Effect of Dietary Carbohydrates on Insulin
and Glucagon Receptors in a New Model of
Noninsulin-Dependent Diabetes-SHR/N-
Corpulent Rat (s2957)

SaM J. BHATHENA!, BRUCE W. KENNEDY, JACQUELYN JONES, PATRICIA M. SMITH, OTHO E. MICHAELIS 1V,
NANCY CARSWELL, CARL T. HANSEN, NANCY R. VOYLES, AND LILLIAN RECANT

USDA, ARS, BHNRC, Carbohydrate Nutrition Laboratory, Beltsville, Maryland 20705, Small Animal Section, Veterinary
Resources Branch, DRS, NIH, Bethesda, Maryland 20892, Diabetes Research Laboratory, VA Medical Center,

Washington, DC 20422

Abstract. A new congenic strain of rat, the SHR/N-corpulent, provides a good modei for
noninsulin-dependent diabetes and was used in the present study. Corpulent rats as
compared to their lean littermates are obese, hyperlipidemic, and severely hyperinsulin-
emic, and show an age-dependent loss of glucose tolerance. Mild fasting hyperglycemia
is seen only in corpulent rats fed sucrose. Since dietary sucrose is more lipogenic than
starch and since insulin and glucagon are involved in lipid and carbohydrate metabolism,
we studied the effect of the type of dietary carbohydrate on insulin and glucagon levels
and their receptors in lean and corpulent SHR/N rats. A significant phenotypic effect
was observed (corpulent > iean) on plasma levels of triglyceride, cholesterol, and
insulin. Dietary sucrose increased these parameters in corpulent rats but not in lean
rats. Insulin and glucagon binding to liver plasma membranes was lower in corpulent
rats than in lean; decreases were due to fewer receptors without a significant change
in affinity. Thus, in corpulent rats, in addition to hyperinsulinemia, fewer glucagon
receptors and their failure to be regulated by plasma glucagon levels appear to contrib-
ute to the hyperlipidemia. Furthermore, the hyperglycemia observed in sucrose-fed
corpulent rats may be due to extreme resistance to insulin despite lower plasma

glucagon and fewer glucagon receptors.
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abetes has recently been developed by Hansen

(1) at the National Institutes of Health by mat-
ing the spontaneously hypertensive rat with the Kolet-
sky rat which contains the corpulent (cp) gene. The
resulting homozygous corpulent (cp/cp) rat is obese
and mildly hypertensive, while the homozygous lean
(+/+) and heterozygous lean (¢p/+) littermates are lean
and markedly hypertensive. Both lean and corpulent
rats acquire the characteristic traits of noninsulin-de-

! new rodent model for noninsulin-dependent di-
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pendent diabetes (2, 3). However, corpulent rats be-
come diabetic much earlier, as early as 9 weeks, versus
12 months for lean rats, exhibiting hyperinsulinemia,
hyperglycemia, glycosuria, and proteinuria (4). Corpu-
lent rats also show a tendency toward obesity, as early
as 5 weeks of age, and develop hypertriglyceridemia
and hypercholesterolemia (2). Recently, Voyles et al.
(4) reported impaired insulin secretion in response to
elevated glucose levels as well as a paradoxical higher
secretion of insulin at low plasma glucose levels in
corpulent rats but observed normal responses in lean
littermates. Similar results have been reported by Leahy
and Weir (6) in diabetic rats produced by neonatal
streptozotocin treatment. The SHR/N-corpulent rat
differs from other obese rat models, such as the LA/N-
corpulent and fatty Zucker rats, in that the latter do
not develop the metabolic and pathologic changes ob-
served in diabetes, although Zucker fatty rats may show
abnormal responses to oral glucose loads (7).

Different dietary carbohydrates have been reported
to differ quantitatively in their effect on lipid and
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carbohydrate metabolism. Feeding sucrose as compared
to starch results in a greater lipogenic response and
higher plasma glucose levels in normal as well as obese
humans (8-10) and animals (11-13), including both
lean and obese SHR/N-corpulent rats (2, 3). Various
carbohydrates also produce quantitatively different ef-
fects on plasma insulin and glucagon levels (12, 14) and
on glucagon and insulin receptors studied in humans
and animals (13-16).

