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ABSTRACT

Androgenic sternids are commonly used at supraphysiological doses by
athletes and body builders. There are an increasing number of reports of sudden
cardiac death and myocardial infarcts associated with androgenic steroid abuse. In
this thesis the effect of an androgenic steroid on cavdiac mechamzal performance,
celluiar function and interstitial properties was examined in rats.

A biweekly intramuscular injection of nandrolone decanoste (5 mg/fkp)
(steroid) for three months to sedentary rats supressed testosterone production,
Chronic steroid administration increased left ventricular end diastolic {(LVED)
charaber stiffness (%), as detenﬁined both in vive in anaesthetised, open-chest
animals, using piezoelectric nitrasonic transducers to measure LV dimensions, as well
as ex vive, using an isolated, perfuced, constant flow, isovolumic LV preparation.
The increased LVED chamber k was attributed to changes in myorardial properties,
as myocardial ED & was also increased. The altered L ED chamber performance
mediated by chronic steroid admimstration subsequently resulted in a decreased slope
of the LV stroke work-LVEDP relation (determined in vivo), a preload-independent
index of LV systolic performance. Fiowever, load-insensitive indices of LV systolic
performance, assessed both in vive and #x vive (slopes of LV end systolic or peak
systolic pressure-dimension, pressure-volume and stress-strain relations) were gither

modestly increased or unchanged following steroid administration. Alternatively, in
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the presence of a S-adrenoeptor S22:ust- isoprotereno! (10°%5M), steroid treated rats
bad a decreased myocardial systolic pe *ormance as determined ex vivo.

The androgenic steroid attenuated an exercise (voluntary running on exercise
wheels)-induced decrease in LVED myocardial and chamber k. However, the steroid
also produced an increased LV internal diameter as determined over a iow-normal
range of LVEDPs in exercised rats. Hence, despite the steroid-mediated alteration in
LVED chamber &, ventricular remodelling (dilatation) offset the potential detrimental_
actions of the androgenic steroid on the relationship between diastolic pressures and
dimensions in exercised rats. Nevertheless, the presence of ventricular dilatation in
nandrolone decancate treated exercised rats might indicate a deleterious effect of
androgenie steroids on LV remodelling processes in exercise.

Neither the myocardial hydroxyproline concentration, perivascular collagen
volume fraction, the ratio of type I to type I phenotypes of myocardial collagen, the
percentage of + -ovardial total, type I or type I collagen extracted after cyanogen
bromide digestion (an index of collagen cross-linking), nor the activity of the
myocardial sarcoplasmic reticulum Ca** ATPase (SERCA) pump were altered by
nandrolone decanoate administration. However, acute administration of verapamil (10
3 mmolfkg)a cardiovascular Ca** channel blocker) to rats in vive, which resulted in
decreases in LV loads, systolic performance and heart rate, was able to attenuate the
increased LVED chamber and myocardial k produced by' the steroid. In contrast,

 verapanil infusion failed to alter increments in LVED stiffaess produced in rats with
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streptozotocin-induced diabetes mellifus apd in spontaneously hypertensive rats. The
increased myocardial k in both of the latter animal models was ascribed to changes
in myocardial interstitial properties.

In conclusion, the results described in this thesis indicate that
supraphysiological doses of androgenic steroids to sedentary rats produce functional
abnormalities of LV mechanical performance determined in diastole, as well as in
systole in the presence of a controlled adrenergic stimulus. The alterations in diastolic
performance are ascribed to changes in myocardial propertiec and are relatively
unigue in that they are not attributed to remodelling of the cacciac interstitium or to
modifications of the activity of the SERCA pump, but are sensitive to alterations in
either heart rate, systolic performance, or load, The steroid-mediated increase in
myocardial stiffness and decrease in adrenergic-inotropic responsiveness may be of
clinical importance in that these changes could contribute toward cardiac pathology

in athletes who atuse androgenic steroids,
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Prologue

Androgenic-anabolic sterold abuse has been implicated in the pathogenesis of
cardiovascular disease (Am, College of Sports Med., 1984), In particular, high doses
of anabolic steroids are reported to produce atherogenic lipid profiles as well as
increase blood pressure (Molteni et al., 1969, Skelton, 1953, Salgado and Selye,
1954, and Wexler, 1971). Despite these reports of the detrimental effects of stercids
on tne systemic circulation, the consequence of prolonged steroid use on cardiac
performance is Iargely unknown. Anebolic steroid administration is reported 1o
decrease cardiac systolic performance when given to animals on exercise training
programmes (Karhuoen et al., 1588, Liang et al., 1993, Ramo et al., 1987b). In |
contrast, .nabolic steroid treatment does not influence systolic perfoﬁnance in
sedentary animais (Liang et al., 1993), Nevertheless, the effects of steroid: on either
. 1) load-independent measures of cardiac Systolic performance as determined in vivo,
2} load-independent m-asurss of cardiac systolic performance as determined in the
presence of an rdrene: tic stimutus ex wvo, or 3) myocardial as opposed to chamber
sysfolic performance, ave not been investigated. Furthermore, the influence of
androgenic stesoids on cardiac diastolic function hes only been investigated ysing load
and heart rate-dependent echocardiographic indiv-s (Urhausen et al., 1989),

In this thesis, I describe the effeets of chronic androgenic steroid

administration on left ventricular {L.V) chamber and myocardial diastolic stiffness and
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load-independent indices of systolic performance, as determined both in vive and ex -

vive in the presence and absence of a controlled adrenergic stimulus in rat hearts,
Nandralone decanoate, an apdrogenic steroid commonly used by athletes at high
doses, was administered biweekly for 3 months to rats. As discussed in chapter 2,
as a consequence of an enhanced myocardial stiffpess, LV chamber stiffness was
increased following chronic steroid administration to sedentary rats. However, LV
systolic chamber and myocardiz] performance were sither unchanged or modestly
enhanced as assessed in intact rats or ex vivo in the absence of an adrenergic stimulus
{chapter 2). Alternatively, chronic steroid administration reduced myocardial
adrenergic-inotropic responses. As the androgenic stercid produced consistent
alterations in diastolic performance, I subsequently exarained the effect of these
changes on exercised animals. In chapter 3 I describe resuits which indicate that the
androgenic steroid prevents an exercise-induced improvement in diastolic
performance. However, simultaneous chamber remodelling offset the potential
detrimental actions of the steroids on diastolic pressure-dimension relations.
Nevertheless, the steroid-mediated increase in end diastolic stiffness suggested either
the presence of deleterions myocardial interstitial changes or a decrease in the activity
of the sarcoplasmic reticulum (SR} Ca®* ATPase pump, alterations that are frequently
assocfaied with diastolic abuormalities in cardiac disease. However, the ensuing
chapter presents results which indicate that the androgenic steroid pruduces an

increased diastolic myocardial stiffiness which is attributed to neither alterations in the
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sardize interstitium (myocard?al total coliagen, cross-linked collagen properties and

phenotypes remained unchanged) nor the activity of the SR Ca?* ATPase pump. In
addition, the steroid-induced increase in miyocardial stiffness was shown to be
uniquely sensitive to acuie alterations in cardiac load, systolic performance and/or
heari rate,

The first chapter of my thesis provides the reader with a brief background on.
androgenic-anabolic steroids and a reviesw of the current scientific literature
pertaining to cardiovascular effects of steroid abuse. I have also highlighted the
importance of investigating cardiovascular performance using the techniques and
approaches employad to obtain the data described in this thesis. The final chapter
provides the reader with an expanded summary and the conclusions reached from the

data obtained.



CHAPTER 1

Literature review

22
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1.1 Introduction.

At the end of the 19" century studies performed on dogs and pigs resulted
in claimy that testosierone is able to ephance physical strength and imeHectual
capacity. Since then testosterone and its derivatives heve been ertificially
synthesised (Hoberman and Yesalis, 1995, Xopera, 1985) and marketed for
therapeutic use. However, the availability of artificial androgenic steroids has
resulted in the abuse of these substances by individuals attempting to increase
their muscle strenpth and hnlkt The beneficial effects of anabolic steroids on
athletic performance are controversial, although athletes who use them usually
insist that their strength, muscle endurance and exercise performance are
improved, In addita, a number of detrimental effects of anabolic steroids, when
used at supra-physsmological doses by athletes and body builders, are well
described (rev- Kibble and Ross, 1987).

in the following sectiops, I will discuss the structure and biological effects
of testosterone and it's derivatives {androgenic-anabolic steroids), and differentiate
between andiogenic and anabolic effects, The extent of the abuse of as weli as the

side effects produced by anabolic-androgenic steroids is also highlighted.

1.2 Androgenic-ana®olic steroids

Both natura! and synthetic hormones chemically similar to testosterone are
classified as androgenic-anabolic steroids. The two most important and ;mtent
natural androgenic-anabolic steroid hormones (androgens) are testosterone and

androstenedione (Astwood, 1970), These natural androgens are rapidly absorbed
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and broken down by the body, which limits their therapeutic unsefuiness. To

overcome this problem most of synthetic androgenic-anabolic steroids are
roodified by esterification of the 178-hydroxyl group, alkylation at the 17«
position and by changing the ring structure of natural androgens in order to tetard

absorption and degradation (Wilson and Grifﬁn, 19803.

1.2.1 Biological action of androgens

Androgenic-anabolic steroids have been shown to influence the growth of
almost every orgen or tissue (Kochakjan, 1976). Andropen receptors have been
found in most organs including the prosiate, kidney, thymus, spleen (Bergink et
al., 1985), skeletal muscles (Krieg, 1976) and also in heart mauscle (MeGiil et al.,
1980). However, the sensitivity of target organs to anabolic-androgenic steroids
is complex and depends not only on the pressnce of androgen receptor sites, but
also upen the pubertal stage of the individual (Lucas, 1993) as well as gender,
natritional and hormonal status and temperature (Wright, 1980).

Androgens pass throu:h cellular membranes, then bind to steroid receptors
in the cytoplasm of targef tissues. The hormone-receptor complex subsequently
moves to the nucleus. ‘within ihe nueleus, the complex is bound to chromatin thus
inducing transcrintion and production of specific messenger ﬁbuﬁucleic acid
(mRNA). The new mRNA is trapslated into profeins which mediate cellular
changes relared o andmgén actions (Lucas, 1993). However, the an:’frogﬁﬁc« r'
anabolic steroid receptor has not been cloned. ia addition, the gene(s) activated

by androgens have rot been elucidated (Mooradian et al,, 1987),
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The effects of anabolic-androgenic steroids on target tissies are divided
into androgenic and anabolic effects, This division is fairly artificial, because all
sizroids exert their sifecis in the same basic manner described above, f.e.

*androgenicity” differs from "anabolism" only in location and not in essence.

1.2,t * dndrogenic effects

Numerous studies have attempted .o draw a clear distinetion between
anzbolic and androgenic effects of steroids, Generally, androgepic etiects of
anabolic-androgenic stercids involve masculinisation, while apabolic effects
iavolve hypertrophy of tisswe and organ systems. Hershberger et al, (1953)
described the classical pharmacological test to discriminate between anabolic and
androgenic characteristics, According to this test, the ability of the compound to
increase the weight of the musculus levator ani in male castrated rats reflects its
anébolic activity, while an insrease in the weight of the seminal vesicle or the
veniral prostate reflects androgenic aciivity.

Androgenic effects of anabolic-androgenic steroids include the control of
the development of the urogenital tract during embryopic life in males, During
pube:ty, angbolic-androgenic sierotds induce growth of sexual organs and mediate
the develapment of second-. . sexual characteristics. Reproductive tissues also
require androgens for their malmenance. .Cnstratiun produces not only regression
and atrophy of all sexual otgans, but also changes in sexual behaviour and libido

{Moovradian et al., 1987).



1.2.1.2 Anabolic effects

Anatiolic effects of natural androgenic-anabolic steroids are exerted during
puberly. An androgen-mediated acceleration of the growth tate of bones and
muscles results in broadening of the thorax and shoulders, epiphyseal closure, an
increase in bone density and an enhanced size of muscle cells during puberty
(Cheek et al,, 1968) The growth pf internal organs (e.g kidneys and heart) as
well as an increase in red blood cell numbers is also due to an androgen surge in
puberty.

Manipulation of the chemical structure of naturel anabolic-androgenic
steroid molecules improves not only pharmacckinetic parametets, but also
enhances anabolic as opposed to andrugenic effects, However, it is not possible
to produce sterpids with only anabolic actioms. Therefore Kochakian (1976)
suggested that the synthetic steroids would be :ﬁore accurately termed
"androgenic-anabolic” rather than "anabolic” steroids.

The first synthetic steroid with distinet anabolic properties, shown to be
several times more polent that testosterone in stimulating growth of the rat levator
ani was 19-nortestosterone (Hersbberger et ol., 1953). Synthetic changes to
steroid molecules decreases the polarity of the molecules thereby increasing their
solubility, which enhances and prolongs their activity (Junkmann, 1957).
Decanoate, heptanoate and cypionate esters of steroids are all useful moditications
of naturally occurring steroids. Esterification of 19-nortestosterons with decanoate
forms 19-nortestosterone (or nandrolone) decanocate (Figure 1), the stercil used

in the studies described in this thesis.
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B O-LO{CH,),CH,
oM, |

Figure 1. A: The molecular structure of testosterone. The carbon atoms are
marked with numbers. « and £ refer to the stereochemistry of the hydroxyl and
hydrogen groups at carhon 17. B: The nandrolone (19-nortestosterone) decanoate”
mosecule, The decanoate ester is attached at the 178 position, while the 19 metly]

group is removed. (Wilson and Griffin, 1980)
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1.2.2 Abuse of androgenic-anabolic steroids in sport

Steroids have become popular and widely used by athletes, mostly in
power sports 1o improve their physical performance. These ageats are considered
capable of enhancing muscle mass and & sength, althosgh the scientific evidence
for these claims is controversial (Bower and Reardan, 1972, Casner et al., 1971,
Crist et al., 1983, Pahey and Brown, 1973, Golding et al., 1974, Johnson and
O’Shea, 1969). The International Olympic Committee's Medical Commission
banned the use of steroids in sport in 1976, not only for ethical reasons related
to fair competition, but also beceuse of the wcll-docmnented deleterious side
effects of these substances. Steroid abuse in sport is the main reason why
andrqgenic-anaholic steroids have never been legitimised as a method of birth'
mn&él for men, although they are an efficient male contraceptive mediated via
endocrine feedback loops, The use of anabolic-androgenic steroids for
coniraception would devalue the testing technique that is currently being used to
trace steroids in urine in  athletes (Hobermran and Yesalis, 1995}

Nandrolone decanoate, the steroid used in the studies described in this
thesis is one of the most potent injectable androgenic-anabq!ic steroids used by
athietes seeking improved skeletal muscle performance (Titlestad et al., 1994).
The relative anabolic potency of nandrolone decanoate compared to the other
steroids as compited by Potts et al, (1976) is as follows: nandrolone decanoate
= 11.3, stanozolol = 5, methyltestosterone and mesterolope = 1.15, and

methandrosten slone = 1,7, Athletes have been reported to use up to 10-100 times
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higher doses of nandrolone decanopate than the accepted therapeutic dose range

normally usec. in hypogonadal syndromes (Brower et al., 1990).

1.2.3 General side effects of androgenic-anabolic steroids

While controversy and conflicting experimental data exist regarding the
beneficial effects «¢ androgenic-anabolic steroids in sport, there is apparent
unamimity pertaining to their detrimental actions. Sile effects subsequent to
androgenic-anabolic steroid administration are mostly due to their androgenic
actions,

Although androgen supplementation in conjunction with regular monitoring
is an accepted approach to hypogonadal patients (Odeill and Swerdioff, 1976),
Heller et af. {1958) and Jackson and Jones (1972) described a decraase in plasma
gonadotiophin levels, sperm production. and motility after androgenic-anabolic
stercid administration to non-hypogonadal male subjects. Masculinising effects,
such as beard growth and a deepened voice, as well as lowered fertility rates are
likely to occur in female athletes subsequent to androgenic-anabolic steroid use.

Toxic side effects of androgenic-anabolic steroid administration ate mainly
hepatic. Elevaﬁon of plasma alkaline \phospatase as well as raised conjugated
bilirubin concenirations, indicating hepatocellular damage, have been described
by many authors foliowing androgenic steroid administration (Fo:s and Simpson,
1959; Atias, 1962; de Lorimier er al., 1965). In addition, Johoson et al. (1972),
found an association between androgenic-ansholic steroid therapy and the

develonment of hepatacellular carcinoma. Furthermore, Bagheri and Boyer (1974)
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reported on the development of peliosis hepatis, a severe form of hepatic injury,
subsequent to andropenic-apabolic steroid therapy.

The unfavourabie psychological effects of steroid administration have only
recently been recognized, The most commonly described psychological effect of
androgenic steroids is an increased level of aggressiveness {Scaramella and
Brown, 1978). Buphoria with diminished fatigue, changes in libido and mood
swings have been also reported in athletes who abuse androgenic steroids (Wilson

and Griffin, 1980, Lamb, 1984, Haupt and Rovere, 1984).

1.3 Cardigvascalar effects of androgenic-anabolic steroids.

Anidrogenic-anabolic steroid administration has been implicated as a risk
fartor for cardiovascular disease (Skelton, 1953, Salgado and Selye, 1954), There
are an inereasing number of reports of sudden cardiac death and acute myocardial
infarction amongst athietes and body builders who use anabolic-androgenic
sterpids (Mo Nu_tt et al.,, 1988, Lukz et al., 1990), In addition, anabolic-
androgenic steroid nsers who have undergone weight training have been reported
to suffer an increased frequency of cardiac arrhythmias during cardiovascular
stress {Wright, 1980). However, the mechanisms by which andtogenic-anabolic
steroids nnv induce deleterious cardiac effects remains unclear, Mechanisms
which may play & role include changes in blood lipid profiles and blood pressure,
as well as direct éL‘_‘gcts on myocaidial tissue,

In body builder~ and weight lifters the use of anabolic-androgenic steroids

reduces high density lipoprotein (HDL) and elevates low density lipoprotein
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plasma concanirations, herce producing an atherogenic lipid profile (Strauss et

al., 1985, Haffrer et al., 1982). The unfavourable changes in lipid profiles in
athletes who use amabolic-ancrogenic steroids is in marked contraws 1o the
incressed plasma HDL concerit ‘ations that oceur in athletes who do not (Webb et
al., 1984).

Anabolic steroid ademin stration ray lead to an elevation in blood pressure,
a further risk factor for card.ovascular disease, (Am College of Sports Med.,
1984, Kuipers et al., 1991, Lenders et al., 1988). Molteni et al. (1969) produced
hypertensive vascular disease in rats folowing chronic androgenic-anabolic steroid
administration. A number of other authors have also implicated androgens in
hyperiension, atherosclerosis and cven nephrosclerosis in experimental anirals
{Skelton, 1953, Salgado and Se'ye, 1954, and Wexler, 1971). Greenberg et al, -
(1974) provided evidence that indicates that steroids may lead o hypertension in
part, by ingreasing vascular responses to vasoactive stimuli. Wolinsky (1972)
showed thit testosterong enhiznced the quantity of fibrous proteins, elastin and
collagen in: the rat aortic wal' which might be, in part, responsible for increases
in blood presure. Messerli znd Frohlich (1979) suggested that a direct inhibition
- of 11/-hydrexylation, leading to an ovarproduction of 11-deoxycorticosterone by
the ad_renal'nortex, may be responsible for an increase in blood pressure in
athletes taking steroids.

Despite the evidence in favour of an effect of androgenic stercids o;i
cardiovascular risk factors, whether long-term steroid administration induces

deleterious o rdiac effects through chaages in lipid profiles and increments in
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blood pressurs, or through a direct effect on the myocardium has mpt been

established.

1.3.1 Anabolic-androgenic steroid effects on cardiac morphology and
structure.

The differences in morbidity and mortality rates from cardiovascular
disease in men versus women led to a search for sex hormone receptots in
cardiovascular tissue. Estrogen receptors in atrial myoeytes (Sturopf et al., 1977)
and androgen receptots in heart muscle (Krieg et al., 1978) have been identified
in rats. In addition, androgen receptors have been found in atrial and ventricular
myocytes of baboons and rhesus monkeys (Mc Gill et al., 1980}, The discovery
of androgen receptors in cardiac myocytes has promptéd further research on the
effect of androgens on the heart.

Although a number of studies have been performed to establish a poséible
link between androgenic steroids and cardiac hypertrophy, controversy still exists
with regards to che conditions under which this occurs. Koenig et al, (1982)
induced myocardial lyyperirophy in rats follcwing repeated testosterone iniections
over a prolonged period. In earlier studies, Scow and Hagan (1965) showed that
androgens markedly potentiate growth hormone-induced cardiac hypertrophy.
Conversely, Kinson et al. (1991) reported that ventricalar enlargement caused by
aortic consiriction in castrated infant rats was reduced following androgen
administration. Furthermore, we have demonstrated that androgenic steroid

administration to sedentary rats reduces both cardiac and somatic growth
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{Trifanovie et al., 1995} but has no effect on physiological cardiac hypertrophy

(chapters Z and 3).

