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Abstract Lipoprotein profiles in experimental hyper- 
cholesterolemia were studied using euthyroid and hypo- 
thyroid cholesterol-fed rats. In  both groups,  serum 
cholesterol concentration increased, but to a lesser extent 
in the cholesterol-fed euthyroid rats, with similar changes in 
distribution among lipoprotein fractions in both groups. 
.4garose electrophoresis of  plasma and individual lipopro- 
tein fractions showed that P-VLDL and HDL,  were present 
in the  hypothyroid, cholesterol-fed rats. In the euthyroid 
and hypothyroid cholesterol-fed rats, serum apo B concen- 
trations increased three-fold and five-fold, respectively. 
Th i s  reflected increases of apo B in very  low density and 
intermediate density lipoproteins. In  the euthyroid choles- 
terol-fed rat, serum apo E decreased 50'%, while the 
serum apo E concentration was not significantly changed 
in hypothyroid cholesterol-fed rats. In both the euthyroid 
and  the hypothyroid cholesterol-fed rats, apo E decreased 
in high density lipoproteins and increased in lower density 
lipoproteins. We observed qualitative and quantitative 
differences between hypothyroid and euthyroid cholesterol- 
fed rats. The major qualitative differences were the ap- 
pearance o f  beta lnigratitlg very l o w  density lipoproteins 
(P-VLDL) and HDL., i n  the hypothyroid cholesterol- 
fed rat,  and a decrease o f '  serum apo E concentrations i n  
the euthyroid cholesterol-fed rats. Changes in serum 
cholesterol and apo B concentrations and the distribution 
of cholesterol, apo B, and apo E anrong the lipoprotein 
fractions were similar i n  direction in both groups, but 
greater it1 magnitude i n  the hypothyroid versus euthyroid 
cholesterol-fed rats.m 'l'hese data demonstrate  that hypo- 
thyroidism should be considered when evaluating apolipo- 
protein changes i n  h).perc.holesterolemic animal models. - 
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Hypet-cholesteroletnia is known  to  be  a positive risk 
factor  for  the  development  of  atherosclerosis  (1). Ex- 
perimental  1~ypet.cholesterolemias  resemble Type I11 
hyperlipoproteinemia and can  serve  as  models f o r  
studying  the associated  lipoprotein  alterations  and  the 

development  ofatherosclerosis (2). T h e  most common 
animal  models  used  to  study  experimental hyper- 
cholesterolemia  are  the  monkey,  rabbit,  swine,  dog, 
and  rat (2-4). The  dog  and  rat   differ  from the others 
in that  attaining  a  serum  cholesterol  concentration 
greater  than 300 mg/dl usually requires  a  hypo- 
thyroid  state in animals  fed  a  high-cholesterol,  high- 
fat  diet; in the  other  animals  a  high-cholesterol,  high- 
fat diet alone is sufficient  to  create  hypercholes- 
terolemias  capable  of  inducing  atherosclerosis. 

We have  shown  previously  that  the  serum  lipopro- 
tein  patterns  of  rats  fed  a  high-cholesterol,  high-fat 
diet  differ  markedly  from  those of  control  rats i n  that 
a  lipoprotein class of d 1.006- 1.03 g/ml ( IDL)  ap- 
pears, in addition t o  an  increase in the concentration 
of  VLDL (5). Our  studies  on  the  effect of a high- 
cholesterol,  high-fat diet (CF)  on  the  apolipoprotein 
profiles  of  rats  revealed  a  decrease in the  serum  con- 
centrations  ofapo E (6, 7). 'l'his  finding was at  variance 
with other  reports which showed an increase in apo E 
with cholesterol  feeding (X, 9). Inasmuch as these 
animals  were  fed  a  propylthiout-acil- (PTC) containing 
diet, we postulated  that  the  hypothyroid  state  might 
explain  the  difference.  Therefore, we repeated  the 
cholesterol-feeding  experiment  and  included in the 
study  a  group  of  rats  that  were fed a high-cholesterol, 
high-fat  diet with PTU  (CF-PTU).  The  results 
reported  here show  that  the  difference  between  our 
initial results  and  the  results o f '  others was indeed 
due  to  the  presence o f '  PTU in the  diet. 

Apo B functions  to  transport  cholesterol  and  tri- 
glyceride in the  blood ( I O )  and is recognized in 
peripheral tissue by an apo B receptor  which  also 
recognires apo E ( 1   1 ,  12).  In  addition  to its possible 

Abbreviations: CF, cholesterol-f.cd; P-IC, propylthiouracil; C F -  
PTU,  cholesterol-fed with propylthiouracil; VLDI.. very low density 
lipoproteins;  IDL,  intermediate  density  lipoproteins: LDL, l o w  
density  lipoproteins: HDL, high  density  lipoproteins; SDS-PAGE, 
sodium  dodecylsulfhte  polyacrylamide gel electrophoresis: EIA,  
electroirnrnunoassay; 4U, arbitrary units: T M U .  tetramethylurea. 
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role in delivering cholestetwl t o  peripheral  tissue,  apo 
E is thought t o  be  importat1t i n  receptor-mediated 
chylomicron  remnant  uptake b y  the liver (13, 14). 
In  this  manuscript \\.e describe  changes in lipopro- 
teins and the  distribution  of'apolipoproteins  B and t.: 
i n  hypcrct~olesterolemic  states, with and without 
hy~~othyroitlisnl. 