Glucagon has been shown to be catabolic and
hypolipidemic in normal humans (17, 18) and animals
(19, 20), and a decrease in net glucagon activity has
been proposed as a mechanism in the development and
maintenance of hyperlipidemia in humans (21). Mild
hyperglucagonemia is also observed in human diabetic
subjects (22, 23) and in experimental diabetes in ani-
mals (24, 25). We have examined the hypothesis that
dietary carbohydrates affect glucagon and insulin recep-
tors in this new model of diabetes in a manner similar
to that observed in other models of diabetes.

Materials and Methods

Five-week-old male obese homozygous SHR/N-
¢p/cp (corpulent) rats were used in the present study.
the lean controls consisted of both homozygotes (+/+)
and heterozygotes (¢p/+) and were not further char-
acterized. The rats were housed individually in stain-
less steel cages with open mesh bottoms. The room
was environmentally controlled for temperature (22—
25°C) and humidity with a reverse 12-hr dark-light
cycle. Animals were cared for in accordance with Na-
tional Institutes of Health principles. The rats were
fed ad libitum for 15 weeks a diet containing either
54% sucrose or 54% starch with 10% casein, 10%
lactalbumin, 4% corn oil, 4% coconut oil, 4% lard, 4%
beef tallow, 5.9% cellulose, 3.1% AIN-76 Salt mix (26)
(prepared without sucrose), and 1% vitamin mix (26)
(#40060 Teklad test diet, Madison, WI). At the end of
the feeding period, the rats were decapitated after an
overnight fast. Blood was collected in tubes containing
1000 units of Trasylol (Aprotinin) (FBA Pharmaceu-
tical, New York, NY) and 10.5 mg of etﬁylenedia-
minetetraacetic acid. Plasma was separated and ana-
lyzed enzymatically for glucose (27), triglyceride (28),
and cholesterol (29) using the Centrifichem automated
system (Baker Instrument Corp., Pleasantville, NY).
Immunoreactive glucagon was measured by the
method previously described (24). Antibody 04A was
purchased from Dr. R. Unger (The University of
Texas Health Science Center, Dallas, TX). Immuno-
reactive insulin was determined by using a kit from
Immunonuclear Corp., Stillwater, MN (catalogue no.
0600). Rat insulin (gift from Eli Lilly and Co., Indi-
anapolis, IN) was used as standard. Plasma mem-
branes were prepared from liver according to the
method of Neville (30) and stored at —70°C. Plasma

membrane protein was assayed according to the
method of Lowry et al. (31).

To measure glucagon binding, membranes (80-
120 ug of protein) were incubated for 30 min at 30°C
in 0.5 ml of Tris buffer, pH 7.6, with 50 pg of [***I]
glucagon in the presence of 0-10 ug/ml native porcine
pancreatic glucagon. Insulin binding was measured by
incubating membranes for 60 min at 30°C in 0.5 ml of
Tris buffer, pH 7.6, with 50 pg of [***I]insulin in the
presence of 0-10 ug/ml native porcine pancreatic in-
sulin. The composition of the buffer used and the
method of separating bound from free hormone have
been described previously (24, 32, 33). Native pan-
creatic porcine insulin and glucagon were gifts from
Eli Lilly and Co. Monoiodinated [**1]insulin and [***I]
glucagon were purchased from New England Nuclear
Corp., Boston, MA. The hormone binding data were
analyzed by Scatchard plots (34) and competition-
inhibition plots (33). The numbers of insulin and
glucagon receptors were assessed from the intercept
on the abscissa of Scatchard plots. Affinity was deter-
mined from competition-inhibition plots as the
amount of native hormone required to displace 50%
of bound tracer. Statistical analysis was carried out
by analysis of variance to evaluate the effect of phe-
notype (lean vs obese), diet (starch vs sucrose), and
phenotype X diet interactions (35). Differences be-
tween means were determined by Duncan’s multiple
range test (35). Differences with P values less than
0.05 were considered statistically significant.

As shown in Table I, corpulent rats had signifi-
cantly greater weight gain, liver weight, and epididymal
adipose tissue weight than lean littermates. Dietary
carbohydrate source had no significant effect on either
the weight gain or the adipose tissue weight of either
lean or corpulent rats. However, in corpulent rats, but
not in lean rats, liver weight of rats fed sucrose was
significantly greater than that of rats fed starch, due to
the accumulation of fat.

