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Abstract 

S heep liver mitochondr i a  oxidised palmitate , oleate and 

l inoleate at s lower rates than did rat l iver mi tochondr i a . 

Rat l iver mitochondria  oxidised l inoleate at 1 . 2  to 

1 . 7  t imes the rate observed with palmitate as the substrate . 

However , sheep liver mitochondria  oxidised l inoleate at 0 . 7 4 

to 0 . 8 4 the rate observed when palmitate was the substrate . 

The biochemical bas i s  of thi s  differ ence i s  not unders tood . 

The reaction catalysed by the enz yme carni tine 

acyltransferase I is  bel i eved to be an important regulatory 

step in the oxidation of long-chain fatty acids and is known 

to be competit ively inhib ited by malonyl-CoA . Both rat and 

sheep liver mitochondr i a  were  able to form acyl carnit in e  

when palmitoyl-CoA and li noleate , coupled with a n  acyl-CoA 

generating system ,  were  the acyl substrates . 

Malonyl-CoA was very effective in inhibiting the CAT I 

reaction in sheep l iver mitochondr ia . When linoleate , 

coupled with an acyl-CoA generating system , was the 

substrate for CAT I ,  1 �M malonyl-CoA was found to inhibit  

the  reaction by  9 0 % .  However , when the same substrate was 

assayed in rat liver mitochondria  the inhibition was much  

less , 2 2  � M malonyl-CoA leading to  only 5 0 %  inhibit ion of 

the CAT I en zyme . When palmitoyl-CoA was used as 

a substrate for the en z yme CAT I ,  l ittle di f ference was seen 

between rat and sheep l iver mitochondr i a  in the extent of 

inhibit ion obs erved over the concentration range of 1 to 

5 � M malonyl-CoA . 

These exper iments ind icate that sheep liver 

mi tochondr i a  could oxidise  palmitate rather than l inoleate 

at low levels of malonyl-CoA , as one might expect in vivo . 

In  contrast , in rat liver mitochondr ia , linoleate would be 

oxid i s ed faster than palmitate at all  concentrations of 

malonyl-CoA investigated . 

It  is suggested that thi s system may be an important 

means whereby sheep are able to conserve linoleate by 

prevent ing its  oxidation . 

ii 



In addit ion the mi tochondr ial glycerol 3-phosphate 

acyltransferase reacti on was investigated with both sheep 

and rat l iver mitochondr i a . With linoleate and an acyl-CoA 

generating system , rat l iver preparations ester i f i ed 

1 . 5  nmoles min/mg protein  whereas sheep liver mi tochondr i a  

ester i f i ed less than one tenth o f  thi s . It was concluded 

ester i f i cation of linoleate to glycerol 3-phosphate is  not 

an important mechani sm of conserving linoleate in sheep 

l iver mitochondr ia . 

Ester i f i cation of palmitate to glycerol 3-phosphate was 

stud i ed us ing palmitoyl-CoA as the acyl donor . At max imal 

rates of ester i f ication it  was observed that rat liver 

mitochondr i a  es ter i f ied palmitoyl-CoA at 2 nmoles/min/mg 

whereas sheep mitochondr i a  ester i f i ed 0 . 8 nmoles/min/mg . 

i i i  
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CHAPTER 1 



INTRODUCTION 

1 . 1 The requirements of animals for linoleic acid  

I n  s imple stomached animals  an intake of 1-2 %  of the  

total dietary energy as  es senti al fatty acids i s  suf f i c i en t  

t o  prevent the appearance o f  def i c i ency s igns , e . g .  scaly 

paws , skin  and tai l , fatty l ivers and decreas ed growth rate 

( Holman , 1 9 6 8 ) .  In the ruminant , although the d i etary 

intake of linoleic  acid usually exceeds thi s  value ( Sc ot t , 

1 9 71 ) ,  the hydrogenation of unsaturated fatty ac ids by the 

rumen microflora ( Dawson and Kemp , 1 9 70 ) cons iderably 

reduces the amount of l inoleic  acid avai lable to the anima l . 

Leat and Har r i s on ( 1 9 7 2 ) have shown that , as a result of 

this biohydrogenation of unsaturated fatty acids in the 

rumen , the d igesta leaving the abomasum and enter ing the  

duodenum contains only 0 . 3  to 0 . 5 % of the  total energy as  

l inoleic  acid . Although these  levels of linolei c  ac i d  

avai lable t o  the ruminant would produce def i c i ency s i gns  i n  

non-ruminants ,  essent ial fatty ac id def i c i ency has not been 

reported in the adult ruminant and no l imitation on growth 

and production recorded . Thi s  abi l i ty of the ruminant 

animal to survive and grow on such low levels of lino l e i c  

ac id suggests that these  animals  have a highly eff ic i e n t  

method o f  conserving thes e  fatty ac ids . 

1 . 2  Synthes is of long-cha in fatty acids by an imal cel l s  

Monounsaturated and saturated fatty acids can be 

synthes i z ed de novo in the an imal cell . The cytop lasm i c  

fatty ac id synthetase complex ( Waki l  et al . ,  1 9 8 3 ) produces 

palmit i c  acid as a ma j or product which  can be e longated by 

the microsomal malonyl-CoA-dependent elongati on system 

( Jeffcoat , 1 9 7 9 ) to stear i c  acid and longer-chain  saturated 

ac ids . These  saturated fatty acids can in turn be 

desaturated to form monoenoi c  acids by the microsomal 

desaturase ( Jeffcoat , 1 9 7 9 ) .  In contrast ,  many poly

unsaturated fatty acids found in mammal ian t i ssues are  

der ived from l i noleic ac id or  a-l inolen ic  acid  ( Fig . 1 )  

which the animal mus t  obtain from its  diet due to its  

1 
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inab i l i ty to synthes i z e  thes e  acids de novo . These  fatty 

acids in the l i noleate and linolenate fami ly , whi ch are 

essential for the anima l ' s  wel l  being , are termed essential  

fatty ac ids ( Burr and Burr , 1 9 2 9 ;  Mead , 1 9 81 ; Lough and 

Garton , 1 9 5 8 ;  Rei ser and Reddy , 1 9 5 6 ; Shorland et al . ,  

1 9 5 5 ) .  

1 . 3  Hydrogenati on of polyunsaturated fatty ac ids 

in the rumen 

The ma j or lipid constituents of pasture grasses are 

galactosyl-g lycer ides and phosphol ipids and the const i tuent 

fatty acids are predominantly linolenic , linoleic and 

palmitic  acids ( Garton , 1 9 6 7 ) .  The acyl moieties  are 

released as free fatty ac ids in the rumen by the acti on of 

l ipolytic  enzymes secreted by rumen micro-organi sms ( Garton 

et al . ,  1 9 5 8 ;  Faruque et a l . ,  1 9 7 4 ) .  These unsaturated 

fatty acids are rapidly hydrogenated by the rumen microf lora 

( Re iser , 1 9 51 ; Garton , 1 9 6 4 ;  Girard and Hawke , 1 9 7 8 ) . Thi s  

biohydrogenat i on o f  unsaturated fatty acids is  thought to 

proceed in a stepwi se manner , with the rap id hydrogenation 

of the tr i enoi c  to monoenoic  acids , followed by a s lower 

conversion of the monoenoic to saturated acids ( Si ngh and 

Hawke , 1 9 7 9 ; Kepler and Tove , 1 9 6 7 ) .  As a result of this  

process  of  hydrogenat i on the maj or reaction products are 

monoenoic and saturated acids with on ly trace amounts of 

polyunsaturated acids . 

Rumen protozoa are known to absorb linoleic acid 

( Gutierrez  et al . ,  1 9 6 2 ) whi ch i s  ref lected in the high 

proportions of this  fatty acid in protozoal phospholipids 

( Kat z and Keeney , 1 9 6 7 ) .  

I t  has been suggested that dietary linoleic acid may 

escape hydrogenat ion and thereby be conserved by its  r ap id 

uptake and incorporation into protozoal lipids ( Keeney , 

1 9 7 0 ; Girard and Hawke , 1 9 7 8 ) .  

Dur ing the hydrogenation of polyunsaturated fatty 

acids , cons iderable pos i ti onal and geometrical i s omer i sation 

3 



occurs whi ch leads to the format ion of 1 8  carbon dienoic 

ac ids that are quite d i s tinct from l inol e i c  acid ( Shor land 

et al . ,  1 9 5 7 ; Ward et al . ,  1 9 6 4 ) . This  i s omer i sation i s  

ref lected in  the occurrence o f  these  unsaturated c1 8  i somer s  

in  ruminant t i s sue lipids ( Shorland , 1 9 6 2 ) .  

1 . 4  Function of long-chain  polyuns aturated 

fatty ac ids in cell  membranes 

Cell membranes contain  a var i ety of l ipids , the fatty 

acid compos ition of whi ch determines many of the propert i es 

exhibited by the membrane . Thes e  membranes mus t  contain  

polyunsaturated fatty ac ids i f  they are  to  s erve thei r  

phys iologi ca l  function in  the animal cell  ( S inger and 

N icholson , 1 9 7 2 ; Fry and Green , 1 9 81 ; Harb et a l . ,  1 9 81 ) .  

Membranes within  cells have a var i ety of functions ( Chapman , 

1 9 7 2 ) and these  functions are dependent on the careful 

control of the phys ical propert i es of the membrane , wh ich 

are inf luenced by the l ip id components . In  order to 

ma intain an effective functional environment , the fatty acid 

compos ition of the membrane l ipids mus t  be regulated within 

narrow l imits . 

The essential  fatty ac ids wh ich are assoc i ated with the 

structura l  lipids of the membranes occupy the two-pos i t i on 

of g lycerophospholipids ( Hi l l  and Lands , 1 9 7 0 ) and these 

phospholipid components of the membrane show a species- and 

t i ssue-speci f i c  pattern ( Crawford et al . ,  1 9 81 ) .  The 

presence of polyunsaturated acyl groups is thought to 

ma inta in a f lu id-crystall i ne environment within  the membrane 

by disrupting the close packing exhibited by saturated acyl 

chains ( Hous lay and Stanley , 1 9 8 2 ) .  As i l lustrated in 

F ig . 2 the incorporati on of double bonds in the cis  

configuration introduces a bend in the  acyl chain and 

prevents the close packing that is seen with saturated acyl 

chains . 

In  addi t i on to the structural role played by essential 

fatty acids they can also be metabol i z ed to prostacyc l in , 

prostaglandins and thromoboxanes whi ch have important 
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membrane s tructure proposed by S in ger and Nicholson ( 1 9 7 2 )  

The above i l lustration shows the orientation o f  membrane protein s , 
both integral ( those embedded in the lipid bilayer) and peripheral 
proteins ( those as sociated with the membrane surface),w i th the 
c harged groups of the protein molecule facing the aqueous medium 
on either s ide of the l ipid bilayer and the n on-polar groups 
associated with the hydrophobic  core o f  thi s bilayer . A s  wel l  
as  proteins the membrane phospholipids are also ori en tated so 
that the charged groups ( i . e .  phosphate and amin e  groups )  are 
facing the aqueous medium whi l e  the fatty-acyl chains e steri fied 
to pos i tions  1 and 2 of  the g lycerol molecule are orientated 
towards the hydrophobi c  core . The f luidity of  the membrane 
s tructure is con trolled by the fatty acid compos ition of these 
phospholipids . The above diagram illustrates the e f fect  of 
introducing a cis doub le bond on the c lose packing seen with 
the saturated acyl chain s . 



phy s i ological effects on cellular metabol i sm ( Bergstrom et  

al . ,  1 9 6 4 ; Moncada et al . ,  1 9 7 6 ) .  

I t  i s  now believed that it  is  the longer chain  

derivatives , synthe s i z ed from thes e  essential acids , r ather 

than the essenti a l  fatty ac ids themse lves that are important 

in  correcting essential fatty acid def i c iency s igns ( Rivers 

et al . ,  1 9 7 5 ) .  

1 . 5 P lasma entry rates of fatty ac ids in  sheep 

Lindsay and Leat ( 1 9 7 7 ) observed that in sheep , the 

entry rate of linoleic  ac i d  and its  contribution to C02 
production was markedly less than that observed us ing 

stear i c  acid . Under starvation condit ions sheep were  found 

to preferentially mob i l i z e  palmitic , s tear i c  and oleic  acids  

rather than linoleic  ac id . However , the biochemical 

mechani sm by whi ch linoleic acid i s  selectively reta i ned in 

s heep is  not yet known . 

Results from many laborator ies  suggest that , in 

general , dietary essential fatty acids are not conserved as 

they are absorbed from the small  intest ine , but like 

non-essential  fatty ac ids have an equal chance of being  

oxidatively degraded in  the  intestinal mucosa . Mead e t  a l . 

( 19 5 6 ) have shown that the recovery of 1 4c in expi red C02 
after feeding carboxyl-labelled stearate , oleate , and 

l i noleate to mice was higher for l inoleate and oleate than 

for stearate , when measured up to 10  hrs after feeding . As 

d iscuss ed below this  has been confirmed in the present s tudy 

( Reid and Husbands , 1 9 8 5 ) . However , it is thought that 

after uptake by the t i s sues , essential fatty acids may be 

protected by virtue of the types of compounds and structures 

in  whi ch they are located . 

1 . 6 Metabol i sm of linoleic acid in  the animal cel l  

The cellular metabo l i sm o f  l i noleic  acid i s  

d i agrammatically represented in Fig . 3 .  Linole ic  a c i d  i s  

made avai lable t o  the liver cell by its  release from 
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l ipoprotein complexes circu lating in the plasma , where it  

exi sts mainly as cholesterol ester ( Lewi s , 1 9 7 1 ; Scanu , 

1 9 71 ) . The cholesterol ester i s  taken up by the cell , as 

part of the partially degraded lipoprotein complex , and 

hydroly z ed to free linoleic  acid and cholesterol by the 

en z yme cholesterol esterase ( Sabine , 1 9 7 7 ; Stokke , 1 9 7 2 ) ,  

found in  the cytop lasm of mos t  mammal i an cells . Linoleic  

ac id , made avai lable by  the  enz yme cholesterol esterase ,  is  

bound by  a fatty ac id binding protein or  Z protein  ( Fournier 

and Rah im , 1 9 8 3 ) present in the cytoplasm . The f irst  step 

in the metabol ism of linoleic  ac id and other fatty acids i s  

the formati on o f  thei r  CoA esters by the enzyme fatty 

acyl-CoA synthetase ( Groot et al . ,  1 9 7 6 ) ,  whi ch is a 

membrane-bound enzyme located in  the membrane fractions of 

mitochondria  ( Van Tol and Hulsmann , 1 9 70 ) ,  endoplasmi c  

reticulum ( Suzue and Marcel , 1 9 7 2 ) and peroxisomes ( Shindo 

and Hashimoto , 1 9 7 8 ) .  The fatty acyl chain is now avai lable 

as a substrate for three ma j or pathways , namely , 

s-ox idat ion , ester i f i cati on into l ipids and mod i f i cation to 

other fatty ac ids . 

1 . 6 . 1 s-oxidation 

The enz ymes of B-oxidation are located in both 

the perox i somes ( La zarow , 1 9 7 8 ) and mitochondr ia ( Fr i t z , 

1 9 61 ) .  Thi s  oxidat ive pathway degrades the hydrocarbon 

backbone of the long-chain fatty acid to smaller chain acyl 

derivatives , in  the case of peroxisomal metabolism ( La z arow , 

1 9 7 8 ) ,  and complete degradati on to acetyl-CoA when 

cons ider ing mitochondrial  metabol i sm .  The acetyl-CoA un its 

produced during mitochondr ial  oxidation can in  turn be 

further metabol i z ed to ketone bodies ( Middleton , 1 9 7 8 ) or 

comp letely oxi d i z ed to C02 , H2 0 ,  with the release of 

mechan i ca l  and thermal energy . 

1 . 6 . 2  Ester i f i cat ion 

L inoleoyl-CoA , and other fatty acyl thioesters , 

can be ester i f ied to e i ther glycerol 3 -phosphate ( Kornberg 

and Pricer , 1 9 5 3 ; Van Golde and Van den Bergh , 1 9 7 7 ) or 

di hydroxyacetone phosphate ( La Belle and Ha jra , 1 9 7 2 ) to 
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form phosphatidic acid by the esterifying en z ymes of the 

endop lasmic reticulum ( Yamashita et al . ,  1 9 7 3 ) and 

peroxisomes ( Jones and Haj ra ,  1 9 7 7 ) .  Phosphatidic  acid i s  

then converted t o  a var iety o f  phospholipids . These 

phospholipids can be directly incorporated into the membrane 

s tructure ( Jos and Den Kamp , 1 9 7 9 ) ,  where they form mor e  

stable complexes a s  s tructural  lipids . 

1 . 6 . 3  Elongat ion/Desaturation 

Linoleoyl-CoA can be converted to other members 

of the linoleic acid fami ly by the malonyl-CoA dependent 

elongati on system followed by direct oxi dative desaturation , 

both en zymatic  activities  being as soc iated with the 

mi crosomes ( Jeffcoat , 1 9 7 9 ) .  Polyunsaturated fatty acids 

der ived from linoleic  ac id are then avai lable for 

incorporat ion into phospholipids which  may be uti l i z ed as 

structural lipids of the membranes . 

I t  is poss ible to hypothes i z e  that the acylating 

en z ymes involved in the biosynthe s i s  of phosphatidic ac id 

exhibit  a preference for polyunsaturated fatty ac ids , in 

particular linoleic  or other polyuns aturated fatty acids 

der ived from linoleic  ac id . This  could act as a mechanism 

for conserving essential fatty ac ids by removing them from 

the pool of fatty acids that would otherwis e  be avai lable 

for s-ox idation . 

However , there appears to be no evidence in the 

l iterature for the preferential acylation of essential  fatty 

ac ids into phospholipids by ruminants . Instead , the enzymes 

respons ible for the acylat ion of glycerol 3-phosphate show 

s imi lar properti es when isolated from a range of an imals  

( Daae , 1 9 7 3 ) . 

Alternatively the pathway of S -oxidat ion could provide 

a mechani sm for conserving essential  fatty ac ids . Thi s  

pathway i s  potentially of great importance in regulati ng 

both the quantity and , by selective degradation , the var i ety 

of f atty ac ids avai lable to the anima l . The s -oxidati on 

pathway could therefore serve as a poss ible mechanism by 
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wh i ch essential  fatty acids are cons erved through the 

preferential  oxi dation of saturated and monoene fatty ac ids . 

1 . 7  Free fatty ac ids as mitochondr i a l  substrates 

Long-chain  fatty ac ids are oxidi z ed by the mito

chondrial  S-oxidat ive pathway by success ive removal of 

acetyl-CoA units  from the fatty acyl chain . Compared with 

other mitochondrial  substrates , they have a number of un ique 

properties  wh ich make thei r  metabol ism different . Fre e  

long-chain fatty ac ids a r e  potent uncouplers of mito

chondr ial  respiration . This  uncoup ling action becomes 

stronger with increa s i ng chain length and i s  parti cular ly 

potent in the case of unsaturated fatty ac ids ( Van den 

Bergh , 1 9 6 6 ) .  In addition , long-cha in fatty acids mus t 

f irst  be conver ted to thei r  CoA esters before they can be 

oxidi z ed via the S-oxidative pathway as the enzymes of the 

S-ox idat ion pathway wi l l  only accept the CoA esters of the 

acyl substrate ( Stadtman , 1 9 5 4 ; Lynen , 1 9 5 5 ) .  

1 . 7 . 1  Act ivation of long-chain fatty acids 

The act ivation of long-chain  fatty ac ids i s  

catalyzed by the membrane-bound en zyme fatty acyl-CoA 

synthetase ,  an en zyme whose  location has been the sub j ect  of 

extens ive studies ( Van Tol and Hulsmann , 1 9 7 0 ; Norum e t  al . ,  

1 9 6 6 ; Lippel and Beattie , 1 9 7 0 ; Aas , 1 9 71 ; Aas and Bremer , 

1 9 6 8 ) .  It i s  now generally agreed that the en zyme has a 

dual location in  the mitochondria , both on the inner-surface 

of the outer membrane ( Nimmo , 1 9 7 9 ) as well  as on the matrix 

s ide of the inner membrane ( Skrede and Bremer , 1 9 7 0 ; Groot 

et al . ,  1 9 7 4 ) ,  ins ide the carnitine barr ier ( Fig . 4 ) . Van 

den Bergh et a l . ( 1 9 6 9 )  have shown that the bulk of the 

synthetase act ivity is  associated with the mitochondr i a l  

outer membrane . Van Tol and Hulsmann ( 1 9 7 0 ) have att r i buted 

approximately 9 0 - 9 5 %  of the total synthetas e  activity of rat 

l iver mitochondr ia  to the outer mitochondr ial membrane . The 

remainder is attr ibuted to the inner-membrane/matr ix 

compartment .  The synthetase activity associated with both 

the inner and outer mitochondr ial membranes exhibits  
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d i fferent apparent Km ' s  for both the fatty ac id subst r ates  

and ATP ( Van Tol and Hulsmann , 1 9 70 ) .  The synthetase 

assoc iated wi th the outer membrane has a lower Km for 

palmitate , but a higher Km for ATP , compared with the inner 

membrane en zyme . These  kinet i c  properti es of the en z ymes 

are affected by the nature of the acyl substrate as wel l  as 

the presence or abs ence of added carni t i ne ( Van Tol and 

Hulsmann , 1 9 7 0 ) .  