MA'I'ERIALS A N I )  hlE'l 'H0I)S 

Animals 

For this  study rnale S~)r;~gue-L);~wley rats, 275- 
300 g, were used. Control animals  were  tnaintainetl on 
laboratory  rat  chow: one experimental  group w a s  fed 
2%, cholesterol and 20%' olive o i l  in laboratory  rat  chow 
meal ((:F); the  other  experimental group was fed 
2% cholesterol, 20%: o l ive  o i l ,  and 0.2% propyl- 
thiouracil in laboratory rat  chow nleal ( C F - P I C ) .  
.4nirnals fed C F  diets  gained weight a t  the same rate 
a s  control rats, whereas  rats fed (:F-P?'IJ diets  did  not 
gain  weight during  the  experimental  period. After 30 
days on the  diet,  thc  animals were fasted for 14 hr 
(midnight  to 2:OO P M )  and \vel-e hlecl from the ab- 
dominal  aorta \vhile under  light  ether  anesthesia. 
Serum was separated  and  stored i n  the  presence o f '  
0.1%' EDTA  and 0.19 azide. 1 1 1  order to  minimize 
variations due t o  tlif'f'erences in  rat  chow composition 
and  seasonal  variations,  the  reported  values f o r  con- 
trol. CF,  and CF-P'FC rats were ol)tained f i o m  exper- 
ments  run  simultaneously. For lipid anti apolipopro- 
tein  analyses,  sera f'i-om three t o  four I Y I ~ S  \vere pooled. 

Analytical methods 

Cholesterol  and  triglyceride  concentrations were 
determined enzymatically by the  methods of Allain et 
al. (15) and Bucolo and David (16), respectively. 
Reagents  were  purchased from Calbiochern-Behring, 
Dallas, T X .  Protein 'IV;IS determined b y  the  method 
of Lowry et a l .  (17), as modified b y  Sata,  Havel, and 
Jones (18), using  bovine  serum  albumin  as a standard. 
Agarose electrophoresis was performed  according t o  
the  method of Noble (19), using 0.025hI 'Tris-tr-icine 
buffer and 1 % agarose. Sodium  clodecylsulfate poly- 
acrylamide gel electrophoresis (SLIS-PAGE) was per- 
formed  according t o  the  rnethod of Shapiro, Vifiuela 
and hlaizel (20),  as  described pr-eviously (21), using 
10% acrylamide gels. 

Lipopr-oteins  were  separated  according to the 
method of Havel,  Eder  and  Bragdon ( 2 2 ) ,  using  an 
SW-41 rotor in a  Beckman L5.50 preparative  ultra- 
centrifuge.  Very low density  lipoproteins (VLDL) of 
d < 1.006 g/ml, intermediate  density  lipoproteins 
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( IDL)  of  d 1.006-  1.03 g/ml, and l o w  density  lipopro- 
teins (LDI,) of tf 1.03-  1.063 g/ml were separated l y  
a 24-hr  ~~ltracentrifugation  at 265,000 g. High  density 
lipoproteins (HDL) o f '  d 1.063- 1.2 1 g/ml were 
separated by a 40-hr  ultracentrifugation  at  265,000 g. 
VLIIL and IDL 1ve1-e resuspended in  saline of' the 
appI-opriate  densit). and washed twice by ultra- 
centl-ifilgation. LDL and HIII, were washed once h y  
increasing the supe r r~a te  ctensity slightly (1.063 t o  
1 . O X  antl 1.21 t o  1.24 giml, respectively),  placing a 
la ye^. of  saline of the  original  density over this  solution 
(1.063 fnr I.DL ;mtl 1.2 1 g / d  fi)r HIIL), and re- 
centrif'uging. Thc I'ractions were  dialyzed  against 2-4 
liters o f '  saline ;It ;I densit?, of 1.006 g/ml which con- 
tained 0.1 % EDT,4 and 0.1% a d e .   T h e  dialysis 
solution \ v a s  changed at least f 0 u r  times i n  ;I 24-hr 
pel-iod. 

