Decreased receptor-mediated LDL
catabolism in casein-fed rabbits precedes
the increase in plasma cholesterol levels

Pramod Khosla,* Samir Samman,{ and Kenneth K. Carroll

Department of Biochemistry, University of Western Ontario, London, Ontario, Canada

The effect of dietary protein on, in vivo, receptor-dependent and receptor-independent low density
lipoprotein (LDL) catabolism was assessed in rabbits fed semipurified cholesterol-free diets containing
casein or soy protein for 300 days. Plasma cholesterol (7.37 = 0.59 versus 1.84 = 0.28 mmol/L; P <
0.001), LDL cholesterol (2.66 = 0.41 versus 0.67 = 0.10 mmol/L; P < 0.001) and LDL apo B concentra-
tions (1.39 += 0.40 versus 0.54 = 0.12 g/L plasma; P < 0.001) were significantly higher in rabbits fed
casein. Kinetic parameters calculated following the simultaneous injection of radiolabeled native and
methylated LDL showed that in casein-fed rabbits, total LDL apo B fractional catabolic rate (FCR)
was significantly lower (0.64 x 0.11 versus 1.42 = 0.20 pools/d; P < 0.02), and this was due exclusively
to a four-fold reduction in receptor-dependent LDL apo B FCR (0.21 = 0.07 versus 0.86 = 0.10 pools/
d; P < 0.002), since receptor-independent LDL apo B FCR was similar between groups (0.44 + 0.05
versus 0.56 x 0.12 pools/d). In groups of rabbits transferred from a soy protein diet to a casein diet,
total LDL apo B FCR was decreased significantly in rabbits fed casein diet, 5 days after being switched
from the soy protein diet (1.03 = 0.08 versus 1.83 * 0.13 pools/d; P < 0.05). This decrease in total
LDL apo B FCR was due to decreases in receptor-mediated catabolism (0.56 = 0.06 versus 1.03 +
0.14 pools/d; P < 0.001) and receptor-independent catabolism (0.47 = 0.09 versus 0.80 = 0.10 pools/
d; P < 0.05). However, the plasma cholesterol in these casein-fed rabbits was not significantly different
from that observed in soy protein-fed rabbits (2.33 = 0.52 versus 2.02 = 0.39 mmol/Lj. Compared to
soy protein-fed rabbits, the plasma cholesterol was significantly higher when the casein had been fed
for 10 to 25 days, and in these rabbits total LDL apo B FCR was also significantly reduced, due
exclusively to decreased receptor-mediated catabolism. There was a significant inverse correlation in
all rabbits between plasma cholesterol and both total LDL apo B FCR (R = 0.66; P < 0.001) and
receptor-dependent LDL apo B FCR (R = 0.72; P < 0.001). These studies show that down-regulation
of LDL receptors in vivo, precedes the subsequent elevation in plasma cholesterol levels induced by
a casein diet.
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Rabbits fed low-fat, cholesterol-free, semipurified
diets containing casein become hypercholesterolemic,
whereas normal levels of cholesterol are maintained if
the casein is replaced by isolated soy protein.'? The
excess cholesterol in casein-fed rabbits accumulates
in the atherogenic LDL fraction.** The mechanism of
casein-induced hypercholesterolemia has yet to be re-
solved.

In vitro studies by Chao et al.® showed that hepatic
LDL receptor activity was reduced in rabbits fed a
wheat-starch casein diet, in comparison to the activity
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seen in Chow-fed rabbits.” However, because a semi-
purified casein diet was compared to a laboratory
Chow diet, the observed effects on LDL receptor ac-
tivity reported in vitro cannot be attributed to a spe-
cific component of the semipurified diet.

