cardiac hypertrophy induced by partial aortic 28 days [2] following partial aortic coarctation. On
coarctation found an increase in mitochondrial the other hand, in the present accelerated model of
content, i.e., mitochondrial biogenesis, but this cardiac hypertrophy, COX-specific activity was
increase has not always been found in other studies increased by 30-47% during the period of I1-
[2]. Similarly, the mitochondrial responses to 10 days postsurgery. This result correlates with the
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ultrastructural study of Legato et al. [21] who
showed that during cardiac hypertrophy mito-
chondrial DNA content in cardiac myocytes was
increased and the mitochondria became smaller
and more densely packed with cristae and inner
membrane proteins. Similarly, in our study, since
the COX activity was calculated by per gram
mitochondrial protein, the increased COX activity
more likely resulted from increased COX content
per mitochondrion than from increased number of
mitochondria. The imposition of a more severe
aortic constriction in the present study than in the
other studies, combined with a resulting greater
pressure overload may lead to disproportionate
changes in mitochondrial activity. In addition, an
increased level of mRNA for the nuclear-encoded
subunit Vb of COX was also observed, and this
met the parallel changes of COX activity reaching
a maximum as the heart hypertrophied. We
suggest that the synthesis of COX is regulated at
the level of transcription in the hypertrophied
heart. Similar behavior of other nuclear-encoded
subunits composed of the enzyme must be pre-
dictable [12]. Because there was a rapid increase of
COX protein and mRNA, COX may be consid-
ered an important adaptive factor of hypertrophic
hearts. The drop in cardiac COX by 20 days
postsurgery in treated rats might indicate the
failure of this increase of COX to balance the
cardiac hypertrophy after long term coarctation,
resulting in heart failure. These findings are also
consistent with Lin’s study [22], which demon-
strated abnormal cardiac mitochondria, reduced
COX enzyme activity and reduced mtDNA level in
pigs with hypertrophic cardiomyopathy.

Cardiac hypertrophy found in SHR and
SPSHR, other models of genetic hypertension,
showed an apparent reduction of COX protein
level even at ages as young as 4 weeks old.
Interestingly, Tokoro et al. demonstrated a de-
creased antioxidant ability due to lower cardiac
superoxide dismuatse (SOD) activity in SPSHR
[23]. In addition, due to the lack of protection by
histone, several mtDNA encoded subunits of COX
genes are particularly susceptible to oxidative
damage, leading to mutation occurrence [24].
Therefore, the electrophoretic band of deleted
mtDNA analyzed by restriction fragment length
polymorphisms (RFLP) was found in myocardi-
ums of SPSHR [23]. These observations provide
an explanation for the reduction of COX protein

9

levels in SHR and SPSHR. Although Wanagat’s
study [25] demonstrated that the abnormal activity
of COX was age-associated, we observed a reduc-
tion of COX protein occurring at very young age
in genetically hypertensive rats. We believe genetic
defects resulting in COX dysfunction at young age
in SHR and SPSHR cannot be ruled out. The
average life span of hypertensive rats, SHR and
SPSHR, is around 8 months to one and half years,
which is shorter than that of the normal rats that
have an average life span of 2.5 years, and the
cardiac COX protein in SHR and SPSHR was
down-regulated early. Thus, the failure to have an
increase of COX to balance the cardiac hypertro-
phy may result in heart failure and lead to a
shorter life span in these genetic hypertensive rats.
This is similar to the decrease in COX protein
levels seen at 20 days postsurgery of complete-
coarcted rats.

