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SUMMARY 

The cholesterol to phosphohpid ratio m mltochondrla from hepatomas AH- 
130, 3924A and 5123 is higher than m the particles isolated from adult or fetal rat 
livers Nearly all the cholesterol of hepatoma mltochondrla is located in membranes. 
As m hver mltochondrla, m the parhcles isolated from hepatoma AH-130 there is 
more cholesterol m the outer than in the mner membrane. 

In mltochondrla from cholesterol-enriched liver and hepatomas, there occurs a 
decrease m extent of hypoosmotlc and phosphate-induced swelling and a decrease of  
conformatlonal changes linked to energy states The phenomenon is more marked in 
particles which exhibit h~gher cholesterol to phosphohpld ratios. A statistically signifi- 
cant negative correlation exists between the cholesterol to phosphohpld ratio and 
extent of volume or conformatlonal changes. No slgmficant modifications of these 
parameters were found in fetal liver mltochondrla 

Cholesterol content does not influence K + uptake by cholesterol-enriched or 
hepatoma mitochondria. Nor does cholesterol content affect the respiratory increment 
related to th~s uptake. As a consequence of K + uptake, total mltochondrlal water 
exchangeable with trltiated water rises 20 % while sucrose-impermeable water rises 
42-48 % m both adult rat liver and hepatoma AH-130 mltochondrla Absorbance 
changes hnked to 1on uptake do not correspond merely to variations in mitochondrlal 
water content Water content is apparently not influenced by the cholesterol to phos- 
phollpld ratio. However, the ratio is significantly correlated to both extent and mitml 
rate of absorbance decrease of mltochondrml suspensions during K + uptake The 
higher the ratio, the lower the extent and lmtial rate of absorbance decrease 

INTRODUCTION 

Cholesterol and phosphohpld are important constituents of biological mem- 
branes There extst cholesterol to phosphohpld ratios each pecuhar to a particular 
membrane [1 ]. It has been observed that the relative amounts of the hydrocarbon 
fatty acids chains and the interactions between phosphohpld and cholesterol may m- 
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fluenee permeability and physical resistance of natural and artificial membranes (for 
review, see ref. 2). The protein conformation also seems to be greatly influenced by 
the hpld composition of membranes [3] 

In recent years, different functional and physical alterations have been demon- 
strated m mitochondria from hepatomas. These organelles were shown to be less 
prone to volume and conformational changes than normal nutochondrla [4--7]. They 
exhibit great lability of their phosphorylating apparatus [8]. Interestingly, a similar 
pattern of alterations has been described by Graham and Green [9] m mitochondrla 
'enriched' irt vitro with cholesterol. Mltochondna from different hepatomas are charac- 
terized by cholesterol to phospholipld ratios higher than in normal hver mltochondrla 
[10-12]. In the present paper we investigated the influence of the modifications of 
cholesterol content on some functional and physical properUes of mitochoadna from 
Yoshlda ascites hepatoma AH-130, and Morris hepatomas 3924A and 5123. For 
comparison, mitochondria from cholesterol-enriched and fetal livers were studied. 
The results indicate that a close relationship exists between cholesterol to phospho- 
hpid ratio and the extent of large-amphtude swelling or conformatlonal changes of 
rmtochondna No clear influences of changes m cholesterol content on K + uptake or 
energy couphng were observed. 

METHODS 

Animals and tumours. Long-Evans (150-220 g), female Buffalo (150-250 g) 
and female ACI (150-200 g) rats were used as source of normal livers, as well as to 
mamtam hepatomas Yoshida ascltes AH-130, Morris 5123 and 3924A, respectively 
Fetal hver was obtained from 19-20-day-old fetuses of Long-Evans rats. The ammals 
were housed no more than three to a cage and given tap water ad hbltum. The tumour- 
bearing ammals and the corresponding controls were fed a semisynthetlc diet (Pie- 
ciom, Brescia, Italy). Male Wistar rats (200-250 g) were used as controls or to reduce 
hypercholesterolemla. All animals were fasted 16-18 h before kalllng. 

Hypercholesterohc treatment. This was performed by using different nuxtures 
of a hypercholesterolle and a stock diet. The hypercholesterolic diet contained 10 
peanut o11, 31 ~ coconut o11, 5 ~ cholesterol, 2 ~ sodmm cholate, 20 ~ casein, 19 7 
sucrose, 2 ~ vitamin diet fortification mixture 1369 (Nutritional Biochemical Corpo- 
ration, Cleveland, Ohio), 1 ~ chohne chloride, 4 ~o salt mixture W-1139 (Nutritional 
Biochemical Corporation) and 6 ~ alphoeel. The stock diet was a mixture of 5 ~o 
peanut oil, 20 ~ casein, 58.8 ~ sucrose, 2 ~ vitamin diet fortification mixture 1369, 
0.2 ~ choline chloride, 4 ~o salt nuxture W-1139 and 15 ~ cellulose. The animals were 
fed a 1 : 3 mixture of hypercholesterohc and stock diets during the first week of treat- 
meat, and a 1 : 1 mixture during the following 8-9 weeks. 2-3 weeks before kllhng, 
the rats were fed a 3 : 1 mixture Controls were fed the stock diet alone. The entire 
treatment lasted 11-13 weeks; at this time cholesterolemm reached its highest value. 

