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Summary 

In the present investigation the effect of elevated arterial free fatty acid (FFA) 
concentrations on regional myocardial blood flow (MBF), myocardial metabolism 
and hemodynamics during ischemia was studied in anesthetized dogs. 

Ischemia was induced by stenosis of the left interventricular coronary artery. 
Mean poststenotic coronary artery pressure was kept constant during ischemia. 
FFA concentrations were elevated by intravenous injection of heparin (group I), 
intralipid (group ID or both substances (group Ill). 

After elevation of FFA concentrations by heparin alone or together with 
intralipid, heart rate gradually increased, while aortic pressure tended to decrease. 

Slight elevation of arterial FFA levels (up to 0.30 mM, group I, and up to 0.53 mM, 
group If) had no significant effect on total MBF and uptake of glucose, FFA, and 
oxygen or release of lactate in the ischemic myoeardium. However, elevating 
arterial FFA levels up to 0.81 mM (Group Ill), significantly decreased total MBF 
(6 %), endo/epicardial blood flow ratio (13 %), and oxygen uptake (34 %) in the 
ischemic myocardium and resulted in release of lactate from this area. The release 
of potassium, inorganic phosphate and H + as wen as plasma CO z concentration 
were not influenced. Neither was the uptake of glucose and FFA. 

These findings suggest that elevated arterial FFA concentrations can decrease 
MBF and augment lactate production in the ischemic myocardium. 

I n t r o d u c t i o n  

H i g h  a r t e r i a l  f ree  f a t t y  a c i d  ( F F A )  c o n c e n t r a t i o n s  a re  c o n s i d e r e d  to  b e  
h a r m f u l  fo r  t h e  i s c h e m i c  m y o c a r d i u m  (8, 16, 31). I n  t h e s e  i n v e s t i g a t i o n s  
p o s i t i v e  r e l a t i o n s  w e r e  f o u n d  b e t w e e n  a r t e r i a l  F F A  leve l s  on  t h e  o n e  h a n d  
a n d  i n f a r c t  s ize,  v e n t r i c u l a r  a r r h y t h m i a s  a n d  v e n t r i c u l a r  f i b r i l l a t i o n  o n  t h e  
o the r .  I n  o t h e r  s t u d i e s ,  h o w e v e r ,  t h e s e  r e l a t i o n s  c o u l d  n o t  b e  c o n f i r m e d  (3, 
26). 

*) The investigations were (partly) supported by the Foundat ion for Medical  
Research FUNGO, which is subsidized by the Netherlands Organization for the 
Advancement  of Pure  Research (ZWO). 
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A l t h o u g h  t h e  o c c u r r e n c e  o f  a r r h y t h m i a s  a n d  o f  l e f t  v e n t r i c u l a r  f a i l u r e  
i n  r e l a t i o n  t o  e l e v a t e d  p l a s m a  F F A  l e v e l s  h a s  b e e n  s t u d i e d  e x t e n s i v e l y ,  
o n l y  l i m i t e d  i n f o r m a t i o n  i s  a v a i l a b l e  a b o u t  m y o c a r d i a l  m e t a b o l i s m  a n d  
r e g i o n a l  m y o c a r d i a l  b l o o d  f l o w  u n d e r  t h e s e  c i r c u m s t a n c e s ,  e s p e c i a l l y  
d u r i n g  i s c h e m i a .  

I n  t h e  p r e s e n t  i n v e s t i g a t i o n  c a r b o h y d r a t e ,  F F A  a n d  o x y g e n  u t i l i z a t i o n  
o f  t h e  i s c h e m i c  m y o c a r d i u m  a s  w e l l  a s  t h e  r e l e a s e  o f  p o t a s s i u m  a n d  

i n o r g a n i c  p h o s p h a t e  f r o m  t h i s  t i s s u e  a t  n o r m a l  a n d  e l e v a t e d  a r t e r i a l  F F A  
l e v e l s  w a s  s t u d i e d  i n  a n e s t h e t i z e d  d o g s .  L e f t  v e n t r i c u l a r  h e m o d y n a m i c s  
a n d  r e g i o n a l  m y o c a r d i a l  b l o o d  f l o w  w e r e  m e a s u r e d  a s  w e l l .  M y o c a r d i a l  
i s c h e m i a  w a s  i n d u c e d  b y  p a r t i a l  o c c l u s i o n  o f  t h e  l e f t  i n t e r v e n t r i c u l a r  
a r t e r y ,  u s i n g  a n  i n f l a t a b l e  c u f f  a n d  a s e r v o - m o t o r p u m p  w i t h  a n  a u t o r e -  
g u l a t i n g  f e e d b a c k  s y s t e m ,  c o n t r o l l e d  b y  t h e  p o s t s t e n o t i c  c o r o n a r y  a r t e r y  
p r e s s u r e .  F F A  c o n c e n t r a t i o n s  w e r e  e l e v a t e d  b y  i n t r a v e n o u s  i n j e c t i o n  o f  
h e p a r i n ,  i n t r a l i p i d  o r  a c o m b i n a t i o n  o f  t h e s e  s u b s t a n c e s .  

M a t e r i a l s  a n d  m e t h o d s  

Animal  prepara tion 

The  e x p e r i m e n t s  were  p e r f o r m e d  on  24 m o n g r e l  dogs  of e i t h e r  sex  a n d  unknown  
age, r a n g i n g  in  w e i g h t  f r o m  18 to 48 kg. T h e  a n i m a l s  w e r e  p r e m e d i t a t e d  w i t h  
f l u a n i s o n e  (10 mg/kg b o d y  we igh t )  a n d  f e n t a n y l  c i t ra te  (0.315 mg/kg b o d y  we igh t )  as 
d e s c r i b e d  b y  M a r s b o o m  et  al. (10). A n e s t h e s i a  w as  i n d u c e d  w i t h  s o d i u m  p e n t o b a r -  
b i t a l  (10 m g / k g  b o d y  w e i g h t  I.V.) and,  a f te r  e n d o t r a c h e a l  i n t u b a t i o n ,  was  m a i n -  
t a i n e d  w i t h  o x y g e n  n i t r o u s  o x i d e  a n d  a c o n t i n u o u s  i n f u s i o n  of s o d i u m  p e n t o b a r b i -  
tal  (2 m g / k g / h o u r  I.V.) V e n t i l a t i o n  was  k e p t  Cons tan t  d u r i n g  t h e  e x p e r i m e n t s  w i t h  a 
pos i t i ve  p r e s s u r e  r e s p i r a t o r  (Pu lmona t ) .  D u r i n g  t h o r a c o t o m y  s u c c i n y l c h o l i n e  (2 
mg/kg I.M.) was  i n j e c t e d  to p r e v e n t  m u s c l e  m o v e m e n t s  c a u s e d  b y  e lec tcocoagula -  
t ion.  

