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The rates of plasma clearance of human native low density lipoproteins (LDL) and acetylated human 
low density lipoproteins (acetyl-LDL) were compared between copper-deficient (CUD) and copper- 
adequate (CuA) rats. Purified human LDL (d 1.02-1.063) were labeled with 1251 and injected to fasted 
recipient rats intravenously. At different time intervals plasma clearance of  t25I radioactivity was 
measured. The percent of  clearance was calculated based on the total plasma volume, as determined 
by a radioisotopic dilution method. Native human t251-LDL were cleared at a faster rate in CuD, 
compared with CuA rats. The half-times (tl/2) of 1251-LDL clearance are 4.90 +- 0.20 and 5.80 +- 0.30 
hours in CuD and CuA rats, respectively. The plasma trichloroacetic acid-soluble 1251-radioactivity 
was significantly and steadily increased in CuD rats at each interval, reflecting the faster clearance 
and degradation of  LDL in those rats. The plasma removal of t251-acetyl-LDL was faster compared 
with that of  t25I-LDL. The half-times (tve) of acetyI-LDL in CuD and CuA rats are 5.20 +- 0.06 and 
5.16 +- 0.08 minutes, respectively, with no significant difference between the groups. The data indicates 
that the uptake of  LDL via the "scavenger" receptor remains unaffected in copper-deficient rats. The 
faster removal of  the unmodified (native) LDL in CuD group suggests that the apoB,E receptor is 
up-regulated in copper-deficient rats and that the hypercholesterolemia observed in copper deficiency 
is not associated with the defective uptake of LDL by the apoB,E-receptor dependent mechanism. 
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Introduction 

Numerous  studies, as reviewed in a recent publica- 
tion,l have confirmed that copper  deficiency causes a 
marked elevation in plasma cholesterol in both experi- 
mental animals and humans.  Because of  a possible eti- 
ological link between copper  deficiency and the devel- 
opment  of  coronary  heart  disease, as postulated by 
Klevay,  2'3 considerable effort has been directed to- 
ward elucidation of  the biochemical role of copper  in 
lipid metabolism. 

Copper-def ic iency- induced hypercholesterolemia 
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in fasted rats is character ized by a pronounced in- 
crease in plasma H D L  cholesterol.4-7 Alterations in the 
composit ion of  plasma H D L  and H D L  subfractions 
also have been indicated. 4-7 Current  information, ob- 
tained mostly from rat models, suggests that cop- 
per deficiency may stimulate the hepatic synthesis 
of cholesterol.  8-jj The hypercholesterolemic effect of 
copper  deficiency might be due mainly to an increased 
net efflux of  H D L  cholesterol ester  from the liver to 
the blood plasma.12"13 

Thus far, however ,  no information is available con- 
cerning the effect of  copper  deficiency on the metabo- 
lism of  L D L  cholesterol,  despite the fact that plasma 
L D L  cholesterol  also is significantly elevated in cop- 
per-deficient rats 4 and humans )  4:5 It is not known 
whether  such a change in plasma L D L  is associated 
with alterations in the mechanisms of  plasma L D L  
uptake and clearance by the liver and extrahepatic tis- 
sues. Nat ive L D L  is removed from the circulation pri- 
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mari ly  by the a p o l i p r o t e i n B ( a p o B ) , E  recep tor .  The  
a p o B , E  r ecep to r :  (a) is found  on h e p a t o c y t e s ,  smoo th  
musc l e  cel ls ,  and o the r  p a r e n c h y m a l  cel ls ;  (b) has a 
ve ry  high affinity for  na t ive  L D L  and low affinity for 
a c e t y l - L D L ;  and (c) is d o w n - r e g u l a t e d  by in t race l lu lar  
cho le s t e ro l .  T h e  " s c a v e n g e r "  or  " a c e t y l - L D L "  re- 
c e p t o r  is d is t inc t  f rom the a p o B , E  r ecep to r  and is 
found  pr imar i ly  on p h a g o c y t i c  cel ls  such as mono-  
c y t e s / m a c r o p h a g e s  and the Kupf f e r  cells  o f  the l iver.  
The  a c e t y l - L D L  r e c e p t o r  has a low affinity for na t ive  
L D L  and high affinity for  ace ty l  L D L  or  L D L  chemi-  
cal ly  modi f ied  by ox ida t ion  or  dena tu ra t ion .  Chemi -  
cal ly  modi f ied  fo rms  o f  L D L  may  be par t icular ly  ath- 
e rogen i c  s ince  they  h a v e  been  impl ica ted  in the 
f o r m a t i o n  o f  " f o a m "  cel ls  found  in a the rosc l e ro t i c  le- 
sion. An  impa i red  abi l i ty to ca t abo l i ze  modif ied  L D L  
could  con t r i bu t e  to a the rogenes i s .  In this invest iga-  
t ion,  we  h a v e  e v a l u a t e d  the ef fec t  o f  c o p p e r  def ic iency  
on the  rate  o f  c l e a r a n c e  o f  na t ive  and a c e t y I - L D L .  

