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renin- activity and aldosterone concentration were determined by
radioimmunoassays: as previously reported {11}, and serum insulin
level was measured by an enzyme immunoassay. Serum lipid and
glucose levels were measured with an automatic analyzer (OLYMPUS
AU2700, OLYMPUS, Tokyo, Japan), and serum creatinine levels were
determined by an enzymatic method.

2.3. Statistical ‘analysis

All'the data were analyzed with SPSS software version 17.0 {SPSS
Inc.,” Chicago, 1L, USA). Comparisons between two groups were
assessed by the unpaired t-test or chi-squared test, and correlations
between two parameters were tested by simple regression analysis.
The relationships were further analyzed by multiple regression
analysis with a step-wise method to identify the factor(s) indepen-

dently associated with the plasma levels of AM-NH; and AM=Gly. In-

this multivariate analysis, the basal or metabolic factors that were
found to be significant by simple regression were used as independent
covariates; All the data are expressed as means - S.D., and P values of
less than 0.05 were considered to be significant.

3. Results

In a comparison of the basal clinical data from the non-obese and
obese residents (Table 1), no significant differences were noted in
gender, age, or serum creatinine levels, while both the systolic and
diastolic blood pressure (SBP and DBP) levels of the obese subjects
were higher than those of the non-obese subjects. The results of the
measurement of metabolic and humoral factors are shown in Table 2,
where obesity-related metabolic parameters such as the blood levels
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of fasting glucose, insulin, high-density lipoprotein-cholesterol (HDL-
cholesterol), triglycerides, and the homeostasis model assessment
(HOMAY)- index of the subjects with obesity are shown to be higher
than those without obesity, but this was not the case for serum total
cholesterol level, plasma renin activity, ot aldosterone concentration,

As shown in Fig. 1, the plasma levels of total AM, AM-NHaz, and AM~
Glywere all significantly elevated in the obese subjects compared with
the non-obese subjects. Table 3 shows the coefficients of correlation
obtained by simple regression analyses of the relationships between
two AM values and other basal; metabolic, or humoral parameters in
the subjects. Both the AM-NH; and AM=Gly level were significantly
correlated with BMI, SBP, and DBP, and significant relationships were
observed between the AM-NH, level and age and between the AM-
Gly and serum creatinine levels. In the analyses of the metabolic and
humoral data, we found: that the AM-NH, level was: significantly
correlated with serum triglyceride levels, while the AM-=Gly level was
correlated with all the parameters listed in Table 3. These significant
relationships between the two AM values and BMI or metabolic or
humoral factors are shown in Figs. 2 and 3 by scattered plotting.

We further analyzed the relationships by means of multivariate
analysis with a step-wise method in order to identify the indepen-
dently significant factors for the two AM values. As shown in Table 4,
BMIand the serum triglyceride levels were found to be independently
significant for the AM-NH, level, while DBP, insulin and HDL-
cholesterol levels, and plasma renin activity were significant for the
AM-Gly level. To look at gender differences in plasma AM levels, we
also carried out multivariate analysis including gender in addition to
the significant parameters presented in Table 3, but gender was not
extracted as a significant factor of the plasma levels of AM=-NH; or
AM-Gly.
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Fig. 3. Relationships between the AM-Gly and BMI (A), insulin (B), HOMA index (C), HDL-cholesterol ( D), triglyceride {E} levels, or plasma re}lin activity (F). Regression lines and

95% confidence limits aré shown on'each graph.
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Table 4
Multiple regression analysis with a step-wise method.
Dependent variables Independent covariates B P
AM-NH, BMI 185 006
Triglycerides 154 022
AM-Gly DBP . 21007 001
Insulin 177 008
HDL-cholesterol —.178 006
Plasma renin activity 177 005

The independent covariates included in this analysis were those judged to be significant
by the simple regression analysis (Table 3).
The abbreviations are listed in Tables 1 and 2.

4, Discussion

Two molecular forms of AM circulate in the blood of humans and
fats: one is a mature form of AM with an amidated C-terminal (AM-
NH, ), and the other is an intermediate form with a non-amidated C-
terminal glycine (AM=-Gly) [14,18]. There are a number of reports on
AM measturements in plasma and tissue, but in most of these cases,
the immunoreactive AM detected was the total AM level consisting of
both AM=NH, and AM-Gly [2-4,14]. Using a radioimmunoassay to
detect total AM levels, we have previously reported a significant
relationship between plasma AM levels and BMI in subjects who had
undergone a regular medical check-up [12], and an obesity-related
increase in the plasma AM level has also been reported in an animal
model of obesity [8]. In the present study, we measured the plasma
levels of AM with two types of immunoreactive radiometric assays
that detect total and mature AM, respectively, and found that both the
AM=NH; and AM-Gly levels were elevated in subjects with obesity
according to their BMI, as compared to those who were not obese.

Cultured cells isolated from the blood vessels or myocardium have
been shown to produce and: secrete AM [3,4]. We have previously
shown significant increases in the plasma levels of AM=NH, between
the femoral artery and vein and between the aortic root and coronary
sinus in patients with ischemic heart disease, suggesting the active
secretion of AM=NH, from the vasculature of the lower extremities
and from the heart in humans [19]; In patients with heart failure, the
plasma AM-NH; levels are correlated with the severity of the disease,
but not with BMI or obesity [20]: It has been shown that AM-NH, and
AM-Gly are produced and secreted from adipose tissue and cultured
adipocytes [7,8,21], a finding that suggests the contribution of adipose
tissue to the obesity/BMI-related increase in plasma AM levels. The
organs or tissues that contribute to the AM peptides circulating in the
human blood may depend on the presence or absence of cardiovas-

“cular disease. For example, in patients with heart failure, the cardiac
tissue or vasculature appears to be a source of plasma AM, while
adipose tissue may contribute to the mature or intermediate forms of
AM circulating in the blood of humans without overt cardiovascular
disease. It has been reported that the plasma levels of total AM or the
mid-regional fragment of the AM precursor peptide are reduced
following body weight reduction in obese patients [22,23], supporting
the notion of the contribution of adipose tissue to the level of
circulating AM peptides. However, further studies are necessary to
prove this hypothesis, because the present study is simply a cross-
sectional observation.

The mechanism involved in the obesity/BMl-related increase in
plasma AM levels remains to be clarified but may be discussed based
on previous findings obtained by in vitro studies and on the statistical
correlations observed in the present study. According to previous
studies using cultured cells; tumor necrosis factor-at (INF-at) is an
important factor for the stimulation of AM production in adipocytes
[21]. TNF-ce has been shown to be involved in the development of
insulin resistance [24,25]. In the present study, the AM-Gly level was
related to metabolic parameters of insulin resistance such as the
HOMA index, HDL-cholesterol, and triglycerides; suggesting a role for

TNF-a.in the BMl/obesity-related increase. We may also need to note
the significant correlation: between the AM-Gly: level and plasma
renin activity; because the renin-angiotensin system has been shown
to be an important factor for stimulating AM production and secretion
[2-4]. In the present study, the findings of interest include the
difféerences in the correlation coefficients obtained by simple
regression’ and in the significant factors' demonstrated by the
multivariate analysis between AM-NH, and AM-Gly. According. to
our previous studies [14,26,27], it is possible that the AM-NH; levels
in plasma depend on:at least two. factors:-enzymatic amidation
activity and peptide clearance by receptor binding. These factors may
have been involved: in producing the different results of the simple
and multiple regression analyses between AM=NH; and AM-Gly.

