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Abstract )

The effect of various dietary fats on the nucleoside triphospha-
tase (NTPase) activity and nuclear membrane lipid composi-
tion of rat liver during development was assessed. Rats fed a
fat-free diet exhibited higher specific activity of NTPase at all
ages, compared with control animals. In rats fed a sunflower
oil diet, the specific activity of NTPase was also found to be
highest at all ages than was observed in the control group. In

“contrast, animals fed the fish oil diet or peanut-rapeseed oil

diet showed a decrease in NTPase activity in comparison with
the ¢ontrol group: The specific activity of INTPase was corre-
lated positively with dietary ZPUFA n-6 (r = 0.03,.p <0.05)
and negatively with the dietary ZPUFA n-3 (r = -0.87; p <
0.05). The fatty agid comppsition of liver nuclear membranes
of rats fed a fat-free diet revealed high levels of 16: 1 1n-9, 18:1
n-9,:and 20:3 n-9acids. A dramatic decrease in 18 2n-6,20:4

n-6, and 22:6 n=3 acids was observed. Ammals fed a sunflow-
er oil diet showed highs level of n-6 fatty acids, particularly
22:4 n-6 and 22:5 n—6, and low levels of monounsaturated
fatty. acids. However, whé’h rats were fed a fish oil diet, the
hve; nuclear membranes were highly enriched in 20:5 n-3,
and22:6 n-3 acids, and there was a simultaneous decrease in
arachidonic acid. From these observatlons it is concluded that
dietary fats induce changes not only in the fatty acid comp051-
tion of the nuclear membrane lipids but also in the specific
activity of NTPase involved in nuclear function.
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Introduction

In recent years, evidence has accumulated
for a dynamic view of nuclear membrane
structure and function. Several authors have
shown that the nuclei of many different mam-
malian cells contain appreciable quantities of
lipids [1-4]. Most of these lipids are con-
tained in the nuclear membranes [3], and are
probably involved in regulating transport be-
tween the nucleus and the cytoplasm. The
nuclear envelope is a bilayered membrane
structure that separates the nucleoplasm and
cytoplasm of eukaryotic cells [5-7]. It is wide-
ly considered to control nucleocytoplasmic
exchange of large macromolecules including
many protein and RNA species [8]. A source
of high-energy phosphate is necessary for
transport but not processing [9-11]. One high-
energy phosphate bond is hydrolyzed to trans-
port one nucleotide of mRNA. Studies indi-
cate that the high-energy phosphate specifici-
ty is not highly selective, since ATP, UTP,
CTP, and GTP are all effective [9-11]. The
enzyme appears to be associated with the
nuclear lamina and histocytochemical studies
indicate that it is located throughout the nu-
clear envelope [11]. Others, however, have
suggested that the enzyme resides in the nu-
clear pore complex [10]. It has been recently
purified and has an apparent molecular
weight of 40,000 D [12]. There is considerable
evidence suggesting that a nuclear-membrane
triphosphatase provides the energy for the
transport of mRNA. Several ATPases are re-
ported to be lipid dependent [13, 14]. The lip-
id dependency of nucleoside triphosphatase
(NTPase) activity and efflux of RNA from
isolated nuclei is controversial [10, 13]. In
addition, a number of investigators have
shown that alterations in the lipid composi-
tion of membranes can affect the activity
of membrane-associated enzymes [14-17].
Feeding diets high or low in polyunsaturated

to saturated fats induces differences in fatty
acid composition of the nuclear envelope
phospholipid in the rat liver, altering func-
tions involved in hormone binding [18],
mRNA synthesis, and nucleocytoplasmic ex-
change of macromolecules [19]. Additionally,
the presence of binding sites for steroid and
thyroid hormones on the nuclear envelope of
target tissues indicates that the nuclear enve-
lope may be involved in regulating entry of
these hormones into the nucleus, and thereby
mediates hormone action [18]. Thus, diet-
induced change in the composition of this
membrane alters functions central to the ac-
tivity of the cell. But the significance of these
changes in terms of the time course of altera-
tion has not received much attention. Our
study evaluates the effect of qualitatively dif-
ferent lipid dietary intakes on the fatty acid
composition of liver nuclear membrane and
NTPase activity in the rat liver during devel-
opment.