For determination o f '  cholesterol,  triglyceride,  antl 
apolipoprotein  distributions in VLDL, IDL,  and L D L ,  
one-n1l aliquots of serum were ad.justetl t o  the f 0 l l o w -  
ing  densities: 1.006 g/ml; 1.03 gltml; 1.063 g/ml. HDI. 
WIS f'urther subdivicled  to HDI,,, HDL2,  and H D L  
using  the  densities: 1.08 g/nll; 1.12.5 giml:  and 1.2 1 g/ 
n l l .  Samples were  subjected t o  ;I single  spin i n  ;I 

IZeckman L3-40 ultracentrifugc  using a 40.3 rotor 
with 2-1111 adaptors. l ' he  trrhes were cut by ;I Spitlco 
tube  cutter  (Spinco Division Becktnm  Instruments, 
Inc.. I ' a l o  ,Alto, (;.I). ' r he  infl-anates \vet-e brought u p  
to  the same volume and used for the analysis.  Apolipo- 
protein  concentrations wet-e then  determined i t 1  

serum antl i n  each itlfl-anate  fraction. 'l'he clttantity 
o f  ~tpolipo1,rotein in e ; ~ h  lipoprotein  fraction W;IS 

calculated by subtracting one infranatc v a l u e  from 
the preceding lowcr density  infranatc. value (e.g., 
I D L  = tl > 1.006 - tl > 1.03). Since the  infranate A- 
humin  concentration  should equal the  sentm  albumin 
conc:erltr~~tion, i t  is possitde to c o r ~ w t  for 11011- 

specific losses o f '  apoproteins. The all ,r~mi~~  concen- 
trations o f  serum and the  infranate  were  determined 
and a correction  factor was calculatetl by dividing 
s e m m  albumin  concentration by t h e  infranate 211- 

I,un1itl concentration. The  infranate  apoprotein con- 
centration \VIIS multiplied by the co r lwt ion  factor i n  
orclcr t o  correct for non-specific losses o f '  ~tpoproteir~ 
concentration. The differences  betwecn serum and 
inf'ranate c.oncentt.ation were never grea~er than 2.5%. 

Al~olil~opl-otein  concentrations were detertnined hy 
the  electroitnlnunoassa~ ( E l  A)  technique o f '  1,aurell 
( 2 3 ) .  ;IS modified by Bar-on,  Koheirn, and k i e r  (21). 
Antisera  used in this  study were prepared as p e -  
viously described (21). Nonidet  40 (NI 'W)) ,  a non- 
ionic detergent, was added t o  a f i n a l  concentration 
o f  1 %  in the  samples  and  standards and 0.05% i n  the 
agarose  (24).  Standard  curves  were ot,tairlccl b y  clilu- 
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tion  of  pooled  rat  serum  and  were  run  simultaneously 
with the  samples.  The  arbitrary  units  (AU)  used 
to  express  the  data  are a percentage  of  standard 
pool  serum. 

Apolipoprotein  concentrations  were  also  estimated 
using  SDS-PAGE o f d  < 1.2 1 g/ml  lipoproteins.  These 
lipoproteins  were  subjected to a  single  spin  in a Beck- 
man L5-50 preparative  ultracentrifuge  using  an SW- 
60  rotor.  The  serum  density was adjusted  to  1.24  g/ml 
by the  addition  of  KBr,  and  the  sample was placed 
in  the  ultracentrifuge  tube.  Saline  of d 1.21 g/ml was 
then  layered  over  this  solution,  and  the  lipoproteins 
were  spun  for  60  hr  at  2 10,000 g. Total  apo  B  content 
of  the  d < 1.21 g/ml serum  fraction was determined 
by the  tetramethylurea  (TMU)  precipitation  tech- 
nique of Kane  (25).  Apolipoprotein E concentra- 
tion  of the  d < I .2 1 g/ml  serum  fraction was esti- 
mated by scanning  stained SDS polyacrylamide  gels of  
the  apolipoproteins  using  an  EC  densitometer  (Model 
N o .  B5216-11,  EC Apparatus  Corp.,  St.  Petersburg, 
FI,) and  measuring  the  area  under  the  peaks by 
Idanimetry  using  an A. Ott compensating  planimeter 
(Epic,  Inc.,  New  York,  NY). T h e  fraction  of  the total 
area  that  the  apo  E  peak  represented was multiplied by 
the  TMU-soluble  protein  concentration to estimate 
apo E concentration in d < 1.21  g/nd  serum. A l -  
though  variations in apolipoprotein  chromogenicity 
may  limit this  technique  of  protein  quantification, 
comparing  only  the  same  protein  (apo E)  between 
groups minimizes  this  source  of  error. 

For  statistical  analysis,  one-way  analysis  of  variance 
was used  followed by the  Student-Neuman Kuels 
multiple  range  test  (26).  A P value cO.05 was con- 
sidered  significant. 

RESULTS 

Lipoprotein  electrophoresis 

Marked  changes in the  relative  concentrations  and 
mobilities of' both  serum  and isolated  fractions  were 
found  when  serum  and  individual  lipoprotein  frac- 
tions  were  analyzed by 1% agarose  electrophoresis 
(Fig. 1). The  sera  of  both  CF  and  CF-PTU  showed 
broad /3 patterns.  However,  the  broad P patterns  were 
not  identical. T h e  CF serum  stained  for  more  lipid  in 
the  pre-P  region  than  the  CF-PTU  sera;  the  CF-PTU 
sera  showed  a  much  stronger  staining  in  the P region 
and  had  slower mobility than  CF  sera (Fig. 1  A).  VLDL 
of  CF-PTU  rats  contained  a  component which  mi- 
grated in the P region  and may be  similar to P-VLDL, 
which has  been  found in other  studies involving  hypo- 
thyroid  cholesterol-fed  animals  (Fig.  1C)  (2, 4, 8). 