Hemodynamic  measurements  

ECG was  d e r i v e d  f rom t he  l i m b  leads.  A s c e n d i n g  aor t ic  p r e s s u r e  was  m e a s u r e d  
t h r o u g h  t he  f e m o r a l  a r t e ry  w i t h  a p o l y - e t h y l e n e  c a t h e t e r  c o n n e c t e d  to a p r e s s u r e  
t r a n s d u c e r  (Ail tech).  T h e  c h e s t  was  o p e n e d  t h r o u g h  t he  left  f i f th  i n t e r c o s t a l  space  
a n d  t h e  p e r i c a r d i u m  was  i n c i s e d  ove r  t h e  an t e ro - l a t e r a l  a s p e c t  of t he  hear t .  The  
p r e s s u r e  in  the  left  i n t e r v e n t r i c u l a r  c o r o n a r y  a r t e ry  d i s ta l  to t h e  s i te  of s t e n o s i s  (see 
be low)  was  m e a s u r e d  t h r o u g h  a sma l l  s ide  b r a n c h  of t h i s  a r t e r y  (32) w i t h  a poly-  
e t h y l e n e  c a t h e t e r  (P.E. 50, Clay A d a m s )  c o n n e c t e d  to a p r e s s u r e  t r a n s d u c e r  (Ail- 
tech) .  Le f t  v e n t r i c u l a r  p r e s s u r e  w as  m e a s u r e d  t h r o u g h  t h e  lef t  b r a c h i a l  a r t e ry  w i t h  a 
ca the t e r - t i p  m i c r o m a n o m e t e r  (Millar) a n d  i ts  m a x i m a l  f i rs t  d e r i v a t i v e  (LV d P / d t  
m a x )  was  d e t e r m i n e d  w i t h  a n  a n a l o g  d i f f e r en t i a t o r  (27). T h e  h e m o d y n a m i c  var i -  
ab les  we re  r e c o r d e d  c o n t i n u o u s l y  on  a m u l t i c h a n n e l  S c h w a r z e r  r ecorde r .  T h r o u g h  
a j ugu l a r  v e i n  a S w a n - G a n z  b a l l o o n  g u i d e d  t h e r m i s t o r  c a t h e t e r  was  p l a c e d  in  t h e  
p u l m o n a r y  a r t e ry  to m e a s u r e  ca rd iac  ou tpu t ,  u s i n g  t h e  t h e r m o d i l u t i o n  t e c h n i q u e  as 
p r e v i o u s l y  d e s c r i b e d  in  de ta i l  (29). T h e r m o d i l u t i o n  c u r v e s  w e r e  r e g i s t r a t e d  on  a 
L in se i s  ser ies  2000 recorder .  T h e  su r face  u n d e r  t he  c u r v e  was  m e a s u r e d  b y  
p l a n i m e t r y .  Card iac  o u t p u t  w as  ca l cu l a t ed  m a n u a l l y  a c c o r d i n g  to  t he  l o g - n o r m a l  
a s s u m p t i o n  (29). 

A n  in f l a t ab l e  cuff  w as  p l a c e d  o n  t h e  lef t  i n t e r v e n t r i c u l a r  c o r o n a r y  a r t e ry  (for- 
m e r l y  ca l led  a n t e r i o r  d e s c e n d i n g  b r a n c h  of t he  left  c o r o n a r y  a r te ry)  jus t  d i s ta l  to t h e  
d i a g o n a l  b r a n c h .  T h e  cuff  w as  t h r o u g h  s i las t ic  t u b i n g  c o n n e c t e d  to a m i c r o m e t e r .  
T h e  w h o l e  s y s t e m  was  fi l led w i t h  d is t i l led  w a t e r  so t h a t  t he  cuff  cou ld  b e  in f l a t ed  
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careful ly un t i l  t h e  des i r ed  deg ree  of s tenosis ,  i.e. a m e a n  coronary  ar tery p re s su re  
distal  to the  s t enos i s  of a p p r o x i m a t e l y  3.3 k P a  (range of m e d i a n  va lues  of 24 
e x p e r i m e n t s  3.2-3.4 kPa)  was  ob ta ined .  This  deg ree  of s t enos i s  could  be  ma in t a ined  
dur ing  the  e x p e r i m e n t a l  per iod ,  us ing  a s e r v o - m o t o r p u m p  wi th  an autoregula t ing  
f eedback  s y s t e m  con t ro l l ed  by  the  m e a n  coronary  ar tery  pressure .  In  prev ious  
e x p e r i m e n t s  w i th  th is  deg ree  of s t enos i s  a dec rease  in e lec t romagne t i ca l ly  meas-  
u red  f low of 75-95 % was  found .  

Metabo l i c  m e a s u r e m e n t s  

Arter ia l  b lood  s a m p l e s  w e r e  co l l ec ted  t h r o u g h  t h e  ca t h e t e r  u s e d  for aort ic  b lood  
p r e s su re  m e a s u r e m e n t s .  Local  v e n o u s  b lood  s a m p l e s  were  ob ta ined  t h r o u g h  a 
po ly -e thy lene  ca the t e r  (P.E. 60, Clay Adams)  i n se r t ed  into the  c o n c o m i t t a n t  vein  of 
the  lef t  i n t e rven t r i cu la r  co ronary  ar te ry  w i t h  a Se ld inge r  t e chn ique .  F r o m  the  b lood  
samples  0.6 ml  was  u s e d  for d e t e r m i n a t i o n  of b lood  gases  and  b lood  p l i ,  and  4.0 ml  
was  i m m e d i a t e l y  cen t r i fuged .  The  s u p e r n a t a n t  of t h e s e  s a m p l e s  were  quick ly  
f rozen in dry  ice a n d  s to red  at  - 80 ~ for b i o c h e m i c a l  analysis .  The  ca the te r s  u sed  
for p r e s s u r e  m e a s u r e m e n t s  a n d  s a m p l i n g  of b l o o d  were  k e p t  p a t en t  w i th  a cont inu-  
ous in fus ion  of phys io log ica l  sal ine (6 ml  - hr-1), us ing  a Harvard  in fus ion  p u m p  or a 
S o r e n s e n  in fus ion  s y s t e m  ( S o r e n s e n  R e s e a r c h  C o m p a n y ,  Salt  Lake  City, USA). 

