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Abstract
Background—Coronary vasospasms have been reported in the early stages of cardiomyopathy in
the Syrian cardiomyopathic hamster (CM, BIO-TO2 strain). It has been proposed these alterations
could lead to ischemic heart disease and heart failure. However, the cause of these coronary
abnormalities has not been established. In this study, we evaluated coronary hemodynamic to assess
the role of Ang-II, ROS, and NO in the development of these alterations in CM of 1, 2, and 6 months
of age.

Methods and Results—Excised hearts from control (CT) and CM were retroperfused with KRB,
and coronary resistance (CR) was determined. The experimental protocol involved sequential
infusions of the thromboxane analog U46619 (THX, 0.1 μmol/L), bradykinin (BKN, 10 μmol/L),
and sodium nitroprusside (SNP, 10 μmol/L). Similar experiments were conducted after treatment of
hearts with Nω-nitro-L-arginine methyl ester (L-NAME, 10 μmol/L). Basal CR increased with age,
but no significant differences were observed between CT and CM. Reactivity to THX was increased
(69%, P<0.05) in 2-month-old CM when compared with CT. This effect was observed concomitantly
with a significant reduction (53%, P<0.05) in BKN-induced relaxation. The reduction in BKN-
dependent relaxation was prevented by treatment for 1-month with the antioxidant N-acetylcysteine
(1 g/kg/day), or losartan, an AT-1 receptor blocker (10 mg/kg/day). Losartan also prevented the THX-
induced increased reactivity in 2-month-old CM. The BKN-induced relaxation occurred through an
L-NAME-sensitive pathway that was impaired with age. SNP dilation was preserved in all animal
groups.

Conclusions—Our results strongly implicate vascular RAS and oxidative stress in endothelial
dysfunction and increased reactivity in the early stages of cardiomyopathy in CM. These findings
could be relevant to understand the etiology of cardiovascular disorders, in particular, in patients
with sarcoglycanopathies.
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Introduction
Animal studies conducted mainly with Syrian hamsters,1–10 a genetically inbred strain that
spontaneously develops cardiomyopathy and muscular dystrophy, have been critical in
understanding the etiology of heart dysfunction due to focal myocytolytic necrosis. The
development and progression of cardiomyopathy in these animals undergo similar stages to
the disease in humans. These stages consist of a prenecrotic phase (<30 days after birth) in
which no histological evidence of the disease exists, and a necrotic phase (30–60 days) where
acute focal myolysis develops. Following these early phases there is fibrosis and calcification
of necrotic patches (60–90 days), and ventricular hypertrophy (BIO 14.6 strain) or dilation
(BIO-T02 strain) from 90–150 days. After this stage (>150 days), heart failure develops.
Therefore, studies of the initial stages of the disease in hamsters could be relevant to understand
the etiology of idiopathic cardiomyopathy in humans.

Early studies in the cardiomyopathic hamster (CM) indicated that the necrosis observed in the
heart showed an infarct-like pattern (discrete patches) starting at 1 month of age.3,8,11 Factor
et al.,1,12–13 first suggested that these necrotic patches result from coronary vasospasms that
cause ischemia, reperfusion injury, and focal myolysis. The relevance of coronary spasms as
a critical event in ischemic heart disease in human patients has been long recognized.14 A
fundamental role of vasospasms in experimental cardiomyopathy is revealed by the beneficial
effect of the Ca2+ channel antagonist and vasodilator verapamil, which prevents the occurrence
of coronary vasospasms and the histological and functional evidence of cardiomyopathy in
various animal models including the BIO-T02 strain.8, 12–13, 15–20 The action of verapamil
also indicates the critical role of Ca2+ in promoting coronary smooth muscle and cardiomyocyte
dysfunction in the hamster. Indeed, Ca2+-overload and abnormal T-type Ca2+ channels have
been reported in cardiomyocytes from CM.20–22 It has been proposed23 that mutations in the
δ-sarcoglycan gene lead to altered Ca2+ homeostasis making cardiomyocytes prone to ischemic
damage from transient coronary vasospasms. However, the genesis and nature of coronary
vasospasms in CM has not been fully elucidated. Some investigators15–16 favor a primary
mechanism for spasms developing in the vessel from disruption of the vascular smooth muscle
(VSM) sarcoglycan complex. Others19,24 have presented evidence of coronary spasms in γ-
sarcoglycan mutant mice with cardiomyocyte perturbations despite normal sarcoglycan
complex in VSM. This suggests that vasospasms originate from events secondary to the damage
induced by the δ-sarcoglycan deficit in cardiomyocytes.19 However, the δ-sarcoglycan
downstream cellular mechanisms leading to coronary vasospasms in CM have not been
established.