Aas and Bremer ( 1 9 6 8 ) have reported that , as ide f r om 

these two long-cha in fatty acyl synthetases , there are  also  

ATP-dependent medium and short-chain  synthetases loca l i z ed 

in the matrix of rat liver mitochondr i a .  However , mor e  

research is  needed t o  fully different i ate between the s e  

dif ferent en zymes responsible for activating the vari ous 

chain lengths of the fatty acyl substrates . 

Furthermore , it  has been found that long-chain  fatty 

acids can also be activated by a GTP-dependent acyl-CoA 

synthetase pres ent in the matrix  fraction of rat liver 

mi tochondr ia  ( Ross i  et al . ,  1 9 6 7 ) .  In this  reacti on GTP is  

hydrolyzed to  GDP and inorganic  phosphate . In compar i son , 

the ATP-dependent act ivity hydrolyses ATP to AMP and 

pyrophosphate ( Kornberg and Pri cer , 1 9 5 3 ( b ) ) .  

1 . 8  Oxidation and ester i f ication of acyl-CoA 

in mitochondria  

The long-chain  fatty acyl thioesters formed by  the  

outer membrane synthetase are substrates for  two alternative 

reactions , the acylation of carni t ine by the enz yme 

carni t ine acyltransferase ( CAT ) I ( Norum , 1 9 6 5 ; Brosnan et 

al . ,  1 9 7 3 ; Norum and Bremer , 1 9 6 7 ;  Bremer and Norum , 1 9 6 7 ; 

Wes t  et al . ,  1 9 71 ) and the acylation of g lycerol 3 -phosphate 

to form lysophosphatidate by the membrane bound enz yme 

g lycerol 3-phosphate acyltransferase ( GPAT ) ( Daae , 1 9 7 2 ( a ) ; 

B jerve et al . ,  1 9 7 6 ; Sanchez et al . ,  1 9 7 3 ) .  This branch 

point in the  metabol i sm of long-chain acyl-CoA within  the  

mi tochondr ia is  diagramma t i cally i l lustrated in Fig . 5 .  
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The control of the f lux of acyl-CoA through the 

pathways of mitochondr ial oxidation and ester i f i cation 

determines the metabol i c  fate of the acyl-CoA formed i n  the 

intermembrane space . 

The parti tion of acyl-CoA ' s between oxi dat ion and 

ester i f i cation has been the sub j ect of much research ( Sugden 

and Wi l l iamson , 1 9 81 ; Mayes and Laker , 1 9 81 ; Van Tol , 1 9 7 4 ) .  

The act ivities  of carni tine palmitoyl-trans ferase and 

acyl-CoA : sn-glycerol 3 -phosphate acyl-transferase in rat  

liver homogenates were found by  Aas and Daae ( 1 9 7 1 ) to vary 

inversely dur ing fasting . In addit ion to thi s , the overall  

hormonal status of the  animal alters the balance between the 

pathways of oxidati on and ester i f i cati on in mi tochondr i a  

( Poledne and Mayes , 1 9 7 0 ; He imberg e t  al . ,  1 9 6 9 ;  Mayes and 

Felts , 1 9 7 6 ) .  

1 . 8 . 1 The ester i f i cat i on of acyl-CoA to 

glycerol 3 -phosphate in l iver mitochondr i a  

Although mitochondr ia  are bel i eved to lack the 

en zymat i c  machinery for the de novo synthes i s  of most 

complex phosphoglycer ides ( McMurray and Dawson , 1 9 6 9 ; Van 

Golde et al . ,  1 9 71 ; and Kennedy , 1 9 6 1 ) , with the except i on 

of cardiolipin ( Kennedy , 1 9 6 1 ) ,  they contribute about one

half of the total glycerol 3 -phosphate acylation capa c i ty of 

the cell  ( Daae and Bremer , 1 9 7 0 ; Lloyd-Davie s  and Br i ndley , 

1 9 7 5 ) .  The en zyme respons ible for thi s  acylat ion of 

g lycerol 3 -phosphate in mitochondr ia  is the mitochond r i a l  

glycerolphosphate acyltransferas e , located on the inner s ide 

of the outer mitochondr ial  membrane ( Daae , 1 9 7 2 ( a ) ) .  

The mitochondr ial  enz yme has a s imi lar spec i f i c  

activity t o  that o f  the microsomal enz yme , when as sayed in  

rat , mouse ,  guinea pig , rabbit and beef l iver ( Haldar et 

al . ,  1 9 7 9 ) .  Thi s  is  in contrast to that observed in other 

organs where the microsomal en z yme is  at least 10 times more 

active . The mitochondr ial  en z yme shows a strong preference 

for palmitoyl-CoA compared to oleoyl- or linoleoyl-CoA 

( Daae , 1 9 7 2 ( a ) ; Monroy et al . ,  1 9 7 2 ; Monroy et al . ,  1 9 7 3 ) ,  

i s  insens i tive to N-ethylmaleimide , and produces mono-
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acylglycerolphosphate ( lysophosphat idate ) as a ma j or product 

( Haldar et al . ,  1 9 7 9 ) .  In contrast , the microsomal en z yme 

catalyz e s  the acylation of glycerol 3-phosphate with both 

palmitoyl-CoA and oleoyl-CoA , is almost comp letely inhibited 

by N-ethylmaleimide , and produces diacylglycerolphosphate 

( phosphatidate ) as the chief assay product ( Haldar et a l . , 

1 9 7 9 ) .  

Although evidence for the involvement of mi tochondr ia l  

acyltransf erases in  non-mitochondrial  g lycerolipid synt he s i s  

i s  inconclus ive ( Stern and Pullman , 1 9 7 8 ) ,  preference of the 

en z yme for palmitoyl-CoA , as compared to oleoyl- or 

l inoleoyl-CoA as acyl substrate , suggests that thi s  en z yme 

may be responsible for the predominance of saturated f atty 

ac ids in pos i tion 1 of l iver g lycerophosphol ipids ( Ar vidson , 

1 9 6 8 ;  Daae , 1 9 7 2 ( b ) ) .  

1 . 8 . 2  The ester i f ication of acyl-CoA 

to carni tine in l i ver mitochondr ia  

The  acylation of carnitine and subsequent 

trans fer of the acylcarn itine across the inner membrane 

requires two seperate pools  of carn itine acyltransfer as e  

activity ( Fr i tz and Yue , 1 9 6 3 ; Yates and Garland , 1 9 7 0 ; 

Hoppel  and Tomec , 1 9 7 2 ) .  In intact mi tochondr ia  these 

en zymes are located on the outer surface ( overt activi ty ) 

and matrix  s ide ( latent activity ) of the inner-mitochondr ial  

membrane . Many of the  s chemes put forward to  explain the  

role  of carn i t ine in  the transport of long-chain  fatty ac ids 

have postulated that , although impermeable to coen zyme A and 

CoA ester s , the inner membrane would be permeable to 

carni tine and acylcarnitine ( Fr i t z  and Yue , 1 96 3 ;  Yates  and 

Gar land , 1 9 70 ) .  However , many investigators now bel ieve 

that the mitochondr ial  inner membrane is as impermeable  to 

carn i t ine and acylcarn it ine as it is to coenz yme A and i t s  

es ters and that carnitine and acylcarn i tine traverse the 

membrane by a process of exchange diffus ion , fac i l i tated by 

the presence of a mitochondr ial trans locase  system ( Fi g . 6 )  

( Pande , 1 9 7 5 ; Ramsey and Tubbs , 1 9 7 5 ; Idell-Wenger , 1 9 81 ) . 

On the bas i s  of acyl group spec i f ic ity , at least three 

acylcarni t ine transferases exi st ;  the carni tine short-chain 
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acyltrans ferase  ( Freidman and Fraenkel , 1 9 5 5 ; Fri t z  e t  a l . ,  

1 9 6 3 ) ,  the carni t ine long-chain  acyltrans ferase ( Fr i t z  and 

Yue , 1 9 6 3 ; Bremer , 1 9 6 3 ;  Norum , 1 9 6 3 ) ,  and a recently 

d i scovered carni tine medium-cha i n  acyltrans f erase ( Solberg , 

1 9 7 2 ; Solberg et al . ,  1 9 7 2 ; Kopec and Fr i t z , 1 9 71 ) . There 

i s  also evidence for the exi stence of a carnitine branched

chain acyltransferase present in the mitochondr ia  ( Choi et 

al . ,  1 9 7 7 ; Solberg and Bremer , 1 9 7 0 ) .  Although the patterns 

of acyl group speci f i ci ty of the two pools of carn i t i n e  

acyltrans ferase differ ( Solberg , 1 9 7 4 ) ,  i t  is  not known 

whether all  three activities show latent and overt 

activities  and whether each  acyltransferase has a unique 

tran s loca s e  system or if  several dif ferent transferase s  can 

use the same translocase .  At present , there is  no evi dence 

that different trans locases are involved in  the transport of 

d i ffer i ng chain  length substrates . Control of this 

particular transport process  may serve to regulate the 

uti l i zat ion of acyl-CoA un its  formed in the inter membrane 

space , but the regulat ion of thi s  trans ferase-trans loca s e  

proces s  i s  not yet clear . 

As wel l  as  being located on oppos ite  s ides of the i nner 

mi tochondrial  membrane , the two carni tine acyltransferas e 

activities  also dif fer with respect to their  kinetic 

parameter s . Kopec and Fr i t z  ( 1 9 7 3 ) state that carn i t i ne 

palmitoyltrans ferase I I  catalyz e s  the react i on in the 

direc tion towards long-cha in acyl-CoA formation , sugge s t ing 

thi s  transferase-trans locas e  sys tem is  only involved i n  the 

transport of long-chain  acyl groups into the mitochondr i a l  

matr ix . Hous lay and Stanley ( 1 9 8 2 ) propose  that although 

the unidirect i onal transfer of  long-chain  acyl groups into 

the mitochondrial  matr ix for oxidat ion i s  the pr imary ob j ect 

of th i s  transport system , the transferasetrans locas e  

exchange transporter allows the exchange o f  carnitine and 

acylcarnitine in both d irections  ( Fig . 6 ) .  Thi s  apparently 

' futile ' cycle s erves an important role in the oxidati on of 

long-chain fatty acids by mai ntaining an active metabol i c  

pool o f  unacylated carni tine and coen z yme A, the latte r  

be ing requi red as a n  acceptor molecule in  the B-oxida t i on 
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cycle ( Hous lay and Stanley , 1 9 8 2 ) .  The kineti cs of thi s  

exchange transport system allows control o f  the net flux of 

acyl substrate whi ls t  not affecting the overall Vmax of  the 

system . The rate of inf lux and eff lux through this system 

i s  determined not only by the kinet i cs of the individua l  

en z yme steps but b y  the concentrati on o f  acyl groups o n  

either s ide o f  the inner-membrane . Thi s  concentration i s , 

in  turn , inf luenced by the overall phys iolog ical status of 

the anima l  ( Hous lay and Stanley , 1 9 8 2 ) .  

I t  was initially thought the rate limit i ng factor for 

the pathways of oxidati on and ester i f icati on was the 

avai labil ity of the co-substrates , carnitine ( Parvin and 

Pande , 1 9 7 9 ; McGarry et a l . , 1 9 7 5 ) and g lycerol 3-pho sp hate 

( Bortz and Lynen , 1 9 6 3 ) .  However , studies by Mayes and 

Felts ( 1 9 6 7 ) ,  us ing perfused l i vers from s tarved rats , 

showed clearly that glycerol 3 -phosphate ava i labi l ity could 

not be rate limiting , s ince the l iver was able to mainta i n  

a cons tant fractional rate o f  ester i f icat ion in the face of 

an increa s i ng inf lux of fatty acid . Thi s  obs ervation was 

confirmed by McGarry et al . ( 1 9 7 3 ) ,  who showed that under 

condit ions where the operation of CAT I was inhibited , the 

ester i f i cation pathway was s t i l l  fully functional in the 

starved animal . These  results suggest that the en z ymes 

involved in glycerolipid biosynthe s i s  were not limiting 

under the conditions  described , although i t  has been s hown 

that the mitochondr ial GPAT i s  capable of regulatory 

activity ( Bates et a l . ,  1 9 7 7 ) . S imi lar conclus ions have 

been drawn concern ing the ava i labi l i ty of carni tine as 

highlighted by the work of McGarry et a l . ( 1 9 75 ) ,  

Chr i s t iansen et a l . ( 1 9 76 ) ,  and Whitelaw and Wi l l iamson 

( 19 7 7 ) , who showed that in fed rats the addit ion of 

carnit ine in vivo led to ketogen i c  rates that were  onl y  5 0 % 

of those  found in the l ivers of starved rats . 
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1 . 9  Effect of malonyl-CoA on CAT I activity 

The activity of CAT I has been shown to be 

competi t ively inhibited by malonyl-CoA ( see review by 

McGarry and Foster , 1 9 8 0 ) ,  an intermediate  of fatty ac i d  

b iosynthes i s , the concentrati on o f  whi ch var ies  depending on 

the nutr i tional state of the an ima l . Recently it has been 

shown that the inhibiti on of CAT I by malonyl-CoA is 

extremely sens it ive to a var i ety of controlling factor s . 

These include the pH at whi ch the en z yme is  assayed 

( Stephens et al . ,  1 9 8 3 ) ,  the nutr iti onal state of the anima l  

( Cook e t  al . ,  1 9 8 0 ) ,  the an imal ' s  hormonal status ( Saggerson 

et al . ,  1 9 8 2 ) ,  the pre-ex i s ting levels of malonyl-CoA in  the 

t i ssue ( Zammit , 1 9 8 3 ( a ) ) as  well  as the par t i cular tissue 

under examinat ion ( Long et al . ,  1 9 8 2 ; McGarry et al . ,  1 9 8 3 ) .  

Z ammit ( 1 9 8 3 ( a ) & ( b ) ) and Robinson and Zammit ( 1 9 8 2 ) 

have shown that it  is  pos s ible to induce revers ible changes 

in the sens i tivity of CAT I to malonyl-CoA in vitro , 

1 9  

provided appropr i ate  conditions are used . Pre-incuba t i on of 

l iver mi tochondr i a , prepared from fed virgin rats or starved 

an imals ,  with 6 5  �M-malonyl-CoA resulted in a marked increase 

in  sens i t ivity of CAT I to malonyl-CoA compared to that 

shown by the en zyme pre-incubated in the abs ence of malonyl

CoA ( Zammit ,  1 9 8 3 ( a ) ) .  The concentration of malonylCoA 

required to induce maximal sens i t i zat ion of CAT I was found 

to be within the phys i ological r ange of concentrations 

previous ly found to occur in freeze-clamped liver samples  

( Zammit ,  1 9 8 1 ) .  On the other hand , pre-incubat i on of 

mitochondria  with NbS2 , and subsequent removal of excess  

reagent with  reduced g lutathione , resulted in  

desens i t i z ation of CAT I to malonyl-CoA inhibit ion ( Zammit ,  

1 9 8 3 ( b ) ) .  When these desens i t i z ed mitochondr ia  were then 

exposed to an addi tional per i od of incubation wi th 8 �M 

malonyl-CoA , the Nb82-induced desens i t i z at ion of CAT I to 

malonyl-CoA was revers ed and the restored s ensit ivity of the 

en zyme was almost  the same as that of the nat ive en zyme 

( Zammit ,  1 9 8 3 ( b ) ) .  

These  obs ervat ions are of great phys iological relevance 

when cons ider i ng CAT I as an important regulatory s tep i n  



the oxidati on of long-chain  fatty ac i ds . Not on ly do they 

show that changes in s ens it ivity of CAT I can be reproduc ed 

in vitro , but these observations suggest that such a 

sens i t i z ation/desen s i t i zation cycle may operate in vivo to 

amplify  the respons e  of the en z yme to small  change s  in 

hepati c  ma lonyl-CoA concentrati ons . 

Although in  vitro exper iments provide strong in vitro  

evidence to  support the concept of regulation at  the  CAT I 

s tep , by malonyl-CoA , the operati on of such a regulatory  

mechani sm in vivo has yet to be demonstrated . 

1 . 10  Oxidation of polyunsaturated fatty ac ids 

The acyl-CoA product of the CAT II  en zymatic  step i s  

ava i lable for S-oxidation , s ince a l l  the en z ymes of 

S-oxidation , namely acyl-CoA dehydrogenase ,  enoyl-CoA 

hydratase or ' crotonas e ' ,  P-hydroxyacyl dehydrogenase and 

thiolas e , are loca l i z ed in the inner membrane/matr ix 

fraction of the mi tochondria  ( Lynen , 1 9 5 3 ; Tubbs , 1 9 7 8 } .  

-oxidati on of both saturated and unsaturated ac ids is  

beli eved to proceed e s sentially by the same mechani sm ,  that 

i s , the hydrocarbon chain  is s hortened by the success i ve 

r emoval of two carbon un its  unt i l  the entire  carbon backbone 

i s  degraded ( Fig . 7 } . The occurrence of a c i s  double bond 

at odd numbered carbon atoms , as in oleic and linoleic  ac id , 

leads to the removal of acetyl units  by the ' clas s i ca l ' 

S -oxidati on pathway unt i l  the chain shorten ing produce s  

c i s - 3-enoyl-CoA ( Kunau and Dommes ,  1 9 7 8 } .  This  intermediate 

i s  converted to trans- 2-enoyl-CoA by the action of cis , 

trans- 3 , 2 , enoyl-CoA i s omerase , an en zyme whose  activity has 

been detected in mi tochondr ia  ( Stof fel et al . ,  1 9 6 4 ; 

Davidof f  and Korn , 1 9 6 5 ; and Strui jk and Beerthu i s , 1 9 6 6 } .  

The trans- 2 - enoyl-CoA produced can then be further degr aded 

by the en z ymes of S -oxidati on , as thi s  is an intermedi ate  

encountered in the  oxidat ion of saturated acids . Thus the 

oxidation of oleic acid may be accompl ished by the en z ymes 

of s�oxidati on working in con junction with the above 

mentioned c i s , trans i s omerase .  
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Fig . 7 S -oxidation o f  saturated fatty acids in  mitochondr i a . 

Palmitoyl-CoA i s  degraded to ace tyl-CoA by the enzymes o f  the 
S-oxidation cycle , n amely , acyl-CoA dehyd rogenase , enoyl-CoA 
hydratase , S-OH acyl-CoA dehydrogenase and thiolase , located 
i n  the inner-memb rane/matrix fraction of  the mitochond ri a . 
The complete degradation o f  palmitoyl-CoA i s  achieved a fter 
seven cyc les of the above oxidation pathway . 



When the c i s  double bond i s  s ituated at even carbon 

atoms , it is thought that s -oxidation continues unt i l  a c i s  

double bond i s  encountered a t  carbon two . This  intermediate 

i s  the same as that produced after the fi rst  dehydrogenat ion 

step in the ' class i ca l ' s -oxidation pathway except it is of 

oppos ite  geometr ical configuration . The enoyl-CoA hydratase 

i s  not spec i f i c  concerning the geometr i ca l  conf igurati on of 

the double  bond and wi ll  cataly z e  the hydrati on of either 

the cis  or trans double bond ( Stoffel  and Caesar , 1 9 6 5 ; 

Wak i l  and Mahler , 1 9 5 4 ) .  The products of thi s  reaction are  

both the  L- and 0- isomers of the  S -OH acyl-CoA ester 

depending on whether the stereochemistry of the double bond 

is trans or c i s  respect ively . The oxidat ion of this 

hydroxyl group to a ketone is  catalyz ed by a S-OH acyl-CoA 

dehydrogenase which is spec i f i c  for the L-i s omer i c  

conf iguration o f  the hydroxyl group ( Waki l ,  1 9 6 3 ) .  Any -OH 

acyl es ters in  the 0-configuration are conver ted to the 

L- isomer by the action of an epimerase ( Stoffel et al . ,  

1 9 6 4 ;  Stoffel and Caesar , 1 9 6 5 ) .  According to thi s  concept 

the complete oxidation of mos t  polyuns aturated fatty acids  

could be accomplished by  the en z ymes associated with the  

' class i cal ' S-oxidat ion pathway as  well  as  two addit ional 

en zyme activities , as described . 

Although the en z ymat i c  activities  descr ibed above have 

all  been detected in mi tochondr i a , the operation of such a 

proposed pathway has yet to be substant iated by exper imental  

data . 

The studies  of Kunau and Bartnik  ( 1 9 7 4 ) and Kunau and 

Oommes ( 1 9 7 8 ) on the partial  degradation of polyunsaturated 

fatty ac ids suggests a more  complex picture . 

The oxidative degr adation of c i s - 4 -decenoyl-CoA has 

been studied by Kunau and Oommes ( 1 9 7 8 ) ,  us ing a buffer

solub le extract from beef l iver . The crude extract was 

capable of oxidis ing decanoyl-CoA with the production of  the 

expected intermediates , except 3 -oxodecanoyl-CoA , in the 

form of their  methyl esters . When radioactive c i s -4 -

decenoyl-CoA was incubated with the crude extract , methyl 
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octanoate and not methyl c i s - 2-octenoate was detected among 

the methyl ester s . Furthermore , the degradation of c i s - 4-

decenoyl-CoA was found to be dependen t  on NADPH , a cof actor 

not required by the four en z ymes of S -ox idat ion . These  

results suggest a dir ect reduct ion of the  double bond at  

carbon four and not reducti on of c i s - 2-octenoyl-CoA after 

the subsequent removal of one acetyl-CoA un i t . 

