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SUMMARY

The cholesterol to phospholipid ratio in mitochondria from hepatomas AH-
130, 3924A and 5123 1s higher than 1n the particles 1solated from adult or fetal rat
livers Nearly all the cholesterol of hepatoma mitochondria 1s located 1n membranes.
As 1n Iiver mitochondria, in the particles 1solated from hepatoma AH-130 there 1s
more cholesterol in the outer than in the inner membrane.

In mitochondria from cholesterol-enriched hiver and hepatomas, there occurs a
decrease 1n extent of hypoosmotic and phosphate-induced swelling and a decrease of
conformational changes linked to energy states The phenomenon 1s more marked
particles which exhibit higher cholesterol to phospholipid ratios. A statistically signifi-
cant negative correlation exists between the cholesterol to phospholipid ratio and
extent of volume or conformational changes. No significant modifications of these
parameters were found in fetal liver mitochondria

Cholesterol content does not influence K* uptake by cholesterol-enriched or
hepatoma mitochondria. Nor does cholesterol content affect the respiratory increment
related to this uptake. As a consequence of K* uptake, total mitochondrial water
exchangeable with tritiated water rises 20 %, while sucrose-impermeable water rises
42-48 % 1n both adult rat hiver and hepatoma AH-130 mitochondria Absorbance
changes linked to 10n uptake do not correspond merely to variations in mitochondrial
water content Water content 1s apparently not influenced by the cholesterol to phos-
pholipid ratio. However, the ratio 1s significantly correlated to both extent and initial
rate of absorbance decrease of mitochondrial suspensions during K™ uptake The
higher the ratio, the lower the extent and initial rate of absorbance decrease

INTRODUCTION

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

In recent years, different functional and physical alterations have been demon-
strated 1n mitochondria from hepatomas. These organelles were shown to be less
prone to volume and conformational changes than normal mitochondria [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] in mitochondria
‘enriched’ in vitro with cholesterol. Mitochondrnia from different hepatomas are charac-
terized by cholesterol to phospholipid ratios higher than in normal liver mitochondna
[10-12]. In the present paper we investigated the influence of the modifications of
cholesterol content on some functional and physical properties of mitochondria from
Yoshida 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-
lipid ratio and the extent of large-amphitude swelling or conformational changes of
mitochondria No clear influences of changes m cholesterol content on K* uptake or
energy coupling 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
marntain hepatomas Yoshida ascites AH-130, Morris 5123 and 3924A, respectively
Fetal liver was obtained from 19-20-day-old fetuses of Long-Evans rats. The animals
were housed no more than three to a cage and given tap water ad libitum. The tumour-
bearing animals and the corresponding controls were fed a semisynthetic diet (Pic-
cioni, Brescia, Italy). Male Wistar rats (200-250 g) were used as controls or to induce
hypercholesterolemia. All animals were fasted 16~18 h before killing.

Hypercholesterolic treatment. This was performed by using different mixtures
of a hypercholesterolic and a stock diet. The hypercholesterolic diet contained 10 %
peanut oil, 31 9, coconut o1, 5 % cholesterol, 2 % sodrum cholate, 20 %, casein, 19 7 %,
sucrose, 2 9; vitamun diet fortification mixture 1369 (Nutritional Biochemical Corpo-
ration, Cleveland, Ohio), 1 % choline chloride, 4 %, salt mixture W-1139 (Nutritional
Biochemical Corporation) and 6 % alphocel. The stock diet was a mixture of 5%
peanut oil, 20 % casein, 58.8 %, sucrose, 2 %, vitamin diet fortification mixture 1369,
0.2 9{ choline chloride, 4% salt mixture W-1139 and 159 cellulose. The animals were
fed a 1 : 3 mixture of hypercholesterohic and stock diets during the first week of treat-
ment, and a 1 : 1 mixture during the following 8-9 weeks. 2-3 weeks before killing,
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 cholesterolemia reached 1ts highest value.

