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The Zucker diabetic fatty rat (ZDF/Gmi-fa), a model for noninsulin-dependent diabetes mellitus (NIDDM), was
used to evaluate the action of dietary acarbose (20 week, 40 mg/100 g diet) in improving hyperglycemia. Muscle
glucose uptake and glucose transport were measured during hindlimb perfusion. GLUT4 protein was also
measured in the perfused muscle. Insulin resistance was not observed in skeletal muscle from diabetic animals
compared with lean controls as concluded from equivalent hemicorpus glucose uptake and muscle glucose
transport rates. Three fold increases in both GLUT4 protein and glucose transport were observed in acarbose-fed
lean rats compared with lean controls. Acarbose feeding significantly decreased hyperglycemia in diabetic rats.
This improvement seems not to be the result of an increase in insulin-stimulated glucose transport in muscle as

insulin sensitivity and responsiveness were unchanged.
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Introduction

The Zucker diabetic fatty rat strain (ZDF/DRT-fa, now
being distributed as ZDF/Gmi-fa) is a recently established
genetic model of noninsulin-dependent diabetes mellitus
(NIDDM or type II diabetes) that resulted from inbreeding
for a diabetic trait periodically expressed in a colony of
Zucker rats.' This partially inbred strain has been named
Zucker diabetic fatty (ZDF) to distinguish it from the
euglycemic obese Zucker fatty outbred rat strain from
which it arose. Although the obese Zucker fatty rat exhibits
some abnormalities characteristic of NIDDM, it is a better
model for hyperinsulinemic, euglycemic obesity.™* The
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male ZDF fatty rat genetically develops both obesity and
hyperglycemia with a resulting metabolic profile closer to
the altered profile associated with NIDDM.> These diabetic
fatty rats represent a useful research tool to investigate the
mechanism causing hyperglycemia in diabetes because the
animals are initially euglycemic, become hyperglycemic at
7 to 12 weeks of age, and remain hyperglycemic for the
remainder of their lives.® Moreover, the obese male ZDF rat
demonstrates a more severe state of hyperglycemia than
most other obese models of NIDDM and may therefore be
an appropriate model for addressing pathophysiologic ques-
tions relating to the type I diabetic patient who is extremely
hyperglycemic because of insufficient insulin secretion.
Chronic hyperglycemia is hypothesized to be responsible
for the central pathophysiologic features of diabetic com-
plications.” An American Diabetes Association position
statement concerning the results of the Diabetes Control and
Complications Trial furnished the first substantial clinical
evidence to support the long-held belief that maintaining
blood glucose levels close to normal could prevent or delay
diabetic complications.® For this reason, attention continues
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to focus on strategies aimed at maintaining better glycemic
control.

Efforts to minimize the postprandial rise in blood glu-
cose concentration have led to the use of compounds that
delay the absorption of glucose from the gastrointestinal
tract. Acarbose (BAY G 5421) is a complex oligosaccharide
that reversibly inhibits «-glucosidases present in the brush
border of the small intestinal mucosa.® Inhibition of these
enzymes delays the absorption of glucose and therefore
results in a smaller rise in blood glucose concentration after
a meal containing carbohydrate.

Friedman et al.'® observed that feeding diabetic-ZDF
animals a diet containing acarbose (40 mg/100 g chow)
prevented the development of severe hyperglycemia. Pro-
tein levels of the insulin-responsive glucose transporter
(GLUT4) were decreased in gastrocnemius muscle of un-
treated diabetic-ZDF animals compared with nondiabetic
lean controls. Acarbose-fed diabetic animals maintained
GLUT4 protein at levels observed in untreated lean con-
trols. Because skeletal muscle is the primary tissue respon-
sible for disposal of a glucose load,'! and because GLUT4
content has been shown to correlate with the maximal rate
of insulin-stimulated glucose transport,’” an increase in
skeletal muscle GLUT4 protein could account for the
acarbose-induced improvement in glucose tolerance in the
diabetic-ZDF rats. An evaluation of skeletal muscle insulin
action such as measurement of insulin-stimulated glucose
transport rate, was not made in the previous study.'® A study
evaluating insulin resistance in skeletal muscle of the ZDF
diabetic rat was deemed additionally relevant in light of
findings that acarbose feedings were observed to have only
a minimal impact on insulin-stimulated glucose transport
rate in isolated adipocytes from diabetic-ZDF rats.'?