In summary, the rapid cardiac hypertrophy
induced by complete coarctation of the abdominal
aorta in rats is accompanied by a disproportionate
increase in mitochondrial energy-producing activ-
ity, a result shown here for the first time. Addi-
tionally, insufficient oxidative capacity contributes
to the cardiac failure frequently observed in
hypertrophic cardiomyopathies induced by a vari-
ety of conditions [19]. In our study, the dysfunc-
tion of cardiac COX in SHR, SPSHR and
completely coarcted rats long term (20 days) after
surgery suggests that COX might be the key factor
for the cardiac oxidative ability during cardiac
hypertrophy. The rapid cardiac hypertrophy that
develops in the present model provides a unique
system to study the molecular basis underlying the
adaptation of the oxidative system in cells in
response to the demands of hypertrophic growth.
Future work will attempt to identify the mecha-
nism of the increment of COX, using the same
complete coarctation model we used in this study.
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Impaired IGF-I signalling of hypertrophic hearts in the
developmental phase of hypertension in genetically
hypertensive rats

‘Wei-Wen Kuol’g, Chia-Yih Chuz, Chieh-Hsi Wug, James A. Lin6, Jer-Yuh Liul, Yi-Hsien Hsiehl,
Kwo-Chang Ueng3, Shin-Da Lee4, Dennis Jine-Yuan Hsiehs, His-Hsien Hsu’, Li-Mien Chen®
and Chih-Yang Huang"*
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Insulin-like growth factor-1 (IGF-I) signalling is reported to contribute to the modulation of blood pressure and set survival
and hypertrophic responses in cardiac tissue. However, whether IGF-I signalling normally acts in cardiac tissues of hyper-
tensive rats is unknown. In this study, using spontaneously hypertensive rats (SHR) and stroke-prone spontaneously hyper-
tensive rats (SPSHR), both with early blood pressure increases, and Wistar—Kyoto (WKY) rats as controls, we measured the
hypertrophic and IGF-I signalling activity changes in rat hearts at 4, 6 and 12 weeks of age. Both SHR and SPSHR were
found to have significantly increased blood pressures and ratios of heart- and left ventricle- to body weight at 12 weeks of
age. However, IGF-IR and its downstream signalling, including the protein levels of PI3K and phosphorylated Akt, known to
maintain physiological cardiac hypertrophy and cardiomyocyte survival, were downregulated. The results of dot blotting
showed that cardiac mRNA levels of IGF-I in hypertensive rats were higher than those in controls starting from the age
of 4 weeks. This difference suggests the increased ligand IGF-I mRNA levels may be a compensatory response caused
by the impaired IGF-I signalling. Moreover, enhanced cardiac cytosolic cytochrome-c, a mitochondria-dependent apoptotic
pathway component, tended to occur in both hypertensive rats, although it did not reach a significant level. These findings
indicate that impaired IGF-IR signalling occurs at early stages, and it may contribute, at least partially, to the development of
hypertension and pathological cardiac hypertrophy and to cardiomyocyte apoptosis at later stages in SHR and SPSHR.
Copyright © 2005 John Wiley & Sons, Ltd.

KEY WORDS — insulin-like growth factor-1 signalling pathway; cardiac hypertrophy; hypertension; SHR and SPSHR

INTRODUCTION 50%, and up to 90% of patients with mild to moderate

and with severe hypertension, respectively.' Animal

Hypertension commonly contributes to heart diseases,
such as left ventricular hypertrophy and heart failure.
Particularly, ventricular hypertrophy is present in 20—

* Correspondence to: Chih-Yang Huang, Institute of Biochemistry,
Chung-Shan Medical University No. 110, Section 1, Chien Kuo N.
Rd., Taichung 402, Taiwan, R.O.C. Tel: 886-4-24730022 ext 11682.
E-mail: chuangl @csmu.edu.tw

Copyright © 2005 John Wiley & Sons, Ltd.

models have been used in hypertension investigations
since the early 1960s. In some of these studies, spon-
taneously hypertensive rats (SHR) were used to repre-
sent a model of human essential hypertension. Stroke-
prone SHR (SPSHR), developed by selectively breed-
ing SHR loaded with 1% salt in drinking water,” have
been reported to have a more rapid increase in blood
pressure and more severe cerebrovascular lesions. The

Received 6 December 2004
Revised 15 February 2005
Accepted 10 March 2005



W.-W. KUO ETAL.

average life-spans of these two genetically hyperten-
sive animals are 1.5 years and 8 months, respectively,”
which is much shorter than the 2.5 years reported for
healthy controls. One of the pathological symptoms
resulting in the short life-span of the hypertensive ani-
mals is cardiac hypertrophy which has been identified
as the leading cause of sudden death. However,
whether an alteration in signal transduction, contribut-
ing to irreversible damage by diminishing cardiomyo-
cytes and organ functions, is involved in the
pathogenesis of pathological hypertrophy remains
unknown.

