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Creatine Kinase Kinetics Studied hy Phosphorus-31 Nuclear Magnetic
Resonance in a Canine Model of Chronic Hypertension-Induced

Cardiac Hypertrophy

MARY OSBAKKEN, MD, PuD.* PAMELA §. DOUGLAS, MD, FACC. TAMAS IVANICS, MD,
DANNING ZHANG, BS, Mep. TOM VAN WINKLE. VMD

Philadelphia, Peansyivaria

To determine whether cardiae hypertrophy secondary 1o chronic
venpvasculur hyperiension is assoriated wilh altered in vive mys-
cardial metabelism. phosphurus-31 nuckar magnetic resananec
saturglion transfer techniques were mved (o sludy creating kinase
{CK) kinetics in six chronically hypertensive dogs with mnderate
ezrdlac hypertraphy and eight comtrol degs. The forward rate
constant of CK and the flux of phosphocreatine to adenasine
triphosphade were determined in Goth groups uf dugs before and
duritg sorepinephrine administration (1L gg/kg per min), used (o
inerease heart rate > sysiolic blood pressure (rate-presswre prod-
uet), cardiac sutput and oxyzen consmmption,

Baseline and norepinephrine-induced changes in rate-pressure
product, eardiac output and exygen consumption were similar in
both gronps of daps, = were umme I'ﬂrwnrd rate constant and
fux of phosphocreatine to iriphosph: However, the
Mr!phtphrlne—.dnted changes in l‘urward rate constant and flux
were significantly fess in hypertensive than in conirol degs ip <
0.05 even though changes in hemodynamie and Tuncliona) vasi-
ables were similar in boih groups.

These dala that miod h
phy is associa’ed with aitered CK kinetles, which do not lppelr to
affeci the heart’s ahility for global mechanical recrultment at this
stage in the hypzrtensive process. 3t is possibde that the changes in
myncardial enzyme kineties may centribute to diastollc dysfunc-
lion previowsly reported in (his model and may be a precursor for
ullimate development of heart fallure if hypertension is main-
tained for prolenged periods.

The rlata alsn suggest that the heart of moderately hypertensive
animzls may work Bess per gram muscle and that it may have
greates metaholic effciency because it can maintain lower adeno-
sine diphosphate fevels (a5 indicated by lower forward rate
constant of CK) than those of control hearis, However, it appears
that either the CK system has a large safety factor such that the
lower forward rate constant and flux found in hypertensive dogs is
sufficient te suppori normal global mechanical function or that the
phoesphicreatine shuttle s nat a eritical factor in maintaining
mechanieal funclion in the moderately hyperirophied heart.

11 am Coll Cardiol 1992;19:223-8)

Ventricular pressure cvesivad can result from stenouc val
vular disease. chronic hyperiension and obstructive hyper-
trophic cardiomyopathy states. Although there is a reason-
able understanding of the hemodynamic effects of pressure
loading (1.2), there is a less clear undesstanding of the
hypertension-induced changes in myocardial metabolism. it
is accepted that these loading conditions stimulaie the syn-
thesis of contractile and structural protein with resuitant
acrease in myacvie size and with ultimate necrosis and
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fbrosis {33, The factors that limit 1h|s process and thosc that
are res ible for in systolic and
diastolic function are not well understood.

Because oxidative phosphorylation and the creatine kinase
(CK) <vstem are extremely important for organs with hign
energy demand, such as the hean, it is reasonable to hypoth-
esize that abi lities in these b systems might
tead 1o decompensation of mechanical function in hypertensive
heart disease. There is some controversy concerning the status
of the e systems during the various stages of hypertrophy.
Some investigators (4,5.7) report that myocardial high energy
phosphate levels (phosphocreating and adenosine triphosphate
[ATP[) are decreased carly in the iypertrophy process, in-
crease back to normal levels during stable hypertrophy and are
agam d § with progression 10 congestive heart faiture;
others (6.8-12) repon no change during any stage of hypertro-
phy. In addition, some investigators (11.12) report that activity
of enzvmes such as creatine kigase (CK) and adenosine
triphosphatase is depressed, possibly bevause of a change in
isoenzyme disiribution.

