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GLUT4 in adipose tissue of female dogs

Abnormal subcellular distribution
of GLUT4 protein in obese and
insulin-treated diabetic female dogs
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Abstract

The GLUT4 transporter plays a key role in insulin-induced glucose
uptake, which is impaired in insulin resistance. The objective of the
present study was to investigate the tissue content and the sub-
cellular distribution of GLUT4 protein in 4- to 12-year-old control,
obese and insulin-treated diabetic mongrel female dogs (4 animals
per group). The parametrial white adipose tissue was sampled and
processed to obtain both plasma membrane and microsome sub-
cellular fractions for GLUT4 analysis by Western blotting. There
was no significant difference in glycemia and insulinemia between
control and obese animals. Diabetic dogs showed hyperglycemia
(369.9 ± 89.9 mg/dl). Compared to control, the plasma membrane
GLUT4, reported per g tissue, was reduced by 55% (P < 0.01) in
obese dogs, and increased by 30% (P < 0.05) in diabetic dogs, and
the microsomal GLUT4 was increased by ~45% (P < 0.001) in both
obese and diabetic animals. Considering the sum of GLUT4 meas-
ured in plasma membrane and microsome as total cellular GLUT4,
percent GLUT4 present in plasma membrane was reduced by ~65%
(P < 0.001) in obese compared to control and diabetic animals.
Since insulin stimulates GLUT4 translocation to the plasma mem-
brane, percent GLUT4 in plasma membrane was divided by the
insulinemia at the time of tissue removal and was found to be
reduced by 75% (P < 0.01) in obese compared to control dogs. We
conclude that the insulin-stimulated translocation of GLUT4 to the
cell surface is reduced in obese female dogs. This probably contri-
butes to insulin resistance, which plays an important role in glu-
cose homeostasis in dogs.
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In dogs, type 1 diabetes mellitus (DM1) is
more common than type 2 diabetes mellitus
(DM2) and generally occurs late in life (1).
The prevalence of DM1 in dogs is higher in
females than in males, thus suggesting that
gonadal function may play a role in DM1

pathophysiology (2). Furthermore, among
DM1 dogs, females have a higher frequency
of degenerative disease like diabetic cataracts
(2).

The number of persons with diabetes
mellitus has increased and appears to be
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related to the increased incidence of DM2 as
a consequence of modern life style and eating
behavior. We may assume that, as is the case
for people, insulin resistance and DM2 inci-
dence may also increase in dogs, since the
palatability of commercial chows has im-
proved, at the same time that physical activ-
ity has decreased, inducing obesity. In dogs,
obesity occurs late in life and is more fre-
quent in females than in males, with a higher
prevalence in neutered animals (3).

Obesity, DM2 and insulin-treated DM1
are clearly related to insulin resistance (4),
and information about the mechanisms in-
volved has contributed to the development of
new therapeutic approaches. GLUT4 protein
is a glucose transporter mainly expressed in
white adipose tissue and skeletal muscle, and
related to insulin-induced glucose uptake
since the hormone is able to promote a rapid
translocation of the transporter from an in-
tracellular pool to the plasma membrane (5).
GLUT4 content and/or translocation have
been reported to be reduced in diabetes
mellitus and obesity both in humans (6) and
in several experimental models of diabetic or
obese rodents (7), clearly playing a key role
in insulin resistance. Since the GLUT4 pro-
tein has not been investigated in obese and
diabetic dogs, the present study was carried
out in order to determine the amount and
subcellular distribution of this transporter in
obese and insulin-treated diabetic female dogs.

Female dogs were selected at the Veteri-
nary Hospital of the Faculty of Veterinary
Medicine, University of São Paulo (HOVET-
USP Hospital), from animals which had been
submitted to ovariosalpingectomy. Animals
were 4- to 12-year-old mongrel female dogs,
and their body condition was analyzed ac-
cording to the body condition scoring pro-
posed by Laflamme (8) to determine ideal or
obese body condition. Additionally, animals
from all groups had plasma progesterone
levels lower than 0.75 ng/dl. Control animals
had an ideal body condition, absence of data
suggesting the presence of diabetes mellitus,

and fasting plasma glucose lower than 110
mg/dl. Obese animals had the same profile as
controls, except for their obese body condi-
tion. Animals with diagnosed DM1 had an
ideal body condition and were under insulin
treatment (1 to 2 U/day NPH insulin; IOLIN,
Biobras, Montes Claros, MG, Brazil).

Based on these criteria, 4 animals were
investigated in each group. The experimental
protocol (protocol #85/99) was approved by
the Ethics Committee for Animal Research
(CEEA) of the Institute of Biomedical Sci-
ences, University of São Paulo.