The induction of IGF-I has been associated with an
increase in cellular mass in cardiac hypertrophic
growth. In one of our previous studies of primary car-
diac cells we found that IGF-I treatment may cause
physiological hypertrophy.>™ Another in vivo experi-
ment showed that an increase in cardiac-synthesized
IGF-I of rats with pressure-overloaded constriction
preceded left ventricular cardiomyocyte hypertrophy.®
Thus far, several signal transduction pathways have
been identified in cardiac hypertrophy in response to
IGF-I. Through IGF-IR, IGF-I activates the PI3K-
Akt/PKB pathway, which primarily maintains normal
size and survival of cardiac myoctes, contributing to
physiological cardiac hypertrophy.” In addition,
MEK-ERK, which is one of the MAPK signalling cas-
cades which acts downstream of IGF-I signalling,
activates several hypertrophic genes through IRS-1
to modulate non-cardiomyocyte hyperplasia.'®!!
Therefore, IGF-IR signalling could possibly exert sur-
vival and hypertrophic effects on cardiac tissue in
hypertensive rats. However, a previous study demon-
strated that a mouse model with a mutant that has an
IGF-I level that is only 30% of wild-type showed ele-
vated blood pressure.'? Vecchione and his collea-
gues'® further identified that IGF-I vasorelaxant
properties were impaired in SHR at the age of 5 and
12 to 14 weeks, suggesting that an IGF-I dysfunction
could be involved in the development of genetic
hypertension. However, because of the terminated dif-
ferentiation of the cardiomyocytes, IGF-I action is
especially important for the survival of these cells.
Whether the dysfunction in IGF-I signalling similarly
affects cardiac tissue is not known. Furthermore, since
hypertension starts at a very young age in genetic
hypertensive rats, it is not clear whether the special
action of IGF-I signalling on cardiac tissue causes
the development or plays a compensatory role in the
development of hypertension. To understand whether
changes in IGF-I signalling is involved in the cardiac
transition from physiological to pathological hyper-
trophy during the development phase of hypertension

Copyright © 2005 John Wiley & Sons, Ltd.

in SHR and SPSHR, this study measured the hyper-
trophic and IGF-I signalling activity changes in the
hearts of SHR and SPSHR, both with early blood pres-
sure increases, and Wistar—Kyoto (WKY) rats as con-
trols, at 4, 6 and 12 weeks of age.

MATERIALS AND METHODS
Animals

SHR and WKY rats were purchased from the National
Laboratory Animal Breeding and Research Center,
Taipei, Taiwan. SPSHR were generously provided
by Dr Dennis E. Buetow, originating from the NIH
colony. These animals, whose ages were 3, 5 and
11 weeks, were kept in a temperature-controlled
environment (24 4+ 1°C) illuminated for 12h daily
(05.00-17.00 hours), and were fed with commercial
pellets and water ad libitum. All animals were handled
according to the guidelines of the Taiwan Society for
Laboratory Animal Sciences for the Care and Use of
Laboratory Animals.

Tail pressure measurement

One week after the rats had been brought to the
laboratory, tail blood pressure was measured with a
sphygmomanometer (29SSP, IITC Inc./Life Science
Instruments, USA), which consisted of a main board
machine and a pump machine. Each rat was placed
on the table and its tail was placed in the sensor area
to measure blood pressure. A movement of the pointer
indicated maximum blood pressure. If the rat moved
during the measurement, the result was considered
invalid. Blood pressure was measured five times and
the five values were averaged.

