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Abstract Normal and streptozotocin (STZ)-diabetic rats were
studied in order to examine the effects of altering the type of
dietary protein on cholesterol homeostasis. Rats were fed a non-
purified or a purified diet containing either casein or soybean
protein. The results obtained on the specific aspects of lipid
metabolism were remarkably similar in control rats fed the non-
purified (Purina Lab Chow) diet or the purified diet with the
soybean protein. However, most of the findings obtained with
the above two groups were different from those obtained with
rats fed the purified diet containing casein. In the latter group,
plasma cholesterol was elevated following a 15-day feeding
period as compared to the other two dietary groups. The excess
plasma cholesterol in the casein-fed group was found in two
lipoprotein fractions with densities of 1.023-1.045 g/m! and
1.045-1.086 g/ml, respectively. The latter lipoprotein fraction
was also enriched with apolipoprotein E. The casein-fed animals
also showed a lower fractional rate of plasma cholesterol es-
terification and an abnormal accumulation of cholesterol in the
body despite inhibition of cholesterol synthesis in the liver and
in the intestines. Twelve to 15 days after the induction of dia-
betes, plasma cholesterol increased to a similar extent in the rats
on all three diets. However, the distribution of cholesterol among
the lipoprotein fractions was markedly different. The percentage
of cholesterol in fractions of d < 1.086 g/ml was increased while
that carried in the fraction of d 1.086-1.161 g/ml decreased in the
rats fed the nonpurified diet and the casein diet. In contrast,
there was no change in the distribution of lipoprotein cholesterol
between the diabetic and the control rats fed the soybean protein
diet. The hepatic synthesis of cholesterol was unaltered in dia-
betic rats fed the nonpurified diet and the purified diet with soy-
bean protein, but was increased 2.4-fold in diabetic rats fed
casein. Intestinal cholesterol synthesis was increased in all three
dietary groups. The increase was highest in the rats fed casein
and lowest in rats fed soybean protein. The rate of sterol synthe-
sis in the kidneys was not significantly affected by the diet or dia-
betes. In all three dietary groups diabetes led to an abnormal ac-
cumulation of cholesterol in the body. This accumulation was
highest in the casein-fed rats and lowest in those fed the soybean
protein diet. The cholesterol content of the kidneys was
markedly increased by dietary casein. Dietary casein increased
the hepatic as well as intestinal synthesis of fatty acids and their
incorporation into triglycerides in the control and in diabetic
rats as compared to the rats fed the other two diets. B These
data suggest that diabetic hypercholesterolemia is due to the in-
creased transport of cholesterol, synthesized de novo by the in-
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testine along with that absorbed (endogenous and/or exogenous)
by the intestine. Dietary soybean protein may be beneficial in
controlling hyperlipidemia but not the hyperglycemia associated
with STZ-induced diabetes. — Kudchodkar, B. J., M-]. C. Lee,
S-M. Lee, N. M. DiMarco, and A. G. Lacko. Effect of dietary
protein on cholesterol homeostasis in diabetic rats. J. Lipid Res.
1988. 29: 1272-1287.
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Both hypertriglyceridemia and hypercholesterolemia
are often associated with diabetes (1). For these and possi-
bly other reasons, diabetes has been recognized as one of
the major risk indicators of premature atherosclerosis (1).
Although rats, the most commonly used animal model in
diabetes research, are normally resistant to dietary cho-
lesterol-induced hypercholesterolemia and atherosclerosis
(2), they become susceptible to this dietary stress follow-
ing streptozotocin- (STZ) or alloxan-induced diabetes (3,
4). Recent findings suggest that intestinal events may trig-
ger both hypertriglyceridemia and the hypercholesterole-
mia seen in diabetic rats (5-8). Accordingly, increased in-
testinal synthesis and lymphatic transport of cholesterol
and triglycerides have been observed in diabetic rats
(5-8). In addition, increased absorption and transport of
both biliary and dietary cholesterol have been found in
these animals (5, 9). The metabolism of bile acids is also
abnormal in diabetic rats as evidenced by a marked in-
crease in the synthesis and pool size of cholic acid (5, 10)

Recent studies have shown that high protein diets may
be effective in the control of hyperglycemia in humans (11,
12) as well as in rats (13). These high protein diets gener-

Abbreviations: STZ, streptozotocin; VLDL, very low density lipo-
protein(s); LDL, low density lipoprotein(s); HDL, high density
lipoprotein(s); LOAT, lecithin:cholesterol acyltransferase; FR, fractional
rate; apo, apolipoprotein.
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ally contain protein from animal sources (e.g., casein)
which has been shown to be hypercholesterolemic in non-
diabetic animals (14, 15). On the other hand, dietary plant
proteins (e.g., soybean protein) have been found to be
hypocholesterolemic in humans as well as in animals with
hypercholesterolemia (14, 15). Furthermore, plant pro-
teins have been shown to prevent the development of
hypercholesterolemia generally seen in rats upon aging
(16) or upon consuming a high fat/high cholesterol athero-
genic diet (14, 15). Although the mechanism of the hypo-
cholesterolemic effect of dietary soybean protein has not
been fully elucidated, a likely mechanism involves the
facilitation of the fecal excretion of neutral sterols and bile
acids due to their reduced absorption (14-16). Because di-
abetes increases both cholesterol and bile acid reabsorp-
tion in rats (5, 9, 10), it was of interest to examine the
effects of the dietary sources of protein on cholesterol
homeostasis in STZ-induced diabetic rats.

EXPERIMENTAL

Animals

Male weanling, Sprague-Dawley rats weighing about
50 g were obtained from SASCO, Inc. (Omaha, NE).
Animals were housed individually in stainless-steel cages
with wire-mesh bottoms in a temperature-controlled
room (20-23°C) with a 12-hr light/dark cycle. They were
fed a pelletized commercial nonpurified diet (Purina Lab
Chow, Ralston Purina Co., St. Louis, MO) and water ad
libitum.

Induction of diabetes

Experiments were performed at three different times.
At all three times animals were handled similarly, except
that in one of the experiments the animals weighed be-
tween 280 and 350 g compared to the animals in the other
two experiments, where they weighed between 180 and
200 g. Each time the animals with slightly higher (about
10-20 g) body weights were made chemically diabetic by
an intraperitoneal injection of STZ at a dose of 50 mg/kg
body weight (7-9). Higher weight animals were chosen
for induction of diabetes because these animals were more
likely to withstand the weight loss induced by drug treat-
ment (13). The nondiabetic control animals received the
injection of buffer alone. After the injection, the animals
had free access to water and the nonpurified diet. Four
days later, glycosuria in the STZ-treated group was
confirmed qualitatively using Ketodiastix reagent strips
and quantitatively by analyzing the glucose content of
blood samples collected from the tail vein into heparinized
micro hematocrit capillary tubes. Animals were con-
sidered to be diabetic when their nonfasting plasma glu-

cose levels exceeded 300 mg/dl. Other criteria of diabetes
were increased food and water intake and urine output.

Diet

Five days following STZ treatment, rats were randomly
assigned to one of the three groups of diabetic rats or one
of the three groups of nondiabetic rats. One group of non-
diabetic and diabetic rats was continued on the non-
purified diet, while the other two nondiabetic and diabetic
groups were switched to experimental purified diets. The
two purified diets were similar in composition with the ex-
ception of the protein source, which was either casein or
soybean protein isolate (22.5%). Other components of the
purified diets were dextrose (53.2%), corn oil (4.5%),
minerals and vitamins (6%), and celufil (3.8%). The pro-
tein (22.5%), carbohydrate (53%), and the fat (4.5%) con-
tent of the nonpurified diet originated from mixed sources
(animals, fish, and vegetables) and its cholesterol content
has been reported to be negligible (between 0.25 and 0.32
mg/g food) (17). The nutrient sources of the purified diets
are precisely formulated and these diets are virtually
cholesterol-free. The purified diets were obtained from
U.S. Biochemical Corporation (Cleveland, OH) in a
pelletized form. Diets were fed ad libitum for a period of
11-15 days before use. Food consumption and body
weights were recorded every 3 days during the study.