Lastly, we need to discuss the role(s) of AM-NH, and AM-Gly in
plasma, the levels of which were elevated in relation to increased BMI
and/or obesity; AM has been shown to have a wide range of actions
including blood pressure reduction, modulation of adipogenesis, and
alleviation of insulin resistance [2-7]. AM-Gly itself is biologically
inactive; but we showed that AM-Gly exerts vasodilatory. action
following conversion into AM-NH; in isolated rat aortas ex vivo [27].
In this experiment, AM~Gly took a much longer time to reach the
maximal relaxation than did AM-NH5, suggesting a role for AM=-Gly as
a hormone reservoir.. Based on: the correlations between the two
molecular forms of ‘AM and the other clinical parameters, we
speculate that AM acts against the development of a number of
obesity-induced disorders such as insulin resistance and elevated
blood pressure,

In conclusion, the present study showed that both the AM-NH;
and AM-Gly levels in plasma are elevated in subjects with increased
BMI or obesity without overt cardiovascular disease. The correlations
between the plasma AM levels and the other clinical parameters
suggest a possible, active role for this bioactive peptide in rnetabohc
disorders associated with obesity.
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Adrenomedullin (ADM) is closely related to calcitonin gene-related peptide,
which has a known causative role in migraine. Animal studies have strongly
suggested that ADM has a vasodilatory effect within the cerebral circulation. For
these reasons, ADM is also likely to be involved in migraine. However, the
hypothetical migraine-inducing property and effect on human cerebral cir-
culation of ADM have not previously been investigated. Human ADM
(0.08 gkg'min') or placebo (saline 0.9%) was administered as a 20-min
intravenous infusion to 12 patients suffering from migraine without aura in a
crossover double-blind study. The occurrence of headache and associated symp-
toms were registered regularly 24 h post infusion. Cerebral blood flow (CBF) was
measured by Xenon single-photon emission computed tomography, mean
blood flow velocity in the middle cerebral artery (Vmca) by transcranial Doppler
and the diameter of peripheral arteries by transdermal ultrasound (C-scan).
ADM did not induce significantly more headache or migraine compared with
placebo (P =0.58). CBF was unaffected by ADM infusion (global CBE, P =0.32
and rCBEmca, P=0.38) and the same applied for the Vmca (P =0.18). The
superficial temporal artery dilated compared with placebo (P < 0.001), and facial
flushing was seen after ADM administration (P =0.001). In conclusion, intrave-
nous ADM is not a mediator of migraine headache and does not dilate intrac-
ranial arteries. L1Adrenomedullin, cerebral blood flow, vasodilatation, migraine
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some 11 (9), is found in the highest concentration in
endothelial cells (10) and in particular within the

There is strong evidence of a pivotal role of calci-  cerebral circulation (11). From the precursor mol-

tonin gene-related peptide (CGRP) and nitric oxide
(NO) in migraine pathogenesis (1-6). However,
other substances may be involved, and a member of
the CGRP family, adrenomedullin (ADM), is an
obvious candidate for further investigation.

ADM was discovered 10 years ago among pep-
tides extracted from pheochromocytomas (7). Sub-
sequently, its pharmacological and physiological
properties have been defined (8). The mRNA of the
peptide, originating from a single locus on chromo-

© Blackwell Publishing Ltd Cephalalgia, 2008, 29, 23-30

ecule two circulating products are formed, the inac-
tive intermediate form (ADM,,) and the active
mature form (ADM). Being a secreted product of
the vascular endothelium along with NO and
endothelin, ADM is largely dlstnbuted according to
tissue vascularity.

ADM activates a combined calcitonin receptor-
like receptor (CRLR) and the receptor activity modi-
fying protein (RAMP2), possibly RAMP3, coupled
receptor and increases the formation of intracellular

23
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cAMP (12).. The best-described ‘effect of ADM is
vasodilation, but the exact function in human
physiology =~ and  pathophysiology,  including
up-regulation during inflammation, remains to be
determined. In healthy volunteers, administered
ADM dose-dependently decreases systolic - and
diastolic blood pressure (BP) and increases heart
rate (HR) (13, 14). Facial flushing, conjunctival injec-
tion and mild headache have furthermore been
described. Headache was observed in six of eight
subjects and, respectively, in one out of 11 subjects
(15, 16) after ADM administration.

ADM receptors are situated on the endothelial
and smooth muscle cells of cerebral vessels and
ADM is produced within cerebral endothelial cells,
in contrast to CGRP, which is released from perivas-
cular sensory nerve endings. CGRP does not seem
to play an important role in the maintenance of
resting tone of cerebral vessels (17), whereas ADM
might do so at high plasma levels (11).

The properties of ADM and its similarity to
CGRP, as well as the possible activation of CGRP
receptors by ADM, make it an obvious candidate to
be involved in migraine mechanisms. We therefore
conducted this double-blind study to evaluate
whether ADM affects the cerebral and extracranial
haemodynamics and whether it causes headache or
migraine in migraine suffers.

Methods and patients

Design and patients

A placebo-controlled, double-blind, crossover
design was applied in the study. The number of
patients (1=12) to be included was estimated
according to Pocock (18) and based on the follow-
ing assumptions: the probability of inducing a
migraine attack on active days was set at 0.5 and on
placebo days to 0.1, to5% and to 10%. Fourteen
patients were included, but two were excluded due
to development of claustrophobia during the base-
line single-photon emission computed tomography
(SPECT) scan. In all, 12 patients completed both
treatment days

The migraine patients all fulfilled the criteria of
the International Headache Society (IHS) (19) for
migraine without aura (MoA) and had a maximum
of six attacks per month. A second diagnose of
tension-type headache was allowed with a
maximum of four episodes per month. Entry crite-
ria were: MoA (19) and age 18-65 years. Exclusion
criteria were: present or previous cardiovascular,
cerebrovascular, endocrine or neurological disorder,

prophylactic treatment for migraine and concomi-
tant medication that might influence the outcome
measures.

The study population consisted of 10 women and
two men with a mean age of 41 years (range 28-50
years). Written informed consent was obtained
before randomization. The Ethical Committee of
Copenhagen (KA01115s) and the Danish Medicines
Agency (2612-1771) approved the study, which was
conducted according to the Helsinki II declaration.
A balanced randomization was performed using
Medstat®. A double-blind, crossover design was
used. Placebo  (0.9% NaCl) - or human ADM
(0.08 gkg ' min ') was administered intravenously
in a balanced randomized order on the two differ-
ent trials days. h-ADM(1-52) was purchased from
Clinalfa AG (Bubendorf, Switzerland) and diluted
in 0.9% isotonic saline immediately before
administration. :

The choice of ADM dose was partly based on
previously published studles using doses between
0.016 and 0.081 gkg !'min ' and partly on a dose
finding pilot study including three patients suffer-
ing from MoA. In a single trial day they received
three intravenous (i.v.) cumulative doses of ADM
[0.06, 0.08 and 0.1 gkg'min' (iv.)] as 20-min
infusions separated by a 60-min wash-out period.
The first patient developed severe tachycardia,
increasing BP, peripheral vasoconstriction and
cold sweating after the 0.1- g dose. Therefore, the
two remaining patients received only 0.06 and
008 gkg'min' of ADM (iv.), which was well
tolerated.

