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Abstract. In view of the importance of membrane fluidity on cell functions, the influence of
phospholipid acyl groups on membrane fluidity, and the changes in lipid metabolism induced
by copper (Cu) deficiency, this study was designed to examine the influence of dietary Cu on the
lipid composition and fluidity of liver plasma membranes. Male Sprague-Dawley rats were
divided into two dietary treatments, namely Cu deficient and Cu adequate. After 8 weeks of
treatment, liver plasma membranes were isolated by sucrose density gradient centrifugation.
The lipid fluidity of plasma membranes, as assessed by the intramolecular eximer fluorescence
of 1,3-di(1-pyrenyl) propane, was significantly depressed by Cu deficiency. In addition, Cu
deficiency significantly reduced the content of arachidonic and palmitoleic acids but increased
the docosatetraenoic and docosahexaenoic acids of membrane phospholipids. This alteration in
unsaturated phospholipid fatty acid composition, especially the large reduction in arachidonic
acid, may have contributed to the depressed membrane fluidity. Furthermore, Cu deficiency
also markedly altered the fatty acid composition of the triacylglycerols associated with the
plasma membranes. Thus, the lipid composition and fluidity of liver plasma membranes are

responsive to the animal’s Cu status.

© 1988 Society for Experimental Biology and Medicine.

The hypercholesterolemic effects of mac-
ronutrients such as dietary fats, cholesterol,
and proteins have been extensively exam-
ined. However, the influence of micronutri-
ents, such as trace elements, on cholesterol
and lipoprotein metabolism is less well de-
fined. Among the trace elements, a defi-
ciency of copper (Cu) is capable of inducing
hypercholesterolemia in rats (1-5), rabbits
(6), and man (7). Studies designed to eluci-
date the mechanism responsible for the hy-
percholesterolemia were performed mainly
with rats. Copper deficiency was found to
exert no influence on the rate of synthesis of
hepatic cholesterol (1) and bile acid (2), as
well as the excretion of biliary sterol (3). In
contrast, kinetic studies indicated marked in-
creases in the size and half-life of the rapidly
exchangeable cholesterol pool, consisting of
tissues equilibrating rapidly with serum cho-
lesterol, in Cu-deficient rats (4). Further-
more, Cu deficiency prolonged the half-life
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of free and total cholesterol associated with
high density lipoproteins (HDL) (5). Eleva-
tions in protein and cholesterol contents of
HDL and low density lipoproteins (LDL)
and in triglyceride level of LDL were also
observed in Cu-deficient rats (8). In addition,
the apolipoprotein E (apo E) concentration
of HDL (8) and the protein and cholesterol
contents of an apo E-rich subclass of HDL
were elevated as a result of Cu deficiency (9).

The available data suggest that a receptor-
mediated pathway may contribute to the re-
moval of HDL cholesteryl esters via hepatic
(10) or steroidogenic (11) tissues. In rats, the
clearance of plasma HDL cholesterol in vivo
does not necessarily result in the uptake of
the entire lipoprotein particle, but involves a
reversible binding of HDL to cell membrane
and a subsequent selective transfer of choles-
teryl esters into the cell (12). The importance
of the interaction between HDL and cell
membrane is emphasized by the recent in
vitro HDL binding studies which demon-
strated alteration in binding when apo E-rich
HDL and liver membranes from Cu-defi-
cient rats were used (13).

Alterations in membrane lipid composi-
tion such as increases in unsaturation of
phospholipid acyl groups (14) and in choles-
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terol content (15) have resulted in increased
membrane fluidity. Thus membrane fluidity
may be altered by Cu deficiency since
changes in hepatic fatty acid composition of
phospholipids and triacylglycerols (16, 17)
and increased hepatic fatty acid synthesis (1)
associated with copper deficiency may affect
hepatic membrane lipid composition. In
view of the importance of plasma membrane
fluidity on cellular activities and functions
(18), the present study was performed to de-
termine the influence of copper status on
fatty acid profile, lipid composition, and flu-
idity of hepatic plasma membranes.