Previous studies from one of our taboratories (13.14) have
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demenstrated that moderate left ventricular hypertrophy
secondary to chronic renovaseular hypertension is associ-
ated with diastolic dysfunction, even when there are no
systolic abnormalities or evidence of myocardial necrosis or
fibrosis. The etiology of this pathophysiolagic process is not
well understood but may be refated to abnormalities in
vaidative metabulism. The present study was designed 10
explore the possibility that an abnormality in oxidative
metabolism might contribute to recognized diastolic dys-
function. To this end, phospk 31 nuclear ic res-
onance (INMR) saturation transfer studies were performed in
a canine mode] of renovascular hypertensive cardiac hyper-
traphy to determine the torward rate constanluf CK (defined
as ke rate of of CK-phospl ]
divided By the quantity CK concentration multiplied by
phosphocreatine concentration and presemed in s~ 'rand the
flux of phosphocreatine to ATP (defined as velocity of the
ATP synthesis by the CK system). The goal was 10 deter-
mine whether 3 metabolic abnormality might be a precuorsor
of the mechanical dysfunction that ultimately occurs in
hypertensive hearts,

Methods

Animal model. Chronic renovascular hypertension was
produced in six dogs with a twa-step procedure, All procedures
wete approved by the Animat Care Committee at the Univer-
sity of Pennsyivania and conformed to the “*Position of the
American Heart Association on Research Animal Use.”” An-
esthesia was induced with irnovar-Vet, 2 ml intramuscularly
and maintained with hatothanc, 1% 10 2% as nceded. 1n 1he first
procedure, one kidney was exposed through a flank incision,
wrapped in silk and then replaced into the retroperitoneum and
the skin incision closed. The sk wrap induced fibrosis and
subsequenily a decréase in kidoey size. In the second opera-
tion performed under similarty induced ancsthesia approxi-
mately 2 weeks later. the opposite kidney was removed leaviag
the fibrotic silk-wrapped kidney in place. The remaining dam-
aged kidncy induced perinephric hypertension in all dogs (13).
with blood pressure significantly increased from controf levels
(blood pressure 110/80 + 10/10 mm Hg before kidney wrap and
160/110 + 14/10 mm Hg after Kidney wrap: p < 0.05). Dogs
were followed up for 6 months with sequential echocarndiog-
raphy to document the change in hean sizc. When heart
p jor wall thick 10 end-diasioli: dil ion had in-
creased approximately 50% from the prehyperiensive condi-
tion, all dogs were studied in ozne final in vivo open chest
cxperiment.

Antmal preparativn for nuciear magnetic resonance measure
ments, The 14 dogs (8 control, 6 with chronic hyperiension)
were sedated with Innovar-Vet (2 m! intramuscularly) and
apesthetized with Nembutal {25 mg/kg body weight intrave-
nously) (15). Tracheal intubution was performed for mainte.
nance of the girway and fur positive pressuse ventilation. A
vannula was placed in the femoral artery to monitor sy
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catheter placed imo the pulmonary antery by way of the right
external jugular vein was used to measure cardiac oulpul. 4
left lateral thoracotomy was performed to expose the heartar.d!
a pericardial cradle constructed 10 support the exposed heart.
A double-tuned thydrogen-1 = 116 MHz, phosphorus-3l =
46.9 MHz) NMR surface coil was placed on the Jeft ventricle
und maintained in piace with cyanoacrylate.

Phesphorus-3] nuclear mag i
transfer measurements. After instrumentation, degs were
placed in a Plexiglas cradie and iatroduced into a 2.7-tesla,
30-¢r bore superconducting magnet. After the resonant
fr jes of gamma phosphate of ATP and phosphocre-
atine were determined {tom control speclra. saturation
transfer experiments were performed with use of progres-
sively increasing saiuration times (0.1 Lo 5 ) for gamma
phesphate of ATP while the change in phosphocreating arca
was monitored (15). Palse width was 70 g and relaxation
delay was 10 s. Cardiac and respiratory gating were used 1o
trigger both saturation and acousition radiofrequencies,
Typlcal baseline saturation tmnsfer data sets for control and

yp ive dogs are p d in Figure 1.