The presence of vasospasms in the coronary circulation during the necrotic stage of
cardiomyopathy in the hamster has been associated with increased coronary reactivity to
agonists such as arginine vasopressin.25–26 Our group27–29 has also documented
hyperreactivity of the aorta to Ang II during this phase of development in CM, and Conway et
al.,30 reported increased microvascular reactivity in cremaster muscle from young myopathic
hamsters. In addition, evidence has been presented suggesting increased susceptibility of young
hamsters to stress-induced coronary hyperreactivity and stress-related death in mature animals.
31 These findings suggest that endothelial dysfunction (ED) is a fundamental alteration of the
arterial vasculature at this early stage.32 However, the relationship of ED, increased reactivity,
and vasospasms of coronary arteries has not been established.

Our group has suggested27–29,33 that Ang II-dependent reactive oxygen species (ROS)
generation could be the pathway leading to ED and hyperreactivity of the vasculature in young
CM hamsters (BIO-T02). Indeed, we have reported upregulation of ACE activity, augmented
Ang II-type-1 (AT-1) receptor number, ED, increased Ang II-dependent superoxide
generation, and hyperreactivity of the aorta to Ang II during the necrotic stage of CM. Blockade
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of the AT-1 receptor with losartan, reduced superoxide generation, improved endothelial
function, and the hyperreactivity of the aorta in CM. Furthermore, the antioxidant N-
acetylcysteine (NAC) was effective in inhibiting ROS production and improving ED. A recent
study34 confirmed the presence of the Ang II-dependent ROS generation in the aorta of 10-
month-old CM. Similar mechanisms involving Ang II-dependent ROS generation appear to
be present in porcine35, and rat coronary arteries.36–37 For these reasons, we postulate that
ROS generation by an Ang II-dependent mechanism could contribute to generate ED,
hyperreactivity, and consequently, vasospasms in coronary arteries during the necrotic stage
in CM. However, while there is a report demonstrating the presence of endothelial dysfunction
in isolated coronary arteries of CM38, evidence is lacking concerning its presence in the
coronary circulation in situ, its nature, the time-course of development, and relationship to
coronary hyperreactivity and resistance in CM. Furthermore, the effects of AT-1 receptor
blockade and antioxidant treatment in vivo on these alterations have not been evaluated.

In this work, we report studies of coronary hemodynamic in CM during the transition phase
of pre-necrotic (1 month of age) to necrotic phase (2 months of age), and in adult animals (6-
months of age). The results presented here confirm the presence of hyperreactivity in the
coronary circulation during the necrotic stage in CM, and suggest that Ang II-dependent, ROS-
mediated, endothelial dysfunction is a critical element of this vascular alteration.

Methods
Male Golden Syrian control (F1-B strain = CT) and cardiomyopathic (BIO-T02 strain = CM)
hamsters of 1, 2, and 6 months of age were obtained from Bio breeders (Fitchburg, MA) and
housed individually in the University of Puerto Rico-Medical Sciences Campus animal care
facilities. The animals were housed in a temperature-controlled room (12-hour light/dark cycle)
and acclimatized for a period of 1 week following transportation from the supplier. Commercial
rat chow and tap water were available ad libitum. After the quarantine period, the animals were
grouped and used for the proposed studies. The proposed investigation conforms to the Guide
and Care for the Use of Laboratory Animals published by NIH.