Methods. Animals, diets, and hepatic
plasma membrane preparation. Thirty wean-
ling male Sprague-Dawley rats were ran-
domly allotted into two dietary treatments
(copper deficient and adequate). The basal
diet (copper deficient) was prepared accord-
ing to the American Institute of Nutrition
specifications (19) except glucose monohy-
drate was used as the carbohydrate source
and no copper supplement was included in
the mineral mix. It contained 0.7 mg of
Cu/kg of diet as measured by atomic absorp-
tion spectrophotometry (20) using certified
reference standards (Fisher Scientific Co.,
Los Angeles, CA). The adequate diet was
prepared by adding CuCO; to the basal diet
to attain 8.0 mg of Cu/kg. Diet and distilled-
demineralized water were provided ad
libitum.

Rats were housed individually in sus-
pended stainless-steel wire cages in a labora-
tory maintained at 22°C with a 12-hr light
cycle. After 8 weeks of dietary treatment, rats
were fasted for 12 hr and exsanguinated
under ether anesthesia. Livers were perfused
in situ, excised, pooled (three livers per pool),
minced, and homogenized immediately in
hypotonic buffer (1 mAf NaHCO;, 0.5 mM
CaCl,, | mM phenylmethylsulfonyl fluoride,
pH 7.5) using a Polytron homogenizer (3 X 5
sec bursts at setting No. 4). Plasma mem-
branes were then prepared by a modification
(21) of the original method of Neville (22)
using a discontinuous sucrose gradient sys-
tem (23). Enrichment of plasma membranes
was monitored by assaying for the activity of

"-nucleotidase (24), a marker enzyme pri-
marily associated with rat hepatic plasma
membranes. A 12- to 15-fold enrichment
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over the crude homogenate was attained.
This preparation is subsequently referred to
as plasma membranes and should not be
considered to have been purified to homoge-
neity. Plasma membranes were suspended in
0.15 M Na(Cl at 1-2 mg membrane protein/
ml and stored frozen at —20°C. Protein con-
centrations were measured by the method of
Lowry et al. (25) using bovine albumin as the
standard.

Lipid analyses. Total lipids were extracted
from membrane preparations by the method
of Folch et al. (26). Butylated hydroxytolu-
ene (5 mg/100 ml of solvent) was used to
prevent peroxidation. The total phospho-
lipid (PL) and cholesterol contents were
measured by the methods of Fiske and Sub-
barow (27) and DeHoff er al. (28), respec-
tively. Triglycerides (TG) and PL were sepa-
rated by thin-layer chromatography using a
solvent system of n-hexane:diethyl ether:
acetic acid:methanol, 90:20:2:3 (v/v) (29).
The TG content was estimated by the
method of Sardesai and Manning (30). Fatty
acids of TG and PL fractions were then con-
verted to fatty acid methyl esters (FAME) by
base-catalyzed transesterification (31) with
sodium methoxide (32). FAME were mea-
sured by a Shimadsu gas chromatograph
(Model SA, Kyoto, Japan) equipped with a
Supelco Wax 10 wide bore capillary column
30 m X 0.75 mm, injection and column tem-
perature at 300 and 250°C, respectively, and
N, carrier gas at linear velocity of 50 cm/sec.
Peaks were identified by comparison of re-
tention times to those of standard fatty acids
(Supelco, Inc. Bellefonte, PA) and peaks
were integrated (Spectra Physics SP420 Inte-
grator, Piscataway, NJ).

Intramolecular excimer fluorescence. The
dynamic component of membrane fluidity
was evaluated by measurements of excimer
fluorescence of an intramolecular excimer
forming fluorophore, 1,3-di(1-pyrenyl) pro-
pane (DPP). DPP has been used to monitor
short-range lateral diffusion of pyrene sub-
stituents in erythrocyte membranes (33). The
method which was modified for rat hepato-
cyte plasma membranes was used (14).

A 4-ul aliquot of freshly prepared 0.15
mM DPP (Molecular Probes, Eugene, OR)
was added to 400 ul of Tris-buffered saline
(TBS, 5 mM Tris, 146 mAM NaCl, 4 mM
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KCl, pH 7.4) containing freshly thawed and
resuspended membranes equivalent to 400
ug of membrane protein. The mixture was
prewarmed to 37°C stirred vigorously for 20
sec and then incubated at 37°C for 1 hr with
constant shaking. To each sample, 3 ml of
deoxygenated TBS (evacuated and flushed
with highly purified N, for 30 min) was
added. Two milliliters of 20% (wt/vol) Dex-
tran 500 (Pharmacia) was layered under the
membrane suspension to prevent the con-
tamination of the suspension by insoluable
DPP aggregates. The upper phase containing
the membranes was removed after it stood
for 10 min. Membranes were pelleted and
washed twice with 5 ml of deoxygenated TBS
by centrifugation at 40,000g for 20 min at
20°C. The washed membrane was sus-
pended in 1.5 ml of deoxygenated TBS and
allowed to stand for at least 1 hr at room
temperature. Fluorescence emission spectra
were recorded at 25°C with a Farrand fluo-
rescence spectrophotometer (Model MK 1
corrected spectra system, Valhalla, NY). An
excitation wavelength of 345 nm was used.
Fluorescence peak intensities of excimer and
monomer were measured at 485 and 356
nm, respectively. Sample intensities were
corrected for membranes carried through the
procedure without DPP and for the probe
added to TBS alone.