Changes in the amz.s of the phosphocreatine peaks were
used to determine the forward rate constant of CK and the
unidirectional flux from phosphocreating we ATP with the
following equation:

AMyr Moy — Mrce
— = o KM |
& T, KM, 0}
whose solution is:
Mec, = Mapee [1 - Kyrpll — V7)) 2]
where
11 " ol
7 N '
and MP(" = magnctization of h Mopcr =
ion of phospl i befure has been
apphed lo gamma phosphate of adenosine triph B

= |ongitudinal relaxalzon. K = the forward rate constant

of CK: m = the time constant; and t = the saturation time
(16.17. The magnetization is proportional to the area under
the NMR spectrai line for phosphocreatine. A Ieast squares
fit algorithm was performed by using equations [2}and (3] to
solve for mp, K, and T . Fiux = the product of M pe, and K.
Physiologic intervention. Saturation transfer experiments.
were performed in both groups of dogs during baseline
conditions (withot interventiony and during norepine phrine
infusiori (1 pgfkg per min) used 10 determing the heart's
metalolic response (g increased mechanical work loads.
Heart rate x systolic blood pressure (rate-pressure product),
eardiac ocutput and oxygen coasumption were monitored
thmughnul all procs dures as previously reported (15). and

blood pressure and arterial blood gases. A thermodilition

used to d stability throughout the
saturation transfer measurements (Fig. 2 and 3).
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Figure 1. Examples of phosphorus-31 nuclear magnetic resonance
saturation transfer data sets from a control dog heart {A) and the
heart of a dog with chrenic hypertension (B). The phosphocreating
(PCr) peak decreased as the gamma (yj-adenosige irnphosphate
(ATP) peak was saturated for progressively longer times. a = alpha
ATF; B = beta ATP: ¥ 521 Time = saturation time of y ATP.

Cardiac wlfeasound, Progressive changes in cardiac
siructure and furction were studicd with echocardiography
{Diasonics, CV400) to 4 the hypertrophy process.
Posterior wall thickness and end-diastolic dimension were
determined from 1wo-dimensionally guided M-mode
echocardiograms uf each dog. Change in the posterior wall
thicknessiend-diastolic dimension ratio was used to docu-
ment myocardial hypertrophy (Fig. 4. All hypertensive dogs
trad at least a 0% increase in this ratic when the NMR
saturation transfer study was done.

Gross morphology and histology. Awmopsy studies for
£ross andlomic ¢valuation were performed in each duy. The
heart was weighed and related to body weight obtained
before death. The heart was sectioned {five standard sec-
tions involving the left and right veriricular frse walls and
septum) and staiecd with hematoxylin-eosin 10 cvaluate
histologic cotrelates of chronic pressure overload.

Statistics. Analysis of vasiance was used to provide sfa-
tistical significance at the p < 0,08 level. Data are presented
as mean values = SD. To further exemplify the differences
between the two groups. percent change from baseline data
is presented for bath groups.
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Figure 2. Mean hemodynamic vasiahles during situration ransfer
measurements in control dogs at baseline (A} and during norepi-
nephrire-induced loading (B). Note that norepinephrine infusion
was associated with an increase in rale-pressure producl (HR3BP),
cardiac output (CO) and oxygen consumption (MYO,). All satura-
tion transfer measurements were performed while the dogs were
hemodynamically stable. During nerepinephrine infusion. the rate-
pressure product initially increased to high Jevels and kner stabilized
at increased but slightly Jower levels. Saturation trapsfer measure-
ments were begun at the point when rate-pressure product was
judged empirically 1o be stable. Ranges of standard deviations for
each point were rather large (up to £50%) because of ihe variability
frum dog to dog, and are not included because they would confuse
the poinl we are trying to make: saturation transfer measorements
were made while ezch dog was hemodynamically stable. AoDBP
and A0SBP = aoftic diastolic and sysiolic blood pressure, respec-
tively: (IR = heart sate; | = liters.