The mechanisms by whicn androgenic steroids mediate cardiac growth are
also more complex than what was originally thought. Iversen and Salt (1970}
showed that steroids inhibit presynaptic reuptake of catecholamines in the rat
heart, which could increase the actions of catecholamines on cardiac tissue.
Hence. androgenic steroid-induced actions on cardiac growth might oceur as a
consequence of either direct effects on intracellular protein synthesis, or indirect
actions mediated by catecholamines,

Echocardiographic stedies in humans examining the influence of anabolic
steroids on the heart have also produced conflicting results. De Piccoli et al.
(1991} found enlargement and thickening of the left ventricle (LV) in bodybuilders
who abuse anabolic-androgenic steroids. Urhansen et al. {1989) showed that the
effects of -anabolic-androgenic steroids on cardiac size is only apparent when

" combined with intense bodybuilding. Alternatively, Salke et al. (1985) found no
differences in LV morphology between groups of bodybuilders either with or
without a history of previous or current anabolic-androgenic steroid abuse,
Eghocardicgraplﬁc studies in humans are however often difficult to interpret
béc:ause of the overlapping influence of strennous isometric exercise on heart size
as well as the difficulties associated with attempting to assess the degrée of steroid
abuse amongst athletes, |

A wide range of ultrastructural and morphological changes, other than

simply measures of heart sizz, are associated with androgeric-anabolic steroid
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administration. Appet! et al. {1983) described an increase in myncardial

mitochondrial volume subsequent to chronic steroid administration. When exercise
and the use of anabolic-androgenic steroids were combined, destruction of
myocardial mitochonaria and myofibrils, similar to those changes described after
severe hypoxia or after an overdase of catecholamines, was found (Appell et al.,
19833, Hetirendt aid Hoffin (1977) found the following effects of sterpid
administration on heart cells in rats, Myofilaments had an irregular arrangement
with intermingling clusters of swollen and elongated mitochondria, A sparse
mitochodrial matrix and fewer thap normal cristae were noted in the steroid
treated group. Myofibrils were irregularly shaped, and the thick and thin
myofilaments and Z-bands were noted to have disintegrated following steroid
administiation. The extracellniar matrix (ECM) was occupied by increased
numbers of bundles of collagen fibrils indicating the possible presence of fibrosis
subsequent to chronic androgenic-anabolic steroid administration. These changes
mediated by anabolic-androgenic steroid administration resémble those deseribed
in the early stages of heart failure. Although myocyte ultrastructural changes
apparently decrease in severity subsequent to ongoing ansbolic-androgenic steroid
administration (Behrendt and Boffin, 1977}, the results imply that chronic steroid
treatment can induce significant myocardiat cellular and interstitial pathology and,

thus, perhaps could affect cardiac performance,
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1.3.2 Androy-nic sterofd-induced effects on cardiac performance

Although a number of potentially deleterious histological and
morphological effects of amabolic steroids on cardiac tissue have been
demonstrated, the action of androgenic-anabolic steroids on cardiac performance
has been investigated by a limited number of groups, A decrease in L'V systolic
mechanical performance follows steroid administration to sedentary dogs (Ramo,
1987a) and to rats and dops on exercise-training programmes (Karhunen et al,,

1988, Liang et al,, 1993, Ramo et al., 1987b).

Effects of androgenic steroids on cardiac performance in sedentary animals
Lisng et al. (1993) using an isolated, perfused heart preparation (i.e. an
@x vivo beart preparation) found that steroid administration produced no alterations
in the slope of the systolic pressure-volume (P-V) relationship, a preload and
heart .rate-independent measure of systolic cardisc performance that is also
insensitive to inc.- nents in afterload {Kass et al., 1993, Sagawa et al., 1988) in
cadentary rats. However, despite the strengths of this study with regards to the
_ choi;:e of sys‘it‘;l_ic-pe_r_t‘onname measurements, there were a number of deficiencies
in the study. Although these authors (Liang et al. ,1993) measured diastolic P-V
relations, these relations were not adequately evaluated by comparing the siopes
of the relations between the groups. Indeed, from the data presented, the steroid
treated group had an apparent inm-easé. in diastolic stiffiness {Liang et al., 1_993). '

Furthermore, Liang et al. (1993) also failed to account for the variability in 1.V
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geometry when assessing LV performance by converting both diastolic and

systolic P-V relations into stress-strain relations,

Using thermal washout curves to measure ejection fraction, stroke volume,
cardiac output, and the maximum velocity of LV contraction (V,,,) as well as
+dP/dt,,, to asssss cardiac performance, Ramo (1987a) rcported a decreased
inotropic response 10 isoproterenol infusion in steroid treated sedentary dogs.
However, a potential weakness of this study is that all of the indices of systolic
performance used by Ramo (1987a) were either load or heart rate-dependent,
Indeed, Ramo (19872) alsp showed a decreased heart rate subseguent to
isoproterenol infusion after 6 weeks of androgenic steroid treatment, which
suggests that differences in systolic performance could bo attributed to changes
in heart rate. In addition, thecs suthors (Ramo, 19874) failed to identify whether
the dirfzrences noted betweun the steroid-treated and control groups occurred
subsequent to altered adrenergic responsiveness (i.e. steroid induced changes in
{B-adrenoceptor kinetics, G, protein activity or concentrations or second messenger
system concentrations} or to changes in myofilament mechanical performance,
Furthermore, aithough single cycle LV P-V loops were constructed by Ramo et

al. (1987a), diastolic P-V relaiions were not assessed.

Effects of androgenic steraids on cardiac performance in exercise trained animals
Most investigators agree on the effects of androgetic steroids on systolic
cardiac performance in exercise trained animals. Both . .ang et al. (1993) and

Ramo et al. (1987b), using the same measurement approaches discussed above,
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have shown that steroid administration attemmates systolic performance in
exercised animals. Again, despite certain strengths of these studies, both studiss
have a number of inadequacies (sze above discussion). In addition, Karhunen et
al. (1988), also using load and heart rate-dependent measures of systolic LV
performance, showed that the enhanced isoproterenol mediaicd increase in LV
pump performance induced by exercise training was attenuated following chronic
androgenic steroid administration. The weakness of the study by Karhunen et al.
(1988) includes the use of load and hearf rate-dependent measures of systolic LV

performance and a notable lack of diastolic performance measurements,

Effects of androgenic sterolds on cardiae performance in human studies

Human echocardiographic studies have also focussed on assessing LV load
and heart rate-dependent measures of cardiae systolic and diastolic performance
in body builders and weight lifters using steroids (Pearson et al., 1986, Urbauvsen
et al., 1989). Pearson et al. (1986) using two-dimensional echocardiography
showed congenigic hypertrophy in weight lifters, but no differences in LV filling
rate or irgjection fraction, Urhausen et al., (1989) found isovohuretric relaxation
time {6 Be modestly prolonged in steroid usecs, The latter result indivates that

androgenic steroid abuse might lead to alterations in disstolic performance.
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Apparent deficiencies in the scientific literature promoted the studies described in
this thesis

Prompted by the distinct lack of comprebensive data reported om in the
scientific literatare describing the actions of androgenic steroids on cardiac
systolic and diastelic mechanical performance, as well as tha fact that most of the
studies performed to date have focussed . o either load and/or heart raie-dependent
measures of systolic LV performance, 1 set out to assess the effects of androgenic-
anabolic steroids on preload and heart tate-independent measures of both 1LV
chamber and myocardial systolic and diastolic performance which are insensitive
to increases in afterload (Krass et al., 1993, Sagawa et al., 1988). In this thesis
I have shown that supraphysiological doses of an androgenic steroid induce
marked alterations in both myocardial and L.V chamber diastolic function both in
sedentary and exercised rats (Trifunovic et al., 1995, chapters 2, 3 and 4).
Moreover, these steroid-induced changes in diastolic performance were associuted
with & preserved systolic LV chamber function, as assessed in vive (Trifunovie
et al., 1995, chapter 2), a normal systolic myocardial petformance, as determined
ex vivp in the absence of an sJrenergic-inotropic stimulus {chapter 2}, but a
decreased LV chamber and myocandial adrenergic-inotropic responsiveness as
determined ex vive (chapter 2). As the consistent LV mechanical alteration noted
subsequent to chronic steroid administration was in the diastolic persod of the
cardiac cycle, all subsequent work described in this thesis pertains to steroid-
induced changes in diastolic mechanical performance. As such, it is pertinent to

provide a summary of the potential implications of alterations in LV diastolic
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performance, as well a8 an overview of those tactors which determine LV

diastolic function.

1.4 Left ventricular diastolic performance

Diastole is defined as tﬁe period from aortic valve closure to mitral valve
closure during which LV relaxation and filling occurs, It is essential to generate
prompt and complete relaxation of the LV in order to create conditions which ate
idea! for promoting fow-pressure LV filling, An increase in LV filling pressures
might result in 43 enhancec myocardial extra-capillary pressure during diastole,
when most myocardial blood flow occurs. An increase in myocardial extra-
capillary pressure will resul; in a reduction in myocardial capiitary radius, and the
consequence might be an attenuiated myocardial blood supply. In addition, &
further potential deleterious spin-off of increases in LV filling pressures during
diastole is enhanced left atrial and hence pulmonary venous pressures and a
subsequent increase in pubmonary capillary hydrostatic peessure, .The consequence
of increased pulmoriry capillary hydrostatic pressures is pulmohary oedema.

Although the mechanisms by which changes in diastolic function may
induce detrimental effects on the heart have not been established, it is well known
that diastolic performance abnormalities precede systolic abnormalities in many
forms of heart disease (Brilla et al., 1991, Norton et al., 1996, Norton et al.,
1997}, In addition, heart failure may occur in the presence of a preserved systolic

performance, where the major abnormality is a reduced diastolic performance
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(Dougherty et al., 1984), Hence, currently it is accepted that cavdiac diastolic

abnormalities either produce or are associated with deleterious cardiane effeats,

1.4.1 Diastolic pressure-volume relationships

Left ventricular diastolic pressure-volume (P-V) or pressure-dimension (P-
D) relationships and the slope or linearised siope of these relations (1.V chamber
stiffness) are used to determine LV diastolic performance. Left ventricular
diastolic P-V or P-D relationships may be assessed from P, V and/or D values
obtained over a single cardiac cycle (usually from the period starting with end
isovohaunic relaxation and ending with end diastole) or from P, V and D values
obtained at end diastole over a range of LV preloads. It is unlikely that the factors
that determine these relationships contribute to the same extent toward P-V or P-
D relations determined over a single beat or at end diastole over a range of
preloads.

The relationship between LV diastolic pressure and volume is determined
by the halance between the forces due to pressures within the ventricular cavity
that expand the LV and those forces generated through myocardial elasticity that
resist LYV expansion (rev~ Gilbert and Giantz, 1989). A typical diastolic P-V or
P-D relationship is curvilinear, At low pressures the rejationship is a lineaf
function. but at higher pressures it resembles an exponential function (Diamond
et al., 1971).

Diastolic stress-5train relationships (determined from P-V or P-D values

and wall thickness), which account for dJifferences in ventricnlar geometry
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between individuals or groups of individuals (rev- Gilbert and Glantz, 1989) are

often used as a substitute for disstolic P-V relationships. The slope of the
linearised stress-strain relationship is one assessment of myocardial elastic
atiffness. Stress j5 a measure of the intensity of forces in the ventricular wall and
strain is a dimensionless quantity that represents the percent change from the
ventricular unstressed dimension (Mirsky and Parmley, 1973}, In order to assess
LV stress a spherical shell model of the LV may be assumed, and caleulated using
Laplace’s Law (Stillwell, 1973, Gilbert and Glantz, 1989)., According to
Yaplace’s Law, stress is directly proportional to the internal radins and pressure
and inversely proportional to twice the wall thickness,

The use nf spherical shell models when assessing stress-strain relations,
with 2 knowledge that the LV has in most circumstances an elliptical shaps has
been of concern to many tnvestigators, However, Janz et al. (1980} showed that
the use of spherical geometrical models of the LV for estimating the myocardial
elastic stiffoess constant i8 as accurate as are ellipsoidal geometric models.
Moreover, Festef and Samet {1974) showed a ciwose relationship between
myocardial ctastic stiffness constants calculated from an sssumption of either &
¢phe ical or an ellipsoid geometry of the LV.

.. Many factors affect diastolic P-V relationships and hence ventricular
chamber stiffness. These factors will be considered in four broad groups: %)
myocardial passive material properties aud chamber geometry, 1) myocargzal

active properties, 3) viscoelasticity, diastolic suction and coronary vascular
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engorgeinent as well as 4) extermal factors such as ventricular interaction,

pericardial and pieural forces and lung constraints.

1.4.1.1 Myocardiai p;-:lssive properties and LV geometry; Effects on diastolic
pressure-volume relationships,

Alterations in LV wall composition, thickness or geometty are in most
instances caused by chronic processes and are unlikely to change LV diastolic P-V
relations over short periods of time. These factors are often termed myocardial
material or passive properties. The development of ventricular hypertrophy that
occurs as a censequence of either pressure or volume overload will change the P-
V relationship. Concentric hyperirophy may shift the relationship to the left and
increase the slope, whereas eccentric hypertrophy may shift the relationship to the
right without necessarily altering the stope. However, Mirsky and Parmiey (1973)
wete able o show that although chamber stiffness {assessed from P-V relations)
of the hypertrophied vemiricle may increase, myocardial stiffness (assessed from
stress-strain relations) is not necessarily affected,

An intrinsic myocardial material property with a substantial impacti on
myocardial stiffness is the composition of the ventricular wall (Mirsky, 1976).
Processes altering ventricular wall matrix substances, such as fibrosis, will
increase myocardial stiffnzss (Smith and Zile, 1991). The myocardial extracellular
matrix (ECM), a fibrous framework of collagen, is described by many authors as
a key factor determining myocardial stiffness. Weber and Britla (1991) have

attributed the increased myocan.ial stiffness constants that-occur in pathological
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hypertrophy to myocardial fibrosis due to overproduction of coflagen by cardiac

fibroblasts, Furthiermore, Hood et al. (1970) noted that fibrogis, following
myocardial infarction, was also associated with an increased ventricular stifiness.
Moreover, substances which reduce the degree of myocardial fibrosis in cardiac
dis ase, such as angiolensin-converting enzyme inhibitors {Brilla et al., 1991), or
B-aminoproprionitrile (Bing et al., 1978), a snbstance which reduces myocardial
collagen cross-Jinked properties, are able to attenuate the enbhanced myocardial
digstolic stiffness constants produced by cardiac disease. Recent data obtained
from our laboratory shows that alterations in the cardiac interstitinm which
mediate inereases in myocardial diastolic stiffness in cardiac disease cannot simply
be attributed to changes in the total collagen content, but rather to alterations in

the quality of the myocardial collagen (Norton et al., 1996, Norton et al., 1997).

1.4.1,2 Myocardial active properties; Effects on diastolic pressare-volume
relationships.

The view that only myocardial passive properties tetermine ventricular end
diastelic P-V relations has been chango:: .ince Bristow et al, (1970) and Dwyer
(1970) showed that in patients with coronary artery disease the diastolic P-V
curve is tersporarily shifted upward following cardiac pacing-induced angina, In
addition, ventricular relaxation abnomnalities and alterations in the diastolic P~V '
relationship have been reported following the induction of myocardial ischaemia
in dogs (Serizawa et al., 1980, and Paulus et al., 1982). A possible explanation

for the altered diastolic P-V relationship noted diring pacing-induced myocardial
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ischaemia is that ventricular relaxation is reduced by ischaemia and at high heart
rates the myocardium has an inadequate time period between beats to filly relax
{Grossman and McLaurin, 1976). However, in animal studies the reduction in the
rate of relaxstion secondary to ischaemia is not suffictently large enocugh to
account for the increments in myocardial stiffness noted at the end of diastole
{Palucios et al., 1976). As such it has been posmiated that the extent, as opposed
to the rate of ventricular relaxation may influence end diastolic function during
pacing-ir...Jced ischaemia. The extent of relaxation depends directly on the
mumber of active actin-myésin filament cross bridges formed in the eytosol, If an
excess of cross bridges remain after contraction has ceased the equilibrium length
of the muscle will be shortened which is manifested as a smalfler equilibrium
volume (V). The smaller aquilibrium volume will result in larger strains and
higher pressures and stresses at any given volume at the end of diastole (rev-
Gilbert and Glantz, 1989).

A mumber of cellular theories have been proposed to explain why a
decrease in the extent of ventricular relaxation during pacing-induced ischacmia
induces an increased diastolic stiffness. Ischaemia and a consequent adenosine
trisphosphate (ATP) shortage would limit Ca®* reuptake by the sarcoplasmic
reticulu.. {SR) and mediate Ca®*-overload .(Kihara et al., 1989, In addition,
faiiiim of the Na*-Ca®* exchanger or (Ja**-pump in the sarcolemma during -
ischaemia would also contribute to Cx**-overload (rev- Gilbert and Glantz, 1989,
Makino et al,, 1987). The consequence of ischaemin might then be a Ca?**-

overload-mediated increase in myofilament cross-bridge formation dnging the
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diastolic period of the cardiac cycle, an effect that wonld be unmasked st high

hearr rates when efficient relaxation processes are required, Data obtained by
Grossman and colleagues suggesis that the principal cellular change responsible
for the increased LVED stiffness following pacing-induced ‘ischaemia is a
decreased activity of the SR Ca®* ATPase pump (Kikara et al., 1989). However,
recent data suggests that the cellular change responsible for the increased diastolic
myocardial stiffness constant that occurs following pacing-induced ischaemia is
a decrease in stretch-activated cationic channel activity (Takano and Glantz,
1995). A decreased activity of stretch-activated cationic chanrels is also likely to
result in an accumulation of cytoplasmic Cat* during the diastolic périod of the

cardiac cycle and hence an increased myofilament cross-bridge formation.

1.4.1.3 Viscoelasticity, diastelic suction and coronary vascular engorgement;
Effects on diastolic pressure-volume relationships.

Biologival materials undergo stress during siretching which depends not
only on the degree of stretch but also on how fast the material is stretched (Little
and Wead, 1971). Viscoelasticity or viscuelast_ic forces which are present dusing
ventricular. stretching (filling) may play a role in characterising the P-V
relationship, especia, , in early diastole when filling rates are high (rev- Gilbert
and Glantz, 1989). However, the degree to which diastolic viscous forces
contribute toward P-V relations and also the exient to which they are altered in

pathology has not been determined.
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Diastolic suction is a dynamic property of th. ventricle that induces

negative pressures in early diastole (Suga .. ul., 1968). Diastolic suction is caused
by the eiastic recoil of the ventricle to its unstressed volume after contraction has
ceased. The force for elastic recoil is provided for by the release of potential
energy ar the end of systole. This potential energy is stored between the layers of
myocardial fibres during contraction and is released at the end of systole
{Rushmer et al., 1953). As diastolic suction occurs mainly in carly diasiole, it is
unlikely to significantly affect events at the end of diastole except at very high
heart rates when filling periods are short.

An increase in coronary perfusion pressure may stiffen the myocardium
(Salisbury et al., 1960), an effect which is lixely to impact mainly at Jow LV _
pressures, such as occur during diastole, This is most evident when the coronary
arteries are maximally perfused in late diastole. Gaasch et al. (1977) substautiated
this hypothesis by demonstrating a reduced diasiolic stiffness subsequent to
coronary artery ligation. However, Huyghe {1986) and Olsen et ai, (1981) showed
that increments in coronary vascular engorgement produce oniy modest . Jects on
chember stiffness., while Spadaro et al. (1982) failed to show alterations in

diastolic P-V relations subsequent to alterations in coronary perfusion pressure,

1.4.2 External factors affecting diastolic pressure-volume relafionships;
Ventricular interaction, pericardial and pleural forces and lung constraints,
A manifestation of the mechanical forces transmiited through the septum

between the two cardiac ventricles is termed direct veniricular interaction, as
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opposed to sevies ventricular interaction which is the effect of right vertricular
- output on left vertricular input. Series ventricular interaction is delayed, while

direct ventricular interaction is immediate, Slinker and Glantz (1986) used this

“time-lag” approach and determined that series ventricular interaction was twice

as Bmpaortant in determining ventricular end-tastolic size than direct ventricular

interaction. Direct ventricular interaction is unlikely to impact to any significant

extent over a range of normal filling volumes on diastolic P-V relations once the
_ pericardium is removed.

As the pericardium wraps the heart, any increase in end-diastolic volume
wiﬂ stretch the pericardium. This will impact on the epicardivm and contribute
substantially to ventricular diastolic pressure (rev- Gilberi and Glantz, 1989),
However, a normal pe_ricardium, through external constraints, is thought ‘o have
little or no influence on the pressures in the heart over a normal operating range
of cardiac preloads (Tyson et al., 1984). Nevertheless, following an increased
preload, pericardial forces will influence LV diastolic P-V r.iations.

The lungs and pleura also interact mechanically with the heart by exerting
* comeact pressures on the pericardium and through the pericardium fucther on the
heart. This wteraction significantly impacts on diastolic forces during artificial
positive ens .y pressure ventilation, The decrease in cardiac output that
oceurs following positive end expiraiery pressure ventilation is due, in part, to «
mechanicat interaction betﬁeen the lungs and the heart, which reduces LV filling
volumes and subsequently atienuates Fzank Starling effects (rev- Gilbert and

Clantz, 1989).
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1.5 Choice of cardiac performanse measurement technigques employed in the
stodies described in this thesis,

In the studies described in this thesis a number of approaches were
employed to aftempt to characterise the changes in cardiac mechanical
performance that occur in rats subsequent to chronic administration of the
androgenic teroid, mandrolone decanoate, These measurement fechniques were
chosen in order to eliminate confounding variables that would have made the
results deseribed in this thesis difficult to interpret. The reasons for the choice of
techniques employed in the light of those factors known to influence cardiac
systolic performance as well as those faciors discussed above that are known to
modulate diastolic performance are underscored in subseguent discussion.