- Headache and adverse events

Every 10 min from baseline to Tix» (end of study
period) the patients were questioned for the pre-
sence of headache, associated symptoms and

adverse events (AEs). Between questionings the

patients self-reported any changes they might expe-
rience. The intensity of the AEs was graded as mild,
moderate or severe and their relationship to ADM
was classified as related or not related by the inves-
tigator. Headache intensity was scored on an
11-point verbal rating scale with 0=no headache,
1 =mild headache or a sensation of pressing or
throbbing inside the head, not necessarily felt
as actual pain, 5=medium severe headache,
10 = worst imaginable headache. Accompanying
symptoms were recorded according to the IHS (19).
After discharge, patients made an hourly recording
of headache up to 24 h after the infusion of placebo
or ADM.

© Blackwell Publishing Ltd Cephalalgia, 2008, 29, 23-30



Cerebral blood flow measurements

Global and regional cerebral blood flow (CBF) was
measured with ®Xenon inhalation and SPECT with
a brain-dedicated camera (Ceraspect; DSI, Waltham,
MA, USA). The apparatus consists of a stationary
annular Nal crystal and a fast rotating collimator
system. Each rotation took 10s, thereby acquiring
“one frame in a 30-frame dynamic protocol of
BXenon inhalation, three background, nine wash-
in, 18 wash-out using the Kanno-Lassen algorithm

(20). A photoelectric window of 70-100 keV was -

employed.

Thirty-two slices were reconstructed in a 64 64
matrix with each pixel measuring 0.33 0.33 cm
using a Butterworth 1D filter (cut-off 1.5, order 6).
The 32 slices were reduced to sets of eight tran-
saxial slices generated by adding four slices
together to a total slice thickness of 1.32 cm. Attenu-
ation correction using the Chang algorithm
( =0.05cm) and correction for nose artefact was
- performed. The output for each pixel was the
ki-value and flow values were estimated from these
using the partition coefficient ( ) of 0.85 ml/g (grey
matter).

A Datex Normocap 200 (Dameca, Roedovre,
Denmark) was used for end-tidal CO; measure-
ments during the CBE acquisitions. A Ceratronic
XAS SM 320 (Randers, Denmark) was used for the
3Xenon administration. Each measurement lasted
5 min.

Calculations of flow in the perfusion territories of
the major cerebral arteries were performed fitting
standard vascular regions of interest on the five
slices at 3.6, 5.0, 6.3, 7.6 and 9 cm above the orbito-
meatal line. Flow in the territory of the middle
cerebral artery (MCA) (rCBFyca) was calculated as
a mean of the left and right side.

Transcranial Doppler and C-scan

Transcranial Doppler (TCD) ultrasonography
(2MHz, Multidop X Doppler; DWL, Sipplingen,
Germany) was used for the measurement of blood
flow velocity. The recordings were done simulta-
neously and bilaterally as previously described, but
with handheld probes (21). Along the MCA, a fixed
point was found for the measurement. The fixed
point was chosen as close as possible to the bifur-
cation of the anterior cerebral artery and MCA. The
same fix-point was used for each individual and for
each recording, at which the signal was optimized.
Based upon the envelope curve (spectral
TCD curve), a time-average mean (Vimen) OVer

© Blackwell Publishing Ltd Cephalalgia, 2008, 29, 23-30
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approximately four cardiac cycles (4s) was calcu-
lated by the built-in software (TCD software for
MDX 7.40x). The final measure used for each time
point was an average of four cycles (Vumca). Simul-

_ taneously with the TCD recording, a mask covering

the subjects’ mouth and nose region was placed for
the measurement of end-tidal pCO; (P+CO;) (Datex
Normocap 200; Dameca).

A high-resolution ultrasound scanner, C-scan
(Dermascan = €, 20 MHz, bandwidth 15 MHz;
Hadsund, Denmark) was used to measure the
diameter of the left temporal and left radial arteries
(22). The diameter of the former was measured at
the front branch of the superficial temporal artery
(STA) and the latter at the wrist. To ensure that the
repeated measurements with TCD and C-scan were
performed in the same place, marks were drawn on
the skin. After the last recording on the first trial
day, the coordinates of the marks were recorded for
re-use on the following trial day.

Pharmacokinetics

At the beginning of each trial day the haematocrit
value was determined. Plasma samples for the
analysis of ADM concentration (ADMra and
ADMuatwe) Were obtained four times during each
trial day (T 20, T195, Teo and T1z0). The plasma samples'
were collected in cooled 10-ml K3 ethylenediamine
tetraaceticacid vacutainers containing Apropotinin
(Trasylol® 0.6 antecubital unit/ml blood) from the
cubital vein contralateral to the site of ADM or

- placebo infusion. The samples were immediately

placed on ice and subsequently centrifuged for
10 min (1500 g) at 4°C. Plasma was stored at 30°C
until analysed at the University of Miyazaki, Japan.
The applied assay for measurement of ADM has
previously been validated (23, 24).

Trial procedures

The migraine patients began the study at 07.45h
with a short interview ensuring the following inclu-
sion criteria: no migraine attack or tension-type
headache for the preceding 48 h, no intake of trip-
tans or analgesics, e.g. paracetamol, within the
same period of time, no intake of ergotamine for
the previous 72 h and abstinence from coffee, tea,
caffeine-containing drinks and smoking tobacco for
the preceding 8h. The patients rested supine
throughout the study period.

Two iv. catheters [Optiva*2, (18G); Johnson &
Johnson, Ethicon S.p.A., Italy] were inserted into
the cubital veins, one for the administration of
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placebo or h-ADM, the other for blood sampling.
The volunteers rested at least 30 min before baseline
values of CBF, Vuca, temporal and radial diameter,
BP, - HR - and - electrocardiogram (ECG) .were
recorded. The start of infusion of h-ADM or placebo
was designated time zero (T,). The infusion lasted
20min and was administered by a time- and
volume-controlled infusion pump (Braun® perfusor;
B. Braun, Melsungen, Germany).

The SPECT measurements were repeated twice at
T and Tys. Every 10 min from T » until Th ques-
tioning for headache and associated symptoms fol-
lowed by measurement of TCD and C-scans were
performed: BP, HR (Omega 1400; In vivo Research
Laboratories Inc., Copiague, NY, USA) and ECG
(Cardiofax; Nihon Kohden Corp., Tokyo, Japan)
were recorded at T, T 10, To and thereafter every
5 min throughout the study.

rCBF, in the area of a given artery (x) is related to
mean :blood flow velocity (Vimentj) and cross-
sectional area, 1%, of the artery.

tCBFy) = Vinean) X B X 12

If the rCBF changes the following equation is valid:

. - rCBFE,)/Vmean,,
ADiameter = ( (\/ - Vmeanux) /tCBFy, -1} %100

Diameter is the relative percent change in diam-
eter; Vimeanigg is the mean blood velocity before infu-
sion of drugs and Ve the velocity at a relevant
time point after the infusion. The same nomination
is applied for rCBE (25, 26).

Statistics

Baseline was calculated as a mean of the values
at T, T and To. Values are presented as
means *S.D. P <0.05 was considered significant.
All analyses were performed using SPSS statistical
software version 10.0 (SPSS Inc., Chieago, IL, USA).