In this study, maximally insulin-stimulated glucose
transport was measured in hindlimb skeletal muscles of
diabetic-ZDF rats that had been fed acarbose for 20 weeks.
Glucose transport rates in acarbose-fed diabetic rats were
compared to rates in control-fed diabetic rats. Concurrently,
acarbose was fed to a group of lean-ZDF rats to assess the
effect of acarbose in a nondiabetic animal of the ZDF strain.
In addition, nondiabetic lean rats were compared to diabetic
rats to assess the contribution of peripheral insulin resis-
tance to the hyperglycemia observed in this model of
NIDDM. GLUTH4 glucose transporter protein was measured
in gastrocnemius muscle to determine whether acarbose-
induced changes in transporter protein correlated with
changes in skeletal muscle glucose transport rate.

Methods and materials

Animals

Male Zucker diabetic fatty rats (ZDF) (7 weeks of age) and
age-matched lean male heterozygotes (+/fa, or +/+) were ob-
tained from the Diabetes Animal Support Facility, Department of
Anatomy, Indiana University School of Medicine (ZDF/DRT-fa)
and from the continuation of this colony at Genetic Models, Inc.
Indianapolis, IN USA (ZDF/Gmi-fa). Animals were housed in
pairs in plastic 10-inch X 18-inch shoe box-type rodent containers,
maintained on a 12-hr light/dark cycle and provided with food and
water ad libitum. The rats were randomly assigned to two dietary
groups of 16 animals each (8 ZDF and 8 lean rats per group). The

diet consisted of standard lab chow (Purina 5008) with 10%
confectioner’s sugar incorporated, with or without acarbose sup-
plementation (40 mg/100 g diet). This dose of acarbose was chosen
because it was determined previously to be the most effective for
reducing postprandial glucose values without entering the pharma-
cological range.>'* The drug was incorporated into the diet
because it was reported that uniform distribution of acarbose
through a meal was important for optimal effectiveness.!> Blood
was obtained weekly by tail vein collection and analyzed for
glucose concentration using a glucose oxidase assay (Sigma kit
No. 510-A, St. Louis, MO USA). Animals were weighed just
before blood collection from the fourth week of the study onward.

Muscle perfusion

Perfusion of the hemicorpus was performed after an overnight fast
when the rats were 28 to 29 weeks of age. The rats were
anesthetized intraperitoneally with ketamine (9 mg/100 g body
weight) and xylazine (1 mg/100 g body weight). The perfusion
system has been described previously.'® The perfusion medium
(4% BSA, 5.5 mM glucose, 33% washed bovine red blood cells,
and Krebs—Henseleit buffer) was gassed with O,/CO, (95:5). Flow
rate of perfusate was 15 mL/min and chamber temperature was
maintained at 35° to 37°C. The first 50 mL of perfusate coming
from the animal was discarded and the remaining 100 mL was
recirculated. Glucose was infused at a rate sufficient to maintain its
concentration in the perfusion medium at 7.5 * 0.26 mM. This
concentration was chosen to match the mean glucose concentration
measured in lean animals fed the control diet (7.2 % 0.17 mM).
After the first 45 min of perfusion, medium samples were taken
every 5 min to allow calculation of glucose uptake from the
medium. During a 30 min “basal” period, no exogenous insulin
was added. At the end of the 30 min basal period, insulin was
added to the medium at a submaximal concentration (5 X 107°
M), and once again, glucose uptake from the medium was
measured for 30 min by sampling every 5 min. Finally, the
concentration of insulin in the medium was raised to 10”7 M for
the last 30 min of perfusion to assess the effect of a maximal
insulin stimulus on hemicorpus glucose uptake. Glucose transport
was measured during the last 10 min of the maximal insulin period.
Radioactive label was added to the medium at a final concentration
of 20 mM sorbitol containing 0.1 p.Ci/mL [U~ '*C]sorbitol and 0.2
nCi/mL [3H]2-de0xyglucose (tracer amount). At the end of the
perfusion, the soleus, extensor digitorum longus, gastrocnemius,
and quadriceps muscles were quickly removed and prepared for
measurement of transport rate.