Fractionatton procedures. The slowly growing hepatoma 5123 was transplanted 
monthly and used 20-25 days after transplantation. The fast growing hepatomas 
3924A and AH-130 were used 12-14 days and 6-7 days after transplantation, respec- 
tively. The medium and procedures for suspension, homogenization and isolation of 
mitoehondria from adult rat liver, cholesterol-enriched hver, and hepatomas 5123 
and 3924A were as previously described [8], except that a 133 000 O " nun mitochon- 
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drial fraction was prepared. The cells from hepatoma AH-130 were separated from 
the ascitlC fluid by low-speed centrlfugatlon, washed in the isolation medium and 
resuspended in a volume of  the same medium corresponding to 2 5 times their weight 
The suspensions were homogenized in a Dounce grinder with 15 strokes of a tight 
pestle. Homogenates were &luted to 20 % (w/v) and centrifuged at 6000 g min 
Sediments were resuspended, submitted to an additional 10 strokes of  homogenization 
and centrifuged at 10 000 0 " mm. From collected supernatants, mltochondria were 
isolated at 133 000 g mln. Fetal liver was homogenized in a Potter-Elvehjem homog- 
emzer with one stroke of a manually-driven, loose pestle. Fetal liver mltochondrla 
were isolated in the same way as the adult rat liver organelles All mltochondrlal 
fractions were washed three times (unless otherwise stated). Mlcrosomes were isolated 
as previously described [12] Purity of  nutochondrlal preparations was routinely 
evaluated by determining glucose-6-phosphatase and NADPH-cytochrome c reduc- 
tase as markers of mlcrosomes From the specific activities of  the marker enzymes in 
the two subcellular fractions, concentrations of mlcrosomes in mltochondrla ranging 
between 4 9 % and 7.6 9/0 were calculated 

The soluble mitochondnal constituents were separated from the insoluble 
constituents according to Mitchell [13] Outer and inner membranes from 5-times- 
washed normal or cholesterol-enriched mltochondrla were isolated and purified accord- 
ing to the method of Sottocasa et al. [14] as modified by Jones and Jones [15]. In order 
to isolate the same mitochondrlal subfractions from hepatoma AH-130, shght mo&fica- 
tlons of  the above method were introduced Five-times-washed mitochondrla (7-10 
mg proteln/ml) were suspended in 10 mM sodium phosphate buffer (pH 7 4) After 
20 nun incubation at 0 °C, KC1, ATP and MgCl2 were added to a final concentration 
of  480.5, 5 and 5 mM, respectively [15] After an additional 10 min incubation, the 
suspensions were submitted to 30 s of sonic oscillation with the use (at 60 % of its 
maximum output) of  a Blosomk III somfier (Bronwill Scientific, Rochester, N Y ) 
provided with a standard tip. Mltochondna were finally centrifuged through a dis- 
contlnous sucrose gradient [14] In some experiments, inner membrane plus matrix 
subfractions (5 mg protemn/ml) were submitted to further purification by incubating 
them for 10 mln at 0 °C, with gentle nuxlng, in a medium containing 290 mM sucrose, 
20 mM Trls • HCI buffer (pH 7.4) and 0.125 % dlgltonln (twice recrystalhzed from 
ethanol). The suspensions were then centrifuged at 95 000 0 mln. Sediments, washed 
once in dlgltomn-free medium, constituted the purified inner membrane fractions. 
Inner mitochondrlal membranes free of  matrix were prepared by submitting the inner 
membrane plus matrix subfractlons to 3 mln sonic oscillation at 0 °C, using the 
Blosonik III somfier at Its maximum output and then centrifuging at 21 10-6 g mm 

Enzyme assays. The spectrophotometrlc determinations ofrotenone-msensitlve 
NADH-cytochrome c reductase (EC 1.6.99 3), NADPH-cytochrome c reductase 
(EC 1.6 99.1) and malate dehydrogenase (EC 1 1 1.37) were performed according to 
Schnaitman and Greenawalt [16] Cytochrome c oxldase (EC 1 9.3.1) was determined 
according to De Duve et al. [17 ], succmate dehydrogenase (EC 1.3.99.1) according to 
Pennington [18], and glucose-6-phosphatase (EC 3 1.3.9) according to Swanson [19]. 