DEAE-cellulose fractionation and gel chromatography on 

Sephadex G-1 5 0  were used by Kunau and Dommes ( 1 9 7 8 ) to 

separate , almost  completely , the NADPH-dependent enoyl-CoA 

reductase activity measured with c i s-4-decenoyl-CoA , and 

substrates possessing a 2 , 4-d i ene structure , from that 

measured with trans-2-decenoyl-CoA . The latter of these  

substrates is  reduced by  a 2 -enoyl-CoA reductase ,  which  is  

known to exi s t  in  beef l iver ( Podack and Seubert , 1 9 7 2 ) .  

Using af f in ity chromatography Kunau and Dommes ( 1 9 7 8 ) 

were able to separate the acyl-CoA dehydrogenase  from the 

4 -enoyl-CoA reductase . They observed that when inter

mediates  posses s ing a 2 , 4-diene structure ,  but not c i s - 4 -

decenoyl-CoA , were used a s  substrate for the reductase the 

reaction oxidi z ed NADPH . 

From their observations Kunau and Dommes ( 1 9 7 8 ) 

concluded that in the reaction catalyzed by the 4 enoyl-CoA 

reductase  only one double bond of the 2 , 4-diene th ioester i s  

reduced and that the double bond in the four pos i tion i s  

absent after thi s  reduction step . The results obtained in 

these exper iments however , do not distinguis h  between a 

1 , 2-addition ( carbon atoms 4 and 5 )  and a 1 , 4-addition 

( carbon atoms 2 and 5 )  of the two hydrogen atoms . 

Therefore , the products of such a reduction could be 

trans-2-decenoyl-CoA or 3 -decenoyl-CoA respectively . 

From these results Kunau and Dommes ( 1 9 7 8 ) have 

proposed a ser ies of reactions for the degradation of 

cis-4-decenoyl-CoA .  The proposed pathway incorporates the 

4 -enoyl-CoA reductase as descr ibed above w ith the four 

en zyme steps involved in the ' class ical ' s-ox idation of 
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saturated fatty acids . If  3-decenoyl-CoA is  the product of 

the reductase step then it is proposed that thi s  is 

converted to trans-2-decenoyl-CoA by the acti on of c i s , 

trans-3 , 2  enoyl-CoA isomerase , as d i s cussed previous ly . 

Thi s proposed ser ies of reactions i s  supported by the work 

of Cuebas and Schulz ( 1 9 8 2 ) which  investigated the en z ymatic  

degradation of 2 , 4  decadi enoyl-CoA , an  assumed metabolite of  

l i noleic acid oxidat ion . Therefore i t  would appear that 

2 trans , 4 c i s-decadienoyl-CoA cannot be degraded according 

to the pathway proposed by Stoffel and Caesar ( 1 9 6 5 ) for the 

oxidation of l inoleic acid . 

A modif ied pathway for the degradat ion of l inolei c  

ac id , as proposed b y  Kunau and Dommes ( 1 9 7 8 ) and supported 

by the observations of Cuebas and Schulz  ( 1 9 8 2 ) , is  

presented in Fig . 8 .  

Although the in  vitro evidence supports the proposal of 

such a pathway operating , the use of crude extracts , 

supplemented with semi-pure protein  fractions , needs 

refining . Only when the above system can be reconstituted 

from its  isolated components and shown to catalyze the 

complete oxidation of l inole ic  aci d  wi ll  it  be poss ible to 

con f i rm the proposed r eaction scheme . 

The ma jor reaction product of the B -oxidative pathway 

i s  acetyl-CoA whi ch in turn has a number of metabol i c  fates 

once formed within the matrix ( Fig . 9 ) .  The levels of 

acetyl-CoA within the mitochondria are regulated by : the 

rate of acetyl-CoA product ion via B -oxidat ion ; uti l i z at i on 

via  either the Krebs cycle and electron transport chain  or 

ketone-body product ion , when cons ider ing liver metabo l i sm ;  

o r  by i t s  transportati on out of the mitochondria  either as 

c i trate or via the carnitine acetyl-CoA transferase exchange 

system .  
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Fig . 8 Oxidation o f  l inoleic acid i n  mitochondria . 

Although i t  i s  genera lly accepted that the basic mechani sm 
for the oxidation o f  unsaturated fatty acids i s  essentially 
the same as  for s aturated fatty acids , the i ntroduction 
o f  cis  double bonds in the acyl chain leads to intermediate s  
n o t  encountered in the S-oxidation o f  saturated fatty acids . 
The above scheme i l lu strates the two proposed p athways for 
the oxidat ion of l inoleic acid ( See section 1 . 10 ) . 
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Fig . 9 Metabo lism of acetyl-CoA i n  liver mitochondri a . 

Acetyl-CoA synthes i zed within the mitochondri a l  matrix c an 
either be completely degraded to co2 and H2o within the 
mitochondria  or transported out of Ehe mitochondri a  
( indicated b y  broken line ) either a s  ketone bodies ( Sugden 
and Williamson , 1 9 8 1 ;  Middleton , 1 9 7 8 ; Mayes and Laker , 
1 9 8 1 ) , citrate (Watson and Lowenstein , 1 9 7 0 ) , or  pos sibly 
as f ree acetyl-CoA via the c arnitine acetyl-CoA tran s ferase 
reaction ( Freidman and Fraenke l ,  1 9 5 5 ; Fritz  et al . ,  1 9 6 3 ) . 
However ,  the involvement of  thi s  last mechani sm i n  the 
export of acetyl-CoA from the mitochondria has yet to b e  
proven . 



1 . 11 Peroxisomal oxidation 

Lazarow and de Duve ( 1 9 7 6 ) have shown that rat l iver 

peroxisomes are capable of oxidi z ing long-chain acyl-CoA 

esters . The oxidat ion of these  long-chain acyl substrates 

proceeds by an almost  identical ser ies  of reactions  as 

described for mitochondr ial B-oxidati on ( La z arow , 1 9 7 8 ) ,  

wi th the generation of acetyl-CoA through succes s ive s t eps  

of dehydrogenati on , hydrat ion , dehydrogenat ion , and 

thiolytic  c leavage . In contrast to mi tochondr ial  

B-oxidation , however , the  f i rs t  dehydrogenati on step 

involves the reduction of 02 to H202 , whi le the second 

dehydrogenati on step , as in mitochondr i a , reduces NAD+ to 

NADH . When mi tochondrial  and peroxisomal fatty acid 

oxidati on were compared in  whole liver homogenates 

( Mannaerts et al . ,  1 9 7 9 ) i t  was observed that , in contr as t  

w i t h  mitochondr ial oxidati on , peroxisomal oxidati on d i d  not 

produce ketone bodies , was not dependent on carn i t ine , and 

rema ined unchanged during starvat ion and diabetes . In 

addition to this , peroxisomal oxidat ion is not coupled to 

a phosphorylating system and is insen s i t ive to inhibi t ion by 

cyanide ( La zarow and de Duve , 1 9 7 6 ) .  

The degradation of the acyl chain by the enz ymes of 

B -oxidation in  mitochondria  is  thought to be essentially  

complete with the format ion of acetyl-CoA , equivalent to  the 

number of acetyl units  contained in the fatty acid . Thi s , 

however , does not appear to be the same in peroxi some s . 

Lazarow ( 1 9 7 8 ) observed that pur i f ied peroxi somes would 

catalyze  the oxidation of palmitoyl-CoA with the generation 

of only 5 acetyl-CoA un its  per equivalent of palmitoyl -CoA. 

Peroxisomes were less active with octanoyl-CoA than with  

lauroyl-CoA or palmitoyl-CoA and were inactive when s hort 

chain acyl-CoA esters such as butyryl-CoA were used as  

substrates . 

The incomplete oxidat ion of long-chain fatty ac ids and 

inactivity towards shorter chain acyl-CoAs raises ques ti ons 

as to the fate of these  short chain  der ivatives . The 

presence of a carni tine transfer system ( Markwell  et a l . ,  
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1 9 7 3 ) ,  although not needed for oxidati on , suggests that 

these shorter chain  acyl-CoAs may be transported elsewhere 

in  the cell . The poss i b i l ity of the further oxidation of  

these  short chain  substrates by mi tochondria  is  s t i l l  

a top i c  o f  dis cuss ion . 

Although the results , obtained thus far , suggest that 

the peroxisomes are a ma j or s ite for the B-oxidati on of  long 

chain fatty ac ids ( Laz arow and de Duve , 1 9 7 6 ; Mannaert s  et 

al . ,  1 9 7 9 ) ,  the relative contr ibuti on of both the 

peroxisomal and mitochondr ial pathways to the overall  

oxidation of fatty acids  in the  cell i s  uncertain . 

When cons ider ing maxima l en z yme activity , the 

peroxisomal s-ox idat ion capac i ty in mouse  liver is about the 

same as that observed in the mitochondrial  system ( Murphy et 

al . ,  1 9 7 9 ) .  In contrast , the hepat i c  peroxisomal 

B-oxidat ion capaci ty in rats accounts for about 2 5 -3 3 %  of 

the total act ivity ( Krahling et al . ,  1 9 7 8 ) .  

A role for peroxisomal oxidat ion has been proposed by 

Neat et al . ,  ( 1 9 81 ) as  regards the oxidation of fatty acids 

dur i ng per iods of sustained high hepatic  influx of these  

substrates , and espec ially in relati on to the metabol i sm of 

fatty acids that are poorly oxid i z ed by mitochondr ial  

s-oxidati on . 

The overall  regulation of fatty acid oxidation i s  

a very complex p icture with a wide var iety o f  contri buting 

factors . However , as in many other metabolic schemes , 

var i ous en zyme steps seem to act as important control 

points . 
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level in thi s  thes is , us ing the rat and the sheep as model 

an imal systems . 
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CHAPTER 2 



MATERIALS AND METHODS 

2 . 1 Chemical reagents 

Reagents purchased from Sigma Chemical Company , S t . 

Loui s  ( US A ) , were ; palmitic  acid , stear i c  acid , olei c  acid , 

linoleic  ac id , pa lmitoyl-CoA , oleoyl-CoA, linoleoyl-CoA , 

malonyl-CoA , coenzyme A ,  L-carnit i ne , DL � -glycerol 

3 -phosphate , ATP , ADP , DTT , NAD+ , ant imycin  D ,  albumi n  ( Cohn 

Fraction V ) , EGTA . 

DL- [ methyl-1 4c ] carni t ine hydrochlor ide and 

L- [ u-1 4c ] glycerol  3-phosphate ( ammonium salt ) wer e  purchased 

from Amersham International ,  Amers ham ,  Bucks , U . K .  

Other reagents were analytical grade . 

Butanol was was hed free of impurit ies with dist i l led 

water , dr ied with CaCl2 overnight and re-di s t i l led twi ce , 

the initial  50  ml and the final  1 0 0  ml from a volume of  2 1 

were discarded . 

2 . 2  Preparat i on of reagents 

Soluti ons were prepared us ing dei on i s ed-d i s t i lled 

water . Micellar soluti ons of saturated fatty acids were 

prepared by titrating aqueous soluti ons  of the pota s s i um 

salts to between pH 7 to 8 with HCl .  For mi cellar s olut ions 

of palmitate and stearate thi s  operati on was carr i ed out at 

7 0 ° C  to ensure the solub i l ity of these fatty ac ids . 

Unsaturated fatty ac ids , present as the free ac i d , were 

titrated with an equimolar amount of KOH to form a micellar 

soluti on of the potass ium salt of the fatty acid . Oxygen 

was excluded at all  stages by f lushing with N2 and solut i ons 

were then s tored under ni trogen . The concentrat i ons of  the 

fatty ac id micellar soluti ons  were determined by ad j u s ting 

the pH of the solution to 2 ,  us ing a pH meter , wi th HCl and 

t i trating the free fatty ac ids with NaOH us ing Ni le B lue A 

as an indicator ( Chen , 1 9 6 7 ) .  
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Rad ioactive substrates wer e  prepared as follows ; 

2 . 2 . 1 [ 1 4c ] glycerol 3 -phosphate 

5 0 �C i  of L- [ u-1 4c ] glycerol 3 -phosphate , ammon ium 

salt ( 17 1  mCi/mmol )  was made up to a f inal concentrat i on of 

1 0 . 9 4 mM wi th unlabelled DL a -glycerol 3 -phosphate . 

2 . 2 . 2  [ 1 4c ] carni t ine 

50 � Ci  of DL [ methyl-1 4c ] carni t ine hydrochlor ide 

( 51 . 4  mCi/mmol ) was made up to a f i nal concentration of 

4 . 3 2 mM with unlabelled L-carnitine . 

Both radi oactive substrates wer e  stored in  1 cm3 

al iquots at - 2 0 ° C  unt i l  required . 

Glassware us ed in the preparation of mitochondr i a  and 

mitochondr ial solutions  was cleaned by soaking in alka l i  

then ac id-washing before f i nally r ins ing with dei on i s ed 

water . No detergents were used for cleaning glasswar e  

as sociated wi th the i solat ion o f  mitochondria  o r  measurement 

of mitochondr ial  activity . 

2 . 3  Preparation of intact l iver mitocho���i� 

To is olate intact funct i onal mitochondria  from t i s sues 

the osmolar i ty of the suspending medium mus t  be such that 

the mitochondr i a  retain the i r  phys i olog ical shape and s i ze .  

The mitochondrial  membrane , like many other membranes , has 

elastic  properties which  a llows it  to shr ink or expand to 

wi thin certain l imits depending on the osmolar i ty of the 

medium surrounding it  ( Whittacker , 1 9 6 5 ) or the presence of 

agents that promote swell ing or contraction ( Kutt i s  et al . ,  

1 9 6 8 ) .  Although this  swelling and contracting process  i s  

a n  i n  vivo response , the i solation o f  mitochondr i a  in  

a prolonged swollen or contracted s tate , due to  incorrect 

osmolar ity of the preparati on medium , has  a marked effect on 

the metabolic  activity of these organelles ( Vignai s  and 

Vigna i s , 1 9 6 5 ) .  It  i s  therefore important to ensure that , 

dur ing the isolati on of mitochondria , the i r  phys i ologi ca l  

shape and s i z e  is  maintained . 
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Bes ides maintaining the phys i ological s i z e  and s hape of 

the mitochondr i a , it is important that intact mi tochondr i a  

a r e  released from the l iver cell . Thi s  i s  achieved b y  us ing 

shearing forces and , in order to carry out thi s  process  

successfully , material  that i s  res i stant to  shear ing must be 

removed ( Nedergaard and Cannon , 1 9 7 9 ) .  One common met hod of 

shear ing intact cells is by a hand-operated , or motor

dr iven , homogeni zer . The function of the homogeni zer is to 

s hear the cell membranes and release the intact cell 

organel les into the homogen i z ation medium .  The parti c le 

s i ze of the t i ssue to be homogeni z ed in  relati on to the 

c learance of the homogen i z er is cr itical  in achi eving 

successful shear ing . If the parti cles of t is sue are too 

large , the pressure exerted by the homogeni z er pestle may 

cause the cells to burst  and thereby damage the cell 

organelles , result ing in an increase in  the percentage of 

broken mitochondr ia . On the other hand , if the par t i cles 

are too small  in relati on to the homogen i zer clearance , the 

lack of shear ing drast i cally reduces the yield of intact 

mitochondr ia . In both instances , the proportion of intact 

mitochondr ia  released is  lowered . Part icles in the range of 

1 . 5 to 3 . 0  mm3 diameter were found to be suitable for an 

opt imal yi eld of mitochondria  us ing a homogen i z er clearance 

of 0 . 2 5 mm . 

Most publ i shed methods of preparing liver mitochondr ia 

sediment the mitochondria  at 9 , 0 0 0 -15 , 0 0 0  g for 5-10 mi n ,  

forming a compact pel let of broken and intact mitochondr i a  

( Johnson and Lardy , 1 9 6 7 ; Otto and Ontko , 1 9 7 8 ) .  The 

broken , and les s  dense ,  mi tochondria are then carefully  

removed from the  top of the  pellet and the rema i n i ng i ntact 

mitochondr i a  resuspended in  fresh preparati on medium .  If 

the mitochondr ial pel let is too compact , resuspens i on i s  

often incomp lete and a n  increase in  broken mitochondr i a  is  

observed after further centr i fugation . 

The method descr ibed here follows the same procedure as 

described by Johnson and Lardy ( 1 9 6 7 ) but uses a lower force 

of 4 , 50 0  g for 20 mins whi ch leads to the format ion of a 

softer pellet . After centr i fugati on , the broken mi to-
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chondria  form an opaque fluffy layer and this i s  eas i ly 

removed with the supernatant by a gentle rocking of the 

centr i fuge tube . The ease  of resuspen s i on of the relat ively 

soft mitochondr ial  pellet leads to the isolat ion of 

mitochondria with minimal damage .  

2 . 3 . 1  Treatment of animals and l iver tissue pr ior to 

the preparat ion of rat and sheep mitochondr ia  

Female Sprague-Dawley rats weighing between 

1 5 0 - 2 0 0  g were kept at 2 5 ° C  with dai ly cyc les of arti f i c i a l  

i l luminat ion between 6 . 0 0  a . m .  and 6 . 0 0  p . m .  and fed ad 

libitum on a stock laboratory diet cons i s ting of 21 . 6 1 %  

protein , 2 . 3 9 %  fat , 5 . 1 7 %  f ibre , 5 . 0 2 %  ash ,  0 . 7 9 %  ca2+ , 

0 . 5 %  P ,  3 . 46 %  total nitrogen and 1 2 . 81 %  moi sture . 

Rats were given free access to fresh water at all  

t imes . Food was withheld 1 8- 2 0  h pr ior to  slaughter , the 

an imals  were killed by decap itat i on between 9 . 0 0  a . m .  and 

10 . 0 0 a . m .  and the livers removed and placed in an ice-cold 

beaker . 

Sheep livers were removed and placed on ice within 10  

min of slaughter of  the animal at  the local abattoir . The 

livers remained on ice for 2 0 - 3 0  min whi le being transported 

to the laboratory . 

The hepat ic  cells  of ovi ne liver are enclosed by 

a f ibre-connective cover ing known as the liver capsule . As 

well  as thi s , the liver contains an inf i ltration of blood 

ves s els  and s i nusoids . In prepar ing mitochondr ia from sheep 

liver , the liver capsule was removed with a razor blade and 

a section of l iver chos en in whi ch large blood ves sels  were 

not likely to hinder homogen i z ation of the tis sue . 

2 . 3 . 2  Preparation of mi tochondr ia  

All  procedures were carr ied out at  2-4 ° C and 

soluti ons and glassware were chi l led pr ior to use . Twelve 

to f i f teen g portions of either rat or sheep liver wer e  

r i nsed i n  cold preparation medium ( 0 . 2 5 5  mann itol , 0 . 0 7 5  M 

sucrose , 0 . 0 5 mM EGTA , pH 7 . 4 ) .  Care was taken to ensure 
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that hand l i ng did not damage the liver t i s sue . Special  care 

was needed dur ing removal of the soft hepatic  t i ssue from 

the rat . The preparation medium used was identica l  to that 

of Tyler and Gon z e  ( 1 9 6 7 ) except that EGTA replaced EDTA . 

EGTA , like EDTA , was used in order to chelate ca2+  ion s , 

whi ch can function as uncouplers and are also cofactors  for 

certa in  phosphol ipases { Nedergaard and Cannon , 1 9 7 9 ) .  EGTA , 

however , was selected because it  has a lower aff inity for 

Mg2+  i ons , which  are important ions in maintaining the 

stab i li ty of mitochondr ial  membranes ( Hommes , 1 9 6 5 ) .  

The preparation medium was decanted and the liver 

t i ssue f i nely chopped into 2 - 3  mm3 pieces wi th a razor blade 

on a cooled glass plate . Alternat ively , ovine liver t i s sue 

was pas s ed throug h  a hand operated ti ssue press { 1 . 5  mm 

diameter holes ) a fter being cut into 1 cm cubes . The 

chopped t i ssue was then washed twice with preparation medium 

in order to remove contaminating blood cells and trans ferred 

to a manually-operated Potter-Elveh j em homogeni zer { 0 . 25 mm 

clearance ) .  The t i ssue was homogen i zed in 6 0  cm3 of cold 

preparati on medium by three pass es of the pestle or  unt i l  

there was no res i s tance from intact tis sue . Care was taken 

to ensure that the pestle reached the bottom of the 

homogeni z ing tube on each pas s  and that the procedure was 

carr i ed out s lowly wi th even pressure on the pestle . The 

homogenate was centr i fuged at 8 0 0  g for 5 min in a SS- 3 4  

S orvall  rotor t o  remove red blood cells , whole cel ls , nuclei  

and other cellula r  debr i s . The supernatant was carefully 

decanted without disturbing the sed iment and then 

centr i fuged at 4 5 0 0  g for 20 min to precipitate the 

mi tochondr i a  as a soft pellet whi ch was eas i ly resuspended . 

The supernatant was decanted and any lipid present was 

removed by wiping the ins ide of the centr i fuge tube wi th a 

clean t i ssue . The mi tochondrial  pellet was gently 

resuspended in fresh medium by careful stirring wi th a test 

tube f i lled with ice . A smooth suspens ion could only be 

made if  the pellet was gently s t irred before the add i t ion of 

fresh med ium . The di spersed pel let was then suspended in 

a total volume of 30  cm3 of preparati on medium and agai n  
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centr i fuged at 4 5 0 0  g for 2 0  min .  Any broken mitochondr i a  

were removed with the supernatant b y  a gentle rocking of  the 

tube pr ior to decantation of the supernatant . The 

centr i fugat ion-resuspen s i on procedure was repeated a s econd 

t ime and the f inal washed mitochondrial  pel let was 

resuspended in 3 - 4  cm3 of preparation medi um g iving a f inal 

yield of 6 - 8  mg mitochondrial  protein/g of liver . 

