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Since R has been earlier reposed that D-g~actosam~e induces an ~ t i o n  of palmitoyicarnitine ~ans- 
ferase I and a delet ion ~f mi tochond~ phosph~ipids w~ch were both preven~d by d o f ~ r ~  an 
ev~uation cf the effec~ of these drugs on mitochondri~ fatty add compo~tion was mad~ G~actosamine 
does not ~ r  the fatty ac~ paRern of these fatty ac~s whereas dofibrate ~duces a 2-fdd ~crease ~ 
monounsamrated/saturated fatty ac~s ratio and a l ~ f d d  decrease of the 20:4 (n - 6 ) / 2 0 : 3  (n - 6) ratio 
in phospha t idykhd~  These ~ r a t i o n s  sugge~ an ~crease of Ag-desaturation and a decrease of AS-d~ 
saturation. To de~rmine whether the d r u ~ d u c e d  changes ~ mitochondfi~ phosphdipids has an effect on 
the phy~c~ properties of the membrane, the H~d structur~ order cf mitochondd~ preparations was studied 
u~ng the HpophiHc probes DPH and TMA-DPH. MRochondfia ~ d a ~ d  tither from ga lac tosam~ or 
clofibrate-~eated rats showed a decrease ~ fluorescence polar~ation, ~ c a t i n g  an over~l decrease ~ H~d 
structur~ orde~ This ~ r a t i o n  is more drastic when both drugs are adminis~red. This phenomenon 
sugges~ drastic changes ~ the bu~ phase of ~ner mitochondri~ membrane H~ds a fa r  Weatmen~ and 
co~d expl~n the ~ r e d  ~netic properties of falmito~carnitine ~ansferase I. 

We have p ~ o u s ~  reported that a D ~ a ~  
t o . m i n e  injection ~duces a decrease ~ mem- 
bran~bound p~mito~car~tine uans~ra~  I a~ 
t i ~  co~da~d  ~ a depletion of phcsph~@~s ~ 
the mitochondfi~ membrane [1]. Clofibrate ap- 
peared able to prevent both the inhibition of 
pMmito~car~tine ~ ans~m~ I a c f i ~  and ~e  
deNetion of phospholiNds ~ the mitochondfiN 

* To whom reprint requ~ts and c o ~ p o n d e n c e  shoed be 
addr~sed. 

I 

membrane. Befide~ both ~eatmen~ decrease the 
senfififity of the enzyme to mNonyl-CoA, its 
phyfioloNcN inhibitor. This effect was particu- 
larly drastic when the two agen~ were admini~ 
tered fince in these conditions the ~0 of mNonyl- 
CoA (the concentration required for 50% of maxi- 
mN inhibition) was increased 4-fold as was the 
K m of lhe enzyme for pMmitoyl-CoA. This point 
is of in~re~ fince it has been reposed dsewhere 
[~ that the sen~tivity of the enzyme to its inhibi- 
tor required membrane in~gfity. Particular inter- 
est was devoted to the diphosphafid~ycerol  
(DPG), a spedfic phosphofipid of the inner 
mitochondfiM membrane [3]. Indeed, gMa~os~ 
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mine induced a drastic decrease of this compound 
whereas c~fibra~ ~eNng ~ s ~ d  ~ an enhanced 
~osynthesis of DPG. At~mp~ wen made Io co~ 
rdate the latter effect with the dofibrat~induced 
proti~r~ion of mitochondria [4] fince it has been 
propo~d by Tzago~ff [5] th~ mitochondria in- 
crease ~ mass and numb~ by a process of accre- 
tion and in~gration of newly s y n t h ~ e d  m~eriN 
into p~e~sfing organd~s. 

It h~s been ~ported for many membran~bound 
enzyme, that not only p~ar head groups of phos- 
pholipids but Nso lheir fatff acid composition 
cou~ N~r the enzymatic acti¼ti~ ¼a a m o d ~  
tion of p h y s ~  p r o p e ~ s  of the membrane. Thus, 
it appears cf in~re~ to inv~figa~ wh~h~ gNac- 
tosamine and dofibr~e co~d N~r the f~ f f  add 
composition of p h o s p h ~ s  and wh~her or not 
the variations of DPG ~vds in the membrane 
N ~ d  the membrane fip~ s~u~urN order fince 
a fi~Nfying effect of this compound has been 
evidenced in bi~o~cN membran~ [6]. 

Ex~fim~tfl ~ e ~  

Anima& 
The rats (200-230 ~ were mNe W~tar rats. 

They received an orNnary laboratory Net ad tibi- 
tum. They were ~arved ov~night before kilting 
and Nven water ad tibitum. Clofibrme (0.2 
mm~/100 g body wt. per da~ was Nven orally as 
corn oil sNution in 1 ml for 4 succesfive days 
(dofibr~e group). Contr~ rats rec~ved the vehicle 
o~y. D-G~actosamine-HC1 neutralyzed ~ pH 7.4 
was administered in 0.2 ml saline ~.28 m m ~ / l £ 0  
g body wt.) ~aperi toneal ly  3 h b ~ o ~  ~lting 
~ther to corn o~-fed rats (g~actosamine group) or 
to clofibrate-fed rats (dofibra~ + galactosamine 
group). All experiments were started b~ween 9.30 
and 10.00 a.m. 