Fractionation 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
mitochondria from adult rat liver, cholesterol-enriched liver, and hepatomas 5123
and 3924A were as previously described [8], except that a 133 000 g - min mitochon-
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drial fraction was prepared. The cells from hepatoma AH-130 were separated from
the ascitic fluud by low-speed centrifugation, washed 1n the 1solation medium and
resuspended 1n 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 diluted to 20 9, (w/v) and centrifuged at 6000 g min
Sediments were resuspended, submitted to an additional 10 strokes of homogenization
and centrifuged at 10000 g - min. From collected supernatants, mitochondria were
1isolated at 133000 g mun. Fetal liver was homogenized 1n a Potter-Elvehjem homog-
enizer with one stroke of a manually-driven, loose pestle. Fetal liver mitochondria
were 1solated 1n the same way as the adult rat liver organelles All mitochondnal
fractions were washed three times (unless otherwise stated). Microsomes were 1solated
as previously described [12] Purity of mutochondrial preparations was routinely
evaluated by determiming glucose-6-phosphatase and NADPH-cytochrome ¢ reduc-
tase as markers of microsomes From the specific activities of the marker enzymes
the two subcellular fractions, concentrations of microsomes 1n mitochondria ranging
between 4 9 9 and 7.6 9, were calculated

The soluble mitochondrial constituents were separated from the insoluble
constituents according to Mitchell [13] Outer and inner membranes from 5-times-
washed normal or cholesterol-enriched mitochondria were 1solated and purified accord-
g to the method of Sottocasa et al. [14] as modified by Jones and Jones [15]. In order
tosolate the same mitochondrial subfractions from hepatoma AH-130, slight modifica-
tions of the above method were introduced Five-times-washed mitochondria (7-10
mg protemn/ml) were suspended in 10 mM sodium phosphate buffer (pH 7 4) After
20 mun incubation at 0 °C, KCl, ATP and MgCl, were added to a final concentration
of 480.5, 5 and 5 mM, respectively [15] After an additional 10 min incubation, the
suspenstons were submutted to 30 s of sonic oscillation with the use (at 60 9 of its
maximum output) of a Biosonik III sonifier (Bronwill Scientific, Rochester, NY )
provided with a standard tip. Mitochondria were finally centrifuged through a dis-
continous sucrose gradient [14] In some experiments, inner membrane plus matrix
subfractions (5 mg protein/ml) were submutted to further purification by incubating
them for 10 min at 0 °C, with gentle mixing, in a medium containing 290 mM sucrose,
20 mM Tris - HCI buffer (pH 7.4) and 0.125 % digitonin (twice recrystallized from
ethanol). The suspensions were then centrifuged at 95000 g mun. Sediments, washed
once m digitonin-free medium, constituted the purified inner membrane fractions.
Inner mitochondrial membranes free of matrix were prepared by submitting the mner
membrane plus matrix subfractions to 3 muin sonic oscillation at 0 °C, using the
Biosonik 111 sonifier at its maximum output and then centrifuging at 21 107¢ g min

Enzyme assays. The spectrophotometric determinations of rotenone-insensitive
NADH-cytochrome ¢ 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
Schnartman and Greenawalt [16] Cytochrome ¢ oxidase (EC 1 9.3.1) was determined
according to De Duve et al. [17], succinate dehydrogenase (EC 1.3.99.1) according to
Pennington [18], and glucose-6-phosphatase (EC 3 1.3.9) according to Swanson [19].