Materials and methods 

Animals and diet 

Male rats (Fischer 344, Charles River Breeding Lab. Inc., Wil- 
mington, MA, USA) with initial body weight ranging from 35-40 
g were placed individually in plastic cages with stainless-steel 
wire bottoms in a windowless room and subjected to a 12-hr 
light cycle. Temperature and humidity of the room were con- 
trolled at 23-25 ° C and 55%-65%, respectively. All rats were 
housed in the Oral Roberts University Biomedical Research 
Center animal care facility, fully accredited by the American 
Association for the Accreditation of Laboratory Animal Care. 

All experiments consisted of the following two treatment 
groups: (1) copper-deficient group (CUD) fed ad libitum a diet 
containing 0.5 mg copper/kg diet (Zeigler Bros., Inc., Gardners, 
PA, USA) (Table 1), as determined by atomic absorption spec- 
trophotometry; and (2) copper-adequate control group (CuA) 
fed the same diet but supplemented with 7.0 mg copper/kg 
as the carbonate (total 7.5 mg/kg). All rats were given dis- 
tilled deionized water via an automatic stainless-steel watering 
system. 

Isolation, acetylation and labeling o f  human 
plasma LDL 

Blood samples were taken from a healthy normocholesterolemic 
male subject after an overnight fast. EDTA (0.5 mg/mL blood) 
was used as an anticoagulant and to prevent in vitro oxidation 
of LDL. Plasma low density lipoproteins (LDL; d 1.019-1.063) 
were isolated by ultracentrifugation t6 and further purified by 
chromatography on a Sepharose CL-4B column (Pharmacia, 
Piscataway, NJ, USA).  17 Acetylation of LDL was carried out 
by the method of Basu et al. ~8 One mL of LDL (2 mg protein) 
in 8 mmol/L phosphate buffer, pH 7.5, containing 150 mmol/L 
EDTA was added to 1 mL of saturated solution of sodium ace- 
tate with continuous stirring in an ice bath. To this mixture 3 
mg of acetic anhydride was added in multiple small portions 
using a microcapillary tube over a 1-hr period and stirred for an 
additional 30 rain. The acetyl-LDL preparation was dialyzed for 
18 hr at 4 ° C against 150 mmol/L NaC1, 0.2 mmol/L EDTA, pH 
7.4. The native LDL and acetyl-LDL were labeled with J25I 
using a modification of the iodine monochloride method.t9 The 
labeled LDL were immediately chromatographed on a Sepha- 
rose CL-4B column (1.2 x 8 cm) to remove most of the unbound 

Table 1 Composit ion of copper-deficient diet 

Ingredient % Diet 

Egg white solids 20.0 
DL-Methionine 0.3 
Glucose (Celelose) 36.0 
Corn starch 30.9 
Corn oil 5.0 
Cellulose, powder 3.0 
Choline-CI (Cholfeed, 50%) 0.3 
Mineral mix a 35  
Vitamin mix b 1 0 

a Formulated according to the recommendations of the American 
Institute of Nutrition (AIN), without copper. The diet prepared as 
above contained 0.5 mg of copper/kg diet and was used as 
copper-deficient (CUD) diet. 
b Formulated according to the AIN recommendations. Biotin con- 
tent was increased to 50 mg/kg of the mix. 

iodine. The labeled LDL preparations were then dialyzed 
against 150 mmol/L NaCI, 0.2 mmol/L EDTA, pH 7.4 to re- 
move any residual unbound iodine. Sodium dodecylsulfate poly- 
acrylamide (5%) gel electrophoresis showed apoB as the only 
protein detectable in the purified LDL. The labeled LDL frac- 
tions were filtered through a 0.45-~ sterile Millipore filter imme- 
diately prior to dosing. Most (98%) of the t251 radioactivity of 
the final LDL preparations was precipitable in 10% trichloroace- 
tic acid (TCA) and 4%-5% was extractable into lipid solvents. 

Determination o f  the rate o f  plasma LDL 
clearance 

E xpe r im en t  1. Plasma clearance of LDL via the apoB,E 
receptor-dependent mechanism was studied by using the native 
~2~I-LDL, as prepared above. At 13 wk of dietary treatment, 
copper deficiency in CuD rats was confirmed by low plasma 
copper and hypercholesterolemia and rats were fasted for 12 hr 
prior to dose injection. Six rats from each of the treatment 
groups were injected via the jugular vein with a dose/rat of 
~2~I-LDL containing 1.88 × 10 s cpm ~25I radioactivity (20.6 ~,g 
protein) in 200 ~L of 150 mmol/L NaCI (pH 7.4). After 1, 2, 4, 
and 6 hours, blood samples (0.5 mL) were collected under ether 
anesthesia via the orbital sinus using heparinized microcapillary 
tubes. Plasma was obtained by centrifugation at 1500g for 3(1 
minutes. 