VLDL  of  CF  rats  did  not  show  a  band in the /3 region 
(Fig.  1C). The  IDL  fractions  of  both  CF  and  CF-PTU 
rats  exhibited  electrophoretic  patterns  similar  to  their 
respective  VLDL  patterns.  LDL  of  CF-PTU  rats also 
exhibited  a  strong  band  of up mobility (Fig.  1C).  This 
most likely corresponds to HDL,, a particle  previously 
described by Mahley (2 ,4 )  and Mahley and  Holcon~be 
(8). In  both  CF  and  CF-PTU  sera  there was a marked 
reduction in cr lipoproteins  (Fig.  1A). 

Serum  lipid and lipoprotein concentrations 

Serum  cholesterol  concentration  tripled in the  CF 
rats and increased six-fold in the CF-P'IU  rats  (Table 1). 
T h e  cholesterol  distributions  among  the  lipoprotein 
fractions  are  seen in Fig. 2. VLDL  and  IDL  cholesterol 
concentrations  increased  above  control in CF  rat  sera 
and t o  a greater  extent in the  CF-PTU  rat  sera. N o  
significant  changes  occurred in LDL. The  amount  of 
cholesterol  present in HDL,  and  HDL2  decreased 
to  the  same  extent in CF rat  sera  and  CF-PTC'  rat 
sera.  HDLt3  and d > 1.21 g/ml serum  cholesterol 
concentrations  were  similar  to  those in control  rats 
for  both  experimental  groups. 

Triglyceride  concentration was unchanged in the 
CF  rats  but  decreased  significantly in the CE"P?'U 
rats. Fig. 3 shows the  triglyceride  distribution i n  the 
control  and  experimental  rats.  Control VLDL  con- 
tains 63%. of  total  triglyceride with the  rest  distributed 
in descending  order in lDL, LDL, and  HDL.  In 
CF  rats  there was an  increase in IDL  triglyceride, 
although  this was not statistically  significant, probably 
due t o  the small  sample size. Triglyceride  concentra- 
tions i n  other  lipoprotein classes remained  unchanged. 
The  decreased  serum  triglyceride Concentration  in the 
CF-FI'U rats  reflected a decrease in V12DL tri- 
glyceride. 

Total d < 1.21 g/ml protein was decreased in CF 
rat  serum  and increased in CF-I"IU rat  serum (Table 2). 
I n  CF rats,  lipoprotein  protein  concentration in  VLDL, 
IDI., and  LDL  increased  greatly  over  control  (Table  3). 
IDI, showed  the  largest  increase. The protein  con- 
centration in HDL  of  CF  rats  decreased 44% f i - o m  
control  values. As in the  CF  animals,  CF-PTU  treat- 
ment  increased  VLDL,  IDL,  and  LDL  protein  con- 
centrations.  However,  the  increase  for  CF-PTU was 
less in VLDL  but  greater in IDL  and  LDL  than in the 
CF  animals.  The  protein  concentration  of  HDL was 
similarly  decreased in CF  and  CF-PTC  rats. 

Apolipoprotein  concentration and distribution 
Serum  apolipoprotein B concentrations  increased 

3-fold over control  values  due  to  the CF diet  and 6- 
fold due  to  the  CF-PTU  regimen,  as  determined by 
EIA (Table 1). 'Ihese  findings were confirmed with 
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Fig. 1. Agarose electrophoresis o f  lipoproteins. Panel A, comparison of  serum samples of  control, CF, and CF-PTU rats. Panel B. lipo- 
protein fractions from control rats. Panel C, lipoprotein fractions from CF and CF-PTU rats. Serum samples were run simultaneously 
as were CF and CF-PTU lipoprotein fractions in order to allow direct comparison. Abbreviations: S, serum: V, very low density lipopro- 
teins: I ,  intermediate density lipoproteins: L. low density lipoproteins: H,  high density lipoproteins. 

TMU-precipitable protein determinations of the lipo- 
protein fractions, which indicate apo B concentra- 
tion (25). Table 2 shows that the concentration of 
TMU-precipitable protein in d < 1.2 1 g/ml lipoprotein 
fractions is 3-fold greater than control in CF rats and 
6-fold in the CF-PTU rats. Fig. 4 depicts the distribu- 
tion of apolipoprotein B in control and experimental 
groups. The  CF diet resulted in a 12-fold increase of 
apo B in VLDL and IDL, while no changes occurred 
in LDL of CF rats. The CF-PTU diet led to a 15-fold 
increase in VLDL apo B and a 33-fold increase in 
IDL apo B. N o  significant differences in LDL apo B 
concentrations were present between any of the 

SO0 Journal of Lipid Research Volume 22, 1981 

groups. Only traces of apo B were present in the 
d 1.063- 1.08 g/ml region in all groups. N o  apo B was 
detected in d > 1.08 g/ml fractions. 