Swelhno and conformational chanoes. Hypoosmotlc swelling was deternuned by 
recording the absorbance decrease of  mltochondrlal suspensions (1 0 mg protemn/ml) 
in 10 mM Trls HC1 buffer (pH 7 4) Phosphate-induced swelling was determined in a 
reaction system containing, in 3 ml, 140 mM KCI, 20 mM Trls • HCI buffer (pH 7 4) 
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and mltochondria (1.0 mg protem/ml). The swelhng was initiated by addition of 
Tns/phosphate to a final concentration of 5 raM. Hypoosmotlc and phosphate- 
reduced swellings were followed untd their rates corresponded to that of spontaneous 
swelling in a medium containing 140 mM KC1 and 20 mM Tns • HCI buffer (pH 
7.4). Valinomycin-induced swelling was evaluated in a medium containing, in 3 ml, 
10 mM KC1, 2 mM Tris. HCI buffer (pH 7.4), 2 mM Trls/phosphate, 3 mM Tns/ 
glutamate, 1.5mM Tris/malate, 280 mM sucrose and mltochondrla (1.0-1 6 mg protein/ 
ml). The reaction was started by addition of valinomycin to a concentration of 1 • 10- 3 
mM. Small amphtude absorbance changes were recorded by suspending mitochondria 
(1.0-1.6 mg protein/ml) in 3 ml of a reaction mixture containing 100 mM sucrose, 
3 mM Trls/EDTA (pH 7.8), 3 mM L-glutamate and 1,5 mM L-malate. When the 
absorbance was steady, sodium phosphate (pH 7.8) was added to a concentration of 
4 mM. When the absorbance reached its minimum, ADP was added to a concentra- 
tion of 0.1 mM. 

The absorbance changes were followed in a Beckman Acta CIII spectrophoto- 
meter, at 250 nm, at 23 °C. 

Respiratory rate and acceptor control ratws. Mitochondrlal respiration, oxida- 
tive phosphorylation and acceptor control ratios were measured as previously de- 
scribed [8]. The stimulation of respiration by K ÷ plus vahnomycin was determined 
under the same conditions adopted for the measurements of vallnomycin-lnduced 
swelhng. 

Potassmm uptake. K + concentrations were measured with a selective ion elec- 
trode (Beckman, 39137) using the same conditions adopted to determine respiratory 
and volume changes linked to K ÷ uptake. In some experiments K + uptake was 
measured at the same time as the respiratory rates or the absorbance changes, by 
using smtably mo&fied holders in order to introduce ion and reference electrodes. 

Volume determmations. In order to measure the changes of mitochondrIal 
water content induced by K ÷ uptake, mltochondria (10 mg protein) were suspended 
in 6 ml of a medium containing 10 mM KCI, 5 mM Tns • HC1 buffer (pH 7.4), 2 mM 
Tns/phosphate, 1 • 10 -3 mM vahnomycin, 8 mM sucrose, trace amounts of [14C]- 
sucrose (2.2. l0 s dpm/ml; The Radiochemlcal Centre, Amersham, Bucks) or of 
[carboxy-t4C]dextran (2.2. l0 s dpm/ml; Mr 50000; The Radlochemlcal Centre), 
217 mM manmtol, and 3H20 (4-106 dpm/ml; The Radiochemlcal Centre). The 
reaction was started by addition of mltochondrm. After 3 rain at 23 °C, samples were 
rapidly centrifuged at 144 000 g " mm. The isotope content and volumes of the pellets 
were determined as previously described [6]. Total mitochondnal water and sucrose- 
impermeable space were determined as differences between aH20 and [carboxy-14C] - 
dextran or 3H20 and [t4C]sucrose, respectively, in the pellets [20]. In order to deter- 
mine changes in mltochondrial total water induced by hypoosmotlc condlhons, mito- 
chondria were incubated for 5 min at 23 °C in the same reaction mixtures used for 
spectrophotometric determanatlons, except that 3H20 and [carboxy-14C]dextran were 
included in the medium. 

Analytical determinatwns. The procedures for lipid extraction, purification and 
determination have already been described [12]. Proteins were determined by a biuret 
procedure [21 ]. 
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RESULTS 

Functtonal tntegrlty of mltochondrtal preparattons 
Mltochondnal  integrity was routinely controlled by polarographlc determina- 

tion of  State 3 and State 4 respiratory rates and of  acceptor control ratios, m either 
presence or absence of  Mg 2 +. The divalent cat~on was added to the reaction system to 
test whether it induced stimulation of State 4 respiration and impairment of  the 
acc~ptor control ratios. These deleterious effects would indicate that Mg 2 ÷ penetrates 
the mltochondrm and activates ATPase. It is known that th~s behaviour is character- 
lstm of  damaged mltochondrm [22] and has sometimes been observed m hepatoma 
nutochondrm [8] 

As shown in Table I, State 3 and State 4 respiratory rates with glutamate and 
malate as substrates, and acceptor control ratios of  the same order, are exhibited by 
mltochondna from adult rat hver, cholesterol-enriched hver and hepatoma AH-130 
No effect of  Mg 2 + on respiratory rates and acceptor control ratios was observed m the 
organelles f rom these sources The rates of  oxygen uptake m State 3 and State 4 and 
the acceptor control ratios are lower in mitochondrla f rom fetal liver and hepatomas 
3924A and 5123 compared to normal hver They are not significantly modified by 
Mg 2+. It  cannot be excluded that the low respiratory rates observed in mi tochondna 
f rom fetal hver or hepatomas 3924A and 5123 are related to a low degree of  functional 
integrity. The acceptor control ratios, however, are still high m these particles and are 
not modified by Mg 2+, so the exlstence of  gross damage to membranes might be 
excluded. It  should be noticed that no gross morphological damage was found in 
mltochondrml preparations from hepatomas showing acceptor control ratios even 
lower than those found in this study [7, 23]. 