For changes over time on each trial day global
CBE, rCBFumca, Vmca, diameter of the temporal and

radial artery, BP, HR and P.CO, were analysed by

univariate analysis of variance for the factors time
and subject. If a significant change was found, a
post hoc analysis (Dunnett’s multiple comparisons
test) was performed to localize the change. To elimi-
nate the risk of mass significance on measurements
with numerous repeated measurements, four points
of interest were chosen; baseline, 20 min, 60 min
and 120 min. Absolute values were used for the
statistical analysis. For the comparison between
ADM and placebo a paired t-test was performed for

the following measurements: global CBF, rCBFyca,
Vmea, diameter of the temporal and radial artery,
BP, HR and P.CO;: Summary measure for the f-test
was the area under the curve (AUC) calculated on
percentage changes from baseline.

Immediate headache was defined as any head-
ache during the first 60 min after the start of the
h-ADM administration. Any headache occurring
thereafter was called delayed headache. Peak
values and AUCieiqame (area under the headache
curve) were compared between the two trial days

.using - Wilcoxon’s signed rank test. The occurrence

of headache and AEs on the two trial days was
compared with McNemar’s test.

Results

Baseline characteristics

No significant differences were found between the
two experimental days in values of haemodynamic
variables, haematocrit or start and end room
temperature.

Headache and associated symptoms

Of the 12 included patients, six experienced imme-
diate headache on days with administration of
ADM and one on placebo days (P=0.13). Four
patients had a delayed headache on placebo days
and seven after ADM (P = 0.38). Figure 1 shows the
headache score of the individual patients. Analysis
of the peak headache revealed no difference
between ADM and placebo for the immediate
(P =0.17) or delayed (P = 0.87) period. Based on the
AUCHedde, a tendency towards difference in the
immediate period was found (P =0.051), but none
was detected for the entire registration (P = 0.58) or
delayed period (P =0.78). The experienced head-
ache fulfilled the IHS criteria for MoA in six cases.
Two patients had MoA on both trial days, and in
the remaining four patients two after ADM and two
after placebo administration.

ADM induced flushing in all patients and
placebo in one (P =0.001), 11 patients experienced -
heat sensation after ADM and four after placebo
(P =0.016). '

Pharmacokinetics
Baseline plasma concentration of ADMiga
(11.67 = 243 fmol/ml and 11.09 * 2.7 fmol/ml)

and ADMumatwe (2.78 £ 0.68 fmol/ml and  2.77 *
0.58 fmol/ml) were similar on the two-trial days:
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The Cpax of ADMiga (76.4 * 16.6 fmol/ml) and
ADMuamee (244 * 6.0 fmol/ml) were measured at
time point Tws, at the end of the h-ADM infusion.
After 2 h the plasma levels had not yet returned to
baseline (Fig. 2). On placebo days no change from
the baseline values were recorded.

Cerebral and peripheral haemodynamics

There were no significant differences in baseline
values between ADM and placebo administration

Headache score
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Figure 1 Individual curves of headache scores for all
patients on days of h-ADM infusion (a) and placebo (b):
The median headache score is in bold.
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days (Table 1). After ADM there was no change
in global CBF (P=0.32 P«CO, uncorrected, and
P =0.22 P«CO; corrected) or in rCBEyca (P =0.38,
P CO; uncorrected, and P = 0.27 PsCO; corrected)
compared with placebo (Fig. 3). Global: CBF and
rCBFuca  increased  significantly (P =0.034 and
P =0.035) over time after ADM when the measure-
ments were corrected for P«CO;. The increase was
only seen 5 min after termination of the infusion.
However, without P.CO; correction no significant

-increase was: seen (P =0.097 and P=0.096). On

placebo days no change over time was seen. P CO;
measured during CBF acquisition did not change
over time; and there was no difference between
treatments: (P = 0.32).

PaCOy-corrected Vmca increased significantly
over time after ADM (P =0.027). The difference
from baseline was recorded at time point T and
was 6.6 = 2.4%. For the left MCA alone (Vimcagen) a
similar result was obtained (P =0.023). The right

Plasma concentration
ADMature (fmol x L)
o

& n o
L * A

0 T ) T T T ¥ L) T T T T T ¥ ¥ 1
-20-10. 0110 20: 30 4050 60 70 80 90 100110120130
Time (minutes)

Figure 2 Plasma concentration of ADMy,u.. on the two
trial days; M, h-ADM; ¥, placebo.

Table 1 Baseline values on the two trial days with comparison using a paired ftest

Adrenomedullin Placebo

Mean (%) s.D. Mean () s.o. P
VMCA teft (crn/ S) 74.74 13.15 7892 13.32 0.085
Vica rgne (cm/s) 77.66 11.84 81.49 13.81 0.171
Vica mean (CM1/5) 76.20 11.36 8020 12.86 0.081
pCO; (mmHg) 36.75 4.29 37.75 461 0.255
Radial artery (mm) 2.35 0.52 2.36 0.56 0.965
Temporal artery (mm) 111 0.28 1.09 0.19 0.791
Systolic BP. (mmHg) 116.94 11.82 116.17 13.62 0.724
Diastolic BP (mmHg) 7242 8.00 73.08 8.95 0.780
Mean BP (mmHg) 86.90 8.40 88.03 10.62 0.618
Heart rate (bpm) 61.01 9.45 61.75 7.84 0.639

BP; blood pressure.
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Figure 3 rCBE (ml 100 g brain tissue ! min !) vs. time
(minutes)- for, respectively: B, h-ADM administered; ¥V,
placebo. Vertical line = initiation of infusion.

MCA (Vumcawgny) was not significantly affected by
the ADM. Without P4CO:; correction; none of the
significant increases was observed, Vuca (P =0.069)
and Vwmcagety (P =0.078). On placebo days none of
these measured variables was affected over time,
but a significant 6.3 * 1.5% decrease in P«CO;
occurred on placebo days (P =0.001). This was not
seen after ADM (P = 0.155). There was no differenice
between the two trial days (P =0.30). The compari-
son between ADM and placebo revealed no differ-
ence in any of the variables Vmca (P=0.18
uncorrected . and. P =0.66 corrected), = Vmcagern
- (P=0.36 uncorrected and P =0.97 corrected) or
Vmcagigny (P =0.12 uncorrected and P =042 cor-
rected). The percentage diameter change calculated
from rCBEF and Vmca showed a minimal increase
(1.2% =+ 3.5%) at T5s after ADM, and there was no
difference between trial days (P = 0.72).

Temporal artery diameter increased significantly
compared with placebo (P =0.01), whereas the
radial artery diameter was unchanged after ADM
compared with placebo (P =0.38). ADM increased
the temporal artery diameter over time (P < 0.001),
the maximal increase being recorded at Ty and
33.42 + 6.22%. The temporal (P =0.47) and radial
artery diameter (P = 0.53) was unaffected over time
after placebo, as was the radial diameter after ADM
(P =0.21) (Fig. 4).

There were no significant changes after ADM
compared with placebo in systolic BP (P =0.23),

diastolic BP (P =0.9) or mean BP (P = 0.86). HR was °

significantly increased after ADM (P =0.003) com-
pared with placebo. ADM induced a significant
decrease in systolic BP (P =0.03), diastolic BP
(P <0.001, 9.53 * 1.93%) and mean BP (P <0.001,
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1.00 1
0.75

(diameter) mm

0.50
0.25 -

0.00 T T T T T T 1
-25 0 25 50 75 100 - 125 - 150
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Figure 4 Diameter change in superficial temporal (mm)
artery vs. time (minutes) for, respectively: B, h-ADM
AND; ¥, placebo.