General procedures
Coronary hemodynamic was studied using a beating heart preparation in a Langendorff setup.
39–40 Briefly, the animals were anesthetized using sodium pentobarbital (50 mg/kg BW, ip),
treated with heparin 850U, and the heart rapidly excised and transfused using a cannula (0.3mm
bore diameter) placed immediately distal to the aortic valve. Hearts were perfused at constant
pressure (70 mmHg) with Krebs-Heinseleit buffer (mmol/L: 118 NaCl, 5 KCl, 1.1 MgSO4,
1.2 KH2PO4, 10 glucose, 25 NaHCO3, 2.5 CaCl2) equilibrated with 95% O2 and 5% CO2 in
a temperature-controlled chamber (37°C). Coronary flow (mL/min x g) and coronary pressure
(mmHg) were continuously determined using a magnetic flow meter module (Transonic
Systems, Inc., Model D-79232) placed in the perfusion line upstream to the heart. Coronary
resistance (CR, mmHg x min x g / mL) was calculated from pressure and flow measurements.
The perfused heart in zero-load conditions was allowed to stabilize for 30 minutes before the
initiation of studies. When examining the effect of the thromboxane analog U46619 (THX)
0.1 μmol/L, bradykinin (BKN)10 μmol/L, and sodium nitroprusside (SNP) 10 μmol/L, the
drugs were injected into the perfusion line (flow at about 4 mL/min) as a bolus. When used,
Nω-nitro-L-arginine methyl ester (L-NAME, 10 μmol/L) was infused (1μL/ml) into the
perfusion line for 30 minutes previous to the addition of THX, BKN, and SNP. In these studies,
the drugs were tested in the same preparation before and after L-NAME infusion. The data was
collected using a custom data logger (LabView). Heart rate was allowed to change
spontaneously and was determined from 15-second segments of stable pressure tracings before
and following the addition of drugs. At the end of every experiment, the heart was dried at 80°
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C for 48 hours and weighed to normalize the data. Heart to body weight (HW/BW) ratios was
expressed as mg dry heart weight per gram of body weight.

N-acetylcysteine and losartan studies—NAC (1 gm/kg/day) and losartan (10 mg/kg/
day) were administered in the drinking water to 1 month old CT (n=8) and CM (n=8) for 30
days. Following treatment, the animals were weighed and processed as indicated for coronary
hemodynamic studies. The results from these studies were compared with those from similar
experiments conducted with untreated 2-month-old CT and CM. The doses of NAC and
losartan used were based on previous studies.41–42

Lucigenin chemiluminiscence—Superoxide activity in aortic rings was determined using
a modification of the method described by Rajagopalan et al.43 Aortic segments (2–3 cm) were
placed in a chilled buffer containing (mmol/L): NaCl, 99.01; KCl 4.69; CaCl2, 1.87; MgSO4,
1.20; K2PO4, 1.03; NaHCO3, 25.0; Na-Hepes, 20.0; and glucose, 11.1, pH 7.4, and the
periadventitial tissue was removed. The vessels were washed to remove adherent blood cells.
To determine superoxide activity, aortic rings (5 mm in length) were added to glass scintillation
vials containing 2 mL of Krebs bicarbonate buffer (mmol/L): 118 NaCl, 2.5 CaCl2, 5 KCl, 1.1
MgSO4, 25 NaHCO3, 1.2 KH2PO4, and 10 glucose, pH = 7.4) The samples were placed in a
scintillation counter (Beckman LS 9800) switched to single photon monitor for an equilibration
period of 5 minutes in the dark. The reaction was started by the addition of 5 μmol/L
lucigenin44 as the electron acceptor, and chemiluminiscence was monitored for 5 minutes at
30 second intervals. The basal activity produced by aortic rings without lucigenin, or with
lucigenin containing vials in the absence of aortic rings was subtracted from sample readings.
Chemiluminiscence was normalized by using the dry weight of tissue samples and expressed
as cpm per mg dry weight.

Drugs and Chemicals—All chemicals and reagents were obtained from Sigma.

Data analysis—Data obtained from coronary hemodynamic studies were expressed in CR
units (RU = mmHg X min x g /mL). Vasoconstrictor responses to THX were expressed as the
ratio between stimulated- and the basal CR, and vasodilator responses to BKN as the percent
relaxation induced by bradykinin in THX-precontracted coronary arteries (THX-BKN/THX-
basal). Data were analyzed using ANOVA with Scheffe’s post-hoc test when multiple
comparisons were made on CT and CM at different age. In addition, paired or unpaired t-test
(StatView, SAS Institute, Inc.) was used to compare differences between two groups.
Differences were considered significant when P≤ 0.05.