Chemica& 
Sources of ~emicals were as described by ~re 

~ ~. [7]. ~ o f i ~ e  ~ f f ~ c ~ o p M n o x y ) - ~ m e t h -  
y ~ o ~ c  a~d e ~  ~ w~  a ~ ~om I.C.I. 
Ph~m~ P o ~ s ~  Franc~ TMA-DPH was ob- 
t~ned ~om Mdecuhr  Probe~ Junction Cit~ OR. 
U.S.A. DPH ~om Aldric~ B e e ~  Bd~um. 

I3o&~cn of mitochondria 
Liver mitochondria wen ~N~ed ~y Nff~enfiM 

centfifugation as described earlier [7]. ProtNn was 
measu~d by the m~hod of Lowry ~ N. [8]. 

bo~6on of ~ner mimchondr~l membrana The 
inner mitochondriN membrane plus matrix was 
~N~ed by ~eatment with NNtonin fN~wed by 
dif~rentiN centrifugation accorNng to SchnN~ 
man and GreenawNt [9]. TNs method was ~com- 
mended by C~beau et N. [10] for ~udi~ focused 
on this membrane fince the particle obtNned by 
the NNtonin m~hod appear to Nve purer inner 
membrane ~actions than Pa~on's mmhod [11] by 
which the outer membrane is hrgdy detached 
~om the inner mitochondriN membrane by swell- 
ing ~ hypomNc phosphme buffe~ Briefly, N~  
itonin, ~ 0.25 M sucrose, is added to a cad  
suspen~on of mitochondria in 0.25 M sucrose (25 
~g of NNtoNn per mg protNm finn concentration 
0.25%, w / ~  and kept for 10 min at 0°C w~hout 
sfirfin~ The action of Ngitonin is stopped by 
~ t i o n  with 0.25 M sucrose and rapid centrifuga- 
tion of the mitochondrim 

Marker enzymes. The marker enzym~ were 
sucdna~ dehydrogenase (EC 13~%D for the in- 
ner mitochondriN membran~ kynurenine 3-h~ 
Nox~a~  (EC 1A~1.2) for the ou~r mitochondfiN 
membrane and Nucos~phosphmase for endo- 
phsmic ~tic~um. SucNna~ dehydrogenase was 
assayed according to Pennington [12] u~ng p- 
~don i t roneo~az~ ium ~ e t  (INT) as a~ifidN 
acceptor of hydrogen. The reduction of INT is 
followed ~ 490 nm. Kynu~nine 3-hydrox~ase 
a c t i ~  is determined spec~ophommmricN~ by 
the m~hod of Hayashi [13] in which the Nsap- 
pearance of NADPH ~ presence of ~-kynu~nine 
is measured ~ 340 nm. Glucos~phosphatase 
activity is measured by the m~hod cf BaNnsN et 
N. [1~. The ~orgaNc phosphme fibera~d is d~ 
termined wRh ammonium mMybd~e; ascorNc 
acid N used as the reduNng agen~ Excess mNyb- 
d~e ~ bound with an ar~Nc ~ e  s~ufiom so 
that it can no ~nger react with other phosphme 
esters or with ~ formed by acid hydrNyfis of the 
subs~at~ The specific acti~ties and ~covery of 
these markers are NspNyed ~ Tab~ I. It appears 
that only 2% of outer membrane fraction ~ still 
present in mitoplas~ as deduced ~om kynurenine 
3-hydrox~ase a c f i ~ .  
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TABLE I 

PURIHCATION OF INNER MITOCHONDRIAL MEMBRANE 

Speofic ~fi~fi~ are exp~ed as nm~/min per mg p r ~ n  ~r suconme dehydrogenase and kynu~ne  3-hydroxylase and as 
~m~/min mg p~tein ~r ~ u c ~ p h ~ p h ~ a ~ .  

Kyn~em~ 3~ydmx~e  ~ 6 ~ m ~  

total spe~ total spec. total spec. 
act. act. act. act. act. act. 

Homogenme 100% 57 ± 9 100% 1.8 ± ~3 100% 1.3 ± ~2 
Mi~chondfia 20.1% 138 ± 7 35.0% ~0 ± ~7 3.9% if7 ± ffl 
M i ~  17.7% 186 ± 15 2.2% ~6 ± ~1 2.6% ~6 ± ~1 