Collection of blood and other body tissues

At the end of the experiment, animals were anesthe-
tized with ether. Blood was taken from the inferior vena
cava and transferred to chilled tubes containing EDTA
(ethylene diamine tetraacetic acid) at a final concentra-
tion of 1 mg/ml. Plasma was obtained by low speed cen-
trifugation at 4°C. Aliquots of plasma were taken for the
determination of glucose, cholesterol, and triglyceride
levels as well as for the determination of radioactivity,
lecithin:cholesterol acyltransferase (LCAT) activity, and
for the isolation of lipoproteins. After the removal of
blood, the body was perfused with cold saline. The liver,
kidneys, spleen, heart, lungs, testes, and epididymal fat
pads were removed, rinsed with cold saline, blotted, and
weighed. The gastrointestinal tract was removed. The
stomach, small intestines, and colon were cut and cleaned
thoroughly with water and saline, biotted, and weighed.
After removing the organs, the animals were skinned,
blotted, and skin weights were recorded. The tail was cut
and discarded. The carcass (bone, muscle, central ner-
vous system, etc.) was blotted free of moisture, cut into
small pieces, and weighed. All tissues were stored at
—20°C before analysis. All tissues were used for the
determination of total and esterified cholesterol (liver and
intestines) and radioactivity (synthesis and absorption
studies).
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MATERIALS

Sources of chemicals and reagent supplies were as
follows: [1,2-*H]cholesterol (40 Ci/mmol), [4-'*C]choles-
terol (50 mCi/mmol), and [1-"*CJoctanoate (58 mCi/mmol),
New England Nuclear, Boston, MA; Ecolite, scintillation
fluid, West Chem, San Diego, CA; chemicals for gel elec-
trophoresis, Bio-Rad Laboratories, Richmond, CA. En-
zymatic kits for cholesterol and glucose were from
Boehringer Mannheim, Indianapolis, IN, for triglycer-
ides from Amresco, South, Euclid, OH; cholesterol, tri-
glycerides, standards, streptozotocin, silica gel plates for
thin-layer chromatography, and crystalline bovine serum
albumin (essentially fatty acid-free) were from Sigma
Chemicals Co., St. Louis, MO; Ketodiastix, Miles
Laboratories, Elkhart, IN; heparin-Sepharose CL-6B,
Pharmacia Inc., Piscataway, NJ; Aquacide, L.A., Calbio-
chem, La Jolla, CA. All other chemicals were obtained
from Fischer Scientific Company, Dallas, TX and were
reagent grade or better.

METHODS

Relative rates of synthesis of tissue sterols and
other lipids

In vivo incorporation of [1-'*Cloctanoate into tissue
sterols and other lipids was used as an index of the relative
rate of their synthesis (18). The synthetic rates of tissue
sterols and other lipids were determined only for liver,
small intestines, and kidneys. After being fed the experi-
mental diets for a period of 14-15 days, fasting animals
were given an intraperitoneal injection of 10 uCi of
[**Cloctanoate dissolved in physiological saline. Injection
was given between 8:00 and 9:00 AM and the animals
were killed 1 hr later. Tissues were weighed and stored at
—-20°C until analysis.

Relative rates of cholesterol absorption

Two separate studies were performed. Body weights of
the rats were lower in the first study (nondiabetic, 230~
260 g; diabetic, 170-220 g) than those used in the second
study (nondiabetic, 280-360 g; diabetic, 225-290 g). In
addition, rats in the first study were fed experimental
diets for a period of 11 days, while in the second study
they were fed the diets for a period of 14 days before mea-
suring cholesterol absorption. In both studies, absorption
of [*H]cholesterol was estimated by measuring the differ-
ence between [*H]cholesterol intake and [*H]cholesterol
(and metabolites) recovered in the whole body 38-40 hr
after administration of the label (19). [1,2-*H]Cholesterol,
purified by thin-layer chromatography, was dissolved in
corn oil and a known amount (2.1 pCi) was given by gas-
tric intubation just before the onset of the dark period.
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Twenty-four hours after the animals received the label,
they were fasted for 14-16 hr and then killed. Blood and
tissues were obtained and radioactivity was determined as
described below. Tissues were weighed and stored at
—20°C until analysis.

Isolation of plasma lipoproteins

Plasma, treated with sodium azide (0.01% w/v), was
kept at 4°C and used for the isolation of lipoproteins.
Lipoproteins were isolated within 24 hr of obtaining the
plasma by using a density gradient ultracentrifugation
method essentially as described by Terpstra, Woodward,
and Sanchez-Muniz (20). The procedure was calibrated
in our laboratory by repeatedly determining the density
of successive 1-ml fractions that were removed from the
top of the tubes by a narrow-bore Pasteur pipette. In the
final procedure the following six fractions of different
volumes and densities were collected for the determina-
tion of the distribution of cholesterol and triglycerides:
fraction 1, d < 1.01 g/ml (1 ml); fraction 2, d 1.01-1.023
g/ml (2 ml); fraction 3, d 1.023-1.045 g/ml (2 ml); fraction
4, d 1.045-1.086 g/ml (2 ml); fraction 5, d 1.086-1.161 g/ml
(2 ml); and fraction 6, d 1.161-1.181 g/ml (1 ml). The mean
percentage recovery of cholesterol and triglycerides (sum
of fractions compared to plasma values) was 94 + 4
(range 90-105) and 89 + 3 (range 85-95), respectively.

Heparin-Sepharose chromatography

Fraction 4 (d 1.045-1.086 g/ml) from each dietary
group with and without diabetes, was pooled, dialyzed ex-
tensively (at 4°C 0.01 M Tris-HCL, 0.15 M NaCl buffer,
pH 7.4, containing 0.01% EDTA) and fractionated by
heparin-Sepharose chromatography according to the
method of Shelburne and Quarfordt (21). A buffer con-
taining 2 mM phosphate (pH 7.4) with an initial NaCl
concentration of 0.05 M and a final salt concentration of
1.5 M was used in developing the gradient separations.

Lecithin:cholesterol acyltransferase (LCAT) activity

The initial rate of endogenous cholesterol esterification
was measured by the method of Stokke and Norum (22).
To estimate the amount of LCAT present, the plasma
samples were also assayed by the method of Glomset and
Wright (23) modified to employ high density lipoproteins
(d 1.125-1.21 g/ml) isolated from human plasma as sub-
strate. The details of this method have been described
previously (24).

Analysis of tissues

Total lipids from liver and intestines were extracted by
the method of Folch, Lees, and Sloane Stanley (25). The
washed chloroform layer was evaporated to dryness and
the lipids were redissolved in a known volume of chloro-
form. An aliquot was taken for the separation of lipids by
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thin-layer chromatography. Plates were developed using
hexane-diethyl ether-glacial acetic acid 80:20:1.5 (v/v/v).
The lipid bands were visualized by iodine vapor and
identified by comparison to standards run alongside the
samples. The bands corresponding to phospholipids, tri-
glycerides, and fatty acids were scraped into counting
vials and their radioactivity was determined.

Esterified and unesterified cholesterol (along with
mono- and diglycerides) were eluted with ether. Ether was
evaporated and the residue was dissolved in isopropanol.
Aliquots were then taken for the measurement of choles-
terol and radioactivity. Before counting, the unesterified
cholesterol was precipitated using 1% digitonin in 50%
ethanol (26). Total cholesterol content and radioactivity of
all other tissues were determined after their saponification
with 30% KOH in methanol (17). For smaller tissues the
entire volume was used for the extraction (3x with hex-
ane) of nonsaponifiables. The carcass and the skin ex-
tracts were diluted to a known volume with methanol and
one-fourth of the volume was extracted three times with
hexane. All the hexane extracts were washed with water,
dried, and dissolved in a known amount of isopropanol.
An aliquot was used for counting radioactivity and
another for determining mass. Internal standards of
[*H]cholesterol (for cholesterol synthesis study) and
[**C]cholesterol (for cholesterol absorption study) were
added before extraction to correct for methodological
losses. The radioactivity of all samples was determined by
counting in a Packard Scintillation counter using Ecolite
scintillation fluid. Quenching was corrected for by using
an external standard.

Analytical procedures

Plasma glucose and plasma and lipoprotein triglyceride
were measured by using respective enzymatic reagent
kits. Plasma and lipoprotein fractions were extracted with
isopropanol before measuring free cholesterol enzymati-
cally and total cholesterol chemically (27). Total, free, and
esterified cholesterol (separated by TLC) of other body
tissues were quantitated chemically (27). Protein concen-
tration was determined as described by Markwell et al.
(28) using bovine serum albumin as standard. Gradient
polyacrylamide gel electrophoresis (PAGE) was performed
in the presence of 0.1% (w/v) SDS, according to the
method of Laemmli (29).

Calculations

Esterified cholesterol levels in plasma and lipoprotein
fractions were calculated by subtracting free cholesterol
values from total cholesterol values. Fractional rate of
[*H]cholesterol absorption was calculated as follows: per-
cent [*H]cholesterol absorbed = (total [*H]cholesterol
found in the body + total [*H]cholesterol fed) x 100.

Whole body cholesterol mass equalled the sum of the total
cholesterol mass in each tissue. In this study, it was
deemed desirable to separate retention of cholesterol due
to growth from the abnormal accumulation of cholesterol
in the tissues studied. Data available in the literature sug-
gest that in growing rats fed chow (nonpurified) diet the
cholesterol content of a tissue is generally proportional to
the weight of that tissue. Therefore, an increase of cho-
lesterol per unit weight of tissue is most likely to be due
to an abnormal retention of cholesterol in that tissue. This
assumption may not be valid in diabetic rats, where some
tissues lost weight while others gained weight. In addition,
data available in the literature on tissue cholesterol levels
of starving animals (30) suggest that loss of tissue weight
may not result in a proportionate loss of cholesterol from
that tissue. Consequently, the cholesterol content of the
tissues under these conditions shows an increase when it is
expressed per unit weight of the tissue. We have therefore
calculated the prediabetic weight for each tissue by multi-
plying the prediabetic body weight by the mean tissue
weight (g/g body weight) for the rats fed nonpurified con-
trol diet. The cholesterol content of each tissue was then
calculated by multiplying tissue weight (g) by the cho-
lesterol content (mg/g) of that tissue in control rats. The
difference between the calculated value (expected cho-
lesterol content of the prediabetic tissue) and the actual
observed value was assumed to represent the change in
the tissue cholesterol content due to diabetes in rats fed
the nonpurified diet and due to diabetes and diet in
animals fed the purified diet (specific diets were fed only
after the induction of diabetes). If the tissue was losing
weight, then an increase in the cholesterol content of that
tissue was considered abnormal. If a tissue was gaining
weight, then the expected change in cholesterol mass due
to growth was calculated in order to determine whether
there was any abnormal accumulation of cholesterol in
the growing tissue. If there was no difference between the
calculated and observed value for cholesterol mass, then
the increase in the cholesterol content of the growing tis-
sue was considered to be due to growth. If there was an
increase over and above the value expected due to the
growth of the tissue, then it was considered to be due to
an abnormal accumulation of cholesterol in that tissue.