Swelling and conformational changes. Hypoosmotic swelling was determined by
recording the absorbance decrease of mitochondrial suspensions (1 0 mg protemn/ml)
in 10 mM Tris  HCI buffer (pH 7 4) Phosphate-induced swelling was determined in a
reaction system contaiming, in 3 ml, 140 mM KCl, 20 mM Trs - HCI buffer (pH 7 4)
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and mutochondria (1.0 mg protemn/ml). The swelling was initiated by addition of
Tris/phosphate to a final concentration of 5mM. Hypoosmotic and phosphate-
mduced swellings were followed until their rates corresponded to that of spontaneous
swellimg 1n a medium containing 140 mM KCl and 20 mM Trs - HCI buffer (pH
7.4). Valinomycin-induced swelling was evaluated in a medium containing, in 3 ml,
10 mM KCl, 2mM Tris - HC buffer (pH 7.4), 2 mM Trns/phosphate, 3 mM Tris/
glutamate, 1.5mM Tris/malate, 280 mM sucrose and mitochondna (1.0~1 6 mg protein/
ml). The reaction was started by addition of valinomycin to a concentration of 1 - 1073
mM. Small amplitude absorbance changes were recorded by suspending mitochondria
(1.0-1.6 mg protein/ml) 1n 3 ml of a reaction mixture contaimng 100 mM sucrose,
3mM Tns/EDTA (pH 7.8), 3 mM L-glutamate and 1,5mM L-malate. When the
absorbance was steady, sodium phosphate (pH 7.8) was added to a concentration of
4 mM. When the absorbance reached 1ts 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 ratios. Mitochondrial respiration, oxida-
tive phosphorylation and acceptor control ratios were measured as previously de-
scribed [8). The stimulation of respiration by K* plus valinomycin was determined
under the same conditions adopted for the measurements of valinomycin-induced
swelling.

Potasswum 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 suitably modified holders in order to introduce ion and reference electrodes.

Volume determinations. In order to measure the changes of mitochondrial
water content induced by K* uptake, mutochondria (10 mg protein) were suspended
in 6 ml of a medium containing 10 mM KCIl, 5 mM Tris - HCI buffer (pH 7.4), 2 mM
Tris/phosphate, 1+ 1073 mM valimomycin, 8 mM sucrose, trace amounts of [1*C]-
sucrose (2.2 -10° dpm/ml; The Radiochemical Centre, Amersham, Bucks) or of
[carboxy-'*C]dextran (2.2 - 10° dpm/ml; M, 50 000; The Radiochemical Centre),
217 mM manmnitol, and *H,O (4-10° dpm/ml; The Radiochemical Centre). The
reaction was started by addition of mitochondna. After 3 min at 23 °C, samples were
rapidly centrifuged at 144 000 g - min. The 1sotope content and volumes of the pellets
were determined as previously described [6]. Total mitochondrial water and sucrose-
impermeable space were determined as differences between *H,0 and [carboxy-14C]-
dextran or *H,0 and [**C]sucrose, respectively, 1n the pellets [20]. In order to deter-
mine changes in mitochondrial total water induced by hypoosmotic conditions, mito-
chondria were incubated for 5 min at 23 °C in the same reaction mixtures used for
spectrophotometric determinations, except that 3H,O and [carboxy-! *C]dextran were
included in the medium.

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

Functional integrity of mitochondrial preparations

Mitochondrial itegrity was routinely controlled by polarographic determina-
tion of State 3 and State 4 respiratory rates and of acceptor control ratios, in erther
presence or absence of Mg?*. The divalent cation was added to the reaction system to
test whether 1t induced stimulation of State 4 respiration and impairment of the
acczptor control ratios. These deleterious effects would indicate that Mg?* penetrates
the mitochondra and activates ATPase. It 1s known that this behaviour is character-
istic of damaged muitochondria [22] and has sometimes been observed in hepatoma
mitochondria [8]

As shown 1n 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
mitochondria from adult rat liver, cholesterol-enriched liver and hepatoma AH-130
No effect of Mg?* on respiratory rates and acceptor control ratios was observed 1n the
organelles from these sources The rates of oxygen uptake 1n State 3 and State 4 and
the acceptor control ratios are lower in mitochondria from fetal liver and hepatomas
3924A and 5123 compared to normal liver They are not significantly modified by
Mg?*. It cannot be excluded that the low respiratory rates observed in mitochondria
from fetal liver or hepatomas 3924A and 5123 are related to a low degree of functional
mtegrity. The acceptor control ratios, however, are still high 1n these particles and are
not modtfied by Mg?*, so the existence of gross damage to membranes might be
excluded. It should be noticed that no gross morphological damage was found in
mitochondrial preparations from hepatomas showing acceptor control ratios even
lower than those found in this study [7, 23].