In order fo evaluate the influence of chronic androgenic steroid
administration on systolic mechanjcal performance, I chose to assess systolic
perfomance by using a number of preload and heart rate-independent approaches
which are insensitive to increases in afterload (Kass et al., 1993, Sagawa et al.,
1988). Systolic mechanical performance was determined using both auxobaric and
isovolumic LV preﬁarations (Sagawa et al,, 1988). Systolic function was assessed
from the slope of end systolic (ES) or peak systolic P-V, P-D, and stress-strain
relations constrcted from data obtained both in vive, in anaesthetised, open-chest,
ventilated rats, as well as ex vivg, using an icolated, constant flow, paced and
perfused heart preparation in both the p:re.*;:nce and absence of an adrenergic
stimulus. The slopes of the LY ES P-D and stress..*;ain reletions represent LV

FS chamber (LV Ees) and myocardial (E") eiastance respectively, The sloprﬁs of
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the LV peak systolic P-V and stress-strain relations represent LV peak systolic
chamber (E,,) and myocardial (E"..) elastance respectively, Using these
approaches T could account for differences in Joad and heart rate, LV geometry,
the degree of adrenergic stimulation or sympathetic versus parasympathetic
aciivation, problems associated with isovolumic/isometric cardiac prensr tions,
as well as apaesthetic effects on systolic mechanical performance.

In order to assess the influence of chronic androgenic steroid
administration en diastolic mechanical performance, I chose to examine end
diastolic -V, P-D nnd stress-strain relations (the slopes of which, when
linearised, represent either LV chamber or myocardial diastolic stiffness [£])
constructed from data obtained both in wve, in ansesthetised, open-chest,
ventilated rats, as well as ex vivo, using an isolated, constant flow, paced and
perfused heart preparation, Using these approaches, again I could account for
differences in load and heart rate, LV peometry, the degree of adrenergic
stimulation or sympathetic versus paragympathetic activation, problems asseciated
withs isovolumic/isometric cardiac preparations, as well as anaesthetic effects on

diastolic performance. In addition, by using an open-chest, pericardectomised
preparation in vivo, and an isolated perfused, constant flow preparation ex vivp
to assess diastolic performance, I sould exclude the potential contribution of
pericardial, pleural, right ventricular and g forces as well as the contribution
of coronory perfusion pressures when explaining differences in diastolic P~V and

P-D relutions between steroid treated and conirol rats.
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As chapges in diastolic performance subsequent t¢ chronic androgenic
steraid administration were noted in the preseoce of an intact systolic performance
in vive in the studies described in this thesis, I also used indices of preload-
recruitable stroke work (Glower et al., 1985, Supagawa et al,, 1985), (assessed
in vivo), to examine the effect of alterations tn diastolic performance on systolic
function. Stroke work was expressed as a function of incremental LV filling
pressures as well as a function of an index of LV {illing volumes. The assumption
is that an increased LV diastolic stiffness (an impaired diastolic performance) will
result in a reduced systolic function when employing filling pressures but not

fndices of filling volume as 2 measure of preload {Norton et al,, 1993).
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CHAPTER 2

Bigh dose androgenic steroid administration afters ventricular mechanical

performance in rats.
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2.1 Introduction

Apdrogenic-apabolic steroids are synthesised for use in modern medicine
for therapeutic reasons. However, athletes use androgenic-anabolic steroids at
supraphysiological doses in order to improve physical performance through an
effect on muscle mass and strength (1.2.2 of chapter 1, page 28). However, a
namber of hepatic, psychological and endocrine adverse effects as well as changes
in lipid profiles which are considered atherogenic have been described to occur
subsequent to androgenje-anabolic steroid use (1.2.3 and 1.3 of chapier I, pages
29.31).

Although histological effects of anabolic steroids on cardiac tissue huve
been demonstrated (Appell et al., 1983, Behrendt and Boffin (1977), our
understanding of the actions of androgens on cardiac mechanical performance is
incomp ' ix¢ evidence that exists describing the influence of chronic high dose
anabolic-znirogenic steroids on cardiac mechanical performance in sedeptary
anirnais or humans is not comprehensive. Cardiac systolic performance has been
shown to be either unchanged (Liang at al., 1993), or decreased when assessed
in the presence of an inotrape (Ramo, 1987a) in untrained animals following
androgenic sieroid adminstration, and is reduced in exercise trained animals
(Karhunen et al., 1988, Liang at al., 1993, Ramo et al., 1987b). Only minor
alterations in indices of diastolic function have been found in humans {Urhausen
at al., 1989), Nevertheless, the interpretation of the data obtained in these studies
is obscured by a number of inadequacies. These include the use of load and heart

rate-lependent meastres of cardine mechanizal performance employed by these
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authors (Karhunen et al., 1988, Ramo et al,, 1987a,b), the inability of these
authors to accountt fo. variations in LV geometry between animals or individuals,
or petween groups of animals or humans (Kerbunen et al., 1988, Liang at al.,
1993, Ramo et al., 1987ab, Urhausen at al., 1989), and lastly the distinct lack
of, or inadequacies in, measurements used to evaluate diastolic mechanical
performance (Karhunen ef at,, 1988, Liang at al,, 1993, Ramo et al., 1987a,b),

The aim of this study was therefore to examine the effect of chronic
administration of supraphysiologicat doses of an androgenic steroid cornmonly
abused by athletes on prefoad and heart rate-independent measures of L'V diastolic
and systolic mechanical perfotruance that are insensitive to increments in afterload
(Kass et al., 1993, Sagawa et al., 1988) and account for differences in geometry.
These measures wers assessed from data obtained both in vivo in anaesthetised
open-chest ventilated rats, as well as ex vivo in an isolated, congstant flow perfused
LV preparation in both the presence 1nd absence of an adrenergic stimutus, Both
in vivo and ex vive approaches were employed to account for the limitations that

each approach has alone.

2.2 Methods
2.2.1 Experimental groups

Ninety five male Sprague Dawley rats (OLAC, UK) weighing 150-250 g
- were used for this study. Rats were randomly divided into two groups: steroid and
control, The steroid gronp (n=49) received an intramuscular injection of the

androgenic-anabolic steroid, nandrolone decaroate (ester-4-en-3-ong, 17-[(1-
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oxodecyloxyl-, (178)-178-hydroxyester-4-en-3-decancate -Deca  Durabolin,

Orgaron), biweekly into the quadriceps femoris muscle at a dose of 5 mg/kg. The
control group (n=46) received a biweeldy injection of arachis oil with 10%
vol/vol bengyl aleohol, the vehizle for the androgenic steroid. Steroid and vehicle
administration continued for a 3 menth period and rats received standard
laboratory rat chow and water ad Ubitum throughaut this study. All rats were

housed in a room that was lighted between 0600 and 1800,

2.2.2 Body weight and composition and gastrointestinal energy absorption.
Body welghts were measured weekly in a random sample of 25 steroid
treaied and 23 control rats. A random sample of 10 rats from the steroid group
and 10 control rats were placed in metabolic chambers for 4 days before the end
of the experiment, Focd consumption and faecal weight were measured over a 3
day perind after a 24 hour adapiation period in the chamber. Gastrointestinal
energy absorption was celculated from the difference between energy consumed
and fuecal energy output, Food and fhecal energy were measured using bomb
calorimetry (DDS CP300 Calorific Value Processor, Digital Data Systems).
The percent lean body mass was measured in these same 10 rats in each
group at the end of the metabolic study with the use of a whole body scanner
(model SAZ, EM Scan)(Waisberg, 1988). Rats were anaesthetised with xylazine
(10 mg/kg) and ketarnine-HC1 (45 mg/ke) to immobilise them during the scanning

procedure, Lean body mass and fat mass was calculated from the percentage of
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the body weight measuced a5 lean tissue (fai-free mass) and the percentage

measured as fat tissue respectively.

2.2.3 Systolic blood pressure and heart rate

Systolic blood pressure and heart rate were measured :ortnightly using a
technique previously described (Bunag, 1973). Briefly, rats were trained in stocks
prior to the first measurement of systolic blood pressure in order to allow them
to adapt to the procedure. Using a tail cuff plethysmographic technique,
measurements wers taken on prewarmed conscious rats, Each read® ., taken
at midday to avoid diurmal variation and the mean of three measurements was

recorded,

2.2.4 Measurements of LV mechanical performance

Left ventricnlar systolic and diastolic mechanical performance wers
assessed in steroid treated and control rats in vive, in anaesthetised, open-chest,
artificially ventilated animals, and ex vivo using an isolated, constant flow
perfused, artificially paced, isovolumic heart preparation. The advantages of
measurements made in vivo include the assessment of mechanical performance
with relatively intact muonomic and other neurohumoral systems, the presence of
2 biood perfusate and measurements performed In a filling and ejecting
preparation. The advantages of the ex vive preparation include tneasurements

performed at controlled heart rates and coror., fivwy, dinct wmasures of LV
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filling volumes, the absence of anaesthetic effects and the exclusion of

neurohumoral influences.

2.2.4.1 Left ventricular performance as assessed in vive

At the end of the three month steroid and vehicle treatment peried,
measurements of cardiec function were performed on a sample of rats from the
2 groups (steroid; n = 30, control; n = 30) in vivo, Rats were anagsthetised with
fentanyl-droperidel (0.02 mg fentanyl and 1 mg droperidol intramuscularly,
‘Janssen Pharmaceutica), A catheter was inserted into the right carotid artery for
the measurement of systolic, diastolic and mean blood pressure as well as heart
rate. A tracheostomy was performed and the animals were positive pressure
ventilated (Harvard Apparams, South Natick, Mass., USA} with room air. The
anirnal’s core temperature was monitored with a2 rectal thermometer and
maintained within a physiological range with a table heater,

A second dose of anaesthetic (0.01 mg fentany! and 0.5 mg droperidol)
vas administered intravenously. A midsternal thoracotomy was performed and the
parietai .pericardium dissected free from the heart. Room air was supplemented
with oxygen to maintain arterial partial pressure of oxygen (PaOz). Pa0, was
mensured using 2 Corning model 168 (Corning, MA, USA) blocd gas analyzer
from carotid artery blood samples collected into 100 zl heparin coated capiflary
wbes, A dextran 70 solution in §,9% NaCl {Baxter) with KCl, 4.7 mmol/f~,.
MgSO,, 1.1% mmol/et; and CuaCl,, 2.5 mmol/l, warned to 35-37°C and

buffered wizh NaHCO, to a physiological pH as previously described (Norton et
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al., 1993) was infused to maintain mean blood pressure, which decreases with
thoracotomy. The tip of a 23 gauge needle attached to a saline filled FP50
polyethylene catheter, coupled to a Statham (P23AA) pressure transducer, was
inserted into the apex of the LV, directed toward the base of the heart, secured
and used to record LV pressure (LVP), including L.VEDP, Prior to performing
these experiments, the amplitude-frequency response of the fluid-filled catheter
system, inclnding the pressure transducer and its dome was assessed as previously
described (Norton et al., 1997}, Catheter and needle combinations were only used
if amplitude-frequency responses were shown to be flat to 10 Hz.

In order to measure LV dimensions in vive, the technique of
sonomicrometry as first described by Rushmer and Franklin, 1956 and later
refined by this gronp (Franklin et al., 1962) was employed in this study. This
.' a;pproac}i which was originally developed for large animal studies has
subsequently been modified by cur group in order to avoid having to suture
ultrasonic transducers to the LV-wall, which in our hands results in decreases in
systoli¢ performance, or to glue the transducers to the LV wall which has proved
to be of limited success in our hands because of the difficuities in positioning two
piezoelectric transducers that are sufficiently aligned to obtain sipnals throughout
the cardiac cyele. The two devices manufactured in ot laboratory by Dr. G,
Norton for measuring LV long axis segmental length r;hanges and LV short axis
diameter changes throughout the cardiac cycle in the rat LV allow for a

practically “"user friendly" and reproducible approach to sonomicrometry in
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rodents {Trifunovic et al, 1995, Woodiwiss and Norton, 1995), These

approaches, as applied to the study described in this thesis are as follows.

In a random samiple of rats from each group (steroid; n = 18, conwrol; n
= 16}, two 30 gange needles, each attached to an arm of 2 metal hinge (Figure
2A), were inserted ¢o a similar wall depth in the long axis of the anterolateral LV
wall in order to measure LV segmental length changes throughout the cardiac
cycle. Left ventricular segmental length changes were measured with piezoelectric
transducers attached ¢o the opposite arms of the metal hinge. The metal hinge was
designed so that changes in the distance between the two 30 gauge needles was
reflected in changes in the distance between the transducers attached to the
opposite arms of the metal hinge. The distance between the piezoelectric
transducers was precalibrated to accurately measure the. dit-aee between: the
needles. A medium for ultrasonic signals to transmit between the transducers was
provided by suspending ultrasonic jelly {(Aquasonic Parker Lahoratories Inc.,N.J.,
USA) betvwen ther. The ability of ultrasonic signals to be transmitted through
this mediuin was checked during the experiment by monitoring signals on an
oscilloscope (88-5710 oscilloscope, Iwatsu electric Co.Ltd, Japan). The distance
between the transducers was measured  with .a Tritor Technology Inc,
sonomigrometer (San Diego, Cal, TISA).

In the yemaining rats in the two groups on wvhich cardiac performance was
assessed i vive (steroid; n o= 12, control; n = 14), LV short axis external
diameter, rather than long axis segmental length changes were measured. The

device designed 19 enable us to use sonomiciometry to measure shott axis changes
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Figure 2. Schematic diagram of A: the device used for the measurement of LV
long axis segmental length changés during the cardiac cycl* using sonomicrometsy
and B: the device used for the measurement of LV short axis diameter changes
during the cardiac cycle using sonomicrometry. *x' apd "y" are the transmitting
and the receiving ultrasonic transducers respectively. Typical traces of LVP, LV
diastolic pressure and LV anterolateral wall segmental length or short axis
diameter changes with inferior vena cava occlusion are provided, Original traces
of short axis external diameter measurernents during i.v.c. occlusion are provided
on page 164 of appendix B. '
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throughout the cardiac cycle is illustrated in figure 2(B). This system allowed for

ultrasonic signals to be transmitted directly across the short axis of the heart. At
the end of each experiment, the positioning of the anterior and postericr wall
transducers was checked at post-mortem to ensure that the positioning was similar
in all experiments. The position of the anerior transducer was found to be 4-5
mm inferior o the pulmonary artery and to the left of the left anterior descending
coronary artery. Using this device I was able to ensure that the piezoelectric
crystals followad the myocardiuth closely during LV filling,

in a pilot experiment, our group has validated the use of this technique by
correiating the LVED diameters (LVEDD) measured using this system with
simuitaneous LVEDD measurements obtained after suturing the transducess to the
myocardium. The snfured transducers used were fi;ced to the myocardivm adjacent
to the pair attached to the device designed in our laboratory. In all of these
experiments, [ found that suturing the transducers resulted in a decrease in aortic
flow as measured using a Marcomatic electroinagnetic flow probe (Narce Bio-
Systems, Houston, Texas, USA). However, the mean correlation co-efficient for
"sutured” versus “cradle” measurements in 6 rats in which these measurements
were successfully performed, was; r = 0,989 =+ 0.001 and = 0.980 3+ 0.002.
The limits of agreement determined according te the method of Bland and Altman
(1586) for the measurements obtained with the "cradie" were 0.078 mm below
and 0.055 mm above thé measurements obtained with the sutured transducers.

Recordings of LVP, LV long axis segmental length and LV short axis

diame_ler were made on a Hellige Servomed recorder (Freiberg, FRG) and a
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Beckman Type R411 Dynograph Recorder, Left ventricular pressures were

amplified to a range of 0-15 mm Hg on a separate channel on the recorder in
order to accurately measure diastolic pressures. Calibration of diastolic pressures
in em H,0 waz schieved using & water filled "U-tube” and these values were
subsequently converied into min Hg. Further information on calibration technigues
and equipment specifications is included in appendix E and F (pages 167-168),
Cardiac dynamic responses were measured during infenor vena cava (i.v.c.)
~ocelusion in crder to obtain a rang . of end diastolic and end systolic lengths and
pressures. Vena caval occlusion was achieved by compression of the vessel using
a blunt edged artery forceps, A baseline (prior 1o i.v.c. occlusion) filling pressure
of approximately 10 mm Hg was obtained in all rats by infusing the dextran 70
solution described above via the carotid catbeter. Examples of typical traces of
cardiac dynamic responses to vena cava occlusion using either the device
construzted o mensure long axis segmental length or the device constructed to
meass. ¢ external stort axis diameter changes are illustrated in figure 2 and in the
appendix B (page 164), No significant alterations in heart rate occurred while data
used in the final analysis were recorded. If changes in heart rate were noted,
blood volume was reduced by withdrawing 4-6 mis from the carotid arterial
catheter until LVEDP values were approximately 5-6 mm Hg and the
measurements repeated during i.v.c, occlusion over a lower range of preloads.
Data was 1ecorded during i.v.c. occlusion a minimum of three times on each rat

. to ensure reproducibility,
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Diastolic cardiac performance

Left veptricular end-diastolic performance was assessed in a mmber of
ways. Long axis segmental length values were corrected for the variability of
unstressed LVED lengtlss (LVEDL at an LVEDP of 0 mm Hg = LVEDL,)
between individual rats using the following equation: LVEDL-LVEDL/LVEDL,,.
Corrected LVEDL (which is equivalent (o LVED strain} versus LVEDP rela.dons
were copstructed and the slope of the linearised relztions used as an index of long
axis LVED stiffness.

Left ventricular ED chamber stiffness (k) was assessed from the slope of -
the linearised L.VEDP versu$ LVED calculated internzl diameter relation. Left
ventricular ED internal diameter was determined as twice the internal radius (R),
which was calculated using the equation given on page 161 of appendix A. As
discussed on pages 42-47 of the literaturs review, LVED chamber X is influenced
by a number of factors including cardiae geometry (Gilbert and Gilantz, 198§,
Mirsky, 1979). Left ventricular ED myocardial k, which tekes into account
possible differences in cardiac wall thickness and internal radius between the
groups and the variability of cardiac geometry noted between individual animals,
was determined from the slope of the linearised LVED stress versus LVED strain
relation {Mirsky, 1976), Left ventricular ED strain wes calculated wsing the
equation given on page 162 of appendix A. A thick walled spherical model of
cardiac geometry wes assumed in the calculation of wall siress {Bums et al.,

1991, Mirsky, 1976, Sagawa et 51.. 1988, Shroff and Motz, 1989, Weber et al.,
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1988). Left ventricular ED wall stress was calculated from equation 1 of appendix

A (page 161).

Systolic cardiac performance

Left ventricular systolic performance was also assessed using a pumber of
approaches from LV long axis segmental length and LVP measurements, Left
ventricular pressure-length area (P-L. AREA) was used as an index of stroke work
and was ealeulated as the area of the pressure-se;gmenml length loop (Glower et
al., 198%) for each beat during vena cava occiusion. The P-L AREA was related
to both LVEDP and to J.VED strain {indices of preload-recruitable stroke work)
{Glower et al., 1985, Norton et al.,, 1993). The LV end-systolic pressure
(LVESP) versus corrected LVES length (LVES strain) refation was used as an
index of LV end systolic elastance (L'V Ees) and thus LV contractility. Left
ventricular ES strain {corrected length) was calculated froin the equation given on
page 162 of appendi: .. The slopes of the linearised P-L. ARBA-LVEDP, P-L
AREA-LVED cotrected segmental lenght (LVED strain) and LVESP-LVES
corrected segmental leng;h {LVES strain) relations were used for staﬁstical

comparisons between groups.

2.2.4.2 Left ventricular performance as assessed ex vive
At the end of the 3 month period of chronic androgenic steroid or vehicle
administration, LV mechanical performance was assessed ex vivo in a sample of

rats from each of the steroid treated (n=10) and vehicle treated control (n=D)
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groups. Rats were aniaesthetised with an intraperitoneal injection of ketamine HCI
(75 mzikg) nd xylazine (15 mg/ke). The hearts were then exciced and
immedixtely rinsed in ice-cold physiological saline solution (PSS). Hearts were
perfused retrogradely at a constant flow with 37°C PSS contai ung {in mM): NaCl
118, KC14.7, CaCl, 2.5, NafICO, 25, KH,PO, 1.2, MgSO, 1.2, and glucose 10
at a pH of 7.40 gassed with 95% 0,-5% CO,. The coronary flow rate was
determined volumetrically and adjusted to achieve an approximate flow of 12
ml/min/g heart weight, according to the estimated weight of the heart measured
immediately after excision from the thorax with large vessels and pericardium stil}
attached. The corpnary perfusion pressure was monitored from a side arm of the
aortic perfusion cannula with a Statham P23 transducer. The hearts were paced
at 300 beats/min with the voltage at 10% above threshold via platinum wire
electrodes attached to the left airium and the apex of the heaxt.

Peak systolic LV pressure (LVP,) and LV diastolic pressures were
determined using # water filled balloon-tipped cannula (coupled to a Gould P50
pressure transducer) inserted via the left atrium into the LV cavity. A thin-walled,
latex balloon with a filling volume beyond maximum LV lumen capacities was
selecied for this study in order to avoid the stiffness of the balloon wall
contributing toward LVP at higher filling volumes. The volume of the balloon
wall was assessed using a water displacement technique. Left ventricular pressuras
and coronary perfusion pressures were recorded using a Fellige Servomed
(Freiberg, Germany) polygraph. Left ventricular pressures were amplified to a

range of 0-30 mm Hy on a separate channel on the recorder in order to accurately
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measuie diastolic pressures. Calibration of diastolic pressures in cm Hy0O was
schieved using a wvater filled "U-wbe" and these values were subsequently
converted into mm Hg, A micromanipulator was used to gradually increase LV
volumes to values which no longer resulted in ipcrements in LV developed
piessures. Left ventricular pressures were determined at as many muliiple small
increments in volume as were practically possible in order to improve on the

aceuracy of curve fitting during later analysis.