Serum apolipoprotein E concentrations decreased 
from control values by more than 50% with the CF 
diet, but did not differ from control with the CF-F'TU 
regimen, as determined by EIA (Table 1). In addition, 
concentrations of apo E were estimated by densito- 
metric scanning of SDS gels. This technique showed 
that apo E concentrations in d < 1.21 g/ml fractions of 
sera from rats fed CF diets were approximately half 
the control, while sera of animals fed CF-PTU diets 
had slightly greater apo E concentrations than control 
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(Table 2).  In  the  control  animals, apo E is found mainly T.4BLE 1. Plasma concentrations of cholesterol, triglyceride, and 

in HDL2 (42%), HDL, (23%), d > 1.21 g/ml( 14%), and apolipoproteins B and E of control  and  experimental rats" 

LDL (12%). While the  CF diet lowers serum  apolipo- 
protein E concentrations, it also alters its normal 
distribution (Fig. 5) .  In CF  rats,  apo E concentra- 
tions  were  not  significantly  changed  in  VLDL  and 
increased  10-fold  in IDL. HDL,, the  major  apo E- 
containing  fraction  in  the  control,  showed  a 95% 
decrease in CF  rats.  Other  lipoprotein  fractions  that 
showed  significant  decreases  included:  LDL,  HDL,, 
HL)L3, and  d > 1.21 g/ml. Serum  apolipoprotein E 
concentrations  of  CF-PTC'  rats  remained  unchanged. 
Nevertheless,  a  redistribution  of  apo E similar  to  that 
seen with the  CF  rats is present.  In  VLDL  of  CF-PTU 
rats,  apo E concentrations  increased  from 1 AU to 15 
AU, which is a value  7-fold  higher  than  the  CF  apo E 
concentration.  The  apo E concentrations in IDL  in- 
creased  from 1 AC t o  38 AU, which is 3-fold higher 
than  the  CF apo E concentration.  Apo E concentra- 
tions in LDL, HDL,. HDL2,  HDL3,  and d > 1.21 g/ml 
were all decreased  to  the  same  extent as in CF  rats. 

We have  obser\ed  these  changes  resulting  from  CF 
diets in other  experiments, in addition  to  the  data 

Cholesterol,  mg/dl 55 ? 3' 165 ? 23*.p  291 ? 22"' 
Triglyceride, mgidl 73 f 5 85 ? 7' 34 k 7'1.' 
Apo B,  arbitrary 

units 60 ? 3 182 f 3 3 " . P  327 2 2 y . e  

.4po E, arhitrary 
units 49 k 4 20 ? 3".' 51 ? 5e 

' I  Length of treatment  period was 4 weeks. 
* Number  of  samples: six pools of three  animals  for all deter- 

minations. 
Values ? S.E.M. 

Significantly different  than  other  experimental  group,P < 0.05. 
" Significantly different  than  control, P < 0.05. 

presented  above.  The  comparison  between  these 
experiments is shown in Table4. Changes in  cholesterol 
concentrations  varied  within  the  three  experiments 
from  an  increase  of 83% to 3005%; apo B from  an 
increase of  11  1%  to 303%; apo E from a decrease  of 
.59% to 45%. The  direction  of  change was very  con- 
sistent  with  respect t o  cholesterol  apo B and  apo E; 

ot 

VLD L IDL LD L HDLl HDL HD  L3 d > 1.21 

Fig. 2. The  effect of cholesterol  feeding  and  cholesterol  feeding with propylthiouracil  on  the  distribution  of plasma cholesterol. 0, 
Control; R cholesterol-fed; 0 cholesterol-fed with propylthiouracil. Values  based on  three pools  of six rats  per pool. (0) Indicates signif- 
icant difference  from  control, P < 0.05. (t) Indicates significant difference  from  other  experimental  group, P < 0.05. 
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'I'ABLE 3. Distribution of  protein in lipoprotein  fractions 
of control  and  experimental  rats 

Fig. 3. The  effect o f  cholesterol feeding  and cholesterol teeding 
with propylthiouracil  on  the  distrihution o f  plasma triglyceride. 
0 Control; N cholesterol-feed; El cholesterol-fed with propyl- 
thiouracil. Values based on  three pools of 5ix rats per pool. 

however,  there was some  variation in the  magnitude 
of the  response.  The  distribution of a 1 1 0  K and apo E 
showed similar  patterns in an attditional  experiment 
(data  not  shown).  Animals with the largest  increase 
in cholesterol  had  the  highest  increase i n  I D I ,  apo E: 
and  the largest  decrease in HDI, apo k:. 