Cholesterol and phospholipid content

As shown in Table II, the content of free cholesterol 1s 4.7 times higher 1n
mitochondrnia from cholesterol-fed rats than in control mitochondria. Since the phos-
pholipid content 1s unmodified, the cholesterol to phospholipid ratio increases directly
with the free cholesterol. An increase 1n free cholesterol content, ranging between
4 and 6 times the control value was observed in mutochondria from hepatomas.
Phospholipid contents do not change The cholesterol to phospholipid ratios are
4.0, 4,6 and 7.9 times higher than the control value in mitochondria from hepatomas
AH-130, 3924A and 5123, respectively. No modifications in cholesterol and phospho-
lipid contents occur 1n fetal iver mitochondna. These results confirm the Ruggier: and
Fallanr’s earlier observations on hepatoma 5123 [11]. These authors also found 1 35
ttmes more cholesterol in hepatoma AH-130 than in liver mitochondna [10] This
increase, however, was not significant and 1s lower than the 4 35-times 1ncrease ob-
served 1n this study. Perhaps this discrepancy may be explained by differences in the
purity of mttochondrial preparations, since Ruggier1 and Fallamt [10] used once-
washed mitochondria

In order to determine to what extent mitochondrial membranes contribute to
the rise 1n cholesterol m the organelles 1solated from cholesterol-enriched hiver and
hepatomas, we separated the soluble and the mnsoluble components of mitochondrza.
Table ITT shows that strong sonic oscillation releases 29-40%, of the protein from mito-
chondria of different sources There also occurs a 75-80 9 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

Mitochondria (1.5 mg protein/mi) were suspended i water and submitted to 3 mun of sonic oscilla-
tron at 0 °C using a Brosonik III sonifier at its maximum output. Aliquots were then centrifuged at
21 10° ¢ min The supernatants and sediments are referred as soluble and msoluble components,
respectively Data (mean values +S.D ) are expressed as percent of the total contents determined 1n
sonicated, unfractionated mitochondna.

Source of mitochondria No. of Protein Malate dehydrogenase Cholesterol
t.
expts Insoluble Soluble Insoluble Soluble Insoluble

Adult hiver 4 60-+4 40+2 1646 80+15 82410
Cholesterol-enriched hver 2 58 40 19 79 76
Hepatoma AH-130 4 5443 37+1 2044 79+ 8 784+ 6
Hepatoma 3924A 2 68 30 21 77 80
Hepatoma 5123 4 42 2943 2143 75+12 76+ 4

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

The cholesterol to phospholipid ratio m the isolated inner and outer mito-
chondrial membranes was determined in hepatoma AH-130, cholesterol-enriched
hiver and adult rat liver. Five-times-washed mitochondria were used in these experi-
ments. The NADPH-cytochrome ¢ reductase associated with these mitochondrial
preparations was only 2-3 9 of that found in microsomes. These figures ranged
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Fig 1. Distribution of some enzymatic activities in the inner membrane plus matrix, outer membrane
and soluble subfractions of liver and hepatoma AH-130 mitochondria The ordinates represent
relative specific activities on protein basis, taking the specific activities of the swollen-contracted and
sonicated mitochondria before subfractionation as 1. The abscissas mdicate the percentages of total
mitochondrial protems n inner membrane plus matrix (H), outer membrane (L) and soluble (S)
subfractions.
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between 0 and 0 8 %, in the case of inner membrane plus matrix subfractions. The
degree of microsomal contamination 1n the outer membrane subfractions of the three
types of mitochondria was about 10 %