To separate plasma ~2~I radioactivity into the TCA-precipita- 
ble (non-degraded) fraction and TCA-soluble (degraded and re- 
leased) fraction, 200 ~L plasma was precipitated with 200 ~L 
of 20% TCA. The precipitate was centrifuged and then washed 
with 200 ~L of 10% TCA. The supernatants were combined and 
the ~251 radioactivity was counted. The pellets were digested 
with 800 ~L of 20% tetramethylammonium hydroxide (TMAH) 
at 60 ° C for approximately 4 hr until completely dissolved. The 
~251 radioactivity was counted in a Beckman Gamma 8000 
counter (Beckman Instruments, Fullerton, CA, USA). At 6 hr, 
the rats were exsanguinated under ether anesthesia and selected 
organs were removed for determination of ~25I radioactivity and 
copper status. The tissue ~251 radioactivities were determined 
after solubilization of 0.2 g of finely minced tissue in 20% TMAH 
as above. Tissue concentrations of copper were determined by 
atomic absorption spectrophotometry. 
E x p e r i m e n t  2. Clearance of acetyl-LDL via the scavenger-re- 
ceptor mechanism was examined by using acetylated ~2SI-LDL. 
The rate of clearance of ~25I-acetyl-LDL was determined by fol- 
lowing the same procedure as described above, but with the 
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following exceptions: at 7 wk, five rats from each group were 
injected with a dose containing 3.92 × 105 cpm of ~25I radioactiv- 
ity (46.5 ~g protein) in 250 gL of 150 mmol/L of NaCI. Blood 
samples were withdrawn at 5, 10, and 20 minutes after dose 
injection. 

In both experiments, the total plasma TCA precipitable 
(non-degraded LDL) tzSI-radioactivities of native ~-~5I-LDL and 
~zSI-acetyl-LDL remaining at each time interval (t i) w e r e  ob- 
tained by the TCA precipitable ~51 radioactivity at t~ per mL 
plasma × total plasma volume (mL). The percentage of 1251- 
radioactivity remaining in the plasma at each interval (t~) was 
calculated by the ~25I radioactivity at t~ + J-~51 radioactivity at t o 
× 100, where t o is time of dosing. The half life, the time required 
for t25I-radioactivity to decrease to one-half of the radioactivity 
at t o , was computed by the equation for exponential decay. '-° 

Determination of plasma volume 

In experiment 1, plasma volume was determined by using hu- 
man ~zSI-LDL. Five rats from each group, fasted for 12 hr, were 
injected via the jugular vein with a dose/rat of 3.40 × lO s cpm 
~251-LDL in 200 p~L of 150 mmol/L NaCI (pH 7.4). At 5, 30, and 
60 minutes, blood samples (0.3 mL) were collected from the 
orbital sinus and the L~SI-radioactivity in 100 ~xL plasma was 
counted. In experiment 2, each dose contained 0.7 p.g ~-~51- 
albumin (NEN, radiochemical purity > 99%) and 2.35 × 106 
cpm radioactivity in 250 IxL of 150 mmol/L NaCI (pH 7.4). 
Blood samples were taken at 5, 10, and 30 minutes after dose 
injection. In both experiments, the plasma ~-~51 radioactivity at 
the time of dosing (t o ) was determined by an extrapolation of 
the linear-regression curve (r = 0.99) for log plasma ~-51 radioac- 
tivity versus time (t~). Total plasma volume (mL) was calculated 
by the total ~-'5I radioactivity injected + ~2~Sl radioactivity per 
mL plasma at t 0. The rates (qj_,) of plasma disappearance of 
human ~25I-LDL and bovine L~SI-albumin in the rats used were 
5.8 hr and 5.0 hr, respectively. At 5 rain postdosing, 98.0% to 
98.6% of the total t251 radioactivity injected was found in the 
plasma. The calculation error, if any, in determining the dilution 
of the initial ~25I radioactivity at t 0 by extrapolation was less than 
2%. 

Other analyses 

Plasma cholesterol was determined by the enzymatic method of 
Allain et al. 2~ For tissue copper analysis, 200 mg of liver, spleen, 
and kidney was digested with 1.25 mL of 20% tetramethylam- 
monium hydroxide at 60 ° C for 4 hr prior to analysis. The copper 
concentrations in tissues and plasma were measured by atomic 
absorption spectrophotometry (Perkin-Elmer 5000, Perkin-El- 
mer Corp., Norwalk, CT, USA) using an air-acetylene flame. 

Statistical analysis 

Data were analyzed by student's t test using a statistical com- 
puter program (Statistical Analysis Software, PC ANOVA, Hu- 
man Systems Dynamics, Northridge, CA). The level of signifi- 
cance was determined at P < 0.05. 

Results 

Copper status of  rats 

Var ious  ind ices  of  the coppe r  s ta tus  of  CuD and  C u A  
groups  in e x p e r i m e n t s  1 and  2 are shown  in Tables 2 
and 3, respec t ive ly .  In  bo th  expe r imen t s ,  copper  de- 
f ic iency in C u D  rats was  conf i rmed  by significant  de- 
c reases  in the coppe r  c o n c e n t r a t i o n s  of  p l a sma  and 
var ious  o rgans  such as l iver ,  k idney ,  spleen,  and  tes- 
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Table 2 Tissue concentrations of copper (Cu) and other indices 
of Cu status of Cu-deficient and Cu-adequate rats at wk 13 of di- 
etary treatment (experiment 1) 