Cholesterol and phosphohpM content 
As shown m Table II, the content of  free cholesterol is 4.7 times higher m 

mltochondna f rom cholesterol-fed rats than m control mztochondria. Since the phos- 
phollpld content is unmodified, the cholesterol to phosphohpid ratio increases directly 
with the free cholesterol. An increase in free cholesterol content, ranging between 
4 and 6 times the control value was observed in mltochondria f rom hepatomas. 
Phospholipld contents do not change The cholesterol to phospholipid ratios are 
4.0, 4,6 and 7.9 times higher than the control value m mitochondria from hepatomas 
AH-130, 3924A and 5123, respecttvely. No modifications m cholesterol and phospho- 
hpld contents occur in fetal hver mltochondrla. These results confirm the Rugglerl and 
Fallam's earher observations on hepatoma 5123 [11 ]. These authors also found 1 35 
times more cholesterol m hepatoma AH-130 than m hver nutochondma [10] This 
increase, however, was not significant and is lower than the 4 35-times increase ob- 
served m this study. Perhaps this discrepancy may be explained by differences ill the 
purity of  mltochondmal preparatmns,  since Ruggmrl and Fallam [10] used once- 
washed mltochondria 

In order to determine to what extent mitochondrlal membranes contribute to 
the rose In cholesterol in the organelles isolated f rom cholesterol-enriched liver and 
hepatomas, we separated the soluble and the insoluble components of  mitochondrm. 
Table I I I  shows that strong sonic oscillation releases 29-40 9/00 of the protein from mito- 
chondna of different sources There also occurs a 75-80 ~ release of  the matrix enzyme 
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TABLE III 

CHOLESTEROL CONTENT OF INSOLUBLE AND SOLUBLE FRACTIONS OF MITOCHON- 
DRIA FROM ADULT RAT LIVER, CHOLESTEROL-ENRICHED LIVER AND HEPATOMAS 

Mltochondrla (1.5 mg protem/mi) were suspended m water and submitted to 3 mm of somc OScllla- 
t ton at 0 °C using a B]osomk III somfier at ~ts maxzmum output. Ahquots were then centrifuged at 
21 106 6' rain The supernatants and se&ments are referred as soluble and insoluble components, 
respectively Data (mean values 4-S.D ) are expressed as percent of the total contents determined m 
somcated, unfracttonated rmtochondrm. 

Source of mltochondrla No. of Protein Malate dehydrogenase Cholesterol 
expts 

Insoluble Soluble Insoluble Soluble Insoluble 

Adult hver 4 604-4 404-2 164-6 804-15 824-10 
Cholesterol-enriched hver 2 58 40 19 79 76 
HepatomaAH-130 4 544-3 374-1 204-4 794- 8 784- 6 
Hepatoma 3924A 2 68 30 21 77 80 
Hepatoma 5123 4 714-2 294-3 214-3 754-12 764- 4 

malate dehydrogenase. It appears that the mare portion of cholesterol is in the in- 
soluble material of any rmtochondrial preparation. 

The cholesterol to phospholipid ratio m the isolated inner and outer m]to- 
chondrial membranes was determined in hepatoma AH-130, cholesterol-enriched 
hver and adult rat hver. Five-tzmes-washed m~toehondria were used in these experi- 
ments. The NADPH-eytochrome c reduetase assocmted wtth these mitochondrial 
preparations was only 2-3 O//o of that found in microsomes. These figures ranged 

.~ 2- 

~_ 1 ̧  

0 ! l  

LIVER 
NAI]l'l-cyf c red 

Matafe dehydr [r otenone-msens~ 

Eyt c oxydase 

HEPATOMA 
NAOI'Lcyl c red 

Malale dehydr {r olenone-msensJ 
9 

8 

7 

Succ dehydr O 

5" 

3" 
Eyl c o~ydase 

21 2- 2 : i  
O l  m 

50 100 0 50 100 0 50 100 0 50 100 
PERCENT OF TOTAL MITOCHONORIAL PROTEIN 

, i 

H L S H L S H 'L'S' 14 'L'S' 

Fig 1. Dlstnbutzon of some enzymatic activities m the tuner membrane plus matrix, outer membrane 
and soluble subfractzons of hver and hepatoma AH-130 mltochondria The ordinates represent 
relatmve specific acUwt]es on protein basins, taking the specific acUwUes of the swollen-contracted and 
somcated mltochondna before subfractlonatzon as 1. The abscmsas m&cate the percentages of total 
rmtochondrlal proteins m tuner membrane plus matrix (H), outer membrane (L) and soluble (S) 
subfractlons. 