Glucose ,  lactate,  inorgan ic  p h o s p h a t e  and  p o t a s s i u m  (K +) were  m e a s u r e d  wi th  a 
Teehn ieon-Auto-ana lyze r ,  the  last  var iab le  in e o m b i n a t i o n  wi th  a T e c h n i c o n  Auto-  
analyzer  F l a m e  P h o t o m e t e r  IV. B lood  gases  a n d  b lood  p l i  w e r e  a s s e s s ed  wi th  an IL 
413. H e m o g l o b i n  ( l ib)  c o n t e n t  a n d  o x y g e n  sa tu ra t ion  w e r e  d e t e r m i n e d  wi th  a 
R a d i o m e t e r  OSM-2. O x y g e n  (02) c o n t e n t  was  ca lcu la ted  f rom the  la t ter  variables.  

The  assay  of f ree  fa t ty  ac ids  was  s t a r t ed  i m m e d i a t e l y  af ter  the  samples  were  
thawed .  For  each  d e t e r m i n a t i o n  0.1 ml  of s u p e r n a t a n t  was  used .  Concen t ra t ions  of 
free fat ty ac ids  w e r e  a s s e s s e d  by  co lo r ime t ry  us ing  a s t a n d a r d  Boehr inge r  tes t  kit  
(Boehr inger ,  Germany) .  The  in t r amssay  var ia t ion  was  4 % (s.d.). 

E x p e r i m  en tal p r o c e d u r e  

The dogs were allotted to 3 groups of 8 animals each. In each group the same 
protocol was followed during the control period and the first 60 min of stenosis. 
Thereafter, heparin (5000 I.U.) was injected intravenously in group I, whereas in 

Group 1 
(n=8) 

Group 2 
(n=8) 

Group 3 

(n=8) -15 0 10 20 30 45 60 70 80 90 105 120 min. time 

I+H 
Fig, 1. S c h e m a t i c a l  r e p r e s e n t a t i o n  of t he  e x p e r i m e n t a l  protocol .  H = hepa r in  5000 
I .U . i . v . ,  I = in t ra l ip id  50 ml  20 % i.v., TM = in jec t ion  t racer  m i c ro s p h e re s .  The  
dashes  on  the  t ime  axis  r e p r e s e n t  the  s ample  t ime  for b iochemica l  and  homo-  

d y n a m i c  variables.  
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group  II a n d  III  r e spec t ive ly  in t ra l ip id  (50 ml  20 % I.V., Vi t rum,  S t o c k h o l m )  and  
hepa r in  t o g e t h e r  w i th  in t ra l ip id  w e r e  admin i s t e r ed .  The  last  p r o c e d u r e  is co mp a -  
rable  w i th  t he  m e t h o d  of e leva t ing  arterial  F F A  c o n c e n t r a t i o n s  u s e d  by  Opie  a n d  co- 
inves t iga to r s  (19). B o t h  in g roup  II and  III the  c o m p o u n d s  were  in jec ted  s lowly  
(wi th in  1-2 min). Arter ia l  and  v e n o u s  b lood  s a m p l e s  w e r e  t a k e n  15 m i n  and  jus t  
before ,  a n d  10, 20, 30, 45, 60, 70, 80, 90, 105 and  120 rain af ter  i n d u c e m e n t  of t he  
s tenos i s .  The  c o n t i n u o u s l y  r e c o r d e d  h e m o d y n a m i c  var iab les  a n d  cardiac  o u t p u t  
w e r e  also d e t e r m i n e d  at t h e s e  m o m e n t s  (fig. 1). 

M e a s u r e m e n t  o f  myocard ia l  blood f l o w  

In  g roup  II a n d  III  regional  myoca rd i a l  b lood  f low (MBF) was  d e t e r m i n e d  jus t  
be fo re  and  20 m i n  af ter  a d m i n i s t r a t i o n  of int ra l ipid ,  and  h ep a r i n  and  intra l ipid ,  
r espec t ive ly ,  u s ing  t racer  m i c r o s p h e r e s  (15 • 3 ~tm). The  m i c r o s p h e r e s  w e r e  
labe l led  wi th  1125, Ce TM, Cr 51, Sr  85 or Nb 95 (3M Company ,  USA). At  each  de t e rmina -  
t ion  4.106 m i c r o s p h e r e s  were  in jec ted  into the  left  a t r ium.  A r e f e r ence  s amp l e  was  
t a k e n  f rom the  brachia l  a r te ry  at a ra te  of 22.6 ml  . rain -1, us ing  a Harva rd  suc t ion  
p u m p .  Wi thdrawal  of b lood  s ta r ted  5 s be fo re  the  in jec t ion  of t he  m i c r o s p h e r e s  and  
was  c o n t i n u e d  du r ing  at leas t  one  rain. Af te r  the  e x p e r i m e n t ,  t he  hea r t  was  exc i sed ,  
r i n sed  and  s to red  in f o r m a l d e h y d e  5 %. The  f ree  wall  of t h e  left  ven t r i c l e  was  cu t  
in to  five sl ices (parallel to the  base  of the  heart).  Each  sl ice was  cut  in to  five p ieces  
of a p p r o x i m a t e l y  3 gram. Each  p iece  was  d iv ided  into a subendoca rd i a l ,  m i d d l e  and  
subep ica rd i a l  layer. The  t i ssue  and  b lood  s amp le s  w e r e  w e i g h t e d  a n d  s u b s e q u e n t l y  
c o u n t e d  in a g a m m a c o u n t e r  (Packard  M u l t i c h a n n e l  Analyzer) .  F r o m  these  data  
regional  myoca rd i a l  b lood  f low was  ca lcu la ted  wi th  t he  MIC II p r o g r a m  (28). 