SyStolic and diastolic cardiac performance

Left ventricular systolic chamber petformance, as assessed from ex vive
measuremenis, was determined from the tlope of the peuk systolic pressure-
volume (P~ V) relationship (E,..,}(Sagawa et al., 1988, Weber et al., 1088}, Lefi
veniricular systolic myocardial performance, as assessed from ex vivo
measurements, was determined from the slope of the linearised peak systolic
stress-strain relationship (E"..) (Weber et al., 1988). Peak systolic stress and
strain were calculated from previously described equations (Weber et al., 1988),
assuming a thick-walled, spherical LV geometry {Bums'et al., 1991, Bagawa et
al., 1988, Shroff and Motz, 1989, Weber et al., 1988), using formulae as
described on pages 161 and 162 of appendix A. Peak systolic pressures, as
opposed to peak sysiolic developed pressures, were used to construct the LV Py,
v relation,. as we assumed that diastolic stiffness would contribute toward systolic

stiffness, and hence performance.
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LV diastolic chamber and myocardial performance (stiffness-k) were
determined using the same approach and using the same equations as for the
assessment of systolic chamber and myocardial performance, except that diastolic
pressures were used in place of systolic pressures in the relations constructed and

the calculations performed.

Systolic and diastolic performance in the presence of an adrenergic stimulus

Subsequent to measuring P, at incremental LV volumes in isolated
perfused hearts in order to determine baseline E,,, and E,,, isoprotereno] (ISO-
1095 M) (Sigma) was infused in a solution containing 0.1% sodium me¢abisulfate
(Sigma) at 1% of the coronary flow rate in order to achieve a final concentration
of ISO of 10°* M., Left ventricular Pm. and diastolic pressure measurements at
incremental LY volumes were subsequently repeated in the presence of IS0 in
order to determine LV E_,,, B, and LV diastolic and systolic chamber and

myocardial k¥ during & controlled adrenergic stimulus,

2.2.5 Veatricular diastolic geometry

In order to determine the effect of the androgenic steroid used in this study
on left ventricular geometry, LV wall thickness (h) to radius (R} ratios were
calculated over a range of LVEDPs and strains from measurements of short axis
external diameter made on intact, beating rat hearts and post-mortem LV weights.
Left ventricular "R" and "h" were calculated using equations provided in appendix

A (pages 161-163),
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Iu a randomly selected sample of 8§ rats from each of the steroid weated

and control groups, hearts were perfused with a PSS solution containing a K*
concentration of 15 mmol/l in order to induce cardiac arrest in diastole, After
fixing the K* arrested hearts in formalin, the LV was separated from the rest of
the heart and maximum longitudinal and transverse diameters measured using
callipers with a vernier scale. The ratio beiween the two diameters was then
calculated in order to evaluate whether chanees in LV long to short axis ratios

had occurred subsequent to chronic administration of nandrolone decanoate.

2.2.6 Biochemistry, histology and heart weight.

At the end of the cardiac performance experiment conducted in vive, rats
were exsanguinated under anaesthesia and the hearts were extirpated and weighed.
The LV and septum was dissected free from the right ventricle (RV) and weighed.
A portion of the LV and RV was dried at 100°C for 48 hours to calculate dry
heart weijght,

Tissue samples were collected from the anterior lobe of the liver, fixed in
formalin and embedded in paratfin in a random sample of rats from each of the
steroid freated and control graupsl. Secrioﬁs were cut and stained with
haematoxylin, eosin and a reticulin stain for microscopic examination,

In a separate group of steroid {n = 9) and control (n = 7} rats, blouri was
taken from a PP50 polyethylene catheter implanted into the carotid artery under_
apacsthesia (0.02 mg fentanyl and 1 mg droperidol) for the measurement of
plasma testosterone, blood glucose and free fauy acid concentrations, The blv .

samples were spun at 3000 g for 15 minutes, the plasma removed and stored at -
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20°C. Plasma testosterone (Coat-A-Couni, total testosterope, veterinary

application: Diagnostics Products Corporation, Cal,. USA). blood glucose
{glucose oxidase, Glucoxact, Clinical Sciences Diagnostics, Sovth Africa), and
non-esterified fatty acid (NEFA) concentrations were measured using standard
commercial kits and assay technigues. NEFA's were extracted from plasma as
chloroform soluble copper salts and the concentration determined using a

photometric technique.

2.2.7 Data analysis and statistical comparisons
Data analysis

Regression analysis was used to determine the lines of best fit for the
caraiae function relations.

In vive data. The LVEDP-LVED strain/or internal diameter and the
LVED stress-LVED strain relations were found t« best fit an exponential
function: LYEDP (or LVED stress) = b,exp'™ LVED el dansierswainl which was
linearised: In LVEDP (or LVED stre#s): Inb 4+ m (LVED strein/inernsal
diameter) for statistical analysis. The P-L AREA-LVEDP relation best fitted to
a linear function (y = mx + b). The exponential function y = mx® was found to
best fit the P-1, AREA-LVED strain and LVESP-LVES strain relations, which
were linearised (log y = mx + b) for staristical analysis. ..

Ex vivo data. The LVEDP-LVEDV and the LVED stm-LVﬁb strain
relations constructed from data obtained in isolated, perfused heart pfﬁsatations

were found to best fit exponential fianctions: LVEDP (or LVED stress) == b.exp““-
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LVEDV/ amint  which were linearised: In LVEDP (or LVED siress) = Inb + m

{LVEDYV cr strain} for statistical analysis. The systolic LV F_,,-V relations were
linear. The systolic LV stress,,-strain refationships wece found to best fit the
following equation: Stress,,, = . '™ which was linearised (In stress =
+m.strain+1nb) for statistical comparisons betw.en the siopes (E"..0).
Statistical comparisons qnd agsessments

On regreésion analysis, an r vaive of > (0,95 was comsidered to be a good
fit. Comparisons of the slopes (m) and the hitercepts (b) of the cardiac function
relations were made between proups using the unpaired Student’s -test, The same
statistical procedure was used to establish differences between the groups for body
weight (BW), baseline haemodynamies, heart weight, the radius to wall thickness
ratio at increasing LYEDPs or LVED strains, the ratio between longitudinal and
transverse LV diameters, systolic blood pressure (SBP) at the end of the three
month trestment period, hoart rate (HR), plasma testosterone, biood glucose and
plasma free fatty aeid concentrations, gastrointestinal energy absorption, food
consumption, fat mass,lear: * ~dy mass and % lean body mass. A pzﬁred Student’s
1-test was used to determine the effect of 1045 M ISQ on the slope of the cardiac -
function or linearised rardiac function relations assessed ex vivo. A repested
measures ANOVA followed by a Student-Newman-Keuls post hoc test was used
to compare systolic biood pressures and body weight over the three month
treatment period, AHl values in the text are piesented as a mean i+ SEM.
Numbers in parentheses in the figures and the tables are sample numbers. A

probability value of <0.05 was accepted as sfatistically significant.
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2.3 Results

2.3.1 Chronic androgenic steroid administration decreases somatic growth
Nandrolone decancate administration suppressed the growth of rats from
week 7 uatil the end of the study as compared to control animais (Figures 3 and
4). The reduction in body weight was neither a consequence of differcuces in
daily food intake (g of food/72 hours/100 g body weight) (steroid = 16.7 + 0.3,
coptrol = 15.9 + 0.3), nor differences in gastro-intestinal energy ébsorption
(kJ/100 g body weight/24 hours} (steroid = 39 & 7, control = 46 + 5). Plasma
testosterone concentrations (nmol/l) were markedly decreased as a result of
exogenous steroid administration (steroid = 2.43 4 0,33 ; control = 5,55 +
0.53 : p<0.01) which may have contributed, in part, toward a decreased somatic
growth. The decreased plasma testosterone concentrations indicated that &
supraphysiological, rather than a physiological dose of the androgenic steroid was
administered. The decreased growth was not associated with differences in fat
versus protein metabolism, as the percentage lean body mass was similar between
the steroid treated and control groups (steroid = 93,9 + 0.91%. control = 93.4
+ 0.79%). The calculated lean body mess {g) and the ralculated fat mass (g)
were markedly decreased by steroid administration (san body mass: steroid =
335 & 7, contre]l = 477 4 15, p<0.001; fat mass: sts*";:‘)ld = 21.9 & 3.3,
conirol = 33.4 & 3.6, p<0.035). Histopathological analysis of the liver samples
showed no hepatotoxic changes and hence alterations in body weight are unlikely

to be atteibuted to a chronic active hepatitis.
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Figure 3. Photograph of a control (A) aud nandmlone decanoate (steroid) treated

+ (B} rat fliustrating the effect of the androgenic steroid on body size,
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2.3.2 Androgenic steroid effects on heart weight, systolic blood pressure and

heart rate.

Total wet and dry heart weight and LV weights were significantly
decreased in the group receiving the androgenic steroid (Tabie 1), The change in
heart weipht is likely to reflect a decrease in growth induced by the anabolic
steroid, However, there were no differences in RV weights between the groups
(Table 1). The total heart weight expressed as & percentage of body weight was
increased in the steroid treated group (Table 1).

Heart rate and _systolie blood pressures were not different between the
groups at .~ y time period during the study, including at the termination of the

experiment {Table 1).
2.3.3 Androgenic steroic effects on LV performance

Systolic and diastolic performance dotermined from long axis segmental
Iength measurements it vive. |

Chronic androgenic steroid administration produced a leftward shift in the
LYEDP-LVED corrected long axis segmental length (LVED striin) relationship
as compared to the control group (Figure 5, upper panel). The slope of the
linearised LVEDNP-gtrain relation (LVED &) was enhanced in the steroud treated
group of rts (’fable 2). This did no. ocear because of differences in the baseline

LVED needle distance as the unstressed LVED segmental length (LVEDL,) was
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Table 1. The effect of a biweekly 3 month period of nandrolone decanoate (steroid) adininistration on wet and dry heart weight
(HW), systalic blood pressure (SBP) and heart rate (HIR) in rats,

HW HW/BW LYW RVW | SBP HR
(@) (%) wet (g) dry (g) wet () dry (@  (mmHg (beats.min?)
Sterold group 1.26 0.29 0.89 0.198 0.34 0.077 12043 411 %8
(n=25) £ 0.03% 4+ 0,004* + 0.03% 4 0.005* + 0.02 + 0.003
Contro] group 1.44 0.27 1.04 0.239 0.37 0.086 123 4.2 392 £+ 11
(n=23) +£0.04 £ 0.005 + 0.03 + 0,006 + 0.02 + 0.003

LV, left ventricle; RV, right ventricle.
HW/BW, wet heart weight/body weight.

® p<0.01 Shemld versus Control
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inearised relations are summarisea in Table 2.
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Table 2. Slopes (m} and intercepts (b) of the linearised relations of figures 5, 6

and 8,
Slope Irtercept
(m) (b
Fignre §
In LVEDP=!n b+m (LVED straim
S0k gnonp (=18} 11.62 # 0.83% 0.50 4 0.10
““puitrol sroup (n=16) 7.26 + 0.44 0.60 + 0.08
log LV = m {LYES strain)+b
Steroid group (n=18) 0.90 + 0.33 1.72 4 0.05
Controt group (n=16) 1.06 + 0.15 1.65 £ 0.02
Figure §
In LVEDP=1n b+un (LVED INT D)
Steroid group (n=12) 1.48 + 0.04> 8.1+03
Control group (n=14) 1.06  0.09 59 £ 0.7
in LVED stress=In b-+m (LVED strain) |
Steroid group (n=12) 54.3 £ 4.0% 0.158 + (.13
Control group {n=:14; 35,6 £ 3.1 0,407 & 0.17
Figure 8
P-L AREA = m (LVEDP) + b
Steroid group (n=13) 1.76 1 0.08% 3.94 4 0.60
Control group (n=16) 2.25 +0.12 3.51 £ 0.88
log P-L AREA = m (LVED strain)+b
Steroid group (n=18) 1.57 + 0.24 1.02 + 0.003
Control group {(n=16) 1.01 % 0.24 1.07 £ 0.05

LVED INT D, left ventricular end-diastolic internal diametey; LVEDP, left
ventricular end-diastolic pressure; LVED strain, left ventricular end diastolic
strain; P-I. AREA, pressure length area (index of stroke work); LVESP, left
ventricular end-systolic pressu-e; LVES strain, left ventricular end-systolic strain.

*p < 0.0], Steroi” versus conirol.



77
stmilar between the groups (LVEDL;: steroiu . . * 09 4 0.24 mm; control = 5.2

+ 0.16 mm},

The slope of the LVESP versus LVES straiz relation (Figure 5) was
concave toward the LVES strain axis, consistent with the shape of the contractility
curves obtained by Santamore et al. (1991), There were no statistically significant
differences between the slopes of these linearised relaticus between the two
groups (Table 2). Hence, this index of LV contractility was unaltered by
androgenic steroid administration, An analysis of the heart rates between the two
groups, immediately prior o and during i,v.c. occlusion revealed no significant
differences between the groups. Thus, the effect of alterations in hicart tate on

cardiac contractility did not mask differences between the groups.

Disstolic performance determined from sbort axis dimension measurenents
in vive

A left shift of the LVEDP versus LVED internal diameter relation was
noted in the steroid treated group as compared to the control group (Figure 6,
upper panel). The left shift in this relationship was the consequence of an
increased slope of the relationship (Table 2). The increased slope of the linearised
LVEDP-LVED internal diameter relationship indicates an increased LVED
chamber & (LVED chamber stiffness-Figure 7). The LVED stress versus sirain
relationship was also shifted to the left following chronic androgenic steroid

administration (Figure 6, lower panel). This altered retationship between LVED
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values calenlated from LV short axis external diameter measurements. The slopes

of the linearised relations are given in table 2 and figure 7.
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stress and strain was also the consequence of an increased slope of the

relationship (ED myocardial k) (Table 2 and Figure 7).

Preload-recruitable stroke work determined frem long axis segmental length
measurements ir vivo.

The androgenic sterold decreased the slope of an index of preload-
recruitable stioke work when LVEDP was used as an index of ventricular filling
(Figure 8 and Table 2), However, no difference in the slope and intercept of the
linearised function of the stroke work-I1. VED coirerted segmenral length (strain)

relation was noted between the groups (Figure 8 and Tzble 2).

Left ventricular diastolic performance as determined ex vive.

In keeping with results obtained in anaesthetised, artificially ventilated,
open-chest raic, nandrolone decancate administration produced & left shift in both
tie LV diastolic P-V and stress-strain relationship as determined in isolated,
constant flow perfused, heart preparations (Figure 9). The left shift in the latter
relations was in part & consequence of an increased slope of these relations (slope
of the linearised diastolic P-V and stress-strain refations are given in Table 3 and
Figure 7) and hence because of ﬁ steroid-induced increase in LVED chamber and
myocardial £ (Table 3 and Figure 7), In addition, the left shift in the LVED
pressure-volume relationship following steroid administration was also as a

consequence of smalier hearts, as evidenced by 4 reduced volume intercept
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of the diastolic P-V relation (V at an LVEDP of { mm Hg -Vy) (steroid = 0,236

4+ 0.001 mls, control = 0.294 + 0.004 mis, p<0.001). The differences in
diastolic performence noted between the groups cammot be attributed to
discrepancies in coronary flows (sals/min/e heart weight) (steroid = 12,3 4 €.5,
control = 12 - 0.5) or coronary perfusion pressures (mm Hg) (steroid = 82 +

6, control = 78 + 4) between the groups.

Left ventricular systoli_c performarice as determined ex vive in the absence of
an adrenergic stimulus,

The LV peak systolic P-V relation (P,-V) as assessed ex vivwp at '
controlied corouary flows (coronary flow values are given above) was shifted to
the left in rats receiving nandrolone decancate (Figure 10, apper panel). This
steroid-induced left shift in the P~V relaion was partly as a consequence of a
modestly increased stope (B,,,,) of the relationship (Table 3} indicating a beneficial
acrion of nandrolone decanoate on systolic chamber perfurmnnce. Howeaver, the
major reason for the steroid-induced left shift in the P,V relationship was
becaunse of effects of the androgenic steroid on 17 pgeometry. The volume
intercept (V at a P, of 0 mm Hg) of the P,V relationship was reduced in
steroid treated rats (stereid = 0.098 £ 0.005 mis, control = 0,118 + 0.003 mis,
p<0.05). Furthermore, the modest differences in E,, noted between steroid
treated and controf rats was accountzd for by converting the data to LV stress, -
sirain refations (Figure 10, lower panel) as the linearised slopes of these relations

(B} (Table 3} were the same when comparing the steroid treated and control
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Table 3, Slopes (m) and intercepts (b) of the [inearised relations of figures 9, 10,
11 and 12.

Slope Intersept
(m) {b)
Figure 9,
In LVEDP = Inb + m (LVEDV)
Steroid (n=10) 16.74.1.6™ -1,96+0.41
Conirol (n==9) 2004 -1.14£0.15
In LVED siress = Inb 4+ m (LVED strain)
Steroid (n=10) 504" 0.2140.18°
Control (n=9) 24541 0.8440.07
Figure 10,
LVSP,x = m{LVV) + b
Steroid (n=10) 1086 491" (B 104414
Control (n=9j 850438 (B0 9947
LV ..ess,, = m (strain) + Inb
Steroid (n=10) 18.342.4 (E"..) 5.84+1.6
Control (n=9) 19.242.1 (B0 54413
- Figure 11,
LVSP ., =m(LVV} + b
Conirol (n=9) . 850438 (E..) -994.7
Control 180 (0=9) 1203 141M (B -180) -147+7°
Steroid {n=10) 108691 (E..) ~104::14
Steroid ISO {n=10) 1094453 (- IS0) -10u:19
Figurs 42,
LV stress,,, = m (strain) + Inb
Control (n=9) 19.242.1 (E) 54413
Control 180 (0=9) 25.6.4£1.9" (B, -ISQ) 5.7+0.9
Steroid {(n=10) 1834624 (B 58416

Steroid ISO (n=10) . 18.541.57 (B,-1SO) 6.4+1.1

B = slope of the LV systolic pressure-volume relation (chamber systolic
performance); E",.,, = slope of the LV systolic stress-strain relation (myocardic .-
systolic performance); ISO, isoproterenol; LVEDYV, left ventrienlar end diastolic
volume; LVEDP as in Table 2; LVSP,, LY peak systolic pressi. «; LV stress,,,,
LV stress at peak systolic pressure; LVV, LV volome.* p<0.05, ** p<0.01,
Steroid versus control.} p<0.02, 4+ p<0.0001, Control ISQ versus control.

# p<0.009, Steroid ISO versus control ISO.
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vade in Table 3,
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groups.

Left ventricular systolic and diastolic performance ac determined ex vive in
te presence of an adrenergic stimulus,

Isoprotereno! (10%° M) infusion shifted the LV peak systolic pressure-
volume relation (P,,-V) to the left and increased the slope of this relation (E,)
in control rats, but not in rats receiving nandrolone decanocate (Figure 11, upper
panels and Table 3). In contrast to the steroid-mediated increase in E,,, as
assessed at baseline, as a consequence of the isoproterenol-induced increase in
E,. in control rats, but not in steroid treated rats, no differences in B, were
noted between steroid treated and control groups in the presence of isoproterencl
(Figure 11, Table 3).

Congruous with the response of LV systolic chamber performance to
adrerergic stimulation, the isoproterenol infusion resulted in a left shifted LV
gystolic stress,, -strain relation and an increased slope of this relation (E",,,) in
control rats, but not in steroid treated rats (Figure 12, upper panels and Table 3).
As a consequence of differences in adrenergic responsivencss, chronic steroid
administration resulted in a decreased E°,., as determined in the presence of a
controlled adrenergic stimulus in comparison to the control grouh (Figure 12,
lower panel and Table 3).

Isoproterenol infusivn to steroid treated rats failed to alter LV diastolic

chamber or myocardial stiffess constants in steroid treated rats (LV diastolic
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chamber & mm Hg. mi’, before ISO = 15.7 & 1.6, after ISO = 12 4 1.7;

myocardial diastolic k- g.cm®, before 1SO = 50.4 + 4.3, after ISO = 42.4 &
2.8),

LV gvometry as determined in diastole,

Predictably, calculated LV wall thickness to radius ratios (WR), as
determined over a range of LVEDPs and steain values, decreased with increasing
filling pressures in both the steroid weated and the control groups (Figure 13).
However, no significant differences in h/R were noted between the groups over
the range of filling pressures or strains examined (Figure 13), In addition, no
differences in long to short axis internal radius ratios were noted between steroid
treated and control groups as determined from longitudinal and transverse LV
internal diameter measurements in K+ arrested hearts (Jongitedinal to transverse
LV diameter ratio: steroid = 1.2 + 0.05, control = 1,12 + 0.04). Hence, the
decreased cardiac growth that occurred subsequent to chronic nandrolone
decanoate administration failed to influence LV geometry as determined at end

diastole,

2.3.4 Myocardial energy suhstrates
The androgenic steroid failed to alter either blood glucese (miol/l)
(steroid= 4.2 + 0.2; control= 3.9 4 0.3) or NEFAs (mmoi/l) (sterdid== 0.37

4 (.055; control= 0.44 % 0.065) concentrations.
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2.4 Discussion

The main findings of this study are as foliows, Supraphysiological doses
of an androgenic steroid (i.e. sufficiently high enough 1o produce suppression of
circnfating testosterone concentrations) resulted in a decrease in somatic and
cardiac prowth, a marked increass in LV diastolic stiffness as assessed both in
vivg and ex vive, but a preserved myocardial systolic mechantcal performance as
determined i vivo as well as ex wivg in the absence of a §-adrenoceptor stimulus
in sedentary rats. Alternatively, myocardial systolic mechanical performance as
determined ax vivo in the presence of a controlled f-adrenoceptor stimuius was
reduced following chronic androgenic steroid adminisiration. Andvogenic steroid-
induced alterations in LV chamber diastolic stiffness (slopes of the linearised
diastolic P-D and P-V relations) were attiibuted to increases in myocardial
stiffness (slopes of the linearised diastolic stress-strain relations) and not to
alterations in LV geometry (LY wall thickness 0 radiug ratios) which were
similar between steroid treated and control groups as determined over a range of
LV filling pressures. These data do not preclude the possibility that similar effects |
on LV mechanical performance might cecur with longer periods of treatment at

lower doses of androgenic steroids.