124 

between 0 and 0 8 ~ In the case of  inner membrane plus matrix subfractions. The 
degree of  mlcrosomal contamination in the outer membrane subfractlons of  the three 
types of  mltochondrla was about  10 

Fig. 1 illustrates the &stnbut~on and recovery of different enzymatic actlvmes 
after subfractlonatlon of normal liver and hepatoma AH-130 mItochondrla Results 
obtained with cholesterol-enriched mltochondrla corresponded to those with control 
liver mltochondrm; they were not included in the figure It  appears that the cyto- 
chrome c oxldase and succmate dehydrogenase are concentrated to the same extent in 
the tuner membranes plus matrix subfractlons of  the two types of  m~tochondrla 
Malate dehydrogenase has the same distribution between the inner membrane plus 
matrix and the soluble subfractlons in both types of  m~tochondrm. This Indicates that 
rupture of  the inner membrane proceeds to the same extent during subfractionation 
of  liver and hepatoma mltochondria under the adopted conditions The N A D H -  
cytochrome e reductase (rotenone-lnsensltive) is also concentrated to roughly the 
same extent in the outer membranes of  hepatoma and hver m~tochondrla The relative 
specific act~wty of this enzyme is shghtly h~gher in the tuner membrane plus matmx of 
hepatoma m~tochondrla than in the same subfract~on of hver mitochondrla. The 
percent corttammatIon of outer m tuner membrane, as calculated f rom the specific 
actlwtles of  the marker enzyme in the two subfractlons, was 9 3 ~ (5 6-13 0 ~o) for liver 
mltochondria and 16 ~ (14 2-22 0 ~ )  for hepatoma mltochondria In &gztonm- 
purified inner membranes the degree of contamination dropped to 2 5-4.2 ~o m hver 
and hepatoma mltochondrla 

As shown m Table IV, the outer membrane of hver m~tochondria contains 
about  8 t~mes more cholesterol and 3 t~mes more phosphohpld than the Inner mem- 
brane Consequently, the cholesterol to phosphohptd ratio is about 3 times higher in 
the outer membrane.  The cholesterol to phosphohpld molar ratios in our preparations 
of  outer and tuner membranes are in agreement with those found by others [24, 25] 
In the outer and tuner membranes of  cholesterol-enriched mitochondria there are 1.6 
and 4 3 times increases, respectively, m endogenous levels of  cholesterol. The phos- 
phohp~d contents are unmodified, consequently, the cholesterol to phospholipxd ratios 
of  the two membranes increase directly with cholesterol. There is 83 ~ more choles- 
terol in the tuner membrane of hepatoma AH-130 mitochondria than in the same 
subfract~on of liver mltochondria No changes in the phospholipld content occur, so 
the cholesterol to phosphohpld ratio is about  5 times higher m hepatoma mltochon- 
drm than in liver mltochondrm inner membranes.  When the purified inner membranes 
are considered, this figure becomes 4.1 The cholesterol content of  outer membrane is 
only 21 ~ higher in hepatoma mxtochondria than in liver mltochondrla However, the 
phospholipld content of  outer mltochondrlal membrane is low in hepatoma. Conse- 
quently, the cholesterol to phosphohpld ratio increases 3.8 times with respect to the 
outer membrane from liver mitochondrIa. 

Mttochondrlal swelhng 
Hypoosmotlc  and phosphate-induced swellings were studied In cholesterol- 

enriched and hepatoma mltochondrla, to determine whether high cholesterol to 
phospholipid ratios influenced the swelling extent. Data  in Table V show that a 
decrease in extent of  hypoosmotle and phosphate-induced swelling occurs m choles- 
terol-enriched as well as in hepatoma mitochondrla I t  appears that the decrease of  
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TABLE V 

LARGE-AMPLITUDE SWELLING 1NDUCED BY HYPOOSMOTIC CONDITIONS OR 
PHOSPHATE IN MITOCHONDRIA FROM ADULT RAT LIVER, FETAL LIVER, CHOLES- 
TEROL-ENRICHED LIVER AND HEPATOMAS 

Con&t~ons as described under Methods Data are mean values ~ S  D 

Source of mltochondrla Swelhng 

Hypoosmot~c 
(dA/mg protein) 

Phosphate-induced 
(<JA/mg protein) 

Adult hver 1 88±0  39(7) 1 31 zL0 20(4) 
Fetal hver 1 81 (2) 1 20 (2) 
Cholesterol-enriched hver l 305:0 l l  (3) 0 77dz0 03(3) 
Hepatoma AH-130 0 8 2 i 0  15(5) 0 3 6 t 0  07(4) 
Hepatoma 3924A 0 60+0  10(3) 0 11 ~ 0  02(3) 
Hepatoma 5123 0 31 ± 0  07(5) 0 0 6 ~ 0  01(4) 

swelling extent is more marked in mltochondrla w~th high cholesterol to phosphohpid 
ratios (see also Table II). No changes occur in fetal liver mltochondrla as compared to 
adult rat liver organelles 

A statistical analysis of the results of swelling determinations is reported in 
Fig 2 Each value of swelling for mltochondrlal preparahons from different sources is 
plotted against the correspondent cholesterol to phosphohpid ratio It can be seen 
that the correlation coefficients for hypoosmotlc and phosphate-reduced swelling are 
-0.74 and -0 78, respectively These figures indicate the existence of good correlation 
between swelling extent and cholesterol to phosphohpld ratios 

Absorbance decrease does not necessarily reflect mitochondrlal volume change. 
However, the correspondence between these parameters has already been demon- 
strated for phosphate-induced swelling of hepatoma mltochondrm [6] Measurements 