Materials and Methods

ATP, and deoxyribonuclease I (DNAse I; bovine
pancreas, specific activity: 50 U/mg) were obtained
from Sigma (La Verpilliére, France) or Merck (Nogent-
sur-Marne, France).

Animals and Diets

Experiments were performed on male weanling
rats of the Sprague-Dawley strain weighing 40 + Sg
purchased from Iffa Credo, I’Arbresle, France. Rats
were divided into five groups of 30 animals each and
maintained under standardized conditions of tempera-
ture (22 = 1°C) and relative humidity (70%) with a
12-hour light-dark cycle. The animals were fed from
days 21 to 120 with a commercial rat diet ad libitum,
or a semisynthetic diet containing no fat or 10% fat
consisting of peanut-rapeseed oil (48-52%), sunflower
oil diet or salmon oil. Fish oil was supplemented with
100 mg a-tocopherol/100 g oil. Diets were stored in the
dark at +4°C. The composition of diets and the fatty
acid composition of commercial dietary fats are pre-
sented in tables 1, 2.
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Table 1. Composition of the experimental diets

Ingredients, g/100 g Diet
control fat free peanut- sunflower - . fish oil
rapeseed oil il

Casein 23 22.5 22.5 22.5 22.5
Glucose 58 63.5 53.5 53.5 535
Lipids 5 <0.1 -~ - ~
Cellulose 6 6 6 6 6
Mineral mixture! 7 7 7 7 7
Vitamin mixture? 1 1 1 1 1
Peanut oil ~ - 4.8 - ~
Rapeseed oil - 5.2 ~
Sunflower oil - - -~ 0 " -
Salmon oil ~ - - - 10

I Mineral composition of the mixture (mg/100 g): KH,PO, 20.0, CaCO; 34.6, CaHPO,
26.55, NaCl 13.70, MgSO47H,0 3.42, CuSO45H,0 0.042, MnSO4-H,0 0.27, FeSO47H,0
1.02, ZnSO4H,0 0.15, CoCO3 0.0008, K1 0.0016.

2 Composition of vitamin supplement per kilogram (triturated in dextrose; United States
Biochemical Corporation, Cleveland, Ohio, USA): thiamine-HCl 20 mg, riboflavin 15 mg,
nicotinic acid 70 mg, pyridoxine-HCI 10 mg, inositol 170 mg, cyanocobalamin 0.05 mg, men-
adione 40 mg, dl-o-tocopherol 170 IU, choline chloride 1,360 IU (ergocalciferol).

Preparation of Nuclear Membranes

Liver nuclear membranes were prepared by exten-
sive digestion of purified nuclei with DNase I. Nuclei
were isolated by modification of the procedure of Wid-
nell and Tata [20]. The resulting pellet of purified
nuclei was used to prepare nuclear membranes by
modifications of the procedure of Kay et al. [21]. The
nuclei were resuspended in 0.25 M sucrose containing
1 mM MgCl, (pH 7.4) and centrifuged at 750 g for
5 min. The pellet was resuspended in digestion buffer
(10 mM Tris HCY, 0.30 M sucrose, 0.1 mM MgCl, and
5 mM 2-mercaptoethanol, pH 8.5) to which freshly
dissolved DNase I was added to a concentration of
10 ug/ml. The suspension was incubated at room
temperature for 20 min. Following centrifugation
(12,000 g for 5 min) the crude nuclear membranes
were resuspended in 10 mM Tris HCl (pH 7.4). Nu-
clear membranes prepared in this manner are free of
other subcellular fractions. Electron microscope exam-
ination indicated that the nuclear envelope prepara-
tions were intact, with inner and outer membranes well
preserved. Protein content was estimated by the meth-
od of Lowry et al. [22], using bovine serum albumin as
standard.

NTPase Assay

The NTPase reaction was carried out according to
Agguter and McCaldin [23] with some modifications.
The standard assay mixture (final volume 2.4 ml) con-
tained 25 mM tris HCI buffer (pH 8.0), 130 mM su-
crose, 2.5 mM ATP, 2.5 mM MgCl,, and 400 pl of
nuclear suspension (142 pg protein). Mixtures were
incubated at 37°C, aliquots of 1 ml were taken after 0
and [5 min, and the inorganic phosphate released was
determined according to the method of Cammer et al.
[24]. The specific activity of the NTPase was
3.35 umol ATP hydrolyzed/h/mg protein. Under these
conditions the reaction was linear up to an incubation -
time of 25 min.