Androgenic steroid effects on growth.
An androgeaic steroid-indoced decrease in somatic growth as demonstrated

in this study is in agreement with studies conducted in male rats treated with
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androgepic steroids (Yu-Yahiro et al., 1989). In the study described in this

chap'er, the steroid-induced decrease in growth was not as a consequence of a
reduced food consumption or a vecreased gastrointestinal energy absorption.
Koschakian and Endahl (1959) suggested that excess androgens leading to a
greater use of body fat may be responsible for weight reduction. This suggestion
is however unlikely as an equivalent decrease in both lean and fat mass occurred
in rats treated with an androgenic steroid,

Other factors responsible for the decreased growth inchude a suppression
of endogenous sex steroids, such as testosterons, as demonstrated in this study,
ot suppression of other growth factors such as somatomedins. Other authors have
~.".0 demonstrated a decreased plasma testosterone concentration in response fo
androgenic steroid administration {(Remes et al., 1977, Stromme et al., 1974).
Exogenous oral adminisiration of androgenic steroids is known to produce
hepatotoxic changes (Mooradian et al.; 1987), which in turn may decrease the rate
of hepatic synthesis of somatomedins. The latter explanation, is however unlikely,
as no histological evidence of hepatotoxicity was noted in my study. Other likely
explanations for the decreased growth that [ have not expiored inciude either
down-regulation of cytoplasmic steroid receptors in target cells or a decreased

recepior response to exogenous as compared o endogenous androgens,

Androgenic steroid effects on blood pressure,
Androgenic steroid abuse is associated with hypertension in humans

(Kuipers et al., 1991, Lenders et al., 1988). Previous studies have demonstrated
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that treatinent of rats with methyltestosterone and methylandrostenediol can induce

hypertension (Molteni et al., 1969). My study failed to show alterations in systolic
blood pressure in response to androgenic steroid administration, I therefore cannot
attribute the increase in LVED stiffness to chronic alterations in ventricular
systolic Joading conditions although LV systolic stress was not determined in
intact rats, The most likely reason for the disparity between my results and other
authors with regards to blood pressure effects, is the difference in the type of
androgenic steroid and the treatment regime used. The hypertension produced in
other studies may in part be explained as a consequence of repal damage in the
steroid treated rats (Molteni et al., 1969, Skelton, 1953}, in my study I did not

assess renal function,

Androgenic steroid effects on vardiac weight and geometry.

The heart weights of the steroid treated rats were significantly smafier than
that of the control rass, probably reflecting a decreased total body growth.
However, the heart weight to body weight ratio increased with steroid
administration. It has previously been demonstrated that a decrease in the growth
rate of rats is associated with a normal heart weight to body weight ratio (Van
Liere and Northup, 1957). Hence, it is Hkely that the androgenic steroid has
produced effects on cardiac protein turnover that may be different to the effects
on the rest of the body. Androgenic steroids have been demonstrated to alter
cardiac growth by modifying protein anabolism and catabolism (Kinson et al.,

1991), However, in the study by Kinson et al. {1991}, the effects of anabolic
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steroid treatment on prepubertal cardiac growth and on cardisc hyperirophy in

response to chronic aortic constriction was investigated. In the study described in
this thesis, rats were treated post-pubertally, and surgery to induce an increase in
afterload to the LV was not performed.

Data obtained from echocardiographic smdies suggests that androgenic-
anabolic steroid abuse in body-builders augments cardiac hypertrophy induced by
their training regimes (De Piccoli et al., 1991, Urhausen et al., 1989), this being
accompanied by diastolic cardiac dysfunction (Urhausen er al,, 1989). As the
study by Vrhausen et al. {1989) was in weightlifters and body-builders, it is
difficult to separate the effects of steroids from those of exercise training.
However, other authors have reported on no changes in LV morphology in
athietes nsing androgenic steroids (Salke et al., 1985). Nevertlieless, the study by
Uthausen et al. {1989) raises the question as to whether diastolic abaormalities
subsequent to sterold abuse occour as a consequence of an enlarged heart or
because of alternative changes. In the study described in this thesis, nundrolone
decanoate administration alone was able to produce diastolic mechanical

abnormalities without changing LV geometry as ussessed in diastole.

Androgenic steroid effects on diastolic mechanieal performance
A steroid-induced increase in the slope of the LYEDP versus LVED
corrected segmental length relations (fong axis segmental length measurements in

vivg), LVEDP versus LVED internal diameter relations (short axis dimensjor
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meusurements in vivo), LVEDP versus LVEDV relations (ex vivo measurements)
and LVED stress versus strain relations caleulated from both in vive and ex vive
messurements, indicates npequivoc .y that the androgenic steroid used in this
study has produced a marked increase in LV stiffness, This in tun was
responsible for the reduced overall cardiac performance as assessed by the P-L
AREA versus LVEDP relation (preload-recruitable stroke work index),

The increased LV diastolic stiffness following chronic nandrolone
decanoate adrrinistration to sedentary rats in this study is in conirast to the lack
of effect noted by Liang et al. (1993), Possible explanations for this discrepanﬁy
include differences in the effactiveness of the androgenic steroid used in tlie two
studies, as well as an inadequacy in the analytical approach employed by Liang
et al. (1993) (see chapter 1, pages 35-37). In our study nandrolone decanoate _
produced marked and reproducible decreases in somatic and cardiac growth which
were not apparent in sedentary rats in the study by Liang et al. (1993). In
addition, the diastolic P-V relations obtained by the Iatter authors {Liang et al.,
1993) showed an upward and leftward shift in the steroid treated group, but the
anthors failed tc assess the slopes of these relations. Furthermore, these authors
(Liang et al., 1993) failed to assess diaétolic stress-strain relations.

Left ventricular end diastolic stiffness may be infiuenced by a number of
different factors, including pericardial, pleural and lung forces, the interaction
between ventricular forees in diastole, viscoeiastic forces, diastolic suction forces,
coronary vascular engorgement, aiterations in ventricular geometry, and changes

in intrinsic myocardial passive or active properties, As LV chamber and
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myocardial performance was assessed in open-chest rats, after a parietal
pericardectomy, as well as in isolated, perfused heart preparations, the infiuence
of pericardial, pleural and lung forces, as well as the effect of RV diastolic forces
on the LV diastolic P-V relation may be ignored (rev- Gilbert and Zilantz, 1989).
The extent io which changes in viscoelastic forces contribute toward ventricular
diastolic stiffness in noymal or diseased hearts has not been determined (rev-
Gilbert and Glantz, 1989). As suction forces are likely to contribute toward
diastolic P-V relations mainly in the early, but not in the later phase of diastole
| {rev- Gilbert and Glantz, 1989), and the androgenic steroid increased LV stifiness
.t'n vivo at end diastole, it is unlikely that suction forces can account for the
differences in diastolic performance noted between the groups in this study.
Coronary engorgement is determined b aortic perfusion pressures at the orifice
of the coronap; vesgels (rev- Gilbert .nd Glantz, 1989). Arterial blood pressures
were not significantly different between the groups for any given LVED strain
{index of filling volume) as determined in vivo {data not shown} and coronary
perfusion pressures were matched between groups in the gr vive preparation.
Hernce alterations in coronary vascular engorgement are unlikely to explain the
steroid-indoced incremenmts in diastolic siitfaess noted in this study. Contequently,
the factors which need to be considered that might explain the diastolic
performance changes that occur following chronic administration of nandrolone
decanoate include alterations in either _mynganiial passive and active properties or

geometric influences.
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An increasz in the slope of the LVED stress-strain relation {the myocardial

clastic stiffness constant), as a consequence of chronic administration of
nandrofone decanoate, indicates that the androgenic steroid increased myocardial
stiffmass. The LVED myocardial elastic stiffness constant is 2 measure of LV
stiffness which accounts for the influence of alterations in ventricular geometty.
Hence, it is likely that the changes in LVED chamber stiffoess subsequent to
steroid administration were in part the result of alterations in LV myocardial
properties,

Steroid administration failed to influence ventricular wall thickness to
radius ratios as determined over a range of LVEDPs and LVELD strain valucs, In
addition, there were no significant differsnces between the steroid trented and
control groups in the ratio between longitudinal and transverse 1.V diameters as
determined in hearts arrested in diastole. Hence, the steroid-induced increase in
LV stiffness is not attributed to an impact of ventricular geometry. Consequently,
the increased diastolic stiffasss constants produced by chronic adminisiation of
the androgenic stervid can only be attribwted to changes in myocardial wall
properties.

The possible changes in myocardial tharacteristics responsible for the
increase in myocardial disstolic stiffpess include alterations in either passive
(collagen) or active (relaxation) properties, Amdrogenic steroids have been
demonsteated to increase myocardial collagen content {(Takala et al., 1991j. In
addition, androgenic-atabolic steroids increase the mobilisation of intracellular

caleium stores and calcinm juiiux from the extracclivlar space (Koenig ¢f ol.,
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1589). An increase in the cyiop'smic calcium concentration during diastole may
decrease the extent of ventricular relaxation. This in turn would impair veniricular
filling and th~ ‘ter diastolic stiffness (vev- Gilbert and Glantz, 1989). The
possible esplanation for the increased Ca®* fiuxes produced by androgenic
steroids has been suggested by Woenig et al. (1982, 1989). These authors
demonstrated that rapid, {ransient polyamine synthesis is essential for androgenic
stimmlation of Ca®* influxes. These alterations in polyamine synthesis are as a
result of androgenic steroids acting on wheir receptors in cardiae myocyies,

A possible down-regulation of 8,-adrenoceptors or changes in post-receptor
events may also explain the diastolic abnormalities noted in this study, Data
obtained by Ramo (1987a) and myself (this study) have demonstrated decreased
inotropic responses to isoproterenol as a result of androgenic steroid
ad:ﬁinistra:ion. If these changes are the consequence of z decreased myocyte
intracellular ¢cAMP concentration, one may speculate that this will lead to a
depressed SR Ca®* ATPase activity, This in turn could produce an increased
cytosolic Ca** concentration during diastole and decrease ventricular relaxation,
Huowever, in this study an increased myocardial stiffness constant was noted when
assessed in the gv vive preparation in the absence of an adrenergic stimulus.
Hence, in our study, it is unlikely that changes in f#,-adrenoceptors or post-
receptor events would explain the alterations in diastolic performance notec.

It may be argued that a decreased encrgy availability as a result of
androgenic steroid administration may alter the active relaxation properties of ihe

myocardinm and hence decrease the extent of LV relaxation. Cardiac relaxation
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relies on the energy requiring Ca®* ATPase dependent process of SR Ca** uptake

during diastole. However, in my study, hood glucose and plasma fres fatty acid
concentrations were unaltered by steroid administration. In addition, previous
studies in rats have demonstrated that cavonlc starvation does not influence the

end diastolic P-V relation (Penparghkul et al,, 1980).

Androgenic stereid effects ou systolic mechanical performance

LVESP versus LVES sirain, ML AREA versus LVED strain, LVP,,,
versus LVV and IV stress,,, versus strain relations and the slopes of these
relations were either unchanged or modestly enhanced following chronic
androgenic steroid administration to rats. Thus cardiac contractility, as assessed
in the intact, but anaesthetised rat, as well as ex vivo in the absence of an
inotropic stitaulus, was not attenusated by anabolic steroid treatment, These data
are consistent with the findings obtained in an isolaied, isovolumically beating left
ventricular preparation in androgenic steroid treated rats (Liang et al., 1993).

Although the slope of the P-L, AREA versus LVEDP felation was reducec
suhsequent to steroid administrwion, this finding is untikely to be attributed to a
decreased myocardial contractility, The index of LV Fes used in this study, which
was determined from data obtained simultaneously with the values used to assess
the PL-AREA-LVEDP relation was umhaﬁged in the steroid treated group, Xt is
therefore likely that the decreased slope of the index of preload-recruitable stroke

work refation following chronic administeation of an androgenic steroid, is the
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result of an increased LVED stiffness, rather than a depressed cardiac
contractility.

Lefi ventricular E",.. was reduced in steroid treated rats as assessed in the
presence of a controlled adrenergic stimulus, The latter results are consistent with
the decreased inotropic response to isoproterencl infusion noted in dog hearts after
chronic nandrolone decanoate administration as demonstrated by Ramo (1987a).
However, unilike Ramo (1987a) who used load and heart rate-cependent measures
of systolic cardiac performance in their study, I was able to show that the steroid-
induced Jdecrease in adrenergic-inotrople responsiveness was a consequence of
alterations in myocardial contractile performance as opposed to an effect on the
LYV mediated through differences in load or heart rate, The sterofd-induced
decrease in myocardia) contractility, as assessed in the presence but not in the
absence of an adienergic stimulus, suggests that changes in B-adrenoceptor
sensitivity/affinity or post-receptor events, but not myofilament performance have

occurred.

Potential study Xmitations.

No aitempt was made in my study to block neurobumoral responses to
acute decreases in preload when systolic performance was assessed in vivo. This
may have masked changes in myocardial contractility. However, I adopied an
approach designed to avoid the influence of these responses on measures of
systolic performance. Data was collected over a brief time period within which

autonomic responses are untikely to produce cardiovascular effects. Indeed, heart
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rate did not change for the duration of data collect.on, indicating minimal

neurohumoral influeices.

No attempt was made in my stmdy to assess systolic myocardial mechanical
performance over a range of isoprofereno! concentrations. However, in a pilot
study 1 noted that higher concentrations of isoproterenol resulted in LVP,,,, values
at a balioon volume of 0 mls that were too high to allow for accurate P,,,,-V and
Stress,,,-strain relations to be constructed. In addition, by assessing myocardial
performance at baseline I was able to draw conclusions about myofilament
contractile performance as opposed to S-adrenergic receptor or post-receptor
(second messenger) events.

In my study I did not measure indices of ventricular relaxation. These
measures indicate alterations in the rate rather than the extent of ventricular
relazation. The rate of ventricular relaxation influences the P-V relation during
early diastole, whereas the extent of relaxation influences this relationship at the
end of diastole (rev- Gilbert and Glantz, 1989). In addition, measures of the rate
of ventriculer relaxation are often difficult to interpret a5 they are not only
indicative of changes in myocadial diastolic properties. The rate of ventricular
relaxation depends to & large extent on the ability of myocyies to shorten to less
than equitibrivm lengths at the end of systole. This stores encrgy, which during
isovolumic mlaxatiun generates suction forces (rev~ Gilbert and Glantz, 1989).
‘The ability of myocytes to shorten is in turn dependent on myocardial contractile

(systolic) properties. In addition, the rate of ventricular relaxation is also
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decreased by an increased ventricular afterload. a decreased heart rate and a
decreased preload,

The calculation of ventricuiar wall stress is based on 2 thick walled
spherical mode} of veﬁtricular geometry (Mirsky, 1976, Sagawn et al,, 1988,
Weber et al,, 1988). This assumption may influence the interpretation of my
results as this model of ventricular geometry underestimates wall stress (Janz et
al., 1980). However, it has also been demonstrated that the thick walled spherical
versus elliptical models of ventricular gecietry yield similar values for the slope
of diastolic stress versus strain reiations (regional myocardial elastic stiffness
sonstant) (Fester and Samei, 1974, Janz et al., 1980), I was not interested in
comparing the absciute diastolic wall stress between the steroid treated and
control gronps, but rather the elastic stiffness constant. In addition, the same
errors in calculating ventricular wall stress would have been made in both groups

by assuming a spherical as opposed to an elliptical geometry.

2.5 Conclusions

The results obtained in this study indicate that chronic administration of
supraphysiological doses of an androgenic steroid that is commonly used by
athletes 1o improve muscle strength increases LVED chamber stiffness through
alterations in diastolic myocardial properties in rats. Despite these changes, the
androgenic steroid failed to influence indices of myocardial contractility as
measured in anaesthetised, open-chest, artificially ventilated rats and in isolated

perfused hearts in the absence of an adrenergic stimulus, However, in the
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presence of a controlled adrenergic stimulus ex vivo, a decrease in myocardial
contractile performance was noted in steroid treated rats, The increase in cardiac
stiffness may be a consequence of changes in either myocardial passive (collagen)
or active (rulaxation) properties produced by the stercid, The steroid-induced
decrease in myocesdial systolic performance as assessed in the presence of, but
not the absence of an adrenergic stimulus, sugpests & steroid mediated decrease

in @-adrenergic receptor responsiveness or alterations in post-receptor events.
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CHAPTER 3

High dose androgenic steroid-induced effects on ventricular diastolic stiffness

and geometry following habitual exercise in rats.
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3.1 Introduction

Exercise training resulls in an enhanced LV systolic performance (rev-
Blomgvist and Saitin, 1983) possibly through changes in LV size (De Maria et
al., 1978) mediated through an increased blood volume (Convertino et al., 1980),
Chronic high dose androgenic steroid administration, an approach which is
frequently used by attletes or bodybuilders to enhance muscle strength or bulk
(Bower and Reardan, 1972, Casner et al., 1971, Crist et al., 1983, Fahey and

. Brown, 1973, Golding et al., 1974, Johnson and O'Shea, 1969), has been shown
to attenuate the improved systolic mechanteal performance that ocours subsequent
to exercise training in animal models (Elarkmaen et al., 1988, Liang at al., 1993,
Ramo et 2l., 1987b). However, except for one study, which was limited by the
inadequate analytlcal technique;s employed, and hence failed to adequitely address
the question (Liang at al., 1993) there are no investigations examining the effect
of high dose androgenic steroid administration on L'V chamber and myocardial
diastolic mechanical performance in exercised animals,

An attenvated LVED chamber and myocardial stiffness has recently been
shown to occur following chronic habitual exercise in both rodents (Woodiwiss
and Norton, 1995) and in humans (Levine «u 8., 1991), These exercise-mediated
decreases in LVED chamber and myocardial stitfness are thought to be beneficial
during acute bouts of exercise as they allow for increments in filling volumes
without producing marked changes in filling preséures (Levine et al., 1991,

Woodiwiss and Norton, 1995). However, the potential beneficial effects of
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habitnal exercise on LY diastolic performance might be reduced in athletes that

abuse androgenic sterpids. As indicated in chanpter 2 of this thesis, the most
profound cardiac mechanical change that occurs subsequent to chronic
administration of supraphysiological doses of andiogenic steroids in sedentary rats
is an inereased LV diastolic chamber and myocardial stiffness.

Therefore, the aim of this stndy was to examine the effect of chronic
administration of high dose androgenic steroids on the diastolic performance
changgs that ocour subsequent to prolonged exercise. I used a rat model of
" habitual exercise which has previously been shown by investigators _in our
laboratory to decrease diastolic chamber and myoc: s | stiffness (Woodiwiss and

Norton, 1995).
3.2 Methods

3.2.1 Experimental groups

| Male Sprague Dawley rats (OLAC, UK) weighing 75-90 g were placed in
voluntary exercise wheels for training selection, Training selection was carried 6ut
as previously described (Woodiwiss and Norton, 1995). Forty of Seventy rats
which ran on average more than 2 km/day over a 10-day period were chosen for
the study. Seiected rats were rahdomly divided into an exercised group receiving
the androgenic steroid (n=11) and an exercised group receiving the vehicle of the
androgeni¢ steroid (n=10}, a sedentary steroid treated group n=10) and a

sedentary vehicle treated group (n=10). The exercise steroid treated and excreised



107

control group were allowed to voluntarily exercise for 16 weeks before cardiac
function was measured. The steroid treated group and exercise steroid treated
group received a biweekly injectior of the androgenic steroid nandroione
decanozte, as previously described (chapter 2, pages 53-54). The exercised and
sedentary control groups received 2 biweekly injection of arachis oil with 10%
(vol/vol) benzyl alcohol, the vehicle for the androgenic steroid, as previcusly
described in chapter 2 (page 54). Nandrolone decancate and vehicle infections
were started when rats reached 150-250 g, approximately 3 weeks after exercise
had been initiated. The sedentary steroid and control groups were housed without
access to exercise wheels, Steroid and vehicle administration continued for a 3
month period and rats recefved standard laboratory rat chow and water ad libitum
throughout this perfod. All rats were housed in a room that was lighted between
0600 and 1800. Body weight, systolic blood pressure snd heart rate were

measured in all rate using techniques previously described in chiapter 2 (page SS).