Measurement of glucose uptake and
2-deoxyglucose transport

Medium samples taken at 5 min intervals throughout the perfusion
period were assayed for glucose concentration to assess hemicor-
pus glucose uptake. Uptake was defined as the amount of glucose
required to be infused over the 5 min (to maintain a glucose
concentration of 7.5 mM) corrected for the change in medium
glucose concentration (as measured by the change in medium
glucose concentration over the 5 min period).

To determine glucose transport rate, a weighed portion (50 to
100 mg) of each muscle excised from the perfused hindlimb was
minced finely and added to 0.5 mL distilled water in a 7 mL
scintillation vial. After dispersion of the muscle by sonication
(Heat Systems Sonicator, microtip), 5 mL of scintillation fluid
(Ecolite+, ICN, Irvine, CA USA) was added to the vial and
samples were counted in a Beckman LS 5000TD liquid scintilla-
tion counter preset for simultaneous counting of *H and "*C.

[®H]2-Deoxyglucose and ['“C]sorbitol radioactivity (dpm)
were counted in perfusate samples taken at 0, 5, and 10 min into
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the transport measurement period. Glucose concentration was
determined in these same aliquots (Sigma kit) and the glucose
values were used to determine specific activity of [*H]2-deoxy-
glucose. Accumulation of intramuscular [*H]2-deoxyglucose was
determined by subtracting extracellular [*H]2-deoxyglucose (de-
termined from the ['*Clsorbital space) from total muscle [*H]2-
deoxyglucose.

Quantitation of glucose transporter protein

Muscle was frozen in liquid nitrogen for subsequent GLUT4
protein analysis. Briefly, the frozen muscle was pulverized with a
steel mortar and pestle (cooled to —60°C) and then homogenized
in ice cold buffer (1 mL./40 mg muscle) for two 15-second bursts
with an Ultraturrax homogenizer. Homogenization buffer con-
tained 25 mM HEPES, 4 mM EDTA, 25 mM benzamidine, 0.5
mM PMSF, 1 uM leupeptin, 1 pM pepstatin, and 0.15 pM
aprotinin, pH 7.4. Homogenates were transferred to microcentri-
fuge tubes and spun at 16,000 X g for 30 min at 4°C. The pellet
was resuspended in 200 pL of buffer containing 1% Triton X-100
and kept on ice for 1.5 hr. The tubes were spun again at 16,000 X
g for 30 min at 4°C and the protein content in the supernatants was
determined using the bicinchoninic acid method.!” To minimize
any contribution of interassay variability, an equal number of
samples from each treatment group were prepared and analyzed in
the same assay. To determine muscle GLUT-4 content, duplicate
samples of supernatant containing 50 pg protein were dispersed in
Laemmli buffer'® containing 2.5% dithiothreitol and proteins were
separated on an 8% polyacrylamide resolving gel. The proteins
were then electrotransferred to an Immobilon membrane (Milli-
pore Corp., Bedford, MA USA), blocked overnight at 4°C with 5%
nonfat dry milk in tris-buffered saline (TBS-blotto) followed by
incubation for 12 hr at 4°C in a protein A-purified polyclonal
antibody (4 ug/mL in TBS-blotto) specific for the carboxy-
terminal peptide for GLUT4. The membrane was washed in
TBS-Tween followed by TBS and then incubated for 1 hr at 25°C
in 50 mL. TBS-blotto containing horseradish peroxidase conju-
gated donkey anti-rabbit 1 gG diluted 1:4000 (Amersham Corp.,
Arlington Heights, IL USA). Antibody-antigen complexes were
detected by enhanced chemiluminescence and an exposure ob-
tained on Hyperfilm-ECL film (Amersham). Films were quantified
by densitometric scanning performed on a computer-controlled
laser densitometer (Ultrascan XL, LKB Pharmacia). Absorbance
units from densitometric scanning of multiple films were normal-
ized by inclusion of a rat heart standard in three lanes of each gel.

Statistical analysis

All data are expressed as means = SE. Phenotype differences and
diet effects were tested by a two-way analysis of variance
(ANOVA), followed by comparison of means using Tukey’s post
hoc tests if statistical significance was obtained. P values < 0.05
were considered statistically significant.