Cu-deficient Cu-adequate 

Plasma Cu (p.mol/L) 1.6 _+ 0.5 *a 24.4 _+ 0.51- 
Liver Cu (nmol/g) 17.0 _+ 1.6" 53.7 _+ 1.61- 
Kidney Cu (nmol/g) 36.0 + 0.8* 106.6 _+ 4.91- 
Spleen Cu (nmol/g) 4.4 _+ 0.5* 18.4 _+ 0.51- 
Plasma cholesterol (mmol/L) 2.97 + 0.05* 2.59 _+ 0.051- 
Plasma volume (ml/lOOg b.w.) b 4.15 _+ 0.17" 3,60 _+ 0.151- 
Liver weight (g/lOOg b.w.) 3.43 _+ 0.15" 2.74 _+ 0.011- 
Body weight (g/rat) 258 _+ 3 264 + 4 

a Mean -+ SEM of 6 rats per group. Values in the same row for 
each parameter not sharing a common superscript are significantly 
different (P < 0.05). 
b Determined by the radioisotopic dilution of ~251-LDL (refer to Mate- 
rials and methods). 
b.w., body weight. 

Table 3 Tissue concentrations of copper (Cu) and other indices 
of Cu status of Cu-deficient and Cu-adequate rats at wk 7 of dietary 
treatment (experiment 2) 

Cu-deficient Cu-adequate 

Plasma Cu (#.mol/L) 1.7 +_ 0.3 *a 22.5 _+ 1.91- 
Liver Cu (nmol/g) 30.2 +_ 3.1" 65.2 _+ 1.7t 
Kidney Cu (nmol/g) 42.5 + 0.8* 94.1 +_ 2.71- 
Spleen Cu (nmol/g) 5.2 +_ 0.5* 22.8 _+ 0.5t 
Testis Cu (nmol/g) 13.7 _+ 0.6* 27.5 + 1.6t 
Plasma cholesterol (mmol/L) 1.78 _+ 0.10" 1.22 _+ 0.051- 
Plasma volume (ml/lOOg b . w . )  b 3.84 +_ 0.17" 3.35 _+ 0.031- 
Liver weight (g/lOOg b.w.) 3.48 _+ 0.08* 3.17 + 0.071- 
Body weight (g/rat) 172 _+ 5 179 +_ 4 

a Mean + SEM of 5 rats per group. Values in the same row for 
each parameter not sharing a common superscript are significantly 
different (P < 0.05). 
b Determined by the radioisotopic dilution of ~251-albumin (refer to 
Materials and methods) 
b.w., body weight. 

tis. In  addi t ion ,  charac te r i s t ic  of copper  def iciency,  
p lasma choles te ro l ,  p lasma  vo lume ,  and  relat ive l iver 
weight  were  s ignif icant ly  inc reased  in CuD rats, as 
c o m p a r e d  with C u A  group,  a l though there was no sig- 
nif icant  d i f ference  in body  weight  b e t w e e n  the groups.  
The  p la sma  vo l ume ,  as expressed  in m L  per 100 g 
body  weight ,  was  inc reased  by 15% in CuD rats,  as 
d e t e r m i n e d  by using JzSI-LDL and I-~5I-albumin in ex- 
pe r imen t s  1 and  2, respec t ive ly .  

Rates of plasma clearance of native IesI-LDL 
and acetylated IesI-LDL 

Figure 1 presen t s  the t ime-course  changes  in the 
p l a sma  J25I-radioactivities assoc ia ted  with the TCA-  
prec ip i tab le  and  T C A - s o l u b l e  f rac t ions  after  in jec t ion 
of  a dose  of na t ive  125I-LDL (exper imen t  1). The 
c l ea rance  curve  for the TCA-prec ip i t ab l e  1251 radioac-  
t ivi ty  (Figure 1; uppe r  panel)  ind ica ted  that 12SI-LDL 
was r e m o v e d  at a s ignif icant ly  fas ter  rate in CuD rats 
c o m p a r e d  wi th  cont ro ls .  The  rates  of 125I c lea rance  

J. Nutr .  B i o c h e m . ,  1992,  vo l .  3, J a n u a r y  47  



Research Communications 

CL, 

m 
0 ..~ 

100 

40 

.~ T C A - p r e c i p i t a b l e  

, ~  o : C u D  

I I I I i 

E 

0 

I 0  T C A - s o l u b l e  

I I I I I | 

t 2 3 4 5 6 7 

T i m e  ( h r )  

Figure 1 Time-dependent clearance of ~251-1abeled human LDL 
in copper-deficient (CUD) and copper-adequate (CuA) rats. Upper 
panel: percent of the injected dose of 1251-radioactivity remaining 
in the plasma in the TCA-precipitable fraction at specified time 
intervals. The rates of 1251 clearance (t1,,2) were 4.9 + 0.2 and 5.8 -+ 
0.3 hr for CuD and CuA groups, respectively. Lower panel: percent 
of the injected dose of ~251 radioactivity appearing in the plasma 
in the TCA-soluble fraction, which represents the ~251 radioactivity 
released subsequent to tissue uptake and degradation of ~251-LDL. 
At each time interval, the plasma 1251 radioactivity appearing in the 
TCA-soluble fraction was significantly (P < 0.05) greater in CuD 
rats. 