Results and Discussion. Established indi-
cators of Cu deficiency such as the signifi-
cantly (P < 0.001) depressed weight gain
(170 = 7.0 vs 226 * 7.1 g), increased heart/
body weight percentage ratio (0.61 £+ 0.02 vs
0.37 £ 0.01), and depleted hepatic Cu stores

(0.88 +£0.18 vs 3.40 + 0.20 ug/g wet wt) were
observed in rats fed the Cu-deficient as com-
pared to the Cu-adequate diet. Thus, rats fed
the deficient diet were indeed Cu deficient.

The purity of membrane preparations was
assessed by the marker enzyme 5'-nucleotid-
ase (Table I). A 12- to 15-fold enrichment
was observed when the activities of the final
membrane preparations were compared with
those of crude liver homogenates. The ob-
served activities and degrees of enrichment
of the marker enzyme were comparable to
values reported in previous studies (14, 34).
In the present study, no significant treatment
difference was observed for the 5-nucleotid-
ase activity of the membrane preparations
used.

The short-range lateral diffusion in plasma
membranes was evaluated by the use of ex-
cimer/monomer fluorescence intensity ratio
of DPP. The reduction in this ratio observed
in membranes of Cu-deficient rats indicates
a decreased fluidity (Table I).

In view of the important influence of the
cholesterol/phospholipid ratio on the fluidity
of lipid membranes (15), the effect of Cu de-
ficiency on the ratio was examined in the
present study. However, the cholesterol/
phospholipid ratio was not significantly in-
fluenced by dietary treatment (Table I). Thus
the decrease in membrane fluidity (Table I)
is not due to an alteration in this ratio.

The possibility that dietary Cu deficiency
may alter the distribution of unsaturated
phospholipid acyl group and subsequently
decrease the fluidity of the plasma mem-
brane was investigated in the present study

TABLE 1. EFFECTS OF COPPER DEFICIENCY ON MARKER ENZYME ACTIVITY, LIPID COMPOSITION, AND
FLUIDITY PARAMETER OF LIVER PLASMA MEMBRANES#*

Parameter Copper adequate Copper deficient Plevel
5'-Nucleotidase activity® 358 =422 27.1 +3.54 NS
Excimer/monomer fluorescence intensity ratio 0.293 £ 0.011 0.241 + 0.008 <0.01
Cholesterol/phospholipid molar ratio 0.69 =+ 0.04 0.70 +£0.04 NS
Triglyceride/phospholipid molar ratio 0.089 +0.023 0.215 + 0.023 <0.05
Cholesterol (umole/mg protein) 0.076 +0.012 0.060 + 0.012 NS
Phospholipids (umole/mg protein) 0.119 + 0.006 0.090 + 0.015 NS
Triglycerides (umole/mg protein) 0.010 + 0.002 0.029 = 0.006 <0.05

2Means + SE from five pools of membrane preparation, with the exception of the means for triglycerides and
triglyceride/phospholipid ratio where n = 3. Each membrane pool was derived from three livers.