Statistical methods

One-way analysis of variance was performed to see
whether any significant differences occurred among
dietary groups within the nondiabetic and diabetic
groups. Newman-Keul’s test was performed to determine
the significant difference between pairs of means. The
Student’s unpaired ¢-test was performed to examine the
differences between the nondiabetic and diabetic rats
within each dietary group. Correlational analyses were
performed using linear regression procedure (31). A prob-
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ability of 0.05 or less was accepted as statistically sig-
nificant. Values reported in the text and in the tables
represent mean + standard error of the mean (SEM).

RESULTS

Animals with higher body weights were used in one
experiment to study the effects of diabetes on the distribu-
tion of cholesterol and triglycerides in plasma lipoprotein
fractions and on tissue cholesterol levels. Cholesterol ab-
sorption was also determined in these rats. Whereas the
levels of plasma glucose and the rate of cholesterol absorp-
tion of the heavier rats were similar to those of lighter rats
used in the other two studies, the plasma cholesterol and
triglyceride levels were higher in the heavier rats by about
5-15 mg/dl. Upon induction of diabetes, the degree of
change in plasma lipids, glucose, and in cholesterol ab-
sorption was similar to that seen in smaller animals. Since
the heavier animals were evenly distributed among the six
experimental groups, the data on plasma lipids, plasma
glucose, and the fractional rate of absorption from these
animals were combined with that from lighter rats.

Food intake and body weight

The food intake and the weight gain of nondiabetic rats
fed the nonpurified or the purified diets were similar
(Table 1). Following STZ treatment, the food consump-
tion increased to a similar extent in all three dietary
groups (Table 1). However, regardless of diet, all the dia-
betic rats had lower body weights compared to the
animals of the respective control groups (Table 1).

Plasma glucose

Fasting plasma glucose was not significantly influenced
by the different diets in control rats (Table 1). Although
the levels increased in all three dietary groups upon STZ
administration (Table 1), the hyperglycemia was much
less pronounced in the group fed the purified diet contain-
ing casein (194.5 + 11.8 mg/dl) as compared to the groups
fed the purified diet containing soybean protein (270 +

12.3 mg/dl) or the nonpurified diet (276.2 + 22.3 mg/dl).

Plasma triglycerides and their distribution
among lipoproteins

Plasma triglyceride levels (Table 1) were similar in the
two groups fed the purified diets (casein, 114 + 3.8 mg/dl;
soybean protein 120.6 + 7.2 mg/dl) and were significantly
higher than those of the group fed nonpurified diet
(99 + 3.3 mg/dl). The onset of diabetes resulted in
significant increases in the plasma triglyceride levels of all
three dietary groups (‘Table 1).

Less than 5% of the plasma triglycerides was found in
the lipoprotein fractions of d > 1.045 g/ml. This distribu-
tion was not affected by diet or by the onset of diabetes.
Diet but not diabetes caused a change in the distribution
of triglycerides among the lipoprotein fractions of d <
1.045 g/ml. In the animals fed soybean protein, about 6%
of the triglycerides was located in the lipoprotein fraction
with d 1.023-1.045 g/ml; about 4% in the fraction with
d 1.01-1.023 g/ml, and about 88% in the fraction with
d < 1.01 g/ml. In contrast, in the casein-fed animals, 11%
was found in the fraction with d 1.023-1.045 g/ml, 7% in
the fraction with d 1.01-1.023 g/ml, and only 78% in the
fraction with d < 1.01 g/ml. The corresponding values

TABLE 1. Body weights, foed intake, plasma cholesterol, triglycerides, and glucose levels in nondiabetic and diabetic rats fed a nonpurified
diet or a purified diet containing casein or soybean protein

Experimental Group

Purified Diet

Nonpurified Diet Casein Soybean Protein
Parameter Nondiabetic Diabetic Nondiabetic Diabetic Nondiabetic Diabetic
Body weight (g) 250 + 7 235 + 9 254 + 9 207 + 9* 261 + 11 213 + 8*
(13) (14) (13) (13) (13) (13)
Food intake (g/day) 23.3 + 1.0 35.7 + 1.4* 22.6 + 0.4 33.2 + 1.2* 23.4 + 0.9 33.3 + 1.3*
(10) (10) (10) (10) (10) (10)
Concentration in plasma
Cholesterol (mg/dl) 86.4 + 3.1° 1156 + 3.1%* 108.1 + 3.5 138.7 + 3.9 80.0 + 3.5° 108.1 1+ 4.8
©) (10) (10) (10) © ©
Triglycerides (mg/dl) 99.0 + 3.3° 175.8 + 14.0* 114.0 + 3.8 200.9 + 17.6* 120.6 + 7.2° 165.2 + 84*
(1) (12) (11) (11) (10) (10)
Glucose (mg/dl) 144.0 + 8.9 276.2 + 22.3%* 141.3 + 7.7 1945 + 11.8* 155.2 + 8.6 270.1 + 12.3%*
©) (10) ©) (10) ©) (10)

Data represent the mean + SEM of values obtained in the number of animals shown in parentheses. Values without common superscript letters

denote significant differences (P < 0.05) among diets.

*Denotes significant difference (P < 0.05) between nondiabetic and diabetic groups on the same diet.
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for the animals fed the nonpurified diet were 7%, 6%, and
84% of the total plasma triglycerides, respectively. The
differences among the three dietary groups in the tri-
glyceride content of the lipoprotein fraction of d < 1.01
g/ml were statistically significant (data not shown).

Plasma cholesterol and its distribution
among lipoproteins

Total cholesterol levels of the plasma were significantly
higher in the casein-fed group (108.1 + 3.5 mg/dl) as com-
pared to those fed soybean protein (80 + 3.5 mg/dl) or the
nonpurified diet (86.4 + 3.1 mg/dl). The difference in
plasma cholesterol levels between the latter two groups
was not significant (Table 1). In each dietary group, the
onset of diabetes was associated with increased plasma
cholesterol levels (Table 1). Although the diabetic group
fed the casein diet had the highest levels of plasma cho-
lesterol, the increase from the control values (30 mg/dl)
was similar to that seen in the groups fed soybean protein
(28 mg/dl) or the nonpurified diet (29 mg/dl).

The distribution of total cholesterol and the percentage
of esterified cholesterol in the isolated plasma lipoprotein
fractions are given in Table 2. Only a minor portion

(3-5% of the total) of the cholesterol was found in the
lipoprotein fraction of d 1.161-1.181 g/ml. The cholesterol
content of this fraction was not affected by either diet or
the onset of diabetes (Table 2). In the control rats fed the
nonpurified diet, the levels of plasma cholesterol as well as
its distribution among the lipoprotein fractions were
remarkably similar to the group fed the purified diet con-
taining soybean protein. The only difference was a small
but significant increase in the amount of cholesteryl esters
in the fraction of d <1.01 g/ml in the former group
(Table 2). In the group fed the casein diet, the cholesterol
levels increased in all lipoprotein fractions except in the
one with d 1.086-1.161 g/ml. The greatest and most
significant increases were seen in the fractions with
d 1.023-1.045 g/ml and d 1.045-1.086 g/ml. These frac-
tions were also significantly enriched with esterified cho-
lesterol (Table 2). The proportion of cholesterol among
the fractions of density 1.023-1.045, 1.045-1.086, and
1.086-1.161 g/ml was 18%, 34%, and 32% in the rats fed
casein diet, and 12%, 32%, and 40% in the corresponding
density fractions for the rats fed soybean protein or the
nonpurified diet (Table 2).