Fluorescence polarization 
Mitochondria prepared from each group were 

~ b d e d  with ~ther  l~4-(tr imeth~amino)phenyl)-  
~phen~hex~l ,3 ,5 - t r i ene  (TMA-DPH) or l ~ - ~ -  
phen~hex~l ,3 ,5- t r iene  (DPH) accor~ng to the 
m ~ h o d  of H i~emann  and Harris [15]. M~ochon- 
drial samples were ~ d  with phosph~e  b u f ~ r  
(pH 7 .~  to a concentration of 0.1-0.2 mg pro- 
t e in /ml  and ~mpera ture  was e q ~ b r a ~ d  ~ 37 ° C. 
D P H  or T M A - D P H  in ~Uahydrofuran was then 
added ~ order to get a molar  ratio of 
p robe /phosphohpids  equ~ to 1 : 300. The ~ c u b ~  
tions were performed under continuous stirring 
for 60 min. Fluorescence i n t e n ~  was moni to~d  
u~ng a T 4 o r m ~  SLM 8000 (Urban~  U.S.A.) 
p~ar iza t ion fluorescence spec~ophotome~r .  Flu- 
orescence polarization measurements were per- 
formed ~ 25°C on the TMA-DPH-  and DPH-  
~ b d e d  mitochondria according to the procedures 
of Shinitzky and Barenhdz [16]. The e x o t ~ n  
and emission wavdengths were 360 and 430 nm, 
respecf ivd~ The fluorescence p~af iza t ion (P )  was 
c~cu l~ed  as follows: (1" - I ' ) / ( I "  + I ')  w h ~ e  
I "  and I '  are the paral ld  and pe rpen&c~ar  
components of the fluorescence inten~ty, respec- 
fivdy. For each sample, at ~ast  six succes~ve 
de~rminafions were made and the f in~ v~ue  of P 
was the mean ef  the six determinations. P va lu~  
reflect m~nly  the or ienmtion~ c o n f r o n t  of the 
p rob~  and these value~ or better the R~ v~ues  
(s tead~state  fluorescence anisotropy c ~ c ~ e d  as 
f~lows: R~ = 2 P / ( 3 -  P ~ ,  can be quant imtNdy 
convermd into ~pid order param~er ,  ~ u~ng a 
~mi -empi r i c~  rdafionship. In the p r e~ n t  paper 
we used for calcu~tion of S(DPH) the equation 

R ~  = (4Rs/3)  - 0.10 vahd for the region 0.13 < 
R~ < 0.28 [17] in which R ~  represen~ the fimiting 
hindered fluorescence aniso~opy. Since this rda-  
fion was quite spedfic of DPH, Van der Meer et 
al. [18] have determined an extended Perfin equa- 
tion whkh  applied not only lo DPH, but to other 
fluorophores as wall. Therefore the rdat ion R ~  = 
RoR~/(RoRs + (R o -R~)2 /m)  was u~ed for lhe 
c~culafion of S(TMA-DPH)  with R 0 = 0.390 [19] 
and m = 1.19 [18]. The latter parameter  expresses 
the d~ference between the rotational diffu~on of 
the probe in the membrane and that in the iso- 
~ o p ~  reference oil. The fipid order parameter,  S, 
was then calculated with the relation S = ~ 
where R 0 is the theoretically max im~ fluo- 
rescence an i so~op~ 

~ o ~ o n  and purificat~n of phospholipids 
The phosphol ip~s  were extracted accor~ng to 

F ~ c h  ~ al. [2~. Phosphofip~s were purified f o m  
the to t~  h ~ d  extract by separation f o m  n e u ~  
fipids on fluorescent si lva gd  preadsorbent thin- 
layer c h r o m ~ o g r a p ~ c  ~ (20 cm × 20 cm) ob- 
t~ned  ~ o m  Whatman w i ~  a c e ~ n e / l ~ h t  p ~ t o -  
~ u m  (1 : 3, by v~.).  The phospho~pids were sep- 
arated ~ o m  each other by a subsequent two-dP 
m e n ~ o n ~  TLC with c ~ o r o f o r m / m ~ h a n ~ / 2 5 %  
aq. N H  3 ( 6 5 : 2 5 : ~  by v~.)  followed by c ~ o r ~  
f o r m / a c ~ o n e / m ~ h a n ~ / a c ~  a d d / w ~  (30: 
40 : 10 : 10 : 1, by v~.)  as s ~ v e n ~  sys~ms. A ~  
devdopment  of the plates, the spots were outfined 
u n d ~  ultra~olet  fight and scrapped off. The phos- 
phof i~ds  w ~ e  ~ u ~ d  from the g d  u~ng l ~ - ~ -  
c ~ o r o m ~ h a n e / m ~ h ~ n ~  (1 : 2, by v~.).  Inorganic 
phosphorus was assayed accor~ng to Chen et al. 
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[21] after ~e  finds were o ~ z e d  wi~ 70% HC104 
(w/~. 

To obt~n ~e  f~ f f  add meth~ esters, phos- 
pholi~ds w~e m~han~yzed (0.5 M m ~ h a n ~  
KOH, 5 min, 60°C) and the m e ~ n  was 
performed with methan~ in presence of Boretfi- 
fluorit~ The ~s~fing me~ylesters w~e e ~ a c ~ d  
with hexane. 

Gas-liq~d chromatography 
The GLC was performed with a Girdd serie 30 

gas chromatograph equipped with a flame ioniza- 
tion detecto~ The 25-m long capi~ary column was 
filled with 20 M carbowax and the carrier gas was 
hdium. The fatty add meth~ esters were an~ysed 
~ o t h e r m ~  at 200°C and identified by compari- 
son of retention times with a mixture of standard 
meth~ esters (Supdco). 