3.2.2 Habitual eMe pr-fenol.

The exercised steroid treated and exercised control rats were housed in
sep:;trate cages attached to exercise-training wheels designed in our Jaboratory (see
Figure 14). Rats had free ncoess to the training wheels through ar opening
between the cage and the » 3 circumference of the wheel was 1 m, and
the wheels were designed to airow rotetion in only one direction to prevent
coasting or unmeasured nining. Distance, speed ind duration of exercise were

monitored using Cateye Micro Cyclocomputers (CC-60CG, Cat Eye Co. Ltd,
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Figure 14, Photopraph of an example ot on: of the exercise training wheels used
in this study, It consists of a cage, a wheel with stopper aliowing rotation in orly

one direction and a counter to measure distance and speed.
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Japan}, The average distance min over the 16 weeks was 2,15 4 0.13 kin/day for

the exeised steroid traated group and 2.30 -+ 0.24 knv/day for the exercised
conitrol rats. The average speeds were 1,09 4 0.05 km/h and 1.02 3 0.09 km/h,
for the exercised steroid tieated and exercised control groups respectively. Neither
the average distance run, nor the average speed were statisu.ally different
between the grbups. Rats were atlowed to exercise for four months and no
significant decrease is. .aily performance was noted. [t has been shown that
moderately high levels of chronic exercise can be maintained for up to 7 mouths
in rats that are preselected for their desire to run (Mondon at al., 1985}, Lambert
and Noakes (1990} showed that » significant training effect by increasing maximal

oxygen consumption would occur in ruts that ran more then 1.66 km/day.

3.2.3 As<essment of LV diastolic performance and LV geometyy,

Bocavse of the limited number of training wheels available, it was not
possible to empioy larger sampie numbers and hence a variety of wehniques to
measure LV performance and geometry. Therefore, in this siudy I chose to ase
the »mestletised, artificiatly ventilated, open-chest approach to ossessing LV
dias*olic performance and geometry in rats, The isolated perfused heart
preparation was not seleeted as the mensurement technigue of choice becanse of
= unphysiological natare of assessing mechanical performance and geometry in
isavolumnic preparations. Only LV short axis diameters and LVEDPs were
meastred, rather than 'hmg axis segmntal leagth c}mngés together with LVEDPs

bevavse of insufticient sample nambers available, LV short axis rather than long
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axis dimensions were measured as LVED stress can be calculated from short axis
dimension, but nuc long axis segmental length measurements. The surgery,
instrumentation, evperimental techniques and caleulations used. in the present
study to examine diastolic cardiac performance i snaesthetised. open-chest,
ventilated rats have previously been described in chapter 2 (pages 56-62). At the
end of the three month period, those hacmodynamic parameters that were
necessary to caleulate left ventricular chamber and myocardial stiffness were

successfully measured in all rats,

3.2;4 Data analysis

Statistical and analytical methods used in this study have been described
in chiapter 2 (pages 68-69). Briefly, regression analysis was used to determine the
lines of hest {it for LVEDP versus LVED internal diameter and LVED strexs
vorses strain refations, These relations were linearised for statistical analysis as
previously described (chapter 2, page 68). Left ventricular stress and strain valucs
were caleulated as described in appendix A (pages 161-163). Left ventricular wall
thickness (h) and internal radius (R) were calculated at incremental LVEDPs using
those forrmulae provided in appendix A (pages 161 and 163). Comparisons
between the groups were made using a Tukey’s test. Values in the text are mean

+ SEM. A p value of < 0.05 was accepied 3¢ statistically signifiveat,
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3.3 Resulis

Heart rate and systolic blood pressures were not significantly different
between the groups at any time period during the study, including at the

terminaticn of the experiment {Table 4),

Androgenic steroid and exercise-induced effects on L'V morphalogy.

Habitual exercisv remudted in an increased heart weight, and LV wet and
dry weights in both exercised steroid trested and control groups (Table 5).
Huwever, consistent with data described in chapter 2, androgenic steroid
administration atone resulted in a reduced heart weight, and LV and RV (data not
shown) weight in comparison: to the other gtoups (Table 5).

The exercised steroid treated group had larger unstressed LVED internal
iiameters (i.e. LVED internal diameter at an LVEDP of 0 mm Hg = LVEDDy)
in comperison to the other groups (Figure 15}. indicative of eccentric LV
remodelling. In addition, although wall thickness to radius ratios (h/R-refative
wall thickness} were increased foilowing exercise training in the untreated group
(Figure 15), which indleates the presence of concenwrie LV remodeiling, h/R in
the exercised steroid treated group was similar *o sedentary rats (Figure 15),
despite the increased LV weights. The lack of change in relative wall thickness
in exercised rats receiving an androgenic steroid, despite an exercise-induced
inerease in LV weighy, indicates that the androgenic steroid bas changed the

exercise-mediated concentric 1LV geometry to an eccentric pattern.
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Table 4, Systolic blood pressure (SBP) and heart rate (HR) in exercise steroid

treated, exercised control, sedentary stefoid treated and sedentary control groups

of rats.

32) HR
(mm Hg) {beats/
min)
Exercise steroid 11443 384412
{n=11)
Exercise control 11643 421410
{n=10)
Stereid (n=10) 12716 397423
Centrol (n=10}) 12144 413423
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Table 5. Body weight (BW), wet heart weight (HW), heart weight-to-body weight ratio
(HW/BW), wet and dry left ventvicular weight (LVW) in exercised (Exere.) nandrolone
decanoate (steroid) treated, exercised (Exere.) comtrol, sedentary stecoid treated and
sedentary control rats,

BW  HW LYW HW/
(g) () ' BW

wet (g}  doy (2) (%)

Exerc. 548+ 159+ 1.17% 023+ 0287+
steroid 16 006" 002" 0.005" 0.002"
(n=11)

Exerc. 505+ 144% L1llx 021+ 0.291%
control 15 0.03t - 0.04f 0.006"  0.004'
(n=10)

Steroid 433+ 113+ 0.88%& 0.17% 0.262%
{n=10) 17 0.04" 0.02" 0.003°  0.001°

Control 528+ 130+ .99+ 019+ 0.245%
(n=10 36 (.02 (.02 0.003  0.n4

* p <0.05; steroid versus exercise steroid, exercise control and control

# p <0,01; exercise steroid versus steroid
1 p <0.05; exercise control versvs control

# p <0.01; steroid versus control
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Figure 15, Effect of nandrolone decanoate (steroid) on LYED geometry in
exercised rats, Bar graphs show the wall thickness to radius .ra_tio (relative wall
thickness) as determioed at incremental LVEDPs (upper panel) and LVED
dlameter at a LYEDP of 0 mm Hp (LVEDD,) (lower panel} in steroid treated,
exercised steroid (reated, sedentary control and exercised controf rats. * and 1,

versus the other three groups.
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Androgenic steroid and exercise-induced effecis on LV diastolic performance.

Consistent with data described in chapter 2, androgenic steroid
administration resulted in a left shift in the LVEDP-internal diameter and LVED
stress-sirain relationship (Pigure 16} largely as a consequence of an increased
slope of these relations (Figure 18). In contrast, habitual exercise mediated a riz:lt
shifi in the LVEDP-internal diameter and LLVED stress-strain relationship (Figure
16Y, because of a decreased slope of these relations (Figure 18).

Steroid administration to exercised rats resulted in a right shift in the
LVEDP-LVED internal {Figure 17, upper panel) and external {(appendix C, page
165) diameter relations as compared to exercised and sedentary control rats, This
right shift in the diastolic P-D relations subsequent to steroid administration to
exerciszd rats was attributed to an alered LV geometry, as the LVEDIL), was
right shifted (Figure 15, lower papel). Nevertheloss, consistent with the
previousty described effect of nandrolone decanoais on LVED performance
(chapter 2), the slope of the LVEDP-internal diameter andl the LVED stress-strain
relations was increased in stercid treated exercised rats in comparison to exercised
untreated rats (Figures 17 and 18). The effect of the androgenic steroid or LVED
chamber and myocardial k in exercised rats resulted in similar values for LVED
& when compared with sedentary control rats (Figure 18). Thus, chronic steroid
administration nullitied the beneficial effect of habitual exercise on charaber amd

myoeardial diastolic stiffness in rats.
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panel) and LVED strass versus strain reiations (lower panel). A statistical
comparison of the slopes of the linearised relations of these curves is made in

Figure 18.
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3.4 Discussion

The main findings of this study are that the beneficial effects of habitual
exercise on LV chamber and myocardial diastolic stiffness aic abolished following
androgenic steroid administration to rats, However, the detrimental effects of the
androgenic steroid on LVED chamber and myocardial stiffness in exercised rats
is apparently offset by an aitered LV geometry in steroid treated rats on an
exercise programme, Chronic administration of the androgenic steroid resulted in
eceentric LV remodelling, as determined by increased unstressed LV internal
diamaters, as well as normal relative wall thickness values in the presence of an:
increased LY weight in exercised rats, This was in contrast to concentric LV
changes noted in exercised untreated rats (increased LV weight and LV relative
wall thickness values determined over a range of filling pressures). The
consejuence of the eccenivic remodelling process. produced by the androgex_lic
steroid in exercised rats was a right shift ip the LVEDP-internal diameter
relationship and a reduced LVEDP for a gi- en LVED internal diameter despite

the increased LVED chamber and myocardial stiffness constants,

Exercise and steroid-mediated effects on somatic and LV growth and
remodeiling,

Consistent with data described in chapter 2, steroid administration: to
sedentary rats suppressed both somatic and cardiac growth. In contrast, steroid

administracion falled to alter the development of physiological LVH or somatic
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growth in exercised rats. Hence, androgenic-anabolic steroids have the ability to
produce potential catabelic as well as anabolic cffects on cardiac and somatic
growth depending on the experimental conditions. My data are congroous with
Karhu+en et al. (1988), who described an increase in heart weight associated wid
an exercise programme in rats receiving an androgenic steroid. However, Liang
et al. (1993) found no differences in heart weights subsequent to either steroid
administration or chronic axercise. This disparity is iikely o be due to differences
in the exercise protocols employad (voluntary training whee! as nsed by us versus
forced treadmill exercise as used by Liang et al., 1993} and the frequency of the
steroid administration (biweekly as used by us versus once weekly used by Liang
et al., 1993), |

In this study habitual exercise resulted int LV hypertrophy (LVH) in both
the steroid treated and. the untreated groups of rats. However, LVH in tha
exercised steroid treated group was associated with an eccentric remodelling
process as compared to the concentric LVH changes noted in the exercise
untreated grovp of rats. Although LVH following running training is thought to
produce eccentric, rather than concentric remodelling (De Maria ef al., 1978}, the
LV geomeiric changes that are measured at rest might simply reflect differences
in blood volumes (Convertino et al., 1980) ﬁnd hence LV filling volumes at the
time of measurement, rather than myocardial remodelling. Following habitual
rnning in rodents, our group has previously shown that LV relative wall
thickness is increased after habitunl exercise (Woodiwiss and Norton, 1995). The

exercised-tnduced concentric remodelling noted in the study described in this
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chapter confirms the dats previously obiained by aur group (Woodiwiss and
Norton, 1995). Concentric LVH is thought to be the consequence of high
intensity, short duration exercise (Huston et al., 1985). In my study, it is difficuit
o determine whether rats were performing short duration, high intensity exercise,
or endurance exercise. However, with regards to total distances run (greater than
2 km on average each day), it is difficult to believe that the gxercise was high
intensity exercise. In addition, the mean 24 hour running speeds noted in each
group are likely to zeflect Io'w rather than high intensity exercise. Furthermore,
Lambert and Noukes (1990) have shown endurence training effects following
volutltéry running in rats that run on average more than 1.66 km/day, a disiance
well below that achieved by all rats secruited for the study described in this
thesis.

The mechanism by which steroid administration gonvarted the exercise-
induced concentric LVH to an eccentric geometry was not detarmined in this
study. In addition, whether this has potential detrimental effects on cardiac’
morbidity and mortality was also not determined. However, it is well known that
concentric LV remodelling represents a benpeficial process which according to
Laplace’s Law results in decreases in LV stress when LV pressures are increased.
In coﬂtrast. eccentric remodelling and LV dilatation represents an alteration which
fails to maintain norsmal or relatively normal LV stress values when LV pressures
are increased such as occurs during exercise. Hence, it is likely that exercise-
induced increases in LV pressures will result in greater LV stress values if

androgenic steroids are administered in the face of physiological LVH,
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Steroid-Induced effects on cCxercise-medizted changes in LV diastolic

perforinance.

The beneficial effect of exercise on LVED chamber and myocardial
stiffpess was prevented by concomitan: androgenic steroid ardministration to rats.
Exercise-mediated iraprowements in diastolic stiffness are thought te provide for
a reduced LV filliug pressure when filling volumes are increased during acute
exercise (Leving et al., 1991, Woodiwiss and Norton, 1995). Clearly, an
andmgehic steroid-induced increase in LV chamber stiffness would oppose this
effect. However, as the androgenic steroid preduced an eccentric LV geometry,
as determined in diastole, LVED filling pressures were noted to be lower in the
steroid treated exercised group for a given filling dimension. Hence, the
potentially deleterious effect of the androgenic steroid-induced increase in LVED
chamber siiffress in exercised rats was offset by changes in LV diastolic

geometry.

3.5 Conclusions

In a model of exercise that sesults in LV remodeling consistent with
stfength training, 1 have shown that the beneficial effects of habitual exercise on
LV cuamber and myocardial stiffness are opposed by concomitant androgenic
stercid administeation to rats. In addition, the androgenic steroid modified the
geomeiric changes associated with physibiogical 1.VH. Chronic administration of
ihe androgenic sterold converted physiological LVEH from a concentric to an

eccentric peometry. This change in LV diastolic geometry, produced by the
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androgenic steroid in exercised rats, resulted § . greater filling diameters for a

given LVEDP, and hence nullified the potential defrimental actions of the
androgenic steroid on diastolic P-V or P-I> reiations in exercised rats. Although
the altered LV geometry produced by the androgenic steroid is likely to be
detrimental by producing increeses in L'V wall stress when LV systolic pressures

increase (such as occars in exercise), this has yet to be determined.
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CHAPTER 4

Novel atiributes of an androgenic steroid-induced increase in left ventricular

end diastolic stiffness in rats
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4.1 Introduction

The LVED, as opposed to early or mid-diastolic period of the cardiac
cycle, has always been considered unique in that alterations in the slop. uf the
linearised stress-strain relations calculated from pressure and volume (or
dimension) measurements determined during this period alone (LVED myocardial
stiffness), are thought to rely exclusively on variations in myocardial interstitial
constituents that govern passive properties, rather than on changes in myocyte
active properties. fndeed, alterations in LVED £ in cardiac disease are usually
linked to modifications in myocardial collagen characteristics (Britla et al., 1991,
Mukherjee et al., 1990, Iiomoto et al., 1988, Norton ef al,, 19%3, Norton et al,
1997). The dependence of the LVED stiffness constant on passive properties in
cardiac disease is also exemplified by the lack of data showing an impact nf acute
changes in cardiac dynamics (Ioad, systolic performance and heart rate) on LVED
myocardial stiffness, despite the foad and heart rate-sensitivity of measures of
performance obtained over all other systolic and diastolic portions of the cardiac
cycle. Alterations in cardiac load have only been shown to modify myocardial
diastolic stiffness in instances where stiffness is calculated from measurements
obtained over early and mid-diastolic periods of the cardiac cycle (Komamura et
al, 1992),

Despite the remarkable stability of LYED myocardial stiffness constants
in the face of profound acute modifications in L.V dynamics, in recent years the

dependence of LVED stiffness on ntyocardial passive properties alone in cardiac
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disease has been questioned. In certain circumstances, poorly defined myocyte

cellular events that determine the extent rather than the rate of myocardial
relaxation induce increases in LVED stiffness (rev- Gilbert and Glantz, 1989).
However, to date, only one pathologic.. —“ate (pacing-induced ischaemia) has been
shown to involve alterations in the myocardium that impact on LVED stiffness,
that cannot be ascribed to changes in the interstittum (Appelgate et al., 1990,
Bristow et al., 1970, Dwyer, 1970, Grossman and Mec Laurin, 1976, Takano and
Glaniz, 1995). The cellular changes that might, in part, be responsible for the
increase in LVED stiffness that occurs subsequent to pacing-induced ischaemia
is a decreased activity of the SR Ca** ATPase (SERCA) pump (Kibara et al.,
1989), Indeed, alterations in performance in most other pottions of the diastolic
period of the cardiac cycle are often attributed to changes in Ca** handling
{Gwathmey and Morgan, 1985) through alterations in SERCA activity.

In the previous chapters J have described how an androgenic steroid,
nandrolone decanoate, when administered at pharmacological doses, produces an
increased LUVED chamber stiffness. This increase in chamber stiffness was shown
to be the consequence of an enhanced myocardial stiffness. As androgenic steroids
mediate effects through an action n nuclear receptors, it is possible that the
steroid-mediated increase in end diastolic myocardial stiffness results from
changes in the properties of the myocardial ECM i.e. changes in either total
myovardial collagen concentrations or the relationship of collégen phenotypes
following chronic androgenic steroid administration. It follows that if

modifications in myocardial passive properties account for the steroid-induced
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change in end diastolic performance, reminiscent of most other pathological states
that induce akerations in LVED performance, LVED & would not be altered in
steroid treated rats following an acuie intervention that changes cardiac dynamies.
Alternatively, if alterations in myocardiul passive properties cannot account for
the steroid-induced change in end diastolic performance, the most likely cellular
mechanism that would explain this change is a decrease in SERCA, activity.

In the current study I report on three unique attributes of the steroid-
induced increment in LVED &. First, the steroid-mediated increase in LVED &
was not associated with alterations in the myocardial ECM. Second, unlike the
changes in LVED & noted in spontaneously hypertensive rats (S8HRs) and rats with
diabetes mellitus (DM), the steroid-induced increase in LVED X was sensitive to
acute alterations in cardiac dynamics induced by administration of the Ca®*
channel blocker, verapamil. Third, the steroid-mediated increment in LVED %
could not be attributed to chanpes in SERCA activity, Taken together, these
results indicate that the steroid-induced change in LVED k ¥ the resuit of
alterations in active and not passive myocardial properties, but cannot be

attributed to modifications in SERCA activity.
4,2 Methods
4,2.1 Experimental groups

Seventy eight Sprague Dawley rats (OLAC, UK) weighing 156-2. 5 were

used for this study. Rais were randomly divided into two groups: steroid and
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control. The steroid group (n=40) received an intramuscular injection of the
androgenic-anabolic steroid, nandrolone decanoate as previously described
(chapter 2, pages 53-54). The control group (n=38) received a biweekly injection
of arachis oil with 10% vol/vo: benzyl alcohol, the vehicle for the androgenic
steroid, Steroid and vehicle administration continued for a 3 month period and
rats received standard laboratory rat chow and water ad libitum throughout this
study. All rats were housed in a room that was lighted between 0600 and 1800.

Six 45 week old SHRs, six 45 week old Wistar Kyote controls (WKY),
5 Sprague Dawley rats with streptozotocin-induced DM and 8 euglycaemic
controls were used to evaluate the action of verapamil on LVED & in apimal
models with an increased LVED % associated with alterations in the cardiac
interstitium, Piabeles mellitus was induced with a single dose of streptozotecin,
as previously described {Norion et al., 1996) and cardiac performanc assessed

" after 4 months,

4.2,2 Acute verapamil infusion in androgenic sterold treated rats and ba rats
with an altered cardiac interstitium,

The effact of verapamil on systolic and diastolic cardiac performance was
examined after 3 months of either nandroione decarioate or vehicle injection in 12
steroid treated and 12 control rats, as well as in the SHRs, WKY¥s, rats with DM
and the euglycemic comz:al rats. The haemodynamic effects of verapamil were
assessed in anaesthetised, ventilated, open-chest rats using both piezoelectric

ultrasonic transducers placed across the short axis of the heart and a fluid-filled
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catheter gystem to measure LVESPs agd LVEDPs (chapter 2, pages 56-62). In

a pilot study conducted subsequent to the study described in chapter 2, we were
able to show that piez ‘ectric transducers placed across the short axis of the
heatt follow the heart closely during ejec ion (Norion et al,, 1997}, Hence, I used
LV short axis external diameter measurements o0 assess the effect of verapamil
on systolic performance in either steroid treated rats, SHRs, rats with DM, or
their appropriate controls.

Rriefly, LV systolic and diastolic performance were determined from
LVES stress versrs strain, LVEDP versus LVED internal diameter and LVED
stress versus strain relations, constructed from a range of LVESPs and LVES
externgl diameters as well as a range of LVEDPs and LVED external diameters
obtained during brief periods of i.v.c. occlusion as described in chapter 2 (pages
56-63}. The slop:s or linearised slopes of the LVES stress-strain, LVEDP-internal
- diameter, and LVED stress-strain relations were used to assess myocardial
coniractility (E"), LVED chamber stiffness (£) and diastolic myocardial stiffness
(k) respectively as des.sibed in chapter 2, pages 62-63, and 68-69.

The effect of verapamil on blood pressure, héart rate, LVED chamber and
myocardial /, and E* was determined in steroid treated and control rats, SHRs,
and in mts with DM after the coliection of baseline values. Baseline
measurements during i.v.c. occlusion were repeated 3 times after the injection of
the saline vehicle of verapamil, Verapamil-HC1 (Isoptin, Knoll Pharmaceuticals,
Whippany, NY) at a dose of 5 x 10*mmol/kg and made up in 0.3 mis of a

normai saline solution, was injected through the carotid arterial catheter, At
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between 4-5 minutes post-injection, when haemoedynamic changes had stabilised,
cardiovascular parameters were meusured during i.v.c. occlusion, At § minutes,
a second injection of the same dose was administered and the assessments of
cardiac performance repeated 9-10 minutes from baseline measutements. Cardiac
performance was therefore determined at baseline, after a 5 x 10*mmol/kg dose,

and after a 10*mmol/kg dose of verapamil-HCI in each rat.