Measurement of cardiac hypertrophy

The rats were weighed before they were sacrificed by
decapitation. After the heart was removed, it was
cleaned with double distilled H>,O and dried and
weighed. Then, the left ventricle was removed and
weighed. The ratio of total heart weight and left ven-
tricle weight to the body weight was calculated.

Tissue extraction

The left ventricle was cut into three parts. One part of
the left ventricle was minced with scissors, added to
lysis buffer (5S0mm Tris (pH 7.5), 0.5M NaCl,
1.0mm EDTA (pH 7.5), 10% glycerol, 1 mm BME,
1% IGEPAL-630 and proteinase inhibitor cocktail

Cell Biochem Funct (in press).
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tablet (Roche)) at a concentration of 1mg tissue
(10pu1™") buffer and homogenized at ice tempera-
ture with a Model PT 10/35 Polytron homogenizer
for 2 cycles of 10s each. The homogenates were
placed on ice for 10min and then centrifuged at
12000r.p.m. for 30min. The supernatant was col-
lected and stored at —70°C for further Western blot
analysis.

Isolation of heart mitochondria

After adding PBS to another one-third of the left ven-
tricular tissues, the tissues were minced with scissors
and homogenized at 4°C with a Model PT 10/35 Poly-
tron homogenizer (setting 11, Brinkmann Instruments,
Westburg, NY, USA) for 5 min before centrifuging at
2300r.p.m. for 10 min in a Beckman J20.1 centrifuge.
The pellet was discarded, and the supernatant was
then centrifuged at 9400 r.p.m. for 15 min. The mito-
chondrial pellet was resuspended in 200 pl PBS for
Western blot analysis of cytochrome c. All steps were
carried out at 0—4°C.

Protein contents

The protein content of the left ventricle extract and
mitochondrial fraction were determined using the
Bradford protein assay'* using the protein-dye kit
(Bio-Rad, Richmond, CA, USA). A commercially
available bovine serum albumin (Sigma Chemical,
St. Louis, MO, USA) was used as a standard. Changes
in absorption were monitored at 595 nm.

Electrophoresis and Western blotting

The left ventricle extract and mitochondrial fraction
samples were prepared as described above. Sodium
dodecyl sulphate—polyacrylamide gel electrophoresis
was carried out using 10% polyacrylamide gels. Equal
amounts (20 pg) of the samples were electrophoresed
at 140V for 3.5 h and equilibrated for 15 min in trans-
fer buffer (25mm Tris-HCI, pH 8.3, containing
192 mm glycine and 20% (v/v) methanol). Then, the
electrophoresed proteins were transferred to nitrocel-
lulose paper (Amersham, Hybond-C Extra Supported,
0.45 Micro) using a Hoefer Scientific Instruments
Transphor Unit at 100mA with transfer buffer for
14 h. Nitrocellulose papers were incubated at room
temperature for 2h in blocking buffer containing
100mm Tris-HCI, pH 7.5, 0.9% (w/v) NaCl, 0.1%
(v/v) fetal bovine serum. Monoclonal antibodies of
IGF-IR, PI3K, Akt, phosphorylated Akt and cyto-

Copyright © 2005 John Wiley & Sons, Ltd.

chrome-c (Santa Cruz Biotechnology) were diluted
in antibody-binding buffer containing 100 mm
Tris-HCI, pH 7.5, 0.9% (w/v) NaCl, 0.1% (v/v)
Tween-20 and 1% (v/v) fetal bovine serum. Incuba-
tions were performed at room temperature for 3.5 h.
The immunoblots were washed three times in 50 ml
blotting buffer for 10 min and then immersed in the
second antibody solution containing alkaline phos-
phatase-labelled goat anti-rabbit IgG (Promega) for
1 h and diluted 1000-fold in binding buffer. The filters
were then washed three times in blotting buffer for
10 min each time. The colour was developed in a
20-ml mixture consisting of 7 mg nitro blue tetrazo-
lium, 5mg 5-bromo-4-chloro-3-indolyl-phosphate,
100 mm NaCl and 5 mMm MgCl, in 100 mm Tris-HCI,
pH 9.5. The immunoblot with antibody against (-
actin, which was prepared with the same procedure,
was used as an internal control.