7.63 = 2.41%) - over ‘time. HR "was ' increased.
33.77 + 4.17% after ADM (P <0.001). None of the

.measured variables changed on placebo days.

Discussion

The present study has demonstrated that intrave-
nously administrated ADM at the maximal toler-
ated dose did not induce migraine attacks in
migraine patients, indicating that ADM does not
play a major role in migraine pathogenesis. ADM
dilated the superficial temporal artery and affected
the systemic circulation, but had no effect on CBF
or diameter of MCA.

Haemodynamic effects of ADM

Meeran and co-workers administered ADM to
healthy volunteers and found that a low dose of
ADM (3.2 pmol kg ' min !) did not affect BP or HR,
whereas a higher dose (13.4 pmolkg 'min )
resulted in a significant decrease in diastolic BP
(69 = 2 to 53 *+ 2 mmHg) and a significant increase
in HR (57 =3 to 95 * 4bpm) (13). With a dose
of 0.05 gkg'min' Nagaya etal. found smaller
effects, but a significantly increased cardiac index
and decreased pulmonary arterial pressure in
patients with chronic heart failure (15). Long-term
administration of AM in lower doses (2.9 and
5.8 pmol kg ! min ) showed a minor effect on sys-
temic haemodynamics (14, 16). Administering
008 gkg!'min' for 20min, we found that the
systolic, diastolic and mean arterial BP were unaf- -
fected by ADM compared with placebo. HR was
significantly increased.

- © Blackwell Publishing Ltd Cephalalgia, 2008, 29, 23-30



The effect of ADM on human CBEF or MCA
diameter has not been assessed previously. Data on
endogenous production within the brain are con-
flicting. It seems likely that cerebral endothelial
cells produce a high amount of ADM (10, 27, 28).
ADM has been shown to pass the blood-brain
barrier (BBB) and may be involved in the regulatidn
of BBB function (29, 30). Since ADM receptors are
present on both endothelial and vascular smooth
muscle cells and possess vasodilatory properties,
one would expect ADM to be a strong cerebral
vasodilator. However, we found no significant effect
on CBF or MCA diameter. This finding contrasts
with animal studies, which have all shown vasodi-
lation and increase in CBE. Species differences may
partly explain the findings. Thus, the expression of
functional ADM receptors might differ between
humans and rodents, and the physiological role of
ADM is more likely to be regulation of BBB per-
meability than vasodilation (30-32).

The infusion of ADM resulted in a significant
dilation of the superficial branch of the temporal
artery compared with placebo. This dilation seemed
to be restricted to the cephalic circulation since no
effect was seen on the radial (control) artery. The
dilation was associated with a concomitant flushing
of the face and chest in all but one patient, and a
sensation of heat was an often-reported side-effect
of the ADM infusion.

Extracranial arterial dilation causes no headache

ADM did not indiice a migraine headache in our
study population despite its close relation to CGRP
and its vasodilatory properties. A possible cause of
the failure of ADM to induce migraine headache
could be that the dose of ADM was too low.
However, plasma ADMiu (ADMgy + ADMmature)
increased 6.5 times and ADMmature 8.8 times. In
patients with an altered cerebral circulation after
subarachnoid haemorrhage only a four-times
increase in ADM plasma concentrations was mea-
sured (33). Furthermore, the infusion of a higher
dose in the pilot study induced a substantial effect
on BP and HR and was deemed unsuitable. We
therefore feel confident that the administered dose
of ADM was sufficient to induce migraine if the
peptide was indeed a mediator of migraine.

Our human model of experimental headache has
demonstrated its ability to describe the headache/
migraine-inducing potential of several substances,
e.g. NO, CGRP and histamine (2, 34, 35). In healthy
individuals this headache is monophasic, occurr-
ing during and shortly after the infusion. The

© Blackwell Publishing Ltd Cephalalgia, 2008, 29, 23-30
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experimentally induced headache in migraine
patients is characterized by a biphasic course with
an immediate headache, often similar to the head-
ache experienced by non-migraineurs, and a
delayed headache occurring between 1 and 12h
later. The delayed headache fulfilled criteria for
MoA in three out of nine patients after CGRP
administration (2), in five out of 12 after histamine
(36) and in approximately 80% after GTN. In previ-
ous studies both intracranial and extracranial dila-
tion were seen, and in spontaneous migraine attacks
both the MCA and STA were dilated (37, 38). It
remains uncertain which of these territories is most
important for migraine induction (39). ADM is the
first substance shown to dilate STA without affect-
ing MCA or CBE Our results indicate that dilation
of extracranial vessels is not enough of itself to
induce migraine.

In conclusion, the infusion of ADM failed  to
induce headache or migraine in migraine patients,
compared to placebo. It is therefore unlikely that
ADM plays a pivotal role in migraine pathogenesis.
The vasodilatory properties of ADM were confirmed
for the STA and extracranial arterioles (flushing), but
neither the MCA diameter nor CBF changed.
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Tsuruda T, Hatakeyama K, Masuyama H, Sekita Y, Imamura
T, Asada Y, Kitamura K. Pharmacological stimulation of soluble
guanylate cyclase modulates hypoxia-inducible factor-la in rat heart.
Am T Physiol Heart Circ Physiol 297: H1274-H1280, 2009. First
published August 14, 2009; doi:10.1152/ajpheart.00503.2009.—Me-
chanical load and ischemia induce a series of adaptive physiological
responses by activating the expression of Os-regulated genes, such as
hypoxia inducible factor-lo: (HIF-1a). The aim of this study was to
explore the interaction between HIF- 1« and soluble guanylate cyclase
(sGC) and its second messenger ¢cGMP: in cultured cardiomyocytes
exposed  to hypoxia and in' pressure-overloaded: heart. In:cultured
cardiomyocytes of neonatal rats, either sGC stimulator BAY 41-2272
or cGMP analog 8-bromo-cGMP decreased the hypoxia (1% O./5%
CO,)-induced HIF-1« expression, whereas: the inhibition of protein
kinase G by KT-5823 reversed. the effect of BAY 41-2272 on the
expression under hypoxic conditions.. In: pressure-overloaded heart
induced by suprarenal aortic constriction (AC). in 7-wk-old male
Wistar rats, the administration of BAY 41-2272 (2 mg-kg ™ '*day™!)
for 14 days significantly suppressed the protein expression of HIF- [«
(P-<.0.05), vascular endothelial growth factor (P. < 0.01), and the
number of capillary vessels (P-< 0.01) induced by pressure overload.
This study suggests that the pharmacological sGC-cGMP stimulation
modulates the HIF-1c expression in response to hypoxia or mechan-
ical load in the heart.

cyclic guanosine monophosphate; hypoxia; mechanical load; angio-
genesis; inflammation

THE MYOCARDIUM 1S AN elastic network of cardiomyocytes en-
meshed in a collagen matrix that connects the myocytes and
supporting intramyocardial coronary vasculature. Mechanical
load or ischemia induces a series of adaptive physiological
responses in the heart [cardiomyocyte hypertrophy, interstitial
fibrosis, and angiogenesis (24, 29)]. Hypoxia inducible factor-1
(HIF-1) is one of the most important transcription factors,