~= -o 74 [A) 
25 

20 • 

~,=- 75 , , ~ . ~  y=191-OOOTx 
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I I I I 
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Fig 2 Scatter &agrams with a linear regression showing a negative correlation between the amph- 
tude of nutochondnal hypoosmotlc (A) or phosphate-reduced (B) swelhng and cholesterol to phospho- 
hpld raho. Regression coefficients are slgmficantly different from zero (P < 0 001) 
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of  total mltochondrml water during hypoosmotlc swelhng indicated that adult rat  
liver mltochondrm take up, after 5 m m  incubation m 10 mM Tns HC1 buffer, 
2.41 (S.D. = 4-0 36) #1 water/mg protein In hepatoma AH-130 mltochondrla this 
amount  is 1.26 (S D = 4-0 51) /A/mg protein. Thus, water retake determinations 
show a 1.94 times decrease m swelling extent in AH-130 hepatoma mltochondrm. 
This figure is m agreement wtth the 2.29 times decrease found by absorbance measure- 
ments 

Volume osctllattons 
In wew of the above observatmns, we invesUgated different types of  rmto- 

chondna for small amplitude volume OsclllaUons related to changes in energy states 
Volume oscdlatlov_s probably represent a more physiological phenomenon than large- 
amphtude swelling. After addmon of  phosphate, fully reversible cycles of  absorbance 
decrease and increase occur [26]. They can be better followed, however, if synchro- 
razed by ad&tlon of  ADP [4, 9] 

The parameters measuring volume oscillations m mitochondna from &f- 
ferent sources are shown in Table VI. It  appears that the amphtude of oscillations is 
lower in cholesterol-enriched and hepatoma mltochondria than m control mltochon- 
dna  As with large amphtude swelhng, the decrease is reversely proportional to choles- 
terol to phosphohpld ratio The amphtude of volume oscdlatlons of  fetal liver mlto- 
chondna appears s~mllar to that of  organelles f rom adult rat hver. No alterat=ons in the 
oscdlatory periods are exhtbtted by matochondrla f rom any tissue examined. 

Statistical analysts of  the correlatton between amphtude of volume oscdlatlons 
and cholesterol to phospholipld ratios are shown m Fig. 3 Regression coefficients of  
--0.85 and - 0 . 7 5  were found for the swelling and shrinkage phases, respectively 
These values m&cate the existence of  a sigmficant correlation between cholesterol to 
phosphohpld raUos and volume oscillations. 

K + uptake 
According to the results of  recent work, transport  of  monovalent cations 

through natural membranes may be affected by cholesterol content and fatty actd 
composition [27, 28] The posslblhty of&fferences in K + transport  through mltochon- 
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Scatter diagrams with a hnear regression showing a negative correlation between mltochon- 
dnal small amphtude swelhng (A) or shrinkage (B) and cholesterol to phosphohpld ratio Regression 
coefficients are slgmficantly different from zero (P < 0 001) 
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TABLE VII 

K + UPTAKE AND INCREMENTS IN OXYGEN CONSUMPTION IN MITOCHONDRIA 
FROM ADULT RAT LIVER, FETAL LIVER, CHOLESTEROL-ENRICHED LIVER AND 
HEPATOMAS 

The test system contained l0 mM KCI, 2 mM Trls HC1 buffer (pH 7 4), 2 mM Tms/phosphate, 
3 mM Tms/glutamate, 1,5 mM Tns/malate, 280 mM sucrose and mltochondrm (1 0-1 6 mg protein). 
The reaction was started by addltmn of 1 • l0 -3 mM vahnomycm. Data are mean values 4-S D 

Source of m~tochondrla No  of K + uptake Extra oxygen 
expts (neqmv/mg protein) (natoms O2/mm per mg 

protein) 

Adult liver 10 2504-44 31 54-5 4 
Fetal hver 2 230 26 24-6 5 
Cholesterol-enriched liver 3 2644-41 30 24-4 2 
Hepatoma AH-130 5 2904-47 31 94-3 0 
Hepatoma 3924A 3 2404-37 14 44-1 6 
Hepatoma 5123 6 2104-19 13 54-0 2 

drial membranes having different cholesterol contents was lnvest~gated by studying 
various parameters related to monovalent cation uptake. These parameters include 
K + concentration in the reaction medmm as well as respiratory and volume changes. 
Table VII shows that no differences exmst between mitochondria from livers of control 
rats, fetuses and hypereholesterohc rats, concerning K + uptake and extra oxygen 
consumption in the presence of valinomycin. Hepatoma AH-130 mitochondria behave 
exactly as the preceeding mitochondrial preparations. The accumulation of K + in 
mitochondria from hepatomas 3924A and 5123 is of the same order as in adult 
rat hver organelles. However, the extra oxygen is lower. This indicates that the 
cation uptake proceeds at a slower rate in the organelles from the two hepatomas 
compared to control mitochondria (ef. ref. 29). This was indeed demonstrated by 
recording the changes in K + concentratmn in the reaction mixture after valinomycin 
addition (not shown). 