(tl/2) during the 6-hr period, as computed by the equa- 
tion described earlier for exponential change, 2° were 
4.9 -+ 0.2 and 5.8 -+ 0.3 hr for CuD and CuA groups, 
respectively. The curve for the TCA-soluble ~25I radio- 
activities (Figure 1; lower panel), representing the 
fraction of the injected dose of ~25I-LDL, which was 
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Table 4 ~251-radioactivity in selected organs at 6 hr after injection 
of native 1251-LDL 

Liver Spleen Right kidney Left kidney 

Total 1251, % dose a 
CuD 7.04 _+ 0.48 0.61 ± 0.03 0.64 ± 0.04 0.65 _+ 0.05 
CuA 6.93 ± 1.60 0.72 ± 0.01 0.66 ± 0.05 0.65 ± 0.04 

a Mean ± SEM of 6 rats per group 

Table 5 Effect of copper deficiency on the rate of clearance of 
~251-acetyl LDL from the plasma 

Time interval (min) after ~251-LDL dose Half-fife 

5 10 20 (min) 

TCA precipitable, % dose a 
CuD 36.0 -+ 1.2 13.6 ± 0.5 6.09 ± 0.23 
CuA 31.4 ± 0.6 12.5 ± 0.4 6.32 _+ 0.22 

TCA soluble, % dose 
CuD 0.14 + 0.01 0.74 + 0.09 4.93 ± 0.36 
CuA 0.11 ± 0.01 0.56 -+ 0.04 4.38 ± 0.07 

5.20 ± 0.06 
5.16 ± 0.08 

a Mean ± SEM of 5 rats per group. 

metabolized and released into the plasma, showed a 
steady increase in a curvilinear manner in both CuD 
and CuA rats. At each time interval, the plasma ~25I 
radioactivity appearing in the TCA-soluble fraction 
was significantly (P < 0.05) greater in CuD rats, sug- 
gesting a faster rate of uptake and degradation of 125I- 
LDL in these rats. No significant differences were 
noted between CuD and CuA rats in the distribution 
of J25I-radioactivity in the liver, spleen, and kidneys. 
At 6 hr after injection of J25I-LDL, only about 7% of 
total injected ~25I radioactivity was found in the liver, 
0.6%-0.7% in the spleen and 0.65% in the kidneys in 
both CuD and CuA rats (Table 4). 

Table 5 shows the time-course clearance of '25I- 
acetyl LDL from the plasma in both CuD and CuA 
rats. In contrast to native ~25I-LDL, the removal of 
J25I-acetyl LDL was extremely fast. Within 5 min after 
a dose of ~25I-acetyl LDL, 64%-69% of the total in- 
jected dose was removed from the plasma. In both 
groups, approximately 94% of the dose was cleared 
at 20 min. No difference was observed in the rate of 
clearance between the groups with the half life (tw2) of 
about 5.20 min in both groups. Also, there was no 
difference between the groups in the TCA soluble ~251 
radioactivity appearing in the plasma (Table 5) or in 
the distribution of ~2~I radioactivity in selected organs 
at 20 min after a dose of 125I-acetyl LDL (Table 6). At 
20 min, 42%-49% of the total injected dose was found 
in the liver and 1.1%-1.3% in the spleen. Only trace 
amounts of ~25I radioactivity were found in the kidney 
and testis. 

Discussion 

In normal control rats, plasma cholesterol is carried 
primarily by HDL. 4'7'22 However, when depleted of 



Table 6 1251-radioactivity in selected organs at 20 min after injec- 
tion of ~251-acetyl LDL 

Liver Spleen Kidney Testis 

Total 1251, % dose a 
CuD 49.1 -- 2.6 1.11 _+ 0.09 0.49 _+ 0.03 0.13 +_ 0.01 
CuA 42.3 _+ 1.0 1.32 +_ 0.06 0.54 -+ 0.02 0.13 -+ 0.01 

a Mean -+ SEM of 5 rats per group. 

copper, not only is the level of total plasma cholesterol 
elevated, but there also appears to be a disproportion- 
ate relative increase in cholesterol associated with 
LDL. 4"22 An increase in plasma LDL cholesterol also 
has been demonstrated in a human subject with exper- 
imental copper deficiency.14 Such an increase in LDL 
cholesterol has been further confirmed in another 
study using adult men depleted of copper, despite no 
significant change in total plasma cholesterol. ~5 The 
mechanism(s) for the observed changes is not known. 