- composed of following subunits: a constitutively expressed
HIF- 13 and HIF-1« induced by hypoxia, and the latter subunit
induces the expression of a number of downstream genes,
including that for the vascular endothelial growth factor
(VEGF) (26). Expressions of HIF-1« and VEGE are reported
to be activated in hypertrophied and failing heart (17, 26, 29,
30), and the increased number of capillary vessels penetrating
the interstitial spaces contribute to supply oxygen and nutrients
to the cardiocytes for maintaining the structure and function of
pressure-overloaded heart (29, 34).
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Guanylate cyclase is an enzyme that converts guanosine
triphosphate to cyclic guanosine monophosphate (¢GMP). Sol-
uble guanylate cyclase (sGC) activated by nitric oxide has been
shown to attenuate cardiovascular remodeling by elevating
intracellular ¢cGMP levels (6, 18). We and others have previ-
ously reported . that the pharmacological stimulation of sGC
with BAY 41-2272 attenuated the adverse remodeling associ-
ated with systemic or pulmonary hypertension, suggesting that
sGC-cGMP: activation would be one of the important thera-
peutic targets for: the treatment in the disorders (7, 22, 23).
However; the interaction between sGC-cGMP signaling and
HIF-1« ‘expression during ‘mechanical load/ischemia in the
heart is unknown. Therefore, we sought to examine whether
the pharmacological stimulation of sGC-cGMP would affect
the ‘HIF-lo-angiogenic: pathway in cultured: cardiomyocytes
exposed to hypoxia and in pressurc-overloaded heart.

MATERIALS AND METHODS

The present study was performed in accordance with the Animal
Welfare Act and with approval of the University: of Miyazaki Insti-
tutional Animal Care and Use Committee (2006-014-3; 2002-049-7).
It also conformed with the Guide for the Care and Use of Laboratory
Animals published by the United States National Institutes of Health
(NIH publication no. 85-23, revised 1996).

Cell culture. Cardiomyocytes were isolated from 1-day-old neo-
natal Wistar rats as described (38). The cardiomyocytes were
cultured on collagen type I-coated culture plates for 48 h with
DMEM containing 15 mmol/l HEPES, 10% FBS, 10 j.g/ml insulin,
5 jig/ml transferrin, 7 ng/ml sodium selenite, and 0.1 mmol/l
bromodeoxyuridine (BrdU) at 37°C in a humidified atmosphere of
95%: air-5% CO> and further incubated in serum-free. DMEM
containing the same additives with the exception of BrdU for 48 h.
The cells were cultured under normoxic (20% 05-5% CO3) or
hypoxic (1% 05-5% CO5) conditions with or without 5 X 107
mol/l BAY 41-2272, a nonhydrolyzable ¢cGMP analog (8-bromo-
¢GMP; 10 ¥ mol/l; Calbiochem), and a selective protein kinase G
inhibitor (KT-5823, 10° ¢ mol/l; Calbiochem) that was added to the
culture medium 30 min before hypoxia or BAY 41-2272. Speci-
ficity of BAY 41-2272 on concentration-dependent sGC stimula-
tion has been addressed (33), whereas this compound does not
stimulate particulate guanylate, adenylate cyclase, or. phosphodi-
esterase 1, 2, 3, 4, 5,6, 7, 8 9, 10, and: 11 [unpublished data,
personal communication to Dr. Johannes-Peter Stasch, Bayer
Schering Pharma (2, 39)]. The concentrations of 8-bromo-cGMP
and KT:5823 were determined by reflecting in accordance with
previous studies (14; 35, 41). After the cells had been cultured
under normoxic or hypoxic conditions for 8 h, the nuclear extract
was extracted according to the manufacturer’s recommendations
(Pierce). In addition, cultured cardiomyocytes treated with or
without BAY 41-2272 for 10 min under normoxia were immedi-
ately collected for the cGMP assay as described previously (22).
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. Animal experiment. Male Wistar rats (7 wk old; Charles: River)

weighing 200-250 g were housed in* a temperature- and light-

controlled room (25 '* 1°C; 12:12-h light-dark cycle) for 1 wk
before use, with free access to normal rat chow and water. The rats
were divided into the following three groups: a sham group (n =
26) and two pressure-overloaded groups with (n:= 36) or without
(n = 58) BAY 41-2272 treatment. Pressure overload was induced
by abdominal aortic: constriction (AC): at the suprarenal level as
previously described (10,:23). In brief, a 22-gauge needle was
placed adjacent to the abdominal aorta proximal to the renal artery
and ligated tightly around the aorta and the adjacent needle. The

needle was then removed, leaving the vessel constricted tothe-

diameter : of ‘the needle. The sham group-underwent. identical
surgical procedures but without constriction of the aorta. The BAY
41-2272 compound, supplied by Bayer HealthCare, was given by
gastric gavage at a dose of 2 mg/kg two times a day for 14 days.
The dose of BAY 41-2272 was chosen according to our previous
study (22, 23); in which 2 mg/kg was the subdepressor dose. The
Datascience  telemetric system was used 'to’ monitor the ' blood
pressure and heart rate of four unrestricted, conscious rats in each
study group, as described (23). On day 14, the survived rats were
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anesthetized: with  pentobarbital: sodium  and: killed: by drawing
blood from the thoracic aorta. After the whole heart and lung were
weighed, left ventricle (LV) was frozen in liquid nitrogen or fixed
in 4% paraformaldehiyde and embedded in paraffin wax.
Immunohistochemistry and. histological- analysis.. Immunohisto-
chemical staining with: HIF-1w,: von Willebrand: factor (vWF) and
monocyte/macrophages (CD68) was performed: as reported (22, 36,
37). Tissue sections 3 jtm thick fixed in 4% paraformaldehyde were
pretreated ‘before incubation with the: primary antibodies: HIF-1,
autoclaved at 121°C for 15 min; VWF, covered with proteinase K at
37°C for 15 min; CD68, covered with 0.05% pronase at 37°C for. 10
min. Slides were stained: with antibodies of HIF-1« (1:6,000, clone
Hilalpha67; Novus Biologicals), vWF (1:100;. DAKOcytometion) or
CD68 (1:600,: Clone ED I;: Chemicon): overnight at 4°C. The: slide
sections: were then incubated with EnVision? (DAKO): for. 30 min;
visualized: with 0.05% -3,3/-diaminobenzidine containing hydrogen
peroxide, and counterstained with hematoxylin. A catalyzed signal
“amplification system (CSA-DakoCytomation) was used for detecting
HIF-1a antigen. Numbers of nuclei stained: with HIF-1c; capillary
vessels: stained: with. vWE, or. monocyte/macrophages stained with
CD68 were counted at magnifications of X200 in a blinded manner.
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Fig. 1. A: Intracellular cGMP content after 10 min of stimulation with BAY 41-2272. B-D; Effects of BAY 412272 (B), the cGMP analog 8-bromio-cGMP (C), and the protein
kinase G inhibitor KT-5823 in the presence of BAY 41-2272 (D) on hypoxia-inducible factor (HIF)- 1« protein expression induced by hypoxia in cultured cardiomyocytes. Shown
are represeritative images of Westem blots, and values are given as means * SE for 4-samples. *P < 005 and **P < 001 vs. control/normoxia. *P < 0.05 and #*P < 0.01
vs. hypoxia in the absence of any treatment. *P. < 0.05 vs. hypoxia in the presence of BAY 41-2272. 3-Actin was used for. protein loading.
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Table 1. Hemodynamics; heart and lung weight, and
cGMP level

AC + BAY

Sham AC 41-2272

183£3*

155%8*
378%7
4.3+0.2*
4.0+0.2

2,208+411%

122+4 1941 5%
892 157 8%
34042 408 £58
3.2+0.1 4.4£0.2*
42%0.1 4.8+0.8
972+89  1,665+73

Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg -
Heart rate; beats/min

Heart weight/body weight, mg/g
Lung weight/body weight, mg/g
c¢GMP:in LV, fmol/mg protein

Data’ are expressed as means. .+ SE; n = 4 for, systolic/diastolic. blood
pressure and heart rate; .= 6 (sham), 10 {aortic constriction (AC)}; and .10
(AC 1 BAY 41-2272) for the other parameters. LV, left ventricle. *P < 0.01
and TP < 0.05 vs. sham group.