Data in Table VIII show that marked decrease in extent and inittal rate of 

TABLE VIII 

VALINOMYCIN-INDUCED SWELLING IN MITOCHONDRIA FROM ADULT RAT LIVER, 
FETAL LIVER, CHOLESTEROL-ENRICHED LIVER AND HEPATOMAS 

The same cond~tmns as m Table VII. Data are mean values 4-S D 

Source of mltochondna No.  of  Swelhng 
expts 

Amphtude Inmal rate 
(LIA/mg protein) (AA/s per 103) 

Adult hver 18 0.3994-0 024 29 14-3 0 
Fetal hver 2 0 489 24 5 
Cholesterol-enriched hver 8 0 3004-0.065 20 5-4-4.2 
Hepatoma AH-130 10 0 181 4-0.020 6.9 4-1.2 
Hepatoma 3924A 3 0 1484-0 030 4 44-1.6 
Hepatoma 5123 7 0 1204-0 020 3 24-1 3 
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Fig 4 Scatter diagrams with a linear regression showing a negative correlation between amphtude 
(A) or initial rate (B) of mttochondrial swelling, Induced by K + plus vahnomycm, and cholesterol 
to phosphollpld ratio Regression coefficients are s~gnlficantly d~fferent from zero (P < 0 001) 

swelhng hnked to K + uptake occurs in mltochondna from hepatomas A lower 
decrease takes place m cholesterol-ennched mltochondrla, whde no changes were 
observed in the organelles from fetal hver. Negatwe correlations of  swelhng extent or 
lmtlal rate to cholesterol to phosphohpld ratios are shown by data in Fig. 4 The 
correlations are acceptable, even though not so hlgh as those observed for the other 
types of  swelhng studied in th~s paper 

There exists an evident discrepancy between the values of  K + uptake by differ- 
ent mltochondnal  preparations and the swelling measurements Therefore, changes m 
mltochondrtal water content, as a consequence of K ÷ uptake, were determined m 
adult rat hver and hepatoma AH-130 mltochondrla The results are shown m Table 
IX. Short-term incubation wlth vahnomycm, in the presence of low K ÷ concentration 
and phosphate, reduces a 20 % increase m total water of  both adult rat liver and 
hepatoma mltochondna Increases m the sucrose-impermeable spaces are 42 and 48 % 
for the two types of  organelles, respectively. Thus, it may be calculated, by difference, 
that the mtermembrane spaces decrease Similar results were obtained by Harris and 
Van Dam [30] on rat hver mltochondna.  These observatmns are in disagreement with 
the results of  absorbance measurements The latter show a two-fold dlmmmtlon in 

TABLE IX 

VALINOMYCIN-1NDUCED VARIATIONS IN TOTAL W A TER A N D  SUCROSE-IMPERME- 
ABLE WATER OF M I T O C H O N D R I A  FROM A D U L T  RAT LIVER A N D  HEPATOMA 
AH-130 

Condmons  as described under Methods When indicated, vahnomycln was added to a final concen- 
tration of 1 10-3 mM Data are mean values 3- S D of duplicate counting vials of tnphcate mcuba- 
tlons 

Source of mltochondrla Addition Total water 
(y1/mg protein) 

Sucroseqmpermeable water 
(y1/mg protein) 

Adult hver None 1 31 4-0 03(7) 0 683-0 11(6) 
Vahnomycm 1 633-0 08(7) 1 17±0 09(6) 

Hepatoma None 1 60±0  08(7) 0 53 ± 0  07(6) 
Vahnomycla 1 9 8 1 0  11(7) 1 023-0.14(6) 
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swelling extent of hepatoma AH-130 mitochondrla compared to adult rat liver mito- 
chondria. There is no obvious explanation for this phenomenon. Absorbance records 
do not appear to correspond merely to volume changes in the case of valinomycln- 
induced swelling 

DISCUSSION 

It has been demonstrated that cholesterol to phosphollpld ratios of mltochon- 
dria [10-12], mlcrosomes [ 10-12, 31] and plasma membranes [32] for hepatomas are 
higher than for liver. According to the results in this commumcatlon the increased 
cholesterol content of hepatoma mitochondna almost exclusively concerns the mito- 
chondnal membranes. In the hepatoma AH-130 mitochondria, as in liver mitochon- 
dna, there is more cholesterol in the outer than in the inner membrane. Hepatoma 
outer mitochondrlal membrane is characterized by low phospholipld content. This 
contrasts with the behaviour of the liver mitochondria outer membrane, whose high 
phospholipld content is well known [24, 25] (Table IV). 

Our data indicate that increases m the cholesterol to phospholipid ratio of 
hepatoma mitochondria seem to be involved in the decreased ablhty of these organ- 
elles to undergo swelling and conformatlonal changes. This conclusion is based on the 
following considerations. (1) Cholesterol to phospholipld ratios are significantly 
correlated to the extent of large amplitude and small amplitude swelling. This is also 
true w~th regard to both extent and imtial rate of the absorbanee decrease which 
accompanies the K + uptake by mitochondna The higher the cholesterol to phospho- 
lipid ratio, the lower the ability of mitochondria to perform volume and conforma- 
tional changes. (2) The same pattern of alterations observed in hepatoma mitochon- 
dna may be induced, although to a lower extent, in liver mitochondrla by enriching 
their membranes with cholesterol. (3) The suggested effects of cholesterol are in line 
with the actual knowledge of its influences on physical properties of artificial mem- 
branes [2]. 