b Student’s ¢ test comparisons; NS = nonsignificant.
¢ Micromoles/mg protein/hr.
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(Table II). The fatty acid profile of mem-
brane phospholipids, derived from adequate
animals, was comparable to that reported
previously (14, 34). Small variations in indi-
vidual fatty acid value between studies may
be due to differences in dietary composition,
especially the quantity and type of dietary fat
used in the various studies. Among the indi-
vidual fatty acids, marked reductions of ara-
chidonic (20:4, 27%) and palmitoleic (16:1,
21%) acids as well as elevations in docosate-
traenoic (22:4, 56%) and docosahexaenoic
(22:6, 150%) acids were observed in the Cu-
deficient treatment. In terms of their contri-
bution to total fatty composition of mem-
brane phospholipids, the changes in 16:1 and
22:4 were small, but the alterations in ara-
chidonic (5.6% reduction) and docosahex-
aenoic (3% increase) acids were sizable. Since
the present study is the first to address the
influence of Cu deficiency on hepatic plasma
membrane fatty acid composition, the data
will be compared with the study of Balevska
et al. (35) using hepatic mitochondrial and
microsomal membranes. The marked reduc-
tion in arachidonic acid and elevation in do-
cosahexaenoic acid were also observed in the
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different membrane preparations, with simi-
lar magnitude of alterations. Most of the
changes in fatty acid composition of hepatic
plasma membrane phospholipids followed
closely the alterations observed in total liver
phospholipids in mice (16) and rats (36, 37)
as a result of Cu deficiency. These studies
demonstrated similar trends in the reduc-
tions of 16:1 (16, 37) and 20:4 (16, 36) as well
as elevation of 22:6 (16, 36, 37) induced by
Cu deficiency as compared to the present
study. Thus, changes in the phospholipid
fatty acid profile of plasma membranes ap-
peared to reflect the overall alterations in the
entire liver. Although the 16:0/16:1 ratio was
increased by Cu deficiency, the overall pro-
portion of saturated fatty acids of membrane
phospholipids was not altered (Table II). In
order to further evaluate the degree of unsa-
turation, the double-bond index was derived
from the sum of product of the fraction of
each fatty acid multiplied by the number of
double bonds in that acid. When the index
was calculated up to and including 20:4, as
by Storch and Schachter (14), a significant
reduction in this index was observed for
membrane phospholipid fatty acids from

TABLE II. EFFECTS OF COPPER DEFICIENCY ON THE FATTY ACID COMPOSITION FROM PHOSPHOLIPIDS AND
TRIACYLGLYCEROLS OF HEPATIC PLASMA MEMBRANES*?

Component
Phospholipids Triacylglycerols

Fatty acid

(% total) Cu adequate Cu deficient Cu adequate Cu deficient
14:0 11.8 1.9 5.1 +0.9*
16:0 25.6 +0.6 239 +0.7 249 +24 255 +0.5
16:1 n-7 1.39 £ 0.11 1.05 £ 0.05* 4.1 04 3.1 +0.1
18:0 26.8 +£0.6 248 +0.2 9.0 0.9 4.2 0.7
18:1 n-9 79 =05 7.8 £0.1 152 +0.9 232 +1.3**
18:2 n-6 10.8 +0.2 12.8 +0.3 109 0.9 23.3 +0.6**
18:3 n-3 trace trace 31 £0.2 0.2 +0.1**
20:4 n-6 203 +0.8 14.8 + 0.8** 23 +0.5 7.1 +0.5%*
22:4 n-6 0.61 +£0.02 0.95 £ 0.07** 0.17 £0.10 1.25 £0.12*
22:5 n-6 1.0 £0.1 1.5 +£0.2 1.2 +0.1 1.1 x0.1
22:5n-3 1.3 +0.1 1.4 £0.2 24 1.8 1.6 +0.7
22:6 n-3 20 +04 50 +£0.8 5.1 +0.5 0.9 +0.3**
Unidentified 2.3 6.0 9.8 3.5
16:0/16:1 ratio 188 +1.4 22,6 +0.4* 6.2 +0.8 83 +0.3
18:0/18:1 ratio 34 £02 32 £0.1 0.60 + 0.06 0.19 £ 0.03**
Saturated fatty acids

(% of total) 523 +1.2 487 +0.8 457 +24 347 +0.6*

4 Percentage compositions of fatty acids from total membrane phospholipids and triacylglycerols were determined
from four different pools of plasma membrane. Each membrane pool was derived from three livers. Means =+ SE.