Recent studies from this laboratory, designed spe-
cifically to look at the protein component of the diet,
have shown that the elevated LDL apo B pool size in
casein-fed rabbits, as opposed to rabbits fed soy pro-
tein, is associated with a decreased LDL apo B FCR
and, although the production rates of LDL apo B were
similar between dietary groups, there was evidence
for increased synthesis of LDL apo B from very low
density lipoprotein (VLDL)-independent pathways.®
These differences in LDL apo B FCR could not be
attributed to any functional abnormalities in the LDL
particles.® Also, when rabbits were maintained on
both diets for a longer time period (several months),
the casein-fed rabbits showed an increase in their in-
termediate density lipoprotein (IDL) apo B pool, re-
sulting exclusively from a decrease in the IDL apo B
FCR with no differences between IDL apo B produc-
tion rates.'® Although these results are consistent with
down-regulation of LDL receptors in casein-fed rab-
bits, the fact that LDL can be catabolized via either a
high affinity receptor-mediated process'' or a low af-
finity receptor-independent pathway,'? therefore ne-
cessitates measurement of LDL catabolism via each
of these processes in vivo. Furthermore, the above
studies,*!'" were carried out with the rabbits in a steady
state with respect to intravascular lipoprotein concen-
trations and, therefore, it is not known if the observed
results are a consequence of the hypercholesterolemia
or vice-versa.

Therefore, we investigated the metabolism of LDL
in casein and soy protein-fed rabbits, via both the
receptor-mediated and receptor-independent path-
ways using radiolabeled native and reductively meth-
ylated LDL. (The former is catabolized via both the
receptor-mediated and the receptor-independent
routes, whereas the latter is metabolized exclusively
via the receptor independent route. Thus the differ-
ence is a measure of LDL receptor activity in vivo.
Additionally, we evaluated LDL apo B FCR, progres-
sively, as rabbits were switched from a soy protein
diet to a similar diet containing casein (i.e., during
developing hypercholesterolemia). The FCR is a true
measure of the catabolic efficiency of an animal and its
usefulness as a metabolic indicator has been discussed
previously.!? Furthermore, possible alterations in pool
size during a turnover study do not affect the FCR."

Materials and methods
Animals and diets

Male New Zealand white rabbits were obtained from
Reimen’s Fur Ranches (Guelph, Ontario) at a weight
of 1.5 kg, and maintained on semipurified diets con-
taining casein or soy protein for approximately 300
days (long-term study). In the second study (short-
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TABLE 1 Composition of the semipurified diets (g/kg)

Ingredients?® Casein diet Soy protein diet
Dextrose 600 600
Celluflour 50 50
Casein (vitamin-free) 270° 0
Soy protein isolate 0 275
Salt mix 40 40
Molasses (50% v/v) 30 30
Vitamin mix® 2 2
Corn oil 10 10

2 The vitamins, salt mixture (Philips and Hart salt mixture V), and
"vitamin-free"” casein were obtained from ICN Life Sciences Group,
Nutritional Biochemicals Division, Cleveland, OH. Dextrose was
obtained from Teklad test Diets, ARS/Sprague-Dawley Division of
the Mogul Corporation, Madison, WI. Celluflour was from Chicago
Dietetic Supply House, Chicago, IL. Molasses was obtained from
a locat feed mill, and corn oil from a local supermarket. The soy
protein (Supro 910) was from Ralston Purina Co., St. Louis, MO.

® Casein and soy protein were added in these amounts to provide
25% (wt/wt) protein in the diet.

¢ The composition of the vitamin mixture has been published pre-
viously.

term study), 16 rabbits were maintained on Purina
Rabbit Chow (Ralston Purina, St. Louis, MO) for |
week upon arrival after which they were transferred
to a mixture of Chow and semipurified soy protein diet
as detailed previously.® All rabbits were then fed soy
protein diet for an additional 2 weeks. Following this,
10 rabbits were switched to the semipurified casein
diet, which was fed for 5 days (4 rabbits), 10 days (3
rabbits), or 25 days (3 rabbits). The remaining 6 rabbits
continued on the soy protein diet. The feeding period
was staggered such that the kinetic studies were car-
ried out in all the rabbits at the same time. The compo-
sition of the semipurified diets (Table I) was identical
to those used in previous studies.®10:!4

Isolation, iodination and methylation of LDL

LDL (1.019 < d < 1.063 g/mL) was isolated from the
plasma of Chow-fed rabbits, by sequential ultracentrif-
ugation" in a Beckman 70 Ti rotor (Beckman, Palo
Alto, CA), and washed and concentrated by recentri-
fugation through an equal volume of d = 1.063 g/mL
solution in a Ti 80 rotor. The isolated LDL was dia-
lyzed against 0.15M NaCl/l mM EDTA, pH 7.4, at 4°
C for 24 hr.