Results

Anatemic changes. Heart weight/body weight ratio was
8.5 = 0.3 p'kg for control dogs and 12.35 = 1.3 g/kg for dogs
with hypertension. The posterior wali thickness/end-
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Figure 3. Hemodvoamic variables of dogs with chromie hyperten.
sion during salurstiun trmeler measurements: at baseline (A1 and
during norepinuphrine-induced loading (Bl Notw that baseline rate-
pressure product (HRSBPS, cardiac autput 1CO! and uxygen con-
sumption {(M¥0.} are hsghcr in hypertensive lh.m n control dogs. In
arldition, P infusion was ; with larger values
for ¢ach of these variables: however. the percenl changes from
baseline were similar 1o those of the control group. All saturation
iransfer measurements were begun when dogs were judged cenpiri-
cally to be hemodynamically siakle. generally after 15 min of
infusion of nurepinephrine. For the reasons noted in the legend to
Figuse 2, the moges of standard deviations for cach point wer
tetier large (up to +50%) and are oot included in the figure,
Abbreviatious as in Figure 2.

diastolic dimension ratio increased from 0.21 + 0,01 to 8.33
% 0.04 {p < 0.03). At postmartem ¢xamination. all hyper-
tensive dogs had moderate medial hypertrophy of the medi-
ume-sized coronary arterioles throughout the myuvardium,
consistent with the hyperiensive process. Only one hyper-
tensive dog had scattered myocardial fibrosis in the lefi
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Figure 4. Mean change in echocardiographically determined poste-

nor wall thickiess'ead diastolic diameter ratios (PWT/EDD} for

o ive dogs during pr ion of chranic tar hy-

ion. These data are d 10 d the presence of
hypertrophy.

ventricle, Coaetrol dozs had no changes in ihe coronary
arterioles or evidence of fibrosis.

NMR findings during novepinephrine infusion, Single
nhosphorus-31 NMR scans ecquired at baseline and during
norepinephring infusion were similar in both control and
hypertensive dogs. Nuclear magnelic resonance saturation
transfer and avcrage mechanical function data obtained
during the saturation transfer measurements are presented in
Table 1. At bascline, the absolute values of the forward rate
ant of CK and flux of phosphocreatine 10 ATP were
rin the control and hypertensive dogs. During norepi-
nephrine-induced increase in work loads. the forward rate
cunstant and flux of phuspl ine to ATP i d in
cuntrol dogs but did rot change significantly in hyperiensive
dogs even though there were similar increases in mechanical
function in both groups.

Discussion

Metabelic effects of myocardial hypertruphy secondary to
pressure boading. These effects have been evaluated in sev-
eral animal models, including models of renovascular hyper-
tension (8-10.18.19), aortic stenosis (20) pulmonary stenosis
(2) and spontaneeus hyperteasion (12). Myocatdial hyper-
trophy is often associaied with an increase in V3 isomyesin
{8.9.20.21) and a decrease in mitochondrial CK (12). Other
enzyme systems are also affected and include decrcases in
beta-hydroxy acyl coenzyme A dehydrogenase (18}, citrate
synthase (18.19). 3-oxoacid-coenzyme A transferase (19), ace-
toacetyl-coenzyme A synthase (19), and adenasine triphos-
phatase activities (9.11) and increases in hexokinase (18),
lactate dehydrogenase (18.19), phasphorylase (19) and phos-
phofructokinase (19) activities. These cnzyme changes are
associated with increased tates of glucose use (19) and de-
creased rates of ketone body use (19). The decreased adeno-
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Table 1. Cardiac Metabolic Changes in Contro! and Hyperiensive Do
6 Change (baseline to
Buseline Norepinephrine nerepinephrine)