In the rats fed the nonpurified diet or the casein diet,
STZ treatment resulted in increases in the amount of

TABLE 2. Cholesterol levels in different density fractions of plasma lipoproteins in nondiabetic and diabetic rats fed a nonpurified diet
or a purified diet containing casein or seybean protein

Experimental Group

Purified Diet

Nonpurified Diet Casein Soybean Protein
Density
Fraction Parameter Nondiabetic Diabetic Nondiabetic Diabetic Nondiabetic Diabetic
g/ml

<1.01 Total cholestero] (mg/dl) (7.3 17.0"; 9.5 18.3”; 7.6 9.4
8.0) (14.3)™ (8.4) (13.1)"* (9.0) (8.5Y

Esterified cholesterol (%) 46.3° 48.8% 46.4° 53.0% 42.¢6° 42.1

1.01-1.023 Total cholesterol (mg/dl) 2.4 5.1%* 4.2 6.0¢ 2.5¢ 2.6°
(2.6) (4.3)" (3.7 (4.3)¢ (2.9) 2.3y
Esterified cholesterol (%) 60.9 66.6* 62.7 67.0 59.8 64.1°

1.023-1.045 Total cholesterol (mg/dl) (12.3“ 20.4"'; 20.2‘b 25.6"‘{ 9.5° 14.6°
13.6) (17.3)™ (17.9 (18.1) (11.3y (13.1)

Esterified cholesterol (%) 69.7° 75.6™ 75.52 76.9" 68.3') 68.8°
1.045-1.086 Total cholesterol (mg/dl) 27.7° 40,9% 38.8”& 47.1% 26.8° 35.9

(30.5)° (3¢.2)* (34.4 (33.6) (31.8)° 32.6
Esterified cholesterol (%) 76.4° 82.2* 81.22 82.5% 74.52 (77.02'
1.086-1.161 Total cholesterol (mg/dl) (ig.s 31.6‘: 35.5 39.0‘; 34.4 44.4
&Y (26.9)" {31.6 (27.8)"* (40.7y° 40.5)
Esterified cholesterol (%) 81.8 81.8 82.0 82.1 81.2) (83A2)

1.161-1.181" Total cholesterol (mg/dl) 4.3 35 4.6 4.6 3.6 3.2
(4.8) 2.9 (4.0) (3.3) 4.3) (3.0)

) Data represent the mean value for three animals lin each group except the nonpurified diet-fed diabetic group where it is for four animals. For
vxsua! clarity SEM values have not been given. Values without common superscript letter denote significant difference (P < 0.05) among diets. Num-
bers in parentheses represent the mean value for the percentage distribution of lipid among the different density fractions.

¥ Esterified cholesterol concentration was not measured.

*Denotes significant difference (P < 0.05) between nondiabetic and diabetic groups on the same diet.
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cholesterol in all lipoprotein fractions except in the one
with the density 1.086~1.161 g/ml. As a resuit, the propor-
tion of cholesterol carried in the fraction with d 1.086-
1.161 g/ml significantly decreased while that carried in
others increased. In contrast, diabetes had no effect on the
distribution of cholesterol among plasma lipoprotein frac-
tions in rats fed the soybean protein diet. The excess cho-
lesterol was distributed among all the fractions (Table 2).

Distribution of apolipoprotein E among the isolated
lipoprotein fractions

Analysis of the lipoprotein fractions of densities 1.045-
1.086 and 1.086-1.161 g/ml, by SDS-PAGE revealed that,
in control rats, both of these fractions contained apoCs,
apoA-1, apoE, and apoA-1V, and some minor amounts of
apoB. However, the same lipoprotein fractions obtained
from the diabetic rats had markedly decreased contents of
apoE. These changes were not due to the redistribution of
apokE to the fractions of d < 1.045 g/ml as these fractions
also contained markedly low amounts of apoE (data not
shown). Because the lipoprotein fraction with d 1.086-
1.161 g/ml contained some serum albumin, only the frac-
tion with d 1.045-1.086 g/ml from control and diabetic
rats was subfractionated by heparin-Sepharose chroma-
tography for the estimation of the apoE-enriched compo-
nent. Equal amounts of protein (300 ug) were loaded on
the column and the subfractions were eluted with a step-
wise gradient as described in Methods. Elution profiles
are shown in Figs. 1 A-C. Among the control rats, the
heparin-Sepharose-bound, apoE-enriched fraction was
highest in the group fed the casein diet and lowest in rats
fed the soybean protein diet. In diabetic animals, this
fraction was markedly reduced from the respective control
levels in all three dietary groups (Figs. 1 A-C). In diabetic
animals, whether or not the bound fraction contained
apoE or apoB was not determined.

Plasma cholesterol esterification

The fractional rate of plasma endogenous cholesterol
esterification (FR) was 15.3 + 0.7% -hr™' for the group
fed the nonpurified diet. This value was not significantly
different from the FR of the group fed the soybean protein
diet (15.6 +0.93% -hr!). The FRs in both the above
groups were significantly higher than that observed for
the group fed the casein diet (10.3 + 0.92% -hr™!). Upon
induction of diabetes, FR increased to 12.6 + 1.2% -hr™*
in the group fed the casein diet. In the groups fed non-
purified diet and the soybean protein diet, diabetes had
no significant effect on the esterification of endogenous
plasma cholesterol (FR = 14.0 + 1.2% -hr™ and 14.2 +
1.11% -hr™?, respectively). The FR (% -hr' measured
using an exogenous substrate was affected neither by the
diet nor by diabetes. In the nondiabetic versus diabetic
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Fig. 1. Distribution of apolipoprotein E-enriched fraction in the
lipoprotein fraction with density 1.045-1.086 g/ml. Three hundred
microgram samples of protein from nondiabetic (——) and diabetic (---~)
rat plasma lipoprotein fraction of d 1.045-1.086 g/ml were applied to a
heparin-Sepharose column (2.5 x 12 cm) and eluted with stepwise salt
gradient (0.05 M and 1.5 M NaCl). The flow rate was 30 ml/hr and 2-ml
fractions were collected. Panel A: rats fed the nonpurified diet; panel B:
rats fed the purified diet containing casein; panel C: rats fed the purified
diet containing soybean protein.
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animals these values were, respectively: 4.7 + 0.7 and
46 + 0.2 in the nonpurified diet group, 4.8 + 0.4 and
5.1 + 0.8 in the casein-fed group, and 5.3 + 0.8 and
5.8 + 0.3 in the soybean protein-fed group.

Cholesterol absorption

In the control rats, the fractional rate (FR) of choles-
terol absorption was significantly higher in the group fed
the casein diet (71.7 + 1.3%) than in the group fed soy-
bean protein diet (64.2 + 0.8%) or in the group fed the
nonpurified diet (65.1 + 1.3%). The differences between
the latter two groups were not significant. In each of the
three dietary groups, diabetes resulted in an increase in
the fractional rate of cholesterol absorption. This increase
was significant in the groups fed the nonpurified diet and
the group fed the purified diet with soybean protein, but
not in the group fed the casein diet. The FRs of absorp-
tion following STZ treatment were: 73.6 + 1.8%,
759 + 21%, and 71.4 + 0.9%, respectively, for the
groups fed the nonpurified diet or the purified diet con-
taining casein or soybean protein.

Hepatic cholesterol content and the rates of
lipid synthesis

The weights of the livers of the control rats were not
significantly different among the three dietary groups. In
diabetic rats, the liver weights were significantly increased
in groups fed the nonpurified diet and the soybean protein
diet (Table 3). The changes in the hepatic unesterified
cholesterol (UC) associated with diabetes were due to the
increase in the weight of the tissue. In control rats, the
mass of hepatic esterified cholesterol (expressed as mg or
mg/g of tissue) was significantly higher in rats fed casein
diet as compared to those fed soybean protein or the non-

purified diet. The onset of diabetes was associated with a
significant increase in the cholesteryl ester content of the
liver in each dietary group (whether expressed as mg or
mg/g of liver tissue). The increase was smallest in the
group fed the soybean protein diet.

The rate of cholesterol synthesis (as measured by the in
vivo incorporation of [1-'*CJoctanoate) was significantly
lower in rats fed the casein-containing diet as compared
to the rats fed the soybean protein or the nonpurified diet
(Table 3). The rate of cholesterol synthesis per gram of
liver tissue was not affected by STZ treatment in the
groups fed the soybean protein diet or the nonpurified
diet, but was increased 2.4-fold in the group fed the casein
diet. The total radioactivity found in the esterified
cholesterol fraction was similar in all three dietary groups
and was not significantly affected by the onset of diabetes
(Table 3).