Fig. 1 illustrates the distribution and recovery of different enzymatic activities
after subfractionation of normal liver and hepatoma AH-130 mitochondria Results
obtained with cholesterol-enriched mitochondria corresponded to those with control
liver mitochondria; they were not included in the figure It appears that the cyto-
chrome ¢ oxidase and succinate dehydrogenase are concentrated to the same extent in
the inner membranes plus matrix subfractions of the two types of mitochondria
Malate dehydrogenase has the same distribution between the mner membrane plus
matrix and the soluble subfractions in both types of mitochondria. This indicates that
rupture of the inner membrane proczeds to the same extent during subfractionation
of hiver and hepatoma mitochondria under the adopted conditions The NADH-
cytochrome ¢ reductase (rotenone-insensitive) 1s also concentrated to roughly the
same extent in the outer membranes of hepatoma and liver mitochondria The relative
specific activity of this enzyme is slightly higher 1n the inner membrane plus matrix of
hepatoma mitochondria than in the same subfraction of hver mitochondria. The
percent contammation of outer 1n mner membrane, as calculated from the specific
activities of the marker enzyme in the two subfractions, was 9 3% (5 6-13 0%,) for liver
mitochondria and 16 9, (14 2-2209%) for hepatoma mitochondria In digitonin-
purified inner membranes the degree of contamination dropped to 2 5-4.2 9 1n liver
and hepatoma mitochondria

As shown 1n Table IV, the outer membrane of liver mitochondria contains
about 8 times more cholesterol and 3 times more phospholipid than the inner mem-
brane Consequently, the cholesterol to phospholipid ratio 1s about 3 times higher 1n
the outer membrane. The cholesterol to phospholipid molar ratios in our preparations
of outer and 1nner membranes are 1n agreement with those found by others [24, 25]
In the outer and inner membranes of cholesterol-enriched mitochondrnia there are 1.6
and 4 3 times ncreases, respectively, in endogenous levels of cholesterol. The phos-
pholipid contents are unmodified, consequently, the cholesterol to phospholipid ratios
of the two membranes ncrease directly with cholesterol. There 1s 83 9 more choles-
terol in the inner membrane of hepatoma AH-130 mitochondra than in the same
subfraction of liver mutochondria No changes in the phospholipid content occur, so
the cholesterol to phospholipid ratio 1s about 5 times higher 1n hepatoma mitochon-
dria than i iver mitochondria inner membranes. When the purified inner membranes
are considered, this figure becomes 4.1 The cholesterol content of outer membrane 18
only 21 % higher m hepatoma mitochondria than in liver mitochondria However, the
phospholipid content of outer mitochondrial membrane 1s low 1n hepatoma. Conse-
quently, the cholesterol to phospholipid ratio increases 3.8 times with respect to the
outer membrane from liver mitochondna.

Mitochondrial swelling

Hypoosmotic and phosphate-induced swellings were studied i cholesterol-
enriched and hepatoma mitochondria, to determine whether high cholesterol to
phospholipid ratios fluenced the swelling extent. Data m Table V show that a
decrease 1n extent of hypoosmotic and phosphate-induced swelling occurs in choles-
terol-enriched as well as in hepatoma mitochondria It appears that the decrease of
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TABLE V

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

Conditions as described under Methods Data are mean values +S D

Source of mitochondria Swelling

Hypoosmotic Phosphate-induced

(AA/mg protein) (4A/mg protemn)
Adult liver 1 8840 39(7) 1314+020(4)
Fetal hver 181 ) 120 2)
Cholesterol-enriched hiver 130+011(3) 0774003(3)
Hepatoma AH-130 08240 15(5) 0364+007(4)
Hepatoma 3924A 0604+0103) 011+002(3)
Hepatoma 5123 0314+£007(5) 006+001(4)

swelling extent 1s more marked 1n mitochondria with high cholesterol to phospholipid
ratios (see also Table IT). No changes occur 1n fetal liver mitochondria as compared to
adult rat iver organelles

A statistical analysis of the results of swelling determinations 1s reported 1n
Fig 2 Each value of swelling for mitochondrial preparations from different sources 1s
plotted against the correspondent cholesterol to phospholipid ratio It can be seen
that the correlation coefficients for hypoosmotic and phosphate-induced swelling are
—0.74 and -0 78, respectively These figures indicate the existence of good correlation
between swelling extent and cholesterol to phospholipid ratios