Lipid Analysis

Lipids were extracted from nuclear membranes
using chloroform/methanol 2:1 (vol/vol) by the meth-
od of Folch et al. [25] as modified by Pollet et al. [26].
The lipid extracts were then methylated [27]. After
extraction with hexane, the fatty acid methyl esters
were analyzed by gas phase chromatography using a
Carlo Erba (Rueil-Malmaison, France) chromatograph
with an automatic on-column injector, a flame ioniza-
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Table 2. Fatty acid composition of the experimental diets

Fatty acid Diet!
control peanut- sunflower . . fish-oil
rapeseed oil - oil

14:0 1.08 1.06 0.22 7.48
16:0 20.70 6.02 8.01 15.30
17:0 - 0.06 - 0.88
18:0 11.63 4.27 7.28 3.41
20:0 0.49 0.84 0.44 -
22:0 0.90 1.51 1.00 3.32
24:0 - - 0.65 -
ISFA 34.80 13.76 17.60 - 30.39
16:1 n~9 0.27 0.20 - 11.81
16:1 n~7 1.34 - 0.11 1.18
18:1 n-9 42.36 52.22 26.14 15.90
18:1 n~7 2.29 ~ - 4.43
20:1 n-9 0.92 3.12 0.22 8.80
IMUFA 47.18 55.55 26.40 42.12
18:2 n-6 16.52 27.10 55.80 2.07
18:3n-6 0.15 0.02 - -
20:4 n-6 - -~ - 0.65
XPUFA n-6 16.67 27.12 55.80 2.07
18:3n~3 1.29 3.00 0.10 0.65
18:4n-3 - - - 1.91
20:5n-3 - - - 10.16
22:5n-3 - - - 2.41
22:6 n-3 - 0.55 - 9.63
ZPUFA n-3 1.29 3.55 0.13 24.76
n-6 +n-3 17.96 30.67 55.90 27.48
n-6/n-3 12.92 7.63 558.02 0.10
DBI/SFA 2.47 9.37 7.80 6.02

SFA = Saturated fatty acid; MUFA = monounsaturated fatty acid;
PUFA = polyunsaturated fatty acid; DBI = double-bond index.
1 Values represent the average obtained from at least three separate
extractions and analyses of the respective diets and amounts are expressed
as a percentage of the total identified fatty acids.

tion detector and capillary-type Carbowax CP Wax 52
CB column. The data were processed using a micro-
computer, and fatty acid concentrations were reported
as percent of total fatty acid content. The double-bond
index (DBI) was calculated from the sum of the per-
centages of each unsaturated fatty acid times the num-
ber of double bonds in that acid.

Statistical Analysis

All data are presented as means + SD. The effects
of different dietary fats were examined by analysis of
variance (ANOVA), and the effect of individual diets
was compared for statistical significance (p < 0.05)
using the unpaired Student t test [28)]. Estimation of
the correlation coefficient was determined by the re-
gression test [29].
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Table 3. Fatty acid composition of liver nuclear membranes of rats fed various dietary fats for 3 months