In the control animals, the synthesis of fatty acids was
higher in the group fed the casein diet than in the groups
fed the soybean protein or the nonpurified diet. In each
group, the onset of diabetes was associated with a sig-
nificant decrease in the rate of fatty acid synthesis.
However, this decrease was only 14% in the animals fed
casein compared to 30% in the animals fed the soybean
protein diet and 42% in the animals fed the nonpurified
diet. Incorporation of the newly synthesized fatty acids
into hepatic triglycerides was significantly higher in the
animals fed casein as compared to those fed soybean pro-
tein or the nonpurified diet. The radioactivity incorpo-
rated into triglycerides decreased as a result of STZ treat-
ment in all three dietary groups (Table 3). In the control
animals, the rate of newly synthesized fatty acid incorpo-
ration into phospholipids was similar in all three dietary
groups. The onset of diabetes was associated with in-

TABLE 3. Hepatic cholesterol levels and the in vivo rate of incorporation of [1-'*Coctanoate in lipids in nondiabetic rats fed a nonpurified
diet or a purified diet containing casein or soybean protein

Purified Diet

Nonpurified Diet Casein Soybean Protein
Parameter Nondiabetic Diabetic Nondiabetic Diabetic Nondiabetic Diabetic
Weight (g) (n=13) 8.1 + 0.2 10.0 + 0.3"* 7.6 + 0.2 7.70 + 0.4 7.5 + 0.30 8.4 1+ 0.3
Cholesterol (n = 13)
Unesterified (mg/g) 2.26 + 0.05 2.17 + 0.07 2.22 + 0.05 2.23 + 0.03 2.23 + 0.03 2.27 + 0.06
Esterified (mg/g) 0.43 + 0.10° 0.61 + 0.03%* 0.69 + 0.03° 0.79 + 0.05* 0.40 + 0.02° 0.46 + 0.02*
Incorporation of ['*CJoctancate
in lipids (dpm x 10%) (n = 5)
Unesterified cholesterol (dpm/g) 13.6 + 1.4 13.7 + 0.6 5.7 + 0.8 13.7 £ 1.1* 158 + 2° 142 + 1.4
Esterified cholesterol (dpm/g) 1.6 + 0.1 1.1 £+ 0.2* 2.3 £ 05 1.5 £ 0.2 1.5 + 0.1 1.2 + 0.2
Fatty acids (dpm/g) 14.2 + 2.0° 6.2 + 0.7 29.1 + 1.0% 24 + 1.5 21.5 + 2.9% 13.3 + 0.8
Triglycerides (dpm/g) 1.9 + 0.20° 1.0 £ 0.1% 6.6 + 1.1 48 + 0.4 2.8 1 0.4° 1.8 + 0.3%*
Phospholipids (dpm/g) 459 + 4.9 49.9 + 4.1% 47.1 + 4.2 57.0 + 4.2° 45.4 + 4.0 42,6 + 1.2°

Data represent mean + SEM values obtained in the number (n) of animals shown in parentheses. Values without common superscript letters denote

significant differences (P < 0.05) among diets.

*Denotes significant difference (P < 0.05) between nondiabetic and diabetic groups on the same diet.
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creased rates of incorporation of fatty acids into phospho-
lipids in the animals fed the casein diet and the non-
purified diet but not in those fed the soybean protein diet.

Cholesterol content and the rate of lipid synthesis
of the small intestine

The weight of the intestines did not differ significanily
among the three control groups. However, the onset of
diabetes resulted in a significant increase in the weight of
the intestines in each group. The (UC) content of the in-
testines was not significantly different among the control
groups (Table 4). Significant increases in tissue UC seen
within each group upon STZ treatment became nonsig-
nificant when the data were expressed on the basis of the
unit weight of the tissue (mg of UC/g of intestinal tissue).
The esterified cholesterol (CE) content of the intestinal
tissue was significantly higher in the casein-fed rats as
compared to rats fed the soybean protein diet but not the
rats fed the nonpurified diet. The differences between the
latter two groups were not significant. Within each group,
the onset of diabetes resulted in significant increases of
tissue CE content based on the total amount of CE
present but not when expressed as the mg of CE per gram
of tissue (Table 4).

Among the three nondiabetic groups, the animals fed
the casein diet had lower rates of intestinal cholesterol
synthesis compared to the other two groups. However,
these differences were not statistically significant. The
rate of intestinal cholesterol synthesis was significantly
increased in each group following STZ injection. The in-
crease was 2.4-fold in the group fed casein and about
1.5-fold in the other two groups. The incorporation of

label ([1-*C]octanoate) into CE was not significantly
different among the three control groups. Within each
group, the incorporation of the label into CE was in-
creased with the onset of diabetes (Table 4).

In the nondiabetic animals, the rate of intestinal fatty
acid synthesis was significantly higher in the animals fed
casein as compared to the other two groups. These syn-
thetic rates increased in each group following STZ treat-
ment but the increases were not significant in the animals
fed the soybean protein diet and the nonpurified diet once
the data were normalized with respect to tissue weight
(Table 4). The incorporation of the newly synthesized
fatty acids into triglycerides was higher in the animals fed
casein compared to the soybean protein-fed group, which
in turn was higher than in the group fed the nonpurified
diet. The onset of diabetes was associated with decreased
incorporation of radioactivity into the triglyceride frac-
tion in each dietary group compared to their respective
controls, The decrease was 73% in animals fed the soy-
bean protein diet, 43% in the casein-fed, and 46% in the
nonpurified diet-fed groups (Table 4). The rate of phos-
pholipid synthesis in was higher in the group fed the
casein diet compared to the other two groups. The in-
crease in the rate of phospholipid synthesis observed upon
STZ treatment was abolished when the data were normal-
ized on the basis of tissue weights (Table 4).

Cholesterol content and lipid synthetic rates
in kidney tissue

The weights of the kidneys were similar in the three
nondiabetic groups. However, following the onset of dia-
betes, renal tissue weights were significantly increased in

TABLE 4. Intestinal cholesterol levels and the in vivo rate of incorporation of [1-'*Cloctanoate in lipids in nondiabetic rats fed a nonpurified
diet or a purified diet containing casein or soybean protein

Experimental Group

Purified Diet
Nonpurified Diet Casein Soybean Protein
Parameter Nondiabetic Diabetic Nondiabetic Diabetic Nondiabetic Diabetic
Weight (g) (n=8) 6.53 + 0.26 10.34 + 0.78* 5.83 + 0.20 8.73 + 0.47* 6.27 £ 0.2 8.63 + 0.71*
Cholesterol (n = 8)
Unesterified (mg/g) 2.23 + 0.07 2.19 + 0.5 2.23 £ 0.03 2.26 + 0.07 2.25 + 0.08 2.34 £+ 0.07
Esterified (mg/g) 0.13 + 0.01* 0.15 + 0.02 0.16 + 0.01° 0.15 + 0.01 0.11 + 0.01%  0.12 + 0.07
Incorporation of ['*C]octanoate
in lipids (dpm x 10%) (n = 5)
Unesterified cholesterol (dpm/g) 15.8 £ 1.5 24.8 + 5.0 12.7 + 0.8 30.9 + 5.2* 153 + 1.8 23.3 + 3.1*
Esterified cholesterol (dpm/g) 1.7 + 0.22 3.0 + 0.9 1.7 £ 0.2 3.3 + 0.5 1.5 + 0.3 2.4 + 0.4
Fartty acids (dpm/g) 14.9 + 0.35° 13.8 + 0.26 202 + 1.95%  46.1 1+ 6.4 18.0 + 1.9 22.0 + 3.2°
Triglycerides (dpm/g) 9.2 £+ 2.0 5.0 + 0.05% 18.6 + 3.5 10.7 & 1.8* 129 + 1.3 3.5 + 0.28*
Phospholipids (dpm/g) 75.0 + 5.6° 64.4 + 2.7° 108.0 + 5.0° 122.6 + 9.3 77.9 + 4.7° 83.5 + 10.4°

Data represent mean + SEM values obtained in the number (n) of animals shown in parentheses. Values without common superscript letters denote

significant differences (P < 0.05) among diets.

*Denotes significant difference (P < 0.05) between nondiabetic and diabetic groups on the same diet.
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each group (Table 5). Cholesterol content of the kidneys
was higher in the casein-fed animals compared to the
other two groups. Total cholesterol content of kidneys was
increased significantly in all three dietary groups follow-
ing the onset of diabetes. When normalized to tissue
weight, the total cholesterol content of the kidneys was
similar to the respective control values in the groups fed
the nonpurified and the soybean protein diet. However,
the renal cholesterol content of the casein-fed animals in-
creased further upon STZ treatment. Although renal
sterol synthesis per unit weight tended to be lower in
casein-fed control animals, the differences seen among the
three groups were not significant. The onset of diabetes
was associated with a small decrease in the sterol synthesis
of kidneys in the animals fed the nonpurified diet and a
small increase in the animals fed casein diet. There was
no change with the onset of diabetes in the renal sterol
synthesis of the animals on the soybean protein diet
(Table 5).

Total fatty acid synthesis was increased significantly in
the casein-fed control animals compared to the other two
dietary groups. Total fatty acid synthesis increased follow-
ing STZ treatment in all three dietary groups. On the
basis of unit weight, the fatty acid synthetic rates follow-
ing the onset of diabetes were similar in each group com-
pared to their respective control values (Table 5).

Relationship between tissue weight and
cholesterol content

In control rats, the diet had no significant effect on total
body weight (Table 1) or on the wet weight of most of the
tissues examined. The wet weights of most tissues were
remarkably similar when normalized to total body weight
(g/100 g body weight). The weights of colon, lungs, and
kidneys tended to be lower and that of the skin higher in
the groups fed the purified diet (Table 6).

The average (mean + SEM) cholesterol concentrations
(mg/g wet tissue weight) obtained for a number of tissues
of control rats are presented in Table 6. The cholesterol
content of the whole body as well as that of the individual
tissues were remarkably similar between animals fed the
nonpurified diet or the purified diet containing the soy-
bean protein. Two exceptions were the kidneys and lungs
in which the cholesterol contents were higher in the
animals fed the nonpurified diet compared to the group
fed the soybean protein diet. When the data were com-
puted on the basis of equal body weight (315 g), the
casein-fed animals showed an “abnormal” accumulation of
52 mg of cholesterol in the whole body as compared to the
animals fed soybean protein during the 15-day study
period. The excess cholesterol was located mostly in the
carcass (30 mg), the remainder being distributed as fol-
lows: skin (7 mg), blood (6 mg), liver (3 mg), kidneys
(1 mg), lungs (1 mg), and epididymal fat (0.4 mg).