These points deserve further comments. A statistically significant correlation 
between two phenomena tells nothing about the nature of the correlation. The 
relationship eould be indirect. For instance, decreased ability to perform volume 
changes could depend on mechanical damage of mitochondria whose membranes are 
more fragile due to lower elasticity caused by elevated cholesterol content. This 
posslbdlty, however, seems unlikely under our experimental conditions. In fact, 
~mpalrment of volume and eonformational changes was observed in hepatoma 
AH-130 mitochondria, which were shown to be as tightly coupled as adult rat liver 
mitochondria. By contrast, no alterations of swelling or eonformational changes exist 
m fetal liver nutochondna, whose cholesterol to phospholipid ratio is the same as in 
adult rat liver organelles, even though the respiratory rates and aeceptor control ratios 
are lower. In addmon, the enrichment with cholesterol of liver mltochondrial mem- 
branes results m a lower ability for volume and conformatlonal changes of mito- 
chondrma without variations in the degree of coupling (see also ref. 9). 

Mitochondria Isolated from the hepatomas 3924A and 5123 show lower aecep- 
tor control ratios than adult rat liver m~tochondria. The possibility of a certain degree 
of damage to membranes cannot be excluded for these organelles. However, at least 
the decrease in extent of valInomycin-induced swelling, observed in the mitochondria 
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f rom the two hepatomas, does not appear to be a consequence of functional impair- 
ment In fact, these organelles take up the same amounts of  K + as other types of  
mltochondrla, although at a slower rate 

Hepa toma  AH-130 mltochondna take up, in the presence of vahnomycln, the 
same amounts of  K + and water as adult rat liver mltochondna This contrasts with 
results o f  spectrophotometrlc determinations of  swelling during K ÷ uptake. The 
optical effects of  swelling are complex They may be related to variations in two 
volumes, the space between membranes and matrix space. The changes induced m 
these compartments  by K ÷ uptake are slmdar in liver and in hepatoma mltochondrla 
Differences in refractive index between particles and medium as well as conforma- 
tlonal changes of  membranes may be also considered .The existence of a significant 
correlation between the cholesterol to phosphohpld ratio and absorbance decrease 
hnked to K ÷ uptake indicates that at least one of the events which contribute to 
absorbance changes is influenced by cholesterol content of  mltochondrla One poss,- 
bllity could be that absorbance measurements record primarily changes in refractive 
indexes in mltochondrlal suspensions. This explanation is discounted by the good 
agreement between absorbance decrease and water intake in liver and hepatoma 
mltochondria submitted to different swelhng-lnducmg conditions in which K ÷ is not 
involved [6] (see also Results section) It  should be noted that Cockrell et al [33] 
presented calculations indicating that vahnomycm-mduced swelhng is four or five 
times greater than that predicted f rom the amounts of  K + taken up According to 
these authors the swelling cannot be entirely accounted for by water accompanying 
the uptake of  K + and permeant counteranlon. Mechanochemical changes in mlto- 
chondrlal membranes were suggested to occur simultaneously with K + movements 
(cf. ref. 34). I f  so, one could tentatively assume that the increase in cholesterol to 
phosphohpld ratio affects the ability of  mltochondnal  membranes to perform con- 
formatlonal changes during vahnomycm-lnduced swelhng. Relatively small volume 
increases, hnked to K + uptake, could be unaffected by the sterol content of  mem- 
branes Proofs that the above supposition is correct do not actually exist. Perhaps the 
problem will be clarified by electron microscopy 

Large-amphtude swelling is characterized by marked increase in matrix vol- 
ume, unfolding of inner membrane and rupture of outer membrane [35 ]. The changes 
in light absorbance observed during small amplitude volume oscillations reflect 
modifications of  conformation of mltochondnal  inner membrane plus matrix [36-39] 
and perhaps also of  structural organization of outer membrane [39]. Evidence has 
been presented indicating that the physical state of  llplds may influence the above 
phenomena [39]. Modifications in mltochondrlal shape and volume should involve 
deformation and stretching of membranes.  Phosphohplds of liver mltochondrla con- 
tam higher amounts of  unsaturated acyl chains than saturated chains [40]. In hepa- 
toma mltochondna phosphohpld acyl chains are also largely unsaturated, even 
though a decrease in polyunsaturated chains occurs [10, 11] The incorporation of 
cholesterol between phosphohpld molecules containing unsaturated paraffin chains 
induces hpids to be less fluid [2] and increases total hydrophoblc interactions [9], 
thus giving greater cohesion to membranes.  Membranes transformed in this way 
should be more resistant to deformation and stretching. This could be a simple 
mechamsm to explain mhlbmon of swelling and conformatlonal changes in mlto- 
chondria with high cholesterol to phosphohpld ratio. As already reported [9], a 
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corol lary  o f  the above views is that  me tabohc  changes o f  mi tochondr ia  do not  neces- 

sartly depend on conformat iona l  changes o f  membranes ,  even though  the converse 

may be true. 
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