The surgical procedures were carried out
according to the protocol of the HOVET-
USP hospital. Surgeries were performed
between 9:00 am and 3:00 pm after 12-h food
and 2-h water deprivation. During a pre-
surgical period of 30 min, the body condition
of the animals was determined, and 5 ml of
blood was taken from the radial vein for
analysis. The diabetic animals did not receive
their daily morning insulin dose and, accord-
ing to their blood glucose concentration, they
were started on a regular insulin schedule
during surgery after tissue sampling. The
anesthetic procedure included pre-anesthetic
drugs (50 µg/kg acepromazine and 2 mg/kg
meperidine), anesthetic induction drugs (0.5
mg/kg midazolam and 5 mg/kg ketamine),
and anesthetic maintenance (halothane inha-
lation). As soon as the abdominal cavity was
assessed, the parametrial white adipose tis-
sue was sampled, weighed and immediately
snap-frozen in liquid nitrogen for GLUT4
protein analysis (see below).

Subcellular white adipose tissue was frac-
tionated as described (9). Briefly, tissue
samples were homogenized in 1:7/weight:
volume buffer (10 mM Tris HCl, 1 mM
EDTA, 250 mM sucrose, 5 µg/ml leupeptin,
and 15 µg/ml aprotinin, pH 7.4). After cen-
trifugation at 3,000 g for 15 min, the fat-
free extract was centrifuged at 12,000 g for
20 min, and the pellet thus obtained was
suspended in 0.5 ml buffer, resulting in a
plasma membrane-rich fraction. The super-
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natant was then centrifuged at 20,000 g for
20 min, and the resulting supernatant was
centrifuged at 150,000 g for 60 min. The
final pellet was suspended in 0.5 ml buffer,
thus providing the microsomal fraction (M).
Protein concentration of the samples was
determined by the method of Bradford. Equal
amounts of membrane protein (150 µg) from
samples were separated by SDS-PAGE and
then electrotransferred onto a nitrocellulose
membrane. After electrotransfer the mem-
branes were first incubated with the anti-
GLUT4 antibody (1:200), and then with
[125I]-labeled protein-A (Amersham Phar-
macia Biotech, Amersham, UK). After a final
washing step, the membranes were exposed
to autoradiography for 20 days at -70ºC. The
signals obtained were quantified by densi-
tometry (Image Master 1D®, Pharmacia
Biotech, Uppsala, Sweden), and the results
are reported as arbitrary units (AU) per µg
protein. Four experiments were performed,
each with a different set of control, obese
and diabetic samples.

Blood was collected immediately before
the beginning of the anesthetic procedure.
Plasma samples were assayed for glucose by
the glucose oxidation method with a kit
obtained from Analisa Diagnostica (Belo
Horizonte, MG, Brazil), and insulin and pro-
gesterone levels were measured with the
“Coat-a-Count” radioimmunoassay (RIA)
from Diagnostic Products Corporation (Los
Angeles, CA, USA); the assays were con-
ducted according to the instructions provid-
ed by the suppliers. All samples were ana-
lyzed for insulin or progesterone in the same
RIA assay, and the intra-assay coefficients
of variation were <8.7 and <9.3%, respec-
tively, for insulin and progesterone (one
low and one high standard control sample
for insulin or progesterone were assayed
in 10 pairs of tubes in each assay). Based on
the fasting glucose (mg/dl) and insulin (µU/
ml) concentrations of control and obese
animals, the glucose/insulin (G/I) index was
calculated as a measure of in vivo insulin

sensitivity.
Taking into account the total protein re-

covery in each membrane fraction and the
tissue weight, the GLUT4 content per g
tissue was obtained (9). Using the GLUT4/g
tissue value of the plasma membrane (PM)
and microsome (M) fractions of each ani-
mal, the subcellular distribution (SD) of
GLUT4 was calculated as follows: SD = (PM
x 100)/(PM + M). This value is reported as
% and represents the relative amount of
GLUT4 that was present in the plasma mem-
brane at the time of tissue removal. All data
are reported as means ± SEM for 4 animals
and were analyzed by ANOVA followed by
the Student-Newman-Keuls as a post-test.

Metabolic and hormonal profile of the
animals. Four animals in each group were
studied, with no difference in mean age
(control, 6.75 ± 1.88 years; obese, 5.75 ±
0.63 years; diabetic, 6.75 ± 1.03 years). The
metabolic and hormonal profile of the ani-
mals is shown in Table 1. There was no
difference in glycemia between control and
obese animals, whereas diabetic animals were
clearly hyperglycemic (P < 0.01 vs control
and obese animals). Although there was no
statistical difference, the mean insulinemia of
obese animals was two-fold higher than
control animals, whereas the mean value of
the G/I index was 25% lower than the control
value. Finally, although the mean plasma
progesterone level was higher (P < 0.01) in
diabetic animals, the highest individual value

Table 1. Metabolic and hormonal parameters of control, obese and insulin-treated
diabetic female dogs.