Although thi s  method of isolating mi tochondria  d i d  not 

recover all the mi tochondria  present in the homogenate i t  

led t o  the isolat ion o f  intact mitochond r i a  with little  

contaminat ion from microsomal or lysosomal fractions . 

2 . 4  Preparation of peroxisomes from liver t i ssue 

The preparati on of perox i s omes from a l iver homogenate 

is achieved either by prolonged differential  and equ i l ibr ium 

den s i ty centr i fugation , to g i ve pure perox i s omes ( Le ig hton 

et al . ,  1 9 6 8 ;  Baudhuin , 1 9 7 4 ) ,  or by the rapid preparat i on 

of a peroxi some-en r iched fraction where any contaminat i ng 

mitochondr ial activity is  inhibited by cyanide or some other 

inhibitor of respiration ( Thomas s en et al . ,  1 9 82 ) .  A 

rapidly prepared peroxi some-en r iched fracti on was chos en for 

exper iments here because it  allowed perox i s omes to be 

i s olated and assayed under s imi lar conditi ons to 

mitochondr ia . Prior to the i solati on of peroxisomes f r om 

a part i cu lar t i ssue the an ima l s  are often in jected wi t h  

either clofibrate , a hypo-lipidaemic drug known t o  increase 

the number of  hepat ic perox i s omes ( Hess  et al . ,  1 9 6 5 ) ,  or 

Triton WR-1 3 3 9  whi ch suf f i c i ently decreases  the equi l i b r ium 

dens i ty of lysosomes so  that the peroxisomes are not 

s ign i f icantly contaminated by these  organelles upon 

i solation ( La zarow and de Duve , 1 9 7 6 ) .  Tr i ton WR-1 3 3 9 , l ike 

clo f i brate , i s  also  known to affect lipid metabol i sm ( Thorp 

and War i ng , 1 9 6 2 ) and even low doses , as used to separate 

lysosomal contamination from a pure peroxisomal fract i on , 

might affect the en zymes under invest igati on .  Hence , in  

thi s  study , animals were not sub j e cted to any  treatment  to 

increase perox i s omal act ivity . 
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2 . 4 . 1  Preparat i on of a peroxisome-enr iched 

fraction from l iver 

Livers were removed and homogeni zed as desc r i bed 

for the preparation of mi tochondr i a  ( Secti on 2 . 3 . 2 )  except 

that 0 . 1 % ethanol was added to the preparat ion medium i n  

order t o  prevent the inact ivat ion of catalase ( Leighton et 

al . ,  1 9 6 8 ) .  The pel let of nuclei  and cell  debri s  obt a i ned 

from the 8 0 0  g spin  was rehomogen i z ed in 35 cm3 of 

preparat ion medium and recentri fuged at 8 0 0  g .  The 

supernatants from the two 8 0 0  g centr i fugati ons were then 

centr i fuged at 4 , 5 0 0  g for 20  min in a Sorvall  SS-34  rotor . 

The pellet contained mos t  of the mi tochondria  and was 

d i scarded . The supernatant was centri fuged at 2 7 , 0 0 0  g for 

2 0  min to sediment a peroxisome-enriched fract ion . Thi s  

pellet was then resuspended i n  2-3  cm3 of preparation 

medium . 

2 . 5 Preparation of long-chain  fatty ac id-free albumin  

Albumin whi ch was essent ially free  of fatty acids , was 

prepared from commercial  grade bovine serum albumin 

by the method of Chen ( 1 9 6 7 ) .  The lyophi l i z ed solut ion  was 

dialy z ed as des c r i bed by Hans on and Ballard ( 1 9 6 8 ) and the 

product assayed for long-chain  fatty acids by the method of 

Chen ( 1 9 6 7 ) .  

The albumin , prepared according to the above methods , 

was found to contain 0 . 0 5 6  mole FFA/mole albumin and no 

activity was detectable when this  was used as a substrate 

for the S -oxidation assay . 

2 . 6  Assay condi t ions 

2 . 6 . 1 Rate of S -oxidati on 

The rate of S -oxidation of long-chain fatty acyl 

substrates was assayed at 2 5 ° C  by measur ing the ADP

st imulated oxygen uptake from the reaction mixture us i ng 

a Clark-type oxygen electrode ( Yellow Spr ings Instrument s , 

Ohi o ) ( refer Fig . 1 0 ) .  
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react ion chamber . 

magnet ic st i rrer . 

F ig . 1 0  The C lark-type oxygen electrode ( Ye llow Spring 
Instrument , Ohio) used to as say the r ate of 
oxidation of fatty acids , as described on page 3 7 . 
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mi t ochondrio plus substrate . 

'\ 
ADP added'1 

100°/o 02 saturation 
{ X )  

substrate 
related Oz 
consumption . 

( y ) 

returns to endogenous rate 
after added ADP has been 

metabol ised . 

<J--- chart movement ( k nown rat e of  x mmjmin )-. --

02 consumed = rx X nmo!es 02 (in (:lirsaturqted disti l led Water) 
time ( min} , 

Fig . 11  Oxygen e lectrode trace . 

The interpretation and analysis of an oxygen e lectr ode 
trace is  exp lained in the above diagram .  



The standard reaction buffer , wh i ch cons i sted of 5 0  mM 
sucros e ,  1 5  mM KCl , 2 mM EGTA , 5 0  mM Tr is-HCl ( pH 7 . 4 ) ,  

2 5  mM KH2P04 ( pH 7 . 4 ) ,  was supplemented with 0 . 6  mM 
L-carni tine , 1 . 5  mM ATP , 2 mM malate and 1 mM DTT . In 

addition , the reaction mixture contained 2 5  �M and 5 �M 

coenz yme A in  assays us ing rat liver mitochondria  and s heep 

l i ver mitochondr ia , respectively ( refer Fig . 1 6 ) .  Thes e  

conditi ons ensured that the activat ion and transport of 

fatty acids to the en z ymes of s -oxidation was not limited by 

cofactor requirements .  Free fatty ac ids were added wit h  

fatty ac id-free albumin in a 7 : 1  ( FFA/albumin )  molar ratio . 

The addi tion of 2 mM L-malate to the reaction ensured that 

the acetyl-CoA formed from the oxidat ion of the fatty acyl 

substrates was further metabol i s ed via the Krebs cycle and 

electron transport chain  rather than uti l i z ed for ketone 

body production ( Van den Bergh , 1 9 6 7 ) .  

The oxygen electrode was calibrated us ing air-saturated 

disti l led H20 ( Ga z z otti  et al . ,  1 9 7 9 ) and ad justed to z ero  

percent oxygen by the  add ition of dithionite crystals . The 

reaction medium was saturated with air  pr ior to use and 

after the addi t ion of  1 . 5- 4  mg mi tochondr ial  protein an 

endogenous rate of oxygen uptake was measured . 

The reaction was s tarted by the addi tion of 10  � 1 ADP 

to give a f i na l  ADP concentrat i on of 0 . 2 mM in a total 

reaction volume of 3 cm3 . The rate of oxygen uptake was 

calculated from the dif ference between the two s lopes and 

was expressed as �moles 02 consumed/mg mitochondr ial 

protein/h ( refer Fig . 1 1 ) .  

2 . 6 . 2  Ass ay of fatty acid oxidation 

by l iver peroxisomes 

The oxidation of acyl-CoA substrates by the 

peroxi s ome-enr iched l iver fract ion , prepared as descr ibed 

above , was measured us i ng a Clark type oxygen electrode . 

The assay measured the overall oxygen uptake which  

accompan i es the shorten ing of  the  acyl chain  as  descr ib ed in 

the assay scheme below . 
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FAD 

NADH/H+ 

The rate of oxygen uptake measured by the electrode has 

been ad j us ted to allow for the oxygen produced from the 

catalase react ion . 

The reaction medi um contained 3 0  mM KH2P04 ( pH 7 . 4 ) ,  

0 . 2  mM NAD+ , 0 . 1 mM coenzyme A ,  1 2  mM DTT , 0 . 0 1 %  Tr i ton 

X-10 0 , ant imyc in D ( 6 6 �g in 20 �1 ethanol - to inhi b it any 

mi tochondr ial  respi ratory activity ) ,  fatty acyl-CoA/albumin 

in a 7 : 1  molar rati o , 0 . 2 cm3 of a peroxisome-enriched 

fracti on and H20 to make a f i na l  reaction volume of 3 cm3 . 

This  assay mixture was essenti ally the same as that 

descr ibed by Laz arow and de Duve ( 1 9 7 6 ) .  

The react ion was carr ied out at 3 7 ° C  and each react i on 

mixture was incubated for 2 mi n before the reaction was 

started by the addition of NAD+ . Oxidati on rates for the 

acyl-CoA substrates wer e  expressed as �moles 02/h/uni t  

catalase activity . The perox i s omal extract was di luted with 

Triton X-1 0 0  ( 0 . 1  g/1 ) , 1 mM EGTA and 1 mM NaHC03 when 

determining catalase activity . Thi s  was assayed by 

measur ing the producti on of 02 from added H202 us ing the 

oxygen electrode ( Baudhuin , 1 9 7 4 ) .  

2 . 6 . 3  Assay for carni t ine acyltrans ferase ( CAT ) I 

in l iver mitochondria  

The activity of CAT I i s  usually measured i n  the 

direction of acylcarni t ine formation either spectre-

4 1  



photometr i cally following the release of CoASH wi th NbS2 or 

by following the incorporat ion of labelled carn i t ine into 

acylcarni tine . 

4 2  

I n  the exper iments reported i n  thi s  thes i s , hepat i c  

mi tochondrial  CAT I activity was as sayed ess entially a s  

described b y  Saggerson e t  al . ( 1 9 8 2 ) .  This  assay follows 

the producti on of [ 1 4c ] acylcarn i tine by the reaction ; 

[ 1 4c ] -L-carnit ine + acyl-CoA CAT I> acyl [ 1 4 c ] carn itine + CoASH 

The standard react ion conditions wer e  as follows ; 

0 . 2 2 5  M mann itol , 0 . 0 7  M sucrose ,  1 mM EGTA , 0 . 0 1 M 

phosphate buffer ( pH 7 . 4 ) ,  5 mM MgCl2 , fatty acyl substrates 

as indicated in 7 : 1  molar ratio with fatty ac id- free 

albumin , 1 mM DTT , ATP and coen zyme A concentrat ions as  used 

for the oxygen uptake as say , and 0 . 6 mM carni t ine in a total 

reaction volume of 0 . 3 5 cm3 . When pa lmitoy l-CoA was used as 

a substrate for the reaction , ATP and coenz yme A were 

omitted from the reaction mixture . The react i on mixtur e  was 

pre- incubated at 3 0 ° C  for 1 min with 0 . 1 7  to 0 . 40 mg 

mi to-chondrial  protei n  and the reaction started by the 

addit ion of [ 1 4c ] -carnitine ( 0 . 0 7 7  vCi ) .  

The reaction was allowed to proceed for 3 min and it  

was then stopped by the addi t ion of 2 cm3 butanol and 1 0  cm3 

0 . 1 M bor i c  ac id whi ch was saturated with butanol . The 

phases were separated by centr i fugati on and the upper 

butanol phas e , whi ch conta ined the [ 1 4c ] acylcarnitine , was 

quantitat ively transferred to another glass centri fuge tube . 

The butanol phase  was then was hed twi ce with 1 0  cm3 of the 

butanol-saturated bor i c  ac i d  solution to remove unreacted 

[ 1 4c ] -carni t i ne . The was hed butanol was then transfer r ed to 

a scint i l lation vial , care being taken to avoid any 

contaminati on from the lower aqueous phase ,  and 10  cm3 of 

s c intillat ion f luid ( 2  L re-d i s t i lled toluene , 1 L Tr i t on 

X-10 0 , 1 2  g PPO , 0 . 3  g POPOP ) added . The samples were 

counted in a Beckman LS  8 0 0 0  Liquid Sc int i l lat i on Sys t em 

with an app l i ed quench correction . The results were 

express ed as nmoles acyl [ l 4c ] carn i tine formed/min/mg 

mi tochondr i a l  protein . 



2 . 6 . 4  Ass ay for glycerol 3 -phosphate acyl 

transferase ( GPAT ) in liver mitochondr ia  

GPAT activity was as sayed in intact mitochondr i a  

b y  following the formation o f  the butanol-soluble react i on 

product us ing [ 1 4c ] -glycerol 3-phosphate as the acyl

acceptor molecule . The standard reaction condi ti ons were as 

follows ; 0 . 2 2 5  M mann itol , 0 . 0 7  M sucrose ,  1 mM EGTA , 

0 . 0 1  M phosphate buffer ( pH 7 . 4 ) ,  5 mM MgCl2 , fatty acyl 

substrates , as ind i cated , in 7 : 1  molar rati o  with fatty 

ac id-free albumin , 1 mM DTT , ATP and coen z yme A 

concentrati ons , as used for oxygen uptake studies , and 

2 . 5  mM glycerol 3 -phosphate , in a total react ion volume of 

0 . 35 cm3 . Thes e  cond itions were ident ical to those for 

as saying CAT I activity , except that 2 . 5  mM glycerol 

3 -phosphate replaced carn itine . After a 1 mi n pre

incubat ion per i od ,  which followed the addi tion of 0 . 1 to 

0 . 5 mg mitochondr ial protein , the react ion was started by 

the addition of [ 1 4c ] -glycerol 3 -phosphate ( 0 . 0 4 1  � Ci ) .  

After 3 min at 30 ° C  the reaction was stopped by the addi t i on 

of 2 cm3 of butanol and 1 0  cm3 of 0 . 1 M bor ic  acid , whi ch 

was saturated with butanol . The isolat ion of the labelled 

product was carr ied out in an identical manner to that 

descr ibed for CAT I and the results expressed as nmoles 

g lycerol 3-phosphate converted to lipid soluble 

product/min/mg mi tochondr ial protein . 

2 . 7 Preparation of electron micrographs 

Electron micrographs of mitochondrial  preparations from 

both rat and sheep l iver were prepared by Mr D .  Hopcroft of 

the DS I R ,  Palmers ton North , New Zea land us ing Karnovsky ' s  

f i xative . 

The mitochondr ial  pellet was suspended in  a pr imary  

f i xat ive cons i s ting of 3 %  g lutaldehyde and 2%  formaldehyde 

in  0 . 1  M KH2P04 buffer ( pH 7 . 2 ) .  Thi s  was then washed three 

times with 0 . 1 M KH2P04 buffer with washings lasting 5 ,  1 0  

and 3 0  min respective ly . The pellet was then resuspended in  

a s econdary f i xat ive of 1%  Os04 in  0 . 0 5 M KH2 P04 buffer . 
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Following centr i fugation the pellet was was hed three t imes 

before undergoing the dehydration stage . It was then 

embedded in res i n  pr ior to section ing and photography . 

2 . 8 Determination of protein 

Mitochondr ial  protein was determined by the method of 

Lowry et al . ( 1 9 5 1 ) with bovine serum albumin  ( Cohn Frac t i on 

V )  as standard . The concentration of the standard albumin 

solution was determined by measur ing the absorbance at 

2 8 0  nm us ing the extinction coeff i cient of 6 . 8  for a 1 %  

albumin solut i on . A new standard curve was prepared for 

each exper iment .  
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CHAPTER 3 



RESULTS 

3 . 1  Integri ty of Mitochondr i a  

The integr i ty o f  mi tochondria  may be as sessed in  vitro 

by their abi l i ty to catalyze  the phosphorylati on of ADP to  

ATP in a t ightly coupled manner . Rat liver mitochondr i a  

prepared b y  the method described above exhibited respiratory 

control ratios of 4 to 7 with 10  mM succinate , that i s , the 

rate of oxygen consumption , following the addition of ADP , 

expressed as a ratio of the endogenous rate of oxygen 

consumption , prior to the addition of ADP ( Johnson and 

Lardy , 1 9 6 7 ) .  Mitochondr i a  from rat liver oxidi z ed 1 0  mM 
succ inate at a rate of 4 - 6  �moles 02/mg/h which  i s  s l i g htly 

higher than that reported in  the l iterature ( Eastbrook , 

1 9 6 7 ) .  Sheep l iver mitochondria  oxidi zed 10  mM succi nate at 

a rate of 2 - 3  �moles 02/mg/h and showed respiratory control 

ratios for the same substrate of 3 to 4 .  In both rat and 

sheep liver mi tochondr i a  the rate of oxidation of 10  mM 
succ inate was independent of the concentration of ADP 

( results not shown ) and respi ratory control rati os wer e  

ma intained a t  those rati os s tated above f o r  several 

addi tions of ADP in both rat and sheep liver mitochondr i a l  

preparati ons  ( refer Figs . 1 2  & 13 ) .  

From electron micrographs of rat and sheep l iver 

mitochondr i a , both preparati ons showed 9 0 -10 0 %  intactnes s of 

the mitochondr ial  membranes ( Figs . 14 & 15 ) .  Us ing marker 

en z ymes , the mi tochondrial  preparat ions from both rat and 

sheep liver were shown to be predominantly mitochondr i a l  

with little o r  n o  contaminat ion b y  microsomal o r  lysosomal 

fract ions ( Table 1 } .  

3 . 2  Oxidation of long-chain  free fatty acids 

The rate of oxidation of long-chain  free fatty a c id s , 

in both rat and sheep liver mitochondr i a , was found to  be 

dependent on the concentrations of coen zyme A and carn i t ine 

( F igs . 1 6  & 1 7 } .  Both of these  cofactors are involved in  

the  activati on and transport of  free  fatty acids  across  the 
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mitochondria and succinate 
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� - arrows indicate addition of ADP -

Fig . 1 2 Oxygen electrode tracing using 1 0  mM succinate 

as a substr ate with rat liver mitochondria . 

Following the addition of  ADP , the r ate o f  oxidation o f  
succinate by intact mitochondria increases unti l a l l  the 
ADP has been c onverted to ATP . After this the rate of 
oxygen consumption returns to the same endogenous r ate 
seen prior to the addition of ADP . I f  the mitochondri a l  
inner-membr ane i s  damaged , the ATP p roduced i s  reconverted 
to ADP and the endogenous rate of oxygen consumption i s  
increased . 

The above tracing is  representative of  2 0 rat liver 
mitochondrial  preparations . 



mitochondria  and succinate .,.. .,.. 

� �  
/ 

� - arrows indicate addition of  ADP -

Fig . �1 3 Oxygen e lectrode tracing using 1 0  mM succinate 

as a substr ate in  sheep liver mitochondri a . 

For detai ls  see Fig . �2 . 

The above tracing is  reoresentative 9f 1 0  sheen l iver 
mitochondrial  preparations .  
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Rat 

Sheep 

F i g . 14 Electron micrographs of rat and sheep l iver 

mitochondrial  preparations . 

( magn i fication = 8 , 2 0 0  time s )  
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Rat 

Sheep 

Fig . 15 Electron micrographs of rat and sheep l i ver 

mitochondrial  preparations . 

(magnif ic ation = 19 , 2 0 0  times )  
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Tab le l Characteri sation o f  mitochondria from rat and sheep liver 

Marker enzymes 

cytochrome oxidase NADPH-cytochrome 

c reductase 

(microsomal )  

Acid phosphatase 

Rat liver mitochondria 

standard preparation 

organel le s  iso lated on 

sucrose gradient 

mitochondria 

microsomes 

lysosome s 

Sheep liver mitochondria 

standard preparation 

organe lles isolated on 

sucrose gradient 

mitochondria 

microsomes 

lysosomes 

( mi tochondrial)  

( Schnaitman e t  al . ,  

196 7 )  

29 �mo les o
2

/mg/h 

1 1 . 7  �moles o
2

;mg/h 

1 3 . 8  �mo les o
2

;mg/h 

not determined 

not determined 

( sottocasa et a l . , 

196 7 )  

0 . 0 2 34 mmoles 

cytochrome c 

reduced/mg/h 

1 . 6 2 mmoles 

cytochrome c 

reduced/mg/h 

no detectable 

activity 

( ly s o s omal )  

( Giane tto and 

de Duve , 195 5 )  

no detectable 

ac tivi ty 

no detectable 

ac tivity 

After separation of the mitochondrial preparation from sheep liver by 

sucrose density fractionation , no protein bands corresponding to 
mi crosomal or lysomal fractions were dete c tab le , hence marker enzyme 

activity associated with the s e  fractions were not determined . 



Q) 
..Y. 
0 

.......... 3 0.. 
::J ..c. 
c .__ 
Q) CJ) 
rn E 
>- ..__ � N 

- 0 2 0 (/) 
Q) Q) 

.......... 0 0 E a: � 1 

10  50 1 00 
[coenzyme A ]  )J M  

F i g . 16 The influence of coen zyme A concentration on the 

of  oxygen uptake by rat .) and sheep (A.) l iv e r  

mitochondria  using 0 . 0 1 mM palmitate as  the acyl 

substrate . 

Assay conditions employed were  as described on page 3 7  . 

Each point represents the mean o f  a duplicate assay . 
The same mitochondrial  preparation was used throughout 
the exper iment . 

rate 

5 1  





inner mi tochondr ial  membrane ( Fig . 6 ) .  Sheep l iver 

mitochondr i a  were susceptible to inhibit ion by free 

coen z yme A at concentrati ons greater than 5 �M , exhibit ing 

oxidati on rates at 40 �M coen z yme A that wer e  4 8 %  tho s e  

observed at 5 �M coen z yme A .  Coen zyme A levels above 2 5  �M 

also  inhibited oxygen uptake by rat liver mitochondr i a , but 

thi s  inhi b it ion was less pronounced than in sheep . The rate 

of oxygen uptake at l O O  �M coen z yme A by rat liver 

mitochondr ia  was 8 4 %  of the maximal rate observed at 25 �M 

coen z yme A .  Thi s  inhibitory effect of coen z yme A ,  observed 

in both rat and sheep liver mitochondr ia , was not 

investigated further . 