RNA extraction

Total RNA was extracted using the Ultraspec RNA
Isolation System (Biotecx Laboratories, Inc.) accord-
ing to the manufacturer’s instructions. The remaining
one-third of the left ventricle was thoroughly homoge-
nized in 1ml Ultraspec reagent per 100 mg tissue
using a Polytron homogenizer. The homogenates were
washed twice with 70% ethanol by gentle vortexing.
RNA precipitates were then collected by centrifuga-
tion at 12000g and dried under vacuum for 5-—
10 min before being dissolved in 50 pl diethylpyrocar-
bonate-treated water, and then incubated at 55-60°C
for 10—15 min.

RNA dot blotting

RNA dot blotting was used for the hybridization and
detection of IGF-I mRNAs according to the method
described in our previous study.'” The corresponding
digoxigenin (DIG)-labelled antisense RNA probes
were prepared from pGEM-1 containing a BamH1-
EcoR1 956-bp insert consisting of exon 3 and flanking
intron sequences from the rat IGF-I gene (supplied by
Dr Dennis E. Buetow, University of Illinois, Urbana-
Champaign, IL, USA).

Statistical analysis

The data were compared between animal groups of
the same age, using one-way analysis of variance
(ANOVA). Fisher’s Least Significant Difference test
was used to determine differences. P <0.05 was
considered statistically significant.
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Figure 1. Systolic blood pressure of WKY rats (white), SHR (light

grey) and SPSHR (dark grey) at 4, 6 and 12 weeks of age. Values are
expressed as mean = SE (n=28). Significant differences from the
control (WKY) were determined using the Fisher PLSD test:
*P <0.05

RESULTS

Development of hypertension and cardiac
hypertrophy in SHR and SPSHR

Figure 1 shows an increase in systolic blood pressure
in hypertensive rats over the 12-week period, indicat-
ing the progress of hypertension. Compared with con-
trols, the SPSHR and SHR groups were found to
experience significant systolic blood pressure
increases starting at 6 and 12 weeks of age, respec-
tively. Table 1 shows the development of cardiac
hypertrophy over the entire period. The ratio of whole
heart weight to body weight for SHR and SPSHR was
not significantly different from controls until 12
weeks of age, at which time the ratio significantly
increased from 2.83 +0.07mgg ' in the controls to
around 3.4mgg " for the SHR or SPSHR. Similarly,
compared with the controls, the left ventricular weight
to body weight ratios for the SHR and SPSHR
increased significantly only at 12 weeks of age.

Protein levels of IGF-IR, IGF-IR signalling
components and cytochrome-c in the left ventricle
of the heart using Western blotting

The left ventricle IGF-IR levels for the animals at 4, 6
and 12 weeks of age were analysed using Western
blotting (Figure 2). Downregulation of IGF-IR was
found in the left ventricle of SHR starting at week
6. Greater decreases were found in the SPSHR group
throughout the whole period. The results for PI3K and
phosphorylated Akt for IGF-I signalling were similar.
Changes in cardiac PI3K levels were more signifi-
cant in both hypertensive rat groups at each age
(Figure 3A). A significant reduction of cardiac phos-
phorylated Akt only appeared in SPSHR at the age of
6 and 12 weeks (Figure 3B). The cytochrome-c
released from the mitochondria leading to a mitochon-
dria-dependent apoptotic pathway was also examined
(Figure 3C). Although the increases became more
apparent in hypertensive rats as they got older, none
of the increases reached statistical significance.

Gene expression of IGF-I by dot blotting
in the left ventricle of hearts

The dot blot analysis of cardiac tissue taken at ages 4,
6 and 12 weeks showed changes in IGF-I mRNA
levels. While SHR IGF-I mRNA levels were found
to have increased significantly each time they were
measured, the levels in SPSHR were not found to have
increased significantly (Figure 4).