Western blor. Equal amounts of denatured total protein (20 pg) or

nuclear extract (10 1g) from the LV or cultured cardiomyocytes were.

subjected to SDS-polyacrylamide gel as described (36). In brief, the
separated proteins electrically transferred onto polyvinylidene diflu-
oride (PVDF) membranes were incubated with 5% skim milk. PVDF
membranes were then incubated with a monoclonal antibody against
HIF-1a (025 pg/ml, clone Hlalpha67; Novus Biologicals) or VEGFE
(04 pg/ml, VGI; abcam) followed by a horseradish peroxidase-
coupled secondary antibody. Immunoreactive bands were visualized
with the ECL Plus detection kit (Amersham), and intensity of each
band: was analyzed densitometrically (Chemi Doc Documentation
System; Bio-Rad).

Radioimmunoassay. cGMP level in the LV and in the cultured cells
were determined using a radioimmunoassay kit (YAMASA Cyclic
GMP: Assay Kit) as previously described (22).

A
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Statistical “analysis. -All data were analyzed: with: SPSS' software
version 11.0/(SPSS). Values are expressed as means. * SE. Differ-
enices between two: groups: were: analyzed: by Student’s ~test,- and
differences. between-. three  groups: were  assessed . using - one-way
ANOVA followed by Scheffé’s test. Survival analysis was performed
using: the Kaplan-Meier method; and statistical significance was ac-
cepted at P. < 0.05.

RESULTS

In vitro effects of BAY 41-2272 and ¢GMP pathway. on
hypoxic induction of HIF-1a expression in cultured cardio-
myocytes. Figure 1A shows that BAY 41-2272 (5 X 107°
mol/l) significantly (P < 0.05) increased the intracellular
cGMP level in cultured cardiomyocytes. At this concentra-
tion, BAY 41-2272 had little effect on the protein expres-
sion of HIF-1a under normoxic conditions, but significantly
(P..< 0.01) inhibited the hypoxia-induced expression of
HIF-1« (Fig. 1B). A ¢cGMP analog, 8-bromo-cGMP (107
mol/l); decreased the expression of HIF-la induced by
hypoxia (Fig. 1C); whereas the inhibition of protein kinase

G by KT-5823 (10°% mol/l) reversed the inhibitory effect:

elicited by BAY 41-2272 (Fig. 1D).

In vivo effects of BAY. 41-2272 on systemic blood pressure,
heart and lung weight, and ¢cGMP level. As shown in Table 1,
the AC significantly (P. < 0.01) increased the systolic and
diastolic blood pressure levels compared with the sham group,
whereas BAY 41-2272 had little effect on the elevation of
blood pressure induced by pressure overload. In addition, the
AC significantly (P. < 0.01) increased the ratio of heart weight

HIF-1at
(110 kDa)

a
fed

HIF-1o expression.in LV
(% of sham)

0

AC +BAY 41-2272

N
o
X

P
[=]

HIF-1o* nuclei in LV
(% of total nuclei)

0 0 2

0 0 2

BAY41-2272 _ 0 BAY 41-2272
(mghkgday)  AC()  AC(+) (mg/kg/day) AC() AC()

Fig. 2. Effects of BAY 41-2272 on protein expression of HIF-1« (A) and number of HIF-Ta-positive nuclei (B) in the left ventricle (LV). Shown are
répresentative images of Western blot (A) and distribution of immunoreactive HIF-1« (B) in the sham and aortic constriction (AC) without or with BAY 41-2272
treatment group. Values are shown as means = SE for 610 samples. **P. < 0.01 vs. the sham group. *P < 0.05 and #P. < 0.01 vs. the AC group without BAY
41-2272 treatment. :
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to -body weight compared- with the: sham: group.. However; it
was not affected by the BAY 41-2272 treatment. BAY 41-2272
treatment had a trend to further increéase the cGMP level in'the
LV of AC rats. Neither the heart rate nor the ratio of lung
weight to body weight was changed in the respective groups.

Effect of BAY 41-2272 on HIF-1« protein. expression in-
duced by pressure overload. Figure 2A shows that the protein
level of HIF-1a in the LV was significantly (P < 0.01)
increased by the AC but was significantly (P < 0.05) decreased
by the BAY 41-2272 treatment. As shown in Fig. 2B, the
number of nuclei positive for HIF-1a in the cardiocytes was
significantly (P < 0.01) increased by the AC but was. signifi-
cantly (P < 0.01) reduced by the treatment.

Effects of BAY 41-2272 on VEGF protein expression and
number: of .capillary vessels . induced by pressure overload.
Figure 3A shows that the protein level of VEGE in the LV
was significantly (P. < 0.01) increased by the AC but was
significantly (P < 0.01) decreased by the BAY 41-2272
treatment. Figure 3B shows that the AC significantly (P <
0.01) increased the number of capillary vessels in the LV;
however, BAY 41-2272 significantly (P < 0.01) decreased
the number by 32%.

Effect of BAY 412272 on infiltration of monocyte/inacro-
phages induced. by pressure overload. Figure 4 shows that
monocyte/macrophages significantly (P. < 0.05) increased in
number, accumulating around the intramyocardial arteries in
the LV induced by pressure overload. BAY 41-2272 signifi-
cantly (P. <.0.05) decreased the number by 84%.

Survival rate. Figure S shows that BAY 41-2272 administra-
tion in the AC rats significantly (P = 0.0395) reduced the

A , B

VEGF
(28 kDa)

VEGF expression in LV
(% of sham)

0
BAY41-2272 0 0 2
(mg/kglday): AC () AC(+)
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mortality over 14-day periods. Heart failure was the main cause of
death, ‘as confirmed by postmortem examination (pulmonary
edema or hemorrhage was noted in most of the dead rats).

DISCUSSION

In this study, we report that pharmacological stimulation of
sGC-cGMP decreased the hypoxia-induced HIF-1« expression
in cultured cardiomyocytes. In addition, the subdepressor dose
of BAY 41-2272 modulated the protein expressions of HIF-1a
and VEGF and the number of capillary vessels induced: by
pressure overload.