4.2.3 Myocardial collagen characteristics.

At the end of the 3 month treatment period, the LV of 10 steroid treated
and 10 control rats was formalin fixed. The collagen-specific stain, Sirius Red
F3BA (Brilla et al., 1991), was used on 5 pm thick, paraffin-embeddzd coronal
sections of the LV obtained from the equator. An entire cross-section of the LY
wail was used for morphometric anzlysis. The eguator was selecied as
representative of the whole LV, From each section 15 fields were randomiy
selecied and aoalysed for collagen volume fraction (CVEF) and 8 fields for
perivascular CVF,

Collagen volume Traction as well as the perivascular CVF was determined
using videodensitometry. Thiz analysis was undertaken on a ¢computer based
fiexible image processing system (FIPS, CSIR, SA) (Figure 19) and an example
of a histological section is provided in Firsn i9. By using grey level
threshoiding, the stained areas were selected and the area fraction (CVEF)Y of

stained versus non-stained tissue determined.
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Figure 19. Photograph of a computer based flexible image processing system
(FIPS, CSIR, SA) {upper panel) and an example of a histological section scanned
with the imaging system (lower panel). The pink stained vissue represents that
poriion of the myocardium made up of collagen. The remainder of the
myocardium is non-collagenous materiai.
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At the end of the 3 month treatment period the LV of a separate group of

15 steroid created and 13 control rats as weil as al} SHRs and their cont...s was
weighed aud stored at -70° for hydroxyproline (HPRQO), collagen subtype, and
coliagen solubility analysis. To determine myocardial HPRO content, tissue was
hydrolysed with 6N HCI at 107°C for 16 hours in evacuated sealed twbes. HCL
was evaporated off from hydrolysed tissue under nitrogen, and the remaining
tissue was redissolved in a buffer (pH 6.0} that has been previously described
(Stegemnann and Stalder, 1967). After centrifugation to remove insoluble material,
myocardial 4-zrans-hydroxyproline concentration was determined by the mcfhod
of Stegemann and Stalder (1967).

The extraction and phenotyping of myocardial collagen was performed
following the procedure described by Mukherjee and Sen {1920) as modified from
Laurent et al, {1981). Briefly, myocardial tissue was first homogenised with
pbosphate buffered saline (PBS) at 4°C and centrifnged. This was followed by
five Qequemial homogenations and centrifugations with 2% sodium dodecyl sulfate

(SDS) to remove non coflagenous proteins, three sequential homogenations and
centrifugations with PBS to remove excess SDS, and two sequential
h-amogeﬁations and centrifugations with acetone. Thereafter the pellet residue was
dried under vacuum. Cyanogen hrbmide (CNBr}if;’O_mgfmi) was added to0 a 1.7
ml suspénsion of the muiﬁed myocardial collages residue (70% vol/vol formic
acid per 100 mg of original tissue). Nittogén gas was bubbled through the
mixture, tubes were sealed and the reaction ailowed to proceed for 18 hours at

25°C. The supernatant was removed and dried under vacyum. Polyacrylamide gel
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glecrropboresis was performed on vertical gels (Mini-Protean II, BioRad
Laboratt .¢.s, Richmond, California) 1.5 mm thick with 15 sample welﬁ;. by
stacking and separating gei concentrations of 3% and 12.5% respectively.
Samples of 15 pg of collagen {determined by HPRO measurements of the
supernitant obtatned afier CNRr digestion) were loaded using a microsyringe.
Siacking was sllowed 10 occur at a current of 25 mA after which the current was
increased to 35 mA. When efectrophoresis was complete (i.e. once the dye maker
had reached 0.5 mm from the bottom of the gel), the gels were stained overnight
in an ac.-ous solution (fi_xative: S50% distilled water, 40% methanol, 10% acetic
acid) containing 0.1% Coomassie Blue (R250), and desteined in fixative for
gevera, aours. Gels were subsequently scanned using a Helena Laboratories EZ
scan (Beauvmont, TX),

Electrophoretic psiterns of myocardial collagen extracts similar to those
previously published oy Mukherjee and Sen (1990) were obtained and the bands
eorrespending to coliagens type I and 13 identified from collagen type 1 (Sigma)
and 1T (Calbiochem) standards (Figure 20). The relative amounts of type 113
collapen were determined from the relationship hetween the amount of collagen
applied to (he gel and the relative area under the demsitomweiry curve
corresponding to bands G [e; () - CB-8] (type I) and Hle, (1) ~ CB-3}{type 1)
{Laurent et al., *981) and band M[e, (UI) ~ CB-5 plus o (I1i) - CB-9] (type IIT)
(Laurent et al., 1981, Mukherjee and Sen, 1990). Bands G,H and M were chosen
because they contain very little interference from comigrating peptides of cther

collagen types. To vanidate the densitometry technique used to calculate the ratio
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Figure 20, Typical separation pattern on SDS-polyacrylamide gel ¢xctrophoresis
of cyanogen bromide digested fragments of myocardial collagen {lanes 1-4 from
left to right). a collagen type I standard (fane 5}, and a collagen type I standard
{lane 6-7). G [, (D -CB-8] {type D}, H[ey, (1) - CB- 3] (type I) and M [y, (H1J) -
CB-5 plus o {III) -CB-9] (type ) bands are the bands used for densitometry

analysis.
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of type LTII collagen, I correlated the peal- areas measured under the densitometry

curves obiained from incremental amounts of collagen standards, with the amount
of collagen loaded onto the polacrylamide gel. These correlations are illustrated
in figure 21 and the correlation coefficients are give:{ in the figure,

The amount of fotal collagen, type I collager and type I collagen
extracted after CNPBr digestion was expressed as a percentage of the collagen
cxiracted after acid hydrolysis. This was used as a measwe of myocardial
collagen solubility and subsequently as an index of the degree of myocardial
collagen cross-linking (Brownlee et al., 1986). I chose to exsmine the degree of
collagen cross-linking using CNBr digests as opposed to neutral salt precipitation
{liomoto et al., 1988) or pepsin digests, as both neuiral salt (Medugorac and
Jacob, 1983} and pepsin (Mukherice and Sen, 1990) result in low myocardial
coliagen yields even in normal rats,

Myocardial collagen advanced glycosylation end product formation, the
collagen changes thought to be responsible for the stiff myocardium in DM
{(Norton et al,, 1996) was determined by collagen fluorescence as previously

Jescribed (INorton et al., 1996) in rats with DM and their appropriate controls.

4.2.4 Sarcoplasmic reticulum Ca** ATPase activity,

At the end of the 3 month treatment period with the androgenic steroid
(n=15) and the vehicle (n==15) rats were euthenased by cervical dislocation, The
hearts were immediately removed and washed with ice-cold saline and weighed.

Sarcoplasmic reticulum vesicles were prepared by the method of Harigaya and
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Figure 21. Correlation bet»een the area under the densitometry curve and the
amuount of codagen standard loaded on the SDS-polyacrylamide electrophoretic

gel. The bands used for densitometry analysis are shown in figure 20,
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Schwartz (1969) with a few mndifications, Briefly, sliced ventricular muccle was
placed in a 4-5 m volume of sc'ution containing 10 mM NaHCO, and 5 mM Na
azide, homogenised on ice, and centrifuged at 8700 g for 20 miuutes, The
supernatant was centrifuged twice more (8700 g for 20 minutes and then at 37000
g for 30 minutes) before suspending the precipitate in a 20 mM Tris-maleate
buffer (pH 6.8) containing 0.6 M KCI. The suspension was recentrifuged at
37000 g for 20 minutes and the harvest precipitate subsequently resuspended in
a 20 mM Tris-maleate buffer (pH 6.8} containing 50 mM KCL.
Calcium-dependent ATPase activity was measured spactrophometrically
using an NADH-coupled enzyme assay {Lopaschuk et al., 1982) within 3 hours
of vesicle isolation. The incubation medium (final volume of 2.5 ml) was
pteiﬁcuhamd at 25°C for 3 minutes and contained; 40 mM histidine-HC! (pH 6.8),
5 mM MgCl,, 5§ mM Tris-ATP, 110 mM KC1, 0.22 mg phosphonenolpyruvate,
0.28 mig NADH, 7 U laciate dehydrogenase and 42 U pyruvate kinase, The
reaction was starte by the addition of 20-40 pg of SR protein. The total Ca®*-
Mg®* ATPage activity was measured in the presence of 0.2 mM
enthyleneglycolbis  (f-aminoethylether)-N,N'-tetraacetic acid (EGTA) and
incremental CaCl, concentrations, Mg?* ATPase activity was measured in the
presence of 0.2 mM EGTA without Ca®*, Ca**-dependent ATPase activity was
caleulated by subtracting Mg** ATPase activity from the total Ca**-Mg** ATPase
activity, The protein concentration of extracted SR, vesicles was measured using

a colorimetric Bio-Rad DC Protein Assay (Lowry et al., 1951),
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4.2.5 Data analysis

Correlations between the area under the densitometry curve and the
amount of collagen standard loaded on the SDS-polyacrylamide electrophoretic
gel was determined using regression analysis. An r value of > (.95 was
considered to be a good fit. An unpaired Smadent's j-test was used to compare
CVF, myocardial HPRO concentrations, collagen phenotype ratios and myocardial
collagen solubility between experimental groups and their respective <ol
groups. A repeated measures ANOVA was uvsed to compare Ca®* and Mg*-
ATPase activity between groups.

Analytical methods used to assess cardiac performance in this study have
been deseribed in chapter 2 (pages 68-69). Briefly, regression analysis was also
used to determine the lnes of best fit for the cardiac function relations. These
relations were linearised for statistical comparisons of the slopes (chapter 2, page
68-69;. Left ventricular stress and strain values were calculated as described in
appendix A (pages 161-162). Comparisons of the slopes of the linearised cardiac
function relations were made between groups using an unpaired Student’s z-test.
The slopes of these functions before versus after verapamil administration were
compared using a paired Student’s #-test with a Bonferront correction. The same
statistical procedures were used to compare cardiovascular haemodynamic
paraineters, body weights and heart weights. Values in the text are mean 3 SEM,

A p value of < 0.05 was accepted as statistically significant,
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4.3 Resuilts

Consistent with results described in chapters 2 and 3, chronic nandrolone
dacanoate administration resulted in a reduced cardiac and somatic growth, but
a normal LV relative wall thickness as determined over a range of filling

pressures in the rats used in this study {(Appendix D, page 166).

Effects of an androgenic steroid on the cardiac interstitium,

Chronic androgenic steroid administration failed to alter the myocardial
CVF or perivascular CVF as determined using flexible image videodensitometry
in rats (Table 6), Moreover, there were no differences between the steroid and
control group of animals in total myocardial HPRO concentrations, phenotypic
expression of myocardial collagen, total coliagen solubility after CNBr digestion,
i.e. an index of collagen cross-linking, as well as the CNBr solubility of type I
and type III cotiagen solubility (Table 6).

Effect of verapamil on “.VED performance in nandrolone decanoate treated
and control rafs,

Consistent with cata described in chapter 2, chronic androgenic steroid
administration resulied in a Jeft shift in the LVEDP-LVED internal diameter
{Figure 22, upper panel) and the LVED stress-steain (Figure 22, lower panel)
relations as compared to conirol rats. The left shift in these curves was associated
with an increased myocardial and chamber stiffness (LVED myocardial and

chamber &) (Figure 23). Acute verapamil administration at a dose of 10
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‘Table 6. Effect of nandrolone decancate (stercid) on interstitial characteristics of

the rat myocardiom.

Steroid Control
Collagen volume fraction (%) 5,611 (10 5.540.6(10)
Perivascular 19.5+1.7 (10) 18.142.2 (10}
Collagen volume fraction (%)
Hydioxyproline {HPRO) 2.98:40.13 (15) 2.71+0.12 (13}
(pglmg dry LV)
Type I/Type Il collagen 2.7340.24 (15)  2.5340.17 (13)
Collagen solubility in CNBr* 404 (15) 4014 (13)

Type | collaven solubility in CNBr**  0.30+0.03 (15)  0.28:0.03 (13)
Type I collagen solubility in CNBr**  0.10:0.01 (15)  0.1250.01 (15)

Values are means + SEM. Vatues in parentheses represent sample mumbers, LV,
left ventricle, CNBr; cyanogen bromide, * is the amount of HPRQ measured after
digestion with CNBr expressed as a percentage of the HPRO extracted with acid
hydrolysis; ** is the amount of type I or I collagen extracted with CNBr
digestion per mg of total collagen extracted after acid hydrolysis. No significant
differences were noted between the groups,
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Figure 22. Line graphs illustrate the effect of nandrolone decanoate (steroid) and
the action of an acute infusion of verapamil (10° mmolikg) in nandrolone
decanoate treated rats on LVEDP versus short axis internal diameter and LVED
stress versus strain relations, A statistical comparison of the linearised yelations

of these curves is made in figure 23,



142

=% e
1.8
e 4 N starold (n=i12)
g o central {n=12)
o
I: "
2o
3 = 12
8k
>
148
k—]
ol T I
65 * A + p0OS
- i s+ pe00N
od
5 50 + +
&
ST o
g 8
= 2w
&
20
3 b
oL M 1

BASELINE 5x10™4 10
verapamil {mmol/kgl

Figure 23. Bar graphs illusirate the effect of nandrolone decanoate (steroid) and
the action of verapamil infusions in nandrolone decanoate treated and control rats
o the slopes of the linearized LVED pr++ . versus short axis internal diameter
relations (upper panel) (LVED chamhet ifiness constant - k) and the LVED
stress versus strain relations (lower r . I3 LVED myocardial stiffness constant -
%), **#refars to differences between steroid and control group, f, 17 refers to
differences afier verapamil administeation as compared to baseline,
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mmoi/kg, but not at a dose of 5x10* mmol/kg (pot i{lustrated), resulted in a right

shift in the LVEDP-LVED internal diameter and LVED stress-strain relations in
steroid treated rats relative to data obtained prior to verapamil administration
(Figure 22). The shift in these curves was the result of 2 decrease in LVED & 1o
values not significantly differemt from controls (Figure 23). Alternatively,
veraparnil failed to influence the LYEDP-LVED internal diameter or the LVED
siress-strain refations in conmtrol rats (not iffustrated). Indeed, LVED & was
unattered by verapamil administration in control rats (Figure 23). Also, no time-
- dependent changes in cardiac diastolic performance were noted following
administration of the vehicle of verapamil.

Verapamil produced a decrease in BP, HR, LVES stress and myocardial
systelic performance (E*) and an increase in LVEDP in both steroid trezted and
control groups (Table 7). The effect of verapamil on these haemodynamic
pacameters was similar between the groups. Hence, differences in the response
of diastolic cardiac performance to verapamil administration in the steroid treated
as compared to the control group, camnot be attributed to differences in either
cardiac systolic respbnsi_w:ness and vascular sensitivity to Ca** channel blockade,
or to differences in the effect of verapamil on systolic loading conditiens or HR.
However, the verapamil-induced decrease in LVED myocardial stiffness in the
steroid-treated rats occurred at a dose associated with a decrease in E", LVES
stress and heart rate. The latter assoctation sugpests that the androgenic steroid
bes induced an increase in LVED stiffness that is sensitive to alterations in

cardiac dynamics.
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Table 7, Haemodynamic changes following infusion of verapamil in 12 nandrolone decanoate treated (steroid) and 12 control rats.

Steroid Control

Verapamil

dose

{menol/kg) Baseline Sxi04 10? Baseline §x10* 103

MAP 8ix3 Tlope1* 50 32% T2 (LA G2 2%

{mm Hg}

Heart rate. 34747 305+46* 2654~ 368+ 10 3233£12¥ 277 46%

{beals/min}

LVEDR 10.840.5 i0.440.3 12,7 +0.3% 10.74+:0.4 11403 12.4 1-0.3%

{mr Hg)

E* (g.cm®) 460453 445 -+56 374425+ - 446462 420-:64 256+ 18*
* LVES Stress . 11743 11234 T gTEn 12345 11943 1001 6%

(g.con?®)

Values are means + SEM. MAP; mean arterial pressure, LVEDP; left ventricular end diastolic pressure. E'; myocardial end systolic
elasiance (ihe slope of the linearised LVES stress-strain relation). *p < 0.05 as compared to baseline. No significant differences were
noted in hemodynamic values hetween control and steroid treated rats at baseline or at both doses of verapamil injected,



143
Effect of verapamil on LVED k in ST¥Ks and in rats with DM,

Although verapamil at a dos? of 107 mmaol/kg failed to irfluence LVED
k in control rats, it may be argued that the action of verapamil on diastolic
performance in steroid treated animals reflects a modulating effect on animals
with an enhanced myocardial stiffness as opposed © & normal myovardial
stiffness.  wever, verapamil at the same dose. failed to alter the left shifted
LVED stress versus strain relations (Figure 24) or the increased LVED & (Table
8) noted in SHRs and in rats with DM, despite similar effects as those noted in
steroid-treated rats on B, HR, LVES stress and E* (data not shown), The lack
of effect of verapamil on the left shifted LVED stress-strain relations and the
increased LVED & noted in SHRs and in rats with diabetes mellitus (DM) is likety
to reflect an inability of a verapamil-induced chaiyge in cardiac dynamic-sensitive
active myocyte processes to impact on collagen-mediated alterations jn LVED k.
Indeed, myocardiaf collagen changes were apparent in both SHRs and in rats with
DM (Table 8). In SEIRs, increases in myocsrdial FIPRQ concentrations, type /L1
collagen ~hienotype ratios and collagen solubility were noted (Table 8), In rats
with DM, en increase in myocardial collagen fluorescerce, an index of advanced

glycosylation collagen ead-product formation, was measured (Tabie 8).

The effect of an androgenie sterold on SERCA activity,
The activity of SERCA, as assessed in vesicle membranes of the SR over

a range of ©a®* concentrations (Figure 25), was not significantly altered by



146

=0 wky lnnsl

& shr (h=6

10 *oshrt 10"‘mmol!kg
voraparnil

LVED STRESS {g.om™)
-4

4 -
L
0 ¥ L] * L ¥ L) b 4+ v 1 T L)
QR0 002 oOR4d 006 OO0 D00 032
LVED STRAIN
125 A
§
[:,: 10.0
=
o 7.5
é .
=
tn 501
@
= g 6—0 contro} {n=4)
ot} 8 dm (nmB)
&=-8 dm + 103 mmol/kg
00 \rmpamul

0000 0016 0030 0045 0080 0075 0.090
LVED STRAIN

Figure 24. Line graphs illustraie LVED stress versus strain relations in
spontancously hypetiensive vtz (shr) (top panel) and in rats with streptozotocin-
induced diabetes mellitus (dmy) (lower panel} as well as the effect of veraparil
(10 mmol/kg) on these relations. wky = Wistar Kyolo control. A statistical
comparison of the linearised relations of these curves (LVED myocardial &) is

made in Table 8.
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Table 8. Myocardial siiffness (LVED myocardial k), the effect of verapamil on myocardial stiffness and myocardial collagen
characteristics in spontaneously hypertensive rats (SHR), Wistar Xyoto conivols (WKY), mats with streptozotocin-induced diabetes
mellitus (DM) and euglycemic controls (CON).

LVED myocardial £ (g.cm™®)
Verapamil dose 0 102 0 10%
{mmol/’kg)
SHR (v &} 24.141.31" 26.341.17 DM (n=3) 45.6+£2.71" 45.345.3°
WEKY i2=06} 17.540.98 CON (n=8) 2481107
Myocardial collagen charzcteristics

HPRO (pg/mg Type I Collagen sohnbility Collagen flourescence

diy LV) (%) (anitsiug HPRO)
SHR (n=6) 4.13+0.30" 9.33+1.3" 17.0%19° DM (n=5) 10.084+0.67
WKY {(n=6) 2.96£0.12 1.940.05 34.6+2.0 CON (n=28) 7.1430.76

LVED; Left ventricular end diastolic, myocardial &; linearized slope of the LVED stress-strain relationship, HPRO; hydroxyproline,
Type V/IIT; ratic between type I and 1Y collagen phenotypes. Collagen solubility; the amount of HPRO measured after digestion with
cyanogen bromide {CNBr) expressed as a perceniage of the HPRO extracted with actd hydrolysis. *p<0.05; SHR and DM versus
their respective controls.
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Table 8. Myocardial stiffness (LVED myocardial &), the effect of vernpamil on myocardial stiffness and myocardial collagey;
characteristics in spontaneously hypertensive rats (SHR), Wistar Kyoto - yntrols (WKY), rats with streptozotocin-induced diabetes
meliitus (DM) and englycemic controls (CON).