The animals lost weight following the onset of diabetes
(25% in animals fed casein, 21% in animals fed soybean
protein, and 17% in animals fed the nonpurified diet).
The changes in individual tissue weights (calculated as
outlined in the Methods section) were also affected by the
type of diet, ie., purified versus nonpurified diet. Within
the purified diet groups, the source of dietary protein, i.e.,
casein versus soybean, had no major effect. Whereas the
liver, stomach, intestines, colon, and kidneys gained
weight in animals fed the nonpurified diet. On both types
of diets, all other tissues studied lost weight to a similar
extent with the exception of the epididymal fat pads,
where the loss was severe (about 70% on the purified diet
and about 40% on the nonpurified diet). On both types
of diets the loss of weight for heart tissue was about 10%
and for the other tissues, between 20 and 30% (Table 7).

Cholesterol contents expressed on the basis of tissue
weight (mg/g) increased markedly with the onset of dia-

TABLE 5. Kidney cholesterol levels and in vivo rate of incorporation of [1-"*Cloctanoate in lipids in nondiabetic rats fed a nonpurified diet
or a purified diet containing casein or soybean protein

Experimental Group

Purified Diet

Nonpurified Diet Casein Soybean Protein
Parameter Nondiabetic Diabetic Nondiabetic Diabetic Nondiabetic Diabetic
Weight (g) (n=8) 1.88 + 0.10 2.48 + 0.08* 1.91 + 0.09 2.30 + 0.16* 1.96 + 0.16* 2.28 + 0.17
Cholesterol (mg/g) (n =8) 3.26 + 0.13 3.22 + 0.08° 3 ¢+ 0.15 3.77 £ 0.07° 3.11 + 0.12 3.12 + 0.05"
Incorporation af [*Cloctanoate (n = 5)
Cholesterol (dpm/g) 248 + 24 168 + 167 201 4+ 19 294 + 27°* 269 + 47 261 + 43%
Total fatty acids (dpm/g) 2520 + 216° 2663 + 167* 3537 + 315° 3564 + 326° 2275 4+ 192° 2214 + 301°

Data represent mean + SEM values obtained in the number (n) of animals shown in parentheses. Values without common superscript letters denote

significant differences (P < 0.05) among diets.

*Denotes significant difference (P < 0.05) between nondiabetic and diabetic groups on the same diet.
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TABLE 6. Tissue weights and cholesterol content in nondiabetic rats fed a nonpurified diet or a purified diet containing casein
or soybean protein

Purified Diet

Nonpurified Diet (n = 3) Casein (n=3) Soybean Protein (n = 3)

Weight Cholesterol Weight Cholesterol Weight Cholesterol

% BW mg/g tissue % BW mg/g tissue % BW mg/g lissue
Whole body* 100 + 0.00 1.28 + 0.04% 100 + 0.00 1.43 ¢+ 0.01° 100 + 0.00 1.26 + 0.05°
Carcass 63.2 + 0.81 1.07 + 0.06 63.5 + 1.20 1.20 + 0.02 63.1 + 1.1 1.05 + 0.07
Skin 195 + 0.36 1.59 + 0.05 20.8 + 0.45 1.71 + 0.03 20.8 + 0.93 1.60 + 0.03
Liver 3.0 £+ 0.15 2.55 t 0.06° 2.63 + 0.12 2.86 + 0.08° 263 + 0.12 2.54 + 0.05°
Stomach 0.43 + 0.02 2,40 + 0.08 0.46 + 0.03 2.50 + 0.05 0.44 + 0.02 241 + 0.12
Intestines 2.2 + 0.32 2.34 + 0.06 2.0 + 0.17 2.39 + 0.03 197 + 0.15 2.35 + 0.08
Colon 0.8 + 0.09 1.77 + 0.05 0.59 + 0.08 1.74 + 0.16 0.60 + 0.07 1.65 + 0.15
Kidney 0.76 + 0.04 3.07 3 0.13% 0.68 + 0.03 3.3¢ + 0.08° 0.66 + 0.01 2.82 + 0.05°
Spleen 0.21 + 0.02 3.01 £ 0.05 0.19 + 0.02 3.13 + 0.04 0.19 + 0.01 3.04 + 0.06
Lungs 0.57 + 0.06 3.51 + 0.03° 0.53 + 0.03 3.90 + 0.08° 0.47 + 0.03 3.31 + 0.08°
Heart 0.36 + 0.02 1.26 1+ 0.13 0.34 ¢+ 0.02 1.28 + 0.10 0.34 + 0.01 1.27 + 0.08
Testes 1.2 + 0.08 1.58 + 0.05 1.31 + 0.17 1.51 + 0.04 1.21 £ 0.02 1.48 + 0.06
Epididymal fat 1.06 + 0.09 0.48 + 0.01 1.13 + 0.13 0.57 + 0.06 1.16 £ 0.23 0.44 + 0.02

Data represent mean + SEM values obtained in the number (n) of animals shown in parentheses. Values without common superscript letters denote
significant differences (P < 0.05) among diets.
*Whole body weights at the time of killing were: nonpurified diet, 297 + 9 g; casein, 315 + 2 g; and soybean protein diet, 334 + 11 g.

TABLE 7. Changes in tissue wet weight and cholesterol content in diabetic rats compared to nondiabetic rats fed a nonpurified diet

Experimental Group

Purified Diet

Nonpurified Diet Casein Soybean Protein
Tissue Weight Cholesterol Weight Cholesterol Weight Cholesterol

g mg mg/day g mg  mg/day g mg  mg/day
Whole body - 56* 40.6* 2.70 -83.3 38.4 2.56 -67.6 18.5 1.23
Carcass ~47 11.3 0.75 —-54.2 5.4 0.36 ~47.6 -21 -0.14
Skin -17 10.0 0.67 -21.1 23.3 1.55 -17.6 14.5 0.97
Liver +1.5 4.0 0.27 -1.1 1.3 0.09 +0.3 0.9 0.06
Stomach +0.2 0.5 0.03 +0.4 1.0 0.07 +0.3 1.0 0.07
Intestines +5.5 12.1 0.82 +2.8 6.4 0.43 +3.2 8.2 0.55
Colon +1.2 2.7 0.18 -0.5 -0.8 -0.05 -0.3 -0.4 -0.03
Kidney +0.4 1.3 0.09 +0.3 2.7 0.18 +0.3 0.8 0.05
Spleen -0.2 -0.2 -0.01 -0.3 -0.7 -0.05 -0.3 -0.5 -0.03
Lungs -0.4 ~0.5 -0.03 -0.4 -02 -0.01 -0.4 -1.3 -0.09
Heart -0.1 0.0 0.00 -0.2 -02 -0.01 -0.1 -0.1 -0.01
Testes -0.6 -0.9 -0.06 -1.4 -1.2 -0.08 ~0.4 -1.1 -0.07
Epididymal fat -1.4 0.0 0.0 -25 -0.1 -0.01 ~-2.2 -0.3 0.02