Results

In agreement with results of the previous study,'® plasma
glucose concentration was approximately five-fold higher in
diabetic than in control animals. Acarbose feeding de-
creased significantly hyperglycemia in the diabetic animals
at all measured time points (Figure 1) with glucose levels
remaining similar to those of the lean animals during the
early portion of the study. At week 13, however, the mean
glucose values in the acarbose-fed diabetic rats increased
two fold (increase of 7 mM) and remained elevated for the
duration of the study. Whereas these glucose concentrations
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Figure 1 Effect of acarbose feeding (20 weeks) on plasma glucose
concentration in nondiabetic (LEAN) and diabetic (OBESE) ZDF rats.
Values are means of 8 rats/group. *Significant difference (P < 0.05)
between acarbose-fed and respective control-fed group. *Significant
difference (P < 0.05) between LEAN and OBESE of the same dietary
regimen.

were still significantly lower than those of untreated diabet-
ics, they were significantly higher than those of lean
animals. The plasma glucose concentration in acarbose-fed
lean animals was not different from that in control-fed lean
rats.

There was a tendency for acarbose feeding to decrease
the body weight of nondiabetic lean controls, but this was
significant only at weeks 9, 11, and 13 (Figure 2). In
contrast, from the fifth week of feeding onward, acarbose
treatment resulted in a significant increase in body weight of
the diabetic animals (Figure 2).

Insulin increased (P < 0.05) muscle glucose uptake in
a dose responsive manner in all four groups (Figure 3).
There was no significant main effect of phenotype on
muscle glucose uptake, but there was a significant interac-
tion of insulin and phenotype such that with maximal
insulin stimulation, glucose uptake rate in the control-fed
diabetic animals was significantly greater than that of
control-fed lean animals. There was also a significant
interaction of diet and phenotype at each of the insulin
conditions. Acarbose treatment did not alter the glucose
uptake response in the diabetic animals, but acarbose-fed
lean animals had significantly greater muscle glucose up-
take rates than control-fed leans at all three insulin condi-
tions (Figure 3).

The interaction of diet and phenotype on maximally
insulin-stimulated glucose transport rates in mixed gastroc-
nemius and red and white gastrocnemius is identical to the
diet X phenotype interaction seen with glucose uptake
(Figure 4). Acarbose treatment significantly increased glu-
cose transport in the lean non-diabetic animals but had no
effect on the obese diabetic animals. Similar results were
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Figure 2 Effect of acarbose feeding (20 weeks) on body weight of
nondiabetic (LEAN) and diabetic (OBESE) ZDF rats. Values are means
of 8 rats/group. *Significant difference (P < 0.05) between acarbose-
fed and respective controi-fed group. *Significant difference (P < 0.05)
between LEAN and OBESE of the same dietary regimen.

observed for soleus, EDL, mixed quadriceps, and red and
white quadriceps (data not shown).

Acarbose-fed animals of both phenotypes had increased
GLUT4 protein in mixed gastrocnemius muscle. The in-
crease in GLUT4 protein in skeletal muscle from diabetic
animals, however, was not statistically significant (Figure
5). Acarbose treatment restored GLUT4 content in the
diabetic animals to the same level observed in the untreated
lean animals. Because acarbose feeding also significantly
increased the GLUT4 content of the lean animals, however,
the glucose transporter content of the acarbose-fed nondia-
betic lean rats was still significantly greater than that of the
acarbose-treated diabetic animals.

Discussion

Although acarbose feeding dramatically lowered plasma
glucose in the diabetic animals as expected, there is no
strong evidence in these results that the reduction results
from changes in glucose disposal in muscle. This study did,
however, produce some interesting observations. Perhaps
most striking were the responses of the lean animals to
acarbose treatment. Insulin sensitivity in the acarbose
treated lean group was markedly improved. This observa-
tion is consistent with the large increase in GLUT4 protein
and the somewhat lower (though not statistically signifi-
cant) plasma glucose in the acarbose treated lean animals.
Acarbose has been shown to reduce the postprandial rise of
blood glucose in healthy men,®'® and this reduction in
blood glucose concentration was associated with decreased
plasma insulin levels.” If postprandial plasma glucose and
insulin levels are also reduced by acarbose treatment in the
rat, insulin sensitivity should be enhanced.
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Figure 3 Hemicorpus glucose uptake of nondiabetic (LEAN) and
diabetic (OBESE) ZDF rats fed (20 weeks} on control diet or the control
diet plus acarbose. Uptake was measured under conditions of basal,
submaximal insulin-, and maximal insulin-stimulation. Values are
means + SEM of four to six muscles per group. *Significant difference
(P < 0.05) between control-fed LEAN and acarbose-fed LEAN groups.
TSignificant difference (P < 0.05) between control-fed LEAN and
control-fed OBESE groups.