The oxidation of 0 . 0 1  mM palmitate , in both rat and 

sheep liver , was s t imulated by the addition of carnitine  up 

to 0 . 3  mM .  Above thi s concentration there was little 

increase in  oxidation rate wh i ch indicated that the en z yme 

was saturated with respect to this  substrate ( Fig . 1 7 ) .  

Mitochondr ia  from both s heep and rat liver were as sayed 

with opt imal coen z yme A and carn it ine to ensure that the 

activat ion and transport of the fatty acyl groups acros s the 

inner membrane wer e  not l imited by cofactor requirement s . 

Although the endogenous levels of ATP , either pre-ex i s t ing 

or formed from oxidative phosphorylati on of ADP , were 

suff i ci ent for the operation of the synthetase reaction , the 

a s s ay medium was supplemented with 1 . 5  mM ATP . 

The rate of oxidation of fatty ac id substrates by 

isolated liver mi tochondr ia  has been observed to vary 

cons iderably depending on chain  length , degree of 

unsaturat i on , substrate concentrati on , as well  as amoun t  of 

mitochondrial  protein present in the as say system 

( Lopes-Cardozo and Van den Bergh , 1 9 7 4 ) .  

Mitochondr ia  from both rat and sheep liver oxidi z ed 

each of the fatty acyl substrates invest igated in a tightly 

coupled manner over a concentration range of 0 . 0 0 1 6  to 

0 . 1 mM .  Assuming that 2 3  moles of oxygen are consumed 

dur ing the oxidat i on of 1 mole of palmitate to C02 and H20 ,  

the observed rates for palmitate oxidati on in the rat were 
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comparable with those  reported by Lopes-Cardoz o  and Van den 

Bergh ( 1 9 7 4 ) .  Max imal rates of oxidat ion for palmitate by 

sheep and rat liver mi tochondr i a  were  obs erved at 0 . 0 1  mM 
palmitate in both animals  ( Fig . 1 8 ) ,  however , the ind i vidual 

rates were dependent on the amount of mitochondr ial protein . 

In  contrast to the results of Lopes-Cardo z o  and Van den 

Bergh ( 1 9 7 4 ) it was found that , in the reaction system 

supplemented with carn i t ine and coen zyme A ,  palmitate was 

inhibi tory at higher concentrat ions . The oxidation pro f i le 

obtain ed , was s imi lar in shape to that reported by Vaart jes  

and Van den Bergh ( 1 9 7 8 ) when as saying palm itate oxidat i on 

in a carnitine-free system . In addit ion , maximal rates of 

oxidation occurr ed at palmitate concentrat ions some 10 to 2 0  

t imes lower than that reported in  the literature ( Lope s 

Cardoz o  and Van den Bergh , 1 9 7 4 ; Vaart jes  and Van den Bergh , 

1 9 7 8 ) .  

The oxidati on of stearate by rat liver mitochondr i a , 

l ike palmitate , produced maximal rates of oxidation at 

around 0 . 01 mM stearate and was also  found to be inhi b itory 

at higher concentrations . In sheep liver mitochondr i a , 

however , the oxidation of stearate was not inhibited at 

substrate concentrations above 0 . 0 1  mM .  When the 

concentrati on of stearate was increased above the 

concentrations at whi ch maximal rates of oxidati on wer e  

obs erved , the oxidative pathway was shown t o  be saturated 

wi th respect to this  substrate ( Fig . 1 9 ) .  

The oxidati on of oleate , linoleate and l inolenate by 

rat l iver mi tochondria  exhibited two peaks of maximal 

activity for each substrate , one at 0 . 0 0 5  mM and the other 

at 0 . 0 6 mM ( Fig . 2 0 ) .  Although thi s  has been observed by 

Vaart j e s  and Van den Bergh ( 1 9 7 8 ) in a carnitine-free as say 

system the reason for two peaks of activity is  uncert a i n . 

In  order to obtain  a better compar is on for the rates of 

oxidat ion of var ious long-chain  fatty ac ids , the rates of 

oxidation of palmitate , oleate and l i noleate were  meas ur ed 

at the same substrate concentrations in both rat and s heep 

exper iments . In addit ion , the oxidat ion of each substrate 
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Fig . 18 The e ffect o f  palmitate concentration on the uptake 

o f  oxygen by rat (tt ) and sheep (� l iver mitochondria . 

Assay c onditions were  as  described on paqe 3 7 . 

Rat 3 mg mi tochondri a l  protein  gave a r ate of oxidat i on 
for 10  mM succinate = 5 . 6  �mo les o2/mg/h 

Sheep 4 mg m itochondrial  protein  gave a r ate o f  oxidation 
for 1 0  mM suc c inate = 2 . 6  �moles o2/mg/h 

Each point represents the mean of a dup li ca te assay . 
The same mitochond r i al preparation was used throughout 
the exper iment .  
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Fig . 1 9  The e f fect  of s tearate concentration on the uptake of 

oxygen by rat  (• ) and sheep (A) liver mitochondria  

Assay cond itions employed were as  described on page 37 . 

Rat 2 . 5  mg mitochondria l protein gave a rate of oxidation 
for 1 0  mM succina te = 4 J.l moles o2/mg/h 

Sheep 3 . 7  mg mitochondria l protein gave a rate o f  oxidation 
for 1 0  mM succinate = 2 J.lmoles o2/mg/h 

Each point rep resents the mean of a duplicate assay . 
The same mitochondrial preparation was used throughout 
the experiment .  
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Fig . 2 0  The e f fect o f  the concentration o f  c18  unsaturated 

fatty acids on the uptake of  oxygen by rat  and 

sheep l iver mitochondria 

Assay conditions employed were as  de scribed on page .3 7 . 

Rat 1 . 5  mg mitochondrial  protein gave a r ate of oxidation 
for 10 mM succinate = 7 . 6  �moles 02/mg/h 

Sheep 3 . 7 5 mg mitochondrial protein  gave a rate o f oxidation 
for 1 0  mM succinate = 2 . 2 �moles o2;mg/h 

Each point represents the mean of  a duplicate as say . 
The same mitochondrial preparation was used throughout 
the experiment .  
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was ass ayed us ing the same mi tochondrial  preparat ion thus 

effectively standardi s ing the amount of mitochondr ial 

protein per as say . 

The rates of oxidati on of oleate and linoleate , s hown 

i n  Tables 2 and 3 ,  are expressed as a rat i o  of the rate 

obtained with palmitate at each concentrat i on examined , t hus 

enabling a compar ison to be made of the rates of oxidation 

of thes e  two unsaturated free fatty acids in both sheep and 

rat l iver . Rat l iver oxidi z ed both oleate and linoleate at 

a rate 1 . 2  to 1 . 7  t imes that of palmitate , whereas  sheep 

l i ver mitochondr ia  oxi d i z ed oleate and linoleate at a rate 

0 . 7 4 to 0 . 8 4 t imes that obs erved for pa lmi tate . Thus , sheep 

l i ver mitochondria  exh ibit  a preference for palmitate , 

whereas rat mi tochondria  oxidi ze unsaturated acids at 

cons iderably higher rates ( P< 0 . 0 5 ) than for palmitate . Thi s  

suggests that sheep mitochondr ia  exhibit  a spar ing eff ect 

with respect to the oxidation of unsaturated fatty acids . 

3 . 3  The oxidat ion of long-chain  acyl-CoA esters 

by rat and sheep l iver peroxisomes 

As di scussed above the oxidati on of long-chain  fatty 

ac ids and their coen z yme A esters was generally thought to 

be associ ated with the en zymes of S-ox idat ion loca l i z ed 

exclus i vely in mitochondr i a . 

By applying spectroscopic  techniques used to study 

mi tochondr ial  S-oxidat ion , Laz arow ( 1 9 7 8 ) was able to s how 

that peroxi somes could also  oxidi z e  palmitoyl-CoA by 

S-ox idati on . The results obtained by Laz arow and other 

workers in this  f ield ( La zarow and de Duve , 1 9 7 6 ; Thoma s s en 

et al . ,  1 9 8 2 ) suggests that the peroxisomes are a ma j or s ite 

for the s-ox idat ion of long-chain fatty acids in liver . 

Oxygen uptake assoc iated with the oxidati on of 

palmitoyl-CoA , oleoyl-CoA and l inoleoyl-CoA in a rat l iver 

peroxisome-enr iched fraction averaged 2 . 3  �moles 02/h/un i t  

o f  catalase for a l l  three acyl-CoA substrates over the 

concentration range of 0 . 0 1  to 0 . 8  mM .  
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Table 2 A compari son of the rates of oxidati on of palmi t i c , 

oleic  and l inolei c  ac ids in  rat l iver mitochondr i a . 

Free fatty acid 
cone ( mM )  

0 . 0 0 1 6  

0 . 0 0 8 2  

0 . 0 1 6 5  

0 . 0 4 9 5  

P values 
compared 
wi th 16 : 0  

Rate of oxidat ion 
<11 mo les 02/mg/h ) 

1 6 : 0  1 8 : 1  1 8 : 2  

1 . 42 1 . 6 6  2 . 21 

1 . 61 2 . 5 4 2 . 7 3 

1 . 8 8 2 . 46 2 . 9 5 

2 . 21 2 . 5 5 2 . 5 8 

< 0 . 0 2  ( 0 . 0 0 0 1  

1 8 : 1  1 6 : 0  1 8 : 2  1 6 : 0  
ratio rat i o  

1 . 2  1 . 6  

1 . 6  1 . 7  

1 . 3  1 . 6  

1 . 1  1 . 2  

The values are the means for two s eparate exper iments , 
i . e .  two s eparate mitochondr ial preparat i ons . 

Data was subjected to a s tudents t tes t . 
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Table 3 A compar i s on of the rates of oxidati on of palmit i c , 

oleic  and l i noleic  acids in  sheep l iver mitochondr ia . 

Free fatty ac id 
cone ( mM )  

0 . 0 0 1 6  

0 . 0 0 8 2  

0 . 0 1 6 5  

0 . 0 4 9 5  

P values 
compared 
with 16 : 0  

Rate of oxidat i on 
( lJmoles 02/mg/h ) 

1 6 : 0  1 8 : 1  1 8 : 2  

1 . 3 9 1 . 10 1 . 0 3  

1 . 2 6 0 . 9 9 1 . 0 4  

1 . 26 1 . 0 4  1 . 0 8  

1 . 2 9 1 . 0 8  1 . 0 8 

< 0 . 0 2  < 0 . 0 0 0 1  

1 8 : 1  1 6 : 0  1 8 : 2  1 6 : 0  
rati o  ratio 

0 . 7 9 . 7 4 

0 . 7 9 . 8 2 

0 . 82 . 8 5  

0 . 8 3 . 8 4 

The values are the means for two s eparate exper iments , 
i . e .  two separate mi tochondrial  preparati ons . 

Data was sub j e cted to a students t test . 



When the same concentrat ions of palmitoyl-CoA , 

oleoyl-CoA and l i noleoyl-CoA were used as substrates the 

peroxisome-enr i ched fraction from sheep liver exhi bited 

average rates of oxidation for the three substrates of 

1 . 0  �moles 02/h/uni t  of catalase . Although the average rate 

of oxidation for all three acyl-CoA substrates in sheep was 

half of that obs erved in rats , no difference in oxygen 

consumption was observed with the three acyl substrates in  

e ither an ima l . 

The coen zyme A esters of the long-chain fatty acyl 

substrate s , rather than the free ac ids , were used in the 

exper iments reported above even though it  has been shown 

that the palmitoyl-CoA synthetase activity in peroxisomes i s  

suff ici ent t o  keep pace with a maximally function ing 

peroxis omal S-ox idati on system ( Kr i sans et al . ,  1 9 8 0 ) .  

3 . 4  Fatty acyl substrates for CAT I and GPAT as says 

Palmitoyl-CoA and l inoleate were used as examples of 

saturated and unsaturated fatty ac ids in CAT I and GPAT 

assays us ing mi tochondr ia  from both rat and sheep l iver . 

Initially the activity of CAT I and GPAT was assayed 

us ing coen z yme A esters of both palmitate and linoleate , 

however , no ester i f i cation of linoleoyl-CoA to ei ther 

[ 1 4c ] carn i t ine or [ 1 4c ] glycerol 3 -phosphate was observed , 

suggest ing that the en zymes involved were inhib ited by 

an impur ity in the linoleoyl-CoA . The exper iment was 

repeated us ing the free acid and an acyl-CoA generating 

system and l inoleate was read i ly ester i f i ed to 

[ 1 4c ] carni t ine under condit ions whi ch were opt imised for the 

S-oxidation of fatty acids determined in previous 

exper iments measur i ng oxygen uptake ( refer p .  3 7 ) .  

To ensure linoleate was converted to linoleoyl-CoA i n  

the exper iments whi ch measured GPAT activity , CAT I 

activity , as well  as malonyl-CoA inhibit ion of CAT I 

activity , the addit ion of 1 . 5  mM ATP ,  5 �M coen z yme A in  

sheep liver mitochondr i a  and 25  �M coen z yme A in rat l i ver 

mi tochondr ia  was included in the as say mixture . 
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McGarry  et al . ( 1 9 7 8 } have shown , us ing [ l-1 4c ] 

palmitate and [ l-1 4c ] pa lmitoyl-CoA as substrates in the 

production of ketone bodi es , that the inhibitory effect of 

malonyl-CoA is  virtually the same irrespective of which  

substrate is  used , ind i cating that malonyl-CoA af fects only 

the CAT I s i te . Thi s  was conf irmed us ing palmitoylcarni t i ne 

as a substrate where no inhibit ion due to malonyl-CoA was 

observed ( McGarry et al . ,  1 9 7 8 } .  

In  addit ion , ear lier  work by McGarry et al . ( 1 9 7 7 } ,  

studying the oxidat ion of oleate to ketone bodies , showed 

that inhibit ion of oleate oxidat ion by malonyl-CoA was 

accompan i ed by a marked increase in  the incorporation of 

fatty acids into both the phospholipid and triglyceride 

fractions without any change in the quantity of oleate 

ut i l i zed . Thi s  implies  that malonyl-CoA exerts its 

inhibitory effect at the CAT I step . 

Although the use of unlike substrates is  undes irable , 

the obs ervati ons of McGarry and eo-workers support 

a compar i s on of palmitoyl-CoA and linoleate , coupled with 

an acyl-CoA generat ing system , as substrates for GPAT and 

CAT I assays . 

3 . 5 Glycerol 3-phosphate acyltransferase activity 

in l iver mitochond r i a  

Mitochondr ial  glycerolphosphate acyltrans ferase ( GPAT } 

is  located on the inner surface of the outer mitochondr i al 

membrane ( Nirnrno , 1 9 7 9 } .  The en zyme catalyzes the 

ester i f ication of acyl-CoA, produced by the fatty acyl 

synthetas e  reaction , to g lycerol 3 -phosphate forming 

lysophosphatidic  acid whi ch is  detected as the ma j or assay 

product ( Monroy et a l . , 1 9 7 2 ; Haldar et al . ,  1 9 7 9 ;  Yamada 

and Okuyama , 1 9 7 8 ) .  

Rat liver mitochondria  were found to act ively ester ify  

both palmi toyl-CoA and l i noleate , supplemented by  an 

acyl-CoA generat ing system ,  as acyl substrates . Over the 

substrate concentration range of 10 to 90 pM , the en z yme 
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Fig .  The e f fect  of  palmitoyl-CoA concentration on  

the activity o f  glycerol 3 -phosphate acyl

tran s ferase ( GPAT) i n  rat {8 ) and sheep <•) 
l iver mitochondri a . 

Assay conditions emp loyed were as  described on page 4'2 • 

The values are the means + S . D . 

Each point  represen ts the mean o f  duplicate assays from 
two separate experiments , i . e .  two separ ate mitochondrial  
p reparations .  

* deterT�ned as 14c-lipid soluble product formed 
from C-glycerol 3 -pho sphate 
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Fig . 2� The e f fect of linole ate , coupled to an acyl-CoA 

gener ating system , on the activity of  glycerol 

3 -phosphate acyltran s ferase ( GPAT) i n  rat  (e) 
and sheep (4) liver mitochond ri a . 

Assay condit ions employed were as described on page �3 . 
The values are the means + S . D .  

Each point r epresents the mean o f  duplicate a s s ays from 
two separate exper iments , i . e .  two separate mitochondrial 
preparations . 

* deter��ned as 14c-lipid soluble p roduct framed 
f rom C-glycero l 3 -phosphate 



showed a greater act ivity with palmitoyl-CoA than with 

linoleate ( Figs . 21  & 2 2 ) .  This  observation is in agreement 

with the work of Monroy et al . ( 1 9 7 2 ) which showed that the 

mi tochondrial GPAT en zyme esterif ies saturated fatty acids 

in preference to unsaturated fatty acids . 

S heep liver mi tochondr ia , although cata lyz ing the 

esterification of palmitoyl-CoA to glycerol 3 -phosphate , did 

not cataly z e  the esterif ication of linoleate , in the 

presence of an acyl-CoA generating system ( Figs . 21  & 2 2 ) .  

The rate of acyl incorporation into ester lipid was linear 

with up to 0 . 5 mg of rat mitochondrial protein while in 

sheep , the activity of GPAT was linear up to 1 . 9  mg of 

mi tochondrial protein ( Fig . 2 3 ) .  The rate of 

esterif ication of palmitoyl-CoA to g lycerol 3 -phosphate was 

approximately linear for 3 min when incubated at 3 0 ° C  

( Fig . 2 4 ) .  Sheep and rat GPAT showed similar palmitoyl-CoA 

dependency and both showed maximal activity at 35 �M 

palmitoyl-CoA ( Fig . 2 1 ) .  

At optimum pa lmitoyl-CoA the spec ific activity of  

mitochondr ial GPAT from sheep liver was just  under half  that 

for the en zyme in rat liver mi tochondr ia ( Fig . 21 ) .  With 

both sheep and rat liver mitochondria , palmitoyl-CoA 

concentrations above 3 5  �M caused marked inhibit ion of 

mi tochondrial GPAT activity with the en z ymes of rat and 

sheep exhibiting only 6 0 %  of maximal activity at 90 �M 

pa lmitoyl-CoA . 

Maximal rates of ester if icat ion for linoleate , 

supplemented with an acyl-CoA generating system , wer e  a l s o  

observed between 30  t o  40  � M  for rat liver mitochondrial  

GPAT . Above 40  �M,  the  esterif ication of linoleoyl-CoA to 

glycerol 3-phosphate was also  inhibited . However , this 

inhibitory effect was less pronounced than that obs erved 

with palmitoyl-CoA. 
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mitochondria l protein in  rat (e ) and sheep (A) 
l iver  mitochondria . 

Assay condit ions employed were as described on page and 
35 �M palmitoyl-CoA was u sed as tne acyl subs trate in  each 
assay . 

The values are the means and the error bars indicate the 
range of the observed values . 

Each point  represents the mean of  a duplicate as say 
using one mi tochondrial preparation . 
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3 . 6  Carn it ine acyltran s f erase activity 

in  liver mitochondr i a  

Carn i tine acyltransferase ( CAT ) I catalyz e s  the f irst  

obl igatory step in the  oxidative breakdown of  long-chai n  

fatty acids and i s  beli eved t o  play a n  important role in  

regulating the oxidation of long-chain fatty ac ids ( McGarry 

and Foster , 1 9 8 0 ) .  

The activity of CAT I was as sayed in rat and sheep 

liver mitochondr ia  under condit ions wh ich were  opt imal for 

the s -oxidat ion of both saturated and unsaturated fatty 

ac ids ( Section 2 . 6 . 1 ) . Palmitoyl-CoA and linoleate wer e  

chosen for the compar i son between saturated and unsaturated 

acyl substrates . When l inoleate was the substrate , CAT I 

activity was determined in  the presence of 25  �M and 5 �M 

coenz yme A in rat and sheep liver mitochondr ia , 

respectively . These  concentrations  of coenzyme A were  

chosen so that a direct compar i son could be made between 

CAT I activity and oxygen uptake studies  when linoleate , 

coupled with an acyl-CoA generating system ,  was the 

substrate . Under these  conditi ons both CAT I activity and 

oxygen uptake were measured at coen z yme A concentrations 

that ensured S-ox idation was operating at maximal act i vity 

in  mi tochondr ia  from both an imals . 

Rates of acylcarnitine  formation were approximately 

l i near for up to 3 min incubati on at 30 ° C  in rat l iver 

mi tochondr ia . Thi s  incubation per iod was chosen for 

studying CAT I activity in subsequent exper iments ( Fig . 2 5 ) .  

The rate of acylcarnitine  formation , us ing 9 0  �M palmitoyl

CoA as the acyl donor , was l inear wi th respect to 

mitochondr ial  protein  in the reaction medium up to 0 . 4 5 mg 

in  both rat and sheep l iver assays ( Figs . 2 6  & 2 7 ) .  The use 

of higher concentrations of mi tochondrial  protein decr eased 

CAT I activity , mos t  probably due to the non-spe c i f i c  

binding o f  unreacted acyl-CoA t o  the added protein ( Taketa 

and Pogell ,  1 9 6 6 ) ,  whi ch would effect ively reduce the 

concentrati on of acyl-CoA . When palmitoyl-CoA was the acyl 

substrate , in a concentrat ion range of 45  to 2 7 0  �' CAT I ,  
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Fig . 25 The e f fect  o f  i ncubation time on the activity of  

carnitine acyltrans ferase ( CAT ) I in rat liver  

mitochondria . 