Coniral Hyperensive Coniral Hypenensive Contral Hy, p: nensive

- Ll =K n =8 in=8) =46
K 05 =02 04203 10208 0392 N4 -
PCr 35203 ERENN] 1Ta08 PR - N -2 =2
Flux 19«08 1414 PR B 1.5 = 06" N =250 13 £ 25
HRSBP 18 2 08 11=0% ixle 3908 LEX Yy
o 1220k (KRN 17212 2008 OS:MJ DR
MYO, 8232 1022 [ER A | I"“b 6l % ML

*p < 0,08, conirol versus hypenensive dogs. CO = cardiac autpul: Flux = phnwphocrcalm: mmemne triphosphate: HRERP = hean rate % sysiolic blood
pressure (gatc-pressure producly; K, = Farwan ral constai! of creatine Kiftass: My, ~ axygen consumptian: PCr = phosphocreatine.

sine teiphosphatase activity was found 10 be associated with
improvement of thermodynamic efficiency and regquived less
oxyeen for efficient oxidative phosphorylation (9). In addition.
th rate of Ca™* upiake and binding by the sarcoplasmic

sciicuium was decreased (10). Most of these previous studies
eva.lualcd enzyme aclivity in biopsy samples or heart extracts.
or both, and therefore it s difficult to deiermine how these
changes affected myocardial mechanical function.

The metabolle system in the hypertrophied heart: the
creatine kinuse shuitle, Since the heart is heavily dependent
on oxidative phosphorylation fo support its continuous me-
chanical function, we decided 10 evaluate this metabolic
system in hypertrophied heans. Oxidative phosphorylation
produces the high energy pnosphatc, ATP, which s neces-
sary far hoth contraction and relaxation of the myocardial
muscle. When myocardi: | energy demand increases substan-
tially (increased heart raic, blood pressure or intrinsic con-
tractile fi or when oxid are mark-
edly compromised {ischemia, hypoxia), either more ATP is
required per umit time or il mwsl b¢ synthesized through
other than oxidative mechanisms. To supply this extra or
necessary energy for short periods of time. a separate
enzyme system, the CK sysiem, is used to rapidly convert
phosphocreatine to ATP (and creatine). This system is called
the CK shuttle. The forward rate constant of the CK reaction
in reciprocal seconds (s~'). defines the rate 2! which the

waork Ioad, These data suggest that in the older rats, the CK
system may be critical for maintenance of mechanical work
and that comprontise of this system may be a premonitory
event of heart faiture, That study (12} was one of the first
studies to evaluate the function of the phosphocreatine shuttie
in maintenance or rectuitment, or hath. of the mechanical
function of the heari.

Efficiency of the hypertrophied heart. In our model of ca-
nine renovascular hyperension, we found CK kinerics similar
1o those reported for the 18-momh old spontaneous hyperten-
sive rat model (12). In our model, the baseline forward rate
constant of CK and the flux of phosphocreatine to ATP were:
similar 1o lhosc found in control hearts: however, during
similar hrine-induced i in mechanical work,
the heart of hypenensnve dogs did not significantly increase its
forward rate constant of CK or flux of phosphacreatine to
adenosine sriphosphate, whereas these variables were in-
creased significantly in the heart of contral dogs. Bec«.use only
one hypericnsive dog had evid of
fibrosis, and alt hypentensive dogs had similar changes in CK
kinetics (i.c.. smaller change in the forward rate constant and
flux of phosphocreating to ATP) during norepinephrine infit-
sion. it is unlikely that the changes were due merely 1o an
anatemic lesion ti.e., Joss of cardiomyocytes due 0 necrosis
and ultimate fibrosis), These data suggest that the hypertensive
heart works less per gram heart muscle {similar increases in

enzyme system works. The flux of phosph ine 10 ATP
is defined as the velocity of ATP synthesis,