Fatty acid Diet

control fat free peanut- sunflower fish oil

rapeseed oil oil

14:0 1.01+£0.01 0.70£0.01 0.60+0.02 0.40£0.01 | 0.62+0.02
15:0 0.33£0.02 0.63+£0.02 0.62+0.01 0.40+0.01 0.50%0.04
16:0 20.35+0.12 27.70£0.02 22.30+0.03 20.04+0.06 25.44+0.01
16:1n-9 , 1.17£0.04 1.22+0.01 1.65+0.01 0.74+0.01 1.10+£0.03
16:1n-7 1.38+0.022 3.00+0.07° 1.80+0.05¢ 0.92+0.024 2.45+0.09¢
17:0 0.94£0.012 2.90£0.01b 1.20+0.01° 0.91+£0.052 0.67+£0.012
18:0 19.96+0.44 17.10£0.06 19.80+0.03 24.40+0.04 19.80+£0.02
18:1 n-9 11.78+0.152 26.20+0.10P 15.10£0.02¢ 8.60+0.01¢ 13.70£0.03¢
18:1 n-7 2.84+0.032 5.30+0.01P 4.10£0.10¢ 3.22+0.03¢ " 4.35+£0.04¢
18:2n-6 13.32+0.222 4.24+0.07° 6.10+0.02¢ 11.10£0.014 3.30+0.05¢
18:3n-6 trace 0.22+0.01 0.20£0.01 0.30+0.02 0.21£0.01
18:3n-3 trace 0.42+0.02 0.20£0.01 - 0.30+£0.04
20:0 0.28+0.02 0.55+0.01 0.30£0.01 0.40+0.02 0.20+0.01
20:1 n-9 0.55+0.04 0.63£0.01 0.36£0.01 0.82+0.03 0.60+0.02
20:1 n-7 0.08£0.00 0.36%£0.03 0.12+0.01 0.10+0.00 0.14£0.02
20:2 n-6 trace - 0.33£0.01 0.80+0.04 -
20:3n-9 0.32+0.012 1.25£0.01 0.52+0.02¢ 0.40£0.03ac 0.50£0.03c4d
20:3n-6 0.80+0.00 0.50+0.01 0.63+0.02 0.65+0.01 0.52+0.01
20:4n-6 16.67£0.172 1.70£0.01% 12.16+0.03¢ 19.97 £0.09¢ 6.30+£0.04¢
20:5n-3 0.39£0.032 0.23+0.01 2.64£0.05¢ 0.20+0.029 6.44+0.014
22:0 0.67£0.01 0.75+£0.04 0.40£0.02 0.32+0.01 0.20£0.01
22:1 n-9 0.28+0.08 0.84+0.04 0.41£0.02 - 0.20£0.01
22:4n-6 - - 0.35+£0.01 0.91+0.01 0.21£0.02
22:5n-6 0.05+£0.012 0.22£0.03 0.10+0.012b.d 1.94+0.06° 0.20£0.01b4
22:5n-3 1.21+0.01 - 0.90+0.02 0.10£0.01 2.00£0.05
22:6 n-3 3.17+£0.092 0.60+0.01Y 5.10+0.07¢ 1.12+0.034 8.90+0.04¢
24:0 1.27£0.05 1.94+0.02 1.40+0.01 1.22+0.03 0.40£0.03
24:1n-9 0.11+0.01 0.62+0.03 0.10+0.00 trace 0.53+£0.02
24:1 n-7 0.05+0.01 trace 0.10£0.01 - 0.20£0.01

Results are expressed as percent of total fatty acids (mean *+ SD, n = 6). For each fatty acid, values not bearing
the same superscript are significantly different at p < 0.05. If no superscript letter appears, values are not signifi-

cantly different.

Results

Fatty Acid Composition of Nuclear

Membranes

Substantial changes occurred in the fatty
acid patterns of liver nuclear-membrane lip-
dis among the various groups (tables 3, 4). A

fat-free diet induced in the liver nuclear mem-
branes an increase in oleic (18:1 n-9), palmi-
toleic (16:1 n-7) and 5,8,11-eicosatrienoic
(20:3 n-9) acids. A concomitant decrease in
linoleic (18:2 n-6), arachidonic (20:4 n-6),
and docosahexaenoic (22:6 n-3) acids was ob-
served, as compared to the control group. The
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Table 4. Indices of lipid differences in liver nuclear membranes from rats fed various dietary fats