R e s ~  

PhospholipM ~mposition of rat liv~ m#~hondrm 
The ~ s  of dof ibm~ and g ~ a c ~ m i n e  on 

• e pho~hol ip~ compofition of ~e  mi~chondri~ 
memb~ne ~e  &splayed in Tab~ II. ~ n ~  pho~ 
p h a t i d ~ c h ~ e  (PC), phosphatidylethanolamine 
(PE) and & p h o s p h ~ y c ~ o l  (DPG) represent 
at least 90% of tot~ phospholip~ content of the 
mimchondfi~ memb~ne [3], ~e  present s~dy 
was focused on ~ese three da~es. These ~ s d ~  
confirm ~e  d r a ~  decrease of the ph~phol i~d 
content w~ch occur in this memb~ne after 
galactmamine admi~stration [1]. The stim~ating 
effect of dofibra~ on DPG ~o~mhef is  is ~so 

confirmed as well as i~ preventing effect on 
galactosamin~induced phospholipid depletion as 
~ appears from tot~ phosphorus assay. However, 
g~actosamin~induced DPG decrease still occurs 
when dofibrate pre~eatment is performed fince 
the mitochondri~ content of this phospholipid is 
decreased by approx. 50% when compared to the 
dofibra~ group. 

Fatty add p ~ r n  of rat fiver mi~chondrml pho~ 
pholipids 

Effea of galactosamine ond clofibram on PC 
fat~ a~d pauern. The ~ t f f  a~d p ~ r n  of rat 
fiver mitochondfi~ PC is ~splayed in Tab~ III. 
The m~or fat~ adds ~ t~s d a ~  w~e p~mific 
(21%L stearic (21%L f i n ~ c  (13%) and arac~do~c 
(31%) adds. It appears that gMa~osamine injec- 
tion ~ s d ~  in no change of PC fatty add p ~ r n  
whe~as dofibr~e ~eding induces deep ~te~ 
ations ~ t~s p ~ r n .  Indeed, p~mitic, ~ c  and 
• homo-~fin~e~c adds amounts are all ~creased 
w ~  those of ~earic and arac~donic acids are 
decreased. These ~ r a t i o n s  reset  ~ a 2-f~d in- 
crease of the monounsatura~d/s~urmed ~ t ~  
a~ds ratio w~ch sugg~t th~ dofibra~ ~e~ng  
induces a stimdafion of 59 desaturase. Befide~ 
the C20 : 4 (n - 6)/C20 : 3(n - 6) ratio appears to 
be 10-f~d decreased suggesting that a marked 
inhibition of the ~5 desaturase occur~ As a conse- 
quence of these ~teration~ the unsaturation index 
decreases from 189 for c o n ~  to 146 for 
d o f i b r ~ u e ~ e d  ra~. G~actosamine failed lo re- 
duce any mo~fication in the mi~chondri~ fat~ 
acid p~tern of PC, the fatff acid p~tern ~sulting 

TABLE I1 

CHANGES IN PHOSPHO~PIDS IN INTACT ~ V E R  MITOCHONDRIA 

PC, ph~phafid~choline; P ~  p h m p h a t i d ~ h a n d a m i n e ;  DPG, ~ p h ~ p h a f i d ~ y ~ r ~ .  E ~ h  v~ue (nm~ p h ~ p h ~  Fer mg 
W ~  ~ p ~ s  the m o n  ± ~ from three d i f ~ n t  preparations, a p < 0~5; b p < ~01; c p < 0~01. 

Ph~phol i~d  T ~ m e n ~  

c o n ~  d o f i b ~  ga l ac t~ami~  d o f i b ~  + 
g a l ~ W ~  

PC 56±4 ~ ± 2  ~ ±  4 a 61±3 
PE 54±3 ~ ± 3  ~ ±  2 b 54±2 
DPG 32±2 50±2  c 21± 2 b ~ ± 4  a 
Tot~  phosphorus 154 ± 7 167 ± 9 119 ± 12 a 157 ± 6 



TABLE HI 

FATTY ACID COMPO~TION OF PHOSPHATIDYL- 
CHOLINE IN INTACT RAT LIVER MITOCHONDRIA 

~gur~ are male p~cenmg~ of fat~ a~d m e ~  esters and 
means ~om d u p l ~  M.I., monoun~mm~d fat~ a~ds; S~d., 
saturated fatff a~ds. 

F ~  add T~mmems 

con- g ~ a ~  doff- dofibra~ + 
tr~ samine brae g ~ m i n e  

14:0 0.4 0.4 0.5 0.2 
16 : 0 21.0 22.1 30.9 28.2 
16 : 1 0.5 0.7 0.5 2.1 
18 : 0 21.3 20.6 10.8 9.6 
18:1(n-9) 4.2 5.1 12.6 12.0 
18:1(n-7) 2.4 2.1 1.7 1.8 
18:2(n -6)  12.8 15.1 21.5 20.1 
18:3(n-6) 0.2 0.2 - 1.0 
20: 3(n -9)  0.3 0.3 1.0 0.3 
20: 3(n -6)  0.7 0.6 3.6 3.9 
20:4(n -6)  30.9 28.4 15.2 18.0 
22:6(n -3)  4.9 4.3 2.3 3.0 
M.I/Satd. 0.17 0.18 0.35 0.42 
20 : 4/20 : 3 44.1 47.3 4.22 4.62 
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TABLE IV 

FATTY ACID COMPO~TION OF PHOSPHA~DYLETH- 
ANOLAMINE IN INTACT RAT LIVER MITO- 
CHONDRIA 

~gures are male p~cen~g~ of fat~ add m~h~ esters and 
means ~om d u ~  MA, monoun~r~ed  fat~ acid; S~d., 
~ d  fat~ adds. 