Obesity may be a major effector in these results. Periph-
eral insulin resistance is observed in most obesity models of
glucose intolerance or diabetes and NIDDM patients.?®~
Reduced insulin sensitivity and responsiveness with obesity
is well documented in the rat and in humans.*** The
acarbose treated lean animals were slightly smaller than
their untreated counterparts and had positive changes in
each of the measured parameters, while the treated diabetic
animals were significantly heavier than the untreated dia-
betic animals and exhibited general decreases in glucose
transport. The relationship in this study obviously is not
simple because insulin responsiveness seems to improve to
a greater degree in the leaner animals with a smaller change
in body weight.

The mechanism that causes insulin resistance associated
with obesity is an area of active investigation. There is a
rapidly accumulating body of evidence that serine/threonine
phosphorylation of the insulin receptor reduces the activity
of the receptor tyrosine kinase.??® Cyclic AMP-activated
protein kinase and protein kinase C (PKC) have been
implicated in the phosphorylation of the insulin receptor.?’
Recently some PKC isoforms have been observed to be
elevated in soleus muscle membrane from the fatty Zucker
rat. Additionally muscle membrane diacylglycerols, associ-
ated with PKC activation, were observed to be higher in the
obese rat.?® Acarbose treatment of the ZDF rat seems to
restore the (fa/fa) Zucker phenotype (except for the hyper-
insulinemia), which may include elevated muscle mem-
brane diacylglycerols and associated elevation in membrane
PKC.
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Figure 4 Maximally insulin-stimulated glucose transport rates in
white, red, and mixed gastroncnemius muscles. Values are means *
SEM of five muscles per group. *Significant difference (P < 0.05)
between control-fed LEAN and acarbose-fed LEAN groups. TSignifi-
cant difference (P < 0.05) between acarbose-fed LEAN and acarbose-
fed OBESE groups.

It is still far from clear why acarbose treated diabetic
animals gain weight so dramatically. Friedman et al.'”
observed an increase in GLUT4 in gastrocnemius muscle of
the acarbose treated animal and we observed a trend in that
direction in this study lending support to the argument that
the treated animals are better able to use glucose,?® how-
ever, other measurements made in this study indicate that
treatment with acarbose does little to change glucose dis-
posal in muscle. Slieker et al.>® observed that GLUT4
protein was lower by 55% in epididymal adipose from
severely diabetic ZDF rats compared fa/fa controls, hinting
that there might be major alterations in adipose in the
severely diabetic ZDF that might be sensitive to acarbose
treatment.

The diabetic animals used in this study did not exhibit
the skeletal muscle insulin resistance expected in a model of
NIDDM, even though they were severely hyperglycemic.
These results are in obvious contrast to other studies where
hyperglycemia has been shown to induce insulin resis-
tance’*~** mainly to decreased glucose transport.>3 In
another study, where skeletal muscle from animals with
chronic hyperglycemia displayed decreased glucose trans-
port and GLUT4 protein content, reduction of hyperglyce-
mia returned glucose transport rates to control values and
GLUT4 protein to levels higher than those seen in con-
trols.*> Acarbose treatment of our diabetic animals greatly
reduced plasma glucose, and may have increased muscle
GLUT4 levels slightly, yet glucose transport and uptake
into perfused muscle were not improved. This suggests that
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Figure 5 Quantitation (Western blot analysis) of GLUT4 protein in
mixed gastrocnemius muscle from nondiabetic (LEAN) and diabetic
(OBESE) ZDF rats fed (20 weeks) a control diet or the control diet plus
acarbose. Values are means = SEM of eight muscles per group.
Absorbance units from densitometric scanning of multiple films were
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acarbose-fed LEAN groups. 'Significant difference (P < 0.05) be-
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I

skeletal muscle insulin resistance does not contribute to
hyperglycemia in the severely diabetic ZDF rat.
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