Index Diet
control fat free peanut- sunflower fish oil
rapeseed oil oil

XISFA 44.81+0.682 52.27£0.19° 46.62+0.142¢4  48.09+0.29°. 47.83£0.15¢%4
IMUFA 18.24+0.382 38.17£0.29% 24,14+0.15¢ 14.40£0.114 23.27+0.26%¢
Xn-6 30.84+0.392 6.88+0.12b 19.87+0.11¢ 36.00£0.244 10.74+0.14¢
Xn-3 477x0.132 1.25+0.04 8.84+0.15¢ 1.42£0.069> 17.64+0.14¢
IPUFA 35.93+£0.532 9.39+0.17° 29.231+0.28¢ 37.49+0.334 28.88+0.31¢¢
n-6/n-3 6.4610.052 5.50£0.02b 2.24+0.05¢ 25.32+0.104 0.64£0.03¢
DBI/SFA 3.07x0.012 1.2620.01° 3.00+0.022 30.1+0.032 3.25+0.092¢
20:3n-9/20:4 n-6 0.02+0.00° 0.73£0.01Y 0.04£0.012¢ 0.02+0.012 0.08+0.01¢
20:3n-6/18:2n-6 0.06£0.012 0.11£0.01 0.10£0.012 0.06+£0.022 * 0.16%0.01°
20:4n-6/20:3 n-6 20.83+0.102 3.40£0.01b 19.30£0.10¢ 31.23£0.194 12.11£0.23¢

For each index, values not bearing the same superscript are significantly different at p<0.05. If no superscript
appears, values are not significantly different. SFA = Saturated fatty acids; MUFA = monounsaturated fatty

acids; PUFA = polyunsaturated acids.

DBI saturated fatty acid (SFA) ratio was low-
er (p < 0.05) than that of the control group.
Higher ratios of 20:3 n-9/20:4 n-6, 18:1 n-
9/18:0 [which are commonly used as an index
of essential fatty acid (EFA) deficiency], and
20:3 n—-6/18:2 n-6 indicate a A9- and A6-de-
saturase stimulation, respectively. When the
animals were fed the sunflower oil diet, n-6
series fatty acids were increased, particulary
22:4 n~6, and 22:5 n-6, and 22:6 n-3 de-
creased, resulting in an increase of the n-6/
n-3 molar ratio (25.32 vs. 6.46 in the nuclear
membrane of rats fed the standard diet), but
the total amount of polyunsaturated fatty
acids (PUFA) was not altered. The total
amount of the monounsaturated fatty acids
(MUFA), of the SFA, and DBI/SFA ratio
were not altered. Animals fed a peanut-rape-
seed oil diet showed similar fatty acid pat-
terns in the nuclear membrane to those of
control animals. The animals fed the fish oil
diet exhibited a decrease in the proportion of
the major PUFA of the n-6 series (20:4 n-6,

22:4 n-6, 22:5 n—6), and an increase in those
of the n-3 series, particulary 22:5 n-3 and
22:6 n-3, resulting in a decreased n—6/n-3
ratio (0.64 vs. 6.46 in the nuclear membrane
of rats fed the standard diet). Lower ratios of
20:3 n-6/18:2 n-6 and 20:4 n-6/20:3 n-6
could indicate that A6- and AS5-desaturase en-
zymes were inhibited. The total amount of the
PUFA and SFA, and the DBI/SFA ratio were
not altered (table 4).

NTPase Activity

The specific activities of NTPase in nuclear
membranes of rats fed various diets are shown °
in figure 1. It can be seen that the specific
activity of NTPase increased from day 21 to
day 60. In rats fed a fat-free diet, the specific
activity of NTPase at 120 days of age was
about 2-fold that at 21 days (108.22 + 3.16 vs.
64.62 + 0.60 nmol Py/mg protein/min), and
increased by 16% compared with control ani-
mals at the same age (93.33 = 3.33 nmol Py/
mg protein/min). In rats fed a sunflower oil
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Fig. 1. Specific activity of NTPase in liver nuclear
membranes of rats fed various dietary fats during
development. Values are the mean + SD of 6 animals;
experiments were done in triplicate. O = Fat-free diet;
¥ = sunflower oil diet; @ = peanut-rapeseed oil; O =
control diet; A = fish-oil diet.