The beneficial effects of stimulating sGC-cGMP on hemo-

dynamics and ‘remodeling in. cardiovascular -disorders: have.. -

been demonstrated by ourselves and others (3, 6, 7, 18,22, 23).
The present study extends our understanding of the important
biological action for sGC-cGMP stimulation on improving the
survival following the AC. However, the mechanisms by
which the stimulation of sGC: would affect the remodeling
process remain to be defined. In this study, we specifically
focused on the interaction between HIF-1a and sGC-cGMP in
cardiomyocytes exposed to hypoxia and in LV during mechan-
ical load. As shown, BAY 41-2272 reduced the hypoxia-
induced HIF-Ta expression in cultured cardiomyocytes, and
this was accompanied by an increase in the intracellular cGMP
level. In addition; a cGMP analog mimicked the effect of BAY
41-2272 on HIF-1a - expression, whereas. the inhibition of
protein kinase G reversed the effect of BAY 41-2272 on
HIF-1a expression induced by hypoxia in these cells. These
results suggest that the activation of sGC/cGMP/protein kinase

AC +BAY 41-2272

50

Number of capillary vessels
(/ cross section of LV)

0
BAY 41-2272 0 0 2

(malkglday) AC () AC(#)

Fig. 3. Effects of BAY 41-2272 on protein expression of vascular endothelial growth factor. (VEGF; A) and number of microvessels (B) in:LV. Shown are
representative images of Western blot for VEGF (A) and distribution of microvessels stained with von Willebrand factor (vVWF).(B) in the sham and AC without
of with BAY 41:2272 treatment group. Values are shown as means + SE of 6-10 samples examined. **P. < 0.01 vs. the sham group. **P. < 0.01 vs. the AC
group without BAY. 41-2272 treatment. P, positive control (rat kidney) for VEGF.
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Number of
monaocyte/macrophages
(/ cross section of LV}

0
0

AC ()

BAY 41-2272

(mg/kg/day) AC (+)

Fig. 4.. Effect of BAY 41-2272 on number of monocyte/macrophages in the LV. Shown are representative images of distribution of monocyte/macrophages
stained with CD68 antigen in the sham and AC without or with BAY 41-2272 treatment group. Values are shown as means *+ SE for 6-10 samples examined.
P.< 0.05 vs. the sham group (*) and vs. the AC group without BAY 41-2272 treatment (#).

G signaling directly downregulates HIF-1w« expression in cul-
tured cardiomyocytes under hypoxic conditions. Mechanical
load and/or tissue ischemia has been suggested to stimulate the
HIF-1a expression during the pressure overload fo the heart
(17, 29). Our study supports that the HIF-1a expression was
increased. in the pressure-overloaded LV. On the other hand,
the role of sGC-cGMP signaling in modulating HIF-1« and
VEGE expressions is reported to be dependent on oxygen

Control (26)

AG+BAY41.2272 (36)

AC (58)

Survival rate

LR i o ey BuE RO D) RNDN PGS RGNL RITR EONE JERN BN |

0 2 46 .8 .10 12 14
Periods (day)

Fig. 5. Effect of BAY41-2272 on survival rate. Kaplan-Meier survival anal-
ysis showed a significant reduction of mortality by the BAY41-2272 treatment
during the pressure overload (Log rank test; P = 0.0395). Parenthesis in the
respective group indicates the number of rats.

supply (1, 5; 20, 27). In the present study, BAY 41-2272 had
little effect on the HIF-1a expression under normoxic condi-
tions, but the compound significantly inhibited the expression
under the hypoxia in cultured cardiomyocytes. Comparable
with this, the protein expressions of HIF-l« and VEGE and the
number of capillary vessels were attenuated by the compound
in pressure-overloaded LV. As reported previously (30), the
immunoreactivity to HIF-la accumulated in nuclei in the
cardiocytes of LV induced by pressure overload, but it was
significantly decreased by the treatment, implying that the
change in HIF-1a expression in cardiocytes altered the angio-
genic activity in a paracrine fashion (29). Thus it seems that
BAY 41-2272 counteracted the HIF-1o induction and angio-
genic process during pressure overload. Mechanical load in-
duces the multiple signal transductions, stimulating cardiomy-
ocyte hypertrophy and fibrosis (28). Despite the almost com-
plete inhibition of pressure overload-induced increase in
HIF-1a by treatment with BAY 41-2272, the corresponding
increase in capillary density was partially inhibited, suggesting
that HIF-T« was not the only stimulus driving the increased
capillary density. It might be explained that other pathways
also coordinate to induce the angiogenic gene transcription
independent of HIF-1« during the pressure overload (21, 40).

It appears case-dependent whether angiogenesis is beneficial
or detrimental in the progression of cardiovascular diseases (8,
12, 13; 16, 42). As capillary vessels supply oxygen and
nutrients to the cardiocytes in response to the demand, angio-
genesis would be beneficial for maintaining the structure and
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function in ischemic or hypertrophied: heart. (29; 34). On the
other hand, because inflammatory cells are supposed to be
recruited from circulating blood (4), one might raise the con-
cern of whether the angiogenic pathway due to the upregula-
tion of HIF-1«a and VEGF expression during pressure overload
is related to the inflammation and adverse remodeling (8, 9,
31). Zhao et al. (42) have shown that the inhibition of nitric
oxide/cGMP increases. VEGF and stimulates inflammation and
arteriosclerosis surrounding the intramyocardial coronary ar-
teries. Conversely, the present study demonstrates that the
stimulation of sGC-¢cGMP reduced VEGEF expression and cap-
illary numbers, coricomitant with the decrease in infiltration of
monocyte/macrophages in the LV induced by pressure over-
load.: Sano and ‘colleagues (29) reported that HIF-Ia-driven
angiogenesis is critical for the preservation of cardiac structure
and. function, preventing the progression of heart failure. Al-
though we found that BAY 41-2272 treatment resulted in the
improvement of survival at a relatively early phase by pressure
overload, it remains to be elucidated whether: the long-term
attenuation of the. angiogenic pathway by: the compound is
beneficial in the development of heart failure following cardiac
hypertrophy with pressure overload. Further studies are neces-
sary to explore the: effect of long-term stimulation of sGC-
c¢GMP inhibiting HIF- 1« activity on the remodeling process.
We have not assessed the mechanistic insight by which sGC-
c¢GMP: inhibited  the HIF-1« expression under hypoxia or
during mechanical load in this study. However, the nitric oxide
signaling pathway has been shown to inhibit the HIF-1 DNA-
binding activity and transcriptional activity of HIF-1 target
genes in hypoxic cells (11, 20, 32). Therefore, we speculate

that the sGC-cGMP stimulation with BAY 41-2272 might have -

a similar action of nitric oxide under those conditions. In
addition, cGMP signaling has been shown to regulate a number
of genes with regard to angiogenesis, inflammation, and extra-
cellular matrix (25). Thus it remains unknown whether all of
these effects that we observed in this study are explicably
mediated by the change in HIF-1a. We have reported that the
BAY 41-2272 treatment attenuated the fibrosis induced by
pressure overload, accompanied by inhibiting the activity of
angiotensin-converting enzyme and the subsequent decrease in
the concentration of ANG II in the heart (23). HIF-1c drives
not only angiogenesis but regulates the transcription of a
number of genes for cell survival/proliferation, matrix metab-
olism, and vascular tone in a tissue-specific manner (15).
Alternatively, the present study might support that the HIF-1«
contributes to the syntheses of tissue angiotensin-converting
enzyme (19) and extracellular matrix-related genes (9) directly
during pressure overload, whereas the sGC-cGMP stimulation
would have reversed the remodeling of heart at least in part by
modulating the HIF-1o expression.

In summary, this study supports that the HIF-1a expression'

is upregulated under hypoxia in the cultured cardiomyocytes

and in the cardiocytes of pressure-overloaded LV. In addition, .

our data imply a possible involvement of HIF-1« expression
modulated by the pharmacological sGC-cGMP stimulation in
regulating the LV remodeling.
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Discovery of adrenomedullin
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