The LDL was divided into two aliquots. One ali-
quot was labeled with Na'?’I and the other with Na'*'l
(Amersham, Oakville, Ontario), by a modification'¢ of
the McFarlane method!” as detailed previously.® The
'I-LDL was now reductively methylated with NaBH,
and formaldehyde by the procedure of Weisgraber et
al.,'8 exactly as described.!” Both tracers were steri-
lized as detailed previously.® Both tracers contained
93% of their total radioactivity in apo B as determined
by isopropanol precipitation® and less than 1% as free
iodine.'®
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Protocol for kinetic studies

Thyroidal uptake of radioiodine was minimized by the
addition of Kl (0.1 g/mL)*' to the drinking water of
each rabbit, 2 days before injection of the tracers, and
throughout the duration of the kinetic study.

Each rabbit was injected simultaneously with 2-10
nCi of each tracer via the marginal ear vein. Eight
blood samples were collected from the opposite ear,
into EDTA-coated vacutainers (Becton-Dickinson,
Mississauga, Ontario), from 3 min to 50 h-post-
injection. Plasma apo B radioactivity was deter-
mined.?? Additionally, for the rabbits fed casein or soy
protein for 300 days, aliquots of plasma from each of
the time points for each rabbit were pooled and LDL
isolated from 4-6 mL of pooled plasma by sequential
utlracentrifugation."” The isolated LDL was washed
by respinning once. Following dialysis, LDL protein,?
LDL apo B concentrations,”? and LDL cholesterol
concentrations were determined.

Analysis of results

The plasma apo B radioactivity decay curves were
biexponential, and were resolved by curve peeling into
two components and analyzed by the procedure of
Matthews.?* The FCR for the native “'I-LDL apo B
and the methylated 'I-LDL apo B were calculated.
The former represents the sum of both receptor-
dependent and receptor-independent catabolism,
whereas the latter represents receptor-independent ca-
tabolism. The difference, therefore, is a measure of
receptor-dependent catabolism. In studies where LDL
apo B was also isolated, the LDL apo B FCR was
multiplied by the plasma concentration of LDL apo B
to calculate the absolute catabolic rate (ACR) of LDL
apo B, expressed as g/L plasma/d.

Other analyses

Plasma and LDL cholesterol concentrations were de-
termined using the CHOD-PAP enzymatic Kit
(Boehringer-Mannhein, Montreal, Quebec). Statistical
analyses were carried out using Student’s ¢ test (long-
term study), or by a one factorial ANOVA (short-term
study).

Results
Long-term study

Rabbits maintained on casein or soy protein diets for
300 days had comparable body weights (3.6 = 0.04
versus 3.8 = 0.05 kg). The casein-fed rabbits had a
four-fold elevation in both plasma cholesterol concen-
trations (7.37 = 0.59 versus 1.84 = 0.28 mmol/L; P <
0.001) and LDL cholesterol concentrations (2.66 =+
0.41 versus 0.67 = 0.10 mmol/L; P < 0.001) compared
to rabbits fed soy protein. LDL apo B concentrations
were more than two-fold higher in the casein-fed rab-
bits (1.39 = 0.40 versus 0.54 = 0.12 g/L plasma; P <
0.001) [Figure 1]. The decline in plasma apo B radioac-
tivity for the native *'I-LDL and the methylated '*1-
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Figure 1 Long-term effects of dietary casein and soy protein on
(a) plasma cholesterol; (b} LDL cholesterol; and (c) LDL apo B
concentrations in rabbits. Values are the means = SEM of 4 rabbits
per dietary group. Each value was significantly different between
dietary groups.

LDL tracers is shown in Figure 2. For both groups of
rabbits, the decline in radioactivity for the methylated
tracer was slower than that seen with the native tracer.
For the rabbits fed soy protein, the decline in P*'[-LDL
apo B radioactivity was considerably faster than the
decline in *'I-LDL apo B radioactivity observed in
the casein-fed rabbits.