F ~  aod T~atme~s 

con- g ~ t o -  doff- dofibra~ + 
tr~ samine bra~ g ~ m i ~  

14:0 0.5 0.3 0.3 0.2 
16:0 14.5 13.4 16.7 15.4 
16:1 0.6 2.1 0.7 0.3 
18: 0 27.1 27.2 23.5 22.6 
18:l(n -9)  3.1 2.7 4.5 4.8 
18:l(n -7)  2.1 2A 2.0 1.4 
18:2(n -6)  6.3 9.4 13.2 10.0 
18:3(n -6)  - - - 
20:3(n -9)  - - - 
20: 3(n -6)  0.4 0.3 1.3 1.5 
20 : 4(n -6)  31.1 28.6 30.0 33.7 
22 : 6(n -6)  13.2 12.4 7.2 9.5 
M.I/Satd. 0.14 0.18 0.18 0.17 
20 : 4/20 : 3 77.7 95.3 23.1 22.5 

f o m  the effect of both  compounds  reflec~ m ~ n l y  

the effect of dof ib ra te  Rsdf  and the same alter- 
at ions of the m o n o u n s a t u r a t e d / s a t u r a t e d  fatty 
a~ds  and C20 : 4(n - 6 ) / C 2 0  : 3(n - 6) ratios are 
observed. 

Effe~ of ga~osamme and clofibra~ on PE 
fatty a~d pa~ern. The fatty acid pat tern  of rat 
fiver mi tochondf ia l  PE ~ displayed in  T a b ~  IV. 

The m ~ o r  fatty adds  in this class were palmit ic  

(14%L ~eaf ic  (27%), arachidonic (31%) and 
cervonic (13%) acid~ As it was observed in PC, no 
change in the fatty a ~ d  pat tern  of PE occurs 

subsequent  to g~ac tosamine  inject ion except a 
3-fold increase in  pa lmi to l~c  add ,  a minor  com- 

ponen t  of PE fatty adds .  The effects of dof ibra te  

on  PE fatty a d d  p a a e r n  appear to be ~ss  drastic 
than in PC. Howeve~ the amoun t  of f inol~c a d d  
is increased 2-fold whereas the docosahexaenoic 

a d d  ~ v d  is decreased by 50%. No  change occurs 
in  the arachidonic  a ~ d  l evd  as it was the case in 
PC and the 70% decrease of the C 2 0 : 4 ( n -  
6 ) / C 2 0 : 3 ( n - 6 )  ratio resul~  m ~ n l y  from the 
increase of homo-y-finolenic acid amount .  The 
effects resulting from the action of both  com- 
pounds  are weaker than in PC and, unsu rp f i~  

i n ~  reflect those of clofibrate i t sdL 

Effe~ of gala~osamine and clofibrate on DPG 
fat~ a~d pattern. The fatty a d d  pat tern  of rat 
fiver mi tochondr ia l  D P G  is displayed in Table  V. 

The fatty a d d  compofi f ion of this phosphol ipid 

appears to be quite different f rom-tha t  of PC or 

PE ~nce D P G  ~ m ~ n l y  formed with f inol~c a d d  
(64%). N ~ t h e r  galactosamine nor  clofibrate alters 

the amoun t  of this m ~ o r  fatty add .  Howeve~ it 

appears f o m  the data  in  Table  V that d o f i b r a ~  
induces minor  changes in  other fatty a d d s  which 

do not  differ f o m  the ~ teraf ions  which occur in 
PC. Indeed, p ~ m i t i ~  o l~c  and  homo-y-l inolenic  
a d d s  amounts  are increased by + 34%, + 85% and 
+ 62%, respectivdy. 

Fluorescence polarization 
The steady-state fluorescence polarization, fluo- 

rescence an i so~opy  and  fipid order parameter  for 
D P H -  and TMA - D P H - l a be l e d  mi tochondr ia l  pre- 
parat ions  from control  and  treated animals  are 
given in Tables VI and VII. Two different probes 
were used in  this study ~nce  ~ appears that bo th  
clofibrate and galactosamine induce changes in 
phosphofipids head groups and  in their fatty acid 
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TABLE V 

FATTY ACID C O M P O ~ T I O N  OF D I P H O S P H A T I D Y ~  
GLYCEROL IN INTACT RAT LIVER MITOCHONDRIA 

Figures are m~e  percentages of fa t~  add m e ~  esters and 
means ~om d u p l i c ~  M.I., m o n o u ~ m ~ m e d  ~ t ~  adds; sa~.,  
~ m ~ d  ~ t ~  adds. 