SDS gel electrophoresis 
Fig. 6 shows the SDS gel electrophoresis  pattern 

of the total  1ipopt.otein fractions (cl < 1.21 giml), anti 
Fig. 7 shows VLDL o f '  control, (;I;, and CF-P'l'CT rats. 
' lhe pictures  ofthe  tlensitonletric  scans ofthe d < 1.2 1 
g/ml gels clemonstrate  that  apo E is lo\vel-in the (:F Iats 
than i n  the control. I11 the  t.ontrol, the majot- apo- 
protein is , \ - I ,  Mhile  in CF-P'I'U rats, apo I.: t,ecotnes 
the  pt.edotninant  apoprotein. \ ' I , I ) I> gels 01'  (:I: rats 
show ;I stronger apo B Ixmd t h a ~  control, \ v i t l t  no 
apparent tlifferetlces f'rom t . o n t ~ ~ ) l  i t1  the apo E o r  a 1 1 0  

' I  ABLE 2. (:otlLelltt-iltiolls o l  total protein , i l l t l  ; I ~ I O ~ ~ ~ ) O ~ ) I " I ~ I I I \  

I3 ;irltl  F. i n  tl <1.21 ginll serum o l  c o n t r o l  a n t l  

experimental rat\" 

t:o111101 ( : l ~ ~ ) l ~ ~ ~ ~ ~ ~ ~ ~ ~ l - l ~ , ( l  i ' ~ o ~ ) \ l ~ l ~ i , ~ ~ t t ~ ~ ~ i l  
~ : t l ~ , l ~ \ l , ~ l # l l -  

(11 = 3)'' ( 1 1  = 3 +  (I1 = 1 ) '  

I ' o t a l  protein", 
nlgidl 1 2 I _f 3" IO2 i :I 1 .io 

..\I"' 8'. lng/dl I O  7t 3 23 ? 1 " 

:\po E", mg/d 24 7t 5 I 3  t 2 
.>:> 
3 ?I 

" I.cngth o f  treattnent  period \vas 6 \zct,ks. 
I' Number of'samples: three p o o l s  o t  six X I ~ I I L I ~ S .  
' Numl)er- o f  samples:  one pool o t  nine atrin1;ds. 
'I Serurn W;IS from an unwashed \ingle \ l ) i n .  
" \';tlrtes 2 S.E.". 
"I'Ll~'-l)~.e[il'itable p r o t e i n  i n  t l  < (.?I gin11 s e r u n ~ .  
" t't-opot.tior1 o t  T M U  soluble pt-orcin :IS tletc~rnlillctl I>\ (Iemsito- 

met1.ic s( ;III o l  SDS gels c ) t .  tl < 1.2 1 g/n11 scrunI. 

302 Journal of Lipid Research \'olume '22. 1981 

~ : o ~ l t r l l l  (:holc~terol-ful (:hl'lc'ltet.ol-Pl~c 

mgIdP 

VLDI." 3.2 (5.6Y 6.1 (11.7) 4.7 (7.2) 
IDI. 1.5 (2.7) 1 1 . 1  (21.6) 22.0  (33.5) 

HDI. 46.4 (82.9) 25.9 (50.4) 25 .5  (38.8) 
1.DI. 4.9 (8.8) 8.2 ( 1  6.0) 13.5  (20.6) 

" A l l  values were obtained  from  duplicate  determinations  on 
t w o  p o o l s  of nine  animals. 

t' Densities used: her) low density lipoproteins (VLDI,), d < 1.006 
girnl: intermediate density lipoproteins  (IDL), 1.006- 1.03 ginll: 
low density lipoproteins (LDL),  1.03- 1.063 gitnl;  high tlensity 
lipoproteins (HDI.), 1.063-1.21 giml. 

c Numhers in parentheses  refer t o  percent of t o t a l  lipoprotein 
pI-otein. 

C regions. VLDL gels o f '  Ck"P'1'U rats  diff'ered  con- 
siderably fl-om both  control  and CF rats;  they con- 
sisted almost en t i t~ ly  of apo B and apo E ,  while (: 
al~olipoproteins weIe greatly IoLvered. 

DIS(:USSION 

'l'he  present  study  describes  apolil~ol~roteitl profiles 
in control and cholesterol-fed  rats ant1 further com- 
p r e s  cholesterol-feci t o  hypothyroid  cholesterol-ted 

Fig. 4. ' 1  he etlkct of ct1olestel.ol Iceding ;~ntl cholebtel-ol feeding 
\ \ i t l l  ~ ~ r ~ ~ ~ ~ y l t h i o u r a c i l  o n  the  disirihution o f  apoli~~oprotcit~ B. 
0 (:ontrol: N ( holesterol-fed: Q cl1olester-ol-fetI w i t h  propyl- 
thiouracil. \';dues bnsed on six p o o l s  of thr-ce rats 1x1- p o o l .  (0) 
Indicares significant difference  trom  control,P < 0 . 0 5 .  ( t )  Indicates 
significant difference fl-om ott1e.l- cspcrirnental group. P < 0 . 0 5 .  
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Fig. 5. The effect of cholesterol feeding and cholesterol feeding 
with propylthiouracil on the distribution of apolipoprotein E. 
0 Cnntrol: EJ cholesterol-fed: E4 cholesterol-fed with propyl- 
thiouracil. Values based on six ptmls of three rats per pool. (0) 
Indicates significant diflerence from contro1.P < 0.05. (t) 1ndicatc.s 
significant difference from other experimental group. P < 0.05. 