The  ma in  p u r p o s e  of th is  s t u d y  was  to inves t iga te  the  e f fec t  of e leva ted  F F A  
levels  on  b lood  f low a n d  m e t a b o l i s m  in  i s chemic  a n d  n o n - i s c h e m i c  m y o c a r d i u m .  

�9 The i s c h e m i c  area was  c o n s i d e r e d  to be the  zone  p e r f u s e d  by  the  left i n t e rven t r i cu -  
lar co ronary  a r te ry  w h i c h  was  iden t i f i ed  macroscopica l ly .  Fo r  t he  d e t e r m i n a t i o n  of 
total  f low in th is  i s c h e m i c  zone,  only  s amp le s  in w h i c h  f low in t he  s u b e n d o c a r d i a l  
pa r t  of t he  t r a n s m u r a l  sec t ion  be fo re  e leva t ing  F F A  was  r e d u c e d  by  at leas t  40 % as 
c o m p a r e d  wi th  the  n o n - i s c h e m i c  zone,  w e r e  t aken  in to  account .  The  n o n - i s c h e m i c  
area was  c o n s i d e r e d  to be  t h e  zone  of t i s sue  a long  the  c i r cumf lex  co rona ry  ar te ry  
and  a long the  marg ina l  b r a n c h  of th is  artery.  The t i s sue  s a m p l e s  were  g r o u p e d  pe r  
layer,  so t ha t  b e s i d e s  tota l  flow, M B F  in t he  t h r e e  layers  of the  n o n - i s c h e m i c  a n d  
i s c h e m i c  zones  could  be  calcula ted.  

In-vi tro e f fec t  o f  intral ipid on H b  m e a s u r e m e n t s  

After  a d m i n i s t r a t i o n  of intral ipid,  Hb  c o n c e n t r a t i o n s  i nc reased  cons i s ten t ly .  If 
th i s  is an ar te fac t  d u e  to  t he  in t ra l ip id  admin i s t r a t ion ,  m i s t ak es  are m a d e  in  t he  
ca lcu la t ions  of MVO2. To inves t iga te  w h e t h e r  th is  p h e n o m e n o n  was  an ar tefact ,  
var ious  a m o u n t s  of in t ra l ip id  w e r e  a d d e d  to f resh ly  d r a w n  arter ial  a n d  v e n o u s  
b lood,  a n d  the  Hb  c o n c e n t r a t i o n  was  d e t e r m i n e d  as d e s c r i b e d  be low.  The  r ange  of 
c o n c e n t r a t i o n s  u s e d  in vitro was  c o m p a r a b l e  wi th  the  b lood  c o n c e n t r a t i o n s  of 
in t ra l ip id  r e a c h e d  in the  dog  af ter  in jec t ion  of 59 ml  20 % of th is  subs tance .  

B o t h  in vitro and  in vlvo H b  values  m e a s u r e d  by the  h e m o x y m e t e r  i n c r e a s e d  
wi th  i nc reas ing  c o n c e n t r a t i o n s  of intral ipid.  O 2 sa tura t ion  d e c r e a s e d  p ropor t iona l ly  
so tha t  O 2 c o n t e n t  of t he  b lood  r e m a i n e d  u n c h a n g e d .  This  e f fec t  of in t ra l ip id  is 
c aused  by  a b s o r p t i o n  of l ight  at  the  w a v e l e n g t h s  used ,  as was  f o u n d  r ecen t ly  (2). 

B i o c h e m i c a l  calculations 

Uti l iza t ion of g lucose  and  F F A  by  the  i s c h e m i c  m y o c a r d i u m  as wel l  as re lease  of 
lac ta te  f rom th is  area  was  a p p r o a c h e d  by  us ing  the  ne t  u p t a k e  or re lease  of t h e s e  
s u b s t a n c e s ,  de f ined  as t he  p r o d u c t  of the  r e spec t i ve  s e r u m  arter io-local  v e n o u s  
(AV) d i f fe rences ,  and to ta l  M B F  in the  i s c h e m i e  area  (~mol - rain -1 �9 g-i) .  The  ne t  
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up take  as d e t e r m i n e d  in  th is  s t u d y  does  no t  fully cover  t he  ut i l izat ion s ince  the  use  
of s u b s t a n c e s  r e l eased  f rom e n d o g e n o u s  s tores  is no t  t a k e n  into account .  In  th is  
ca lcula t ion  it w a s  also a s s u m e d  tha t  t r a n s p o r t  of glucose,  lacta te  and  F F A  f rom the  
p l a sma  into  the  e ry th rocy t e  and  vice  versa ,  was  no t  i n f luenced  by  the  s u b s t a n c e s  
a d m i n i s t e r e d  to  e levate  t he  arterial  F F A  concen t r a t ions .  02 ut i l izat ion (MVO2) by  
the  i s c h e m i c  m y o c a r d i u m  was  d e t e r m i n e d  f rom Hb  co n cen t r a t i o n  t imes  AV differ- 
ence  for  02 t imes  to ta l  b lood  f low of t he  i s chemic  m y o c a r d i u m  (~mol �9 rain -1 �9 g-l). 

Data analysis 

To c o m p a r e  the  h e m o d y n a m i c s  of the  t h r e e  g rou p s  jus t  be fo re  onse t  of i schemia ,  
d i f f e rences  b e t w e e n  the  va lues  of hea r t  ra te  a n d  m e a n  aort ic  p r e s s u r e  at t ime  0 rain 
were  eva lua ted  for  s ta t is t ical  s ign i f icance  by  app ly ing  Wi leoxon ' s  two- sample  test.  