Results
General characteristics of animals

Table 1 shows the general characteristics of hamsters of 1, 2, and 6 months of age. Body (BW)
and heart weight (HW) were slightly lower for CM than for CT in all age groups. HW to BW
ratios, however, were 15% lower for CM at 6 months of age (P<0.05) when compared with 1-
month-old CM. No difference in HW/BW ratios were observed for CT animals at the different
ages evaluated. The reduced HW/BW ratio in CM could be related to cardiac dilation at 6
months of age.45 Intrinsic heart rates (HR) of the isolated heart were significantly lower than
values reported in the literature for the retroperfused heart.39–40 The reason for this observation
is not known. It is possible, however, that such differences arise from the fact that we worked
in zero-load conditions while in previous studies39–40 the heart was loaded to determine dp/
dt. Heart rate was significantly higher (31%) for CM than for CT in all age groups (P<0.05).
Previous echocardiographic studies in these animal groups failed to reveal differences in heart
function or structure at 2 months of age33. However, alterations in these parameters were
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observed in CM at 6 months of age. Indeed, cardiac output index and ejection fraction
decreased, whereas left-ventricular end-diastolic- and end-systolic volume increased
significantly in 6-month-old CM.42

Adequacy of the preparation used
Figure 1 depicts a representative experiment in 2-month-old CT in which we evaluated the
effects of sequential additions of 0.1 μmol/L THX, 10 μmol/L BKN, and 10 μmol/L SNP on
CR as a function of time. As it can be observed, CR was markedly increased by THX (about
3-fold). Infusion of BKN into the perfusion line decreased 42% the THX-induced contraction.
Subsequent infusion of SNP, fully relaxed the coronary vasculature reducing CR to basal
values. These results indicate the usefulness of our preparation to evaluate the reactivity of the
coronary vasculature to THX, the endothelium-dependent relaxation by BKN, and the
endothelium-independent relaxation by SNP.

Increased THX-dependent CR and decreased BKN-mediated relaxation in 2 month-old CM
Figure 2 (panel A) illustrates the basal CR as a function of age in CT and CM animals. CR
increased linearly in CT from 1.1 ± 0.1 RU in 1-month-old hamster to 3.20 ± 0.52 RU at 6
months of age (P<0.05). Similar changes in CR were observed in CM hamsters at these ages.
Panel B depicts the THX-induced CR in these animal groups as a function of age. The THX-
induced CR was 2.02 ± 0.23 RU in 1-month-old CT hamsters, and increased 50% and 86%
(P<0.05) at 2 and 6 months of age, respectively. In CM, the THX-induced CR increased
markedly (2-fold higher, P<0.05) at 2 months of age when compared with its basal value (2.58
± 0.28), and was 69% (P<0.05) higher than the CR of CT hamsters of similar age. Thereafter,
the THX-induced CR of CM decreased to 4.24 ± 0.83 RU at 6 months of age, a value that was
not statistically different from that of similarly aged CT. Panel C illustrates the BKN-induced
relaxation in THX-precontracted coronaries. The parameter decreased with age in CT hamsters,
being 91±8% at 1 month, 68±8 at 2 months, and 48±7% at 6 months of age. In CM, the
relaxation induced by BKN was reduced to 76±4% at 1 month of age, and to 32±12% (P<0.05)
at 2 months of age. Thereafter, the BKN-induced relaxation in CM increased to values not
different from those of CT at 6 months.

L-NAME does not affect basal CR, but markedly stimulate THX-dependent CR in 1-month-old
animals

The relaxation induced by BKN in both CT and CM suggests that the NO-cGMP-PKG cascade
is involved in the modulation of CR. This is also supported by the strong relaxing effect of
SNP in this preparation. To investigate further whether NO is a modulator of basal and
stimulated CR, similar experiments to those shown in Figure 1 were conducted after a 20 min
L-NAME infusion. Figure 3 illustrates the basal and stimulated CR in the absence and presence
of 10 μmol/L L-NAME at 1 month of age in CT (panel A) and CM (panel B). Basal CR (1.14
± 0.16 RU) in CT was not affected by L-NAME. However, when THX was infused into the
coronary circulation, CR increased 96% (P<0.05) in the absence and 3.84-fold (P<0.05) in the
presence of L-NAME. Furthermore, BKN-abolished the THX-induced CR in CT, but failed
to do so in L-NAME treated hearts. Under these conditions, SNP abolished the BKN-resistant,
THX-induced contraction. Similar overall responses in basal CR, THX, BKN, and SNP were
observed in 1 month-old CM.

L-NAME stimulates both basal CR and THX-dependent CR in 2-month-old hamsters
In 2 month-old CT (Figure 4), L-NAME increased basal CR (1.79 ± 0.31 RU) 79% (P<0.05).
Following infusion of THX, CR increased 2.87-fold (P<0.05) in the absence and 2.31-fold
(P<0.05) in the presence of L-NAME. L-NAME abolished the BKN-mediated relaxation in
THX-precontracted coronaries. The BKN-resistant relaxation was reduced to basal values by
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SNP in the absence or presence of L-NAME. Similar overall responses to L-NAME were
observed in 2-month-old CM (Figure 4B). However, THX was more effective in CM than in
CT in enhancing CR in the absence (4.87-fold, P<0.05) and presence of L-NAME (3.45-fold,
P<0.05). The effect of L-NAME in the presence of BKN and that of SNP on the BKN-resistant
CR were similar to that observed in CT at this stage.