rats. I t  should be mentioned that this study cannot 
differentiate between the effects of olive oil and 
cholesterol. Compared to controls, the hypothyroid 
rats weighed less and consumed less food, reflecting 
their metabolic state. We elected not to use pair-fed 
controls for the hypothyroid animals, since this would 
involve comparing a starved rat with one  whose caloric 
intake was in line with its metabolic requirements. 

Agarose electrophoresis provided a means o f  assess- 
ing changes in lipoproteins due  to the CF  and CF-PTU 
regimens. T h e  plasma of CF-PTU animals contained 
VLDL and IDL that had a slower mobility than the 
VLDL and IDL of CF rats and probably represents 
P-VLDL (8). T h e  SDS-PAGE gels of the CF-PTU rats 
showed that the VLDL and IDL fractions contained a 
smaller quantity of C apoproteins than VLDL and I DL 
of CF rats, which may explain their slower mobility 

Fig. 6. SDS-PAGE and densitometric scanning of d < 1.2 1 serum 
from rats: (A) Control: (B) cholesterol-fed: (C) cholesterol-fed 
with propylthiouracil. 

TABLE 4. Comparison of cholesterol-fed and control plasma 
apolipoproteins B and E concentrations 

Experiment Cholesterol .Apii R" .A p' I I.:" 
(Fig. 7). Plasma o f  rats, dogs, and swine fed athero- 
genic diets show HDL,. an a1 migrating particle that 

A (n = 6 p n n l ~ ) ~  I83 211 48 appears primarily in the 1.03- 1 .OX g/ml density range 
(4). A strong a, migrating band, which is probably B (n = 6 p00ls)~ 400 403 41 

C (n = 3 pools)' 366 325 5 I 
HDL,, was detected in the LDL fraction (d 1 .OS- 1.063 
g/ml) of the CF-PTU rats (Fig. 1 C). A lighter band was 
sometimes visible in LDL 01' the CF  rats. These data 
suggest that hypothyroidism plays an important role 
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(percent 0 1  control) 

a Determined by electroimniunoassay. 
b Each pnnl contained equal volumes of plasma from three 

c Each pool contained equal vo~irmesof plasnia from six animals. 
to four animals. 
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A large percentage of VLDL cholesterol in the 
cholesterol-fed rabhit originates from intestinally 
;ibsorhetl exogenous cholesterol a i d  is carried in 
remnant particles formed f'rom chylomicrons (27, 28). 
T h e  large quantity of dietary fat prescntcd to the CF 
r;i t s increases t he  in tes t in a I ch yl( )in icro n product ion 
many-fi)ld (29. 30). O u r  data show that in the CF rat. 
apo  E is greatly diminished in HDI, (by 92%). Since 
apo E transfers from HDL. t o  chylomicrons upon 
exposure ofchylomicrons to serum (3 1 ,  32). the large 
increase o f  chylomicron production that occurs in CF 
rats m a y  he of sufficient magnittide to reduce drastically 
the apo E concentration in HDI,. Subsequently, the 
apo  E hccomcs ;I component of ;I chylomicron rem- 
nant, which the liver removes from the plasma at a 
very fast rate (33). I t  has been suggested that apo E 
provides ch y Iom icron rem n a n t s \vi t h an he pat ic 
recognition signal, allowing the remnant particles 
to be removed by a high-affinity, receptor-mediated 
process (13, 14). Therefore,  we postulate that when 
the liver removes a large mass of chylomicron rem- 
nants from the serum of C F  rats, a concomitantly 
large niass of serum apo E is removed by the liver 
of these rats. This mechanism may be responsible for 
the lower apo  E in the serum and HDL of CF rats. 
However, it cannot be ruled out  at  the present time 
that a decreased HDL apo E secretion by the liver 
may account for the lowered concentration of apo E 
in the serum and HDL of CF rats, since apo  E is 
thought to be primarily synthesized and  secreted by 
the liver as HDL (34). 

Perf'used livers of cholesterol-olive oil-fed rats 
secrete a greater quantity of cl 1.006-1.019 g/ml 
cholesterol into liver perfusates than control livers 
(3.5). Thus,  the liver probably contributes to the IDL 
found in the serum of CF rats, either directly or by 

est increase of apo  E and  apo  R was found in the IDL 
fraction. Since apo  E and apo  R a re  normally compo- 
nents of VLDL derived from the liver (36, 37), the 
IDL apolipoproteins E and  R may be at  least partially 
derived from these lipoproteins prodiiced by the liver. 