I n f o r m a t i o n  a b o u t  t he  effect  of hepar in ,  in t ra l ip id  or t he  c o m b i n a t i o n  of h ep a r i n  
and  in t ra l ip id  du r ing  myoca rd i a l  i s chemia  was  ob t a i n ed  by  c o m p a r i s o n  of the  data  
w i th in  each  animal .  The  cho ice  of each  dog  se rv ing  as its o w n  control ,  was  m a d e  
because  of t h e  large d i f f e rences  b e t w e e n  the  animals .  I n f l u e n c e s  on the  h e m o d y -  
namic  a n d  b i o c h e m i c a l  var iab les  w e r e  eva lua ted  by  c o m p a r i n g  t h e  values  at t ime  
70, 80, 90, 105 a n d  120 ra in  w i th  t h o s e  jus t  be fo re  in jec t ion  of t he  s u b s t a n c e s  ( t ime 60 
rain). I n f o r m a t i o n  a b o u t  t h e  e f fec t  on  M B F  was  o b t a i n e d  by  c o m p a r i n g  the  values  
jus t  be fo re  ( t ime 60 rain) a n d  20 rain af ter  in jec t ion  of t he  subs t ances .  Di f fe rences  
b e t w e e n  t h e  va lues  of t he  var ious  var iab les  w e r e  eva lua t ed  for s tat is t ical  signifi- 
cance  by  app ly ing  Wi lcoxon ' s  m a t c h e d - p a i r s  s i gned - r anks  tes t  ( two-tai led probabi l -  
ity). I n  th i s  paper ,  t he  da ta  are p r e s e n t e d  as m e d i a n  va lues  a n d  95 % limits.  A value 
of p < 0.05 was  c o n s i d e r e d  to be  a s ign i f ican t  d i f fe rence .  

R e s u l t s  

H e m  odynamics  

At t ime  0 ra in  (before  onse t  of s tenosis )  t he  hea r t  rate  and  m e a n  aortic p ressu re  
were  for  g roup  I, II a n d  III: 110 (60-160), 135 (79-177), and  85 (75-115) beats  �9 rain -*, 
and  10.8 (8.8-12.4), 10.3 (8.5-13.2) and  10.0 (8.0-10.3) kPa ,  respect ive ly .  These  values  
were  n o t  s ign i f icant ly  d i f ferent .  I n t r a v e n o u s  in jec t ion  of h e p a r i n  resu l t ed  in a sl ight  
and  gradua l  dec r ea se  in systol ic  (med ian  fall maximal ly :  1.4 kPa  [= 8 %]) and  
diastol ic  aor t ic  p r e s s u r e  (med i an  fall maximal ly :  0.7 k P a  [= 10 %]). This  decrease  
was  s ign i f ican t  45 and  60 ra in  af ter  a d m i n i s t r a t i o n  of hepar in .  In jec t ion  of intral ipid 
(group II) or h e p a r i n  and  in t ra l ip id  (group III) i n d u c e d  a t r ans i en t  increase  in b lood  
p r e s s u r e  (of 0.5-2.0 kPa)  w i th in  t he  f i rs t  rain af ter  in ject ion.  These  changes  were  no t  
s igni f icant  a n y m o r e  10 ra in  af ter  in jec t ion.  Hea r t  rate  gradual ly  inc reased  after  
admin i s t r a t i on  of h e p a r i n  as wel l  as hepa r in  and  in t ra l ip id  ( m a x i m u m  rise: 45 [39 %] 
and  23 bea t s  �9 ra in  -1, [23 %] respect ively) .  Af te r  admin i s t r a t i on  of in t ra l ip id  alone,  
the  m a x i m a l  r ise  in hea r t  rate  was  only  4 bea t s  �9 rain -~ (2.5 %). In  all th ree  g roups  
th is  i nc rease  b e c a m e  s ign i f ican t  45 rain af ter  inject ion.  

Hepar in ,  in t ra l ip id  or the  c o m b i n a t i o n  of t hese  subs t ances  ne i the r  i n d u c e d  
cardiac  a r r h y t h m i a s  no r  i n f l u e n c e d  occas iona l ly  ex i s t ing  a r rhy thmias  such  as noda l  
r h y t h m s  or atrial  f ibri l lat ion.  

A d m i n i s t r a t i o n  of the  s u b s t a n c e s  h a d  no s ignif icant  ef fect  on end-d ias to l ic  left  
ven t r i cu la r  p res su re ,  LV d P / d t  max ,  and  cardiac  output .  

Regional  myocardia l  blood f l o w  

After  a d m i n i s t r a t i o n  of in t ra l ip id  (group II), total  MBF s ignif icant ly  inc reased  in 
the  n o n - i s c h e m i c  m y o c a r d i u m  (median  increase:  13 %). In  t he  i s eh emi c  t i s sue  M B F  
did  no t  c h a n g e  s igni f icant ly  (table 1). After  s imu l t aneous  in jec t ion  of hepa r in  and  
intral ipid,  to ta l  M B F  d id  n o t  c h a n g e  s ignif icant ly  in t he  non- i sehern ie  m y o c a r d i u m ,  
but  d e c r e a s e d  s igni f icant ly  in t he  i s chemic  par t  (table 1). 
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mM 

0,8 

In  t he  n o n - i s c h e m i c  m y o c a r d i u m ,  the  t r a n s m u r a l  d i s t r ibu t ion  of M B F  was  no t  
s ignif icant ly  a f fec ted  by the  admin i s t r a t i on  of in t ra l ip id  or hepa r in  and  intral ipid 
(table 1). In  t h e  i s c h e m i c  rnyocard iurn  the  t r a n s m u r a l  d i s t r i bu t ion  (endo/epicard ia l  
ratio) of M B F  was  no t  s igni f icant ly  c h a n g e d  after  the  in jec t ion  of intral ipid.  After  
the  a d m i n i s t r a t i o n  of h e p a r i n  t o g e t h e r  w i t h  intra l ipid ,  however ,  t he  s u b en d o ca rd i a l  
layers  in t he  i s c h e m i c  m y o c a r d i u m  were  u n d e r p e r f u s e d  as c o m p a r e d  wi th  the  
subep ica rd i a l  layers  in  th is  area (table 1). 