L-NAME stimulation of CR is lost in 6-month-old CM
Experiments conducted in 6-month-old CT (not shown) yielded a response profile similar to
that of 2-month-old animals. However, in CM of similar age L-NAME failed to significantly
increase the basal CR (4.38 ± 0.54 in None to 6.04 ± 1.3 RU in L-NAME, NS), nor the THX-
induced CR (20.64 ± 4.0 in THX vs. 13.17 ± 2.15 RU in THX + L-NAME). The response of
coronary smooth muscle to SNP in the presence of BKN + L-NAME was preserved in these
animals (from 13.54 ± 2.4 in the absence to 5.36 ± 0.95 RU in the presence of SNP, P<0.05).

Increased THX-dependent CR and reduced BKN-mediated relaxation is reversed by the
antioxidant NAC

To investigate whether the reduced BKN-induced relaxation of THX-precontracted coronaries
was due to ROS-mediated endothelial dysfunction, experiments were conducted in 2-month-
old animals treated for 30 days with the antioxidant NAC. Figure 5 illustrates the effect of
NAC on CT (panel A) and CM (panel B) in 2-month-old animals. Panel A shows that NAC
treatment did not affect the BKN-induced relaxation in CT in the absence or presence of L-
NAME. By contrast in CM, NAC-treatment improved the impaired BKN-induced relaxation
(from 31.3 ±10% to 53.1 ± 7%, P<0.05), and decreased the L-NAME-resistant, BKN-induced
relaxation (from 21 ± 9% to 5.6 ± 2%, P<0.05). These effects of NAC were associated with
inhibition of superoxide generation in aortas from 2-month-old CM. Panel C shows that
superoxide generation increased 73% in CM over CT values (from 13,029 ± 2482 in CT to
25,645 ± 5,387 cpm/mg dry weight in CM, P<0.05). This effect was abolished by NAC
treatment (from 25,645 ± 5,387 to 10,550 ± 2,786 cpm/mg dry weight, P<0.05).

Losartan reversed the increased THX-dependent CR and improved the BKN-mediated
relaxation in 2-month-old CM

Our findings in the aorta suggest that Ang II-mediated ROS generation33 induces endothelial
dysfunction and increased vascular reactivity. To evaluate whether a similar mechanism causes
ED and the hyper-reactive coronary circulation in CM, we treated CT and CM with losartan
from 4 to 8 weeks of age. Figure 6A shows the THX-induced coronary resistance in CT and
CM treated with losartan. As illustrated in the figure, CM shows an enhanced THX response
(76%, P<0.05) when compared with CT. In CM animals treated with the AT-1 receptor blocker,
the THX-induced CR was not observed. Figure 6B depicts the BKN-induced coronary
relaxation following pretreatment with THX. As shown in the figure, the BKN-induced
relaxation was markedly reduced (57%, P<0.05) in CM when compared with CT. In CM pre-
treated with losartan, however, the BKN-induced relaxation was normalized.

Discussion
The evidence presented in this study indicates that the coronary vasculature in CM is hyper-
reactive in the necrotic phase. Similar results have been reported in cremaster muscle
arterioles30, and in the aorta of young CM hamsters.27–29,33 The increased reactivity of the
coronary vasculature is evidenced by the fact that following THX infusion, CR increased
markedly in 2-month-old CM when compared with age-matched CT although basal CR was
normal. Conway et al.26 also reported increased CR by arginine vasopressin in 2–3 month-old
CM (CHF 148 strain). In the present work, we extended these observations by characterizing
the nature of the increased CR in BIO-T02 hamsters. We found that the increased CR is
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associated with reduced BKN-induced relaxation (Figure 2C) at 2 months of age. Indeed, the
percentage relaxation induced by BKN in THX-precontracted coronaries was about 50% lower
in CM than CT at this age. This observation does not appear to result from the increased CR
induced by THX because at 6 months of age the BKN-induced relaxation (%) was similar in
CT and CM (Figure 2C), although the difference in CR generated by THX (stimulated - basal)
was greater in CM than in CT (16.25 ± 3.6 vs. 9.60 ± 2.5 RU, respectively). Therefore, the
reduction in BKN-induced relaxation at 2 months of age in CM must result from the presence
of ED at this stage. The observation that L-NAME abolished the BKN-induced relaxation
strongly suggests that ED is secondary to reduced NO bioavailability at this stage. In addition,
the BKN-resistant, THX-induced increase in CR in the presence or absence of L-NAME was
abolished by SNP, suggesting that the mechanisms distal to the coronary smooth muscle NO
cascade (cGMP-PkC-dependent pathways) are not affected in CM. Finally, NAC prevented
the increased THX-induced CR and normalized the BKN-mediated relaxation in CM
supporting the idea that oxidative stress is an important factor in coronary dysfunction in 2-
month-old CM. Indeed, the antioxidant also reduced superoxide generation in the aorta of
similarly aged CM. Therefore, it is likely that the increased CR in CM is secondary to ED
caused by ROS-dependent, NO levels reduction.