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

r=-074 (A) r=-078 (8
25F 125F
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Fig 2 Scatter diagrams with a linear regression showing a negative correlation between the ampli-

tude of mitochondrial hypoosmotic (A) or phosphate-induced (B) swelling and cholesterol to phospho-
Iipid ratio. Regression coefficients are significantly different from zero (P < 0 001)
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of total mitochondrial water during hypoosmotic swelling indicated that adult rat
hiver mitochondria take up, after S min incubation in 10 mM Tnis HCI buffer,
2.41 (S.D. = +0 36) ul water/mg protein In hepatoma AH-130 mitochondria this
amount 1s 1.26 (S D = +0 51) pl/mg protein. Thus, water intake determinations
show a 1.94 times decrease 1n swelling extent in AH-130 hepatoma mitochondna.
Thus figure 1s 1n agreement with the 2.29 times decrease found by absorbance measure-
ments

Volume oscillations

In view of the above observations, we investigated different types of mito-
chondna for small amplitude volume oscillations related to changes in energy states
Volume oscillations probably represent a2 more physiological phenomenon than large-
amplitude swelling. After addition of phosphate, fully reversible cycles of absorbance
decrease and increase occur [26]. They can be better followed, however, 1f synchro-
mzed by addition of ADP [4, 9]

The parameters measuring volume oscillations in mitochondria from dif-
ferent sources are shown 1n Table VI. It appears that the amplitude of oscillations 1s
lower 1n cholesterol-enriched and hepatoma mitochondria than in control mitochon-
dria As with large amplitude swelling, the decrease 1s inversely proportional to choles-
terol to phospholipid ratio The amplitude of volume oscillations of fetal liver mito-
chondria appears similar to that of organelles from adult rat liver. No alterations 1n the
oscillatory periods are exhubited by mitochondria from any tissue examined.

Statistical analysis of the correlation between amplitude of volume oscillations
and cholesterol to phospholipid ratios are shown 1n Fig. 3 Regression coefficients of
—0.85 and —0.75 were found for the swelling and shrinkage phases, respectively
These values mdicate the existence of a significant correlation between cholesterol to
phospholipid ratios 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 acid
composition [27, 28] The possibility of differences in K™ transport through mitochon-
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Fig 3 Scatter diagrams with a linear regression showing a negative correlation between mitochon-
drial small amplitude swelling (A) or shrinkage (B) and cholesterol to phospholipid ratio Regression
coefficients are significantly 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 contamned 10 mM KCI, 2mM Tns HCI buffer (pH 7 4), 2 mM Tris/phosphate,
3 mM Trs/glutamate, 1,5 mM Tris/malate, 280 mM sucrose and mitochondria (1 0-1 6 mg protemn).
The reaction was started by addition of 1+ 10~3 mM valinomycin. Data are mean values 4-S D

Source of mitochondria No of K* uptake Extra oxygen
expts (nequiv /mg protein) (natoms O,/min per mg
protein)
Adult hver 10 250+44 315+£54
Fetal liver 2 230 262465
Cholesterol-enriched liver 3 264441 302442
Hepatoma AH-130 5 290447 319430
Hepatoma 3924A 3 240+37 144416
Hepatoma 5123 6 210+19 135402

drial membranes having different cholesterol contents was investigated by studying
various parameters related to monovalent cation uptake. These parameters include
K™ concentration in the reaction medium as well as respiratory and volume changes.
Table VII shows that no differences exist between mitochondria from livers of control
rats, fetuses and hypercholesterolic 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* 1
mitochondria from hepatomas 3924A and 5123 1s of the same order as in adult
rat liver organelles. However, the extra oxygen is lower. This imndicates that the
cation uptake proceeds at a slower rate in the organelles from the two hepatomas
compared to control mitochondria (cf. ref. 29). This was indeed demonstrated by
recording the changes in K* concentration in the reaction mixture after valinomycin
addition (not shown).