Table 2 shows the LDL kinetic parameters calcu-
lated from the radioactivity data. Both total and
receptor-dependent LDL apo B ACR were similar
in the two dietary groups. Although receptor-
independent ACR was two-fold higher in the casein-
fed rabbits (0.66 *= 0.27 versus 0.33 = 0.09 g/L
plasma/d), these values did not reach statistical sig-
nificance. The total LDL apo B FCR was significantly
lower in rabbits fed casein as opposed to those fed soy
protein (0.64 + 0.11 versus 1.42 = 0.20 pools/d; P <
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Figure 2 The decline in plasma apo B radioactivity following the
simultaneous injection of "¥'l-native LDL (8—®) and '2*|-methylated
LDL (e—e) into rabbits fed a) soy protein or b) casein for 300 days.
Each point represents the means = SD of 4 rabbits.

TABLE 2 LDL apo B kinetic parameters in rabbits fed casein or
soy protein containing diets for 300 days (long-term study)

Casein diet Soy protein diet
LDL apo B ACR®
Total 0.98 + 0.44 0.72 = 0.10
R 0.66 = 0.27 0.33 = 0.09
RD 0.34 =+ 0.21 0.43 = 0.08
LDL apo B FCR®
Total 0.64 =011 1.42 = 0.207
RI 0.44 = 0.05 0.56 = 0.12
RD 0.21 £ 0.07t 0.86 = 0.10t

Values given are means = SEM of 4 rabbits per dietary group.
3The LDL apo B ACR (g/L plasma/d) was calculated by multi-
plying the LDL apo B FCR® (pools/d) by the LDL apo B concentra-
tion (g/L plasma—Figure 7).

Rl = Receptor-independent; RD = Receptor-dependent.

Mean values sharing a common superscript were significantly dif-
ferent (P < 0.02) as determined using Student’s unpaired ¢ test.

0.02). This was attributable to a four-fold decrease in
the receptor-dependent FCR of LDL apo B (0.21 +
0.07 versus 0.86 = 0.10 pools/d; P < 0.002), since the
receptor-independent FCR of LDL apo B was similar
between dietary groups (0.44 = 0.05 versus 0.56 =+
0.12 pools/d).

Short-term study

Table 3 shows the body weights, plasma cholesterol
concentrations, and LDL apo B FCR in rabbits fed
the soy protein diet or the casein diet for differing
time periods (5 to 25 days). Casein-fed rabbits had
comparable body weights to control rabbits fed soy
protein, with the exception of the rabbits fed casein
for 25 days. The latter were significantly heavier (2.7
+ 0.2 versus 2.4 = 0.1 kg). Additionally, the rabbits
fed casein for 25 days were significantly heavier than
those fed casein for 10 days. With the exception of the
rabbits fed casein for 5 days, all other groups of rabbits
fed the casein diet were significantly hypercholesterol-
emic in comparison to the rabbits fed soy protein (P

TABLE 3 Body weights, plasma cholesterol concentrations, and LDL apo B fractional catabolic rates (total, receptor-independent, and
receptor-dependent) in rabbits fed soy protein or casein for different time periods (short-term study)

LDL apo B FCR (poois/d)

Body weight Plasma cholesterol
Diet (kg) (mmol/L) Total R! RD
Soy protein® 2.4 =012 2.02 = 0.39% 1.83 = 0.139" 0.80 = 0.10/ 1.03 = 0.144m
Casein 5d* 2.6 +01 2.33 + 0.26% 1.03 = 0.08¢ 0.47 = 0.09! 0.56 + 0.06*
Casein 10d° 23x02° 4.73 = 0.03% 0.95 = 0.24" 0.54 £0.20 0.41 = 0.05'
Casein 25d¢° 27 £0.1%® 517 = 0.80% 1.19 = 0.09' 0.62 = 0.04 0.58 = 0.09"