Assay conditions employed were as described on page 4 1  and 
35 wM palmitoyl-CoA was  used as the acyl substrate in  each 
assay . 

The values are the means and the error bars represents 
the r an ge of the observed values . 

Each point r epresents the mean of  a duplicate as say . 
The same mitochondrial  preparation was used throughout 
the experiment .  
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Fig . 2 6 The relationship between carnitine acyltrans ferase 

( CAT ) I activity and the amount of  mitochondrial  

protein in  rat  liver mitochondri a . 

Assay conditions employed were as  described on paqe 4 1  and 
90 �M palmitoyl-CoA was used as the acyl subs trate in  each 
assay . 

The values are the means o f  a duplicate assay and the error 
bars represent the r an ge of the observed values . 

The same mitochondrial p reparation was used throughout the 
experiment .  
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As say conditions employed were  as  described on page 4 1  and 
9 0  �M palmitoyl-CoA was used as the acyl substrate in each 
as say . 

The values are the means of a duplicate assay and the error 
bars represent the range of  the observed values . 

The same mitochondrial  p reparation was used throughout 
the experiment .  
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F i g . 2 8  The i n f luence o f  p a lm i toyl -CoA c oncentr a t i on on the 
ac tivi ty o f  carn itine acyltrans f e r a s e  ( CAT ) I in 
rat (0 ) and sheep (4) l iver mi tochondr i a . 

As s ay c ond i ti ons emp l oyed were a s  d e s c r ib e d  on page 4 1 . 

The value s are the means + S . D .  

E ach point repre sents the mean of dup l i c ate a s s ays f rom 
two separate exp er imen ts i . e .  two separate mi tochond r i a l  
prepara t i ons . 
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in  both rat and sheep l iver mitochondr ia , exhibited max imal 

activity at 1 3 5  �M palmitoyl-CoA.  At palmitoyl-CoA 

concentrati ons  higher than thi s , CAT I activity was 

inhibited ; the activity of both rat and sheep en zymes of 

2 7 0  � palmitoyl-CoA was only 6 0 %  of the maximal acti v i ty 

( Fig . 2 8 ) .  However , the spec i f i c  activity of the rat 

en z yme , with palmitoyl-CoA as substrate , was twi ce that 

observed for the sheep en zyme at mos t  concentrations  tested . 

When l inoleate , supplemented by an acyl-CoA generat

ing system ( Section 3 . 4 )  was the substrate , CAT I in 

mitochondr i a  from both species  showed a s imi lar dependency 

on subs trate concentration over the range 45  to 2 7 0  p M  

( F ig . 2 9 ) .  The spec i f i c  activity of the rat en zyme , with 

linoleate as substrate , was three t imes that observed for 

the sheep en zyme . CAT I activity , in both rat and sheep 

l i ver mitochondr ia , was greater us ing l inoleate , coupl ed 

with an acyl-CoA generating system ,  as  substrate , than wi th 

palmitoyl-CoA at al l concentrati ons  tested . In the case  of 

the rat l iver en z yme , this  is con s i s tent with the d i f ference 

in  the rates of oxidat i on of palmitate and l inoleate in  the 

studies of oxygen uptake . However , the lower rates of 

oxi dation of l inoleate compared to palmitate by sheep l iver 

mitochondria  does not appear to ar i s e  from differences in 

CAT I activity in isolated mi tochondr i a . This  sugges t s  that 

some other step ( s ) in the S-oxidation pathway may 

di s cr iminate against the degradat ion of linoleate in s heep 

liver mitochondr ia . 

As wel l  as this , the activity of CAT I in the intact 

liver may show di fferent kinetic properties to that observed 

in isolated mi tochondr ia . Thi s  could be due to modi f i cation 

of CAT I act i vity upon iso lat ion or by the presence of in 

vivo r egulators such as malonyl-CoA , an intermediate of 

fatty ac id biosynthes i s , which  has been shown to 

competi tively inhibit the oxidation of long-chain fatty 

acids by its  action at the CAT I s ite ( McGarry and Foster , 

1 9 8 0 ) .  
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3 . 7  Competition for acyl-CoA between glycerolphosphate 

acyltransferase ( GPAT ) and carni t ine acyltransfer a s e  

( CAT ) I in rat liver mitochondr i a  

When mi tochondrial  GPAT activity was determined in  the 

presence of an operat i onal oxidat ion pathway , there was no 

change in the GPAT activity detected wi th mitochondr i a  

i s olated from overni ght fasted rats us ing 0 to 1 . 5  mM 
carnit ine ( Fig . 30 ) .  However , when between 1 . 5  and 3 mM 
carn it ine was included in the as say ( Fig . 30 ) a 3 4 %  decrease 

in  GPAT activity was observed , ind i cating that under these 

conditions fatty acid oxidation could success fully compete 

wi th mitochondrial  GPAT for acyl-CoA formed by the fatty 

acyl synthetase  reaction . 

varying the pre-incuba t i on per iod , prior to start ing  

the  reaction by  the  addit ion of ADP , from 0 . 3 to 5 mi n ,  in 

the presence of  g lycerol 3-phosphate , had no s ign i f i cant 

effect on the rate of oxidat ion of 0 . 0 1 mM palmitate ( Table 

4 ) .  Thi s  concentration of palmitate was chos en because  

palmitate oxidation was found to  be  maximal at  0 . 0 1 mM ( s ee 

S ection 3 . 2 ) .  Hence , any change in the oxidat ion rate due 

to a lowering of the acyl-CoA avai lable to the oxidat ion 

pathway would be best observed at thi s  concentrat i on 

( Fig . 1 8 ) .  At higher palmitate concentrations the rate of 

oxidati on would show no obvi ous response to a small decrease 

in  acyl-CoA concentrat ion . 

Although the results for mi tochondr ial GPAT activity , 

presented above , provide n6 c lear-cut solut i on to the 

metabol i c  fate of acyl-CoA formed by the fatty acyl 

synthetase  reaction , they do sugges t  that , in sheep l i ver  

mitochondr ia , the  lower rates of  lino leate oxidation do not 

result from preferent ial ester i f i cation to glycerol 

3 -phosphate by GPAT . Instead , rather the reverse was 

observed ; GPAT from sheep l iver mitochondr i a  exhibited 

negligible rates of ester i f ication when linoleate , coup led 

with an acyl-CoA generating system ,  was used as a subs tr ate . 
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Fig . /3.0 The influence of carnitine concentration on the 

activi ty of glycerol 3 -phosphate acyltran s ferase  

( GPAT ) in  rat liver mitochondria 

As say cond i ti on s  as  ge�cribed on page 4�3 , were suppleme nted 
with 0 . 4 5 mM ADP , 35 �M palmitoyl-CoA and carnitine a s  
indi cated above . 

The values are means  + S . D . 

Each point repre sents the mean of duplicate assays f rom 
two separa te experiments , i . e .  two separate mitochondri al 
preparations . 

* determined af4 14c lipid soluble product 
formed from C-qlycerol 3-phosphate 



Table 4 The ef fect of incubati on t ime , pr ior to the 

addit ion of ADP , on the rate oj oxidation of 

0 . 0 1  mM palmitate , in  the presence of 2 . 5  mM 

glycerol 3 -phosphate , in  rat l iver mi tochondr i a . 

I ncubati on t ime Rate of oxi dation of 0 . 0 1  mM 
pr i or to addit ion palmitate 

of ADP ( lJmoles 02/mg/h )  

( min ) prep . 1 prep . 2 

0 . 3  2 . 2 4 2 . 20 

0 . 6 2 . 2 4 2 . 1 7 

1 . 0  2 . 2 4 1 . 9 5 

2 . 0  1 . 90 2 . 0 6 

3 . 0  1 . 90 2 . 0 6 

5 . 0 1 . 90 1 . 80 

Ass ay condit ions were  as descr ibed on page 3 7 . 

7 7  



3 . 8  Effect of malonyl-CoA on CAT I in 

both rat and sheep l i ver mitochondri a  

Although the effects o f  malonyl-CoA on CAT I act i v i ty 

are well estab l i s hed , its  phys iolog i ca l  role as a regulatory 

molecule is  s t i l l  the sub j ect of much  d i s cuss i on . CAT I 

activities  in both rat and s heep liver mi tochondr i a  wer e  

found t o  be inhibited by mi cromolar concentrations of 

malonyl-CoA us ing both palmitoyl-CoA and linoleate , coupled 

wi th an acyl-CoA generat ing system , as acyl substrates . 

However , the s en s it ivity of this  en z yme to malonyl-CoA was 

dependent not only on the species  studi ed , but also on the 

acyl substrate used ( Figs . 3 1 - 3 4 ) .  When 90 vM  palmitoyl-CoA 

was the acyl substrate , CAT I activity in rat liver 

mi tochondr ia  was 5 0 % inhibited at 2 . 5  vM malonyl-CoA whereas 

the sheep en zyme , at the same substrate concentrat ion , was 

5 0 %  inhibited at approximately 1 vM malonyl-CoA . Although 

CAT I activity was 5 0 % inhib ited at these concentrat ions of 

malonyl-CoA , the maximal percentage inhibi t i on observed over 

the concentrat ion range of malonyl-CoA tested , us ing 

palmitoyl-CoA as the acyl substrate , was only marginally 

higher than 5 0 %  in both an imals . 

When 9 0  vM l i noleate , coupled with an acyl-CoA 

generating system , was used as the substrate in s imi lar 

exper iments , a much larger difference in sensitivity to 

malonyl-CoA was observed between rat and sheep liver 

en z yme s . The activity of the rat liver en zyme was 5 0 % 

inhibited at 2 2  vM malonyl-CoA , whi le the CAT I activity in 

sheep l i ver mitochondr ia was 9 1 %  inhibited at only 1 vM 

malonyl-CoA . Thi s  suggests that in sheep especially thi s  

en z ymati c  step might play a n  important role in 

discriminating against the oxidat ion of l i noleate . 
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Fig . 3 1  The inhibiti on o f  carnitine acyltrans ferase ( CAT ) I 

by malonyl-CoA in mitochondria  from rat liver 

mitochondria  us ing palmitoyl-CoA as the acyl sub stra te . 

Assay conditions employed were as  described on page 4 1  and 
9 0  �M palmitoyl-CoA was the substrate concentr ation used 
throughout the experiment .  

The values represent the means + S . D .  of dup l ic ate as says 
f rom two separate mitochondrial-preparations . 

preparation 1 = 0 . 17 mg mitochondrial protein/assay 

preparation 2 = 0 . 1 8  mg mitochondrial  protein/assay . 
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by malonyl-CoA i n  mitochondria  from r at liver u si n g  
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as  the acyl subs trate . 

Assay cond i tions employed were as  de scribed on page 4 1 and 
90  �M linoleate was the sub s trate concentration u sed 
throughout the experiment .  

The values represent the means + S . D .  of  duplicate assays 
from two separ ate mitochondrial-preparation s . 

preparation 1 = 0 . 17 mg mi tochondri a l  protein/assay 

preparation 2 = 0 . 1 8 mg mitochondrial protein/assay . 

8 0  



. 
� 

........ 

> 
· -

........ u 0 
...... 

t-<{ 
u 

4 8 1  

-

rn E 3 ......... 
c 

· -

E 
"""' 

-o Q) E 
'-

J2 2 Q) c 
........ 
c 
'-0 u 

__. 

>-u 0 1 C/) Q) -
0 E 
c 

-

I I 
0 1 2 3 4 5 

[ malonyl-CoA ] JJM . 
Fig . 3 3  The inhibition of carnitine acyltrans ferase ( CAT ) 

by malonyl-CoA in mitochondria from sheep liver 

using palmitoyl-CoA as the acyl substrate . 

Assay conditions employed were as  described on page 4 1  and 
90  �M palmitoyl-CoA was the substrate concentration used 
throughout the experiment . 

The values represent the means + S . D .  o f  duplicate as says 
from two separate mitoc hondrial-preparations .  

preparation 1 = 0 . 2 8  mg mitochondrial protein/assay 

preparation 2 = 0 .  40 mg mi tochondri al protein/assay . 
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Fig . 3 4  The inhibition o f  carnitine acyltrans ferase ( CAT ) I 

by malonyl-CoA in mitochondria  from s heep liver 

using linoleate , coupled with an acyl-CoA generating 

sys tem , as the acyl substrate . 

Assay condi tions employed wer e  as  described on page 4 1  and 
9 0  �M linoleate was the sub s trate concentration used 
throughout the experiment .  

The values represent the mean s  + S . D .  o f  duplicate assays 
from two separate mitoc hondrial-preparation s . 

preparation 1 = 0 . 2 8 mg mitochondrial protein/a s s ay 

preparation 2 = 0 . 4 mg mitochondrial protein/as say . 
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CHAPTER 4 



DISCUSSION 

4 . 1  Metabol i sm in  the rumen 

Of the main  food components in the rumi nant di et , 

carbohydrates are by far the mos t  important quantitat ively 

because of the ir  super iority as an energy source under 

anaerobic  condit ions ( Hungate , 1 9 5 5 ) .  The mi cro-organi sms 

present in the rumen degrade these  carbohydrates to volat i le 

fatty ac ids , namely acetate , prop ionate and butyrate ( We ston 

and Hogan , 1 9 6 8 ) .  The concentration of the individual 

volat i le fatty acids i s  regulated by the microbial  act ivity 

in  the rumen . The extent of this  microbial activity i s  

inf luenced by several factors , including the type of diet , 

as well  as the quant ity of food ingested ( Hungate , 1 9 6 6 ) .  

4 . 1 . 1  The l imi ted avai labi li ty of polyunsaturated 

fatty acids to ruminants 

Rei ser  ( 1 9 5 1 ) f irst  reported that the rumen 

mi cro-organi sms are capable of hydrogenating unsaturated 

fatty acids . Compar i s on of the compo s i t i ons of the fatty 

ac ids in  the diet and rumen contents of sheep and goats 

provided addit ional evidence of the hydrogenat ion of d ietary 

uns aturated fatty acids ( Shor land et al . ,  1 9 5 5 ; Dawson and 

Kemp , 1 9 7 0 ) .  The mi cro-organi sms present in the rumen 

produce en zymes that rap idly hydrolyse the acyl ester 

l inkages of galactosylg lycer ides , phospholip ids , 

tr iglycerides , sterol esters , methyl and ethyl esters 

( Garton et al . ,  1 9 5 8 , Clarke and Hawke , 1 9 6 6 ) .  As a result 

of th i s  l i polys i s , unester i f i ed fatty acids constitute 

a large fract ion of the total fatty ac ids in the rumen . 

There i s  cons iderable evidence that the hydrogenat ion of 

polyunsaturated fatty acids in  the rumen occurs after 

l ipolys i s  ( Hawke and S i lcock , 1 96 9 , 1 9 70 ) .  Of a number of 

pure cultures of rumen bacter ia examined , only Butyrivibr io 

fibr i solvens exhibi ted hydrogenating activity and this  

organi sm was capable of hydrogenat ing c i s- 9 ,  c i s - 1 2  1 8 : 2  to 

a c1 8  monoenoi c  but not t o  steari c  ac id . The f i r s t  s tep in 

the hydrogenat ion of c i s - 9 , cis-1 2 , cis-15  1 8 : 3  by mixed 
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rumen micro-organi sms ( Kemp and Dawson , 1 9 6 8 ) and by 

B .  f i br i solvens ( Kepler and Tove , 1 9 6 7 ) involved an 

i s omer i z at ion and the pr imary reaction product was 

ident i f i ed as c i s - 9 , trans-11 , c i s - 1 5  1 8 : 3 .  The subsequent 

steps involved the hydrogenation of the c i s - 9  and ci s - 15 

double bonds respectively resulting in the formation of  

!rans-11 1 8 : 1  ( Mi l ls et a l . ,  1 9 7 0 ) .  However , there is  s t i l l  

cons iderable uncertainty about the extent o f  hydrogenat i on 

of polyunsaturated fatty acids in the rumen i n  vivo . 

4 . 2  Conservat ion of l inoleic  acid by ruminants 

It  has been est imated that linoleic  acid should 

compr i s e  1 - 2 % of the total dietary energy ( Holman , 1 9 6 8 ) in 

order to prevent def i c i ency s igns in non-ruminants .  

Although the dietary i ntake of l i noleic  acid in the ruminant 

usually exceeds this  level , the mi crob ial hydrogenati on of  

uns aturated fatty ac ids results in linoleic  ac id account i ng 

for only 0 . 3 to 0 . 5 %  of  the total energy ava i lable to the 

ruminant in the duodenum ( Leat and Har r i son , 1 9 7 2 ) .  Thi s  

l imi ted supply of l i noleic  acid would be expected to cause 

s evere def iciency s igns in  ruminants , but no l imitat ions on 

growth and product ion have been recorded . Thus , it appears 

that there is  a high ly eff i c i ent usage of  thi s  essenti a l  

fatty ac id in ruminants ( for review see Noble , 1 9 8 4 ) .  

A high retention of linoleic  acid in ruminants , when 

compared with non-ruminants , could be attained by a number 

of d i f f erent biochemical mechani sms , such as , preferenti a l  

ester i f i cation t o  form stable lipid  structures , elongati on 

and desaturation to form other members of the linolei c  acid  

fami ly and/or decreased oxidat ion of  linoleic  acid . There 

appears to be no exper imental evidence for the preferenti a l  

ester i f ication of ess ential  fatty acids into ti ssue 

phospho l i p ids ; rather the en zymes respons ible for the 

acylat ion of glycerol 3-phosphate show s imi lar propert i es 

when i s olated from a range of an imal t i s sues , including calf 

l i ver ( Daae , 1 9 7 3 ) .  

Therefore , it was decided to test the pos s ib i l ity that 

ruminants preferenti ally oxidi z e  s aturated and monoenoi c  
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fatty ac i ds , thereby conserving l i noleic  ac id . Such 

a compar i son has not been made previously because  of the 

d i f f i culty in i solating intact sheep liver mitochondr i a  

capable o f  oxi d i z ing free fatty acids . 

4 . 3  Oxi dation of long-chain fatty acids 

in rat and sheep l iver mitochondr ia  

Intact mi tochondria  were isolated from both rat  and 

sheep liver so that the rates of oxidat ion of palmitate , 

oleate and l inoleate could be compared in l iver mitochondr i a  

from a non-ruminant and ruminant species . Oxygen uptake was 

measured under opt imum conditions in  wh ich the requ irement 

for coen z yme A and carn i t ine were not rate l imiting . 

Palmitate was chosen to represent saturated fatty a c id 

substrates because it  i s  the mos t  abundant saturated fatty 

acid in the mammal i an cell  and because much of the ear l i er 

work in this  area has used palmitate as a substrate . 

Pronounced d i f f erences were found in the abi l ity of 

mitochondr ia  i solated from the two species  to oxidi ze the 

saturated and the unsaturated fatty acids . Sheep l iver 

mi tochondr ia  oxid i z ed oleate and li noleate at a rate whi ch 

was 7 4 - 8 5 % ( P< 0 . 0 5 ) that observed for palmitate when the 

fatty acids were at concentration s  of 0 . 0 0 1 6  to 0 . 0 0 4 9 5  mM .  

I n  contrast , rat liver mi tochondr i a  oxid i z ed oleate and 

l inoleate at a rate which was 1 1 0 -1 7 0 %  ( P< 0 . 0 5 )  that 

obs erved for palmitate . This  indicates that sheep l i ver may 

preferent ially oxidi z e  saturated long-chain  fatty acids such 

as palmitate at greater rates than unsaturated fatty acids  

and thereby conserve essential  fatty acids . Sheep l i ver  

mitochondria  oxidi zed both oleate and l inoleate at  lower 

rates than observed for palmitate . Therefore , it appear s 

that the lower rates of oxidation observed for linoleate i s  

not restricted t o  essential fatty acids but could be 

character istic  of unsaturated fatty acids in genera l . 
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4 . 4  Compar i s on of relat ive rates of oxidat ion 

of both saturated and unsaturated fatty acids 

Lopes -Cardozo  and Van den Bergh ( 1 9 7 4 ) have shown that 

the oxidati on of fatty acids by rat l i ver mitochondr ia  is 

dependent on not only the amount of mi cellar fatty acid 

suspens ion added but also  on the amount of  mi tochondrial  

protein  and the  concentrat i ons of  reaction components such  

as albumin ,  CoASH and carnitine present in the  react ion 

medium . For thi s  reason , reported rates of fatty acid 

oxidat ion by l iver mi tochondria  vary cons iderably . Lopes

Cardozo  and Van den Bergh ( 1 9 7 4 ) have reported rates of 

oxidation for palmitate , oleate and linoleate in the 

presence of l O O  yM CoASH and 1 mM carni tine of 2 . 1 5 ,  2 . 1 2  

and 2 . 2 5 ymoles 02/mg/h , respectively , i n  rat l iver 

mitochondr ia . In the present study , the rates of oxidat ion 

for the same fatty ac id substrates in rat liver mi tochondr i a  

a r e  1 . 61 ,  2 . 5 4 and 2 . 7 3 ymoles 02/mg/h , respect ively , in  the 

presence of 25 yM CoASH and 0 . 6 mM carnitine . Although the 

results from the present study are in favourab le agreement 

with those results reported by Lopes-Cardoz o  and Van den 

Bergh ( 1 9 7 4 ) ,  a str ict compar i son cannot be made because  of 

the dif ferent cofactor levels used in the two studies , as 

well  as the different levels of fatty acid substrate at 

which max imum rates of oxidation were  observed . 