Data 1n Table VIII show that marked decrease 1n extent and initial rate of

TABLE VIII

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

The same conditions as in Table VII. Data are mean values +S D

Source of mitochondria No. of Swelling
expts

Amplitude Initial rate
(4A/mg protein) (AA/s per 10%)

Adult liver 18 0.3994-0 024 291430
Fetal liver 2 0489 245

‘Cholesterol-enriched liver 8 0 3004-0.065 2054+4.2
Hepatoma AH-130 10 0 1814-0.020 6.9+1.2
Hepatoma 3924A 3 014810030 44+1.6
Hepatoma 5123 7 012040020 32413
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Fig 4 Scatter diagrams with a linear regression showing a negative correlation between amplitude
(A) or mitial rate (B) of mitochondrial swelling, induced by K+ plus valinomycn, and cholesterol
to phospholipid ratio Regression coefficients are significantly different from zero (P < 0 001)

swelling linked to K* uptake occurs in mitochondrna from hepatomas A lower
decrease takes place m cholesterol-enriched mitochondria, while no changes were
observed 1n the organelles from fetal liver. Negative correlations of swelling extent or
mitial rate to cholesterol to phospholipid ratios are shown by data mm Fig. 4 The
correlations are acceptable, even though not so high as those observed for the other
types of swelling studied 1n this paper

There exists an evident discrepancy between the values of K* uptake by differ-
ent mitochondral preparations and the swelling measurements Therefore, changes in
mitochondrial water content, as a consequence of K* uptake, were determined n
adult rat liver and hepatoma AH-130 mitochondria The results are shown 1n Table
IX. Short-term mcubation with valinomycin, 1n the presence of low K* concentration
and phosphate, induces a 20 %, increase 1n total water of both adult rat liver and
hepatoma mitochondria Increases in the sucrose-impermeable spaces are 42 and 48
for the two types of organelles, respectively. Thus, 1t may be calculated, by difference,
that the mtermembrane spaces decrease Similar results were obtained by Harris and
Van Dam [30] on rat liver mitochondria. These observations are i disagreement with
the results of absorbance measurements The latter show a two-fold diminuition 1n

TABLE IX

VALINOMYCIN-INDUCED VARIATIONS IN TOTAL WATER AND SUCROSE-IMPERME-
ABLE WATER OF MITOCHONDRIA FROM ADULT RAT LIVER AND HEPATOMA
AH-130

Conditions as described under Methods When indicated, valimomycin was added to a final concen-
tration of 1 103 mM Data are mean values =S D of duplicate counting vials of triplicate incuba-
tions

Source of mitochondria Addition Total water Sucrose-impermeable water
(#1/mg protein) (ul/mg protein)

Adult hiver None 131+£003(7) 068-+011(6)
Valinomycin 16340 08(7) 11740 09(6)
Hepatoma None 16040 08(7) 05340 07(6)

Valinomycin 19840 11(7) 1 024-0.14(6)
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swelling extent of hepatoma AH-130 mitochondria compared to adult rat liver mito-
chondria. There 1s no obvious explanation for this phenomenon. Absorbance records
do not appear to correspond merely to volume changes in the case of valinomycin-
induced swelling

DISCUSSION

It has been demonstrated that cholesterol to phospholipid ratios of mitochon-
dria [10-12], microsomes [ 10-12, 31] and plasma membranes [32] for hepatomas are
higher than for liver. According to the results in this communication the increased
cholesterol content of hepatoma mitochondria almost exclusively concerns the mito-
chondrial membranes. In the hepatoma AH-130 mitochondria, as in liver mitochon-
dria, there 1s more cholesterol in the outer than in the inner membrane. Hepatoma
outer mitochondrial membrane is characterized by low phospholipid content. This
contrasts with the behaviour of the liver mitochondria outer membrane, whose high
phospholipid content 1s well known [24, 25] (Table IV).

Our data indicate that increases in the cholesterol to phospholipid ratio of
hepatoma mitochondria seem to be mvolved 1n the decreased abihity of these organ-
elles to undergo swelling and conformational changes. This conclusion 1s based on the
following considerations. (1) Cholesterol to phospholipid ratios are significantly
correlated to the extent of large amplitude and small amplitude swelling. Thus is also
true with regard to both extent and mmtial rate of the absorbance decrease which
accompanies the K* uptake by mitochondria 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-
dria may be induced, although to a lower extent, in liver mitochondria by enriching
their membranes with cholesterol. (3) The suggested effects of cholesterol are in line
with the actual knowledge of its nfluences 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 could 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
possibility, however, seems unlikely under our experimental conditions. In fact,
impairment of volume and conformational changes was observed 1n hepatoma
AH-130 mitochondria, which were shown to be as tightly coupled as adult rat liver
mitochondria. By contrast, no alterations of swelling or conformational changes exist
1n fetal liver mitochondria, whose cholesterol to phospholipid ratio 1s the same as 1n
adult rat liver organelles, even though the respiratory rates and acceptor control ratios
are lower. In addition, the enrichment with cholesterol of liver mitochondrial mem-
branes results 1n a lower ability for volume and conformational changes of mito-
chondria without variations in the degree of couphng (see also ref. 9).