Table 5. Effects of dietary fats on the specific activ-
ity of NTPase in rat liver nuclear membrane at 120
days, and the correlation coefficient between the di-
etary XPUFA n-6, ZPUFA n-3, DBI/SFA, and the
NTPase activity

Diet NTPase activity, nmol P;
released/min/mg protein

Control 93.33+3.33a0

Fat free 108.22+3.16b

Peanut-rapeseed oil 85.19+2.882

Sunflower oil 100.93+1.92b

Fish oil 83.11x2.152

Correlation coefficient (r)

Zn-6 0.03

Zn-3 -0.87

DBI/SFA 0.30

NTPase values are expressed as the mean *+ SD for
6 animals. Those not bearing the same superscript are
significantly different at p < 0.05.

diet, the specific activity of NTPase was also
found to be higher at all ages than in the con-
trol group. The specific activity at 120 days
was 1.6-fold that at 21 days (100.93 *+ 1.92 vs.
64.62 £ 0.60 nmol Pi/mg protein/min), and
increased by 10% compared to the control ani-
mals at 120 days of age (93.33 £ 3.33 nmol
Py/mg protein/min). In contrast, animals fed
the fish oil or peanut-rapeseed oil diet showed
a decrease in ATPase activity of approximate-
ly 11% in comparison with the control group
(83.11 = 2.15 vs. 93.33 += 3.33 nmol py/mg
protein/min). The values of the correlation
factors given for the five diets are shown in
table 5: the specific activity of NTPase was
correlated positively with dietary Zn-6 (r =
0.03; p < 0.05). There was also a positive cor-
relation between the DBI/SFA ratio and the
specific activity of NTPase (r = 0.30; p< 0.05).
In contrast, the dietary n-3 level was nega-
tively correlated with the specific activity of
NTPase (r =-0.87, p < 0.05).

Discussion

The present study is the first, to our knowl-
edge, to examine the rate of alteration in
nuclear membrane NTPase activity of devel-
oping rats fed various dietary fats. The data
presented in this work have shown that it is
possible to manipulate the fatty acid composi-
tion of the nuclear membrane in rats using
diets suitably enriched in given fatty acids.
The specific activity of NTPase was altered by
a diet-induced change in the composition of
the nuclear membrane, clearly indicating lip-
id dependency. The difference of conforma-
tion between the n-3 and n-6 PUFA in the
nuclear membrane certainly plays a role. A
high level of n—-6 PUFA gives a less packed
(more fluid) lipid apolar core [30, 31]. The
changes in NTPase activity observed could be
explained in terms of alterations in physical
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characteristics of the nuclear membrane due
to an alteration in the phospholipid fatty acid
profile. Phospholipid fatty acid composition
has previously been reported to be altered in
nuclei and nuclear envelopes prepared from
hepatoma cells [32]. Our results support the
observation of Venkatraman et al. [18], who
found that the specific activity of NTPase was
significantly higher in liver nuclear-envelope
preparations from mice fed high-P/S-ratio
compared with low-P/S diets. At least three
different explanations can be advanced to ex-
plain the increase of NTPase activity in rats
fed a fat-free diet: (a) an increase in the num-
ber of enzyme molecules per milligram pro-
tein; (b) an increase in the specific activity of
the individual NTPase molecules, and (c)a
change in the physical state of the membrane
containing the NTPase molecules that affects
the activity. However, the present results on
NTPase activity in the nuclear membrane
tend to support the role of membrane lipid
fluidity in allosteric modification of NTPase
activity. Additionally, it is conceivable that an
increase in the specific activity of NTPase in
liver nuclear membranes of rats fed the fat-
free diet could favor increased mRNA trans-
port associated with this enzyme. Supporting
this view, it has been shown that modification
of the phospholipid component of the nuclear
membrane substantially modulated thyroid

hormone physiology [33]. In contrast, the re-
duced NTPase activity in liver nuclear mem-
brane from rats fed the fish-oil diet indicates
different modes of lipid influence on the en-
zyme activity. Dietary lipids can affect chemi-
cal and physical properties of the membrane,
and fatty acid composition changes of mem-
brane phospholipids can be related to changes
in either their packing or bilayer fluidity, or
both [34]. Moreover, activities of membrane-
bound enzymes can be modulated by particu-
lar phospholipids and/or changes of mem-
brane fatty acid composition [35]. On the oth-
er hand, enzyme activities may also change as
a consequence of changes in metabolic-path-
way rates [35-37].

In conclusion, the results of this study indi-
cate a relationship between the specific activi-
ty of NTPase and the unsaturation index of
the nuclear-membrane fatty acids. A change
in the unsaturation index of the nuclear-mem-
brane fatty acids is indicative of a change in
the fluidity of the nuclear membranes.
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