The primary objective of the present study was to 
examine whether elevation in LDL cholesterol was 
associated with defects in the removal of circulating 
LDL. The primary mechanism for removal of LDL is 
by the apoB,E receptor that accounts for 60%-80% of 
LDL clearance from the circulation. The acetyl-LDL 
receptor is an alternative mechanism for removal of 
LDL and it is independent of the apoB,E receptor 
pathway. The acetyl-LDL receptor is thought to rep- 
resent an important mechanism for the removal of 
chemically modified forms of LDL that are particu- 
larly atherogenic. 2327 In the present study, we used 
native and chemically modified human LDL to probe 
the expression of the apoB,E receptor and the acetyl- 
LDL receptor in copper-deficient rats. The native 
LDL and acetyl-LDL were cleared by distinctly differ- 
ent mechanisms, as indicated by a marked difference 
in the rate of clearance between native 125I-LDL (h/2: 
4.9-5.8 hr) and 1251-acetyl LDL (tl/2:5.2 rain). The data 
showed that native 125I-LDL were removed from the 
plasma at a significantly faster rate in copper deficient 
rats. The rates (tvz) of clearance of 125I-LDL in cop- 
per-deficient and adequate rats were 4.9 _+ 0.2 and 5.8 
± 0.3 hr, respectively. On the other hand, the rate of 
clearance of 125I-acetyl LDL did not differ between the 
groups, with a half-life of 5 min. The rates (tl/2) of 
clearance of both native and acetyl ~25I-LDL observed 
here are in close agreement with those reported by 
other investigators. 28'29 As previously reported, 28 the 
tissue distribution of 125I radioactivity after injection of 
radioiodinated LDL did not reflect the rate of plasma 
clearance, presumably due to the rapid intracellular 
degradation of iodinated proteins and release of 125I 
subsequent to their uptake. 3° At 6 hr after injection of 
125I-LDL, only about 7% of the injected 125I radioactiv- 
ity was found in the liver, despite the fact that the 
hepatocyte (parenchymal cell) is the principal site of 
LDL uptake mediated by the receptor-dependent 
pathway. When 125I-acetyl LDL were injected, 42%- 
49% of the dose was recovered in the liver at 20 min, 
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with less than 2% found in the spleen, kidney, and 
testis combined. The results are consistent with those 
reported by others, 19'28'29 confirming that the liver is 
also the major organ for LDL uptake via the acetyl- 
LDL receptor. Unlike native LDL, however, the ma- 
jor cell type which takes up acetyl LDL in vivo is 
shown to be the liver sinusoidal endothelial cells and 
Kupffer cells. 25'31 

The present results demonstrate that the rate of 
plasma LDL clearance mediated by the apoB,E recep- 
tor is significantly increased in copper-deficient rats, 
whereas the removal of acetyl-LDL via the scavenger 
receptor remains essentially unchanged. This conclu- 
sion is further strengthened by the significant steady 
and continual rise in plasma 125I radioactivity ap- 
pearing in the TCA-soluble fraction after injection of 
125I-LDL in those rats (Figure 1, lower panel). The 
increase was maintained during the 6-hr period after 
injection of the labeled LDL, reflecting the increased 
rate of uptake and degradation of LDL in these rats. 
Thus, the results indicate that the hypercholesteroi- 
emia induced by copper deficiency is not due to the 
impaired clearance of plasma LDL by either the 
apoB,E receptor or the acetyl-LDL receptor. In an 
earlier study by Lefevre et al. 6 it was proposed that 
the elevation in plasma cholesterol in copper-deficient 
rats might be largely due to a reduction in hepatic 
binding of apoE-poor HDL leading to their progres- 
sive conversion to apoE-rich HDL 1 particles, which 
then accumulate in the plasma. Hassel et ai. 32 reported 
that the in vitro binding of apoE-free HDL by a he- 
patic membrane preparation from copper-deficient 
rats was significantly reduced. However, the data sug- 
gested that the reduced binding was attributable to the 
inherent molecular characteristics of the apoE-free 
HDL rather than to a reduction in membrane binding 
site numbers. 32 Recently, Zhang and Lei, 33 using cul- 
tured liver parenchymal cells, provided evidence that 
the cellular uptake of apoE-free HDL was markedly 
increased in the cultured hepatocytes obtained from 
copper deficient rats. In addition, Hassei et al. 34 ob- 
served that apoE-rich HDL binding to hepatic plasma 
membranes prepared from copper deficient rats was 
significantly increased. Consistent with this observa- 
tion, we demonstrated, in an in vivo experiment 35 us- 
ing lymphatic chylomicrons labeled with 3H-retinyi es- 
ter, that the apoE-dependent uptake of chylomicron 
remnants by the liver was not impaired in copper 
deficient rats, but significantly increased during the 
initial phase of chylomicron metabolism. Carr and 
Lei 36'37 also observed increases in the in vivo clearance 
of HDL apoproteins and cholesterol ester in copper 
deficient rats. Thus, the observations made from the 
in vivo experiments 35-37 indicate that the tissue uptake 
(or clearance) of HDL in general is enhanced in copper 
deficiency. 

The data presented here clearly indicate that LDL 
is also removed at a faster rate in copper-deficient rats. 
The possibility exists that the expression of the 
apoB,E-receptor is up-regulated in copper-deficient 
rats. The up-regulation of the LDL receptor is in line 
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with the observations of the low concentration of un- 
esterified cholesterol in the liver, 9J~'38 stimulation of 
hepatic 3-hydroxy-3-methylglutaryl Coenzyme A re- 
ductase, and increased liver synthesis of cholesterol 
in copper-deficient rats. ~°'~ In conjunction with the 
increased uptake and clearance of HDL as reported 
by others, our data support the concept, put forth by 
Lei and associates, ~3'33 that the hypercholesterolemia 
induced by copper deficiency is not due to defects in 
the uptake of plasma lipoproteins by the liver and 
other tissues. Alternatively, the primary mechanism 
responsible for disturbed cholesterol homeostasis in 
copper deficiency may involve a stimulation of hepatic 
synthesis ~°'~j'39 and increased rate of secretion of cho- 
lesterol from the liver to the blood plasma, which 
may exceed the rate of tissue uptake of plasma cho- 
lesterol. 9J2'13 Such an alteration may explain the ele- 
vation in plasma LDL in copper-deficient rats 4 and 
humans, j4J5 despite the faster clearance of LDL, as 
demonstrated by the present study. However, the spe- 
cific metabolic signal or event(s) that triggers the stim- 
ulation of hepatic synthesis and release of cholesterol 
is yet to be elucidated. Further studies are needed 
to quantitatively verify the postulated imbalance be- 
tween the hepatic output and recycling (uptake) of 
plasma lipoproteins in copper deficiency, which leads 
to an elevation in plasma cholesterol. 