No literature values for the rates of oxidati on of f r ee 

f atty ac ids by intact sheep liver mitochondr ia  are 

avai lable . Although Koundakj i an and Snoswell  ( 1 9 7 0 ) have 

reported that sheep liver mi tochondr ia  could oxid i z e  the 

L-carni t ine esters of laur i c , myr i st i c , palmitic  and stea r i c  

acids a t  rates o f  0 . 0 5 4 , 0 . 0 4 9 , 0 . 0 4 3  and 0 . 0 3 9  ymoles 

02/mg/h protein , respectively , thei r  mitochondrial 

preparation was unable to oxid i z e  the free fatty ac ids . 

However , in the same s tudy Koundak j ian and Snoswell  ( 1 9 7 0 ) 

reported that , in contrast , the i r  preparat ions  of rat l i ver 

mitochondr i a  were  able to oxid i z e  the same free fatty acids , 

as ment i oned above , at rates of 0 . 1 4 2 , 0 . 1 2 2 , 0 . 0 9 5  and 

0 . 0 1 5  ymoles 02/mg/h , respectively . The present study shows 

that intact sheep liver mitochondr i a  oxidi z e  palmitate at 
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half the rate obtained for palmitate by rat liver mi to

chondri a . Thi s  suggests that the sheep liver mitochondr i a  

pr epared by Koundak j i an and Snoswell  ( 1 9 7 0 ) had damaged 

membrane s  that lacked the fatty acyl-CoA synthetase activity 

or contained an inact ivated carn i tine acyltransferase 

system .  The rates of oxidati on of the L-carnitine esters of 

palmit i c  and stear ic  acids by sheep l iver mi tochondr ia  

reported by  Koundak j ian and Snoswell ( 1 9 7 0 ) are  extremely 

low when compared to the rates observed in the present 

study , which  were  1 . 5  and 1 . 3  �moles 02/mg/h protein for 

palmitate and stearate , respectively . In addition , the 

rates reported by Koundak j ian and Snoswell ( 1 9 7 0 ) for the 

oxidation of palmitic  and s tear ic  acids by rat liver 

mitochondri a  are cons iderably lower than those rates 

reported in the literature ( Reid and Husbands , 1 9 85 ; 

Lopes-Cardoz o  and Van den Bergh , 1 9 7 4 ) .  Thi s  further 

suggests that the s heep l iver mi tochondr ia prepared by 

Koundak j i an and Snoswell  ( 1 9 7 0 ) were , in some way , damaged 

and that the true rates of oxidat ion in both rat and sheep 

l i ver mitochondr ia  were  not observed due to an impaired 

assay system .  

The absolute rates of oxidat ion of palmitate , oleate 

and linoleate by rat l iver mitochondr ia  obs erved in the 

present s tudy are in agreement with those reported by 

Lopes-Cardoz o  and Van den Bergh ( 1 9 7 4 ) ,  and the substrate 

dependency prof i les  for the same fatty acids are s imi lar in 

shape to those  pres ented by Vaart j es and Van den Bergh 

( 1 9 7 8 ) in a carnitine-free system . Compar ing the rate of 

oxidation of palmitate as a funct ion palmitate concentrat i on 

Vaart j es and Van den Bergh ( 1 9 7 8 ) observed that , in contra s t  

t o  a carni t ine supplemented reaction medium , concentrations 

of palmitate higher than those producing maximum rates of 

oxidati on wer e  inhib itory . In contrast , ear l i er work by 

Lopes-Cardoz o  and Van den Bergh ( 1 9 7 4 ) reported that 

palmitate , at higher concentrations , did not inhibit its  own 

oxidati on . Interpreti ng thei r  data , Vaart j e s  and Van den 

Bergh ( 1 9 7 8 ) have suggested that the decline in the rate of  

oxidation of palmitate at  concentrat i ons higher than 
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2 1 0  nmol/mg protein , in the carn itine-free system , is  due to 

part ial  uncoupl i ng of respiratory chain  phosphorylation . 

The decline in  the rate of oxidat ion of linoleate as the 

concentration of linoleate gradually increases has also  been 

interpreted to be due to uncoupl ing of the respiratory chain  

at  thes e  concentrat ions . 

4 . 5 Long-chain  free fatty acids as uncouplers 

of oxidat ive phosphorylation 

For many years free fatty ac ids have been known to be 

uncouplers of respiratory chain  phosphorylati on ( Pressman 

and Lardy , 1 9 5 6 ; Lehn inger and Rernrnert ,  1 9 5 9 ;  Hulsman et 

al . ,  1 9 6 0 ; Bors t  et a l . ,  1 9 6 2 ) .  Thi s  uncoupling action of 

fatty ac ids becomes s tronger with increa s i ng chain length 

and is  especially powerful in the case of unsaturated fatty 

ac ids ( Van den Bergh , 1 9 6 6 ) .  Respiratory uncouplers al low 

electron transport to cont inue with subsequent oxygen 

uptake , but prevent the phosphorylat ion of ADP to ATP . 

According to thi s def init ion , i f  fatty acid substrates 

partially uncouple phosphorylat ion , then one would expect to 

obs erve a decrease  in the respi ratory control ratios at 

higher fatty acid concentrations  because , at uncoupling  

concentrations of free  fatty acids , the  initial  rate of 

oxygen consumption , pr ior to the addi t ion of ADP , would be 

greater ( Fig . 11 ) .  It has been demonstrated that , at 

concentrations of fatty acids which cause uncoup l ing , the 

generati on of ATP in the respiratory chain is  prevented and 

fatty ac id oxidat ion is inhibited at the level of fatty acid 

activati on ( Van den Bergh , 1 9 6 6 ) .  

The results reported in thi s  present study also 

demonstrate a decline in the rate of oxidation of palmitate 

as  the concentrati on of this  fatty acid is  increased . 

However , at al l concentrations of fatty acids tested , the 

rate of oxidation pr i or to the addi t ion of ADP remained 

constant . Thi s  suggests that respiratory uncoupl ing was not 

respons ible for the decl ine in the rates of oxidat ion of 

palmitate , oleate , l i noleate and linolenate . Only at hig her 

free fatty ac id concentrations , above 0 . 1 mM ,  and well  
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beyond the concentrati on at which maximum rates of oxygen 

uptake were  obs erved , were s igns of uncoupl ing evident with 

not iceable increases in the  rates of oxidation pr ior to the 

addition of ADP . 

4 . 6  Long-chain fatty acids as inhibitors of en zyme activity 

Palmitoyl-CoA and other long-chain  acyl-CoA der i vat i ves 

inhibit  a wide var i ety of  en z ymes , some related and others 

unrelated to lipid metabol i sm ( Taketa and Pogell , 1 9 6 6 ; 

Volpe and Vagelos , 1 9 7 6 ) .  These  include acetyl-CoA 

carboxylase ( Bortz  and Lynen , 1 9 6 3 ) ,  fatty acid synthetase  

from yeast ( Lynen et al . ,  1 9 6 4 ) ,  from p igeon l iver ( Dors ey 

and Porter , 1 9 6 8 ) ,  from rat liver ( Tubbs and Gar land , 1 9 6 3 ) 

and human liver ( Roncar i ,  1 9 7 5 ) ,  along with citrate synthase 

( Wieland and Wei s s , 1 9 6 3 ; Hansel and Powell , 1 9 8 4 ) .  Lus t  

and Lynen ( 1 9 6 8 ) demonstrated that the inhibiti on o f  the 

yeast fatty ac id synthetase complex by long-chain acyl-CoA 

compounds was competi t ive with respect to malonyl-CoA . The 

concept of feedback inhibit ion , as a regulatory mechan i sm 

for fatty acid synthetase , received support from 

obs ervat i ons that l iver concentrations of long-chain 

acyl-CoA are elevated dur ing starvati on and high-fat feeding 

when hepatic  fatty ac id synthetase activity i s  low ( Bort z  

and Lynen , 1 9 6 3 ; Tubbs and Gar land , 1 9 6 3 ) .  However , the 

effect of palmitoyl-CoA on the pigeon l iver en z yme was 

questioned by Dorsey and Porter ( 1 9 6 8 ) .  Inhib i t i on by 

palmitoyl-CoA depended on the molar ratio of palmitoyl-CoA 

to protein , suggest ing that palmitoyl-CoA acts as a 

detergent and is  not a s ite spec i f i c  inhibitor . S imi lar 

f i ndings wer e  reported by Roncar i ( 1 9 75 ) with pur if ied human 

l i ver synthetase . 

Whether fatty acyl-CoA inhibiti on , in general ,  i s  due 

to a non-spe c i f i c  detergent effect or i s  actually due to a 

s i te-spec i f i c  interaction of phys i ologi ca l  s igni f icance has 

been a controvers ia l  top i c . However , Hansel  and Powel l  

( 1 9 8 4 ) have reported that citrate synthase responds to 

long-chai n  acyl-CoA s electively , in  a manner distingui s hable 

from its  response  to synthet i c  detergents . 

8 9  



The dec line  in the rates of oxidati on for palmitate , 

oleate , lino leate and l inolenate with increas ing 

concentrati on could , therefore , be due to a spec i f i c  

inhibitory ef fect by the long-chain acyl-CoA on a s ingle , or 

var i ety of , en zyme ( s )  i nvolved in the oxidation of 

long-chain  fatty acids , rather than a non-spec i f ic 

uncoupl i ng effect as s tated by Vaart j es and Van den Bergh 

( 1 9 7 8 ) .  

4 . 7  Fatty acid concentrations produc ing 

maximum rates of oxidat ion 

In a carn i tine-free reaction medium , Vaart j es and Van 

den Bergh ( 1 9 7 8 ) observed maximum rates of oxidat ion for 

palmitate , o leate , linoleate and linolenate at fatty a c i d  

concentrations o f  0 . 5 5 , 0 . 0 7 , 0 . 0 7  and 0 . 0 7  mM ,  respective

ly . In contrast ,  the fatty acid concentrations at wh ich  

maximum rates of  oxidation were observed in the  present 

study , where 0 . 6 mM carnitine was included in the rea c t i on 

medium , were 0 . 0 1 , 0 . 0 0 5 , 0 . 0 0 5  and 0 . 0 0 5  mM for palmitate , 

oleate , l inoleate and l inolenate respect ively . The markedly 

di fferent fatty acid concentrations  required to g ive maximum 

rates of oxidati on in the exper iments of Vaart j es and Van 

den Bergh ( 1 9 7 8 ) ,  compared to those recorded in thi s  s tudy , 

may be related to the inc lus i on of carn it ine in the current 

reaction medium . 

In  the carni t ine-supplemented react ion medium ,  the 

acyl-CoA produced by the fatty acyl-CoA synthetase  react ion , 

associated wi th the outer mitochondr ial membrane , would be 

rapidly transported across  the inner membrane as  

acylcarn i t ine to the en zymes of S -oxidati on . Therefore ,  in 

the presence of carn i t ine , the concentration of acyl-CoA 

wi thin the matr i x  should ref lect more  clos ely the acyl-CoA 

concentration outs ide the carnit ine barr ier due to the 

nature of the carnitine  acyltransferase system proposed by 

Houslay and Stanley ( 1 9 8 2 ) .  In a carnit ine-free system this  

transport pathway is  non-operationa l , unless endogenous 

carni tine is present . Groot et al . ( 1 9 7 4 ) demonstr at ed that 

in  rat liver mi tochondr ia , in the abs ence of carnitine , the 
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activation of long-chain  fatty ac ids is  catalysed by the 

medium-chain  acyl-CoA synthetase located in the matr ix . In 

the abs ence of carnitine it  is thi s  activat ion step that i s  

rate limiting i n  the oxidati on of long-chain fatty acids 

( Vaartjes  and Van den Bergh , 1 9 7 8 ) .  The long-chain fatty 

ac id concentrat ion needed for half-maximal veloci ty of fatty 

ac id oxidation by isolated rat liver mitochondr ia  is  about 

1 �M in the presence of carn i tine and 1 0 0 - 2 0 0  �M in the 

absence of carn itine ( Van Tol and Hulsmann , 1 9 7 0 ) .  

Therefore , the effect ive concentrati on of free acyl groups 

required to produce a particu lar level of acyl-CoA wi thin 

the matrix is  cons iderably higher in  a carnitine-free system 

compared to that observed when carn it ine is  present in the 

reaction medi um . 

4 . 8  Mitochondr ial oxidation and ester if i cation 

of long-chain fatty acids 

Many of the substrates that are metaboli s ed by 

mi tochondria  require no mod i f i cation prior to thei r  

metabo l i sm . In contrast , long-chain  fatty acids mus t  f i r s t  

b e  converted t o  their  CoA esters , b y  the fatty acyl-CoA 

synthetase reaction , before mitochondr ial  metabo l i sm of the 

acyl substrates can proceed ( Van Tol and Hulsmann , 1 9 7 0 ) .  

Once formed , the acyl-CoA can act as a substrate for 

mi tochondr ial ester i f i cati on , catalyzed by glycerol 

3 -phosphate acyltransferase ( GPAT ) , as well  as S-oxidati on , 

which  involves carnitine acyltransferase ( CAT ) I as the f i r s t  

s tep . Convers ion o f  the free acid t o  i t s  thioester enables  

the acyl substrate to  be  transported across the  inner 

membrane , in con junction with the carni tine acyltransferas e/ 

trans locase  pathway , to thus become avai lable to the en z ymes 

of S-oxidation . Under normal cond itions , where the 

carn itine transport system is operationa l , the ma j or i ty of 

fatty acids entering the mitochondr i a  are activated via  the 

fatty acyl-CoA synthetase associated with the outer 

mi tochondr ial  membrane ( Norum et al . ,  1 9 6 6 ; Groot et al . ,  

1 9 7 4 ) .  

The activit ies of CAT I and GPAT were investigated 
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us ing palmi toyl-CoA and l i noleate , supplemented with an 

acyl-CoA generating s ystem ,  as substrates in exper iments 

wi th both rat and sheep l iver mitochondri a . Although it 

wou ld have been preferable to use l inoleoyl-CoA as the acyl 

substrate , the lack of act ivity observed with the 

l inoleoyl-CoA in the early stages of this investigation ( see 

section 3 . 4 )  neces s i tated the use of an acyl-CoA generating 

system .  The use of an acyl-CoA generat ing system requires 

the addit ion of coenz yme A to the reaction medium . However , 

the use of linoleate , coupled to an acyl-CoA generating 

system ,  rel i es on the operation of the fatty acyl-CoA 

synthetase to produce linoleoyl-CoA , the true substrate  for 

the CAT I and GPAT en z ymes . Cons equently , any differences 

in the activi ty of either CAT I or GPAT towards l inoleate , 

supplemented with an acyl-CoA generating system , in rat and 

sheep l iver mitochondr ia  may be due to different acyl-CoA 

levels resulting from the di f ferent concentrati ons  of 

coen zyme A used in rat and sheep l i ver assays . 

4 . 9  Mitochondri al glycerol 3-phosphate acy�transferase 

activity in  rat and sheep liver mitochondr ia  

Mitochondrial  GPAT act ivity was assayed to  determine 

whether lino leate oxi dati on in sheep liver mi tochondria  was 

decreased because of increased , and preferential , 

ester i f ication of linoleate to glycerol 3-phosphate . 

However , l inoleoyl-CoA , formed from l inoleate in the 

pres ence of an acyl-CoA generating system ,  was ester i f i ed to 

g lycerol 3 -phosphate in rat liver mitochondr ia  at slower 

rates than palmitoyl-CoA , the rates of incorporat i on being 

1 . 5 and 2 . 1 nmoles/min/mg protein respectively . GPAT in 

sheep l i ver mitochondr i a  showed neglig ible activity towards 

l inoleate , supplemented with an acyl-CoA generating system , 

compared to palmitoyl-CoA whi ch was incorporated at a rate 

of 0 . 9  nmoles/min/mg protein . 
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4 . 10 Car n i t ine acyltransferase I activity 

in rat and sheep l iver mitochondria  

Carnitine acyltrans ferase ( CAT } I i s  the  f i r s t  

obligatory s tep i n  the oxidation of acyl-CoA substrates i n  

mi tochondri a  and is  thought t o  have a n  important regulatory 

function in the oxidation of long-chain  fatty acids ( McGarry 

and Foster , 1 9 8 0 } .  CAT I i s  inhibited by malonyl-CoA 

concentrat ions  that are within the range of concentration s  

found i n  vivo ( Zammit ,  1 9 81 } .  The s ens i tivity o f  CAT I t o  

malonyl-CoA is  the bas i s  for the proposed regulatory role of 

CAT I ( refer Section 1 . 9 } .  

Kopec and Fr i t z  ( 1 9 7 3 } compared the proper t i es of 

carn i t ine palmitoyltransferase ( CPT } I and CPT II  us ing  

a partially pur i f i ed preparation from l i ver . Thi s  study 

provided evidence that , in contrast to CPT I ,  CPT II 

catalyzes  the reaction on ly in the direction towards 

long-chain  acyl-CoA formation . If this is  true , then once 

across the permeabi l i ty bar r i er impos ed by the 

inner-mitochondr ial  membrane ,  the acyl-CoA would be 

committed to the S-ox idat ion pathway as there would be no 

transport mechan ism operating by whi ch the acyl-CoA could 

pass back across the inner membrane . Consequently , any 

discriminat ion against the use of l inoleate as a substrate 

for oxidat ion would have to occur at the CAT I step . 

In the presence of CoASH , ATP and Mg2+ , palmitate is  

activated at  the mitochondr ial  outer membrane with  a maxima l 

rate of 7 0  nmoles/min/mg protein , wh ich is 7 -fold greater 

than the max imal rate of palmitate oxidation ( Van Tol and 

Hulsmann , 1 9 7 0 } .  Therefore , under the above condit ions the 

fatty acyl-CoA synthetase reaction is not rate limiting . 

Hous lay and Stanley ( 1 9 8 2 } have proposed that , rather 

than a un idirec tional transport of acyl-CoA from the inter

membrane space into the matr ix , the carnitine -

acyl carn i t ine exchange mechan i sm operates in a cyc l i c  

manner with continual mixing o f  the two acyl-CoA pools on 

e ither s ide of the inner membrane . According to Hous lay and 

S tanley ( 1 9 8 2 ) ,  the flux through this  bidirectional 
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transport cycle is  cons iderably faster than the flux through 

the S-ox idat i on pathway . Therefore , i f  CAT I I  and/or the 

f irst  en z ymati c  step of the S-oxidat ion pathway have a lower 

aff inity for linoleoyl-CoA than for other acyl-CoA ' s ,  thi s  

would al low l i noleoyl-CoA to be effectively preserved and 

transported back across  the inner membrane . 

The overall rates of oxidation of palmitate and 

li noleate suggested that , in contrast to the rat , sheep 

oxidi z e  l i noleate at a lower rate than palmitate . However , 

th i s  was not reflected in the act ivity of CAT I when a s sayed 

in sheep liver mitochondria  us ing palmitoyl-CoA and 

li noleate , supplemented with an acyl-CoA generating system ,  

as the substrates . In both rat and sheep liver exper iments 

the rate of l inoleoylcarni t ine formation was cons i s tently 

higher than that observed for palmitoylcarn i t ine forma t i on . 

There is  no evidence for the restr icted oxidation of  

l inoleate , as observed in the  oxygen uptake studies , bei ng 

achieved by substrate speci f i city of the CAT I en zyme . 

However , other reaction steps  in the S-oxidati on pathway , 

namely CAT I I  and/or the acyl-CoA dehydrogenase reac t i on , 

might be points of regulation . 

In the present s tudy CAT I acti vity was determin ed 

us i ng washed mitochondria  i solated from rat and sheep l i ver . 

Although the results allow a compar i son of the in vitro  

activity of the  en z ymes towards palmitoyl-CoA and linoleate , 

supplemented with an acyl-CoA generati ng system , other 

factors may af fect the in  vivo activity of the en zyme . One 

such factor could be the concentrati on of malonyl-CoA . 

4 . 11 Effect of malonyl-CoA on CAT I activity 

in  rat and sheep l iver mitochondr i a  

Malonyl-CoA is  a n  intermediate in the d e  novo synthes i s  

o f  fatty ac ids . The concentration of malonyl-CoA depends on 

the phys i ological status of the animal ( Cook et al . ,  1 9 8 0 ; 

Ontko and Johns , 1 9 8 0 ; Saggerson and Carpenter , 1 9 81 ; 

Robinson and Zammit ,  1 9 8 2 ; McGarry and Foster , 1 9 81 ; 
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S takkestad and Bremer , 1 9 8 3 ) .  Malonyl-CoA competitive ly 

inhibits  fatty ac id oxidat ion at the CAT I en z ymat ic  s tep by 

a mechani sm whi ch , as yet , is not fully understood . The 

sens i tivity of the CAT I en z yme to inhibition by malonyl-CoA 

i s  strongly dependent on the in vivo concentrat ions of  

malonyl-CoA in the tis sue from which  the mitochondria  are 

i s o lated ( Saggerson and Carpenter , 1 9 81 ) .  For example , the 

inhibitory potency of malonyl-CoA towards carn it ine 

palmitoyltransferase ( CPT ) I act ivity from rat heart and 

skeletal mus cle , respectively , is about 4 0 - and 2 0 0 -times 

that observed with rat l iver mi tochondr i a  ( Saggers on and 

Carpenter , 1 9 8 1 � McGarry et al . ,  1 9 8 3 ) .  Z ammit ( 1 9 8 3 ( a ) ) 

has been able to mimic  this  in vivo response  by 

pre-incubat ing mi tochondr i a  with malonyl-CoA in vitro pr i or 

to measur ing the sen s i tivity of the CAT I to this  inhi bi tor . 