b Student’s ¢ test comparisons: *P < 0.05; **P < 0.01.
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Cu-deficient as compared to adequate rats
(0.94 £ 0.03 vs 1.12 £ 0.02, P < 0.05). How-
ever when the fatty acids up to 22:6 were
used in the calculation, the double-bond
index was not significantly altered. Thus, a
reduction in unsaturation of phospholipid
acyl group cannot be firmly established in
Cu-deficient liver plasma membranes using
the double-bond index as a criterion. Never-
theless, the large reduction of 20:4, a drop of
5.6% of the total phospholipid fatty acid
composition, may be a major contributing
factor in the reduction in membrane fluidity
in Cu-deficient rats. In view of the impor-
tance of membrane 20:4 in the peroxidation
mechanism as well as being the precursor
pool for prostaglandin synthesis, future re-
search should be concentrated on the influ-
ence of dietary copper on the mechanisms
which control membrane 20:4 metabolism.
Triacylglycerols are not considered to be
part of the membrane structure but may be
present as small lenses on the membrane
surface, or as components of the LDL and
HDL bound to membrane lipoprotein re-
ceptor or binding sites. Although triacylglyc-
erols have not been implicated as a factor
which may influence membrane fluidity,
their fatty acid profile was examined because
of their association with plasma membrane
(Table II). Copper deficiency induced reduc-
tions in the proportion of saturated fatty
acids (24%) and in 18:0/18:1 ratio (68%) of
triacylglycerols. In addition, a marked in-
crease in double-bond index (0.59 + 0.04 vs
1.02 £ 0.02, P < 0.01) was observed in the
Cu-deficient as compared to the Cu-ade-
quate group, when the index was calculated
up to 20:4, thus providing support for the
reductions in the proportion of saturated
fatty acid and 18:0/18:1 ratio, which indi-
cated an increase in unsaturation. However,
no significant difference in the index was
found when calculated up to 22:6. Thus, the
index may not be a good indicator of the
degree of unsaturation when small amounts
of fatty acids greater than 20:4 are included
in its calculation. Among the individual tri-
acylglycerol fatty acids, increases in oleic
(18:1 n-9, 53%), linoleic (18:2 n-6, 114%),
and arachidonic (20:4 »n-6, 209%) acids were
accompanied by reductions in stearic acid
(18:0, 53%) and »-3 fatty acids such as lino-
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lenic (18:3 n-3, 94%) and docosahexaenoic
(22:6 n-3, 83%). Thus, a preferential incorpo-
ration of #n-9 and »-6 fatty acids over »n-3 fatty
acids into membrane-associated triacylglyc-
erols appeared to have resulted from Cu de-
ficiency. It is interesting that most of the al-
terations are large in magnitude when ex-
pressed as percentage of triacylglycerol fatty
acids. Similar increases in 18:1 (16), 18:2 (35,
37), and 20:4 (37) as well as a reduction in
18:3 (16) were observed in previous studies
examining the triacylglycerol fatty acid pro-
file of whole liver homogenates from Cu-de-
ficient animals. Apart from the marked
alterations in fatty acid composition, the tri-
acylglycerol/phospholipid ratio and triacyl-
glycerol value were also increased more than
two-fold (Table I). However, the triacylglyc-
erols accounted for only 7-15% of the total
lipids of the membrane preparation. This in-
crease in triacylglycerols associated with Cu-
deficient membrane may be caused by the
drastic changes in triacylglycerol fatty acid
composition resulting in more being bound
to membrane preparations. Another possi-
bility is that a substantial portion of mem-
brane triacylglycerols may be accounted for
by the membrane bound lipoproteins if all
lipoprotein receptors or binding sites are oc-
cupied. Thus the amount of membrane
bound lipoproteins may have contributed to
the increased membrane-associated triacyl-
glycerols, since elevated triacylglycerol con-
tent of lipoproteins (8) and increased binding
affinity of HDL to plasma membranes (13)
have been established in Cu-deficient rats. At
present, the biological significance of these
changes observed in membrane triacylglyc-
erols and their possible contribution to
membrane fluidity are not apparent.

The reduction in excimer/monomer fluo-
rescence intensity ratio suggests that lateral
diffusion may be impaired in liver plasma
membranes of Cu-deficient rats. This may
affect the movement of lipoprotein receptors
along the membrane surface to be concen-
trated in the coated pits or alter other mem-
brane events associated with lipoprotein
binding and uptake, as well as retroendocy-
tosis of lipoproteins. Any alteration in such
processes will change the cellular influx or
efflux of cholesterol and may thus contribute
to the hypercholesterolemia in Cu-deficient
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rats. More importantly, the results of the
present study demonstrate that the lipid
composition and fluidity of plasma mem-
branes are responsive to the animal’s Cu
status and suggest that other essential cell
functions dependent on optimal membrane
fluidity may also be altered.
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