The state of coronary hyperreactivity in young CM could reflect a vascular state predisposing
to focal vasospasms during the necrotic phase as originally proposed by Factor and colleagues.
12–13 Coronary vasospasms could arise in hyperreactive vascular areas where contractile
agonists are released secondary to hemodynamic, metabolic, or cardiomyocyte alterations.19

It is of interest that the increased coronary reactivity correlate positively with findings of
oxidative stress,46 increased release of cardiac troponin-T and plasma α-hydroxybutyrate
dehydrogenase in young CM.4 Therefore, coronary dysfunction could contribute to ischemic
tissue damage and myolysis of cardiomyocytes through the generation of vasospasms.19

However, even in the presence of a hyperreactive circulation at 2 months of age, we did not
find differences in basal CR between CT and CM as reported previously by Conway et al.26

This indicates that the presence of vasospasms does not affect the basal coronary resistance at
this stage.

An important finding of the present study is that of age-dependent alterations in NO-mediated
modulation of basal- and stimulated-CR. Our studies with L-NAME in CT of 1, 2, and 6 months
of age indicate that the NO-dependent modulation of basal coronary vasculature appears at 2
months of age and is maintained in 6-month-old hamsters. By contrast, NO appears to exert a
braking effect on the THX-induced CR in CT starting at 1 month of age, because this parameter
increased significantly in the presence of L-NAME. The same behavior concerning the THX-
induced NO-mediated regulation operates in 2-month-old CM. Therefore, while 1-month-old
hamsters only show the NO-dependent modulation of stimulated CR, both components of NO
control (basal and stimulated) are present in 2 and 6-month-old hamsters. These findings could
reflect differences between an immature signal transduction system for basal endothelial NO
release (EDRF) and a fully operational stimulated-EDRF release47 at 1 month of age. To our
knowledge, this is the first time that such differential development of NO-dependent pathways
is described in the coronary circulation of the hamster.

Our findings also indicate that the endothelial NO-vasodilator system is lost in 6-month-old
CM. This conclusion is based on the observation that infusion of L-NAME in these animals
did not stimulate the basal or the THX-induced CR. These findings agree with a previous study
by Gutierrez et al.48 who reported that the N-Nitro-L-arginine- (LNA) dependent increase in
mean arterial pressure was reduced in young CM and abolished in old CM. Gutierrez et al.48

also reported that the loss of LNA -dependent increase in mean arterial pressure in old CM was
prevented by the antioxidant tiron. Subsequently, Clark and Fuchs49 reported marked
reductions in NOS-dependent relaxations in coronary arteries isolated from 10-month-old CM
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(Bio 14.6). However, despite the loss of endothelium-dependent relaxation (EDR) in 6 months-
old CM, coronary relaxation was maintained at the same level of age-matched CT (Figure 2C).
This finding agrees with previous observations by other research groups49 and suggests that
in adult or old CM, other vasodilator substances released by BKN compensate for the loss of
NO-dependent vasodilation. The vasodilator released by BKN appears to be ROS-dependent,
because the L-NAME resistant, BKN-induced relaxation in 2-month-old CM was inhibited by
NAC treatment (Figure 5B). In transgenic mice with dilated cardiomyopathy (Tgαq*44 model),
the decrease in NO-dependent coronary vasodilation with age is associated with an increase
in PGI2, both of which are promoted by superoxide production.50 These results are in line with
a study in 200-day-old CM (UM-X7.1) showing inhibition of coronary flow by indomethacin.
40 However, a recent report20 suggests that H2O2 could be the vasodilator released by BKN
because it elicits catalase-sensitive relaxation, endothelium-dependent superoxide generation,
and H2O2 production in isolated coronary artery segments from human patients. Therefore,
studies are necessary to establish the identity of the EDR factor in adult CM.