Table II summarizes the data on plasma levels of
glucose, triglyceride, and cholesterol. Fasting plasma
glucose was significantly higher in corpulent rats fed
sucrose but not in those fed starch. However, both
sucrose- and starch-fed corpulent rats showed abnor-
mally high glucose levels after an oral glucose load as
well as significant glycosuria (4). A significant pheno-
typic effect (corpulent > lean) was observed for plasma
triglyceride and cholesterol. Corpulent rats fed sucrose
had significantly higher plasma triglyceride and choles-
terol than rats fed starch. Although dietary sucrose
tended to increase plasma triglyceride and cholesterol
in lean rats, the effect was not significant. However, the
overall diet effect was significant as seen from the
analysis of variance (ANOVA). There was also an in-
teraction between phenotype and diet for these param-
eters.

The effect of dietary starch and sucrose on plasma
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Table I. Effect of Dietary Carbohydrates on Weight Gain, Liver Weight, and Adipose Weight in Lean and
Corpulent SHR/N Rats

Epididymal
. Weight gain?® Liver weight adipose
Phenotype Diet = © weight
(9
Lean Starch 228.5 + 2.5%* 9.8+ 16" 5.1 +£0.6*
Sucrose 257.3 + 18.2* 123+ 041 6.9 +0.4"
Corpulent Starch 363.7 = 15.71 19.3 £ 0.21% 10.0 = 0.57
Sucrose 369.0 + 22.21 31.4 £ 22# 11.0 £ 0.47
ANOVA°
Phenotype 0.001 0.0001 0.001
Diet NS¢ 0.001 NS
Phenotype X diet NS 0.01 NS

“ Final weight minus initial weight during 15-week feeding period.

®Mean * SE of six rats. Means within a column not sharing a common symbol are statistically different according to Duncan’s multiple range
test at P < 0.05.

¢ The data were analyzed by analysis of variance (ANOVA) using 2 X 2 factorial design.

9 NS, not significant.

Table Il. Effect of Dietary Carbohydrates on Plasma Glucose, Triglyceride, and Cholesterol in Lean and
Corpulent SHR/N Rats

Plasma Plasma Plasma
Phenotype Diet glucose?® triglyceride cholesterol
(mmol/liter) (mmol/liter) (mmol/liter)
Lean Starch 52+03%"° 0.59 + 0.04* 1.22 + 0.06*
Sucrose 51x0.1" 0.86 = 0.10" 1.65 £ 0.10*
Corpulent Starch 51+0.2* 455 + 0.24" 2.45 + 0.347
Sucrose 75+1.27 13.07 + 2.22% 428 + 0.37¢%
ANOVA®
Phenotype NS¢ 0.005 0.0005
Diet NS 0.05 0.01
Phenotype X diet NS 0.05 0.05

? Plasma glucose in response to oral giucose load and urine glucose levels in these rats are given elsewhere (4).
®Mean * SE of six rats. Means within a column not sharing a common symbol are statistically different according to Duncan’s multiple range

test at P < 0.05.

° The data were analyzed by analysis of variance using a 2 X 2 factorial design.

9 NS, not significant.

hormones and their receptors in liver plasma mem-
branes is shown in Table III. There was a significant
phenotypic effect on plasma insulin and on insulin and
glucagon binding to liver plasma membranes. Plasma
glucagon levels in corpulent rats tended to be lower
than in lean rats, but due to the large standard error of
the mean the decrease was not significant. Analysis of
variance indicated a significant diet effect (P < 0.05)
for plasma insulin level in that sucrose-fed lean as well
as corpulent rats had higher levels than those fed starch.
However, the range test did not distinguish between
diets within phenotype. No significant interaction be-
tween phenotype and diet was observed for any of the
parameters.

The elevation in plasma triglyceride and cholesterol
in corpulent rats correlated negatively, though weakly,
with glucagon binding in that lower glucagon binding
was associated with higher plasma lipids.

To determine whether the lower values in insulin
and glucagon binding in corpulent rats than in lean rats
was due to a decrease in either the number of receptors
or the receptor affinity, the binding data were analyzed
by Scatchard and competition-inhibition plots. Quan-
titative data showing the number and affinity of insulin
and glucagon receptors are reported in Table IV. Cor-
pulent rats had significantly fewer insulin receptors (P
< (.01) than lean littermates. When the insulin binding
data were analyzed by competition-inhibition plots, no
statistically significant differences were observed in the
affinity of the insulin receptors between lean and cor-
pulent rats. Diet had no significant effect on either the
number or the affinity of the insulin receptors in either
lean or corpulent rats. Scatchard analysis of glucagon
binding likewise revealed significantly fewer receptors
in corpulent rats than in lean littermates (P < 0.05).
Competition-inhibition plots revealed no significant
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Table Ill. Effect of Dietary Carbohydrates on Plasma Insulin and Glucagon and on Insulin and Glucagon Binding
to Liver Plasma Membranes of SHR/N Rats