Biochemica l  variables 

I n t r a v e n o u s  in jec t ion  of h e p a r i n  (group I), in t ra l ip id  (group II), or bo th  (group 
III) e l eva ted  the  ar ter ial  F F A  c o n c e n t r a t i o n s  f r o m  0.20 to 0.30 raM, f rom 0.33 to 0.53 
mM, and  f rom 0.17 to 0.87 raM, r e spec t ive ly  (table 2). The  ar ter ial  F F A  concent ra -  
t ions  r e m a i n e d  cons t an t l y  e l eva ted  in g roup  I a n d  II, b u t  gradual ly  dec rea sed  in 
group  III  at  the  e n d  of t he  e x p e r i m e n t a l  pe r iod  (fig. 2). In  each  group,  the  concent ra -  
t ions  60 ra in  af ter  in jec t ion  of t he  s u b s t a n c e s  w e r e  still  i n c r e a s e d  as c o m p a r e d  to 
those  be fo re  in jec t ion  of t he  subs t ances .  

I m m e d i a t e l y  af ter  i n j ec t ion  of in t ra l ip id  as wel l  as in t ra l ip id  a n d  hepar in ,  the  
arterial  lac ta te  c o n c e n t r a t i o n s  i nc reased  to va lues  2-3 t i m e s  h i g h e r  t h a n  the  cont ro l  
values.  Arter ia l  Pco~ was  n o t  a f fec ted  by  the  e l eva ted  arterial  F F A  concen t r a t ions  
(table 2). 

The  e l eva ted  ar ter ial  F F A  c o n c e n t r a t i o n s  d id  no t  resu l t  in  a s igni f icant  change  in 
AV d i f f e rences  of F F A  and  g lucose  across  t he  i s c h e m i c  area (table 3). Yet  the  AV 
d i f fe rences  of lac ta te  d id  n o t  change  in  g roup  I a n d  II. I n  g roup  III, however ,  the  AV 

0.6 

0.4 

arterial FFA 1 . 3 4  1.11 

,, ~ z O 

0.2 

time 

/'~ ~3 7'0 80 9'0 I()5 120 min. 

Fig. 2. T ime  course  of ar ter ial  F F A  concen t r a t i on  in the  th ree  e x p e r i m e n t a l  groups .  
The m e d i a n  va lues  and  95 % l imits  are p resen ted .  1" = in jec t ion  of the  subs t ances .  
$ = p < 0.05. @ = h e p a r i n  (group I). �9 = intral ipid (group II). �9 = h ep a r i n  and  

in t ra l ip id  (group III). 
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difference of lactate became negative and a significant net  release of lactate 
occurred after injection of the substances. These changes were associated with a 
significant decrease in MVO2 (table 3). In contrast with the elevated AV difference 
of lactate in group III (table 3), the AV differences of K +, inorganic phosphate, pH 
and Pco~ (table 4) were not significantly affected by the elevated arterial FFA 
concentration. 

D i s c u s s i o n  

I n  the  p r e s e n t  s tudy ,  the  effect  of i n c r e a s e d  a r te r ia l  F F A  c o n c e n t r a t i o n s  
on  M B F ,  m y o c a r d i a l  m e t a b o l i s m  a n d  h e m o d y n a m i c s  d u r i n g  i s c h e m i a  was  
s t u d i e d  in  a n e s t h e t i z e d  dogs.  I n  th i s  s t u d y  m e a n  c o r o n a r y  a r t e ry  p r e s su r e ,  
as m e a s u r e d  d i s t a l  to t he  s t e n o s i s  i n  a sma l l  s ide  b r a n c h  of t he  i n t e r v e n -  
t r i c u l a r  c o r o n a r y  a r t e ry  r a t h e r  t h a n  the  r e d u c t i o n  of m e a n  b l o o d  f low in  
th i s  a r te ry ,  was  u s e d  to e s t i m a t e  t he  deg ree  of c o r o n a r y  a r t e ry  n a r r o w i n g .  
U n d e r  t he se  c o n d i t i o n s ,  t he  d e t e r m i n a t i o n  of p r e s s u r e  is eas ie r  a n d  m o r e  
a c c u r a t e  (32). Moreover ,  c o r o n a r y  a r t e ry  p r e s s u r e  t akes  i n to  a c c o u n t  t he  
c o n t r i b u t i o n  of the  co l la te ra l  b l o o d  f low to the  i s c h e m i c  area. A f u r t h e r  
a d v a n t a g e  of th i s  s y s t e m  is t h a t  the  s e r v o c o n t r o l  of th i s  p r e s s u r e  co r rec t s  
for p o s s i b l e  m o v e m e n t s  of t he  cuff  a l ong  the  vesse l  c a u s i n g  c h a n g e s  in  t he  
deg ree  of s tenos i s .  

F F A  c o n c e n t r a t i o n s  w e r e  e l eva t ed  b y  i n t r a v e n o u s  i n j e c t i o n  of h e p a r i n ,  
i n t r a l i p i d  or b o t h  s u b s t a n c e s .  T h e  h i g h e r  p l a s m a  F F A  c o n c e n t r a t i o n s  
r e a c h e d  af ter  t he  a d m i n i s t r a t i o n  of i n t r a l i p i d  a n d  h e p a r i n  t h a n  af ter  t he  
i n j e c t i o n  of i n t r a l i p i d  or h e p a r i n  a l o n e  c a n  be  e x p l a i n e d  as fol lows.  
I n t r a l i p i d  causes  p r i m a r i l y  an  i n c r e a s e  of p l a s m a  t r i g lyce r ides  (22) a n d  
o n l y  s e c o n d a r i l y  of p l a s m a  F F A .  T h e  c o n v e r s i o n  i n to  F F A  is s t i m u l a t e d  b y  
l i p o p r o t e i n  l ipase  w h i c h  is r e l eased  f r o m  the  e n d o t h e l i u m  in to  the  b l o o d  
u n d e r  i n f l u e n c e  of h e p a r i n  (6, 21). 

I t  s h o u l d  be  k e p t  in  m i n d  tha t  in  g r o u p  II  a n d  I I I  no  d i s t i n c t i o n  c a n  be  
m a d e  b e t w e e n  t he  ef fec t  of h i g h  a r te r ia l  F F A  c o n c e n t r a t i o n s  a l o n e  or 
t o g e t h e r  w i t h  h e p a r i n  a n d  h i g h  ar te r ia l  t r i g lyce r ide  c o n c e n t r a t i o n s .  