F ~  add T ~ m e n ~  

con- g~acto- doff- d o f i b ~  + 
~ samine b rae  g ~ a ~ a m i n e  

14:0 1.1 1.6 0.9 1.0 
16:0 7.9 6.0 8.2 10.6 
16 : 1 3.4 4.2 5.5 2.3 
18:0 6.0 6.3 5.0 6.3 
18 : l (n  - 9 )  4.l 4.0 7.6 7.6 
1 8 : 1 ( n - 7 )  7.l 6.7 6.9 6.3 
18:2(n - 6 )  63.9 64.8 61.2 57.9 
18:3(n - 6 )  . . . .  
20: 3(n - 9 )  2.4 1.6 1.1 1.1 
20: 3(n - 6 )  2.1 1.7 3.2 3.4 
20:4(n - 6 )  3.2 3.2 1.7 3.6 
22: 6(n - 3 )  . . . .  
M.l/Satd. 0.97 1.07 1.42 0.91 
20 : 4 /20 : 3 1.52 1.88 0.53 1.06 

m o i ~  DPH is a probe of the hydrophobic core 
of the b~ayer [22]. TMA-DPH dives into the 
membrane but it is anchored at the interface by a 
cationic group. It reflec~ therefore the degree of 
order of the outer pa~ of the extern~ ~aflet [19] 
(the cationic charge resul~ in a ~ow flip-flop 
motion). DPH is presumably d~tributed equ~ly 
between the inner and outer ~aflets. The data 
obt~ned with this probe reflect the averaged 
changes in ~pid ~ruc tur~  order of the two mem- 
brane fractions. Since the p~mitoylcarnitine 
transferase I is l o c a t e d  in the inner membran~ 
we have ~so measured the fluorescence polariza- 
tion on mitochondria whose outer membrane has 
been discarded by a smooth digitonin ~eatment. 
The fluorescence studies performed on these 
mitoplas~ would give spedfic information about 
the physic~ state of the inner membran~ 

The fipid order p a r a m e ~  monitored by DPH 
or TMA-DPH labdfing appear to vary after dig- 
itonin ~eatment. The increased S(DPH) observed 
seems to reflect m~nly the fact that the inner 
membrane core is more organ~ed than the outer 

TABLE VI 

STEADY-STATE FLUORESCENCE POLARIZATION, FLUORESCENCE ANISOTROPY, AND LIPID ORDER PARAME- 
TER OF INTACT HEPATIC MITOCHONDRIA 

The values represent the means ± $ E  for four a ~ m ~  
Fluorescence p~afizafion: P = ( I "  - l ' ) / (  I "  + I ' )  
Fluorescence a~sotropy: R~ = 2 P / ( 3 -  P) 
DPH ~mifing fluorescence a~s~ropy:  R~  = ( 4 / 3 R D - ~ 1 0  (with ~13 < R~ < 0.28L 
TMA-DPH ~mifing fluorescence a~so~opy:  R~  = RoR2~/(RoR~ + (R  o - R~ )2 /m)  (wi~ m = 1.19 and R o = 0.3~. 
Li~d order parame~r: S = f f - R ~ / R  o (where Ro ( D P H ) = ~ 3 6 2  and R o ( T M A - D P H ) = ~ 3 9 0  is ~ e  ~eoretically m a ~ m ~  
fluorescence anisotrop~. 
~ p < ~ 0 5 ;  B p < 0 D 2 ;  C p < 0 . 0 1 ; ~ p < ~ 0 0 1 .  

Tremmems 

contr~ g a ~ o s a m i n e  doffbr~e  doffbrate + 
g~a~osarrtine 

P(DPH) @~1 ± @~4  @214 ± 0~06 c ~ 2  ± @~5 d ~ 2  ± ~ 4  d 
R s ~ 1 ~ ± @ ~ 3  @ l M ± @ ~ 4  c ~ 1 5 2 ± ~ 4  d @ 1 ~ ± ~ 3  a 
R~ @ t ~ ± ~ 4  ~105 ± @ ~ 6  c ~102±@005 a ~ 1 ~ ± 0 . ~ 4  a 
S(DPH) ~ 5 ~ ± 0 . ~ 8  ~538±~013 c ~ 1  ± ~ 0  d 0 . 5 ~ ± 0 . ~ 9  d 

P ~ M A - D P ~  ~ 9 ± 0 . ~ 2  ~ 9 ± ~ 3  ~ 3 ~ ± ~ 2  a ~ 4 ± 0 . ~ 2  a 
R ~ ~ 5  ± ~ 2  ~ 5  ± ~ 2  ~ 8  ± ~ 2  ~ ~250 ± 0~02 b 
R~  ~ 1  ± ~ 2  ~221 ± 0 . ~ 3  0 .2~  ± 0 .~2  d ~214 ± 0~03 b 
S ~ M A - D P ~  ~ 2 ± @ ~ 5  ~ 2 ± @ ~ 5  0 .7~  ± 0 . ~ 4  d ~ 1  ± 0 ~  b 



membran~ On the contrary, the decrease of 
S(TMA-DPH), after ~mo~ng of the outer mem- 
brane, sugges~ that the p~ar reNon of the inner 
membrane is more fluid when compared to the 
out~ membran~ As tNs sounds unhkdN tNs 
effect shoMd rather be due to some Nsorganiza- 
tion by diNtonin in the p~ar reNon of the inner 
membrane. 