. . Plasma Insulin -
. Plasma insuiin Lo Glucagon binding®
Phenotype Diet . glucagon binding % /
(nmol/liter) (ng/liter) (%/50 ug of protein) (%/25 ng of protein)
Lean Starch 1.58 + 0.08>* 220 + 32* 518 + 1.38" 379+ 56"
Sucrose 1.98 = 0.34* 246 + 57 5.01 = 0.62* 324+ 39"
Corpulent Starch 2455 + 3.447 133 + 20* 0.87 + 0.237 147 £ 1.2t
Sucrose 29.09 + 3.921 145+ 13" 0.90 + 0.147 132+ 221
ANOVA°
Phenotype 0.0001 NS° 0.0001 0.005
Diet 0.05 NS NS NS
Phenotype x diet NS NS NS NS

# Percentage of specific binding. Nonspecific binding (binding in the presence of 10 ug/ml hormone) was subtracted from total binding to obtain

specific binding.

®Mean * SE of six rats. Means within a column not sharing a common symbol are statistically different according to Duncan’s multiple range

test at P < 0.05.

¢ The data were analyzed by analysis of variance using a 2 x 2 factorial design.

Table IV. Effect of Dietary Carbohydrates on the Number and Affinity of Insulin and Glucagon Receptors on
Liver Plasma Membranes of Lean and Corpulent SHR/N Rats

Insulin receptors

Glucagon receptors

Phenotype Diet —
Number? Affinity® Number® Affinity®
Lean Starch 2.64 + 0.22°* 14.5 £ 2.9* 0.72 £ 0.08* 45+ 051"
Sucrose 3.23+041* 11.7 +1.9* 0.59 = 0.04*," 5.3 +0.40*
Corpulent Starch 0.98 = 0.101 8.2+1.1t 0.35 £ 0.03" 3.5 +£0.40*
Sucrose 1.25 = 0.117 8.7 +1.6* 0.31 +0.03" 42 +0.32*
ANOVA“
Phenotype 0.01 NS® 0.05 NS
Diet NS NS NS
Phenotype X diet NS NS NS NS

@ Number of receptors is measured from the intercept on the abscissa of the Scatchard plots.

® Affinity of the receptors is measured from the competition-inhibition plots as the amount of native hormone required to displace 50% of the
bound tracer. Number and affinity for each animal were derived from individual plots. A higher number indicates a rightward shift in the
competition-inhibition plot, thereby indicating a decrease in the affinity of the receptors.

¢ Mean = SE of the six rats. Means within a column not sharing a common superscript symbol are statistically different according to Duncan’s

multiple range test at P < 0.05.

4 The data were analyzed by analysis of variance using a 2 X 2 factorial design.

¢ NS, not significant.

differences in the affinity of glucagon receptors between
lean and corpulent rats. Dietary carbohydrates had no
significant effects on either the number or the affinity
of glucagon receptors according to analysis of variance.

Discussion

In the present study we have utilized a new animal
model of Type II noninsulin-dependent diabetes resem-
bling human Type II diabetes in that the corpulent rat
is obese and hyperlipidemic, and shows postprandial
hyperglycemia, fasting as well as postprandial hyperin-
sulinemia, glycosuria, proteinuria, islet hyperplasia, and
renal lesions resembling human glomerulosclerosis (2—-
5). The corpulent rats, however, show fasting hypergly-
cemia only when fed sucrose. Significant hyperglycemia
is observed in the fed state (5) as well as after an oral
glucose load regardless of the type of carbohydrate fed

(3, 4), similar to that seen in human diabetic subjects.
The alteration in renal function in this rat model also
resembles that observed in human diabetes (3, 36). This
model differs from that of humans, though, in that the
corpulent rat tended to have lower glucagon levels,
although not statistically significant, than lean litter-
mates, whereas noninsulin-dependent human diabetic
subjects usually have higher plasma glucagon levels
than non-diabetic subjects (22). Lower plasma glucagon
levels are also observed in other models of genetically
obese rats, namely, the fatty Zucker rat (14) and the
LA/N-corpulent rat (12).