DISCUSSION

Pathological cardiac hypertrophy is the leading cause
of sudden death by heart failure, but little is understood
about the molecular mechanisms behind this disease.
In this study, we measured blood pressure and calcu-
lated the ratio of whole heart weight and left ventricle
weight to body weight in SHR and SPSHR rats and
compared the findings with a control group made up
Wistar—Kyoto (WKY) rats. The hypertensive rats were

Table 1. The ratio of whole heart or left ventricle weight to the total body weight of rats

Age (weeks) WKY SHR SPSHR WKY SHR SPSHR
(Whole heart per BW; mgg ") (LT ventricle per BW; mgg ")

4 4.17+0.13 4.11£0.19 4.15£0.09 3.184+0.12 3.384+0.17 3.63+0.08

6 3.34+£0.07 3.51£0.13 3.53+£0.07 2.6740.04 2.81+0.11 2.85+0.07

12 2.834+0.07 3.45£0.06* 3.44 £0.04* 2.2540.06 2.86 4+ 0.06* 2.86 4 0.04*

BW, body weight; LT, left; WKY, Wistar—Kyoto rats as a control; SHR, spontaneously hypertensive rats; SPSHR, stroke-prone
spontaneously hypertensive rats. All values are expressed as mean + SE (n=8).
* Significant differences from the control (WKY) were determined by the Fisher PLSD test, P < 0.05.
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Figure 2. IGF-IR level in the left ventricle of rats at different ages
as determined by Western blotting. Lysates were prepared from
hearts of WKY rats (white), SHR (light grey) and SPSHR (dark
grey), and equal amounts of protein (20 pg) were separated by SDS/
PAGE and immunoblotting with anti-IGF-IR antibody. The blotting
bands are shown at the top of the graph. Signal intensity was
quantified using a phospholmager. The average percentage + SE for
three independent experiments is related to the control (WKY)
animals in each age group. Significant differences were determined
using the Fisher PLSD test from the control (WKY): *P < 0.05;
*##P <0.01

found to have significant increases in blood pressure
by the time they were 12 weeks old. However, the car-
diomyocytes of the SHR and SPSHR groups were
found to have significantly lower IGF-IR and down-
stream PI3K protein levels. The SHR group was found
to have an increased level of IGF-I mRNA starting at
4 weeks of age. We suggest that the downregulation of
IGF-IR may be a result of a higher degradation rate,
shorter half-life or such defects as post-translational
modification at an early age. We also suggest that the
increased IGF-I mRNA levels are a compensatory
response to impaired IGF-I signalling.
Cardiomyoc?/te apoptosis has been associated with
heart failure'®'” and modulating it may be critical to
the treatment of this disease. Without the presence of
growth factors, Bcl, expression is reduced, DNA frag-
mentation is increased and caspase 3 activations
occur. Conversely, IGF-I treatment reverses these
alterations to normal levels, showing that IGF-I has
an anti-apoptotic effect important to the survival of
cardiomyocytes.'® IGF-I has also been reported to
be able to increase Bcl, promoter activity 2.3-fold in
PC12 cells.'® Clinically, IGF-I is used in the treatment
of acute heart failure.>’ Moreover, cardiomyocytes are
also protected by the anti-apoptotic effects of PI3K,
downstream of IGF-I signalling.”" Activated PI3K
has been found to improve cardiac function during

Copyright © 2005 John Wiley & Sons, Ltd.