Previous sindies. Few studies have evaluated real time
myocardial oxidative phosphorylation (bicenersetics) in an
in vivo model of hypertensive hypertrophy (8-10.12). One of
these studies (12) evaluated CK kigetics in an in vivo modet
of spontancous hypertensive hyperirophy. o this madel of

rat hypertension-induced myoczrdial hyperiro-
phy. the baseline forward rate constant of CK and flux of
phosphocreatine to ATP were found to be similar to control
levels in 12- and 18-month old rats. In 12-month old hyper-
tensive rats, as in comrol rats, CK kinetics responded to
increased wiork load with an increased flux of phosphocreatine
10 ATP. Howevcr. 1$-month old hypertensive rats did not have
an in flux with increase in

It praduct from bascline in a heart that weighs
mnre. praduced during Jower synthesis of ATP through the CK.
shutte) and that it works more Cﬁﬂc‘!tly’lhdn the conéro] heart
becasse it can maintain Jower adenosi hosphate levels (as
indicated by the lower forward rate conslaut of CK) than can
the contro! heart.

Clinieal refevance. The present study was designed to
determine whether there are metabolic changes that occur
during progression of renpvascular hyperiension to myocar-
dial hyperirophy. The main goal was (o gain insight into
possible mechanisms of pathophysiology that ultimately
result in mechanical dysfunction in the hypertrophied heart.
Baseline levels of phosphocreatine and ATP were similar in
both control and hyperiensive dogs, and these levels re-
mained relativel during i d loading with
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norepinephrine infusion. However, recruitment of the CK
system during norepinephrine loading was compromised in
the hypertensive dogs even though global mechanical func-
tion was maintained within normal limits.

Previous studies in this laboratory (13,14) dera.istrated
that this model had diastolic dysfunction (characterized by a
decreased early to atria! [E/A] inflow velocity determined by
Dappler uitrasound, increased alria! filling fraction, de-
cre.m-d peak rates of wal] thmmng and filling determined by

. and prok d lime of isovolu-
metric relaxation). It :s p055|ble that the subtle metabolic
changes found in the moderate myocardial hypertrophy of
the present study are the basis for the aforementioncd
diastolic dysfunction; that is, the decrease in forward rate
censtant and flux (or velacity) of phosphocreatine 1o ATP
might transiate into the inability to increase ATP concentys-
tion by way of this system during increased demand. A
sublle decrease in the rate of symhesis of ATP (which is
necessary for both muscle coniraction and relaxation) may
delay myocartial relaxation during diastole and thus contrib-
ute o increased wall stiffness and compliance changes found
in the earlier studies (13,14), even though global mechanical
funetion is within normal limits, If these metabolic abnos-
malities progress, they may be a basis for heart failure.

Thus, an under ding of metakelic ch: that oceur
during hypertensive processes in an animal model may
provide insight into the pathopenesis of heart failure second-
ary to similar processes in a clinical patient population.
These studies also point to the existence of metabolic
abnormalities even in the early stages of hypertensive hean
disease when there i is no evidence of compromised hemody-
namic or h ion, Early antihyp ther-
apy may prevent progression of metabolic changes 1o ulti-
mate mechanical heart failure.

Conclusions. The data obtained in the present study and
from a previous study of Bittl et al. (12) can be interpreted as
follows. Tt is possible that the CK system has a large safety
factor, such that even the inability to increase the forward
rate constant of CK and the flux of phosphocreatine to ATP
during stress does nat sigmficantly affect global myocardial
mechanical function until these values are decreased to
<50% of baseline. In addition, these data suggest that
changes in myocardial enzyme kinetics may contribute to
diastalic dysfunction previously reported in this mode| of
hypertensive hyperirophy, and may be a precursor for
ultimate development of heart failure assaciated with
chronic hypertension, even though the phosphocreatine
shuttle may not bea critical factor in maintaining stability of

i in the moderatefy hypertrophied heart
during loading conditians thal require recruitment of me-
chanical functian.

We thank Kali Ivanics iad Jia Yun Li Tor technical assistance amd Jeanneite
Forte for exceilent secr sarial assistance.
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