In SHR/N-corpulent rats, dietary sucrose produced
a more severe alteration in carbohydrate and lipid
metabolism than did dietary starch (2). Sucrose feeding
significantly increased liver weight and plasma glucose,
triglyceride, and cholesterol in corpulent rats but not

GLUCAGON AND INSULIN RECEPTORS IN SHR RAT 69



in lean littermates. Since lean SHR/N rats show a
diabetic tendency much later in life (after approxi-
mately 12 months of age), it is possible that sucrose
feeding significantly alters these parameters in lean rats
only after prolonged feeding. Also, the hypertriglyceri-
demia seen in the corpulent rat fed sucrose is extremely
severe. Other models of obesity which do not have the
associated complication of diabetes, such as the fatty
Zucker rat or LA/N-corpulent rat, do not show such
high levels of plasma triglycerides (11, 13, 14).

In the present study, we have shown significant
decreases in glucagon receptors in corpulent diabetic
rats in spite of a tendency for lower than normal plasma
glucagon levels. Decreases in glucagon receptor num-
bers along with low plasma glucagon levels have been
observed in other models of genetic obesity (13, 14).
Decreased glucagon binding to liver plasma membranes
in diabetic animals and to lymphocytes in diabetic
human subjects has also been observed (24, 25, 37).
However, in these cases, decreased glucagon binding
was associated with hyperglucagonemia, suggesting reg-
ulation of glucagon receptors by circulating plasma
glucagon levels. Similar control of glucagon receptors
by plasma glucagon levels occurs in fasting (38, 39) and
in experimental hyperglucagonemia produced by glu-
cagon injection or infusion (24, 39). Thus, corpulent
rats failed to show the anticipated regulation of gluca-
gon receptors by plasma glucagon level. It appears that
down- or up-regulation of glucagon receptors by plasma
glucagon levels i1s not as universal as that of insulin
receptors. The decrease in glucagon binding in the
diabetic SHR/N-corpulent rats was due to a decrease
in the number of receptors. This decreased binding, in
association with decreased plasma glucagon levels, in-
dicates a state of decreased glucagon activity. Decreased
glucagon activity has been postulated to account for
the hyperlipidemia of genetic and diet-induced obesity
(40, 41) and may be responsible for the hyperlipidemia
observed in this model of diabetes. However, others
have observed no glucagon resistance in hyperlipidemic
human subjects (42, 43) or in obese hyperlipidemic
animals (44). In the present study, we observed a weak
negative correlation between plasma triglyceride and
cholesterol and glucagon binding to liver membranes
indicating that decreased glucagon activity may be at
least partly responsible for hyperlipidemia. The nega-
tive correlation between plasma glucagon level and
plasma lipid, although present, was even weaker. In-
creased plasma insulin in corpulent rats may be more
responsible for hyperlipidemia than a decrease in
plasma glucagon.

In the present study we also observed lower insulin
binding to liver plasma membranes in obese diabetic
rats than in their lean littermates, which was due to a
decrease in the number of receptors. Decreased insulin
binding in obesity and diabetes has been shown previ-

ously from many laboratories and is not surprising.
Thus, like other models of diabetes and obesity such as
ob/ob mice, obese Zucker rats, db/db mice, obesity
produced by gold thioglucose, spontaneous obesity, and
hypothalamic obesity in monkeys (16), where hyperin-
sulinemia is present, this model also shows fewer insulin
receptors.

We have previously shown decreased numbers of
glucagon receptors on liver plasma membranes in two
other rat models of hyperlipidemia associated with
obesity (13, 14). In the present study we report de-
creased glucagon receptors in this model, the SHR/N-
corpulent, in which hyperlipidemia is associated with
diabetes as well as obesity. All three models have either
the same or lower plasma glucagon levels than their
lean normolipidemic littermates. In addition to the
hyperinsulinemia seen in these models, decreased glu-
cagon activity, as evidenced by fewer glucagon receptors
and their failure to be regulated by plasma glucagon
levels, appears to be a component of the mechanisms
underlying hyperlipidemia. Furthermore, the hypergly-
cemia observed in sucrose-fed corpulent rats may be
due to an extreme resistance to insulin in spite of lower
plasma glucagon and fewer glucagon receptors.

Based on this and other past studies, the SHR/N-
corpulent rat shows many of the characteristic features
of noninsulin-dependent diabetes seen in humans, dif-
fering only in regard to plasma glucagon levels. This
genetic syndrome is a useful model for the laboratory
study of noninsulin-dependent diabetes.
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