Animals Glycemia Insulinemia G/I Progesteronemia
(mg/dl) (µU/ml) index (ng/dl)

Control  90.5 ± 6.7 4.13 ± 0.57 22.8 ± 2.38 0.18 ± 0.03
Obese  95.5 ± 6.6 8.75 ± 3.33 16.9 ± 6.63 0.14 ± 0.003
Diabetic 369.9 ± 89.9* - - 0.42 ± 0.06*

Data are reported as mean ± SEM for 4 animals. Insulinemia and glucose/insulin
(G/I) index were not determined in insulin-treated diabetic animals.
*P < 0.01 vs control and obese animals (ANOVA followed by the Student-Newman-
Keuls post hoc test).
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was 0.56 ng/ml, confirming that no bitch
was in the estrous phase.

GLUT4 protein content in white adipose
tissue. The GLUT4 content, reported as AU
per µg protein loaded for electrophoresis, is
shown in Figure 1A. Although the mean
plasma membrane GLUT4 content did not
differ significantly among groups, the obese
group showed a 50% reduction in this value
compared to the control group. In contrast,
the microsome GLUT4 content was signifi-
cantly reduced (P < 0.05) in the diabetic
group compared to the obese group. The
GLUT4 content, expressed as AU per g
tissue, was calculated on the basis of the
tissue protein content in each subcellular
membrane fraction, and the results are shown
in Figure 1B. The plasma membrane content
of GLUT4/g tissue was reduced (P < 0.01)
in obese animals compared to both control
and diabetic animals; furthermore, the value
for the diabetic group was higher (P < 0.05)
than that for the control group. Concerning
the microsome GLUT4/g tissue, a similar
increase (P < 0.001) was observed in obese
and diabetic animals compared to control
animals.

Plasma membrane GLUT4 as a percent-
age of total recovered GLUT4. Considering
the sum of plasma membrane and microsome
GLUT4 content, reported per g tissue, as the
total cellular GLUT4 content (100%), the
percentage of this value detected in the plasma
membrane fraction is the amount of GLUT4
recovered in the plasma membrane at the
time of tissue removal. Figure 1C shows that
the percentage of GLUT4 in the plasma
membrane was similar in control and diabetic
animals, and greatly reduced in obese ani-
mals (P < 0.001 vs control and diabetic
animals). Since this distribution is a conse-
quence of insulin activity, the percentage of
GLUT4 obtained for control and obese ani-
mals was divided by their respective plasma
insulin concentrations. The response to insu-
lin was strongly reduced in obese animals (P
< 0.01 vs control; Figure 1C). This analysis
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Figure 1. GLUT4 protein in control, obese and insulin-treated diabetic female dogs. The
GLUT4 protein was assessed in the plasma membrane (PM) and microsome (M) subcel-
lular fractions of white adipose tissue of control (open columns), obese (filled columns)
and insulin-treated diabetic (hatched columns) female dogs. Equal amounts of total
protein were immunoblotted to GLUT4. A, Top, representative autoradiograms of GLUT4
with the molecular weight of the blots; Bottom, results reported as arbitrary units (AU) per
µg of total protein electrophoresed. In B, the results for the PM and M fractions are
reported as AU per g tissue. In C, the sum of PM and M GLUT4 per g tissue was
considered to be the total cellular GLUT4 content (100%). The percent of the total GLUT4
present in PM at the time of tissue removal is shown in C. D, The percent cellular GLUT4
in the PM of control and obese animals was divided by their insulinemia (µU/ml) at the time
of tissue removal. Results are reported as the mean ± SEM for 4 animals analyzed in 4
different experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs control value; #P < 0.05,
##P < 0.01, ###P < 0.001 vs obese value (ANOVA followed by the Student-Newman-Keuls
post hoc test).
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was not performed in diabetic animals under
insulin therapy since their plasma insulin
concentration probably does not reflect the
true amount of biologically active hormone.

The increasing incidence of obesity and
diabetes mellitus in Western populations
emphasizes the importance of determining
the mechanisms involved in their patho-
physiology (10). As also reported in the
literature (2), the prevalence of diabetes
mellitus in dogs treated at the HOVET-USP
hospital is higher among females, and most
of these animals are mixed-breed dogs, as in
the present study. It is clear that some breeds
show a different incidence of diabetes, and
mixed-breed dogs have been used as the
reference point to determine whether certain
breeds are at low or high risk to develop
diabetes mellitus (11).