Mitochondria 1solated from the hepatomas 3924A and 5123 show lower accep-
tor control ratios than adult rat liver mitochondria. The possibility of a certain degree
of damage to membranes cannot be excluded for these organelles. However, at least
the decrease in extent of valmomycin-induced swelling, observed in the mitochondria
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from 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
mitochondria, although at a slower rate

Hepatoma AH-130 mutochondria take up, in the presence of valinomycin, the
same amounts of K* and water as adult rat liver mitochondria This contrasts with
results of spectrophotometric determinations of swelling durmg K* uptake. The
optical effects of swelling are complex They may be related to variations 1n two
volumes. the space between membranes and matrix space. The changes induced in
these compartments by K* uptake are ssmilar in liver and m hepatoma mitochondria
Dafferences 1n refractive index between particles and medium as well as conforma-
tional changes of membranes may be also considered .The existence of a significant
correlation between the cholesterol to phospholipid ratio and absorbance decrease
linked to K* uptake indicates that at least one of the events which contribute to
absorbance changes 1s influenced by cholesterol content of mitochondria One possi-
bility could be that absorbance measurements record primarily changes in refractive
indexes i mitochondrial suspensions. This explanation is discounted by the good
agreement between absorbance decrease and water mtake in hver and hepatoma
mitochondria submutted to different swelling-inducing conditions in which K™ 1s not
involved [6] (see also Results section) It should be noted that Cockrell et al [33}
presented calculations indicating that valimomycin-induced swelling 1s four or five
times greater than that predicted from 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 counteranion. Mechanochemical changes 1n mito-
chondrial membranes were suggested to occur simultaneously with K* movements
(cf. ref. 34). If so, one could tentatively assume that the increase n cholesterol to
phospholipid ratio affects the ability of mitochondrial membranes to perform con-
formational changes during valinomycm-induced swelling. Relatively small volume
increases, linked to K* uptake, could be unaffected by the sterol content of mem-
branes Proofs that the above supposition 1s correct do not actually exist. Perhaps the
problem will be clarified by electron microscopy

Large-amphitude swelling 1s characterized by marked increase in matrix vol-
ume, unfolding of inner membrane and rupture of outer membrane [35]. The changes
m hight absorbance observed during small amplitude volume oscillations reflect
modifications of conformation of mitochondrial inner membrane plus matrix [36-39]
and perhaps also of structural orgamzation of outer membrane [39]. Evidence has
been presented indicating that the physical state of lipids may fluence the above
phenomena [39]. Modifications 1n mitochondrial shape and volume should involve
deformation and stretching of membranes. Phospholipids of liver mitochondria con-
tain higher amounts of unsaturated acyl chains than saturated chains [40]. In hepa-
toma mitochondria phospholipid acyl chains are also largely unsaturated, even
though a decrease 1n polyunsaturated chams occurs [10, 11] The mcorporation of
cholesterol between phospholipid molecules containing unsaturated paraffin chains
induces lipids to be less fluid [2] and increases total hydrophobic nteractions [9],
thus giving greater cohesion to membranes. Membranes transformed i this way
should be more resistant to deformation and stretching. This could be a simple
mechanism to explain mhibition of swelling and conformational changes 1n mito-
chondria with high cholesterol to phospholipid ratio. As already reported [9], a
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corollary of the above views is that metabolic changes of mitochondria do not neces-
sarily depend on conformational changes of membranes, even though the converse
may be true.
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