Rl = receptor-independent; RD = receptor-dependent. Superscript numerals refer to the number of rabbits in a given dietary group. Casein
5d, 10 d, & 25 d refer to rabbits fed casein for 5, 10, & 25 days, respectively. Values are mean = SEM.
The data for all 16 rabbits were analyzed with a one-way analysis of variance test. Statistical significance was assessed using Fisher's

Protected Least Squares Difference test. Values sharing a common superscript were significantly different (P < 0.05).
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< 0.05). Amongst the rabbits fed casein, those fed for
10 or 25 days were significantly hypercholesterolemic
compared to those fed only for 5 days. Both total and
receptor-dependent LDL apo B FCR in casein-fed
rabbits were significantly lower than the values ob-
served in rabbits fed soy protein (P < 0.05). The val-
ues obtained were not affected by the time for which
the casein diet was fed. No significant difference was
observed in receptor-independent LDL apo B FCR
between casein- and soy protein-fed rabbits with the
exception of the value obtained for the rabbits fed ca-
sein for 5 days. This value was significantly lower than
the value obtained for soy protein-fed rabbits.

Among the rabbits fed soy protein, the time for
which the diet was fed (long-term versus short-term)
had no influence on plasma cholesterol concentrations
(1.84 = 0.28 versus 2.02 = 0.39 mmol/L), total LDL
apo B FCR (1.42 = 0.20 versus 1.83 *= 0.13 pools/
d), receptor-dependent LDL apo B FCR (0.86 = 0.10
versus 1.03 = 0.14 pools/d) or receptor-independent
LDL apo B FCR (0.56 = 0.12 versus 0.80 = 0.10
pools/d).

For the 24 rabbits used in both studies, plasma cho-
lesterol concentrations showed a strong inverse corre-
lation with both total LDL apo B FCR (R = 0.66; P
< 0.001) and receptor-dependent LDL apo B FCR (R
= 0.72; P < 0.001). There was no significant correla-
tion (R = 0.20; P > 0.10) between plasma cholesterol
levels and receptor-independent LDL apo B FCR
(Figure 3, a-c).

Discussion

In the study presented in this report, we have investi-
gated the effects of dietary protein on LDL metabo-
lism. To our knowledge, this is the first in vivo study
in rabbits, which directly compares the effects of the
dietary protein component (casein or soy protein) on
both receptor-dependent and receptor-independent
catabolism of LDL. Additionally, this is the first study
to investigate the time course of the decrease in LDL
receptor activity induced by a casein diet.

Recent studies from this laboratory, utilizing radio-
labelled lipoproteins, showed that the elevated pool
size of LDL in casein-fed rabbits (compared to rabbits
fed soy protein) was governed by 1) an increase in the
direct synthesis of LDL apo B (i.e., synthesis from
sources other than VLDL apo B catabolism) and 2) a
decrease in the FCR of LDL apo B.® These effects
were not due to the LDL particles per se.® The current
studies show that the decreased LDL apo B FCR in
casein-fed rabbits in a steady state (i.e., with an estab-
lished hypercholesterolemia) is specifically due to the
receptor-mediated pathway, since metabolism via the
receptor-independent route was similar between the
two dietary groups (Table 2). This decrease in LDL
receptor activity in casein-fed rabbits can be attributed
to the high affinity, low capacity EDTA-sensitive bind-
ing site. The latter’s ability to bind LDL in vitro has
been shown to be greatly reduced or totally abolished
in liver membranes from hypercholesterolemic rabbits
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Figure 3 Correlation between plasma cholestero! concentrations
and a) total LDL apo B FCR, b) receptor-independent LDL apo B
FCR, and c) receptor-dependent LDL apo B FCR. The data are
from all 24 rabbits used in both the long-term and short-term stud-
ies. Each point represents the value from an individual animal.
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as opposed to liver membranes of normocholesterol-
emic rabbits.67:35:2

Our studies also show that this decrease in
receptor-mediated I.DL apo B FCR is apparent within
5 days of switching rabbits from a soy protein to a
casein diet, and precedes the subsequent increase in
plasma cholesterol concentrations (Table 3). Our re-
sults, therefore, suggest that casein-induced hyper-
cholesterolemia is a consequence of decreased LDL
receptor activity. The rapidity of this effect suggests
that casein (or some component of casein) has the abil-
ity to directly or indirectly inhibit LDL receptor sta-
tus. Conversely, soy protein has the ability to stimu-
late LDL receptor activity. In support of the latter
hypothesis, it was shown in hypercholesterolemic hu-
man subjects consuming either an animal protein or a
soy protein containing diet, that there was a significant
increase in the LDL receptor activity in mononuclear
cells i7solated from subjects consuming the soy protein
diet.’