T h e  f i n d i n g s  in  o u r  s t u d y  i n d i c a t e  t h a t  g rea t ly  e l eva t ed  F F A  leve ls  
(0.66-1.23 mM)  r e s u l t  in  a d e c r e a s e  of to ta l  MBF,  e n d o / e p i c a r d i a l  b l o o d  
f low ra t io  a n d  o x y g e n  u p t a k e  in  the  i s c h e m i c  area.  T h e  d e c r e a s e d  o x y g e n  
u p t a k e  is a s s o c i a t e d  w i t h  a m o r e  p r o n o u n c e d  n e t  r e l ease  of l ac t a t e  f rom 
the  i s c h e m i c  m y o c a r d i u m ,  s u g g e s t i n g  t he  a u g m e n t a t i o n  of a n a e r o b i c  
g lycolys i s .  

A l t h o u g h  F F A  are  k n o w n  to h a v e  v a s o d i l a t i n g  p r o p e r t i e s  i n  t he  coro-  
n a r y  c i r c u l a t i o n  (1, 5), it is u n l i k e l y  t ha t  the  d e c r e a s e  in  M B F  in  the  
i s c h e m i c  a rea  r e su l t s  f rom a r e d i s t r i b u t i o n  of b l o o d  f low in  favor  of n o n -  
i s c h e m i c  areas.  I n  our  e x p e r i m e n t a l  se t -up ,  a f ter  all, p o s t s t e n o t i c  c o r o n a r y  
a r t e ry  p r e s s u r e  is k e p t  c o n s t a n t .  I n c r e a s e d  s e r u m  v i scos i ty ,  r e s u l t i n g  in  
e l e v a t e d  r e s i s t a n c e  to b l o o d  flow, m i g h t  be  a n  e x p l a n a t i o n  for the  d e c r e a s e  
in  M B F  in  t he  i s c h e m i c  m y o c a r d i u m .  T h e  a d m i n i s t r a t i o n  of i n t r a l i p i d  a n d  
h e p a r i n  i n d e e d  r e su l t s  i n  i n c r e a s e d  s e r u m  v i scos i t y  as d e t e r m i n e d  b y  
cap i l l a ry  v i s c o m e t r y  ( u n p u b l i s h e d  resul ts) .  W h e t h e r  t h e  c h a n g e  i n  s e r u m  
v i scos i t y  is less  p r o n o u n c e d  af ter  the  a d m i n i s t r a t i o n  of i n t r a l i p i d  a lone ,  
w h i c h  cou ld  e x p l a i n  t he  n o n - s i g n i f i c a n t  a l t e r a t i o n  in  i s c h e m i c  M B F  u n d e r  
t he se  c i r c u m s t a n c e s ,  is n o t  k n o w n .  N e i t h e r  do we  h a v e  i n f o r m a t i o n  a b o u t  
the  i n f l u e n c e  of F F A  a l o n e  o n  s e r u m  or  ce l lu la r  v i scos i ty .  
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I t  is un l ike ly  tha t  the  d i f fe rences  in m e d i a n  va lues  of i schemic  M B F  
b e t w e e n  g r o u p  II  and  I I I  be fo re  a d m i n i s t r a t i o n  of the  subs t ances  ( table 2) 
in f luence  the  ob t a ined  resu l t s  b e c a u s e  no re la t ion  was  found  be t w e e n  
these  M B F  va lues  and  changes  in  the  d e t e r m i n e d  va r iab les  after  admin is -  
t ra t ion  of the  s u b s t a n c e s  wi th in  these  groups .  

The  dec rease  in e n d o / e p i c a r d i a l  b l o o d  f low rat io  can pos s ib ly  be  
e x p l a i n e d  by  the  f ind ing  tha t  du r ing  s tenos i s  a r te r io les  are  ful ly d i l a ted  in 
the  s u b e n d o c a r d i u m  b u t  on ly  pa r t i a l ly  in  the  s u b e p i c a r d i u m  (4). In  this  
l ight  i nc r ea sed  v i scos i ty  of the  b lood  wil l  affect  s u b e p i c a r d i a l  b lood  flow 
only to a l i m i t e d  e x t e n t  b e c a u s e  the  a r te r io les  in  th is  l ayer  can stil l  d i la te  to 
c o m p e n s a t e  for  the  inc rease  in r e s i s t ance  caused  b y  the  e l eva ted  viscosi ty .  
This  d i l a t ion  m a y  even be  s t i m u l a t e d  by  the  i nc r ea sed  concen t r a t i on  of 
F F A  w h i c h  are  k n o w n  to be  co rona ry  va so d i l a t o r s  (1, 5). The  inc reased  
M B F  in the  non - i s chemic  area  m a y  also resu l t  f rom this  p roper ty .  

The  i nc r ea sed  ne t  l ac ta te  re lease  f rom the  i s c h e m i c  area  is in a g r e e m e n t  
wi th  p rev ious  f ind ings  (7) and  ind ica t e s  tha t  acu t e ly  e l eva ted  ar te r ia l  F F A  
concen t r a t i ons  do no t  inh ib i t  anae rob ic  g lyco lys i s  in the  i s chemic  myocar -  
d ium.  