References 

I Lei, K.Y, (1990). Plasma cholesterol response in copper defi- 
ciency. In Role o f  Copper in Lipid Metabolism (K.Y. Lei, 
ed.), pp. 1-23, CRC Press, Boca Raton, FL 

2 Klevay, L.M. (1973). Hypercholesterolemia in rats produced 
by an increase in the ratio of zinc to copper ingested. Am J. 
Clin. Nutr. 26, 1060-1068 

3 Klevay, L.M. (1975). Coronary heart disease: the zinc/copper 
hypothesis. Am. J. Clin. Nutr. 28, 764-774 

4 Lei, K.Y, (1983). Alterations in plasma lipid, lipoprotein and 
apolipoprotein concentrations in copper-deficient rats. J. 
Nutr. 113, 2178-2183 

5 Croswell, S.C. and Lei, K.Y. (1985). Effect of copper defi- 
ciency on the apolipoprotein E-rich high density lipoproteins 
in rats. J. Nutr. 115, 473-482 

6 Lefevre, M., Keen, C.L., L6nnerdal, B., Hurley, L.S., and 
Schneeman, B.O. (1986). Copper deficiency-induced hyper- 
cholesterolemia: effects on HDL subfractions and hepatic li- 
poprotein receptor activity in the rat. J. Nutr. 116, 1735-1746 

7 Lee, C.C. and Koo, S.I. (1988). Effect of copper deficiency on 
the composition of three high-density lipoprotein subclasses as 
separated by heparin-affinity chromatography. Biochim. Bio- 
phys. Acta 963, 278-287 

8 Lei, K.Y. (1977). Cholesterol metabolism in copper-deficient 
rats. Nutr. Rep. Int. 15,597-605 

9 Shao, M.S.J. and Lei, K.Y. (1980). Conversion of [2-14C] mev- 
alonate into cholesterol, lanosterol and squalene in copper- 
deficient rats. J. Nutr. 110, 859-867 

10 Valsala, P. and Kurup, P.A. (1987). Investigations on the 
mechanism of hypercholesterolemia observed in copper defi- 
ciency in rats. J Biosci. 12, 137-142 

I I Yount, N.Y., McNamara, D.J., AI-Othman, A.A., and Lei, 
K.Y. (1990). The effect of copper deficiency on rat hepatic 
3-hydroxy-3-methyl-glutaryl Coenzyme A reductase activity. 
J. Nutr. Biochem. 1, 21-27 

12 Lin, I.M. and Lei, K.Y. (1981). Cholesterol kinetic analyses 
in copper-deficient rats. J. Nutr. 11, 450-457 

13 Lei, K.Y. (1990). Cholesterol metabolism in copper-deficient 

rats. In Role o f  Copper in Lipid Metabolism (K.Y. Lei, ed.), 
pp. 25-57, CRC Press, Boca Raton, FL 

14 Klevay, L.M., Inman, L., Johnson, L.K,, Lawler, M., Ma- 
halko, J.R., Milne, D.B., Lukaski, H.C., Bolonchuk, W., and 
Sandstead, H.H. (1984). Increased cholesterol in plasma in a 
young man during experimental copper depletion. Metabolism 
33, 1112-1118 

15 Reiser, S., Powell, A., Yang, C.-Y., and Canary, J.J. (1987). 
Effect of copper intake on blood cholesterol and its lipoprotein 
distribution in men. Nutr. Rep. Int. 36, 641-649 

16 Havel, R.J., Eder, H.A., and Bragdon, J.H. (1955). The dis- 
tribution and chemical composition of ultracentrifugally 
separated lipoproteins of human serum. J. Clin. Invest. 34, 
1345-1352 

17 Rudel, L.L., Lee, J.A., Morris, M.D., and Felts, J.M. (1974). 
Characterization of plasma lipoproteins separated and purified 
by agarose-column chromatography. Biochem. J. 139, 89-95 

18 Basu, S.K., Goldstein, J.L., Anderson, R.G.W., and Brown, 
M.S. (1976). Degradation of cationized low density lipoprotein 
and regulation of cholesterol metabolism in homozygous famil- 
ial hypercholesterolemia fibroblasts. Proc. Natl. Acad. S('i. 
USA 73, 3178-3182 

19 McFarlane. A.S. (1958). Efficient trace-labeling of proteins 
with iodine. Nature 18, 53 

20 Riggs, D.S. (1963). Ways of expressing the rate of an exponen- 
tial change. In The Mathematical Approach to Physioh)gical 
Problems tRiggs, D.S., ed.), pp. 126-129, MIT Press, Cam- 
bridge, MA 