*Prediabetic weight and cholesterol content of each tissue of the diabetic rats was calculated as described in Methods. The difference between the
calculated and observed values represents the change due to diabetes. When a tissue lost weight, the increase in cholesterol content of that tissue
was considered to be due to an abnormal accumulation, e.g., in diabetic rats fed casein, the observed value for skin cholesterol was 126.4 mg while
the calculated value for the prediabetic skin cholesterol was 1031.1 mg (prediabetic body wt (332.7 g) x skin wt. (0.195 g/g BW) x skin cholesterol
content (1.59 mg/g) = 103.1 mg). Since skin lost weight ( — 21.1 g) the observed increase of 23.3 mg in cholesterol was considered to be due to abnor-
mal accumulation. When a tissue gained weight, expected changes in cholesterol mass due to growth were calculated. If the calculated value did
not differ from the observed, then the increase was considered to be normal and due to the growth of the tissue, e.g., in the same diabetic rats fed
casein, the intestinal cholesterol was increased by 6.4 mg. Since tissue weight was increased by 2.8 g, the expected increase in cholesterol due to
growth was 6.6 mg. (increase in tissue wt. (2.8 g) x cholesterol content of the intestines (2.34 mg/g) = 6.6 g mg). Thus all the increase in the cholesterol
of the intestinal tissue of the diabetic rat was considered to be due to growth. If the increase in the cholesterol content of the growing tissue was above
that expected, that increase was considered to be due to an abnormal accumulation of cholesterol in that growing tissue, e.g., in the above rats the
weight of kidneys was increased by 0.3 g; therefore the expected increase in cholesterol due to growth was 0.92 mg (increase in kidney wt. (0.3 g) x cholesterol
content of kidney (3.07 mg/g) = 0.92 mg). The observed increase was 2.7 mg. Therefore, the abnormal increase in cholesterol in kidneys of diabetic
rat was 1.78 mg. (2.7 mg - 0.92 mg expected due to growth).
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betes, especially in those tissues where most of the weight
losses occurred. On the other hand, the cholesterol con-
tent of those tissues that gained weight remained fairly
similar to their respective control values. For example, in
diabetic rats fed the nonpurified diet, the cholesterol con-
tent of skin (which lost weight) was 2.47 mg/g compared
to 1.59 mg/g in control rats, while that of intestines (which
gained weight) was 2.30 mg/g compared to 2.34 mg/g in
control rats. Thus, it appeared that the changes in relative
tissue cholesterol content (mg cholesterol/g of tissue) asso-
ciated with the onset of diabetes were mostly due to tissue
weight losses rather than to an increase in actual cho-
lesterol content of the respective tissue. For example, the
weight of the epididymal fat pads in control rats was 3.3
g which decreased to 1.9 g (-42%) in the diabetic
animals. However, the cholesterol content of this tissue,
which was 1.6 mg, did not change with the onset of dia-
betes. These observations indicate that although the tis-
sues gained cholesterol in proportion to the weight gain
due to growth (even in the diabetic animals), they did not
lose cholesterol in proportion to the loss of their weights
following STZ administration. Prediabetic cholesterol
content of the whole body and the individual tissues was
therefore calculated as outlined in Methods. On this basis
(observed —expected), it was found that diabetes led to an
increase in the cholesterol content of the body, which was
41 mg in the animals fed the nonpurified diet, 38 mg in
animals fed casein, and only 19 mg in animals fed the soy-
bean protein diet (Table 7). Of this increase, 20 mg, 8 mg,
and 11 mg of cholesterol could be accounted for by the
growth of the tissues in the respective dietary groups.
Therefore, the abnormal accumulation of cholesterol due
to metabolic changes induced by diabetes, was 21 mg in
the group fed nonpurified diet, 30 mg in the casein-fed
group, and only 8 mg in the group fed the soybean protein
diet. In addition to liver tissue, the abnormal accumula-
tion of cholesterol occurred mainly in the carcass and in
the skin in the group fed the nonpurified diet, in the car-
cass, skin, and kidneys in the group fed casein diet, and
only in the skin for the group fed the soybean protein diet.

Correlations observed among the parameters
of cholesterol metabolism

Complete sets of data on all parameters studied were
not available in all animals. When the data from three
dietary groups were analyzed together as one group, sig-
nificant (P < 0.05) correlations were seen among some of
the parameters of body cholesterol metabolism. Plasma
cholesterol levels (mg/dl) were directly correlated with the
fractional rate of cholesterol absorption (r = 0.73, n = 52),
to the absorbed [*H]cholesterol found in plasma 38-40 hr
after the administration of the label (r = 0.84, n = 43),
and to the cholesteryl ester (CE) content of the liver, espe-
cially when CE content was expressed on the basis of per-
centage of total liver cholesterol (r = 0.67, n = 52). Liver

CE content was also directly related to the fractional rate
of cholesterol absorption (r = 0.79, n = 52). Intestinal
weight did not correlate with the fractional rate of cho-
lesterol absorption and showed a significant but weak
correlation with plasma cholesterol (r = 0.52, n = 52).

DISCUSSION

The purpose of the present investigation was to com-
pare the effects of animal (casein) and plant (soybean iso-
late) proteins on the metabolism of cholesterol in STZ-
induced diabetic rats and to gain additional insights into
the mechanism of diabetic hyperlipidemia. The results
obtained on the specific aspects of tissue lipid metabolism
were remarkably similar in the control rats fed the non-
purified diet (Purina Lab Chow) or the purified diet with
soybean protein. The only discernible difference between
these two groups was that the VLDL fraction (d < 1.01
g/ml) in the former had higher cholesteryl ester and lower
triglyceride content.

Following the onset of diabetes, most of the parameters
of lipid synthesis studied were similar in the rats fed the
nonpurified diet and the soybean protein-containing
purified diet. However, major differences were seen in the
distribution of cholesterol among the isolated lipoprotein
fractions and in tissue weights, which in turn affected the
relative cholesterol content of the tissues. In the rats fed
the nonpurified diet, the weights of the intestine, colon,
and liver were markedly increased with the onset of dia-
betes. Earlier studies have shown that in rats fed the non-
purified diet, cholesterol levels in the whole body as well
as skin increase upon the onset of diabetes (4, 17). During
this investigation changes in whole body cholesterol con-
tent were also observed. For instance, of the 40 mg in-
crease in whole body cholesterol seen in rats fed the non-
purified diet, 20 mg was due to tissue growth and the
remaining 20 mg was attributable to the abnormal depo-
sition in the carcass (muscle, bones, nervous system) and
skin, presumably induced by the metabolic changes asso-
ciated with diabetes. In the rats fed the soybean protein
diet, whole body cholesterol increased by 19 mg, of which
11 mg was attributable to tissue growth and the remaining
8 mg (mainly in the skin) to abnormal deposition follow-
ing STZ treatment.

The differences in the distribution of cholesterol among
the lipoprotein fractions and in the increased accumula-
tion of cholesterol (Tables 2 and 7), between the diabetic
rats fed the nonpurified diet and the soybean protein-
containing diet, may be related to the difference in the
dietary fat and cholesterol intake. Whereas the soybean
protein diet contained polyunsaturated fat and was cho-
lesterol-free, the nonpurified diet contained some satu-
rated fat and cholesterol (0.2-0.3 mg/g (17)). The changes
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in the distribution of cholesterol among lipoproteins ob-
served in diabetic rats fed the nonpurified diet (Table 2)
were very similar to the changes found by others in rats
that were made hypercholesterolemic by an atherogenic
diet (2, 32). These data suggest that the cholesterol-free
(purified) diet containing soybean protein may be more
suitable as a control diet for the assessment of changes in
cholesterol metabolism. In the ensuing discussion the
effects of the casein diet are compared mostly with that of
the soybean protein diet. Because the only difference be-
tween these two diets was the source of protein, the differ-
ences observed in cholesterol metabolism could be ascribed
to the direct or indirect influence of the dietary protein
source on this process.

In agreement with earlier reports (14-16), among the
control groups, the intake of dietary casein resulted in
higher levels of plasma cholesterol. The increase occurred
mainly in the plasma lipoprotein fractions with densities
1.023-1.045 and 1.045-1.086 g/ml. These fractions were
also enriched in cholesteryl esters. Although the total
amount of cholesterol in the fraction with d < 1.01 g/ml
was similar in the two dietary groups, the amount of cho-
lesteryl esters was significantly increased in the casein-fed
group. Furthermore, the plasma lipoprotein fraction iso-
lated between the densities of 1.045~1.086 g/ml was en-
riched with apoE-containing lipoproteins (Figs. 1A-C).
An apoE-rich HDL population designated as HDL, is a
normal constituent present in rat plasma. As this fraction
is mainly isolated in the density range of 1.04-1.085 g/ml
(33), our data suggest that casein feeding increases the
HDL, levels in rat plasma. Increased levels of apoE in
plasma HDL have been found in rats fed a casein-
containing diet (34). The mechanism whereby plasma
LDL and the apoE-rich HDL are elevated upon casein
feeding remains to be elucidated. Decreased tissue
apoB/E receptor activity may be a factor, as the function
of this receptor has been shown to decline in rabbits con-
suming casein (35).

Although the plasma cholesterol levels were increased
to a similar extent in both dietary groups upon the induc-
tion of diabetes, there were marked differences in the dis-
tribution of cholesterol among lipoprotein fractions. In
the casein-fed rats, the excess plasma cholesterol was
found mainly in the lipoprotein fractions isolated at
d < 1.086 g/ml; these fractions were also relatively rich in
cholesteryl esters. The cholesterol content of the lipo-
protein fraction d 1.086-1.161 g/ml was significantly in-
creased in soybean protein-fed rats but not in the casein-
fed rats. There were also significant differences in the
levels and the distribution of triglycerides in all
lipoprotein fractions isolated at d < 1.045 g/ml. These
data suggest that the source of dietary protein has a
marked effect on the distribution of cholesterol among
lipoprotein fractions in both control and diabetic rats. In
the case of all three diets, the onset of diabetes was as-
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sociated with marked increases in the cholesterol content
of the lipoprotein fraction of d 1.045-1.086 g/ml. However,
the apoE rich-HDL content of this fraction was greatly
reduced, which is in accord with previous studies (36, 37).
Whether the decrease is due to the increased removal or
decreased synthesis of apoE (or apoE-containing lipopro-
teins) remains to be determined. Diabetes per se may not
be a factor affecting the synthesis of apoFE in the liver, as
the apoE concentration in plasma is markedly increased
in cholesterol-fed diabetic rats (37).