The similarities of the present findings (i.e. NAC-sensitive ED and increased reactivity to
contractile agonists), with those reported earlier in the aorta of 2-month-old CM by our group,
27–29,33 support the idea that similar RAS-dependent mechanisms are operational in coronary
arteries. Indeed, pretreatment of CM with losartan from 4 to 8 weeks of age, prevented these
alterations in the coronary circulation of 2-month-old animals. These findings, together with
the improvement of BKN-induced coronary relaxation by NAC in 2-month-old animals,
indicate for the first time that the coronary alterations observed in the early stages of
cardiomyopathy in the hamster are secondary to Ang II-dependent, ROS mediated pathways.
In adult CM, chronic blockade of RAS with enalapril and losartan (25 and 10 mg/Kg/day for
5 months, respectively), increases plasma nitrite/nitrate levels to values not different from those
of CT (from 18.07 ± 0.99 to 68.30 ± 18.8 μM, n=3, P<0.05), suggesting that RAS upregulation
decreases plasma NO levels. It is noteworthy, however, that in rat coronary arteries,
upregulation of vascular RAS by L-NAME leads to coronary oxidative stress, inflammation,
and atherosclerotic changes that are prevented by ACE inhibitors and angiotensin receptor
blockers.36–37,51 Therefore, low NO bioavailability secondary to oxidative stress in CM could
promote RAS upregulation, inducing in turn, a positive feedback cycle by the stimulation of
Ang II-dependent NAD(P)H oxidase activity.33,43

The relevance of RAS in the etiology of cardiomyopathy in the hamster is underlined by recent
findings that treatment of CM with enalapril (ACEI) and losartan (ARB) from 1 to 6 months
of age, significantly reduces the development of dilated cardiomyopathy.42 This finding
together with those of the present study, indicate that prevention of early coronary dysfunction
preserves cardiac function in CM. This suggests that RAS inhibition using ACE inhibitors and/
or losartan could be useful for the treatment of patients with sarcoglycanopathies that are prone
to develop early vascular (systemic and coronary) disease and cardiomyopathy.52–54

Interestingly, recent studies in muscular dystrophy patients suggest that early diagnosis and
treatment with ACE inhibitors could improve the dilated cardiomyopathy and reduce the
premature death frequently associated with this condition.55–56 Although the precise
mechanism for the effects of ACE inhibitors in these patients has not been established, it is
likely that suppression of early RAS-dependent, coronary alterations could be instrumental in
this effect.

Due to limitations of the isolated heart preparation used, we could not establish the location
within the vascular tree of the coronary alterations reported here. Important functional
differences exist between epicardial arteries (capacitative vessels) and arterioles (resistance
elements).57–58 Another potential limitation of our heart preparation, is that we used of zero-
load conditions as opposed to an isovolumetric contracting heart. Although hearts from CT
and CM were compared under identical conditions, it is possible that lower oxygen demands
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in the unloaded heart could make data comparison with other studies difficult. However, our
results are consistent with those reported in the literature concerning the effect of age on CR,
the increase in CR by THX, the BKN-induced relaxation, the effect of L-NAME on CR and
the vasorelaxant effect of SNP.26, 38–40, 49 Therefore, we consider the results of the present
work valid notwithstanding these limitations.