Additionally, we found that receptor-independent
LDL apo B FCR was also reduced in rabbits 5 days
after being switched from the soy protein to the casein
diet. The reason for this initial decrease in receptor-
independent LDL apo B FCR is not clear from the
present studies. It may be a consequence of the effects
of the casein diet on general intracellular processes.
However, from both our long- and short-term studies,
it is apparent that once the hypercholesterolemia is
established by feeding casein, the receptor-inde-
pendent pathway has little impact on the LDL. pool,
for the latter is then principally governed by the re-
ceptor-dependent pathway.

The inverse correlation observed between plasma
cholesterol concentrations and both total and
receptor-dependent LDL apo B FCR (Figure 3) is sim-
ilar to our previously observed inverse correlation be-
tween LDL apo B concentrations and total LDL apo
B FCR.? The decrease in FCR with increasing plasma
cholesterol (or LDL apo B) concentrations is consis-
tent with saturation of the removal mechanism. The
non-correlation between plasma cholesterol concen-
trations and receptor-independent LDL. apo B FCR is
further evidence that the receptor-independent path-
way is of minor importance in the metabolic regulation
of plasma cholesterol levels in casein-fed rabbits.

Recently, it has been proposed that casein-induced
hypercholesterolemia occurs in two stages.”®*® Upon
replacing soy protein by casein, there is increased ab-
sorption of cholesterol and bile acid from the gut,
which following transport to the liver, increases the
latter’s content of cholesterol.* The liver then down-
reguiates LDL receptors and/or increases cholesterol
exodus from the liver (by increasing lipoprotein secre-
tion) and inhibits de novo cholesterol synthesis.***
We have shown now that rapid down-regulation of
LDL receptor activity precedes the increase in plasma
cholesterol levels (Table 3). This is also consistent
with the observation that after 3 to 4 days on diet,
casein-fed rabbits excrete less fecal bile acids than
their counterparts fed soy protein.’* Although a ten-
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dency for increased LDL apo B production (with a
significant increase in direct LDL apo B secretion)
was seen in rabbits fed casein for 6 to 9 weeks,? as
opposed to rabbits fed soy protein, no significant ef-
fects on LDL apo B production were discernible when
the rabbits had been fed the diets for 14 to 16 weeks’
or 300 days (current long-term study). With regard to
VLDL apo B, similar production rates were observed
in casein- or soy protein-fed rabbits® and in rats fed
either casein plus cholesterol or those fed soy protein
plus cholesterol.** Collectively, these results suggest
that in response to the increased hepatic intracellutar
cholesterol concentration induced by casein-feeding,
the liver’s primary response is to decrease the number
of LDL receptors (and not to increase lipoprotein se-
cretion). The decrease in LDL receptors increases the
plasma cholesterol concentration. Simultaneously or
at a later stage, the cholesterol synthetic pathway
would be depressed,’®*? thereby delivering less cho-
lesterol into the intracellular hepatic cholesterol pool.
This regulatory mechanism would protect the animal
against further development of hypercholesterolemia
(i.e., produce a steady-state). Hence the down-
regulation of LDL receptors and diminished de novo
cholesterol biosynthesis compensates for the in-
creased intestinal absorption of cholesterol and bile
acids in casein-fed rabbits.

It is, however, still not clear how dietary proteins
exert their effects on LDL receptor status. The ability
of dietary protein to rapidly affect LDL receptors may
be dependent on some amino acid(s) or peptide(s)
which are under hormonal control.* Additionally,
the role of micronutrients in the diet cannot as yet be
excluded.” Further studies are necessary to elucidate
the exact mechanism.
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