In accord with previous studies (15, 16), dietary casein
decreased the fractional rate (FR) of plasma cholesterol
esterification. The decreased FR may be indicative of
changes in the nature of substrate lipoproteins, as the
plasma LCAT activity measured using an exogenous sub-
strate (indicative of plasma LCAT mass (38)) was not
affected. - Plasma HDL 1is the preferred substrate for
LCAT reaction, especially in rats. Plasma HDL, however,
is composed of different subpopulations (33). Whether all
these subpopulations of rat plasma HDL are equally
efficient as substrates for LCAT is presently unknown.
Data obtained from studies of human plasma suggest that
the substrate potential of apoE-rich HDL is lower than
that of apoA-rich HDL (39). If this is also true in rats,
then the increased levels of the apoE-rich HDL subclass
in casein-fed rats may be responsible for decreased FR of
plasma LCAT. This postulate is supported by the findings
that the FR of plasma LCAT in rats is decreased in
aging, copper deficiency, hypothyroidism, and cholesterol
feeding; the conditions in which the levels of apoE-rich
HDL or the apoE content of the HDL have been found
to increase (24, 32, 40-42). Furthermore, when rats were
fed a fat-free purified diet containing casein, the FR of
plasma cholesterol esterification was 18% - hr™* compared
to 12.6% - hr™* seen in the rats fed the same diet but con-
taining fat. The plasma cholesterol levels were lower in
rats fed the fat-free diet and there was also a marked
reduction in the apoE-containing fraction of HDL iso-
lated between densities 1.045 and 1.086 g/ml (Kudchod-
kar, B. J., unpublished observations). Additional factors
are likely to be involved in regulating the plasma LCAT
activity because marked reductions in apoE-rich HDL
and increased levels of apoA-rich HDL were found in dia-
betic animals without a concomitant change in the FR of
plasma cholesterol esterification.

In control rats, one of the major effects of the dietary
casein was the accumulation of cholesterol in tissues un-
related to growth, found mainly in the blood, liver, car-
cass, skin, kidney, and lungs (Table 6). Following the
onset of diabetes, the accumulation of cholestero] in
casein-fed rats was especially marked in the kidneys, sug-
gesting that the dietary casein may have a specific effect
on the cholesterol metabolism in this tissue. Because the
synthesis of cholesterol in the kidneys was not affected by
the diet or diabetes, the increased levels of cholesterol in
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this tissue may be due to the deposition of plasma choles-
terol, which in turn may be a consequence of the altered
composition of plasma lipoproteins. The same mechanism
may be responsible for the accumulation of cholesterol
seen in other tissues following the onset of diabetes, as the
rate of cholesterol synthesis in most tissues other than the
liver and intestines was not significantly affected by the
onset of diabetes, at least in rats fed the nonpurified diet
(43).

Although a decrease in hepatic and other tissue
lipoprotein receptor activity can explain the increase in
the levels of plasma cholesterol (44, 45), it cannot account
for the increase in total body cholesterol levels in the ab-
sence of any change in the tissue cholesterol synthesis or
the growth of the tissue. In control rats on the casein diet,
the hepatic synthesis of cholesterol was markedly de-
creased. The intestinal synthesis of cholesterol was also
decreased in these animals but to a smaller extent. In light
of this evidence, it was surprising to find increased choles-
terol in the body of these rats. This seemingly paradoxical
situation could be explained by feedback inhibition of tis-
sue cholesterol synthesis. Under these conditions, the
amount of cholesterol synthesized would decrease but the
pool of tissue cholesterol would remain unchanged (or
may even increase), if the increased cholesterol input
(from the lipoprotein pool) was not compensated for
either by a decrease in cholesterol synthesis and/or by an
increase in removal and catabolism (46). In accord with
earlier studies, the fractional rate of endogenous choles-
terol absorption increased in casein-fed rats (15, 16).
Earlier studies have also shown that the fecal excretion
(15, 16) but not the biliary secretion of cholesterol was
reduced (15) in these animals. These observations indicate
a net increase in the reabsorption (retention) of choles-
terol by the casein-fed animals. Because more cholesterol
is retained in the body, tissue cholesterol pools would ex-
pand in the casein-fed rats compared to their counterparts
fed the soybean protein diet.

Increased transport of absorbed cholesterol to the liver
via chylomicron remnants has been shown to increase the
hepatic pool of cholesteryl esters, which in turn is be-
lieved to inhibit cholesterol synthesis and apoB/E receptor
activity in the liver and consequently lead to higher
plasma cholesterol levels (44, 45). Indeed, the cholesteryl
ester content of the liver increased in the animals fed the
casein diet. There was also a negative correlation between
the hepatic synthesis of cholesterol and its CE content
(r = -0.64, n = 15) and a strong positive correlation
(r = 0.79, n = 27) between plasma cholesterol levels and
the hepatic CE content. Thus, among the control rats,
most of the changes in cholesterol metabolism seen in
casein-fed rats could be explained on the basis of in-
creased net absorption of cholesterol from the intestinal
lumen.

Hepatic as well as the intestinal synthesis of fatty acids

and its incorporation into triglycerides and phospholipids
were significantly increased in the casein-fed control rats.
Increased hepatic synthesis of fatty acids and VLDL
secretion have been noted earlier (15, 47). Our data sug-
gest that there may also be an increase in the intestinal
secretion of triglyceride-rich lipoproteins in the casein-fed
animals. Thus changes in the metabolism of triglyceride-
rich lipoproteins may be responsible for the altered distri-
bution of cholesterol among the lipoprotein fractions, as
VLDL is known to be a precursor of IDL, LDL, and sub-
population(s) of HDL (33).

A similar mechanism may also be operating in diabetic
rats since the rate of cholesterol absorption increases fol-
lowing the onset of diabetes. Because fed labeled choles-
terol may exchange with the unlabeled intestinal cho-
lesterol, the higher values for the fractional rates of ab-
sorption in diabetic rats may be due to increased intesti-
nal weight and increased cholesterol mass. However, the
observations made during this study do not support such
an explanation. For example, no correlation was observed
between the fractional rate of cholesterol absorption and
the weight of the intestines or its cholesterol content.
Furthermore, in animals fed casein, the weight of the in-
testines and its cholesterol content (both before and after
induction of diabetes) were similar to those from rats fed
soybean protein (Table 4). However, the percent choles-
terol absorption was significantly higher in the casein-fed
animals. These observations and the data presented
carlier (46, 48) indicate that the phenomenon of exchange
is not likely to be a major interfering factor in the deter-
mination of the rate of cholesterol absorption. Although
the excretion of cholesterol and bile acids was not deter-
mined during these studies, the data available on the dia-
betic rats fed the nonpurified diet suggest that the onset
of diabetes leads to an increase in the secretion of biliary
cholesterol but not in its excretion in the feces (5, 10, 17).
Such a condition could lead to a net increase in the ab-
sorption of endogenous cholesterol along with the dietary
cholesterol, if available from the diet (nonpurified), since
the fractional rate of cholesterol absorption increases fol-
lowing the onset of diabetes. In addition, diabetes is
known to be associated with an increase in the synthesis
of cholesterol in the intestines, a considerable part of
which may be transported to the liver via intestinal lipo-
proteins (6, 7). For example, in a 200 g control rat fed the
nonpurified diet, cholesterol synthesized by the intestines
is about 6 mg per day (18). Upon induction of diabetes,
the intestinal synthetic rate in our study was increased by
57%, i.e., an additional 3.4 mg was synthesized daily in
the diabetic state. The daily retention of cholesterol by the
intestines due to growth was, however, only 0.8 mg per
day (Table 7). Because diabetes does not result in an in-
crease in the excretion of neutral sterols (10, 17), up to 2.6
mg of the additionally synthesized cholesterol may have
been transported to the liver via intestinal lipoproteins. In
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the casein-fed diabetic animals, hepatic and intestinal
cholesterol synthesis were markedly increased. Intestinal
synthesis of fatty acids and their incorporation into
triglycerides and phospholipids were also higher com-
pared to diabetic rats fed the other two diets, suggesting
increased synthetic rates and secretion of intestinal
lipoproteins in the casein-fed rats.

The reason(s) for marked increases in hepatic and in
intestinal cholesterol synthesis in casein-fed diabetic rats
is not clear. These synthetic rates were not related to
growth inasmuch as the increases in tissue weights were
essentially the same as those for the rats fed soybean pro-
tein and were lower than those for the rats fed the non-
purified diet. Recently it has been shown that hoth
hepatic and intestinal cholesterol synthesis are increased
in glucose-fed diabetic rats compared to glucose-fed nor-
mal controls (49). The purified diet in our studies con-
tained glucose as the sole source of carbohydrate. Marked
increases in hepatic and intestinal synthesis of cholesterol
seen in casein-fed diabetic animals may therefore be due
to increased efficiency in the utilization of glucose by these
diabetic rats. Possibly, as a result, the plasma glucose
levels in casein-fed diabetic rats were significantly lower
than those of the diabetic rats fed the other two diets
(Table 1).

A striking finding in diabetes is the marked increase in
the cholic acid pool, due to increased synthesis as well as
increased reabsorption (5, 10, 17). Cholic acid is known
to affect the cholesterol, triglyceride, and phospholipid
metabolism in the rat (50-52). Therefore, it is possible
that the changes seen in plasma lipoprotein cholesterol
and triglycerides and in tissue cholesterol levels upon the
induction of diabetes may be secondary to the changes in
the synthesis and reabsorption of cholic acid. B&
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