In summary, the results presented in this study indicate that the coronary vasculature of the
cardiomyopathic hamster is hyperreactive during the necrotic phase of cardiomyopathy. The
hyperreactivity of coronary vasculature is associated with ED, and both of these alterations are
Ang II-dependent. It is likely that these alterations predispose to focal vasospasms with
ischemia and necrosis during this critical stage of development. The similarities of these
findings with those reported by us in the aorta of young CM, suggest that coronary alterations
are an intrinsic vascular event- independent of cardiomyocyte dysfunction. Altogether, these
results implicate the vascular RAS in the etiology of cardiac disease in patients with
sarcoglycanopathies.
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Figure 1.
Sequential Effects of Thomboxane (THX), Bradykinin (BKN), and Sodium Nitroprussiate
(SNP) on Coronary Resistance in Syrian Hamsters. The figure is a representative experiment
conducted in an isolated, beating heart preparation from a 2-month-old control hamster. The
agonists were infused into the perfusion line at the indicated times (arrows). The concentrations
used were: THX 0.1 μmol/L, BKN 10 μmol/L, and SNP 10 μmol/L.
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Figure 2.
Coronary Hemodynamic in Control (CT) and Cardiomyopathic (CM) hamsters as a function
of age. The results shown represent the mean ±SEM of 8 hearts per group. Panel A illustrates
the coronary resistance (CR), panel B the THX-induced increase in CR, and panel C the BKN-
induced CR reduction in THX-precontracted coronaries. Statistical analysis: Panel B =
*P<0.05 for 2-month-old CM vs. age-matched CT. Panel C = * P<0.05 for CM vs. age-matched
CT.
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Figure 3.
Basal and Stimulated CR in the Presence and Absence of L-NAME in 1-month-old CT (Panel
A) and CM (Panel B) hamsters. The figure depicts the mean ±SEM of 8 determinations in each
group. Statistical analysis: Panel A = *P<0.05 vs. None, ** P<0.05 vs. None-L-NAME, ***
P<0.05 vs. THX, +P<0.05 vs. BKN, # P<0.05 vs. BKN-L-NAME. Panel B = * P<0.05 vs. None,
**P<0.05 vs. None-L-NAME, *** P<0.05 vs. THX, +P<0.05 vs. BKN, and # P<0.05 vs. BKN-
L-NAME.
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Figure 4.
Basal and Stimulated CR in the Presence and Absence of L-NAME in 2-month-old CT (Panel
A) and CM (Panel B) hamsters. The figure depicts the mean ±SEM of determinations in 8 CT
and 8 CM hamsters. Statistical analysis: Panel A = * P<0.05 vs. None, ** P<0.05 vs. None,
*** P<0.05 vs. THX, +P<0.05 vs. BKN, # P<0.05 vs. BKN-L-NAME. Panel B = ** P<0.05
vs. None, +P<0.05 vs. BKN and # P<0.05 vs. BKN-L-NAME.
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Figure 5.
Effect of N-acetylcysteine (NAC) on Bradykinin-induced Coronary Relaxation and Superoxide
Generation in CT and CM hamsters of 2 months of age. The results shown are the means ±SEM
of 8 determinations per group. Panel A illustrates the BKN-induced relaxation in the presence
and absence of L-NAME, in NAC-treated and non-treated CT hamsters. Panel B depicts similar
studies for CM hamsters. Panel C shows aortic superoxide generation determined by lucigenin
chemiluminescence in CT and CM in NAC-treated and non-treated animals. Statistical
analysis, Panel A: * P<0.05 when compared to its respective –None- control. Panel B: * P<0.05
when compared with CM, and # P<0.05 when compared with CM-L-NAME. Panel C: * P<0.05
when compared with CT, and ** P<0.05 when compared with None-CM.
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Figure 6.
Effect of losartan on Coronary Resistance and Relaxation in CT and CM of 2 months of age.
The results shown are the means ±SEM of 8 determinations per group. Panel A illustrates the
THX-induced coronary resistance in CT and CM with and without treatment with losartan (10
mg/kg/day) for 30 days. Panel B shows the effect of losartan on the BKN-induced coronary
relaxation in THX-precontracted coronaries. Statistical analysis: *P<0.05 when compared with
None-CT.
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Table 1

Characteristics of Experimental Animals

Age (months) 1 2 6

Control (CT)
 Body Weight (g) 65.7±1 99.2±2 130.2±1
 Heart Rate (beats/min) 61±1.2 61±1.9 67±2.2
 Heart Weight (mg) 61.8±3 91.8±3 118.4±8
 HW/BW (mg dw/g) 0.9406 0.9254 0.9094
Cardiomyopathic (CM)
 Body Weight (g) 58.9±2 92.7±2 126.0±2
 Heart Rate (beats/min) 82±2* 81±2* 80±2*
 Heart Weight (mg) 57.5±3 83.4±2 103.9±4
 HW/BW (mg dw/g) 0.9762 0.9004 0.8246**

The values shown are the means ± SEM. Eight hamsters per group.

*
: P< 0.05 when compared with age-matched CT.

**
: P<0.05 vs. CM of 1-month of age. All other comparisons did not reach statistical significance. HW = heart weight, BW= body weight, dw = dry weight
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