T h e  serum concentration of apo  R in CF-PTU rats 
increased from 60 AU for control to 327 AU. This 
increase exceeds the 182 A U  observed in the CF rats. 
No change from control occurred in serum concentra- 
tions of apo  E in the CF-PTU rats, which contrasts 
with a 50% decrease of apo  E concentrations in CF 
rats. T h e  VLDL and IDL of CF-PTU rats contained 
milch greater concentrations of apo  B and apo  E than 
were observed in the CF rats. As with the CFrats, HDL 
apo  E decreased to 8% of control concentrations 
in the serum of CP-PTU rats. T h e  general shifting 

Fig. 7. SI)S-PAC;I.: and densitometric scanning of very low density 

cholcsterol-fed with propylthiouracil. 
lipoprmeins from rats: (.\) Control: (R) c.holesterol-fed; ((:) catabolism of VLDL. 111 the present stllcly, the great- 

in the development of P-VLDL and HDL, in the rat. 
However, the appearance of P-VLDI, and HDL, may 
also be related to attainment of high serum cholesterol 
concentrations (2). 

Apo R increased 2- t o  3-fold i n  the serum of CF 
rats. This increase occurred as a result o f  ;I greatly 
increased amount of apo R in VLDL and IDL. In the 
CF rats, apo  E decreased overall by about 50%. T h e  
apo  E distribution changed, with more appearing i n  
I D L  and much less in HDI, and the d > 1.2 1 g/ml 
f'raction. All HDL subfractions showed a marked de- 
crease of a p  E, and there were no  apparent dif- 
ferences between the subfractions. 
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of apo  E  from  high-density  lipoproteins  to lower- 
density  lipoproteins in hypothyroid  cholesterol-fed 
rats  agrees with the  observations  of  others (8, 9). 

We have  shown  that in hypothyroid  rats  the  con- 
centrations  of  both  apo B and  apo E increase  in  the 
serum (38). Thus,  hypothyroidism  potentiates  the 
apo B increase  induced by the  CF  diets.  The  influence 
of  hypothyroidism  alone on apo  E  concentrations 
could  explain why apo E is lower  in CF but  remained 
unchanged in CF-PTC  animals  from  our  experi- 
ments. Mahley and  Holcombe (8) and  Wong  and 
Rubinstein (9) observed  an  increase in apo  E in hypo- 
thyroid  cholesterol-fed  rats.  However,  there  were 
dif'ftrences in dietary  composition  used in  this  study 
versus  the  above-quoted  reports;  both  studies (8, 9) 
used  diets  containing  fat of animal  origin (5% lard  or 
40% lmtterfat),  and  both  used bile acids.  In  the  pres- 
ent  study,  no bile  acids  were  included  in  the  diet, 
and olive oil was the  source of fat.  This  probably 
explains wh>- apo  E  concentrations  were  unchanged 
in the  serum  of  our  hypothyroid-hypercholesterolemic 
animals. 

There  is evidence  that  the livers of  CF-PTU  rats 
contribute  directly  to  the  increased  apo E, VLDL, 
and IDL concentrations.  Studies  using  perfused livers 
of  rats  fed .?(X cholesterol, 40% butterfat, 0.1 % sodium 
chloride,  and 0.3%) PTC reveal  that  apo E secretion 
by these livers is greater  than  controls (39). Further, 
the livers secrete  a  greater  quantity of VLDL  and  IDL. 
Considering all the  information  available  from  other 
reports, a t  Ieast five possibilities  exist to  explain why 
VLDL  and IDL of CF-PTU rats  are  greater  than in 
control  and CF rats:  increased  hepatic  production 
(39), decreased  hepatic  uptake (40), decreased  periph- 
eral  uptake (41), increased  intestinal  absorption (42), 
o r  most likely some  cornhination  of  the  above. 

These  studies  demonstrate  that  many specific 
differences in the  lipoprotein  profiles  exist  between 
the  euthyroid  and  hypothyroid  cholesterol-fed  rats; 
however,  there  are also  some  fundamental  similarities 
between  these two hypercholesterolemic  models. T h e  
major  differences  are  the  appearance  of  P-VLDL  and 
HDL, in the  hypothJx>id  cholesterol-fed  rats  and  the 
decrease of serum  apo  E  concentrations  in  euthyroid 
cholesterol-fed  rats.  The  distribution  of  serum 
cholesterol  and  apolipoproteins B and E among  the 
lipoprotein  tractions was drastically  altered in both 
groups:  apoproteins  and  cholesterol  were  increased in 
VLDI,  and  IDL  and  reduced  in  HDL.  The  decrease 
in HDL  apo E and  the  increase in IDL  apo  E  in  both 
hypothyroid  and  euthyroid  cholesterol-fed  rats was of 
special  interest.  From  these  data it is apparent  that 
these  similarities arc  the  result of cholesterol  feeding, 

while the  above-mentioned  differences  are  most likely 
due  to hypothyroidism.HB 
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