As can be seen from Tables VI and VII, on 
both mitochondfia and mimplasts, dofibra~ in- 
duces a fignificant decrease in DPH (p < 0.001) 
and TMA-DPH (p  < 0.05) hp~  order paramme~. 
GNactosamine appears to have no effect on the 
outer pan of the outer membrane as it appears 
from TMA-DPH studies of intact mitochondria 
and induces oNy a weak fl~diNng ~%~ on the 
same tenon of the inner membrane. This pNnt is 
apparently con~ad~tory with the drastic ef~ct of 
gNactosamine on the phosph~ipid content and 
will be &~u~ed  h~r .  On the con~ary, tNs 
hep~om~n induces hrger N~rafions in the hpid 
b~ayer core of the inner membrane fince the DPH 
fipid order parame~r of mitoplas~ decreases from 
a mean of 0.605 ± 0.015 in hepatic mitochondfia 
from contr~ animNs to a mean of 0.565 ± 0.018 
in hepatic mitochondria from gNa~osamin~ 
treated animMs. 

The most prominent dfect ~sulting from the 
action of both compounds is a fignificant decrease 
( -  11%, p < 0.01) of the DPH fipid order param~ 
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ter of the inner membrane. It should be men- 
tioned Nso, that the addition of the two com- 
pounds induce decrease of TMA-DPH ~pid order 
param~er in the inner membrane which is more 
pronounced than the effect of each drug (approx. 
- 3%, p < 0.001). These resul~ suggest s~nificant 
~ r a t i o n s  in the phys~N state of the bun  phase 
of inner mitochondfiN membrane lipids as a con- 
sequence of galactosamine and dofibra~ admini~ 
~atiom 

D ~ c u ~ n  

As we have earlier reposed [1], clofibra~ is 
able to prevent the gMactosamine-induced depl~ 
fion of mitochondfiN phospholipids and inhib~ 
fion of membran~bound pNmito~carnitine trans- 
~rase I. In order to hnk the biochemicN and 
uluastru~urN pe~urbations induced by gNa~ 
tosamine and dofibrate in rat mitochondrim the 
present study was focused on the physico-chemicN 
properties of this membrane a~er Ueatments by 
the two compounds. 

The present study confirms our pre¼ous resul~ 
concerning the effects of gMactosamine on 
mitochondriN phospholipids and pro~des e~- 
dence that this hepatotoxin does not Mter the faay 
add pauern of mitochondri~ phospholipids. 
HoweveL the fluorescence polarization ~udies 
show that g~actosamine induces a decrease of 

~ E  ~ I  

~ D ~ S ~  FLUORESCENCE P O L A ~ Z A ~ O N ,  ~ U O ~ ~  ANISOTROPY, AND L I H D  O R D E R  ~ M ~  
TER OF H E P A ~ C  I N N E R  M ~ O C H O N D ~ A L  M E M B ~  

D e t ~ s  are the s ~ e  as those ~ T a ~ e  VII. 

T ~ m e m s  

c o m r ~  g N ~ m ~  d o f i b r ~ e  d o f i b ~  + 

g a l ~ m ~  

P(DPH)  ~ 1  ± f f ~ 6  ~ 2 ~  ± 0 ~  b f f ~ 7  ± ~ 3  d ~214 ± 0~05 c 

R~ ~ 1 ~ ± ~ 5  f f l ~ ± ~ 5  b f f l ~ ± 0 . ~ l  d 0 . 1 5 3 ± ~ 8  c 
R ~  ~ 1 ~ ± ~ 6  ~ 1 1 6 ± ~ 7  b ~ 7 ± ~ 2  d ~ 1 ~ ± ~ 1  c 

S(DPH) ~605 ± 0~15 ~565 ± ~018 b 0.545 ± ~ 4  d 0.537 ± 0~29 c 

P ~ M A - D P H )  ~ 8  ± ~ 2  ~ 3  ± ~ 2  a ~ 2  ± ~ 4  a 0 . ~ 8  ± ~ 1  d 

R s ~ 9 ± ~ 2  ~ 4 ± ~ 4  ~ 4 ± ~ 3  a 0 . ~ 1  ± ~ 2  d 
R ~  0 . 1 ~ ± ~ 3  ~ 1 ~ ± ~ 5  ~ 1 ~  ± ~ 4  a ~173 ± 0 ~ 0 3  c 
S ~ M A - D P H )  ~ 7 ± ~ 5  ~ 4 ± ~ 0 1 0  ~ 4 ± ~ 8  a 0 . ~ 5  ± 0 ~ 0 5  d 
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l~id  order p ~ a m e ~ r  in the inner membrane core. 
This decrease of f ind  s~u~urN order wo~d  sug- 
gest • ~ g M a ~ a m i ~  ~oMd indu~  an i n h e r e  
in the content of unsaturated f ~ f f  add  but this is 
not the case. Indeed, it cannot be taken as 
a~omatic ~ ~ e  is a f imp~ fine~ M ~ p  
bmween p h ~ c N  w ~ e ~  and ~ e  n u m b ~  of 
double bonds [23]. M ~ C  the ~ t ~ ~ l  
memb~ne  e ~ s  particufiar beha~our  when 
~ m p ~  to o N ~  biNoNcN m e m b ~ n ~  f i ~ e  no 
co~dat ion  was o ~ e ~ e d  by Yamauchi et N. [6] 
b~ween ~ e  f ind  order p ~ a m e ~ r  and the un- 
~ t u ~ d / s ~ a ~ d  Ntf f  adds ratio. 