As well  as being sens i t i z ed by pre-incubati on wi th 

malonyl-CoA , the CAT I en z yme has also shown to be 

revers ibly desens iti z ed in vitro by the thiol-group r eagent 

NbS2 ( Zammit , 1 9 8 3 ( b ) ) .  The operation of a 

sens iti z ation/desens i t i z ation cycle in  vivo could have 

profound phys i olog i cal relevance to the concept of CAT I 

being a ma j or regulatory s ite in  the oxidat ion of long-chain 

fatty ac ids . Such a sens i t i z ation/desensit i z ation cycle 

could amplify  the response of the en z yme to small  changes in 

malonyl-CoA concentrat ion . 

Other factors such as intracellular tissue pH ( St ephens 

et al . ,  1 9 8 3 ) ,  levels  of other CoA esters , e . g .  suc c i nyl

CoA , methylmalonyl-CoA , acetyl-CoA and free coen zyme A 

( Mi lls  et al . ,  1 9 8 3 � McCormi ck et al . ,  1 9 8 3 ) ,  as wel l  as the 

experimental conditions employed ( McGarry and Fos ter , 1 9 81 ) , 

alter the kinetic properties  of CAT I and the respon s e  of 

CAT I to inhibit ion by malonyl-CoA . 

The role of malonyl-CoA in the regulation of long-chain 

fatty ac id oxidation in  ruminants has not been extens ively 

invest igated . In the present study , the sens i t ivity of  

CAT I to  inhibiti on by malonyl-CoA was shown to depend on  

the  an imal t i ssue under examination and on  the acyl 

substrate used to as say the activity of the en zyme 
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( Section 3 . 8 ) .  Thi s  di fference in the degree of inhibit ion 

by malonyl-CoA on CAT I with different acyl substrates has 

not previous ly been reported . The activity of CAT I in rat 

l i ver mi tochondr ia , with 9 0  �M palmitoyl-CoA , was 5 0 %  

inhibited at 2 . 5  �M malonyl-CoA ( see Section 3 . 8 ) .  In  

contrast ,  the activity of  CAT I was 5 0 % inhibited at about 

1 �M malonyl-CoA in sheep liver mi tochondria  with 90 �M  

palmitoyl-CoA ( see Sect ion 3 . 8 ) .  When the sens i t ivity of 

CAT I to inhibition by malonyl-CoA was investigated us ing 

9 0  �M linoleate , supplemented with an acyl-CoA generat i ng 

system ,  the rat en zyme was 5 0 % inhibited at 2 2  �M 

malonyl-CoA whi le the sheep en zyme was 91 % inhibited at only 

1 �M malonyl-CoA . 

The above obs ervations suggest that , under in vivo 

conditions , the t i ssue levels of malonyl-CoA present in  rat 

l iver ( Zammit ,  1 9 8 1 ) are likely to alter the activity of 

CAT I so that li noleate could be preferentially transported 

as opposed to palmitate . In contrast , sheep liver 

mi tochondria  show qui te the oppos ite pi cture , with 

l inoleoylcarn i t ine formati on almost completely inhibited at 

very low level s  of malonyl-CoA and palmitate preferentially 

transported under these  cond itions . However , one pos s ib le 

reason for the greater inhibition of CAT I by low levels of 

malonyl-CoA , obs erved wi th l inoleate as substrate , in sheep 

l i ver mitochondr i a ,  compared to that observed in rat l iver 

mitochondr ia , may be due to dif ferent acyl-CoA 

concentrati ons in rat and sheep exper iments , as a 

consequence of the different concentrat ions  of coen zyme A 

supp l i ed to the acyl-CoA generat ing sys tem . 

Mills  et al . ( 1 9 8 3 ) have reported that malonyl-CoA is  

not the only phys i ologi ca l  compound capable of  suppres s ing 

carn itine palmitoyltransferase ( CPT ) I ,  s i nce chemica l ly 

related compounds ,  e . g .  

acetyl-CoA and free CoA 

inhibit  the CAT I step . 

succ inyl-CoA , methylmalonyl-CoA,  

found in mammal i an cells , also  

Malonyl-CoA , and its analogues , 

app ear to interact with the same s ite as palmitoyl-CoA on 

CAT I and it  appears that the degree of occupancy of that 

s i te by inhibi tors governs the activity of CPT I ( Mi l l s  et 
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al . ,  1 9 8 3 ) . Inhibition of CPT I activity by CoA-related 

compounds was particularly s igni f i cant in tissues where the 

en zyme shows the greatest sen s i tivi ty to malonyl-CoA ( Mi ll s  

e t  al . ,  1 9 8 3 ) .  

In  contrast with the CoA ester s , free coen z yme A 

i nhibited the CPT I reacti on to a s imi lar degree in rat 

l i ver , heart and skeletal mus cle ( Mi lls et al . ,  1 9 8 3 ) .  

Furthermore ,  CoA i s  a product of the CPT I reaction . These  

observati ons suggest that free CoA may work through mas s  

action , rather than by the malonyl-CoA type o f  mechani sm .  

I f  CoA exerted its  effect on CPT I activity via mas s  action , 

i t  is  poss ible that free CoA may protect CPT I by displac ing 

malonyl-CoA from the mi tochondr ial en z yme . That other 

factors contr ibute to thi s  effect of free CoA is sugges ted 

by the exper iments of Mills  et al . ( 1 9 8 3 ) in  whi ch CPT I 

activity of skeletal mus cle  mitochondria  was measured over 

a range of malonyl-CoA concentrations in the presence , and 

absence , of free CoA . The concentrat ions of free CoA used 

were such that they should have di splaced a large fraction 

of the malonyl-CoA wi thout caus ing a marked inhibit ion of 

CAT I activi ty , thereby protecting the CPT I en zyme . 

However , no protection was observed . 

The incorporation of different levels of free CoA in 

the reacti on medium when l inoleate was used as the acyl 

substrate for CAT I in  rat and sheep l iver exper iments 

raises  questions  as to the contr ibuti on by free CoA to the 

inhibit ion of CAT I act ivity observed in the present s tudy . 

4 . 12 Regulation of the oxidation of l i nole i c  acid in s heep 

Lindsay and Leat ( 1 9 7 7 ) have shown that both the entry 

rate of linoleic  acid in sheep and its contributi on to C02 
production was cons iderably less than stear ic  ac id . They 

observed that infused 1 4c-labelled l i noleic acid was 

i n i t ially incorporated into plasma phospholip ids , exhibit ing 

maximal radioactivity in  this  fraction at about 1 day 

post� infus i on , and subsequently incorporated into plasma 

choleste� ol esters . Furthermore , the incorporati on of 
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l i nole i c  acid into phosphol ip id and cholesterol ester was 

cons iderably greater than observed with stear ic  acid 

( Lindsay and Leat , 1 9 7 7 ) .  

Based on thi s  obs ervati on Lindsay and Leat ( 1 9 7 7 ) 

advanced several pos s ible reasons for ruminants being able 

to survive on level s  of e s s ential fatty acids which  would 

produce def i c i ency s igns in non-ruminants . 

( i )  the levels of l inolei c  acid in the plasma-free f atty 

acid  fract ion are low and dur ing s tarvation the amount 

of linoleic  acid enter ing thi s  free fatty acid pool is 

smaller compared to non-es s ential fatty acids . 

( i i )  the amount of l inolei c  acid enter ing cells from the 

c i r culation i s  much smaller than for other 

non-ess ential  fatty acids . Therefor e , the amount of 

l i nole i c  acid avai lable for energy product ion i s  

smaller compared t o  stearic  and palmitic  ac ids . 

( i i i ) the greater incorporat ion of l i nole i c  acid than 

stear i c  ac id into the plasma phospholipids and 

cholesterol esters may serve as a protect ive 

mechani sm ,  thereby conserving linolei c  and other 

essent i a l  fatty ac ids . 

Therefore ,  although the incorporation of linole i c  acid 

into phospho l ipids and cholesteryl es ters in plasma may 

s erve to protect thi s  es s ential fatty acid during its 

transport from the small  intes tine , once taken up by the 

liver cel l  l i nolei c  acid may s t i l l  re-enter the free fatty 

acid  pool within the cell  as a consequence of its relea s e  

from cholesterol es ter . 

The results observed in  the present s tudy suggest that 

in sheep , the small  contr ibuti on of linolei c  acid to C02 
productio� compared to s tear ic  acid , observed by Leat and 

Lindsay ( 1 9 7 7 ) could result from the modif i cati on of 

carn it ine acyltrans f erase ( CAT ) I act ivity towards 

l inoleoyl-CoA as a consequence of the inhibitory act i on of 

malonyl-CoA . However , it  would seem l ikely that the 
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conservati on of l i noleic  acid in  ruminants is  the result of 

the complex interaction of a number of protective 

mechani sms , rather than the result of total protecti on at 

one step in the metabol i sm of l inolei c  acid . Therefo r e , the 

results reported in the present study could compl iment the 

proposals of Leat and Lindsay ( 1 9 7 7 ) concerning the 

conservation of l inolei c  acid in ruminants . 

4 . 1 3  Inhibition of CAT I by malonyl-CoA in ruminants 

The involvement of malonyl-CoA in  the regulation of 

long-chain fatty acids , as proposed by McGarry and Fos t er 

( 1 9 8 0 ) ,  implies  that a high rate of lipogenes i s , wit h  

subsequent elevated levels  o f  malonyl-CoA , is a prerequ i s ite 

for the inhibi t i on of CAT I .  Brindle and Z ammit ( re f e r  

Brindle e t  al . ,  1 9 8 5 ) have observed that rates o f  

lipogenes i s  in the ruminant l iver a r e  l e s s  than 1 0 % of those 

rates observed in  rat l i ver . Although the capacity for  

fatty acid  synthes i s  in the  ruminant liver is  poorly 

express ed ( Ballard et al . ,  1 9 6 9 ) ,  it is  known that the 

en z ymes involved in the synthes is  of malonyl-CoA from 

acetate , namely acetyl-CoA syntheta s e  ( Cook et al . ,  1 9 6 9 ;  

Knowles et al . ,  1 9 7 4 ; Qur a i s h i  and Cook , 1 9 7 2 ) and 

acetyl-CoA carboxylase ( Ballard et a l . ,  1 9 7 2 ) ,  are present 

in the ruminant liver . These could produce concentrat i ons 

of malonyl-CoA whi ch would be suf f i cient to s everely i nhibit 

CAT I activity and hence l i noleate oxidat ion . 

In  contras t ,  in the non-ruminant system ,  the 

concentrations  of hepat i c  malonyl-CoA are dependent mai nly 

on the production of acyl-CoA from g lucose  metabol i sm and 

are directly related to the nutr it ional status of the an imal 

( McGarry and Fos ter , 1 9 81 ) . 
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4 . 1 4 Metabol i sm of acetate in the ruminant 

Much of the energy requirement of ruminants is met by 

the metabol i sm of volati le fatty acids , namely acetat e , 

prop ionate and butyrate , produced in the rumen followi ng the 

fermentati on of ingested herbage ( Warner , 1 9 6 4 ) .  The rumen 

epi thel i um i s  capable of metabol i z ing butyrate and 

prop ionate , and to some extent acetate ( Penn ington , 1 9 5 2 ; 

Pennington and Suther land , 1 9 5 6 ) and the mixture of volati le 

fatty acids enter ing the portal blood i s  depleted in 

butyrate compared to that produced in the rumen ( Anni s o n , et 

al . ,  1 9 5 7 ) .  Pennington ( 1 9 5 2 ) has shown that liver s l i ces  

from sheep are  capable of metaboli z ing acetate , propionate 

and butyrate . However , u s i ng perfused goat liver in the 

presence of all  three acids it  was found that prop ionate and 

butyrate , but not acetate , are extens ively consumed ( Ho lter 

et al • , 1 9  6 3 ) • 

Therefore , acetate i s  the only short-chain  volat i le 

fatty acid present in s igni f i cant concentrati on in the 

per ipheral blood in sheep ( Reid , 1 9 5 0 ) ,  with prop ionate  and 

butyrate being largely removed dur ing its passage through 

the liver . Even in the s tarved ruminant , the portal 

ci rculati on is cont inually supp l i ed with acetate ar i s i ng 

from the fermentati on proces s  in the rumen ( Lindsay and 

Ford , 1 9 6 4 ) .  The control of acetate uptake by ruminant 

t i ssues is  poorly understood and the question of how muc h  

acetate i s  metabol i z ed b y  the l iver in  vivo i s  not resolved . 

Holter et al . ( 1 9 6 3 )  found that acetate was not metabol i s ed 

by perfused goat l iver when prop i onate and butyrate wer e  

present , whereas Cook and Mi l ler ( 1 9 6 5 ) ,  working with 

anaesthet i z ed sheep , found that more acetate than propi onate 

was removed by the l iver in s ome cases . Acetate and 

propionate penetrate s heep l iver mi tochondr ia very read i ly 

( Smith and Osborne-White , 1 9 71 ) ,  but there is  a s trong 

inhibition of acetate metabol i sm in the presence of 

propionate ( Smith , 1 9 7 1 ) .  It  would appear , from the above , 

that the per ipheral  tis sues of ruminants ut i l i ze mos t  of the 

acetate , but at the same t ime , in both fed and fasted 

an imals , a substantial amount of endogenous acetate i s  

produced ( Bergman and Wolff , 1 9 71 ) . 
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Despite the low rates of acetate uti l i z at i on by the 

ruminant liver , it is  poss ible that malonyl-CoA is 

synthes i zed independently of hepati c  lipogenes is . The 

en z yme malonyl-CoA decarboxylase has been i solated from 
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a number of non-rumi nant an imals ( K im and Kolattukudy , 

l 9 7 8 ( a ) ; Kim and Kolattukudy , 1 9 7 8 ( b ) ; Kim et al . ,  1 9 7 9 ) 

but , as yet , not ruminants . It is  pos s ible that the en z ymes 

acetyl-CoA synthetase , acetyl-CoA carboxylase and 

malonyl-CoA decarboxylase operate in con junction with each 

other to synthes i z e  and degrade malonyl-CoA independent ly of 

fatty acid synthes i s . The amounts of acetate ut i l i z ed by 

this  synthes i s/degradat ion cycle , if it is operational in 

the ruminant liver , wou ld only need to be minimal to 

maintain  t i ssue levels of malonyl-CoA which would severely 

l imi t the oxidati on of l i noleic  ac id . 

4 . 15 Effect of methylmalonyl-CoA on CPT I activity 

in sheep l iver 

In  contrast to non-ruminants ,  the fed ruminant is 

character i zed by a high rate of gluconeogenes i s  from 

prop ionate . Methylmalonyl -CoA i s  an intermediate of t h i s  

pathway o f  propi onate metabol i sm t o  g lucose in the ruminant 

liver and has been shown to spec if ically inhibit carni t ine 

palmitoyltransferase I act ivity in s heep ( Brindle et a l . 

1 9 8 5 ) .  Scai f e  et al . ( 1 9 7 8 ) have obs erved that in sheep 

adipose ti s sue methylmalonyl-CoA acts as a pr imer for the 

synthe s i s  of odd-chain fatty ac ids , which  implies  that some 

methylmalonyl-CoA is present in the cytosol . Br indle et al . 

( 1 9 8 5 ) propos e  that in species  whi ch are character i zed by 

high rates of g luconeogenes i s  from prop i onate in the f ed 

s tate , the integration of carbohydrate and fatty acid 

metabol i sm in the liver may be mediated by methylmalonyl-CoA 

in con j uncti on with malonyl-CoA . 

M i l ls et a l . ( 1 9 8 3 ) have s hown that carni tine 

palmitoyltran s f erase I in rat l iver , heart and skeletal 

mus cle is  inhibited by malonyl-CoA and other related 

compounds ,  namely , succinyl-CoA , methylmalonyl-CoA , 

propionyl-CoA , acetyl-CoA and free coenz yme A .  The 



pos s ib i l ity that these  thi oesters act to regulate CAT I 

act ivity in vivo , ei ther individually , or in con j unct i on 

with malonyl-CoA needs c lar i f icat ion . 

Conclus i on 
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In conclus i on , it  would appear that the limited 

oxidati on of l inoleic acid observed in sheep liver 

mi tochondria  is not achieved by regulation at one par t i cular 

step in the metabol i sm of linole i c  acid . In contrast ,  the 

discriminat ion against the use of l i noleic  ac id as an energy 

source , thereby conserving thi s  acyl substrate , seems likely 

to result from a number of dif ferent regulatory mechan i sms 

operating together . However , as in many metabo l i c  pathways , 

certain en zymati c  steps appear to play ma j or regulatory 

roles . The results reported in th is  s tudy provide evidence 

to support the involvement of CAT I in this regulat ion of 

long-chain fatty acid oxidation in the ruminant . The true 

regulator of this  en zyme in  vivo i s  unclear in the ruminant 

but , as observed in other an imal t i ssues , it seems likely 

that malonyl-CoA could have an important role . 

Summary 

1 .  Mitochondr ia  isolated from the livers of sheep and rats 

were shown to oxid i z e  palmitate , oleate and l inoleate 

in a tightly coupled manner , by moni tor ing the oxygen 

consumpt ion associated wi th the degradat ion of these 

acids in the presence of 2 mM-L-malate . 

2 .  Rat liver mitochondr ia  oxidi z ed l i noleate and oleate at 

a rate 1 . 1-1 . 7  t imes that of palmitate . 

3 .  Sheep l iver mitochondria  had a speci f ic activity for 

the oxidati on of palmitate that was 5 0 -8 0 % that of rats 

and a spec i f i c  act ivity for the oxidation of oleate and 

linoleate that was 3 0 - 4 0 % that of rats . Thi s  would 

indi cate that sheep conserved l inoleate by l imit i ng its  

oxidat ion . 

4 .  The poss i b i lity that ei ther the mi tochondr ial  

es ter i f ication pathway , via  g lycerol 3 -phosphate 



acyltransferase , or oxidation pathway , via carn i tine  

acyltrans f erase I ,  was involved in th is  protect ive 

mechan i sm was investigated . 
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5 .  Rat and sheep l iver mitochondrial  GPAT showed greater 

activity towards palmi toyl-CoA as an acyl substrate 

compared to linoleate , supplemented with an acyl- CoA 

generat ing system . Sheep liver mitochondr ial  GPAT 

showed negligible act ivity towards l inoleate and an 

acyl-CoA generating system .  Thi s  would suggest that 

the reduced rates of li noleate oxidat ion in sheep l i ver 

mi tochondr ia  compared to palmitate is not achieved by 

the preferential  esteri f ication of l inoleate to 

glycerol  3 -phosphate . However , the use of an acyl 

generating system compl icates this comparis on . 

6 .  Carnitine  acyltransferase ( CAT ) I actively ester i f i ed 

palmitoyl-CoA and l i noleate , supplemented with an 

acyl-CoA generating system ,  in r at and sheep liver 

mi tochondr i a .  In both cases the rate of linoleoyl

carnit ine formation was greater than that observed for 

the formation of palmitoylcarnitine . 

7 .  The CAT I reaction in  both rat and sheep liver was 

inhibited by mi cromolar amounts of malonyl-CoA . Wit h  

9 0  v M  palmitoyl-CoA as substrate , CAT I was inhib i ted 

by 5 0 %  with 2 . 5  �M malonyl-CoA in  rats , and in sheep , 

5 0 %  inhibiti on was found with a l l  malonyl-CoA 

concentrations  between 1 and 5 � M .  With 90 � M  

l i noleate , supplemented with a n  acyl-CoA generati ng 

system , as substrate for CAT I ,  a much larger 

difference in response to malonyl-CoA was observed . 

The rat en zyme was found to be 5 0 %  inhibited at 2 2  � M 

malonyl-CoA , whereas sheep liver CAT I was 91 % and 9 8 %  

inhibited at 1 �M and 5 �M malonyl-Coa respect ively . 

8 .  It is  propos ed that malonyl-CoA may act as an important 

regulator of s -oxidation in sheep , discriminating 

against  the use of l inoleate as an energy-yielding 

substrate . 
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Further research 

In order to substantiate the propos ed role of malonyl

CoA in the regulat ion of fatty acid oxidati on it  would  be 

useful to estab l i s h  whether a synthes i s/degradation cycle 

exists  in  the ruminant liver that is  capable of produc ing 

levels of malonyl-CoA of around 1 �M . This  concentrat ion of 

malonyl-CoA would enable ruminants to conserve linolei c ac id 

by severely limiting its  oxidation . 

It  would be important to invest i gate whether the 

inhibitory ef fect of malonyl-CoA on CAT I activity i s  the 

same with linoleoyl-CoA as that obs erved us ing linoleate and 

an acyl-CoA generating system . In add i ti on , a study of  the 

inhib itory effect of malonyl-CoA on CAT I us ing other 

long-chain fatty acyl-CoA substrates in both rat and s heep 

l i ver mi tochondr i a  could further eluc idate the regulatory 

role of malonyl-CoA in the oxidati on of long-chain fatty 

acids . Furthermore , there is a pos s ib i lity that there  are 

different CAT I en z ymes for saturated and polyunsaturated 

fatty acids in sheep liver . 
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