LVED myocardial & (g.cm™)

Verapamil dose 0 10? 0 10°
{mmol/xg)

SHR (n=6) 24.1+1.31° 26.34:1.17 DM (n=5) 43,6+2.71" 45.345.3"
WKY (n=6) 17.54£0.98 CON (n=_8) 24.841.07

Myocardial collagen characteristics

HBPRO {(ugimg  Type I Collagen solubility Coillagen flourescence
__ dry LV) N (%) . {units/pg HPRO)
SHR {n=6} ' 4,134-0,30° 9.3+1.3° 17.04:1.9° DM (n==5} 10.0840.67°
WKY (n=6) 2.9640.12 1.94:0.06 34.6+£2.0 CON (n=38) 7.144+0.76

LVED; Left ventricular und diastolic, myocardiat k; linearized slope of the LVED stress-strain relationship, HPRO; hydroxyprofine,
Type VIII; ratio between type I and ITT collagen phenotypes. Collagen solubility; the amount of HPRO measured afier digestion with
cyanoget bromide {CNBr) expressed as a percentage of the HPFRO extracted with acid hydrolysis. *p<0.05; SHR and DM versus
their respective controls.
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Figure 25, Myocardial sarcoplasmic reticulum Ca®* ATPase activity in

naxJrolone decanoate treated (steroid) and control rats, No significant differences

were noted between the groups,
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androgenic steroid administration. In addition, neither Mg?* ATPase, nor Ca**-

Mg®* ATPase activity were altered by nandrolone decanoate {data not shown).
4.4 Discussion

The main findings of this study are that chronic androgenic steroid
administration produces changes in end diastolic myocardial stiffness that are
unique in comparison to alterations in LVED stiffness constants reported on in
ather cardiac diseases. ﬁnlike the increased end diastolic myocardial stiffness
constants noted in classical pathological models of diasiolic cardiac diseage
{(hypertensive and diabetic cardiomyopathies), the steroid-induced increase in end
diastolic stiffness is not associated with changes in the cardiac ECM. In addition,
the steroid-mediated increment in myocardial stiffness was not associated with
alterations in SERCA activity, but is sensitive to acute changes in either systolic

LV performance, LV stress or heart rate.

LV passive processes and diastolic performance.

As indjcated in chapter 2, myocardial factors that may contribute toward
LVED stiffness include changes in either myocardial material properties
(interstitial) or the active properties which determine the exient of myocardial
relaxation (rev- Gilbert and Glantz, 1989), The interstitial nisierial properties that
may influence passive stiffness include changes in total collagen content, its

subtypes, and the extent of collagen cross-linking (Brilla et al., 1991, Mukherjee
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and Sen, 1990, Iimoto et al., 1988, Norton et al., 1996, Norton et al., 1997).
However, chronic andropenic steroid administration failed to influence CVF,
perivascular CVF, myocardial HPRO concentrations, the relation between
collagen type I and type IIT phenotypes, and the CNBr solubility of total, type I
and type il{ collagen, Therefore the influence of alterations in those interstitial
material properties thought to determine passive myocardial stiffness were
ercluded as possible changes that explain the effect of chronic steroid
administration on cardiac diastolic petformance in rats.

It might be argued that changes in the myocardial collagen arrangement,
rather than alierations in totai collagen, it’s phenotypes, or it’s cross-linked
properties may explain the steroid-induced increase in myocardial stiffness.
However, [ have excluded this possibility, as changes iﬁ the arrangement of
myocardial collagen are usually associated with an increased CVF (Jalil et al.,

1989), and the latter value was unchanged by steroid administration.

LV active processes and diastolie performance.

Consistent with the notion that in normal hearts and in many pathological
circumstances, end diastolic stress-strain relations depend exélusively on
myocardial passiv: characteristics, verapamil failed to alter LVED stiffness in
normal animals and in animal models with an enhanced stiffness associated with
changes in myocardial collagen. Alternatively, following acute administration of
the Ca®* channel blocker, verapamil, to steroid treated rats, LVED myocardial

stiffness returned to values similar to those noted in control animals. The ability
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of verapamil to improve end diastolic performance in steroid treated rats indicates

that the androgenic steroid produced a unique effect on myocardial properties that
has allowed changes in cardiac dynamic-sensitive myocardia: active characteristics
to impact on end diastolic stress-sirain selations.

Verapamil has been shown to influence measures of LV early or mid-
diastolic performance {(Arrighi et al., 1994), but not end diastolic siiffness in
cardiac disease. The mechanism by which verapamil may induce these effucts has
1ot been established, In this study, the specific mechanism (s} by which verapamil
altered LVED myocardial stiffness constants in steroid-treated rats was also not
examined, A number of mechanistns may explain the verapamil-mediated decrease
in LVED stiffness in steroid treated rats, including alterations in cardiac systolic
load, systolic performance, heart rate or changes in intraceffular Ca**
concentrations. Regardless of the specific cellular or mechanical change
respousible for the verapamil-mediated modification in diastolic performance in
my study, all of these are likely to alter LVED stiffness through an impact on
myoeyte active rather than passive processes.

Although end diastolic myocardial stiffness calculated from P-V or P-D
relations obtained over the early (as opposed to late) diastolic period of a single
cardize cycle is load-sensitive (Komamura et al, 1992), LV myocardial stiffiness
calculated from end diastolic (as opposed to early diastolic) P-V or P-D relations
are in most circumstarices remarkably stable in the face of alterations in systolic
cardiac load, Indeed, LVED myocardial stiffness constants were unchanged in

control animals, SHRs and rats with DM, despite the modifications in systolic
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cardiac load induced by verapamil infusion, As such, the argument that verapamil
produced an effect on LYED stiffness in steroid weated rats through changes in
loading conditions, is only valid in conjunction with an hypothesis that chronic
napdrolone decanoate administration induces myocyte cellular alterations that
sensitise LVED stii*ness to changes in LV sysiolic load, The latter steroid-
induced cellular effect is unlikely to involve modifications in passive myocardial
processes, as LVED stiffness constants in SHRs and in rats with DM, which are
attributed to alterations in myocardial interstitial properties, are insensitive to
changes in LV systolic load.

Acute decreases in systolic pertormnance, such as those noted following
v_erapamil administration, may be responsible for a right and downward shift in
indices of LVED stiffness relations in cardiac disease (Appelgate et al., 1990},
through actions that can only be ascribed to alterations in myocardial active
processes. An improved myocardial stiffness following verapamil administration
in steroid-treated rats may therefore have pceurred as a consequence of changes
in LV systolic performance, However, verapamil produced a similar decrease in
LV E" in conirol animals, SHRs and in rats with DM, without altering end
diastolic performance. Therefore, the acute effect of verapamil on LVED
performance in androgenic-steroid treated rats can only be atiributed to alterations
in systolic performance if pandgrolone decanoate had produced & myocardial
change that sensitised LVED stiffness to acute changes in those active myocyte

processes associated with a decrease in systolic performance.
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Other possible explanations for the effect of verapamil on end-diastolic
myocardial stiffness in the steroid treated rats in my study include either an sction
on intracellular Ca®* concentrations (verapamil being an L-Ca?* channel blncker)
or an influence on heart rate. A decrease in intracellular Ca®* concentrations may
alter the extent of ventricular relaxation through a reduced period during which
myofilament coupling occurs. Alternatively, a bradycardia will lengthen the time
period for relaxation to occur following an extended diastolic period, The latter
change might allow for prolonged relaxation to terminate prior to end diastole and
hence prevent active myocardial properties imipacting on end diastole,

The results of this study showing firstly 2 unique ability of acute changes
in cardiac dynamics cabsed by verapamil administration to impact on LVED
myocavdial stiffness in sterofd-treated rats and secondly that the steroid-induced
increase in diastolic stiffness is not associated with alterations in myocardial
collagen, supports the notion that changes in the myocardium other than those that
determine passive properties are responsible for the stiff myocardium following
androgenic steroid treatment. By exclusion, I can only attribute the stercid-
induced increase in LVED stiffness to alterations in the extent of ventricular
relaxation (rev- Gilbert and Glantz 1989},

Changes in the extent of relaxation, mediated by madifications in SERCA
activity, are thought to be parily responsible for changes in LVED stiffness that
occur subsequent to pacing-induced myocardial ischaemia (Kihara et al., 1989).
However, SERCA activity was unchanged hy chronic steroid administration.

Therefore, an aliernative celiular mechanism is likely to explain the steroid-
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induced ircrease in LVED stiffness in rats, As androgenic steroids lead to a

' polyamine-mediated increase in the influx of extracellular Ca®* into cardiac
myocytes (Koenig et al. 1989), it is p .sible that nandrolone decanoate produced
a decrease in the extent of ventricular relazation and a subsequent increase in
myocardial stiffiess via alterations in Ca®* cycling. However, other celinlar
changes need to be considered, such as possible modifications in the sarcolemmal
Na*-Ca®* exchanger and alterations in stretch-activated cationic channels, the
former considered as being important in decreasing Ca?* concentrations during
diastole, and the Jatter shown to be influential in mediating the increased end
diastolic stiffness that occurs stbsequent to pacing-induced ischaemia (Takano and
Glantz, 1995).

4.5 Conclusions

In conclusion, I have been able to demonpstrate that the increase in end
diastolic myocardijal stiffness that occurs subsequent to chronic administration of
pharmacologicai doses of androgenic steroids, is not as a consequence of
alterations in total collagen, collagen phenotypes or collagen cross-links. The
unique sensitivity of the steroid-induced increase in end diastolic myocardial
stiffness to ncute changes in either cardiac loads, heart rate, or systelic
performance suggests that the steroid-mediated effects on myocardial djastolic
propetties are through alterations in active miyocardial processes, In ﬁ1is study,
I have excluded the possibility that changes in SERCA activity, which is

commonly affected in cardiac pathology, explains the stercid-induced change in
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diastolic performance, Further studies are required to identify the cellular system

that is modified subsequent to nandrolone decanoate administration thay might
explain the increased end diastolic stitfness constant produced by high doses of

androgenic stexoids.
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CHAPTER 5

Conchusions

Androgenic steroid abuse Is & common problem in athletes. Despite the
well known influence of supraphysiological doses of androgenic sieroids on other
organ systems, the effect of similar doses of androgenic steroids on cardiac
mechanical performance is currently unresoived.

I investigated the effect of a biweekly intramuscular injection of
nandrolone decanoate {5 mg/kg) {steroid} for three months on LV mechanical
performance in sedentary rats. Although the steroid did not affect blood pressures,
chronic administration decreased somatic and cardiac growth probably as a
consequence ©Of a supressed testosterone production. However, steroid
adminisiration increased heart weight to body weight ratios which suggested the
presence of reletive Jeft ventricular (LV) hypertrophy (LVH). Nevertheless as LV
wail thicknessfradius, determined over & range of LV end diastolic pressures
(LVELP), remuined unchanged following chronic steroid admivisteation, it is
untikely that the androgen used produced clinically ixaportant LV remodelling in
.scdentary ats.

Chronic steroid administration also inereased LVED chamber stiffness (&),
as determined both in vive in anacsthetised, open-chest owimaly, using
plezeelectric ultrasonic transducers o measure LY dimensions. as well as ex vivo,

using an isolated, porfosed, constant flow, isovolumic LV preparation. The
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increased LVED chamber & was attributed to changes in miyocardial properties as

myocardial ED & was aiso increased. The altered LVED chambay performance
mediated by chronic steroid administration subsequently resulted in a decreased
preload-mdependent index of LV systolic performance (slope of the LV stroke
work-LVEDP relation) as determined in vive. However, load-insensitive indices
of LY systolic performance {ch: wber and myocardizl contractility), determined
in vivo as well a8 ex vivo in the absence of an adrenergic stimulus (slopes of LV
e~ systolic or peak systolic pressure-dimension, pressure-volume and stress-strain
relations) were either modestly increased or unchanged foliowing steroid
administration. Alternatively, a f-adrenoceptor agonist, isoproterenol (at 10 M,
which is approximately the EC;, established Jor isoproterenol in isolated, perfused
LV preparations), produced a left shift and increased slope of LV peak systolic
pressure-volume and stress-strain relatlons in control, but not steroid treated rats.
As a consequence of the steroid-mediated alterations in adrenergic-inotropic
responsiveness, LV systolic chamber and myocardial contractility were reduced
in the steroid treated rats, as assessed in the presence of an equivalent adrenergic
stimulus, |

As the consistent LV mechanical performance change nme.d'in bath ex vive
and in vivo preprations that occurred a5 a consequence of chromic steroid
administratior was in the diastolic as opposed to the systolic period of the cardiac
cycle, subsequent efforis in this thesis were focussed on both defining the

mechanisms of the steroid-induced change in diastolic performance, and the



158

impact of the latter change on LV diastolic performance subsequent to an exercise
programme.

Contrary 1o the effects noied in sedentary rats, steroid administration faited
to influence an exercise-(voluntary running wheels for 3 months)-mediated
increase in LV weight (physiological hypertrophy). However, the androgenic
steroid attenuated an exercise-induced decrease in LYED myocardial and chamber
&. Nevertheless, the steroid aiso produced an increased LV internal diameter as
determined over a low-normal rang= of LVEDYs in exercised rats, Hence, despite
the steroid-mediated alteration In LVED chamber &, ventricular remodelling
(dilatation) offset the potential detrimentat actions of the androgenic steroid on the
relationship between diastolic pressures and dimensions in exercised rats.
Neveriheless, the presence of ventricular dilatation in nendrolone decanoate
treated exercised rats might indicate a deleterious effect of androgenic steroids on
LV remodelling provesses in exercise.

Although nandrolone decanoste's effect on LVED performance Jid not
impact on exercise-mediated changes in diastolic pressure-volume relalions in a
pernicious fashion, the increased myocardial stiffoess constant produced by the
androgenic steroid suggested the potential presence of changes in the cardiac
interstitium., | However, two lines of evidence indicate that alterations in the
myocardial intetstitium cannot account for the steroid-induced increase in LVED
k. Neither the myocardial hydroxyproline concentration, periﬁsculw collagen
volume fraction, tiw ratio of type I to type III phienotypes of myocardial collagen,

nor the percentage of myocardial total, type I or type Il collagen extracted after
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cyanogen bromide digestion (an index of collagen cross-linking) were altered by

nandrolone decanoate administration. Furthermore, asute administratior. of
verapamil (10 ramol/kp)(a cardiovascutar Ca®* channel blocker) to rats in vivo,
which resulted in decreases in LV loads, systolic performance and heart rate, was
able to attenuate the increased LVED chamber and myocardial & produced by the
steroid. In contrast, verapamil infusion failed to alter increments in LVED
stiffness produced in rats with streptozotocin-induced diabetes mellitus and in
spontaneously hypertensive rats. The increased myocardial & in both of the latter
animal models was ascribed to changes in myocardial interstitial properties,

An enhanced myocardial diastolic stiffness subsequent to chronic
androgenic steroid administration which could not be atributed to changes in the
cardiac interstitium, but was sensitive to acute alterations in either heart 1ate,
systolic performance, or cardiac loads, suggested the presence of modifications
in a myoeyte active cellular process which could contribute toward changes in the
extent of LV relaxation, A celiular change that is frequently noted in cardiac
disease and that is thought to contribute toward alterations in cardiac diastolic
propextics is a decrease in the sarcoplasmic reticulum (SR) Ca** ATPase pump
which nonmatly sequesiers Ca** during diastole. However, chronic administration
of nandrolone decanoate failed to alier the activity of the SR Ca® ATPase pump.

In summary, the results described in this thesis indicate that
supraphysiological doses of androgenic steroids produce HRunctional LV
abnormalities of mechanical performance in rats. Marked changes in diastolic

stiffness were noted in both sedentary and axercised rats, The changes in diastolic
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performance are ascribed to modifications in myocardial properties and are
relatively unique in that they are not attributed to remodeliing of the cardiac
interstitium or to changes of the activity of the SR Ca?* ATPase pump, but are
sensitive to alterations in either heart rate, systolic performance, or load. The
steroid-induced increase in myocardial stiffness prevents the beneficial actions of
habitual exercise on LV diastolic function, but this detrimental influence is offset
by a steroid-induced eccentric LV remodelling which results in greater filling
dimensions for a given filling pressure. Systolic mechanical alterations in
sedentaxy rats were noted only in the presence of a controlled adrenergic stimulus,
but were not apparent in either intact rats or in the absence of an adrenergic

stimulus, The steroid-mediated increase in myocardial stiffness, decrease in

adtenergic-inotropic responsiveness and LV remodeiling may be of clinical -

impottance in that these changes could contribute toward cardiac pathology in

athletes who abuse androgenic steroids,
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APPENDIX A

A, Cardiac Funcfion Formulae

In vivo st caleulatio

Stress (LVED or LVES) = 1.36 X LYP X (2RY 1)

LVESD or LVEDD? - (2R)
where LVP is LVEDP or LVESP, LVESD and LVEDD are LV end systolic or
end diastolic external diameter and R 1s either end diastolic or end systolic
internal radius and is calculated from
R(EDorES) =3 YLVEDV {or LVESV) X (3/4x1) 2)
where LVEDV or LVESV = [(4n/3) x (LVEDD or LVESD/2)} -V,, 3}
and Vm is the ventricujar wall volume and is calculated from

V, = 0.943 X LV wet weight 4)

EBx vive stress calculation

Sress e ar i = 1.36 2 LVP o nin 2V 5)

(V + V¥ xv?
where LVP,, o ms i85 LV peak systolic or minimum diastolic pressute, V is

volume and V,, is as indicater. above (equation 4).

1 Sagawy et al. (1988)
p3 Schiable and Schever (1981
kKl Sagawa et ul. (1988}

4) and 5 Weber et al. {1988)
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In vivo strain calculations

Suwain =  LVEDD - LVEDD, 6
LVEDD,

¢r =  LVEDL-LVEDL, 7)
LVEDL,

where LVEDD, and LYEDL, = the unstressed LVEDD and LVEDL, i.e. the
LVEDD and LVEDL recorded at an LVEDP of 0 mmHg during inferior vena

cava occlusion, -

and strain at end systole is calculated from 8)
Strain =  LVESL - LVESL,
LVESL,

where LVESL, is the unstressed LVESL i.e, the LVESL at which LVESP = 0
mm Hg deterinined by extrapolating the line of best fit of the LVESP versus
LVESL. relation,

Ex vivo strain caleulation -

SRy yaic or siasalc = VIR 4 (VA VI -1 9

vm x (vl:i + Vm)m
where V is volume, V,, is as defined above (equation 4), and V, is the unstressed
V at which LV pressure (systolic or diastolic) is = 0 mm Hg.

6), 7) and 8) Githerr sod Ghantz (198D)

9 Weher o1 al. (1988)
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LVED geometry

Radius {R) was calculated using equation (2) above and h was calculated from the
standard equation:
h

LVEDD - 2R
2
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APPENDIX B

LVEDP
(mmH)

LVEDP
(mmHg)

'i mmmlﬂ f‘f. 'Hfdi’!s”!h‘;.‘ff ih

Two original traces of LV end diastolic pressure (LVEDP) and LV short axis
external diameter chunges (measured using sonomicrometry) obtained during
i.v.c. occluston in two separate rat LVs. LVD is the LV external diameter,
LVEDP is LV end diastolic pressure. LVEDP is defined as the peint of inflection
of the LV pressure trace (at the beginning of isometric contraction). In the bottom
example the pressures were recorded on two channels amplified over a slightly.
different range in order to ensure accuracy of the LVEDP measurement at low
pressures while not missing higher values.
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Line graphs in the upper panel and bar graphs in the lower panel illustrate the
effect of natdrole decancate (steroid) and habitual exercise on LVEDP-LVED
external diameter relations (upper panely and the slope of the linearised LVEDP-
LVED external diameter relations (LVED chamber £3tlower panel) respectively. *

exercised control versus the other

other thrge groups,

three groups, T sedentary steroid versus the
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Body weight (BW), wet heart weight (HIW), wet left ventricuiar weight (LVW), wet right ventricular weight (RVW), and wail

thickness (h) to radius (R) ratio at an LY end diastolic pressure of 10 mmiyg in nandrolone decanoate /stercid) wreated and control

rats used in the study described in chapter 4.

BW HW LVW RVW wR
(2 () &) (8

Steroid (n=12) 41E16  1.2+0.04  0.58:£0.03° 0.31£0.02 0.6340.07

Control (a=12) 51i%14 1.38:0.03 1.0&0.03 0.35:0.02 0.580.05

*p <0.01; steroid versus control
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APPENDIX E.

Specifications of Measuring Devices

)  Hellige Seyvomed Recorder

The channels used for recocding LVP and carotid blood pressure have a
sensitivity of 40mm/V, and the chanrel used for recording LVEDP has a
sensitivity of 30mm/V. The frequency range is 0 to 80 {100) Hz for an amplitde
frequency response within -+0.5 and -1dB (rated values for 3-dB attepuation
quoted in brackets), referred to a recording height {peak to peak amplitude) of 26

mm at 10 iz,

1)) Dyoograph Recorder {R311A4) - Rectilinear Writine Bandwidth
The frequency response sange is from dc to 70 Hz & 30% for 10 mm peak to
peak pen deflection, The rise time of the pen is less than 1lsec for 10-90% of 2

40 mm deflection,

&) i echnolo: Snnoﬁ icrometer |
The frequency vesponse has a lower cutoff of -3 dB at 0.1 Hz and a. 1pper cutoff
of -6 dB at 65 Hz. ‘
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APPENDIX F.

Calibrations

a) Pregsure Transdncers

The pressure transducers were calibrated between 0 and 200 mm g apainst a
merenry 1. -meter for earotid blood pressure and LVP measurements. To ensure
accuracy of LYDP measurements calibrations between ¢ and 15 mm Hg were

pérformcd using a graduated (¢m) column of water,

b Piezoelectric Transducers

The 0.2 mm: incremental internal calibration of the sonomicrometer was checked
against a vernivr calliper:~ The piezoclectric transducers were placed in water as
a transmitting medivm and thcl distance between the transducers measured by
means of 4 vernier ealliper, The distance read off the vernier calliper was within

(.05 :am of the sonomicrometer reading.
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