In the present study, the ovariosalpingec-
tomy surgeries were elective and decided by
the owner of the control and obese dogs.
However, in diabetic female dogs, ovariosal-
pingectomy is usually clinically indicated to
improve metabolic control (12). During es-
trus, most diabetic female dogs lose meta-
bolic control, even with an increase in their
daily insulin dose, suggesting a role of go-
nadal function in metabolic homeostasis and/
or insulin effectiveness (12). Additionally,
changes in glycosylated hemoglobin con-
centrations throughout the ovarian cycle have
been reported in diabetic female dogs (13).
The influence of the ovarian cycle on meta-
bolic control has been proposed to occur in
healthy human females whose insulin sensi-
tivity is reduced in the luteal phase (14). The
luteal and estrous phases of humans and
dogs, respectively, are characterized, among
other features, by high plasma progesterone
levels, which may be involved in the reduc-
tion of insulin sensitivity (13,14). For this
reason, in the present study we selected
subjects out of estrus, and although the
diabetic dogs showed higher mean plasma
progesterone levels, these levels differed
considerably from those occurring during

estrus. The influence of gonadal function on
glucose homeostasis is an important feature
which is not clearly understood. Treatment
of female dogs with synthetic progestins has
been shown to impair glucose homeostasis,
determining hyperinsulinemia and insulin re-
sistance, and some of these animals develop
diabetes mellitus (15,16).

The metabolic parameters observed in
obese dogs were not sufficient to clearly
show an insulin-resistant condition. How-
ever, compared to control dogs, the mean
plasma insulin levels were twice higher and
the G/I value was 25% lower in obese dogs,
suggesting the occurrence of in vivo insulin
resistance as defined in humans (17) and in
rodents (9).

In contrast, the plasma glucose levels of
the diabetic female dogs under study were
very high despite the insulin treatment. It is
important to point out that blood was col-
lected immediately before induction of anes-
thesia. Stress-induced hyperglycemia has
been reported to occur in dogs, involving
increased glucose production in both liver
and kidney (18). Furthermore, the hypergly-
cemic response to experimental stress has
been reported to be 6-fold greater in diabetic
than in normal dogs (18), and hyperinsuline-
mia does not prevent this effect of stress,
unless accompanied by beta-blockade (19).

Although skeletal muscle is the main tis-
sue involved in insulin-induced glucose clear-
ance, white adipose tissue metabolism has
been considered an important modulator of
glucose homeostasis. By balancing glucose
utilization and lipolysis (10), as the white
adipose tissue becomes insulin resistant the
plasma free-fatty-acids increase and the glu-
cose utilization by muscle is inhibited, im-
pairing glucose homeostasis (10). Thus, the
white adipose tissue GLUT4 protein plays a
key role in glucose homeostasis (10).

We report here for the first time the
modulation of GLUT4 protein content in
white adipose tissue from obese and insulin-
treated diabetic dogs. In the present study,
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the GLUT4 protein content reported per g of
tissue, which has an important functional
meaning in the true ability of the tissue to take
up glucose (9), was significantly altered in
obese animals. Reduced plasma membrane
GLUT4 content/g tissue was observed in
obese female dogs, suggesting a reduced
basal glucose uptake. However, increased
microsome GLUT4 content/g tissue was
also observed, reflecting an increase of total
cellular GLUT4 content. Increased GLUT4
content has been reported in earlier stages of
obesity, which may be followed by reduced
GLUT4 translocation and GLUT4 expres-
sion, as obesity and insulin resistance de-
velop (20). Taken as a whole, the results
obtained here for obese female dogs suggest
that, as observed in other species such as rat
(7,9), mice (7) and human (6), obesity in-
duces a tissue insulin-resistant condition,
which may lead to impaired glucose homeo-
stasis later on.

It is important to note that the present
diabetic dogs were under insulin treatment,
and thus the results should be considered to
be a consequence of impaired glucose ho-
meostasis and/or of insulin treatment, but
never as a feature of the insulin-deprived
condition. Compared to controls, diabetic

bitches showed increased GLUT4 content in
both plasma membrane and microsomes
when expressed per g of tissue, which may
be a consequence of increased number of
small adipocytes characteristic of the cata-
bolic conditions. The percent of total GLUT4
recovered in the plasma membrane was simi-
lar to that observed in controls and higher
than that observed in obese dogs. This be-
havior of GLUT4 in diabetic dogs might have
been induced by hyperglycemia and/or insu-
lin treatment.

Thus, the microsomal fraction GLUT4
protein content is increased in white adipose
tissue from obese dogs, whereas in the same
tissue from insulin-treated diabetic dogs the
transporter content is increased in both
plasma membrane and microsome fractions.
In view of the plasma insulin concentration
of obese dogs, the results suggest a reduc-
tion in GLUT4 translocation from the intra-
cellular sites to the plasma membrane, re-
flecting a tissue insulin-resistant condition.
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