Indeed, it has been shown by N6s~and [2~ 
• at ~ e  ~ n ~  ~ t o ~ d r i ~  m e m b ~  ~ p ~  to 
be mmNy ~ rme d  ~ t h  'packe&prmNng,  ~ e  
~ ~ N ~  ~ p ~ n t i n g  oNy a s m ~  pa~ of 
the wh~e memb~ne.  This p ~ t i c ~  b e h a ~ o ~  
co~d  be exNNned by the 17% increase of 
P C / D P G  ratio which occurs a~er g N ~ t ~ a ~  
~emment and, ~us,  it seems ~ o n a M e  to h y p ~  
~et ize ~ a t  the defipidation ~ d u ~ s  N~rations in 
the p r ~ N m p ~ k i n g  which con~r  a ~ e ~  ~ 
order into the memb~ne.  The same effect ~ t h  the 
same cause was o b e y e d  by Roushn et N. [25] ~ 
heart ~ t o ~ d r i a  from ~ m i c  rats. This Ns- 
order shoMd Nter con~quen t~  the t i ~ s  of 
the f iN&pr~Nn b ~ N n g  and co~d  wa~ant  for 
the decreased p N ~ t o ~ r N ~ e  transferase I ac- 
t M f f  and ~ t  desengtization of the enzyme to 
mNon~-CoA which occurs a~er g N ~ t o ~  
~ .  

The most W o m i ~ n t  ef~ct  of ~of ibra~  on the 
inner ~ t o ~ d f i N  memb~ne  is the large in- 
crease in DPG content which is the most abun- 
dant ~ ~ N d  of ~ e  p ~ t o ~ r ~ e  trans- 
~ r a ~  I f ind  ~ u ~ s  [26]. As ~ e  amount ~ hnN~c  
add  ~ DPG is not decreased by d o f i ~ a ~  it can 
be ~ m ~  ~ t ~  ~ e  of ~ s  ~ M  ~ 
add  by the h e p ~ o c ~ e  is ~ e ~ e d  as w ~  to pace 
with the increased DPG ~ n ~ s .  C o n t ~ f i ~  to 
g ~ t o ~ ,  do f ib r~e  ~ d ~ p ~  ~ e  ~ f f  
~ d  p ~ n  of ~ e  ~ t o ~ ~  ~ ~  
the more drastic effect occurring in PC. In this 
class, we o b e s e  a 2-f~d increase of m o n o u ~  
~ t u m ~ d / ~ t u r ~ e d  ~ a y  adds ratio suggesting 
that clofibrate s t i m ~  the a ~ f f  of ~ e  ~ 
desaturase. This o b v i a t i o n  is supposed by those 
of Kaw~hima and Kozuka [27,28] who have re- 

p o r e d  that dofibrate stimulates the dongation of 
pNmitoyl-CoA and the desaturation of s~aro~-  
CoA. BeNde~ the present data suggest that 
do f ib ra~  induces a marked inhibition of the A s 
desaturation as it appea~ from the 10-fold de- 
crease of the 20 : 4(n - 6) /20 : 3(n - 6) ratio in 
PC. The question remNns to know how these 
M~rations are hnked to the hypolipidemic effect 
of dofibrat~ A very a~ractive hypothe~s about 
the mechanism of action of dof ib ra~  would be 
that the enhancement of DPG in the mitochondfiM 
membrane induces phase uan~tions [29] which 
are known to facilhate the incorporation of cyto- 
sol~ phospholipids and proteins in lhe membrane 
[30]. This early event could hence be one of the 
fi~t s~ps of membrane biogenesis induced by 
dof ibra~.  

One of the mNn prob~ms which p m m p ~ d  us 
to study the physico-chemicN properties of the 
mitochondfiN membrane was lhe understanding 
of the preventing action of dofibrate on gMa~ 
tosamine-induced pNmito~carnitine ltansferase I 
inhibitiom From the present study, it appears that 
phospholipid fatty add  compo~tion is not in- 
volved in this preventing action. Moreove~ do-  
fibrate and gMactosamine appear to induce ad- 
ditive effects on membrane ~pid s~u~urM orde~ 
This fact agrees well with the N~rat ion of the 
kinetic properties of pNmito~carnitine ~ansferase 
I, which are more impo~ant when both com- 
pounds are administered [1]. The present data 
bring e¼dence that the sen~ti~ty of p~mi to~-  
carnitine uans~rase  I to mNon~-CoA is s~onNy 
dependent ~om the physicM properties of the 
membran~ Befide~ it seems in , res t ing to point 
out that the P C / D P G  ratio is increased from 1.8 
(con~ol) to 2.5 in the do f ib t a~  + gNactosamine 
group; fince DPG exerts a riNdifying effect on 
bioloNcN membranes [6], this decrease of the rda- 
tive content of DPG could wa~ant  for the de- 
creased ~pid order parame~r  and the drastic N- 
~rations of the kinetic constants of pMmito~- 
carnitine transferase I in the same group. As these 
properties are very well and sho~qermed regu- 
lated in ~vo, the different sen~ti~ties of pMmi- 
toylcarnitine transferase I to mNonyl-CoA ob- 
served in various phy~NoNcN states [31] could be 
due to modulations invol~ng qualitative modifica- 
tions of membrane components. 
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