ischemia—reperfusion®? by phosphorylating the pro-
apoptotic regulator Bad and inactivating caspase 9.
Another study found that mice with cardiac-specific
expression of dominant-negative PI3K had smaller
hearts, indicating that P13K helps maintain normal
heart size.” In our study, the downregulation of IGF-
IR signalling may have resulted in cardiomyocyte
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Figure 3. The alteration of IGF-IR signalling downstream
components and cytochrome-c levels in the left ventricle of rats at
different ages. Lysates were prepared from the hearts of WKY rats
(white), SHR (light grey) and SPSHR (dark grey), and equal
amounts of protein were separated by SDS/PAGE and immunoblot-
ting with (A) anti-PI3K antibody, (B) anti phosphorylated Akt and
Akt antibody, (C) anti-cytochrome-c antibody. The blotting bands
are shown at the top of each graph. Signal intensity was quantified
using a phospholmager. The average percentage +SE for three
independent experiments is related to the control (WKY) animals in
each group. Significant differences were determined using the
Fisher PLSD test from the control (WKY): *P < 0.05; **P < 0.01
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Figure 4. mRNA in the left ventricle of rats as determined by dot-
blotting. Detection of mRNA was achieved with CDP-Star and the
film was exposed for 10-30s to determine the linear range of
detection for these mRNAs. Total RNA was spotted at 240 ng per
dot. 18S-rRNA was measured as a loading control (top of graph).
Quantification of the degree of activation for the SHR (light grey)
and SPSHR (dark grey) versus WKY (white) group is shown on the
graph. Values are expressed as mean=+ SE (n=38). Significant
differences from the control (WKY) were determined using the
Fisher PLSD test: *P < 0.05
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apoptosis in SHR and SPSHR. However, possibly
because the mice were young, we did not observe a
significant increase in cytosolic cytochrome-c. Per-
haps if the SHR and SPSHR had been older with more
impaired IGF-I signalling, cardiomyocyte apoptosis
would have been more severe. Heart failure due to
apoptosis in these two strains of rats brings about their
early death. The downregulation of IGF-I signalling in
SHR is evidenced by a decrease in IGF-IR, PI3K and
the other downstream molecule, phosphorylated Akt
levels. These levels were likely further suppressed in
SPSHR, which showed more rapid increases in blood
pressure and more severe cardiovascular lesions.

Cardiac hypertrophy in young SHR and SPSHR
may be regulated by signalling pathways other than
IGF-1 s ngalling. For example, several important stu-
dies?*2° have demonstrated that calcium-activated
calcineurin promoted the dephosphorylation of
NFAT3 which then translocated into the nucleus and
promoted gene expression involved in pathological
cardiac hypertrophy. The activation of calcineurin
signalling has also been found to promote the release
of cytochrome-c from mitochondria, which, in turn,
promotes apoptosis,”’ possibly indicating that the
activation of calcineurin may lead to cardiac hypertro-
phy and apoptosis. However, Olson and his collea-
gues®®?? found that rats treated with a calcineurin
inhibitor did not experience a change in cardiac hyper-
trophy. Cardiac ERK signalling, the other arm of the
IGF-I pathway, has also been examined in SHR and
SPSHR in other studies,”®>? demonstrating that phos-
phorylated ERK was reduced from the age of 5 weeks.
However, our study showed that hypertrophy occurred
at age 12 weeks for the two rat strains, indicating that
ERK was unlikely to be involved in the hypertrophic
processes. Thus, the factors causing cardiac hypertro-
phy in SHR and SPSHR need to be identified through
further studies.

The goal of this experiment was to investigate the
molecular mechanisms behind the pathogenesis of
cardiac disorder in hypertensive rats during the devel-
opmental phase of hypertension. Our results showed
that SHR and SPSHR experienced an increase in
blood pressure and cardiac hypertrophy at the ages
of 6 and 12 weeks and the early development (4 weeks
old or younger) of downregulation of IGF-IR signal-
ling. In another study, mice with severe IGF-I
deficiency were found to have elevated blood pres-
sure.'? IGF-IR signalling deficiency is, therefore,
thought to precede hypertension and cardiac disorder
in SHR and SPSHR. This finding and conclusion
are consistent with our interpretation that impaired
cardiac IGF-I signalling initiates hypertension.

Cell Biochem Funct (in press).
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Controlling the anti-apoptotic effects of cardiac IGF-I
signalling may help alleviate hypertensive cardiac dis-
order in its early developmental stages. These findings
may provide a theoretical basis for the development of
therapy for patients with hypertensive heart failure.
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