Lac ta te ,  p o t a s s i u m  and  ino rgan ic  p h o s p h a t e  are c o m m o n l y  used  as 
m a r k e r s  for  i schemia .  These  m a r k e r s  are  gene ra l ly  r e l eased  s imul ta-  
neous ly  f rom the  m y o c a r d i u m  wi th in  20 ra in  af ter  onse t  of i schemia  (20, 
33). In  the  p r e s e n t  s tudy,  a m o r e  severe  deg ree  of i schemia ,  as ind ica t ed  by  
the fall  in M B F  as soc ia t ed  wi th  i nc r ea sed  ne t  re lease  of lactate ,  does  not  
resu l t  in  a m o r e  p r o n o u n c e d  ne t  re lease  of p o t a s s i u m  and inorganic  
phospha t e .  One e x p l a n a t i o n  for th is  d i s c r e p a n c y  m i g h t  be tha t  the cells 
are e i the r  r e t a in ing  p o t a s s i u m  and  ino rgan ic  p h o s p h a t e  or are dep r ived  of 
these  m a r k e r s  af ter  60 ra in  of i schemia .  This  t heo ry  is in ag reemen t  wi th  
the  f ind ing  t ha t  the  AV d i f fe rences  of these  s u b s t a n c e s  after  one hour  of 
i s c h e m i a  do no t  s ign i f i can t ly  differ  f rom those  before  i schemia ,  even when  
a s ign i f i can t  l ac ta te  re lease  ex i s t s  (33). A n o t h e r  poss ib i l i ty  is tha t  we 
mi s sed  the  re lease  of p o t a s s i u m  and  inorgan ic  p h o s p h a t e  because  the  
ma jo r i t y  of t he se  m a r k e r s  is r e l ea sed  w i th in  10 min  after  i n d u c e m e n t  of 
i s chemia  (33). 

Af ter  a d m i n i s t r a t i o n  of h e p a r i n  t o g e t h e r  wi th  in t ra l ip id ,  ne t  F F A  
u p t a k e  t e n d e d  to inc rease  whi le  af ter  in t ra l ip id  admin i s t r a t ion  net  F F A  
u p t a k e  b e c a m e  nega t ive  in  5 ou t  of 8 dogs.  The  la t te r  can be exp l a ined  by  
an i nc r ea sed  i n t r avascu l a r  l ipo lys i s  of s e r u m  t r ig lyce r ides  caused  by  an 
e leva ted  c o n c e n t r a t i o n  of th is  subs tance .  I n  th is  way  more  F F A  are fo rmed  
than  can  be  t a k e n  up  by  the  m y o c a r d i u m  and  these  F F A  are re leased  into 
the  v e n o u s  eff luence.  This  does  no t  occur  af ter  admin i s t r a t ion  of in t ra l ip id  
toge the r  wi th  h e p a r i n  b e c a u s e  h e p a r i n  re leases  the  l ipopro te in  l ipase  f rom 
the  e n d o t h e l i u m  (see above).  

The  inc reased  ar te r ia l  l ac ta te  concen t r a t ions  after  the  a d m i n i s t r a t i o n  of 
i n t r a l ip id  as wel l  as h e p a r i n  t oge the r  wi th  in t ra l ip id ,  ref lec t  a sys t emic  
effect  and  m i g h t  r e su l t  f rom re lease  f rom skele ta l  muscle .  The e leva ted  
ar ter ia l  l ac ta te  c o n c e n t r a t i o n s  m i g h t  be  r e spons ib le  for the  u n c h a n g e d  ne t  
F F A  u p t a k e  of the  i s chemic  m y o c a r d i u m ,  in the  p re sence  of e l eva ted  
ar te r ia l  F F A  levels  s ince  e x p e r i m e n t s  in non- i schemic  hea r t s  have  shown  
tha t  the  u p t a k e  of F F A  is d i m i n i s h e d  at  e leva ted  ar te r ia l  lac ta te  concent ra -  
t ions  (30). 



208 Basic  Research  in Cardiology, Vol. 76, No. 2 (1981) 

T h e  i n c r e a s e  in  h e a r t  r a t e  f o u n d  a f t e r  t h e  a d m i n i s t r a t i o n  of  h e p a r i n  as  
w e l l  as  h e p a r i n  a n d  i n t r a l i p i d  is  p r o b a b l y  c a u s e d  b y  t h e  f o r m e r  b e c a u s e  
h e a r t  r a t e  d i d  n o t  c h a n g e  a f t e r  t h e  i n j e c t i o n  of i n t r a l i p i d  a lone .  T h i s  is  
s u p p o r t e d  b y  t h e  f i n d i n g  t h a t  i n t r a l i p i d  a d m i n i s t e r e d  to  h e p a r i n i z e d  d o g s  
h a d  no  s i g n i f i c a n t  e f f ec t  on  h e a r t  r a t e  b o t h  in  t h e  n o n - i s c h e m i c  (7, 11, 12, 
13) a n d  in  t h e  f l o w r e s t r i c t e d  (7) hea r t .  I t  is  u n l i k e l y  t h a t  o u r  e x p e r i m e n t a l  
d e s i g n  is r e s p o n s i b l e  for  t h e  i n c r e a s e  in  h e a r t  r a t e  b e c a u s e  in  a p r e v i o u s  
s t u d y  w i t h o u t  i n t e r v e n t i o n  no  s i g n i f i c a n t  c h a n g e s  in  h e a r t  r a t e  w e r e  f o u n d  
d u r i n g  2 h o u r s  of  s t e n o s i s  (33). 

T h e  p r e s e n t  f i n d i n g s  t h a t  e l e v a t e d  F F A  c o n c e n t r a t i o n s  do  n o t  i n d u c e  
a r r h y t h m i a s ,  a r e  in  a c c o r d a n c e  w i t h  t h e  d a t a  p r e s e n t e d  p r e v i o u s l y  (9, 14, 
15, 18, 21, 23, 25), b u t  in  d i s a g r e e m e n t  w i t h  t h e  f i n d i n g s  of  O l i v e r  a n d  Y a t e s  
(17) a n d  Y a m a z a k i  (34). T h i s  d i s c r e p a n c y  is i n c o m p l e t e l y  u n d e r s t o o d .  A 
p o s s i b l e  e x p l a n a t i o n  m i g h t  b e  t h a t  t h e  F F A  l e v e l s  in  o u r  s t u d y  w e r e  t o o  
l o w  to i n d u c e  a r r h y t h m i a s  ( m a x i m u m  1.35 m M )  b e c a u s e  O l i v e r  a n d  Y a t e s  
(17) d e s c r i b e d  t h e i r  e f f ec t s  a t  p l a s m a  F F A  l eve l s  of  2.5 mM.  O n  t h e  o t h e r  
h a n d ,  O p i e  a n d  c o - i n v e s t i g a t o r s  d i d  n o t  f i n d  an  e f f ec t  on  a r r h y t h m i a s  a t  
p l a s m a  F F A  l eve l s  of 6 m M  (18). 
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