21 Allain, C.C., Pooh, L.S.. Chan, C.S.G., Richmond, W., and 
Fu, P.C. (1974). Enzymatic determination of total serum cho- 
lesterol. Clin. Chem. 20, 470-475 

22 Allen, K.G,D. and Klevay, L.M. (1980). Hypercholesterol- 
emia in rats due to copper deficiency. Nutr. Rep. Int. 22, 
295-299 

23 Spady, D.K., Turley, S.D., and Dietschy, J.M. (1985). Recep- 
tor-independent low density lipoprotein transport in the rat in 
vivo. Quantitation, characterization, and metabolic conse- 
quences. J. Clin. Invest. 76, I113-1122 

24 Slater, H.R,, Packard, C.J., and Shepherd, J. (1982). Recep- 
tor-independent catabolism of low density lipoprotein. 
Involvement of the reticuloendothelial system. J. Biol. Chem. 
257, 307-310 

25 Nagelkerke. J.F., Barto, K.P., and van Berkel. T.J.C. (1983l. 
In vivo and in vitro uptake and degradation of acetylated low 
density lipoprotein by rat liver endothelial, kupffer, and paren- 
chymal cells. J. Biol. Chem. 258, 12221-12227 

26 Spady, D.K., Meddings, J.B., and Dietschy, J.M. (1986). 
Kinetic constants for receptor-dependent and receptor-inde- 
pendent low density lipoprotein transport in the tissues of the 
rat and hamster. J. Clin. Invest. 77, 1474-1481 

27 Spady, D.K., Huettinger, M., Bilheimer, D.W., and Dietschy, 
J.M. (1987). Role of receptor-independent low density lipopro- 
rein transport in the maintenance of tissue cholesterol balance 
in the normal and WHHL rabbit. J. Lipid Res. 28, 32-41 

28 Mahley, R.W., Weisgraber, K.H., lnnerarity, T.L., and Wind- 
mueller, H.G. (1979). Accelerated clearance of low-density 
and high-density lipoproteins and retarded clearance of E 
apoprotein-containing lipoproteins from the plasma of rats 
after modification of lysine residues. Proc. Natl. Acad. Sci. 
USA 76, 1746-1750 

29 Blomhoff, R., Drevon, C.A., Eskild, W., Helgerud, P., 
Norum, K.R., and Berg, T. (1984). Clearance of acetyl low 
density lipoprotein by rat liver endothelial cells. J. Biol. Chem. 
259, 8898-8903 

30 Matthews, C.M.E. (1957). The theory of tracer experiments 
with ~311-1abeled plasma proteins. Phys. Med. Biol. 2, 36-53 

31 Steinberg, D., Parthasarathy, S., Carew, T.E., Khoo, J.C., 
and Witztum, J.L. (1989). Beyond cholesterol: modification of 
low-density lipoprotein that increase its atherogenicity. New 
Eng. J. Med. 320:915-924 

32 Hassel, C.A., Lei, K.Y., C a r l  T.P., and Marchello, J.A. 
(1987). Lipoprotein receptors in copper-deficient rats: apolipo- 
protein E-free high-density lipoprotein binding to liver mem- 
branes. Metabolism 36, 1054-1062 

50 J. Nutr. Biochem., 1992, vol. 3, January 



33 Zhang, J.J. and Lei, K.Y. (1990). Specific binding and uptake 
of apolipoprotein E-free high density lipoproteins by cultured 
liver parenchymal cells of copper-deficient rats. J. Nutr. Bio- 
chem. 1,291-298 

34 Hassel, C.A., Carr, T.P., Marchello, J.A., and Lei, K.Y. 
(1988). Apolipoprotein E-rich high density lipoprotein binding 
to liver plasma membranes in copper-deficient rats. Proc. Soc. 
Exp. Biol. Med. 187, 296-308 

35 Koo, S.I., Lee, C.C., and Norvell, J.E. (1988). Effect of cop- 
per deficiency on the lymphatic absorption of cholesterol, 
plasma chylomicron clearance, and postheparin lipase activi- 
ties. Proc. Soc. Exp. Biol. Med. 188, 410-419 

36 Carr, T.P. and Lei, K.Y. (1989). In vivo apoprotein catabolism 
of high density lipoproteins in copper deficient, hypercholes- 
terolemic rats. Proc. Soc. Exp. Biol. Med. 191,370-376 

37 Carr, T.P. and Lei, K.Y. (1990). HDL cholesteryl ester and 
protein metabolism in copper-deficient, hypercholesterolemic 
rats. FASEB J. 3, A1062 

38 Harvey, P.W. and Allen, K.G.D. (1985). Lipoproteins and 
liver lipids in copper-deficient rats. Nutr. Res. 5, 511-525 

39 Yount, N.Y., Carr, T.P., McNamara, D.J.. and Lei, K.Y. 
(1991). Incorporation of tritiated water into sterols in copper- 
deficient rats. Biochim. Biophys. Acta 1082, 79-84 

J. Nutr. Biochem., 1992, vol. 3, January 51 


